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Little is known about how the neuronal cytoskeleton is regulated when a dendrite decides whether to branch or not. Previously, we
reported that postsynaptic density protein 95 (PSD-95) acts as a stop signal for dendrite branching. It is yet to be elucidated how PSD-95
affects the cytoskeleton and how this regulation relates to the dendritic arbor. Here, we show that the SH3 (src homology 3) domain of
PSD-95 interacts with a proline-rich region within the microtubule end-binding protein EB3. Overexpression of PSD-95 or mutant EB3
results in a decreased lifetime of EB3 comets in dendrites. In line with these data, transfected rat neurons show that overexpression of
PSD-95 results in less organized microtubules at dendritic branch points and decreased dendritogensis. The interaction between PSD-95
and EB3 elucidates a function for a novel region of EB3 and provides a new and important mechanism for the regulation of microtubules
in determining dendritic morphology.

Introduction
Postsynaptic density protein-95 (PSD-95)/SAP-90 and family
members assemble synaptic signaling complexes at excitatory
synapses (Cho et al., 1992; Kistner et al., 1993; Brenman et al.,
1996; Kim et al., 1998). These proteins have complex binding
domains that allow them to perform many synaptic functions
(Chen et al., 2000; El-Husseini et al., 2000; Chung et al., 2004;
Steiner et al., 2008). We reported previously that PSD-95 exhibits
a nonsynaptic function during hippocampal neuron develop-
ment. Our previous findings suggest that PSD-95 inhibits proxi-
mal dendrite branching by disrupting microtubule organization
(Charych et al., 2006).

Although much is known about how microtubules are regu-
lated in the axon by motors and severing, stabilizing, and growth-
promoting proteins (Fukata et al., 2002b; Qiang et al., 2006;
Manna et al., 2007; Myers and Baas, 2007), less is known about
the regulation of microtubule dynamics in determining dendritic
arbor shape. Our work on cytosolic PSD-95 interactor (cypin)

strongly suggests that local regulation of microtubule polymer-
ization influences dendrite arborization (Akum et al., 2004; Charych
et al., 2006; Chen and Firestein, 2007). PSD-95 also associates with
microtubule-associated proteins (MAPs), such as MAP1A, cysteine-
rich PDZ binding protein (CRIPT), adenomatous polyposis coli
(APC), and cypin (Brenman et al., 1998; Passafaro et al., 1999; Yanai
et al., 2000; Akum et al., 2004; Reese et al., 2007); however, it remains
unclear as to how PSD-95 affects microtubules.

The plus ends of growing microtubules accumulate a diverse
group of microtubule-associated proteins, collectively referred to
as the plus-end-tracking proteins (�TIPs). �TIPs encompass a
large number of unrelated proteins, which include motor and
nonmotor proteins, regulatory proteins, and adaptor proteins.
One �TIP binding protein family is the end-binding (EB) pro-
tein family. Like other �TIPs, EB proteins mediate interactions
between the ends of microtubules, organelles, and protein com-
plexes as well as altering microtubule stability (Lansbergen and
Akhmanova, 2006; Akhmanova and Steinmetz, 2008; Honnappa
et al., 2009; Komarova et al., 2009). Of three EB family members,
EB3 is preferentially expressed in the CNS and is used to track
microtubule dynamics (Nakagawa et al., 2000; Akhmanova
and Hoogenraad, 2005; Komarova et al., 2005; Lansbergen
and Akhmanova, 2006).

Here, we show that PSD-95 alters microtubule organization in
neurons, resulting in decreased dendrite branching. PSD-95 per-
forms this function via direct interaction with EB3 through the
src homology 3 (SH3) domain on PSD-95. Deletion of the SH3
region (PSD-95�SH3) blocks the effects of PSD-95 on dendrite
branching and microtubules. Overexpression of PSD-95 in cul-
tured neurons results in decreased lifetime of EB3 comets in den-
drites, suggesting decreased microtubule stability and alteration
of microtubule organization and dendrite branching. Mutation
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of the polyproline region of EB3 eliminates binding of EB3 to
PSD-95 and blocks the effect of PSD-95 on comet lifetime. Elec-
tron microscopic analysis of microtubules in neurons that over-
express PSD-95 confirms that PSD-95 alters microtubule
organization, resulting in more microtubules crossing between
the shafts at dendrite branch points. Based on these data, we
present a novel mechanism by which PSD-95 can shape the dendritic
arbor and cytoskeleton in developing hippocampal neurons via an
interaction with EB3.

Materials and Methods
Antibodies. Mouse monoclonal antibodies recognizing PSD-95
(MA1-045, MA1-046) were purchased from Affinity BioReagents.
Rabbit anti-PSD-95 was previously characterized (Firestein et al., 1999).
Rabbit anti-EB3 was generously provided by Dr. Anna Akhmanova. Both
monoclonal (MA1-046) and rabbit anti-PSD-95 are specific for PSD-95
(Firestein et al., 1999; Sans et al., 2000). Mouse anti-MAP2 and rabbit anti-
DsRed were purchased from BD-PharMingen. Rat anti-green fluorescent
protein (GFP) was purchased from Santa Cruz Biotechnology.

