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Arp2/3 complex—dependent actin networks
constrain myosin Il function in driving retrograde

actin flow

Qing Yang, Xiao-Feng Zhang, Thomas D. Pollard, and Paul Forscher

Department of Molecular, Cellular, and Developmental Biology, Yale University, New Haven, CT 06511

he Arp2/3 complex nucleates actin filaments to

generate networks at the leading edge of motile

cells. Nonmuscle myosin Il produces contractile
forces involved in driving actin network translocation. We
inhibited the Arp2/3 complex and/or myosin Il with small
molecules to investigate their respective functions in neu-
ronal growth cone actin dynamics. Inhibition of the
Arp2/3 complex with CK666 reduced barbed end actin
assembly site density at the leading edge, disrupted
actin veils, and resulted in veil retraction. Strikingly, retro-
grade actin flow rates increased with Arp2/3 complex

Introduction

Growth cones are highly motile sensory structures at the tips
of developing and regenerating neurites. They are composed of
two distinct cytoplasmic domains: (1) the central or C-domain,
characterized by fast organelle transport and high microtubule
density; and (2) the peripheral or P-domain, consisting of dense
networks of actin filaments (Forscher et al., 1987), which can
be classified into polarized filopodial bundles and isotropic net-
works referred to as actin “veils” (Lewis and Bridgman, 1992).
Like other migrating cells, coordinated regulation of actin fila-
ment dynamics is critical for maintaining the growth cone’s
structural integrity and coherent motility.

The Arp2/3 complex has been widely investigated for its
role in actin filament assembly. It is comprised of seven sub-
units and nucleates a branched actin filament network (Pollard
and Borisy, 2003; Pollard, 2007). The Arp2/3 complex local-
izes to the leading edge of motile cells (Machesky et al., 1994;
Welch et al., 1997; Schafer et al., 1998; Iwasa and Mullins, 2007;
Le Clainche et al., 2007; Lai et al., 2008). Upon activation near
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inhibition; however, when myosin Il activity was blocked,
Arp2/3 complex inhibition now resulted in slowing of ret-
rograde actin flow and veils no longer retracted. Retro-
grade flow rate increases induced by Arp2/3 complex
inhibition were independent of Rho kinase activity. These
results provide evidence that, although the Arp2/3 com-
plex and myosin Il are spatially segregated, actin net-
works assembled by the Arp2/3 complex can restrict
myosin |l-dependent contractility with consequent effects
on growth cone motility.

the membrane by nucleation promoting factors downstream
of Rac and Cdc42 and subsequent binding to the side of a pre-
existing filament, the Arp2/3 complex forms a daughter fila-
ment branch that grows and can generate protrusive force (Bailly
et al., 1999; Prass et al., 2006; Pollard, 2007; Campellone and
Welch, 2010). In neuronal growth cones, the localization and
the role of the Arp2/3 complex have been questioned. Some
studies reported that the Arp2/3 complex was localized to
the P-domain leading edge (Mongiu et al., 2007; Korobova and
Svitkina, 2008) and implicated it in veil protrusion (Mongiu
etal., 2007; Tahirovic et al., 2010) and filopodium initiation
(Korobova and Svitkina, 2008; Norris et al., 2009; Spillane et al.,
2011). However, others reported Arp2/3 complex concentration
in the C-domain and proposed a role in negative regulation of
neurite outgrowth (Strasser et al., 2004; Pinyol et al., 2007).
Actin motors, particularly nonmuscle myosin II, have also
been implicated in regulation of actin dynamics. Upon activa-
tion by phosphorylation of its regulatory light chains, myosin II
forms bipolar mini-filaments, binds to actin filaments, and
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produces force on the actin filament network (Kolodney and
Elson, 1995; Henson et al., 2003; Vicente-Manzanares et al.,
2009). Myosin II concentrates in the lamellum and the rear of
migrating cells, where it contributes to de-adherence accompa-
nying trailing edge retraction (Ponti et al., 2004; Vicente-
Manzanares et al., 2009; Wilson et al., 2010). In growth cones,
myosin II is concentrated at the interface between P- and
C-domains (Rochlin et al., 1995; Medeiros et al., 2006), where
it contributes to retrograde flow of actin filaments and recycling
of filopodial bundles (Lin et al., 1996; Medeiros et al., 2006;
Wilson et al., 2010). Several lines of evidence have implicated
myosin II activation in neurite retraction responses (Ahmad et al.,
2000; Zhang et al., 2003; Myers et al., 2006; Brown et al., 2009).

We used small molecule inhibitors and observations by
electron microscopy, immunocytochemistry, and quantitative
fluorescent speckle microscopy to study the roles and inter-
actions of Arp2/3 complex and myosin II in growth cone motility.
Our observations show that the network of actin filaments com-
prising veils depends on the Arp2/3 complex for assembly and
that retrograde flow of this network depends on myosin II activ-
ity. Our results suggest an antagonistic modulatory relationship
between the Arp2/3 complex and myosin II and that spatiotem-
poral coordination of their respective functions regulate actin
veil network integrity and dynamic behavior.

Results

Arp2/3 complex inhibition disrupts its
localization in growth cones

We localized Arp2/3 complex in fixed Aplysia growth cones
with an antibody against the Arp3 subunit (Welch et al., 1997,
Mongiu et al., 2007), which recognized a single 53-kD band
on Western blots of Aplysia CNS homogenate (Fig. 1 A).
Immunolabeling of Arp2/3 complex revealed a punctate pattern
throughout the growth cone. Puncta density was highest in a
1-2-um-wide band near the leading edge (Fig. 1 B, red arrow,
top). Line scans spanning the P-domain (Fig. 1 C) indicated
Arp2/3 complex labeling was 1.6-fold higher near the leading
edge than in the adjacent region (Fig. 1, D [see inset] and E).
Pre-absorbing the Arp3 antibody with purified bovine Arp2/3
complex eliminated reaction with Arp3 on Western blots and
immunostaining of growth cones, confirming antibody specificity
(Fig. S1, A and B). An antibody against the Arp2 subunit (Hubert
et al., 2011) detected a single band at 43 kD on immunoblots
of Aplysia CNS homogenate and produced labeling patterns
similar to the Arp3 antibody (Fig. S1, C and D, top). Our results
are consistent with previous studies of growth cones from dorsal
root ganglion (Mongiu et al., 2007) and hippocampal (Korobova
and Svitkina, 2008) neurons, fibroblasts (Welch et al., 1997,
Schafer et al., 1998), epithelial cells (Le Clainche et al., 2007),
melanoma cells (Lai et al., 2008), and Drosophila hemocytes
(Iwasa and Mullins, 2007).

