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Abstract 

Several lines of evidence suggest that Arp2/3 may play a role in regulating dendritic 

spine morphology.  First, inhibition of the Arp2/3 activators N-WASP, Cortactin, and 

Wave alters spine morphology and density (Racz and Weinberg 2004, Pipel and Segal 

2005, Soderling et al. 2007b, Wegner et al. 2008).  Second, electron microscopy of 

dendritic spines revealed that the actin filaments within the spine head appear to be 

organized in "Y" shaped branches (Fifkova and Delay 1982).  Since, Arp2/3 is the only 

complex known to make "Y" branched actin filaments, the presence of such branches in 

spine heads strongly suggests that Arp2/3 is involved in actin polymerization in spines.  

Consequently, the general hypothesis for my doctoral work is that if Arp2/3 is a major 

regulator of dendritic spine morphology, then Arp2/3 will be enriched in dendritic spines 

heads and inhibition of Arp2/3 activity will alter the number and/or morphology of 

dendritic spines.  Our results show Arp2/3 localization within the dendritic spine heads of 

cultured hippocampal neurons.  However, we observed Arp2/3 redistribution within 

dendritic shafts in response to induced synaptic activity.  Temporal inhibition of Arp2/3 

function during dendritic spine development showed severe morphological consequence 

in mature cultures.    Finally, in collaboration with Dr. Robert Meller of Dow 

Neurobiology Laboratory at Legacy Research, Legacy Health in Portland Oregon, we 

show that Arp2/3 has a neuroprotective role of in ischemia tolerance. 
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CHAPTER 1   Introduction 

 

Pre- and post-synaptic targeting in the CNS 

 Efficient excitatory synaptic transmission in the central nervous system is 

important for learning and memory and requires proper synapse development.  

Development of excitatory synapses in the CNS often occurs in several steps: 1) axons 

respond to guidance cues, 2) proper axon-target contact, 3) recruitment of pre- and post-

synaptic proteins to sites of synaptic contact, 4) spinogenesis and 5) maturation of 

dendritic spines.  

During the development of the nervous system neurons extend two types of   

process, axons and dendrites.  At the end of both axons and dendrites there are 

specialized tips known as growth cones, which are highly motile structures that can 

explore, navigate and advance through the extracellular environment.  Growth cone 

motility is mediated by polymerization and depolymerization of its cytoskeletal structures 

and guidance signals the growth cone encounters (Lowery and Van Vactor 2009).  Actin 

and microtubules are the major cytoskeletal components within growth cones that 

provide structural support.  Arrangement of these cytoskeletal structures defines different 

regions within the growth cone.   

 The peripheral region is the most distal and dynamic part of migrating growth 

cones.  It contains finger-like projections called filopodia that explore the surrounding 

extracellular environment, and veil-like lamellipodium that separate the filopodia 

projections (Bouquet and Nothias 2007).  Both filopodia and lamellipodium are actin rich 
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structures, where F-actin bundles form the filopodia and branched F-actin networks give 

lamellipodium their veil-like structure (Cohan 2003, Strasser et al. 2004).  F-actin 

bundles have closely packed arrays of f-actin that run in parallel, whereas, in networks 

the branches of f-actin crisscross and are loosely packed.    

The central domain of growth cones is composed mostly of dynamic microtubules 

that extend from the axon or dendrite shaft.  The transition zone of the growth cone is 

located between the peripheral region and the central domain.  The transition zone is 

enriched with myosin motor proteins that contract F-actin network and induce formation 

of F-actin arcs, which regulate microtubule advancement (Lowery and Van Vactor 2009).  

The F-actin structures are critical for neuronal growth cones guidance and CNS 

development.  F-actin structures can sense guidance cues, interact with microtubules and 

assist in growth cone steering towards intended targets (Cohan 2003).   Axons are guided 

along the way by their response to short-range and long-range guidance cues (O'Donnell 

et al. 2009), which can be attractive or repellent to the growth cone.  While following 

guidance cues, growth cones can establish transient contacts with many potential targets.   

However, these transient contacts can develop into stable synapses depending on the 

arrangement of proteins recruited to the pre- and post-synaptic sites of contact.   

Several families of adhesion proteins are involved in many of the processes 

important in establishing excitatory synaptic transmission (Gerrow and El-Husseini 

2006).  For example, families of cell adhesion molecules (CAMs) are diffusely expressed 

on both pre- and post-synaptic membranes, but undergo specific localization to the sites 



 

 3 

of axon-target contact and mediate recruitment of other pre- and post-synaptic molecules 

(Lardi-Studler and Fritschy 2007). 

One of the best-studied families of CAMs is cadherins.  They are calcium 

dependent transmembrane glycoproteins that generally play important roles in the tissue 

formation of developing embryos.  Cadherins can form homophilic interactions via their 

variable N-terminus cadherin extracellular domains.  The intracellular C-terminus domain 

is conserved among cadherins and contains a β-catenin binding domain.  β-catenin 

interacts with intercellular α-catenin, which in turn links the cadherin/catenin complex 

with the actin cytoskeleton.  N-cadherin, a neuronal cadherin that is localized to both the 

presynaptic and postsynaptic membrane of excitatory synapses, is important for 

neurulation and neuronal migration (Huntley G.W. 2002).  Blocking of N-cadherin 

function by antibody addition to the chick retino-tectal system leads to retino-ganglion 

cells missing intended target and formation of aberrant synapses (Inoue and Sanes 1997).  

Thus, N-cadherins seem to be necessary for target recognition.  

 In dendritic filopodia, N-cadherin has widely diffused localization, but upon 

initial contact with axons, the cadherin-catenin complex accumulates to sites of contact 

providing stability by enlarging contact area (Ranscht 2000, Takeichi and Abe 2005).  

The N-cadherin/β-catenin complex can bind PDZ domain proteins and recruit PDZ 

domain proteins to the synapse (Lardi-Studler and Fritschy 2007).   In addition, N-

cadherin/β-catenin complex interacts with GTPase activating protein RICS, which 

activates Cdc42 and Rac 1 to induce rearrangement of the postsynaptic actin cytoskeleton 

(Okabe et al. 2002) perhaps by mediating actin binding proteins function.   For example, 
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the Arp2/3 actin-binding protein complex interacts directly with the cadherin-catenin 

complex and participates in formation of cadherin mediated adherens junctions (Kovacs 

et al. 2002, Bershadsky 2004).   Adherens junctions are structures that are formed by 

homophilic interaction between transmembrane adhesion proteins that allow neighboring 

cells to adhere and facilitate communication between cells and their environments.  

Formation of cadherin-mediated adherens junctions resembles the process of synapse 

assembly in that both events involve cell-cell interactions that are accompanied by 

remodeling of the actin cytoskeleton (Bershadsky 2004).  Thus, the Arp2/3 complex may 

play a similar role in the remodeling of the actin cytoskeleton that occurs as a result of 

the excitatory synapse assembly, maturation and plasticity. 

Another widely studied family of CAMs that are important in axon guidance, 

target recognition and recruitment of proteins to synaptic sites is the ephrins and their 

Eph receptors.  The Eph receptor-ephrin ligand interaction mediates many cell-cell 

interactions in the nervous system.  Ephrin B ligands are transmembrane bound proteins 

that are found on the surface of presynaptic membranes.   EphB receptors are 

transmembrane bound proteins that are localized to the postsynaptic membrane.  The 

extracellular N-terminus of the EphB receptor is highly conserved and interacts with the 

ephrin ligand.  A cysteine-rich domain and two fibronectin repeats follow the ligand-

binding region.  The fibronectin repeats are involved in EphB receptor dimerization and 

interaction with other proteins, such as integrins.  The intercellular C-terminus of EphB 

receptor contains a PDZ binding domain that helps tether EphB-ephrin ligand signaling to 

PDZ proteins.  EphrinB/ephrin interaction promotes spine synapse formation by 
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recruitment of PDZ domain containing proteins to the synapse (Irie and Yamaguchi 

2004).  Interestingly, the EphB2 receptor regulates dendritic spine development via 

interactions with an adaptor protein involved in clathrin mediated endocytosis, 

intersectin, cdc42 and the Arp2/3 actin-binding protein complex activator, N-WASP (Irie 

F. 2002), suggesting Arp2/3 involvement in dendritic spine development.  

 

 

Molecular composition of the excitatory post-synaptic compartment 

Excitatory glutamatergic synapses are made onto the surface of dendritic spines.  

The postsynaptic membranes of glutamatergic synapses contain an underlying dense 

matrix, called the postsynaptic density (PSD, figure 2).  Biochemical purification of the 

PSD has identified an enrichment of ionotropic glutamate receptors (NMDAR and 

AMPAR), receptor tyrosine kinases, G-protein coupled receptors, ion channels, 

cytoskeleton proteins and cell adhesion molecules that are all held in place by association 

with scaffolding proteins. Thus, the PSD contains the materials necessary for 

postsynaptic signaling and plasticity.  

Na+ and K+ ion channels in the PSD mediate depolarization of the postsynaptic 

membrane and backpropagation of action potentials to the soma (Araya R. 2007, Sheng 

M. 2007).  K+ ion channels at cell membrane resting potential are leaky, causing slight 

increase in K+ conductance across the membrane leading to minor depolarization, 

opening Na+
V  channels and increase electrochemical drive for Na+ conductance into the 

postsynaptic membrane, which leads to increase depolarization of the membrane.  
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Increase in depolarization contributes to release voltage dependent Mg2+ block from 

NMDAR. 

NMDAR and AMPAR are permeable to Ca2+, Na+, and K+.  Both NMDAR and 

AMPAR require glutamate neurotransmitter release from presynaptic vesicles and 

binding to glutamate binding sites.  Once glutamate is bound, NMDAR and AMPAR 

become permeable to Na+ influx and K+ efflux, which leads to depolarization of the 

postsynaptic membrane.  However, NMDAR become permeable to the influx of Ca2+ 

when concurrent glutamate binding to NMDAR and sufficient depolarization post-

synaptic membrane relieve Mg2+ blockade from NMDAR.  AMPAR do not exhibit 

voltage dependent Mg2+ blockade and are less permeable to Ca2+ than NMDAR.   Influx 

of Ca2+ is supplemented by the activation of voltage gated Ca2+ channels that open as a 

result of a strong depolarization across the postsynaptic membrane.   

As a result of Ca2+ influx, intracellular Ca2+ increases and activates Ca2+ - 

dependent kinases, such as calmodulin-dependent kinase II (CaM Kinase II), which has 

an important role in induction of long-term potentiation (Lee et al. 2009).  CaM Kinase II 

can bind directly to NMDAR and activate a cascade of kinases.  These kinases eventually 

lead to phosphorylation, activation and nuclear translocation of transcription factors, such 

as CREB, that transcribes genetic material for the production of proteins required for 

enhanced synaptic activity.  

Increase in intercellular Ca2+ can also activate several guanine-nucleotide 

exchange factors (Block et al.), which activate several small GTPase signaling molecules, 

such as Ras and Rac1.  These small GTPAses signaling molecule are responsible for the 
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activation signaling pathways that activate multiple transcription factors or modulate 

actin dynamics downstream of post-synaptic activity.  For example, the MAPK/ERK 

pathway is activated by Ras activation of multiple transcription factors (Cullen P.J. 2002, 

Sheng and Kim 2007).   In addition, Kalirin7, a Rho GEF, is activated by interaction with 

PDZ domain containing proteins, such as PSD-95, and activates Rac1(Penzes P. 2001).  

Activated Rac1 leads to activation of ADF/cofilin, an actin depolymerizing proteins, and 

WAVE (WASP family verprolin-homologous protein, an Arp2/3actin-binding protein 

complex activator) (Ethell and Pasquale 2005), suggesting that  Arp2/3 complex  

dynamics may be modulated by post-synaptic activity.   

Metabotropic Glutamate receptors indirectly contribute to the increase in 

intercellular Ca2+ concentration.  mGlutamate receptors are G-protein coupled receptors 

that activate phosphoinositide-specific phospholipase C (PLC), which leads to formation 

of membrane diacylglycerol (Huntley G.W.) and soluble inositol 1,4,5-triposphate 

(Ins(1,4,5)IP3), which stimulates the release of Ca2+ from the endoplasmic reticulum 

(Topolnik L. 2005).  mGlutamate receptors, NMDAR and AMPAR are held at the PSD 

by interaction with a complex of scaffold proteins, PSD-95, GKAP, Homer, and ShanK 

(Naisbitt S. 1999, Sheng M. 2007).  Shank proteins are linked to the actin cytoskeleton 

through interaction with cortactin (another Arp2/3 complex activator), suggesting that the 

Arp2/3 complex responds to changes of the glutamate receptors activity and may be 

important in mediating actin dynamics that underlie the changes in dendritic spine 

morphology. 
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What are dendritic spines? 

 Dendritic spines are micron-sized protrusions that extend from the surface of 

dendrites of most excitatory neurons in the central nervous system (figure 1).  Dendritic 

spines compose the individual postsynaptic components of excitatory synapses but 

information from these individual postsynaptic compartments can integrate into neuronal 

circuits.  Actin is the major cytoskeletal component within dendritic spines and is 

believed to provide the structure and support that is necessary to maintain dendritic spine 

head morphology.  Although, the prototypical mature spine is characterized by having a 

short skinny neck that extend from the surface of dendrites and large bulbous head which 

contains an electron dense structure called the post-synaptic density (PSD, figure 2) 

located juxtaposed to the active zone of the pre-synaptic terminal, dendritic spines can 

have a wide range of shapes and sizes depending on the developmental state and synaptic 

activity of the spines (Hayashi and Majewska 2005).   

 A variety of membrane bound proteins (ligand-gated, second messenger-gated ion 

receptors and cell adhesion molecules) are concentrated in the PSD (figure 2).   Large 

arrays of scaffolding proteins tether the membrane-bound receptors to the underlying 

actin cytoskeleton and signaling proteins within the spine heads (figure 2) suggesting that 

changes in synaptic activity not only modulate the conformation of membrane bound 

receptors but may also induce changes in the activity of signaling cascades that can 

modulate actin-binding proteins and actin cytoskeleton dynamics within dendritic spines 

(Alvarez and Sabatini 2007).  
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Figure 1 Dendritic spine morphology can
vary and is dependent on the stage of
development of the spines and synaptic
activity. Immature spines are precursors to
mature spine. Immature spines have
morphology similar to filopodia. (A) Mature
spines are named according to their apparent
morphology as indicated. (Figure modified
from Progress in Neurobiology (2005)
75:161-205)
(B) Expression of EGFP reveals that by 14DIV primary hippocampal cultures can show a
variety of dendritic spine morphology within a single segment of dendrite shaft. Scale bar
10µm. (C) Tracing of (B) highlighting the different dendritic spine morphologies.
(Maldonado M., unpublished)
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Figure 2   Dendritic spines are the postsynaptic terminals of excitatory 
synapses.  The surface of dendritic spine heads contains an assortment of 
membrane bound proteins, including NMDA and AMPA receptors, that are 
anchored to a dense matrix called the post-synaptic density (PSD, shown in 
pink).  Below the PSD lie a myriad of proteins and signaling molecules that 
relay the activity of membrane bound proteins and induce changes on the 
underlying actin cytoskeleton.  Arp2/3 is an actin-binding protein that is 
able to make y-shaped branched actin filaments.  The general hypothesis of 
my doctoral work is that these y-shaped branches of f-actin may be 
important in providing the structural support necessary for maintaining an 
enlarged spine head.  (Figure modified from Physiology (2006) 21:38-47). 
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Why are dendritic spines important? 

 Dendritic spines increase the surface area of synaptic contact.  The size of 

dendritic spines correlates with the size of the synapse and with the presence of a-amino-

3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors (Matsuzaki et al. 

2001).  In most regions of the developing brain dendritic spine formation occurs within 

the first few weeks after birth (Yuste and Bonhoeffer 2004).  However, the development 

of dendritic spines is impaired in neurodevelopmental disorders characterized by mental 

retardation (Johnston et al. 2009).  People with Fragile X, the most common form of 

inheritable mental retardation, have abnormally long and thin spines with an increase in 

density (Wisniewski et al. 1991) where as people with trisonomy 21 (Down’s syndrome) 

show a decreases in spine density in both the neocortex and hippocampus (Ferrer and 

Gullotta 1990, Takashima et al. 1994).  

 Aberrant spine morphology and density have also been associated with other 

neurological conditions such as aging, Alzheimer’s, schizophrenia, bipolar disorder, 

depression, and epilepsy (Fiala et al. 2002, Blanpied and Ehlers 2004, McKinney et al. 

2005, Wong 2005), suggesting that dendritic spine morphology and number are important 

for proper cognitive function.  

 Dendritic spines and synapses remain motile throughout adulthood and can 

undergo spinogenesis, pruning, and remodeling in response to synaptic activity, learning 

and memory formation, hormonal changes, and aging (McKinney et al. 2005, Dickstein 

et al. 2007).   During normal aging, the reduction in dendrite arborization and length, is 

combined with a loss of spines, synapses, and decrease levels of AMPAR and NMDAR, 
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which lead to reduced frequency and amplitude of spontaneous excitatory post synaptic 

currents (EPSCs) (Dickstein et al. 2007).   

Since dendritic spines are important post-synaptic sites for excitatory synapses in 

the CNS, it is not surprising that abnormalities in spine morphology and density have a 

negative consequence on the formation of excitatory synapse formation and cognitive 

function.  Any information that could increase our knowledge of the dynamics that 

govern the architecture of dendritic spines would be of great benefit to our current 

understanding of cognitive function and excitatory synaptic transmission.  

 

 

Dendritic spine development 

Filopodia-like protruding structures on the surface of dendrites are thought to be 

the precursors for mature dendritic spines.   However, current literature has proposed 

three models to describe spinogenesis (figure 3):  1) synaptic contact from the pre-

synaptic component induces changes within the filopodium precursor, which leads to 

development of mature spine head; 2) filopodium precursor is slowly undergoing 

maturation, but synaptic contact from the pre-synaptic component induces acceleration in 

maturation of spines; and 3) pre-synaptic component of the synapse comes into direct 

contact with the dendritic shaft and induce development of mature spine (Sorra and 

Harris 2000, Ethell and Pasquale 2005).  Although, each of these three models describes 

a distinct origin for dendritic spines, the processes may occur concurrently.   
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The major hallmark for synapse maturation is the transformation of the immature 

glutamatergic postsynaptic compartment into a mature dendritic spine.  Various mature 

spine morphologies have been observed in fixed brain tissue, but are generally classified 

into four types according to morphological appearance (figure 1):  thin (slender neck and 

small head), stubby (no neck and large head), cup (short neck and cup head), mushroom 

(short thin neck and large bulbous head), (Ethell and Pasquale 2005, Sekino et al. 2007).  

In many instances, all of the mature morphologies of dendritic spines can be seen on a 

single segment of dendritic shafts (figure 1B and C).  
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igure 3 Three models of spinogenesis. 
odel 1 shows that pre-synaptic contact induces changes within filopodium 

recursor and leads to development of an enlarged mature spine head.  Model 2 
hows that filopodium precursor is undergoing maturation slowly, but pre-
ynaptic contact accelerates the maturation of spines.  Model 3 shows that 
ynaptic contact on the dendritic shaft induces development of mature spine at 
he site of contact.   (Figure modified from Progress in Neurobiology 75(2005) 
61-205) 
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The most stable mature dendritic spines tend to have “mushroom” shape, with 

bulbous heads that are connected to the dendritic shaft by thin spine necks (Calabrese et 

al. 2006).  Spine heads are thought to form solitary compartments that can isolate 

excitatory synaptic input and Ca2 +from the rest of the neuron (Sheng and Kim 2007).  

However, neuronal activity can regulate diffusion of molecules between spine heads and 

dendritic shafts and spine morphology (Bloodgood and Sabatini 2005, Araya et al. 2006).  

In addition, dendritic spines undergo alteration in density and morphology in response to 

synaptic activity.  For instance, growth of new spines, or strengthening of synapse by 

changes in spine head morphology occurs to facilitate greater excitatory synaptic activity 

inducing long-term potentiation (LTP) (Sorra and Harris 2000, Grutzendler et al. 2002, 

Yun et al. 2007), suggesting a correlation between spine morphology and synaptic 

function (Hering and Sheng 2001).  

 

 

What determines dendritic spine morphology? 

 Actin is the main cytoskeletal component of dendritic spines and filamentous 

actin is highly enriched within spine heads.   Actin is a highly conserved globular protein 

with a molecular weight of 43kDa.  In its monomer state it is referred to as globular or G-

actin.  Under physiological conditions, actin can self assemble and undergo 

polymerization to form helical filaments of actin (F-actin).  The initial step for actin 

assembly requires nucleation (assembly of dimeric or trimeric complex) of monomeric 

G-actin.  This nucleation phase is unfavorable because the short oligomers of G-actin are 
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unstable.   Actin assembly factors, such as Arp2/3 complex, formins, spire, and cordon 

blue can facilitate the dimeric or trimeric actin complex assembly (dos Remedios et al. 

2003).  Subsequent addition of monomeric G-actin is more favorable and leads to active 

actin polymerization and formation of polarized actin filaments.   Actin filaments have a 

fast-growing end (barbed end), where ATP-bound G-actin is polymerized onto the 

growing filaments.  Actin filaments also have pointed ends (slow-growing end), where 

active actin depolymerization occurs.  Slow hydrolysis converts ATP-actin into ADP-

actin as actin monomers are shifted along the filament towards the pointed end.   

Actin filaments can elongate by polymerizing actin monomers on the fast-

growing end of the filament.  Actin filaments can also extend by making side branches 

and nucleating new filaments.  FRET experiments using GFP-actin show that LTP- 

induction can increase actin polymerization within dendritic spines (Okamoto et al. 

2004).  A malleable actin cytoskeleton thus appears to be the underlying component 

responsible for development and plasticity in morphology of spines.   Local organization 

of F-actin depends on the composition and activity of actin binding proteins available 

(dos Remedios et al. 2003).   Several studies have shown localization of various ABPs 

that may regulate actin dynamics within spine heads (figure 2).   The activity of 

membrane bound receptors (i.e. NMDAR, mGluR and EphR) on the surface of spine 

heads regulates multiple downstream biochemical signaling pathways that ultimately 

converge to modify the function and localization of ABPs and induce changes on F-actin 

organization.  
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 For example, activation of postsynaptic NMDA receptors and increase in 

postsynaptic Ca 2+ levels induces increase localization of the sequestering protein, 

profilin II into the spine heads (Ackermann and Matus 2003).  Profilin can bind G-actin, 

position actin monomers to barbed ends of growing filaments, and increase the exchange 

of ADP for ATP that facilitates actin polymerization and f-actin treadmilling (dos 

Remedios et al. 2003).   In addition, profilin can enhance Arp2/3-dependent actin 

nucleation and f-actin polymerization downstream of Cdc42 (Yang et al. 2000), which 

may help in the stabilization of spine head morphology.  

