
Cellular/Molecular

�-Pix Modulates Actin-Mediated Recruitment of Synaptic
Vesicles to Synapses

Yu Sun and Shernaz X. Bamji
Department of Cellular and Physiological Sciences and the Brain Research Centre, University of British Columbia, Vancouver, British Columbia V6T 1Z3,
Canada

Presynaptic compartments are formed through the recruitment of preassembled clusters of proteins to points of cell— cell contact,
however, the molecular mechanism(s) underlying this process remains unclear. We demonstrate that clusters of polymerized actin can
recruit and maintain synaptic vesicles to discrete sites along the axon, and that cadherin/�-catenin/scribble/�-pix complexes play an
important role in this event. Previous work has demonstrated that �-catenin and scribble are important for the clustering of vesicles at
synapses. We demonstrate that �-pix, a Rac/Cdc42 guanine nucleotide exchange factor (GEF), forms a complex with cadherin, �-catenin,
and scribble at synapses and enhances localized actin polymerization in rat hippocampal neurons. In cells expressing �-pix siRNA or
dominant-negative �-pix that lacks its GEF activity, actin polymerization at synapses is dramatically reduced, and synaptic vesicle
localization is disrupted. This �-pix phenotype can be rescued by cortactin overexpression, suggesting that �-pix-mediated actin polym-
erization at synapses regulates vesicle localization.

Introduction
Synapse formation begins with the formation of incipient con-
tacts and culminates with the recruitment of synaptic proteins to
points of contact. Presynaptic proteins are transported in preas-
sembled clusters along axons in at least two types of transport
packets; large dense-core vesicles containing active zone compo-
nents, and synaptic vesicle transport packets, pleiomorphic vesi-
cles containing synaptic vesicle-associated proteins as well as
proteins critical for exocytosis and endocytosis (McAllister,
2007). It is still unclear what signals mediate the accumulation of
these transport packets at developing synapses.

Recent work has resurrected the concept that artificial cell
contact is sufficient to induce the clustering of synaptic vesicles
(SVs) and that actin polymerization is required in this process.
Indeed, vesicles accumulate at points of contact between axons
and beads coated with poly-D-lysine, poly-L-lysine, or growth
factors (Burry and Hayes, 1986; Burry et al., 1986; Lee and Peng,
2006; Lucido et al., 2009). Actin polymerization at contact points
precedes vesicle clustering, and treatment with latrunculin A
abolishes the accumulation of vesicles at discrete sites along the
axon (Kuromi and Kidokoro, 1998; Zhang and Benson, 2001; Lee
and Peng, 2006; Lucido et al., 2009). This suggests, but does not
directly demonstrate, a role for actin in SV clustering. Indeed,

although gross actin depolymerization disrupts vesicle clustering,
this can be attributed to a variety of factors including the weak-
ening of strong cell— cell adhesion. It also remains unclear what
signals enhance the preferential polymerization of actin at sites of
cell— cell contact.

The cadherin/�-catenin adhesion complex has been shown
to play an important role in clustering SVs at synapses (Iwai et
al., 2002; Togashi et al., 2002; Bamji et al., 2003, 2006; Lee et
al., 2008). Perturbation of intercellular cadherin interactions
(Togashi et al., 2002) or ablation of �-catenin (Bamji et al.,
2003) dramatically impairs the accumulation of SVs at contact
sites. We have recently demonstrated that cadherin/�-catenin
complexes localize SVs to contact sites by recruiting the PDZ
protein, scribble, to developing synapses, and that the mislo-
calization of SVs is phenocopied in scribble knockdown cells
(Sun et al., 2009).

In this study, we identify a molecular pathway through which
cell— cell contact can translate to the recruitment and localiza-
tion of SVs to incipient synapses. We first demonstrate a positive
role for actin in clustering SVs at synapses. We next demonstrate
that �-pix, a Rac/Cdc42-specific guanine nucleotide exchange
factor (GEF), can enhance actin polymerization at synapses and
can recruit SVs to synapses. Knockdown of �-pix results in the
mislocalization of SVs along the axon, which can be rescued by
enhancing actin polymerization through cortactin overexpres-
sion. This directly implicates actin in mediating the effects of
�-pix on SV clustering. Finally, we show that �-pix forms a com-
plex with cadherin, �-catenin, and scribble at synapses, and that
scribble is important for the localization of �-pix at synapses.
Together, our data suggest that cadherin/�-catenin/scribble
complexes recruit �-pix to sites of cell— cell contact, and that this
enhances the local polymerization of actin, which can “trap” SVs
as they translocate along the axon.
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Materials and Methods
Recombinant DNAs and siRNAs
To suppress expression of endogenous scribble, two short hairpin RNAs
(shRNAs) corresponding to mouse scribble (GenBank accession
no. NM_134089) nucleotides 3396 –3416 (shRNA1) and 1280 –1300
(shRNA2) were transiently transfected into mouse hippocampal neurons
(Sun et al., 2009). An shRNA specifically against human scribble (Gen-
Bank accession no. NM_015356) nucleotides 1842–1862 was used as a
control (shRNA control) (Dow et al., 2007; Sun et al., 2009). To suppress
expression of endogenous �-pix, three interfering RNA oligonucleotides
against rat �-pix (Invitrogen) were transiently transfected into rat hip-
pocampal neurons. Sequences of siRNA-1 and siRNA-2 correspond to
rat �-pix (GenBank accession no. NM_053740) nucleotides 21– 45 and
1779 –1803, respectively. A mixture of siRNA-1 and siRNA-2 (siRNA-M)
was further used as a control for off-target effects. siRNA-negative con-
trol duplexes (siRNA-C) were purchased from Invitrogen. To knock-
down expression of N-cadherin, we transfected neurons with a
previously published N-cadherin siRNA (N-cad siRNA) (Aiga et al.,
2011). As controls, cells were transfected with scrambled N-cadherin
siRNA (N-cad siRNA-C), or cotransfected with N-cad siRNA plus
siRNA-resistant N-cadherin-CFP (N-cad-CFP) (Aiga et al., 2011).

GFP-actin, GFP-�-pix, HA-�-pix, dominant-negative �-pix (DN-�-
pix), HA-tagged cortactin (Cort-HA), synaptophysin-RFP (Syn-RFP),
synaptophysin-GFP (Syn-GFP), and the calponin homology domain of
utrophin tagged with RFP (UtrCH-RFP) constructs were kind gifts from
Michael Colicos (University of Calgary, Calgary, Canada), Eunjoon Kim
(Korea Advanced Institute of Science and Technology, South Korea),
Rick Horwitz (University of Virginia, Charlottesville, VA), Lorraine
Santy (Penn State, University Park, PA), Tim O’Connor (University of
British Columbia, Vancouver, Canada), Louis Reichardt (University of
California, San Francisco, San Francisco, CA), Tadashi Nakata (RIKEN
Institute of Physical and Chemical Research, Saitama, Japan), and Wil-
liam M. Bement (University of Wisconsin, Madison, WI), respectively.

