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Development/Plasticity/Repair

Brain-Derived Neurotrophic Factor Regulation of Retinal
Growth Cone Filopodial Dynamics Is Mediated through
Actin Depolymerizing Factor/Cofilin

Scott Gehler,! Alisa E. Shaw,? Patrick D. Sarmiere,’ James R. Bamburg,? and Paul C. Letourneau'
'Department of Neuroscience, University of Minnesota, Minneapolis, Minnesota 55455, and *Department of Biochemistry and Molecular Biology, Colorado
State University, Fort Collins, Colorado 80523

The molecular mechanisms by which neurotrophins regulate growth cone motility are not well understood. This study investigated the
signaling involved in transducing BDNF-induced increases of filopodial dynamics. Our results indicate that BDNF regulates filopodial
length and number through a Rho kinase-dependent mechanism. Additionally, actin depolymerizing factor (ADF)/cofilin activity is
necessary and sufficient to transduce the effects of BDNF. Our data indicate that activation of ADF/cofilin mimics the effects of BDNF on
filopodial dynamics, whereas ADF/cofilin inactivity blocks the effects of BDNF. Furthermore, BDNF promotes the activation of ADF/
cofilin by reducing the phosphorylation of ADF/cofilin. Although inhibition of myosin II also enhances filopodial length, our results
indicate that BDNF signaling is independent of myosin II activity and that the two pathways result in additive effects on filopodial length.
Thus, filopodial extension is regulated by at least two independent mechanisms. The BDNF-dependent pathway works via regulation of

ADF/cofilin, independently of myosin II activity.
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Introduction

Neuronal growth cones encounter extrinsic cues and make path-
way choices that are vital to properly wiring synaptic connec-
tions. These choices are mediated by dynamic sensory structures,
lamellipodia and filopodia. Filopodia are particularly important
in detecting guidance cues (Gomez and Letourneau, 1994; Kuhn
etal.,, 1994; Dickson, 2002). Signaling by guidance cues can begin
within filopodia (Davenport et al., 1993; Robles et al., 2003), and
a single filopodial contact is sufficient to turn a growth cone
(O’Connor et al., 1990). Growth cones that lack filopodia exhibit
impaired guidance (Bentley and Toroian-Raymond, 1986; Chien
etal., 1993; Zheng et al., 1996). In addition, dendritic and axonal
filopodia participate in morphogenesis of terminals and synap-
togenesis (Jontes and Smith, 2000; Niell et al., 2004). Thus,
filopodial dynamics are important to axonal guidance and
synaptogenesis.

Among their diverse activities, neurotrophins regulate growth
cone motility and guidance (Gundersen and Barrett, 1979; Gallo
etal., 1997; Alsina et al., 2001; Song and Poo, 2001; Tucker et al.,
2001; McQuillen et al., 2002; Gehler et al., 2004; Glebova and
Ginty, 2004). Neurotrophins bind two receptor types, the selec-
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tive Trk receptor tyrosine kinases and the p75 pan-neurotrophin
receptor. Induction of growth cone turning by neurotrophins
involves a Trk-dependent mechanism (Gallo et al., 1997; Song
and Poo, 2001), whereas neurotrophins regulate filopodial dy-
namics through a p75-dependent mechanism (Gehler et al.,
2004).

Filopodial dynamics involve complex regulation of actin fila-
ments. Filopodial and lamellipodial protrusion involves a bal-
ance between actin polymerization, retrograde filament flow, and
actin depolymerization (Mallavarapu and Mitchison, 1999).
These activities are targets of Rho GTPases (Dickson, 2001). Rho
kinase (ROCK) is an effector of RhoA that regulates actin dynam-
ics in several ways. ROCK activates LIM kinase (LIMK), which
phosphorylates actin depolymerizing factor (ADF)/cofilin, in-
hibiting its activity (Agnew et al., 1995; Arber et al., 1998; Yang et
al., 1998; Maekawa et al., 1999; Meng et al., 2002). ADF and
cofilin belong to a conserved family of actin-associated proteins
that enhance actin dynamics (Bamburg, 1999). ADF/cofilin
binds to actin filaments (F-actin) stabilizing a twisted form of the
filament (McGough et al., 1997; Galkin et al., 2001). Conse-
quently, the off rate of actin monomers (Carlier et al., 1997) and
filament severing are increased (McGough et al., 1997; Maciver,
1998; Bobkov et al., 2004). Overexpression of ADF/cofilin en-
hances neurite outgrowth, actin dynamics, and growth cone dy-
namics (Meberg and Bamburg, 2000; Endo et al., 2003). Further-
more, growth cone collapse induced by semaphorin 3A is
dependent on transient phosphorylation of cofilin by LIMK
(Aizawa et al., 2001).

Besides signaling through LIMK, ROCK may also regulate
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growth cone motility by regulating myosin II activity (Amano et
al., 1996; Kimura et al., 1996). Acute inactivation of myosin IIB
leads to reduced growth cone area and loss of lamellipodia (Dief-
enbach et al., 2002). A reduced growth cone area was also ob-
served for neurons of myosin IIB knock-out mice, but no changes
in filopodial extension or retraction were reported (Bridgman et
al., 2001; Brown and Bridgman, 2003). Thus, although signaling
downstream of ROCK can regulate both myosin II and ADF/
cofilin, it is unclear how ROCK is involved in regulating filopo-
dial motility.

Previously, we showed that BDNF regulates filopodial length
through a RhoA-dependent pathway (Gehler et al., 2004). To
further characterize how neurotrophins regulate filopodial dy-
namics, we investigated signaling downstream from RhoA. We
show that the effects of BDNF are mimicked by inhibiting ROCK.
In addition, our evidence implicates ADF/cofilin in mediating
the effects of BDNF. Although inhibition of myosin II also en-
hances filopodial length, BDNF does not signal through myosin
II to regulate filopodial dynamics.

