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ABSTRACT OF THE DISSERTATION

The Regulation of Dendritic Spine Plasticity by EphB and N-methyl-D-aspartate
Receptors Through Spatial Control Over Cofilin Activity in
Mature Hippocampal Neurons

by
Crystal Gayle Pontrello
Doctor of Philosophy, Graduate Program in Neuroscience

University of California, Riverside, December 2010
Dr. Iryna M. Ethell, Chairperson

Dendritic spines are the postsynaptic sites of most excitatory synapses in the brain,
and changes in their morphology are implicated in synaptic plasticity and long-term
memory. F-actin dynamics are thought to be a basis for both the formation of dendritic
spines during development and their structural plasticity (Ethell and Pasquale, 2005;
Pontrello and Ethell, 2009). We have shown that the F-actin-severing protein cofilin,
which is regulated by phosphorylation, can induce remodeling of mature dendritic spines
in hippocampal neurons (Shi et al., 2009). We also demonstrate that B-Arrestins play an
important role in spatial control over cofilin activity in dendritic spines, which underlies
NMDA-mediated dendritic spine remodeling. Cofilin activity in dendritic spines is
regulated through CaMKII-mediated suppression of cofilin activity by phosphorylation,
and calcineurin-dependent cofilin activation through its dephosphorylation. In addition,
while the EphB receptor promotes spine stabilization through cofilin inactivation, the

NMDA receptor prevents EphB-mediated cofilin inactivation through calcineurin.
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NMDAR activation also promotes the translocation of cofilin to dendritic spines, an
event that requires cofilin dephosphorylation and is also dependent on B-Arrestins, which
have recently been shown to scaffold cofilin with its regulators, LIM kinase and slingshot
phosphatase (Zoudilova et al., 2010). Our studies demonstrate that cofilin clustering in
the spines is affected in both B-Arrestinl- and B-Arrestin2- deficient neurons under

$3A mutant fails to translocate

normal synaptic activity, and a constitutively-active cofilin
to spines in response to NMDA in B-Arrestin2 KO neurons. Moreover, while wt neurons
display dendritic spine remodeling in response to NMDA or with over-expression of

cofilin®4

, P-Arrestin2-deficient neurons are resistant to both NMDA-induced and
cofilin®***-induced spine remodeling. In contrast, dominant-negative cofilin®*® prevents
NMDA-induced dendritic spine remodeling in wt neurons, and also rescues a mature
spine phenotype that is lost in B-Arrestinl KO neurons. In addition, over-expression of 3-
Arrestin in the KO neurons rescues spine abnormalities. B-Arrestinl-deficient neurons
also develop immature spines in vivo, whereas hippocampal neurons lacking B-Arrestin2
develop normal mature spines, but fail to remodel in response to NMDA. Our studies
demonstrate novel functions of B-Arrestinl in the development of mature dendritic spines,

and B-Arrestin2 in NMDAR-mediated dendritic spine plasticity through spatial control

over cofilin activity.
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Chapter 1: Introduction

1.1 Dendritic spines and actin-binding proteins

Excitatory postsynaptic sites in the brain are usually formed on dendritic spines,
small protrusions on the surface of dendrites that are highly enriched in filamentous actin
(F-actin) (Rao & Craig, 2000; Sorra & Harris, 2000; Hering & Sheng, 2001; Yuste &
Bonhoeffer, 2004; Ethell & Pasquale, 2005). Dendritic spines form and mature as
synaptic connections develop in the brain, and their morphogenesis directly correlates
with synapse formation and maturation. The most widely-held view of dendritic spine
formation suggests that dendritic spines originate from dendritic filopodia-like
protrusions both in vitro and in vivo (Dailey & Smith, 1996; Ziv & Smith, 1996; Maletic-
Savatic et al., 1999; Chen et al., 2000; Marrs et al., 2001; Okabe et al., 2001;
Trachtenberg et al., 2002; Portera-Cailliau et al., 2003; Ziv & Garner, 2004; Knott et al.,
2006). Although mature dendritic spines can also emerge from the dendritic shaft, it is
widely accepted that long, thin filopodia-like morphologies are features of immature pre-
cursors to spines, while mature spines are characterized by mushroom-like or stubby
shapes (Lippman & Dunaevsky, 2005; Matus, 2005; Tada & Sheng, 2006). Several
studies have demonstrated a correlation between dendritic spine morphology and synaptic
function (Matsuzaki et al., 2001; Murthy et al., 2001; Smith et al., 2003; Lang et al.,
2004; Matsuzaki et al., 2004; Nimchinsky et al., 2004; Ashby et al., 2006; Nicholson et
al., 2006). While immature thin spines with smaller heads are flexible and can rapidly

enlarge or shrink in response to changes in synaptic activity (Matsuzaki et al., 2001;



Murthy et al., 2001; Smith et al., 2003; Nicholson et al., 2006), mature mushroom-
shaped spines with larger heads are less likely to change, but show higher sensitivity to
glutamate than immature thin spines (Matsuzaki et al., 2001; Murthy et al., 2001; Smith
et al., 2003; Nicholson et al., 2006). These differences in synaptic strength are suggested
to relate to the number of neurotransmitter receptors. Mature spines have a large spine
head area that is proportional to postsynaptic density (PSD) and synapse size, as well as
receptor complement (Fig. 1-1). Two-photon glutamate uncaging studies have shown that
the mature mushroom-like spines have large PSDs with a high number of a-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors (Matsuzaki et al., 2001).
Indeed, numbers of AMPA receptors and N-methyl-D-aspartate (NMDA) receptors
directly correlate with PSD size (Takumi et al., 1999; Racca et al., 2000). Spine head
volume and PSD size are also proportional to the number of neurotransmitter-containing
vesicles at the presynaptic bouton (Schikorski & Stevens, 1997) and the amount of
neurotransmitter released at the synapse (Murthy et al., 1997). Mature dendritic spines
also contain elements of endoplasmic reticulum, called the spine apparatus, and provide
means for compartmentalization within the neuron, which results in localized control
over factors such as intracellular Ca®" concentration (Llinas et al., 1992) and local protein
synthesis (Tanaka et al., 2008).

Dendritic spines remain plastic in the adult brain and can rapidly grow, change, or
collapse in response to normal physiological changes in synaptic activity that underlies
learning and memory. Long-term potentiation (LTP) can result in spine head enlargement

(Lang et al., 2004; Matsuzaki et al., 2004), whereas long-term depression (LTD) has been



reported to induce shrinkage of dendritic spine heads and spine elimination (Zhou et al.,
2004). Synaptic activity was also shown to shape dendritic spines in area CAl of the
hippocampus (Maletic-Savatic et al., 1999), and long-lasting synaptic enhancement leads
to new spine development (Engert & Bonhoeffer, 1999). Although changes in synaptic
activity may not always lead to structural remodeling (Sorra & Harris, 1998), experience-
dependent motility of spines and change in their morphology has been reported using
various learning paradigms in developing rat barrel cortex (Lendvai et al., 2000), motor
cortex (Kleim et al., 1998), and hippocampus (Geinisman et al., 2000; Leuner et al.,
2003). Pathological stimuli can also lead to changes in dendritic spine shape and number
in the developing and adult brain. Immature dendritic spine profiles are found in subjects
with Fragile X, Down syndrome, and Rett syndrome, whose brains exhibit many long,
thin spines and filopodia-like protrusions (Rudelli et al., 1985; Kaufmann & Moser,
2000). Moreover, dendritic spine loss is a hallmark of several neurodegenerative diseases,
and may also contribute to impaired brain function in these diseases (Halpain et al., 2005).
The ability of spines to rapidly turnover can lead to recovery from damage (Cotman &
Nieto-Sampedro, 1984) and stressors such as sleep deprivation (Chen et al., 2009).

Many molecular signals that control the changes in dendritic spine morphology
act through the regulation of F-actin, some through direct interaction with actin, and
others via downstream effectors (Ethell & Pasquale, 2005; Pontrello & Ethell, 2009).
Actin dynamics at the leading edge in motile cells (Pollard et al., 2001) and in growth
cones (Lowery & Van Vactor, 2009) control cell locomotion and axon pathfinding,

respectively. There is also a tight regulation of actin dynamics within dendritic spines and



filopodia-like protrusions. While the stabilization of mature spines is required for synapse
maintenance, F-actin remodeling underlies synaptic plasticity and may result in spine
turnover, triggering both formation of new spines and filopodia, as well as pruning of
existing spines (Smart & Halpain, 2000; Kolb et al., 2008). As globular actin (G-actin)
monomers join together to form actin filaments (F-actin), there is a bidirectional
polymerization that is biased toward what is known as the plus end or barbed end
(Woodrum et al., 1975). In this way, the F-actin barbed end is fast-growing, while the
opposite pole of the filament, the minus end or pointed end, elongates more slowly. The
constant turnover of the actin filaments in spines results from a steady-state of actin
treadmilling, in which G-actin monomers are added quickly to the barbed end and are
disassembled from the pointed end of F-actin filaments, while exchanging ATP for ADP
(Kirschner, 1980; Stossel, 1993; Bindschadler et al., 2004; Okamoto et al., 2004).
However, this F-actin treadmilling may or may not lead to changes in dendritic spine
shape and size.

Actin assembly regulatory proteins are responsible for shifting the balance
between spine assembly and disassembly that is required for normal synaptic function.
Some regulate spine morphology through direct interaction with actin, while others
control actin dynamics indirectly (Zhang & Benson, 2000; Sekino et al., 2007; Sala et al.,
2008; Pontrello & Ethell, 2009). These proteins may regulate actin polymerization,
branching, cross-linking and bundling, or severing and depolymerization. By affecting

actin dynamics, actin-binding proteins have the ability to form, re-arrange, stabilize, or



remodel dendritic spines. These proteins also aid in clustering postsynaptic proteins and
in regulating neurotransmitter receptor activities to create functional synaptic connections.

Some proteins contribute to the elongation of dendritic spines through bundling
and cross-linking of actin networks. For example, a-actinin can form short branched actin
filaments or elongate existing ones, depending on certain conditions and factors such as
the a-actinin/actin ratio, Ca* concentration, and binding partners (Grazi et al., 1991;
Wachsstock et al., 1993; Sjoblom et al., 2008). Drebrin A bundles actin into thick
winding fibers (Shirao et al., 1994), and has been implicated in the development of
dendritic spines and synapses (Aoki et al., 2005; Mizui et al., 2005; Takahashi et al.,
2009). The Actin-Related Protein (Arp) 2/3 complex (Fig. 1-2) is responsible for
nucleating branches from the sides of existing actin filaments and capping the pointed
ends, thus creating additional fast-growing barbed ends for further actin polymerization
and elongation (Mullins et al., 1997; Welch et al., 1997; Pantaloni et al., 2000; Amann &
Pollard, 2001; Pollard, 2007). In maintaining the balance between assembly and
disassembly of actin filaments, there are some proteins and factors that compete against
the Arp2/3 complex, while others work in cooperation (Fig. 1-3). Cortactin is a protein
that promotes branching and stabilization of actin filaments by binding and activating the
Arp2/3 complex (Uruno et al., 2001; Weaver et al., 2001; Ammer & Weed, 2008).
Phosphorylation of the Arp2/3 complex, which is necessary for its nucleating activity and
cellular localization (LeClaire et al., 2008), can be achieved by such proteins as MAPK-
activated protein kinase 2 (MAPKPK?2) (Singh et al., 2003) and the p21-activated kinase

(PAK) (Vadlamudi et al., 2004). Proteins of the Wiskott-Aldrich Syndrome protein



(WASP) family, Neural-WASP (N-WASP), Scar, and the WASP-family verprolin-
homologous protein (WAVE), are well-known to bind to and activate the Arp2/3
complex (Takenawa & Suetsugu, 2007), each stimulating a different rate of actin
nucleation (Zalevsky et al., 2001). Tropomyosin inhibits the branching activity of Arp2/3
(Blanchoin et al., 2001), and ATP hydrolysis also acts to antagonize its activity by de-
branching older actin filaments (Le Clainche et al., 2003).

In contrast to the actin-polymerizing activity of a-actinin, drebrin, and Arp2/3,
some actin-regulatory proteins like ADF/cofilin and gelsolin work by severing F-actin
filaments, which can result in spine elongation and remodeling by increasing actin
filament turnover, or lead to spine stabilization through gelsolin capping activity. In
addition, ADF/cofilin dissociates Arp2/3 from actin filaments (Chan et al., 2009), but
also uses its severing activity to increase the number of preferred ends for Arp2/3
nucleation (Ichetovkin et al., 2002), and Arp2/3 cooperates with gelsolin in that it
polymerizes actin in the presence of gelsolin-capped filaments (Ressad et al., 1999).

Some proteins such as profilin (Fig. 1-4) have multiple functions in dendritic
spines and promote opposing effects on actin (Theriot & Mitchison, 1993), depending on
several factors and conditions, such as its subcellular localization and intracellular Ca**
levels (Faivre-Sarrailh et al., 1993; Ackermann & Matus, 2003; Neuhoff et al., 2005;
Birbach et al., 2006), interactions with other proteins or phospholipids (Goldschmidt-
Clermont et al., 1986; Sohn et al., 1995; Giesemann et al., 2003; Reeve et al., 2005;
Ferron et al., 2007; Krishnan et al., 2009), and phosphorylation state (Vemuri & Singh,

2001; Sathish et al., 2004; Shao et al., 2008). Spinophilin (Allen et al., 1997) and



neurabin I (Nakanishi et al., 1997) are two proteins that are similar in structure and
activity, but exert opposing effects on dendritic spines through yet unknown mechanisms
(Satoh et al., 1998; Feng et al., 2000; Oliver et al., 2002; Wu et al., 2008). In addition to
displaying actin-bundling activity, spinophilin participates in targeting PP1 to the
postsynaptic membrane (Allen et al., 1997; Hsieh-Wilson et al., 1999), which allows PP1
to dephosphorylate its synaptic substrates (Fig. 1-5). In this way, spinophilin can
indirectly modify the activities of AMPA and NMDA receptors, two known substrates of
PP1. In vivo, spinophilin also takes part in the anchoring of AMPA receptors to the
plasma membrane and promotes their dephosphorylation through PP1 (Yan et al., 1999).
Similarly, the myosin motor proteins, which induce formation of short mushroom-shaped
spines by enhancing actomyosin contractility (Ryu et al., 2006), are also involved in
modulation of NMDA and AMPA receptor membrane insertion and function (Amparan
et al., 2005; Osterweil et al., 2005; Correia et al., 2008; Z Wang et al., 2008).

The actin-binding proteins that contribute to dendritic spine dynamics are
regulated by signaling cascades that can be initiated at the cell surface through trans-
synaptic interactions, neuron-glia communications, and contacts with the extracellular
matrix (Ethell & Pasquale, 2005). Cell surface receptors such as glutamate receptors,
EphB receptors and ephrins, neuroligins and neurexins, integrins, cell adhesion molecules,
growth factor receptors, and some proteoglycans, mediate these interactions linking
extracellular events to the actin cytoskeleton in dendritic spines by initiating cytoplasmic
signaling cascades. Cytoplasmic signaling proteins such as PIP, exhibit diverse control

through a variety of mechanisms, from promoting a-actinin activity through direct



binding, to activating Arp2/3 through WASP, to dissociating the profilin-actin
(profilactin) complex from actin. The Rho family of small GTPases, such as Racl, Cdc42,
and RhoA, are also key regulators of actin-binding proteins in dendritic spines and play
an important role in dendritic spine formation, maintenance, and remodeling. In addition
to the structural role of actin in dendritic spines, actin assembly was recently suggested to
influence neuronal motility through a regulation of gene transcription (Stern et al., 2009).
This may have implications for a role of actin-binding proteins in regulating gene
transcription and protein synthesis in spines.

Dendritic spine dynamics have been implicated in processes of learning and
memory (Segal, 2005; Newpher & Ehlers, 2009), and abnormalities in the shape and
number of spines are seen in neurodegenerative diseases, as well as some forms of mental
retardation and the autistic spectrum disorders (Kaufmann & Moser, 2000; Halpain et al.,
2005). It is the dynamic interplay among actin-binding proteins, cell-surface receptors
and their downstream effectors, and regulatory factors such as intracellular Ca*"
concentration, cellular localization, and protein phosphorylation state that defines the rate
of growth or disassembly of actin. Ultimately, it is the actin dynamics that determine the
morphology of dendritic spines and development of synapses, which underlies

physiological as well as pathological conditions.

1.2 Cofilin
Cofilin is an actin-binding protein that has F-actin severing and depolymerizing

activity, both actions leading to an increase in the G-actin monomer pool within the cell



(Moriyama et al., 1990; Yahara et al., 1996; Carlier et al., 1997; Lappalainen & Drubin,
1997; Rosenblatt et al., 1997, Bamburg, 1999; Bamburg et al., 1999). Cofilin binds
preferentially to ADP-actin (Carlier et al., 1997; Maciver, 1998; Ressad et al., 1999) in a
1:1 ratio and introduces a twist in F-actin filaments, thus severing them (Nishida,
Mackawa Sakai, 1984; McGough et al., 1997; Maciver & Hussey, 2002) (Fig. 1-6).
Cofilin increases the turnover rate of F-actin by severing the filaments, which creates new
barbed ends for continued F-actin assembly and growth. In this process, which is a part of
actin “treadmilling,” F-actin fibers are disassembled slowly from the pointed or minus
end, while G-actin monomers are added more rapidly to the barbed or plus end, leading
to an overall elongation and growth of the F-actin filaments. Cofilin increases the off-rate
of actin monomers from F-actin pointed ends (Carlier et al., 1997), and can also bind and
sequester monomeric actin (Lappalainen & Drubin, 1997).

A member of the actin-depolymerizing factor (ADF)/ cofilin family that forms
“co-filamentous structures” with actin, cofilin is a 21 kD protein that was first isolated
from porcine brain (Nishida, Maekawa, Muneyuki et al., 1984), following several
isolations of ADF from various sources (Bamburg et al., 1980; Harris et al., 1980; Berl et
al., 1983). Cofilin has an actin-binding domain and another highly conserved domain that
has been suggested to be an important binding site for another protein. Several studies
have identified sites that are necessary for cofilin-actin binding and actin severing
(Moriyama et al., 1990; Fedorov et al., 1997; Lappalainen et al., 1997, Moriyama &
Yahara, 1999; Moriyama & Yahara, 2002). The activity of cofilin is regulated by

phosphorylation on its serine-3 residue, which can be achieved by Lin-11, Isl-1, Mec-3



kinases (LIMK) and testicular kinase (TESK), leading to inactivation of cofilin, while
dephosphorylation and activation can occur thorough slingshot (SSH) and chronophin
(CIN) phosphatases (Mizuno et al., 1994; Agnew et al., 1995; Arber et al., 1998; Yang et
al., 1998). Intracellular second messengers or cell surface receptors can influence the
phosphorylation state of cofilin. An increase in Ca>" or cyclic adenosine monophosphate
(cAMP) leads to an increase in cofilin activity through dephosphorylation, as does
treatment with nerve growth factor (NGF) or insulin, the latter also promoting cofilin
translocation to ruffling membranes (Meberg et al., 1998). We have seen in our studies
that cell surface receptors such as EphB (Shi et al., 2009) or NMDA receptors can induce
intracellular signaling cascades that lead to the inactivation or activation of cofilin
through affecting its phosphorylation. EphB receptor activation promotes cofilin
phosphorylation in a RhoA-LIMK-dependent manner that leads to stabilization of mature
dendritic spines (Shi et al., 2009), whereas NMDA receptor activation leads to spine
remodeling (Shi & Ethell, 2006), which may be mediated through calcineurin-SSH or
phosphoinositide 3-kinase (PI3K)- SSH pathways.

In addition to phosphorylation state, cofilin can be regulated by pH (Yonezawa et
al., 1985; Hawkins et al., 1993; Hayden et al., 1993; Carlier et al., 1999). While cofilin is
still able to bind to F-actin, it displays weaker activity at pH less then 7.1.
Phosphatidylinositol (4,5)-bisphosphate binds cofilin directly, inhibiting cofilin/ F-actin
interaction (Yonezawa et al., 1991; Kusano et al., 1999), while tropomyosin can inhibit
cofilin in another way, through the stabilization of actin filaments (Ono & Ono, 2002;

Kuhn & Bamburg, 2008). The spatial regulation of cofilin within the cell also leads to
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promotion or prevention of its activity. PIP, PIP,, and the 14-3-3 protein can bind cofilin
and sequester it to specific areas of the cell, inhibiting its activity (Fu et al., 2000). B-
Arrestins are scaffolding proteins that control the cellular localization of cofilin and its
regulators, LIMK and SSH or CIN phosphatase (Zoudilova et al., 2007; Zoudilova et al.,
2010). In this way, B-Arrestins control the activity state of cofilin and its distribution
throughout the cell.

Cofilin is concentrated in ruffling membranes (Yonezawa et al., 1987; Obinata et
al., 1997), at the leading edge of migrating cells (DesMarais et al., 2005), and in areas of
the cell where actin is dynamic (Bamburg & Bray, 1987; Nagaoka et al., 1996; Obinata et
al., 1997; Racz & Weinberg, 2006). Cofilin controls cell polarity (Dawe et al., 2003;
Garvalov et al., 2007), as well as growth cone and filopodial dynamics (Kuhn et al.,
2000; Gungabissoon & Bamburg, 2003; Fass et al., 2004; Gehler et al., 2004). Cofilin is
localized in dendritic spines to a specific area of dynamic F-actin called the “shell” (Racz
& Weinberg, 2006), suggesting its role in regulation of actin and spine dynamics. Our
studies have shown that over-expression in mature hippocampal neuronal cultures of
constitutively-active cofilin®**, but not dominant-negative cofilin®*", leads to elongation
of spines and development of immature filopodia (Shi et al., 2009), and knock-down of
cofilin with siRNA was shown to promote immature spines and abnormal filopodia
(Hotulainen et al., 2009). LIMK knock-out (KO) or inhibition of LIMK translation using
microRNA leads to immature spines with small heads (Meng et al., 2002; Schratt et al.,
2006), suggesting that LIMK and its downstream substrate cofilin are both essential

regulators of dendritic spine maintenance. NMDA receptor activation leads to transient
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spine remodeling (Shi & Ethell, 2006) and cofilin activation (Carlisle et al., 2008),
followed by spine stabilization and cofilin inactivation. Long-term potentiation (LTP)
promotes an increase in mature dendritic spines and synapses, which is dependent on
LIMK-dependent cofilin inactivation (Lisman, 2003; Chen et al., 2007), whereas long-
term depression (LTD) leads to cofilin-dependent spine shrinkage (Zhou et al., 2004).
The activity state of cofilin seems to modulate the diverse effects on dendritic spines of
NMDA and AMPA receptor activation, as well as promotion of LTP or LTD that are
thought to underlie learning and memory processes.

Under conditions of cellular stress, cofilin translocates to the nucleus in a
dephosphorylation-dependent manner (Matsuzaki et al., 1988; Nebl et al., 1996;
Minamide et al., 2000), where it forms rod-like inclusions similar to those found in
Alzheimer brains (Nishida et al., 1987; Bamburg, 1999; Davis et al., 2009). Indeed, these
cofilin-saturated actin structures can be induced by amyloid B (AB) application and are
found in close proximity to the senile plaques that are hallmark structures of Alzheimer
disease (Maloney & Bamburg, 2007; Bamburg & Bloom, 2009). Dominant-negative
cofilin®*® has been shown to have protective effects against Ap-induced dendritic spine
loss (Shankar et al., 2007), further implicating cofilin in this pathology. Hirano bodies are
another example of aberrant cofilin-rich structures that are found in the aging brain,
especially in those with cognitive impariment (Hirano, 1994; Maciver & Harrington,
1995; Bamburg & Wiggan, 2002). Cofilin is a powerful modulator of many diverse
cellular activities, and malfunction of its activity or localization can lead to neurological

or developmental disorders.
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1.3 Eph Receptor Tyrosine Kinases

Eph receptors are named for their expression in an Erythropoietin-Producing
human Hepatocellular carcinoma cell line and are the largest family of cell-surface
receptor tyrosine kinases that mediate cell-cell adhesion/ repulsion (Flanagan &
Vanderhaeghen, 1998; Mellitzer et al., 2000; Wilkinson, 2001; Pasquale, 2005), thereby
spatially regulating cells and determining whether they will contact and interact with one
another. The ephrin ligand is also membrane-bound, requiring cell-cell contact for Eph-
ephrin interaction and signaling through the receptor and/ or ligand. There are nine
mammalian EphA receptors that can promiscuously bind five different
glycosylphosphatidylinositol (GPI)-linked ephrinA ligands, and there are five EphB
receptors that can bind any of three transmembrane ephrinB ligands. EphA4 can also bind
ephrinBs, and EphB receptors can bind to ephrinAS (Pasquale, 2005).

Eph-ephrin interaction and signaling can be bi-directional (Kullander & Klein,
2002; Murai & Pasquale, 2003; Noren & Pasquale, 2004). Forward-signaling commences
when tyrosine kinase activity is promoted in the Eph-containing cell, and reverse-
signaling involves Src-dependent signaling in the ephrin-expressing cell. In the central
nervous system, while canonical Eph-ephrin signaling involves pre-synaptic ephrins
binding and activating post-synaptic Eph receptors, which is important in spine and
synapse formation (Irie & Yamaguchi, 2002; Klein, 2009), Ephs and ephrins can be
located both pre- and post-synaptically and can interact laterally. This can be inhibitory,

but Ephs/ ephrins were shown in growth cones to have the ability to spatially segregate
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into microdomains in order to avoid these inhibitory interactions (Marquardt et al., 2005).
Following Eph-ephrin signaling, termination of the signal is achieved through
dephosphorylation, or internalization and degradation (Marston et al., 2003; Zimmer et
al., 2003; Lin et al., 2008). Eph receptors also regulate intracellular signaling cascades
through their tyrosine kinase activity. The EphB receptor modulates FAK activity by
complexing with FAK, Src, paxillin, and Grb2, which leads to activation of FAK, Src,
paxillin, and the downstream effector RhoA (Moeller et al., 2006). Moreover, Ephs or
ephrins can be cleaved by gamma-secretase (y-secretase) following matrix
metalloproteinase (MMP) cleavage, leaving an intracellular fragment with signaling
capabilities (Hattori et al., 2000; Georgakopoulos et al., 2006; Litterst et al., 2007; Lin et
al., 2008; Inoue et al., 2009).

Diverse cellular functions that rely on cell responses to attractive and repulsive
guidance cues are mediated by Eph receptors. Processes such as cell migration and
membrane ruffling (Nagashima et al., 2002), platelet aggregation (Prevost et al., 2002),
and cell differentiation and proliferation (Batlle et al., 2002; Aoki et al., 2004), are
promoted by Eph receptors. The role of Eph receptors in tumor angiogenesis and cancer
has also been well-studied (McCarron et al., 2010; Mosch et al., 2010; Pasquale, 2010).
During central nervous system development, Eph receptors regulate axon pathfinding,
fasciculation, and pruning (Hattori et al., 2000; Yates et al., 2001; Coulthard et al., 2002;
Xu & Henkemeyer, 2009), and development of projections such as those in the olfactory
system and visual system (Flanagan & Vanderhaeghen, 1998; Hindges et al., 2002; Mann

et al., 2002; Dufour et al., 2003). In addition, dendritic spine morphogenesis is regulated
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by the Eph receptor, as EphB inhibition disrupts spine maturation (Ethell et al., 2001),
and EphB1, B2, and B3 triple knock-out mice display more immature dendritic spines
and filopodia than do wt mice (Henkemeyer et al., 2003).

In addition to their roles in development of dendritic spines, Eph receptors also
regulate spine dynamics in mature neurons (Lai & Ip, 2009). One mechanism is through
MMPs that regulate EphB-ephrinB2-mediated cell repulsion, which is achieved through
EphB receptor cleavage (Lin et al., 2008). MMP-7 and MMP-9 were shown to induce
remodeling of dendritic spines, leading to an increase of immature spines and filopodia
that is blocked by NMDA receptor antagonists (Bilousova et al., 2006; Ethell & Ethell,
2007; Bilousova et al., 2009). In contrast, other studies have shown that under different
circumstances, MMP-9 can promote B1 integrin-dependent dendritic spine enlargement
and LTP, which depends on cofilin inactivation (XB Wang et al., 2008). Indeed, MMPs
have been implicated in spatial learning, memory, and LTP (Meighan et al., 2006; Nagy
et al., 2006), which could be controlled differentially through MMP regulation of Eph
receptors, NMDA receptors, and integrins. In addition to MMP-mediated dendritic spine
regulation, EphB receptor activation of tyrosine kinase activity in hippocampal neurons
can lead to the maintenance of mature dendritic spines through recruitment and activation
of FAK, which promotes a signaling cascade that results in LIMK-mediated cofilin
inactivation (Shi et al., 2009) (Fig. 1-7). On the other hand, EphB receptors can
potentiate NMDA receptors (Dalva et al., 2000; Grunwald et al., 2001; Takasu et al.,
2002), which promote transient dendritic spine remodeling (Shi & Ethell, 2006), followed

by spine stabilization. Eph receptors and their ephrin ligands mediate cell-cell adhesion/
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repulsion events, as well as intracellular signaling cascades through their receptor
tyrosine activity. Acting alone or in cooperation with other receptors such as integrins or
NMDA receptors, Eph receptors are able to differentially mediate cytoskeletal changes

that underlie actin dynamics and dendritic spine remodeling.

1.4 N-methyl-D-aspartate (NMDA) Receptors

NMDA receptors are ionotropic glutamate receptors that allow Ca** and Na" ions
into the cell in a voltage-dependent manner (Malenka & Bear, 2004; Traynelis et al.,
2010). When depolarization of the cell causes a relief of the Mg”" ion that occludes the
NMDAR pore at resting membrane potential, glutamate or NMDA will cause opening of
the receptor in the presence of the cofactor glycine. NMDA receptors are comprised of
four pore-forming subunits, which consist of two NR1 subunits and either two NR2s, or a
NR2 and a NR3 subunit. In the adult rat hippocampus, NR2A and NR2B are the most
common NR2 subunits (Laurie et al., 1997; Wenzel et al., 1997). It has been reported that
the dominant subunit in the NMDA receptor switches from NR2B to NR2A in some
areas of the brain during development (XB Liu et al., 2004), which is important because
the subunit composition determines receptor gating and pharmacological properties, to
which intracellular signaling events the receptor is linked, and whether LTP or LTD will
be induced upon NMDA receptor activation (Monyer et al., 1994; Hrabetova et al.,
2000; Sheng & Pak, 2000; Kohr et al., 2003; L Liu et al., 2004). LTP and LTD are

thought to underlie learning and memory, and there are forms of both that require NMDA
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receptor activation (Bliss & Collingridge, 1993; Bear & Malenka, 1994; Malenka &
Nicoll, 1999).

It is the amount of Ca®" that enters the neuron following NMDA receptor
activation that will determine which intracellular kinases and phosphatases are active, and
whether LTP or LTD is produced (Cummings et al., 1996; Nishiyama et al., 2000).
NMDA receptor activation that leads to high levels of Ca*" influx activates calcium/
calmodulin-dependent protein kinase II (CaMKII) through calmodulin activation, leading
to AMPA receptor insertion into the cell membrane, where they can be activated by
glutamate and allow more Na' to flux into the cell. Phosphorylation by CaMKII of a
specific AMPA receptor serine residue is associated with LTP (Barria et al., 1997; Lee et
al., 2000). Modulating factors such as cofilin (Gu et al., 2010; Rust et al., 2010), which
can promote re-arrangement of the actin cytoskeleton for AMPA receptor cycling into
and out of the membrane (Luscher et al., 1999), and PKA (Esteban et al., 2003), which
can phosphorylate and target AMPA receptors for insertion, can also regulate AMPA
receptor trafficking and synapse localization. In this way, NMDA and AMPA receptors
can promote strengthening of synapses, stabilization of mature dendritic spines, and LTP
(Bliss & Collingridge, 1993; Lisman & Zhabotinsky, 2001).

A type of LTD can be produced that is dependent on NMDA receptor-induced
increase in intracellular Ca*" (Dudek & Bear, 1992; Mulkey & Malenka, 1992; Kandler
et al., 1998; Lee et al., 1998; Kamal et al., 1999; Li et al., 2004). This LTD is achieved
when low levels of Ca®" flux into the cell, leading to AMPA receptor internalization

(Beattic et al., 2000; Man et al., 2000; Morishita et al., 2005). This happens
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predominantly through a pathway that involves Ca®’-mediated activation of protein
phosphatases rather than CaMKII (Mulkey et al., 1993; Kirkwood & Bear, 1994; Mulkey
et al., 1994; O'Dell & Kandel, 1994). Indeed, internalized AMPA receptors have been
shown to be dephosphorylated at the GluR1 serine-845 residue (Ehlers, 2000), an event
that also decreases AMPA receptor open probability (Banke et al., 2000). Calcineurin is a
protein phosphatase that is critical for LTD (Torii et al., 1995; Winder & Sweatt, 2001).
Calcineurin phosphatase participates in LTD through interaction with dynamin-1, which
is necessary for clathrin-mediated endocytosis (Lai et al., 1999). In addition, the actin-
remodeling protein cofilin that has recently been implicated in AMPA receptor
trafficking (Gu et al., 2010; Rust et al., 2010) is a substrate for SSH phosphatase, which
is activated by calcineurin. Calcineurin promotes AMPA receptor internalization and
LTD through a variety of mechanisms, including the regulation of the cell cytoskeleton
through cofilin.

There is evidence that Ca*-induced LTP and LTD of NMDAR-mediated EPSPs
is mediated by cytoskeletal changes (Lisman, 2003; Matus, 2005; Morishita et al., 2005),
such as the actin dynamics underlying dendritic spine plasticity. Indeed, NMDA
receptors have been implicated in regulating dendritic spines dynamics (Hosokawa et al.,
1995; Engert & Bonhoeffer, 1999; Maletic-Savatic et al., 1999; Toni et al., 1999). Most
dendritic spines of excitatory synapses in the brain contain NMDA receptors, but some
do not contain AMPA receptors and are known as silent synapses (Kullmann, 1994; Isaac
et al., 1995; Durand et al., 1996; Montgomery et al., 2001; Kerchner & Nicoll, 2008).

