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Endocannabinoids (eCBs) are retrograde neurotransmitters that modulate the function of many types of synapses. The presence of eCBs,
their CB1 receptor (CB1R), and metabolizing enzymes at embryonic and early postnatal periods have been linked to developmental
processes such as neuronal proliferation, differentiation, and migration, axon guidance, and synaptogenesis. Here, we demonstrate the
presence of a functional eCB system in the developing visual system and the role of CB1R during axon growth and retinothalamic
development. Pharmacological treatment of retinal explants and primary cortical neuron cultures with ACEA, a selective CB1R agonist,
induced a collapse of the growth cone (GC). Furthermore the application of AM251, a CB1R inverse agonist, to the neuronal cultures
increased the surface area of GC. In vivo, intraocular injection of ACEA diminished retinal projection growth, while AM251 promoted
growth and caused aberrant projections. In addition, compared with their wild-type littermates, CB1R-deficient adult mice revealed a
lower level of eye-specific segregation of retinal projections in the dorsal lateral geniculate nucleus. Finally, we found that pharmacolog-
ical modulation of CB1R affected the trafficking of Deleted in colorectal cancer (DCC) receptor to the plasma membrane in a PKA-
dependent manner. Moreover, pharmacological inhibition or genetic inactivation of DCC abolished the CB1R-induced reorganization of
the GC. Overall, these findings establish a mechanism by which the CB1R influences GC behavior and nervous system development in
concerted action with DCC.

Introduction
Marijuana is one of the most commonly abused drugs by women
of reproductive age (Ebrahim and Gfroerer, 2003; Substance
Abuse and Mental Health Services Administration, Office of Ap-
plied Studies, 2008; Hanus, 2009). This is important to consider,
as there is mounting evidence that prenatal exposure has been
associated with deleterious neurobehavioral consequences in the
offspring (Jutras-Aswad et al., 2009). The underlying mecha-

nisms of the detrimental effects of cannabis on the developing
nervous system have not been well understood to date, but the
recent insights into the constituents and the functioning of the
endocannabinoid (eCB) system have promoted possible mecha-
nisms of action. Anandamide and 2-arachidonoylglycerol are the
main eCBs, modulating synaptic transmission in many brain re-
gions (Kano et al., 2009). eCB actions are primarily mediated by
the CB1 and CB2 receptors (CB1R, CB2R), but other receptor
systems have also been implicated in eCB signaling (Ryberg et al.,
2007; Mackie, 2008). Recent studies implicate the eCB system in
a wide variety of developmental events, such as cell proliferation
and migration, and axon guidance during CNS development
(Berghuis et al., 2005, 2007; Harkany et al., 2008; Mulder et al.,
2008; Watson et al., 2008; Keimpema et al., 2010; Wu et al., 2010).
In particular, the CB1R has been reported to regulate pyramidal
cell specification, GABAergic interneuron development, and cor-
tical neuron growth (Berghuis et al., 2007; Mulder et al., 2008;
Vitalis et al., 2008; Keimpema et al., 2010; Wu et al., 2010). Ber-
ghuis et al. (2007) reported that CB1R induces GC collapse by
activating RhoA, an intracellular protein regulating cytoskeletal
rearrangements. Recent investigations also allocated important
functions to the eCB synthesis and degradation machinery in the
control of axon growth and guidance (Keimpema et al., 2010).
Nonetheless, the mechanisms by which eCBs influence GC reorga-
nization during axon guidance have remained to be elucidated.

Here, the involvement of the eCB system in the development
of the visual system was investigated. During embryogenesis, ret-
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inal ganglion cell (RGC) axons navigate through distinct ana-
tomical structures before reaching their targets. Axons enter the
optic disc, penetrate the optic nerve head, cross the optic chiasm,
and finally connect with their thalamic [dorsal lateral geniculate
nucleus (dLGN) and lateral posterior] and midbrain [superior
colliculus (SC)] targets in the appropriate hemisphere (Isenmann et
al., 2003). Growth of RGC axons is largely directed by guidance cues
present in their environment, including netrin-1, slits, and ephrins
(Inatani, 2005). Their respective receptors (DCC, Robo, and Eph)
located at the growth cone (GC) transduce guidance signals to a
cytoplasmic gradient of molecules, resulting in the formation of
functional retinofugal connections (Sanford et al., 2008).

We used the rodent neurovisual system and primary cortical
neuron cultures (for biochemical assays requiring a large amount
of neurons) to demonstrate a mechanism by which eCBs influ-
ence axon guidance. We found that the developing visual system
expresses the CB1R and the eCB-synthesizing and -degrading
enzymes. Furthermore, pharmacological manipulation of the
CB1R affects RGC growth and retinothalamic development. Im-
portantly, we observed that the DCC receptor is necessary for
CB1R-induced reorganization of the GC.

Materials and Methods
All animal experiments were approved by the Comité de déontologie de
l’expérimentation sur les animaux from the University of Montreal and were
handled in accordance with the recommendations provided by the Cana-
dian Council on Animal Care. CB1R knock-out mice were generated and
genotyped as previously described (Marsicano et al., 2002). dcc transgenic
mice were obtained from Robert Weinberg (Whitehead Institute for Bio-
medical Research, Cambridge, MA) and were genotyped as described previ-
ously (Fazeli et al., 1997). All surgical procedures were performed under deep
general anesthesia using either hypothermia [pups � postnatal day 4 (P4)]
or isoflurane.

