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EphA Signaling Promotes Actin-based Dendritic Spine
Remodeling through Slingshot Phosphatase™
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Background: The actin cytoskeleton regulates the structure of synapses formed on dendritic spines in the brain.
Results: EphA receptors modify actin and spine architecture through cofilin and the phosphatases Slingshot 1 and

calcineurin/PP2B.

Conclusion: EphA receptors promote cofilin activation to induce actin remodeling in spines.
Significance: Complex signaling events involving EphA receptors control structural plasticity of brain connections.

Actin cytoskeletal remodeling plays a critical role in trans-
forming the morphology of subcellular structures across various
cell types. In the brain, restructuring of dendritic spines through
actin cytoskeleletal reorganization is implicated in the regula-
tion of synaptic efficacy and the storage of information in neural
circuits. However, the upstream pathways that provoke actin-
based spine changes remain only partly understood. Here we
show that EphA receptor signaling remodels spines by trigger-
ing a sequence of events involving actin filament rearrangement
and synapse/spine reorganization. Rapid EphA signaling over
minutes activates the actin filament depolymerizing/severing
factor cofilin, alters F-actin distribution in spines, and causes
transient spine elongation through the phosphatases slingshot 1
(SSH1) and calcineurin/protein phosphatase 2B (PP2B). This
early phase of spine extension is followed by synaptic reorgani-
zation events that take place over minutes to hours and involve
the relocation of pre/postsynaptic components and ultimately
spine retraction. Thus, EphA receptors utilize discrete cellular
and molecular pathways to promote actin-based structural plas-
ticity of excitatory synapses.

The refinement of neural circuits through synaptic remodel-
ing and turnover is believed to play a critical role in brain plas-
ticity (1, 2). Indeed, adjusting the balance of synapse assembly
and disassembly in the developing and adult brain is implicated
in learning and memory processes (3—7). Disruption of this bal-
ance occurs in degenerative diseases (8) and neuropsychiatric
disorders (9) and underscores the importance of identifying
mechanisms involved in coordinating synaptic changes.

The remodeling of dendritic spines, in particular, is believed
to underlie cognitive processes in the brain (1). Spines are the
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main site of excitatory synapses and vary in morphology and
size. They typically have an enlarged head that is connected to
the dendrite shaft by a constricted neck. This architecture helps
compartmentalize ion channels, scaffolding proteins, and other
signaling components at postsynaptic sites (10). Single spine
analysis has shown that they exhibit activity-dependent struc-
tural changes, which are believed to help establish and maintain
synaptic efficacy (11-13). Intriguingly, spine number and turn-
over can be regulated in vivo by behavioral training (5, 6, 14).
Thus, reconfiguring the properties of spines is an important
feature of neurons and likely required for the storage of infor-
mation at synapses.

A complex network of signaling pathways impinge upon the
actin cytoskeletal framework of spines to govern their struc-
tural dynamics and molecular composition (15, 16). Several
pools of actin are enriched in spines and in a constant state of
dynamic equilibrium between filamentous (F-actin) and glob-
ular (G-actin) forms (17, 18). This equilibrium is readjusted by
synaptic activity (11, 19) and the recruitment of molecules that
fine-tune the complexity of the actin network (16, 20). Interest-
ingly, increases and decreases in actin polymerization and spine
size occur with long term potentiation (LTP)* and long term
depression, respectively (11), two forms of synaptic plasticity
implicated in the storage of information in neural connections.
Stabilizing actin filaments or inhibiting actin polymerization
blocks spine dynamics and prevents the induction and mainte-
nance of LTP in hippocampal slices (19, 21). Thus, reorganiza-
tion of the actin cytoskeleton is important for spine remodeling
and associated changes in synaptic strength.

The actin cytoskeleton in neurons is organized through a
multitude of pathways including those downstream of Rho
GTPases, Arp2/3, and other molecules (16). Several proteins in
these signaling pathways have robust effects on the morpho-
genesis and maintenance of spines. Among these proteins, cofi-
lin/ADF (actin-depolymerization factor) family proteins bind,
depolymerize, and sever actin filaments (22) and play an impor-
tant role in spine remodeling (23-26). The activity of cofilin is

“The abbreviations used are: LTP, long term potentiation; SFV, Semliki Forest
virus; EGFP-f, farnesylated enhanced green fluorescent protein; DIV, days
in vitro; ANOVA, analysis of variance.
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directly regulated by phosphorylation/dephosphorylation
events. Phosphorylation of serine 3 of cofilin by Lim kinases
(LimKs) and Tes kinases inactivates cofilin, whereas dephos-
phorylation by Slingshot and chronophin reactivates it (27).
Cofilin phosphorylation by LimK1 has been implicated in
spine growth and LTP (28, 29), whereas dephosphorylation
is linked to spine shrinkage and long term depression (24).
Temporal regulation of cofilin phosphorylation also plays a
critical role in glutamate receptor trafficking during LTP
(30). Thus, cofilin is an integral component of cytoskeletal
remodeling in spines and synaptic regulation. However, the
upstream receptors and signaling proteins that recruit cofi-
lin and coordinate its ability to stabilize/destabilize F-actin
in spines remain poorly understood.

Eph receptors are one class of proteins that trigger changes in
spine morphology (31-33). Eph receptors comprise a family of
receptor tyrosine kinases that are activated by ligands known as
ephrins. In general, ephrin-As and ephrin-Bs bind and activate
EphAs and EphBs, respectively, with some exceptions (34).
Ephs activate factors that regulate actin cytoskeletal reorgani-
zation (20). For example, EphBs promote spine development
and increase spine stability following their maturation through
members of Rho family of small GTPases (25, 35-37), whereas
EphAs induce spine remodeling through several other path-
ways (38—41). However, the precise mechanisms that enable
EphAs to directly affect the actin cytoskeleton and facilitate
spine remodeling are not well understood.

