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Motility of the nerve growth cone is highly dependent on its
dynamic interactions with the microenvironment mediated by
cell adhesion molecules (CAMs). These adhesive interactions
can be spatially regulated by changing the density and avidity
of CAMs on the growth cone. Previous studies have shown that
L1, a member of the immunoglobulin superfamily of CAMs, is
endocytosed at the central domain of the growth cone followed
by centrifugal vesicular transport and reinsertion into the
plasma membrane of the leading edge. The present paper
focuses on the functional significance of endocytic L1 traffick-
ing in dorsal root ganglia neurons in vitro. We demonstrate that
the rate of L1-based neurite growth has a positive correlation with
the amount of endocytosed L1 in the growth cone, whereas
stimulation of neurite growth via an N-cadherin-dependent mech-
anism does not increase L1 endocytosis. A growth cone that

migrates on an L1 substrate exhibits a steep gradient of L1-
mediated adhesion (strong adhesion at the growth cone’s leading
edge and weak adhesion at the central domain). This gradient of
L1 adhesion is attenuated after inhibition of L1 endocytosis in the
growth cone by intracellular loading of a function-blocking anti-
body against �-adaptin, a subunit of the clathrin-associated AP-2
adaptor. Inhibition of L1 endocytosis by this antibody also de-
creased the rate of L1-dependent growth cone migration. These
results indicate that the growth cone actively translocates CAMs
to create spatial asymmetry in adhesive interactions with its envi-
ronment and that this spatial asymmetry is important for growth
cone migration.
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Axonal elongation during neural development is highly depen-
dent on the regulated motility of nerve growth cones (Mueller,
1999). Adhesive interactions of the growth cone with its micro-
environment play an integral role in determining the motile
behavior of growth cones (Isbister and O’Connor, 2000). Such
interactions are mediated by cell adhesion molecules (CAMs) on
the growth cone that recognize localized guidance cues present
on neighboring cells and in the extracellular matrix (ECM). The
in vivo importance of CAMs in axon tract development has been
confirmed, for example, by the fact that mutations of L1, a
member of the Ig superfamily of CAMs (IgCAMs), cause defects
in the corticospinal tract and the corpus callosum in humans and
mice (Dahme et al., 1997; Cohen et al., 1998; Fransen et al., 1998;
Kamiguchi et al., 1998a; Demyanenko et al., 1999; Kenwrick et
al., 2000).

Although CAMs mediate cell–cell and cell–ECM adhesion, a
cytoplasmic tail of many CAMs binds the cytoskeleton, which also
plays a critical role in growth cone motility (Tanaka and Sabry,
1995; Letourneau, 1996). Spatially localized actin polymeriza-
tion/depolymerization and actin–myosin interactions generate
retrograde flow of actin filaments (Mitchison and Cramer, 1996),
which then produces a traction force to pull the growth cone

forward when coupled mechanically to CAMs (Suter et al., 1998).
Forward translocation of the growth cone requires not only the
CAM–cytoskeletal linkage but also a gradient of adhesive inter-
actions with its environment (strong adhesion at the leading edge
of the growth cone and weak adhesion at the rear) (Lauffenburger
and Horwitz, 1996). In this way, the cytoskeletal machinery is
able to move the growth cone forward as attachments at its rear
are released. To create such polarized adhesion by spatial regu-
lation of CAM density, CAMs that have been translocated into
the central (C) domain of growth cones by coupling to the
retrograde actin flow should be recycled to the leading edge.
Indeed, it has been shown that CAMs, such as neural CAM
(NCAM) and �1 integrin, undergo bidirectional movement on
the growth cone surface, suggesting the centrifugal transport for
CAM recycling (Sheetz et al., 1990; Schmidt et al., 1995; Grab-
ham et al., 2000). In addition to this cell surface pathway, an
intracellular pathway for CAM recycling has been demonstrated
previously (Kamiguchi et al., 1998b; Kamiguchi and Lemmon,
2000b): L1 is endocytosed preferentially at the C-domain fol-
lowed by centrifugal transport into the peripheral (P) domain and
reinsertion into the plasma membrane of the leading edge. So
there seem to be at least two distinct traffic pathways for CAM
recycling. However, the involvement of CAM recycling in pro-
ducing polarized adhesion and directed migration of the growth
cone has not been tested experimentally.

In the present paper, we demonstrate that L1-based neurite
growth is associated with increased endocytic trafficking of L1 in
the growth cone and that the L1 trafficking is required for
polarized adhesion and migration of the growth cone mediated by
L1. These revelations will help elucidate the biophysical mecha-
nisms by which CAMs regulate growth cone motility.
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MATERIALS AND METHODS
Antibodies. Ng-CAM, a chick homolog of L1 (Buchstaller et al., 1996),
will be termed chick L1 in this paper. Rabbit polyclonal antibodies
against human L1, rat L1, chick L1, and chick NCAM, and mouse
monoclonal antibody against chick L1 (8D9) were kindly provided by Dr.
Vance Lemmon (Case Western Reserve University, Cleveland OH).
These antibodies have been described previously (Lemmon and
McLoon, 1986; Hlavin and Lemmon, 1991; Long et al., 2001). All the
antibodies against CAMs used in the present study recognize their
extracellular domain. Polyclonal goat antibody against the Fc region of
human IgG was obtained from Sigma (St. Louis, MO). Alexa-conjugated
and unconjugated secondary antibodies raised in goats were purchased
from Molecular Probes (Eugene, OR) and Jackson ImmunoResearch
Laboratories (West Grove, PA), respectively.

To produce a highly concentrated solution of the mouse monoclonal
antibody against �-adaptin (AP.6), mouse ascites obtained by intraperi-
toneal injection of the AP.6 hybridoma cells (American Type Culture
Collection, Rockville, MD) were processed by ammonium sulfate pre-
cipitation and protein A column chromatography. Nonspecific mouse
IgG used in control experiments was purchased from Jackson Immu-
noResearch Laboratories. These IgG solutions were dialyzed against
Leibovitz’s L-15 medium (Life Technologies, Gaithersburg, MD) and
then loaded into neurons by electroporation.

