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Rac1-Mediated Endocytosis during Ephrin-A2- and Semaphorin

3A-Induced Growth Cone Collapse

William M. Jurney,* Gianluca Gallo,* Paul C. Letourneau, and Steven C. McLoon

Department of Neuroscience, University of Minnesota, Minneapolis, Minnesota 55455

Negative guidance molecules are important for guiding the
growth of axons and ultimately for determining the wiring pat-
tern in the developing nervous system. In tissue culture, growth
cones at the tips of growing axons collapse in response to
negative guidance molecules, such as ephrin-A2 and sema-
phorin 3A. The small GTPase Rac1 is involved in growth cone
collapse, but the nature of its role is not clear. Rac1 activity
assays showed that Rac1 is transiently inactivated after treat-
ment with ephrin-A2. Ephrin-induced growth cone collapse,
however, correlated with resumption of Rac1 activity. We dem-
onstrate that Rac1 is required for endocytosis of the growth
cone plasma membrane and reorganization of F-actin but not
for the depolymerization of F-actin during growth cone collapse

in response to ephrin-A2 and semaphorin 3A. Rac1, however,
does not regulate constitutive endocytosis in growth cones.
These findings show that in response to negative guidance
molecules, the function of Rac1 changes from promoting actin
polymerization associated with axon growth to driving endocy-
tosis of the plasma membrane, resulting in growth cone col-
lapse. Furthermore, Rac1 antisense injected into the embryonic
chick eye in vivo caused the retinotectal projection to develop
without normal topography in a manner consistent with Rac1
having an obligatory role in mediating ephrin signaling.
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Growth cones at the leading end of growing axons navigate a
complex extracellular environment to reach their targets. En
route, they encounter both “positive” and “negative” guidance
molecules. Positive cues promote axon extension, whereas nega-
tive cues cause growth cones to turn away, slow, or stop growing.
In tissue culture, growth cones typically collapse in response to
negative guidance molecules. Families of molecules that cause
growth cone collapse have been identified, including semaphorins
and ephrins. Semaphorin 3A collapses growth cones of sensory
and sympathetic axons (Luo et al., 1993), and knock-out of
semaphorin 3A results in guidance defects in peripheral nerves
(Behar et al.,, 1996; Taniguchi et al., 1997). Ephrin-A2 is ex-
pressed in a gradient in the developing optic tectum, a major
brain target of retinal axons (Cheng et al., 1995; Drescher et al.,
1995). In vitro, ephrin-A2 collapses the growth cones of axons
from the temporal side of the retina (Monschau et al., 1997). As
demonstrated by studies of transgenic mice, ephrin-A2 contrib-
utes to specifying the site at which retinal axons terminate in the
tectum (Frisen et al., 1998; Feldheim et al., 2000). The signal
transduction mechanisms mediating the response of growth cones
to these molecules are incompletely characterized. A general
feature of the response of growth cones to negative guidance cues
is the depolymerization of actin filaments (F-actin; Fan and
Raper, 1995; Kuhn et al., 1999; Ernst et al., 2000; Fournier et al.,
2000). Pharmacological agents that cause F-actin depolymeriza-
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tion cause growth cone collapse (Letourneau et al., 1987). For
this reason, studies of the mechanisms of growth cone collapse
have focused on molecules that regulate actin dynamics and
organization.

Racl is a small GTPase of the Rho family that has been
implicated in regulation of actin polymerization and organiza-
tion. A major role of Racl is to promote actin polymerization and
to drive lamellipodial extension of growth cones (Hall, 1998;
Kuhn et al., 1999). Racl is required for axonogenesis (Ruchhoeft
et al., 1999) and has a role in axon pathfinding in vivo (Steven et
al., 1998; Allen et al., 2000; Newsome et al., 2000). Expression of
a dominant negative Racl or inhibition of Racl signaling blocks
growth cone collapse in response to semaphorin 3A, demonstrat-
ing that Racl activity can be required for growth cone collapse
(Jin and Strittmatter, 1997; Kuhn et al., 1999; Vastrik et al., 1999).
This observation is paradoxical, considering that Racl promotes
actin polymerization in growth cones, and actin depolymeriza-
tion is associated with growth cone collapse. Thus, the role of
Racl during growth cone collapse is not clear.

Here we report that Racl activity is required for growth cones
to respond to ephrin-A2. Although Racl activity decreased im-
mediately after ephrin-A2 exposure, a decrease in F-actin levels
and onset of growth cone collapse coincided with the subsequent
return of Racl activity to control levels. Interfering with Racl
signaling blocked the ability of ephrin-A2 to collapse retinal or
sensory growth cones, but it did not affect F-actin depolymeriza-
tion. Both ephrin-A2 and semaphorin 3A increased endocytosis
in growth cones, and inhibition of Racl signaling blocked ligand-
induced but not constitutive endocytosis. Finally, reduction of
Racl expression in the developing retina in vivo resulted in an
abnormal retinotectal projection.

MATERIALS AND METHODS

Reagents. Ephrin-A2/Fc was from R & D Systems (Minneapolis, MN). A
Racl activation assay kit, including a polyclonal antibody to Racl, was
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from Upstate Biotechnology (Lake Placid, NY). Racl inhibitory peptide
was from American Peptide Co., Inc. (Sunnyvale, CA). Oligonucleotides
were from Oligos Etc. (Bethel, ME). Protein assays were performed
using the BCA protein assay kit from Pierce (Rockford, IL). V12Racl-
and LacZ-expressing adenoviruses were generously provided by Dr.
Thomas B. Kuhn (University of Alaska, Fairbanks, AK). Semaphorin
3A-expressing 293 cells were generously provided by Sheldon Ng (Ex-
elixis Inc., South San Francisco, CA). Latrunculin A was from Molecular
Probes (Eugene, OR). All media and other reagents were from Sigma
(St. Louis, MO) unless otherwise noted.

