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EphA4 Signaling Regulates Phospholipase Cy1 Activation,
Cofilin Membrane Association, and Dendritic Spine
Morphology
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Specialized postsynaptic structures known as dendritic spines are the primary sites of glutamatergic innervation at synapses of the CNS.
Previous studies have shown that spines rapidly remodel their actin cytoskeleton to modify their shape and this has been associated with
changes in synaptic physiology. However, the receptors and signaling intermediates that restructure the actin network in spines are only
beginning to be identified. We reported previously that the EphA4 receptor tyrosine kinase regulates spine morphology. However, the
signaling pathways downstream of EphA4 that induce spine retraction on ephrin ligand binding remain poorly understood. Here, we
demonstrate that ephrin stimulation of EphA4 leads to the recruitment and activation of phospholipase Cyl (PLCy1) in heterologous
cells and in hippocampal slices. This interaction occurs through an Src homology 2 domain of PLCy1 and requires the EphA4 juxtamem-
brane tyrosines. In the brain, PLCy1 is found in multiple compartments of synaptosomes and is readily found in postsynaptic density
fractions. Consistent with this, PLC activity is required for the maintenance of spine morphology and ephrin-induced spine retraction.
Remarkably, EphA4 and PLC activity modulate the association of the actin depolymerizing/severing factor cofilin with the plasma
membrane. Because cofilin has been implicated previously in the structural plasticity of spines, this signaling may enable cofilin to

depolymerize actin filaments and restructure spines at sites of ephrin-EphA4 contact.
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Introduction

Dendritic spines are specialized protrusions from the dendritic
shaft where excitatory synapses are formed in the brain. The ste-
reotypic spine has an enlarged head that is connected to the den-
dritic shaft by a constricted neck. This morphology creates a bio-
chemical compartment that accommodates the postsynaptic
density (PSD), a dense region of ion channels and receptors that
are complexed with scaffolding and other signaling proteins
(Kim and Sheng, 2004). Remarkably, spines change their mor-
phology within minutes (Dailey and Smith, 1996; Fischer et al.,
1998; Dunaevsky et al., 1999) and this may adjust the physiology
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of synapses during processes such as learning and memory for-
mation (Segal, 2005). Previous studies indicate that this struc-
tural plasticity relies on the dynamics of actin filaments, which
are concentrated in spines and serve as their primary structural
scaffold (Matus, 2000).

Among molecules that may control actin rearrangements in
spines are proteins of the cofilin/actin depolymerization factor
(ADF) family (Bamburg, 1999; Racz and Weinberg, 2006). Cofi-
lin/ADF proteins bind, depolymerize, and sever actin filaments
(Bamburg, 1999). Cofilin activity is negatively regulated by ki-
nases [Lin-11, Isl-1, Mec-3 (LIM) kinase 1/2 and testis-specific
(Tes) kinase] (Arber et al., 1998) and positively regulated by
phosphatases (Slingshot and chronophin) through phosphocy-
cling on a serine residue (Huang et al., 2006). Cofilin is also
modulated by phosphoinositides, especially phosphatidylinositol
4,5-bisphosphate (PIP,). Cofilin has multiple binding sites for
PIP, (Yonezawa et al., 1990, 1991b) and cofilin—PIP, interactions
tether cofilin to the cell membrane (Nagaoka et al., 1996; DesMa-
rais et al., 2005) and modulate cofilin activity (Nagaoka et al.,
1995). The cofilin—PIP, interaction also inhibits the enzyme
phospholipase Cyl (PLCvy1) from cleaving PIP, when PLCvyI is
not tyrosine phosphorylated (Yonezawa et al., 1991b). PLCy1 is
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activated by receptor tyrosine kinases (RTKs), enabling it to hy-
drolyze PIP, into IP; and DAG (Rebecchi and Pentyala, 2000).
Cofilin and PLC+y1 are important regulators of cell morphology
and implicated in synaptic plasticity (Reyes-Harde and Stanton,
1998; Micheva et al., 2001; Meng et al., 2002; Zhou et al., 2004).
However, the receptors that control these proteins at synapses
remain to be fully described.

Several classes of RTKs may regulate PLCy1 and cofilin, in-
cluding those of the Eph family. Eph receptors are divided into
EphA and EphB subtypes (Kullander and Klein, 2002). In gen-
eral, EphA receptors bind glycosylphosphatidylinositol-
anchored ephrin-As, whereas EphB receptors respond to trans-
membrane ephrin-Bs. Eph receptors are important for spine
morphogenesis and maintenance in vitro and in vivo (Ethell and
Pasquale, 2005). Several signaling mechanisms have been eluci-
dated for EphB receptors in spines, however, those downstream
of EphA receptors remain to be described.

Here, we identify an EphA4 signaling pathway that regulates
spine morphology. We show that EphA4 triggers PLCy1 activa-
tion through an Src homology 2 (SH2) domain interaction with
the juxtamembrane tyrosines of EphA4. PLC signaling is neces-
sary for maintaining spine morphology and for ephrin-induced
spine retraction. Remarkably, EphA4 and PLC signaling alter the
membrane association of cofilin. We propose that EphA4 pro-
motes PLCy1 signaling to allow cofilin translocation away from
the cell membrane, enabling it to depolymerize actin filaments in
spines at sites of ephrin-A/EphA4 contact.

Materials and Methods

DNA constructs. Full-length mouse PLCy1 was cloned from an expressed
sequence tag vector (IMAGE clone 6854923; Open Biosystems, Hunts-
ville, AL) through PCR and ligated in-frame into pcDNA3 with a V5
epitope tag (Invitrogen, Carlsbad, CA). The lipase-inactive PLCyl mu-
tant (H335Q) (Huang et al., 1995; Ronnstrand et al., 1999; Rong et al.,
2003) and EphA4 juxtamembrane tyrosine mutants (Y596E and Y602E)
were created using standard PCR-based mutagenesis (Zisch et al., 2000;
Cowan et al., 2005). The EphA4 kinase-dead construct has been de-
scribed previously (Murai et al., 2003a). The N- and C-terminal SH2
domains of PLCyl were cloned into pGEX-4T1 (Promega, San Luis
Obispo, CA) and used for glutathione S-transferase (GST) fusion protein
production using standard procedures.

For RNAI constructs, a short hairpin sequence directed against mouse
PLCv1 (Patterson et al., 2002) was cloned into pSUPER (OligoEngine, Seat-
tle, WA) containing the H1 promoter for driving the expression of a short-
hairpin RNA and a phosphoglycerate kinase promoter for expressing green
fluorescent protein (GFP). To more thoroughly delineate dendritic spines,
the GFP sequence was replaced with membrane-targeted farnesylated en-
hanced GFP (EGFPf; BD Biosciences, San Jose, CA). To generate RNAi
plasmids, two complementary oligos containing the PLCyl shRNA were
annealed  (sequences 5'GATCCCCAAACAACCGGCTCTTCGTCT-
TCAAGAGAGACGAAGAGCCGGTTGTTTTTTTTA3’ and 5'AGCTT-
AAAAAAAACAACCGGCTCTTCGTCTCTCTTGAAGACGAAGAGCCGG-
TTGTTTGGG3') and cloned into the B¢/l and HindIII sites of pPSUPER. A
shRNA vector containing a scrambled sequence of the PLCyl shRNA se-
quence, which did not show homology to the mouse genome, was cloned in a
similar manner and wused in control experiments (sequences
5'GATCCCCTAGACCTATATCCCTGCGCTTCAAGAGAGCGCAGGGAT-
ATAGGTCTATTTTTA3" and 5’ AGCTTAAAAATAGACCTATATCCCTG-
CGCTCTCTTGAAGCGCAGGGATATAGGTCTAGGG3').

Antibodies and recombinant proteins. The following antibodies were
used in this study: mouse PLCy1 (mouse monoclonal; Millipore, Upstate
Division, Billerica, MA); PLC+y1 (rabbit polyclonal; Cell Signaling Tech-
nologies, Danvers, MA); pY783 PLCvyl1 (Cell Signaling Technologies);
pY771 PLC+y1 (Cell Signaling Technologies); pS1248 PLCy1 (Millipore);
EphA4 (Soans et al., 1994; Murai et al., 2003a); pY20 (BD Biosciences);
synaptosomal-associated protein 25 (SNAP25) (a generous gift from Dr.
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P. McPherson, Montreal Neurological Institute), synaptophysin (Sigma,
St. Louis, MO); PSD95 (BD Biosciences); NR1 (BD Biosciences); cofilin
(Cell Signaling Technologies; Cytoskeleton, Denver, CO); V5 (Sigma);
transferrin receptor (Invitrogen); GAPDH (glyceraldehyde-3-phosphate
dehydrogenase; Abcam, Cambridge, MA); anti-rabbit and mouse HRP
(GE Healthcare, Fairfield, CT); and control mouse IgGs (Jackson Immu-
nochemicals, West Grove, PA). The following recombinant proteins
were used: human IgG Fc (Jackson Immunochemicals), EphA4 kinase
domain (Cell Signaling Technologies), and ephrin-A3 and -A5 Fc (R & D
Systems, Minneapolis, MN).

Immunoprecipitation and Western blot analysis. For COS7 cell experi-
ments, EphA4 and juxtamembrane mutants were transfected with Lipo-
fectamine 2000 (Invitrogen) and stimulated 24 h later for 45 min with
dimeric control Fc, ephrin-A3 Fc, or ephrin-A5 Fc. Cells were lysed in
modified radioimmunoprecipitation assay (RIPA) buffer (1% Triton
X-100; 1% sodium deoxycholate; 0.1% SDS; 20 mwm Tris; 150 mm NaCl; 1
mMm EDTA) containing protease inhibitors and orthovanadate. Lysates
were subjected to immunoprecipitation using 2 ug of mouse anti-PLCry1
or mouse IgG control and coupled to protein-G Sepharose (GE Health-
care). The degree of phosphorylation was determined using an antibody
against pY783 and a protein-A HRP secondary antibody. The amount of
immunoprecipitated protein was detected by stripping and reprobing
membranes with rabbit anti-PLCy1. Alternatively, transfected cell lysates
were directly probed with anti-pY783, -pY771, or -pS1248 and stripped
and reprobed for PLCyl. For densitometry, the amount of phosphory-
lation was quantified using Image] and was normalized against the total
PLC1 levels. Data was collected over three independent experiments.

