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L1/Laminin Modulation of Growth Cone Response to EphB
Triggers Growth Pauses and Regulates the Microtubule
Destabilizing Protein SCG10
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During development, EphB proteins serve as axon guidance molecules for retinal ganglion cell axon pathfinding toward the optic nerve
head and in midbrain targets. To better understand the mechanisms by which EphB proteins influence retinal growth cone behavior, we
investigated how axon responses to EphB were modulated by laminin and L1, two guidance molecules that retinal axons encounter during
in vivo pathfinding. Unlike EphB stimulation in the presence of laminin, which triggers typical growth cone collapse, growth cones
co-stimulated by L1 did not respond to EphB. Moreover, EphB exposure in the presence of both laminin and L1 resulted in a novel growth
cone inhibition manifested as a pause in axon elongation with maintenance of normal growth cone morphology and filopodial activity.
Pauses were not associated with loss of growth cone actin but were accompanied by a redistribution of the microtubule cytoskeleton with
increased numbers of microtubules extending into filopodia and to the peripheral edge of the growth cone. This phenomenon was
accompanied by reduced levels of the growth cone microtubule destabilizing protein SCG10. Antibody blockade of SCG10 function in
growth cones resulted in both changes in microtubule distribution and pause responses mirroring those elicited by EphB in the presence
of laminin and L1. These results demonstrate that retinal growth cone responsiveness to EphB is regulated by co-impinging signals from
other axon guidance molecules. Furthermore, the results are consistent with EphB-mediated axon guidance mechanisms that involve the
SCG10-mediated regulation of the growth cone microtubule cytoskeleton.
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Introduction
Interactions between EphB and B ephrin molecules mediate mul-
tiple developmental events, including cell migration, growth
cone guidance, and dendritic development (Henkemeyer et al.,
1996; Xu et al., 1999; Ethell et al., 2001; Lu et al., 2001). Mice with
deletions of EphB2 and EphB3 genes exhibit retinal axon path-
finding errors in which dorsal retinal axons after reaching the
immediate region of the optic disc bypass this exit point to grow
inappropriately into the opposite side of the retina (Birgbauer et
al., 2000). Because overall EphB protein levels are higher in ven-
tral compared with dorsal retina (Birgbauer et al., 2000), and
EphB extracellular domain proteins by themselves trigger growth
cone collapse (Birgbauer et al., 2001), a model was proposed in
which dorsal axons heading ventrally toward the optic disc re-

spond to an increasing gradient of inhibitory EphB proteins to
maintain the tight fasciculation necessary for axon accurate tar-
geting of the optic disc.

EphB and B ephrin interactions in the visual system are highly
regulated and context dependent in that signaling after ligand-
receptor interactions can occur in either the forward or reverse
direction and can also result in either attractive or repulsive
growth cone responses (Birgbauer et al., 2000, 2001; Nakagawa et
al., 2000; Hindges et al., 2002; Mann et al., 2002). Although reti-
nal growth cones within the retina respond to EphB proteins as
inhibitory guidance molecules (Birgbauer et al., 2000, 2001), ret-
inal axons and growth cones in the optic tectum–superior col-
liculus either use EphB molecules as guidance receptors (Hindges
et al., 2002) or respond to EphB molecules as a growth-
promoting axon guidance molecule (Mann et al., 2002). The
mechanisms that govern the ability of retinal growth cones to
alter their responsiveness to EphB proteins as guidance molecules
are unknown.

In the present study, we investigated how retinal growth cone
responsiveness to EphB proteins may be regulated by concurrent
stimulation by other axon guidance molecules. Growth cone re-
sponse to specific axon guidance molecules can be modulated by
co-impinging signals activated by a second guidance molecule
(Hopker et al., 1999; Song and Poo, 1999; Castellani et al., 2000;
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Stein and Tessier-Lavigne, 2001). For example, although retinal
axons typically grow toward a source of the chemoattractant
netrin-1, retinal axons in the presence of laminin switch their
response to netrin-1 from attraction to repulsion (Hopker et al.,
1999). Similarly, L1, a cell adhesion molecule of the immuno-
globulin family, has been shown to cause cortical axons to switch
their response to Sema3A from repulsion to attraction (Castellani
et al., 2000). These findings suggest that retinal growth cone re-
sponses to EphB may be governed by co-impinging signals pro-
vided by other relevant axon guidance molecules present in the
developing visual pathways.

Two guidance molecules well positioned in vivo to influence
EphB function in the retina are laminin and L1. Laminins are
localized along the optic nerve, along the optic tract (Liesi and
Silver, 1988; Morissette and Carbonetto, 1995; Hall et al., 1997),
and in the optic disc region (Hopker et al., 1999). L1 is present on
retinal axons (Bartsch et al., 1989; Hankin and Lagenaur, 1994;
Lyckman et al., 2000), and L1 homophilic interactions are
thought to be responsible for maintaining retinal axon fascicula-
tion within the visual pathways, suggesting that many retinal
axon pathfinding events likely occur in the presence of L1
signaling.

In a previous study (Birgbauer et al., 2001), the inhibitory
effect of EphB proteins on retinal axons was demonstrated in the
presence of laminin. EphB, when paired with laminin, triggered
growth cone collapse, a characteristic response to inhibitory axon
guidance molecules that involves Rho GTPase activity and
growth cone actin disassembly (Luo, 2000). Although axon path-
finding and elongation must also involve precise control of the
growth cone microtubule cytoskeleton, it is not clear how inhib-
itory signals such as those triggered by EphB are conveyed to
microtubules. Although mechanisms involving cross talk be-
tween actin and microtubules (Krendel et al., 2002; Zhou et al.,
2002) or actin–microtubule linker proteins (Lee and Kolodziej,
2002) may play a role, the possibility that inhibitory guidance
molecules are capable of exerting an influence on growth cone
microtubules independent of actin-mediated collapse has not
been explored.

In this study, we analyzed retinal axon response to EphB in the
presence of L1, or the combination of L1 and laminin, and com-
pared the results with the previously characterized response to
EphB in the presence of laminin (Birgbauer et al., 2001). In keep-
ing with the methods used in Birgbauer et al. (2001), we began by
recording the response of retinal axons and growth cones to guid-
ance molecules delivered by micropipettes. In addition, we also
examined axon and growth cone responses to pairings of guid-
ance molecules immobilized to the substratum or applied by bath
application. The results showed that retinal growth cones do not
respond to EphB in the presence of L1. Furthermore, the combi-
nation of L1 and laminin signaling unmasked a form of EphB-
activated growth cone inhibitory pause distinct from actin-
mediated collapse. Growth cone pauses were characterized by
altered growth cone microtubule distribution and appeared to
involve changes in the levels of SCG10 protein, a growth cone
regulator of microtubule assembly.

