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Pathfinding
of growing
neurites depends
on turning of the
growth cone in response to extracellular
cues. Motile filopodia
of the growth cone are known to be critical for mediating
contact-dependent
guidance of the growth cone. However,
whether filopodia also play an essential role in growth cone
turning response induced by a diffusible chemotropic
substance is unclear. Growth cones of cultured Xenopus spinal
neurons exhibited chemotropic
turning responses in a gradient
of glutamate
within a limited range of concentrations.
This
turning response depends on the activation of the NMDA subtype of glutamate receptors and requires the presence of extracellular
Ca2+. Time-lapse
differential interference
contrast
microscopy
with quantitative
analysis of filopodia dynamics
showed a close correlation
between an increased number of
filopodia on the side of the growth cone facing the glutamate

source and the turning. Such filopodia asymmetry was observed within minutes after the onset of the glutamate gradient,
before any detectable turning of the growth cone. In Ca”-free
medium, no filopodia asymmetry was induced by the glutamate
gradient, and no growth cone turning was observed. Furthermore, elimination
of filopodia with a low concentration
of cytochalasin B completely abolished the turning response without
substantially affecting neurite extension. Thus, filopodia may be
required for chemotropic
guidance of the growth cone, and an
asymmetry in filopodia distribution
may be an early cellular
event responsible for determining the direction the growth cone
advances.

Formation of specific nerve connections during development requires guidance of growing nerve processes to their correct target

stances.We found that an early appearanceof asymmetricfilopodia
distributionat the growth conecorrelateswith the turning response
of the growth conesof Xenopus spinalneuronsin a gradient of
glutamate.Depletion of extracellularCa*+, a condition that abolishesthe turning response,alsoabolishedthe filopodia asymmetry.
When filopodiawere eliminatedby treatmentwith CB, glutamateinducedturning wasabolishedtotally. Theseresultsprovide direct
evidencefor anessentialrole of filopodiain growthconeguidanceby
gradientsof diffusiblesubstances.

cells.This guidancedependson the responseof growth conesto
extracellular cues, which include specific molecules bound to extracellular matrix or cell surfaces as well as diffusible chemotropic
substances (Lockerbie, 1987; Bray and Hollenbeck, 1988; Tessier-

Lavigne, 1992;Goodmanand Shatz, 1993).Although the cellular
processes
by whichthegrowthconedetectsandresponds
to guidance
cuesare largelyunknown,motile filopodiaat the leadingedgeof the
growth cone appear to play an important role (Gundersen and
Barrett, 1980; Raper et al., 1983; Bentley and Toroian-Raymond,
1986; McCaig, 1986; Bandtlow et al., 1990; O’Connor et al., 1990;
Heidemann and Buxbaum, 1991; Letourneau et al., 1991). Filopodia

may act by sensingguidancecues(Davenport et al., 1993;Gomez
and Letourneau,1994)or by exertingtensionon the growthconeto
initiate the turning (Wessellsand Nuttall, 1978;Heidemannet al.,
1990).Neurite extensionin cell culturespersistsafter filopodia are
disrupted

by cytochalasin

B (CB) (Marsh

and Letourneau,

1984).

However, after cytochalasin-induced
disappearance
of filopodia, a
large percentage of pioneering

growth cones in grasshopper embryos

becamedisorientedin their pathfindingbecause
of the lackof filopodial contact with specificguidepostcells (Bentley and ToroianRaymond,

1986). In cytochalasin-treated

Xenopus

embryos, there

wasalsoan increasednumberof errorsin the pathfindingof retinal
axonsin the tectum (Chien et al., 1993).Thesestudieshave establishedthe critical importanceof filopodia in contact-mediatedpathfinding. In the present study, we have examined whether filopodia
are also required for guidance involving diffusible chemotropic subReceived
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MATERIALS AND METHODS
Cell

culture.

Cultures

of Xenopus

spinal

neurons

were

prepared

to procedures reported previously (Spitzer and Lamborghini,
and

Poo,

1991).