Production of CAM-Fc chimeric proteins. Three chimeric proteins (hu-
man L1-Fc, chick L1-Fc, and N-cadherin-Fc), which consist of the whole
extracellular domain of CAMs (human L1, chick L1, and chick
N-cadherin, respectively) and the Fc region of human IgG, were used in
the present study. The pIg vector containing an insert of human L1-Fc
was reported previously (Fransen et al., 1998). The pIg vector with an
insert of N-cadherin-Fc was provided by Dr. Patrick Doherty (Guy’s
Hospital, London, UK) (Schnadelbach et al., 2000). Chick L1-Fc was
constructed using chick L1 cDNA (a kind gift of Dr. Peter Sonderegger,
University of Zurich, Zurich, Switzerland) (Buchstaller et al., 1996) and
the pIg-tail expression system (Novagen, Madison, WI). First, a cDNA
encoding the extracellular domain of chick L1 was obtained by PCR from
the pUC19 that contains a cDNA encoding the full-length chick L1 in its
HindIII site. Primers used for the PCR amplification were as follows: a
sense primer corresponding to nucleotides 2779–2796 of the chick L1
cDNA, and an antisense primer 5�-GATGAAGAATTCACTTACCT-
GTCTTGGTGGCAAACCCCC-3�. The latter primer contains a cDNA
fragment (nucleotides 3413–3429) encoding for the C-terminal end of the
L1 extracellular domain, which is immediately followed by a splice donor
sequence and an EcoRI restriction site. The PCR product was digested
with SacI (located at nucleotide 2827) and EcoRI and ligated into a
SacI–EcoRI-digested pUC19 containing the full-length chick L1 cDNA.
A HindIII–EcoRI fragment of the resulting plasmid, which contains a
cDNA encoding the L1 extracellular domain followed by a splice donor
sequence, was then ligated into a HindIII–EcoRI-digested pIg vector.
The PCR-amplified region and the insert-vector junctions were con-
firmed by sequencing.

COS-7 cells were transfected with the pIg vectors using FuGENE6
transfection reagent according to the manufacturer’s protocol (Roche,
Indianapolis, IN). The culture media were conditioned for 72 hr, and the
CAM-Fc chimeras were purified from the culture supernatant by a
recombinant protein A-Sepharose column (Amersham Pharmacia, Upp-
sala, Sweden). Integrity of the chimeric proteins was ascertained by
Western blotting using polyclonal antibodies that recognize the extracel-
lular domain of human L1, chick L1, and chick N-cadherin. Purity of the
preparation was checked by silver staining. The preparations of human
and chick L1-Fc yielded a single band at �200 kDa, and the preparation
of N-cadherin-Fc had a major band at �135 kDa and a minor degrada-
tion band at �55 kDa, as reported previously (Schnadelbach et al., 2000).
Unless noted otherwise, a culture supernatant of the transfected COS-7
cells was used as a neuronal culture substrate instead of affinity-purified
CAM-Fc chimeras, because the supernatant contained 1–2 �g/ml of
CAM-Fc, a saturating concentration for neurite growth (see Fig. 1).

For control experiments, the Fc fragment that is not fused to any CAM
extracellular domain was also generated. COS-7 cells were transfected
with the pIg vector (R & D Systems, Minneapolis, MN) that contains
cDNAs coding for the CD33 signal peptide followed by a factor Xa
cleavage site and the Fc region of human IgG. The conditioned medium
was applied to a recombinant protein A-Sepharose column followed by
treatment with 2 U of factor Xa (Roche) for 6 hr at room temperature.
After washing out the cleaved fragment that contained the CD33 signal
peptide, the Fc fragment remaining bound to the column was eluted.

Neuronal culture and electroporatic loading of IgG. Dorsal root ganglia
(DRGs) were dissected from embryonic day 10 chicks or embryonic day
18 rats, and dissociated sequentially with 2.4 U/ml dispase II (Roche) and
0.1 mg/ml DNase (Roche) in Ca 2�/Mg 2�-free PBS. The dissociated
cells were resuspended in RPMI Medium 1640 (Life Technologies)
supplemented with 10% fetal bovine serum (FBS) and 20 ng/ml nerve
growth factor (NGF), and then plated on a two-chamber glass slide
(Lab-Tek, Naperville, IL) that had been coated sequentially with poly-
D-lysine (70–150 kDa; 0.1 mg/ml; Sigma), anti-Fc antibody (40 �g/ml),
and CAM-Fc chimeras. To detect axonal L1 by immunocytochemistry
using species-specific anti-L1 antibodies without cross-labeling L1 pre-
sented as a substrate, chick neurons were cultured on human L1-Fc, and
rat neurons on chick L1-Fc. The cultures were maintained in a humid
atmosphere of 95% air, 5% CO2 at 37°C.

In the experiment designed to load IgG into neurons, the dissociated
cells were resuspended in Leibovitz’s L-15 medium and mixed with the
IgG solution (either AP.6 or nonspecific mouse IgG). In some experi-
ments, fluorescein isothiocyanate (FITC)-conjugated dextran (150 kDa;
Sigma) was also added to the mixture to identify positively loaded
neurons during live cell imaging. One hundred and fifty microliters of the
mixed solution, which contained 5 � 10 5 cells, 5 mg/ml IgG, and 1 mg/ml
FITC-dextran were transferred to a cuvette (0.4 cm gap; Bio-Rad,
Hercules, CA), incubated on ice for 10 min, and then electroporated at
450 V/cm and 950 �F (Gene Pulser II and Capacitance Extender Plus;
Bio-Rad). After 10 min incubation on ice, the cells were washed three
times with Leibovitz’s L-15 medium. The cells were resuspended in
RPMI Medium 1640 supplemented with 10% FBS and 20 ng/ml NGF,
and then plated on a two-chamber glass slide.

For live cell imaging, the dissociated neurons were resuspended in
Leibovitz’s L-15 medium containing N2 supplements (Life Technolo-
gies), 20 ng/ml NGF, and 750 �g/ml bovine serum albumin (BSA). The
cells were then plated on a glass-based 35 mm dish (Iwaki, Chiba, Japan)
that had been coated sequentially with poly-D-lysine, anti-Fc antibody,
and CAM-Fc. The cultures were maintained in a humid atmosphere of
100% air at 37°C on a microscope stage.

Immunocytochemistry. In the experiment designed to double-label cell
surface NCAM and internalized L1 (see Fig. 2), chick DRG neurons
were incubated with the mouse anti-chick L1 antibody (8D9 hybridoma
supernatant) at 37°C for 15 min to allow for endocytosis of the antibody
bound to L1. After being rinsed three times with PBS at 4°C, the cells
were fixed with 4% formaldehyde for 30 min, washed, and incubated with
unconjugated anti-mouse IgG (100 �g/ml) to block the primary antibody
remaining on the cell surface. The cells were fixed again with 4% formal-
dehyde for 10 min to immobilize the unconjugated secondary antibody.
After being blocked with 10% horse serum (HS) in PBS for 1 hr, cell
surface NCAM was labeled with the rabbit anti-chick NCAM antisera
(1:500). The cells were permeabilized and blocked with 0.1% Triton X-100
and 10% HS in PBS for 1 hr. Internalized L1 was visualized with Alexa
594-conjugated anti-mouse IgG (10 �g/ml), and cell surface NCAM was
visualized with Alexa 488-conjugated anti-rabbit IgG (10 �g/ml).

