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ABSTRACT
Cannabinoid receptor type 1 (CB1R) participates in de-

velopmental processes in the central nervous system

(CNS). The rodent retina represents an interesting and

valuable model for studying CNS development, because

it contains well-identified cell types with clearly estab-

lished and distinct developmental timelines. Very little

is known about the distribution or function of CB1R in

the developing retina. In this study, we investigated the

expression pattern of CB1R in the rat retina during all

stages of postnatal development. Western blots were

performed on retinal tissue at different time points

between P1 and adulthood. In order to identify the cells

expressing the receptor and the age at which this

expression started, immunohistochemical co-staining

was carried out for CB1R and markers of the different

cell types comprising the retina. CB1R was already

present at P1 in various cell types, i.e., ganglion, ama-

crine, horizontal, and mitotic cells. In the course of de-

velopment, it appeared in cone photoreceptors and

bipolar cells. For some cell types (bipolar, Müller, and

some amacrine cells), CB1R was transiently expressed,

suggesting a potential role of this receptor in develop-

mental processes, such as migration, morphological

changes, sub-identity acquisition, and patterned retinal

spontaneous activity. Our results also indicated that

CB1R is largely expressed in the adult retina (cone pho-

toreceptors and horizontal, most amacrine, and retinal

ganglion cells), and may therefore contribute to retinal

functions. Overall these results indicate that, as shown

in other structures of the brain, CB1R could play an

instrumental role in the development and function of

the retina. J. Comp. Neurol. 519:1258–1280, 2011.
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In the last two decades, there has been an increased

interest in the physiological role of the endocannabinoid

system and its main receptors, cannabinoid receptor

types 1 (CB1R) and 2 (CB2R). CB1R has been predomi-

nantly studied, relative to CB2R, because of its ubiquitous

presence in the central nervous system (CNS), including

the retina (Herkenham, 1991; Mailleux et al., 1992; West-

lake et al., 1994; Buckley et al., 1998; Straiker et al.,

1999; Yazulla et al., 1999; Cravatt et al., 2001; Leonelli

et al., 2005; Lalonde et al., 2006; Nucci et al., 2007; War-

rier and Wilson, 2007). This receptor is a member of the

superfamily of G protein-coupled receptors and is linked

to Gi/oa proteins. These proteins inhibit most adenylyl

cyclases and regulate calcium and potassium ion chan-

nels (see Turu and Hunyady, 2009 for review on CB1R sig-

nal transduction pathways).

Some constituents of the endocannabinoid system,

i.e., ligands, synthesizing and degradative enzymes, and

receptors, were found in different retinal cell types in sev-

eral species, from fish to primates (Buckley et al., 1998;

Straiker et al., 1999; Yazulla et al., 1999; Leonelli et al.,

2005; Lalonde et al., 2006; Nucci et al., 2007; Warrier

and Wilson, 2007; and see Yazulla, 2008 for review). For

instance, in adult rodents, both CB1R and the enzyme

fatty acid amide hydrolase (FAAH; responsible for hydro-

lyzing the CB1R ligand; Deutsch and Chin, 1993; Cravatt

et al., 2001; McKinney and Cravatt, 2005) are expressed

in cone photoreceptors (Straiker et al., 1999; Yazulla

et al., 1999), bipolar (Yazulla et al., 1999), amacrine
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(Yazulla et al., 1999; Warrier and Wilson, 2007), and reti-

nal ganglion cells (RGCs; Straiker et al., 1999; Yazulla

et al., 1999; Lalonde et al., 2006; Yazulla, 2008). Activa-

tion of CB1R can modulate ion currents in retinal cells of

adult animals, suggesting the involvement of the endo-

cannabinoid system in retinal processing (Straiker et al.,

1999; Yazulla et al., 2000; Fan and Yazulla, 2003, 2007;

Struik et al., 2006).

Most studies on CB1R expression were conducted in the

retina of adult animals, and very little is known about its

presence and role(s) in the developing retina. The paucity

of information regarding CB1R expression in developing

retinas is surprising given that endocannabinoids and their

receptors are expressed very early in the CNS (embryonic

day 13; Buckley et al., 1998) and are generally considered

to play a role in developmental processes. Indeed, several

lines of evidence indicate that endocannabinoids are

involved in neurogenesis (Aguado et al., 2005; Galve-

Roperh et al., 2006; Hill et al., 2006; Harkany et al., 2008),

axonal elongation (Williams et al., 2003; Berghuis et al.,

2005, 2007), and probably synaptogenesis (Kim and

Thayer, 2001; Galve-Roperh et al., 2006; Berghuis et al.,

2007; Gomez et al., 2007; Fride, 2008). To our knowledge,

only three studies specifically investigated the endocanna-

binoid system in the retina of immature animals. In the em-

bryonic chick retina, Leonelli et al. (2005) reported an early

expression of the receptor in the retinotectal pathway,

whereas Warrier and Wilson (2007) demonstrated a modu-

latory role of CB1R in the spontaneous release of c-amino-
butyric acid (GABA) in cultured amacrine cells. The third

report revealed that activation of CB1R modified the excit-

ability of cultured rat RGCs (Lalonde et al., 2006). These

findings indicate that CB1R is present and functional early

on at the retinal level.

In this study, we investigated the expression pattern of

CB1R in the retina of young and adult rats. The rodent ret-

ina represents a valuable model for studying development

because it contains several cell types with well-established

and distinct developmental timelines (Rapaport et al.,

2004). The specific aim was to determine the developmen-

tal profile of CB1R expression for each of the main retinal

cell types, from birth to adulthood. Part of this work was

presented in abstract form (Zabouri, 2007, 2008).

MATERIALS AND METHODS

Animals
Gestating or nongestating adult Long-Evans rats were

obtained from Charles River (St-Constant, QC, Canada)

and maintained on a 12-hour light/dark cycle. All proce-

dures were in accordance with the guidelines set out by

the Canadian Council on Animal Care and the U.S.

National Institutes of Health guidelines for the care and

use of laboratory animals, and were approved by the

ethics committee on animal research of the Université de

Montréal. Three to seven pups from at least three litters

were used at every age for each co-labeling.

Tissue preparation
The animals were sacrificed at various ages, namely,

P1, 3, 5, 7, 9, 11, 13, 15, 21, 30, 45 and adults (�P60).

Rats were deeply anesthetized either by hypothermia

(pups younger than P5) or through excess of isoflurane in-

halation. One eye was immediately removed for Western

blot analysis. The retina was dissected on ice, promptly

frozen, and kept at�80�C until further processing. Simul-

taneously, a transcardiac perfusion was conducted with

phosphate-buffered 0.9% saline (PBS; 0.1 M, pH 7.4), fol-

lowed by phosphate-buffered 2% paraformaldehyde

(PFA), until the head was lightly fixed. The nasal part of

the second eye was marked with a suture and removed.

Two small holes were made in the cornea, prior to a first

postfixation in 2% PFA for a period varying between 1 1=2
hours and 2 hours, depending on the size of the eye. The

cornea and lens were then removed and the eyecups

were postfixed for 10–30 minutes in 2% PFA. The degree

of fixation was reduced to preserve the antigenicity of

CB1R. The eyecups were washed in PBS, cryoprotected

in 30% sucrose overnight, embedded in HistoPrep tissue

Embedding Media (Fisher Scientific, Ottawa, ON), flash-

frozen, and kept at�80�C until processing.

