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Abstract

It is becoming increasingly evident that proteins of the actin depolymerizing factor

(ADF)/cofilin family are essential regulators of actin turnover required for many actin-based cel-
lular processes, including motility. ADF can increase actin turnover by either increasing the rate of
actin filament treadmilling or by severing actin filaments. In neurons ADF is highly expressed in
neuronal growth cones and its activity is regulated by many signals that affect growth cone motil-
ity. In addition, increased activity of ADF causes an increase in neurite extension. ADF activity is
inhibited upon phosphorylation by LIM kinases (LIMK), kinases activated by members of the Rho
family of small GTPases. ADF become dephosphorylated downstream of signal pathways that
activate PI-3 kinase or increase levels of intracellular calcium. The growth-regulating effects of
ADF together with its ability to be regulated by a wide variety of guidance cues, suggest that ADF
may regulate growth cone advance and navigation.

Index Entries: Actin depolymerizing factor; cofilin; growth cone; actin filaments; phosphoryla-

tion; LIM kinase; Rho family GTPases.

Introduction

Over the past few years, tremendous
advances have been made in elucidating
signal pathways that regulate actin dynamics
as well as the actin-binding proteins that
regulate actin-based cell motility in non-
neuronal cells. Intracellular signals that regu-
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late actin dynamics in growth cones are simi-
lar to those functioning in motile nonneu-
ronal cells. For example, the Rho family of
GTPAses (Rho, Rac, and Cdc42) were initially
found essential for the formation of lamel-
lipodia, filopodia, and actin stress fibers in
nonneuronal cells (1), and have been found to
mediate not only lamellipodia and filopodia
formation in  primary neurons, but
also responsiveness to certain guidance cues
(2-6). In neurons, significant progress has
been made not only in identifying guidance
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cues, but also the receptors and downstream
signal pathways that control growth
cone motility (7). Less is known of which
specific cytoskeleton-regulating proteins are
effectors for these signals, but several likely
candidates are emerging, including proteins
of the ADF/cofilin family. This review
will briefly summarize the characteristics of
ADF/cofilin, then discuss evidence that sug-
gests an integral involvement of ADF/cofilin
in the regulation of growth cone motility.
Other recent reviews provide more in-depth
discussions of the biochemical properties
of ADF and its function in nonneuronal
cells (8-10).

Actin-Based Motility of Growth
Cones

Actin polymerization supplies the protru-
sive force responsible for process extension in
many cell types (11). In growth cones, actin fil-
aments are concentrated at the periphery and
extend into filopodia (12). Growth cone motil-
ity is reliant on actin polymerization (13,14), as
is navigation in response to certain extracellu-
lar cues. Treatment of neurons with cytocha-
lasins, which inhibit actin polymerization,
eliminates most growth cone structure, alters
the rate of neurite outgrowth (15), and impairs
growth cone navigation (16). F-actin prefer-
entially accumulates in growth cone regions
that contact positive guidance cues (17,18),
whereas F-actin concentrations in growth
cones are often decreased by inhibitory factors
(5,19,20). However, excessive accumulation of
F-actin in growth cones may also inhibit
growth cone advance (2,4). These findings
indicate that actin dynamics are central to the
regulation of growth cone morphology and
movement. Therefore, determining which sig-
nal-regulated proteins bind actin and regulate
actin dynamics in response to extracellular
cues will be essential for fully understanding
growth cone navigation to appropriate targets
during development.
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Basic Components Required
for Actin-Based Motility

The basic mechanisms of actin-filament
turnover are highly conserved and utilized for
motility in a wide variety of cell types and
organisms, from mammalian neuronal growth
cones to fish keratocytes to pathogens travel-
ing within eukaryotic cells. At steady-state
concentrations of actin in cells, actin
monomers are preferentially added at the
barbed end of filaments and lost from the
pointed ends. In motile cells, incorporation of
monomer occurs predominately at the leading
edge (21), creating a propulsive force that theo-
retically is capable of pushing lamellipodia
and filopodia forward in the absence of
myosin contractility (11,22). In growth cones,
most fast-growing barbed ends of actin fila-
ments are oriented towards the membrane
(12), and membrane protrusion is regulated by
assembly of actin filaments at the leading edge
and disassembly at the central domain (14).
This same treadmilling machinery used for
filopodia and lamellipodia extension in neu-
rons is exploited by certain pathogens, such as
Listeria monocytogenes, for propulsion inside
eukaryotic cells (22-24).

A recent study has identified minimal com-
ponents required for actin-based muotility in
vitro using purified components (25). Actin
treadmilling and propulsion of bacteria require
only the Arp2/3 complex, an activator of
Arp2/3 (Listeria ActA or activated N-WASP),
capping protein, and ADF (25). In this model
activated Arp2/3 promotes actin polymeriza-
tion by crosslinking and nucleating new fila-
ments and capping pointed ends, capping
protein blocks actin monomer addition at
barbed ends outside the active zone, and ADF
promotes barbed-end polymerization and
treadmilling by recycling monomers from
pointed ends. Other proteins that enhanced
motility in this system, but were not essential
were profilin, a-actinin, and VASP.