When NMDA receptor activation leads to AMPA receptor insertion into the membrane
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and LTP, or AMPA receptor internalization and LTD, changes in dendritic spines are
also seen. LTP promotes a transient remodeling of dendritic spines (Shi & Ethell, 2006),
followed by an enlargement of spines and post-synaptic densities, as well as growth of
new spines (Yuste & Bonhoeffer, 2001; Abraham & Williams, 2003; Matsuzaki et al.,
2004), and cofilin inactivation by phosphorylation is necessary for the stabilization of
mature dendritic spines that is seen following LTP induction (Chen et al., 2007). On the
other hand, LTD induces dendritic spine shrinkage (Zhou et al., 2004), which could be
achieved through a calcineurin-slingshot phosphatase pathway (Huang et al., 2006) that
would lead to the dephosphorylation and activation of cofilin (Fig. 1-6), as the over-
expression of active cofilin has been shown to induce dendritic spine remodeling and an
increase in immature spines and filopodia (Shi et al., 2009). The transient remodeling and
subsequent stabilization of dendritic spines with LTP and the shrinkage of spines and
AMPA receptor internalization with LTD are dependent on a tight regulation of cofilin
activity. In addition, EphB receptors have been shown to inactivate cofilin through a
FAK-RhoA-LIMK pathway, promoting stabilization of mature dendritic spines (Shi et al.,
2009); however, EphB receptors are also known to associate with and potentiate NMDA
receptors (Dalva et al., 2000; Grunwald et al., 2001; Takasu et al., 2002; Salter & Kalia,
2004), and NMDA receptor activation leads to a transient dephosphorylation and
activation of cofilin (Carlisle et al., 2008). Activation of both receptors concurrently
leads to a different effect on cofilin and dendritic spines than activation of each receptor

alone (Chapter 3).
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NMDA receptor activation can lead to cofilin-mediated changes in dendritic spine
morphology that support LTP or LTD processes that underlie learning and memory,
whereas aberrant NMDA receptor activity has been linked to several diseases. An excess
of Ca®" influx into the cell through NMDA receptors can lead to excitotoxicity and
disorders such as epilepsy and stroke (Lee et al., 1999), and glutamate excitotoxicity in
dementia and Alzheimer disease has been targeted in clinical trials by memantine, a
NMDA receptor inhibitor (Doraiswamy, 2003). NMDA receptor malfunction has also
been linked to schizophrenia (Mohn et al., 1999; Rowley et al., 2001) and Huntington’s
disease (Zeron et al., 2002). The NMDA receptor mediates many cell processes through
the regulation of Ca*" influx, which leads to differential activation of protein kinases and
phosphatases, ultimately determining dendritic spine dynamics that underlie LTP and

LTD, and learning and memory processes.

1.5 B-Arrestins

B-Arrestins are known to be involved in the desensitization and internalization of
seven-transmembrane receptors, also known as G-protein-coupled receptors (GPCRs),
such as adrenoceptors, muscarinic acetylcholine receptors, rhodopsin, protease-activated
receptors (PARs), mu opioid receptors, and dopaminergic receptors (Lohse et al., 1990;
Lefkowitz et al., 1992; Bunemann & Hosey, 1999; Ferguson, 2001; Luttrell & Lefkowitz,
2002; DeWire et al., 2007; Nelson et al., 2007; Defea, 2008; Dang et al., 2009; Soh et al.,
2010). G-protein-coupled receptor kinases (GRKSs) phosphorylate the agonist-activated

GPCRs (Bunemann & Hosey, 1999), and B-Arrestins subsequently bind and physically
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inhibit the receptors from interacting further with G-proteins in an event known as
homologous GPCR desensitization. B-Arrestins were first discovered when it became
clear that something in addition to phosphorylation was also necessary to inactivate
GPCRs (Pfister et al., 1985; Lohse et al., 1990; Attramadal et al., 1992). Following
desensitization, GPCRs are endocytosed into clatherin-coated vesicles and then either re-
sensitized and recycled to the cell surface or sent to lysosomes for degradation (Pippig et
al., 1995; Yu et al., 1997; Zhang et al., 1997). B-Arrestins also participate in this process
by binding to elements of clathrin-coated pits and targeting the GPCRs for endocytosis
(Zhang et al., 1996; Goodman et al., 1997; Krupnick et al., 1997; Laporte et al., 1999;
Laporte et al., 2000). In addition to interacting with and inactivating GPCRs, B-Arrestins
also promote degradation of second messengers such as diacylglycerol (DAG) that are
activated downstream of GPCRs (Nelson et al., 2007). Through multiple mechanisms, -
Arrestins participate in the cessation of GPCR signaling.

B-Arrestins can be regulated by phosphorylation. B-Arrestinl, which can be
phosphorylated on its serine-412 by extracellular signal-regulated kinases (ERKs) (Lin et
al., 1999), exists mostly in the phosphorylated state in the cytoplasm and is quickly
dephosphorylated upon recruitment to GPCRs (Lin et al., 1997). While translocation to
the cell membrane does not depend on phosphorylation state (Oakley et al., 2000),
dephosphorylation of B-Arrestinl is required for interaction with clathrin and receptor
endocytosis (Lin et al., 1997). The serine-412 phosphorylation site is not conserved on
B-Arrestin2, so it must be phosphorylated on a different site, perhaps by a kinase other

then ERK. In addition, B-Arrestins have a phosphoinositide binding site, and there is
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evidence that they are controlled by D-myo-inositol hexakisphosphate (IP¢) binding. 1P
binding is needed for the localization of B-Arrestins to clathrin-coated pits, but not for
targeting to the cell membrane upon GPCR activation (Gaidarov et al., 1999).

In addition to their classical roles in GPCR signal termination, some other
functions of B-Arrestins have recently been emerging. Chemotaxis, the migration of a cell
toward or away from a chemical stimulus, involves reorganization of the cell
cytoskeleton in order to form a leading edge and to cause the cell to protrude in the
desired direction (Ridley et al., 2003). While studies of chemokine receptors have
revealed that B-Arrestins may be involved in the desensitization and recycling of
receptors for continued sensing of the chemical gradient, there is clearly another role for
B-Arrestins in chemotaxis (Cheng et al., 2000; Fan et al., 2001; Fong et al., 2002;
Richardson et al., 2003; DeFea, 2007). Indeed, the scaffolding activity of B-Arrestins that
is now being elucidated is likely to be involved in the spatial regulation of molecules
needed for chemotaxis (DeFea, 2007).

The scaffolding activity of B-Arrestins can be important for the down-regulation
of GPCR activity through the spatial regulation of proteins that degrade downstream
second messengers such as protein kinase A (PKA) (Perry et al., 2002). In addition, B-
Arrestins regulate diverse cellular functions by scaffolding proteins involved in many
different signaling pathways (Kovacs et al., 2009; Rajagopal et al., 2010), such as the
serine-threonine kinase mitogen-activated protein kinases (MAPKs), which are involved
in a variety of cell activities ranging from cell proliferation, differentiation, and apoptosis

to inflammation, migration, RNA transcription and protein translation (McDonald et al.,
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2000; Pearson et al., 2001; Morrison & Davis, 2003; Brown & Sacks, 2009). B-Arrestins
recruit Src to B2-Adrenergic receptors (Luttrell et al., 1999), and Raf, MEK, and ERK to
the protease-activated receptor (PAR) (DeFea et al., 2000), enhancing MAPK signaling
in both cases. B-Arrestins also scaffold proteins that can operate either downstream or
independently of GPCRs, including those that are involved in regulating actin and
cytoskeletal dynamics. The actin-binding protein cofilin was shown to complex with its
regulators, LIMK and CIN phosphatase in a -Arrestin-dependent manner upon PAR2
activation (Zoudilova et al., 2007; Xiao et al., 2010; Zoudilova et al., 2010). The B-
Arrestinl pathway leads to scaffolding and regulation of LIMK, whereas pB-Arrestin2 is
involved in the activation of CIN phosphatase (or SSH phosphatase in neurons), which
may lead to a decrease in cofilin phosphorylation and an increase in cofilin activity (Fig.
1-6). In this way, the B-Arrestins are able to regulate cofilin phosphorylation state
through scaffolding of cofilin with its modulators, as well as the spatial localization of
cofilin within cells. In addition to the classical role in GPCR signal termination, -

Arrestins are necessary for spatially regulating many factors within the cell.
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Figure 1-1 Dendritic spines and filopodia of hippocampal neurons

(A) A GFP-expressing hippocampal neuron at day 14 in vitro displays dendritic
filopodia-like protrusions and spines with different shapes and sizes (B, C) The high
magnification image of the dendrite (B) and a drawing show examples of main categories
of dendritic protrusions: filopodia-like protrusions, mushroom spine, thin spine, and
stubby spine. (C) Filopodia-like protrusions are precursors of dendritic spines. Mature
mushroom spines display the largest heads and thin necks.
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Figure 1-2 The Arp2/3 complex

Arp2/3 nucleates new branches from existing F-actin filaments and caps pointed ends,
creating fast-growing barbed ends and promoting actin polymerization and outgrowth.
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Figure 1-3 Regulatory proteins of the Arp2/3 complex

Several proteins cooperate with Arp2/3 to promote F-actin polymerization and outgrowth,
while others compete with and inhibit its actin-branching activity.
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Figure 1-3
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Figure 1-4 Opposing actions of profilin on actin

G-actin-sequestering promotes F-actin depolymerization, while the profilin-actin
complex induces polymerization by binding to F-actin barbed ends and promoting
formation of ATP-actin monomers.
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Figure 1-5 Spinophilin

Spinophilin participates in localization of PP1 to the cell membrane, where it
dephosphorylates NMDA and AMPA receptors, down-regulating their activity. The
actin-bundling activity of spinophilin prevents outgrowth of filopodia-like protrusions.
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Figure 1-6 Cofilin
The actin-severing activity of cofilin promotes F-actin and dendritic spine remodeling.

Meanwhile, cofilin can sequester G-actin monomers, but also creates new barbed ends for
increased actin polymerization and outgrowth.
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Figure 1-7 The EphB receptor pathway leads to cofilin regulation
Activation of the EphB receptor sets in motion an intracellular signaling cascade that

leads to stabilization of mature dendritic spines, which is achieved through cofilin
phosphorylation and inactivation.
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Figure 1-7
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Chapter 2: The Regulation of Cofilin-Mediated Dendritic Spine Morphology by

EphB Receptors in Mature Hippocampal Neurons

2.1 Abstract

Dendritic spines are the postsynaptic sites of most excitatory synapses in the brain, and
are highly enriched in polymerized F-actin, which drives the formation and maintenance
of mature dendritic spines and synapses. We propose that suppressing activity of the
actin-severing protein cofilin plays an important role in the stabilization of mature
dendritic spines, and is accomplished through an EphB receptor-FAK pathway. Our
studies demonstrate that FAK acts downstream of EphB receptors in hippocampal
neurons, and that EphB2-FAK signaling controls the stability of mature dendritic spines
by inhibiting cofilin activity through phosphorylation. While constitutively-active non-
phosphorylatable cofilin®** induced an immature spine profile, phospho-mimetic
cofilin®*" restored mature spine morphology that was disrupted by either inhibition of
EphB receptor activity or Cre-mediated deletion of fak. Further, we found that EphB-
mediated regulation of cofilin activity at least partially depends on the activation of
ROCK and LIMK-1. These findings indicate that EphB2-mediated dendritic spine
stabilization relies, in part, on the ability of FAK to activate the RhoA-LIMKI1 pathway
that works to suppress cofilin activity and inhibit cofilin-mediated dendritic spine

remodeling.

2.2 Introduction
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Dendritic spines contain a number of cell surface receptors that can initiate
intracellular signaling cascades, resulting in either stabilization or remodeling of the
spines (Ethell & Pasquale, 2005). Spines are highly enriched in F-actin, and it is the actin
dynamics that result in the plasticity of dendritic spines (Fischer et al., 1998; Carlisle &
Kennedy, 2005; Matus, 2005). Actin-binding proteins within the cell regulate such
activities as F-actin branching, bundling, elongation, and severing (Lippman &
Dunaevsky, 2005; Pontrello & Ethell, 2009), which may result in spine and filopodia
growth, stabilization, or elimination. In the hippocampus, dendritic spine dynamics are
thought to underlie learning and memory (Harris, 1999; Hering & Sheng, 2001; Yuste &
Bonhoeffer, 2001).

Focal adhesion kinase (FAK) is a non-receptor tyrosine kinase that can be
activated by integrins and EphB receptors, and regulates such processes as cell migration,
growth cone dynamics, and dendritic spine remodeling through its downstream effectors
(Menegon et al., 1999; Beggs et al., 2003; Contestabile et al., 2003; Rico et al., 2004).
FAK is enriched in several areas of the brain including the hippocampus (Burgaya et al.,
1995), where it may be involved in synaptic plasticity. EphB receptor activation in
hippocampal neurons leads to recruitment and activation of FAK, which activates a
signaling cascade that results in maintenance of mature dendritic spines (Moeller et al.,
2006). Cre-mediated knock-out of loxP-flanked fak in mature hippocampal neurons leads
to an increase in immature spines and filopodia, increased spine motility, aberrant spine
branches with multiple synapses, and re-arrangement of F-actin, effects that are reversed

by over-expression of FAK. FAK phosphorylation and the ability of FAK to interact with

62



the Rho-GTPases are both necessary factors for the stabilizing effects of FAK on
dendritic (Shi et al., 2009).

Inhibition of the EphB receptor using dominant-negative EphB results in a
reversion of spines to a more immature morphology, an effect that is reversed by a
constitutively-active, but not a dominant-negative, FAK mutant (Shi et al., 2009). The
EphB receptor modulates FAK activity by complexing with FAK, Src, paxillin, and Grb2,
which leads to activation of FAK, Src, paxillin, and the downstream effector RhoA
(Moeller et al., 2006). We proposed therefore that the EphB receptor might achieve spine
stabilization through a FAK-RhoA-LIMK pathway, which results in the phosphorylation
and inactivation of the F-actin-severing protein cofilin.

We found that EphB receptor activation induces an increase in LIMK
phosphorylation at 15 min, as well as an increase in cofilin phosphorylation that is
blocked by Rho-kinase (ROCK) inhibition. Over-expression of FAK or constitutively-
active FAK leads to an increase in cofilin phosphorylation (a decrease in cofilin activity),
but introduction of dominant-negative FAK or a FAK mutant that is unable to interact
with the Rho-GTPases does not increase phospho-cofilin levels. These results show that
activation of either the EphB receptor or FAK is sufficient to phosphorylate and
inactivate cofilin. Furthermore, phospho-mimetic dominant-negative cofilin, but not
constitutively-active cofilin, is able to restore mature dendritic spines that are disrupted
by either Cre-mediated FAK deletion or inhibition of EphB receptor activity with
dominant-negative EphB, suggesting that cofilin inactivation is the mechanism by which

EphB receptors and FAK suppress mature dendritic spine remodeling. Our findings
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indicate that EphB receptors control the stability of mature dendritic spines through a

FAK-RhoA-LIMK-pathway, resulting in down-regulation of cofilin activity.

2.3 Materials and Methods

Expression vectors. The expression vectors used were: pEGFP-N1 and pDsRed-C2
(Clonetech), pcDNA3-EphB2K662R (Ethell et al., 2001), pPGK-Cre (from Dr. Marc
Schmidt-Supprian, Harvard Medical School), pYFP-FAK (from Dr. Donna Webb,
University of Virginia, Webb et al., 2004), pcDNA3-GFP-cofilin, pcDNA3-GFP-
cofilin®*** and pcDNA3-GFP-cofilin®*". Single amino acid point mutations in FAK were
generated by mutagenesis of tyrosine (Y) 397 into phenylalanine (F) or glutamate (E);
proline (P) 878 into alanine (A); leucine (L) 1034 into serine (S) (Shi et al., 2009), using

QuickChange Site-directed mutagenesis kit (Stratagene, La Jolla, CA).

Hippocampal neuronal cultures and transfection. Cultures of hippocampal neurons were
prepared from embryonic day 15 (E15) or E16 mice as previously described (Shi &
Ethell, 2006). Briefly, after treatment with papain (0.5mg/ml) and DNase (0.6pg/ml) for
20 min at 37°C and mechanical dissociation, cells were plated on glass coverslips or
plastic dishes coated with poly-DL-ornithine (0.5mg/ml) and laminin (5pg/ml). The cells
were cultured in Neurobasal medium with 25uM glutamine, 1% penicillin-streptomycin,
and B-27 supplement (Invitrogen, Carlsbad, CA) under a 5% CO,/ 10% O, atmosphere at
37°C. The cultures were transfected at 12 DIV using the calcium-phosphate method as

previously described (Jiang & Chen, 2006; Shi & Ethell, 2006). The protocol achieves
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high transfection efficiency (~30-50%), a high co-transfection rate (~95%), and low cell

toxicity.

Conditional FAK KO. Hippocampal neurons were harvested from E15-16 FAK
conditional (Cre-loxP) KO mice (Beggs et al., 2003) and cultured as described above.
The pPGK-Cre vector was obtained from Dr. Marc Schmidt-Supprian (Harvard Medical
School). The cultures were transiently transfected at 12 DIV using the calcium-phosphate
method. The neurons were transfected with pEGFP or pDsRed to visualize dendritic
spine morphology and/or with pPGK-Cre to abolish FAK expression. For FAK over-
expression and cofilin experiments, the neurons were transfected with pDsRed, pDsRed
and pPGK-Cre, or pDsRed and pPGK-Cre with one of the following: pcDNA3-GFP-wt
cofilin, pcDNA3-GFP-c0ﬁ1inS3A, or pcDNA3-GFP-coﬁlinS3D. At 14 DIV, the cultures
were fixed and processed for indirect immunofluorescence. Dendritic spines were
visualized by GFP or DsRed fluorescence, counted, and measured as described in "Image

n

Analysis." Cre expression was detected in the nuclei of the pEGFP/ pPGK-Cre

transfected neurons by immunostaining.

Activation and inhibition of the EphB2 receptor. HEK293 cells in 10% FBS/ DMEM
were transfected using Lipofectamine 2000 (Invitrogen) with pcDNA3-ephrinB2-Fc (Lin
et al., 2008). Media was collected from these cells for 5 days, filtered, and the secreted
ephrinB2-Fc was bound to protein-A agarose beads (Sigma) at 4°C with rotation

overnight. EphrinB2-Fc was washed with PBS, eluted from the beads with 150mM NaCl/
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50mM glycine, pH 2.3, and dialyzed against PBS with 0.5mM DTT and PMSF (Sigma).
To activate the EphB2 receptor in cultured hippocampal neurons, ephrinB2-Fc was mixed
with goat-anti-human IgG antibody (Jackson ImmunoResearch Laboratories) at a ratio of
2:1 for 1 hour at 4°C in order to pre-cluster the ephrinB2-Fc prior to application. Human
gamma globulin (Jackson ImmunoResearch Laboratories) was also pre-clustered with
goat-anti-human IgG to be used as a control. Just prior to application, the Fc¢/ IgG mixes
were diluted in cell culture media or PBS to a final concentration of 4pug/ml Fe.

To inhibit EphB receptor activity, cultured hippocampal neurons were transfected
with pcDNA3-EphB2K662R (Ethell et al., 2001) at 12 DIV. For cofilin experiments, the
neurons were transfected with pDsRed alone, pDsRed with pcDNA3-dnEphB2K662R, or
pDsRed with pcDNA3-dnEphB2K662R and one of the following: pcDNA3-GFP-wt-
cofilin, pcDNA3-GFP-c0ﬁ1inS3A, or pcDNA3-GFP-coﬁlinS3D. At 14 DIV, the cultures
were fixed and processed for immunostaining. Dendritic spines were visualized by GFP

or DsRed fluorescence, counted, and measured as described in "Image Analysis."

Biochemical Analysis. Hippocampal neurons (approximately 1.2 million cells on 10cm
dishes at 14 DIV) were treated with the appropriate reagent (in PBS or cell culture media)
under 5% CO»/ 10% O, at 37°C. Following treatment, the dishes were placed on ice and
immediately washed with ice-cold PBS, then scraped from the plate in 1ml lysis buffer
(25mM Tris-Cl, pH 7.4, 150mM NaCl, 1% TritonX-100, 5SmM EDTA, pH 8.0, 1x
protease inhibitor cocktail (Sigma-Aldrich), and 2mM sodium vanadate. After 30 minutes

rotation at 4°C, cell lysate was centrifuged for 15 min. at 16.1K r.c.f at 4°C. Supernatant
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was mixed 1:1 with 2x Laemmli loading buffer (Sigma-Aldrich), boiled for 10 minutes,
and loaded onto an 8-16% Tris-glycine SDS PAGE gel (Invitrogen). The contents of the
gel were transferred onto a Nitrocellulose membrane (Perkin Elmer), which was blocked
in 5% milk/ 0.2% Tween 20/ TBS, and specific primary antibodies (1:1000) were applied
overnight at 4°C in 3% BSA/ 0.2% Tween 20/ TBS. The primary antibodies used were:
rabbit anti-pLIMK1/2 (Cell Signaling; 1:1000 for WB); rabbit anti-LIMK1 (Chemicon;
0.76pug/ml for WB); rabbit anti-cofilin (ACFL02, Cytoskeleton, Denver, CO; 0.25pg/ml
for WB; 1ug per 20ul Protein A-agarose beads (Sigma, St. Louis, MO)); and rabbit anti-
phospho-cofilin (S3) (ab12866, abcam, Cambride, MA; 1:1000 for WB). Secondary
HRP-conjugated antibodies were applied (1:100,000) for 1 hour at room temperature in
0.2% Tween 20/ TBS. The secondary antibodies used were the following: HRP-
conjugated goat anti-rabbit (0.08 pg/ml; Jackson ImmunoResearch, West Grove, PA) and
HRP-conjugated donkey anti-mouse (0.08 pg/ml; Jackson ImmunoResearch). Signal was
detected on film using the ECL Plus detection kit from GE Healthcare. Phospho-LIMK
and phospho-cofilin levels were quantified by densitometry (Adobe Photoshop) and
normalized to total LIMK and total cofilin levels, respectively. Three independent
experiments were performed for each condition. Statistical differences were compared
using Student’s t test.

To inhibit ROCK, 14 DIV hippocampal neurons were pre-incubated with 10uM
or 75uM Y-27632 for 30 minutes and then treated with 4pg/ml ephrin B2-Fc or 4pg/ml
control Fc for 20 minutes in the presence of the ROCK inhibitor. Cell lysates were

prepared as indicated above and subjected to immunoblotting against p-cofilin, cofilin, p-
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LIMKI1 and LIMKI1 using specific antibodies. The levels of p-cofilin or p-LIMK1 were
quantified by densitometry and normalized to total cofilin or LIMK1 levels, respectively.
Three independent experiments were performed for each condition. Statistical differences

between Fe-treated and ephrinB2-Fc-treated samples were compared by Student’s t test.

Immunocytochemistry. 14 DIV hippocampal neurons were fixed in 2% paraformaldehyde,
permeabilized in 0.1% Triton X-100 or 0.2mg/ml saponin, then blocked in PBS
containing 5% normal goat serum and 1% BSA. Dendritic spines and filopodia were
visualized by GFP fluorescence. The primary antibodies used were the affinity purified
rabbit anti-phospho-cofilin (4321; 1pg/ml for ICC) and mouse anti-cofilin (MAb22;
15pug/ml for ICC) antibodies, generous gifts from Dr. James Bamburg (Colorado State
University, Fort Collins, CO), and mouse anti-synaptophysin (SVP-38, Sigma, 61 pg/ml).
The secondary antibodies used were the following: 4pg/ml Alexa Fluor 660-conjugated
anti-mouse IgG and 4pg/ml Alexa Fluor 594-conjugated anti-rabbit IgG. Immunostaining
was analyzed under a confocal laser-scanning microscope (model LSM 510; Carl Zeiss

Microlmaging, Oberkochen, Germany).

Ratio imaging of total/ phospho-cofilin. Cultured hippocampal neurons were transfected
with pEGFP, pYFP-FAK, pYFP-FAK"*" pYFP-FAK"**’*, or pYFP-FAK"'"* at 12
DIV using the calcium-phosphate method and processed for immunocytochemistry at 14
DIV. The neurons were fixed for 30 min in 2% paraformaldehyde in PBS or cytoskeletal

preservation buffer containing 10mM MES, pH 6.1, 138 mM KCI, 3mM MgCl2, 10 mM
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EGTA, and 0.32 M Sucrose. The cultures were washed in PBS and permeabilized in
0.5% Triton X-100 for 10 min, then blocked in PBS containing 5% normal goat serum
and 1% BSA. The cultures were immunostained for phospho-cofilin with affinity-
purified rabbit anti-phospho-cofilin antibody (4321; 1pg/ml) and for total cofilin with
mouse anti-cofilin antibody (MAb22; 15ug/ml; both are generous gifts from Dr. James
Bamburg). The secondary antibodies used were the following: 4ug/ml Alexa Fluor 660-
conjugated anti-mouse IgG and 4pg/ml Alexa Fluor 594-conjugated anti-rabbit IgG.
Immunostaining was analyzed under a confocal laser-scanning microscope (model LSM
510; Carl Zeiss Microlmaging, Oberkochen, Germany). A series of five high-resolution
optical sections (1024x1024 pixel format) were taken for each neuron with a 63x water
immersion objective (1.2 NA) with 1x zoom at 0.5 mm step intervals (z-stack). All
images were acquired under identical conditions. Each Z-stack was collapsed into a
single image by projection (Zeiss LSM Image software), converted to tiff file and
analyzed using Adobe Photoshop software. Seven to 10 neurons were randomly selected
for each experimental group, and three to four proximal dendrites per each neuron were
analyzed. The levels of phospho-cofilin and total cofilin were assessed by measuring the
immunofluorescence signals in dendrites of neighboring transfected (GFP positive) and
un-transfected (GFP negative) neurons immunostained with anti-phospho-cofilin and
anti-cofilin antibodies. The background fluorescence was subtracted. The phospho-cofilin
levels or ratio of total/ phospho-cofilin in transfected neurons was normalized against the
phospho-cofilin levels or ratio of total/ phospho-cofilin in un-transfected neurons,

respectively. Three independent experiments were performed for each condition.
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Statistical differences between transfected and un-transfected neurons were compared by
Student’s t test. Statistical differences for multiple groups were assessed by one-way

ANOVA followed by Newman—Keuls post hoc tests.

Image analysis. The dendritic morphology was examined in 14 DIV GFP-expressing
hippocampal neurons as previously described (Moeller et al., 2006; Shi & Ethell, 2006).
Briefly, experimental and control samples were encoded for blind analysis, and GFP-
expressing hippocampal neurons were randomly selected and imaged with a confocal
laser-scanning microscope (model LSM 510; Carl Zeiss Microlmaging). A series of five
high-resolution optical sections (1024x1024 pixel format) were taken for each neuron
with a 63x water immersion objective (1.2 NA) with 1x zoom at 0.5 mm step intervals (z-
stack). During the image acquisition, the detector gain and amplifier offset were adjusted
for each GFP-expressing neuron to have just a few red (white saturated) and a few blue
(black zero) pixels using the range-indicator option (Zeiss LSM Image software), to
achieve a similar signal-to-noise ratio in all images. Note that GFP fluorescence signal-
to-noise ratio was calculated for each image. There was no significant difference between
the groups (p>0.05). Each Z-stack was collapsed into a single image by projection (Zeiss
LSM Image software), converted to tiff file, and analyzed using Adobe Photoshop
software. The proximal dendrites that are at least 1um in diameter were selected for
analysis of the length and number of dendritic protrusions. Hidden protrusions that
protruded toward the back or front of the viewing plane were not counted. Ten to fifteen

neurons were randomly selected for each experimental group, and three to five proximal
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dendrites per each neuron were analyzed (~2000um of total dendritic length per group).
The length of the protrusion was determined by measuring the distance between its tip
and the base using Image-J software. Dendritic spines were identified as dendritic
protrusions connected with synaptophysin-positive pre-synaptic terminal. Dendritic
protrusions that lack detectable synaptophysin immunoreactivity were classified as
dendritic filopodia. The dendritic spine heads were defined as enlarged areas at the tips of
dendritic spines. The areas were manually traced and calculated using Image-J software.
The values represent mean + standard error of mean (SEM). Three independent
experiments were performed for each condition. Statistical differences for multiple

groups were assessed by one-way ANOVA followed by Newman-Keuls post hoc tests.

2.4 Results

2.4.1 EphB2 receptors induce cofilin and LIMK phosphorylation in cultured

hippocampal neurons. Our results show that FAK acts downstream of EphB receptors

and may promote dendritic spine stability through Rho family GTPase regulatory
proteins. Moreover, our previous studies demonstrated that EphB2 receptor activation in
hippocampal neurons up-regulates RhoA activity (Moeller et al., 2006). Altogether, these
findings suggest that EphB2-mediated dendritic spine stabilization may rely on the ability
of FAK to activate the RhoA-LIMKI1 pathway that works to suppress cofilin activity and
discourage cofilin-mediated dendritic spine remodeling.

To investigate this hypothesis, we first assessed whether the EphB2 receptor

regulates cofilin activity. Cofilin induces F-actin disassembly and reorganization through
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its severing activity, which can be down-regulated by phosphorylation of serine-3
(Bamburg, 1999). To investigate whether EphB receptor activation regulates cofilin
activity, we examined cofilin phosphorylation following EphB2 receptor activation in 14
DIV hippocampal neurons. = Western blot revealed a higher level of cofilin
phosphorylation in neurons treated with ephrin-B2-Fc as compared to neurons treated
with control Fc (p=0.00831; Fig. 2-1A, 2-1B). Activation of EphB receptors also
induced LIMK-1 activation in ephrin-B2-Fc treated hippocampal neurons as compared to
Fc-treated controls, as demonstrated by an increased level of LIMK-1 phosphorylation by
western blot (p=0.04484; Fig. 2-1C, 2-1D). Moreover, ephrin-B2-induced -cofilin
phosphorylation was significantly inhibited with the specific Rho-associated kinase
(ROCK) inhibitor Y-27632 (Fig. 2-1A, 2-1B). These results demonstrate that cofilin
activity is controlled by EphB receptors at least partially through the regulation of ROCK
and LIMK activities, and suggest that downregulation of cofilin activity by LIMK-

mediated phosphorylation may be responsible for maintaining mature dendritic spines.

2.4.2 FAK-mediated requlation of mature dendritic spine morphology and cofilin

phosphorylation depends on its activation/ phosphorylation and its ability to

interact with regulators of Rho family GTPases. Transfection of pYFP-FAK and the

FAK mutant constructs allowed for analysis of the effects of over-expressing FAK,
constitutively-active FAK, and inactive FAK on dendritic spine morphology. We also
analyzed whether the different forms of FAK can regulate cofilin phosphorylation and the

cofilin/ phospho-cofilin ratio in dendrites of cultured mouse hippocampal neurons. Our
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studies demonstrate that overexpression of FAK significantly increased cofilin
phosphorylation (p<0.05) and reduced the cofilin/ phospho-cofilin ratio (p<0.05) in
dendrites of cultured mouse hippocampal neurons as compared to control GFP-
expressing neurons (Fig. 2-2F, 2-2G). Moreover, overexpression of constitutively-active
FAKY*"F further increased cofilin phosphorylation, and significantly decreased the
cofilin/ phospho-cofilin ratio as compared to control GFP expressing neurons (p<0.001).

In addition, the overexpression of FAK or constitutively-active FAK>""

also increased
the size of dendritic spine heads as compared to those in control GFP expressing neurons
(p<0.05 and p<0.01, respectively), shifting the spine head to length ratio toward a more

mature spine phenotype. However, the overexpression of either the FAK"'**

mutant,
which is unable to interact with regulators of Rho family GTPases, or the non-
phosphorylatable FAKY*"", failed to induce cofilin phosphorylation or to reduce the
cofilin/ phospho-cofilin ratio as compared to control GFP-expressing neurons. The levels
of phospho-cofilin in the dendrites of neurons expressing FAKL'®* or FAK**"" were
significantly lower than in neurons overexpressing FAK or constitutively-active
FAKY**"™ (p<0.05 and p<0.01, respectively). Furthermore, spine head size for neurons
expressing FAK"'%* or FAKY*"" were significantly smaller than control neurons and

those over-expressing FAK or FAKY*"

(p<0.001), shifting the spine head-to-length
ratio toward a more immature spine phenotype. Our observations suggest that FAK
activation on Y397 and its ability to interact with regulators of Rho family GTPases are

involved in the regulation of cofilin phosphorylation and dendritic spine morphology in

mature hippocampal neurons.
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2.4.3 The constitutively active cofilin®**, but not inactive phospho-mimetic cofilin>3°

or wt-cofilin, induces immature dendritic spines. As a prelude to determining the role

of cofilin activity in EphB2-mediated stabilization of dendritic spines, we analyzed the

S3A

overall effects of the constitutively-active cofilin®** or the inactive cofilin®*® mutants on

dendritic spine morphology. The overexpression of the non-phosphorylatable cofilin®**,
but not the phospho-mimetic cofilin®*® or wt-cofilin, induced remodeling of established
mature dendritic spines and the extension of new filopodia in 14 DIV hippocampal
neurons (Fig. 2-3). Neurons expressing non-phosphorylatable cofilin®** had dendritic
spines that were longer and with smaller heads than neurons expressing inactive

cofilin®3P

or wt-cofilin (Fig. 2-3E-2-3H). Interestingly, wt-cofilin accumulated in mature
spines (Fig. 2-4), but did not affect the size of dendritic spine heads (Fig. 2-3H),
suggesting the existence of a signaling mechanism that suppresses cofilin activity in
mature spines. In addition, the overexpression of inactive cofilin®" significantly
decreased the length of dendritic spines as compared to those in control neurons or
neurons expressing active cofilin®*, shifting the spine head-to-length ratio toward a more
mature spine phenotype. The ability of cofilin®*® to promote mature dendritic spines
suggests that it may act on endogenous cofilin in a dominant-negative manner, probably
by competing for binding to phosphatases that dephosphorylate and activate cofilin.

