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ABSTRACT
The presence of the cannabinoid receptor type 1

(CB1R) has been largely documented in the rodent and

primate retinae in recent years. There is, however,

some controversy concerning the presence of the CB2

receptor (CB2R) within the central nervous system.

Only recently, CB2R has been found in the rodent reti-

na, but its presence in the primate retina has not yet

been demonstrated. The aim of this study was twofold:

1) to characterize the distribution patterns of CB2R in

the monkey retina and compare this distribution with

that previously reported for CB1R and 2) to resolve the

controversy on the presence of CB2R in the neural

component of the retina. We therefore thoroughly

examined the cellular localization of CB2R in the vervet

monkey (Chlorocebus sabeus) retina, using confocal

microscopy. Our results demonstrate that CB2R, like

CB1R, is present throughout the retinal layers, but with

striking dissimilarities. Double labeling of CB2R and glu-

tamine synthetase shows that CB2R is restricted to

M€uller cell processes, extending from the internal limi-

ting membrane, with very low staining, to the external

limiting membrane, with heavy labeling. We conclude

that CB2R is indeed present in the retina but exclu-

sively in the retinal glia, whereas CB1R is expressed

only in the neuroretina. These results extend our know-

ledge on the expression and distribution of cannabinoid

receptors in the monkey retina, although further experi-

ments are still needed to clarify their role in retinal

functions. J. Comp. Neurol. 521:2399–2415, 2013.
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Anandamide (AEA) and 2-arachidonoylglycerol (2-AG)

are endocannabinoids (eCBs) that bind to cannabinoid

receptors (CB1R and CB2R) to exert their physiological

effects (Devane et al., 1992; Mechoulam et al., 1995;

Sugiura et al., 1995; Piomelli, 2003). The eCBs are en-

dogenous lipid messengers that are involved in the re-

gulation of many physiological processes in mammals

(Di Marzo et al., 2007). They are synthesized on

demand and rapidly degraded by enzymes, particularly

fatty acid amide hydrolase (FAAH), monoglycerol lipase

(MGL), and cyclooxygenase-2 (COX-2; Cravatt et al.,

1996; Kozak et al., 2000; Dinh et al., 2002). The activa-

tion of cannabinoid receptors by eCBs leads to canna-

bis-like effects, and CB1R is considered to be the main

element responsible for those properties. The eCB sys-

tem present in the retina likely plays a role in the visual

effects of cannabis (for review see Yazulla, 2008). The

distribution of CB1R has been well characterized in the

retina of rodents and primates (Yazulla et al., 1999;

Straiker et al., 1999; Bouskila et al., 2012). It is present

in cone pedicles and rod spherules, bipolar cells, ama-

crine cells, horizontal cells, and ganglion cells. This pat-

tern is also observed in the central and peripheral parts

of the monkey retina (Bouskila et al., 2012).

With regard to CB2R, its mRNA was first detected by

reverse transcription polymerase chain reaction (RT-

PCR) in the adult mouse retina and by in situ hybridiza-

tion in the adult rat retina (Lu et al., 2000) but not in

rat embryos (Buckley et al., 1998). Interestingly, with

different transcripts, CB2 mRNA was not detected in
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rat and human retinae (Porcella et al., 1998, 2000). In

agreement with the work of Lu et al. (2000), using

immunohistochemistry, CB2R protein was localized in

rat retinal pigment epithelium, inner photoreceptor seg-

ments, horizontal and amacrine cells, cells localized in

the ganglion cell layer, and fibers of the inner plexiform

layer (L�opez et al., 2011). However, this study did not

proceed by double labeling with specific retinal cell

markers. Instead, cell types were identified based on

the position in the retinal layer and on the morphology

of the cells. CB2R expression was found in the trabecu-

lar meshwork of the porcine eye, in which an injection

of a CB2R agonist increased aqueous humor outflow

(Zhong et al., 2005). The presence of both CB1R and

CB2R has been reported in human retinal pigment epi-

thelial cells in primary cultures and ARPE-19 cells (Wei

et al., 2009). Recently, CB2R expression was found at

mRNA levels by RT-PCR and protein by Western blot

analysis in in vitro retinal explants and primary cultures

of human M€uller glia (Krishnan and Chatterjee, 2012).

The human CB2R was cloned first (Munro et al.,

1993). Subsequent studies on CB2R expression patterns

focused on the presence of CB2R in peripheral tissues

of the immune system (Galiègue et al., 1995). Later,

CB2R was cloned in the mouse (Shire et al., 1996) and

rat (Griffin et al., 2000). Unlike CB1R, which is highly

conserved across mammalian species, sequences of the

murine and human CB2R are divergent, raising the pos-

sibility of species-specific amino acid sequences.

Indeed, CB2R has evolved far more rapidly (McPartland

et al., 2007), such that there is only an 81% sequence

homology at the amino acid level between the rat and

human CB2R, increasing to 87% identity in the critical

transmembrane regions (Griffin et al., 2000). As a result,

rodent models may not reliably predict the performance

of a CB2R agonist for human CB2 receptors (Mackie,

2008). Consequently, accurate comparisons between

human and rodent receptors are crucial, given that can-

nabinoids vary in their affinity for CB2R, depending on

the species (Mukherjee et al., 2004). Our study fills an

important gap in knowledge of the expression patterns

of CB2R in the retina.

The presence of CB2R in neurons has raised an im-

portant debate in the scientific community (Atwood and

Mackie, 2010). Some are convinced that CB2R is not

present in neurons, or at least at very low levels

(Atwood and Mackie, 2010); others suggest otherwise

(Onaivi et al., 2012). Nevertheless, all agree that CB2R

is present in the CNS and could be expressed in its

glial elements. Despite extensive knowledge of the dis-

tribution of CB2R in the rodent brain, there are no pub-

lished reports regarding its expression and localization

in the human and monkey retinae. Given that

endocannabinoids are present in human ocular tissues,

especially the retina (Chen et al., 2005), it is reasona-

ble to assume the presence of cannabinoid receptors

therein. Therefore, the main objective of this study is to

characterize the expression and localization patterns of

CB2R throughout the in vivo monkey retina.

