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Eps8 controls dendritic spine density and synaptic
plasticity through its actin-capping activity
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Actin-based remodelling underlies spine structural
changes occurring during synaptic plasticity, the process
that constantly reshapes the circuitry of the adult brain in
response to external stimuli, leading to learning and
memory formation. A positive correlation exists between
spine shape and synaptic strength and, consistently,
abnormalities in spine number and morphology have
been described in a number of neurological disorders.
In the present study, we demonstrate that the actin-
regulating protein, Eps8, is recruited to the spine head
during chemically induced long-term potentiation in
culture and that inhibition of its actin-capping activity
impairs spine enlargement and plasticity. Accordingly,
mice lacking Eps8 display immature spines, which are
unable to undergo potentiation, and are impaired in
cognitive functions. Additionally, we found that reduction
in the levels of Eps8 occurs in brains of patients affected by
autism compared to controls. Our data reveal the key role
of Eps8 actin-capping activity in spine morphogenesis and
plasticity and indicate that reductions in actin-capping
proteins may characterize forms of intellectual disabilities
associated with spine defects.
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Introduction

The establishment of synaptic contacts between appropriate
neurons is the basis for the formation of neural networks.
Filopodia are thought to play an active role in synaptogen-
esis, guiding the co-ordinated growth of pre- and postsynaptic
partners and functioning as initial bridges between neurons
(Dailey and Smith, 1996; Ziv and Smith, 1996; Fiala et al,
1998; Dunaevsky et al, 1999; Okabe et al, 2001; Evers et al,
2006). Subsequently, through the actions of synapse-inducing
factors and neuronal activity, filopodia switch to more stable
structures, the dendritic spines, which gradually gain a
typical mushroom-like structure with a prominent head and
a thin neck, and ultimately become the dominant forms in
adults (Harris et al, 1992; Fiala et al, 1998; Jontes and Smith,
2000; Bhatt et al, 2009; Hotulainen et al, 2009; Hotulainen
and Hoogenraad, 2010). This process is associated with the
assembly of pre- and postsynaptic components (Craig et al,
2006; Arikkath and Reichardt, 2008; Yoshihara et al, 2009;
Hotulainen and Hoogenraad, 2010). There is a positive
correlation between spine shape and dimensions and
synaptic strength (Yuste and Bonhoeffer, 2001; Kasai et al,
2003); also, abnormalities in spine number and morphology
have been observed in a number of neurological disorders
(van Spronsen and Hoogenraad, 2010), thus linking spine
morphogenesis with plasticity processes eventually leading to
memory formation. Consistently, spine abnormalities and
excessive synaptic growth have been reported in subjects
with autism (Hutsler and Zhang, 2010; Toro et al, 2010;
Penzes et al, 2011).

The process of spinogenesis is controlled by actin, which,
besides providing the structural basis for spine formation and
elimination, also regulates spine shape (Matus, 2000;
Cingolani and Goda, 2008). During development and
plasticity, the stabilization of filopodia to form new synaptic
contacts is based on a rapid and persistent reorganization of
the spine actin cytoskeleton (Luscher et al, 2000; Jourdain
et al, 2003; Nikonenko et al, 2003; Honkura et al, 2008). This
mainly consists of a reduced depolymerization rate from the
pointed end of the filament at the core of the spine, with
polymerization continuing at the barbed end in the spine
periphery (Fukazawa et al, 2003; Okamoto et al, 2004;
Ramachandran and Frey, 2009).

It has been proposed recently that spine formation
and enlargement of spine heads may rely on actin remodel-
ling processes similar to those occurring in lamellipodia
(Hotulainen and Hoogenraad, 2010). The latter process
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mainly involves the activity of the branched actin filament
nucleator Arp2/3 complex, working in concert with actin-
capping proteins. These latter proteins, by binding to the
barbed ends of densely packed, plasma membrane-localized
actin filaments, control not only their lifetime but also the
architecture of the resulting meshwork (Akin and Mullins,
2008). Indeed, when capping activity is high, newly
nucleated branched filaments become rapidly capped; this
also causes a local increase in the concentration of available
actin monomers, which further feeds Arp2/3 nucleation/
branching activity, ultimately promoting the generation of a
dense and highly branched dendritic array of short actin
filaments. Conversely, when capping activity is low, local
monomer availability is reduced, as G-actin becomes
incorporated into long and uncapped actin filaments
(Mogilner and Rubinstein, 2005; Akin and Mullins, 2008;
Korobova and Svitkina, 2008).

In support of this possibility, a branched actin filament
network is detectable in the distal regions of the spine head
(Korobova and Svitkina, 2010); furthermore, the Arp2/3
complex is concentrated within spines (Racz and Weinberg,
2008), where it appears to be an important molecular signal
for regulating spine size and synaptic plasticity (Wegner et al,
2008; Nakamura et al, 2011). Platinum replica electron
microscopy analysis has revealed that spine heads also
contain large amounts of capping proteins (Korobova and
Svitkina, 2010). Also, the actin-capping protein CP has been
found to be essential for spine development (Fan et al, 2011).
However, since CP forms a complex with other proteins, such
as twinfilin (Falck et al, 2004), and also mediates membrane
attachment of actin (Amatruda et al, 1992; Schafer et al,
1992), the direct demonstration that the actin-capping
activity is, in fact, a crucial function required for spine
formation is still missing.

Eps8 is a multimodular protein involved in actin remodel-
ling through several activities, including regulation of Rac, a
pivotal GTPase involved in the control of actin dynamics and
direct interaction with actin. Through the latter property, in
particular, Eps8 exerts both actin barbed end capping and
actin bundling activities (Disanza et al, 2004, 2006). Eps8 is
reported to be expressed at elevated levels in a range of
human malignancies (Welsch et al, 2010; Abdel-Rahman et al,
2012), while loss of Eps8 causes intestinal defects and
improved metabolic status in mice (Tocchetti et al, 2010).
Notably, Eps8 plays a unique and nonredundant role in the
polarized migration of dendritic cells. Consequently, Eps8 KO
dendritic cells are delayed in reaching the draining lymph
node after inflammatory challenge and Eps8 KO mice are
unable to mount a contact hypersensitivity response (Frittoli
et al, 2011). In brain, Eps8 has been localized postsynaptically
in the dendritic articulations of cerebellar granule neurons
(Offenhduser et al, 2006; Sekerkova et al, 2007) and in axons
of cultured hippocampal neurons, where it controls filopodia
formation (Menna et al, 2009). Here we show that the actin-
capping protein, Eps8, is recruited to the spine head during
chemically induced LTP and that inhibition of its capping
activity impairs spine enlargement and plasticity.
Accordingly, mice lacking Eps8 display immature spines,
are impaired in cognitive function and show an abnormal
EEG profile characterized by spike activity. Finally, we show
that reduced levels of Eps8 are present in the brain of patients
affected by autism.
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Results

Eps8 knockout (Eps8 KO) mice are impaired in learning
and memory

Eps8 KO mice were subjected to a series of behavioural tests
to evaluate learning and memory.