For biochemistry involving hippocampal tissue, slices (300 um thick)
were prepared as described previously (Murai et al., 2003a) and kept in
vitro for ~2-5 min before stimulation with Fc fusion proteins (9.5 ug/
ml). After stimulation for 45 min, slices were lysed in RIPA buffer. Ly-
sates were immunoprecipitated with either anti-EphA4 or anti-PLCy1
antibodies coupled to protein-A or protein-G Sepharose, respectively.
Phosphorylation of EphA4 was detected using an anti-phosphotyrosine
antibody (PY20) coupled to HRP. PLC+y1 phosphorylation was detected
with an anti-pY783 and protein-A HRP. Blots were stripped and re-
probed by immunoblotting with anti-EphA4 or rabbit anti-PLCy1 anti-
bodies and anti-rabbit HRP to confirm that equal amounts of protein
were immunoprecipitated from each condition.

The following procedure was used to coimmunoprecipitate EphA4
and PLCy1 from mouse hippocampus. Hippocampi were dissected from
the mouse brain at postnatal day 21 and homogenized in Triton lysis
buffer (20 mm Tris pH 7.4, 137 mm NaCl, 25 mm B-glycerophosphate, 2
mM EDTA, 1% Triton X-100, 10% glycerol, supplemented with protease
inhibitors and sodium orthovanadate) using a Dounce homogenizer and
lysed onice for 15 min. Lysates were centrifuged at 13,000 rpm for 10 min
at 4°C to pellet cell debris. Lysates were precleared for 1 h with protein-G
Sepharose, then subjected to immunoprecipitation using 5 ug of mouse
IgG control or mouse anti-PLCyl coupled to protein-G Sepharose for
5 h at 4°C. Immune complexes were washed three times with lysis buffer,
boiled in 40 pl of 3X SDS sample buffer and resolved by SDS-PAGE. The
association of EphA4 and PLC+y1 was detected by immunoblotting with a
rabbit anti-EphA4 antibody.

GST pull-down assays. GST fusion proteins were prepared as described
by Zisch et al. (1998). GST fusion proteins (GST, N-terminal SH2
PLCy1, or C-terminal SH2 PLC+y1) coupled to agarose beads were incu-
bated with transfected COS7 cell lysates [EphA4, EphA4 Y596E, or
EphA4 Y602E solubilized in 1% Brij97 (Sigma) in PBS with protease
inhibitors and orthovanadate] overnight at 4°C. The beads were subse-
quently washed with 1% Brij97/PBS (with protease inhibitors and or-
thovanadate), diluted with sample buffer, and boiled for 5 min. Super-
natants were subjected to SDS-PAGE and blotted using anti-EphA4
antibodies and anti-rabbit HRP as described previously.

In vitro kinase assay. For in vitro kinase assays, endogenous PLCvy1
from COS7 cells was immunoprecipitated as described previously.
PLCyl immunoprecipitates were resuspended in kinase buffer contain-
ing the following (in mm): 25 HEPES, pH 7.4, 25 B-glycerophosphate, 25
MgCl,, 0.1 Na,;VO, 0.5DTT, and 1 ATP. In conditions that included the
activated kinase, 0.5 pg of recombinant EphA4 kinase domain was used.
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The reaction mixture was incubated at 30°C for 30 min with gentle agi-
tation every 10 min. The reaction was stopped by adding 25 ul of 3X SDS
sample buffer and boiled for 5 min. Phosphorylation of PLCy1 at Y783
was detected by Western blot analysis using pY783 and protein A-HRP.
The total amount of PLCyl immunoprecipitated was determined by
stripping and reprobing membranes with rabbit anti-PLC+yl. Data were
collected from three independent experiments and quantified as de-
scribed previously.

Synaptosome preparations. Synaptic proteins were purified as de-
scribed in the supplemental information (available at www.jneurosci.org
as supplemental material).

Cell-membrane preparations. Cell membrane fractionation experi-
ments were performed as described previously (Cote et al., 2005). Briefly,
cells were collected in PBS, centrifuged at 800 g for 5 min, and then
resuspended in 300 ul of buffer A (20 mm Tris-HCl pH 7.5, 150 mm NaCl,
5 mm NaF, 1 mm Na;VO,, 1 ug/ml protease inhibitors). The cells were
then subjected to a single freeze/thaw cycle in liquid nitrogen and a 37°C
water bath and the membranes were pelleted using centrifugation at
16,000 g for 10 min. The pellet was then washed with 500 ul of buffer A
and extracted with buffer B (buffer A plus 1% Triton X-100). Equal
amounts of proteins were resolved by SDS-PAGE and the levels of
membrane-associated cofilin analyzed by immunoblotting with cofilin
antibodies. Equal loading between samples was confirmed by blotting for
the transferrin receptor. For PLC inhibitor experiments, COS7 cells were
seeded at a density of 1 X 10° cells/ml and the next day were treated with
either the PLC inhibitor 1-[6[[(178)-3-methoxyestra-1,3,5(10)-trien-
17-ylJamino]hexyl]-1H-pyrrole-2,5-dione (U73122; EMD Biosciences,
La Jolla, CA) or control compound 1-[6-([173-3-methoxyestra-
1,3,5(10)-trien-17-yl]Jamino)hexyl]-2,5-pyrrolidine-dione (U73343;
EMD Biosciences) at a final concentration of 10 uMm for 3 h before col-
lecting the cells. For ephrin-stimulation experiments, cells were seeded at
adensity of 1 X 107 cells/ml and the next day transfected with the cDNA
for EphA4 using Lipofectamine 2000 (Invitrogen). Twenty-four hours
after the transfection, the cells were treated with 8 pg/ml recombinant
control Fc or ephrinA5-Fc fusion proteins for 40 min at 37°C. Mem-
branes were then fractionated as described above. For densitometry, the
amount of cofilin in each condition was quantified using ImageJ and
normalized against the amount of transferrin receptor. Data was col-
lected over three independent experiments.

For membrane fractionation in hippocampal slices after ephrin stim-
ulation, 300 um slices were made from postnatal day 10 mice and placed
into stimulation media containing Fc or ephrin-A5 Fc proteins (9.5 ug/
ml). After 45 min of stimulation, slices were coarsely homogenized, and
then subjected to a single freeze/thaw cycle followed by the procedure
described above. Data were collected from three independent experi-
ments and quantified as described above.

Immunofluorescence in heterologous cells. For immunofluorescence
studies in heterologous cells, COS7 cells were plated onto chambered
slides (Nunc, Roskilde, Denmark) and transfected as described previ-
ously. Cells were fixed with 4% paraformaldehyde/0.1 M phosphate
buffer for 30 min, rinsed with TBS, and incubated for 1 h in blocking
solution (5% goat serum/0.1% Triton X-100 in TBS). Cells were then
incubated overnight (at 4°C) with anti-pY783 in blocking solution. The
next day, the cells were washed with 0.1% Triton X-100/TBS and incu-
bated with a goat anti-rabbit Alexa 568 secondary antibody (Invitrogen)
for 1 h atroom temperature. After washing cells with 0.1% Triton X-100/
TBS, cells were coverslipped for microscopy.

Semliki Forest virus plasmid construction and virus preparation. For
expressing PLCy1 constructs and fluorescent proteins in hippocampal
slices, Semliki Forest virus (SFV) constructs were created (Ehrengruber
et al., 1999). PLCy1 and membrane-targeted EGFPf (Clontech, Cam-
bridge, UK) genes were each cloned 3’ to a viral subgenomic promoter in
modified SFV vectors (Lundstrom et al., 2003). Viral particles were pro-
duced as described previously (Haber et al., 2006). SFV particles were
injected into hippocampal slices with a Picospritzer (General Valve, Fair-
field, NJ).

Hippocampal slice preparation. Organotypic hippocampal slices were
prepared as described previously (Murai et al., 2003a). Briefly, 300 wm
slices from postnatal day 6 (P6)-P7 mouse pups were made using a
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Mclllwain tissue chopper (Stoelting, Kiel, WI) and transferred onto
semiporous tissue culture inserts (0.4 wm pore size; Millipore) contain-
ing media (50% Minimum Essential Medium/25% Horse Serum/25%
HBSS/6.5 mg/ml p-glucose/0.5% penicillin/streptomycin, pH ~7.2).
Media was replaced every 2 d and slices were cultured for 1 week before
viral gene delivery. Sixteen to 20 h postinfection, slices were fixed and
mounted for confocal imaging.

For imaging hippocampal slices after stimulation, 300 wm slices were
made from mice ~3 months of age and placed into stimulation media
containing dimeric Fc or ephrin-A5 Fc and U73122 (PLC-inhibitor) or
U73343 for 45 min. The slices were then fixed with 4% paraformalde-
hyde/0.1 M phosphate buffer for 30 min. CA1 pyramidal cells were la-
beled using diolistics. Briefly, 1.3 wm tungsten particles (Bio-Rad, Her-
cules, CA) carrying the lipophilic dye Dil (Invitrogen) were coated onto
the inner portion of plastic tubing, cut into cartridges, loaded into a
Helios Gene Gun (Bio-Rad), and propelled into hippocampal slices at
120 psi using helium gas. The Dil was allowed to transport for 16 h in
fixative before imaging by confocal microscopy.