In the experiment designed to double label internalized L1 and elec-
troporatically loaded IgG (see Fig. 5), rat DRG neurons were incubated
with the rabbit anti-rat L1 antisera (1:2000) at 37°C for 15 min to allow
for endocytosis of the antibody bound to L1. After being rinsed at 4°C,
the cells were fixed with 4% formaldehyde for 30 min followed by
incubation with unconjugated anti-rabbit IgG (100 �g/ml). After 10 min
refixation, the cells were permeabilized and blocked with 0.1% Triton
X-100 and 10% HS in PBS for 1 hr. Then, internalized L1 was visualized
with Alexa 594-conjugated anti-rabbit IgG and electroporatically loaded
IgG with Alexa 488-conjugated anti-mouse IgG.

In the experiments designed to double label cell surface L1 and
electroporatically loaded IgG (see Fig. 7), rat DRG neurons were fixed
with 4% formaldehyde, washed, blocked, and incubated with the rabbit
anti-rat L1 antisera (1:2000). After permeabilization and blocking, L1
was visualized with Alexa 594-conjugated anti-rabbit IgG and electropo-
ratically loaded IgG with Alexa 488-conjugated anti-mouse IgG. The
labeled cells were mounted with ProLong (Molecular Probes).

Confocal microscopy and image analyses. Images of nerve growth cones
were taken with a Bio-Rad confocal imaging system (Radiance2000;
Hempstead, UK) attached to a Nikon inverted microscope (TE300;
Tokyo, Japan), using an argon/krypton laser (excitation lines, 488 and
568 nm) and a 100� Plan Apochromat, numerical aperture 1.4, oil
objective. Pinhole settings were chosen to give single optical sections of
0.6 �m in thickness.

Growth cones were randomly selected on the basis of NCAM staining
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or electroporatically loaded IgG visualized by Alexa 488-conjugated
anti-mouse IgG. Then, a single-section confocal slice of the growth cone
was obtained such that the section contained the maximal number of
L1-positive endocytic compartments in that growth cone. The number of
L1-positive compartments was counted by an observer who was unaware
of the treatment conditions (blind). The size of a growth cone was also
measured by a blind observer, using Laser Pix version 4.0 (Bio-Rad).

Neurite growth assay. Images of DRG neurons taken with a cooled
digital CCD camera (ORCA; Hamamatsu Photonics, Hamamatsu, Ja-
pan) were analyzed using Aquacosmos version 1.3 (Hamamatsu Photon-
ics). Neurite length was measured as the distance between the tip of the
longest neurite and the periphery of the cell soma where the neurite
emerges. Only the neurites that met the requirements described previ-
ously (Lemmon et al., 1989) were included in this study. Neurite growth
rates (micrometers per hour) were assayed with time-lapse imaging of
living growth cones. Growth cones included in this analysis were limited
to single growth cones that grew unobstructed and without retraction
during the time-lapse imaging.

Bead preparation. Protein A-conjugated beads were prepared as de-
scribed by Thompson et al. (1996). A 1% (w/v) aqueous suspension of
silica beads (800 nm in diameter) with aminopropyl functional groups
(Micromod, Rostock, Germany) was mixed with an equal volume of 8%
glutaraldehyde (Grade I; Sigma) and incubated for 6 hr at room temper-
ature. The beads were pelleted (500 � g, 10 min) and resuspended three
times at 1% (w/v) in 25 mM Na-phosphate buffer, pH 7.0. Recombinant
protein A (Calbiochem, La Jolla, CA) was added to the glutaraldehyde-
activated bead suspension at 400 �g/ml protein in 25 mM Na-phosphate
buffer, pH 7.0, and mixed gently for 4 hr at room temperature. The
protein A-conjugated beads were washed three times in 50 mM Tris
buffer, pH 8.0, and 7.5 mg/ml BSA was added to block any residual
cross-linking sites. The beads were then incubated with either 10 �g/ml
of CAM-Fc chimeras or 1 mg/ml of rabbit antibodies for at least 30 min
at 4°C. The beads incubated with either Fc fragments or nonspecific
rabbit IgG were used in control experiments. After being washed, a 1%
(w/v) suspension of the coated beads was diluted 2000-fold when added
to neuronal cultures for laser trapping studies.

Laser tweezers. The optical trap system consisted of the Laser Twee-
zers 980/1000 module (1 W diode laser at 985 � 10 nm; Cell Robotics,
Albuquerque, NM) and a CCD camera (C5985; Hamamatsu Photonics)
attached to a Nikon inverted microscope (TE300), using a 100� Plan
Fluor, numerical aperture 1.3, oil objective. Movement of the microscope
stage and focus drive was controlled by Microscope Workstation System
version 4.0 (Cell Robotics). Under video-enhanced contrast /differential
interference contrast (VEC-DIC) image observation, a silica bead was
trapped with the laser in the culture medium, manipulated to the growth
cone surface, held there for 3–4 sec, and then released. The bead
behavior after release from the tweezers was analyzed as described in
Results. The laser power used in this study exerted a maximal force of
�2.5 pN on the bead for displacements in the xy-direction, as calculated
from Stokes’ Law.

Statistics. Data were expressed as the mean � SEM. Statistical analyses
were performed using GraphPad Prism version 3.0a (GraphPad Soft-
ware, San Diego, CA). Unless noted otherwise, a comparison between
two groups was performed by an unpaired t test, and a comparison
among three or more groups by one-way ANOVA followed by Tukey’s
post-test. p values �0.05 were judged significantly different.

