° NAT/O

1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

N, NIH Public Access

(<
A 5 Author Manuscript
P repSS

Published in final edited form as:
Dev Nevrobiol. 2009 September 1; 69(10): 633-646. doi:10.1002/dneu.20732.

The Disruption of the Cytoskeleton during Semaphorin 3A
induced Growth Cone Collapse Correlates with Differences in
Actin Organization and Associated Binding Proteins

Jacquelyn A Brown and Paul C Bridgman”
Washington University School of Medicine, Department of Anatomy and Neurobiology, St. Louis,
MO 63110

Abstract

Repulsive guidance cues induce growth cone collapse or collapse and retraction. Collapse results
from disruption and loss of the actin cytoskeleton. Actin rich regions of growth cones contain
binding proteins that influence filament organization, such as Arp2/3, cortactin, and fascin, but
little is known about the role that these proteins play in collapse. Here we show that Semaphorin
3A (Sema 3A), which is repulsive to mouse dorsal root ganglion neurons, has unequal effects on
actin binding proteins and their associated filaments. The immunofluorescence staining intensity
of Arp-2 and cortactin decreases relative to total protein, while in unextracted growth cones fascin
increases. Fascin and myosin 1B staining redistribute and show increased overlap. The degree of
actin filament loss during collapse correlates with filament superstructures detected by rotary
shadow electron microscopy. Collapse results in the loss of branched f-actin meshworks, while
actin bundles are partially retained to varying degrees. Taken together with the known affects of
Sema 3A on actin, this suggests a model for collapse that follows a sequence; depolymerization of
actin meshworks followed by partial depolymerization of fascin associated actin bundles and their
movement to the neurite to complete collapse. The relocated fascin associated actin bundles may
provide the substrate for actomyosin contractions that produce retraction.
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INTRODUCTION

During both development and neuronal regeneration, growth cone guidance is essential for
pathfinding and target selection. One guidance factor that has been shown to be a key player
for influencing pathfinding of both developing and regenerating neurons is the secreted
repulsive cue Sema 3A (Kolodkin, 1996), (Pasterkamp et al., 1999). Sema 3A’s primary role
in the nervous system is to repel growth cones from inappropriate areas and to help steer
both axons and migrating cells along the correct trajectory (Yamamoto et al., 2002). The 65
kD protein is thought to act a dimer (Wong et al., 1999) binding to the receptors
neurophilin-1 and Plexin Al to initiate signal transduction pathways (Adams, 1997;
Takahashi et al., 1999). In-vitro characterization of the growth cone response to Sema 3A
depicts a collapse phase followed by a retraction phase when conditions are appropriately
adjusted (Gallo, 2006; Brown et al., 2009).
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F-actin loss is associated with the Sema 3A induced growth cone collapse response (Fan et
al., 1993). The actin-severing and depolymerizing protein cofilin (Moriyama and Yahara,
1999), a downstream target of LIM kinase, was both activated and inhibited sequentially
during Sema 3A treatment and also correlated with collapse (Aizawa et al., 2001). Although
cofilin dependent severing and depolymerization may be the primary pathway responsible
for actin filament loss during exposure to Sema 3A, other pathways involving reactive
oxygen species have not been eliminated (Terman et al., 2002); (Fiaschi et al., 2006).
Experiments with GFP-tagged paxillin have shown that Sema 3A treatment leads to loss of
point contacts or increased turnover rates (Wen and Zheng, 2006; Woo and Gomez, 2006),
perhaps contributing to growth cone collapse. Sema 3A induced retraction has been shown
to be myosin 11 dependent (Gallo, 2006; Brown et al., 2009). Furthermore myosin-11A loss
from the growth cone correlates with collapse, and redistribution of myosin-I11B (and 1IC) to
the rear of the growth cone and neck, may drive the active process of retraction (Brown et
al., 2009). In addition, (Gallo, 2006) observed movements of YFP-actin spots that may
provide the basis for an increase in F-actin in neurites exposed to Sema 3A. The increased f-
actin in neurites may provide the substrate for myosin Il dependent contractions that lead to
retraction. However relatively little is known about the changes that the different actin
superstructures undergo during the Sema 3A response or what role the actin-binding
proteins that contribute to the formation of these structures play in the response.

