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Changes in the number, size, and shape of dendritic spines are
associated with synaptic plasticity, which underlies cognitive
functions such as learning and memory. This plasticity is attrib-
uted to reorganization of actin, but the molecular signals that
regulate this process are poorly understood. In this study, we
show neural Wiskott-Aldrich syndrome protein (N-WASP) reg-
ulates the formation of dendritic spines and synapses in hip-
pocampal neurons. N-WASP localized to spines and active,
functional synapses as shown by loading with FM4-64 dye.
Knock down of endogenous N-WASP expression by RNA inter-
ference or inhibition of its activity by treatment with a specific
inhibitor, wiskostatin, caused a significant decrease in the num-
ber of spines and excitatory synapses. Deletion of the C-terminal
VCA region of N-WASP, which binds and activates the actin-
related protein 2/3 (Arp2/3) complex, dramatically decreased
the number of spines and synapses, suggesting activation of the
Arp2/3 complex is critical for spine and synapse formation.
Consistent with this, Arp3, like N-WASP, was enriched in spines
and excitatory synapses and knock down of Arp3 expression
impaired spine and synapse formation. A similar defect in spine
and synapse formation was observed when expression of an
N-WASP activator, Cdc42, was knocked down. Thus, activation
of N-WASP and, subsequently, the Arp2/3 complex appears to
be an important molecular signal for regulating spines and
synapses. Arp2/3-mediated branching of actin could be a
mechanism by which dendritic spine heads enlarge and sub-
sequently mature. Collectively, our results point to a critical
role for N-WASP and the Arp2/3 complex in spine and syn-
apse formation.

Communication between neurons occurs at highly special-
ized cell-cell junctions called synapses. These structures are
composed of pre- and post-synaptic terminals that allow for
propagation of signals between neurons and are the basis for
the complex circuitry found in the central nervous system.
Postsynaptic terminals of excitatory synapses consist of actin-
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rich dendritic spines (1) that are small extensions from the den-
drite that form connections with axonal terminals. Abnormal-
ities in dendritic spines are associated with various neurological
and psychiatric disorders, including mental retardation, schiz-
ophrenia, epilepsy, and Alzheimer disease, pointing to the
importance of these structures in the central nervous system
(2). Morphological changes in dendritic spines due to reorgani-
zation of the actin cytoskeleton are thought to be important for
synaptic function and, thus, integrating information flow
within the brain (3-6). Despite considerable interest, the
molecular mechanisms that regulate spine morphology and
synapse formation via modulation of the actin cytoskeleton are
poorly understood.

Members of the Wiskott-Aldrich syndrome protein
(WASP)? family, including WASP, neural WASP (N-WASP),
and WASP-family verprolin homologous proteins (WAVEs),
are emerging as critical regulators of the actin cytoskeleton.
These proteins initiate the nucleation of new actin filaments
through activation of the Arp2/3 complex (7, 8). New filaments
generated by the Arp2/3 complex are formed at fixed angles to
the mother filament, creating a branched actin network that is
commonly found in protrusive regions of cells (9, 10). C-termi-
nal sequences within N-WASP, consisting of a verprolin-like
homology domain (V), a central domain (C), and an acidic
region (A), mediate binding of G-actin and the Arp2/3 complex
to these proteins, which subsequently results in actin nucle-
ation (7, 8, 11, 12).

N-WASP, as its name implies, is highly expressed in the
brain, but its function in the nervous system is not well under-
stood (13). In this study, we show a crucial function for
N-WASP in the formation of dendritic spines and synapses in
hippocampal neurons. This activity of N-WASP is dependent
on its C-terminal binding and activation of the Arp2/3 com-
plex. Inhibition of Arp2/3 binding to N-WASP resulted in a
significant reduction in the density of spines and synapses.
Decreased expression of the N-WASP activator Cdc42 also
caused a defect in the formation of spines and synapses. Thus,
our results point to a critical role for activated N-WASP and the
Arp2/3 complex in the development of dendritic spines and
synapses in the central nervous system.

2The abbreviations used are: WASP, Wiskott-Aldrich syndrome protein;
N-WASP, neural WASP; GFP, green fluorescent protein; RNAi, RNA interfer-
ence; HEK, human embryonic kidney; PBS, phosphate-buffered saline; GEF,
guanine nucleotide exchange factor; TRITC, tetramethylrhodamine
isothiocyanate.
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EXPERIMENTAL PROCEDURES

Reagents—SV2 (1:250) and GAD-6 (1:250) monoclonal anti-
bodies were from the Developmental Studies Hybridoma Bank
(The University of lowa, lowa City, IA). PSD-95 monoclonal anti-
body was from Chemicon (Temecula, CA). GFP polyclonal anti-
body was from Invitrogen. B-Actin AC-15 monoclonal antibody,
a-tubulin DM 1A monoclonal antibody, and phalloidin-TRITC
were from Sigma. N-WASP (1:50) polyclonal antibody was a
generous gift from Marc Kirschner (Harvard Medical School,
Boston, MA). Arp3 antibody (1:100) was described previously
(14). Cdc42 monoclonal antibody (B-8) was from Santa Cruz
Biotechnology (Santa Cruz, CA). Alexa Fluor® 488 and 555
anti-mouse, Alexa Fluor® 488 and 555 anti-rabbit for immuno-
histochemistry, Alexa Fluor® 680 anti-rabbit for Western blot-
ting, and FM4 - 64 FX were from Molecular Probes (Eugene,
OR). IRDye® 800 anti-mouse for Western blotting was from
Rockland Immunochemicals (Gilbertsville, PA). Wiskostatin
was purchased from Calbiochem.