These results demonstrate that only non-phosphorylatable cofilin®* prompted the

transformation of mature mushroom-shaped spines into thin immature spines with
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smaller heads, indicating that cofilin activity is down-regulated in mature dendritic spines

by phosphorylation.

S3D

2.4.4 Phospho-mimetic cofilin restores mature dendritic spines disrupted by

inhibiting EphB _receptor_activity. To determine whether EphB signaling promotes

dendritic spine stability through cofilin inhibition by phosphorylation, we disrupted this
pathway at the level of EphB2 receptor activity. We then assessed the effects of
constitutively-active cofilin®** or phospho-mimetic cofilin®*® mutants on dendritic spine
morphology. The inhibition of EphB receptor forward signaling by overexpression of
dnEphB2 significantly changed dendritic spine length and morphology toward an
immature spine profile (Fig. 2-5). These changes were reversed by the overexpression of
phospho-mimetic cofilin®*", but not non-phosphorylatable cofilin®**, suggesting that the
regulation of cofilin activity plays an important role in EphB2 receptor-mediated
dendritic spine maturation. This study suggests that the EphB2 signaling pathway
promotes mature dendritic spines through the regulation of cofilin activity.

S3D

2.4.5 Phospho-mimetic cofilin®” restores mature dendritic spines disrupted by FAK

depletion. In order to confirm the EphB receptor pathway’s regulation of spine
morphology through cofilin, we next disrupted this pathway at the level of FAK
expression. We assessed the effects of constitutively-active cofilin®”* or phospho-

S3D

mimetic cofilin®"~ mutants on dendritic spine morphology in neurons with Cre-mediated

FAK deletion. The inhibition of EphB receptor forward signaling by FAK knockout
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significantly changed dendritic spine length and morphology toward an immature spine
profile (Fig. 2-6). The disruption of mature spine phenotype seen in FAK-deficient
neurons was reversed by overexpressing phospho-mimetic cofilin®*®, but not non-
phosphorylatable cofilin®**. Taken together, these studies show that the EphB2-FAK
signaling pathway promotes the stabilization of mature dendritic spines and synapses

through the regulation of cofilin activity by phosphorylation.

2.5 Discussion

Our previous studies revealed that the non-receptor tyrosine kinase FAK plays an
important role in the maintenance of mature dendritic spines in cultured hippocampal
neurons (Shi et al., 2009). Over-expression of FAK or constitutively-active FAK"*""F,
but not inactive FAKY*"" or FAK™®* shifted spine morphology toward a mature
phenotype, whereas Cre-mediated knock-out of loxP-flanked fak induced remodeling of
dendritic spines and synapses. The effects of FAK deletion on dendritic spine
morphology and synapses were reversed by the overexpression of wild-type FAK and
constitutively-active FAKY**’5, but not FAK"**"", indicating the significance of FAK
activation in the maintenance of mature dendritic spines (Shi et al., 2009).

In addition to integrins, several other cell surface receptors and their ligands were
shown to regulate FAK activity, including the DCC receptor and netrin, and Eph
receptors and ephrins (Cowan & Henkemeyer, 2001; Miao et al., 2001; Kruger et al.,

2004; Li et al., 2004; Nikolopoulos & Giancotti, 2005; Moeller et al., 2006). Our

previous studies demonstrated that EphB2 activation in 7 DIV hippocampal neurons
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induces FAK activation and assembly of a FAK/ Src complex that contributes to the
formation of dendritic spines and dendritic filopodia shortening/ elimination (Moeller et
al., 2006). Our previous studies also showed that when EphB receptor forward signaling
is inhibited by the overexpression of dnEphB2 in mature 14 DIV hippocampal neurons,
there is a shift toward an immature spine morphology that is reversed by the
overexpression of constitutively active FAK*°", but not non-phosphorylatable FAKY*"F,
These results show that FAK acts downstream of the EphB receptors and that FAK
activation plays an important role in EphB2 signaling to maintain mature dendritic spines
and synapses (Shi et al., 2009).

We have previously demonstrated that EphB-mediated activation of RhoA in
hippocampal neurons depends on FAK activity (Moeller et al., 2006), suggesting that
FAK may direct activity of actin-regulating proteins in dendritic spines. FAK is known to
associate with regulators of Rho family GTPases through its FAT domain and to regulate
their activities in non-neuronal cells (Hildebrand et al., 1996; Zhai et al., 2003; Mitra et
al., 2005; Torsoni et al., 2005; Iwanicki et al., 2008). In neurons, FAK was shown to
control axonal branching in part by regulating Rho family GTPases, as the
overexpression of FAK"'®* and FAK"™®* mutants, which are unable to interact with
regulators of Rho family GTPases, failed to rescue the axonal arborization phenotype
observed in FAK deficient neurons (Rico et al.,, 2004). Our previous studies

demonstrated that FAK"'*S and FAK™*7®* mutants were also unable to restore mature

dendritic spines in FAK deficient hippocampal neurons (Shi et al., 2009). Therefore, it is
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possible that FAK also regulates actin organization in dendritic spines through the Rho
family GTPases.

In our current studies, we investigated the mechanism by which the EphB2-FAK
pathway promotes dendritic spine stabilization. Members of the Rho family of small
GTPases, such as RhoA, Cdc42, and Rac, are essential regulators of actin polymerization
(Luo, 2002). As multiple genetic defects in Rho-related signaling have been linked to
mental retardation (van Galen & Ramakers, 2005), the Rho pathway appears to represent
a major axis of control in the formation of dendritic spines (Govek et al., 2004; Irie et al.,
2005; Zhang et al., 2005; Tolias et al., 2007; Xie et al., 2007; Saneyoshi et al., 2008;
Wegner et al., 2008). Racl, Cdc42, and RhoA can also promote activation of LIMK-1
through PAK and ROCK, respectively (Yang et al., 1998; Edwards et al., 1999;
Maekawa et al., 1999). LIMK-1 is a non-receptor serine/ threonine kinase that inhibits
the F-actin severing protein cofilin by serine-3 phosphorylation (Arber et al., 1998;
Bamburg, 1999; Sumi et al., 1999). LIMK-1 has been shown to be involved in dendritic
spine development, as LIMK-1 KO mice fail to form morphologically mature dendritic
spines (Meng et al., 2002). Rather, neurons from these knockouts form thin spines with
small heads and postsynaptic densities, similar in morphology to those seen in EphB1/2/3
triple KOs (Henkemeyer et al., 2003). The inhibition of LIMK translation by microRNA-
134 also resulted in smaller spine heads (Schratt et al., 2006). LIMK-1 may stabilize the
actin cytoskeleton in mature dendritic spines by inhibiting cofilin activity. Our findings

suggest that EphB2-mediated dendritic spine stabilization may rely on the ability of
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EphB2 receptors to activate the RhoA-ROCK-LIMK-1 pathway that works to suppress
cofilin activity and inhibits cofilin-mediated dendritic spine remodeling.

Cofilin is an actin-severing protein that preferentially binds ADP-actin subunits,
twisting and breaking pre-existing actin filaments. This increases the pool of G-actin
monomers used by actin polymerizing factors and also creates free barbed ends on pre-
existing actin filaments, resulting in their elongation (Bamburg, 1999; Condeelis, 2001;
Suetsugu et al., 2002; Sarmiere & Bamburg, 2004). Low levels of cofilin activity are
detected in resting cells and contribute to F-actin depolymerization at the pointed ends
and F-actin polymerization at the barbed ends, resulting in steady-state F-actin turnover
at a slow rate. On the other hand, enhanced cofilin activity is often detected in ruffling
membranes and at the leading edge of migrating cells leading to fast F-actin dynamics.
Cofilin activity is regulated by phosphorylation. LIMK-1 suppresses cofilin activity by
serine-3 phosphorylation, which inhibits cofilin binding to F-actin. The cofilin-specific
phosphatase slingshot (SSH) dephosphorylates and activates cofilin. Thus, the action of
cofilin in cells depends on its phosphorylation state (Andrianantoandro & Pollard, 2006).
In synapses, enhanced cofilin activity could induce elongation and remodeling of actin-
rich stable dendritic spines and extension of new filopodia, while low cofilin activity
would support F-actin maintenance in mature spines.

We have shown here that a constitutively-active non-phosphorylatable cofilin®**,
but not wt-cofilin or dominant-negative cofilin®", induced remodeling of established
mature dendritic spines and extension of new filopodia, suggesting the existence of a

signaling mechanism that down-regulates cofilin activity in mature spines. Our results
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demonstrate that EphB2 activation in 14 DIV hippocampal neurons induced cofilin
phosphorylation and LIMK-1 activation as demonstrated by an increased level of LIMK-
1 phosphorylation. Moreover, ephrin-B2-induced cofilin phosphorylation was inhibited
with a specific ROCK inhibitor Y-27632, suggesting that EphB-mediated regulation of
cofilin activity at least partially depends on the activation of ROCK and LIMK-1. EphB
receptors can also regulate Racl activity in dendritic spines through the Rac exchange
factors kalirin-7 and Tiam1 (Penzes et al., 2003; Tolias et al., 2007). Moreover, the Rac-
PAK-LIMK pathway was recently suggested to contribute to SynGAP’s regulation of
steady-state cofilin phosphorylation in dendritic spines (Carlisle et al., 2008). Therefore,
it is possible that the PAK-LIMK pathway may also contribute to EphB-mediated
regulation of cofilin phosphorylation in dendritic spines. If the regulation of cofilin
activity by phosphorylation is the mechanism behind the spine-stabilizing effect of the
EphB2-FAK-LIMK pathway, then interference at any point in this pathway would lead to
lower LIMK activity and/ or higher SSH activity, shifting the p-cofilin/ cofilin
equilibrium toward cofilin dephosphorylation, and inducing cofilin-mediated dendritic

3D might then restore the

spine remodeling. Overexpressing the phospho-mimetic cofilin
p-cofilin/ cofilin equilibrium by inhibiting dephosphorylation of endogenous p-cofilin,
and rescue mature spine morphology. Indeed, the inhibition of EphB2 activity by
overexpressing dnEphB2 or Cre-mediated fak deletion induced dendritic spine

30 restored the mature dendritic spine

remodeling, and phospho-mimetic cofilin
phenotype. Moreover, neurons over-expressing FAK or FAKY**", but not FAKY*" or

FAK"'%*| showed an increase in levels of inactive phospho-cofilin over control cells.
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Our findings suggest that the EphB2-FAK pathway promotes dendritic spine stability at
least partially through LIMK-mediated cofilin phosphorylation. However, the role of the
cofilin phosphatase SSH in EphB2-mediated increase in cofilin phosphorylation is still
unclear. Moreover, the EphA4 receptor has been recently shown to modulate the
association of cofilin with the plasma membrane by regulating PLC activity (Zhou et al.,
2007). Future studies will determine whether the EphB receptors also regulate the activity
of SSH and PLC.

Recent evidence reveals that long term potentiation (LTP) occurs within
individual synapses, and that actin reorganization underlies synaptic plasticity (Carlisle &
Kennedy, 2005; Lin et al., 2005; Kramar et al., 2006; Chen et al., 2007; Fedulov et al.,
2007; Lynch et al., 2007; Rex et al., 2007; Becker et al., 2008). The effects of FAK
depletion on actin organization, mature spine morphology, and regulation of cofilin
suggest that FAK signaling and cofilin phosphorylation may contribute to synaptic
plasticity. Indeed, FAK was found to play a role in LTP induction in the dentate gyrus
(Yang et al., 2003), and the importance of cofilin phosphorylation in synaptic plasticity
during LTP induction, as well as the protective effects of the phospho-mimetic cofilin>*"
mutant against AB-mediated spine loss, have been reported (Chen et al., 2007; Shankar et
al., 2007). Moreover, two key upstream regulators of FAK activity in dendritic spines,
EphB receptors and integrins, also play important roles in synaptogenesis, synaptic

plasticity, and LTP (Dalva et al., 2000; Chavis & Westbrook, 2001; Chun et al., 2001;

Ethell et al., 2001; Grunwald et al., 2001; Henderson et al., 2001; Contractor et al., 2002;
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Penzes et al., 2003; Gall & Lynch, 2004; Huang et al., 2006; Kramar et al., 2006; Webb
etal., 2007).

Our findings conclusively demonstrate that EphB receptors control the stability of
mature dendritic spines, in part by suppressing cofilin activity through recruitment/
activation of FAK and cofilin phosphorylation. Future studies will determine whether the
mechanisms by which this pathway regulates maintenance of mature dendritic spines also

orchestrate structural changes in dendritic spines that underlie synaptic plasticity and LTP.
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Figure 2-1 The EphB2 receptor induces cofilin and LIMK phosphorylation in
cultured hippocampal neurons

(A, C) 14 DIV hippocampal neurons were treated with ephrinB2-Fc to activate EphB
receptors or with control Fc for 15 min, with or without the ROCK inhibitor Y-27632 at
10puM or 75uM. Cell lysate was subjected to immunoblotting with (A) anti-phospho-
cofilin or (C) anti-phospho-LIMKZ1/2 antibodies. The blots were stripped and re-probed
against total cofilin or LIMK1.

(B, D) The levels of p-cofilin or p-LIMK1 were quantified by densitometry and
normalized to total cofilin or LIMKZ1 levels, respectively. Experimental values represent
mean £ SD (n=3). Values significantly different in ephrinB2-Fc treated samples as
compared to control Fc samples are indicated by **, p< 0.01; *, p<0.05. Cofilin
phosphorylation levels were significantly lower in samples treated with ephrinB2-Fc in
the presence of 10pM Y-27632 (a, p=0.03856) or 75uM Y-27632 (b, p=0.00172) as
compared to samples treated with ephrinB2-Fc alone. EphB2 receptor activation with
pre-clustered ephrinB2-Fc led to increased levels of phosphorylated cofilin that were
inhibited with the ROCK inhibitor Y-27632.
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Figure 2-1
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Figure 2-2 FAK-mediated regulation of mature dendritic spine morphology and
cofilin phosphorylation depends on its activation/ phosphorylation and its ability to
interact with regulators of Rho family GTPases

(A-E) Confocal images of 14 DIV hippocampal neurons expressing (A) GFP alone, (B)
GFP and FAK (GFP + FAK), (C) GFP and FAKY**"F (GFP + FAKY397E), (D) GFP and
FAK " (GFP + FAKY397F), (E) GFP and FAK"%*° (GFP + FAKL1034S). Neurons
were obtained from E15 hippocampi of wt mice, transfected at 12 DIV and processed for
indirect immunofluorescence at 14 DIV. Dendritic spine morphology was observed with
GFP fluorescence (green), and the distribution of p-cofilin (red) and total cofilin (blue)
was detected by immunostaining. Scale bar, 10pum.

(F) Quantification of the phospho-cofilin levels in dendrites of transfected (GFP-positive)
and control (GFP-negative) neurons, and (G) the cofilin/ phospho-cofilin ratio. The levels
of phospho-cofilin and cofilin were quantified by densitometry. Experimental values
represent mean + SEM (n=20 dendrites from 5 neurons per group; ***, p<0.001; **,
p<0.01; *, p<0.05).

(H-L) Quantification of (H) dendritic spine length, (I) dendritic spine density, (J)
distribution of dendritic protrusion lengths: <2um, 2-4um, and >4um, (K) dendritic spine
head area, and (L) spine head area-to-length ratio. Vertical bars indicate SEM (n=500
dendritic protrusions from 5 neurons per group; ***, p<0.001; **, p<0.01; *, p<0.05).
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Figure 2-2

12 + 2 DIV hippocampal neurons
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S3A S3D

Figure 2-3 The constitutively active cofilin®” mutant, but not the inactive cofilin
mutant or wt-cofilin, induces immature dendritic spines

(A-D) Confocal images of 14 DIV hippocampal neurons expressing (A) dsRed alone, (B)
dsRed with GFP-wt-cofilin, (C) dsRed with GFP-cofilin®*°, or (D) dsRed with GFP-
cofilin®*. Scale bar, 10pm.

(E-H) Quantification of (E) dendritic protrusion length, (F) dendritic protrusion density,
(G) dendritic spine head area, and (H) spine head to length ratio. Vertical bars indicate
SEM (n=300 dendritic protrusions from 7-10 neurons per group); ***, p <0.001; **,
p<0.01. The overexpression of the constitutively-active non-phosphorylatable cofilin®*
mutant, but not the dominant-negative phospho-mimetic cofilin®* mutant or wt-cofilin,
prompted the reversion of mushroom-shaped mature spines into thin spines with small
heads.
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Figure 2-3
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Figure 2-4 Dominant-negative phospho-mimetic cofilin®*® and wt-cofilin, but not the
non-phosphorylatable cofilin®**, were accumulated in the heads of mature

mushroom-shaped spines

(A) Confocal images of 14 DIV hippocampal neurons expressing dsRed alone (dsRed),
dsRed and GFP-wt-cofilin (dsRed/ wt-cofilin), dsRed and GFP-cofilin®*P (dsRed/
CofilinS3D), or dsRed and GFP-cofilin®** (dsRed/ CofilinS3A). Squares depict areas of
measurement used to quantify DsRed fluorescence (red, middle panel) or GFP
fluorescence (green, lower panel).

(B and C) For each spine, DsRed fluorescence (middle panel) and GFP fluorescence
(lower panel) were measured in the dendritic spine head and the adjacent area of dendritic
shaft. The ratio of spine head-to-dendritic shaft DsRed fluorescence (upper graph) and
GFP fluorescence (lower graph) is shown for cells expressing (B) dsRed and GFP-wt-
cofilin (dsRed/ wt-cofilin) or (C) dsRed and GFP-cofilin®*" (dsRed/ cofilinS3D). The
ratio of spine head-to-dendritic shaft GFP fluorescence greater than 1 indicates
accumulation of GFP-tagged cofilin in the dendritic spine head. Both wt-cofilin and
phospho-mimetic  cofilin®*®, but not the non-phosphorylatable cofilin®** were

accumulated in the heads of mature mushroom-shaped spines.
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Figure 2-4
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Figure 2-5 Cofilin inactivation restores mature dendritic spines in hippocampal
neurons with inhibited EphB receptor activity

(A-D) Confocal images of 14 DIV hippocampal neurons expressing (A) dsRed alone
(dsRed), (B) dsRed and dnEphB2K662R (dsRed/ dnEphB2), (C) dsRed, dnEphB2K662R
and GFP-cofilin®** (dsRed/ dnEphB2/ cofilinS3A), or (D) dsRed, dnEphB2K662R and
GFP-cofilin®* (dsRed/ dnEphB2/ cofilinS3D). Scale bar, 10 pm.

(E-H) Quantification of (E) average dendritic protrusion length, (F) dendritic protrusion
density, (G) distribution of dendritic protrusion lengths: <2um, 2-4um and >4um, and
(H) dendritic spine head area. Vertical bars indicate SEM (n=500-800 dendritic
protrusions from 7-10 neurons per group); ***, p<0.001; **, p<0.05. The overexpression
of the phospho-mimetic cofilin™® mutant, but not the non-phosphorylatable
constitutively-active cofilin®* mutant, reversed the effects of EphB2 receptor
inactivation on dendritic spine morphology.
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Figure 2-6 Cofilin inactivation restores mature dendritic spines in hippocampal
neurons with Cre-mediated fak KO

(A-D) Confocal images of 14 DIV hippocampal neurons expressing (A) dsRed alone
(dsRed), (B) dsRed and Cre (dsRed/ Cre), (C) dsRed, Cre, and GFP-cofilin®** (dsRed/
Cre/ Cofilin®*), or (D) dsRed, Cre, and GFP-cofilin®P (dsRed/ Cre/ CofilinS3D). Scale
bar, 10um. (E-H) Quantification of (E) average dendritic protrusion length, (F) dendritic
protrusion density, (G) distribution of dendritic protrusion lengths: <2um, 2-4um and
>4um, and (H) dendritic spine head area. Vertical bars indicate SEM (n=500-800
dendritic protrusions from 7-10 neurons per group); ***, p<0.001; **, p<0.05. The
overexpression of the phospho-mimetic cofilin®*® mutant, but not the non-
phosphorylatable constitutively-active cofilin®** mutant, reversed the effects of Cre-
mediated deletion of fak on dendritic spine morphology.
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Figure 2-7 EphB receptor regulation of cofilin activity and dendritic spine
morphology

Activation of the EphB receptor by the ephrinB2 ligand leads to recruitment and

activation of FAK, followed by a downstream signaling cascade that results in cofilin
phosphorylation and inactivation and stabilization of mature dendritic spines.
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Chapter 3: The Regulation of Cofilin-Mediated Dendritic Spine Remodeling by

NMDA Receptors in Mature Hippocampal Neurons

3.1 Abstract

Dendritic spines are the postsynaptic sites of most excitatory synapses in the brain, and
changes in their morphology are implicated in synaptic plasticity and long-term memory.
F-actin dynamics are thought to be a basis for both the formation of dendritic spines
during development and their structural plasticity (Ethell & Pasquale, 2005; Pontrello &
Ethell, 2009). We have previously shown that the F-actin-severing protein cofilin, which
is regulated by phosphorylation, can induce remodeling of mature dendritic spines in
hippocampal neurons (Shi et al., 2009). Cofilin activity in dendritic spines is regulated by
phosphorylation through two competing pathways, CaMKII-mediated suppression of
cofilin activity by phosphorylation and calcineurin-dependent cofilin activation through
its dephosphorylation. We show that NMDAR activation triggers calcineurin-mediated
cofilin dephosphorylation/ activation, most likely through activation of slingshot
phosphatase. NMDA receptor activation also promotes the translocation of cofilin to
dendritic spines, an event that requires cofilin dephosphorylation. However, the
calcineurin inhibitor alone did not block NMDA-induced cofilin dephosphorylation or
cofilin translocation to spines. Our results suggest that both calcineurin and PI3K
contribute to NMDA-induced cofilin dephosphorylation in hippocampal neurons. In
addition, we have found that NMDAR activation also inhibits EphB-mediated cofilin

phosphorylation. While EphB receptors suppress cofilin activity through LIMK-mediated
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cofilin phosphorylation under normal synaptic activity, NMDAR activation results in
cofilin dephosphorylation and suppression of EphB-mediated LIMK phosphorylation/
activation. Here we investigate the effects of NMDAR activation on the phosphorylation
state and localization of cofilin within hippocampal neurons, and its role in the

remodeling of mature dendritic spines.

3.2 Introduction

NMDA receptors are ionotropic glutamate receptors that allow Ca®" influx into
the cell, setting in motion different intracellular signaling cascades and activating
different downstream effectors, depending upon the amount of Ca®" that enters the cell
(Nicoll & Malenka, 1999; Lau et al., 2009). Changes in dendritic spine morphology in
response to NMDAR activation are implicated in synaptic plasticity and long-term
memory processes. F-actin dynamics underlie the structural plasticity of dendritic spines,
which allows for process such as LTP and LTD (Ethell & Pasquale, 2005; Pontrello &
Ethell, 2009). NMDA application leads to dendritic spine remodeling (Shi & Ethell,
2006), an event that may be mediated by cofilin and its actin-severing activity. Cofilin
activation could lead to spine head shrinkage and LTD (Beattie et al., 2000; Malenka &
Bear, 2004; Zhou et al., 2004), or cofilin phosphorylation to spine head enlargement and
facilitation of LTP (Chen et al., 2007). Cofilin was recently shown to be also involved in
AMPA receptor trafficking and addition of AMPA receptors to the cell membrane during

LTP (Gu et al., 2010). Indeed, the control of cofilin activity downstream of NMDA
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receptor activation can regulate cytoskeletal dynamics and dendritic spine response to
synaptic activity.

While NMDA receptors may induce spine remodeling through cofilin activation,
we have previously shown that EphB receptors suppress cofilin activity through
phosphorylation (Shi et al., 2009), leading to spine stabilization. Interestingly, several of
the EphB receptor’s downstream effectors are also involved in NMDAR-mediated
signaling, such as Rac, RhoA, PAK, LIMK, and cofilin. In addition, the EphB receptor is
known to potentiate the NMDA receptor through activation of Src (Yu & Salter, 1999;
Grunwald et al., 2001; Takasu et al., 2002; Salter & Kalia, 2004), leading to an increase
in NMDAR gating. Therefore, we were interested in examining the cross-talk between
these two pathways, and specifically looking at the regulation of cofilin and dendritic
spine remodeling by these two receptors and their downstream effectors.

We show here that NMDAR activation by bath application of 50uM NMDA
results in the phosphorylation of LIMK at 1, 5, and 15 minutes, but a decrease in p-cofilin
at 5 and 15 minutes. The upregulation of pLIMK is achieved through a CaMKII-PAK
pathway, while the decrease in p-cofilin is mediated by calcineurin-SSH or PI3K-SSH
pathways. NMDA receptor activation promotes a rapid translocation of both wt-cofilin
and constitutively-active coﬁlinS3A, but not the inactive cofilin®*? mutant, to the heads of
dendritic spines, an effect that is not blocked by inhibition of CaMKII or calcineurin
alone. However, the inhibition of calcineurin does prevent NMDAR-induced remodeling
of dendritic spines, but this is prevailed by over-expression of wt cofilin or constitutively

S3A

active cofilin>”. The accumulation of dephosphorylated (active) cofilin in dendritic
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spines may underlie dendritic spine remodeling induced by NMDAR activation.
Dephosphorylation is necessary for cofilin activity, and NMDA receptor activation
achieves this dephosphorylation through a calcineurin-SSH or a PI3K-SSH pathway. The
phosphorylation and activation of cofilin can regulate dendritic spine dynamics, which is

believed to underlie LTP and LTD, as well as learning and memory.

3.3 Materials and Methods

Hippocampal neuronal cultures, transfection, and expression vectors. Cultures of
hippocampal neurons were prepared from embryonic day 15 (E15) or E16 mice as
previously described (Shi & Ethell, 2006). Briefly, after treatment with papain
(0.5mg/ml) and DNasel (0.6pg/ml) for 20 min. at 37°C and mechanical dissociation, cells
were plated on glass coverslips or plastic dishes coated with poly-DL-ornithine
(0.5mg/ml) and laminin (5pg/ml). The cells were cultured in Neurobasal medium with
25uM glutamine, 1% penicillin—streptomycin, and B-27 supplement (Invitrogen) under a
5% CO2/ 10% O2 atmosphere at 37°C. The cultures were transfected at 12 DIV using the
calcium phosphate method as previously described (Jiang & Chen, 2006; Shi & Ethell,
2006). The expression vectors used were: pEGFP-N1 and pDsRed-C2 (Clontech);

pcDNA3-EGFP-cofilin, pcDNA3-EGFP-cofilin®**, and pcDNA3-EGFP-cofilin®*".
Biochemical Analysis. Hippocampal neurons (approximately 1.2 million cells on 10cm
dishes at 14 DIV) were rinsed quickly with Hank’s Balanced Salt Solution (Invitrogen)

containing 1.8mM CaCl,, 1uM glycine, 0.493mM MgCl, and 0.407mM MgSO,, then
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treated with the appropriate reagent (in Hank’s Balanced Salt Solution with 1.8mM CacCl,
and 1pM glycine, with or without MgCl, and MgSO,) under 5% CO»/ 10% O, at 37°C.
For NMDA receptor activation, cultures were treated with 50uM NMDA in magnesium-
free Hank’s Balanced Salt Solution containing 1.8mM CaCl, and 1uM glycine.
Following treatment, the dishes were placed on ice and immediately washed with ice-
cold PBS, then scraped from the plate in Iml lysis buffer (25mM Tris-Cl, pH 7.4,
150mM NaCl, 1% TritonX-100, SmM EDTA, pH 8.0, 1x protease inhibitor cocktail
(Sigma-Aldrich), and 2mM sodium vanadate. After 30 min. rotation at 4°C, cell lysate
was centrifuged for 15 min. at 16.1K r.c.f at 4°C. Supernatant was mixed 1:1 with 2x
Laemmli loading buffer (Sigma-Aldrich), boiled for 10 min., and loaded onto an 8-16%
Tris-glycine SDS PAGE gel (Invitrogen). The contents of the gel were transferred onto a
Nitrocellulose membrane (Perkin Elmer), which was blocked in 5% milk/ TBS-Tween20
(0.2%), and specific primary antibodies (1:1000) were applied overnight at 4°C in 3%
BSA/ TBS-Tween20. Secondary HRP-conjugated antibodies were applied (1:100,000)
for 1 hour at room temperature in TBS-Tween20. The secondary antibodies used were the
following: HRP-conjugated goat anti-rabbit (0.08pug/ml; Jackson ImmunoResearch, West
Grove, PA) and HRP-conjugated donkey anti-mouse (0.08ug/ml; Jackson
ImmunoResearch). Signal was detected on film using the ECL Plus detection kit from GE
Healthcare. Phospho-LIMK and phospho-cofilin levels were quantified by densitometry
(Adobe Photoshop) and normalized to total LIMK and total cofilin levels, respectively.
Five to 10 independent experiments were performed for each condition. Statistical

differences were compared using Student’s t test.
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Immunocytochemistry. Hippocampal neurons on glass coverslips (14 DIV) were treated
with the appropriate reagent under 5% CO,/ 10% O, at 37°C, then quickly rinsed with
PBS and fixed in 2% paraformaldehyde, permeabilized in 0.1% TritonX-100, and
blocked in PBS containing 5% normal goat serum and 1% BSA. Primary antibodies were
applied in blocking solution for 2 hours at room temperature, and secondary antibodies
were applied in PBS-Tween20 (0.2%) for 1 hour at room temperature. Coverslips were
mounted in Vectashield anti-fade medium with DAPI (Vector Labs) and sealed with
Cytoseal 60 (Fisher), then viewed under a confocal laser scanning microscope (model

LSM 510; Carl Zeiss Microlmaging).

Antibodies. The primary antibodies used were as follows (all 1:1000 for Western blot):
rabbit anti-phospho-LIMK1 (Thr508)/ LIMK2 (Thr505) (Cell Signaling Technology);
mouse anti-LIMK1 (C-10) (Santa Cruz Biotechnology); rabbit anti-phospho-cofilin
(phospho S3) (abcam); rabbit anti-cofilin (Cytoskeleton); mouse anti-synaptophysin
SVP-38 (Sigma-Aldrich, 1:100 for immunocytochemistry). The secondary antibodies
used were as follows: HRP-conjugated Donkey anti-Mouse IgG (Jackson
ImmunoResearch, 1:100,000 for Western blot); HRP-conjugated Goat anti-Rabbit IgG
(Jackson ImmunoResearch, 1:100,000 for Western blot); Alexa Fluor 660-conjugated

anti-mouse IgG and anti-rabbit IgG (Invitrogen, 1:500 for immunocytochemistry).
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Confocal microscopy. Fluorescence was analyzed using a confocal laser-scanning
microscope (model LSM 510; Carl Zeiss Micro-Imaging). A series of five high-
resolution optical sections (1024x1024 pixel format) were taken for each neuron with a
63x water-immersion objective (1.2 numerical aperture), 1x zoom at 0.5um step intervals
(z-stack). All images were acquired under identical conditions. Each z-stack was
collapsed into a single image by projection (Zeiss LSM Image software), converted to a
tiff file, and analyzed using Image J Software. Seven to 10 neurons were randomly
selected for each experimental group, and three to four proximal dendrites per each

neuron were analyzed.

Live imaging and fluorescence intensity. Time-lapse imaging of live cells was performed
under an inverted fluorescent microscope (model TE2000; Nikon) with 40x oil Fluor
objectives, and monitored by a 12-bit CCD camera (model ORCA-AG; Hamamatsu)
using Image-Pro software (Media Cybernetics). During imaging, the cultures were
maintained in Hank’s Balanced Salt Solution (Invitrogen) supplemented with 1.8mM
CaCl,, and 1uM glycine, at 37°C with 5% CO,. Images were captured at 1 min. intervals
for 1 hour. For quantification of cofilin levels in spine heads versus dendrites, the EGFP
fluorescence level (normalized to the DsR fluorescence level) was measured in each
spine head and in an equally-sized region of the dendrite at the base of each spine (Adobe
Photoshop). For each spine, the sum of EGFP fluorescence detected in the head and in
the base was set equal to 100% EGFP signal for that spine. The percentage of the total

EGFP present in each head and in each base was determined.
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Pharmacology. Activation of the EphB receptor was achieved with 4ug/ml ephrinB2-Fc,
pre-clustered before use for 2 hours with goat anti-human IgG (Jackson Labs). The
NMDA receptor was activated with N-Methyl-D-aspartic acid (NMDA) (Sigma-Aldrich,
50uM), and inhibited using (+)-MK-801 Hydrogen Maleate (MK801), (Sigma-Aldrich,
10uM). CaMKII activity was inhibited with 2-[N-(2-hydroxyethyl)]-N-(4-
methoxybenzenesulfonyl)] amino-N-(4-chlorocinnamyl)-N methylbenzylamine (KN93)
(Calbiochem, 10uM, 30 min. pre-treatment), and the inactive analog to the CaMKII
inhibitor was used as a control: 2-[N-(4-Methoxybenzenesulfonyl)] amino-N-(4-
chlorocinnamyl)-N-methylbenzylamine Phosphate (KN92), (Calbiochem, 10uM).
CyclosporinA (Sigma-Aldrich, 50uM, 2 hours pretreatment) was used for inhibition of
calcineurin phosphatase, LY294002 for inhibition of PI3-kinase (Sigma-Aldrich, 50uM,
10 min. pre-treatment), and IPA-3 for inhibition of PAK (Sigma-Aldrich, 20uM, 10 min.

pre-treatment).