While actin monomers are capable of spontaneously self-assembling into polarized bi-
helical filaments that are dynamic even at steady state (Pak et al., 2008), higher-order
networks require regulation by actin-binding proteins. In growth cones the two primary actin
superstructures are lamellipodia or veils, primarily composed of branched actin meshworks
but often penetrated by actin bundles (microspikes), and filopodia, which contain a core of
actin bundles (Rodriguez et al., 2003; Gallo and Letourneau, 2004; Mongiu et al., 2007). In
the case of lamellipodia, both Arp2/3 and cortactin have been shown to be present at the
leading edge but largely excluded from filopodia (Svitkina and Borisy, 1999; Cheng et al.,
2000). The Arp2/3 complex acts as an actin nucleator that can bind to an existing actin
filament and initiate the branching of a new daughter strand off the parent giving rise to a
branched network of actin (Pak et al., 2008). It has also been implicated in the initiation of
new filopodia formation (Korobova and Svitkina, 2008), but may have less of a role in
growth cones (Strasser et al., 2004). Cortactin is known to bind Arp2/3 and potentiate the
activity of the Arp2/3 complex (Uruno et al., 2001). Fascin crosslinks and stabilizes actin
bundles (Sasaki et al., 1996; Aratyn et al., 2007). In growth cones fascin has been shown to
localize to filopodia as well as the microspikes in the lamellipodia (Cohan et al., 2001). The
dynamics and cross-linking properties of fascin contribute to the stabilization of bundled
actin filaments necessary for filopodial protrusion (Vignjevic et al., 2006). In noneuronal
cells fascin stabilized bundles of filopodia can also incorporate into the lamellipodia and
contribute to contractile arrays (Nemethova et al., 2008).

While many of these actin-binding proteins and the actin superstructures they help form
have been investigated for quite some time, it is only recently that we are beginning to
understand how this relates to neuronal guidance. Some intriguing discoveries include the
regulation of cortactin activity though phosphorylation. ERK-mediated phosphorylation may
increase cortactin’s activity and Src-mediated phosphorylation may decrease it (Martinez-
Quiles et al., 2004). However, this on-off switch model may be an oversimplification,
because Src-mediated phosphorylation may increase cortactin’s association with myosin
light chain kinase (Dudek et al., 2002). Src-mediated phosphorylation of cortactin has also
been implicated in EphA mediated axon repulsion (Knoll and Drescher, 2004). Early studies
have shown that increased fascin expression increases cell migratory activity (Yamashiro et
al., 1998). Fascin-bundled actin has also been implicated in myosin based retraction of
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filopodia (Ishikawa et al., 2003). Yet this still leaves the question of how actin-binding
proteins such as Arp2/3, cortactin, and fascin respond to Sema 3A.

Our goal was to better understand the effect of Sema 3A on the actin cytoskeleton by
studying how different actin superstructures and associated binding proteins change during
growth cone collapse. Does actin organization affect the degree or rate of change? Can actin
binding proteins also influence the response? To accomplish this goal we used a
combination of light and electron microscopy to visualize changes in actin organization and
levels of the binding proteins cortactin, Arp-2 and fascin.

MATERIALS AND METHODS

Reagents

Cell culture

Sema 3A was purchased from R&D Systems. Stock solutions were stored at —70 ° C for up
to three months. The anti-p-actin antibody and rhodamine phalloidin were purchased from
Sigma. The monoclonal antibodies to Arp-2, cortactin, and fascin were gifts of Dr. John A.
Cooper.

DRG neurons from E13.5-14 mice were used for all experiments. The peripheral nerve
culture methods have previously been described by (Bridgman et al., 2001). Explants were
plated on separate coverslips coated with polyornithine (0.1 mg/ml) and laminin-1 (9.6 or 32
pg/ml), and then grown overnight at 37 ° C in medium containing 50 ng/ml nerve growth
factor (NGF; mouse 2.5s, Harlan). After overnight growth and 40-60 minutes prior to
application of Sema 3A, the cultures were switched to low NGF (5 ng/ml) medium. Gradient
application of Sema 3A was performed using pulses (2 Hz) from a micropipette as
previously described (Brown et al., 2009). For bath application medium pre-equilibrated
with CO5 and warmed in the incubator was used to dilute stock solutions of Sema 3A to the
appropriate concentration. This was then used to exchange the medium in the culture.
Exposure was usually terminated by addition of warm fixative (4% paraformaldehyde).
Time-lapse images of bath applied Sema 3A were taken on a Zeiss LSM 510 Meta NLO
equipped with a stage incubator that regulated temperature and CO,. For comparison of the
laminin concentration on the Sema 3A response, DRG neurons were grown in a culture dish
with a glass bottom that was separated into two chambers using a Sylgard seal. The two
sides were coated with different concentrations of laminin-1.

