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Abstract: Dendritic spines are specialized, micron-sized post-synaptic compartments that support synaptic function.
These actin-based protrusions push the post-synaptic membrane, establish contact with the presynaptic membrane and
undergo dynamic changes in morphology during development, as well as in response to synaptic neurotransmission.
These processes are propelled by active remodeling of the actin cytoskeleton, which includes polymerization, filament
disassembly, and organization of the actin in supramolecular arrays, such as branched networks or bundles. Dendritic
spines contain a plethora of adhesion and synaptic receptors, signaling, and cytoskeletal proteins that regulate their forma-
tion, maturation and removal. Whereas many of the molecules involved in dendritic spine formation have been identified,
their actual roles in spine formation, removal and maturation are not well understood. Using parallels between migrating
fibroblasts and dendritic spines, we point to potential mechanisms and approaches for understanding spine development

and dynamics.

INTRODUCTION

Dendritic spines are small protrusions that decorate the
dendrites of Purkinje neurons in the cerebellum and pyrami-
dal neurons in the cortex and hippocampus [1, 2]. Dendritic
spines function as specialized post-synaptic structures that
support excitatory neurotransmission [2-4]. They contain ion
channels and adhesive receptors, as well as a multitude of
signaling intermediates and cytoskeletal components [5, 6].
These molecules are essential for transmission of synaptic
input and also support long-term responses to stimulation,
which are central for learning and memory.

Dendritic spines adopt varied morphologies, from long,
filopodia-like to short and stubby, and have a well-defined
life cycle (Fig. 1A). During spinogenesis, dendritic spines
appear as immature precursors, which are usually long and
thin (Fig. 1A, leff). A fraction of these undergo maturation,
becoming shorter, thicker and wider, i.e. mushroom-shaped
or stubby; and those spine precursors that are not innervated
tend to turn over, undergoing cycles of growth and shrinkage
(Fig. 1A, middle and right) [1, 7-9]. Morphological matura-
tion of spines can be induced by physical contact with an
axon and associated with synaptic stimuli. For example, ma-
ture spines of pyramidal cells are stabilized by synaptic in-
put; but removal of afferent input, such as whisker trimming,
results in the selective spines loss [10, 11]. On the other
hand, dendritic spines on Purkinje cells of the cerebellum
form and stabilize in the absence of afferent input [12].

The increase in contact area with the presynaptic terminal
correlates with synaptic strength, which contributes to long-
term potentiation (LTP) by increasing synaptic receptor den-
sity at the synaptic cleft. Electrophysiologic studies show
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that the bulbous head morphology of the mature spine is bet-
ter suited to receive and propagate neuronal signals than the
thin structure of the immature spine [13]. Synaptic input it-
self may also induce such an increase in surface contact area
[14,15].

Actin is a major component of dendritic spines. Its po-
lymerization and organization dictate the size, motility, and
morphology of the spines and has a profound impact on syn-
aptic transmission [2, 16]. For example, inhibition of actin
polymerization or depolymerization using chemical inhibi-
tors disrupts LTP [17]. Furthermore, LTP induction causes
an increase in F-actin which may underlie the structural en-
largement of spine heads [18]. One mechanism is the re-
cruitment or activation of actin regulators. For example, the
actin-binding protein profilin, is targeted to spine heads in
response to postsynaptic glutamate receptor activation; this
increases the pool of actin monomers available for filament
assembly. Profilin enrichment in spine heads also inhibits
spine motility and promotes maturation [19].

The organization of actin in spines is tightly controlled
by a multitude of signaling proteins. Interestingly, some dis-
eases characterized by cognitive decline or impairment, such
as non-syndromic mental retardation, schizophrenia, Down’s
syndrome or Alzheimer’s disease, display abnormal spine
morphology and/or a decreased number of dendritic spines
as a result of alterations in actin regulatory molecules. For
example, long tortuous spines lacking a bulbous head and
dendrites lacking spines have been described in individuals
with non-syndromic mental retardation, schizophrenia, and
Down’s syndrome [20]. Genomic mutations of different
modulators, activators and effectors of Rho GTPases in-
volved in actin reorganization have been linked to families
with a high incidence of non-syndromic mental retardation
[21-24]. Also, the beta-amyloid oligomers that cause in-
flammatory damage to the brain in Alzheimer’s disease also
alter the function of key Rho GTPases that regulate actin
organization, causing long-term disassembly of the synaptic
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Fig. (1). Formation and evolution over time of dendritic spines and adhesions in migrating cells.

(A) Dendritic spine formation. Left, immature spine precursors form along the dendritic shaft, driven by actin polymerization. Middle, pre-
synaptic contact and/or neurotransmitter secretion stabilizes an immature dendritic spine, whereas immature precursors that are not contacted
by pre-synaptic portals disassemble (represented by breaking actin filaments in protrusions). Right, stable contact with a pre-synaptic termi-
nal induces active remodeling of the post-synaptic terminal, which becomes shorter and wider. This process is driven by the combination of
synaptic input (dark blue spheres) and adhesive signaling (green-red receptor pairs). The unselected precursors are reabsorbed in the den-
dritic shaft. A single actin filament in each protrusion is shown for simplicity.

(B) Adhesion assembly, maturation and turnover in migrating cells. Leff, nascent adhesions form inside the branched actin network at the
leading edge (indicated by arrowhead and arrow). Middle, as the protrusion advances, some adhesions elongate centripetally as the actin
filaments with which they associate become larger and thicker (arrowhead); newly formed adhesions are stable as long as they are associated
to the branched actin network (arrow). Right, maturing adhesions (arrowhead) continue growing as the actin bundles become thicker and
more stable. Adhesions not associated with growing actin bundles turn over and disappear as the branched actin network moves past them

(arrow).

actin filaments and cognitive decline [25, 26]. Thus, proper
regulation of the actin cytoskeleton is crucial for the mor-
phological plasticity of the spine and provides a mechanistic
link to cognitive function.

Adhesion is another critical component of dendritic
spines. In general, adhesion provides anchoring, traction and
communication with the cellular environment to optimize
cell behavior, or to ensure a specialized response, such as
immune activation, or transmission of synaptic input [27].
From this point of view, dendritic spines comprise the post-
synaptic half of a highly specialized cell-cell adhesion struc-
ture that forms between pre-synaptic and post-synaptic ter-
minals. Several families of adhesion receptors are found in
dendritic spines, including integrins [28, 29], cadherins [30,
31], neurexins/neuroligins [32, 33], Eph receptors [34] and

other families of specific neuronal receptors, such as Syn-
CAMs and SALMs [35, 36]. These receptors are involved in
both spinogenesis and synaptogenesis [37-39].