3.4 Results

3.4.1 NMDAR activation triggers LIMK phosphorylation/ activation, as well as

cofilin_dephosphorylation/ activation. We have previously shown that under normal

synaptic activity, EphB receptors promote the stabilization of mature dendritic spines
(Shi et al., 2009), whereas NMDAR activation results in dendritic spine remodeling (Shi
& Ethell, 2006). Our previous findings indicate that EphB-mediated mature spine

maintenance relies on the LIMK-mediated suppression of cofilin activity through its
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phosphorylation, and that a non-phosphorylatable constitutively-active cofilin®** induces
rapid remodeling of established mature dendritic spines (Shi et al., 2009), effects that are
similar to dendritic spine remodeling triggered by acute NMDA treatment (Shi & Ethell,
2006). In order to determine whether up-regulation of cofilin activity by its
dephosphorylation underlies NMDAR-mediated spine remodeling, we first examined
phosphorylation levels of cofilin and its kinase LIMK in response to NMDAR activation.
Surprisingly, activation of the NMDA receptor by bath application of 50uM NMDA with
in magnesium-free Hank’s Balanced Salt Solution containing 1.8mM CaCl, and 1uM
glycine resulted in the phosphorylation of LIMK at 1, 5, and 15 minutes as compared to
control untreated neurons (Fig. 3-1A, 3-1C), which was blocked by the NMDA receptor
inhibitor MK801 (10uM). However, this up-regulation of LIMK phosphorylation did not
lead to an increase in cofilin phosphorylation (Fig. 3-1B, 3-1D); rather, there was a
significant decrease in p-cofilin at 5 and 15 minutes, suggesting activation of an

additional pathway that induces cofilin dephosphorylation.

3.4.2 NMDAR activation inhibits EphB-mediated LIMK phosphorylation/

activation _and cofilin_phosphorylation/ inactivation. As EphB receptors promote

LIMK-mediated cofilin phosphorylation, we next examined whether NMDAR activation
will also inhibit EphB-induced cofilin phosphorylation mediated by LIMK. While under
normal synaptic activity, EphB receptor activation with 4ug/ml ephrinB2-Fc (eB2Fc)
promoted LIMK phosphorylation at 5 minutes, followed by cofilin phosphorylation at 15

minutes, concurrent activation of EphB and NMDA receptors down-regulated both
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pLIMK and p-cofilin levels (Fig. 3-2A-3-2D). Inhibition of calcineurin with
cyclosporinA (CycA; 50uM) abolished the inhibitory effects of NMDA on ephrinB2-
mediated LIMK and cofilin phosphorylation, showing that NMDA-mediated
enhancement of calcineurin activity may be responsible for the decrease in pLIMK and p-
cofilin levels. Our studies demonstrate that NMDAR activation shifts the p-cofilin/
cofilin equilibrium toward active cofilin through a signaling pathway that triggers cofilin
dephosphorylation and counteracts EphB-mediated cofilin phosphorylation. Concurrent
activation of NMDA and EphB receptors enhances this signaling pathway and results in

LIMK and cofilin dephosphorylation.

3.4.3 NMDAR-induced increase in LIMK phosphorylation depends on CaMKII

activation. Upon NMDA receptor activation, different pathways may be activated,
depending on the amount of Ca®" influx into the cell. The activation of CaMKII by the
NMDAR can lead to PAK and LIMK activation, followed by cofilin inactivation,
whereas the activation of calcineurin by the NMDAR could up-regulate SSH phosphatase
activity and activate cofilin. Our results demonstrate that CaMKII activation is the
primary mechanism by which the NMDA receptor achieves an increase in pLIMK levels,
as NMDA-induced LIMK phosphorylation can be blocked by the CaMKII inhibitor
KN93 (10uM), but not the inactive analog KN92 (Fig. 3-3A, 3-3C). Inhibition of
CaMKII also reduced cofilin phosphorylation levels under normal synaptic activity, but

did not enhance NMDA-mediated cofilin dephosphorylation (Fig. 3-3B, 3-3D),
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suggesting that another pathway is involved in NMDA-mediated regulation of cofilin

phosphorylation.

3.4.4 NMDAR-induced cofilin dephosphorylation is requlated through calcineurin

and PI3K pathways. Inhibition of PI3-kinase (PI3K) with LY294002 (LY; 50uM), PAK

with TPA-3 (20uM), or Rho kinase (ROCK) with Y-27632 (Y-27; 75uM) partially
blocked NMDA-induced LIMK phosphorylation (Fig. 3-4A, 3-4C), confirming that these
pathways are involved in NMDA-induced LIMK phosphorylation. Calcineurin does not
seem to participate in this pathway, as its inhibition with cyclosporinA (CycA; 50uM)
did not affect NMDA-induced increase in pLIMK levels, and concurrent inhibition of
PI3K and calcineurin had the same effect on pLIMK levels as did PI3K inhibition alone.
The NMDAR-induced up-regulation of LIMK phosphorylation seems to be achieved
predominantly through a CaMKII- and PI3K-mediated activation of Rac-RhoA and Rac-
PAK pathways (Fig. 3-9).

While NMDAR activation alone decreases p-cofilin levels, additional PAK or
ROCK inhibition leads to a further decrease in p-cofilin levels (Fig. 3-4B, 3-4D). These
results indicate that although SSH may be the primary factor leading to cofilin
dephosphorylation following NMDAR activation, NMDA-induced ROCK and PAK
activation of LIMK, mediates cofilin phosphorylation and may play an important role in
maintaining a dynamic spatial and temporal balance between cofilin phosphorylation and
dephosphorylation. Surprisingly, inhibition of calcineurin or PI3K alone did not block

NMDA-induced cofilin dephosphorylation; however concurrent inhibition of calcineurin

112



and PI3K did return p-cofilin to control levels, which suggests that in addition to
calcineurin, PI3K can also contribute to NMDA-induced cofilin dephosphorylation,
probably through a Ras-PI3K-SSH pathway (Fig. 3-9). These studies show that although
the NMDAR activates LIMK through CaMKII-mediated PAK and ROCK activation,
cofilin phosphorylation by LIMK is counteracted, most likely through calcineurin- and

PI3K-mediated activation of SSH, causing an overall decrease in p-cofilin levels.

3.4.5 NMDA receptor activation promotes rapid translocation of cofilin to dendritic

spines. Cofilin dephosphorylation also appears to underlie NMDAR-induced
translocation of cofilin to dendritic spines. Our recent studies have shown that cofilin is
localized in dendritic spines, and its activity is suppressed in mature spines by
phosphorylation. Moreover, a non-phosphorylatable constitutively-active cofilinS3A, but
not wt-cofilin or inactive cofilin®*, induces rapid remodeling of established mature
dendritic spines and extension of new dendritic filopodia (Shi et al., 2009). Here we
demonstrate that NMDA receptor activation promotes the rapid translocation of both wt-
cofilin and non-phosphorylatable constitutively-active cofilin®**, but not the phospho-

30 mutant, to the heads of dendritic spines and the tips of

mimetic inactive cofilin
dendritic filopodia (Fig. 3-5A, 3-5B, Fig. 3-6), an effect that is blocked by the specific
NMDAR inhibitor MK801 (Fig. 3-5C, Fig. 3-6). The accumulation of dephosphorylated
(active) cofilin in dendritic spines may underlie dendritic spine remodeling induced by

NMDAR activation (Shi & Ethell, 2006). Our data also show that the inhibition of

CaMKII with KN93 did not affect NMDAR-induced translocation of wt-cofilin to
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dendritic spines (Fig. 3-5D, 3-5E, 3-6B). In addition, calcineurin inhibition with
cyclosporinA alone was not sufficient to prevent cofilin clustering in dendritic spines (Fig.
3-5F, 3-5G, 3-6B), suggesting that the PI3K pathway that regulates cofilin
dephosphorylation may also be involved in cofilin translocation. However,
dephosphorylation alone is not sufficient to trigger cofilin clustering in the spines, as the

non-phosphorylatable cofilin®**

is diffusely distributed throughout the dendrites of
untreated neurons (Fig. 3-5A, 3-6C). These results show that cofilin dephosphorylation
was not sufficient to trigger cofilin clustering in the dendritic spines, suggesting that in
addition to phosphorylation state, cofilin translocation into dendritic spines is also
regulated by other mechanisms. Potential candidates for future studies would be

scaffolding proteins such as the B-Arrestins, which could spatially control cofilin and its

regulators.

3.4.6 Calcineurin mediates dendritic spine remodeling following NMDA application.

Our studies indicate that acute treatment of 14 DIV hippocampal neurons with 50uM
NMDA in magnesium-free Hank’s Balanced Salt Solution containing 1.8mM CaCl, and
IuM glycine results in the transformation of mature spines with large heads into
immature thin spines with small heads, showing a significant decrease in the spine head-
to-length ratio 20 minutes after NMDA application (Fig. 3-7A, 3-8A). A small head area
and head-to-length ratio would indicate an immature spine phenotype. NMDA-induced
changes in spine morphology were blocked by the NMDAR antagonist MK801 and by

the calcineurin inhibitor cyclosporinA (Fig. 3-8A), suggesting that calcineurin-mediated
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cofilin dephosphorylation may underlie dendritic spine remodeling induced by NMDAR
activation. CaMKII inhibition with KN93 did not have an effect on NMDA-induced
spine remodeling (Fig. 3-8A), showing that NMDA application promotes spine
remodeling predominantly through a calcineurin, but not CaMKII, pathway. In contrast,
inhibition of calcineurin did not block NMDA-induced dendritic spine remodeling in the
neurons overexpressing wt cofilin (Fig. 3-8A). Moreover, overexpression of

S3A mimicked the effects of NMDA, and the calcineurin

constitutively-active cofilin
inhibitor did not reverse cofilin®*-induced spine remodeling (Fig. 3-7C, 3-8C),
suggesting that over-expression of active cofilin can overcome calcineurin inhibition and

lead to spine remodeling. This supports our hypothesis that cofilin activation through

calcineurin/ SSH is a mechanism behind NMDAR-induced dendritic spine remodeling.

3.5 Discussion

The tight regulation of cofilin activity and localization underlies dendritic spine
morphology changes that may lead to strengthening or disassembly of spines and
synapses. We have previously shown that over-expression of constitutively-active cofilin
leads to more immature spines and filopodia, whereas dominant-negative cofilin
promotes stable mature mushroom spines. EphB receptor activation leads to the
phosphorylation and inactivation of cofilin through a RhoA-LIMK pathway, resulting in
spine stabilization (Shi et al., 2009). Here we focus on the role of cofilin activity in
NMDA receptor-mediated dendritic spine plasticity. NMDA application leads to an

increase in active CaMKII, Ras, Rac, and PAK (Carlisle et al., 2008), resulting in LIMK
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activation, which would be expected to enhance cofilin phosphorylation and inactivation.
However, we see that cofilin phosphorylation decreases with NMDA application,
implicating involvement of another pathway that promotes cofilin dephosphorylation,
most likely through the cofilin phosphatase SSH. Our results demonstrate that NMDA-
induced activation of calcineurin and PI3K are both involved in cofilin
dephosphorylation seen in response to NMDAR activation in 14 DIV hippocampal
neurons. Upon NMDA receptor activation, the amount of Ca’" that enters the cell
determines the intracellular pathway of effectors that will be activated. High levels of
Ca® lead to CaMKII activation, whereas low Ca®" activates calcineurin (Nicoll &
Malenka, 1999; Lau et al., 2009). This Ca®"-dependent specificity leads to control of
many diverse cellular functions such as growth cone guidance (Wen et al., 2004),
neuronal differentiation (Joo et al., 2007) and migration (Komuro & Rakic, 1993), and
synaptogenesis (Bressloff, 2006). In addition, NMDA-induced CaMKII activation leads
to LTP, whereas calcineurin activation promotes LTD (Rusnak & Mertz, 2000; Malenka
& Bear, 2004).

Changes in spine morphology and LTP/ LTD are thought to underlie learning and
memory process. Mature mushroom spines are more resistant to changes induced by LTP
than are thin spines (Matsuzaki et al., 2004), so the more flexible thin spines are thought
to be involved in learning processes (Bourne & Harris, 2008). Cofilin and its actin-
severing activity are involved in spine plasticity, through transient activation and actin
remodeling, followed by inactivation that allows spines to stabilize (Chen et al., 2007).

We see here that NMDA application leads to the up-regulation of LIMK activity, which
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is achieved through a CaMKII-PAK pathway. Cofilin, on the other hand, is
dephosphorylated through calcineurin-SSH and PI3K-SSH pathways. This activation of
cofilin is a type of NMDAR-mediated plasticity that results in transient dendritic spine
remodeling. Interestingly, we also found that the NMDAR inhibits EphB-mediated LIMK
activation and cofilin phosphorylation. Concurrent EphB and NMDA receptor activation
leads to a decrease in pLIMK levels, resulting in an even greater decrease in p-cofilin
levels than in response to NMDA alone. This suggests that the EphB receptor
predominantly activates different pathways under normal synaptic activity or in response
to NMDAR activation. Indeed, there is cross-talk between EphB and NMDA receptors
(Dalva et al., 2000). The EphB receptor is known to potentiate the NMDA receptor
through activation of Src (Yu & Salter, 1999; Takasu et al., 2002; Salter & Kalia, 2004).
It is clear that cross-talk between the EphB and NMDA receptors leads to an emphasis on
different effectors in the downstream signaling pathways than activation of either
receptor alone.

The phosphorylation state of cofilin affects not only its activity, but also its
localization within cells (Nebl et al., 1996). In several systems studied, different stimuli
induced cofilin localization to different cellular locations, from the nucleus, to the
cytoplasm, to the cell membrane (Ohta et al., 1989; Abe et al., 1993; Samstag et al.,
1994; Suzuki et al., 1995). Here we examined the localization of phosphorylated and
dephosphorylated cofilin in hippocampal neurons under normal synaptic activity and in
response to NMDA receptor activation. Application of NMDA led to a rapid

translocation of cofilin to dendritic spine heads. Using non-phosphorylatable and
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phospho-mimetic mutants, we found that cofilin dephosphorylation is necessary for
cofilin to translocate to dendritic spines with NMDA application, but dephosphorylation
is not sufficient to cause spine localization under normal synaptic activity. It is likely that
dephosphorylated active cofilin is trafficked to spine heads in order to promote the
transient spine remodeling that is seen with NMDA receptor activation (Shi & Ethell,
2006), which is also needed for AMPA receptor trafficking and insertion into the cell
membrane (Malinow & Malenka, 2002; Bredt & Nicoll, 2003; Gu et al., 2010; Rust et al.,
2010). This could be followed by the inactivation of cofilin, spine stabilization, and LTP
consolidation (Chen et al., 2007), or destabilization of the cell membrane, AMPA
receptor internalization, spine shrinkage, and LTD (Beattie et al., 2000; Man et al., 2000;
Zhou et al., 2004).

Cofilin dephosphorylation alone was not sufficient to trigger cofilin clustering in
the spines, as the non-phosphorylatable cofilin®* was diffusely distributed throughout
the dendrites of untreated neurons. This indicates that although phosphorylation state is
important to cofilin localization within cells, there is another factor that also contributes
to cofilin translocation. Likely candidates include scaffolding proteins that could control
not only cofilin phosphorylation by localizing it with its regulators, but also the spatial
distribution of cofilin. Some scaffolding proteins are associated with the post-synaptic
density (PSD) and are known to regulate dendritic spine morphology, such as PSD-95
(Keith & El-Husseini, 2008) , Homer (de Bartolomeis & lasevoli, 2003), and Shank
(Kreienkamp, 2008). The 14-3-3 scaffolding protein is known to interact with cofilin and

SSH, and to increase p-cofilin levels (Gohla & Bokoch, 2002), which has an effect on

118



acetylcholine receptor clustering (Lee et al., 2009). The 14-3-3 protein regulates
potassium channel trafficking (Rajan et al., 2002) and Ca,2.2 calcium channel activity
(Li et al., 2006). B-Arrestins are known to be involved in the inactivation of GPCR
signaling, but they are also scaffolding proteins that can effect changes on the actin
cytoskeleton (Barlic et al., 2000; Bhattacharya et al., 2002; Wang & DeFea, 20006).
Moreover, -Arrestins have recently been shown to play an important role in the spatial
localization of cofilin and its regulating proteins (Zoudilova et al., 2010). B-Arrestins’
functions extend beyond GPCR desensitization and into the regulation of cytoskeletal
dynamics, and will therefore be important for future studies of cofilin localization with
hippocampal neurons.

Dendritic spines remain plastic even in the adult brain, due to such proteins as
cofilin that can re-arrange the F-actin cytoskeleton (Bamburg et al., 1999), thus dictating
spine morphology (Shi et al., 2009). The phosphorylation state of cofilin in hippocampal
neurons is tightly regulated by LIMK and SSH phosphatase, both of which are controlled
by cell surface receptors such as EphB and NMDA receptors. In addition to activation
state, the localization of cofilin within the cell is important for its actin remodeling
activity. If cofilin is located aberrantly in the cell, it will not effect the appropriate
changes on actin and dendritic spines when it is active. Abnormality in any of the many
factors that control cofilin activity could lead to aberrant dendritic spines and
neurological deficits such as those seen in Down syndrome and the autism spectrum
disorders (Kaufmann & Moser, 2000; Sorra & Harris, 2000; Halpain et al., 2005). In

addition, cofilin-actin rods are stress-induced structures that are found in the brains of
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patients with Alzheimer disease (Maloney & Bamburg, 2007), and inactive cofilin has
been shown to prevent dendritic spine loss caused by soluble AP oligomers in rat
organotypic slices (Shankar et al., 2007), suggesting cofilin as potential therapeutic target
to prevent AP-induced spine loss in patients with Alzheimer disease. This implicates
cofilin as an important regulator of cytoskeletal and dendritic spine dynamics, whose

activity and localization must be tightly controlled for proper synaptic function.
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Figure 3-1 NMDAR activation triggers LIMK phosphorylation/ activation, as well
as cofilin dephosphorylation/ activation

(A-D) 14 DIV hippocampal neurons were treated with 50uM NMDA in Mg**-free
solution to activate NMDA receptors for 1, 5, or 15 minutes with or without the NMDAR
inhibitor MK801 (10uM). Cell lysates were subjected to immunoblotting with anti-
phospho-LIMK1/2 (A) or anti-phospho-cofilin (B) antibodies. The blots were stripped
and re-probed against total LIMK1 or cofilin. The levels of phospho-LIMK1 (C) or
phospho-cofilin (D) were quantified by densitometry and normalized to total LIMK1 or
cofilin levels, respectively. Experimental values represent mean + SEM (n= 5-10).
Statistical differences were compared using Student’s t test; ***, p < 0.001; **, p, 0.01; *,
p <0.05.
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Figure 3-2 NMDAR activation inhibits EphB-mediated LIMK phosphorylation/
activation and cofilin phosphorylation/ inactivation

(A-D) 14 DIV hippocampal neurons were treated with 50uM NMDA in Mg**-free
solution to activate NMDA receptors, with 4ug/ml pre-clustered ephrinB2-Fc (eB2Fc) to
activate EphB receptors, or with 4ug/ml pre-clustered ephrinB2-Fc (eB2Fc) plus 50uM
NMDA in Mg®*-free solution for 5 min. Cell lysates were subjected to immunoblotting
with anti-phospho-LIMK1/2 (A) or anti-phospho-cofilin (B) antibodies. The blots were
stripped and re-probed against total LIMK1 or cofilin. The levels of phospho-LIMK1 (C)
or phospho-cofilin (D) were quantified by densitometry and normalized to total LIMK1
or cofilin levels, respectively. Experimental values represent mean + SEM (n = 5-10).
Statistical differences were compared using Student’s t test; ***, p < 0.001; **, p, 0.01; *,
p < 0.05.
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Figure 3-3 The NMDAR-induced increase in pLIMK depends on CaMKI|

(A-D) 14 DIV hippocampal neurons were treated with 50uM NMDA in Mg**-free
solution to activate NMDA receptors for 5 minutes with either the CaMKII inhibitor
KN93 or its inactive analog KN92 at 10uM. Cell lysates were subjected to
immunoblotting with anti-phospho-LIMK1/2 (A) or anti-phospho-cofilin (B) antibodies.
The blots were stripped and re-probed against total LIMK1 or cofilin. The levels of
phospho-LIMK1 (C) or phospho-cofilin (D) were quantified by densitometry and
normalized to total LIMKL1 or cofilin levels, respectively. Experimental values represent
mean = SEM (n= 5-10). Statistical differences were compared using Student’s t test; ***,
p <0.001; **, p, 0.01; *, p < 0.05.
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Figure 3-4 The NMDAR-induced decrease in p-cofilin is mediated by calcineurin

(A-D) 14 DIV hippocampal neurons were treated with 50uM NMDA in Mg**-free
solution to activate NMDA receptors for 5 minutes. NMDA was applied alone, or
together with inhibitors of either PI3K (LY?294002; 50uM, 10 min pretreatment), PAK
(IPA-3; 20uM, 10 min pretreatment), or calcineurin (cyclosporinA; 50uM, 2 hr
pretreatment). Cell lysates were subjected to immunoblotting with anti-phospho-
LIMK1/2 (A) or anti-phospho-cofilin (B) antibodies. The blots were stripped and re-
probed against total LIMK1 or cofilin. The levels of phospho-LIMK1 (C) or phospho-
cofilin (D) were quantified by densitometry and normalized to total LIMK1 or cofilin
levels, respectively. Experimental values represent mean £ SEM (n= 5-10). Statistical
differences were compared using Student’s t test; ***, p < 0.001; **, p, 0.01; *, p < 0.05.
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Figure 3-5 NMDAR activation promotes rapid translocation of cofilin to dendritic
spines

(A-G) Time-lapse fluorescent images showing the dendrites of 14 DIV hippocampal
neurons expressing DsRed (red) and GFP, wt-cofilin-GFP, cofilin®**-GFP, or cofilin®*"-
GFP. Neurons were (A) untreated, or treated with (B) NMDA alone or with (C) MK801,
(E) KN93, or (G) cyclosporinA for 5 minutes. Scale bar= 10um.
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Figure 3-5
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Figure 3-6 Quantification of cofilin-GFP translocation into spine heads with
NMDAR application

(A-D) Graphs show dendritic spine head-to-base GFP fluorescence ratios normalized
against DsRed fluorescence. A ratio of 1 would indicate uniform distribution of GFP or
GFP-tagged cofilin in the spine head and dendritic shaft (base), whereas a ratio that is
significantly higher than 1 would indicate specific targeting of the GFP-tagged cofilin to
the spines. Experimental values represent mean £ SEM (n= 150-300 spines from 6-10
neurons). Statistical differences were compared using using one-way ANOVA followed
by Tukey’s Multiple Comparison post-test; ***, p < 0.001; **, p, 0.01; *, p < 0.05.
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Figure 3-6
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Figure 3-7 NMDAR activation promotes dendritic spine remodeling in wt neurons
expressing EGFP or wt-cofilin

(A-D) Time-lapse fluorescent images showing the dendrites of 14 DIV hippocampal
neurons expressing DsRed (red) and (A) GFP, (B) wt-cofilin-GFP, (C) cofilin®**-GFP, or
(D) cofilin®*P-GFP. Neurons were treated with 50uM NMDA for 20 minutes. Arrows
denote (A, B) mature dendritic spines that remodel with NMDA treatment, (C) immature
spines that remain immature with NMDA treatment, and (D) mature spines that do not
remodel with NMDA treatment. Arrowheads denote (B) wt-cofilin and (C) cofilin®*
clusters in spine heads and (D) spine heads showing no specific cofilin>*" targeting. Scale
bar= 10um.
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Figure 3-7
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Figure 3-8 Calcineurin mediates dendritic spine remodeling following NMDA
application

(A-D) Image J was used to analyze the dendritic spines from the 14 DIV hippocampal
neurons that were used for live imaging studies of cofilin-GFP translocation into spines.
The head-to-length ratio of spines was analyzed following NMDA bath application for 20
minutes (50puM). Experimental values represent mean £ SEM (n= 150-300 spines from 6-
10 neurons). Statistical differences were compared using one-way ANOVA followed by
Tukey’s Multiple Comparison post-test; ***, p < 0.001; **, p, 0.01; *, p < 0.05.
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Figure 3-8
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Figure 3-9 Cross-talk between the EphB and NMDA receptor pathways

EphB receptor activation promotes cofilin inactivation and spine stabilization through a
RhoA-ROCK-LIMK pathway. NMDAR activation leads to LIMK activation, but also
cofilin activation and spine remodeling, which is achieved through calcineurin-SSH and
PI3K-SSH pathways. When EphB and NMDA receptors are co-activated, there is a
decrease in the phosphorylation of both LIMK and cofilin, an effect that is eliminated by
inhibition of calcineurin. This suggests that different downstream effectors may be
activated depending on the activation state of EphB and NMDA receptors, leading to
variable cofilin activation and dendritic spine dynamics.
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Chapter 4: The Regulation of Cofilin and Dendritic Spines by B-Arrestinl and -

Arrestin2 Scaffolding Proteins in Mature Hippocampal Neurons

4.1 Abstract

Dendritic spine plasticity is mediated by F-actin dynamics, and is thought to be a basis
for both the formation and retention of memories. Actin-binding proteins shape these
spine dynamics by controlling the F-actin cytoskeleton (Ethell & Pasquale, 2005;
Pontrello & Ethell, 2009). We have previously shown that the F-actin-severing protein
cofilin, which is regulated by phosphorylation, can induce remodeling of mature dendritic
spines in hippocampal neurons (Shi et al., 2009). Our current studies demonstrate that -
Arrestins play an important role in spatial control over cofilin activity in dendritic spines,
which underlies NMDA-mediated dendritic spine remodeling. NMDA receptor activation
promotes the dephosphorylation and activation of cofilin, as well as the translocation of
cofilin to dendritic spines, an event that requires cofilin dephosphorylation. However,
cofilin dephosphorylation is not sufficient to trigger cofilin clustering in dendritic spines,
an effect that is also dependent on B-Arrestins. While B-Arrestins were first identified as
mediators of G-protein coupled receptor signaling, they were recently suggested to
regulate cofilin activity/ localization through scaffolding cofilin with enzymes that
regulate its activity. Our studies demonstrate that cofilin clustering in the spines is
affected in both B-Arrestinl and B-Arrestin2 deficient neurons under the normal synaptic
activity. Moreover, loss of B-Arrestinl affects normal spine development, whereas -

Arrestin2 is involved in NMDAR-dependent re-distribution of active cofilin and dendritic
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spine remodeling. Our studies demonstrate novel functions of the B-Arrestins in the
regulation of cofilin activity and localization in dendritic spines and its role in NMDAR-

mediated dendritic spine plasticity.

4.2 Introduction

Dendritic spine plasticity is important for proper synapse development and
function, and it is the activity of actin-binding proteins such as cofilin that can modify the
cytoskeleton and spine dynamics. We have shown here that cofilin is dephosphorylated
and activated in response to NMDA through calcineurin-SSH and PI3K-SSH pathways,
and this promotes spine remodeling activity. We see that wt-cofilin and constitutively-
active cofilin®** translocates to spine heads in response to NMDA, and this is not blocked
by inhibitors of CaMKII or calcineurin. Therefore, we were interested in finding other
mechanisms in addition to the regulation of cofilin activity by phosphorylation that might
account for the NMDA-mediated localization of cofilin to dendritic spines.

The importance of the B-Arrestins as scaffolding proteins that spatially regulate
kinases and phosphatases that modify the dynamics of the cytoskeleton has recently been
reported (Zoudilova et al., 2010). Among the many proteins that are affected by the
scaffolding activity of B-Arrestins are LIMK kinase and SSH phosphatase, two enzymes
that directly affect cofilin phosphorylation state and activity. B-Arrestinl regulates cofilin
activity through the scaffolding of cofilin with LIMK, while B-Arrestin2 promotes cofilin
activity through cofilin dephosphorylation by SSH and/ or CIN (Defea, 2008; Kovacs et

al., 2009). In this way, p-Arrestins could not only alter the localization of cofilin within
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the cell, and therefore its ability to affect the actin cytoskeleton organization, but they
also may regulate the activity level of cofilin by scaffolding it with LIMK or SSH. While
a competing calcineurin-SSH or PI3K-SSH pathway leads to cofilin activation and
transient spine remodeling (Shi & Ethell, 2006; Carlisle et al., 2008), cofilin can be
inactivated in response to NMDAR-mediated activation of CaMKII, presumably through
phosphorylation by LIMK, leading to spine stabilization and LTP (Chen et al., 2007). -
Arrestins have been shown to recruit and activate CaMKII upon f;-adrenergic receptor
activation in cardiac cells (Mangmool et al., 2010), showing that CaMKII localization
and function can also be modified by B-Arrestins. Their roles in regulating several
effectors downstream of the NMDA receptor make B-Arrestins good candidates for the
regulation of cofilin and spine remodeling following NMDAR activation.

We show here that NMDA application leads to dendritic spine remodeling in wt
neurons, but not in B-Arrestin2 KO neurons. In addition, neurons from p-Arrestinl KO
mice display more immature spines than do wt or B-Arrestin2 KO neurons. While mature
dendritic spine development is affected in B-Arrestinl KO neurons, B-Arrestin2 KO
neurons develop normal mature spines as compared to wt neurons, but fail to remodel
spines in response to NMDA application. While NMDA receptor activation promotes a
rapid translocation of both wt-cofilin and constitutively-active cofilin®* to spines in wt
neurons, NMDA-induced cofilin localization and translocation is disrupted in B-Arrestin
KO neurons. NMDA treatment triggers the translocation of constitutively-active
cofilin®* into the spines in wt and B-Arrestinl KO neurons, but not in p-Arrestin2 KO

neurons. In addition, spines of B-Arrestin2 KO neurons fail to remodel with over-
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expression of constitutively-active cofilin®*. This agrees with the observation that p-
Arrestin2 KO neurons also resist NMDA-induced remodeling, which is most likely a
cofilin-mediated event. While B-Arrestinl is required for normal development of
dendritic spines, B-Arrestin2 is needed for NMDAR-mediated remodeling of mature

spines.

4.3 Materials and Methods

Hippocampal neuronal cultures, transfection, and expression vectors. Cultures of
hippocampal neurons were prepared from embryonic day 15 (E15) or E16 mice as
previously described (Shi & Ethell, 2006). Briefly, after treatment with papain
(0.5mg/ml) and DNasel (0.6pg/ml) for 20 min. at 37°C and mechanical dissociation,
neurons were plated on glass coverslips or plastic dishes coated with poly-DL-ornithine
(0.5mg/ml) and laminin (5pg/ml). The neurons were cultured in Neurobasal medium with
25uM glutamine, 1% penicillin—streptomycin, and B-27 supplement (Invitrogen) under a
5% CO2/ 10% O2 atmosphere at 37°C. The cultures were transfected at 12 DIV using the
calcium phosphate method as previously described (Jiang & Chen, 2006; Shi & Ethell,
2006). The expression vectors used were: pEGFP-N1 and pDsRed-C2 (Clontech);
pcDNA3-EGFP-cofilin, pcDNA3-EGFP-cofilin®**, pcDNA3-EGFP-cofilin®*"; pcDNA3-

B-Arrestinl-FLAG, and pcDNA3-B-Arrestin2-FLAG.

Biochemical Analysis. Hippocampal neurons (approximately 1.2 million neurons on

10cm dishes at 14 DIV) were rinsed quickly with Hank’s Balanced Salt Solution
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(Invitrogen) containing 0.493mM MgCl, and 0.407mM MgSOs, then treated with the
appropriate reagent (in Hank’s Balanced Salt Solution with 1.8mM CaCl, and 1uM
glycine, with or without MgCl, and MgSO4) under 5% CO,/ 10% O, at 37°C. For
NDMA receptor activation, cultures were treated with 50uM NMDA in magnesium-free
Hank’s Balanced Salt Solution containing 1.8mM CaCl, and 1uM glycine. Following
treatment, the dishes were placed on ice and immediately washed with ice-cold PBS, then
scraped from the plate in 1ml lysis buffer (25mM Tris-Cl, pH 7.4, 150mM NaCl, 1%
TritonX-100, SmM EDTA, pH 8.0, 1x protease inhibitor cocktail (Sigma-Aldrich), and
2mM sodium vanadate. After 30 min. rotation at 4°C, cell lysate was centrifuged for 15
min. at 16.1K r.c.f at 4°C. Supernatant was mixed 1:1 with 2x Laemmli loading buffer
(Sigma-Aldrich), boiled for 10 min., and loaded onto an 8-16% Tris-glycine SDS PAGE
gel (Invitrogen). The contents of the gel were transferred onto a Nitrocellulose membrane
(Perkin Elmer), which was blocked in 5% milk/ TBS-Tween20 (0.2%), and specific
primary antibodies (1:1000) were applied overnight at 4°C in 3% BSA/ TBS-Tween20.
Secondary HRP-conjugated antibodies were applied (1:100,000) for 1 hour at room
temperature in TBS-Tween20. The secondary antibodies used were the following: HRP-
conjugated goat anti-rabbit (0.08pug/ml; Jackson ImmunoResearch, West Grove, PA) and
HRP-conjugated donkey anti-mouse (0.08ug/ml; Jackson ImmunoResearch). Signal was
detected on film using the ECL Plus detection kit from GE Healthcare. Phospho-LIMK
and phospho-cofilin levels were quantified by densitometry (Adobe Photoshop) and

normalized to total LIMK and total cofilin levels, respectively. Five to 10 independent
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experiments were performed for each condition. Statistical differences were compared

using Student’s t test.

Immunocytochemistry. Hippocampal neurons on glass coverslips (14 DIV) were treated
with the appropriate reagent under 5% CO,/ 10% O, at 37°C, then quickly rinsed with
PBS and fixed in 2% paraformaldehyde, permeabilized in 0.1% TritonX-100, and
blocked in PBS containing 5% normal goat serum and 1% BSA. Primary antibodies were
applied in blocking solution for 2 hours at room temperature, and secondary antibodies
were applied in PBS-Tween20 (0.2%) for 1 hour at room temperature. Coverslips were
mounted in Vectashield anti-fade medium with DAPI (Vector Labs) and sealed with
Cytoseal 60 (Fisher), then viewed under a confocal laser scanning microscope (model

LSM 510; Carl Zeiss Microlmaging).

