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Proliferative vitreoretinopathy (PVR) can develop after ocular trauma or inflammation and is a common
complication of surgery to correct retinal detachment. Currently, there are no pharmacological treat-
ments for PVR. Cannabinoids acting at cannabinoid 2 receptor (CB2R) can decrease inflammation and
fibrosis. The objective of this study was to examine the anti-inflammatory actions of CB2R as a candidate
novel therapeutic target in experimental PVR. PVR was induced by intravitreal injection of dispase in
wild-type (WT) and CB2R genetic knockout (CB2R�/�) mice. Ocular pathology was studied at 24 h or one
week after dispase injection. CB2R modulation was examined in WT mice, using the CB2R agonist,
HU308, and the CB2R antagonist, AM630. Histopathological scoring and quantification of microglia was
used to evaluate tissue pathology. Quantitative PCR and multiplex assays were used to assess changes in
proinflammatory cytokines. Intravital microscopy (IVM) was used to visualize and quantify leukocyte-
endothelial adhesion to the iridial microcirculation. Activation of CB2R with HU308 in WT mice with
PVR decreased mean histopathological scores, the number of microglia, and leukocyte adhesion
compared to vehicle-treated animals. Conversely, an increase in histopathological scores and activated
microglia was observed in PVR animals after treatment with AM630. CB2R�/� mice with PVR exhibited
exacerbated ocular histopathology, increased microglia numbers, and elevated protein levels of cytokines
as compared to WT mice. In conclusion, our results indicate that intervention at early stage PVR with
CB2R agonists reduces ocular inflammation and disease severity. CB2R may represent a therapeutic
target to prevent PVR progression and vision loss.

This article is part of the Special Issue entitled ‘Lipid Sensing G Protein-Coupled Receptors in the CNS’.
Crown Copyright © 2016 Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Proliferative vitreoretinopathy (PVR) is an inflammatory and
fibrotic ocular disease. It can develop after ocular trauma, and is a
common complication of surgery to correct a retinal detachment in
around 5 to 10 percent of patients (Pastor, 1998). PVR is charac-
terized by the growth and proliferation of contractile epiretinal
membranes that cause traction within the vitreous, leading to
recurrent retinal detachments (Mandava et al., 2002). Epiretinal
membranes are comprised of extracellular matrix proteins and
migrated cells including retinal pigment epithelial cells, glial cells,
fibroblasts, and macrophages (Lei et al., 2007). Immune cells that
have been identified in the pathogenesis of PVR include neutro-
phils, microglia (MG) and macrophages (Tan et al., 2012). Vitreous
surgery is the standard treatment of care, with the goal of closing all
retinal breaks and removing epiretinal membranes (Pastor, 1998;
Sadaka and Giuliari, 2012). The success rate for PVR treatment is
moderate and in some patients the disease eventually culminates
in vision loss (Patel et al., 2004). Currently, there are limited
pharmacological therapies for the treatment of PVR (Khan et al.,
2015). Corticosteroids are commonly used and while these drugs
do suppress the immune response, they have many adverse sys-
temic and ocular effects including, increased intraocular pressure,
risk of glaucoma, and cataracts. Further effort is needed to develop
alternative non-steroidal treatment options (Kersey and Broadway,
2006).

The endocannabinoid system (ECS) is an emerging target in the
treatment of inflammatory and fibrotic diseases (Akhmetshina
et al., 2009; Munoz-Luque et al., 2007; Rajesh et al., 2010). The
ECS is an endogenous lipid signaling system comprised of two
identified G protein-coupled receptors, cannabinoid receptor type
1 (CB1R) and cannabinoid receptor type 2 (CB2R), endogenous lipid
ligands, including N-arachidonoylethanolamine (AEA) and 2-
arachidonoyl glycerol (2-AG), and enzymes responsible for endo-
cannabinoid synthesis and degradation (Kreitzer and Stella, 2009;
McPartland et al., 2015; Mechoulam and Parker, 2013). 2-AG is a
full agonist at CB2R (Gonsiorek et al., 2000), with activation
inhibiting adenylyl cyclase and stimulating mitogen-activated
protein kinases. CB1R is expressed on both pre- and post-synaptic
nerve terminals throughout the central nervous system (CNS) and
in the periphery. CB2R is often referred to as the “peripheral
cannabinoid receptor”, since it is highly expressed on immune cells
(Galiegue et al., 1995; Munro et al., 1993), and drugs acting at this
receptor lack behavioral side-effects associated with cannabinoids
that act at CB1R (Morales et al., 2016). CB2R has also been reported
in peripheral and CNS tissues (Lu et al., 2000), including retina (Lu
et al., 2000), and endothelium (Schley et al., 2009). The presence of
CB2R on both innate and adaptive immune cells, such as neutro-
phils, mast cells, natural killer cells, monocytes, microglia, B cells,
and T cells suggests that this receptor may be a potential target for
immunomodulation (Rom et al., 2013; Tanasescu and
Constantinescu, 2010). In support of this, receptor mRNA expres-
sion is highly induced during inflammatory conditions (Maresz
et al., 2005; Storr et al., 2009), and activation of CB2R has been
reported to be anti-inflammatory in experimental models of sepsis
(Lehmann et al., 2012, 2011), uveitis (Toguri et al., 2014), rheuma-
toid arthritis, multiple sclerosis (MS), Alzheimer's disease (AD),
Huntington's disease (HD), Parkinson's disease (PD), head injury,
and ischemia-reperfusion (Downer, 2011).