We assessed effects of Arp2/3 complex inhibition on its
localization using a small molecule inhibitor, CK666, which
binds between Arp2 and Arp3 and blocks their movement into
the active conformation (Nolen et al., 2009). Treatment of
growth cones with 100 uM CK666 for 20 min delocalized
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Arp2/3 complex from the leading edge (Fig. 1, B [second panel],
C, and E; Fig. S2 B), whereas an inactive structural analogue,
100 uM CK689 (Nolen et al., 2009), had no apparent effect
(Fig. 1, B [third panel], C, and E). These effects on Arp2/3
complex localization depended on the concentration of CK666,
with almost complete leading edge delocalization at concentra-
tions above 25 uM (Fig. 1 D; Fig. S2, A and B). Delocalization
effects were readily reversible (Fig. 1, B [bottom], C, and E;
Figs. S1 D and S2, C and D). Treatment with CK666, but not
CK689, dispersed Arp2/3 complex from the C-domain (Fig. 1,
B and C), where it had also been observed previously (Strasser
et al., 2004; Pinyol et al., 2007).

Arp2/3 complex in the P- and C-domains responded dif-
ferently when the plasma membrane was removed by extraction
in a cytoskeleton-stabilizing buffer before fixation (Fig. 1, F
[top] and G). The band of enhanced Arp2/3 complex density
near the leading edge was stable during extraction of control
cells but was absent in cells treated with CK666 (Fig. 1, F—H).
These results suggest that leading-edge Arp2/3 complex is nor-
mally tightly associated with peripheral cytoskeletal structures.
In contrast, Arp2/3 complex in the C-domain appeared to be
less tightly associated with the cytoskeleton as it was more
readily extracted under control conditions (Fig. 1, compare con-
trols in B vs. F).

Arp2/3 complex inhibition induces veil
retraction and disrupts actin veil network
As described previously (Lewis and Bridgman, 1992; Lebrand
etal., 2004), the P-domain of control growth cones contains two
distinct substructures: (1) actin veils comprised of a dense iso-
tropic network of short filaments (Fig. 2, A and B, control pan-
els; Fig. S2 E, asterisk) and (2) filopodia comprised of bundles
of longer actin filaments that span the width of the P-domain
(Fig. 2 A and B, control panels; Fig. S2 E, arrowheads). Electron
micrographs of platinum replicas of extracted growth cones
showed that treatment with CK666 dramatically reduced the
density of the actin network in veils at the leading edge in a
concentration- and time-dependent manner (Fig. 2, A and B,
red arrows; Fig. S2 F) and appeared to result in veil retraction.
After treatment with 100 uM CK666 for 20 min, filopodial actin
bundles were remarkably intact, but actin veils remained only
near the base of filopodial bundles (Fig. 2 A, arrow, far right).
Our results agree with a previous report showing that pharma-
cological inhibition of Arp2/3 complex led to veil retraction in
cerebellar granule neurons (Tahirovic et al., 2010). The inactive
analogue CK689 did not significantly affect actin filament orga-
nization (Fig. 2 C; Fig. S2 G).

We assessed actin veil retraction by measuring the length
of exposed filopodia in growth cones treated with a range of
CK666 concentrations and stained with Alexa 594 phalloidin
(Fig. 2 D, yellow caliper). Under control conditions, most ex-
posed filopodia were less than 2 um long, consistent with our
electron micrographs (Fig. 2, D [top left] and E [top histogram]).
Treatment with 50 or 100 uM CK666 for 15-30 min did not
change the number or length of filopodia (Fig. S3, D and E),
but the lengths of filopodia exposed at the leading edge (Fig. 2 D;
Fig. S3 A, bottom panels) increased with the concentration of
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Figure 1. Arp2/3 complex inhibition disrupts its localization in growth cones. (A) Western blot analysis of Aplysia CNS proteins with anti-Arp3 antibody.
(B) Fluorescent labeling of Aplysia bag cell neuron growth cones with Arp3 antibody and Alexa 594 phalloidin affer normal fixation. Growth cones were
treated with vehicle (DMSO, top panel), CK666 (100 pM, second panel), the inactive analogue CK689 (100 pM, third panel) for 20 min, or treated with
CK666 (100 pM) for 20 min followed by 30 min recovery in control medium (bottom panel). Red arrow: Arp2/3 complex enrichment. (C) Arp3 distribution
profile sampled from the designated lines in B. (D) CK666 dose-dependent reduction of Arp2/3 complex enrichment at the leading edge. Red line: best
fit curve using the 4-parameter nonlinear regression model (see Materials and methods), R? = 0.9929. *, P < 0.01 with two-tailed unpaired f test versus
the first data point (control). (E) Quantification of Arp2/3 complex enrichment at the leading edge for each condition in B. For images of 10- and 20-min
CK666 washout, see Fig. S2 C. *, P < 0.01 with two-tailed unpaired ttest. NS, not significant. (F) Fluorescent labeling of growth cones with Arp3 antibody
and TRITC-phalloidin after live cell extraction. Growth cones were treated with vehicle (DMSO, top), CK666 (100 pM, middle) for 20 min, or treated with
CK666 (100 pM, 20 min) followed by recovery in control medium for 30 min (bottom). (G) Arp3 distribution profiles sampled from the designated lines in F.
(H) Quantification of Arp2/3 complex enrichment at the leading edge for each condition in F. *, P < 0.01 with two-ailed unpaired ttest. NS, not significant.
Yellow dotted lines demarcate the leading edge. Yellow arrows, intrapodia. Numbers in parentheses indicate growth cones measured. Bars, 10 pm.
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Figure 2. Arp2/3 complex inhibition disrupts actin veil structure and leads to veil retraction in a dose- and time-dependent manner. (A) Periphery of
growth cones treated with vehicle (DMSO, left) or different concentrations of CK666 for 20 min. (B) Periphery of growth cones treated with vehicle (DMSO,
20 min, left) or CK666 (100 pM) for 1, 5, or 10 min. Arrowheads, filopodial; asterisk, actin veil; arrows, edge of the veil. Yellow dashed squares are
shown in F in higher magnification. (C) Periphery of a growth cone treated with CK689 (100 pM) for 20 min. For ultrastructures of the whole growth cones,
see Fig. S2, E-G. (D) Leading edge of growth cones labeled with Alexa 594 phalloidin after normal fixation. Growth cones were treated with vehicle
(DMSO, 20 min, top left), CK666 at different concentrations (25, 50, or 100 pM, 20 min, bottom), CK689 (100 pM, 20 min, top middle), or CK666
(100 pM, 20 min) followed by washout for 30 min (top right). See Fig. S3 A for whole growth cones. (E) Distribution of exposed filopodium lengths (yel-
low caliper in D) in histograms. See Fig. S3, B and C, for statistical analysis. (F) High magnification of areas marked by the yellow boxes in A showing
representative veil network ultrastructure in control (left) and CKé66-treated (50 pM, 20 min, right) growth cones. (G) Quantification of actin veil network
parameters from 1 x 1 pm? regions in distal P-domain similar to those in F. n, 97 regions from 8 GCs for control; 61 regions from é GCs for CK666.
*, P <0.01 with two-ailed unpaired t test. Bars: (A-C) 2 pm; (D) 5 pm; (F) 200 nm.
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CK666 (Fig. 2 E; Fig. S3, B and C). The length distribution
of exposed filopodia was similar to controls after CK666 wash-
out (Fig. 2, D [top right] and E; Fig. S3, A-C) or after treat-
ment with100 uM inactive analogue CK689 (Fig. 2, D and E;
Fig. S3, A-C).