A common property of adhesion receptors is that ligand
binding induces the formation of supramolecular complexes
that contain signaling adaptors and cytoskeletal molecules
[40]. These “adhesions” are signaling centers that provide
anchorage and traction for the organization of the actin cy-
toskeleton, which drives protrusion, adhesion modulation,
and also controls gene expression [29, 41, 42]. Thus, actin
and adhesion are critical components not only in a variety of
cell types and processes, e.g. migratory lamellipodia and
filopodia in motile cells, growth cones in neurons, cell-
matrix adhesions and cell-cell junctions in epithelial cells,
but also in dendritic spine formation [43-47]. Furthermore,
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many regulators of both actin and adhesion are common
throughout the different cellular systems. This striking re-
semblance is clear at a molecular level but has not been ex-
ploited explicitly and aggressively to develop insights into
dendritic spine formation and structure and synaptic func-
tion.

In this mini-review, we discuss what is known about the
function of actin and adhesion in non-neuronal systems and
its implications and parallels for dendritic spine formation
and organization. We highlight the critical role of the actin
cytoskeleton and its regulators in the development, removal
and maintenance of dendritic spines, pointing out the com-
mon players and their spatiotemporal regulation. Since other
reviews in this volume are specifically devoted to the de-
tailed description of some of the cytoskeletal and regulatory
molecules in the synapse, we will not address their molecular
characterization, but rather focus on their role in the morpho-
logical and compositional changes that take place during the
life time of dendritic spines.

SPINOGENESIS, LIKE PROTRUSION AND
ADHESION, IS DRIVEN BY ACTIN POLYMERIZA-
TION

Two hypotheses have been postulated to explain initial
spinogenesis [1]. One hypothesis proposes that contact of a
pre-synaptic terminal with the shaft of the post-synaptic
membrane induces the formation of a protrusion. Con-
versely, another hypothesis proposes the spontaneous initial
formation of multiple immature dendritic protrusions, fol-
lowed by contact with presynaptic terminals, which induces
their maturation. Immature dendritic protrusions seem to
have an active function in this process; their motion in time-
lapse movies suggests they may play an exploratory role,
cycling between protrusive elongation and retraction until
physical contact with a pre-synaptic terminal is made [48,
49].

Immature spines (or dendritic spine precursors) are usu-
ally long, thin actin rich protrusions. Actin polymerization,
which creates protrusions in migrating cells and growth
cones, is likely to drive the initial emergence of immature
dendritic precursors as well. There are two main modes of
actin polymerization: a linear mode that is propelled by
formins (e.g. mDial, 2 and 3) (Fig. 2); and a branched mode
nucleated by the Arp2/3 complex, which binds to the side of
an actin filament and promotes growth of another actin fila-
ment at a 70° angle (Fig. 2) [50].

The thin, linear shape of dendritic precursors suggests the
involvement of mechanisms used to generate filopodia in
other cell types; however, it seems clear that these precursors
are not identical to filopodia. They do not contain typical
filopodial markers such as fascin, which bundles F-actin into
tight parallel arrays [16]. Rather, barbed ends of F-actin are
seen at the base of dendritic protrusions in addition to their
tips, suggesting the existence of anti-parallel arrangements of
actin filaments in immature spine precursors [51]. Also,
Cdc42, which generates filopodia in migrating cells via acti-
vation of the formin mDia3, does not produce an increase in
dendritic spine precursors [51]. Rather, expression of a con-
stitutively active mutant of Cdc42 promotes spine head for-
mation, causing an increase in the number of mushroom-
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shaped and stubby spines [51]. RNAI inhibition or a domi-
nant negative form of Cdc42 inhibits dendritic spine and
synapse formation [52], suggesting that Cdc42 is necessary
for maturation; but its activation is not sufficient to induce
the initial outgrowth of spine precursors from the shaft of
dendrites. Interestingly, a similar GTPase/formin tandem,
Rif/mDia2 may fulfill this role in hippocampal neurons; ex-
ogenous expression of either Rif or mDia2 promotes forma-
tion of long and thin dendritic spines (Fig. 2) [51].

Arp2/3, which produces branched actin, also localizes to
dendritic precursors and is involved in dendritic spine forma-
tion. RNAi knockdown of the Arp2/3 complex or its up-
stream activator N-WASP inhibited spine and synapse for-
mation, as shown by a decrease in the total number of den-
dritic spines and synapses [52]. Similar results were ob-
served in hippocampal sections from mice deficient for
WAVE-1, another upstream activator of Arp2/3 [53]. This
study also revealed altered neuritogenesis and field excita-
tory post-synaptic potential (fEPSP) in WAVE-1-deficient
mice [53]. Several other studies have ascribed an important
role to the small GTPase Rac and its downstream effectors in
dendritic spine formation [54-56].

The complementary function of the Arp2/3 complex and
formins in the formation of immature spine precursors can
be inferred from studies in motile cells, in which actin po-
lymerization drives formation of filopodia and advancing
protrusions. Filopodia are generated by formin-driven actin
polymerization into thin parallel filaments. Close to the lead-
ing edge of the protrusion, actin is organized in a branched
network nucleated by the Arp2/3 complex [44, 50]. Formins
also participate in this process by inducing polymerization at
the growing (barbed) ends of these branches [57]. Often,
advancing protrusions contain embedded filopodia that ema-
nate from Arp2/3-dependent branching points [58], suggest-
ing that Arp2/3 may also participate in filopodia formation.
Translating these observations to immature spine formation
suggests that activation of the Arp2/3 complex in the den-
dritic shaft could generate a branching point, which could be
subsequently extended by the action of mDia2 or Rif/mDia3,
resulting in linear actin arrays typical of immature spine pre-
cursors. However, the localization of barbed ends and the
Arp2/3 complex at both the tip and the base of the spine [51]
suggests that actin polymerization is active at both locations,
where they generate antiparallel arrays of actin filaments.
Also, the localized activity of ADF/cofilin, which severs
actin filaments, could generate new barbed-ends within the
spine.

