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Abstract

The netrin-1 receptor Deleted in Colorectal Cancer (DCC) is
required for the formation of major axonal projections by
embryonic cortical neurons, including the corpus callosum,
hippocampal commissure, and cortico-thalamic tracts. The
presentation of DCC by axonal growth cones is tightly reg-
ulated, but the mechanisms regulating DCC trafficking within
neurons are not well understood. Here, we investigated the
mechanisms regulating DCC recruitment to the plasma
membrane of embryonic cortical neurons. In embryonic
spinal commissural neurons, protein kinase A (PKA) activa-
tion recruits DCC to the plasma membrane and enhances
axon chemoattraction to netrin-1. We demonstrate that PKA
activation similarly recruits DCC and increases embryonic
cortical neuron axon extension, which, like spinal commis-
sural neurons, respond to netrin-1 as a chemoattractant. We
then determined if depolarization might recruit DCC to the
plasma membrane. Neither netrin-1 induced axon extension,

Netrins are a small family of secreted axon guidance cues
that attract some axons and repel others during neural
development. Deleted in Colorectal Cancer (DCC), a type 1
single pass transmembrane protein, is a receptor for netrin-1
that is required for the chemoattractant response (Keino-
Masu et al. 1996; Fazeli et al. 1997). UNC5A-D, the four
mammalian UNC-5 homologues, make up a second family of
receptors for netrin-1 and are required for repellent responses
(Ackerman et al. 1997; Leonardo et al. 1997; Hong et al.
1999; Burgess et al. 2006; Dillon et al. 2007).

A gradient of netrin-1 protein directs commissural axons
to the floor plate at the ventral midline of the embryonic
spinal cord (Kennedy et al. 1994, 2006). In embryonic spinal
commissural neurons, DCC is localized both at the plasma
membrane and sequestered within an intracellular vesicular
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nor levels of plasma membrane DCC, were altered by
depolarizing embryonic spinal commissural neurons with
elevated levels of KCI. In contrast, depolarizing embryonic
cortical neurons increased the amount of plasma membrane
DCC, including at the growth cone, and increased axon
outgrowth evoked by netrin-1. Inhibition of PKA, phosphati-
dylinositol-3-kinase, protein kinase C, or exocytosis blocked
the depolarization-induced recruitment of DCC and sup-
pressed axon outgrowth. Inhibiting protein synthesis did not
affect DCC recruitment, nor were the distributions of trkB or
neural cell adhesion molecule (NCAM) influenced by depo-
larization, consistent with selective mobilization of DCC.
These findings identify a role for membrane depolarization
modulating the response of axons to netrin-1 by regulating
DCC recruitment to the plasma membrane.
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pool (Bouchard et al. 2004). Activating protein kinase A
(PKA) recruits DCC to the plasma membrane of spinal
commissural growth cones and enhances both axon exten-
sion and axon turning in response to netrin-1 (Bouchard
et al. 2004; Moore and Kennedy 2006). Additionally,
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activating PKCa triggers UNC5A endocytosis, reducing
netrin-1-mediated growth cone collapse and switching
chemorepulsion to chemoattraction (Williams et al. 2003;
Bartoe et al. 2006). The response of axonal growth cones to
netrin-1 is also influenced by phosphatidylinositol-3-kinase
(PI3-kinase), phospholipase C-gamma, mitogen-activated
protein kinases, and protein synthesis (Ming et al.
1999, 2001, 2002; Campbell and Holt 2001; Forcet et al.
2002).

Netrin-1 also guides mammalian cortical neuron axon
extension: it directs cortico-thalamic projections and is
required for the formation of corpus callosum and hippocam-
pal commissure (Serafini et al. 1996; Metin et al. 1997). Here,
using primary cultures of embryonic mouse cortical neurons,
we demonstrate that activating PKA recruits DCC to the
plasma membrane and enhances axon extension, consistent
with previous findings using embryonic spinal commissural
neurons (Bouchard et al. 2004). We then tested the hypothesis
that depolarization might recruit vesicles containing DCC to
the plasma membrane. Depolarizing embryonic rat spinal
commissural neurons with elevated concentrations of KCI did
not significantly alter netrin-1-induced axon extension or
levels of plasma membrane DCC. In contrast, depolarizing
embryonic cortical neurons significantly increased plasma
membrane levels of DCC and axon outgrowth evoked by
netrin-1. Pharmacological inhibition of either PKA, phospha-
tidylinositol-3-kinase (PI3-kinase), protein kinase C (PKC), or
exocytosis blocked the KCl-induced increase in cell surface
DCC and suppressed axon outgrowth. These findings identify
a role for membrane depolarization modulating the response
of axons to netrin-1 by regulating the presentation of DCC at
growth cones of embryonic rat cortical neurons.

Material and methods

Reagents
The following antibodies were used: monoclonal DCC antibodies
against extracellular (G92-13) or intracellular (G97-449) epitopes of
DCC, obtained from PharMingen (Mississauga, ON, Canada),
function blocking monoclonal DCC antibody, DCCgp (AFS,
2.7 mg/mL in phosphate-buffered saline, PBS) from Calbiochem
(LaJolla, CA, USA); monoclonal anti-netrin-1 (MAB1109, R&D
Systems, Mineapolis, MN, USA); polyclonal anti-VAMP2
(AB5856, Chemicon/Millipore Biosciences, Temecula, CA, USA);
polyclonal anti-NCAM (AB5032, Chemicon/Millipore Bioscienc-
es); anti-phospho cyclic AMP response element binding protein
(CREB) (Ser133) (1B6), anti-CREB, anti-phospho Akt (Ser473),
anti-Akt, and anti-phospho PKC,,, (Ser660) from Cell Signalling
Technology Inc. (Beverly, MA, USA). Polyclonal anti-trkBgcp was
provided by Dr. Louis Reichardt (University of California, San
Francisco, CA, USA).

Chelerythrine, cycloheximide, forskolin, LY294002, poly-p-
lysine, Tetanus Toxin, and wortmannin were obtained from
Sigma-Aldrich (Missisauga, ON, Canada); KT5720 and SQ22536
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from Calbiochem; Neurobasal, Hanks balanced salt solution (HBSS)
media, B27, and N2 supplements from Invitrogen Canada
(Burlington, ON, Canada); and L-glutamine and Penstrep from Bio
Media (Drummondville, QC, Canada). Recombinant netrin-1
protein was purified from a HEK293T cell line secreting netrin-1
as described (Shirasaki et al. 1996).

Embryonic cortical neuron culture

Staged pregnant CD1 mice were obtained from Charles River (St-
Constant, QC, Canada). The cortices of embryonic day 15 mice
were isolated by microdissection and dissociated to produce a
suspension of single cells. In brief, cortices were incubated at 37°C
for 15 min in a trypsin solution (0.25%, Invitrogen, Canada) in non-
supplemented Neurobasal. Dnase (0.02%) was then added at 25°C.
Tissue was triturated four times sequentially with three different
sized Pasteur pipettes (large, medium, and small tip) to yield a
suspension of single cells.

Dissociated cells were plated and then cultured for either 2 days
(~25 000 cells/well, growth cone analysis) or 6 days (~50 000 cells/
well, neurite analysis) in 24-well plates (Sarstedt, St-Leonard, QC,
Canada). Cells were grown in the wells on 12 mm round glass
coverslips (No. 0 Deckgléser, Carolina Biological, NC, USA) that had
been coated with poly-p-lysine (PDL) (70-150 kDa, 20 pg/mL). The
cells were cultured in Neurobasal media containing: 1X B27, IX N2,
0.4 mM Glutamine, 1 unit/mL penicillin, and 1 pg/mL streptomycin.
Inhibitors (1 mM SQ22536, 200 nM KT5720, 1 pM wortmannin,
33 uM LY294002, 10 uM chelerythrine, 1.6 nM tetanus toxin, or
100 pM cycloheximide) or their respective vehicles were added to
medium 15 min before the addition of netrin-1 or its respective
vehicle. Fifteen minutes after, the medium was supplemented either
with S0 mM KCI, 10 uM Forskolin (FSK) or their respective vehicles
following a time course (0, 5, 15, 30, and 60 min).

