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Introduction

The actin cytoskeleton is a fundamental regulator of cellular morphology, including the
morphology of neurons. Actin is present in several neuronal compartments, and is highly
enriched in dendritic spines, the sites of most excitatory synapsesin the central nervous
system (CNS). Structurally, spines consist of a head region that is connected to the dendrite
shaft through a neck region (Hering and Sheng 2001). The spine head contains the post-
synaptic density (PSD), the most prominent spine microdomain, which contains a dense
concentration of glutamatergic receptors responsible for excitatory transmission (Newpher
and Ehlers 2009). Outside of the PSD are additional spine compartments, including the
perisynaptic domain, which is roughly 100-200nm from the edge of the PSD (Newpher and
Ehlers 2009). Spines exist in an array of morphologies, and actin rearrangements are
primarily responsible for regulating the morphology of spine heads as well as for regulating
de novo spine formation. Over the past decade it has become clear that spine structure and
function are tightly associated such that spines with large heads have a higher content of
functional AMPA receptors than small spines (Matsuzaki et al. 2001), and the
morphogenesis of small spinesinto large spinesis correlated with the potentiation of
AMPARs (Matsuzaki et al. 2004). Spine formation increases after learning (Yang et al.
2009), and alterations in spine numbers and morphology are characteristic features of many
neuropsychiatric disorders (Fiala et al. 2002; Penzes et al. 20114a).

Here we discuss the importance of actin in regulating dendritic spine morphogenesis. The
regulation of actin in spinesis complex, and as we discuss, it is best conceptualized as a
hierarchical network in which molecules function in discrete levels as defined by their
“molecular distance” to the actin cytoskeleton. At the highest level in this network (i.e.,
most distant from actin) are synaptic surface receptors such as glutamatergic NMDA and
AMPA receptors, receptor tyrosine kinases such as ephrin receptors, and non-kinase
adhesion receptors such as N-cadherin, among others (Penzes et al. 2008). Here we focus on
the molecules that act downstream of synaptic surface receptors to regulate actin in spines.
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Guanine exchange factors (GEFS) relay signals from synaptic receptors to the actin
cytoskeleton, but typically require several intermediary proteinsto do so. Notably, GEFs
activate small GTPases, which in turn, directly regulate the activity of numerous molecules
broadly termed “small GTPase effectors’. These effector molecules stimulate or repress the
activity of actin binding proteins, which, as their name implies, bind to actin and directly
affect actin polymerization.

The functional relevance of having numerous molecular steps between synaptic receptor
activity on the one hand, and actin regulation on the other, was the subject of arecent review
(Penzes et al. 2008). Here we delineate the direct role for actin in spine morphogenesis, and
then deconstruct the signal transduction pathways known to mediate actin polymerization,
focusing on GEF-small GTPase interactions, the relationships between small GTPases and
their effectors, and the mechanisms by which actin binding proteins regulate actin dynamics.
In each instance we focus on the known biochemical mechanisms that govern these
interactions and highlight notable exceptions to the hierarchical framework described. We
then discuss the evidence linking actin-regulatory networks to the pathogenesis of
neuropsychiatric disorders. Finally, after deconstructing these actin-regulatory pathways, we
take a holistic approach to help direct future studies that will illuminate how these numerous
pathways are regulated both spatially and temporally in spines. Asinformative guides,
figures 1 and 2 illustrate the interactions between molecules for two of the networks
discussed in most detail in this review.

Dendritic spines are rich in actin

The overall stability of molecules within the PSD depends on their association, even if
indirect, with F-actin. Spines are rich in F-actin, and the necessity of F-actin for the synaptic
localization of proteins has been assessed by treating cells with pharmacological inhibitors
of F-actin formation. Inhibition of ade novo F-actin formation with Latrunculin A, which
binds to and sequesters monomeric actin thereby preventing new F-actin formation, reduces
the number of spines containing the GIuR1 AMPA receptor (AMPAR) subunit as well asthe
number of synaptic clusters expressing the NMDA receptor (NMDAR) subunit, NR1
(Allison et al. 1998). Moreover, glutamate-mediated AMPAR internalization can be blocked
by treatment with jasplakinolide, a stabilizer of actin filaments (Zhou et a. 2001), and
jasplakinolide prevents spine loss resulting from intense NMDAR activation (Halpain et al.
1998). That surface receptor internalization is facilitated by actin instability is suggestive of
different actin poolsin spines (Cingolani and Goda 2008), as receptor internalization would
require the activity of actin-based motor proteins such as myosin VI (Osterweil et al. 2005),
which presumably function normally in the presence of latrunculin A.

As scaffolding molecules help link surface rectors to the actin cytoskeleton in spines, it is
not surprising that several scaffolding moleculesin the PSD, such as PSD-Zip45 and shank,
are a so destabilized by F-actin depolymerization (Usui et al. 2003). The importance of actin
in stabilizing scaffolding molecules in the PSD is underscored by recent findings indicating
that scaffold molecules can directly interact with actin binding proteins, and these actin
binding proteins possess the capability to ssmultaneously bind a scaffold and interact with F-
actin (Qualmann et a. 2004). Unlike most scaffolding proteins examined, PSD-95 levels are
fairly stable upon F-actin inhibition suggesting that it acts as a core protein for the PSD
(Kuriu et al., 2006).