The role of adhesion in initial spinogenesis may also par-
allel its role in migrating cells. As motile cells extend new
protrusions, they attach to the substratum vie small adhe-
sions that form within the protrusion. These adhesions pro-
vide traction through their linkage to the actin cytoskeleton
(Fig. 1B, left) [59], and they accumulate regulatory proteins
that control actin polymerization, reorganization and adhe-
sive strength. A complex network of signaling pathways
originating in adhesions converge on Rac [60-63], which
triggers actin polymerization through binding to downstream
effectors, e.g., the WAVE/Scar family, which in turn activate
the Arp2/3 complex (Fig. 2) [64]. Other adhesion-related
signaling proteins, such as FAK (Focal Adhesion Kinase) are
also essential for dendritic spine formation [65]. FAK also
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Fig. (2). Mechanisms of actin regulation in dendritic spines.
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The cartoon depicts the main molecules that control actin polymerization and organization in dendritic spines. Actin polymers are repre-
sented as coiled chains of yellow beads. The regulatory molecules include: 1) the Arp2/3 complex, which binds to the side of a pre-existing
actin filament and promotes formation of a branched actin filament. Arp2/3 is activated by N-WASP/WASP under the control of the small
GTPase Cdc42, and WAVE, which is activated by the small GTPase Rac. 2) formins, including mDial (activated by the small GTPase
RhoA), mDia2 (small GTPase Rif) and mDia3 (Cdc42), which bind to the barbed (polymerizing) end of the actin filament and promote proc-
essive incorporation of actin monomers. 3) actin cross-linkers such as a-actinin and myosin II. Myosin II activity and assembly are controlled
through phosphorylation. Kinases like ROCK and MLCK can activate myosin II. ROCK is controlled by RhoA, and also inhibits the phos-
phatase that dephosphorylates myosin II. Finally, ADF/ cofilin (yellow pac-man) severs actin filaments. It is inhibited by LIMK phosphory-
lation, which in turn is activated by phosphorylation via ROCK and PAK, which is regulated by Rac and Cdc42.

modulates the function of the actin cross-linker a-actinin
[66], suggesting that this pathway might be important in ac-
tin bundling during initial spinogenesis.

In addition to its role in generating signals that regulate
actin, adhesion also fulfills an exploratory role. Migrating

cells use filopodia and nascent adhesions as small chemo-
and mechano-sensitive devices to guide cell migration [67,
68]. Similarly, immature dendritic spines seek presynaptic
terminals to undergo stabilization. This process is likely to
involve chemotactic, chemorepellent and/or mechanotactic
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signals emanating from the pre-synaptic terminal or the mi-
croenvironment of the protrusion, which is stabilized by ad-
hesion to the pre-synaptic terminal. Once contacted, actin
organization, contraction, and adhesion mediated signaling
could drive subsequent spine maturation as these adhesions
do in other cell types.

ADHESIVE SIGNALING AND ACTIN DEPOLY-
MERIZATION REGULATE ADHESION AND TURN-
OVER, AND DENDRITIC SPINE REMOVAL

More than a hundred years ago, Ramon y Cajal reported
that the processes of the pyramidal neurons of newborns
contained more protrusions than later in development [69].
This early observation suggested that synaptic connectivity
is fine-tuned through the disassembly of unused or defective
spines [70]. Later studies confirmed that the initial prolifera-
tion of spines is followed by a marked decrease in their
number at later developmental stages [71, 72].

In one model, the removal of immature spine precursors
is caused by the lack of contact and/or pre-synaptic input;
accordingly, those precursors not making contact with pre-
synaptic structures would be reabsorbed into the dendritic
shaft, whereas those that establish contact with pre-synaptic
terminals would evolve into mature spines. A separate popu-
lation of mature spines is selectively eliminated during func-
tional rewiring of neural circuits in response to sensory expe-
rience [73].

Turnover of immature spine precursors or selective
elimination of mature, innervated spines is probably linked
to actin filament disassembly, or a contraction-induced re-
traction of actin filaments back into the dendritic shaft. Fila-
ment disassembly is more likely. Contraction requires activa-
tion of proteins like non-muscle myosin II (NM II), and the
present evidence suggests that NM II activation induces
maturation of precursors into dendritic spines (see below)
[74, 75]. However, some synapses can survive active actin
disassembly; for example, actin depolymerization induces a
significant, but not complete elimination of synapses when
cells are treated with the actin polymerization inhibitor la-
trunculin A [76]. Actin filament disassembly can occur via
two complementary mechanisms: an increase in barbed end
capping, which would block actin polymerization, and actin
depolymerization, mediated by filament-severing proteins,
such as gelsolin or ADF/cofilin [50]. Gelsolin is a dual-
function, calcium-sensitive actin filament-severing protein
that also caps the newly formed barbed ends, impeding fur-
ther polymerization [77]. Gelsolin-null neurons contain nu-
merous spines that are not stabilized by synaptic stimulation,
implicating gelsolin in activity-induced spine maturation and
removal of unstable, immature precursors [78].

The other severing protein, ADF/cofilin, is required for
actin depolymerization in protrusions of migrating cells [79].
Expression of an active mutant of cofilin, S3A, induces ac-
cumulation of branched actin, suggesting that the increased
treadmilling of actin monomers and creation of new barbed
ends supersede its filament-severing activity [80]. In hippo-
campal neurons, cofilin activity is required for the spine
shrinkage observed during long-term depression (LTD),
which is the activity-dependent elimination of synaptic con-
nections [81]. Consistently, RNAi-mediated cofilin inhibi-
tion induced longer dendritic protrusions [51]. Expression of
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a constitutively active cofilin mutant significantly decreased
the area of the spine head, but did not lead to its disappear-
ance [82]. These results can be explained by the dual func-
tion of cofilin. On one hand, it severs actin filaments; but it
also provides the actin monomers that are recycled into de
novo polymerization at the barbed end, via treadmilling [50,
79]. Therefore, the activation and inactivation of cofilin is a
key regulatory step in maintaining an adequate balance of
actin depolymerization and polymerization and acts in con-
cert with capping factors. The key role of cofilin in actin
function is further supported by studies of its regulation.
LIMK is activated by Rho-associated kinase (ROCK) and
p21-associated kinase (PAK) [83, 84], which are under the
control of the small GTPases RhoA and Rac/Cdc42, respec-
tively (Fig. 2]. LIMK phosphorylates cofilin and inhibits its
binding to actin filaments, thus preventing filament severing
[85, 86]. Consistent with this, altered cofilin phosphoryla-
tion, abnormal spine morphology and synaptic function are
observed in LIMK1-deficient mice [87, 88]. Interestingly, a
loss-of-function mutation in LIMKI1 is implicated in the
cognitive deficit associated with Williams’ syndrome [89].