Next we assessed the effects of Arp2/3 complex inhibi-
tion on actin filament network density near the leading edge
(Fig. 2, F and G). We reasoned that in the relatively isotropic
actin networks typically found here, higher filament densities
would be correlated with less negative (free) space. Accord-
ingly, we measured the size, number, and sum of negative
space in 1 um? regions of interest (ROIs) in EM images. Under
control conditions, ROIs had 17.9 + 0.7% negative space and
high mesh counts (143.2 + 2.4 /um?, average size 0.0013 +
0.0004 um?), indicative of a densely packed actin filament net-
work (Fig. 2 G, blue bars). After CK666 treatment (50 uM for
20 min), 54.3 = 0.7% of the ROI sampled near the retracted
leading edge was negative space, the mesh count significantly
decreased (43.7 + 2.4 /Jum?®) and average mesh size increased
(0.0151 = 0.0011 um?). These results show that Arp2/3 com-
plex inhibition markedly reduces actin network density (Fig. 2 G,
red bars). More specifically, the Arp2/3 complex appears to
regulate the integrity of actin veil networks and has modest
effects, if any, on filopodial actin bundles.

Arp2/3 complex inhibition decreases the
density of actin assembly sites

We used Alexa 488 actin monomer incorporation (Symons and
Mitchison, 1991; Chan et al., 1998) to measure free actin fila-
ment barbed-end densities in permeabilized growth cones. Under
control conditions, free barbed ends were concentrated in a
3—5-um band near the leading edge (Fig. 3 A, top) and also near
the peripheral-central (P—C) boundary, where they appeared to
be associated with intrapodia (Fig. 3 A, yellow arrows). The
density of free barbed ends decreased as early as 3 min after
50 uM CK666 addition (Fig. 3, A and B, second and third panels).
Population analysis indicated that the density of barbed ends in
the distal half of P-domain decreased by ~75% after Arp2/3
complex inhibition (Fig. 3 C). Barbed-end distribution patterns
recovered after CK666 washout, and the inactive analogue,
CK689, had no effect on bard-end density or localization (Fig. 3,
A and B [bottom two panels], and C). Note that polymerization-
competent barbed ends associated with filopodial actin bundles
did not appear to be affected by CK666 (Fig. 3 A, red arrow-
heads). These results are consistent with our electron micros-
copy and actin-labeling data (Fig. 2), which showed a dramatic
clearance of peripheral actin veil structures after CK666 treat-
ment. Together, these results suggest Arp2/3 complex actin
nucleation significantly contributes to generation of actin veil
assembly sites near the growth cone leading edge.

Arp2/3 complex inhibition increases
retrograde actin flow rates with little
effect on net actin turnover

We used quantitative fluorescence speckle microscopy (Danuser
and Waterman-Storer, 2006) to characterize actin filament dynam-
ics before and after Arp2/3 complex inhibition. Neurons were

injected with trace levels of either Alexa 568 actin monomers
or Alexa 594 phalloidin to generate actin filament speckles for
tracking over time using a quantitative cross-correlation approach
(Ji and Danuser, 2005; Burnette et al., 2007; Hu et al., 2007).
Calculated retrograde actin flow velocities were pseudocolor-
coded and corresponding vectors overlaid on images to illustrate
actin translocation (Fig. 4 A, flow map).

Treatment with 50 uM CK666 for 20 min significantly in-
creased peripheral speckle flow rates and resulted in actin veil
retraction (Fig. 4 A, left vs. middle panels, red arrow; Video 1).
CK666 effects were reversible and retrograde flow rates re-
turned to control levels after 10-30 min washout (Fig. 4, A and B).
Individual examples (Fig. S4, A and B) and population analy-
sis showed that after 15-30 min of exposure to CK666, flow
rates increased in proportion to drug concentration: 14.9 +3.0%
increase with 25 uM, 21.9 + 2.3% with 50 uM, and 41.2 +4.7%
with 100 uM (Fig. 4 C). In contrast, 15-30 min of treatment
with CK689 at corresponding concentrations had no effect on
flow rates (Fig. 4 D). The CK666 concentration-response trend
and reversibility were consistent with antibody staining and
electron microscopy results (Figs. 1 and 2).

As an alternative approach, we treated growth cones with
CK869, a different class of inhibitor, which binds the Arp2/3
complex at a site distinct from CK666 (Nolen et al., 2009).
Treatment with 50 uM CK869 for 15-30 min increased periph-
eral flow rates by 21.3 + 2.7%; in contrast, CK312, the inactive
structural analogue, had no effect (Fig. 4 E; see Fig. S4 C for
CK869 flow maps). Like CK666, CK869 delocalized Arp2/3
complex from the leading edge (Fig. S1 E, bottom; see the top
panel for inactive control). Taken together, these results provide
strong evidence that acute Arp2/3 complex inhibition results in
acceleration of retrograde actin filament flow.

We used single-speckle tracking to characterize actin
filament polymerization and depolymerization rates in the
P-domain (Ponti et al., 2004, 2005). Under control conditions,
strong polymerization, indicated by a high density of speckle
“birth” events, occurred in a narrow zone along the leading edge
(Fig. 4 F, top left). Treatment with 50 pM CK666 for 20 min
markedly decreased the number of speckle birth events recorded
in the same sampling interval, obscuring the obvious polymer-
ization band observed under control conditions (Fig. 4 F, top
right). A punctate pattern of actin polymerization remained,
some of which appeared to be associated with filopodial bundles
(Fig. 4 F, green arrow).

Two lines of evidence suggest CK666 did not significantly
affect actin filament turnover (life times) in the P-domain. First,
speckle “death” event density, which is an indicator of filament
depolymerization, appeared to be unaffected by CK666 treat-
ment (Fig. 4 F, bottom). Second, we recently developed an algo-
rithm (Van Goor et al., 2012) that estimates net actin turnover by
tracking integrated actin speckle intensity within an ROI as it
moves with retrograde flow across the P-domain. Fig. 4 G shows
that the integrated actin filament intensity within the ROI steadily
decreased to ~53.0% of its initial value in 2 min either under
control conditions or in the presence of 50 uM CK666 (Fig. 4 G).
These results indicate that Arp2/3 complex inhibition reduces
the frequency of actin assembly events near the leading edge,

Arp2/3 complex function in neuronal growth cones ¢ Yang et al.
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control; NS, not significant.

consistent with the actin incorporation assay results in Fig. 3, but
does not appear to have a marked effect on the rate of filament
depolymerization or the rate of network turnover.