Materials and Methods
Animals and tissues. Gestational day 14 mouse embryos were obtained
from timed pregnant C57BL/6 mice anesthetized using intraperitoneal
injections of sodium pentobarbital. Dorsal or ventral retinal tissue was
dissected from embryos and used immediately for explant cultures. The
use of animals in this study conformed to the University of California
institutional guidelines.

Recombinant proteins. Human L1 cDNA encoding amino acids 1–1120
was cloned into pEX.Fc in-frame with human IgG-Fc� domain. Super-
natant was collected from transfected cells, and L1-Fc protein was iso-
lated by protein A chromatography. Anti-Fc immunoblot and silver
staining revealed a single major band of 200 kDa (data not shown).
Coverslip dishes were coated with anti-human Fc (10 �g/ml) followed by
L1-Fc (5 �g/ml) to form an L1 substratum. L1-Fc (5 �g/ml) combined
with laminin (5 �g/ml; Invitrogen, Gaithersburg, MD) was used as
mixed substratum. Human L1 cDNA was also expressed fused to a myc–
histidine tag and used as a retinal explant substratum in experiments to
demonstrate EphB-Fc binding (see below).

Growth cone assays and time-lapse microscopy. F12/N2 medium con-
taining EphB2-Fc or Fc (50 �g/ml), IKVAV (50 �g/ml; American Pep-
tide), YIGSR (50 �g/ml; Sigma, St. Louis, MO), BSA (0.1%), and fluo-
rescein (25 �g/�l) was used for pipette delivery. In bath application, final
concentrations were EphB2-Fc (2 �g/ml), IKVAV (2 �g/ml), and YIGSR
(2 �g/ml). A limited number of experiments included the addition of
anti-Fc antibodies to further oligomerize EphB2-Fc molecules. No qual-
itative differences were observed, and the bulk of experiments were per-
formed using EphB-Fc dimers alone. Only results from experiments us-
ing EphB-Fc alone are reported. The growth rate of axons was
determined by recording the distance traveled in the period 30 min be-
fore reagent application to arrive at an hourly “before” growth rate.
Similarly, the distance traveled in the period 60 –90 min after reagent
application was used to arrive at an hourly “after” growth rate. Filopodial
activity in paused growth cones was considered to be lost if no filopodia
were observed to move over two consecutive time-lapse images (1 min
apart) and there was no appearance of new filopodia.

Antibodies and immunohistochemistry. Tyrosinated microtubules were
visualized using rat monoclonal antibody (mAb) YL1/2 at 0.5 �g/ml
(Chemicon, Temecula, CA). Tyrosinated and non-tyrosinated microtu-
bules were visualized using mouse mAb TUB 2.1 at 0.5 �g/ml (Sigma).
SCG10 was specifically visualized using a purified anti-recombinant
SCG10 antibody (Antonsson et al., 1998), and an antibody made against
the SCG10 C-terminal peptide (Ozon et al., 1997). A nonpurified anti-
SCG10 antiserum was used to detect both SCG10 and stathmin in im-
munoblots for the characterization of the specificity of anti-SCG10
phospho-antibodies (see below). Nck� antibody (Upstate Biotechnol-
ogy) was used at 10 �g/ml. Microtubule-associated protein 1B (MAP1B)
was detected using mouse mAb AA6 at 0.5 �g/ml (Sigma-Aldrich).

Growth cones extending on L1 and exposed to bath-applied EphB2
and laminin peptides for 5– 60 min were fixed for 15 min using 4%
paraformaldehyde with 0.1% glutaraldehyde for microtubule immuno-
staining. Growth cones used for the localization of Nck� or colocaliza-
tion of SCG10, MAP1B with microtubules, were fixed with 4% parafor-
maldehyde for 15 min. After incubation in 10% blocking serum and
0.1% Triton X-100 for 30 min, immunostaining was performed with
primary antibody in 0.1% BSA, 0.1% Triton X-100, and 1% blocking
serum for 2–3 hr at 25°C followed by appropriate labeled secondary
antibodies.

EphB-Fc binding on axons. EphB-Fc binding on axons extending on L1
substratum was performed as described previously (Birgbauer et al.,
2001). Retinal explants were grown on recombinant L1 fused to myc–
histidine. After BSA (1 mg/ml) blockade for 30 min at 37°C, retinal
explants and axons were washed and incubated with EphB2-Fc (10 �g/
ml) or Fc control protein in Ringer’s solution containing BSA (1 mg/ml)
for 60 min at 4°C. Explants were then fixed with 2% paraformaldehyde
and stained with Cy3-conjugated anti-human IgG (Fc� specific) anti-
body to visualize EphB2-Fc binding. The growth cone responses to EphB
described in this study were observed when using either L1-Fc or L1-
myc– histidine recombinant proteins as substratum.

Quantitation of SCG10 and MAP1B immunoreactivity in growth cones.
Growth cones extending on L1 were exposed to bath-applied EphB2 and
laminin peptides for 5 min, fixed, and stained using purified anti-
recombinant SCG10 (Antonsson et al., 1998), anti-SCG10 C-terminal
peptide (Ozon et al., 1997), or mouse mAb AA6 against MAP1B
(Sigma-Aldrich).

Anti-SCG10 and MAP1B immunoreactivity were detected using ap-
propriate Cy3-labeled secondary antibodies and digital fluorescent im-
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ages captured using a cooled CCD camera (PXL, Photometrics) and
Deltavision imaging software (Applied Precision Inc.). Camera exposure
time was identical for all growth cones in experimental and control
groups. For each growth cone, the boundary of the growth cone includ-
ing filopodia, lamellapodia, and the body of the growth cone was traced,
and the area of the growth cone was determined. The total fluorescence
signal above background within each growth cone (derived from SCG10
or MAP1B immunoreactivity) was then obtained. A two-sample Wil-
coxon test was used to compare the distribution of pixel values in the
population of growth cones on L1 with that in growth cones on L1
exposed to EphB2 and laminin peptides.

SCG10 phospho-antibodies. Rabbit polyclonal anti-peptide antibodies
against SCG10 phosphorylation sites Ser 50, 62, and 73 were generated at
Eurogentec (Seraing, Belgium) using the synthetic peptides CEVK-
QINKRApSGQA, KPPpSPISEAPRTC, and RTLApSPKKKDLC conju-
gated to KLH. Affinity purification was performed against the corre-
sponding phosphorylated peptide and then against the
nonphosphorylated peptide to eliminate cross-reacting antibodies. The
specificity of the antibodies was verified by both immunofluorescence
and Western blot analysis. Anti-phosphopeptide antibodies stained
COS-7 cells transfected with wild-type SCG10 (which is known to be
phosphorylated in COS cells) but not COS-7 cells transfected with either
stathmin or phosphorylation-site mutant forms of SCG10 (Antonsson et
al., 1998). In immunoblots, there was no cross-reactivity with the recom-
binant protein SCG10 produced in Escherichia coli (N-terminally trun-
cated form) (Antonsson et al., 1997) or with stathmin expressed in
COS-7 cells or purified from E. coli or baculovirus (Antonsson et al.,
2001). SCG10 phospho-antibodies were used at 1:50 for immunocyto-
chemistry and at 1:2500 for Western blots.