Radial maze performance, in terms of mean total number of
errors, days to reach the criterion and percentage of animals
that reached the criterion over 30 days, is shown in Figure 1A.

Eps8 KO mice exhibited a worse performance, in compar-
ison with the wild-type (wt) group, as indicated by the higher
number of errors and by the calculated area under the curve
(AUC), which revealed a significant increase of this para-
meter. Consistently, Eps8 KO mice needed significantly more
days than controls to reach the criterion (Figure 1A, right).

In the T-maze task, wt mice performed statistically better
during acquisition compared to Eps8 KO mice (Figure 1B,
left). Conversely, no significant difference was detected in the
reversal phase (Figure 1B, right).

When tested for novel object recognition (Figure 1C), no
significant difference was detected in the amount of time that
the mice spent exploring the two objects during the familiar-
ization (T1) phase, indicating that both genotypes had the
same motivation to explore the object. However, during T2
(novel object recognition phase), Eps8 KO mice spent sig-
nificantly less time exploring the novel object compared to
the familiar one, as shown by a significant decrease in the
discrimination index (Figure 1C). This was not due to altered
sensorial parameters, as all mice appeared healthy, displaying
normal motor activity and sensory abilities (Supplementary
Table 1). Long-term memory was altered in Eps8 KO mice, as
shown by the significant reduction of the mean value of step
through latency compared to wt mice in the passive avoid-
ance task (Figure 1D).

Furthermore, when tested for sociability, differently from
wt mice, which spent longer time to explore the compartment
with the stranger mouse than the empty cage, Eps8 KO mice
were significantly less social and spent the same amount of
time in the two compartments (Figure 1E).

Finally, 2-h cortical EEG recordings revealed that Eps8 KO
mice displayed frequent spikes of high amplitude (Figure 1F),
which, however, did not lead to spontaneous seizures, either
spontaneously or even after mice handling. The mean num-
ber and the mean amplitude of spikes were significantly
higher than in wt mice (Figure 1F).

These data indicate that Eps8 KO mice show defects in
learning and memory, social behaviour and EEG.

No alterations of the gross anatomy were observed in the
brain of Eps8 KO mice. Indeed, the cortex, hippocampus and
cerebellum displayed normal architecture and all layers were
preserved (Supplementary Figure 1A-L). Therefore, exclud-
ing developmental defects (e.g., cortical displacement of
neurons, lamination defects), no compensatory elevation of
Eps8L family members has ever been detected in different
tissues of Eps8-null mice (Frittoli et al, 2011; Zampini et al,
2011) and, accordingly, was not detected in the hippocampus
(Supplementary Figure 1M).

Excessive synaptic growth and abnormal spine
morphology in the hippocampus of Eps8 KO mice

We have previously shown that Eps8 controls filopodia
formation during neuronal development and that the lack
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Figure 1 Eps8 KO mice are impaired in learning and sociability. (A and B) Eps8 KO mice are impaired in spatial learning. (A) Eight-arm radial
maze. (Left) Eps8 KO mice show a delayed learning in terms of increased number of errors statistically evaluated as the area under the curve
(AUC); (Right) A lower number of Eps8 KO mice reaches the criterion within 5 days evaluated as number of days taken to reach the criterion.
(B) T-maze task. During the acquisition phase (left), Eps8 KO mice exhibit a delayed learning in terms of increased number of days to reach
the criterion but normal learning during reversal phase (right). The number of days to reach the criterion during both phases is illustrated in the
flanking graph. (C) Novel object recognition test. Eps8 KO mice show no net preference between novel and familiar objects, as shown by the
lower discrimination index. (D) Passive avoidance task. A reduced step-through latency is detected in Eps8 KO mice compared to wt animals.
(E, E') Sociability test. Eps8 KO mice spend significantly less time exploring a conspecific than an empty cage in a social choice paradigm, as
shown by the significantly lower difference score. (F) EEG. Eps8 KO mice display abnormal EEG profile. (Left) EEG recordings of two
representative mice (one for each genotype) for 120s. KO mouse shows higher spike activity. The mean number of spikes recorded for 2h in
Eps8 KO mice is higher compared to wt (centre) and the spike amplitude was larger than wt (right). Increments above a threshold determined
according to the increments distribution through an unsupervised approach (Manfredi et al, 2009) and whose amplitude was greater than twice
the background were considered as spikes. Data are shown as mean+s.e.m. of ten animals for each genotype and each test. Statistical
assessments were performed by Student’s t-test comparing wt and KO mice (*P<0.05, **P<0.01). n.s., not significant.
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of Eps8 results in increased formation of protrusions from both
the axon and dendrites (Menna et al, 2009). Since filopodia
represent the precursors of pre- and postsynaptic compartments
during the process of hippocampal synaptogenesis (Fiala et al,
1998), we investigated whether Eps8 KO adult brain is
characterized by a higher number of synaptic contacts
compared to wt. Figure 2A shows the CA1 hippocampal region
of wt and Eps8 KO mouse brain, stained for the synaptic vesicle
protein synaptobrevin/VAMP2 and the glutamatergic postsy-
naptic protein PSD-95. A significantly higher number of both
pre- and postsynaptic puncta were detected in the hippocampi
of Eps8 KO mice relative to control (Figure 2B).
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Ultrastructural analysis of synaptic terminals revealed nor-
mal numbers and dimensions of synaptic vesicles (SVs) and a
normal size of synaptic boutons (Supplementary Figure 1N-P),
thus indicating that lack of Eps8, although affecting synapse
number, does not prominently impact the structural organiza-
tion of the presynaptic compartment. Conversely, analysis of
dendritic spines by Golgi-Cox staining revealed that Eps8 KO
mice displayed a clear alteration in the morphology of
spines, which appeared thinner and were significantly longer
relative to wt (Figure 2C and D). A significantly higher
number of protrusions per unit length was detected on
secondary branches of CAl neuronal dendrites in the Eps8
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Figure 2 Excessive synaptic growth and spine abnormalities in the hippocampus of Eps8 KO mice. (A, B) Representative fields of the CAl
hippocampal region of a wt and Eps8 KO mouse brains, stained for the synaptic vesicle protein synaptobrevin/VAMP2 and the glutammatergic
postsynaptic protein, PSD-95. Quantitation of either pre- or postsynaptic areas reveals a larger number of synaptic contacts in Eps8 KO
hippocampus. Scale bar, 5 um. (C) Details of CA1 apical dendrites from wt and Eps8 KO hippocampi stained with Golgi-Cox technique. Scale
bars, 10 um. (D, E) Quantitation of spine length and density in wt or KO animals under control conditions (naive) or after application of the
novel object recognition test (obj) (length, D, wt spines =0.91 £ 0.010 um; KO spines =1.12 + 0.012 pum; total number of examined spines: 551,
wt and 506, Eps8 KO; number of independent experiments: 3) (density, E, wt naive=0.789 £ 0.017 spines per um of parent dendrite; wt
obj.=1.07£0.016 spines per um; KO naive =1.09 £ 0.024 spines per pm; KO obj.=1.08+0.016 spines per um total number of examined
dendritic branches: 321 wt ctr, 242 wt obj, 105 KO ctr, 361 KO obj; number of independent experiments: 3). Note that Eps8 KO mice display
denser and longer spines, which fail in undergoing further increase in number after the object recognition test. Mann-Whitney rank sum test
P<0.001. All data are expressed as mean + s.e.m. Six animals for each condition have been analysed.
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KO group compared with the wt (Figure 2E, compare the first
and third columns).