Briefly,

the

neural

tube

tissue

from

l-d-old

according

1976; Tabti
embryos

(stage 20-22) (Nieuwkoop and Faber, 1976) was dissociated in Ca’+/
Mg’+-free Ringer’s solution supplemented with EDTA (115 mM NaCI,
2.5 mM KCI, 10 mM HEPES, and 0.5 mM EDTA, pH 7.4), plated on clean
glass coverslips, and incubated at room temperature (20-22°C) for 6-12
hr before the experiments. The culture medium consisted of 50% (v/v)
Leibovitz medium (Gibco, Gaithersburg, MD), 1% (v/v) fetal bovine
serum (HvCvlone. Logan. UT). and 49% (v/v) Ringer’s solution (115 mM
NaCI, 2 m'M CaCl;, 2.<mb KCI: and 10 rn; HEPES, pH 7.4). This culture
medium contained -1 mM glycine and 1 mM Mg*+.
Production
of microscopic
gradient of glutamate.
A microscopic concentration gradient of glutamate was produced by repetitive pulsatile ejection of glutamate solution through a glass micropipette according to
previously reported methods (Lohof et al., 1992; Zheng et al., 1994).
Briefly, micropipettes with a tip opening of 1 Frn were filled with the
glutamate solution and connected to an electrically gatcd pressureapplication system (Picospritzer, General Valve, Fairfield, NJ). Glutamate was ejected by applying positive pressure of 3 psi to the pipette at
a frequency of 2 Hz and a pulse duration of 20 msec using a pulse
generator (Grass SD9, Grass Instruments, Quincy, MA).
Standard
chemotropic
test. Experiments on growth cone turning were
performed on the stage of an inverted phase-contrast microscope. The
direction of neurite extension at the onset of the experiment was defined
by the last 20 pm segment of the neurite. The tip of the glutamate pipette
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Fzgure I. Turning response of Xenopus spinal neurons in the presence of a glutamate gradient. Representative DIC images of neurons at the onset and
1 hr after repetitive applications of picoliters of fresh culture medium (a, 6) or medium containing 0.5 ITIM glutamate (c, d) through a micropipette (p).
Dashed line indicates corresponding positions along the neurite. Scale bar, 50 pm.
was positioned 100 Km away from the center of the phase-dark “palm” of
the growth cone with an angle of 45” from the initial direction of the
neurite extension. Microscopic images of neurons at various times after
the onset of glutamate application were recorded with a video camera
and stored. For quantitative analysis of neurite growth and turning, the
trajectory of each neurite before and 1 hr after the onset of the gradient
was traced from the video images, and the final position of the growth
cone was determined in polar coordinates, with the origin set at the
position of the growth cone at the onset of the gradient. The turning angle
and extension of the neurite for each case were measured using a
digitizing pad (Hipad, Houston Instruments, Houston, TX). The turning
angle was defined by the angle between the original direction of neurite
extension and a line connecting the positions of the growth cone at the
onset and the end of 1 hr exposure to the gradient. The length of neurite
extension was obtained by measuring the length of the entire trajectory of
the path of neurite growth over the 1 hr period. Only the growth cones
that extended >5 pm during the 1 hr period were scored for the turning
assay.
Differential

interference

contrast

imaging

of Jilopodia

distribution.

Cells

were examined with a Zeiss inverted microscope (Axiovert, Zeiss, Thornwood, NY) equipped with differential interference contrast (DIC) optics
and an imaging system based on a cooled charge-coupled device (CCD)
camera (STAR 1, Photometrics, Tucson, AZ). To visualize the filopodia,
a 40x oil-immersion objective with a numerical aperture of 0.9 was used.
Time-lapse sequences of DIC images of the growth cone before and after
the onset of a glutamate gradient were collected by the CCD camera with
the aid of a time-lapse imaging program. As a standard procedure,
time-lapse recordings were performed at a rate of 1 frame/l0 set, and the
collected images were stored in a digital format. The growth cone was
observed for 5 min before (as control) and for 15 min after the onset of
the glutamate
gradient. For analysis of filopodia, the images of the
time-lapse sequences were displayed, magnified, and contrast-enhanced
further. A line was drawn along the midline of the growth cone palm and
the neurite shaft, and the number and average length of filopodia on the
two sides of the line were determined. Analysis of filopodia number was
done for every frame of the sequence, and measurement of filopodia
length was done for every sixth frame. A nonparametric test (KruskalWallis test) was performed between data collected during the 5 min
control
period and those collected during each of the three 5 min periods
after the onset of the glutamate
gradient.

Drug administration.
(t)2-Amino-5-phosphonopentanoic
acid (AP-5),
a specific NMDA-receptor
antagonist, and 6-cyano-7-nitroquinoxaline2,3-dione (CNQX), a specific antagonist to non-NMDA glutamate receptors, were obtained from Research Biochemicals (Natick, MA). AP-5 and
CNQX were freshly diluted before each experiment and were used at a
final concentration of 25 pM. CB was obtained from Sigma (St. Louis,
MO). CB first was dissolved in dimethylsulfoxide at 5 mg/ml as stock
solution and was diluted to a low concentration (0.17 &ml) in culture
medium immediately before use. The cells were incubated for 20 min in
culture medium containing CB to achieve complete disruption of filopodia before the start of glutamate application.
Fluorescent
sfuining of F-actin.
Distribution of F-actin in the growth
cone was visualized by labeling with rhodamine-conjugated phalloidin.
Briefly, cells were fixed in 4% p-formaldehyde in cacodylic buffer (0.1 M
cacodylic acid and 0.1 M sucrose, pH 7.4) for 30 min, permeabilized by
0.1% Triton X-100 in Ringer’s solution for 10 min, and stained with the
rhodamine-phalloidin
solution (1% of the 300 U stock in methanol;
Molecular Probes, Eugene, OR). Fluorescent images of the growth cone
were collected by the CCD camera and stored in a digital format.