The involvement of the ECS, and more specifically, CB2R, in
retinitis has not been extensively investigated. However, Xu et al.
(2007), using a model of autoimmune uveoretinitis, reported that
modulation of the ECS, and in particular activation of CB2R, was
anti-inflammatory; a mechanism that involved inhibition of the
activation and function of autoreactive T cells and a reduction in
leukocyte recruitment to the inflamed retina (Xu et al., 2007). More
recent work by our group (Toguri et al., 2014), using a rodent model
of endotoxin-induced uveitis (EIU), has indicated that activation of
CB2R reduces leukocyte-endothelial interactions, and decreases the
levels of pro-inflammatory cytokines (interleukin 1-b [IL-1b],
interleukin-6 [IL-6], tumor necrosis factor [TNF], interferon-g [INF-
g], chemokine [CeC motif] ligand 5 [CCL5], chemokine [C-X-C
motif] ligand 2 [CXCL2]) and transcription factors responsible for
production of pro-inflammatory mediators (nuclear factor-kappaB
[NF-kB], activator protein 1 [AP-1]). This latter study also demon-
strated that in EIU, CB2R agonists were more efficacious than
clinically used topical agents, including steroids and NSAIDs. Taken
together, these studies contribute to the growing field of research
into the immunomodulatory properties of cannabinoids and their
potential to treat inflammatory disease, including in the eye.

The purpose of this study was to examine the role of CB2R in
experimental PVR. We used the CB2R selective cannabinoid
agonist, HU308, and antagonist, AM630, as well as CB2R genetic
knockout (CB2R�/�) mice, together with histopathology, immuno-
histochemistry, cytokine analysis and intravital microscopy (IVM),
to evaluate the role of CB2R in PVR pathology.



Table 1
Evaluation of experimental PVR was based on histological examination of retinal
sections according to amodified histological scoring table fromAgarwal et al. (2012).

Histopathology Description

0 No disease, normal retinal architecture
1 Retinal layers clearly visible

Inflammatory cell infiltration (inner retina layer)
Focal retinal detachments

2 Retinal layers still visible
Moderate inflammatory cell infiltration
Localized retinal folds

3 Retinal layers poorly distinguishable
Immune cell infiltration throughout retinal layers
Extensive retinal folds
Granulomas

4 Full thickness retinal damage
Severe inflammatory cells infiltration
Large granulomatous lesions
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2. Materials and methods

2.1. Animals

Male C57BL/6 wild-type (WT; 20e25 g; Charles River, QC, Can-
ada) age 6e8 weeks and CB2R�/� mice on C57BL/6J background
were used for experiments. CB2R�/� mice were purchased from
Jackson Laboratories (Bar Harbour, USA), and were bred in house.
Age-matched male CD1mice (20e25 g; Charles Rivers, QC, Canada)
were used for intravital microscopy (IVM) experiments as the
absence of pigment allowed for visualization of leukocyte-
endothelial interactions in the iridial microvasculature. BALB/c
mice (20e25 g; Charles River) were used for the EIU study to
determine the optimal dose for HU308. Animals were maintained
on a 12 h light/dark cycle, with unrestricted access to food and
water. All experiments were conducted in accordance with the
standards and procedures of the Canadian Council on Animal Care
and were approved by the Dalhousie University Committee on
Laboratory Animals. All studies involving animals are reported in
accordance with the ARRIVE guidelines for reporting experiments
involving animals (http://www.nc3rs.org.uk/; Kilkenny et al., 2010;
McGrath et al., 2010).

2.2. Induction of PVR

PVR was induced in mice, as previously described (Cant�o Soler
et al., 2002), using an intravitreal injection of dispase (Sigma, St.
Louis, MO, USA), a neutral protease which cleaves basement
membrane. Dispase was diluted to a concentration of either 0.1U/ml
or 0.2U/ml in a sterile saline solution. Under general anesthesia,
animals were injected intravitreally with sterile saline or dispase
solution (2 ml) using a 30G needle and Hamilton syringe (Hamilton
Company, Reno, NV, USA) with assistance of a WILDM37 dissecting
microscope (Leitz Canada, Kitchener, ON, Canada). Anesthesia was
induced by 4.0% isoflurane, maintained using 2% isoflurane (both in
70% N2O/30% O2), and monitored by toe pinch. Once the injection
was completed, the puncture wound was glued shut with 3M
Vetbond Tissue Adhesive (3M Animal Products, St. Paul, MN, USA),
and animals were allowed to recover.

At one week post-injection, C57BL/6 and CB2R�/� mice were
sacrificed by an intraperitoneal (i.p.) overdose of sodium pento-
barbital (250 mg/kg), eyes were enucleated and prepared for his-
tological or immunohistochemical staining, as well as mRNA
extraction for quantitative polymerase chain reaction (qPCR). For
IVM, CD1 mice were injected with 0.2U/ml of dispase or sterile sa-
line and the iridial microcirculationwas imaged 24 h post-injection.
For IVM, BALB/c mice were injected with 125/ml of LPS and the
iridial microcirculation was imaged 6 h post-injection.

2.3. PVR assessment

The internal tissue morphology of the eye was visualized by
haematoxylin and eosin (H&E) staining under a light microscope
(Wild Leitz, Willowdale, ON, Canada). The severity of the disease
was scored on a scale from 0 (no disease) to 4 (maximum disease)
in one-point increments, according to a semi-quantitative patho-
physiological scale (Table 1) modified from Agarwal et al. (2012),
one week following intravitreal injection.