RESULTS
L1-based neurite growth is accompanied by increased
L1 endocytosis in the growth cone
L1 presented as a substrate promotes neurite growth by binding
homophilically to L1 expressed on the growth cone (Grumet and
Edelman, 1988; Lemmon et al., 1989). If the growth cone actively
recycles axonal L1 to migrate on an L1 substrate, the activity of
L1 recycling should have a positive correlation with the rate of
L1-dependent neurite growth. This possibility can be tested by
quantifying L1 endocytosis in growth cones that migrate at dif-
ferent rates either dependently or independently of L1. We de-
cided to use N-cadherin as a control substrate for the following
reasons. (1) N-cadherin stimulates neurite growth via a ho-
mophilic binding mechanism that is independent of L1 (Matsu-
naga et al., 1988; Bixby and Zhang, 1990). (2) Neurites grow at

comparable rates on N-cadherin and L1 substrates (Lemmon et
al., 1992). (3) Growth cone morphology (shape and cytoskeletal
organization) on an N-cadherin substrate resembles that on an L1
substrate (Payne et al., 1992; Burden-Gulley and Lemmon, 1996).
Therefore, using various concentrations of the CAM-Fc chimeric
proteins (either L1-Fc or N-cadherin-Fc) as substrates, the dose–
response relationship was obtained between the CAM-Fc density
and neurite length (Fig. 1). For both L1 and N-cadherin sub-
strates, neurite growth from chick DRG neurons was promoted
significantly when culture slides were coated with CAM-Fc at a
concentration as low as 150 ng/ml. This neurite-growth-promoting
activity was saturated at �600 ng/ml of L1-Fc or N-cadherin Fc.
On the basis of this result, we decided to quantify the amount of
endocytosed L1 in growth cones that migrate on culture substrates
prepared with either 150 or 600 ng/ml of CAM-Fc.

A traditional method for studying the endocytic movement of
membrane proteins is to label them with specific antibodies at the
cell surface (Teter et al., 1998; Cao et al., 1999). This experimen-
tal paradigm has also been shown to specifically visualize L1 in
endocytic compartments (Kamiguchi et al., 1998b; Kamiguchi
and Lemmon, 2000b). Living chick DRG neurons were incubated
with monoclonal anti-L1 antibody at 37°C for 15 min to allow for
endocytosis of the antibody bound to L1. After blocking the
primary antibody remaining on the cell surface with an unconju-
gated secondary antibody, internalized L1 was visualized by in-
cubating the permeabilized cells with Alexa 598-conjugated sec-
ondary antibody. Representative images of growth cones
migrating on an L1 substrate (150 or 600 ng/ml of L1-Fc) are
shown (Fig. 2A–D). As demonstrated previously (Kamiguchi and
Lemmon, 2000b), endocytosed L1 at this time point (15 min
incubation with anti-L1 antibody) was confined to the C-domain
in the majority of growth cones examined. A similar distribution
pattern of endocytosed L1 was observed in growth cones migrat-
ing on an N-cadherin substrate (150 or 600 ng/ml of N-cadherin-
Fc; data not shown). To quantify the amount of endocytosed L1,
the number of endocytic compartments (most likely endosomes)
labeled by the anti-L1 antibody was counted by a blind observer.
As shown in Figure 2E, the growth cone migrating on a high-

Figure 1. The dose–response relationship between the substrate density
and neurite growth from chick DRG neurons. The neurons were plated
on culture slides that had been coated sequentially with poly-D-lysine,
anti-Fc antibody, and increasing concentrations of either L1-Fc (A) or
N-cadherin-Fc (B). Fourteen hours after plating, the length of neurites
was measured (n � 50–54 for each data set). ***p � 0.001; compared with
0 ng/ml of the Fc chimeras.
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density substrate of L1-Fc contained a greater number of L1-
positive endocytic compartments than the growth cone on a
low-density substrate of L1-Fc. The size of a growth cone was
461.6 � 29.6 �m2 (n � 139) or 462.7 � 23.5 �m2 (n � 121) on

substrates prepared with 150 or 600 ng/ml of L1-Fc, respectively,
indicating that the observed difference in L1 endocytosis is not
attributable to a change in the growth cone size. In contrast to L1
substrates, the number of L1-positive endocytic compartments
was not affected by a density of N-cadherin-Fc substrates on
which the growth cone migrates. The size of a growth cone was
281.8 � 20.3 �m2 (n � 121) or 271.7 � 18.5 �m2 (n � 124) on
substrates prepared with 150 or 600 ng/ml of N-cadherin-Fc,
respectively. Although 600 ng/ml of L1-Fc or N-cadherin-Fc
stimulated neurite growth to a similar extent (Fig. 1), the number
of L1-positive endocytic compartments in growth cones migrating
on L1-Fc was significantly greater than that on N-cadherin-Fc
(Fig. 2E). This was also true if the number of L1-positive endo-
cytic compartments was normalized by the mean size of a growth
cone: 9.8 � 0.9/100 �m2 (n � 121; 600 ng/ml of L1-Fc) versus
3.7 � 1.0/100 �m2 (n � 124; 600 ng/ml of N-cadherin-Fc), which
showed a statistical difference at the p � 0.001 level. These results
indicate that L1-dependent neurite growth is accompanied by
increased L1 endocytosis in the growth cone.

L1-based neurite growth is accompanied by increased
polarity of L1 adhesion on the growth cone
As demonstrated previously, L1 is endocytosed preferentially at
the C-domain followed by centrifugal transport into the
P-domain and reinsertion into the plasma membrane of the
leading edge. Therefore, the endocytic L1 trafficking is expected
to create polarized L1 density and adhesion on the growth cone
(strong adhesion at the leading edge and weak adhesion at the
C-domain). Theoretically, such polarized adhesion on the
substrate-facing plasma membrane but not on the apical mem-
brane should be required for growth cone migration. However, it
is very difficult to assess CAM density or adhesiveness on the
substrate-facing surface for technical reasons. Therefore, many
investigators analyze CAM behavior by ligating CAMs on the
apical surface (Suter et al., 1998; Nishizaka et al., 2000), which is
believed to mimic CAM ligation by culture substrates (Galbraith
and Sheetz, 1999). As described previously (Kamiguchi and Lem-
mon, 2000b), immunocytochemistry of trafficking L1 used in the
present study preferentially labels L1 that is being recycled to and
from the apical plasma membrane but not the substrate-facing
membrane of growth cones. This is most likely caused by the
limited accessibility of antibodies to the substrate-facing surface.
This observation, taken together with the result shown in Figure
2, suggests that L1 presented as a substrate is able to upregulate
L1 endocytosis from the apical plasma membrane leading to an
increased polarity of L1 density and adhesion on the apical
surface. Results consistent with this hypothesis have been pub-
lished by Stoeckli et al. (1996), who studied the distribution
pattern of chick L1 (Ng-CAM) on the apical growth cone surface
by conventional, confocal, and electron microscopy. In their re-
port, homogeneous L1 distribution was observed on a laminin
substrate, whereas L1 distribution was highly polarized on an L1
substrate (L1 was concentrated on the filopodia and the lamelli-
podial leading edge but was removed from the C-domain). There-
fore, we decided to test whether an L1 substrate is able to
influence L1 density and adhesion on the apical plasma mem-
brane via the regulation of endocytic L1 trafficking.