Immunocytochemistry
For immunostaining, cortical neuron cultures were washed with ice-
cold PBS, pH 7.4, and fixed with ice-cold 4% paraformaldehyde in
PBS, pH 7.4. They were blocked with 2% goat serum and 2%
bovine serum albumin (BSA) in PBS, pH 7.4 for 2 h at 25°C.
Antibodies were used in blocking solution, 2% goat serum, 2%
BSA in PBS overnight at 4°C at the following dilutions: monoclonal
anti-DCCpy 1 : 500; monoclonal anti-DCCgx 1 : 500; monoclonal
anti-netrin-1 1 : 500; polyclonal anti-VAMP2 1 : 500; and poly-
clonal anti-trkBgcp 1 : 500. Cultures were subsequently washed with
PBS and incubated with secondary antibodies conjugated to Alexa
Fluor 546 or 488 (1 : 1000) in blocking solution (Molecular Probes,
Eugene, OR, USA). Cell nuclei were stained with Hoechst 33258
(Sigma—Aldrich). Coverslips were mounted in Geltol (Thermo
Electron Corporation, Pittsburgh, PA, USA) on glass slides and
grayscale micrographs were taken using a Carl Zeiss Axiovert
microscope (Oberkochen, Germany), a 20X or 100X objective lens,
and a MagnaFire CCD camera (Optronics, Goleta, CA, USA).

Quantification of surface receptor density using
immunofluorescence

All micrographs used for quantification were taken using the same
microscope, objective lens, and exposure time to allow comparison
of measurements. Fluorescence was quantified using Northern
Eclipse image analysis software (Empix Imaging Inc, Mississauga,
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ON, Canada). For image analysis of neurites and growth cones, both
fluorescent and differential contrast (DIC) images were taken.
Fluorescent intensity per micrometer squared was quantified and
expressed as mean = SEM for every condition. The statistical
significance was evaluated by a two-way analysis of variance with a
Sheffe post hoc test (Systat, Chicago, IL, USA). In the presence of
an interaction between the different groups, one-way analyses of
variance were used for each group. Probability values of p < 0.05
were considered significant.

Surface biotinylation and western blot analysis

For biotinylation of cell surface proteins, E15 mouse cortical
neurons were plated and cultured for 6 days at a density of
~2 500 000 cells per 10 cm PDL-coated tissue culture dish. Cells
were cultured in Neurobasal medium containing 1X B27, 1X N2,
0.4 mM Glutamine, lunit/mL penicillin, and 1 pg/mL streptomycin.
The cells were treated with various inhibitors (1 mM SQ22536,
200 nM KT5720, 1 uM wortmannin, 33 uM LY294002, 10 uM
chelerythrine, 1.6 nM tetanus toxin, or 100 uM cycloheximide) or
the respective vehicles of the inhibitors for 15 min.

To test the effect of depolarization or elevating cAMP, neurons
were exposed for 15 min to 10 pM FSK, 50 mM KCI or vehicles.
Cell surface proteins were biotinylated and examined by western blot
analysis either with anti-DCCgy, anti-DCCy;, anti-trkBgcp, or anti-
NCAM as follows. Briefly, after treatment, cells were washed with
ice-cold PBS containing 0.1 pM calcium chloride and 1 uM
magnesium chloride (pH 7.4) to halt protein trafficking. Surface
biotinylation was performed by adding EZ-Link Sulfo-NHS-LC-
biotin (Pierce, Rockford, IL, USA), 5 mL per plate at 0.5 mg/mL in
PBS at 4°C for 30 min (Lisanti ef al. 1989). This solution was
removed, and the reaction 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, cells were washed two times with 5 mL ice-cold PBS
and lysed by the addition of RIPA buffer [150 mM NaCl, 20 mM
Tris, pH 8.0, 1%, NP-40 (USB Corp., Cleveland, OH, USA), 0.5%
Sodium deoxycholate, 0.1% SDS, 1 mM EDTA]. Biotinylated
proteins were precipitated with streptavidin—agarose (Pierce) and
subjected to sodium dodecyl sulfate—polyacrylamide gel electropho-
resis on 8% gels. After electrophoresis, proteins were transferred to
nitrocellulose membrane (Hybond ECL, Amersham Pharmacia
Biotech, Baie d’Urfé, QC, Canada) and blocked for 2 h by
incubation in 5% non-fat dry milk in PBST (PBS containing 0.1%
Tween 20). Western blot analysis was performed using anti-DCCy
(1 :2000), anti-DCCgx (1 : 2000), anti-trkBgcp (1 : 2000), or anti-
NCAM (1 : 5000) overnight at 4°C. After 2 h of incubation with
horseradish peroxidase-conjugated secondary antibody (Jackson
ImmunoResearch Laboratories, West Grove, PA, USA), bands were
visualized using the Western Lighting Chemiluminescence Reagent
Plus kit (Perkin-Elmer, Boston, MA, USA). Immunoreactivity was
imaged with a ScanJet 5300C (Hewlett Packard Canada, Mississa-
uga, ON, Canada). Densitometry and quantification of the relative
levels of DCC protein were performed on scanned images of
immunoblots using NIH Image software (National Institutes of
Health, Bethesda, MD, USA).

Western blot analysis for phosphorylated CREB, Akt, PKC

E15 mouse cerebral cortices were dissociated and neurons plated
and cultured for 6 days at a density of ~250 000 cells per 35 mm
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PDL-coated tissue culture dish. Cells were cultured in neurobasal
medium containing 1X B27, 1X N2, 0.4 mM glutamine, 1 unit/mL
penicillin, and 1 pg/mL streptomycin. The cells were treated with
various inhibitors (1 mM SQ22536, 200 nM KT5720, 1 uM
wortmannin, 33 uM  LY294002, 10 pM chelerythrine, 1.6 nM
tetanus toxin, or 100 uM cycloheximide) or their respective vehicles
for 15 min.

To test the effects of elevating cAMP and depolarization, neurons
were exposed for 15 min to 10 pM FSK, 50 mM KCI or their
respective vehicle. After treatment, cells were washed once with ice-
cold PBS (pH 7.4) and lysed with Laemmli sample buffer. Total cell
extracts were subjected to sodium dodecyl sulfate—polyacrylamide
gel electrophoresis on 12% gels. After electrophoresis, proteins were
transferred to nitrocellulose membrane and blocked for 2 h by
incubation in 5% milk/TBST. Western blot analysis was performed
using antibodies against CREB (1 : 1000), phosphoCREB
(1 : 1000), Akt (1 : 1000), phosphoAkt (1 : 1000), and phospho-
PKCpay (1 : 1000) in 5% BSA, 1X TBS, 0.1% tween 20 overnight
at 4°C. Immunoreactivity was visualized and quantified as described
above.

