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Abbreviation list

Abil, abl-interactor 1

AKT, AKT8 virus oncogene cellular
homologue

AMPA, a-Amino-3-hydroxy-5-methyl-4-
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GEF, GTPase-exchange factor
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mTOR, mammalian target of rapamycin
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siRNA, small interference RNA

SNARE, SNAP (soluble NSF attachment
protein) receptor proteins

Tiam1, T-cell lymphoma invasion and
metastasis-inducing protein 1

TTX, tetrodotoxin
vGLUT1, vesicular glutamate transporter 1

WAVE, Wiskott-Aldrich syndrome protein
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SUMMARY



Our group has previously demonstrated the role of Eps8 (epidermal
growth factor receptor pathway substrate 8) in regulating the formation
of synapse-precursor structures in cultured hippocampal neurons.
Indeed, neurons lacking Eps8 showed an increased number of axonal and
dendritic filopodia, whereas the overexpression of this protein induced
the formation of flat structures resembling lamellipodia. Moreover, we
have demonstrated that the capping activity of Eps8 is regulated by BDNFE.
Indeed, upon BDNF stimulation, Eps8 is phoshorylated by MAPK, pEps8
detaches from the barbed ends of actin filaments, thus allowing the
growth of new filopodia. Accordingly, Eps8 null neurons are no longer

able to increase filopodia density upon BDNF stimulation [1].

Within the mouse brain Eps8 acts mainly as a capping protein [1].
Its role in the formation of filopodia -synapse-precursor structures- and
in the BDNF pathway prompted us to further investigate the involvement
of Eps8 in synaptic contact formation and function. To this aim, wt and
null animals were subjected to learning and memory tasks. Eps8 KO mice
showed a serious impairment in spatial, episodic memory and social
behavior; these defects were associated also with an increased density of
excitatory synapses and alteration of dendritic spine morphology of CA1
hippocampal pyramidal neurons. Moreover, the formation of new
dendritic spines which normally occurs during memory formation was
completely absent in mutated mice. In order to elucidate the molecular
and cellular basis of such defects, cultured hippocampal neurons were
established from both wt and Eps8 KO mice. Null cultures displayed an
increase density of excitatory synapses and dendritic spines, which also
presented immature features when compared with aged-matched wt
cultures. In addition Eps8 null cultures were not able to undergo synaptic

potentiation upon stimulation with a chemical LTP protocol. Transfection
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of neurons with cDNAs encoding for Eps8 wt or for a capping mutant
(named Eps8H1) allowed us to dissect the involvement of capping
activity in the process of synapse formation and maturation. In fact
neurons expressing wt protein displayed an increased number of
synapses and bigger spines; conversely, such modifications were not
induced by the H1 capping mutant expression. We also showed that the
capping activity of Eps8 is necessary for the expression of LTP. Indeed, the
injection of a synthetic peptide which inhibits the Eps8 capping activity
into the postsynaptic neuron via the patch pipette prevented synaptic
potentiation. Finally, we found that Eps8 levels were significantly
decreased in the brain of autistic patients suggesting that Eps8 may be

involved in the pathogenesis of autism.



INTRODUCTION



NEUROPSYCHIATRIC DISORDERS AS
SYNAPSE DISEASES

Neuropsychiatric and neurodegenerative disorders - such as
autism spectrum disorders (ASD), intellectual disabilities (ID),
schizophrenia (SZ) and Alzheimer’s diseases (AD) - deeply compromise
the quality of life of both patients and their relatives, posing an immense
burden to society. The above-mentioned disorders are characterized by a
severe impairment on information processing and cognition, associated

with abnormal neuronal connectivity and plasticity [2, 3].

ASD patients present disrupted social interaction, delayed or absent
verbal communication and repetitive behaviors [2-6]. Moreover, these
patients are often suffering of ID and/or epilepsy [7-11]. ASD affect 0.9%
of children, with a diagnosis occurring around 2-3 years of age [4, 12], the
time of human synapse formation and maturation [5]. Interestingly,
recent studies have revealed an increased spine density and abnormal
spine morphology in frontal, temporal and parietal lobes of ADS patients
(Fig.1) [13, 14]. Furthermore, several mutations in synaptic molecules
including neuroligin [15], neurexin [16] and Shank [17-19] have been

identified in autistic subjects.