Neuron cultures
Hippocampi from embryonic day 18 (E18) rat and mouse of either sex
were prepared as previously described (Xie et al., 2000) and plated at a
density of 130 cells/mm 2 and 170 cells/mm 2, respectively. Neurons were
transfected using Lipofectamine 2000 (Invitrogen) at 6 – 8 DIV according
to manufacturer’s recommendations and imaged at 8 –10 DIV. Neurons
were treated with 20 �M ALLN (Calbiochem) for 24 h at 7 DIV.

Immunohistochemistry
Neuron cultures were fixed in 4% paraformaldehyde/4% sucrose for 10
min, permeabilized in 0.1% Triton-X for 10 min, and blocked in 10%
goat serum for 1 h at room temperature. Primary antibodies were diluted
in 1% goat serum overnight at 4°C and secondary antibodies were diluted
in 1% goat serum for 1 h at room temperature. Primary antibodies were
as follows: rabbit anti-synaptophysin (Abcam), mouse anti-PSD-95 (Af-
finity BioReagents), guinea pig anti-bassoon (Synaptic Systems), rabbit
anti-bassoon (Synaptic Systems), mouse anti-HA (Cedarlane Laboratories),
and rabbit anti-�-pix (Santa Cruz Biotechnology). Secondary antibodies
were as follows: Alexa 488, Alexa 633, Cy5 and Texas Red-conjugated goat
anti-mouse, anti-rabbit or anti-guinea pig (Invitrogen).

FM 4-64 analyses
FM 4-64 experiments were done as previously described (Gerrow et al.,
2006). Briefly, 15 �M FM 4-64 (Invitrogen) was loaded for 30 s into
presynaptic terminals using a hyperkalemic solution of 90 mM KCl in
modified HBSS, where equimolar NaCl was omitted for final osmolarity
of 310 mOsm. Neurons were rinsed three times and maintained in HBSS
without Ca 2� for imaging. ADVESAP-7 (1 mM; Sigma) was added to
quench nonspecific signals. Three images were captured every 30 s to
confirm that the positive FM 4-64 sites were stationary presynaptic ter-
minals. Unloading was done using the hyperkalemic solution described
above and neurons were rinsed three times with NeuroBasal media for
continued imaging.

Immunoblot analysis
Preparation of protein lysates. Brain tissues or cultured cells were homog-
enized in �4 vols (w/v) of lysis buffer (50 mM Tris, pH 7.4, 150 mM NaCl,

1.0% NP-40, and 10% glycerol) and centrifuged at 14,000 � g for 30 min
at 4°C.

Crude synaptosomal fraction. Crude synaptosomal fraction (P2) frac-
tions were prepared as previously described with minor modifications
(Becher et al., 1999; Oh et al., 2010). Briefly, adult rat brains were ho-
mogenized in ice-cold buffer (320 mM sucrose, 4 mM HEPES, and 1 mM

EGTA) using a homogenizer (Canadian Laboratory Supplies), six strokes
at 2300 rpm. The homogenate was centrifuged at 1312 � g for 10 min to
remove nuclei and cell debris. The resulting supernatant was centrifuged
at 14,481 � g for 15 min to remove small cell fragments and total soluble
proteins. The resulting pellet was resuspended in homogenization buffer
and centrifuged at 17,522 � g for 15 min to obtain the crude synapto-
somal fraction, P2. P2 was resuspended in the lysis buffer described above
and used for immunoprecipitation assays.

Immunoprecipitation. P2 synaptosomal preparations were incubated
overnight at 4°C with either anti-�-catenin (Santa Cruz Biotechnology),
anti-scribble (Santa Cruz Biotechnology), or anti-�-pix or preimmune
serum. Protein A/G–Sepharose (50 �l; GE Healthcare) was added to the
synaptosomal fractions, and the bead-bound immunocomplexes were
recovered after 2 h, washed four times with lysis buffer, solubilized with
loading buffer, separated by SDS—PAGE, and analyzed by immuno-
blotting with antibodies against cadherin, �-catenin, scribble, �-pix,
or synaptophysin.

Western blot analysis. Proteins were visualized using enhanced chemi-
luminescence (Pierce Biotechnology) on a Bio-Rad Versadoc 4000 (Bio-
Rad Laboratories). The brightness and contrast of entire images was
moderately adjusted using Photoshop (Adobe Systems) after recom-
mended, scientifically acceptable procedures, and no information was
obscured or eliminated from the original (Rossner and Yamada, 2004).

Confocal imaging. Neurons were imaged using an Olympus Fluoview
1000 confocal microscope (60�/1.4 Oil Plan-Apochromat). For time-
lapse imaging, neurons were imaged every 12 s for 10 min. To avoid bias,
all transfected neurons (except analysis of GFP-�-pix) on each coverslip
were imaged and quantified blindly to conditions. All images in a given
experiment were captured and analyzed with the same exposure time and
conditions. To analyze the localization of GFP-�-pix, weakly transfected
cells exhibiting a comparable pattern of expression to endogenous �-pix
were chosen blind to the conditions being analyzed. Image acquisition
was optimized based on this cell and every transfected cell in the dish was
imaged using the same parameters. All cells that exhibited areas of satu-
ration in the look up tables were discarded from the analysis.

Image analysis and quantification
Density analyses. To determine the density of puncta along axons, axon
length was measured using ImageJ and density expressed as the average
number of puncta per 100 �m of axon length.

Analysis of puncta area and Integrated Density. Images were thresh-
olded using ImageJ based on a subjective evaluation of “real” clusters
compared with background noise. Once the threshold was set for a given
experiment, the same threshold was used throughout the analyses.
Puncta area and Integrated Density (IntDen; the product of an area and
the average gray value within that area) were then determined using
ImageJ. To examine the IntDen at synapses, puncta associated with syn-
aptic markers were identified, and the IntDen measured using ImageJ.

Integrated Density of Syn-GFP fluorescence at synapses. To quantify the
IntDen of Syn-GFP at synapses, a “synaptic mask” was made of regions of
colocalization between PSD-95 and bassoon (see Fig. 6) using ImageJ
with a colocalization plugin downloaded from the program’s website
(http://rsb.info.nih.gov/ij/plugins/colocalization.html). Points of colo-
calization were defined as regions �4 pixels in size where the intensity
ratio of the two channels was �50. The IntDen of Syn-GFP fluorescence
within this mask was then determined. In Figure 7, masks were made of
PSD-95 immunoreactive signals.