 The capping protein, gelsolin function is Ca2+ dependent and mediates f-actin 

rearrangement by NMDA receptor activation (Ethell and Pasquale 2005).  Gelsolin binds 

to the barbed ends of actin filaments and prevents further actin polymerization at exposed 

barbed ends (dos Remedios et al. 2003).  Gelsolin also has a severing function and breaks 

actin filaments, which increases the number of pointed ends and promotes f-actin 

shortening (Cooper and Schafer 2000).   Primary hippocampal neurons cultured from 

gelsolin knockout mice show a decrease in actin depolymerization in response to 

glutamate induced activation of NMDA receptor and increase Ca2+ influx, suggesting that 

gelsolin plays a major role in Ca 2+ induced actin depolymerization in neurons (Furukawa 

et al. 1997).  

 ADF/cofilin also severs f-actin into shorter filaments, thus increasing the number 

of filament ends and facilitating depolymerization (Pollard 1986, dos Remedios et al. 

2003, Sekino et al. 2007).    ADF/cofilin function in spines is regulated by EphBR and 

NMDAR activation, which leads to activation of several guanine nucleotide exchange 
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factors (GEFs) such as kalirin (Calabrese et al. 2006).  Kalirin-7 activates the Rho GTPase, 

Rac1 and its downstream effector p21-associated kinase (Richter et al.) (Richter et al.).    

PAK can directly phosphorylate and activate its downstream effector LIM kinase 

(Calabrese et al. 2006).  Phosphorylation of ADF/cofilin by LIM kinase inhibits 

ADF/cofilin severing and actin depolymerization function (Sumi et al. 1999, 

Gungabissoon and Bamburg 2003).  LIM kinase I knock–out mice show a reduced 

amount of phosphorylated ADF/cofilin in brain slices, reduced accumulation of f-actin in 

spines and abnormal dendritic spine morphology characterized by wide spine necks with 

small spine heads (Meng et al. 2002), suggesting that decrease in ADF/cofilin 

phosphorylation leads to an increase in severing and actin depolymerization activity 

which may increase f-actin turn over in LIM kinase I knock-out mutant mice affecting 

actin rich structures.   

 Drebrin, a side binding protein, alters the stability and mechanical properties of F-

actin by altering the configuration of F-actin from kinky to straight, sometimes 

preventing other ABPs, such as myosin from interacting with F-actin (Hayashi et al. 

1996, Sekino et al. 2007).   A decrease in drebrin levels is observed in disorders 

accompanied by cognitive impairment, such as Alzheimer’s and Down syndrome 

(Harigaya et al. 1996, Shim and Lubec 2002), suggesting drebrin is needed for proper 

cognitive function.   Drebrin A is a neuron- specific isoform of drebrin that is highly 

enriched within dendritic spine heads (Aoki et al. 2005).  Glutamate dependent activation 

of NMDAR induces a subcellular redistribution of drebrin from spine heads into dendritic 

shafts (Sekino et al. 2006) in a similar redistribution pattern as observed for f-actin in 
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response to enhanced synaptic activity (Ouyang et al. 2005), which may be necessary for 

translocation of proteins (i.e. NMDA receptors) into spine heads.   Overexpression of 

drebrin A induces elongation of spines in mature neurons (Hayashi and Shirao 1999) and 

enlargement of immature filopodial spines in immature neurons (Mizui et al. 2005), 

suggesting drebrin has an important role in regulating spine morphology.  In addition, 

drebrin enrichment within spines is necessary for the postsynaptic accumulation of the 

scaffold protein, PSD-95 and NMDAR targeting (Takahashi et al. 2003, Takahashi et al. 

2006). 

Although many actin-binding proteins localize to spine heads, it is not clear which 

actin-binding proteins are responsible for F-actin arrangement within dendritic spines.  

Fifkova and Delay (1982) used S-1 myosin subfragment to decorate the actin 

ultrastructure within dendritic spines and were able to illustrate that many of the actin 

filaments within the spine head had a short branched arrangement, whereas actin 

filaments observed within the spine necks showed longitudinal bundle arrangement 

similar to that observed in filopodia of growth cones (Ethell and Pasquale 2005, 

Korobova and Svitkina 2010).  The f-actin branched arrangement observed within spine 

heads has similar appearance to Y-shaped branches that are made by the Arp2/3 actin 

binding complex.  In fact, Arp2/3 has recently been shown to localize to spine heads 

(Racz and Weinberg 2008, Korobova and Svitkina 2010), suggesting that Arp2/3 may be 

involved in the production of this network of branched f-actin within spine heads.  

Arp2/3 complex can nucleate monomeric actin, elongate f-actin by actin polymerization, 

and is the only protein known to form Y-shaped branch networks of f-actin that are 



 

 20 

important in driving membrane protrusion in motile cells (Svitkina and Borisy 1999, 

Sekino et al. 2007, Korobova and Svitkina 2010).   

 In addition, signaling molecules that are upstream of Arp2/3 are localized to 

dendritic spines and further suggest Arp2/3 function within spines.  For example, 

activated EphBR forms a complex with intersectin, a GEF that specifically activate 

Cdc42 (Calabrese et al. 2006).   Active Cdc42 promotes actin nucleation and branching 

by binding N-WASP, a member of the Wiskott-Aldrich syndrome family of proteins that 

is ubiquitously expressed in neurons (Irie and Yamaguchi 2002). Active N-WASP 

recruits G-actin and forms a complex with the Arp2/3 complex.  Active Arp2/3 nucleates 

actin polymerization and promotes formation of Y-shaped branched actin filaments.   

 NMDAR dependent activation of the Rac-GEF, Tiam1 also leads to activation of 

Arp2/3 via WAVE (another Arp2/3 activator) and IRSp53 (Ten Klooster et al. 2006).   

Cortactin, an additional Arp2/3 activator, forms part of a group of scaffolding proteins 

that are associated with the cytoplasmic tail of NMDAR subunits (Sheng and Kim 2002).  

Thus, several signaling pathways that activate Arp2/3 appear to be available within 

dendritic spines suggesting Arp2/3 complex functions within spine heads in producing 

the meshwork of Y-shaped branches observed through EM.  
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Role of the Arp2/3 complex and branched actin filaments  

 Actin filaments not only provide structural support for cell membranes, but active 

polymerization of actin filaments also supplies the driving force for cellular 

rearrangement required in embryonic morphogenesis, cell attachment, endocytosis and 

many forms of motility.  For example, intercellular bacterial pathogens such as Listeria, 

Rickettsia, Shigella, Mycobacterial, and Burkholderia, exploit the actin polymerization 

machinery in host cells to induce actin-based motility.  The comet tails of Listeria have 

barbed ends (fast growing ends) of f-actin oriented to the surface of the bacteria.   Thus, 

pathogens use the force generated from actin polymerization to propel through the host 

cytoplasm and infect neighboring cells (Brown 2006).   Actin polymerization at the 

leading edge of migrating fibroblast cells and neuronal growth cones is also the driving 

force for the forward extension of the cell membrane (Borisy 1999, Pollard 2007).     

Fibroblast motility initiates by formation and extension of a broad membranous 

protrusions (lamellipodium) at the leading edge.  Actin at the leading edge of 

lamellipodia in fibroblast is very dynamic and organized into a network of short branches 

formed at 70º angles from the side of existing filaments with barbed ends oriented 

towards the cell membranes (Svitkina and Borisy 1999).  This rigid meshwork of actin 

referred to as the “dendritic array”, provides structural support for the lamellipodia. 

Capping proteins bind to the tips of some barbed ends and block actin polymerization, 

but other barbed ends of f-actin in lamellipodia are protected by anti-capping proteins and 

continue to elongate (Borisy and Svitkina 2000, Amann and Pollard 2001).    Thus, active 
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polymerizations of the uncapped actin filaments in the dendritic array push the 

lamellipodia cell membrane forward driving membrane protrusion.  

 EM studies of branched filaments in lamellipodia have shown that the Arp2/3 

actin-binding complex is localized to branched junctions of actin filaments (Svitkina and 

Borisy 1999).  Arp2/3 is a ubiquitous eukaryotic actin binding protein complex composed 

of seven evolutionarily conserved subunits, two actin-related proteins (Arp2, and Arp3) 

and five polypeptides (Welch et al. 1997).  All seven subunits are present together in 

equal stoichiometry for the Arp2/3 complex to form.  Thus, presence of one subunit is 

indicative of the presence of the whole Arp2/3 complex.  Arp2/3 functions as an actin 

assembly factor, where Arp2 and Arp3 form a stable dimer that facilitates favorable 

conditions for subsequent addition of actin monomers leading to active actin 

polymerization (Higgs and Pollard 2001).  The Arp2/3 complex is the only actin binding 

protein able to form characteristic Y-shaped f-actin branches by nucleating Arp2 and 

Arp3 subunits to pre-existing actin filaments, facilitating actin polymerization and 

formation of daughter actin filament branches at 70° angles from pre-existing mother 

filaments (Dayel and Mullins 2004, Goley and Welch 2006).   

 Historically two models have been proposed to describe the formation of 

branched actin filaments by activated Arp2/3.  The first model is known as the “side-

branching model” and describes the formation of an actin branch that initiates from the 

side of pre-existing filaments. This model suggests that the Arp2/3 complex has two 

binding sites for actin, one which allows Arp2/3 to bind to the side of the existing 

(mother) filament and the second which allows Arp2/3 to nucleate actin monomers for 
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actin polymerization and formation of a new branch (daughter) filament (Mullins et al. 

1997, Volkmann et al. 2001).  The second model known as the “barbed-end branching 

model” describes the formation of a G-actin monomer-VCA-Arp2/3 complex that 

competes with capping proteins to bind the barbed end of an existing (mother) filament.  

In this model both the new daughter branch and the original mother filament elongate by 

actin polymerization (Suetsugu et al. 2002).    

 It is now generally accepted that Arp2/3 is responsible for nucleating monomeric 

actin to sides of existing f-actin, facilitating actin polymerization, creating a dendritic 

array of Y-shaped f-actin branches, which generate the protrusive force observed in 

fibroblast lamellipodium during cell migration (figure 4) (Borisy 1999, Higgs and Pollard 

2001, Pollard 2007).   My doctoral work proposes an alternate model in which the 

dendritic array formed by Arp2/3-actin polymerization, provides the structural support to 

maintain enlarged spine heads.  The f-actin dendritic array may also serve as a scaffold 

for transmembrane proteins and provide a barrier that limits translocation of through the 

spine heads.   
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Figure 4 The traditional model is widely accepted to explain Arp2/3 dependent actin 
polymerization and formation a rigid meshwork of actin referred to as the “dendritic 
array”. Capping proteins bind to the tips of some barbed ends and block actin 
polymerization, but other barbed ends of f-actin in lamellipodia are protected by anti-
capping proteins and continue to elongate (Borisy and Svitkina 2000, Amann and 
Pollard 2001).  Active polymerizations of the uncapped actin filaments in the dendritic 
array push the lamellipodial membrane forward driving membrane protrusion and 
motility.  My doctoral work proposes an alternate model in which the dendritic array 
formed by Arp2/3-actin polymerization, provides the structural support to maintain 
enlarged spine heads.  The f-actin dendritic array may also serve as a scaffold for 
transmembrane proteins and provide a barrier that limits translocation of proteins 
through the spine heads.   
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Regulators of the Arp2/3 complex  

On its own the Arp2/3 complex has very low nucleating activity and must 

undergo a conformational change to be fully functional.  Several nucleation-promoting 

factors (NPF), such as N-WASP, Cortactin and WAVE (Higgs 2001) can stimulate the 

nucleating activity of Arp2/3, but only PICK1  has been identified as an Arp2/3 inhibitor.       

The NPFs are multidomain proteins.  Two of the NPFs, N-WASP and WAVE 

have a common verprolin-cofillin-acidic (VCA) domain (also known as WCA domain) 

(figure 5), which binds and activates Arp2/3 to induce actin polymerization (Kelly et al. 

2006).  The verpolin-homology (V) domain, also known as the WASP homology-2 

(WH2) domain, is a binding site for actin.  The cofilin homology domain, also known as 

the central (C) domain facilitates actin and Arp2/3 binding to their respective domains.  

The acidic (A) domain contains acidic residues flanking a tryptophan and is the biding 

site for Arp2/3.   Each of the NPFs also have their own unique domains, which allow 

them to interact with various other proteins that regulate their function and link them to 

different signaling pathways (Soderling 2009).  

The neural Wiskott-Aldrich syndrome protein (N-WASP), which is highly 

enriched in the brain and localized to dendritic spines and functional synapses (Wegner et 

al. 2008), is the best characterized Arp2/3 activator (Takenawa and Miki 2001).  A 

decrease in the density of dendritic spines and excitatory synapses is observed after RNA 

interference knockdown of endogenous N-WASP or inhibition of its activity by 

wiskostatin, a specific N-WASP inhibitor (Wegner et al. 2008); suggesting N-WASP 

activity is necessary for dendrite and synapse formation.   
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Figure 5 The Arp2/3 complex is regulated by several multi-domain proteins that have a 
common acidic (A) domain (shown in yellow).  The acidic (A) domain contains acidic 
residues flanking a tryptophan and is the biding site for Arp2/3.   Regulating proteins that 
activate Arp2/3 are referred to as nuclear promoting factors (NPFs) and include N-
WASP, WAVE, and Cortactin.  Two of the NPFs have a common verprolin-cofillin-
acidic (VCA) domain (also known as WCA domain) (Kelly et al. 2006).  The verpolin-
homology (V) domain, also known as the WASP homology-2 (WH2) domain, is a 
binding site for actin.  The cofilin homology domain, also known as the central (C) 
domain facilitates actin and Arp2/3 binding to their respective domains.    Cortactin lacks 
both V and C domains that are common to other NPFs.  Absence of a V domain results in 
the inability for cortactin to bind monomeric G-actin resulting in a weaker ability to 
activate Arp2/3 in comparison to the VCA domain of other NPFs (Weaver et al. 2003).  
However, the presence of six and a half tandem repeats (shown in red) facilitate cortactin 
binding to f-actin (Weed and Parsons 2001) which is required for Arp2/3 complex 
activation.  PICK1 (protein that interacts with C kinase 1) is a recently identified inhibitor 
of Arp2/3 function.  PICK1 is a dimeric scaffold protein that contains a C-terminal acidic 
(A) region (shown in yellow) and tryptophan residue that is similar to Arp2/3 activators 
(Rocca et al. 2008).  PICK1 inhibits Arp2/3 by competing with N-WASP for VCA 
binding site on Arp2/3.   Each of the Arp2/3 regulators also have their own unique 
domains, which allow them to interact with various other proteins that regulate their 
function and link them to different signaling pathways (Soderling 2009). 
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N-WASP is a multidomain protein (figure 5) that has an N-terminal WASP-

homology-1 (WH1, also known as Ena-WASP homology-1 (EVH1)) domain that 

interacts with the WASP interacting protein (WIP) family to help maintain N-WASP 

stability (Anton and Jones 2006).  The WH1 domain is followed by a basic (B) region 

that interacts with the membrane bound phosphatidylinositol 4,5-bisphosphate, PIP2 and 

is important for N-WASP localization in close proximity to the cell membrane 

(Takenawa and Suetsugu 2007).  The GBD (GTPase binding) domain follows the B 

domain, which are both crucial for N-WASP activation.   Endogenously, N-WASP is 

kept in an autoinhibited state through an intramolecular interaction between its GBD 

domain and the central domain of VCA (Derivery Emmanuel and Gautreau 2010).  

However, synergistic binding of Cdc42 to the GBD domain, PIP2 binding to the B 

domain and phosphorylation by Src tyrosine kinase induces a conformational change that 

releases N-WASP from autoinhibition, exposing the VCA domain for Arp2/3 binding and 

activation (Ma et al. 1998).  N-WASP also contains a proline-rich domain that serves as a 

binding site for many SH3 containing proteins and profilin, which recruits GTP-actin 

monomers to the N-WASP V-domain (Takenawa and Suetsugu 2007).  The proline-rich 

domain of N-WASP also binds F-BAR family proteins, such as TOCA-1 (transducer of 

Cdc42-dependent actin assembly 1) that are involved in endocytic vesicle formation by 

cell membrane deformation (Takenawa and Suetsugu 2007, Derivery Emmanuel and 

Gautreau 2010).  F-BAR containing proteins are also able to induce N-WASP activation 

independent of Cdc42 by dimerization of N-WASP through F-BAR and SH3 domain 

interaction (Derivery Emmanuel and Gautreau 2010).  Dimerization of N-WASP leads to 
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enhanced Arp2/3 activity by permitting two VCA domains to interact with Arp2/3 

(Soderling 2009).  However, deletion of the C-terminal VCA domain of N-WASP leads 

to a decrease in dendritic spine and synapse density, suggesting that activation of Arp2/3 

by N-WASP is necessary for dendritic spine and synapse formation (Wegner et al. 2008). 

The Wiskott-Aldrich verprolin homologous protein (WAVE) family is another 

group of Arp2/3 activators that is comprised of three proteins, WAVE1, WAVE2, and 

WAVE3.   WAVE1 and WAVE2 are ubiquitously expressed in all tissues except skeletal 

muscle, while WAVE3 is highly enriched in brain tissue (Suetsugu et al. 1999).  

Interestingly, WAVE1 and WAVE3 localize to dendritic spine heads where they act 

directly downstream of Rac GTPase and the adaptor protein Nck1 (non-catalytic region 

of tyrosine kinase adaptor protein 1 (Pilpel and Segal 2005).  In addition to the C-

terminus VCA domain, each of the WAVE proteins have an N-terminal WAVE/SCAR 

homology domain (WHD/SHD) that contributes to WAVE heterocomplex formation 

with Abi (Abelson-interacting protein), NAPI (also known as p125NAP1), CYFIP 

(Cytoplasmic fragile X mental retardation interacting protein), and HSP300 (Takenawa 

and Miki 2001).    Knocking down of any one member of the WAVE complex has been 

shown to cause degradation of the rest of the complex members (Schenck et al. 2004), 

suggesting that all members of the WAVE complex are essential for WAVE function. 

The WAVE basic (B) domain immediately follows the WHD/SHD domain and plays an 

important role in the localization of WAVE protein (Takenawa and Miki 2001).  WAVE2 

basic (B) region binds the phophoinositide PIP3 (PtdIns(3,4,5)P3) which is necessary for 

WAVE2 recruitment to the plasma membrane (Derivery Emmanuel and Gautreau 2010).  
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All WAVE proteins also have a proline–rich domain that precedes the C-terminus VCA 

domain.  Similar to the N-WASP proline-rich domain, the WAVE proline-rich domain 

binds SH3 containing proteins, specifically IRSp53.  IRSp53 also contains an N-terminal 

Rac binding domain (RCB) that facilitates binding to active Rac (Suetsugu et al. 2006).   

The WAVE complex exists in an inactive state in the cytosol (Derivery et al. 2009).  

However, activate Rac regulates the activity of WAVE proteins by associating with 

WAVE complex members PIR121/Sra1-NAP1 and IRPp53, thus exposing the VCA 

domain and connecting the Rac signal to Arp2/3 complex-mediated actin polymerization 

(Miki et al. 2000, Derivery et al. 2009).  IRSp53 and PIP3 function synergistically to 

translocate the WAVE protein to the plasma membrane where IRSp53 associates with 

active Rac.  WAVE dimerizes via it’s BAR domain and binds PIP2 inducing formation of 

outward membrane protrusion by Arp2/3-dependent actin polymerization (Derivery et al. 

2009, Derivery Emmanuel and Gautreau 2010). 

Similar to N-WASP and WAVE, cortactin also has an acidic (A) domain that 

binds and activates the Arp2/3 complex.  However, cortactin lacks both V and C domains 

that are common to N-WASP and WAVE.  Absence of a V domain results in the inability 

for cortactin to bind monomeric G-actin resulting in a weaker ability to activate Arp2/3 in 

comparison to the VCA domain of other NPFs (Weaver et al. 2003).  However, the 

presence of six and a half tandem repeats facilitate cortactin binding to f-actin (Weed and 

Parsons 2001) which is required for Arp2/3 complex activation.   The A domain of 

cortactin is located on the amino-terminal (NTA) region (figure 5), which also contains a 

conserved tryptophan that is characteristic of all NPFs (Higgs and Pollard 2001, Weed 
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and Parsons 2001).  The NTA domain of cortactin binds to Arp3 subunit while the N-

WASP VCA domain binds Arp2 and ARPC1 subunits, forming a transitional Arp2/3-N-

WASP-cortactin complex until N-WASP is displaced by cortactin when it gains higher 

affinity for activated Arp2/3 and f-actin (Daly 2004, Lua and Low 2005).  The c-terminus 

of cortactin contains an α-helix domain, a proline-rich domain, and a SH3 domain.  A 

stable Arp2/3-N-WASP-cortactin complex can form when the SH3 domain of cortactin 

binds to the proline-rich domain of N-WASP leaving two A domains available to 

synergistically activate the Arp2/3 (Lua and Low 2005).   Additionally the SH3 domain 

of cortactin binds to a variety of proteins that recruit cortactin and Arp2/3 to various actin 

polymerization mediated cellular functions (Lua and Low 2005).  In the process of 

endocytosis, cortactin SH3 domain interacts with dynamin2s’ proline-rich domain, which 

recruits cortactin and Arp2/3 function to clathrin-mediated vesicle formation (McNiven et 

al. 2000).    In dendritic spine heads,  the SH3 domain of cortactin associates with the 

proline-rich domain of the scaffold protein, Shank; suggesting that Arp2/3-dependent 

actin polymerization is involved in the formation of scaffolds at the PSD of excitatory 

synapses (Naisbitt S. 1999).   In addition to activating Arp2/3 function, cortactin can also 

stabilize branched filaments by forming an Arp2/3-N-WASP-cortactin complex that 

prevents debranching and disassembly of actin (Weed and Parsons 2001).     

 PICK1 (protein that interacts with C kinase 1)  is a recently identified Arp2/3 

regulator that is highly expressed in the brain where it is localized to dendritic spine 

heads and it is believed to be involved in AMPAR endocytosis (Hanley 2006, 2008).  

PICK1 is a dimeric scaffold protein that contains a C-terminal acidic region (figure 5) 
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and tryptophan residue that are similar to Arp2/3 activators (Rocca et al. 2008).  

However, unlike NPFs PICK1 acts as a local inhibitor of Arp2/3 function.  In in-vitro 

pyrene-labeled actin polymerization assays PICK1 reduces the rate of VCA-stimulated 

Arp2/3 dependent actin polymerization (Rocca et al. 2008), suggesting that PICK1 

inhibits Arp2/3 dependent actin polymerization.  PICK1 induced inhibition of Arp2/3 is 

believed to occur by either of two ways: 1) PICK1 displacement of the VCA domains of 

Arp2/3 activators from binding sites on the Arp2/3   or 2) direct inhibition of Arp2/3 by 

PICK1 binding (Rocca et al. 2008).  Co-immunoprecipitation experiments show that 

PICK1 and N-WASP VCA do not interact, suggesting that PICK1 does not inhibit VCA 

directly, but instead it may compete with N-WASP for VCA binding site on Arp2/3.   