Cell culture. Fertilized White Leghorn chicken eggs were obtained
from the University of Minnesota Poultry Center. All neurons were
grown on plastic or glass incubated overnight with 25 pg/ml laminin.
Neurons were cultured in F12 defined medium containing additives as
described previously (Ernst et al., 2000). Retina from embryos on the
seventh day of development [embryonic day 7 (E7)] or E9 dorsal root
ganglia (DRG) were dissected. Retinas were cut into thirds, and explants
(~500 X 500 wm) were cut from the temporal third only. After appro-
priate treatment, the number of collapsed growth cones was counted and
expressed as a percentage of the total number of growth cones. A
collapsed growth cone was defined by the absence of lamellipodia and
having less than three filopodia. For determination of DRG neuron
responsiveness to ephrin-A2, DRG explants were cultured overnight in
F12 defined medium containing 20 ng/ml neurotrophin [brain-derived
neurotrophic factor (BDNF), neurotrophin-3, or nerve growth factor
(NGF)]. For viral infection studies, dissociated DRG neurons were
plated in 1 ml of F12 defined medium containing 10 ng/ml BDNF.
Neurons were allowed to attach for 4 hr at 40°C and then were infected
with virus at a multiplicity of infection of 300.

Racl activation assay. Tissue was prepared in one of two ways. Tem-
poral retinal thirds were dissected, pooled, incubated in 0.2% trypsin for
10 min at 37°C, and dissociated by mechanical trituration. The dissoci-
ated cells were divided into equal portions, equivalent to three temporal
retinal thirds per treatment. The retinal cells were either cultured over-
night or used immediately. The dissociated retinal cells were exposed to
1.0 pg/ml ephrin-A2 for various times, and detection of GTP-bound
Racl was performed as outlined in the Racl activation assay kit, with
modifications suggested by Dr. Gary Bokoch (Scripps Research Institute,
La Jolla, CA).

Reduction of Racl expression. The Racl antisense oligonucleotide
was used previously in rat (Dorseuil et al., 1992) and with a single
nucleotide change (indicated below in bold), was complementary to
chicken Racl mRNA. The oligonucleotide spans the ATG initiation
codon and was constructed using phosphorothioate chemistry (5'-
ACTTgATCgCCTgCAT-3"). The missense (control) oligonucleotide
had five base substitutions (underlined below) from the antisense
sequence (5'-TCTAgAACggCTCCAA-3"). The efficacy of the anti-
sense treatment was tested by culturing dissociated retinal cells for 24
hr in the presence of antisense or missense oligonucleotide, lysing the
cells, and performing an immunoblot analysis. Retinal explant cultures
were cultured overnight in the presence of 5-10 uM missense or antisense
oligonucleotide, treated for 15 min with 0.5 pg/ml ephrin-A2, fixed in
0.25% glutaraldehyde, and analyzed for growth cone collapse. Oligonu-
cleotide treatments in vivo were performed on chick embryos removed
from the shell on E2 and cultured as described previously (Wu et al.,
2001). A 1 ul injection of antisense or missense oligonucleotide was made
into the vitreous chamber of the left eye on E6 and again on ES8. The final
concentration inside the eye was ~5 uM. On E10, a 0.25 ul injection of
10% Dil (Molecular Probes) in N,N-dimethyl-formamide was made into
the posterior region of the right optic tectum. On E11, embryos were
perfused in 4% paraformaldehyde, and the retinas were dissected from
the treated eyes. The retinas were flat-mounted on a microscope slide,
and the position of retrogradely labeled ganglion cells was recorded using
a fluorescent microscope equipped with stage position encoders. The
brain was dissected to confirm the site of the microsphere injection in the
middle of the posterior third of the optic tectum.

Histochemistry. F-actin was stained and quantified in growth cones as
described previously (Ernst et al., 2000). Briefly, cultures were fixed with
0.25% glutaraldehyde for 15 min, then treated with 1 mg/ml sodium
borohydrate for 15 min, followed by blocking with 1.0% fish gelatin, and
then stained for 1 hr with rhodamine-labeled phalloidin (Molecular
Probes). Microscopic images of F-actin were acquired and analyzed
using Metamorph software (Universal Imaging Corp., West Chester,
PA). Retinal axon growth into the brain was visualized by immunohis-
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tochemistry using the RA4 monoclonal antibody (McLoon and Barnes,
1989).

Analysis of endocytosis To visualize endocytotic activity in growth
cones, retinal or DRG explants were exposed to a 2.5 mg/ml concentra-
tion of M, 10,000 lysine-fixable rhodamine-labeled dextran (Molecular
Probes). Twenty-four hours after the cultures were established, half of
the culture medium was replaced with an equal amount of dextran-
containing medium with or without 1 ug/ml ephrin-A2- or semaphorin
3A-conditioned medium. After a 3-30 min incubation, cultures were
washed three times with PBS and then fixed with 4% paraformaldehyde
in PBS with 20% sucrose added to minimize osmotic shock during
fixation. Cultures were counterstained for 1 min with 5 ug/ml DiOC4(3)
(Molecular Probes) to reveal the morphology of growth cones and axons.
DRG cultures were raised in 20 ng/ml BDNF for ephrin-A2 experiments
and in 20 ng/ml NGF for semaphorin 3A experiments. Digital images of
growth cones were captured with a Photometrics camera on a fluores-
cence microscope and were deconvolved using Microtome (VayTek) as a
subroutine within the Image-Pro Plus program (Media Cybernetics). The
endocytotic vesicles in the distal 20 wm of axons were counted in the
deconvolved optical sections.

Immunoblotting. For each gel, equal amounts of protein were loaded in
each lane. Proteins were separated by SDS-PAGE and transferred to
nitrocellulose. The blots were blocked with 3% milk, probed with 1
ng/ml Racl antibody followed by alkaline phosphatase-conjugated sec-
ondary antibody (Sigma), and then incubated with nitroblue tetrazolium/
5-bromo-4-chloro-3-indolyl phosphate substrate (Promega, Madison,
WI). The blots were digitized and the bands were quantified using
Eastman Kodak (Rochester, NY) gel analysis software.

Protein loading into growth cones. To load proteins into growth cones,
we used the Chariot reagent (Active Motif Inc., Carlsbad, CA), a
peptide-based method that allows the internalization of exogenously
applied proteins into cells. The manufacturer’s suggested protocol for a
1 ml culture was followed. Briefly, Chariot was complexed to 1 pg of
N17Racl (Cytoskeleton Inc., Denver, CO) or bovine serum albumin
(fraction V; ICN Biochemicals Inc., Aurora, OH) for 30 min at room
temperature. The complex was then added to cultures for 3 hr before
using the cultures in experiments.

