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Calcium Influx Alters Actin Bundle Dynamics and Retrograde Flow

in Helisoma Growth Cones

Elizabeth A. Welnhofer, Lin Zhao, and Christopher S. Cohan
Department of Anatomy and Cell Biology, University at Buffalo, State University of New York, Buffalo, New York 14214

The ability of calcium (Ca?") to effect changes in growth cone
motility requires remodeling of the actin cytoskeleton. To un-
derstand the mechanisms involved, we evaluated the effect of
elevated intracellular calcium ([Ca®*];) on actin bundle dynam-
ics, organization, and retrograde flow in the large growth cones
of identified Helisoma neurons. Depolarization with 15 mm KClI
(high K*) for 30 min caused a rapid and sustained increase in
[Ca®™], and resulted in longer filopodia, shorter actin ribs, and
a decrease in lamellipodia width. Time-lapse microscopy re-
vealed that increasing [Ca®*]; affected actin bundle dynamics
differently at the proximal and distal ends. Filopodial lengthen-
ing resulted from assembly-driven elongation of actin bundles
whereas actin rib shortening resulted from a distal shift in the
location of breakage. Buckling of ribs occurred before break-
age, suggesting nonuniform forces were applied to ribs before

shortening. Calcium (Ca?") influx also resulted in a decrease in
density of F-actin in bundles, as determined by contrast
changes in ribs imaged by differential interference contrast
microscopy and fluorescent intensity changes in rhodamine-
labeled ribs. The velocity of retrograde flow decreased by 50%
after elevation of [Ca®"]. However, no significant change in
retrograde flow occurred when the majority of changes in actin
bundles were blocked by phalloidin. This suggests that inhibi-
tion of retrograde flow resulted from Ca®"-induced changes in
the actin cytoskeleton. These results implicate Ca®* as a reg-
ulator of actin dynamics and, as such, provide a mechanism by
which Ca®" can influence growth cone motility and behavior.
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To understand the mechanisms by which growth cones translate
guidance information into directed neurite outgrowth requires
knowledge of potential intracellular signaling pathways activated
by guidance cues and how they affect growth cone motility. Many
extracellular guidance cues, including neurotransmitters (Cohan
et al., 1987; Mattson and Kater, 1987; Mattson et al., 1988; Zheng
et al., 1994; Obrietan and van den Pol, 1996), neural cell adhesion
molecules (Doherty and Walsh, 1994; Harper et al., 1994), pro-
teoglycans (Snow et al., 1994), laminin (Kuhn et al., 1998),
myelin-associated proteins (Bandtlow et al., 1993), and electric
fields (Davenport and McCaig, 1992), use Ca*" signaling to
affect growth cone behavior and motility. Depending on the
magnitude, duration, and location, changes in [Ca®"]; can elicit a
variety of responses from growth cones (for review, see Kater and
Mills, 1991; Davenport, 1996; Zheng et al., 1996), including
slower advance, faster advance, retraction, collapse, turning, in-
duction of filopodia, filopodial elongation or retraction, and la-
mellipodial protrusion or retraction. Whereas these investigations
have established the role of Ca®" as a regulator of growth cone
motility and behavior, little is known about the cellular mecha-
nisms that underlie the effects of Ca®* on growth cones.
Growth cone motility depends on the dynamics, organization,
and interactions of the microtubule and actin cytoskeleton (Lin et
al.,, 1994; Tanaka and Sabry, 1995). Filopodia are supported by
parallel bundles of uniformly oriented actin filaments that extend
into the lamellipodium, often ending near the central domain.
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Between actin bundles, lamellipodia contain a meshwork of fila-
ments that are randomly oriented (Lewis and Bridgman, 1992).
F-actin in lamellipodia turns over rapidly as a result of three
dynamic processes: assembly, retrograde flow, and disassembly.
At the leading edge, continuous F-actin assembly occurs onto the
barbed end of filaments (Forscher and Smith, 1988; Okabe and
Hirokawa, 1991). The assembled filaments move retrogradely
toward the central domain as a result of interactions with myosin
(Lin et al., 1996). Recycling of actin subunits occurs near the
central domain, where filaments disassemble. Recent models for
growth cone motility suggest that protrusive activity at the lead-
ing edge is determined by the balance between the rate of
assembly and retrograde flow (Welch et al., 1997; Suter and
Forscher, 1998).

Previous investigations have established that F-actin is a target
of Ca*" signaling in growth cones. Lankford and Letourneau
(1989) showed that sustained Ca®" elevation in dorsal root gan-
glion neurons results in retraction. Ultrastructural studies corre-
lated this with a loss of F-actin from the lamellipodial but not
filopodial regions of the growth cone. Also, in leech neurons,
Ca?" influx caused by depolarization results in neurite retraction
and a loss of F-actin from the distal ends of neurites (Neely and
Gesemann, 1994). In both cases, Ca?"-induced neurite retraction
is blocked by phalloidin, a drug that stabilizes F-actin. Whereas
these studies establish that changes in Ca®" levels can affect the
stability of the actin cytoskeleton, they do not address the mech-
anism by which the loss of actin filaments occurs nor can they
account for Ca®*-stimulated protrusive activity at the leading
edge of growth cones.

To understand the cellular mechanisms involved in Ca®*-
mediated reorganization of the actin cytoskeleton, we used time-
lapse microscopy to assess changes in actin dynamics and organi-
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zation in identified Helisoma growth cones after elevation of
[Ca?™],. Helisoma neurons form large, axonal growth cones with
a prominent radial array of actin bundles. This enabled us to
examine actin bundle dynamics at both the proximal and distal
ends, and facilitated the measurement of retrograde flow and
optical contrast changes in actin bundles. Our study provides the
first evidence that Ca®* can affect actin dynamics in growth
cones and also reveals new insight into the mechanism of actin
severing.

MATERIALS AND METHODS

Cell culture and media. 1dentified B19 cell bodies with attached axons
were removed from the buccal ganglia of Helisoma trivalis (Williams and
Cohan, 1994) and plated onto polylysine-coated coverslips in a custom-
made perfusion chamber (described in Welnhofer et al., 1997). Neurons
were incubated at room temperature in defined medium consisting of
salt-free Liebowitz L-15 (Gibco, Grand Island, NY) supplemented with
(in mM): 40 NaCl, 1.7 KCl, 4.1 CaCl,,1.5 MgCl,, 1 L-glutamine, and 10
HEPES, pH 7.4. For the following experiments, we selected neurons
whose growth cones were in the early stage of maturation. This stage
occurs ~3-5 hr after plating when axonal growth cones have reached
their final size (Welnhofer et al., 1997).

Stock solutions of cytochalasin B (cyt B) (Sigma, St. Louis, MO) and
phalloidin (Sigma) were dissolved in DMSO and methanol, respectively.

