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Abstract

Axon extension involves the coordinated regulation of the neuronal cytoskeleton. Actin filaments
drive protrusion of filopodia and lamellipodia while microtubules invade the growth cone, thereby
providing structural support for the nascent axon. Furthermore, in order for axons to extend the
growth cone must attach to the substratum. Previous work indicates that myosin 11 activity inhibits
the advance of microtubules into the periphery of growth cones, and myosin Il has also been
implicated in mediating integrin-dependent cell attachment. However, it is not clear how the
functions of myosin Il in regulating substratum attachment and microtubule advance are integrated
during axon extension. We report that inhibition of myosin Il function decreases the rate of axon
extension on laminin, but surprisingly promotes extension rate on polylysine. The differential effects
of myosin Il inhibition on axon extension rate are attributable to myosin Il having the primary
function of mediating substratum attachment on laminin, but not on polylysine. Conversely, on
polylysine the primary function of myosin Il is to inhibit microtubule advance into growth cones.
Thus, the substratum determines the role of myosin Il in axon extension by controlling the functions
of myosin 1l that contribute to extension.
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Introduction

Axon extension occurs through a three-step process sequentially involving protrusion and
substratum-attachment of filopodia and lamellipodia, followed by engorgement of the growth
cone by microtubules and organelles, and finalized by the consolidation of a new stretch of
axon shaft behind the advancing growth cone (Dent and Gertler, 2003; Loudon et al., 2006).
Both protrusion and engorgement of the growth cone by microtubules contribute to the rate of
axon extension (Letourneau et al., 1987; Dent and Gertler, 2003). We use the term
engorgement, as defined by Goldberg and Burmeister (1986), to mean the advance of
microtubule tips into lamellipodia and filopodia of growth cones. In addition, axons also require
attachment to the substratum to extend and exert forces (Varum-Finney and Reichardt, 1994;
Jay, 2001; Brown and Bridgman, 2003a; Woo and Gomez, 2006). Thus, axon extension is
thought to be dependent on substratum attachment, protrusive activity and engorgement of the
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growth cone by microtubules. However, it is not clear how these different components of the
mechanism of axon extension are integrated.

Myosin Il is a mechanoenzyme that binds F-actin and generates cellular contractile forces. All
known isoforms of myosin Il are found in growth cones (Rochlin et al., 1995; Turney and
Bridgman, 2005). Inhibition of myosin Il function in neurons and neuronal cell lines has
revealed multiple functions for myosin Il in the extension and retraction of axons. When
growing on laminin, inhibition of all myosin |1 activity or the activity of the 1B isoform alone
decreases axon extension rate (reviewed in Brown and Bridgman, 2003a). Conversely,
downregulation of myosin I1A, but not 11B, in Neuro-2A neuroblastoma cells decreases
attachment through integrin receptors (Wylie and Chantler, 2001). Furthermore, myosin 1l
activity is reported to inhibit microtubule engorgement of the peripheral domain of growth
cones (Lin et al., 1996; Zhou and Cohan, 2001; Brown and Bridgman, 2003b). Myosin Il
activity drives the retrograde flow of actin in growth cones (Zhang et al., 2003), and actin
undergoing retrograde flow may prevent microtubules from engorging the growth cone
(Schaefer et al., 2002). Thus, myosin |1 is thought to regulate multiple aspects of the process
of axon extension, including actin retrograde flow, engorgement of the growth cone by
microtubules, and substratum attachment. However, it is not clear how the multiple functions
of myosin Il are integrated during axon extension.

We report that inhibition of myosin |1 activity on laminin coated substrata decreases axon
extension rate. However, inhibition of myosin Il increases axon extension rate on
polyornithine-coated substrata (consistent with Turney and Bridgman, 2005). To investigate
the mechanisms responsible for the substratum-dependent effects of myosin Il inhibition on
axon extension rate, we tested the hypothesis that different functions of myosin Il in growth
cones are engaged in a substratum-dependent manner (Fig. 1), thereby resulting in different
effects of myosin Il inhibition on axon extension as a function of the substratum. The hypothesis
posits that (1) myaosin Il is required for attachment on substrata involving integrins (i.e. laminin)
but not polycationic substrata (e.g., polylysine or polyornithine), and that (2) myosin Il
negatively regulates microtubule engorgement of the growth cone regardless of substratum.
The data indicate that on laminin axon extension is attenuated following myosin I1 inhibition
because of decreased substratum attachment, even though microtubule engorgement of the
growth cone is promoted. However, on polylysine inhibition of myosin Il does not alter
attachment but increases engorgement of the growth cone by microtubules thereby promoting
axon extension rate. We conclude that although myosin Il has multiple functions during axon
extension, the primary function of myosin Il in regulating the rate of axon extension is
determined by the substratum.

Materials and Methods

Tissue Culture

Embryonic Day 7 chicken dorsal root ganglia were cultured as explants following published
protocols (Lelkes et al., 2006). Explants were cultured in defined-medium (F12H with
additives; Invitrogen, Carlsbad CA) and supplemented with 20 ng/mL nerve growth factor
(R&D Systems, Minneapolis, MN). Explants were cultured in “video dishes” following
published protocols (Gallo, 2004) using either 25 xg/mL laminin (Invitrogen) or 100 x#g/mL
of poly-o-lysine (70 KD MW; Sigma) as coated substrata. Briefly, “video dishes” were
fabricated by drilling 1.4 cm holes in the center of Falcon 1006 dishes (Becton Dickinson,
Franklin Lake, NJ) and affixing coverslips on the bottom of the dishes using aquarium sealant
(Perfecto Manufacturing, Noblesville, IN).
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Taxol was purchased from Sigma (St. Louis, MO). Blebbistatin was obtained from Toronto
Research Chemicals (North York, Ontario Canada). The W1B10 anti-A1 integrin antibody and
the DM1A anti-tubulin antibody were purchased from Sigma. GFP-EB3 plasmids (kind gift
of Dr. P.W. Baas, Drexel College of Medicine; Stepanova et al., 2003) were prepared and
transfected into neurons using nucleofection as described in Jones et al. (2006).