RESULTS
Turning of nerve growth cones in a glutamate gradient
Within 6-10 hr after plating in culture, dissociated embryonic
Xenopus spinal neurons exhibited active neurite extension. In a
standard test of chemotropic response, picoliter pulses of solution
containing
chemotropic
substances were applied repetitively
through a micropipette at a frequency of 2 Hz. The pipette tip was
positioned 100 pm from the center of the growth cone and 45”
from the direction of neurite extension. Previous analyses have
shown that relatively stable concentration
gradients of -10% can
be established across a 10 pm distance, which is approximately the
width of a growth cone (Lohof et al., 1992;Zheng et al., 1994).

Pulsatileapplication of culture mediumalonedid not produceany
effectson neurite orientation (Fig. la,b). However, applicationof
solution containing appropriate concentrations of glutamate
causeda turning responseof the growth conetoward the sourceof
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glutamate, as defined by a preferential advancement of the central
palm of the growth cone (Fig. lc,d). Most growth cones showed
clear turning responses within 30 min after the onset of the
glutamate gradient. For better assessment of the turning response
and the growth rate, growth cones were examined 1 hr after the
onset of the glutamate gradient in all experiments.
The growth cone behavior in the presence of chemical gradients
was quantified by measuring the turning angle and neurite extension. The turning angle was defined as the angle between the
original direction of neurite extension and a line connecting the
positions of the growth cone at the onset and the end of 1 hr
exposure to the gradient. We consider growth cones with turning
angles of >S” as showing positive (toward the source) or negative
(away from the source) turning. The results of all growth cones
exposed to the control solution or to the glutamate-containing
solution are depicted in the scatter plots of Figure 2, a and h. For
a population
of neurons, no obvious preferential
turning was
observed after pulsatile applications of culture medium alone (n
= 37; Fig. 2u), whereas a majority of growth cones showed
positive turning responses when glutamate (0.5 mM in the pipette)
was applied (n = 38; Fig. 2h). To illustrate the turning behavior of
the growth cone better, the trajectory of neurite extension of 20
randomly selected neurons during the 1 hr period is shown in a
composite drawing (Fig. 2c,d). Growth cones exposed to culture
medium alone showed extension with a similar frequency of
positive and negative turning (Fig. 2~). In the presence of a
glutamate gradient, a significantly larger number of the growth
cones grew toward the source of glutamate than turned away (Fig.
2d). The turning response of the growth cone depended on the
concentration
of glutamate in the pipette solution. A range of
glutamate concentrations from 0 to 150 mM was tested. Significant
chemotropic turning was observed only for concentrations
at 0.05
and 0.5 mM (see Fig. 2e, Table 1). Although at some concentrations (e.g., 50 mM), more growth cones appeared to exhibit positive turning, the average turning angles were close to zero, and
statistical analysis on the turning angle showed no significant
difference from that of control at these concentrations.
Apparently, small degrees of positive turning and large degrees of
negative turning accounted for the discrepancy between the results obtained by the two methods.
The turning response of the growth cone, when induced in
culture medium, requires the activation of both NMDA
and
non-NMDA
glutamate receptors, because either AP-5, a specific
NMDA-receptor
antagonist, or CNQX, a specific non-NMDAreceptor antagonist, can block the turning induced by the glutamate gradient at the optimal concentration
for inducing turning
(see Table 1). Extracellular
Mg”+ is known to block NMDAreceptor activity in a voltage-dependent
manner (Nowak et al.,
1984; Jahr and Stevens, 1987). In the absence of extracellular
Mg2+ (Mg’+-free
solution: 115 mM NaCl, 2.6 mM KCl, 2 mM
CaCl?, 1 mM glycine, and 10 mM HEPES, pH 7.4), we found that
the glutamate-induced
turning was blocked by AP-5 but not by
CNQX (Table 1). This result indicates that NMDA receptors are
primarily responsible for the turning. In the presence of Mg2+,
both NMDA
and non-NMDA
receptors
are required
for
glutamate-induced
turning. Activation of non-NMDA
receptors
can cause membrane depolarization,
which apparently is required
for the removal of Mg”
block of NMDA receptors.
Activation of NMDA receptors permits the influx of extracellular Ca’+. To test whether glutamate-induced
turning requires a
Ca” influx, we performed the turning experiment in a Ca’+-free
medium (115 mM NaCI, 2.6 mM KCI, 2 mM MgCI,, 10 mM HEPES,
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gradient

