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The Role of Local Actin
Instability in Axon Formation

Frank Bradke and Carlos G. Dotti*

The role of localized instability of the actin network in specifying axonal fate
was examined with the use of rat hippocampal neurons in culture. During
normal neuronal development, actin dynamics and instability polarized to a
single growth cone before axon formation. Consistently, global application of
actin-depolymerizing drugs and of the Rho-signaling inactivator toxin B to
nonpolarized cells produced neurons with multiple axons. Moreover, disruption
of the actin network in one individual growth cone induced its neurite to
become the axon. Thus, local instability of the actin network restricted to a
single growth cone is a physiological signal specifying neuronal polarization.

Neuronal polarization occurs when one of the
multiple neurites emerging from the cell body
elongates rapidly; this neurite becomes the
axon, whereas the remaining neurites become
dendrites (/). What are the intracellular mech-
anisms specifying this event? Despite intensive
analysis, the answer remains elusive (2, 3).
Actin assembly and disassembly play an impor-
tant role in growth cone and leading edge
movement (4, 5), in the formation of neurite-
like processes in nonneuronal cells (6), and in
neurite elongation (4, 7). It has been suggested
that filopodia of the growth cone create pulling
tension needed for neurite elongation (8). How-
ever, the forces produced by filopodia are not
sufficient to translocate the growth cone nor to
pull a neurite (9), suggesting that forward
movement of microtubules produces neurite
elongation. Consistently, neurites elongate rap-
idly and in a disoriented fashion in the presence
of cytochalasin D both in vivo and in vitro (4, 6,
7, 10). Here, we hypothesized that axon forma-~
tion takes place from the growth cone with a
more dynamic and labile actin network.
Hippocampal neurons form several simi-
lar neurites of 10- to 15-pm length before
polarization [stage 2 (/); see Fig. 1A]. One of
the neurites then starts to grow out very
rapidly and becomes the axon [stage 3 (7, 2)].
To examine our hypothesis, we analyzed the
dynamics of the growth cones of nonpolar-
ized (stage 2) hippocampal neurons in culture
until they became polarized (stage 3) using

The neurite with the most active growth cone
became the cell’s axon (Fig. 1A) (/2). Be-
cause high actin turnover underlies the mo-
tility of the growth cones of neurites and also
of advancing motile nonneuronal cells (4, 5),
we estimated that the observed high dynam-
ics of a single growth cone preceding axon
formation reflects higher actin turnover and
may underlie neuronal polarization.

If the actin cytoskeleton of the axonal

growth cone allows process elongation be-
cause it is more permissive for microtubule
protrusion than in the other growth cones, a
short treatment with cytochalasin D should
depolymerize the actin cytoskeleton faster in
this growth cone. To test this hypothesis, we
treated cells with 1 wM cytochalasin D for 1
min, fixed them, and stained them with rho-
damine-conjugated phalloidin (/3). In polar-
ized stage 3 neurons, the short exposure to
cytochalasin D produced a loss of actin stain-
ing in the axonal growth cone compared with
the minor neurites” growth cones in 72.8%
(*=7.4%) of the cells (Fig. 2, Band D; n =
214). Consistent with a role in polarization, in
nonpolarized stage 2 cells, actin loss after
cytochalasin D treatment was restricted to
one or two growth cones in 34.2% (£2.1%)
of the cells (Fig. 2, A and C; n = 177).
Besides differences in actin susceptibility
to cytochalasin D, we also observed differ-
ences in the extractability of the growth
cones’ actin filaments in untreated neurons.
We added saponin (20 to 40 p.g/ml) to living
cells for 10 to 30 s, fixed them, and stained
them with rhodamine-conjugated phalloidin
(14). The loss of actin staining was evident in
the growth cone of the axon in 74.1%
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Fig. 1. The axonal growth cone is highly dynamic before axon
formation. Two aspects are different between the growth cone of
the future axon (I, arrow) and the growth cones of neurites destined
to become dendrites: morphological appearance and dynamics. (A)
The process with the largest growth cone (I, arrow) contains prom-
inent lamellipodia and filopodia. Within 2 hours, process | becomes
the axon. The growth cone of another neurite that will not elongate
is marked with an arrowhead for comparison. (B) Sequence of
changes in growth cone shape with time (hours: minutes) of the cell
shown in (A). The future axonal growth cone | undergoes numerous
episodes of lamellipodial and filopodial expansions and retractions.
Although the surface area of the growth cone hardly varies, it
appears in different shapes by forming filopodia and lamellipodia
followed by changes in the direction of the process itself. The minor
neurites’ growth cones are either quiescent (II, Ill, and V1) or form
some small lamellipodia (IV and V). Scale bar, 10 pm.

