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Development/Plasticity/Repair

p75 Neurotrophin Receptor Signaling Regulates Growth
Cone Filopodial Dynamics through Modulating
RhoA Activity

Scott Gehler,! Gianluca Gallo,? Eric Veien,! and Paul C. Letourneau!
'Department of Neuroscience, University of Minnesota, Minneapolis, Minnesota 55455, and 2Department of Neurobiology and Anatomy, Drexel College of
Medicine, Philadelphia, Pennsylvania 19129

The mechanisms by which neurotrophins regulate growth cone motility are unclear. We investigated the role of the p75 neurotrophin
receptor (p75" ") in mediating neurotrophin-induced increases in filopodial length. Our data demonstrate that neurotrophin binding to
p75~"R is necessary and sufficient to regulate filopodial dynamics. Furthermore, retinal and dorsal root ganglion growth cones from p75
mutant mice are insensitive to neurotrophins but display enhanced filopodial lengths comparable with neurotrophin-treated wild-type
growth cones. This suggests unoccupied p75™"" negatively regulates filopodia length. Furthermore, p75~"® regulates RhoA activity to
mediate filopodial dynamics. Constitutively active RhoA blocks neurotrophin-induced increases in filopodial length, whereas inhibition
of RhoA enhances filopodial lengths, similar to neurotrophin treatment. BDNF treatment of retinal neurons results in reduced RhoA
activity. Furthermore, p75 mutant neurons display reduced levels of activated RhoA compared with wild-type counterparts, consistent
with the enhanced filopodial lengths observed on mutant growth cones. These observations suggest that neurotrophins regulate filopo-
dial dynamics by depressing the activation of RhoA that occurs through p75""™® signaling,
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Introduction

Axonal navigation depends on growth cone motility. Growth
cone behaviors change in a region-specific manner as axons ex-
tend to their targets (Mason and Erskine, 2000), suggesting that
guidance cues regulate growth cone motility. Therefore, to un-
derstand axon guidance, it is important to determine how guid-
ance cues regulate growth cone motility. Filopodia are finger-like
projections supported by a cytoskeleton of bundled actin fila-
ments (Gallo and Letourneau, 2000). Filopodia detect extrinsic
cues and transduce signals to guide growth cone migration
(O’Connor et al., 1990; Kater and Rehder, 1995). Disruption of
filopodia causes guidance defects in vivo (Bentley and Toroian-
Raymond, 1986; Chien et al., 1993). Yet, the mechanisms under-
lying the regulation of filopodial dynamics are not well
understood.

Neurotrophins (NTs), including nerve growth factor (NGF),
brain-derived neurotrophic factor (BDNF), NT-3, and NT-4/5,
regulate neuronal differentiation, axon extension, guidance, ar-
borization, and synaptogenesis (Gundersen and Barrett, 1979;
Cohen-Cory and Fraser, 1995; Gallo et al., 1997; Lom and Cohen-
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Cory, 1999; Ming et al., 1999; Yamashita et al., 1999; Alsina et al.,
2001; Frost, 2001; Tucker et al., 2001). Neurotrophins bind two
classes of receptors, the receptor tyrosine kinase family of Trk (A,
B, and C) receptors and the p75 neurotrophin receptor (NTR).
Trk receptors selectively bind neurotrophins, whereas p75™"™
binds all neurotrophins with similar affinities (for review, see
Hempstead, 2002; Chao, 2003). The signaling pathways activated
by neurotrophins can regulate cytoskeletal dynamics, which in
turn determine growth cone behaviors (Gallo and Letourneau,
1998, 2000). For example, chemotropic responses require coac-
tivation of the phosphoinositide 3-kinase and phospholipase C-y
pathways through Trk receptors (Ming et al., 1999). p75™"® has
been shown to mediate neurotrophin-induced increases in axon
length (Brann et al., 1999; Yamashita et al., 1999; McQuillen et al.,
2002). Recently, McQuillen et al. (2002) demonstrated that NT-3
binding to p75™"™" in cortical subplate neurons increases neurite
length and filopodial formation. However, the signaling path-
ways downstream of p75~"® that control growth cone functions,
such as filopodial behavior, remain undefined.

The Rho family of GTPases regulate the actin cytoskeleton.
RhoA is involved in regulating axon growth and growth cone
morphology (Luo etal., 1997; Lehmann et al., 1999; Ruchhoeft et
al., 1999; Bito et al., 2000; Kuhn et al., 2000). Recent evidence
indicates that RhoA activity is regulated by the cytoplasmic do-
main of p75NTR (Yamashita et al., 1999; Yamashita and To-
hyama, 2003). Yamashita et al. (1999) provided evidence that
p75™™® can regulate axon extension by signaling through the
RhoA pathway, such that the unbound state of p75™"® activates
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RhoA, whereas neurotrophin binding to p75~™® terminates this

mode of RhoA activation. Growth cone behaviors were not in-
vestigated in previous studies, and it is unknown whether neuro-
trophin-p75~™ interactions regulate RhoA activity in growth
cones.

To further analyze neurotrophin regulation of growth cone
behaviors, we examined the role of p75™'® in regulating filopo-
dial dynamics in peripheral and CNS neurons. We report that
p75™"™® is necessary and sufficient to mediate neurotrophin-
induced increases in filopodial length. Additionally, we found
that neurotrophin binding to p75™"® reduces RhoA activity. Our
data demonstrate that neurotrophin-induced increases in filopo-
dial length, mediated through p75NTR, are mimicked by inhibi-
tion of RhoA and are blocked by constitutively active RhoA. Sig-
nificantly, BDNF reduces RhoA activity in individual growth
cones. Inaddition, p75 ~/~ growth cones exhibit a filopodial phe-
notype that is similar to wild-type growth cones treated with
neurotrophins. p75 '~ growth cones lack p75™™® expression
and display reduced RhoA activity. These results establish that
p75™"® regulates growth cone filopodia through the regulation
of RhoA activity.

Materials and Methods

Reagents. BDNF and NT-3 were generously provided by Regeneron
Pharmaceuticals (Tarrytown, NY). NGF and ciliary neurotrophic factor
(CNTF) were purchased from R & D Systems (Minneapolis, MN), poly-
D-lysine from ICN Pharmaceuticals (Costa Mesa, CA), laminin from
Invitrogen (Carlsbad, CA), and K252a and lysophosphatidic acid (LPA)
from BioMol (Plymouth Meeting, PA). All culture media were obtained
from Invitrogen, and other reagents were obtained from Sigma (St.
Louis, MO) unless specified otherwise.