Ratiometric calcium imaging

E15 mouse cortical neurons were isolated and cultured as described
above but were plated on glass bottom culture dishes (MatTEK,
Ashland, MA, USA). E13 rat spinal commissural neurons were
isolated and cultured as described (Bouchard et al. 2004), and also
plated on MatTEK dishes. At 2 DIV, neurons were loaded for
approximately 45 min with 5 pM fura-2AM from Sigma—Aldrich
(Oakville, ON, Canada), diluted in 1.5 mL of neurobasal medium,
with 0.1% Pluronic F-127 (Invitrogen) to facilitate loading. The
cells were then washed twice with heated air media (500 mL of air
media is composed of: 250 mL L15 medium, 225 mL HBSS,
10 mL B27, 9 mL of I M HEPES, 1.25 mL of 200 mM glutamine,
0.9 mL of 14.3 mM beta-2-mercaptoethanol in ddH,O, 0.5 mL
penicillin/streptomycin, and 2.5 mL of 1 M glucose). For ratio-
metric calcium measurements, fluorescent images were acquired
sequentially at 340 nm and 380 nm wavelengths from a defined
region of interest encompassing the cell soma. The fluorescent
intensities of the 340 nm images were then divided by the intensity
value of the 380 nm images to obtain a ratiometric value. Imaging
was carried out with a 40X oil immersion objective, air media heated
to 30°C by a Warner Inline Heating Instrument Model TC-324B
(Warner Instruments, CT, USA), using a Nikon Eclipse TE2000U
epifluorescence microscope with a Nikon XPS-100 lamp (Tokyo,
Japan), a Coolsnap HQ cooled CCD camera (Photometrics, Tusson,
AZ, USA) with filter switching controlled by a Lambda 10-2 optical
filter changer (Sutter Instruments, Novata, CA, USA) and Meta-
Morph software (Molecular Devices, Downingtown, PA, USA). A
baseline of calcium signal activity was recorded for 100 s.
Following the baseline measurement, 100 pL of air media was
injected as a negative control, and images collected for the following
100 s. Subsequently, the same volume of KCI solution was added,
generating a final concentration of 50 mM KCl in the dish. The
overall baseline measurements were normalized to a value of 1.

Embryonic cortical explant culture
Cortical explants were microdissected from E13 rat telencephalic
vesicles and cultured in three-dimensional collagen gels as described
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(Metin et al. 1997). Inhibitors (1 mM SQ22536, 200 nM KT5720,
I uM wortmannin, 33 pM LY294002, 10 uM chelerythrine, or
1.6 nM tetanus toxin), DCC function blocking antibody (30 ng/mL—
10 pg/mL), or vehicle were added to the medium 15 min before the
addition of netrin-1. Following 15 min of treatment, the medium
was supplemented either with 50 mM KCI, 10 uM FSK or their
respective vehicles. All drugs were present throughout the exper-
iment. Explants were cultured at 37°C for 16 h in Neurobasal
containing 10% heat inactivated fetal bovine serum, 2 mM
glutamine, 1 unit/mL penicillin, and 1 pg/mL streptomycin.

Measurements of neurite extension from cortical explants
Photomicrographs were taken using a Carl Zeiss Axiovert micro-
scope, phase-contrast optics, a 20X objective lens, and a MagnaFire
CCD camera, and analysed using Northern Eclipse image analysis
software. The total number and length of all axon fascicles emerging
from each explant was measured as described (Serafini et al. 1994)
and expressed as a mean £ SEM. Statistical significance of
differences between means was evaluated by a one-way analysis
of variance with Sheffe post hoc test (Systat).

Results

Netrin-1 directs cortical axon guidance and promotes axon
outgrowth (Metin et al. 1997). PKA activation regulates the
response of neuronal growth cones to netrin-1, causing
some cell types to switch between chemoattraction and
chemorepulsion, and increasing the sensitivity of respon-
siveness in others (Ming ef al. 1997; Moore and Kennedy
2006). We previously reported that PKA activation recruits
DCC to the plasma membrane of embryonic spinal
commissural axons, increasing axon outgrowth and turning
in response to netrin-1 (Bouchard et al. 2004; Moore and
Kennedy 2006). To determine if this mechanism functions
in other neuronal cell types, we utilized primary cultures of
dissociated embryonic day 15 (E15) mouse cortical neurons
(2 DIV). Widespread expression of DCC by neurons was
detected in these cultures (Fig. 1a), consistent with previous
studies demonstrating DCC expression by cortical neurons
that pioneer the corpus callosum during late embryogenesis
in the mouse (Shu et al. 2000). PKA-induced recruitment of
DCC to the plasma membrane of embryonic spinal
commissural neurons can be blocked by application of
tetanus toxin, an inhibitor of exocytosis that acts by
cleaving v-SNAREs (Schiavo ef al. 1992). DCC and
VAMP2, a tetanus toxin sensitive v-SNARE, were both
expressed by embryonic cortical neurons (Fig. 1). The
distribution of DCC immunoreactivity visualized using
confocal microscopy was consistent with DCC being
distributed both at the neuronal plasma membrane and
within an intracellular pool of vesicles. Overlapping distri-
butions of punctate VAMP2 and DCC immunoreactivities
were detected in cell bodies (Fig. 1b and c) and growth
cones (Fig. 1c and d), suggesting that DCC may be a cargo
protein within a subset of VAMP2 vesicles in embryonic
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mouse cortical neurons. Immunostaining cortical neurons
following 6 DIV revealed readily detectable expression of
DCC and netrin-1 in the cultures (Fig. le).

PKA activation regulates DCC recruitment in embryonic
cortical neurons

To determine if DCC trafficking to the plasma membrane of
cortical neurons might be regulated similarly to embryonic
spinal commissural neurons, cultures of cortical neurons
were fixed and immunostained using conditions that did not
permeabilize the plasma membrane, allowing the selective
visualization of cell surface DCC protein, as described
(Bouchard et al. 2004). Briefly, neurons dissociated from
E15 cortices were cultured for either 2 or 6 days, then fixed
with 4% paraformaldehyde, and immunocytochemical anal-
yses performed in the absence of detergent to avoid
permeabilizing the cell membrane.

Forskolin activates adenylate cyclase, increasing intra-
cellular cAMP, which in turn enhances the activity of PKA
(Nairn et al. 1985). Following treatment with 10 uM FSK,
non-permeabilized cortical neurons were immunostained
with aDCCgy, a monoclonal antibody against an extra-
cellular epitope of DCC, to visualize DCC on the neuronal
surface. Increased DCC immunoreactivity was detected
along neurites (Fig. 2a) and on growth cones (Fig. 2b and
c¢) following 5, 15, 30, and 60 min of FSK treatment.
Identical FSK exposure did not alter immunoreactivity using
an antibody that binds the extracellular domain of trkB
(Fig. 2c¢).

To further investigate the mechanism underlying the effect
of FSK, cultured cortical neurons were exposed to different
enzyme inhibitors for 15 min before the addition of FSK to
the media. To confirm that FSK was acting via adenylate
cyclase, we blocked cyclase activity using 1 mM SQ22536, a
selective inhibitor of adenylate cyclase (Fabbri et al. 1991,
Goldsmith and Abrams 1991; Tamaoki eral. 1993).
SQ22536 completely blocked the increase in DCC surface
immunoreactivity (Fig. 2a—c), consistent with the effect of
FSK being due to adenylate cyclase activation. Next, to
confirm that the cAMP produced by the adenylate cyclase
was activating PKA, cortical neurons were pre-treated with
200 nM KT5720, a selective inhibitor of PKA (Kase ef al.
1987). KT5720 abolished the increase in DCC surface
immunoreactivity produced by FSK (Fig. 2a—c). Together,
these findings indicate that PKA activation is essential for
FSK-induced recruitment of DCC.

Protein kinase A activation could enhance the amount of
DCC on the neuronal surface by increasing either dcc
transcription or the translation of dcc mRNA, or by raising
the rate of insertion of DCC protein recruited from an
intracellular store to the plasma membrane. Testing the
hypothesis that DCC might be recruited from an intracellular
pool, we found that 1.6 nM tetanus toxin blocked the FSK-
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induced increase in plasma membrane DCC immunoreactivity
(Fig. 2a—c).