Because Listeria can travel from peripheral
nerve endings to the brain within axons, these
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basic components are certainly present in neu-
rons and likely also utilized for growth cone
motility. Therefore the essentiality of these pro-
teins for regulating membrane protrusion in
growth cones should be investigated, as well
as the potential for these proteins to serve as
convergence points for a wide variety of
growth-regulating signals. Profilin, Ena/VASP
family members, and N-WASP have all
recently been found essential for normal
axonal outgrowth (26-28). Based on their local-
ization in growth cones, the Arp2/3 complex
and a-actinin may be essential as well (24,29).
Recent evidence also suggests that ADF is
a central component for signal-regulated
growth cone motility.

ADF Regulation of Actin Dynamics

ADF and cofilin are actin-monomer seques-
tering, F-actin depolymerizing proteins that
are closely related in sequence, have similar
activities and can be considered isoforms (30).
ADF/cofilins are ubiquitously expressed in
eukaryotes, with activities conserved across
phyla. For example, cofilin mutations in yeast
are lethal, but rescued by addition of mam-
malian ADF (31).

Both ADF and cofilin are expressed in neu-
rons, but ADF levels appear much higher than
cofilin. For example, ADF levels are more than
twofold greater than cofilin in embryonic chick
brain (32). Colocalization of ADF/cofilin and
actin to ruffling membranes and other regions
of high actin-filament turnover first suggested
that ADF/cofilin regulated actin dynamics
during membrane extension. ADF binds to
actin filaments at the leading edge of lamel-
lipodia, especially in regions where actin fila-
ment disassembly occurs (33-35), and is highly
expressed in both axonal and dendritic growth
cones (36,37). Relative to total protein, ADF is
enriched 5-10-fold in growth cone particle
extracts compared to whole-brain extracts
from embryonic chicks (4).

An important characteristic of ADF/cofilin
is a greater affinity for ADP-actin than ATP-
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actin (9,10). Most actin monomers in vivo bind
ATP, but incorporation at the barbed end of fil-
aments is followed by conversion to ADP-
actin. ADF therefore binds preferentially to
actin subunits nearer pointed ends and ADF
binding increases the rate of ADP-actin
removal. Subsequent nucleotide exchange,
enhanced by profilin, then increases the con-
centration of ATP-actin monomers available
for polymerization, speeding growth at barbed
ends. Hence ADEF/cofilin increases steady-
state treadmilling of filaments and accounts in
great part for the enhanced rates of actin
turnover and membrane protrusion observed
in vivo, compared to that observed for pure
actin in vitro (9,10). ADF/ cofilin can also speed
polymerization by severing actin filaments and
thereby providing additional uncapped, free
barbed ends for polymerization (30,35,38). In
summary, the name “actin depolymerizing fac-
tor” is misleading, because ADF/cofilins do
not simply depolymerize and reduce levels of
F-actin, but rather increase F-actin turnover.

Regulation of ADF Activity

A major mechanism for regulating the activ-
ity of ADF/cofilin proteins is by phosphoryla-
tion (30). Phosphorylation at a single site (ser3)
inhibits actin-binding and F-actin depolymer-
ization (39,40). In vivo studies confirm the
importance of ADF/cofilin phosphorylation.
Cytokinesis, an actin-dependent process, is
blocked in Xenopus blastomeres by injections
of ADF/cofilin mutants that cannot be phos-
phorylated (41), but not by injections of
wild-type ADEF/cofilins (42). ADEF/cofilin
depolymerizing activity is also inhibited by
PIP; and tropomyosin, and enhanced by
increased pH in biochemical assays, although
the physiological relevance of these character-
istics has not yet been confirmed (30).

Much of ADF/cofilin in cells is in the phos-
phorylated, inactive form. Circumstantial evi-
dence from many cell types suggests that
signal-induced ADF/cofilin dephosphoryla-
tion is important for regulating actin dynamics
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and altering cell morphology (30,43).
ADF/cofilin is also the only in vivo substrate
for LIM kinase-1 (44,45). Hemizygous dele-
tions of the LIMK-1 gene have been implicated
in the abnormal cortical development associ-
ated with Williams syndrome (46), although
this finding remains controversial (47). This
suggests that even a limited disruption of ADF
phosphoregulation can result in developmen-
tal brain defects.

Effects of Guidance Cues
and Downstream Signal
Pathways on ADF Activity

A major pathway for regulating ADF/ cofilin
in growth cones is via activation of Rho family
small GTPases, because Cdc42, Racl, and Rho
activate LIM kinases (44,45,48-50). LIM
kinases are activated downstream of Rho fam-
ily GTPases by phosphorylation at serine 508
by Pakl (48) or the Rho-associated kinase
ROCK (51). Racl is an important regulator of
actin dynamics that is essential for axonal out-
growth (2) and growth cone responses to cer-
tain extracellular cues, such as Sema3A (3,5).
Because Racl activates LIMK-1, some of the
effects of Rac on neuronal morphology are
likely due in part to modulation of ADF activ-
ity. The small GTPases Rho and Cdc42 are also
important modulators of neurite outgrowth
(5,6,52), and both activate LIMK-2 and increase
ADEF/ cofilin phosphorylation (49,50).