Cell Attachment Assay

Microscopy

Cell attachment assays were performed as previously described (Silver and Gallo, 2005) and
the number of attached neurons was determined by staining coverslips with neuron-specific
Sl tubulin antibodies. Briefly, cells were plated in parallel on coverslips coated with laminin
or polylysine for 3.5 h. The medium was then removed and the coverslips were washed three
times to remove non-adherent cells by adding and removing 1 mL of fresh culture medium,
allowing the medium to run over the coverslip. Following the final wash, the cultures were
fixed and stained for neuron-specific gll1-tubulin.

Live imaging experiments were performed on a Zeiss 200 M microscope equipped with an
AxioCam CCD camera (Zeiss, Gottingen Germany). Live cultures were observed using a 40x
phase objective, or 100x for imaging of EB3. Time-lapse acquisition was driven by Zeiss
AxioVision software. Imaging of EB3 comets was performed as described in Jones et al.
(2006). The axons were observed for a total of 60 min, 30 min pretreatment and 30 min post-
treatment with a 15 min period in between treatments. Images were acquired every 3 min of
pretreatment and posttreatment. The stage was heated and held constant at 39°C using an
ASI-400 air curtain incubator system (NevTek, Burnsville VA). Quantitative analysis of the
axon extension rate was performed using the interactive measurement module of the
AxioVision Software. The extension rates of axons were determined by distance in um over
elapsed time.

Immunocytochemistry

For staining purposes, cultures were fixed with a final concentration of 0.25% gluteraldehyde
for 15 min, followed by washing and treatment with 2 mg/mL sodium borohydride (Sigma) in
PBS. Actin filaments were stained using rhodamine-phalloidin (Molecular Probes, Eugene
OR; 8/100 wL of staining solution). For experiments involving vinculin staining or the
determination of microtubule content, the cultures were simultaneously fixed and extracted
(FEX) as described in Gallo et al. (2002). Staining was performed using monoclonal anti-
vinculin antibody (1:200; Sigma) and a goat-anti-mouse TRITC conjugated secondary
antibody (1:400; Jackson Immunochemicals, West Grove PA). For determination of
microtubule distribution, cultures were fixed using FEX. Microtubules were stained using a
FITC-conjugated anti-tubulin monoclonal antibody (DMZ1A clone, 1:100; Sigma) and actin
filaments were stained using rhodamine phalloidin. For experiments determining the ratio of
tyrosinated tubulin to total tubulin, cultures were treated with specific doses of taxol for 65
min, fixed using FEX, and stained with 1:400 anti-tyrosinated tubulin primary antibody (1:400,
Sigma) and a goat-anti-mouse TRITC conjugated secondary antibody (1:400; Jackson
Immunochemicals), blocked with 10% mouse serum in PBS, and followed by DM1A-FITC
antibody. For cell counts in attachment assays coverslips were fixed with 0.25%
glutaraldehyde, processed as afore mentioned, and stained with a neuron specific Sll1-tubulin
antibody (1:100; Sigma). All antibodies were applied in PBS supplemented with 10% goat
serum and 0.1% triton X-100 (GST). Blocking was performed prior to each antibody
application for 30 min using GST.
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Quantification of Staining Intensity

Imaging of fluorescently labeled preparations was performed on a Zeiss 200 M microscope
using a 100x objective. Images were acquired as dual channel stacks in identical register.
Acquisition parameters were set for each channel so that no pixel was at saturation level.
Measurements of F-actin total staining intensity were performed at the growth cone, defined
as the structure comprised by lamellipodia and filopodia encompassing the distal most 10 xm
of the axon. Vinculin staining intensity was similarly determined at the growth cone. To
determine the extent that microtubules engorged individual filopodia, the distance that
microtubules invaded filopodia from the base of the filopodium was determined and divided
by the total length of the filopodium. The ratio of tyrosinated tubulin to total tubulin mean
staining intensity was similarly determined in the distal 10 «m of the axon. The measurements
of staining intensity were determined using the interactive measurement module of the
AxioVision Software. Total staining intensity was determined by integrating the pixel
intensities within the area of measurement. Background intensity values were subtracted from
all images prior to quantification. For presentation purposes, we selected images at random
from the set of all images that are within one standard deviation from the mean.

Quantification of EB3 Comet Invasion of Filopodia

Results

To determine the maximal distance that individual EB3-labeled polymerizing microtubule tips
invaded growth cone filopodia, we made time-lapse movies of the same growth cones for 5
min prior to and after experimental treatment. A 6-second inter-frame interval was selected
because this acquisition protocol allowed us to detect the polymerizing microtubule tips in
filopodia while minimizing photobleaching, in these experiments we did not attempt to
determine polymerization rates or catastrophe events, which would require a shorter inter-
frame interval. The filopodia were imaged in EB3-expressing cells by digitally increasing the
brightness and contrast of the image, which reveals the filopodial shaft because of low diffuse
background GFP fluorescence. The maximal distance EB3 comets invaded each filopodium,
relative to the length of the filopodial shaft, was then determined using AxioVision software
quantitative analysis tools. For this analysis neurons were cultured on laminin.

Inhibition of Myosin Il has Substratum-Dependent Effects on Axon Extension Rate

Blebbistatin is a pharmacological inhibitor of the ATPase activity of myosin 11 (Straight et al.,
2003), and exhibits no activity against other myosin family members (Limouze et al., 2004).
Blebbistatin blocks myosin I1-dependent processes such as apoptotic blebbing, cytokinesis,
and the maintenance of cell polarity (Straight et al., 2003; Rosenblatt et al., 2004; Guha et al.,
2005; Loudon et al., 2006). Turney and Bridgman (2005) reported that both blebbistatin
treatment and genetic knock out of myosin 11 function affect the extension rate of axons on
laminin and polyornithine. For our studies we used blebbistatin at 50 xM, a concentration that
maximally blocks spontaneous apoptotic membrane blebbing and disrupts stress fibers in
primary embryonic kidney cells and fibroblasts (data not shown). Axon retraction is myosin
Il dependent (Gallo et al., 2002; Wylie and Chantler, 2003), and 50 «M blebbistatin also
maximally inhibits axon retraction in our culturing system (Gallo, 2004). In our hands 50
4M blebbistatin results in changes in growth cone polarity and blocks apoptotic cell blebbing
within 10-15 min following treatment (Loudon et al., 2006; data not shown), indicating that
blebbistatin readily enters the cytoplasm and blocks myosin Il activity. In addition, chronic
treatment of fibroblasts (24 h) with blebbistatin causes persistent, but reversible upon washout,
changes in morphology and loss of stress fibers, indicating that blebbistatin remains active in
our culturing system over prolonged time periods (data not shown). Collectively, these
considerations indicate that blebbistatin is a valuable and specific tool to inhibit myosin 11
function in living cells.
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We tested the effects of blebbistatin treatment on embryonic chicken dorsal root ganglion
neurons cultured on laminin or polylysine. Axons were observed for a total of 60 min, 30 min
pretreatment and 30 min posttreatment with a 15 min period in between treatments. On laminin,
blebbistatin treatment inhibited axon extension rate by ~60% [Fig. 2(A)]. However,
blebbistatin increased axon extension rate by ~40% on polylysine [Fig. 2(A,B)]. Thus,
inhibition of myosin Il has opposite effects on axon extension rate depending on substratum,
consistent with the report of Turney and Bridgman (2005).