Anti-SCG10 mAb effects on microtubule assembly. The effects of SCG10
and anti-SCG10 mAb on microtubule formation were measured using
an in vitro assay of microtubule assembly (Riederer et al., 1997). Hybrid-
oma supernatant (150 ml) was purified on HiTrap Protein G column
(Amersham Biosciences, Arlington Heights, IL), desalted on a Hitrap
desalting column (Amersham Biosciences), and concentrated using
CentriconYM-30 (Millipore, Bedford, MA) according to the manufac-
turer’s protocols. Mixed tubulin (tubulin with microtubule-associated
proteins; 1.8 mg/ml) was incubated at 4°C in PIPES–EGTA–MgSO4

buffer containing 1 mM GTP either alone or in the presence of 6 �M

SCG10. To test the ability of anti-SCG10 mAb to block SCG10 function,
6 �M SCG10 was preincubated for 45 min with 6 �M anti-SCG10 mAb
before adding to the tubulin buffer mix. As control, 6 �M SCG10 was
preincubated for 45 min with 6 �M mouse IgG and added to the tubulin
buffer mix. Polymerization was induced by raising the temperature to
37°C (time 0) and monitored by measuring the absorbance at 350 nm
over a period of 30 min in a Uvikon XS spectrophotometer (Bio-Tek
instruments).

Perturbation of SCG10 function. SCG10 function-blocking mAb (10
�g) and Cy2 donkey anti-rabbit Ab (3.75 �g; Jackson ImmunoResearch,
West Grove, PA) were added to 3 �l of a cationic lipid formulation
(Zelphati et al., 2001), (Bioporter, Gene Therapy Systems) and reconsti-
tuted in 100 �l of HEPES-buffered saline. After mixing, 20 �l of Ab-
Bioporter mix was added to the central well of a coverslip dish containing
retinal explants and 200 �l of F12/N2 medium at 37°C, 5% CO2 for 30
min. F12/N2 medium was then added to achieve a 2 ml volume for an
additional 60 min before commencing time-lapse recordings of growth
cone behaviors. Growth cones were examined for Cy2 fluorescence to
confirm antibody loading. In control experiments, SCG10 mAb was sub-
stituted with Cy2 donkey anti-rabbit Ab, SCG10 polyclonal antibody, or
rat anti-tubulin mAb (Chemicon) conjugated with Alexafluor 488 (Mo-
lecular Probes, Eugene, OR). After time-lapse recording, growth cones
treated with SCG10 function-blocking mAb were fixed and stained with
rat mAb YL1/2 (0.5 �g/ml; Chemicon) as described above to visualize the
distribution of tyrosinated microtubules.

Results
Growth cones on L1 substratum do not respond to EphB
Embryonic mouse retinal axons from dorsal retina were grown
overnight on a substratum of L1-Fc recombinant fusion protein,

and their response to EphB molecules delivered by micropipette
was recorded using time-lapse microscopy. Unlike retinal growth
cones on laminin, which collapsed in response to EphB1, -2, or -3
(Birgbauer et al., 2001), growth cones on L1 did not collapse and
instead steadily advanced, ignoring the application of these guid-
ance molecules (Fig. 1A, Table 1). (Also see http://www.ucsfeye.
net/sretmovies/sretmovies.htm for time-lapse movies of growth

Figure 1. Pause behavior in growth cones. A, Time-lapse sequence of embryonic mouse
retinal growth cones extending on L1 substratum and their response to EphB-Fc. Time elapsed
(in minutes) is shown in the top right of panels. “0” represents onset of EphB-Fc application via
micropipette (asterisk). EphB did not affect axon growth. Scale bar, 10 �m. B, Trajectories of
axons on L1-Fc after EphB-Fc exposure. The arrows bracket the angles of pipette placement with
respect to orientation of axons tested. The area containing all axon trajectories is shaded gray.
EphB-Fc exposure did not produce a growth bias toward or away from the pipette. C, EphB-Fc
binding on retinal growth cone on L1. D, Anti-Nck� immunostaining of retinal growth cone on
L1. E, Time-lapse sequence of growth cones on L1-Fc substratum responding to pipette appli-
cation of EphB-Fc and laminin peptides at t � 0. Growth cones showed a pause behavior
characterized by no forward advance but continued filopodia and lamellapodia activity. F, Time-
lapse sequence of a paused growth cone resuming forward elongation after reagent removal at
60 min. [The growth cone pauses with continued filopodial activity described in this study were
distinct from a previously reported growth cone freezing phenomenon (Birgbauer et al., 2001).
Growth cone freezing was characterized by total loss of filopodial movements and occurred at
low frequency after retinal growth cones on laminin were exposed to either EphB or control Fc
proteins.]
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cone responses described in this study.) Axon trajectories after
EphB exposure were not biased toward or away from the delivery
micropipette (Fig. 1B) and the mean (� SD) axon growth speed
before and after EphB application also did not vary (before: 56 �
20 �m/hr; after: 51 � 27 �m/hr; n � 43; p � 0.33) (Fig. 2B).
Retinal growth cones on L1 exhibited EphB protein binding (Fig.
1C) in a pattern similar to that of EphB protein binding on retinal

growth cones extending on laminin (Birgbauer et al., 2001). No
specific binding was observed using Fc control protein (data not
shown). In addition, retinal growth cones on L1 also expressed
Nck� (Fig. 1D), a signaling intermediate involved in Ephrin B
reverse signaling after EphB binding (Cowan and Henkemeyer,
2001). Together these results indicated that EphB inhibition of
retinal growth cones was differentially affected by L1 signaling
compared with laminin. This difference also did not appear to be
caused simply by abnormal EphB protein binding or the lack of
Nck� in retinal growth cones on L1.