2.4. Induction of endotoxin-induced uveitis

EIU was induced in BALB/c mice, as previously described (Toguri
et al., 2014), using an intravitreal injection of LPS (2 ml; 125 ng/ml;
E. coli 026:B6 L8274; Sigma). The iridial microcirculation was
imaged using IVM at 6 h post-injection.
2.5. Immunohistochemistry

Eyes were enucleated and immersed in 4% paraformaldehyde in
0.1 M phosphate buffer for 24 h. Fixed eyes were then transferred
into 30% sucrose in phosphate buffer saline (PBS) for cryoprotection.
Symmetrical sagittal sections (14 mm)of thewhole eyewere cut on a
freezing microtome (Leica CM1850 cryostat; Leica Microsystems
Inc., Concord, ON, Canada), and collected on the microscope slides
(Superfrost/Plus, Fisher). For immunohistochemical staining, slides
were washed in PBS (3 � 15min), then incubated for 1 h at room
temperature with 10% normal goat serum (Vector Labs) and 0.3%
Triton™ X-100 (Sigma Aldrich) in PBS. This step was followed by
overnight incubation of sections, at 4 �C, with the anti-rabbit Iba-1
(marker of MG and macrophages) or anti-GFAP (marker for astro-
cytes) (Wako Chemicals, USA; 1: 100) primary antibody.
Fluorescent-tagged antibody CY™3 goat anti-rabbit IgG (1:500,
Jackson ImmunoResearch Laboratories, West Grove, PA), was used
for visualization of Iba-1 and GFAP. Immunohistochemical controls
were performed by omission of either the primary or the secondary
antibodies. Iba-1-positive cells were enumerated using a Nikon C1
fluorescence microscope under 40X magnification. For each retina,
5e10 sections on one slide (and representing a cross-section of the
whole retina) were counted and averaged. Iba-1 staining in retina is
selective for microglia and macrophages, and has been used by us
and others in previous publications (Maneu et al., 2014, 2016).

2.6. Quantitative reverse transcription polymerase chain reaction

Total RNA was harvested from freshly isolated retina samples
using Qiagen plus RNA isolation kit (Qiagen, Mississauga, ON).
Reverse transcriptionwas carried out using 1 mg RNA and cDNAwas
prepared using iScript cDNA synthesis kit (Biorad, Mississauga, ON).
Quantitative PCR was performed in duplicate with 1 ml of cDNA
using Quantifast SYBR Green (Qiagen). Amplification was per-
formed using a RG-6000 Rotor-Gene (Corbett, Mississauga, ON) and
analyzed using the 2�DDCT relative quantification technique
(Gebremeskel et al., 2015) and expressed relative to internal
normalizing standard mRNA level. High-stringency primers
(Supplementary Table 1) were used for examining the expression of
Iba-1 (MG, macrophages), GFAP (astrocytes), CD68 (monocytes/
macrophages), Ly6G (neutrophils), IL-1b, IL-6. Quantitative reverse
transcription polymerase chain reaction (qPCR) data were
normalized to the expression of glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH).

2.7. Measurement of inflammatory markers

Measurement of inflammatory markers was conducted as
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previously described, (Toguri et al., 2014). Frozen whole globes
were homogenized in 100 mL of PBS and 1% bovine serum albumin,
supplemented with a protease inhibitor cocktail (Sigma, St. Louis,
MO, USA). Homogenates were centrifuged at 13,000 �g for 15 min
at 4 �C, and supernatant was collected. The Bio-Rad Protein Assay
(Mississauga, ON) was used to determine protein concentration
according to the manufacturer's instructions. Proteinwas diluted to
a concentration of 3620 mg/ml in PBS then diluted 1:1 in mice
diluent provided within the Procarta Multiplex Cytokine Assay Kit
(Freemont, CA, USA). Samples were analyzed using a Bio-Rad 200
instrument with Bio-Plex software (Mississauga, ON). Samples
were run in duplicate to examine levels of IL-1b and IL-6. Standard
curves were generated for each cytokine using the reference stan-
dards supplied with the kit.
2.8. Intravital microscopy

IVM was conducted as previously described (Toguri et al., 2014).
Briefly PVR was induced in CD1 mice 24 h prior to IVM, following
the same protocol as described above (0,2 U dispase). Animals were
anesthetized with pentobarbital (i.p. 54 mg/kg). 15 min before
initiating IVM, Rhodamine 6G (i.v. 1.5 ml/kg; Sigma-Aldrich, ON,
Canada) was injected to visualize leukocytes within the vascula-
ture, while fluorescein isothiocyanate (FITC) conjugated albumin
(i.v. 1 ml/kg; Sigma-Aldrich, ON, Canada) allowed visualization of
blood flow. The iridial microcirculation was observed using an
Olympus OV100 Small Animal Imaging System (Olympus, Tokyo,
Japan). Images were captured in real-time by a black and white
DP70 CCD C-mount camera and digitally recorded with Wasabi
software (Hamamatsu, Herrsching, Germany). During IVM the eye
was observed in four quadrants. Two to four videos of each quad-
rant were recorded for 30 s each. Videos were analyzed off-line
without knowledge of the treatment groups. Adherent leukocytes
were defined as the number of leukocytes during the 30 s obser-
vation period that did not detach from the endothelial surface.
Using imaging software (ImageJ; National Institute of Health, USA)
the number of adherent leukocytes within each vessel segment was
calculated bymeasuring the diameter and length of vessel segment
studied, assuming a cylindrical geometry of blood vessels. Adherent
leukocytes were expressed as number of cells per mm2 of endo-
thelial surface.
2.9. Cannabinoid treatments

The CB2R agonist, HU308 (4-[4-(1,1-dimethylheptyl)-2,6-
dimethoxyphenyl]-6,6- dimethylbicyclo[3.1.1]hept-2-ene-2-
methanol), and the CB2R antagonist, AM630 (6-Iodo-2-methyl-1-
[2-(4-morpholinyl)ethyl]-1H-indol-3-yl](4-methoxyphenyl)meth-
anone), were purchased from Tocris Bioscience (Bristol, UK), and
were dissolved in dimethyl sulfoxide (DMSO) (Sigma Aldrich, ON,
Canada) and sterile saline (3:7) for i.p. administration. In C57BL/6
mice with PVR, HU308 was administered daily for 7 days at the
dose of 1 mg/kg (100 ml/animal). The CB2R antagonist, AM630, was
administered for 7 days i.p. to C57BL6 mice with PVR at the dose of
2.5 mg/kg (100 ml). Control animals received daily i.p. injections
(100 ml) of the vehicle (DMSO/saline; 3:7).