Sections (14 lm thick) were cut with a cryostat (Leica

Microsystems, Exton, PA) starting at the nasal pole and

placed on slides coated with either gelatin/chromium

(double-frosted microscope slides, Fisher Scientific,

Ottawa, ON) or poly-L-lysine (Sigma-Aldrich, Oakville,

ON). The latter were used only when it was necessary to

heat the samples for antigen retrieval.

Subcellular fractionation and Western blot
Subcellular fractionation

Freshly dissected retinas from adult rats were homoge-

nized and divided into nuclear, cytoplasmic, and membrane

fractions with a Nuclear Extract Kit (Active Motif, Carlsbad,

CA), which was successfully used on retinal tissue by Leu

and Ouyang (2006). In brief, retinas were homogenized

and then successively incubated, vortexed, and centrifuged

in detergent-containing hypotonic buffer, complete lysis

buffer, and then RIPA buffer (Barker and Shooter, 1994). A

protease inhibitor mixture (aprotinin, leupeptin, pepstatin

[1:1,000] and phenylmethylsulfonyl fluoride [0.2 mg/ml];

Roche Applied Science, Laval, QC, Canada) was added to

the buffers. Between each incubation, the supernatant,

comprising the cytoplasmic, the nuclear, or the membrane

fractions was removed and stored at �80�C until use. The

insoluble pellet was then resuspended in each buffer

described above until all fractions were collected. Protein

CB1 receptors in the developing retina
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contents were equalized by using a Thermo Scientific

Pierce BCA Protein Assay Kit (Fischer Scientific, Ottawa,

ON, Canada). Thirty micrograms of protein/sample of the

homogenate cytoplasmic, nuclear, and membrane frac-

tions were resolved with 10% sodium dodecyl sulfate

(SDS)-polyacrylamide gel electrophoresis, transferred onto

a nitrocellulose membrane filter (BioTrace NT, Life Scien-

ces, Pall, Pensacola, FL), blocked for 1 hour in 5% skim

milk (Carnation, Markham, ON, Canada) in TBSTwestern
(0.15 M NaCl, 25 mM Tris-HCl, 25 mM Tris, 0.5% Tween-

20), and incubated overnight with the primary antibodies,

namely, anti-CB1R, anti-GAPDH, anti-NR2E3, and anti-

GluR1. The last three antibodies were used to ensure the

proper separation of the cytosol (Haque et al., 2008), the

nuclei (Kanda and Swaroop, 2009), and the membranes

(Xue et al., 2001), respectively.

The following day, the blot was exposed to the appro-

priate secondary antibody conjugated to horseradish per-

oxidase (1:5,000; Jackson ImmunoResearch, West Grove,

PA) in blocking solution for 2 hours. Detection was carried

out by using home-made ECL Western blotting detection

reagents. Then membrane was air-stripped, reblocked,

and exposed to a second primary antibody, until all pro-

teins of interest were tested.

Evolution of CB1R overall expression in time,
analyzed by Western blot

Retinas were homogenized by hand by using a sterile

pestle in RIPA lysis buffer, supplemented with a protease

inhibitor mixture. Samples were then centrifuged at 4�C

for 10 minutes, and the supernatant was extracted and

stored. Protein contents were equalized as previously

described. Thirty micrograms of protein/sample were

resolved with 10% SDS-polyacrylamide gel electrophore-

sis, transferred onto a nitrocellulose membrane, blocked

for 1 hour, and incubated overnight with one of the follow-

ing primary antibodies: rabbit anti-CB1R, rabbit anti-FAAH

and rabbit anti-NAPE-PLD, rabbit anti-DAGLa, and mouse

anti-GAPDH in blocking solution. The latter antibody was

used to ensure the proper equalization and loading of all

samples; the protein usually used for this (b-actin) was
deemed inappropriate as it varies during development

(Weinberger et al., 1996; Micheva et al., 1998).

Densitometric analysis was performed by using Scion

(Frederick, MD) Image software (version 4.03) on

scanned films obtained from a series of three independ-

ent Western blots, each performed with retinal samples

from distinct experimental groups.

Immunohistochemistry
Double-label immunohistochemistry

Sections were washed in buffered saline (phosphate

0.1 M, 0.9% based saline was used), postfixed for 5

minutes in a 70% solution of ethanol, rinsed in 0.03%

Triton X-100 buffered saline, and blocked in 10% nor-

mal donkey serum (NDS; Jackson ImmunoResearch)

and 0.5% Triton X-100 in buffered saline for 1 hour.

The sections were then co-incubated overnight in rabbit

anti-CB1R solution with one of the following antibodies

tagged as mouse and directed against: protein kinase

C a (PKCa), syntaxin, glutamine synthetase (GS), Brn3,

or proliferating cell nuclear antigen (PCNA). For the lat-

ter antibody, the buffer used consisted of a Tris 0.05

M, 0.9% based saline. The sections were then washed

in buffered saline, blocked for 30 minutes, and incu-

bated for 1 hour with the following secondary antibod-

ies: Alexa donkey anti-rabbit 555 for CB1R and Alexa

donkey anti-goat or mouse 488 for cell type markers

(Molecular Probes, Eugene, OR). After washes, the sec-

tions were mounted with a home-made Dabco-PVD

mounting medium (Ono et al., 2001).

Immunostaining of Brn3 required antigen retrieval and

amplification protocols whereby the sections were incu-

bated at 37�C for 30 minutes in a 0.06% CaCl2 solution.

After several washes, they were incubated in citric

buffer (0.1 M, pH 6.0) at 80�C for 1 hour, and then

allowed to cool to room temperature before proceeding

with the rest of the protocol as previously described. A

biotinylated anti-goat secondary antibody was used

(Jackson ImmunoResearch), followed by 2 hours of incu-

bation in avidin-biotin-peroxidase complex (ABC; Vectas-

tain ABC Elite kit; Vector, Burlingame, ON, Canada) to

ensure proper amplification of the signal. The latter was

revealed with streptavidin coupled to fluorescein isothio-

cyanate (FITC, 1:200; Jackson ImmunoResearch, West

Grove, PA).

All dilution factors for the antibodies, the immunogens,

and the provenance of antibodies are provided in Table 1.

Sequential co-labeling immunohistochemistry
For these experiments, the sections were labeled in a

serial manner. The exposition to the first primary antibody

was conducted as previously described, followed by incu-

bation for 1 hour in a goat anti-Fab fragment (Brandon,

1985; Jackson ImmunoResearch). This allowed us to tag

the first primary antibody as a goat rather than a rabbit.

The sections were revealed with secondary Alexa donkey

anti-goat 488. Then, they were exposed to a second pri-

mary antibody overnight, the latter revealed with Alexa

donkey anti-rabbit 555 the following day. This type of im-

munostaining has been previously used on retinal tissues

by Sherry et al. (2003) as well as others. The markers

that required this type of protocol were rabbit anti-recov-

erin (McGinnis et al., 1992a, 1997) and anti-cone-trans-

ducin (Johnson et al., 2001), co-labeled with rabbit anti-

CB1R.

Zabouri et al.
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Antibody characterization
The antibodies used against the proteins comprising

the endocannabinoid system studied here (NAPE-PLD,

DALGa, CB1R, and FAAH) have not been previously char-

acterized. Consequently, we tested their specificity with

Western blot by using adult rat retina lysates. The immu-

noblot analyses are presented in Figure 1A.