MATERIALS AND METHODS

Choice of species
Monkey tissue, the experimental model for the cur-

rent study, was chosen for several reasons. Monkey tis-

sue allows us to generalize more easily to humans. The

anatomical similarity between the monkey and human

retina is remarkable. Primates are mammals that have

a macular/foveal region and multiple cone types, which

offers them high visual acuity and color vision. Finally,

the high cross-reactivity between human and monkey

antigens increases chances of success for targeting

CB2R in monkeys using an anti-human CB2R antibody.

Animal preparation
Three adult vervet monkeys (Chlorocebus sabeus)

were used for this study. Monkey tissues were kindly

provided by Prof. Roberta Palmour from McGill Univer-

sity. The monkeys were part of Dr. Palmour’s and Dr.

Ptito’s research project that was approved by the McGill

University Animal Care and Use Committee. The animals

were born and raised in enriched environments in the

laboratories of the Behavioural Sciences Foundation

(St.-Kitts, West Indies) that is recognized by the Cana-

dian Council on Animal Care (CCAC). The animals were

fed with primate chow (Harlan Teklad High Protein Mon-

key Diet; Harlan Teklad, Madison, WI) and fresh local

fruits, with water available ad libitum. The experimental

protocol was reviewed and approved by the local Animal

Care and Use Committee and the Institutional Review

Board of the Behavioural Science Foundation. Each animal

was sedated with ketamine (10 mg/kg, i.m.), deeply anes-

thetized with sodium pentobarbital (25 mg/kg, i.v.), and

perfused transcardially with phosphate-buffered saline

(PBS 0.1M; pH 7.4), followed by 4% paraformaldehyde.

Antibody characterization
All the primary antibodies used in this work, their

sources, and their working dilutions, are summarized in

Table 1. These antibodies were successfully used in

previous studies and are well characterized with regard

to the specific primate retinal cell type immunostaining,

as described below for each antibody.

Glutamine synthetase

The mouse monoclonal (IgG2a) to glutamine synthetase

(GS) was obtained from Chemicon (Temecula, CA) and

J. Bouskila et al.
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directed against GS purified from sheep brain. This anti-

body generates a single 45-kDa band in immunoblots of

adult mammalian brain tissue (manufacturer’s data

sheet). This antibody labels M€uller cells in rat (Riepe

and Norenburg, 1977) and monkey retinae (Nishikawa

and Tamai, 2001; Bouskila et al., 2012).

Calbindin

The mouse monoclonal (IgG1) to calbindin (CB) was

obtained from Sigma (St. Louis, MO) and directed

against purified bovine kidney calbindin-D-28K. This

antibody recognizes a 28-kDa band on Western blots

(manufacturer’s data sheet). The CB antibody labels

cones outside the foveal region, cone bipolar cells, and

a subset of horizontal cells in human and monkey reti-

nae (Fischer et al., 2001; Chiquet et al., 2002; Kolb

et al., 2002; Mart�ınez-Navarrete et al., 2007, 2008;

Bouskila et al., 2012).

Protein kinase C

The mouse monoclonal (IgG2a) to protein kinase C

(PKC) was developed by Santa Cruz Biotechnology

(Santa Cruz, CA) by using as immunogen purified

bovine PKC, and its epitope is mapped to its hinge region

(amino acids 296–317). It detects the PKCa isoform, a

well-known specific marker for rod bipolar cells (Mills and

Massey, 1999). As stated by the manufacturer, this anti-

body gives a single band of 80-kDa on Western blots of

human cell lines and has been previously used for

immunohistochemistry on rodent (Zabouri et al.,

2011a,b) and monkey (Cuenca et al., 2005; Mart�ınez–

Navarrete et al., 2008; Bouskila et al., 2012) retinae.

Parvalbumin

The mouse monoclonal (IgG1) to parvalbumin (PV) was

obtained from Sigma (St. Louis, MO) by using as immu-

nogen purified frog muscle PV. It recognizes a 12-kDa

band from human, bovine, pig, canine, feline, rabbit,

rat, and fish tissues (manufacturer’s technical informa-

tion). The pattern of labeling with this antibody was the

same as reported previously (Kolb et al., 2002; Bordt

et al., 2006). This small calcium-binding protein is

expressed in the primate retina by horizontal cells

(W€assle et al., 2000), and the antiserum has been used

to visualize monkey thalamic nuclei (Qi et al., 2011).

Syntaxin

The mouse monoclonal (IgG1) to syntaxin (clone HPC–

1) was developed by Barnstable et al. (1985) and is dis-

tributed by Sigma. This antibody recognizes syntaxin-1,

a 35-kDa protein, from hippocampal, retinal, and corti-

cal neurons (Inoue et al., 1992) and labels horizontal

cells and amacrine cells in the developing and adult

human retina (Nag and Wadhwa, 2001). The staining

pattern obtained in the current study was similar to

that found in human retina (Nag and Wadhwa, 2001).

We have used this antibody to label monkey retinal

amacrine and horizontal cells (Bouskila et al., 2012).

TABLE 1.

Primary Antibodies Used in This Study

Antibody* Immunogen Source† Working dilution

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

H: 1:500

CB Purified bovine kidney calbindin-D28K Sigma, St. Louis, MO; C9848, mouse
monoclonal, clone CB-955

H: 1:250

PKCa Peptide mapping the aa 296–317 of
human PKCa

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

H: 1:500

PV Full protein purified from frog muscle Sigma, St. Louis, MO; P3088, mouse
monoclonal, clone PARV-19

H: 1:250

Syntaxin Synaptosomal plasma fraction of rat
hippocampus (Barnstable et al., 1985)