A wide variety of intracellular signal path-
ways promote the dephosphorylation (activa-
tion) of ADF/cofilin in neurons (33). When
[Ca?*]; is raised to levels that induce filopodia
extension using the calcium ionophore A23187,
ADF is dephosphorylated in a calcineurin-
dependent manner. Increased cAMP levels
also promote ADF dephosphorylation, but
in a calcineurin-independent manner. Basal
dephosphorylation of ADF in unstimulated
cells is greatly attenuated by inhibitors of pro-
tein phosphatases 1 and 2A, but minimally
affected by calcineurin inhibitors. Inhibition of
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PI-3 kinase also blocks most ADF dephospho-
rylation in cultured neurons. The identity of
this primary phosphatase for ADF, stimulated
downstream of PI-3 kinase, has not been dis-
covered, but may be a novel phosphatase
based on certain experimental results (30,33).
Because the PI-3 kinase pathway and the sec-
ond messengers Ca?* and cAMP are common
downstream effectors of a wide variety of
growth cone guidance cues, including neuro-
transmitters, growth factors, adhesion pro-
teins, netrins, and MAG (7), ADF/cofilin may
be a common target of all these cues (Fig. 1). In
support of this, both glutamate (37) and NGF
(33) decrease levels of phosphorylated
ADEF/ cofilin in neurons.

Studies of signal-induced changes in ADF
phosphorylation in response to growth-regu-
lating cues suggested that increased ADF
activity promotes lamellipodia and filopodia
extension in neurons, as well as growth cone
advance (33). For example, when serum-
deprived PC-12 cells are treated with NGF, lev-
els of phosphorylated ADF and cofilin
decrease by more than 50% after 10 min, and
ADF and cofilin accumulate and co-localize
with actin at the tips of lamellipodia and some
tilopodia. Decreased phosphorylation of ADF
and cofilin is maintained for more than an
hour, during which time extensive membrane
ruffling and neurite extension occur. NGF-
induced dephosphorylation of ADF and cofilin
may be downstream of PI-3 kinase and Rac
activation, because PI-3 kinase is rapidly acti-
vated by NGF and required for neurite out-
growth in PC-12 cells (53), and growth factor
and ras-mediated activation of Racl that leads
to membrane ruffling is mediated by PI-3
kinase (1,54). In contrast, treatment of cortical
neurons with lysophosphatidic acid (LPA), a
cerebrospinal fluid constituent that inhibits
neurite outgrowth in a Rho-dependent manner
(565), decreases ADF activity by increasing lev-
els of phosphorylated ADF. Interestingly, LPA-
induced neurite retraction is prevented by
dibutyryl-cyclic AMP treatment (56), a treat-
ment which decreases levels of phosphory-
lated ADF either by activating a phosphatase
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Fig. 1. Major signal pathways linking growth-
cone navigational cues to changes in ADF activity.
Selected major classes of growth-regulating signal
molecules together with some specific extracellular
cues are shown. Arrows indicate stimulatory path-
ways. Major bifurcation points for simultaneous stim-
ulation of both the ADF phosphatases and kinases
are at PI-3 kinase, and possibly Rac. Based on
inhibitor results, the “ADF phosphatase” may be of
protein phosphatase type 1 or 2A. Cyclic AMP may
either stimulate ADF dephosphorylation or inhibit
Rho. Additional details and descriptions are provided
in the text (for simplicity, many intermediate signal-
ing molecules are not shown). Cdc42 can also acti-
vate Rac1 and Pak1, but is not shown.

or inhibiting Rho, and therefore LIMK activity
(33).

That ADEF/cofilin becomes phosphorylated
downstream of both Rac and Rho activation
may appear inconsistent with the hypothesis
that increased ADF/cofilin activity spurs neu-
rite growth or lamellipodia extension, because
lamellipodia extension is promoted by Rac but
inhibited by Rho. Although Racl activation
does increase ADEF/cofilin phosphorylation,
as measured by enhanced 3°P incorporation
(44,45), no measures were reported of net phos-
phorylation levels. Racl activation may also
increase ADF/cofilin dephosphorylation, as
reported after injections of constitutively active
Racl into Xenopus oocytes (57). How Rac may
activate the ADF phosphatase is presently
unclear. Related to this, epidermal growth fac-
tor (EGF) treatment of serum-starved fibrob-
lasts, which activates Rac and induces rapid
lamellipodia extension (58,59), greatly reduces
the phosphate half-life on ADF/ cofilin without
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affecting net phosphorylation levels (33). Thus,
both ADF phosphorylation and dephosphoryla-
tion are stimulated by EGF. Because EGF-stimu-
lated lamellipodia extension appears to depend
on ADEF/cofilin (35), this enhanced phosphate
turnover without net phosphorylation change
could be sufficient for altering F-actin dynamics
in two related ways. First, spatially distinct loca-
tions for phosphorylation and dephosphoryla-
tion would allow for ADEF/cofilin activation
and enhanced actin dynamics in only certain,
discrete cellular domains. Second, dephospho-
rylation would allow monomer removal from
pointed ends, whereas transient phosphoryla-
tion would release ADP-actin monomers bound
to ADF, enhancing nucleotide exchange and
ATP-actin addition to barbed ends, and there-
fore actin treadmilling (10).

Increased ADF/Cofilin Activity
Enhances Neurite Outgrowth

To test directly if changes in ADF activity
would increase growth cone advance,
ADEF/cofilin activity was increased in primary
cultured cortical neurons using recombinant
adenovirus-mediated expression of Xenopus
ADEF/ cofilin (XAC) (60). Increased ADF/ cofilin
expression increased neurite lengths by more
than 50% compared to uninfected controls or
controls infected with inactive, phosphoryla-
tion-mimic XAC(E3) mutants. The magnitude
of this effect is rather surprising, considering it
is a single actin-binding protein and not a signal
molecule that regulates multiple substrates or
signal-transduction pathways. In addition,
based on expression and phosphorylation lev-
els, expression of XAC(wt) increased levels of
active (unphosphorylated) ADF/cofilin by
<20%. Interestingly, wild-type XAC, which was
over 50% phosphorylated, increased neurite
lengths to a greater extent than the constitu-
tively active XAC(A3) mutant which cannot be
phosphorylated. Even though A3 mutants have
only half the binding affinity of wild-type
ADF (40), expression of XAC(A3) would be
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predicted to supply at least the same level of net
ADEF/cofilin activity. Taken together, these
results suggest that even relatively modest
changes in ADF phosphorylation may have sig-
nificant effects on neurite outgrowth, and regu-
lated phosphate turnover on ADF/cofilin may
be of great importance.