Previous studies in growth cones suggest retrograde actin flow
depends both on pulling forces generated by myosin II local-
ized to the transition zone and pushing forces derived from
actin assembly near the leading edge (Forscher and Smith,
1988; Lin et al., 1996; Henson et al., 1999); however, maxi-
mal rates of retrograde flow depend on myosin II activity

(Medeiros et al., 2006). Arp2/3 complex—dependent actin
polymerization is thought to contribute to retrograde flow by
generating actin assembly—dependent pushing forces at the
leading edge (Mogilner and Oster, 2003; Bugyi and Carlier,
2010) and resultant actin filament array treadmilling (Pollard
and Borisy, 2003). Our initial expectation was that decreased
polymerization after Arp2/3 complex inhibition would de-
crease retrograde flow rates—the opposite of what was ob-
served after CK666 exposure (Fig. 4, A—C and E; Fig. S4,
A-C). Given this paradox, we investigated a possible role for
myosin II in driving faster flow rates in CK666-treated cells.
To this end, we first inhibited myosin II activity using blebbi-
statin, a specific myosin II ATPase inhibitor (Straight et al.,
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and vectors indicate flow direction. (B-E) Summary of relative changes in retrograde actin flow rates after manipulations. (B) CK666 reversibility:
before, during 50 yM CK666 treatment (15-30 min), and after washout (10-30 min). (C and D) Concentration dependence: treatment for 15-30 min
with various concentrations of (C) CK666 or (D) CK689. (E) Treatment for 15-30 min with 50 pM CK869 or CK312. n, growth cones measured.
(F) Map of time-averaged assembly (red) and disassembly (green) events detected near the leading edge of a growth cone before and after CK666
(50 pM, 20 min). Images were sampled from a region similar to the dotted blue box in A. Colors indicate relative assembly or disassembly rates (see
color bars). Green arrow, polymerization sites on filopodia. (G) Plot of changes in integrated fluorescent intensity within the flow-displaced regions
(see inset) tracked by ROI-Based Turnover Analysis before and after CKé66 (50 pM, 20 min). n, 9 growth cones, 3-5 ROIs per growth cone. Images
acquired every 5 s with 2 min elapsed recording time. Bars, 5 pm.

2003; Allingham et al., 2005; Medeiros et al., 2006), and then
assessed residual effects of Arp2/3 complex inhibition.

When neurons were pretreated with 60 uM blebbistatin for
10-15 min, flow rates decreased by ~22% and were maintained
by actin assembly—dependent array treadmilling as previously
described (Fig. 5 A, inset vs. left; Medeiros et al., 2006). Addition
of CK666 now resulted in concentration-dependent decreases in

retrograde actin flow (Fig. 5 A; Fig. S4, D and E). Population
analysis indicated that Arp2/3 complex—dependent networks
contribute roughly 50% of the driving force for retrograde net-
work flow when myosin II pulling force is absent (Fig. 5 B). The
combined effects of CK666 plus blebbistatin on retrograde actin
flow were completely reversible (unpublished data). In addition,
actin veils did not retract under these conditions (Fig. 5 A, also
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Video 2; for comparison with controls, see Fig. 4 A and Video 1),
implicating myosin II in the veil retraction process.

A previous study suggested knockdown of Arp2/3 complex
resulted in increased Rho activity (Korobova and Svitkina, 2008).
Rho is known to increase myosin II regulatory light chain phos-
phorylation through Rho-kinase actions (Kimura et al., 1996;
Totsukawa et al., 2000; Vicente-Manzanares et al., 2009). To test
whether the increased flow rates we observed after Arp2/3 com-
plex inhibition resulted from increased Rho-kinase activity, we
inhibited Rho-kinase with Y27632 (Hirose et al., 1998). Y27632
treatment has no effect on peripheral actin flow in our Aplysia
system; however, it strongly inhibits retrograde movement of
actomyosin actin arcs in more central regions of the growth cone
(Zhang et al., 2003). As expected, exposure to Y27632 alone did
not change peripheral retrograde actin flow rates (Fig. 5 C, inset
vs. left). After Y27632 pretreatment, 50 pM CK666 still increased
peripheral retrograde flow rates by ~20%—exactly the same
effect we obtained with CK666 alone (Fig. 5, C and D). Addition-
ally, in blebbistatin backgrounds, CK666 plus Y27632 decreased
retrograde flow rates to the same levels as CK666 treatment alone
(unpublished data). These results strongly suggest Rho-ROCK
signaling is not involved in the flow rate increases we observe
with Arp2/3 complex inhibition.

To further investigate how Arp2/3 complex—dependent
actin networks affect myosin II function, we compared retro-
grade flow rates in cells exposed first to 50 uM CK666 or its in-
active analogue, CK689, and then to blebbistatin (Fig. 5 E). As
expected, flow rates did not change in cells pretreated with the
inactive analogue, CK689 (Fig. 4 D; Fig. 5 E, right), whereas
flow increased by ~20% in cells treated with CK666 (as above;
Fig. 5 E, left). Further exposure to blebbistatin decreased retro-
grade flow by >65% in neurons pretreated with CK666 (Fig. 5 E,
left) but only decreased flow rates by ~20% in cells pretreated
with the inactive drug analogue (Fig. 5 E, right) or in control
cells (not depicted). In summary, these results show that the
presence of Arp2/3 complex—dependent actin networks con-
strains maximal retrograde flow rates under conditions of nor-
mal myosin II activity (Fig. 4, A-C and E); however, when
myosin II activity is low, Arp2/3 complex—dependent actin
assembly plays a significant role (~50%; Fig. 5 B) in generating
forces that drive retrograde network flow. Conversely, when
Arp2/3 complex activity is low, retrograde actin flow is highly
dependent on myosin II activity (Fig. 5 E).

Myosin Il inhibition reveals Arp2/3 complex-
dependent effects on actin turnover

We next investigated effects of Arp2/3 complex inhibition
on actin turnover under conditions of low myosin II activity.

After 10—15 min pretreatment with 60 pM blebbistatin, the
strong band of polymerization at the leading edge observed
under control conditions (Fig. 4 F) persisted (Fig. 5 F, top left).
Addition of CK666 reduced the frequency of speckle birth
events (Fig. 5 F, top right) as above (Fig. 4 F). Speckle analysis
showed that actin depolymerization rates at the leading edge
remained largely unaffected by CK666 (Fig. 5 F, bottom).

In blebbistatin alone we found integrated actin filament
intensity within ROIs traversing the P-domain decreased to
levels similar to controls (44.1 = 5.0% over ~2 min, Fig. 5 G,
green line; Fig. 4 G). In contrast, after CK666 addition (50 uM)
in the continued presence of blebbistatin there was a clear
trend of slower actin turnover after Arp2/3 complex inhibi-
tion with integrated ROI actin intensity falling to only 66.6 +
4.2% over the same period (Fig. 5 G, magenta line). Note
that this effect was statistically significant only in the last
25 s of tracking, at which time ROIs had moved into the transi-
tion zone between P- and C-domains. More stable Arp2/3
complex—independent actin in the transition zone may be re-
lated to myosin II-dependent actin bundle turnover reported
in this region (Medeiros et al., 2006). In summary, under
conditions of low myosin II and Arp2/3 complex activities,
residual actin flow is slower and residual actin networks
appear to be more stable—especially in proximal growth
cone regions.