Sigma, St. Louis, MO; S0664, mouse
monoclonal, clone HPC-1

H: 1:500

Brn3a Fusion protein containing aa 186–224 of
Brn3a protein

Chemicon, Temecula, CA; MAB1585,
mouse monoclonal, clone 5A3.2

H: 1:100

CB1R Fusion protein containing aa 1–77 of rat
CB1R

Sigma, St. Louis, MO; C1233, rabbit
polyclonal

H: 1:150

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

Cayman Chemical, Ann Arbor, MI;
101550, rabbit polyclonal

H: 1:150 W: 1:500

Kir4.1 Synthetic peptide corresponding to aa
352–368 of human Kir4.1

Osenses, Keswick, South Australia;
OSP00134W, goat polyclonal

H: 1:500

GAPDH Full-length rabbit muscle GAPDH protein Sigma, St. Louis, MO; G8795, mouse
monoclonal, clone GAPDH-71.1

W: 1:20,000

*GS, glutamine synthetase; CB, calbindin; PKCa, protein kinase C (a isoform); PV, parvalbumin; CB1R, cannabinoid receptor type 1; CB2R, cannabi-

noid receptor type 2; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; aa, amino acids; H, immunohistochemistry; W, Western blot.
†The source column indicates the commercial company, catalog reference and origin. The clone designation is given for monoclonal antibodies.

CB2R expression in M€uller cells
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Brn3a

The mouse monoclonal (IgG1) to Brn3a was obtained

from Chemicon and made against amino acids 186–224

of Brn3a fused to the T7 gene 10 protein. The Brn3a anti-

body shows no reactivity to Brn3b or Brn3c by Western

blot and no reactivity to Brn3a knockout mice (manufac-

turer’s technical information). Its specificity for rodent

(Nadal-Nicol�as et al., 2009) and monkey (Xiang et al.,

1995) retinal ganglion cells has been documented. We

used the POU-domain transcription factor Brn3a to label

the nuclei of retinal ganglion cells (Bouskila et al., 2012).

CB1R

The rabbit anti-CB1R was obtained from Sigma. It was

developed by using a highly purified fusion protein con-

taining the first 77 amino acid residues of the rat CB1R

as the immunogen. It recognizes a major band of

60-kDa and less intense bands of 23, 72, and 180-kDa

(manufacturer’s data sheet; C1233). This antibody tar-

gets the rat CB1R (Zabouri et al., 2011a) but specifi-

cally recognizes the CB1R (60-kDa) from many species

(manufacturer’s data sheet), including vervet monkey

retinal tissue (Bouskila et al., 2012).

CB2R

The rabbit anti-CB2R was obtained from Cayman

Chemical (Ann Arbor, MI). It was developed by using a

synthetic peptide corresponding to the amino acids 20–

33 (NPMKDYMILSGPQK) of the human CB2R sequence

conjugated to keyhole limpet hemocyanin (KLH) as im-

munogen. This antibody recognizes a band at 45-kDa

and a band at 39–40-kDa (manufacturer’s data sheet;

101550). This antibody was used in human nervous tis-

sues (Ellert-Miklaszewska et al., 2007; Zurolo et al.,

2010). Its specificity to CB2R was recently validated in

CB2R knockout mouse retinal tissue. CB2R immunohis-

tochemistry signal present in CB2R wild-type mice was

completely absent in their knockout littermates (Argaw

et al., 2011).

Glyceraldehyde-3-phosphate dehydrogenase

The mouse monoclonal antibody (IgM) to glyceraldehyde-

3-phosphate dehydrogenase (GAPDH; clone GAPDH-

71.1) was obtained from Sigma by using as immunogen

purified rabbit muscle GAPDH (whole molecule). As

stated by the manufacturer, this antibody recognizes

monkey GAPDH and gives a single band at about 37-kDa.

Kir4.1

The goat polyclonal anti-Kir4.1 was purchased from

Osenses (Keswick, South Australia, Australia). This anti-

body was raised against a synthetic peptide corresponding

to amino acids 352–368 (PEKLKLEESLREQAEKE) of human

KCNJ10 (Kir4.1) conjugated to an immunogenic carrier

protein and gives a single band at about 37-kDa in Western

blot. The peptide is homologous in mouse and rat and was

predicted to react in rat, mouse, and human tissues

(manufacturer’s technical information; OSP00134W). It

has been characterized by immunoblotting and immuno-

staining of HEK cells transfected with Kir4.1 and used to

target the Kir4.1 in mouse cortical astrocytes (Li et al.,

2001).

CB2R blocking peptide
The CB2R blocking peptide containing the human

CB2R amino acid sequence 20–33 (NPMKDYMILSGPQK;

Cayman Chemical; 301550) was used in the present

study for immunohistochemistry and Western blot anal-

ysis. The specificity of the CB2R antibody was also

tested by preincubation with the corresponding blocking

peptide. For preadsorption, the primary antibody was

diluted in PBS and incubated with a ratio 1:1 for 2

hours at room temperature, with occasional inversion.

Thereafter, the antibody-blocking peptide solution was

added to the slices and subsequent immunohistochem-

istry followed the protocol as described further.

Tissue preparation
The eyes were extracted, and the retina was dis-

sected free from the eyecup in a PBS bath. The retina

was laid flat so that the vitreous body could be removed

by blotting with filter paper and gentle brushing (Burke

et al., 2009). Samples of retina (4 mm2) were taken

from the center (radius of 4 mm around the fovea), mid-

dle (radius of 10 mm around the fovea), and periphery

(radius of 20 mm around the fovea), along with the

fovea. Each sample was cryoprotected in 30% sucrose

overnight and embedded in Shandon embedding media

at 265�C. Retinal samples were sectioned in a cryostat

(18 lm) and mounted onto gelatinized glass microscope

slides, air dried, and stored at 220�C.