Despite having considerable impact on neu-
rite extension, ADF/cofilin overexpression has
relatively minimal impact on growth cone
morphology (60). Growth cone lamellipodia and
filopodia remained highly motile and no quali-
tative differences were observed after ADF/
cofilin overexpression. Quantitative analysis
revealed slight increases in growth cone area
(14%) and numbers of filopodia (12%), while
filopodia number on neurite shafts proximal to
the growth cones decreased (11%). F-actin levels
in growth cones also decreased, but only
slightly. However, F-actin turnover appeared to
increase, based on growth cone collapse and
rates of F-actin disappearance after treatment
with drugs that block actin polymerization.
Tubulin immunoreactivity was also slightly
higher in growth cones, suggesting increased
invasion of microtubules into the growth cones.

How Does ADF/Cofilin Activity
Affect Growth Cone Motility?

The appreciable effect of relatively small
changes in ADEF/cofilin activity provides a
compelling argument for an integral role of
ADF/cofilin in regulating growth cone motil-
ity. However, whether ADF/cofilins set a base
rate of actin turnover in growth cones that
affects only a default rate of advance, or
whether changes in ADF/cofilin are also
required for growth cone turning in response
to navigational cues, remains to be deter-
mined. The mechanism of the growth-promot-
ing effect also remains to be elucidated, and
this mechanism may illuminate potential ways
of affecting growth cone navigation.

The effects of increased ADEF/cofilin on
growth cone advance could be accounted for
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by three interrelated mechanisms. Increased
rates of growth cone advance may be achieved
by either a decrease in the rate of retrograde
actin flow, or increases in the rate of actin poly-
merization at the leading edge, two processes
that may be molecularly independent (23). If
ADF were to increase the rate of actin filament
treadmilling without the rate of retrograde
flow changing, then lamellipodia extension
and growth cone advance should increase.
This first mechanism would be similar to array
treadmilling models described for motile non-
neuronal cells and Listeria propulsion (22).

A second potential mechanism would be
similar to models of “treadsevering” (22,35). If
the ends of filaments are capped, ADF/cofilin
may sever filaments, providing free barbed
ends for polymerization. The end result would
again be an increase in actin-filament turnover,
because additional pointed ends would also be
available for depolymerization. For example,
EGF treatment of MTLn3 cells stimulates lamel-
lipodia extension and an increase in free barbed
ends, and both these effects are blocked by inhi-
bition of cofilin (35). Because ADF/cofilin can
sever or depolymerize filaments, its precise
function in growth cones may not be easily pre-
dicted. Even within individual cells, an array
treadmilling model may best describe lamel-
lipodia extension, while treadsevering may
occur in filopodia (22). Severing of filaments
has been noted in actin bundles that form
growth cone filopodia, even while retrograde
flow predominates in lamellipodia of the same
growth cone (61). In other types of neurons,
tilopodia extension appears dependent on actin
treadmilling, albeit at slower turnover rates
than observed in lamellipodia (62).

The third potential mechanism for
ADF/cofilin increasing growth cone advance
may relate to the potential of actin filaments to
prevent microtubule invasion into growth
cones (15). If ADF/cofilin increases actin fila-
ment depolymerization, this would allow
increased microtubule extension into growth
cones. It has been suggested that contact with
targets, which increases F-actin at contact sites
but also depletes actin filaments at proximal
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regions, allows microtubule invasion that pro-
motes and maintains accelerated growth (17).
Also related to this, the formation of axons,
which are much faster growing than dendrites,
is accompanied by an enlargement of the
growth cone and an increase in actin instability
that may allow increased microtubule invasion
and delivery of cellular organelles (63). Both
growth cone size and F-actin instability are
increased by ADF/ cofilin overexpression (60).

These three mechanisms for ADEF/cofilin
effects on growth cone motility are obviously
not mutually exclusive and all are consistent
with the effects of ADF/cofilin overexpression
on growth cone morphology as well as F-actin
and tubulin content in growth cones. The
actual function of ADF/cofilin in relation to
growth cone motility still needs to be deter-
mined experimentally. The relative involve-
ment of each mechanism may very well differ
depending on the neuronal cell type involved,
signal-transduction pathways engaged, and
other actin-binding proteins present. In addi-
tion, growth cone motility is obviously regu-
lated by other mechanisms as well, such as
myosin-dependent changes in retrograde actin
flow after contact with guidance cues (23).
ADEF/cofilin is unlikely to be involved in this
process, unless it disrupts actin networks that
are normally stabilized by substrate adhesion.

Does ADF/Cofilin Play a Role
in Growth Cone Navigation?