For RNAI experiments, shRNA plasmids (see above, DNA constructs)
were delivered using biolistic gene transfer with a Helios Gene Gun (Bio-
Rad). Briefly, PLCy1 shRNA and control shRNA plasmids were precip-
itated onto 1.6 wm gold microcarriers and deposited on the inner lining
of Tefzel tubing (Bio-Rad) to generate bullets. Hippocampal slices were
prepared as described above from postnatal day 5 mice and cultured for
9-10 d before propelling gold microcarriers onto hippocampal slices at
100 psi using helium gas. To improve the efficiency of CA1 pyramidal cell
transfection, a 3.0 wm membrane filter (Millipore) was placed between
the gene gun nozzle and the hippocampal slices. The shRNA constructs
were allowed to express for 72 h before fixation and imaging by confocal
microscopy.

Confocal imaging. Confocal imaging was performed with a Yokogawa
spinning disk confocal system (Perkin-Elmer, Wellesley, MA) connected
to a Nikon (Tokyo, Japan) Eclipse TE2000. Z-stacks were collected using
MetaMorph imaging software (Molecular Devices, Palo Alto, CA).

Image analysis. For analysis of dendritic spine morphology, images of
dendrites were taken for each condition [control, PLCy1 wild-type (wt),
or PLCyl1 LIM, or PLCyl shRNA or control shRNA] from three inde-
pendent experiments. Each image contained a Z-stack maximum projec-
tion of a primary apical dendrite from a CA1 pyramidal cell taken ~100
pm from the cell body (control, 16 dendritic segments with 568 spines
total; PLCy1 wt, 26 dendritic segments with 886 spines total; PLCy1 LIM,
22 dendritic segments with 603 spines total). For RNAi experiments, 33
dendritic segments (with 889 spines) were used in the control sShRNA
condition and 41 dendritic segments (with 918 spines) in the PLCy1
shRNA condition. All images were normalized for EGFPf signal intensity
and thresholded in Photoshop (Adobe Systems, Seattle, WA). Geometric
measurements of spine parameters (length, head width, area, and den-
sity) were acquired using the Reconstruct computer program (http://
synapses.bu.edu/tools/index.htm). Spines were defined as any protru-
sion from the dendritic shaft that is not a dendrite branch. The dividing
line of the spine head and neck was determined subjectively using the
contours of the dendritic spine head. For spines without clearly defined
head portions (i.e., stubby or elongated spines), the spine head area was
considered equal to the total spine area and spine head width equal to the
neck width. For each dendritic segment, the spine parameters were com-
bined to generate an average value that was then used for comparisons.
All quantifications were performed by an investigator blind to the exper-
imental conditions. Using a computer to sort spines according to the
measured parameters, spines were classified into four types (i.e., “mush-
room,” “stubby,” “elongated,” or “other”). The mushroom category cor-
responds to spines that have enlarged head regions with a constricted
neck. Stubby spines lack neck regions. The elongated category includes
filopodia-like spines and long spines with small, but well formed head
regions. The other category includes spines with abnormal dimensions,
such as those with large heads and highly branched spines that do not fit
into the three other categories. Differences between samples were per-
formed using a f test or ANOVA with a Student—Newman—Keuls post hoc
comparison.

For stimulation experiments, images of dendrites were acquired sim-
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ilar to as described above over three indepen-
dent experiments. Thirty-five dendritic seg-
ments (with 752 spines) were used for the Fc
plus U73343 condition, 33 segments (with 752
spines) were used for the Fc plus U73122 con-
dition, 33 segments (with 686 spines) were used
for the ephrin-A plus U73343 condition, and 31
segments (with 704 spines) were used for the
ephrin-A plus U73122 condition. Quantifica-
tions were performed by an investigator blind
to the experimental conditions and differences
between samples were performed using a Kol-
mogorov—Smirnov test or ANOVA with a Stu-
dent-Newman—Keuls post hoc comparison.

Results

EphA4 activates PLCy1 in heterologous
cells and hippocampal slices

We reported previously that EphA4 activa-
tion with ephrin-A ligands induces den-
dritic spine retraction (Murai et al.,
2003a). However, the downstream signal-
ing cascades of this receptor remain to be
fully described. Using GST pull-down as-
says from hippocampal lysates, we initially
found that EphA4 bound well to an SH2
domain of PLCy1, a protein known to be
important for phosphoinositide metabo-
lism, cell morphology, and synaptic func-
tion (Rebecchi and Pentyala, 2000). To
follow up on this observation, we trans-
fected EphA4 into COS7 cells (which have
little endogenous EphA4) while over-
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Figure1. EphA4activates PLCy1. 4, Transfection of EphA4 increased the phosphorylation of overexpressed PLCy1 on tyrosine
783, a site known to correlate with PLC activity. Expression of a kinase-dead form of EphA4, however, did not elevate PLCy1
phosphorylation. Note that transfection of PLCy1 alone led to a slight increase in phosphorylation over the control transfected
condition (pcDNA3). Shown are blots of lysates derived from cells transfected with the indicated constructs. B, Stimulation (Stim)
of EphA4 transfected COS7 cells for 45 min with ephrin-A3 Fc- or ephrin-A5 Fc-induced phosphorylation of endogenous PLCy1.
PLC-y1 wasimmunoprecipitated after stimulation of cells with control F¢, ephrin-A3 Fc, or ephrin-A5 Fcand probed for phosphor-
ylation on tyrosine 783. The membrane was subsequently stripped and reprobed for PLCy1. Control IgGs were used to confirm the
specificity of the immunoprecipitation. Quantification of these changes showed that both ephrin-A3 Fc and ephrin-A5 Fc signif-
icantly increased PLCy1 phosphorylation (*p << 0.05, ANOVA). ¢, Immunoblots of lysates of cells stimulated with control Fc or
ephrin-A Fc. Ephrin-A stimulation caused a significantincrease in phosphorylation of Y783, but not Y771 or $1248 of PLCy1 (*p <
0.02, t test). D, Immunofluorescence labeling showing increased labeling of EphA4 transfected C0S7 cells with the anti-pY783
antibody. Note that the labeling was seen as clusters on the cell body (arrow) and processes (arrowhead) of EphA4, but not control
transfected cells (EGFPf). KD, Kinase-dead. Scale bar, 30 wum. Error bars indicate SEM.

expressing PLCyl (Fig. 1A). EphA4

caused an increase in the phosphorylation of tyrosine 783 of
PLCvy1, which is critical for PLCvy1 activity and is an indicator of
its level of activation (Kim et al., 1991; Poulin et al., 2005). This
phosphorylation event, however, was not detected after transfec-
tion of a kinase-dead form of EphA4, suggesting that kinase-
dependent signaling is required for PLCyl activation down-
stream of EphA4.

We were next interested in determining whether stimulation
of EphA4 transfected COS7 cells with recombinant ephrin-A (vs
control Fc) proteins would lead to an elevation in the phosphor-
ylation of endogenous PLCyl. In these experiments, we used
endogenous PLCy1 because we found that there is high basal
level of PLCy1 in COS7 cells. As shown in Figure 1B, ephrin-A
stimulation caused a significant activation of PLCy1 as indicated
by its phosphorylation on tyrosine 783. This effect was observed
with both recombinant ephrin-A3 Fc and ephrin-A5 Fc fusion
proteins, but not control Fc (Fc vs ephrin-A3 Fc, p < 0.05; Fc vs
ephrin-A5 Fc, p < 0.01, ANOVA). We further determined the
specificity of this effect using lysates from EphA4-transfected cells
stimulated with Fc or ephrin-A5 Fc and found that ephrin treat-
ment caused a significant increase in PLCy1 activation (pY783,
260% of control Fc stimulation; p = 0.016, two-tail ¢ test) (Fig.
1C). Phosphorylation on tyrosine 771, a residue whose phos-
phorylation is not correlated with PLCyl1 activity (Kim et al.,
1991), or serine 1248, which is potentially an inhibitory phos-
phorylation site for protein kinases C and A (Park et al., 1992)
were not significantly changed (pY771, p = 0.78, two-tail t test,
pS1248; p = 0.091, two-tail ¢ test) (Kim et al., 1990, 1991). Con-
sistent with these biochemical studies, we detected an increase in
pY783 labeling of EphA4 transfected COS7 cells stimulated with

ephrin-A Fc using immunofluorescence microscopy (Fig. 1D).
Increased labeling was especially apparent as clusters on the cell
body and processes of stimulated cells. These combined results
show that EphA4 stimulation with ephrin ligands induces PLCy1
activation by specifically enhancing its phosphorylation on ty-
rosine 783.

To determine whether ephrin stimulation could activate
PLCv1 signaling in the mouse hippocampus, we stimulated hip-
pocampal slices with ephrin-A Fc and monitored the phosphor-
ylation of EphA4 and PLCvyl. Similar to the experiments using
COS7 cells, we found that ephrin-A Fc treatment caused an in-
crease in phosphorylation of PLC+y1 on tyrosine 783 (Fig. 2A). To
examine the time course for this activation, we stimulated slices
for varying time periods and found that PLCvyl activation was
significantly increased after 45 min of ephrin stimulation (Fig.
2B,C). These results demonstrate that ephrin-A stimulation can
activate endogenous EphA4 and PLCy1 signaling in slices derived
from the hippocampus. However, based on these results, we can-
not conclude if PLCy1 is activated earlier (i.e., between 15 and 45
min) after the onset of ephrin stimulation. Furthermore, we can-
not exclude the possibility that EphA4 activates PLCy1 through
an intermediary protein or that other proteins are activated in
parallel (i.e., a counteracting phosphatase) that cause the delayed
kinetics of PLC+y1 activation.