A time course analysis detected a significant increase in
cell surface DCC within 5 min following the addition of FSK
(Fig. 2a and b), indicating that the increase in DCC protein
on the neuronal surface is likely too rapid to be accounted for
by increased transcription or translation of dcc mRNA.
Consistent with this conclusion, we found that 100 uM
cycloheximide, a concentration sufficient to inhibit protein
synthesis (Twiss and Shooter 1995), had no effect on the
FSK-induced increase in DCC at the cell surface (Fig. 2a—c).

PKA activation induces DCC translocation via a mechanism
that requires exocytosis

The increase in cell surface DCC immunofluorescence
described above could be produced either by increased
plasma membrane DCC protein, or potentially by clustering
DCC protein that was previously distributed more diffusely
in the plasma membrane before treatment. To differentiate
between these two possibilities, plasma membrane DCC was
assessed directly by biotinylating cell surface proteins and
quantifying the relative amount of DCC present on the
neuronal surface in different conditions. Neurons isolated
from the cortex of E15 mice were cultured for 6 days as
described above, and the cells then treated for 15 min with
SQ22536, KT5720, tetanus toxin, cycloheximide or the
respective vehicles for each of these agents. Cultures were
then exposed for 15 min to 10 pM FSK or vehicle control, in
order to elevate intracellular cAMP. Cell surface proteins
were then biotinylated, isolated, and examined by western
blot analysis. As shown (Fig. 2d), a single band with the
molecular weight of full-length DCC (~180 kDa) was
detected by aDCCpy, a monoclonal antibody that binds an
intracellular epitope of DCC. A band of the same molecular
weight was also detected using aDCCgx (not shown).
Analysis of biotinylated proteins indicated that in the
presence of FSK, the amount of cell surface DCC was
increased ~2.5-fold, in comparison to control (Fig. 2d).
When cells were pre-treated with SQ22536, KT5720, or
tetanus toxin prior to FSK, cell surface DCC remained not
significantly different from control (Fig. 2d). In contrast,
inhibition of protein synthesis with cycloheximide did not
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affect the FSK-induced increase in plasma membrane DCC
(Fig. 2d). Levels of surface trkB or NCAM were not affected
by cAMP elevation in these cells under these conditions
(Fig. 2d).

To monitor PKA activation, we assayed the relative level
of CREB phosphorylation induced by FSK in cortical
neurons. As shown in Fig. 2(e), increased CREB phosphor-
ylation was detected in response to FSK compared to control,
which was blocked by SQ22536 and KT5720 but not by
tetanus toxin or cycloheximide. In all conditions, the total
amount of CREB protein was comparable, as indicated by
western blotting with an antibody insensitive to CREB
phosphorylation (Fig. 2e).

Together, these results support the conclusion that increas-
ing the intracellular concentration of cAMP recruits DCC
from a pre-existing vesicular pool to the plasma membrane.

PKA-induced DCC recruitment promotes cortical axon
outgrowth

Consistent with the findings reported by Metin et al. (1997),
application of recombinant netrin-1 protein evoked axon
outgrowth from explants of E13 rat neocortex. Using this as a
functional assay, we tested the hypothesis that PKA activa-
tion would cause DCC protein to be recruited to the plasma
membrane of cortical axons and promote axon outgrowth.
Explants of E13 rat cortex were cultured in the presence of
10 uM FSK with and without a sub-maximal concentration
of netrin-1 (50 ng/mL). Following 16 h in culture, applica-
tion of FSK alone did not significantly enhance axon
outgrowth. In contrast, FSK plus netrin-1 produced a
dramatic increase in axon outgrowth compared to application
of netrin-1 alone (Fig. 3a—c).

To investigate the mechanism underlying the action of
FSK, cortical explants were exposed to different enzyme
inhibitors 15 min before the addition of netrin-1, thus
30 min prior to the addition of FSK to the media, and then
cultured for 16 h. To verify that the effect of FSK was acting
through adenylate cyclase, 1 mM SQ22536 was applied.
SQ22536 completely blocked the increase in axon outgrowth
caused by FSK in the presence of netrin-1 (Fig. 3a—c),
demonstrating that FSK exerts its effect on axon length via
the activation of adenylate cyclase and production of cAMP.

Fig. 1 DCC and VAMP2 expression by 2 DIV E15 mouse cortical
neurons. (a) Epifluorescence image of E15 mouse cortical neurons
grown for 2 DIV (DCC green, anti-lgG mouse antibody conjugated to
Alexa 488; VAMP2 red, anti-IgG rabbit antibody conjugated to Alexa
546; nuclei stained blue with Hoechst dye; 20X objective; Carl Zeiss
Axiovert 100 microscope; MagnaFire CCD camera; scale bar corre-
sponds to 50 um). (b—d) Confocal imaging of E15 cortical neurons
illustrating the distributions of DCC and VAMP2, shown separately and
in overlay (Carl Zeiss 510 confocal microscope, 100X 1.4 n.a. objec-
tive; scale bars correspond to 10 um). (b) DCC and VAMP2 distribu-
tions in a cluster of neurons illustrating immunoreactivity in the cell
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body cytoplasm and along neurites. (c) A single neuron illustrating
DCC and VAMP2 immunoreactivity in the cytoplasm of the cell body,
along neurites, associated with the plasma membrane, and within
growth cones. (d) Higher magnification reveals a partially overlapping
punctate distribution of DCC and VAMP2 within a growth cone.
(e) Epifluorescence imaging of E15 mouse cortical neurons grown
for 6 DIV. The left panel illustrates DCC immunoreactivity, green, and
Hoechst dye, blue. The right panel illustrates netrin-1 immuno-
reactivity, red; phalloidin staining for F-actin, green; and Hoechst dye,
blue. 20X objective lens; Carl Zeiss Axiovert 100 microscope;
MagnaFire CCD camera; scale is the same as in panel (a).
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The PKA inhibitor KT5720 blocked the effect of FSK
(Fig. 3a—c) indicating that PKA is required to produce the
netrin-1-dependent increase in axon outgrowth evoked by
FSK. Notably, these inhibitors reduced the level of axon
outgrowth to that evoked by netrin-1 without FSK, but not to
the level of the limited spontaneous axon outgrowth
observed in the absence of netrin-1. This suggests that
FSK does not enhance DCC function, but that one pool of
DCC protein is present on the surface of the cell in its
baseline state, and that the effect of FSK is to mobilize
additional DCC to the membrane.

We then tested the hypothesis that recruitment of DCC
from an intracellular vesicular pool enhances netrin-1-
dependent axon outgrowth using the exocytosis inhibitor
tetanus toxin. Sixteen hours of treatment with 1.6 nM tetanus
toxin reduced axon outgrowth induced by netrin-1 with FSK
to the level evoked by netrin-1 alone. These findings are
consistent with PKA enhancement of netrin-1-induced axon
outgrowth requiring v-SNARE-dependent vesicle fusion
with the plasma membrane (Fig. 3a—c).

The results described above suggest that FSK activates
adenylate cyclase, leading to the activation of PKA, and
enhancing the netrin-1-dependent outgrowth of cortical
axons via a mechanism that requires the recruitment of
vesicles to the plasma membrane. To determine if the
increase in axon outgrowth evoked by FSK required DCC,
cortical explants were exposed to increasing concentrations
of DCC function blocking monoclonal antibody (¢DCCgg,
from 30 ng/mL to 10 pg/mL) 15 min before the addition of
netrin-1, thus 30 min before the addition of FSK to the media
and then cultured for 16 h. aDCCpp blocks netrin-1-depen-
dent commissural axon outgrowth in vitro (Keino-Masu
et al. 1996). In the presence of FSK and netrin-1, aDCCgp
blocked axon outgrowth in a concentration-dependent man-
ner (Fig. 3d and e), indicating that the increased netrin-1-
dependent axon outgrowth induced by FSK requires DCC.