Furthermore, GST-PICK1 pull-down assay show that PICK1 interacts directly with 

Arp2/3 and f-actin (Rocca et al. 2008).    

 In addition to the Arp2/3 binding C-terminus acidic region, PICK1 also contains 

an N-terminus acidic domain that acts as a calcium sensor.  However, PICK1 is best 

known for its PDZ and BAR domains.  The PDZ domain of PICK1 binds to a variety of 

membrane proteins including receptors, transporters and ionic channels (Xu and Xia 

2006).   The PDZ domain also forms an intramolecular interaction with its own BAR 

domain, inducing the closed inhibited conformation of PICK1.  In endocytosis, the PDZ 

domain binding to the GluR2 subunit of AMPAR exposes the BAR domain which is free 

to bind to a variety of binding partners such as f-actin, phospholipids, and other BAR 

domain containing proteins(Rocca et al. 2008).    
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 Co-immunoprecipitation experiments from neuronal tissue extracts show that 

Arp2/3, PICK1, actin and GluR2 (AMPA receptor subunit) interact to from a complex 

that mediates AMPA receptor endocytosis (Rocca et al. 2008).  Knockdown of PICK1 by 

shRNA blocked GluR2 (AMPAR subunit) endocytosis (Iwakura et al. 2001, Rocca et al. 

2008).  Cotransfection of PICK1 shRNA and shRNA resistant wild-type PICK1 can 

rescue AMPAR endocytosis, but cotransfection of PICK1 shRNA and a PICK1mutant 

(lacking Arp2/3 binding domain) is not able to rescue AMPAR endocytosis (Rocca et al. 

2008), suggesting that PICK1-Arp2/3 interaction maybe required for AMPAR 

internalization. 
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Research Aims 

 Electron micrograph studies of dendritic spines have illustrated the presence of a 

meshwork of short Y-shaped branches actin filaments in spine heads (Fifkova and Delay 

1982, Korobova and Svitkina 2010, Svitkina 2010).  In addition, recent studies have 

highlighted the presence of Arp2/3 (Racz and Weinberg 2008, Hotulainen et al. 2009, 

Korobova and Svitkina 2010, Svitkina 2010), Arp2/3 activators (N-WASP (Wegner et al. 

2008), Cortactin (Racz and Weinberg 2006, Hotulainen et al. 2009) and WAVE1(Kim et 

al. 2006, Hotulainen et al. 2009)), and other proteins (profilin (Ackermann and Matus 

2003) and ADF/Cofilin (Racz and Weinberg 2006, Hotulainen et al. 2009)) necessary for 

generating the protrusive meshwork of Y-shaped f-actin branches.  Results from these 

studies suggest the following: 1) Arp2/3 regulates the formation of the Y-shaped 

branched networks within dendritic spine heads and 2) these Y-shaped networks of actin 

are dynamic.  However, we are left to speculate on the role of branched actin meshwork 

within dendritic spines.    Do the branched actin filaments provide membrane structural 

support that adapts to changes in spine maturity or synapse activity resulting in 

subsequent changes in morphology, or are the branched actin filaments a scaffold barrier 

that helps anchor transmembrane proteins to the spine head membrane?   

Since Arp2/3 is the only actin binding protein known to facilitate production of 

branched actin filaments, I was interested in determining if the actin related protein (Arp) 

2/3 complex played a role in regulating dendritic spine development and morphology.  

The general hypothesis for my doctoral work is that if Arp2/3 is a major regulator of 

dendritic spine morphology, then Arp2/3 will be enriched in dendritic spines heads and 
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inhibition of Arp2/3 activity will alter the number and/or morphology of dendritic spines.  

To investigate if Arp2/3 complex was necessary for dendritic spine development and 

maintenance of mature morphology I first needed to determine the localization of Arp2/3 

in dendritic spines.  I used cell fractionation assays, immunofluorescence of egfp tagged 

Arp2/3 subunit, and antibody staining to show Arp2/3 localization within the dendritic 

spine heads of cultured hippocampal neurons.  Once having determined that Arp2/3 is 

localized to spine heads I explored the morphological consequence of inhibiting Arp2/3 

function during various developmental time points of dendritic spine development in 

hippocampal cultures.  Since there is evidence to suggest that f-actin and several actin 

binding proteins undergo activity dependent redistribution, I used immunofluorescence to 

survey the localization of Arp2/3 within dendritic spines in response to induced synaptic 

activity.   I also explored the morphological consequence of Arp2/3 inhibition in response 

to synaptic activity.  Finally, since f-actin redistribution is also observed in hippocampal 

cultures after ischemia preconditioning, the neuroprotective role of Arp2/3 in ischemia 

tolerance was explored in collaboration with Dr. Robert Meller of Dow Neurobiology 

Laboratory at Legacy Research, Legacy Health in Portland Oregon, who performed and 

analyzed the ischemia tolerance experiments.  
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CHAPTER 2 Localization of the Arp2/3 complex within dendritic 

spines  

 
 
Introduction 
 

Examination of dendritic spines ultrastructure suggests that a meshwork of 

branched f-actin is the main cytoskeletal structural component within dendritic spine 

heads, whereas spine necks contain an array of short parallel filaments of actin (Fifkova 

and Delay 1982). During development and in response to synaptic activity, spines 

undergo changes in morphology that are believed to be driven by rearrangement in the 

underlying actin cytoskeleton (Matus et al. 2000).   Although many actin-binding proteins 

are enriched within dendritic spine heads (figure 2),  the f-actin arrangement within the 

spine heads appears similar to Y-shaped f-actin branches that are characteristically 

formed by the actin-binding protein complex, Arp2/3 (Goley and Welch 2006).  This 

similarity suggests that Arp2/3 may be involved in forming the branched f-actin within 

spine heads.  In addition, several Arp2/3 activators (N-WASP, Cortactin, and WAVE) are 

enriched within spine heads and are believed to be important for regulating spinogenesis, 

spine morphology and spine density by regulating Arp2/3 dynamics (Hering and Sheng 

2003a, Pipel and Segal 2005, Soderling et al. 2007b, Wegner et al. 2008).     

In this study we used cell fractionation assays, immunofluorescence and antibody 

staining to explore the localization of Arp2/3 and its activators within dendritic spines of 

hippocampal cultures.  The results from my localization experiments corroborate with 

other studies (Soderling et al. 2002, Racz and Weinberg 2004, Racz and Weinberg 2008, 
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Wegner et al. 2008, Korobova and Svitkina 2010) that show Arp2/3 and its activators are 

localized within dendritic spine heads where Arp2/3 dependent actin polymerization 

forms Y-shaped branches of f-actin that may provide the structural support needed for 

maintenance of dendritic spine head morphology.   
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Materials and methods 

Primary Hippocampal Cultures 

        Hippocampal tissue was dissected from embryonic day (E16) Swiss Webster mice in 

sterile 1XHBSS (Hanks balance salt solution) with 10mM HEPES solution.  

Hippocampal tissue was collected and incubated in 0.25% trypsin-EDTA at 37ºC for 

15minute.  After rinsing 3 times for 5 min. in HBSS, tissue was suspended in 

hippocampal plating media (EMEM/10mM HEPES/ 1mM sodium pyruvate / 0.5mM 

glutamine/12.5µM glutamate/10% FBS/ 0.6% glucose and dissociated into single cells by 

triturating with a fire polished Pasteur pipette.   Dissociated hippocampal cells were used 

to prepare in vitro primary hippocampal cultures (HCC), which were plated in 

hippocampal plating media at density of 2x10^5 cells/35mm dish.  Each 35mm dish 

contained five Poly-D-Lysine/Laminin (100µg/ml / 4µg/ml) coated 12mm-coverslips.  

Poly-D-lysine hydrobromide was purchased from sigma, dissolved in borate buffer (pH= 

8.5), and filtered sterilized (0.2µ filter) before use.  Three hours after platting 

hippocampal dissociated cells, the hippocampal platting media was replaced with growth 

media (Neurobasal /B27/0.5mMGlutamine).  After 4DIV (days in vitro), primary HCC 

were fed glia-conditioned media by replacing 50% of growth media with glia-conditioned 

growth media (growth media that was conditioned by glia cultures for 48hrs).  On DIV3, 

5-FUDR (5-Fluoro-2'-deoxyuridine) was added to inhibit mitosis.  Primary hippocampal 

cultures were allowed to continue in- vitro development with incubation at 37ºC/5%CO2 

until 29DIV.  Culture health was observed and maintained by weekly feedings of glia-

conditioned media at 7DIV, 14DIV and 21DIV. 
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Glia Cultures and glia-conditioned growth media 

Sterile 1XHBSS (Hanks balance salt solution) with 10mM HEPES solution was used for 

cortical tissue dissections from postnatal (P1or P2) Swiss Webster mice.  Striatal tissue 

was removed and the remaining brain tissue was collected in 1XHBSS with 10mM 

HEPES solution and minced.  Minced brain tissues were incubated in 1XHBSS/10mM 

HEPES plus .25% trypsin and DNAse 1 at 37ºC for 30 minutes.  After trypsinization, 

equal volume of glia platting media (EMEM/10mM Hepes/1mM Sodium Pyruvate/2mM 

glutamine/10% FBS/0.6% Glucose/ Penicillin-Streptomyocin was added and centrifuge 

for 5 minutes at 1000rpms.  The supernatant was removed and minced tissue was 

resuspended in the glia plating media and mechanically dissociated with fire polished 

Pasteur pipette.  Dissociated cells were filtered through 0.7µm cell strainer and plated in 

10 cm tissue culture dishes.  Glia cultures were split 1:3 after reaching a density 90% 

confluent and glia-plating media was replaced every subsequent week for two months.  In 

vitro glia cultures were incubated in 37ºC/ 5% CO2  and maintained for use in preparation 

of glia- conditioned growth media used to feed primary hippocampal cultures.  Glia-

conditioned growth media was prepared by removal of glia plating media from in vitro 

glia cultures incubated in 37ºC/ 5% CO2  and replacing with growth media (Neurobasal 

/B27.0.5mM glutamine) for 48hrs.  Once glia conditioning of growth media is complete, 

the glia-conditioned growth media is removed and replaced with fresh glia plating media.  
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Adenovirus production  

        Recombinant adenoviruses were produced using the AdEasy system in which the E1 

gene (necessary for virus particles assembly) is provided by adenovirus packaging cell 

line, 293 HEK cells (He et al. 1998).  EGFP, EGFP-CA and p21-EGFP were cloned by 

PCR and inserted into pShuttle CMV.  The resulting plasmids were linearized with Pme 1 

and electroporated into BJ5183-Ad1 (electrocompetent E-coli bacteria with AdEasy-1, 

supercoiled viral DNA).   Recombinants were selected for kanamycin resistance.  Once 

recombinants were identified by Pac I digest, recombinant deficient DH5α bacteria were 

used to expand recombinant DNA.  Purified recombinant DNA was digested with Pac I 

to expose its inverted terminal repeats (ITR), and then used for calcium-phosphate 

transfection into 293HEK.  The 293 HEK cells were used for large-scale virus production 

and after four passages; the viruses were purified on CsCl gradient and tittered on 

293HEK cells.   

 

Immunostaining for Arp2/3 and post-synaptic proteins 

Primary hippocampal cultures (HCC) were fixed for 20min at 4ºC with PPS (4% 

paraformaldehyde in PHEM buffer (60mM PIPES (pH 7.0), 25mM HEPES (pH 7.0), 

10mM EGDT, 2mM MgCl2, 200mM sucrose).  Cultures were prepared for 

immunofluorescence staining:  rinsed in PBS for 5 minutes at room temperature, 

incubated for 30min in 3% BSA (bovine serum albumin in PBS) at room temperature, 

permealized for 10min in 0.2% triton (in PBS), rinsed in PBS for 5min at room 

temperature, and blocked in 3% BSA (bovine serum albumin in PBS) for 30 min at room 
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temperature.  HCC were incubated in primary antibodies overnight at 4ºC.  Primary 

antibodies used:  anti-psd95 (Upstate), anti-p34 (Upstate), anti-SV2 (Developmental 

Studies Hybridoma Bank), anti-MAP2 (Covance).  Coverslips were rinsed in PBS for 5 

min to remove primary antibodies; then incubated in secondary antibodies for 1hr at 

room temperature.  Secondary antibodies used:  Cy5 anti-mouse (1:100), Coumarin anti-

rabbit (1:100).  Coverslips were also stained for f-actin with ALEXA 594 phalloidin 

(1:100, purchased from Molecular Probes).  Cultures were rinsed with PBS for 5 min to 

remove secondary antibodies and excess phalloidin stain; then mounted using a DABCO 

based glycerol media to reduce photobleaching.  

 

Imaging  

        Primary hippocampal cultures were fixed with PPS and stained the following 

antibodies and stain: anti-SV2, anti-MAP2, anti-p34, anti-PSD-95 and Alexa 594 

phalloidin.  Infected cells were identified by EGFP expression.  Images of dendritic 

spines were taken using Zeiss Axiovert 200M 40x, 63x and 100x-oil objective and 

Openlab software (Improvision).  Images were processed using Adobe Photoshop.  

 

 

Synaptosomal and PSD Fractionation 

Synaptosomal and PSD fractions were prepared as previously described (Carlin et 

al. 1980, Huttner et al. 1983b) from postnatal day 14 (P14) mouse pups.  Neuronal 

organelles were isolated by synaptosomal fractionation using mechanical and osmotic 
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lysis at several centrifugation speeds in non-detergent hypotonic solution.  Post-synaptic 

material was isolated and concentrated by PSD fractionation using mechanical lysis and 

centrifugation in non-ionic and denaturing detergent solutions.  For all fractions, samples 

were resuspended in 0.1%SDS/40mM Tris pH 8.0 and the protein concentration 

determined by BCA assay (Pierce).  For western blots, 10µg of each fraction were run on 

10% SDS-PAGE gels, transferred onto nitrocellulose membrane and probed with anti-

p34 (Upstate Biotechnology), anti-cortactin (Upstate Biotechnology), anti-WAVE (H-

180, Santa Cruz Biotechnology), anti-NWASP (4335-NW3B, produced by the Lanier 

Lab), anti-PSD-95 (Upstate Biotechnology), and anti-SV2 (Developmental Studies 

Hybridoma Bank).   Signal was developed using chemiluminescence (Amersham, ECL 

Western Blotting Analysis System). 
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Results 

Localization of Arp2/3 and NPFs in neuronal synapses 

We used cell fractionation assays in order to determine the endogenous 

enrichment of Arp2/3 and its activators within synaptic compartments. Synaptosomal and 

PSD fractions were taken from mouse brain tissue at postnatal day 14 (P14), a time in 

brain development when synapses are undergoing maturation (Harris Kristen M. 1992, 

Pan Feng. 2008).   For the synaptosomal fractionation, brain tissue was minced, 

homogenized, and put through various centrifugation settings under non-detergent 

hypotonic solutions conditions to isolate neuronal cell fractions by mechanical and 

osmotic lysis (figure 6A)(Huttner et al. 1983a).   Proper synaptosomal fractionation was 

confirmed by western blots with antiserum to detect SV2 (a synaptic vesicle protein) and 

PSD-95 (a post-synaptic density protein).  Western blot analysis using antiserum against 

p34 (an Arp2/3 subunit) revealed that p34 was enriched in the LP1 fraction (which 

contains the pre- & post-synaptic membrane and proteins tightly associated with these 

membranes) and in the LP2 fraction (which contains crude synaptic vesicles and parts of 

the actin cytoskeleton, Figure 6B).  These results suggest that Arp2/3 enriched at 

neuronal synapses.   

The Arp2/3 activators WAVE, N-WASP and Cortactin showed different 

enrichment patterns. WAVE was more enriched in the LP1 fraction than in the LP2 

fraction, suggesting that WAVE is associated with pre- and post- synaptic membranes.  

N-WASP was also present in the LP1 fraction, but was not highly enriched, whereas 

Cortactin was not detected in the LP1 fraction, but was highly enriched in the LS2 
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fractions (soluble synaptic proteins), suggesting that Cortactin is not tightly associated 

with neuronal synaptic membranes or the actin cytoskeleton in synapses.  
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Figure 6  Endogenous enrichment of Arp2/3 and its activators in synaptosomal 
and post-synaptic density brain fractions.   (A) Synaptosomal and PSD fractions 
were isolated from postnatal day 14 mouse brains.  Synaptosomal fractionation assay 
isolates neuronal organelles ( by mechanical and osmotic lysis using several 
centrifugation speeds in non-detergent hypotonic solution: H (crude homogenate), S2 
(crude cytosol), P2 (membranes & vesicles), S3 (cytosol), P3 (golgi, ER, light 
membranes), LS1 (soluble synaptic proteins & small vesicles), LP1 (pre- & post-
synaptic membranes), LS2 (soluble synaptic proteins), and LP2 (crude synaptic 
vesicles)) by mechanical and osmotic lysis using several centrifugation speeds in non-
detergent hypotonic solution.  PSD fractionation assay isolates and concentrates post-
synaptic material by mechanical lysis using several centrifugation speeds in non-ionic 
and denaturing detergent solutions: (PSD1 (crude post-synaptic synaptosome), PSD2 
(f-actin cytoskeleton & psd-core proteins), PSD3 (psd- core proteins)) by mechanical 
lysis using several centrifugation speeds in non-ionic and denaturing detergent 
solutions.  (B) Immunoblots were probed for SV2 (a pre-synaptic marker), PSD-95 (a 
post-synaptic marker), p34 (a subunit of Arp2/3), and the Arp2/3 activators (N-WASP, 
Cortactin, and WAVE).  The LP1 (lysed synaptosome membrane) fraction contained 
Arp2/3, N-WASP and WAVE; whereas Cortactin was highly enriched in the LS2 
(soluble synaptic proteins) fraction.  Arp2/3 and its activators (N-WASP, Cortactin and 
WAVE) were enriched in the PSD2 (f-actin cytoskeleton & psd-core proteins) fraction, 
only Cortactin and WAVE were enriched in the PSD3 (psd-core proteins) fraction.  
Together these results suggest that Arp2/3 is localized to the pre- & post-synaptic 
compartments and the Arp2/3 activators, Cortactin and WAVE may have other 
functions besides regulating Arp2/3 functions, since they associate with psd-core 
proteins. 
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A PSD fractionation was done to discern between pre- or post-synaptic 

localization of Arp2/3 and its activators. For the PSD fractionation, brain tissue was 

minced, homogenized, and put through various centrifugation settings to obtain 

synaptosomes that were then put through a sucrose density gradient to isolate the crude 

post-synaptic densities (PSD1 fraction), which contains the post-synaptic membrane, f-

actin, and PSD core proteins (figure 6A).  A non-ionic detergent was used on the crude 

post-synaptic synaptosomes to isolate the PSD2 fraction, which contains the f-actin 

cytoskeleton, PSD core proteins, and an enrichment of other tightly associated proteins.  

A denaturing detergent was then used to isolate the PSD3 fractions, which contained an 

enrichment of PSD core proteins (figure 6A) (Carlin Richard K. 1980).   

As with the PSD fractionation, immunobloting to detect SV2 and     PSD-95 

confirmed that proper PSD fractionation was achieved.  Western blot analysis on PSD 

fractions showed that p34 (Arp2/3 subunit) and N-WASP are enriched in the PSD2 

fraction but not in the PSD3 fractions (figure 6B), suggesting that Arp2/3 and N-WASP 

are tightly associated with the f-actin cytoskeleton and may be important for regulating 

the actin dynamics within the dendritic spine heads.  In contrast, Cortactin and WAVE 

are present in PSD2 fractions and are highly enriched in the PSD3 fractions (figure 6B), 

suggesting that both Cortactin and WAVE not only serve to modulate Arp2/3 activity and 

regulate actin dynamics, but may also be directly associated with post-synaptic 

membrane receptors (Naisbitt S. 1999, Soderling et al. 2007b) and have other functions.  

Together, these results suggest that Arp2/3 may be present in both the pre- and 

postsynaptic compartments where it could regulate actin dynamics.  The differential 
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expression of the Arp2/3 activators in the different synaptosomal and PSD fractions 

suggests that N-WASP, Cortactin and WAVE may also serve other, Arp2/3-independent 

functions and may respond to different signaling pathways.  

 

Localization of Arp2/3 in mature dendritic spines 

 Mature primary hippocampal cultures 21div (days in vitro) that have established 

mature synapses and have visible mature dendritic spine heads were used to investigate 

the localization of Arp2/3 in mature neuronal synapses.  We detected endogenous Arp2/3 

localization by staining with antiserum against p34 (an Arp2/3 subunit).  Localization of 

Arp2/3 was also determined by using recombinant adenovirus to drive expression of p21-

EGFP (an Arp2/3 subunit fused to EGFP).  Antisera against SV2 and PSD-95 were used 

to visualize pre- and post-synaptic compartments.  Antiserum against Map2 (a 

microtubule associated protein) was used to visualize dendrites and assess the health of 

the cells.  Fluorescently labeled phalloidin was used to visualize f-actin.   

Antiserum staining against p34 and PSD-95 showed co-localization of p34 

(Arp2/3 subunit) and PSD-95 within dendritic spine heads (figure 7D).  Similarly, 

expression of p21-EGFP showed an enrichment of Arp2/3 within spine heads, which 

appeared to co-localize with f-actin, as shown by phalloidin staining (figure 7B).  

Antiserum staining against SV2 showed SV2 localization juxtaposed to Arp2/3 

enrichment within the spine heads, indicating the presence of mature synapses (Figure 

7C).  Together, these results suggest that Arp2/3 is enriched within mature dendritic spine 

heads, where it co-localizes with f-actin. 
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 Figure 7  Arp2/3 localization in mature dendritic spine heads. 
(A) p21-EGFP (Arp2/3 subunit fused to EGFP)  is highly enriched within the spine 
heads of mature  21div (days in vitro) hippocampal cultures and co-localizes with f-
actin (B).  Cells were stained with phalloidin (f-actin), and antiserum against SV2 
(synaptic vesicle protein, pre-synaptic marker).  (C) SV2 was localized juxtaposed 
to p21-EGFP, suggesting the presence of mature morphological synapses.  (D) p34 
(Arp2/3 subunit) antiserum staining co-localized with PSD-95 (post-synaptic 
density, post-synaptic marker) antiserum staining, suggesting Arp2/3 is enriched 
post-synaptically. 
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Discussion 

Cell fractionation assay and immunofluorescence results show that Arp2/3 is 

properly position within dendritic spines to be involved in regulating actin 

polymerization during neuronal synapse maturation.  Synaptosomal and PSD 

fractionation assays show endogenous enrichment of p34 (Arp2/3 subunit) within the 

LP1 fraction (contains the pre- & post-synaptic membrane and proteins tightly associated 

with these membranes, figure 6B), the LP2 fraction (contains crude synaptic vesicles and 

actin cytoskeleton, figure 6B), and the PSD2 fraction (contains the f-actin cytoskeleton, 

PSD core proteins, figure 6B), suggesting that Arp2/3 is localized to neuronal synapses 

where it is tightly associated with the f-actin cytoskeleton within spine heads.   