Western blotting
To test the specificity of the CB2R antisera, Western

blots were performed on monkey tissue. A freshly dis-

sected sample of retina, visual cortex, or cerebellum

was homogenized by hand by using a sterile pestle in

RIPA buffer (150 mM NaCl, 20 mM Tris, pH 8.0, 1%,

NP-40 [USB Corp., Cleveland, OH], 0.1% SDS, 1 mM

EDTA), supplemented with a protease-inhibitor mixture

(aprotinin [1:1,000], leupeptin [1:1,000], pepstatin

[1:1,000], and phenylmethylsulfonyl fluoride

[0.2 mg/ml]; Roche Applied Science, Laval, Quebec,

Canada). Samples were centrifuged at 4�C for 10

minutes, and the supernatant was extracted and stored

at 220�C until further processing. Protein content was

equalized by using a Thermo Scientific Pierce BCA

J. Bouskila et al.
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Protein Assay Kit (Fisher Scientific, Ottawa, Ontario,

Canada). Thirty micrograms of protein/sample of the

homogenate was resolved with 10% sodium dodecyl sul-

fate (SDS)-polyacrylamide gel electrophoresis, trans-

ferred onto a nitrocellulose membrane filter (BioTrace

NT; Life Sciences, Pall, Pensacola, FL), blocked for 1

hour in 5% skim milk (Carnation, Markham, Ontario,

Canada) in TBST (0.15 M NaCl, 25 mM Tris-HCl, 25 mM

Tris, 0.5% Tween-20), and incubated overnight with the

primary antibody, namely, rabbit anti-CB2R (1:500), in

blocking solution. On the following day, the blot was

exposed to a secondary antibody conjugated to horse-

radish peroxidase (1:5,000; Jackson Immunoresearch,

West Grove, PA) in blocking solution for 2 hours. Detec-

tion was carried out by using homemade ECL Western

blotting detection reagents (final concentrations

2.50 mM luminol, 0.4 mM p-coumaric acid, 0.1 M Tris-

HCl, pH 8.5, 0.018% H2O2). The membrane was then air

stripped, reblocked, and exposed to a second primary

antibody, namely, mouse anti-GAPDH (1:20,000), until

all proteins of interest had been tested. Densitometric

analysis was performed in ImageJ software (version

1.45; http://rsb.info.nih.gov/ij/) on scanned films.

Immunohistochemistry
Single, double, and triple labeling of the retina were

performed according to previously published methods

(Bouskila et al., 2012). Briefly, sections were postfixed

for 5 minutes in 70% ethanol; rinsed for 3 3 5 minutes

in 0.1 M Tris buffer, pH 7.4, 0.03% Triton; and blocked

for 90 minutes in 10% Normal Donkey Serum (NDS) in

0.1 M Tris buffer/0.5% Triton. Sections were incubated

overnight at room temperature with primary antibody in

blocking solution. The CB2R antibody was used con-

jointly with a known retinal cell type marker: calbindin,

PKCa, syntaxin, Brn3a, or glutamine synthetase

(Table 1). On the next day, sections were washed for

10 minutes and 2 3 5 minutes in 0.1 M Tris/0.03% Tri-

ton, blocked in 10% NDS, 0.1 M Tris/0.5% Triton for 30

minutes and incubated with secondary antibody for 1

hour: Alexa 488 donkey anti-mouse, Alexa 488 donkey

anti-goat, Alexa 555 donkey anti-mouse or biotinylated

donkey anti-rabbit followed by the addition of streptavi-

din–Alexa 647 (1:200), all in a blocking solution as

described above. Sections were washed again in Tris

buffer; counterstained with bisbenzimide (Hoechst

33258; Sigma; 2.5 lg/ml), a fluorescent nuclear

marker; and coverslipped with Fluoromount-G Mounting

Medium (Southern Biotechnology, Birmingham, AL).

Sequential labeling of CB1R and CB2R
The CB1R and CB2R antibodies that we selected

came from the same host, making the use of

simultaneous double-labeling protocol inadequate. To

circumvent this problem, we used a sequential protocol

previously described by our research group (Zabouri

et al., 2011a,b; Bouskila et al., 2012). Briefly, the sec-

tions were labeled in a serial manner. The exposure to

the first primary antibody was conducted as described

above, followed by incubation of a goat anti-Fab frag-

ment solution (Jackson Immunoresearch); Brandon,

1985). This allowed for the tagging of the first primary

antibody as goat rather than rabbit. The sections were

revealed with a secondary Alexa donkey anti-goat 488.

Thereafter, they were exposed to a second primary anti-

body overnight and revealed on the following day with

an Alexa donkey anti-rabbit 647. The validity of the se-

quential staining was then verified for CB1R/CB2R

colabeling with the following two controls: 1) omission

of the second primary antibody, resulted in a strong

staining with the goat secondary 488 but no staining

with rabbit secondary 647, and 2) omission of the first

secondary and second primary antibodies, revealing

faint signal for the goat secondary 488 and no signal

for the rabbit secondary 647.

Confocal microscopy
Fluorescence was detected with a Leica TCS SP2

confocal laser scanning microscope (Leica Microsys-

tems, Exton, PA), using a 340 (n.a. 1.25–0.75) or a

3100 (n.a. 1.40–0.7) objective. Images were obtained

sequentially from the green and far-red channels on

optical slices of less than 0.9 lm thickness. Throughout

the Results section, images taken from the green chan-

nel correspond to the retinal cell markers and from the

far-red channel to CB2R. When coexpression of CB2R

and retinal cell markers was ambiguous in some retinal

layers, colabeling or its absence was demonstrated by

taking z-stacks with optimized steps. This allowed for

visualization of the cells in the X–Y, X–Z, and Y–Z axes,

thereby confirming the presence or absence of CB2R in

the cells. All photomicrographic adjustments, including

size, color, brightness, and contrast, were performed in

Adobe Photoshop (CS5; Adobe Systems, San Jose, CA)

and then exported to Adobe InDesign (CS5; Adobe Sys-

tems), where the final figure layout was completed. The

schematic panels of Figure 9 were created in Adobe

Illustrator (CS5; Adobe Systems).

RESULTS

CB2R antibody specificity
Immunoblots of CB2R antisera in homogenates of

fresh vervet monkey retina, visual cortex, and cerebel-

lum (Fig. 1A) showed one intense band at 45-kDa for

each homogenate. Preincubation with CB2R blocking

CB2R expression in M€uller cells
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peptide completely abolished antibody signal (Fig. 1B).