Immunofluorescence

For immunofluorescence, cells were prepared as previously described (Rochlin et al., 1995;
Brown and Bridgman, 2003), except for those labeled with the monoclonal to fascin or
permeabilized prior to fixation. Briefly the normal procedure involved fixation with 4%
paraformaldehyde, permeabilization with Triton X 100 and blocking with a mixture of BSA,
fish gelatin and goat serum. To stain f-actin, rhodamine phalloidin was added to the Triton X
100 permeabilization solution. For fascin staining cells were fixed and permeabilized using
10 min incubation with cold (—20 ° C) methanol. For ratio imaging and analysis, fixed cells
were permeabilized with Triton X 100 and then incubated for 1 hr with activated Cy3
(CyDye; Amersham) to label total protein (Kolega, 2006) prior to blocking and antibody
labeling. For extraction of soluble protein prior to fixation, cells were permeabilized with
0.01% saponin in a cytoskeletal stabilization buffer (Bridgman, 2002) supplemented with 6
MM phalloidin (or rhodamine labeled phalloidin) and 12 pM taxol. One to five minutes after
permeabilization cells were then fixed with 4% paraformaldehye in stabilization buffer or
cold methanol. Labeling was as described above. Controls were stained with Cy3, but were
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treated only with the secondary antibody. Images were taken using an Olympus confocal or
an inverted microscope equipped with a Cooke Sensicam.

Quantitative analysis

For ratio imaging and analysis, Cy3 dye images of growth cones and a short length of
connecting neurite (4-5 um) were individually traced by hand using the ROI tool in IPLab.
The ROI boundary was transferred to the complementary immunofluorescence image. The
mean intensity values per pixel within the complementary ROIls were measured and
expressed as a ratio. Image exposures were taken at times to keep the intensity values within
the linear range of the camera or detector. Collapsed growth cones in fixed cultures where
defined as a neuronal process that lacks any obvious lamellipodia and fewer then 2 filopodia
(Kapfhammer et al., 2007). For purposes of analysis the distal 10 um of the neurite in fully
collapsed growth cones was used for fluorescence intensity measurements. For most of the
analysis we did not separate collapsed growth cones from uncollapsed growth cones because
a preliminary assessment indicated that segregating the growth cones into such classes did
not appear to substantially change the results. However in some cases (indicated in the
Results) to verify this assessment, we did separate out fully collapsed growth cones from
uncollapsed or partially collapsed for analysis.

Electron Microscopy

RESULTS

Rotary shadow EM was performed on explant cultures as previously described (Bridgman,
2002).

Sema 3A induced growth cone collapse

DRG growth cone collapse can be induced by applying Sema 3A either as a gradient or by
directly adding it to the bath (Fig. 1). Depending upon the mode of application there are
some slight differences in collapse characteristics. Gradient application has a more
consistent affect on growth cones. It produces a prolonged collapse phase that is very
frequently followed by retraction as the second phase (Brown et al., 2009). Since
cytoplasmic volume must be conserved the decrease in growth cone area observed in the
collapse phase is usually translated into an increase in neurite volume sometimes in the form
of a distinct bulge (Fig. 1A). Bath application of relatively high concentrations of Sema 3A
produces a more abrupt collapse phase prior to retraction (Gallo, 2006;Brown et al., 2009).
Applications of lower concentrations of Sema 3A (500 ng/ml or below) induces the collapse
phase in the majority of growth cones, and only rarely retraction. A minority population
show little response and so do not collapse (Brown et al., 2009). The only detectable
difference in behavior between collapse observed during gradient application and a low
concentration of bath applied Sema 3A is that a transient increase in the length in a subset of
filopodia is frequently observed in the latter (Fig. 1B) (Fan et al., 1993). Most growth cones
lose the filopodia by 30 minutes of treatment and so appear fully collapsed. However others
may retain the long filopodia and collapse is incomplete (retain 2 or more filopodia) despite
a large reduction in growth cone area (Kapfhammer et al., 2007). Despite this difference,
collapse in response to low concentrations of bath applied Sema 3A is thought to represent
the first phase of a response that does not go to completion because desensitization or
degradation of Sema 3A in serum containing medium may progress faster than the
cytoskeletal changes. This results in an eventual return to normal growth cone structure and
advance.

It has been proposed that actin bundles form in the distal portions of neurites to act as a
substrate for the actomyosin contractions that lead to retraction during Sema 3A treatment
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(Gallo, 2006). Alternatively actin bundles may simply redistribute to provide the substrate
for retraction. It is often difficult to determine the organizational state of f-actin by light
microscopy especially in thick regions of cells and neurites. For instance we found it
difficult to be certain that variations in rhodamine phalloidin staining along neurites
following Sema 3A treatment resulted from bundles of f-actin or thickness variations and the
close association of two neurites. Therefore we used a combination of light and electron
microscopy to study actin organization during the Sema 3A induced collapse phase.