c, d, Composite drawings of the path of neurite extension during a 1 hr
period

for a population

of neurons

in the absence

(c) and presence

(d) of

glutamate gradient. For clarity, only 20 randomly sampled neurons from a
and b are illustrated in each drawing. The origin represents the position of
the center of the growth cone palm at the beginning of the 1 hr period. The
original direction of neurite extension, as defined by the last 20 pm
segment

of the neurite

shaft

at the beginning

of the experiment,

was

aligned with the vertical scale line. The line depicts the trajectory of the
neurite at the end of the 1 hr experiment The arrow indicates the direction
of glutamate gradient. Tick marks along thex- andy-axis represent 10 pm,
Note that some neurites had retracted a short distance from the origin
before subsequent extension (dashed lines). e, Turning responses at different glutamate concentrations. The concentration in the pipette was
varied from 0 to 1.50 IIIM, and the average turning angle (?SEM) was
determined by a standard protocol (see Materials and Methods). The
number
associated with each bar refers to the number of growth cones
tested. Significant
at 0.05 and 0.5
at 0 mM).

turning

was observed

for

mM (p < 0.05, Kruskal-Wallis

glutamate

concentrations

test compared with data

and 2 mM EGTA, pH 7.4). Similar to that found in acetylcholine
(ACh)-induced
turning of these growth cones (Zheng et al., 1994),
no turning response was induced by the glutamate gradient (Table
1). Consistent with previous reports (Bixby and Spitzer, 1984a;
Zheng et al., 1994), the rate of neurite extension in this CaZ’ -free
medium was increased markedly.
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Table

1. Response

Glutamate

Chemotropic

l

in

pipette (mM)
0
0.005
0.05
0.5
5
50

150
0.5
0.5
0.5
0.5
0.5
0.5

Growth

of Xenopus

Cone

nerve

Turning

growth

Requires

Filopodia

J. Neurosci.,

cones in glutamate

Turning angle
(degrees)

Neurite
extension (pm)

None
None
None
None
None
None
None

-2.7 t 4.4
4.7 t 6.0

16.5
18.9
13.3
14.9
15.9
16.7
14.9
12.6
12.7
16.3

13.4 t 5.2h
15.5
4.2
4.1
-0.3
-1.5
-3.4
0.9

CNQX + Mg’+-free”
CB (0.17 &ml)
CP -free’
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gradients

Changes in culture
medium

AP-5 (25 /AM)
CNQX
(25 PM)
AP-5 + Mg’+-freed

February

t-t
It
t
t
k
-t

4.gh
5.4
5.1
3.1
4.5
3.9
4.6

13.5 t 4.9”

t
t
t
+
t
?
t
t
t
?

1.4
1.7
1.2
1.4
2.1
1.7
1.2
1.3
1.4
1.8

10.8 _t 1.2”

0.6 ? 3.1
-2.9 k 5.4

10.9 i 0.9
40.4 t 5.v

Turning responses (%)”
+

0

-

I2

38
52
63
61
45
61
31
29
31
38
60
36
42

22
18
8
18
14
7
38
25
38
24
10
32

40
30
29
21
41
32
31
46
31
38
30
32
47

37
27
24
38
22
31
29
24
26
20
21
25
19

11

“The glutamate
gradient
was established
by pulsatile
ejection
of glutamate
solution
into the bath through
a micropipette
100 pm away from the growth cone and with an angle
of 45” with respect to the direction
of neurite
extension.
The turning
angles with respect to the original
direction
of neurite
extension
were determined
by a straight
line
connecting
the position
of the growth cone at 1 hr after the onset of glutamate
application
to that at the onset. The length of neuritc
extension
was measured
for the entire
trajectory
of the path of the extension
over the 1 hr period.
Only growth cones advanced
>5 pm were scored for turning
assay. Values represent
mean i SEM.
“Significantly
different
from the control
value (zero glutamate,
first row,p
< 0.05; nonparametric
Kruskal-Wallis
test).
“The turning responses
of growth cones were scored as follows: plus sign refers to the percentage
of cells showing positive
turning towards
the glutamate
source (turning
angle
> 5”). minus sign refers to cells turning
away from the glutamate
source (turning
angle < -5”), and “zero”
refers to cells showing
no turning
(turning
angle 5 5”).
“Mg’+-free
medium:
1IS rnM NaCl, 2.6 rn~ KC], 2 rnM CaCl,,
1 rnM glycine,
10 rnM HEPES,
pH 7.4.
“Calcium-free

medium:

115 rniv NaCI,

2.6 rnM KC],

2 rnM MgCI?,

2 rnM EGTA,

10 rnM HEPES,

pH 7.4.

3. Asymmetric filopodia formation induced by a glutamate gradient. A sequence of DIC images of a growth cone at various times before and after
(indicated by numbers in min) the onset of a glutamate gradient (0.5 mM in the pipette), which was applied at time 0 from the top left comer (arrow). Lines
represent the midlines of the last 20 pm segment of neurite. Scale bar, 10 km.