The anti-NAPE-PLD yielded a double band at around 50

kDa. The anti-DAGLa reacted with a single band at 120

kDa as described by the manufacturer and other authors

(Suarez et al., 2008; Gao et al., 2010; Suarez et al.,

2010).

The anti-CB1R reacted with a robust band at 53 kDa

and several very light ones below. This could be due ei-

ther to the presence of several isoforms of the protein or

to some degradation bands. Yazulla et al. (1999) reported

the presence of a larger band at 160 kDa and interpreted

it as a dimer of CB1R in albino rats. We did not observe

this band with retinal homogenates from Long-Evans rats.

However, we did observe this band with mice homoge-

nates (data not shown). This indicates that the presence

of CB1R dimers may be species and/or strain specific.

The specificity of the CB1R antibody was also verified by

immunolabeling retinal tissue when the cnr1 gene (the

gene encoding for CB1R) was deleted (cnr1�/�; Marsi-

cano et al., 2002). These samples were generously pro-

vided by Dr Beat Lutz.

To ensure the closest possible match between wild-

type and cnr1�/� C57BL/6J mice, Dr. Lutz provided tis-

sue from both wild-type and knockout animals. Sections

from both samples were processed together during the

same experiment; pictures were taken under the same

exact conditions, and off-line processing was identical.

The results are shown in Figure 1B and C. The CB1R stain-

ing in wild-type animals yielded a clear signal throughout

the retina (Fig. 1B), whereas no staining was visible in the

knockout, with the exception of some feeble immunofluo-

rescence in the GCL (Fig. 1C). We do not know whether

this result is due to remnants of the CB1R protein con-

taining the epitope or to some nonspecific staining. How-

ever, the intensity of immunoreactivity is extremely low

when compared with that observed in wild-type animals

and can therefore be considered negligible.

The antibody reacting with FAAH yielded a dense band

at about 66 kDa and a very light one below 37 kDa. The

other antibodies used have been previously characterized

by others. NR2E3 protein is a photoreceptor-specific nu-

clear receptor that belongs to the nuclear hormone re-

ceptor superfamily of ligand-modulated transcription fac-

tors (Kobayashi et al., 1999). The antibody rabbit anti-

NR2E3 (Chemicon, Temecula, CA) reacts with a major

double bond at about 44 kDa (manufacturer’s technical

information). This specific antibody was used by Leu and
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Ouyang (2006) as a control for their retinal fractionation

experiment.

GluR1 is expressed at the cell membrane and was

used as a control for the proper separation of membranes

during fractionation. Rabbit anti-GluR1 (Chemicon) was

reported to react with the appropriate band at about 110

kDa by Nicholson and Geinisman (2009).

The mouse anti-GAPDH (clone GAPDH-71.1, Sigma, St.

Louis, MO) reacted with a single band at about 37 kDa.

The protein PKCa is specifically expressed in rod bipo-

lar cells and dopaminergic amacrine cells (Negishi et al.,

1988). Mouse anti-PKCa (H7, Santa Cruz Biotechnology,

Santa Cruz, CA) was shown to recognize rod bipolar cells

exclusively (Gaillard et al., 2008). These authors as well

as others also reported that this antibody recognizes

PKCa, an 80-kDa protein (Nagar et al., 2009). The stain-

ing pattern we observed was similar to that reported in

previous studies (Negishi et al., 1988; Ghosh et al., 2004;

Gaillard et al., 2008; Morrow et al., 2008).

The protein syntaxin-1 was recognized as a specific

marker of retinal amacrine and horizontal cells by several

research teams (Barnstable et al., 1985; Nag and

Wadhwa, 2001; Hirano et al., 2005; Li et al., 2010).

Mouse anti-syntaxin (HPC-1; Sigma) recognized syntaxin-

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

cal neurons (Inoue et al., 1992). The staining pattern

observed in the present study was similar to that previ-

ously reported (Li et al., 2004; Voinescu et al., 2009).

The expression of glutamine synthetase in Müller cells

was demonstrated by Riepe and Norenburg (1977).

Chang et al. (2007) established that the mouse anti-GS

antibody (clone GS-6, Chemicon) reacted with a single

45-kDa protein in adult retinal tissue. The staining

obtained with this antibody was comparable to that pub-

lished elsewhere (Hojo et al., 2000; Gargini et al., 2007;

Kim et al., 2008)

PCNA was chosen as a neuroblast and mitotic cell

marker because it provides the least false-positive and -

negative immunolabeling of neuroblasts and mitotic cells

in the retina (Barton and Levine, 2008).The specificity of

this mouse anti-PCNA (clone PC10, Dako, Carpinteria,

CA) was fully characterized by Waseem and Lane (1990)

and others (Ino and Chiba, 2000); it recognized a single

band at 36kDa.

Anti-Brn3 was used to identify retinal ganglion cells.

The Brn3 antibody (clone C-13, Santa Cruz Biotechnol-

ogy) specifically recognizes three bands in Western blot

corresponding to the three Brn3 family members, Brn3a

at 53 kDa, Brn3b at 51 kDa, and Brn3c at 42 kDa (manu-

facturer’s technical information). Its specificity for gan-

glion cells was demonstrated by Pan et al. (2005). The

staining pattern obtained in the present study is similar to

that found by others (Pan et al., 2005; Quina et al., 2005;

Elshatory et al., 2007; Poche et al., 2008).

A number of laboratories have shown that recoverin is

expressed in a subset of bipolar cells (Milam et al., 1993;

McGinnis et al., 1997; Haverkamp and Wässle, 2000;

Haverkamp et al., 2003). The immunoreactivity obtained

Figure 1. A: Immunoblots of NAPE-PLD, DAGLa, CB1R, and FAAH

immunoreactivities in the rat retina. B,C: CB1R immunoreactivity

in the retina of a wild-type and a cnr1�/� mouse. D–L: Cone-

transducin (D,G,J) and CB1R (E,H,K) signals and their overlay

(F,I,L) for the complete sequential protocol (D–F), for the control

with the second primary antibody omitted (G–I), and for the con-

trol with the first secondary and second primary antibodies omit-

ted (J–L). ONL, outer nuclear layer; OPL, outer plexiform layer;

INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion

cell layer. Scale bar ¼ 50 lm below B (applies to B,C); 10 lm
below J (applies to D–L).
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in our study with the rabbit anti-recoverin revealed a pat-

tern of recoverin immunoreactivity identical to that

described in the mouse retina (Haverkamp et al., 2003;

Gargini et al., 2007; Acosta et al., 2008). This antibody

(Chemicon) recognized a single 26-kDa band (manufac-

turer’s technical information), in accordance with the

reported size of recoverin (Yan and Wiechmann, 1997).

The rabbit anti-cone transducin-a subunit (Santa Cruz

Biotechnology) was used to identify cone photoreceptors.

The specificity of this antibody was confirmed by pread-

sorption and Western blot studies (Coleman et al., 2004);

it recognizes a single band at 46 kDa.

Validity of the sequential labeling
Validity of the sequential staining was verified for

CB1R/recoverin and CB1R/cone-transducin co-labeling

with two controls: 1) the second primary antibody was

omitted, yielding strong staining with the goat secondary

488 but no staining with rabbit secondary 555; and 2) the

first secondary and second primary antibodies were omit-

ted, yielding no signal for the goat secondary 488 and

some low residual signal for the rabbit secondary 555. An

example is presented in Figure 1D–L for CB1R and cone-

transducin immunolabeling. The first line (Fig. 1D–F)

shows immunostaining with the complete protocol: clear

signals for both cone-transducin (Fig. 1D) and CB1R (Fig.