Antibodies. The primary antibodies used were as follows (all 1:1000 for Western blot):
rabbit anti-phospho-LIMK1 (Thr508)/ LIMK2 (Thr505) (Cell Signaling Technology);
mouse anti-LIMK1 (C-10) (Santa Cruz Biotechnology); rabbit anti-phospho-cofilin
(phospho S3) (abcam); rabbit anti-cofilin (Cytoskeleton); mouse anti-synaptophysin
SVP-38 (Sigma-Aldrich, 1:100 for immunocytochemistry). The secondary antibodies
used were as follows: HRP-conjugated Donkey anti-Mouse IgG (Jackson
ImmunoResearch, 1:100,000 for Western blot); HRP-conjugated Goat anti-Rabbit IgG
(Jackson ImmunoResearch, 1:100,000 for Western blot); Alexa Fluor 660-conjugated

anti-mouse IgG and anti-rabbit IgG (Invitrogen, 1:500 for immunocytochemistry).
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Adult brain slices. Adult mice (aged 3-12 months) were anesthetized with isoflurane and
perfused with ice-cold PBS followed by 4% paraformaldehyde (PFA). Brains were
extracted, post-fixed for 3 hours in 4% PFA at 4°C, and sectioned coronally into 300um
slices on a vibratome. Sections were labeled with Dil using a gene gun, incubated in PBS
at 4°C for 3 days, then mounted onto slides in PBS and sealed with Cytoseal. Pyramidal
neurons from the stratum radiatum of CAl were imaged using a confocal micsocope
(model LSM 510; Carl Zeiss Micro-Imaging), and dendritic protrusions were quantified

using image J software.

Confocal microscopy. Fluorescence was analyzed using a confocal laser-scanning
microscope (model LSM 510; Carl Zeiss Micro-Imaging). A series of five high-
resolution optical sections (1024x1024 pixel format) were taken for each neuron with a
63x water-immersion objective (1.2 numerical aperture), 1x zoom at 0.5um step intervals
(z-stack). All images were acquired under identical conditions. Each z-stack was
collapsed into a single image by projection (Zeiss LSM Image software), converted to a
tiff file, and analyzed using Image J Software. Seven to 10 neurons were randomly
selected for each experimental group, and three to four proximal dendrites per each

neuron were analyzed.

Live imaging and fluorescence intensity. Time-lapse imaging of live neurons was

performed under an inverted fluorescent microscope (model TE2000; Nikon) with 40x oil
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Fluor objectives, and monitored by a 12-bit CCD camera (model ORCA-AG;
Hamamatsu) using Image-Pro software (Media Cybernetics). During imaging, the
cultures were maintained in Hank’s Balanced Salt Solution (Invitrogen) supplemented
with 1.8mM CacCl,, and 1uM glycine, at 37°C with 5% CO,. Images were captured at 1
min. intervals for 1 hour. For quantification of cofilin levels in spine heads versus
dendrites, the EGFP fluorescence level (normalized to the DsR fluorescence level) was
measured in each spine head and in an equally-sized region of the dendrite at the base of
each spine (Adobe Photoshop). For each spine, the sum of EGFP fluorescence detected in
the head and in the base was set equal to 100% EGFP signal for that spine. The

percentage of the total EGFP present in each head and in each base was determined.

4.4 Results

4.4.1 B-Arrestinl and B-Arrestin2 are involved in cofilin targeting to dendritic

spines under normal synaptic activity and in response to acute NMDAR activation.

The scaffolding proteins B-Arrestins were recently suggested to regulate cofilin activity/
localization through scaffolding cofilin with enzymes that regulate its activity, such as
LIMK, chronophin, and slingshot (Zoudilova et al., 2010). While B-Arrestins were first
identified as mediators of G-protein coupled receptor signaling, increasing evidence
indicates the requirement for B-arrestins in a variety of downstream signaling pathways,
including activation of MAPKs, the small GTPase RhoA, and the actin filament-severing

protein cofilin. Therefore, we used the B-Arrestinl KO and B-Arrestin2 KO mice to
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investigate the role of B-Arrestins in the regulation of cofilin activity and translocation in
response to changes in synaptic activity.

Dendritic spine targeting of wt-cofilin was affected in B-Arrestinl and B-Arrestin2
KO neurons under normal synaptic activity (Fig. 4-1A-4-1C, 4-2B). However, NMDA
treatment triggered wt-cofilin-GFP clustering in dendritic spines in both -Arrestinl KO
and B-Arrestin2 KO neurons similar to wt neurons (Fig. 4-2B). Interestingly, active non-
phosphorylatable cofilin®** failed to cluster in dendritic spines of wt and B-Arrestin2 KO
neurons under normal synaptic activity (Fig. 4-2C). Furthermore, NMDA treatment
triggered the translocation of active non-phosphorylatable cofilin®** into the spines in wt
and B-Arrestinl KO neurons, but not in B-Arrestin2 KO neurons, demonstrating that -

S3A

Arrestin2 is required for the translocation of active non-phosphorylatable cofilin™" to the

spines in response to NMDAR activation.

4.4.2 While B-Arrestinl KO neurons develop immature spines, B-Arrestin2 KO

neurons exhibit mature spines that are resistant to NMDA-induced remodeling. To

investigate whether the ability of B-Arrestin2 to localize active dephosphorylated cofilin
into dendritic spines may underlie NMDA-induced remodeling of dendritic spines, we
examined the effects of NMDA treatment on dendritic spine morphology in hippocampal
neurons that lack B-Arrestinl or B-Arrestin2. Dendritic spine morphology was analyzed
in live 14 DIV hippocampal neurons before and after NMDA application through live
imaging (Fig. 4-3, 4-4). Fixed 14 DIV hippocampal neurons were also analyzed using

confocal microscopy under normal synaptic activity and 60 minutes after NMDA
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treatment (5 min of treatment with 50uM NMDA, followed by washout for 60 min; Fig.
4-5). The spine lengths, spine head areas, and spine head-to-length ratios were evaluated
for each condition (Fig. 4-4, 4-5D to 4-5F, 4-5I). A lower head-to-length ratio would
indicate more immature spines. The number of protrusions per 10um of dendrite and the
percentage of protrusions that did not have heads (filopodia) were also counted (Fig. 4-
5G, 4-5H). Our results indicate that deletion of the scaffolding protein B-Arrestin2
abolished the abilities of NMDA to induce dendritic spine remodeling. While NMDA
treatment of wt neurons results in a more immature spine phenotype as indicated by a
lower head-to-length ratio in comparison to untreated wt neurons (Fig. 4-4A, 4-5F, 4-51),
B-Arrestin2 KO neurons treated with NMDA show similar spine head size and head-to-
length ratio to untreated B-Arrestin2 neurons. Interestingly, untreated P-Arrestinl KO
neurons display more immature spines with smaller heads and lower head-to-length ratios
than wt or B-Arrestin2 KO neurons under normal synaptic activity (Fig. 4-4A, 4-5F, 4-51),
suggesting that B-Arrestinl is also required for normal dendritic spine development.
Moreover, both B-Arrestinl and 2 KO neurons failed to show an increase in the number
of new spines in response to NMDA application (Fig. 4-5G), suggesting that both -
Arrestinl and B-Arrestin2 are likely to be involved in the formation of new spines
triggered by NMDA. These results demonstrate that dendritic spine development is
affected in B-Arrestinl KO neurons, whereas B-Arrestin2 KO neurons develop normal

mature spines, but fail to remodel spines in response to NMDA application.
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S3D

4.4.3 Dominant-negative cofilin prevents NMDA-induced dendritic spine

remodeling in wt neurons and rescues mature spine phenotype in B-Arrestinl KO

neurons.

To investigate whether NMDA-induced dephosphorylation/ activation of cofilin is
responsible for spine remodeling, we examined the effects of NMDA on dendritic spine
morphology in the neurons expressing dominant-negative cofilin®*®. Indeed, dominant-
negative cofilin®® prevented NMDA-induced spine remodeling. NMDA treatment did
not induce immature spine morphology in wt neurons expressing dominant-negative

cofilin®*P

, showing similar spine head size and head-to-length ratio before and after
NMDA treatment (Fig. 4-4B). We next examined the effects of cofilin inhibition on
dendritic spines in B-Arrestinl KO neurons. Dominant-negative cofilin®" rescued a
mature spine phenotype in B-Arrestinl KO neurons (Fig. 4-4B), suggesting that the
effects of P-Arrestinl deletion on dendritic spines were also mediated through
misregulation of cofilin activity in the dendritic spines. This evidence points to cofilin as

the mediator underlying NMDA-induced spine remodeling and B-Arrestinl-dependent

mature spine development.

4.4.4 B-Arrestin2 deletion partially prevents dendritic spine remodeling induced by

S3A

constitutively-active cofilin™"". If the ability of B-Arrestin2 to regulate localization/

scaffolding of cofilin in dendritic spines underlies NMDA-mediated spine remodeling,

then deletion of B-Arrestin2 would also affect dendritic spine remodeling induced by

S3A

constitutively-active cofilin®”. In order to examine this possibility, we transfected wt, -
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Arrestinl, and B-Arrestin2 KO neurons with wt-cofilin, constitutively-active cofilin®*, or

inactive cofilin®*® at 12 DIV and analyzed by confocal microscopy at 14 DIV (Fig. 4-6).
While constitutively-active cofilin®*** induced a more immature spine phenotype in wt
hippocampal neurons, similar to the effects of NMDA treatment (Fig. 4-3A, 4-4A, 4-5F,
4-51), B-Arrestin2 KO neurons expressing constitutively-active cofilin®** exhibited more
mature spines with larger heads and head-to-length ratios than their wt counterparts or -
Arrestinl KO neurons expressing constitutively-active cofilin®** (Fig. 4-6E to 4-6G, 4-
6J). Our results suggest that -Arrestin2 plays an important role in the control over cofilin
activity in dendritic spines to regulate spine remodeling in response to changes in

synaptic activity.

4.4.5 Overexpression of B-Arrestinl or B-Arrestin2 reverses the effect of B-Arrestinl

or B-Arrestin2 deletion on dendritic spine morphology under normal synaptic

activity or in response to NMDA. We were able to reverse the effects of the deletion of

B-Arrestinl on dendritic spine morphology by overexpressing FLAG-tagged B-Arrestinl
in B-Arrestinl deficient neurons (Fig. 4-7C, 4-7E). B-Arrestinl KO neurons expressing
FLAG-B-Arrestinl showed a more mature dendritic spine morphology with a higher
head-to-length ratio than did B-Arrestinl KO neurons (Fig. 4-7A, 4-7C, 4-7E).
Overexpression of FLAG-B-Arrestin2 induced immature spine morphology in both wt
and B-Arrestin2 KO neurons and also rescued NMDA-induced spine remodeling in -
Arrestin2 KO neurons (Fig 4-7B, 4-7D, 4-7E), which is consistent with a model in which

B-Arrestin2 promotes cofilin activity through enhancement of SSH activity. Analysis of
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the distribution of transfected FLAG-B-Arrestinl or FLAG-B-Arrestin2 revealed that
transfected B-Arrestins were found to localize in both the dendritic shaft and spines (Fig.
4-7F). The results suggest that both B-Arrestins are involved in spine development and
maintenance under normal synaptic activity, while B-Arrestin2 is also involved in

dendritic spine remodeling in response to NMDA.

4.4.6 Deletion of B-Arrestinl, but not B-Arrestin2, disrupts the development of

mature dendritic spines in the mouse hippocampus in Vvivo. In cultures, dendritic spine

development is affected in B-Arrestinl KO neurons, whereas B-Arrestin2 KO neurons
develop normal mature spines in cultured hippocampal neurons as compared to wt
neurons, but fail to remodel spines in response to NMDA application. Therefore, we next
examined whether development of mature dendritic spines is affected in the hippocampus
of B-Arrestinl KO and B-Arrestin2 KO mice (Fig. 4-8A-4-8C). CA1l hippocampal
neurons from the stratum radiatum of B-Arrestinl KO mice displayed longer spines with
a significantly smaller head area and lower head-to-length ratio than either wt or B-
Arrestin2 KO neurons (Fig. 4-8D to 4-8F, 4-8I). Overall, B-Arrestinl KO neurons
showed dendritic spines that are less mature than in wt or B-Arrestin2 KO neurons (Fig.
4-8F, 4-8I). There were no changes in the number of protrusions (Fig. 4-8G) or
percentage of filopodia (Fig. 4-8H) between wt and B-Arrestin KO neurons. Abnormal
development of mature dendritic spines in B-Arrestinl KO hippocampal neurons, both in
vitro and in vivo, could indicate that the scaffolding activity of B-Arrestinl that regulates

cofilin and LIMK localization/ activity are needed for dendritic spine maturation.
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4.5 Discussion

The regulation of cofilin activity and localization underlies changes in dendritic
spine morphology that may lead to strengthening or disassembly of spines and synapses.
Our previous studies have shown that overexpression of constitutively-active cofilin®**
leads to more immature spines and filopodia, but dominant-negative cofilin promotes
stable mature mushroom spines (Shi et al., 2009). Here we focus on the role of -
Arrestins in the regulation of cofilin activity and localization and NMDA-mediated
dendritic spine plasticity. NMDA application to cultured hippocampal neurons leads to a
decrease in cofilin phosphorylation, which is dependent on calcineurin-SSH and PI3K-
SSH pathways. The phosphorylation state of cofilin affects not only its activity, but also
its localization within cells (Nebl et al., 1996). We found that application of NMDA led
to a rapid translocation of cofilin to dendritic spine heads, and event that depends on
cofilin dephosphorylation. However, dephosphorylation alone was not sufficient to
trigger cofilin clustering in the spines, as the non-phosphorylatable cofilin®** was
diffusely distributed throughout the dendrites of untreated neurons, which indicates that
there is another factor in addition to phosphorylation state that also contributes to
NMDA-induced cofilin translocation to dendritic spines. B-Arrestins are known to be
involved in the inactivation of GPCR signaling, but recently their importance as
scaffolding proteins has emerged (Barlic et al., 2000; Bhattacharya et al., 2002; Wang &

DeFea, 2006). B-Arrestins have been shown to spatially regulate cofilin, as well as its

regulating enzymes LIMK and CIN or SSH phosphatases (Zoudilova et al., 2007;
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Zoudilova et al., 2010). In mouse embryonic fibroblasts, chemotaxis is achieved when
cofilin activity allows a leading edge to form, a process that is dependent on B-Arrestin
regulation of cofilin localization (Zoudilova et al., 2010). Cofilin activity is also
regulated by PAR-2 receptors through recruitment of B-Arrestins which inhibit LIMK
and scaffold cofilin with its phosphatase CIN (Zoudilova et al., 2007). B-Arrestins have
important roles that extend beyond GPCR desensitization and into the regulation of
cytoskeletal dynamics.

Due to the recent evidence that B-Arrestins scaffold cofilin and its regulators, and
the important role of cofilin in dendritic spine development and plasticity (Shi et al.,
2009; Rust et al., 2010), we chose to focus on these proteins. We investigated the
involvement of B-Arrestins in normal dendritic spine development and NMDA receptor-
induced spine remodeling in hippocampal neurons overexpressing or lacking B-Arrestinl
or B-Arrestin2. We found that B-Arrestinl and 2 play different roles in dendritic spine
regulation. We show that B-Arrestinl is required for normal development of mature
dendritic spines, as [-Arrestinl deficient neurons demonstrate immature spine
morphology. Indeed, B-Arrestinl scaffolds cofilin with its regulator LIMK, which seems
to be important for the inactivation of cofilin in neurons. Deletion of B-Arrestinl could
therefore lead to a decrease in LIMK-mediated cofilin phosphorylation and an increase in
cofilin activity and dendritic spine remodeling.

In contrast to B-Arrestinl KO neurons, dendritic spines in p-Arrestin2 KO
neurons develop normally, but fail to remodel in response to NMDA application. In

addition, the spatial distribution of cofilin in B-Arrestinl and B-Arrestin2 KO neurons is
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aberrant under normal synaptic activity, and constitutively-active cofilin®* fails to
translocate to spine heads of B-Arrestin2 KO neurons in response to NMDA application.
The results suggest that B-Arrestin2 plays an important role in the translocation of
dephosphorylated active cofilin to dendritic spine heads, which is responsible for
NMDA-induced dendritic spine remodeling, resulting in transformation of mature
mushroom-like spines with large heads into immature thin spines with small heads. In
support of this, B-Arrestin2 KO neurons are also resistant to dendritic spine remodeling

induced by constitutively-active cofilin®**

. We have shown here a novel function of -
Arrestin2 that does not involve GPCR signaling, but regulates the effects of cofilin on
dendritic spine morphology in response to NMDA receptor activation.

Dendritic spines remain plastic even in the adult brain due to such proteins as
cofilin that effect changes on the F-actin cytoskeleton (Bamburg, 1999) and dictate spine
morphology (Shi et al., 2009). While LIMK and SSH modify the activation state of
cofilin, the localization of cofilin within the cell is equally important in order for its actin
remodeling activity to modulate dendritic spine morphology (Fig. 4-9). Cofilin will not
be able to effect the appropriate changes on the cytoskeleton if it not correctly spatially
localized within the cell. B-Arrestins are scaffolding proteins that can control both the
phosphorylation state and the spatial regulation of cofilin, and we have shown here that
they play roles in regulating both normal spine development, and NMDA-induced spine
plasticity. B-Arrestins have been implicated in several disorders ranging from depression

(Avissar et al., 2004) and dopamine receptor-related disorders (Beaulieu et al., 2005;

Ikeda et al., 2007) to metabolic dysfunction such as insulin resistance (Rodgers &

158



Puigserver, 2009). Here we demonstrate a new role of B-Arrestins in the control of actin
dynamics in dendritic spines through spatial control of cofilin activity. We show that B-
Arrestinl is required for normal development of dendritic spines, whereas B-Arrestin2 is
needed for NMDAR-mediated remodeling of mature spines, which is achieved through a
calcineurin-SSH-cofilin pathway. Our results demonstrate that abnormal B-Arrestin
expression or localization in neurons can lead to cofilin mis-regulation in synapses,
aberrant dendritic spine development, and impaired NMDA-dependent plasticity, which

potentially may lead to neurological deficits (Sorra & Harris, 2000; Halpain et al., 2005).
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Figure 4-1 B-Arrestinl and B-Arrestin2 are involved in cofilin targeting to dendritic
spines under normal synaptic activity and in response to acute NMDAR activation

(A-C) Time-lapse fluorescent images showing the dendrites from 14 DIV cultures of (A)
wt, (B) B-Arrestinl KO, or (C) B-Arrestin2 KO neurons expressing DsRed (red) and GFP,
wt-cofilin-GFP, coﬁlinS3A-GFP, or cofilin®*°-GFP. Scale bar= 10um. For NMDA
receptor activation, neurons were treated with 50uM NMDA in magnesium-free Hank’s
Balanced Salt Solution containing 1.8mM CaCl, and 1uM glycine.
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Figure 4-1
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Figure 4-2 Quantification of cofilin-GFP translocation into spine heads of f-
Arrestinl and B-Arrestin2 KO neurons with NMDA application

(A-D) Image J was used to measure dendritic spine head-to-base ratio of GFP
fluorescence that was normalized against DsRed fluorescence in time-lapse fluorescent
images. Graphs display mean £ SEM (n= 200-250 spines from 5-10 neurons per
condition). Significant differences were determined using one-way ANOVA followed by
Tukey’s Multiple Comparison post-test. *, p<0.05, **, p<0.01, ***, p<0.001.
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Figure 4-2
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Figure 4-3 NMDA fails to trigger dendritic spine remodeling in B-Arrestin2 KO
neurons

(A-C) Time-lapse fluorescent images showing the dendrites from 14 DIV cultures of (A)
wt, (B) B-Arrestinl KO, or (C) B-Arrestin2 KO neurons expressing DsRed (red) and GFP,
before treatment and 20 minutes following bath application of NMDA (50uM) in
magnesium-free Hank’s Balanced Salt Solution containing 1.8mM CaCl, and 1pM
glycine. Arrows denote (A) mature dendritic spines that remodel with NMDA treatment,
(B) immature spines that remain immature with NMDA treatment, and (C) mature spines
that do not remodel with NMDA treatment. Scale bar= 10um.
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Figure 4-4 Analysis of dendritic spines in p-Arrestinl and B-Arrestin2 KO neurons
before and 20 minutes after NMDA treatment

(A-B) Image J was used to measure spine length and head area in time-lapse fluorescent
images before and 20 minutes following NMDA application (50uM NMDA in
magnesium-free Hank’s Balanced Salt Solution containing 1.8mM CaCl, and 1puM
glycine). Graphs display mean + SEM (n= 200-250 spines from 5-10 neurons per
condition). Significant differences were determined using one-way ANOVA followed by
Tukey’s Multiple Comparison post-test. *, p<0.05, **, p<0.01, *** p<0.001.
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Figure 4-5 B-Arrestinl KO spines are immature before NMDA treatment, and f3-
Arrestin2 KO spines are resistant to NMDA-induced remodeling

(A-C) Confocal images showing the dendrites of 14 DIV hippocampal neurons from (A)
wt, (B) B-Arrestinl KO, or (C) B-Arrestin2 KO mice. The neurons were treated with
NMDA (50uM in magnesium-free Hank’s Balanced Salt Solution containing 1.8mM
CaCl, and 1uM glycine, 5 minutes), followed by washout and incubation in conditioned
media for 60 minutes. Scale bar= 10um.

(D-I) Image J was used to measure the length (D) and head area (E) of each dendritic
spine. The head-to-length ratio was determined for each spine (F, I), as well as the
number of protrusions per 10um of dendrite (G) and the percentage of filopodia (H).
Graphs display mean = SEM (n= 600-800 spines from 12-15 cells per condition).
Significant differences were determined using one-way ANOVA followed by Tukey’s
Multiple Comparison post-test. *, p<0.05, **, p<0.01, *** p<0.001.
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Figure 4-5
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Figure 4-6 B-Arrestin2 deletion partially prevents dendritic spine remodeling
induced by constitutively-active cofilin>**

(A-D) Confocal images showing the dendrites of 14 DIV hippocampal neurons from wt,
B-Arrestinl KO, or B-Arrestin2 KO mice expressing DsRed (red) and (A) GFP, (B) GFP-
wt-cofilin, (C) GFP-cofilin®**, or (D) GFP-cofilin**". Scale bar= 10um.

(E-J) Image J was used to measure the length (E) and head area (F) of each dendritic
spine. The head-to-length ratio was determined for each spine (G, J). Graphs display
mean £ SEM (n= 600-800 spines from 12-15 cells per condition). Significant differences
were determined using one-way ANOVA followed by Tukey’s Multiple Comparison
post-test. *, p<0.05, **, p<0.01, ***, p<0.001.
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Figure 4-6
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Figure 4-7 Overexpression of B-Arrestinl or B-Arrestin2 reverses the effect of f3-
Arrestinl or B-Arrestin2 deletion on dendritic spine morphology under normal
synaptic activity or in response to NMDA

(A-D) Confocal images showing the dendrites of 14 DIV hippocampal neurons from (-
Arrestinl KO or B-Arrestin2 KO mice expressing DsRed (red) and GFP (green) (A, B)
with (C) FLAG-tagged B-Arrestinl or (D) FLAG-tagged B-Arrestin2. Scale bar= 10um.
For NMDA receptor activation, neurons were treated with 50uM NMDA in magnesium-
free Hank’s Balanced Salt Solution containing 1.8mM CaCl, and 1uM glycine.

(E, F) Image J was used to measure the head-to-length ratio (E) and the fluorescence
intensity of FLAG-tagged B-Arrestinl or 2 as detected by immunostaining, normalized to
GFP fluorescence (F). Graphs display mean = SEM (n= 600 spines from 10 cells per
condition). Significant differences were determined using one-way ANOVA followed by
Tukey’s Multiple Comparison post-test. *, p<0.05, **, p<0.01, *** p<0.001.
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Figure 4-8 Deletion of B-Arrestinl, but not p-Arrestin2, disrupts the development of
mature dendritic spines in the mouse hippocampus in vivo

(A-C) Confocal images of mouse hippocampal slices labeled with Dil from wt, B-
Arrestinl KO, or B-Arrestin2 KO mice. Scale bar= 10um.

(D-I) Image J was used to measure the length (D) and head area (E) of each dendritic
spine. The head-to-length ratio was determined for each spine (F, I), as well as the
number of protrusions per 10um of dendrite (G) and percentage of filopodia (H). Graphs
display mean £ SEM (n= 700-800 spines from 6-8 neurons per condition). Significant
differences were determined using one-way ANOVA followed by Tukey’s Multiple
Comparison post-test. *, p<0.05, **, p<0.01, *** p<0.001.
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Figure 4-8
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Figure 4-9 pB-Arrestins participate in EphB and NMDA receptor-mediated
regulation of cofilin

Cross-talk between the EphB and NMDA receptor pathways leads to tight regulation of

cofilin phosphorylation and activation state, while B-Arrestins control the spatial
distribution of cofilin and its regulators LIMK and SSH within hippocampal neurons.
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Chapter 5: Conclusions

5.1 Results and Discussion

Dendritic spines are the post-synaptic sites of the majority of excitatory synapses
in the central nervous system (Rao & Craig, 2000; Hering & Sheng, 2001; Yuste &
Bonhoeffer, 2004; Matus, 2005). They are dynamic actin-rich structures that remain
plastic even in the adult brain, and it is the morphology of the spine that determines the
synapse maturity and stability. Mature dendritic spines tend to have short necks and large
head areas, and spine head size correlates with receptor complement and PSD size
(Takumi et al., 1999; Racca et al., 2000; Matsuzaki et al., 2001). Thin spines have
smaller heads and are more flexible, as well as more responsive to remodeling with
synaptic input (Matsuzaki et al., 2001; Murthy et al., 2001; Smith et al., 2003; Nicholson
et al., 2006). Dendritic spines remain plastic in the adult brain and can rapidly grow,
change, or collapse in response to normal physiological changes in synaptic activity that
underlies learning and memory. Long-term potentiation (LTP) can result in spine head
enlargement (Lang et al., 2004; Matsuzaki et al., 2004), whereas long-term depression
(LTD) has been reported to induce shrinkage of dendritic spine heads and spine
elimination (Zhou et al., 2004). In the hippocampus, actin-binding proteins such as
cofilin are able to regulate the morphology and maturity of dendritic spines and synapses,
which may underlie learning and memory, as well as neuropathology (Bamburg, 1999;
Ethell & Pasquale, 2005; Pontrello & Ethell, 2009). Cofilin is inactivated by

phosphorylation, which can be achieved through the activation of some cell surface
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receptors and intracellular signaling cascades, while other receptors control cofilin
dephosphorylation and activation. In addition, there are intracellular scaffolding proteins
that spatially regulate cofilin within the neuron, and localize cofilin with its regulators.
Our studies have investigated the roles of cell-surface EphB and NMDA receptors, as
well as intracellular B-Arrestin scaffolding proteins, in the regulation of dendritic spine
morphology through the actin-binding protein cofilin.

Cofilin is enriched at the leading edge in motile cells, in ruffling membranes and
lamellipodia, and in dynamic areas of dendritic spines, where actin turnover is essential
for processes such as cell migration, establishment of cell polarity, and spine remodeling
(Bamburg & Bray, 1987; Yonezawa et al., 1987; Obinata et al., 1997; Meberg et al.,
1998; Fass et al., 2004; DesMarais et al., 2005; Racz & Weinberg, 2006; Garvalov et al.,
2007). While cofilin binds and severs F-actin filaments, it also creates new barbed ends
for actin polymerization (Bamburg, 1999). In this way, cofilin contributes to actin
treadmilling in which there is a constant turnover of F-actin filaments and net outgrowth
from the fast-growing barbed ends (Kirschner, 1980; Bindschadler et al., 2004; Okamoto
et al., 2004). Indeed, we have seen that over-expression in mature hippocampal neurons
of constitutively-active cofilin®*, but not wt-cofilin or dominant-negative cofilin®",
results in spine remodeling and filopodial outgrowth (Shi et al., 2009). In contrast,
activation of the EphB receptor with a soluble ephrinB2-Fc ligand leads to stabilization
of mature mushroom spines, which we have shown is achieved by inactivation of cofilin.

Eph receptors regulate intracellular signaling cascades through their tyrosine

kinase activity by activating FAK, Src, paxillin, and the downstream effector RhoA
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(Moeller et al., 2006). This leads to the activation of LIMK, which directly
phosphorylates and inactivates cofilin. We found that over-expression of dominant-
negative EphB2 or Cre-mediated deletion of FAK downstream of the EphB receptor
disrupts mature spine morphology that is induced by EphB receptor activation.
Disruption of the EphB pathway at the level of the EphB receptor or FAK promotes
immature spine morphology similar to that observed with over-expression of
constitutively-active cofilin®**. Interestingly, mature spine morphology is not disrupted in
FAK-deficient neurons or neurons with inhibited EphB receptors that also co-express
dominant-negative cofilin®®, suggesting that cofilin inactivation is the mechanism
behind spine stabilization seen with activation of the EphB-FAK pathway. In support of
this, EphB activation leads to LIMK activation and cofilin phosphorylation and
inactivation that is abolished by the ROCK inhibitor Y-27632, and neurons over-

Y397E
K 7

expressing FAK or constitutively-active FA show more phosphorylated inactive

cofilin than non-transfected neurons or those over-expressing inactive FAKY*"" or
FAK"'%* These results support the role of the EphB-FAK-RhoA-LIMK pathway in
suppressing cofilin activity through phosphorylation, leading to stabilization of mature
dendritic spines in hippocampal neurons (Shi et al., 2009).

NMDA has previously been shown to promote dendritic spine remodeling (Shi &
Ethell, 2006), which could be followed by spine stabilization and long-term potentiation
(Chen et al., 2007) or spine shrinkage and long-term depression (Zhou et al., 2004). It has

recently been shown that cofilin regulates AMPA receptor trafficking and membrane

insertion that is associated with synaptic plasticity (Gu et al., 2010; Rust et al., 2010).
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Here we demonstrate that cofilin dephosphorylation and translocation underlies a type of
synaptic plasticity, NMDA-mediated spine remodeling. NMDA receptor activation may
lead to a variety of signaling cascades that affect dendritic spine morphology transiently
or over a long period of time. NMDA receptor activation can lead to CaMKII and
synGAP activation, which promotes transient Ras activation (Oh et al., 2004), as the
NMDA receptor promotes Ras activity but synGAP down-regulates it. In addition, a
NMDA-induced Rac-PAK-LIMK signaling pathway is activated with a time delay
following Ras activation. Although this would be expected to result in LIMK activation,
followed by cofilin phosphorylation and inactivation, there is instead a reduction in p-
cofilin levels, followed by a slow increase in phosphorylated and inactive cofilin (Carlisle
et al., 2008). This implicates another pathway in the predominant control over the
immediate phosphorylation state of cofilin in response to NMDA, likely involving
calcineurin and SSH phosphatase (Quinlan & Halpain, 1996).

In our studies, we also see a decrease in p-cofilin with NMDA treatment. Upon
NMDA receptor activation, the amount of Ca®" that enters the cell determines the
intracellular pathway of effectors that will be activated. High levels of Ca*" lead to
CaMKII activation, whereas low Ca®" activates calcineurin (Nicoll & Malenka, 1999;
Lau et al., 2009). This Ca*"-dependent specificity leads to control of many diverse
cellular functions such as growth cone guidance (Wen et al., 2004), neuronal
differentiation (Joo et al., 2007), and migration (Komuro & Rakic, 1993), and
synaptogenesis (Bressloff, 2006). In addition, NMDA-induced CaMKII activation leads

to LTP, whereas calcineurin activation promotes LTD (Rusnak & Mertz, 2000; Malenka
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& Bear, 2004). We show here that NMDA promotes LIMK phosphorylation through
CaMKII, but cofilin dephosphorylation and activation through calcineurin and PI3K,
resulting in overall activation of cofilin, most likely through SSH phosphatase. In
addition, NMDA-induced spine remodeling can be blocked by over-expression of
inactive coﬁlinS3D, or concurrent inhibition of calcineurin and PI3K, which can activate
cofilin through slingshot (SSH) phosphatase (Wang et al., 2005). This suggests that SSH
can act downstream of calcineurin and/ or PI3K to dephosphorylate and activate cofilin in
response to NMDA. These results show that activation of cofilin underlies a type of
NMDAR-mediated plasticity that results in dendritic spine remodeling.

NMDA receptor activation can also block EphB-mediated cofilin inactivation in a
calcineurin-dependent manner. Concurrent EphB and NMDA receptor activation leads to
a decrease in activated pLIMK levels and a decrease in p-cofilin, indicating an increase in
cofilin activity. This suggests that the EphB receptor predominantly activates a different
pathway when the NMDAR is concurrently activated than when it is activated alone. In
this way, the EphB receptor participates in NMDAR-mediated plasticity by promoting
cofilin activity. Through activation of PI3K-SSH or calcineurin-SSH pathways, the EphB
and NMDA receptors could produce the LIMK and cofilin dephosphorylation that is seen
here. Indeed, there is cross-talk between EphB and NMDA receptors (Dalva et al., 2000).
The EphB receptor is known to potentiate the NMDA receptor through activation of Src
(Yu & Salter, 1999; Takasu et al., 2002; Salter & Kalia, 2004). In addition, CaMKII
recruitment by the EphB/ NMDA receptor complex could lead to NMDAR

phosphorylation (Omkumar et al., 1996), or the EphB receptor could directly
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phosphorylate and potentiate the NMDA receptor through its own tyrosine kinase activity.
It is clear that cross-talk between the EphB and NMDA receptors leads to an emphasis on
different effectors in the downstream signaling pathways than activation of either
receptor alone.