Measurement of [Ca®"], The cell bodies of B19 neurons were micro-
injected with fura-2 (pentapotassium salt) (Molecular Probes, Eugene,
OR) diluted to 1 mm in 5 mM HEPES, pH 7.1. Fluorescent images of
growth cones were obtained on a Nikon-300 inverted microscope
equipped with a 100 W mercury lamp, 40X 1.3 NA objective lens, and a
4 or 2.5X projector lens. The epifluorescent light path included a 10%
UV transmitting neutral density filter, 340 and 380 nm excitation filters in
a computer-controlled optical filter changer and shutter (Lambda 10-2;
Sutter Instrument Company, Novato, CA), and a 400 nm dichroic mirror
and a 510 nm barrier filter (Omega Optics, Brattleboro, VT). After a 1
sec exposure at 340 and 380 nm, fluorescent images of growth cones were
captured on a cooled CCD camera containing a back-illuminated 512 X
512 CCD (TEA/CCD-512; Princeton Instruments, Trenton, NJ) binned
to a 3 X 3 array. Background fluorescent images at 340 and 380 nm of
regions adjacent to growth cones were subtracted from the growth cone
fluorescent images before obtaining the 340:380 ratio image. Using
IPLab software (Scanalytics, Fairfax, VA), we controlled image acqui-
sition and camera operation with a Power Macintosh through a nubus
interface card (Princeton Instruments).

To calculate the [Ca®"];, we used the equation of Grynkiewicz et al.
(1985). The value for R was the mean ratio value in a 5 X 5 pixel region
of interest in the central region of the growth cone. The values obtained
for R in, Rimax and F/F on the microscope system described above were
0.23, 6.16, and 13.42. A viscosity correction factor of 0.67 was included in
the calculation for [Ca?*]; based on values for R, that were obtained
by injecting saturating levels of Ca*" into Helisoma neurons. We previ-
ously measured the K for fura-2 to be 95 nM in solutions representative
of the cellular ionic environment of Helisoma neurons (Cohan, 1992).

Time-lapse video enhanced differential interference contrast microscopy.
To visualize actin rib dynamics, growth cones were imaged using an
inverted microscope (Nikon-300 diaphot) equipped with differential in-
terference contrast (DIC) optics, a Plan Apo 100</1.4 NA objective lens,
and a 1.4 NA condenser. For illumination, light from an HBO 100 W arc
was passed through a fiber optic scrambler (Technical Video, Woods
Hole, MA). To minimize specimen irradiation, a shutter (Uniblitz) was
used to limit exposure of neurons to light, and an interference filter (546
nm) was inserted into the light path. Images obtained with a Newvicon
camera were digitized with a Perceptics frame grabber controlled by a
Power Macintosh. Using IPlab software, time-lapse images were ac-
quired at 10-30 sec intervals and were background-subtracted.

Fluorescent imaging of neurons injected with rhodamine-labeled actin
(rh-actin). Rh-actin, prepared as described previously (Welnhofer et al.,
1997), was injected into the cell bodies of neurons ~1 hr before exper-
iments. Fluorescent images of growth cones were obtained with the
microscope system consisting of a 100X 1.4 NA objective lens, a 4X
projector lens, rhodamine filter cubes, a 10% neutral density filter, a
shutter, and a 100 W mercury lamp. Digital images were acquired on a
CCD (Princeton Instruments) and binned 2 X 2. Time-lapse images were
taken at 30 sec intervals and were background-subtracted.
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Phallacidin staining. Specimens were fixed in glutaraldehyde, lysed, and
reduced in sodium borohydride as described in Welnhofer et al. (1997).
To label F-actin, specimens were incubated with 0.33 um Bodipy FL
phallacidin (Molecular Probes) for 20 min and then washed in PBS. To
reduce photobleaching, fluorescently labeled cells were mounted in Slow-
Fade Light (Molecular Probes). Specimens were imaged with the fluo-
rescent light microscope system described above, except a fluorescein
filter cube and a 25% neutral density filter were inserted into the light
path. Fluorescent images were recorded digitally with a CCD camera (1
sec exposure).

Data analysis. All measurements were made using [PLab Spectrum
image analysis software. Filopodia lengths were measured from the edge
of the lamellipodia to the distal edge of the filopodia. For measurements
of lamellipodial size, we marked the proximal point as the border
between the dense array of organelles from the central region and the
lamellipodium.

For actin rib dynamics, we used high-resolution video-enhanced DIC
microscopy to measure actin rib length. The point where the distal end of
the actin rib intersected with the leading edge of the lamellipodium was
marked in the first image and was used as a reference mark in subsequent
frames for the distal end of the actin rib. The proximal end of the actin
rib was detected by the decrease in contrast of the actin rib (generally
>50% decrease in contrast). An alternative interpretation is that actin
ribs extended further than this point, but consisted of fewer filaments
whose net diameter was below the limit of light resolution. However, this
seems unlikely because comparison of correlative DIC images with
fluorescent images of phalloidin-stained growth cones showed alignment
for the proximal ends of actin ribs that terminated before the central
domain. For those actin ribs that extended into the transition zone, it was
not possible to determine their length by DIC microscopy, because their
proximal ends were often obscured by vesicles/organelles. We therefore
avoided these actin ribs for our analysis.

The velocity of retrograde flow was measured from the movements of
polystyrene beads (0.2 wm; Polysciences, Warrington, PA) on the surface
of the growth cone as described in Welnhofer et al. (1997). A minimum
of 10 beads per growth cone were analyzed to determine the velocity of
retrograde flow. After treatment with high K", bead movement was
compared with fiduciary marks on DIC-imaged ribs. Fiduciary marks
included small kinks (see Fig. 10b) or distinct contrast regions on the
DIC-imaged rib. For each comparison, we selected bead and fiduciary
marks in the same region of the growth cone and measured their
movements during the same time interval.

To measure the change in contrast of ribs imaged by DIC microscopy
(Schnapp et al., 1988), we generated intensity versus distance profiles
from lines (1 pixel wide) drawn perpendicular to the actin rib and within
2 pm from the leading edge. The contrast of the actin rib was measured
as the difference between the peak and valley intensity, which corre-
sponds to the highlight and shadow regions of the DIC image and is
proportional to the optical path difference along the direction of shear.
The change in contrast of individual ribs over time was represented as a
percent change from the initial contrast. To measure the fluorescence
intensity of rh-labeled actin ribs, we used the peak intensity value from
the intensity versus distance profile of a line (3 pixels wide) drawn
perpendicular to the actin rib and within 2 um from the leading edge.
The change in intensity of individual rh-actin ribs was evaluated over
time by converting the intensity values to a percent change from the
initial intensity value.

All data values are reported as mean = SD, unless otherwise stated.
We used paired and unpaired ¢ tests to determine significant differences
in data.