Coverage of Syn-GFP fluorescence. To quantify the length of Syn-GFP
fluorescence signal, the length of the major axis of Syn-GFP fluorescence
signal (Feret’s diameter) was analyzed using ImageJ. Syn-GFP fluores-
cence coverage represents the sum of the Feret’s diameter of Syn-GFP
fluorescence signal per 10 �m axon length.
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Localization of �-pix at synapses. To examine the localization of �-pix
at synapses, a “mask” was made of regions of colocalization between
bassoon and PSD-95 using the colocalization plugin, and synaptic �-pix
defined as �-pix puncta that associated with bassoon/PSD-95 clusters.
The number of �-pix puncta that localized to synapses and the number of
synapses that associate with �-pix was expressed as a percentage of the
number of total puncta. All puncta in a field were analyzed.

Time-lapse imaging of GFP-actin and Syn-RFP. To determine the distri-
bution of Syn-RFP clusters, and its association with GFP-actin clusters,
puncta were divided into stable and mobile categories. Puncta that remained
stationary for the duration of the 10 min imaging period were identified as
stable puncta, and were otherwise classified as mobile puncta.

Results
Increased actin polymerization enhances SV clustering
To examine the role of actin in clustering SVs at synapses, fluo-
rescently tagged actin and synaptophysin were used to determine
the distribution of these proteins. Fluorescently tagged actin has
been widely used to determine the localization of actin at both
presynaptic and postsynaptic terminals. Tagged actin constructs
have proved to be particularly useful when focusing on presyn-
aptic actin, and alleviate the eclipsing effect of postsynaptic actin
observed using conventional immunostaining or phalloidin dyes

(Fischer et al., 1998; Morales et al., 2000;
Colicos et al., 2001; Sankaranarayanan et
al., 2003; Saneyoshi et al., 2008; Lucido et
al., 2009). In this study, GFP-actin driven
by the PDGF promoter to minimize actin
overexpression was used to examine the
distribution of actin along the axon (Coli-
cos et al., 2001). When expressed in neu-
rons, GFP-actin was expressed in a
punctate pattern along axons and largely
colocalized with the postsynaptic marker,
PSD-95, and the presynaptic marker, bas-
soon, suggesting an enrichment of GFP-
actin at synapses as previously reported
(Fig. 1A,A’) (Fischer et al., 1998; Morales
et al., 2000; Colicos et al., 2001; Sankara-
narayanan et al., 2003). Thus, GFP-actin
is a faithful marker for assaying the local-
ization of endogenous actin. GFP-actin
that was not associated with bassoon and
PSD-95 may represent populations at in-
hibitory synapses or at nonsynaptic sites.

Fluorescently tagged SV marker pro-
teins have been widely used to mark pre-
synaptic sites in vertebrates, and do not
compromise the secretory physiology of
the synapse (Sankaranarayanan et al.,
2003). Our work has previously demon-
strated that the pattern of Syn-GFP expres-
sion is comparable to that of endogenous SV
proteins (Bamji et al., 2003; Sun et al., 2009),
and we observed appropriate Syn-RFP colo-
calization with PSD-95 and bassoon at syn-
apses (Fig. 1B,B’).

Recent work has demonstrated that re-
pressing calpain protease activity using
the calpain inhibitor, ALLN, enhances actin
polymerization at discrete sites along neu-
rites (Mingorance-Le Meur and O’Connor,
2009). To globally enhance actin polymer-
ization in hippocampal cultures, cells were
treated with 20 �M ALLN. To quantify actin

clusters, we measured the IntDen of each puncta. This is the product
of the area and mean gray value of each puncta, and most accurately
represents the amount of protein per puncta. The density and
IntDen of GFP-actin clusters were significantly increased 24 h fol-
lowing ALLN treatment (Fig. 2A–D). The density and IntDen of
Syn-RFP clusters that were associated with GFP-actin clusters were
specifically increased, whereas the density and IntDen of Syn-RFP
clusters that were not associated with GFP-actin clusters remained
unchanged (Fig. 2A–D). The increase in SV clustering was not at-
tributable to increased synaptophysin expression, as Western blot
analysis revealed no change in synaptophysin protein levels
following ALLN treatment (Fig. 2 E). Instead, the increase in
SV density and IntDen was likely attributable to the accumu-
lation of small SV clusters that were originally below the im-
aging threshold. Together, these results demonstrate that
ALLN treatment enhances the accumulation of actin at dis-
crete sites along the axon and mediates the recruitment of SVs
to these sites. Despite the increase in SV cluster density, there
was no significant change in the density of synapses as deter-
mined by the density of colocalized Syn-RFP and PSD-95
puncta, 24 h following ALLN treatment (Fig. 2 A–C).

Figure 1. GFP-actin and Syn-RFP are localized to synapses. Confocal images of 10 DIV hippocampal neurons transfected with
GFP-actin (A) or Syn-RFP (B) and immunolabeled with synaptic markers, PSD-95 and bassoon. Bassoon and PSD-95 immunopo-
sitive puncta that are not colocalized with GFP-actin or Syn-RFP may represent puncta on untransfected cells. Higher magnifica-
tions of the insets from A and B are shown in A’ and B’, respectively. GFP-actin and Syn-RFP were highly colocalized with
PSD-95/bassoon (open arrowheads). Scale bars, 10 �m.
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We suggest that bath treatment of neu-
rons with ALLN regulates vesicle localiza-
tion through its effects on calpain and
actin polymerization; however, it is im-
possible to discount off target effects or
regulation of other pathways downstream
of calpain. Moreover, ALLN can enhance
actin polymerization at both presynaptic
and postsynaptic compartments, and may
enhance SV density by transsynaptic
mechanisms. Therefore, to more defini-
tively test whether presynaptic actin re-
cruits SVs in a cell-autonomous manner,
actin polymerization was enhanced in in-
dividual neurons through expression of
Cort-HA. Cortactin is an actin-binding
protein that promotes actin polymeriza-
tion by stabilizing Arp2/3 complexes
(Cosen-Binker and Kapus, 2006). In neu-
rons, cortactin is proteolysed by calpain,
resulting in the suppression of membrane
protrusion (Mingorance-Le Meur and
O’Connor, 2009). Cort-HA was distrib-
uted in a punctate pattern along the axon,
and was highly colocalized with GFP-
actin clusters (Fig. 3B). Overexpression of
Cort-HA significantly increased the den-
sity of GFP-actin clusters (Fig. 3A–C).
Interestingly, GFP-actin clusters were
specifically added to nonsynaptic sites and
the number of actin clusters associated
with either the excitatory or inhibitory
postsynaptic markers, PSD-95 and gephy-
rin, respectively, was unchanged (Fig.
3D). The IntDen of actin was also increased (Fig. 3G). Similar to
that observed in ALLN-treated cells, the density and IntDen of
Syn-RFP clusters that were associated with GFP-actin clusters
were specifically increased, whereas the density and IntDen of
Syn-RFP clusters that were not associated with GFP-actin clusters
remained unchanged (Fig. 3A–C,G).