The phosphorylation state of cofilin affects not only its activity, but also its
localization within cells (Nebl et al., 1996). Here we examined the localization of
phosphorylated and dephosphorylated cofilin in hippocampal neurons under normal
synaptic activity and in response to NMDA receptor activation. NMDA induced a rapid
translocation of cofilin to dendritic spine heads. Using non-phosphorylatable and
phospho-mimetic mutants, we found that cofilin dephosphorylation is necessary for
cofilin to translocate to dendritic spines with NMDA application, but dephosphorylation
is not sufficient to cause spine localization under normal synaptic activity. It is likely that
dephosphorylated active cofilin is trafficked to spine heads in order to promote the
transient spine remodeling that is seen with NMDA receptor activation (Shi & Ethell,
2006), which is also needed for AMPA receptor trafficking (Malinow & Malenka, 2002;
Bredt & Nicoll, 2003; Gu et al., 2010; Rust et al., 2010). This could be followed by the
inactivation of cofilin, AMPAR insertion into the postsynaptic membrane, spine
stabilization, and LTP consolidation (Chen et al., 2007), or prolonged cofilin activation,
AMPA receptor internalization, spine shrinkage, and LTD (Beattie et al., 2000; Man et
al., 2000; Zhou et al., 2004). The translocation of wt cofilin to dendritic spines with
NMDA application was not blocked by inhibitors of calcineurin alone. This indicates that

although phosphorylation state is important to cofilin localization within cells, there is
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another factor that also contributes to cofilin translocation. Likely candidates include
scaffolding proteins that could control not only cofilin phosphorylation by localizing it
with its regulators, but also the spatial distribution of cofilin.

We found that in addition to phosphorylation state, NMDA-induced cofilin
translocation into dendritic spines is also regulated by B-Arrestins. B-Arrestins are known
to be involved in the desensitization and internalization of G-protein-coupled receptors
(Luttrell & Lefkowitz, 2002; DeWire et al., 2007; Defea, 2008), but recently their
importance as scaffolding proteins that spatially regulate many other proteins and
signaling molecules has emerged (Zoudilova et al., 2010). Among the proteins that -
Arrestins spatially regulate are cofilin, LIMK, and SSH phosphatase. B-Arrestins can
regulate the localization of cofilin within the cell, as well as its phosphorylation state
through scaffolding it with LIMK or SSH. We see here that B-Arrestinl and 2 have
differential roles in dendritic spine regulation. We show that -Arrestinl is required for
normal development of dendritic spines, as there is an increase in immature spines in the
B-Arrestinl KO hippocampal neurons under normal synaptic activity, both in vitro and in
vivo. This could be due to the role of B-Arrestinl in scaffolding LIMK with cofilin, which
could lead to increased cofilin phosphorylation and inactivation. In addition, these
neurons still express P-Arrestin2, which scaffolds cofilin with its activator SSH
phosphatase, leading to a further increase in cofilin activation. In support of this, over-
expression of constitutively-active cofilin®* leads to the formation of cofilin-actin rods
in both untreated and NMDA-treated B-Arrestinl KO neurons. Cofilin-actin rods are

formed under conditions of cellular stress, when cofilin is excessively active (Minamide
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et al., 2000; Bamburg et al., 2010; Minamide et al., 2010). In contrast, over-expression of
dominant-negative cofilin®*" restores mature dendritic spines in B-Arrestinl KO neurons
and prevents rod formation, most likely through competitive inhibition of SSH. Notably,
over-expression of cofilin®* in the wt or B-Arrestin2 KO neurons did not induce cofilin-
actin rods. In addition to the aberrant activation and localization of cofilin, abnormal
GPCR signaling can also contribute to the immature spines observed in B-Arrestinl KO
neurons. Interestingly, whether it is abnormal cofilin activity/ localization and/ or GPCR
signaling that disrupts spines in B-Arrestinl KO neurons, the abnormal immature spine
phenotype observed in these neurons can be rescued by over-expression of B-Arrestinl at
12 DIV, when the majority of dendritic spines in wt neurons already display a mature
morphology.

In contrast to the B-Arrestinl KO neurons, dendritic spines in B-Arrestin2 KO
neurons develop normally, but we see that B-Arrestin2 is needed for NMDAR-mediated
remodeling of mature spines, as NMDA fails to promote immature spines in the in -
Arrestin2 KO neurons. In addition, the spatial distribution of cofilin in B-Arrestinl and B-
Arrestin2 KO neurons is aberrant under normal synaptic activity, and active
dephosphorylated cofilin fails to translocate to spine heads with NMDA treatment in -
Arrestin2 KOs. The failure of B-Arrestin2 KO neurons to respond normally to NMDAR
activation could suggest that cofilin, which would promote NMDA-induced spine
remodeling, may be excessively phosphorylated due to inappropriate spatial proximity to
SSH, or aberrantly localized within the neurons so that it cannot effect changes on the

cytoskeleton even when it is dephosphorylated and active. In support of this, B-Arrestin2
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KO neurons are also resistant to dendritic spine remodeling induced by constitutively-

3 and inactive cofilin®*" blocks spine remodeling in the wt neurons. This

active cofilin
supports the role of spatial localization of active cofilin in NMDA receptor-induced
dendritic spine remodeling, which is disrupted in B-Arrestin2 KO mice. Interestingly,
overexpression of B-Arrestin2 in the B-Arrestin2 KO neurons recovers the normal spine
remodeling in response to NMDA. We have shown here a novel function of B-Arrestins
that does not involve GPCR signaling, but regulates the effects of cofilin on dendritic
spine morphology under normal synaptic activity and with NMDA receptor activation.
Dendritic spines remain plastic even in the adult brain, due to such proteins as
cofilin that can re-arrange the F-actin cytoskeleton (Bamburg, 1999), thus dictating spine
morphology (Shi et al., 2009). The phosphorylation state of cofilin in hippocampal
neurons is tightly regulated by LIMK and SSH phosphatase, both of which are controlled
by cell surface receptors such as EphB and NMDA receptors. In addition to activation
state, the spatial distribution of cofilin in the neurons is important for its actin remodeling
activity. If cofilin is located aberrantly within the neuron, it will not effect the appropriate
changes on actin and dendritic spines when it is active. B-Arrestins are scaffolding
proteins that can control both the phosphorylation state and the spatial regulation of
cofilin. We show here that B-Arrestins play differential roles in dendritic spines, -
Arrestinl regulating spine development, and B-Arrestin2 mediating NMDA-induced
spine plasticity. Abnormality in spatial control over cofilin activity could lead to aberrant

dendritic spines and neurological deficits such as those seen in Down syndrome and the

autism spectrum disorders (Kaufmann & Moser, 2000; Sorra & Harris, 2000; Halpain et
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al., 2005). In addition, stress-induced cofilin-actin rods are found in the brain in several

neurological disorders (Maloney & Bamburg, 2007), and over-expression of dominant-

D

negative phospho-mimetic cofilin®*® in hippocampal slices has been shown to prevent

dendritic spine loss caused by A oligomers, structures that are observed in the brains of
patients with Alzheimer disease (Shankar et al., 2007; Davis et al., 2009). This implicates
cofilin as an important regulator of cytoskeletal and dendritic spine dynamics, whose
activity and localization must be tightly controlled under normal synaptic activity and in

response to NMDA receptor activation for proper cellular function.

5.2 References

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

Bamburg JR, Bernstein BW, Davis RC, Flynn KC, Goldsbury C, Jensen JR, Maloney
MT, Marsden IT, Minamide LS, Pak CW, Shaw AE, Whiteman I, and Wiggan O (2010)
ADF/Cofilin-actin rods in neurodegenerative diseases. Curr Alzheimer Res 7(3):241-50.

Bamburg JR and Bray D (1987) Distribution and cellular localization of actin
depolymerizing factor. J Cell Biol 105(6 Pt 1):2817-25.

Beattie EC, Carroll RC, Yu X, Morishita W, Yasuda H, von Zastrow M, and Malenka RC
(2000) Regulation of AMPA receptor endocytosis by a signaling mechanism shared with
LTD. Nat Neurosci 3(12):1291-300.

Bindschadler M, Osborn EA, Dewey CF, Jr., and McGrath JL (2004) A mechanistic
model of the actin cycle. Biophys J 86(5):2720-39.

Bredt DS and Nicoll RA (2003) AMPA receptor trafficking at excitatory synapses.
Neuron 40(2):361-79.

Bressloff PC (2006) Stochastic model of protein receptor trafficking prior to
synaptogenesis. Phys Rev E Stat Nonlin Soft Matter Phys 74(3 Pt 1):031910.

189



Carlisle HJ, Manzerra P, Marcora E, and Kennedy MB (2008) SynGAP regulates steady-
state and activity-dependent phosphorylation of cofilin. J Neurosci 28(50):13673-83.

Chen LY, Rex CS, Casale MS, Gall CM, and Lynch G (2007) Changes in synaptic
morphology accompany actin signaling during LTP. J Neurosci 27(20):5363-72.

Dalva MB, Takasu MA, Lin MZ, Shamah SM, Hu L, Gale NW, and Greenberg ME
(2000) EphB receptors interact with NMDA receptors and regulate excitatory synapse
formation. Cell 103(6):945-56.

Davis RC, Maloney MT, Minamide LS, Flynn KC, Stonebraker MA, and Bamburg JR
(2009) Mapping cofilin-actin rods in stressed hippocampal slices and the role of cdc42 in
amyloid-beta-induced rods. J Alzheimers Dis 18(1):35-50.

Defea K (2008) Beta-arrestins and heterotrimeric G-proteins: collaborators and
competitors in signal transduction. Br J Pharmacol 153 Suppl 1:S298-309.

DesMarais V, Ghosh M, Eddy R, and Condeelis J (2005) Cofilin takes the lead. J Cell Sci
118(Pt 1):19-26.

DeWire SM, Ahn S, Lefkowitz RJ, and Shenoy SK (2007) Beta-arrestins and cell
signaling. Annu Rev Physiol 69:483-510.

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

Fass J, Gehler S, Sarmiere P, Letourneau P, and Bamburg JR (2004) Regulating
filopodial dynamics through actin-depolymerizing factor/cofilin. Anat Sci Int 79(4):173-
83.

Garvalov BK, Flynn KC, Neukirchen D, Meyn L, Teusch N, Wu X, Brakebusch C,
Bamburg JR, and Bradke F (2007) Cdc42 regulates cofilin during the establishment of
neuronal polarity. J Neurosci 27(48):13117-29.

Gu J, Lee CW, Fan Y, Komlos D, Tang X, Sun C, Yu K, Hartzell HC, Chen G, Bamburg
JR, and Zheng JQ (2010) ADF/cofilin-mediated actin dynamics regulate AMPA receptor
trafficking during synaptic plasticity. Nat Neurosci 13(10):1208-15.

Halpain S, Spencer K, and Graber S (2005) Dynamics and pathology of dendritic spines.
Prog Brain Res 147:29-37.

Hering H and Sheng M (2001) Dendritic spines: structure, dynamics and regulation. Nat
Rev Neurosci 2(12):880-8.

190



Joo JY, Kim BW, Lee JS, Park JY, Kim S, Yun YJ, Lee SH, Rhim H, and Son H (2007)
Activation of NMDA receptors increases proliferation and differentiation of hippocampal
neural progenitor cells. J Cell Sci 120(Pt 8):1358-70.

Kaufmann WE and Moser HW (2000) Dendritic anomalies in disorders associated with
mental retardation. Cereb Cortex 10(10):981-91.

Kirschner MW (1980) Implications of treadmilling for the stability and polarity of actin
and tubulin polymers in vivo. J Cell Biol 86(1):330-4.

Komuro H and Rakic P (1993) Modulation of neuronal migration by NMDA receptors.
Science 260(5104):95-7.

Lang C, Barco A, Zablow L, Kandel ER, Siegelbaum SA, and Zakharenko SS (2004)
Transient expansion of synaptically connected dendritic spines upon induction of
hippocampal long-term potentiation. Proc Natl Acad Sci U S A 101(47):16665-70.

Lau CG, Takeuchi K, Rodenas-Ruano A, Takayasu Y, Murphy J, Bennett MV, and Zukin
RS (2009) Regulation of NMDA receptor Ca2+ signalling and synaptic plasticity.
Biochem Soc Trans 37(Pt 6):1369-74.

Luttrell LM and Lefkowitz RJ (2002) The role of beta-arrestins in the termination and
transduction of G-protein-coupled receptor signals. J Cell Sci 115(Pt 3):455-65.

Malenka RC and Bear MF (2004) LTP and LTD: an embarrassment of riches. Neuron
44(1):5-21.

Malinow R and Malenka RC (2002) AMPA receptor trafficking and synaptic plasticity.
Annu Rev Neurosci 25:103-26.

Maloney MT and Bamburg JR (2007) Cofilin-mediated neurodegeneration in
Alzheimer's disease and other amyloidopathies. Mol Neurobiol 35(1):21-44.

Man HY, Lin JW, Ju WH, Ahmadian G, Liu L, Becker LE, Sheng M, and Wang YT
(2000) Regulation of AMPA receptor-mediated synaptic transmission by clathrin-
dependent receptor internalization. Neuron 25(3):649-62.

Matsuzaki M, Ellis-Davies GC, Nemoto T, Miyashita Y, lino M, and Kasai H (2001)
Dendritic spine geometry is critical for AMPA receptor expression in hippocampal CA1
pyramidal neurons. Nat Neurosci 4(11):1086-92.

Matsuzaki M, Honkura N, Ellis-Davies GC, and Kasai H (2004) Structural basis of long-
term potentiation in single dendritic spines. Nature 429(6993):761-6.

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

191



Meberg PJ, Ono S, Minamide LS, Takahashi M, and Bamburg JR (1998) Actin
depolymerizing factor and cofilin phosphorylation dynamics: response to signals that
regulate neurite extension. Cell Motil Cytoskeleton 39(2):172-90.

Minamide LS, Maiti S, Boyle JA, Davis RC, Coppinger JA, Bao Y, Huang TY, Yates J,
Bokoch GM, and Bamburg JR (2010) Isolation and characterization of cytoplasmic
cofilin-actin rods. J Biol Chem 285(8):5450-60.

Minamide LS, Striegl AM, Boyle JA, Meberg PJ, and Bamburg JR (2000)
Neurodegenerative stimuli induce persistent ADF/cofilin-actin rods that disrupt distal
neurite function. Nat Cell Biol 2(9):628-36.

Moeller ML, Shi Y, Reichardt LF, and Ethell IM (2006) EphB receptors regulate
dendritic spine morphogenesis through the recruitment/phosphorylation of focal adhesion
kinase and RhoA activation. J Biol Chem 281(3):1587-98.

Murthy VN, Schikorski T, Stevens CF, and Zhu Y (2001) Inactivity produces increases in
neurotransmitter release and synapse size. Neuron 32(4):673-82.

Nebl G, Meuer SC, and Samstag Y (1996) Dephosphorylation of serine 3 regulates
nuclear translocation of cofilin. J Biol Chem 271(42):26276-80.

Nicholson DA, Trana R, Katz Y, Kath WL, Spruston N, and Geinisman Y (2006)
Distance-dependent differences in synapse number and AMPA receptor expression in
hippocampal CA1 pyramidal neurons. Neuron 50(3):431-42.

Nicoll RA and Malenka RC (1999) Expression mechanisms underlying NMDA receptor-
dependent long-term potentiation. Ann N Y Acad Sci 868:515-25.

Obinata T, Nagaoka-Yasuda R, Ono S, Kusano K, Mohri K, Ohtaka Y, Yamashiro S,
Okada K, and Abe H (1997) Low molecular-weight G-actin binding proteins involved in
the regulation of actin assembly during myofibrillogenesis. Cell Struct Funct 22(1):181-9.

Oh JS, Manzerra P, and Kennedy MB (2004) Regulation of the neuron-specific Ras
GTPase-activating protein, synGAP, by Ca2+/calmodulin-dependent protein kinase II. J
Biol Chem 279(17):17980-8.

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

Omkumar RV, Kiely MJ, Rosenstein AJ, Min KT, and Kennedy MB (1996)
Identification of a phosphorylation site for calcium/calmodulindependent protein kinase
II in the NR2B subunit of the N-methyl-D-aspartate receptor. J Biol Chem
271(49):31670-8.

192



Pontrello CG and Ethell IM (2009) Accelerators, Brakes, and Gears of Actin Dynamics
in Dendritic Spines. Open Neurosci J 3:67-86.

Quinlan EM and Halpain S (1996) Postsynaptic mechanisms for bidirectional control of
MAP2 phosphorylation by glutamate receptors. Neuron 16(2):357-68.

Racca C, Stephenson FA, Streit P, Roberts JD, and Somogyi P (2000) NMDA receptor
content of synapses in stratum radiatum of the hippocampal CAl area. J Neurosci
20(7):2512-22.

Racz B and Weinberg RJ (2006) Spatial organization of cofilin in dendritic spines.
Neuroscience 138(2):447-56.

Rao A and Craig AM (2000) Signaling between the actin cytoskeleton and the
postsynaptic density of dendritic spines. Hippocampus 10(5):527-41.

Rusnak F and Mertz P (2000) Calcineurin: form and function. Physiol Rev 80(4):1483-
521.

Rust MB, Gurniak CB, Renner M, Vara H, Morando L, Gorlich A, Sassoe-Pognetto M,
Banchaabouchi MA, Giustetto M, Triller A, Choquet D, and Witke W (2010) Learning,
AMPA receptor mobility and synaptic plasticity depend on n-cofilin-mediated actin
dynamics. EMBO J 29(11):1889-902.

Salter MW and Kalia LV (2004) Src kinases: a hub for NMDA receptor regulation. Nat
Rev Neurosci 5(4):317-28.

Shankar GM, Bloodgood BL, Townsend M, Walsh DM, Selkoe DJ, and Sabatini BL
(2007) Natural oligomers of the Alzheimer amyloid-beta protein induce reversible
synapse loss by modulating an NMDA-type glutamate receptor-dependent signaling
pathway. J Neurosci 27(11):2866-75.

Shi Y and Ethell IM (2006) Integrins control dendritic spine plasticity in hippocampal
neurons through NMDA receptor and Ca2+/calmodulin-dependent protein kinase II-
mediated actin reorganization. J Neurosci 26(6):1813-22.

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

Smith MA, Ellis-Davies GC, and Magee JC (2003) Mechanism of the distance-dependent
scaling of Schaffer collateral synapses in rat CA1 pyramidal neurons. J Physiol 548(Pt
1):245-58.

193



Sorra KE and Harris KM (2000) Overview on the structure, composition, function,
development, and plasticity of hippocampal dendritic spines. Hippocampus 10(5):501-11.

Takasu MA, Dalva MB, Zigmond RE, and Greenberg ME (2002) Modulation of NMDA
receptor-dependent calcium influx and gene expression through EphB receptors. Science
295(5554):491-5.

Takumi Y, Ramirez-Leon V, Laake P, Rinvik E, and Ottersen OP (1999) Different modes
of expression of AMPA and NMDA receptors in hippocampal synapses. Nat Neurosci
2(7):618-24.

Wang Y, Shibasaki F, and Mizuno K (2005) Calcium signal-induced -cofilin
dephosphorylation is mediated by Slingshot via calcineurin. J Biol Chem 280(13):12683-
9.

Wen Z, Guirland C, Ming GL, and Zheng JQ (2004) A CaMKIl/calcineurin switch
controls the direction of Ca(2+)-dependent growth cone guidance. Neuron 43(6):835-46.

Yonezawa N, Nishida E, Koyasu S, Maekawa S, Ohta Y, Yahara I, and Sakai H (1987)
Distribution among tissues and intracellular localization of cofilin, a 21kDa actin-binding
protein. Cell Struct Funct 12(5):443-52.

Yu XM and Salter MW (1999) Src, a molecular switch governing gain control of
synaptic transmission mediated by N-methyl-D-aspartate receptors. Proc Natl Acad Sci U
S A 96(14):7697-704.

Yuste R and Bonhoeffer T (2004) Genesis of dendritic spines: insights from
ultrastructural and imaging studies. Nat Rev Neurosci 5(1):24-34.

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

Zoudilova M, Min J, Richards HL, Carter D, Huang T, and DeFea KA (2010) beta-
Arrestins scaffold cofilin with chronophin to direct localized actin filament severing and

membrane protrusions downstream of protease-activated receptor-2. J Biol Chem
285(19):14318-29.

194



References Chapters 1-5

Abe H, Nagaoka R, and Obinata T (1993) Cytoplasmic localization and nuclear transport
of cofilin in cultured myotubes. Exp Cell Res 206(1):1-10.

Abraham WC and Williams JM (2003) Properties and mechanisms of LTP maintenance.
Neuroscientist 9(6):463-74.

Agnew BJ, Minamide LS, and Bamburg JR (1995) Reactivation of phosphorylated actin
depolymerizing factor and identification of the regulatory site. J Biol Chem
270(29):17582-7.

Allen PB, Ouimet CC, and Greengard P (1997) Spinophilin, a novel protein phosphatase
1 binding protein localized to dendritic spines. Proc Natl Acad Sci U S A 94(18):9956-61.

Amann KJ and Pollard TD (2001) The Arp2/3 complex nucleates actin filament branches
from the sides of pre-existing filaments. Nat Cell Biol 3(3):306-10.

Ammer AG and Weed SA (2008) Cortactin branches out: roles in regulating protrusive
actin dynamics. Cell Motil Cytoskeleton 65(9):687-707.

Amparan D, Avram D, Thomas CG, Lindahl MG, Yang J, Bajaj G, and Ishmael JE
(2005) Direct interaction of myosin regulatory light chain with the NMDA receptor. J
Neurochem 92(2):349-61.

Andrianantoandro E and Pollard TD (2006) Mechanism of actin filament turnover by
severing and nucleation at different concentrations of ADF/cofilin. Mol Cell 24(1):13-23.

Aoki C, Sekino Y, Hanamura K, Fujisawa S, Mahadomrongkul V, Ren Y, and Shirao T
(2005) Drebrin A is a postsynaptic protein that localizes in vivo to the submembranous
surface of dendritic sites forming excitatory synapses. J Comp Neurol 483(4):383-402.

Aoki M, Yamashita T, and Tohyama M (2004) EphA receptors direct the differentiation
of mammalian neural precursor cells through a mitogen-activated protein kinase-
dependent pathway. J Biol Chem 279(31):32643-50.

Arber S, Barbayannis FA, Hanser H, Schneider C, Stanyon CA, Bernard O, and Caroni P
(1998) Regulation of actin dynamics through phosphorylation of cofilin by LIM-kinase.
Nature 393(6687):805-9.

Ashby MC, Maier SR, Nishimune A, and Henley JM (2006) Lateral diffusion drives

constitutive exchange of AMPA receptors at dendritic spines and is regulated by spine
morphology. J Neurosci 26(26):7046-55.

195



Avissar S, Matuzany-Ruban A, Tzukert K, and Schreiber G (2004) Beta-arrestin-1 levels:
reduced in leukocytes of patients with depression and elevated by antidepressants in rat
brain. Am J Psychiatry 161(11):2066-72.

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

Bamburg JR, Bernstein BW, Davis RC, Flynn KC, Goldsbury C, Jensen JR, Maloney
MT, Marsden IT, Minamide LS, Pak CW, Shaw AE, Whiteman I, and Wiggan O (2010)
ADF/Cofilin-actin rods in neurodegenerative diseases. Curr Alzheimer Res 7(3):241-50.

Bamburg JR and Bray D (1987) Distribution and cellular localization of actin
depolymerizing factor. J Cell Biol 105(6 Pt 1):2817-25.

Bamburg JR, Harris HE, and Weeds AG (1980) Partial purification and characterization
of an actin depolymerizing factor from brain. FEBS Lett 121(1):178-82.

Bamburg JR, McGough A, and Ono S (1999) Putting a new twist on actin: ADF/cofilins
modulate actin dynamics. Trends Cell Biol 9(9):364-70.

Bamburg JR and Wiggan OP (2002) ADF/cofilin and actin dynamics in disease. Trends
Cell Biol 12(12):598-605.

Banke TG, Bowie D, Lee H, Huganir RL, Schousboe A, and Traynelis SF (2000) Control
of GIuR1 AMPA receptor function by cAMP-dependent protein kinase. J Neurosci
20(1):89-102.

Barlic J, Andrews JD, Kelvin AA, Bosinger SE, DeVries ME, Xu L, Dobransky T,
Feldman RD, Ferguson SS, and Kelvin DJ (2000) Regulation of tyrosine kinase
activation and granule release through beta-arrestin by CXCRI. Nat Immunol 1(3):227-33.

Barria A, Derkach V, and Soderling T (1997) Identification of the Ca2+/calmodulin-
dependent protein kinase 11 regulatory phosphorylation site in the alpha-amino-3-
hydroxyl-5-methyl-4-isoxazole-propionate-type glutamate receptor. J Biol Chem
272(52):32727-30.

Batlle E, Henderson JT, Beghtel H, van den Born MM, Sancho E, Huls G, Meeldijk J,
Robertson J, van de Wetering M, Pawson T, and Clevers H (2002) Beta-catenin and TCF
mediate cell positioning in the intestinal epithelium by controlling the expression of
EphB/ephrinB. Cell 111(2):251-63.

Bear MF and Malenka RC (1994) Synaptic plasticity: LTP and LTD. Curr Opin
Neurobiol 4(3):389-99.

196



Beattie EC, Carroll RC, Yu X, Morishita W, Yasuda H, von Zastrow M, and Malenka RC
(2000) Regulation of AMPA receptor endocytosis by a signaling mechanism shared with
LTD. Nat Neurosci 3(12):1291-300.

Beaulieu JM, Sotnikova TD, Marion S, Lefkowitz RJ, Gainetdinov RR, and Caron MG
(2005) An Akt/beta-arrestin 2/PP2A signaling complex mediates dopaminergic
neurotransmission and behavior. Cell 122(2):261-73.

Becker N, Wierenga CJ, Fonseca R, Bonhoeffer T, and Nagerl UV (2008) LTD induction
causes morphological changes of presynaptic boutons and reduces their contacts with
spines. Neuron 60(4):590-7.

Beggs HE, Schahin-Reed D, Zang K, Goebbels S, Nave KA, Gorski J, Jones KR,
Sretavan D, and Reichardt LF (2003) FAK deficiency in cells contributing to the basal
lamina results in cortical abnormalities resembling congenital muscular dystrophies.
Neuron 40(3):501-14.

Berl S, Chou M, and Mytilineou C (1983) Actin-stimulated myosin Mg2+-ATPase
inhibition by brain protein. J Neurochem 40(5):1397-405.

Bhattacharya M, Anborgh PH, Babwah AV, Dale LB, Dobransky T, Benovic JL,
Feldman RD, Verdi JM, Rylett RJ, and Ferguson SS (2002) Beta-arrestins regulate a Ral-
GDS Ral effector pathway that mediates cytoskeletal reorganization. Nat Cell Biol
4(8):547-55.

Bilousova TV, Dansie L, Ngo M, Aye J, Charles JR, Ethell DW, and Ethell IM (2009)
Minocycline promotes dendritic spine maturation and improves behavioural performance
in the fragile X mouse model. J Med Genet 46(2):94-102.

Bilousova TV, Rusakov DA, Ethell DW, and Ethell IM (2006) Matrix metalloproteinase-
7 disrupts dendritic spines in hippocampal neurons through NMDA receptor activation. J
Neurochem 97(1):44-56.

Bindschadler M, Osborn EA, Dewey CF, Jr., and McGrath JL (2004) A mechanistic
model of the actin cycle. Biophys J 86(5):2720-39.

Blanchoin L, Pollard TD, and Hitchcock-DeGregori SE (2001) Inhibition of the Arp2/3
complex-nucleated actin polymerization and branch formation by tropomyosin. Curr Biol
11(16):1300-4.

Bliss TV and Collingridge GL (1993) A synaptic model of memory: long-term
potentiation in the hippocampus. Nature 361(6407):31-9.

Bourne JN and Harris KM (2008) Balancing structure and function at hippocampal
dendritic spines. Annu Rev Neurosci 31:47-67.

197



Bredt DS and Nicoll RA (2003) AMPA receptor trafficking at excitatory synapses.
Neuron 40(2):361-79.

Bressloff PC (2006) Stochastic model of protein receptor trafficking prior to
synaptogenesis. Phys Rev E Stat Nonlin Soft Matter Phys 74(3 Pt 1):031910.

Brown MD and Sacks DB (2009) Protein scaffolds in MAP kinase signalling. Cell Signal
21(4):462-9.

Bunemann M and Hosey MM (1999) G-protein coupled receptor kinases as modulators
of G-protein signalling. J Physiol 517 ( Pt 1):5-23.

Burgaya F, Menegon A, Menegoz M, Valtorta F, and Girault JA (1995) Focal adhesion
kinase in rat central nervous system. Eur J Neurosci 7(8):1810-21.

Carlier MF, Laurent V, Santolini J, Melki R, Didry D, Xia GX, Hong Y, Chua NH, and
Pantaloni D (1997) Actin depolymerizing factor (ADF/cofilin) enhances the rate of
filament turnover: implication in actin-based motility. J Cell Biol 136(6):1307-22.

Carlisle HJ and Kennedy MB (2005) Spine architecture and synaptic plasticity. Trends
Neurosci 28(4):182-7.

Carlisle HJ, Manzerra P, Marcora E, and Kennedy MB (2008) SynGAP regulates steady-
state and activity-dependent phosphorylation of cofilin. J Neurosci 28(50):13673-83.

Chan C, Beltzner CC, and Pollard TD (2009) Cofilin dissociates Arp2/3 complex and
branches from actin filaments. Curr Biol 19(7):537-45.

Chavis P and Westbrook G (2001) Integrins mediate functional pre- and postsynaptic
maturation at a hippocampal synapse. Nature 411(6835):317-21.

Chen BE, Lendvai B, Nimchinsky EA, Burbach B, Fox K, and Svoboda K (2000)
Imaging high-resolution structure of GFP-expressing neurons in neocortex in vivo. Learn
Mem 7(6):433-41.

Chen LY, Rex CS, Casale MS, Gall CM, and Lynch G (2007) Changes in synaptic
morphology accompany actin signaling during LTP. J Neurosci 27(20):5363-72.

Cheng ZJ, Zhao J, Sun Y, Hu W, Wu YL, Cen B, Wu GX, and Pei G (2000) beta-arrestin
differentially regulates the chemokine receptor CXCR4-mediated signaling and receptor
internalization, and this implicates multiple interaction sites between beta-arrestin and
CXCR4. J Biol Chem 275(4):2479-85.

Chun D, Gall CM, Bi X, and Lynch G (2001) Evidence that integrins contribute to
multiple stages in the consolidation of long term potentiation in rat hippocampus.
Neuroscience 105(4):815-29.

198



Condeelis J (2001) How is actin polymerization nucleated in vivo? Trends Cell Biol
11(7):288-93.

Contractor A, Rogers C, Maron C, Henkemeyer M, Swanson GT, and Heinemann SF
(2002) Trans-synaptic Eph receptor-ephrin signaling in hippocampal mossy fiber LTP.
Science 296(5574):1864-9.

Correia SS, Bassani S, Brown TC, Lise MF, Backos DS, El-Husseini A, Passafaro M,
and Esteban JA (2008) Motor protein-dependent transport of AMPA receptors into spines
during long-term potentiation. Nat Neurosci 11(4):457-66.

Cotman CW and Nieto-Sampedro M (1984) Cell biology of synaptic plasticity. Science
225(4668):1287-94.

Coulthard MG, Duffy S, Down M, Evans B, Power M, Smith F, Stylianou C, Kleikamp S,
Oates A, Lackmann M, Burns GF, and Boyd AW (2002) The role of the Eph-ephrin
signalling system in the regulation of developmental patterning. Int J Dev Biol 46(4):375-
84.

Cummings JA, Mulkey RM, Nicoll RA, and Malenka RC (1996) Ca2+ signaling
requirements for long-term depression in the hippocampus. Neuron 16(4):825-33.

Dailey ME and Smith SJ (1996) The dynamics of dendritic structure in developing
hippocampal slices. J Neurosci 16(9):2983-94.

Dalva MB, Takasu MA, Lin MZ, Shamah SM, Hu L, Gale NW, and Greenberg ME
(2000) EphB receptors interact with NMDA receptors and regulate excitatory synapse
formation. Cell 103(6):945-56.

Dang VC, Napier IA, and Christie MJ (2009) Two distinct mechanisms mediate acute
mu-opioid receptor desensitization in native neurons. J Neurosci 29(10):3322-7.

Davis RC, Maloney MT, Minamide LS, Flynn KC, Stonebraker MA, and Bamburg JR
(2009) Mapping cofilin-actin rods in stressed hippocampal slices and the role of cdc42 in
amyloid-beta-induced rods. J Alzheimers Dis 18(1):35-50.

Dawe HR, Minamide LS, Bamburg JR, and Cramer LP (2003) ADF/cofilin controls cell
polarity during fibroblast migration. Curr Biol 13(3):252-7.

de Bartolomeis A and lasevoli F (2003) The Homer family and the signal transduction
system at glutamatergic postsynaptic density: potential role in behavior and
pharmacotherapy. Psychopharmacol Bull 37(3):51-83.

Defea K (2008) Beta-arrestins and heterotrimeric G-proteins: collaborators and
competitors in signal transduction. Br J Pharmacol 153 Suppl 1:5298-309.

199



DeFea KA (2007) Stop that cell! Beta-arrestin-dependent chemotaxis: a tale of localized
actin assembly and receptor desensitization. Annu Rev Physiol 69:535-60.

DeFea KA, Zalevsky J, Thoma MS, Dery O, Mullins RD, and Bunnett NW (2000) beta-
arrestin-dependent endocytosis of proteinase-activated receptor 2 is required for
intracellular targeting of activated ERK1/2. J Cell Biol 148(6):1267-81.

DesMarais V, Ghosh M, Eddy R, and Condeelis J (2005) Cofilin takes the lead. J Cell Sci
118(Pt 1):19-26.

DeWire SM, Ahn S, Lefkowitz RJ, and Shenoy SK (2007) Beta-arrestins and cell
signaling. Annu Rev Physiol 69:483-510.

Doraiswamy PM (2003) Alzheimer's disease and the glutamate NMDA receptor.
Psychopharmacol Bull 37(2):41-9.