Adhesion formation in protrusions is linked to polymer-
ized actin; adhesions disassemble or mature when and where
branched actin undergoes depolymerization or reorganiza-
tion, respectively (Fig. 1B, middle) [90, 91]. This constitutes
a putative feedback loop: polymerized actin provides a
physical scaffold for the formation of adhesions, which in
turn generate Rac-dependent signals that promote actin po-
lymerization and inhibit filament severing. In a similar man-
ner, filament disassembly in immature spine precursors
would disrupt adhesion, also suggesting that adhesion to the
pre-synaptic terminal may induce spine maturation by inhib-
iting filament disassembly.

In summary, the removal of immature spine precursors
during development involves actin filament disassembly,
presumably through a combination of actin depolymerization
and inhibition of actin polymerization; the resulting actin
monomers treadmill and are used to generate new dendritic
precursors during the maturation of a subpopulation of den-
dritic spines.

MYOSIN II IN ACTIN ORGANIZATION DURING
DENDRITIC SPINE MATURATION

Maturing spines undergo dramatic morphological
changes, including shortening, formation of a neck, widening
of the head and organization of the post-synaptic density
(PSD), which is an accumulation of synaptic and adhesion
receptors, signaling adaptors and cytoskeletal proteins [5, 6,
92, 93]. The PSD itself undergoes rapid morphology fluctua-
tions in response to synaptic activity, and also widens con-
comitantly with expansion of the spine head during its matu-
ration [94].

Non-muscle myosin II (NM II) is a key contractile pro-
tein that organizes and contracts actin in migrating cells. It
regulates front-back polarity and modulates adhesion organi-
zation, inducing maturation [95, 96]. It is likely that it plays
an analogous role in spine and PSD organization.

NM 1II is a hexameric complex formed by two heavy
chains (NMHC-II), two regulatory light chains (RLC), and
two essential light chains (ELC). NM II binds to actin fila-
ments and promotes their bundling; it also mediates filament
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contraction through ATP hydrolysis. The three isoforms of
NMHC-II, NMHC II-A, II-B and 1I-C, are encoded by three
genes, Myh9, Myhl0 and Myhl4, respectively [97]. Of these,
NMHC II-B, is the most prominently expressed in neurons
[98, 99]. It plays a pivotal role in growth cone dynamics and
in the development of the CNS. Mice ablated for NM II-B
exhibit profound developmental defects, including hydro-
cephalus [100]. NM II-B down-regulation inhibits dendritic
spine maturation. RNA1 targeting of NM II-B in in vitro cul-
tured hippocampal neurons or acute treatment with the NM
II inhibitor blebbistatin drastically reduced the number of
mature spines and synapses [74, 75].

Spine Shortening: Role of Myosin II

Spine shortening occurs concomitant with a dramatic re-
organization of the actin and is likely mediated by NM II,
which induces actin contraction and reorganization. NM II
activation inhibits protrusion in motile cells and causes re-
traction of the leading edge. It also promotes adhesion matu-
ration and actin filament thickening (Fig. 1B, right) [91, 95].
In epithelial cells, NM II promotes the consolidation of the
cell-cell junction, by generating contractile actin bundles
parallel to the plasma membrane, increasing the contact sur-
face between cells (contact compaction), and inducing cad-
herin clustering [101, 102]

NM II-B-mediated spine shortening is likely related to its
contractile activity, exerting force that would pull on the
actin filaments tethered to the tip of the spine or the PSD,
causing spine retraction and compaction of the material in-
side the spine (Fig. 3). In addition, data from epithelial cell
studies suggest that NM II-driven contraction may enhance
adhesive strength between pre- and post-synaptic terminals
by promoting clustering of adhesion receptors, e.g. cadherins
[101].

NM 1I function is regulated by phosphorylation of the
RLC; therefore phosphorylated RLC is a marker for active
NM II. Phosphorylated RLC localizes to dendritic spines,
and a phosphomimetic form of RLC induces dendritic spine
formation [75]. In addition, adhesion and LTP induction ac-
tivate multiple signaling pathways, including RhoA/ROCK
[103-105], which increase the level of RLC phosphorylation
in fibroblasts [106].

Formation of a Spine Neck

The spine neck is thought to be an important geometrical
feature of mature spines by serving to confine neurotrans-
mission to the spine and blocking diffusion of the signal into
the shaft and adjacent spines [5].

NM 1I participates in actin bundles of different geo-
metries. In migrating cells, it mainly forms thick linear ac-
tomyosin bundles [107]; but in dividing cells it is involved in
the formation of the contractile ring during cytokinesis
[108]. Also, NM II activation at cell-cell junctions promotes
the compaction of the contact [101]. Interestingly, similar
phenomena are observed at a multi-cellular level, in which
coordinated cohorts of cells integrate their contractile activi-
ties: an outstanding example is the “purse-string” model of
epithelial dorsal closure, which is driven by NM II activation
[109].
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Analogously, NM II could mediate the formation of a
small contractile ring-like structure that constricts the contact
area of the spine with the dendritic shaft. Alternatively, the
spine neck can be comprised of linear actin bundles gener-
ated during the formation of the immature spine precursor
that does not undergo complete retraction. Both these possi-
bilities are shown in Fig. (3).

Spine Head Expansion

During maturation, the tip of the dendritic spine expands
to provide a larger surface area of interaction with the pre-
synaptic terminal; this is a hallmark of activity-induced plas-
ticity. There are at least two coordinated mechanisms for
controlling spine head expansion. One is an increase in
membrane surface area, which is mediated by increased tar-
geted delivery of vesicles under the control Rab/Arf family
of GTPases like Arf6 [15]. The other is the reorganization of
the actin cytoskeleton, in which branched actin filaments
replace the linear arrays observed in immature spine precur-
sors. In this manner, actin branching at the tip of the spine
potentially sustains the increase in volume and surface area,
much like the extension of a protrusion in migrating cells.

The morphological changes that take place during spine
maturation can be integrated into a model in which the local
activation of Rac and Arp2/3 (and local inactivation of
RhoA) at the tip of the spine supports the formation of a
branched actin network that expands the head. In migrating
cells, there is evidence that the activation of Rac and Rho is
spatially and temporally segregated. Rac is active at the pro-
truding edges of migrating cells, where it triggers dendritic
actin formation [61, 90, 91]. In addition, Rac signaling sup-
presses RhoA activation [110]. On the other hand, RhoA is
more active in the more posterior part of the protrusion and
the center of the cell, where it induces thick actomyosin
filaments, stable adhesions and inhibition of Rac activation
[107, 110].