Figure

Asymmetric filopodia formation precedes the
turning response
To understand the dynamic behavior of the growth cone and the
role of filopodia during the chemotropic turning, time-lapse DIC
microscopy was used to examine the growth cone before and after
the onset of the glutamate gradient. In most cases, the turning of
the growth cone was preceded by an asymmetry in the distribution

of filopodia. Figure 3 illustrates a sequence of DIC images of a
growth cone at 1 min intervals. During the control period (-6 to
0 min), the filopodial activity appeared to be symmetric around a
line drawn along the midline of the growth cone shaft. Within
minutes after the onset of the glutamate gradient, an increased
number of filopodia was observed on the side of the growth cone
facing the glutamate source (near), whereas that on the other side
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4.
Quantitative
analysis
of filopodia
asymmetry
induced by a glutamate gradient. The number and length of filopodia were measured before and
after the onset of a glutamate gradient (0.5 mM in the pipette; onset time marked by UI.I.OWS)
from the recorded DIC images at 10 set intervals. The data
represent the ratio of the total number or average length of filopodia on two sides of the growth cone as defined by the midline
drawn along the growth
ccme and neurite shaft (see lines in Fig. 3). Four representative cases are shown here. N, A control growth cone exposed to culture medium alone without
glutamate. h, A growth cone exposed to the glutamate gradient. which failed to show any turning response by the end of the experiment (20 min after
the end of the 20 min cxpcriment). c, (1, Two growth cones that exhibited positive turning responses in the glutamate gradient by the end of the 20 min
cxperimcnt.
Figrw~

of the growth cone (far) was reduced. Such filopodia asymmetry
persisted until a clear turning of the growth cone shaft was
detected.
To assess the filopodial activity quantitatively, WC measured the
number and the average length of filopodia on both sides of the
growth cone before and after the onset of the glutamate gradient,
but before any obvious turning of the growth cone palm. No
asymmetry in the filopodia number or length was observed in
control experiments when culture medium was applied (Fig. 40).
Marked asymmetry, as indicated by the ratio of filopodia numbers
on the two sides (near vs far) of the growth cone, was observed
within minutes after the onset of the glutamate gradient (Fig.
4&-~!), whereas no obvious change in the ratio of average filopodia
length on the two sides was observed. Of I3 growth cones examined, 9 showed positive turning at the end of the experiment (30
min after the onset of the gradient). All 9 growth cones exhibited
persistent asymmetry in tilopodia number before actual turning
(Kruskal-Wallis
test,/] < 0.01). For the four growth cones that did
not turn, one showed transient asymmetry (Fig. 4h) and three
showed no asymmetry throughout the experiment 07 > 0.05). This
apparent correlation between the asymmetry in filopodia number
and the turning response suggests that preferential
formation of
filopodia is an early event that may be causally related to the
turning of the growth cone. It is of interest to note that, whereas
the distribution of filopodia number became asymmetric after the
onset of the glutamate gradient, the total number of filopodia was
unchanged (Fig. 4). Careful examination
of the time-lapsed sequence of growth cone behavior showed that the asymmetry was
attributable
to a redistribution
of existing filopodia to the near
side of the growth cone, as well as to an asymmetric protrusion/

retraction of filopodia on both sides of the growth cone. The
mechanism responsible for maintaining a relatively constant number of filopodia is unknown.
To depict the overall filopodia response to the glutamate gradient better, results from all 13 growth cones examined were
averaged and shown in Figure 5~7. It is clear that filopodia asymmetry appeared within a few minutes after the onset of the
glutamate gradient. Similar to the turning response, the filopodia
asymmetry induced by the glutamate gradient also requires the
presence of extraccllular
Ca’+. We examined the filopodia dynamics of the growth cones exposed to the glutamate gradient in
a Ca’+-free medium and performed the same quantitative analysis. As summarized in Figure 5h, for 10 growth cones cxamincd,
no filopodia
asymmetry was observed after the onset of the
glutamate gradient at the optimal concentration
(0.5 mM glutamate in pipette). In all of these cases, no subsequent turning
response was observed.
Effect of CB on filopodial
activity
To determine further the role of filopodia in glutamate-induced
chcmotropic turning of the growth cone, we have examined the
turning response after filopodia were eliminated
by treatment
with CB. CB is a fungal metabolite that is known to disrupt
cytoplasmic F-actin (Cooper, 1987), the primary cytoskeletal component of filopodia. We found that CB at low concentrations
(0.1-0.5 &ml)
could abolish the tilopodia effectively, causing
only a small reduction in the rate of neurite extension. As shown
in Figure 6, a and h, filopodia started to disappear soon after the
application of 0.17 pg/ml CB and essentially were eliminated by
20 min. The average filopodia number per growth cone dropped
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addition of CB. After 1 hr in the presence of the glutamate
gradient (0.5 mM glutamate in pipette), no preferential
turning
toward the glutamate source was observed. The average turning
response of CB-trcatcd
neurons was not significantly different
from that of the control (no glutamate),
although the average
length of neurite extension was reduced (see Table I). An cxampie of the lack of chemotropic response of CB-treated neurons is
shown in Figure 7a-c. The results of all experiments (n = 27) are
summarized in Table 1.
It is unlikely that the abolition of glutamate-induced
turning by
CB treatment is attributable to the loss of the growth cone’s ability
to turn. As shown by the trajectory of neurite extension in the
absence of glutamate gradient during a 2 hr period (Fig. 7d.c).
CB-treated growth cones (Fig. 7e) still turn in a haphazard manner similar to those without CB treatment (Fig. 7tl), although a
reduction in both the extension and the directional deviation from
the original direction of extension (vertical axis) was obscrvcd.
Thus, active filopodial activity may contribute
primarily to the
directed growth induced by extracellular cues.