Adenovirus driven expression of p21-egfp (Arp2/3 subunit fused to egfp) and p34 

(Arp2/3 subunit) immunolocalization in mature hippocampal cultures corroborate with 

other studies that show Arp2/3 complex co-localization with f-actin and PSD-95 in 

mature dendritic spine heads (figure 7 B and D) (Racz and Weinberg 2008, Hotulainen et 

al. 2009), suggesting that Arp2/3, within the torroidal domain of the spine head, (the 

widest part of the spine head, (Racz and Weinberg 2008)) forms Y-shaped branches of f-

actin that may provide the structural support needed for spine head enlargement.   

 Since the Arp2/3 complex is intrinsically inactive, it needs to be activated by any 

one of its activators (N-WASP, Cortactin, or WAVE) to induce the nucleation of 

monomeric actin and drive the formation of Y-branched f-actin by actin polymerization. 

Our results and current literature suggest that it is possible that more than one Arp2/3 

activator may modulate Arp2/3 function within dendritic spine heads. Our synaptosomal 



 

 49 

fractionation assay revealed that several of the Arp2/3 activators (N-WASP, Cortactin, 

and WAVE) are present in the LP1 fraction (figure 6B), suggesting that multiple Arp2/3 

activators are present at the synapses.  Immunostaining of WAVE-1 in mature 

hippocampal cultures shows WAVE-1 localization to spine heads, where it co-localizes 

with f-actin and PSD-95 (Soderling et al. 2002).  Electron microscopy studies on 

hippocampal brain slices also show Cortactin localization within dendritic spine heads 

(Racz and Weinberg 2004).  Our PSD fractionation assay revealed the presence of N-

WASP in PSD2 fractions but not in PSD3 (figure 6), suggesting that N-WASP associates 

with F-actin.  N-WASP immunolocalization studies in hippocampal cultures corroborate 

our results and suggest that N-WASP plays a critical role in dendritic spine and synapse 

development (Wegner et al. 2008).  It would be interesting to determine if the different 

Arp2/3 activators are involved in regulating Arp2/3 function in a temporal dependent 

manner.  

Unlike N-WASP and Arp2/3, Cortactin and WAVE were highly enriched in the 

PSD3 fraction (contains enrichment of PSD core proteins, figure 6B), suggesting that 

both Cortactin and WAVE have Arp2/3 independent functions.  Consistent with this idea, 

knockdown of WAVE1 in neurons leads to a decrease in neurite outgrowth (Soderling et 

al. 2007b), whereas inhibition of Arp2/3 activity leads to an increase in neurite outgrowth 

(Strasser et al. 2004).  Besides its’ Arp2/3 activating function, Cortactin can serve as a 

scaffold protein by binding to the proline domain of Shank, a scaffold protein found in 

complex with PSD-95 and in direct association to NMDA receptors (Naisbitt S. 1999, 

Sheng M. 2007).  The diverse synaptosomal and PSD fractionation enrichment patterns 
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for the Arp2/3 activators observed, may reflect their involvement in varying signaling 

pathways and suggests that N-WASP, Cortactin and WAVE may be positioned at 

distinctive spatial locations within the spine heads to activate Arp2/3.  Immunogold 

electron microscopy studies have shown that most of the Cortactin within the spines 

concentrates in the spine core, 100-150nm away from the PSD; but a small fraction of 

Cortactin localizes adjacent to the PSD (Racz and Weinberg 2004).  Thus, the activity of 

Arp2/3 may be under spatial control and depend on Arp2/3 activator availability.   
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CHAPTER 3  Temporal acute inhibition of the Arp2/3 complex in 

hippocampal dendritic spines 

 

Introduction 

Filopodia-like protrusions that extend from dendritic shafts are considered to be 

the early precursors of mature spines.  Rearrangement in the underlying actin 

cytoskeleton (Matus et al. 2000) is believe to drive these immature filopodia-like spines 

to undergo morphological changes during development and in response to synaptic 

activity, such that their mean length decreases and head size increases (Sala Carlo. 2008).  

Thus, as a result of spine development or increased synaptic activity, a marked decrease 

in filopodia-like spine density is observed in conjunction with an increase density of 

spines with mature head morphologies. 

The results from Arp2/3 and Arp2/3 activators localization experiments 

corroborate with other studies that show Arp2/3 and its activators (N-WASP, Cortactin, 

and WAVE) are enriched within the dendritic spine heads (Racz and Weinberg 2004, 

Kim et al. 2006, Racz and Weinberg 2008, Wegner et al. 2008, Korobova and Svitkina 

2010), suggesting that Arp2/3-dependent actin polymerization may be important for 

regulating dendritic spine development, morphology and density.  In order to characterize 

the role of Arp2/3 during the development of dendritic spines, we used a recombinant 

adenovirus to drive acute expression of a competitive inhibitor of Arp2/3 function (made 

by EGFP fusion to the CA domain of N-WASP, figure 8) in primary hippocampal 

cultures.  This competitive inhibitor (EGFP-CA) binds to Arp2/3, preventing the Arp2/3-
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EGFP-CA complex from binding to f-actin (Strasser et al. 2004) thus inhibiting Arp2/3 

induced actin polymerization.  Following acute inhibition of Arp2/3 function, we 

quantified parameters such as spine length, spine head width and spine density, that were 

indicative of spine morphology during a temporal period for spine initiation, spine 

maturation and spine maintenance.     
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Materials and methods 

Preparation and analysis of hippocampal cultures were performed as described in 

Chapter 2. 
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Results 

Arp2/3 is not necessary for spine initiation  

Our localization results showed that Arp2/3 is enriched within dendritic spine 

heads (figure 7), which suggests that Arp2/3 could play a role in regulating dendritic 

spine development and morphology.  Filopodia-like protrusions that extend from 

dendritic shafts are considered to be the early precursors of mature spines.  These 

immature filopodia-like spines undergo morphological changes during development and 

in response to enhanced synaptic activity, such that their mean length decreases and head 

size increases with maturation (Sala Carlo. 2008).  Thus, as a result of spine development 

or increased synaptic activity, a marked decrease in filopodia-like spine density is 

observed in conjunction with an increase density of spines with mature head 

morphologies. 

We first explored the role of Arp2/3 in dendritic spine initiation by acutely 

inhibiting Arp2/3 function during the formation of spines in 7 div primary hippocampal 

cultures.  Recombinant adenoviruses were used to drive the expression of EGFP-CA or 

EGFP (control).  Infected cultures were analyzed after 48hrs (i.e. at 9 div) to allow for 

complete expression of our protein of interest (detected by EGFP expression).  In normal 

(control) hippocampal cultures at 9 div, we observed mostly immature filopodia-like 

protrusions on the surface of dendritic shafts (figure 9A-D).  If Arp2/3 were necessary for 

spine initiation, then we would expect to see a decrease in spine density after Arp2/3 

inhibition.  However, inhibition of Arp2/3 function in 9 div hippocampal cultures had no 

significant effect on spine density when compared to control cultures.  Both the Arp2/3 
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inhibited and control cultures at 9 div had about ~3.2 spines for every 10µm segment of 

dendritic shaft (figure 9L), which suggests that Arp2/3 is not required for dendritic spine 

initiation.  

Inhibition of Arp2/3 in the immature cultures does seem to have an effect on the 

morphology of the filopodia-like protrusions as shown by the average length/width ratio. 

In normal spine development, a smaller length/width ratio represents a more mature 

spine, since these would have shorter necks (reduced length) and wider heads (enlarged 

width) than the immature filopodia precursors. Arp2/3 inhibition in 9div cultures resulted 

in spines that were longer and wider when compared to spines of control cultures (figure 

9I & 9J).  The average length/width ratio for immature spines in the Arp2/3 inhibited 

cultures was significantly larger than the length/width ratio of immature spines in control 

cultures (figure 9K), suggesting that the filopodia-like spines of Arp2/3 inhibited cultures 

were not undergoing proper spine development.    Together, these results suggest that 

although Arp2/3 may not be required for dendritic spine initiation, it may be necessary 

for dendritic spine maturation. 
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Figure 8  N-WASP regulation of Arp2/3 complex                                                   
(A) Endogenous inactive N-WASP undergoes a conformational change when 
activate.  This conformational change exposes the binding site for Arp2/3 (A 
domain of N-WASP).  (B)  A competitive inhibitor for Arp2/3 was made by 
fusion of CA domain of N-WASP and EGFP.  This inhibitor competes with 
endogenous N-WASP by binding Arp2/3 but not activating it.  Inactive Arp2/3 is 
unable to induce actin dependent polymerization.  A control for the competitive 
inhibitor was made by fusion of C domain of N-WASP and EGFP.   The control 
does not bind Arp2/3 and should not affect its function. 
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Figure 9  Effect of Arp2/3 inhibition on dendritic spine initiation.  
9div primary hippocampal cultures were infected with adenovirus for 48hrs to express 
EGFP vs. EGFP-CA. Cells were stained with phalloidin (f-actin) (B & F), and antiserum 
against SV2 (synaptic vesicle protein, pre-synaptic marker) (C & G), and Map2 (Map 
associated protein) (D & H), which was used to identify dendrites. (A) Cultures 
expressing EGFP (control) and (E) cultures expressing EGFP-CA (competitive Arp2/3 
inhibitor) were used to quantify Length (L, µm) of spines by measuring from the base of 
dendrite shafts to tips of spine heads.  Width (W, µm) of dendritic spine heads was 
quantified by measuring across widest part of spine head. Arrows indicate protrusions 
without adjacent SV2 puncta (i.e. no synapse).  Arrowheads indicate protrusions with 
adjacent SV2 puncta (i.e. asynapse). (I) Cultures expressing EGFP-CA had significantly 
longer spines than those of cultures expressing EGFP, p<0.0001  (J) Cultures expressing 
EGFP-CA had significantly wider spines heads than those of cultures expressing EGFP, 
p<0.0001.  (K) The average dendritic spine length and width were measured, and the 
average length to width ratio was determined.  Cultures expressing EGFP-CA had 
significantly greater L/W ratio than cultures expressing EGFP, p<0.0002  (L) The 
number of dendritic spines per 10µm segment of dendritic shaft was quantified and 
averaged. No significant difference was observed in the average number of spines per 
10µm segment of dendritic shaft in cultures infected with EGFP vs. EGFP-CA.  
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Arp2/3 plays a role in spine maturation 

To explore the role of Arp2/3 in dendritic spine maturation, we acutely inhibited 

Arp2/3 function in 14 div primary hippocampal cultures, a time point when dendritic 

spines would normally begin the process of maturation and both immature and mature 

spine head morphologies are observed (figure 10). Compared to 9div control cultures, 

control cultures at 14div had a smaller length/width ratio, with shorter necks and wider 

spine heads, as expected in normal maturing spines (figure 9K & 10K).  In addition, 

14div control cultures showed an increase in spine density when compared to 9div 

control cultures, also suggesting normal spine development.  Dendritic spines in Arp2/3 

inhibited 14 div cultures had a smaller length/width ratio than spines in 9div Arp2/3 

inhibited cultures (compare figures 9K & 10K).   Arp2/3 inhibited 14 div cultures showed 

an increase in spine density and a decrease in length compared to 9div Arp2/3 inhibited 

cultures (compare figures 9L & 10L).  Together, these results suggest that spines in 14div 

cultures were undergoing maturation despite Arp2/3 inhibition.   However, inhibition of 

Arp2/3 in 14 div cultures led to significantly fewer and longer spines when compared to 

control cultures at 14div (figure 10I, 10J & 10L).  Together, these results suggest that 

Arp2/3 may play an important role during the maturation of spines, perhaps by providing 

structure and stability to maintain mature maturing spine heads. 
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Figure 10  Effect of Arp2/3 inhibition on dendritic spine maturation. 
 14DIV primary hippocampal cultures were infected with adenovirus for 48hrs, to express EGFP vs. 
EGFP-CA. Cells were stained with phalloidin (f-actin) (B & F), and antiserum against SV2 (synaptic 
vesicle protein, pre-synaptic marker) (C & G), and Map2 (Map associated protein) (D & H), which was 
used to monitor neuronal health.  (A) Cultures expressing EGFP (control) and (E) cultures expressing 
EGFP-CA (competitive Arp2/3 inhibitor) were used to quantify Length (L, µm) of spines by measuring 
from the base of dendrite shafts to tips of spine heads.  Width (W, µm) of dendritic spine heads was 
quantified by measuring across widest part of spine head. Arrows indicate protrusions without adjacent 
SV2 puncta (i.e. no synapse).  Arrowheads indicate protrusions with adjacent SV2 puncta (i.e. 
asynapse). (I) No significant difference was observed in spine length, but spines of treatment had 
significantly smaller spine heads than controls (p-value=0.0013) (J).   (K) The average dendritic spine 
length and width were measured, and the average length to width ratio was determined.  No significant 
difference was observed in average spine length to width ratio between cultures expressing EGFP or 
EGFP-CA.  (L) The number of dendritic spines per 10µm segment of dendritic shaft was quantified and 
averaged. No significant difference was observed in the average number of spines per 10µm segment of 
dendritic shaft in cultures infected with EGFP vs. EGFP-CA.  
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Arp2/3 is required for the maintenance of mature dendritic spines 

To explore the role of Arp2/3 in maintenance of mature dendritic spine heads, 

Arp2/3 function was acutely inhibited in 21 div primary hippocampal cultures, a time 

period when dendritic spines have established stable synapses and mature spine head 

morphologies are commonly observed (figure 11). Control cultures at 21div showed an 

increase in spine density and reduced length/width ratio when compared to 14div control 

cultures, as expected in normal mature spines (figures 10L & 11L).  In contrast, Arp2/3 

inhibition in 21div hippocampal cultures led to an increase in length/width ratio when 

compared to 21div control cultures and 14div Arp2/3 inhibited cultures (figures 10K & 

11K), suggesting that Arp2/3 inhibition affects the maturation and enlargement of spines 

heads.  We observed a significant increase in spine length and decrease in spine head 

width in 21div Arp2/3 inhibited cultures when compared to spines from either 21div 

control or 14div Arp2/3 inhibited cultures (figures 11I & 11J), suggesting that Arp2/3 is 

required for the maintenance of enlarged spine heads.  

There is a strong correlation between spine head morphology and the magnitude 

of synaptic strength, such that a large spine head can hold larger number of glutamate 

receptors and can lead to stronger synaptic activity (Carlisle and Kennedy 2005).  In 

contrast, a reduction in spine head size or spine loss will lead to reduce synaptic activity 

(Carroll et al. 1999).  Thus, our data suggest that the absence of functional Arp2/3, 

mature dendritic spines may not be able to sustain an enlarged head morphology, which 

may eventually lead to loss of dendritic spines, as observed by the decrease in spine 

density (figure 11L).  Interestingly, most of the remaining spines had synaptic puncta 
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(figure 12), suggesting that the spines maintained synaptic contact up until the time of 

spine loss.        
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Figure 11  Effect of Arp2/3 inhibition on mature spine maintenance. 
21div primary hippocampal cultures were infected with adenovirus for 48hrs, to express EGFP vs. 
EGFP-CA. Cells were stained with phalloidin (f-actin) (B & F), and antiserum against SV2 
(synaptic vesicle protein, pre-synaptic marker) (C & G), and Map2 (Map associated protein) (D & 
H), which was used to monitor neuronal health. (A) Cultures expressing EGFP (control) and (E) 
cultures expressing EGFP-CA (competitive Arp2/3 inhibitor) were used to quantify Length (L, 
µm) of spines by measuring from the base of dendrite shafts to tips of spine heads.  Width (W, 
µm) of dendritic spine heads was quantified by measuring across widest part of spine head.  (I) 
Cultures expressing EGFP-CA had significantly longer spines than those of cultures expressing 
EGFP.  (J) Cultures expressing EGFP had significantly wider dendritic spine heads than those of 
cultures expressing EGFP-CA, p< 0.0001.  (K) The average dendritic spine length and width were 
measured, and the average length to width ratio was determined.  Cultures expressing EGFP-CA 
had significantly greater L / W ratio than cultures expressing EGFP, p< 0.0001.  (L) The number 
of dendritic spines per 10µm segment of dendritic shaft was quantified and averaged. Cultures 
expressing EGFP had significantly greater number of spines / 10µm segment than cultures 
expressing EGFP-CA, p< 0.0001.  
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 Figure 12  Effect of Arp2/3 inhibition on number of 
synapses.  21div primary hippocampal cultures were infected 
with adenovirus for 48hrs, to express EGFP vs. EGFP-CA. 
Cells were stained with phalloidin (f-actin) and antiserum 
against SV2 (synaptic vesicle protein, pre-synaptic marker).   
EGFP and SV2 localization was used to determine the percent 
of total spines with SV2 puncta localized juxtapose.  There was 
no significant difference in the percentage of spines with 
synapses between controls and Arp2/3 inhibited spines.  
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Discussion 

Electron microscopy studies suggest that branched f-actin arrangement, which 

resemble y-shaped f-actin branches typically made by Arp2/3, provide structural support 

within dendritic spine heads (Fifkova and Delay 1982, Landis and Reese 1983, Hirokawa 

1989).  Our localization results corroborate with other studies that show Arp2/3 is in the 

proper location to make y-shaped f-actin branches within the torroidal domain, the widest 

part of the spine head (Racz and Weinberg 2008).   

Since immature spines contain unbranched f-actin arrangement (Fifkova and 

Delay 1982, Landis and Reese 1983, Hirokawa 1989) and Arp2/3 is responsible for 

forming y-shaped branched f-actin, it was not surprising that acute inhibition of Arp2/3 

during the initiation of immature filopodia-like spines had no significant effect on spine 

density when compared to controls, suggesting that Arp2/3 is not necessary for dendritic 

spine initiation.  mDia2 formin is an actin-binding protein that promotes formation of 

unbranched actin filaments (Goode and Eck 2007) and seems to be better candidate for 

regulating actin dynamics in immature filopodia-like spines (Hotulainen et al. 2009).  

However, inhibition of Arp2/3 early in spine development does seem to have an effect on 

spine morphology.  During normal spine development, immature spines become shorter 

and develop wider spine heads; decreasing length/width ratios represents such changes in 

morphology.  When Arp2/3 was inhibited early in spine development the length/width 

ratio remained large while the length/width ratio of dendritic spines in control cultures 

decreased.  These results suggest that immature filopodia-like spines do not mature 

properly when Arp2/3 activity is inhibited early in spine development.  
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Increase in spine density, shortening of spine necks and enlargement of spine 

heads typically characterizes the maturation of dendritic spines.  During the process of 

dendritic spine maturation, rapid changes from filopodia-like to mushroom-shaped 

morphologies are observed (Hotulainen et al. 2009).  Acute inhibition of Arp2/3 function 

in 14 div primary hippocampal cultures, when dendritic spines would normally begin the 

process of maturation, showed an increase in spine density and decrease in length when 

compared to spines of 9div Arp2/3 inhibited cultures (figures 8I,L & 9I,L), suggesting 

that spines were undergoing maturation despite Arp2/3 inhibition.  However, inhibition 

of Arp2/3 does hinder the normal maturation of spines since 14div Arp2/3 inhibited 

cultures had significantly less spine density and longer spines than those of 14div 

controls cultures (figures 9I & 9L)  

Acute inhibition of Arp2/3 in mature hippocampal cultures at 21div, when mature 

spine head morphologies typically predominate (figure 10A), caused significant increase 

in spine length, decrease in spine head width and decrease in spine density when 

compared to either 21div mature control cultures or 14div Arp2/3 inhibited cultures 

(figures 9I, J & 10I,J), suggesting that Arp2/3 is required for the maintenance of enlarged 

spine heads and may be important for maintaining functional synapses.  

The atypical morphology observed in 21div Arp2/3 inhibited mature cultures is 

marked by an increase in the length/width ratio, suggestive of immature filopodia-like 

spine morphology.  Strengthening of synapses by enlargement of spine head morphology 

correlate with greater excitatory synaptic activity that can induce long term potentiation 

(LTP)(Sorra and Harris 2000, Grutzendler et al. 2002).  The immature filopodia-like 
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morphology observed in the Arp2/3 inhibited cultures suggests that the small surface area 

of the spine heads allows for limited availability of postsynaptic proteins that would be 

necessary to carry synaptic activity and increase of Ca2+ levels after LTP induction.   

AMPA receptors are reportedly more abundant in mushroom spines and sparsely 

distributed in thin and filopodia-like spines (Matsuzaki et al. 2001).  Shrinkage or 

absence of spines have been shown to correlate with low frequency of synaptic activity 

inducing long term depression (LTD)(Zhou et al. 2004, Massey and Bashir 2007).  

Collapse of dendritic spines may occur as a result of sparse synaptic activity.   Indeed, 

reduced expression of Arp2/3 or inactivity of Arp2/3 has been shown to reduce the 

frequency of mEPSCs, suggesting that the numbers of functional synapses are reduced 

(Hotulainen et al. 2009).  We speculate that inhibition of Arp2/3 leads to destabilization 

of f-actin, AMPA receptor endocytic internalization, synapse weakening, and dendritic 

spine head collapse leading to decreased spine density.   
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CHAPTER 4 Glutamate induced redistribution of the Arp2/3 complex  

 

Introduction 

Our Arp2/3 inhibition experiments showed that inhibition of Arp2/3 in mature 

cultures resulted in immature filopodia-like dendritic spine morphology.  This result 

suggests that the f-actin branches made by Arp2/3-dependent actin polymerization may 

provide the structural support required for enlarging spine heads during the maturation of 

dendritic spines.  In addition, the strength of synaptic activity is believed to influence 

dendritic spine shape, size and density (Harms and Dunaevsky 2006).  Since dendritic 

spines are highly enriched with f-actin, any changes in dendritic spine morphology or 

density depend on f-actin reorganization (Schubert and Dotti 2007), suggesting that actin 

binding proteins that regulate actin dynamics within the spines are modulated by synaptic 

activity.  Actin-binding protein (ABP) seems to dynamically redistribute in response to 

activity.  For example, NMDA receptor activation induces rapid redistribution of profilin 

II from dendritic shafts into dendritic spine heads (Ackermann and Matus 2003, Ouyang 

2005) where it can facilitate f-actin polymerization by increasing the exchange of ADP 

for ATP bound actin (Pollard et al. 2000).   On the other hand, activation of NMDA 

receptors can activate cofilin, which severs f-actin filaments and facilitates the 

redistribution of f -actin into dendritic shafts to allow protein translocation into the spine 

heads (Meng et al. 2003, Ouyang 2005).   