Plasmids—RNA interference (RNAIi) constructs were pre-
pared by ligating annealed sense and antisense 64-mer oligonu-
cleotides into pSUPER vector as described previously (15). The
RNAi oligos contained the following 19-nucleotide target
sequences: N-WASP RNAi, 5'-GACGAGATGCTCCAAA-
TGG-3'; Arp3 RNAj, 5'-AGGTTTATGGAGCAAGTGA-3';
Cdc42 RNAi, 5'-GGGCAAGAGGATTATGACA-3’; and
scrambled RNAi 5-CAGTCGCGTTTGCGACTGG-3'. The
scrambled RNAI target sequence, which had been described
previously (16), was used as a control. Full-length GFP-N-
WASP and GFP-N-WASP-AWA, -WA, and -AWH1 were gen-
erous gifts from Michael Way (Lincoln’s Inn Fields Laborato-
ries, London, UK). GFP-tagged bovine N-WASP was a
generous gift from John Condeelis (Albert Einstein College of
Medicine, Bronx, NY). GFP-Arp3 has been described previ-
ously (17). Myc-tagged WAVE1 was kindly provided by Hiroaki
Miki and Tadaomi Takenawa (University of Tokyo, Japan).
Myc-tagged dominant negative Cdc42 (Cdc42-N17) was a gen-
erous gift from Alan Hall (Memorial Sloan-Kettering Cancer
Center, New York, NY).

Cell Culture and Transfection—Hippocampal low density
cultures were prepared as described previously (18). Neurons
were plated at a density of 70,000 cells/mm? and transfected by
a modified calcium phosphate method (19). HEK-293T cells
(ATCC, Manassas, VA) were cultured in Dulbecco’s modified
Eagle’s medium (Invitrogen) supplemented with 10% fetal
bovine serum and penicillin/streptomycin. HEK cells were
transfected with Lipofectamine 2000 (Invitrogen) according to
the manufacturer’s instructions.

Immunohistochemistry and Image Analysis—For most anti-
bodies, neurons were fixed with 4% paraformaldehyde/4% glu-
cose in phosphate-buffered saline (PBS) for 15 min. Coverslips
were then permeabilized with 0.2% Triton X-100 for 5 min and
washed three times with PBS. For PSD-95 staining, neurons
were fixed for 3 min with paraformaldehyde/glucose and then
permeabilized for 10 min in cold methanol at —20 °C. Cover-
slips were then blocked for 1 h with 20% goat serum in PBS.
Antibodies were diluted in 5% goat serum in PBS and incubated
at the indicated dilutions for 1 h followed by three washes with
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PBS. Coverslips were mounted with Aqua Poly/Mount (Poly-
sciences, Inc., Warrington, PA). In all experiments, at least 40
dendrites from 15-20 neurons from three different cultures
were analyzed to quantify the number of spines, SV2 clusters,
and PSD-95 clusters.

Neurons were imaged with a Retiga EXi CCD camera (QIm-
aging, Surrey, British Columbia, Canada) attached to an Olym-
pus IX71 inverted microscope (Melville, NY) with a X60 objec-
tive (numerical aperture 1.45). Image acquisition was
controlled by MetaMorph software (Molecular Devices,
Sunnyvale, CA) interfaced with a Lambda 10-2 automated con-
troller (Sutter Instruments, Novato, CA). For enhanced GFP
and Alexa Fluor® 488, an Endow GFP Bandpass filter cube
(excitation HQ470/40, emission HQ525/50, Q495LP dichroic
mirror) (Chroma, Brattleboro, VT) was used. Rhodamine and
Alexa Fluor® 555 were imaged with a TRITC/Cy3 cube (exci-
tation HQ545/30, emission HQ610/75, Q570LP dichroic
mirror).

FM4—-64 Loading and Destaining—Day 12 neurons were
incubated with 0.5 um FM4 —64 FX in high K* solution con-
taining 72 mm NaCl, 50 mm KCl, 1 mm NaH,PO,, 26 mm
NaHCO,, 1.8 mm CaCl,, 0.8 mm MgSO,, 11 mm p-glucose, and
20 mm HEPES, pH 7.35, for 3 min. Neurons were then washed
three times with calcium-free solution, fixed with 4% paraform-
aldehyde/glucose for 15 min, and visualized in fluorescence.