1

8

10

Time (min)
Fi,qwe 5. Filopodia asymmetry
induced by a glutamate gradient in (u)
culture medium (n = 13) and (h) Ca”-free medium (n = 10). The data
represent the averaged ratio of the filopodia number on the two sides of
the growth cone as defined by the midline drawn along the growth cone
and neurite shaft (see Fig. 3). The ratio was obtained from the numbers of
filopodia that were measured bcforc and after the onset of a glutamate
gradient (0.5 mM in the pipette; onset time marked by the arrows) from the
recorded time-lapse DIC images, which were performed at a rate of 1
frame/l0 sec. Filopodia asymmetry was cvidcnt for growth cones exposed
to the glutamate gradient in culture medium (Kruskal-Wallis test, 1’ <
0.01). but not for those in the Ca’ ’ -free medium (p > 0.05).

from 6.6 i 0.4 to 0.3 -C 0.1 (II = 17) after 20 min of 0.17 pg/ml CB
treatment. Occasionally, a single, immobile filopodium was found
to remain after the 20 min CB treatment, perhaps because of its
strong adhesion to the substrate. Time-lapse DIC recording also
revealed that the reduction in filopodia number is accompanied by
a reduced motility of the filopodia. Immediately
after CB was
added to the medium, active protrusions and retractions of filopodia ceased and filopodia began to withdraw.
By staining the neuron with rhodamine-conjugated
phalloidin,
we have examined the distribution of F-actin in growth cones with
and without CB treatment. At the low concentration
of CB (0.17
Fg/ml), filopodia were eliminated within 20 min, but the distribution of F-actin within the growth cone and the neurite shaft (Fig.
M) was similar to that observed in the growth cone not treated
with CB (Fig. 6~). In particular, the cortical actin staining beneath
the plasmalemma appeared to remain intact after this CB treatment. In contrast, treatment of the growth cone with a higher
concentration
of CB (5 pg/ml) drastically altered the F-actin
distribution
(Fig. 6e), causing a punctate phalloidin
staining. At
this high concentration of CB, which is known to cause a complete
disruption of the F-actin network (MacLean-Fletcher
and Pollard,
1980; Forscher and Smith, 1988), neurite extension was essentially
inhibited.
Effect of CB on chemotropic
turning
Glutamate-induced
turning of growth cones was examined in the
presence of 0.17 &ml CB in the culture medium. The glutamate
gradient was applied near the growth cone 20 min after the