The same blot was reprobed using the GAPDH antibody

(37-kDa) to ensure the proper equalization and loading

of all samples (Fig. 1A, B, lower panels). As an added

control, the CB2R antibody was preadsorbed with its

blocking peptide prior to incubation with retinal sec-

tions, resulting in an absence of staining signal in the

section (Fig. 1D; see CB2R blocking peptide paragraph

in Materials and Methods). Furthermore, the CB2R

knockout mice validated the specificity of anti-CB2R by

elimination of the immunolabeling (Argaw et al., 2011).

CB2R immunoreactivity (IR) was present throughout the

monkey retina, extending from the fovea centralis to

the periphery and from the external limiting membrane

to some cell bodies of the inner nuclear layer (Fig. 1C).

CB2R was densely expressed in the Henle fiber layer

(Fig. 1C), comprising the cone photoreceptor oblique

axons with accompanying M€uller glial cell processes

and forming a pale-staining fibrous-looking area not

seen in the peripheral retina (Fig. 3H).

CB2R immunoreactivity throughout the
monkey retina

The expression pattern of CB2R near the fovea and

in the peripheral retina seems different on visual exami-

nation, but this is misleading, because M€uller cells have

different morphological characteristics in the central

and peripheral retina (Distler and Dreher, 1996). If one

looks at the pattern of M€uller cell processes, CB2R dis-

tributions are rather similar. The strongest CB2R signal

is localized in the Henle fiber layer with generally

weaker signals in the inner retina (Fig. 2).

Double-label immunohistochemistry
To verify the retinal cell type expression, double

immunostaining was carried out for CB2R and a specific

molecular marker for primate retinal cells. A consistent

staining pattern across all three monkey retinae was

found for each double staining. Although labeling was

located in all distal layers of the retina, from the photo-

receptor to the inner nuclear layers, CB2R-IR was most

prominent in the Henle Fiber layer within the central

retina (see Figs. 3, 5, 6, 9).

Cellular distribution of CB2R
CB2R is present in M€uller cells
The extensive CB2R-immunoreactive fibers along the

external limiting membrane were suggestive of M€uller cells

(Fig. 3A–C). This hypothesis was tested by double labeling

CB2R-IR with GS-IR, which labels M€uller cells in the mam-

malian retina, including vervet monkey retina (Riepe and

Norenburg, 1977; Bouskila et al., 2012). All fibers that

were GS-immunoreactive were also double labeled for

CB2R-IR in the central retina (Fig. 3D–F) and in the middle

retina (Fig. 3G–I). This included all the M€uller cell fibers but

not M€uller cell bodies (Fig. 3A–C). Most prominent staining

was found in the distal retina, with only faint staining in the

proximal retina. On occasion, some GS-immunoreactive

proximal fibers were not CB2R immunoreactive. Villous

processes extending beyond the external limiting mem-

brane (arrows) did not colocalize with CB2R-IR.

No expression of CB2R in cones
Because the Henle fiber layer comprises densely packed

oblique cone photoreceptor axons with accompanying

Figure 1. Characterization of CB2R antibody in the vervet monkey. Western blot analysis of total protein samples from retina (A, lane 1),

visual cortex (A, lane 2), and cerebellum (A, lane 3) showing detection of one heavy protein band at 45 kDa. The band was not detected

when the antibody was preincubated with the corresponding CB2R blocking peptide (BP; B, lanes 1–3). All lanes contained 10 lg of total

protein. The lower blots for CB2R and CB2R-BP show the expression of the protein GAPDH and demonstrate loading in all lanes. Immuno-

histochemistry on vervet retinal tissue with the anti-CB2R antibody revealed a unique staining profile (C). When the CB2R antibody was

preincubated with its BP, this revealed an absence of staining (D). HFL, Henle fiber layer; INL, inner nuclear layer; IPL, inner plexiform

layer; GCL, ganglion cell layer. Scale bar5 75 lm.
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M€uller cell processes, CB2R and CB colocalization was

needed to rule out the possibility that CB2R was present

in cones. Given that CB labels cones outside the foveola,

central (Fig. 4A–C) and middle (Fig. 4D–F) retinal sam-

ples were taken to perform colocalization with CB2R and

CB. Although the patterns of CB2R-IR throughout the

ONL and OPL appeared very similar to those of GS-IR, it

was not clear from an overlay projection presented in

Figure 4 that CB2R-IR is truly adjacent to cone axons. A

flattened Z-series indicated that CB2R-IR in the ONL was

due exclusively to fibers of the M€uller cells and did not

include cone axons (Fig. 4G). To corroborate the localiza-

tion of CB2R in GS-positive fibers, but not in CB-positive

axons, confocal optical sections were investigated in the

X–Z and Y–Z projections. The X–Z and Y–Z images were

drawn through the point of double labeling between CB-

IR and CB2R-IR, and the two orthogonal views clearly

show no overlap (Fig. 4H).

CB2R is not present in rod bipolar cells
Occasionally, there were CB2R-immunoreactive cell

fibers in the proximal INL that looked like PKC-immuno-

reactive rod bipolar cell axons in the central retina (Fig.

5A–C) and peripheral retina (Fig. 5D–F). No PKC-immu-

noreactive rod bipolar cell, including its cell body, axon,

and axon terminal, was colocalized with CB2R-IR, con-

firming that CB2R-IR was not present in rod bipolar cells.

Horizontal cells do not express CB2R
CB2R-IR did not colocalize with PV-IR in the central retina

(Fig. 6A–C) and peripheral retina (Fig. 6D–F), indicating

that horizontal cells were not CB2R immunoreactive. The

PV-IR is classically associated with equal staining of two

morphological types of horizontal cells in the primate

retina (arrows), H1 and H2 horizontal cells (R€ohrenbeck

et al., 1987), and no clear colocalization was found in any

horizontal cells of the vervet monkey retina (Fig. 6A–F).

CB2R is not present in amacrine cells
The monoclonal antibody HPC-1 that recognizes syntaxin

in horizontal and amacrine cells was used to evaluate

CB2R-IR expression in amacrine cells (Fig. 7A–C). Despite

variations in intensity of immunolabeling, virtually no ama-

crine cells showed expression of CB2R-IR in the central

retina (Fig. 7D–F) or the middle retina (Fig. 7G–I).