KCl-induced depolarization does not recruit DCC to the
plasma membrane or alter commissural axon outgrowth
Activity and depolarization influence the chemotropic
response of the growth cones of embryonic Xenopus laevis
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spinal cord neurons as they turn toward a source of netrin-1
(Ming et al. 2001). To determine if depolarization might
similarly influence embryonic rat spinal commissural axon
outgrowth, we tested the effect of 50 mM KCI in the
presence or absence of netrin-1 (50 ng/mL or 100 ng/mL).
Following 16 h of culture, no difference was found between
axon outgrowth in groups treated with KCl alone versus
control, or netrin-1 plus KCl versus netrin-1 alone (Fig. 4b),
indicating that in these conditions, depolarization does not
affect netrin-1-dependent outgrowth of embryonic rat spinal
commissural neurons.

Using the monoclonal antibody DCCgx, we then exam-
ined the distribution of cell surface DCC in commissural
neurons that had been treated with either 50 mM KCI alone
or with 100 ng/mL netrin-1 and 50 mM KCI1 (Fig. 4a).
Following treatment with KCI alone, no increase in surface
DCC immunoreactivity was observed (Fig. 4a). Consistent
with the lack of an effect of depolarization on commissural
axon outgrowth, the small increase in DCC cell surface
immunoreactivity observed in the group pre-treated with
100 ng/mL netrin-1 and 50 mM KCI was the same as that
evoked by netrin-1 alone (Fig. 4a). None of these treatments
altered the cell surface distribution of TAG-1 or trkB
immunoreactivity measured in these cells (data not shown).

KCl-induced depolarization recruits DCC to the plasma
membrane of embryonic cortical neurons
Although KCl-induced depolarization did not measurably
influence DCC recruitment in embryonic rat spinal commis-
sural neurons, we tested the possibility that it might influence
the response of embryonic cortical neurons. Using monoclo-
nal antibody DCCgx on unpermeabilized cells, we examined
the distribution of cell surface DCC in dissociated cortical
neurons that had been depolarized using 50 mM KCI.
Following KCl treatment, significantly increased cell surface
DCC immunoreactivity was observed along neurites
(Fig. 5a) and on growth cones (Fig. 5b and c). In contrast,
this treatment did not significantly alter cell surface trkB
immunoreactivity (Fig. 5c).

Electrical stimulation modifies the response of growth
cones, in part, by increasing the concentration of intracellular

Fig. 2 DCC recruitment to the plasma membrane is regulated by PKA
activation. Cortical neurons were cultured for 2 DIV (growth cones) or
6 DIV (neurites) prior to a 15 min treatment with 1 mM SQ22536,
200 nM KT5720, 1.6 nM tetanus toxin, or vehicle controls. FSK
(10 pM) was then added for 5, 15, 30, or 60 min, cells were fixed, not
permeabilized, and immunostained with anti-DCCgyx or anti-trkBgcp.
Primary antibodies were detected using Alexa 546 or Alexa 488-con-
jugated secondary antibodies. Panels a and b illustrate quantification
of DCC fluorescence along neurites and the growth cone surface,
respectively. Values are mean + SEM for an n of 8-12 per condition.
The asterisk indicates p < 0.05 versus 10 uM FSK alone. Panel ¢
presents representative images of growth cones stained with DCCgx

© 2008 The Authors

and trkBgcp. Scale bar corresponds to 10 um. In panel d, cell surface
proteins were biotinylated and then isolated using streptavidin-aga-
rose beads. Western blot analysis utilized antibodies directed against
DCC,y (~180 kDa), trkBegcp (~145 kDa), and NCAM (200 kDa). His-
tograms present quantification of the optical density of DCC immu-
noreactivity. Values are mean + SEM for an n of 4 per condition. The
asterisk indicates p < 0.05 versus control. Panel e shows western
blots of total cell extracts analysed with antibodies raised against the
phosphorylated form (P-CREB) and total CREB (~43 kDa). The his-
togram shows quantification of the optical density of P-CREB immu-
noreactivity. Values are mean + SEM for an n of 5 per condition. The
asterisk indicates p < 0.05 versus control.
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cAMP (Ming et al. 2001). To investigate the mechanism
underlying the effect of depolarization on the amount of
DCC presented by the cell, we exposed cultures of cortical
neurons to different enzyme inhibitors 15 min before the
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addition of KCI to the media. To determine if KCI was acting
via adenylate cyclase, cyclase activity was inhibited using
1 mM SQ22536, which completely blocked the increase in
DCC cell surface immunoreactivity (Fig. 5a—c). To confirm
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Fig. 4 Depolarization does not alter axon outgrowth or recruit DCC to
the plasma membrane of embryonic spinal commissural neurons.
Microdissected explants of E13 rat spinal cord were dissociated and
spinal commissural neurons cultured for 2 DIV prior to treatment for
15 min with 50 ng/mL netrin-1. Cells were depolarized by the addition
of 50 mM KCI for 5, 15, 30 or 60 min. Panel (a) illustrates
quantification of growth cone surface DCC fluorescence intensity

that the cAMP produced by the adenylate cyclase was
activating PKA, cortical neurons were pre-treated with
200 nM KT5720, which abolished the increase in DCC cell
surface immunoreactivity produced by KCl (Fig. Sa—c).
These findings indicate that PKA activation is essential for
the depolarization-induced translocation of DCC.

As described above, PKA activation might increase the
amount of DCC on the neuronal surface through a number of
different mechanisms: by increasing the transcription of dcc
or the translation of dcc mRNA, or by recruiting DCC to the
plasma membrane from an intracellular store. Addition of
tetanus toxin (1.6 nM) blocked the KCl induced increase in
surface DCC immunoreactivity (Fig. 5a—c), consistent with
the increase being the result of vesicle mediated insertion of
DCC into the plasma membrane. Additionally, we found that
application of 100 uM cycloheximide, an inhibitor of protein
synthesis, had no effect on the KCl-induced increase in DCC
on the cell surface (Fig. 5a—c), indicating that the increase
detected is protein synthesis independent, consistent with
recruitment from a pre-existing intracellular pool.

Previous studies indicated that PI3-kinase cytoplasmic
signaling contributes to netrin-1 mediated axon chemo-
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attraction (Ming ef al. 1999). To investigate the possible
contribution of this pathway to DCC recruitment, cultures of
cortical neurons were exposed to PI3-kinase inhibitors
(Quevedo et al. 2000; Yagyu et al. 2001; Yamaguchi et al.
2001; Liu et al. 2005) 15 min before the addition of KCI to
the media. Application of PI3-kinase inhibitors wortmannin
(1 uM) or LY294002 (33 pM) completely blocked the
KCl-induced increase in DCC surface immunoreactivity
(Fig. Sa—c), consistent with the effect of KCl requiring active
PI3-kinase.