RESULTS

The initial aim was to determine whether there is a correlation
between the level of activated Racl and ephrin-induced collapse
of retinal growth cones. Growth cones of axons extending from
explants of the temporal side of the retina were monitored by
video microscopy before and after ephrin-A2 was added to the
culture medium (Fig. 14,C). The first significant increase in the
number of collapsed growth cones was seen 6 min after addition
of ephrin. The peak number of collapsed growth cones was seen
at 12 min after ephrin addition. The response of growth cones
was compared with the level of activated Racl. Activated, GTP-
bound Racl was precipitated from lysed retinal cells using the
p21-binding domain of p2l-activated kinase in a glutathione
S-transferase fusion protein and was visualized by SDS-PAGE
(Bernard et al., 1999). Ephrin treatment resulted in a transient
reduction in the level of activated Racl (Fig. 1B,C). Three min-
utes after ephrin-A2 treatment, Racl activity was reduced 60%
compared with untreated controls. By 6 min after treatment, the
level of activated Racl started to increase, and by 12 min, it was
indistinguishable from the baseline level. Thus, the level of acti-
vated Racl initially falls in retinal cells in response to ephrin, and
the collapse of retinal growth cones correlates temporally with
the subsequent reactivation of Racl.

We next asked whether experimentally induced inactivation of
Racl would lead to growth cone collapse. A 32-amino acid
peptide that consists of the internalization sequence from Anten-
nepedia homeodomain protein combined with amino acids 17-32
of Racl has been shown to competitively inhibit the binding of
Racl to downstream effectors (Vastrik et al., 1999). Retinal
cultures were treated with the Racl inhibitory peptide for 1 hr,
and the growth cones were monitored by video microscopy. Con-
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Figure 1. Ephrin-A2 collapses growth cones of axons from
the temporal side of the retina and alters Racl activity. A4,
+12 min Time-lapse sequence of a growth cone before (=1 min) and

after treatment with 1.0 ug/ml ephrin-A2 (+1 to +12 min).
Note that growth cone collapse, as evidenced by loss of
lamellipodia and filopodia, was evident at 6 min after addi-
tion of ephrin-A2 and that the axon had retracted signifi-
cantly by 12 min after treatment. B, Immunoblot showing
levels of activated Racl in retina at various times after ephrin
treatment. Dissociated cells from temporal retina were
treated with 1.0 pwg/ml ephrin-A2 for 1-12 min. GTP-bound

C D Racl was affinity purified from lysed cells using the Racl-
. g = binding domain of p21-activated kinase 1. N7, No treatment.
° Q © g G Quantification of Racl activity levels as a function of time
£120- < E120- = after treatment with ephrin-A2. Racl activity is expressed as
8 K 8 g percentage of the activity of untreated cells. At 3 min after
‘51 004 -100 S 5 1004 100 ephrin-A2 treatment, Racl activity was reduced but returned
o O o 3 to baseline levels by 6-12 min. The time course of retinal
=2 B0 80 =2 80+ =80 . . .
= ke £ < ©  growth cone collapse is shown relative to changes in Racl
o 604 60 g % 604 F60 52 activity levels. D, Quantification of growth cone F-actin con-
y o U = tent as a function of time after treatment with ephrin-A2.
= 404 - 40 £ 40 40 0 Factin level lized to data f treated growth
= 5= o = -actin levels are normalized to data from untreated grow
D 204 o0 B © 20 L 50 £ cones. Growth cone F-actin content was significantly reduced
o % & £ after 12 min of treatment with ephrin. The time course of
g o r— 1T =10 5 § 0T T T 10 @ Racl inactivation is reproduced from that in C to allow a
< ¢ 2 i 4 12 a P 3 8 9 12 o direct comparison of the two variables. Significant difference

Exposure to ephrin-A2 (min)

centrations of Racl inhibitory peptide up to 4 wg/ml allowed
lamellipodial and filopodial activity comparable with controls
(Fig. 24,C). Treatment of cultures with concentrations of peptide
from 8 to 10 ug/ml, however, inhibited lamellipodial and filopo-
dial activity in the majority of growth cones, and concentrations
of >10 wg/ml blocked all filopodial and lamellipodial activity
within 30 min of treatment (data not shown). Consistent with the
proposed role of Racl in regulating formation of lamellipodia
(Hall, 1998), at the higher peptide concentrations, growth cones
were immotile with a mostly diminished lamellipodial area but
with an increase in the number of filopodia. Growth cone collapse
was not observed in response to peptide treatment at any of the
concentrations tested. These data suggest that the reduction of
Racl activity after ephrin-A2 treatment is not directly responsi-
ble for the subsequent collapse of retinal growth cones.

Growth cone collapse is believed to depend on changes in the
dynamics and organization of the actin cytoskeleton (Korey and
van Vactor, 2000). The actin cytoskeleton in growth cones of
retinal axons was examined after ephrin-A2 treatment. Retinal
cultures, treated with ephrin-A2 for 1-12 min or untreated, were
fixed and stained with rhodamine-phalloidin to label F-actin. The
growth cones were visualized by fluorescence microscopy, and
the fluorescence intensity was quantified. The F-actin content of
growth cones was not different from that of controls during the
first 6 min of ephrin treatment. Before treatment with ephrin,

Exposure to ephrin-A2 (min)

from control: *p < 0.01; **p < 0.001.

F-actin was concentrated in filopodia and lamellipodia, with mod-
erate levels in the central domain of the growth cone (Fig. 2B).
From 6 to 12 min after addition of ephrin, F-actin levels de-
creased 40% (Fig. 1D). As the growth cones collapsed in re-
sponse to ephrin, the F-actin reorganized. It became concen-
trated in the central domain and then in the swelling at the distal
tip of the fully collapsed growth cone, an F-actin organization
that we refer to as the “collapse bulb” (Fig. 2B, bottom left panel).
Thus, ephrin-induced depolymerization and reorganization of
F-actin in growth cones correlate with the resumption of Racl
activity rather than with the initial transient reduction in the level
of activated Racl.