Tissue culture. Dorsal root ganglion (DRG) and retina were dissected
from embryonic day (E) 9 and E7 white Leghorn chicken embryos, re-
spectively. Explants were cultured on glass coverslips coated with 25
pg/ml laminin. Retinal explants were cultured in F12 nutrient mixture
medium supplemented with additives as described previously (Ernst et
al., 2000). DRG explants were maintained in 16 pm NGF.

Ciliary ganglia were dissected from E10 white Leghorn chicken em-
bryos. Explants were cultured on laminin-treated glass coverslips in F12
media containing 10% calf serum, 2 mM glutamine, and 10 ng/ml CNTF.

Mouse retina and DRG were dissected from E14.5 mice. Retinal ex-
plants were cultured on glass coverslips coated with 0.04 mg/ml poly-p-
lysine and 25 pug/mllaminin. Mouse retinal explants were cultured in F12
medium as described above. Mouse DRG explants were cultured on
laminin-coated glass coverslips in F12 medium, as described above, plus
1% calf serum and 40 pm NGF.

Genotyping of p75N™® mutant mice. Breeding pairs of mice heterozy-
gous for a null mutation in the p75 NTR gene (p75 7Y (Lee et al., 1992)
were a gift from Dr. Frank Longo (University of North Carolina, Chapel
Hill, NC). Heterozygous p75 ™/~ mice were mated to obtain experimen-
tal animals. Littermates consisting of p75 ™" and p75 ~/~ embryos were
used. Genomic DNA obtained from embryonic mouse tissue was used to
determine genotypes by PCR using primers as described previously (Yeo
etal., 1997). The mouse colony was housed as per University of Minne-
sota Institutional Animal Care and Use Committee guidelines.

Protein loading. Chariot reagent (Active Motif, Carlsbad, CA) is a pep-
tide carrier that delivers proteins into cells. Protein delivery was accom-
plished according to the manufacturer suggestions as described previ-
ously (Gallo et al., 2002). Briefly, Chariot was complexed with 1 ug of C3
transferase, constitutively active RhoA (C3 transferase, L63RhoA; Cy-
toskeleton, Denver, CO), or bovine serum albumin (Boehringer Mann-
heim, Gaithersburg, MD). After protein loading, cultures were experi-
mentally treated or fixed with 0.25% glutaraldehyde.

Time-lapse video microscopy. Phase-contrast images were collected us-
ing an Olympus (Tokyo, Japan) XC-70 inverted microscope with a 60X
objective equipped with a SPOT digital camera (Diagnostic Instruments,
Sterling Heights, MI). Images were collected every 6 sec for 30 min.
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Digital images were analyzed to measure extension and retraction lengths
of filopodia using MetaVue (Universal Imaging, Downington, PA) im-
aging software.

Image acquisition and analysis. Fluorescent images were collected us-
ing an Olympus XC-70 inverted microscope. Growth cones were visual-
ized with a 60X objective, and fluorescent images were obtained using a
SPOT digital camera. Image analysis was accomplished using MetaVue
imaging software. Individual filopodia were measured using the digital
software. Only filopodia within 20 wm of the distal tip of the growth cone
were counted and measured. Filopodial length and number were deter-
mined per growth cone.

Immunofluorescence. Actin filaments were stained with rhodamine-
conjugated phalloidin (Molecular Probes, Eugene, OR). Cultures were
fixed with 0.25% glutaraldehyde and quenched with 1 mg/ml sodium
borohydride for 15 min. After rinsing with PBS, cells were incubated
with 1 U of rhodamine-conjugated phalloidin for 45 min at room
temperature.

Indirect immunofluorescence staining for p75™N"® was performed us-
ing rabbit polyclonal antibodies to the extracellular or to the cytoplasmic
domain of p75™™®. Antibodies against the extracellular domain of
p75NTR were generously provided by Dr. Louis Reichardt (CHEX; Uni-
versity of California at San Francisco, San Francisco, CA) and obtained
from Chemicon (AB1554; Temecula, CA). Antibodies against the cyto-
plasmic domain of p75N"® were obtained from Covance (PRB-602C;
Berkeley, CA) and Promega (G3231; Madison, WI). Cultures were fixed
with 2% paraformaldehyde and 5% sucrose for 15 min at 40°C. Cells
were rinsed and blocked with 10% normal goat serum (NGS) (Jackson
ImmunoResearch, West Grove, PA) for 1 hr at room temperature. Cells
exposed to anti-cytoplasmic p75 were extracted with 0.1% Triton X-100.
Cells were incubated with 1:800 (CHEX and AB1554) or 1:100 (Covance
and Promega) p75 antibody (Ab) for 1 hr at room temperature followed
by 1:800 Alexa568 goat anti-rabbit secondary (Molecular Probes) and 1
U of fluorescein-conjugated phalloidin (Molecular Probes) in block for
30 min. Negative controls involved exclusion of the primary Ab.

Western blot analysis. Brain lysates from E14.5 mouse embryos were
probed for p75N™® using antibodies directed against the cytoplasmic
domain (Covance or Promega) followed by incubation with HRP-
conjugated goat anti-rabbit secondary Ab (Pierce, Rockford, IL). Mem-
branes were developed using enhanced chemiluminescence (ECL)
(Pierce). Membranes were stripped and reprobed with a monoclonal
a-tubulin Ab (Sigma) and an HRP-conjugated goat anti-mouse second-
ary Ab.

RhoA activity assay. The RhoA activity assay was performed as de-
scribed by Ren and Schwartz (2000). Briefly, 8 X 10 retinal cells were
dissociated and cultured in 100 mm tissue culture dishes coated with 25
pg/ml laminin. The cultures were treated with 160 nm BDNF for various
periods and then assayed for RhoA activity. For the mouse RhoA assay,
cerebella were rapidly removed from postnatal day (P) 8 mice. Active
RhoA was immunoprecipitated by incubating lysed cells for 45 min with
the Rho-binding domain (RBD) of Rhotekin fused with glutathione
S-transferase (GST) (GST-RBD; generously provided by Dr. Alan Hall,
Medical Research Council, University College London, London, UK).
The proteins were separated using SDS-PAGE, transferred to polyvinyli-
dene difluoride membrane, and probed with a monoclonal RhoA Ab
(Santa Cruz Biotechnology, Santa Cruz, CA) followed by incubation with
an HRP-conjugated goat anti-mouse secondary (Pierce). Lysates were
probed using a monoclonal a-tubulin Ab (Sigma) followed by incuba-
tion with an HRP-conjugated goat anti-mouse secondary. Membranes
were developed using ECL. Activated RhoA was normalized against
a-tubulin using densitometric analysis of the blots.