ID affect about 2-3% of children and young adults and are
commonly classified as mild (50<QI<70) to severe (QI<70) [3, 20]. ID are
an extremely heterogeneous conditions that may result from both non-
genetic (such as maternal intoxication, prematurity, ischemia or
infection) and genetic factors that overall affect cognitive functions [20],

[3]. Several mutated genes causing both syndromic and non-syndromic



ID have been identified and most of them are located on X chromosome
[3, 20]. Despite the diverse factors that could lead to ID, these pathologies
have been consistently associated with abnormal dendrites and dendritic

spines, the postsynaptic specialization of excitatory synapses [21-23].

s

Figure 1. Alteration of dendritic spines morphology in ADS. (A) An example of a Golgi-impregnated
pyramidal cell in layer III of the superior frontal gyrus in an ASD case. (B and C) Apical dendrite segments
showing spine densities of layer V pyramidal cells in the superior frontal gyrus of ASD (B) and control
subjects (C). Both examples are approximately 300 um from the cell soma. Scale bare in (A) 25 um; in (B
and C) 20 um. From Hutsler and Zhang (2009).

SZ is a complex developmental psychiatric disorder affecting
thought, perception of reality, emotion and cognition, which affects
approximately 0.5-1% of the population [3, 12]. It is generally
characterized by positive (i.e. hallucination, delusion, disorganized
thoughts) and negative (i.e. reduced affect and social withdrawal)
symptoms, associated with abnormal executive functions [24, 25].
Typically positive symptoms rise in late adolescence or early adulthood;
whereas negative ones and cognitive dysfunction could be observed
earlier in the development [3]. Alterations of glutamate, GABA and
dopamine transmission have been implicated in the development of SZ

[26-30].



Alzheimer disease is a neurodegenerative pathology with typically
onset of age 65, characterized by a progressive loss of memory, critical
thought and impairment in cognitive functions [31]. Dementia affects an
estimated 35.6 million of people, and AD represents the most common
form of dementia [2]. Although amyloid plaques, neurofibrillary tangles
and cell death are well described AD hallmarked, recent data strongly
implicate synapse dysfunction as a central player in AD pathology,
providing evidence that synaptic alterations precede cell death [2, 31,

32].

Together, these disorders span the entire human life and deeply
compromise human cognitive functions and everyday life. Despite their
differences in symptoms, emerging evidences in the last decade strongly
indicate a common substrate for all of those disorders: a dysfunction of
synaptic contacts (Fig.2) and, as a consequence, of neuronal circuits [2,
3]. Given a single neuron usually receives hundreds or thousands of
excitatory and inhibitory inputs which impact the firing activity of the
receiving neuron following a complex process of synaptic integration,
defects in synaptic proteins and in synapse formation would lead to
abnormal synaptic transmission, disrupting the excitatory/inhibitory
(E/I) balance in the postsynaptic neurons and altering the normal
information processing and circuit function [6]. Indeed, alterations of E/I
balance has been involved in many neuropsychiatric disorders, such as
autism spectrum disorders and schizophrenia [33-36]. Consistently, it has
been recently demonstrated that a shift of E/I balance toward excitation
in the mouse medial prefrontal cortex (mPFC) induced by optogenetic

stimulation causes social impairment in mice [37].

Intriguingly, the majority of neuropsychiatric disorder-related

genes codify for synaptic proteins or factors that control synaptic protein
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expression or their function [3, 4, 38]. Moreover, numerous animal
models in which those genes are mutated or deleted closely reproduce
human pathologies. For example mutations of SHANK proteins, a family
of postsynaptic scaffolds, have been described in autistic and ID subjects
[17, 19, 39-41]. Studies in mice in which mutations or deletions of SHANK

genes have been induced have clearly
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Figure 2. Dendritic spines alterations are a common feature of neuropsychiatric disorders. Putative
lifetime trajectory of dendritic spine number in a normal subject (black), in ASD (pink), in SZ (green) and
in AD (blue). Bars across the top indicate the period of emergence of symptoms and diagnosis. In normal
subjects, spine numbers increase before and after birth; spines are selectively eliminated during childhood
and adolescence to adult levels. In ASD, exaggerated spine formation or incomplete pruning may occur in
childhood leading to increased spine numbers. In SZ, exaggerated spine pruning during late childhood or
adolescence may lead to the emergence of symptoms during these periods. In AD, spines are rapidly lost in
late adulthood, suggesting perturbed spine maintenance mechanisms that may underlie cognitive decline.
From Penzes et al. (2011).