RESULTS

N-WASP Is Enriched in Excitatory Synapses in Hippocampal
Neurons—The expression of N-WASP has been shown to
increase dramatically in the rat hippocampus during the first
several weeks after birth (20), a time when dendritic spines and
synapses are developing. This led us to hypothesize that this
molecule plays an important role in spine and synapse forma-
tion. To begin to test our hypothesis, we examined the subcel-
lular localization of N-WASP in hippocampal neurons by
immunostaining low density cultures with N-WASP antibody
along with a presynaptic marker, SV2, or a postsynaptic marker,
PSD-95. The synaptic vesicle protein SV2 is found in presynap-
tic terminals of both excitatory and inhibitory synapses,
whereas the postsynaptic density protein PSD-95 localizes to
the postsynaptic side of shaft and spine excitatory endings.
Endogenous N-WASP accumulated in puncta along neuronal
processes with both SV2 and PSD-95 (Fig. 14, arrows). Because
it is difficult to determine from the lower magnification images
whether N-WASP puncta were completely merged or were in
close apposition to the synaptic markers, higher magnification
images were generated. As shown in the higher magnification
images, N-WASP puncta were in close apposition to the pre-
synaptic marker SV2, suggesting it was in postsynaptic termi-
nals (Fig. 1A). Consistent with this, N-WASP puncta almost
completely merged with the postsynaptic marker PSD-95 (Fig.
1A), indicating that N-WASP localizes to the postsynaptic side
of excitatory synapses. Although most N-WASP localized to
excitatory synapses, a fraction of N-WASP puncta were neg-
ative for PSD-95. These puncta might represent N-WASP
protein complexes that have been described previously in
non-neuronal cells (21).
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FIGURE 1. N-WASP localizes to spines and functional, excitatory synapses in hippocampal neurons.
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FM4 — 64 is a member of a family
of styryl dyes that can be used as flu-
orescent probes to visualize active
synapses (23, 24). These dyes exhibit
prominent fluorescence upon inser-
tion of their hydrophobic tails into a
lipid bilayer but can easily be
washed out due to their inability to
cross bilayers (25). When a cell sur-
face is exposed to an FM dye and
then washed with a dye-free solu-
tion, only membranes that are no
longer surface-exposed retain the flu-
orescent dye (25). Thus, the activity-
dependent uptake of FM dyes into
synaptic vesicles provides a useful
marker for functional synapses in
cultured neurons (26, 27). To deter-
mine whether N-WASP-containing
clusters were functional synapses,
neurons expressing GFP-N-WASP
were labeled with FM4 — 64. Day 12
neurons were incubated with 0.5 um
FM4 - 64 in high K™ solution for 3
min and then washed three times
with calcium-free solution. As
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A, hippocampal neurons at day 12 in culture were co-immunostained for endogenous N-WASP and the pre-
synaptic marker SV2 (upper panels) or the postsynaptic marker PSD-95 (lower panels). Endogenous N-WASP
accumulated in puncta along neuronal processes with the synaptic markers (Overlays, right panels, arrows). Bar,
2 um. High magnification images showed that N-WASP puncta were in close apposition to SV2 and completely
merged with PSD-95, indicating N-WASP is enriched in the postsynaptic side of excitatory synapses. Bar, 0.4
um. B, hippocampal neurons were transfected with GFP-N-WASP at day 5 in culture and then fixed and immu-
nostained for SV2 (upper panels) and PSD-95 (lower panels) at day 12 in culture. Like endogenous N-WASP,
GFP-N-WASP localized in puncta with the synaptic markers SV2 and PSD-95 (arrows). Quantification of the
percentage of SV2 and PSD-95 clusters that contain N-WASP is shown. Error bars represent S.E. of the mean
from at least three seperate experiments. C, hippocampal neurons were transfected with GFP-N-WASP at day
5 in culture. At day 12 in culture, neurons were incubated with FM4-64 dye (0.5 um) in high K* solution for 3
min, washed, fixed, and viewed in fluorescence. FM4-64, which labels presynaptic terminals of active syn-
apses, was in close apposition to N-WASP puncta (Overlay, right panel, arrows, high magnification image),
indicating that N-WASP-containing synapses are functional. Bar, 2 um. Bar, 0.4 um for the high magnification

expected, FM4—64 puncta, which
represented functional synapses,
were observed along the dendrites.
However, when neurons were incu-
bated with the dye in a buffer lack-
ing K*, FM4-64 puncta were not
observed, indicating that FM4 — 64
uptake is dependent on depolariza-
tion. As shown in Fig. 1C, N-WASP
puncta localized with FM4-64.

image.

The localization of GFP-N-WASP to synapses was examined
by transfecting neurons with a GFP-tagged N-WASP construct.
The GFP tag was shown previously to have no effect on
N-WASP localization (22). Like endogenous N-WASP, GFP-
N-WASP co-localized in clusters with PSD-95 and was in close
apposition to SV2 puncta (Fig. 1B, arrows, and supplemental
Fig. S1), confirming that GFP-N-WASP localizes similarly to
the endogenous molecule and is a valid maker for examining
N-WASP localization in the neurons.