1E) can be seen, and this co-labeling shows that CB1R

and cone-transducin signals overlap considerably (Fig.

1F). The second line (Fig. 1G–I) illustrates the result of

the first control for the same co-immunolabeling. As

expected, there is a clear signal for cone-transducin (Fig.

1G,I), whereas very little staining for CB1R is visible (Fig.

1H,I). The last line (Fig. 1J–L) presents the results

for the second control, i.e., very little staining for both

cone-transducin (Fig. 1J,L) and CB1R (Fig. 1K,L). Thus,

these control data demonstrate that the sequential Fab

fragment protocol remains specific even when there is a

great deal of overlap between two proteins.

Confocal microscopy
Pictures of the central retina (within 200 lm of the

optic nerve head) and the periphery were taken using a

Leica TCS SP2 laser scanning confocal microscope (Leica

Microsystems), with a 40� objective. Matching images

were captured in the Alexa fluo 555/546 and Alexa fluo

488/FITC channels at a definition of 2,048 � 2,048 pix-

els, pseudo-colored, merged, and exported by using Leica

LCS software (version 2.61). Throughout this study, reti-

nal cell markers are always presented in green and CB1R

is shown in magenta. The images were taken sequentially

to ensure no ‘‘bleed-through’’ between channels. Images

were selected to illustrate representative findings of the

immunostaining at all ages studied. Pictures were

pseudo-colored in magenta with Adobe Photoshop (CS4,

Adobe Systems, San Jose, CA). Contrast and brightness

were adjusted when necessary using the same software.

No differences were observed in CB1R expression

between the center and the periphery of the retina, with

the exception of the expected delay in development

(Rapaport et al., 2004; and see Malicki, 2004 for review).

Consequently, only pictures of the central retina are pre-

sented in the Results section.

When the co-expression of CB1R and retinal cell

markers was ambiguous, the presence or absence of co-

labeling was demonstrated by taking z-stacks with opti-

mized steps. This allowed visualization of cells in the X-Y,

X-Z, and Y-Z axes, thereby confirming the expression or

the lack of CB1R in specific cell types. An example of

such an analysis is shown in Figure 6U.

RESULTS

Temporal and spatial patterns of expression
of CB1R and associated enzymes
Western blot analysis

We investigated the temporal pattern of expression of

four elements of the endocannabinoid system in the

retina by evaluating the total amounts of CB1R and

endocannabinoid-synthesizing and degradative enzymes

(NAPE-PLD, DAGLa, and FAAH, respectively) at various

postnatal time points from P1 to adult. Representative

examples of each protein expression across the different

ages are presented in Figure 2A. The lower blot shows

the expression of the protein GAPDH and demonstrates

equal loading in all lanes. The averaged measures 6

SEM, evaluated as the optical densities (ODs) of the

bands, of CB1R, NAPE-PLD, DAGLa, and FAAH are shown

in Figure 2B, C, D, and E, respectively. All these proteins

varied across development and had different expression

patterns. CB1R expression was fairly stable during the

first 2 weeks. At the end of the second week, there was a

sharp increase in expression that reached a plateau at

P19 and remained stable throughout the next develop-

mental stages. (P19, 21, 30, and 45 and adult were all

significantly different from P1, Dunnett test, P � 0.05.)

The synthesizing and degradative enzymes did not ex-

hibit the same pattern as CB1R. NAPE-PLD expression

was decreased at P21 and reached a plateau at P30.

(NAPE-PLD levels at P30 and P45 were significantly differ-

ent from P1, Dunnett test P � 0.05.) DAGLa expression

remained stable until P13, at which point it started to

decrease, reaching a minimum level at P45. (DAGLa lev-

els at P45 were significantly different from P1, Dunnett

test P � 0.05.) The decrease in DAGLa concentration

was extensive; it dropped by about half the amount

CB1 receptors in the developing retina
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measured at P1. In contrast, the concentration of FAAH

decreased over the first week of life, reaching a minimum

at P9. (Its level was significantly different from P1, Dun-

nett test P � 0.05.) This was followed by an increase in

FAAH concentration during the second and third weeks,

reaching a maximum at P15. (FAAH: P15, P19, and adult

levels were significantly different from P1, Dunnett test, P

� 0.05.)

Immunohistochemistry
At birth, the retina is characterized by a neuroblast

layer, and plexiform and ganglion cell layers (NBL, IPL,

and GCL respectively). CB1R was already present: it was

strongly expressed in the deepest and most superficial

parts of the NBL, as well as in distinctive roundish cells

located in the upper part of the NBL (Fig. 3A). The remain-

ing parts of the NBL and the IPL showed some

Figure 2. A: Representative examples of CB1R, NAPE-PLD, DAGLa, and FAAH expression during retinal development. B–E: Averaged varia-

tions of CB1R (&, B), NAPE-PLD (n, C), DAGLa (n, D) and FAAH (n, E) during retinal postnatal development and maturation as measured

by Western blot analysis. Specific bands were seen at around 53 kDa for CB1R, 46 kDa for NAPE-PLD, 120 kDa for DAGLa, and 66 kDa

for FAAH. Retinas were collected from rats between P1 and adult. The quantifications were performed on three different sets of samples.

and mean optical densities6 SEM in arbitrary units (a.u.) are presented for each age group. The statistical differences were assessed

using a Dunnett test. *, Significant change compared with P1 (P � 0.05).
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fluorescence, although it was not very pronounced. CB1R

was strongly expressed in the GCL. A similar pattern of

expression was observed at P3 (Fig. 3B).

Starting at P5, some photoreceptors in the forming

ONL were immunopositive for CB1R. Based on their small

number, these cells were suspected to be cones (Fig.

3C,D). A wave of CB1R expression appeared in the form-

ing INL (Fig. 3C), reaching the most superficial part of this

layer between P7 and P9 (Fig. 3D,E). This expression was

of lower intensity than that of fully differentiated neurons

located within the same layer. Around P7, there was also

some immunofluorescence in the IPL and the forming

OPL (Fig. 3D).

By P9, CB1R was found in the outer segment of cones

as well as their cell bodies, axons, and synaptic pedicles

(Fig. 3E), the latter accounting for the most intense

Figure 3. CB1R immunoreactivity in the developing rat retina. A–L: Vertical sections from P1 (A), P3 (B), P5 (C), P7 (D), P9 (E), P11 (F),

P13 (G), P15 (H), P21 (I), P30 (J), P45 (K) and adult (L) rat retinas. For all ages, confocal images were obtained from a single focal plan.

NBL, neuroblast layer; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, gan-

glion cell layer. Scale bar ¼ 40 lm below J (applies to A–L).
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immunolabeling in the OPL. CB1R was also present in

cells equally distributed just below the forming OPL, a

pattern suggestive of horizontal cells. By P11, CB1R

expression started to decrease and become more diffuse

in the upper part of INL (Fig. 3F). In the IPL, the receptor

expression increased, reaching a peak between P7 and

P11, after which it decreased and remained stable over

the rest of the period we studied.

By eye opening (P12–14), the retinal structure is basi-

cally complete, albeit still immature. During the weeks fol-

lowing eye opening, several maturation processes occur,

including synapse consolidation or elimination and cell

death. CB1R expression remained stable in the ONL and

OPL throughout this period. In particular, it was strongly

expressed in the outer and inner segments, cell bodies,

axons, and synaptic pedicles of suspected cones (Fig.