Materials and Methods

Reagents. BDNF was generously provided by Regeneron Pharmaceuticals
(Tarrytown, NY). Laminin was purchased from Invitrogen (Carlsbad,
CA). The ROCK inhibitors Y-27632, HA1077, and H-1152 were all ob-
tained from Calbiochem (San Diego, CA). Blebbistatin was obtained
from Toronto Research Chemicals (North York, Ontario, Canada). All
culture media were obtained from Life Technologies (Rockville, MD),
and other reagents were obtained from Sigma (St. Louis, MO), unless
specified. The chick p75 antibody (CHEX) was a generous gift from Dr.
Louis Reichardt (University of California at San Francisco, San Fran-
cisco, CA).

Mutagenesis, production, and purification of recombinant proteins. The
XAC1 cDNA in a pGEX vector (Abe et al., 1996) was digested with Ncol
and Hindlll and inserted into a pETMWT?7 expression plasmid. The
wild-type XAC1 was mutagenized to change two lys codons (AAG AAA)
for residues 95 and 96 to glutamine codons (CAG CAA) using the Quik
Change Mutagenesis kit (Stratagene, La Jolla, CA). The forward primer was
5'-GCACTCTACGAGACAAAGGAAACACAGCAAGAGGATCTTG-3/,
and the reverse primer was 5'-CAAGATCCTCTTGCTGTGTTTCCTTTG-
TCTCGTAGAGTGC-3'. The resultant clones were double-strand se-
quenced throughout the entire XAC1 coding region and showed only the
desired changes. pET vectors for expressing XAC(KK95,96QQ), XAC(3A),
and XAC(3E) (Meberg and Bamburg, 2000) as well as glutathione S-
transferase (GST)-14-3-3¢ (a gift from Dr. Gary Bokoch, Scripps Research
Institute, LaJolla, CA) were also placed into Escherichia coli BL21DE3, and in
a 1l culture of bacteria (0.95 ODq ) IPTG (isopropyl B-p-1-thiogalacto-
pyranoside; 0.5 uMm) was used to induce protein expression. After 3 hr, bac-
teria were pelleted and stored frozen until used.

All bacterial pellets were resuspended in 20 ml of Tris-EDTA, pH 7.5,
at 25°C and incubated with lysozyme and protease inhibitors to lyse the
cells. DNA was digested with Dnasel, and the supernatant was clarified by
centrifugation. For purification of GST-14-3-3/, the extract was passed
over a 2 ml column of glutathione—Sepharose, washed with buffer, and
GST-14-3-3¢ was eluted with glutathione according to the manufactur-
er’s procedure. Samples were dialyzed against 10 mM Tris and 0.5 mm
DTT before storage by quick freezing in liquid nitrogen. For purification
of the XAC(3A) and XAC(3E) mutant proteins, the clarified bacterial
extract was passed through 6 ml of DEAE-cellulose in 10 mwm Tris and 5
mM DTT, pH 7.5. The flow-through was then passed over a 6 ml column
of Green A-agarose resin (Millipore, Bedford, MA) in the same buffer.
After washing with 10 column volumes, the purified XAC proteins were
eluted with a gradient of 0-200 mm NaCl in the same Tris buffer. The
protein peak was identified, concentrated with UltraFree-15 concentra-
tors (Millipore), dialyzed against 10 mm Tris, pH 7.5, and 5 mmM DTT, and
quick-frozen. For purification of the XAC(KK95,96QQ) mutant, the
above procedure was followed, except the mutant protein did not bind to
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the Green A resin. The flow-through from this column was adjusted to
pH 6.8 using 1 m PIPES buffer at pH 6.8 (final PIPES concentration, 25
mM). This sample was passed over a 6 ml column of Green A resin
equilibrated in 20 mm PIPES, 10 mm Tris, and 5 mm DTT, pH 6.8. After
washing with the same buffer, the protein was eluted with a 0-200 mm
NaCl gradient. Fractions containing the KKQQ mutant were identified
by SDS-PAGE, pooled, and the buffer was exchanged to 10 mm Tris and
5 mmM DTT by dilution and reconcentration, before quick-freezing. Ho-
mogeneity of all proteins estimated by SDS-PAGE and Coomassie blue
staining was 97-99%.

Tissue culture. Retina was dissected from embryonic day 7 white Leg-
horn chicken embryos. Explants were cultured on glass coverslips coated
with 25 pug/ml laminin. Retinal explants were cultured in F12 medium
supplemented with additives, as described previously (Ernst et al., 2000).

Protein loading. Proteins were delivered into cells using Chariot re-
agent (Active Motif, Carlsbad, CA). Protein delivery was accomplished
according to the manufacturer’s suggestions, as described previously
(Gallo et al., 2002a,b). Briefly, Chariot was complexed with 1 ng of
XAC(3A), XAC(3E), XAC(KK95,96QQ), GST-14-3-3¢, or bovine serum
albumin. After protein loading, cultures were subsequently exposed to
experimental conditions or fixed with 0.25% glutaraldehyde.

Phospho-ADF/cofilin staining. Cultures were fixed with 4% parafor-
maldehyde and 10% sucrose for 1 hr. Cells were quenched with 0.1 m
glycine, then extracted with 0.5% Triton X-100 for 10 min. After rinse,
cultures were blocked with 10% normal goat serum for 1 hr at room
temperature, followed by incubation with 1:200 rabbit anti-phospho-
ADF/cofilin (pAC) (Meberg et al., 1998) for 1 hr. After rinse, cultures
were incubated with 1:800 Alexa488 goat anti-rabbit secondary antibody
plus 1:20 Alexa568-conjugated phalloidin (Molecular Probes, Eugene,
OR) in block for 30 min and then mounted with No Fade. Growth cones
were quantified for pAC intensity by tracing individual growth cones and
taking the total intensity minus background using MetaVue (Universal
Imaging, West Chester, PA).