For IVM, animals were injected with two i.v. doses (at 0 and
12 h) of either, HU308 (1mg/kg; 100 ml), AM630 (2.5 mg/kg; 100 ml)
or vehicle (DMSO/saline; 3:7), following intravitreal dispase injec-
tion (0.2U/ml). In BALB/c mice with EIU, HU308 was administered
i.v. at a dose of 0.1e10 mg/kg (100 ml/animal) directly after intra-
vitreal injection of LPS (250 ng). Control animals received i.v. 100 ml
DMSO and saline (3:7).
2.10. Statistical analysis

Individual animals in each treatment group were coded and
experiments were analyzed by two independent blinded observers.
All data are expressed as mean ± standard deviation (SD), and re-
sults were analyzed using Prism 5 software (GraphPad Software, La
Jolla, CA, USA). Following confirmation of normal distribution of
data by Kolmogorov-Smirnov testing, Student's t-test was used to
compare two groups and one-way analysis of variance (ANOVA)
with a Tukey's post hoc test was used for multiple comparisons.
Significance was set at p < 0.05.

3. Results

3.1. Dose-dependent dispase induction of PVR

The first objective was to establish and score our model of PVR
using different concentrations of intravitreal dispase compared to
saline control injections (Fig. 1). Histological scoring of retinal tis-
sue morphology was assessed from eyes enucleated one week
following the intravitreal injection of 2 ml of dispase at different
concentrations (0.1U, 0.15U, 0.2U, 0.4U per ml) or saline (control).
Fig. 1A and B shows representative H&E staining of cross sections of
the globe (top panel) and retinal section (bottom panel) from
control animals one week after receiving an intravitreal injection of
saline. Control eyes appeared histopathologically normal with no
overt pathology and with clearly distinct retinal layers (histopath-
ological score 0; Table 1). Fig. 1C and D shows H&E staining of a
representative cross section of the globe and a retinal section,
respectively, one week post-intravitreal injection of 0.15U dispase.
The representative retinal section shown (Fig. 1D) received a his-
topathological score of 2 (Table 1). Retinal layers are clearly visible,
but there is inflammatory cell infiltration and localized retinal folds
are present (left direction arrow). Fig. 1E and F shows representa-
tive H&E staining of a cross section of the globe and a retinal section
one week after intravitreal injection of 0.2U dispase. A histopath-
ological score of 4 (Table 1) was assigned due to the presence of
poorly distinguishable retinal layers, extensive retinal folds, retinal
detachments (right direction arrow) and large granulomas lesions
(Fig. 1F). H&E staining in eyes enucleated one week after injection
with 0.4U dispase showed such extensive PVR damage that they
could not be accurately scored, as per Table 1. These retinal sections
also showed signs of retinal hemorrhage (data not shown).

The histogram in Fig. 1G shows PVR scores at one week post-
intravitreal injection with 0.1U, 0.15U or 0.2U dispase compared
to control (intravitreal saline injection). The histopathological score
was significantly increased (p < 0.001) following injection with
either 0.15U (2.88 ± 1.12) or 0.2U dispase (3.75 ± 0.5) in comparison
to the control saline-injected group (0.25 ± 0.5).

For experiments examining whether pharmacological block or
loss of CB2R increased the severity of PVR histopathology, a dose of
0.1U dispase was used as this dose produced only minimal pa-
thology. For examining the putative anti-inflammatory actions of
CB2R activation, a dose of 0.2U dispase was used. This dose of
dispase generated more severe PVR scores.

3.2. CB2R activation reduces PVR histopathology and Iba-1 positive
MG accumulation

To assess the involvement of CB2R in mitigating PVR damage,
mice were treated with a selective CB2R agonist, HU308. The his-
togram in Fig. 2A shows that activation of the CB2R with daily i.p.
1.0 mg/kg HU308 significantly reduces the mean histopathological
score compared to treatment with vehicle, p < 0.01. This dose has
been shown to be efficacious in reducing leukocyte adhesion to the



Fig. 1. Dispase induces dose-dependent experimental PVR in mice. H&E staining of representative globe cross-sections (top panel, 2.5x magnification) and retinal sections (bottom
panel, 20�) fromWTmice at one week post-intravitreal injection of (A & B) saline, (C & D) dispase (0.15U), or (E& F) dispase (0.2U). Labelled retina: retinal ganglion cell layer (RGC),
inner neuronal layer (INL), outer neuronal layer (ONL), retinal folds (,), retinal detachment (➡). Scale bar ¼ 400 mm (top panel), 100 mm (bottom panel). (G) Bar graph represents
mean histopathological scores (according to Table 1) for the following groups: Saline (n ¼ 4), 0.1U dispase (n ¼ 4), 0.15U (n ¼ 8), 0.2U dispase (n ¼ 4). ***P < 0.001 compared with
saline, ##P < 0.01 and ###P < 0.001 compared to 0.1U dispase.
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iridial microcirculation during EIU (Supplementary Fig. 1). Mice
treated with 0.2U dispase plus HU308 had a histopathological score
of 2.0 ± 1.0, while mice treated with 0.2U dispase plus vehicle had a
histopathological score of 3.75 ± 0.5 (p < 0.01). Mice treated with
saline plus vehicle also had a significant decrease in the mean
histopathological score compared to 0.2U dispase plus vehicle,
(p < 0.01). There was no significant difference in the mean histo-
pathological scores between mice treated with saline plus vehicle
or HU308 (data not shown). The beneficial effect of HU308 was
blocked by pre-treatment of the animals with selective CB2R
antagonist, AM630, with a resultant histopathological score of
3.88 ± 0.4 (p < 0.01). Furthermore, eyes from animals injected with
0.1U dispase and treated with the CB2R antagonist, AM630 (Fig. 2B;
i.p. 2.5 mg/kg), exhibited a significantly worse mean histopatho-
logical score compared to vehicle-treated animals (p < 0.01). Mice
treated with the CB2R antagonist, AM630, had a histological score
of 3.12 ± 0.5 whilst vehicle-treated mice had a histopathological
score of 0.75 ± 0.5. In the presence of the CB2R antagonist, AM630,
HU308 treatment did not improve the mean histopathological
score induced by 0.1 U dispase (3.4 ± 0.5; p < 0.01).

