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SUMMARY

The cell biological processes underlying axon growth
and guidance are still not well understood. An out-
standing question is how a new segment of the
axon shaft is formed in the wake of neuronal growth
cone advance. For this to occur, the highly dynamic,
splayed-out microtubule (MT) arrays characteristic
of the growth cone must be consolidated (bundled
together) to form the core of the axon shaft. MT-
associated proteins stabilize bundled MTs, but how
individual MTs are brought together for initial bun-
dling is unknown. Here, we show that laterally mov-
ing actin arcs, which are myosin II-driven contractile
structures, interact with growing MTs and transport
them from the sides of the growth cone into the cen-
tral domain. Upon Myosin II inhibition, the movement
of actin filaments and MTs immediately stopped and
MTs unbundled. Thus, Myosin II-dependent com-
pressive force is necessary for normal MT bundling
in the growth cone neck.

INTRODUCTION

Growth cones are highly motile sensory structures that regulate

the rate and direction of neurite advance during neuronal develop-

ment and nerve regeneration. As growth cones move forward,

a new segment of neurite shaft is generated by a process that

encompasses three discrete morphological phases (reviewed in

Dent and Gertler, 2003). Phase 1 is ‘‘protrusion’’ of the growth

cone’s leading edge, a flat actin filament (F-actin)-rich lamellar re-

gion called the peripheral (P) domain.Phase2 is ‘‘engorgement’’ of

the central (C) domain characterized by advance of organelles and

associated microtubules (MTs). In Phase 3, the spread organelles

and MTs are ‘‘consolidated’’ at the growth cone neck into a com-

pact, stable new segment of the neurite shaft. These steps were

first described using differential interference contrast (DIC) time-

lapse microscopy (Goldberg and Burmeister, 1986) and have be-

come the basis of modern axon growth models. Despite much re-

cent investigation and progress in understanding F-actin-based

protrusion at the leading edge (Pollardand Borisy, 2003), basic cy-

toskeletal mechanisms underlying the engorgement and consoli-

dation phases of neurite growth remain poorly understood.

Evidence suggests MTs in the C domain are sequentially bun-

dled together and stabilized during the consolidation process.
MT bundling is thought to involve crosslinking by MT-associated

proteins (MAPs), and MAPs have recently been shown to be nec-

essary for consolidation (Bielas et al., 2007); however, how MTs

are physically brought together to facilitate bundling in the

growth cone neck is unknown. To investigate this problem, we

used a combination of fluorescent speckle microscopy (FSM),

automated cytoskeletal flow tracking, and electron microscopy

to characterize dynamic interactions between the actin filaments

and MTs in the growth cone neck. We describe an actin/myosin II

contractile system in this region that transports MTs from the

sides of the growth cone and packs them into the C domain.

We propose that this active MT transport facilitates MT bundling

involved in formation of a new segment of axon shaft.

RESULTS

MT and Actin Filament Organization
in the Growth Cone Neck
We used electron microscopy of Aplysia bag cell neurons treated

with gold-labeled antibodies and prepared by rotary shadowing

(Schaefer et al., 2002; Svitkina and Borisy, 1998) to investigate

possible MT and F-actin interactions in the growth cone neck.

Growth cones imaged with DIC or low-magnification EM showed

similar structural organization (Figures 1A and 1B). Bundled MTs,

visualized by immunogold labeling, were evident in the neurite

shaft and growth cone neck (Figure 1C, arrow and circle, respec-

tively). At higher magnification, a dendritic actin filament network

on the sides of the neck (Figure 1D, star) and actin filament bun-

dles in adjacent central regions (Figure 1D, arrow) were evident.

MTs and actin filaments were pseudocolored to facilitate com-

parison of the two networks. The original gray-scale image is

shown in Figure S1 (available online). Individual MT tips were de-

tectable in lateral regions of the neck and these MTs were typi-

cally aligned with actin filament bundles (Figure 1D, arrowhead).

MT density was high in central neck regions, making identifica-

tion of MT tips or visualization of actin filaments difficult. How-

ever, fluorescence microscopy studies do indicate the presence

of actin filaments in this region (Loudon et al., 2006; Zhang et al.,

2003), consistent with MTs lying on top of, and obscuring, actin

filament structures.