EphB, laminin, and L1 trigger growth cone pauses
To examine whether signals generated by L1 completely blocked
the ability of EphB to inhibit retinal growth cones, we reintro-
duced laminin, noting that previous studies of EphB function in
axon pathfinding (Birgbauer et al., 2001) and cell migration (Lu
et al., 2001) were performed in the presence of laminin. Retinal
growth cones recovered their responsiveness to EphB2 when ex-
posed to the combination of L1, laminin, and EphB2 (Fig. 1E,
Table 1). This recovery was observed under three different exper-
imental conditions: (1) axons extending on a mixed substratum
of L1 and laminin and then exposed to EphB2 delivered via mi-
cropipette, (2) axons grown on L1 and exposed to both EphB2
and laminin peptides (YIGSR, IKVAV) (Hopker et al., 1999) by
micropipette, and (3) axons on L1 exposed to bath application of
EphB2 and laminin peptides.

Growth cone inhibition triggered by this L1, laminin, and
EphB combination was notably different, however, in that it did
not lead to morphological collapse. Instead, growth cones exhib-
ited a specific pause behavior during which they ceased forward
elongation while maintaining filopodial activity and a fan-like
morphology (Figs. 1E,F, 3B–E). Paused growth cones were indis-
tinguishable from normal growth cones simply by static morpho-
logical analysis and required observation using time-lapse mi-
croscopy. Removal of EphB exposure led to resumption of axon
elongation (Fig. 1F), indicating the viability of growth cones dur-
ing pauses and the reversibility of this response. Pauses occurred
as quickly as within 5 min of reagent application (Fig. 2A) and
had an average time of onset of 11 min (n � 85; all three experi-
mental conditions described above). The occurrence of pausing
was not related to the speed of axon growth, because slower
growth cones extending at rates of 40 �m/hr as well as faster
growth cones extending at �100 �m/hr both exhibited pauses in
response to L1, laminin, and EphB proteins (Fig. 2B). The
mean � SD growth rate of axons on L1 before the addition of
EphB and laminin peptides was 57 � 19 �m/hr compared with

Table 1. E14 retinal growth cone response to combinations of L1, LN, and EphB proteins

Number of axons exhibiting

Substratum Reagents applied Number tested % Responding Collapse Pause Other

L1 EphB1 49 10 1 0 4
EphB2 47 11 2 0 3
EphB3 40 20 2 0 6
Fc 42 16 2 0 5

L1 and laminin EphB2 67 69* 10 17 19
EphB2 (inactivated) 32 28 3 0 6

L1 EphB2 and LN pep 83 77* 11 50 3
EphB2 (inactivated) and LN pep 31 23 2 0 5
Fc and LN pep 33 6 1 0 1

L1 EphB2 and LN pep (bath applied) 32 75† 1 18 5
Fc and LN pep (bath applied) 30 20 2 0 4

Asterisks mark response rates that were significantly different from the inactivated EphB controls within that experimental group (p � 0.001; t test). The dagger indicates a significant difference from the Fc controls (p � 0.001; t test). The
vast majority of responses in the “other” category represented a decrease in speed. A significant decrease in speed was defined as a reduction in speed to �60% of baseline, and by �25 �m/hr. Growth cone turning was a rare occurrence.
LN pep, Laminin peptides IKVAV and YIGSR.

Figure 2. Characterization of growth cone responses. A, Graph showing the time interval (in
minutes) between the application of EphB proteins and onset of pause response in retinal
growth cones (n � 85). The percentage of responses that occurred within each 5 min interval
between 0 and 30 min is plotted. The mean onset time for retinal growth cones extending on L1
and laminin and exposed to EphB proteins (12 � 6 min; n � 17) was not significantly different
from that for growth cones on L1 exposed to EphB and laminin peptides by micropipette (11 �
6 min; n � 50) or for growth cones on L1 exposed to EphB and laminin peptides by bath
application (10 � 7 min; n � 18). B, Graph showing growth rates of axons extending on L1
before and after exposure to EphB. A solid line links the growth rates for each axon before and
after reagent exposure. C, Graph showing growth rates of axons extending on L1 before and
after exposure to EphB and laminin peptides. A solid line links the growth rates for each axon
before and after reagent exposure. Growth rates of zero after reagent exposure represent
paused growth cones. Axons extending on L1 with growth rates of 40 �m/hr, as well as those
of �100 �m/hr, exhibited pauses after exposure to EphB and laminin peptides. D, Graph
showing growth rates of axons extending on L1 before and after exposure to Fc and laminin
peptides.
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8 � 21 �m/hr after reagent exposure (n � 38; p � 0.001). Growth
cone pauses were absent when Fc fragment was substituted for
EphB-Fc (mean growth rate � SD before application was 51 � 15
�m/hr; after application it was 50 � 13 �m/hr; n � 32; p � 0.77)
(Fig. 2B, Table 1). Pauses were also absent when EphB-Fc was
heat denatured (Table 1), indicating the requirement for func-
tional EphB in this response. Growth cones of axons originating
from ventral retina and extending on L1 did not respond to ap-
plication of EphB-Fc protein alone or EphB-Fc combined with
laminin peptides.

Actin localization and function during pauses
Three lines of evidence showed that growth cone pauses resulted
from mechanisms distinct from those involved in actin-mediated
collapse. First, unlike actin disassembly seen in growth cone col-
lapse, actin distribution in paused growth cones up to 60 min
after reagent exposure (detected using Texas Red phalloidin) was
unaffected and remained concentrated in filopodia (Fig. 3A–E).
Second, filopodial activity was maintained for an average of
30 – 40 min after pausing, and some growth cones demonstrated
activity for �60 min (Fig. 3F). Last, paused growth cones could
be collapsed by addition of lysophosphatidic acid (LPA) (Fig.
3G), a reagent known to act through Rho GTPases to cause actin-
mediated growth cone collapse (Kozma et al., 1997; Kranenburg
et al., 1999). Thus, growth cone pauses triggered by L1, laminin,
and EphB can be separated experimentally from actin-mediated
collapse. Furthermore, although paused growth cones were capa-
ble of actin-mediated collapse, this behavior was not activated in
growth cones after EphB exposure in the presence of L1 and
laminin.

Altered microtubule organization in paused growth cones
In contrast to actin, microtubules in paused growth cones were
abnormally organized. In untreated growth cones on L1, tyrosi-
nated microtubules, which represent the dynamic pool of micro-
tubules in growth cones (Suter and Forscher, 2000), were char-
acteristically found as a fan-shaped array in the central domain
(Fig. 3H). In embryonic mouse retinal growth cones on L1, indi-
vidual microtubules, with occasional exceptions, generally do not
extend into the actin-rich peripheral regions of the growth cone
(Fig. 3I, Table 2). This segregation of actin and microtubule do-
mains is a well known feature of active growth cones (Forscher
and Smith, 1988; Suter and Forscher, 2000). In growth cones
exposed to the L1, laminin, and EphB combination and exam-
ined for microtubule distribution (n � 146), an enlarged micro-
tubule array was seen after 5–10 min characterized by the pres-
ence in increased numbers of growth cones of long curved
microtubules that extended into the growth cone periphery and
even into individual filopodia (Fig. 3J–M, arrows, Table 2). Sim-
ilar findings were obtained using an antibody against both tyrosi-
nated and non-tyrosinated microtubules (data not shown). (The
growth cones in Fig. 3H–M are the same as those shown in Fig.
3A–C.)

