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The use of cannabis as a therapeutic and recreational sub-
stance goes back to thousands of years throughout Asia, Mid-
dle East, Southern Africa, and South America. The discovery
of Δ-9-tetrahydrocannabinol (Δ9-THC) by Mechoulam and
Gaoni in themidsixties as themajor psychoactive constituent
of cannabis sativa [1, 2] led to another important discovery,
namely, its specific binding site that was isolated and cloned
in 1990 [3]. This first cannabinoid receptor was coined CB1R
and triggered a number of investigations on its expression,
localization, and function within the body tissue including
the brain, in various species.This was followed by the discov-
ery in 1992 of the first endocannabinoid (eCB), anandamide
[4], followed by another cannabinoid receptor CB2R and a
second endocannabinoid called 2-arachidonoylglycerol (2-
AG) [5, 6]. Later on, some of the enzymes responsible for their
synthesis (N-acyl phosphatidylethanolamine phospholipase
D (NAPE-PLD); diacylglycerol lipase (DAGL)) and degrada-
tion (fatty acid amide hydrolase (FAAH); monoacylglycerol
lipase (MAGL)) were identified.

The recreational use and side effects of cannabinoids
have been subjected to numerous studies throughout history
and the list of neurobehavioral effects of chronic use of
marijuana is long and well known. For example, significant
impairments have been reported on the visual system (e.g.,
photosensitivity, depth perception, color, motion, scotopic,
and photopic functions) [7, 8], the motor system (movement
control and coordination in driving) [9, 10], motivations
(e.g., increased hunger known as “munchies”) [11], higher
cognitive functions (reward, cognition, learning, and mem-
ory) [12], and emotions (e.g., fear, depression, anxiety, and
paranoia) [13] have been reported. However, the investigation

of the endocannabinoid (eCB) system and its potential
therapeutic use is rather new, and a lot of attention has been
devoted not only to its specific expression in the brain but also
to its functions. Studies on the expression and localization
of the cannabinoid receptors in the brain have burgeoned
in the last decade and have furnished valuable data on their
putative involvement in various sensory-motor and cognitive
functions in diverse animal species, including Man. These
studies have recently received substantial attention from
pharmaceutical companies as a potential source for novel
treatments. Additionally, the dilemma of legalizing the use
of cannabis in some countries makes the investigation on
cannabinoid systems more momentous. This special issue is
therefore timely and brings historical and groundbreaking
novel research on the role of these cannabinoid receptors in
the mammalian central nervous system (CNS).

In this issue, we present a number of review papers and
original articles on the eCB system ranging from vision to
cognition in mice, rats, tree shrews, monkeys, and humans.
Cannabinoid exposure during adolescence increases the
effects of certain drugs [14]. In their original article, M.
Rodŕıguez-Arias et al. demonstrate that exposure of ado-
lescent male mice to WIN 55212-2 (a cannabinoid agonist)
increases the cocaine rewarding effects. They also conclude
that the development of drug addiction is dependent on
the propensity for sensation-seeking. Heavy and prolonged
cannabis consumption by teenagers could as well produce
a wide range of structural and functional modifications in
the brain [15, 16]. In their research paper, S. J. Broyd and
colleagues evaluate the recovery of mismatch negativity and
the P50 sensory gating in cannabis ex-users. They conclude
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that the modifications induced by cannabis usage during
adolescence are persistent even after a prolonged period of
abstinence.

Until recently, the vast majority of the cannabinoid effects
in the CNS were attributed exclusively to the CB1R. However,
recent evidence also demonstrates the presence of the CB2R
in the nervous system (for review, see [17]). Using CB2R
knockout (KO) mice, Y. Li and J. Kim assess the role played
by the CB2R in memory. They demonstrate that, depending
on the memory type, CB2R plays different roles. For exam-
ple, CB2R affects preferentially the hippocampus-dependent
memory such as long-termcontextual fearmemory.They also
show that the CB2R KO mice have an enhanced working
memory.

Two original research articles on the retina are proposed
by the Montreal group. In the first one, the authors provide
interesting data on interspecies comparisons of the distribu-
tion and localization of cannabinoid receptors. Since most
of the data, to this day, has been collected on rodents, J.
Bouskila and collaborators provide results on four species
along the phylogenetic scale and show major differences
between them. The expression of CB1R, FAAH, MAGL, and
DAGL is similar for all species whereas CB2R and NAPE-
PLD are differently expressed. In monkeys, NAPE-PLD is
restricted to the photoreceptor layer and CB2R is found in
Müller cells only. In the second paper, J. Bouskila et al.
propose a functional role of CB1R andCB2R in primate vision
using electroretinographic recordings (ERG).They show that
blockade of either CB1R or CB2R by the intravitreal injection
of specific antagonists has differential effects. In photopic
conditions, blocking CB1R increases the amplitude of the a-
wave of the ERG whereas blocking CB2R increases both a-
and b-waves.

The papers by J.-F. Bouchard et al. and T. Schwitzer et
al. provide extensive and up-to-date reviews on cannabinoid
research. In their review, J.-F. Bouchard et al. characterize
the expression and physiological functions of the eCB system
in the visual system, from the retina to the primary visual
cortex. They report that eCB system is widely present in
the retina, where it acts as a modulator of neurotransmitter
release and ion channel activity. T. Schwitzer et al., besides
reviewing the distribution of the eCB system throughout the
retina, describe the crucial role of the cannabinoid system
in neurotransmission, neural plasticity, and neuroprotection.
Both reviews highlight the potential use of cannabinoids as
therapeutic pharmacological agents for the protection and
treatment of retinal diseases.

Retinal diseases as glaucoma receive a particular attention
in the next two reviews. E. A. Cairns et al. review the evidence
of eCB as a potential target for the treatment of glaucoma and
propose that this system has also a neuroprotective function.
D. Kokona et al. present, besides glaucoma, research on other
retinal pathologies such as diabetic retinopathy.These retinal
neurodegenerative diseases lead to massive retinal neuron
loss and lead to blindness. The neuroprotective putative role
of eCB is also highlighted here.

In order to study the physiological and the pathophys-
iological effects of eCBs (anandamide, 2-AG, PEA, etc.) in
the CNS, we need to quantify their levels. In their article, J.

Keereetaweep and K. D. Chapman review the recent and sen-
sitive mass spectrometry methods allowing the development
of lipidomic approaches andmethodologies to quantify these
lipid mediators in the CNS.

We hope that the collected papers in this special issue will
contribute to the understanding of the various mechanisms
involved in the functions of the endocannabinoid system and
the development of new pharmaceutical tools to treat visual
disorders.
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The expression patterns of the cannabinoid receptor type 1 (CB1R) and the cannabinoid receptor type 2 (CB2R) arewell documented
in rodents and primates. In vervet monkeys, CB1R is present in the retinal neurons (photoreceptors, horizontal cells, bipolar cells,
amacrine cells, and ganglion cells) and CB2R is exclusively found in the retinal glia (Müller cells). However, the role of these
cannabinoid receptors in normal primate retinal function remains elusive. Using full-field electroretinography in adult vervet
monkeys, we recorded changes in neural activity following the blockade of CB1R and CB2R by the intravitreal administration
of their antagonists (AM251 and AM630, resp.) in photopic and scotopic conditions. Our results show that AM251 increases the
photopic a-wave amplitude at high flash intensities, whereas AM630 increases the amplitude of both the photopic a- and b-waves.
In scotopic conditions, both blockers increased the b-wave amplitude but did not change the a-wave amplitude. These findings
suggest an important role of CB1R and CB2R in primate retinal function.

1. Introduction

The endocannabinoid system is composed of cannabinoid
receptor type 1 (CB1R), cannabinoid receptor type 2 (CB2R),
their endogenous ligands (endocannabinoids), and their syn-
thetizing and metabolizing enzymes. The physiological and
psychological effects of cannabinoids can be detected almost
everywhere in the body due to the abundance of cannabinoid
receptors. Expression patterns of CB1R and CB2R are well
documented in the retina of numerous species, including
rodents and primates [1–6]. In rodents, CB1R and CB2R are
expressed in many retinal cell types, particularly cone and
rod photoreceptors, horizontal cells, amacrine cells, bipolar
cells, and ganglion cells [1, 7]. In vervet monkeys, CB1R is
mainly found in cones of the central retina, rod spherules
with very low expression, horizontal cells, bipolar cells, and

amacrine and ganglion cells [5]. CB2R, on the other hand, is
strictly expressed in primate glialMüller cells [6]. Beyond the
retina, the expression pattern of CB1R has been observed in
the dorsal lateral geniculate nucleus [8] and primary visual
cortex [9] of primates.

Most of our knowledge on the role of cannabinoids in
human vision comes from reports, anecdotes, and studies
with cannabis consumers (for review see [10]). Besides the
well-known “red eye” effect (vasodilation) of marijuana and
reduction of intraocular pressure (IOP) [11–13], the func-
tional effects of endocannabinoids on the visual system are
not yet well defined [14]. Nevertheless, the administration of
cannabinoids produces some known alterations in the human
visual system. Indeed, case studies suggested the existence of
cannabis-mediated visual effects in humans, particularly an
increase in glare recovery at low contrast [15], a reduction
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in Vernier and Snellen acuities [16, 17], improvement in
night vision [18, 19], blurred vision [20], changes in color
discrimination, and an increase in photosensitivity [21]. Most
of the latter (psychophysical) effects may have a retinal
component, which might be due to neurochemical changes
induced by the retinal endocannabinoid system. Indeed,
many physiological effects of cannabinoids were reported
for every retinal cell type in bovines, guinea pigs, rodents,
and fishes (for review see [10, 22]). In the bovine retina,
the activation of CB1R increases monoamine oxidase [23].
In the guinea pig retina, stimulation of CB1R results in the
inhibition of dopamine release [24], and in the rat retina,
the activation of cannabinoid receptors modulates [35S]
GTP𝛾 S-binding and voltage-dependent membrane currents
in photoreceptors, bipolar cells, and ganglion cells [3, 25–28].
In addition, cannabinoid agonists increase the cone response
to light offset in the goldfish retina [29].

The electroretinogram (ERG) is a useful tool for assessing
retinal function by measuring the electrical responses of all
populations of retinal cells, mainly photoreceptors (cones
and rods), bipolar cells, amacrine cells, and Müller cells
[30–32]. The ERG waves include two main components:
the negative amplitude (a-wave) and the positive one (b-
wave). Traditionally, the a-wave reflects the response of rods
and cones to light [33, 34]. The generation of the b-wave,
the second major component of the ERG, is attributed to
the inner retina, mainly the depolarization of bipolar and
Müller cells [30–32, 35–39]. Specific stimuli and recording
environments are selected to isolate the components of the
ERG and target particular populations of retinal cells. For
instance, rod function is assessed in dark-adapted eyes, under
scotopic conditions, while cone responses are better assessed
with high intensity flashes, under photopic conditions [38].
In this study, we investigated the changes in normal retinal
function as measured by electroretinography in adult vervet
monkeys after blockade of CB1R or CB2R by their antagonists
AM251 and AM630, respectively.

2. Material and Methods

2.1. Choice of Species. Vervet monkeys are becoming the
preferred animal model used in biomedical research sec-
ond only to the rhesus macaque [41]. Vervets are very
similar in physiology and behavior to macaques, and they
are more accessible and disease-free with less health and
safety risks. Vervet monkeys have a foveal binocular vision
with a high cone density that decreases with eccentricity,
trichromatic color vision, and a six-layered dorsal lateral
geniculate nucleus [42, 43]. Recently, we have standardized
a noninvasive, painless ERGmethod for vervet monkeys [40]
that showed highly comparable recordings to macaques [44]
and humans [45].

2.2. Subjects. Sixteen vervet monkeys (Chlorocebus sabaeus)
were tested in this study. Six of those monkeys were injected
with AM251, and another six were injected with AM630. An
additional 4 monkeys were injected with the vehicle (DMSO)
used to dilute of our antagonists in order to provide control

values. The animals were fed with primate chow (Harlan
Teklad High Protein Monkey Diet; Harlan Teklad, Madi-
son, WI, USA) and fresh local fruits, with water available
ad libitum. All experiments were performed according to
the guidelines of the Canadian Council on Animal Care
(CCAC) and the Association for Research in Vision and
Ophthalmology (ARVO) Statement for the Use of Animals in
Ophthalmic and Vision Research.The experimental protocol
was also reviewed and approved by the local Animal Care
and Use Committee (University of Montreal, protocol # 14-
007) and the Institutional Review Board of the Behavioral
Science Foundation. None of the animals were sacrificed for
this study.

2.3. Animal Preparation for ERG Recordings. All procedures
were in accordance with the standard protocol of elec-
troretinography in vervet monkeys [40]. Briefly, all animals
received an intramuscular injection of ketamine (10mg/kg;
Troy Laboratories, Glendenning, New South Wales, Aus-
tralia) and xylazine (1mg/kg; Lloyd Laboratories, Shenan-
doah, IA, USA) to maintain an adequate level of sedation
that prevents the animals from moving and blinking. This
drug mixture has no effect on the ERG recordings [46].
With 1% tropicamide (Mydriacyl) and 2.5% phenylephrine
hydrochloride (Mydfrin) (Alcon Laboratories, Fort Worth,
TX, USA), the pupils were fully dilated (approximately 9mm
in diameter), with the accommodation paralyzed.The cornea
was anesthetized with 0.5% proparacaine hydrochloride
(Alcaine; Alcon Laboratories, Fort Worth, TX, USA). To
prevent corneal drying, the eyes were moisturized frequently
with 2.5% methylcellulose (Gonak; Akorn, Inc., Buffalo
Grove, IL, USA). Body temperature was maintained between
36.5∘C and 38∘Cwith a heating pad. After a recording session
that lasted about 2 hours, the animals were sent back to their
prior natural settings after a recovery period in isolation.

2.4. Intravitreal Injection. The CB1R antagonist AM251 was
purchased from Cayman Chemicals (Ann Arbor, MI, USA).
The CB2R antagonist AM630 was purchased from Tocris
(Tocris Bioscience, Ellisville, MO, USA). Both antagonists
were diluted in DMSO under sterile conditions. Assuming
no leakage, the final concentration was 1.5% v/v for DMSO,
0.01mg/𝜇L for AM251, and 0.003mg/𝜇L for AM630. To
factor out any effects of the vehicle (DMSO), we subtracted
the ERG recordings of the DMSO-injected animals from the
ERG recordings of the drug injected animals. In this way, the
effects that we report are only those above and beyond effects
of the vehicle. After inspection and examination of the eyes,
the cornea was cleaned with 5% povidone-iodine solution for
45 seconds. A drop of the topical anesthetic, proparacaine,
was then applied over the injection site.The conjunctival and
corneal surfaces were furthermoistenedwithmethylcellulose
(Moisture Eyes, Bausch & Lomb Canada, Vaughan, ON,
Canada).The corneawas protectedwith sterile coatingswhile
placing the Barraquer eye speculum (1.75 inches, 10mmwide
small blades). A total of 50 𝜇L of drug solution was injected
2mm posterior to the corneal limbus into the vitreous
cavity. Upon removal of the needle, the injection site was
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Figure 1: A schematic procedure illustrating a typical ERG recording session for testing ERG changes following an intravitreal injection in
vervet monkeys (modified from [40]). LA, light adaptation; Phot, photopic.

compressed for about one minute using a sterile cotton swab
to avoid reflux. The back of the eye was inspected using an
ophthalmoscope before and after the intravitreal injection to
verify the integrity of the retina. No substantial differences
were observed in intraocular pressure before and after the
intravitreal administration. As a follow-up, the animals’ eyes
were checked every day for seven days following injection,
and a topical antibiotic ointment was administered (Tobrex,
0.3% tobramycin ophthalmic ointment, Alcon Canada, Mis-
sissauga, Canada).

2.5. Visual Stimulation. Full-field stimulation was produced
by a Ganzfeld light source (UTAS E-3000 electrophysiology
equipment; LKCTechnologies, Inc., Gaithersburg,MD,USA)
that was placed in front of the animal’s face. The ERGs
were evoked by <5ms white flashes delivered in full-field
conditions. Xenon flash luminance of 2.5 to 800 cd⋅s⋅m−2
(0 dB to 20 dB in LKC units) was used for photopic record-
ings and LED flash luminance of 2.5 × 10−5 to 6 cd⋅s⋅m−2
(−40 dB to 4 dB in LKC units) for scotopic recordings.
For light-adapted ERGs a steady background-adapting field
(30 cd⋅m−2) was presented inside the Ganzfeld to saturate
the rod system. Dark adaptation lasted approximately 20
minutes. Interstimulus intervals of at least 20 seconds were
used at high intensities in the dark-adapted eyes. Flash
intensities and background luminancewere calibrated using a
research radiometer (IL1700 Photometer, International Light
Inc., Newburyport,MA,USA)with a SED033 detector placed
at 36 cm from the source.

2.6. ERG Recording. All ERG procedures followed the ISCEV
guidelines and the recently published standardized ERG pro-
tocol of vervet monkeys [40]. ERG responses were recorded
separately between corneal contact lens electrodes (Jet elec-
trodes, Diagnosys LLC, Lowell, MA, USA) lying across the
center of the cornea of each eye. The jet electrodes were
equippedwith four small posts on the convex surface in order
to keep the eyelids open. Reference and ground gold disc
electrodes (model F-E5GH; Grass Technologies, Astro-Med,
Inc., West Warwick, RI, USA) were, respectively, placed to
the external canthi and forehead with adhesive paste (Ten20
conductive EEG paste, Kappa Medical, Prescott, AZ, USA).
For the analysis of the waveforms, the a-wave amplitude was
measured from the baseline to the trough of the a-wave.
The amplitude of the b-wave was measured from the trough
of the a-wave to the peak of the b-wave. The peak latency

was defined from the onset of the flash to the trough or
peak. Baselines and postinjection photopic amplitudes and
latencies were calculated as averages to minimize the noise
inherent in the ERG signals and improve power, allowing
for robust parametric statistical analysis. Since there was
only one baseline recording of the injected eye, the baseline
value was calculated from an average across both eyes (when
available) since ERGs do not vary considerably across eyes
[47]. For the postinjection values, we had several recordings
from the injected eye (one every 10 minutes for 40 minutes).
Visual inspection revealed the peak effect to be present at
both the 30 and 40minutes of postinjection recordings.These
were therefore averaged to obtain postinjection values for
each intensity flash. Retinal response diagrams were drawn
using Adobe Illustrator and processed in Adobe InDesign
(Adobe Systems Canada, Ottawa, ON, Canada, software
version CS5). The recording protocol for assessing the effect
of the drugs is summarized in Figure 1.

2.7. Statistical Analysis. The absolute trough (a-wave) and
peak (b-wave) of the ERG curves were obtained at each light
intensity value. When the ERG curve for low light intensities
(<−2 log cd⋅s⋅m−2) did not return to baseline 350ms after the
stimulus, the amplitudes of the a- and b-wave were corrected
to account for the baseline shift. When no a-wave, or no
wave at all, was detected, an amplitude of 0 was given and
the latency was left blank for that specific stimulus intensity.
Outliers (±2.5 SD)were removed (<2%overall). Postinjection
amplitudes and latencies were expressed as percent of change
from preinjection amplitudes (postinjection minus prein-
jection, divided by preinjection). The delta change percent-
ages of injecting AM251 and AM630 were then subtracted
from the delta change percent for the control injection, the
vehicle DMSO. Thus, positive normalized effects indicate
an increase as a result of injecting the drug, greater than
the change that results from injecting the vehicle alone. To
assess the statistical significance of the observed increase,
we analyzed the amplitudes of the a- and b-waves using
General Estimating Equations (GEE) with flash intensity as
within subject factor, because each monkey was repeatedly
measured (at each flash intensity). These main effects, and
their interaction, were used to estimate the normalized effects
of retinal injection of AM251 and AM630 on retinal function.
Significant effects were followed up, when appropriate, with
pairwise comparisons, significant values indicated with stars
in the relevant figures.
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Figure 2: Raw photopic ERGs in the different drug injection groups. Representative ERGs recorded after intravitreal injection of DMSO
(a), AM251 (b), or AM630 (c). ERG recordings of each treated animal were established by presenting progressively brighter flashes (top to
bottom). Horizontal calibration, 20ms; vertical calibration, 75 𝜇V.

3. Results

3.1. Retinal Function in Photopic Conditions. Retinal function
was evaluated using electroretinography in light-adapted
conditions following injection of the vehicle DMSO, the
CB1R antagonist AM251, or the CB2R antagonist AM630
(Figure 2).

3.2. Photopic b-Wave. Our results show that the amplitudes of
the b-wave after injection maintained a normal photopic hill
shape indicating that the functional integrity of the retina was
not impaired (Figure 3(a)). GEE analysis revealed a signifi-
cant main effect of flash intensity (𝑝 < .001), and a significant
interaction between the flash intensity and injection group
(𝑝 = .001). The interaction was followed up with pairwise
comparisons. AM251 was not significantly different from
DMSOat any of the flash intensities (Figure 3(b)). In contrast,
AM630 caused a significant increase in amplitude, relative
to the control injection, across several flash intensities, from
0.6 to 1.6 log cd⋅s⋅m−2 (0.6: 55% increase in amplitude relative
to the control, 𝑝 = .041; 0.9: 53% increase, 𝑝 = .038;
1.4: 63% increase, 𝑝 = .003; 1.6: 60% increase, 𝑝 = .011;
significant effects indicated with ∗ in Figure 3(c)). The main
effect of AM251 is, on average, a 6% increase, which is not
significantly different from the vehicle alone, represented by
zero on the 𝑦-axis of Figures 3(b)–3(d) (𝑝 = .713). The
main effect of AM630, averaged across all flash intensities, is a
nonsignificant, but trending, 34% increase in responsiveness
of the retina compared to the vehicle alone (𝑝 = .067,
Figure 3(d)). Latencies were also analyzed with the same
GEE model and the interaction (𝑝 < .05) was followed
up as above. Pairwise comparisons revealed no significant

differences, between the drugs and the vehicle, at any of the
flash intensities (not shown).

3.3. Photopic a-Wave. Our results show that, after injection,
the amplitude of the a-wave followed the normal curve
(Figure 4(a)). The effect of the drugs was, however, quite
different from the vehicle. GEE analysis revealed a significant
main effect of flash intensity (𝑝 < .001), and a significant
interaction between the flash intensity and drug group (𝑝 <
.001). This interaction indicates that the effect of the drugs
was not the same across all flash intensities. The interaction
was followed up with pairwise comparisons. AM251 caused
a significantly higher amplitude than DMSO at the highest
flash intensities of 2.4 and 2.9 log cd⋅s⋅m−2 (2.4: 36% increase
in amplitude relative to the vehicle, 𝑝 = .040; 2.9: 32%
increase, 𝑝 = .038; significant effects indicated with ∗ in
Figure 4(b)). For its part, AM630 caused a significant increase
in amplitude, relative to the control injection, across a larger
set of flash intensities, from 0.9 to 2.9 log cd⋅s⋅m−2 ((0.9:
30% increase, 𝑝 < .001; 1.4: 38% increase, 𝑝 = .002; 1.6:
32% increase, 𝑝 = .001; 2.4: 39% increase, 𝑝 = .015; 2.9:
35% increase, 𝑝 = .006), significant effects indicated with
∗ in Figure 4(c)). AM251 caused an increase in the a-wave
amplitude only at the highest flash intensities, while AM630
increases the a-wave amplitude across a wider set of flash
intensities. The main effect of AM251 is, on average, a 12%
increase, which is not significant relative to the vehicle alone
(𝑝 = .428). Conversely, the main effect of AM630, averaged
across all flash intensities, is a nonsignificant but trending
26% increase in the responsiveness of the retina compared
to the vehicle alone (𝑝 = .080, Figure 4(d)). Latencies were
also analyzed with the same GEE model and the interaction
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Figure 3: Photopic b-wave amplitudes. (a) Amplitudes of photopic ERG b-waves plotted as a function of flash intensities. (b) Scatter plot for
normalized b-wave amplitude as a function of flash intensity in AM251-injected monkeys. Grey points indicate raw values; red data points
with error bars indicate the mean and standard error of the mean. (c) Scatter plot and linear regression for normalized b-wave amplitude as
a function of flash intensity in AM630-injected monkeys. Grey points indicate raw values; blue data points with error bars indicate the mean
and standard error of the mean. (d) Main effect of average amplitudes across intensities in AM251 (red) or AM630 (blue) groups. ∗𝑝 < .05.

(𝑝 < .05) was followed up as above. Pairwise comparisons
at each intensity value revealed no significant differences
between the drugs and the vehicle (not shown).

3.4. Retinal Function in Scotopic Condition. To assess the
effect of the cannabinoid receptor antagonists in scotopic
conditions, ERG responses of the dark-adapted retina were
also registered after administration of DMSO, AM251, or
AM630. The ERG tracings maintained their normal shape
following injection. However, the amplitudes of the b-wave
were increased for both treatment groups, while the drugs did
not reliably alter the pattern of the a-waves (Figure 5).

3.5. Scotopic b-Wave. After injection, the amplitude of the
scotopic b-waves had the normal shape: increasing ampli-
tudes for increasing flash intensities (Figure 6(a)). The effect

of the drugs was, however, quite different from the vehicle.
GEE analysis revealed a significant main effect of injection
group (𝑝 < .001). There was no main effect of flash intensity
(𝑝 = .842) nor was there an interaction of group with flash
intensity (𝑝 = .953). Due to a lack of interaction, pairwise
comparisons at each flash intensity were not justified, but
mean and standard errors are plotted in Figure 6(b) (AM251)
and Figure 6(c) (AM630). Following up on the main effect of
drug, pairwise comparisons between groups revealed signif-
icantly higher amplitudes following the injection of AM251
compared to the vehicle alone (20% increase, 𝑝 < .001)
and a similar increase in amplitude following injection of
AM630 (18% increase,𝑝 = .002) (Figure 6(d)).The difference
between these two drugs was not significant (𝑝 = .596).
Latencies had the same pattern of effect as the amplitudes.
Both pharmacological agents led to a significant increase in
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Figure 4: Photopic a-wave amplitudes. (a) Amplitudes of photopic ERG a-waves plotted as a function of flash intensities. (b) Scatter plot for
normalized a-wave amplitude as a function of flash intensity in AM251-injected monkeys. Grey points indicate raw values; red data points
with error bars indicate the mean and standard error of the mean. (c) Scatter plot and linear regression for normalized a-wave amplitude as
a function of flash intensity in AM630-injected monkeys. Grey points indicate raw values; blue data points with error bars indicate the mean
and standard error of the mean. (d) Main effect of average amplitudes across intensities in AM251 (red) or AM630 (blue) groups. ∗𝑝 < .05.

the latency relative to the vehicle (AM251: 8%, 𝑝 = .036;
AM630: 12%, 𝑝 = .001). No interactions were present (not
shown).

3.6. Scotopic a-Wave. After injection, the amplitude of the
scotopic a-wave had the normal shape: increasing amplitudes
for increasing flash intensities, beginning at −1 log cd⋅s⋅m−2
(Figure 7(a)). Therefore, the statistical analysis for the sco-
topic a-wave only involved the values obtained from the
flashes at −1 to 1.4 log cd⋅s⋅m−2. GEE analysis revealed a
significant main effect of flash intensity (𝑝 = .001) and a
significant interaction between the intensity of the flash and
the drug injected (𝑝 < .001). The interaction was followed
up with pairwise comparisons, between the drugs and the

vehicle alone, at each flash intensity value. This revealed no
significant differences, between the drugs and the vehicle,
at any of the intensities (Figures 7(b) and 7(c)). Thus, while
the two agonists cause varied effects at the different flash
intensities, the effects of each drug relative to the vehicle
alone, at a given flash intensity, were not reliable enough to be
significant.The overall effect of AM251 and AM630, averaged
across the flash intensities, was not significantly different
from the vehicle alone (Figure 7(d)). Latencies were also
analyzed with the same GEE model and the interaction (𝑝 <
.05) was followed up as above. Pairwise comparisons revealed
one significant difference at flash intensity 0.6; following
injection of AM251, the latency to peak was 21% slower
compared to the injection of the vehicle alone (𝑝 = .011, not
shown).
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Figure 5: Raw scotopic ERGs in the different drug injection groups. Representative ERGs recorded after intravitreal injection of DMSO
(a), AM251 (b), or AM630 (c). ERG recordings of each treated animal were established by presenting progressively brighter flashes (top to
bottom). Horizontal calibration, 20ms; vertical calibration, 75 𝜇V.

4. Discussion

The purpose of this study was to determine the role of
cannabinoid receptors CB1 and CB2 in the normal monkey
retina. The abundance of CB1R and CB2R expression in
the retina already pointed to an important role of these
receptors in normal vision. We analyzed changes in photopic
and scotopic ERG responses after blocking these receptors
with their respective antagonists. The experimental design
used DMSO as the control, rather than preinjection values,
to control for any effects of the vehicle. We demonstrated
that, in photopic conditions, only the blockade of CB2R
increased the amplitude of the b-wave, above the standard
flash intensity value, while blocking CB1R or CB2R increased
the amplitude of the a-wave, at high flash intensity values.
In scotopic conditions, however, blockade of either CB1R or
CB2R increased only the amplitude of the b-wave irrespective
of flash intensity.

4.1. Photopic Condition. The amplitude of the main compo-
nent of the ERG, the photopic b-wave, represents primarily
the activation of depolarization ON-bipolar cells measured
as a positive retinal potential on the corneal surface [36, 48–
50]. In addition, the b-wave is attributed to the interaction of
ON-bipolar cells and Müller glial cells [36, 37]. In the vervet
monkey, CB1R is expressed mainly in cones and in the other
retinal components, while CB2R is exclusively present in the
glial Müller cells, leading to a complementary relationship
between neurons and glia regarding endocannabinoid action
[6]. The light-induced potassium increase in the outer and
inner plexiform layers’ cells, which are depolarized by light

stimulation, modifies the Müller cell membrane potential
thereby generating electrical responses [51]. Müller cells, via
KCNJ10 (KIR4.1) channels and potassium siphoning of the
excess potassium ions into the vitreous [52, 53], control the
light-mediated potassium increase in retinal extracellular
space [54]. The depolarization of the Müller cells contributes
to the ERG b-wave through the buffering of potassium chan-
nels [35, 55, 56]. Thus, the blockade of potassium channels
should result in a decrease of the ERG b-wave [37]. Our
results revealed a significant increase of the photopic b-wave
amplitude following the blockade of CB2R, which supports
our previously proposed model [6]. CB2R coupled to Gi/o
decreases cAMP levels and the PKA activity [57]. PKA is
a positive modulator of potassium channels and therefore,
the blockade of CB2R via an increase of PKA activity will
increase the activity of K+ channels in Müller cells, and thus
an increased photopic b-wave amplitude (Figure 8). It may
also be possible that AM630 affected the OFF cone pathway
that originates from the dendritic contacts of bipolar cells
with cones, which could partially explain the increase of
the photopic b-wave amplitude only at the middle intensity
flash values [58]. Another potential interpretation is that
since CB2R is not expressed on cones [6], AM630 may
have modulated other non-CB2 receptors located on cone
photoreceptors.

The a-wave measured under photopic conditions repre-
sents cone function. Stimulation of cones by light inhibits
retinal dark currents through phototransduction signals that
take place in the cone outer segments as seen in the a-wave
of the ERG. The early portion of the a-wave represents the
activity of the cone photoreceptors [59, 60], while the later
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Figure 6: Scotopic b-wave amplitudes. (a) Amplitudes of scotopic ERG b-waves plotted as a function of flash intensities. (b) Scatter plot for
normalized b-wave amplitude as a function of flash intensity in AM251-injected monkeys. Grey points indicate raw values; red data points
with error bars indicate the mean and standard error of the mean. (c) Scatter plot and linear regression for normalized b-wave amplitude as
a function of flash intensity in AM630-injected monkeys. Grey points indicate raw values; blue data points with error bars indicate the mean
and standard error of the mean. (d) Main effect of average amplitudes across intensities in AM251 (red) or AM630 (blue) groups. ∗𝑝 < .05.

portion reflects the contribution of hyperpolarizing bipolar
cells, proximal amacrine cells, and ganglion cells [61–63].
Stimulation of conesmay activate the CB1R in its pedicles [5],
which in turn leads to the inhibition of glutamate release in
the synaptic cleft. Blocking CB1R will therefore result in the
increase in glutamate release. This increase mimics the effect
of a bright light that contributes to larger amplitude of the
photopic a-wave. Blocking CB2R on the other hand has an
even larger effect on the amplitude of the a-wave, which can
be explained by a similar mechanism that involves additional
potassium buffering by Müller cells [6] (Figure 8(a)). Other
receptors that contribute to the photopic b-wave may also
explain howAM630 could affect the photopic a-wave. Indeed,
the increase of the photopic b-wave might cause a large

change in the a-wave (a result of cone modulation), which
would be independent of the action of Müller cells.

4.2. Scotopic Condition. Thea-wavemeasured under scotopic
conditions represents rod function. In the dark-adapted
retina, blockade of either CB1R or CB2R had no significant
effect on the scotopic a-wave.This null effect can be explained
by the small quantity of CB1R expressed in the rod spherules
in primates [3, 5]. In contrast, the large quantity of putative
cannabinoid receptor (GPR55), found exclusively in rods
[64], has a significant effect on the scotopic ERG [65]. It has
been reported that AM251 could be also a GPR55 agonist
[66]. Thus, we cannot rule out that the increase of the
scotopic b-wave amplitude following the injection of AM251
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Figure 7: Scotopic a-wave amplitudes. (a) Amplitudes of scotopic ERG a-waves plotted as a function of flash intensities. (b) Scatter plot for
normalized a-wave amplitude as a function of flash intensity in AM251-injected monkeys. Grey points indicate raw values; red data points
with error bars indicate the mean and standard error of the mean. (c) Scatter plot for normalized a-wave amplitude as a function of flash
intensity in AM630-injected monkeys. Grey points indicate raw values; blue data points with error bars indicate the mean and standard error
of the mean. (d) Main effect of average amplitudes across intensities in AM251 (red) or AM630 (blue) groups. Error bars represent standard
error or the mean.

might be due to GPR55 activity. However, CB1R is found in
large quantities in rod bipolar cells [5] and, in conjunction
with CB2R in Müller cells [6], likely contributes to the
large increase of the scotopic b-wave amplitude. Differential
effects between CB1R and CB2R might be explained by the
nature of the ion channels involved. The potassium buffering
role of Müller cells leads to the increase of the scotopic
b-wave following CB2R blockade. The calcium increase in
postsynaptic rod bipolar cells results from CB1R blockade
(see Figure 8(b)). Since CB1R agonists induce a reduction in
the amplitude of calcium channel currents in retinal bipolar
cells [3], it is not surprising, as shown here, that the CB1R

antagonist AM251 had the opposite effect: mainly, an increase
in rod bipolar cells activity.

5. Conclusion

These findings might be helpful for the development of new
pharmacological targets for the treatment of retinal intoxi-
cation [67, 68] and diseases [69]. These retinal pathologies
are generally associated with a decrease in the amplitude of
the electroretinographic waves. We show here that pharma-
cological agents that block the retinal cannabinoid receptors
can induce an increase in the amplitude of the ERG response
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Figure 8: Schematic illustration of the proposed mechanisms underlying the actions of AM251 and AM630 in the monkey retina, as revealed
by electroretinography under photopic (a) and scotopic (b) conditions. (See Discussion for details.)

profiles. Manipulating the endocannabinoid system might
therefore serve as a therapy to restore normal vision and
protect the retina.
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Prolonged heavy exposure to cannabis is associated with impaired cognition and brain functional and structural alterations. We
recently reported attenuated mismatch negativity (MMN) and altered P50 sensory gating in chronic cannabis users. This study
investigated the extent of brain functional recovery (indexed by MMN and P50) in chronic users after cessation of use. Eighteen
ex-users (median 13.5 years prior regular use; median 3.5 years abstinence) and 18 nonusers completed (1) a multifeature oddball
task with duration, frequency, and intensity deviants and (2) a P50 paired-click paradigm. Trend level smaller duration MMN
amplitude and larger P50 ratios (indicative of poorer sensory gating) were observed in ex-users compared to controls. Poorer
P50 gating correlated with prior duration of cannabis use. Duration of abstinence was positively correlated with duration MMN
amplitude, even after controlling for age and duration of cannabis use. Impaired sensory gating and attenuated MMN amplitude
tended to persist in ex-users after prolonged cessation of use, suggesting a lack of full recovery. An association with prolonged
duration of prior cannabis use may indicate persistent cannabis-related alterations to P50 sensory gating. Greater reductions in
MMN amplitude with increasing abstinence (positive correlation) may be related to either self-medication or an accelerated aging
process.

1. Introduction

Regular and prolonged cannabis use is associated with a
range of adverse psychological outcomes, including psy-
chosis [1–4]. The primary constituent of cannabis, Δ9-
tetrahydrocannabinol (THC), is a partial agonist at central
cannabinoid receptor (CB1R) sites which are densely located
throughout the brain but especially within regions critical to
attention, learning, and memory, such as the hippocampus,
amygdala, and prefrontal cortex [5]. It is these cognitive
functions in particular that are impaired in cannabis users
(for a review, see [6]), arguably due to cannabis-related

alterations to the regulatory role that the endocannabinoid
system plays in synaptic plasticity [7–10].The latter is thought
to occur, at least in part, via downregulation of N-methyl-
D-aspartate (NMDA) receptor activity [7–9, 11]. Evidence
is also emerging for analogous alterations in cannabis users
and patients with schizophrenia, including cognition, brain
function, and structure, and there is increasing support
for an association between cannabis and schizophrenia in
vulnerable individuals [12–14]. In light of this evidence,
research has turned to examining common neurobiological
and neuropsychological markers of dysfunction (for a review,
see [6]).

Hindawi Publishing Corporation
Neural Plasticity
Volume 2016, Article ID 6526437, 11 pages
http://dx.doi.org/10.1155/2016/6526437

http://dx.doi.org/10.1155/2016/6526437


2 Neural Plasticity

Two such candidate markers are the mismatch negativity
(MMN) and the P50, event-related potential (ERP) brain
markers of early sensory memory and of sensory gating,
respectively. MMN is sensitive to NMDA receptor function
(for a review, see [15, 16]) and elicited by irregular acoustic
deviations (“deviants”) in a predictable pattern of auditory
stimuli (called standards [17, 18]) reflecting evaluation of new
auditory sensory input against current models of the acoustic
environment [18]. Robust reductions in MMN have been
noted in patients with schizophrenia [19, 20] and less consis-
tently in their first degree relatives [21–23]. Cannabis users
also show reduced MMN, with the strongest evidence for
alterations to frequency deviants [24–26], but three studies
have also reported group differences for duration deviants
[24, 27, 28]. We recently reported significantly smaller
frequency MMN in both long-term and short-term users
compared to controls, whereas duration MMN was reduced
only in long-term users, and duration MMN amplitude
reduction was associated with the duration of regular and, in
particular, daily cannabis use [24]. Consistent with mounting
evidence of an association between cannabis use and risk
for psychosis, reductions in duration and frequency MMN
were associated with a retrospective measure of psychotic-
like symptoms during intoxication [24].

P50 sensory gating is also impaired in both patients with
schizophrenia [29, 30] and chronic cannabis users [31–34].
Sensory gating refers to the brain’s ability to regulate its
response to incoming stimuli [35] or to “gate out” irrele-
vant information from further processing [36–38]. (Sensory
gating-“out”may be contrastedwith the brain’s ability to “gate
in” novel or new information, of which theMMN is a marker
[36, 37].) P50 sensory gating is impaired in regular cannabis
users compared to both nonuser controls [31–34] and patients
with schizophrenia with and without comorbid cannabis use
[33]. Longer duration of use [33] and greater quantity of
monthly use [32] were associated with more pronounced P50
gating impairments.

The existence of brain alterations in cannabis users leads
to the important question of whether these are amenable to
recovery following cessation of cannabis use. Persistent IQ
decline has been reported in adult cannabis users who started
using cannabis during adolescence and who had recently
abstained or significantly reduced cannabis use for at least one
year [39]. Results from more sensitive neuroimaging studies
of users with at least 25 days abstinence indicate persistent
alterations to brain function [40–46].We previously reported
impaired ERPmeasures of selective attention in former users
with amean 2-year abstinence thatwere associatedwith dura-
tion of prior use [47]. Pertinent to the current study, Rentzsch
et al. [33] identified persistent deficits in P50 sensory gating
in cannabis users who had been abstinent for at least 28
days and in a subsequent study [25] persistent reductions in
frequency MMN amplitude in former users with a mean 19-
month abstinence. Neither study investigated the association
between duration of abstinence or prior cannabis use and
recovery of brain function.Therefore, although these findings
suggest persistent cannabis-related alterations to MMN and
P50 sensory gating following cessation of cannabis use,
further research is required to replicate these findings and

determine the degree to which recovery may occur as a
function of prior cannabis exposure and length of abstinence.

The aim of the current cross-sectional study, in which we
recruited former cannabis users with a range of abstinence
and prior history of use, was to investigate (1)whetherMMN
amplitude and P50 sensory gating improve as a function
of increasing periods of abstinence following cessation of
use and (2) the extent to which recovery may depend on
the degree of prior cannabis use. Consistent with previous
work, we predicted that ex-users would exhibit attenuated
frequency and durationMMN (impaired sensory processing)
and larger P50 ratios and smaller P50 difference scores
(poorer sensory gating) compared to nonuser controls and
that improvement in brain function would be positively cor-
related with duration of abstinence and negatively correlated
with duration of prior cannabis use.

2. Materials and Methods

2.1. Participants. Twenty abstinent former cannabis users
and 42 healthy nonuser controls took part in the current
study. Ex-cannabis users were required to have used cannabis
regularly (≥3 times/week) for at least two years prior to
quitting and to have abstained for at least one month; two
were excluded for recent other drug use leaving a sample of
18 ex-users. Nonuser control participants were required to
have <20 lifetime occasions of cannabis use and none in the
previous 12 months. Recruitment and exclusion criteria are
described in Supplement 1 in Supplementary Material avail-
able online at http://dx.doi.org/10.1155/2016/6526437. Con-
trols were recruited as part of a larger study (see [24, 31]).
Whilst ex-users completed all experimental paradigms, not
all controls completed bothMMNandP50 paradigms.There-
fore, two overlapping subsamples (𝑛 = 18 each) of the most
appropriately age-matched controls were blindly selected
for MMN and P50 analyses, respectively, from the nonuser
sample reported in Greenwood et al. [24] (12 participants
were included in both control groups). All participants were
reimbursed AUD$50 for their participation. The study was
approved by the University of Wollongong and Illawarra
Shoalhaven LocalHealthDistrictHealth andMedicalHuman
Research Ethics Committee.

2.2. Demographic and Substance Use Variables. Participants
underwent a comprehensive structured interview to assess
demographic information, detailed history of current and
previous substance use, and psychiatric history and ex-users
provided a urine sample to verify recent abstinence. Partic-
ipants were excluded if they reported a personal or familial
(first degree relative) history of any psychotic disorder.
Participants reported (i) the last time they used any cannabis
and howmuch; (ii) their previous patterns of regular use (i.e.,
their usual pattern of use, periods when they used cannabis
more or less frequently, and periods of abstinence); and (iii)
when they stopped using cannabis regularly. This informed
two key variables to define the duration of abstinence: (i) time
since last use, defined in years since last use of any cannabis
and (ii) time since last regular use of cannabis (> once/month
for any 6-month period).
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The vocabulary and matrices subscales of the Wechsler
Abbreviated Scale of Intelligence (WASI [49]) were used to
estimate full scale IQ.The Rey Auditory Verbal Learning Test
(RAVLT) was also administered and participants completed
the Community Assessment of Psychic Experiences (CAPE
[50]) and Schizotypal PersonalityQuestionnaire (SPQ [51]) to
assess psychotic-like symptoms, the Beck Depression Inven-
tory (BDI [52]), State Trait Anxiety Inventory (STAI [53]),
Edinburgh Handedness Inventory [54], and the Alcohol
Use Disorders Identification Test (AUDIT [55]). Ex-cannabis
users also completed the Marijuana Withdrawal Checklist
(MWC [56]), Severity of Dependence Scale (SDS [57]),
and Cannabis Experiences Questionnaire (CEQ, [58]) to
measure symptoms of withdrawal and retrospective severity
of dependence and symptoms experiencedwhilst intoxicated.