Actin filament loss during collapse is primarily through depolymerization

Growth cone actin filaments are organized either as branched actin filament meshworks or
bundles (Letourneau et al., Lewis and Bridgman, 1991). Rhodamine phalloidin staining
shows bundles as bright linear arrays in filopodia or as microspike that appear as stripes of
staining with varying definition within lamellipodia (Fig. 1C). Actin meshworks appear as
bright but ill defined staining within lamellipodia and less bright staining in the central
region (Fig. 1C). Collapse has been shown to be associated with an overall reduction of
rhodamine phalloidin staining consistent with loss of f-actin (Fan et al., 1993). However,
rhodamine phalloidin staining of growth cones following bath applied Sema 3A treatment
often shows bright staining in terminal portions of neurites of collapsed growth cones or
neck region of growth cones that have not completely collapsed consistent with a population
of actin filaments that has persisted and redistributed or reformed (Fig. 1D). The staining
intensity sometimes showed intensity variations, bright spots or streaks. As already
indicated, it is often difficult to determine if this bright f-actin staining results from the
increased staining normally associated with bundles.

To confirm that f-actin decreases compared to total actin upon bath application of Sema 3A,
we determined the ratio of rhodamine phalloidin staining to  actin immunostaining. The
ratio decreased significantly indicating that the proportion of filamentous actin decreased in
response to Sema 3A treatment (Fig. 2A) consistent with net depolymerization. To
determine if growth cone collapse also leads to loss of actin compared to total protein we
compared the ratio of B-actin to total protein before and after Sema 3A treatment. No
significant change in the ratio was seen in either the growth cone (Fig. 2B) or the process
50um back from the neck (Fig. 2C). The antibody recognized both G and F-actin and
therefore is not sensitive to the polymerization state of the actin. This suggests that Sema 3A
treatment results in net actin depolymerization, but does not cause significant loss through
modification or degradation of actin relative to other proteins, at least within a 30 minute
time period. It is difficult to directly determine loss of total protein with this approach, but
we assume that it will be roughly proportional to the decrease in growth cone area or total
Cy3 fluorescence (Fig. 1) (Brown et al., 2009), as the cytoplasm moves to the neurite during
collapse.

Actin filament loss depends on organization

In order to more clearly determine the change in bundled or meshwork actin filaments
associated with Sema 3A treatment, we used rotary shadow EM of growth cones (Bridgman,
2002). Low magnification images reflected the range of growth cone morphologies observed
by light microscopy for both control and Sema 3A treated growth cones (Fig. 3). Higher
magnification images of control growth cones showed the different actin filament
populations arranged as either branched meshworks or bundles (Fig. 4). After Sema 3A
treatment actin filament meshworks of lamellipodia were nearly entirely eliminated from
fully collapsed growth cones (Fig. 5). Bundles of thin filaments were retained in neurites of
fully collapsed growth cones (Fig. 5A). In addition, neurites associated with fully collapsed
growth cones contained small areas of actin meshwork in periodic expansions (probably
varicosities seen by light microscopy) that occurred along their length (Fig. 5A). The
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residual filopodial structures of partially collapsed growth cones contained bundled actin
filaments, although often the bundles were thin compared to those of control growth cones
or growth cones that were not as fully collapsed (Fig. 5B, C). Very small areas of actin
meshwork were sometimes seen to interdigitate between the bundles (Fig. 5B). Growth
cones that were partially collapsed and contained residual lamellipodia and filopodia
retained both actin meshworks and bundles (Fig. 5C). Thus both actin meshworks and actin
bundles were eliminated to varying degrees by Sema 3A treatment. The degree of
elimination correlated with the extent of growth cone collapse. In general branched actin
filament meshworks were affected by the Sema 3A treatment to a much greater degree than
actin filament bundles.

Actin binding proteins associated with actin superstructures are differentially affected by
Sema 3A treatment

Elimination of actin meshworks by Sema 3A treatment suggests that actin binding proteins
normally found within actin meshworks may also decrease. To determine if this was the case
we compared immunofluoresence staining for cortactin and Arp-2 between control and
Sema 3A treated cultures. Because the Sema 3A treatment induces a large morphological
change, the antibody staining intensities were expressed as ratios with staining for total
protein.