Similarly, Rac activation closer to the synaptic cleft
would promote branched actin to widen the spine head (Fig.
3, insert), whereas activation of RhoA closer to the dendrite
shaft would promote bundling of actin tethered to the PSD,
possibly by forming an actomyosin cup, or pedestal (Fig. 3).
Supporting this model, it has been proposed that Arf6, which
regulates vesicle trafficking and provides membrane for
membrane expansion during spine widening, creates sites for
targeting of Rac to the membrane [111].

CONCLUDING REMARKS

In this review, we have used insight from studies on ad-
hesion and protrusion in migrating cells as a model for den-
dritic spine and PSD organization. In migrating cells, protru-
sions form using two actin regulators, Arp2/3 and formins,
and adhesion maturation is determined by the organization of
the actin cytoskeleton. Both of these are regulated by signals
emanating from adhesions. Finally, the formation of epithe-
lial adherens junctions is also mediated by actin and is ac-
companied by the cessation of Arp2/3 activity and stimula-
tion of actomyosin contraction as the junctions form. Emerg-
ing evidence suggests that dendritic spine maturation is simi-
larly mediated by actin organization and driven by contact
with the pre-synaptic terminal. Thus, actin polymerization
and the organization of the actin cytoskeleton remains a cen-
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Fig. (3). Hypothetical model of dendritic spine organization.
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The cartoon represents activation of NM 11 (blue) at the base of the spine, which triggers retraction of the spine by pulling the actin filaments
tethered to the PSD, and/or constriction of the spine neck. These movements are represented by dashed arrows. Other cross-linkers, e.g.,
o—actinin (shown in red), also mediate actin bundling in the spine. NM II is also found in the PSD, and controls its integrity. At the tip of the
spine, activation of adhesive molecules (integrins, cadherins, neurexins/ neuroligins, Eph receptors and others) or synaptic receptors (me-
tabotropic Glu and AMPA/NMDA receptors) associated to the PSD trigger the local activation of Rac and branched actin growth by the
Arp2/3 complex to support spine widening, as well as RhoA inactivation. Rac activation could be supported by the translocation of mem-
brane domains (shown in yellow) required for spine membrane expansion under the control of the small GTPase Arf6.

terpiece of these processes, which share many common regu-
latory elements.

Despite the different repertoire of receptors between fi-
broblasts and neurons, most of the signaling pathways origi-
nate with membrane receptors and converge on the regula-
tion of adhesion and the actin cytoskeleton through Rho
GTPases. The regulators that control actin polymerization
and filament disassembly downstream of the GTPases are
also the same (formins and the Arp2/3 complex, and cofilin,
respectively). Finally, actin cross-linkers and contractile pro-
teins, like NM 11, play similar roles in the two processes,
facilitating actin reorganization and reshaping of the stable
structure through actin bundling and/or contraction.

The discovery that some mental retardations are accom-
panied by altered Rho GTPase regulation and abnormal
morphology of dendritic spines highlights the importance of
understanding how the actin cytoskeleton regulates the mor-
phological changes that dendritic spines undergo upon acti-
vation. It also points to therapeutic targets using gene-based

therapy and interventions directed at neuron specific iso-
forms of key adhesion and actin related molecules for the
treatment of diseases with cognitive decline, such as Alz-
heimer’s or Parkison’s disease, senile dementia, or congeni-
tal and non-syndromic mental retardation.

While some clear parallels exist, many aspects of den-
dritic spine and PSD development remain unstudied; hope-
fully this discussion will provide one blueprint for a useful
approach.

ACKNOWLEDGEMENTS

The authors apologize for the numerous studies not cited
due to space constraints. This work was supported by NIH
grant GM23244.

REFERENCES
(1]

Yuste R, Bonhoeffer T. Genesis of dendritic spines: insights from
ultrastructural and imaging studies. Nat Rev Neurosci 2004; 5(1):

24-34.



94 The Open Neuroscience Journal, 2009, Volume 3

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

Matus A. Growth of dendritic spines: a continuing story. Curr Opin
Neurobiol 2005; 15(1): 67-72.

Zhang W, Benson DL. Development and molecular organization of
dendritic spines and their synapses. Hippocampus 2000; 10(5):
512-26.

Bonhoeffer T, Yuste R. Spine motility: phenomenology, mecha-
nisms, and function. Neuron 2002; 35(6): 1019-27.

Ethell IM, Pasquale EB. Molecular mechanisms of dendritic spine
development and remodeling. Prog Neurobiol 2005; 75(3): 161-
205.

Sheng M, Hoogenraad CC. The postsynaptic architecture of excita-
tory synapses: a more quantitative view. Annu Rev Biochem 2007;
76: 823-47.

Ziv NE, Smith SJ. Evidence for a role of dendritic filopodia in
synaptogenesis and spine formation. Neuron 1996; 17(1): 91-102.
Yuste R, Bonhoeffer T. Morphological changes in dendritic spines
associated with long-term synaptic plasticity. Annu Rev Neurosci
2001;24: 1071-89.

Knott G, Holtmaat A. Dendritic spine plasticity--Current under-
standing from in vivo studies. Brain Res Rev Basal Ganglia 2008;
58(2): 282-9.

Nimchinsky EA, Sabatini BL, Svoboda K. Structure and function
of dendritic spines. Annu Rev Physiol 2002; 64: 313-53.

Lendvai B, Stern EA, Chen B, et al. Experience-dependent plastic-
ity of dendritic spines in the developing rat barrel cortex in vivo.
Nature 2000; 404(6780): 876-81.

Sotelo C, Hillman DE, Zamora AJ, et al. Climbing fiber deafferen-
tation: its action on Purkinje cell dendritic spines. Brain Res 1975;
98(3): 574-81.

Kasai H, Matsuzaki M, Noguchi J, et al. Structure-stability-
function relationships of dendritic spines. Trends Neurosci 2003;
26(7): 360-8.

Harris KM, Fiala JC, Ostroff L. Structural changes at dendritic
spine synapses during long-term potentiation. Philos Trans R Soc
Lond B Biol Sci 2003; 358(1432): 745-8.

Park M, Salgado JM, Ostroff L, et al. Plasticity-induced growth of
dendritic spines by exocytic trafficking from recycling endosomes.
Neuron 2006; 52(5): 817-30.