EphA4 binds the C-terminal SH2 domain of PLCy1 through
juxtamembrane tyrosines

PLCv1 is a multidomain signaling protein that contains, in addi-
tion to functional catalytic regions, two SH2 domains (N- and
C-terminal) and an SH3 domain. The SH2 domains of PLCy1, in
particular, have been shown to play an important role in regulat-
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Figure2.  Ephrinstimulation induces the activation of PLCy1in hippocampal slices. 4, Stim-
ulation (Stim) of hippocampal slices with ephrin-A Fcinduced phosphorylation of endogenous
EphA4 and PLCy1. After 45 min of ephrin-A Fc or control Fc stimulation of slices, EphA4 or
PLCy1 were immunoprecipitated and blotted for phosphotyrosine (pY20) or pY783 of PLCy1,
respectively. Control IgGs were used to confirm the specificity of the immunoprecipitation (IP). Mem-
branes were subsequently stripped and reprobed for either EphA4 or PLCy1 to ensure that equal
amounts of protein were initially immunoprecipitated. B, , Time-course analysis showing PLCy1
phosphorylation after 45 min of stimulation. Quantification of these changes showed a significant
increase in phosphorylation at 45 min (**p << 0.01, ANOVA). Error bars indicate SEM.

ing its function through protein interactions with activated re-
ceptor tyrosine kinases (Rebecchi and Pentyala, 2000). We were
interested in testing whether EphA4 may interact with PLCyl
through binding its SH2 domains. Indeed, EphA4 has been re-
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ported to recruit SH2 domain containing proteins including Fyn,
Src, and Vav2 through its highly conserved juxtamembrane ty-
rosine residues (Kalo and Pasquale, 1999; Cowan et al., 2005). To
address whether EphA4 binds PLCyl through an SH2-domain
interaction, we performed GST pull-down experiments using the
SH2 domains of PLCy1 fused to GST and EphA4-transfected
COS7 cell lysates. We found that the C-terminal SH2 domain of
PLCy1 bound strongly to ephrin-A-stimulated EphA4 express-
ing COS7 cells (Fig. 3A). We could not detect binding of the
N-terminal SH2 domain to EphA4. The binding to the
C-terminal SH2 domain, however, was severely diminished after
mutating either of the conserved juxtamembrane tyrosines of
EphA4 to glutamic acid (Y596E or Y602E). Glutamic acid muta-
tions have been shown to eliminate SH2-domain interactions of
Eph receptors without interfering with kinase activity (Zisch et
al., 2000; Cowan et al., 2005). We did observe very weak binding
of the EphA4 Y596E mutant to the C-terminal SH2 domain of
PLCv1 after long film exposures (data not shown), but no bind-
ing to the Y602E mutant. Phosphorylation of these tyrosines may
function cooperatively to recruit PLCyl.

We further extended these findings by investigating the re-
quirement of the EphA4 juxtamembrane tyrosines for PLCyl
activation after ephrin stimulation. We found that both the
Y596E and Y602E mutants were compromised in their ability to
activate PLCy1 above control Fc treatment levels in the presence
of ephrin stimulation (Fig. 3B). However, the Y596E mutant ap-
peared to have higher basal ability to cause PLCy1 phosphoryla-
tion in the absence of ephrin, suggesting that this mutation may
mimic phosphorylation on EphA4 and lead to a partial activation
of PLCy1 in the absence of ligand. The Y602E mutant, in con-
trast, only weakly phosphorylated PLC+y1 in the presence of eph-
rin, indicating that phosphorylation of tyrosine 602 of EphA4 is
important for activating PLCy1. Altogether, these results suggest
that EphA4 uses juxtamembrane tyrosines to interact with the
C-terminal SH2 domain of PLCyl.

We also further tested the interaction between EphA4 and
PLCvy1 by coimmunoprecipitation experiments, in vitro kinase
assays, and double-label immunofluorescence in hippocampal
slices. We found that EphA4 coimmunoprecipitated with PLCy1
from lysates derived from COS7 cells (data not shown) and adult
mouse hippocampus (Fig. 3C). The EphA4 kinase domain was
also able to phosphorylate Y783 of PLCyl1 (Fig. 3D) in in vitro
kinase assays. Furthermore, we found that EphA4 and PLCy1
colocalized on at least a subset of spines (supplemental Fig. 2,
available at www.jneurosci.org as supplemental material). How-
ever, we could not rule out the possibility that we did not detect
the full extent of these proteins because immunofluorescence is
not a sensitive method to detect the subcellular location of pro-
teins in tissues. Thus, these proteins may be more prevalent than
what is observed in supplemental Figure 2 (available at www.
jneurosci.org as supplemental material). Synaptosome fraction-
ation, a more sensitive technique, was performed to further char-
acterize the postsynaptic localization of PLCyl.

PLC+y1 is localized in several compartments of brain
synaptosomes and cofractionates with postsynaptic density
proteins

Several reports have implicated PLCy1 in synaptic transmission
and plasticity (Reyes-Harde and Stanton, 1998; Micheva et al.,
2001; Gartner et al., 2006). It also has been shown that PLCvy1 is
detected in the adult brain and hippocampus (CA1-3 regions)
through in situ hybridization and immunohistochemistry (Ger-
fen et al., 1988; Ross et al., 1989). One report suggested that PLC
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isoforms function postsynaptically to
blocklong-term synaptic plasticity (Reyes-
Harde and Stanton, 1998). This was ob-
served after infusion of the PLC inhibitor
U73122 into CAl pyramidal cells, which
blocked the induction of hippocampal
long-term depression (LTD). However, it
remains unclear whether PLCvy1 is posi-
tioned to influence the postsynaptic termi-
nal, including dendritic spines. To pursue
this issue, we purified brain synaptosomes
and further separated them into presynap-
tic and postsynaptic elements (Phillips et
al., 2001). We found that PLCyI is found
in multiple synaptic compartments, show-
ing cofractionation with presynaptic ac-
tive zones and extrajunctional regions.
However, similar to PSD-95, PLCy1 was
readily apparent in postsynaptic density
fractions, including the Triton-insoluble
“core” PSD fraction (PSD III) (supple-
mental methods, available at www.
jneurosci.org as supplemental material)
(Fig. 4). These results indicate that PLCy1
is localized to various regions of the syn-
apse, including postsynaptic terminals,
and could play a role in regulating
postsynaptic properties including den-
dritic spine structure.

PLC signaling maintains dendritic

spine morphology

Because PLCvyl1 is found in postsynaptic
fractions of synaptosomes and is known to
be involved in synaptic function, we were
interested in testing whether PLCy1 activ-
ity may influence postsynaptic dendritic
spine morphology. To test this possibility,
we used Semliki Forest viruses to intro-
duce wild-type PLCvy1 or a lipase-inactive
mutant of PLCy1 (PLCy1 LIM) into CA1
pyramidal cells of organotypic hippocam-
pal slices (Fig. 5A). The latter of which has
been shown to function as a dominant-
negative protein (Huang et al., 1995;
Ronnstrand et al., 1999; Rong et al., 2003).
We analyzed the morphology of CAI py-
ramidal cell spines after 20 h of expression.
No apparent changes in overall dendrite
length or branching, or signs of dendritic
pathology were observed in any of the con-
ditions. Overexpression of wild-type
PLCyl did not significantly affect the
structural properties of dendritic spines
when compared with EGFPf controls. In-
terestingly, the PLCy1 LIM induced pro-
found changes in spine morphology. In

particular, spines showed a significant increase in length and area
whereas the number of spines per unit length was reduced (Fig.
5). In some cases, the spines showed an abnormal phenotype,
having multiple head portions with a very complex architecture.
However, most spines in this condition retained a bulbous ap-
pearance with an enlarged head portion attached to the dendritic
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PLCy1 and lysates from COS7 cells transfected with wild-type EphA4, Y596E EphA4 mutant, or Y602E EphA4 mutant and stimu-
lated with ephrin-A Fc. EphA4 strongly bound the C-terminal SH2 domain of PLCy1. We observed very weak binding of the
C-terminal SH2 domain to the Y596E mutant after long film exposures. Lysates to the right (representing only 0.4% of total input)
confirm the expression of the transfected receptors in each of the conditions used for the pull-down experiments. B, Stimulation
of transfected (trans) C0S7 cells expressing wild-type, Y596E, or Y602E mutants of EphA4 with ephrin-A Fc showed that both
Y596 and Y602E EphA4 mutants have compromised ability to activate PLCy1 after ephrin-A stimulation (Stim). PLCy1 was
immunoprecipitated after stimulation of cells with control Fc or ephrin-A Fc and probed for phosphorylation on tyrosine 783. The
membrane was subsequently stripped and reprobed for PLCy1. The Y596E mutant appeared to have higher basal ability to
activate PLCy1. The Y602E mutant showed only low levels of PLCy1 activation after ephrin-A stimulation. €, EphA4 coimmuno-
precipitated with PLCy1 from postnatal day 21 mouse hippocampus. PLCy1 or control IgG immunoprecipitates (IP) were blotted
for EphA4. D, PLCy1 immunoprecipitates were subjected to in vitro kinase assays with or without a recombinant EphA4 kinase
domain. The EphA4kinase domain phosphorylated PLCy1 on tyrosine 783. The blots were subsequently stripped and reprobed for
PLCy1 protein (*p << 0.05, t test). Error bars indicate SEM.
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PLC-y1 was found in nonsynaptic fractions (cytosolic and microsomal) and in synaptic membranes and vesicles in the adult mouse
brain as shown by immunoblotting with the anti-PLC-y1 polyclonal antisera. Antibodies against NR1 and synaptophysin were
used as synaptic membrane and synaptic vesicle markers, respectively. B, PLCy1 was present on both sides of the synapse. PLCy1
was detected in presynaptic active zones and extrajunctional membrane fractions and was readily apparent in the PSD fraction.
SNAP25 and PSD95 were used as presynaptic and postsynaptic density markers, respectively. ¢, PLCy1is strongly associated with
PSDs. PLCy1 was insoluble to 1% Triton X-100 (PSD 1 and I1) and 3% sarcosyl (PSD 1ll) and remained associated with the “core” PSD
(PSD 1) (supplemental methods, available at www.jneurosci.org as supplemental material).

shaft through a narrow neck region. This was further corrobo-
rated by classifying spines into mushroom, stubby, elongated, or
other-type morphologies. We found that expression of the
PLCvy1 LIM caused a significant loss of stubby spines. Although
expression of wild-type PLC+1 did slightly reduce the amount of
stubby spines, this effect was not significant when compared with
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could not detect significant changes in
overall spine morphology or classification
(data not shown). A potential explanation
for this may be that the RNAi experiments
were performed after 72 h of knockdown
in CA1 cells (vs 20 h for the PLCyl LIM
experiments). It is possible that spines
with perturbed morphology collapsed
during the 72 h period of PLCy1 knock-
down which, in turn, caused the reduction
in spine density.