Time-lapse video microscopy. Phase-contrast images were collected us-
ing an Olympus XC-70 inverted microscope with a 60X objective
equipped with a SPOT digital camera (Diagnostic Instruments, Sterling
Heights, MI). Images were acquired every 20 sec during a 20 min record-
ing session. Digital images were collected using MetaVue imaging soft-
ware (Universal Imaging). Filopodial dynamics were quantified by mea-
suring extension or retraction of individual filopodial tips during
sequential frames, as described by Gehler et al. (2004).

A motility index for filopodial dynamics was used to determine the
amount of time a filopodium spent extending or retracting, as opposed to
remaining stationary. The distal 20 um of the growth cone was analyzed,
and filopodia were assayed in sequential image intervals. Criteria for this
assay included the following: (1) a filopodium was scored as moving if it
had extended or retracted in sequential frames at 20 sec intervals; (2) a
filopodium that did not exhibit any displacement from the previous
frame was scored as stationary; (3) only existing filopodia were scored; a
newly formed filopodium was not scored during the frame in which it
appeared but was scored in subsequent frames; (4) a filopodium that
detached from the substrate was scored as moving only if the filopodium
was attached in the previous frame; and (5) a filopodium was scored as
stationary if an associated lamellipodium moved but there was no change
in the displacement of the filopodial tip. The motility index was plotted in
2 min time bins as a percentage of the number of moving filopodia
relative to total filopodia during each 20 sec time interval.

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 images were obtained using a SPOT digital
camera. Image analysis was accomplished using MetaVue imaging soft-
ware (Universal Imaging). Growth cones were enhanced to 150% mag-
nification, and individual filopodia were measured using the digital soft-
ware. Only filopodia within 20 um of the distal tip of the growth cone
were counted and measured. Filopodial length and number were deter-
mined per growth cone.
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Figure 1. BDNF regulates filopodial dynamics through a ROCK-dependent pathway. A-H,
Phalloidin staining of F-actin in example growth cones after treatment with three ROCK inhib-
itors. Inhibition of ROCK with 500 nm H-1152 or 50 m HA1077 for 30 min, or 10 wum Y-27632 for
1hr(C, £, G), enhanced filopodial length by 29 —37% relative to control ( ). The addition of 160
nm BDNF for 30 min to drug-treated cultures had no additive effect on filopodial length (B, D, F,
H,1). Scale bar, 10 wm. J, ROCK inhibitors have a minor effect on filopodial number, but BONF
treatment of drug-treated cultures further enhanced the number to levels similar to BDNF
treatment alone. Data are mean == SEM from a minimum of three independent experiments.
*p < 0.001; **p << 0.005; statistical difference relative to control. For all treatmentsin/, p <
0.001 indicates statistical significance relative to control (two-sample t test).

Results

BDNEF regulates filopodial dynamics through ROCK

We have previously shown that neurotrophins regulate filopodial
dynamics through a p75-dependent pathway in which BDNF
reduced RhoA activity within growth cones (Gehler et al., 2004).
To test the idea that the consequent reduced signaling by the
RhoA effector ROCK is involved in BDNF regulation of filopo-
dial dynamics, we treated chick retinal cultures with three ROCK
inhibitors: 500 nm H-1152 or 50 um HA1077 for 30 min, or 10 uM
Y-27632 for 1 hr. All three inhibitors enhanced filopodial length
by 29-37% over controls (Fig. 1A-I). In addition, H-1152 and
Y-27632 produced a 33% and 19% enhancement, respectively, of
filopodial length on dorsal root ganglion (DRG) cell growth
cones (our unpublished results). The increased filopodial lengths
resulting from ROCK inhibition were not a consequence of the
retraction of lamellipodia. Growth cones treated with BDNF or
ROCK inhibitors exhibited intact lamellipodia, whereas we pre-
viously showed that the increased filopodial lengths induced by
BDNF occurred through increases in the extension of filopodial
tips, not by the withdrawal of the leading edge at the bases of
filopodia (Gehler et al., 2004) (Fig. 5]). The addition of 160 nm
BDNF for 30 min to these drug-treated cultures did not further
increase filopodial length, suggesting that BDNF signals through
reducing ROCK activity to regulate filopodial length.

Filopodial number was also increased by the inhibition of
ROCK. Treatment of retinal neurons with H-1152 or Y-27632
produced a modest increase in the number of filopodia, whereas
HA1077 had no effect (Fig. 1]). The addition of BDNF to drug-
treated cultures produced additional increases of filopodia num-
ber to levels that were similar to BDNF treatment alone. These
results suggest filopodial number is at least partially regulated
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Figure2.  ADF/cofilin is necessary and sufficient to transduce the effects of BDNF on filopo-

dial dynamics. A, XAC(3A) was sufficient to enhance filopodial length to levels that mimicked
BDNF treatment. BDNF had no additive effect on length on XAC(3A)-loaded growth cones.
XAC(3E) and XAC(KK95,96QQ) alone had no effect on filopodial length but both blocked the
stimulatory effects of BDNF. B, BDNF, XAC(3A), and XAC(3A) plus BDNF increased all filopodia
lengths as indicated by a rightward shift of the length distribution curve. C, Although XAC(3A)
alone did not enhance filopodial number to levels similar as BDNF treatment alone, XAC(3E) and
XAC(KKQQ) blocked the BDNF-induced increases on filopodial number. D, £, BDNF-induced reg-
ulation of ADF/cofilin is mediated through p75 ™. CHEX-induced increases on filopodial length
and number were blocked by XAC(3E). Data were presented as percentage of control = SEM
fromaminimum of fourindependent experiments. *p << 0.001; statistical difference relative to
control (two-sample t test).

through a ROCK-independent mechanism, but additional BDNF
signaling may be involved in regulating filopodial number.