The in vitro RhoA activity assay on growth cones was modified from a
previous description (Li et al., 2002). Briefly, cultures were fixed with 4%
paraformaldehyde and 10% sucrose for 1 hr. Cultures were rinsed and
incubated with 5% NGS plus 0.1% Triton X-100 for 1 hr. Cultures were
subsequently exposed to 5 ug/ml GST-RBD in block for 4 hr followed by
incubation with 1:200 polyclonal rabbit anti-glutathione S-transferase
(Oncogene Research Products, Boston, MA) in 10% NGS overnight at
4°C. Cells were rinsed and incubated with 1:800 Alexa488 goat anti-
rabbit secondary (Molecular Probes). Activated RhoA was quantified
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Neurotrophin treatment increases filopodial length on chick retinal and DRG growth cones. A, Treatment of chick
retina or DRG cultures for 30 min with 160 nm BDNF or 20 nm NGF, respectively, caused a 28 and 27% increase in filopodial length.
Data are presented as mean == SEM from four independent experiments. B, C, Phalloidin staining of F-actin in examples of control
BSA-treated (B) and BDNF-treated ( () chick RGC growth cones. Scale bar, 10 um. D, BDNF increased filopodial length on RGC
growth cones in a dose-dependent manner. Data are mean == SEM from four independent experiments. £, BDNF increased
filopodia number on RGC growth cones in a dose-dependent manner. Data are mean == SEM from four independent experiments.

*p <0.001, **p << 0.005 indicate statistical significance relative to control; two-sample t test.
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Figure 2.  BDNF alters filopodial dynamics on retinal growth cones. A, Frames taken from time-lapse recordings show the enhanced

filopodial extension after treatment with BDNF. Arrowheads indicate elongation between t = 0and t = 12 sec. Scale bar, 1 um. B,
Treatment of retinal neurons with 160 nm BDNFincreased the rate of filopodial extension within 3 min and remained elevated through a 30
min treatment. G, BDNF treatment caused an initial increase in filopodial retraction rate after 6 min but subsided by 15 min. D, Time spent
extending or retracting was shifted by BDNF stimulation. Data are percentage == SEM from four independent experiments. Numbers in

parentheses indicate number of filopodia. *p << 0.001, **p < 0.02 indicate statistical difference relative to control; two-sample t test.
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by measuring signal intensity in each growth
cone minus background. Total protein was
measured in growth cones by binding of fluo-
roscein-5-isothiocyanate (Molecular Probes).

Production of digital images. Digital images
for micrographs and blots were processed and
produced using Adobe Photoshop (Adobe Sys-
tems, San Jose, CA) software.

Results

Neurotrophins increase the length and
number of filopodia on growth cones
To study the mechanisms by which neu-
rotrophins control filopodial behavior, we
investigated the effects of neurotrophins
on CNS and peripheral nervous system
growth cones. BDNF and NGF treatment
of embryonic chick retinal and DRG
growth cones, respectively, increased
filopodial length in a dose-dependent
manner (Fig. 1 A,D). The addition of 160
nM BDNF to retinal neurons for 30 min
resulted in a 28% increase in filopodial
length (Fig. 1B, C) (mean, 10.0 vs 7.8 wm),
whereas application of 20 nM NGF to DRG
neurons for 30 min increased filopodial
length by 27% over neurons maintained in
0.2 nM NGF (9.5 vs 7.5 wm). In addition,
160 nM BDNF produced a 60% increase in
filopodial number on retinal growth cones
(Fig. 1 E). Lower concentrations of BDNF
(4 and 40 nm) had significant effects on
filopodial length but had no effect on
filopodial number. Thus, neurotrophins
regulate filopodial dynamics on growth
cones.

To further investigate neurotrophin ef-
fects on filopodial dynamics, extension
and retraction rates of retinal growth cone
filopodia were measured after BDNF
treatment. BDNF caused a 34% increase in
the extension rate after 3 min compared
with controls (Fig. 2A, B) and maintained
elevated rates of extension throughout a
30 min treatment. BDNF also increased
the filopodial retraction rate by 26% after
6 min (Fig. 2C), but retraction rates sub-
sided to control levels by 15 min. When
the total time spent extending or retract-
ing was analyzed, control growth cones
spent 56% of the time extending and 44%
retracting (Fig. 2D). Filopodia treated
with BDNF spent 63% of the time extend-
ing and 37% retracting. These data pro-
vide evidence that BDNF enhanced
filopodial length by increasing the exten-
sion rate coupled with an increase in time
spent extending versus retracting.

Neurotrophins regulate filopodial
dynamics through p75N™

We next determined whether neuro-
trophin-induced changes in filopodia dy-
namics were regulated by either Trk recep-
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tors or p75™"®, Axons emerging from E6

chick retinal explants are confirmed to be
from retinal ganglion cells (RGCs)
(McLoon and Barnes, 1989). E7 chick
RGCs express TrkB, which mediates
BDNEF effects, but do not express TrkA,
whereas TrkC expression is inconclusive
(Frade et al., 1996; Hallbook et al., 1996;
von Bartheld, 1998). We used immuno-
fluorescence staining to determine
whether p75™™ is expressed in our cul-
ture conditions. Growth cones from chick
RGCs, DRGs, and ciliary neurons were la-
beled with a polyclonal Ab that recognizes
an extracellular epitope of p75~'® (Fig.
3A-F). Expression of p75™"® was evident
on all growth cone surfaces, including
filopodia.