2.3. Experimental Paradigms. ThepassivemultifeatureMMN
paradigm and recording conditions, with duration (100ms),
frequency (1200Hz), and intensity (90 dB; standards 50ms,
1000Hz, 80 dB) deviants, are described in Greenwood et
al. [24] and further in Supplement 1. For the MMN task
participants were instructed to ignore the tones and focus
their attention on a silent film. The attended P50 paired-
click paradigm (in which participants were asked to silently
count the click pairs and respond to every 25th click pair via
button press) and recording condition (ISI 9 seconds) were
identical to the paradigm described in Broyd et al. [31] and in
Supplement 1. Participants were seated in a comfortable chair
approximately 80 cmaway fromamonitor in a dimly lit room.
All stimuli were presented binaurally using headphones
(Sennheiser HD215). Measurement details of MMN and P50
are described in Supplement 1 and Greenwood et al. [24] and
Broyd et al. [31] respectively.

2.4. Statistical Analysis. To investigate potential group differ-
ences on demographic factors (age, gender, and IQ), psycho-
logical symptoms, verbal learning, and alcohol and tobacco
use, independent sample 𝑡-tests or Mann-Whitney 𝑈 tests
(for data not normally distributed) were employed. Group
comparisons of MMN peak amplitude were performed
using repeated measures Analysis of Variance (rmANOVA)
including a within-subject variable, condition (3: duration,
frequency, and intensity deviant), and between-subject factor,
group (2: control and ex-user). P50 ratio and difference scores
were compared between groups usingMann-Whitney𝑈 tests
as the data were not normally distributed. Correlational
analysis investigated associations between MMN and P50
measures, cannabis measures (duration of abstinence and of
prior use), and relevant demographic, clinical, and cognitive
measures in the ex-user sample. As prior research suggests
that frequency and duration MMN are reduced in cannabis
users in particular [24], correlations between MMN and
cannabis use history including duration of abstinence were
restricted to these deviant conditions.

3. Results

3.1. Cannabis Use History and Abstinence. Ex-users had
previously used cannabis regularly for a median of 13.5 years

Table 1: Cannabis use measures including abstinence, retrospective
measures of dependence and psychological symptoms during intox-
ication, and withdrawal symptoms.

Ex-cannabis users
Prior cannabis use
Frequency (days/month) 30 [15.0–30.0]
Quantity (conesa/month) 517.5 [52.5–3150.0]
Age of onset (years) 17 [12.0–20.5]
Duration of regular use (years) 13.5 [4.3–30.3]
Duration of daily use (months) 155.3 [0.0–363.7]
Time since last smoked (years) 1.5 [0.1–16.0]
Abstinence since regular use (years) 3.5 [0.1–16.0]

SDSb 8.50 [1.0–13.0]
CEQc

Euphoria 40 [32.0–52.0]
Paranoia 48 [28.0–87.0]
After effects 27 [15.0–51.0]
Amotivation 18.5 [10.0–31.0]
Psychotic 8 [4.0–20.0]

MWCd 10.5 [0.0–37.0]
Notes. Data are reported as median [range].
aCones used in waterpipe: 3 cones are equivalent to one standard sized joint
[48].
bSeverity of Dependence Scores (SDS) (retrospective)
cCannabis Experiences Questionnaire (CEQ) (retrospective)
dMarijuana Withdrawal Checklist (MWC) (retrospective).

at approximately 6 joints/day on a median of 30 days/month
(see Table 1). They had not used cannabis regularly for a
median of 3.5 years and had been totally abstinent (since
last occasion of any use) for a median of 1.5 years (range
of 6 weeks to 16 years for both measures of abstinence). No
participants had used any substance other than alcohol or
tobacco regularly (defined as more than once/month for a 6-
month period) in the past 5 years.

3.2. Group Comparisons on Demographic and Clinical Vari-
ables. No differences between ex-users and controls were
identified for age, gender, handedness, verbal learning (i.e.,
RAVLT performance), or symptom measures (Table 2) other
than the SPQ scores reported below.

MMN Group Comparisons. Ex-users had fewer years of
education (𝑍 = −3.64, 𝑝 < .001), tended to have lower
IQ (𝑍 = −1.80, 𝑝 = .073), consumed a greater quantity of
alcohol (𝑍 = −2.08, 𝑝 = .04) with a trend toward greater
frequency (𝑍 = −1.71, 𝑝 = .09), and smoked more cigarettes
than controls (𝑍 = −3.00, 𝑝 = .003). Ex-users had elevated
SPQ social anxiety (𝑍 = −2.03, 𝑝 = .04) and a trend toward
elevated SPQ total (𝑍 = −1.74, 𝑝 = .08) scores. None
of these variables were correlated with MMN amplitude in
any deviant condition and therefore none were included as
covariates in any further analyses (see Supplement 1).

P50 Group Comparisons. Ex-users tended to have lower IQ
scores (𝑍 = −1.87,𝑝 = .064) and had fewer years of education
(𝑍 = −3.92, 𝑝 < .001) than controls. They smoked more
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Table 2: Demographic, cognitive, and psychological symptom measures in ex-cannabis users and healthy nonuser controls for MMN and
P50 analyses.

Ex-cannabis users MMN controls P50 controls
(𝑛 = 18) (𝑛 = 18) (𝑛 = 18)

Age (years) 39.1 [20.8–56.0] 40.4 [21.0–52.6] 31.2 [20.1–52.6]
Gender (male/female) 10M/8 F 10M/8 F 9M/9 F
Handedness All right-handed Two left-handed All right-handed
Education (years) 12.0 [10.0–16.0] 14.3 [11.5–20.0]∗∗ 14.5 [11.5–20.0]∗∗

IQ 105.0 [89.0–126.0] 115.5 [89.0–133.0]/ 115.0 [89.0–133.0]/

RAVLT trials I to V 54.00 [34.0–68.0] 54.5 [29.0–69.0] 56.50 [29.0–70.0]
RAVLT trial VI 11.5 [5.0–15.0] 12.0 [4.0–15.0] 12.0 [4.0–15.0]
RAVLT trial VII 11.5 [0.0–15.0] 11.0 [3.0–15.0] 11.0 [3.0–15.0]
Alcohol frequencya 3.5 [0.0–30.0] 1.0 [0.0–12.0]/ 1.4 [0.0–12.0]
Alcohol quantityb 16.8 [0.0–180.0] 5.1 [0.0–28.0]∗ 6.3 [0.0–70.0]
Cigarettes (per day) 3.8 [0.0–35.0] 0.0 [0.0–12.0]∗ 0.0 [0.0–11.0]∗

Psychological symptoms
K10 15.0 [12.0–31.0] 14.0 [10.0–19.0] 14.0 [10.0–22.0]
BDI 6.5 [0.0–18.0] 3.0 [0.0–19.0] 3.0 [0.0–19.0]
STAI-I 31.0 [20.0–67.0] 32.0 [20.0–45.0] 27.5 [20.0–45.0]
STAI-II 39.0 [21.0–62.0] 36.0 [22.0–50.0] 32.5 [20.0–45.0]
CAPE
Frequency total 58.0 [46.0–76.0] 60.0 [46.0–89.0] 59.0 [47.0–89.0]
Distress total 20.0 [4.0–51.0] 25.5 [6.0–95.0] 22.0 [5.0–50.0]
Negative frequency 21.5 [16.0–35.0] 21.5 [12.0–31.0] 21.0 [15.0–31.0]
Negative distress 11.0 [2.0–30.0] 10.5 [2.0–41.0] 9.0 [2.0–22.0]
Positive frequency 23.5 [20.0–31.0] 25.0 [21.0–44.0] 26.0 [20.0–44.0]
Positive distress 5.5 [0.0–20.0] 6.0 [1.0–29.0] 6.0 [0.0–18.0]
Depressive frequency 12.5 [9.0–16.0] 13.0 [9.0–21.0] 12.0 [9.0–21.0]
Depressive distress 6.0 [2.0–15.0] 8.0 [2.0–25.0] 7.0 [1.0–21.0]

SPQ
Total 18.0 [9.0–32.0] 14.0 [5.0–32.0]/ 12.0 [2.0–39.0]/

Ideas of reference 1.0 [0.0–6.0] 1.0 [0.0–4.0] 1.0 [0.0–5.0]
Social anxiety 3.0 [0.0–15.0] 2.0 [0.0–6.0]∗ 1.0 [0.0–6.0]∗

Odd beliefs 1.0 [0.0–5.0] 0.0 [0.0–5.0] 0.0 [0.0–7.0]
Unusual perceptual 1.0 [0.0–3.0] 1.0 [0.0–2.0] 1.0 [0.0–4.0]
Odd behaviour 2.0 [0.0–5.0] 0.0 [0.0–6.0] 0.0 [0.0–6.0]
Close friends 2.0 [0.0–8.0] 1.0 [0.0–3.0] 1.0 [0.0–4.0]
Odd speech 4.0 [0.0–7.0] 4.0 [1.0–8.0] 3.0 [0.0–8.0]
Constricted affect 1.0 [0.0–5.0] 1.0 [0.0–2.0] 1.0 [0.0–4.0]
Suspiciousness 1.0 [0.0–5.0] 1.0 [0.0–3.0] 1.0 [0.0–3.0]

Notes. Comparisons between ex-cannabis users and respective nonuser controls for each paradigm (MMN or P50); /𝑝 < .10, ∗𝑝 < .05, ∗∗𝑝 < .001. Data
reported as median [range].
aAlcohol frequency measured as number of days per month alcohol was consumed.
bAlcohol quantity measured as number of standard drinks consumed per month.
RAVLT: Rey Auditory Verbal Learning Test; K10: Kessler Psychological Distress Scale; BDI: BeckDepression Inventory; STAI-I: State Anxiety Index State score;
STAI-II: State Anxiety Index Trait score; CAPE: Community Assessment of Psychic Experiences; SPQ: Schizotypal Personality Questionnaire.

cigarettes per day (𝑍 = −2.97,𝑝 = .01) but did not differ from
controls in quantity or frequency of alcohol use (𝑝 > .10).
Ex-users again had elevated SPQ social anxiety (𝑍 = −2.43,
𝑝 = .015) and a trend towards elevated SPQ total (𝑍 = −1.76,
𝑝 = .079) scores. None of these variables were correlated with
P50metrics and therefore nonewere included as covariates in
any further analyses (see Supplement 1).

3.3.MismatchNegativity in Ex-Users and Controls. Mismatch
negativity difference waveforms at Fz for duration and fre-
quency conditions are shown in Figure 1(a) and grand mean
ERP waveforms at Fz to the standard and deviant stimuli
are shown in Figure 1(b). Despite visible group differences
in the standard ERP around N1 (explored in Supplement
1), there were no significant differences between ex-users
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Figure 1: (a)Mismatch negativity (MMN)waveforms at Fz displayed for each condition for ex-cannabis users (grey line) and nonuser controls
(black line). (b)Mastoid reference unsubtracted ERPwaveforms at Fz to standard (solid line) and deviant tones (dashed lines) for ex-cannabis
users (grey lines) and nonuser controls (black lines). Amplitude is shown in 𝜇V on the 𝑦-axis and time in milliseconds along the 𝑥-axis.

and controls in mean amplitude for standard ERPs over the
latency windows used for MMN peak detection.

Ex-users had visibly smaller MMN amplitudes than
controls, although this did not reach significance as a main
effect of group (𝐹(1, 34) = 1.02, 𝑝 = .32). However, there was
a main effect of condition (𝐹(2, 68) = 38.63, 𝑝 < .001) and a
significant condition by group interaction (𝐹(2, 68) = 3.34,
𝑝 = .042) (Table 3(a)). Univariate ANOVAs were used to
decompose the significant condition × group interaction and
compared ex-users and controls in each deviant condition
separately. MMN in each deviant condition revealed no effect
of group for frequency MMN (𝐹(1, 34) = 1.99, 𝑝 = .17)
or intensity MMN (𝐹 < 1.0), although groups differed at
trend level for duration MMN (𝐹(1, 34) = 2.97, 𝑝 = .09;
𝑝 = .08 with age included as a covariate (see Supplement
1)) with smaller duration MMN amplitudes in ex-users. Age
of onset of regular use, duration of regular and daily use,
and quantity and frequency of prior cannabis use were not
significantly correlated with either frequency or duration
MMN amplitude (all 𝑝 > .09). However, duration MMNwas
positively correlated with abstinence (time since regular use:
𝜌 = .65, 𝑝 = .004; time since last use: 𝜌 = .56, 𝑝 = .016), with

the pattern of results not appreciably affected by controlling
for either duration of use (partial 𝑟 = .72, 𝑝 = .001 and
𝑟 = .74, 𝑝 = .001, resp.) or age (partial 𝑟 = .63, 𝑝 = .007
and 𝑟 = .65, 𝑝 = .005, resp.) separately or combined (partial
𝑟 = .42, 𝑝 = .053 and 𝑟 = .47, 𝑝 = .032, resp.). However,
age and duration of use were not correlated with duration
MMN after controlling for time since regular use (age: partial
𝑟 = −.10, 𝑝 = .72; duration of regular use: partial 𝑟 = .05,
𝑝 = .85) or time since last use (age: partial 𝑟 = .10, 𝑝 = .69;
duration of regular use: partial 𝑟 = .13, 𝜌 = .61). These
results indicate smaller duration MMN with longer periods
of abstinence (Figure 2).

3.4. P50 Sensory Gating in Ex-Users and Controls. Grand
mean ERP waveforms at Cz to the first (S1) and second (S2)
click are presented for ex-users and controls in Figure 3, and
P50 amplitudes to S1 and S2, P50 ratio, and difference scores
in Table 3(b). Ex-users did not differ from controls in terms of
P50 difference score (𝑍 = −1.23, 𝑝 = .23). There was a trend
toward larger P50 ratios in ex-users compared to controls
(𝑍 = −1.68, 𝑝 = .097).
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Figure 2: Scatter plots showing association between duration MMN amplitude (𝜇V) and duration of abstinence since last regular cannabis
use (a) and abstinence since the last occasion of use (b).

Table 3: (a) Mean (SD) MMN amplitude (𝜇V) and latency (ms) at
Fz and (b) median [range] P50 metrics (𝜇V) at Cz for ex-cannabis
users and healthy nonuser controls.

Ex-cannabis
users

(𝑛 = 18)

Controls
(𝑛 = 18)

(a) MMN
Duration MMN
Amplitude (𝜇V) −4.60 (1.26) −5.65 (2.26)
Latency (ms) 183.9 (20.6) 183.8 (17.2)

Frequency MMN
Amplitude (𝜇V) −2.74 (1.21) −3.34 (1.35)
Latency (ms) 167.6 (22.2) 173.1 (21.7)

Intensity MMN
Amplitude (𝜇V) −3.25 (1.51) −2.92 (1.87)
Latency (ms) 153.6 (27.6) 142.4 (25.9)

(b) P50
P50 S1 amplitude 2.59 [0.36–5.14] 2.80 [0.39–9.52]
P50 S2 amplitude 1.83 [0.03–3.20] 1.27 [0.0–3.62]
P50 ratio 0.53 [0.01–4.19] 0.37 [0.0–1.41]
P50 difference score 1.66 [−1.15–3.12] 1.83 [−0.40–5.90]

In ex-users, no correlation was observed between age
of onset of regular cannabis use, quantity or frequency of
prior cannabis use per month, time since last regular use or
time since last use, and either P50 ratio or difference score
(all 𝑝 > .10). However, duration of prior regular use and
duration of prior daily use were both significantly correlated
with P50 ratio (regular use: 𝜌 = .61, 𝑝 = .007; daily use:
𝜌 = .50, 𝑝 = .033, Figure 4) and P50 difference score
(regular use: 𝜌 = −.60, 𝑝 = .008; daily use: 𝜌 = −.55, 𝑝 =
.019, Figure 4). These correlations remained significant after
controlling for the duration of abstinence since regular use in
partial correlations (P50 ratio, regular use: 𝑟 = .63, 𝑝 = .006;
daily use: 𝑟 = .57, 𝑝 = .02; P50 difference score, regular use:
𝑟 = −.64, 𝑝 = .006; daily use: 𝑟 = −.55, 𝑝 = .02). Further, time
since last regular use or time since last occasion of any usewas

not correlated with P50 metrics after controlling for duration
of regular or daily use (time since regular use: all 𝑝 > .3; time
since last use: all 𝑝 > .6).

4. Discussion

Given mounting evidence of altered MMN and P50 sensory
gating in chronic cannabis users, the current study set out to
examine the degree to which impairments in early sensory
processing might recover with abstinence from cannabis, as
a function of the duration of abstinence and history of prior
use. We report trends toward impaired sensory gating (larger
P50 ratios) and reduced duration MMN amplitude in ex-
cannabis users compared to nonuser controls. An associa-
tion between the duration of prior cannabis use and P50
metrics suggests that persistent impairments in P50 gating
may be related to prior exposure to cannabis. In contrast,
the association between MMN amplitude and duration of
abstinence was not in the expected direction, with smaller
amplitudes associated with longer abstinence. The P50 data
extend the findings of Rentzsch et al. [33] who found that
P50 sensory gating was reduced in former cannabis users
who were abstinent for at least 28 days: the ex-cannabis
users of the present study had been abstinent for a median
of 3.5 years (range of 6 weeks to 16 years). The observed
association between greater P50 impairment and duration
of prior regular and daily cannabis use in this study, and in
Rentzsch et al. [33], and no association with the duration
of abstinence, highlights the possibility that these persistent
effects may result from prolonged exposure to cannabis and
may not recover with abstinence. The findings concur also
with previous research in current cannabis users (with 12–
24 hours of abstinence to control for acute effects [31, 32, 34,
59]), implicating an association between cannabis exposure
and functioning of neuronal generators involved in sensory
gating. Unlike Rentzsch et al. [25], the current study did not
find frequency MMN amplitude to be reduced in ex-users
relative to controls.

There is increasing evidence that regular exposure to
cannabis over an extended period of time is associated with
reduced frequency MMN [24–26] and more recently, in



Neural Plasticity 7

Controls
Ex-users

−100 0 100 200 300

P50 to first click (S1)

(𝜇
V

)

4

3

2

1

0

−1

−2

(a)

Controls
Ex-users

(𝜇
V

)

4

3

2

1

0

−1

−2

−100 0 100 200 300

P50 to second click (S2)

(b)

Figure 3: ERP waveforms to the first (S1; (a)) and second (S2; (b)) click at Cz for ex-cannabis users (grey) and nonuser controls (black).
Amplitude is shown in 𝜇V on the 𝑦-axis and time in milliseconds along the 𝑥-axis.
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(b) P50 difference score

Figure 4: Scatter plots showing association between P50metrics and duration of regular cannabis use in years (left), duration of daily cannabis
use in months (middle), and duration of abstinence since regular use (right) for ex-cannabis users. P50 ratio shown on the top row (a) and
P50 difference score shown on the bottom row (b).

long-term users, attenuated duration MMN as well [24]. We
have argued that reduction in duration MMN may manifest
only after protracted (and especially daily) cannabis use. We
suggested that attenuated frequency MMN in short- and
long-term users may be related to altered gyrification and
cortical thinning in temporal and frontal regions observed
to be unrelated to the extent of exposure to cannabis in
users [60], while duration MMNmay be sensitive to broader

alterations to brain function associated with sound duration
processing following more prolonged exposure to cannabis
[24]. In the current study of former users, we did not observe
an association between duration of regular (or daily) cannabis
use and attenuated duration MMN, although, unexpectedly,
we found that longer durations of abstinence (both since last
regular use and since the last occasion of use) were correlated
with greater reductions in duration MMN amplitude. This
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relationship is difficult to interpret, as it is not possible
in the current sample to definitively dissociate aging from
length of abstinence (or duration of cannabis exposure).
Nevertheless, partial correlations controlling for age and for
duration of prior regular use revealed that age and duration
of prior regular use did not account for this relationship.
This association speaks to three possible hypotheses: first, that
the association between duration MMN and abstinence may
reflect accelerated aging, with persistent and nonlinear effects
beyond cessation of cannabis use in former users. Second, it is
possible that individuals who have used cannabis and subse-
quently chosen to abstain differ fundamentally from nonus-
ing individuals on a third unmeasured variable for which
duration of abstinence is acting as proxy. Nevertheless further
analysis (reported in Supplement 1) suggests that duration
of abstinence was not correlated with neuropsychological
functioning, alcohol or cigarette use, psychosis-proneness, or
prior cannabis use. A third hypothesis may therefore be that
cannabis use may have “medicated” a preexisting deficit in
former users and that this deficit is progressively unmasked
with ongoing abstinence. That duration MMN, previously
demonstrated by us to correlate with longer duration of
cannabis use (particularly daily use) [24], suggests that any
potential preexisting deficit was nevertheless exacerbated by
long-term cannabis use, perhaps interacting with the aging
process. Currently speculative, further research is required to
(dis)confirm these hypotheses.

The precise mechanisms by which prolonged exposure to
cannabis might alter the neuronal substrates which underpin
P50 indices of sensory gating remain unclear [61]. The
generators of the P50 evoked potential have been localised to
Heschl’s gyrus in the primary auditory cortex [62–64]. Less
clear are the neurobiological substrates involved in sensory
gating [63]. Currently it is thought that inhibitory inputs from
the CA3 region within the hippocampus, whilst not directly
related to P50 generation [65], may act to suppress activity
in the primary auditory cortex linked with P50 generation
to the second click [63]. Potential generators in the frontal
lobe [63] and superior temporal gyrus [66] have also been
implicated, in addition to several neurotransmitter systems
including dopaminergic, serotonergic, and glutamatergic sys-
tems [67]. A possibility, therefore, is that THC impacts upon
inhibitory inputs from the hippocampus via densely located
CB1 receptors alter an individual’s sensory gating capacity.
Furthermore, as we have suggested previously [31], there may
be a threshold of exposure associated with the duration of
regular or daily cannabis use over which impairments in
sensory gating arise and this may affect the degree to which
these deficits persist after cessation of use and similarly the
degree to which they recover. Future research might take a
longitudinal approach to further examine P50 metrics before
and after cessation of cannabis use, to assess potential changes
over time within the same individuals.

There are a number of limitations in the current study
which may be addressed by future work. First, as a cross-
sectional and naturalistic study we relied on participant self-
report for the duration of abstinence and history of cannabis
use.The current study set out to examineMMNand P50met-
rics as a function of a broad duration of abstinence and prior

use, and for this reason it was not possible to supervise absti-
nence in a way consistent with protocols employed in prior
research examining short durations of abstinence (e.g., 28
days) [68]. As such, the duration of abstinence in this sample
was broadly distributed, but more than half had abstained for
the period between 6 weeks and 5 years, which should have
captured any evidence for either abrupt or gradual recovery
during the early period following cessation of use, as well as
enabling detection of evidence for any gradual recovery that
might require a significant period of abstinence. No evidence
for any such patterns was observed; however, this requires
replication in a larger sample of ex-cannabis users. Second,
despite our observation that altered P50 metrics were signif-
icantly associated with the duration of exposure to cannabis,
the extent to which these alterations to brain function are
present prior to cannabis exposure remains unknown and
may be answered by longitudinal studies.Third, we acknowl-
edge an argument that while education and IQ did not corre-
late with our ERPmeasures and were therefore inappropriate
as covariates in our analyses, the group differences on these
measures may point to differences in cognitive function that
could affect potential recovery or even predate cannabis use.
This cannot be easily ruled out. Nevertheless, ex-cannabis
users in the current study did not differ fromnonuser controls
in terms of verbal learning and memory performance, and
there were very few differences between groups in terms
of psychological wellbeing, including psychosis-proneness.
Future research should examine the functional significance
of these apparently persistent alterations in sensory gating
in long-term former cannabis users and the extent to which
theymay impact upon functioning in daily life and/or predate
cannabis use affecting recovery of function. We acknowl-
edge that the sample size of the ex-user group was small.
Nevertheless, the sample represents a unique population of
clean cannabis users (unconfounded by other drug use or
psychopathology) with long histories of prior cannabis use
and with prolonged abstinence, a sample that is difficult to
recruit and is rarely reported in the literature.

5. Conclusions

In summary, the trend level pattern of results of the current
study suggests that cannabis-related alterations to MMN
and P50 may not fully recover following cessation of long-
term cannabis use. Instead, the current data suggest that (i)
prolonged exposure to cannabis alters P50 sensory gating and
these alterations may persist beyond cessation of use and (ii)
MMN amplitude may reduce further with increasing absti-
nence.The results raise the possibility of persistent alterations
to the regulatory role of the endocannabinoid systemonbrain
function, affecting the brain’s ability to regulate its response
to incoming stimuli or to filter irrelevant information. These
results require replication in future studies of brain functional
plasticity-related recovery in abstinent cannabis users.
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[17] R. Näätänen, “The mismatch negativity: a powerful tool for
cognitive neuroscience,” Ear andHearing, vol. 16, no. 1, pp. 6–18,
1995.

[18] I. Winkler, “Interpreting the mismatch negativity,” Journal of
Psychophysiology, vol. 21, no. 3-4, pp. 147–163, 2007.
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The endocannabinoid (eCB) system is widely expressed in various parts of the central nervous system, including the retina. The
localization of the key eCB receptors, particularly CB1R and CB2R, has been recently reported in rodent and primate retinas with
striking interspecies differences. Little is known about the distribution of the enzymes involved in the synthesis and degradation
of these eCBs. We therefore examined the expression and localization of the main components of the eCB system in the retina of
mice, tree shrews, and monkeys. We found that CB1R and FAAH distributions are well-preserved among these species. However,
expression of NAPE-PLD is circumscribed to the photoreceptor layer only in monkeys. In contrast, CB2R expression is variable
across these species; in mice, CB2R is found in retinal neurons but not in glial cells; in tree shrews, CB2R is expressed in Müller
cell processes of the outer retina and in retinal neurons of the inner retina; in monkeys, CB2R is restricted to Müller cells. Finally,
the expression patterns of MAGL and DAGL𝛼 are differently expressed across species. Overall, these results provide evidence that
the eCB system is differently expressed in the retina of these mammals and suggest a distinctive role of eCBs in visual processing.

1. Introduction

Marijuana contains over 70 cannabinoids that mimic the
endogenous ligands called endocannabinoids (eCBs) that
cause global psychoactive and physiological effects. The eCB
system is mainly composed of the specific G-protein-coupled
receptors CB1R and CB2R, the eCBs (anandamide and
2-arachidonoylglycerol), the synthesising enzymes NAPE-
PLD (N-acyl phosphatidylethanolamine-specific phospholi-
pase D) and DAGL𝛼 (diacylglycerol lipase alpha), and the
degradation enzymes FAAH (fatty acid amide hydrolase) and
MAGL (monoacylglycerol lipase).The cannabinoid receptors
are found in many mammals and in various classes of
vertebrates and invertebrates and in all major subdivisions
of bilaterians, urochordates, and cephalochordates but not
in the nonchordate invertebrate phyla like insects [1–3]. The

cannabinoid receptors may have evolved in the last common
ancestor of the bilaterians with a secondary loss in the
insects and other clades [1]. The enzymes responsible for
the biosynthesis and the degradation of eCBs are present
throughout the animal kingdom [4, 5]. For example, in the
rat hippocampus, cerebellum, and amygdala, the distribution
of the cytosolic enzyme MAGL is complementary to FAAH
(presynaptic versus postsynaptic) suggesting different roles
for these two eCBs in the central nervous system (CNS)
[6]. The eCB system appears widely distributed in the CNS
and points to a fundamental modulatory role of eCBs in the
control of many central and peripheral biological functions
[7]. A number of specific roles have been ascribed to the
eCB system in biological functions, such as neuroprotection,
neurogenesis, axon guidance, synaptic plasticity, nociception,
motor activity, and memory [8–12]. Disturbances of normal
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eCB activity may therefore be associated with various brain
disorders [13–16].

The eCB system is also found in the retina of various
species [17] albeit noticeable differences in its anatomical
organization. Compared to rodents, the retina of tree shrews
is more similar to primates [18]. Mice have a rod-dominated
retina that is specialized for scotopic conditions [19] with
a low visual resolution [20]. Mouse and tree shrew retinas
have no fovea compared to primates. However, tree shrews
have a well-developed binocular visual system, with a cone-
dominated retina [21].

In the retina, the expression of CB1R is well-preserved in
many species including mice, rats, chicks, larval tiger sala-
manders, goldfish, and rhesusmonkeys [22]. CB1R andCB2R
are also present in various retinal cell types (cones, bipolar,
ganglion, horizontal, and amacrine cells) with however some
differences [17, 23–27]. For example, CB2R is expressed
throughout the mouse retina [25] but it is present exclusively
in the Müller cells of the vervet monkey [24]. In the mouse
retina, DAGL𝛼 andMAGL are widely distributed throughout
the IPL, whereas MAGL is present in rod spherules and cone
pedicles of the OPL [28]. BothMAGL and DAGL𝛼 have been
found in an overlapping pattern with CB1R and CB2R in the
rat retina. In rats, DAGL𝛼 is expressed from the early stages
of development in photoreceptors, horizontal, amacrine, and
ganglion cells and MAGL later during development mainly
in amacrine and Müller cells [29]. The expression and
distribution of the major components of the eCB system,
notably the metabolizing enzymes (NAPE-PLD, DAGL𝛼,
FAAH, and MAGL), in the retina of different mammals
have not been studied in depth. It is therefore our aim to
analyze the expression of several components of the eCB
system and to characterize their distribution pattern in the
distinct retinal layers and cell types of three different mam-
malian species: mice, tree shrews, and monkeys (vervets and
macaques).

2. Materials and Methods

2.1. Biological Material. Eyes from 3 adult mice (C57BL/6;
3-4 months old), 2 adult tree shrews (Tupaia belangeri; 3-
4 months old), 3 vervet monkeys (Chlorocebus sabaeus; 3-
4 years of age), and 2 rhesus monkeys (Macaca mulatta; 3-
4 years of age) were used in this study. The animals were
part of ongoing research projects that were approved by the
University of Montreal and McGill University Animal Care
and Use Committees. For all species, anterior segment of the
eye and vitreous were cut away. The eyecups were bathed
in 4% paraformaldehyde made in 0.1M sodium phosphate
buffer at pH 7.4 and left overnight in the solution. The retina
was dissected free from the eyecup in a phosphate-buffered
saline (PBS) medium. It was laid flat so that the vitreous
body could be removed by blotting with filter paper and
gentle brushing. Samples of the retinawere taken at the center
and periphery. Each sample was then cryoprotected in 30%
sucrose overnight and embedded in Shandon embedding
media at −65∘C. The blocks were cut in 20 𝜇m sections at
−18∘C with a Leica CM3050S cryostat and mounted onto

gelatinized subbed glass slides, air dried, and stored at −80∘C
for further processing.

2.2. Immunofluorescence. Single, double, and triple label-
ing of the retina were performed according to previously
published methods [23, 24, 30]. Briefly, the sections were
postfixed for 5 minutes in 70% ethanol, rinsed 3 × 5 minutes
in 0.1M Tris buffer and pH 7.4/0.03% Triton and blocked for
90 minutes in 10% normal donkey serum (NDS) in 0.1M
Tris buffer/0.5% Triton. Sections were then incubated with
primary antibodies prepared in blocking solution overnight
at room temperature. The cannabinoid-related antibodies
(CB1R, NAPE-PLD, FAAH, CB2R, DAGL𝛼, and MAGL)
were also used conjointly with a known specific retinal cell-
type marker (Table 1). The next day, sections were washed
for 10 minutes and 2 × 5 minutes in 0.1M Tris/0.03% Triton.
Then, they were blocked in 10% NDS and 0.1M Tris/0.5%
Triton for 60minutes and incubatedwith secondary antibody
for one hour (Alexa 488 donkey anti-mouse and biotinylated
donkey anti-rabbit followed by the addition of streptavidin-
Alexa 647 (1 : 200), all prepared in blocking solution). Sec-
tions were counterstained with Sytox Green Nucleic Acid
Stain (1 : 50,000;Molecular Probes, Inc., Eugene,OR), washed
again in Tris buffer, and coverslipped with Fluoromount-
GTM Mounting Medium (SouthernBiotech, Birmingham,
AL).

2.3. Antibody Characterization. In this study, we were con-
fronted with the problem concerning the specificity of some
of the antibodies, especially for the tree shrew. Although
knockout animals are the best way to test the specificity
of antibodies, this model is available only for mice and
not for tree shrews and monkeys. We therefore resorted to
the use of conventional alternative methods to circumvent
this methodological limitation [23–27]. We have previously
published Western blot results for mice and vervet monkeys
[23–25]. For tree shrews and macaques, the tissue was not
made available to us.Therefore, we resorted to the traditional
blocking techniques presented in the paper as BP in Figures
1 and 2. Table 1 summarizes the source and the working
dilution of all the primary antibodies. The antibodies used
in the present study were characterized and published in
previous publications: calbindin [23, 31–35], CB1R [23, 26],
CB2R [24, 36], DAGL𝛼 [26], FAAH [23, 27], GS [23, 37–
39], MAGL, NAPE-PLD [40], rhodopsin [30, 41], and PKC𝛼
[23, 26, 27, 34].

2.4. Confocal Microscopy. Immunofluorescence images were
taken according to [30]. Using a Leica TCS SP2 confocal
laser-scanning microscope (Leica Microsystems, Exton, PA),
with a 40x (n.a.: 1.25) or a 100x (n.a: 1.40–0.7) objective,
images were obtained sequentially from the green, blue,
or far-red channels on optical slices of less than 0.9𝜇m
of thickness. All photomicrograph adjustments, including
size, color, brightness, and contrast, were done with Adobe
Photoshop (CS5, Adobe Systems, San Jose, CA) and then
exported to Adobe InDesign (CS5, Adobe Systems, San Jose,
CA), where the final figure layout was completed.
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Table 1: List of antibodies used in this study.

Antibody1 Immunogen Source2 Working dilution

CB Purified bovine kidney calbindin-D28K Sigma-Aldrich, St. Louis, MO; C9848,
mouse monoclonal, clone CB0955 1 : 250

CB1R Fusion protein containing aa 1–77 of rat
CB1R

Calbiochem, Gibbstown, NJ; 209550,
rabbit polyclonal 1 : 150

CB2R Synthetic peptide corresponding to aa
20–33 of human CB2R

Cayman Chemical, Ann Arbour, MI;
101550, rabbit polyclonal 1 : 150

DAGL𝛼
Peptide with sequence
CPAKQDELVISAR, from the C Terminus
of the protein sequence

Novus, Littleton, CO;
NBP2-31856, rabbit polyclonal 1 : 100

FAAH Synthetic peptide aa 561–579 of rat FAAH Cayman Chemical, Ann Arbour, MI;
101600, rabbit polyclonal 1 : 150

GS Full protein purified from sheep brain Chemicon, Temecula, CA; MAB302,
mouse monoclonal, clone GS-6 1 : 500

MAGL Human MAGL aa 1–14 Cayman Chemical, Ann Arbour, MI;
100035, rabbit polyclonal 1 : 150

NAPE-PLD Purified protein corresponding to aa
159–172 NAPE-PLD human

Cayman Chemical, Ann Arbour, MI;
10305, rabbit polyclonal 1 : 200

Rhodopsin Bovine rhodopsin Abcam, Toronto, ON; ab98887, mouse
monoclonal, clone Rho 4D2 1 : 500

PKC𝛼 Peptide mapping the aa 296–317 of
human PKC𝛼

Santa Cruz Biotechnology, Santa Cruz,
CA; sc-8393, mouse monoclonal,
clone H-7

1 : 500

1CB: calbindin; CB1R: cannabinoid receptor type 1; CB2R: cannabinoid receptor type 2; DAGL𝛼: diacylglycerol lipase alpha; FAAH: fatty acid amide hydrolase;
GS: glutamine synthetase; MAGL: monoacylglycerol lipase; NAPE-PLD:N-acyl phosphatidylethanolamine-specific phospholipase D; PKC𝛼: protein kinase C
𝛼 (alpha isoform); aa: amino acids.
2The source column indicates the commercial company, catalog reference, and origin. The clone designation is given for monoclonal antibodies.

3. Results

3.1. Single-Label Immunofluorescence

3.1.1. CB1R Is Present Throughout the Retina of All Three
Species. A fairly consistent retinal distribution pattern of
CB1R across all six retinal layers was observed in mice,
tree shrews, vervet, and rhesus monkeys, as illustrated in
immunolabeled retinal sections (Figures 1(a)–1(d)).Themost
significant difference between species is the low expression of
CB1R in the ONL of mice when compared to all other species
(arrows, Figures 1(a)–1(d)). Furthermore, high expression of
CB1R is seen in the GCL and NFL of all species (arrowheads,
Figures 1(a)–1(d)).

3.1.2. FAAH Expression Is Found Throughout the Retina
of All Three Species. FAAH, like CB1R, is well expressed
in all retinal layers and in the photoreceptor layer of all
species (Figures 1(e)–1(h)). In all species, there is a moderate
protein expression in the INL (arrows, Figures 1(e)–1(h)).
Remarkably, there is an important expression of FAAH in the
NFL of all species (arrowheads, Figures 1(e)–1(h)).

3.1.3. NAPE-PLD Distribution Is Dissimilar between the
Species. Inmice,NAPE-PLD iswidely distributed in all layers
but more intensely in the NFL (arrowhead, Figure 1(i)). In
tree shrews, NAPE-PLD is found in all six retinal layers,
moderately in the INL (arrow, Figure 1(j)) and prominently
in the OPL and NFL (arrowheads, Figure 1(j)). Inversely, in

both vervet and macaque monkeys, NAPE-PLD is located in
the outer retina, mainly in photoreceptors, ONL and OPL
(arrowheads in Figures 1(k) and 1(l)), whilst it is undetectable
in the inner retinal layers (asterisks, Figures 1(k) and 1(l)).

3.1.4. CB2R Is Differently Expressed among the Species. Unlike
CB1R, the immunolabeling pattern of CB2R is not consistent
in the 3 species. In mice, CB2R is moderately detectable in
ONL and in INL (arrows Figure 2(a)) but strongly expressed
inOPL, IPL, GCL, andNFL (arrowheads, Figure 2(a)). In tree
shrews, CB2R is expressed throughout all retinal cell layers
with more emphasis (contrary to the mouse) in the external
layers (ONL) (upper arrowhead, Figure 2(b)) andNFL (lower
arrowhead, Figure 2(b)). In both vervets and macaques,
CB2R expression is more abundant in ONL (arrowheads,
Figures 2(c) and 2(d)) and is very low in the lower layers (INL,
IPL, GCL, and NFL) (asterisks, Figures 2(c) and 2(d)).

3.1.5. Localization of MAGL. In mice, MAGL is expressed in
the ONL, OPL, INL, IPL, GCL, and NFL (Figure 2(e)). The
most prominent staining is observed in the OPL, in the two
laminae of the IPL and in the NFL, as previously described
[28] (arrowheads, Figure 2(e)). In tree shrews, MAGL is
expressed in all layers and most strongly in the INL and GCL
(arrowheads, Figure 2(f)). In vervets andmacaques,MAGL is
expressed mainly in the OPL (arrowheads, Figures 2(g) and
2(h)). It is also foundmoderately in the IPL andGCL (arrows,
Figures 2(g) and 2(h)).
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Figure 1: CB1R system immunoreactivity pattern in the retina. Shown are retinal sections immunolabeled for CB1R ((a)–(d)), FAAH ((e)–
(h)), and NAPE-PLD ((i)–(l)) in mice, tree shrews, vervet, and macaque monkeys. The control staining, antibody preabsorption with the
corresponding blocking peptide (BP), is also shown for FAAH and NAPE-PLD in all species. Arrows point to low to moderate expression
of CB1R, FAAH, and NAPE-PLD in the retina of all species and arrowheads to high expression of these proteins. The asterisks indicate
undetectable expression of NAPE-PLD in the inner retina of monkeys. ONL: outer nuclear layer; OPL: outer plexiform layer; INL: inner
nuclear layer; IPL: inner plexiform layer; GCL: ganglion cell layer; NFL: nerve fiber layer. Scale bar = 75 𝜇m.
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Figure 2: CB2R system immunoreactivity pattern in the retina. Shown are retinal sections immunolabeled for CB2R ((a)–(d)), MAGL
((e)–(h)), and DAGL𝛼 ((i)–(l)) in mice, tree shrews, vervet, and macaque monkeys. The control staining, antibody preabsorption with the
corresponding blocking peptide (BP), is also shown for CB2R,MAGL, and DAGL𝛼 in all species. Arrows point to low tomoderate expression
of CB2R, MAGL, and DAGL𝛼 in the retina all species and arrowheads to their high expression. The asterisks indicate expression of CB2R
under the detection level in the inner retina of monkeys. ONL: outer nuclear layer; OPL: outer plexiform layer; INL: inner nuclear layer; IPL:
inner plexiform layer; GCL: ganglion cell layer; NFL: nerve fiber layer. Scale bar = 75𝜇m.

3.1.6. Expression of the DAGL𝛼. In mice, DAGL𝛼 is weakly
expressed in the INL, moderately in OPL and ONL (arrows,
Figure 2(i)) but more strongly in the IPL (arrowhead,
Figure 2(i)). This result is consistent with that obtained in
the mouse retina [28] and in the rat retina [29] that showed

expression in the two synaptic layers, the OPL and IPL.
DAGL𝛼 is also highly expressed in the GCL and NFL in
the mouse retina (Figure 2(i)). In tree shrews, the DAGL𝛼
is strongly expressed in the GCL and NFL (arrowheads,
Figure 2(j)). In vervets and macaques, DAGL𝛼 is moderately
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Figure 3: CB1R immunoreactivity in rod bipolar cells. Vertical sections taken from themouse retina (first column), tree shrew retina (second
column), vervet retina (third column), and macaque retina (fourth column). Confocal micrographs of coimmunolabeling for CB1R and the
cell-type-specific marker for rod bipolar cells, protein kinase C alpha (PKC𝛼). Each protein expression is presented alone in grayscale: CB1R
in the first line and PKC𝛼 in the second line; then the two are presented merged (third line: CB1R in magenta and PKC𝛼 in green). Arrows
point to dendrites ascending into the OPL, where rod spherules are found, and arrowheads point to synaptic terminals in the IPL. INL: inner
nuclear layer; IPL: inner plexiform layer. Scale bar = 30 𝜇m.

expressed in the OPL (arrows, Figures 2(k) and 2(l)), whilst
there is a high expression in the NFL (arrowheads, Figures
2(k) and 2(l)).

3.2. Double-Label Immunofluorescence. To verify the retinal
cell-type expression, double immunostaining was carried out
with each eCB component and a specific molecular marker
for retinal cells.

3.2.1. CB1R and Rod Bipolar Cells. PKC𝛼 that labels rod
bipolar cells and a subset of amacrine cells is similarly
coexpressed with CB1R in the dendrites extending to theOPL
(arrows, Figure 3) and synaptic terminals in the IPL in all
species (arrowheads, Figure 3). This is in accordance with

previous data reported in rats [26] and vervet monkeys [23]
by our group.

3.2.2. CB2R andMüller Cells. To labelMüller cells, glutamine
synthetase (GS) was used. This antibody has proved to be
efficient to label Müller cells in the rat [38], mouse [25],
and monkey retinas [23, 24, 39]. In mice, CB2R is weakly
expressed in the ONL (Figures 4(a), 4(e), and 4(i)) although
intense expression was found in the inner layers. CB2R was
not found in Müller cells in the mouse retina as previously
reported [25]. In tree shrews, CB2R and GS were both
expressed in the photoreceptor layer andONL (arrow, Figures
4(b), 4(f), and 4(j)). Overall, CB2R is colocalized with GS in
the outer retina but not in the inner retina (Figure 4(j)). In
both vervet and macaque monkeys, double labeling of CB2R
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Figure 4: CB2R immunoreactivity inMüller cells. Vertical sections from the mouse retina (first column), tree shrew retina (second column),
vervet retina (third column), and macaque retina (fourth column). Confocal micrographs of coimmunolabeling for CB2R and the cell-type-
specificmarker for glialMüller cells, glutamine synthetase (GS). Each protein immunofluorescent signal is presented alone in grayscale: CB2R
in the first line and GS in the second line; then the two are presented merged (third line: CB2R in magenta and GS in green). Arrowheads
point toMüller cell processes that all express CB2R, except inmice (arrows). ONL: outer nuclear layer; OPL: outer plexiform layer; INL: inner
nuclear layer; IPL: inner plexiform layer. Scale bar = 30 𝜇m.

andGS shows that CB2R is restricted toMüller cell processes,
extending from the internal limiting membrane, with very
low staining, to the external limiting membrane, with heavy
labeling (arrowheads, Figures 4(c), 4(g), 4(k), 4(d), 4(h), and
4(l)). These results indicate that the expression of CB2R in
Müller cells is a feature of tree shrews and monkeys.