To specifically examine the effect of cortactin expression on
actin polymerization, neurons were transfected with UtrCH-
RFP, which specifically binds polymerized F-actin (Burkel et al.,
2007). UtrCH-RFP is a faithful marker of polymerized actin in
living and fixed cells, and does not affect actin dynamics (Burkel
et al., 2007). UtrCH-RFP clusters completely colocalized with
GFP-actin clusters, and the IntDen of these clusters was signifi-
cantly increased in cells expressing Cort-HA (Fig. 3E,F,H). More
specifically, the IntDen of UtrCH-RFP clusters at synapses, de-
fined by the UtrCH-RFP clusters colocalized with PSD-95, was
significantly increased (Fig. 3H). These results demonstrate that
overexpression of cortactin enhances actin polymerization at
synapses, and induces the polymerization of new actin clusters at
nonsynaptic sites.

The majority of synapses along transfected axons were associ-
ated with Cort-HA clusters (87.4 � 4.3% of synapses contained
Cort-HA, n � 21 cells from three separate cultures; Fig. 3J) in
accord with previous work demonstrating the enrichment of en-
dogenous cortactin at synapses (Boeckers et al., 1999; Naisbitt et
al., 1999). While those studies focused on cortactin at postsynap-
tic sites, our study demonstrates that cortactin is also localized
presynaptically. To examine how increased actin polymerization
at synapses impacts the localization of SVs, the IntDen of Syn-GFP at

synapses was measured. The IntDen of Syn-GFP was specifically
increased at synapses that were associated with Cort-HA clusters,
whereas there was no significant change in the IntDen of Syn-GFP at
synapses not associated with Cort-HA clusters (Fig. 3I–K).

Two pools of SVs have previously been identified by time-
lapse analyses; a relatively stable pool that remains stationary for
hours and localizes primarily at presynaptic boutons, and a mo-
bile pool that translocates along the axon in a saltatory manner
(Kraszewski et al., 1995; Dai and Peng, 1996; Nakata et al., 1998;
Ahmari et al., 2000; Bresler et al., 2004). To determine whether
enhanced actin polymerization increases the density of stable or
mobile SV clusters, neurons cotransfected with GFP-actin and
Syn-RFP plus or minus Cort-HA were imaged using time-lapse
microscopy. The density of total SV clusters was increased in cells
expressing Cort-HA, which was attributable to a specific increase
in the density of stable Syn-RFP clusters (Fig. 3L). Moreover, the
density of stably colocalized GFP-actin/Syn-RFP clusters was
threefold greater in cells expressing Cort-HA than in control cells
(control: 3.21 � 0.52 clusters per 100 �m; Cort-HA: 9.16 � 0.56
clusters per 100 �m; p � 0.001 Student’s t test, n � 16 –17 neu-
rons per condition from three cultures). Together, these results
demonstrate that clusters of polymerized actin can recruit SVs
and stably localize them at discrete sites. We next examined how
cell– cell contact enhances the local polymerization of actin and
enhances the localization of SVs to nascent synapses.

�-pix interacts with cadherin/�-catenin/scribble complexes
at synapses
We have previously shown that �-catenin/scribble complexes are
important for clustering SVs at developing synapses (Bamji et al.,

Figure 2. The density and IntDen of GFP-actin and Syn-RFP clusters are increased following ALLN treatment. A, B, Confocal
images of 8 DIV hippocampal neurons transfected with GFP-actin and Syn-RFP and immunolabeled with PSD-95. Neurons were
treated either with 20 �M ALLN or with DMSO vehicle 24 h before fixation. Open arrowheads in A and B indicate synapses as defined
by colocalized Syn-RFP/GFP-actin/PSD-95 clusters, whereas closed arrowheads indicate sites of colocalization between GFP-actin
and Syn-RFP, but not PSD-95. ALLN treatment increased the density (A, B, open plus closed arrowheads; C) and IntDen (D) of
GFP-actin clusters. C, D, The density and IntDen of Syn-RFP clusters that were associated with GFP-actin were specifically increased.
Arrows indicate Syn-RFP clusters that were not associated with GFP-actin clusters. N � 23–33 cells per condition from 3 separate
cultures. *p � 0.05, **p � 0.01; Student’s t test. Scale bar, 10 �m. E, Synaptophysin protein levels were similar in control and
ALLN-treated cells (�-tubulin was used as a loading control). N � 3 different blots from 3 separate cultures.
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2003; Sun et al., 2009). To further elucidate the mechanism
through which this occurs, and to determine whether this com-
plex is involved in the regulation of actin polymerization, we took
a candidate approach to search for the protein(s) that associates
with �-catenin/scribble complexes to localize SVs. In mouse
brains, scribble forms a complex with �-pix, a Rac/Cdc42 GEF,
which promotes actin polymerization via regulation of Rac/
Cdc42 activity (Audebert et al., 2004). We hypothesized that
�-catenin/scribble complexes act as scaffolds to localize �-pix to
developing synapses and that �-pix, in turn, enhances the local
polymerization of actin and the subsequent accumulation of ves-
icles at these sites.

Endogenous �-pix was distributed in a punctate pattern in
neurons and highly colocalized with the presynaptic and postsyn-
aptic markers, bassoon and PSD-95, respectively (Fig. 4A; 70.7 �
2.9% of �-pix clusters colocalized with bassoon/PSD-95 clusters,
n � 12 images from two separate cultures). This is in accord with
previous studies showing that �-pix immunoprecipitates with
the presynaptic scaffold protein, Piccolo, and localizes to spines
(Kim et al., 2003; Park et al., 2003; Zhang et al., 2003). �-Pix

clusters that were not associated with PSD-95 and bassoon may rep-
resent populations at inhibitory synapses or at nonsynaptic sites.

To examine whether �-pix interacts with �-catenin/scribble
complexes at synapses, crude synaptosomal fractions from
adult brains were prepared and immunoprecipitated with an-
tibodies against cadherin, scribble, �-catenin, and �-pix. Co-
immunoprecipitation assays demonstrated that these four
proteins associate with one another, but not with synaptophy-
sin at synapses (Fig. 4 B).