Neuronal culture, immunocytochemistry, and transfection. Hippocam-
pal cultures were prepared from rat embryos at 18 d gestation as de-
scribed previously (Firestein et al., 1999; Akum et al., 2004; Chen et al.,
2005). For transfection, the neurons were grown for 10 days in vitro
(DIV) and transfected with the appropriate constructs using Effectene from
Qiagen or by the calcium phosphate method (Xia et al., 1996). For immu-
nocytochemical studies, neurons were fixed at DIV 12 or DIV 17 with ice-
cold methanol for 15 min and immunostained with the following primary
antibodies: mouse anti-PSD95 (1:200), rat anti-GFP (1:1000), rabbit anti-
EB3 (1:3000). Staining was visualized using secondary antibodies conjugated
to Cy2 or Cy3 (Jackson ImmunoResearch Laboratories).

Coimmunoprecipitation from brain detergent extracts. Rat forebrain (1
g wet weight) was homogenized in 5 ml TEE (20 mM Tris-HCl, pH 7.4, 1
mM EDTA, 1 mM EGTA, pH 7.4) and incubated with an equal volume of
2� RIPA buffer (100 mM Tris-HCl, pH 7.4, 300 mM NaCl, 1% deoxy-
cholate, 2% NP-40, 0.2% SDS, 2 mM EDTA, pH 7.4) containing 1 mM

phenylmethylsulfonylfluoride (PMSF) and protease inhibitor cocktail

(Roche) at 4°C for 1 h. Detergent-insoluble
material was pelleted by centrifugation at
15,000 � g for 10 –15 min at 4°C. Antibody (10
�l) was added to the extract and incubated
overnight at 4°C, followed by the addition of
25–50 �l protein A Sepharose (GE Health-
care). After a 1–2 h incubation at 4°C, washed
beads were incubated with SDS-PAGE sample
buffer (0.01 M Tris-HCl, pH 6.8, 20% glycerol,
10% �-mercaptoethanol, 2.3% SDS, 0.005%
bromophenol blue) for 20 min at room tem-
perature (RT) followed by centrifugation. The su-
pernatant was boiled and subjected to SDS-PAGE
and Western blotting using the indicated
antibodies.

COS-7 cell culture, transfection, and coimmu-
noprecipitation. COS-7 cells were plated at 70 –
80% confluence and maintained in DMEM
(Invitrogen), supplemented with 7.5% fetal
bovine serum in a 5% CO2 atmosphere. Cells
were transfected with 1.5 �g of the indicated
plasmid DNA encoding the indicated proteins
using LipofectAMINE 2000 (Invitrogen) fol-
lowing the manufacturer’s instructions. COS-7
cells were transfected with cDNAs encoding
wild-type EB3 tagged with monomeric red flu-
orescent protein (mRFP) and either wild-type
PSD-95-GFP, PSD-95�SH3-GFP, or GFP us-
ing Lipofectamine 2000 (Invitrogen), as per the
manufacturer’s protocol. Cells were lysed in
TEE and solubilized using Triton X-100 at a
final concentration of 1%. Insoluble material
was pelleted at 15000 � g, and lysate was incu-

bated with anti-PSD-95 antibody overnight at 4°C and then with protein
A Sepharose for 1 h. Beads were isolated and bound proteins were eluted
in SDS-PAGE sample buffer. Samples were boiled and subjected to SDS-
PAGE and Western blotting using the indicated antibodies.

Microtubule immunoprecipitation. Immunoprecipitation of microtu-
bules was performed as described previously (Wersinger and Sidhu,
2005). Briefly, COS-7 cells were incubated and proteins were extracted
for 15 min at RT with 0.5% NP-40 in a microtubule stabilization buffer
[20 mM Tris, pH 6.9, 0.5% (v/v) NP-40, 2 M glycerol, 10% (v/v) DMSO, 1
mM MgCl2, 2 mM EGTA, 200 M sodium orthovanadate, 1 mM PMSF, and
the aforementioned protease inhibitor cocktail]. Detergent-insoluble
material was pelleted by centrifugation at 15,000 � g, and soluble extracts
were used for immunoprecipitation with a mouse anti-acetylated tubulin
antibody. Immunoprecipitation procedure was done as described above
except that all steps were performed at room temperature.

Microtubule polymerization assay. Tubulin (30 M) was mixed with pu-
rified glutathione S-transferase (GST) fusion proteins (4 M) in PEM
(0.1 M PIPES, 5 mM EDTA, 5 mM MgCl2) buffer containing 10% glycerol
and 1 mM GTP on ice. The mixture was then incubated at 37°C, and
tubulin polymerization was detected by measuring the absorbance at 355
nm once per minute for 1 h.

Filter overlay assay. Bacterial expression and purification of GST fusion
proteins were performed as reported previously (Fernando et al., 1995;
Charych et al., 2006). For the overlay assay, lysates from COS-7 cells
expressing EB3-GFP were subjected to SDS-PAGE and transferred to
polyvinylidene difluoride (PVDF) membrane. Membrane strips containing
immobilized EB3-GFP were washed three times with TBST (10 mM Tris-
HCl, pH 7.5, 200 mM NaCl, 0.2% Tween-20) for 5 min each and blocked
with TBST containing 5% nonfat dried milk (NFDM) for 2 h. Strips were
incubated with 0.25 �M of the indicated GST fusion protein for 15 h, fol-
lowed by three washes with TBST for 5 min each. All of the above steps were
done at RT. The strips were incubated with TBST containing 5% NFDM for
30 min at RT followed by incubation with anti-GST antibody (Millipore
Biotechnologies,) diluted 1:2000 in TBST with agitation at 4°C overnight.