RESULTS

High K* treatment increases [Ca?*], in B19

growth cones

Using Helisoma neurons cultured in conditioned medium, we
have previously shown that increasing the extracellular K™ con-
centration 10-fold or more results in membrane depolarization
and influx of Ca®" through voltage-activated Ca?* channels
(Cohan, 1992). To confirm that this treatment is also effective at
increasing [Ca?"); in Helisoma neurons cultured in defined me-
dium, we measured the [Ca®*]; in growth cones of B19 neurons
injected with fura-2 and treated with high K*. Depolarization
with high K* caused a rapid and sustained increase in ([Ca®*];)



Welnhofer et al. « Calcium Affects Actin Dynamics in Growth Cones

— 300 +
+
+
®
S,
c 200 +
[
o
c
2
S 100 4
X
o
= 0 : : :
0 10 20 30
Time (min)
Figure 1. Temporal changes in [Ca®"]; in response to high K*. Perfu-

sion with high K* occurred immediately after time 0. After 30 min,
perfusion with medium alone reduced the extracellular KCI concentra-
tion to normal levels. The [Ca®*]; at 2, 5, 10, 15, 20, 30, 31, and 35 min
after addition of high K™ was compared with the [Ca®"]; obtained
immediately before addition of high K* to obtain the percentage of
change. The data shown represents the average and the SE of five
experiments.

in B19 growth cones in defined medium. [Ca?*]; levels in growth
cones peaked at 248% (61 = 8 nm to 191 * 21 nm) above control
levels after 2 min in high K* and gradually decreased to 87%
(121 = 14 nm) above baseline levels after 30 min in high K* (Fig.
1). Perfusion with normal medium resulted in a rapid return to
baseline [Ca®*]; levels. We therefore used this treatment to
examine the effect of physiological increases in [Ca®*]; on actin
organization and dynamics.

Physiological increases in [Ca2*]; result in actin-

related changes in growth cone morphology

To determine the effect of elevated [Ca®*]; on growth cone
morphology, we imaged growth cones using phase-contrast mi-
croscopy both before and after 30 min in high K*, and subse-
quently fixed and stained the neurons with Bodipy-FL phallacidin
to observe the effect on F-actin. Figure 2a shows a B19 growth
cone exhibiting the characteristic morphology of growth cones in
the early stage of maturation. Phase dense linear elements (Fig.
2a), composed of F-actin bundles (Welnhofer et al., 1997), span
the width of the lamellipodium and encircle the central domain.
We refer to the actin bundles in the lamellipodial region as ribs.
The distal ends of the actin bundles protrude from the edge of the
lamellipodium and support short (majority, <2 um) filopodia.
Treatment with high K™ for 30 min resulted in dramatic changes
in the growth cone morphology and actin organization (Fig. 2b,c),
including an increase in filopodial length, a decrease in actin rib
length, and decrease in width of the lamellipodium. Quantitative
analysis showed these changes in growth cone morphology were
significantly different from untreated growth cones (Table 1). The
effect of high K" on growth cone morphology was reversible;
within 30—60 min after returning to normal medium, actin ribs
lengthened and filopodia shortened.

To examine whether reorganization of the actin cytoskeleton
induced by high K" could be mediated by elevation of [ Ca®"],
we analyzed the temporal sequence of these events. Consecutive
fluorescent (340/380) and phase-contrast images of fura-2-
injected growth cones showed that after high K™ treatment,
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increases in [Ca®"]; preceded any detectable changes in growth
cone morphology. We also tested whether the response of growth
cones to high K" required influx of Ca®* by using LaCl,, a Ca®*
channel blocker. Simultaneous treatment with LaCl; and high
K™ suppressed the filopodial lengthening response observed after
treatment with high K™ alone (Fig. 3). To address whether the
changes in growth cone morphology induced by high K™ treat-
ment were caused by increased osmolarity of the medium (Bray et
al., 1991), we compared the effects of high K™ on filopodial length
to that of 30 mM sucrose. No significant increase in filopodial
length occurred after 20 min in 30 mm sucrose (Fig. 3). We also
did not observe changes in actin rib length or lamellipodial size
after treatment with high K*/LaCl; or sucrose. These results
indicate the changes in growth cone morphology induced by high
K™ resulted from elevation of [Ca*"];.

Elevated [Ca2*]; differentially affects actin

bundle dynamics

The apparent lengthening of filopodia and shortening of actin
ribs after elevation of [Ca®*]; could have resulted from lamelli-
podial retraction, anterograde movement of actin bundles, and/or
differential responses of the proximal and distal end of actin
bundles. To distinguish between these possibilities, we used time-
lapse microscopy to follow the dynamics of actin bundles after
high K™ treatment.

The first detectable response to elevated [Ca?"]; was filopodial
extension, which was initiated within 4-7 min after perfusion
with high K* (Figs. 4, 5a). Although small (<0.5 pwm), localized
fluctuations in lamellipodia sometimes occurred during this time
period, the magnitude of these changes were too small to account
for filopodial lengthening. Filopodia lengthened at 0.8 = 0.3
pm/min (n = 55) for 5-10 min. As illustrated in Figure 4,
adjacent filopodia sometimes moved laterally and fused together
as they lengthened. In these instances, the increase in filopodial
length often was greater than that of filopodia where no fusion
occurred. Near the end of the lengthening response period,
filopodial extension often decreased in rate and sometimes was
interrupted by brief pauses (<30 sec) (Fig. 5a, see also Fig. 8b).
After reaching peak length, filopodia either maintained their
length or shortened.

The filopodia lengthening response always preceded the actin
rib shortening response, which was not initiated until 10-20 min
after high K" treatment (Fig. 4). Time-lapse images showed
lamellipodial retraction also did not occur during this time frame.
These observations suggest that actin rib shortening and filopodia
lengthening resulted from differential responses of the proximal
and distal ends of actin bundles to elevated [Ca*"];. This was
confirmed by our analysis of individual actin rib dynamics, whose
behavior differed markedly from filopodia (Fig. 5).

Based on our analysis of rib dynamics during high K™ treat-
ment, we divided actin rib behavior into two distinct phases (Fig.
5b). During the initial phase (Fig. 5b; 0-11 min) after high K"
treatment, the dynamics of actin ribs were similar to those seen in
control growth cones (Table 2). In contrast to filopodia, actin ribs
alternated between brief periods of lengthening and shortening.
This behavior did not result in a significant net change in length
of ribs (compare total length changes of lengthening and short-
ening events; Table 2). The second phase was characterized by
more dramatic fluctuations in actin rib length and an increased
but unequal rate of shortening and lengthening that led to a net
decrease in actin rib length (Table 2). Initiation of the second
phase (Fig. 5b; ~11 min) occurred with a catastrophic shortening
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Figure 2. Treatment with high K™ results in actin-related changes in growth cone morphology. Phase-contrast images of the same growth cone before
(a) and 30 min after treatment with high K™ (b). The fluorescent image in ¢ shows the growth cone after it was fixed and stained with phallacidin.
Elevation of [Ca?"]; results in lengthening of actin-supported filopodia and shortening of actin ribs. Scale bar, 5 wm.