DISCUSSION
Glutamate
effects on nerve growth
and turning
Extracellular
application
of serotonin, dopamine, or glutamate
causes an inhibition of growth cone motility and ncurite extension
in a number of culture systems (Haydon et al., 19X4; Lankford ct
al., 1988; Mattson et al., 1988; McCobb et al., 198X). apparently
via an excessive elevation of cytosolic Ca’ ’ ([Ca’ ’ Ii) at the growth
cone (Mattson and Kater, 1988; McCobb et al., 1988) (for rcvicw,
see Kater and Mills, 1991). However, glutamate also induces rapid
filopodia protrusion from hippocampal
neurites (Smith and Jahr,
1992) and from cultured astrocytes (Cornell-Bell
et al., 1992). In
the present study, we observed positive turning responses of
growth cones of Xmopus spinal neurons in an extraccllular gradient of glutamate, similar to that found for ACh (Zhcng et al..
1994). In both cases, the presence of extracellular
Ca”
is required for the turning response, suggesting that Ca”
influx
through transmitter channels is responsible for inducing the turning response. A gradient of [Ca”li
was observed in the growth
cone soon after the onset of the ACh gradient (Zhcng et A.,
1994).
The concentration
of glutamate reaching the growth cone is
estimated to be - 103-fold lower than that in the pipcttc (Lohof et
al., 1992; Zheng et al., 1994). Thus, the average glutamate concentrations at the growth cone for effective chemotropic action
would be -0.05 and 0.5 FM, which is two to three orders of
magnitude lower than the ACh concentration
required for inducing a chemotropic
turning (Zhcng et al., 1994). This ditfcrcncc
may be attributed
to differences in the receptor density, CL”
permeability,
or ligand-binding
affinity for these two types of
receptors in Xenopus neurons. The finding that the chcmotropic
response was observed only for a narrow range of glutamate
concentrations
(i.e., 0.05 and 0.5 mM) is consistent with the
hypothesis that an optimal level and/or a gradient of [Ca’ ‘1, arc
required for the turning response. At low glutamate concentrations, an insuificient
number
of glutamate
receptors
may have
been activated on either side of the growth cone to induce suficient Ca’ ’ influx. At high glutamate concentrations,
all rcccptors
on the growth cone may have been activated, causing a uniform
elevation of [Ca’ ’ 1, across the growth cone.
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6. Effects of CB on growth cone
filopodia. a, The decline of the filopodia
number and filopodia length of a growth
cone after CB treatment (0.17 pg/ml) over
time for a typical growth cone. b, A sequence of DIC images recorded at different
times (numbered in min) after the growth
cone was exposed to CB at a concentration
of 0.17 pg/ml. Scale bar, 10 pm. c-e, The
distribution of F-a&n in growth cones without (c) and with (d, e) CB treatment as
revealed by rhodamine-phalloidin
staining.
d, The growth cone was exposed to 0.17
&ml CB for 20 min before staining. Note
that cortical actin staining appears similar to
that in the control growth cone shown in c.
e, The growth cone was exposed to 5 &ml
CB for 20 min. Scale bar, 10 pm.
Figure

Involvement of glutamate receptors
Glutamate receptors were found in developing Xenopus spinal
neurons (Nicoll et al., 1976; Bixby and Spitzer, 1984b; Dale and
Roberts, 1985). NMDA receptors, a subtype of glutamate receptors with a high permeability to Ca’+, are expressed in immature
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cerebellar granule neurons (Burgoyne et al., 1988; Howe et al.,
1991) and developing spinal neurons (Kalb et al., 1992) before
synaptogenesis. There is also evidence that NMDA receptors are
involved in neuronal migration in the cerebellum (Komuro and
Rakic, 1993). Glutamate-induced
chemotropic turning ofxenopus
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Figure Z Effect of CB on glutamate-induced chemotropic turning of Xenopus growth cones. a, A spinal neuron before exposure to CB and glutamate.
b, Twenty minutes after the addition of 0.17 pdrnl CB in bath, the glutamate gradient was established by the pulsatile ejection of solution containing 0.5
mM glutamate from the tip of a micropipette @). c, Sixty minutes after the onset of the glutamate gradient, the growth cone extended without turning.
Scale bar, 50 pm. d, e, The behavior of growth cones in the absence (d) and presence (e) of 0.17 pg/ml CB was illustrated as composite tracings of the
trajectory of the net neurite extension over a 2 hr period without the glutamate application (for tracing method, see Fig. 2 legend). Tick marks along the
x- and y-axis represent 10 pm.

spinalneuronsappearsto involve NMDA receptors directly becausethe turning responsewas blocked by AP-5 (seeTable 1).
Asymmetric activation of NMDA receptorson the two sidesof the
growth coneby the glutamategradient could causean asymmetric
Ca2+ influx at the growth cone which, in turn, could induce the
turning response.However, with Mg*+ present in the culture
medium(-1 mM), the turning responsealso required the activation of non-NMDA glutamate receptors, becauseit could be
abolishedby CNQX. It is likely that the Mg*+ block of NMDA

receptorswasremoved by the membranedepolarization (Nowak
et al., 1984;Jahr and Stevens,1987) causedby the activation of
non-NMDA receptors.Thus, the activation of both types of glutamate receptors is required for the turning responsein normal
culture medium.Indeed, we found that activation of non-NMDA
receptorswas no longer required in the absenceof extracellular
Mg2+ (Table l), whereasactivation of NMDA receptorswasstill
necessary.These findings also suggestthat the contribution of
Ca*+ influx through voltage-dependentCa*+ channelscausedby
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depolarization
induced by non-NMDA
for the turning response.