ADF/cofilin activity is required to transduce BDNF-mediated

effects on filopodial dynamics

ROCK signaling activates LIMK, which phosphorylates ADF/co-
filin. To study the role of ADF/cofilin in regulating filopodial
dynamics, we used a peptide-based transfection system that al-
lowed the introduction of ADF/cofilin mutant proteins into neu-
ronal growth cones. Introduction of a constitutively active form
of ADF/cofilin [XAC(3A)] into chick retinal growth cones caused
a 30% increase on filopodial length (Fig. 2A). Conversely, intro-
duction of a pseudophosphorylated (less active) form [XAC(3E)]
had no effect on growth cone morphology. Next, we determined
whether BDNF treatment affected filopodial dynamics of XAC-
treated growth cones. BDNF treatment of XAC(3A)-containing
growth cones did not further enhance filopodial length, com-
pared with XAC(3A) treatment alone. Conversely, the normally
stimulatory effects of BDNF were blocked by the inactive
XAC(3E), suggesting BDNF regulates filopodial dynamics by ac-
tivating ADF/cofilin. BDNF and XAC(3A) caused about the same
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percentage increase in all filopodia lengths, as indicated by the
rightward shift of the length distribution curve (Fig. 2 B).

ADF/cofilin promotes actin turnover and reorganization
through two mechanisms. One mechanism is through binding
alongactin filaments and severing them, whereas the other mech-
anism involves promoting polymer loss from filament pointed
ends, thereby increasing the pool of actin monomer. To deter-
mine whether the severing activity of ADF/cofilin was required in
transducing the effects of BDNF, we tested the effects of a non-
severing mutant of ADF/cofilin, XAC(KK95,96QQ) (Pope et al.,
2000). Incorporation of KKQQ alone had no effect on filopodial
length, but KKQQ blocked the BDNF-induced increases on
filopodial length (Fig. 2A). These results suggest that the
filament-severing activity of ADF/cofilin is necessary to mediate
the effects of BDNF on filopodial length.

Filopodia number was also affected by incorporation of ADF/
cofilin mutants. Although XAC(3A) increased filopodial length
to a similar extent as BDNF treatment, XAC(3A) had a lesser
effect on filopodia number (Fig. 2C). The addition of BDNF to
XAC(3A)-treated cultures further increased the mean filopodia
number to levels similar as BDNF treatment alone. XAC(3E) had
no effect on filopodial number, but it blocked most of the effects
of BDNF. Furthermore, KKQQ blocked the BDNF-induced in-
creases on filopodial number, while having no effect by itself.
These results suggest that ADF/cofilin activity is necessary but
not sufficient for the BDNF-induced increase in filopodial
number.

We have previously shown that BDNF regulates filopodial
dynamics through the p75 neurotrophin receptor (Gehler et al.,
2004). To determine whether ADF/cofilin activity is regulated
through a p75-dependent mechanism, we used an anti-chick p75
antibody (CHEX), which we have previously shown mimics the
effects of BDNF on filopodial dynamics. Treatment with CHEX
alone caused a 33% and 37% increase in filopodial length and
number, respectively (Fig. 2D, E). Incorporation of XAC(3E)
blocked CHEX-mediated increases in both length and number.
These results provide additional evidence that BDNF-induced
regulation of ADF/cofilin activity is mediated through a p75-
dependent mechanism.

BDNF reduces the phosphorylation levels of ADF/cofilin

The activity of ADF/cofilin is regulated by the phosphorylation
state of serine 3, such that dephosphorylation activates ADF/
cofilin. To test the effect of BDNF on the phosphorylation state of
ADF/cofilin, we conducted quantitative immunofluorescence on
retinal growth cones using a phosphospecific antibody to ADF/
cofilin (pAC). Control-treated retinal growth cones displayed ro-
bust staining patterns for pAC (Fig. 3A). Treatment of growth
cones with BDNF for 5, 10, or 30 min caused a time-dependent
reduction in pAC staining (Fig. 3A—I). There was a 23% reduc-
tion in pAC signal after treatment with BDNF for 5 min (Fig.
3C,D), and anti-pAC staining was further reduced by 49% after a
30 min treatment with BDNF (Fig. 3G,H). pAC levels are regu-
lated through a ROCK-dependent pathway, presumably via
LIMK. Treatment of retinal growth cones with ROCK inhibitors,
either 500 nmM H-1152 or 10 um Y-27632, caused a 47% and 45%
reduction in pAC staining, respectively, compared with control
growth cones (Fig. 3/-P). These results suggest that BDNF regu-
lates filopodial dynamics through downregulation of pAC by way
of a ROCK-dependent mechanism.
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Figure 3.  BDNF causes a reduction in pAC levels on retinal growth cones that is mediated
through ROCK. Growth cones treated with BONF for up to 30 min displayed a gradual reduction
inpACstaining levels (A, , £, G). Growth cones were counterstained using Alexa568-conjugated
phalloidin (8, D, £, H). I, Thirty-minute treatment with BDNF caused a 49% reduction in pAC
levels relative to control treatment. J~0, ROCK inhibition with H-1152 or Y-27632 mimicked the
effects of BDNF treatment on pAC levels. P, Treatment with H-1152 for 30 min or Y-27632 for 1
hr produced a 47 and 45% reduction, respectively, in pAC levels. Measurements were taken
from at least 77 growth cones from a minimum of three independent experiments. Scale bars,
10 wm. *p < 0.001; **p < 0.005; statistical significance relative to control (two-sample ¢
test).