Cortactin is an f-actin binding protein that serves as an Arp2/3 activator and 

scaffolding  protein for NMDA receptors (Naisbitt S. 1999).   At basal levels of synaptic 
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activity, the majority of the cortactin protein within the spines concentrates in the spine 

core, but a small fraction of cortactin localizes adjacent to the PSD (Racz and Weinberg 

2004).  In response to synaptic stimulation and NMDA receptor activation, cortactin and 

actin redistribute from the spines heads into the dendritic shafts of neurons, suggesting 

that cortactin modulates Arp2/3 function and actin dynamics in an activity dependent 

manner inducing changes on spine morphology (Hering and Sheng 2003a).  The results 

from the Hering and Sheng 2003 study on cortactin redistribution and results from our 

Arp2/3 inhibition study suggest that Arp2/3 function is crucial for providing the structural 

support needed to maintain enlarged heads in mature spine.  These results also suggest 

that Arp2/3 localization and function may be mediated by synaptic activity.   We used 

bath application of glutamate in order to induce global depolarization of pyramidal cells 

in culture and asses the localization of Arp2/3 (p21-egfp) in dendritic spines of pyramidal 

neurons immediately following glutamate treatment and six hours post-glutamate wash-

out. 
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Materials and methods 

 

Preparation of cultures and immunofluorescence were performed as detailed in 

chapter 2. 

 

Glutamate depolarization and recovery 

Primary hippocampal cultures (HCC) were prepared and maintained as stated above.  At 

21div HCC were infected with adenovirus for 36hrs to drive expression of p21-EGFP.  

Depolarization was induced by bath application of 10µM glutamate for 15min at 37ºC.  

After 15min of treatment, cultures were fixed and prepared for immunostained.   For 

recovery experiments, cultures received either the mock treatment or the depolarization 

treatment for 15min at 37ºC, then the media replaced with conditioned growth media and 

cultures incubated for 6hrs at 37ºC.  After 6hrs of recovery, HCC were fixed and 

prepared for immunostaining as mentioned above.  
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Results 

Activity dependent redistribution of Arp2/3 to dendritic shafts  

Synaptic activity drives actin rearrangement, which is thought to be the 

underlying mechanism for changes in spine morphology (Matus et al. 2000).  Since, 

Arp2/3 binds to f-actin and affects actin polymerization; we wanted to determine if 

Arp2/3 undergoes a change in distribution in response to synaptic activity.  We used 

recombinant adenoviruses to drive the expression of p21-EGFP (an Arp2/3 subunit fused 

to EGFP) in 21div primary hippocampal cultures and observed the distribution of Arp2/3 

in response to depolarization induced by bath application of 10µM glutamate.  Phalloidin 

staining was used to detect f-actin distribution and staining with antiserum against Map2 

was used to identify dendrites and monitor neuronal health.  Bath application of 

glutamate has been used to induce depolarization, stimulate redistribution f-actin from 

spine heads into dendritic shafts, and induce changes in spine morphology that appear to 

prevent GFP filling of spines (Halpain et al. 1998).  Interestingly, despite the loss of GFP 

filling, punctate staining for pre- and post-synaptic markers are preserved (Halpain 

Shelley. 1998, Ackermann and Matus 2003, Hering and Sheng 2003a), suggesting that 

synapses are maintained despite actin redistribution.  Supporting this conclusion, spines 

reform at the same location within a few hours of removing the stimulus (Hasbani 2001).  

 Bath application of 10µM glutamate also induces focal swelling along the length 

of neuronal dendrites (figure 13H).  These focal swellings are not signs of toxicity or 

death of cell since they are reversible (Halpain et al. 1998) and occur via independent 

mechanisms: cell death is Ca2+  mediated whereas focal swelling formation is mediated 
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by Na+ (Ikegaya et al. 2001).  In addition, this global depolarization of in vitro 

hippocampal cultures led to a redistribution of both F-actin and Arp2/3 into the dendritic 

shafts (figure 13), and punctate staining for SV2 (pre-synaptic marker) was preserved 

(figure 13G & H), suggesting that synapses are maintained. These focal swellings 

coincide with an enrichment of both f-actin (figure 13E) and p21-EGFP (figure 13F), 

suggesting that in response to synaptic activity Arp2/3 redistributes with f-actin from 

spine heads into dendritic shafts.  In control cultures that had basal level of activity, we 

found Arp2/3 co-localizes with f-actin in dendritic spine heads (figures 13A & 13B). 

We also surveyed the localization of Arp2/3 and f-actin 6hrs after glutamate 

washout, in an attempt to recover basal level of activity.  Interestingly, focal swellings 

disappeared and we observed f-actin and p21-EGFP co-localization in spine heads 6hrs 

after glutamate washout (figure 14), suggesting that f-actin and Arp2/3 redistribution is 

activity dependent.  Together, these results suggest that addition of 10µM glutamate in 

21div mature culture, with mature synapses already in place and releasing glutamate, may 

result in an environment that is slightly excitotoxic, but not lethal.  Thus, in a protective 

response neurons develop focal swellings and retract their spines by inducing 

redistribution of f-actin and proteins important in regulating actin dynamics and spine 

morphology, such as Arp2/3.  Washing out the excess glutamate brings synaptic activity 

back to normal excitability, leading to reemergence of spines with an enrichment of f-

actin and Arp2/3 within the spine heads (figure 14).  
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Figure 13  Activity dependent redistribution of Arp2/3 from spine heads into 
dendritic shafts.  
p21-EGFP (Arp2/3 subunit fused to EGFP)  is highly enriched within the spine heads of 
mature  21div (days in vitro) hippocampal cultures (B) and co-localizes with f-actin (A).  
However, 15min after depolarization with10µm glutamate both p21-EGFP and f-actin 
redistribute from the spines heads to the dendrite shaft.  Cells were stained with 
phalloidin (f-actin), and antiserum against MAP2 (dendrite marker).  (G) and (G) 
Although, no GFP filled spines are visible SV2 puncta remained visible along the 
dendrites after depolarization and redistribution of Arp2/3 and f-actin, suggesting the 
presence of mature morphological synapses. 
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 Figure 14  Removal of depolarizing stimulus restores Arp2/3 to spine 
heads.  
 6hrs after removal of glutamate, p21-EGFP returns to the spine heads and 
GFP-filled spines are visible.  6 hrs after recovery there is no significant 
difference in spine density between the control cultures and cultures that 
were depolarized.  These results suggest that spines may not be visible 
during depolarization because f-actin within the spines destabilizes and is 
redistributed to the shafts of dendrites, remnants of the spine head material 
may still be available when f-actin reemerges into the spine head and 
structures within the spine can rearrange allowing spines to reemerge.  
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Discussion 

Our results show that Arp2/3 co-localizes with f-actin in dendritic spine heads 

(figure 13A & B) at basal level of synaptic activity.   Increase in synaptic activity by 

glutamate induced NMDA receptor activation caused focal swellings along the length of 

neuronal dendrites with loss of dendritic spines (figure 13G & H).  Both f-actin (figure 

13E) and Arp2/3 (p21-EGFP, figure 13F) colocalized to these focal swellings suggesting 

that in response to synaptic activity, Arp2/3 redistributes with f-actin from spine heads 

into dendritic shafts.   Upon initial observation, focal swellings seemed to be early signs 

of excitotoxicity.  However, we observe f-actin and Arp2/3 co-localization return to spine 

heads 6hrs after glutamate washout (figure 14), suggesting that f-actin and Arp2/3 

redistribution is activity dependent.    The redistribution of f-actin from spine heads into 

dendritic shafts during focal swelling and in response to LTP or ischemia preconditioning 

maybe temporary but necessary to allow unhindered translocation of proteins, such as 

AMPA receptors into the spine heads (Hasbani et al. 2001, Malinow and Malenka 2002, 

Ouyang 2005, Meller 2008).   Polyribosomes, endosomes and lysosomes are often 

present within or at the base of dendritic spines, suggesting local protein synthesis and 

degradation can occur within spines and maybe be important for the structural changes 

that occur during synaptic plasticity (Steward and Schuman 2001). 

Clathrin-mediated endocytosis is an important cellular process required for the 

internalization and trafficking of AMPA receptors from the dendritic spine head surface 

following long term depression (LTD) (Blanpied et al. 2002, Lu et al. 2007, Hirling 2009, 

Peng et al. 2009).  However, the mechanism for regulating actin filament dynamics 
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during endocytosis in neurons is not clear.  The process of clathrin-mediated endocytosis 

in yeast and mammalian cells begins with the assembly of clathrin-coated pits at the inner 

surface of plasma membrane, which deforms the membrane and causes curvature of the 

membrane into the cytosol.   Arp2/3 and several of the Arp2/3 activators are recruited to 

clathrin-coated pits through interaction with coat components (Merrifield et al. 2004, 

Girao et al. 2008).  Cortactin is recruited to coated pits during the invagination of the 

vesicle by binding to dynamin and participate with dynamin in the scission of the coated 

vesicle (Schafer 2002, Zhu et al. 2005, Chen et al. 2006).  N-WASP is also believed to be 

recruited to coated pits through its association with SH3-domain containing proteins, 

such as intersectin and syndapin, which are associated directly with dynamin, (Qualmann 

and Kelly 2000, Schafer 2002, Kessels and Qualmann 2004).  Thus several studies 

suggest a possible role for Arp2/3 in spines. 

Our findings suggest that Arp2/3 seems to play an important role during the 

maturation phase of dendritic spine development.  The Y-shaped f-actin branches made 

by Arp2/3 may provide the structural support that is necessary for maintaining an 

enlarged mature spine head.   When Arp2/3 is activated by NPFs it can form a dense 

meshwork of f-actin made by the y-shaped branches.  This meshwork of f-actin may also 

help maintain membrane bound receptors, such as AMPAR, at the surface of the spine 

head for a longer period by decreasing the rate of endocytosis.  However, when Arp2/3 is 

regulated by PICK1, Arp2/3 becomes locally inactive and branched f-actin becomes 

destabilized allowing for bundled f-actin arrangement that may allow for faster 

translocation of proteins.  
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CHAPTER 5   ARP2/3 is necessary for rapid ischemic tolerance 

Introduction 

Our results suggest that high levels of glutamate induced NMDA receptor 

activation leads to formation of focal swellings, loss of dendritic spines (figure 13G & 

H), and co-localized of Arp2/3 and f-actin (figure 13E) to these focal swellings.  

Although focal swelling can sometimes be interpreted as a sign of excitotoxicity, we 

observed f-actin and Arp2/3 co-localization return to spine heads 6hrs after glutamate 

washout (figure 14).  In addition,  a 10 minute exposure to NMDA receptor agonists can 

induce the redistribution of f-actin and focal swelling formation which are fully reversible 

and do not lead to cell death (Hasbani et al. 2001).  A similar reversible redistribution of 

f-actin and formation of focal swelling are observed during rapid ischemic tolerance 

(Meller 2008).  Ischemic tolerance (IT), is an endogenous neuroprotective mechanism of 

the brain and other organs that is used to protect against future injury by adapting to 

sublethal levels of noxious insult (Alkan 2009).   

According to the National Stroke Association, stroke is the third leading cause of 

death on America and a leading cause of adult disabilities.  The diagnosis of stroke is 

given to patients that have experience considerable neuronal cell death as a result of 

global or focal decreases in blood flow leading to poor oxygen and glucose supply also 

know as cerebral hypoxia (Hertz 2008, Dirnagl et al. 2009).  However, ischemic 

tolerance is observed in the clinical setting following prototypical preconditioning 

stimuli, such as cerebral hypoxia, sublethal transient global and focal ischemia (Lehotsky 

et al. 2009).     A myriad of preconditioning stimuli such as chronic hypoxia, chronic 
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hypoperfusion, oxidative stress, hypothermia, hyperthermia, pharmalogical metabolic 

inhibitors, and inflammatory cytokines, are used to induce IT in animals, cell culture and 

tissue slices (Alkan 2009, Lehotsky et al. 2009).  Depending on the type of 

preconditioning stimulus, the state of tolerance can be triggered within minutes of the 

sublethal insult resulting in rapid or acute tolerance or it can occur after several hours or 

days resulting in delayed tolerance.  From a molecular perspective, the acute tolerance is 

most likely due to rapid posttranslational protein modifications whereas the delayed 

tolerance may be dependent on de novo protein synthesis (Dirnagl et al. 2009, Terasaki et 

al. 2010).   

The concrete signaling pathways for ischemic tolerance remain unknown but 

ischemic preconditioning may induce tolerance by activating endogenous protective 

mechanism that preserve mitochondrial function, upregulate genes involved in energy 

metabolism, inhibit caspases and proapoptotic genes, activate serine/threonine activated 

(Akt), and extracellular signal regulated (ERK) kinases, activate nerve growth factor 

(NGF) and brain-derived neurothrophic factor (BDNF), reduce inflammatory response 

initiated by Toll-like receptors, suppress activation of the NFkB transcription factor and 

production of proinflammatory cytokines (Gidday 2006, Lehotsky et al. 2009).  In the 

case of cerebral ischemic tolerance,  preconditioning also reduces the potential for 

excitotoxicity by suppressing glutamate release, increasing glutamate uptake  by 

upregulating the expression of the glial glutamate transporter (GLT1-EAAT2), 

downregulating expression of AMPA and NMDA receptors, enhancing release of GABA 
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and inhibitory synaptic transmission thus inducing a shift from excitatory to inhibitory 

neurotransmission (Dave et al. 2005, Dirnagl et al. 2009, Lehotsky et al. 2009). 

Cerebral ischemia is modeled in vitro by oxygen glucose deprivation (OGD) in 

primary cell cultures or hippocampal slice cultures (Bonde et al. 2005).  Ischemia 

preconditioning stimulus in primary hippocampal cultures results in transient formation 

of focal swellings, loss of f-actin from dendritic spines and activation of the proteasome 

pathways (Hasbani et al. 2001, Meller 2008).  Thus, blocking actin reorganization and 

proteasome pathways blocks focal swelling formation, actin reorganization, and ischemic 

tolerance.  Ischemic tolerance can occur by ubiquitination and degradation of a cell death 

associated protein Bcl-2-interacting mediator (Bim) of cell death (Meller 2008).  

Ubiquitin-binding pulldown assay are used to monitor changes in protein ubiqutination 

after ischemic preconditioning.  A reduction in WAVE-1 pulldown with a P62 ubiquitin 

binding domain was observed following 30 min OGD, suggesting a decrease in WAVE-1 

ubiquitination following ischemic preconditioning stimulus (Meller et al. 2008).  This 

finding suggests that less WAVE-1 is targeted for degradation and may be made more 

available to regulated Arp2/3 and actin dynamics following OGD.  To determine if 

inhibition of Arp2/3 function has an effect on cortical neurons response to ischemic 

preconditioning stimulus, Arp2/3 function was inhibited and pyramidal neuronal cell 

death was measured following 30min of OGD and a subsequent harmful ischemic 

stimulus.     
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Materials and methods 

Ischemic tolerance 

  Neuronal cultures were prepared as previously described (Meller et al. 2008).  

Briefly cortices were removed from one-day-old rat pups (mixed sex) incubated in papain 

(Worthington Biochemicals) and then triturated with a fire polished glass pipette.  

Neurons were grown for 14 days in Neurobasal A medium supplemented with B27 

(Invitrogen).  Oxygen and glucose deprivation (OGD) was used to model ischemia, as 

previously described (Meller et al. 2005, Meller et al. 2006).  Briefly, cells were washed 

twice with phosphate buffered saline solution supplemented with magnesium and calcium 

(NaCl 1.37 mM, KCl 2.7mM, Na2HPO4 10 mM, KH2PO4 1.7 mM, CaCl2, 0.5 mM, 

MgCl2 1 mM, pH 7.4), then placed in 1.5 ml PBS solution and transferred to an anoxic 

chamber (85 % N2, 5% H2, 10 % CO2; 35 ºC) (Bactron) for indicated periods of time.  To 

terminate ischemia, cells were replenished with Neurobasal A media and returned to a 

normoxic chamber.  Four sets of experimental conditions were investigated in the 

ischemic tolerance paradigm.  Cells received either control (wash only), 30 min OGD, 

120 minute OGD, or 30 min OGD followed by 1 hour recovery in normoxic conditions 

with Neurobasal A media followed by 120 min OGD.  Cells are left to recover for 24 

hours following the final wash or ischemic event and cell death is assessed by propidium 

iodide (PI) exclusion assay (Meller et al. 2008).  Cells were fixed; counter stained with 

DAPI and the number of PI positive neurons counted.  Coverslips were imaged at 3 

random areas, and the number of DAPI positive and PI positive cells determined using 

Image J.   
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Results 

Inhibition of Arp2/3 blocks rapid ischemic tolerance 

 Focal ischemic stroke induces WAVE-1 to form a complex with the mitochondria 

transmembrane protein, Bcl-XL, resulting in increase association of Bax with 

mitochondria, cytochrome c release and neuronal cell death (Cheng et al. 2007), 

suggesting a role for WAVE-1 in apoptosis.  However, P62 ubiquitin binding domain-

pull down assay indicates reduced ubiquitination of WAVE-1 following ischemic 

preconditioning stimulus (Meller et al. 2008), suggesting less WAVE-1 is targeted for 

degradation and may be made more available to regulated Arp2/3 and actin dynamics 

following OGD.   To investigate whether Arp2/3 availability is altered in 

preconditioning, the N-WASP/ WAVE-1 VCA-domain conjugated to agarose was used 

to pulldown Arp2/3 from neuronal cell lysates.  There was a significant increase in the 

pulldown of both Arp2 and Arp3 following ischemia preconditioning (30 min OGD), 

compared to controls without OGD (Fig.  15A, B).  This suggests that OGD 

preconditioning alters Arp2/3 association with the actin cytoskeleton, making it more 

accessible to pulldown by VCA either by weakening Arp2/3 association to the actin 

cytoskeleton or completely releasing inactivated Arp2/3.   

  To determine if Arp2/3 plays a role in ischemic conditioning in cortical cultures, 

Arp2/3 was inhibited for 48 hrs and cells were then subject to an oxygen, glucose 

depravation (OGD) ischemic tolerance paradigm (Fig. 15C,  (Meller 2008)  Cells 

received either no ischemia, 30 min OGD, 120 min OGD or 30 min OGD followed by 

120 min OGD one hour later and cell death was quantified 24 hrs after treatment.  In 
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untreated cells, harmful ischemia induced approximately 40% cell death in the cultures, 

where as preconditioning the cells with 30 min OGD prior to the harmful ischemia 

significantly reduced cell death (Fig. 15D).  Propidium iodide staining in cells expressing 

EGFP alone showed a slight increase in cell death following both 30 and 120 min OGD 

when compared to uninfected controls, indicating that adenoviral infection may sensitize 

cells to ischemic damage; however infection with control virus did not block the 

protective effects or preconditioning.  Inhibition of Arp2/3 did not significantly alter cell 

death rates following PC or harmful ischemia, but completely blocked the protective 

effects of preconditioning compared to untreated cells (P<0.01).  Together, these findings 

indicate that Arp2/3-dependent actin reorganization may play a critical role in 

determining the protective effects of ischemic preconditioning. 
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Figure 15 Inhibition of Arp2/3 blocks the protective effect of Preconditioning Ischemia   
(A) Schematic of the rapid ischemia tolerance paradigm.  PC (30min of oxygen& glucose 
deprivation, OGD) is administered 1hr before harmful ischemia (120min OGD).  Cell death is 
assessed 24hrs post harmful ischemia by propidium iodine post harmful ischemia (Meller 
2008).   (B) N-WASP/ WAVE-1 VCA-domain conjugated to agarose was used to pulldown 
Arp2/3 from neuronal cell lysates.  (C) There was a significant increase in the pulldown of 
both Arp2 and Arp3 following preconditioning ischemia (30 min OGD), compared to controls 
without OGD.  (D) Arp2/3 was inhibited for 48 hrs and cells were then subject to (OGD) 
ischemic tolerance paradigm (A).  Cells received either no ischemia; 30 min OGD, 120 min 
OGD or 30 min OGD followed by 120 min OGD one hour later and cell death was quantified 
by propidium iodide 24 hrs after treatment.  In untreated cells, harmful ischemia induced 
approximately 40% cell death in the cultures, where as cell death was not increased by 
preconditioning with 30 min OGD.  EGFP (virus control) increased the percent of cell death, 
when compared to no virus condition, but preconditioning decreased cell death induced by 
harmful ischemia treatment.  However, inhibition of Arp2/3 removed the protective effect of 
preconditioning and showed significant increase in cell death when compared to untreated 
cells. 
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Discussion 

Neurodegeneration that results from cerebral ischemia develops from glutamate 

induced neurotoxicity, inflammation and cell death.  Within minutes of OGD resulting 

from cerebral ischemia, astrocytes stop or reverse the uptake of extracellular glutamate, 

and the ATP-dependent astroglial glutamate synthase which normally converts glutamate 

to inactive glutamine becomes impaired leading to extracellular increase in glutamate 

(Bonde et al. 2005).  Excessive extracellular glutamate can increase influx of Ca2+ 

through voltage dependent calcium channels leading to Ca2+ dependent glutamate release.  

In addition, the increase in extracellular glutamate leads to activation of NMDA and 

AMPA receptors resulting in influx of Na+, Cl-, and Ca2+ inducing osmotic swelling and 

free radical production and eventual cell death (Bonde et al. 2005).    

NMDA receptors are usually anchored to the actin cytoskeleton via scaffolding 

proteins (Shank and cortactin, an Arp2/3 regulator) (Naisbitt S. 1999), but in a protective 

response to ischemia and excitotoxicity dendritic spines undergo transient retraction, f-

actin redistribution (Hasbani et al. 2001, Meller 2008) and NMDA receptor anchoring to 

the cytoskeleton is reduced after ischemia tolerance is induced by OGD preconditioning 

(Meller 2008).    

Most AMPA receptors of the hippocampus contain a GluR2 subunit, which makes 

the AMPA receptors impermeable to Ca2+ ((Hollmann et al. 1991).  However, ischemia 

induces down regulation of GluR2 mRNA and protein expression allowing for alternative 

composition of AMPA receptors that are permeable to an influx of Ca2+ which facilitates 

cell death (Pellegrini-Giampietro et al. 1992, Liu et al. 2006).  Interestingly, OGD can 
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delay cell death in hippocampal neurons by delaying the down regulation of GluR2 

mRNA expression (Liu et al. 2006).  In addition, an increase in excitatory post-synaptic 

current (EPSC) rectification is observed following OGD, suggesting a switch in AMPA 

receptor composition by  rapid internalization of AMPA receptors containing GluR2 

subunit and delivery of GluR2-lacking AMPARs to synaptic sites (Dixon et al. 2009).  