Effects of Myosin Il Inhibition on Growth Cone F-Actin Content

F-actin is required for maintenance of normal axon extension rates (Letourneau et al., 1987).
Previous studies using laminin as a substratum have reported decreased levels of F-actin in
growth cones with decreased myosin Il activity (Bridgman et al., 2001). Thus, myosin Il
inhibition could potentially differentially alter F-actin levels in growth cones in a substratum
dependent manner resulting in different effects on axon extension rate. For example, myosin
Il inhibition may only decrease F-actin levels on laminin but not polylysine. Measurement of
the total F-actin content of growth cones revealed that blebbistatin treatment decreased F-actin
content on both laminin and polylysine [Fig. 3(A,B)]. This observation is consistent with the
study by Bridgman et al. (2001) that found decreased levels of F-actin in growth cones of
neurons cultured from myosin 1B knock out mice growing on a laminin substratum.
Interestingly, blebbistatin decreased F-actin content by 73 and 41% on polylysine and laminin,
respectively. Decreases in F-actin levels in sensory growth cones result in decreased axon
extension rates on both polylysine and laminin substrata (Letourneau et al., 1987; Jones et al.,
2006). Thus, because F-actin levels were decreased by blebbistatin treatment on both laminin
and polylysine, but the effects of blebbistatin treatment on axon extension rate were dependent
on the culturing substratum, these data indicate that the blebbistatin-induced decrease in growth
cone F-actin content does not provide an explanation for the substratum-dependent effects of
blebbistatin treatment on axon extension rate. Indeed, if decreases in growth cone F-actin levels
were responsible for the observed changes in axon extension rates following myosin 11
inhibition, then extension rate should have been inhibited to a greater extent on polylysine than
laminin

Myosin Il Inhibition Decreases Substratum Attachment on Laminin but not Polylysine

Myosin Il is involved in the regulation of integrin-mediated substratum attachment in neuro-2A
neuroblastoma cells (Wylie and Chantler, 2001). However, it is not known whether myosin II
alters attachment to substrata not dependent on integrins, or whether myosin Il contributes to
the attachment of primary neurons to integrin ligands (Brown and Bridgman, 2003a).
Substratum attachment is required for neurons to extend axons. Therefore, differential
inhibition of substratum attachment on laminin and polylysine following blockade of myaosin
Il activity may underlie the decrease in axon extension rate on laminin. We compared the effects
of inhibiting myosin Il using blebbistatin on neuronal attachment to substrata coated with
laminin or polylysine. The absolute number of neurons attached to PL and LN substrata in the
absence of blebbistatin did not differ (19 + 4 and 16 £ 5 cells/field on PL and LN respectively,
p > 0.8), indicating that similar populations of neurons attach to LN and PL. Neuronal cell
attachment assays revealed that inhibition of myaosin Il decreased cell attachment on laminin
by ~40% [Fig. 4(A)]. However, inhibition of myosin 11 did not alter attachment to polylysine
[Fig. 4(A)]. Similarly, Wylie and Chantler (2001) also report partial inhibition of attachment
to integrin-dependent substrata when myosin Il levels were downregulated using antisense in
a homogenous population of neuro-2A cells. Thus, in primary neurons myosin |l partially
contributes to attachment to laminin but not polylysine coated substrata.

Vinculin is a component of substratum adhesion point contacts in growth cones and
nonneuronal cells, and its distribution and cytoskeletal association reports on substratum point
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contacts (Renaudin et al., 1999; Steketee and Tosney, 2002). Integrins engage vinculin and
additional focal point proteins resulting in the formation of substratum contacts required for
attachment. The importance of vinculin-based attachment in determining the rate of axon
extension is emphasized by the demonstration that depletion of vinculin decreases neurite
extension from PC12 cells (Varnum-Finney and Reichardt, 1994). To confirm the data obtained
from cell attachment assays, and extend it to growth cones, we next investigated whether
myosin Il inhibition differentially altered the levels of cytoskeleton associated vinculin in
growth cones using a simultaneous fixation and extraction protocol followed by quantitative
immunocytochemistry (Steketee and Tosney, 2002). On laminin, myosin Il inhibition
decreased vinculin staining by 34% [Fig. 4(B,C)]. On polylysine, a substratum that does not
require myosin Il activity for attachment, myosin Il inhibition decreased vinculin staining by
60% [Fig. 4(B,C)]. This indicates that although on polylysine myosin Il contributes to vinculin
association with the F-actin cytoskeleton, this interaction does not report on a role in cell
attachment on polylysine. Moreover, in DMSO treated controls the total amount of vinculin
staining in growth cones did not differ between laminin and polylysine substrata (integrated
pixel intensities values 10%x of 294 + 26 and 329 + 32, mean = SEM on laminin and polylysine
respectively, p > 0.3, n = 49-51 gowth cones/group), indicating that on both substrata similar
amounts of vinculin associate with the cytoskeleton. Collectively, the attachment data and
vinculin staining studies indicate that cell attachment on laminin, but not polylysine, is
dependent on myosin 11 and the formation of focal contacts.