The 14-3-3( protein blocks the effects of BDNF on

filopodial dynamics

The 14-3-3 proteins have regulatory roles in signal transduction
by binding to phosphoserine-containing cellular proteins (Fu et
al., 2000). The 14-3-3¢ protein regulates actin dynamics through
binding and stabilization of inactive phosphocofilin in cell lines
(Gohla and Bokoch, 2002). Because BDNF downregulated pAC
levels and XAC(3E) blocked the morphological effects of BDNF,
we hypothesized that introduction of 14-3-3¢ into growth cones
would stabilize pAC and block the effects of BDNF on filopodial
dynamics. For these studies, we used the GST-14-3-3¢ chimera,
which has previously been shown to be functional when ex-
pressed in vivo (Gohla and Bokoch, 2002). Incorporation of 14-
3-3¢ alone had no effect on filopodial length but blocked the
stimulatory effects of BDNF on filopodial length (Fig. 4A). Fur-
thermore, 14-3-3¢ blocked the BDNF-induced increases in filop-
odia number (Fig. 4B). Although 14-3-3¢ did not have a signifi-
cant effect on pAC levels compared with control, 14-3-3¢ blocked
the BDNF-mediated reduction in pAC levels on retinal growth
cones (Fig. 4C). These results further support a role for BDNF
signaling through ADF/cofilin, however they do not specifically
demonstrate a direct role for 14-3-3{ in the BDNF-mediated
pathway regulating pAC.
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Figure4. The 14-3-3¢ protein blocked the effects of BDNF on filopodial dynamics and pAC
levels. The BDNF-induced increases on filopodial length (A) and number ( B) were blocked by
14-3-3Z. (, Although 14-3-3¢ alone had no effect on pAC levels, 14-3-3Z blocked the BDNF-
mediated reduction in pAC levels. Data in A and B are percentage of control = SEM from six
independent experiments. Data in C were taken from at least 84 growth cones from four inde-
pendent experiments. *p << 0.001; statistical difference relative to control (two-sample ¢ test).

Inhibition of myosin II enhances filopodial length

If BDNF downregulates RhoA signaling, then a reduction of ac-
tomyosin contractility, through lowered ROCK activity, may also
contribute to BDNF regulation of filopodial length (Amano et al.,
1996; Kimura et al., 1996). Therefore, we tested the effects of
inhibition of myosin II on filopodial dynamics. (S)-(—)-
Blebbistatin has been characterized to specifically inhibit non-
muscle myosin II activity and myosin II-dependent cellular pro-
cesses (Straight et al., 2003; Kovacs et al., 2004). We found that
(S)-(—)-blebbistatin caused a dose-dependent increase in filopo-
dial length on chick retinal growth cones (Fig. 5A—E). Filopodial
length on growth cones increased by ~47% after treatment with
50 uMm (S)-(—)-blebbistatin. A 50 uM concentration of blebbista-
tin caused a modest increase on filopodial number, whereas
lower concentrations had no effect on filopodial number (Fig.
5F). Blebbistatin had similar effects on filopodial length on chick
DRG growth cones (our unpublished data).

To determine whether blebbistatin and BDNF have distinct
effects on filopodial dynamics, we conducted time-lapse video-
microscopy of retinal growth cone motility. Within 4 min after
application of 20 uM (S)-(—)-blebbistatin, growth cones dis-
played shrinking of lamellipodia, whereas filopodia detached
from the substratum and exhibited bending and buckling behav-
ior (Fig. 5G). Blebbistatin-treated filopodia exhibited enhanced
extension rates within 2 min of treatment, as measured by the
elongation of filopodial tips, whereas there was a gradual reduc-
tion in the rate of retraction (Fig. 5H ). Blebbistatin also caused a
reduction in the motility of the growth cone over time. To quan-
tify this observation, we determined a motility index to measure
the amount of time filopodia spend moving, as opposed to re-
maining stationary. Within 15 min, blebbistatin-treated filopo-
dia exhibited an approximate twofold reduction in the motility
index relative to before drug treatment (Fig. 5K). In contrast to
blebbistatin-treated growth cones, BDNF treatment did not re-
duce lamellipodial motility, and filopodia did not detach and
bend excessively (Fig. 5I). Filopodia treated with BDNF exhibited
enhanced extension rates, measured at filopodial tips, but
showed no change in the retraction rate (Fig. 5]), as observed
previously (Gehler et al., 2004). Also, in contrast to blebbistatin,
there was no change in the motility index after treatment with
BDNF (Fig. 5K). Thus, our videomicroscopic analysis showed
that blebbistatin enhanced filopodial length through increased
extension dynamics while reducing the overall motility of filop-
odia. These morphological effects of blebbistatin on growth
cones are distinct from those of BDNF.
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BDNEF-enhanced filopodial dynamics do not involve
regulation of myosin II activity

We have provided evidence to implicate ADF/cofilin in mediat-
ing the effects of BDNF on filopodial dynamics. Whereas inhibi-
tion of myosin II with blebbistatin also increased filopodial
length, it is not clear whether regulation of myosin II activity is
involved in the effects of BDNF. Therefore, we tested the effects of
BDNF in combination with blebbistatin on filopodial dynamics.
Treatment with BDNF alone for 30 min caused a 29% increase in
filopodial length, whereas treatment with 20 um blebbistatin
alone for 15 min produced a 41% increase in length (Fig. 6 A).
Pretreatment with BDNF and then the addition of blebbistatin
produced a 56% increase on filopodial length. These additive
effects of BDNF and blebbistatin suggest BDNF may mediate its
effects through a mechanism that is independent of myosin II
activity.