We next asked whether p75™™ regu-
lates filopodial dynamics in the absence of
Trk activation. Because p75™"® binds all
neurotrophins and TrkB is the only Trk
receptor expressed on E7 chick RGC neu-
rons, we asked whether NGF or NT-3 have
similar effects as BDNF on RGC filopodial
dynamics. Treatment with either 160 nm
NGF or NT-3 increased filopodial length
similar to BDNF (Fig. 3G) but had no ef-
fect on filopodia number (Table 1). That
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Figure 3.  BDNF-induced increases in filopodial length are mediated through p75"™. A—F, p75"™ is expressed on filopodia
(arrows) on growth cones of chick retinal ( 4), DRG ( (), and ciliary neurons ( £). Growth cones were counter stained with fluorescent
phalloidin to show actin distribution (B, D, F). Scale bar, 10 um. G, 160 nm BDNF, NGF, and NT-3 similarly increase filopodial length
on RGC growth cones. H, Treatment of RGC growth cones with a Trk inhibitor, K252a, had no effect on BDNF-induced increases of
filopodia length. /, Treatment of chick retinal cultures with a p75 Ab (CHEX) caused an increase in filopodial length that mimics
BDNF treatment. Furthermore, pretreatment with CHEX blocked any effects of BDNF on filopodia length. *p << 0.001, significant
difference relative to controls; two-sample ¢ test. Data in G, H, and / are presented as percentage control == SEM from four

NGF, BDNF, and NT-3 all increase filopo-
dial length on RGC growth cones suggests
the involvement of p75~"%,

To further determine whether Trk signaling is involved in
neurotrophin regulation of filopodial length, we used a Trk in-
hibitor, K252a, to block Trk receptor activation. K252a (1 um)
has been shown previously to inhibit NGF-induced TrkA auto-
phosphorylation in chick DRG and sympathetic neurons (Klinz
and Heumann, 1995). In addition, we found that 1 um K252a
blocked neurotrophin-mediated neuritogenesis by chick DRGs
in vitro (S. Gehler, unpublished data). Treatment of chick RGC
growth cones with 1 um K252a had no significant effect on filopo-
dial length, whereas the addition of BDNF to K252a-treated cul-
tures increased filopodial length by 31% compared with K252a
alone (Fig. 3H). Similarly, 1 um K252a had no effect on NGF-
induced increases of filopodial length on E9 chick DRGs (Gehler,
unpublished data). These results support our conclusion that
neurotrophin-induced increases in filopodial length are indepen-
dent of Trk activation.

We also tested the hypothesis that neurotrophin binding to
p75N™ mediates neurotrophin-induced increases in filopodial
length by investigating the effects of p75 antibodies on growth
cone filopodia. Cultures were treated with a p75 Ab previously
shown to block binding of neurotrophins to chicken p75N"™
(von Bartheld etal., 1996). Treatment of chick RGC growth cones
with the p75 Ab (CHEX) alone resulted in a 35% increase in
filopodial length (Fig. 3I). The addition of BDNF to CHEX-
treated cultures did not have an additional effect on filopodial
length. Similarly, CHEX treatment mimicked the effects of NGF
treatment on filopodial length of DRG growth cones (Gehler,
unpublished data). These experiments were repeated using a dif-
ferent p75 Ab, AB1554, and we observed similar results (Gehler,
unpublished data). These data suggest that the p75 Ab CHEX
mimics neurotrophin treatment to increase filopodial length.

independent experiments.

Table 1. The role of BDNF in regulating filopodia number on retinal growth cones

Treatment Filopodia (n)

Chick
No treatment 6.3 = 0.3(102)
BDNF 103 = 0.3 (152)*
NGF 63 *+03(74)
NT-3 6.2 +0.3(62)
Control IgG 6.2 % 0.2 (80)
CHEX 8.0 = 0.3 (80)*
K252a 6.76 = 0.3 (80)
K252a plus BDNF 8.66 =+ 0.3 (80)*

Mouse
p75*/* notreatment 7.1 0.8(85)
p75*/* BDNF 9.6 = 1.2 (81)
p75” no treatment 9.8 + 0.5 (56)**
p75” BDNF 10.5 + 0.7 (69)

Cultured retinal explants were treated with 160 nM BDNF, NGF, or NT-3 for 30 min or 1:100 CHEX for 4 hr. Cultures
were pretreated with 1 um K252a for 1hr followed by addition of 160 nM BDNF for 30 min. Number of filopodia was
determined for each growth cone. n denotes number of growth cones analyzed to determine filopodial number.
*p < 0.007 indicates statistical significance relative to controls; two-sample  test. **p < 0.005 denotes statistical
significance between p75” no treatment versus p75™/* no treatment; two-sample t test.

NGF-induced increases in filopodial length are mediated
through p75™~"® in the absence of TrkA expression

To further test whether p75~™® regulates filopodia dynamics in
the absence of TrkA activation, we probed the effects of NGF on
chick ciliary neurons, which express p75~"® but not TrkA (All-
sopp et al., 1993; Hallbook et al., 1995; Yamashita et al., 1999).
Treatment of ciliary neurons with 40 nm NGF increased filopo-
diallength by 27% relative to controls (Fig. 4 A). Similar increases
in filopodial length were induced by BDNF and NT-3. Further-
more, treatment with CHEX or AB1554 elicited a 15-20% in-
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Figure 4.

difference relative to control; two-sample t test.
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Figure 5. p75 /" retinal and DRG growth cones do not express p75"™. A-D, Indirect
immunofluorescence for p75"™ on p75 */* mouse retinal and DRG growth cones using anti-
p75"™ (4, ©) and fluorescein phalloidin (B, D). Arrows note the surface expression of p75 "™ on
individual filopodia. £~H, Indirect immunofluorescence using anti-p75 "™ raised against the
extracellular domain of p75"™® (ex-p75; E, F) or cytoplasmic domain of p75"™® (cyto-p75; G, H)
on p75 ~'~ DRG growth cones. Staining for the cytoplasmic domain produced similar results
with two different antibodies recognizing different epitopes of the cytoplasmic domain. Fibro-
blasts were negative controls for p75 "™ expression. Staining of p75 ~/~ retinal growth cones
displayed similar results as p75 ~/~ DRG growth cones (Gehler, unpublished data). Scale bar,
10 ./, Immunoblot of brain lysates from p75 ~/~ embryos. Lysates of NIH3T3 and PC12 cells
were used as negative and positive controls, respectively. Western blot analysis of p75"™
expression was repeated three times using brain lysates from different embryos of each
genotype.

crease in filopodial length on ciliary neurons, supporting the idea
that filopodial length is modulated through p75™*™® (Fig. 4B).
These data provide direct evidence that p75~"® signaling is suf-
ficient to mediate neurotrophin-induced increases in filopodial
length in the absence of Trk activation.