Molecular modeling. The active structures of the PSD-95 fragment
containing the SH3, guanylate kinase (GK), and HOOK region between

Figure 1. PSD-95 interacts with EB3. A, Colocalization of EB3 comets with PSD-95 puncta. Primary cultures of hippocampal
neurons were fixed with ice-cold methanol followed by 4% paraformaldehyde. Double-label immunocytochemistry with antibod-
ies to PSD-95 (left) and EB3 (middle) was performed. Images are overlaid for direct comparison (right). Inset, High magnification
indicating colocalization of PSD-95 and EB3 puncta (arrows). B, Colocalization of EB3 and PSD-95 peaks at DIV12. Colocalization
was quantified by calculating the proportion of total EB3 comets that overlay PSD-95 puncta. ***p � 0.001 by ANOVA followed by
a Bonferroni multiple comparisons test. C, Coimmunoprecipitation of EB3 with PSD-95 from adult rat brain. EB3 coimmunopre-
cipitates with PSD-95. Detergent extracts from adult rat brain were subjected to immunoprecipitation with the indicated antibod-
ies. IP, Immunoprecipitation; WB, Western blot.
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the SH3 and GK domains [Protein Data Bank (PDB) ID, 1JXO] (Tavares
et al., 2001) and the solution structure of EB3 containing the calponin
homology domain (PDB ID, 1WYO) were chosen as the models for the
protein binding simulation. The structures were retrieved from the Re-
search Collaboratory for Structural Bioinformatics Protein Data Bank
(http://www.rcsb.org/pdb) (Berman et al., 2007). All of the molecular
depictions were studied and visually analyzed using the UCSF Chimera
package from the Resource for Biocomputing, Visualization, and Informat-
ics at the University of California, San Francisco (Pettersen et al., 2004).

Molecular docking. Chain A of the PSD-95 structure (PDB ID, 1JXO)
and a heptapeptide from the EB3 structure (APPPNPG) (PDB ID,
1WYO) were extracted and manually modified using Sybyl, version 7.2.
Before ligand docking, the PSD-95 structure was energy minimized using
the Tripos Force Field (Clark et al., 1989) and Powell method using 1000
iterations after addition of H-bond hydrogens to the structures. In addi-
tion, the heptapeptide from the EB3 structure was energy minimized
with the Tripos force field and a conjugated gradient method with 1000
iterations per procedure after addition of hydrogens and Gasteiger–
Hückel charge assignation (Gasteiger and Marsili, 1980). The Genetic
Optimization of Ligand Docking (GOLD) docking program (Jones et al.,
1997) was used to dock the heptapeptide into the proline-rich peptide
binding groove in the SH3 domain of PSD-95 as described previously
(Tavares et al., 2001). The default algorithm speed was selected during
GOLD docking, and the number of poses for each inhibitor was set to 10.
The peptide binding site was defined as SH3-PSD-95 residues within a 30
Å radius of the center of Trp470. The best conformation solution result
was used to analyze the protein–peptide binding interface.

X-gal staining and electron microscopy. Hippocampal cultures were
grown (Masahira et al., 2005) for 10 d in culture on Thermanox cover-
slips (Electron Microscopy Sciences). The neurons were cotransfected
with cDNA encoding �-galactosidase and GFP or PSD-95-GFP using the

calcium phosphate transfection method. Neurons were fixed at DIV 12
with 2.5% glutaraldehyde in 0.1 M cacodylate buffer, pH 7.3, at room
temperature for 10 min, and washed at room temperature in wash buffer
(0.1 M Tris, pH 7.3, 2 mM MgCl2) and staining buffer (5 mM

K4[Fe(CN)6]�3 H2O, 5 mM K3[Fe (CN)6], 2 mM MgCl2, 20 mM Tris, pH
7.3, 0.1% Triton X-100). Staining for �-galactosidase was performed
overnight at 37°C with 1 mg/ml X-gal (Omega Bio-Tek). The cultures
were postfixed in 1% OsO4 in wash buffer for 1 h. Postfixed cultures were
rinsed with water, dehydrated in ethanol, and embedded using the
EMbed 812 kit (Electron Microscopy Sciences). The embedded cultures
were cut parallel to the culture surface and imaged with a JEOL 100 CX
transmission electron microscope (Division of Life Sciences, Rutgers
University Electron Imaging Facility). Microtubule crossings at branch
points were counted in along a linear axis that was 0.5 �M long, beginning
at the branch point and extending into the neuron perpendicular from
membrane edge using ImageJ (NIH). An example of this analysis is
shown in Figure 5E.