A possible mechanism underlying these microtubule changes
is a perturbation of microtubule distribution caused by a disrup-
tion in the balance of opposing microtubule stabilizing and de-

Figure 3. Distribution of actin and microtubules, filopodial activity, and LPA-induced col-
lapse in paused growth cones. A, Texas Red phalloidin staining of actin distribution in a normal
growth cone on L1. Scale bars: A–E, 5 �m. B–E, Actin was present at the periphery and in
filopodia of growth cones on L1 after EphB and laminin peptide exposure for 10 min (B, C) and 30
min (D, E). F, The duration of filopodial activity in paused growth cones. Between 10 and 60 min,
the number of growth cones that ceased filopodial activity in each 10 min interval is plotted.
Growth cones typically did not collapse even after cessation of filopodial activity. G, Time-lapse
sequence of LPA treatment on a paused growth cone. LPA was applied at 65 min and triggered
growth cone collapse within 5 min. Scale bar, 5 �m. H, Distribution of tyrosinated microtubules
(green) in a normal growth cone on L1. I, Microtubules (green) and actin (red) in the same
growth cone in L showing the segregation of microtubules into the central part of the growth
cone and actin into the growth cone periphery and in filopodia. J, Microtubules in a growth cone
on L1 after exposure to EphB-Fc and laminin peptides. Note long curved microtubules (arrow-
heads) that extended into the periphery and filopodia. K, Colocalization of actin and microtu-
bules in the growth cone shown in J. L, Microtubules in a second growth cone on L1 after

4

exposure to EphB-Fc and laminin peptides. Long curved microtubules (arrowheads) were
present and extended into the periphery and some filopodia. M, Colocalization of actin and
microtubules in the growth cone shown in L. Scale bars: H–M, 5 �m. The actin distribution in
the growth cones shown in H, J, and L is shown in A–C.
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stabilizing forces in growth cones (Suter and Forscher, 2000).
Pharmacological agents that alter microtubule dynamics and in-
crease microtubule stability are known to inhibit axon elongation
and pathfinding (Tanaka et al., 1995; Rochlin et al., 1996; Chal-
lacombe et al., 1997; Gallo, 1998). This disruption of axon growth
(Tanaka et al., 1995; Gallo 1998) is remarkably similar to the
growth cone pauses described in the present study in response to
axon guidance molecules. It is also seen after pharmacological
alteration of microtubules in embryonic mouse retinal growth
cones on L1 (S. F. Oster and D. W. Sretavan, unpublished
observations).

Changes in microtubule destabilizing protein SCG10
Growth cone microtubule regulators include stabilizers such as
MAP1B (Gordon-Weeks and Fischer, 2000) and destabilizers
such as SCG10 and other stathmin family members (Ozon et al.,
1998). SCG10 mRNA is highly expressed in embryonic retinal
ganglion cells (Ozon et al., 1998; Nakazawa et al., 2000), and like
stathmin (Walczak, 2000; Cassimeris, 2002), SCG10 inhibits mi-
crotubule dynamics and assembly in vitro (Riederer et al., 1997).
SCG10 function in transfected cells is reduced by phosphoryla-
tion of serine residues (Antonsson et al., 1998), and in vivo,
SCG10 expression in olfactory axons is downregulated after in-
nervation of target glomeruli (Pellier-Monnin et al., 2001).

To investigate whether the pause behavior involved changes in
microtubule regulators, we examined both microtubule stabiliz-
ers and destabilizers in growth cones extending on L1 and ex-
posed to EphB and laminin. SCG10 in retinal growth cones was
examined using two anti-SCG10 polyclonal antibodies against
either recombinant SCG10 (Antonsson et al., 1998) or SCG10
C-terminal peptide (Ozon et al., 1997). Phosphorylated SCG10
was detected using three polyclonal antibodies generated against
SCG10 phosphopeptides and specifically recognizing phosphor-
ylation at serine 50, 62, and 73, respectively (Fig. 4). In normal
retinal axons extending on L1 (n � 47), SCG10 was present in the
axon shaft and in a punctate-aggregate pattern in the central
domain of growth cones (Fig. 5A, top), corresponding to the zone
occupied by microtubules (Fig. 5A, bottom). This SCG10 was not
phosphorylated at serines 62 (Fig. 5B), 50, or 72 (data not
shown), indicating that full SCG10 function may normally be
required in active retinal growth cones. No increase in phosphor-
ylation was detected in growth cones after exposure to the L1,
laminin, and EphB combination (n � 101) (Fig. 5C), indicating
that SCG10 phosphorylation likely did not play a role in growth
cone pauses.

Analysis of overall SCG10 levels, however, showed that
growth cones treated with L1, laminin, and EphB often showed a
reduction or even an absence of total SCG10 (Fig. 5D,E, top
panels). Anti-SCG10 fluorescence intensity was measured in nor-
mal growth cones extending on L1 and in growth cones extending
on L1 treated by bath application of EphB and laminin peptides
for 5 min and then fixed. (According to the response frequency
and response type data in Table 1, �60% of growth cones were
predicted to show a pause response.) The mean fluorescence
value in normal growth cones (Fig. 6A) was 1778 � 920 (n �
136), compared with that in treated growth cones (Fig. 6B) of

1007 � 659 (n � 116; p � 0.001 by two-sample Wilcoxon test).
This reduction in SCG10 preceded alterations in the microtubule
cytoskeleton (Fig. 5D,E, bottom panels), suggesting that the re-
distribution or degradation of SCG10 was an early response lead-
ing to growth cone pauses. There was no statistically significant
difference in the mean area of the two groups of growth cones
( p � 0.32; t test). The untreated growth cones on L1 exhibited a
mean area � SD of 84 � 23 �m 2, whereas growth cones on L1
treated with EphB and laminin peptides exhibited a mean area �
SD of 81 � 25 �m 2.