First, L1 distribution on chick DRG growth cones migrating on
either L1 or N-cadherin substrate was examined immunocyto-
chemically, using a mixture of formaldehyde and glutaraldehyde
for fixation. On both substrates, the P-domain expressed higher
density of L1 than the C-domain in the majority of growth cones

Figure 2. A–D, L1 endocytosis in the growth cone migrating on different
densities of L1-Fc. Chick DRG neurons were plated on culture slides that
had been coated with either 150 ng/ml (A, B) or 600 ng/ml (C, D) of
L1-Fc. The cells were then incubated with monoclonal anti-L1 antibody
for 15 min to allow for internalization of the antibody bound to L1. The
cells were double labeled for NCAM to outline the growth cone structure.
In superimposed images (A, C), endocytosed L1 is colored red, and
NCAM is colored green. To facilitate visualization of endocytosed L1,
only the red channel is shown in black and white (B, D). Scale bars: A, B,
10 �m; C, D, 10 �m. E, The number of L1-positive endocytic vesicles in
the growth cone on different substrates. Intracellular vesicles containing
endocytosed L1 were visualized as described above, and the number of
vesicles per growth cone was counted. Distribution was plotted as per-
centage of the growth cones that contained a greater number of the
vesicles than a given value on the x-axis. In the growth cones that were not
labeled for endocytosed L1, the number of the vesicles was regarded as
zero. The number of growth cones included in this study was 139 (150
ng/ml L1-Fc), 121 (600 ng/ml L1-Fc), 121 (150 ng/ml N-cadherin-Fc), and
124 (600 ng/ml N-cadherin-Fc). The difference between 150 and 600
ng/ml of L1-Fc was statistically significant ( p � 0.001).
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examined. However, the growth cone on an L1 substrate tended
to show more polarized L1 distribution than that on an
N-cadherin substrate (data not shown). Although this observa-
tion was consistent with the finding that L1 endocytosis increases
when the growth cone migrates on an L1 substrate, there were
several problems in quantifying L1 distribution by this approach.
(1) The L1 distribution pattern was highly sensitive to immuno-
cytochemical protocols. Live cell labeling with the primary anti-
body or formaldehyde fixation followed by incubation with the
primary antibody yielded a more punctate pattern of L1 distri-
bution with much less polarity than fixation with a mixture of
formaldehyde and glutaraldehyde (data not shown). (2) A varia-
tion in the thickness of growth cones (especially in the C-domain)
might have caused some areas of the apical plasma membrane to
be situated out of the focal plane of a microscope, thereby
affecting the spatial distribution of fluorescent signal intensities.
(3) The L1 staining pattern might have been affected by different
antibody accessibility to the substrate-facing plasma membrane
depending on the culture substrate used. Therefore, we decided
to use another experimental approach to assess the distribution of
L1 and L1-mediated adhesion on the growth cone.

CAM-mediated adhesion has been studied by manipulating
ligand-coated beads on the cell surface using laser optical twee-
zers (Thompson et al., 1996; Nishizaka et al., 2000). To analyze
L1 adhesion on the leading edge versus the C-domain of growth
cones, an L1-Fc-coated bead was held in position against the
apical plasma membrane with the laser trap for 3–4 sec and then
released. According to previous reports (Thompson et al., 1996;
Nishizaka et al., 2000), the bead behavior after release was
categorized as either adherent or nonadherent. The nonadherent
beads were defined as those that either diffused away from the
growth cone or could be pulled off the plasma membrane with the
laser trap. The adherent beads were further categorized as (1)
those that showed retrograde directional movement and/or little
visible diffusion and could not be dragged after being retrapped
with the tweezers (Fig. 3A–C) (designated as cytoskeletal associ-
ation) or (2) those that showed two-dimensional Brownian mo-
tion and could be dragged within the plane of the plasma mem-
brane (Fig. 3D–G;) (designated as Brownian motion). The
velocity of the retrograde movement of an L1-Fc-coated bead was
4.1 � 0.4 �m/min (n � 8; on the growth cone on an L1 substrate)
and 4.0 � 0.3 �m/min (n � 7; on an N-cadherin substrate), which
corresponds to the velocity of the retrograde flow of actin fila-
ments (Forscher and Smith, 1988). A similar result was obtained
with a bead coated with anti-L1 antibody: 3.8 � 0.3 �m/min (n �
9; on an L1-substrate) and 4.0 � 0.3 �m/min (n � 8; on an
N-cadherin substrate). We did not observe L1-coupled beads
being internalized at the C-domain of growth cones; perhaps an
800 nm bead is too big to be internalized via clathrin-coated pits.

On growth cones migrating on an L1-substrate, the majority of
L1-Fc-coated beads adhered to the leading edge showing either
cytoskeletal association or Brownian motion, whereas �50% of
the beads attached to the plasma membrane of the C-domain
(Fig. 4A). As a control, the majority of beads coated with the Fc
fragment alone did not attach to either the leading edge or the
C-domain. On growth cones migrating on an N-cadherin sub-
strate, the difference in the behavior of L1-Fc-coated beads be-
tween the leading edge and the C-domain is not as significant as
that on an L1 substrate. Furthermore, the bead binding behavior
at the leading edge of growth cones on an L1-substrate is statis-
tically different from that on an N-cadherin substrate ( p � 0.05).
Because the growth cone also expresses heterophilic binding

partners for L1, such as integrins (Ruppert et al., 1995; Felding-
Habermann et al., 1997), the observed attachment of L1-Fc-
coated beads in these experiments is not attributable exclusively
to L1–L1 homophilic adhesion. L1 on the cell surface can be
assessed more specifically with antibody-coated beads than with
L1-Fc-coated beads (Winckler et al., 1999). Therefore, we have
repeated the laser tweezers experiments using beads coated with
anti-chick L1 antibody and have obtained similar results (Fig. 4B).
On the basis of these observations, we concluded that the growth
cone migrating via an L1-dependent mechanism has the increased
polarity of L1 density and adhesion compared with the growth
cone on an N-cadherin substrate.