Given that mutant mice are impaired in learning and
memory and in consideration of the abnormal spine features,
we investigated whether learning-dependent spinogenesis
processes occur properly in Eps8 KO mice. We found that
Eps8 KO mice lacked structural dendritic plasticity, i.e.,
increases in spine density, which typically develop in the
hippocampus during memory formation (Restivo et al, 2006).
Figure 2E shows that mutant mice, trained for object recogni-
tion and processed for Golgi-Cox 24 h after training, did not
display any increase in spine number, which was instead
clearly detectable in wt mice. These results indicated that
Eps8-null mice have a defect in spine formation and learning-
dependent spinogenesis in the hippocampus.

Excessive synaptic growth and abnormal spine
morphology in Eps8 KO hippocampal cultures
To gain insights into the cellular and molecular mechanisms at
the basis of abnormal spine morphology and plasticity defects
occurring in Eps8 KO mice, we analysed synapse density and
dendritic morphology in primary hippocampal cultures estab-
lished from E18 wt or mutant mice. Quantification of pre- and
postsynaptic puncta in 21 DIV cultures revealed that, similar
to what occurred in vivo, Eps8 KO cultures displayed a
significantly higher synapse density than wt cultures, mea-
sured as number of vGlutl or PSD-95 positive contacts per
unit length of tubulin-positive dendrites (Supplementary
Figure 2A). Similarly to the in vivo situation (Supplementary
Figure 1), ultrastructural analysis of 21DIV old wt and Eps8 KO
cultures did not reveal any gross alteration of the presynaptic
compartment, including SV size and number (not shown).
Transfection of cultures with a vector coding for red fluores-
cence protein, which fills all neuronal processes and allows a
direct examination of dendritic morphology, revealed that
Eps8 KO neurons, similar to Eps8 KO brain sections, are
characterized by a higher density of spines, which appeared
significantly longer than wt (Figure 3A). Indeed, the morphol-
ogy of spines changes, as the number of thin spines is
significantly increased while the number of mushroom type
decreases (Figure 3A). Notably, however, most of these pro-
trusions, although appearing immature and filopodia like,
displayed PSD-95 and bassoon staining, thus indicating that
they represent bona fide synaptic contacts (Figure 3A).

Fluorescence recovery after photobleaching (FRAP) mea-
surements of PSD-95-GFP in wt or mutant neurons revealed a
significantly higher PSD-95 mobile fraction in Eps8 KO spines
with respect to wt, thus indicating that the dynamics of PSD-
95 are altered in mutant neurons (Supplementary Figure 2B).
Consistent with the possibility of a functional defect, minia-
ture excitatory postsynaptic currents (mEPSCs), recorded in
the presence of 1 uM TTX, displayed a significantly reduced
amplitude in Eps8-null neurons with respect to wt
(Supplementary Figure 2C). Despite the increase in synapse
density, no changes in mEPSC frequency were detected
(Supplementary Figure 2C). This could result from the re-
duced mEPSC amplitude, which would cause many of the
events falling below detection. We cannot, however, exclude
a role of Eps8 in reducing presynaptic release probability.

A branched actin filament network containing the
Arp2/3 complex and capping proteins, the conventional
lamellipodial markers, is a dominant feature of spine heads

1734 The EMBO Journal VOL 32 | NO 12 ] 2013

(Svitkina et al, 2010). The possibility, therefore, has been
raised that high capping and branching activity may be
required for spine head enlargement during development
and plasticity (Hotulainen and Hoogenraad, 2010). We,
therefore, hypothesized that the ability of Eps8 to cap actin
filaments in the spine head may be required for spine
formation. It has been previously shown that the capping
activity of Eps8 is primarily mediated by the amphipathic H1
helix, while the globular H2-HS5 core is responsible for
bundling (Hertzog et al, 2010). We then took advantage of
the Eps8 capping mutant Eps8H1, in which the hydrophobic
residues in the amphipathic helix, H1, critical for actin
capping, were mutated while leaving intact the actin
bundling activity (Hertzog et al, 2010). A total of 10-11 DIV
hippocampal cultures were transfected with constructs ex-
pressing either the Eps8 wt protein or its actin-capping
mutant, Eps8H1. Figure 3B shows that overexpression of
Eps8 induced a potent increase in mature spine density,
also promoting the formation of larger spines. Conversely,
expression of the H1 actin-capping mutant did not result in
spine enlargement, clearly indicating that the actin-capping
activity is required for the process. No changes of spine
length are observed (data not shown). Notably, Eps8-induced
spines appeared positive for the presynaptic active zone
protein Bassoon (Bsn) (Figure 3B) and displayed significantly
larger PSD-95 puncta compared to neurons transfected with
either RFP or the H1 mutant, as indicated by immuno-
fluorescence staining and by IMARIS reconstruction
(Supplementary Figure 3A and A’). These results indicate
that the actin-capping activity of Eps8 is required for proper
mushroom-type spine formation. However, we cannot ex-
clude that the bundling activity of Eps8 might play a role in
the filopodia protrusion from the dendritic shaft, a step that
precedes the transition from filopodia to mature spines.