3G–L). In the INL, however, several changes could be

seen. At P15, most cells in this layer were CB1R immuno-

fluorescent, the cells closer to IPL being more intensely

stained than those closer to the OPL (Fig. 3H). By P21,

the expression in the outer part of the INL became

weaker and more diffuse, whereas it remained stable

(i.e., strong) in its inner part (Fig. 3I). One week later, at

P30, expression in the whole INL became sparse, as a

number of cells throughout this layer turned immunoneg-

ative for CB1R (Fig. 3J). This expression profile was main-

tained over the following weeks (Fig. 3K) until adulthood,

at which point only a few positive cells could be observed

in the INL (Fig. 3L).

In the GCL, the expression of CB1R remained constant

and high from P1 to adult.

Subcellular fractionation
Careful examination of the retina of wild-type mice

(Fig. 1A) indicated an absence of CB1R expression in the

nuclei of the cells. In the rat retina, however, CB1R immu-

nolabeling appeared to be present in some nuclei of rat

retinal cells (see, for example, Fig. 3L), which is surprising

for a G-coupled protein receptor mainly implicated in neu-

rotransmission modulation. To clearly establish the cellu-

lar compartments where CB1R was expressed, subcellu-

lar fractionation of adult rat retinas was conducted.

Three fractions were isolated: the cytosol, nuclei con-

tents, and membranes. Separation of the fractions was

verified by using GAPDH, NR2E3, and GluR1, respectively

(Fig. 4). The fractionation experiments indicated that

CB1R was present in cytosolic and membrane compart-

ments, but not in the nuclei fraction (upper blot). Based

on this finding, we propose that the observed CB1R

expression in some nuclei most likely resulted from our

tissue preparation procedure, which was characterized

by light tissue fixation in order to preserve CB1R antige-

nicity. This sort of protein redistribution artifacts has

been previously reported and associated with light fixa-

tion and permeabilization (Goldenthal et al., 1985; Melan

and Sluder, 1992; Mayor and Maxfield, 1995; Cinar et al.,

2006). The presence of this artifact has no impact on the

study because we investigated CB1R expression within

cell types rather than its subcellular distribution.

Cell types expressing CB1R
Early-born neurons

At birth, almost all horizontal, amacrine, and ganglion

cells, as well as cone photoreceptors, are already differ-

entiated (these neuron classes are called early-born neu-

rons; Morest, 1970; Rapaport et al., 2004), the remaining

ones being generated early after P0 (Rapaport et al.,

2004). We investigated the presence of CB1R in these

early-born neurons. Horizontal cells expressing CB1R

could be distinguished at P1, as shown in Figure 5A–C

(asterisks). The expression in these cells was robust in

the cell body and absent from the immature processes.

At P5–7, most horizontal cells reached their final position

underneath the emergent OPL. At this stage, expression

of CB1R was concentrated in the cell bodies (Fig. 5D–F)

and remained so over the maturation period and into

adulthood (Fig. 5G–U).

CB1R was also expressed in amacrine cells from P1

(Fig. 6A–C). Despite some variations in the intensity of

immunolabeling, virtually all amacrine cells expressed

CB1R until P15 (Fig. 6D–F). Of interest is the fact that

some cells located for the most in the deepest part of the

INL showed a transient expression of CB1R as they

became immunonegative (Fig. 6G–I) at P15. CB1R-immu-

nonegative amacrine cells were observed at every age

after P15 and into adulthood (Fig. 6J–U). To clearly con-

firm the absence of CB1R from all parts of these

Figure 4. CB1R expression in different cell compartments in

adult rat retina. The different cellular fractions were separated by

successive centrifugations. Proper separation of the fraction was

verified with GAPDH (cytoplasm), NR2E3 (nuclei), and GluR1

(membranes). CB1R was present in cytosol and membranes, but

not in nuclei.
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amacrines cells, an additional 3D analysis was conducted

at all ages. An example is shown in the adult in Figure 6U;

no CB1R expression was visible along the three axes.

These ‘‘transient-expressing’’ CB1R amacrine cells may

represent a single population of cells that stopped

expressing the receptor at P15 or several cells’ popula-

tions that transiently ceased expressing CB1R at different

time periods.

Ganglion cells expressed CB1R in their cell bodies

throughout the entire time interval we studied. Examples

of this expression are shown in Figure 7. As expected

from previous studies (e.g., Perry et al., 1983; Galli-Resta

and Ensini, 1996), a decrease in the number of ganglion

cells with age was observed. Although there was no visi-

ble change in CB1R expression in the soma of ganglion

cells, there was an increase of immunofluorescence in

their axons between P1 and P15, after which expression

remained stable (Fig. 3A–H). It is also worth mentioning

that GCL cells other than RGCs were also immunoposi-

tive. These cells may be displaced amacrine cells.

Cones constitute the last class of early-born neurons

to be generated in the retina (Rapaport et al., 2004). In

these photoreceptors, CB1R was not expressed until P5

(Fig. 3A–C). Detailed pictures of CB1R expression in cones

are presented in Figure 8A–N. Around P5, CB1R was pres-

ent in the cell bodies (Fig. 8A) and pedicles (Fig. 8B). It can

be seen that the cone pedicles made synapses onto hori-

zontal cells (Fig. 8B). This neuronal contact was previously

described by Rich et al. (1997) in their study on early cone

development. At P11, the somas of cones were still CB1R

immunopositive but were off-positioned compared with

adults (Fig. 8C). A refinement of the cone pedicle, consist-

ent with the completion of the cone-horizontal-bipolar triad,

could be also appreciated at this stage (Fig. 8D). By P15,

most cones have reached their final position in the ONL

and they strongly expressed CB1R in all their cellular com-

partments (Fig. 8E,F). Over the following weeks, CB1R

expression remained high in the outer and inner segments,

cell body, axon, and pedicle of all cones throughout the

period investigated (Fig. 8G–N).

Late-born neurons
During the first week of life, several developmental

processes such as cell division, differentiation, and migra-

tion overlap. Late-born neurons are generated from neu-

roblasts, mostly in the 5–6 days following birth. They give

Figure 5. CB1R immunoreactivity in horizontal cells in the developing rat retina. A–U: Vertical sections from P1 (A–C), P7 (D–F), P15 (G–

I), P21 (J–L), P30 (M–O), P45 (P–R), and adult (S–U) rat retinas. Confocal micrographs of retinas co-immunolabeled for CB1R and syntaxin,

the cell-type-specific marker for the retinal interneurons (horizontal and amacrine cells). Each protein is presented alone in gray scale:

CB1R in the first column and syntaxin in the second; then the two are presented merged (third column: CB1R in magenta and syntaxin in

green). Horizontal somas are immunopositive for CB1R (stars) at all ages. Scale bar ¼ 10 lm below S (applies to A–U).
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rise to bipolar cells, rod photoreceptors, and Müller cells

(Morest, 1970; Rapaport et al., 2004).

At P1, the retina contained neuroblasts and dividing

cells; the latter were identified by their morphology and

position at the outer edge of the NBL (Baye and Link,

2007; Barton and Levine, 2008; and see Baye and Link,

2008 for review). Mitotic cells were CB1R positive,

whereas neuroblasts were very lightly stained (Fig. 9A,B).

The same pattern of expression was visible at P3,

although the number of dividing cells was lower (Fig.