Reagents. Bovine serum albumin (BSA), brain-derived neurotro-
phic factor (BDNF), ciliary neurotrophic factor (CNTF), dibutyryl
cAMP (db-cAMP), DNase, forskolin (FSK), Hoechst 33258, insulin,
KT5720, laminin, monoclonal anti-�-actin, monoclonal anti-MAP
kinase (diphosphorylated Erk-1&2), poly-D-lysine, progesterone, pu-
trescine, pyruvate, selenium, apo-transferrin, triiodo-thyronine, trypsin,
anti-syntaxin, and anti-CB1R were purchased from Sigma. ACEA,
AM251, and O2050 were purchased from Tocris Bioscience. B27, N2,
Dulbecco’s PBS (DPBS), fetal bovine serum (FBS), glutamine, Neuro-
basal media, penicillin–streptomycin, S-MEM, and sodium pyruvate
were purchased from Invitrogen. Papain solution was from Worthington
Biochemical, normal donkey serum (NDS) from Jackson ImmunoRe-
search Laboratories, and ovomucoid from Roche Diagnostics. Rabbit
anti-mouse macrophage and mouse anti-Thy-1.2 monoclonal IgM (�
chain specific) were obtained from Accurate Chemical. Anti-cAMP, anti-
ERK, and anti-GAP-43 were from Millipore Bioscience Research Re-
agents. Antibodies directed against CB1R, MGL, and FAAH were
purchased from Cayman. Anti-NAPE-PLD and DAGL� were kind gifts
from Ken Mackie (Department of Psychological and Brain Sciences, In-
diana University, Bloomington, IN). Monoclonal DCC antibodies
against extracellular (DCCEX, G92–13) or intracellular (DCCIN, G97–
449) epitopes of DCC were obtained from PharMingen. �DCCfb AF5,
H89, and LNAC were purchased from EMD. Goat and HRP-coupled
secondary antibodies raised against rabbit IgG (H�L) or mouse IgM (�
chain specific) were from Jackson ImmunoResearch Laboratories, and
L1 and Alexa Fluor-conjugated secondary antibodies (Alexa 488 and
Alexa 546) were from Invitrogen. Avidin-biotin-peroxidase complex
ABC Kit and donkey anti-goat biotinylated secondary antibody were
from Vector Labs. The B fragment of the cholera toxin (CTb) and goat
anti-CTb antibody were from List Biological Laboratories.

Retinal explant culture. Mouse embryonic day 14 (E14)–E15 embryo
retinas were isolated and dissected in small segments in DPBS and plated
on 12 mm glass coverslips previously coated with poly-D-lysine (20 �g/
ml) and laminin (5 �g/ml) in 24-well plates. Explants were cultured in

Neurobasal supplemented with 100 U/ml penicillin, 100 �g/ml strepto-
mycin, 5 �g/ml LNAC, 1% B27, 40 ng/ml selenium, 16 �g/ml putrescine,
0.04 ng/ml triiodo-thyronine, 100 �g/ml transferrin, 60 ng/ml proges-
terone, 100 �g/ml BSA, sodium pyruvate (1 mM), glutamine (2 mM),
CNTF (10 ng/ml), insulin (5 �g/ml), and FSK (10 �M) at 37°C and 5%
CO2. Explants were treated for 15 h at day in vitro 0 (DIV0) for projec-
tions analysis or 1 h at DIV1 for growth cone analysis. Photomicrographs
were taken using an Olympus BX51WI microscope (Olympus Canada)
and analyzed with Image Pro Plus 5.1 software (Media Cybernetics). The
total length of axon bundles was quantified and expressed as mean �
SEM. Statistical significance of differences between means was evaluated
by ANOVA with Bonferroni’s post hoc test (Systat).

Purified retinal ganglion cell culture. RGCs from P7–P8 mice (Charles
River) were purified and cultured according to a protocol previously
described by Barres et al. (1988). In brief, following enucleation, retinas
were dissected and enzymatically dissociated, at 37°C for 30 min, in a
papain solution (15 U/ml in DPBS) containing 1 mM l-cysteine. The
retinas were then triturated sequentially, with a 1 ml pipette, in a solution
containing ovomucoid (1.5 mg/ml), DNase (0.004%), BSA (1.5 mg/ml),
and rabbit antibodies directed against mouse macrophages (1:75) to
yield a suspension of single cells. The suspension was centrifuged and
washed in a high concentration ovomucoid-BSA solution (10 mg/ml for
each in DPBS). The dissociated cells were resuspended in DPBS contain-
ing BSA (0.2 mg/ml) and insulin (5 �g/ml).

RGCs were purified using the two-step panning procedure (Barres et
al., 1988; Meyer-Franke et al., 1995). Briefly, to remove macrophages, the
retinal suspension was incubated at room temperature in Petri dishes
coated with affinity-purified goat anti-rabbit IgG (H�L). The nonadher-
ent cells were then transferred to a Petri dish that had been coated with
affinity-purified goat anti-mouse IgM (� chain specific) followed by
anti-Thy-1.2 monoclonal IgM. The adherent RGCs were first released
enzymatically by incubating them in a 0.125% trypsin solution at 37°C
and 5% CO2 followed by manually pipetting an enzyme inhibitor solu-
tion (30% FBS in Neurobasal) along the surface of the dish.

Purified RGCs were plated on poly-D-lysine- (10 �g/ml) and laminin-
(5 �g/ml) coated glass coverslips (number 0 Deckgläser; Carolina Bio-
logical) in 24-well plates. RGCs were cultured in 600 �l of serum-free
medium modified from Bottenstein and Sato (1979). Neurobasal media
was supplemented with B27, selenium, putrescine, triiodo-thyronine,
transferrin, progesterone, pyruvate (1 mM), glutamine (2 mM), CNTF (10
ng/ml), BDNF (50 ng/ml), insulin (5 �g/ml), and FSK (10 �M). RGCs
were cultured at 37°C and 5% CO2. All experiments on purified RGCs
were performed 36 – 40 h following plating.

Primary neuron culture. Primary cortical neurons are used in the
present study because of the large amount of cells that can easily be
cultured and harvested for biochemical assays, as opposed to RGC cul-
tures. Staged pregnant CD1 mice were obtained from Charles River.
E14 –E15 embryo brains were dissected and the superior layer of each
cortex was isolated and transferred in 2 ml of S-MEM at 37°C with 2.5%
trypsin and 2 mg/ml DNase for 15 min. Pellet was transferred into 10 ml
of S-MEM with 10% FBS and stored at 4°C. Following centrifugation,
pellet was again transferred in 2 ml of S-MEM with 10% FBS and tritu-
rated three to four times. Supernatant was transferred in 10 ml of Neu-
robasal medium. Dissociated cells were counted and plated at 50,000 cells
per well on 12 mm glass coverslips previously coated with poly-D-lysine
(20 �g/ml). Cells were cultured for 2 d in Neurobasal medium contain-
ing 1% B-27, 100 U/ml penicillin, 100 �g/ml streptomycin, 0.25% N2,
and 0.5 mM glutamine. Wells were treated with either a CB1R agonist (50
nM ACEA) or a CB1R inverse agonist (300 nM AM251) combined with
adenylate cyclase activator (10 �M FSK) or PKA inhibitors (200 nM

KT5720 and 2 �M H89), respectively, for 60 min for GC morphology or
15 min for cAMP and PKA immunoreactivities. In another set of exper-
iments, neurons were treated for 15 min with DCC function-blocking
antibody (�DCCfb; 3.5 �g/ml), followed by 1 h stimulation with AM251,
O2050, or FSK.