Localization of �-pix at synapses is decreased in N-cadherin
and scribble knockdown cells
To examine whether scribble is involved in localizing �-pix to
presynaptic sites, cells were transfected with two short hairpin
RNAs against scribble (Scrib shRNA-1 and -2). We have pre-
viously used these shRNAs to attenuate scribble protein levels
in hippocampal neurons (Sun et al., 2009). Previous work has
demonstrated that �-pix localizes to both presynaptic and
postsynaptic compartments (Kim et al., 2003; Park et al., 2003;
Zhang et al., 2003). To alleviate the potential eclipsing effect of

Figure 3. The density and IntDen of GFP-actin, Syn-RFP, and UtrCH-RFP clusters are increased in neurons expressing cortactin. A, B, Confocal images of 8 DIV hippocampal neurons cotransfected
with GFP-actin and Syn-RFP plus either empty vector or Cort-HA and immunolabeled for HA. GFP-actin, Syn-RFP, and Cort-HA were highly colocalized (B, open arrowheads). In neurons expressing
Cort-HA, the density and IntDen of GFP-actin clusters and Syn-RFP clusters associated with GFP-actin clusters were increased (A, B, open arrowheads; C, G), whereas the density and IntDen of
Syn-RFP clusters that were not associated with GFP-actin clusters were not significantly changed (A, B, closed arrowheads; C, G). N � 23–31 cells per condition from 3 separate cultures. D, The
density of GFP-actin clusters associated with PSD-95 and gephyrin remained unchanged, whereas the number of GFF-actin clusters that were not colocalized with either marker was increased in cells
expressing Cort-HA. N � 14 –16 cells per condition from 2 separate cultures. E, F, Confocal images of 8 DIV hippocampal neurons cotransfected with GFP-actin and UtrCH-RFP plus either empty
vector or Cort-HA and immunolabeled for HA. Utrophin-RFP clusters were completely colocalized with GFP-actin clusters (E, F, open arrowheads), and the IntDen of UtrCH-RFP clusters was
significantly increased in cells expressing Cort-HA (H ). N � 19 cells per condition from 3 separate cultures. H, The IntDen of UtrCH-RFP at synapses, defined by UtrCH-RFP clusters colocalized with
PSD-95, was increased in cells expressing Cort-HA. N � 14 –15 cells per condition from 2 separate cultures. I, J, Confocal images of 8 DIV hippocampal neurons cotransfected with Syn-GFP plus either
empty vector or Cort-HA and immunolabeled for PSD-95 and HA. Open arrowheads indicate synapses, which are defined as sites of colocalization between Syn-GFP and PSD-95. A subset of Cort-HA
clusters localized to synapses (J, open arrowheads). The IntDen of Syn-GFP puncta in these cells was significantly increased at synapses associated with Cort-HA clusters (�Cort-HA), but unaffected
at synapses not associated with Cort-HA (�Cort-HA) (I, K ). N � 19 –24 cells per condition from 3 separate cultures. *p � 0.05; one-way ANOVA with Dunnett’s post hoc. L, Time-lapse analysis
demonstrated an increase in the density of stable Syn-RFP clusters in cells expressing Cort-HA. N � 16 –17 cells per condition from 3 separate cultures. *p � 0.05, **p � 0.01, ***p � 0.001;
Student’s t test. Scale bars, 10 �m.
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postsynaptic �-pix observed using conventional immuno-
staining, we used a GFP-tagged �-pix to specifically examine
how scribble knockdown impacts �-pix localization to pre-
synaptic compartments. GFP-�-pix is diffusely localized when
expressed at high levels (Zhang et al., 2003), therefore only
weakly transfected cells exhibiting a punctate pattern of GFP-
�-pix, that was comparable to endogenous �-pix, were ana-
lyzed (see Materials and Methods). Image acquisition was
done blind to the conditions being analyzed. We assessed the
localization of GFP-�-pix at synapses by analyzing the IntDen
of those GFP-�-pix clusters specifically associated with syn-
apses (defined as points of colocalization between PSD-95/

bassoon). The IntDen of synaptic GFP-�-pix clusters was
significantly decreased in cells expressing Scrib shRNAs (Fig.
4C–E). These results suggest that scribble is involved in local-
izing �-pix to presynaptic compartments.

We also checked the effect of scribble knockdown on endog-
enous �-pix and, as expected, postsynaptic �-pix eclipsed the
magnitude of the presynaptic �-pix mislocalization. Indeed, no
significant difference was observed in the IntDen and density of
�-pix immunoreactive puncta in scribble knockdown cells
(IntDen, shRNA-C: 33.8 � 1.82, and shRNA-1: 31.2 � 1.39 ar-
bitrary units, p � 0.27 Student’s t test; density, shRNA-C: 28.6 �
1.83, and shRNA-1: 28.8 � 1.85 clusters per 100 �m, p � 0.92
Student’s t test; n � 15–16 neurons per condition from two cul-
tures). This further validates our use of GFP-�-pix to specifically
determine the localization of presynaptic or postsynaptic �-pix.

To further demonstrate that �-pix is recruited to nascent syn-
apses via cadherin/�-catenin/scribble complexes, we also quan-
tified the IntDen of GFP-�-pix at synapses in N-cadherin
knockdown cells. To modify N-cadherin levels, cells were
transfected with either N-cadherin siRNA (N-cad siRNA),
scrambled siRNA (N-cad siRNA-C), or N-cad siRNA plus
RNAi-resistant N-cadherin-CFP (N-cad-CFP), as previously
published (Aiga et al., 2011). The IntDen of GFP-�-pix at
synapses was significantly decreased in N-cadherin knock-
down cells (Fig. 4 F).

�-pix GEF activity mediates localized actin polymerization
at synapses
To study the function of �-pix at synapses, �-pix protein levels
were attenuated in neurons using RNA interference. To mini-
mize possible off-target effects, two short interfering RNA oligo-
nucleotides (siRNA-1 and siRNA-2) against rat �-pix were used.
SiRNA-negative control duplexes were used as a control (siRNA-
C). Given the low transfection efficiency of primary cultured hip-
pocampal neurons, the efficacy of �-pix siRNAs was examined in
the HEK 293 cell line using Western blot analysis. �-Pix siRNAs
significantly attenuated the expression of GFP-�-pix (Fig. 5A). A
mixture of siRNA-1 and siRNA-2 was also used to further control
for off-target effects (siRNA-M).

To determine the effects of �-pix knockdown on actin, cells were
cotransfected with GFP-actin plus �-pix siRNAs. The density of
GFP-actin was unaltered in neurons expressing �-pix siRNAs (Fig.
5B–D); however, the IntDen of synaptic GFP-actin and UtrCH-RFP
(puncta associated with PSD-95/bassoon coclusters) was decreased
in these cells (Fig. 5B,C,E,G–I).

To determine whether the GEF activity of �-pix regulates ac-
tin clusters at synapses, cells were cotransfected with GFP-actin
plus either HA-tagged full-length �-pix (FL-�-pix) or a DN-�-
pix that contains two mutations in the Dbl homology domain
(L238R and L239S) and lacks GEF activity (Manser et al., 1998;
Zhang et al., 2003). FL-�-pix did not alter GFP-actin at synapses;
however, the IntDen of synaptic GFP-actin clusters in cells ex-
pressing DN-�-pix was significantly reduced (Fig. 5F). These
results suggest that �-pix GEF activity is important for actin po-
lymerization at synapses.