demonstrated abnormal synaptic structure and function, as well as
cognitive impairment and behavior alterations, such as reduced social
interaction and hyperactivity [6, 42-47]. Indeed, Shank3 heterozygouse
mice display reduced miniature excitatory postsynaptic current (mEPSC)
amplitude and basal synaptic transmission [42]; whereas mice with
deletion of exon 4-9 of Shank3 are socially impaired and exhibit alteration

in dendritic spine morphogenesis and defective synaptic plasticity [44].
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Furthermore aberrant levels of LIMK1, an important synaptic signaling
protein controlling the spine cytoskeleton [48], is implicated in Williams
syndrome, a mental disorder with severe defects in visuospatial cognition
[49]. LIMK1 is a serine Kkinase highly enriched in the synaptic
compartment and it is activated downstream Rac pathway activation.
Once activated LIMK1 phosphorylates and inhibits cofilin, an actin
depolymerizing and serving factor, leading to accumulation of actin
filaments (F-actin) [48, 50]. The structure of presynaptic terminals and
postsynaptic spines is determined by a number of factors, the best
established of which is the actin cytoskeleton. The dynamic assembly and
disassembly of the actin cytoskeleton is tightly regulated by a variety of
actin binding proteins (ABPs) and by synaptic activity [38, 51]. Indeed it
is not surprising that LIMK1 mutated neurons show alteration of
dendritic spine morphology and defects of synaptic plasticity [52, 53]. In
addition, protochaderin10 (Pcdh10), an ASD associated gene, was
recently implicated in the activity dependent synapse elimination
through PSD-95 ubiquitination. In fact, upon MEF2 activation, PSD-95 is
ubiquitinated by Mdm2 and then binds to Pcdh10, which links it to
proteasome for degradation [54]. MEF2 cooperates with FMRP to
regulates the expression of Pcdh10. Inhibition of the interaction between
Pcdh10 and the proteasome blocks PSD-95 degradation and synapse
elimination [54], suggesting a possible mechanism involved in the
abnormal synapse refinement occurring in fragile X syndrome (XFra).
PSD-95 not only is a key component of excitatory synapses but also plays
a fundamental role during the process of synapse formation [55, 56]. As a
consequence, the content of PSD-95 at the synaptic level is tightly
regulated. Interleukin 1 receptor associated protein-like 1 (ILIRAPL1) is
an ASD associated gene that encodes for a synaptic transmembrane

protein [57]. Interestingly, ILIRAPL1 is involved in formation and
12



stabilization of excitatory synapses by recruiting PSD-95 at the synaptic
level through JNK signaling pathway [58]. In addition, IL1RAPL1 induced
the presynaptic differentiation through its trans-synaptic interaction with
protein tyrosine phosphatases & [59, 60]. As a consequence of this
interaction RhoGAP?2 is recruited to excitatory synapses thus promoting
dendritic spine formation [59]. Furthermore IL1RAPL1 is involved in the
development of inhibitory circuits in the cerebellum, an ASD-related
brain region [6], regulating the E/I balance as determined by a study
using illrapll-/- mice [61]. Finally, primary hippocampal neurons from
mice carrying the hemizygose deletion of the chromosome 22, where the
IL1RAPL1 gene is located, display reduced spine density and size [62].
The 22q11.2 microdeletion syndrome is the most common copy number
variation associated with SZ [63]. Interestingly, the loss of the two genes
within this region is sufficient to compromise dendritic spine
morphology, thus suggesting that genetic information encoded in this
chromosomic region is crucial for spine formation. Notably, one of the
two genes is ZDHHC8 which encodes for a palmitoyl transferase
responsible for PSD-95 palmitoylation [62], a posttranslational
modification responsible for PSD-95 synapse targeting [64].

From this point of view ADS, ID, SZ and AD could be described as
different faces of a same disease in which the specific symptoms and age
of onset derive from the specific synaptic pathway affected (Fig.2) [2, 3].
As a consequence, important effort has been made to understand the
mechanisms that govern synapse formation and function, in order to
determine pathways in which risk proteins are involved, with the aim to
identify new candidate genes and innovative therapeutic approaches. In
fact, emerging evidence suggest that it is possible improve cognitive

function of patients suffering of neuropsychiatric disorders modulating
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the affected pathway or different pathways which play a redundant role
[2, 65-68].