Growth cone turning assay. Embryonic retinal explants were cultured
on a coverglass in a borosilicate chamber (Lab-Tek) for 2 DIV and placed
in an incubator mounted on an inverted microscope (Olympus IX71).
They were kept at 37°C and 5% CO2 with a Live Cell chamber (Neve
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Bioscience) throughout the whole experiment. A gradient was created
using a micro-injector (Picoplus, Harvard Apparatus). The diameters of
the tips of the glass microelectrodes used to eject the pharmacological
agents were �3 �m and the tip was positioned at �45° and �100 �m
away from the GC of interest.

Immunocytochemistry. Following treatments, retinal explants, RGCs,
and primary cortical neuron cultures were washed with PBS, pH 7.4,
fixed in 4% paraformaldehyde, pH 7.4, and blocked with 2% normal goat
serum (NGS) and 2% BSA in PBS containing 0.1% Tween 20, pH 7.4, for
30 min at room temperature. Neurons were then incubated overnight at
4°C in blocking solution containing anti-GAP-43 (1:1000) for GC mor-
phology analysis, anti-cAMP (1:1000), anti-CB1R (1:1000), anti-NAPE-
PLD (1:200), anti-DAGL� (1:200), anti-FAAH (1:100), anti-MGL (1:
500), anti-DCCIN (1:500), anti-NFL (1:500), and anti-�-actin (1:1000).
The following day, cells were washed and labeled with Alexa secondary
antibodies (488 and 546) and Hoechst 33258, and the coverslips were
mounted with Immu-Mount (Thermo Scientific).

Surface biotinylation. Cortical neurons from E14 –E15 embryo cor-
tices were dissociated, plated, and cultured for 2 DIV at a density of
�2,000,000 cells per 100 mm PDL-coated tissue culture dish. Then, cells
were treated with 300 nM AM251, 300 nM O2050, 10 �M FSK, 200 nM

KT5720 � AM251, 2 �M H89 � AM251, KT5720 � FSK, or H89 � FSK
for 1 h. Neurons were then washed with ice-cold PBS containing 0.1 mM

calcium chloride and 1 mM magnesium chloride, pH 7.4, to halt protein
trafficking. Surface biotinylation was performed by adding EZ-Link
Sulfo-NHS-LC-biotin (Thermo Scientific), 5 ml per plate at 0.5 mg/ml in
PBS at 4°C for 30 min (Bouchard et al., 2004); this was then removed, and
the reaction was quenched by the addition of 5 ml of 10 mM ice-cold
glycine in PBS at 4°C for two periods of 10 min. Subsequently, cell cul-
tures were washed twice with 5 ml of ice-cold PBS and lysed with RIPA
buffer. Biotinylated proteins were precipitated with streptavidin–agarose
(Thermo Scientific) and analyzed by Western blot.

Western blot analysis. Dissociated primary cortical neurons were cul-
tured for 2 DIV at a density of �250 000 cells/dish in 35 mm poly-D-
lysine-coated Petri dishes. After treatment, cells were washed once with
pH 7.4 ice-cold PBS and then lysed with Laemmli sample buffer. Primary
antibodies were used at the following concentrations: anti-CB1R (1:1000),
anti-DCCIN (1:2000), anti-DCCEX (1:2000), anti-GAP43 (1:4000), anti-�-
actin (1:5000), anti-AKT (1:1000), anti-p-AKT (1:1000), anti-ERK1/2 (1:
5000), anti-p-ERK1/2 (1:2000), anti-S6 (1:2000), and anti-p-S6 (1:2000).
Results were visualized using chemiluminescence (PerkinElmer).

Intraocular injections. Syrian golden hamsters (Charles River) were
used for studies investigating, in vivo, the implication of the CB1R during
retinal ganglion cell projection growth during postnatal development.
These mammals are born with a premature nervous system (Clancy et al.,
2001). Twenty-four hours following birth, at P1, anesthetized hamsters
received a unilateral injection of 2 �l solution of CTb, a highly sensitive
anterograde tracer, with either 0.9% saline solution, a 300 �M concentra-
tion of the CB1R agonist ACEA, or 300 �M AM251, a CB1R inverse
agonist (supplemental Fig. 4 A, available at www.jneurosci.org as supple-
mental material). Briefly, under an operating microscope, a small inci-
sion was made in the eyelids to access to the right eye. The injections were
administered using a glass micropipette attached to a 10 �l Hamilton
syringe. The micropipette was carefully inserted into the vitreous at an
angle to avoid damage to the lens. Following the injection, the eyelids
were closed with surgical glue (Vetbond; 3M).

Perfusion. At P5, 4 d postinjection, anesthetized hamsters were per-
fused transcardially with 0.1 M PBS, pH 7.4, followed by 4% paraformal-
dehyde in PBS. The brains were removed, postfixed overnight at 4°C, and
cryoprotected by infiltration of buffered sucrose. The brains were then
frozen and kept at �80°C until further processing.