Time-lapse video microscopy of EB3-GFP comets in hippocampal neu-
rons. Hippocampal cultures were prepared as described above and plated
at a density of 250 cells/mm 2 on glass-bottom 35 mm culture dishes
(WPI). Neurons were transfected with the appropriate constructs at plat-
ing using the Amaxa electroporation (Lonza Biologics). Time-lapse flu-
orescence imaging was performed 12–18 h after transfection. For live-cell
imaging, culture medium was replaced with Ringer’s solution [(in mM)
150 NaCl, 5 KCl, 2 CaCl2, 1 MgCl2, 10 glucose, 10 HEPES, pH 7.4] 18 –24
h after transfection, and images were acquired on a Olympus Optical
IX50 microscope equipped with a 60� oil-immersion objective, heated
stage, Cooke Sensicam CCD cooled camera, fluorescence imaging sys-
tem, and ImagePro software (MediaCybernetics). Images were taken 1
per second for 100 s. Movies were adjusted for brightness, contrast, and
gamma correction and then cropped to created time-lapse representa-

Figure 2. The SH3 domain of PSD-95 directly binds to a polyproline-rich region of EB3. A, EB3 directly interacts with the SH3 domain of PSD-95. Lysates from COS-7 cells expressing EB3-GFP were
resolved by SDS-PAGE and transferred to PVDF membrane. Membrane strips were overlayed with the indicated GST fusion proteins of PSD-95 domains followed by immunoblotting with an antibody
to GST. B, Purified EB3 and PSD-95 interact directly. Equimolar amounts of purified, bacterially expressed GST-EB3 and GST-PSD-95 were incubated at 4°C overnight followed by immunoprecipitation
with an antibody to PSD-95. Precipitates were subjected to immunoblotting with an antibody to EB3. IP, Immunoprecipitation; WB, Western blot. C, Sequence alignment of the EB microtubule-
associated protein family members. EB3 contains a polyproline region. Conserved residues are highlighted in yellow and boxed. The gaps are indicated with dashes. An EB3-specific proline-rich
residue motif is highlighted in red from amino acids 136 to 141. D, Display of the best EB3 proline-rich peptide conformation and its accommodation in the SH3-binding groove of PSD-95 after
docking using GOLD. The peptide was rendered in element-coded sticks (red, oxygen; blue, nitrogen; white, hydrogen; gray, carbon) and the N and C termini are indicated. The PSD-95 structure is
shown using a gray-coded solvent accessible surface (SAS), and residues in the SH3 domain in PSD-95 involved in the peptide binding are shown in cyan.
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tions. Comet velocity and lifetime were analyzed using ImageJ (NIH).
Comet movement was measured from the tip of each comet. Velocity was
quantified as length traveled (micrometers) versus time (seconds).
Comet lifetime was quantified by measuring the length of time that com-
ets are visible in the dendrite. Images were prepared for presentation with
Adobe Photoshop to adjust cropping, levels, and contrast, and all images
were subjected to the same adjustments.

Dendrite analysis and imaging. Neurons were imaged in the GFP chan-
nel at 200� using an Olympus Optical IX50 microscope with a Cooke
Sensicam CCD cooled camera, fluorescence imaging system, and Im-
agePro software (MediaCybernetics). Dendrite morphology was digi-
tized in three stages based on these initial images. In the first stage, the
semiautomated tools available through the NeuronJ plug-in to ImageJ
(NIH) were used to define coordinates of all dendrites in the x--y plane.
In the second stage, NeuronStudio was used to define the pattern of
connectivity between dendrites. These two steps fully determine the
structure of each cell’s dendritic arbor and encode it in a digital format.
Custom scripts written in MATLAB (MathWorks) were used to transfer
the data from NeuronJ to NeuronStudio. Using these digitized dendritic
arbors, a second set of MATLAB scripts were then used to analyze data
and perform Sholl analysis with a 9.3 �m ring interval. The data were
transferred to Excel to facilitate statistical analysis. The experimenter was

blinded to conditions during all data analysis. Dendrites �3 �m in length
were not counted (Yu and Malenka, 2004; Charych et al., 2006).

Results
EB3 is in a protein complex with PSD-95
We showed previously that PSD-95 regulates dendrite branching
in cultured hippocampal neurons and alters microtubule organi-
zation in COS-7 cells (Charych et al., 2006). Because PSD-95
family members have been shown to indirectly bind to microtu-
bules (Brenman et al., 1998; Passafaro et al., 1999), we hypothe-
sized that PSD-95 may regulate dendritic arborization by
interacting with the cytoskeleton. To test this hypothesis, we
characterized the time course of colocalization of PSD-95 and
EB3, a neuronal form of the plus-tip binding proteins that is
associated with growing microtubules (Nakagawa et al., 2000;
Stepanova et al., 2003) in cultured hippocampal neurons (Fig.
1A,B). We found that the percentage of colocalization was high-
est at DIV 12 (Fig. 1B), which is the peak of dendrite branching
(Dotti et al., 1988; Akum et al., 2004). We then hypothesized that

Figure 3. Deletion of the SH3 binding region in PSD-95 rescues PSD-95-induced branching
deficits. A, Representative inverted GFP images of hippocampal neurons transfected with the
cDNA constructs for the indicated proteins. Neurons were transfected on DIV 7 and analyzed for
dendrite number at DIV 12. Scale bars: 50 �m. B, Sholl analysis of neurons transfected with
cDNA constructs encoding PSD-95-GFP, PSD-95 �SH3-GFP, or GFP. Neurons expressing PSD-95
�SH3-GFP do not show PSD-95-promoted decreases in dendritic arborization but instead show
similar levels of branching to neurons expressing GFP up to a distance of 100 �m from the cell
body. ***p � 0.001 by ANOVA followed by Bonferroni multiple comparisons test. n � 42
neurons for each condition. Error bars indicate SEM.