9C,D). At P5, there were only a few mitotic cells. Some of

the neuroblasts located in the inner part of the emergent

INL displayed an increase in CB1R immunofluorescence

whereas those closer to the developing OPL did not

Figure 6. A–U: Vertical sections from P1 (A–C), P7 (D–F), P15 (G–I), P21 (J–L), P30 (M–O), P45 (P–R) and adult (S–U) rat retinas. Confo-

cal micrographs of retinas co-immunolabeled for CB1R and syntaxin, the cell-type-specific marker for the retinal interneurons (horizontal

and amacrine cells). Each protein is presented alone in gray scale: CB1R in the first column and syntaxin in the second; then the two are

presented merged (third column: CB1R in magenta and syntaxin in green). CB1R-immunopositive and -immunonegative amacrine cells are

indicated by arrows and arrowheads, respectively. In U, the horizontal and vertical insets show the reconstruction of the section in the X-Z

and Y-Z plans, respectively, along the white lines. Scale bar ¼ 10 lm below S (applies to A–U).
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express the receptor (Fig. 9E,F). At P7, the few neuro-

blasts still present showed a light immunofluorescence

for CB1R (Fig. 9G,H).

The expression of CB1R in rod bipolar cells is pre-

sented in Figure 10. Before P5, there were a few PKC-pos-

itive cells that could be either rod bipolar or amacrine

cells. These cells could not always be told apart because

most rod bipolar cells had not yet reached their final loca-

tion. An example at P3, at which point they could be dif-

ferentiated, is presented in Figure 10A–C. The cell identi-

fied by an arrowhead exhibited an immunofluorescence

level comparable to that of the surrounding neuroblasts.

Based on its location, the unit is likely a rod bipolar cell.

In contrast, the cell identified by the arrow was strongly

CB1R positive and, given its location and morphology,

was considered to be an amacrine cell. Between P5 and

P9, neurons in the INL closer to the IPL were CB1R posi-

tive, whereas those near the OPL were immunonegative

(Fig. 10D–F). This upregulation of CB1R expression in the

intermediate but not the most superficial part of the INL

Figure 7. CB1R immunoreactivity in the ganglion cell layer in the developing rat retina. A–V: Vertical sections from P1 (A–C), P7 (D–F),

P15 (G–I), P21 (J–L), P30 (M–O), P45 (P–R) and adult (S–V) rat retinas. Confocal micrographs of retinas co-immunolabeled for CB1R and

the cell-type-specific marker for RGCs, Brn3. Each protein is presented alone in gray scale: CB1R in the first column and Brn3 in the sec-

ond; then the two are presented merged (third column: CB1R in magenta and Brn3 in green). RGCs are immunopositive for CB1R (stars)

at all ages. Other cells within the GCL (arrowheads), presumably displaced amacrine cells, are also immunopositive for CB1R across all

ages. Scale bar ¼ 10 lm below S (applies to A–V).
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is consistent with the wave of expression described in

Figure 3C and D at P5 and 7. During the second week of

life (P15), CB1R labeling signal increased (Fig. 10G–I),

yielding a diffuse and variable expression in the upper

part of the INL across animals. By the end of the third

week (P21; Fig. 10J–L), the CB1R expression in rod bipo-

lar somas had decreased, and at P30 (Fig. 10M–O), no

labeling of the cell body structure could be seen and only

low and diffuse immunofluorescence was present. The

latter could represent either some background noise or a

weak signal.

Figure 8. CB1R immunoreactivity in cone photoreceptors in the

developing rat retina. A–N: Vertical sections from P5 (A,B), P11 (C,D),

P15 (E,F), P21 (G,H), P30 (I,J), P45 (K,L), and adult (M.N) rat retinas.

Confocal micrographs of retinas co-immunolabeled for CB1R (ma-

genta) and the cell-type-specific marker for the cones, cone-transducin

(green). Cones become immunopositive for CB1R at P5 and remain

so throughout development and into adulthood. CB1R is expressed in

the outer (arrow) and inner segments of the cone, as well as the cell

body (stars), the axon, and the synaptic pedicle (arrowheads). Scale

bar ¼ 10 lm below N (applies to A–N).

Figure 9. CB1R immunoreactivity in retinal progenitor (B,D,F,H)

and mitotic cells (A,C,E,G) in the developing rat retina. A–H: Verti-

cal sections from P1 (A,B), P3 (C,D), P5 (E,F), and P7 (G,H) rat

retinas. Confocal micrographs of retinas co-immunolabeled for

CB1R (magenta) and the cell-type-specific marker for the retinal

progenitor and mitotic cells, PCNA (green). Mitotic cells (stars)

are CB1R positive as long as they exist in the postnatal period,

namely, until P5–6. Most neuroblasts are not CB1R positive

(arrows). Some neuroblasts closer to the IPL are immunolabeled

for CB1R (arrowsheads), and their number increases until they

are all immunopositive for CB1R at P7. Scale bar ¼ 10 lm below

F (applies to A–H).
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Figure 10. CB1R immunoreactivity in rod bipolar and some amacrine cells in the developing rat retina. A–U: Vertical sections from P3 (A–

C), P7 (D–F), P15 (G–I), P21 (J–L), P30 (M–O), P45 (P–R) and adult (S–U) rat retinas. Confocal micrographs of retinas co-immunolabeled

for CB1R and the cell-type-specific marker for the rod bipolar and a subtype of amacrine cells, PKCa. Each protein is presented alone in

gray scale: CB1R in the first column and PKCa in the second; then the two are presented merged (third column: CB1R in magenta and

PKCa in green). During their migration period, rod bipolar cells express CB1R when they are closer to the IPL (A,B, arrowheads) and

become CB1R positive between P9 and P21 (C,D, arrowheads), after which they progressively lose CB1R labeling (E–G, arrowheads).

PKCa-positive amacrine cells are CB1R immunolabeled throughout until P30 (A–E, arrows). Throughout the second month of life, CB1R

appears to be more concentrated at the membrane of PKCa-positive amacrine cells (F,G, arrows). Scale bar ¼ 10 lm below S (applies to

(A–U).
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The fact that the CB1R antibody yielded almost no

background in the knockout (KO) mice (Fig. 1A,B) sug-

gests that the immunofluorescence probably came from

CB1R expression in bipolar cells. At P45 and in adults

(Fig. 10P–U), no receptor expression was visible in the

somas, but some signal was detectable in the OPL at the

level of the bipolar cells’ dendrites. The white pixels were

concentrated at the edges of the dendrites (Fig. 10R),

and careful observation demonstrated that CB1R was

outside the postsynaptic elements (i.e., bipolar cells).

CB1R expression in recoverin-positive bipolar cells was

also investigated. Recoverin-positive bipolar cells are

type 2 ON and type 8 OFF-cone bipolar cells (McGinnis

et al., 1992a,b, 1997). These bipolar cells were not

clearly discernable from rods until the OPL was formed,

i.e., around P5–P7, as previously reported by Sharma

et al. (2003). At P7, only a subpopulation of recoverin-

positive cells in the INL was expressing CB1R (Fig. 11A–

C). One can ask whether the bipolar cells that are not

expressing CB1R are indeed lacking the receptor or are

not yet expressing CB1R because they are still at an early

developmental stage. The last suggestion seems more

likely because all recoverin-positive bipolar cells at P21,

P30, P45, and in adults express CB1R (Fig. 11D–R).