Our results indicate that N-WASP is enriched in the postsyn-
aptic terminal of excitatory synapses. However, some of the
SV2 and PSD-95 puncta lacked N-WASP, which led us to quan-
tify the number of SV2 and PSD-95 clusters that contained
N-WASP puncta. Approximately 55% of the SV2 clusters and
~66% of the PSD-95 clusters contained N-WASP (Fig. 1B),
indicating that N-WASP is present in a majority of the SV2 and
PSD-95 clusters. Similar results were obtained with GFP-N-
WASP. This raised the question as to whether the N-WASP-
containing clusters were activity-dependent, functional
synapses.
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Quantification of these results
showed that 85.0 = 3.5% of the FM4.—
64-labeled synapses contained N-WASP, demonstrating that
N-WASP was in most of the active synapses. Thus, our results
indicate N-WASP is present in the postsynaptic side of active,
functional, excitatory synapses that could undergo changes in
morphology mediated by reorganization of the actin cytoskeleton.
N-WASP Regulates Dendritic Spine Morphology and the For-
mation of Excitatory Synapses—To examine the function of
N-WASP in the neurons, we treated cultures with a specific
inhibitor of N-WASP, wiskostatin, and determined the density
of synapses and spines by staining with SV2 and phalloidin,
respectively. Wiskostatin stabilizes the autoinhibited form of
the protein so that the C-terminal VCA domains are not avail-
able to bind G-actin and the Arp2/3 complex to initiate new
actin filaments (28). When neurons were treated with wiskosta-
tin at day 7 and then fixed and immunostained at day 12, a
dose-dependent decrease in the number of spines and synapses
was observed (Fig. 24). Wiskostatin did not adversely affect the
health of the neurons, because they were observed to develop nor-
mally and no detectable effects on the growth of axons or dendrites
were seen at any of the wiskostatin concentrations used.
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FIGURE 2. Inhibition of N-WASP activity by wiskostatin affects excitatory, but not inhibitory, synapses.
A, hippocampal neurons were treated with either DMSO (Control) or an N-WASP-specific inhibitor, wiskostatin
(2 or 5 um), at day 7 in culture. At day 12 in culture, neurons were fixed and stained for SV2 (upper panels) and
actin using rhodamine-conjugated phalloidin (lower panels). Bar, 10 um. Enlargements of the boxed regions are
shown below the panels. Bar, 2 um. Differences between Control-2 um, Control-5 um, and Control 2-5 um were
statistically significant as determined by Student's t test (for SV2 clusters and spines, * and **, p < 0.0001). B, wisko-
statin, even at the highest concentration (5 um), did not significantly affect the number of inhibitory synapses
as shown by immunostaining for glutamic acid decarboxylase (GAD-6). C, in contrast, a significant decrease in the
number of excitatory synapses (**, p < 0.0001), as shown by a reduction in the density of PSD-95 clusters, was
seen with 5 um wiskostatin treatment. Error bars represent S.E. from at least three separate experiments.

previously that inhibitory GABAer-
gic synapses are most dense around
the cell body and form directly on
the dendrite or cell soma surface
without a spine (29), which led us to
look further at the type of synapses
that were regulated by N-WASP
activity. To examine the effect of
wiskostatin treatment on inhibitory
synapses, we used GAD-6 antibody
to immunostain for glutamic
acid decarboxylase. Glutamic acid
decarboxylase localizes to the pre-
synaptic side of inhibitory syn-
apses and catalyzes the synthesis
of the inhibitory neurotransmitter
y-aminobutyric acid (GABA).
There was no significant differ-
ence in the number of inhibitory
GABAergic synapses with wisko-
statin treatment (Fig. 2B), indicat-
ing that N-WASP activation is not
necessary for the formation of
these synapses.

In contrast, wiskostatin treat-
ment had a significant effect on the
density of excitatory glutamatergic
synapses as the number of PSD-95
puncta was decreased by >50% (Fig.
2C). Because excitatory synapses
can form on dendritic spines or on
the dendritic shaft, we assessed the
effects of wiskostatin treatment on
each of these types of excitatory
synapses. Wiskostatin treatment
decreased the number of excitatory
synapses that formed on spines by
almost 90% (20.4 * 1.7 in controls
versus 2.3 = 0.6 in wiskostatin-
treated) but had no significant effect
on shaft synapses (20.2 * 1.7 in con-
trols versus 19.6 £ 1.6 in wiskosta-
tin-treated). In these experiments,
neurons were treated for 5 days with
wiskostatin to ensure that N-WASP
activity was inhibited during a criti-
cal time when many spines and syn-
apses form. However, treatment of
the neurons for a shorter period of
time also resulted in a significant
decrease in the number of spines
and synapses. We added 5 um wis-
kostatin to the neuronal cultures at
day 7, washed out the wiskostatin at
day 8, and stained for PSD-95 and