3.2.3. NAPE-PLD and Calbindin-Positive Retinal Cells. Cal-
bindin (CB) is a marker of cones outside the foveal region,
cone bipolar cells, and a subset of horizontal cells in tree
shrews and monkeys [23, 32]. On the contrary, in mice,
CB is a marker of horizontal cells and is present in OPL
with a weak colocalization of NAPE-PLD (Figures 5(a), 5(e),
and 5(i)). In both mice and tree shrews CB-positive cell

bodies found in the INL do not express NAPE-PLD (arrows,
Figures 5(a), 5(e), 5(i), 5(b), 5(f), and 5(j)). In fact, CB is
coexpressed with NAPE-PLD in the OPL of tree shrews
(arrowheads, Figures 5(b), 5(f), and 5(j)). CB is expressed in
theONL of themonkey retina where NAPE-PLD is abundant
(arrowheads, Figures 5(c), 5(g), 5(k), 5(d), 5(h), and 5(l)) and
highly coexpressed with NAPE-PLD in the axons of cone
photoreceptors (arrowheads, Figures 5(c), 5(g), 5(k), 5(d),
5(h), and 5(l)).

3.2.4. NAPE-PLD and Rods. The rhodopsin antibody was
used to label rods in the retina. In the mouse, NAPE-PLD
is not coexpressed with rods (arrows, Figures 6(a), 6(e),
and 6(i)). Furthermore, in the cone-dominant retina of the
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Figure 5: NAPE-PLD immunoreactivity in calbindin-positive retinal cells. Vertical sections from the mouse retina (first column), tree shrew
retina (second column), vervet retina (third column), and macaque retina (fourth column). Confocal micrographs of coimmunolabeling for
the synthesizing enzyme NAPE-PLD and a cell-type-specific marker for horizontal cells or cones; in mice and tree shrews, calbindin (CB)
labels horizontal cells; in monkeys, CB labels cones. Each protein expression is presented alone in grayscale: NAPE-PLD in the first line and
the CB in the second line; then the two are presented merged (third line: NAPE-PLD in magenta and the CB in green). Arrowheads point to
the processes of CB-positive cells that express the synthetizing enzyme NAPE-PLD and arrows point to CB-positive cells bodies, which do
not express NAPE-PLD. ONL: outer nuclear layer; OPL: outer plexiform layer; INL: inner nuclear layer; IPL: inner plexiform layer. Scale bar
= 30 𝜇m.

tree shrew with only very few rods, NAPE-PLD is also not
colocalized with rods (arrows, Figures 6(b), 6(f), and 6(j)).
However, in vervet and macaque monkeys, NAPE-PLD is
expressed in rods (arrowheads, Figures 6(c), 6(g), 6(k), 6(d),
6(h), and 6(l)).

4. Discussion

In this study, we compared the localization of 2 cannabinoid
receptors (CB1R andCB2R), 2 endocannabinoid synthesizing
enzymes (NAPE-PLD and DAGL𝛼), and 2 endocannabinoid
degrading enzymes (FAAH and MAGL) in the retina of
mice, tree shrews, and monkeys. This is the first study that

shows the expression pattern of all the above-mentioned eCB
components in the tree shrew retina as well as the localization
of the NAPE-PLD, MAGL, and DAGL𝛼 in the monkey
retina (Figure 7). These phylogenetically related species were
chosen due to the specialization of their visual systems: from
the primitive monocular, rod-dominated visual system in
mice with a low visual resolution to the well-developed visual
system in monkeys [42] that is similar to humans [43]. Tree
shrews are a species with binocular cone-dominated vision
that is phylogenetically between mice and monkeys [21, 44].

4.1. The Cannabinoid Receptors: Localization versus Function.
We recently reported that the distribution of the CB2R in the
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Figure 6: NAPE-PLD immunoreactivity in rod photoreceptors. Vertical sections from the mouse retina (first column), tree shrew retina
(second column), vervet retina (third column), and macaque retina (fourth column). Confocal micrographs of coimmunolabeling for the
synthesizing enzyme NAPE-PLD and the cell-type-specific marker for rods, rhodopsin. Each immunofluorescent signal is presented alone in
grayscale: NAPE-PLD in the first line and rhodopsin in the second line; then the two are presentedmerged (third line: NAPE-PLD inmagenta
and rhodopsin in green). Arrowheads point to rhodopsin-positive cell bodies that express NAPE-PLD in vervet and macaque monkeys only,
and arrows mark the lack of colocalization. ONL: outer nuclear layer. Scale bar = 30 𝜇m.

primate retina [24] is different than the rodent retina [25].
While the CB2R is expressed in the rodent retinal neuronal
cells [25], it is only expressed in the primate retinal glia,
the Müller cells [24]. This finding prompted us to look into
the retinal eCB system expression profiles across species.
Interestingly, we show that only some components of the eCB
system are preserved across the three animal species studied
here while others are strikingly different. Notably, as reported
by Elphick in his thought-provoking review [5], CB1R and
CB2R are unique to chordates, but the enzymes involved in
the biosynthesis and the inactivation of the eCBs like NAPE-
PLD and FAAH are found throughout the animal kingdom
[4].These proteins may have therefore evolved as presynaptic
or postsynaptic receptors for eCBs.This is fascinating because

the expression and localization ofCB1R andFAAHare similar
in mice, tree shrews, and primates, while it is not the case for
CB2R, NAPE-PLD, MAGL, and DAGL𝛼 (Figure 7).

There are many controversies on the neuronal and/or
peripheral expression of CB2R. Our results show that the
expression pattern of the CB2R differs from the mouse to the
monkey. Similar to CB1R, CB2R shows a general expression
in the neuroretina: photoreceptors, horizontal cells, amacrine
cells, and cells localized in the GCL of rodents [25, 45]. In
the mouse, CB2R, expressed in the photoreceptor layer, was
mostly found in cones and some rods [25]. Similar to its
position in the phylogeny tree, the tree shrew has an in-
between position showing expressions in all layers, as in
rodents, and in Müller cells, as in primates (Figure 2(b)). In
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Figure 7: Comparison of the expression patterns of the CB1 system components CB1R, FAAH, and NAPE-PLD (a) and of the CB2 system
components CB2R, MAGL, and DAGL𝛼 (b) in the retina of mice, tree shrews, vervets, and macaques. Our results are complemented by data
from previously published work [23, 26, 28, 29].

agreement with the CB2R glial expression in the CNS, the
primate retina expresses CB2R mainly in Müller cells, with a
higher polarization towards the outer retina [24]. TheMüller
cells, with their unique anatomy, span the entire thickness
of the retina and contact with the majority of the retinal
neurons [46]. This complementary expression pattern of
CB1R andCB2R in the primate retina reveals thus a reciprocal
relationship between retinal neurons and glia regarding their
function via the eCB system. The ubiquitous CB1R system
may play a more general role in the light transduction in all
three species, as previously suggested [17].

4.2. Significance of the Distribution Pattern of Enzymes and
Cannabinoid Receptors. The expression pattern of CB1R and
FAAH has been reported in the CNS as complementary,
overlapping, or unrelated distributions [17, 47]. Here, we
report an overlapping distribution; CB1R expressing neurons

also express FAAH. In this case, the degrading enzyme may
remotely influence the CB1R [47]. During development of
the mouse retina, CB1R and FAAH expression patterns are
present in the deepest neuroblast layers at birth and spread
out throughout the retina in adulthood [26, 27]. In our three
species, the FAAH expression overlaps the CB1R distribution
pattern not only in the photoreceptor layers but also in the
ganglion cells (Figures 1(a)–1(d) and 1(i)–1(l)). This suggests
that cannabinoids act not only on photoreceptors [17] but
also directly on ganglion cell. This expression pattern has
been reported not only in the retina of the vervet monkey
[23] but also in the optic nerve, the dorsal lateral geniculate
nucleus [40], and the visual cortex of monkeys [48]. While
NAPE-PLD and FAAH are overlapping in different layers of
the mouse and tree shrew retinas, they are complementarily
expressed in the monkey retina. This unique complementary
spatial relationship between NAPE-PLD (exclusively in the
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photoreceptor layer) and FAAH (in the inner retina) might
ensure optimal retinal function in highly developed retinas.
However, further experiments are needed to test this hypoth-
esis.

Anandamide (an endogenous agonist of the CB1R) and
other N-acylethanolamines (NAEs) are biosynthesized from
phospholipids of the cell membrane assisted by NAPE-
PLD hydrolysis. In this study, we report a variation in the
expression of this membrane associated synthesis enzyme,
NAPE-PLD, despite its well-preserved sequence from rodents
to humans [49]. In the mouse, NAPE-PLD follows the same
pattern of expression as CB1R and FAAH, except that it is
not found in rods. Moreover, unlike the mouse but like the
primate, the tree shrew has a high expression of NAPE-
PLD in ONL and OPL. We show here for the first time that
NAPE-PLD expression inmonkeys is exclusively restricted to
the photoreceptor layer. Unlike CB1R, NAPE-PLD is ubiqui-
tously expressed in the rat brain with the highest level in the
thalamus [50]. Besides its role in the eCB biosynthesis, many
other physiological roles have been linked to NAPE-PLD
such as anti-inflammatory effect [51], anorexic effect [52],
and proapoptotic effect [53]. Moreover, the NAE products
in axons suggest a role in the regulation of postsynaptic
neuron activity as anterograde synaptic signaling molecules
[54]. This pattern of expression also suggests another direct
role of NAEs in primate phototransduction.

Given that the lipophilic eCBs are released and degraded
close to their action site, it would be reasonable to assume
that the DAGL𝛼 and MAGL expressions are in the vicinity
of CB2R. In the mouse retina, the DAGL𝛼 and MAGL
expressions are often near or in the same cell types as CB1R
and CB2R. CB1R is present in cones, horizontal, bipolar,
amacrine, and ganglion cells in the rat retina [26, 27]. CB2R is
present in cone and rod photoreceptors, horizontal, bipolar,
amacrine, and ganglion cells in the adult mouse retina [25].
This distribution pattern may suggest that, in the mouse
retina, eCBs such as 2-arachidonoyl glycerol are faithfully
expressed adjacent to the cannabinoid receptors and could be
involved in their retinal function [25]. But the primates and
the tree shrews have followed a complementary distribution
pattern, and may have adopted a more complex and specific
strategy to regulate their visual activity via the eCB system.
The eCB expression pattern in the mouse rod-dominated
retina withmonocular vision, the tree shrew cone-dominated
retina with binocular vision, and the monkey duplex retina
with binocular vision proposed that the retinal eCB system
plays a fundamental role in the mammal visual processing.
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“Binding, degradation and apoptotic activity of stearoyleth-
anolamide in rat C6 glioma cells,” Biochemical Journal, vol. 366,
part 1, pp. 137–144, 2002.
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Glaucoma is an irreversible blinding eye disease which produces progressive retinal ganglion cell (RGC) loss. Intraocular pressure
(IOP) is currently the only modifiable risk factor, and lowering IOP results in reduced risk of progression of the disorder. The
endocannabinoid system (ECS) has attracted considerable attention as a potential target for the treatment of glaucoma, largely due
to the observed IOP lowering effects seen after administration of exogenous cannabinoids. However, recent evidence has suggested
that modulation of the ECS may also be neuroprotective. This paper will review the use of cannabinoids in glaucoma, presenting
pertinent information regarding the pathophysiology of glaucoma and how alterations in cannabinoid signalling may contribute
to glaucoma pathology. Additionally, the mechanisms and potential for the use of cannabinoids and other novel agents that target
the endocannabinoid system in the treatment of glaucoma will be discussed.

1. Introduction

The endocannabinoid system (ECS) including cannabinoid
receptors, cognate biosynthetic and degradative enzymes,
and endocannabinoids, such as anandamide (AEA) and 2-
arachidonoylglycerol (2-AG), is present in both anterior and
posterior ocular tissues including the retina (reviewed in [1]).
Thepresence of these components supports an important role
for the ocular ECS in the endogenous signalling of both the
anterior and posterior eye. Consistent with this, application
of cannabinoids to the eye produces a variety of effects,
notably hyperemia, reduced tear production, and a reduction
in intraocular pressure (IOP) [2] (reviewed in [1, 3]). Of these
effects, the IOP lowering properties of cannabinoids have
attracted considerable attentionwith respect to the possibility
of developing cannabinoid-based therapeutics for glaucoma
[1, 3–6], a progressive irreversible blinding eye disease, which
is the second leading cause of blindness worldwide [7].

Glaucoma represents a group of optic neuropathies char-
acterized by cupping of the optic nerve head and selective
retinal ganglion cell (RGC) loss. While IOP is a major mod-
ifiable risk factor, the exact relation between IOP and RGC

death is not completely clear. Patients may have glaucoma
without having elevated IOP or conversely have elevated
IOP but not have glaucoma [7, 8]. However, regardless of
the initial IOP, for every mmHg reduction in IOP, there
is a 10% reduced risk of progression of the disorder [9].
While cannabinoids were initially exploited in glaucoma
solely based on their IOP lowering properties [2], recent
evidence suggests that modulation of the ECS may also be
neuroprotective (reviewed in [1]).

This review will discuss the use of cannabinoids in glau-
coma, presenting pertinent information regarding the patho-
physiology of glaucoma and how alterations in cannabinoid
signalling may contribute to glaucoma pathology. Addition-
ally, the mechanisms and potential of cannabinoids as ocular
hypotensive agents and neuroprotectants in the treatment of
glaucoma will be discussed.

2. The Endocannabinoid System in the Eye

The endocannabinoid system is present throughout most
ocular tissues, including anterior eye tissues responsible for
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Figure 1: Overview of AEA and 2-AG production and metabolism. The endocannabinoids 2-AG and AEA are formed from arachidonic
acid-containing phospholipids. 2-AG is formed from DAG by DGL𝛼 or DGL𝛽 and is metabolized either via COX-2 to form prostaglandin
glyceryl esters or by ABHD6 or MAG-L to form arachidonic acid. The production of AEA occurs through conversion of NAPE by either
a NAPE-PLD dependent or independent pathway. Once formed, AEA is broken down by either NAAA or FAAH to form arachidonic acid
or occasionally by COX-2 to form prostamides. Arachidonic acid can be synthesized via phospholipase A

2

(PLA
2

) from phospholipids and
is also broken down by COX-2, forming prostaglandins and other eicosanoids. Additionally, arachidonic acid can be converted back to a
phospholipid [30, 31]. Dashed lines indicate multistep pathway; gray lines indicate weak pathway.

the generation of IOP (as outlined below), and in the retina
(reviewed in [1]). The endocannabinoids 2-AG and AEA are
found throughout the eye, with the exception of the lens [5,
10]. 2-AG andAEAboth bind to cannabinoid 1 receptor (CB

1
)

and cannabinoid 2 receptor (CB
2
). CB
1
is expressed in the cil-

iary body, trabecular meshwork, Schlemm’s canal, and retina
[11–19]. With respect to CB

2
, Cécyre and colleagues [20]

reported that electroretinographic responses were altered
in CB

2
knockout mice, indicating that CB

2
is present in

the retina and may contribute to normal visual function.
However, the localization of CB

2
expression has been quite

controversial. CB
2
mRNA has been reported in the retina

[16], but the lack of good immunohistochemical markers
has hampered studies attempting to study the expression
pattern of the receptor. In 2011, López and colleagues [19]
reported immunoreactive staining in the retinal pigmented
epithelium and much of the inner retina; however, a recent
study in a small number of nonhuman primates found that
CB
2
immunoreactivity was localized only to Müller cells [21]

(also reported in in vitro data from primary cultures and
retinal explants [22]). Additionally, pharmacological studies
have suggested that CB

2
may also be expressed in the anterior

eye [23].
Several noncannabinoid receptor targets of endocannabi-

noids have also been localized to the eye. Transient receptor
potential type vanilloid 1 receptor (TRPV1), a target of
AEA, is expressed in the retina, including RGCs and retinal
microglia [24]. GPR18 is a cannabinoid-related receptor that
is activated byN-arachidonoyl glycine (NAGly), a metabolite
of AEA [25]. GPR18 has been localized to the cornea, ciliary
epithelium, iris, and retina [26, 27]. Investigation of the
expression patterns of other cannabinoid-related receptors,
such asGPR55 andGPR119, has been limited to date, although
there is some evidence which supports the expression of
GPR55 in the anterior eye and in rods in the retina [28, 29].

Endocannabinoid signalling is determined by the
balance between production and degradation (Figure 1).
Endocannabinoids are derived on demand from arachidonic

acid-containing phospholipids after hydrolysis by
phospholipases [30, 31]. Studies localizing the enzymes
catalyzing the production of AEA and 2-AG in the eye have
been minimal to date. However, two enzymes involved in
the synthesis of 2-AG, diacylglycerol lipase-𝛼 and lipase-𝛽
(DGL𝛼 and DGL𝛽), have been localized to ocular structures
in mouse [32]. As additional antibodies become available,
it is more than likely that other enzymes will be localized
to these tissues as well. AEA is primarily metabolized by
the enzyme fatty acid amide hydrolase (FAAH), and also by
N-acylethanolamine-hydrolyzing acid amidase (NAAA) [30,
31, 33]. 2-AG is metabolized by both monoacylglycerol lipase
(MAG-L) and 𝛼,𝛽-hydrolase domain-containing 6 (ABHD6)
[31, 34–36]. In addition to metabolizing arachidonic acid,
evidence suggests that cyclooxygenase-2 (COX-2) can also
directly metabolize both AEA and 2-AG to prostaglandin-
ethanolamides (prostamides) and prostaglandin glyceryl
esters, respectively [37, 38]. In fact, the affinity for and
efficacy of the metabolism of 2-AG by COX-2 are comparable
to those of arachidonic acid [39]. The nonselectivity of
COX-2 between arachidonic acid and 2-AG highlights the
interconnectedness of the ECS and the eicosanoid system
[38]. FAAH and COX-2 immunoreactivity was found in
the ciliary body, and in some retinal cells, including RGCs
[15, 32, 40, 41]. A similar pattern of immunoreactivity has
been found forMAG-L andABHD6 in themouse retina [32];
however, so far only one study has reported the presence of
MAG-L in porcine trabecular meshwork tissues, though this
has yet to be confirmed with immunostaining [41]. NAAA
was localized only to mouse retinal pigment epithelium and
has yet to be investigated in the anterior eye [32].

3. Alterations in ECS Signalling in Glaucoma
and Retinal Disease

Several studies have demonstrated fluctuations in endo-
cannabinoid tone during disease states (reviewed in [42]).
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Deviations from homeostasis, including injury, inflamma-
tion, or even acute changes, will usually result in the elevation
of at least one endocannabinoid in the tissues involved. This
change may serve to help reestablish normal physiologic
levels of other endogenous mediators and activate pathways
to help protect the cells from death (reviewed in [42, 43]).
Nevertheless, chronic perturbation of the endocannabinoid
system is not always protective and may under certain
circumstances contribute to the pathology. Various disease
states involve either up- or downregulation of endogenous
cannabinoids, including many neurological disorders such
as Parkinson’s disease (increased AEA and decreased 2-
AG), Alzheimer’s disease (increased 2-AG), amyotrophic
lateral sclerosis (increased AEA and 2-AG), multiple sclerosis
(decreased AEA and 2-AG), and neuropathic pain (increased
AEA and 2-AG) (reviewed in [42, 43]).

Investigation of pathology-induced changes in the endo-
cannabinoid system in the eyes of both human and animal
models has so far been limited to relatively few studies (for
review, see [1]). In diabetic retinopathy, 2-AG was increased
in the iris, and AEA increased in the retina, ciliary body, and
cornea. Similarly, AEA was increased in age-related macular
degeneration in the retina, choroid, ciliary body, and cornea
[10]. To date, only one study has looked at endocannabinoid
levels in human glaucomatous eyes. Chen and colleagues [5]
found that 2-AG and PEA (N-palmitylethanolamide, an AEA
analogue) were reduced in ciliary body, and PEA was also
reduced in the choroid in postmortem eyes from glaucoma
patients. Interestingly, there was no significant difference
in AEA levels in any of the ocular tissues measured [5];
however, retinal AEA was found to be decreased 6 hours
after reperfusion in a ratmodel of transient high IOP-induced
ischemia, and this decrease in AEA was associated with
increased FAAH activity [44].

Maihöfner and colleagues [40] found that COX-2 expres-
sion was significantly reduced in nonpigmented ciliary
epithelial cells of human eyes with primary open-angle glau-
coma. Furthermore, decreased endocannabinoid metabolites
were found in sampled aqueous humor in these eyes [40].
This suggests that, under certain glaucomatous conditions,
endocannabinoidmetabolismmight shift towards non-COX-
2-dependent mechanisms, perhaps a reflection of increased
FAAH activity as suggested by Nucci et al. [44]. However,
in a model of transient retinal ischemia in rats, COX-2
expression was found to be increased in the retina and
was associated with neurodegeneration [45]. Further work is
warranted in order to clarify the relationship between COX-2
and endocannabinoid signalling in glaucoma pathology.

A study by Nucci and colleagues [44] also found that
CB
1
and TRPV1 expression was reduced in the retinas of a

rat model of ocular hypertension. Data from another study
were contradictory; in the DBA2J mouse model of glaucoma,
TRPV1 immunoreactivity appeared to be increased, particu-
larly in the inner retina. Though it is possible that this is a
reflection of shift in the expression of TRPV1 from the soma
to dendrites, these results may demonstrate that changes in
expression of TRPV1 in the retina may be isolated to specific
cell types, making changes difficult to detect when analyzing
whole retinal expression [24].

Taken together, the data indicate that changes in the ECS
occurred in ocular pathology including glaucoma, suggesting
that it may be possible to improve glaucomatous outcomes
through therapeutic modification of the endocannabinoid
system. For example, this may include strategies directed at
regulation of IOP and/or increased RGC survival by restor-
ing endocannabinoids to their nonpathological levels or by
directly activating cannabinoid receptors and downstream
signalling molecules to compensate for these changes.

4. Cannabinoid Modulation of IOP

All current pharmacotherapies for glaucoma target IOP [46–
48]. Cannabinoids modulate IOP, a phenomenon repeatedly
demonstrated in studies using administration of endoge-
nous or exogenous cannabinoids in rodents, rabbits, and
nonhuman primates, and this ocular hypotensive action of
cannabinoids has been a focus of studies of the therapeutic
use of cannabinoids in the management of glaucoma. A
few small human studies have reported efficacy of the phy-
tocannabinoid Δ9-tetrahydrocannabinol (Δ9-THC) and the
synthetic CB

1
agonist WIN 55,212-2 in decreasing IOP [49–

51]. Merritt et al. [52] found that topical application of Δ9-
THC significantly decreased IOP in patients with glaucoma
and did not elicit psychotropic effects noted in previous
studies using smoked marijuana [53]. Another small study
showed successful IOP reduction with topical application of
the CB

1
agonistWIN 55,212-2 in patients with glaucoma who

were resistant to conventional treatment [49]. In general, the
hypotensive effects of cannabinoids on IOP are largely due
to actions at CB

1
[4, 49, 54–56]. However, these actions on

IOPmay also involve CB
1
-independent effects [4, 26, 49, 54–

58].
IOP is determined by the rate of aqueous humor pro-

duction versus outflow. Aqueous humor is a transparent
fluid produced by the eye that helps the eye keep its shape
(important for proper optics) and acts as a modified circula-
tory system, removing wastes from avascular areas. Aqueous
humor is produced by secretion from the ciliary body, which
is located just beneath the iris (Figure 2), and is covered by a
bilayered epithelium. Transporters on the ciliary epithelium
allow the selective energy-dependent passage of certain
solutes from the extracellular ciliary stroma into the posterior
chamber [59]. CB

1
, GPR18, and various endocannabinoids

have been localized to these tissues and may serve to modify
secretion [5, 11, 13, 14, 17, 26]. Aqueous humor is filtered out
of the eye through two different outflow pathways: the tra-
becular meshwork pathway and the uveoscleral pathway.The
contribution of each of these pathways to the overall outflow
is subject to variability between species (3–80%, depending
on species, with significant interspecies variability) (reviewed
in [60]).

The trabecular meshwork is located in the angle between
the iris and cornea (Figure 2). Circulating aqueous humor
will flow from the trabecular meshwork before being filtered
through Schlemm’s canal and exiting into the episcleral veins.
Flow through this pathway may be altered by modifying
resistance through the trabecular meshwork, modulated by



4 Neural Plasticity

Ciliary muscle

Iris

Ciliary epithelium

Schlemm’s canal

Trabecular meshwork

Sclera

Cornea

Lens

Anterior 
chamber

Posterior 
chamber

Ciliary process

Ciliary body

GPR18

GPR18

CB1

CB1

CB1,CB2, GPR55

Figure 2: Cannabinoid-mediated alterations of the production and filtration of aqueous humor. Aqueous humor is formed by secretions from
the ciliary body. Circulating aqueous humor (blue), flowing from the ciliary body in the posterior chamber to the anterior chamber, is filtered
out of the eye through two different outflow pathways: the trabecular meshwork pathway (green) and the uveoscleral pathway (purple). The
trabecular meshwork pathway involves the flow of aqueous humor through the trabecular meshwork to Schlemm’s canal, where it will exit
through the episcleral veins.Theuveoscleral pathway involves the flowof aqueous humor from the iridocorneal angle to the posterior chamber
through the ciliary body, and out through the supraciliary and suprachoroidal spaces. CB

1

, the major contributor to the IOP lowering effects
of Δ9-THC and WIN 55,212-2, has been localized to the ciliary body, trabecular meshwork, and Schlemm’s canal [11, 13–15, 17]. The IOP
lowering effects of NAGly and Abn-CBD, and possibly CBG-DMH, are due to the activation of GPR18, which has been localized to the ciliary
epithelium and iris [26, 58]. Additional pharmacological evidence has suggested that CB

2

and GPR55 are localized within the trabecular
meshwork [23, 28]; the contribution of these receptors to changes in IOP is unknown. COX-2 derived prostaglandins and prostamides are
purported to exert actions through the uveoscleral pathway; however, the exact mechanism(s) is unclear [36, 62, 63]. Figure adapted from
Riordan-Eva [94]. Italics indicate potential receptor localization which is not yet confirmed.

the nearby ciliary muscle and through the smooth-muscle-
like contractile properties of the trabecular meshwork itself
[59]. CB

1
, CB
2
, and GPR55 receptors, as well as FAAH, have

been localized at trabecular meshwork cells, indicating that
they may also play a role in modulation at this site [23, 28, 41,
55, 61].

The uveoscleral pathway involves the flow of aqueous
humor from the iridocorneal angle to the posterior chamber
through the ciliary body. From here, the aqueous enters the
supraciliary and suprachoroidal spaces [60]. Analogues of
the endocannabinoid-derived prostamides used to target this
pathway include the prostamide F

2𝛼
analogue bimatoprost.

The exact mechanism by which these drugs act is unknown;
however, it is thought that this may involve binding to a novel
heterodimerized prostaglandin receptor (FP/altFP receptor),
causing downstream remodeling of the ciliary muscle, and
enlargement of this outflow route [36, 62, 63]. Therefore,
COX-2 metabolism of endocannabinoids and modulation of
the ECS in the uveoscleral systemmay play an important role
in the treatment of glaucoma.

Although Δ9-THC and WIN 55,212-2 are known to acti-
vate both CB

1
and CB

2
, their ocular hypotensive properties

are primarily due to CB
1
activation and do not involve

CB
2
[26, 57, 58]. For example, in control rats, Szczesniak et

al. [58] found that the CB
2
antagonist AM630 did not reduce

the IOP lowering effect of WIN 55,212-2, while blocking
the CB

1
receptor using the cannabinoid AM251 abolished

this effect. This finding was confirmed using CB
2
knockout

mice, in which there was no significant difference in IOP
reduction after application of WIN 55,212-2 compared to
control. Interestingly, application of WIN 55,212-2 in CB

1

knockout mice produced an increase in IOP via unidentified
non-CB

1
actions [57].

The ocular hypotensive effect of CB
1
appears to be

mediated, at least in part, by 𝛽-adrenergic receptors (𝛽ARs)
[57]. Both 𝛽AR agonists and antagonists reduce IOP and
have been used to lower IOP in glaucomatous patients:
𝛽AR antagonists, such as timolol, reduce aqueous humor
secretion, while 𝛽AR agonists, such as isoproterenol, increase
aqueous humor outflow by both trabecular and uveoscleral
pathways.TheCB

1
-mediated lowering of IOP is attenuated in

𝛽AR knockout mice, as are 𝛽AR agonist or antagonist effects
in CB

1
knockouts. Additionally, the catecholamine depleting

agent reserpine was found to abolish the effects of both CB
1

agonists and 𝛽AR antagonists, suggesting that CB
1
activation

may inhibit the release of norepinephrine [57]. The lack of
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Table 1: Studies investigating cannabinoid-mediated neuroprotection in models of glaucoma.

Drug Delivery Study Model Neuroprotective effect versus vehicle
(treatment versus control)

THC IP Crandall et al., 2007 [68] Episcleral vein cauterization ∼20–40% increase (10–20% loss)
THC IV El-Remessy et al., 2003 [69] Intravitreal NMDA ∼9% of vehicle∗

CBD IV El-Remessy et al., 2003 [69] Intravitreal NMDA ∼4% of vehicle∗

WIN 55,212-2 Topical Pinar-Sueiro et al., 2013 [70] Ischemia-reperfusion (high IOP) 9.88% increase (2.45% loss)
MetAEA IVit Nucci et al., 2007 [44] Ischemia-reperfusion (high IOP) 18.6% increase (9.4% loss)
URB597 IP Nucci et al., 2007 [44] Ischemia-reperfusion (high IOP) 15.1% increase (12.9% loss)

URB597 IP Slusar et al., 2013 [71] Axotomy 1 week, 19.5% increase (27.9% loss)
2 weeks, 22.7% increase (58.9% loss)

Celecoxib IP Sakai et al., 2009 [72] Ischemia-reperfusion (high IOP) 25.8% increase (39.1% loss)

SC-58236 IP Ju et al., 2003 [45] Ischemia-reperfusion (high IOP) Central, 28.4% increase (27.3% loss)
Peripheral, 28% increase (26.8% loss)

IP, intraperitoneal; IV, intravenous; IVit, intravitreal; ∗study reported quantification of tunnel positive cells only.

direct actions of 𝛽AR agonists in CB
1
knockout mice was

suggested to occur via desensitization of 𝛽AR due to elevated
noradrenergic tone. However, other interactions between
CB1 and 𝛽AR, such as heterodimerization, which may result
in alterations in 𝛽AR expression and pharmacology, cannot
be ruled out [57].

Other ECS modulators appear to have IOP lowering
effects that are independent of CB

1
orCB

2
. Two behaviourally

inactive cannabinoids, abnormal cannabidiol (Abn-CBD)
and cannabigerol-dimethyl heptyl (CBG-DMH), lowered
IOP in normotensive rats, and these effects were not blocked
by coapplication of either CB

1
or CB

2
antagonists. The

ocular hypotensive effect of Abn-CBD and CBG-DMH was,
however, abolished by O-1918, an antagonist at GPR18 [58].
NAGly, an agonist at GPR18 [64], was also reported to lower
IOP. The ocular hypotensive action of NAGly was mediated
independently of CB

1
, CB
2
, and GPR55, as demonstrated

through the use of knockout mice [26]. Collectively, these
data support a role for GPR18 in IOP regulation. While
the actions of NAGly did not involve GPR55, PEA was
reported to increase aqueous humor outflow through the tra-
becular meshwork via activation of GPR55 and peroxisome
proliferator-activated receptor 𝛼 [28].

Taken together, this work suggests that the ECS plays a
prominent role in aqueous humor dynamics and that drugs
targeting bothCB

1
andnon-CB

1
/CB
2
receptorsmay be useful

as ocular hypotensives. An increasing understanding of the
localization of components of the ECS to tissues involved in
aqueous humor production and outflow and the function of
the ECS in regulation of IOP under normal and pathological
conditions is still required.

5. Targeting the Endocannabinoid System for
Novel Glaucoma Therapeutics

Many patients, despite the use of IOP lowering drugs,
continue to show progressive vision loss. This suggests that
strategies which target IOP as well as providing neuropro-
tection may be beneficial [65]. There is no current approved

neuroprotective drug for glaucoma, and this is most likely
a reflection of the lack of knowledge of the mechanisms
leading to glaucomatous RGC loss [65]. However, a few
components of this pathway have been determined. RGCs
ultimately die by apoptosis caused by activation of proapop-
totic pathways, namely, caspase activation, by excessive intra-
cellular calcium [66]. The source of this intracellular calcium
has yet to be determined; however, thismore than likely arises
from multiple sources [66]. Once this late-phase apoptosis
is activated, neuroprotection is no longer possible as cellular
function is irreparably compromised [66, 67]. Therefore,
therapies which may reduce the calcium load on the cell may
provide novel strategies for the treatment of glaucoma.

Many studies examining ECS modulation in models of
glaucoma have found that, aside from IOP lowering effects,
modulating the ECS is neuroprotective; this includes use
of ligands acting directly at cannabinoid receptors as well
as modulators of cannabinoid metabolism (summarized in
Table 1) [24, 44, 45, 68–74]. Additionally, the neuroprotective
properties of these compounds have been demonstrated in
pressure-independent models of RGC loss, including neural
excitotoxicity and axotomy [69, 71, 73], suggesting that ECS
modulation may be neuroprotective in the retina indepen-
dent of changes in IOP.

For example, Crandall and colleagues [68] found that, in
a rat model of ocular hypertension, weekly administration
of THC increased the number of surviving ganglion cells
in both central and peripheral regions of affected retinas.
Additionally, a recent study using topical administration
of WIN 55,212-2 in a transient high IOP model indicated
that significant cell loss was only seen in animals receiving
vehicle andwas not seen in cannabinoid-treated animals.This
neuroprotective effect of WIN 55,212-2 was blocked with the
CB
1
antagonist AM251, and suggests that the increased RGC

survival seen was due to the CB
1
receptor activation [70].

Additional studies have confirmed these findings in
other models. Hyperactivation of glutamate receptors has
been used as a model of RGC death (with either NMDA
or kainate), induced by intravitreal injection or direct bath
application in vitro. Pretreatment with intravenous THC was
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neuroprotective in rat eyes injected with NMDA and was
significantly, but not completely, attenuated with coadmin-
istration of the CB

1
antagonist/inverse agonist SR141716A.

These results suggested that CB
1
is at least partially responsi-

ble for the neuroprotective effects seen with this model [69].
Endocannabinoid levels may fluctuate with disease.

While decreased endocannabinoid tone has been associated
with a number of pathologies, including glaucoma [5],
increased endocannabinoid tone has been reported to be
neuroprotective [42]. Therefore, strategies that reestablish or
increase endocannabinoid levels may provide retinal neuro-
protection. Studying the effects of AEA in vivo has been par-
ticularly difficult due to its instability; therefore, the majority
of work that has been performed analyzing the role of AEA
in neuroprotection has been either through the use of its
stable analogue MetAEA or by decreasing AEA metabolism
by inhibition of FAAH [44, 71]. This latter strategy was
effective in reducing RGCdamage as a result of transient high
IOP-induced ischemia whereby RGC loss was attenuated by
administration of the FAAH inhibitor URB597. The neuro-
protective actions of FAAH inhibition were reported to be
due to actions at both CB

1
and TRPV1 [44]. Interestingly,

URB597 was also neuroprotective in a pressure-independent
model of RGC loss (axotomy) [71], suggesting that these
neuroprotective actions are at least partly independent of
IOP modulation. Additionally, Slusar et al. [71] reported in
this study that increased RGC survival after axotomy was
associated with both CB

1
- and CB

2
-dependent modulation

of phagocytic microglia. In another study, MetAEA was also
found to significantly recover Thy-1 expression in a model of
ischemia-reperfusion. Like previous studies, this effect was
blocked with the use of the CB

1
antagonist SR141716, as well

as the TRPV1 antagonist capsazepine [44].
While the role of 2-AG has not yet been extensively

studied in models of glaucoma, several studies have found
that 2-AG is neuroprotective in other models of neurode-
generative disorders (reviewed in [75]). The actions of 2-
AG have been examined in a model of inflammation using
lipopolysaccharide (LPS), an inflammation-inducing compo-
nent ofGram-negative bacteria, inMüller glial cultures.Here,
2-AG reduced proinflammatory cytokines and increased
anti-inflammatory cytokines. These actions were thought to
be mediated through both CB

1
and CB

2
, as these effects

were significantly diminished by antagonists acting at either
of these receptors [22]. The finding that cannabinoids may
modulate inflammatory mediators is significant given that
several proinflammatory cytokines, such as tumor necrosis
factor 𝛼 (TNF𝛼), have been reported to play a significant role
in glaucomatous RGC death [76–78]. Therefore, reduction of
proinflammatory cytokines may represent onemechanism of
neuroprotection by cannabinoids.

In addition to reducing proinflammatory cytokines, there
is evidence which supports the idea that 2-AG may provide
neuroprotection via a CB

1
-dependent reduction of COX-

2 expression [79]. Increased COX-2 expression has been
implicated as an important contributor to neuronal death in
a variety of models, including NMDA-induced excitotoxicity
and transient retinal ischemia [45, 72]. Reducing COX-2
upregulation was neuroprotective in these models; however,

complete block of COX-2 expression in the eye may not
be appropriate in the chronic treatment of glaucoma. In
most tissues COX-2 is expressed only through induction;
however, in the eye COX-2 is constitutively expressed in
some amacrine and ganglion cells [45] as well as in the
ciliary body [80], and therefore may have an important role
in normal functioning. Additionally, while COX-2 may be
upregulated in the retina, as mentioned previously, COX-2
expression was decreased in the ciliary body of human eyes
with primary open-angle glaucoma and it is possible that
further reduction in these tissues would not be beneficial
[40]. Therefore, targeting upstream of COX-2, for example,
by altering 2-AG rather than blocking COX-2 itself, may be
more appropriate in order to reduce potential side effects.

6. Use of Cannabinoids for Long-Term
Treatment of Glaucoma

The average glaucoma patient will require treatment over a
number of decades; therefore, any drug designed to treat
glaucoma will have to be both safe and effective when admin-
istered in the long term [6]. Despite the possibilities of for-
mulating cannabinoids for localized ocular delivery, chronic
use of conventional cannabinoid ligands poses inherent
problems, notably, persistent receptor activation/blockage,
tachyphylaxis, and the possibility of unwanted off-target
actions and behavioral side effects [4]. Although inhalation
of marijuana can lead to transient hyperemia and reduced
tear production (reviewed in [1]), so far, most human studies
using topical or oral cannabinoids have reported minimal
issues [49, 50, 52, 81–83]. One study reported 5 cases of attri-
tion due to corneal irritation; however, 4 of these were given
vehicle (mineral oil) [81]. Therefore, it would not appear that
ECS-modulating drugs pose any additional considerations
for topical delivery compared with current clinical topical
treatments [46, 47].

To date, studies evaluating the effectiveness of cannabi-
noid ligands in long-term use have had variable results.
Most studies have reported loss of effect of IOP lowering
properties within a matter of hours [49, 50, 57]. However,
a study by Hosseini and colleagues [84] found that chronic
topical application of 0.5% WIN 55,212-2 was effective at
reducing IOP for fourweeks.This suggests that certain dosing
parameters may allow for better long-term efficacy.

A number of alternative strategies may also aid in cir-
cumventing desensitization caused by exogenous cannabi-
noid administration and are showing significant promise
in preclinical studies [71, 75, 85–87]. These include drugs
that enhance endogenous endocannabinoid signalling. Endo-
cannabinoids are produced locally on-demand in a stimulus-
dependent manner; therefore, modifying their metabolism
offers the possibilities of improved target specificity.However,
where there has been considerable success with the use of
URB597 to increase AEA through FAAH inhibition, this
does not necessarily seem to be the case for drugs that
inhibit MAG-L. In a study of inflammatory pain, loss of
effect through tolerance was an issue with chronic JZL184
administration; however, this was not an issue when the dose
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was lowered [86]. These studies suggest that increasing 2-AG
levels may lead to greater cannabinoid receptor desensitiza-
tion. Therefore, any drug regimen directed at increasing 2-
AG may require careful evaluation in order to identify an
appropriate dose and dosing regimen to optimize therapeutic
benefit while avoiding receptor desensitization.

Another approach to avoid loss of effect may be with the
use of cannabinoid receptor allosteric modulators. Allosteric
modulators bind to an alternative (allosteric) binding site
distinct from the orthosteric site. Binding of the allosteric
modulator induces conformational change in the receptor
that affects the affinity and/or efficacy of the main orthosteric
ligand (reviewed in [88]). Recently, an allosteric binding site
was discovered on CB

1
[89] and since then a few compounds

have been synthesized and used to explore their modulatory
potential [90–93]. CB

1
positive allostericmodulators have the

potential to stimulate endocannabinoid-mediated CB
1
sig-

nalling in the absence of any significant CB
1
desensitization.

These agents also lack the behavioral side effects, and hence
addictive potential, of cannabinoids that activate CB

1
[90–

93], suggesting that they may be good candidate drugs to
explore for the future treatment of glaucoma.

7. Conclusion

Increasing evidence suggests that modulation of the endo-
cannabinoid system may show potential for the treatment of
glaucoma. Administration of cannabinoids in experimental
models can lower IOP and reduce RGC loss, possibly by inde-
pendent mechanisms. Novel therapeutic strategies, including
allosteric modulation and inhibition of endocannabinoid
breakdown, may enhance the therapeutic effects seen with
direct administration of cannabinoids. However, a better
understanding of the components of the ECS, their tissue-
specific expression, and the functional role of the ocular ECS
is still lacking. This information remains essential in order
to move forward with the identification of novel ECS drug
targets to prevent retinal neuron loss.
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[19] E. M. López, P. Tagliaferro, E. S. Onaivi, and J. J. López-Costa,
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C. Casanova, “Roles of cannabinoid receptors type 1 and 2 on
the retinal function of adult mice,” Investigative Ophthalmology
and Visual Science, vol. 54, no. 13, pp. 8079–8090, 2013.

[21] J. Bouskila, P. Javadi, C. Casanova, M. Ptito, and J.-F. Bouchard,
“Müller cells express the cannabinoidCB2 receptor in the vervet
monkey retina,”The Journal of Comparative Neurology, vol. 521,
no. 11, pp. 2399–2415, 2013.

[22] G. Krishnan and N. Chatterjee, “Endocannabinoids alleviate
proinflammatory conditions by modulating innate immune
response in muller glia during inflammation,” Glia, vol. 60, no.
11, pp. 1629–1645, 2012.

[23] L. Zhong, L. Geng, Y. Njie, W. Feng, and Z.-H. Song, “CB2
cannabinoid receptors in trabecular meshwork cells mediate
JWH015-induced enhancement of aqueous humor outflow
facility,” Investigative Ophthalmology & Visual Science, vol. 46,
no. 6, pp. 1988–1992, 2005.

[24] R. M. Sappington, T. Sidorova, D. J. Long, and D. J. Calkins,
“TRPV1: contribution to retinal ganglion cell apoptosis and
increased intracellular Ca2+ with exposure to hydrostatic pres-
sure,” Investigative Ophthalmology & Visual Science, vol. 50, no.
2, pp. 717–728, 2009.

[25] M. Kohno, H. Hasegawa, A. Inoue et al., “Identification of N-
arachidonylglycine as the endogenous ligand for orphan G-
protein-coupled receptor GPR18,” Biochemical and Biophysical
Research Communications, vol. 347, no. 3, pp. 827–832, 2006.

[26] M. D. Caldwell, S. S.-J. Hu, S. Viswanathan, H. Bradshaw, M.
E. M. Kelly, and A. Straiker, “A GPR18-based signalling system
regulates IOP in murine eye,” British Journal of Pharmacology,
vol. 169, no. 4, pp. 834–843, 2013.

[27] J.Macintyre, A.Dong,A. Straiker et al., “Cannabinoid and lipid-
mediated vasorelaxation in retinal microvasculature,” European
Journal of Pharmacology, vol. 735, no. 1, pp. 105–114, 2014.