Endocytic L1 trafficking is required for polarized L1
adhesion on the growth cone
To test whether the polarity of L1 adhesion on the growth cone
migrating on an L1-substrate is created and maintained by endo-
cytic L1 trafficking, we have developed a neuronal culture in
which the L1 trafficking in the growth cone is disrupted. It has
been demonstrated previously that L1 internalization occurs via
its interaction with AP-2 (Kamiguchi et al., 1998b), a clathrin
adaptor that captures plasma membrane proteins for endocytosis
by coated pits (Kirchhausen et al., 1997). The AP-2 adaptor
consists of four subunits (�-adaptin, �1/�2-adaptin, �2 chain, and
�2 chain). The mouse monoclonal antibody AP.6 that recognizes
�-adaptin has been shown to block AP-2 function and inhibit
endocytic trafficking at least at two steps: receptor-mediated
endocytosis from the plasma membrane (Chin et al., 1989) and
AP-2-dependent vesicle aggregation in vitro, which is thought to
represent an initial step in the formation of endosomes in vivo
(Beck et al., 1992). The purified AP.6 antibody recognized a
single band at �110 kDa (corresponding to �-adaptin) by West-

Figure 3. A–C, VEC-DIC micrographs showing retrograde directional
movement of an L1-Fc-coated bead on a chick DRG growth cone. A, A
bead was placed on the leading edge with laser tweezers (0 sec). B, Time
sequence of the bead movement in the area of interest indicated in A
(0–90 sec). C, The bead had moved into the C-domain at 90 sec after
placement on the leading edge. D–G, Brownian motion of an L1-Fc-
coated bead on a chick DRG growth cone. D, A bead was placed on the
leading edge with laser tweezers (0 sec). E, A magnified view of the area
of interest indicated in D. The line sketch indicates the path of the bead
tracked for a total of 27 sec at 3 sec intervals. F, The bead was still beside
the leading edge at 3 min after placement. G, The bead could be dragged
within the plane of the plasma membrane after being retrapped with the
tweezers but could not be pulled off the membrane. Scale bars: A, C, 10
�m; D, F, G, 10 �m.
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ern blotting of rat brain membrane extracts but not chick extracts
(data not shown). By immunocytochemistry, the AP.6 antibody
labeled vesicular structures in rat DRG growth cones but not in
chick cells (data not shown). The labeled structures were situated
throughout the growth cone excluding the filopodia. On the basis
of these results, we decided to apply this antibody to rat DRG
neurons to inhibit endocytic L1 trafficking.

Either the AP.6 antibody or nonspecific mouse IgG was loaded
into rat DRG neurons by electroporation, with a loading effi-
ciency of �50%. Shown in Figure 5A–D are representative im-
ages of the growth cones on an L1-substrate that were double
labeled for the loaded IgG and endocytosed L1. The distribution
of AP.6 in the growth cone appeared punctate, whereas control
IgG distributed relatively homogeneously, consistent with the
AP.6 antibody associating with AP-2-positive vesicular structures.
To quantify L1 endocytosis, the number of endocytic compart-
ments labeled by anti-L1 antibody was counted. As shown in
Figure 5E, the growth cones loaded with AP.6 contained a
smaller number of L1-positive endocytic compartments than the
control growth cones. The size of a growth cone was 237.5 � 20.0
�m2 (n � 95; control IgG loaded) or 232.0 � 21.4 �m2 (n � 85;
AP.6 loaded), indicating that the observed difference in L1 endo-
cytosis is not attributable to a change in the growth cone size.
These results indicate that AP.6 inhibits endocytic L1 trafficking in
the growth cone. To examine a possible effect of AP.6 on N-
cadherin trafficking, we tested whether N-cadherin is endocytosed
in rat DRG growth cones by immunocytochemistry using a rabbit
polyclonal antibody against the ectodomain of N-cadherin (Santa
Cruz Biotechnology, Santa Cruz, CA). However, we could not
detect the antibody internalized in the growth cone after either 15
or 30 min of incubation, whereas the antibody did label cell-surface
N-cadherin (data not shown). In contrast, internalized L1 was
visualized in parallel experiments. This suggests that no or only a
small amount of N-cadherin is endocytosed in the growth cone.

We next tested whether polarized L1 adhesion on the growth
cone is altered after inhibiting L1 endocytosis. Rat DRG neurons
were loaded with either control mouse IgG or AP.6 together with
FITC-conjugated dextran (150 kDa) and then plated on an L1-Fc
substrate. Positively loaded neurons were identified by FITC
fluorescence. Using laser tweezers, the binding probability of an
L1-Fc-coated bead on the growth cone (leading edge vs
C-domain) was examined (Fig. 6). On the control growth cone,
the majority of L1-Fc-coated beads adhered to the leading edge
showing either cytoskeletal association or Brownian motion,
whereas 60% of the beads did not attach to the plasma mem-
brane of the C-domain. This polarity of the bead binding
probability between the leading edge and the C-domain was
significantly attenuated by AP.6 loading, indicating that endo-
cytic L1 trafficking is required for polarized L1 adhesion on
the growth cone.

Figure 4. Histograms of the bead-binding behavior at different regions of
chick DRG growth cones migrating on either L1-Fc or N-cadherin-Fc
substrate. A, An L1-Fc-coated bead was held in position against the
plasma membrane of either the leading edge (defined as the region within
0.5 �m of the lamellipodial edge) or the C-domain for 3–4 sec and then
released. The bead behavior was categorized as cytoskeletal association,

4

Brownian motion, or no membrane attachment. Data from three inde-
pendent experiments were pooled, and probability of the binding behav-
ior of a total of 100 beads is shown. As a control, a bead coated with the
Fc fragment alone was tested for its binding to the growth cone. B, Shown
is probability of the binding behavior of a total of 100 beads coated with
anti-L1 antibody (pooled from three independent experiments). As a
control, a bead coated with nonspecific rabbit IgG was tested for its
binding to the growth cone. The p values between two groups were
calculated from a Mann–Whitney U test, with a Kruskal–Wallis test
(nonparametric ANOVA) confirming that there was a significant differ-
ence at the p � 0.0001 level.
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Endocytic L1 trafficking is required for L1-based
neurite growth
Given that the polarized adhesion between the growth cone and
its substrate is required for migration of the growth cone, endo-
cytic L1 trafficking should play an important role in neurite
growth on an L1 substrate. To test this possibility, rat DRG
neurons that had been loaded with either AP.6 or nonspecific

mouse IgG were plated on several substrates, including L1-Fc. As
shown in Figure 7A–D, positively loaded neurons were identified
by immunocytochemistry with anti-mouse IgG, and the length of
their neurites was measured. On an L1-Fc substrate, neurons
loaded with AP.6 had significantly shorter neurites than neurons
loaded with control IgG (Fig. 7E). Considering that the control
substrate (no Fc chimera) stimulated neurite growth to some
extent, AP.6 loading caused a �50% reduction in L1-dependent
neurite growth. In contrast, AP.6 loading had no effect on
N-cadherin-dependent neurite growth, which is consistent with
the result that the growth cone does not actively internalize
N-cadherin. We also measured the percentage of rat DRG neu-
rons bearing neurites on an L1-Fc substrate: 76.0 � 1.8% of
control IgG-loaded neurons and 75.0 � 3.5% of AP.6-loaded
neurons bore neurites at 6 hr after plating (four independent
determinations). Therefore, AP.6 loading should have decreased
the length of neurites on an L1-Fc substrate by inhibiting growth
cone migration but not by delaying neurite initiation. This possi-
bility was further confirmed by measuring the rate of growth cone
migration. To identify living neurons loaded with mouse IgG,