We next asked whether Racl activity is required for collapse of
retinal growth cones in response to ephrin. Retinal cultures were
treated with the Racl inhibitory peptide (0.5-2.0 ug/ml) for 1 hr
before exposure to ephrin-A2. The Racl inhibitory peptide in-
hibited ephrin-induced growth cone collapse in a dose-dependent
manner (Fig. 24,C). Although growth cones pretreated with the
Racl inhibitory peptide did not collapse in response to ephrin-
A2, growth cones became immotile but retained lamellipodia and
filopodia. Note the lack of shape change between 6 and 15 min
after ephrin-A2 treatment in Figure 2A4. In control experiments,
cultures were treated first with 2.0 ug/ml inhibitory peptide and
then with cytochalasin D, a drug that stops actin filament assem-
bly and causes growth cone collapse. The inhibitory peptide did
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Figure 2. Racl is required for ephrin-A2-induced growth cone collapse. A, Time-lapse sequence of a retinal growth cone treated first with 2.0 pg/ml
Racl inhibitory peptide (0 min—60 min; rac inhib pep) and then with 1.0 pg/ml ephrin-A2 for 15 min. B, Pseudocolor images of retinal growth cones
stained with rhodamine-phalloidin to reveal F-actin. All images were acquired using identical acquisition parameters. Warmer colors indicate higher levels
of actin. Treatment with the Racl inhibitory peptide (1 hr, 2.0 pug/ml) did not alter F-actin levels or organization in growth cones. Treatment with
ephrin-A2 (12 min, 1.0 ug/ml) caused F-actin to depolymerize and aggregate in the distal axon, a structure that we refer to as the collapse bulb.
Treatment with Racl inhibitory peptide first, followed by addition of ephrin-A2, resulted in levels of F-actin in the growth cone that were similar to those
seen in the growth cones treated with ephrin-A2 alone. However, F-actin did not reorganize into a collapse bulb. C, Quantification of Racl inhibitory
peptide treatments and growth cone response to ephrin-A2. The Racl inhibitory peptide blocked ephrin-induced growth cone collapse in a
dose-dependent manner. Growth cones were treated with the peptide for 1 hr before ephrin-A2 treatment. Significant difference from culture without

inhibitory peptide treated with ephrin: *p < 0.001.

not block cytochalasin D-induced growth cone collapse, indicat-
ing specificity in its effect on ephrin-A2-mediated growth cone
collapse (data not shown). The effect of the Racl inhibitory
peptide and ephrin treatments on growth cone F-actin was also
examined. Retinal explants were treated with vehicle or inhibitory
peptide for 1 hr, followed by a 15 min exposure to vehicle or
ephrin-A2. Treatment with concentrations of the Racl inhibitory
peptide that completely blocked ephrin-induced growth cone
collapse (2 ug/ml) had no effect on growth cone F-actin levels or
organization (Fig. 2B) (p > 0.5). Treatment with a high concen-
tration of inhibitory peptide (8 ug/ml), which blocks growth cone
motility, caused a 25 * 3% decrease in F-actin (p < 0.003
compared with vehicle). A 12 min treatment with ephrin-A2
caused a 64 * 10% decrease in growth cone F-actin levels

compared with vehicle alone (p < 0.00001). Surprisingly, there
was a similar reduction in F-actin levels in growth cones treated
with both the Racl inhibitory peptide and ephrin-A2 (57 = 8%;
p > 0.3). Thus, Racl inhibition did not prevent the loss of F-actin
in response to ephrin-A2, although growth cone collapse was
blocked. Inhibition of Racl activity, however, prevented ephrin-
A2-induced reorganization of F-actin into a collapse bulb. In the
presence of the Racl inhibitory peptide after ephrin-A2 treat-
ment, F-actin remained evenly distributed throughout the growth
cone (Fig. 2B). These data indicate that Racl is required for
ephrin-A2-induced growth cone collapse in a manner that is
independent of reduction in F-actin levels.

Reduction in Racl expression was used as an alternative to the
Racl inhibitory peptide as an additional test of the role of Racl



Jurney et al. « Role of Rac1 in Growth Cone Collapse

A

—_— P—
control 10uM 40uM
L 1
Rac1 antisense
B
25 — <0.001
X 100 lLl_l
0
Q80—
o
[&]
< 60—
=
o
D 40
= |
[1}]}
w
E 20—
3
= %) [ [ @
& & & &
‘\%% ,'\\.% .\%% ,'\{o
& x> & *
T
ephrin-A2

Figure 3. Reduction of Racl protein level using an antisense oligonu-
cleotide inhibits ephrin-A2-induced growth cone collapse. A, Immunoblot
showing levels of Racl after oligonucleotide treatment. Racl antisense
treatment reduced the expression of Racl protein. Dissociated cells from
the temporal side of the retina were cultured in the presence of 40 uM
missense control or 10—-40 uM Racl antisense oligonucleotides for 24 hr.
B, Quantification of growth cone collapse in oligonucleotide-treated cul-
tures. Reduction of Racl expression inhibits the ability of ephrin-A2 to
induce growth cone collapse. Temporal retinal explants were cultured for
24 hr in the presence of missense or Racl antisense oligonucleotides and
then treated with 1.0 ug/ml ephrin-A2 for 15 min.

in ephrin-induced growth cone collapse. A Racl-specific anti-
sense oligonucleotide, previously used in rat (Dorseuil et al.,
1992), was modified for use in chick. The efficacy of the Racl
antisense for reducing Racl expression in developing chick retina
was tested. Dissociated temporal retinal cells were cultured over-
night in the presence of Racl antisense or control missense
oligonucleotides. On the basis of densitometry analysis of immu-
noblots, Racl expression was reduced 56% after treatment with
40 uMm Racl antisense (Fig. 34), an effect similar to that seen
previously (Dorseuil et al., 1992). Neurite outgrowth from Racl
antisense-treated explants appeared normal, with no alteration in
growth cone appearance or in the percentage of collapsed growth
cones (Fig. 3B). There were, however, slight reductions in the
average axon length and in the number of axons per explant
compared with missense-treated explants or untreated controls
(data not shown). Reduction of Racl expression significantly
decreased the percentage of growth cones that collapsed in re-
sponse to ephrin-A2 (Fig. 3B). There was no significant difference
in the percentage of growth cones that collapsed between control
cultures and cultures treated with Racl antisense and ephrin-A2
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(p > 0.05). Thus, reducing expression of Racl decreased the
ability of retinal axons to respond to ephrin-A2 in vitro. This
confirms the results obtained with the Racl inhibitory peptide.