Figure 4. PSD-95 decreases the binding of EB3 to microtubules in heterologous cells and
inhibits microtubule assembly in a cell-free system. A, Microtubules were immunoprecipitated
from lysates of COS-7 cells expressing EB3-GFP and exogenously added GST-PSD-95 or GST-PSD-
95�SH3. Immunoprecipitates were subjected to SDS-PAGE and Western blotting for the pres-
ence of EB3. B, Light scattering of microtubules at OD355 in the presence of 1 mM GTP was used
to detect the effect of PSD-95 on microtubule polymerization. Addition of 4 M GST-PSD-95, but
not GST-PSD-95�SH3, slows the polymerization of purified tubulin compared to the addition of
equimolar concentrations of GST alone. Inset, Western blots of purified tubulin fractions (right
lane), used in the above polymerization assay, show detectable amounts of EB3. The immuno-
reactive protein band comigrates with that from a rat brain homogenate (left lane). C, Quanti-
fication of total tubulin polymerization shows that GST-PSD-95, but not GST-PSD-95�SH3,
lowers the total amount of polymerization that occurred as measured by Vmax of the curve.
*p � 0.05 by two-way repeated measures ANOVA followed by a Bonferroni multiple compar-
isons test to compare each point on the curve. n � 3. Error bars indicate SEM.
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PSD-95 and EB3 may reside in a protein complex, and to test
whether such an interaction exists, we performed coimmunopre-
cipitation experiments using rat brain extracts. We found that
EB3 binds to PSD-95 (Fig. 1C) but not to SAP-102 or SAP-97
(data not shown). These data indicate that the interaction be-
tween EB3 and PSD-95 is specific.

EB3 interacts with PSD-95 via a direct interaction between a
polyproline region in EB3 and the SH3 domain of PSD-95
We then asked whether the interaction between PSD-95 and EB3
is direct. Overlay assays indicated that filter-bound EB3-GFP
binds to an overlaid portion of the PSD-95 polypeptide that con-

tains the SH3 domain as well as one containing both the SH3 and
guanylate kinase domains but not to those portions of PSD-95
containing PDZ (PSD-95/Discs large/zona occludens-1) do-
mains 1–3 or the guanylate kinase domain alone (Fig. 2A). Inter-
estingly, EB3-GFP did not interact with the full-length PSD-95 in
this assay, suggesting that this interaction cannot occur when the
full-length PSD-95 is not properly folded. To test this possibility,
we coincubated equimolar amounts of purified GST-EB3 and
GST-PSD95 followed by immunoprecipitation with an antibody
to PSD-95 or with mouse IgG. As shown in Figure 2B, an anti-
body to PSD-95 but not mouse IgG coimmunoprecipitated EB3
in this assay, suggesting that both full-length PSD-95 and EB3
must assume specific three-dimensional structures to bind. No-
tably, the SH3 and GK domains of PSD-95 can bind intramolecu-
larly and intermolecularly, altering the availability of the SH3
domain for EB3 binding (McGee and Bredt, 1999; McGee et al.,
2001).

We then performed sequence analysis of the EB proteins to
identify a potential binding site in EB3 for the SH3 domain of
PSD-95. This analysis and in silico molecular docking analysis
indicated that the SH3 domain of PSD-95 interacts with a
proline-rich hexapeptide (APPPNP), corresponding to amino
acids 136 –141 on the EB3 polypeptide (Fig. 2C,D). These results
suggest that the SH3 domain of PSD-95 interacts directly with
EB3, possibly via a proline-rich region in EB3.

Although EB2 contains a similar proline-region, we did not
use it as a focus of our studies because EB3 is preferentially ex-
pressed in the CNS (Nakagawa et al., 2000). EB2 is also not as
significant a contributor to suppression of microtubule catastro-
phe (Komarova et al., 2009) and does not form dimers with either
EB1 or EB3 (De Groot et al., 2009). EB2 does not localize to the
plus end of the microtubule in distinct comets (Jaworski et al.,
2009). Thus, our studies focused on the interaction between
PSD-95 and EB3.

The interaction between PSD-95 and EB3 regulates the
dendritic arbor
PSD-95 stops dendrite branching (Charych et al., 2006), and the
interaction between PSD-95 and EB3 may play a role in this pro-
cess, perhaps by sequestering EB3, thereby inhibiting microtu-
bule growth and organization. To test this hypothesis, we asked
whether direct binding of PSD-95 to EB3 is essential for proper
dendritogenesis. We created a mutant of PSD-95 that lacks the
SH3 domain (PSD-95�SH3). As seen in Figure 3, overexpression
of wild-type PSD-95-GFP significantly decreased dendritic com-
plexity, whereas overexpression of PSD-95�SH3-GFP had no ef-
fect on dendrite number, adding additional support to the
importance of the interaction between PSD-95 and EB3 in shap-
ing the dendritic arbor.