To further address this issue, the 3D organization of the actin

and MT cytoskeleton in the neck region was visualized by spin-

ning disk confocal microscopy. Figures 1E and 1F show through-

focus merged image stacks for actin filaments and MTs. When

cross sectional x–z sections in the growth cone neck were exam-

ined, an actin filament-dense ‘‘node’’ was present in the neck in

53.5% of growth cones (n = 258 growth cones) consistent with
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previous reports (Figure 1I, open arrowhead). In individual z sec-

tions, the bottom (ventral) section typically had markedly less MT

labeling than the top (dorsal) section (Figures 1G and 1H,

arrows). Together, these results suggest MTs tend to sit on top

of actin filaments in the node region, and x–z scans from

double-labeled preparations confirmed this was indeed the

case (Figure 1I, cf. arrowheads).

Coordinated MT and Actin Filament Movement
in the Growth Cone Neck
MT translocation and guidance by F-actin structures is an

emerging theme in cell motility (Rodriguez et al., 2003). Indeed,

the close MT-actin filament interactions observed (Figure 1) sug-

gested MT movement in the growth cone neck might result from

association with moving actin bundles. To test this hypothesis,

Alexa-488 phalloidin and Alexa-594 tubulin were coinjected

Figure 1. Individual MTs and Actin Filament

Bundles Colocalize at the Growth Cone

Neck

(A and B) Growth cone structural domains. DIC (A)

and low-magnification EM (B) of two separate

growth cones. P, T, and C denote peripheral

domain, transition zone, and central domain, re-

spectively. Circle denotes growth cone neck and

arrow denotes neurite shaft.

(C) Gold-labeled MTs of a region similar to box

in (B).

(D) Higher magnification of the box in (C). Star de-

notes actin network, arrow denotes an actin bun-

dle, and arrowhead denotes a MT aligned with

the actin bundle. Gold particles were individually

pseudocolored green to denote MT localization.

Actin filaments were pseudocolored red. Gold

particle and actin filament labeling was performed

with 100% transparency and 22% transparency,

respectively, using Canvas X. Clathrin vesicles

are pseudocolored blue.

(E–H) Spinning disk confocal images of the F-actin

and MT cytoskeletons. Full projection z section of

the F-actin (E) and MT (F) z sections. Bottom (G)

and top (H) view of the MTs.

(I) Overlay of the F-actin (green) and MT (red)

kymographs taken from the regions of interest in

(E) and (F). P, T, and C denote peripheral domain,

transition zone, and central domain, respectively.

Open arrowhead denotes the actin node and

closed arrowhead denotes MTs above the actin

node. Star denotes actin ‘‘ruffles’’ in the P domain.

Blue dots in (E) and (F) give orientation. Scale bars:

(A)–(B) and (E)–(H), 10 mm; (C), 5 mm; (D), 1 mm.

into neurons to visualize F-actin and MT

dynamics (Figure 2) using total internal

reflection fluorescence (TIRF) micros-

copy. To obtain slightly deeper fluores-

cence excitation cross sections, subcriti-

cal angles of TIRF laser incidence were

used (Burmeister et al., 1994). This tech-

nique facilitated visualization and quanti-

tative comparison of F-actin and MT

movements in the thicker midsection of

the growth cone neck (Figure 2). Filopodial actin bundles in the

P- domain and actin arcs in the T zone are indicated by arrows

and arrowheads, respectively (Schaefer et al., 2002). Actin arcs

have previously been shown to be actin/myosin II contractile

structures that form from condensation of dendritic actin

networks in the T zone (Medeiros et al., 2006; Zhang et al.,

2003). After formation, actin arcs moved into the C domain,

merging into thicker actin bundles that tended to move toward

a contractile node (Figure 2, CN, yellow circle) situated in the

growth cone neck. Actin arcs also form in the growth cone

neck region (Figure S2), consistent with the dendritic actin net-

works and actin bundles visualized by EM in the same region

(Figure 1).

Preliminary results suggested actin arcs could transport MTs

and influence MT assembly dynamics (Schaefer et al., 2002;

Zhang et al., 2003). To further investigate MT-actin interactions
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in the growth cone neck, we used newly developed cross corre-

lation speckle tracking algorithms (Hu et al., 2007; Ji and Dan-

user, 2005) capable of calculating the direction and speed of

every speckle in the image over successive sampling intervals.