Changes in protein levels similar to that seen with SCG10 were
not found for the growth cone microtubule regulator MAP1B. In
untreated growth cones on L1, MAP1B was distributed in a gran-
ular pattern in the central core of the growth cones co-extensive
with microtubules (Fig. 5F). Unlike SCG10, no change in
MAP1B distribution was seen in growth cones treated with L1,
laminin, and EphB (Fig. 5G). The mean fluorescence value of
MAP1B in untreated growth cones was 1454 � 753 (n � 103)
(Fig. 6C), and in treated growth cones it was 1401 � 640 (n � 102;
p � 0.06 by two-sample Wilcoxon test) (Fig. 6D). There was no
statistical difference in the mean size of growth cones from the
two groups (untreated: 80 � 23 �m 2; treated: 79 � 18 �m 2; p �
0.79; t test. Overall, these results suggested a model in which
growth cones exposed to L1, laminin, and EphB lost SCG10 mi-
crotubule destabilizing activity but retained unopposed stabiliz-

Table 2. Microtubule changes in L1, laminin, and EphB-treated growth cones

Growth cones exposed to Number % with long curved microtubules* % with microtubules in filopodia* Number of microtubules in filopodia (mean)†

L1 72 18 13 0.3 � 0.6
L1, laminin (or LN pep), and EphB 146 75 68 3.1 � 2.7

All three parameters of microtubule organization in growth cones on L1 compared with growth cones on L1, laminin (or LN pep), and EphB were significantly different (p � 0.001; *�2 test; †t test)

Figure 4. Immunoblot analysis of SCG10 phospho-antibodies on 14% SDS-PAGE. Protein
loading: Lane 1, Unphosphorylated SCG10 produced in E. coli (35 ng); lane 2, stathmin produced
in E. coli; lane 3, stathmin produced in baculovirus; lane 4, phosphorylated SCG10 expressed in
COS-7 cells (5 �g); lane 5, protein extract from COS-7 cells (5 �g). Phosphorylated SCG10
produced in COS-7 cells (lane 4) is recognized by anti-phosphoserine 50 (P-Ser 50), anti-
phosphoserine 62 (P-Ser 62), and anti-phosphoserine 73 (P-Ser 73) antibodies. The SCG10
protein and its phosphoforms migrate as multiple bands of �23–25 kDa. The smaller bands
seen with P-Ser 50 and P-Ser 62 antibodies might correspond to degradation forms. The
phospho-antibodies do not recognize unphosphorylated SCG10 produced in E. coli (lane 1),
stathmin produced in E. coli (lane 2) or in baculovirus (lane 3), or stathmin in COS-7 cell extracts
(lane 5), except that the P-Ser 50 antibody shows a very faint cross-reactivity. A parallel Western
blot (bottom panel) with identical loading (except that only 0.5 �g of COS-7 cell extract was
loaded on lane 4) was performed with nonpurified SCG10 antiserum, which recognizes both
SCG10 and stathmin.
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ing activity. The resulting decrease in
growth cone microtubule dynamics, with
its known inhibitory effects on axon elon-
gation (Tanaka et al., 1995; Rochlin et al.,
1996; Challacombe et al., 1997), could
then lead to growth cone pauses.

SCG10 perturbation leads to growth
cone pauses
To determine whether the loss of SCG10
function in growth cones treated with L1,
laminin, and EphB can indeed result in
growth cone pauses, we introduced an
anti-SCG10 function blocking mouse
monoclonal antibody in retinal growth
cones extending on L1. Anti-SCG10 mAb
specifically recognizes SCG10 without
cross-reactivity with other stathmin family
members (Di Paolo et al., 1997). Its ability
to block SCG10 microtubule-
depolymerizing activity was measured us-
ing an in vitro assay of microtubule assem-
bly as described by Riederer et al. (1997).
Anti-SCG10 mAb effectively blocked the
ability of SCG10 to inhibit microtubule
polymerization (Fig. 7).

Anti-SCG10 mAb was introduced into
retinal growth cones using a lipid-based
intracellular protein delivery reagent (Zel-
phati et al., 2001) (Bioporter, Gene Ther-
apy Systems). In control experiments, Bio-
porter effectively delivered labeled
secondary antibodies, anti-SCG10 poly-
clonal antibody, and anti-microtubule an-
tibody into living retinal growth cones ex-
tending on L1 (Fig. 8A,B,D). Moreover,
anti-SCG10 and anti-microtubule anti-
bodies delivered by Bioporter were capa-
ble of specific antigen binding (Fig. 8A,B).
In control experiments, growth cones
loaded with control secondary antibody
(n � 33) displayed steady elongation, and
none exhibited pause behavior (Fig. 8C,E,
Table 3). In contrast, 37% of growth cones
loaded with anti-SCG10 function-
blocking mAb (n � 30) exhibited pauses
( p � 0.001; Fisher exact test), with filopo-
dial activity indistinguishable from growth
cone responding to the combination of L1,
laminin, and EphB (Fig. 8F, Table 3). Fur-
thermore, an additional 37% of anti-
SCG10 mAb-treated growth cones com-
pared with 3% of control growth cones showed growth rates of
�20 �m/hr (Table 3). Growth cones exhibiting pauses in re-
sponse to anti-SCG10 mAb had microtubule changes similar to
those encountered in growth cones exposed to L1, laminin, and
EphB (Fig. 8G). These results supported a mechanism in which a
reduction in SCG10 destabilizing activity increased microtubule
stability and disrupted axon elongation.

Discussion
To better understand the regulation of EphB function during
axon pathfinding, we investigated whether retinal growth cone

responsiveness to EphB proteins was influenced by co-impinging
signals from other guidance molecules present in the retinal path-
way, such as laminin and L1. Retinal growth cone response to the
pairing of EphB with L1 or EphB with a combination of L1 and
laminin was analyzed using time-lapse microscopy. We found
that in contrast to growth cone collapse after exposure to EphB
paired with laminin (Birgbauer et al., 2001), pairing with L1 ren-
dered retinal axons insensitive to EphB. The combination of
laminin and L1, however, restored the ability of EphB to influ-
ence retinal growth cones and elicited a novel pause behavior
distinct from growth cone collapse. Paused growth cones main-

Figure 5. Regulators of growth cone microtubule assembly. The distribution of microtubules in each growth cone is shown in
the bottom panel in green. Scale bars: A–G, � 5 �m. A, SCG10 in normal growth cones on L1 was present as punctate aggregates
in the central domain (top), co-extensive with microtubules (bottom). B, Serine 62-phosphorylated SCG10 was normally present
in the axon shaft but almost completely absent in growth cones. C, Growth cones exposed to L1, laminin, and EphB did not show
an increase in SCG10 serine 62 phosphorylation. The microtubule array in this growth cone (bottom) was enlarged and disorga-
nized, indicating that the characteristic pause behavior had occurred. D, Growth cones exposed to L1, laminin, and EphB showed
decreased levels of SCG10 (detected using an antibody against SCG10 C-terminal peptide). SCG10 remained in the axon shaft on
the left (arrow). Changes in SCG10 occurred before alterations in microtubules (bottom). E, Decreased levels of growth cone SCG10
(detected using antisera against SCG10 recombinant protein) after exposure to L1, laminin, and EphB. SCG10 remained in the axon
shaft on the left (arrow). F, MAP1B was present in the central domain of normal growth cones extending on L1. G, Growth cones
exposed to L1, laminin, and EphB showed no obvious changes in MAP1B distribution.