Similar to our studies of RGC growth cones, we investigated
filopodial extension and retraction dynamics of ciliary growth
cones. Videomicroscopy of filopodia dynamics revealed that the
average extension rate of filopodia was enhanced by NGF treat-
ment (Fig. 4C). The extension rate was increased by 30%, similar
to neurotrophin-induced increases in filopodia length. NGF had
no effect on the rate of filopodial retraction. These data demon-
strate that neurotrophin binding to p75™"" increases filopodial
length by enhancing filopodial extension rates.
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NGF-induced increases in filopodia length are mediated through p75"™ in the absence of TrkA expression. A, NGF
treatment of ciliary neurons, which express p75 "™ but not TrkA, produced a dose-dependent increase in filopodial length. BDNF
and NT-3 produced similar increases in filopodial length as NGF. *p << 0.001 indicates significant difference between NGF, BDNF,
and NT-3 relative to control; two-sample ¢ test. B, CHEX or AB1554 alone increased filopodial length on ciliary neurons. ¢, NGF
stimulation of ciliary neurons enhanced the average rate of filopodial extension but did not affect the average rate of retraction.
Datain A and B are presented as percentage control == SEM from four independent experiments. *p << 0.001 indicates statistical

J. Neurosci., May 5, 2004 - 24(18):4363— 4372 + 4367

Growth cones from p75 ~/~ mice are
insensitive to neurotrophin effects and
exhibit increased filopodial length

If neurotrophin-induced effects on filopo-
dial length are mediated through p75~"%,
then filopodia on growth cones from p75
mutant mice (p75 '") (Lee et al., 1992)
may be insensitive to neurotrophin treat-
ment. First, we examined p75™"™® expres-
sion on growth cones from wild-type
(p75"'*) and p75 '~ mice using several
antibodies against extracellular and cyto-
plasmic domains of p75™"™®. p75 /" reti-
nal and DRG neurons express p75™'"
throughout growth cone and filopodial
surfaces (Fig. 5A,C). p75 '~ DRG growth
cones lacked staining for either extracellu-
lar or cytoplasmic epitopes of p75™"® (Fig. 5 F, G). The absence of
p75N™ expression by mutant neurons was confirmed by West-
ern blot analysis of brain lysates from p75 ~/~ embryos (Fig. 5I).

Treatment of p75 /" mouse retinal and DRG growth cones
with BDNF and NGF, respectively, induced increased filopodial
length, similar to our results with chick neurons (Fig. 6 A-E,
G-J). However, treatment of p75 '~ retinal growth cones with
160 nM BDNF had no effect on filopodial length (Fig. 6F). Yet,
untreated p75 ~/~ retinal growth cones had longer filopodia, sim-
ilar to those of p75 */* growth cones that were treated with BDNF
(Fig. 6 F). Growth cones of p75 '~ DRG neurons displayed sim-
ilarly enhanced filopodial lengths when maintained in low NGF,
and treatment with elevated NGF did not increase filopodial
length (Fig. 6K). Because untreated p75 '~ growth cones dis-
played enhanced filopodial lengths similar to neurotrophin-
treated p75*'* growth cones, we concluded that unoccupied
p75™"™® has a negative effect on filopodial length that is absent
when p75™N"™ is not expressed.

Because neurotrophins do not increase filopodial length on
p75 = growth cones, we predicted that anti-p75 NTR AB1554,
would also have no effect on filopodial length of p75 '~ DRG
growth cones. Similar to chick RGC and DRG cultures, AB1554
elicited a 22% increase in filopodial length on p75 ™" growth
cones but had no effect on filopodial length of p75 '~ growth
cones (Fig. 6L).

DEstersion B Retacion

Inactivation of RhoA mediates neurotrophin-induced
increases in filopodial length

We next tested the hypothesis that the p75™"®-mediated effects
of neurotrophins on filopodial length occur through a RhoA-
dependent pathway. Yamashita et al. (1999) proposed that unoc-
cupied p75™™ activates RhoA, and neurotrophin binding to
p75N"® reduces p75 ™" -mediated RhoA activation. We first de-
termined whether RhoA activity regulates filopodial length. We
loaded chick retinal neurons with either C3 exoenzyme, which
ADP ribosylates and inhibits RhoA, or with constitutively active
RhoA (L63RhoA) using a peptide-based protein-loading method
(Gallo, 2003). Inhibition of RhoA activity with C3 increased
filopodial length by 23% (Fig. 7A), similar to BDNF treatment,
supporting the hypothesis that RhoA activity negatively regulates
filopodial length. Furthermore, consistent with the hypothesis
that neurotrophins affect filopodial length by reducing RhoA ac-
tivity, BDNF had no additional effect on filopodial length of C3-
treated growth cones (Fig. 7A). Loading growth cones with
L63RhoA alone had no effect on filopodial length, but L63RhoA
blocked the increased filopodial length that is induced by BDNF
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(Fig. 7A). These results suggest that
BDNF-induced increases of filopodial

length result from decreased RhoA
activity.
The enhanced filopodial length on

p75~'" growth cones suggests that
p75 '~ neurons lack a negative influence
that involves RhoA activity. To test this
idea, we studied the effects of C3 and
L63RhoA on filopodial length of p75 '~
retinal growth cones. Treatment of
p75 ™" and p75 '~ retinal neurons with
C3 produced a 45 and 52% increase in
filopodial length, respectively (Fig. 7B).
Conversely, although L63RhoA had no ef-
fect on filopodial length on p75 */* retinal
growth cones, L63RhoA reduced filopo-
dial length of p75 '~ growth cones to lev-
els indistinguishable from p75 *'* growth
cones. These observations indicate that
the enhanced filopodial length of p75 ~/~
growth cones can be blocked by elevating
RhoA activity. These results suggest that
unoccupied p75™N™ activates RhoA and
that p75™"®-mediated RhoA activation is
absent in p75 /" growth cones.