Binding of PSD-95 to EB3 decreases EB3 binding to the
�TIPs of microtubules and slows microtubule assembly in a
cell-free system
We reasoned that by binding to EB3, PSD-95 prevents EB3 from
accessing microtubules. Thus, we asked whether the interaction
of EB3 and PSD-95 affects the binding of EB3 to the plus ends of
microtubules. To address this question, we used COS-7 cells since
overexpression of PSD-95 in COS-7 cells results in disorganized
microtubules (Charych et al., 2006). Extracts from COS-7 cells
transfected with cDNA encoding EB3 fused to GFP, prepared
using a microtubule stabilization buffer (Westermann and We-
ber, 2003), were subjected to immunoprecipitation using an an-
tibody to acetylated tubulin in the presence or absence of purified

Figure 5. PSD-95 increases microtubule crossing at dendrite branch points. A–C, EM images
of microtubules of hippocampal neurons transfected at DIV 10 and fixed on DIV 12. Asterisks
indicate a branch point from a dendrite. A, Control neurons that express GFP have organized
microtubules at dendrite branch points. B, Neurons that overexpress PSD-95-GFP show disor-
ganized microtubules at that cross at dendrite branch points when compared to control GFP
expressing neurons. C, Neurons that express PSD-95�SH3-GFP show organized microtubules at
dendrite branch points, similar to control neurons expressing GFP. D, Quantitation of the num-
ber of microtubules that cross at dendrite branch points in transfected hippocampal neurons
represented in A–C. Microtubules cross dendrite branch points more often in neurons that
overexpress PSD-95-GFP when compared to microtubules of neurons that overexpress GFP or
PSD-95�SH3 GFP. **p � 0.01 by Kruskal–Wallis test followed by Dunn’s multiple comparison
test. n � 5 neurons for each condition. E, Example of how microtubule crossings were counted.
A 0.5 �M line (black box) was drawn and any microtubules crossing that line were counted
(arrows). Scale bars: A–C, E, 0.5 �M. Error bars indicate SEM.
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GST, GST-PSD-95, or PSD-95�SH3 (Fig. 4A). As shown in
Figure 4, the association of EB3 with immunoprecipitated micro-
tubules was reduced in the presence of GST-PSD-95 but not PSD-
95�SH3. These results suggest that the binding of EB3 to PSD-95
destabilizes the binding of EB3 to the plus ends of microtubules in
these cultures.

How does the binding of PSD-95 to EB3 alter microtubule
growth and organization? We used an in vitro cell-free microtu-
bule polymerization assay to assess the kinetics of tubulin poly-
merization in the presence of purified PSD-95. Surprisingly,
these tubulin preparations contain detectable amounts of EB3, as
shown by Western blotting with an antibody to EB3 (Fig. 4B).

Our results show that GST-PSD-95, but
not GST-PSD-95�SH3, decreases the
Vmax of tubulin polymerization, as deter-
mined by light scattering at OD355 (Fig.
4B,C). These results are consistent with
the idea that PSD-95 acts to inhibit the
binding of EB3 to the plus ends of micro-
tubules, contributing to the destabiliza-
tion of microtubule polymerization in
this assay.

Overexpression of PSD-95 results in
altered microtubule organization
Because EB3 binds to the plus ends of mi-
crotubules and rescues them from catas-
trophe (Komarova et al., 2009) and our
results suggest that binding of PSD-95 to
EB3 negatively affects EB3 binding to mi-
crotubules and subsequent assembly (Fig.
4), we hypothesized that the interaction
between PSD-95 and EB3 may cause a
change in microtubules in neurons. To as-
sess whether PSD-95 alters microtubule
structure in neurons, we performed elec-
tron microscopic analysis on transfected
cultured neurons. As shown in Figure 5,
A, B, and D, overexpression of PSD-95-
GFP results in more microtubules that
cross at dendrite branch points (Fig. 5E,
diagram). This change in microtubule
architecture was not seen in neurons
overexpressing PSD-95�SH3-GFP (Fig.
5A,C,D). We did not observe a change in
the total number of microtubules at
branch points when PSD-95 was overex-
pressed (GFP, 19.17 � 0.95; PSD-95-GFP,
22.00 � 2.665; n � 5 neurons for each
condition; p � 0.05). We hypothesized
that this change in microtubule structure
may be caused, at least in part, by an effect
of PSD-95 on EB3 comet dynamics. To
assess this, we coexpressed EB3-GFP or
EB3-THR-GFP, a mutant in which the
prolines have been mutated to threonines,
rendering the EB3 unable to bind PSD-95
(Fig. 6A,B) in hippocampal neurons. We
measured the movements of these GFP-
tagged comments in the growing den-
drites of young hippocampal neurons
(Fig. 6C). We found that the threonine
mutation of EB3 lowers the time that EB3

comets spend on the plus tips of the microtubules, referred to as
the comet lifetime, but that the mutation does not alter the ve-
locity of the comets (Fig. 6D,F). We also found that coexpression
of PSD-95 with EB3-GFP lowered the lifetime of the wild-type
comets, but this coexpression did not affect the lifetime of the
EB3-THR comets by decreasing it further (Fig. 6D,E). Coexpres-
sion of PSD-95 lowered the velocity of both wild-type and mutant
comets, suggesting that an interaction of PSD-95 with other
�TIP proteins at other domains in PSD-95 may regulate comet
velocity (Fig. 6D,F). We also found that when EB3-GFP was
coexpressed with PSD-95�SH3, comet lifetime did not change;