In addition to promoting the stability of PSD proteins, actin is aprincipal regulator of spine
morphology. Within spines, actin exists as either monomeric units (G-actin) or in multiple
units of filamentous actin (F-actin) comprised of multiple associated G-actin units. Actin
growth is polarized with one end exhibiting more rapid growth than the other. The rapidly
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growing end is termed the plus or barbed end and the opposite end termed the negative or
pointed end (Cingolani and Goda 2008; Dillon and Goda 2005). In F-actin, individual G-
actin subunits are bound by covalent interactions that allow for rapid assembly and
disassembly (Dillon and Goda 2005). ATP-actin monomers are added to F-actin plus ends,
and ADP-actin monomers are removed from F-actin negative ends, at F-actin steady state
(Bindschadler et al. 2004). In spines, actin filaments turnover rapidly and show a
treadmilling activity that extends from the tip to the base of the spine. Large spines have a
greater velocity of actin flow than small spines, which is theorized to contribute to a grester
expansive force on the spine head (Honkura et al. 2008). NMDAR activation shifts the G-
actin to F-actin equilibrium toward F-actin with associated spine enlargement. Conversely,
prolonged low-frequency stimulation causes actin depolymerization resulting in spine
shrinkage and even spine elimination (Okamoto et a. 2004).

Recent studies have found that spines contain subdomains of actin, and that while the PSD
contains alow concentration of actin molecules, perisynaptic regions have an abundance of
polymerized actin foci (Frost et a. 2010). Spine enlargement, however, is not simply the
result of an increase in the polymerization of existing actin filaments, as the formation of a
novel pool of actin in spines occurs following the activation of synaptic glutamate receptors.
This actin pool, termed the enlargement pool, is concentrated in the spine head and is critical
for spine enlargement (Honkura et al. 2008). The formation of this enlargement pool of actin
occurs concomitantly with increased spine membrane reshaping, suggesting it is responsible
for alterations in spine head morphology. Failure to confine the enlargement pool of actin
will result in shrinkage of the spine head, indicating that the aggregation of new filamentsis
necessary for long-term spine head enlargement (Honkura et al. 2008).

The exact mechanisms that govern the formation of new spines are incompletely understood,
yet actin rearrangements are pivotal for ae rovo spine formation. Studies examining the
mechanisms of spine formation have investigated the transitional states between filopodia
and mature spines as filopodia are believed to be spine precursors (Ziv and Smith 1996).
The interaction between the neuron-specific actin binding protein drebrin A and PSD-95
could be critical in the transition from filopodia to spine formation (Sekino et a. 2007;
Takahashi et al. 2003), as drebrin A promotes the clustering of F-actin and PSD-95in
incipient spines (Takahashi et al. 2003). PSD-95 clusters are much scarcer in filopodia
relative to spines, and PSD-95 clustering might thus signify the transition to spine formation
(Okabe et al. 2001). Other studies have suggested that the dominance of actin binding
proteinsin filopodia and mature spines might differ such that filopodiarely on actin binding
proteins that promote the formation of unbranched actin filaments, while spinesrely on
those that promote actin filament branching (Hotulainen et al. 2009).

Small GTPases: critical regulators of actin dynamics in spines

We now turn our attention to understanding the biochemical interactions that regulate actin
in spines. As discussed in the introduction, this regulation can be conceptualized as a
hierarchical network in which molecules function in discrete levels defined by their
molecular distance to actin. In this network, small GTPases are intermediary between
surface receptor activity and actin rearrangement, and we thus focus our attention on this
class of moleculesfirst. We then discuss the upstream regulators of small GTPases in spines,
GEFs, and then discuss how GEF-small GTPase pathways regulate actin dynamics through
small GTPase effectors and actin-binding proteins.

Members of the Rho subfamily of Ras-like small GTPases are critical regulators of the actin
cytoskeleton in numerous cell types, including in neurons (Luo 2002). Ras-like small
GTPases regul ate the devel opment and morphology of dendrites and spines. Small GTPases
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act as“binary switches’ that exist in either an inactive or active form, and are inactive in
their GDP-bound state and active when bound to GTP. Small GTPase activity is regulated
through several mechanisms. First, guanine nucleotide exchange factors (GEFs) facilitate
the exchange of GDP for GTP on small GTPases thereby activating them. Conversely,
GTPase activating proteins (GAPs) stimulate the intrinsic GTPase activity of small GTPases
resulting in the conversion to an inactive state. Finally, guanine nucleotide dissociation
inhibitors (GDIs) can regulate the activity of some small GTPases by directly binding to
them and regulating their cellular localization and proximity to upstream regulators
(Heasman and Ridley 2008; Schmidt and Hall 2002).

The Rho subfamily of small GTPases includes the members Racl, cdc42, and RhoA. A
variety of evidence indicates that Racl promotes spine formation, while RhoA inhibits spine
maintenance (Nakayama and Luo 2000; Tashiro et al. 2000). Specifically, the
overexpression of adominant negative form of Racl drastically decreases the number of
spines and synapses in cultured hippocampal slices and dissociated neurons (Nakayama et
al. 2000; Penzes et al. 2003), while constitutively active RhoA promotes spine elimination in
hippocampal neurons (Tashiro et al. 2000). Similar to Racl, cdc42 promotes spine
morphogenesis as dominant negative cdc42 and cdc42 RNAI inhibit spine formation (Irie
and Y amaguchi 2002; Wegner et a. 2008). Recent evidence indicates that the precise
regulatory balance of small GTPase activity is critical to spine morphogenesis. Notably,
although Racl activity typically increases forebrain spine formation, excessive and
prolonged Racl activity can in some instances inhibit spine morphogenesis (Hayashi-Takagi
et a. 2010).