RhoA activity is reduced after treatment
with BDNF and in p75 ~/~ neurons

To assess the effects of BDNF on RhoA
activity, we performed a RhoA activity
pull-down assay with E7 chick retinal neu-
rons (Ren and Schwartz, 2000). Five min-
utes after BDNF treatment, RhoA activity
levels were decrease compared with un-
treated cells (Fig. 8A). BDNF treatment
for 30 min produced a 48% reduction in
RhoA activity (Fig. 8 B). These results are
direct evidence that BDNF regulates RhoA
activity in chick retinal neurons.

Based on our observations that p75 '~
growth cones have longer filopodia, we
hypothesized that p75 '~ neurons lack
p75N"-mediated RhoA activation. Using
the pull-down activity assay, we compared
RhoA activity in lysates from p75 /" and
p75 '~ cerebella. Mouse cerebella from
P8 mice, which express high levels of
p75NTR were processed for RhoA activity.
As predicted, cerebellar lysates from
p75 '~ mice displayed lower levels of ac-
tivated RhoA compared with p75 ™" mice
(Fig. 8C,D).

RhoA activity is reduced in individual
growth cones

Neurotrophin-induced changes in RhoA activity have not been
demonstrated in growth cones. To measure RhoA activity in in-
dividual growth cones, we modified the approach of Li et al.
(2002), which used the GST-RBD recombinant protein and anti-
glutathione S-transferase staining to assess endogenous Rho
GTPase activity in situ. RhoA activity in individual growth cones
was measured after BDNF treatment (Fig. 9A-TI). Five or 10 min

Gehler et al.  p75 Signaling Regulates Growth Cone Filopodia

p75'* DRG

p75" Retina

p75*'"* Retina

0.2nM NGF

8nM NGF

140 - . 140 -

120 - - T 120 -
_Ewo 5100
8 8
& J £ %
s 80 £ 80 W)
5 50 - 5 60 - e
= A
2 404 g 40
T T

20 20 4

0 0-
- BDNF - NGF NGF (nM) 0.2 :} 0.2 8
Retina DRG DRG
140 - 140  e— oare—
l%

120 120
= g
£100 4 £100 1
£ £
£ 801 mern) g 807 m)
o
§ 680 - () § 60 - =
:4! @
2 40 4 g 40
£ ke
T w

20 4 20 1

o' ]
BONF BONF p75 antibody - + = +

Retina DRG

Figure 6. p75 '~ growth cones display enhanced filopodial lengths in the absence of neurotrophin treatment and are
insensitive to neurotrophin-induced increases in filopodial length. A-D, Phalloidin staining of p75 */* and p75 /" retinal
growth cones before and after treatment with 160 nm BDNF. Scale bar, 10 um. £, BDNF and NGF treatment of p75 */* mouse
retinal and DRG neurons, respectively, caused a 28 and 23% increase in filopodial length. Data are presented as percentage
control = SEM from four independent experiments. F, 160 nm BDNF treatment had no effect on filopodial length on p75 ~/~
retinal growth cones. However, untreated p75 ~/~ growth cones displayed filopodial lengths comparable with BDNF-treated
p75 */* growth cones. Data are presented as percentage control = SEM from seven independent experiments. G-/, Phalloidin
staining of p75 ™/ and p75 ~/~ DRG growth cones raised in either low (0.2 nu) or high (8 nm) NGF. Scale bar, 10 um. K, p75 '~
DRG growth cones raised in low NGF displayed filopodial lengths comparable with p75 ™/ growth cones treated with high NGF.
However, treatment of p75 ~/~ DRG growth cones with high NGF had no effect on filopodial length. Data are presented as
percentage control = SEM from at least four independent experiments. L, AB1554 mimicked NGF treatment when applied to
p75 */* DRG neurons, whereas p75 ~/~ DRG neurons were insensitive to AB1554 treatment. Data are presented as percentage
control == SEM from two independent experiments. *p << 0.001 indicates statistically significant differences relative to control;
two-sample t test.

treatment with BDNF caused a 43 and 34% reduction, respec-
tively, in RhoA activity and maintained this reduced RhoA activ-
ity after 30 min (Fig. 9I). These data correlate well with the rapid
enhancement of filopodial extension after BDNF treatment (Fig.
2 B). Controls for this technique included demonstration of re-
duced growth cone staining for GST-RBD binding after C3 treat-
ment and increased staining after activation of RhoA with LPA.
Exclusion of GST-RBD resulted in no staining. To determine
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Figure 8. BDNF reduces RhoA activity in cultured retinal neurons through a p75"™-

dependent mechanism. A, Representative example of the time-dependent reduction in RhoA
activity after BDNF treatment. B, Thirty minute exposure to 160 nm BDNF caused a 48% reduc-
tion in activated RhoA normalized to tubulin. Results were obtained from a minimum of three
independent experiments. C, Cerebella from P8 p75 /™ mice displayed reduced RhoA activity
compared with p75 */* mice.D,p75 "/~ cerebella exhibited a 43% reduction in RhoA activity
relative to p75 */* controls. Results were obtained from a minimum of four mice for each
genotype. **p << 0.05 denotes significant difference between treated cultures normalized to
controls or p75 ~/~ relative to p75 ™/ control; two sample t test.

whether differences in RhoA activity were attributable to changes
in protein content, we quantified protein content in growth
cones using fluoroscein-5-isothiocyanate (FITC), which binds
amines and is a general protein marker. FITC staining of control
and BDNF-treated growth cones produced similar intensity lev-
els (Gehler, unpublished data), suggesting that differences in
staining for RhoA activity are not attributable to changes in pro-
tein content.

We also measured RhoA activity in growth cones from
p75"'* and p75 '~ neurons (Fig. 9/-N). GST-RBD staining of
p75 /" retinal growth cones indicated a 32% reduction in RhoA
activity relative to p75 /" counterparts (Fig. 9N). These data
suggest that reduced RhoA activity accounts for the longer filop-
odia on p75 '/~ growth cones.

BDNEF regulates filopodia number on retinal growth cones

BDNF treatment of RGC growth cones also increased filopodial
number in a dose-dependent manner (Fig. 1E). Treatment of
chick or mouse retina with 160 nm BDNF enhanced filopodial
number by 63 and 35%, respectively (Table 1). NGF and NT-3
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had no effect on filopodial number on RGC growth cones even
though they did increase filopodial length. Treatment of chick
RGC neurons with CHEX alone increased filopodial number by
29% relative to controls. Regulation of filopodia number on
RGCs is independent of Trk activity, because addition of BDNF
to K252a-treated cultures increased filopodia number by ~30%.
Also, untreated p75 ~/~ retinal growth cones exhibited a 38%
increase of filopodia number, which is comparable with BDNF
treatment of p75 /" growth cones. Neurotrophin treatment of
chick DRG and ciliary growth cones did not affect filopodial
number (Gehler, unpublished data). These data suggest that
BDNF binding to p75™"® regulates filopodial number in a cell-
specific manner.