Here we show that EphA signaling engages a series of events
that promote actin, spine, and synaptic reorganization. We
found that EphA signaling elicits rapid activation of the actin
filament depolymerizing/severing factor cofilin (22) through
the phosphatase slingshot 1 (SSH1) (42) and the upstream acti-
vator calcineurin/PP2B (43). Both SSH1 and calcineurin are
required for EphA-induced actin filament and spine remodel-
ing. Remarkably, EphA signaling causes an initial phase of spine
elongation that is followed by synapse reorganization and ulti-
mately spine retraction. This study uncovers a novel molecular
pathway utilized by EphAs to restructure excitatory synaptic
connections and reveals the time course for these reorganiza-
tion events.

EXPERIMENTAL PROCEDURES

Animals— Animal procedures were performed in accordance
with the guidelines of the Canadian Council for Animal Care
and the Montreal General Hospital Facility Animal Care
Committee.

DNA Constructs—Full-length V5-tagged, human Slingshot 1
(SSHwt) and a phosphatase-inactive mutant (C393S; now
referred to as SSH(CS)) were cloned into pcDNA3 (44). For
Semliki Forest virus (SFV) constructs, SSHwt or SSH(CS)
c¢DNAs were each subcloned 3’ to viral subgenomic promoters
in the vector pScaPD containing a viral subgenomic promotor
followed by farnesylated enhanced green fluorescent protein
(EGFP-f) (38, 45). Control viral plasmid contained EGFP-f only.

Antibodies, Recombinant Proteins, and Inhibitors—A custom
rabbit polyclonal antibody was raised against a synthesized
peptide containing a sequence of 16 amino acids of SSH1
(KSAPEHLKSPSRVNKS) that covers a partially conserved
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region in both human and mouse SSH1 but not retained in
SSH2 or SSH3. Antibodies for the following proteins were also
used: cofilin (Cell Signaling Technology, Beverly, MA), phos-
pho-cofilin (Cell Signaling Technology), GAPDH (Abcam,
Cambridge, MA), PSD-95 (BD Biosciences, Franklin Lakes, NJ),
synapsin I (Synaptic Systems, Goettingen, Germany), V5
(Sigma), and control mouse IgGs (Jackson Immunochemicals,
West Grove, PA). Actin filaments were detected using Alexa
568 phalloidin (Invitrogen). The following recombinant pro-
teins were used: human IgG Fc (Jackson Immunochemicals,
West Grove, PA) and ephrin-A3 Fc (R & D Systems, Minneap-
olis, MN). The calcineurin/PP2B inhibitor FK506 was obtained
from Sigma.

Dissociated Neuronal Cultures—Primary hippocampal neu-
rons were cultured from PO C57/B16 mice on coverslips above
an astrocyte feeder layer using a modified method previously
published (46 —48). Briefly, the hippocampal astrocyte feeder
layer was prepared by plating mouse astrocytes 5 days before
neuronal dissection in astrocyte medium (minimal essential
medium containing Earle’s salts and L-glutamine supplemented
with 10% horse serum, 0.6% glucose and 1% penicillin/strepto-
mycin) (Invitrogen). 24 h prior to dissection, the medium was
replaced with Neurobasal-A™ medium supplemented with 2%
B27, 1 mm GlutaMAX™, and 1% penicillin/streptomycin
(Invitrogen). Hippocampal neurons were dissociated by papain
treatment (0.1% papain, 0.02% BSA in Neurobasal-A™
medium) followed by trituration with a fire-polished glass
pipette in Neurobasal-A™ medium containing trypsin inhibi-
tor (1%) (Sigma) and BSA (1%). The neurons were then plated
on coverslips and transferred to dishes containing the astrocyte
feeder layers after 3 h.

Immunostaining and Analysis of Dissociated Neurons—To
visualize dendritic spines, F-actin, and synaptic punctae in pri-
mary hippocampal neurons, 13-day-old neurons were infected
with Semliki Forest virus expressing EGFP-f only or SSH(CS)
and EGFP-f. The next day, neurons were either pretreated with
FK506 for 10 min or directly treated with Fc or ephrin-A3 Fc for
the times indicated. The neurons were washed with ice-cold
PBS and fixed with 4% paraformaldehyde, 0.1 M phosphate
buffer, 4% sucrose for 10 min. The cells were permeabilized
following fixation in PBS containing 0.2% Triton X-100 and
immunolabeled with antibodies in 5% BSA/PBS against PSD-95
(1:100) and synapsin (1:300) as indicated. After three washes in
PBS, primary antibodies were revealed with a 1-h incubation
with Alexa Fluor secondary antibodies (1:300, 5% BSA/PBS)
and confocal microscopy. For visualization of F-actin, Alexa
568 phalloidin (1:50) was added to the secondary antibody incu-
bation step. All of the measurements described below were
obtained using Image] (National Institutes of Health). For
measurement of synaptic punctae, RGB overlays of red (synap-
sin) and green (PSD-95) images (channels were separately
thresholded to exclude background noise) were used. Colocal-
ization masks were generated using the “RG2B colocalization”
Image] plugin (using default parameters) and then overlaid
with EGFP-f images to visualize the dendrites and spines.
Image] was used to measure dendritic spine density, length,
synaptic punctae size, and distance from the dendritic shaft. For
measurements of F-actin cluster size, intensity, and circularity,
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the images were cropped and thresholded in Image]. “Analyze
particles” was used to obtain measurements of F-actin punctae
size, intensity, and circularity. For measuring fluorescence
intensity changes along a spine, a line was drawn across a spine,
and the fluorescence intensity of the signal in each channel was
measured in Image]. The spine head, neck, and dendritic shaft
regions were approximated using the EGFP-f label.

Hippocampal Slice Preparation—Organotypic hippocampal
slices were prepared as described (38, 49). Briefly, 300-um
slices from postnatal day 5 mouse pups were made using a
Mclllwain tissue chopper (Stoelting, Kiel, WI) and transferred
onto semi-porous tissue culture inserts (0.4-um pore size; Mil-
lipore, Billerica, MA) containing medium (50% minimum
essential medium, 25% horse serum, 25% Hanks’ balanced salt
solution, 6.5 mg/ml D-glucose, 0.5% penicillin/streptomycin,
pH ~7.2). The medium was replaced every 2 days, and slices
were cultured for 1 week prior to viral gene delivery. 16-20 h
post-infection, the slices were fixed and mounted for confocal
imaging or subjected to immunofluorescence using anti-V5
antibodies.