Immunohistochemistry. The presence of the eCB system during early
postnatal development was investigated by immunohistochemistry. The
RGC fiber layer was labeled with syntaxin. Retinal sections were washed
in 0.1 M PBS, postfixed for 5 min in a 70% solution of ethanol, rinsed in
0.03% Triton X-100 in buffered saline, and blocked in 10% NDS (Jack-
son ImmunoResearch Laboratories) and 0.5% Triton X-100 in buffered
saline for 1 h. The sections were then coincubated overnight in rabbit
anti-CB1R, rabbit anti-NAPE-PLD, goat anti-DAGL�, rabbit anti-

FAAH, or rabbit anti-MGL solution with an antibody tagged as mouse
and directed against syntaxin. After incubation with the primary anti-
bodies, the sections were washed in buffered saline, blocked for 30 min,
and incubated for 1 h with secondary antibodies: Alexa donkey anti-
rabbit 555 for CB1R, NAPE-PLD, FAAH, or MGL, Alexa donkey anti-
goat 555 for DAGL�, and Alexa donkey anti-goat or mouse 488 for cell
type markers (Invitrogen). After washes, the sections were mounted with
a homemade Dabco-PVD mounting media (Ono et al., 2001).

The effects of intraocular injection of CB1R agonist, inverse agonist,
and antagonist were visualized by immunohistochemistry according to a
protocol previously described (Argaw et al., 2008). Briefly, 40-�m-thick
coronal sections of tissue were incubated in 90% methanol and 0.3%
H2O2 in 0.1 M PBS, pH 7.4, for 20 min. They were then rinsed and
incubated in 0.1 M glycine in PBS for 30 min, followed by an overnight
incubation (4°C) in PBS containing 4% NDS, 2.5% BSA, and 1% Triton
X-100. Sections were subsequently rinsed and immersed for 48 h at room
temperature in a solution containing goat anti-CTb diluted 1:4000 in
PBS with 2% NDS, 2.5% BSA, and 2% Triton X-100. Afterward, sections
were rinsed and incubated in 2% NDS and 2.5% BSA/PBS for 10 min.
This was followed by a 1 h incubation in donkey anti-goat biotinylated
secondary antibody diluted 1:200 in PBS with 2% NDS, 2.5% BSA, and
1% Triton X-100. Tissue was rinsed, incubated in 2% NDS and 2.5% BSA
in PBS for 10 min, and subsequently processed by an avidin-biotin-
peroxidase complex ABC Kit (diluted 1:100 in PBS) for 1 h, in the dark
and at room temperature. Sections were then rinsed and preincubated in
3,3�-diaminobenzidine tetrahydrochloride (DAB) in PBS for 5 min. The
peroxidase was visualized by adding 0.004% H2O2 to the DAB solution
for 2– 4 min. Sections were finally washed five times (1 min each) with
PBS, mounted on gelatin-chrome alum-subbed slides, air dried, de-
hydrated in ethanol, cleared in xylenes, and coverslipped with Depex
(EMS).

Retinogeniculate projection patterns analysis. For eye-specific segrega-
tion studies in the dLGN, CB1R �/�, and CB1R �/�adult mice were in-
jected with the B fragment of the cholera toxin (CTb) conjugated to
Alexa-546 (CTb-546; red) into the left eye and CTb-488 (green) into the
right eye (1.5–2 �l; 0.5% in sterile saline) (supplemental Fig. 4 A, D,
available at www.jneurosci.org as supplemental material). Forty-eight
hours later, brain tissue was harvested and postfixed overnight in 4%
PFA, cryoprotected in 30% sucrose, and then sectioned coronally at 40
�m thickness, mounted onto slides, and coverslipped with Immu-
Mount. Images were collected and quantified by an observer “blind” to
the experimental conditions to minimize any bias. Universal gains and
exposures were established for each label. Raw images of the dLGN were
imported to Matlab and an area of interest comprising the dLGN was
cropped excluding the ventral LGN and the intergeniculate leaflet; then,
the degree of left and right eye projection overlap was quantified using an
established multithreshold method of analysis (Torborg and Feller, 2004;
Bjartmar et al., 2006; Stevens et al., 2007). This approach best permits the
analysis of overlapping regions independent of the threshold. Values are
expressed as the mean � SEM. Significance of differences between means
was evaluated by Student’s t test analysis (Systat).

Quantification method. Photomicrographs were taken with an in-
verted Olympus IX71 microscope (Olympus Canada) and an Evolution
VF camera (Media Cybernetics). Images were analyzed with Image Pro
Plus 5.1 image analysis software (Media Cybernetics). Axon branch
growth was quantified on consecutive photomicrographs of coronal
slices of brain tissue comprising the dorsal terminal nucleus (DTN). On
each photomicrograph, the distance between the lateral border of the
nucleus of interest and the tips of the longest axon branches were mea-
sured (supplemental Fig. 4 B, available at www.jneurosci.org as supple-
mental material). To account for differences in brain sizes, axon branch
lengths were normalized with the interthalamic distance (distance be-
tween the right and left lateral borders of the thalamus). Axon collateral
number was quantified on consecutive photomicrographs comprising
the DTN using an adaptation of the Sholl technique (supplemental Fig.
4C, available at www.jneurosci.org as supplemental material) (Sholl,
1953). Values are expressed as the mean � SEM. Statistical significance of
differences between means was evaluated by ANOVA with Bonferroni’s
post hoc test (Systat).
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For cAMP immunoreactivities, all photomicrographs of GCs were
taken using the same microscope, objective lens, and exposure time to
allow comparison of measurements. Fluorescence intensity at the GC
was corrected for background noise and quantified using Image Pro Plus
5.1 software. Values are expressed as the mean � SEM. Statistical signif-
icance of differences between means was evaluated by ANOVA with
Bonferroni’s post hoc test (Systat).

Results
The developing visual system expresses the CB1R and the
eCB-synthesizing and -degrading enzymes
To explore the involvement of the eCB system during retinal
projection guidance, E14 –E15 mice retinas were dissected and
cultured. We then examined the expression of the CB1R, the
eCB-synthesizing enzymes NAPE-PLD [one of the enzymes
implicated in anandamide (AEA) synthesis] and DAGL�
[2-arachidonoylglycerol (2-AG)-synthesizing enzyme], and the
eCB-degrading enzymes FAAH (AEA) and MGL (2-AG). These
components of the eCB system were found to be expressed in the
retinal projection axons as indicated by the colocalization of their
immunoreactivities with NFL labeling (Fig. 1A). CB1R and
FAAH were expressed in the GCs and filopodia, while NAPE-
PLD, DAGL�, and MGL were mainly restricted to the retinal
projection GCs (Fig. 1A). Furthermore, the CB1R is present in

purified cultures of RGCs (Fig. 1B). Components of the eCB
system were also investigated in primary cultures of cortical neu-
rons. CB1R, DAGL�, and MGL were localized in cortical neuron
cell bodies, neurites, and GCs (Fig. 1C; supplemental Fig. 1A,
available at www.jneurosci.org as supplemental material), and
CB1R continued to be expressed for several days in vitro as shown
by Western analysis (Fig. 1D; supplemental Fig. 1B, available at
www.jneurosci.org as supplemental material).