The resulting vectors, color coded according to speed, repre-

sent a quantitative map of actin filament flow (Figures 2C and

2D). Rates and patterns of classical retrograde actin flow in the

P domain and actin arc translocation in the T zone measured

by speckle tracking were similar to those previously reported

(Medeiros et al., 2006; Schaefer et al., 2002; Zhang et al.,

2003). In growth cone neck regions, actin filament bundles

moved initially from the cell edge into the C domain and then pro-

ceeded toward the contractile node at 1–2 mm/min (Figure 2C,

box). Interestingly, F-actin flow vectors formed an inward point-

Figure 2. F-Actin and MTs Move Together

into the Growth Cone Neck

(A and B) Fluorescent phalloidin (A) and MT (B)

FSM in a growth cone.

(C and D) Corresponding flow maps for the phalloi-

din (C) and MT (D) channels. P, T, C, and CN

denote peripheral domain, transition zone, central

domain, and contractile node (yellow circle),

respectively. Yellow boxes denote growth cone

base.

(E and F) Yellow boxes in (C) and (D), respectively.

Colors encode flow speed in mm min�1 and vector

arrows, flow direction.

Scale bar, 10 mm.

ing radial array centered on the contrac-

tile node (Figure 2E). Comparison of actin

filament and MT flow maps in the node

region revealed similar flow patterns,

consistent with actin filaments transport-

ing MTs (Figure 2E versus 2F).

We next explored how MTs enter the

growth cone. Detailed analysis of MT dy-

namics was only possible on the sides of

the growth cone neck where the relatively

low MT density facilitated unambiguous

MT speckle tracking (Figure S3 and Table

S1). Speckle analysis revealed that single

MTs entered the sides of the growth cone

via polymerization at rates of �3.9 mm/

min (Table S1, Figure S3B, and Movie

S1). Damping MT assembly with taxol

(Suter et al., 2004) resulted in rapid MT

depletion (Figures S3D–S3G), consistent

with a key role for MT assembly in their

extension in this region. Overall, MTs

spent 62.6% of the time growing versus

35.5% of the time in paused states (Table

S1). Remarkably, only one MT catastro-

phe was observed in these experiments,

which was immediately followed by a

rescue event. As MTs entered the sides

of the growth cone, they concurrently

moved laterally into the C domain (kymo-
graph, Figure S3C) in accord with the MT movements shown in

the flow maps above (Figure 2F, see also Movie S1).

Myosin II Regulates Actin Dynamics
in the Growth Cone Neck
The observations above suggested that actin/myosin II struc-

tures derived from actin arcs could be transporting MTs growing

along the sides of the growth cone into the C domain. Consistent

with this, previous reports have localized myosin II to the T zone

and C domain (Loudon et al., 2006; Rochlin et al., 1995). Interest-

ingly, in addition to its typical localization in the distal T zone (Fig-

ures 3A and 3B, green arrowheads) we found accumulation of

myosin II in the contractile node region (Figures 3A and 3B, yel-

low arrowheads). These results suggested a potential role for
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myosin II in driving actin filament and MT movements in the

growth cone neck.

To test this, we assessed the effects of the specific nonmuscle

myosin II ATPase inhibitor blebbistatin (Straight et al., 2003; Me-

deiros et al., 2006) on actin filament dynamics in the neck region.

Inspection of flow maps revealed a slow but persistent actin fil-

ament flow into the growth cone neck under control conditions

(Figure 3E); in contrast, flow was much slower and significantly

more random after blebbistatin treatment (Figure 3H). To quan-

tify randomness, we assessed coherence of actin flow (Figure 3I)

over time from the entire flow map. Coherence of flow is a mea-

sure of the degree of directional similarity in a population of

speckle movements (Hu et al., 2007). Flow coherency dropped

significantly from 0.93 ± 0.02 in controls to 0.31 ± 0.05 after bleb-

bistatin treatment. Measurements taken from kymographs indi-

cated nearly complete loss of flow after myosin II inhibition

(Figure 3J, lines 1 and 2, versus Figure 3K, lines 3 and 4) similar

to effects on distal actin arcs (Medeiros et al., 2006), suggesting

a common dependence on myosin II motor activity.

Blebbistatin effects on actin flow in the growth cone neck were

accompanied by significant spreading of the C domain and as-

sociated organelles (Bridgman et al., 1986; Figures 3C, 3F, and

3L). However, spreading was never observed in more proximal

regions of the neurite shaft, suggesting these regions had under-

gone some kind of stabilization (Figure 3L).