[28] A. Kumar, Z. Qiao, P. Kumar, and Z.-H. Song, “Effects of
palmitoylethanolamide on aqueous humor outflow,” Investiga-
tive Ophthalmology & Visual Science, vol. 53, no. 8, pp. 4416–
4425, 2012.

[29] J. Bouskila, P. Javadi, C. Casanova, M. Ptito, and J.-F. Bouchard,
“Rod photoreceptors express GPR55 in the adult vervetmonkey
retina,” PLoS ONE, vol. 8, no. 11, Article ID e81080, 2013.

[30] V. Di Marzo, “Endocannabinoid signaling in the brain: biosyn-
thetic mechanisms in the limelight,” Nature Neuroscience, vol.
14, no. 1, pp. 9–15, 2011.

[31] D. Piomelli, “More surprises lying ahead. The endocannabi-
noids keep us guessing,”Neuropharmacology B, vol. 76, pp. 228–
234, 2014.

[32] S. S.-J. Hu, A. Arnold, J. M. Hutchens et al., “Architecture
of cannabinoid signaling in mouse retina,” The Journal of
Comparative Neurology, vol. 518, no. 18, pp. 3848–3866, 2010.

[33] K. Tsuboi, Y.-X. Sun, Y. Okamoto, N. Araki, T. Tonai, and
N. Ueda, “Molecular characterization of N-acylethanolamine-
hydrolyzing acid amidase, a novelmember of the choloylglycine
hydrolase family with structural and functional similarity to
acid ceramidase,” The Journal of Biological Chemistry, vol. 280,
no. 12, pp. 11082–11092, 2005.

[34] M. Alhouayek, J. Masquelier, and G. G. Muccioli, “Controlling
2-arachidonoylglycerol metabolism as an anti-inflammatory
strategy,”DrugDiscovery Today, vol. 19, no. 3, pp. 295–304, 2014.

[35] J. L. Blankman, G. M. Simon, and B. F. Cravatt, “A comprehen-
sive profile of brain enzymes that hydrolyze the endocannabi-
noid 2-arachidonoylglycerol,” Chemistry & Biology, vol. 14, no.
12, pp. 1347–1356, 2007.

[36] D. F. Woodward, R. L. Jones, and S. Narumiya, “International
union of basic and clinical pharmacology. LXXXIII: classifi-
cation of prostanoid receptors, updating 15 years of progress,”
Pharmacological Reviews, vol. 63, no. 3, pp. 471–538, 2011.

[37] M. Alhouayek and G. G. Muccioli, “COX-2-derived endo-
cannabinoid metabolites as novel inflammatory mediators,”
Trends in Pharmacological Sciences, vol. 35, no. 6, pp. 284–292,
2014.

[38] C. A. Rouzer and L. J. Marnett, “Endocannabinoid oxygenation
by cyclooxygenases, lipoxygenases, and cytochromes P450:
cross-talk between the eicosanoid and endocannabinoid signal-
ing pathways,” Chemical Reviews, vol. 111, no. 10, pp. 5899–5921,
2011.

[39] K. R. Kozak, S. W. Rowlinson, and L. J. Marnett, “Oxygenation
of the endocannabinoid, 2-arachidonylglycerol, to glyceryl
prostaglandins by cyclooxygenase-2,” The Journal of Biological
Chemistry, vol. 275, no. 43, pp. 33744–33749, 2000.
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Cannabis is one of themost prevalent drugs used in industrialized countries.Themain effects ofCannabis aremediated by twomajor
exogenous cannabinoids: 9-tetrahydroxycannabinol and cannabidiol. They act on specific endocannabinoid receptors, especially
types 1 and 2.Mammals are endowed with a functional cannabinoid system including cannabinoid receptors, ligands, and enzymes.
This endocannabinoid signaling pathway is involved in both physiological and pathophysiological conditions with a main role
in the biology of the central nervous system. As the retina is a part of the central nervous system due to its embryonic origin,
we aim at providing the relevance of studying the endocannabinoid system in the retina. Here, we review the distribution of the
cannabinoid receptors, ligands, and enzymes in the retina and focus on the role of the cannabinoid system in retinal neurobiology.
This review describes the presence of the cannabinoid system in critical stages of retinal processing and its broad involvement in
retinal neurotransmission, neuroplasticity, and neuroprotection. Accordingly, we support the use of synthetic cannabinoids as new
neuroprotective drugs to prevent and treat retinal diseases. Finally, we argue for the relevance of functional retinal measures in
cannabis users to evaluate the impact of cannabis use on human retinal processing.

1. Introduction

Cannabis is one of the most prevalent drugs used world-
wide. The main constituents of cannabis are Δ9-tetrahydro-
cannabinol (THC) and cannabidiol (CBD) [1–3].They act on
specific cannabinoid receptors,mainly cannabinoid receptors
type 1 and 2, CB1, and CB2 [4–8]. Although it is still
debated whether to consider the G protein-coupled receptor
55 (GPR55) as a cannabinoid receptor, several evidences sug-
gest that it might also be a cannabinoid receptor [9]. Beside
the effects caused by exogenous cannabinoids, CB1 and CB2
are stimulated by two major endogenous ligands: N-ara-
chidonoylethanolamide (anandamide, AEA) and 2-arachid-
onoylglycerol (2-AG) [10, 11]. Membrane phospholipids are

metabolized by calcium-dependent phospholipases to release
AEA and 2-AG (for a review, see [12]). Briefly, the pre-
cursor of AEA is N-arachidonoyl phosphatidylethanolamine
(NAPE) which is hydrolyzed by a phospholipase D to release
AEA and phosphatidic acid. 2-AG synthesis is based on
hydrolysis of diacylglycerols (DAG) by two DAG-lipase
isozymes, DAGL𝛼 and DAGL𝛽. The cellular level of these
ligands is regulated by several enzymes, especially fatty acid
amide hydrolase (FAAH), monoacylglycerol lipase (MGL),
and cyclooxygenase-2 (COX-2) [13]. Together, cannabinoid
receptors, ligands, and enzymes constitute a functional
cannabinoid system involved throughout the body in several
physiological mechanisms as well as in pathophysiologi-
cal conditions. Importantly, this system is implicated in
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Figure 1: Schematic representation of the retina and standardized electrophysiological methods allowing the assessment of the retinal
function.

the regulation of the central nervous system (CNS) neuro-
biology. Interestingly, the cannabinoid system plays a major
role in the regulation of CNS neurotransmission [14, 15]. As
CB1 receptors have predominantly a presynaptic localization
in the brain neurons, they play a postsynaptic regulatory
role by modulating the release of several neurotransmitters
such as gamma-aminobutyric acid (GABA), glutamate, and
dopamine [16–18]. For example, the stimulation of a gluta-
matergic neuron results in a synaptic release of glutamate,
which induces a postsynaptic influx of calcium through
NMDA receptors [14]. Consequently, the process of synaptic
strengthening is activated by this increase of the calcium
concentration [14]. Afterward, there is a postsynaptic syn-
thesis of endocannabinoids by the stimulation of postsynap-
tic metabotropic glutamate receptors, mGlu. Through CB1
presynaptic receptors, endocannabinoids regulate the presy-
naptic glutamate release and avoid any excessive postsynaptic
release of calcium [13, 14]. Exogenous cannabinoids, by bind-
ing to the CB1 receptors, disrupt the regulation of glutamate
release mediated by endocannabinoids. An excess of postsy-
naptic influx of calcium occurs, thus accelerating the pruning
synaptic process and the apoptosis of the cell [13, 14]. In the
CNS, cannabinoid ligands can also act on postsynaptic CB1
receptors. For example, through postsynaptic CB1 receptors
they regulate the slow self-inhibition of neocortical interneu-
rons and pyramidal neurons, an endocannabinoid dependent
persistent change of somatodendritic excitability [19].

The retina is anatomically and developmentally an exten-
sion of the CNS, and the retina and the brain are connected
by the optic nerve, the axons of the ganglion cells, through

the lateral geniculate nucleus [20]. The retina and the brain
present similar properties. They express several neurotrans-
mitters such as dopamine [21, 22], serotonin [23], glutamate,
and GABA [24, 25]. Retinal processing, as measured by
electrophysiological measurements (flash electroretinogram
(fERG), pattern electroretinogram (PERG), and electroocu-
logram (EOG)) is sensitive to pharmacological drugs acting
on the CNS neurotransmission [26–29]. Finally, CNS dis-
orders, such as neurological, psychiatric, and addictive dis-
eases, display manifestations in the retina [15, 30–34]. Briefly,
the retina represents the neural portion of the eye and is
composed of several neuronal cell layers (Figure 1). The light
penetrates the eye through the anterior eye structure [20].
Then, it reaches the outer segment of the retina where the
photoreceptor cells are located, namely, rods and cones [20].
At this level, the light is absorbed by the photopigments of
the photoreceptors, thus initiating the conversion of light into
an electric signal, called the phototransduction process [20].
This signal is transferred to the bipolar cells and then to the
ganglion cells, the axons of which form the optic nerve, which
transfers the visual information to the visual cortex via the
lateral geniculate nucleus. This signal is also under the influ-
ence of interneuron cells, namely, amacrine and horizontal
cells [20]. Moreover, the retina contains Müller cells acting
as a glia [20]. The retinal pigment epithelium is also part of
the retina and plays a role in several trophic functions such
as light absorption, photoreceptor disk renewal, and immune
modulation, to name a few [20, 35].

In the CNS, the manipulation of endocannabinoids
has been reported to attenuate brain damages induced by
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a variety of insults. Moreover, the cannabinoid system signal-
ing pathways is considered as a critical process involved in
neuron survival. For instance, an upregulation of the endo-
cannabinoid system is known as an adaptive response that
attenuates CNS damages in the context of trauma and neu-
rodegenerative diseases [36, 37] and is considered as a neuro-
protective strategy against neuropathological states [38]. In
line with these observations, the inhibition of endocannabi-
noid degradation induces a decrease in pathological tissues in
experimental conditions of CNS injuries [39]. As the retina is
considered as a part of the CNS, it is now crucial to assess
whether the cannabinoid system is distributed in the retina
and is involved in retinal pathological or retinal protective
conditions.

The cannabinoid system has been detected in ocular tis-
sues and other critical stages of visual information processing.
In ocular tissues, CB1 receptors have been localized in the
ciliary body of rat, bovine, and human and in the trabecular
meshwork in bovine and human [40–42]. CB1 receptors were
also found in the nonpigmented ciliary epithelium in human
and bovine and in the conjunctival epithelium in mouse and
human [42–44]. Hydrolysis of anandamide was detected in
the porcine iris, choroid, lacrimal gland, and optic nerve
[45]. AEA and 2-AGwere expressed in human cornea, ciliary
body, iris, and choroid [46, 47]. Endocannabinoids are also
found in later andmore integrated stages of visual processing,
especially in the lateral geniculate nucleus (LGN) and in the
visual brain (for a review see [15]). Briefly, CB1 receptors are
found in the LGN, superior colliculus, and suprachiasmatic
nucleus in rat and mouse and in the LGN and the superior
colliculus in human. CB1 and CB2 are expressed in the
primary (V1) and secondary (V2) visual cortex of rat and
mouse. In nonhuman primate and human, CB1 receptors are
detected in V1 and V2 [15].

This review focuses on the neurobiological role of the
cannabinoid system in the retina.We first review the distribu-
tion of the cannabinoid receptors, ligands, and enzymes in the
retina. Then, we review studies that have examined the role
of the cannabinoid system in retinal neurotransmission, neu-
roplasticity, and neuroprotection. Based on these results, we
argue for the development of synthetic cannabinoids as ther-
apeutic agents for the treatment and the prevention of retinal
diseases. Finally, we support potential effects of cannabis use
on human retinal processing and we present several func-
tional measurements allowing the rigorous assessment of the
retinal function in cannabis users.

2. Materials and Methods

In order to thoroughly explore the role of the cannabinoid
system in the retina, a search for relevant articles was con-
ducted in the PubMed, ScienceDirect, and Google Scholar
databases using the following keywords: (“cannabinoid sys-
tem” or “endocannabinoids” or “cannabinoids” or “cannabi-
noid ligands” or “cannabinoid receptors” or “cannabinoid
enzymes”) and (“neurotransmission” or “neuroplasticity” or
“neuroprotection”) and (“retina” or “retinal”). All results up
to June 1, 2015, were examined for the selection process.

Relevant publications were chosen through an individual
independent selection of titles by the following authors:
Thomas Schwitzer, Raymund Schwan, Anne Giersch, and
Vincent Laprevote. The articles selected had to be written in
English and be related to the topic of the review. Additionally,
a manual search was performed on the bibliography of each
selected article.

3. Endocannabinoids in the Retina: Receptors,
Ligands, and Enzymes

3.1. Retinal Endocannabinoid Receptors. Numerous studies
have shown the presence of the cannabinoid receptors CB1
and CB2 in the retina of several animal species such as tiger
salamander, goldfish, rat, mouse, chick, and monkey [41, 48–
58]. CB1 receptors are detected in inner and outer plexiform
layers and two synaptic layers of the retina of all of these
species [56]. CB1 receptors are also expressed in the main
cells of the neural retina, especially in the cone pedicles and
rod spherules of photoreceptors of the same species [56].
Furthermore, they are found in horizontal cells, amacrine
cells, ganglion cells, and ganglion cell axons of these species
except goldfish [53, 56]. In monkey, rat, mouse, and chick,
CB1 receptors are detected in inner and outer segments of the
photoreceptors [56]. In monkey, CB1 receptors are expressed
throughout the retina from the fovea to the retinal periphery
and in particular in cones of the central retina [49]. In
goldfish, CB1 receptors are mainly localized intracellularly
and on the plasmamembrane of photoreceptors, bipolar cells,
and amacrine cells [57]. CB1 receptors are also found in
Müller cells and in synaptic terminal of On and Off bipolar
cells in goldfish [57].

Although the presynaptic location of CB1 receptors was
readily described, especially in gabaergic and glutamatergic
neurons, there are several evidences also indicating a post-
synaptic localization. For example, Chaves et al. showed that
retinal ablation induced an increase in level of CB1 proteins
in the optic tectum and other retinorecipient visual areas in
the adult chick brain with no change in CB1 mRNA levels
[59]. This increase in CB1 receptors expression after retinal
ablation suggests a postsynaptic location of these receptors in
the retinotectal axons.

CB2 receptors are detected in the retina of several species.
In the rat retina, CB2 receptors are expressed in photore-
ceptors, horizontal cells, amacrine cells, inner nuclear layer,
inner plexiform layer, retinal pigment epithelium, and retinal
ganglion cell layer, especially in the somas of retinal ganglion
cells [54, 55]. In mouse, CB2 receptors are localized in
cone and rod photoreceptors, horizontal cells, amacrine cells,
bipolar cells, and ganglion cells [51]. CB2 receptors are also
detected in Müller cells in monkey [48] and in goldfish [52].

In addition, CB1 and CB2 receptors are expressed in the
human retina. CB1 receptors are detected in outer segments
of photoreceptor cells, inner plexiform layer, outer plexiform
layer, two synaptic layers of the retina, inner nuclear layer,
ganglion cell layer, and retinal pigment epithelium cells
[40, 43, 60]. CB2 receptors are expressed in human retinal
pigment epithelium cells [60].
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3.2. Retinal Endocannabinoid Ligands. Thetwomain endoge-
nous cannabinoid ligands acting on cannabinoid receptors,
namely, anandamide and 2-AG, are found in the retina of tiger
salamander, goldfish, rat, mouse, chick, bovine, porcine, and
monkey [45, 56, 61, 62]. In human, 2-AG is expressed at a high
level in the retina [46, 47], whereas anandamide is detected at
a lower level in the retina [42, 46, 47].

3.3. Retinal Endocannabinoid Enzymes. The cellular level
of retinal endocannabinoids is regulated by several main
enzymes: FAAH, MGL, and COX-2. These enzymes are
detected in the retina and enable the degradation of cannabi-
noid ligands [13]. FAAH is an integral membrane protein and
is expressed throughout the monkey retina, from the fovea to
the retinal periphery [49].Most specifically, FAAH is detected
in photoreceptors, outer plexiform layer, inner nuclear, inner
plexiform layer, and retinal ganglion cell layer in monkey
[49]. Concerning photoreceptors in monkey retina, FAAH
is preferentially expressed in cones of the central retina and
is mainly located in cone pedicles and rod spherules [49].
FAAH is also detected in cone and rod bipolar cells and in
ganglion cell somas and axons in the monkey retina [49].
In the rat, goldfish, and bovine retina, a FAAH like activity
is detected [61–63]. In the rodent retina—mouse and rat—
a FAAH activity is detected in rods, bipolar cells, horizontal
cells, amacrine cells, Müller cells, and ganglion cells [63]. In
goldfish, FAAH ismost prominent overMüller cells and cone
inner segments and is observed at a lower level in amacrine
cells, cell bodies in the ganglion cell layer, and the inner
plexiform layer [62]. FAAH is also expressed in the human
retina, in particular in retinal pigment epithelium cells [60].

Preliminary findings are consistent with the detection of
MGL in inner plexiform layer, rod bipolar cells, amacrine
cells, and ganglion cells in themouse retina [13, 64]. Similarly,
the presence of COX-2 has been shown in horizontal cells,
amacrine cells, ganglion cells, and Müller cells in the rat
retina [65] whereas COX-2 has been detected in rod and
bipolar cells in the mouse retina [13]. Recent findings report
a detection of COX-2 in the human retina [66].

Enzymes allowing the synthesis of cannabinoid ligands
are also expressed in the retina [64, 67]. For instance, NAPE
responsible for the synthesis of AEA was identified in the
bovine retina by means of gas chromatography-electron
impact mass spectrometry [61]. The enzyme responsible for
the synthesis of 2-AG named DAGL𝛼 has been detected in
the two synaptic layers, the outer plexiform layer, and the
inner plexiform layer of the mouse retina [64]. Importantly,
DAGL𝛼 is localized in postsynaptic terminals of type 1 OFF
cone bipolar cells whereas the expression of DAGL𝛽 appears
to be restricted to retinal blood vessels in the mouse retina
[64]. DAGL𝛼 is detected early in postnatal development
in the rat retina in photoreceptors—cones and rods—cone
bipolar cells, horizontal, amacrine, and ganglion cells [67].

The endocannabinoid system is detected in critical stages
of retinal information processing such as photoreceptors,
bipolar cells, and ganglion cells.These findings support a role
of endocannabinoids in the modulation of retinal neurobiol-
ogy as well as in the regulation of vertical transmission of the
retinal information.

4. Neurobiology of Cannabinoids in the
Retina: Neurotransmission, Neuroplasticity,
and Neuroprotection

4.1. Neurotransmission. Neurotransmission is characterized
by the transmission of a nerve impulse across a synapse.
The modulation of ionic channels or enzymatic activity, to
name a few, can affect neurotransmission. Previous studies
have outlined the involvement of the cannabinoid system in
these mechanisms, thus allowing the regulation of the retinal
neurotransmission [13, 15].

Several inward and outward ionic channels are known
to play a major role in retinal physiology [20]. For exam-
ple, sodium, calcium, chloride, and potassium channels are
involved in the phototransduction process and especially in
the depolarization and the hyperpolarization of photorecep-
tor and bipolar cells [20]. Different studies have shown that
cannabinoid agonists induced a dose-dependent reversible
modulation of calcium, potassium, and chloride currents in
bipolar, rod, cone, and ganglion cells [53, 56, 57, 68–74].These
findings suggest a regulatory role of the cannabinoid system
in the retinal neurotransmission at the level of photoreceptor,
bipolar, and ganglion cells, which constitute three critical
stages of the neural retina. As a consequence, stimulation of
the cannabinoid system may modulate the vertical transmis-
sion of the retinal information and consequently may alter
visual perception.

A direct action of cannabinoids on retinal enzymatic
activity or retinal transmitter release has also been described
[72, 75–79]. In the bovine retina, THC has led to a dose-
dependent regulation of monoamine oxidase activity thus
altering the retinal neurotransmission [75]. Similarly, in the
isolated bovine retina, cannabinoid CB1 receptor agonists,
but not CB2 agonists, inhibited aspartate release, which was
blocked by cannabinoid antagonists [72]. In perfused guinea-
pig retinal discs, dopamine and noradrenaline transmission
release was inhibited by activation of cannabinoid receptors
CB1, which was blocked by cannabinoid antagonists [77, 79].
Of interest, the release of several retinal neurotransmitters
such as dopamine, noradrenaline, GABA, and glutamate is
therefore modulated by cannabinoids [72, 73, 76–79].

Finally, studies on the goldfish retina argue for a role
of the cannabinoid system in the regulation of the photo-
transduction cascade, the dark and light retinal sensitivity,
the dark and light retinal adaptation, and the retinal contrast
sensitivity [57, 70, 80].

4.2. Neuroplasticity. The role of the cannabinoid system in
the regulation of short-term and long-term plasticity in
the CNS has been readily described [81–84]. However, few
studies have investigated the effects of cannabinoids on
retinal synaptic plasticity. The messenger ribonucleic acid
(mRNA) for cannabinoid receptors has been detected during
development, especially in the embryonic and adult rat retina
[50, 55]. Recent findings suggest that exogenous cannabinoids
may alter both synaptic transmission and synaptic plasticity
in the retina, in particular in retinal ganglion cells [76]. Using
whole-cell voltage-clamp recordings in retinal ganglion cells
in adult and young mice (P14–P21), the administration of
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an exogenous cannabinoid agonist significantly reduced the
frequency of spontaneous postsynaptic currents (SPSCs) in
these cells [76]. This change did not modify the kinetics of
the spontaneous postsynaptic currents. Consequently, it was
suggested that the cannabinoid agonist had a presynaptic
action and that it could decrease the release of both GABA
and glutamate. As the largest effect was found in young
mice and was different from adult mice, these results argue
for a developmental role of the cannabinoid system in the
maturation of synaptic retinal circuits [76].

4.3. Neuroprotection. Neuroprotection is a protecting mech-
anism that consists in preventing the death of damaged
neurons and their degeneration, due to a hostile environment
created by an initial cellular stress. Using several models of
retinal diseases, mounting evidence suggests that the retinal
cannabinoid system might play a neuroprotective role in the
retina. Oxidative stress is known to be a key mechanism in
the pathological process of age-related macular degeneration
(AMD) and diabetic retinopathy (DR) [85, 86]. In AMD, a
trend towards an increase in retinal anandamide level was
observed [47]. In a cellular model of AMD, an inhibition
of CB1 receptors protected retinal pigment epithelium cells
from oxidative damage [87]. The DR is characterized by an
oxidative stress, a breakdown of the blood-retinal barrier,
and a proinflammatory effect to name a few, which are
associated with retinal neuronal death [85]. A recent study
showed that the retinal concentration of anandamide was
increased in DR whereas no change in the retinal level of
2-AG was observed [47]. In a rat model of DR, treatment
with cannabidiol significantly reduced both oxidative stress
and neurotoxicity and prevented retinal cell death [88]. Con-
sequently, exocannabinoids may be a relevant therapeutic
strategy decreasing oxidative stress signaling and preventing
neurodegeneration of retinal cells in AMD and DR.The neu-
roprotective role of cannabinoids was also shown in an ani-
malmodel for autosomal dominant retinitis pigmentosa (RP)
on the photoreceptor degeneration, synaptic connectivity,
and functional activity of the retina [89]. In this ratmodel, the
administration of a synthetic cannabinoid agonist from P24
to P90 induced improvements of visual function compared to
vehicle-administered animals [89]. In fact, the enhancement
of vision loss was demonstrated by increased electroretino-
gram signals, especially scotopic a- and b-wave amplitudes
[89]. These changes were correlated with a delay in the
degeneration of photoreceptors and with the preservation of
presynaptic and postsynaptic elements.These crucial findings
support the retinal protective role of exocannabinoids on
both the structural and functional properties of retinal cells.
Retinal ganglion cell death may be a consequence of a neu-
rodegenerative retinal disease such as glaucoma. An excessive
extracellular glutamate release has been identified as one of
the pathophysiological mechanisms inducing excitotoxicity
in glaucoma via the excessive formation of peroxynitrite
[90]. The neuroprotective effect of THC and cannabidiol was
observed through the limitation of peroxynitrite production
in a rat model of excitotoxicity consisting in intravitreal
injection of N-methyl-D-aspartate (NMDA) [91]. Similarly,
weekly injections of THC decreased intraocular pressure and

reduced the loss of retinal ganglion cells in the peripheral and
central retina [92]. In another model of intraocular pressure,
an ischemic-reperfused retina model, systemic administra-
tions of a FAAH inhibitor decreased enzymatic activity and
consequently reduced the retinal damage caused by the
ischemic-reperfusionmechanism [93]. Additionally, intravit-
real injections of anAEA agonist reduced retinal ganglion cell
loss which was abolished by the systemic administration of a
CB1 antagonist [93]. In another example, the administration
of an inhibitor of FAAH increased retinal ganglion cell
survival following optic nerve axotomy in young and aged
rats [94].This effect was affected by a cannabinoid antagonist
and was associated with both an increase in anandamide and
a decrease in anandamidemetabolites, with no effect on 2-AG
level. All these results are in accordance with the relevance
of local or systemic administrations of exocannabinoids in
the prevention of retinal ganglion cell loss due to retinal
diseases. Finally, anandamide and 2-AG were also involved
in the modulation of the innate immune response in human
retinal Müller glia to combat inflammation in the retina
during human immunodeficiency virus (HIV) infection [95].
The HIV infection induces a retinal neurodegeneration by
increasing the inflammatory response, which consequently
causes retinal impairments. In this case, both anandamide
and 2-AG induced a decrease in the inflammation and
limited the retinal loss [95]. These data argue for the use of
cannabinoids in retinal diseases as new therapeutic agents to
prevent neurodegeneration and cell death.

5. Cannabis Use and Human Retina

According to the large distribution of endocannabinoids in
the retina and considering the role of cannabinoids in mod-
ulating the retinal neurophysiology, it is now crucial to
consider potential effects of cannabis, after both acute and
regular use, on the structural and functional characteristics
of the human retina [15, 31]. The retina is organized in cell
layers of which functional properties can be assessed by
electrophysiological techniques (Figure 1).The electroretino-
gram (ERG) measurements, the fERG, and the PERG allow
the assessment of the functional properties of specific cell
types in the neural retina [96, 97]. ERG measurements are
objective and noninvasive techniques as well as rapid and
costlessmethods.The retina also contains the retinal pigment
epithelium (RPE).The functioning of the RPE can be assessed
by the EOG. Each one of these techniques is described below.

The fERG measures the electric biopotential evoked
mainly by photoreceptor cells, namely, rods and cones, and
the ON-bipolar and Müller cells complex, in response to a
light stimulation. fERG recordings performed under pho-
topic and scotopic conditions are called light- and dark-
adapted fERG, respectively, according to the flash lumi-
nance intensity used, which is measured in candelas⋅s⋅m−2
(cds⋅s⋅m−2) [97]. Twomain components are usually observed
on a typical fERG trace: an electronegative component called
a-wave, followed by an electropositive component named b-
wave. The a-wave is generated by the hyperpolarization of
the photoreceptors and the b-wave reflects the depolarization
of the ON-bipolar and Müller cells complex. Although
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the a-wave and the b-wave are commonly the most analyzed,
other components are detected in the full-field ERG such
as the photopic negative response (PhNR). This response is
a negative component that follows the b-wave and reflects
the activity of innerretinal cells, especially the ganglion cells
[98]. Specific conditions are needed to easily detect the PhNR.
Indeed, a brief red flash against a blue background is an
optimal configuration for eliciting this response [99].

The PERG records the central macular function of the
retina, as well as the retinal ganglion cells response using
reversal black and white checkerboards viewed with a central
fixation [100]. To investigate the transient PERG, checker-
boards are presented at 2–6 reversals per second (1–3Hz).
Twomain waves are usually described on the transient PERG
trace: a positive wave named P50, followed by a negative
wave called N95 [101]. Like the fERG, both the amplitude and
implicit time of these waves can be measured [96]. P50 is,
in part, attributed to the retinal ganglion cells and macular
photoreceptors and is used to evaluate the macular function.
N95 is generated by the retinal ganglion cells and reflects their
functioning [102].

The EOG measures a variation of electrical potentials
between skin electrodes located on the external and internal
canthi [103]. This variation corresponds to an electrical
potential between the front and the back of the eye and is
called standing potential [104]. This potential mainly origi-
nates from the retinal pigment epithelium and varies with the
retinal illumination. It is obtained by asking the subjects to
make lateral eye movements in both photopic and scotopic
conditions. It is possible to derive two parameters from the
EOG trace, namely, the dark trough, which represents the
trough of the curve in dark condition whose origin remains
unclear, and the light peak, which represents the maximal
peak in light condition and corresponds to the maximal
depolarization of the basal membrane of the retinal pigment
epithelium.

The neural retina is composed by three critical stages: the
photoreceptor cells, called rods and cones, the bipolar cells,
and the ganglion cells. The retina also contains interneuron
cells: amacrine and horizontal cells and the retinal pigment
epithelium. The functional properties of photoreceptors,
bipolar cells, ganglion cells, and retinal pigment epithelium
cells are evaluated by objective electrophysiological retinal
techniques.

Considering the large distribution of the cannabinoid
system in the different retinal cell layers and its broad involve-
ment in the regulation of retinal neurophysiology, these elec-
trophysiological measures may be of benefit to the evaluation
of the impact of cannabis on the human retinal function.

To date, only one study, to our knowledge, has evaluated
the impact of cannabis on the retinal function [105]. In this
study, no fERG abnormality was found neither in a man suf-
fering for hallucinogen persisting perception disorder after
marijuana consumption nor in four heavy cannabis smokers
with no visual disturbance [105]. However, several EOG
anomalies were observed in the patient with hallucinogen
perception showing effects of cannabis on the retinal pigment
epithelium functioning. The small number of subjects and

the absence of control group probably explain the lack of ERG
alterations.

Although cannabis is one of the most prevalent drugs
used worldwide, there is to date few studies that have eval-
uated the impact of cannabis on the human visual function.
These studies were already reported in several reviews [13, 15].
As discussed in these reviews, there is no certainty that the
visual abnormalities found in cannabis users originated from
the retina because no studies evaluating the retinal struc-
tural and functional properties have yet been performed in
cannabis users. However, some hypothesis could explain the
impact of cannabis on human retinal processing. Cannabis
is a neurotoxic and neuromodulator substance that acts on
several inhibitory and excitatory neurotransmitters signaling
pathways in the CNS. The main effects of cannabis con-
cern the glutamatergic, gabaergic, and dopaminergic brain
synaptic transmissions [14]. All of these neurotransmitters
are detected in the retina and play several key roles in
retinal physiology. For instance, dopamine is the main cat-
echolamine expressed in the human retina and is known to
be involved in light adaptation [22]. As another example,
glutamate and GABA are two amino-acid neurotransmitters
expressed in the retina and are involved in numerous regula-
tory mechanisms in the retina, especially those concerning
the synaptic transmission [24, 25]. In addition, glutamate
plays a major role in the vertical transmission of the retinal
signal [24, 25]. Accordingly, cannabis could disrupt the regu-
latory role of the cannabinoid system in the retina and conse-
quently alter the transmission of the retinal information. As
a consequence, studies evaluating the impact of cannabis on
human retinal function are genuinely needed [15, 31].

6. Discussion

This review outlines the presence of endocannabinoids in
critical stages of the neural retina such as photoreceptor cells,
bipolar cells, and ganglion cells. Endocannabinoids are also
detected in interneuron cells, namely, amacrine and hor-
izontal cells, as well as in Müller and retinal pigment epi-
thelium cells.The presence of endocannabinoids in the retina
supports a regulatory role of the cannabinoid system in
the vertical transmission of visual information from photo-
receptors to ganglion cells, the ultimate stage before the
transmission of the visual information to the brain, mostly
the visual cortex.This also supports a potential dysregulation
induced by exogenous cannabinoids, such as THC and
cannabidiol, the main constituents of cannabis. This review
also described the localization of the cannabinoid system in
the retinal pigment epithelium suggesting a role of this system
in the renewal of the photoreceptor disks as well as in trophic
functions. Another important finding of this review is the
involvement of cannabinoids in retinal neurotransmission,
neuroplasticity, and neuroprotection. Firstly, cannabinoids
regulate the release of retinal neurotransmitters by acting on
ionic channels or enzymatic activity and are thus able to alter
the retinal signal. These results were recently supported by
alterations of electroretinogram recordings in mice lacking
cannabinoid receptors CB1 and CB2 [51]. Unfortunately,
only one study has investigated the impact of cannabis use
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on the human retinal function [105]. Secondly, the canna-
binoid system seems to play a major regulatory role in
retinal synaptic plasticity, in particular during the postnatal
development. As an extension of these results, it is legitimate
to question the effects of prenatal cannabis exposure on the
retinal development in offspring. Thirdly, using several ani-
mal models of retinal diseases, numerous studies have shown
that cannabinoids could play a neuroprotective function by
preventing the retinal cell death.These results can support the
development of synthetic cannabinoids as new therapeutic
strategies to prevent and treat retinal diseases.

The retina constitutes a relevant and useful site to inves-
tigate neurotransmission signaling pathways as well as CNS
processes. The retinal organization in mammals is well
known [20] and the retina is an accessible part of the CNS
that can be evaluated with noninvasive, objective, relatively
rapid, and costless methods. Furthermore, its measure is
quite standardized allowing good reproducibility [97, 101,
104, 106]. Functional and structural measurements allow the
correlation between structural abnormalities and functional
deficits. As the cannabinoid system is involved in CNS
processes, the retina therefore represents a useful tool to
evaluate the CNS pathophysiology and might eventually also
serve to monitor curative and preventive treatment efficiency
for CNS disorders.

7. Conclusion

This review gives an overview of the distribution of the
cannabinoid system in the retina together with its involve-
ment in the regulation of retinal neurotransmission, neu-
roplasticity, and neuroprotection. These suggest potential
alterations of structural and functional retinal properties by
exogenous cannabinoids, especially THC and cannabidiol
contained in joints. As cannabis is widely spread worldwide,
it is now critical to explore the effects of cannabis on the
human retina. Based on experimental studies in animals,
this review also aims to provide several retinal methods to
correlate the cellular and molecular changes induced by can-
nabinoids to potential functional retinal deficits in cannabis
users. However, considering the neuroprotective role of the
cannabinoid system in the retina, this review also argues for
therapeutic uses of synthetic cannabinoids in the treatment
and the prevention of retinal diseases.
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The functional significance of cannabinoids in ocular physiology and disease has been reported some decades ago. In the early 1970s,
subjects who smoked Cannabis sativa developed lower intraocular pressure (IOP). This led to the isolation of phytocannabinoids
from this plant and the study of their therapeutic effects in glaucoma. The main treatment of this disease to date involves the
administration of drugs mediating either the decrease of aqueous humour synthesis or the increase of its outflow and thus reduces
IOP. However, the reduction of IOP is not sufficient to prevent visual field loss. Retinal diseases, such as glaucoma and diabetic
retinopathy, have been defined as neurodegenerative diseases and characterized by ischemia-induced excitotoxicity and loss of
retinal neurons.Therefore, new therapeutic strategies must be applied in order to target retinal cell death, reduction of visual acuity,
and blindness. The aim of the present review is to address the neuroprotective and therapeutic potential of cannabinoids in retinal
disease.

1. Introduction

The study of cannabinoids in the central nervous system
(CNS) has been the primary focus ofmany investigations, not
only due to their psychotropic effects, but also due to their
involvement in neuroplasticity and their therapeutic use in
conditions such as obesity, pain, and neurodegenerative dis-
eases. Fewer studies have focused on the role of cannabinoids
in the retina, as well as other critical players of the visual
system [1, 2].

The functional significance of the cannabinoids in ocular
physiology and disease was noted by Hepler and Frank [3]
who reported that subjects who smokedmarijuana (Cannabis
sativa) developed lower intraocular pressure (IOP).This find-
ing was subsequently reproduced and the results suggested
that cannabinoids isolated from cannabismay be useful in the
treatment of glaucoma [4–6].

The presence of a functional endocannabinoid system
in the retina, which includes (a) endogenous cannabinoids,

(b) enzymes involved in their synthesis and metabolism, and
(c) cannabinoid receptors, supports a role for cannabinoids
in retinal circuitry and vision [1]. Arachidonoyl ethanolamide
(anandamide, AEA) and 2-arachidonoylglycerol (2-AG) have
been found in retinas of many species [7–10].

Two receptors have been cloned, CB1 andCB2, thatmedi-
ate the physiological and pharmacological actions of endo-
cannabinoids, as well as the actions of the natural and syn-
thetic cannabinoids [11–15]. CB1 receptors are predominant in
the CNS and are expressed in brain areas that influencemotor
and cognitive functions [1, 2], as well as in areas that comprise
the visual pathway of the brain, namely, the thalamus and
visual cortex [16–18]. CB2 receptors are also found in the
CNS, but their location and function aremainly in peripheral
tissues and the immune system [19, 20].

The aim of this review is to summarize the knowledge
acquired to date on the function of endogenous and synthetic
cannabinoids in the retina and to address the neuroprotective
and therapeutic potential of cannabinoids in retinal disease.
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2. Endocannabinoid System in Retina

2.1. Cannabinoid Receptor Localization in Retinal Neurons.
Immunohistochemical studies described the presence and
localization of the CB1 receptor in retinal neurons of several
animal species [10]. Specifically, CB1 immunoreactivity was
detected in the inner and outer plexiform layers (and/or on
cone pedicles and rod spherules) of tiger salamander, gold
fish, chick, mouse, rat, and rhesus monkey, in amacrine and
retinal ganglion cells (RGCs) and ganglion cell axons of all
species except gold fish, and sparsely labeled photoreceptors
of monkey, mouse, rat, and chicken. CB1 immunoreactivity
has been detected in rod bipolar cells, GABA-amacrine cells,
and horizontal cells [21]. In the mouse retina, a specific
cannabinoid circuitry has been defined based on colocaliza-
tion of the CB1 receptor and a repertoire of proteins that
influence the endocannabinoid system [22].

The expression of CB2 cannabinoid receptor mRNA has
been reported in adult rat retina, as well as in human
retinal pigment epithelial cells (mRNA and protein) [23, 24].
Immunohistochemical studies supported the presence ofCB2
receptors in retinal tissue of rats and mice [25, 26]. Specifi-
cally, the CB2 receptor was localized in the retinal pigment
epithelium, inner photoreceptor segments, horizontal and
amacrine cells, ganglion cell layer (GCL), and inner plexiform
layer (IPL) of the rat retina and in all five neuronal types of the
mouse retina. The presence of CB2 receptors in Müller cells
of monkeys has also been reported [27]. However, different
groups, employing radioligand binding studies in rat retinal
membranes, suggested the absence or low undetectable levels
of CB2 receptor in rat retina [28, 29].Thus, further studies are
needed in order to elucidate the presence and functional role
of CB2 receptors in the rodent retina.

Two other receptor systems were shown to be activated
by cannabinoids, namely, the transient receptor potential
cation channel subfamily V member 1 (TRPV1 channel) and
the orphan receptor GPR55 [30–34]. Immunohistochemical
studies have shown the expression of TRPV1 channel in IPL,
INL (inner nuclear layer), and GCL of adult rat retina, while
GPR55 has been detected in rod photoreceptors of adult
vervet monkey retina [33, 34]. The colocalization of GPR55
only with the inner segments of rod photoreceptors, with
less immunoreactivity observed in peripheral retina regions,
suggested that this asymmetric distribution of GPR55 in the
monkey retina may underlie its function in phototransduc-
tion [34].

Both CB1 and CB2 cannabinoid receptors belong to the
GPCR family [11–14]. The most well-known signal transduc-
tion response for bothCB1 andCB2 receptors is the inhibition
of adenylyl cyclase through interactionwithGi/o proteins [12,
35]. Activation of CB1 receptors affects G-protein-coupled
inwardly rectifying potassium channels (GIRKs) [36, 37]. CB1
receptors interact with a variety of ion channels including
Ca2+ and K+ channels [37–39].

2.2. Endocannabinoids in the Retina: Synthesis and Meta-
bolism. AEA and 2-AG, as well as the enzymes responsible
for their synthesis (N-acyl phosphatidylethanolamine phos-
pholipase, D-NAPE-PLD, diacylglycerol lipase, DAGL) and

degradation [fatty acid amide hydrolase (FAAH), monoa-
cylglycerol lipase (MGL)], have been found in the retina of
rodents and othermammals [8, 9, 22]. Immunohistochemical
localization of DAGL has been reported in retinal tissue,
especially in the postsynaptic terminals of cone bipolar cells.
Yet despite the reported presence of NAPE-PLD in rat retina
little is known about its specific localization in rat retinal
neurons [40]. FAAH, the metabolic enzyme of AEA [41], has
been shown to be localized in photoreceptor inner segments,
horizontal, dopaminergic, and cholinergic amacrine and
ganglion cells, as well as Müller cells, in the rodent retina
[21, 22]. MGL, the metabolic enzyme of 2-AG [42], has also
been reported in retinal tissue and specifically in the IPL and
OPL (outer plexiform layer) [22].

2.3. Function of Cannabinoid CB1 Receptors in the Retina.
As mentioned above, CB1 receptors can interact with a
variety of ion channels [37–39]. In the retina CB1 receptor
activation results in pertussis toxin sensitive actions (Gi/o-
linked CB1 receptor), such as the modulation of ion channel
function [43]. This cannabinoid function may influence reti-
nal circuitry, neurotransmitter release, and neuroprotection.
In retina, cannabinoids have been reported to modulate
Ca2+ and/or K+ channels in bipolar cells and photoreceptors
[10, 44–46]. The presence of CB1 receptors in rod bipolar
cells and the CB1-dependent reduction in the amplitude of
voltage-gated L-type calcium channel currents present in
these retinal neurons suggest that endocannabinoids and
synthetic cannabinoids may play an important role in retinal
circuitry and in scotopic vision [21].

Glutamate is the major neurotransmitter in the retina
released from photoreceptors, rod bipolar and ganglion cells.
However, a plethora of other neurotransmitters is found
in amacrine and horizontal cells. The presence of the CB1
receptor in all retinal neurons suggests that endocannabi-
noids and synthetic cannabinoids play a neuromodula-
tory role in retinal circuitry by influencing the release of
other neurotransmitters. CB1 receptor agonists inhibited K+
induced [3H]-D-aspartate release from bovine retina, and
Ca2+ evoked [3H]-noradrenaline and [3H]-dopamine release
in guinea pig retina [47–49]. CB1 regulation of GABA release
was reported by spontaneous mini frequencies involving
GABA-A receptor-mediated inward currents, in cultured
chick embryonic amacrine cells [50].The authors of this study
concluded that the “regulation of spontaneous transmitter
release by endocannabinoids might be important in network
maintenance in amacrine cells and other inhibitory interneu-
rons.”

In rat retinal explantsHU-210 attenuated the release of the
inhibitory neuropeptide somatostatin in a dose-dependent
bimodal manner via the activation of the CB1 receptor
(Figure 1). Bimodal modulation was also reported in a study
that showed that WIN55212-2 affected voltage-dependent
currents of retinal cones in a biphasic manner [45].