To explore the implication of the eCB system during retinal
axon guidance, the spatiotemporal expression of CB1R, NAPE-
PLD, DAGL�, FAAH, and MGL was investigated in the retinal
ganglion cell fiber layer (supplemental Fig. 1C, available at www.
jneurosci.org as supplemental material). During early postnatal
development, these proteins are expressed in the retina (supple-
mental Fig. 1C, available at www.jneurosci.org as supplemental
material), optic chiasm, dLGN, and SC [our unpublished data
and Argaw et al. (2009)]. In the retina, CB1R and eCB-
synthesizing and -degrading enzymes are expressed in retinal ax-
ons as they localize along the RGC fibers labeled with syntaxin, an
axon marker (supplemental Fig. 1C, available at www.jneurosci.
org as supplemental material). Overall, we observed that during
the first days of postnatal development, CB1R, NAPE-PLD,
DAGL�, FAAH, and MGL are expressed along the visual path-

 – 75
 – 50

 – 37

A

B C D

Figure 1. Expression of the eCB system in retinal projections. A, Retinal ganglion cell projections of E14 –E15 mice retinal explants cultured for 1 DIV and immunolabeled for CB1R, NAPE-PLD,
DAGL�, FAAH, MGL, and NFL. B, C, A retinal ganglion cell and a primary cortical neuron immunostained for CB1R. D, Western analysis of CB1R expression in primary cortical neuron cultures at
different DIVs. Molecular weight markers are indicated on the right side of the panel.
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way. Together, these results indicate that the CB1R and the eCB-
synthesizing and -degrading enzyme expressions are spatially and
temporally coordinated with the development of RGCs and cor-
tical neurons.

Pharmacological modulation of CB1R activity affects RGC
GC morphology and turning in vitro
To assess the role of eCBs during retinal axon growth and guid-
ance, embryonic mice retinal explants were cultured for 2 DIV,
and treated with pharmacological modulators of the CB1R path-
way. AEA and 2-AG are the two most characterized eCBs. They
can act as agonists for the CB1R and the CB2R (Pertwee, 2005).
Since the present study focuses on the contribution of the CB1R
in retinal axon guidance, ACEA, a highly selective synthetic CB1R
agonist, has been used for the pharmacological experiments.
When primary retinal (pure glutamatergic) and cortical (mixed
population of GABAergic and glutamatergic) neuron cultures
were treated with ACEA, GC surface area and number of filopo-
dia diminished significantly (Fig. 2A–F). In contrast, application
of AM251, a selective CB1R inverse agonist, or O2050, a CB1R
antagonist, to the cultures significantly increased GC surface and
filopodia number in RGCs and cortical neurons (Fig. 2A–F). As
expected, AM251 or O2050 antagonized the effects of ACEA.
Forskolin, a selective activator of adenylate cyclases, increased
retinal projection GC surface area and filopodia number (Fig.
2A–F). To test the effects of CB1R signaling on axon growth,
retinal explants were treated overnight with ACEA, AM251, or
O2050. Agonist (ACEA) treatment diminished total neurite
length, whereas the inverse agonist (AM251) and pure antagonist
(O2050) increased total neurite growth (Fig. 2G,H). Here again,
the effect of ACEA was blocked by AM251 or O2050. Together,
these results indicate that the CB1R modulates GC morphology
and axon growth in retinal explants.

To evaluate whether the CB1R is involved in retinal axon
steering, the turning assay was performed on embryonic mice
retinal cultures. A microgradient application of ACEA induced
GC collapse and neurite retraction, while db-cAMP, a stable an-
alog of cAMP, a cytoplasmic messenger involved in GC steering,
elicited attractive turning (Fig. 2 I–L). The vehicle did not induce
a significant directional GC turning. These data are in agree-
ment with a recent study reporting the repulsive turning re-
sponses of GABAergic interneuron GCs following a CB1R
agonist (WIN55,212-2) stimulation (Berghuis et al., 2007).

The CB1R modulates GC morphology via the
cAMP/PKA pathway
Endocannabinoids and their CB1Rs have a diverse range of signal
transduction mechanisms. Upon activation, CB1 receptors re-
cruit distinct second-messenger cascades translating into numer-
ous downstream kinase interactions including the Raf-1/ERK1/2
(Derkinderen et al., 2003) and PI3K/AKT (Sánchez et al., 2003;
Ozaita et al., 2007) signaling pathways. The implication of these
signaling cascades was tested by Western blot analysis. In addi-
tion, we also investigated the implication of the cell growth-
regulating signaling pathway mTOR/S6K (Jaworski and Sheng,
2006; Puighermanal et al., 2009) following CB1R stimulation.
Interestingly, in primary neuron cultures, 10 min stimulation of
the CB1R did not induce changes in ERK1/2, AKT, or S6 phos-
phorylation levels (Fig. 3A,B). To confirm the validity of these
observations, the experiments were repeated for a 20 min stimu-
lation period without any discernible activation of these path-
ways (supplemental Fig. 2A–D, available at www.jneurosci.org as
supplemental material). Furthermore, CB1R stimulation following

KCl-induced depolarization or insulin treatment did not result in
additional changes in ERK1/2, AKT, or S6 phosphorylation levels
(supplemental Fig. 2E,F, available at www.jneurosci.org as supple-
mental material). Since it is well documented that the stimulation of
CB1Rs and subsequent activation of Gi/o� inhibits adenylate cyclase
(Irving et al., 2008), we tested whether the CB1R modulates the
cAMP/PKA pathway during axon growth and guidance. ACEA
stimulation induced a significant decrease in cAMP levels at the GC,
whereas AM251, O2050, and FSK increased them, as indicated by
fluorescence intensity (Fig. 3C,D). Furthermore, PKA phosphoryla-
tion was significantly lower following ACEA stimulation, while the
opposite was true after AM251 application as indicated by Western
blot analysis (Fig. 3E,F). To further assess the implication of the
cAMP/PKA pathway, primary neuron cultures were first treated
with PKA-selective inhibitors followed by pharmacological manip-
ulation of the CB1R. PKA inhibition blocked AM251-induced in-
creases in GC surface area and filopodia number (Fig. 3G–I). ACEA
reversed FSK-induced GC surface and filopodia increases (Fig. 3G–
I). These data demonstrate that CB1R activation modulates GC
morphology via the cAMP/PKA pathway.