Analysis of filopodial number provided additional evidence
that the effects of BDNF are myosin II independent. BDNF alone
caused a 40% increase in filopodial number (Fig. 6 B). Although
20 uMm blebbistatin alone had no effect on filopodial number,
simultaneous exposure to BDNF and blebbistatin resulted in a
similarly increased number of filopodia as BDNF treatment
alone. These results suggest that reduced myosin II activity is not
involved in the BDNF-induced increases on filopodial number.

To test further whether BDNF signals through a myosin II-
independent pathway, we determined the effects of the ROCK
inhibitor Y-27632 and blebbistatin on filopodial dynamics.
BDNF regulation of filopodia is mimicked by inhibition of
ROCK (Fig. 1), and, furthermore, inhibiting ROCK downregu-
lates pAC in a manner similar to BDNF treatment (Fig. 3/-P). It
has been suggested that Y-27632 inhibits myosin Ila-mediated
neurite retraction in neuroblastoma cells (Chantler and Wylie,
2003). To determine whether Y-27632 mediates its effects on
filopodial dynamics independently of myosin II inhibition, chick
retinal cultures were simultaneously treated with 10 um Y-27632
and 20 uMm blebbistatin. Treatment with 10 uMm Y-27632 alone
caused an ~31% and ~25% increase on filopodial length and
number, respectively, whereas growth cones treated with 20 um
blebbistatin alone displayed an ~49% and ~12% enhancement
on filopodial length and number (Fig. 6C,D). Simultaneous
treatment with Y-27632 and blebbistatin had additive effects by
causing an ~86% increase on filopodial length, whereas filopo-
dial number was similar to Y-27632 treatment alone. These re-
sults suggest that Y-27632 does not enhance filopodial length
through inhibition of myosin II and provide additional evidence
that BDNF signals through a myosin II-independent pathway.

Finally, we tested the effects of myosin Il inhibition on growth
cones loaded with ADF/cofilin mutant proteins. This experimen-
tal approach tested whether blebbistatin treatment requires ADF/
cofilin activity to mediate its effects, and because XAC(3E) com-
pletely blocked the BDNF-mediated enhancement on filopodial
dynamics, it will help further characterize whether the effects of
BDNF involve a reduction in myosin II activity. Whereas the
effects of BDNF were blocked by XAC(3E), treatment of
XAC(3E)-loaded growth cones with 20 M blebbistatin increased
filopodial length and number by ~48% and 19%, respectively,
similar to blebbistatin treatment alone (Fig. 6 E,F). Similarly,
although the enhancement of filopodial length and number in
XAC(3A)-treated growth cones was not further increased by
BDNEF, the addition of blebbistatin to XAC(3A)-loaded cultures
did produce additive effects on both filopodial length and num-
ber. These studies combining ADF/cofilin mutants with bleb-
bistatin show that the effects of blebbistatin are independent of
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ADF/cofilin activity. Furthermore, be-
cause the effects of BDNF are blocked by
XAC(3E), whereas the effects of blebbista-
tin are not influenced by XAC(3E), these
results further indicate that BDNF does
not signal through myosin II inhibition.

Discussion

Filopodia are dynamic cellular extensions
with key roles in morphogenetic events
(Wood and Martin, 2002). The critical
sensory role of filopodia in neuronal
growth cones is indicated by studies show-
ing that filopodial inhibition disrupts
pathfinding in vivo and in vitro (Bentley
and Toroian-Raymond, 1986; Chien et al.,
1993; Zheng et al., 1996). Furthermore,
growth cone turning toward a chemoat-
tractant is initiated by an asymmetrical
distribution of filopodia (Zheng et al.,
1996). Filopodial signaling may initiate
growth cone responses to extracellular li-
gands (Robles et al., 2003; Yuan et al,
2003). In addition, interactions between
axonal and dendritic filopodia are impor-
tant during morphogenesis of axonal and
dendritic arbors and in synaptogenesis
(for review, see Jontes and Smith, 2000;
Niell et al., 2004).

BDNF is implicated in regulating ax-
onal and dendritic morphogenesis (McAl-
lister et al., 1999; Alsina et al., 2001; Chao,
2003). We previously showed that neuro-
trophin stimulation of filopodial number
and length is mediated by p75-dependent
downregulation of RhoA activity in retinal
growth cones (Gehler et al., 2004). A 30%
increase in filopodial length expands the
search volume of a growth cone by 120%.
Such enhanced sensory capability may facil-
itate detection of morphogenetic gradients
(Isbister et al., 2003). In addition, filopodia
are important for the ability of growth cones
to cross nonadhesive regions separating ad-
hesive substrata (Hammarback and Letour-
neau, 1986; Clark et al., 1993). Conse-
quently, longer filopodia may increase the
abilities of growth cones to detect guidance
or morphogenetic information on cells and
extracellular surfaces.