Lack of Eps8 precludes synaptic potentiation in
hippocampal cultures

We then aimed to define whether Eps8 KO neurons in culture
are able to undergo synaptic potentiation, or, like their in vivo
counterpart, show defects in structural plasticity. To address
this issue, a chemically-induced form of LTP was applied to
cultures. Selective activation of synaptic NMDA receptors
was achieved by briefly (3 min) elevating the concentration
of the NMDA receptor co-agonist glycine in the perfusion
solution to suprasaturating levels (100 uM, Lu et al, 2001).
The potential activation of glycine receptors was avoided by
including strychnine in all of the solutions. Following
washout of glycine, insertion of AMPA receptors in the
spine head accompanied by LTP of mEPSCs occurs (Lu
et al, 2001). In line with previous reports, application of
the protocol to wt neurons resulted in a significant increase
in both density and size of the PSD-95 positive puncta and
density of synaptic contacts (Figure 4A and B). Furthermore,
a significant increase in the extent of colocalization between
PSD-95 and vGlutl staining was detected, in line with synap-
tic strengthening occurring during potentiation phenomena
(Fortin et al, 2010). Notably, in neurons devoid of Eps8,
application of the same protocol did not induce any
significant increase in either the density or the size of PSD-
95 positive puncta, or any increase in the colocalization
extent of pre- and postsynaptic markers (Figure 4A and B).
Both wt and Eps8 KO cultures displayed normal input

©2013 European Molecular Biology Organization
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Figure 3 The actin-capping activity of Eps8 is required for spine formation. (A) Eps8 wt and KO neurons transfected with RFP and stained for
the presynaptic protein Bassoon (Bsn, blue) and for the postsynaptic marker PSD-95 (green). Eps8 KO neurons display more abundant and
longer protrusions (total number of examined protrusions: 260 wt, 146 Eps8 KO; number of independent experiments: 3). (B) Analysis of spine
width and density in neurons transfected with RFP, with the cDNA for wt Eps8 (Eps8WT-EGFP) or with the construct for Eps8 devoid of
capping activity (Eps8 H1-EGFP) reveals that Eps8wt but not Eps8H1 increases spine number and size (total number of examined neurons: 15
for RFP, 29 for Eps8 wt and 18 for Eps8 H1; total number of examined spines: 145 for RFP, 553 for Eps8 wt and 105 for Eps8 H1; number of

independent experiments: 5). Scale bars depict 5 pm in all panels.

resistance before and after LTP protocol application, thus
confirming that the protocol did not impact neuronal health
(input resistance: wt=224 +7MQ; KO =210+ 3 MQ; access
resistance: wt=15£2MQ; KO=13+2MQ; membrane
capacitance: wt =42 * 3 pF; KO =41 %+ 10 pF. Number of cells
examined, 12 wt and 10 KO).

The lack of potentiation in Eps8 KO neurons was
also confirmed by electrophysiological recordings of
mEPSCs after the application of the glycine protocol.
Figure 4C and D show that, differently from wt neurons,

©2013 European Molecular Biology Organization

which display a significant increase of mEPSCs frequency and
amplitude (Lu et al, 2001), mutant neurons fail to undergo
potentiation (mEPSC frequency, during GLY: wt=1.561
0.1054, n=13 Eps8, KO=0.8319+0.07001, n=16,
***P<0.001; 10-min wash: wt=1.559 £0.1604, n=9 Eps8,
KO=0.7738%+0.1193, n=8, **P=0.0016; 20-min wash:
wt=1.300+£0.1449, n=5 Eps8, KO=0.7250%0.1750,
n=6, P=0.217; 30-min wash: wt=1.356+0.1410, n=5
Eps8, KO =0.7460+0.3230, n=5, *P=0.036; 40-min wash:
wt=1.390+0.1860, n=5 EPS8, KO=0.7220+0.2215, n =5,
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Figure 4 Lack of Eps8 impairs long-term potentiation. (A) Representative images of wt and KO cultured neurons before and after application of
chemical LTP. Neurons are stained for tubulin (green), PSD-95 (red) and v-Glutl (blue). Scale bars 10 and 2 pm for higher-magnification
images. (B) Quantification of potentiation, as represented by number per unit length of PSD-95 (left), synapse density (middle), mean size of
PSD-95 (right). Potentiation occurs in wt but not Eps8 KO cultures (Mann-Whitney rank sum test, P<0.001). Data are expressed as
mean * s.e.m.; normalized values (total number of examined neurons for analysis of PSD-95 or synapse density: 35 wt ctr and 36 wt LTP; 33 KO
ctr and 75 KO LTP; total number of fields for analysis of PSD-95: 46 wt ctr and 59 wt LTP; 72 KO ctr and 90 KO LTP; size number of independent
experiments 5). (C, D) Electrophysiological analysis of LTP. (C) Representative mEPSCs traces before and after the induction of chemical LTP, in
wt and KO neurons. (D) Analysis of mEPSC frequency and amplitude at different recording times (5 min before LTP application, 5, 10, 20, 30
and 40 min after LTP application) shows that KO neurons are unable to undergo LTP. Graphs indicate the mEPSC mean frequency and
amplitude 45 min after the application of LTP. Scale bars, 10 pA and 250 ms (total number of examined neurons: 13 wt and 16 KO; number of
independent experiments: 5).

*P=0.0491; mEPSC amplitude, during GLY: wt=1.200% wt 1.180+0.06042, n=5 Eps8, KO=0.6680+0.07761,
0.07783, n=13 Eps8, KO=1.093+0.04924, n=15, n=>5, ***P=0.0008). The lack of potentiation was
P=0.2418; 10-min wash: wt=1.100%0.0773, n=9 Eps8, also confirmed by two independent paired recordings
KO=1.019+£0.1084, n=7, P=0.5414; 20-min wash: experiments, where stimulation of the presynaptic neuron
wt=1.066+0.1054, n=7 Eps8, KO=0.7750+0.075, n=>5, (three 50-Hz, 2-s trains of depolarizations at 20-s intervals)
P=0.0893; 30-min wash: wt=1.116+0.0457, n=5 EpsS, during brief perfusion with Mg? " -free solution (Arancio et al,
KO=0.6775+0.08664, n=5, **P=0.0021; 40-min wash: 1996) induced potentiation of the excitatory current in wt but
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not Eps8 KO neurons (eEPSC amplitude, wt=1.350 0.05 Inhibition of Eps8 capping activity impairs spine
Eps8, KO=0.7750£0.0125). enlargement and plasticity