Dudek SM and Bear MF (1992) Homosynaptic long-term depression in area CA1 of
hippocampus and effects of N-methyl-D-aspartate receptor blockade. Proc Natl Acad Sci
U S A 89(10):4363-7.

Dufour A, Seibt J, Passante L, Depaepe V, Ciossek T, Frisen J, Kullander K, Flanagan JG,
Polleux F, and VVanderhaeghen P (2003) Area specificity and topography of
thalamocortical projections are controlled by ephrin/Eph genes. Neuron 39(3):453-65.

Durand GM, Kovalchuk Y, and Konnerth A (1996) Long-term potentiation and
functional synapse induction in developing hippocampus. Nature 381(6577):71-5.

Edwards DC, Sanders LC, Bokoch GM, and Gill GN (1999) Activation of LIM-kinase by
Pak1 couples Rac/Cdc42 GTPase signalling to actin cytoskeletal dynamics. Nat Cell Biol
1(5):253-9.

Ehlers MD (2000) Reinsertion or degradation of AMPA receptors determined by activity-
dependent endocytic sorting. Neuron 28(2):511-25.

Engert F and Bonhoeffer T (1999) Dendritic spine changes associated with hippocampal
long-term synaptic plasticity. Nature 399(6731):66-70.

Esteban JA, Shi SH, Wilson C, Nuriya M, Huganir RL, and Malinow R (2003) PKA
phosphorylation of AMPA receptor subunits controls synaptic trafficking underlying
plasticity. Nat Neurosci 6(2):136-43.

Ethell IM and Ethell DW (2007) Matrix metalloproteinases in brain development and
remodeling: synaptic functions and targets. J Neurosci Res 85(13):2813-23.

Ethell IM, Irie F, Kalo MS, Couchman JR, Pasquale EB, and Yamaguchi Y (2001)
EphB/syndecan-2 signaling in dendritic spine morphogenesis. Neuron 31(6):1001-13.

200



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

Fan GH, Yang W, Wang XJ, Qian Q, and Richmond A (2001) Identification of a motif in
the carboxyl terminus of CXCR?2 that is involved in adaptin 2 binding and receptor
internalization. Biochemistry 40(3):791-800.

Fass J, Gehler S, Sarmiere P, Letourneau P, and Bamburg JR (2004) Regulating
filopodial dynamics through actin-depolymerizing factor/cofilin. Anat Sci Int 79(4):173-
83.

Fedorov AA, Lappalainen P, Fedorov EV, Drubin DG, and Almo SC (1997) Structure
determination of yeast cofilin. Nat Struct Biol 4(5):366-9.

Fedulov V, Rex CS, Simmons DA, Palmer L, Gall CM, and Lynch G (2007) Evidence
that long-term potentiation occurs within individual hippocampal synapses during
learning. J Neurosci 27(30):8031-9.

Feng J, Yan Z, Ferreira A, Tomizawa K, Liauw JA, Zhuo M, Allen PB, Ouimet CC, and
Greengard P (2000) Spinophilin regulates the formation and function of dendritic spines.
Proc Natl Acad Sci U S A 97(16):9287-92.

Ferguson SS (2001) Evolving concepts in G protein-coupled receptor endocytosis: the
role in receptor desensitization and signaling. Pharmacol Rev 53(1):1-24.

Ferron F, Rebowski G, Lee SH, and Dominguez R (2007) Structural basis for the
recruitment of profilin-actin complexes during filament elongation by Ena/VASP. EMBO
J 26(21):4597-606.

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

Flanagan JG and Vanderhaeghen P (1998) The ephrins and Eph receptors in neural
development. Annu Rev Neurosci 21:309-45.

Fong AM, Premont RT, Richardson RM, Yu YR, Lefkowitz RJ, and Patel DD (2002)
Defective lymphocyte chemotaxis in beta-arrestin2- and GRK6-deficient mice. Proc Natl
Acad Sci U S A 99(11):7478-83.

Fu H, Subramanian RR, and Masters SC (2000) 14-3-3 proteins: structure, function, and
regulation. Annu Rev Pharmacol Toxicol 40:617-47.

Gaidarov I, Krupnick JG, Falck JR, Benovic JL, and Keen JH (1999) Arrestin function in
G protein-coupled receptor endocytosis requires phosphoinositide binding. EMBO J
18(4):871-81.

201



Gall CM and Lynch G (2004) Integrins, synaptic plasticity and epileptogenesis. Adv Exp
Med Biol 548:12-33.

Garvalov BK, Flynn KC, Neukirchen D, Meyn L, Teusch N, Wu X, Brakebusch C,
Bamburg JR, and Bradke F (2007) Cdc42 regulates cofilin during the establishment of
neuronal polarity. J Neurosci 27(48):13117-29.

Gehler S, Shaw AE, Sarmiere PD, Bamburg JR, and Letourneau PC (2004) Brain-derived
neurotrophic factor regulation of retinal growth cone filopodial dynamics is mediated
through actin depolymerizing factor/cofilin. J Neurosci 24(47):10741-9.

Georgakopoulos A, Litterst C, Ghersi E, Baki L, Xu C, Serban G, and Robakis NK
(2006) Metalloproteinase/Presenilinl processing of ephrinB regulates EphB-induced Src
phosphorylation and signaling. EMBO J 25(6):1242-52.

Giesemann T, Schwarz G, Nawrotzki R, Berhorster K, Rothkegel M, Schluter K,
Schrader N, Schindelin H, Mendel RR, Kirsch J, and Jockusch BM (2003) Complex
formation between the postsynaptic scaffolding protein gephyrin, profilin, and Mena: a
possible link to the microfilament system. J Neurosci 23(23):8330-9.

Gohla A and Bokoch GM (2002) 14-3-3 regulates actin dynamics by stabilizing
phosphorylated cofilin. Curr Biol 12(19):1704-10.

Goldschmidt-Clermont PJ, Van Alstyne EL, Day JR, Emerson DL, Nel AE, Lazarchick J,
and Galbraith RM (1986) Group-specific component (vitamin D binding protein)
prevents the interaction between G-actin and profilin. Biochemistry 25(21):6467-72.

Goodman OB, Jr., Krupnick JG, Gurevich VV, Benovic JL, and Keen JH (1997)
Arrestin/clathrin interaction. Localization of the arrestin binding locus to the clathrin
terminal domain. J Biol Chem 272(23):15017-22.

Govek EE, Newey SE, Akerman CJ, Cross JR, Van der Veken L, and VVan Aelst L (2004)
The X-linked mental retardation protein oligophrenin-1 is required for dendritic spine
morphogenesis. Nat Neurosci 7(4):364-72.

Grazi E, Trombetta G, and Guidoboni M (1991) Binding of alpha-actinin to F-actin or to
tropomyosin F-actin is a function of both alpha-actinin concentration and gel structure. J
Muscle Res Cell Motil 12(6):579-84.

Grunwald IC, Korte M, Wolfer D, Wilkinson GA, Unsicker K, Lipp HP, Bonhoeffer T,
and Klein R (2001) Kinase-independent requirement of EphB2 receptors in hippocampal
synaptic plasticity. Neuron 32(6):1027-40.

202



Gu J, Lee CW, Fan Y, Komlos D, Tang X, Sun C, Yu K, Hartzell HC, Chen G, Bamburg
JR, and Zheng JQ (2010) ADF/cofilin-mediated actin dynamics regulate AMPA receptor
trafficking during synaptic plasticity. Nat Neurosci 13(10):1208-15.

Gungabissoon RA and Bamburg JR (2003) Regulation of growth cone actin dynamics by
ADF/cofilin. J Histochem Cytochem 51(4):411-20.

Halpain S, Spencer K, and Graber S (2005) Dynamics and pathology of dendritic spines.
Prog Brain Res 147:29-37.

Harris HE, Bamburg JR, and Weeds AG (1980) Actin filament disassembly in blood
plasma. FEBS Lett 121(1):175-7.

Hattori M, Osterfield M, and Flanagan JG (2000) Regulated cleavage of a contact-
mediated axon repellent. Science 289(5483):1360-5.

Henderson JT, Georgiou J, Jia Z, Robertson J, Elowe S, Roder JC, and Pawson T (2001)
The receptor tyrosine kinase EphB2 regulates NMDA-dependent synaptic function.
Neuron 32(6):1041-56.

Henkemeyer M, Itkis OS, Ngo M, Hickmott PW, and Ethell IM (2003) Multiple EphB
receptor tyrosine kinases shape dendritic spines in the hippocampus. J Cell Biol
163(6):1313-26.

Hering H and Sheng M (2001) Dendritic spines: structure, dynamics and regulation. Nat
Rev Neurosci 2(12):880-8.

Hildebrand JD, Taylor JM, and Parsons JT (1996) An SH3 domain-containing GTPase-
activating protein for Rho and Cdc42 associates with focal adhesion kinase. Mol Cell
Biol 16(6):3169-78.

Hindges R, McLaughlin T, Genoud N, Henkemeyer M, and O'Leary DD (2002) EphB
forward signaling controls directional branch extension and arborization required for
dorsal-ventral retinotopic mapping. Neuron 35(3):475-87.

Hirano A (1994) Hirano bodies and related neuronal inclusions. Neuropathol Appl
Neurobiol 20(1):3-11.

Hosokawa T, Rusakov DA, Bliss TV, and Fine A (1995) Repeated confocal imaging of
individual dendritic spines in the living hippocampal slice: evidence for changes in length
and orientation associated with chemically induced LTP. J Neurosci 15(8):5560-73.

Hotulainen P, Llano O, Smirnov S, Tanhuanpaa K, Faix J, Rivera C, and Lappalainen P

(2009) Defining mechanisms of actin polymerization and depolymerization during
dendritic spine morphogenesis. J Cell Biol 185(2):323-39.

203



Hrabetova S, Serrano P, Blace N, Tse HW, Skifter DA, Jane DE, Monaghan DT, and
Sacktor TC (2000) Distinct NMDA receptor subpopulations contribute to long-term
potentiation and long-term depression induction. J Neurosci 20(12):RC8L1.

Hsieh-Wilson LC, Allen PB, Watanabe T, Nairn AC, and Greengard P (1999)
Characterization of the neuronal targeting protein spinophilin and its interactions with
protein phosphatase-1. Biochemistry 38(14):4365-73.

Huang TY, DerMardirossian C, and Bokoch GM (2006) Cofilin phosphatases and
regulation of actin dynamics. Curr Opin Cell Biol 18(1):26-31.

Huang Z, Shimazu K, Woo NH, Zang K, Muller U, Lu B, and Reichardt LF (2006)
Distinct roles of the beta 1-class integrins at the developing and the mature hippocampal
excitatory synapse. J Neurosci 26(43):11208-19.

Ichetovkin I, Grant W, and Condeelis J (2002) Cofilin produces newly polymerized actin
filaments that are preferred for dendritic nucleation by the Arp2/3 complex. Curr Biol
12(1):79-84.

Ikeda M, Ozaki N, Suzuki T, Kitajima T, Yamanouchi Y, Kinoshita Y, Kishi T, Sekine Y,
lyo M, Harano M, Komiyama T, Yamada M, Sora I, Ujike H, Inada T, and Iwata N
(2007) Possible association of beta-arrestin 2 gene with methamphetamine use disorder,
but not schizophrenia. Genes Brain Behav 6(1):107-12.

Inoue E, Deguchi-Tawarada M, Togawa A, Matsui C, Arita K, Katahira-Tayama S, Sato
T, Yamauchi E, Oda Y, and Takai Y (2009) Synaptic activity prompts gamma-secretase-
mediated cleavage of EphA4 and dendritic spine formation. J Cell Biol 185(3):551-64.

Irie F, Okuno M, Pasquale EB, and Yamaguchi Y (2005) EphrinB-EphB signalling
regulates clathrin-mediated endocytosis through tyrosine phosphorylation of synaptojanin
1. Nat Cell Biol 7(5):501-9.

Irie F and Yamaguchi Y (2002) EphB receptors regulate dendritic spine development via
intersectin, Cdc42 and N-WASP. Nat Neurosci 5(11):1117-8.

Isaac JT, Nicoll RA, and Malenka RC (1995) Evidence for silent synapses: implications
for the expression of LTP. Neuron 15(2):427-34.

Iwanicki MP, Vomastek T, Tilghman RW, Martin KH, Banerjee J, Wedegaertner PB, and
Parsons JT (2008) FAK, PDZ-RhoGEF and ROCKII cooperate to regulate adhesion
movement and trailing-edge retraction in fibroblasts. J Cell Sci 121(Pt 6):895-905.

Jiang M and Chen G (2006) High Ca2+-phosphate transfection efficiency in low-density
neuronal cultures. Nat Protoc 1(2):695-700.

204



Joo JY, Kim BW, Lee JS, Park JY, Kim S, Yun YJ, Lee SH, Rhim H, and Son H (2007)
Activation of NMDA receptors increases proliferation and differentiation of hippocampal
neural progenitor cells. J Cell Sci 120(Pt 8):1358-70.

Kamal A, Ramakers GM, Urban 1J, De Graan PN, and Gispen WH (1999) Chemical LTD
in the CAL field of the hippocampus from young and mature rats. Eur J Neurosci
11(10):3512-6.

Kandler K, Katz LC, and Kauer JA (1998) Focal photolysis of caged glutamate produces
long-term depression of hippocampal glutamate receptors. Nat Neurosci 1(2):119-23.

Kaufmann WE and Moser HW (2000) Dendritic anomalies in disorders associated with
mental retardation. Cereb Cortex 10(10):981-91.

Keith D and El-Husseini A (2008) Excitation Control: Balancing PSD-95 Function at the
Synapse. Front Mol Neurosci 1:4.

Kerchner GA and Nicoll RA (2008) Silent synapses and the emergence of a postsynaptic
mechanism for LTP. Nat Rev Neurosci 9(11):813-25.

Kirkwood A and Bear MF (1994) Homosynaptic long-term depression in the visual
cortex. J Neurosci 14(5 Pt 2):3404-12.

Kirschner MW (1980) Implications of treadmilling for the stability and polarity of actin
and tubulin polymers in vivo. J Cell Biol 86(1):330-4.

Kleim JA, Barbay S, and Nudo RJ (1998) Functional reorganization of the rat motor
cortex following motor skill learning. J Neurophysiol 80(6):3321-5.

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

Knott GW, Holtmaat A, Wilbrecht L, Welker E, and Svoboda K (2006) Spine growth
precedes synapse formation in the adult neocortex in vivo. Nat Neurosci 9(9):1117-24.

Kohr G, Jensen V, Koester HJ, Mihaljevic AL, Utvik JK, Kvello A, Ottersen OP,
Seeburg PH, Sprengel R, and Hvalby O (2003) Intracellular domains of NMDA receptor
subtypes are determinants for long-term potentiation induction. J Neurosci 23(34):10791-
9.

Kolb B, Cioe J, and Comeau W (2008) Contrasting effects of motor and visual spatial
learning tasks on dendritic arborization and spine density in rats. Neurobiol Learn Mem
90(2):295-300.

Komuro H and Rakic P (1993) Modulation of neuronal migration by NMDA receptors.
Science 260(5104):95-7.

205



Kovacs JJ, Hara MR, Davenport CL, Kim J, and Lefkowitz RJ (2009) Arrestin
development: emerging roles for beta-arrestins in developmental signaling pathways. Dev
Cell 17(4):443-58.

Kramar EA, Lin B, Rex CS, Gall CM, and Lynch G (2006) Integrin-driven actin
polymerization consolidates long-term potentiation. Proc Natl Acad Sci U S A
103(14):5579-84.

Kreienkamp HJ (2008) Scaffolding proteins at the postsynaptic density: shank as the
architectural framework. Handb Exp Pharmacol (186):365-80.

Krishnan K, Holub O, Gratton E, Clayton AH, Cody S, and Moens PD (2009) Profilin
interaction with phosphatidylinositol (4,5)-bisphosphate destabilizes the membrane of
giant unilamellar vesicles. Biophys J 96(12):5112-21.

Krupnick JG, Santini F, Gagnon AW, Keen JH, and Benovic JL (1997) Modulation of the
arrestin-clathrin interaction in cells. Characterization of beta-arrestin dominant-negative
mutants. J Biol Chem 272(51):32507-12.

Kuhn TB and Bamburg JR (2008) Tropomyosin and ADF/cofilin as collaborators and
competitors. Adv Exp Med Biol 644:232-49.

Kuhn TB, Meberg PJ, Brown MD, Bernstein BW, Minamide LS, Jensen JR, Okada K,
Soda EA, and Bamburg JR (2000) Regulating actin dynamics in neuronal growth cones
by ADF/cofilin and rho family GTPases. J Neurobiol 44(2):126-44.

Kullander K and Klein R (2002) Mechanisms and functions of Eph and ephrin signalling.
Nat Rev Mol Cell Biol 3(7):475-86.

Kullmann DM (1994) Amplitude fluctuations of dual-component EPSCs in hippocampal
pyramidal cells: implications for long-term potentiation. Neuron 12(5):1111-20.

Kusano K, Abe H, and Obinata T (1999) Detection of a sequence involved in actin-
binding and phosphoinositide-binding in the N-terminal side of cofilin. Mol Cell
Biochem 190(1-2):133-41.

Lai KO and Ip NY (2009) Synapse development and plasticity: roles of ephrin/Eph
receptor signaling. Curr Opin Neurobiol 19(3):275-83.

Lai MM, Hong JJ, Ruggiero AM, Burnett PE, Slepnev VI, De Camilli P, and Snyder SH
(1999) The calcineurin-dynamin 1 complex as a calcium sensor for synaptic vesicle
endocytosis. J Biol Chem 274(37):25963-6.

206



Lang C, Barco A, Zablow L, Kandel ER, Siegelbaum SA, and Zakharenko SS (2004)
Transient expansion of synaptically connected dendritic spines upon induction of
hippocampal long-term potentiation. Proc Natl Acad Sci U S A 101(47):16665-70.

Laporte SA, Oakley RH, Holt JA, Barak LS, and Caron MG (2000) The interaction of
beta-arrestin with the AP-2 adaptor is required for the clustering of beta 2-adrenergic
receptor into clathrin-coated pits. J Biol Chem 275(30):23120-6.

Laporte SA, Oakley RH, Zhang J, Holt JA, Ferguson SS, Caron MG, and Barak LS
(1999) The beta2-adrenergic receptor/betaarrestin complex recruits the clathrin adaptor
AP-2 during endocytosis. Proc Natl Acad Sci U S A 96(7):3712-7.

Lappalainen P and Drubin DG (1997) Cofilin promotes rapid actin filament turnover in
vivo. Nature 388(6637):78-82.

Lappalainen P, Fedorov EV, Fedorov AA, Almo SC, and Drubin DG (1997) Essential
functions and actin-binding surfaces of yeast cofilin revealed by systematic mutagenesis.
EMBO J 16(18):5520-30.

Lau CG, Takeuchi K, Rodenas-Ruano A, Takayasu Y, Murphy J, Bennett MV, and Zukin
RS (2009) Regulation of NMDA receptor Ca2+ signalling and synaptic plasticity.
Biochem Soc Trans 37(Pt 6):1369-74.

Laurie DJ, Bartke I, Schoepfer R, Naujoks K, and Seeburg PH (1997) Regional,
developmental and interspecies expression of the four NMDAR2 subunits, examined
using monoclonal antibodies. Brain Res Mol Brain Res 51(1-2):23-32.

Le Clainche C, Pantaloni D, and Carlier MF (2003) ATP hydrolysis on actin-related
protein 2/3 complex causes debranching of dendritic actin arrays. Proc Natl Acad Sci U S
A 100(11):6337-42.

LeClaire LL, 3rd, Baumgartner M, Iwasa JH, Mullins RD, and Barber DL (2008)
Phosphorylation of the Arp2/3 complex is necessary to nucleate actin filaments. J Cell
Biol 182(4):647-54.

Lee, Han J, Bamburg JR, Han L, Lynn R, and Zheng JQ (2009) Regulation of
acetylcholine receptor clustering by ADF/cofilin-directed vesicular trafficking. Nat
Neurosci 12(7):848-56.

Lee HK, Barbarosie M, Kameyama K, Bear MF, and Huganir RL (2000) Regulation of
distinct AMPA receptor phosphorylation sites during bidirectional synaptic plasticity.
Nature 405(6789):955-9.

207



Lee HK, Kameyama K, Huganir RL, and Bear MF (1998) NMDA induces long-term
synaptic depression and dephosphorylation of the GIuR1 subunit of AMPA receptors in
hippocampus. Neuron 21(5):1151-62.

Lee JM, Zipfel GJ, and Choi DW (1999) The changing landscape of ischaemic brain
injury mechanisms. Nature 399(6738 Suppl):A7-14.

Lefkowitz RJ, Inglese J, Koch WJ, Pitcher J, Attramadal H, and Caron MG (1992) G-
protein-coupled receptors: regulatory role of receptor kinases and arrestin proteins. Cold
Spring Harb Symp Quant Biol 57:127-33.

Lendvai B, Stern EA, Chen B, and Svoboda K (2000) Experience-dependent plasticity of
dendritic spines in the developing rat barrel cortex in vivo. Nature 404(6780):876-81.

Li R, Dozmorov M, Hellberg F, Tian Y, Jilderos B, and Wigstrom H (2004)
Characterization of NMDA induced depression in rat hippocampus: involvement of
AMPA and NMDA receptors. Neurosci Lett 357(2):87-90.

Li Y, Wu Y, and Zhou Y (2006) Modulation of inactivation properties of CaV2.2
channels by 14-3-3 proteins. Neuron 51(6):755-71.

Lin B, Kramar EA, Bi X, Brucher FA, Gall CM, and Lynch G (2005) Theta stimulation
polymerizes actin in dendritic spines of hippocampus. J Neurosci 25(8):2062-9.

Lin FT, Krueger KM, Kendall HE, Daaka Y, Fredericks ZL, Pitcher JA, and Lefkowitz
RJ (1997) Clathrin-mediated endocytosis of the beta-adrenergic receptor is regulated by
phosphorylation/dephosphorylation of beta-arrestinl. J Biol Chem 272(49):31051-7.

Lin FT, Miller WE, Luttrell LM, and Lefkowitz RJ (1999) Feedback regulation of beta-
arrestinl function by extracellular signal-regulated kinases. J Biol Chem 274(23):15971-4.

Lin KT, Sloniowski S, Ethell DW, and Ethell IM (2008) Ephrin-B2-induced cleavage of
EphB2 receptor is mediated by matrix metalloproteinases to trigger cell repulsion. J Biol
Chem 283(43):28969-79.

Lisman J (2003) Actin's actions in LTP-induced synapse growth. Neuron 38(3):361-2.

Lisman JE and Zhabotinsky AM (2001) A model of synaptic memory: a CaMKII/PP1
switch that potentiates transmission by organizing an AMPA receptor anchoring
assembly. Neuron 31(2):191-201.

Litterst C, Georgakopoulos A, Shioi J, Ghersi E, Wisniewski T, Wang R, Ludwig A, and
Robakis NK (2007) Ligand binding and calcium influx induce distinct
ectodomain/gamma-secretase-processing pathways of EphB2 receptor. J Biol Chem
282(22):16155-63.

208



Liu L, Wong TP, Pozza MF, Lingenhoehl K, Wang Y, Sheng M, Auberson YP, and
Wang YT (2004) Role of NMDA receptor subtypes in governing the direction of
hippocampal synaptic plasticity. Science 304(5673):1021-4.

Liu XB, Murray KD, and Jones EG (2004) Switching of NMDA receptor 2A and 2B
subunits at thalamic and cortical synapses during early postnatal development. J Neurosci
24(40):8885-95.

Llinas R, Sugimori M, and Silver RB (1992) Microdomains of high calcium
concentration in a presynaptic terminal. Science 256(5057):677-9.

Lohse MJ, Benovic JL, Codina J, Caron MG, and Lefkowitz RJ (1990) beta-Arrestin: a
protein that regulates beta-adrenergic receptor function. Science 248(4962):1547-50.

Lowery LA and Van Vactor D (2009) The trip of the tip: understanding the growth cone
machinery. Nat Rev Mol Cell Biol 10(5):332-43.

Luo L (2002) Actin cytoskeleton regulation in neuronal morphogenesis and structural
plasticity. Annu Rev Cell Dev Biol 18:601-35.

Luscher C, Xia H, Beattie EC, Carroll RC, von Zastrow M, Malenka RC, and Nicoll RA
(1999) Role of AMPA receptor cycling in synaptic transmission and plasticity. Neuron
24(3):649-58.

Luttrell LM and Lefkowitz RJ (2002) The role of beta-arrestins in the termination and
transduction of G-protein-coupled receptor signals. J Cell Sci 115(Pt 3):455-65.

Lynch G, Rex CS, and Gall CM (2007) LTP consolidation: substrates, explanatory power,
and functional significance. Neuropharmacology 52(1):12-23.

Maciver SK and Harrington CR (1995) Two actin binding proteins, actin depolymerizing
factor and cofilin, are associated with Hirano bodies. Neuroreport 6(15):1985-8.

Maciver SK and Hussey PJ (2002) The ADF/cofilin family: actin-remodeling proteins.
Genome Biol 3(5):reviews3007.

Maekawa M, Ishizaki T, Boku S, Watanabe N, Fujita A, Iwamatsu A, Obinata T, Ohashi
K, Mizuno K, and Narumiya S (1999) Signaling from Rho to the actin cytoskeleton
through protein kinases ROCK and LIM-kinase. Science 285(5429):895-8.

Malenka RC and Bear MF (2004) LTP and LTD: an embarrassment of riches. Neuron
44(1):5-21.

Malenka RC and Nicoll RA (1999) Long-term potentiation--a decade of progress?
Science 285(5435):1870-4.

209



Maletic-Savatic M, Malinow R, and Svoboda K (1999) Rapid dendritic morphogenesis in
CAL1 hippocampal dendrites induced by synaptic activity. Science 283(5409):1923-7.

Malinow R and Malenka RC (2002) AMPA receptor trafficking and synaptic plasticity.
Annu Rev Neurosci 25:103-26.

Maloney MT and Bamburg JR (2007) Cofilin-mediated neurodegeneration in
Alzheimer's disease and other amyloidopathies. Mol Neurobiol 35(1):21-44.

Man HY, Lin JW, Ju WH, Ahmadian G, Liu L, Becker LE, Sheng M, and Wang YT
(2000) Regulation of AMPA receptor-mediated synaptic transmission by clathrin-
dependent receptor internalization. Neuron 25(3):649-62.

Mangmool S, Shukla AK, and Rockman HA (2010) beta-Arrestin-dependent activation
of Ca(2+)/calmodulin kinase Il after beta(1)-adrenergic receptor stimulation. J Cell Biol
189(3):573-87.

Mann F, Ray S, Harris W, and Holt C (2002) Topographic mapping in dorsoventral axis
of the Xenopus retinotectal system depends on signaling through ephrin-B ligands.
Neuron 35(3):461-73.

Marquardt T, Shirasaki R, Ghosh S, Andrews SE, Carter N, Hunter T, and Pfaff SL
(2005) Coexpressed EphA receptors and ephrin-A ligands mediate opposing actions on
growth cone navigation from distinct membrane domains. Cell 121(1):127-309.

Marrs GS, Green SH, and Dailey ME (2001) Rapid formation and remodeling of
postsynaptic densities in developing dendrites. Nat Neurosci 4(10):1006-13.

Marston DJ, Dickinson S, and Nobes CD (2003) Rac-dependent trans-endocytosis of
ephrinBs regulates Eph-ephrin contact repulsion. Nat Cell Biol 5(10):879-88.

Matsuzaki F, Matsumoto S, Yahara I, Yonezawa N, Nishida E, and Sakai H (1988)
Cloning and characterization of porcine brain cofilin cDNA. Cofilin contains the nuclear
transport signal sequence. J Biol Chem 263(23):11564-8.

Matsuzaki M, Ellis-Davies GC, Nemoto T, Miyashita Y, lino M, and Kasai H (2001)
Dendritic spine geometry is critical for AMPA receptor expression in hippocampal CAl
pyramidal neurons. Nat Neurosci 4(11):1086-92.

Matsuzaki M, Honkura N, Ellis-Davies GC, and Kasai H (2004) Structural basis of long-
term potentiation in single dendritic spines. Nature 429(6993):761-6.

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

210



McCarron JK, Stringer BW, Day BW, and Boyd AW (2010) Ephrin expression and
function in cancer. Future Oncol 6(1):165-76.

McDonald PH, Chow CW, Miller WE, Laporte SA, Field ME, Lin FT, Davis RJ, and
Lefkowitz RJ (2000) Beta-arrestin 2: a receptor-regulated MAPK scaffold for the
activation of JINK3. Science 290(5496):1574-7.

McGough A, Pope B, Chiu W, and Weeds A (1997) Cofilin changes the twist of F-actin:
implications for actin filament dynamics and cellular function. J Cell Biol 138(4):771-81.

Meberg PJ, Ono S, Minamide LS, Takahashi M, and Bamburg JR (1998) Actin
depolymerizing factor and cofilin phosphorylation dynamics: response to signals that
regulate neurite extension. Cell Motil Cytoskeleton 39(2):172-90.

Meighan SE, Meighan PC, Choudhury P, Davis CJ, Olson ML, Zornes PA, Wright JW,
and Harding JW (2006) Effects of extracellular matrix-degrading proteases matrix
metalloproteinases 3 and 9 on spatial learning and synaptic plasticity. J Neurochem
96(5):1227-41.

Mellitzer G, Xu Q, and Wilkinson DG (2000) Control of cell behaviour by signalling
through Eph receptors and ephrins. Curr Opin Neurobiol 10(3):400-8.

Meng Y, Zhang Y, Tregoubov V, Janus C, Cruz L, Jackson M, Lu WY, MacDonald JF,
Wang JY, Falls DL, and Jia Z (2002) Abnormal spine morphology and enhanced LTP in
LIMK-1 knockout mice. Neuron 35(1):121-33.

Minamide LS, Maiti S, Boyle JA, Davis RC, Coppinger JA, Bao Y, Huang TY, Yates J,
Bokoch GM, and Bamburg JR (2010) Isolation and characterization of cytoplasmic
cofilin-actin rods. J Biol Chem 285(8):5450-60.

Minamide LS, Striegl AM, Boyle JA, Meberg PJ, and Bamburg JR (2000)
Neurodegenerative stimuli induce persistent ADF/cofilin-actin rods that disrupt distal
neurite function. Nat Cell Biol 2(9):628-36.

Mitra SK, Hanson DA, and Schlaepfer DD (2005) Focal adhesion kinase: in command
and control of cell motility. Nat Rev Mol Cell Biol 6(1):56-68.

Mizui T, Takahashi H, Sekino Y, and Shirao T (2005) Overexpression of drebrin A in
immature neurons induces the accumulation of F-actin and PSD-95 into dendritic
filopodia, and the formation of large abnormal protrusions. Mol Cell Neurosci 30(1):149-
57.

Mizuno K, Okano I, Ohashi K, Nunoue K, Kuma K, Miyata T, and Nakamura T (1994)

Identification of a human cDNA encoding a novel protein kinase with two repeats of the
LIM/double zinc finger motif. Oncogene 9(6):1605-12.

211



Moeller ML, Shi Y, Reichardt LF, and Ethell IM (2006) EphB receptors regulate
dendritic spine morphogenesis through the recruitment/phosphorylation of focal adhesion
kinase and RhoA activation. J Biol Chem 281(3):1587-98.

Mohn AR, Gainetdinov RR, Caron MG, and Koller BH (1999) Mice with reduced
NMDA receptor expression display behaviors related to schizophrenia. Cell 98(4):427-36.

Montgomery JM, Pavlidis P, and Madison DV (2001) Pair recordings reveal all-silent
synaptic connections and the postsynaptic expression of long-term potentiation. Neuron
29(3):691-701.

Monyer H, Burnashev N, Laurie DJ, Sakmann B, and Seeburg PH (1994) Developmental
and regional expression in the rat brain and functional properties of four NMDA
receptors. Neuron 12(3):529-40.

Morishita W, Marie H, and Malenka RC (2005) Distinct triggering and expression
mechanisms underlie LTD of AMPA and NMDA synaptic responses. Nat Neurosci
8(8):1043-50.

Moriyama K, Matsumoto S, Nishida E, Sakai H, and Yahara | (1990) Nucleotide
sequence of mouse cofilin cDNA. Nucleic Acids Res 18(10):3053.

Moriyama K and Yahara | (1999) Two activities of cofilin, severing and accelerating
directional depolymerization of actin filaments, are affected differentially by mutations
around the actin-binding helix. EMBO J 18(23):6752-61.

Moriyama K and Yahara | (2002) The actin-severing activity of cofilin is exerted by the
interplay of three distinct sites on cofilin and essential for cell viability. Biochem J 365(Pt
1):147-55.

Morrison DK and Davis RJ (2003) Regulation of MAP kinase signaling modules by
scaffold proteins in mammals. Annu Rev Cell Dev Biol 19:91-118.

Mosch B, Reissenweber B, Neuber C, and Pietzsch J (2010) Eph receptors and ephrin
ligands: important players in angiogenesis and tumor angiogenesis. J Oncol 2010:135285.

Mulkey RM, Endo S, Shenolikar S, and Malenka RC (1994) Involvement of a
calcineurin/inhibitor-1 phosphatase cascade in hippocampal long-term depression. Nature
369(6480):486-8.

Mulkey RM, Herron CE, and Malenka RC (1993) An essential role for protein
phosphatases in hippocampal long-term depression. Science 261(5124):1051-5.

Mulkey RM and Malenka RC (1992) Mechanisms underlying induction of homosynaptic
long-term depression in area CAL of the hippocampus. Neuron 9(5):967-75.

212



Mullins RD, Stafford WF, and Pollard TD (1997) Structure, subunit topology, and actin-
binding activity of the Arp2/3 complex from Acanthamoeba. J Cell Biol 136(2):331-43.

Murai KK and Pasquale EB (2003) 'Eph'ective signaling: forward, reverse and crosstalk.
J Cell Sci 116(Pt 14):2823-32.