Inhibition of Laminin-Integrin Interactions Decreases Axon Extension Rate

Inhibition of myosin 11, using blebbistatin, selectively decreased substratum attachment to
laminin but not polylysine, suggesting that on laminin the decrease in axon extension rate
observed following myosin Il inhibition may be attributable to decreased integrin-laminin
engagement. If decreases in laminin-integrin engagement following myosin Il inhibition result
in decreased axon extension rates, then similar decreases in axon extension rates should be
detectable following direct experimental manipulation of laminin-integrin engagement. To
determine the contribution of laminin-integrin binding in regulating the rate of axon extension,
we treated axons growing on laminin coated substrata with a function blocking monoclonal
antibody to #1 integrin that disrupts cell attachment to integrin-dependent substrata (W1B10
antibody; Hayashi et al., 1990). A dose response study revealed that treatment with 11 xg/mL
of the #1 integrin antibody decreased axon extension rate by 57% [Fig. 5(A,B); p < 0.0001],
similar to treatment with 50 uM blebbistatin [Fig. 2(A)]. Four out of 20 growth cones retracted
in response to 11 xg/mL of the antibody, and these were not counted in the determination of
axon extension rate. Interestingly, although the majority of antibody treated axons extended at
slower rates, growth cones remained motile, actively extending filopodia and lamellipodia (not
shown). Treatment with 22 xg/mL of the antibody resulted in axon retraction by 7 out of 10
axons, indicating complete detachment from the substratum. The remaining three axons stalled
and did not extend following antibody treatment. Treatment with 2.2 xg/mL of the antibody
did not affect axon extension rate [Fig. 5(A)]. As a control, treatment of cultures with a
monoclonal antitubulin antibody (DM1A, Sigma) did not affect axon extension rates at a
concentration of 22 ug/mL [Fig. 5(A)], the highest concentration of the 41 integrin antibody
tested that results in pronounced axon retraction. We chose to use an antibody to an intracellular
antigen as a control because antibodies to extracellular domains of receptors or cell adhesion
molecules that have not been fully characterized can act as activators or inhibitors of their
intended targets (e.g. the p75 neurotrophin receptor, Gehler et al., 2004). The tubulin antibody
thus serves as a control for the addition of a monoclonal antibody to the cultures. As an
additional control, treatment of cultures growing on polylysine with 11 g/mL of the 1 integrin
antibody, which decreases extension rate on laminin, did not affect axon extension rates [Fig.
5(A)], demonstrating the effects of the antibody are specific for substrata requiring integrin
binding.

Dev Neurobiol. Author manuscript; available in PMC 2009 April 28.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ketschek et al.

Page 7

To relate the effects of the 1 integrin antibody on axon extension to substratum attachment,
we determined the effects of the antibody in cell attachment assays using substrata coated with
laminin or polylysine. At a concentration of 11 xg/mL of antibody, which inhibits axon
extension by 57% [Fig. 5(A)], cell attachment was inhibited by 47% relative to untreated
controls [Fig. 5(B)]. Treatment with 11 xg/mL of the control anti-tubulin antibody did not
affect cell attachment relative to untreated controls [Fig. 5(B)]. The 1 integrin antibody (11
1g/mL) did not affect attachment on polylysine [Fig. 5(B)]. These data indicate that the degree
of integrin-laminin engagement regulates the rate of axon extension and substratum
attachment, and are consistent with altered integrin-laminin interactions following myosin Il
inhibition mediating the decrease in axon extension rate.

Inhibition of Myosin Il Promotes Engorgement of the Growth Cone by Microtubules on both
Laminin and Polylysine

AXxon extension requires microtubule advance into the growth cone, a process termed
engorgement (Dent and Gertler, 2003). Previous work indicates that myosin Il activity
antagonizes the engorgement of microtubules into growth cone lamellipodia and filopodia
(Linetal., 1996; Zhou and Choan, 2001; Brown and Bridgman, 2003b). Therefore, promation
of microtubule-based engorgement of growth cone may contribute to the increased axon
extension rate observed on polylysine following inhibition of myosin Il. We determined the
effects of myosin Il inhibition on engorgement of growth cones by microtubules on polylysine
and laminin. Filopodia represent the most distal portions of growth cones, and thus provide a
good model system for determining the extent of microtubule engorgement. We determined
the distance that microtubules invaded individual filopodia. Myosin Il inhibition increased the
distance that microtubules engorged into individual filopodia on both laminin and polylysine
to asimilar extent [Fig. 6(A,B)]. However, following myosin Il inhibition, a greater percentage
of all growth cone filopodia exhibited engorgement by one or more microtubules on laminin,
but not on polylysine [Fig. 6(C)]. Blebbistatin treatment did not affect the number of growth
cone filopodia on laminin (n = 43 gowth cones per group; p > 0.6). On Polylysine, blebbistatin
treatment decreased the number of growth cone filopodia by 27% (n = 43 gowth cones per
group; p < 0.0001). Untreated growth cones exhibited 50% more filopodia on polylysine than
laminin (p < 0.0001). Comparison of the number of filopodia following blebbistatin treatment
across the two substrata revealed no difference in the number of growth cone filopodia (means
of 6.3 and 6.7 filopodia on laminin and polylysine, respectively; p > 0.2). Thus, myosin Il
inhibits the engorgement of growth cone filopodia by microtubules independent of substratum.
Collectively, these data indicate that the difference in axon extension rates observed following
myosin Il inhibition on laminin and polylysine are not readily explained by substratum-
dependent differences in the ability of microtubules to engorge growth cones.

Live Imaging of the Engorgement of Filopodia by Microtubule Tips

To confirm the immunocytochemical observation of increased engorgement of growth cone
filopodia by microtubules following inhibition of myosin I, we directly imaged microtubule
tips in living neurons expressing fluorescently labeled EB3 (as previously reported in Jones et
al., 2006). EB3 isamicrotubule tip tracking protein that reports on the dynamics of microtubule
tips that are actively polymerizing (Stepanovaet al., 2003). Blebbistatin is not a suitable reagent
for imaging GFP/CFP/YFP constructs due to phototoxicity (Kolega, 2004; Loudon et al.,
2006). We therefore attempted expressing mRFP-EB3 in chicken DRG neurons. In chicken
neurons MRFP-EB3 expression was not reliable and we did not observe a characteristic EB3-
expression pattern, although the same construct we used works well in mammalian neurons
(Dr. P.W. Baas, Drexel College of Medicine, personal communication). Therefore, we
expressed GFP-EB3 and inhibited myosin Il function indirectly by treating the neurons with
10 uM y-27632, an inhibitor of RhoA-kinase. We have previously determined that this
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treatment decreases phosphorylation of regulatory myosin light chains by greater than 80% in
growth cones in our culturing system (Loudon et al., 2006).