We attempted to rescue the spine phe-
notype using a mutated form of PLCyl
(with the RNAI site mutated in four wob-
ble positions), but this was not successful

m Control OPLCy1 WT OPLCy1LIM
Spine Density Spine Area Spine Length Spine Width
_é‘ 15 *k . 1 *:* §2.5
@ 0 08 c 2
8 ! ﬁ 0.6 % 15
% 05 04 2 1
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2 (data not shown). However, many techni-
15 cal issues could have complicated the res-
1 cue. One reason may be the timing of ex-
pression of the PLCyl shRNA and the

0.5 . . .
rescue protein, which use different pro-

0 moters (H1 RNA pol III and cytomegalo-
virus, respectively) and different cellular
mechanisms for their production. Based
on our experiments with PLCyl RNAI in
NIH3TS3 cells (which found that 72 h was
needed for efficient PLCy1 knockdown),
we assessed spine morphology and density
in CAl neurons in hippocampal slices
after 72 h of expression. However, it was
unclear whether the lack of rescue was at-
tributable to insufficient levels of the
rescue protein present during PLCyl
knockdown.

H Control
O PLCy1 siRNA

PLC signaling is necessary for ephrin-

dritic spine morphology after expression of the PLCy1 LIM when compared with control CA1 cells expressing membrane-targeted
EGFPf. B, Quantification of spine parameters showed that spine density was significantly reduced after expression of the PLCy1
LIM when compared with control. Significant increases in area and length of spines were also found. Spine width, although on
average larger in the PLCy1 LIM condition, was not significantly different among groups. No prominent changes were observed
after overexpressing wild-type PLCy1 (*p << 0.05, **p << 0.01, ANOVA with Student—Newman—Keuls post hoc comparisons). C,
Expression of the PLCy1 LIM also induced a significant decrease in the number of stubby-type spines (*p << 0.05, **p << 0.01
ANOVA with Student—Newman—Keuls post hoc comparisons). D, RNAi in organotypic slices after biolistic delivery of a vector
expressing a PLCy1 shRNA showed that PLCy1is necessary for maintaining spine density (*p << 0.05, t test). Scale bars: 4,5 um;

induced spine shrinkage

We next wanted to determine whether
PLCy1 signaling was required for trans-
mitting signals downstream of EphA4 in
dendritic spines. Previously, we showed
that EphA4 is localized on dendritic spines
and 45 min of ephrin treatment of hip-

high-magnification images of individual spines, T m. Error bars indicate SEM.

the control. These results suggest that PLCyl signaling is re-
quired for spine stability and maintaining dendritic spine archi-
tecture, especially those with a stubby, retracted appearance.

In a separate set of experiments, we also tested the require-
ment of PLCy1 in maintaining dendritic spine morphology. To
investigate this, we performed RNA interference (RNAi) by bi-
olistically delivering a plasmid to CA1 pyramidal cells that simul-
taneously induces the expression of a short-hairpin RNA directed
against PLCyl (supplemental Fig. 1, available at www.
jneurosci.org as supplemental material) and drives the expres-
sion of EGFPf. The sequence used for RNAi has been character-
ized previously and shown to selectively knock down PLCy1 ex-
pression, although leaving the expression of the closely related
family member PLCy2 intact (Patterson et al., 2002). A plasmid
that drives the expression a scrambled sequence of the PLCyl
shRNA was used as a control. Consistent with the experiments
above using the PLCyl LIM, knockdown of PLCvyl1 expression
significantly reduced the density of dendritic spines. However, we

pocampal slices induced spine retraction
in a kinase-dependent manner (Murai et
al., 2003a). We further showed that EphA4
is the main EphA class receptor mediating these effects. Further-
more, stimulation of EphB receptors only induced small changes
in dendritic spines in area CA1l of the hippocampus. To address
whether PLC signaling was required for the acute effects of ephrin
treatment on dendritic spine morphology, we incubated hip-
pocampal slices with either ephrin-A or control Fc proteins in the
presence of either the PLC inhibitor U73122 (see Materials and
Methods) or control analog U73343 (Fig. 6). We found that in-
cubation of slices with control Fc proteins along with the PLC
inhibitor did not significantly affect the individual parameters of
dendritic spines. The PLC inhibitor, however, caused a signifi-
cant reduction in mushroom-type spines when compared with
the control condition (Fc with control analog) (Fig. 6 E), while
not affecting the percentage of stubby, elongated, or other-type
spines. This result differs from what we observed previously after
longer-term expression of the PLCy1 LIM and may reflect differ-
ential effects on spines under acute (PLC inhibitor) or prolonged
(PLCy1 LIM) blockade of PLC signaling. Similar to what was
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reported previously (Murai et al., 2003a),
acute ephrin-A treatment induced spine
retraction (Kolmogorov—Smirnoff two-
sample test, p < 0.05) and significantly
promoted the generation of stubby spines
(Fig. 6E). The generation of these spines
was likely at the expense of mushroom-
type spines because overall spine density
was not significantly perturbed in any of
the treatments. Remarkably, simultaneous
treatment of slices with U73122 along with
ephrin blocked the effects of ephrin on in-
ducing the stubby dendritic spine pheno-
type (Fig. 6 D,E). The percentage of both
mushroom and stubby type spines was
similar between conditions composed of
the U73122 with either Fc or ephrin-A.
These results suggest that PLC signaling is
necessary for the effects of ephrin-A-
induced generation of stubby and re-
tracted dendritic spines. It should be noted
that U73122, although specific for PLC en-
zymes, can inhibit multiple PLC isoforms
(Smith et al., 1990). However, the only
other PLC isoform that is known to signal
downstream of RTKs other than PLCy1 is
PLCy2, whose expression is restricted to
the anterior lobe of the pituitary and the
cerebellum (Tanaka and Kondo, 1994).
However, we cannot rule out the possibil-
ity that Eph receptors can signal through
other PLC proteins (i.e., PLC forms that
are not commonly associated with RTKs)
and that this signaling would be blocked
by U73122.

Fc + Control

PLC signaling regulates the localization
of the actin-depolymerizing and -
severing factor cofilin

Previous studies have proposed that 0
PLCvy1, by generating IP; and DAG second
messengers from cleavage of PIP,, plays an
important role in regulating cell mem-
brane levels of PIP,. PIP, itself can have
dramatic effects on cell behavior and
cytoskeletal-plasma membrane adhesion
(Raucher et al., 2000). PIP, may act as a
second messenger by binding and modify-
ing the activity state of various proteins in-
cluding ion channels and actin-binding
proteins such as cofilin, a protein previously implicated in the
structural plasticity of spines (Zhou et al., 2004). Cleavage of PIP,
by PLC+y1 may thus serve to modulate PIP,—protein interactions.
It has been shown that PIP, tethers gelsolin to the cell surface and
releases it after EGF stimulation and PLCy signaling (Chou et al.,
2002). We were interested in investigating the possibility that
EphA4 and PLCy1 signaling regulates cofilin association with the
cell membrane because cofilin is highly expressed in dendritic
spines, binds PIP,, and has been implicated in mediating the
effects of dendritic spine shrinkage after low-frequency, LTD-
inducing stimuli (Zhou et al., 2004; Racz and Weinberg, 2006).
To test this, we performed cellular fractionation experiments in
which we isolated membrane components of COS7 cells after

Figure 6.
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PLC activity is necessary for ephrin-A-induced dendritic spine retraction. A-D, Dil-labeled CA1 dendritic spines in
hippocampal slices stimulated with Fcand control analog (4), Fcand PLCinhibitor (B), ephrin Fcand control analog (), or ephrin
Fcand PLCinhibitor (D). Note the retracted appearance of dendritic spines in €. Classification of spines showed that application of
the PLCinhibitor blocked the ability of ephrin to induce a retracted, stubby spine phenotype. Treatment of slices with Fc or ephrin
Fc with the PLC inhibitor significantly decreased the percentage of mushroom-shaped spines, suggesting that blocking PLC
activity alone can destabilize mushroom-type spines (*p << 0.05, **p << 0.01 ANOVA with Student—Newman—Keuls post hoc
comparisons). Scale bar: 4, 5 m; high-magpnification, 0.5 m. Error bars indicate SEM.

U73122 or control analog treatment. We found that blocking
PLC activity with U73122 significantly enhanced the level of co-
filin that was associated with the cell membrane (Fig. 7A). This is
in contrast to the transferrin receptor, a nonraft localized recep-
tor associated with the cell membrane, whose membrane associ-
ation was not altered by U73122 treatment. These results are in
accordance with other reports that indicate that a portion of co-
filin is associated with the cell periphery (Suzuki et al., 1995;
Heyworth et al., 1997). Interestingly, we also found that transfec-
tion of EphA4 alone could reduce the levels of cofilin found in the
membrane fraction. We could also further decrease this amount
with ephrin-A stimulation (Fig. 7B). Similarly, ephrin stimula-
tion of hippocampal slices derived from postnatal day 10 mouse
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Figure 7.  PLCactivity and ephrin stimulation alter the membrane association of the actin-

depolymerizing/severing protein cofilin. 4, Application of the PLCinhibitor (3 h) increased the
levels of cofilin associated with the cell membrane of COS7 cells. The transferrin receptor (TfR)
was used to ensure equal loading among lanes. B, EphA4 expression in C0S7 cells reduces the
membrane-association of cofilin. This association was further reduced by ephrin stimulation
(*p < 0.05, ANOVA with Student—Newman—Keuls post hoc comparisons; **p << 0.01, t test or
ANOVA with Student—Newman—Keuls post hoc comparisons). €, Ephrin treatment of postnatal
day 10 hippocampal slices also reduced the level of cofilin associated with the cell membrane
(*p << 0.05, t test). Error bars indicate SEM.

brain also significantly caused a reduction in the level of cofilin
associated with the cell membrane (Fig. 7C). However, because
we are using hippocampal tissue, the effects that we observed may
be complicated by cofilin located in other cell types in addition to
neurons that are found in slices such as oligdendrocytes and
astrocytes.