Figure 6. PSD-95 decreases the lifetime of EB3 comets in hippocampal neurons. A, Diagram of a mutant form of EB3 with key
amino acids of the proline-rich region changed to threonines. B, Wild-type, but not EB3-THR, coimmunoprecipitates with PSD-95
from extracts of COS-7 cells coexpressing the indicated proteins. The anti-EB3 antibody used for Western blotting recognizes a
nonspecific (ns) �50 kDa protein band in COS-7 cell lysates. IP, Immunoprecipitation; WB, Western blot. C, Low-magnification
images of GFP-tagged EB3 comets in a growing neurite. Asterisks indicate representative comets. D, Representative time series
images of GFP-tagged EB3 and EB3-THR comets in the dendrites of hippocampal neurons and GFP-tagged EB3 and EB3-THR comets
in hippocampal neurons also expressing PSD-95-mRFP or PSD-95�SH3-mRFP. Images were taken at 18 –24 h posttransfection,
which was performed at the time of plating. Scale bars: 1 �m. Arrows indicate first and last appearances of comets. Asterisks track
with tip of the comets. E, Quantitation of the effect of PSD-95-mRFP overexpression on EB3-GFP and EB3-THR-GFP comet lifetime.
Overexpression of PSD-95-mRFP decreases the lifetime of EB3-GFP comets but does not decrease the lifetime of EB3-THR-GFP
comets. *p � 0.05; **p � 0.01 by Kruskal–Wallis test followed by Dunn’s multiple comparison test compared to EB3-GFP. n � 15
comets for each condition. F, Quantitation of the effect of PSD-95 overexpression on EB3-GFP and EB3-THR-GFP comet velocity.
Overexpression of PSD-95-GFP decreases the velocity of both EB3-GFP and EB3-THR-GFP comets, suggesting that this effect is not
specific to the direct interaction between PSD-95 and EB3. *p � 0.05; **p � 0.01 by Kruskal–Wallis test followed by Dunn’s
multiple comparison test compared to EB3-GFP. n � 15 comets for each condition.
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however, comet velocity was significantly
decreased, similar to the effect of coex-
pressing wild-type PSD-95. Our data
strongly suggest that PSD-95 influences
microtubule dynamics in neurons via di-
rect interaction of EB3 by specifically af-
fecting how long EB3 comets associate
with the microtubule plus end and via in-
teraction with other proteins to affect EB3
comet velocity.

Reduced EB3 comet lifetime correlates
with decreased dendritic arborization
To further explore the physiological sig-
nificance of PSD-95-mediated reduction
in EB3 comet lifetime, we examined the
effect of overexpression of PSD-95 and
EB3 on dendritic arborization. We found
that that overexpression of EB3-THR-
GFP, but not wild-type EB3-GFP, reduced
dendritic complexity (Fig. 7A,B). We also
observed that overexpression of PSD-95-
mRFP reduced dendrite number whether
expressed alone or coexpressed with ei-
ther EB3-GFP or EB3-THR-GFP (Fig.
7A,C). These results are consistent with
the effects observed on comet lifetime
when these proteins are overexpressed.
This indicates that comet lifetime may
play a role in the process of dendrite ar-
borization. It is important to note that the
effects of PSD-95 on comet velocity may
also contribute to decreases seen in den-
drite number; however, based on our
data, it appears that the direct binding of
PSD-95 to EB3 may play a major role in
regulating dendritogenesis.

Discussion
Since dendrite branching involves reorgani-
zation of the neuronal cytoskeleton (Jan and
Jan, 2003; Parrish et al., 2007), and because
the effects of PSD-95 on dendrite branching
may involve the alteration of cytoskeletal
dynamics (Charych et al., 2006), we hypoth-
esized that PSD-95 achieves these morphological effects through an
interaction with microtubule-associated proteins. Our results show
that PSD-95 directly interacts with the microtubule plus-end bind-
ing protein EB3, a member of the �TIP family of microtubule-
associated proteins, by a direct interaction of the PSD-95 SH3
domain with a proline-rich region within the EB3 polypeptide.
When the interaction between PSD-95 and EB3 was disturbed using
functional mutational analysis, we observed an elimination of the
effect of PSD-95 on dendrite number and branching and EB3 comet
behavior. It is important to note that although the SH3 domain of
PSD-95 interacts with the GK domain and is required for establish-
ing a stable lattice in the postsynaptic density, it is not required for
localization to the synapse (Craven et al., 1999; McGee and Bredt,
1999; Shin et al., 2000; Sturgill et al., 2009). Thus, the lack of effect of
the PSD-95�SH3 mutant, which cannot bind to EB3, on dendrite
number and comet velocity is not attributable to improper
localization.