Acute downregulation of Eps8 expression by siRNA simi- Since Eps8 is recruited to the spine head after chemical LTP
larly prevented synaptic potentiation (Supplementary induction (Figure 5A and B) and the actin-capping activity of
Figure 3B and B’). These data indicate that Eps8 is required Eps8 is required for proper spine formation during neuronal
for LTP expression in hippocampal cultures and suggest that development (Figure 3B), one could hypothesize that the
the protein may play a role in stabilizing the actin cytoskeleton capping activity of Eps8 is crucial for the process of structural
during spine remodelling. In further support of this hypothesis, plasticity. The Eps8 wt protein or its actin-capping mutant,
endogenous Eps8 is recruited to the spine head upon applica- Eps8H1, was then exogenously expressed in hippocampal
tion of LTP, as indicated by increased protein localization in neurons and cultures were exposed to chemical LTP.
RFP-labelled dendritic protrusions (Figure 5A and B). Representative images of this experiment are shown
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Figure 5 The acute inhibition of Eps8 actin-capping activity precludes potentiation. (A) Representative examples of dendrites of mice hippocampal
neurons transfected with RFP, exposed to chemical LTP and stained for Eps8. Note that Eps8 immunoreactivity at the spine head increases after
potentiation. Scale bar, 2 um. (B) Quantitation of Eps8 immunofluorescence at the spine head in vehicle-treated and glycine-treated (100 pM)
neurons (Mann-Whitney Rank Sum Test, P=0.013) (total number of examined neurons: 16 untreated neurons and 12 gly-treated neurons; number
of independent experiments: 3). (C) Quantitation of spine density under the different experimental conditions shows that potentiation is prevented
by overexpression of Eps8 but not by its actin-capping mutant (total number of examined neurons: 15 ctr and 18 LTP for RFP, 29 ctr and 25 LTP for
Eps8 wt and 18 ctr and 24 LTP for Eps8 H1; number of independent experiments: 5). (D) The proline rich consensus site of Abil (PXXDY) competes
with Abil for binding to Eps8. Equal amounts of His-Eps8 (0.2 uM) were incubated with 0.2 uM immobilized GST-Abil in the absence or in the
presence of 20 and 100 uM of either PXXDY or PAADA synthesized peptides. 2 uM GST-Cdc42 was used as a control. Proteins were analysed by
immunoblotting with the indicated antibodies. (E, F) mEPSC frequency (E) and amplitude (F) in neurons exposed to chemical LTP and
intracellularly perfused via the patch pipette with either the scrambled or the blocking peptide (the blocking peptide competes with Abil for binding
to Eps8 and therefore inhibits the Eps8 capping activity). Note that neurons intracellularly perfused with the blocking peptide (grey column, white
dots) are defective in potentiation, measured as mEPSC frequency or amplitude. Synaptic potentiation occurs in neurons intracellularly perfused
with a scramble peptide (black dots) (total number of examined neurons: 6 for both conditions; number of independent experiments: 3). (G, H)
mEPSC frequency (G) and amplitude (H) in Eps8 KO neurons exposed to chemical LTP and intracellularly perfused with either the scrambled or the
blocking peptide. Note that mEPSC frequency and amplitude of KO neurons do not change upon glycine administration with or without injection of
the blocking peptide. (I-L) Normalized mEPSC frequency (I) and amplitude (L) in WT and KO neurons before and after blocking peptide injection.
Note that injection of the blocking peptide does not affect per se basal synaptic activity.
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in Supplementary Figure 4A-C. Quantitative analysis
(Figure 5C) demonstrates that high Eps8 capping activity
impaired actin cytoskeleton remodelling and spine formation,
possibly due to the blockade of actin barbed ends and altered
actin dynamics. Indeed, exogenous expression of the Eps8
actin-capping-deficient mutant, Eps8H1, which has no effect
on actin polymerization (Menna et al, 2009), did not prevent
spine remodelling (Figure 5C).

To demonstrate more directly that the actin-capping activity
of Eps8 is required for plasticity, we injected the postsynaptic
neuron with a synthetic peptide (blocking peptide), which
prevents Eps8 from capping actin filaments by competing with
Abil for binding to Eps8 (Mongiovi et al, 1999). Direct
competition could be observed in in vitro binding assay
using recombinant purified proteins (Figure 5D). LTP was
induced 10 min after injection, while mEPSCs were recorded
during the entire procedure. Injection of the blocking, but not
of a scrambled peptide, impaired synaptic potentiation
induced by glycine treatment (Figure S5E and F, mEPSC
frequency, 40-min wash: wt=1.260%0.1060, blocking
peptide =0.9833 £ 0.2215 unpaired t-test, *P=0.0486;
mEPSC amplitude, 40-min wash: wt=1.180 £ 0.06042, block-
ing peptide=0.6680+0.07761, Kolmogorov-Smirnov test
**P=0.0028; number of cells examined: 6 for both condi-
tions; number of independent experiments: 3). Injection of
either the blocking or the scrambled peptides in Eps8 KO
neurons following glycine administration does not have any
effect (Figure 5G and H). Furthermore, injection of these
peptides does not change per se the mEPSC frequency and
amplitude in either wt or Eps8 KO neurons (Figure 5I and L).

Notably, the lack of Eps8 had no effect on rac activation in
15 DIV hippocampal neurons (Supplementary Figure 4D) and
in the brain (Menna et al, 2009), suggesting that Eps8
primarily functions as a capper in this system (Vaggi et al,
2011) and ruling out the possibility that the LTP impairment in
Eps8 KO neurons could be due to a deregulation of rac activity
or its downstream pathway, WAVE/SCAR and Arp2/3.

Altogether, these results univocally demonstrate that the
capping activity of Eps8 is essential for LTP-mediated synapse
formation and strengthening.