Myosin II Regulates MT Transport and Bundling
in the Growth Cone Neck
The effects on C domain structure above suggested myosin II

activity could be affecting MT distribution and/or dynamics. To

address these issues, we used FSM and speckle tracking to

assess MT dynamics before and after blebbistatin treatment. Si-

multaneous assessment of actin dynamics with a second fluores-

cent channel was impractical because blue light photoinactivates

blebbistatin (Sakamoto et al., 2005).

We found MTs and associated organelles in the C domain

spread out immediately after myosin II inhibition (Figures 4A–

4D, Movie S2). Analysis of flow revealed the inward movement

Figure 3. Myosin II Activity Drives Growth

Cone Neck Actin Flow

(A and B) F-actin and Myosin II localized in two

growth cones after live cell extraction. P domain,

T zone, and C domain are labeled. Green arrow-

heads denote T zone and yellow arrowheads

denote the actin node. Note myosin II localization

in both regions (arrowheads in [B]).

(C–H) Blebbistatin slows actin flow in contractile

node. DIC (C) and fluorescent phalloidin FSM (D)

of a control growth cone. (E) F-actin FSM flow

map of the box in (D). DIC (F) and fluorescent phal-

lodin FSM (G) after 4 min in 70 mM blebbistatin. (H)

Flow map of the box in (G). Dotted white lines in (C)

and (F) denote leading edge of growth cone.

Yellow lines denote the C domain defined by the

large organelle boundary, and calipers show the

increase in C domain width after blebbistatin

treatment.

(I) Flow coherence score before and after blebbis-

tatin. The score is calculated by the magnitude of

the vector mean of all normalized vectors in a sam-

ple box of 25 3 25 pixels (1/N
P

Vi/jVi,jViVi/, nor-

malized unit vector, N the number of vectors in

the box) and calculating the magnitude of the vec-

tor mean. If the flow vectors in the box all point to

the same direction, the score is 1. Otherwise if

their directions are random, it is close to zero.

The average score of all sample boxes covering

the region of interest is shown.

(J) FSM kymograph from the blue line in (D). Blue

dots show kymograph orientation. Lines denote

flow before (1–2) and after (3–4) blebbistatin

treatment.

(K) Flow rates slow down by 94.4 ± 4.5%.

(L) Organelle domain width in the C domain and

neurite shafts before and 5–10 min after blebbista-

tin treatment (nine growth cones and eight neurite

shafts, three measurements each). Width mea-

surements taken perpendicular to the direction of

growth cone extension.

Scale bars, 10 mm. * p < 0.001.
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of MTs on the sides of the growth cone (Figures 4E and 4F) was

completely suppressed in blebbistatin (Figure 4G). Indeed, MTs

actually reversed direction and began to move outward toward

the growth cone edge as the C domain expanded (Figure 4H).

Unlike actin filaments, MT flow coherence was not significantly

affected by blebbistatin treatment (0.90 ± 0.05 and 0.87 ±

0.05, control and blebbistatin, respectively). MT kymography

was used to independently verify the results of the flow maps

(Figure 4I, line 1 versus 3 and line 2 versus 4). New MT traces

were detected after blebbistatin addition, indicating MTs were

still extending past the kymograph reference line (Figure 4I, yel-

low arrowheads). MT assembly dynamics were not affected by

blebbistatin treatment (Table S1). These results suggest that

the outward MT spread observed in blebbistatin is driven by a di-

Figure 4. Myosin II Activity Bundles MTs

into the C Domain

(A–D) Result of blebbistatin treatment on MT and

organelle distributions. DIC (A) and MT FSM (B)

of a control growth cone. DIC (C) and MT FSM

(D) after 8 min in 70 mM blebbistatin. Yellow lines

denote the C domain and calipers show the

increase in width after blebbistatin treatment.

(E–G) MTs stop moving into the middle of the neck

after blebbistatin treatment. (E) MT FSM of control

growth cone. (F and G) Flow map from the box in

(E) before (F) and 6 min after (G) blebbistatin

treatment.

(H) Average vector angles in the middle of the neck

before and after blebbistatin. Error bars show

standard deviation.

(I) MT FSM kymograph from the line in (A). Lines 1

and 2 denote control fast and slow MT flow,

respectively. Lines 3 and 4 denote the same

regions as 1 and 2, respectively, after blebbistatin

treatment. Note the fast MTs on the side stop

almost instantaneously (line 3), and the MTs in

the C domain start spreading out. Arrowheads

denote new MTs passing the kymograph line.