Semliki Forest Virus Plasmid Construction and Virus
Preparation—For expressing SSH1 constructs and fluorescent
proteins in hippocampal slices, SFV constructs were created
using established techniques (50, 51). Viral particles were cre-
ated by cotransfecting SFV vectors (see DNA constructs section
for plasmids used) with a viral packaging vector into baby ham-
ster kidney cells (52). 72 h following transfection, the cell
medium was removed and purified on a sucrose gradient (20%,
55% w/v) by ultracentrifugation. Viral particles were collected
and diluted with PBS and concentrated using a filter column
(Millipore) and low speed centrifugation. Viral particles were
reconstituted in ice-cold PBS, activated with chymotrypsin (10
mg/ml), and treated with aprotinin (10 mg/ml). SFV particles
were injected into hippocampal slices with a Picospritzer
(Parker Hannifin, Cleveland, OH) or directly apply to culture
medium (for dissociated hippocampal neuronal cultures).

Confocal Imaging and Spine Analysis—Confocal imaging of
spine morphology in dissociated hippocampal neurons and
slices was performed as previously described using a Nikon
Eclipse TE-2000 microscope with either a Plan Fluor 20X (0.45
N.A.) or Plan Fluor 60X (1.25 N.A.) objective connected to a
Ultraview Spinning Disc confocal system (38, 47). For imaging
in organotypic slices, images of dendrites were taken for each
condition (control, SSHwt, or SSH(CS)) from at least three
independent experiments. Each image contained a Z-stack
maximum projection of a primary apical dendrite from a CA1
pyramidal cell taken ~100 wm from the cell body. All of the
images were normalized for EGFP-f signal intensity using
Adobe Photoshop. Geometric measurements of spine parame-
ters (total length, head length, head width, neck length, neck
width, spine area, spine density) were acquired using the
Reconstruct computer program. All spine analysis was per-
formed by an investigator blind to the experimental conditions.

RNAi—The siRNA duplexes composed of 21-bp sense and
antisense oligonucleotides were purchased from Qiagen along
with Allstars negative control siRNAs. The sequences of sSiRNA
for mouse SSH1 used were GGC UUG UUU GCG UAC CAU
ATT and CGU UUA GAU CAC ACC AGU ATT. HT22 cells
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were transfected with 30 pm SSH1 siRNAs or control siRNAs
using HiPerFect (Qiagen), and protein knockdown was deter-
mined after 72 h.

Western Blot Analysis—For HT22 cell experiments, the cells
(~80% confluency) were serum-starved for 1 h before being
stimulated with control Fc or ephrin-A3 Fc (10 wg/ml) for 5
min. The cells were then lysed in radioimmune precipitation
assay buffer (1% Triton X-100, 1% sodium deoxycholate, 0.1%
SDS, 20 mm Tris, 150 mm NaCl, 1 mm EDTA) containing pro-
tease inhibitors and orthovanadate. The lysates were then sub-
jected to Western blot. The degree of cofilin phosphorylation
was determined using antibodies against phospho-cofilin. The
membranes were then stripped and reprobed for total cofilin
levels. For densitometry, the amount of phosphorylation was
quantified using Image] and was normalized against the total
cofilin levels. The data were collected over at least three inde-
pendent experiments.

For biochemistry experiments involving hippocampal neu-
rons, 14 days in vitro (DIV) dissociated hippocampal neurons
were treated with control Fc or ephrin-A3 Fc (10 pg/ml) for 5
min and then subjected to Western blot analysis as described
above.

Cell Rounding Assays—For cell rounding assays, HT22 cells
were transfected in 60-mm dishes as described in the figure
legends. For rescue experiments, siRNA transfection occurred
24 h prior to DNA transfection, and DNA transfection was for
48 h in total. The cells were seeded onto chambered slides
(Nunc, Rochester, NY) at 24 h post-transfection at a density of
25,000 cells/ml. The following day, the cells were stimulated
and 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). The cells
were then incubated with Alexa 568 phalloidin (Invitrogen) in
blocking solution for 1 h followed by brief washes with TBS,
0.1% Triton X-100 and then mounted for confocal microscopy.
Ten images were taken from randomly chosen areas for each
condition over three independent experiments. Cell counts
(>100/condition) were performed by an investigator blind to
the experimental conditions.

SSH1 Localization Analysis—For the analysis of SSH1 local-
ization in neurons, V5-tagged SSHwt was introduced into hip-
pocampal neurons along with EGFP-f for 16 h. The cells were
then subjected to immunostaining for the V5 epitope, PSD-95,
and/or phalloidin labeling to visualize F-actin as described
above.

RESULTS

EphA Signaling Promotes Time-dependent Reorganization of
Synapses and Spines—EphA receptors are known to induce
dendritic spine retraction in organotypic hippocampal slices
and dissociated hippocampal neurons (38, 39, 41, 53). Retrac-
tion events have been observed after prolonged (45 min to 4 h)
stimulation of EphA receptors with ephrin-A protein but not
EphB receptors with ephrin-B protein (53). We were interested
in characterizing the temporal dynamics of EphA-mediated
spine changes and determining the impact of EphA signaling on
reorganization of pre- and postsynaptic components of spines.
To investigate this, we activated EphA receptors on hippocam-
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FIGURE 1. Time-dependent effects on spine morphology and synapses by EphA activation. A-L, hippocampal neurons cultured for 14 DIV and expressing
EGFP-f were stimulated with Fc control or ephrin-Afor 10 min (A, D, G,and J), 45 min (B, E, H,and K),and 4 h (C, F, |, and L) prior to fixation and staining for synapsin
and PSD-95. Shown is EGFP-f to delineate the cell membrane and colabeled punctae of synapsin/PSD-95 to demarcate synapses. D-/, cumulative distribution
plots and graphs displaying average values of various spine parameters for each stimulus condition and time period. D, ¥, p = 0.004, Mann Whitney Utest.E,p =
0.456, two-tailed t test. F, *, p = 0.037, two-tailed t test. G, *, p = 0.003, two-tailed t test. H, *, p = 0.00015, two-tailed t test. /, *, p = 0.0005, Mann Whitney U test.
J-L, the effect of ephrin stimulation on the distance of synapses to dendritic shafts following 10 min (J), 45 min (K), and 4 h (L) of EphA stimulation. J, p = 0.687
Mann Whitney U test. K, *, p = 0.002, Mann Whitney U test. L, p = 0.113, Mann Whitney U test. For the 10-min time point, n = 19 for Fc control and n = 23 for
ephrin-A Fc; for the 45 time point, n = 18 for Fc control and n = 21 for ephrin-A Fc; and for the 4-h time point, n = 17 for Fc control and n = 21 for ephrin-A Fc.
The data were collected from three independent experiments. M, schematic showing the time-dependent changes in spines and synapses following EphA
activation. Scale bar, 5 um. The error bars indicate S.E.