Sekino Y, Kojima N, Shirao T. Role of actin cytoskeleton in den-
dritic spine morphogenesis. Neurochem Int 2007; 51(2-4): 92-104.
Fukazawa Y, Saitoh Y, Ozawa F, et al. Hippocampal LTP is
accompanied by enhanced F-actin content within the dendritic
spine that is essential for late LTP maintenance in vivo. Neuron
2003; 38(3): 447-60.

Okamoto K, Nagai T, Miyawaki A, et al. Rapid and persistent
modulation of actin dynamics regulates postsynaptic reorganization
underlying bidirectional plasticity. Nat Neurosci 2004; 7(10): 1104-
12.

Ackermann M, Matus A. Activity-induced targeting of profilin and
stabilization of dendritic spine morphology. Nat Neurosci 2003;
6(11): 1194-200.

Fiala JC, Spacek J, Harris KM. Dendritic spine pathology: cause or
consequence of neurological disorders? Brain Res Rev 2002; 39(1):
29-54.

Ramakers GJA. Rho proteins, mental retardation and the cellular
basis of cognition. Trends Neurosci 2002; 25(4): 191-9.

Kutsche K, Yntema H, Brandt A, et al. Mutations in ARHGEF6,
encoding a guanine nucleotide exchange factor for Rho GTPases,
in patients with X-linked mental retardation. Nat Genet 2000;
26(2): 247-50.

Billuart P, Bienvenu T, Ronce N, ef al. Oligophrenin-1 encodes a
rhoGAP protein involved in X-linked mental retardation. Pathol
Biol (Paris) 1998; 392(6679): 923-6.

Allen KM, Gleeson JG, Bagrodia S, et al. PAK3 mutation in non-
syndromic Xlinked mental retardation. Nat Genet 1998; 20(1): 25-
30.

Zhao L, Ma QL, Calon F, ef al. Role of p21-activated kinase path-
way defects in the cognitive deficits of Alzheimer disease. Nat
Neurosci 2006; 9(2): 234-42.

Ma QL, Yang F, Calon F, et al. p21-activated kinase-aberrant acti-
vation and translocation in Alzheimer disease pathogenesis. J Biol
Chem 2008; 283(20): 14132-43.

Dustin ML, Colman DR. Neural and immunological synaptic rela-
tions. Science 2002; 298(5594): 7 85-9.

Hynes RO. Integrins: bidirectional, allosteric signaling machines.
Cell 2002; 110(6): 673-87.

[29]

[30]
[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]
[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

Vicente-Manzanares et al.

Geiger B, Spatz JP, Bershadsky AD. Environmental sensing
through focal adhesions. Nat Rev Mol Cell Biol 2009; 10(1): 21-
33.

Takeichi M. Morphogenetic roles of classic cadherins. Curr Opin
Cell Biol 1995; 7(5): 619-27.

Gumbiner BM. Regulation of cadherin-mediated adhesion in
morphogenesis. Nat Rev Mol Cell Biol 2005; 6(8): 622-34.

Lise MF, El-Husseini A. The neuroligin and neurexin families:
from structure to function at the synapse. Cell Mol Life Sci 2006;
63(16): 1833-49.

Craig AM, Kang Y. Neurexin-neuroligin signaling in synapse
development. Curr Opin Neurobiol 2007; 17(1): 43-52.

Klein R. Bidirectional modulation of synaptic functions by
Eph/ephrin signaling. Nat Neurosci 2009; 12(1): 15-20.

Gerrow K, El-Husseini A. Cell adhesion molecules at the synapse.
Front Biosci 2006; 11: 2400-19.

Han K, Kim E. Synaptic adhesion molecules and PSD-95. Prog
Neurobiol 2008; 84(3): 263-83.

Shi Y, Ethell IM. Integrins control dendritic spine plasticity in
hippocampal  neurons  through NMDA  receptor and
Ca’*/calmodulin-dependent protein kinase IImediated actin reor-
ganization. J Neurosci 2006; 26(6): 1813-22.

Webb DJ, Zhang H, Majumdar D, et al. alpha$ integrin signaling
regulates the formation of spines and synapses in hippocampal neu-
rons. J Biol Chem 2007; 282(10): 6929-35.

Takeichi M, Abe K. Synaptic contact dynamics controlled by cad-
herin and catenins. Trends Cell Biol 2005; 15(4): 216-21.
Zaidel-Bar R, Itzkovitz S, Ma'ayan A, ef al. Functional atlas of the
integrin adhesome. Nat Cell Biol 2007; 9(8): 858-67.
Vicente-Manzanares M, Choi CK, Horwitz AR. Integrins in cell
migration--the actin connection. J Cell Sci 2009; 122(Pt 2): 199-
206.

Vogel V, Sheetz MP. Cell fate regulation by coupling mechanical
cycles to biochemical signaling pathways. Curr Opin Cell Biol
2009; 21(1): 38-46.

Cramer LP, Siebert M, Mitchison TJ. Identification of novel graded
polarity actin filament bundles in locomoting heart fibroblasts: im-
plications for the generation of motile force. J Cell Biol 1997;
136(6): 1287-305.

Svitkina TM, Borisy GG. Arp2/3 complex and actin depolymeriz-
ing factor/cofilin in dendritic organization and treadmilling of actin
filament array in lamellipodia. J Cell Biol 1999; 145(5): 1009-26.
Mattila PK, Lappalainen P. Filopodia: molecular architecture and
cellular functions. Nat Rev Mol Cell Biol 2008; 9(6): 446-54.

Lin CH, Thompson CA, Forscher P. Cytoskeletal reorganization
underlying growth cone motility. Curr Opin Neurobiol 1994; 4(5):
640-7.

Hartsock A, Nelson WJ. Adherens and tight junctions: structure,
function and connections to the actin cytoskeleton. Biochim Bio-
phys Acta 2008; 1778(3): 660-9.

Fischer M, Kaech S, Knutti D, ef al. Rapid actin-based plasticity in
dendritic spines. Neuron 1998; 20(5): 847-54.

Holtmaat AJ, Trachtenberg JT, Wilbrecht L, et al. Transient and
persistent dendritic spines in the neocortex in vivo. Neuron 2005;
45(2):279-91.

Pollard TD, Borisy GG. Cellular motility driven by assembly and
disassembly of actin filaments. Cell 2003; 112(4): 453-65.
Hotulainen P, Llano O, Smirnov S, et al. Defining mechanisms of
actin polymerization and depolymerization during dendritic spine
morphogenesis. J Cell Biol 2009; 185(2): 323-39.