These collective results suggest that EphA4 signaling and PLC
activation contribute to the release of a pool of cofilin associated
with the cell membrane. Removal of the membrane tethering of
cofilin may release it from inhibition and allow it to bind and
depolymerize actin filaments (DesMarais et al., 2005).

Discussion

The structural properties of dendritic spines are believed to be
closely linked to the physiology of excitatory synapses (Segal,
2005). Spine anatomy is also disrupted in several diseases affect-
ing the brain including Down, Fragile-X, and Williams syn-
dromes, suggesting altered synapse morphology is related to cog-
nitive impairments (Sawa and Snyder, 2002). Previous studies
have elucidated the molecular composition of spines and mech-
anisms that govern their morphology (Tada and Sheng, 2006).
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However, few reports have revealed the signaling cascades that
couple receptors to direct regulators of the actin-rich cytoskele-
ton in spines. Here, we report a novel signaling pathway down-
stream of the EphA4 receptor tyrosine kinase linking PLCy1 to
the actin- depolymerizing/severing protein cofilin. We found
that ephrin stimulation promotes the interaction between the
juxtamembrane tyrosines of EphA4 and the C-terminal SH2 do-
main of PLCyl. PLCvy1 signaling is critical for maintaining spine
morphology and PLC activity is required for ephrin-induced
spine retraction. Remarkably, the amount of cofilin associated
with the cell membrane is regulated by PLC and EphA4 activity.
This signaling may be important for the local remodeling of the
actin cytoskeleton in spines at sites of ephrin-A/EphA4 contact.

Spines rely on actin filaments for their dynamics and these
filaments are in a constant state of equilibrium, cycling between
filamentous actin (F-actin) and globular actin (G-actin) forms.
Time-lapse imaging has shown that actin is rapidly reorganized
in spines over minutes (Fischer et al., 1998). Long-term potenti-
ation (LTP)-inducing stimuli increases F-actin in spines that oc-
curs during spine enlargement (Okamoto et al., 2004). Low-
frequency stimulation, in contrast, increases G-actin levels and
causes spine shrinkage. Furthermore, pharmacological inhibi-
tion of actin polymerization blocks the induction and mainte-
nance of LTP in hippocampal slices (Kim and Lisman, 1999).
Thus, actin filament dynamics are related to bidirectional
changes in the structural and physiological plasticity of excitatory
synapses.

Previous studies indicate a critical role for Eph receptors in
spine morphogenesis and maintenance (Murai and Pasquale,
2004). EphB2 induces spine development in hippocampal neu-
rons by phosphorylating the proteoglycan syndecan-2 (Ethell et
al., 2001) and assembling a complex that elicits RhoA signaling
(Moeller et al., 2006). Other studies have shown that EphB2 ac-
tivates the exchange factors intersectin and kalirin to promote
spine development through Cdc42 and Rac, respectively (Irie and
Yamaguchi, 2002; Penzes et al., 2003). There is some redundancy
for EphB receptors because only neurons from double and triple
knock-outs of EphB1, EphB2, and EphB3 exhibit changes in
spine density and morphology (Henkemeyer et al, 2003;
Hoogenraad et al., 2005). Interestingly, F-actin is accumulated in
dendritic shafts rather than spines of EphB knock-out mice, sug-
gesting that EphB receptors influence the distribution of actin
filaments (Henkemeyer et al., 2003). To date, the only EphA re-
ceptor shown to modulate spine morphology is EphA4 (Murai et
al., 2003a). EphA4 is enriched in the developing and adult mouse
hippocampus and is localized on spines (Murai et al., 2003a,b).
Activation of EphA4 by ephrin-A results in spine retraction (Mu-
rai et al., 2003a). This could be mediated by EphA4 signaling
induced by contact with ephrins on neurons or glia. Interestingly,
during the review of this paper, a study showed that EphA4 me-
diates spine development through the Rho-family GTPase ex-
change factor, ephexin-1, and the serine/threonine kinase Cdk5
(Fu et al., 2007). In vivo, EphA4 knock-out mice have disorga-
nized and abnormally shaped spines (Murai et al., 2003a), and
decreases in early-phase LTP and in LTD (Grunwald et al., 2004).
However, mice with the cytoplasmic portion of EphA4 replaced
by GFP appear to have normal LTP and LTD under standard
induction paradigms. Thus, EphA4 may have kinase-dependent
and independent functions that control the structural and phys-
iological plasticity of excitatory synapses. These collective studies
demonstrate that Eph receptors are important determinants of
spine shape in vitro and in vivo.

Our findings suggest that EphA4 regulates spine morphology
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through a pathway different from what has been described pre-
viously for Eph receptors. Many of the events downstream of Eph
receptors require activation of small GTPases that remodel the
spine’s actin cytoskeleton. Eph receptors also interact with the
PDZ (PSD-95/Discs large/zona occludens-1)-domain proteins
GRIP (glutamate receptor-interacting protein) and AF6 (Hock et
al., 1998; Torres etal., 1998). These interactions, however, may be
more pertinent to receptor trafficking (Hoogenraad et al., 2005).
Our results suggest that EphA4 likely uses tyrosine 602 in the
juxtamembrane region to activate PLCvy1 through its C-terminal
SH2 domain. Coimmunoprecipitation experiments further indi-
cate that EphA4 and PLCyl1 can interact directly or within the
same molecular complex in the hippocampus. EphA4 is known
to recruit and bind several proteins including Src, Fyn, and Vav2
through SH2-domain interactions (Ellis et al., 1996; Zisch et al.,
1998; Cowan et al., 2005). The significance of these interactions at
synapses has not been reported. Interestingly, cortical neurons
derived from Fyn-null mice show reduced spine density (Kalo
and Pasquale, 1999; Morita et al., 2006). Thus, Fyn and PLCy1
may similarly bind to the juxtamembrane tyrosines of EphA4 to
modify synaptic structure. However, the delayed kinetics of
PLCy1 activation after ephrin treatment and the fact that EphA4
and PLCy1 only partially colocalize in a subset of spines leaves
open the possibility that an intermediary protein downstream of
EphA4 induces the activation of PLCyl. Additional experiments
are necessary to fully develop the direct or indirect nature of the
EphA4-PLCvI interaction.

After activation by RTKs, phosphorylated PLCyl plays di-
verse roles in cellular behavior (Rebecchi and Pentyala, 2000).
Previous data suggests that PLCyl controls the level of
membrane-bound PIP,, which by itself acts as a potent second
messenger that modifies actin—plasma membrane interactions
and cell adhesion (Raucher et al., 2000; DesMarais et al., 2005).
PIP, also modulates the function of many proteins including
potassium and TRP (transient receptor potential) channels
(Lopes et al., 2005; Rohacs et al., 2005) and actin-binding pro-
teins (Sechi and Wehland, 2000). Furthermore, PIP, actively
competes with actin for binding cofilin and inhibits its actin de-
polymerizing ability in vitro (Yonezawa et al., 1990, 1991b). Re-
ciprocally, cofilin binding to PIP, blocks PLCyl-mediated cleav-
age of PIP, (Yonezawa et al., 1991a). PLCy-PIP, interactions are
known to be important for the dynamic regulation of the actin
cytoskeleton and for cell motility after EGF stimulation (Chou et
al., 2002). Ephrin/EphA4 signaling may provide a trigger for
PLCyl1-dependent regulation of cofilin at the cell surface in dy-
namic compartments of neurons such as spines and growth
cones. At the same time, generation of the second messengers IP;
and DAG by PIP, hydrolysis may influence synaptic function
(Lynch et al., 1988; Nagase et al., 2003; Taufiq et al., 2005). Ad-
ditional experiments are needed to determine whether EphA4-
PLCvyl1 interactions modify spine morphology and synaptic func-
tion through these second messenger systems.

Cofilin may exist in different transient states that are impor-
tant for spine morphology. Reports have suggested that cofilin
association near the cell membrane is enhanced when it is in the
dephosphorylated, activated state (Mulholland et al., 1994; Su-
zuki et al., 1995; Nagaoka et al., 1996). Phosphorylation of cofi-
lin/ADF proteins on serine-3 also blocks their ability to bind actin
(Morgan et al., 1993; Moriyama et al., 1996). Thus, PIP, may
tether cofilin to the cell surface and maintain it in a “primed”
(dephosphorylated but inactive) state awaiting RTK autophos-
phorylation. After PLCy1 activation by EphA4, cofilin may be
released to depolymerize and sever actin filaments in the spine
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(Matus, 2000). Cofilin may need to be released from PIP, inhibi-
tion and from the outer membrane perimeter of the spine to play
a role in the “core” of the spine to alter its structure (Racz and
Weinberg, 2006).

After release, LIM and Tes kinases may decrease cofilin activ-
ity through phosphorylation on serine-3. Indeed, LIM kinase 1
(LK1) knock-out mice have reductions in cofilin phosphoryla-
tion and spine size (Meng et al., 2002). This is consistent with
cofilin promoting actin filament disassembly and spine shrinkage
(Zhou et al., 2004). Physiological recordings and behavioral anal-
ysis of LK1 knock-out mice have shown that basal synaptic trans-
mission is normal, however, the mice have elevated LTP and
impairments on memory tasks (Meng et al., 2002). Additionally,
a microRNA that reduces the translation of LK1 is modulated by
BDNF and blocks spine development (Schratt et al., 2006). Cofi-
lin is reactivated by Slingshot proteins through dephosphoryla-
tion of serine-3 (Niwa et al., 2002) and the mRNAs for these
proteins are found in the developing and adult mouse brain
(Ohta et al., 2003). The role of Slingshot proteins in regulating
spine morphology, however, remains unknown. Remarkably, a
previous study suggests that cofilin phosphorylation/dephos-
phorylation events are not necessarily required for cofilin activity
in dynamic leading edges of carcinoma cells in response to EGF
treatment (Song et al., 2006). In this context, translocation of
cofilin is likely critical for its function in cellular remodeling. This
supports the hypothesis that cofilin exists in different states and is
regulated at multiple levels to control its localization and activity.