The next aim was to determine the effect of increased Racl
activity on the response of growth cones to ephrin-A2. We
attempted to infect retinal ganglion cells with an adenovirus
construct expressing constitutively active Racl. Consistent with a
previous report (Yamagata et al., 1994), chick retinal ganglion
cells were not reliably infected by adenovirus; therefore, DRG
neurons were used. It was first necessary to compare DRG growth
cones with retinal growth cones with regard to their response to
ephrin-A2 and the role of Racl. Neurotrophins are required for
DRG survival and maturation. DRG explants, cultured in one of
three neurotrophins, were exposed for 15 min to ephrin-A2 (Fig.
4A4). Ephrin-A2 collapsed the growth cones of DRG neurons
raised in NGF, neurotrophin-3, and BDNF. Because BDNF-
responsive DRG neurons were most responsive to ephrin-A2,
subsequent experiments were performed on DRG neurons raised
in BDNF. DRG explant cultures were treated for 1 hr with
vehicle or Racl inhibitory peptide (2.0 wg/ml) and then exposed
to vehicle or ephrin-A2 for 15 min. The Racl inhibitory peptide
blocked ephrin-induced growth cone collapse (Fig. 4B). Thus, as
with retinal cultures, Racl activity is required for DRG growth
cones to collapse in response to ephrin-A2.

To determine the effect of increased levels of Racl activity on
the response of growth cones to ephrin-A2, dissociated DRG
neurons were infected with an adenovirus that carries a gene for
a constitutively active form of RaclA (V12RaclA; Kuhn et al,,
1999). The percentage of spontaneously collapsed growth cones
was not affected by expression of V12Racl relative to neurons
infected with a control adenovirus expressing lacZ (Fig. 4C).
Under control conditions, DRG growth cones were filopodial.
Expression of V12Racl increased the percentage of growth cones
exhibiting lamellipodia by 26% (p < 0.02; two-tailed ¢ test; n = 6
cultures in each group). In agreement with previous findings
(Kuhn et al., 1999), expression of V12Racl increased the mean
F-actin content of growth cones by 23% relative to control in-
fected neurons (p < 0.01; two-tailed ¢ test; n>30 growth cones in
each group). Expression of constitutively active RaclA, however,
did not inhibit the collapse of DRG growth cones in response to
ephrin-A2 (Fig. 4C). This indicates that although Racl activity is
required for ephrin-induced growth cone collapse, a nonspecific
increase in Racl activity is not sufficient to alter growth cone
response to ephrin.

It was shown previously that growth cone collapse in response
to semaphorin 3A and ephrin-AS correlates with increased rates
of membrane internalization via endocytosis (Fournier et al.,
2000). Therefore, we asked whether Racl mediates endocytosis
in response to ephrin-A2. The time course of endocytosis in
growth cones exposed to ephrin-A2 was examined. The uptake of
extracellularly applied rhodamine-labeled dextran was used to
monitor endocytosis. Retinal growth cones were simultaneously
treated with ephrin-A2 and dextran and then fixed at 3, 6, and 12
min after treatment. Rhodamine-labeled vesicles were counted in
the distal 20 wm of axons. Increased endocytosis in retinal growth
cones after ephrin-A2 treatment correlated with the resumption
of Racl activity (Fig. 54). Ephrin-A2 treatment also increased
the number of dextran-labeled vesicles in DRG growth cones
(Fig. 5D). A 1 hr pretreatment with the Racl inhibitory peptide
blocked the ephrin-A2-induced increase in endocytosis in retinal
and DRG growth cones (Fig. 5B-D). To rule out the possibility
that inhibition of Racl was blocking endocytosis in general, the
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Figure 4. Inhibition of Racl signaling but not expression of constitutively active Racl blocks DRG growth cone collapse in response to ephrin-A2. A4,

Quantification of DRG growth cone response to ephrin-A2. Ephrin-A2 induced growth cone collapse in all culture conditions. E9 lumbrosacral DRG
were cultured overnight in NGF, neurotrophin-3 (N73), or BDNF and then treated with 2.0 ug/ml ephrin-A2 for 15 min. B, Role of Racl signaling in
ephrin-A2 induced collapse. Inhibition of Racl signaling blocked ephrin-induced growth cone collapse. DRG explants were raised in BDNF and then
treated with Racl inhibitory peptide (rac inhib pep; 1 hr, 2.0 ug/ml) before exposure to ephrin-A2 (15 min, 2.0 pug/ml). C, Role of constitutively active
Racl in growth cone collapse. Viral infection did not change the percentage of spontaneously collapsed growth cones (p > 0.05). After ephrin-A2
treatment (15 min, 2.0 ug/ml), growth cones collapsed to a similar extent regardless of viral infection. DRG neurons were dissociated and infected with
adenovirus engineered to express either constitutively active Racl (V12) or lacZ as a control and then cultured for 3 d. Additional control cultures were
not infected with viruses (N7'). More growth cones were spontaneously collapsed in all groups after 3 d in vitro versus 1 d in vitro. Significant difference

form control: *p < 0.05; **p < 0.01.

effect of the Racl inhibitory peptide on constitutive endocytosis
was examined. Treatment with the peptide at a concentration that
fully blocked ephrin-A2-induced endocytosis had no effect on
constitutive endocytosis in retinal or DRG growth cones (Fig.
5C,D). These data suggest that Racl is required for ephrin-A2-
induced endocytosis in growth cones but is not required for
constitutive endocytosis.