pal neurons grown for 14 DIV and expressing membrane-tar- synapses on the neurons are mature, and spines are easily

geted EGFP-f with ephrin-A Fc or control Fc proteins for 10  observed. Following these treatments, neurons were fixed and
min, 45 min, and 4 h. At this stage of culture, many of the labeled for synapsin I, a presynaptic terminal marker, and PSD-
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95/SAP90, a marker of the postsynaptic density and whose
presence correlates with spine stabilization (54, 55). Surpris-
ingly, we found that after 10 min of ephrin-A treatment, spines
showed a significant increase in length (Fig. 1, A and D). This
early spine extension occurred simultaneously with a loss of
synapsin I/PSD-95 punctae from the head of spines (Fig. 1G).
By 45 min, however, the spines had retracted and were similar
in average length to those in the Fc treatment condition (Fig. 1,
B and E). Despite this, a large proportion of spine heads lacked
synapsin I/PSD-95 punctae (Fig. 1H). Furthermore, synaptic
punctae were on average closer to the shaft (Fig. 1K). By 4 h,
spine length became significantly reduced (Fig. 1, C and F), the
percentage of spine heads without synapses remained increased
(Fig. 11), synaptic punctae were displaced closer to the dendritic
shaft (Fig. 1L), and synapse density was significantly reduced
(data not shown). Remarkably, EphA activation increased the
percentage of synapses formed on dendritic shafts at 45 min
and 4 h, without changing the overall density of spines (supple-
mental Fig. S1). These results indicate that EphA activation
results in a series of time-dependent events that modify spines
and the location of synaptic components. An early transient
phase of spine growth occurs within 10 min of EphA activation
and is followed by relocation of synaptic punctae and dendritic
spine retraction (depicted in Fig. 1M).

EphA Signaling Promotes Rapid Dephosphorylation of Cofilin—
Spine retraction through EphAs requires several signaling
pathways including those downstream of Cdk5, phospholipase
Cy1, and Bl-integrin (38 —41). However, the molecular events
that underlie the early destabilization of spine morphology after
10 min of EphA activation remain unknown. We previously
showed that EphA signaling alters the association of the actin-
binding protein cofilin with the cell membrane (38). However,
an important question that remained was whether EphA signal-
ing resulted in the activation of cofilin, a potent regulator of
actin filament turnover in cells (23, 27, 56). Cofilin activity is
tightly regulated by phosphorylation on serine 3 at the N termi-
nus of the protein (27), and cofilin function is required for spine
maintenance (25, 26, 57). The degree of serine 3 phosphoryla-
tion of cofilin can be probed using antibodies raised against the
phosphorylated serine 3 residue. We followed up on the possi-
bility that activation of EphAs with ephrin-A ligands regulates
the phosphorylation state of cofilin. We found that stimulation
of HT22 cells, an immortalized mouse hippocampal cell line
(58), with ephrin-A caused a significant reduction in cofilin
phosphorylation after 45 min when compared with control Fc
(Fig. 24). We next examined the time course of the dephosphor-
ylation event. Cofilin was dephosphorylated over the course of
minutes (2 and 5 min shown; Fig. 2B), suggesting rapid dephos-
phorylation and activation of cofilin in response to EphA acti-
vation. To determine whether this signaling event occurred in
neurons, we stimulated hippocampal neurons grown for 14
DIV. Similar to the results with HT22 cells, stimulation of neu-
rons with ephrin-A led to a rapid decrease in cofilin phosphor-
ylation (5 min of stimulation; Fig. 2C). These results show that
stimulation of EphA receptors with ephrin-A causes a rapid
decrease in cofilin phosphorylation in both heterologous cells
and neurons in culture.
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FIGURE 2. EphA stimulation leads to cofilin dephosphorylation and acti-
vation in HT22 cells and hippocampal neurons. A, stimulation of HT22 cells
with ephrin-A for 45 min decreased the level of phosphorylated cofilin com-
pared with cells treated with control Fc (*, p < 0.01, t test, n = 3). B, cofilin
dephosphorylation was observed 2 and 5 min after initiating ephrin-A3-Fc
stimulation of HT22 cells (¥, p < 0.05, one-way ANOVA with Bonferroni test,
n = 3).C, ephrin-Atreatment of neurons (14 DIV) for 5 min caused a significant
reduction in the level of phospho-cofilin as compared with neurons treated
with control Fc (¥, p < 0.05, unpaired ttest, n = 5). Phospho-cofilin levels were
corrected according to total cofilin levels in all graphs. The error bars indicate
S.E. Cof, cofilin; P-Cof, phospho-cofilin.