Table 1. High K* affects growth cone morphology and actin
organization

K* medium

3.6+ 1.2 (35)
53+25(22)
9.5+ 1.6 (35)

Control”

1.4 = 0.4 (35)
112 + 2.1 (22)
123 + 1.3 (35)

Filopodia length (um)
Actin rib length (um)
Lamellipodia width (um)

“From each growth cone (n = 5-7) analyzed, we measured the same filopodia, actin
ribs, or lamellipodial regions just before treatment (Control) and 25 min after high
K™ treatment (K* medium). The values shown represent the mean *+ SD, and the
number of measurements are in parentheses.

‘Indicates significant difference from control data (paired ¢ test; one-tailed;
a = 0.01).

event (18.4 = 9.3 um/min; n = 8), a term we used to describe
length changes =2 um within 15 sec. Although the catastrophic
shortening events were always followed by a period of lengthen-
ing, the actin ribs never recovered their initial length. Rather, a
cycle of catastrophic shortening followed by lengthening was
often repeated one or more times. However, with time, less
dramatic fluctuations in actin rib length occurred. Comparison of
actin rib behavior between the initial and second phase showed
no change in frequency of shortening events (Table 2), although
the frequency of lengthening and pause events changed. Thus,
these results indicate the decrease in actin rib length during the
second phase occurred as a result of the catastrophic shortening
events.

Catastrophic actin rib shortening results from buckling
and breaking

Time-lapse images of actin ribs during high K™ treatment showed
the catastrophic shortening events resulted from breakage of actin
ribs (Fig. 6a—c) rather than a progressive proximal to distal
endwise shortening. For example, in Figure 6, a break in conti-
nuity (b, arrow), as detected by a localized decrease in contrast,

300

mControl period

©Experimental period

200 4

100 -

Avg. % change in FL length

High K*

LaCl/High K+ Sucrose

Figure 3. High K *-induced filopodial lengthening results from influx of
calcium. The control period represents the first 20 min in normal medium,
whereas the experimental period represents the following 20 min (¢t =
20-40 min) in which either high K™ (n = 11), 50 um LaCl/high K* (n =
11), or 30 mM sucrose (n = 10) was added to the medium. The average
filopodial length of each growth cone at time 0, 20, and 40 min was used
to calculate percentage of change in filopodial length during the control
and experimental period. Error bars indicate SEM.

occurred along the actin rib. Subsequently, the actin rib shortened
from 15.2-8.0 wm, and an isolated fragment of the actin rib was
generated (Fig. 6¢). The actin rib fragments formed after break-
ing were unstable and quickly disappeared (Fig. 6c—g) as a result
of rapid shortening (4.1 + 2.8 um/min; n = 4). These rapid rates
of shortening appeared to result from progressive endwise short-
ening from one or both ends of the fragment. In contrast, the
original actin ribs remained, alternating between periods of
lengthening and shortening.
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Figure 4. Differential effects of elevated [Ca®"]; on proximal and distal
ends of actin bundles. One hour after microinjection of rh-actin into the
cell body, fluorescent images of the growth cone show the filopodia and
actin ribs have incorporated rh-actin (a). Perfusion with high K" oc-
curred immediately after (a) and the effect on rh-actin bundles is shown
at (b) 5, (¢) 12, (d) 18, and (e) 25 min. Time-lapse images show filopodial
lengthening preceded shortening of actin ribs. The white arrowheads
follow the distal end of an actin bundle, and the black arrowheads follow
the proximal end of the same actin bundle. White arrows in a point to two
filopodia that moved laterally (b) and fused together (c) as they length-
ened. Scale bar, 5 um.
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Figure 5. Differential effect of elevated [Ca®"]; on filopodium and rib

dynamics. a, From time-lapse video-enhanced DIC movies, the length of
a filopodium was measured from 0 to 20 min in high K" at 30 sec
intervals. b, From time-lapse video-enhanced DIC movies, the length of a
rib was measured from sequential frames (15 sec intervals) from 2-25 min
after perfusion with high K*.

At higher temporal resolution, we observed that buckling of
actin ribs often preceded rib breakage. This is illustrated in
Figure 7, in which a linear actin rib became progressively more
bent at two regions. As the actin rib increased in length, the
position of the proximal end of the actin rib (relative to the
central region) did not change position (Fig. 7a—c). Breaks in
continuity of actin ribs localized near the bent regions (Fig 7c—e).
Actin ribs bent to an angle of 134 = 16° (n = 55) before a break
in continuity. The buckling and breaking response was occasion-
ally observed in untreated growth cones. However, in untreated
neurons, breakage occurred closer to the central region compared
with high K *-treated growth cones (Table 3).

Effect of cyt B on filopodial lengthening

The filopodial lengthening response induced after elevation of
[Ca?"]; could have resulted from either actin assembly or antero-
grade movement of actin bundles. In the former case, the filopo-
dial lengthening response would be expected to be inhibited by
cyt B, which inhibits assembly of subunits onto the end of actin
filaments and prevents elongation of actin filaments (MacLean-
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Table 2. Actin rib dynamics during high K* treatment

Control” Initial phase-high K** Second phase-high K*¢

Total length change (wm)?

Shortening —-6.1 £0.7 =220 £ 1.7°

Lengthening 6.4+ 1.0 16.2 = 1.8°
Average Change in Length (um)

Shortening 0.7 0.4 2.0 £22°¢

Lengthening 0.6 £0.3 1.2 £0.9°
Rate (wm/min)

Shortening 21x06 20x04 51x09

Lengthening 1303 1.7=+04 2.4 +0.0°
Frequency®

Shortening 0.34 = 0.02 0.32 = 0.04

Lengthening 0.41 = 0.03 0.50 = 0.03¢

Pause 0.25 = 0.03 0.18 = 0.04¢

“For control data, we measured actin rib length (n» = 10) in growth cones in normal medium at 30 sec intervals for 30 min.

’During the “Initial phase,” which included the period after high K™ treatment until the first catastrophic shortening event
(length change =2 um/15 sec), we measured the actin rib length (n = 4) at 15 sec intervals.

“During the “Second phase,” which began at the first catastrophic shortening event and lasted until 27 min after high K™
treatment, we analyzed the same actin ribs as measured during the initial phase at 15 sec intervals.

9The total change in length for lengthening events (>0.2 um/15 sec) or shortening events (greater than —0.2 pm/15 sec) was
calculated for each rib, and the mean * SD of four actin ribs is displayed above.

“Indicates a statistically significant difference between the initial and second phase (Student’s paired ¢ test; a = 0.5).

JFor each rib analyzed, the average rate of shortening or lengthening was calculated from the change in length/15 sec
interval.

SFrequency was measured as the number of 15 sec intervals in which actin ribs displayed either lengthening, shortening, or
pauses divided by the total number of 15 sec intervals. A shortening or lengthening event was defined as any actin rib length

change =0.2 pum, and pause as any actin rib length change <0.2, which occurred during 15 sec intervals.