Wegner AM, Nebhan CA, Hu L, ef al. N-wasp and the arp2/3 com-
plex are critical regulators of actin in the development of dendritic
spines and synapses. J Biol Chem 2008; 283(23): 15912-20.
Soderling SH, Guire ES, Kaech S, et al. A WAVE-1 and WRP
signaling complex regulates spine density, synaptic plasticity, and
memory. J Neurosci 2007; 27(2): 355-65.

Luo L, Hensch TK, Ackerman L, et al. Differential effects of the
Rac GTPase on Purkinje cell axons and dendritic trunks and spines.
Nature 1996; 379(6568): 837-40.

Nakayama AY, Harms MB, Luo L. Small GTPases Rac and Rho in
the maintenance of dendritic spines and branches in hippocampal
pyramidal neurons. J Neurosci 2000; 20(14): 5329-38.

Tashiro A, Yuste R. Regulation of dendritic spine motility and
stability by Racl and Rho kinase: evidence for two forms of spine
motility. Mol Cell Neurosci 2004; 26(3): 429-40.



Dendritic Spines

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

(81]

(82]

Yang C, Czech L, Gerboth S, et al. Novel roles of formin mDia2 in
lamellipodia and filopodia formation in motile cells. PLoS Biol
2007; 5(11): e317.

Korobova F, Svitkina T. Arp2/3 complex is important for filopodia
formation, growth cone motility, and neuritogenesis in neuronal
cells. Mol Biol Cell 2008; 19(4): 1561-74.

Beningo KA, Dembo M, Kaverina I, Small JV, Wang YL. Nascent
focal adhesions are responsible for the generation of strong propul-
sive forces in migrating fibroblasts. J Cell Biol 2001; 153(4): 881-
8.

Zaidel-Bar R, Milo R, Kam Z, ef al. A paxillin tyrosine phosphory-
lation switch regulates the assembly and form of cell-matrix adhe-
sions. J Cell Sci 2007; 120(Pt 1): 137-48.

Nayal A, Webb DJ, Brown CM, et al. Paxillin phosphorylation at
Ser273 localizes a GIT1-PIX-PAK complex and regulates adhesion
and protrusion dynamics. J Cell Biol 2006; 173(4): 587-9.

Price LS, Leng J, Schwartz MA, et al. Activation of Rac and Cdc42
by integrins mediates cell spreading. Mol Biol Cell 1998; 9(7):
1863-71.

Clark EA, King WG, Brugge JS, et al. Integrin-mediated signals
regulated by members of the rho family of GTPases. J Cell Biol
1998; 142(2): 573-86.

Machesky LM, Insall RH. Scarl and the related Wiskott-Aldrich
syndrome protein, WASP, regulate the actin cytoskeleton through
the Arp2/3 complex. Curr Biol 1998; 8(25): 1347-56.

Rico B, Beggs HE, Schahin-Reed D, et al. Control of axonal
branching and synapse formation by focal adhesion kinase. Nat
Neurosci 2004; 7(10): 1059-69.

Izaguirre G, Aguirre L, Hu YP, et al. The cytoskeletal/non-muscle
isoform of alpha-actinin is phosphorylated on its actin-binding do-
main by the focal adhesion kinase. J Biol Chem 2001; 276(31):
28676-85.

Carter SB. Haptotaxis and the mechanism of cell motility. Nature
1967, 213(5073): 256-60.

Lo CM, Wang HB, Dembo M, et al. Cell movement is guided by
the rigidity of the substrate. Biophys J 2000; 79(1): 144-52.

Ramon y, Cajal S. La Textura del Sistema Nerviosa del Hombre y
los Vertebrados. Madrid: Moya; 1899.

Feldman DE. Synaptic mechanisms for plasticity in neocortex.
Annu Rev Neurosci 2009; 32: 33-55.

Weiss GM, Pysh JJ. Evidence for loss of Purkinje cell dendrites
during late development: a morphometric Golgi analysis in the
mouse. Brain Res 1978; 154(2): 219-30.

Rakic P, Bourgeois JP, Eckenhoff MF, et al. Concurrent overpro-
duction of synapses in diverse regions of the primate cerebral cor-
tex. Science 1986; 232(4747): 232-5.

Chklovskii DB, Mel BW, Svoboda K. Cortical rewiring and infor-
mation storage. Nature 2004; 431(7010): 782-8.

Ryu J, Liu L, Wong TP, ef al. A critical role for myosin IIb in
dendritic spine morphology and synaptic function. Neuron 2006;
49(2): 175-82.

Zhang H, Webb DJ, Asmussen H, et al. A GIT1/PIX/Rac/PAK
signaling module regulates spine morphogenesis and synapse for-
mation through MLC. J Neurosci 2005; 25(13): 3379-88.

Allison DW, Gelfand VI, Spector I, ef al. Role of actin in anchor-
ing postsynaptic receptors in cultured hippocampal neurons: differ-
ential attachment of NMDA versus AMPA receptors. J Neurosci
1998; 18(7): 2423-36.

Kwiatkowski DJ. Functions of gelsolin: motility, signaling, apopto-
sis, cancer. Curr Opin Cell Biol 1999; 11(1): 103-8.

Star EN, Kwiatkowski DJ, Murthy VN. Rapid turnover of actin in
dendritic spines and its regulation by activity. Nat Neurosci 2002;
5(3): 239-46.

Bamburg JR. Proteins of the ADF/cofilin family: essential regula-
tors of actin dynamics. Annu Rev Cell Dev Biol 1999; 15: 185-230.
Delorme V, Machacek M, DerMardirossian C, et al. Cofilin activ-
ity downstream of Pak1 regulates cell protrusion efficiency by or-
ganizing lamellipodium and lamella actin networks. Dev Cell 2007;
13(5): 646-62.

Zhou Q, Homma KJ, Poo MM. Shrinkage of dendritic spines asso-
ciated with long-term depression of hippocampal synapses. Neuron
2004; 44(5): 749-57.

Shi Y, Pontrello CG, DeFea KA, et al. Focal adhesion kinase acts
downstream of EphB receptors to maintain mature dendritic spines
by regulating cofilin activity. J Neurosci 2009; 29(25): 8129-42.

[83]

[84]

(85]

[86]

(87]

(88]

(89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

(98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

The Open Neuroscience Journal, 2009, Volume 3 95

Maekawa M, Ishizaki T, Boku S, et al. Signaling from Rho to the
actin cytoskeleton through protein kinases ROCK and LIM-kinase.
Science 1999; 285(5429): 895-8.