The GPR55 receptor and the TRPV1 channel are also
activated by cannabinoids, such as the endogenous cannabi-
noid AEA, the synthetic cannabinoid CP55940, and the
nonpsychotropic cannabinoid CBD [30–34]. Recently, the
presence of GPR55 receptor protein in rod photoreceptor
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Figure 1: Effect of HU-210 on somatostatin’s release in rat retina. (a) HU-210 at the low dose of 10−16M had no effect on the release of
somatostatin (1.7±0.15 pg/𝜇g, 𝑛 = 4) compared to the control tissue (CTRL, 1.5±0.04 pg/𝜇g, 𝑛 = 12). HU-210 at 10−14M increased the release
of somatostatin in the retina (2.4 ± 0.17 pg/𝜇g, 𝑛 = 5, ∗∗∗𝑝 < 0.001 compared to CTRL), whereas higher concentrations caused a statistically
significant decrease in somatostatin’s release (10−12M, 0.6 ± 0.06 pg/𝜇g, 𝑛 = 5, ∗∗∗𝑝 < 0.001 compared to CTRL; 10−10M, 0.63 ± 0.09 pg/𝜇g,
𝑛 = 5, ∗∗∗𝑝 < 0.001 compared to CTRL; 10−8M, 0.68 ± 0.06 pg/𝜇g, 𝑛 = 6, ∗∗∗𝑝 < 0.001 compared to CTRL; 10−7M, 0.7 ± 0.07 pg/𝜇g, 𝑛 = 6,
∗∗∗𝑝 < 0.001 compared to CTRL). Dunnett’sMultiple Comparison Test was used for the statistical analysis of the data. All values represent the
mean ± SEM. (b) Effect of the CB1 preferred antagonist AM251 in the actions of HU-210 (10−7M) on somatostatin’s release. AM251 (10−7M)
reversed the attenuation of somatostatin release by HU-210 (10−7M) (1.42 ± 0.22 pg/𝜇g, ###𝑝 < 0.001 compared to HU-210, 𝑛 = 5). One-way
ANOVA with Tukey’s post hoc analysis test was used for the statistical analysis of the data. All values represent the mean ± SEM.

cells of the vervet monkey was reported and the authors
suggested that GPR55 activation in these cells may play a role
in scotopic vision [34]. However, more studies are needed
in order to evaluate the role of GPR55 receptor in retinal
circuitry. The TRPV1 channel has been recently suggested
to be involved in RGC function and survival in the retina
[51]. Further studies regarding the neuroprotective actions
of the TRPV1 channel in retina, upon its activation by the
cannabinoids, are presented in Section 3.2.

3. Cannabinoids as Therapeutics in
Retinal Disease

3.1. Ischemia-Induced Retinal Diseases. Glaucoma is the sec-
ond cause of blindness worldwide and is characterized by
elevation of IOP [52]. The main treatment of the disease to
date involves the administration of drugs that reduce IOP
by affecting either aqueous humour synthesis or outflow
(cholinomimetics or cholinesterase inhibitors, alpha adren-
ergic receptor agonists, beta adrenergic receptor blockers,
and others). The CB1 receptor was found to be localized in
the anterior segment of the human and rat eye, including
the ciliary body, epithelium, and the trabecular meshwork
[53, 54].These ocular tissues regulate aqueous humour inflow
and outflow pathways and IOP. McIntosh et al. [55] reported
that endogenous CB1 receptors couple with both Gq/11 and
Gi/o, present in the trabecular meshwork, and elicit different
responses according to the cannabinoid agonist employed
in the study. Activation of CB1 receptors by WIN55,212-
2, but not by CP55,940 or methanandamide, led to CB1
receptor coupling with Gq/11 and subsequent activation of

PLC-dependent increase of intracellular Ca2+ levels. This
study suggested that the differential effects of cannabinoid
agonists in human trabecular meshwork cells may be used
to identify cannabinoids that affect aqueous outflow and
IOP. These pharmacological actions of cannabinoids render
them useful therapeutic targets in lowering IOP in glaucoma
patients.

However, the reduction of IOP is not sufficient to prevent
visual field loss.Thepathophysiology of glaucoma ismultifac-
torial and recently more and more studies define glaucoma
as a neurodegenerative disease, characterized by ischemia-
induced excitotoxicity and loss of RGCs [56–59]. Elevated
glutamate levels have been detected in the vitreous of humans
and monkeys with glaucoma [60] and glutamate-induced
excitotoxicity has been suggested to play a fundamental role
in the RGCs loss observed in experimental glaucoma [61].

Diabetic retinopathy is another major ocular disease.
While being defined by its microvascular characteristics
(neovascularization), more recent reports suggest that it
possesses neurodegenerative and inflammatory components
[62]. In fact, it has been suggested that retinal function is
compromised before the appearance of neovascularization
in diabetic patients [63–65]. Oxidative stress has also been
documented in both animals and diabetic patients and has
been correlated with neuronal loss [66–68].

Many strategies have been used to develop therapeutic
agents for the successful treatment of ischemia-induced
retinopathies and the prevention of blindness [69]. The
proneovascular agent vascular endothelium growth factor
(VEGF) is considered to be the factormost responsible for the
development of new vessels in diseases, such as proliferative
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DR.The discovery of anti-VEGF therapy has given new hope
to patients, yet this treatment targets only the neovascular
component of ischemia-induced retinopathies and has seri-
ous ocular adverse effects [70–72]. However, there are no
therapeutics available to date to treat the neurodegenerative
component of diabetic retinopathy or glaucoma (for a review,
see [73]). In order to preserve vision, all three components
of ischemia-induced retinopathies, neovascularization, neu-
rodegeneration, and inflammation, must be addressed.

3.2. Cannabinoids as Neuroprotectants in Retinal Disease
Models. Different animal disease models have been
employed to examine the neuroprotective effects of putative
therapeutics to treat neurodegenerative retinal diseases.
These include ex vivo and in vivo models of ischemia and
excitotoxicity, such as the ex vivo chemical ischemia model,
the ex vivo and in vivo NMDA (N-methyl-D-aspartate) or
AMPA (𝛼-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid) models of excitotoxicity, and the in vivo animal models
of IOP-reperfusion (glaucoma), and the streptozotocin (STZ)
model of diabetic retinopathy [73].

The ex vivo model of chemical ischemia involves the
blockade of oxidative phosphorylation and glycolysis and
is believed to be useful for the understanding of the early
events underlying the pathophysiology of ischemia [74]. It
was previously reported that chemical ischemia influences
the viability of a variety of amacrine and rod bipolar cells,
but not RGC or photoreceptor viability [75]. HU210 afforded
neuroprotection to cholinergic amacrine and rod bipolar
cells via activation of the CB1 receptor (Figures 2 and 3(a)).
These results were also substantiated by TUNEL staining
(Figure 3(b)).

The underlying cause of ischemia-induced cell death is
excitotoxicity. Ischemic insults lead to activation of voltage
gated calcium channels and increase in glutamate levels
and activation of ionotropic glutamate (NMDA and AMPA)
receptors leading to an excess of intracellular calcium ions
[60]. NMDA has been the excitatory amino acid of choice as
a model of ischemia-induced cell death in brain and retina.
However, the AMPA excitotoxicity model has also been
employed.Δ9-Tetrahydroxycannabinol (Δ9-THC; partly via a
CB1 mechanism) and the non-CB1 agonist CBD were shown
to protect the retina from NMDA excitotoxicity [76]. Both
cannabinoids afforded neuroprotection to retinal neurons
located in the INL and GCL via attenuation of lipid per-
oxidation and/or nitrotyrosine formation [76]. Intravitreal
administration of AMPA in rat retina was shown to affect
the viability of horizontal and bNOS, ChAT, and calbindin-
expressing amacrine cells, but not photoreceptors, bipolar or
ganglion cells [77]. This model has been employed to investi-
gate the neuroprotective properties of new pharmacological
agents in the early events of retinal ischemia in vivo [77–
79]. In this paradigm of excitotoxicity, AEA and the syn-
thetic cannabinoidsHU-210 andMethAEA (nonhydrolysable
analogue of AEA), intravitreally coinjected with AMPA,
provided neuroprotection to bNOS and ChAT expressing
amacrine cells [29]. The CB2 preferring agonist JWH015 did
not display any neuroprotection.The selective inverse agonist
AM251 reversed the neuroprotective actions of these agents.

This study suggested that the CB1 receptor is responsible for
the neuroprotective actions of the cannabinoids. In addition,
AEA afforded neuroprotection to horizontal and GABA
amacrine calbindin-immunoreactive cells [29].

The involvement of CB1 receptor in the neuroprotec-
tive actions of the endocannabinoid 2-AG has also been
investigated in the AMPA excitotoxicity model. 2-AG was
intravitreally coinjected with AMPA in wild-type, CB1 and
CB2 C57BL/6 knockout mice. 2-AG reversed the AMPA
induced reduction of bNOS expressing amacrine cells, in
both wild-type and CB2−/− mice. However, 2-AG did afford
neuroprotection in the CB1 knockout retinas. These results
substantiated the involvement of the CB1 receptor in the
neuroprotective actions of 2-AG against AMPA excitotoxicity
in mouse retina [80].

Cannabinoids are known to activate prosurvival down-
stream signaling pathways in different paradigms which
involve, among others, the prosurvival PI3K/Akt and the
MEK/ERK1/2 signaling pathways [81–85]. In rat retina, the
PI3K/Akt signaling pathway was shown to be involved in the
neuroprotective actions of HU-210 and AEA in the AMPA
excitotoxicity model, whereas the MEK/ERK1/2 signaling
pathway seemed to be involved in the neuroprotective actions
of AEA, but not HU-210 [29]. Molina-Holgado et al. [86]
also presented similar results reporting that HU-210 acted
in a neuroprotective manner against AMPA excitotoxicity in
primary cortical neuronal cultures by leading to the phospho-
rylation of Akt, but not ERK1/2 kinases. Moreover, MethAEA
has also been shown to induce ERK1/2 phosphorylation in the
hippocampus via a CB1-dependent mechanism [83].

In the in vivo IOP-reperfusionmodel of glaucoma, retinal
ischemia-reperfusion led to an attenuation of AEA levels
and this was shown to be due to the enhanced activity
of its metabolic enzyme FAAH [28]. In this paradigm, a
downregulation of CB1 receptors and TRPV1 channels was
also reported. Administration of the FAAH inhibitorURB597
diminished the retinal damage, while intravitreal injection
of MethAEA rescued RGCs via activation of CB1 receptors
and TRPV1 channels [28]. This study supports that the
endocannabinoid systemmay be involved in the loss of RGCs
and that cannabinergic agents (CB1 or TRPV1 agonists and
inhibitors of endocannabinoid metabolic enzymes) may be
important therapeutics in glaucoma.

In the STZ animal model of diabetic retinopathy, CBD
treatment provided neuroprotection, blood brain barrier
preservation, and anti-inflammatory actions [87].Thus, CBD
prevented the neurodegenerative and neuroinflammatory
components of diabetic retinopathy. Specifically, administra-
tion of CBD led to attenuation of proinflammatory cytokines,
tumor necrosis factor (TNF𝛼) and VEGF, reduction of
oxidative and nitrative stress, and neuroprotection to inner
retinal neurons [87].

Further support for the neuroprotection afforded by the
synthetic cannabinoid HU210 to retinal neurons was shown
in a study by Lax et al. [88]. These investigators performed
immunohistochemical and electrophysiological studies and
showed that HU210 afforded neuroprotection to photorecep-
tor cells in a model of retinitis pigmentosa [88]. Intraperi-
toneal administration of HU-210 improved the disrupted
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Figure 2: Effect of the synthetic CB1/CB2 cannabinoid HU-210 on ChAT and PKC immunoreactivity. (a) ChAT immunoreactivity. ChAT
immunoreactivity in control tissue ((A) 𝑛 = 12) is localized in cholinergic amacrine cell somata in the INL and GCL, as well as in their
processes in the IPL. (B) Chemical ischemiamixture (𝑛 = 12) caused a reduction of ChAT immunoreactivity as revealed by loss of cholinergic
cell somata and less intense signal in cell processes. HU-210 afforded neuroprotection at the concentrations of 10−6M ((C) 𝑛 = 5), 10−5M ((D)
𝑛 = 5), and 10−4M ((E) 𝑛 = 5). Arrows depict ChAT-immunoreactive amacrine cells. (b) PKC immunoreactivity. PKC immunoreactivity in
control tissue ((A) 𝑛 = 3) is localized in rod bipolar cells in the OPL and in their axons extending toward the IPL. Reduced immunoreactivity
is observed in the presence of the chemical ischemia mixture ((B) 𝑛 = 3). HU-210 afforded neuroprotection at all of concentrations used
(10−6M ((C) 𝑛 = 3), 10−5M ((D) 𝑛 = 3), and 10−4M ((E) 𝑛 = 3)). Scale bar: 50 𝜇m. OPL: outer plexiform layer; INL: inner nuclear layer; IPL:
inner plexiform layer; GCL: ganglion cell layer.



6 Neural Plasticity

IPL

INL

GCL

IPL

INL

GCL

(B)(A)

(D)(C)

IPL

INL

GCL

IPL

INL

GCL

(a)

(A) (B) (C) (D)

ONL

INL

GCL

INL

GCL

ONLONL

INL

GCL

ONL

INL

GCL

(b)

Figure 3: Involvement of the CB1 receptor on the neuroprotective actions of HU-210. (a) ChAT immunoreactivity. The selective inverse
agonist AM251 attenuated the neuroprotective actions of HU-210 on cholinergic amacrine cells ((A) control, 𝑛 = 12; (B) chemical ischemia
mixture, 𝑛 = 12; (C) HU-210 (10−5M), 𝑛 = 3; (D) HU-210 (10−5M) + AM251 (10−5M)). Arrows depict ChAT-immunoreactive amacrine cells.
Scale bar: 50 𝜇m. (b) Effect of cannabinoids on retinal cell death. TUNEL staining was prominent in the chemical ischemia incubated tissues
((B) 𝑛 = 2) while less staining was observed in the control tissues ((A) 𝑛 = 2). TUNEL staining substantiates the neuroprotective effects of
HU-210 ((C) 10−5M, 𝑛 = 2) and the reduced neuroprotection (increased TUNEL staining) in the presence of AM251 ((D) 10−5M, 𝑛 = 3).
ONL: outer nuclear layer; INL: inner nuclear layer; IPL: inner plexiform layer; GCL: ganglion cell layer.

connectivity of photoreceptor cells with horizontal and bipo-
lar cells and preserved the morphology and function of
photoreceptors.

Cannabinoids also bind to and activate TRPV1 channels.
Previous studies suggested that the TRPV1 ligand capsaicin

induces degeneration of RGCs in preweanling rats [89] and
apoptosis in isolated RGCs via a Ca2+-dependent mechanism
[90]. However, capsaicin has been shown to protect RGCs in
an in vivo model of NMDA retinal excitotoxicity in rats, via
TRPV1 channel activation [91]. Intravitreal administration of
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Figure 4: Involvement of the TRPV1 channel on the neuroprotective actions of endogenous and synthetic cannabinoids on bNOS expressing
amacrine cells. (a) Intravitreal coinjection of the TRPV1 antagonist capsazepine (10−6M) with AMPA (42 nmol/eye) + AEA (10−7M, 𝑛 = 6)
or 2-AG (b) (10−7M, 𝑛 = 3) or HU-210 (c) (10−7M, 𝑛 = 3) attenuated the neuroprotective effects of the cannabinoid ligands (∗∗∗𝑝 < 0.001
compared to CTRL, ##𝑝 < 0.01, ###𝑝 < 0.001 compared to AMPA, and +𝑝 < 0.05, ++𝑝 < 0.01 compared to AEA (10−7M) or 2-AG (10−7M) or
HU-210 (10−7M), resp.). (d)The TRPV1 channel agonist capsaicin (10−6–10−4M, 𝑛 = 3) coinjected with AMPA had no neuroprotective effect
at any of the doses tested (∗∗∗𝑝 < 0.001, compared to CTRL). One-way ANOVA with Tukey’s post hoc analysis was used for the statistical
analysis of all data presented in this figure.

MethAEA via activation of the TRPV1 channel rescued RGCs
from ischemia-reperfusion insults [28]. The involvement of
the TRPV1 channel in the neuroprotective properties of
AEA, 2-AG, and HU-210 was also examined in the AMPA
excitotoxicity model. The TRPV1 antagonist capsazepine
intravitreally administered with the above agents attenuated
their neuroprotective actions on the bNOS-immunoreactive
amacrine cells, suggesting a neuroprotective role for the
TRPV1 channel in this paradigm (Figures 4(a)–4(c)). How-
ever, functional studies employing the TRPV1 agonist cap-
saicin did not show any neuroprotective effects at any of
the doses used (Figure 4(d)). These results suggested that
the TRPV1 channel is not localized in bNOS amacrine cells
and that capsazepine’s actions are independent of the TRPV1
channel.

The results presented in this part of the review provide
strong evidence for the neuroprotective role of the endo-
cannabinoids and the synthetic cannabinoids in different
models of retinal disease via the activation primarily of the
CB1 receptor and its signal transduction mechanisms. In
Section 3.3 the interaction of the endocannabinoid system
with other neuromodulatory systems in the retina will be
presented in order to assess the influence of this interaction
on the cannabinoid induced neuroprotection.

3.3. Neuromodulatory Role of Cannabinoids and Neuroprotec-
tion. The CB1 receptor has been localized in photoreceptors,
rod bipolar, a variety of amacrine, horizontal, and ganglion
cells in retinas ofmany species.Thiswas assessed by immuno-
histochemical studies [10, 21] and also confirmed from
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the functional neuroprotective roles of the endogenous and
synthetic cannabinoids in the different models of retinopathy
presented in this review. The localization of the CB1 receptor
in each retinal neuron provided inmany cases information on
the mechanism involved in the neuroprotection of the agents
employed.

The presence of the CB1 receptor in rod bipolar cells
suggests that its activation may influence glutamate neu-
rotransmission. WIN55,212-2 was shown to inhibit L-type
calcium currents in salamander bipolar cells [10]. These
channels regulate glutamate release and their inhibition will
modulate in a negative manner glutamatergic transmission
between the bipolar, amacrine, and ganglion cells. While
release studies have not been performed on isolated rod
bipolar cells, CB1 agonists were shown to inhibit K+ and
ischemia-induced [3H]-D-aspartate release from isolated
bovine retinas, as mentioned above [47]. A decrease in
glutamate and intracellular calcium ion levels will lead to
neuroprotection, since the underlying cause of excitotoxicity
induced cell death is the rise in intracellular calcium levels.
A possible mechanism via which HU-210 afforded neuropro-
tection to rod bipolar cells in the model of chemical ischemia
(Figure 2) may involve the direct activation of CB1 receptors
and the subsequent inhibition of calcium and glutamate
levels.

A similar conjecture cannot be made as to the mecha-
nisms via which HU-210 provided neuroprotection to ChAT-
immunoreactive amacrine cells. While the CB1 receptor
has been localized in subpopulations of amacrine cells, its
presence in ChAT expressing neurons, to our knowledge,
has not been reported to date [10, 21]. One cannot exclude
the presence of the CB1 receptor in cholinergic neurons, yet
neuroprotection may also be afforded by cannabinoids via
indirect mechanisms orchestrated by the modulatory actions
of cannabinoids and other neurotransmitters in the retina, as
will be presented in the following.

Inhibitory neurotransmitters, such asGABA, could coun-
teract the toxic influence of glutamate on retinal neurons
during retinal ischemia and would be expected to provide
neuroprotection. GABAwas also suggested as a neuroprotec-
tive agent in brain acute ischemic stroke [92]. A reduction of
the excitatory input or an increase of the inhibitory input in
the retina can afford neuroprotection.

Dopamine (DA) is a major neuromodulator in the retina
that affects retinal circuitry by activating two major fami-
lies of dopamine receptors, D

1
and D

2
[93, 94]. CB1 and

the dopamine inhibitory D
2
receptors are found in cones,

whereas CB1 and the dopamine stimulatory D
1
receptors are

found in ON bipolar cells. A reciprocal inhibition of voltage-
gated potassium currents (𝐼K

(𝑉)
) by activation of cannabi-

noid CB1 and dopamine D
1
receptors in ON bipolar cells

of goldfish retina was reported [46]. These findings support
an antagonistic interaction between the cannabinoid and
dopamine signaling that may influence transmitter release.
In addition, it was proposed that endocannabinoids function
as a scotopic signal, interacting with dopamine to set retinal
sensitivity.

DA also regulates the release of other retinal neuromod-
ulators, such as NO (nitric oxide) and the neuropeptide

somatostatin. It enhancesNO release, while a reciprocal effect
was also observed, namely, NO attenuating DA release [95–
97]. NO, cGMP, and the NO donor SIN-1 stimulated the
release of GABA in the retina [98]. Somatostatin was also
shown to influence the release of both dopamine and NO
in the retina [99, 100]. DA, via D

1
receptor activation, and

NO, via guanylyl cyclase and cGMP, influence somatostatin
levels in the retina. These results suggested that the triad of
neuromodulators, somatostatin-dopamine-NO, have recip-
rocal interactions via which they regulate retinal circuitry
[101]. CB1 agonists were also shown to inhibit the release of
retinal [3H] dopamine [48]. HU-210 regulated somatostatin
release in a bimodal manner (Figure 1(a)), in agreement
with what was reported for cannabinoid effects on GABA
release in the globus pallidus [102]. Therefore, it appears that
the interactions amongst transmitter and neuromodulator
systems in the retina not only regulate retinal circuitry, retinal
sensitivity, and light adaptation but may also provide the
neuroprotective mechanisms involved in reducing ischemia-
dependent toxicity. It is possible that cannabinoid interac-
tions with other retinal modulatory systems may lead to the
indirect neuroprotection of retinal neurons.

However, other mechanisms may also be involved. HU-
210 was shown to provide neuroprotection and counteract
the oxidative stress and cellular injuries observed in diabetic
encephalopathy, a CNS neuropathy and one of the most
common complications of diabetes, through a cannabinoid
receptor-independent mechanism [94].

4. Concluding Remarks

The aim of this review was to summarize the knowledge
acquired to date on the function of endogenous and syn-
thetic cannabinoids in the retina, the receptors they acti-
vate to mediate their actions, and the neuroprotective role
of cannabinoids in retinal models of disease. The studies
presented in this review support the involvement of the endo-
cannabinoids, AEA and 2-AG, and synthetic cannabinoids
in the neuroprotection of the early and final events under-
lying the pathophysiology of retinal ischemia. It appears
that these agents have the pharmacological profile to target
the neurodegenerative/proapoptotic components of retinal
disease.

The available treatments for neurodegenerative retinal
diseases have limitations and further research is needed in
order to provide efficacious therapies. Cannabinergic agents,
CB1 or TRPV1 agonists and inhibitors of endocannabinoid
metabolic enzymes, may prove to be efficacious therapeutics
in the treatment of glaucoma and diabetic retinopathy.

In order to provide “LEAD” cannabinergic agents, fur-
ther studies are essential (a) to study the pharmacokinetic
properties of cannabinoids that would suggest their use as
effective topical retinal therapies and (b) to ascertain their
pharmacological efficacy in chronic use. These studies will
assess whether cannabinergic agents can play an important
role alone or in a multidrug treatment to provide efficacious
therapy and improve the eye sight of millions of people
worldwide who are afflicted with neurodegenerative retinal
disease.
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Abbreviations

2-AG: 2-Arachidonoylglycerol
ACEA: Arachidonyl-2-chloroethylamide
AEA: Arachidonoyl ethanolamide
AMPA: 𝛼-Amino-3-hydroxy-5-methyl-4

isoxazolepropionic acid
bNOS: Brain nitric oxide synthase
CB1: Cannabinoid receptor 1
CB2: Cannabinoid receptor 2
CBD: Cannabidiol
cGMP: Cyclic guanosine monophosphate
ChAT: Choline acetyl transferase
CNS: Central nervous system
DAGL: Diacylglycerol lipase
ERK1/2: Extracellular signal-regulated

kinases 1/2
FAAH: Fatty acid amide hydrolase
GABA: Gamma-aminobutyric acid
GCL: Ganglion cell layer
INL: Inner nuclear layer
IOP: Intraocular pressure
IPL: Inner plexiform layer
MethAEA: Methanandamide
MGL: Monoacylglycerol lipase
NAPE-PLD: N-Acyl phosphatidylethanolamine

phospholipase D
NMDA: N-Methyl-D-aspartate
Δ
9-THC: Δ9-Tetrahydroxycannabinol

NO: Nitric oxide
ONL: Outer nuclear layer
OPL: Outer plexiform layer
PKC: Protein kinase C
RGC: Retinal ganglion cell
SAPK/JNK: Stress-activated protein kinase/c-Jun

N-terminal
STZ: Streptozotocin
TH: Tyrosine hydroxylase
TRPV1: Transient receptor potential cation

channel subfamily V member 1
TUNEL: Terminal deoxynucleotidyl transferase

(TdT) dUTP nick-end labeling
VEGF: Vascular endothelial growth factor.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this review.

Acknowledgments

Grants to Kyriaki Thermos that supported the studies pre-
sented in this review were funded from the European Social
Fund and Greek National Funds through the Operational
Program “Education and Lifelong Learning” of the National
Strategic Reference Framework-Research Funding Program:
Herakleitus II and PENED.

References

[1] S. Yazulla, “Endocannabinoids in the retina: from marijuana to
neuroprotection,” Progress in Retinal and Eye Research, vol. 27,
no. 5, pp. 501–526, 2008.

[2] T. Schwitzer, R. Schwan, K. Angioi-Duprez et al., “The cannabi-
noid system and visual processing: a review on experimen-
tal findings and clinical presumptions,” European Neuropsy-
chopharmacology, vol. 25, no. 1, pp. 100–112, 2014.

[3] R. S. Hepler and I. R. Frank, “Marihuana smoking and intraoc-
ular pressure,” Journal of the American Medical Association, vol.
217, no. 10, p. 1392, 1971.

[4] J. C. Merritt, D. D. Perry, D. N. Russell, and B. F. Jones, “Top-
ical delta 9-tetrahydrocannabinol and aqueous dynamics in
glaucoma,” Journal of Clinical Pharmacology, vol. 21, no. 8-9,
supplement, pp. 467S–471S, 1981.

[5] T. Järvinen, D. W. Pate, and K. Laine, “Cannabinoids in the
treatment of glaucoma,” Pharmacology & Therapeutics, vol. 95,
no. 2, pp. 203–220, 2002.

[6] I. Tomida, R. G. Perlwee, and A. Azuara-Blanco, “Cannabinoids
and glaucoma,” British Journal of Ophthalmology, vol. 88, no. 5,
pp. 708–713, 2004.

[7] W.A.Devane, L.Hanus,A. Breuer et al., “Isolation and structure
of a brain constituent that binds to the cannabinoid receptor,”
Science, vol. 258, no. 5090, pp. 1946–1949, 1992.

[8] S. Matsuda, N. Kanemitsu, A. Nakamura et al., “Metabolism of
anandamide, an endogenous cannabinoid receptor ligand, in
porcine ocular tissues,” Experimental Eye Research, vol. 64, no.
5, pp. 707–711, 1997.

[9] T. Bisogno, I. Delton-Vandenbroucke, A. Milone, M. Lagarde,
and V. Di Marzo, “Biosynthesis and inactivation of N-arachi-
donoylethanolamine (anandamide) and N-docosahexaenoyle-
thanolamine in bovine retina,” Archives of Biochemistry and
Biophysics, vol. 370, no. 2, pp. 300–307, 1999.

[10] A. Straiker, N. Stella, D. Piomelli, K.Mackie, H. J. Karten, andG.
Maguire, “Cannabinoid CB1 receptors and ligands in vertebrate
retina: localization and function of an endogenous signaling
system,” Proceedings of the National Academy of Sciences of the
United States of America, vol. 96, no. 25, pp. 14565–14570, 1999.

[11] W. A. Devane, F. A. Dysarz III, M. R. Johnson, L. S. Melvin,
and A. C. Howlett, “Determination and characterization of a
cannabinoid receptor in rat brain,” Molecular Pharmacology,
vol. 34, no. 5, pp. 605–613, 1988.

[12] L. A. Matsuda, S. J. Lolait, M. J. Brownstein, A. C. Young, and T.
I. Bonner, “Structure of a cannabinoid receptor and functional
expression of the cloned cDNA,” Nature, vol. 346, no. 6284, pp.
561–564, 1990.

[13] M. Herkenham, A. B. Lynn, M. R. Johnson, L. S. Melvin, B.
R. de Costa, and K. C. Rice, “Characterization and localization
of cannabinoid receptors in rat brain: a quantitative in vitro
autoradiographic study,”The Journal of Neuroscience, vol. 11, no.
2, pp. 563–583, 1991.

[14] S. Munro, K. L. Thomas, and M. Abu-Shaar, “Molecular char-
acterization of a peripheral receptor for cannabinoids,” Nature,
vol. 365, no. 6441, pp. 61–65, 1993.

[15] N. E. Buckley, S. Hansson, G. Harta, and É. Mezey, “Expression
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Adolescent exposure to cannabinoids enhances the behavioural effects of cocaine, and high novelty-seeking trait predicts greater
sensitivity to the conditioned place preference (CPP) induced by this drug. Our aim was to evaluate the influence of novelty-
seeking on the effects of adolescent cannabinoid exposure. Adolescent male mice were classified as high or low novelty seekers
(HNS and LNS) in the hole-board test. First, we evaluated the CPP induced by the cannabinoid agonist WIN 55212-2 (0.05 and
0.075mg/kg, i.p.) in HNS and LNS mice. Then, HNS and LNS mice were pretreated i.p. with vehicle, WIN 55212-2 (0.1mg/kg), or
cannabinoid antagonist rimonabant (1mg/kg) and were subsequently conditioned with WIN 55212-2 (0.05mg/kg, i.p.) or cocaine
(1 or 6mg/kg, i.p.). Only HNS mice conditioned with the 0.075mg/kg dose acquired CPP with WIN 55212-2. Adolescent exposure
to this cannabinoid agonist increased the rewarding effects of 1mg/kg of cocaine in both HNS and LNS mice, and in HNS mice it
also increased the reinstating effect of a low dose of cocaine. Our results endorse a role for individual differences such as a higher
propensity for sensation-seeking in the development of addiction.

1. Introduction

Drug addiction is a multifactorial disorder caused by the
interaction of individual and environmental factors. Among
the underlying factors that contribute to an enhanced predis-
position to drug addiction are the existence of a vulnerable
personality or phenotype [1–5], early exposure to drugs of
abuse [6–8], and the presence of adverse environmental
conditions such as exposure to stress [9–12]. In fact, evi-
dence suggests that individual differences in susceptibility to
addiction involve integrated neurocircuits underlying stress,
reward, and behavioural inhibitory processes [9].

One of the most recognised factors facilitating the transi-
tion from voluntary, recreational drug use to dependence and
addiction is exposure to drugs of abuse early on in life [13].
Adolescence is a critical developmental period characterized

by immaturity of inhibitory control brain systems related
with planning, evaluation of consequences, decision-making,
and control of behaviour, such as the prefrontal cortex
(PFC) [14, 15]. Moreover, the adolescent brain exhibits more
plasticity and adolescents are more sensitive than adults to
the rewarding effects of drugs and less sensitive to their
aversive properties, all of which facilitate drug consumption
at this age [14–17]. In fact, the characteristic behaviour of
adolescents (impulsivity, emotional liability, increased risk-
taking, enhanced novelty-seeking, etc.) that can favour drug
use is due to this lack of prefrontal cortical maturation and
hyperactivity of limbic structures involved in the processing
of rewarding, emotional, and stressful stimuli, such as the
nucleus accumbens (NAcc) and amygdala [14, 15].

Consumption of cannabis, the most used illegal drug,
usually begins during adolescence, and an increase in the
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problematic use of this drug among adolescents has been
reported in recent years [18–20]. Regular heavy use has
more negative consequences at this early age than dur-
ing adulthood, including enhanced vulnerability to develop
dependence [21], suggesting that the adolescent brain is
particularly vulnerable to the effects of cannabis exposure
[22–24]. Furthermore, adolescent cannabis abuse seems to
enhance vulnerability to later consumption of other drugs
[25, 26]. Early onset of cannabis consumption has been
shown to be a proximal trigger of later cocaine use [27–29]
and increases the severity of cocaine withdrawal symptoms
and relapse to cocaine dependence [30]. Similarly, in animal
models, exposure to cannabinoid agonists (THC and CP
55940) during adolescence induces an upregulation of DAT
in the caudate-putamen [31], increased self-administration of
opioids, cocaine, and nicotine [32–37], and enhanced loco-
motor responses to cocaine [38]. In line with this, previous
studies in our laboratory have demonstrated that preexposure
to the cannabinoid agonist WIN 55212-2 increases the CPP
induced by morphine [39] and the acquisition, persistence,
and reinstatement of MDMA-induced CPP [40]. However,
no previous studies have evaluated whether preexposure
to cannabinoids during adolescence modifies the subse-
quent acquisition and reinstatement of the CPP induced by
cannabinoids or cocaine.

Regarding the individual factors that contribute to drug
addiction, differences in response to novelty and impulsivity
that exist before the first experience of the drug have been
related to differences in sensitivity to drug reward and
vulnerability to addiction [1, 3, 4, 9]. In previous studies
by our group we have observed that the novelty-seeking
trait predicts greater sensitivity to the conditioned rewarding
effects of cocaine [41, 42]. In particular, the hole-board test is
a highly effective paradigm of novelty-seeking and predicts
said sensitivity in adolescent male mice, since only high
novelty seeker (HNS) adolescent mice have been shown to
acquire the CPP induced by a low dose of cocaine, which
is ineffective in inducing CPP in low novelty seeker (LNS)
mice [42]. Moreover, we have observed a higher sensitivity
of HNS to the conditioned rewarding effects of low doses of
cocaine andMDMA inmice exposed to cocaine [43], ethanol
[44], or MDMA [45]. However, the influence of the novelty-
seeking phenotype on sensitivity to the rewarding effects of
cannabinoids has not been studied to date.

Thus, the first aim of the present study was to evaluate the
influence of the novelty-seeking phenotype on the sensitivity
of adolescent mice to the rewarding effects of low doses of
the CB1 agonist WIN 55212-2 in the CPP paradigm. We
hypothesised that only HNS mice would acquire CPP after
conditioning with a low dose of WIN 55212-2, as occurs
with other drugs of abuse. The second aim was to study
whether the stimulation or blockade of CB1 receptors during
adolescence modifies the conditioned rewarding effects of
WIN 55212-2 or cocaine and if such effects are modulated by
the novelty-seeking phenotype.We expected preexposure to a
cannabinoid agonist during adolescence to increase the CPP
induced by lowdoses ofWIN55212-2 and cocaine and for this
effect to be more pronounced in HNS mice.

2. Materials and Methods

2.1. Subjects. A total of 250 male mice of the OF1 strain
were acquired commercially from Charles River (Barcelona,
Spain) at 21 days of age.Theywere housed in groups of four in
plastic cages (25 × 25 × 14.5 cm) for 5 days before experiments
were initiated, under the following conditions: constant
temperature (21∘C), a reversed light schedule (white lights
on 19.30–07.30 h), and food and water available ad libitum,
except during behavioural tests. Animals were handled on
each of the 3 days immediately prior to the preconditioning
(Pre-C) phase in order to reduce their stress levels in response
to experimental manipulations. Procedures involving mice
and their care were conducted in conformity with national,
regional, and local laws and regulations, which are in compli-
ance with the European Directive 2010/63/EU.

2.2. Apparatus. The hole-board test was carried out in a
square box (28 × 28 × 20.5 cm) with transparent Plexiglas
walls and 16 equidistant holes of 3 cm in diameter in the floor.
Photocells below the surface of the holes detected the number
of times mice performed a head dip. Frequency of head dips
was recorded automatically by the apparatus (CIBERTEC,
SA, Spain).

For place conditioning, we employed twelve identical
Plexiglas boxes with two equal sized compartments (length
30.7 cm, width 31.5 cm, and height 34.5 cm) separated by a
grey central area (length 13.8 cm, width 31.5 cm, and height
34.5 cm). The compartments of these boxes had different
coloured walls (black versus white) and distinct floor textures
(fine grid in the black compartment and wide grid in the
white one). Four infrared light beams in each compartment of
the box and six in the central area allowed the position of the
animal and its crossings from one compartment to the other
to be recorded.The equipmentwas controlled using three PCs
and MONPRE 2Z software (CIBERTEC, SA, Spain).

2.3. Drugs. Animals were injected i.p. with cocaine
hydrochloride (Laboratorio Alcaliber SA, Madrid, Spain),
WIN 55212-2 (Tocris, Biogen Cient́ıfica, S.L., Madrid, Spain),
or rimonabant (SR 141716A, Sanofi Recherche, Montpellier,
France) in a volume of 0.01mL/g. Control groups were
injected with the physiological saline used to dissolve
cocaine (NaCl 0.9%) or with Tween-80 (Sigma-Aldrich,
Madrid, Spain), which was used to dissolveWIN 55212-2 and
rimonabant (0.01%, 0.01mL of Tween dissolved in 100mL of
saline). The doses of cocaine we administered were selected
on the basis of previous studies showing that 1mg/kg is a
subthreshold dose for inducing CPP in näıve mice, while
6mg/kg is effective in inducing CPP acquisition but not in
producing reinstatement after extinction of CPP [41, 46].
Similarly, the doses of cannabinoid drugs administered were
selected on the basis of previous studies on the effects of
WIN 55212-2 in the CPP paradigm [39, 47] and on the effects
of cannabinoid pretreatment on the CPP induced by other
drugs of abuse [40]. Pretreatment of mice with 0.1mg/kg
of WIN 55212-2 is effective in increasing the CPP induced
by MDMA [40], while 1mg/kg of rimonabant specifically



Neural Plasticity 3

St
ud

y
2

Hole board

Pre-C Post-CVehicle/WIN/SR pretreatment Cocaine conditioning

26 32 33 34 35 36 37 38 39 40 4127 28 29 30 31

St
ud

y
1 Ex

pe
rim

en
t1

Ex
pe

rim
en

t2

Hole board

Hole board

Pre-C

Pre-C

WIN conditioning

WIN conditioning

Post-C

Post-CVehicle/WIN/SR pretreatment

26

26 32 33 34 35 36 37 38 39 40 41 42 43

32 33 34 35 36 37 38 39 40 41 42 4327

27

28

28

29

29

30

30

31

31

44 45

Figure 1: Timeline of experiments.

blocks CB1 receptors and does not act as an inverse agonist
[48].

2.4. Procedure of Hole-Board Test. At the beginning of the
test, mice were placed in the same corner of the box and
were allowed to freely explore the apparatus for 10min. The
illumination in the experimental room consisted of four
neon tubes fixed to the ceiling (light intensity of 110 lux at
50 cm above floor level). In all experiments, animals were first
tested in the hole board on PND 26 (prior to any treatment)
and defined as high novelty seekers (HNS) or low novelty
seekers (LNS) according to whether the number of head dips
they performed was higher or lower than the median of the
group. We have previously used this median-split analysis to
study the effects of novelty-seeking on the behavioural effects
of different drugs of abuse [42–45]. In experiment 1, mice
initiated the place conditioning procedure six days after the
hole-board test (on PND 32). In the other experiments, given
that mice received a pretreatment after being classified as
HNS or LNS, the place conditioning procedure began two
days after (on PND 34). Thus, the window of adolescence
taken into account for the experiments included from PND
26 to PND 45 (see a timeline of the experiments in Figure 1).

2.5. CPP Procedure. Place conditioning, consisting of three
phases, took place during the dark cycle. During the first
phase, or preconditioning (Pre-C), mice were allowed access
to both compartments of the apparatus for 15min (900 s)
per day for 3 days. On day 3, the time spent by the animal
in each compartment during 900 s period was recorded.
Animals showing strong unconditioned aversion for any

compartment (less than 33% of the session time) were
excluded from the rest of the procedure so that the CPP
procedure was unbiased in terms of initial spontaneous
preference [46, 47]. One compartment was paired with the
drug and the other with the vehicle using a counterbalanced
design such that half the animals in each group received
the treatment in one compartment and the other half in
the other compartment. After assigning compartments, no
significant differences were observed between the time spent
in the drug-paired and vehicle-paired compartments during
the preconditioning phase. This is an important step in
the experimental procedure that avoids any preference bias
before conditioning.

In the second phase (conditioning), animals were con-
ditioned with WIN 55212-2 or cocaine, as described in
previous studies [46, 47]. In brief, in the case of WIN 55212-
2, mice were treated with WIN 55212-2 immediately before
confinement for 30min to the drug-paired compartment
(days 4, 6, 8, and 10) and with vehicle before confinement to
the vehicle-paired compartment (days 5, 7, 9, and 11). In the
case of cocaine, mice underwent two pairings per day on days
4, 5, 6, and 7, receiving an injection of physiological saline
immediately before being confined for 30min to the vehicle-
paired compartment and receiving an injection of cocaine
after an interval of 4 h, immediately before confinement to
the drug-paired compartment.

During the third phase (postconditioning, Post-C), which
took place on day 8 (in the case of cocaine) or day 12 (in
the case of WIN 55212-2), the guillotine door separating the
two compartments was removed and the time spent by the
untreated mice in each compartment was recorded during a
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900 s observation period. The difference in seconds between
the times spent in the drug-paired compartment in the Post-
C versus Pre-C test is a measure of the degree of conditioning
induced by the drug. If this difference is positive, then the
drug is considered to have induced a preference for the drug-
paired compartment.

Groups showing CPP in Post-C underwent an extinction
session every three days (on Mondays, Wednesday, and
Friday) during which they were placed in the apparatus
(without the guillotine doors separating the compartments)
for 15min until the time spent by each group in the drug-
paired compartment was similar to that of Pre-C and differed
from that of Post-C (Student’s t-test). After extinction had
been confirmed in an additional session, a reinstatement test
was performed 15min after administration of a priming dose
(half of that used during conditioning) of the respective drug
(0.0375mg/kg of WIN 55212-2, 0.5 or 3mg/kg of cocaine).

2.6. Experimental Design. In Study 1, two experiments were
performed in order to study the influence of the novelty-
seeking phenotype on the effects of cannabinoid exposure on
the acquisition of the CPP induced by WIN 55212-2. In the
first experiment, 60male mice performed the hole-board test
in order to be classified as HNS or LNS and were randomly
assigned a drug treatment (0.075 or 0.05mg/kg of WIN
55212-2).Thus, four groups of mice were formed according to
novelty-seeking profile and the dose ofWIN 55212-2 received
during CPP conditioning (HNS+WIN 0.075, HNS+WIN
0.05, LNS+WIN 0.075, and LNS+WIN 0.05). The CPP
procedure began on PND 32 and conditioning took place
from PND 35 to PND 42. After the Post-C test, groups
showing CPP underwent extinction and reinstatement tests.
In the second experiment, 80 male mice performed the hole-
board test in order to be classified as HNS or LNS and were
randomly assigned a drug treatment (vehicle, 0.1mg/kg of
WIN 55212-2 or 1mg/kg of rimonabant). Mice received one
daily injection of their respective treatment for 5 days (PND
26–30) and, after an interval of 3 days without any treatment,
underwent the CPP procedure following conditioning with
the same dose ofWIN 55212-2 (0.05mg/kg).Thus, six groups
of mice were formed according to novelty-seeking profile
and the pretreatment received before conditioning with
WIN 55212-2 (HNS-Veh-WIN, HNS-WIN-WIN, HNS+SR-
WIN, LNS-Veh-WIN, LNS-WIN-WIN, and LNS-SR-WIN).
The place conditioning procedure began on PND 34, and
conditioning took place from PND 37 to PND 44.

Study 2 was performed in order to study the influence of
the novelty-seeking phenotype on the effects of cannabinoid
exposure on the acquisition of the CPP induced by cocaine.
Eighty male mice performed the hole-board test and were
defined as HNS or LNS and randomly assigned a drug
treatment (vehicle, 0.1mg/kg of WIN 55212-2 or 1mg/kg
of rimonabant). The animals received a daily injection of
their respective treatment for 5 days (PND 26–30) and,
after an interval of 3 days without any treatment, under-
went the CPP procedure having been conditioned with
the same dose of cocaine (1mg/kg). Thus, six groups of
mice were formed according to novelty-seeking profile and
the pretreatment received before conditioning with cocaine

(HNS-Veh-COC, HNS-WIN-COC, HNS+SR-COC, LNS-
Veh-COC, LNS-WIN-COC, and LNS-SR-COC). Following
the Post-C test, groups showing CPP underwent extinction
and reinstatement tests. With the objective of corroborating
the results obtained in the groups receiving pretreatmentwith
WIN 55212-2 and conditioned with 1mg/kg of cocaine, two
additional groups were included in the procedure. Thirty
mice performed the hole-board test in order to be classified
as HNS or LNS and were then treated with 0.1mg/kg of WIN
55212-2 for 5 days. After an interval of 3 days without any
treatment, the mice underwent the CPP procedure having
been conditioned with 6mg/kg of cocaine (HNS-WIN-
COC6 and LNS-WIN-COC6). In this study all the groups
began the CPP procedure on PND 34, and conditioning took
place from PND 37 to PND 40.