GFP-EB3 expression in cells results in the presence of “comets” [Fig. 7(A)], each comet
reporting on the polymerization of one microtubule tip (Stepanova et al., 2003). We monitored
the localization of EB3-comets in growth cone filopodia before and after treatment with
y-27632 in neurons cultured on laminin. y-27632 treatment increased the distance that
individual microtubule tips advanced into filopodia by 50% relative to treatment with DMSO
[Fig. 7(B)], consistent with the promation of engorgement following inhibition of myosin II.
Measurements of filopodial length revealed that treatment with y-27632 does not result in a
decrease in filopodial shaft length (p > 0.27, comparing pretreatment and posttreatment
filopodial lengths), which could indirectly account for increased microtubule tip engorgement
of filopodia independent of inhibition of myosin Il activity. Similarly, DMSO treatment had
no effect on filopodial length (p > 0.63). In addition, we found no differences between the
number of EB3-comets that engorged filopodia (p > 0.49 for both DMSO and y-27632,
respectively), or the total number of EB3 comets in the growth cone (p > 0.57 and p > 0.89 for
DMSO and y-27632, respectively), following treatment with DMSO or y-27632. These results
are consistent with the immunocytochemical analysis of increased engorgement of growth
cones and filopodia by microtubules following direct inhibition of myosin 11 using blebbistatin.
We however cannot rule out that an additional target of RhoA-kinase, other than myosin 11
activity, contributed to the increase in EB3-comet advance into filopodia.

Engorgement of the Growth Cone by Microtubules is Required for the Increase in Axon
Extension Rate Following Inhibition of Myosin Il on Polylysine

Inhibition of myosin 11 promoted engorgement of growth cones by microtubules on both
laminin and polylysine. Microtubules engorge growth cones through the dynamic
polymerization of their tips (Tanaka and Kirschner, 1991, 1995; Gallo, 1998; Dent and Gertler,
2003), a process termed dynamic instability. To determine whether microtubule engorgement
is required for the increase in axon extension rate observed on polylysine following myosin Il
inhibition, we treated cultures with low nano molar doses of taxol to inhibit microtubule tip
dynamic instability. Taxol is a pharmacological compound that at low concentrations
specifically inhibits microtubule dynamic instability (Jordan et al., 1993; Derry et al., 1995),
and thereby inhibits microtubule advance into growth cones (Gallo, 1998). Cultures were
pretreated with varying concentrations of taxol prior to treatment with 50 xM blebbistatin.
Taxol dose dependently inhibited the blebbistatin-induced increase in extension rate [Fig. 8
(A)]. At the concentration that blocked increases in axon extension rates (0.25 nM), taxol
treatment alone did not decrease axon extension rate [Fig. 8(B)]. This indicates that 0.25 nM
taxol is buffering increases in axon extension rate, without directly affecting the extension rate
of axons.

We were surprised to observe that at a higher taxol concentration (2.5 nM) blebbistatin
treatment decreased axon extension rate on polylysine [Fig. 8(A)]. Treatment with 2.5 nM taxol
alone decreased axon extension rate by 60% [Fig. 8(B)]. Following treatment with blebbistatin,
axon extension rate was further decreased by ~60%, relative to taxol treatment alone, resulting
in only minimal axon extension. This observation suggests an additional level of interaction
between the dynamics of the microtubule cytoskeleton and the actomyosin system during axon
extension. When microtubule dynamics are largely dampened, resulting in decreased axon
extension rates, the activity of myosin Il-dependent processes becomes a large determinant of
axon extension.

We next determined the effects of taxol treatment on net microtubule dynamics and
organization in growth cones. Cultures were treated with 0.25 and 2.5 nM taxol for 45 min,
simultaneously fixed and extracted, and double labeled for total-tubulin and tyrosinated
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tubulin. A 45-min time point was chosen because this represents the state of microtubule
dynamics in taxol treated cultures at the midway time point of blebbistatin treatment. Taxol
treatment resulted in a dose dependent decrease in the levels of tyrosinated tubulin relative to
total tubulin [Fig. 8(C)]. Treatment with 0.25 nM taxol resulted in a 19% decrease in the ratio
of tyrosinated to total tubulin, although the decrease did not reach statistical significance (p =
0.11). Treatment with 2.5 nM taxol resulted in a 42% decrease in the ratio of tyrosinated to
total tubulin (p < 0.001). Thus, consistent with the lack of overt effects of 0.25 nM taxol on
axon extension rate, this concentration of taxol also did not have large effects on net
microtubule dynamics, although it blocked the increase in growth rate resulting from
blebbistatin treatment. Collectively, these data indicate that 0.25 nM taxol buffers the ability
of microtubules to engorge the growth cone following inhibition of myosin I1, and does not by
itself affect normal levels of microtubule dynamics and engorgement.

Finally, we determined the effects of 0.25 nM taxol on the distribution of microtubules in
growth cones with and without blebbistatin treatment. Cultures were pretreated with taxol or
DMSO prior to treatment with blebbistatin or DMSO. The distance microtubules engorged the
growth cone was then determined by measuring the distance between the front of main
microtubule array and the leading edge of the growth cone directly in front of the microtubule
array. This measurement method was chosen because we observed increases in filopodial
lengths in subsets of growth cones following blebbistatin treatment in cultures pretreated with
taxol (data not shown), thereby confounding the measurement method used in Figure 6 that
relies on measurements of microtubule invasion of filopodia. These measurements confirmed
that blebbistatin treatment alone promotes the engorgement of the growth cone by microtubules
[Fig. 8(D,E), compare DMSO DMSO to DMSO BLEB]. Following blebbistatin treatment
microtubules were found in closer proximity to the leading edge of growth cones than in
controls [Fig. 8(E)]. Consistent with the block of increases in axon extension rate following
blebbistatin treatment by 0.25 nM taxol, pretreatment with 0.25 nM taxol prevented the
promotion of microtubule engorgement of growth cones induced by blebbistatin [Fig. 8(D)].
Similarly, consistent with the lack of an effect of 0.25 nM taxol on axon extension rate [Fig. 8
(B)], treatment with 0.25 nM taxol alone did not affect engorgement of the growth cone by
microtubules [Fig. 8(D,E)]. These data confirm that treatment with 0.25 nM taxol prevents the
promotion of microtubule engorgement of the growth cone induced by blebbistatin treatment.