Figure 6. Rapid shortening involves fragmentation of the actin rib. From
time-lapse (30 sec intervals) video-enhanced DIC movies, this sequence
shows actin rib dynamics at (a) 8:00, (b) 10:00, (c) 10:30, (d) 11:00, (e)
11:30, (f) 12:00, (g) 12:30, and (/) 13:00 min:sec after perfusion with high
K ™. Black arrowheads point to the proximal end of the rib, and white
arrowheads point to the distal end of the fragment severed from the actin
rib. The white arrow in b points to a break in continuity of the rib. From
b—d, the fragment shortens at rates of 2-3.2 um/min, and from e—f 8.1
pm/min. Scale bar, 1 pm.

Fletcher and Pollard, 1980; Bonder and Mooseker, 1986). Using
time-lapse microscopy, we examined the response of individual
filopodia that were lengthening in high K™ to brief treatment with
cyt B/high K™ medium (<1.5 min). Our results show that brief
exposure to cyt B (<1.5 min) had a concentration-dependent
effect on filopodial lengthening. In the presence of 125-250 nm

" ' -
D, U e

Figure 7. Actin rib buckling occurs before breakage. From time-lapse
(15 sec intervals) video-enhanced DIC movies, this sequence shows rib
dynamics at (a) 11:45, (b) 12:15, (c) 12:45, (d) 13:15, and (e) 13:45
min:sec after addition of high K*. The black arrowhead points to the
proximal end of the rib, and the white arrows point to regions where kinks
develop (a—c) into breaks in continuity of the rib (d). The linear rib in a
is progressively bent at two regions. Following the top bend, the angle of
the rib changed from 180° (@), to 158° (b), to 147° (c) before fragmenta-
tion, whereas the angle of the rib for the bottom bend changed from 180°
(a), to 140° (b), to 123° (c) before fragmentation. Scale bar, 1 pm.

cyt B, the majority of filopodia in high K™ continued to lengthen,
whereas in the presence of =500 nm cyt B, the majority of
filopodia in high K™ remained the same length or decreased in
length (Fig. 8). These results show that cyt B (>500 nm) inhibited
the filopodial lengthening response induced after elevation of
[Ca”"].
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Table 3. Comparison of actin bundle buckling and breakage in control
and high K* growth cones

Angle of kink”

128 + 15 (12)°
134 + 16 (55)

Location of breakage”

0.69 = 0.09 (12)
0.53 = 0.11 (68)¢

Control
High K*

“The angles were measured before breakage.

"The location of breakage is represented as the ratio of the distance from the leading
edge where severing occurs divided by width of the lamellipodia. As such, “0”
represents a location at the leading edge and “1” a location adjacent to central
region.

‘Mean * SD (n).

“Indicates significant difference from control data (a = 0.01).

CaZ*-induced changes in optical properties of

actin ribs

Time-lapse DIC images of growth cones showed that [Ca®™];
elevation also affected the contrast of actin ribs (Fig. 9a,b). We
quantified contrast changes in actin ribs of DIC-imaged ribs
before and during high K™ treatment, as is illustrated in Figure
9c. Within 10 min after high K* treatment, actin rib contrast
decreased significantly compared to ribs in untreated growth
cones, reaching a maximum between 20-30 min (Table 4). The
decrease in contrast of actin ribs could have resulted from a loss
of actin filaments and/or actin-associated proteins from the rib
or changes in optical properties of cytoplasm adjacent to the
actin ribs.

To distinguish between these two possibilities, we also exam-
ined the effect of elevated [Ca®"]; on fluorescence intensity of
rh-actin ribs. In this situation, a decrease in actin filament number
should be reflected in a decrease in fluorescence intensity of the
actin ribs, whereas changes in the optical properties of the adja-
cent cytoplasm should not affect the fluorescence intensity of
actin ribs. After 30 min in high K™, the fluorescence intensity of
rh-actin ribs also significantly decreased, by 36.5 += 13.1% (n =
32). The decrease in fluorescence intensity cannot be attributed
solely to photobleaching, as in untreated cells exposed to the
same light conditions, fluorescence intensity of actin ribs de-
creased only 6.6 = 13.1% (n = 32) after 30 min. The decrease in
contrast and fluorescence intensity after high K™ treatment sug-
gests elevation of [Ca®"]; leads to a loss in number of actin
filaments from actin ribs.

Elevated [Ca?*]; affects retrograde flow

We examined whether elevated [Ca?"]; affected retrograde flow
by use of flow-coupled beads (Lin and Forscher, 1995). We have
previously shown that beads on the surface of growth cones move
retrogradely the same rate as fiduciary marks on rh-labeled ribs
(Welnhofer et al., 1997) and therefore provide a means to mea-
sure the velocity of F-actin retrograde flow. As is illustrated in
Figure 10 and Table 5, the velocity of retrograde bead movement
decreased significantly after 1217 min in high K" (Period I) and
further decreased to 50% of control levels after 27-32 min in high
K™* (Period II). In control studies, the velocity of retrograde flow
in untreated neurons did not change significantly during the 30
min observation period (Table 5).

To address whether the changes in length and density of actin
ribs after elevation of [Ca*"]; affected bead coupling to the actin
cytoskeleton, we compared bead movements (Fig. 10d-f, arrow) to
that of fiduciary marks on DIC-imaged ribs (Fig. 10d-f, arrow-
head). After 30 min in high K™, beads (2.0 = 0.6 um/min; n = 12)
continued to move at the same rate as fiduciary marks in DIC-

J. Neurosci., September 15, 1999, 19(18):7971-7982 7977

100
mincrease
Eno change
o 80 Odecrease
£
a
o 60
=
©
40 :
:
-
Z 20 \
N
I
0- ' N

0 125 250 500
Cytochalasin (nM)

1000

.
—~ 6 +
E ] K
2 5 L  CytB/Highk* LT
= P e
= . »
2 44 + % High K*
o
=
©
o
[=5
o
76
'| al
0 T : T : T : T : T T T T T T : T

0O 1 2 3 4 5 6 7 8 9
Time (min)

Figure 8. Cyt B inhibits Ca*"-induced filopodial lengthening. Neurons
treated with high K™ for 810 min were briefly incubated in medium with
cyt B/high K* for 1-1.5 min before perfusion with medium containing
high K" only. From time-lapse (30 sec intervals) phase-contrast movies of
growth cones, we measured filopodia length versus time. Top, To evaluate
the effect of cyt B on filopodial behavior, the change in lengths of
filopodia during the 1 min period before addition of cyt B and the 1 min
period after treatment with cyt B were measured. For this and subsequent
analysis, only those filopodia that lengthened consecutively (no pauses)
for 2 min in high K™ were selected for analysis. In this way, the total time
period for analysis did not exceed the average time of consecutive high
K *-induced filopodia lengthening (4 min). Length changes were counted
as increases or decreases if they were less than =0.2 um, and no change
if they were between —0.2 and 0.2 um. Bottom, The length of individual
filopodia from high K* (control, gray diamonds) and high K */cyt B
(experimental, black circles) treated growth cones as a function of time.
To compare the temporal aspects of the filopodial lengthening response,
the control and experimental data were set to time 0 at the point when
consecutive filopodial lengthening was initiated. In the experimental data,
arrows indicate time at which perfusion with either cytB/high K™ or high
K™ alone occurred.

imaged ribs (2.0 = 0.8 um/min; n = 12) (Fig. 10k). Also, after 30
min in high K", beads continued to behave as predicted if
coupled to the cytoskeleton; they followed linear rather than
random paths (deBrabander et al., 1991) and exhibited constant
velocities between observation intervals. These observations in-
dicate that the inhibition of bead movement after high K™ reflects
an inhibition in retrograde F-actin flow rather than a change in
bead coupling to the cytoskeleton.