Figure 5. The effect of the anti-�-adaptin antibody (AP.6) on L1 endo-
cytosis in the growth cone. A–D, Rat DRG neurons that had been loaded
with either control mouse IgG (A, B) or AP.6 (C, D) by electroporation
were plated on an L1-Fc substrate. Endocytosed L1 was visualized by
incubating the cells with rabbit anti-L1 antibody for 15 min to allow for
internalization of the antibody bound to L1. The cells were double labeled
for electroporatically loaded IgG with Alexa 488-conjugated anti-mouse
IgG. In superimposed images (A, C), endocytosed L1 is colored red, and
loaded IgG is colored green. To facilitate visualization of endocytosed L1,
only the red channel is shown in black and white (B, D). Scale bars: A, B,
10 �m; C, D, 10 �m. E, Intracellular vesicles containing endocytosed L1
were visualized as described above, and the number of vesicles per growth
cone was counted. Distribution was plotted as percentage of the growth
cones that contained a greater number of the vesicles than a given value
on the x-axis. The number of growth cones included in this study was 95
(control IgG loaded) and 85 (anti-�-adaptin loaded). The difference
between the two groups was statistically significant ( p � 0.001).

Figure 6. Histograms of the bead-binding behavior on rat DRG growth
cones loaded with either control mouse IgG or the anti-�-adaptin anti-
body (AP.6). An L1-Fc-coated bead was held in position against the
plasma membrane of either the leading edge (defined as the region within
0.5 �m of the lamellipodial edge) or the C-domain for 3–4 sec and then
released. The bead behavior was categorized as cytoskeletal association,
Brownian motion, or no membrane attachment. Data from three inde-
pendent experiments were pooled, and probability of the binding behav-
ior of a total of 50–54 beads is shown. The p values between two groups
were calculated from a Mann–Whitney U test, with a Kruskal–Wallis test
(nonparametric ANOVA) confirming that there was a significant differ-
ence at the p � 0.0001 level.
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FITC-conjugated dextran (150 kDa) was loaded concomitantly.
The AP.6-loaded growth cones migrated at a rate of 9.7 � 1.6
�m/hr (n � 16) on an L1-Fc substrate, whereas the growth cones
loaded with control mouse IgG migrated at 20.1 � 2.4 �m/hr
(n � 13) on an L1-Fc substrate. There was a statistical difference

at the p � 0.001 level. On the basis of these results, we concluded
that endocytic L1 trafficking is required for L1-dependent migra-
tion of the growth cone.

DISCUSSION
CAMs mediate not only static cell–cell adhesion but also dy-
namic biological processes, such as cell migration and synaptic
remodeling, that require temporally and spatially regulated cell
adhesion. Therefore, a cell must be able to modulate CAM-
mediated adhesion in response to external stimuli or in a cell-
autonomous manner. Such regulation of IgCAM adhesion can be
achieved via four distinct mechanisms: lateral oligomerization of
CAMs, CAM trafficking, proteolytic cleavage of the CAM ectodo-
main, and transcriptional regulation of CAM expression (Kamigu-
chi and Lemmon, 2000a). Although the three post-translational
regulatory mechanisms should be able to modulate IgCAM adhe-
sion rapidly in the growth cone, there has been no experimental
evidence that these mechanisms are involved in the spatial regu-
lation of growth cone adhesion or the promotion of neurite growth.
The present study demonstrates that the growth cone migrating via
an L1-dependent mechanism actively internalizes L1 at the C-
domain and potentiates a gradient of L1 adhesion, and that endo-
cytic L1 trafficking is required for the polarized adhesion and
migration of the growth cone mediated by L1. These results estab-
lish a mechanism by which growth cone adhesion is spatially
regulated in a manner important for growth cone migration.

How does CAM trafficking control its adhesiveness? One ob-
vious explanation is that CAM density is spatially regulated by
preferential internalization at some region of a cell followed by
recycling into a different region. This should be the case with L1
trafficking because beads coated with anti-L1 antibody preferen-
tially bound to the leading edge rather than the C-domain,
whereas the assay with L1-Fc-coated beads could be detecting
changes in the adhesive state of L1 itself. Another possibility is
that rapid endocytosis of CAMs decreases cell adhesion by short-
ening the dwell time of the CAMs on the cell surface. Early
modeling studies suggested that, after homophilic trans-binding of
CAMs, individual pairs of bound CAMs rapidly cycle between
the bound and unbound states (Bell, 1978). Rapid internalization
would cause CAMs to be quickly removed from the cell surface
after trans-binding of the CAMs. Slow internalization would
cause CAMs to remain on the cell surface for a long period so
that they could be engaged in trans-binding multiple times before
being removed from the cell surface. This possibility has been
supported by recent observation that homophilic L1 adhesion is
regulated by L1 endocytosis rates without affecting the amount of
L1 expression on the cell surface (Long et al., 2001). They were
able to double L1-mediated cell aggregation rates after inhibiting
L1 endocytosis, either by altering the L1 cytoplasmic domain
(L1CD) or by blocking the clathrin endocytic pathway. There-
fore, it is likely that endocytic L1 trafficking creates a gradient of
growth cone adhesion by regulating both L1 density and the dwell
time of L1 on the cell surface.