Axon extension proceeds through a three step process sequentially involving leading edge
protrusion, followed by the engorgement of the growth cone by microtubules, and the
consolidation of a new segment of axon shaft behind the advancing growth cone (reviewed in
Dent and Gertler, 2003). The engorgement of the growth cone by microtubules is a necessary
step in axon extension. Indeed, when axons are depleted of actin filaments, axon extension
becomes dependent on microtubule polymerization (Jones et al., 2006), and pharmacological
promotion of microtubule polymerization increases axon extension rates (Letourneau et al.,
1987). The attachment of the growth cone to the substratum is also of fundamental importance
(McKerracher et al., 1996; Woo and Gomez, 2006). Substratum attachment in axon extension
is required for growth cones to physically connect forces generated by the actomyosin system
to the substratum through links between membrane receptors and the intracellular F-actin
cytoskeleton (Bridgman et al., 2001; Jay, 2001). Although both substratum attachment and
microtubule-based engorgement have been shown to be important for determining the rate of
axon extension, it is not clear how these two aspects of the mechanism of axon extension are
integrated. We suggest that myosin 11 is a key player in the integration of substratum attachment
and microtubule-based engorgement on laminin. However, on polylysine myosin Il has the
primary function of controlling microtubule-based engorgement and not substratum
attachment.
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In this report we address the paradoxical observation that inhibition of myosin Il can either
inhibit or promote axon extension rate as a function of the culturing substratum. Our data show
that on substrata requiring myosin Il function for attachment to the substratum, such as laminin,
inhibition of myosin Il results in decreased axon extension rate, even though the engorgement
of the growth cone by microtubules is promoted. Thus, on substrata that require myosin 11 for
attachment the primary function of myosin Il in determining the rate of axon extension is to
regulate substratum attachment. Consistent with this idea, inhibition of attachment to laminin
using a function blocking integrin antibody slows axon extension and decreases attachment in
a manner similar to inhibition of myosin Il. However, on substrata that do not require myosin
Il activity for attachment, such as polylysine, the primary role of myosin I1 is to inhibit
microtubules from engorging the growth cone, thereby preventing axons from extending at
greater extension rates.

Myosin 1l is required for substratum attachment on laminin but not polylysine. Wylie and
Chantler (2001) demonstrated a role for myosin Il in mediating attachment to integrin ligands
in Neuro-2A cells. We now report that myosin Il has a similar function in primary embryonic
sensory neurons. In future work it will be of interest to address the question of what aspects of
substratum attachment point dynamics are altered when myaosin Il is inhibited. Woo and Gomez
(2006) recently reported that inhibition of a myosin Il upstream regulator, RhoA-kinase, results
in more dynamic attachment points at the expense of more stable attachment points. Our data
showing decreased vinculin staining in neurons treated with blebbistatin are consistent with
the results of Woo and Gomez (2006). Although the effects of directly inhibiting myosin Il on
attachment point dynamics remain to be resolved, our data demonstrate that myosin |1
contributes to attachment on laminin.

Following inhibition of myosin Il using blebbistatin, on laminin both cell attachment and the
levels of cytoskeleton associated vinculin decreased to a similar extent (40 and 34%,
respectively). However, on polylysine, inhibition of myosin Il had no effect on cell attachment
but decreased the levels of cytoskeleton associated vinculin to a greater extent than on laminin
(60%). These data indicate that myosin Il is required for integrin-mediated attachment on
laminin but not on polylysine, and that although on polylysine vinculin associates with the F-
actin cytoskeleton in a myosin-I1 dependent manner, this association is not of functional
significance with regard to the mechanism of substratum attachment on polylysine.
Cytoskeleton-associated vinculin on polylysine may represent a pool of potential substratum
attachment mechanisms ready for use when axons encounter a substratum requiring focal point
adhesions for axon extension, such as laminin. Indeed, growth cones turn to remain on laminin
at borders between laminin and polyornithine, and inhibition of myosin 11 prevents axons from
making guidance decisions at such borders (Turney and Bridgman, 2005). The above
considerations suggest that the inability to make a full complement of substratum adhesion
points on laminin during guidance at a border between laminin and polycationic substrata,
under conditions of myosin |1 inhibition, may contribute to the failure of axons to turn and
preferentially extend on laminin.

Inhibition of laminin-integrin engagement decreases axon extension rate. Experiments using
a function blocking 1 integrin antibody support the notion that the degree of laminin-based
substratum attachment is a determinant of axon extension rate. Lemmon et al. (1992) did not
find that the degree of substratum attachment is a good predictor of axon extension rate across
different substrata. However, consistent with the report of Condic and Letourneau (1997), in
the case of laminin we find that the rate of axon extension and the degree of substratum
attachment are related. Thus, a minimal degree of attachment to laminin must be maintained
to exhibit ‘normal” axon extension rates. Alternatively, decreased integrin-laminin interactions
may decrease integrin-mediated signaling pathways that contribute to axon extension in a
substratum-dependent but attachment-independent manner. For example, Kuhn et al. (1998)
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demonstrated that the Racl GTPase is involved in axon extension on integrin-dependent
substrata but not polylysine. Thus, blocking integrin-laminin interactions with a blocking
antibody could affect axon extension rate by inhibiting the physical interaction between
receptor and ligand required for substratum attachment, or by the resultant loss of signaling
through the receptor. Regardless, myosin 1l is required for the attachment of primary neurons
to laminin substrata, and the integrin antibody affects both axon extension rates and substratum
attachment.