Fig. 3 shows representative staining of Iba-1 positive cells (MG
and macrophages) in retinal sections from eyes with PVR, induced
by the intravitreal injection of 0.2U dispase, plus daily i.p. treatment
with vehicle (Fig. 3A) or 1.0 mg/kg HU308 (Fig. 3B). In vehicle-
treated mice (Fig. 3A), retinal MG have an amoeboid-like appear-
ance, consistent with activation (Walter et al., 2003), and are found
throughout the retina.Whenmice are treatedwith HU308 (Fig. 3B),
MG exhibit a ramified morphology and are confined largely to the
inner retina, suggesting a resting or inactive MG phenotype (Stence
et al., 2001). Fig. 3C and D shows representative staining of Iba-1



Fig. 2. CB2R pharmacological modulation modifies PVR pathology. Bar graphs represent the mean histopathological scores (according to Table 1) from WT mice at one week post-
intravitreal injection of saline or dispase (0.1U or 0.2U) and daily treatment for 7 days with either: (A) vehicle (n ¼ 4), the CB2R agonist HU308 (1.0 mg/kg; n ¼ 5) or HU308 plus the
CB2R antagonist AM630 (2.5 mg/kg; n ¼ 5), (B) vehicle (n ¼ 4), AM630 (2.5 mg/kg; n ¼ 8) or AM630 plus HU308 (1.0 mg/kg; n ¼ 5). **P < 0.001 compared with dispase þ vehicle.

Fig. 3. CB2R activation reduces number of retinal MG/macrophages in PVR. Representative anti-Iba-1 staining of retinal sections from WT mice one week after intravitreal injection
of: (A) 0.2U dispase þ vehicle (i.p. once daily), (B) 0.2U dispase þ HU308 (i.p. once daily; 1.0 mg/kg), (C) 0.1U dispase þ vehicle (i.p. once daily), (D) 0.1U dispase þ AM630 (i.p. once
daily; 2.5 mg/kg). Labelled retina: retinal ganglion cell layer (RGC), inner neuronal layer (INL), outer neuronal layer (ONL). Scale bar ¼ 40 mm. (E) Bar graph represents the mean
number of MG per 5e10 retinal sections/animal for the following groups: saline þ vehicle (n ¼ 4), saline þ HU308, 0.2U dispase þ vehicle (n ¼ 4), 0.2U dispase þ HU308 (n ¼ 5). (F)
Bar graph represents the mean number of Iba-1-positive cells per 5e10 retinal sections/animal for the following groups: 0.1U dispase þ vehicle (n ¼ 4), 0.1U dispase þ AM630
(n ¼ 5). *P < 0.05, **P < 0.01 compared with dispase þ vehicle.
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positive cells in retinal sections from eyes with PVR, induced by
intravitreal injection of 0.1U dispase, plus daily i.p. treatment with
vehicle (Fig. 3C) or 2.5 mg/kg AM630 (Fig. 3D). The histogram in
Fig. 3E shows that mice treated with an intravitreal injection of
0.2U dispase plus HU308 (daily i.p. 1.0 mg/kg) had significantly
fewer Iba-1 positive cells (171 ± 131 MG per section) than retinal
sections from animals treated with 0.2U dispase plus vehicle
(766 ± 289 MG per section; p < 0.01). Fig. 3E shows that mice
treated with an intravitreal injection of saline plus vehicle (daily
i.p.) had significantly fewer Iba-1-positive cells (2 ± 1 MG per
section) than retinal sections from animals treated with 0.2U dis-
pase plus vehicle (p < 0.01). There was no difference in Iba-1 pos-
itive cells per retinal section compared to saline plus HU308 (data
not shown). Fig. 3F shows that the mean number of Iba-1-positive
MG in retinal sections one week after the intravitreal injection of
0.1U dispase in WT animals treated daily with i.p. AM630 was
significantly increased (281 ± 17 MG per section) compared to eyes
from vehicle-treated animals (20 ± 17 MG per section; p < 0.05).

3.3. CB2R activation reduces leukocyte-endothelial interactions in
the iridial microcirculation

IVM was performed to examine leukocyte-endothelial adhesion
in the iridial microcirculation 24 h following intravitreal injection
of saline, 0.2U dispase plus vehicle or dispase plus CB2R agonist
(HU308) (Fig. 4). Eyes with intravitreal injection of 0.2U dispase
plus i.v. treatment with vehicle (100 ml) had significantly more
leukocytes (577 ± 313 cells/mm2) adhering to the iridial endothe-
lium compared to control eyes that received only intravitreal saline
injection (127 ± 15 cells/mm2; p < 0.01). Consistent with the anti-
inflammatory effect of CB2R activation, i.v. treatment with the CB2R
agonist, HU308 (1.0 mg/kg), significantly attenuated dispase-
induced leukocyte-endothelial interactions at 24 h
(230 ± 146 cells/mm2), as compared to vehicle-treated animals
(p < 0.01). Mice treated with the CB2R antagonist, AM630 (2.5 mg/
kg), following intravitreal injection of 0.2U dispase, showed exac-
erbated leukocyte-endothelial interactions, but could not be accu-
rately quantified due to the excessive number of adherent
fluorescently-labelled cells (data not shown).