Spatial and temporal differences in
ADEF/ cofilin activity within growth cones may
contribute to growth cone navigation by affect-
ing the location and degree of actin assem-
bly/disassembly. Rates of actin assembly and
turnover can vary independently even among
filopodia within single growth cones (62). Any
of the three aforementioned mechanisms of
ADF function may serve to promote growth
cone turning after asymmetric ADF activation
or inactivation in growth cones, especially if
bifurcating signal pathways affecting phos-
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phorylation and dephosphorylation differ in
their spatial extents. For example, if the ADF
phosphatase is only activated in the growth
cone at sites contacting guidance cues while
LIMK is activated throughout the growth cone,
tilament turnover and barbed-end polymeriza-
tion would be greatest nearer the cue and
allow for asymmetric lamellipodia and filopo-
dia extension, and subsequent growth cone
turning. A similar response could occur with
diffusible factors. Asymmetric exposure to
neurotransmitters causes a Ca’*-dependent
turning of growth cones toward the side of
highest concentration (64,65), and inhibition of
calcineurin decreases filopodia extension (66).
These calcium-dependent processes are likely
to affect ADF/cofilin phosphorylation in
growth cones, with the asymmetric activation
of ADF/cofilin then contributing to growth
cone turning.

ADF/ cofilin could certainly also be involved
in growth cone turning away from inhibitory
cues, such as Sema3A, ephrin A5, MAG, and
myelin, because these all appear to signal
through Rac and/or Rho (3,5,67,68), activators
of LIM kinases. If LIM kinases reduce ADF
activity near the site of inhibitory cue contact,
the resulting asymmetry of ADF/cofilin
activity across the growth cone could result in
a turning away from the cue. In contradiction
to this prediction, it has been suggested that
ADF activity may actually be increased by
Sema3A, because Sema3A appears to increase
ADF immunoreactivity in growth cones
without obvious changes in phosphorylated
ADEF/cofilin (pAC) immunolabeling (20).
However, as discussed earlier, Rac may acti-
vate the ADF phosphatase in addition to LIM
kinase (Fig. 1), with ADF activity being
enhanced at more distal growth cone regions,
while being decreased in regions nearer the
cue. Alternatively, if ADF activity is increased
at the same time that barbed ends are capped,
F-actin levels would decrease and growth cone
collapse could occur. Further experiments
are needed to elucidate the potential role
of ADF/cofilin in growth cone responses to
these cues.
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Even with an antibody specific for pAC (33)
it will be difficult to assay changes in ADF
phosphorylation within growth cones after
contact with guidance cues, especially
phosphorylation differences across growth
cones. Long fixation times are required in order
to retain pAC immunoreactivity after subse-
quent permeabilization (Meberg and Bamburg,
unpublished observations), an indication that
pAC not bound to actin can readily diffuse
throughout the growth cone for some time
before being crosslinked and later visualized.
In addition, as noted for EGF, even without
measurable net changes in phosphorylation,
increased phosphate turnover on ADF/cofilin
may serve to promote actin turnover. Therefore
disruption of phosphoregulation may be a bet-
ter approach for studying the role of ADF in
growth cone responses to guidance cues.

ADF/Cofilin and Neurite
Degeneration

Certain guidance cues promote rapid F-actin
loss and growth cone collapse. It is unlikely
that  dephosphorylation and increased
ADEF/ cofilin activity alone is directly responsi-
ble for this rapid F-actin loss, based on its func-
tional characteristics  described earlier.
However, certain pathological signals may
very well work through ADF/cofilin to inhibit
neurite outgrowth in an unusual manner. ATP
depletion, oxidative damage, or high gluta-
mate concentrations can induce a marked
dephosphorylation of ADF and formation of
long-lasting rod-like inclusions in neurites that
contain ADF and actin (37). These ADF-actin
rods might block axonal transport and
decrease growth cone actin levels, thereby pre-
venting  outgrowth. Because increased
ADF/cofilin activity normally appears to
increase neurite outgrowth, formation of these
rods likely requires more than ADF dephos-
phorylation alone. Rod formation has been
proposed to occur by ADF dephosphorylation
in concert with decreased pH, lack of ATP, or
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insufficient profilin available to stimulate
nucleotide exchange (37). These conditions
would promote the formation of ADF-ADP-
actin complexes at concentrations high enough
to coalesce into rods. It should be noted that
phalloidin does not bind to these actin rods
(37), and ADF binding to F-actin also blocks
phalloidin binding (69). Because of this,
decreased F-actin levels determined by phal-
loidin staining after cell fixation may reflect
increased ADEF/cofilin activity, rather than
actual decreases in F-actin levels.

Conclusions

ADF/ cofilin is an essential regulator of actin-
based motility in a wide variety of systems. In
neurons, an increase in ADF/cofilin activity
may speed the advance of growth cones
by increasing actin polymerization at the lead-
ing edge, or possibly by altering F-actin-
microtubule interactions. Because ADF/cofilin
activity is regulated by many signal pathways
that regulate growth cone motility, ADF/cofilin
is likely a downstream target of many extracel-
lular guidance cues. However, the relative
importance of ADF/cofilin for growth cone
navigation remains to be determined. This can
be tested by disruption of ADF/cofilin phos-
phoregulation, using mutant forms of LIMK
and ADF/cofilin, and observing if growth cone
responses to certain guidance cues are attenu-
ated. It also needs to be determined if
ADF/ cofilin is essential for growth cone motil-
ity, or if other actin-regulating proteins in
growth cones are sufficient.