The Cofilin Phosphatase Slingshot 1 (SSHI1) Is Required for
EphA-mediated Cofilin Dephosphorylation and Cell Morphol-
ogy Changes—To date, only members of the slingshot and chro-
nophin family of phosphatases have been found to dephosphor-
ylate cofilin on serine 3 and contribute to its direct activation
(42,59 -61). Previously it was shown that SSH family members
(SSH1, SSH2, and SSH3) are expressed in the adult CNS includ-
ing the hippocampus (62). Thus, we were interested in investi-
gating whether SSH phosphatases may contribute to cofilin
dephosphorylation in response to ephrin-A. To test the
requirement of SSH proteins on EphA-mediated cofilin
dephosphorylation, we utilized a phosphatase inactive form of
SSH1 (SSH(CS)) that harbors a mutation (cysteine 393 replaced
by serine in the phosphatase domain) (42). This phosphatase-
inactive mutant has been used to interfere with SSH1 activity in
cells in several cellular contexts (42, 44, 61). Consistent with
other reports, transfection of the SSH(CS) into heterologous
cells increased cofilin phosphorylation (supplemental Fig.
S2A). We next tested the importance of SSH1 function in
EphA-mediated cofilin dephosphorylation by treating SSH(CS)-
transfected HT22 cells with control Fc or ephrin-A. Expression
of SSH(CS) effectively blocked the ability of ephrin-A to cause
cofilin dephosphorylation (Fig. 3A4). Similarly, dissociated neu-

VOLUME 287 +NUMBER 12+MARCH 16, 2012


http://www.jbc.org/cgi/content/full/M111.302802/DC1
http://www.jbc.org/cgi/content/full/M111.302802/DC1
http://www.jbc.org/cgi/content/full/M111.302802/DC1
http://www.jbc.org/cgi/content/full/M111.302802/DC1

EphA and Slingshot Promote Dendritic Spine Plasticity

A HT22 Neurons
n.s.
SSH(CS) I SSH(CS) e
Fc ephrin-A =2 Fc ephrin-A =
3£ 100 S 100
e e (p-Cof 3& . s | p-Cof 3 &
35 o5
- ‘6 =0
w— s | Cof &u = o | - | Cof & = o .
) O
< &\Q’v & (\,Y“
QQ ?JQ
SSH(CS) SSH(CS)
B
Control siRNA SSH siRNA 200
Fc ephrin-A Fc ephrin-A £g o) I_I
D e a» @ | o-Cof §S —
25 100+
59
v - — £8 o
Cof Se
0.
'&‘ 6"
e;éo eQ

Control siRNA SSH siRNA

= 100  —
2
< 80
22
o< 60
Control SiRNA  SSH siRNA &2
. . 8 8 40
@
8 20
[T
o 0 -
ephrin-A
VP o
O
ooo\‘ e
=
[
2
&
gy
s
g2
@
g o
[
P
[
o

Control siRNA SSH siRNA

MARCH 16, 2012+VOLUME 287 +NUMBER 12 A§,B®‘B JOURNAL OF BIOLOGICAL CHEMISTRY 9351



EphA and Slingshot Promote Dendritic Spine Plasticity

rons expressing SSH(CS) were unable to reduce cofilin phos-
phorylation levels upon ephrin-A stimulation (Fig. 3A4). To test
whether SSH(CS) caused an effect similar to that of a direct loss
of SSH protein, we reduced endogenous SSH1 in HT22 cells
using siRNAs specific for mouse SSH1. Control or SSH1
siRNAs were transfected into HT22 cells, and loss of SSH1 pro-
tein was observed 72 h later by Western blot (supplemental Fig.
S2, Band C). Consistent with the effect of the SSH(CS) protein,
SSH siRNAs interfered with the ability of ephrin-A stimulation
to reduce cofilin phosphorylation levels (Fig. 3B). These results
show that SSH1 is necessary for the dephosphorylation of cofi-
lin upon EphA activation.

Eph signaling is known to induce rapid actin remodeling and
cell rounding in heterologous cells (63—65). HT22 cells also
displayed robust actin reorganization and cell rounding upon
treatment with ephrin-A. Ephrin-A increased the percentage of
cells showing a rounded/shrunken morphology from 22.8%
(control levels) to 80.4% following treatment (Fig. 3C). We were
next interested in determining whether the loss of SSH1 would
prevent ephrin-A-induced actin reorganization and cell round-
ing. To do this, the cells were transfected with either control or
SSH1 siRNAs and then stimulated with ephrin-A. We found
that ephrin-A treatment caused 81.3% cell rounding in control
siRNA-transfected cells. However, this effect was reduced to
33.1% following transfection with SSH1 siRNA (Fig. 3C). We
verified that the effect of SSH1 siRNA was specific to knock-
down of SSH1 by performing rescue experiments using a
siRNA-resistant human SSH1. Expression of human SSH was
able to restore cell rounding induced by ephrin-A in SSH1
siRNA-transfected cells (Fig. 3D). These results, along with
those presented earlier, indicate that SSH1 is required for
EphA-induced cofilin dephosphorylation, actin remodeling,
and cell morphology changes.

SSH1 Is Expressed in Developing and Adult Hippocampus
and Is Necessary for Maintaining Dendritic Spine Morphology—
Because little is known about the temporal or spatial properties
of SSH1 in the hippocampus, we performed a detailed analysis
of its expression in neurons to increase our understanding of its
role in EphA signaling. We first investigated the temporal
expression of SSH1 in the early postnatal and adult hippocam-
pus. Western blot analysis showed that SSH1 protein is detect-
able at early postnatal time points (P1-P5), prior to being found
at a reduced level by P12 and in the adult (Fig. 44). To resolve
the subcellular localization of the protein, we turned to disso-
ciated hippocampal cultures where individual neurites and syn-
apses can be resolved more easily. Inmunostaining of neurons
at 14 DIV for SSH1 showed that the protein was distributed as
punctae along the neurites. SSH1 was found in the shafts of
dendrites and in spines and showed partial colocalization with
PSD-95 (Fig. 4B).