Perturbation of �-pix activity disrupts the localization of SVs
at synapses
To test whether �-pix is involved in the clustering of SVs at syn-
apses, Syn-GFP localization was examined in �-pix knockdown
neurons. In control cells, Syn-GFP was distributed in a punctate
pattern (Fig. 6A). In contrast, the distribution of Syn-GFP fluo-
rescence in siRNA-1-expressing neurons was relatively uniform

Figure 4. �-Pix interacts with cadherin, �-catenin, and scribble at synapses. A, Confocal
images of 10 DIV hippocampal cultures immunolabeled for �-pix and synaptic markers, PSD-95
and bassoon. �-Pix clusters are highly colocalized with PSD-95/bassoon in neurons. B, Synap-
tosomal fractions from adult brains were immunoprecipitated with antibodies against cad-
herin, �-pix, �-catenin, or scribble and separated by SDS-PAGE. �-Pix, scribble, �-catenin,
and cadherin coimmunoprecipitated with one another, but not with the synaptic protein, syn-
aptophysin. The input lane corresponds to the crude synaptosomal fraction, P2. Rabbit IgG was
used as a control. N � 3 different blots from 2 separate preparations. C, D, Confocal images of 8
DIV hippocampal neurons transfected with GFP-�-pix plus either shRNA control or Scrib shRNAs
and immunolabeled for PSD-95 and bassoon. The IntDen of synaptic GFP-�-pix clusters, de-
fined by GFP-�-pix at sites of colocalization between PSD-95 and bassoon, was smaller in cells
expressing Scrib shRNA (C, D, open arrowheads; E, N � 14 –27 cells per condition from 3
separate cultures) or N-cadherin siRNA (F, N � 15–18 cells per condition from 2 separate
cultures). *p � 0.05, **p � 0.01; one-way ANOVA with Tukey post hoc. ***p � 0.001; one-
way ANOVA with Dunnett’s post hoc. Scale bars, 10 �m.
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along the axon, with only few discrete Syn-GFP clusters observed
(Fig. 6B).

Variability in the “punctate-ness” of Syn-GFP was observed in
siRNA-expressing neurons. To determine the distribution of ves-
icles along the axon, the Feret’s diameter (defined as the greatest
distance possible between any two points along the boundary of a
region of interest, hereafter called the “length”) of the Syn-GFP
fluorescence signal was first measured and Syn-GFP florescence
coverage (the sum of the length of Syn-GFP fluorescence signal

per 10 �m axon length) was then deter-
mined as previously described (Bamji et
al., 2003; Lee et al., 2008; Sun et al., 2009).
To avoid bias, all transfected neurons on
each coverslip were imaged and quanti-
fied. There was no significant difference in
the coverage of Syn-GFP fluorescence in
neurons expressing Syn-GFP alone and
Syn-GFP plus siRNA-C (Fig. 6E). In con-
trast, in siRNA-expressing neurons the
coverage of Syn-GFP fluorescence along
the axon was �2-fold greater than con-
trols (Fig. 6 E). In addition, the IntDen
of Syn-GFP fluorescence at synapses
(within masks made of regions of over-
lap between PSD-95/bassoon) was sig-
nificantly reduced in siRNA-expressing
cells compared with controls, further
demonstrating that the clustering of SVs
at synapses is dependent on �-pix (Fig.
6 F). The decreased IntDen of Syn-GFP
fluorescence at synapses could not be at-
tributed to changes in the density or
area of bassoon and PSD-95 clusters,
which were similar in wild-type and
�-pix knockdown cells (Fig. 6G,H ).

To determine whether the GEF activity
of �-pix is required for the appropriate
clustering of vesicles at synapses, cells
were cotransfected with Syn-GFP plus ei-
ther FL-�-pix or DN-�-pix. Expression of
FL-�-pix did not alter Syn-GFP fluores-
cence coverage or the IntDen of Syn-GFP
at synapses compared with control cells
(Fig. 6C,E,F). In contrast, neurons ex-
pressing DN-�-pix exhibited a diffuse
pattern of Syn-GFP expression, which was
reflected in an increased coverage of Syn-
GFP fluorescence along the axon and an at-
tenuated IntDen of Syn-GFP fluorescence at
synapses (Fig. 6D–F).Together, these re-
sults suggest that �-pix regulates vesicle lo-
calization through its GEF activity.

To determine whether deficits in vesi-
cle clustering in �-pix knockdown cells
are associated with impaired presynaptic
function, the efficiency of vesicle recycling
was studied by stimulating neurons with a
high-K� solution in the presence of FM
4-64, a fluorescent dye that marks sites of
endocytosis. In cells expressing �-pix
siRNA-1, this uptake was strongly sup-
pressed, with greatly reduced density of
FM 4-64-positive puncta compared with

control cells (Fig. 6 I).

Cortactin overexpression rescues the SV clustering phenotype
observed in �-pix knockdown cells
To further test whether the mislocalization of SVs in �-pix
knockdown cells is attributable to decreased polymerization of
actin at synapses, we determined whether this phenotype could
be rescued by overexpressing cortactin. The IntDen of GFP-actin
and UtrCH-RFP clusters at synapses (defined as those clusters

Figure 5. The IntDen of synaptic GFP-actin clusters is decreased in neurons with reduced �-pix activity. A, GFP-�-pix expres-
sion in HEK 293 cells is decreased in cells expressing �-pix siRNA. N � 2 different blots from 2 separate experiments. B, C, Confocal
images of 8 DIV hippocampal neurons transfected with GFP-actin plus scrambled or �-pix siRNAs and immunolabeled for PSD-95
and bassoon. D, The density of GFP-actin clusters was unaltered in �-pix siRNAs expressing neurons. However, the IntDen of
synaptic GFP-actin clusters (GFP-actin at sites of PSD-95 and bassoon colocalization) was decreased in cells expressing �-pix
siRNAs (B, C, open arrowheads; E). N � 16 –24 cells per condition from 2 separate cultures. *p � 0.05, ***p � 0.001; one-way
ANOVA with Dunnett’s post hoc. F, The IntDen of synaptic GFP-actin clusters was significantly attenuated in neurons expressing
DN-�-pix. N � 11–15 cells per condition from 2 separate cultures. ***p � 0.001; one-way ANOVA with Tukey post hoc. G, H,
Confocal images of 8 DIV hippocampal neurons transfected with UtrCH-RFP plus control or �-pix siRNA-1 and immunolabeled for
PSD-95. I, The IntDen of synaptic UtrCH-RFP clusters (UtrCH-RFP clusters that were colocalized with PSD-95) was significantly
decreased in neurons expressing �-pix siRNA-1. N � 12–16 cells per condition from 2 separate cultures. *p � 0.05; Student’s t
test. Scale bars, 10 �m.
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that were associated with PSD-95) were restored to wild-type
levels in �-pix knockdown cells overexpressing Cort-HA (Fig.
7A,B). Overexpression of cortactin in �-pix knockdown cells
also rescued the mislocalization of SVs, resulting in an increased
clustering of SVs along the axon. Indeed, in neurons coexpressing
�-pix siRNA-1 plus Cort-HA, discrete Syn-GFP clusters that co-
localized with PSD-95 were observed, similar to those observed in
control cells (Fig. 7C,E). Both the Syn-GFP fluorescence coverage
(Fig. 7F), and the IntDen of Syn-GFP at synapses (Fig. 7G) were
significantly rescued by cortactin overexpression. Together, these
observations strongly suggest a model by which cadherin/�-
catenin/scribble complexes localize �-pix to nascent synapses
where �-pix promotes actin polymerization through its GEF ac-
tivity, and enhances the recruitment of SV clusters to these areas
of actin polymerization.