The role of F-actin during ephrin-A2-induced endocytosis was
investigated. Growth cone collapse induced by the F-actin-
depolymerizing drugs cytochalasin D and latrunculin-A did not
exhibit increased rates of endocytosis (Table 1), as shown previ-
ously (Fournier et al., 2000). Thus, increased endocytotic activity
is not simply a response to F-actin depolymerization during
growth cone collapse. Although F-actin depolymerization does
not induce endocytosis, it is possible that F-actin is required for
ephrin-A2-induced endocytosis. Neither cytochalasin D nor
latrunculin-A, however, inhibited ephrin-A2-induced endocytosis
in retinal ganglion cell growth cones. Retinal cultures were pre-
treated with actin-depolymerizing drugs for 5 min before treat-
ment with ephrin-A2. Although growth cones were collapsed by
treatment with cytochalasin D or latrunculin-A, ephrin-A2 stim-
ulated endocytosis to an extent similar to that seen in control
growth cones (Table 1). This demonstrates that ephrin-A2 can
induce endocytosis independent of changes in growth cone mor-
phology, and that F-actin is not required for ephrin-A2-induced
endocytosis.

We confirmed the results obtained using the Racl inhibitory
peptide by loading a dominant negative form of Racl (N17Racl)
into the growth cones of axons growing from explants of temporal
retina in vitro. Control growth cones were loaded with bovine
serum albumin. N17Racl or albumin was loaded into growth
cones using the Chariot peptide. After a 12 min treatment with 1

pg/ml ephrin-A2, 62% of growth cones were collapsed in control
cultures, compared with only 25% on N17Racl-loaded cultures.
After ephrin-A2 treatment, F-actin levels in growth cones de-
creased by 52% (p < 0.0001) and 48% (p < 0.0001) in control
and N17Racl-loaded growth cones, respectively. In control cul-
tures, ephrin-A2 induced a 240% increase in the number of
endocytotic vesicles present in growth cones (p < 0.00001),
compared with an 18% increase in N17Racl-loaded growth cones
(p > 0.1). N17Racl did not affect constitutive endocytosis (data
not shown). Therefore, inhibition of Racl signaling using either
N17Racl or the Racl inhibitory peptide had similar effects on
ephrin-A2 signaling in growth cones.

Racl activity also is required for semaphorin 3A-induced
growth cone collapse (Jin and Strittmatter, 1997; Kuhn et al,,
1999; Vastrik et al., 1999). The effect of Racl inhibition on
endocytosis during growth cone collapse in response to sema-
phorin 3A was examined. DRG explants were treated with me-
dium conditioned by 293 cells engineered to express semaphorin
3A. As shown previously (Vastrik et al., 1999), treatment with the
Racl inhibitory peptide blocked semaphorin 3A-induced growth
cone collapse (data not shown). The Racl inhibitory peptide also
inhibited semaphorin 3A-induced endocytosis (Fig. 5D). There-
fore, Racl mediates ligand-induced endocytosis of the growth
cone plasma membrane during collapse induced by both
ephrin-A2 and semaphorin 3A.

Finally, we asked whether Racl plays a role in development of
the topography of the retinotectal projection in vivo. Develop-
ment of normal topography is thought to depend on the response
of growing retinal axons to ephrins expressed by tectal cells
(Flanagan and Vanderhaeghen, 1998; O’Leary et al.,, 1999;
Wilkinson, 2000). We found previously that injection into the
developing eye of an antisense oligonucleotide targeting EphA3,
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Figure 5. Ephrin-A2 and semaphorin
3A induce endocytosis of the growth
cone plasma membrane in a Racl-
dependent manner. A, Endocytosis of la-
beled dextran after ephrin-A2 treatment.
Endocytotic activity was elevated at 12
min after treatment with ephrin-A2. The
time course of changes in Racl activity is
reproduced from Figure 1C to allow a
direct comparison. Retinal growth cones
were treated with ephrin-A2 plus 2.5
mg/ml rhodamine-labeled dextran for
3-12 min. The number of dextran-
containing vesicles in the distal 20 um of
axons was then counted (3 experiments
with >80 growth cones sampled at each
time point). The increase in dextran la-
beling is expressed relative to the number
of dextran-labeled vesicles in time-
matched controls treated with dextran
alone. B, Role of Racl in ephrin-A2 in-
duced endocytosis. A 12 min treatment
with 1.0 pg/ml ephrin-A2 resulted in a
large increase in the number of endocy-
totic vesicles in the distal tip of axons
compared with those in cultures treated
with vehicle alone. Inhibition of Racl sig-
naling prevented the increase in endocy-
totic vesicles in response to ephrin-A2.
Staining the membrane with DiO showed
retinal growth cone morphology, and en-
docytosis was revealed by accumulation
of rhodamine-labeled dextran. All images
were obtained using identical acquisition
parameters. The DiO images were em-
bossed to better reveal growth cone mor-
phology. C, Quantification of endocytosis
in retinal growth cones. Ephrin-A2 signif-
icantly increased endocytosis in the distal
20 pum of retinal axons, and the Racl
inhibitory peptide (rac inhib pep) blocked
the effects of ephrin-A2 on endocytosis.
Treatment with the Racl inhibitory pep-
tide alone did not alter the number of
dextran-labeled vesicles (p > 0.5). D,

Dextran

Quantification of endocytosis in DRG growth cones. As with retinal ganglion cells, ephrin-A2 increased the number of dextran-labeled vesicles, and the
Racl inhibitory peptide blocked the effect of ephrin-A2. Similarly, a 30 min exposure to semaphorin 3A (sema 34) increased the number of
dextran-labeled vesicles in a Racl-dependent manner. Treatment with the Racl peptide did not affect basal endocytosis (p > 0.5). Differences in
absolute number of dextran-labeled vesicles between retinal and DRG growth cones likely reflect a difference in growth cone size, DRG growth cones
being significantly smaller. Significant difference from control: *p < 0.001; **p < 0.0001.

Table 1. Role of F-actin in ephrin-A2 induced endocytosis

Number of dextran-

Treatment labeled vesicles (n)
Vehicle (DMSO) 4.9+ 0.5 (84)
Cytochalasin D 5.5+ 0.6(82)
Latrunculin-A 43 +0.5(89)

Vehicle + ephrin-A2
Cytochalasin D + ephrin-A2
Latrunculin-A + ephrin-A2

11.1 + 0.9 (76)*
10.1 + 0.8 (87)*
9.1+ 0.8 (80)*

Retinal growth cone collapse induced by F-actin depolymerizing drugs did not
increase endocytosis compared with vehicle alone (p > 0.05). Addition of ephrin-A2
resulted in a significant increase in endocytosis in all conditions examined.