Bath application of a low concentration of Sema 3A (500 pg/ml) decreased cortactin
staining relative to total protein (Fig. 6A—C). The same result was seen for Arp-2 (Fig. 6D-
F). However the proportion of fascin staining increased relative to total protein (Fig. 7).
Since low concentrations of Sema 3A produce a range of responses from total collapse to
little detectable collapse, we also compared the staining of fully collapsed growth cones to
controls. The staining for all three proteins were still significantly changed in the same
directions (P=0.05, 0.03, 0.001 respectively). This suggests that the loss of cortactin and
Arp-2 results from release from actin meshworks that are depolymerized upon Sema 3A
application and that this occurs even in growth cones that are not fully collapsed but have
lost most of their actin meshwork. In contrast the proportion of fascin staining increases
relative to total protein upon Sema 3A treatment. This may be because fascin stabilized actin
bundles are more resistant to depolymerization and are often retained in growth cones that
only partially collapsed, as well as in neurites of fully collapsed growth cones.

In order to more fully characterize the changes in actin binding proteins that occur upon
Sema 3A treatment, we also compared the antibody staining in growth cones that were
permeabilized in a cytoskeleton stabilization buffer prior to fixation. Under these conditions
f-actin was retained because staining with rhodamine phalloidin remained bright in actin
rich peripheral regions (Supplemental Figure 1). To insure that soluble protein was released
by the permeabilization protocol, we also permeabilized growth cones of cells that were
cultured from YFP expressing mice. Within 1 minute following permeabilization, no
detectable YFP fluorescence was detectable (data not shown). Permeabilization for 1 minute
reduced the antibody staining of both cortactin and fascin in growth cones. By 5 minutes
both cortactin and fascin staining was not detectable above background. Staining of Arp-2
was not affected even after 5 minutes. The reduction is staining for fascin was much faster
than the reduction in GFP-fascin fluorescence observed following permeabilization of
nonneuronal cells in a previous study (Vignjevic et al., 2006). However in that study,
polyethyleneglycol slowed fascin dissociation from actin filaments. Faster dissociation was
observed in the absence of polyethyleneglycol. We did not use polyethethyleneglycol and
this probably contributes to the difference. Loss of fascin (and possibly cortactin) is likely to
result from dissociation from actin and diffusion out of the cell upon permeabilization
probably because of the low affinity interaction with actin required for fast cycling of fascin
binding (Vignjevic et al., 2006). A similar reduction in staining for cortactin has not been
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reported. Treatment of cells with Sema 3A for 30 minutes prior to permeabilization caused
further decreases in staining intensity for all three proteins (Supplemental Figure 2). For
cortactin the staining was reduced to background levels making it impossible to obtain
quantitative ratio data. The Arp-2 staining ratio was very similar to that of unpermeabilized
cells, while the fascin staining ratio differed. Instead of the ratio increasing upon Sema 3A
treatment, it decreased. This suggests that the increased ratio observed upon Sema 3A
treatment in unpermeabilized growth cones may only partially result from the persistence of
fascin stabilized actin filament bundles. A possible explanation for the different result with
the two conditions is that increased cycling of fascin binding to f-actin during the Sema 3A
treatment may keep the local concentration of fascin in the growth cone high as it collapses.
Upon permeabilization free and loosely bound fascin, which may be greater in Sema 3A
treated growth cones, can then dissociate from f-actin and diffuses out of the growth cone.

Fascin stabilized actin bundles may provide the substrate for myosin Il induced retraction in
response to Sema 3A (Gallo, 2006). Myosin IIB is a major contributor to the retraction
response (Brown et al., 2009). To determine the relationship between myaosin 1B and fascin
we double stained control and Sema 3A treated growth cones (Fig. 8). In control growth
cones fascin staining was consistently more peripheral than myaosin Il B staining (Fig. 8A).
Overlap only occurred in the region of the transition zone (between peripheral and central
domains). This distribution is consistent with a role for myosin 1B in driving retrograde
flow normally observed in advancing growth cones (Brown and Bridgman, 2003).
Following Sema 3A treatment both fascin and myosin 1B redistributed (Fig. 8B). In
partially collapsed growth cones the relationship between fascin and myosin 11B was
reversed compared to controls. Fascin was located mainly at the neck of the growth cone,
while myosin 11B staining was located peripheral to the fascin staining. In more fully
collapsed growth cones the staining showed extensive overlap in growth cones remnants and
neurites (Fig. 8B).

Myosin I1A contributes to collapse (Brown et al., 2009) and has also shown to be involved
in retraction of neuroblastoma cells (Wylie and Chantler, 2003). Myosin I1A showed less
extensive overlap with fascin in controls and the overlap did not appear to increase after
Sema 3A treatment except in portions of the neurite further from the growth cone
(Supplemental Fig. 3). This is consistent with our previous finding that following Sema 3A
treatment myosin I1A increases in the neurite in the region starting 50 pm from the neck of
the growth cone (Brown et al., 2009).