Myosin Il activity does not affect Arp2/3
complex localization and vice versa
Myosin II inhibition alone did not affect Arp2/3 complex en-
richment near the leading edge (Fig. 6 A [top], B and C; for
comparison with control, see Fig. 1 B, top); however, Arp2/3
complex localization was still sensitive to CK666 treatment
(Fig. 6 A [bottom], B and C). Blebbistatin treatment alone did
not affect the density or distribution of actin assembly sites
assessed by labeled G-actin incorporation (Fig. 6, D and E [top
panels] and F; Fig. 3, A and B, controls). In contrast, CK666
plus blebbistatin markedly reduced free barbed-end density in
the peripheral veil and proximal transition zone regions, whereas
a punctuate pattern of assembly sites remained on filopodial
bundles (Fig. 6, D-F; red arrowheads). These data are in agree-
ment with the effects of Arp2/3 complex inhibition on actin
assembly in Fig. 5 F described above.

Arp2/3 complex inhibition also had little or no effect
on myosin II localization, which remained concentrated in a
band at the P-C boundary (Fig. 7, A and B, compare top two
panels) as reported previously for growth cones under con-
trol conditions (Medeiros et al., 2006). As expected, blebbi-
statin delocalized myosin II from this region (Medeiros et al.,

10-30 min) in the continued presence of either CK666 or CK689. Flow rates were assessed before drug addition, during CK pretreatment, and during
cotreatment with CK and blebbistatin. Population averages are shown. CKé66 treatment increased the retrograde flow by 19.3 + 3.2%. CK689 did not
alter retrograde flow. In a CKé66 background, blebbistatin decreased the flow by 65.6 + 3.6%. In a CK689 background, blebbistatin decreased the flow
by 20.1 + 2.0%. Numbers in parenthesis: growth cones measured. (F) Map of time-averaged assembly (red) and disassembly (green) events detected near
the leading edge of a growth cone before and affer CK666 (50 pM, 20 min) in the presence of blebbistatin. Images were sampled from a region similar
to the dotted blue box in A. Colors indicate relative assembly or disassembly rates (see color bars). (G) Plot of change in integrated fluorescent intensity
within the flow-displaced regions before and after CK666 (50 pM, 20 min) in the presence of blebbistatin. n, 6 growth cones, 3-5 ROls per growth cone.
*, P <0.01 with two-ailed paired ttest. Images acquired every 5 s with 2 min elapsed recording time. Bars, 5 pm.
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2006) and CK666 had no further effects (Fig. 7, A and B, bot-
tom two panels). Taken together, these last two sets of results
indicate that inhibition of myosin II or Arp2/3 complex alone
has little or no effect on the other protein’s localization.

The ultrastructural changes in veil network mesh size
observed after Arp2/3 complex inhibition (Fig. 2) were not
significantly altered by lowering myosin II activity with bleb-
bistatin (Fig. 8, A and B); however, veil retraction after CK666
treatment was attenuated (Fig. 8, C and D; Fig. S5, A-C).
Thus, the primary effect of Arp2/3 complex inhibition is re-
duction of actin veil network density, whereas veil retraction
appears to be a secondary effect mediated primarily by myosin II
contractile activity.

Both protrusive forces derived from actin polymerization and
contractile forces produced by nonmuscle myosin II drive cell
migration and growth cone advance (Cramer et al., 1994; Small
et al., 1996; Borisy and Svitkina, 2000; Dent and Gertler, 2003;
Lowery and Van Vactor, 2009; Vicente-Manzanares et al.,
2009). The Arp2/3 complex is enriched in the P-domain near the
leading edge of growth cones (Fig. 1; Mongiu et al., 2007;
Korobova and Svitkina, 2008), where it generates sites for actin
polymerization and is incorporated into the actin filament network
(Figs. 1 and 3). Myosin I is localized in a dense band between
the growth cone P- and C-domains where it is associated with
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actin filament structures (Fig. 7; Medeiros et al., 2006) and
exerts contractile forces involved in retrograde flow (Lin et al.,
1996), actin network recycling (Medeiros et al., 2006), retrac-
tion (Zhang et al., 2003), axon consolidation (Burnette et al.,
2008), and engorgement (Schaefer et al., 2008). In the current
study we investigated the effects of acutely inhibiting Arp2/3
complex activity in growth cones and report a role for Arp2/3
complex in regulation of actin filament veil structure and dy-
namics. We found that the outcome of Arp/2/3 inhibition strongly
depends on preexisting levels of nonmuscle myosin II contrac-
tile activity, suggesting functional interactions between these
two components. We discuss our results in the context of
summary Fig. 9.

Under control conditions, actin filament networks span-
ning the width of the growth cone P-domain assemble near the
leading edge, where the Arp2/3 complex is enriched (Fig. 9 A, 1).
Nonmuscle myosin II concentrates in a transition zone at the
P-C domain boundary where it has been implicated in actin net-
work recycling (2). A combination of pushing force derived
from actin polymerization against the membrane and pulling
force from actomyosin II contraction drives retrograde actin
flow (3) (Lin et al., 1996; Forscher and Smith, 1988; Henson
et al., 1999; Mogilner and Oster, 2003; Medeiros et al., 2006),
which constantly moves actin networks rearward from the lead-
ing edge. Retrograde flow and actin filament turnover exist in a
steady state that maintains the P-domain at relatively constant
width by a process of actin network treadmilling (Van Goor
et al., 2012).

actin bundle

actin network

actin filaments

. s+, actin monomers

() Arp2/3 complex
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Schematic summary. (A) Control. (B) Arp2/3 complex inhibition. (C) Arp2/3 complex inhibition in blebbistatin background.

Binding of CK666 to Arp2/3 complex inhibits the forma-
tion of actin filament branches on the sides of preexisting actin
filaments, so Arp2/3 complex is no longer localized to the leading
edge (Fig. 1; Fig. S2). As a result, actin filament barbed end pro-
duction and net actin assembly rates decreased (Fig. 9 B, 1).
CK666 had little or no effect on actin filament disassembly rates
(Fig. 4 F). The combination of unchanged disassembly and slowed
assembly rates results in a progressive decrease in P-domain
actin filament density over time (Fig. 9 B, 2; Fig. 2; Fig. S2 F).

CK666 did not alter myosin II localization at the P-C
boundary, where it exerts pulling forces involved in retrograde
actin flow (Fig. 7; Medeiros et al., 2006). Interestingly, despite
having essentially no effect on myosin II localization, inhibi-
tion of Arp2/3 complex significantly increased retrograde flow
rates (Fig. 4; Fig. 9 B, 3) and induced actin veil retraction
(Fig. 9 B, 4)—the latter likely resulting from the combined
effect of decreased leading edge actin assembly and increased
retrograde flow rates.