3.4. Genetic loss of CB2R exacerbates PVR pathology

To further examine the involvement of CB2R in PVR
Fig. 4. CB2R activation reduces leukocyte-endothelial interactions in the iridial
microcirculation in PVR. Bar graph represents the mean number of adherent leu-
kocytes 24 h after intravitreal injection of: Saline (n ¼ 7), 0.2U dispase þ i.v. vehicle
(n ¼ 8), or 0.2U dispase þ i.v. HU308 (1.0 mg/kg; n ¼ 9). **P < 0.01 compared to 0.2U
dispase þ vehicle.
pathogenesis, CB2R�/� mice were used for the experiments (Fig. 5).
Fig. 5A shows a representative H&E staining of a cross section taken
from a retina of a CB2R�/� animal one week after receiving an
intravitreal injection of saline. The control eyes appeared histo-
pathologically normal (histopathological score 0; Table 1). Fig. 5B
shows H&E staining of a representative cross section of a retina one
week post-intravitreal injection of 0.1U dispase. The representative
retinal section shown (Fig. 5B) received a histopathological score of
2 (Table 1). Retinal layers are clearly visible and the presence of
localized retinal folds is evident. Fig. 5C and D shows representative
staining of Iba-1-positive cells in retinal sections from CB2R�/�

eyes, with an intravitreal injection of saline (Fig. 5C), or 0.1U dispase
(Fig. 5D). The histogram in Fig. 5E shows that CB2R�/� animals
injected with intravitreal 0.1U dispase have a significantly higher
mean histopathological score (2.2 ± 0.45) compared to intravitreal
saline-injected CB2R�/� animals (0.33 ± 0.58; p < 0.01). Examina-
tion of Iba-1-positive cells in retinal sections from CB2R�/� mice
(Fig. 5F) one week after intravitreal injection of either saline
(control) or 0.1U dispase showed that retinal sections from CB2R�/�

mice have significantly increased retinal Iba-1-positive cells
(144 ± 87 MG per section) compared to saline controls (2 ± 1 MG
per section; p < 0.01). Retinal Iba-1-positive cells were also
significantly increased in dispase-injected CB2R�/� mice compared
to WT mice injected with the same dose of dispase (p < 0.01).

Quantitative PCR was used to examine the relative expression of
mRNA for MG/macrophages (Iba-1), monocytes and macrophages
(CD68), astrocytes (GFAP), neutrophils (Ly6G), and pro-
inflammatory mediators IL-1b and IL-6 in the isolated retinas of
WT or CB2R�/� animals one week after the intravitreal injection of
saline, 0.1U or 0.2U dispase. The most applicable inflammatory
molecules were chosen for measurements based on animal and
clinical studies of PVR and dispase-induced inflammation (El-
Ghrably et al., 2001; Kon et al., 1999; Morescalchi et al., 2013).
Fig. 6 shows increased levels of relative expression of Ly6G, and IL-
1b transcripts examined in CB2R�/� retinas after intravitreal in-
jection of 0.1U dispase compared to WT with 0.1U dispase
(p < 0.05). Supplementary Fig. 2 shows greater immunoreactivity of
GFAP stained retinal sections after the intravitreal injection of 0.1U
dispase compared to saline-injected animals. Pro-inflammatory
cytokine measurements were also obtained from ocular tissue
(intact globes) 12 h after intravitreal injection with low dose of
dispase (0.1U) in WT or CB2R�/� mice. The intravitreal injection of
0.1U dispase showed a greater fold change in the levels of inflam-
matory mediators IL-1b and IL-6 (Supplementary Fig. 3) as
compared to saline controls (p < 0.05). The levels of the cytokines
were also significantly elevated in CB2R�/� mice, as compared to
WT animals (p < 0.05).

4. Discussion

PVR develops in response to a reparative process induced by
retinal breaks and exacerbated inflammatory responses (Pastor
et al., 2002). While the majority of research on PVR focuses on
long term pathological changes in the retinal architecture (Cant�o
Soler et al., 2002; Tan et al., 2012; Zhang et al., 2012), the current
study investigated the initial inflammatory response in PVR, a key
stage of PVR development (Morescalchi et al., 2013). Corticosteroid
anti-inflammatory drugs have been used experimentally and clin-
ically to prevent PVR (Bali et al., 2010; Morescalchi et al., 2013), but
many of these agents have well-documented adverse side-effects
(Chen et al., 2011; Sadaka and Giuliari, 2012).