High substrate bound laminin-1 inhibits Sema 3A induced changes

From previous work we know that high substrate bound laminin-1 can inhibit collapse in
response to bath application of low concentrations of Sema 3A (Brown et al., 2009). To test
if this has an effect on the degree of actin binding protein loss, we determined the staining
ratios of growth cones on high laminin-1. No significant change was observed in any of the
actin binding proteins upon Sema 3A treatment (Fig. 9). Rhodamine phalloidin staining
revealed that growth cones had a range of staining patterns similar to those on low
laminin-1, but that a significantly greater proportion of growth cones were not collapsed or
only partially collapsed following Sema 3A treatment (Fig. 10) (Brown et al., 2009). Rotary
shadow EM of growth cones on high laminin-1 gave similar results. The majority (~ 55%)
of growth cones in Sema 3A treated cultures grown on high laminin-1 were not collapsed
consistent with our previous results (Brown et al., 2009) and retained actin filaments
organized both as meshwork and bundles (Fig. 11). In these growth cones the density of
actin meshworks at the leading edge appeared somewhat reduced (Fig. 11D) consistent with
a lack of protrusion and veil retraction (Mongiu et al., 2007). This indicates that the
proportional changes in actin binding proteins roughly correlated with the degree of f-actin
loss from meshworks and bundles. When both remain relatively intact as on high substrate
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bound laminin-1 the proportion of actin binding proteins to total protein remains unchanged.
When the loss of actin filaments was more extreme due to more extensive collapse as on low
substrate bound laminin-1, then actin binding proteins showed significant changes.
Therefore the changes observed in binding proteins when DRG neurons are growing on low
substrate bound laminin-1 and then treated with Sema 3A are unlikely to be directly induced
by the treatment, but most likely reflect the state and organization of the actin filaments with
which they normally associate.

DISCUSION

Collapse of growth cones in response to repulsive cues such as Sema 3A involves the loss of
the actin rich structure lamellipodia and filopodia and correlates with reduced rhodamine
phalloidin staining (Fan et al., 1993). Since phalloidin interacts specifically with f-actin this
reduction in staining has been assumed to represent net loss of actin filaments probably
through depolymerization. Our data is consistent with this interpretation; actin filament
staining decreases relative to staining for total actin. However f-actin organization into
superstructures and stabilization depend upon the interaction with multiple actin binding
proteins that can affect the turnover or stability of f-actin. Bundled actin that forms the core
of filopodia may be stabilized by proteins such as fascin that localize to filopodia, or through
mechanisms independent of bundling (Hotta et al., 2005). In at least one case a repulsive cue
induced the loss of actin bundles before affecting the actin meshwork suggesting a
differential effect on actin filaments that is dependent on their organization (Zhou and
Cohan, 2001). Therefore it has been unclear whether repulsive cues such as Sema 3A induce
the loss of f-actin independent of location and the association with actin binding proteins or
organization. This information is important for understanding why repulsive cues such as
Sema 3A can induce different effects on growth cones that include: turning, partial or full
collapse without retraction or collapse followed by retraction.

Our results suggest that Sema 3A treatment induces loss of actin filament meshworks to a
greater extent than bundled actin filaments irrespective of the degree of collapse. This is
supported by the changes in the rotary shadow images of the cytoskeleton, the staining for
actin and actin binding proteins. Fascin associated actin bundles appear to be more resistant
to Sema 3A induced loss compared to actin meshworks associated with Arp-2 and cortactin.
The decrease in Arp-2 and cortactin staining is likely to result from movement to the neurite
by diffusion following release from growth cone actin meshworks. In partially collapsed
growth cones, f-actin bundles associated with fascin rich peripheral structures such as
filopodia and microspikes are partially retained leading to a proportional increase in staining
for fascin due to a reduction in total protein in areas that contained actin meshworks.. Full
collapse also leads to a proportional increase in fascin staining in the remaining neurite that
is likely partially associated through rapid cyclic binding with the actin filament bundles
found there (Vignjevic et al., 2006).