EXCITATORY SYNAPSES AND
DENDRITIC SPINES

Human brain consists of more than 101! neurons, which process
and transmit information via electrical signals. Communication between
neurons occurs at specialized cellular junctions, the majority of which are
chemical synapses [69, 70]. The precise control of synaptic contact
formation and function is critical for maintaining proper neuronal
network connectivity and activity, and ultimately for normal brain
function [5]. Furthermore, it is widely accepted that information in the
brain is stored by formation and elimination of synaptic contacts and/or
in form of structural and biochemical modifications of the preexistent

ones [71-77].

spine head

spine apparatus

spine neck

Figure 3. Excitatory synapse structure. (A) A single spine synapse seen by electron microscopy, and (B)
a diagram of a spine structure. The neurotransmitter glutamate (pink) is stored within synaptic vesicles
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and released into the synaptic cleft where it activates receptors located in the postsynaptic density (PSD).
Actin filaments are represented by the barbed lines. ax., axon; pre., presynaptic bouton; dend, shaft of
dendrite; s.v., synaptic vesicle. From Matus (2000).

Chemical synapses are asymmetrical junctions consisting of a
presynaptic axon terminal harboring synaptic vesicles and a postsynaptic
compartment enriched in neurotransmitter receptors (Fig.3) [69, 78, 70,
79, 80]. Pre-and postsynaptic sites are separated by a narrow gap (20-25
nm) named synaptic cleft, in which the neurotransmitters are released
[70, 81]. A variety of synaptic adhesion and extracellular matrix proteins
hold pre- and postsynaptic membrane together at the appropriate
separation (Fig.9B) [69, 71] and cooperate to maintain the proper
synaptic function [82-84].

The presynaptic compartment is an axon specialization in which
electrical signals carried by action potential are transduced into a
chemical signals through the release of neurotransmitter (Fig.4) [73, 85].
Synaptic vesicles (SVs) are the most prominent feature of presynaptic

sites (Fig.4B,C) [80, 86, 87]. They are specialized organelles containing

A

(3— Synaptic vesicle
0% ynapt

Active zone

. :..-,.¥

Neurotransmitter

Postsynaptic density

Dendritic spine

AMPA INMDA
Endosome receptor receptor

Postsynaptic terminal

Figure 4. The presynaptic compartment. (A) Structure of presynaptic compartment. At the presynaptic
terminal some SVs (readily releasable pool, RRP) are docked at the AZ, where they undergo exocytosis to
release neurotransmitters. Numerous vesicles that belong to the reserve pool (RP) are located centrally,
where they are interlinked by short actin filaments. The subgroups are linked by longer filaments to the
plasma membrane and to the AZ. Postsynaptically, the spine harbors AMPA and NMDA receptors at the
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PSD, which lies opposite the presynaptic AZ. (B) Electron micrograph of a lamprey reticulospinal synapse,
showing actin localization by immunogold labelling. The arrows indicate label actin. Actin is present
scattered within the synaptic vesicle cluster (SVC) (intermediate-thickness arrow) and below the PSD
(thickest arrow) in the dendrite (Den). It is also present at the endocytic zone that surrounds the AZ
(thinnest arrow). M=mitochondrion. (C) Electron micrograph of a hippocampal synapse from a sample
that was subjected to high-pressure freezing. Synaptic vesicles are interlinked by small filaments and are
grouped into smaller clusters (asterisks). Long filaments extend from the PSD (arrow). From Cingolani
and Goda (2008).

neurotransmitter molecules and localized nearby the thickening of
plasma membrane, named active zone (AZ), where SVs fused and
neurotransmitter exocytosis take places [80, 86, 88, 89]. SVs are
organized by a complex cytomatrix composed by actin filaments and
regulatory proteins which furthermore act synergically to regulate SVs
availability (Fig.4C) [80, 86, 88]. Probably, the better characterized of
those regulatory proteins belong to the SNARE complex, which regulates
the docking and the calcium dependent fusion of SVs at the presynaptic
plasma membrane [86, 89, 90]. The complex molecular mechanism
underlying SV exocytosis has been largely elucidated by the seminal
contribution of Thomas Sudhof which has been awarded with the Nobel

Prize this year.

The neurotransmitters released from the presynaptic terminal act
on appropriate neurotransmitter receptors localized on plasma
membrane of postsynaptic neurons [78]. Whether a synapse is excitatory
or inhibitory is a function of the type of receptors and neurotransmitters
operating at the synapse, which ultimately determine the postsynaptic
current displayed. Synaptic receptors are classically subdivided in two
groups: the inotropic receptors mediating fast synaptic response and the
G protein-coupled receptors responsible of the metabotropic signaling
[91-93]. The excitatory synaptic transmission is mainly regulated by

AMPA and NMDA glutamate receptor activation [94-96]; whereas the
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activation of inotropic GABAas receptors provides the prominent

inhibitory transmission in mature neurons [34, 97].