Murthy VN, Schikorski T, Stevens CF, and Zhu Y (2001) Inactivity produces increases in
neurotransmitter release and synapse size. Neuron 32(4):673-82.

Murthy VN, Sejnowski TJ, and Stevens CF (1997) Heterogeneous release properties of
visualized individual hippocampal synapses. Neuron 18(4):599-612.

Nagashima K, Endo A, Ogita H, Kawana A, Yamagishi A, Kitabatake A, Matsuda M,
and Mochizuki N (2002) Adaptor protein Crk is required for ephrin-B1-induced
membrane ruffling and focal complex assembly of human aortic endothelial cells. Mol
Biol Cell 13(12):4231-42.

Nagy V, Bozdagi O, Matynia A, Balcerzyk M, Okulski P, Dzwonek J, Costa RM, Silva
AJ, Kaczmarek L, and Huntley GW (2006) Matrix metalloproteinase-9 is required for
hippocampal late-phase long-term potentiation and memory. J Neurosci 26(7):1923-34.

Nakanishi H, Obaishi H, Satoh A, Wada M, Mandai K, Satoh K, Nishioka H, Matsuura Y,
Mizoguchi A, and Takai Y (1997) Neurabin: a novel neural tissue-specific actin filament-
binding protein involved in neurite formation. J Cell Biol 139(4):951-61.

Nebl G, Meuer SC, and Samstag Y (1996) Dephosphorylation of serine 3 regulates
nuclear translocation of cofilin. J Biol Chem 271(42):26276-80.

Nelson CD, Perry SJ, Regier DS, Prescott SM, Topham MK, and Lefkowitz RJ (2007)
Targeting of diacylglycerol degradation to M1 muscarinic receptors by beta-arrestins.
Science 315(5812):663-6.

Newpher TM and Ehlers MD (2009) Spine microdomains for postsynaptic signaling and
plasticity. Trends Cell Biol 19(5):218-27.

Nicholson DA, Trana R, Katz Y, Kath WL, Spruston N, and Geinisman Y (2006)
Distance-dependent differences in synapse number and AMPA receptor expression in
hippocampal CA1 pyramidal neurons. Neuron 50(3):431-42.

Nicoll RA and Malenka RC (1999) Expression mechanisms underlying NMDA receptor-
dependent long-term potentiation. Ann N 'Y Acad Sci 868:515-25.

Nimchinsky EA, Yasuda R, Oertner TG, and Svoboda K (2004) The number of glutamate
receptors opened by synaptic stimulation in single hippocampal spines. J Neurosci
24(8):2054-64.

213



Nishida E, lida K, Yonezawa N, Koyasu S, Yahara I, and Sakai H (1987) Cofilin is a
component of intranuclear and cytoplasmic actin rods induced in cultured cells. Proc Natl
Acad Sci U S A 84(15):5262-6.

Nishida E, Maekawa S, Muneyuki E, and Sakai H (1984) Action of a 19K protein from
porcine brain on actin polymerization: a new functional class of actin-binding proteins. J
Biochem 95(2):387-98.

Nishida E, Maekawa S, and Sakai H (1984) Cofilin, a protein in porcine brain that binds
to actin filaments and inhibits their interactions with myosin and tropomyosin.
Biochemistry 23(22):5307-13.

Nishiyama M, Hong K, Mikoshiba K, Poo MM, and Kato K (2000) Calcium stores
regulate the polarity and input specificity of synaptic modification. Nature
408(6812):584-8.

Noren NK and Pasquale EB (2004) Eph receptor-ephrin bidirectional signals that target
Ras and Rho proteins. Cell Signal 16(6):655-66.

O'Dell TJ and Kandel ER (1994) Low-frequency stimulation erases LTP through an
NMDA receptor-mediated activation of protein phosphatases. Learn Mem 1(2):129-39.

Oakley RH, Laporte SA, Holt JA, Caron MG, and Barak LS (2000) Differential affinities
of visual arrestin, beta arrestinl, and beta arrestin2 for G protein-coupled receptors
delineate two major classes of receptors. J Biol Chem 275(22):17201-10.

Obinata T, Nagaoka-Yasuda R, Ono S, Kusano K, Mohri K, Ohtaka Y, Yamashiro S,
Okada K, and Abe H (1997) Low molecular-weight G-actin binding proteins involved in
the regulation of actin assembly during myofibrillogenesis. Cell Struct Funct 22(1):181-9.

Oh JS, Manzerra P, and Kennedy MB (2004) Regulation of the neuron-specific Ras
GTPase-activating protein, synGAP, by Ca2+/calmodulin-dependent protein kinase 11. J
Biol Chem 279(17):17980-8.

Ohta Y, Nishida E, Sakai H, and Miyamoto E (1989) Dephosphorylation of cofilin
accompanies heat shock-induced nuclear accumulation of cofilin. J Biol Chem
264(27):16143-8.

Okabe S, Miwa A, and Okado H (2001) Spine formation and correlated assembly of
presynaptic and postsynaptic molecules. J Neurosci 21(16):6105-14.

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

214



Oliver CJ, Terry-Lorenzo RT, Elliott E, Bloomer WA, Li S, Brautigan DL, Colbran RJ,
and Shenolikar S (2002) Targeting protein phosphatase 1 (PP1) to the actin cytoskeleton:
the neurabin I/PP1 complex regulates cell morphology. Mol Cell Biol 22(13):4690-701.

Omkumar RV, Kiely MJ, Rosenstein AJ, Min KT, and Kennedy MB (1996)
Identification of a phosphorylation site for calcium/calmodulindependent protein kinase
I in the NR2B subunit of the N-methyl-D-aspartate receptor. J Biol Chem
271(49):31670-8.

Ono S and Ono K (2002) Tropomyosin inhibits ADF/cofilin-dependent actin filament
dynamics. J Cell Biol 156(6):1065-76.

Osterweil E, Wells DG, and Mooseker MS (2005) A role for myosin VI in postsynaptic
structure and glutamate receptor endocytosis. J Cell Biol 168(2):329-38.

Pantaloni D, Boujemaa R, Didry D, Gounon P, and Carlier MF (2000) The Arp2/3
complex branches filament barbed ends: functional antagonism with capping proteins.
Nat Cell Biol 2(7):385-91.

Pasquale EB (2005) Eph receptor signalling casts a wide net on cell behaviour. Nat Rev
Mol Cell Biol 6(6):462-75.

Pasquale EB (2010) Eph receptors and ephrins in cancer: bidirectional signalling and
beyond. Nat Rev Cancer 10(3):165-80.

Pearson G, Robinson F, Beers Gibson T, Xu BE, Karandikar M, Berman K, and Cobb
MH (2001) Mitogen-activated protein (MAP) kinase pathways: regulation and
physiological functions. Endocr Rev 22(2):153-83.

Penzes P, Beeser A, Chernoff J, Schiller MR, Eipper BA, Mains RE, and Huganir RL
(2003) Rapid induction of dendritic spine morphogenesis by trans-synaptic ephrinB-
EphB receptor activation of the Rho-GEF kalirin. Neuron 37(2):263-74.

Perry SJ, Baillie GS, Kohout TA, McPhee I, Magiera MM, Ang KL, Miller WE, McLean
AJ, Conti M, Houslay MD, and Lefkowitz RJ (2002) Targeting of cyclic AMP
degradation to beta 2-adrenergic receptors by beta-arrestins. Science 298(5594):834-6.

Pippig S, Andexinger S, and Lohse MJ (1995) Sequestration and recycling of beta 2-
adrenergic receptors permit receptor resensitization. Mol Pharmacol 47(4):666-76.

Pollard TD (2007) Regulation of actin filament assembly by Arp2/3 complex and formins.
Annu Rev Biophys Biomol Struct 36:451-77.

Pollard TD, Blanchoin L, and Mullins RD (2001) Actin dynamics. J Cell Sci 114(Pt 1):3-
4.

215



Pontrello CG and Ethell IM (2009) Accelerators, Brakes, and Gears of Actin Dynamics
in Dendritic Spines. Open Neurosci J 3:67-86.

Portera-Cailliau C, Pan DT, and Yuste R (2003) Activity-regulated dynamic behavior of
early dendritic protrusions: evidence for different types of dendritic filopodia. J Neurosci
23(18):7129-42.

Prevost N, Woulfe D, Tanaka T, and Brass LF (2002) Interactions between Eph kinases
and ephrins provide a mechanism to support platelet aggregation once cell-to-cell contact
has occurred. Proc Natl Acad Sci U S A 99(14):9219-24.

Quinlan EM and Halpain S (1996) Postsynaptic mechanisms for bidirectional control of
MAP2 phosphorylation by glutamate receptors. Neuron 16(2):357-68.

Racca C, Stephenson FA, Streit P, Roberts JD, and Somogyi P (2000) NMDA receptor
content of synapses in stratum radiatum of the hippocampal CA1 area. J Neurosci
20(7):2512-22.

Racz B and Weinberg RJ (2006) Spatial organization of cofilin in dendritic spines.
Neuroscience 138(2):447-56.

Rajan S, Preisig-Muller R, Wischmeyer E, Nehring R, Hanley PJ, Renigunta V, Musset B,
Schlichthorl G, Derst C, Karschin A, and Daut J (2002) Interaction with 14-3-3 proteins
promotes functional expression of the potassium channels TASK-1 and TASK-3. J
Physiol 545(Pt 1):13-26.

Rao A and Craig AM (2000) Signaling between the actin cytoskeleton and the
postsynaptic density of dendritic spines. Hippocampus 10(5):527-41.

Reeve SP, Bassetto L, Genova GK, Kleyner Y, Leyssen M, Jackson FR, and Hassan BA
(2005) The Drosophila fragile X mental retardation protein controls actin dynamics by
directly regulating profilin in the brain. Curr Biol 15(12):1156-63.

Ressad F, Didry D, Egile C, Pantaloni D, and Carlier MF (1999) Control of actin filament
length and turnover by actin depolymerizing factor (ADF/cofilin) in the presence of
capping proteins and ARP2/3 complex. J Biol Chem 274(30):20970-6.

Rex CS, Lin CY, Kramar EA, Chen LY, Gall CM, and Lynch G (2007) Brain-derived
neurotrophic factor promotes long-term potentiation-related cytoskeletal changes in adult
hippocampus. J Neurosci 27(11):3017-29.

Richardson RM, Marjoram RJ, Barak LS, and Snyderman R (2003) Role of the

cytoplasmic tails of CXCR1 and CXCR2 in mediating leukocyte migration, activation,
and regulation. J Immunol 170(6):2904-11.

216



Rico B, Beggs HE, Schahin-Reed D, Kimes N, Schmidt A, and Reichardt LF (2004)
Control of axonal branching and synapse formation by focal adhesion kinase. Nat
Neurosci 7(10):1059-69.

Ridley AJ, Schwartz MA, Burridge K, Firtel RA, Ginsberg MH, Borisy G, Parsons JT,
and Horwitz AR (2003) Cell migration: integrating signals from front to back. Science
302(5651):1704-9.

Rodgers JT and Puigserver P (2009) Insulin resistance: beta-arrestin development. Cell
Res 19(3):275-6.

Rosenblatt J, Agnew BJ, Abe H, Bamburg JR, and Mitchison TJ (1997) Xenopus actin
depolymerizing factor/cofilin (XAC) is responsible for the turnover of actin filaments in
Listeria monocytogenes tails. J Cell Biol 136(6):1323-32.

Rowley M, Bristow LJ, and Hutson PH (2001) Current and novel approaches to the drug
treatment of schizophrenia. J Med Chem 44(4):477-501.

Rusnak F and Mertz P (2000) Calcineurin: form and function. Physiol Rev 80(4):1483-
521.

Rust MB, Gurniak CB, Renner M, Vara H, Morando L, Gorlich A, Sassoe-Pognetto M,
Banchaabouchi MA, Giustetto M, Triller A, Choquet D, and Witke W (2010) Learning,
AMPA receptor mobility and synaptic plasticity depend on n-cofilin-mediated actin
dynamics. EMBO J 29(11):1889-902.

Ryu J, Liu L, Wong TP, Wu DC, Burette A, Weinberg R, Wang YT, and Sheng M (2006)
A critical role for myosin Ilb in dendritic spine morphology and synaptic function.
Neuron 49(2):175-82.

Salter MW and Kalia LV (2004) Src kinases: a hub for NMDA receptor regulation. Nat
Rev Neurosci 5(4):317-28.

Samstag Y, Eckerskorn C, Wesselborg S, Henning S, Wallich R, and Meuer SC (1994)
Costimulatory signals for human T-cell activation induce nuclear translocation of
ppl9/cofilin. Proc Natl Acad Sci U S A 91(10):4494-8.

Saneyoshi T, Wayman G, Fortin D, Davare M, Hoshi N, Nozaki N, Natsume T, and
Soderling TR (2008) Activity-dependent synaptogenesis: regulation by a CaM-kinase
kinase/CaM-kinase I/betaP1X signaling complex. Neuron 57(1):94-107.

Sarmiere PD and Bamburg JR (2004) Regulation of the neuronal actin cytoskeleton by
ADF/cofilin. J Neurobiol 58(1):103-17.

217



Sathish K, Padma B, Munugalavadla V, Bhargavi V, Radhika KV, Wasia R, Sairam M,
and Singh SS (2004) Phosphorylation of profilin regulates its interaction with actin and
poly (L-proline). Cell Signal 16(5):589-96.

Satoh A, Nakanishi H, Obaishi H, Wada M, Takahashi K, Satoh K, Hirao K, Nishioka H,
Hata Y, Mizoguchi A, and Takai Y (1998) Neurabin-Il/spinophilin. An actin filament-
binding protein with one pdz domain localized at cadherin-based cell-cell adhesion sites.
J Biol Chem 273(6):3470-5.

Schikorski T and Stevens CF (1997) Quantitative ultrastructural analysis of hippocampal
excitatory synapses. J Neurosci 17(15):5858-67.

Schratt GM, Tuebing F, Nigh EA, Kane CG, Sabatini ME, Kiebler M, and Greenberg ME
(2006) A brain-specific microRNA regulates dendritic spine development. Nature
439(7074):283-9.

Segal M (2005) Dendritic spines and long-term plasticity. Nat Rev Neurosci 6(4):277-84.

Shankar GM, Bloodgood BL, Townsend M, Walsh DM, Selkoe DJ, and Sabatini BL
(2007) Natural oligomers of the Alzheimer amyloid-beta protein induce reversible
synapse loss by modulating an NMDA-type glutamate receptor-dependent signaling
pathway. J Neurosci 27(11):2866-75.

Shao J, Welch WJ, Diprospero NA, and Diamond M1 (2008) Phosphorylation of profilin
by ROCK1 regulates polyglutamine aggregation. Mol Cell Biol 28(17):5196-208.

Sheng M and Pak DT (2000) Ligand-gated ion channel interactions with cytoskeletal and
signaling proteins. Annu Rev Physiol 62:755-78.

Shi Y and Ethell IM (2006) Integrins control dendritic spine plasticity in hippocampal
neurons through NMDA receptor and Ca2+/calmodulin-dependent protein kinase 11-
mediated actin reorganization. J Neurosci 26(6):1813-22.

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

Shirao T, Hayashi K, Ishikawa R, Isa K, Asada H, Ikeda K, and Uyemura K (1994)
Formation of thick, curving bundles of actin by drebrin A expressed in fibroblasts. Exp
Cell Res 215(1):145-53.

Singh S, Powell DW, Rane MJ, Millard TH, Trent JO, Pierce WM, Klein JB, Machesky
LM, and McLeish KR (2003) Identification of the p16-Arc subunit of the Arp 2/3
complex as a substrate of MAPK-activated protein kinase 2 by proteomic analysis. J Biol
Chem 278(38):36410-7.

218



Sjoblom B, Salmazo A, and Djinovic-Carugo K (2008) Alpha-actinin structure and
regulation. Cell Mol Life Sci 65(17):2688-701.

Smart FM and Halpain S (2000) Regulation of dendritic spine stability. Hippocampus
10(5):542-54.

Smith MA, Ellis-Davies GC, and Magee JC (2003) Mechanism of the distance-dependent
scaling of Schaffer collateral synapses in rat CA1 pyramidal neurons. J Physiol 548(Pt
1):245-58.

Soh UJ, Dores MR, Chen B, and Trejo J (2010) Signal transduction by protease-activated
receptors. Br J Pharmacol 160(2):191-203.

Sohn RH, Chen J, Koblan KS, Bray PF, and Goldschmidt-Clermont PJ (1995)
Localization of a binding site for phosphatidylinositol 4,5-bisphosphate on human
profilin. J Biol Chem 270(36):21114-20.

Sorra KE and Harris KM (1998) Stability in synapse number and size at 2 hr after long-
term potentiation in hippocampal area CAL. J Neurosci 18(2):658-71.

Sorra KE and Harris KM (2000) Overview on the structure, composition, function,
development, and plasticity of hippocampal dendritic spines. Hippocampus 10(5):501-11.

Stern S, Debre E, Stritt C, Berger J, Posern G, and Knoll B (2009) A nuclear actin
function regulates neuronal motility by serum response factor-dependent gene
transcription. J Neurosci 29(14):4512-8.

Stossel TP (1993) On the crawling of animal cells. Science 260(5111):1086-94.

Suetsugu S, Miki H, and Takenawa T (2002) Spatial and temporal regulation of actin
polymerization for cytoskeleton formation through Arp2/3 complex and WASP/WAVE
proteins. Cell Motil Cytoskeleton 51(3):113-22.

Sumi T, Matsumoto K, Takai Y, and Nakamura T (1999) Cofilin phosphorylation and
actin cytoskeletal dynamics regulated by rho- and Cdc42-activated LIM-kinase 2. J Cell
Biol 147(7):1519-32.

Suzuki K, Yamaguchi T, Tanaka T, Kawanishi T, Nishimaki-Mogami T, Yamamoto K,
Tsuji T, Irimura T, Hayakawa T, and Takahashi A (1995) Activation induces
dephosphorylation of cofilin and its translocation to plasma membranes in neutrophil-like
differentiated HL-60 cells. J Biol Chem 270(33):19551-6.

Takahashi H, Yamazaki H, Hanamura K, Sekino Y, and Shirao T (2009) Activity of the

AMPA receptor regulates drebrin stabilization in dendritic spine morphogenesis. J Cell
Sci 122(Pt 8):1211-9.

219



Takasu MA, Dalva MB, Zigmond RE, and Greenberg ME (2002) Modulation of NMDA
receptor-dependent calcium influx and gene expression through EphB receptors. Science
295(5554):491-5.

Takenawa T and Suetsugu S (2007) The WASP-WAVE protein network: connecting the
membrane to the cytoskeleton. Nat Rev Mol Cell Biol 8(1):37-48.

Takumi Y, Ramirez-Leon V, Laake P, Rinvik E, and Ottersen OP (1999) Different modes
of expression of AMPA and NMDA receptors in hippocampal synapses. Nat Neurosci
2(7):618-24.

Tanaka J, Horiike Y, Matsuzaki M, Miyazaki T, Ellis-Davies GC, and Kasai H (2008)
Protein synthesis and neurotrophin-dependent structural plasticity of single dendritic
spines. Science 319(5870):1683-7.

Theriot JA and Mitchison TJ (1993) The three faces of profilin. Cell 75(5):835-8.

Tolias KF, Bikoff JB, Kane CG, Tolias CS, Hu L, and Greenberg ME (2007) The Racl
guanine nucleotide exchange factor Tiam1 mediates EphB receptor-dependent dendritic
spine development. Proc Natl Acad Sci U S A 104(17):7265-70.

Toni N, Buchs PA, Nikonenko I, Bron CR, and Muller D (1999) LTP promotes formation
of multiple spine synapses between a single axon terminal and a dendrite. Nature
402(6760):421-5.

Torii N, Kamishita T, Otsu Y, and Tsumoto T (1995) An inhibitor for calcineurin, FK506,
blocks induction of long-term depression in rat visual cortex. Neurosci Lett 185(1):1-4.

Torsoni AS, Marin TM, Velloso LA, and Franchini KG (2005) RhoA/ROCK signaling is
critical to FAK activation by cyclic stretch in cardiac myocytes. Am J Physiol Heart Circ
Physiol 289(4):H1488-96.

Trachtenberg JT, Chen BE, Knott GW, Feng G, Sanes JR, Welker E, and Svoboda K
(2002) Long-term in vivo imaging of experience-dependent synaptic plasticity in adult
cortex. Nature 420(6917):788-94.

Traynelis SF, Wollmuth LP, McBain CJ, Menniti FS, Vance KM, Ogden KK, Hansen
KB, Yuan H, Myers SJ, Dingledine R, and Sibley D (2010) Glutamate receptor ion
channels: structure, regulation, and function. Pharmacol Rev 62(3):405-96.

Uruno T, Liu J, Zhang P, Fan Y, Egile C, Li R, Mueller SC, and Zhan X (2001)
Activation of Arp2/3 complex-mediated actin polymerization by cortactin. Nat Cell Biol
3(3):259-66.

220



Vadlamudi RK, Li F, Barnes CJ, Bagheri-Yarmand R, and Kumar R (2004) p41-Arc
subunit of human Arp2/3 complex is a p21-activated kinase-1-interacting substrate.
EMBO Rep 5(2):154-60.

van Galen EJ and Ramakers GJ (2005) Rho proteins, mental retardation and the
neurobiological basis of intelligence. Prog Brain Res 147:295-317.

Vemuri B and Singh SS (2001) Protein kinase C isozyme-specific phosphorylation of
profilin. Cell Signal 13(6):433-9.

Wachsstock DH, Schwartz WH, and Pollard TD (1993) Affinity of alpha-actinin for actin
determines the structure and mechanical properties of actin filament gels. Biophys J
65(1):205-14.

Wang P and DeFea KA (2006) Protease-activated receptor-2 simultaneously directs beta-
arrestin-1-dependent inhibition and Galphag-dependent activation of phosphatidylinositol
3-kinase. Biochemistry 45(31):9374-85.

Wang XB, Bozdagi O, Nikitczuk JS, Zhai ZW, Zhou Q, and Huntley GW (2008)
Extracellular proteolysis by matrix metalloproteinase-9 drives dendritic spine
enlargement and long-term potentiation coordinately. Proc Natl Acad Sci U S A
105(49):19520-5.

Wang Y, Shibasaki F, and Mizuno K (2005) Calcium signal-induced cofilin
dephosphorylation is mediated by Slingshot via calcineurin. J Biol Chem 280(13):12683-
9.

Wang Z, Edwards JG, Riley N, Provance DW, Jr., Karcher R, Li XD, Davison IG, Ikebe
M, Mercer JA, Kauer JA, and Ehlers MD (2008) Myosin Vb mobilizes recycling
endosomes and AMPA receptors for postsynaptic plasticity. Cell 135(3):535-48.

Weaver AM, Karginov AV, Kinley AW, Weed SA, Li Y, Parsons JT, and Cooper JA
(2001) Cortactin promotes and stabilizes Arp2/3-induced actin filament network
formation. Curr Biol 11(5):370-4.

Webb DJ, Zhang H, Majumdar D, and Horwitz AF (2007) alpha5 integrin signaling
regulates the formation of spines and synapses in hippocampal neurons. J Biol Chem
282(10):6929-35.

Wegner AM, Nebhan CA, Hu L, Majumdar D, Meier KM, Weaver AM, and Webb DJ
(2008) N-wasp and the arp2/3 complex are critical regulators of actin in the development
of dendritic spines and synapses. J Biol Chem 283(23):15912-20.

221



Welch MD, DePace AH, Verma S, lwamatsu A, and Mitchison TJ (1997) The human
Arp2/3 complex is composed of evolutionarily conserved subunits and is localized to
cellular regions of dynamic actin filament assembly. J Cell Biol 138(2):375-84.

Wen Z, Guirland C, Ming GL, and Zheng JQ (2004) A CaMKIl/calcineurin switch
controls the direction of Ca(2+)-dependent growth cone guidance. Neuron 43(6):835-46.

Wenzel A, Fritschy JM, Mohler H, and Benke D (1997) NMDA receptor heterogeneity
during postnatal development of the rat brain: differential expression of the NR2A,
NR2B, and NR2C subunit proteins. J Neurochem 68(2):469-78.

Wilkinson DG (2001) Multiple roles of EPH receptors and ephrins in neural development.
Nat Rev Neurosci 2(3):155-64.

Winder DG and Sweatt JD (2001) Roles of serine/threonine phosphatases in hippocampal
synaptic plasticity. Nat Rev Neurosci 2(7):461-74.

Woodrum DT, Rich SA, and Pollard TD (1975) Evidence for biased bidirectional
polymerization of actin filaments using heavy meromyosin prepared by an improved
method. J Cell Biol 67(1):231-7.

Wu LJ, Ren M, Wang H, Kim SS, Cao X, and Zhuo M (2008) Neurabin contributes to
hippocampal long-term potentiation and contextual fear memory. PL0oS One 3(1):e1407.

Xiao K, Sun J, Kim J, Rajagopal S, Zhai B, Villen J, Haas W, Kovacs JJ, Shukla AK,
Hara MR, Hernandez M, Lachmann A, Zhao S, Lin Y, Cheng Y, Mizuno K, Ma'ayan A,
Gyqgi SP, and Lefkowitz RJ (2010) Global phosphorylation analysis of beta-arrestin-
mediated signaling downstream of a seven transmembrane receptor (7TMR). Proc Natl
Acad Sci U S A 107(34):15299-304.

Xie Z, Srivastava DP, Photowala H, Kai L, Cahill ME, Woolfrey KM, Shum CY,
Surmeier DJ, and Penzes P (2007) Kalirin-7 controls activity-dependent structural and
functional plasticity of dendritic spines. Neuron 56(4):640-56.

Xu NJ and Henkemeyer M (2009) Ephrin-B3 reverse signaling through Grb4 and
cytoskeletal regulators mediates axon pruning. Nat Neurosci 12(3):268-76.

Yahara I, Aizawa H, Moriyama K, lida K, Yonezawa N, Nishida E, Hatanaka H, and
Inagaki F (1996) A role of cofilin/destrin in reorganization of actin cytoskeleton in
response to stresses and cell stimuli. Cell Struct Funct 21(5):421-4.

Yan Z, Hsieh-Wilson L, Feng J, Tomizawa K, Allen PB, Fienberg AA, Nairn AC, and
Greengard P (1999) Protein phosphatase 1 modulation of neostriatal AMPA channels:
regulation by DARPP-32 and spinophilin. Nat Neurosci 2(1):13-7.

222



Yang N, Higuchi O, Ohashi K, Nagata K, Wada A, Kangawa K, Nishida E, and Mizuno
K (1998) Cofilin phosphorylation by LIM-kinase 1 and its role in Rac-mediated actin
reorganization. Nature 393(6687):809-12.

Yang YC, Ma YL, Chen SK, Wang CW, and Lee EH (2003) Focal adhesion kinase is
required, but not sufficient, for the induction of long-term potentiation in dentate gyrus
neurons in vivo. J Neurosci 23(10):4072-80.

Yates PA, Roskies AL, McLaughlin T, and O'Leary DD (2001) Topographic-specific
axon branching controlled by ephrin-As is the critical event in retinotectal map
development. J Neurosci 21(21):8548-63.

Yonezawa N, Homma Y, Yahara I, Sakai H, and Nishida E (1991) A short sequence
responsible for both phosphoinositide binding and actin binding activities of cofilin. J
Biol Chem 266(26):17218-21.

Yonezawa N, Nishida E, Koyasu S, Maekawa S, Ohta Y, Yahara |, and Sakai H (1987)
Distribution among tissues and intracellular localization of cofilin, a 21kDa actin-binding
protein. Cell Struct Funct 12(5):443-52.

Yu XM and Salter MW (1999) Src, a molecular switch governing gain control of
synaptic transmission mediated by N-methyl-D-aspartate receptors. Proc Natl Acad Sci U
S A 96(14):7697-704.

YuY, Zhang L, Yin X, Sun H, Uhl GR, and Wang JB (1997) Mu opioid receptor
phosphorylation, desensitization, and ligand efficacy. J Biol Chem 272(46):28869-74.

Yuste R and Bonhoeffer T (2001) Morphological changes in dendritic spines associated
with long-term synaptic plasticity. Annu Rev Neurosci 24:1071-89.

Yuste R and Bonhoeffer T (2004) Genesis of dendritic spines: insights from
ultrastructural and imaging studies. Nat Rev Neurosci 5(1):24-34.

Zalevsky J, Lempert L, Kranitz H, and Mullins RD (2001) Different WASP family
proteins stimulate different Arp2/3 complex-dependent actin-nucleating activities. Curr
Biol 11(24):1903-13.

Zeron MM, Hansson O, Chen N, Wellington CL, Leavitt BR, Brundin P, Hayden MR,
and Raymond LA (2002) Increased sensitivity to N-methyl-D-aspartate receptor-
mediated excitotoxicity in a mouse model of Huntington's disease. Neuron 33(6):849-60.

Zhai J, Lin H, Nie Z, Wu J, Canete-Soler R, Schlaepfer WW, and Schlaepfer DD (2003)
Direct interaction of focal adhesion kinase with p190RhoGEF. J Biol Chem
278(27):24865-73.

223



Zhang H, Webb DJ, Asmussen H, Niu S, and Horwitz AF (2005) A GIT1/PIX/Rac/PAK
signaling module regulates spine morphogenesis and synapse formation through MLC. J
Neurosci 25(13):3379-88.

Zhang J, Ferguson SS, Barak LS, Aber MJ, Giros B, Lefkowitz RJ, and Caron MG
(1997) Molecular mechanisms of G protein-coupled receptor signaling: role of G protein-
coupled receptor kinases and arrestins in receptor desensitization and resensitization.
Receptors Channels 5(3-4):193-9.

Zhang J, Ferguson SS, Barak LS, Menard L, and Caron MG (1996) Dynamin and beta-
arrestin reveal distinct mechanisms for G protein-coupled receptor internalization. J Biol
Chem 271(31):18302-5.

Zhou L, Martinez SJ, Haber M, Jones EV, Bouvier D, Doucet G, Corera AT, Fon EA,
Zisch AH, and Murai KK (2007) EphA4 signaling regulates phospholipase Cgammal
activation, cofilin membrane association, and dendritic spine morphology. J Neurosci
27(19):5127-38.

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

Zimmer M, Palmer A, Kohler J, and Klein R (2003) EphB-ephrinB bi-directional
endocytosis terminates adhesion allowing contact mediated repulsion. Nat Cell Biol
5(10):869-78.

Ziv NE and Garner CC (2004) Cellular and molecular mechanisms of presynaptic
assembly. Nat Rev Neurosci 5(5):385-99.

Ziv NE and Smith SJ (1996) Evidence for a role of dendritic filopodia in synaptogenesis
and spine formation. Neuron 17(1):91-102.

Zoudilova M, Kumar P, Ge L, Wang P, Bokoch GM, and DeFea KA (2007) Beta-
arrestin-dependent regulation of the cofilin pathway downstream of protease-activated
receptor-2. J Biol Chem 282(28):20634-46.

Zoudilova M, Min J, Richards HL, Carter D, Huang T, and DeFea KA (2010) beta-
Aurrestins scaffold cofilin with chronophin to direct localized actin filament severing and
membrane protrusions downstream of protease-activated receptor-2. J Biol Chem
285(19):14318-29.

224



	1_2010_12_08_1_TitlePage
	2_2010_12_08_2_CopyrightPage
	3_2010_12_08_3_ApprovalPage
	4_2010_12_08_4_Acknowledgements
	5_2010_12_08_5_Dedication
	6_2010_12_08_6_Abstract
	7_2010_12_08_7_TableContents 
	8_2010_12_08_8_Lists
	9_2010_12_08_Abbreviations
	2010_12_08_DissertationCP_Figures_Chapter1.pdf
	Figure1-1
	Figure1-1_Image2
	Figure1-2
	Figure1-2_Image2
	Figure1-3
	Figure1-3_Image2
	Figure1-4
	Figure1-4_Image2
	Figure1-5
	Figure1-5_Image2
	Figure1-6
	Figure1-6_Image2
	Figure1-7
	Figure1-7_Image2

	2010_12_08_DissertationCP_Figures_Chapter4.pdf
	Figure4-1
	Figure4-1_Image3
	Figure4-2
	Figure4-2_Image3
	Figure4-3
	Figure4-3_Image3
	Figure4-4
	Figure4-4_Image3
	Figure4-5
	Figure4-5_Image3
	Figure4-6
	Figure4-6_Image3
	Figure4-7
	Figure4-7_Image3
	Figure4-8
	Figure4-8_Image3
	Figure4-9
	Figure4-9_Image3

	2010_12_08_DissertationCP_Figures_Chapter3.pdf
	Figure3-1
	Figure3-1_Image3
	Figure3-2
	Figure3-2_Image3
	Figure3-3
	Figure3-3_Image3
	Figure3-4
	Figure3-4_Image3
	Figure3-5
	Figure3-5_Image3
	Figure3-6
	Figure3-6_Image3
	Figure3-7
	Figure3-7_Image3
	Figure3-8
	Figure3-8_Image3
	Figure3-9
	Figure3-9_Image2

	2010_12_08_DissertationCP_Figures_Chapter2.pdf
	Figure2-1
	Figure2-1_Image4
	Figure2-2
	Figure2-2_Image3
	Figure2-3
	Figure2-3_Image4
	Figure2-4
	Figure2-4_Image3
	Figure2-5
	Figure2-5_Image4
	Figure2-6
	Figure2-6_Image4
	Figure2-7
	Figure2-7_Image3

	2010_12_08_PreliminaryPages.pdf
	1_2010_12_08_1_TitlePage
	2_2010_12_08_2_CopyrightPage
	3_2010_12_08_3_ApprovalPage
	4_2010_12_08_4_Acknowledgements
	5_2010_12_08_5_Dedication
	6_2010_12_08_6_Abstract
	7_2010_12_08_7_TableContents 
	8_2010_12_08_8_Lists
	9_2010_12_08_Abbreviations