If cells are permeabilized prior to fixation, then fascin staining drops upon treatment with
Sema 3A possibility because of reduced binding to actin or a change in binding affinity.
However the relatively high amount of fascin (bound or unbound) found in the neurite
during Sema 3A treatment may stimulate the reformation of larger bundles from the small
bundles that have relocated to the neurite and were identified as moving bright YFP-actin
spots in a previous report (Gallo, 2006). This is consistent with the role of fascin as an actin
filament crosslinker that has been implicated in filopodia elongation through its ability to
induce reformation or elongation of bundles (Vignjevic et al., 2006). The reformed fascin
associated f-actin bundles can then provide the substrate for myosin 11 dependent
contractions that cause retraction. The increased overlap of fascin and myosin 11B staining
following collapse is consistent with this possibility. However reformation of f-actin bundles
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and association with myosin 11B in response to low concentrations of bath appliead Sema
3A does not usually cause retraction suggesting that the process is incomplete. This may be
because desensitization or degradation of Sema 3A in the medium occurs prior to the
actomyosin contractions that drive retraction. This may explain why both gradient
application of Sema 3A and bath application of high concentrations of Sema 3A more
frequently lead to retraction. Gradient application from a micropipette gives a continuous
source of new Sema 3A in the medium, while bath applications of high concentrations of
Sema 3A induce more rapid changes. Peripheral actin filaments organized as branched
meshworks or bundles will be more greatly affected in a Sema 3A gradient than actin
filaments and myosin 1l located toward the rear of the cone and neurite. Similarly, focal
complexes in the peripheral domain will be affected to a greater degree by a gradient
compared to those at the rear of the cone. However because a gradient is less likely to cause
desensitization or result in degradation, these changes can occur leading to a prolonged
collapse phase followed by retraction. In contrast bath application of Sema 3A will affect all
actin structures simultaneously and if net depolymerization of actin outpaces the relocation
of actin bundles and myosin 11, as well as decreased peripheral adhesion, then retraction can
not occur. A gradient is more likely to mimic the in vivo response of a growth cone to Sema
3A.
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Figure 1.

DRG growth cone collapse in response to a Sema 3A gradient and affect on actin filament
staining. (A) or a low concentration applied directly to the bath (B). (A) Gradient application
produces a prolonged collapse phase usually followed by retraction (not shown). Gradient
application (arrowhead) begins at the 5 min time point. (B) Bath application of 500 ng/ml
Sema 3A (applied at 0 min) produces a more abrupt collapse after a short delay. Filopodia
often elongate (arrows) prior to full collapse. Retraction with this concentration was rare.
Bar= 12 um. (C) Rhodamine phalloidin staining reveals f-actin distribution in untreated
DRG growth cones. Bright streaks of stain (arrowheads) associate with bundled actin in
microspikes or filopodia. (D) Bath application of Sema 3A (500 ng/ml for 30 min) causes
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partial to full collapse but does not eliminate rhodamine phalloidin staining. The increased

staining in the neurite (arrows) may represent actin bundles and/or increased thickness.
Bar=8 pm.
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Figure 2.
Sema 3A induced collapse produces a net decrease in f-actin relative to total actin (A), but

no significant decrease relative to total protein in the growth cone (B) or neurite (C). (A)
The ratio of f-actin (rhodamine phalloidin staining) to total actin (immunostaining with a
monoclonal antibody to p-actin) is significantly (*) decreased following bath application of
Sema 3A (500 ng/ml for 30 min). (P=0.001, s.e.m.=0.04, 0.11 N=43). (B) The ratio of -
actin immunostaining to total protein (activated Cy3 dye staining) in the growth cone is not
reduced by Sema 3A treatment (500 ng/ml for 30 min). (P=0.13, s.e.m.=0.04, 0.05 N=25).
(C) The ratio of B-actin immunostaining to total protein (activated Cy3 dye staining) in the
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neurite is not reduced by Sema 3A treatment (500 ng/ml for 30 min). (P=0.52, s.e.m.=0.03,
0.03 N=25). The same cells were analyzed for B and C.
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Figure 3.

Rotary shadow EM of untreated growth cones (A) and following bath application of Sema
3A (500 ng/ml for 30 min) (B). (A) Low magnifications reveal growth cones with varying
morphologies similar to those observed by light microscopy. The amount of f-actin
organized as bundles and meshworks varies depending on the degree of spreading. (B)
Treatment with Sema 3A causes variable decreases in growth cone area from full to partial
collapse. Most fully or partially collapsed growth cones lack lamellipodia or a distinct
central domain containing actin meshworks. Bar=8 um.
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Figure 4.

Rotary shadowed EM higher magnification views of untreated growth cones. (A) Higher
magnification views from the same growth cones in Figure 4 showing f-actin organized as
bundles or meshworks. (B) A high magnification view showing f-actin meshworks
integrated with bundles (arrows) of varying sizes. A, Bar=2 um; B, Bar=500 nm.
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Figure 5.