PI3-kinase is a well established modulator of PKB/Akt and
protein kinase C (PKC) signaling (Herbert et al. 1990; Singh
et al. 1993), and depolarization has been shown to activate
PKB/Akt signaling as a result of PI3-kinsae activation in
sympathetic neurons (Vaillant et al. 1999). To determine if
PKC might contribute to KCl-induced DCC translocation,
cortical neurons were pre-treated with 10 uM chelerythrine,
a competitive inhibitor of the PKC catalytic domain (Herbert
et al. 1990). Chelerythrine abolished the increase in DCC
surface immunoreactivity produced by KCIl (Fig. Sa—c),
consistent with PKC activity being required for DCC
translocation induced by depolarization. These findings

Fig. 3 Protein kinase A-dependent recruitment of DCC to the plasma
membrane promotes netrin-1-induced cortical neuron axon outgrowth.
Panel (a) illustrates E13.5 rat cortical explants embedded in a collagen
matrix and cultured for 16 h in the following conditions: control, 10 uM
FSK, 50 ng/mL netrin-1, netrin-1 plus FSK. Explants treated with ne-
trin-1 and FSK were cultured with 1 mM SQ 22536, 200 nM KT 5720,
or 1.6 nM tetanus toxin. Scale bar =100 um. Panels (b) and (c)
illustrate quantification of cortical neuron axon outgrowth evoked by
netrin-1 following addition of 10 um FSK in the presence of various
pharmacological inhibitors. Histograms in (b) correspond to the mean

© 2008 The Authors

of the total axon bundle length per explant and in (c) the mean total
number of fascicles per explant (+ SEM, 10-30 explants per condition,
*, indicates p < 0.05 vs. netrin-1 plus FSK group). Panels (d) and (e)
illustrate axon outgrowth evoked by netrin-1 (50 ng/ml) plus FSK
(10 pM) when explants were cultured with DCC function blocking
antibody at concentrations from 30 ng/mL to 10 pg/mL. Histograms in
(d) correspond to the mean of total axon bundle length per explant and
in (e) the mean total number of fascicles per explant (+ SEM, n = 8-12
explants per condition. *, indicates p < 0.05 vs. netrin-1 plus FSK

group).
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provide evidence that depolarization increases the amount of
DCC on the neuronal surface by recruiting DCC protein to
the plasma membrane through a mechanism dependent on
active PKA, PI3-kinase, and PKC.

We then assessed the difference found between embryonic
cortical neurons and embryonic spinal commissural neurons,
investigating the lack of DCC recruitment in response to
50 mM KCl-induced depolarization in the former. Ratiometric
calcium imaging was used to assess calcium concentrations in
these two populations of neurons following treatment with
KCI. Calcium levels were imaged in cortical neurons cultured
for 2 DIV and loaded with fura-2AM. Depolarization follow-
ing bath application of KCI rapidly triggered a significant
increase in the concentration of intracellular calcium in
cortical neurons (Fig. 6a, ¢ and e). In 2 DIV embryonic spinal
commissural neurons bath application of KCI induced a
substantially smaller increase in the average level of intracel-
lular calcium (Fig. 6b, d, and f). These findings provide
evidence that spinal commissural neurons, at this early stage of
development, exhibit a reduced capacity to respond to plasma
membrane depolarization relative to embryonic cortical
neurons, and that this may underlie the lack of DCC plasma
membrane recruitment in these cells.

Depolarization recruits DCC in a PKA, PI3-Kinase, and
PKC-dependent manner

The immunocytochemical findings described above are
consistent with a KCl-induced selective translocation of
DCC to the plasma membrane of neurites (Fig. 5a) and
growth cones (Fig. 5b and c¢). We assessed this hypothesis
biochemically by biotinylating cell surface proteins and
quantifying the relative amount of DCC protein present on
the neuronal surface in different conditions. Neurons disso-
ciated from E15 mouse cortices were cultured for 6 days as
described above, and then the cells treated for 15 min with
SQ22536, KT5720, wortmannin, LY294002, chelerythrine,
tetanus toxin, cycloheximide or their respective vehicles.
Cultures were then exposed for 15 min to 50 mM KCI to
depolarize the cells. Following these treatments, cell surface
proteins were Dbiotinylated, isolated, and examined by
western blot analysis using oDCCpy, otrkBgep, and
oNCAM. As shown (Fig. 7a), aDCCyy detected a single
~180 kDa band, the molecular weight of full-length DCC.
The same band was detected using aDCCgx (not shown).
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Analysis of biotinylated proteins indicated that in the
presence of KCI, the amount of cell surface DCC was
increased by ~4-fold in comparison with control (Fig. 7a).
When pre-treated with SQ22536, KT5720, wortmannin,
LY294002, chelerythrine or tetanus toxin prior to KCl, the
level of plasma membrane DCC did not differ significantly
from controls (Fig. 7a). Inhibition of protein synthesis with
cycloheximide did not affect DCC recruitment (Fig. 7a).
Unlike the regulated presentation of DCC, in these cells
under these conditions, the amounts of surface trkB and
NCAM were not affected by depolarization (Fig. 7a).

To evaluate the possibility that treatment with KCI may
lead to activation of PKA, PI3-kinase, and PKC in cortical
neurons, we measured the phosphorylation of CREB, Akt,
and PKC, respectively. Increased CREB phosphorylation
was observed in response to KCI compared with controls and
this was blocked by SQ22536 and KT5720 (Fig. 7b). KCl
produced an increase in Akt phosphorylation, which was
abolished by wortmannin and LY294002 (Fig. 7c). Phos-
phorylation of PKC was also increased by addition of KCI
(Fig. 7d), and this was blocked by chelerythrine (Fig. 7d).

Western blot analysis indicated that the total amount of
CREB or Akt proteins was comparable across all conditions
(Fig. 7b and c). Together, these findings suggest that
depolarization increases the amount of DCC on the neuronal
surface via a mechanism that is dependent on the activation
of PKA, PI3-kinase, and PKC.

PKA, PI3-K, and PKC-dependent DCC plasma membrane
recruitment induced by depolarization promotes cortical
axon outgrowth

We then determined if cell membrane depolarization would
promote cortical neuron axon outgrowth by recruiting DCC
protein to the plasma membrane. Explants of E13 rat cortex
were cultured in the presence of 50 mM KCl with or without
50 ng/mL netrin-1, a subsaturating concentration. Following
16 h of culture, KCI alone did not enhance axon outgrowth.
In contrast, KCI plus 50 ng/mL netrin-1 produced a signifi-
cant increase in axon outgrowth compared with explants
exposed to netrin-1 alone (Fig. 8a—c).

To characterize the mechanisms underlying the action of
KCl-induced depolarization, cortical explants were exposed
to different enzyme inhibitors 15 min before the addition of
netrin-1, thus 30 min before the addition of KCI to the

Fig. 5 DCC recruitment to the plasma membrane induced by
depolarization is regulated by PKA, PI3-kinase, and PKC. Cortical
neurons were plated onto PDL-coated glass coverslips and cultured
for 2 DIV (growth cones) or 6 DIV (neurites) prior to treatment for
15 min with 1 mM SQ 22536, 200 nM KT 5720, 1 uM wortmannin,
33 uM LY294002, 10 uM chelerythrine, 1.6 nM tetanus toxin, or
100 uM cycloheximide. Following these treatments, cells were
depolarized using 50 mM KCI for 5, 15, 30 or 60 min. Cultures were
then fixed without permeabilization. Cells were immunostained with