Scale bars, 10 mm.

rected force. An obvious possibility is that

MT arrays are relaxing from a com-

pressed state normally maintained by

myosin II-dependent inward transport.

Interestingly, MTs in the C domain appear

to unbundle in the absence of myosin II

activity.

DISCUSSION

Actin arcs form from condensation of

dendritic actin networks in the transition

zone (Zhang et al., 2003), where their

myosin II-dependent contractility is es-

sential for severing actin bundles associ-

ated with filopodium roots (Medeiros

et al., 2006). Evidence presented in the

current study suggests that myosin II

contractility also plays a key role in regu-

lating the shape and structure of the C

domain. Specifically, actin bundles derived from actin arcs in-

teract with MTs on the sides of the growth cone and transport

them into the C domain (Figure 4, Movie S1). The resulting in-

ward MT transport appears to place active constraints on C do-

main as follows. MTs are normally compressed during bundling

(Figure 4, Movie S2). Constantly applied compression appears

to be necessary for maintaining the structure of the growth

cone neck, since MTs here spread out and unbundle after my-

osin II inhibition. This finding suggests that MTs in the C domain

are not yet stably crosslinked. We speculate that MTs held in

close proximity by actin/myosin II contractility may facilitate

crosslinking by MAPs in the growth cone neck. The latter

process in turn promotes generation of the stable ‘‘consoli-

dated’’ MT arrays characteristic of the neurite shaft, which we
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found to be morphologically unaffected by myosin II inhibition

(Figure S4).

Myosin II has been widely implicated as an effector in neurite re-

traction (Gallo, 2006; Gallo and Letourneau, 2004; Wylie and

Chantler, 2003; Zhang et al., 2003). In addition, several repulsive

cues thought to be involved in inhibition of nerve regeneration

increase Myosin II activity through Rho/ROCK signaling. In-

deed, inhibition of this pathway is being explored in therapeutic

contexts; for example, application of the pharmacological

ROCK inhibitor Y-27632 or the Rho inhibitor C3 quantitatively

improved nerve regeneration in animal models (Fournier et al.,

2003; Lehmann et al., 1999). Previously, we presented evidence

that contractile actin bundles in the C domain mediate Rho/

ROCK/Myosin II-dependent neurite retraction (Zhang et al.,

2003). In these studies, we noted that MTs in the C domain

were more splayed out after Rho Kinase (ROCK) inhibition,

consistent with the role we propose here for Myosin II in MT trans-

port and bundling. These and related observations (Loudon et al.,

2006; Turney and Bridgman, 2005) suggest that Rho/ROCK

inhibition, while permitting or even promoting axon growth, could

also result in guidance deficits. Indeed, in a related study (Schae-

fer et al., 2008, in this issue), we found that, ROCK inhibition

had two separate effects on stimulus evoked neuritegrowth. First,

growth responses occurred with a shorter delay, consistent with

reduction of a barrier to neurite advance. Second, MT transport

and bundling in the growth cone neck were compromised. These

findings are consistent with ROCK and downstream myosin II

activity regulating MT bundling during neurite shaft consolidation.

EXPERIMENTAL PROCEDURES

Cell Culture and Chemicals

Primary cultures of Aplysia bag cell neurons on poly-D-lysine-coated cover-

slips were prepared as previously described (Forscher and Smith, 1988).

DMSO, phalloidin, and TRITC-phalloidin were from Sigma-Aldrich; Alexa-594

phalloidin, and Alexa-488 phalloidin were from Molecular Probes; Blebbistatin

and taxol were from Calbiochem. Bovine brain a/b tubulin dimers were labeled

with Alexa-594 (Molecular Probes) as previously described (Zhang et al., 2003).

Immunocytochemistry

Localization of F-actin and MTs was as previously described (Forscher and

Smith, 1988; Schaefer et al., 2002). Briefly, cells were fixed with 3.7% formal-

dehyde followed by extraction with 1% Triton X-100. Alexa-594 phalloidin was

used to label F-actin. For MT labeling, mouse mAb clone B-5-1-2 (Sigma-

Aldrich) was used with an Alexa-488 goat anti-mouse secondary (Molecular

Probes). Z-section image stacks were acquired with a Perkin-Elmer Ultra-

view RS spinning disk confocal attached to an Olympus IX71 inverted micro-

scope with a Hamamatsu cooled CCD camera and Ultraview software.