So far, three major classes of CAMs have been identified in the
nervous system: integrins, cadherins, and IgCAMs. Although
many CAMs in the three classes mediate cell migration, integrins
are the best-studied family using several non-neuronal cells.
These studies have introduced a model of cell migration (Sheetz
et al., 1998; Palecek et al., 1999) that can be applied to migration
of the nerve growth cone (Suter and Forscher, 2000): (1) assembly
of actin filaments at the cell front generates protrusion of the
leading edge; (2) the newly formed leading edge adheres to the

Figure 7. The effect of the anti-�-adaptin antibody (AP.6) on L1-based
neurite growth. A–D, Rat DRG neurons that had been loaded with either
control mouse IgG (A, B) or AP.6 (C, D) by electroporation were plated
on an L1-Fc substrate. Loaded IgG was labeled by immunocytochemistry
with anti-mouse IgG (B, D). To visualize the whole population of neurons
in culture, the cells were double labeled for a neuronal marker, L1, with
rabbit anti-rat L1 antibody (A, C). Scale bars: A, B, 50 �m; C, D, 50 �m.
E, Rat DRG neurons that had been loaded with either control mouse IgG
or AP.6 were cultured on the following substrates: L1-Fc, N-cadherin-Fc,
and the control substrate (poly-D-lysine and anti-Fc antibody but no Fc
chimera). Shown is the length of neurites measured at 12 hr after plating
(n � 97–112 for each bar). ***p � 0.001; compared with control IgG-
loaded neurons on L1-Fc.
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substrate via CAMs; (3) linkage of CAMs to the retrograde actin
flow generates a traction force that pulls the cell body or the
growth cone forward; (4) the cell rear detaches from the substrate
followed by tail retraction, although this tail retraction step is
modified in the growth cone by the presence of the neurite shaft;
and (5) CAMs are recycled to the cell front. In this model, CAMs
can be viewed as the “feet” needed to crawl on a relevant
substrate, using the underlying actin cytoskeleton as a force-
generating system. CAMs bind the cytoskeleton preferentially at
the leading front, move rearward as the cell migrates forward, and
are released from the cytoskeleton at the ectoplasm–endoplasm
boundary in fibroblasts (Nishizaka et al., 2000), which corre-
sponds to the boundary between the P- and C-domains in growth
cones. As reported previously (Faivre-Sarrailh et al., 1999), Ng-
CAM-related cell adhesion molecule, another member of the L1
family, displays actin-dependent retrograde movement on the
growth cone. Our study also demonstrated that L1 moves back-
ward on the growth cone at �4 �m/min, corresponding to the
velocity of the retrograde actin flow. These results strongly sug-
gest that the L1 family CAMs associate with retrogradely moving
actin filaments in the P-domain, thereby transmitting a traction
force that pulls the growth cone forward on an L1 substrate.
Because it is not economical for the growth cone to use the feet
(CAMs) for only a single forward step, a mechanism would be
required to bring them up to the leading front for reuse. Such
CAM recycling can occur either by cell surface transport or by
intracellular vesicular transport, as has been demonstrated in
non-neuronal cells (Bretscher, 1992; Schmidt et al., 1993; Lawson
and Maxfield, 1995). The present paper, together with our pre-
vious results (Kamiguchi and Lemmon, 2000b), clearly demon-
strate that L1 recycling via intracellular vesicular transport plays
a significant role in growth cone migration, although involvement
of cell surface transport is also possible. The fact that we failed to
detect N-cadherin endocytosis in the growth cone suggests that
N-cadherin recycling occurs predominantly via a cell surface path-
way. This is in strong contrast to the observation that adherens
junctions are dynamically regulated by endocytosis and recycling of
E-cadherin in epithelial cells (Le et al., 1999; Akhtar and Hotchin,
2001). Perhaps each CAM has a different preference for its traf-
ficking pathway, which also depends on the cell type.

Although we observed the behavior of L1 present on the apical
surface of growth cones in this paper, it is widely accepted that
the CAM behavior triggered by ligand binding on the apical
surface reflects the CAM behavior on the substrate-facing surface
that actually participates in cell migration (Galbraith and Sheetz,
1999; Suter and Forscher, 2000). Zheng et al. (1994) have mea-
sured growth cone adhesion to culture substrates by dislodging
the growth cone with calibrated glass needles. They revealed that
the distal ends of filopodia and lamellipodia adhered most firmly
to the substrates including L1, which is consistent with our result
on L1 adhesion assessed on the apical surface. Another technique
suited for examining growth cone–substrate interactions is inter-
ference reflection microscopy (IRM). IRM reveals the spatial
separation between the growth cone and its substrate, although it
may not provide a reliable estimation of adhesive strength be-
tween the growth cone and its substrate (Zheng et al., 1994). It
was found that, in growth cones migrating on an L1 substrate,
dark gray spots indicative of close apposition appeared near the
leading edge and moved toward the C-domain at a mean rate of
5.8 �m/min (Drazba et al., 1997). This suggests that these small
areas of close apposition of the growth cone membrane to the L1
substrate move in association with the retrograde actin flow. An

intriguing speculation is that this type of membrane flow on the
substrate-facing surface observed by IRM is functionally related
to retrograde L1 movement on the apical surface observed in the
present study.

In addition to the initial idea that CAMs regulate neurite
growth on the basis of their ability to mediate adhesive interac-
tions, it has become evident that CAM-associated intracellular
signals are also critical. For example, cross-linking of L1 on the
cell surface activates the mitogen-activated protein kinase path-
way (Schaefer et al., 1999), which is required for neurite growth
on an L1 substrate (Wong et al., 1996; Schmid et al., 2000). Other
signals implicated in L1-based neurite growth include calcium
signaling (Williams et al., 1992), the fibroblast growth factor
receptor (Saffell et al., 1997), and the non-receptor tyrosine
kinase pp60c-src (Ignelzi et al., 1994). These signaling events are
likely to regulate neurite growth by modulating the pathway and
the rate of L1 trafficking in the growth cone. For example, the
kinase activity of pp60c-src is required for L1 endocytosis (Schmid
et al., 2000). It has also been found that L1 endocytosis may be
triggered by tyrosine dephosphorylation in the L1CD (A. W.
Schaefer, S. Storms, H. Kamiguchi, M. Pendergast, I. Rapoport,
G. Landreth, T. Kirchhausen, and V. Lemmon, unpublished
observations). Furthermore, interactions of the L1 family CAMs
with the actin cytoskeleton via ankyrin is dependent on the
phosphorylation state of another tyrosine in the L1CD (Garver et
al., 1997; Hortsch et al., 1998). These results suggest that the
pathway of L1 trafficking is controlled by L1-associated kinases
and phosphatases. Furthermore, L1-induced localized calcium
influx in the growth cone (Archer et al., 1999) may accelerate
vesicle endocytosis/exocytosis (Geppert and Südhof, 1998; San-
karanarayanan and Ryan, 2001) and influence actin dynamics
(Welnhofer et al., 1999), thereby regulating the rate of L1 traf-
ficking. Future studies should be directed to elucidate how dy-
namic interactions between CAMs and the trafficking machinery
are spatially regulated by CAM-associated signals in a way im-
portant for growth cone migration.
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