The DCC receptor is required for CB1R-induced
reorganization of the GC
The cAMP/PKA pathway has been suggested to influence the
GC’s sensitivity to netrin-1 (Ming et al., 1997). Several studies
have reported that activation of PKA increases netrin-dependent
recruitment of DCC to the plasma membrane (Bouchard et al.,
2004; Moore and Kennedy, 2006; Bouchard et al., 2008). Our
results suggest that the cAMP/PKA pathway functions as a down-
stream effector for eCBs during GC guidance. Since CB1R and
DCC are expressed in developing neurons, it is reasonable to
investigate the potential interactions between these two recep-
tors. Previous reports showed that DCC is expressed in primary
cortical neurons (Bouchard et al., 2008) and retinal projection
axons and GCs (Deiner et al., 1997). Our results indicated that the
CB1R and DCC are expressed in embryonic retinal explant ax-
ons, GCs, and filopodia (Fig. 4A). We further examined whether
DCC and CB1R are expressed in transgenic mice in which CB1R
(CB1R�/�) and DCC (dcc�/�), respectively, were functionally
inactivated. Immunocytochemical and Western blot analysis
clearly indicated that DCC is expressed in CB1R�/� neurons,
while CB1R is present in dcc�/� neurons (Fig. 4B–E). To deter-
mine whether CB1R activation modulates DCC trafficking to the
plasma membrane, neuron cultures were treated with AM251,
O2050, or FSK. Plasma membrane DCC was assessed by biotiny-
lating cell surface proteins, and the relative amount of DCC
present on the neuronal surface following the treatments was
visualized by Western blot analysis (Fig. 4F). Interestingly, CB1R
antagonist and inverse agonist significantly increased the amount
of DCC at the plasma membrane (Fig. 4F). FSK also augmented
the presence of DCC at the neuronal surface. To verify that
CB1R-induced DCC trafficking is upstream or downstream
of PKA activation, neuronal cultures were treated with
KT5720�AM251, H89�AM251, KT5720�FSK, or H89�FSK.
As visualized by Western blot, inhibition of PKA abolished
AM251, O2050, and FSK-induced increases in DCC at the plasma
membrane (Fig. 4F). To determine whether DCC is required for
CB1R-induced reorganization of GC morphology, primary neu-
ron cultures were exposed to DCC function-blocking antibody
(�DCCfb) for 15 min before the addition of CB1R modulators.
�DCCfb blocked AM251- and O2050-induced GC area and
filopodia number increases (Fig. 4, G and H, respectively; supple-
mental Fig. 3A, available at www.jneurosci.org as supplemental
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Figure 2. Pharmacological activation and blockade of the CB1R reorganizes the morphology of the GC and modulates axonal growth and navigation. A, D, Photomicrographs of retinal
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E, F, GC surface area and filopodia number analysis following a 60 min pharmacological treatment of retinal explant (B, C) and cortical neuron cultures (E, F ). G, Photomicrographs of
retinal explant cultures treated with ACEA or AM251. H, Quantification of retinal projection growth subsequent to treatments with CB1R agonist or inverse agonist. I, Photomicrographs
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material). These effects were also observed for FSK (Fig. 4G,H).
The importance of DCC for eCB-mediated axon development
was further investigated in transgenic mice for DCC function
(dcc�/�) and their wild-type (dcc�/�) littermates. Pharmacolog-
ical modulation of the CB1R did not induce any significant
changes in either GC surface area or filopodia number in primary
neuron cultures obtained from dcc�/� mouse embryos (Fig.

4 I,K; supplemental Fig. 3B, available at www.jneurosci.org as
supplemental material). In contrast, ACEA induced a decrease in
GC surface and filopodia number, while AM251, O2050, and FSK
augmented these endpoints in dcc�/� neuron cultures (Fig. 4 J,L;
supplemental Fig. 3C, available at www.jneurosci.org as supple-
mental material). Together, these results demonstrate that DCC
is required for CB1R-mediated GC reorganization during axon
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guidance and development. Furthermore,
these findings unravel the mechanism by
which cannabinoids modulate guidance
cue-regulated GC steering (supplemental
Fig. 4E, available at www.jneurosci.org as
supplemental material).

The CB1R plays an important role
during retinal projection growth and
target selection in vivo
To assess the contribution of the eCB system
during retinal projection development in
vivo, hamsters received intraocular injec-
tions of CB1R modulators. Compared
with rats and mice, hamsters have shorter
gestation period. Consequently, they are
born with a relatively premature nervous
system (Clancy et al., 2001). At birth (P0),
RGC axons have not all reached their tha-
lamic and midbrain targets. By P3, virtu-
ally all RGC axons have reached their
targets (Bhide and Frost, 1991). To take
advantage of this opportunity, within 24 h
following birth, hamsters received a uni-
lateral intraocular injection of either
ACEA or AM251. At P5, immunohisto-
logical experiments revealed that interfer-
ing with the eCB signaling system could
have detrimental effects on RGC axon de-
velopment. Compared with the control
group, intraocular injection of ACEA in-
duced a significant decrease in RGC axon
branch growth in the DTN without differ-
ences in branch number (Fig. 5A–C).
AM251 increased RGC collateral length
and branch number in the DTN (Fig. 5A–
C). In addition, interfering with the in-
trinsic ocular cannabinoid signaling
with AM251 induced aberrant projec-
tions in the ipsilateral side of the SC as
indicated by a robust labeling of retinal
axons (Fig. 5D).