The increase in retrograde flow after Arp2/3 complex in-
hibition is interesting and somewhat unexpected. Arp2/3 com-
plex knockdown with siRNA was reported to decrease retrograde
flow levels in primary cultured hippocampal neurons and neu-
roblastoma cells (Korobova and Svitkina, 2008). In that study,
retrograde flow rates were assessed indirectly by analysis of
feature movements detected by phase microscopy, whereas we
directly assessed actin filament movements by gFSM. We also
note that the current study focused on acute effects of Arp2/3
complex inhibition using small molecule inhibitors, CK666 and
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CK869, whereas the study above analyzed long-term effects of
p34-Arc or Arp3 knockdown. It is possible that the difference in
flow measurement technique or the significantly different time-
frame of our experiments (minutes vs. days) account for the
apparent difference in our results. A more interesting alterna-
tive is that background myosin II activity was lower under their
experimental conditions. Lower myosin II activity could invert
the polarity of the response of retrograde flow to Arp2/3 com-
plex inhibition and account for the slowing of actin flow esti-
mated from their phase-contrast movies.

Arp2/3 complex inhibition has also been reported to ele-
vate intracellular Rho activity (Korobova and Svitkina, 2008),
raising the possibility that increased retrograde flow rates
could result from Rho kinase—dependent elevation of nonmus-
cle myosin IT activity. However, we observed the same CK666-
dependent flow rate increases with or without Rho kinase
inhibition (Fig. 5, C and D), ruling out this possibility. More-
over, increased Rho activity after Arp2/3 complex inhibition
might lead to formin protein activation, resulting in increased
unbranched actin filaments (Higgs, 2005; Kovar, 2006). Our
results made this possibility less compelling because we ob-
tained an overall concentration-dependent decrease in periph-
eral actin network density after CK666 treatments (Fig. 2).
Considering that CK666 treatment decreased the density of
the actin network (Fig. 2, F and G) without affecting myosin II
localization (Fig. 7, A and B, second row), the scenario we
favor for the increase in retrograde flow rates after Arp2/3
complex inhibition is related to the “gelation/solation model”
for actomyosin network contraction (Janson et al., 1991;
Kolega et al., 1991). This model suggests that decreases in
actin network density tend to facilitate higher rates of myosin II-
dependent network contraction as a consequence of less resis-
tance to network compression. Alternatively, the geometry for
myosin II interactions with actin filaments may be more favor-
able for contractile action after removal of branched Arp2/3
complex—dependent components.

In the absence of myosin II activity we found normal
levels of leading edge actin assembly activity (Fig. 5 F), and
no effect on Arp2/3 complex localization (Fig. 6, A and C)
nor appreciable effects on actin barbed end density in P-domain
(Fig. 6, D-F). This relative independence of Arp2/3 complex—
dependent actin nucleation and assembly from myosin II
function may help explain why growth cones are able to sus-
tain high rates of retrograde actin network array treadmilling
in the absence of myosin II activity (Medeiros et al., 20006).
Indeed, we found that in the absence of myosin II activity
~50% of residual retrograde flow depended on Arp2/3 com-
plex activity (Fig. 9 C, 3; Fig. 5, A and B; Fig. S4, D and E).
We note that when the Arp2/3 complex and myosin II were
both inhibited, actin veils no longer retracted despite contin-
ued reduction in veil actin densities (Fig. 9 C, 4). These re-
sults are consistent with the system relaxing to a slower actin
treadmilling steady state with reduced rates of leading edge
assembly being matched by lower filament recycling rates
(Fig. 9 C, 1 and 2).

It is notable that inhibition of Arp2/3 complex had little effect
on actin filament bundles in filopodia (Fig. 2). Despite retraction
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of intervening veil networks, the length and number of filo-
podium bundles were unchanged (Fig. S3, D and E). These re-
sults suggest that filaments nucleated by Arp2/3 complex are
not required to maintain filopodia, as proposed for other cells
(Korobova and Svitkina, 2008; Norris et al., 2009; Spillane
et al., 2011). Although existing filopodium bundles in ma-
ture growth cones were resistant to CK666, the current study
does not formally rule out a role for Arp2/3 complex in filopo-
dium initiation.

Note that after CK666 or CK869 treatment, retrograde
flow rates increased both in filopodial actin filament bundles
and in isotropic actin filament networks (Fig. 4 A, left and
middle; Fig. S4, A-C). Considering that filopodia length
remained constant (Fig. S3 D), these results indicate that
filopodium polymerization rates increased to match the faster
retrograde flow rates after Arp2/3 complex inhibition. Inhi-
bition of Arp2/3 complex decreased the number of actin nu-
cleation sites near the leading edge (Fig. 3), which might
increase the concentration of actin monomers available at filo-
podium assembly sites (Fig. 9 B, 5) and account for the faster
assembly rates observed. Had this kinetic compensation not
occurred, filopodia would have retracted in concert with the
actin veils.

In addition to filopodia, some actin filaments in the veil
region persisted during Arp2/3 complex inhibition (Fig. 2).
These results strongly suggest the presence of a population of
actin filaments nucleated independent of the Arp2/3 complex.
The obvious actin nucleation candidates are formin family
proteins (Chhabra and Higgs, 2007; Pollard, 2007; Campellone
and Welch, 2010), which have been reported to contribute to
both lamellipodia motility by generating long filaments (Yang
et al., 2007) and central contractility by making filaments that
preferentially associate with myosin II (Tojkander et al., 2011).
Our results suggest that actin filaments formed independent of
the Arp2/3 complex depend strongly on myosin II function for
translocation because retrograde flow was highly sensitive to
blebbistatin treatment after inhibition of Arp2/3 complex (Fig. S E,
left). In addition, in blebbistatin backgrounds, turnover of the
Arp2/3 complex—independent filament population was signifi-
cantly slower in the transition zone (Fig. 5 G) where myosin II
is normally localized. These results suggest a role for myosin II
in recycling actin filaments in the transition zone in line with
previous observations (Medeiros et al., 2006).

In summary, we report that despite the spatial segrega-
tion of the Arp2/3 complex and myosin II in neuronal growth
cones, they both contribute to regulation of actin veil dynam-
ics and structure. Our results suggest that physiological acti-
vation of the Arp2/3 complex could promote growth cone
advance by: (1) promoting leading edge actin assembly
to affect veil protrusion; and (2) placing constraints on the
ability of myosin II to drive retrograde flow. Conversely,
Arp2/3 complex inhibition is expected to increase retrograde
flow and decrease actin veil assembly rates leading to veil-
specific retraction. Localized activation or inhibition of the
Arp2/3 complex could meditate growth cone turning and/or
avoidance in response to chemotropic guidance cues via the
above effects on actin dynamics and contractility. In a broader



context, it will be interesting to see if the inverse relationship
between Arp2/3 complex activity and myosin II contractile
efficiency described here is present in other motile cell types.