To further examine whether SSH1 is enriched at specific sub-
cellular dendritic compartments on hippocampal neurons, we
expressed V5-tagged SSH1wt in dissociated hippocampal neu-
rons. The SSH1wt protein was expressed simultaneously with
EGEFP-f to delineate the dendrites and their spines. Similar to
endogenous SSH1 expression, we found that SSH1wt was
expressed in dendrites and was enriched in the head of den-
dritic spines, as shown by colocalization with PSD-95 and F-ac-
tin (Fig. 4C). Together these findings indicate that SSH1 is
found in the dendrites of hippocampal neurons and can be
localized in dendritic spines.

Because SSH1 was detected during early postnatal devel-
opment of the hippocampus, a time when spines are devel-
oping, we tested whether SSH1 influences spine morphol-
ogy. SSHwt or SSH(CS) along with EGFP-f were introduced
for 16 -20 hours into CA1 pyramidal cells of organotypic
hippocampal slices grown for 1 week. Overexpression of
SSHwt did not significantly affect the structural properties
of spines as compared with control neurons only expressing
EGFP-f (Fig. 5). In contrast, the SSH(CS) protein caused a
significant distortion of spine morphology, including an
increase in spine head length and a reduction in spine head
width (Fig. 5, F and G), without affecting spine density or
spine head area. Taking several parameters of the spines in
the various conditions into account (including spine length,
width, and ratios of these parameters), expression of the
SSH(CS) protein in CA1 cells significantly altered the nor-
mal morphological distribution of spines. Loss of SSH1 func-
tion reduced the percentage of mushroom-shaped spines and
increased the percentage of irregular-looking spines with an elon-
gated morphology (Fig. 5). These results demonstrate that SSH1
functions to preserve spine structure.

Calcineurin Is Required for Ephrin-A-induced Cofilin
Dephosphorylation and Changes in Cell Morphology—W'e next
sought to delineate further the pathway linking EphA signaling
to SSH1 and cofilin. Previous studies have shown that the phos-
phatase calcineurin/PP2B dephosphorylates SSH1 (66) and is
responsible for activating SSH1 in developing and mature neu-
rons (66— 68). This is important for actin remodeling in non-
neuronal cells (66), guiding growth cones of developing axons
(67) and AMPA receptor trafficking at synapses (69). We were
interested in determining whether calcineurin was required
for EphA-dependent cofilin dephosphorylation and actin
reorganization. To test this, we treated HT22 cells and dis-
sociated neurons with the calcineurin inhibitor FK506 for 10
min prior to control Fc or ephrin-A3 Fc application. We
found that FK506 blocked ephrin-induced cofilin dephos-
phorylation in HT22 cells and neurons (Fig. 64). To deter-
mine whether calcineurin was required for EphA-mediated
cell rounding, we treated HT22 with FK506 prior to eph-

FIGURE 3.SSH is required for EphA-mediated cofilin dephosphorylation and actin remodeling. A, expression of SSH(CS) blocked ephrin-A-induced cofilin
dephosphorylation in HT22 cells and hippocampal neurons (14 DIV; 5 min stimulation, n = 3). B, knockdown of SSH1 expression with SSH1 siRNAs blocked the
ability of ephrin-A to reduce phospho-cofilin levels in HT22 cells (¥, p < 0.05, one-way ANOVA with Kruskal-Wallis test, n = 3). C, HT22 cells were treated with
Fcorephrin-A and cell morphology, and F-actin structures were visualized with Alexa 568-conjugated phalloidin. Ephrin-A treatment caused an increase in the
number of shrunken cells when compared with Fc treatment (***, p < 0.001, t test). SSH1 siRNAs reduced the percentage of shrunk cells upon ephrin-A
treatment (***, p < 0.001, t test). n = 3 independent experiments (10 images from randomly chosen areas for each condition for each experiment). Arrowheads
indicate shrunken cells. D, expression of a siRNA-resistant form of SSH1 (human SSH1) was able to restore ephrin-A-induced cell rounding. **, p < 0.05, ANOVA
with post hoc Holm-Sidak test, versus all other conditions. Scale bars, 10 um. The error bars indicate S.E. Cof, cofilin; P-Cof, phospho-cofilin; n.s., not significant.
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FIGURE 4.SSH1 is expressed in the developing and adult mouse hippocampus and is localized at dendritic spines. A, Western blot analysis showing that
SSH1 protein levels peak during the first postnatal week and decline toward adulthood in mouse hippocampus. B, immunostaining of neurons (14 DIV) reveal
SSH1 punctae (green) localized in neuronal processes, including dendrites and spine heads (arrows). Panels Ta-3c, SSH1 (green) showed partial colocalization
with PSD-95 (red). C, expression of V5-tagged wild type SSH1 (SSHwt) in dissociated hippocampal neurons. SSH1 was concentrated in the head region of the
dendritic spines, and immunostaining revealed colocalization with PSD-95 and F-actin (using phalloidin staining). Scale bars, 5 umin Band Cand 1 um in panels

1a-3c. The error bars indicate S.E.

rin-A3 Fc treatment and labeled F-actin using Alexa 568 of FK506 (Fig. 6B). These results suggest that calcineurin is
phalloidin. We found that ephrin-induced actin remodeling required for both EphA-triggered cofilin dephosphorylation
and cell rounding were significantly blocked by application and cell rounding.
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spine morphology after expression of SSH(CS) when compared with control and SSHwt-expressing CA1 cells. Membrane-targeted EGFP-f was expressed alone
(control) or coexpressed with SSHwt or SSH(CS). D-G, quantification of spine parameters shows that spine properties were not affected with SSHwt expression.
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spines total, control), n = 24 (419 spines total, SSHwt), and n = 24 (410 spines, SSH(CS)) from three independent experiments. Scale bars, 5 um in A-C (1 umin

the insets). The error bars indicate S.E.

SSH1 and Calcineurin Are Required for Early EphA-medi-
ated Spine Extension—W e next determined whether SSH1 and
calcineurin were required for the rapid changes in spine length
caused by EphA signaling. At 13 DIV, neurons were infected
with Semliki Forest viruses to drive expression of EGFP-f to
reveal spines. The next day, neurons were treated with either
control Fc or ephrin-A for 10 min prior to fixation and imaging.
Spine density and morphology were compared in each of the
conditions. Within 10 min of treating neurons with ephrin-A,
the spines showed increased length and decreased head width
with no change in density (Fig. 7). Importantly, these modifica-
tions to spine morphology were significantly blocked by the
presence of the calcineurin inhibitor FK506 or expression of
SSH(CS) (Fig. 7). Thus, EphA activation results in a rapid elon-
gation of spines that relies on both calcineurin and SSH
function.