We have shown that inhibition of the
RhoA effector ROCK mimics the effects of
BDNF on retinal growth cone filopodial
dynamics. Second, we have shown that
ADF/cofilin activity is sufficient and nec-
essary to transduce the effects of BDNF on
filopodial dynamics. Third, BDNF pro-
motes the dephosphorylation, and there-
fore activation, of ADF/cofilin. Finally, in-
hibition of myosin II enhances filopodial
length, but myosin II activity is not in-
volved in mediating the effects of BDNF
on filopodial length or number.
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Figure 5.  Inhibition of myosin Il enhanced filopodial length, but growth cones exhibit morphological differences compared

with BDNF treatment. A-D, (5)-(—)-Blebbistatin had a dose-dependent effect on filopodial length and number of retinal growth
cones stained using Alexa568-conjugated phalloidin. £, A 50 um concentration of blebbistatin increased filopodial length by
~47%. F, A 50 pum concentration of blebbistatin had a small effect on filopodial number, whereas lower concentrations had no
effect. G, Time-lapse images of a growth cone treated with 20 wum blebbistatin. The growth cone displayed normal motility before
the addition of blebbistatin (—2:00). After the addition of blebbistatin (0:00), the lamellipodia retracted, whereas filopodia
increased in length (4:00). There was a tendency for filopodia to detach and buckle after treatment with blebbistatin (arrows). H,
Blebbistatin increased filopodia extension rates while causing a gradual reduction in the retraction rates. /, Time-lapse images of
a BDNF-treated growth cone. Four minutes after the addition of 160 nm BDNF (4:00), filopodia length and number increased,
whereas the lamellipodia remained intact. J, BONF increased extension rates while having no effect on the retraction rates. K,
Filopodia treated with blebbistatin exhibited a twofold reduction in the motility index, whereas BONF-treated filopodia exhibited
no changein filopodial motility. Filopodia extension and retraction dynamics were pooled into 2 min time bins. Scale bars, 10 um.
Data are percentage of control == SEM from four independent experiments. Videomicroscopy results were obtained from at least
six growth cones for each treatment. *p << 0.0071; statistical significance relative to control (two-sample ¢ test).
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Figure 6.  BDNF does not signal through myosin Il to regulate filopodial dynamics. BDNF has additive effects on filopodial
length (A) and number (B) on blebbistatin-treated growth cones. C, A 10 wm concentration of Y-27632 or 20 um blebbistatin
caused an ~31and ~49% increase on filopodial length, respectively, whereas treatment with both Y-27632 and blebbistatin
produced an 86% increase on filopodial length. D, Y-27632 and blebbistatin enhanced filopodial number by ~25 and 12%,
respectively. Treatment with both Y-27632 and blebbistatin enhanced filopodial number to similar levels as Y-27632 treatment
alone. £, The effects of blebbistatin do not require ADF/cofilin activity. Contrary to BDNF treatment, XAC(3E) had no effect on
blebbistatin-induced increases on length. In addition, treatment of XAC(3A) cultures with blebbistatin exhibited additive effects
onlength. F, Blebbistatin treatment of XAC(3E)-loaded growth cones caused a similar increase in filopodial number as blebbistatin
treatment alone, whereas blebbistatin had additive effects on the number of filopodia on XAC(3A)-treated growth cones. Data are
percentage of control == SEM from a minimum of four independent experiments. *p << 0.001; **p << 0.005; statistical difference
(two-sample t test).
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Our results with three ROCK inhibitors indicate that reduced
ROCK signaling stimulates filopodial formation, similar to the
effect of ROCK inhibition on neurite formation (Bito et al.,
2000). ROCK inhibitors replicate the stimulation of filopodial
length by BDNF and are not additive with BDNF. However,
ROCK inhibitors have a lesser effect on filopodial number, which
is increased by cotreatment with BDNF to the level of BDNF
treatment alone. BDNF may regulate filopodial number through
additional pathways.

ADF/cofilin plays a key role in promoting actin filament dy-
namics by severing F-actin to generate barbed ends for filament
elongation and by enhancing the release of G-actin from F-actin
pointed ends. Expression of activated cofilin increased barbed
filament ends and F-actin content to promote motility of MTLn3
cells (Ghosh et al., 2004). ADF/cofilin is regulated by RhoA sig-
naling through the ROCK effector LIMK (Sarmiere and Bam-
burg, 2004), which inhibits ADF/cofilin via phosphorylation at
serine 3 (Arber et al., 1998; Yang et al., 1998; Meng et al., 2002).
LIMK overexpression depresses growth cone motility and neurite
extension in sensory neurons (Aizawa et al., 2001; Endo et al.,
2003). The inhibitory effects of LIMK are opposed by the ADF/
cofilin phosphatase slingshot (SHH) (Endo et al., 2003; Nagata-
Ohashi et al., 2004; Sarmiere and Bamburg, 2004). Supplemental
material (available at www.jneurosci.org as supplemental mate-
rial) demonstrates the presence of SSH in retinal growth cones.

With a peptide-based delivery system, we introduced exoge-
nous proteins into growth cones. Incorporation of constitutively
active ADF/cofilin [XAC(3A)] increased filopodial length to sim-
ilar levels as BDNF treatment, indicating that increased ADF/
cofilin activity is sufficient to increase filopodial length. XAC(3A)
had modest effects on filopodial number. The addition of BDNF
to XAC(3A)-treated neurons did not further increase filopodia
length but increased filopodial number the same as BDNF treat-
ment alone. Conversely, pseudo-phosphorylated (inactive) ADF/
cofilin, XAC(3E), blocked the BDNF-induced increase in length
and number, indicating ADF/cofilin activity is required for
BDNEF to stimulate filopodial dynamics. A nonsevering mutant of
ADF/cofilin also blocked the effects of BDNF. Consistent with a
requirement for active ADF/cofilin to mediate the effects of
BDNF, BDNF caused a reduction in the amount of inactive phos-
pho-ADF/cofilin in growth cones. This was mimicked by inhibi-
tion of ROCK and is consistent with the finding that Y-27632
reduced pAC levels in THP-1 monocytes (Worthylake and Burr-
idge, 2003). Incorporation of 14-3-3¢, which binds and stabilizes
inactive phospho-ADF/cofilin, blocked BDNF-induced increases
on filopodial length and number. The 14-3-3¢ protein produced
no change in pAC levels compared with control but did suppress
the BDNF-induced reduction in pAC staining. Collectively, these
results show that BDNF regulates filopodial dynamics by increas-
ing the activity of ADF/cofilin.