In summary, our results provide new insight into how EphA
receptors control spine morphology. The combinatorial control
over multiple downstream targets of activated EphA and B recep-
tors, including signaling through PLCvy1, ephexin-1, Rho-family
GTPases, and cofilin, is likely required for proper spine develop-
ment and maintenance.

References

Arber S, Barbayannis FA, Hanser H, Schneider C, Stanyon CA, Bernard O,
CaroniP (1998) Regulation of actin dynamics through phosphorylation
of cofilin by LIM-kinase. Nature 393:805-809.

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

Chou J, Stolz DB, Burke NA, Watkins SC, Wells A (2002) Distribution of
gelsolin and phosphoinositol 4,5-bisphosphate in lamellipodia during
EGF-induced motility. Int ] Biochem Cell Biol 34:776—790.

Cote JF, Motoyama AB, Bush JA, Vuori K (2005) A novel and evolutionarily
conserved PtdIns(3,4,5)P3-binding domain is necessary for DOCK180
signalling. Nat Cell Biol 7:797-807.

Cowan CW, Shao YR, Sahin M, Shamah SM, Lin MZ, Greer PL, Gao S,
Griffith EC, Brugge JS, Greenberg ME (2005) Vav family GEFs link ac-
tivated Ephs to endocytosis and axon guidance. Neuron 46:205-217.

Dailey ME, Smith SJ (1996) The dynamics of dendritic structure in devel-
oping hippocampal slices. ] Neurosci 16:2983-2994.

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

Dunaevsky A, Tashiro A, Majewska A, Mason C, Yuste R (1999) Develop-
mental regulation of spine motility in the mammalian central nervous
system. Proc Natl Acad Sci USA 96:13438-13443.

Ehrengruber MU, Lundstrom K, Schweitzer C, Heuss C, Schlesinger S, Gah-
wiler BH (1999) Recombinant Semliki Forest virus and Sindbis virus
efficiently infect neurons in hippocampal slice cultures. Proc Natl Acad
Sci USA 96:7041-7046.

Ellis C, Kasmi F, Ganju P, Walls E, Panayotou G, Reith AD (1996) A jux-
tamembrane autophosphorylation site in the Eph family receptor ty-
rosine kinase, Sek, mediates high affinity interaction with p59fyn. Onco-
gene 12:1727-1736.

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

Ethell IM, Irie F, Kalo MS, Couchman JR, Pasquale EB, YamaguchiY (2001)



Zhou et al. » EphA4 Signaling and Dendritic Spine Morphology

EphB/syndecan-2 signaling in dendritic spine morphogenesis. Neuron
31:1001-1013.

Fischer M, Kaech S, Knutti D, Matus A (1998) Rapid actin-based plasticity
in dendritic spines. Neuron 20:847—854.

Fu WY, Chen Y, Sahin M, Zhao XS, Shi L, Bikoff JB, Lai KO, Yung WH, Fu
AKY, Greenberg ME, Ip NY (2007) Cdk5 regulates EphA4-mediated
dendritic spine retraction through an ephexinl-dependent mechanism.
Nat Neurosci 10:67-76.

Gartner A, Polnau DG, Staiger V, Sciarretta C, Minichiello L, Thoenen H,
Bonhoeffer T, Korte M (2006) Hippocampal long-term potentiation is
supported by presynaptic and postsynaptic tyrosine receptor kinase
B-mediated phospholipase Cy signaling. ] Neurosci 26:3496—3504.

Gerfen CR, Choi WC, Suh PG, Rhee SG (1988) Phospholipase C I and II
brain isozymes: immunohistochemical localization in neuronal systems
in rat brain. Proc Natl Acad Sci USA 85:3208-3212.

Grunwald IC, Korte M, Adelmann G, Plueck A, Kullander K, Adams RH,
Frotscher M, Bonhoeffer T, Klein R (2004) Hippocampal plasticity re-
quires postsynaptic ephrinBs. Nat Neurosci 7:33—40.

Haber M, Zhou L, Murai KK (2006) Cooperative astrocyte and dendritic
spine dynamics at hippocampal excitatory synapses. J Neurosci
26:8881-8891.

Henkemeyer M, Itkis OS, Ngo M, Hickmott PW, Ethell IM (2003) Multiple
EphB receptor tyrosine kinases shape dendritic spines in the hippocam-
pus. J Cell Biol 163:1313-1326.

Heyworth PG, Robinson JM, Ding J, Ellis BA, Badwey JA (1997) Cofilin
undergoes rapid dephosphorylation in stimulated neutrophils and trans-
locates to ruffled membranes enriched in products of the NADPH oxidase
complex. Evidence for a novel cycle of phosphorylation and dephosphor-
ylation. Histochem Cell Biol 108:221-233.

Hock B, Bohme B, Karn T, Yamamoto T, Kaibuchi K, Holtrich U, Holland S,
Pawson T, Rubsamen-Waigmann H, Strebhardt K (1998) PDZ-
domain-mediated interaction of the Eph-related receptor tyrosine kinase
EphB3 and the ras-binding protein AF6 depends on the kinase activity of
the receptor. Proc Natl Acad Sci USA 95:9779-9784.

Hoogenraad CC, Milstein AD, Ethell IM, Henkemeyer M, Sheng M (2005)
GRIP1 controls dendrite morphogenesis by regulating EphB receptor
trafficking. Nat Neurosci 8:906—915.

Huang PS, Davis L, Huber H, Goodhart PJ, Wegrzyn RE, Oliff A, Heimbrook
DC (1995) An SH3 domain is required for the mitogenic activity of
microinjected phospholipase C-gamma 1. FEBS Lett 358:287-292.

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

Irie F, Yamaguchi Y (2002) EphB receptors regulate dendritic spine devel-
opment via intersectin, Cdc42 and N-WASP. Nat Neurosci 5:1117-1118.

Kalo MS, Pasquale EB (1999) Signal transfer by Eph receptors. Cell Tissue
Res 298:1-9.

Kim CH, Lisman JE (1999) A role of actin filament in synaptic transmission
and long-term potentiation. ] Neurosci 19:4314—4324.

Kim E, ShengM (2004) PDZ domain proteins of synapses. Nature Rev Neu-
rosci 5:771-781.

Kim HK, Kim JW, Zilberstein A, Margolis B, Kim JG, Schlessinger J, Rhee SG
(1991) PDGEF stimulation of inositol phospholipid hydrolysis requires
PLC-gamma 1 phosphorylation on tyrosine residues 783 and 1254. Cell
65:435-441.

Kim JW, Sim SS, Kim UH, Nishibe S, Wahl M1, Carpenter G, Rhee SG (1990)
Tyrosine residues in bovine phospholipase C-gamma phosphorylated by
the epidermal growth factor receptor in wvitro. ] Biol Chem
265:3940-3943.

Kullander K, Klein R (2002) Mechanisms and functions of Eph and ephrin
signalling. Nat Rev Mol Cell Biol 3:475-486.

Lopes CM, Rohacs T, Czirjak G, Balla T, Enyedi P, Logothetis DE (2005)
PIP2 hydrolysis underlies agonist-induced inhibition and regulates volt-
age gating of two-pore domain K™ channels. J Physiol (Lond)
564:117-129.

Lundstrom K, Abenavoli A, Malgaroli A, Ehrengruber MU (2003) Novel
Semliki Forest virus vectors with reduced cytotoxicity and temperature
sensitivity for long-term enhancement of transgene expression. Mol Ther
7:202-2009.

Lynch MA, Clements MP, Errington ML, Bliss TVP (1988) Increased hy-
drolysis of phosphatidylinositol-4,5-bisphosphate in long-term potenti-
ation. Neurosci Lett 84:291-296.

J. Neurosci., May 9, 2007 - 27(19):5127-5138 = 5137

Matus A (2000) Actin-based plasticity in dendritic spines. Science
290:754-758.

Meng Y, Zhang Y, Tregoubov V, Janus C, Cruz L, Jackson M, Lu WY, Mac-
Donald JF, WangJY, Falls DL, JiaZ (2002) Abnormal spine morphology
and enhanced LTP in LIMK-1 knockout mice. Neuron 35:121-133.

Micheva KD, Holz RW, Smith SJ (2001) Regulation of presynaptic phos-
phatidylinositol 4,5-biphosphate by neuronal activity. J Cell Biol
154:355-368.

Moeller ML, Shi Y, Reichardt LF, Ethell IM (2006) EphB receptors regulate
dendritic spine morphogenesis through the recruitment/phosphoryla-
tion of focal adhesion kinase and RhoA activation. ] Biol Chem
281:1587-1598.

Morgan TE, Lockerbie RO, Minamide LS, Browning MD, Bamburg JR
(1993) Isolation and characterization of a regulated form of actin depo-
lymerizing factor. J Cell Biol 122:623—633.

Morita A, Yamashita N, Sasaki Y, Uchida Y, Nakajima O, Nakamura F, Yagi T,
Taniguchi M, Usui H, Katoh-Semba R, Takei K, GoshimaY (2006) Reg-
ulation of dendritic branching and spine maturation by semaphorin3A-
Fyn signaling. ] Neurosci 26:2971-2980.

Moriyama K, lida K, Yahara I (1996) Phosphorylation of Ser-3 of cofilin
regulates its essential function on actin. Genes Cells 1:73—86.

Mulholland J, Preuss D, Moon A, Wong A, Drubin D, Botstein D (1994)
Ultrastructure of the yeast actin cytoskeleton and its association with the
plasma membrane. J Cell Biol 125:381-391.