The reduction in velocity of retrograde flow during high K™
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Figure 9. Actin rib contrast decreases after elevation of [Ca®*],. @ and b
show the same rib, imaged with video-enhanced DIC microscopy, before
(time = 0 min) and 30 min after treatment with high K*. A linear
intensity scan perpendicular to the rib at both time points is shown in c.
The region of the actin rib scanned is outlined in black. The contrast of
the rib, as measured by the difference in the peak intensity and trough
intensity, decreased 51% after 30 min in high K. In this case, a decrease
in actin rib diameter was not detected at this level of resolution (~0.2
pm). Scale bar, 1 uwm.

Table 4. Temporal changes in actin rib contrast after
elevation of [Ca®*];

Average % change in contrast”

Time

(min) High K* Control

5 —20 + 25 (26) -9+ 19 (31)
100 —47 + 22(26) —4+19(32)
15° —53 = 19 (26) —10 = 19 (28)
20 —52 + 19 (26) —12 =20 (29)
300 —56 = 18 (26) —5 %26 (15)

“For each rib analyzed, the contrast was measured from line intensity scans gener-
ated perpendicular to the rib at time 0, 5, 10, 15, 20, and 30 min, and the percentage
change in contrast was calculated as the difference in contrast from time 0. The data
is shown as mean = SD (number of ribs analyzed).

PIndicates time periods in which the change in contrast for high K * are significantly
different from controls (e = 0.01; Student’s unpaired ¢ test).

treatment could have resulted directly from increased [Ca®*]; or
could have been a result of Ca®*-induced changes in actin orga-
nization. To distinguish between these possibilities, we first ex-
amined the effect of elevated [Ca®"]; on retrograde flow before
changes in actin organization had occurred. We measured the
velocity of retrograde flow immediately after treatment with high
K™ but before initiation of filopodial lengthening, which was the
first detectable change in F-actin. The velocity of retrograde flow
(2.9 £ 0.3 um/min; n = 5) did not change significantly immedi-
ately after elevation of [Ca®*]; with high K™ (3.1 = 0.5 wm/min;
n = 5; paired Student’s f test; = 0.05), suggesting influx of Ca?*
alone did not contribute to the reduction in retrograde flow.

In a second approach, we attempted to block changes in actin
organization with phalloidin, a compound that binds and stabi-
lizes actin filaments (Dancker et al., 1975; Coluccio and Tilney,
1984) and inhibits Ca**-induced changes in actin organization in
other neurons (Lankford and Letourneau, 1989; Neely and Gese-
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Figure 10. Increased [Ca?*]; results in inhibition of retrograde flow. a—c
shows a region of the growth cone before treatment with high K*, and d-f
shows the same region 30 min after treatment with high K. Short arrows
point to beads (200 nm polystyrene beads) on the surface of the growth
cone, and the arrowheads in d—f point to a fiduciary mark on a rib. The
time interval is 30 sec between each image in a—c and d-f. The displace-
ment vectors in g and & represent the path of the bead (Bd) or fiduciary
mark (Fm) relative to the leading edge over a 1 min interval, where the
Ay = retrograde movement and the Ax = time. The velocity of bead
movement decreases from 4.0 um/min (a—) to 1.1 wm/min after 30 min
in high K™ (d—f), as indicated by the decrease in slope of the displacement
vector (g). Note the significant changes in filopodial length, rib length, and
lamellipodial width that also occur after high K™ (d—f). Also, the bead
(arrow) in d—f moves at the same rate as the fiduciary mark on the rib (1.1
um/min) (arrowhead), which we have previously shown to be composed of
F-actin (Welnhofer et al., 1997). This is also illustrated in 4 by the same
slopes of their displacement vectors. The Fm displacement vector was
offset relative to the Bd displacement vector to ease comparison. Scale
bar, 5 uwm.

mann, 1994). In control experiments, phalloidin did not alter the
velocity of retrograde flow (3.5 £ 0.2 um/min in control neurons
vs 3.3 = 0.2 wm/min after 30 min in phalloidin; n = 2; a = 0.01;
paired student’s ¢ test). Also, phalloidin did not inhibit Ca®*
influx after high K* Within 2 min after phalloidin/high K"
treatment, [Ca®"); increased 470% above baseline levels (47 + 15
to 250 = 19 nM; n = 2) and after 20 min decreased to 116% above
control levels (119 = 5 nm). We therefore compared the velocity
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Table 5. Effect of elevated [Ca®*]; on velocity of retrograde flow

Retrograde flow (um/min)*

High K* Untreated
Control” 4.1 = 0.8 (10) 3.5*0.7(7)
Period I¢ 2.6 + 0.5 (10)¢ 3.6 0.6 (7)
Period II° 2.0 = 0.6 (10)¢ 3.6 = 0.6 (7)

“The average velocity of retrograde flow + SD is shown. The number of growth
cones analyzed is shown in parentheses.

bControl includes the time from —5 to 0 min in which neurons were in normal
medium.

“Period I includes the time period from 12-17 min after perfusion of high K* or
normal medium (untreated).

“Indicates significant difference from control data (paired; « = 0.01).

¢Period 1I includes the time period from 27-34 min after perfusion of high K" or
normal medium (untreated).

of retrograde flow in neurons treated with high K™ to that in
neurons preincubated with phalloidin before high K™ (phalloi-
din/high K*) (Fig. 11a). From the same growth cones, we also
measured the following attributes: actin rib length, lamellipodia
size, filopodia length, and actin rib contrast (Fig. 11b). This
allowed us to evaluate whether phalloidin was effective at block-
ing the changes in actin organization that occurred after high K™*.

In contrast to growth cones treated with high K™ alone, the
retrograde flow velocity in phalloidin/high K*-treated growth
cones did not change significantly during period I (Fig. 11a).
Although a significant decrease in retrograde flow velocity from
control levels occurred after 30 min in high K */phalloidin, it was
3.5-fold less than that which occurred with high K* alone. These
results indicate phalloidin inhibited the effect of high K on
retrograde flow.