Materials and methods

Cell culture and chemicals

Primary culture of Aplysia bag cell neurons as described previously
(Forscher and Smith, 1988) with the following modifications. In brief,
abdominal ganglia were incubated at 22°C for ~18 h in L-15 artificial sea
water (ASW: 400 mM NaCl, 10 mM KCl, 15 mM Hepes, pH 7.8, 10 mM
CaCly, and 55 mM MgCl,), supplemented with 10 mM N-ert-butyl-a-
phenylnitrone (PBN) and ~10 mg/ml dispase. Connective tissue was man-
ually removed and the intact bag cell cluster was triturated gently with a
bent 20-pl pipette tip to separate the neurons. The isolated neurons were
arranged on coverslips. These coverslips were acid washed, pretreated
with 20 pg/ml poly--lysine for 15 min, and then covered by 50 pg/ml
laminin for 2 h. A 1:10,000 dilution of fetal bovine serum was added to
the culture medium 2 h after plating the neurons. CK666 was purchased
from ChemDiv, Inc. CK689, CK869, CK312, blebbistatin, and Y27632
were purchased from EMD. Actin monomers purified from rabbit muscle
and tagged with Alexa 568 or Alexa 488, Alexa 594 phalloidin, Alexa
488 goat anti-rabbit IgG, and Alexa 647 goat anti-rabbit IgG were from
Invitrogen. Anti-Arp3 rabbit polyclonal antibody was from Millipore. Anfi-
Arp2 rabbit polyclonal antibody was from Abcam. DMSO and other
chemicals were from Sigma-Aldrich unless otherwise stated.

Solutions

Low ionic strength artificial seawater (LIS-ASW) contained 100 mM NaCl,
10 mM KCI, 15 mM Hepes, 5 mM CaCl,, 5 mM MgCl,, and 628 mM
betaine at pH 7.8, and was supplemented with 3 mg/ml BSA, 0.5 mM
Vitamin E, and 1 mg/ml carnosine before experiments. Lysis buffer for
homogenizing Aplysia CNS tissue contained 50 mM Hepes, pH 7.5,
150 mM NaCl, 1 mM EGTA, 5 mM dithiothreitol with 0.01 mg/ml apro-
tinin, 0.01 mg/ml leupeptin, 5 pg/ml pepstatin, 0.4 pg/ml Pefabloc, and
T mM Na3VOy. Tris-buffered saline (TBS) contained 25 mM Tris base,
137 mM NaCl, and 2 mM KCl. Live cell extraction buffer (LE) contained
100 mM Pipes, pH 6.9, 10 mM KCI, 100 mM NaCl, 5 mM EGTA, 5 mM
MgCl,, 4% PEG, average MW = 35,000, and 20% sucrose at ~1,000
mOsm/L and was supplemented with 1% Triton X-100, 10 pM phalloidin,
10 pM taxol, and 10 mg/ml BAPTA immediately before use. Washing buf-
fer for live cell extraction (WLE) contained 80 mM Pipes, pH 6.9, 5 mM
EDTA, and 5 mM MgCl,. Block solution for antibody labeling was 5% BSA
in PBS containing 0.1% Triton X-100 (PBS-T). MOWIOL media (EMD) for
cell mounting in immunocytochemistry was prepared following the manu-
facturer’s protocol with 10% MOWIOL, 25% glycerol, 0.2 M Tris, pH 8.5,
and 20 mM n-propyl-galate.

Western blotting and antibody preabsorption

CNS tissue from each adult Aplysia was homogenized in 1 ml ice cold
lysis buffer with a Rotor Stator and SDS was added to a final concentra-
tion of 1%. Lysates were cleared by centrifugation, boiled for 3 min, re-
solved on 12% SDS-PAGE, and transferred to nitrocellulose membranes
(GE Healthcare) by semi-dry transfer (TransBlot SD; Bio-Rad Laborato-
ries). After probing with primary and secondary antibodies, the mem-
brane was developed by electrochemiluminescence (Thermo Fisher
Scientific) and digitally exposed using the Epi Chemi Il Darkroom (UVP
Laboratory Products).

For preabsorption experiments, purified bovine Arp2/3 complex
(Robinson et al., 2001) was coupled to CNBr Sepharose 4B resin
(Sigma-Aldrich). In brief, 0.1 g of resin was swelled in 20 ml of T mM
HCl and washed on a sintered glass funnel. Final volume of swelled
resin was 500 pl. The resin was incubated with 2.2 ml of 0.1 mg/ml
Arp2/3 complex in coupling buffer (0.1 M NaHCO3 and 0.5 M NaCl,
pH 8.3) overnight at 4°C. Unbound protein was removed by centrifuga-
tion and extra reactive sites were blocked by incubation with 1 M etha-
nolamine (pH 8). The resin was washed in a small column with 10 ml of
TBS (pH 7.4) followed by three alternative washes with 5 ml 0.1 M
sodium acetate (pH 4.0) and 5 ml 0.1 M Tris-HCI (pH 8.0) in 0.5 M
NaCl. Purified anti-Arp3 IgG in 1.5 ml TBS were incubated with the
resin overnight at 4°C. The concentration ratio of antigen to IgG was
~10:1. Supernatant after preabsorption was used for Western blotting
and immunocytochemistry.

Microinjection

Microinjection was performed using an inverted microscope (TE300;
Nikon), equipped with a Quantix camera (Photometrics) and a microinjec-
tion system (Lin et al., 1996; Schaefer et al., 2002). In brief, cell bodies
were impaled with a glass pipette mounted on a 3D hydraulic micromanip-
ulator (model MMO-203; Narishige) retrofitted with a piezoelectric axial
drive (model PZ-100; Buleigh Instruments). Stage position was controlled
by a Newport Programmable Motion Controller (model SMC 100 series),
Newport actuators (model LTA-HS), and custom control and position re-
cording software. Neurons were microinjected with Alexa 568 actin mono-
mers (needle concentration 0.4 mg/ml) or Alexa 594 phalloidin (needle
concentration 20 pM). Reagent solution injections were typically ~10% of
cell volume. After microinjection, cells were incubated in culture medium 1 h
before imaging.

Immunocytochemistry

Cells were fixed with 4% formaldehyde and 400 mM sucrose in LIS-AASW
and permeabilized with 1% Triton X-100 (Forscher and Smith, 1988). Actin
filaments were stained with a 1:50 dilution of Alexa 594 phalloidin stock
in PBS-T. For antibody labeling, cells were blocked for 20 min with the
blocking solution, incubated with 67 pM primary antibody for 30 min,
washed three times with blocking solution, and incubated for 15 min with
130 pM secondary antibody. Cells were then washed three times in PBS-T
and mounted in MOWIOL.

Live cell extractions were performed as described previously
(Schaefer et al., 2002; Medeiros et al., 2006; Van Goor et al., 2012)
with modifications. Extraction with LE for 3-5 min was followed by wash-
ing with WLE for 2 min. Free barbed ends were labeled by incubating
cells with 350 nM of Alexa 488 actin monomers in WLE for 1 min and
washed again (Symons and Mitchison, 1991). Cells were fixed for 20 min
in 4% formaldehyde in WLE for fluorescence or 6.5% glutaraldehyde in
WILE for electron microscopy. Extracted cells were labeled with antibodies
as above.