© 2008 The Authors

antibodies against DCC or trkB directed against extracellular epi-
topes. Primary antibodies were detected using Alexa 488 or Alexa
546-conjugated secondary antibodies. Scale bar = 10 um. Panels (a)
and (b) illustrate quantification of DCC fluorescence along neurites
(a) and on growth cones (b) following different treatments. Values
represent the mean + SEM, n=10-19 samples per condition.
*p-value < 0.05 versus KCI alone. Panel (c) presents representative
images of immunostaining using DCCgx and trkBegcp antibodies on
growth cones.
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KCI. Error corresponds to SEM (*p < 0.05, n = 6).
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Fig. 7 Depolarization-induced recruitment of DCC to the plasma
membrane requires PKA, PI3-kinase, and PKC. Cortical neurons were
plated on PDL-coated 100 mm (biotinylation assay) or 35 mm (phos-
phorylation assay) culture dishes and cultured for 6 days prior to
treatment for 15 min with 1 mM SQ 22536, 200 nM KT 5720, 1 uM
wortmannin, 33 uM LY294002, 10 uM chelerythrine, 1.6 nM tetanus
toxin, 100 pM cycloheximide, or their respective vehicles. Following
these treatments, cells were depolarized with 50 mM KCI for 30 min. In
panel (a), cell surface proteins were biotinylated and then isolated
using streptavidin-agarose beads. Biotinylated proteins were visual-
ized by western blot analyses with antibodies against DCCy

media, and then cultured for 16 h. To verify that KCI
activated adenylate cyclase, 1 UM SQ22536 was applied.
This completely blocked the increase in axon outgrowth
caused by KCl in the presence of netrin-1, demonstrating that
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(~180 kDa), trkBgcp (~145kDa), or NCAM (~200 kDa). The
histograms present quantification of the optical density of DCC
immunoreactivity (mean + SEM, n=5 per condition, *, indicates
p < 0.05 vs. control). Panels (b), (c), and (d) illustrate respectively
western blots of total cell extracts analysed with antibodies against
phospho-CREB, phospho-Akt, phospho-PKC, and against total CREB
and Akt. CREB (~ 43 kDa), Akt (~ 60 kDa), or PKCpa,, (~ 78, 80, 82,
85 kDa). Histograms illustrate quantification of the optical density of
P-CREB (panel b), P-Akt (panel c), and P-PKCan (panel d)
immunoreactivities (mean + SEM, n=5 per condition, *, indicates
p < 0.05 vs. control).

KClI enhances netrin-1-induced axon outgrowth via activa-
tion of adenylate cyclase. To confirm the involvement of
PKA, cortical explants were pre-treated with 200 nM
KT5720. This blocked the effect of KCI plus netrin-1
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(Fig. 8a—c), indicating that PKA activity is required to
produce the netrin-1-dependent increase in axon outgrowth
evoked by KCI.

To determine if the KCI induced increase in axon
outgrowth required PI3-kinase activity, either 1 pM wort-
mannin or 33 pM LY294002 were applied. Both inhibitors
completely blocked the increase in axon outgrowth caused
by KCl in the presence of netrin-1 (Fig. 8a—c), demonstrating
that the effect of KCI requires PI3-kinase activity. Similarly,
the involvement of PKC was assessed by adding 10 uM
chelerythrine to the media. Chelerythrine blocked the
increase in axon outgrowth caused by KCI in the presence
of netrin-1 (Fig. 8a—c), indicating that the effect of KCl
requires PKC activity. Consistent with the assays of plasma
membrane DCC described above, these inhibitors reduced
the level of axon outgrowth to that evoked by netrin-1
without KCl, and not to the background level of outgrowth
found in the absence of netrin-1. This provides evidence that
these inhibitors do not indiscriminately block axon out-
growth, nor do they block the signalling required for netrin-1
mediated axon outgrowth, but rather that they exert a more
specific effect on the enhancement of axon outgrowth caused
by KCL

Following co-application of 1.6 nM tetanus toxin for 16 h
with netrin-1 and KCl, axon extension was reduced to a level
not significantly different from netrin-1 alone, consistent
with the KCl-induced increase requiring recruitment of
DCC to the plasma membrane from an intracellular store
(Fig. 8a—c).

To confirm that the enhancement of axon outgrowth
evoked by KCl required DCC, cortical explants were exposed
to increasing concentrations of DCC function blocking
monoclonal antibody (anti-DCCgg, from 30 ng/mL to
10 pg/mL) 15 min before the addition of netrin-1, thus
30 min before the addition of KCI to the media, and cultured
for 16 h. In the presence of KCIl and netrin-1, the DCC
function blocking monoclonal antibody, DCCgg, blocked
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axon outgrowth in a concentration-dependent manner
(Fig. 8d and e), indicating that the increased netrin-1-
dependent axon outgrowth induced by KCI requires DCC.
Figure 8(f) illustrates a series of controls, indicating that,
with the exception of inhibiting protein synthesis with
cycloheximide, treatment of E13 cortical telencephalic
explants with the various inhibitors for 16 h in the absence
of KCl-induced depolarization had no effect on either the
basal level of background axon outgrowth, or outgrowth
evoked by 50 ng/mL netrin-1. These findings indicate that
the inhibitors are not exerting a non-specific influence that
inhibits either axon extension or cell survival. The results
described above provide evidence that depolarization acti-
vates PKA, PI3-kinase, and PKC, and that this contributes to
potentiating netrin-1-dependent outgrowth of cortical axons
via a mechanism that requires recruitment of DCC from an
intracellular store to the plasma membrane.

Discussion

Multiple lines of evidence indicate that neuronal activity can
influence axon guidance (Fields 1994; McLaughlin ef al.
2003; Hanson and Landmesser 2004; Nicol et al. 2007). For
example, neuronal activity regulates the selection of appro-
priate cortical targets by thalamo-cortical axons (Catalano
and Shatz 1998) and influences the formation of layer-
specific intracortical connections by cortical pyramidal
neurons (Dantzker and Callaway 1998). Specifically with
regard to netrin-1, studies carried out in vitro indicate that a
brief train of action potentials delivered to frog spinal
neurons enhanced netrin-1-induced chemoattraction (Ming
et al. 2001). These authors demonstrated that the enhance-
ment of chemoattraction by activity was dependent on a
Ca*"-dependent increase in the concentration of cCAMP,
Increasing cytosolic cAMP and activating PKA has been
demonstrated to recruit proteins from intracellular vesicles to
the plasma membrane: in neurons, these include acetylcholine

Fig. 8 Protein kinase A, PI3-kinase, and protein kinase C-dependent
recruitment of DCC induced by depolarization promotes cortical axon
outgrowth. Panel (a) illustrates cortical explants microdissected from
E13.5 rat telencephalic vesicles, embedded in a collagen matrix, and
cultured for 16 h under control conditions, with 50 mM KCI, with 50 ng/
mL recombinant netrin-1, or with netrin-1 plus KCI. Netrin-1 plus KCI
treated explants were cultured with 1 mM SQ 22536, 200 nM KT
5720, 1 pM wortmannin, 33 uM LY294002, 10 uM chelerythrine or
1.6 nM tetanus toxin (scale bar = 100 um). Panel (b) and (c) illustrate
histograms of the mean of the total axon bundle length per
explant + SEM (b) and the mean total number of axon fascicles per
explant + SEM (c) in the various conditions. In panels (d) and (e),
netrin-1 plus KCI pretreated explants were cultured with DCC function
blocking antibody (aDCCgg) at an increasing concentration from
30 ng/mL to 10 pg/mL. Histograms illustrate the mean total axon
bundle length per explant + SEM (d) and the mean total number of
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axon fascicles per explant + SEM (e), with 4-8 explants per condition
(*p < 0.05 vs. netrin-1 plus KCI). Panel (f) illustrates background levels
of axon outgrowth (16 hr culture), and outgrowth evoked by 50 ng/mL
netrin-1, with and without pharmacological inhibitors, present for the
entire culture period. Only the protein synthesis inhibitor cycloheximide
(CHX) reduced outgrowth below controls. All other inhibitors exhibited
outgrowth either not significantly different from background or from
50 ng/mL netrin-1 (*p < 0.05 vs. control group and # p < 0.05 vs ne-
trin-1). Panel (g) presents a model illustrating the influence of depo-
larization on the recruitment of DCC to the plasma membrane.
Activation of adenylate cyclase (AC) as a result of depolarization in-
creases the concentration of cytosolic cAMP, triggering a PKA-
dependent recruitment of DCC to the plasma membrane. In cortical
neurons, depolarization also activates protein kinase C (PKC) and
phosphatidylinositol-3-kinase (PI3-kinase), leading to DCC recruit-
ment. (PLC: phospholipase C, DAG: diacylglycerol).
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receptors (Laufer and Changeux 1987) and the neurotrophin
receptor trkB (Meyer-Franke et al. 1998). We previously
reported that DCC is distributed both on the cell surface and
in a pre-existing intracellular vesicular pool in embryonic rat
spinal commissural neurons (Bouchard et al. 2004). Increas-
ing the intracellular concentration of cAMP or activating
PKA in these cells produced a netrin-1-dependent increase in
the amount of plasma membrane DCC, including at the
growth cone, and increased commissural axon outgrowth and
chemoattractive turning in response to netrin-1 (Bouchard
et al. 2004; Moore and Kennedy 2006). These findings
identified DCC recruitment to the plasma membrane as a
mechanism underlying the role of PKA as a modulator that
regulates the response of neuronal growth cones to netrin-1.