The inhibitory and excitatory synapses of the CNS express a
different array of specific proteins. Synaptic vesicles, which contain GABA
or glutamate neurotransmitters, fuse with the plasma membrane at the
active zone. Numerous adhesion proteins span the synaptic cleft, holding
the pre- and postsynaptic membranes close and in fixed positions.
Neurotransmitter receptors are located on the postsynaptic membrane,
opposite the sites of fusion of synaptic vesicles, where they arrange in
macromolecular complexes which also encompass a large number of
structural (scaffold, gephyrin, homer, PSD-95, shank) and signaling (like
CaMKII) proteins. These components account for the postsynaptic
density, which has the main function of receiving and transmitting
signals. In the CNS, glutamatergic excitatory synapses typically form on
dendritic spines, while inhibitory GABAergic synapses can be found on
the dendritic branch or on the soma. The presence of a prominent
postsynaptic complex, named postsynaptic density (PSD, Fig.5), is an
hallmark of the excitatory synapses [78, 98, 99], whereas inhibitory
synapses does not show such electron dense thickness within the

postsynaptic compartment [81, 99, 100, 101].

The PSD contains, therefore, a huge number of molecules including
glutamate receptors (NMDA-, AMPA- and KA- type), scaffold proteins
such as PSD-95 and Shank [102, 103], signaling molecules as CaMK and
MAP kinase [104-107], and finally actin filaments and actin regulatory
proteins (Fig.5A) [38, 98, 108, 109]. The latter play a fundamental role
either in maintaining synaptic structure and function, thus regulating the
dynamic changes that ultimately are at the base of cognitive functions

such as learning and memory (Fig.5B) [108, 110, 51,98, 111-114].
17



Figure 5. The postsynaptic compartment. (A) PSD organization. ProSAP/Shank molecules create a
dense platform (ProSAP/Shank platform, PSP) within the PSD by self-association. PSP is attached to the
actin cytoskeleton and, if present, with the smooth endoplasmic reticulum (SER). The synaptic backbone
structure co-clusters NMDAR complexes (NRC) and mGluR complexes (mGC). AMPARs are targeted and
recycled within the PSD/spine compartment by proteins of the AMPAR complex (ARC). The pre- and
postsynaptic membrane is held in register by cell adhesion molecules (CAMs). Several different channels
and receptors (Ch+R), are directly clustered by ProSAP/Shank molecules. From Boeckers (2006). (B)
Example of ABPs within dendritic spines. The GTPase Rac1, Cdc42, Rnd1 and Ras promote spine formation
and growth. Cell surface receptors (EphR and NMDAR) activate GEF (GEFT, kalirin, Tiam1, PIX) to
stimulate Racl, Cdc42 and/or Rnd1. Rac and Cdc42 regulate actin cytoskeleton, in part by stimulating
PAK and myosin II activity. IRSp53, Abi2 and WAVE are adaptor proteins involved in signaling to Rac and
Cdc42. WAVE and cortactin regulate the Arp2/3 complex and actin branching. NMDAR and TrkB
stimulate the Ras-ERK MAP kinase pathway, which is inhibited by the RasGAP SynGAP. From Tada and
Sheng (2006).

In projection neurons of mammalian brain, the postsynaptic sites of
glutamatergic synapses are typically housed within specialized cellular
compartments called dendritic spines (FigbA,B) [72, 115]. Dendritic
spines (Fig.5A and Fig6C, bottom) are small membranous protrusions
that rise from dendrites [72, 115] and contain glutamate receptors and
ion channels [78], the PSD [99], actin filaments and actin binding proteins
[109, 116, 117], a variety of membrane bound organelles such as smooth
endoplasmatic reticulum, mitochondria [118] and finally ribosomes

[119].

Typically dendritic spines are characterized by a bulbous head and
are connected to parental dendrites by a narrow neck (Fig.6C, bottom)

18



[72, 111, 120]. Given their morphological appearance spines mainly allow
a spatial and functional compartmentalization of synaptic signaling [114,
121-123]. One of the most striking characteristic of dendritic spines is the
morphological diversity [99, 109]. Indeed, morphological studies have
identified several categories of spines based on their shape and size: thin,
stubby and mushroom spines (Fig.6C, top) [99, 109]. However, it is
thought that this variety is not due to the existence of different types of
spines, but instead reflects a temporal snapshot of a dynamic
phenomenon [20]. In fact, live imaging studies have demonstrated that
dendritic spines are remarkably dynamic, changing shape and size over

timescale of seconds to minutes and of hours to days [72, 120].