Ras and Rap are related GTPases in the Ras subfamily that produce opposing effects on
dendritic spines. Ras is rapidly activated following single spine glutamate uncaging, and
once activated, Ras can diffuse from activated spines to neighboring, unactivated spines.
The spread of activated Ras might directly contribute to the facilitation of plasticity across
syapses as Ras activity allows for sustained increases in spine volume following
subthreshold synaptic stimulation (Harvey et al. 2008). Moreover, Ras has been shown to
stabilize synapses and traffic AMPA receptors into spines in a phosphoinositide 3-kinase
(PI3K)-Akt dependent manor (Zhu et al. 2002). Consistent with Ras activity in driving spine
plasticity, mice expressing constitutively active Ras show an increase in pyramidal neuron
spine density in both apical and basal dendrites (Arendt et al. 2004). Inactivators of Rap, on
the other hand, increase spine head size (McAvoy et al. 2009; Pak et al. 2001), and mice
overexpressing a particular Rap isoform, Rap2, show areduction in forebrain spine density
aswell asincreased long-term depression Ryu et al. 2008).

GEFs: linking surface receptors to small GTPases

Through catalyzing the exchange of GDP for GTP, guanine exchange factors (GEFs) serve
to activate small GTPases. The activity of GEFs isregulated by several means: through
direct protein-protein interactions, through the regulation of GEF subcellular localization,
and several GEFs have intramolecular inhibitory interactions that function asintrinsic
activity regulators. The Dbl homology domain (DH) present in most GEFs is necessary and
sufficient for catalyzing GDP to GTP exchanges (Schmidt and Hall 2002).

RhoA is associated with spine shrinkage and destabilization, thus, GEFs that activate this
GTPase have anal ogous effects on dendritic spine morphology. For example, the recently
identified GEF-H1 activates RhoA, and its knockdown increases forebrain spine density
(Kang et al. 2009), while its overexpression decreases spine area (Ryan et al. 2005).
Moreover, treatment of neurons with the AMPAR antagonist NBQX decreases forebrain
spine density and increases RhoA activity through GEF-H1 (Kang et al. 2009). §-Catenin, a
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member of the p120-Catenin subfamily of armadillo proteins, increases spine density by
inactivating the RhoA GEF P190RhoGEF (Kim et a. 2008).

Several GEFsfor Rapl have been identified, including MR-GEF, PDZGEF1, and nRap GEP
(Ohtsuka et a. 1999; Rebhun et al. 2000). The loss of PDZGEF1 increases spine density in
hippocampal neurons (Lee et al. 2011). Of note, the RapGEF Epac? is expressed in
forebrain spines and is activated by cAMP. Epac2 activity leads to reduced spine AMPA
receptor content, depressed excitatory transmission, as well as spine destabilization as
demonstrated by live imaging studies. Conversely, inhibition of Epac2 leads to spine
enlargement and stabilization (Woolfrey et al. 2009).

Among the GEFs for Ras are RasGRF1 and RasGRF2. As expected from the loss of Ras
activity, RasGRF1 knockdown reduces spine density in hippocampal neurons (Lee et a.
2011). A recent study revealed an intriguing link between Ras and Rap signaling in neurons.
The polo-like kinase 2 (PIk2/SNK) is a serine/threonine kinase whose activity increases Rap
activity while simultaneously inhibiting Ras activity. This effect on inhibiting Ras activity
occurs through PIk2' s ability to phosphorylate and degrade RasGRF1 and viaitsrolein
stimulating the activity of the RasGAP SynGAP. The effect of PIk2 in increasing Rap
activity occursis dueto its ability to stimulate PDZGEF1 activity and inhibit the activity of
SPAR, a Rap GAP. PIk2 overexpression decrease spine density and size, whileits
knockdown increases spine size and density (Lee et al. 2011).

There are several well characterized Racl GEFs, including Tiam1, Betapix (BPix), STEF,
and kalirin. Through the activation of Racl, RacGEFs increase spine morphogenesisin
forebrain neurons. Tiam1 knockdown reduces dendritic spine density, and Tiam1 regul ates
spine morphogenesis downstream of NMDAR-mediated CaMKI| activity and EphB (Tolias
et al. 2005; Tolias et al. 2007). Reduction of BPix levels reduces spine density in forebrain
neurons, and BPix is critical for CaMK kinase-CaMK1-mediated spine morphogenesis
(Saneyoshi et al. 2008). The RacGEF STEF (Tiam?2) isacritical regulator of dendritic
growth in young neurons (Takemoto-Kimuraet al. 2007), but itsrolein spine
morphogenesis remains unknown.

Kalirin expression is mainly restricted to the central nervous system whereit is highly
expressed in the hippocampus and cortex, and within neurons, kalirin is highly expressed in
dendrites and dendritic spines. Kalirin is a prominent regulator of dendritic growth and
facilitates spine morphogenesisin both young and mature neurons (Penzes and Jones 2008).
The KALRN gene givesrise to four major protein products: kalirin-5, kalirin-7, kalirin-9,
and kalirin-12. The kalirin-7, kalirin-9, and kalirin-12 isoforms are derived from the same
promoter and are generated through alternate splicing. Kalirin-5 on the other hand uses a
unique promoter. Kalirin-5 and kalirin-7 each contain a single catalytic domain, while
kalirin-9 and kalirin-12 contain an additional catalytic domain not present in the other
isoforms. Kalirin-7 isthe most abundantly expressed isoform in the adult forebrain (Johnson
et a. 2000; Rabiner et a. 2005).

A variety of evidence indicates that the first kalirin GEF domain shared by all major
isoformsis a specific activator of the small GTPase Rac1, while the second GEF domain
present only in the kalirin-9 and kalirin-12 isoforms is a specific activator of the small
GTPase RhoA (Penzes et a. 20014a). The first GEF domain (DHPH1) binds to Racl but does
not bind to either RhoA or cdc42. The second GEF domain (DHPH2) binds to both Racl
and to RhoA. Studiesin heterologous cells have found that DHPH1 activates Racl but does
not affect the activity of cdc42. Although DHPH2 binds to both RhoA and to Racl, this
domain activates RhoA without affecting the activity of Racl (Penzes et a. 20014). In
neurons, the DHPH1 domain of kalirin-7 promotes spine morphogenesis (Penzes et al.
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2001b). Kalirinis critical in facilitating spine structural plasticity and spine AMPAR content
following NMDAR-mediated CamKI| activation (Xie et a. 2007). Cdk5 also regulates spine
morphogenesis through kalirin-7 (Xin et al. 2008), and mice lacking kalirin expression show
reduced forebrain spine density (Cahill et al. 2009; Ma et al. 2008).