Here we report that membrane depolarization increases
netrin-1 evoked axon outgrowth and recruits DCC to the
neuronal plasma membrane of embryonic cortical neurons.
The depolarization-induced increase in netrin-1-dependent
axon outgrowth and the increase in plasma membrane DCC
were blocked by inhibitors of adenylate cyclase, PKA, PI3-
kinase, or PKC. These findings provide evidence that
membrane depolarization recruits DCC to the plasma
membrane via a mechanism that requires PKA, PI3-Kinase,
and PKC pathways and that this enhances axon growth
(Fig. 8g). The level of plasma membrane DCC was well
correlated with the extent of axon outgrowth evoked by
netrin-1. Additionally, tetanus toxin, which selectively blocks
VAMP1/2-dependent recruitment of vesicles to the plasma
membrane, reduced netrin-1-induced outgrowth to a level not
significantly different from control. We conclude that the
rapid mobilization of DCC to the plasma membrane, induced
by depolarization, is a major contributing mechanism
underlying the depolarization-induced enhancement of
cortical axon outgrowth to netrin-1.

Differences between cortical neurons and spinal
commissural neurons

Although DCC recruitment to the plasma membrane occurs
in both embryonic spinal commissural neurons and cortical
neurons, we detected two major differences between these
two cell types. First, embryonic cortical neurons express
netrin-1, while embryonic spinal commissural neurons do not
(Fig. 1; Manitt ef al. 2001; Kennedy et al 2006). In
commissural neurons, in order for PKA activation to recruit
DCC, addition of netrin-1 was required. In the absence of
netrin-1, increased cell surface DCC was not detected. We
have previously suggested that this may be due to netrin-1
stabilizing DCC at the plasma membrane following translo-
cation (Bouchard et al. 2004), although we do not rule out
roles for other mechanisms. Here, a consequence of the
embryonic cortical neurons expressing netrin-1 is that
recruitment of plasma membrane DCC did not require
exogenous netrin-1, presumably because the autocrine source
of netrin-1 is sufficient.
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The second major difference detected was that embryonic
cortical neurons respond to increasing extracellular KCI by
translocating DCC to the plasma membrane, while commis-
sural neurons did not. This suggests that in spite of DCC
recruitment in commissural neurons depending on similar
intracellular signalling proteins as cortical neurons, some
component of the depolarization sensitive mechanism is
missing or blocked in the commissural cells. The embryonic
spinal commissural neurons examined here are sensory
interneurons that ultimately form spinal-thalamic projections
(Colamarino and Tessier-Lavigne 1995), and must extend an
axon a substantial distance along the developing spinal cord
before reaching their target and forming a synapse. In
contrast, the axon of a cortical neuron may, in some cases,
synapse on cells relatively nearby. Although a significant
increase in intracellular calcium was detected in commissural
neurons, the relatively modest increase compared with the
response of cortical neurons suggests that the capacity of
commissural neurons to respond to depolarization, at this
early stage of development, is less well developed than in
cortical neurons.

Depolarization rapidly increases plasma membrane DCC
Depolarization increased plasma membrane DCC levels by
approximately four-fold, as measured by DCC accessible
to surface biotinylation. To investigate the mechanism
underlying the depolarization-induced increases in plasma
membrane DCC, we first determined if PKA was impli-
cated. Increased intracellular Ca>" concentration, induced
by depolarization, can influence the intracellular concen-
tration of cAMP by increasing Ca®"-dependent adenylate
cyclase activity (Eliot et al. 1989; Zhang and Poo 2001).
Additionally, a voltage sensitive, but Ca*'-independent
adenylate cyclase (Reddy ef al. 1995) has also been
described, raising the possibility that changes in membrane
potential could also increase the concentration of cAMP,
through signaling mechanisms independent of elevated
intracellular Ca*".

Kinase activation and protein phosphorylation make
multiple contributions to axon growth and guidance. Key
roles for PI3-kinase in neurite extension and guidance have
been demonstrated in a number of neuronal cell types. With
regard to the findings presented here, PI3-kinase has been
previously shown to modulate axon chemoattraction to
netrin-1 (Ming et al. 1999), and multiple PKC isoforms
influence neurite extension in several neuronal cell types
(Hsu et al. 1989; Heacock and Agranoff 1997; Kolkova
et al. 2000; Rosdahl et al. 2002).

In Xenopus embryonic neuronal cultures and intact
embryos, the nerve growth-promoting action of cAMP/
PKA is mediated in part by the phosphorylation of synapsins
(Kao et al. 2002). Synapsins are avid substrates for multi-site
phosphorylation by several protein kinases, including PKA
(Czernik et al. 1987; Kao et al. 2002), PKC (Browning and
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Dudek 1992; Rebas ef al. 1995; Iwata et al. 1997), Ca*"/
calmodulin-dependent kinase II (Czernik et al. 1987), mito-
gen-activated protein kinase (Jovanovic ef al. 1996, 2000;
Matsubara et al. 1996), and Cdk5 (Matsubara et al. 1996).
Moreover, depolarization, induced by high potassium con-
centration, increases synapsin phosphorylation (Rodnight
and Perrett 1986). Regulation of protein trafficking by PKA
and PKC-dependent increases in synapsin phosphorylation
suggests a possible mechanism that may underlie DCC
mobilization; however, while this is an intriguing hypothesis,
it remains to be demonstrated that synapsins influence DCC
recruitment to the plasma membrane.

Depolarization-dependent recruitment of DCC

in development

The present observations raise the question of whether the
growth or targeting of the cortical neuron growth cones
in vivo to netrin-1 is normally regulated by cell depolariza-
tion. Developing neurons may receive synaptic inputs at their
dendrites and become electrically active, even while their
axons are still in the process extending toward their target
(Milner and Landmesser 1999; O’Donovan 1999). In the
developing chick spinal cord, motorneurons exhibit regular
bursts of activity from early embryonic stages before their
growing axons reach target muscles (Milner and Landmesser
1999). Furthermore, tetrodotoxin blockade of activity
resulted in aberrant patterns of axon targeting in the
developing cortex (Catalano and Shatz 1998; Dantzker and
Callaway 1998). As such, neuronal spiking and depolariza-
tion, both spontaneous and evoked, may contribute to axonal
path finding and targeting during development.

Our current findings provide evidence that depolarization
regulates chemotropic axon guidance responses made by
cortical neurons. Intracellular and plasma membrane DCC
was readily detected in growth cones, cell bodies, and the
axons of cortical neurons. Robust depolarization-mediated
increases in plasma membrane DCC were detected through-
out these cells: at the cell body, along processes, and at the
growth cones. These findings suggest that activity-dependent
recruitment of DCC to the neuronal plasma membrane may
influence a diverse array of responses to netrin-1 during
development, including both process extension and axon
branch formation.
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