2.7. Statistical Analysis. Differences between the number of
dips performed by HNS and LNS groups were analysed with
Student’s t-tests. To evaluate the influence of the novelty-
seeking trait on the CPP induced by WIN 55212-2 (Study
1, experiment 1), data of the time spent by the animals
in the drug-paired compartment were analysed by means
of a mixed ANOVA with two between-subjects variables:
“Novelty-Seeking,” with two levels (HNS and LNS), and
“Treatment,” with two levels (WIN 0.05 and WIN 0.075),
and one within-subjects variable: “Days,” with two levels
(Pre-C and Post-C). To evaluate the effect of pretreatment
with cannabinoid drugs on the subsequent CPP induced by
WIN 55212-2 or cocaine in HNS and LNS mice (Study 1,
experiment 2; and Study 2), data of the time spent in the drug-
paired compartment were analysed with a mixed ANOVA
with two between-subjects variables: “Novelty-Seeking,”with
two levels (HNS and LNS), and “Pre-Treatment,” with three
levels (Veh, WIN, and SR), and one within-subjects vari-
able: “Days,” with two levels (Pre-C and Post-C). In the
abovementioned experiments, extinction and reinstatement
values in the groups showing CPP were analysed by means
of Student’s t-tests. To evaluate the effect of pretreatment of
HNS andLNSmicewithWIN55212-2 on the subsequentCPP
induced by 6mg/kg of cocaine (additional groups of Study 2),
data of the time spent in the drug-paired compartment were
analysed with a mixed ANOVA with one between-subjects
variable: “Novelty-Seeking,” with two levels (HNS and LNS),
and one within-subjects variable: “Days,” with four levels
(Pre-C, Post-C, Extinction, and Reinstatement). The time
required for preference to be extinguished in each animal was
analysed by means of the Kaplan-Meier test, with Breslow
(generalizedWilcoxon) comparisonswhen appropriate. In all
the ANOVAs, post hoc comparisons were performed with
Bonferroni tests. Linear and logistic regression analysis was
employed to determine the association between the level of
novelty-seeking and the development of preference.

3. Results

The novelty scores for each mouse, identified by group, are
represented in Figure 2.Although the distribution is not com-
pletely bimodal (some mice had a similar novelty-seeking
score in LNS andHNS groups), they are clearly different with



Neural Plasticity 5

0

10

20

30

40

50

60
Novelty-seeking per group (Study 1, experiment 1) 

WIN 0.5 
HNS

WIN 0.075 
HNS

WIN 0.075
LNS

WIN 0.5
LNS

D
ip

s

(a)

10

0

20

30

40

50

60

70

D
ip

s

SR LNS SR HNS 

Novelty-seeking per group (Study 1, experiment 2) 

Vehicle
LNS

WIN
LNS

Vehicle
HNS

WIN
HNS

(b)

0

10

20

30

40

50

60

70

80

SR LNS SR HNS Vehicle
LNS

WIN
LNS

Vehicle
HNS

WIN
HNS

D
ip

s

Novelty-seeking per group (Study 2, cocaine 1mg/kg)

(c)

0

10

20

30

40

50

60

70

80

WIN HNS WIN LNS 

D
ip

s

Novelty-seeking per group (Study 2, cocaine 6mg/kg)

(d)

Figure 2: Novelty scores for each mouse, identified by group, in Study 1 ((a) experiment 1 and (b) experiment 2) and Study 2 ((c) mice
conditioned with 1mg/kg of cocaine and (d) mice conditioned with 6mg/kg of cocaine).

respect to the median scores. In all experiments, Student’s t-
tests showed significant differences between the number of
dips performed by HNS and LNS groups (ps < 0.01).

3.1. Study 1. Study 1 explains the influence of the novelty-
seeking phenotype on the effects of cannabinoid exposure on
acquisition of the CPP induced by WIN 55212-2.

3.1.1. Experiment 1. Experiment 1 is about the influence of the
novelty-seeking phenotype on the sensitivity of mice to the
rewarding effects of WIN 55212-2.

The ANOVA of the data obtained with the mice condi-
tioned with 0.05 and 0.075mg/kg of WIN 55212-2 revealed
that the interaction “Days × Treatment × Novelty-Seeking”
[𝐹(1, 45) = 4.175; 𝑝 < 0.05] was significant. Post hoc
comparisons showed that only the group of HNS mice
conditioned with the high dose of WIN 55212-2 spent more
time in the drug-paired compartment in Post-C than during
Pre-C (𝑝 < 0.05). This CPP disappeared after two extinction
sessions andwas not reinstated by primingwith 0.0375mg/kg
of WIN 55212-2. Thus, the HNS trait would seem to increase
the sensitivity ofmice to the rewarding effects ofWIN55212-2
(see Figure 3). Linear and logistic regression analysis did not
show any significant correlation between the novelty-seeking

trait and development of the CPP induced by 0.075mg/kg of
WIN 55212-2.

3.1.2. Experiment 2. Experiment 2 is about the effects of
exposure of HNS and LNS mice to agonist and antagonist
cannabinoids on acquisition of the CPP induced by a sub-
threshold dose of WIN 55212-2.

The ANOVA did not show any significant effect, thus
indicating that pretreatment with a cannabinoid agonist or
antagonist did not increase the sensitivity of mice to the
conditioned rewarding effects of WIN 55212-2 (see Figure 4).

3.2. Study 2. Study 2 explains the influence of the novelty-
seeking phenotype on the effects of agonist and antagonist
cannabinoid on acquisition of the CPP induced by cocaine.

The ANOVA of the data obtained with the mice condi-
tioned with 1mg/kg of cocaine revealed a significant effect of
the interaction “Days × Pretreatment” [𝐹(2, 78) = 3,952; 𝑝 <
0.01]. Post hoc comparisons showed a significant increase
in the time spent by HNS and LNS mice pretreated with
WIN 55212-2 in the drug-paired compartment in Post-C
with respect to Pre-C (ps < 0.01). After extinction of CPP
(7 sessions), a priming dose of 0.5mg/kg of cocaine induced
reinstatement of CPP only in HNS mice (𝑝 < 0.01). Thus,
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pretreatment with WIN 55212-2 increased the rewarding
effects of cocaine irrespective of the novelty-seeking profile
of the mice, but only HNS animals were more sensitive to
reinstatement after cocaine priming (see Figure 5).

The ANOVA of the data obtained with the mice pre-
treated with WIN 55212-2 and conditioned with 6mg/kg of
cocaine revealed a significant effect of the variable “Days”
[𝐹(3, 72) = 17.772; 𝑝 < 0.01], with mice spending more time
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Figure 5: CPP induced by cocaine (1mg/kg) in HNS and LNS
adolescent mice pretreated 6 days before initiation of conditioning
with vehicle (HNS, 𝑛 = 15; LNS, 𝑛 = 14), 0.1mg/kg of WIN
55212-2 (HNS, 𝑛 = 13; LNS, 𝑛 = 12), or 1mg/kg of rimonabant
(HNS, 𝑛 = 14; LNS, 𝑛 = 13). Bars represent time in seconds spent
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reinstatement (dark grey). Values are mean ± SEM. ∗∗𝑝 < 0.01,
difference with respect to the preconditioning session. ++𝑝 < 0.01,
difference with respect to the previous extinction session.

in the drug-paired compartment in Post-C than during Pre-
C (𝑝 < 0.01) and in the Reinstatement test than during the
previous Extinction test (𝑝 < 0.05). Post hoc comparisons
showed a significant increase in the time spent by HNS and
LNS mice in the drug-paired compartment in Post-C with
respect to Pre-C (ps < 0.01) and revealed a reinstatement of
CPP (ps < 0.05) after a priming dose of 3mg/kg of cocaine
(see Figure 6). The Kaplan-Meier test showed that the time
required for extinction was longer in HNS than in LNS mice
(14 versus 7 days,𝑋2 = 3.995, 𝑝 < 0.05) (see Figure 7).

Linear and logistic regression analysis did not show any
significant correlation between the novelty-seeking trait and
development of the CPP induced by 1 or 6mg/kg of cocaine,
in accordance with a previous study carried out in our
laboratory [42].

4. Discussion

Animal models are a vital tool for increasing our under-
standing of the behavioural traits (e.g., novelty-seeking) and
environmental events (e.g., early drug exposure) associated
with the individual vulnerability of subjects to repeated drug
consumption and how these factors interact to facilitate the
development of drug addiction. The results of the present
study demonstrate for the first time that adolescentHNSmice
are more vulnerable to the rewarding effects of cannabinoids.
Even more importantly, given the high risk of adverse effects
associated with cocaine, there was some indication that
adolescent mice with this phenotype are more vulnerable to
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Figure 6: CPP induced by cocaine (6mg/kg) in HNS and LNS
adolescent mice pretreated 6 days before initiation of conditioning
with 0.1mg/kg of WIN 55212-2 (HNS, 𝑛 = 14; LNS, 𝑛 = 15). Bars
represent time in seconds spent in the drug-paired compartment
during preconditioning (white), postconditioning (black), the last
extinction session (light grey), and reinstatement (dark grey). Values
are mean ± SEM. ∗∗𝑝 < 0.01, difference with respect to the
preconditioning session. ++𝑝 < 0.01, difference with respect to the
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Figure 7: Effects of the novelty-seeking phenotype on the extinction
of cocaine CPP. Mean number of days needed to achieve complete
extinction of CPP in HNS and LNS mice. After conditioning with
6mg/kg of MDMA, all groups showed CPP in the Post-C test
and underwent daily extinction sessions. HNS mice required more
extinction sessions to achieve complete extinction of CPP than LNS
mice. ∗𝑝 < 0.05, significant differencewith respect to the LNS group.

the reinstating effects of a low dose of cocaine if they have
been previously exposed to a cannabinoid agonist.

The first contribution of this study is the demonstration
that the HNS phenotype increases the sensitivity of mice to
the conditioned rewarding effects of the cannabinoid agonist
WIN 55212-2. We have observed that HNSmice acquire CPP
after conditioning with 0.075mg/kg, a dose that is ineffective
in LNS. Although no previous studies have evaluated the
influence of the novelty-seeking trait on the rewarding effects

of cannabinoids, our results are in accordance with those
observed with other drugs of abuse, such as cocaine or
MDMA, which have demonstrated that HNS mice are more
sensitive to the conditioned rewarding effects of these drugs
[41–43]. It is not clear if the ability of HNS mice to develop
CPP after administration of the cannabinoid agonist is related
with an increase in the reinforcing/rewarding value of this
drug for these animals or whether they acquire incentive
learning in a more efficient way than LNS mice. Either
way, increased levels of incentive salience attributed to drugs
and/or drug-associated cues can enhance the intensity and
duration of incentive motivation for drugs of abuse (higher
unconsciouswanting and conscious craving), thus facilitating
the transition to drug addiction, as suggested by Robinson
and Berridge [49]. It has been reported that HNS animals
have a characteristic striatal DA profile (higher endogenous
levels, stronger responses to reward cues, and lower availabil-
ity of D2/D3/D4 receptors [50]), which may contribute to
the tendency of these animals to exhibit approach reactions
towards novel stimuli and may explain the increased CPP
observed in the present study.

The second important result of the present study is that
even though exposure to the cannabinoid agonistWIN55212-
2 during adolescence did not enhance the acquisition of
CPP induced by WIN 55212-2 itself at the doses tested,
it did enhance the acquisition of CPP induced by a low
dose of cocaine. Mice pretreated with WIN 55212-2 exhib-
ited CPP after conditioning with a low dose of cocaine
that was ineffective in inducing CPP in animals pretreated
with vehicle. Moreover, mice pretreated with WIN 55212-2
showed priming-induced reinstatement of the CPP induced
by 6mg/kg of cocaine, an effect that has not been observed
in näıve mice [46]. Although clinical and epidemiologic
studies show that cannabis consumption usually precedes
the initiation of cocaine use [27–29], only two studies have
evaluated the effect of stimulation of the endocannabinoid
system (ECS) during adolescence on the subsequent effects
of cocaine. In line with the results of the present study,
adolescent rats pretreated with cannabinoid agonists showed
increased locomotor responses to cocaine challenge [38]
and a higher rate of cocaine self-administration [35]. THC
preexposure also increases the rewarding effects of nicotine
[36], morphine [39], and MDMA [40, 47, 51]. Conversely,
other studieswith adult animals have shown that cannabinoid
agonists reduce cocaine reward [52, 53]. Usually, genetic
ablation or antagonism of CB1 receptors decreases the self-
administration [54–56], CPP [57–60], and sensitization [55,
61] induced by cocaine, although some studies have found
no effects [55, 62, 63]. Thus, the ECS plays a complex role
in the behavioural effects of different drugs of abuse [64].
The present study extends these results by demonstrating
that exposure to a CB1 agonist during adolescence increases
the conditioned rewarding effects of cocaine, thus suggesting
sensitization of the brain reward system.

ECS plays an important role in adolescent brain devel-
opment, and the strong stimulation of this system by
cannabinoidsmight induce long-lasting neurobiological con-
sequences, such as alterations in emotional and cognitive
performance, increased risk of developing schizophrenia, and
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enhanced vulnerability to the use of drugs of abuse [22].
In particular, changes in the DA reward system induced by
exposure to cannabinoids could underlie the behavioural
effects observed. Cannabinoid adolescent exposure induces
an upregulation of DAT in the caudate-putamen [31], an
increase in D1Rs content in the NAcc shell, and a reduction
in the expression of D2Rs in CA1 [31]. These changes can
contribute to an increase in the reinforcing/rewarding value
of the drug, leading to a greater risk of developing compulsive
drug seeking. Moreover, neuroadaptations in the ECSmay be
part of the neuroplasticity associatedwith the development of
cocaine addiction [65].

On the other hand, neither exposure to the cannabinoid
agonist WIN 55212-2 during adolescence nor pretreatment
with rimonabant modified the subsequent effect of WIN
55212-2 in the CPP paradigm, in contrast with that observed
with cocaine in this study or in previous studies with
morphine or MDMA [39, 40]. There is not a clear reason for
the absence of an increase in vulnerability to the CPP induced
by WIN 55212-2 after adolescent preexposure to this drug. It
is possible that the particular profile of WIN 55212-2 in the
CPP paradigm underlies the results observed.This drug only
induces CPP with specific doses, with higher or lower doses
being ineffective [39]. Given that our main objective was to
detect differences in the influence of adolescent cannabinoid
exposure between HNS and LNS, we used a very low dose of
WIN 55212-2 (0.05mg/kg), as we expected that cannabinoid
pretreatment would cause a shift to the right of the dose-
response curve. For example, in a previous study we observed
that older adolescent mice (PND 52) developed CPP after
conditioning with 0.05mg/kg of WIN 55212-2 [47], sug-
gesting that adolescent maturation is a factor that increases
sensitivity to this drug. In any case, it is possible that if higher
doses were used during conditioning, we would observe a
potentiation of the rewarding effects of WIN 55212-2 in mice
pretreated with this cannabinoid during adolescence. In fact,
the effects of novelty-seeking phenotype (experiment 1) were
only apparent when the dose of WIN 55212-2 was higher
(0.075mg/kg) than the dose used in this experiment. This
warrants a tentative conclusion concerning the effects of
adolescent exposure to WIN 55212-2 on a subsequent WIN
55212-2 CPP. Future studies using higher doses ofWIN 55212-
2 during conditioning or different procedures of preexposure
to this drug are necessary to determine whether or not
adolescent exposure to cannabinoids alters the effects ofWIN
55212-2 in the CPP paradigm.

The main result of the present work is that the novelty-
seeking phenotype determines the influence of adolescent
cannabinoid exposure on the subsequent rewarding effects
of cocaine in the CPP paradigm. Not all mice are equally
vulnerable to the sensitization of the brain reward system
induced by stimulation of the cannabinoid system during
adolescence. HNS mice are particularly affected by pre-
treatment with WIN 55212-2, showing a priming-induced
reinstatement of the CPP induced by 1mg/kg of cocaine
and an enhanced duration of the CPP induced by 6mg/kg
of this drug (effects that are not observed in LNS mice
exposed to WIN 55212-2). Our results support the idea
that exposure to cannabis during adolescence, though it

can increase the rewarding effects of subthreshold doses of
cocaine six days after pretreatment, is not enough to promote
long-lasting brain changes that increase the likelihood of the
development of cocaine addiction (which can be evaluated
by the maintenance of CPP or its reinstatement after extinc-
tion). Genetic and behavioural predispositions—for exam-
ple, a novelty-seeking phenotype—may underlie increased
adolescent drug experimentation, enhanced reward when
the subject is exposed to the drug, and the develop-
ment of neuroadaptations that lead to later adult addic-
tion.

Animal models allow us to answer questions that cannot
be explored in human subjects due to ethical constraints
and can be useful for analysing possible neurobiological sub-
strates underlying interactions between environmental and
biological factors that contribute to individual vulnerability
to drug abuse and addiction. The phenotypic causation gate-
way hypothesis proposes a sequential progression of drug use
in which early initiation of cannabis use is a risk factor for the
future consumption of other drugs of abuse, such as cocaine
[21]. In support of this hypothesis, we have observed that
mice exposed to the cannabinoid agonist during adolescence
show an increased acquisition and reinstatement of cocaine
CPP. The alternative common liability hypothesis proposes
that cannabis and use of other illicit drugs are influenced
by correlated genetic and environmental factors [66]. Our
research has shown that the novelty-seeking trait is associated
with an enhanced acquisition of WIN 55212-2 CPP, as we
have observed previously with cocaine [42], and also with
an increase in the effects of adolescent cannabinoid exposure
on reinstatement and maintenance of cocaine CPP. Thus,
the results of the present study support the formulation
of a “vulnerability” model that integrates the gateway and
common liability hypotheses in order to explain the increased
likelihood of transition from regular cannabis use to that of
other substances (such as cocaine or heroin).

There is a subpopulation of adolescents which engages in
extremely risky cannabis and drug use early in life and which
seems to run a greater risk of abuse and addiction later in
life.The results of the present study suggest that there is not a
direct causal mechanism between adolescent drug exposure
and the subsequent development of addiction. Instead, there
are individual brain and behavioural differences that are
present prior to the onset of drug use, such as a higher
propensity for sensation-seeking, which influence both the
tendency to experiment with drugs of abuse early in life and
the later development of addiction. These subjects appear
to be more vulnerable to the appearance of permanent
neurobiological changes following drug exposure that may
lead to the transition from voluntary to compulsive drug
use. Thus, specific preventive programs aimed at these more
vulnerable subjects could reduce drug consumption and later
addiction.
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and J. Miñarro, “Gamma-hydroxybutyric acid affects the acqui-
sition and reinstatement of cocaine-induced conditioned place
preference inmice,”Behavioural Pharmacology, vol. 17, no. 2, pp.
119–131, 2006.
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Endocannabinoids are important retrograde modulators of synaptic transmission throughout the nervous system. Cannabinoid
receptors are seven transmembrane G-protein coupled receptors favoring Gi/o protein.They are known to play an important role in
various processes, including metabolic regulation, craving, pain, anxiety, and immune function. In the last decade, there has been a
growing interest for endocannabinoids in the retina and their role in visual processing.The purpose of this review is to characterize
the expression and physiological functions of the endocannabinoid system in the visual system, from the retina to the primary
visual cortex, with a main interest regarding the retina, which is the best-described area in this system so far. It will show that the
endocannabinoid system is widely present in the retina, mostly in the through pathway where it can modulate neurotransmitter
release and ion channel activity, although some evidence also indicates possible mechanisms via amacrine, horizontal, and Müller
cells. The presence of multiple endocannabinoid ligands, synthesizing and catabolizing enzymes, and receptors highlights various
pharmacological targets for novel therapeutic application to retinal diseases.

1. Introduction

The endocannabinoid (eCB) system is a complex neuromod-
ulatory system consisting of two classical receptors, cannabi-
noid receptor type 1 (CB1R) and cannabinoid receptor type 2
(CB2R), their endogenous ligands named endocannabinoids,
and enzymes responsible for their synthesis and degradation.
This system can modulate both inhibitory and excitatory
synapses in a short- or long-lasting manner. They mostly act
through a retrograde mechanism in which the postsynaptic
on demand release of eCBs will lead to a presynaptic CB1R
activation in order to reduce transmitter release [1–3]. These
eCBs, the two best defined of which are N-arachidonoyl
ethanolamide, also known as anandamide (AEA), and 2-
arachidonoyl glycerol (2-AG), are then quickly degraded,
mostly via fatty acid amide hydrolase (FAAH) activity for
AEA and monoacylglycerol lipase (MAGL) for 2-AG. This
retrograde release can also act on CB2R in large part situated

on glial cells in the adult nervous system [2, 4]. CB1R
and CB2R are both 7-transmembrane G-protein coupled
receptors with a strong preference toward Gi/o coupling
[5, 6], although Gq [7] and Gs [8] coupling has also been
reported for CB1R in the past. This can lead, among others,
to a reduction of presynaptic glutamate and GABA release.
Cannabinoids could also have neuroprotective and plasticity-
mediating properties. For general reviews on the eCB signal-
ing system, see [2, 9–11].

In recent years, the role of eCBs in visual function has
been intensely studied. Recent reports suggest that the eCB
system could play an instrumental role at all levels of the
visual system. The vast majority of these studies focused on
the effects of eCBs on adult retinal functions and only a few
investigated the effects of cannabinoids on visual perception.

Reports showed that Δ9-tetrahydrocannabinol (THC)
increased the recovery time from bright foveal glare by
several seconds [12]. Acute effects on vision from smoking
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marijuana include a reduction in Vernier and Snellen acu-
ity, alterations in color discrimination, and an increase in
photosensitivity [13, 14]. Some anecdotal reports also showed
that Jamaican fishermen smoke marijuana to improve dim
light vision when fishing at night [15]. These results have
been corroborated by another study that measured more
precisely the night vision of Moroccan fishermen using
cannabis to improve visual perception [16].The authors noted
increased night vision following THC or cannabis ingestion
and suggested that these effects were produced locally in
the retina.These intriguing findings have certainly fascinated
various researchers who then began to study the expression of
the eCB system in the visual system with a focus on the adult
retina.While still scarce, there are now increasing evidence of
transient receptor and enzymatic machinery expression dur-
ing development. Section 2 and Section 3 of this review will
describe the expression (Section 2) and function (Section 3)
of eCBs in the adult retina, whilst Section 4will focus on these
during development (Section 4).

2. Cannabinoid Expression in
the Visual System

2.1. Ocular Tissues. It is well established that marijuana con-
sumption induces vasodilatation in conjunctiva noticeable
by a reddish color change in the eyes and a reduction in
intraocular pressure [12]. It was first believed that marijuana
exerted its effects systemically through the central nervous
system (CNS). However, it became evident that cannabinoids
can act locally on cannabinoid receptors present in various
cell types in the eye [17]. Physiological and biochemical
studies demonstrated the presence of the eCB system in
various regions of ocular tissues. The CB1R mRNA is found
in the ciliary body of rat, bovine, and human as well as in
the trabecular meshwork in bovine and human [18–21]. CB1R
is also detected in the nonpigmented ciliary epithelium in
human and bovine tissues and conjunctival epithelium in
mouse and human [19, 22].The bovine corneal epithelial cells
express, among others, CB1R, MAGL, 𝛼/𝛽 hydrolase domain
6 (ABHD6), 𝛼/𝛽 hydrolase domain 12 (ABHD12), and N-acyl
phosphatidylethanolamine phospholipase D (NAPE-PLD)
mRNA [23]. Furthermore, AEA and 2-AG, as well as other
N-acyl ethanolamides such as palmitoylethanolamide (PEA),
are present in human ocular tissues, except for the lens [20,
24].

2.2. Adult Retina

2.2.1. Endocannabinoids. The two major eCBs (AEA and 2-
AG) are present in the retina of adult rodents [17], bovines
[25], and humans [20]. Most of the studies comparing AEA
to 2-AG expression in the retina concluded that 2-AG levels
are significantly higher than AEA; thus human and bovine
retinas contain 25 times more 2-AG compared to AEA
[20, 25, 26]. PEA was detected in the rat and human and
oleoylethanolamide (OEA), another endocannabinoid-like
N-acyl ethanolamide, was also measured in the rat retina
[17]. In human, 2-AG is mostly produced in the retina, while

Table 1: Endocannabinoid levels in the adult retina of various
species.

Endocannabinoids Concentration
(pmol/g) Species

2-arachidonoyl glycerol
(2-AG)

2,970
1,393
1,600

Rat [17]
Human [20]
Bovine [25]

Anandamide (AEA)

Under detection level
20,000
36
64

Rat [17]
Rat [26]

Human [20]
Bovine [25]

Palmitoylethanolamide
(PEA)

130
200

Rat [17]
Human [20]

Oleoylethanolamide (OEA) 55 Rat [17]

AEA and PEA are mainly expressed in the iris [20]. The
endocannabinoid levels in the retina are presented in Table 1.

The content of eCBs varies in certain disease states,
suggesting the importance of eCBs in maintaining ocular
homeostasis. For instance, 2-AG levels decrease in the ciliary
body of patients with glaucoma [20] but increase in the iris
of patients with diabetic retinopathy [24]. Similarly, PEA
levels are lower in the ciliary body and the choroid of
glaucomatous human retinas [20] but higher in the ciliary
body of diabetic retinopathy human retinas [24]. Patients
with age-related macular degeneration (AMD) and diabetic
retinopathy also showed widespread increases of AEA levels
in the retina, choroid, ciliary body, and cornea [24]. It is
believed that the upregulation of eCBs in these disorders may
contribute to cell protection in part by the anti-inflammatory
and neuroprotective properties of eCBs [24].

2.2.2. Cannabinoid Receptors. CB1R was extensively studied
in the retina of various species using techniques such as
in situ hybridization, reverse transcription polymerase chain
reaction (RT-PCR), Western blot, or immunohistochemistry.
CB1R was first localized in the ganglion cell layer (GCL) and
inner nuclear layer (INL) of the rat retina [27]. Since then,
CB1R expression was detected in the retinas of human, mon-
key,mouse, rat, chick, salamander, and goldfishwith a similar
labeling in the outer plexiform layer (OPL), inner plexiform
layer (IPL), and GCL [17, 22]. A schematic illustration of the
mouse retina organization is presented in Figure 1. Retinal
protein distribution of CB1R is presented in Table 2 and its
expression for different species is illustrated in Figure 2.

The cannabinoid receptor type 2 (CB2R) distribution in
the retina has been less extensively studied than CB1R. This
could be explained in part by the lack of specific markers for
CB2R [28–30] and by initial reports revealing an expression
pattern restricted to immune cells. It was first believed that
CB2R was not expressed in the embryonic and adult rat
retina [18, 27]. Then, CB2R mRNA localization was shown
in photoreceptors, INL, and GCL of the rat retina [31].
More recently, protein expression of CB2R was detected in
retinal pigment epithelium (RPE), inner segments of the
photoreceptors, and horizontal and amacrine cells of the rat
retina [32]. Furthermore, a recent report localized CB2R in
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Figure 1: Schematic illustration representing the organization of the mouse retina. Rod (R) and cone (blue/C) photoreceptors have their cell
bodies in the outer nuclear layer (ONL) and extend inner (IS) and outer (OS) segments. Photoreceptors axons synapse in the outer plexiform
layer (OPL) with horizontal (yellow/H) and bipolar (magenta/RBC-CBC) cells.The inner nuclear layer (INL) also contains amacrine (red/A)
and Müller cells (M). Bipolar cells synapse to amacrine and ganglion (blue/G) cells in the inner plexiform layer (IPL). Ganglion cell axons
form the optic nerve in the ganglion cell layer (GCL) and carry signals to the brain.

Table 2: Cannabinoid receptor type 1 protein distribution in the
adult retina of various species.

Retinal cells

Photoreceptors

Expression in the inner [17, 56] and outer
segments [22]
Strong labeling in the cone pedicles
[17, 51, 53, 56, 78]

Horizontal cells Expression in the membrane but not in
dendrites [17, 51, 56]

Bipolar cells Expression in the dendrites, cell body, and
axons of rod bipolar cells [17, 51]

Amacrine cells Expression in amacrine cells, including
GABAergic amacrine cells [17, 51, 56, 65]

Inner plexiform
layer

Unspecified expression in the IPL [17, 22, 53]
Expression in the synapses of rod bipolar cells
[51]
Higher expression in the synapses of ON cone
bipolar cells compared to OFF cone bipolar
cells [78]

Ganglion cells Expression in the cell body and fibers
[17, 22, 53, 56, 83]

Müller cells Absence of expression [17, 53, 56]
Expression in the goldfish retina only [78]

cone and rod photoreceptors, horizontal cells, some amacrine
cells, and bipolar and ganglion cells of the mouse retina
[33]. CB2R is also expressed in the vervet monkey retina
but exclusively in Müller cells [34]. Finally, CB2R mRNA
expression was also recently found in the goldfish retina;

Table 3: Cannabinoid receptor type 2 protein distribution in the
adult retina.

Retinal cells

Photoreceptors

Expression in the outer and inner segments of
cones [33]
Absence of expression in cone pedicles [33]
Expression in the inner and outer segments
and cell body of rods [33]

Horizontal cells Expression at the membrane of the soma and
in horizontal cells, dendrites [32, 33]

Bipolar cells

Expression in the membrane of the soma and
axons of rod bipolar cells [33]
Expression in the membrane of the soma of
cone bipolar cells [33]

Amacrine cells Expression in some subtypes [32, 33]
Ganglion cells Expression in the soma [32, 33]

Müller cells

Absence of expression at the membrane of the
soma, in Müller cells, inner and outer processes
[33]
Expression in Müller cells’ processes in the
vervet monkey only [34]

however, its precise distribution is still unknown [35]. Retinal
protein distribution of CB2R is presented in Table 3 and its
expression for different species is illustrated in Figure 3.

2.2.3. Cannabinoid-Like Receptors. In recent years, the G-
protein coupled receptor 55 (GPR55) was suggested to act
as a cannabinoid receptor since it interacts with AEA and
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Figure 2: Schematic illustration representing the distribution ofCB1R in the adult retina of several species. CB1R expressionwas demonstrated
in dark gray retinal cells, while CB1R presence was noted in light gray retinal layers without precise localization. OS, outer segments of
photoreceptors; IS, inner segments of photoreceptors; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL,
inner plexiform layer; GCL, ganglion cell layer; C, cones; R, rods; H, horizontal cells; CBC, cone bipolar cells; RBC, rod bipolar cells; A,
amacrine cells; G, ganglion cells; M, Müller cells.

THC [36]. Due to the lack of specificity of GPR55 markers,
only one report studied its expression in the retina. In the
vervet monkey retina, GPR55 is present exclusively in rods,
with most prominent staining in their inner segments [37].

Another cannabinoid-like receptor present in the retina
is the transient receptor potential vanilloid 1 (TRPV1), which
binds eCBs such as AEA andN-arachidonoyl dopamine [38].
It was first localized in photoreceptor synaptic ribbons and in
amacrine cells of goldfish and zebrafish retinas [39, 40]. In the
rat retina, TRPV1 was found inmicroglial cells, blood vessels,

and astrocytes and in neuronal structures such as synaptic
boutons of both plexiform layers as well as in cell bodies of
the INL and GCL [41]. TRPV1 mRNA was also detected in
ganglion and Müller cells in the rat retina [42]. In the rabbit
and human retina, TRPV1 is intensely expressed in the RPE
[43]. TRPV1 is also present in the outer nuclear layer (ONL)
and INL and at the end of the nerve fiber layer as well as in
Müller cells of the rabbit retina [43].

TheG-protein coupled receptor 18 (GPR18) is activated by
N-arachidonoyl glycine (NAGly), the endogenousmetabolite
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Figure 3: Schematic illustration showing the expression of CB2R in the adult retina of several species. CB1R expression was demonstrated
in dark gray retinal cells, while CB2R presence was noted in light gray retinal layers without precise localization. OS, outer segments of
photoreceptors; IS, inner segments of photoreceptors; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL,
inner plexiform layer; GCL, ganglion cell layer; C, cones; R, rods; H, horizontal cells; CBC, cone bipolar cells; RBC, rod bipolar cells; A,
amacrine cells; G, ganglion cells; M, Müller cells. Scale bar: 20 𝜇m.

of AEA, and is suggested to be the “abnormal-CBD” (Abn-
CBD) receptor [44]. Only one study examined the expression
of GPR18 in the retina. It is mostly expressed in the IPL and
OPL and in the endothelium of retinal vessels in the rat [45].

Furthermore, there is growing evidence that the intracel-
lular peroxisome proliferator-activated receptors (PPARs) are
the targets of cannabinoid ligands. PPARs belong to a family
of nuclear receptors comprising three isoforms: 𝛼, 𝛿, and 𝛾
(see [46] for review). PPAR 𝛼, 𝛿, and 𝛾 are diffusely expressed

in the retina and the RPE of humans and mice [47]. PPARs
are expressed in cultures of primary RPE cells and ARPE-19
cells (a human RPE cell line) [48]. PPAR𝛾1 and PPAR𝛿 are
moderately expressed in both cell types, while PPAR𝛼 is only
expressed in ARPE-19 cells. PPAR𝛼 and 𝛿 are also expressed
in freshly isolated RPE, but PPAR𝛾 is absent [48].

2.2.4. Synthesizing and Catabolic Enzymes. The first retinal
localization of the enzymes responsible for 2-AG synthesis
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was recently reported.Diacylglycerol lipase alpha (DAGL𝛼) is
present in the two synaptic layers of themouse retina, namely,
the OPL and the IPL [49]. Indeed, DAGL𝛼 is localized in
postsynaptic terminals of type 1 OFF cone bipolar cells as
well as in the dendrites of unidentified bipolar cells. DAGL𝛼
expression was recently found in the rat retina, as its presence
was detected in cone and rod photoreceptors, horizontal
cells’ processes, some cone bipolar cells axonal connections,
amacrine cells, and ganglion cells [50]. DAGL𝛽 is exclusively
expressed in retinal blood vessels [49].

The hydrolyzing enzyme FAAH, which is responsible for
the degradation of AEA, is localized in the retina of mice
[49], rats [51, 52], and primates [53]. It was first detected
in horizontal cells, dopamine amacrine cells, dendrites of
starburst amacrine cells, and large ganglion cells of the rat
retina [51]. Further studies revealed the expression of FAAH
in cone photoreceptors, rod bipolar cells, and some ganglion
cells in the rat retina as well as in the inner segments
of photoreceptors, ONL, and GCL, in a subpopulation of
amacrine and cone bipolar cells, and in the axon terminals
of rod photoreceptors [49, 52]. In the vervet monkey retina,
FAAH is localized in cones, cone pedicles, rod spherules, cone
and rod bipolar cells, and ganglion cells [53].

The metabolizing enzyme MAGL is expressed in the
mouse and rat retina. It was first detected in the OPL, IPL,
and GCL [49]. In the IPL, MAGL is particularly present in
two laminae: one in the central IPL and the other in the distal
IPL. In the OPL, MAGL is found in rod spherules and cone
pedicles. A recent study revealed that, in the rat retina,MAGL
is expressed in amacrine and Müller cells as well as in the
axonal connections of type 2 cone bipolar cells [50].

The expression of the metabolizing ABHD6, a serine
hydrolase [54, 55], was reported in the mouse retina. It is
localized in GABAergic amacrine cells and ganglion cells
and in the dendrites of ganglion cells or displaced amacrine
cells [49]. As for the synthesizing enzyme NAPE-PLD, a
major synthesizing enzyme of AEA and OEA from lipids, it
is expressed in the rat retina [56].

For now, no studies have revealed the presence of
ABHD12 in the retina [55], as the study of ABHD12 requires
the development of a specific antibody against this protein.

2.3. Cannabinoid System Expression in the Primary Visual
Cortex. As CB1R is the most abundant GPCR in the CNS, it
is not surprising that the eCB system is also present in several
visual brain regions beyond the retina. For instance, CB1R
is expressed throughout the dorsal lateral geniculate nucleus
(dLGN) of vervet monkeys, with a prominent labeling in
the magnocellular layers [57]. The catabolic enzyme FAAH
shows the same pattern of expression, while the synthesizing
enzyme NAPE-PLD is expressed homogenously throughout
the dLGN [57]. All CB1R, FAAH, and NAPE-PLD are weakly
expressed in the koniocellular layers. Furthermore, CB1R
is expressed in the primary visual cortex (V1) of macaque
monkeys, with the highest density observed in layers V-VI
and the absence of labeling in layer IV [58]. CB1R is intensely
expressed in layers II/III and VI of the striate cortex of the
adult mouse [59], where it is mainly localized at vesicu-
lar GABA transporter-positive inhibitory nerve terminals.

The eCB system also appears to be of importance in devel-
opment as CB1R protein expression increased throughout
the development of V1, with a specific laminar pattern of
CB1R appearing at postnatal day 20 (P20) and remaining until
adulthood [59].

3. Cannabinoid Function in the Visual System

3.1. Retina. In the retina, cannabinoids inhibit the release of
various neurotransmitters. Indeed, CB1R agonists decrease
the release of [3H]-noradrenaline and [3H]-dopamine in the
guinea pig [60] via a Gi/o-dependent mechanism [61, 62].
In general, though, the cannabinoid-mediated system in the
vertebrate retina appears to act mainly via the “through”
pathway, as cannabinoid receptors are concentrated in pho-
toreceptors and bipolar and ganglion cells, that is, cells using
glutamate as a principal neurotransmitter [63]. Afirst proof of
concept for the importance of CB1R-mediated modulation of
glutamate release came from the inhibition by cannabinoids
of [3H]-D-aspartate (a substitute of L-glutamate for high-
affinity uptake sites) release following ischemia or K+ channel
activation in isolated bovine retina [64]. Some evidence also
suggests a regulatory effect on GABAA receptor-mediated
inward currents from WIN55,212-2, a synthetic cannabinoid
with similar affinity to both CB1R and CB2R, on low sponta-
neous transmission in embryonic chick amacrine cells [65].
It is important to note that, in this study, Warrier andWilson
used a high concentration of WIN55,212-2 which could
produce off-target effects. At this concentration, the effect
of WIN55,212-2 was not blocked by SR141716A, a selective
CB1R inverse agonist. Due to the nature ofWIN55,212-2, this
effect could bemediated by CB2R via the activation of a TRP-
family type of receptor or via other off-target mechanisms.
Taken together, these various effects may suggest a possible
cannabinoid-mediated tone in transmitter release. Yet, in
in vivo electrophysiological studies, only CB2R, not CB1R,
appears to cause changes to light responses in the mouse
retina: in vivo recording of electroretinogram responses indi-
cates that cnr2-KO animals exhibit increased a-wave ampli-
tude under scotopic conditions and different light adaptation
pattern in photopic conditions [33]. As this review aims at
describing the anatomical distribution of cannabinoids in the
retina,modulatory effects of cannabinoids will be reported by
cell type.

3.1.1. Epithelial Cells. In recent years, epithelial cells have
been shown to be of importance in several models of pathol-
ogy induced in cultured RPE cells. In one study, high glucose-
mediated apoptosis in ARPE-19 RPE cells was reduced by the
overexpression of FAAH, via CB1R blockade and via CB1R
siRNA transfection, demonstrating a therapeutic potential
for FAAH modulation in diabetic retinopathy [66]. An
overexpression of CB1R and CB2R and downregulation of
FAAH were also observed in response to oxidative stress
in a model of AMD [67]. In a first study, cannabinoid
agonists were shown to cause neuroprotection in these cells,
although the specificity of these effects via CB1R or CB2R
mechanism could not be made due to a lack of proper use
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of inhibitors or specific blockade of the receptors. However,
in a follow-up study by the same authors, blockade of the
overexpressed CB1R in this model via specific siRNA con-
veyed a neuroprotective effect by causing a downregulation of
oxidative stress signaling and facilitating phosphatidylinosi-
tol 3-kinase (PI

3
K/AKT) activation, a fundamental signaling

pathway for cellular apoptosis [68]. As the list of eCBs
keeps expanding, so does the list of their potential targets.
For example, the atypical endothelial cannabinoid receptor,
CBe (for review, see [69]), has recently shown promises
as a possible inhibitor of vasoconstriction in the retinal
microvasculature, an autoregulated CNS bed. Abn-CBD, an
agonist of the atypical endothelial cannabinoid receptor,
causes an inhibition of the retinal arteriole vasoconstriction
induced by endothelin-1. This mechanism was independent
of CB1R/CB2R as well as of GPR55, a receptor for which
Abn-CBD is an agonist. N-arachidonoyl glycine, a putative
GPR18 agonist, showed nearly identical effects as those of
Abn-CBD. Bothmechanisms took place via calcium-sensitive
potassium channels (SKCa).The presence of the endothelium
is important for bothmechanisms, as these effectswere highly
reduced in its absence [45]. Abn-CBD via GPR18 also caused
vasodilation of isolated perfused retinal arterioles, but only
on precontracted vessels, hinting at a mechanism dependent
on vascular tone. Intra- and extraluminal administration gave
very different responses, and again the presence of epithelial
cells was shown to be primordial in this mechanism [70, 71].
Various cannabinoids could activate PPAR𝛼 [72], although
no studies have so far shown an effect of cannabinoids via
PPAR𝛼 on the visual system. Interestingly, a recent study by
Chen et al. has demonstrated that fenofibrate, a direct agonist
of PPAR𝛼, has a therapeutic potential for the treatment of
diabetic retinopathy in models of type 1 diabetes [73]. It
would be interesting to investigate if some of the effects of
cannabinoids in this pathology could come from a similar
mechanism.

3.1.2. Photoreceptors. Different effects on rod and cone pho-
toreceptors have been reported for the salamander and gold-
fish following WIN55,212-2 addition, with a potential bipha-
sic response based on concentration for the goldfish. Delayed
rectifier currents (𝐼K) were suppressed by WIN55,212-2 in
cones and rods, whereas Ca2+ currents (𝐼Ca) were enhanced
in rods and suppressed in cones [74, 75], which could
potentially be translated to an increased transmitter release,
thus reducing light sensitivity. A cannabinoid-mediated ret-
rograde suppression of membrane currents via 2-AG release
on goldfish cones in retinal slices was also tested by Fan
and Yazulla [76]. These authors found the existence of a
retrograde transmission in cones, with bipolar cell dendrites
as the likely source of 2-AG. Furthermore, the retrograde
suppression of 𝐼K is mediated by Ca2+ dependent release of 2-
AG from bipolar cell dendrites. Cannabinoids also preserved
cone and rod structure, as well as function and synaptic
connectivity with postsynaptic neurons in a transgenicmodel
for autosomal dominant retinitis pigmentosa. Indeed, HU-
210, a more potent and longer lasting synthetic analogue of
THC, increased the scotopic a- and b-wave amplitudes in
treated animals and preserved photoreceptor degeneration

and synaptic contacts between photoreceptors and bipolar or
horizontal cells [77].

3.1.3. Bipolar Cells. As for photoreceptors, Straiker and
Yazulla’s groups were the first to describe a cannabinoid-
mediated effect in the salamander and the goldfish, respec-
tively [17]. WIN55,212-2 reversely inhibited 𝐼Ca in the sala-
mander [6]. On the goldfish large ON-type bipolar cells,
cannabinoid agonists such as CP54490 (a full agonist at both
CB1R and CB2R) and WIN55,212-2 inhibited 𝐼K, and this
inhibition could be reversed by using SR141716A, an inverse
agonist for CB1R [78]. As SR141716A did not cause by itself
much increase in 𝐼K of someON bipolar cells and no increase
on others, an eCB modulating tone present in this area
remains unclear. This lack of direct modulation of bipolar
cells by cannabinoids does not necessarily translate into no
cannabinoid-mediatedmechanism for these cells. Retrograde
signaling from ganglion cells is still a plausible mechanism
and was first demonstrated for 2-AG [76].

WIN55212-2 also inhibits the enhancement in 𝐼K seen
following the activation of D1 receptors. It has thus been
proposed that the cannabinoid and dopaminergic system
have opposite properties on bipolar cells. SR141716A and
a pretreatment with pertussis toxin could both block this
mechanism, althoughWIN55,212-2 by itself did not cause an
increase in conductivity on 𝐼K [78]. Cannabinoids effects on
ON bipolar cells have thus been associated with a tonic effect,
whereas D1-mediated effects have been described as phasic
[63].

3.1.4. Amacrine Cells. The neuroprotective effects of endoge-
nous and synthetic cannabinoids on the viability of amacrine
cells were studied using an in vivo AMPA excitotoxicity
model of retinal neurodegeneration. AEA, HU-210, and
methanandamide (a stable synthetic chiral analogue of AEA)
afforded partial recovery following the AMPA-induced exci-
totoxicity of both bNOS-positive and cholinergic amacrine
cells [79]. This neuroprotection is mediated by a mechanism
involving CB1R, PI3K/Akt and/or MEK/ERK

1/2
signaling

pathways, but not CB2R.