1982 • J. Neurosci., February 25, 2004 • 24(8):1976 –1986 Suh et al. • EphB Growth Cone Pauses and SCG10



tained a normal fan-like morphology, actin distribution, filopo-
dial activity, and sensitivity to Rho-mediated collapse. They have,
however, altered microtubule organization and a loss of SCG10, a
growth cone protein known to inhibit microtubule assembly.
SCG10 function blockade in growth cones elicited pauses and
microtubule changes indistinguishable from those resulting after
L1, laminin, and EphB protein exposure. Together these results
provide insight into two aspects of EphB activity. One, the ability
of EphB to inhibit retinal growth cones is dependent on the na-
ture of co-impinging signals such that EphB inhibits growth
cones that also receive laminin signals but does not affect growth
cones receiving L1 input. Second, in addition to its ability to
activate typical growth cone collapse, EphB, when operating in
the context of both laminin and L1 signals, can trigger growth

cone microtubule changes to initiate an inhibitory pause behav-
ior without resulting in actin-mediated growth cone collapse.

Activation of growth cone pauses
The difference in responsiveness to EphB when growth cones are
extending on laminin versus L1 or the combination of laminin
and L1 is unlikely caused by suboptimal doses of EphB proteins.
The concentration of EphB-Fc used in the present study is the
same as that used previously to study the responses of identical
growth cones extending on laminin to EphB (Birgbauer et al.,
2001). Even if pausing is on the same continuum of growth cone
responses as collapse, and that pausing leads to collapse at expo-
sure to higher EphB levels, the existence of the “paused” state
provides insight into the mechanisms of growth cone inhibition.
Unlike collapsed growth cones, paused growth cones, with their
open morphology, offer an opportunity to characterize the
growth cone cytoskeleton during inhibitory responses to guid-
ance molecules.

Involvement of microtubules in growth cone inhibition
Axon pathfinding requires precise control of the growth cone
actin and microtubule cytoskeleton. Although inhibitory axon
guidance molecules are known to trigger changes in actin via Rho
GTPases, it is not clear how inhibitory signals are conveyed to
growth cone microtubules. Results here suggest that there is com-
munication from inhibitory guidance receptors to regulators of

Table 3. Embryonic retinal growth cone response to SCG10 function blockade

Response type (%)
Number of
growth cones Pause �20 �m/hr �20 �m/hr �40 �m/hr

Anti-SCG10 mAb 30 37 37 23 3
Control Ab 33 0 3 73 24

The number of pauses and the elongation rates of growth cones treated with anti-SCG10 mAb were compared with
that in growth cones treated with a Cy2-donkey anti-rabbit control antibody. The number of anti-SCG10 mAb-
treated versus control antibody-treated growth cones in each of the four response categories was significantly
different (p � 0.001; Fisher exact test).

Figure 6. Quantitation of SCG10 and MAP1B levels in growth cones. A, SCG10 in retinal
growth cones on L1. B, SCG10 in retinal growth cones on L1 treated with bath-applied EphB2-Fc
and laminin peptides. These two populations of growth cones showed a statistically significant
difference in mean SCG10 levels in a two-sample Wilcoxon test (see Results for details). C,
MAP1B in retinal growth cones on L1. D, MAP1B in retinal growth cones on L1 treated with
bath-applied EphB2-Fc and laminin peptides. These two populations of growth cones did not
show a statistically significant difference in mean MAP1B levels in a two-sample Wilcoxon test
(see Results).

Figure 7. Anti-SCG10 mAb inhibition of SCG10-mediated microtubule disassembly: E, as-
sembly of tubulin subunits into microtubules; F, SCG10 in the micromolar range completely
blocked microtubule polymerization;f, the addition of equimolar amounts of anti-SCG10 mAb
with SCG10 restored tubulin polymerization and microtubule formation to control levels (be-
tween 65 and 100% of control levels in 4 independent experiments); �, addition of control IgG
(purified mouse IgG from Sigma) to SCG10 had no effect on the ability of SCG10 to inhibit
microtubule assembly. IgG or SCG10 mAb alone had no effect (data not shown).

Figure 8. Perturbation of SCG10 function in growth cones. A, Growth cone on L1 loaded with
anti-SCG10 polyclonal antibody using the lipid-based protein delivery reagent Bioporter. SCG10
was visualized with anti-rabbit secondary antibody and detected in its normal location in the
central growth cone region. B, Growth cone on L1 loaded with anti-microtubule antibody con-
jugated with Alexafluor 488. C, Bright-field image of two growth cones 67 min after loading
with Cy2 secondary antibody. Scale bars: C–E, 5 �m. D, Fluorescence image of the same growth
cone pair in 3C, confirming loading of secondary antibody. E, The same growth cones at 121 min,
indicating normal axon growth after control antibody loading. F, Time-lapse sequence of a
growth cone loaded with anti-SCG10 function-blocking mAb. The growth cone maintained
filopodial and lamellapodial activity but has paused in its forward elongation. Time (in minutes)
after application of anti-SCG10 mAb is indicated at top right. Scale bar, 5 �m. G, Appearance of
tyrosinated microtubules in the growth cone shown in F.
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microtubule assembly such as SCG10. A number of studies have
previously demonstrated a link between microtubule stability
and in vitro growth cone extension and pathfinding (Tanaka et
al., 1995; Challacombe et al., 1997; Buck and Zheng, 2002; Zhou
et al., 2002). Our results here explore the physiological signals
that may regulate growth cone microtubules and suggest a link
between stimulation by known inhibitory axon guidance mole-
cules and SCG10-mediated regulation of growth cone microtu-
bule assembly. Furthermore, they demonstrate that under the
influence of certain axon guidance molecules, microtubule
changes can occur without gross actin rearrangement, loss of
sensitivity to Rho GTPase-mediated disassembly, or elimination
of filopodial activity.