Discussion
Transsynaptic adhesion molecules have been shown to stabilize
transient, dynamic axodendritic contacts and activate intracellu-
lar signals that recruit synaptic proteins (McAllister, 2007). The
cadherin adhesion complex has previously been shown to play a
large role in localizing SVs to developing synapses. In N-cadherin
knock-out cultures (Stan et al., 2010), or cultures treated with
peptides that block intercellular cadherin interactions (Togashi et
al., 2002), SVs do not accumulate at contact points. We have
shown that presynaptically localized cadherin can mediate this
effect through its association with �-catenin (Bamji et al., 2003,
2006; Lee et al., 2008) and scribble (Sun et al., 2009). Recently, it
has also been shown that cadherins can mediate SV localization
transsynaptically through the recruitment of neuroligin-1 to

Figure 6. Thelocalizationofsynapticvesiclesatsynapses isdisruptedinneuronswithreduced�-pixactivity. A–D,Confocal imagesof9DIVhippocampalneuronstransfectedwithSyn-GFPplustheindicated
�-pix construct and immunolabeled for PSD-95 and bassoon. In control neurons (A) and those expressing FL-�-pix (C), Syn-GFP exhibited a punctate distribution and colocalized with PSD-95 and bassoon (open
arrowheads). In contrast, neurons expressing �-pix siRNA-1 (B) or DN-�-pix (D) exhibited a more diffuse pattern of Syn-GFP distribution, and the coverage of Syn-GFP (the sum of the length of Syn-GFP
fluorescence signal per 10 �m axon length � SE) was increased (B, D, E). A significant decrease in the IntDen of Syn-GFP fluorescence at synapses was observed in �-pix siRNA-expressing neurons and those
expressing DN-�-pix (F ). The area (G) and density (H ) of PSD-95 and bassoon were similar in control and siRNA-expressing neurons. N�18 –29 cells per condition from 3 separate cultures. *p�0.05, **p�
0.01, ***p�0.001; one-way ANOVA with Tukey post hoc. I, Neurons transfected with Syn-GFP plus either control or�-pix siRNA-1 were loaded with FM 4-64. The density of FM 4-64 puncta was reduced in cells
expressing �-pix siRNA-1. N � 30 –31 cells per condition from 3 separate cultures. ***p � 0.001; Student’s t test. Scale bars, 10 �m.
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postsynaptic compartments (Stan et al., 2010; Aiga et al., 2011).
In this study, we further examine the effects of presynaptic cad-
herin adhesion complexes in recruiting SVs to sites of contact.
We demonstrate that scribble is important for the recruitment of
�-pix to developing synapses, and that scribble and �-pix form
complexes with cadherin and �-catenin. Moreover, we show that
�-pix-mediated enhancement of actin polymerization is impor-
tant for the localization of SVs to discrete sites along the axon.

Actin localizes synaptic vesicles to developing synapses
SVs do not cluster appropriately at developing synapses in the
presence of actin depolymerizing agents (Kuromi and Kidokoro,
1998; Zhang and Benson, 2001). Although this suggests a role for
actin in SV clustering, it is also plausible that this is a secondary
effect to reduced cell— cell adhesion, and it was unclear whether
actin actively localizes SVs to nascent synapses. Utilizing gain-of-
function assays, we demonstrate that enhancing actin polymer-

ization increases the clustering of SVs.
Indeed, there was a direct correlation be-
tween the density and IntDen of actin and
SV clusters in all conditions analyzed. In-
creasing the polymerization of actin by it-
self is not sufficient to induce the
formation of new synapses. Synapse for-
mation requires intercellular communica-
tion and coordination of developing
presynaptic and postsynaptic compart-
ments. Enhanced actin polymerization
along axons can therefore cluster SVs, but
not induce clustering of postsynaptic pro-
teins at these sites.

A conventional way to enhance actin
polymerization is to stabilize polymerized
actin using jasplakinolide (Sankaranaray-
anan et al., 2003; Darcy et al., 2006; Lucido
et al., 2009). However, this method com-
promises dynamic actin reorganization,
which is essential for the mobilization of
SVs. Indeed, inhibiting actin turnover
using jasplakinolide greatly reduces the
transport of SVs along the axon (Darcy et
al., 2006) and nearly abolishes the accu-
mulation of SVs at poly-D-lysine bead-
induced contact sites (Lucido et al., 2009).
We therefore promoted actin polymeriza-
tion by treating cells with the calpain pro-
tease inhibitor, ALLN. Calpain maintains
neurite consolidation by suppressing ac-
tin polymerization along neurites, and in-
hibiting calpain activity enhances actin
polymerization (Mingorance-Le Meur
and O’Connor, 2009). There are a num-
ber of substrates for calpain including cor-
tactin, cadherin, and �-catenin (Perrin et
al., 2006; Abe and Takeichi, 2007; Jang
et al., 2009). As calpain inhibition and
cortactin overexpression can enhance
GFP-actin cluster density and IntDen, we
concluded that inhibition of calpain en-
hances SV localization through its effects
on actin. SV clustering is unlikely to be
attributable to elevated levels of cadherin
and �-catenin, because overexpression of

these proteins does not increase SV density (Scheiffele et al., 2000;
Bamji et al., 2003; Sara et al., 2005; Latefi et al., 2009; Linhoff et al.,
2009).

How does polymerized actin “trap” SVs that are being trans-
ported along microtubules? It has been known for some time that
the actin motor, myosin-V, can form a complex with the microtu-
bule motor, kinesin, and that this heteromotor complex enables ves-
icles to be transported on both microtubules and actin filaments.
The direct interaction of motors from both filament systems may
represent the mechanism by which the transition of vesicles from
microtubules to actin filaments is regulated (Langford, 2002).