Interestingly, we noticed that at the highest concentration of  phalloidin at day 12. The 1-day wiskostatin treatment caused a
wiskostatin (5 uMm) many of the remaining synapses were con-  51% decrease in the number of spines (17.9 = 1.0 in controls
centrated around the neuronal cell bodies. It has been reported  versus 8.7 = 0.6 in wiskostatin-treated) and a 30% reduction in
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FIGURE 3. Knock down of endogenous N-WASP affects spines and synapses. A, HEK-293T cells were
co-transfected with N-WASP RNAi or empty pSUPER vector and either GFP-N-WASP or Myc-WAVE1. For a
nonsilencing control, a scrambled RNAi construct was prepared and tested by co-transfection with GFP-
N-WASP into HEK-293T cells. The lysates were blotted for GFP and B-actin or Myc and a-tubulin. The
N-WASP RNAi construct specifically decreased N-WASP expression by 85% (left panels) but did not alter
expression of WAVE1 (middle panels), another WASP family member. The scrambled RNAi construct did
not affect expression of N-WASP (right panels). Quantification of blots from three separate experiments is
shown (lower panels). B, hippocampal neurons were co-transfected with GFP and either empty pSUPER
vector, scrambled RNAI, or the N-WASP RNAi construct at day 6 in culture and then fixed at day 12 in
culture and stained for SV2 (middle panels) and PSD-95 (right panels). A significant decrease in the number
of spines and synapses was observed in neurons expressing N-WASP RNAi compared with either scram-
bled RNAi or pSUPER controls. Bar, 2 um. C, quantification of the number of spines and synapses (SV2 and
PSD-95 clusters) in neurons transfected with empty pSUPER vector, N-WASP RNAI, or scrambled RNAi is
shown (**, p value <0.0001). The N-WASP RNAi-mediated defects in spine and synapse formation were
rescued by expression of bovine N-WASP (Bovine Rescue). Error bars represent S.E. from at least three
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the number of synapses (37.5 = 1.8
in controls versus 262 =
1.7 in wiskostatin-treated). Taken
together, our results suggest that
activation of N-WASP is important
for the regulation of spine morpho-
genesis and the formation of excita-
tory glutamatergic synapses.

We generated an RNAi construct
to knock down expression of endog-
enous N-WASP to further explore
the role of N-WASP in dendritic
spine and synapse formation. The
RNAi sequence had been shown
previously to be specific for N-WASP
and to almost completely knock
down expression of the protein (30—
32). However, we confirmed the abil-
ity of the RNAI construct to specifi-
cally knock down rat N-WASP
expression by transiently transfecting
it into HEK-293T cells along with
GFP-tagged rat N-WASP or WAVEL.
As determined by immunoblot analy-
sis, the N-WASP RNAi construct
decreased expression of N-WASP by
>85% compared with empty
pSUPER vector (Fig. 3A, left panels).
In contrast, a scrambled RNAi con-
trol had no effect on expression of
N-WASP (Fig. 34, right panels). The
N-WASP RNAi construct did not
affect expression of WAVE], another
WASP family member, indicating its
specificity for N-WASP (Fig. 3A, mid-
dle panels). The RNAI construct was
similarly effective in decreasing
expression of N-WASP in the neu-
rons. Transfection of neurons with
N-WASP RNAi resulted in an 87.2 =
4.8% decrease in N-WASP expression
compared with control cultures.
When neurons were transfected with
the N-WASP RNAi construct at day 6
and then fixed and stained for SV2
and PSD-95 at day 12, a 2- to 3-fold
decrease in the number of dendritic
spines and synapses was observed
compared with cells expressing a
scrambled RNAi construct or empty
pSUPER vector (Fig. 3, B and C, and
supplemental Fig. S2). To further
show that the effects of N-WASP
RNAi were specifically attributable to
the loss of N-WASP, rescue experi-
ments were performed in which
bovine N-WASP was co-expressed
with N-WASP RNAi. The rat
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N-WASP RNAI target sequence does not significantly affect
expression of bovine N-WASP due to several nucleotide mis-
matches (30). Expression of bovine N-WASP completely rescued
the N-WASP RNAi-mediated defect in spine and synapse forma-
tion (Fig. 3C). These results suggest that the defect is due to the loss
of endogenous N-WASP and point to a critical role for N-WASP
in spine and synapse formation.

The Actin and Arp2/3 Binding Domains of N-WASP Are Crit-
ical for Its Function in Regulating Spine and Synapse Forma-
tion—We next used several deletion constructs of N-WASP to
determine the domains of the protein necessary for spine and
synapse formation. For these experiments, the synaptic density
was determined by staining for both SV2 and PSD-95 and the
number of spines was assessed by GFP fluorescence as well as
staining with phalloidin. Phalloidin, which binds F-actin and is
commonly used to visualize dendritic spines (3, 33), was used to
assess spine density because it is possible that the GFP-tagged
fragments of N-WASP differentially localize to spines. Interest-
ingly, similar results for the spine density were observed with
both methods.