We focused our study on the role of CB2R in PVR, since a
growing body of evidence indicates that the activation of this re-
ceptor is beneficial in a number of neuroinflammatory and neuro-
degenerative conditions (Ashton and Glass, 2007; Rom and



Fig. 5. CB2R�/� mice exhibit more severe retinal pathology and increased numbers of microglia/macrophages in PVR. Histology of the retina in mice treated with (A) saline and (B)
0.1U dispase in CB2R�/� mice. Iba-1 positive cells in animals treated with (C) saline and (D) 0.1U dispase. Scale bar ¼ 100 mm (left panel), 40 mm (right panel). (E) Bar graph shows
mean histopathological scores (according to Table 1) in CB2R�/� mice following intravitreal injection of either saline (n ¼ 5) or 0.1U dispase (n ¼ 5). (F) Bar graph represents the
mean number of Iba-1-positive cells per 5e10 retinal sections/animal in CB2R�/� mice following intravitreal injection with either saline (n ¼ 5) or 0.1U dispase (n ¼ 7). **P < 0.01
compared with saline.
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Persidsky, 2013). From a therapeutic perspective, targeting CB2R
has a number of advantages: (1) ligands activating this receptor
lack the behavioral side-effects associated with cannabinoid li-
gands that act at CB1R, (2) CB2R is expressed on immune cells
involved in both the innate and adaptive immune responses,
including neutrophils, macrophages and microglia, natural killer
cells, mast cells, B cells, and T cells, and (3) receptor expression is
highly induced during inflammation (Maresz et al., 2005; Storr
et al., 2009). Taken together, this suggests that drugs activating
CB2R may potentially limit inflammation, PVR progression and
severity, while exhibiting fewer side-effects than current immu-
nosuppressive agents.

Our study demonstrated that induction of PVR-like pathology is
generated via injection of dispase into the posterior chamber of the
eye. Disease severity with dispase was dose-dependent. We
observed progressive pathological changes in the retinal
morphology with increasing doses of dispase (0.1e0.4U), including
the formation of retinal folds occurring mainly within the outer
retinal layers, extensive retinal detachments, degradation of retinal
layers and infiltration of immune cells. These observations are
consistent with a previously published study which used a similar
PVR model (intravitreal injection of dispase at 0.2U/ml) and showed
gradual development of PVR-like pathologies, including retinal
folds, glial activation (astrocyte, MG, Müller) and MG proliferation
appearing after one week, and epi- and sub-retinal membrane
formation after two weeks (Pastor et al., 2002).

In our study, PVR was also associated with activation of retinal
MG, with alterations in MG morphology from a resting to activated
phenotype. More specifically, with dispase insult, the quiescent MG
expressing a ramified phenotype changed morphology to amoe-
boid/phagocytic phenotype, an active state that is also associated
with the synthesis and secretion of pro-inflammatory molecules
(Boche et al., 2013; Morrison and Filosa, 2013; Takaki et al., 2012).

4.1. The role of CB2R in the inflammatory response

In our study, we observed that activation of CB2R by the selec-
tive agonist, HU308, attenuated pathological changes in retinal



Fig. 6. WT and CB2R�/� mice have an increased expression of mRNA for cells of innate immunity, including MG and macrophages (Iba1, CD68; A & B), reactive astrocytes (GFAP; C),
and neutrophils (Ly6G; D), as well as pro-inflammatory mediators (IL-1b, IL-6; E & F) in PVR. Bar graphs represent relative expression of mRNA (A) Iba-1, (B) CD68, (C) GFAP, (D)
Ly6G, (E) IL-1b, and (F) IL-6 transcripts by qPCR in extracts of isolated retinas fromWT and CB2R�/� mice one week after intravitreal injection of saline (control), 0.1U or 0.2U dispase
(n ¼ 4 per group). fP < 0.05, ffP < 0.01 compared with WT þ saline. *P < 0.05 compared with WT þ 0.1U dispase. UP < 0.05 compared with WT þ 0.2U dispase. #P < 0.05,
##P < 0.01 compared with CB2R�/� þ saline.
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tissue in PVR, and improved general retinal morphology compared
to the vehicle group. This effect was negated by the pre-
administration of the selective CB2R antagonist AM630, which
enhanced the PVR-induced inflammatory damage. Our immuno-
histochemical data for Iba-1, a MG and macrophage marker, dem-
onstrates that CB2R activation decreases the number of retinal Iba-
1 positive cells as compared to the vehicle-treated group while
treatment of animals with a selective CB2R antagonist, AM630,
resulted in an increase in the number of these cells in ocular tissues
and more pronounced tissue damage. A similar effect was also
observed in the CB2R�/� animals, in which the loss of endogenous
CB2R activity rendered mice more susceptible to the inflammatory
effects of intravitreal dispase than WT animals. Our qPCR data
demonstrated alterations in the expression of mRNA levels for Iba-1
(MG and macrophages) and CD68 (MG and macrophages/mono-
cytes) upon PVR induction. Yet, while we observed significant
increase in Iba-1 protein in CB2R�/� mice, the change in mRNA
expression for Iba-1, as compared to WT animals, was not evident.
This finding may simply reflect the time point at which retinas
were harvested, as at one week following dispase injection the
inflammatory response is fully established. Interestingly our qPCR
results also revealed that retinas from animals with PVR expressed
significantly elevated mRNA levels for another player of innate
immunity, neutrophils (Ly6G), which most likely contribute to the
tissue damage we observed.

The results presented here are also consistent with previously
published literature, which show that the activation of CB2R has
anti-inflammatory properties in a number of in vitro and in vivo
models (Rom et al., 2013; Tanasescu and Constantinescu, 2010). The
activation of both CB1R and CB2R has been demonstrated to be
neuroprotective in the experimental models of acute brain injury
such as cerebral ischemia and traumatic brain injury (Lopez-
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Rodriguez et al., 2015 Mechoulam et al., 2002), as well as in
neurodegenerative disorders, including AD, MS, ALS and HD
(Lopez-Rodriguez et al., 2015; Pryce and Baker, 2015; Stella, 2011;
Zhang et al., 2003). Additionally, studies using mice deficient of
CB2R (CB2R�/�) indicated increased sensitivity to inflammatory
insults in the experimental models of MS and HD (Palazuelos et al.,
2009, 2008; Sagredo et al., 2009).