The GEF intersectin is among the most well characterized GEFs for cdc42 in neurons. The
overexpression of an intersectin mutant lacking its GEF domain resultsin areduction in
spine area and increases the preponderance of long, immature spines (Irie and Y amaguchi
2002; Thomas et al. 2009). Unlike most RacGEFs, BPix also acts as a GEF for cdc42,
indicating that it likely affects spine morphogenesis through multiple small GTPase targets
(Manser et a. 1998). Ziziminl isacdc42 GEF and is unique in that lacks a DH domain
characteristic of most GEFs. Ziziminl’'s GEF activity comes from a unique domain termed
the CDM-zizimin homology domain 2 (CZH?2) located at the C-terminus that binds cdc42
(Méeller et al. 2002). Ziziminl exists in an autoinhibited state attributable to direct binding of
its N-terminus to the CZH2 domain. This interaction impedes binding to cdc42, and it is
currently unclear what mechanisms enable intersectin activation (Meller et a. 2008). In
hippocampal neurons, the overexpression of Ziziminl promotes dendritic growth, while its
knockdown suppress the growth of dendrites. The effects of ziziminl on dendritic spines
remains to be determined (Kuramoto et al. 2009).

A recently identified GEF, GEFT, strongly activates Racl, cdc42, and to alesser degree,
RhoA (Guo et a. 2003). GEFT is highly expressed in the brain, and its overexpression
increases spine size and the preponderance of mature spines (Bryan et a. 2004). It is not
clear which GTPase regulated by GEFT is principally responsible for its effects on spines.
Of noteisthat Racl, but not cdc42 or RhoA, mediates the effect of GEFT of neurite growth
(Bryan et al. 2004). Whether Racl is also primary responsible for GEFT’ s effects on spine
morphogenesis requires future attention.

In addition to the catalytic DH domain present in most GEFs, several GEFs share additional
subunits which affect their ability to activate their small GTPase targets. Severa GEFs
contain SH3 domains. SH3 domains bind to proline-rich sequences (Mayer 2001), and the
role for SH3 domainsin several GEFs has been studied. Notably, Racl was recently shown
to directly interact with the SH3 domain of BPIX (ten Klooster et al. 2006). This interaction
is mediated by the proline-rich C-terminus of Racl, and does not require Racl to bein its
activated form. The association with BPIX is sufficient to drive Racl to the plasma
membrane (ten Klooster et al. 2006); thus, the SH3-Racl interaction could help drive the
membrane targeting of Racl in neuronswhereit is strategically positioned for activation by
the GEF DH domain. In some instances SH3 domains of GEFs seem to inhibit small
GTPase activity. The fifth SH3 domain of intersectin, for example, intramolecularly
interacts with the catalytic DH domain, which would be expected to interfere with
nucleotide exchange (Ahmad and Lim 2010).

Several RacGEFs contain PDZ-interacting motifs, including kalirin-5, kalirin-7, Tiam1, and
STEF. Thismotif allows these GEFs to directly interact with avariety of PDZ domain-
containing proteins, including synaptic scaffolding proteins such as PSD-95 in the case of
kalirin-7 (Penzes et al. 2001b), and receptor adhesion proteins such as Syndecanl in the case
of Tiam1 (Shepherd et a. 2010). Evidence suggests that the PDZ-interacting motif of
RacGEFsisimportant for their targeting to spines, and for some RacGEFs, thisregion is
necessary for spine promoting effects (Penzes et al. 2001b). In the case of kalirin-7 the
interaction with PSD-95 inhibitsits ability to activate Racl (Penzes et al. 2001b). This
suggests that disassociation from PSD-95 might be a critical initia step in fostering kalirin-7
activity. Consistent with this, global elevations in synaptic activity drastically reduces the
interaction of kalirin-7 with PSD-95 in the cortex (Hayashi-Takagi et al. 2010).
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A recent study revealed that under certain signaling conditions small GTPases can activate
GEFs through a non-canonical pathway. In the presence of nerve growth factor (NGF) Ras
bindsto Tiam1l thereby allowing Tiaml to bind to and activate Racl (Shirazi Fard et al.
2010). Other studies support the idea that crosstalk between small GTPases occurs. Cdc42
can increase Racl activation, Racl can cause RhoA activation, and RhoA, in turn, can
reduce Racl activity (Li et al. 2002; Nobes and Hall 1995).

Downstream effectors of small GTPases and actin-binding proteins: an

intimate link to actin

Among the most well characterized downstream target of Racl and cdc42 in neuronsisthe
p21-activated kinase (Pak) (Manser et a. 1994). The group 1 Pak family is comprised of
Pak1, Pak2, and Pak3. Group 1 Pak members, and in particular Pak1, have an established
role in promoting spine morphogenesis (Nikolic 2008). Racl activity has been shown to
increase the activity of Pakl, and the ability to activate Pak1l is also seen with cdc42 (Knaus
et a. 1998). Small GTPases activate Pak1 by relieving itsintramolecular autoinhibition (Tu
and Wigler 1999).