The C terminus of N-WASP is composed of two verprolin
homology (V) domains, which bind G-actin; a central (C)
domain; and an acidic (A) region that binds the Arp 2/3 com-
plex (7, 8). The VCA region of N-WASP, which we refer to as
“WA,” is sufficient to stimulate the nucleation of new actin
filaments by the Arp2/3 complex (7, 8). Expression of GFP-N-
WASP caused a small but significant increase in the density of
dendritic spines and synapses compared with GFP alone (Fig. 4,
B and C). Expression of N-WASP lacking the C-terminal VCA
region (AWA) significantly decreased the number of spines and
synapses compared with control neurons expressing GFP, but
protrusions were still observed along the dendrites of
N-WASP-AWA-expressing neurons (Fig. 4, B and C, and sup-
plemental Fig. S3). Protrusions were defined as extensions from
the dendrites without associated presynaptic endings whereas
dendritic spines were in contact with presynaptic terminals. In
contrast, expression of N-WASP lacking the N-terminal WH1
region (AWH1) did not significantly affect the density of spines
or synapses as compared with controls (Fig. 4, B and C, and
supplemental Fig. S3). These results suggest that activation of
the Arp2/3 complex by N-WASP promotes spine and synapse
formation in the neurons and could be a mechanism by which
dendritic spine heads enlarge and subsequently mature.

To further explore the function of the WA region in spine
and synapse formation, we transfected neurons with a con-
struct encoding the C-terminal region (WA) of N-WASP.
Expression of the WA region resulted in a slight decrease in the
density of spines and synapses. In neurons expressing the WA
region, a 14% decrease in the number of spines, as determined
by staining with phalloidin, and a 25% reduction in the synaptic
density, as determined by staining with PSD-95, was observed
when compared with cells expressing GFP alone (Fig. 4, B and
C). However, significantly more spines and synapses were
observed in neurons expressing the WA region than with cells
expressing truncated N-WASP that lacked the C-terminal WA
region, suggesting that the WA region of N-WASP is critical for
its function in spine and synapse formation. Taken together,
our results strongly suggest that activation of the Arp2/3 com-
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FIGURE 4. N-WASP binding to actin and the Arp 2/3 complex is important
for dendritic spine and synapse formation. A, domain structure of N-WASP.
Pleckstrin homology (PH), calmodulin binding (/Q), basic (B), Cdc42/Ras inter-
active binding (CRIB), verprolin homology (V), central (C), and acidic (A)
domainsare shown. B, hippocampal neurons were transfected with GFP, GFP-
N-WASP, GFP-N-WASP-AWA, GFP-N-WASP-WA, and GFP-N-WASP-AWH at
day 5 in culture and then fixed and immunostained for SV2, PSD-95, and actin
(phalloidin) atday 12in culture. Bar, 2 um. C, quantification of SV2 and PSD-95
clusters and dendritic spines using GFP fluorescence and by staining for actin
(phalloidin) from transfected neurons is shown. Asterisks denote statistically
significant differences when compared with control GFP expressing neurons
(*, p < 0.025; **, p < 0.0001). Error bars represent S.E. from at least three
seperate experiments.

plex by N-WASP is critical for the formation of dendritic spines
and synapses.

Cdc42 Plays a Role in the Development of Dendritic Spines
and Synapses—Because the Rho family GTPase Cdc42 is a
known activator of N-WASP (34), we explored its function in
regulating spine and synapse formation by preparing an RNAi
construct to knock down expression of Cdc42 in neurons. We
tested the ability of the Cdc42 RNAI construct to knock down
expression of the endogenous protein by transfecting it into
Rat2 fibroblasts. Immunoblot analysis showed that the RNAi
construct decreased expression of Cdc42 by >75% compared
with control pSUPER vector (Fig. 5A, left panels). In contrast, a
scrambled RNAI construct did not significantly affect expres-
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FIGURE 5. Cdc42 plays a role in the development of dendritic spines and
synapses. A, Rat2 fibroblasts were co-transfected with GFP and either Cdc42
RNAI, scrambled RNAI, or empty pSUPER vector. The lysates were blotted for
Cdc42 and actin as a loading control. Expression of the Cdc42 RNAI construct
decreased endogenous levels of Cdc42 by >75% (left panels) whereas the
scrambled RNAi construct did not affect Cdc42 expression (right panels).
Quantification of blots from three separate experiments is shown (lower pan-
els). B, hippocampal neurons were co-transfected with GFP and either empty
pSUPER vector, scrambled RNAi, Cdc42 RNAI, or dominant negative Cdc42
(DN-Cdc42) and stained for SV2 (middle panels) and PSD-95 (right panels). Bar,
2 um. G, quantification of the number of spines and synapses (SV2 and PSD-95
clusters) in neurons transfected with empty pSUPER vector, scrambled RNAI,
Cdc42 RNAI, DN-Cdc42, or Cdc42 RNAi + GFP-WA is shown. Differences
between control-Cdc42 RNAI, control-DN-Cdc42 (**, p < 0.0001) and Cdc42
RNAi-Cdc42RNAi + GFP-WA (*, p < 0.0001) were statistically significant. Error
bars in A and C represent S.E. of three seperate experiments.