The ability of phalloidin to inhibit the effect of high K* on
retrograde flow correlated with its ability to block changes in actin
organization (Fig. 110). During period I, three of the four at-
tributes measured changed significantly in high K "-treated neu-
rons, whereas only one of the attributes, actin rib contrast,
changed significantly if phalloidin was also present. Thus, in
addition to inhibiting a decrease in retrograde flow rates, phal-
loidin also blocked the filopodial lengthening and actin rib short-
ening response normally observed during period I in high K-
treated neurons. During period II, high K™ treatment resulted in
significant changes in each of the attributes measured, whereas
phalloidin/high K™ treatment resulted in significant changes in
three of four attributes. As such, phalloidin was less effective at
blocking high K" -induced changes in actin organization during
period II, and this may account for the decreased rate in retro-
grade flow that occurred in phalloidin/high K" growth cones
during period II. However, the magnitude of change in growth
cone morphology during period II was significantly less in phal-
loidin/high K™ than in high K* alone, as was the magnitude of
change in retrograde flow rates.

DISCUSSION

Physiological increases in [Ca®"]; caused remodeling of the actin
cytoskeleton in Helisoma growth cones. Using time-lapse micros-
copy, we have shown that this results from assembly driven
elongation of actin bundles distally, breakage-induced shortening
of actin bundles proximally, and a decrease in F-actin density in
ribs. Furthermore, we have shown that these Ca®"-induced
changes in cytoskeletal organization coincide with a reduction in
velocity of retrograde flow. This study provides direct evidence
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Figure 11. Phalloidin inhibits Ca®*-induced changes in retrograde flow
and growth cone morphology. Growth cones were treated with high K*
for 30 min or preincubated with 10 ug/ml phalloidin for 1 hr before
treatment with phalloidin/high K+ for 30 min. a, For each growth cone
analyzed, we measured the rate of retrograde flow just before treatment
(Control, —5-0 min), 12-17 min after treatment (Period 1), and 25-30 min
after treatment (Period II), and these values were normalized relative to
the velocity during the control period. The bar graph shows the mean
normalized values (n = 10 for high K*, and n = 6 for phalloidin/high
K+), and the error bars indicate SD. b, From the same growth cones
analyzed in a, we also measured lamellipodia width, filopodia length, rib
length, and rib contrast. For each growth cone, five filopodia, actin ribs, or
regions of the lamellipodia were selected and measured just before treat-
ment (Control), 12 min after treatment (Period I), or 25 min after
treatment. The average value for each of these parameters was then
normalized relative to the control period. The table shows the mean
normalized values for high K* and phalloidin/high K* treatments. The
asterisk indicates experimental sets significantly different from the control
set (Student’s paired ¢ test; @ = 0.05; one-tailed), and the double dagger
indicates a significant difference between high K*- and high K™/
phalloidin-treated cells (Student’s unpaired ¢ test; « = 0.05; one-tailed).

that Ca®" levels in growth cones can affect actin dynamics, and
thus provides a specific mechanism by which extracellular guid-
ance cues can influence growth cone motility and behavior.

CaZ2*-dependent filopodia extension requires

actin assembly

The filopodial lengthening response to elevated [Ca®"]; has also
been observed in other growth cones (Sobue and Kanda, 1989;
Davenport and McCaig, 1992; Davenport and Kater, 1992; Reh-
der and Kater, 1992), but the mechanisms involved have not been
elucidated. Using time-lapse microscopy, we show that filopodial
lengthening after elevation of [Ca®*]; is not a passive response
caused by lamellipodial retraction. Also, anterograde movement
of actin bundles seems unlikely given that filopodia lengthening
occurs before shortening or changes in contrast of ribs. Rather,
our results from cyt B/high K™ studies indicate that Ca**-
stimulated filopodia elongation requires actin assembly at the
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barbed end. In current models of leading edge protrusion (Welch
et al., 1997; Suter and Forscher, 1998), assembly-driven filopodial
elongation requires the rate of assembly to exceed the rate at
which actin bundles move retrogradely. Accordingly, it is possible
that filopodial lengthening results from the Ca**-induced de-
crease in retrograde flow. Another possibility is that Ca®* stim-
ulates an increased rate of assembly at the barbed ends of actin
bundles. Ca>*-sensitive molecules that have been localized to
growth cones and affect actin assembly include: GAP-43 (He et
al., 1997; Ohbayashi et al., 1998), a-actinin (Lankford and Le-
tourneau, 1989; Letourneau and Shattuck, 1989; Sobue and
Kanda, 1989), gelsolin (Tanaka et al., 1993; Neely and Macaluso,
1997), and actin depolymerizing factor (ADF) (Bamburg and
Bray, 1987; Meberg et al., 1998).

Actin rib shortening: bundle breakage and expansion
of the transition zone

Our analysis of actin rib dynamics revealed new features of their
behavior. In untreated neurons, actin ribs alternated between
phases of elongation and shortening, superficially resembling mi-
crotubule behavior at plus ends (dynamic instability). Assuming
that actin ribs are composed of filaments with their pointed or
slow-growing end toward the central domain (Lewis and Bridg-
man, 1992) and that elongation of F-actin by pointed-end assem-
bly is not significant, then rib dynamics would be determined by
the relationship between the rates of retrograde flow and disas-
sembly. Specifically, we would interpret elongation of actin ribs to
occur when the rate of depolymerization from the pointed end is
slower than that of retrograde flow, and conversely, shortening to
occur when the rate of depolymerization exceeds the rate of
retrograde flow.

Catastrophic shortening events occurred after elevation of
[Ca?"];, resulting in a net decrease in length of ribs. The velocity
of catastrophic shortening events exceeded the known rates for
disassembly at the pointed end or barbed end of actin filaments
(Pollard, 1986), and therefore indicated a mechanism other than
endwise disassembly for actin rib shortening. Higher temporal
resolution time-lapse movies showed that the catastrophic short-
ening events resulted from rib breakage and subsequent disap-
pearance of the newly generated actin bundle fragment.

Recent models for actin turnover in growth cone lamellipodia
suggest recycling of actin subunits occurs in the transition zone
between the peripheral and central domain (Suter and Forscher,
1998). To accommodate the rapid rate of filament turnover, it is
thought that filament severing and net disassembly are favored in
this region (Welch et al., 1997). Our observation that rib breakage
occurred close to the central domain in untreated growth cones
supports a role for severing in recycling. We propose elevation of
[Ca?*); causes the transition zone to expand or shift distally,
resulting in shorter actin ribs. This hypothesis can explain both
the change in location of rib breakage and the inability of ribs to
elongate to their original length after breakage.