receptors was insignificant

Filopodia
asymmetry
before growth
cone turning
Cal+ is known to influence cytoskeletal dynamics and organization. A large influx of Ca’+ through membrane transmitter channels or voltage-dependent
Ca2+ channels has been shown to
induce inhibition
or retraction of growth cones (Cohan et al.,
1987; Mattson and Kater, 1988; McCobb et al., 1988) whereas a
gradient of Ca” influx appears to induce a chemotropic turning
response (Zheng et al., 1994). Filopodia contain an actin core, the
dynamics of which, therefore, could be affected by an elevation in
[Ca’+], directly or by Ca”-dependent
actin-binding
proteins
1988; Forscher, 1989; Bamburg and
(Mitchison and Kirschner,
Bernstein, 1991). A local increase in [Cazili was found to elicit
local filopodia protrusion (Davenport and Kater, 1992). We found
that when extracellular
Ca’+ was depleted filopodia asymmetry
was not induced by the glutamate gradient, and no subsequent
growth cone turning was induced. Therefore,
the preferential
filopodia formation may be mediated by asymmetric Ca’ ‘~ influx
in the presence of a glutamate gradient. The close correlation
between the appearance of persistent asymmetry and eventual
growth cone turning suggests further that an asymmetry in filopodia is an early cellular event that determines the direction of
neurite extension. Our results provide quantitative analyses that
substantiate previous observations of filopodia asymmetry before
the growth cone turning response (Gundersen and Barrett, 1980;
McCaig, 1986; Zheng et al., 1994).
Effects of CB treatment
The essential role of filopodia in contact-mediated
growth cone
guidance in viva has been demonstrated clearly by using cytochalasins (Bentley and Toroian-Raymond,
1986; Chien et al., 1993).
We have used a similar approach to examine whether the presence of filopodia also are required for chemotropic guidance of
the growth cone by glutamate. We found that elimination
of
filopodia by the low concentration
(0.17 pg/ml) of CB completely
blocked the turning response, whereas the neurite extension was
reduced only slightly. Fluorescence
staining with rhodaminephalloidin
showed that CB at this low concentration
effectively
removes filopodia without substantially affecting the F-actin distribution in the growth cone palm and neurite shaft. This effect of
CB is unlikely to be attributable
to the side effect on hexose
transport (Lin and Spudich, 1974). Cytochalasin D, which is more
specific in disrupting F-actin (Goddette and Frieden, 1986) also
eliminated tilopodia and abolished glutamate-induced
turning (J.
Zheng, unpublished observations).
Filopodia activity depends on the actin dynamics in the growth
cone. An asymmetric filopodia distribution
observed during the
turning response is likely caused by an asymmetry in actin polymerization.
CB affects the actin dynamics by binding to the
barbed end of actin filaments, which prevents further polymerization and leads to the depolymerization
of actin filaments. Actin
filaments undergo rapid polymerization
and depolymerization
in
motile filopodia and, therefore, are most susceptible to the disruption by CB. However, we cannot rule out that, in addition to its
etfect on filopodia, the low concentration
of CB used also affected
other functions of actin filaments in the growth cone that are
responsible for the turning response. Our result that CB-treated
growth cones in the absence of extracellular
cues still exhibited
turning in a haphazard manner similar to that of untreated growth
cones suggests that the growth cone remained capable of spontaneous turning after the CB treatment.
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Potential
functions
of filopodia
Removal of filopodia by CB may lead to two immediate conscquences on the chemotropic response of the growth cone. Assuming that glutamate receptors are distributed along the membrane
of entire filopodia (average length 7 pm), the spatial gradient
sampled by the growth cone will be reduced by at lcast twofold
after the elimination of filopodia (Lohof et al., 1992; Zhcng ct al.,
1994). The resulting asymmetry of Ca” influx on two sides of the
growth cone likely would be reduced similarly. The absence of
filopodia also eliminates the structural element responsible for
generating an asymmetric tension that may help to orient the
direction of neurite extension (Heidemann
et al., 1990). However,
it is known that neurite extension does not require the presence of
filopodia and that cellular processes involved in nerve growth, cg.,
microtubule polymerization
and/or insertion of new plasma mcmbrane, can proceed in the absence of the tension generated by
filopodia (Marsh and Letourneau,
1984; Lctourncau et al., 1987).
Filopodia-free
growth cones also were found to exhibit prefcrential turning under the influence of an electric field (McCaig, 1989).
Although
these previous findings suggest that the tension produced by filopodia is not necessary for either the extension or the
turning of the growth cone, we cannot exclude the possibility that,
in the case of chemotropic turning responses, rapid induction of
asymmetric filopodial activity leads to an asymmetric tension that
facilitates the turning response.
In conclusion, we have shown that filopodia play an important
role in glutamate-induced
chemotropic turning of nerve growth
cones. Our results suggest that asymmetric Cal’ influx at the
growth cone, filopodia asymmetry, and the turning of the growth
cone comprise a sequence of causally related events. Inhibition of
filopodia asymmetry by depleting extracellular
Ca’ ’ or eliminating filopodia by a low concentration
of cytochalasins abolished the
chemotropic
turning. Although as yet there is no evidence that
glutamate plays a role in axonal guidance in V~IV, the present study
provides useful information concerning cellular mechanisms used
by the growth cone to detect and respond to diffusible extraccllular guidance cues.
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