References

1. Nobes C. D. and Hall A. (1995) Rho, rac, and
cdc42 GTPases regulate the assembly of multi-
molecular focal complexes associated with actin
stress fibers, lamellipodia, and filopodia. Cell
81, 53-62.

2. Luo L., Liao Y. ]J., Jan L. Y., and Jan Y. N. (1994)
Distinct morphogenetic functions of similar
small GTPases: Drosophila Dracl is involved in

Volume 21, 2000



Signal-Regulated ADF

10.

11.

12.

13.

14.

15.

16.

. Bamburg ]. R

axonal outgrowth and myoblast fusion. Genes
Dev. 8, 1787-1802.

. Jin Z. and Strittmatter S. M. (1997) Racl medi-

ates collapsin-1-induced growth cone collapse.
J. Neurosci. 17, 6256-6263.

. Kuhn T. B,, Brown M. D., and Bamburg J. R.

(1998) Racl-dependent actin filament organiza-
tion in growth cones is necessary for betal-inte-
grin-mediated advance but not for growth on
poly-D-lysine. |. Neurobiol. 37, 524-540.

. Kuhn T. B., Brown M. D., Wilcox C. L., Raper J.

A., and Bamburg J. R. (1999) Myelin and col-
lapsin-1 induce motor neuron growth cone col-
lapse through different pathways: inhibition of
collapse by opposing mutants of racl. . Neu-
rosci. 19, 1965-1975.

. Brown M. D., Cornejo B. J., Kuhn T. B., and Bam-

burg J. R. (2000) Cdc42 stimulates neurite out-
growth and formation of growth cone filopodia
and lamellipodia. ]. Neurobiol. 43, 352-364.

. Song H. J. and Poo M. M. (1999) Signal transduc-

tion underlying growth cone guidance by dif-
fusible factors. Curr. Opin. Neurobiol. 9, 355-363.

(1999) Proteins of the
ADF/ cofilin family: essential regulators of actin
dynamics. Annu. Rev. Cell Dev. Biol. 15, 185-230.

. Carlier M. F,, Ressad F., and Pantaloni D. (1999)

Control of actin dynamics in cell motility. Role
of ADF/cofilin. J. Biol. Chem. 274, 33,827-33,830.
Chen H., Bernstein B. W.,, and Bamburg J. R.
(2000) Regulating actin-filament dynamics in
vivo. Trends Biochem. Sci. 25, 19-23.

Mitchison T. J. and Cramer L. P. (1996) Actin-
based cell motility and cell locomotion. Cell 84,
371-379.

Lewis A. K. and Bridgman P. C. (1992) Nerve
growth cone lamellipodia contain two popula-
tions of actin filaments that differ in organiza-
tion and polarity. J. Cell Biol. 119, 1219-1243.
Smith S. J. (1988) Neuronal cytomechanics: the
actin-based motility of growth cones. Science
242, 708-715.

Lin C.-H. and Forscher P. (1995) Growth cone
advance is inversely proportional to retrograde
F-actin flow. Neuron 14, 763-771.

Forscher P. and Smith S. J. (1988) Actions of
cytochalasins on the organization of actin fila-
ments and microtubules in a neuronal growth
cone. J. Cell Biol. 107, 1505-1516.

Bentley D. and Toroian-Raymond A. (1986) Dis-
oriented pathfinding by pioneer neurone
growth cones deprived of filopodia by cytocha-
lasin treatment. Nature 323, 712-715.

Molecular Neurobiology

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

105

Lin C.-H. and Forscher P. (1993) Cytoskeletal
remodeling during growth cone-target interac-
tions. J. Cell Biol. 121, 1369-1383.

O’Connor T. P. and Bentley D. (1993) Accumu-
lation of actin in subsets of pioneer growth cone
filopodia in response to neural and epithelial
guidance cues in situ. J. Cell Biol. 123, 935-948.
Fan J., Mansfield S. G., Redmond T., Gordon-
Weeks P. R., and Raper J. A. (1993) The organi-
zation of F-actin and microtubules in growth
cones exposed to a brain-derived collapsing
factor. J. Cell Biol. 121, 867-878.

Fritsche J., Reber B. F., Schindelholz B., and
Bandtlow C. E. (1999) Differential cytoskeletal
changes during growth cone collapse in
response to hSema III and thrombin. Mol. Cell
Neurosci. 14, 398-418.

Theriot J. A. and Mitchison T. J. (1991) Actin
microfilament dynamics in locomoting cells.
Nature 352, 126-131.

Borisy G. G. and Svitkina T. M. (2000) Actin
machinery: pushing the envelope. Curr. Opin.
Cell Biol. 12, 104-112.

Suter D. M. and Forscher P. (1998) An emerging
link between cytoskeletal dynamics and cell
adhesion molecules in growth cone guidance.
Curr. Opin. Neurobiol. 8, 106-116.

Goldberg D. J., Foley M. S., Tang D., and Grab-
ham P. W. (2000) Recruitment of the Arp2/3
complex and mena for the stimulation of actin
polymerization in growth cones by nerve
growth factor. J. Neurosci. Res. 60, 458—467.
Loisel T. P, Boujemaa R., Pantaloni D., and Car-
lier M. E. (1999) Reconstitution of actin-based
motility of Listeria and Shigella using pure pro-
teins. Nature 401, 613-616.

Lanier L. M., Gates M. A., Witke W., Menzies A.
S., Wehman A. M., Macklis J. D., et al. (1999)
Mena is required for neurulation and commis-
sure formation. Neuron 22, 313-325.