4.2. Effects of CB2R modulation on MG function

CB2R is expressed by MG, however, the receptor expression
profile depends on the activation state of these cells (Carlisle et al.,
2002). Under normal physiological conditions, CB2R mRNA is
barely detectable in the CNS (Carlisle et al., 2002; Griffin et al., 1999;
Schatz et al., 1997). Conversely, in inflammatory and neurodegen-
erative conditions, CB2R expression is considerably increased
(Benito et al., 2003; Maresz et al., 2005; Carrier et al., 2004;
Eljaschewitsch et al., 2006; Ramirez et al., 2005). For example, in
an experimental model of encephalomyelitis, CB2R mRNA expres-
sion was 10-fold greater in activated MG cells, as compared to
resting cells (Maresz et al., 2005). A number of studies have sug-
gested that the activation of CB2R on MG increases their prolifer-
ation and motility, while reducing pro-inflammatory cytokine
production. However, in our model we observed significantly fewer
MG cells upon treatment with CB2R agonist HU308, and a change in
MG morphology toward a basal resting state. A similar effect was
reported by Lopez-Rodriguez et al. (2015), who used a murine
model of traumatic brain injury to show that CB1 and CB2 receptors
modulated MG activation and reactivity, with no effect on cellular
proliferation (Lopez-Rodriguez et al., 2015).

Activated MG synthesize a number of pro-inflammatory medi-
ators, including nitric oxide, IL-1b, IL-6, TNF, and become phago-
cytic (Stella, 2011; Streit et al., 1999). These effects have been shown
to induce neuronal damage in a number of neuroinflammatory and
neurodegenerative conditions (Fern�andez-Ruiz et al., 2007, 2015
Kreitzer and Stella, 2009), including the dispase-induced model
of PVR (Turgut et al., 2011). Both IL-1b and IL-6 have been shown to
be elevated in the vitreous of PVR patients (El-Ghrably et al., 2001),
with IL-6 implicated as a predictive risk factor for the development
of PVR (Kon et al., 1999). In our study, we observed IL-1b and IL-6
protein levels to be significantly higher in WT and CB2R�/� mice
with PVR, as compared to both strains of mice injected with saline.
Furthermore, protein levels for both cytokines were significantly
increased in CB2R�/� mice with PVR, as compared to WT animals.
Yet, the increase in mRNA level was only statistically significant for
IL-1b. This increase in the pro-inflammatory cytokines Il-6 and IL1b
in the eyes of CB2R�/� mice may contribute to the enhanced in-
flammatory response seen in CB2R�/� in our PVR model.

Our results in experimental PVR are in linewith a previous study
by Toguri et al. (2014), in which increased levels of TNF, IL-6 and IL-
1b upon intraocular injection of lipopolysaccharide in rats, was
attenuated by the topical application of HU308, an effect which was
blocked by AM630. The decrease in pro-inflammatory cytokines by
cannabinoids acting at CB2R may occur by the inhibition of tran-
scription factors that induce cytokine gene expression. For
example, TNF, a major cytokine released byMG cells in a number of
pathological conditions, is inhibited by the activation of CB2R via
the inhibition of NF-kB (Rajesh et al., 2007). The synthesis of nitric
oxide, another important inflammatory mediator, was also inhibi-
ted by treatment with cannabinoid agonists acting at CB1R and
CB2R in MG, macrophages, astrocytes, and neurons (Martínez-
Orgado et al., 2007; Shmist et al., 2006). Taken together, the anti-
inflammatory effects of CB2R activation observed in this study of
PVR may be attributed, in part, to decreased synthesis of some of
the pro-inflammatory cytokines by reactive MG.
4.3. Effect of CB2R modulation on leukocyte-endothelial
interactions

Since human PVR also affects tissues in the anterior chamber of
the eye, including the iris (Aaberg, 1988; Diddie et al., 1996;
Machemer et al., 1991), we took advantage of IVM, which allowed
us to non-invasively observe and quantify the behavior of leuko-
cytes in the iridial microvasculature in live animals with PVR. Our
results from these experiments indicate that the CB2R activation in
PVR is important in the modulation of leukocyte adherence during
the inflammatory response. We showed that intravitreal injection
of dispase increased leukocyte-endothelial interactions in the iri-
dial microcirculation, a step which precedes the transendothelial
migration of leukocytes into the affected tissue (Rom et al., 2013).
Treatment of animals with the CB2R agonist, HU308, significantly
decreased adhesion of leukocytes to the endothelium. These results
are consistent with a study by Xu et al. (2007) who reported that
CB2R agonists are anti-inflammatory in a model of EAU and reduce
leukocyte trafficking (rolling and adhesion) to the inflamed retina.
These authors further suggested that the anti-inflammatory effects
of CB2R activationwere mediated, in part, via decreased expression
of cell surface adhesionmolecules (lymphocyte function-associated
antigen 1 (LFA-1) and P-selectin glycoprotein ligand 1 (PGSL-1),
which mediate adhesion and rolling respectively (Xu et al., 2007).

In conclusion, our study demonstrated that the activation of
CB2R attenuates the ocular pathology associated with the devel-
opment and progression of experimental PVR. Activation of CB2R
improved the overall morphology of the ocular tissues and
decreased the number of activated retinal MG.We also showed that
the levels of the pro-inflammatory cytokines in experimental PVR is
elevated in the animals lacking CB2R compared to WT animals,
suggesting that the presence and endogenous activation of CB2R
may limit the ocular inflammatory response. Additionally, we
demonstrated that ligands that activate CB2R attenuate leukocyte
adhesion to iridial microvasculature in dispase-induced PVR,
consistent with an anti-inflammatory role for this receptor. Our
results suggest that drugs targeting CB2R may have utility in the
treatment of PVR by diminishing the inflammatory response, and
preventing consequent tissue damage.
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