We now show for the first time that PSD-95 alters EB3 comet
dynamics, and hence microtubule dynamics, in developing neu-
rons. Overexpression of PSD-95 resulted in a reduced lifetime of
only wild-type, but not mutant, EB3 comets. The reduction of the
time that EB3 spends at the tip of the microtubule in the presence
of excess PSD-95 may be attributable to displacement of EB3
from microtubules, as evidenced by our cell-free studies, or it
may be because of a reduction of the available pool for the rapidly
cycling EB3 molecule (Dragestein et al., 2008). Our observed
effect of PSD-95 overexpression on comet lifetime matches the
results from our studies on the effects of PSD-95 and EB3 on
dendritic arborization. Overexpression of EB3-THR alone or
PSD-95 in the presence of EB3 or EB3-THR results in decreased
dendritic complexity. These data suggest that decreased EB3
comet lifetime may play a role in regulating dendritic arboriza-
tion. This role of comet lifetime is also supported by the fact that
expression of a mutant PSD-95 containing a deletion of the SH3
domain from PSD-95 results in no effect on dendrite branching

Figure 7. Overexpression of PSD-95 decreases branching even in the presence of a nonbinding mutant of EB3. A, Representative
inverted GFP images of hippocampal neurons transfected with the indicated cDNA constructs. Neurons were transfected on DIV 7
and analyzed for dendrite number at DIV 12. Scale bars: 50 �m. B, Sholl analysis of neurons transfected with cDNA constructs for
the indicated proteins. Analysis of neurons represented in A shows that overexpression of EB3-THR-GFP results in decreased
dendritic complexity when compared to dendrite numbers of control neurons expressing GFP or neurons expressing EB3-GFP.
***p � 0.01 by two-way repeated measures ANOVA followed by a Bonferroni multiple comparisons test to compare each point on
the curve. n � 24 neurons for each condition. C, Sholl analysis of neurons expressing EB3-GFP or EB3-THR-GFP alone or with
PSD-95-mRFP. Neurons expressing EB3-THR-GFP show a decreased dendritic complexity when compared to control neurons.
Expression of PSD-95-mRFP decreases dendrite number. Coexpression of either EB3-GFP or EB3-THR-GFP with PSD-95-mRFP
results in a decrease in dendritic complexity that is equal to the decrease mediated by PSD-95 alone. ***p � 0.01 by two-way RM
ANOVA followed by a Bonferroni multiple comparisons test to compare each point on the curve. n � 24 neurons for each condition.
Error bars indicate SEM.
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or comet lifetime but does decrease comet velocity. Our new data,
summarized by the model shown in Figure 8, provide a potential
mechanism for the function by which PSD-95 acts during the
course of neuronal development.

It is also of interest that the velocity of both wild-type and
mutant EB3 comets were both reduced by PSD-95. This result
suggests that PSD-95 may be acting in an indirect manner to
control this characteristic of EB3 comets and that other molecules
may play a role in this interaction. The regulation of the dynamic
nature of the plus ends of microtubules is very complex and
involves many protein interactions (Nakamura et al., 2001;
Jimbo et al., 2002; Wen et al., 2004). For example, the PDZ do-
mains of PSD-95 can bind to APC (Yanai et al., 2000), and EB3
interacts with APC to regulate microtubule dynamics and target-
ing (Nakagawa et al., 2000). CLIP-170, another �TIP protein,
can bind to microtubules and EB1 through separate domains
(Gupta et al., 2009), providing a potential model for interaction
at the plus end of the microtubule (Fukata et al., 2002a; Ligon et
al., 2006; Lewkowicz et al., 2008). Although APC and CLIP-170
represent two possible interactors for PSD-95 action at the plus
end, an indirect interaction of another �TIP protein binding to a
different domain of PSD-95 may act to regulate EB3 comet ve-
locity, whereas the direct interaction between PSD-95 and EB3
regulates comet lifetime.

What is the physiological significance of the regulation of EB3
comet lifetime by PSD-95? There has been some debate in the
field about the affect of EB proteins on microtubule dynamics.
Studies done in a number of cell lines and conditions have attrib-
uted a very complex, sometimes conflicting, set of behaviors to
the EB proteins (Vitre et al., 2008; Komarova et al., 2009; van der
Vaart et al., 2009; Stepanova et al., 2010). What all of the studies

agree on is that disrupting comet appear-
ance on the �TIP alters microtubule dy-
namics. Our data indicate that the effects
of PSD-95 on EB3 comet lifetime include
changes in microtubule dynamics and
that these changes correlate to altered
microtubule organization that may influ-
ence dendrite morphology. We con-
firmed these effects of PSD-95 using
electron microscopy and observed that
microtubules of neurons that overexpress
PSD-95 cross more at branch points than
do microtubules of neurons expressing
GFP or PSD-95�SH3. This organizational
change could influence dendrite mor-
phology by inhibiting the formation of
new branches or stabilizing existing ones.
The microtubules that cross at the
branches may be oriented with their plus
ends toward the nucleus, which would
have implications in transport of den-
dritic cargo (Burack et al., 2000). One
confounding factor may be the role of the
actin cytoskeleton. It has been shown that
EB3 acts to bring actin remodeling mole-
cules to the cell membrane, and disrupt-
ing this interaction may prevent
microtubules from interacting with
F-actin, which is important for neurite ex-
tension (Dent et al., 2007; Geraldo et al.,
2008).

Our present study sheds light on the
newly discovered interaction between EB3 and PSD-95 at the
�TIP. We reported previously that PSD-95 alters dendrite
branching in cultured hippocampal neurons and that this effect
might result from the alteration of microtubule dynamics
(Charych et al., 2006). We have now shown that the direct inter-
action of PSD-95, an integral part of the post-synaptic apparatus,
and EB3, an essential regulator of microtubule dynamics, corre-
lates to changes in the microtubule network, which shapes den-
dritic structure. The study of this interaction provides additional
insight into the complex organization of molecules at the plus
end of microtubules and into the mechanism of dendritogenesis.
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