EphA Signaling Causes F-actin Reorganization in Spines—To
study how early EphA-induced spine remodeling is related to

9354  JOURNAL OF BIOLOGICAL CHEMISTRY

the reorganization of the F-actin network and postsynaptic
structure in spines, we investigated the distribution of F-actin
in dissociated neurons following ephrin-A treatment and
manipulations that block SSH1 and calcineurin function. As
shown in Fig. 84, 10 min of ephrin-A application caused spines
to elongate, leading to the loss of a well defined head region on
spines. Staining for F-actin with Alexa 568 phalloidin revealed
that F-actin was redistributed within spines upon ephrin-A
treatment from the head region toward the spine neck and den-
dritic shaft (Fig. 8, B and C). Furthermore, the ephrin-induced
changes in F-actin organization required calcineurin and SSH1
because the redistribution was blocked by application of FK506
or expression of SSH(CS), respectively (Fig. 8, E and G). To
further describe the changes observed in the arrangement of
F-actin, we measured several parameters of the F-actin signal in
spines. Although overall changes in F-actin cluster size or
intensity were not found (Fig. 8, H and I), the shape of the
F-actin clusters in spines was significantly distorted following
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EphA activation. This was determined by calculating the degree
of circularity of F-actin clusters. Normally, F-actin labeling is
detected as round/circular structures enriched in the spine
head (70). However, ephrin-A treatment caused a significant
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FIGURE 6. Calcineurin is required for EphA-mediated cofilin dephosphor-
ylation and actin remodeling. A, HT22 cells or neurons were pretreated with
the calcineurin inhibitor FK506 (10 mm) for 10 min and then treated with Fc or
ephrin-A for 5 min. FK506 blocked the ability of ephrin-A to reduce cofilin
phosphorylation (p > 0.05, t test, n = 3). B, FK506 significantly reduced the
percentage of shrunk cells upon ephrin-A treatment (¥, p < 0.05; ***,p < 0.01;
one-way ANOVA with Bonferroni test). n = 3 independent experiments (10
images from randomly chosen areas for each condition for each experiment).
Scale bars, 10 um. The error bars indicate S.E. Cof, cofilin; P-Cof, phospho-
cofilin; n.s., not significant.
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elongation of F-actin clusters with a reduced circularity index
(Fig. 8/). Importantly, application of FK506 or expression of
SSH(CS) blocked the reorganization of F-actin by ephrin-A
treatment (Fig. 8/). These results indicate that ephrin-A treat-
ment reorganizes the F-actin cytoskeleton in spines, and this
activity requires the function of SSH1 and calcineurin.

DISCUSSION

Eph receptors have an established role in the morphogenesis
and maintenance of various tissues (34) and are important reg-
ulators of dendritic spines (20, 33). However, the precise mech-
anisms that allow Eph receptors to perform these functions
remain to be fully demonstrated. Our results reveal several
novel aspects of EphA signaling and its relationship to spine
structural plasticity and synaptic reorganization. First, we show
that EphA activation engages a time-dependent series of
changes in dendritic spines. EphA signaling initially causes a
transient phase of spine elongation. This is accompanied by
synaptic relocalization and ultimately spine retraction. Second,
we reveal that EphA activation causes the rapid dephosphory-
lation of cofilin, an important actin filament severing/depo-
lymerizing factor implicated in regulating spine development
and morphology. Third, we identify that EphA-induced cofilin
activation requires the phosphatases SSH1 and calcineurin.
Both phosphatases are needed for EphA-mediated redistribu-
tion of actin filaments and spine/synapse remodeling. This
study contributes new insight into intricate signaling mecha-
nisms downstream of EphAs that regulate actin-based cellular
remodeling and the structural plasticity of excitatory synapses
in the central nervous system.

SSH(CS

Average
# spines/um

FIGURE 7. EphA regulation of dendritic spine morphology requires SSH1 and calcineurin. A, examples showing spine morphology after 10 min Fc or
ephrin-A treatment. Neurons were infected with SFV expressing EGFP-f to delineate spine morphology or EGFP-f and SSH(CS) to disrupt endogenous SSH1
function. Band C, ephrin-A treatment caused an increase in spine length and a reduction in spine head width (***, p < 0.001; **, p < 0.01; one-way ANOVA with
Bonferroni test). The presence of FK506 or expression of SSH(CS) abolished ephrin-A-induced spine changes. D, spine density was not significantly affected in
any group.n = 15 for Fc control, n = 15 for ephrin-A, n = 15 for Fc + FK506, n = 15 for ephrin-A + FK506, n = 15 for Fc + SSH(CS), and n = 15 for ephrin-A +

SSH(CS). Scale bar, 5 um. The error bars indicate S.E.
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Early work by Matus (15) showed the importance of actin
filament dynamics in spine plasticity. Actin filaments serve as
the primary structural scaffold of spines and provide a core for
the assembly of protein complexes at synapses. Recent studies
have revealed that actin remodeling and spine rearrangements
are related to changes in synaptic efficacy (1). The key to spine
changes is the recruitment of signaling proteins that refine the
actin cytoskeletal network. Indeed, molecules that nucleate,
sever, depolymerize, and cap actin filaments regulate spine
development and maintenance (18, 20, 26, 71-74). Thus, an
elaborate network of actin filament regulatory proteins is avail-
able to control the structural plasticity of spines.