3.1.5. Retinal Ganglion Cells. It has been reported that
WIN55,212-2, AEA, the selective CB1R agonist arachidonoyl-
2-chloroethylamide (ACEA), and the CB2R agonist CB65
inhibit 𝐼K via the tetraethylammonium (TEA)-sensitive
K(+) current component in rat RGCs. These effects could
not be reversed either by the CB1R inverse agonists
AM251/SR141716A or by the CB2R inverse agonist AM630
[80] although both CB1Rs andCB2Rs are present on ganglion
cells. The authors suggest that eCBs modulate potassium
channels in rat RGCs in a receptor-independent manner, as
demonstrated in other cells [81, 82]. An earlier in vitro study
showed a partial inhibition of high-voltage activated Ca2+
channels with WIN55,212-2 that could be reversed by both
SR141716A and AM281 in cultured rat RGCs [83]. A recent
study showed that the agonist WIN55,212-2 caused a signif-
icant reversible reduction in the frequency of spontaneous
postsynaptic currents (SPSCs) in RGCs of adult and young
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mice [84]. This effect was caused by presynaptic binding
to cannabinoid receptors, as it did not alter the kinetics of
SPSCs. The authors also found that the release probability
of GABA and glutamate was significantly reduced by the
agonist. As the largest reduction of the frequency of both
GABAergic and glutamatergic SPSCs was observed in young
mice, this suggests that the eCB system might play a role in
the developmental maturation of synaptic circuits.

In addition to their effect at the level of ionic channels,
eCBs, via CB1R, have neuroprotective properties. In fact,
blockade of FAAHproduces neuroprotective effects on RGCs
in a rat model of optic nerve axotomy through a CB1R-
mediated mechanism, which was gradually lost in aging
animals [85]. Neuroprotective properties on RGCs were also
reported with the administration of WIN55,212-2 in a rat
model of acute rise of intraocular pressure induced ischemia
[86]. Pinar-Sueiro et al. proposed that the neuroprotective
effect ofWIN55,212-2 wasmediated by an inhibition of gluta-
matergic excitotoxicity, TNF-𝛼 release, and iNOS expression.
But it is not confirmed experimentally. Thus, cannabinoid
agonists, such as WIN55,212-2, could be relevant targets to
prevent degeneration of RGC cells for intraocular pressure
induced ischemia [85]. Overall, these neuroprotective effects
by cannabinoid-mediated mechanisms are in accordance
with a previous study reporting an increase in FAAH activity
and a downregulation of AEA, CB1R, and TRPV1 follow-
ing high intraocular pressure induced ischemia. This effect
could be prevented by the administration of the FAAH
inhibitor URB597 [26]. Furthermore, systemic administra-
tion of URB597 or intravitreal injection of methanandamide,
a stable analogue of AEA, reduced cell loss in the GCL
[26]. Furthermore, the neuroprotective effects mediated by
cannabinoid ligands in the retinamight bemediated byCB2R
as well. Indeed, CB2R activation results in immunomodula-
tion andneuroprotection inmodels of brain injury by altering
infiltrating macrophages and activated resident microglia
[87–89]. Additional studies are needed to assess the role of
CB2R in retinal neuroprotection. Very little is known about
the effects of other alternative cannabinoid receptors on RGC
function. Future studies would need to point out if GPR55 or
GPR18 activation affects RGCs.

Various TRP channels can be activated by tactile and
pressure stimuli, includingTRPV channels [90–93]. In RGCs,
TRPV1 is activated by hydrostatic pressures in isolated rat
cells in vitro.This activation causes an increase in intracellular
Ca2+ and leads to cell apoptosis and could be partially pre-
vented by using a nonspecific antagonist, iodoresiniferatoxin
[42]. Ligands acting on the orthosteric site of the receptor,
such as capsaicin, could also cause cell death. Interestingly,
TRPV1 activity on microglia cells in the retina can have an
inverse effect and prevent cell apoptosis when hydrostatic
pressure is applied [94]. It would thus be appealing to verify
if 2-AG, AEA, and N-arachidonoyl dopamine, all agonists of
TRPV1, could act on RGCs via TRPV1 and mediate effects
previously attributed to classical CBRs.Moreover, it would be
interesting to validate if both receptors could act in synergy
and lead to an increase in intracellular calcium inside these
cells.

3.2. Cannabinoid Function in the Primary Visual Cortex. So
far, few studies have looked at the effects of eCBs on central
visual areas processing. CB1R activation alters spontaneous
and visual activity in the rat dLGN, increasing the sponta-
neous bursting and oscillatory activity [95, 96]. For 28% of
the geniculate cells, the injection of various agonists, such
as AEA, 2-AG, and O2545, a potent water-soluble synthetic
cannabinoid, increased the visual responses, while for the
remaining 72%, decreased visual discharges were observed.
These effects could be blocked by AM251. These studies
suggest that CB1R acts as a dynamic modulator of visual
information being sent to V1. In layer 2/3 of V1, eCBs play
a crucial role in the maturation of GABAergic release. The
developmentalmaturation of GABAergic release between eye
opening and puberty can be affected in dark-reared mice and
this effect can be mimicked by CB1R agonists and blocked
by antagonists and was similar in cnr1-KO mice [97, 98].
GABAergic synapses in layers 2/3 and 5 have also been
shown to not mature normally in cnr1-KO animals. These
results suggest that visually stimulated endocannabinoid-
mediated long-term depression of GABAergic neurotrans-
mission (iLTD) happens in the extragranular layer of the
mouse visual cortex [99]. In another report, pharmacological
blockade of cannabinoid receptors prevents the ocular dom-
inance shift in layers II/III of V1, leaving plasticity intact in
layer IV of juvenile mouse [100]. Moreover, the application
of cannabinoid agonists leads to an increase in the ampli-
tude and frequency of spontaneous inhibitory postsynaptic
currents and miniature inhibitory postsynaptic currents in
mouseV1 [101].The systemic administration of a cannabinoid
agonist can also modify the encoding of visual stimuli,
primarily by delaying and broadening the temporal response
functions of V1 and V2 neurons in macaque monkeys [102].
Finally, more studies are needed to assess the impact of CB2R
function in the primary visual cortex. However, based on the
impact of CB2R on retinal function, it is conceivable that
CB2R could mediate a large variety of effects in the primary
visual cortex.

4. Endocannabinoid Expression and
Function during Retinal Development

As shown in other systems, eCBs are well known modulators
of synaptic transmission and neuronal plasticity, mostly via
presynaptic inhibitory mechanisms. The impact of the eCB
system during CNS development has been documented in
the last decade. The eCB system regulates the proliferation,
migration, specification, and survival of neural progenitors
[103], dictates the differentiation of neurons, and controls the
establishment of synaptic connections [104] (for review, see
[105]).The importance of eCBs during neuronal development
is confirmed by the demonstration that maternal marijuana
smoking or cannabinoid consumption during pregnancy
causes cognitive, motor, and social deficits [106–108] (see
[109] for review). In addition, 2-AG levels in theCNSprogres-
sively increase during embryonic development and then peak
just after birth [110, 111]. However, eCB-mediated changes in
developmental processes are not only limited to the higher
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brain structures but also can affect the development of the
retina.

4.1. Retinal Endocannabinoid Expression. CB1R mRNA is
expressed in the rat retina as early as embryonic age 13
(E13), which is a good indicator of its possible developmental
implication [27]. By E15 to E17, the GCL expresses CB1R
mRNA and, from E20-E21, it is present in the GCL as well
as in an unspecified cell layer that appears to be the INL
[27]. The CB1R is also expressed in the chick retinotectal
system as soon as E4, with labeling in ganglion cells and
the IPL and INL [112]. The CB1R, FAAH, DAGL𝛼, and
MAGL were also detected during postnatal development of
the rat retina [50, 52, 56]. The CB1R is present in ganglion
cells, amacrine cells, and horizontal and mitotic cells at P1
[56]. During retinal development, a transient expression of
CB1R was reported in cones and bipolar cells. Moreover,
FAAH was found at P1 in ganglion and cholinergic amacrine
cells, and, in the course of development, it appeared in
cones, horizontal and bipolar cells [52]. FAAH is transiently
expressed in horizontal, cholinergic amacrine cells and cone
bipolar cells, suggesting an important redistribution of the
enzyme during postnatal retinal development. Additionally,
DAGL𝛼 is expressed early in retinal development as its
presence at P1 is observed in cone and rod photoreceptors,
horizontal, amacrine, and ganglion cells [50]. MAGL expres-
sion is detected at low levels from P1 to P9 and then it
gradually elevated onto adulthood [50]. MAGL is constantly
found in amacrine and Müller cells from P11 onto the adult
age. Overall, the expression of DAGL𝛼 combined with the
absence of MAGL expression in early postnatal development
of the retina suggests that 2-AG levels could be elevated
and thus play an active role in retinal development. Despite
an important body of literature currently available on the
involvement of eCBs in developmental functions, only few
studies focused on the impact of cannabinoids in retinal
development (see Section 4.2). It is to be noted that retinas
from cnr1-KO and cnr2-KO animals do not show obvious
changes in retinal structures, as their thickness, distribution,
and morphology were similar to wild-type animals [33]. For
these reasons, it is too early to hypothesize on the role of eCBs
in retinal development.

The TRPV1 receptor is also present in the rat retina
from E19 onto adulthood [41]. From E19 to P5, the TRPV1
receptor is detected in the neuroblastic layer in the pigment
epithelium and in a few small cell bodies in the GCL. From
P15 onto adulthood, TRPV1 is also present in all cell layers
with prominent labeling in the IPL and GCL. The precise
cellular expression of TRPV1 in the retina is still incomplete.
So far, TRPV1 has been located in RGC [42] and microglial
cells [94].

No studies have yet reported the expression of GPR18 in
the developing retina. Ongoing projects from our group have
so far shown that GPR55 mRNA and protein are expressed
in the retina of newly born mice, more specifically in RGCs
[113].

4.2. Endocannabinoid System Function. Only two studies
reported the functional impact of cannabinoids on retinal

development. CB1R and CB2R specific agonists induce a
collapse of the growth cone of RGC axon and decrease axon
growth [114, 115]. Conversely, the application of CB1R and
CB2R specific inverse agonists increases the growth cone sur-
face area and the number of filopodia present on the growth
cone and increases axon growth. The intraocular injection
of CB1R and CB2R specific inverse agonists promotes retinal
projection growth in the dorsal terminal nucleus. Moreover,
the importance of GPR55 in neuronal development has
recently been pointed out by the lipid-signaling of GPR55
and one of its ligands, lyso-phosphatidyl-𝛽-D-glucoside, in
glial-neuron communication in the developing spinal cord
[116]. GPR55 also modulates the growth rate and the targets
innervation of retinal projections during development. For
instance, the application of GPR55 agonists increases the
growth cone surface area and the number of filopodia on
the growth cone and also increases the axon growth [113].
Furthermore, gpr55−/− mice revealed a decreased branching
in the dorsal terminal nucleus and a lower level of eye-specific
segregation of retinal projections in the superior colliculus
and in the dLGN. Altogether, these studies identify a mech-
anism by which the eCB system modulates retinothalamic
development and offer a potential model to explain why
cannabinoid agonists affect CNS development.

5. Future Directions and Implications

As we have reported in this review, CB1R and CB2R are both
present in various retinal tissue where they modulate, in the
most part via retrograde signaling, neurotransmitter release
and where they inhibit potassium and calcium currents.
These effects can thus modulate visual activity as early as the
retina level. More studies are obviously needed to assess to
what extent a cannabinoid-mediatedmodulation in the retina
could impact visual perception. This is especially true given
that cannabinoid receptors are present in most retinal cell
types. As cannabinoids are also present in the visual cortex
(including areas beyond V1 and V2), as well as subcortical
regions such as the LGN, it may well be that cannabinoids
modulate visual perception at each level of visual system
hierarchy.

The ability of the eCB system to induce various changes
in plasticity in central visual areas is now well described
(for review, see [2]), and some of these plastic changes
could potentially be present in the retina. Furthermore, in
the CNS, and as our group and others have previously
demonstrated in the visual system, cannabinoids play an
important role in neuronal development and axon guidance.
It would now be of interest to see if a similar variation
in the concentration of receptors, enzymatic machinery,
and endogenous ligands occur during retinal development.
Moreover, a better anatomical identification of the various
cannabinoids synthesizing and degrading enzymes, novel
eCBs, and other potential cannabinoid-like receptors such as
TRPV1, GPR55, andGPR18 are also needed in order to draw a
clearer picture of all the possible targets for various cannabi-
noid ligands in the retina and the CNS. New methods are
also needed to better localize and find the rapid occurrence of
the activation of CBRs. Finally, some mechanisms associated
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with themodulation of the eCB system in specific areas of the
retina have neuroprotective potential and regulate apoptosis
and could even potentially help prevent pathologies of the
retina, such as glaucoma and AMD.

6. Conclusion

Endocannabinoids constitute one of the newest neuromod-
ulators found in neural and nonneural tissues throughout
the body. Their wide expression in the nervous system
and peripheral organ systems highlights the range of their
actions and their potential in therapeutic applications. Strong
evidence now suggests a wide distribution of eCBs, receptors,
and enzymatic machinery in key structures of the visual
system, including a strong presence in the retina. Although
no clear picture can ascertain the specific effects cannabinoids
can have in the retina itself, or the visual system as a whole,
various mechanisms in specific cellular structures of the
retina have now been reported. The cannabinoid system
also appears to have several roles in neuronal survival and
apoptosis in the retina and could be linked with many
other ocular disorders. However, their specific mechanisms
in retinal development, neuroplasticity, and neuroprotection
need to be more thoroughly investigated.
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The endocannabinoids N-arachidonoylethanolamide (or anandamide, AEA) and 2-arachidonoylglycerol (2-AG) belong to the
larger groups ofN-acylethanolamines (NAEs) and monoacylglycerol (MAG) lipid classes, respectively. They are biologically active
lipid molecules that activate G-protein-coupled cannabinoid receptors found in various organisms. After AEA and 2-AG were
discovered in the 1990s, they have been extensively documented to have a broad range of physiological functions. Along with AEA,
several NAEs, for example, N-palmitoylethanolamine (PEA), N-stearoylethanolamine (SEA), and N-oleoylethanolamine (OEA)
are also present in tissues, usually at much larger concentrations than AEA. Any perturbation that involves the endocannabinoid
pathwaymay subsequently alter basal level ormetabolismof these lipidmediators. Further, the altered levels of thesemolecules often
reflect pathological conditions associated with tissue damage. Robust and sensitive methodologies to analyze these lipid mediators
are essential to understanding how they act as endocannabinoids. The recent advances in mass spectrometry allow researchers to
develop lipidomics approaches and several methodologies have been proposed to quantify endocannabinoids in various biological
systems.

1. Introduction

Since the discovery of the cannabinoid receptors [1] and
their endogenous ligands [2, 3], considerable progress has
been made in the understanding of the endocannabinoid
system and its role as a lipid signaling pathway which
modulates several physiological processes and pathological
conditions. Several studies have shown that levels of some
major endocannabinoids are altered in various tissue systems
[4–7].The development of sensitive and accuratemethodolo-
gies to analyze endocannabinoid levels will lead to a more
detailed understanding of the role of these lipid metabolites
in regulating mammalian physiology.

The two most documented endocannabinoids, AEA and
2-AG, are derivatives of arachidonic acid (Figure 1) which
were isolated originally from porcine brain [2] and canine
intestine [3] in the early 1990s. They belong to larger classes
of lipids which areN-acylethanolamines (NAEs) andmonoa-
cylglycerols (MAGs), respectively, most of which do not bind

with high affinity to cannabinoid receptors. AEA has been
reported to elicit similar biological effects to tetrahydro-
cannabinol (THC), a potent bioactive secondary metabolite
in marijuana and in rodents [8] as well as in humans [9]. 2-
AG has also been reported to have wide range of neurological
functions (e.g., synaptic plasticity and neuroprotection, as
relevant to this special issue) [10]. AEA is released from
N-arachidonyl phosphatidylethanolamine on demand via
the hydrolytic activity of N-acylphosphatidylethanolamine
(NAPE) phospholipase D (NAPE-PLD) [11], although other
routes of synthesis have been described [12–14].The presence
of a two-step pathway also was reported, which involves
the hydrolysis of one O-acyl moiety of NAPE to form N-
acyl-lyso PE by phospholipase A (PLA1 or PLA2), and the
subsequent release of AEA from N-acyl lysoPE by PLD
[15]. Another alternative pathway of AEA formation was
also reported in mouse brain and RAW264.7 macrophages
which comprises the hydrolysis of NAPE by phospholipase
C (PLC) to form phosphoanandamide (pAEA), followed
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Figure 1: Structures of AEA and 2-AG glycerol, the two best known endocannabinoids.

by dephosphorylation by phosphatases including previously
described tyrosine phosphatase PTPN22 [13]. On the other
hand, 2-AG is synthesized by PLC and diacylglycerol-lipases
(DAGL) [16]. Both AEA and 2-AG are inactivated by hydrol-
ysis of the amide and ester bonds, respectively. Fatty acid
amide hydrolase (FAAH) catalyzes the hydrolysis of AEA
[17] whilemonoacylglycerol lipase (MAGL) is responsible for
hydrolysis of 2-AG [18].

Schmid et al. reported that the relative abundance of
different NAE species in animal cells generally reflects the
acyl groups in the N-acylphosphatidylethanolamine (NAPE)
precursor which is a minor membrane lipid component
[20]. In fact, the first NAEs discovered in mammalian tissues
were N-palmitoylethanolamine (PEA, NAE 16 : 0) and N-
stearoylethanolamine (SEA, NAE 18 : 0) which were reported
to be endogenous components in brains and peripheral
tissues of rats and guinea pigs [21, 22] and now have been
shown to be widespread in occurrence. However, PEA
and SEA are mostly considered to be CB receptor-inactive
because of their limited binding to CB receptors. AEA is the
most studied of the NAEs due to its ability to bind to and
activate endocannabinoid CB

1
and CB

2
receptors, and in the

endocannabinoid signaling system, AEA activity has been
proposed to be influenced by the presence of other receptor-
inactive NAEs as a sort of “entourage effect,” since all NAEs
compete for the same turnover machinery [22]. Other
studies showed the accumulation of receptor-active and
receptor-inactive NAEs (mainly N-palmitoylethanolamine,
N-stearoylethanolamine, N-oleoylethanolamine (OEA,
NAE 18 : 1), and N-linoleoylethanolamine (NAE 18 : 2)
[23]) in infracted dog heart muscle. Accumulation of
NAEs has been associated with stress and tissue damage
in other systems, such as in the circulation of human
during acute stress, damaged human epidermal cells, and
focal cerebral ischemia in mice [24–26], just to name
a few.

The oxidative products of polyunsaturated NAEs, includ-
ing eicosanoid ethanolamides, prostaglandins, and leuko-
trienes, are believed to be important signaling compounds
that participate in diverse physiological processes [27, 28].
Recent studies showed that AEA can be oxidized to prosta-
glandin ethanolamides (prostamide) by cyclooxygenase-2
(COX-2) [29–31].The first prostamide discovered was PGE

2
-

ethanolamide [32].The pharmacological effects of the prosta-
mide F

2𝛼
and its analogue bimatoprost have been studied

extensively, especially with respect to the antiglaucoma prop-
erties of bimatoprost [33–35]. AEA has also been reported
to serve as a substrate for 12-LOX and 15-LOX in human

polymorphonuclear leukocytes and human platelets, gener-
ating 12- and 15-hydroperoxyeicosatetraenoylethanolamide
(12-HETE-EA and 15-HETE-EA), respectively [36]. Oxida-
tive metabolites of AEA generated by 12-LOX were pro-
posed to play roles in pain modulation by acting as a
vanilloid receptor agonist [37], while 15-LOXproduct showed
inhibition of electrically evoked contraction of mouse vas
deferens by acting as a cannabinoid receptor agonist [38].
In addition to metabolism by COX-2 and LOXs, AEA also
undergoes oxidation by several of human cytochrome P450
enzymes such as CYP3A4, CYP4F2, and CYP4X1, resulting
in various oxidized lipid species, some of which may have
biological relevance [39]. For example, there is evidence that a
cytochrome P450-derived epoxide of AEA can act as a potent
agonist of CB

2
receptors.

Other than oxidative derivatives, unsaturated fatty acid
conjugates with various amines/neurotransmitters have been
reported, some with cannabinoid-like or vanilloid-like activ-
ity [40]. For example, N-arachidonoyl dopamine (NADA),
the first member of theN-acyldopamine family, was reported
to have capsaicin-like activity and to activate the transient
receptor potential vanilloid-1 (TRPV1) receptor with similar
potency and efficacy to capsaicin [41]. N-Arachidonylglycine
was found in bovine and rat brain and was shown to suppress
tonic inflammatory pain [42]. In addition, a member of N-
acylserotonin family of conjugates,N-arachidonoyl serotonin
(AA-5-HT), was shown to be highly effective against both
acute and chronic peripheral pains and exhibited FAAH
inhibition andTRPV1 antagonist activities [43]. Althoughnot
an arachidonic acid conjugate, a structurally related fatty acid
amide, oleamide, a primary amide of oleic acid, was reported
by Cravatt et al. to be a potent, endogenous sleep inducing
lipid in mammals [44]. Several groups of endocannabi-
noids and endocannabinoid-like molecules are illustrated in
Figure 2.

Due to increasing interest in the biological significance of
endocannabinoids and endocannabinoidmetabolites, several
lipidomics profiling approaches have been developed to
identify and quantify endocannabinoids in various biological
tissues. Lipidomics techniques discussed here include
the separation and quantification of endocannabinoid-
like and endocannabinoid-like compounds by gas
chromatography-mass spectrometry (GC-MS) and
liquid chromatography-mass spectrometry (LC-MS),
as well as methods for derivatization and detection of
these metabolites for identification, especially focused on
quantitative methodologies for AEA, 2-AG, and other NAE
metabolites.
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Figure 2: Chemical structures of different classes of endocannabinoids and endocannabinoid-like molecules reported. (a) N-
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derivatives, (h) CYP450 derivatives, (i) 15-LOX derivatives, (j) and 12-LOX derivatives.

2. Extraction of Endocannabinoids from
Biological Samples

2.1. Tissue Homogenization. The ultimate success in quantifi-
cation of trace endocannabinoid metabolites is dependent in
a large part on processes for handling of tissues and extraction
of metabolites [45]. Extraction of endocannabinoid from
biological samples typically includes tissue homogenization
in organic solvent followed by protein precipitation and lipid
extraction. Tissues to be analyzed are snap-frozen in liquid
nitrogen or cold 2-methylbutane and kept in −80∘C before
analysis. Prior to homogenization, frozen tissues should be
quickly weighed without thawing. Alternatively, to limit any
chance of postmortem changes in metabolite amounts that
may be generated during thawing, lipids can be extracted
before thawing and dry weights of tissue residues following
lipid extraction can be used for normalization, since most
tissues contain less than a few percent lipid of the total tissue
dry weight. The homogenization of tissue can be achieved

by using different methods, including, but not limited to,
silanized glass homogenizer [46], electric homogenizer [47–
49], or bead beater with glass beads [50].Thehomogenization
step is usually performed rapidly and on ice to prevent degra-
dation of analytes. A known amount of an internal standard
is also added in the beginning of tissue homogenization for
quantification purposes.

2.2. Internal Standards (IS) for Quantification. Standard
curve (calibration curve) construction is a critical step
to ensure accuracy, reproducibility, and reliability when
establishing analytical methods for quantifying metabolites
in extracts from biological samples. An internal standard
approach requires that a constant amount of nonendogenous
or nonanalyte molecules is added to each sample prior to
homogenization. Internal standards must behave similarly to
analytes throughout the extraction procedures, and recovery
should be on the order of 90%or better. InMS-based analysis,
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stable-isotope labeled internal standards are ideal due to the
difference in atomic mass units (amu) between internal stan-
dards and analytes (Figure 3). For GC, UV, or fluorescence-
based analysis, internal standards with different carbon chain
length, for example, heptadecanoyl ethanolamide [51] can be
utilized. Two stable-isotope labeled AEA analogs, AEA-d4
andAEA-d8, are commercially available. In AEA-d4, the four
deuterium atoms are located on the ethanolamine moiety
while eight deuterium atoms in AEA-d8 are located on the
carbon atoms that form the double bonds of arachidonic acid.
For 2-AG, 2-AG-d8 and 2-AG-d5 are commercially available.
In 2-AG-d5, the five deuterium atoms are located on the
glycerol moiety while eight deuterium atoms in 2-AG-d8 are
located on the carbon atoms that form the double bonds of
arachidonic acid (Figure 3) [19, 52].

2.3. Protein Precipitation. Protein precipitation step is com-
monly performed prior to lipid extraction, especially in LC-
based analysis of endocannabinoids. Acetone is frequently
used in this step [53–55]. Other water-miscible solvents such
as acetonitrile [56, 57] or methanol [58] also efficiently pre-
cipitate the proteins. Supernatant is subsequently collected
and subjected to further lipid extraction.

2.4. Lipid Extraction. The most widely used methods for
endocannabinoid extraction from various tissues are based
on the classic total lipid extraction described by Folch et al.
[59] or Bligh and Dyer [60]. Due to the lipophilic nature of
endocannabinoids, they are usually extracted from biological
samples using combinations of water-immiscible solvent.The
mixture of chloroform/methanol (or 2-propanol) of different
ratios is frequently used [47, 53, 61–63]. Small amounts of
water can also be added to create phase separation. Instead
of chloroform/methanol, some groups also used chloroform
alone, ethyl acetate/hexane mixture [46], or methanol [64].
Repeated extraction usually significantly increases lipid yield.
One of the simplest methods developed by the Hillard
group is to sonicate tissue in acetonitrile prior to protein
precipitation at −10∘C. This method was shown to result in

relatively clean extract suitable for LC-based analysis without
any further analyte enrichment steps [65, 66].

Still, the relative abundance of endocannabinoids is low
compared with that of structural membrane lipids or storage
lipids in biological samples. High levels of matrices can
compromise the analysis by causing ion suppression or
interfering with signals in the MS or analyte recovery. Thus,
the optimization of endocannabinoid analysis often requires
further purification of the extracts. This can be achieved
by an endocannabinoid enrichment step using thin layer
chromatography (TLC) or solid phase extraction (SPE).

2.5. Endocannabinoid Enrichment from Crude Extracts

2.5.1. Thin Layer Chromatography (TLC). Concentrated lipid
extracts in chloroform/methanol are spotted onto TLC plate.
The plate is subsequently developed in various solvent combi-
nations, for example, chloroform/methanol [67], chloroform/
methanol/ammonia [67], chloroform/hexane/methanol [51],
ethyl acetate/water/2,2,4-trimethylpentane/acetic acid [68],
or petroleum ether/diethyl ether/acetic acid [69]. After sep-
aration, the spot (or band) containing endocannabinoids
scraped off and extracted with organic solvent such as
chloroform/methanol for subsequent analysis.

2.5.2. Solid Phase Extraction (SPE). The SPE approach is
more frequently used than TLC. Unlike TLC, SPE can be
fully automated which is more suitable for high-throughput
analysis. SPE is convenient and can be applied for isolation
of analytes from a variety of matrices. SPE used for lipid
metabolite enrichment can be divided into two categories,
reverse phase and normal phase.

(1) Reverse Phase SPE. Reverse phase SPE columns contain
matrices that are comparatively more lipophilic, for exam-
ple, C8 or C18. The columns are usually activated with
methanol and conditionedwithwater prior to loading of lipid
extracts suspended in polar solvent (e.g., methanol/water).
After sample loading, endocannabinoids are eluted from
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the column with methanol [47, 70, 71] or 1 : 1 v/v cyclohex-
ane/ethyl acetate [70]. Columns also can be washed with 20%
v/v acetonitrile in water with endocannabinoid metabolites
eluted in 80% v/v acetonitrile in water containing 0.1% TFA
[57]. Multiple washes of the column with solvent may be
required to remove contaminants from the chromatography
matrices. The eluates with analytes from SPE may be dried
under a nitrogen gas stream prior to derivatization.

(2) Normal Phase SPE. Normal phase SPE columns contain
a more hydrophilic matrix, for example, silica gel. Silica-gel
SPE columns can be made in the laboratory by using Pasteur
pipettes plugged with a small piece of glass wool and filled
with slurry of silica and chloroform [47, 63]. There are also
several brands and sizes commercially available.The columns
are normally washed with chloroform prior to loading of
lipid extracts also in chloroform.The column is subsequently
washed again with chloroform. The ethanolamine moiety of
NAEs and glycerol moiety of MAGs interact with silanol
groups in the column which results in retention of endo-
cannabinoid metabolites in the column during this step. The
endocannabinoid metabolites are eluted from normal phase
silica-gel SPE columns with 1 : 1 v/v of ethyl acetate/acetone
[47] or 2% v/v methanol in chloroform [72]. A small amount
of triethylamine (TEA) and trifluoroacetic acid (TFA) in SPE
solvent system was found to improve recovery of analytes
[46]. According to Hardison et al., silica-gel SPE can lead
to poor recovery and loss of deuterium atoms from internal
standards while C18 SPE offered higher recovery and more
reproducible MS-based quantification [47].

3. Separation and Quantification of
Endocannabinoid Metabolites

3.1. Gas Chromatography-Mass Spectrometry (GC-MS). Gas
chromatography (GC) has been widely used to sepa-
rate endocannabinoid metabolites in lipid extracts from
biological samples. GC is most often coupled with MS
for sensitive detection and quantification of the analytes.
Columns normally equipped on CG are nonpolar stationary
phase capillary columns, for example, Rtx-5MS (cross-linked
diphenyl dimethyl polysiloxane) [47], CP-Sil 8 CB (5%
phenyl groups in the dimethylpolysiloxane polymer) [63],
DB-1 dimethylpolysiloxane [73], andHP-5/DB-5 (5% phenyl-
methylpolysiloxane) [74, 75]. Helium is commonly used as a
carrier gas, although hydrogen or nitrogen can be acceptable.
For identification, the full mass spectrum of the analyte
can be matched to the mass spectrum of the corresponding
standard. For improved quantitative sensitivity, diagnostic
fragment ions of the analytes can be detected via selected
ion monitoring (SIM). Modes of ionization include electron
impact (EI) ionization [63, 76], positive chemical ionization
(PICI) [47, 76, 77], and negative chemical ionization (NICI)
[52, 78, 79].

3.1.1. Nonderivatized Metabolites. When AEA was first
reported as a potential ligand for the cannabinoid receptor in
porcine brain, Devane et al. established the structure of AEA

by using various techniques in MS including direct-exposure
chemical ionization (iso-butane-DCI) and electron impact
ionization (El). They also showed that both nonderivatized
and trimethylsilyl- (TMS-) derivatized AEA showed similar,
predictable fragmentation patterns [2]. Two years later,
Mechoulam et al. reported the isolation of a second type
of cannabinoid receptor ligand, 2-AG, in canine intestine.
Here, results with both CI-MS and EI-MS demonstrated
expected fragmentation patterns for both nonderivatized
and TMS-derivatized 2-AG [3]. Other groups also analyzed
AEA and 2-AG in their native forms. Maccarrone et al. [80]
analyzed AEA together with endocannabinoid-like NAEs
including N-oleoylethanolamine, N-palmitoylethanolamine,
and N-stearoylethanolamine in extracts from human brain
without derivatization. By using GC-EI-MS with SIM mode,
the analytes were quantified against deuterated (D4)-AEA.
The limit of detection was reported to be 20 ± 10 pmol [80].
GC/CI-MS also was reported to efficiently detect AEA and
endocannabinoid-like compounds (N-oleoylethanolamine,
N-palmitoylethanolamine, N-stearoylethanolamine, N-
linoleoyl ethanolamine, N-oleoylpropanolamine, and N-pal-
mitoylpropanolamine). [M + H]+ ions were used to identify
these compounds using a polyethylene glycol phased column
and fused silica capillary pretubing [81].

3.1.2. Derivatization of Endocannabinoid Metabolites for GC-
MS and GC-MS/MS Analysis. In order to gain more sensitiv-
ity, analysis of endocannabinoid metabolites in extracts from
biological samples usually requires a chemical derivatization
step before separation on GC column. Derivatizing agents
give analytes thermal stability and volatility which are suit-
able for GC-based analysis. AEA and 2-AG both have free
hydroxyl group(s) where various derivatizing agents can react
and subsequently form ester or ether derivatives. In addition
to a hydroxyl group, AEA also has an amide group which was
reported to be derivatized by certain compounds (see below
for pentafluorobenzoyl chloride [78]).

(1) Silylation Using N,O-Bis(trimethylsilyl)trifluoroacetamide.
Trimethylsilyl (TMS) derivatives of AEA and 2-AG
can be generated by reaction with N,O-bis(trimethyl-
silyl)trifluoroacetamide (BSTFA; Figure 4) which modifies
their hydroxyl groups. The reaction is usually carried
out at 55∘C for 15–50 minutes but can proceed at room
temperature as well. Efficiency of silylation is sometimes
improved with warming, depending on the target analyte,
and so the time and temperature conditions should be
empirically determined. The reaction is terminated when
BSTFA is completely evaporated under nitrogen stream,
although removal of BSTFA is not absolutely required. TMS
derivatives typically are dissolved in hexane for analysis by
GC-MS. Diagnostic ions of TMS derivatives generated by
EI-MS include the [M]+ (molecular ion), [M − 15]+ (loss of
one methyl group), and [M − 90]+ (loss of trimethylsilanol
group) [63, 76, 77]. Typical mass spectra generated by
chemical ionization MS with positive ion detection (PICI)
include TMS-AEA [M + H]+ (protonated molecule) = m/z
420.3, TMS-AEA [M + H − 16]+ (loss of methane) = 404.3,
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Figure 4: Structures of common derivatizing agents used in GC-based analysis. (a) N,O-Bis(trimethylsilyl)trifluoroacetamide (BSTFA). (b)
N-Methyl-N-trimethylsilyl-trifluoroacetamide (MSTFA). (c) tert-Butyl dimethylsilyl (tBDMS). (d) Pentafluorobenzoyl chloride (PFBzCl).
(e) Acetic anhydride.

TMS-AEA [M + H − 90]+ (loss of trimethylsilanol group) =
330.3, and TMS-2-AG [M + H − 18]+ (loss of water) = 433.3
[47].

(2) Silylation Using N-Methyl-N-trimethylsilyl-trifluoroace-
tamide. Similarly to silylation with BSTFA, AEA and 2-AG
can be converted to their respective TMS derivatives by
reacting with N-methyl-N-trimethylsilyl-trifluoroacetamide
(MSTFA; Figure 4) and 1% trimethylchlorosilane (TMCS) at
room temperature for 2 h. Detected diagnostic ions generated
by EI-MS are as follows: TMS-AEA [M]+ = m/z 419, TMS-
AEA [M − CH

3
]+ = m/z 404, TMS-TMS-2-AG [M]+ = m/z

522, and TMS-TMS-2-AG [M − CH
3
]+ =m/z 507 from [82].

(3) Silylation Using tert-Butyl Dimethylsilyl (tBDMS) Imi-
dazole. AEA and 2-AG can be derivatized with tert-butyl
dimethylsilyl (tBDMS) imidazole (Figure 4) at 80∘C for 1 h.
When tBDMS derivatives of these compounds are dissolved
in hexane and analyzed by GC-(EI)MS, the characteristic
ions m/z [M − tert-butyl]+ were generated. The ion m/z
404 for tBDMS-AEA [M − tert-butyl]+ [72] and ion m/z
549 for tBDMS-tBDMS-2-AG [M − tert-butyl]+ [69] can be
monitored.

(4) Acylation Using Pentafluorobenzoyl Chloride. AEA pos-
sesses a hydroxyl group and an amide group and can
be derivatized with pentafluorobenzoyl chloride (PFBzCl;
Figure 4) to form bis-pentafluorobenzoyl (PFB2) ester deriva-
tive. The reaction is carried out at 80∘C for 90 minutes using
PFBzCl and 4% pyridine in toluene. In NICI, the molecular
anion (PFB2-AEA [M]−) can be observed atm/z 735 [78].

(5) Acetylation Using Acetic Anhydride. AEA can be deriva-
tized with acetic anhydride (Figure 4) in pyridine overnight.
The reaction occurs at room temperature and is terminated
with excess methanol. Full mass spectra ofO-acetylated-AEA
obtained by GC/EI-MS yield the molecular ion (CH

3
CO-

AEA [M]+), loss of CH
3
CO ([M − 43]+), loss of CH

3
COOH

([M − 60]+), loss of CH
3
COO(CH

2
)
2
NH ([M − 102]+), and

loss of CH
3
COO(CH

2
)
2
NHCO ([M − 130]+) [67].

3.2. Liquid Chromatography. In liquid chromatography-
(LC-) based analysis of endocannabinoid metabolites, the
stationary phase is usually reverse phase but normal phase LC
has also been reported [83]. Various combinations and ratios
of mobile phase solvents were used including methanol/
water [53, 61, 67, 70, 84], acetonitrile/water [62, 85], water/
acetonitrile/isopropanol [71], and methanol/water/acetoni-
trile [57]. Detectors coupled with LC for detection and/or
quantification can be UV, fluorescence, or mass selective
detectors.

3.2.1. HPLC with UV and Fluorescence Detection. There are
several methods describing chromatographic separation of
endocannabinoid metabolites by HPLC coupled with UV
or fluorescence detectors. Due to the chemical structures
of these lipid molecules which lack of chromophores or
fluorophores, chemical derivatization is required prior to
the analysis. Yagen and Burstein described a method for
detection of AEA as its dansyl derivative. Dansyl esters of
AEA can be generated by heating AEA with excess dansyl
chloride (Figure 5) and dimethylaminopyridine in acetone at
55∘C for 1 hr. The product can be separated by silica gel TLC
plate using chloroform : hexane :methanol (90 : 100 : 3 v/v)
and visualized byUV light at 365 nm [51]. Alternatively,Wang
et al. used 4-(N-chloroformylmethyl-N-methyl) amino-7-
N,N-dimethylaminosulphonyl-2,1,3-benzoxadiazole (DBD-
COCl; Figure 5) to derivatize AEA and 2-AG. The DBD-CO
derivatives of AEA and 2-AG were subsequently subjected
to separation by HPLC and identified with a fluorescence
detector set to 450 nm excitation and 560 nm emission
wavelengths [86].

3.2.2. LC-MS and LC-MS/MS. In LC-based MS methods,
endocannabinoidmetabolites can be analyzed directly by soft
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Figure 5: Structures of common derivatizing agents used in HPLC with UV or fluorescence detectors. (a) Dansyl chloride. (B) 4-(N-
Chloroformylmethyl-N-methyl) amino-7-N,N-dimethylaminosulphonyl-2,1,3-benzoxadiazole (DBD-COCl).

ionization techniques including electrospray ionization (ESI)
[6, 48] and atmospheric pressure chemical ionization (APCI)
[68, 87]. LC-MS approaches usually utilize SIM mode to
select the molecular ions ([M + H]+), sodium adducts ([M
+ Na]+), or potassium adducts ([M + K]+) in positive ion
mode [52, 53]. Some groups also have used negative ionmode
for detection of endocannabinoid metabolites [61, 88]. In
addition to combinations ofmobile phase solventsmentioned
above for separation, ammonium acetate is frequently added
to the mobile phase which will generate ammonium adducts
([M+NH

4
]+) by ESI-MS in positivemode [54, 57]. Although

LC-MS approaches using SIM mode have been efficiently
used to quantify endocannabinoid levels, the popularity of
tandem mass spectrometry (MS/MS) has increased over the
years due to the higher selectivity and additional structural
information. Selected reactionmonitoring (SRM)mode after
ESI typically is achieved by a triple-quadrupole MS to select
ions of interest and identify the fragmentation products.
This process can enhance sensitivity, reduce background
noise, and increase signal to noise ratio. The same SRM
methodology may be also applied to GC-MS-based analysis.

(1) AEA. In positive-mode ESI-MS, AEA is found as a
protonated molecule [M + H]+ [57] atm/z 348, as an adduct
with sodium [M + Na]+ atm/z 370, and/or as an adduct with
potassium [M + K]+ atm/z 386. When [M +H]+ is subjected
to CID, themass transition ofm/z 348 → 62 is formed due to
loss of ethanolamine moiety [57]. Formic acid can be added
as part of mobile phase to increase the yield of [M +H]+. The
concentration of formic acid is usually in the range of 0.05–
0.25% v/v [57, 62, 89]. Although ESI-MS in positive mode is
more popular that ESI-MS in negative mode, some groups
performed the analysis with the negative mode where [M −
H]− ions atm/z 346 are observed [61].

Several groups have added silver acetate (approximately
70 𝜇M) to the mobile phase to increase the sensitivity of
detection forAEA inLC/MS/MS analysis. Adductswith silver
ions are observed as two [M + Ag]+ adducts due to the
isotope distribution of silver which is 107Ag (52%) and 109Ag
(48%). [M+ 107Ag]+ and [M+ 109Ag]+ correspond tom/z 454

and 546, respectively.When [M+ 107Ag]+ is subjected toCID,
the mass transition m/z 454 → 436 is formed due to loss of
water [53, 90].

(2) 2-AG. When analyzed in positive-mode ESI-MS, 2-AG
typically yields the protonated molecule [M + H]+ at m/z
379 which is usually analyzed by LC/MS analysis. 2-AG also
forms adducts with sodium [M + Na]+ and potassium [M +
K]+ which yield ions at m/z at 401 and 417, respectively.
If ammonium ions are present in the mobile phase, the
ammonium adducts [H + NH

4
]+ can be observed atm/z 396

[57]. Under CID, the fragment ion ofm/z 361 can also be seen
as a loss of water [M + H − H

2
O]+ [48]. A loss of glycerol

[M − C
3
H
8
O
3
]+ corresponds to fragment ion atm/z 287 [91].

2-AG also may form adducts with silver ions in the presence
of silver acetate inmobile phase.Themolecular ion generated
from positive mode ESI is [M + 107Ag]+ observed atm/z 485
for 107Ag isotope. CID of m/z 485 yields mass transition of
m/z 485 → 411 due to loss of glycerol [90].

Fragmentation schemes for [AEA +H]+ atm/z 348.4 and
[2-AG + H]+ atm/z 379.2 after collision induced dissociation
(CID) are illustrated in Figure 6 [52].

(3) Isomerization of 2-AG to 1-AG. Because 2-AG spon-
taneously undergoes isomerization to biologically inactive
1-AG through the migration of acyl group from the sn-
2 to sn-1/3 position as observed in several studies [47,
72, 92], 2-AG should not be analyzed without taking into
consideration of 1/3-AG. Zoerner et al. tested the effect of
several solvents on isomerization of 2-AG to 1/3-AG and
showed that no isomerization was observed when toluene
was used as a solvent [88]. Further, the ratio of 2-AG/1-
AG was 12.3 : 1, 10.8 : 1, 9.8 : 1, 9.5 : 1, 8.1 : 1, 7.5 : 1, 6.9 : 1, 4.4 : 1,
4.1 : 1, 2.6 : 1, and 0.07 : 1 for chloroform, isohexane, ethyl
acetate, ethyl acetate-heptane, water, ethyl acetate:isohexane,
acetonitrile, chloroform:methanol, acetone, methanol, and
ethanol, respectively. Thus, solutions of 2-AG in methanol
or ethanol should be avoided during sample preparation to
prevent the acyl migration.
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Figure 6: Fragmentations from LC/MS/MS in positive ESI mode of (a) [AEA + H]+ atm/z 348.4 and (b) [2-AG + H]+ atm/z 379.2 after CID
[19].