Scribble regulates �-pix localization at synapses
�-Pix has previously been shown to coimmunoprecipitate with
the presynaptic protein, Piccolo, and to colocalize with synaptic
markers at dendritic spines (Kim et al., 2003; Park et al., 2003;
Zhang et al., 2003). Shank (a postsynaptic scaffolding protein)

Figure 7. Cortactin expression rescues the disruption in synaptic vesicle localization in �-pix knockdown cells. A, B, The IntDen
of synaptic GFP-actin clusters (A) and synaptic UtrCH-RFP clusters (B) was decreased in neurons expressing �-pix siRNA, but
unchanged in neurons expressing �-pix siRNA plus Cort-HA compared with control. N � 12–20 cells per condition from 2 separate
cultures. C–E, Confocal images of 9 DIV hippocampal neurons transfected with Syn-GFP and �-pix siRNA plus or minus Cort-HA and
immunolabeled for PSD-95. D, F, �-Pix siRNA-1-expressing neurons exhibited a more diffuse localization of Syn-GFP (D) and
Syn-GFP coverage was increased compared with control (F ). In neurons expressing both �-pix siRNA-1 and Cort-HA, discrete
Syn-GFP clusters were observed at PSD-95 sites (E, open arrowheads). Syn-GFP coverage in these neurons was significantly
decreased compared with cells expressing �-pix siRNA-1 alone, however, Syn-GFP coverage was not completely rescued to control
levels (F ). G, The IntDen of Syn-GFP fluorescence (within masks of PSD-95 clusters) was significantly decreased in �-pix siRNA-1-
expressing neurons, and unchanged in neurons expressing siRNA-1 plus Cort-HA compared with control. N � 13–20 cells per
condition from 2 separate cultures. *p � 0.05, **p � 0.01, ***p � 0.001; one-way ANOVA with Tukey post hoc. Scale bar, 10 �m.
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and GIT1 (G protein-coupled receptor kinase-interacting pro-
tein 1) have been shown to be important for the localization of
�-pix to postsynaptic compartments (Park et al., 2003; Zhang et
al., 2003). In the present study, we show that the scaffold protein,
scribble, is important for the localization of �-pix at presynaptic
compartments. Cadherin and scribble are also essential for the
appropriate localization of �-pix in other cell types. For instance,
in epithelial cells, �-pix is recruited to points of cell adhesion in
an E-cadherin-dependent manner (Liu et al., 2010). Moreover,
scribble can localize �-pix to the cell membrane in PC12 cells
(Audebert et al., 2004). As the presynaptic localization of �-pix
was not completely abolished upon scribble knockdown, it is
possible that other proteins such as GIT1, which is expressed both
presynaptically and postsynaptically (Kim et al., 2003; Zhang et
al., 2003), may also play a role in this event.

�-Pix regulates actin polymerization at synapses
�-Pix activates Rac and Cdc42 (Bagrodia et al., 1998; Manser et al.,
1998), which are known regulators of actin remodeling. Rac/Cdc42
can promote actin polymerization through the Scar/WASP/Arp2/3
and PAK/LIMK-1/ADF/cofilin pathways (Rodriguez et al., 2003).
Previous work has demonstrated that �-pix can regulate spine for-
mation through modulation of actin (Parnas et al., 2001; Park et al.,
2003; Zhang et al., 2003; Zhang et al., 2005; Saneyoshi et al., 2008).
Here, we suggest that �-pix exerts a similar role in regulating actin
polymerization at the presynaptic compartment. Indeed, actin po-
lymerization at presynaptic terminals was significantly decreased in
cells lacking �-pix and in cells lacking the �-pix GEF activity.

Dynamic regulation of cadherin adhesion complexes and
SV localization
Previous work has shown that the cadherin adhesion complex
can be dynamically regulated, and that this may be a mechanism
to regulate presynaptic plasticity. Phosphorylation of �-catenin
on tyrosine residue 654 can rapidly uncouple cadherin from
�-catenin and result in the enhanced mobility of SVs (Bamji
et al., 2006). The phosphorylation and dephosphorylation of
�-catenin can be mediated by the tyrosine kinase, Fer, and the
phosphatase, SHP2. These proteins have been shown to modu-
late SV localization through their regulation of �-catenin (Lee et
al., 2008). �-Catenin phosphorylation can also be regulated by
leukocyte antigen related (LAR) tyrosine phosphatase (Kypta et
al., 1996). Interestingly, the synaptic localization of LAR depends
on liprin-�1 (Hoogenraad et al., 2007), the vertebrate homolog
of Sad-2. Sad-2 is important for the clustering of SVs, and Sad-2
mutants display a diffuse localization of SVs along the axon
(Zhen and Jin, 1999). It is possible that liprin-�1 modulates vesicle
localization by recruiting LAR tyrosine phosphatase to nascent syn-
apses where it maintains the integrity of the cadherin-�-catenin
complex by dephosphorylating �-catenin.

Temporal effects of cadherin complexes at synapses
We believe that enhanced local polymerization of actin by
cadherin/�-catenin/scribble/�-pix complexes plays an impor-
tant role in synapse development and SV localization. This is
based on a number of reasons. First, cadherin is one of the first
components recruited to points of cell— cell contact, before the
assembly of functional synapses (Zhai et al., 2001). Second, actin
polymerization at contact points precedes vesicle clustering on
poly-D-lysine coated beads (Lucido et al., 2009). Third, cadherin,
�-catenin, scribble, and �-pix colocalize together at synapses in
young cultures. Finally, perturbation of cadherin, �-catenin,
scribble or �-pix, or disruption of actin polymerization using

latrunculin, all result in the mislocalization of SVs in young cul-
tures (5–10 DIV) (Zhang and Benson, 2001; Togashi et al., 2002;
Bamji et al., 2003; Sun et al., 2009).

This pathway may also be involved in synapse unsilencing during
neuronal development. Indeed, Yao et al. (2006) demonstrate that
stabilizing actin filaments using jasplakinolide in young neurons
(7–11 DIV) increases the number of active boutons labeled by the
FM 1-43 dye. This suggests that actin polymerization is important
for the conversion of silent boutons into functional ones. It is attrac-
tive to speculate that transsynaptic signaling by cadherins is involved
in the coordination of synapse unsilencing.

It is unclear how important this pathway is during the main-
tenance of synapses. In older cultures (18 –20 DIV), the clustering
of SVs and SV recycling were largely resistant to F-actin depoly-
merization (Zhang and Benson, 2001). This correlated with an
increase in the localization of synaptic scaffold proteins. In con-
trast, knocking down �-catenin levels at postnatal day 17 in vivo
significantly decreased the number of SV per synapse, indicating
a role for this protein in the maintenance of the reserve pool of
vesicles at these points of contact (Bamji et al., 2003).

Our results suggest that synaptically localized cadherin/�-
catenin/scribble/�-pix complexes enhance actin polymerization
at points of cell— cell contact, and that polymerized actin traps
SVs as they translocate along the axon. These findings provide a
mechanism by which cell— cell contract leads to the assembly of
synaptic components.
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