*Significant differences compared with identical cultures without ephrin (p <
0.001).

a receptor for ephrin-A2, altered the topography of the retino-
tectal projection (W. M. Jurney, D. J. Selski, and S. C. McLoon,
unpublished results). In the present study, we tested whether
treatment of the developing retina with an antisense oligonucle-

otide to Racl would mimic the effects of reduced EphA3 expres-
sion. A Racl antisense or a missense oligonucleotide was injected
into one eye of chick embryos at E6, an age by which retinal axons
had reached the tectum. A second oligonucleotide injection was
made into the same eye on ES. On E10, a small injection of a
retrograde axon tracer, Dil, was made into the posterior tectum
contralateral to the oligonucleotide-injected eye. Twenty-four
hours later, the oligonucleotide-treated retinas were prepared as
flat mounts. Also, the injection site in the tectum was mapped,
and the brains were sectioned and processed for immunohisto-
chemistry with an antibody that labels retinal axons, R A4. Qual-
itatively, the appearance of R A4 staining in the tectum was not
altered by treatment with Racl antisense oligonucleotides (Fig.
6A), indicating that extension of retinal axons across the tectum
was not affected by the antisense treatment. Treatment with the
missense (control) oligonucleotide resulted in a normal pattern of
retrogradely labeled cells in the injected retinas, indicating that
their axons were correctly targeted in the tectum (six of six
embryos) (Fig. 6B). Thousands of labeled ganglions were con-
centrated in a discrete area on the nasal side of the retina. Also,
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Figure 6. Racl activity is required for normal development of retinotectal
topography in vivo. Racl antisense or missense oligonucleotide was injected
into one eye of chick embryos on E6 and E8. On E10, a retrogradely
transported axon tracer, Dil, was injected into the posterior portion of the
optic tectum contralateral to the oligonucleotide-treated eye. Embryos were
fixed on E11. A, Coronal section from the brain of a Racl antisense-treated
embryo stained with an antibody that labels retinal axons. The asterisk
denotes the optic tectum contralateral to the Racl antisense-injected eye.
Arrows point to stained retinal axons in the optic fiber layer. Racl antisense
treatment did not inhibit retinal axon growth across the tectum. B, C,
Tracings of the outlines of flat mounted-retinas injected with missense (B)
or Racl antisense (C) oligonucleotide. Dots represent retrogradely labeled
cells. In the retina injected with the Racl antisense oligonucleotide, no
organized topography could be distinguished.
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a few isolated labeled cells were scattered across the retina, which
is normal at this early stage of development (Wu et al., 2001). In
contrast, in most retinas injected with the Racl antisense oligo-
nucleotide, no organized topography could be distinguished (7 of
11 embryos) (Fig. 6C). Dil-labeled cells were broadly distributed
across these retinas. There were typically several concentrations
of labeled cells, but most of these were not in the topographically
appropriate region. In other antisense-treated embryos, there was
a concentration of retrogradely labeled cells in the topographi-
cally appropriate region, but there was also a higher number of
labeled cells scattered across the retina than ever encountered in
control embryos, which may represent a partial effect (2 of 11
embryos). Some antisense-treated embryos appeared to have a
normal topography, which could have been attributable to tech-
nical problems with the injections (2 of 11 embryos). The effects
of the Racl antisense treatment are similar to the effects observed
after treatment with the EphA3 antisense oligonucleotide. These
findings are consistent with the suggestion that Racl is a required
downstream effector of Eph—ephrin signaling in vivo and is re-
quired for development of normal retinotectal topography.

DISCUSSION

The major aim of this study was to understand the cytoplasmic
signaling that links negative guidance molecules such as
ephrin-A2 and semaphorin 3A to collapse of the growth cone at
the leading end of growing axons. The small GTPase Racl is
essential for growth cone collapse in response to ephrin-A2 and
semaphorin 3A. Interfering with Racl signaling with a competi-
tive peptide, a dominant negative Racl or antisense oligonucle-
otides blocked collapse of growth cones in response to ephrin-A2.
This is consistent with previous studies that blocked semaphorin
3A-induced growth cone collapse using dominant negative Racl
mutants (Jin and Strittmatter, 1997; Kuhn et al., 1999). Dominant
negative Racl mutants, however, did not block collapse induced
by either lysophosphatidic acid or myelin. Apparently, there are at
least two mechanisms of externally induced growth cone collapse,
only one of which appears to require Racl activity.

Racl activity transiently decreases in response to ephrin-A2,
but this decrease does not appear to be essential for growth cone
collapse. Three minutes after ephrin-A2 exposure, Racl activity
was reduced to 40% of the control level. This reduction was
transient, because Racl activity returned to control levels by 12
min after ephrin-A2 treatment. Interestingly, growth cone col-
lapse occurred during the period when Racl activity was increas-
ing to baseline levels. These observations demonstrate that
growth cone collapse is not mediated by activation of Racl above
control levels. A reduction of Racl activity in neurons in response
to ephrin-AS was reported previously (Wahl et al., 2000). In that
study, however, Racl activity was examined at a single time point
after treatment with ephrin-AS, and the subsequent recovery in
Racl activity was not observed or correlated temporally with
growth cone collapse. Although growth cone collapse is preceded
by a reduction in Racl activation, experimental reduction of Racl
activity by interfering with its signaling pathway or with its
expression did not cause growth cone collapse. Similarly, expres-
sion of dominant negative Racl did not cause growth cone
collapse (Jin and Strittmatter, 1997; Kuhn et al., 1999). Thus, the
inactivation of Racl activity does not appear to be sufficient for
growth cone collapse. The nature of the transient inactivation of
Racl after ephrin treatment is not clear. The inactivation could
reflect a rapid loss of Racl associated with axon extension. The
subsequent reactivation could reflect a slower increase in Racl
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Figure 7. Model of the dynamics of Racl function in an axonal growth cone. 4, Axon extension requires polymerization of actin in the process of
forming filopodia and lamellipodia. Actin polymerization is driven in part by Racl activity at the leading edge of the growth cone. B, Activation of EphA
receptors after binding ephrin-A2 results in an initial loss of activated Racl and cessation of axon extension. C, Subsequently, Racl activity returns and
mediates endocytosis of the plasma membrane and F-actin reorganization during collapse of the growth cone. Racl activity is required for growth cone
collapse. Growth cone collapse also involves depolymerization of F-actin, a process that is independent of Racl activity.

activation associated with processes underlying growth cone col-
lapse. These observations suggest that ephrins do not stimulate
Racl activity per se but rather switch the function of Racl into a
pathway that promotes growth cone collapse.