video microscopy (1) (Fig. 1). In four out of
five analyzed cells, one of the growth cones
appeared larger (3) and especially dynamic; it
extended and retracted numerous lamellipo-
dia and filopodia and also showed turning
behavior (Fig. 1B). In contrast to the behavior
of this growth cone, the other growth cones
appeared smaller and quiescent (Fig. 1B).

European Molecular Biology Laboratory, Cell Biology
Programme, Meyerhofstrasse 1, 69012 Heidelberg,
Germany.

*To whom correspondence should be addressed. E-
mail: dotti@embl-heidelberg.de

VOL 283 19 MARCH 1999 1931

www.sciencemag.org SCIENCE



1932

(*2.0%) of polarized stage 3 cells (Fig. 2, F
and H; » = 89) and in only one or two
processes of 45.2% (£10.0%) of morpholog-
ically unpolarized stage 2 neurons (Fig. 2, E
and G; n = 124).

The high percentage of stage 3 neurons that
lost the actin network in the axonal growth cone
only, either after a brief treatment with cytocha-
lasin D or after exposure to a low concentration
of saponin, suggests that the axonal growth
cone contains an unstable actin cytoskeleton
that supports axonal elongation. Following the
same rationale, actin instability in a growth
cone of a single neurite within a population of
stage 2 cells indicates that this is the neurite that
will become the axon. In the stage 2 cell shown
(Fig. 2, E and G), loss of actin filaments is clear
in two growth cones, suggesting that these are
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the processes with higher chances to become
the axon (/5). The lower percentage of stage 2
cells showing a polarized actin loss compared
with stage 3 cells is consistent with the model
that hippocampal polarization occurs in a late
phase of stage 2 development (3).

" If actin instability in one growth cone is
essential for axon formation, it follows that
depolymerization of the actin cytoskeleton in
all growth cones of stage 2 cells should produce
many axons. To test this hypothesis, we added
cytochalasin D for 24 hours to cultures com-
posed primarily of nonpolarized stage 2 cells
and then analyzed the neuronal phenotype. This
treatment resulted in the appearance of 70.6%
(*£5.3%) (*standard error) of cells (n = 610)
with multiple (two to five) 40-pm or longer
processes (Fig. 3A). Addition of dimethyl sul-

Fig. 2. The actin cytoskeleton of the growth cone of the future axon is sensitive to cytochalasin D
treatment and to detergent extraction. (A to D) Cells treated with 1 M cytochalasin D for 30 to
60 s were fixed and stained with rhodamine-conjugated phalloidin (C and D). The F-actin in the
presumed axonal [stage (st.) 2 (C)] and the determined axonal [stage 3 (D)] growth cone (arrow)
is depolymerized, whereas the minor neurites’ growth cones (arrowhead) still have an intact actin
cytoskeleton. (E to H) Cells treated with saponin (0.02 to 0.04 mg/ml) for 10 to 30 s were fixed
and stained with rhodamine-conjugated phalloidin (G and H). The extractability of the actin
cytoskeleton differs in the growth cones. The growth cone of the predicted axon in stage 2 cells (G)
and that of the determined axon of stage 3 {H) cells (arrow) contain no F-actin, whereas the minor
neurites’ growth cones still have an intact actin cytoskeleton (arrowhead) after the detergent

treatment.