The increase in axon extension rate on polylysine following inhibition of myosin Il is
attributable to increased engorgement of the growth cone by microtubules. The engorgement
of growth cones by microtubules is required for axon extension (reviewed in Dent and Gertler,
2003), and promotion of engorgement of growth cones by microtubules is expected to
positively contribute to the rate of axon extension (Letourneau et al., 1987). Prior evidence
indicates that myosin ll-based contractility restricts microtubules from engorging the growth
cone (Lin et al., 1996; Zhou and Cohan, 2001; Schaefer et al., 2002; Brown and Bridgman,
2003b). Our results confirm that myosin Il regulates engorgement of the growth cone by
microtubules on both laminin and polylysine. Thus, although increased engorgement of growth
cones by microtubules is expected to positively contribute to axon extension rate (Letourneau
etal., 1987), on laminin the promotion of engorgement following inhibition of myosin I fails
to increase axon extension rate, indicating that diminished substratum attachment is the primary
cause for the observed decrease in axon extension rate. On laminin, relative to polylysine, we
observed a greater percentage of filopodia becoming engorged by microtubules following
inhibition of myosin Il [Fig. 6(C)]. It is not currently clear how this increase in the number of
engorged filopodia may affect axon extension rate, and we cannot rule out that increased
numbers of filopodia engorged by microtubules may also partially contribute to the effects of
myosin Il inhibition on axon extension rate on laminin. Importantly, experiments using taxol
to inhibit microtubule dynamics demonstrate that on polylysine the promotion of engorgement
is required for the increase in axon extension rate induced by myosin Il inhibition. Collectively
these data demonstrate that the promotion of microtubule engorgement by myosin Il inhibition
is responsible for the increased axon extension rate exhibited following myosin Il inhibition
on polylysine-coated substrata. In future work it will be of interest to determine whether
different isoforms of myosin Il have substratum specific functions during axon extension in
primary neurons as it has been suggested for neuron-like cell lines (Wylie and Chantler,
2001). However, Turney and Bridgman (2005) report that myosin Il activity inhibits peripheral
nervous system axon extension rate on polyornithine independent of isoform, suggesting that
in primary neurons isoforms of myosin Il act in concert and are interchangeable.

In conclusion, we propose that on laminin myosin Il integrates substratum attachment and
microtubule-based engorgement. On laminin, the role of myosin 11 in mediating attachment to
laminin substrata is the major determinant of the rate of axon extension, and supercedes the
role of myosin Il in regulating microtubule engorgement of the growth cone. Indeed, in order
to maintain a constant extension rate, neurons regulate the expression levels of cell surface
integrins to match the extracellular density of laminin (Condic and Letourneau, 1997).
Conversely, when myosin Il is not required to mediate substratum attachment (i.e. on
polylysine), its primary function in regulating axon extension rate is that of attenuating the
engorgement of microtubules into the growth cone, resulting in suboptimal axon extension
rates.
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Figure 1.

Main hypothesis. A schematic of a growth cone is shown in longitudinal cross-section. The
central (C) and peripheral (P) domains are denoted. The peripheral domain contains actin
filaments (F-actin) and the central domain contains microtubules. The hypothesis posits that
on both laminin and polylysine coated substrata microtubule engorgement of the growth cone
peripheral domain (i) is countered by myosin 11-F-actin interactions (ii). The hypothesis also
proposes that this function of myosin Il is substratum-independent. Furthermore, the hypothesis
posits that myosin Il functions in a substratum dependent manner to regulate substratum
attachment (iii). Specifically, the function of myosin Il in mediating attachment is engaged by
laminin but not polylysine.
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Figure 2.

Inhibition of myosin 11 using blebbistatin (Bleb) differentially effects axon extension rate on
laminin and polylysine. (A) Treatment with blebbistatin decreased axon extension on laminin
(LN), but increased extension rate on polylysine (PL). In this and all other figures, numbers in
bars represent sample size. n = axons. Axons were monitored before and after treatment with
blebbistatin. Paired t-test used for comparisons. (B) Example of increased axon extension
following blebbistatin treatment on polylysine. Numbers in top left corners reflect minutes
elapsed from beginning of video sequence (t = 0). The white arrows at 30 min show the
extension during the pre-treatment period. White arrows at 60 min denote the axon extension
that occurred in the 30 min post blebbistatin treatment, for comparison to that occurring prior
to blebbistatin treatment (30 min time point).
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Figure 3.

Growth cone F-actin content is decreased following inhibition of myosin Il independent of
substratum. (A) Inhibition of myosin Il using blebbistatin (Bleb) decreased growth cone F-
actin content on both laminin (LN) and polylysine (PL) relative to DMSO (vehicle control).
Welch t-test used for comparison. n = growth cones. (B) Examples of growth cones on
polylysine following DMSO or blebbistatin treatment. On both substrata F-actin was decreased
mostly in lamellipodia, while filopodial F-actin appeared relatively unaffected, consistent with
the report of Bridgman et al. (2001) for growth cones growing on laminin.
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Figure 4.

Myosin 1l activity is required for substratum attachment on laminin but not polylysine. (A)
Cell attachment assays revealed that inhibition of myosin 11 using blebbistatin (Bleb) decreased
cell attachment on laminin (LN) but not polylysine (PL), relative to vehicle control treatment
(DMSO0). n = cultures per group. Similar numbers of neurons attached to both laminin and
polylysine in the absence of blebbistatin treatment (see text). Welch t-test used for comparisons.
(B) Myosin Il inhibition decreased the levels of cytoskeleton-associated vinculin, reflective of
decreased substratum point contacts. n = growth cones. Welch t-test used for comparisons. (C)
Examples of vinculin (red) and F-actin (green) staining in simultaneously fixed and extracted
growth cones. Note decreased vinculin staining in growth cones and axons in blebbistatin
treated cells. [Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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Figure 5.

Inhibition of integrin-laminin interactions with a A1 integrin function-blocking antibody (AB)
decreases axon extension rate and attachment. (A) On laminin coated substrata, 11 ug/mL of
the A1 integrin antibody inhibited axon extension rate by 57%, while 2.2 ug/mL of the antibody
did not affect axon extension rate. As a control, treatment with 22 ug/mL of an anti-tubulin
antibody (DM1A) did not affect extension rate. Treatment of axons growing on polylysine with
11 ug/mL of the anti-A1 integrin antibody did not affect extension rate. Data collected from
pre and post antibody treatment experiments. Paired t-test used for comparisons. n = axons.
(B) Effects of the A1 integrin antibody on neuronal cell attachment to laminin or polylysine
coated substrata. The concentration of A1 integrin antibody that decreased axon extension rate
by 57% (11 pg/mL) inhibited cell attachment on laminin by 47%. Treatment with 11 xg/mL
of the control anti-tubulin antibody did not affect attachment on laminin. Treatment with 11
1g/mL of the A1 integrin antibody did not affect attachment on polylysine. Welch t-test used
for comparisons. n = 16 cultures per group.
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Figure 6.