4. Example of Routine NAEs
Analysis by GC-MS

By way of example, the following procedure is suitable for
the analysis of endocannabinoid-type metabolites from a
variety of biological tissues. Extreme care should be taken
to minimize postmortem accumulation of endocannabinoid
metabolites. Frozen or fresh tissues (50–100mg per sample)
are homogenized in a bead beater apparatus in hot 2-
propanol (2.5mm dia glass beads; Bio Spec Products Inc.).
The extract is combined with deuterated NAE standards
(d4-NAE 16 : 0, d4 NAE 18 : 2, and d4 NAE 20 : 4) (Cayman
Chemical Co.; 100 ng each) and total lipids are extracted
into chloroform. The organic phase is collected for further
purification by solid phase extraction (SPE). Silica SPE
cartridges (100mg, 1.5mL; Grace Davison Discovery Sci-
ences) are conditioned with 2mLmethanol followed by 4mL
chloroform. Samples are applied to the SPE column and
washed with 2mL chloroform, and NAEs are eluted with
2mL of 1 : 1 (v/v) ethyl acetate:acetone. The eluate is col-
lected, evaporated under nitrogen, and derivatizedwith 50𝜇L
BSTFA (Fisher Scientific, Houston, TX, USA) for 30min at
55∘C. After derivatization, the samples are again evaporated
under nitrogen and reconstituted in 50𝜇L hexane. NAEs are
identified via selective ion monitoring and quantified against
the internal deuterated standards (d4- NAE 16 : 0) as TMS-
ether derivatives byGC-MS (Agilentmodel 6890GC coupled
with a 5973 mass selective detector) in positive EI. NAE

concentration is then calculated based on fresh weight, dry
weight, or lipid weight. Concentrations of several NAEs in
serum, heart, brain, and retina of 6-week-old male DBA/2
mice before and after depot injection of NAE 16 : 0 were
determined by this method and reported in Jian et al. [85].
The NAEs species detected were NAE 16 : 0, NAE 18 : 0, NAE
18 : 1, NAE 18 : 2, and NAE 20 : 4 (AEA). Representative mass
spectra of selected NAEs analyzed by GC-MS with EI-MS in
positive scan mode are shown in Figure 7.

5. Construction of Standard Curves

Standard curves (calibration curves) for both GC-based and
LC-based analyses are typically constructed by combining a
constant amount of internal standard(s) (IS) with increasing
amounts of the corresponding native molecules (analytes).
Concentrations of analytes in biological samples can be
determined by calculating of their responses against internal
standard responses as described in [54]. One important
precaution to consider is that deuterated standards may con-
tain some parental, unlabeled compound and consequently
should be run through analytical procedures in the absence
of tissue to account for this potential contribution especially
where analytes are in very low abundance:

Relative response

=
peak area (or ion abundance) of analytes

(IS area/IS concentration)
.

(1)
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Figure 7: Mass spectra of NAEs generated by GC-MS with positive EI in scan mode. (a) N-Palmitoylethanolamine (PEA). (b) N-
Stearoylethanolamine (SEA). (c)N-Arachidonoylethanolamide (AEA). (Left column represents authentic, purified compounds; right column
represents the same compounds identified in retinal tissue extracts.)
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6. Summary and Discussion

Advances in the development of analytical methodologies for
endocannabinoid and endocannabinoid-like compounds in
biological tissues and fluids have helped to support further
understanding of how these lipid mediators function in a
variety of organisms and biological processes [10, 22]. The
functions of these metabolites often rely on rapid changes
in their endogenous concentrations and so it is imperative
that accurate, sensitive procedures be employed to assess
their identities and quantitative abundances [45, 52]. Various
mass spectrometric approaches fit these requirements well,
and while standard GC-MS procedures have been in place
the longest [47, 63], LC-MS and tandem MS provide for
separation, sensitive detection, and structural identification
of samples and are especially applicable to underivatized
metabolites [19, 46, 52, 61]. In both MS approaches, the most
accurate quantification is based on robust isotope dilution
procedures and referenced to standard curves for respective
analytes.

The analysis of endocannabinoid and endocannabinoid-
like compounds can be a challenging goal, especially given
their low concentrations in biological organisms [45]. As
pointed out elsewhere [19, 45, 47, 52], great care should be
taken in the handling of tissues and extracts so that identi-
fication and quantification of endogenous metabolites are as
accurate as possible. Sample preparation is one of the most
important steps to consider due to the low abundance and
potential for degradation or postmortem production during
tissue processing [63]. One additional complication for 2-AG
analysis is the spontaneous isomerization of 2-AG to 1/3-AG.
The chromatographic separation between these two isomers
is necessary due to the similarity of how they behave during
MS or MS/MS analysis [10]. Additional precautions should
also be taken into consideration throughout tissue handing,
homogenization, and lipid extraction. Tissues should be
stored at −80∘C and not allowed to thaw until they are
extracted. The exposure of lipid samples to plastic should be
minimized to avoid losses during processing or extraction of
contaminants from surfaces that may interfere with analyses.
Of course minimal exposure to light and oxygen is necessary
to maintain integrity of metabolites as well. Most important
is the use of internal standards that help to account for losses
during the analysis and facilitate identification and accurate
quantification.

While the targeted MS-based lipidomics approaches
described herein are valuable for quantification of endo-
cannabinoids, they are also suitable for untargeted appli-
cations and the discovery of novel lipid metabolites with
potential functional significance. These analytical technolo-
gies support an exciting time in biomedical research where
the list of functional lipid mediators is growing at an amazing
pace. In the case of endocannabinoids and endocannabinoid-
like molecules, their analyses most certainly will continue to
provide clues for lead therapeutic agents or for biomarkers of
various pathological conditions.
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Neurocognitive effects of cannabinoids have been extensively studied with a focus on CB1 cannabinoid receptors because CB1
receptors have been considered the major cannabinoid receptor in the nervous system. However, recent discoveries of CB2
cannabinoid receptors in the brain demand accurate determination of whether and howCB2 receptors are involved in the cognitive
effects of cannabinoids. CB2 cannabinoid receptors are primarily involved in immune functions, but also implicated in psychiatric
disorders such as schizophrenia and depression. Here, we examined the effects of CB2 receptor knockout in mice on memory to
determine the roles of CB2 receptors in modulating cognitive function. Behavioral assays revealed that hippocampus-dependent,
long-term contextual fear memory was impaired whereas hippocampus-independent, cued fear memory was normal in CB2
receptor knockout mice. These mice also displayed enhanced spatial working memory when tested in a Y-maze. Motor activity
and anxiety of CB2 receptor knockout mice were intact when assessed in an open field arena and an elevated zero maze. In contrast
to the knockout of CB2 receptors, acute blockade of CB2 receptors by AM603 in C57BL/6J mice had no effect on memory, motor
activity, or anxiety. Our results suggest that CB2 cannabinoid receptors play diverse roles in regulating memory depending on
memory types and/or brain areas.

1. Introduction

Neuropsychiatric effects of cannabinoids, including endo-
cannabinoids and cannabis ingredients, have been primarily
studied in relation to CB1 cannabinoid receptors (CB1Rs)
because CB1R has been considered the major, if not the only,
cannabinoid receptor in the nervous system. Although early
studies showed that CB2 cannabinoid receptors (CB2Rs) are
expressed only in the immune system but not in the brain [1–
3], recent evidence has indicated that CB2Rs are also present
in the brain (for review, see [4]).

In situ hybridization studies show that CB2R mRNAs are
expressed in neurons in the cerebellum [5], globus pallidus,
cerebral cortex, hippocampus [6, 7], ventral tegmental area
[8], nucleus accumbens, and dorsal striatum [9] in rodents
and macaque. These data have been supported by negative

control experiments with CB2R knockout (KO) mice [8]
or sense probes [5, 7, 8]. The detection of CB2R proteins
using anti-CB2R antibodies has been controversial [10–13]
perhaps because of the low expression levels of CB2Rs
and/or poor specificity of the currently available antibod-
ies. The expression of CB2Rs in microglia can be induced
under pathological conditions for neuroprotective immune
responses (for review, see [14]).

CB1Rs are unequivocally involved in many neurocog-
nitive effects induced by cannabinoids (for review, see
[15]), but it is unclear whether CB2Rs also participate in
neurological effects. Δ9-Tetrahydrocannabinol (THC), the
primary psychoactive component of marijuana, binds to
CB1R and CB2R with the same affinity [16]. Anandamide
and 2-arachidonoylglycerol, two main endocannabinoids,
can also activate both CB1R and CB2R with a 3- to 4-fold

Hindawi Publishing Corporation
Neural Plasticity
Volume 2016, Article ID 9817089, 14 pages
http://dx.doi.org/10.1155/2016/9817089

http://dx.doi.org/10.1155/2016/9817089


2 Neural Plasticity

higher affinity for CB1R than for CB2R although anandamide
and Δ9-THC are low-efficacy agonists of CB2Rs [16–18].
Therefore, it is conceivable that both receptors in the brain
might be activated when levels of endocannabinoids are
elevated or after long-term intake of marijuana.

Evidence suggests that CB2Rs modulate neuronal func-
tions. Activation of CB2Rs reduces pain (for review, see
[19]), impulsive behaviors [20], and locomotor activity [21–
23] of rodents and also vomiting of ferrets [24]. Chronic
activation or blockade of CB2Rs in rodents increases or
decreases, respectively, anxiety [25]. Activation of CB2Rs
decreases the excitability of peripheral sensory neurons [19],
cortical pyramidal neurons [26], and dopaminergic neurons
in the ventral tegmental area [8]. CB2Rs modulate excitatory
synapses in the hippocampus [27, 28] as well as inhibitory
synaptic transmission [25, 29, 30].

In humans, the polymorphism of CNR2, which encodes
CB2R, is related to schizophrenia [31, 32], depression [22],
and bipolar disorder [33].The deletion of CB2Rs in mice also
induces schizophrenia-like symptoms, such as impairment in
sensory-motor gating and an increase in depressive behavior
[34]. In addition, CB2R KO mice display a deficit in long-
term memory assessed in a step-down passive avoidance test
[27, 34], which probes the functions of the hippocampus,
entorhinal cortex, parietal cortex, and/or amygdala (for
review, see [35]). However, it has not been determined
whether CB2R KO mice also display other phenotypes
resembling schizophrenia-related behaviors. Patients with
schizophrenia have working memory deficits (for review,
see [36]) and impaired functions of the hippocampus (for
reviews, see [37, 38]) and amygdala (for reviews, see [39, 40]).
These features are often recapitulated in animal models of
schizophrenia (for reviews, see [41, 42]). Because CB2R is
implicated in schizophrenia in humans and schizophrenia-
associated behaviors in mice, we hypothesized that CB2R KO
mice might have deficits in working memory and long-term
memory dependent on the hippocampus and/or amygdala.

Here, we tested spatial working memory and long-term
fear memory of CB2R KOmice. Our data indicated that con-
textual fear memory, which is dependent on the hippocam-
pus, was impaired in CB2R KO mice whereas hippocampus-
independent, cued fearmemorywas not affected. In addition,
spatial working memory was enhanced in CB2R KO mice.
However, acute blockade of CB2Rs by AM630 did not alter
memory, motor activity, or anxiety.These results suggest that
the roles of CB2Rs in memory are diverse depending on
memory types and/or brain areas.

2. Materials and Methods

2.1. Animals. CB2R KO mice (The Jackson Laboratory, Bar
Harbor, ME; Stock number 005786) were originally created
byDeltagen (SanMateo, CA) on the background of C57BL/6J
mice. We crossed homozygous KO mice (CB2R−/−) with
C57BL/6J mice (The Jackson Laboratory) to obtain heterozy-
gous CB2R+/− mice. CB2R+/− mice were bred with each
other to generate littermates of CB2R+/+ and CB2R−/−. These
wild type (WT) and KO mice of either sex were used for

experiments at age 2.5–4 months. Male C57BL/6J mice at
age 2.5–3 months were also used for AM630 administration
(Figures 5 and 6). Animals were group-housed (3-4 mice
per cage) in a temperature- and light-controlled room (23∘C
and the light/dark cycle of 6AM/6 PM) with free access
to food and water. Before experiments, the experimenter
handled mice daily for 5 days, 5min a day. On the day
of experiment, mice were placed in the test room >1 h
before tests. All experiments were conducted in accordance
with the animal use protocol that was approved by the
Institutional Animal Care and Use Committee of Georgia
Regents University. We genotyped mice using REDExtract-
N-Amp Tissue PCR Kit (Sigma-Aldrich, St. Louis, MO)
and the following primers: GGGGATCGATCCGTCCTG-
TAAGTCT, GACTAGAGCTTTGTAGGTAGGCGGG, and
GGAGTTCAACCCCATGAAGGAGTAC.

2.2. Drug Administration. Male C57BL/6J mice (2.5–3
months old) were injected with AM630 (Tocris, Minneapolis,
MN), a specific CB2R antagonist, at 3mg/kg (i.p., ∼250𝜇L
per mouse). Age- and sex-matched control mice were
administered with vehicle (0.9% NaCl solution with 5%
DMSO and 5% Tween 80). An AM630 stock solution was
made in DMSO and diluted immediately before injection
in a NaCl-Tween 80 solution. In the fear conditioning
experiments, mice were treated with AM630 or vehicle 3min
after the conditioning session. In the experiments of Y-maze,
open field arena, and elevated zero maze, another group of
animals (i.e., drug-naive) were administered with AM630 or
vehicle 1 h before the behavioral tests.

2.3. Fear Conditioning. The fear conditioning chamber (18 ×
18 × 28.5 cm3; Coulbourn Instruments, Whitehall, PA) was
made of metal on two sides and transparent plastic on the
other sides with an opening at the upper part of the walls.
The floor of the chamber consisted of a stainless steel grid,
to which an electric shock was applied. The conditioning
chamber was housed in a soundproof isolation cubicle (Coul-
bourn Instruments) and illuminated with 7-lux white light
from a lamp attached to a wall of the chamber. Auditory tones
for fear conditioning were generated by a sound generator
(Sony Audio Control Center STR-DH130) and delivered to
a speaker attached to the conditioning chamber. For fear
conditioning, amouse was placed in the chamber for 90 s and
then presented with a tone (80 dB) for 30 s. During the last
2 s of the tone, an electric shock (0.5mA, 2 s) was delivered
to the grid floor. The behavior of mice was monitored and
recorded by a camera mounted on the ceiling of the chamber
and analyzed by the FreezeFrame 4 software (Actimetrics,
Wilmette, IL). When mice showed no noticeable movement
for≥1 s, it was counted as freezing behavior.The 2min session
of a 90 s rest and a 30 s tonewas repeated 3 times continuously
for a given mouse. Immediately after the conditioning, mice
were returned to home cages. The conditioning chamber was
wiped with 70% ethanol after testing each animal.

For contextual fear memory tests, mice were placed, 24 h
after the conditioning, in the same conditioning chamber for
5min and the freezing behavior was monitored. Cued fear
memory was tested 1-2 h after the contextual memory test
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with visual and odorous modifications of the conditioning
chamber. Acetic acid (5%) in a Petri dish was placed in the
isolation cubicle, but outside the chamber, for a new odor.
Visual context was altered by lining the walls and floor of
the chamber with paper and/or placing an opaque plastic
bucket (16.5 cm diameter and 12.5 cm height) in the chamber.
For additional visual modifications, the color of light in the
chamber was changed to yellow. A mouse was put in the
chamber for 2min and then presented with a tone (80 dB) for
3min. Animals were returned to home cages 1min after the
termination of the tone. During the cued fear memory test,
two WT mice escaped from the chamber through the upper
opening and thus were removed from the analysis.

2.4. Y-Maze. A continuous spontaneous alternation test was
performed in a Y-maze (San Diego Instruments, San Diego,
CA). The Y-maze consisted of three arms at 120∘ and was
made of beige plastic. Each arm was 7.5 cm wide and 38 cm
long, and its three sides (except for the side adjoining the
other arms) were surrounded by 12.5-cm highwalls.The floor
of the Y-maze was covered with a sawdust bedding material.
Between each trial, the sawdust was mixed and redispersed
to remove or randomize odor trails. Distal visual cues were
placed around the Y-maze. A mouse was placed in the Y-
maze and allowed to explore for 3min under the illumination
of 100 lux. Mouse behavior was monitored, recorded, and
analyzed by a webcam (C920, Logitech, Newark, CA) and
the Any-Maze software (Stoelting, Wood Dale, IL). A mouse
was considered to have entered an arm if the whole body
(except for the tail) entered the arm and to have exited if the
whole body (except for the tail) exited the arm. If an animal
consecutively entered three different arms, it was counted
as an alternating triad. Because the maximum number of
triads is the total number of arm entries minus 2, the score
of alternation was calculated as “the number of alternating
triads/(the total number of arm entries − 2).”

2.5. Open Field Arena. Exploratory motor activity and anx-
iety were tested in an open field arena (40 × 40 cm2 with
30-cm high walls), which was made of wood coated with
black plastic. The floor was covered with a sawdust bed-
ding material. After each trial, the sawdust was redispersed
to remove odor trails. A mouse was placed in the open
field arena and allowed to explore for 5min under 100-lux
illumination. Mouse behavior was monitored, analyzed, and
recorded by a webcam (Logitech C920) and the Any-Maze
software (Stoelting). The area of 20 × 20 cm2 in the middle of
the arena was set as a center area in the analysis software.The
tendency of a mouse to avoid this center area was used as an
indication of anxiety level.

2.6. Elevated Zero Maze. Anxiety levels of mice were also
tested in an elevated zero maze (San Diego Instruments).
The zero maze was a continuous circular track made of
beige plastic. The width of the track was 5 cm and the inner
diameter was 48 cm. Two opposite quadrants of the circular
track (referred to as “closed quadrants”) were surrounded by
two 15-cm high walls along the edge of the track. The edges

of the other two quadrants of the track (referred to as “open
quadrants”) were lined with 1-cm high rails. The zero maze
was elevated 51 cm above the floor by steel legs. After each
trial, the maze was wiped with 70% ethanol. A mouse was
placed on the zero maze and allowed to explore for 5min
under 200-lux illumination. Mouse behavior was monitored,
recorded, and analyzed by a webcam (Logitech) and the Any-
Maze software (Stoelting). A mouse was considered to have
entered or exited a closed quadrant if the whole body (except
for the tail) entered or exited, respectively, the quadrant.

2.7. Statistics. Comparisons between two groups were made
with Student’s 𝑡-tests with a two-tailed confidence level of𝑃 <
0.05.

3. Results

3.1. Contextual, but Not Cued, Fear Memory Is Impaired in
CB2R KO Mice. For fear conditioning, CB2R WT and KO
mice were presented with a 30 s tone and a 2 s electric foot
shock, 3 times every 2min (Figure 1(a)). For the first 2min,
WT and KO mice spent 1.6 ± 0.5% (𝑛 = 18) and 1.7 ± 0.8%
(𝑛 = 11), respectively, of the time being frozen (𝑃 = 0.86, 𝑡-
test; Figure 1(a)), suggesting that the two groups of mice had
similar baseline freezing behavior. During the second 2min
period, the freezing time increased to about 10% for bothWT
and KO mice, and there was again no difference between the
two strains (𝑃 = 0.95, 𝑡-test; Figure 1(a)). For the last 2min
of the conditioning session, the freezing time of KO mice
(26 ± 4%) was not significantly different from that of WT
mice (30 ± 4%) (𝑃 = 0.52, 𝑡-test; Figure 1(a)). This result
implies thatWT and KOmice had similar baseline responses
to electric foot shocks.

On the next day, the same animals were tested for long-
term, contextual fear memory by being placed in the same
conditioning chamber for 5min without a tone or a foot
shock. During the 5min exposure to the same context, WT
mice showed freezing behavior for 45 ± 4% of the time,
whereas KO mice froze for a significantly shorter period of
time, 30 ± 3% (𝑃 = 0.0078, 𝑡-test; Figure 1(b)). This result
suggests that the contextual fear memory might be impaired
in CB2R KO mice. However, an alternative interpretation
could be that the KO mice quickly noticed after being placed
in the chamber that a foot shock was not delivered and thus
disconnected the context from fear. To test for this possibility,
we analyzed the freezing behavior separately during the early
(0–2min) and late (4-5min) periods of the 5min exposure.
For the first 2min, the freezing time of the KO mice (26 ±
3%) was still significantly shorter than that of the WT mice
(44 ± 4%) (𝑃 = 0.0027, 𝑡-test; Figure 1(b)). Similarly, the KO
mice displayed significantly shorter freezing time (30 ± 5%)
during the last 1min period than the WTmice did (48 ± 5%)
(𝑃 = 0.020, 𝑡-test; Figure 1(b)). This result implies that the
mice did not adapt to a shock-free environment but showed
consistent freezing behavior throughout the 5min exposure
period. Together, our data support the idea that the long-
term contextual fear memory, which is dependent on the
hippocampus, was impaired in CB2R KO mice.
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Figure 1: Contextual, but not cued, fearmemory of CB2RKOmice is impaired. (a) Baseline freezing behavior ofmice during the conditioning
period. A mouse in a fear conditioning chamber was presented with a tone for 30 s, 3 times every 2min. During the last 2 s of the tone, an
electric foot shock was delivered. The freezing time of KO mice was similar to that of WT mice in each of the 2min periods. (b) Contextual
fear memory was tested 24 h after the fear conditioning. Mice were placed in the same conditioning chamber for 5min and the freezing time
was measured. The freezing behavior was also analyzed in the early (0–2min) and late (4-5min) phases of the 5min period. ∗∗𝑃 < 0.01;
∗

𝑃 = 0.02; 𝑡-test. (c) Cued fear memory was assayed after the contextual memory test in a modified conditioning chamber. A tone was
presented for 3min and the freezing behavior was monitored before (for 2min) and during the tone. Error bars represent SEM.

Next, we assayed hippocampus-independent, cued fear
memory [50–53]. Mice were placed in the conditioning
chamber with modified visual and odorous cues for 2min
without a shock or a tone and then for 3min with a tone.
For the first 2min, WT and KO mice showed no difference
in baseline freezing behavior in the new context: 10 ± 2%
and 7.6 ± 2% freezing time for WT (𝑛 = 16) and KO
(𝑛 = 11), respectively (𝑃 = 0.52, 𝑡-test; Figure 1(c)). When
presented with a tone for 3min, the mice displayed more
freezing, but the freezing time of KOmice (39±7%)was again
not significantly different from that of WT mice (42 ± 4%)
(𝑃 = 0.74, 𝑡-test; Figure 1(c)). These results suggest that the
impairment of long-term fearmemory in CB2RKOmice was
specific for hippocampus-dependent processes.

3.2. Spatial Working Memory Is Enhanced in CB2R KO Mice.
We performed a spontaneous alternation test in a Y-maze to
assess spatial working memory (Figure 2(a)). Alternation of
arm entries is driven by an instinct of a mouse to visit a novel
place and requires the mouse to remember which arms it
entered in its immediately previous exploration (for review,
see [54]). During the 3min test session in a Y-maze, CB2R
KO mice had a significantly higher probability of alternating
three consecutive entries (68±2%; 𝑛 = 12) thanWTmice did
(61 ± 2%; 𝑛 = 19) (𝑃 = 0.012, 𝑡-test; Figure 2(b)). This result
suggests that the spatial working memory of CB2R KO mice
was enhanced compared with that ofWTmice. Alternatively,
it is also possible that CB2R KOmice had higher exploratory
motivation and thus stayed in each arm for a shorter period of
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Figure 2: Spatial working memory of CB2R KO mice is enhanced when assessed with a spontaneous alternation test in a Y-maze. (a)
Representative tracking of mouse movement for 3min in a Y-maze. Consecutive entries into three different arms were counted as an
alternation. (b) KOmice displayed a higher rate of spontaneous alternation compared withWTmice. ∗𝑃 = 0.012, 𝑡-test. (c)The total number
of arm entries was not significantly different between the two strains. Error bars represent SEM.

time, resulting in a less temporal burden for memory storage.
To test for this possibility, we analyzed the total number of
arm entries for 3min, but both WT and KO mice showed
similar number of entries (𝑃 = 0.19, 𝑡-test; Figure 2(c)).
Together, these data imply that CB2R KO had enhanced
spatial working memory.

3.3. Motor Activity and Anxiety in an Open Field Arena Are
Not Affected by KO of CB2Rs. Fear memory tests and a Y-
maze test involve motor activity and/or anxiety of mice.
Although the analyses of these tests (Figures 1 and 2) implied
that the mobility and basal freezing behavior of CB2R KO
mice were similar to those of WTmice, we further examined
these properties of mice in an independent assay. An open
field arena was used to assess both motor activity and anxiety
while mice explored the arena for 5min (Figure 3(a)). As
an assay of anxiety in an open field arena, the exploration
time and travel distance in the center area of the arena were
analyzed. CB2R KO mice spent 23 ± 3 s (𝑛 = 11) in the
center area and it was not significantly different from the
time spent by WT mice (27 ± 3 s; 𝑛 = 18) (𝑃 = 0.40, 𝑡-
test; Figure 3(b)). The distance traveled in the center area by

KO mice (2.3 ± 0.3m) was also similar to that by WT mice
(2.5 ± 0.3m) (𝑃 = 0.58, 𝑡-test; Figure 3(c)). These results
suggest that there was no difference in anxiety levels between
the two strains of mice. The total distance traveled by the KO
mice for 5min (21.8 ± 1.9m) was not different from that by
the WT mice (21.8 ± 1.1m) (𝑃 = 0.997, 𝑡-test; Figure 3(c)).
Themean speed of travel was 7.3± 0.4 cm/s forWTmice and
7.3 ± 0.7 cm/s for KO mice (𝑃 = 0.98, 𝑡-test; Figure 3(e)).
These results indicate that the CB2R deletion did not affect
motor activity.

3.4. CB2R KO and WT Mice Have Similar Levels of Anxiety
in an Elevated Zero Maze. The anxiety of CB2R KO and
WTmice was additionally assessed in an elevated zero maze,
which consisted of two quadrants with walls and two other
quadrants without walls (Figure 4(a)). The more anxious a
mouse is, the more time it will spend in walled, or closed,
quadrants. During a 5min test session, CB2R WT (𝑛 = 18)
andKO (𝑛 = 11)mice spent the same amount of time (69±2%
of the total time) in the closed quadrants (𝑃 = 0.89, 𝑡-test;
Figure 4(b)). The distance traveled in the closed quadrants
was 67 ± 1% and 69 ± 2% of the total travel distance for
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Figure 3: The levels of motor activity and anxiety assessed in an open field arena are normal in CB2R KO mice. (a) Representative tracking
of mouse movement for 5min in an open field arena (40 × 40 cm2). (b–e) During the 5min exploration period, KO and WT mice showed
no significant difference from each other in the time spent in the center area (20 × 20 cm2) of the arena (b), the travel distance in the center
area (c), the total travel distance in the arena (d), or the mean speed of movement (e). Error bars represent SEM.

WT and KOmice, respectively (𝑃 = 0.54, 𝑡-test; Figure 4(c)).
The two mouse groups also displayed similar levels of overall
motor activity in an elevated maze because the total travel
distance was 15.7 ± 0.8m for WT and 14.5 ± 0.8m for KO
mice (𝑃 = 0.33, 𝑡-test; Figure 4(d)). This result supports the
idea that the anxiety levels of CB2R KO mice were similar to
those of WT mice.

3.5. Acute Blockade of CB2Rs Has Little Effect on Mem-
ory. Next, we tested whether acute blockade of CB2Rs
also induced similar effects to those of chronic KO of
CB2Rs. C57BL/6J mice were fear-conditioned as described
in Figure 1(a) and then randomly divided into two groups
with 11 mice per group. These two groups were not different
from each other in freezing behavior during the 6min
conditioning session (𝑃 > 0.1 in each 2min period;
Figures 5(a) and 5(b)). Mice in the test group were injected
with AM630 (3mg/kg; i.p.), a CB2R antagonist, 3min after
the conditioning and control mice were administered with
vehicle. In the contextual memory test on the next day,
AM630-treated mice froze 56 ± 5% of the 5min test period
and this value was not significantly different from that of

vehicle-treated mice (64 ± 5%; 𝑃 = 0.30, 𝑡-test; Figure 5(c)).
When we analyzed the freezing behavior for the early 2min
(𝑃 = 0.84, 𝑡-test; Figure 5(c)) and the last 1min (𝑃 = 0.094, 𝑡-
test; Figure 5(c)), the two groups still did not differ from each
other. In the cued memory test, the freezing time of AM630-
treated mice (37 ± 7%) was not significantly different from
that of control mice (28 ± 2%; 𝑃 = 0.23, 𝑡-test; Figure 5(d)).
Their basal freezing before the tone was also similar to each
other (𝑃 = 0.94, 𝑡-test; Figure 5(d)). These data indicate that
acute blockade of CB2Rs altered neither contextual nor cued
fear memory.

We examined working memory, exploratory behav-
ior, and anxiety using another group of drug-naive mice.
C57BL/6J mice were injected with AM630 (3mg/kg; i.p.; 𝑛 =
12) or vehicle (𝑛 = 12) and used 1 h later for behavioral
tests (Figure 6(a)). In the working memory test in a Y-maze,
AM630-treated mice showed a 61 ± 5% rate of spontaneous
alternation and it was similar to that of vehicle-injected mice
(64±3%; 𝑃 = 0.60, 𝑡-test; Figure 6(b)), suggesting that spatial
working memory was not affected by acute administration of
AM630. The number of arm entries was also similar in the
two groups (𝑃 = 0.50, 𝑡-test; Figure 6(b)). In the assay of
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Figure 4:The anxiety level of CB2RKOmice is similar to that ofWTmice when assayed in an elevated zeromaze. (a) Representative tracking
of mice in an elevated zero maze for 5min. Dashed lines indicate the walls in two closed quadrants. (b-c) KO and WT mice spent similar
time (b) and traveled similar distances (c) in the closed quadrants of the zero maze. (d)The total travel distance of KOmice in the zero maze
for 5min was not significantly different from that of WT mice. Error bars represent SEM.

open field arena, four parameters were analyzed—the time
spent in the center area, distance traveled in the center area,
total travel distance, and travel speed—but none of them
was altered by AM630 (𝑃 > 0.8, 𝑡-tests; Figure 6(c)). The
behavior of AM630-treated mice on an elevated zero maze
was not significantly different from that of control animals
when the time and distance in closed quadrants and the total
travel distance were analyzed (𝑃 > 0.5, 𝑡-test; Figure 6(d)).
The data from open field arena and zero maze experiments
imply that the acute treatment with AM630 had little effect
on locomotor activity and anxiety.

4. Discussion

The present study shows that CB2R KOmice have, compared
with WT mice, enhanced spatial working memory, impaired
contextual fear memory, and normal cued fear memory
(Table 1). These changes in memory are not caused by
confounding effects of alterations inmotor activity or anxiety

Table 1: Changes in memory of cannabinoid receptor KO mice.
Changes in various types of memory of CB1R KO and CB2R KO
mice, compared with WT mice, are summarized from our current
results and other studies. Spatial working memory was assayed in a
spontaneous alternation test in a Y-maze. Spatial reference memory
was measured in a Morris water maze. ↑: enhanced; ↓: impaired; =:
unaffected.

CB2R KO CB1R KO
Spatial
Working ↑ Figure 2(b) ↓ [43]

Reference Acquisition =
Extinction ↓ [44, 45]

Conditioned fear

Contextual ↓ Figure 1(b) ↓

↑

[46]
[47]

Cued = Figure 1(c) Acquisition =
Extinction ↓ [48]

Passive avoidance ↓ [27, 34] = [49]
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Figure 5: Acute blockade of CB2Rs had little effect on fear memory. (a) Adult male C57BL/6J mice were fear-conditioned with a tone and a
foot shock, as illustrated in Figure 1(a).The animals were injectedwithAM630 (3mg/kg, i.p.), a CB2R antagonist, 3min after the conditioning.
(b) Baseline freezing behavior of mice during the conditioning session. The mice were randomly divided into two groups for injection with
AM630 or vehicle. (c) Contextual fear memory of AM630-treated mice was not significantly different from that of control mice.The freezing
time was counted during a 5min session and also analyzed for the first 2 and the last 1min of the session. (d) Cued fear memory was not
affected by acute treatment with AM630. A tone was presented for 3min. There was no significant difference in freezing behavior between
the two groups either before or during the tone. Error bars represent SEM.

because CB2RKO andWTmice displayed similar behavioral
phenotypes in an open field arena and an elevated zero maze.
Given that the hippocampus is involved in contextual, not
cued, fear memory [50–53], our results imply that the effects
of CB2R deletion on memory are variable depending on
memory types and/or brain areas. Our data also indicate
that acute blockade of CB2Rs by AM630 has no effect on
memory, motor activity, or anxiety of mice, implying that
the downregulation of CB2Rs might need to be prolonged to
induce such effects.

CB2Rs have been implicated in the regulation of synaptic
and neuronal functions. In the hippocampus, excitatory
synaptic transmission is increased by chronic activation
of CB2Rs [28] and dendritic spine density is reduced by
deletion of CB2Rs [27]. Acute stimulation of CB2Rs decreases

the amplitude of spontaneous inhibitory synaptic transmis-
sion in the entorhinal cortex [29] and inhibits potassium-
evoked GABA release from synaptosomes [30], but not in
the hippocampus [28]. Chronic activation of CB2Rs increases
GABAA receptor expression [25], although it does not change
inhibitory synaptic transmission in the hippocampus [28].
CB2R agonists increase chloride conductance and reduce
membrane excitability of cortical [26], not hippocampal [28],
neurons. These studies suggest that the cellular effects of
CB2R activation appear to be diverse depending on brain
areas. Taken together with our current results, the spatial
specificity of CB2R functions might be an important factor
in determining the role of CB2Rs in modulating synaptic
transmission and memory. For a complete understanding of
the cellular mechanisms of CB2R effects, it will be necessary
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Figure 6: Acute blockade of CB2Rs had no effect on working memory, locomotion, or anxiety. (a) Adult male C57BL/6J mice were injected
with AM630 (3mg/kg, i.p.) and, 1 h after the injection, used for behavioral tests in a Y-maze, an open field arena, and an elevated zero maze.
(b)The rate of spontaneous alternation or the number of arm entries of AM630-treatedmice in a Y-maze was not different from that of control
mice. (c) In an open field arena, AM630- and vehicle-injected mice displayed similar behavioral patterns in the time spent in the center area,
distance traveled in the center area, total travel distance, and travel speed. (d) In an elevated zero maze, the time and distance in the closed
quadrants and the total travel distance of AM630-administered mice were similar to those of control mice. Error bars represent SEM.
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to determine the roles of CB2Rs in regulating diverse prop-
erties of synaptic transmission, for example, presynaptic
release properties, postsynaptic responsiveness, short-term
plasticity, and long-term plasticity.

Our observation of impaired long-term memory is in
accord with the previous report of deficits in step-down
passive avoidance memory in CB2R KO mice [27, 34].
The passive avoidance memory depends on functions of
the hippocampus, entorhinal cortex, parietal cortex, and/or
amygdala [35]. On the other hand, the fear condition-
ing tests probe hippocampus-dependent and hippocampus-
independent memory separately [50–53]. Our data revealed
that a deficit in long-term fear memory is specific for
hippocampus-dependent, contextual memory. In the open
field test and elevated zeromaze test, CB2RKOmice were not
different from WT mice in terms of exploratory activity and
anxiety (Figures 3 and 4). However, it was previously reported
that CB2RKOmice traveled a significantly shorter distance in
an open field arena and spent less time in the open arms of an
elevated plusmaze comparedwithWTmice [34]. It is unclear
what caused the difference between our results and the
previous report, but one of the reasons could be the difference
in mouse background. We obtained C57BL/6J-based KO
mice and bred them with C57BL/6J mice, whereas, in the
other study, C57BL/6J-based KOmice were crossed with CD1
mice [34]. Given that some effects of cannabinoid receptor
KO are variable depending on the strain background [43, 55,
56], the mouse background might have contributed to the
discrepancy between the two studies. One of the advantages
of using ourmouse strain is that potential confounding effects
resulting from changes in motor activity and/or anxiety can
be ruled out. In the CB2R KO mice that we used, amino
acids 26–137 of CB2R (total 347 amino acids) were deleted.
However, a different region was removed [57] in the CB2R
KO mice used in the other study [34]. If the sequence
upstream of the deleted region is translated, a peptide with
potential biological activity could be generated. In addition,
it is possible that the sequence downstream of the deleted
region could be translated if the neocassette (hence the stop
codon in the cassette) is spliced out. Because different regions
are missing in the two strains of CB2R KOmice, such partial
translation, if any, would produce peptides thatmight possess
distinct function in eachmouse strain, resulting in differences
in phenotypes.Whether fragments of CB2Rs are expressed in
KO mice remains to be determined.

We used both male and female mice but the previous
study [34] included only males. However, the sex difference
might not account for the difference in the results because
our conclusion remained consistent even when we analyzed
only male mice in our data set. With only males, the freezing
time of KO mice (𝑛 = 8) in the contextual memory test was
shorter than that of WT mice (𝑛 = 13; 𝑃 = 0.038, 𝑡-test),
and there was no difference in the cuedmemory test between
WT (𝑛 = 12) and KO (𝑛 = 8) mice (𝑃 = 0.91, 𝑡-test).
The probability of alternation in the Y-maze test with male
KO mice (𝑛 = 8) was higher than that with male WT mice
(𝑛 = 13; 𝑃 = 0.024, 𝑡-test). There was no difference between
the two male groups in any analysis of the open field test and
zero maze test (𝑃 > 0.2, 𝑡-tests).

As introduced earlier, the abnormality of CNR2 in
humans is related to schizophrenia [31, 32] and CB2R KO
mice display schizophrenia-like phenotypes, for example,
impairment in sensory-motor gating and an increase in
depressive behavior [34]. Individuals with schizophrenia
have deficits in working memory (for review, see [36]),
hippocampal functions (for reviews, see [37, 38]), amygdala
functions (for reviews, see [39, 40]), and anxiety (for review,
see [58]). However, our study indicates that CB2R KO mice
display improved working memory, normal cued fear mem-
ory (which requires amygdala function), and normal anxiety
levels. Although CB2R KO mice clearly recapitulate some of
the schizophrenia-related phenotypes, our data imply that the
degree of the recapitulation needs to be scrutinized.

Acute administration of the CB2R antagonist AM630 in
vivo had little effects on memory, locomotion, and anxiety
in our experiments. At the cellular level, we have observed
that treatment of hippocampal slice cultures with SR144528,
a CB2R antagonist, even for 7–10 d did not affect excitatory
synaptic transmission [28]. Therefore, it appears that the
downregulation of CB2Rs needs to last long to produce any
effect on synaptic functions and memory. Acute intraperi-
toneal administration of AM630 at 3mg/kg, which we also
used, into mice has been reported to impair long-term
memory in a passive avoidance test [27] and increase anxiety
in a light-dark box test [25]. In contrast, the same drug
at the same dose in our experiments did not produce any
significant effect on long-term fear memory or anxiety. The
reason for this discrepancy is unclear but the differences in
mouse strain and/or the types of behavioral assaysmight have
contributed to the unmatched results. Although both CB2R
WT mice and C57BL/6J mice are considered control groups,
the former (Figure 1(a)) displayed less freezing response to
a foot shock than the latter (Figure 5(b)). C57BL/6J is a
congenic background of CB2R WT mice, but their genetic
compositions might not be identical to each other, possibly
resulting in differences in phenotypes [59]. Furthermore,
context- or cue-induced freezing behavior of CB2RWTmice
(Figures 1(b) and 1(c)) is not the same as that of vehicle-
injected C57BL/6J mice (Figures 5(c) and 5(d)). In addition
to the geneticmismatch, the stress caused by vehicle injection
into C57BL/6J mice and/or vehicle itself might be another
factor contributing to the phenotypic differences between
the two control groups. To avoid these confounding effects,
comparisons were made only between CB2R WT and KO
mice or between C57BL/6J groups.

One of the possible mechanisms for the delayed effects of
CB2R downregulation could be its effects on neurogenesis.
Activation of CB2Rs promotes the proliferation of neural
progenitor cells in vivo in the hippocampus [60, 61] and
subventricular zone [62], aswell as neural stem cells in culture
[63]. CB2RKOmice display a decrease in neurogenesis in the
hippocampus [60]. Interestingly, blockade of hippocampal
neurogenesis in adult mice impairs contextual fear memory
but not cued fear memory or spatial memory [64]. It would
be an important task to determine whether the effect of CB2R
KO on contextual memory is mediated by the disruption of
hippocampal neurogenesis. CB2R KOmice have impairment
in eye-specific segregation of retinal projections to the dorsal
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lateral geniculate nucleus [65] and an increase in retinal
sensitivity [66]. Therefore, if the vision of CB2R KO mice is
abnormal, it might influence the contextual learning because
this form of learning requires recognition of visual context.
If vision is one of the factors contributing to the deficit in
contextual memory in CB2R KO mice, it would still remain
puzzling how abnormal vision, if any, does not interfere with,
but rather enhanced, spatial working memory, of which the
acquisition and recall also require visual cues.

Although CB2Rs are expressed in the brain, the expres-
sion level of CB2Rs in the peripheral immune system is
much higher than that in the central nervous system (for
reviews, see [4, 67]). Therefore, the deletion of CB2Rs in
the immune system, not only in the brain, should be taken
into account when data from CB2R KOmice are interpreted.
The immune system can enhance the ability of learning and
memory under quiescent conditions (i.e., without inflamma-
tion or injury) via interactions among T cells, microglia, and
neurons, whereas a surge of cytokines under inflammatory
conditions can impair the processes of learning and memory
(for review, see [68]). In relation to immune functions, CB2R
KO mice are more vulnerable to experimental autoimmune
encephalomyelitis, allergic dermatitis, and bacterial infection
(for review, see [69]). It needs to be determined in the future
whether the compromised immune functions in CB2R KO
mice affect the processes involved in learning and memory.

CB1R KO mice display impaired extinction, but normal
acquisition, of both spatial reference memory [44, 45] and
cued fear memory [48]. Working memory is also reduced
in CB1R KO mice [43]. Contextual fear memory of CB1R
KO mice was reported to be impaired [46] or enhanced
[47], whereas passive avoidancememorywas unaffected [49].
Combined with our data (Table 1), these results indicate that
the normal acquisition of cued fear memory is common
for both CB1R KO and CB2R KO mice, but the changes in
working memory are opposite in CB1R KO and CB2R KO
mice. Acute administration of a CB1R agonist into rodents
impairs spatial reference memory [70–72], working memory
[71, 73], and contextual fear memory [74]. In contrast, acute
treatment of mice with a CB2R agonist enhances passive
avoidancememorywhereas a CB2R antagonist impairs it [25]
but not fear memory (Figure 5). Taken together, these studies
reveal that CB1Rs and CB2Rs have both similar and distinct
roles in modulating memory. Given that Δ9-THC, the major
psychoactive component of cannabis, and endocannabinoids
(e.g., anandamide and 2-arachidonoylglycerol) can activate
both CB1Rs and CB2Rs [16–18], it will be an important task
to determine how various effects of Δ9-THC on cognitive
functions are mediated by each type of cannabinoid recep-
tors. Once the neurocognitive effects of each receptor are fully
characterized, CB1R or CB2R can be selectively targeted for
pharmacological therapeutics to induce only desired effects
while avoiding unwanted ones.
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Sagredo, and J. A. Ramos, “Role of CB

2

receptors in neu-
roprotective effects of cannabinoids,” Molecular and Cellular
Endocrinology, vol. 286, supplement 1, no. 1-2, pp. S91–S96,
2008.

[15] O. Valverde, M. Karsak, and A. Zimmer, “Analysis of the
endocannabinoid system by using CB

1

cannabinoid receptor
knockout mice,” Handbook of Experimental Pharmacology, vol.
168, pp. 117–145, 2005.

[16] V. M. Showalter, D. R. Compton, B. R. Martin, and M. E.
Abood, “Evaluation of binding in a transfected cell line express-
ing a peripheral cannabinoid receptor (CB2): identification
of cannabinoid receptor subtype selective ligands,” Journal of
Pharmacology andExperimentalTherapeutics, vol. 278, no. 3, pp.
989–999, 1996.

[17] R. Mechoulam, S. Ben-Shabat, L. Hanus et al., “Identification
of an endogenous 2-monoglyceride, present in canine gut, that
binds to cannabinoid receptors,” Biochemical Pharmacology,
vol. 50, no. 1, pp. 83–90, 1995.

[18] T. Sugiura, S. Kondo, S. Kishimoto et al., “Evidence that
2-arachidonoylglycerol but not N-palmitoylethanolamine or
anandamide is the physiological ligand for the cannabinoid
CB2 receptor. Comparison of the agonistic activities of various
cannabinoid receptor ligands in HL-60 cells,” The Journal of
Biological Chemistry, vol. 275, no. 1, pp. 605–612, 2000.

[19] P. Anand, G. Whiteside, C. J. Fowler, and A. G. Hohmann,
“Targeting CB

2

receptors and the endocannabinoid system for
the treatment of pain,” Brain Research Reviews, vol. 60, no. 1, pp.
255–266, 2009.
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