Wills Z., Marr L., Zinn K., Goodman C. S., and
Van Vactor D. (1999) Profilin and the Abl tyrosine
kinase are required for motor axon outgrowth in
the Drosophila embryo. Neuron 22, 291-299.
Banzai Y., Miki H., Yamaguchi H., and Take-
nawa T. (2000) Essential role of neural Wiskott-
Aldrich syndrome protein in neurite extension
in PC12 cells and rat hippocampal primary cul-
ture cells. . Biol. Chem. 275, 11,987-11,992.
Sobue K. and Kanda K. (1989) Alpha-actinins,
calspectin (brain spectrin or fodrin), and actin
participate in adhesion and movement of
growth cones. Neuron 3, 311-319.

Volume 21, 2000



106

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Bamburg J. R., McGough A., and Ono S. (1999)
Putting a new twist on actin: ADF/ cofilins mod-
ulate actin dynamics. Trends Cell Biol. 9, 364-370.
lida K., Moriyama K., Matsumoto S., Kawasaki
H., Nishida E., and Yahara I. (1993) Isolation of
a yeast essential gene, COF1, that encodes a
homologue of mammalian cofilin, a low-M(r)
actin-binding and depolymerizing protein.
Gene 124, 115-120.

Devineni N., Minamide L. S., Niu M., Safer D.,
Verma R., Bamburg J. R., and Nachmias V. T.
(1999) A quantitative analysis of G-actin bind-
ing proteins and the G-actin pool in developing
chick brain. Brain Res. 823, 129-140.

Meberg P. J., Ono S., Minamide L. S., Takahashi
M., and Bamburg J. R. (1998) Actin depolymeriz-
ing factor and cofilin phosphorylation dynamics:
response to signals that regulate neurite exten-
sion. Cell. Motil. Cytoskeleton. 39, 172-190.
Svitkina T. M. and Borisy G. G. (1999) Arp2/3
complex and ADF/cofilin in dendritic organi-
zation and treadmilling of actin filament array
in lamellipodia. J. Cell Biol. 145, 1009-1026.
Chan A. Y., Bailly M., Zebda N., Segall J. E., and
Condeelis J. S. (2000) Role of cofilin in epider-
mal growth factor-stimulated actin polymeriza-
tion and lamellipod protrusion. J. Cell Biol. 148,
531-542.

Bamburg J. R. and Bray D. (1987) Distribution
and cellular localization of actin depolymeriz-
ing factor. . Cell Biol. 105, 2817-2825.
Minamide L. S., Streigl A. M., Boyle ]. A,
Meberg P. J., and Bamburg J. R. (2000) Neurode-
generative stimuli induce  persistent
ADEF/ cofilin-actin rods that disrupt distal neu-
rite function. Nature Cell Biol. 2, 628-636.
Moriyama K. and Yahara I. (1999) Two activities
of cofilin, severing and accelerating directional
depolymerization of actin filaments, are
affected differentially by mutations around the
actin-binding helix. EMBO J. 18, 6752-6761.
Morgan T. E., Lockerbie R. O., Minamide L. S.,
Browning M. D., and Bamburg J. R. (1993) Isola-
tion and characterization of a regulated form of
actin depolymerizing factor. J. Cell Biol. 122,
623-633.

Agnew B. ]., Minamide L. S., and Bamburg J. R.
(1995) Reactivation of phosphorylated actin
depolymerizing factor and identification of the
regulatory site. . Biol. Chem. 270, 17,582-17,587.
Abe H., Obinata T., Minamide L. S., and Bamburg
J. R. (1996) Xenopus laevis actin-depolymerizing
factor/cofilin: a phosphorylation-regulated pro-

Molecular Neurobiology

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Meberg

tein essential for development. J. Cell Biol. 132,
871-885.

Abe H., Verrastro T. A., Brown M. D., Minanide
L. S, Caddoo W. S., Agnew B. ], et al. (1995)
Xenopus development is dependent on upon
the regulation of ADF/cofilin by phosphoryla-
tion. Mol. Biol. Cell Suppl. 6, 22a.

Moon A. and Drubin D. G. (1995) The
ADF/ cofilin proteins: stimulus-responsive mod-
ulators of actin dynamics. Mol. Biol. Cell 6,
1423-1431.

Arber S., Barbayannis F. A., Hanser H., Schnei-
der C., Stanyon C. A., Bernard O., and Caroni P.
(1998) Regulation of actin dynamics through
phosphorylation of cofilin by LIM- kinase.
Nature 393, 805-809.

Yang N., Higuchi O., Ohashi K., Nagata K.,
Wada A., Kangawa K., Nishida E., and Mizuno
K. (1998) Cofilin phosphorylation by LIM-
kinase 1 and its role in Rac-mediated actin reor-
ganization. Nature 393, 809-812.

Frangiskakis J. M., Ewart A. K., Morris C. A,,
Mervis C. B., Bertrand J., Robinson B. E, et al.
(1996) LIM-kinasel hemizygosity implicated in
impaired visuospatial constructive cognition.
Cell 86, 59-69.

Tassabehji M., Metcalfe K., Karmiloff-Smith A.,
Carette M. J., Grant J., Dennis N., et al. (1999)
Williams syndrome: use of chromosomal
microdeletions as a tool to dissect cognitive and
physical phenotypes. Am. |. Hum. Genet. 64,
118-125.