Myosin 11 negatively regulates engorgement of the growth cone by microtubules independent
of substratum. (A) Examples of growth cones on laminin double stained for microtubules
(green) and F-actin (red). In DMSO treated controls microtubules do not extend deep into the
growth cone peripheral domain. However, following blebbistatin treatment microtubules
engorge the peripheral domain and the tips of microtubules are found very close to the leading
edge of the peripheral domain. The bottom panels show the microtubule staining alone, and
the yellow arrowheads denote the location of the base of the growth cone, the point where
microtubules splay out from the bundled axonal array. In blebbistatin treated growth cones,
microtubules extend further into the growth cone from the base. (B) Quantification of
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microtubule engorgement into individual filopodia, the most distal portions of the growth cone
peripheral domain. The distance microtubules engorged individual filopodial shafts was
determined and expressed relative to the total length of the filopodium. Only filopodia
exhibiting engorgement by microtubules were used in this analysis. Blebbistatin treatment
promotes the distance microtubules engorge filopodia by ~50% regardless of substratum. Data
are shown normalized to the DMSO control values. Welch t-test used for comparison. n =
filopodia. (C) The percentage of all filopodia at growth cones engorged by one or more
microtubules is increased by blebbistatin on laminin but not polylysine. The same data set used
to obtain the data in (B) was used for determining the data in (C). [Color figure can be viewed
in the online issue, which is available at www.interscience.wiley.com.]
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Figure 7.

Inhibition of RhoA-kinase promotes the distance microtubule tips invade filopodia in living
growth cones. (A) Example of GFP-EB3 comets in neuronal filopodia in growth cones treated
with DMSO or with 10 uM y-27632. The top panel shows the growth cone expressing GFP-
EB3 that has been digitally enhanced to reveal the growth cone because of low background
fluorescence. The tips of filopodia are denoted by arrowheads. The two panels below show the
extent of microtubule tip invasion into the filopodia (arrows point to individual EB3-comets).
Note that the EB3-comets in the y-27632 treated growth cone extend further into the filopodial
shaft than in the DMSO treated growth cone. The difference in total comet number is reflective
of differences between individual growth cones. The quantitative analysis was carried out
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within growth cone before and after treatment. (B) Results of the quantitative analysis of EB3-
comet advance into individual growth cone filopodia. Five growth cones were monitored for
5 min prior to and 5 min after treatment with y-27632 or DMSO starting at 15 min post
treatment. The maximum distance, relative to the length of the filopodial shaft, that EB3 comets
were noted to invade each filopodium was used as a metric. The number of filopodia analyzed
is shown in the bars. Paired t-test was used for the comparison.
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Figure 8.

Inhibition of microtubule dynamic instability prevents the increase in axon extension rates
observed on polylysine following inhibition of myosin I1. (A) Dose dependent effects of taxol
on the blebbistatin-induced increase in axon extension rate. Treatment with blebbistatin alone
(Bleb Treat Alone) increased axon extension rate. Pretreatment with 0.01 nM taxol, prior to
treatment with blebbistatin, resulted in a 25% decrease in axon extension rate relative to
blebbistatin treatment alone, but blebbistatin treatment significantly elevated axon extension
rate relative to pre-treatment (p < 0.05). Pretreatment with 0.25 nM taxol prevented the
blebbistatin-induced increase in axon extension rate. No statistically significant difference was
observed between pre and post blebbistatin treatment imaging periods. Pretreatment with 2.5
nM taxol resulted in a decrease in axon extension rate following blebbistatin treatment (p <
0.001). Matched t-test used for prepost treatment comparisons. n = axons. (B) Treatment with
taxol inhibits axon extension rate in a dose dependent manner. The concentration of taxol that
blocked the blebbistatin-induced increase in axon extension rate (0.25 nM) did not by itself
affect axon extension rate. However, 2.5 nM taxol decreased axon extension rate. Matched t-
test used for pre-post treatment comparisons. n = axons. (C) Effects of taxol on net microtubule
dynamics. Quantification of the ratio of tyrosinated tubulin staining to total tubulin staining in
distal axons revealed that 0.25 nM taxol decreased net microtubule dynamics by 19%, although
this difference did not reach significance (p = 0.11). Treatment with 2.5 nM taxol significantly
decreased net microtubule dynamics. Welch t-test used for comparison. n = axons. (D) Taxol
treatment prevented the engorgement of the growth cone by microtubules induced by
blebbistatin treatment. Cultures were treated for 30 min with either DMSO or 0.25 nM taxol
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prior to treatment with 50 M blebbistatin or DMSO for an additional 30 min prior to
simultaneous fixation and extraction. Blebbistatin treatment (DMSO BLEB) decreased the
distance between the front of the microtubule array and the leading edge of growth cones
relative to the control (DMSO DMSO), confirming the promotion of microtubule engorgement
into the growth cone (Fig. 6). Treatment with TAXOL alone (TAXOL DMSO) did not alter
engorgement relative to controls (DMSO DMSO, p > 0.7). Treatment with blebbistatin
following pretreatment with taxol (TAXOL BLEB) prevented the effects of blebbistatin on
engorgement of the growth cone (p > 0.7 compared to DMSO DMSO and p < 0.0.00001
compared to DMSO BLEB). Data is expressed normalized to the DMSO DMSO control. Welch
t-test used for comparison. n = growth cones. (E) Examples of the distributions of microtubules
and F-actin in growth cones exposed to various treatment paradigms as detailed in panel (D).
Microtubules are shown in green and F-actin is shown in red. The red arrows denote the distal
most F-actin staining and the green arrows denote the front of the microtubule array. Note that
in the DMSO BLEB example the microtubules extend closer to the leading edge of the growth
cone than in the other examples. For presentation purposes, the F-actin signal in blebbistatin
treated growth cones was digitally enhanced to reveal the whole extent of growth cone
morphology. [Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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