Our results indicate that EphAs signal to cofilin to elicit
changes in actin distribution in neurons. Cofilin plays a central
role in organizing actin filaments in many cell types and is
implicated in regulating the development and morphological
plasticity of spines (24-26, 56, 57). Cofilin-mediated actin
dynamics also affects glutamate receptor trafficking during
synaptic plasticity (30). Direct manipulation of cofilin function
perturbs spinogenesis and the maintenance of spines (25, 26).
In mature hippocampal neurons, expressing a constitutively
active form of cofilin results in the formation of longer, imma-
ture-looking spines (25). Our results are consistent with this
finding, suggesting that activation of cofilin by EphAs promotes
actin filament reorganization that results in a time-dependent
restructuring of spines. The findings presented here combined
with the results from our previous work also suggest that EphA
signaling enhances cofilin function on two levels: through
decreasing cofilin phosphorylation and thus promoting its acti-
vation and reducing its association with the cell membrane (38).

Surprisingly, we found that EphA activation caused an initial
phase of spine elongation that was followed by a period of spine
retraction. Alterations in actin filament dynamics are likely
responsible for this series of spine modifications. Under steady-
state conditions in spines, the majority of actin subunits are
continuously cycling between an F-actin and G-actin state, with
G-actin monomers being added to the barbed ends of actin
filaments and dissociated from pointed ends (11, 18). Initial
activation of cofilin by EphAs may help sever F-actin in the
spine and provide more barbed ends for actin polymerization
and transient spine extension. The adjustment to the spine
cytoskeleton is accompanied by the loss of PSD-95 clusters
from the spine head that may help generate a destabilized or
dynamic state of the spine (54, 55). However, prolonged activa-
tion of cofilin by EphAs may increase the rate of actin filament
disassembly through actin monomer dissociation from both
barbed and pointed ends of actin filaments to promote spine
retraction (75). Intriguingly, we found a repositioning of syn-
apses closer to dendritic shafts and an accumulation of shaft

synapses between 45 min and 4 h of EphA activation. The
increase in dendritic shaft synapses may be a consequence of
retraction and collapse of some spines while preserving presyn-
aptic inputs (76). EphA signaling likely coordinates the activa-
tion of multiple pathways to facilitate these processes. Altera-
tion of PB1 integrin signaling by EphA interactions with
p130CAS and SPAR may help detach spines from the extracel-
lular matrix to encourage spine retraction/collapse (39, 40).
Furthermore, EphA activation of ephexin, a guanine nucleotide
exchange factor for Rho family GTPases, may promote actin
filament rearrangements and morphological changes in spines
by activating RhoA and inhibiting Cdc42 and Rac1 (77). Indeed,
EphA signaling through a Cdk5-ephexin complex (41), as well
as other signaling intermediates such as phospholipase Cyl
(38), promotes spine retraction. However, it remains possible
that EphA signaling produces additional signaling events that
support shaft synapse formation as has been reported for eph-
rin-B signaling (78).

Interestingly, a recent investigation revealed an opposite role
of EphB receptors in increasing cofilin phosphorylation and
stabilizing mature spines (25). EphB signaling through the focal
adhesion kinase and the RhoA GTPase pathway decreases cofi-
lin phosphorylation and stabilizes spine morphology. Thus,
cofilin activity in spines may be finely adjusted by counteracting
EphA and EphB signaling. Further experiments are needed to
determine the cross-talk between the EphA and EphB signaling
systems and the possibility of their coordinated role in regulat-
ing spine plasticity through cofilin.

Our study uncovers a novel role for SSH1 in EphA-mediated
cofilin activation and spine remodeling. SSH1 can directly bind
F-actin (42, 79) and appears to have multiple functions at the
synapse. A recent study found that blocking SSH function
reduces surface AMPA receptors and synaptic efficacy, as well
as impairs the ability of cortical synapses to undergo chemical
LTP (69). A plausible role for SSH1 downstream of EphA may
be to regulate F-actin levels near the spine neck, a region of the
spine that is critical for activity-dependent spine plasticity (17).
Indeed, we found that F-actin is accumulated in the neck region
of spines by blocking SSH1 function. SSH1 is regulated by sev-
eral upstream players including the phosphatase calcineurin.
Calcineurin activates SSH1 through dephosphorylation, and
this pathway facilitates growth cone remodeling during devel-
opment (67) and AMPA receptor turnover in GABAergic
interneurons (68). The ability of cofilin function to be bi-direc-
tionally modified by SSH1 and LimK activity to alter the prop-
erties of spines (27-29) supports an important and adaptable
role of cofilin in synaptic plasticity.

Our findings show that EphA signaling modifies the organi-
zation of spines and synapses through a time-dependent pro-

FIGURE 8. EphA-induced reorganization of postsynaptic F-actin requires calcineurin and SSH1. A, examples of dendrite segments from 14 DIV neurons
treated with either Fc or ephrin-A in control conditions or in the presence of FK506 or following SSH(CS) expression. Neurons were stained with Alexa
568-conjugated phalloidin (red) and PSD-95 antibody (in blue) to visualize F-actin and postsynaptic structures in spines. All of the neurons were expressing
EGFP-f to outline dendrite and spine morphology. B-G, F-actin distribution across the spine head, neck, and dendritic shaft region following Fc or ephrin-A
treatment and with FK506 application or expression of SSH(CS). The plots shown to the right of each image show fluorescence intensity changes for F-actin,
PSD-95, and EGFP-f along the magenta line laid over spines. Brackets labeled D indicate the dendritic shafts. H-J, quantitative analysis of F-actin cluster size,
intensity, and circularity. F-actin cluster size and intensity were similar in all conditions (p > 0.05, Kruskal-Wallis). However, ephrin-A treatment decreased
F-actin cluster circularity (*, p < 0.05, Kruskal-Wallis with Dunn’s post test). Expression of SSH(CS) alone also significantly changed F-actin cluster circularity (¥,
p < 0.05, Kruskal-Wallis test with Dunn’s post test). n = 6 (469 particles were analyzed from six dendritic segments across three independent experiments).

Scale bars, 5 and 1 um in insets and B-G, respectively. The error bars indicate S.E.
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cess involving calcineurin, SSH1, and cofilin. Future studies will
investigate the interplay between this EphA pathway and activ-
ity-dependent processes that serve to refine excitatory synaptic
connections.
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