Racl and cdc42 show differential propensity to activating certain group 1 Pak members.
Notably, b-galactosidase two-hybrid assays have shown that Racl shows minimal
interaction with Pak3 when compared to that of cdc42 (about 2% relative to cdc42), and
overexpression experiments have shown that cdc42 shows a 10 fold higher affinity for
binding Pak3 relative to Racl. These findings extend to the level of GEFs as the Racl GEF
Tiaml is unable to activate Pak3, which isin stark contrast to the surge in Pak3 activity
caused by the cdc42 GEF intersectin (Kreis et al. 2007). Overdl, it seemsthat cdc42 isa
broader activator of group 1 Paks than Racl.

Racl and cdc4?2 facilitate the interaction of Pak1 with LIM-kinase, thereby causing L1M-
kinase activation (Edwards et al. 1999). LIM-kinase activity, in turn, favors actin
polymerization by the phosphorylation and consequent inactivation of cofilin, anegative
regulator of F-actin polymerization (Arber et al. 1998; Yang et al. 1998). Cofilin has a high
affinity for GDP-actin but not for GTP-actin, and it binds to GDP-actin solely at the F-actin
pointed end; cofilin causes a more than twenty fold increase in the rate of GDP-actin
dissociation from F-actin pointed ends (Carlier et al. 1997). Indeed, the overexpression of
congtitutively active cofilin reduces spine head area and spine head to length ratios,
indicative of immature spine phenotypes (Shi et al. 2009). Surprisingly, small GTPases that
promote spine morphogenesis in some instances paradoxically dephosphorylate cofilin
thereby increasing its activity: Ras acts through the M A Pkinase/Erkkinase and
phosphatidylinositol-3-kinase (PI3K) pathway to dephosphorylate cofilin in fibroblasts
(Nebl et al. 2004). Whether this occurs in neurons remains unclear, but nevertheless
indicates that the relationship between small GTPases and cofilin with regard to actin
regulation is likely more complicated than previously believed.

RacGEFs can in some instances interact with Pak kinases independent of small GTPases.
For example, BPIX interacts with Pakl viaits SH3 domain (ten Klooster et a. 2006). As
Racl also binds to the SH3 domain of BPIX, cellular studies have found that Pak1 and Racl
competitively bind to BPIX. The exact implications for the binding of Pak1 to PIX with
regard to actin remodeling is not completely clear. Of note, phospho-active Pak1 cannot
bind to BPIX (Mott et a. 2005), indicating that PIX selectively binds inactive Pak1, and
upon activation by small GTPases, Pak1 disassociates from BPIX (ten Klooster et al. 2006).

Racl and cdc42 can a so regulate the actin cytoskel eton through the direct activation of the
Wiskott-Aldrich syndrome protein (WASP) family. The WASP protein family includes full-
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length WASP and neural-WASP (N-WASP). WASP and N-WA SP have a GBD/CRIB motif
that binds small GTPases, and the N-terminal Wh1 domain of the WASP family bindsto F-
actin (Egile et al. 1999) and to the WA SP-interacting protein (WIP) (Ramesh et al. 1997).
WIP can facilitate actin polymerization as well as protect WASP from degradation (Anton et
al. 2007; Ramesh et a. 1997). In resting state, WASP and N-WASP are autoinhibited as a
conseguence of an intramolecular interaction between the GBD domain and the C-terminus.
This occludes its interaction with actin regulatory molecules, and small GTPase binding
effectively relieves this autoinhibition (Kim et al. 2000; Rohatgi et al. 2000).

N-WASP is highly expressed in the brain (Miki et al. 1996), is present in adult rodent
synaptsomes (Irie and Y amaguchi, 2002), and is enriched in forebrain excitatory synapses
(Wegner et al. 2008). N-WASP expression is present at birth in both the hippocampus and
cortex and levelsincrease at around 2-weeks of age in rodents, coinciding with the period of
elevated spine formation. N-WASP levels then remain elevated throughout adulthood
(Tsuchiyaet al. 2006). Actin polymerization assays have shown that Racl preferentially
activates N-WASP over full-length WA SP, while cdc42 preferentially activates full-length
WASP over N-WASP. The differential affinity of Racl and cdc42 for N-WASP and WASP,
respectively, is partially due to the differences in the GTPase-binding CRIB domains of the
WASP members (Tomasevic et al. 2007). That Racl activates N-WASP is significant given
that N-WA SP knockdown has been shown to reduce spine density as well as PSD-95
clusters, while the overexpression of N-WA SP increases spine density (Wegner et al. 2008).

In some instances GEFs can directly interact with downstream regulators of actin-binding
proteins irrespective of small GTPase activation as shown by the ability of intersectin-1 to
directly interact with N-WASP /n vitroand /in vivo (Hussain et a. 2001). Thisinteraction
stimulates intersectin-1's ability to activate cdc42. These findings indicate that although
cdc4?2 does not seem to directly activate N-WASP, cdc42 might neverthel ess be capabl e of
driving N-WASP activity viainteractions with GEFs. It isinteresting that the SH3 domain
of intersectin-1 binds N-WASP (Hussain et al. 2001). Whether the SH3 domains of other
GEFs can aso directly interact with small GTPase effectors such as N-WASP has not been
reported.

As another exception to the linear GEF-small GTPase-GT Pase effector-actin binding protein
pathway, the WH1 domain of N-WASP directly interacts with the proline-rich domain of a
particular p-PIX isoform, p-PIX-b (Park et al. 2011). Thisinteraction stimulates actin
dynamicsin non-neuronal cells, and in neuronsit promotes spine formation. As cdc42
activity is also critical for B-PIX-b’s effects on spines, this suggests that multiple B-PIX-b
domains are responsible for regulating spines, and might do so in a cooperative manner. As
different p-PIX-b domains bind to N-WASP and cdc42, it is possible that p-PIX-b
strategically brings activated cdc42 in close proximity to N-WA SP thereby fostering cdc42-
mediated N-WASP activation (Park et al. 2011).