Live cell extractions were preformed as previously described (Schaefer

et al., 2002) with modifications. Extraction with 1% Triton X-100 in cytoskele-

ton stabilization buffer (artificial salt water, 4% PEG, 1 mM TRITC-phalloidin,

10 mM Taxol, 5 mM EGTA, and 5 mM MgCl2) was followed by washing with

wash buffer (BRIG 40, 1 mM TRITC phalloidin, 1 mM Taxol, 5 mM EGTA, 1 mM

MgCl2). Cells were then fixed with 3.7% formaldehyde. For myosin II localiza-

tion, an Aplysia myosin II-specific rabbit antibody with an Alexa-488 goat anti-

rabbit secondary (Molecular Probes) was used as previously described

(Medeiros et al., 2006). Images were acquired using a Nikon Eclipse TE300

microscope with a Coolsnap HQ cooled CCD camera (Roper Scienctific)

and Metamorph software (Universal Imaging).

Electron Microscopy

Electron microscopy of cells treated with gold-labeled antibodies was per-

formed as previously described with modifications (Svitkina and Borisy,
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1998). Briefly, cells were extracted with 1% Triton X-100 in cytoskeleton sta-

bilization buffer (artificial salt water, 4% PEG, 10 mM phalloidin, 10 mM Taxol,

5 mM EGTA, 5 mM MgCl2, and 10 mg/ml BAPTA). Cells were washed with

wash buffer and then fixed with 2% glutaraldehyde for 20 min. Samples

were washed three times (5 min each) with water followed by quenching

with 20 mM Glycine (twice for 10 min each). For MT labeling, samples were

incubated with mouse mAb clone B-5-1-2 (Sigma-Aldrich) for 1 hr in PBS,

then washed with PBS. Next, goat anti-mouse secondary antibodies attached

to 15 nm gold particles (Electron Microscopy Sciences) were applied to the

samples in the following buffer overnight: 10 mM Tris, 0.5 M NaCl, and

0.05% Tween 20. Samples were washed three times and then fixed with 2%

glutaraldehyde for 20 min followed by 2% tannic acid and 0.1% uranyl acetate

for 20 min each. Samples were dehydrated in increasing concentrations of

ethanol and critical point dried. Platinum/palladium rotary shadowing was

followed by carbon shadowing. Replicas were mounted on formvar-coated

EM grids and observed with transmission EM at 80 kV.

Multimode Fluorescent Speckle Microscopy

Microinjection of bag cell neurons was as previously described (Schaefer

et al., 2002) with Alexa-488 or Alexa-594 Phalloidin (Molecular Probes) or

Alexa-594 (Molecular Probes) labeled tubulin dimers. Actin and MT dynam-

ics were assessed by total internal reflection (TIRF) speckle microscopy or

variable angle (VA) TIRF microscopy. Multimode time-lapse microscopy

was as previously described. Images were acquired using 10 or 5 s intervals

with 300–600 ms integration times for fluorescent probes and 75 ms for DIC

using a Coolsnap HQ or Cascade 512B cooled CCD camera (Roper Scien-

tific). FSM was performed with a Nikon Eclipse 2000U multimode TIRF

microscope.

Either kymography or an adaptive multiframe correlation approach was

used as described previously to track the motion of fluorescently labeled phal-

loidin or MTs from unprocessed data (Ji and Danuser, 2005; Schaefer et al.,

2002). For display, the contrast of F-actin FSM images was enhanced by pro-

cessing with the following spatial filters: unsharp mask followed by low pass.

For MT FSM analysis, contrast of the MT speckles was enhanced by process-

ing as described (Schaefer et al., 2002). MT fluorescent images were pro-

cessed with the following spatial filters: unsharp mask, low pass, Laplace

edge enhancement, and a final low pass. Stacks of time-lapse images were

converted into movies, time-lapse montages, and kymographs for analysis.

Data are expressed as mean ± SEM unless otherwise stated. Statistical anal-

ysis was done with two-tailed paired t test.

SUPPLEMENTAL DATA

Supplemental Date include four supplemental figures, a supplemental table,

and two supplemental movies and are available online at http://www.

developmentalcell.com/cgi/content/full/15/1/163/DC1/.
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