This rapid internalization of GluR2 containing AMPA receptors likely occurs by PICK1 

mediated-endocytosis, since GluR2-PICK1 binding has been shown to increase in 

hippocampal neurons following OGD and is a process also observed in response to 

synaptic activity (Malinow and Malenka 2002, Liu et al. 2006).  Furthermore, disrupting 

GluR2-PICK1 interactions by peptides that interfere with the PICK1-PDZ domain blocks 

internalization of GluR2-AMPA receptors (Dixon et al. 2009).  PICK1 is a protein that 

contains PDZ and BAR domains and binds to several membrane proteins including 

GluR2 subunits of AMPA receptors (Hanley 2006, Rocca et al. 2008, Dixon et al. 2009).  

PICK1-GluR2 interaction is necessary for AMPA receptor internalization from the 

synaptic membrane in response to Ca2+ influx via NMDA receptor activation (Kim et al. 

2001, Hanley and Henley 2005).   

PICK1 is also an Arp2/3 regulator that locally inhibits Arp2/3 function (Rocca et 

al. 2008).  Coimmunoprecipitation experiments from neuronal tissue extracts show that 

Arp2/3, PICK1, actin and GluR2 interact to from a complex that is involved in NMDA-

induced AMPA receptor endocytosis (Iwakura et al. 2001, Rocca et al. 2008).  Locally 

inactive Arp2/3 permits local destabilization of branched f-actin normally formed by 

active Arp2/3 dependent actin polymerization allowing for bundled f-actin arrangement 
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that may allow for faster translocation of proteins in response to synaptic activity or 

OGD.  In addition, inhibition of Arp2/3 by the N-WASP CA domain results in increase 

AMPAR internalization, suggesting that inhibition of Arp2/3 is required for AMPAR 

internalization (Rocca et al. 2008).  Our results demonstrated that inhibition of Arp2/3 in 

cultured cortical neurons completely blocked the protective effects of OGD 

preconditioning compared to untreated cells, suggesting that Arp2/3-dependent actin 

polymerization is necessary for the protective effect of ischemia preconditioning (figure 

15).  Thus, acute inhibition of Arp2/3 by NWASP CA domain (EGFP-CA) may 

destabilizes branched f-actin which will no longer be able to sustain an enlarged spine 

head.  A smaller spine head reduces the density of AMPA receptors available to respond 

increases in extracellular glutamate induced by OGD. 
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CHAPTER 6 Conclusion and Future perspectives 

 

Localization and Inhibition of Arp2/3 function 

Data presented here show that Arp2/3 is localized to dendritic spine heads (figure 

6 & 7) and corroborates with recent reports of Arp2/3 localization within the widest part 

of the spine head, (Racz and Weinberg 2008, Korobova and Svitkina 2010) leading to the 

hypothesis that Arp2/3-dependent actin polymerization forms characteristic Y-shaped 

branches of f-actin that provide the structural support needed for spine head enlargement.  

Additionally, our synaptosomal and PSD fractionation assay revealed the presence of the 

Arp2/3 activators, N-WASP, WAVE and Cortactin (figure 6) suggesting that Arp2/3 

activity can be modulated by more than one regulator.  Knockdown of N-WASP by 

RNAi or inhibition of N-WASP activity by wiskostatin leads to decrease in spine density 

(Wegner et al. 2008).  Similarly, knockdown of Cortactin in hippocampal neurons and 

hippocampal cultures from WAVE-1 knockout mice also show a decrease in spine 

density (Hering and Sheng 2003a, Soderling et al. 2007a)   Thus, absence or inactivity of 

any of the Arp2/3 activators has detrimental effects on spine density, which may be 

reflective of limited Arp2/3 activity. 

We explored the hypothesis that inhibition of Arp2/3 function would have 

detrimental effects on dendritic spine morphology and density during the development of 

spines.   Our results on inhibition of Arp2/3 function are in good agreement with studies 

that chronically knockdown expression of Arp2/3 subunits (Arp3 or p34) by RNAi or that 

inactivated Arp2/3 function and show a decrease density of dendritic protrusions, 
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increase spine neck length and increase density of filopodia-like spines (Wegner et al. 

2008, Hotulainen et al. 2009).  However, no other study has explored the temporal 

requirement for Arp2/3 in dendritic spine initiation, maturation and maintenance of 

mature spine head morphology.  Our results show that immature filopodia-like spines do 

not mature properly when Arp2/3 function is inhibited early in spine development; these 

spines appear wider and taller than their control counterparts (figure 9 A, E, I & J).  

Furthermore, during the maturation stage of spine development Arp2/3 inhibited cultures 

showed dendritic spines were longer and less dense than those of control cultures (figure 

10 A, E, I & L).   Inhibition of Arp2/3 in mature cultures had the most dramatic effect on 

spine morphology and density, featuring atypical filopodia-like morphology and reduced 

spine density when compared to control cultures (figure 11) suggesting that Arp2/3 has 

an important role in maintaining mature spine head morphologies.   These findings are 

uncommon for the mature stage in dendritic spine development, where dense number 

spines with mature morphology are expected.   Thus, inhibition of Arp2/3 may cause 

destabilization of the branched f-actin network and appearance of immature filopodia-like 

spines that contain a limited number of AMPA receptors.    

 

 

Arp2/3 forms physical barrier for AMPA receptor trafficking 

 In non-neuronal cells multiple Arp2/3 activators play a role in the invagination 

and movement of vesicles during clathrin mediated endocytosis, but mutation or reduced 

expression of Cortactin seems to have the most deleterious effect on endocytosis (Galletta 
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et al. 2008).  RNAi knockdown of Cortactin or mutation to Arp2/3 binding domain 

completely blocks transferin uptake and reduces cortactin ability to bind to dynamin (Zhu 

et al. 2005), whereas RNAi knockdown of N-Wasp reduces the rate of EGF (epidermal 

growth factor) uptake, but has no effect on the accumulation of actin or Arp2/3 at clathrin 

coated pits (Benesch et al. 2005), suggesting that Arp2/3 is necessary for the scission of 

clathrin coated vesicles from the plasma membrane.  Sequestration of Arp2/3 by WA-

domain of Scar1 abolished any recruitment of actin or actin polymerization to clathrin-

coated pits but did not affect clathrin coat assembly (Benesch et al. 2005), suggesting that 

proper spatial localization of Arp2/3 is necessary for actin polymerization around the 

clathrin-coated pits.   However, myosin VI (an actin based motor protein) can associate 

with a protein complex containing clathrin and adaptor protein AP-2, deform, invaginate 

the plasma membrane during the early stages of coated-pit formation and transport the 

endocytic vesicle through dense actin filaments in the cytoplasm (Schafer 2002).   

 In neurons, myosin VI localizes to the PSD in dendritic spine heads where it 

exists in a complex with the AMPAR, AP-2, and SAP97, suggesting that it is involved in 

clathrin mediated endocytosis of AMPAR (Osterweil et al. 2005).  If actin filaments 

dynamics within dendritic spine heads were similarly regulated by N-WASP and 

Cortactin activation of Arp2/3 during AMPA receptor endocytosis, then inhibition of 

Arp2/3 function by EGFP-CA would reduce Arp2/3 dependent actin polymerization 

around clathrin-coated pits and prevent Arp2/3 dependent actin polymerization induced 

propulsion of endocytic vesicles through the cytosol, suggesting a reduction in AMPAR 

internalization.  However, we observe that inhibition of Arp2/3 leads to filopodia-like 
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spines morphology, suggesting unbranched actin filament arrangement resembling actin 

cables which may facilitate myosin V1 transport of vesicles containing AMPA receptor 

resulting in increase rate of AMPA receptor internalization leading to reduction in 

synaptic strength in LTD.  

 Considerable evidence suggests that activation of NMDAR induces AMPAR 

internalization via the Ca2+ dependent protein PICK1, which binds to membrane bound 

GluR2/3 (AMPA receptor subunits) (Hanley and Henley 2005, Rocca et al. 2008).   

PICK1 also interacts directly with Arp2/3 and locally inhibits Arp2/3 dependent actin 

polymerization (Rocca et al. 2008).  Coimmunoprecipitation experiments from neuronal 

tissue extracts show that Arp2/3, PICK1, actin and GluR2 (AMPA receptor subunit) 

interact to from a complex that mediates APMA receptor endocytosis (Rocca et al. 2008).  

Knockdown of PICK1 by shRNA blocked GluR2 (AMPAR subunit) endocytosis, 

suggesting PICK1 is necessary for AMPAR endocytosis (Iwakura et al. 2001, Rocca et 

al. 2008).  Furthermore, cotransfection of PICK1 shRNA and shRNA resistant wild-type 

PICK1 rescued AMPAR endocytosis, but cotransfection of PICK1 shRNA and 

PICK1mutant (lacking Arp2/3 binding domain) was not able to rescue AMPAR 

endocytosis (Rocca et al. 2008), suggesting that PICK1-Arp2/3 interaction is required for 

AMPAR internalization.  Inhibition of Arp2/3 by the N-WASP CA domain results in 

increase AMPAR internalization, suggesting that inhibition of Arp2/3 is required for 

AMPAR internalization (Rocca et al. 2008).  

 Thus, Arp2/3 dependent actin polymerization may provide the mechanical force 

that maintains the dendritic spine head membrane.   Arp2/3 dependent branched f-actin 
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may restrict AMPA receptor endocytosis by opposing membrane invagination that occurs 

by clathrin and associated coat proteins assembly at the endocytic sites.  Binding of PICK 

to GluR2 enhances PICK1-actin and PICK-Arp2/3 interactions, inhibits actin 

polymerization locally and destabilizing f-actin network around the coated pit (Rocca et 

al. 2008).  The absence of f-actin network around the coated-pits reduces membrane 

tension and allows the coated membrane to invaginate facilitating AMPA receptor 

endocytosis.   

 Inhibition of Arp2/3 by the N-WASP CA domain results in increase AMPAR 

internalization, suggesting that inhibition of Arp2/3 is required for AMPAR 

internalization (Rocca et al. 2008) and supports our hypothesis that Arp2/3 plays an 

important role in maintaining mature spine head morphologies, such that inhibition of 

Arp2/3 leads to destabilization of the branched f-actin network and appearance of 

immature filopodia-like spines that contain a limited number of AMPA receptors.  Since 

branched f-actin network are observed within the mature spine heads (Fifkova and Delay 

1982), inhibition of Arp2/3 in our cultures by EGFP-CA may induce f-actin 

destabilization within the entire spine head leading to collapse of the mature spine head 

resulting in immature filopodia-like spine morphology, and increase AMPA receptor 

internalization resulting in weaken synaptic activity that leads to decrease in spine density 

(figure 16).   



 

 93 

Figure 16 Proposed role of Arp2/3 within spines. 
During normal development of dendritic spines Arp2/3 seems to play an 
important role during the maturation of spines.  The Y-shaped f-actin 
branches made by Arp2/3 may provide the structural support that is necessary 
for maintaining an enlarged mature spine head.   When Arp2/3 is activated by 
NPF it can form a dense meshwork of f-actin made by the y-shaped branches.  
This meshwork of f-actin may also help maintain membrane bound receptors, 
such as AMPAR, at the surface of the spine head for a longer period by 
decreasing the rate of endocytosis.  However, when Arp2/3 is regulated by 
PICK1, Arp2/3 becomes locally inactive, and branched f-actin becomes 
destabilized, allowing for bundled f-actin arrangement.  Endocytosis of 
AMPAR is facilitated by PICK1 inhibition of Arp2/3.  Thus, the bundled f-
actin arrangement may allow for faster translocation of proteins.  The 
competitive inhibitor, EGFP-CA causes acute and global inhibition of Arp2/3.  
Global inhibition of Arp2/3, results in no formation of Y-shaped branched f-
actin.  Fascin is another nucleating protein that crosslinks actin filaments into 
unbranched bundles.   These bundles facilitate myosin VI transport of 
AMPAR resulting in an increase of AMPAR recycling, which lead to 
decrease in synaptic activity, and eventual loss of synapses.  
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Neuroprotective role of Arp2/3 redistribution 

Collectively, results from our localization and inhibition studies suggest that 

Arp2/3 localization and function are critical for the maintenance of mature spine head 

morphology that provide greater surface area for enhanced synaptic activity (Malinow 

and Malenka 2002, Carlisle and Kennedy 2005).  However, changes in localization and 

regulation of actin-binding protein (ABP) activity are likely to occur as a result of 

changes in synaptic activity.  Brief application of NMDA induces shortening of spine 

necks within 1-2 hrs of application (Segal 1995b), suggesting a link between glutamate 

receptor activation and actin mediated shape of dendritic spines.    Our results show that 

bath application of glutamate in our cultures induces redistribution of Arp2/3 from 

dendritic spines to focal swellings observed in dendritic shafts (figure 13) and supports 

the idea for spine actin cytoskeleton disassembly occurs in response to glutamate receptor 

stimulation.  In addition, similar redistribution has been observed for Cortactin in 

response to glutamate receptor  activation (Hering and Sheng 2003b) and further suggests 

activity dependent dynamic changes of the actin network within dendritic spines.   

It has been proposed that dendritic spines serve a neuroprotective role isolating 

the cell from the harmful consequences of synaptic activity dependent increases of 

intracellular Ca2+ (Segal 1995a).  Stabilized F-actin within spine heads blocks the 

translocation of Ca2+ /calmodulin-dependent kinase and other proteins into dendritic 

spines (Ouyang et al. 2005), suggesting that a stabilized f-actin network within spines 

serves as a gate that prevents non-specific translocation of proteins into unpotentiated 

spines.  However, a reduction of spine length is observed shortly after repeated 



 

 95 

application of NMDA to primary hippocampal cultures, suggesting that dendritic spines 

shrink in response to excessive synaptic stimulation (Segal 1995b).   Disruption of f-actin 

in cultured neurons serves a neuroprotective role and attenuates excitotoxicity by 

allowing the transport of newly synthesized proteins to target sites to perform the 

necessary remodeling within spine heads in response to synaptic stimulation (Furukawa 

et al. 1995, Steward and Schuman 2001, Malinow and Malenka 2002).   We observe 

formation of focal swellings with reduced spine density in response to glutamate 

treatment (figure 13).   Focal swellings have also been observed in neurons that have 

undergone ischemia and have shown recovery of dendritic spines to sites of focal 

swelling when noxious stimulus is removed (Hasbani 2001), suggesting that in a 

protective response neurons develop focal swellings and retract their spines by inducing 

redistribution of f-actin and proteins important in regulate actin dynamics and spine 

morphology.   

This neuroprotection effect is also occurs in cortical neurons pretreated with 

120μM glutamate for 40min which produced tolerance to subsequent severe ischemia 

challenge (Lin et al. 2008).  The glutamate protective effect is blocked by NMDA and 

AMPA receptor antagonist and Ca2+ chelator treatment but not by voltage dependent 

calcium channel blockers, suggesting that AMPA and NMDA receptor activation is 

required for glutamate induced ischemia tolerance in cultured cortical neurons (Lin et al. 

2008).  Our data showed that inhibition of Arp2/3 in cultured cortical neurons completely 

blocked the protective effects of OGD preconditioning compared to untreated cells, 

suggesting that Arp2/3-dependent actin polymerization is necessary for the protective 
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effect of ischemia preconditioning (figure 15).  Acute inhibition of Arp2/3 by NWASP 

CA domain (EGFP-CA) may destabilize branched f-actin globally and facilitates 

internalization AMPA receptors resulting in smaller dendritic spine head size (figure 16) 

making the cells vulnerable to subsequent excitotoxic stimulus.  

Despite our interesting findings several questions remain:   1) Is Arp2/3 required 

to initiate the pre-conditioning ischemic response?  2) What is the role of Arp2/3 

redistribution to the dendritic shaft?  3) Is Arp2/3 need to reform dendritic spines after 

harmful ischemia or sub-excitotoxic level of glutamate?  Future experiments will need to 

address the temporal requirement, subcellular localization and activity of Arp2/3 in the 

protective effect of ischemia preconditioning and in response to sub-excitotoxic level of 

glutamate.    

 

 

Small molecule Arp2/3 complex inhibitors  

A 52% knockdown expression of the Arp2/3 subunit p34 by siRNA shows a 

decrease in spine density, decrease in density of thin and stubby mature spine 

morphologies, increase in spine length, and increase in density of filopodia-like spines 

(Hotulainen et al. 2009).  Although the knockdown of p34 corroborates with our results, 

the siRNA oligonucleotide target sequence for p34 needs to be introduced into cell 

cultures by transfection.  Cell transfection can be accomplished chemically, mechanically 

or biologically.  Chemical methods of transfection make use of carrier molecules to 

overcome the cell-membrane barrier.   Calcium-phosphate is a commonly used chemical 
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method of transfection because the components required are inexpensive and readily 

available.  Nevertheless, calcium phosphate transfection can be toxic to primary cells and 

its’ efficiency is variable and dependent on cell culture variables.   Lipofection is another 

commonly used chemical method of transfection that makes use of micelle formation that 

packages RNA or DNA of any size and introduces it to the cell via endocytosis.  Since 

lipofection is highly dependent on endocytosis, inhibition of Arp2/3 may make this 

method inefficient in primary hippocampal cultures.  Electroporation is a commonly used 

mechanical method of transfection that makes use of high-voltage pulse of electricity 

which creates temporary pores in the cell membrane allowing for unobstructive entry of 

desired DNA.  Despite the great efficiency of this method in most cell types, 

electroporation parameters need to be optimized for primary cells and often times the 

high voltage causes high mortality rates.  In the current study we employed a biological 

method of transfection by the use of recombinant adenovirus to drive the expression of 

the competitive inhibitor for Arp2/3, EGFP-CA, our control vector, EGFP and Arp2/3 

subunit (p21-EGFP).    Although, cultures infected with these adenoviruses appeared to 

be healthy when observed by Map2 staining, we did observe a virus induce cell death 

susceptibility in our rapid ischemia tolerance experiments (figure 15D) suggesting that 

adenovirus have a negative consequence on cell health making them vulnerable to 

subsequent challenges.  Thus, an alternative method to inhibit the Arp2/3 complex would 

be highly advantageous.   

Small molecule inhibitors (CK-636 and CK-548) for Arp2/3 have been produced 

and shown to inhibit formation of actin filaments comet tails by Listeria (Nolen et al. 
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2009).  Both compounds are cell permeable but neither compound interacts directly with 

actin, thus the lack of f-actin formation is specific to Arp2/3 inhibition.   CK-636 restricts 

movement of Arp2 and Arp3 subunits into their active conformation by binding between 

Arp2 and Arp3, whereas CK-548 inserts into the hydrophobic core of Arp3 subunit and 

alters its’ conformation (Nolen et al. 2009).   The greatest advantage in use of these small 

molecule inhibitors is that Arp2/3 inhibition can be reversible in live cultures by simple 

wash-out of culture media containing the compound.  This reversibility offered by 

presence or absence of small molecule inhibitors is an attractive and useful way to 

manipulate Arp2/3 function in the study of many Arp2/3-dependent actin polymerization 

processes during live-cell imaging.   

 

 

Mental retardation and the Arp2/3 complex 

Abnormalities in morphology or density of spines observed in cognitive 

disorders/diseases imply that dendritic spines are essential for normal cognition (Fiala et 

al. 2002, Halpin et al. 2005, Harms and Dunaevsky 2006).  Reduced length and 

branching of dendrites and reduced spine density are observed in patients with Down’s 

syndrome (Fiala et al. 2002, Halpin et al. 2005, vanGalen and Ramakers 2005).  Whereas 

patients with fragile X syndrome often show an increase density of abnormally long thin 

spines, which are filopodia-like in morphology and represent an immature state 

(Vanderklish and Edelman 2005, Grossman et al. 2006).  Thus, a common characteristic 

of many cases of mental retardation is the presence of neurons with lasting abnormalities 



 

 99 

in dendrite structure, dendritic spine morphology and density (Fiala et al. 2002, 

Grossman et al. 2006).  

In many cases of mental retardation, genes encoding for upstream regulators of 

Arp2/3 were shown to be mutated or absent (figure 17) (Blanpied and Ehlers 2004, 

Halpin et al. 2005, vanGalen and Ramakers 2005).   Inactivation of Arp2/3 can persist if 

upstream activators are not physically or functionally available to induce activation and 

have a negative consequence on Arp2/3 dependent actin-polymerization.   
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genes associated 
with mental retardation 

Arp2/3 activators 

Cortactin 

Figure 17.  Genes associated with mental retardation encode for upstream 
regulators of Arp2/3.  MAGAP (mental disorder-associated GAP protein) encodes 
a Rho GAP.  OCRL1 (oculocerebroreneal syndrome of Lowe) encodes OCRL1 
protein that contains an inositol phosphate/phosphoinositol 5-phosphate domain 
and Rho Gap homology domain.  ARHGEF (Rho guanine-nucleotide exchange 
factor 6) encodes for a Cdc42/Rac1 GEF.  FGD1 (Faciogenital Dysplasia) encodes 
Cdc42-specific exchange factor.  CYFIP2 (cytoplasmic FMR1 interacting protein) 
encode CYFIP2 protein that is part of inactive WAVE protein complex.  CYFIP2 
protein is a direct target for Rac1 signaling. 
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Our results show that inhibition of Arp2/3 function in mature cultures leads to 

atypical filopodia-like morphology and reduced spine density when compared to control 

cultures (figure 11).   These filopodia-like dendritic spines are reminiscent of those 

observed in individuals with Down-syndrome and Fragile X syndrome(Irwin et al. 2000, 

Ramakers 2000); suggesting that the Arp2/3 actin-binding protein complex is involved in 

maintaining mature spine head morphologies.   Furthermore, proteomic analysis of actin 

binding proteins expression levels in fetal Down Syndrome cortex shows reduced 

expression of the p20 subunit of the Arp2/3 complex (Weitzdoerfer et al. 2002), further 

suggesting that the reduced expression of Arp2/3 complex may be involved in the 

aberrant development of Down Syndrome brain.   In addition, knockdown of the p34 

subunit of Arp2/3 by siRNA shows a correlation between a decrease in density of mature 

spines and decrease in frequency of mEPSPs (miniature excitatory post-synaptic 

potentials) (Hotulainen et al. 2009), suggesting that mature spine head morphology of 

spines is important for proper and efficient synaptic activity.   Indeed, the size of spines is 

correlated to the size of excitatory synapse, such that increases in F-actin content 

correlates with larger spine heads that have larger synapses and support stronger synaptic 

transmission (Sorra and Harris 2000, Hering and Sheng 2001, Yuste R. and T. 2001, 

Fukazawa et al. 2003, Lisman 2003).    