Murai KK, Pasquale EB (2004) Eph receptors, ephrins, and synaptic func-
tion. Neuroscientist 10:304-314.

Murai KK, Nguyen LN, Irie F, Yamaguchi Y, Pasquale EB (2003a) Control
of hippocampal dendritic spine morphology through ephrin-A3/EphA4
signaling. Nat Neurosci 6:153-160.

Murai KK, Nguyen LN, Koolpe M, McLennan R, Krull CE, Pasquale EB
(2003b) Targeting the EphA4 receptor in the nervous system with bio-
logically active peptides. Mol Cell Neurosci 24:1000-1011.

Nagaoka R, Kusano K, Abe H, Obinata T (1995) Effects of cofilin on actin
filamentous structures in cultured muscle cells. Intracellular regulation of
cofilin action. J Cell Sci 108:581-593.

Nagaoka R, Abe H, Obinata T (1996) Site-directed mutagenesis of the phos-
phorylation site of cofilin: its role in cofilin-actin interaction and cyto-
plasmic localization. Cell Motil Cytoskeleton 35:200—209.

Nagase T, Ito K-I, Kato K, Kaneko K, Kohda K, Matsumoto M, Hoshino A,
Inoue T, Fujii S, Kato H, Mikoshiba K (2003) Long-term potentiation
and long-term depression in hippocampal CA1 neurons of mice lacking
the IP3 type 1 receptor. Neuroscience 117:821-830.

Niwa R, Nagata-Ohashi K, Takeichi M, Mizuno K, Uemura T (2002) Con-
trol of actin reorganization by Slingshot, a family of phosphatases that
dephosphorylate ADF/cofilin. Cell 108:233-246.

Ohta Y, Kousaka K, Nagata-Ohashi K, Ohashi K, Muramoto A, Shima Y,
Niwa R, Uemura T, Mizuno K (2003) Differential activities, subcellular
distribution and tissue expression patterns of three members of Slingshot
family phosphatases that dephosphorylate cofilin. Genes Cells 8:811—824.

Okamoto K, Nagai T, Miyawaki A, Hayashi Y (2004) Rapid and persistent
modulation of actin dynamics regulates postsynaptic reorganization un-
derlying bidirectional plasticity. Nat Neurosci 7:1104—-1112.

Park DJ, Min HK, Rhee SG (1992) Inhibition of CD3-linked phospholipase
C by phorbol ester and by cAMP is associated with decreased phosphoty-
rosine and increased phosphoserine contents of PLC-gamma 1. J Biol
Chem 267:1496-1501.

Patterson RL, van Rossum DB, Ford DL, Hurt KJ, Bae SS, Suh PG, Kurosaki T,
Snyder SH, Gill DL (2002) Phospholipase C-gamma is required for
agonist-induced Ca*" entry. Cell 111:529-541.

Penzes P, Beeser A, Chernoff J, Schiller MR, Eipper BA, Mains RE, Huganir
RL (2003) Rapid induction of dendritic spine morphogenesis by trans-
synaptic ephrinB-EphB receptor activation of the Rho-GEF kalirin. Neu-
ron 37:263-274.

Phillips GR, Huang JK, Wang Y, Tanaka H, Shapiro L, Zhang W, Shan WS,
Arndt K, Frank M, Gordon RE, Gawinowicz MA, Zhao Y, Colman DR
(2001) The presynaptic particle web: ultrastructure, composition, disso-
lution, and reconstitution. Neuron 32:63-77.

Poulin B, Sekiya F, Rhee SG (2005) Intramolecular interaction between
phosphorylated tyrosine-783 and the C-terminal Src homology 2 domain
activates phospholipase C-gammal. Proc Natl Acad Sci USA
102:4276—-4281.



5138 - J. Neurosci., May 9, 2007 - 27(19):5127-5138

Racz B, Weinberg RJ (2006) Spatial organization of cofilin in dendritic
spines. Neuroscience 138:447—-456.

Raucher D, Stauffer T, Chen W, Shen K, Guo S, York JD, Sheetz MP, Meyer T
(2000) Phosphatidylinositol 4,5-bisphosphate functions as a second
messenger that regulates cytoskeleton-plasma membrane adhesion. Cell
100:221-228.

Rebecchi MJ, Pentyala SN (2000) Structure, function, and control of
phosphoinositide-specific phospholipase C. Physiol Rev 80:1291-1335.

Reyes-Harde M, Stanton PK (1998) Postsynaptic phospholipase C activity is
required for the induction of homosynaptic long-term depression in rat
hippocampus. Neurosci Lett 252:155-158.

Rohacs T, Lopes CM, Michailidis I, Logothetis DE (2005) PI(4,5)P2 regu-
lates the activation and desensitization of TRPM8 channels through the
TRP domain. Nat Neurosci 8:626—634.

Rong R, Ahn JY, Chen P, Suh PG, Ye K (2003) Phospholipase activity of
phospholipase C-gammal is required for nerve growth factor-regulated
MAP kinase signaling cascade in PCI12 cells. J Biol Chem
278:52497-52503.

Ronnstrand L, Siegbahn A, Rorsman C, Johnell M, Hansen K, Heldin CH
(1999) Overactivation of phospholipase C-gammal renders platelet-
derived growth factor beta-receptor-expressing cells independent of the
phosphatidylinositol 3-kinase pathway for chemotaxis. ] Biol Chem
274:22089-22094.

Ross CA, MacCumber MW, Glatt CE, Snyder SH (1989) Brain phospho-
lipase C isozymes: differential mRNA localizations by in situ hybridiza-
tion. Proc Natl Acad Sci USA 86:2923-2927.

Sawa A, Snyder SH (2002) Schizophrenia: diverse approaches to a complex
disease. Science 296:692—695.

Schratt GM, Tuebing F, Nigh EA, Kane CG, Sabatini ME, Kiebler M, Green-
berg ME (2006) A brain-specific microRNA regulates dendritic spine
development. Nature 439:283-289.

Sechi AS, Wehland J (2000) The actin cytoskeleton and plasma membrane
connection: PtdIns(4,5)P(2) influences cytoskeletal protein activity at the
plasma membrane. J Cell Sci 113:3685-3695.

Segal M (2005) Dendritic spines and long-term plasticity. Nat Rev Neurosci
6:277-284.

Smith R, Sam L, Justen J, Bundy G, Bala G, Bleasdale J (1990) Receptor-
coupled signal transduction in human polymorphonuclear neutrophils:
effects of a novel inhibitor of phospholipase C-dependent processes on
cell responsiveness. ] Pharmacol Exp Ther 253:688—697.

Soans C, Holash JA, Pasquale EB (1994) Characterization of the expression
of the Cek8 receptor-type tyrosine kinase during development and in
tumor cell lines. Oncogene 9:3353-3361.

Zhou et al. e EphA4 Signaling and Dendritic Spine Morphology

Song X, Chen X, Yamaguchi H, Mouneimne G, Condeelis JS, Eddy RJ (2006)
Initiation of cofilin activity in response to EGF is uncoupled from cofilin
phosphorylation and dephosphorylation in carcinoma cells. J Cell Sci
119:2871-2881.

Suzuki K, Yamaguchi T, Tanaka T, Kawanishi T, Nishimaki-Mogami T,
Yamamoto K, Tsuji T, Irimura T, Hayakawa T, Takahashi A (1995) Ac-
tivation induces dephosphorylation of cofilin and its translocation to
plasma membranes in neutrophil-like differentiated HL-60 cells. ] Biol
Chem 270:19551-19556.

Tada T, ShengM (2006) Molecular mechanisms of dendritic spine morpho-
genesis. Curr Opin Neurobiol 16:95-101.

Tanaka O, Kondo H (1994) Localization of mRNAs for three novel mem-
bers (83, B4 and +2) of phospholipase C family in mature rat brain.
Neurosci Lett 182:17-20.

Taufiq AM, Fujii S, Yamazaki Y, Sasaki H, Kaneko K, Li ], Kato H, Mikoshiba
K (2005) Involvement of IP3 receptors in LTP and LTD induction in
guinea pig hippocampal CA1 neurons. Learn Mem 12:594—600.

Torres R, Firestein BL, Dong H, Staudinger J, Olson EN, Huganir RL, Bredt
DS, Gale NW, Yancopoulos GD (1998) PDZ proteins bind, cluster, and
synaptically colocalize with Eph receptors and their ephrin ligands. Neu-
ron 21:1453-1463.

Yonezawa N, Nishida E, Tida K, Yahara I, Sakai H (1990) Inhibition of the
interactions of cofilin, destrin, and deoxyribonuclease I with actin by
phosphoinositides. ] Biol Chem 265:8382—8386.

Yonezawa N, Nishida E, Iida K, Kumagai H, Yahara I, Sakai H (1991a) In-
hibition of actin polymerization by a synthetic dodecapeptide patterned
on the sequence around the actin-binding site of cofilin. J Biol Chem
266:10485-10489.

Yonezawa N, Homma Y, Yahara I, Sakai H, Nishida E (1991b) A short se-
quence responsible for both phosphoinositide binding and actin binding
activities of cofilin. ] Biol Chem 266:17218—-17221.

Zhou Q, Homma KJ, Poo MM (2004) Shrinkage of dendritic spines associ-
ated with long-term depression of hippocampal synapses. Neuron
44:749-757.

Zisch AH, Kalo MS, Chong LD, Pasquale EB (1998) Complex formation
between EphB2 and Src requires phosphorylation of tyrosine 611 in the
EphB2 juxtamembrane region. Oncogene 16:2657-2670.

Zisch AH, Pazzagli C, Freeman AL, Schneller M, Hadman M, Smith JW,
Ruoslahti E, Pasquale EB (2000) Replacing two conserved tyrosines of
the EphB2 receptor with glutamic acid prevents binding of SH2 domains
without abrogating kinase activity and biological responses. Oncogene
19:177-187.