Although there was no visible expression of CB2R in hori-

zontal cells (arrows) and amacrine cells (arrowheads), the

staining found in the layers of horizontal and amacrine

cells was limited to the M€uller cell processes (Fig. 7B, E).

CB2R is absent in ganglion cells
Brn3a immunoreactivity specifically labels retinal gan-

glion cell nuclei. CB2R-IR was not detected in ganglion

cell bodies (arrowheads) either in the central (Fig. 8A–

C) or in the middle (Fig. 8D–F) retina. Displaced Brn3a-

positive cells located in the IPL were not CB2R immu-

noreactive (arrows). Double labeling with Brn3a/CB2R

showed that CB2R was not expressed in ganglion cells.

Differential CB1R and CB2R labeling
Double labeling of CB1R-IR and CB2R-IR was per-

formed in a retinal sample of 2 mm eccentricity from

Figure 2. Labeling pattern of CB2R-IR throughout the monkey retina. Confocal micrographs taken from the fovea (A) and from 1 mm (B),

2 mm (C), 5 mm (D), 10 mm (E), and 20 mm (F) of the fovea. Note that the most prominent staining of CB2R is located in the Henle fiber

layer present in samples of central retina. ONL, outer nuclear layer; HFL, Henle fiber layer; OPL, outer plexiform layer; INL, inner nuclear

layer; IPL, inner plexiform layer; GCL, ganglion cell layer; GCFL, ganglion cell fiber layer. Scale bar5 75 lm.
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the fovea (Fig. 9A–C) and 6 mm eccentricity from the

fovea (Fig. 9J–L) to differentiate the localization of

these cannabinoid receptors. There was no large over-

lap in the expression of these two receptors in the

ONL, INL, IPL, and GCL but apparent overlap was seen

in the HFL. Detailed expression of CB1R for each cell

type has been previously characterized (Bouskila et al.,

2012), and precise expression of CB2R is presented in

Figures 3–8. Note that, for the most part, CB1R expres-

sion is found throughout the retinal neurons of the

monkey retina and CB2R in the retinal M€uller cells. To

distinguish CB1R-IR from CB2R-IR in the HFL, a 6-mm

eccentricity sample of the monkey retina was taken,

because the HFL is present only in the central retina

close to the fovea. Figure 9A–C shows immunostaining

for the complete protocol, in which strong signals for

both CB1R (Fig. 9A) and CB2R (Fig. 9B) can be seen.

Figure 9D–F illustrates the first control in which the

second primary antibody was omitted: a clear signal for

CB1R (Fig. 9D), with no staining for CB2R (Fig. 9E).

Figure 3. CB2R colocalizes extensively with glutamine synthetase-labeled M€uller cells in the monkey retina. A–I: Vertical sections taken

near the fovea (A–F) and in the middle retina (G–I). Confocal micrographs of retinae coimmunolabeled for CB2R and glutamine synthetase

(GS), a cell-type-specific marker for M€uller cells. Each protein is presented alone in the first columns. The merged image is presented in

the last column (GS in green and CB2R in magenta). Arrows indicate the projections of the M€uller cell membrane in the apical margin

known as apical villi that lack CB2R. Arrowheads point to M€uller cell bodies that do not express CB2R. D–F: Higher magnification views of

the outer limiting membrane (OLM) demonstrate the absence CB2R/GS double labeling in the M€uller cell villi. OLM, outer limiting mem-

brane; HFL, Henle fiber layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer. Scale bars5 75 lm in C (applies

to A–C); 30 lm in F (applies to D–F); 30 lm in I (applies to G–I). [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com]
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Figure 9G–I presents the results for the second control,

in which the first secondary and second primary anti-

bodies were omitted: there was no staining for CB1R

(Fig. 9G) or CB2R (Fig. 9H). Figure 9J–L clearly shows

no colocalization of CB1R (Fig. 9J) and CB2R (Fig. 9K)

in the outer retina. Arrowheads follow a CB1R-positive

cone cell body and axon; note that CB2R-positive

M€uller cell processes envelop this cone. These data are

summarized in Figure 10A for all retinal cell types.

Triple labeling of CB2R, GS, and Kir4.1
Triple-immunofluorescent labeling was performed to

verify whether potassium channels colocalize with CB2R

in M€uller cells. Expression of Kir4.1 was found in CB2R-

positive and GS-positive M€uller cells of the central

retina. Coexpression of CB2R and Kir4.1 was found in

the HFL but scarcely in the proximal parts of M€uller

cells (Fig. 11A–D). There was a large overlap in the

expression of GS and Kir4.1 in the INL, IPL, and GCL

(Fig. 11E–L).

DISCUSSION

This article reports the presence of CB2R in M€uller

cells of the vervet monkey retina. These findings are im-

portant because, although the presence of CB1R in the

monkey retina is well established (Straiker et al., 1999;

Figure 4. Double-label immunofluorescence illustrating localization of calbindin (CB) and CB2R. A–C: Calbindin-IR labeled cone photorecep-

tors in the monkey central retina, and these were not CB2R immunoreactive. Note that CB2R-IR appears colocalized in the ONL, but a flat-

tened Z-series (G) and a 3D reconstruction in the X–Z and Y–Z axes showed no colocalization (H). CB2R-IR was not present throughout

cones outside of the central region, as illustrated in the overlay of the two micrographs (D–F). This overlay clearly shows that the CB2R-

immunoreactive outer processes were neighboring the CB-immunoreactive cone photoreceptors. ONL, outer nuclear layer; OPL, outer

plexiform layer; INL, inner nuclear layer. Scale bars5 75 lm in C (applies to A–C); 75 lm in F (applies to D–F); 75 lm in G, H. [Color

figure can be viewed in the online issue, which is available at wileyonlinelibrary.com]
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Bouskila et al., 2012), we are still far from identifying

the exact role of eCB signaling in the monkey retina.