Although our current study provides exciting data that suggests a role of Arp2/3 

in the maintenance of mature dendritic spines, it is limited and applies to primary 

hippocampal cell cultures.  Inhibition of Arp2/3 complex function in hippocampal slice 

cultures would provide a useful in vitro model to study the physiological properties of 
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individual neurons as well as neuronal circuits.  Since the hippocampus develops later   

when compared to the neocortex (Noraberg et al. 2005) and dendritic spine formation 

occurs within the first few weeks after birth (Yuste and Bonhoeffer 2004) we can 

introduce our competitive inhibitor, EGFP-CA, into the early postnatal hippocampus.  

Given that actin polymerization is vital to several cell processes, complete and 

unrestrained inhibition of Arp2/3 would perhaps be detrimental to further development of 

the animal.   Therefore, stereotactic microinjection of recombinant AAV (adeno-

associated virus) to drive expression of EGFP-CA will provide the best approach in 

introducing the competitive inhibitor into the mouse hippocampus.  Stereotactic 

microinjection is a highly efficient physical method of introducing genes of interest into a 

single or subpopulation of cells.   The use recombinant AAV to drive the expression of 

EGFP-CA in vivo offers the benefit of reduced immunogenicity over the recombinant 

adenovirus that was used in our in vitro culture studies (Duffy et al. 2005).  In addition, 

recombinant AAV have been extensively used as a gene delivery vector for the nervous 

system with different serotypes of the AAV targeting diverse cell types (Burger et al. 

2005).  rAAV1 and rAAV5 have shown to transduce the entire hippocampus  (Burger et 

al. 2004) and would most likely afford the best expression of EGFP-CA in the 

hippocampus.   

Inhibition of Arp2/3 function in the developing hippocampus will allow the use of 

hippocampal slice cultures to examine their physiological properties, but our 

interpretations would be limited since slice cultures lack the inputs and outputs present in 

an intact brain.  Consequently, physiological results from hippocampal slice cultures may 
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not be fully reflective of synaptic behavior associated with learning and memory.   Thus, 

in order to obtain an in vivo model lacking functional Arp2/3 in hippocampal tissue we 

could allow the AAV microinjected mice to reach maturity while permitting the 

expression of EGFP-CA and Arp2/3 inhibition in the developing hippocampus.  

Inhibition of Arp2/3 in vivo will allow for a better understanding of the role the Arp2/3 

complex plays in learning and spatial memory tasks, such as radial arm maze and Morris 

water maze.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 104 

Bibliography 

Ackermann, M., and A. Matus. 2003. Activity-induced targeting of profilin and 
stabilization of dendritic spine morphology. Nature Neuroscience 6: 1194-1200. 

Alkan, T. 2009. Neuroproctective effects of ischemic tolerance (preconditioning) and 
postconditioning. Turk Neurosurg 19: 406-12. 

Alvarez, V. A., and B. L. Sabatini. 2007. Anatomical and physiological plasticity of 
dendritic spines. Annu Rev Neurosci 30: 79-97. 

Amann, K. J., and T. D. Pollard. 2001. The Arp2/3 complex nucleates actin filament 
branches from the sides of pre-existing filaments. Nat Cell Biol 3: 306-10. 

Anton, I. M., and G. E. Jones. 2006. WIP: a multifunctional protein involved in actin 
cytoskeleton regulation. Eur J Cell Biol 85: 295-304. 

Aoki, C., Y. Sekino, K. Hanamura, S. Fujisawa, V. Mahadomrongkul, Y. Ren, and T. 
Shirao. 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: 383-402. 

Araya, R., J. Jiang, K. B. Eisenthal, and R. Yuste. 2006. The spine neck filters membrane 
potentials. PNAS 103: 17961-17966. 

Araya R., N. V., Eisenthal K., Yuste R. 2007. Sodium channels amplify spine potentials. 
PNAS 104: 12347-12352. 

Benesch, S., S. Polo, F. P. Lai, K. I. Anderson, T. E. Stradal, J. Wehland, and K. Rottner. 
2005. N-WASP deficiency impairs EGF internalization and actin assembly at 
clathrin-coated pits. J Cell Sci 118: 3103-15. 

Bershadsky, A. 2004. Magic touch: how does cell-cell adhesion trigger actin assembly? 
Trends Cell Biol 14: 589-93. 

Blanpied, T. A., and M. D. Ehlers. 2004. Microanatomy of dendritic spines: emerging 
principles of synaptic pathology in psychiatric and neurological disease. 
Biological Psychiatry 55: 1121-1127. 

Blanpied, T. A., D. B. Scott, and M. D. Ehlers. 2002. Dynamics and regulation of clathrin 
coats at specialized endocytic zones of dendrites and spines. Neuron 36: 435-49. 

Block, J., T. E. Stradal, J. Hanisch, R. Geffers, S. A. Kostler, E. Urban, J. V. Small, K. 
Rottner, and J. Faix. 2008. Filopodia formation induced by active mDia2/Drf3. J 
Microsc 231: 506-17. 

Bloodgood, B. L., and B. L. Sabatini. 2005. Neuronal Activity regulates diffusion across 
the neck of dendritic spines. Science 310: 866-869. 

Bonde, C., J. Noraberg, H. Noer, and J. Zimmer. 2005. Ionotropic glutamate receptors 
and glutamate transporters are involved in necrotic neuronal cell death induced by 
oxygen-glucose deprivation of hippocampal slice cultures. Neuroscience 136: 
779-94. 

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

Borisy, T. M. S. a. G. G. 1999. Arp2/3 complex and actin depolymerizing factor/cofilin 
in dendritic organization and treadmilling of actin filament array in lamellipodia. 
Journal of Cell Biology 145: 1009-1026. 



 

 105 

Bouquet, C., and F. Nothias. 2007. Molecular mechanisms of axonal growth. Adv Exp 
Med Biol 621: 1-16. 

Brown, F. C. a. E. J. 2006. Actin-based motility of intracellular Bacteria, and Polarized 
surface distribution of the bacterial effector molecules. Journal of Cellular 
Physiology 209: 209-296. 

Burger, C., K. Nash, and R. J. Mandel. 2005. Recombinant adeno-associated viral vectors 
in the nervous system. Hum Gene Ther 16: 781-91. 

Burger, C., O. S. Gorbatyuk, M. J. Velardo, C. S. Peden, P. Williams, S. Zolotukhin, P. J. 
Reier, R. J. Mandel, and N. Muzyczka. 2004. Recombinant AAV viral vectors 
pseudotyped with viral capsids from serotypes 1, 2, and 5 display differential 
efficiency and cell tropism after delivery to different regions of the central 
nervous system. Mol Ther 10: 302-17. 

Calabrese, B., M. S. Wilson, and S. Halpain. 2006. Development and Regulation of 
Dendritic Spine Synapses. Physiology 21: 38-47. 

Carlin Richard K., D. J. G., Rochelle S. Cohen, and Philip Siekevitz. 1980. Isolation and 
Characterization of Postsynaptic Densities from Various Brain Regions:  
Enrichement of Different Types of Postsynaptic Densities. The Journal of Cell 
Biology 86: 831-843. 

Carlin, R. K., D. J. Grab, R. S. Cohen, and P. Siekevitz. 1980. Isolation and 
characterization of postsynaptic densities from various brain regions: enrichment 
of different types of postsynaptic densities. J Cell Biol 86: 831-45. 

Carlisle, H. J., and M. B. Kennedy. 2005. Spine architecture and synaptic plasticity. 
Trends in Neuroscience 28: 182-187. 

Carroll, R. C., D. V. Lissin, M. von Zastrow, R. A. Nicoll, and R. C. Malenka. 1999. 
Rapid redistribution of glutamate receptors contributes to long-term depression in 
hippocampal cultures. Nat Neurosci 2: 454-60. 

Chen, L., Z. W. Wang, J. W. Zhu, and X. Zhan. 2006. Roles of cortactin, an actin 
polymerization mediator, in cell endocytosis. Acta Biochim Biophys Sin 
(Shanghai) 38: 95-103. 

Cheng, A., T. V. Arumugam, D. Liu, R. G. Khatri, K. Mustafa, S. Kwak, H. P. Ling, C. 
Gonzales, O. Xin, D. G. Jo, Z. Guo, R. J. Mark, and M. P. Mattson. 2007. 
Pancortin-2 interacts with WAVE1 and Bcl-xL in a mitochondria-associated 
protein complex that mediates ischemic neuronal death. J Neurosci 27: 1519-28. 

Cohan, F.-Q. Z. a. C. S. 2003. How actin filaments and microtubules steer growth cones 
to their targets. Journal of Neurobiology 58: 84-91. 

Cooper, J. A., and D. A. Schafer. 2000. Control of actin assembly and disassembly at 
filament ends. Curr Opin Cell Biol 12: 97-103. 

Cullen P.J., L. P. J. 2002. Integration of calcium and ras signalling. Nature Review 
Molecular Cell Biology 3: 339-348. 

Daly, R. J. 2004. Cortactin signalling and dynamic actin networks. Biochem J 382: 13-
25. 

Dave, K. R., C. Lange-Asschenfeldt, A. P. Raval, R. Prado, R. Busto, I. Saul, and M. A. 
Perez-Pinzon. 2005. Ischemic preconditioning ameliorates excitotoxicity by 



 

 106 

shifting glutamate/gamma-aminobutyric acid release and biosynthesis. J Neurosci 
Res 82: 665-73. 

Dayel, M. J., and R. D. Mullins. 2004. Activation of Arp2/3 Complex:  Addition of first 
subunit of the new filament by a WASP protein triggers rapid ATP hydrolysis on 
Arp2. PLOS Biology 2: 0476-0485. 

Derivery, E., B. Lombard, D. Loew, and A. Gautreau. 2009. The Wave complex is 
intrinsically inactive. Cell Motil Cytoskeleton. 

Derivery Emmanuel, and A. Gautreau. 2010. Generation of branched actin networks:  
assembly and regulation of the N-WASP and WAVE molecular machines. 
BioEssays 32: 119-121. 

Dickstein, D. L., D. Kabaso, A. B. Rocher, J. I. Luebke, S. L. Wearne, and P. R. Hof. 
2007. Changes in the structural complexity of the aged brain. Aging Cell 6: 275-
84. 

Dirnagl, U., K. Becker, and A. Meisel. 2009. Preconditioning and tolerance against 
cerebral ischaemia: from experimental strategies to clinical use. Lancet Neurol 8: 
398-412. 

Dixon, R. M., J. R. Mellor, and J. G. Hanley. 2009. PICK1-mediated glutamate receptor 
subunit 2 (GluR2) trafficking contributes to cell death in oxygen/glucose-deprived 
hippocampal neurons. J Biol Chem 284: 14230-5. 

dos Remedios, C. G., D. Chhabra, M. Kekic, I. V. Dedova, M. Tsubakihara, D. A. Berry, 
and N. J. Nosworthy. 2003. Actin binding proteins: regulation of cytoskeletal 
microfilaments. Physiol Rev 83: 433-73. 

Duffy, A. M., A. M. O'Doherty, T. O'Brien, and P. M. Strappe. 2005. Purification of 
adenovirus and adeno-associated virus: comparison of novel membrane-based 
technology to conventional techniques. Gene Ther 12 Suppl 1: S62-72. 

Ethell, I. M., and E. B. Pasquale. 2005. Molecular mechanisms of dendritic spine 
development. Progress in Neurobiology 75: 161-205. 

Ferrer, I., and F. Gullotta. 1990. Down's syndrome and Alzheimer's disease: dendritic 
spine counts in the hippocampus. Acta Neuropathol 79: 680-5. 

Fiala, J. C., J. Spacek, and K. M. Harris. 2002. Dendritic Spine Pathology: Cause or 
Consequence of Neurological Disorders. Brain Research Reviews 39: 29-54. 

Fifkova, E., and R. J. Delay. 1982. Cytoplasmic Actin in Neuronal Processes as a 
possible mediator of synaptic plasticity. The Journal of Cell Biology 95: 345-350. 

Fukazawa, Y., Y. Saitoh, F. Ozawa, Y. Ohta, K. Mizuno, and K. Inokuchi. 2003. 
Hippocampal LTP Is Accompanied by Enhanced F-Actin Content within the 
Dendritic Spine that Is Essential for Late LTP Maintenance In Vivo 

Neuron 38: 447-460. 
Furukawa, K., V. L. Smith-Swintosky, and M. P. Mattson. 1995. Evidence that actin 

depolymerization protects hippocampal neurons against excitotoxicity by 
stabilizing [Ca2+]i. Exp Neurol 133: 153-63. 

Furukawa, K., W. Fu, Y. Li, W. Witke, D. J. Kwiatkowski, and M. P. Mattson. 1997. The 
actin-severing protein gelsolin modulates calcium channel and NMDA receptor 
activities and vulnerability to excitotoxicity in hippocampal neurons. J Neurosci 
17: 8178-86. 



 

 107 

Galletta, B. J., D. Y. Chuang, and J. A. Cooper. 2008. Distinct roles for Arp2/3 regulators 
in actin assembly and endocytosis. PLoS Biol 6: e1. 

Gerrow, K., and A. El-Husseini. 2006. Cell Adhesion molecules at the synapse. Frontiers 
in Bioscience 11: 2400-2419. 

Gidday, J. M. 2006. Cerebral preconditioning and ischaemic tolerance. Nat Rev Neurosci 
7: 437-48. 

Girao, H., M. I. Geli, and F. Z. Idrissi. 2008. Actin in the endocytic pathway: from yeast 
to mammals. FEBS Lett 582: 2112-9. 

Goley, E. D., and M. D. Welch. 2006. The Arp2/3 complex: an actin nucleator comes of 
age. Nature Reviews Molecular Cell Biology 7: 713-726. 

Goode, B. L., and M. J. Eck. 2007. Mechanism and function of formins in the control of 
actin assembly. Annu Rev Biochem 76: 593-627. 

Grossman, A. W., N. M. Elisseou, B. C. McKinney, and W. T. Greenough. 2006. 
Hippocampal pyramidal cells in adult Fmr1 knockout mice exhibit an immature-
appearing profile of dendritic spines. Brain Research 1084: 158-164. 

Grutzendler, J., N. Kasthuri, and W.-B. Gan. 2002. Long-term dendritic spine stability in 
the adult cortex. Nature 420: 812-816. 

Gungabissoon, R. A., and J. R. Bamburg. 2003. Regulation of growth cone actin 
dynamics by ADF/cofilin. J Histochem Cytochem 51: 411-20. 

Halpain, S., A. Hipolito, and L. Saffer. 1998. Regulation of F-actin stability in dendritic 
spines by glutamate receptors and calcineurin. J Neurosci 18: 9835-44. 

Halpain Shelley., A. H., and Linda Saffer. 1998. Regulation of F-actin stability in 
dendritic spines by glutamate receptors and calcineurin. The Journal of 
Neuroscience 18: 9835-9844. 

Halpin, S., K. Spencer, and S. Graber. 2005. Development, dynamics and pathology of 
neuronal networks: from molecules to functional circuits. Progress in Brain 
Research 147: 29-37. 

Hanley, J. G. 2006. Molecular mechanisms for regulation of AMPAR trafficking by 
PICK1. Biochem Soc Trans 34: 931-5. 

Hanley, J. G. 2008. PICK1: a multi-talented modulator of AMPA receptor trafficking. 
Pharmacol Ther 118: 152-60. 

Hanley, J. G., and J. M. Henley. 2005. PICK1 is a calcium-sensor for NMDA-induced 
AMPA receptor trafficking. EMBO J 24: 3266-78. 

Harigaya, Y., M. Shoji, T. Shirao, and S. Hirai. 1996. Disappearance of actin-binding 
protein, drebrin, from hippocampal synapses in Alzheimer's disease. J Neurosci 
Res 43: 87-92. 

Harms, K. J., and A. Dunaevsky. 2006. Dendritic spine plasticity: Looking beyond 
development. Brain Research  

Harris Kristen M., J. F. E., and Tsao Beatrice. 1992. Three-dimensional structure of 
dendritic spines and synapses in rat hippocampal (CA1) at postnatal day 15 and 
adult ages:  Implications for the maturation of synapstic physiology and long-term 
potentiation. The Journal of Neuroscience 12: 2685-2705. 



 

 108 

Hasbani, M. J., M. L. Schlief, D. A. Fisher, and M. P. Goldberg. 2001. Dendritic spines 
lost during glutamate receptor activation reemerge at original sites of synaptic 
contact. J Neurosci 21: 2393-403. 

Hasbani, M. J. e. a. 2001. Dendritic spines lost during glutamate receptor activation 
reemerge at original sites of synaptic contact. Journal of Neuroscience 21: 2393-
2403. 

Hayashi, K., and T. Shirao. 1999. Change in the shape of dendritic spines caused by 
overexpression of drebrin in cultured cortical neurons. J Neurosci 19: 3918-25. 

Hayashi, K., R. Ishikawa, L. H. Ye, X. L. He, K. Takata, K. Kohama, and T. Shirao. 
1996. Modulatory role of drebrin on the cytoskeleton within dendritic spines in 
the rat cerebral cortex. J Neurosci 16: 7161-70. 

Hayashi, Y., and A. K. Majewska. 2005. Dendritic spine geometry: functional 
implication and regulation. Neuron 46: 529-32. 

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

Hering, H., and M. Sheng. 2003a. Activity dependent redistribution and essental role of 
cortactin in dendritic spine morphogenesis. Journal of Neuroscience 23: 11759-
11769. 

Hering, H., and M. Sheng. 2003b. Activity-dependent redistribution and essential role of 
cortactin in dendritic spine morphogenesis. J Neurosci 23: 11759-69. 

Hertz, L. 2008. Bioenergetics of cerebral ischemia: a cellular perspective. 
Neuropharmacology 55: 289-309. 

Higgs, H. N. 2001. Actin nucleation: nucleation-promoting factors are not all equal. Curr 
Biol 11: R1009-12. 

Higgs, H. N., and T. D. Pollard. 2001. Regulation of actin filament network formation 
through ARP2/3 complex: activation by a diverse array of proteins. Annu Rev 
Biochem 70: 649-76. 

Hirling, H. 2009. Endosomal trafficking of AMPA-type glutamate receptors. 
Neuroscience 158: 36-44. 

Hirokawa, N. 1989. Quick-freeze, deep-etch electron microscopy. J Electron Microsc 
(Tokyo) 38 Suppl: S123-8. 

Hollmann, M., M. Hartley, and S. Heinemann. 1991. Ca2+ permeability of KA-AMPA--
gated glutamate receptor channels depends on subunit composition. Science 252: 
851-3. 

Hotulainen, P., O. Llano, S. Smirnov, K. Tanhuanpaa, J. Faix, C. Rivera, and P. 
Lappalainen. 2009. Defining mechanisms of actin polymerization and 
depolymerization during dendritic spine morphogenesis. J Cell Biol 185: 323-39. 

Huntley G.W., O. G., and Ozlem Bozdagi. 2002. The cadherin family of cell adhesion 
molecules: multiple roles in synaptic plasticity. The Nueroscientist 8: 221-233. 

Huttner, W. B., W. Schiebler, P. Greengard, and P. D. Camilli. 1983a. Synapsin 1 
(protein1), a nerve terminal-specific phosphoprotein. III. Its association with 
synaptic vesicles studied in a highly purified synaptic vesicle preparation. Journal 
of Cell Biology 96: 1374-1388. 



 

 109 

Huttner, W. B., W. Schiebler, P. Greengard, and P. De Camilli. 1983b. Synapsin I 
(protein I), a nerve terminal-specific phosphoprotein. III. Its association with 
synaptic vesicles studied in a highly purified synaptic vesicle preparation. J Cell 
Biol 96: 1374-88. 

Ikegaya, Y., J. A. Kim, M. Baba, T. Iwatsubo, N. Nishiyama, and N. Matsuki. 2001. 
Rapid and reversible changes in dendrite morphology and synaptic efficacy 
following NMDA receptor activation: implication for a cellular defense against 
excitotoxicity. J Cell Sci 114: 4083-93. 

Inoue, A., and J. R. Sanes. 1997. Lamina-specific connectivity in the brain: regulation by 
N-cadherin, neurotrophins, and glycoconjugates. Science 276: 1428-1431. 

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

Irie, F., and Y. Yamaguchi. 2004. EPHB receptor signaling in dendritic spine 
development. Front Biosci 9: 1365-73. 

Irie F., Y. Y. 2002. EphB receptors regulate dendritic spine development via intersectin, 
Cdc42 and N-WASP. Nature Neuroscience 5: 1113-1118. 

Irwin, S. A., R. Galvez, and W. T. Greenough. 2000. Dendritic spine structural anomalies 
in fragile-X mental retardation syndrome. Cereb Cortex 10: 1038-44. 

Iwakura, Y., T. Nagano, M. Kawamura, H. Horikawa, K. Ibaraki, N. Takei, and H. Nawa. 
2001. N-methyl-D-aspartate-induced alpha-amino-3-hydroxy-5-methyl-4-
isoxazoleproprionic acid (AMPA) receptor down-regulation involves interaction 
of the carboxyl terminus of GluR2/3 with Pick1. Ligand-binding studies using 
Sindbis vectors carrying AMPA receptor decoys. J Biol Chem 276: 40025-32. 

Johnston, M. V., A. Ishida, W. N. Ishida, H. B. Matsushita, A. Nishimura, and M. Tsuji. 
2009. Plasticity and injury in the developing brain. Brain Dev 31: 1-10. 

Kelly, A. E., H. Kranitz, V. Dotsch, and R. D. Mullins. 2006. Actin binding to the central 
domain of WASP/Scar proteins plays a critical role in the activation of the Arp2/3 
complex. J Biol Chem 281: 10589-97. 

Kessels, M. M., and B. Qualmann. 2004. The syndapin protein family: linking membrane 
trafficking with the cytoskeleton. J Cell Sci 117: 3077-86. 

Kim, C. H., H. J. Chung, H. K. Lee, and R. L. Huganir. 2001. Interaction of the AMPA 
receptor subunit GluR2/3 with PDZ domains regulates hippocampal long-term 
depression. Proc Natl Acad Sci U S A 98: 11725-30. 

Kim, Y., J. Y. Sung, I. Ceglia, K. W. Lee, J. H. Ahn, J. M. Halford, A. M. Kim, S. P. 
Kwak, J. B. Park, S. Ho Ryu, A. Schenck, B. Bardoni, J. D. Scott, A. C. Nairn, 
and P. Greengard. 2006. Phosphorylation of WAVE1 regulates actin 
polymerization and dendritic spine morphology. Nature 442: 814-7. 

Korobova, F., and T. Svitkina. 2010. Molecular architecture of synaptic actin 
cytoskeleton in hippocampal neurons reveals a mechanism of dendritic spine 
morphogenesis. Mol Biol Cell 21: 165-76. 

Kovacs, E. M., M. Goodwin, R. G. Ali, A. D. Paterson, and A. S. Yap. 2002. Cadherin-
directed actin assembly: E-cadherin physically associates with the Arp2/3 
complex to direct actin assembly in nascent adhesive contacts. Curr Biol 12: 379-
82. 