During perinatal development, RGCs
from both eyes send axons that connect to
multiple target cells in the dLGN. These
projections spread throughout the dLGN
sharing common terminal space. During
postnatal development, an eye-specific
segregation occurs (Godement et al.,
1984). In the adult rodent, RGC axons
occupy distinct eye-dependent non-
overlapping regions of the dLGN. The
implication of the CB1R during retino-
geniculate development was further
investigated in the dLGN in adult CB1R-
deficient mice (CB1R�/�) and their wild-
type (CB1R�/�) littermates. The area
occupied by contralateral projections is
larger in CB1R�/� mice than in CB1R�/�

mice (Fig. 5E). The contralateral and ipsi-
lateral retinal projection images were
quantified using a multithreshold method
of analysis with MatLab software. These

Ct
rl

AM
25

1

O2
05

0

FS
K

0

20

40

60

80

100

120

140

160

180

DC
Cf

b

AM
25

1-
DC

Cf
b

O2
05

0-
DC

Cf
b

FS
K-

DC
Cf

b

Gr
ow

th
 c

on
e 

su
rf

ac
e 

ar
ea

(%
 o

f c
on

tro
l)

*
* *

0

20

40

60

80

100

120

140

160

Ct
rl

AM
25

1

O2
05

0

FS
K

DC
Cf

b

AM
25

1-
DC

Cf
b

O2
05

0-
DC

Cf
b

FS
K-

DC
Cf

bFi
lo

po
di

a 
nu

m
be

r a
t t

he
 g

ro
w

th
 c

on
e

(
of

 c
on

tro
l)

* * *

0

20

40

60

80

100

120

140

160

Gr
ow

th
 c

on
e 

su
rf

ac
e 

ar
ea

(%
 o

f c
on

tro
l)

Ctrl ACEA FSKAM251 O2050
0

20

40

60

80

100

120

140

160

Gr
ow

th
 c

on
e 

su
rf

ac
e 

ar
ea

(%
 o

f c
on

tro
l)

*

* * *

Ctrl ACEA FSKAM251 O2050

0

20

40

60

80

100

120

140

Ctrl ACEA FSKAM251 O2050

Fi
lo

po
di

a 
nu

m
be

r a
t t

he
 g

ro
w

th
 c

on
e

(%
 o

f c
on

tro
l)

Ctrl ACEA FSKAM251 O2050
0

20

40

60

80

100

120

140

Fi
lo

po
di

a 
nu

m
be

r a
t t

he
 g

ro
w

th
 c

on
e

(%
 o

f c
on

tro
l) *

*

Ct
rl

AM
25

1

O2
05

0

KT
+A

M
25

1

H8
9+

AM
25

1

FS
K

KT
+F

SK

H8
9+

FS
K

Bi
ot

in
yla

ted

Total DCC

Total ß-actin

DCC

CB1R

NCAM

DCC – 150
– 50
– 37

-actin

CB
1R

+/
+

CB
1R

-/-

CB1R

-actin

dc
c+

/+

dc
c-

/-

– 75

– 50
– 50
– 37

 – 150
 – 50

 – 37

 – 150
 – 75

 – 250

A

F

G H

I J

K L

B C

D E

Figure 4. DCC is necessary for CB1R-induced reorganization of the GC. A, E14 –E15 mice RGC projections immunolabeled for
DCC, CB1R, and L1. B, C, Immunocytochemical and Western blot analysis of DCC expression in primary retinal neuron cultures
obtained from CB1R �/� mice. D, E, Immunocytochemical and Western blot analysis of CB1R expression in primary neuron
cultures obtained from dcc �/� mice. F, Total and biotinylated proteins analyzed by Western blot with antibodies directed against
either DCC, �-actin, CB1R, or NCAM. For Western blots, molecular weight markers are indicated on the right side of the panel. G, H,
GC surface area and filopodia number analysis of cortical neuron cultures treated with �DCCfb followed by the addition of either a
CB1R inverse agonist or antagonist (AM251 or O2050, respectively) or FSK. I–L, GC surface area and filopodia number analysis of
dcc �/� (I, K ) and dcc �/� (J, L) primary neuron cultures treated with either ACEA, AM251, O2050, or FSK. Values are presented
as mean � SEM. * indicates a significant change compared with the AM251, O2050, or FSK in G and H, and the control group in J
and L ( p � 0.05).

1496 • J. Neurosci., January 26, 2011 • 31(4):1489 –1499 Argaw et al. • CB1R and RGC Axon Guidance



data indicate a significant overlap be-
tween contralateral and ipsilateral RGC
projections in the dLGN of CB1R�/�

mice (Fig. 5F). The segregation defects
observed were not due to an uneven label-
ing of RGCs in the retina as the optic
nerves of both eyes were similarly labeled
following intraocular injection of an-
terograde tracers (supplemental Fig.
4 D, available at www.jneurosci.org as
supplemental material).

Discussion
Previously, studies have reported by in
situ hybridization and immunohisto-
chemistry the presence of the CB1R in the
outer and inner plexiform, inner nuclear,
and ganglion cell layers of the retina
(Buckley et al., 1998; Straiker et al., 1999;
Yazulla et al., 1999; Yazulla, 2008). Our
observations further these studies by
showing, for the first time, the presence
of the CB1R and the eCB-synthesizing
(NAPE-PLD and DAGL�) and -degrading
(FAAH and MGL) enzymes in retinal pro-
jection axons and GCs (Fig. 1A). In accor-
dance with previous reports, we have
observed the presence of the CB1R in
RGCs and cortical neurons (Fig. 1B–D;
supplemental Fig. 1B, available at www.
jneurosci.org as supplemental material)
(Lalonde et al., 2006; Vitalis et al., 2008;
Keimpema et al., 2010; Wu et al., 2010).
Furthermore, our findings showed that, in
vivo, expression of CB1R, NAPE-PLD,
DAGL�, FAAH, and MGL is spatially and
temporally synchronized with the devel-
opment of RGC projections (supplemental
Fig. 1C, available at www.jneurosci.org as
supplemental material). These findings
demonstrate the presence of the eCB system
in the developing neurovisual system and
strongly suggest its implication in retinal
axon guidance and the establishment of
functional retinothalamic and retinocol-
licular pathways.