Platinum/palladium replica electron microscopy

Cells were live extracted and fixed as described above followed by
treatment with 6.5% glutaraldehyde in water, 0.2% tannic acid, and
0.2% uranyl acetate for 20 min each with water washes in between
(Svitkina et al., 1995). Samples were dehydrated with a graded series
of ethanol concentrations before critical point drying. Specimens were
rotary shadowed with platinum/palladium at a 45° angle to a thickness
of 2 nm followed by carbon coating. Replicas were mounted on carbon/
formvar-coated EM grids and observed by transmission EM (EM-900; Carl
Zeiss) at 80 kV.

To quantify actin veil network properties, 1 x 1-ym? regions near the
leading edge of cells in electron micrographs at 20,000x were subjected
to an intensity threshold process until all negative spaces (meshes) among
the actin filaments were selected. The resulting images were calculated
with the “analyze particle” function in Image) (open source; National Insti-
tutes of Health). For each condition, 10-15 nonoverlapping regions from
3-8 growth cones were analyzed. Regions containing filopodial bundles
or intrapodia were excluded.

Confocal microscopy

Fluorescent images were acquired using a spinning disk confocal system
(Revolution XD; Andor) with a CSU-X1 confocal head (Yokogawa) mounted
on an inverted microscope (TE 2000E; Nikon) with Perfect Focus, using an
EMCCD camera (iXonEM +888; Andor). Transillumination was provided
by a halogen lamp and controlled by a SmartShutter (Sutter Instrument).
Confocal excitation was provided by an Andor laser combiner with three
laser lines at 488, 561, and 647 nm. Emission wavelength was controlled
using a filter wheel (LB10OW-2800; Sutter Instrument) ouffitted with band-
pass filters from Chroma Technology Corp. A Nikon CFI Plan Apo 100x,
1.4 NA objective was used. Image acquisition and all other peripherals
were controlled by Micro-Manager open source microscopy software
(Edelstein et al., 2010) with a Matlab interface (MathWorks). Imaging
medium was LISASW at room temperature.

Quantification of actin dynamics

Fluorescent speckle microscopy images of cells injected with Alexa 488
actin monomers incorporated into filaments or low levels of Alexa 594
phalloidin, which specifically binds actin filaments, were acquired using
500-700 ms infegration. Kymography (Zhang et al., 2003) and auto-
mated speckle tracking with the fsmCenter suite of custom Matlab algo-
rithms produced by the Danuser laboratory were used to determine rates
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of actin filament movement. In fsmCenter, an adaptive multi-frame corre-
lation algorithm (Ji and Danuser, 2005) was run on every five frames to
determine the average flow over five frames. This information was used
to initialize a single-particle tracking algorithm (Thomann et al., 2003;
Vallotton et al., 2003; Ponti et al., 2004), which was run on every frame
in the movie. Results of the single-particle tracking were used to generate
time-averaged actin assembly—disassembly kinetic maps (Ponti et al.,
2003, 2004, 2005) and analyze net population turnover with a region
of interest (ROl)-based algorithm developed by D. Van Goor (Van Goor
etal, 2012).

The ROl-based turnover algorithm is based upon conservation of
mass principles. In brief, spatially averaged single-particle tracking vectors
are used fo track a user-defined ROI as it is displaced by retrograde
flow from the leading edge to the peripheral-central interface. The flow-
displaced ROl mimics a closed system, assuming that all assembled actin
initially identified at the leading-edge moves with retrograde flow. Changes
in the integrated intensity within the ROI reflect the shifting balance be-
tween assembly and disassembly over time. 3-5 regions in each growth
cone were tracked for 2 min under both control and drug-reated condi-
tions. Intensity changes were normalized to the first frame.

Image processing

Fluorescent images were subjected to background subtraction before quan-
titative intensity analysis. The only exception was automated speckle
tracking, which was performed upon raw image data. For display only,
fluorescent images were convolved with a Gaussian kernel, processed with
an unsharp mask, and scaled according to a linear look-up table. For display
of barbed-end images, areas outside of the growth cones were cleared
with a mask. EM images were inverted and processed with pseudolatfield
to eliminate artifacts of uneven illumination, followed by an unsharp mask.
Image processing was performed in Image).

Line scan analysis

Line scans were used to analyze the spatial intensity distribution of fluores-
cent probes. A 50-pixel-wide line was drawn either as illustrated in the fig-
ures or from the leading edge to 1.5x or 2x of peripheral domain (P-domain)
width along the presumed growth axis of growth cones. The average inten-
sity was measured with the plot profile function in Image) and the data
exported to Excel (Microsoft). Intensity was plotted against either actual
distance from the leading edge for single growth cone line scans or distance
normalized to growth cone size for population line scans. When distance is
normalized, the beginning (left end) of the line scan is marked as the leading
edge, and 1/2 (if total length = 2x P width) or 2/3 (if total length = 1.5x
P width) position is marked as the peripheral-central interface.

Quantification of Arp2/3 complex enrichment

To quantify Arp2/3 complex enrichment along the leading edge, the pe-
ripheral domain was divided into eight equal slices parallel to the leading
edge, and the ratio of the average Arp3 intensity in slice 1 versus that in
slice 4 was calculated as the enrichment factor (Fig. 1 D, inset).

Statistical analysis

Statistical analysis with paired or unpaired t test was performed in Excel
(Microsoft) and the Kolmogorov-Smirnov test was performed in Matlab
(Mathworks), with significance established at P < 0.01. Curve fitting for
CK666 dose-response was done in ReaderFit (MiraiBio) according to the
four-parameter nonlinear regression model: F(x) = ((a=d)/(1+((x/c)"b)))+d,
where a is the minimum asymptote, b is the steepness of curve, c is the in-
flection point, and d is the maximum asymptote.

Online supplemental material

Fig. S1 shows verification of Arp2/3 complex localization in neuronal
growth cones. Fig. S2 shows that CK666 treatment dose-dependently
and reversibly delocalizes Arp2/3 complex from the leading edge and
induces changes in growth cone ultrastructure. Fig. S3 shows that the
Arp2/3 complex inhibitor CK666 reversibly retracts actin veil but does
not affect filopodium length or number. Fig. S4 shows that Arp2/3
complex inhibition increased peripheral F-actin retrograde flow rate
in a myosin l-dependent manner. Fig. S5 shows that myosin Il inhibition
aftenuates veil refraction evoked by Arp2/3 complex inhibition. Video 1
shows that CK666 (50 pM, 20 min) increases the peripheral retro-
grade F-actin flow rate. Video 2 shows that CK666 (50 pM, 20 min)
decreases the peripheral retrograde F-actin flow rate in blebbistatin back-
grounds. Online supplemental material is available at http://www.jcb
.org/cgi/content/full/jcb.201111052/DC1.
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