 

 110 

Landis, D. M., and T. S. Reese. 1983. Cytoplasmic organization in cerebellar dendritic 
spines. J Cell Biol 97: 1169-78. 

Lardi-Studler, B., and J.-M. Fritschy. 2007. Matching of Pre- and Postsynaptic 
specialization during synaptogenesis. Neuroscientist 13: 115-126. 

Lee, S. J., Y. Escobedo-Lozoya, E. M. Szatmari, and R. Yasuda. 2009. Activation of 
CaMKII in single dendritic spines during long-term potentiation. Nature 458: 
299-304. 

Lehotsky, J., J. Burda, V. Danielisova, M. Gottlieb, P. Kaplan, and B. Saniova. 2009. 
Ischemic tolerance: the mechanisms of neuroprotective strategy. Anat Rec 
(Hoboken) 292: 2002-12. 

Lin, C. H., P. S. Chen, and P. W. Gean. 2008. Glutamate preconditioning prevents 
neuronal death induced by combined oxygen-glucose deprivation in cultured 
cortical neurons. Eur J Pharmacol 589: 85-93. 

Lisman, J. 2003. Actin's actions in LTP-induced synapse growth. Neuron 38: 361-2. 
Liu, B., M. Liao, J. G. Mielke, K. Ning, Y. Chen, L. Li, Y. H. El-Hayek, E. Gomez, R. S. 

Zukin, M. G. Fehlings, and Q. Wan. 2006. Ischemic insults direct glutamate 
receptor subunit 2-lacking AMPA receptors to synaptic sites. J Neurosci 26: 
5309-19. 

Lowery, L. A., and D. Van Vactor. 2009. The trip of the tip: understanding the growth 
cone machinery. Nat Rev Mol Cell Biol 10: 332-43. 

Lu, J., T. D. Helton, T. A. Blanpied, B. Racz, T. M. Newpher, R. J. Weinberg, and M. D. 
Ehlers. 2007. Postsynaptic positioning of endocytic zones and AMPA receptor 
cycling by physical coupling of dynamin-3 to Homer. Neuron 55: 874-89. 

Lua, B. L., and B. C. Low. 2005. Cortactin phosphorylation as a switch for actin 
cytoskeletal network and cell dynamics control. FEBS Lett 579: 577-85. 

Ma, L., R. Rohatgi, and M. W. Kirschner. 1998. The Arp2/3 complex mediates actin 
polymerization induced by the small GTP-binding protein Cdc42. Proc Natl Acad 
Sci U S A 95: 15362-7. 

Malinow, R., and R. C. Malenka. 2002. AMPA receptor trafficking and synaptic 
plasticity. Annu Rev Neurosci 25: 103-26. 

Massey, P. V., and Z. I. Bashir. 2007. Long-term depression: multiple forms and 
implications for brain function. Trends in Neuroscience 30: 176-184. 

Matsuzaki, M., G. C. R. Ellis-Davies, T. Nemoto, Y. Miyashita, M. Iino, and H. Kasai. 
2001. Dendritic spine geometry is critical for AMPA receptor expression in 
hippocampal CA1 pyramidal neurons. Nature Neuroscience 4: 1086-1092. 

Matus, A., H. Brinkhaus, and U. Wagner. 2000. Actin dynamics in dendritic spines: a 
form of regulated plasticity at excitatory synapses. Hippocampus 10: 555-560. 

McKinney, B. C., A. W. Grossman, N. M. Elisseou, and W. T. Greenough. 2005. 
Dendritic spine abnormalities in the occipital cortex of C57BL/6 Fmr1 knockout 
mice. Am J Med Genet B Neuropsychiatr Genet 136B: 98-102. 

McNiven, M. A., L. Kim, E. W. Krueger, J. D. Orth, H. Cao, and T. W. Wong. 2000. 
Regulated interactions between dynamin and the actin-binding protein cortactin 
modulate cell shape. J Cell Biol 151: 187-98. 



 

 111 

Meller, R., M. Minami, J. A. Cameron, S. Impey, D. Chen, J. Q. Lan, D. C. Henshall, and 
R. P. Simon. 2005. CREB-mediated Bcl-2 protein expression after ischemic 
preconditioning. J Cereb Blood Flow Metab 25: 234-46. 

Meller, R., J. A. Cameron, D. J. Torrey, C. E. Clayton, A. N. Ordonez, D. C. Henshall, 
M. Minami, C. K. Schindler, J. A. Saugstad, and R. P. Simon. 2006. Rapid 
degradation of Bim by the ubiquitin-proteasome pathway mediates short-term 
ischemic tolerance in cultured neurons. J Biol Chem 281: 7429-36. 

Meller, R., S. J. Thompson, T. A. Lusardi, A. N. Ordonez, M. D. Ashley, V. Jessick, W. 
Wang, D. J. Torrey, D. C. Henshall, P. R. Gafken, J. A. Saugstad, Z. G. Xiong, 
and R. P. Simon. 2008. Ubiquitin proteasome-mediated synaptic reorganization: a 
novel mechanism underlying rapid ischemic tolerance. J Neurosci 28: 50-9. 

Meller, R., Simon John Thompson, Theresa Amm Lusardi,Andrea Nicole Ordonez. 2008. 
The role of the ubiquitin proteasome system in ischemia and ischemic tolerance. 
Neuroscientist 15: 243-60. 

Meng, Y., Y. Zhang, V. Tregoubov, D. L. Falls, and Z. Jia. 2003. Regulation of spine 
morphology and synaptic function by LIMK and the actin cytoskeleton. Rev 
Neurosci 14: 233-40. 

Meng, Y., Y. Zhang, V. Tregoubov, C. Janus, L. Cruz, M. Jackson, W. Y. Lu, J. F. 
MacDonald, J. Y. Wang, D. L. Falls, and Z. Jia. 2002. Abnormal spine 
morphology and enhanced LTP in LIMK-1 knockout mice. Neuron 35: 121-33. 

Merrifield, C. J., B. Qualmann, M. M. Kessels, and W. Almers. 2004. Neural Wiskott 
Aldrich Syndrome Protein (N-WASP) and the Arp2/3 complex are recruited to 
sites of clathrin-mediated endocytosis in cultured fibroblasts. Eur J Cell Biol 83: 
13-8. 

Miki, H., H. Yamaguchi, S. Suetsugu, and T. Takenawa. 2000. IRSp53 is an essential 
intermediate between Rac and WAVE in the regulation of membrane ruffling. 
Nature 408: 732-5. 

Mizui, T., H. Takahashi, Y. Sekino, and T. Shirao. 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: 
630-8. 

Mullins, R. D., W. F. Stafford, and T. D. Pollard. 1997. Structure, subunit topology, and 
actin-binding activity of the Arp2/3 complex from Acanthamoeba. J Cell Biol 
136: 331-43. 

Naisbitt S., K. E., Tu JC., Xiao B., Sala C., Valtschanoff J., Weinberg., Worley P.F., 
Sheng M. 1999. Shank, a novel family of postsynaptic density proteins that binds 
to the NMDA receptor/PSD-95/GKAP complex and cortactin. Neuron 23: 569-
582. 

Nolen, B. J., N. Tomasevic, A. Russell, D. W. Pierce, Z. Jia, C. D. McCormick, J. 
Hartman, R. Sakowicz, and T. D. Pollard. 2009. Characterization of two classes 
of small molecule inhibitors of Arp2/3 complex. Nature 460: 1031-4. 

Noraberg, J., F. R. Poulsen, M. Blaabjerg, B. W. Kristensen, C. Bonde, M. Montero, M. 
Meyer, J. B. Gramsbergen, and J. Zimmer. 2005. Organotypic hippocampal slice 



 

 112 

cultures for studies of brain damage, neuroprotection and neurorepair. Curr Drug 
Targets CNS Neurol Disord 4: 435-52. 

O'Donnell, M., R. K. Chance, and G. J. Bashaw. 2009. Axon growth and guidance: 
receptor regulation and signal transduction. Annu Rev Neurosci 32: 383-412. 

Okabe, T., T. Nakamura, and Y. Nasu. 2002. RICS, a novel GTPase-activating protein 
for Cdc42 and Rac, is involved in the B-catenin-N-cadherin and N-Methyl-D-
aspartate receptor signaling. The Journal of Biological Chemistry 278: 9920-
9927. 

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

Osterweil, E., D. G. Wells, and M. S. Mooseker. 2005. A role for myosin VI in 
postsynaptic structure and glutamate receptor endocytosis. J Cell Biol 168: 329-
38. 

Ouyang, Y., M. Wong, F. Capani, N. Rensing, C. S. Lee, Q. Liu, C. Neusch, M. E. 
Martone, J. Y. Wu, K. Yamada, M. H. Ellisman, and D. W. Choi. 2005. Transient 
decrease in F-actin may be necessary for translocation of proteins into dendritic 
spines. Eur J Neurosci 22: 2995-3005. 

Ouyang, Y. e. a. 2005. Transient decrease in F-actin may be necessary for translocation 
of proteins into dendritic spines. European Journal of Neuroscience 22: 2995-
3005. 

Pan Feng., W.-B. G. 2008. Two-photon imaging of dendritic spine development in the 
mouse cortex. Developmental Neurobiology 68: 771-778. 

Pellegrini-Giampietro, D. E., R. S. Zukin, M. V. Bennett, S. Cho, and W. A. Pulsinelli. 
1992. Switch in glutamate receptor subunit gene expression in CA1 subfield of 
hippocampus following global ischemia in rats. Proc Natl Acad Sci U S A 89: 
10499-503. 

Peng, Y., J. Zhao, Q. H. Gu, R. Q. Chen, Z. Xu, J. Z. Yan, S. H. Wang, S. Y. Liu, Z. 
Chen, and W. Lu. 2009. Distinct trafficking and expression mechanisms underlie 
LTP and LTD of NMDA receptor-mediated synaptic responses. Hippocampus. 

Penzes P., J. R. C., Sattler R., Zhang X., Huganir R.L., Kambampati V., Mains R.E., 
Eipper B.A. 2001. Neuronal Rho-GEF Kalirin-7 interacts with PDZ domain-
containg proteins and regulates dendritic morphogenesis. Neuon 29: 229-242. 

Pilpel, Y., and M. Segal. 2005. Rapid WAVE dynamics in dendritic spines of cultured 
hippocampal neurons is mediated by actin polymerization. J Neurochem 95: 
1401-10. 

Pipel, Y., and M. Segal. 2005. Rapid WAVE dynamics in dendritic spines of cultured 
hippocampal neurons is mediated by actin polymerization. Journal of 
Neurochemistry 95: 1401-1410. 

Pollard, T. D. 1986. Mechanism of Actin Filament Self-Assembly and Regulation of the 
Process by Actin-Binding Proteins. Biophys J 49: 149-151. 

Pollard, T. D. 2007. Regulation of Actin Filament Assembly by Arp2/3 and Formins. The 
Annual Review of Biophysics and Biomolecular Structure 36: 451-477. 



 

 113 

Pollard, T. D., L. Blanchoin, and R. D. Mullins. 2000. Molecular mechanisms controlling 
actin filament dynamics in nonmuscle cells. Annu Rev Biophys Biomol Struct 29: 
545-76. 

Qualmann, B., and R. B. Kelly. 2000. Syndapin isoforms participate in receptor-mediated 
endocytosis and actin organization. J Cell Biol 148: 1047-62. 

Racz, B., and R. J. Weinberg. 2004. The subcelluar organization of cortactin in 
hippocampus. Journal of Neuroscience 24: 10310-10317. 

Racz, B., and R. J. Weinberg. 2006. Spatial organization of cofilin in dendritic spines. 
Neuroscience 138: 447-56. 

Racz, B., and R. J. Weinberg. 2008. Organization of the Arp2/3 complex in hippocampal 
spines. J Neurosci 28: 5654-9. 

Ramakers, G. J. 2000. Rho proteins and the cellular mechanisms of mental retardation. 
Am J Med Genet 94: 367-71. 

Ranscht, B. 2000. Cadherins: molecular codes for axon guidance and synapse formation. 
International Journal of Developmental Neuroscience 18: 643-651. 

Richter, M., K. Murai, C. Bourgin, D. Pak, and E. Pasquale. 2007. The EphA4 receptor 
regulates neuronal morphology through SPAR-mediated inactivation of Rap 
GTPases. Journal of Neuroscience 27: 14205-14275. 

Rocca, D. L., S. Martin, E. L. Jenkins, and J. G. Hanley. 2008. Inhibition of Arp2/3-
mediated actin polymerization by PICK1 regulates neuronal morphology and 
AMPA receptor endocytosis. Nat Cell Biol 10: 259-71. 

Sala Carlo., I. C., and Francesca Rossi. 2008. Molecular mechanisms of dendritic spine 
development and maintenance. Acta Neurobiologiae Experimentalis 68: 289-304. 

Schafer, D. A. 2002. Coupling actin dynamics and membrane dynamics during 
endocytosis. Curr Opin Cell Biol 14: 76-81. 

Schenck, A., A. Qurashi, P. Carrera, B. Bardoni, C. Diebold, E. Schejter, J. L. Mandel, 
and A. Giangrande. 2004. WAVE/SCAR, a multifunctional complex coordinating 
different aspects of neuronal connectivity. Dev Biol 274: 260-70. 

Schubert, V., and C. G. Dotti. 2007. Transmitting on actin: synaptic control of dendritic 
architecture. J Cell Sci 120: 205-12. 

Segal, M. 1995a. Dendritic spines for neuroprotection: a hypothesis. Trends Neurosci 18: 
468-71. 

Segal, M. 1995b. Morphological alterations in dendritic spines of rat hippocampal 
neurons exposed to N-methyl-D-aspartate. Neurosci Lett 193: 73-6. 

Sekino, Y., N. Kojima, and T. Shirao. 2007. Role of actin cytoskeleton in dendritic spine 
morphogenesis. Neurochemistry International doi:10.1016/j.neuint.2007.04.029. 

Sekino, Y., S. Tanaka, K. Hanamura, H. Yamazaki, Y. Sasagawa, Y. Xue, K. Hayashi, 
and T. Shirao. 2006. Activation of N-methyl-D-aspartate receptor induces a shift 
of drebrin distribution: disappearance from dendritic spines and appearance in 
dendritic shafts. Mol Cell Neurosci 31: 493-504. 

Sheng, M., and M. J. Kim. 2002. Postsynaptic Signaling and Plasticity Mechanism. 
Science 298: 776-780. 

Sheng, M., and M. J. Kim. 2007. Postsynaptic Signaling and Plasticity Mechanism. 
Science 298: 776-780. 



 

 114 

Sheng M., H. C. C. 2007. The postsynaptic architecture of excitatory synapses:  a more 
quantitative view. Annual Review of Biochemistry 76: 823-847. 

Shim, K. S., and G. Lubec. 2002. Drebrin, a dendritic spine protein, is manifold 
decreased in brains of patients with Alzheimer's disease and Down syndrome. 
Neurosci Lett 324: 209-12. 

Soderling, S. H. 2009. Grab your partner with both hands: cytoskeletal remodeling by 
Arp2/3 signaling. Sci Signal 2: pe5. 

Soderling, S. H., K. L. Binns, G. A. Wayman, S. M. Davee, S. H. Ong, T. Pawson, and J. 
D. Scott. 2002. The WRP component of the WAVE-1 complex attenuates Rac-
mediated signalling. Nat Cell Biol 4: 970-5. 

Soderling, S. H., E. S. Guire, S. Kaech, J. White, F. Zhang, K. Schutz, L. K. Langeberg, 
G. Banker, J. Raber, and J. D. Scott. 2007a. A WAVE-1 and WRP signaling 
complex regulates spine density, synaptic plasticity, and memory. J Neurosci 27: 
355-65. 

Soderling, S. H., E. S. Guire, S. Kaech, J. White, F. Zhang, K. Schutz, L. K. Langeberg, 
G. Banker, J. Raber, and J. D. Scott. 2007b. A WAVE-1 and WRP signaling 
complex regulates spine density, synaptic plasticity, and memory. Journal of 
Neuroscience 27: 355-365. 

Sorra, K. E., and K. M. Harris. 2000. Overview on the structure, composition, function, 
development, and plasticity of hippocampal dendritic spines. Hippocampus 10: 
501-511. 

Steward, O., and E. M. Schuman. 2001. Protein synthesis at synaptic sites on dendrites. 
Annu Rev Neurosci 24: 299-325. 

Strasser, G. A., N. A. Rahim, K. E. VanderWaal, F. B. Gertler, and L. Lanier. 2004. 
Arp2/3 is a negative regulator of growth cone translocation. Neuron 43: 81-94. 

Suetsugu, S., H. Miki, and T. Takenawa. 1999. Identification of two human 
WAVE/SCAR homologues as general actin regulatory molecules which associate 
with the Arp2/3 complex. Biochem Biophys Res Commun 260: 296-302. 

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

Suetsugu, S., S. Kurisu, T. Oikawa, D. Yamazaki, A. Oda, and T. Takenawa. 2006. 
Optimization of WAVE2 complex-induced actin polymerization by membrane-
bound IRSp53, PIP(3), and Rac. J Cell Biol 173: 571-85. 

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

Svitkina, F. K. a. T. 2010. Molecular architecture of synaptic actin cytoskeleton in 
hippocampal neurons reveals a mechanism of dendritic spine morphogenesis. 
Molecular Biology Cell. 

Svitkina, T. M., and G. G. Borisy. 1999. Arp2/3 complex and actin depolymerizing 
factor/cofilin in dendritic organization and treadmilling of actin filament array in 
lamellipodia. J Cell Biol 145: 1009-26. 



 

 115 

Takahashi, H., T. Mizui, and T. Shirao. 2006. Down-regulation of drebrin A expression 
suppresses synaptic targeting of NMDA receptors in developing hippocampal 
neurones. J Neurochem 97 Suppl 1: 110-5. 

Takahashi, H., Y. Sekino, S. Tanaka, T. Mizui, S. Kishi, and T. Shirao. 2003. Drebrin-
dependent actin clustering in dendritic filopodia governs synaptic targeting of 
postsynaptic density-95 and dendritic spine morphogenesis. J Neurosci 23: 6586-
95. 

Takashima, S., K. Iida, T. Mito, and M. Arima. 1994. Dendritic and histochemical 
development and ageing in patients with Down's syndrome. J Intellect Disabil Res 
38 ( Pt 3): 265-73. 

Takeichi, M., and K. Abe. 2005. Synaptic contact dynamics controlled by cadherin and 
catenins. Trends in Cell Biology 15: 216-222. 

Takenawa, T., and H. Miki. 2001. WASP and WAVE family proteins: key molecules for 
rapid rearrangement of cortical actin filaments and cell movement. J Cell Sci 114: 
1801-9. 

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

Ten Klooster, J. P., E. E. Evers, L. Janssen, L. M. Machesky, F. Michiels, P. Hordijk, and 
J. G. Collard. 2006. Interaction between Tiam1 and the Arp2/3 complex links 
activation of Rac to actin polymerization. Biochem J 397: 39-45. 

Terasaki, Y., T. Sasaki, Y. Yagita, S. Okazaki, Y. Sugiyama, N. Oyama, E. Omura-
Matsuoka, S. Sakoda, and K. Kitagawa. 2010. Activation of NR2A receptors 
induces ischemic tolerance through CREB signaling. J Cereb Blood Flow Metab. 

Topolnik L., C. P., Lacaile JP. 2005. Differential regulation of metabotropic glutamate 
receptor-and AMPA receptor-mediated dendritic Ca2+ signals by presynaptic and 
postsynaptic activity in hippocampal interneurons. Journal of Neuroscience 25: 
990-1001. 

Vanderklish, P. W., and G. M. Edelman. 2005. Differential translation and fragile X 
syndrome. Genes, Brain and Behavior 4: 360-384. 

vanGalen, E. J., and G. J. Ramakers. 2005. Rho proteins, mental retardation and the 
neurobiological basis of intelligence. Progress in Brain Research 147: 295-317. 

Volkmann, N., K. J. Amann, S. Stoilova-McPhie, C. Egile, D. C. Winter, L. Hazelwood, 
J. E. Heuser, R. Li, T. D. Pollard, and D. Hanein. 2001. Structure of Arp2/3 
complex in its activated state and in actin filament branch junctions. Science 293: 
2456-9. 

Weaver, A. M., M. E. Young, W. L. Lee, and J. A. Cooper. 2003. Integration of signals 
to the Arp2/3 complex. Curr Opin Cell Biol 15: 23-30. 

Weed, S. A., and J. T. Parsons. 2001. Cortactin: coupling membrane dynamics to cortical 
actin assembly. Oncogene 20: 6418-34. 

Wegner, A. M., C. A. Nebhan, L. Hu, D. Majumdar, K. M. Meier, A. M. Weaver, and D. 
J. Webb. 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: 15912-20. 



 

 116 

Weitzdoerfer, R., M. Fountoulakis, and G. Lubec. 2002. Reduction of actin-related 
protein complex 2/3 in fetal Down syndrome brain. Biochem Biophys Res 
Commun 293: 836-41. 

Welch, M. D., A. H. DePace, S. Verma, A. Iwamatsu, and T. J. Mitchison. 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: 
375-84. 

Wisniewski, K. E., S. M. Segan, C. M. Miezejeski, E. A. Sersen, and R. D. Rudelli. 1991. 
The Fra(X) syndrome: neurological, electrophysiological, and neuropathological 
abnormalities. Am J Med Genet 38: 476-80. 

Wong, M. 2005. Modulation of dendritic spines in epilepsy: cellular mechanisms and 
functional implications. Epilepsy Behav 7: 569-77. 

Xu, J., and J. Xia. 2006. Structure and function of PICK1. Neurosignals 15: 190-201. 
Yang, C., M. Huang, J. DeBiasio, M. Pring, M. Joyce, H. Miki, T. Takenawa, and S. H. 

Zigmond. 2000. Profilin enhances Cdc42-induced nucleation of actin 
polymerization. J Cell Biol 150: 1001-12. 

Yun, S. H., D. S. Lee, H. Lee, E. H. Baeg, Y. B. Kim, and M. W. Jung. 2007. LTP 
induction modifies functional relationship among hippocampal neurons. Learning 
and Memory 14: 190-194. 

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

Yuste R., a., and B. T. 2001. Morphological changes in dendritic spines associated with 
long term synaptic plasticity. Annual Review of Neuroscience 24: 1071-1089. 

Zhou, Q., K. J. Homma, and M.-m. Poo. 2004. Shrinkage of Dendritic Spines Associated 
with Long-Term Depression of Hippocampal Synapses. Neuron 44. 

Zhu, J., K. Zhou, J. J. Hao, J. Liu, N. Smith, and X. Zhan. 2005. Regulation of 
cortactin/dynamin interaction by actin polymerization during the fission of 
clathrin-coated pits. J Cell Sci 118: 807-17. 

 
 

 
 