foxide (DMSO) to sister cultures did not affect
the neuronal phenotype, and more than 85% of
the cells (» = 611) had the typical stage 3
appearance, one long axon and several short
neurites (Fig. 3B). To rule out that the forma-
tion of multiple axonlike processes was due
to a specific cell-substratum (poly-L-lysine)
interaction in our culture system, we ana-
lyzed the effect of cytochalasin D on neurons
grown on laminin-coated cover slips. The
results were identical to those reported above
[Web Fig. A (all Web figures are available at
www.sciencemag.org/feature/data/987001.shl)].
To certify that the observed disturbance of po-
larity was due to actin depolymerization and not
derived from other possible effects of cytocha-
lasin D, we also depolymerized the actin cy-
toskeleton with the G-actin—sequestering drug
latrunculin B (16). Addition of latrunculin B to
1-day-old cells for 24 hours resulted in the
appearance of 72.0% (= 1.6%, n = 627) of cells
with multiple axonlike processes, typically
three to four of them (/7). To test whether the
cytochalasin- or latrunculin-induced processes
had more axonal characteristics than morpho-
logical appearance, we used time-lapse video
microscopy to measure elongation rate (Fig.
3E). Addition of 1 uM cytochalasin D resulted
in the collapse of lamellipodia and filopodia
after 40 to 60 s and protrusion of microtubules
into peripheral areas of all of the growth
cones (/8) (Web Fig. B). Then the neurites
started to grow and elongated synchronous-
ly at an average speed of 4 to 12 pm/hour
(Fig. 3E). The measured velocities were
identical to those described for axonal
growth of untreated hippocampal neurons
(). The multiple fast growing axon behav-
ior was observed repeatedly (38 out of 40
cells showed this phenotype, and only two
cells grew a single axon). Besides axonlike
morphology and growth rate, cytochalasin
D—formed neurites contained numerous mem-
brane organelles, a characteristic of the growing
axon of control neurons (3) (Web Fig. C), and
also the dephosphorylated form of Tau, an ax-
onal marker (19, 20).

To demonstrate that destabilization of the
actin cytoskeleton in the growth cone is suf-
ficient to induce axon formation, we depoly-
merized the actin cytoskeleton in selected
growth cones. We located individual, unpo-
larized stage 2 cells, photographed them, and
then applied cytochalasin D to a single
growth cone for 15 to 30 min with a two-
capillary method (2/). The cells were then
returned to the original medium and photo-
graphed 24 hours later. In a stage 2 cell
shortly before polarization (Fig. 4A), one
process had the biggest growth cone and
phase-dense material of its shaft and was
likely to become the axon (3). When the drug
was applied to the growth cone of a different
neurite, phase-dense material started to col-
lect along the perfused shaft (Fig. 4, B and
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C). One day later, this neurite became the
axon (Fig. 4D). From 23 successful observa-
tions (cells were still alive 24 hours after the
experimental manipulation and grew an
axon), 18 neurons grew an axon from the
cytochalasin D-perfused site (Web Fig. D).
Thus, local actin instability can trigger neu-
ronal polarity.