How do pseudo-phosphorylated ADF/cofilin [XAC(3E)] or
nonsevering ADF/cofilin block the effects of BDNF in growth
cones that contain endogenous ADF/cofilin? Perhaps XAC(3E)
and nonsevering ADF/cofilin bind SHH or other phosphatases
and interfere with dephosphorylation to activate endogenous
ADF/cofilin. Expressed XAC(3E) also acted in a dominant-
negative manner on fibroblast polarity (Dawe et al., 2003). That a
nonsevering mutant of ADF/cofilin blocked BDNF-induced in-
creases of filopodial length and number indicates that actin fila-
ment severing by ADF/cofilin to generate new barbed filament
ends is important for promoting actin dynamics (Endo et al.,
2003). Additional information on the mechanism by which ADF/
cofilin regulates filopodial dynamics will come from tracking ac-
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tin dynamics in filopodia using speckle microscopy or photo-
bleaching (Watanabe and Mitchison, 2002).

ROCK also activates myosin IT (Amano et al., 1996; Kimura et
al., 1996), raising the possibility that the effects of BDNF on filop-
odia involves myosin II. Lin et al. (1996) showed that filopodial
elongation is negatively regulated by myosin-driven retrograde
F-actin flow. However, Diefenbach et al. (2002) found that
chromophore-assisted laser inactivation (CALI) of myosin II did
not affect filopodial dynamics and growth cones from myosin IIB
knock-out mice showed normal filopodial dynamics (Brown and
Bridgman, 2003). Furthermore, neurons express two main iso-
forms of myosin II that may regulate distinct aspects of neuronal
morphology (Wylie and Chantler, 2003).

We found that, like BDNF treatment, treatment with the my-
osin II-specific inhibitor blebbistatin (Kovacs et al., 2004) in-
creased filopodial length and 50 wm of blebbistatin modestly
increased filopodial number. Blebbistatin had distinct effects on
filopodial motility compared with BDNF. Both blebbistatin and
BDNF augmented filopodial extension rates, but blebbistatin sig-
nificantly reduced filopodial motility, whereas BDNF produced
no change in motility. In addition, filopodia of growth cones
treated with blebbistatin detached from the substratum and ex-
hibited bending and buckling, whereas lamellipodia retracted.
These observations resemble the finding that disruption of myo-
sin ITA reduced cell adhesion of mouse neuroblastoma cells
(Wylie and Chantler, 2001). Furthermore, CALI of vinculin, a
component of focal contacts, in growth cones also caused filop-
odia to detach and buckle (Sydor et al., 1996). Thus, myosin II
inhibition with blebbistatin may disrupt adhesion of filopodia,
and we speculate the increased filopodial extension rates are at-
tributable to reduced membrane cortical tension and altered ac-
tin dynamics (Mallavarapu and Mitchison, 1999; Raucher and
Sheetz, 2000).

Our results indicated myosin II is not involved in mediating
the effects of BDNF on filopodial dynamics. Inhibition of myosin
II with blebbistatin was additive with either BDNF or inhibition
of ROCK in stimulating filopodial length. In contrast, blocking
ADF/cofilin activity with XAC(3E), which inhibited BDNF-
induced increase of filopodial length, does not inhibit the en-
hancement of filopodial length by blebbistatin. Furthermore, the
stimulation of filopodial length by constitutively active
XAC(3A), which is not additive with BDNF treatment, is additive
with blebbistatin treatment. Together these results indicate that
BDNEF regulates filopodial dynamics independently of myosin I1.
Although we cannot rule out the contributions to filopodial dy-
namics of other myosins, particularly myosin IC, which may be
involved in retrograde flow and lamellipodial spread (Diefenbah
etal., 2002), and myosin V (Wang et al., 1996), only myosin II is
known to be regulated by ROCK. Furthermore, myosin V null
mice display normal growth cone morphology (Evans et al.,
1997).

BDNF regulates many aspects of the behavior of retinal
growth cones and axonal terminals. Multiple signaling pathways
and multiple receptors are involved (Chao, 2003; Song and Poo,
2001), including mechanisms that require protein synthesis and
minimum time intervals (Gallo et al., 2002a). These diverse ac-
tivities are complex, involving many proteins and interactions.
We limited this study to investigating the short-term effects of
BDNF on filopodial dynamics. Our results clearly demonstrate
that ADF/cofilin mediates the effects of BDNF on filopodial dy-
namics, whereas regulation of myosin Il activity is not involved. It
is becoming apparent that ADF/cofilin is a focal point for regu-
lating growth cone actin dynamics through diverse mechanisms.
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LIMK, SHH, and 14-3-3¢ all have roles in regulating the balance
of active versus inactive ADF/cofilin, and all have been demon-
strated to modulate growth cone behaviors (Aizawa et al., 2001;
Endo et al., 2003; Niwa et al., 2002). Furthermore, 14-3-3{ binds
not only to phospho-ADF/cofilin (Gohla and Bokoch, 2002) but
also to LIMK (Birkenfeld et al., 2003) and SHH (Nagata-Ohashi
etal,, 2004), providing additional complexity in regulating ADF/
cofilin activity. In conclusion, we present evidence that ADF/
cofilin has an important role in mediating the effects of neuro-
trophins, an important class of axonal guidance and
morphogenetic cues, on filopodial dynamics of retinal neuronal
growth cones. Together with evidence that ADF/cofilin is in-
volved in mediating the effects of other guidance cues (Aizawa et
al., 2001), our results emphasize the significance of ADF/cofilin
as a focus of signaling to regulate growth cone pathfinding and
morphogenesis.
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