Furthermore, CB2R has been previously ascribed a criti-

cal role in CNS glial function (Cabral et al., 2008), and

its visual function remains elusive. Our aim was to

characterize further the retinal localization of cannabi-

noid receptors, especially by comparing the CB2R

expression profile with CB1R localization. We demon-

strate here that CB2R is present in the retina of the

vervet monkey and specifically in retinal M€uller cells.

Figure 5. Double-label immunofluorescence illustrating the localization of PKC and CB2R. A–F: Vertical sections showing PKC-positive

fibers representing rod bipolar cell axons that appear colocalized near the fovea (A, B) and in the middle retina (D–F). CB2R-IR followed

the M€uller cell processes, insinuating themselves between cell bodies of the neurons in the inner nuclear layer. No PKC-immunoreactive

cell was CB2R immunoreactive. OLM, outer limiting membrane; HFL, Henle fiber layer; INL, inner nuclear layer; IPL, inner plexiform layer;

GCL, ganglion cell layer. Scale bars5 75 lm in C (applies to A–C); 75 lm in F (applies to D–F). [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com]

Figure 6. Localization of parvalbumin (PV) and CB2R within the central and peripheral retina. Note that the CB2R labeling (magenta) is not

located within PV-immunoreactive horizontal cell somata and processes (green). High-magnification images of PV, CB2R, and merged

views, respectively, in the central retina (A–C) and in the middle retina (D–F). Occasional CB2R-immunoreactive fibers in the OPL surround

the horizontal cell somata (arrows). HFL, Henle fiber layer; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer.

Scale bar5 37.5 lm in C (applies to A–C); 75 lm in F (applies to D–F). [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com]
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Figure 7. Double-label immunofluorescence illustrating the localization of syntaxin (green) and CB2R (magenta) in the monkey retina. A–C:

Syntaxin-immunoreactive horizontal (arrows) and amacrine cells (arrowheads) were clearly not labeled with CB2R in the central retina. D–

F: Higher magnification of syntaxin-IR and CB2R-IR in the central retina. G–I: Syntaxin-IR and CB2R-IR in the middle retina. Syntaxin-IR la-

beled heavily the membrane of horizontal cells in the OPL but lightly their cytosol and also labeled heavily the membrane of amacrine cells

and IPL but lightly their cytosol. OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer;

NFL, nerve fiber layer. Scale bars5 75 lm in C (applies to A–C); 37.5 lm in F (applies to D–F); 75 lm in I (applies to G–I). [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.com]

Figure 8. Double-label immunofluorescence illustrating localization of CB2R (magenta) and Brn3a (green) in the central retina (A–C) and in

the middle retina (D–F). The antibody against Brn3a labels the nucleus of ganglion cells in the monkey retina, and these cells were not

CB2R immunoreactive. The occasional labeling of CB2R in the ganglion cell layer was localized in the M€uller cells inner processes. Arrows

point to a Brn3a-positive cell that is not localized in the GCL, and arrowheads indicate Brn3a-positive ganglion cells that are not CB2R

immunoreactive. ONL, outer nuclear layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer. Scale bar5 75 lm.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com]
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These data, in agreement with CB2R glial expression in

the CNS, suggest that the CB2 receptor plays a role in

retinal functions.

There are three types of glial cells in the primate ret-

ina: M€uller cells, astrocytes, and microglia. M€uller cells

are the principal glial cells of the retina and are radially

oriented across the thickness of the retina, analogous

to CB2R expression profile in the distal retina. Their

processes extend from the outer limiting membrane to

the inner limiting membrane. Given that the expression

of the CB2R followed the same pattern, with a higher

polarization towards the outer retina, we suggest that

CB2R is localized in these glial cells, verified by the

colocalization of CB2R-IR with GS-IR. M€uller cell pro-

cesses surround neuronal cell bodies in the nuclear

layers and envelop groups of neural processes in the

Figure 9. Comparison of CB1R and CB2R retinal expressions. Confocal micrographs of retinae co-immunolabeled for CB1R (green) and

CB2R (magenta). CB1R (A, D, G, J) and CB2R (B, E, H, K) signals and their overlay (C, F, I, L). A–C: Complete sequential protocol in the

central retina. D–F: The second primary antibody was omitted. G–I: The first secondary and second primary antibodies were lacking. J–L:

Localization of CB1R and CB2R in the outer retina. Arrowheads follow a CB1R-positive cone cell body and axon, and CB2R-positive M€uller

cells processes that enroll this cone. ONL, outer nuclear layer; HFL, Henle fiber layer; INL, inner nuclear layer; IPL, inner plexiform layer;

GCL, ganglion cell layer. Scale bars5 75 lm in C (applies to A–C); 75 lm in I (applies to D–I); 75 lm in L (applies to J–L). [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.com]
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plexiform layers. A 3D visualization was therefore

needed to determine whether CB2R-IR was present in

neurons. The outer limiting membrane (OLM), which

represents the outer border of CB2R expression, is

composed of junctions among M€uller cells and photore-

ceptor cells. However, CB2R-IR was not detected in the

apical villi of M€uller cells that extend distally from the

OLM. The inner limiting membrane, formed by the coni-

cal endfeet of M€uller cells, appeared devoid of CB2R-IR.

M€uller cells also form endfeet on the large retinal blood

vessels at the inner surface of the retina. Given the

apparent absence of CB2R-IR in the most proximal

retina, CB2R may not have a role in the regulation of

inner retinal blood vessels.