Edwards D. C., Sanders L. C., Bokoch G. M.,
and Gill G. N. (1999) Activation of LIM-kinase
by Pakl couples Rac/Cdc42 GTPase signalling
to actin cytoskeletal dynamics. Nature Cell Biol.
1, 253-259.

Maekawa M., Ishizaki T., Boku S., Watanabe N.,
Fujita A., Iwamatsu A., et al. (1999) Signaling
from Rho to the actin cytoskeleton through pro-
tein kinases ROCK and LIM-kinase. Science 285,
895-898.

Sumi T., Matsumoto K., Takai Y., and Naka-
mura T. (1999) Cofilin phosphorylation and
actin cytoskeletal dynamics regulated by rho-
and Cdc42-activated LIM-kinase 2. . Cell Biol.
147, 1519-1532.

Ohashi K., Nagata K., Maekawa M., Ishizaki
T., Narumiya S., and Mizuno K. (2000) Rho-
associated kinase ROCK activates LIM-
kinase 1 by phosphorylation at threonine 508
within the activation loop. J. Biol. Chem. 275,
3577-3582.

Volume 21, 2000



Signal-Regulated ADF

52.

53.

54.

55.

56.

57.

58.

59.

60.

Luo L., Jan L., and Jan Y. N. (1996) Small
GTPases in axon outgrowth. Perspect. Dev. Neu-
robiol. 4, 199-204.

Jackson T. R., Blader I. J., Hammonds-Odie L. P,
Burga C. R, Cooke F,, Hawkins P. T,, et al. (1996)
Initiation and maintenance of NGF-stimulated
neurite outgrowth requires activation of a phos-
phoinositide 3-kinase. J. Cell Sci. 109, 289-300.
Rodriguez-Viciana P, Warne P. H., Khwaja A,
Marte B. M., Pappin D., Das P, et al. (1997) Role
of phosphoinositide 3-OH kinase in cell trans-
formation and control of the actin cytoskeleton
by Ras. Cell 89, 457-467.

Jalink K., van Corven E. J., Hengeveld T., Morii
N., Narumiya S., and Moolenaar W. H. (1994)
Inhibition of lysophosphatidate- and thrombin-
induced neurite retraction and neuronal cell
rounding by ADP ribosylation of the small GTP-
binding protein Rho. J. Cell Biol. 126, 801-810.
Tigyi G., Fischer D. J., Sebok A., Marshall F,
Dyer D. L., and Miledi R. (1996) Lysophospha-
tidic acid-induced neurite retraction in PC12
cells: neurite- protective effects of cyclic AMP
signaling. |. Neurochem. 66, 549-158.

Brown M. D. and Bamburg J. R. (1997) Regula-
tion of the phosphorylation of Xenopus
ADF/cofilin during cytokinesis by Racl. Mol.
Biol. Cell Suppl. 8, 366a.

Ridley A.J., Paterson H. F, Johnston C. L., Diek-
mann D., and Hall A. (1992) The small GTP-bind-
ing protein rac regulates growth factor-induced
membrane ruffling. Cell 70, 401-410.
Peppelenbosch M. P, Qiu R. G., de Vries-Smits A.
M., Tertoolen L. G., de Laat S. W., McCormick E,
et al. (1995) Rac mediates growth factor-induced
arachidonic acid release. Cell 81, 849-856.
Meberg P. J. and Bamburg J. R. (2000) Increase
in neurite outgrowth mediated by overexpres-

Molecular Neurobiology

61.

62.

63.

65.

66.

67.

68.

69.

107

sion of actin depolymerizing factor. J. Neurosci.
20, 2459-2469.

Welnhofer E. A., Zhao L., and Cohan C. S. (1999)
Calcium influx alters actin bundle dynamics and
retrograde flow in Helisoma growth cones. J.
Neurosci. 19, 7971-7982.

Mallavarapu A. and Mitchison T. (1999) Regu-
lated actin cytoskeleton assembly at filopodium
tips controls their extension and retraction. J.
Cell Biol. 146, 1097-1106.

Bradke F. and Dotti C. G. (1999) The role of local
actin instability in axon formation. Science 283,
1931-1934.

. Zheng J. Q., Felder M., Connor J. A., and Poo M.

M. (1994) Turning of nerve growth cones induced
by neurotransmitters. Nature 368, 140-144.
Zheng J. Q., Wan J. J., and Poo M. M. (1996)
Essential role of filopodia in chemotropic turn-
ing of nerve growth cone induced by a gluta-
mate gradient. J. Neurosci. 16, 1140-1149.

Chang H. Y., Takei K., Sydor A. M., Born T,
Rusnak F, and Jay D. G. (1995) Asymmetric
retraction of growth cone filopodia following
focal inactivation of calcineurin. Nature 376,
686—690.

Lehmann M., Fournier A., Selles-Navarro I.,
Dergham P, Sebok A., Leclerc N., Tigyi G., and
McKerracher L. (1999) Inactivation of Rho sig-
naling pathway promotes CNS axon regenera-
tion. J. Neurosci. 19, 7537-7547.

Wahl S., Barth H., Ciossek T., Aktories K., and
Mueller B. K. (2000) Ephrin-A5 induces collapse
of growth cones by activating Rho and Rho
kinase. J. Cell Biol. 149, 263-270.

McGough A., Pope B., Chiu W., and Weeds A.
(1997) Cofilin changes the twist of F-actin:
implications for actin filament dynamics and
cellular function. J. Cell Biol. 138, 771-781.

Volume 21, 2000