Racl can also affect actin polymerization through the regulation of WAVE-1. WAVE
proteins share a similar structure to WASP proteins, but lack a GTPase binding CRIB
domain (Miki et al. 1998). Racl immunoprecipitates with WAVE, and WAV E functions
downstream of Racl to control actin clustering (Miki et al. 1998). WAVEL existsin a
congtitutively active form and its activity is fransinhibited by a protein complex. Racl acts
not to directly activate WAVEL per sg but rather to relieve WAV EL inhibition by directly
binding to and dissembling proteins in the WAV EL1 inhibitory complex (Eden et al. 2002).
WAVEL isexpressed in the spines of mature forebrain neurons, and isimportant for spine
maintenance (Soderling et al. 2007) and spine maturation (Kim et al. 2006). Mice with
reduced WAV E1 expression show striking deficitsin spatial memory (Soderling et al.
2003), consistent with arole for actin regulators in cognitive processes.
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A primary downstream target of N-WASP and WAVEL is the arp2/3 complex (Takenawa
and Suetsugu 2007). Arp2/3 isfound in the majority of spine heads, and arp2/3 activity
favors spine maturation as reducing its activity increases filopodia formation and decreases
the number of both thin and mushroom spines. However, loss of arp2/3 does not affect
filopodial growth (Hotulainen et al. 2009). Arp2/3'srole seemsto liein promoting the
branching of actin filaments and might thus be crucial for spine head enlargement
(Hotulainen et al. 2009; Korobova and Svitkina 2010; Mullins et al. 1998). Knockdown of
Arp3 reduces forebrain spine density (Wegner et a. 2008).

WASP and WAVE contain aVCA region (verprolin homology, cofilin homology domain,
acidic region) at their C-terminus where the V region binds to actin monomers while the CA
region binds to arp2/3 (Miki and Takenawa 2003). The VCA region of WASP and WAVE is
essential for actin polymerization, and the overexpression of a N-WA SP mutant lacking the
V CA region causes spine loss, akin to a dominant-negative protein (Wegner et al. 2008).
Theinteraction of WASP or WAVE with arp2/3 helps form an actin trimer necessary to
drive actin polymerization: the V domain of WASP/WAVE bind an actin monomer and arp2
and apr3 each bind an actin monomer (Kurisu and Takenawa 2009). Arp2/3 can then
promote actin filament growth in the rapidly growing plus direction (Pollard and Beltzner
2002).

The N-terminus of cortactin directly bindsto the arp2/3 complex, and although cortactin by
itself is not sufficient to drive actin polymerization, cortactin expedites arp2/3-mediated
actin polymerization. Unlike WASP and WAV E which simultaneously interact with actin
monomers and arp2/3 to drive polymerization, cortactin stimulates arp2/3 polymerization by
interacting with F-actin (Uruno et al. 2001). Although both cortactin and N-WASP bind
arp2/3, they interact with partially non-overlapping arp2/3 domains which allow these
molecules to form aternary complex (Weaver et al. 2002). This could explain the ability of
N-WASP and cortactin to synergistically promote actin branching (Weaver et al. 2001).
Cortactin is enriched in spines, and its knockdown reduces spine density, while cortactin
overexpression increases spine length (Hering and Sheng 2003). Both Racl and Pak
phosphorylate cortactin (Head et al. 2003; Webb et al. 2006). Pak-mediated cortactin
phosphorylation can attenuate cortactin’ s interaction with F-actin (Webb et al. 2006), while
a separate study found that Pak’ s phosphorylation of cortactin increases its association with
N-WASP (Grassart et a. 2010). The implications of Pak’s regulation of cortactin on
dendritic spines has not been reported.

Another potential means by which Racl affects actin is by regulating gelsolin. Gelsolin
severs actin filaments, isimportant for calcium-mediated actin depolymerization in neurons
(Furukawa et al. 1997), and also binds and caps the barbed ends of actin filaments (Harris
and Weeds 1984). Other studies using knockout neurons suggest that gelsolin can stabilize
actin (Star et al. 2002). Racl negatively regulates the interaction of gelsolin with actin in
non-neuronal cells (Arcaro 1998). Whether Racl has similar effects in neurons remains
unknown. Further, it seemsthat Racl activity in and of itself is not sufficient to regulate
gelsolin-actin interactions suggesting that a downstream Racl effector is critical. Pak does
not alter gelsolin’sinteraction with actin (Arcaro 1998), and the exact Racl effector
responsible for gelsolin regulation has not been delineated.

The actin binding protein profilin is another key regulator of actin polymerization. Profilin
can promote the rapid assembly of actin filaments by binding to ADP-actin. This interaction
greatly increases the rate of ADP to ATP exchange on actin monomers thereby replenishing
the pool of ATP-actin. ATP-actin can then be added to an elongating actin filament (Witke
2004). WAVE directly interacts with profilin, and profilin is critical for WAV E-induced
clustering of actin filaments (Miki et al. 1998). N-WASP a so interacts with and regulates
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actin polymerization through profilin (Suetsugu et al. 1998), and this interaction might be
fostered by the profilin interacting motif present in the WIP protein (Ramesh et al. 1997).
Spines containing profilin show greater PSD lengths than those lacking profilin (Lamprecht
et a. 2006). Synaptic activity increases profilin levelsin spine heads, and interfering with
profilin targeting to spines causes spine destabilization (Ackermann and Matus 2003).