Discussion

The signaling mechanisms by which neurotrophins regulate
growth cone motility are not fully understood. In this study, we
investigated the role of p75™"® in regulating filopodial dynamics.
Our data support the hypothesis that p75™™ is sufficient and
necessary to mediate neurotrophin-induced increases in filopo-
dial length. Furthermore, regulation of filopodial length by
p75™™® involves modulation of RhoA activity. In addition, we
show that BDNF stimulation can regulate filopodia number in a
cell-specific manner. This suggests a signaling mechanism in
which neurotrophin binding to p75™"™® terminates an activity of
RhoA that negatively regulates filopodial dynamics.

Filopodia are important sensors of guidance cues, and filopo-
dial length influences the sampling area of growth cones. Filop-
odia are essential to growth cone turning, and manipulations of
embryos that inhibit filopodia cause path-finding errors (Bentley
and Toroian-Raymond, 1986; Chien et al., 1993; Zheng et al,,
1996). BDNF treatment increases filopodial length by 28% in
RGC growth cones, which would result in a 109% increase
in the potential sampling volume of a growth cone. Thus,
neurotrophin-induced increases in filopodial length may signif-
icantly increase the ability of growth cones to detect guidance
cues or span substrates. Extrinsic regulation of filopodial length
may also be significant during synaptogenesis, because both
axonal arbors and dendrites extend exploratory filopodia.

Neurotrophins bind two classes of receptors with different
binding selectivities and signaling pathways. Trk receptors selec-
tively bind neurotrophins, whereas p75™"™® binds all neurotro-
phins (Chao, 2003). Retinal ganglion cells in chick embryos ex-
press TrkB but not TrkA, whereas TrkC expression is not
conclusively determined (von Bartheld, 1998). In view of evi-
dence that chick RGCs express only TrkB, our finding that filopo-
dial length is stimulated equally by three neurotrophins suggests
that p75™™® mediates neurotrophin effects on filopodial length.
Our evidence for the role of p75™"™® in regulating filopodial dy-
namics included pharmacologically blocking Trk receptor acti-
vation, treatment with p75™™ antibodies, using chick ciliary
neurons that do not express TrkA receptors, and using neurons
from p75 '~ mice. Our determinations of the concentration de-
pendence of neurotrophin effects indicate that maximal increases
of filopodial number and length require neurotrophin concen-
trations that exceed the published binding affinity of p75™"™
(Chao, 2003). However, the published measurements involved
transfected cells or neuronal cell bodies. Given the recently rec-
ognized diversity of ligands and binding associates of p75~™®
(Dechant and Barde, 2003), the actual binding affinity of p75~'®
on growth cone filopodia for neurotrophins may differ.

Neurotrophin binding to p75~'™® is sufficient to increase
filopodial length. Experiments using K252a to inhibit Trk signal-
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ing provided evidence for the sufficiency
of p75™™ in increasing filopodial length.
Ciliary neurons, which express p75~'®
but not TrkA, also exhibited increased
filopodial lengths and extension rates after
NGF treatment, suggesting that neurotro-
phin binding to p75™™ alone regulates
filopodial dynamics. Additional evidence
that neurotrophin binding to p75~"™® is
sufficient to increase filopodial length
came from studies using p75™~"® antibod-
ies. Treatment of chick RGCs, DRGs, and
ciliary neurons with CHEX mimicked the
effects of neurotrophins on filopodial
length. These observations were con-
firmed using another p75 Ab (AB1554).
We interpret these results as the Ab dimer-
izes the receptor and triggers p75"~"R-
mediated signaling to increase filopodial
length. Previous studies report that p75
antibodies mimic the effects of neurotro-
phins in other p75~"®-mediated events
(Brann et al., 1999; Freidin, 2001). To-
gether, these results suggest that p75~™®
regulates filopodial dynamics in the ab-
sence of Trk activation.

Our studies with p75 mutant mice
showed that p75™"® is required for neuro-
trophins to modulate filopodial length.
Treatment of p75 '~ retinal and DRG
neurons with neurotrophins failed to
change filopodial length. Additionally,
treatment of p75 '~ DRG growth cones
with AB1554 had no effect on filopodial
length. Actually, growth cones of p75 '~
neurons exhibited enhanced filopodial
lengths, similar to p75 */* neurons treated 02
with elevated neurotrophins. These results
suggest that unoccupied p75™"™ exerts a & &
negative effect on filopodial length that is
absent in p75 /™ neurons.
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We tested the hypothesis that RhoA isa
component of the pathway by which un-
occupied p75N"™  negatively regulates
filopodial length. Consistent with this
idea, inhibition of RhoA with C3 trans-
ferase mimicked the stimulatory effects of
neurotrophins on filopodial length, and
neurotrophins did not further increase
filopodial length of C3-loaded growth

in individual RGC growth cones using the GST-RBD fusion protein plus anti-glutathione S-transferase (A, C, £, G) or rhodamine
phalloidin (B,D,f,H). Scale bar, 10 wm. /, Quantification of RhoA activity within individual growth cones. There was a 43%
reduction in staining for GST-RBD after treatment with BDNF for 5 min relative to control. GST-RBD staining was still reduced by
34% relative to control levels after 30 min exposure to BDNF. (3, a RhoA inhibitor, caused a 33% reduction in activated RhoA within
individual growth cones. RhoA activity was elevated by 59% after treatment with LPA. Number of growth cones measured for each
experimental manipulation was s follows: 5 min BDNF, 77; 10 min BDNF, 69; 30 min BDNF, 184; (3, 80; LPA, 74.)~M, p75 '~
retinal growth cones displayed lower levels of endogenous RhoA activity relative top75 ™™ growth cones stained using GST-RBD
(4, L) or rhodamine phalloidin (K, M). Scale bar, 10 um. N, p75 =/ retinal growth cones show a 32% reduction in RhoA activity
relative to p75 */* growth cones. Measurements were acquired from at least 165 growth cones obtained from a minimum of
three embryos. *p < 0.001, *p < 0.001 denote significant difference between treated cultures normalized to controls or p75 ~/~