The presence of CB2R in M€uller cells and CB1R in

the retinal neuronal cells points toward a complemen-

tary relationship between neurons and glia regarding

endocannabinoid function. CB2R in M€uller cells could

protect neurons from exposure to excess neurotrans-

mitters such as L-glutamate (Placzek et al., 2008). Gen-

erally, CB2R activation leads to sequences of activities

of a protective nature (for review see Pacher and

Mechoulam, 2011). Stimulation of CB2R increases

microglial cell proliferation (Carrier et al., 2004) and

reduces the release of harmful factors, including tumor

necrosis factor (TNF) and free radicals (Ram�ırez et al.,

2005; Eljaschewitsch et al., 2006; for review see Stella,

2009). In fact, exposure to eCBs in activated primary

human M€uller glia inhibited the production of several

proinflammatory cytokines (Krishnan and Chatterjee,

2012). CB2R in M€uller cells might therefore be an

important player in inflammation, neurotoxicity, and

neuroprotection. The localization of CB1R in the photo-

receptor layer already suggested that the transduction

of light (Yazulla, 2008) occurring at this stage could

also be modulated by the CB2R expressed in distal

M€uller cells fibers. Perhaps the whole eCB system par-

ticipates in the modulation of light transduction, where

CB1R is neuronal and CB2R glial. The expression of

CB1R in bipolar cells, shown by double labeling with

CHX10 and PKC retinal cell type markers, suggested

that the eCB system acts as an autoregulation system

that modulates the signal received by the photorecep-

tors in order to transmit it to ganglion cells (Yazulla

et al., 1999; Yazulla, 2008; Bouskila et al., 2012). Simi-

larly, this could also occur in horizontal and amacrine

cells that show little expression of CB1R (Bouskila

et al., 2012). Finally, it is possible that the results of Lu

et al. (2000), who demonstrated the expression of

CB2R in the ganglion cell layer of the adult rat retina

Figure 10. Schematic illustration representing the localization of the principal cannabinoid receptors (A) and a hypothetical function for

CB2R (B) in the monkey retina. CB1R is localized in neural components and CB2R in glial components (M€uller cells). Color bars in the key

indicate the intensity of CB1R (green) and CB2R (magenta) expressions. OS/IS, outer and inner segments of rods and cones; 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; B, bipolar cells; A, amacrine cells; G, retinal ganglion cells; M, M€uller cells. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com]
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using in situ hybridization and RT-PCR, did include

CB2R-immunoreactive M€uller cell processes. In agree-

ment with the latter study, using immunohistochemistry

and cell morphology, L�opez et al. (2011) suggested that

CB2R was localized in photoreceptors, horizontal cells,

amacrine cells, and cells localized in the GCL of the

Figure 11. Triple-immunofluorescence labeling of CB2R, glutamine synthetase (GS), and the potassium ion channel Kir4.1 in the monkey

central retina. Each protein is presented alone in the first columns. The merged images are presented in the last column (CB2R in blue,

GS in red, and Kir4.1 in green). A–D: Low-magnification images showing Kir4.1 and CB2R expression in GS-positive M€uller cells. E–H:

High-magnification images of Kir4.1, CB2R, and GS immunoreactivity in the distal retina showing colocalization of CB2R and Kir4.1 in

M€uller cell fibers of the Henle fiber layer. I–L: High-magnification images of Kir4.1 expression in the proximal retina. HFL, Henle fiber layer;

INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer. Scale bars5 75 lm in D (applies to A–D); 30 lm in H (applies

to E–H); 30 lm in L (applies to I–L). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com]
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adult rat retina. These studies differ with ours regarding

not only the animal model (rat vs. monkey) but also the

choice of the antibody used. Although we used an anti-

body targeted against the 20–33 amino acids of the

human CB2R, L�opez et al. (2011) used an antibody

against residues 326–342 of the rat CB2R. Moreover,

double labeling of CB2R with a retinal cell marker was

not performed, and, given that M€uller cells envelop the

cell bodies in the GCL, it could be CB2R-positive cells.

In addition, CB1R-IR in the Henle fiber layer and gan-

glion cell layer of the monkey retina has the most

prominent staining found throughout the retinal layers

(Bouskila et al., 2012), as opposed to only the Henle

fiber layer that has the highest CB2R signal. Recently,

Krishnan and Chatterjee (2012) showed that CB2R pro-

tein was expressed in homogenates of 12–18 days ex

vivo retinal explants and 18 days in vitro primary M€uller

glia from human retina by Western blotting. Here we

provide direct evidence for the in vivo expression pat-

tern of CB2R in monkey M€uller cells by

immunohistochemistry.

HYPOTHETICAL FUNCTIONAL
CONSEQUENCES

Activation of photoreceptors by light evokes an

increase of K1 ions in the retinal extracellular space

(Newman and Reichenbach, 1996). To maintain an elec-

trolytic balance, M€uller cell inwardly rectifying K1 chan-

nels (KIR) release the excess K1 ions into the vitreous.

This spatial buffering mechanism is termed K1 siphon-

ing (Newman et al., 1984). Immunoreactivity to the

KIR4.1 channel in rat retina was densely distributed

around photoreceptor cells in ONL, where the distal

ends of M€uller cells surround PR cells, and in a scat-

tered manner around ganglion cells in GCL in rat retina

(Ishii et al., 1997). Interestingly, KIR4.1-IR as reported

by Ishii et al. (1997) for the rodent retina is similar to

CB2R expression found in M€uller cells in the present

study in the monkey central retina (Fig. 11). The cellular

origin of the b-wave component of the ERG is attributed

to an interaction between On-bipolar cells and M€uller

cells (Stockton and Slaughter, 1989; Wen and Oakley,

1990). The b-wave of the ERG reflects the K1-mediated

spatial buffering currents of M€uller cells (Miller and

Dowling, 1970; Kline et al., 1985). Moreover, blocking

K1 channels in M€uller cells reduces the ERG b-wave

(Wen and Oakley, 1990). Given that activation of CB2R

leads to a reduction of cAMP and PKA levels as a result

of coupling via Gi/o (Howlett et al., 2002; for review see

Bolognini et al., 2010) and that PKA increases the activ-

ity of KIR4.1 channels in M€uller cells (MacGregor et al.,

1998), it is reasonable to propose that CB2R plays a

role in the generation of the b-wave. CB2R could act

therefore as a negative modulator of K1 channels. Con-

versely, blocking CB2R activates K1 channels (because

of the constitutive activity of CB2R) that in turn pro-

duces a constant influx of K1 ions into the M€uller cell

and an enlarged b-wave (Fig. 10B). Further experiments

are still needed to verify this putative retinal CB2R

function.
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