Rods constitute the vast majority of photoreceptors in

the rat’s retina. We showed in Figure 3 that only a few

photoreceptors were CB1R positive and suggested that

these cells were cones. This was verified by using a cone-

specific marker. Only these cone-transducin-labeled cells

expressed CB1R (Fig. 7). These data indicate that rods do

not express CB1R at any age.

Müller cells are generated late in development and

begin to express GS around P5 (Riepe and Norenberg,

1978). Müller cells were clearly distinguishable at P5 and

already expressed CB1R in their cell bodies and proc-

esses (from P5 to P9; see example at P7 in Fig. 12A–C).

From P9, CB1R was downregulated in these cells (see the

weak immunofluorescence at P15; Fig. 12D–F), and its

expression could not be distinguished from background

at and after P21 (Fig. 12G–R).

Figure 11. CB1R immunoreactivity in types 2 and 8 cone bipolar cells in the developing rat retina. A–R: Vertical sections from P7 (A–C),

P15 (D–F), P21 (G–I), P30 (J–L), P45 (M–O), and adult (P–R) rat retinas. Confocal micrographs of retinas co-immunolabeled for CB1R and

the cell-type-specific marker for types 2 and 8 of cone bipolar cells, recoverin. Each protein is presented alone in gray scale: CB1R in the

first column and recoverin in the second; then the two are presented merged (third column: CB1R in magenta and recoverin in green).

During their migration period, cone bipolar cells are not discernable prior to P7 with this marker. At P7, some cone bipolar cells express

CB1R when they are closer to the IPL (stars in A–C), whereas some, closer to the OPL, do not (arrowhead in A–C). At older ages, all

recoverin-positive bipolar cells are CB1R positive (stars). Scale bar ¼ 10 lm below P (applies to A–R).
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DISCUSSION

This study is the first to investigate the postnatal devel-

opment of CB1R expression in the main cell types of the

rodent retina. By using immunohistological staining and

immunoblots, we demonstrated that both the localization

and total amount of CB1R vary during postnatal develop-

ment and maturation of the retina of Long-Evans rats. Our

data showed evidence of an early and widespread

Figure 12. CB1R immunoreactivity in Müller cells in the developing rat retina. A–R: Vertical sections from P7 (A–C), P15 (D–F), P21 (G–I),

P30 (J–L), P45 (M–O), and adult (P–R) rat retinas. Confocal micrographs of retinas co-immunolabeled for CB1R and the cell-type-specific

marker for glial Müller cells, glutamine synthetase (GS). Each protein is presented alone in gray scale: CB1R in the first column and GS in

the second; then the two are presented merged (third column: CB1R in magenta and GS in green). This marker becomes visible in Müller

cells around P5 and is well discernable at P7. At P7 Müller cells express CB1R (A–C, arrows), but they become CB1R negative at older

ages (P21–adult; arrows). Scale bar ¼ 10 lm below P (applies to A–R).
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expression of CB1R, i.e., most cell types expressed the

receptor, either transiently or permanently. Starting at

P1, CB1R was expressed by all early-born neurons,

except cones. As development occurred, CB1 receptors

appeared in cone photoreceptors and bipolar cells. Rod

bipolar cells displayed a transient expression of CB1R

between P5 and P21, whereas recoverin-positive cone

bipolar cells started expressing CB1R around the end of

the first week of life and remained CB1R positive into

adulthood. Overall, these data, and particularly the tran-

sient nature of CB1R expression in some cell types, sug-

gest that the endocannabinoid system is involved in de-

velopmental and/or maturational processes.

Temporal expression of the
endocannabinoid system

As expected, retinal immunoblots revealed a CB1R

band at around 53 kDa, consistent with its nonglycosy-

lated monomer form reported in rodent and human retinal

tissues (Yazulla et al., 1999; Porcella et al., 2000). In the

present study, we observed that CB1R expression was

age dependent, going from a lower to a higher concentra-

tion between the second and third weeks of life. An

increase in concentration of the receptor during develop-

ment has also been reported in brain structures such as

the striatum (Rodriguez de Fonseca et al., 1993), hippo-

campus (Berrendero et al., 1999), cerebellum (McLaugh-

lin and Abood, 1993; Belue et al., 1995; Berrendero et al.,

1999), and cerebral cortex (Berrendero et al., 1999). Our

data are in agreement with these studies, indicating an

upregulation of CB1R expression in the rodent CNS dur-

ing postnatal development.

In contrast to classical neurotransmitters, endocanna-

binoids, being lipophilic compounds, are not stored in

vesicles. They are rather produced locally at the moment

of their intended action. This model indicates that both

biosynthetic and degradative enzymes are key regulators

of lipid signaling. The level of endogenous CB1R ligand

depends on both the activity and genetic expression of

these enzymes. We investigated one aspect of this equa-

tion by studying the temporal expression of the biosyn-

thetic and degradative enzymes. NAPE-PLD, DAGLa, and
FAAH bands were found at around 46 kDa, 120 kDa, and

66 kDa, respectively, in agreement with previous observa-

tions in other structures in the CNS (Cravatt et al., 1996;

Egertova et al., 1998; Yazulla et al., 1999; Cravatt et al.,

2001; Okamoto et al., 2004; Rimmerman et al., 2008).

Our data demonstrated that the expression of FAAH

decreased during the first week of life, whereas the

expression of NAPE-PLD and DAGLa remained stable,

suggesting that the concentration of endocannabinoids

increased over this period. This possibility is supported

by the fact that AEA level increases during postnatal de-

velopment in brain areas (Berrendero et al., 1999; Ade

and Lovinger, 2007). During the second week of life,

FAAH increased, whereas both synthetic enzymes

remained stable, suggestive of a reduction in endocanna-

binoid concentration. The age dependency of NAPE-PLD

and FAAH expression was also observed in brain areas

(Thomas et al., 1997; Morishita et al., 2005), albeit the

temporal pattern of expression in these structures

differed from the one we observed in the retina (e.g.,

steady increase until P30 for NAPE-PLD and until P10 for

FAAH).

CB1R expression during retinal development
The various phases of retinal postnatal development in

mice and rats have been previously described in much

detail by several groups, using immunohistochemical and

cell dating techniques (Fletcher and Kalloniatis, 1997;

Sharma et al., 2003; Rapaport et al., 2004). The chronol-

ogy of the postnatal events observed here is in total

agreement with the above-mentioned studies. Briefly, at

birth the retina is comprised of the NBL (which contains

undifferentiated neuroblasts, immature cones, interneur-

ons, i.e., horizontal and amacrine cells, and a few rods),

the IPL, and the ganglion cell layer (which also includes

displaced amacrine cells). During the first week of life,

bipolar, Müller cells and rods are generated (Fletcher and

Kalloniatis, 1997; Sharma et al., 2003; Rapaport et al.,

2004). During the same time interval, early-born neurons

continue to mature; one example would be cone photore-

ceptors, which establish synaptic contacts with horizontal

cells by P5 and complete the cone-horizontal-bipolar triad

by P10 (this study; Rich et al., 1997; Hack et al., 2002).

RGCs and amacrine cells
CB1R was expressed in most early-born neurons as

early as P1. This is in line with other studies that revealed

the presence of CB1R mRNA in RGCs at E15 in rats

(Buckley et al., 1998) and at E18 in chicks (Begbie et al.,

2004). CB1R immunofluorescence remained constant in

the soma of RGCs from P1 to P15, but increased in RGCs

axons in the nerve fiber layer during the same period

(data not shown). This is consistent with the presence of

CB1R along the retinothalamic pathway during postnatal

development (Argaw et al., 2008) and the contribution of

endocannabinoids in RCG growth cone navigation and

proper targeting, both in vivo and in vitro (Argaw et al.,

2009).