Rotary shadowed EM higher magnification views of Sema 3A treated growth cones from
Figure 4. (A) The neurite of a fully collapsed growth cone contains small amounts of actin
meshwork (arrowhead) in varicosities and bundles (arrows) along its length (inset). (B) A
partially collapsed growth cone containing two filopodia with thin f-actin bundles (arrow)
and small areas of meshwork (arrowhead)(inset). (C) A partially collapse growth cone that
still retains both meshworks (arrowhead) and bundles (arrows and inset). A & B, Bar= 720
nm; C, Bar= 600 nm.
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Figure 6.
Sema 3A treatment reduces the proportion of cortactin and Arp-2 staining relative to total

protein. (A) Untreated growth cones showing cortactin staining (green) compared to staining
for total protein (red). (B) Following Sema 3A treatment (bath application of 500 ng/ml for
30 min) cortactin staining is reduced compared to total protein in the residual growth cone
and connecting neurite. (C) Quantitative comparison of the ratio of cortactin staining to total
protein. The decrease (*) was significant (P=0.0002, s.e.m.=0.14, 0.04, N=40). B, Bar=8
um. (D) Sema 3A treatment reduces the proportion of Arp-2 staining relative to total
protein. Untreated growth cones showing Arp-2 staining (green) compared to staining for
total protein (red). (E) Following Sema 3A treatment (bath application of 500 ng/ml for 30
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min) Arp-2 staining is reduced compared to total protein in the residual growth cone and
connecting neurite. (F) Quantitative comparison of the ratio of Arp-2 staining to total
protein. The decrease (*) was significant (P=0.0001, s.e.m.= 0.06, 0.03 N= 40 for each). E,
Bar=8 pm.
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Figure 7.

Sema 3A treatment increases the proportion of fascin staining relative to total protein. (A)
Untreated growth cones showing fascin staining (green) compared to staining for total
protein (red). (B) Following Sema 3A treatment (bath application of 500 ng/ml for 30 min)
fascin staining is increased compared to total protein in the residual growth cone and
connecting neurite. (C) Quantitative comparison of the ratio of fascin staining to total
protein. The decrease (*) was significant (P=0.001, s.e.m.=0.04, 0.11 N= 43). B, Bar= 10
pm.
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Figure 8.

Fascin and myosin 1B show little overlap prior to Sema 3A treatment. After treatment
staining redistributes and overlap increases. (A) Control growth cones stained for fascin
(green) and myosin I1B (red). Fascin staining is consistently more peripheral than myosin
I1B staining. Overlap in staining (insets) occurs only in a restricted area in the transition
zone between the peripheral and central domains. (B) Sema 3A treated (500 ng/ml, 30 min)
growth cones show varying degrees of collapse and overlap. Partially collapsed growth
cones (left panel) show inversion of staining relationship. Fascin staining (arrow) is now
predominately associated with the neck of the growth cone, and myosin I1B staining
(arrowhead) is peripheral to this distribution. In more fully collapsed growth cones staining
overlaps (insets). Bar=5 pm.
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Figure 9.

Growing DRG neurons on high substrate bound laminin-1 prevents changes in actin binding
proteins in response to Sema 3A treatment (500 ng/ml for 30 min). (A) The proportion of
Arp-2 staining relative to total protein was unchanged following Sema 3A treatment
(P>0.05). (B) The proportion of fascin staining relative to total protein was unchanged
following Sema 3A treatment (P>0.05). (C) The proportion of Arp-2 staining relative to total
protein was unchanged following Sema 3A treatment (P>0.05).
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Figure 10.
Growing DRG neurons on high substrate bound laminin inhibits growth cone collapse and

loss of f-actin. (A) Untreated neurons growing on high substrate bound laminin-1 stained
with rhodamine phalloidin to reveal the distribution of f-actin. (B) Treatment with Sema 3A
produces a range of morphologies, but the majority of growth cones did not fully collapse
and still contain abundant f-actin within filopodia and lamellipodia. Bar= 8 pm.
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Figure 11.

Rotary shadow EM of DRG growth cones growing on high substrate bound laminin. Growth
cones from both untreated (A) and Sema 3A treated (500 ng/ml, 30 min) (B) contain f-actin
organized as meshworks or bundles. The amount of area containing actin meshworks
appears reduced. Bar= 6 pm. (C) High magnification rotary shadow EM views showing f-
actin organization of untreated growth cones on high substrate bound laminin. (D) Actin
meshworks persist after Sema 3A treatment, but sometimes show larger open areas and
reduced density at the leading edge. Bundled f-actin appears unchanged. Bar= 700 nm.
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