Eps8 is expressed at lower levels in brains of patients
affected by autism

Eps8 capping activity is regulated by the neurotrophic factor
BDNF (Menna et al, 2009). BDNF has been demonstrated to be
required for spine maturation and dendritic LTP (An et al,
2008; Tanaka et al, 2008), and is critical for synaptogenesis,
synaptic plasticity and memory formation (Chapleau et al,
2009; Cunha et al, 2010). Furthermore, the balance between
the BDNF precursor, proBDNF, and mature BDNF, which
controls spine formation (Koshimizu et al, 2009), has been
found to be disrupted in the brain tissue of autism patients
(Garcia et al, 2012). Given the established spine pathology in
autism spectrum disorder (Hutsler and Zhang, 2010; Penzes
et al, 2011), we examined Eps8 levels by quantitative western
blotting in postmortem fusiform gyrus tissues from 11 patients
with autism and 13 controls. We found a substantial reduction
of Eps8 in autism patients compared to controls (Figure 6A-C).
No differences in the expression of the SNARE protein,
SNAP-25, were detected in the same samples (Figure 6D-F),
supporting the specificity of the Eps8 deficit. By leading to
changes in spine density and dynamics, a decrease in Eps8
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Figure 6 Eps8 expression levels are reduced in brains of patients
affected by Autism. (A, B) Quantification of Eps8 protein expression
in fusiform gyrus (FG) of autism and control samples by
Western blotting. Each sample was normalized to f-actin.
*P<0.05, two-tailed Student’s t-test. Bars indicate meants.e.
Autism, n=11; control, n=13. (C) Representative western blot of
fusiform gyrus showing autism (A) and control (C) cases. Lanes
2-5: standard curve consisting of different amounts of total protein
from a single normal human cortex sample. Lanes 6-13: 35 pg of
total protein from each autism and control sample. Blots were
run twice with two different Eps8 antibodies and gave similar
results. (D, E) No change in SNAP-25 levels in fusiform gyrus
of autism subjects compared to controls. Quantification of SNAP-
25 protein expression in fusiform gyrus (FG) of autism and control
samples determined by western blotting. Each sample was normal-
ized to B-actin. P=0.67, two-tailed t-test. Bars indicate mean + s.e.
Autism, n=11; control, n=13. (F) Representative western blot of
fusiform gyrus showing autism (A) and control (C) cases. Lanes
1-4: standard curve consisting of different amounts of total protein
from a single normal human cortex sample. Lanes 5-12: 3 pg of total
protein from each autism and control sample.

expression in the brain of autism patients could contribute to
the morphological, cognitive and behavioural defects of this
disorder. The cognitive and social impairments and the altera-
tions in spine number and morphology we observed in Eps8
KO mice support this hypothesis.

Discussion

There is substantial evidence that actin-based remodelling
underlies spine structural changes and memory stabilization
(Lamprecht and LeDoux, 2004; Hotulainen and Hoogenraad
2010). For instance, blockers of actin polymerization suppress
LTP (Krucker et al, 2000; Fukazawa et al, 2003; Okamoto
et al, 2004; Ramachandran and Frey, 2009); also, LIMK1

©2013 European Molecular Biology Organization



knockout mice, which do not regulate the activity of the
actin-severing protein cofilin, have enhanced hippocampal
LTP (Meng et al, 2002); finally, mice lacking the actin-
regulating protein WAVE-1 displayed changes in spine
density and abnormalities in synaptic plasticity (Soderling
et al, 2007), while Abi2 knockout mice exhibit deficits in
learning and memory (Grove et al, 2004). Here, we provide a
direct demonstration that the actin-regulating protein Eps8,
required for optimal actin-based motility and intestinal
morphogenesis (Croce et al, 2004; Disanza et al, 2004;
Disanza et al, 2006), critically involved in the formation of
axonal and dendritic actin filopodia during neuronal
development (Menna et al, 2009; Vaggi et al, 2011), is
required for the process of spine morphogenesis during
neuronal development and synaptic plasticity.

Dendritic protrusions vary in shape and length. Filopodia,
thin and mobile structures, are more abundant at early
developmental stages, when they sample potential presynap-
tic partners, eventually mediating the formation of synaptic
contacts. This process coincides with the transition from
filopodia to spiny protrusions occurring during development
(Ziv and Smith, 1996; Yoshihara et al, 2009; Hotulainen and
Hoogenraad, 2010). Further modifications of spine size and
shape occur during synaptic plasticity, a process that
constantly reshapes the circuitry of the adult brain in
response to external stimuli, leading to learning and
memory formation. It is known that the morphology of
dendritic protrusions is directly linked to their function,
with the spine head size being directly correlated with the
density of glutamate AMPA receptors, and, therefore, with
synaptic strength. Accordingly, immature spines are
characterized by highly dynamic and less stable PSD-95
clusters (Tsuriel et al, 2009; Zheng et al, 2010). Notably,
Eps8 knockdown leads to the formation of thinner and
longer spines, characterized by a decreased synaptic
strength and less stable PSD-95 dynamics, thus suggesting
that the capping protein Eps8 is required for spine maturation
and function involving both scaffolding proteins and
receptors. Given that immature spines have impaired
synaptic signalling and display defects in synaptic plasticity,
the ratio of mature to immature spines could play a crucial
role in neuronal function and connectivity. In line with this,
dendritic spines in Eps8 KO neurons are unable to undergo
potentiation.

It has been recently proposed that the mechanisms under-
lying spine head expansion during synaptic plasticity may
share similarities with the process controlling lamellipodia
formation, which involves a concomitant action of actin-cap-
ping proteins and Arp2/3-mediated actin nucleation and
branching, eventually leading to spine head expansion
(Hotulainen and Hoogenraad, 2010). The only evidence
suggesting that actin-capping proteins may regulate synaptic
plasticity comes from the study of Kitanishi and coworkers,
who identified the F-actin-capping protein CapZ (Schafer et al,
1995), previously shown to regulate growth cone morphology
and neurite outgrowth (Davis et al, 2009), among the proteins
whose expression is regulated by neuronal activity (Kitanishi
et al, 2010). Activity-dependent CapZ accumulation at the spine
supported the possible role of the protein in the regulation of
actin dynamics in response to synaptic inputs and eventually
in synaptic plasticity. Despite this evidence, a direct
demonstration that the capping activity of actin-regulating
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protein is in fact required for the process of spine expansion
occurring during synaptic plasticity was totally missing.

In the present study, we demonstrate that Eps8, through its
actin-capping activity, controls spine morphogenesis and
synaptic potentiation. Eps8 is the founding member of a
unique family of capping proteins capable of side binding
and bundling actin filaments. The protein has been detected
in many regions of the grey matter, including the olfactory
bulb, anterior olfactory nuclei, basal forebrain, cerebral
cortex, hippocampus, septal nuclei, amygdala, thalamus,
hypothalamus, colliculi, pontine nuclei, cerebellum, cochlear
nuclear complex and inferior olive, while the white matter
was generally unstained (Sekerkova et al, 2007). Besides the
cerebellum, Eps8 is expressed at higher levels in neurons in
layers II and II of the cerebral cortex and in the
hippocampus, two areas classically implicated in higher
cognitive functions (Offenhduser et al, 2006). Eps8 has
been detected by western blotting in synaptosomal fractions
from hippocampus (Menna et al, 2009) and cerebellum
(Offenhduser et al, 2006). By immunoelectron microscopy,
Eps8 was localized postsynaptically in the dendritic
articulations of cerebellar granule neurons (Offenhduser
et al, 2006; Sekerkova et al, 2007), although the protein
expression in axons of cultured hippocampal neurons
(Menna et al, 2009) and of granule cells in situ (Sekerkova
et al, 2007) suggests probable multiplicity of Eps8 functions
at the synapse. In line with a role of Eps8 in spine
morphogenesis and plasticity, mice lacking Eps8 display
immature spines and are impaired in cognitive functions.