RhoA'’ s effects on actin are thought to be partially mediated by mammalian diaphanous
(mDia), amember of the diaphanous-related forming family of actinnucleating proteins
(Schmandke and Strittmatter 2007). RhoA bindsto, and stimulates the function of, mDia.
mDia binds to the plus end of actin filaments thereby preventing the binding of proteins that
terminate actin polymerization (Ridley 2006). Additional RhoA effectorsin neurons are the
Rho-associated kinases (ROCKSs) (Nakayama et al. 2000; Schmandke and Strittmatter
2007). ROCK1 (p160ROCK) can activate L1M-kinase, and evidence suggests that ROCK 1
negatively impacts the activity of Racl and cdc42 (Hirose et al. 1998). The latter effect may
contribute to the negative role of RhoA activity on spine morphogenesis, and indeed ROCK
inhibitors (e.g, Y 27632) increase spine density (Kang et al. 2009).

Actin regulatory signal transduction pathways are implicated in
neurological disorders

As changes in spine density and morphology are characteristic of many neuropsychiatric
disorders (Penzes et a. 2011a), much evidence links components of the GEF-small GTPase-
GTPase effector-actin binding protein pathway to disorders characterized by spine loss.
Starting with GEFs, KAL RN transcript expression is reduced in the forebrain of
schizophrenia and Alzheimer’ s disease (AD) patients (Hill et al. 2006; Narayan et a. 2008;
Youn et al. 2007), and several missense mutations in the KAL RN gene have been identified
in schizophrenia patients (Kushimaet a.). Mice lacking kalirin show several schizophrenia-
relevant phenotypes, including deficits in sensory-motor gating (Cahill et al. 2009).

Kalirin-7 also interacts with the protein product of multiple well-characterized schizophrenia
susceptibility genes (Cahill et al. 2011; Hayashi-Takagi et al. 2010).

Besides kalirin, several other GEFs have been implicated in neuropsychiatric disorders.
STEF has arolein processing the amyloid precursor protein (Zaldua et al. 2007), the
dysregulation of which is thought to contribute to synaptic degeneration in AD (Esteban
2004; Isacson et al. 2002), and a mutation in a member of the PIX RacGEF family
invariably leads to mental retardation in male members of a Dutch pedigree (Kutsche et al.
2000). Coding mutations in the £PA C2 gene have been associated with autism (Bacchelli et
al. 2003), and these mutations affect Rap activity and spine morphogenesis (Penzes et al.
2011b; Woolfrey et al. 2009). Moreover, increased protein expression of Epac2 has been
detected in the prefrontal cortex and hippocampus of depressed suicide victims (Dwivedi et
al. 2006). The expression of intersectin transcript isincreased in patients with Alzheimer’s
disease and Down’ s syndrome, and proteins levels are elevated in the frontal cortex in
Down’s syndrome as well (Hunter et al. 2011; Pucharcos et al. 1999; Wilmot et al. 2008).
Moreover mice overexpressing intersectinl show Down’s syndrome relevant phenotypes,
particularly reduced activity (Hunter et al. 2011).

Small GTPases and their effectors have also been implicated in numerous neurological
disorders. Cdc42 transcript expression is reduced in the prefrontal cortex of schizophrenia
patients (Hill et al. 2006). Rapl protein levels are reduced in the frontal cortex of major
depressive disorder and schizophrenia, while levels of B-raf, a downsteam Rapl target, are
reduced in bipolar disorder and schizophrenia (Yuan et a. 2010). Similarly, depressed
suicide victims show reduced levels of Rapl protein and active Rapl levelsin the prefrontal
cortex and hippocampus (Dwivedi et al. 2006). Costello syndrome is rare disorder
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characterized by mental retardation, seemingly abnormal brain growth, along with a host of
other symptomsincluding craniofacial features (Gripp et a. 2010; Tidyman and Rauen
2008). Mutations in the HRA Sgene are associated with Costello syndrome, some of which
lead to greatly heightened Ras activity (Aoki et a. 2005; Tidyman and Rauen 2008). In the
AD brain, insoluble deposits of the protein amyloid beta (Abeta) are evident. Abeta activates
RhoA, and the inactivation of RhoA seems to protect dendrites from the del eterious effects
of Abeta (Chacon et al. 2011).

Mutations in Pak3 have been associated with mental retardation (Allen et a. 1998; Bienvenu
et al. 2000), and numerous studies implicate the Rac1-Pak pathway in animal models of
Fragile X syndrome. Studies have shown that the FMRP protein, whose function is disrupted
in Fragile X syndrome, is a negative regulator of Racl, and evidence suggests that the loss
of FMRP can cause spine loss by Racl overactivation (Bongmba et al. 2011). Similarly, Pak
inhibition can rescue the spine loss of FMR1 knockout mice (Hayashi et al. 2007). In
contrast, arecent report found that Racl and Pak activation in response to theta burst
stimulation in the hippocampus is deficient in FMR1 KO mice, indicating that aloss of
Rac1-Pak activity could also be relevant to Fragile X animal models (Chen et al. 2010).
Dysregulation of Pak has aso been implicated in Alzheimer’s disease as a reduction in Pak
protein expression and activity occursin the forebrain of AD patients, and the rescue of Pak
lossin acellular AD model prevents the loss of postsynaptic proteins required for actin
clustering (Zhao et al. 2006).

Finally, emerging evidence has linked several actin binding proteins to neuropsychiatric
disorders aswell. Fibrillar Abetaincreases LIM-kinase activity with a consequent increase
in the level of phospho-inactive cofilin. Phospho-LIM-kinase levels are upregulated in the
AD brain, specifically in areasrich in Abeta pathology, and this increase |s theorized to
contribute to the increased incidence of dystrophic neuritesin AD (Heredia et al. 2006). The
protein expression of arp2/3 is reduced in the fetal human cerebral cortex in Down’'s
syndrome, and its loss could contribute to the altered arrangement of the cytoskeleton is the
disease (Weitzdoerfer et al. 2002). Finally, gelsolin transcript levels are reduced in the
dorsolateral prefrontal cortex of schizophrenia patients (Hakak et al. 2001), and a recent
study supports potentia associations of single nucleotide polymorphisms in the gene
encoding gelsolin, GSV, with schizophrenia (Xi et al. 2004).