To demonstrate whether a physiological
signaling pathway could produce the same
effects on neuronal polarization as observed
with actin-depolymerizing drugs, we analyzed
the effect of inactivating the Rho family of
guanosine triphosphatases (GTPases) (Rho,
Rac, and Cdc-42). These proteins were origi-
nally identified as polarity-establishing genes in
yeast (22) and later shown to regulate the actin
cytoskeleton in mammalian cells (23). Unpolar-
ized hippocampal neurons were treated with
toxin B (24) for 24 hours, and process forma-
tion and integrity of the actin network were then
analyzed by light microscopy (Fig. 4, E and F).
Treatment with toxin B (100 pg/ml) resulted in
the complete loss of F-actin staining (Fig. 4F),
and, more importantly, cells showed multiple
axonlike processes in 90.6% (*1.8%) of the
cases (n = 574) instead of the normal pheno-
type single axon and multiple dendrites (Fig.
4E). All of the neurites grew extensively, show-
ing lengths ranging from 40 to 80 pm, typical
of axons of untreated neurons, and also con-
tained the axonal protein Tau (20). Because
inactivation of Rac, Rho, and Cdc-42 produced
the same effect as addition of cytochalasin D
and latrunculin B, with a loss of F-actin and the
growth of multiple axons, we conclude that
depolymerization of growth cone actin is a
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Fig. 4. Specific manipulation of the actin cytoskeleton. (A
to D) Axon formation can be artificially determined. One
growth cone of a 1-day-old cell was locally perfused with
1 iM cytochalasin D for 12 min (B); the cell was returned
to the incubator, and pictures were taken after 24 hours
(D). Note that before treatment, the perfused growth
cone [(A), thin arrow, left process] is small and with little phase-dense material in its shaft
compared with the large growth cone and abundant phase-dense material of the neurite to its right
[(A), thick arrow]. This indicates that in this cell, if undisturbed, the latter neurite is destined to
become the cell's axon (3). Nevertheless, shortly after perfusion, the treated neurite becomes more
phase dense (C) and forms the axon during the next 24 hours (D). (E and F) Toxin B-treated
neurons. Cells were treated with toxin B for 24 hours, fixed, and stained with rhodamine-phalloidin
(F). The cells are depleted of actin filaments (F) and show many neurites that are 40 to 80 pm long
(E). The phenotype is similar to cytochalasin D and latrunculin B treatment (see Fig. 3).
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Fig. 3. Breakdown of the actin cytoskeleton induces multiaxonal hippocampal
neurons. (A to D) Unpolarized stage 2 neurons were grown in the presence of
1 1M cytochalasin D (A and C) or with DMSO as a control (B and D) for another
24 hours, fixed, and stained with phalloidin conjugated to rhodamine. Cytocha-
lasin D-treated neurons form multiple, usually three to five, neurites that
achieve axonal length [40 to 80 um (A)], whereas the control neurons show only
one axon and three to five minor neurites destined to become dendrites (B).
Cytochalasin D-treated neurons show no actin filament staining but only some
spots in the cell body (C) as described (4), whereas control cells show the actin
filaments composed as a fanlike structure in the growth cones (D). (E) Time-

lapse video recordings of 1-day-old stage 2 cells treated with 1 LM cytochalasin D shortly after addition of the drug. All growth cones lose their normal
appearance (see also Fig. 1A and Web Fig. B). After 2 hours, the majority of neurites rapidly started to grow. After 12 hours, three neurites are longer
than 60 wm, and one neurite is longer than 30 um. The graph shows the neuritic length over time (hours: minutes). The neurites achieve maximal

velocities of 12 pm/hour.
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physiological requirement for neuronal polar-
ization. Moreover, these results arguethat the
Rho family of GTPases is involved in the con-
trol of neuronal polarization.

Our data imply that neuronal cells specify
axonal and dendritic fate by modifying the
dynamics of the actin filaments in the growth
cones. In the dynamic growth cone, where the
actin network is more unstable, process elon-
gation takes place and the axon is formed.
Such a loose actin meshwork allows micro-
tubules to protrude into distal areas of the
growth cone, and therefore axon formation
can take place (4). Consistent with such a
view, microtubules invade into the growth
cone before the growth cone moves forward
and net neurite elongation takes place (25).
Moreover, beads coated with apCAM, an im-
munoglobulin superfamily cell adhesion mol-
ecule, induce rearrangement of the actin cy-
toskeleton when bound to growth cones (26).
Nevertheless, other microtubule-actin inter-
actions besides steric hindrance may regulate
microtubules and, hence, process elongation.

In contrast to what happens to induce axon
formation, stable actin meshwork in the remain-
ing growth cones may impair microtubule and
organelle protrusion. Thus, it may prevent these
processes from growing and determine their
fate to become “dendrites.” It is likely that later
dendritic growth will also require a change in
actin dynamics. Indeed, dominant negative mu-
tants of Rho, Rac, and Cdc-42 specifically
change dendritic formation in cortical neurons
(27). However, the external signal must differ
from that determining axonal growth and is
likely to proceed through different members of
the Rho family of GTPases (28). One may
envision that these mechanisms also could lead
to neuronal polarization in vivo. One growth
cone could contact a factor (or a different con-
centration of it), activating a signaling cascade
that may induce actin depolymerization and
process clongation. Although we show that the
Rho GTPases can mediate such signaling, acti-
vation of many different signaling pathways
changes actin filament dynamics. Thus, irre-
spective of which factor any given neuron con-
tacts, localized actin instability could provide a
general mechanism for polarization.
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