The identification of Eps8 capping activity as necessary for
the process of spine morphogenesis comes from two lines of
evidence. The first relies on the demonstration that a well-
characterized Eps8H1 mutant, specifically devoid of actin-
capping activity, is unable to support proper spine formation.
The Eps8H1 mutant allowed us to dissociate the Eps8 capping
from bundling activity: indeed, while the Eps8 bundling
activity is mainly mediated by a compact four-helix bundle,
which contacts three actin subunits along the filament, the
actin-capping activity of Eps8 is mainly mediated by a
amphipathic helix that binds within the hydrophobic pocket
at the barbed ends of actin, thus blocking further addition of
actin monomers (Hertzog et al, 2010). In the Eps8H1 mutant,
the hydrophobic residues critical for actin capping were
mutated, while leaving intact the actin bundling activity. As
a further support, acute inhibition of the protein capping
activity, obtained through neuronal intracellular perfusion
with a blocking peptide, resulted in impairment of plasticity
phenomena, thus univocally demonstrating that Eps8
controls spine formation and activity-driven potentiation
through the capping of actin filaments. While the present
manuscript was under revision, a paper has been published
(Stamatakou et al, 2013) showing that acute Eps8 reduction
in primary cultures impacts spine formation and plasticity,
the former, in particular, through the protein capping activity.
Stamatakou et al did not observe any changes in mEPSC
amplitude upon LTP, leading them to conclude that Eps8 is
required for LTP-mediated synapse formation, but not LTP-
induced synaptic strengthening. Our in vitro and in vivo data
support that Eps8 is needed for LTP-induced synaptic
strengthening. The differences observed may be due to
residual Eps8 levels in the experimental conditions of the
Stamatakou’s study.
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End capping of cytoskeletal filaments is a key mechanism
for regulating filaments’ elongation and disassembly, as well
as the organization of the cytoskeletal architecture. It is
therefore conceivable that the lack of Eps8, either genetic or
consequent to siRNA knockdown, impairs actin organization
and remodelling in the dendritic spines. As a further support
to the view that a proper process of spine morphogenesis is
required both during development and during plasticity phe-
nomena, alterations of the spine actin structure and its
dynamic regulation have been observed in a number of
neurological disorders characterized by intellectual disability
(ID), such as autism spectrum disorder (ASD), mental retar-
dation and fragile X syndrome (van Spronsen and
Hoogenraad, 2010; Penzes et al, 2011). Mutations in specific
synaptic genes including the Akt/mTOR pathway (Kelleher
and Bear, 2008; Bourgeron, 2009) involved in regulation of
spine protein synthesis, the Neurexin-Neuroligin-Shank path-
way (Jamain et al, 2003; Durand et al, 2007) associated with
synaptogenesis and excitation-inhibition imbalance, and Ras/
Rho GTPase pathway (Pinto et al, 2010) implicated in spine
formation and stabilization have been identified in subjects
with ASD. Furthermore, overabundant and immature spines
have been reported in ASD (Hutsler and Zhang, 2010). Taken
together, these findings suggest a major role for dendritic
spine abnormalities in the pathogenesis of these diseases.
We show here that reduced levels of the actin-capping
protein, Eps8, occur in brains of patients affected by autism.
Together with previous evidence that capping protein (CP)
levels are significantly lower in fetal brains of Down syndrome
than in controls (Gulesserian et al, 2002), our data suggest
that reduction in actin-capping proteins may characterize
cognitive impairments associated with spine defects.
Interestingly, alterations in BDNF isoform levels have been
found in autism patients (Garcia et al, 2012). Since the actin-
capping activity of Eps8 in neurons is regulated by BDNF
(Menna et al, 2009), the possibility arises that BDNF controls
actin-capping and spine morphogenesis via Eps8 during
synaptic plasticity and learning and that defects in this
network may be involved in the pathogenesis of autism.

Materials and methods

See also Supplementary data for ‘In vitro binding assay’,
‘Immunofluorescent staining on sections’ and ‘Golgi staining’.

Animals

All the experimental procedures followed the guidelines established
by the Italian Council on Animal Care and were approved by the
Ttalian Government Decree No. 27/2010. All efforts were made to
minimize the number of subjects used and their suffering. Eps8 wild-
type (WT) and Eps8 knockout (KO) mice (Croce et al, 2004) were
housed in cages with free access to food and water at 22°C and with a
12-h alternating light/dark cycle. Genotyping was performed by PCR.

Behavioural tests
All behavioural tests are shortly described below. Full details are
available in details in the Supplementary Methods.

T-maze. Animals (10 Eps8 KO and 10 Eps8 wt) were food deprived
until reaching 85-90% of their free-feeding body weight. Mice were
habituated to a black wooden T-maze (stem length 41cm; arm
length 91 cm) and processed as described in Braida et al (2004).

Radial maze. Working memory was studied in 10 Eps8 KO and 10
Eps8 wt mice using a computerized wooden eight-arm radial maze
according to Braida et al (2004).
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Passive avoidance. Passive avoidance task was carried out in 10
Eps8 KO and 10 Eps8 wt mice as previously described (Braida et al,
2004) and described in detail in Supplementary data.

Object recognition. The test was conducted on 10 Eps8 KO and 10
Eps8 WT over a two-day period in an open plastic arena
(60 x 50 x 30cm), as previously described (Pan et al, 2008;
Corradini et al, 2012 (see Supplementary data for details).

Sociability test. The test was performed on 11 wt and 15 Eps8 KO
animals as described in Sala et al, 2011.

EEG

Electroencephalogram (EEG) activity was recorded, in a Faraday
chamber, using a PowerLab digital acquisition system (AD
Instruments, Bella Vista, Australia; sampling rate 100 Hz) in freely
moving mice (n=10 mice per genotype) previously submitted to
surgical implantation of electrodes (See for details Supplementary
data).