Dendritic spines
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filopodium thin stubby mushroom
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Figure 6. Principal neurons are spangled by dendritic spines. (A) A living hippocampal neuron in cell
culture expressing G-actin tagged with GFP. The myriad fluorescent dots on the dendrites are spine heads
where actin accumulates. (B) Part of a dendrite from a GFP-actin expressing cell that was fixed and then
stained with antibodies against the dendrite-specific microtubule protein MAP2 (red). MAP2 labeling
shows microtubules concentrated in the shaft of the dendrite compared to green actin-GFP labeling of
actin present in dendritic spine heads. From Matus (2000). (C, top) Schematic representation of a
filopodium and the three most common types of dendritic spine morphologies. (C, bottom) Dendritic spine
ultrastructure. CV, coated vesicles; PSD, postsynaptic density; PR, polyribosome; SER, smooth endoplasmic
reticulum; SV, synaptic vesicles. From Ethell and Pasquale (2005). Scale bare in (A) 15 um, in (B) 5 um.
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This structural plasticity is thought to be essential for synaptic
strength changes, thus providing a link between spine shape and
functional state of synaptic contacts [72, 120, 122]. Actually it has been
demonstrated the formation of new dendritic spines [124, 125] and the
enlargement of preexistent ones upon induction of long term potentiation
(LTP) [126-128], a protocol that mimics synaptic plasticity during
learning process (Fig.7A). In contrast, low frequency stimulation used to
induced long term depression (LTD) is associated with spine head
shrinkage [126, 129, 130] and spine loss [126, 130]. Moreover the
dimension of spine head is correlated to the size of postsynaptic density,
and then to the number of AMPA receptors which are inserted in the
postsynaptic membrane and to synaptic strength (Fig.7A) [51, 73, 108,
131]. Finally, recent in vivo studies using two photon microscopy have
demonstrated that formation of new memories is striking associated with
the growth of new spines (Fig.7) followed by a period of synaptic pruning
[75-77] and with changes of spine shape and size [75]. Interestingly,
alteration of dendritic spine density and morphology have been reported
in several neuropsychiatric and neurodegenerative disorders [22], such

as ASD (Fig.1) [13, 14], [132], SZ [133-135] and AD [31].
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Figure 7. Structural changes of dendritic spines are tightly linked to synaptic function. (A) Colocalization
of enlargement of spine heads and potentiation of AMPAR-mediated currents. Examples of small spines
that showed transient enlargement (upper panel) and potentiation of AMPA currents (lower panel). The
amplitude of AMPA currents is pseudocolour coded. The neurons were depolarized to 0 mV and the small
spines, indicated by the arrowheads, were stimulated by two photon uncaging of glutamate at 2 Hz
between times 0 and 60 s. White lines in the lower panels indicate contours of dendrites. From Matsuzaki
et al. (2004). (B) Motor learning and novel sensory experience promote rapid dendritic spine formation.
Transcranial two-photon imaging of spines before and after rotarod training or sensory enrichment. (C)
CCD camera view of the vasculature of the motor cortex. (D) Two-photon image of apical dendrites from
the boxed region. A higher magnification view of a dendritic segment in (D) is shown in (E). (EF)
Repeated imaging of a dendritic branch before (E) and after rotarod training (F). Arrowheads indicate
new spines formed over 2 days. (G) The percentage of new spines formed within 2 days in the motor cortex
was significantly higher in young or adult mice after training as compared with controls with no training
or running on a non-accelerated rotarod. No increase in spine formation was found in the barrel cortex
after training.. After previous 2-day training, only a new training regime (reverse running) caused a
significant increase in spine formation. From Yang et al. (2009). Scale bars in (A) 1 um.