Mechanism of actin bundle breakage

Breakage of F-actin has been difficult to observe in cells because
it most frequently occurs in regions that are optically complex,
such as adjacent to the central domain. However, in Helisoma
growth cones, elevation of [Ca®"]; shifted the location of break-
age distally along the rib into the lamellipodial region, and there-
fore provided a unique opportunity to examine this process in
vivo. Our observations suggest that buckling plays an important
role in actin bundle breakage. One possibility is that the mechan-
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ical stress from buckling may introduce enough force to break the
actin—actin bonds (600 pN) (Tsuda et al., 1996) at bends in the
bundles. The progressive loss of filaments from the ribs after
[Ca*"]; elevation may make the ribs more susceptible to breakage
by buckling forces. Another possibility is that the bends in buck-
led ribs may unmask binding sites for severing proteins from the
ADF/cofilin family, which have been shown to preferentially sever
filaments at preexistent bends (Maciver et al., 1991). Our obser-
vations do not support the involvement of the gelsolin severing
family, which cap the new barbed end of the filament after
severing. In Helisoma, the rapid rates at which newly generated
fragments disassembled suggest that they were not capped, but
were free to disassemble from both ends. Also, phalloidin does
not affect gelsolin severing activity (Bearer, 1991), but inhibited
actin rib shortening in our experiments.

It will be important to elucidate the mechanism of buckling,
because it appears to have an important role not only in actin
bundle breakage but also microtubule breakage in the lamella of
migrating epithelial cells (Waterman-Storer and Salmon, 1997).
We propose that in growth cones, buckling results when nonuni-
form forces are applied to the rib as it moves retrogradely. In this
respect, the effects would be similar to what happens when the
leading car of a train derails. Buckling of the object would occur
near the point where the forces differ. Evidence supporting this
theory is shown in Figure 7, where the position of the kinks that
form along the rib can be used as a marker to measure retrograde
displacement. The kinks moved retrogradely an unequal distance
over the same time period, suggesting the velocity of retrograde
flow decreased along the length of the rib.

Reorganization of actin filaments in bundles

We used two quantitative approaches to detect changes in actin
filament number in ribs: (1) changes in contrast of actin ribs
imaged by video-enhanced DIC microscopy, and (2) changes in
intensity of rh-actin ribs imaged by fluorescent digital microscopy.
Our analysis showed that both the contrast and fluorescence
intensity of ribs decreased after high K, suggesting elevation of
[Ca?"); leads to a decrease in number of actin filaments in
bundles. This change in actin ribs could potentially be mediated
by the effect of elevated Ca®* on actin-bundling proteins. The
activity of several actin-bundling proteins is influenced by Ca*".
a-Actinin (Noegel et al., 1987; Witke et al., 1993), fimbrin (L-
plastin) (de Arruda et al., 1990), and 30 kd bundling protein
(Fechheimer and Furukawa, 1993) each dissociate from actin
filaments in the presence of 10 °-10—7 m Ca** in vitro. In
addition, fascin activity is regulated by phosphorylation (Yama-
kita et al., 1996) and therefore could be indirectly affected
through activation of Ca®" signaling pathways. Both a-actinin
(Sobue and Kanda, 1989) and fascin (Sasaki et al., 1996) (our
unpublished observations) localize to the peripheral domain of
growth cones.

Inhibition of retrograde flow by Ca?*-mediated
changes in actin organization

Our results implicate Ca®" as a potential regulator of retrograde
flow of actin in growth cone lamellipodia. Physiological increases
in [Ca*"]; resulted in an inhibition of retrograde flow of beads on
the surface of the lamellipodia. We have shown previously that
under normal conditions, the beads are coupled to the actin
cytoskeleton and thus can be used as a marker for retrograde flow
velocity (Welnhofer et al., 1997). Despite the Ca**-induced re-
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modeling of the actin cytoskeleton, we show that beads behaved
as would be predicted if they were continuously coupled to the
cytoskeleton. We therefore conclude that the Ca®*-induced in-
hibition of bead movement reflects an inhibition of the retrograde
flow of actin.

We suggest the inhibition of retrograde flow resulted from
Ca”*"-mediated changes in the cytoskeleton rather than a direct
effect of Ca*" on myosin activity (Cheney et al., 1993). The
inhibition of retrograde flow did not occur immediately after the
rise in [Ca?*];, suggesting it was not the result of a Ca*"-induced
signaling cascade. When phalloidin was used to block changes in
actin filament organization, there also was no significant change
in velocity of retrograde flow after elevation of [Ca*"]; (Fig. 11;
Period I). Furthermore, there was a correlation in magnitude of
changes in actin bundle organization and inhibition of retrograde
flow. (Fig. 11, Period II).

Our quantitative analysis enabled us to identify specific mor-
phological changes correlated with an inhibition of retrograde
flow. Our results suggest that neither a loss of filaments from actin
ribs nor filopodial lengthening contribute to a reduction in retro-
grade flow. During period I, a significant decrease in actin rib
contrast occurred in phalloidin/high K* independent from a
change in retrograde flow velocity. Also, during period II, a
significant decrease in velocity occurred in high K */phalloidin in
the absence of filopodial lengthening. The finding that phalloidin
inhibited filopodial lengthening is not surprising considering that
in vitro it blocks barbed end assembly by 50% (Sampath and
Pollard, 1991). We therefore suggest that changes in actin rib
length and lamellipodial width may contribute to a reduction in
retrograde flow velocity. We have previously shown a correlation
between actin rib shortening and inhibition of retrograde flow
during growth cone morphogenesis (Welnhofer et al., 1997). In
addition, Ca**-induced changes in the actin meshwork (Lank-
ford and Letourneau, 1989), which we have not assayed here, may
also contribute to a reduction in retrograde flow velocity.

How would changes in actin rib length or lamellipodial width
affect retrograde flow? One possibility is that shortening of actin
ribs inhibits their interaction with the myosin motor protein
responsible for retrograde flow. This would occur if the myosin
activity was distributed preferentially in the proximal region
rather than throughout the lamellipodia. Such a differential dis-
tribution has been shown for myosin II in growth cones (Rochlin
et al., 1995) and keratocytes (Svitkina et al., 1997). However, this
scenario seems inconsistent with the observation of actin rib
buckling, which suggests myosin to be exerting force on ribs both
proximally and distally along the length of the actin rib. An
alternative explanation is that the net rate of retrograde flow is
faster when myosin interacts with polarized actin bundles than
more randomly organized filaments in the meshwork. After a loss
of ribs because of shortening, the net rate of retrograde flow
would depend mainly on interactions of myosin with filaments in
the meshwork and result in a slower net rate of retrograde flow.
In addition, the decrease in lamellipodial width, which occurred
as a result of expansion of the microtubule-dominated central
domain, might also affect the velocity of retrograde flow if this
increased the amount of microtubules in the lamellipodial region.
Microtubules have been shown to suppress actomyosin-based
cortical flow in Xenopus embryos (Canman and Bement, 1997),
where cortical flow rates are inversely proportional to the level of
polymeric tubulin.
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