sion of Cdc42 (Fig. 54, right panels). When neurons were trans-
fected with the Cdc42 RNAI construct, a significant decrease in
the number of spines and synapses was observed compared
with cells transfected with a scrambled RNAIi construct or
empty pSUPER vector (Fig. 5, B and C, and supplemental Fig.
S4). A similar decrease in the density of spines and synapses was
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observed in neurons expressing dominant negative Cdc42 (Fig.
5, B and C). The Cdc42 RNAi-mediated defect in spine and
synapse formation could be rescued, at least partially, by
expression of the WA region of N-WASP, linking Cdc42 to
N-WASP activation in the development of spines and syn-
apses (Fig. 5, B and C).

Arp3 Regulates the Formation of Spines and Synapses in Hip-
pocampal Neurons—Because our results strongly implicated
the Arp2/3 complex as a downstream effector of N-WASP in
spine and synapse formation, we examined its subcellular local-
ization in hippocampal neurons. GFP-tagged Arp3, one of the
seven proteins found in the Arp2/3 complex, localized in
puncta along neuronal processes with SV2 and PSD-95, sug-
gesting that it was synaptic (Fig. 64, arrows). A similar localiza-
tion was observed by immunostaining for endogenous Arp3
and SV2 (Fig. 6A4). Higher magnification images showed that
Arp3 puncta were in close apposition to SV2 clusters and com-
pletely merged with PSD-95 puncta, indicating that Arp3, like
N-WASP, is enriched on the postsynaptic side of excitatory
synapses (Fig. 6A).

Because Arp3 localized to spines and excitatory synapses, we
generated an RNAI construct to examine its function in regu-
lating the formation of these structures. Although the RNAi
sequence had been shown previously to effectively knock down
expression of Arp3 (35), we tested its ability to knock down rat
Arp3 by transfecting it into HEK-293T cells with GFP-tagged
Arp3. The Arp3 RNAI construct decreased expression of Arp3
by almost 80% whereas a scrambled RNAi control did not affect
Arp3 expression (Fig. 6B). When neurons were transfected with
the Arp3 RNAI construct, a significant decrease in the number
of spines and synapses was observed compared with control
cultures expressing scrambled RNAi or empty pSUPER vector
(Fig. 6C and supplemental Fig. S5). The decrease in the density
of spines and synapses in neurons expressing the Arp3 RNAi
construct was similar to that observed when N-WASP expres-
sion was knocked down in these cells. Thus, our results suggest
that N-WASP and the Arp2/3 complex are important regula-
tors in the formation of dendritic spines and synapses.

DISCUSSION

Our results reveal a novel mechanism by which N-WASP
activation of the Arp2/3 complex regulates the formation of
dendritic spines and synapses in hippocampal neurons.
N-WASP is enriched in spines and excitatory synapses that are
active and functional as determined by loading with FM4 — 64
dye. Knock down of endogenous N-WASP resulted in a signif-
icant decrease in the density of spines and synapses. The C-ter-
minal region of the protein, which binds and activates the
Arp2/3 complex, is critical for this function of N-WASP. Knock
down of Arp3, an important protein in the Arp2/3 complex,
caused a similar defect in the formation of spines and synapses,
pointing to the significance of activation of the Arp2/3 complex
in this process. An activator of N-WASP, Cdc42, is also
involved in regulating spine and synapse formation. Knock
down of Cdc42 expression resulted in a significant decrease in
the number of spines and synapses and expression of the WA
region of N-WASP rescued the Cdc42-mediated defect in spine
and synapse formation, suggesting that activation of N-WASP
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FIGURE 6. The Arp2/3 complex regulates the formation of dendritic
spines and synapses in hippocampal neurons. A, hippocampal neurons at
day 14 in culture were co-immunostained for endogenous Arp3 (upper pan-
els) and the synaptic marker SV2. Endogenous Arp3 accumulated in puncta
with SV2 (Overlay, arrows). Hippocampal neurons were transfected with GFP-
Arp3 at day 5 in culture and then fixed and immunostained for SV2 (middle
panels) and PSD-95 (lower panels) at day 12 in culture. GFP-Arp3 localized in
puncta along neuronal processes with SV2 and PSD-95 (Overlays, arrows). Bar,
2 um. High magnification images showed Arp3 puncta were in close apposi-
tion to SV2 and completely merged with PSD-95, indicating that Arp3 is
enriched in the postsynaptic side of excitatory synapses. Bar, 0.4 um. B, HEK-
293T cells were co-transfected with Arp3 RNAI, scrambled RNAI, or empty
pSUPER vector and GFP-Arp3. The lysates were blotted for GFP and a-tubulin.
The Arp3 RNAI construct decreased expression of Arp3 by almost 80% (left
panels) whereas the scrambled RNAi did not alter Arp3 expression (right pan-
els). Quantification of blots from three separate experiments is shown (lower
panels). C, hippocampal neurons were co-transfected with GFP and either empty
pSUPER vector, scrambled RNAi, or the Arp3 RNAI construct at day 6 in culture
and then fixed and stained at day 12 for the synaptic markers SV2 (middle panels)
and PSD-95 (right panels). Bar, 2 um. Quantification of the number of spines and
synapses (SV2 and PSD-95 clusters) in neurons transfected with empty pSUPER
vector, scrambled RNAI, or Arp3 RNAi (**, p < 0.0001) is shown. Error bars in Band
Crepresent S.E. of three seperate experiments.
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by Cdc42 is important in this process. Thus, our study provides
a molecular mechanism by which N-WASP and an activator
and effector regulate the development of dendritic spines and
synapses.