COUPLING ACTIN DYNAMICS TO
SYNAPSE PLASTICITY

Structural changes of dendritic spines and functional modulation of
synaptic strength are based on the architecture and flexibility of actin
cytoskeleton at the synaptic level (Fig.9B) [112, 116, 126, 136]. Actin and
its regulatory proteins are highly enriched in dendritic spines (Fig.8)

[116, 117, 126] where they provide structural support and regulate
21



vesicular and molecular trafficking [136-139]. Moreover actin
cytoskeleton is also required for proper synaptic function and for activity
dependent synaptic plasticity [51, 139, 140]. Indeed myosin, the actin
motor protein of muscular contraction and nonmuscle motility, regulates
both AMPA and NMDA receptors function. In fact it has been
demonstrated that Myoisin Vb is involved in the recycling of AMPA
receptor during synaptic plasticity [141] and that MLCK positively
regulates NMDAR-mediated synaptic currents in an actin dependent
manner [142]. Moreover, the displacement of a-actinin, an actin binding
proteins that link NMDAR to actin cytoskeleton, is involved in the
receptor inactivation upon calcium influx [143, 144], suggesting that
alteration of actin architecture may affect the functional property of

synaptic contacts and dendritic spines.
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Figure 8. Schematic diagram of actin-binding proteins in dendritic spines. Dendritic spines are
enriched in actin, which is organized into branched and unbranched filaments. Reorganization and
turnover of actin filaments are modulated by actin binding proteins, which regulate spine and synaptic
function. The actin binding proteins shown here regulate actin capping, polymerization, nucleation,
branching, severing, and bundling. SA (spine apparatus). From Lin and Webb (2009).
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Actin filaments exist in two distinct pools within dendritic spines
[128]. A dynamic pool is localized at the tip of the dendritic spine and is
characterized by a fast treadmilling toward the center of the spine head
[116], thus providing an expansive force in order to maintain spine shape
[145-147]. A stable pool is instead localized at the base of the spine. It has
been proposed that its size depends on the volume of dendritic spines
[116]. Moreover, during two photon glutamate uncaging at single spine
level a third pool, named enlargement pool, appears and its stabilization
is necessary for the long term increase of spine head [116], then
supporting the involvement of actin remodeling in structural plasticity.
Consistently, actin dynamics are regulated by synaptic activity and actin
polymerization and depolymerization have been associated respectively
with potentiation and depression of synaptic transmission (Fig.9B) [112,
126, 136, 148, 149]. Within dendritic spines actin exists in a dynamic
equilibrium between globular actin (G-actin) and F-actin, which is
regulated by the rate of actin polymerization [150]. A shift of this
equilibrium toward F-actin occurs during tetanic stimulation [126].
Conversely, low frequency stimulation increases the G-actin content, thus
promoting actin depolymerization and dendritic spine shrinking [126].
Pharmacological interfering with actin dynamics or ablation of actin
binding proteins seriously affects both spine morphology and the
establishment of synaptic potentiation [112, 149-154]. Consistently, a
variety of actin regulatory proteins are known to be relocalized within
dendritic spine in an activity dependent manner [148, 155-162] or
during memory formation [163]. In addition, animal models in which
actin binding and regulatory proteins are mutated show alteration of
dendritic spines [164-166] and impairment in cognitive functions [167-

170]. Therefore it is not surprising that a variety of actin regulators have

23



found to be altered or mutated in neuropsychiatric disorders [18, 38,

171-175].
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Figure 9. Actin involvement in dendritic spines remodeling. (A) Expansion of the dendritic spine and
rapid polymerization of actin by local tetanic stimulation. Actin polymerization was visualized by FRET-
based imaging method, which detects the proximity of actin molecules. From Okamoto et al. (2004). (B)
Model of activity-dependent spine expansion. During NMDAR-dependent LTP, GluA2-lacking AMPAR
(vellow) are transiently trafficked into the synapse (middle). Activation of these Ca-permeable AMPAR
then promotes actin polymerization. Actin network reorganization then sustains spine head expansion
and anchors the new PSD molecules that have been recruited. In addition, matrix metalloproteinases
(MMPs) are released from the postsynaptic terminal and cleave N-cadherin complexes, allowing
structural modifications to take place. GluA2-lacking receptors are then replaced by GluAZ2-containing
AMPAR (far right), and the newly potentiated synapse is then subsequently stabilized by N-cadherins.
From Fortin et al. (2011). Scale bare in (A) 0,5 um.