Mechanisms of growth cone pauses
Although actin-mediated collapse was not observed, our results
do not rule out the possibility that the signaling pathways leading
to growth cone pauses feed through actin. Although growth cone
microtubules are segregated, to a large extent, from the actin-rich
peripheral domain, entry by individual microtubules into the
peripheral region is known to occur (Gordon-Weeks, 1991;
Schaefer et al., 2002; Zhou et al., 2002) (Table 2). Actin has been
shown to limit the entry of dynamic microtubules into the pe-
ripheral growth cone region (Forscher and Smith, 1988; Suter
and Forscher, 2000; Zhou et al., 2002), and recent work suggests
that it may be the phenomenon of actin retrograde flow that
prevents encroachment by microtubules (Zhou et al., 2002).
Thus, during the growth cone pauses observed in the present
study, a loss of retrograde actin flow may underlie the increased
number of microtubules invading the growth cone periphery and
filopodia. If so, then changes in actin retrograde flow must occur
at levels sufficient to allow microtubule invasion but not suffi-
cient to interfere with the maintenance of filopodial activity dur-
ing growth cone pauses.

In addition to the possible involvement of actin, several find-
ings support the notion that after L1, laminin, and EphB expo-
sure, additional mechanisms are at work in the central domain of
the growth cone to bring about growth cone pauses. First, SCG10,
a known growth cone inhibitor of microtubule assembly (Rie-
derer et al., 1997), was lost from its position in the central domain
where it normally roughly colocalized with the dynamic pool of
microtubules. Second, alteration in SCG10 levels did not appear
to result secondarily from changes affecting growth cone micro-
tubules in general, because MAP1B, a microtubule stabilizer also
associated with the dynamic pool of microtubules, was unaf-
fected. Third, the finding that SCG10 function blockade resulted
in similar growth cone pause behaviors was consistent with the
idea that L1, laminin, and EphB induced pauses by altering
SCG10 function. Although it has been shown that focal applica-
tion of low-dose taxol causes growth cone turning toward the side
in which microtubules have been stabilized (Buck and Zheng,
2002), substantial evidence indicates that a spatially generalized
loss of dynamic microtubules throughout the growth cone leads
to cessation of axon extension (Tanaka et al., 1995; Gallo, 1998).
This disruption of axon extension is remarkably similar to the
growth cone pauses described in the present study. Thus a plau-
sible mechanism of L1, laminin, and EphB activity involves a
decrease in SCG10 activity, which alters the balance in favor of
increased microtubule stability to give rise to inhibitory growth
cone pauses. Such a mechanism predicts that retinal growth cone
microtubule dynamics show a net increase in polymerization af-
ter exposure to specific combinations of axon guidance mole-

cules. The direct analysis of microtubule dynamics in such
growth cones would allow a test of this hypothesis.

L1 and responsiveness to EphB
A recent study reported that retinal axons in the frog optic tectum
respond to EphB as a positive or attractive signal and grow to-
ward midbrain regions expressing this molecule (Mann et al.,
2002). This attraction response is in contrast to the finding in
mouse that retinal axons during pathfinding to the optic disc
appear to respond to EphB as an inhibitory guidance molecule
(Birgbauer et al., 2000, 2001). One explanation to tie together
both findings is that retinal axons may switch from being inhib-
ited by EphB during pathfinding in the retina to being attracted
by EphB during topographic mapping in midbrain targets. Re-
sponse switching between growth cone attraction and repulsion
has been observed in vitro and appears to involve modulation of
cAMP levels (Song and Poo, 1999). Given the ability of L1 to
cause growth cones to alter their response to Sema3A from inhi-
bition to attraction (Castellani et al., 2000), we examined whether
L1 could act in a similar manner for retinal growth cones re-
sponding to EphB. The results, however, showed that L1 did not
have the ability to alter retinal growth cone responsiveness to
EphB from inhibition to attraction, but instead generally made
retinal growth cones insensitive to this guidance molecule. Al-
though it is possible that we were unable to detect an attractive
turning response of E14 mouse retinal axons to EphB because of
technical issues with micropipette assays, the same micropipette
assays in our hands have elicited attractive turning responses in
postnatal mouse retinal axons to axon guidance molecules (X.
Liu, D. Sretavan, unpublished data). On the basis of these results,
the possibility that L1 does not have a universal ability to cause
response switching should be considered. This is consistent with
a recent finding that retinal growth cone inhibition by Sema5A
also appears not to be altered by the presence of L1 signaling
(Oster et al., 2003). Currently, the switch in responsiveness to
EphB between the retina and the tectum requires further study.
One set of candidates that may be involved is other axon guidance
molecules in the optic tectum.

Growth cone pauses during pathfinding in vivo
Studies using time-lapse microscopy to analyze growth cone be-
havior at complex pathfinding regions such as the optic chiasm
have noted episodes during which retinal axons stop elongation
but continue filopodial exploratory activity (Sretavan and
Reichardt, 1993; Godement et al., 1994), exhibiting a behavior
that resembles the growth cone pauses described here. Although
growth cone collapse is generally considered a standard inhibi-
tory response, full collapse by itself will not lead to effective path-
finding. Instead, it is thought that collapse occurs in an attenu-
ated form in vivo or that inhibitory molecules are asymmetrically
presented to one side of the growth cone to cause turning (Fan
and Raper, 1995). Similar to collapse, attenuated forms of the
pause behavior could take place in vivo, resulting in slowed axon
elongation but maintenance of exploratory behavior. In addition,
asymmetric presentation of guidance molecules that result in
pausing on one side of the growth cone may also lead to mean-
ingful pathfinding behavior.

Implications for in vivo pathfinding
One potential implication of our results is that EphB function in
vivo is regulated by the ratio of L1 and laminin in the environ-
ment. Differential regulation by L1 and laminin may help explain
why axon pathfinding errors in the retinas of EphB2, B3 double
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null mutant mice are localized to a region near the optic disc
(Birgbauer et al., 2000). Although retinal axons express L1
throughout their course in the retina during exit into the optic
nerve, they are thought to encounter laminin only in the imme-
diate region of the optic disc (Hopker et al., 1999). Thus, it is only
near the optic disc that retinal axons find themselves exposed to
co-impinging laminin and L1 signals and can respond to EphB
present in this region. The resulting pause response would then
ensure that retinal axons do not overshoot this exit point. The
continued filopodial activity, however, would also allow retinal
growth cones to detect additional guidance molecules at the optic
disc such as netrin-1, which has been shown to be necessary for
retinal axon exit through the optic disc into the optic nerve
(Deiner et al., 1997). Such a scenario is consistent with findings
showing that retinal growth cones during pathfinding at the de-
veloping optic nerve head maintain prominent filopodia and a
complex morphology (Holt, 1989). According to this model of
retinal growth cone pathfinding, in addition to actin-mediated
collapse, the nervous system has the additional option of using
microtubule-dependent pauses. Such pauses accompanied by
continued filopodial activity could serve as a mechanism to allow
growth cones to respond to inhibitory axon guidance molecules
as stop signals but remain responsive to additional cues govern-
ing their next pathfinding task in the establishment of neuronal
connectivity.
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