The function of Cdc42 in regulating the development of
spines and synapses is presently unclear. Recent studies have
indicated a role for Cdc42 in dendritic morphogenesis in Dro-
sophila and learning-related synaptic growth in Aplysia sensory
neurons (36, 37). In addition, activation of Cdc42 is proposed to
be an important event in converting nonfunctional contacts
into functional synapses (38). However, others have suggested
that Cdc42 does not have a significant effect on the mainte-
nance of dendritic spine morphology in hippocampal neurons
(39, 40). Our results are consistent with Cdc42 regulating the
formation of dendritic spines and synapses. The previous stud-
ies in hippocampal neurons relied on expression of constitu-
tively active and dominant negative Cdc42 mutants after many
spines and synapses had formed (day 10-12 in culture),
whereas our study used RNAI to specifically knock down Cdc42
expression during a time when many spines and synapses are
actively forming (day 5- 6 in culture). It may be difficult to see a
dramatic effect of Cdc42 on spines and synapses after a signif-
icant number of them have already formed.

Our results show that the spine and synaptic density in the
WA-expressing neurons was slightly decreased compared with
neurons expressing full-length N-WASP. It was reported pre-
viously that the WA region alone is much more potent in stim-
ulating actin polymerization by the Arp2/3 complex than full-
length N-WASP (8). Delocalized reorganization of actin may limit
the amount of G-actin and Arp2/3 complex available for actin
assembly at synaptic sites, which could diminish the ability of
spines to stabilize and mature. Consistent with this, aberrant actin
reorganization has been reported to result in a decrease in the
density of spines and synapses in neurons (19, 41).

The process of spine formation has received a great deal of
interest because of the importance of these structures in cogni-
tive function, but the molecular mechanisms that regulate
spine formation still remain poorly understood. Our results
suggest that activation of the Arp2/3 complex by N-WASP is
critical for the formation of dendritic spines and synapses. This
raises the question of how the Arp2/3 complex functions in
spine and synapse formation. Although the exact steps in spi-
nogenesis are not clear, it appears that spines can either form
from dendritic protrusions or extend directly from the den-
dritic shaft (42—46). In both cases, the spine head enlarges or
expands as the spine matures, and the Arp2/3 complex-medi-
ated branching of actin may play an important role in this proc-
ess. When activation of the Arp2/3 complex by N-WASP is
inhibited, the formation of dendritic spines is impaired. Activa-
tion of the Arp2/3 complex may form a branched actin network
that promotes and supports the enlargement and maturation of
the spine head. This branched actin network may also be
important for the morphological changes in spines associated
with synaptic plasticity. Future studies are needed to better
understand the complex regulation of actin and its contribution
to the formation and plasticity of spines and synapses.

In a proteomic analysis of rat brain, members of the Arp2/3
complex were shown to be present in the postsynaptic density
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(28). This is consistent with our results showing that the Arp2/3
complex localizes to the postsynaptic side of excitatory syn-
apses where activation by N-WASP and Cdc42 supports
enlargement of spine heads. Although the guanine nucleotide
exchange factors (GEFs) that mediate activation of Cdc42 and,
subsequently, branching of actin through the Arp2/3 complex
are unknown, several Cdc42 GEFs could function in this capac-
ity. Both a- and B-p-21-activated kinase-interacting exchange
factor, which are Cdc42 and Rac GEFs, localize to the postsyn-
aptic terminals of excitatory synapses where they regulate spine
morphogenesis (19, 47, 48). Another Cdc42 GEF, intersectin,
localizes to dendritic spines and plays a role in their develop-
ment (49). Alternatively, other Cdc42 GEFs may contribute to
this process.

In summary, we show that activation of N-WASP regulates
the formation of dendritic spines and synapses through the
Arp2/3 complex. The activation of the Arp2/3 complex could
stimulate spine development by forming a branched actin net-
work that promotes the enlargement of spine heads and leads to
their maturation.
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