Cell cultures

Primary cultures of mouse hippocampal neurons were established
from E18 fetal, Eps8 KO or wild type (wt) littermates C57BL/6 mice as
described by Banker and Cowan (1977) and Bartlett and Banker
(1984) with slight modifications. Briefly, hippocampi were
dissociated by treatment with trypsin (0.125% for 15min at 37°C),
followed by trituration with a polished Pasteur pipette. The dissociated
cells were plated onto %lass coverslips coated with poly-L-lysine at
density of 400 cells/mm~. The cells were maintained in Neurobasal
(Invitrogen, San Diego, CA) with B27 supplement and antibiotics,
2mM glutamine and 12.5 pM glutamate (neuronal medium).

cDNA constructs and expression

Neuronal cultures were transfected at 10DIV with pEGFP-C1
(Clontech, Palo Alto, CA, USA) or pSUPER-DsRed plasmid (obtained
from pSUPER-GFP, Oligoengine, Seattle, USA). The Eps8 WT or the
capping mutant H1 are cloned in pEGFP vector as described
(Disanza et al, 2006; Hertzog et al, 2010). Two different double-
strand small interfering RNA (siRNA) oligonucleotides (Stealth
RNAI; called 1525 and 1158) against mouse Eps8 were used
according to Menna et al (2009). Hippocampal neurons were
transfected by using Lipofectamine 2000 (Invitrogen).

Immunofluorescence staining of dissociated neurons

Neuronal cultures were fixed with 4% paraformaldehyde and 4%
sucrose or with 100% cold methanol. The following antibodies were
used: mouse anti-VAMP2 (1:1000; Synaptic System, Goettingen,
Germany), guinea pig anti-Bassoon (1:300; Synaptic System,
Goettingen, Germany), guinea pig anti-vGLUT1 (1:1000; Synaptic
System, Germany), mouse anti-PSD-95 (1:400; UC Davis/NIH
NeuroMab Facility, CA, USA), rabbit anti-GFP (1:400; Invitrogen,
San Diego, CA), mouse anti-beta III tubulin (1:400; Promega
Corporation, Madison, USA). Secondary antibodies were conju-
gated with Alexa-488, Alexa-555 or Alexa-633 fluorophores
(Invitrogen, San Diego, CA, USA). Images were acquired using a
Zeiss LSM 510 META confocal microscope producing image stacks.
Pixel size was 110nm x 110 nm, and acquisition parameters (i.e.,
laser power, gain and offset) were kept constant among different
experimental settings. For the analysis of synaptic puncta only
clusters lying along secondary dendritic branches were counted.
The detection threshold was set to 2.5-fold the level of background
fluorescence referring to diffuse fluorescence within dendritic
shafts. The minimum puncta size was set at four pixels
(0.048 ym?). Colocalization of two or three selected markers was
measured using the boolean function ‘and’ for the selected chan-
nels. The resulting image was binarized and used as a colocaliza-
tion mask to be subtracted to single channels. The number of the
puncta resulting from colocalization mask subtraction were mea-
sured for each marker. A colocalization ratio was set as colocalizing
puncta/total puncta number. The total area of the measured synap-
tic puncta represents synaptic area. For each cell, three or four
dendrites were analysed from maximum projection images.
Filopodia were defined as thin protrusions without a distinguish-
able head, stubby spines as short protrusions without a neck,
and mushroom spines as protrusions with a short neck and a
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distinguishable head. Synapses were defined by the apposition of
presynaptic and postsynaptic markers, such as vGlutl or Bsn
and PSD-95. Fluorescence images processing and analyses were
performed with ImageJ Software (National Institutes of Health).

Cell culture electrophysiology
Whole-cell voltage-clamp recordings were performed on rat em-
bryonic hippocampal neurons or on wt and Eps8 mice null hippo-
campal neurons maintained in culture for 13-15 DIV. Miniature
activity was recorded as described in Antonucci et al (2012) (see
Supplementary data for details).

For glycine-induced LTP experiments, recordings from each neu-
ron lasted at least 60 min and each cell was continuously perfused
(I ml/min) from a computer-controlled perfusion system with a
solution containing (in mM) 125 NacCl, 5 KCl, 1.2 KH,POy, 2 CaCl,,
6 glucose, and 25 HEPES-NaOH, TTX 0.001, Strychnine 0.001 and
bicuculline methiodide 0.02 (pH 7.4). Solution with glycine
(100 uM) was applied for 3min and then washed out for at least
45 min. The patch pipette electrode contained the following solution
(in mM): 130 CsGluconate, 8 CsCl, 2 NaCl, 10 HEPES, 4 EGTA, 4
MgATP and 0.3 Tris-GTP.

The Eps8-capping inhibitor peptide (blocking peptide) was dis-
solved in the intracellular solution and injected into neurons via the
patch pipette. Glycine was applied at least 10 min after the injection
of inhibitor peptide or its inactive control.

Analysis of human brain tissue samples

Eleven postmortem brain samples from subjects with autism and
thirteen control brain samples were provided to us by the Autism
Speaks’ Tissue Program (Princeton, NJ, USA) via the Harvard Brain
Bank (Belmont, MA, USA) and the University of Maryland Brain and
Tissue Bank (Baltimore, MD, USA). Clinical information about each
tissue sample was obtained through the Autism Tissue Program
online portal (http://www.atpportal.org). There were no statistically
significant differences between groups for age at death or PMIL
Fusiform gyrus brain tissue was chosen, because this area is
hypoactivated during face discrimination tasks in subjects with
autism (Schultz et al, 2000). The diagnosis of autistic disorder was
confirmed using the Autism Diagnostic Interview-Revised (Lord
et al, 1994) postmortem through interviews with the parents and/
or caregivers. Samples were stored at —80°C before use. Protein
extraction was performed as previously described with minor
modifications (Fahnestock et al, 2001; Garcia et al, 2012).
Approximately 100 mg of tissue was homogenized on ice without
thawing using a sonic dismembrator in homogenization buffer (HB)
(0.05M Tris pH 7.5, 0.5% Tween-20, 10 mM EDTA, 1 complete, Mini,
EDTA-free tablet (Roche, Cat. no. 11 836 170 001) per 10ml of HB,
2 nug/ml pepstatin, 2 pg/ml aprotinin, 50 mM sodium fluoride, 2 mM
sodium orthovanadate, 2.5mM sodium pyrophosphate, 1mM
B-glycerophosphate, 0.5% sodium deoxycholate). The homogenate
was incubated for 15min on ice and then centrifuged at 12000 x g
for 20 min at 4°C. Supernatants containing solubilized protein were
aliquoted and stored at — 80°C before use. Protein concentrations
were determined using a DC protein assay kit as described by the
manufacturer (Bio-Rad Laboratories, Mississauga, Ontario, Canada).

Western blotting analysis on human brain tissue samples

Western blotting was carried out as previously described with slight
modifications (Fahnestock et al, 2001; Kawaja et al, 2011; Garcia et al,
2012). Samples containing 35ug protein were resolved in
10% sodium dodecyl sulphate-polyacrylamide gels under reducing
conditions. After transfer onto polyvinylidene diflouride membranes
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