Although Racl activity is required for ephrin-A2-induced
growth cone collapse, increased Racl activity is not in itself
sufficient to induce growth cone collapse. Expression of consti-
tutively active Racl did not affect either basal rates of growth
cone collapse or collapse in response to ephrin-A2. Although
constitutively active Racl also had no effect on semaphorin 3A-
induced growth cone collapse, it did block the ability of myelin to
induce growth cone collapse (Jin and Strittmatter, 1997; Kuhn et
al., 1999). Racl probably requires other factors activated by
ephrin or semaphorin 3A to bring about collapse. It is also
possible that ephrin-induced targeting of activated Racl is im-
portant in collapse, and constitutively active Racl is not targeted
appropriately.

Growth cone collapse in response to ephrin involves F-actin
depolymerization. Although inhibition of Racl signaling blocked
ephrin-A2-induced collapse, it did not block F-actin depolymer-
ization. These data have two implications: first, Racl does not
regulate actin depolymerization after ephrin treatment; and sec-
ond, ephrin-induced actin depolymerization is not sufficient to
induce growth cone collapse. Semaphorin 3A also causes growth
cone F-actin depolymerization and has been shown to phosphor-
ylate the actin-depolymerizing factor cofilin through the action of
LIM-kinase (Yang et al., 1998; Aizawa et al., 2001), which is
activated by both Racl and RhoA effectors (Edwards et al., 1999;
Maekawa et al., 1999). Because ephrin-AS is known to activate
RhoA and Rho-kinase (Wahl et al., 2000), it is possible that
ephrins depolymerize actin during growth cone collapse via a
pathway that includes RhoA, Rho-kinase, LIM-kinase, and cofi-
lin, independent of Racl.

F-actin organization is the major determinant of growth cone
morphology (Letourneau, 1996; Baas and Luo, 2001). In control
cultures, ephrin-A2 caused depolymerization of 40% of the
F-actin, whereas the remaining F-actin became concentrated in
the center of the collapsing growth cone. When Racl activity was
inhibited, F-actin failed to undergo this reorganization but rather
was found throughout the lamellipodia and filopodia. Therefore,
the lack of growth cone collapse when Racl activity was inhibited

correlates with the failure of F-actin to undergo reorganization.
Although during normal axon growth, Racl drives the formation
of the F-actin meshwork in lamellipodia (Kuhn et al., 2000), these
observations suggest that during growth cone collapse, Racl is
involved in the reorganization of F-actin. This also indicates that
the function of Racl is altered during growth cone collapse.

Growth cone collapse induced by ephrin-A2 and semaphorin
3A appears to involve Racl-mediated endocytosis. Endocytosis
of the plasma membrane was increased in both retina and DRG
growth cones in response to ephrin-A2 treatment. Endocytosis
was induced with a time course that correlated with the resump-
tion of Racl activity after its transient decrease. Inhibition of
Racl activity blocked induction of endocytosis in response to
ephrin-A2 or semaphorin 3A, but it had no effect on constitutive
endocytosis. This finding is consistent with a previous study
suggesting that constitutive endocytosis is regulated differently
than evoked endocytosis (Diefenbach et al., 1999; Ellis and Mel-
lor, 2000). It was reported that Racl is targeted to sites of
endocytosis during growth cone collapse (Fournier et al., 2000),
which is also consistent with our findings. However, the role of
endocytosis in growth cone collapse is not clear. Growth cone
collapse induced by pharmacological depolymerization of F-actin
did not result in increased endocytotic activity. Additionally,
neurotrophins cause increased endocytosis at the growth cone,
which is not associated with growth cone collapse but rather with
growth cone formation and activity (V. Dontchev and P. C.
Letourneau, unpublished data). Thus, Racl-mediated endocyto-
sis may be required for ephrin- or semaphorin-induced growth
cone collapse, but endocytosis does not appear to be essential or
sufficient to induce collapse.

Previous work established that ephrin signaling via Eph recep-
tors is involved in development of the normal pattern of axonal
projections in the primary visual system (Flanagan and Vander-
haeghen, 1998; O’Leary et al., 1999; Wilkinson, 2000; Yates et al.,
2001). We reasoned that if Racl is a required effector of ephrin
signaling in vivo, as indicated by the in vitro data, then reducing
Racl expression should mimic the effect of reduced EphA3 ex-
pression on development of the retinal projection. We used an
antisense oligonucleotide to reduce expression of Racl by retinal
cells in vivo during the developmental period in which the retinal
axons form connections. Retrograde axon labeling showed that
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normal topography failed to develop in the retinotectal projection
after Racl antisense treatment. A similar result was obtained
when the developing retina was treated with an EphA3 antisense
oligonucleotide (Jurney, Selski, and McLoon, unpublished re-
sults). This shows that Racl is required for development of the
normal pattern of axonal projections in the primary visual system.
These findings are also consistent with Racl having an obligatory
role in mediating ephrin signaling in vivo.

Negative guidance molecules are important for determining
the wiring pattern of the nervous system. In tissue culture, these
factors initiate collapse of growth cones. The findings reported
here indicate that the negative guidance molecules ephrin-A2 and
semaphorin 3A initiate a change in function of Racl contributing
to growth cone collapse. When axons are extending, Racl regu-
lates polymerization of actin in growth cones and promotes the
formation of a meshwork of F-actin in lamellipodia (Fig. 74;
Kuhn et al., 2000). After exposure to collapse-inducing factors,
Racl is transiently inactivated (Fig. 7B). On resumption of activ-
ity, Racl mediates membrane endocytosis and F-actin reorgani-
zation (Fig. 7C). Thus, Racl has at least two independent func-
tions in growth cones, and ephrin or semaphorin signaling leading
to growth cone collapse requires coordination of several signal
transduction pathways.
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