Conclusions and future directions

Given the role for spine morphogenesisin learning and memory, and the links of aberrant
spine regulation in contributing to numerous neuropsychiatric disorders (Penzes et al.
20114), understanding the precise mechanisms governing the regulation of actin in spines
remains an important avenue of research. As discussed, there are numerous signaling
cascades that link surface receptors in spines to the actin cytoskeleton, and crosstalk
between pathways in likely the norm rather than the exception. When deconstructing the
signaling pathways that regulate actin, it would seem that a large degree of functional
redundancy occurs, making it difficult to determine how a precise regulation of actin can
occur. For example, the activation of different RacGEFs would seem to result in the
activation of nearly identical downstream signal transduction pathways. How then is
signaling specificity achieved?

First off, matters are more complex than simple linear pathways would suggest, asit is
unlikely that the activation of a particular molecule in this network invariably leads to the
activation of its full complement of identified downstream targets. Consistent with this,
evidence indicates that GEFs can prime their small GTPase targets to activate specific
effectors and not others (Zhou et al. 1998). This could be attributable to the spatial
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regulation of GEFsin different neuronal compartments or even in different spine regions
such that their activated small GTPase counterparts have access to only alimited number of
their known effectors. Also, non-overlapping regions of an individual small GTPase can
interact with different downstream effectors (Xu et a. 1994). It is thus possible that different
GEFs can cause different domains of a particular small GTPase to become available for
interaction with effectors (Zhou et al. 1998). Also, because GEFs can in some instances
directly interact with downsteam targets of small GTPases (Hussain et al. 2001), this could
couple small GTPases to specific pathways under certain conditions.

The signaling specificity between GEFs and their targets |eads to the greater issue of
delineating which signal transduction pathways are the dominant regul ators of the actin
rearrangements that underlie spine morphogenesis. Evidence indicates that the expression
profile of individual GEFsistightly regulated during development, and in some instancesin
abrain-region specific manner (Penzes et al. 2008). The comparative stoichiometrics of
different GEFs in spines has not been thoroughly examined, but would help determine if
some GEFs have prominent roles during specific developmental windows and in particular
brain regions. The preferential activation of particular pathways in the hierarchical network
described is likely largely determined by the activation of specific spine surface receptors.
Indeed, different GEFs interact with different receptor complexes (Penzes et al. 2008), and
because the expression of these receptorsis also likely regulated both temporally and in a
brain-region specific manner, this would be predicted to alter the activity of corresponding
pathways in the network.

Finally, the spatial localization and regulation of the moleculesin this network merit future
attention. Thisis especially important considering that actin pools required for long-term
spine stabilization, as seen in spines with large heads, are located outside of the PSD
(Honkura et al. 2008), and in fact the PSD largely lacks polymerized actin (Frost et al.
2010). Thisindicates that signals originating from spine surface receptors must spatially
propagate to actin within spines. This would necessitate that molecules critical for long-term
spine stability be strategically localized outside of the PSD and in the vicinity of stable actin
pooals. Indeed, electron microscopy (EM) studies have shown that molecules such as Pak1
and Pak3 are particularly enriched perisynaptically (Ong et al. 2002), and arp2 as well as
cortactin are enriched away from the PSD in the spine “core” region (Racz and Weinberg
2004; Racz and Weinberg 2008). Although molecules such as GEFs are enriched in the
PSD, it would be interesting to determine if GEFs can shuttle between synaptic and
perisynaptic regions (Figure 3). If so, does the subspine localization of these molecules
differ depending on spine morphology? Also, if GEFs show a prominent localization
perisynaptically, what molecules stabilize them away from the PSD? Examining these issues
in the future would illuminate some of the most fundamental aspects of actin regulation as it
relates to spine morphogenesis.
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Figure 1. The Racl-actin regulatory network

The upstream and downstream regulators of the Racl network are illustrated. Racl GEFs
are shown in blue, and direct Racl effectors are in green. Actin-binding proteins are shown
inred. LIM-K is neither adirect Racl effector nor an actin-binding protein in this network.
Solid arrows indicate pathways that follow the typical GEF-small GTPase-small GTPase
effector-actin binding protein hierarchy, while dashed arrows indicate pathways that violate
this hierarchy.
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Figure 2. The cdc42-actin regulatory network

The upstream and downstream regulators of cdc42 network areillustrated. Cdc42 GEFs are
shown in blue, and direct cdc4?2 effectors are in green. Actin-binding proteins are shown in
red. LIM-K is neither a direct Racl effector nor an actin-binding protein in this network.
Solid arrows indicate pathways that follow the typical GEF-small GTPase-small GTPase
effector-actin binding protein hierarchy, while dashed arrows indicate pathways that violate
this hierarchy.
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Figure 3. The hypothetical regulation of GEFs subspine localization

On theleft isaspine with asmall head. In blue is the postsynaptic density (PSD) where
numerous scaffolding proteins are enriched. In spines actinis scarcein the PSD and is
enriched in the spine core. GEFs bind to scaffolding proteinsin the PSD, but this presents a
fundamental spatial problem. How do GEFs bound to the PSD interact with the actin
cytoskeleton located a considerable distance outside of the PSD? We propose that in spines
with large heads as shown on the right, GEFs might be localized outside of the PSD and in
the vicinity of the actin cytoskeleton. Thislocalization of GEFs perisynaptically would be a
critical initiator of spine head enlargement.
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