. . . . /
cones. Conversely, introduction of consti- ~ relative top75 e

tutively active RhoA blocked BDNEF-

induced increase of filopodial length on chick RGC growth cones
and also blocked the enhanced filopodial length of mouse p75 '~
growth cones. Measuring RhoA activity using both a pull-down
assay and a growth cone-staining assay showed decreased RhoA
activity during a 30 min BDNF treatment. The time course of
RhoA activity after BDNF treatment indicates that there is an
inverse relationship between RhoA activity and filopodial exten-
sion rates. Consistent with the hypothesis, p75 '~ neurons dis-
played reduced levels of activated RhoA compared with wild-type
counterparts, using both cerebellar cell extracts and the growth
cone-staining assay. This is consistent with the enhanced filopo-

control; two sample ¢ test.

dial length of p75 ~/~ neurons. These results indicate that RhoA
activity, regulated by p75~™ signaling, modulates filopodial
behavior.

The in vitro approach has allowed us to analyze regulation of
filopodial length by neurotrophin signaling through p75™'¥, in-
dependently of indirect or noncell autonomous functions of
p75™"® that can complicate in vivo studies. For example, p75™"™
receptors interact with trk receptors to modify the affinity and
specificity of trk receptors (Huang and Reichardt, 2003), and it is
suggested that p75 "% receptors expressed on Schwann cells bind
neurotrophins and present them to growing axons (Taniuchi et
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al., 1986). In vivo axonal growth from sensory neurons of p75 '~
mice is significantly diminished or delayed (Yamashita et al.,
1999; Bentley and Lee, 2000; Gehler, unpublished data). How-
ever, we found that the mean neurite length extended from
mouse E14.5 p75 '~ DRG explants after 24 hr in vitro is indis-
tinguishable from outgrowth of p75*'" explants (Gehler, un-
published data). McQuillen et al. (2002) reported that growth
cones of subplate neurons from p75 '~ mice exhibit fewer filop-
odia in vivo, although we found that retinal growth cones from
p75 '~ neurons had more filopodia than wild-type neurons. The
disparity between our study and that of McQuillen et al. (2002)
may be attributable to the complexity of the in vivo situation.
Alternatively, neurotrophin effects may be cell-type specific or
may be limited to certain developmental stages. Consistent with
this notion, we found that BDNF increased filopodia number on
RGC neurons but not on DRG or ciliary neurons. The signifi-
cance of reduced RhoA levels in neurons of p75 /" mice is un-
clear; however, Walsh et al. (1999) reported enhanced sprouting
and growth of sympathetic axons in myelinated regions of
p75 '~ mice.

Collectively, these data suggest a model for p7 -mediated
regulation of filopodial dynamics in both aligand-dependent and
ligand-independent state. In the unoccupied state, p75~"" nega-
tively regulates filopodial dynamics through RhoA activation. Af-
ter neurotrophin binding to p75™"", negative regulation through
RhoA would stop, producing enhanced filopodial lengths. Be-
cause p75 '~ neuronal growth cones do not express p75 ', this
mode of activating RhoA activity is absent. As a result, filopodial
lengths on p75 '~ growth cones without neurotrophin stimula-
tion resembles the enhanced filopodial length of p75 ™' growth
cones treated with neurotrophins.

How is filopodial extension regulated downstream of RhoA?
Filopodial extension is regulated by a balance of actin polymer-
ization at filopodial tips and retrograde displacement of actin
filaments toward the base of a filopodium (Mallavarapu and
Mitchison, 1999). One link between actin polymerization and
RhoA is possible through the RhoA effector mDia that regulates
profilin, which in turn modulates the availability of actin mono-
mers (Watanabe et al., 1997). However, contrary to our observa-
tions, downregulation of RhoA signaling through mDia would
decrease filopodial extension. RhoA also acts via its downstream
kinase Rho-associated kinase (ROCK) to regulate LIM-kinase
(Maekawa et al., 1999), which regulates activity of actin-
depolymerizing factor (ADF)/cofilin (Arber et al., 1998;
Mackawa et al., 1999). ADF/cofilin regulates actin filament turn-
over, and ADF/cofilin overexpression increases filopodial num-
ber of rat cortical neurons (Meberg and Bamburg, 2000). Thus,
RhoA could alter filopodial dynamics through ROCK-mediated
regulation of ADF/cofilin. Additionally, ROCK regulates myosin
by increasing phosphorylation of the regulatory light chain
(Kimura et al., 1996). A decrease in RhoA activity would reduce
actomyosin-based contractility. Although myosin II may not be
involved in filopodial protrusion on growth cones (Diefenbach et
al., 2002), myosin II may indirectly regulate filopodial length.
There are examples of cross-talk between RhoA, Racl, and Cdc42
in neurons (Kozma et al., 1997; van Leeuwen et al., 1997; Li et al.,
2002; Yuan et al., 2003). For example, turning of Xenopus spinal
neuron growth cones to attractive and repulsive cues involves
filopodial asymmetry across a growth cone that is mediated by
cross-talk between Cdc42 and RhoA signaling (Yuan et al., 2003).
In light of these findings, it may be that neurotrophin signaling
through p75~"® regulates filopodial dynamics through cross-talk
between RhoA, Racl, and Cdc42. Our results suggest that RhoA is
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necessary to regulate filopodial dynamics, but whether p75-
mediated changes in RhoA affect Rac or Cdc42, which promote
actin polymerization (Kuhn et al., 2000), or vice versa is not
known. Future work should examine the regulation of these GT-
Pases in the context of neurotrophin signaling to regulate growth
cone motility and the filopodial dynamics.

In summary, signaling from p75™"™® regulates filopodial dy-
namics. Neurotrophin binding to p75~"® reduces RhoA activity,
which results in enhanced filopodial length. Growth cones that
do not express p75™"™® are insensitive to neurotrophin-induced
increases in filopodial length. However, as a consequence of re-
duced RhoA activity, growth cones lacking p75™"™ exhibit en-
hanced filopodial lengths that mimic neurotrophin treatment,
suggesting that unbound p75™"™® negatively regulates filopodial
dynamics.
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