Edwards DC, Sanders LC, Bokoch GM, et al. Activation of LIM-
kinase by Pakl couples Rac/Cdc42 GTPase signalling to actin
cytoskeletal dynamics. Nat Cell Biol 1999; 1(5): 253-9.

Yang N, Higuchi O, Ohashi K, et al. Cofilin phosphorylation by
LIM-kinase 1 and its role in Rac-mediated actin reorganization.
Nature 1998; 393(6687): 809-12.

Arber S, Barbayannis FA, Hanser H, et al. Regulation of actin
dynamics through phosphorylation of cofilin by LIM-kinase.
Nature 1998; 393(6687): 805-9.

Meng Y, Zhang Y, Tregoubov V, ef al. Abnormal spine morphol-
ogy and enhanced LTP in LIMK-1 knockout mice. Neuron 2002;
35(1): 121-33.

Asrar S, Jia Z. Distinct roles of the Rho-GTPase associated kinases
PAK and ROCK in the regulation of dendritic spine and synaptic
plasticity. Open Neurosci J 2009 (in press).

Frangiskakis JM, Ewart AK, Morris CA, et al. LIM-kinasel
hemizygosity implicated in impaired visuospatial constructive cog-
nition. Cell 1996; 86(1): 59-69.

Alexandrova AY, Arnold K, Schaub S, et al. Comparative dynam-
ics of retrograde actin flow and focal adhesions: formation of nas-
cent adhesions triggers transition from fast to slow flow. PLoS
ONE 2008; 3(9): €3234.

Choi CK, Vicente-Manzanares M, Zareno J, et al. Actin and alpha-
actinin orchestrate the assembly and maturation of nascent adhe-
sions in a myosin II motorindependent manner. Nat Cell Biol 2008;
10: 1039-50.

Feng W, Zhang M. Organization and dynamics of PDZ-domain-
related supramodules in the postsynaptic density. Nat Rev Neurosci
2009; 10(2): 87-99.

Okabe S. Molecular anatomy of the postsynaptic density. Mol Cell
Neurosci 2007; 34(4): 503-18.

Blanpied TA, Kerr JM, Ehlers MD. Structural plasticity with pre-
served topology in the postsynaptic protein network. Proc Natl
Acad Sci USA 2008; 105(34): 12587-92.

Vicente-Manzanares M, Zareno J, Whitmore L, et al. Regulation of
protrusion, adhesion dynamics, and polarity by myosins IIA and
1IB in migrating cells. J Cell Biol 2007; 176(5): 573-80.
Vicente-Manzanares M, Koach MA, Whitmore L, et al. Segrega-
tion and activation of myosin IIB creates a rear in migrating cells. J
Cell Biol 2008; 183(3): 543-54.

Coluccio LM, Ed. Myosins: a superfamily of molecular motors.
Watertown: Springer 2007.

Cheng XT, Hayashi K, Shirao T. Non-muscle myosin IIB-like
immunoreactivity is present at the drebrin-binding cytoskeleton in
neurons. Neurosci Res 2000; 36(2): 167-73.

Takahashi M, Kawamoto S, Adelstein RS. Evidence for inserted
sequences in the head region of nonmuscle myosin specific to the
nervous system: cloning of the cDNA encoding the myosin heavy
chain-B isoform of vertebrate nonmuscle myosin. J Biol Chem
1992;267(25): 17864-71.

Ma X, Bao J, Adelstein RS. Loss of cell adhesion causes
hydrocephalus in nonmuscle myosin II-B-ablated and mutated
mice. Mol Biol Cell 2007; 18(6): 2305-12.

Yamada S, Nelson WJ. Localized zones of Rho and Rac activities
drive initiation and expansion of epithelial cell-cell adhesion. J Cell
Biol 2007; 178(3): 517-27.

Shewan AM, Maddugoda M, Kraemer A, et al. Myosin 2 is a key
Rho kinase target necessary for the local concentration of E-
cadherin at cell-cell contacts. Mol Biol Cell 2005; 16(10): 4531-42.
Ren XD, Kiosses WB, Schwartz MA. Regulation of the small
GTP-binding protein Rho by cell adhesion and the cytoskeleton.
EMBO J 1999; 18(3): 578-85.

Moeller ML, Shi Y, Reichardt LF, et al. EphB receptors regulate
dendritic ~ spine  morphogenesis  through  the  recruit-
ment/phosphorylation of focal adhesion kinase and RhoA activa-
tion. J Biol Chem 2006; 281(3): 1587-98.

Rex CS, Chen LY, Sharma A, et al. Different Rho GTPase-
dependent signaling pathways initiate sequential steps in the con-
solidation of long-term potentiation. J Cell Biol 2009; 186(1): 85-
97.

Amano M, Ito M, Kimura K, ef al. Phosphorylation and activation
of myosin by Rho-associated kinase (Rho-kinase). J Biol Chem
1996, 271(34): 20246-9.



96 The Open Neuroscience Journal, 2009, Volume 3 Vicente-Manzanares et al.

[107] Chrzanowska-Wodnicka M, Burridge K. Rho-stimulated contractil- [110]  Sander EE, ten Klooster JP, van Delft S, ef al. Rac downregulates
ity drives the formation of stress fibers and focal adhesions. J Cell Rho activity: reciprocal balance between both GTPases determines
Biol 1996; 133(6): 1403-15. cellular morphology and migratory behavior. J Cell Biol 1999;
[108] Matsumura F. Regulation of myosin II during cytokinesis in higher 147(5): 1009-22.
eukaryotes. Trends Cell Biol 2005; 15(7): 371-7. [111] Balasubramanian N, Scott DW, Castle JD, et al. Arf6 and microtu-
[109] Young PE, Richman AM, Ketchum AS, et al. Morphogenesis in bules in adhesion-dependent trafficking of lipid rafts. Nat Cell Biol
Drosophila requires nonmuscle myosin heavy chain function. 2007;9(12): 1381-91.

Genes Dev 1993; 7(1): 29-41.

Received: July 31, 2009 Revised: August 29, 2009 Accepted: September 22, 2009

© Vicente-Manzanares et al.; Licensee Bentham Open.

This is an open access article licensed under the terms of the Creative Commons Attribution Non-Commercial License
(http://creativecommons.org/licenses/by-nc/3.0/) which permits unrestricted, non-commercial use, distribution and reproduction in any medium, provided the
work is properly cited.