CB1R expression stayed constant in most amacrine

cells throughout development. For the remaining cells, it

was transiently expressed (CB1R-negative amacrine cells

appearing around P15), suggesting that, for these units,

CB1R expression is only related to developmental
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processes (see the section on functional considerations

below).

Cones and horizontal cells
CB1R was present in horizontal cells as early as P1 and

remained stable throughout the entire postnatal develop-

ment and into adulthood. CB1R appeared later in cones

(around P5), in their cell bodies and pedicles. These find-

ings are in agreement with previous observations made in

adult animals. For instance, the presence of CB1R in hori-

zontal cells was demonstrated in the retina of adult albino

rats by Yazulla et al. (1999). The receptor’s expression in

cone terminals was reported in a number of species, i.e.,

chick (Leonelli et al., 2005), goldfish (Struik et al., 2006),

salamander (Straiker and Sullivan, 2003), rat (Straiker

et al., 1999; Yazulla et al., 1999), mouse (Straiker et al.,

1999; Yazulla, 2008), and monkey (Straiker et al., 1999).

Thus, the presence of CB1R in cone pedicles across spe-

cies suggests that the contribution of this receptor in

cone functioning was conserved during evolution. Given

the role of CB1R in retrograde signaling (see for review

Kreitzer and Regehr, 2002), its appearance in cone syn-

apses at P5, i.e., 5 days prior to the emergence of the

postsynaptic component of the cone-horizontal-bipolar

triad (Rich et al., 1997; Hack et al., 2002), is rather in-

triguing. However, the timing of CB1R expression coin-

cides with the appearance of the first cone-horizontal

cells synapses in the forming OPL (Rich et al, 1997;

Dhingra et al., 1997; Hack et al., 2002). Thus, the recep-

tor may be necessary to refine synaptic connections

between these two cell types.

In support of this assumption, cone photoreceptors are

known to modulate the organization of horizontal cell

dendritic trees through early glutamatergic activation

(starting around P2; Raven et al., 2008). Also, endocanna-

binoids synthesis is known to be activity dependent (see

Freund et al., 2003 for review), and CB1R was shown to

negatively modulate glutamatergic release from cones in

goldfish retina through retrograde signaling (Fan and

Yazulla, 2007). The synaptic refinement can also originate

from horizontal cells. Around P5, these cells transiently

contain GABA (Schnitzer and Rusoff, 1984; Fletcher and

Kalloniatis, 1997), and its release was shown to be modu-

lated by CB1R in embryonic retinal interneurons (Warrier

and Wilson, 2007). Moreover, GABA release from horizon-

tal cells can modulate cone photoreceptor synaptogene-

sis in rabbits (Fletcher and Kalloniatis, 1997; Mitchell

et al., 1999) and cone mosaic organization in mice (Fei,

2003). These cumulative data place CB1R in a strategic

position to modulate synaptogenesis of both cones and

horizontal cells, a role demonstrated in the hippocampus

by Kim and Thayer (2001). The role of CB1R may not be

limited to synaptogenesis. It has been shown that cones

are displaced and migrate back to their position between

P4 and 12 (Rich et al., 1997). CB1R may be involved in

this process as well because it can influence cell migra-

tion (Song and Zhong, 2000; Berghuis et al., 2007; Mulder

et al., 2008).

CB1R expression in late-born cells
All groups of late-born cells, except rods, expressed

CB1R around P5–P9, a period that corresponds to devel-

opmental processes such as cell migration, subtype iden-

tity acquisition, and morphological changes (Sharma

et al., 2003; Bramblett et al., 2004; Morgan et al., 2006;

Schroeter et al., 2006). However, not all cells in each

group were labeled. Neuroblasts expressed CB1R rela-

tively late (around P5), and only cells closer to the IPL

were labeled. The other neuroblasts did not express

CB1R. Likewise, recoverin- and PKC-positive bipolar cells

closer to the IPL were immunopositive around P7,

whereas those closer to the OPL did not express CB1R.

CB1R was transiently expressed in Müller cells during cell

migration (P5–P7). These observations suggest that this

receptor is likely involved in the cell migration and mor-

phological changes of rod bipolar and Müller cells. A simi-

lar statement can be made for cone bipolar cells, but in

this case CB1R could also be involved in subtype identity

acquisition. A contribution of CB1R in these developmen-

tal stages has been reported in the hippocampus and in

cultured cortical neurons (Gomez et al., 2003, 2007,

2008a,b; Harkany et al., 2008; Mulder et al., 2008).

It should be noted that CB1R expression in rod bipolar

cells was difficult to analyze in late postnatal develop-

ment (after P15) because it became diffuse and variable.

A previous study (Straiker et al., 1999) also reported diffi-

culty in identifying the presence of CB1R expression in

this cell type using immunohistochemical techniques.

These authors were, however, able to demonstrate its

presence with electrophysiological techniques. This could

indicate that, in this cell type, CB1R antigenicity is highly

sensitive to fixation process. Given that the antibodies

used in this study and in Straiker et al. (1999) were raised

against the same portion of the protein (amino acids 1–

77), another possible explanation would be that CB1R

adopts a conformation that makes the epitope less ac-

cessible to these antibodies.

Functional considerations
During the first week of life, spontaneous activity could

be an important mechanism by which visual map refine-

ment occurs in thalamic nuclei (McLaughlin et al., 2003;

Syed et al., 2004; Torborg and Feller, 2005; Zheng et al.,

2006). Spontaneous discharges have been shown to orig-

inate from amacrine and ganglion cells (Masland et al.,

1984; Tauchi and Masland, 1984; Feller et al., 1996;
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Zhou, 1998; Bansal et al., 2000; Sernagor et al., 2000;

Wong et al., 2000; Zhou and Zhao, 2000; Stacy et al.,

2005; Zheng et al., 2006), two cell types expressing

CB1R during the first week of life. Given that both endo-

cannabinoid synthesis and function are modulated by

neural activity (see for review Freund et al., 2003), one

can propose that a propagating wave of spontaneous ac-

tivity could cause local changes in endocannabinoid con-

centration, which would in turn limit the spread of sponta-

neous activity through CB1R activation. This could be

mediated by amacrine cells given that these cells nega-

tively modulate spontaneous retinal waves (Wang et al.,

2007) and that the endocannabinoid system modulates

spontaneous neurotransmitter release in embryonic

GABAergic amacrine cell cultures (Warrier and Wilson,

2007).

The proposal that endocannabinoids can modulate

spontaneous activity, and therefore be involved in the

establishment (or refinement) of topographic maps,

would be in line with the findings of two previous studies.

In the first, the exogenous activation of endocannabinoid

signaling in the developing hippocampus caused an

abnormal shutdown of neural activity, whereas its down-

regulation yielded epileptic activity (Bernard et al., 2005).

In the second study, the abnormal activation of CB1R dur-

ing the critical period caused abnormal maps in the soma-

tosensory cortex in rodents (Li et al., 2009). Altogether,

these studies, including ours, place the endocannabinoid

system in a strategic position to negatively modulate reti-

nal patterned activity and support the notion that CB1R

could be important for the normal organization of visual

thalamic nuclei afferents.
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