We found that pharmacological acti-
vation or blockade of the CB1R activity
modulates GC morphology of RGCs and
cortical neurons (Fig. 2A–F). Accord-
ingly, CB1R agonist induced the collapse
of the GC, while the CB1R antagonist or
inverse agonist expanded its surface area
and filopodia number of these glutama-
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CB1R �/� and CB1R �/� adult mice. Data are presented as
means�SEM. * indicates a significant change compared with
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tergic neurons. These data correlate with a previous study that
showed CB1R agonist (WIN55,212-2)-induced GC collapse in
GABAergic interneurons of the hippocampus (Berghuis et al.,
2007). Additionally, our data indicate that the CB1R negatively
regulates retinal projection growth (Fig. 2G,H). This is in accor-
dance with a published study using hippocampal pyramidal
neurons in which the CB1R expression was augmented by
transfection (Vitalis et al., 2008). Conversely, our data are at odds
with prior studies that reported that the CB1R positively regulates
neurite development of cortical and cerebellar neurons (Williams
et al., 2003; Mulder et al., 2008). At this point, our present under-
standing of the eCB system does not permit a conciliatory expla-
nation for these discrepant results. Additionally, our results
clearly demonstrate that the CB1R activity at the GC modulates
retinal axon navigation (Fig. 2 I–L). These results complement
previously reported observations where CB1R agonist treatment
induced GABAergic GC collapse and retraction (Berghuis et al.,
2007). Furthermore, the presence of the CB1R and the eCB-
synthesizing (NAPE-PLD and DAGL�) and -degrading (FAAH
and MGL) enzymes in retinal axons and GCs (Fig. 1A) and the
CB1R-induced retinal GC steering (Fig. 2 I–L) suggest that these
neurons may use target-derived as well as cell-autonomous eCBs
as directional cues for GC steering decisions. These findings are in
accordance with the rationale proposed by Mulder et al. (2008)
that eCB-controlled axonal growth in glutamatergic cells is pri-
marily a cell-autonomous mechanism, while GABAergic neurons
use target-derived cues for directional navigation. The diver-
gence in the mechanism used by glutamatergic and GABAergic
neurons could in part be explained by the cell type-dependent
regulation of eCBs. Indeed, Walker et al. (2010) reported that
DAGL� expression diminishes dramatically once the neural stem
cells differentiate in GABAergic phenotype. Furthermore, the re-
cent work by Keimpema et al. (2010) showed the importance of
the spatial and temporal expression of MGL, whereby axonal
pathfinding is regulated. Furthermore, these findings highlight
the intricate mechanism by which the eCB system modulates the
development of various neuron populations.

Previously, Berghuis et al. (2007) reported CB1R agonist-
induced ERK1/2 phosphorylation in cultured interneurons,
while Ozaita et al. (2007) documented the regulation of the PI3K/
AKT by cannabinoids. Recently, Puighermanal et al. (2009)
showed that, in adult, CB1R expressed on GABAergic interneu-
rons transiently modulated the mTOR/S6K pathway. Despite
various experimental conditions, we were unable to obtain sim-
ilar results in our cultures of primary cortical glutamatergic neu-
rons (Fig. 3A,B; supplemental Fig. 2, available at www.jneurosci.
org as supplemental material). Intriguingly, however, our
findings showed that CB1R reorganizes GC morphology through
DCC, a receptor for netrin-1. First, CB1R and DCC are expressed
at the GC, and functional deletion of DCC does not affect the
expression of CB1R as indicated by immunocytochemistry and
Western blot analysis (Fig. 4A–E). Second, CB1R activity influ-
ences the level of DCC present at the plasma membrane. Accord-
ingly, blocking the constitutive CB1R activity, using the inverse
agonist AM251, enhanced the level of DCC at the plasma mem-
brane in a PKA-dependent manner (Fig. 4F). Third, the CB1R-
induced GC reorganization requires the presence of a functional
DCC at the GC (Fig. 4G–L; supplemental Fig. 3, available at www.
jneurosci.org as supplemental material). The functional implica-
tion of these findings is that the eCB system modulates axon
guidance through CB1R by modulating GC’s behavior to guid-
ance cues present in its microenvironment (please refer to the
working model in supplemental Fig. 4E, available at www.

jneurosci.org as supplemental material). Since eCBs are li-
pophilic compounds and are rapidly metabolized following their
synthesis (Willoughby et al., 1997), it is very unlikely that they
establish long-range concentration gradients similar to “classi-
cal” guidance molecules such as netrin. However, based on the
results obtained in the present study, eCBs play, via CB1R, a
modulatory role in axon guidance by modifying the response of
GC toward a source of netrin. For instance, in spite the presence
of netrin-1, an attractive guidance molecule, eCBs could induce
retraction in part by downregulating the level of DCC at the
plasma membrane. Furthermore, Berghuis et al. (2007) showed
that CB1R induces growth cone collapse by activating RhoA,
while Moore et al. (2008) provided evidence that RhoA inhibits
DCC-dependent axon outgrowth to netrin. Thus, we believe that
the CB1R-induced GC collapsing response observed in the
present study is mediated by GTPases. Further studies are needed
to unravel these mechanisms in detail.

In vivo, our data show that pharmacological and genetic interfer-
ence with the CB1R activity profoundly affects retinal projection
development and target selection. Accordingly, pharmacological
manipulation of ocular eCB signaling affects retinal projection
growth and navigation (Fig. 5A–D). Furthermore, the important
role played by the eCB system during RGC axon guidance and target
selection is demonstrated by the relative lack of eye-specific segrega-
tion of retinal projections in CB1R-deficient adult mice (Fig. 5E,F).
Altogether, the present study identifies a mechanism by which the
eCB system modulates retinothalamic development and offers a po-
tential mechanism by which parental exposure to CB1R agonists
such as �9-tetrahydrocannabinol, the major psychoactive constitu-
ent in cannabis, affects CNS development, with detrimental effects in
the offspring.
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