Actin cytoskeleton is not only important for structural and
functional plasticity, but rather it is also involved in synaptic contact
formation and spine maturation [51]. In fact, during synaptogenesis
filopodia emerging from dendritic shaft and axon make the first contact
between the future pre- and postsynaptic compartments (Fig.10A,B)
[176-180]. Then, rapid and considerable actin cytoskeleton

reorganization [82, 181, 182] induced by synapse inducing factors allows
24



synaptic contact stabilization and the coordinate recruitment of pre- and
postsynaptic machineries [71]. At the same time, the highly motile
dendritic filopodia switch to a more stable structure (Fig.10B,C), the
dendritic spines [177, 183]. Dendritic filopodia are distinguished from
conventional filopodia [184, 185], since they contain an actin filament
network consisting of branched and intersecting linear filaments
(Fig.10C) [117] and are immunoposive for Arp2/3 complex and capping
proteins, as well as myosin II, a component of contractile actin network
[117]. On the contrary, the cross-linking protein fascin, a marker of
conventional filopodia, is absent although it is present in growth cone
filopodia [117, 186]. These unconventional structures would be
conserved in the dendritic spine neck (Fig.10C and Fig.11)[117].
Furthermore, dendritic filopodia seem to rise from spots of branched

actin filaments present within dendritic shaft (Fig.10C) [117].

Maturation
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Elongation

Figure 10. Model for actin cytoskeleton organization in dendritic protrusions and for spine
morphogenesis. (A) Three-dimensional interacting filopodium. From Fiala et al. (1998). (B) Schematic
drawings showing the formation of a dendritic spine occurring through the initial formation of a
filopodium (grey) that contacts an already-present axonal bouton (blue) connected to dendritic spine
(red). From Knott and Holtmaat (2008). (C) The process of spine formation probably begins with the
formation of a dendritic patch, which then elongates into a dendritic filopodium. On receiving of
appropriate signals, filopodium undergoes maturation into a spine; this process probably involves the
formation of a dense branched actin network, which drives the expansion of the filopodial tip into a spine
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head. Membrane is shown in gray, actin filament in blue and microtubule in red. From Korobova and
Svitkina (2010). Scale bars in (A), 1 um.

Recently, it has been demonstrated that the elongation of dendritic
filopodia takes place not only from the tip but also from the roof of actin
filaments and it requires the small GTPase Rif and its effector mDia2
formin (Fig.11) [166], which catalyses the nucleation and elongation of
linear actin filaments by insertional assembly of monomers to the fast
growing barbed ends [184]. The transition from filopodia to mature
spines either during development or plasticity phenomena appears to be
regulated by the GTPase Cdc42 and its effector Arp2/3 (Fig.11) [166],
which nucleates branched actin filaments form preexistent ones [145,
187]. Moreover, Arp2/3 and its regulators, such as WAVE and profilins,
are highly enriched in dendritic spines [113, 154, 165] (Fig.11).
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filopodia filopodia spine head spine
initiation elongation formation plasticity
| Polymerizingend = Arp2/3 complex “®  profilin + ATP-actin
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Figure 11. Actin regulatory mechanisms during spine development and plasticity. (A) Filopodium
growth, left panel. Eps8 inhibits filopodium initiation by its capping activity, whereas Ena/VASP proteins
promote its elongation from branched filaments by anti-capping activity. mDiaZ promotes actin filament
polymerization in the filopodium tip, then Ena/VASP and myosin X could promote filopodia elongation.
Extensive actin branching occurs at the filopodium tip and the spine head begins to form. Arp2/3-
nucleated branched actin filaments lead to enlargement of the spine head. ADF/cofilins replenishes the
actin monomer pool and controls the proper length of actin filaments, preventing formation of abnormal
protrusions. Synaptic potentiation, right panel. During LTP, coordinate regulation and recruitments of
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actin binding proteins orchestrate functional and morphological changes of dendritic spines. (B) Actin
and microtubule cytoskeleton organization in a mature dendritic spine from cultured hippocampal
neurons visualized by platinum replica electron microscopy (EM). Axonal cytoskeleton, purple; dendritic
shaft, yellow; dendritic spine, cyan. The spine head typically contains a dense network of short cross-
linked branched actin filaments, whereas the spine neck contains loosely arranged longitudinal actin
filaments, both branched and linear. The base of the spine also contains branched filaments, which
frequently reside directly on the microtubule network in the dendritic shaft. From Hotulainen and
Hoogenraad (2010).

Given the established role of Arp2/3 in the growth of lamellipodia
in nonneuronal cells [145, 187], it has been recently proposed that spine
formation and enlargement may be driven by the same process taking
place during lamellipodium formation (Fig.11) [154]. Besides Arp2/3
activity, the latter process requires the concerted activity of capping and
anti-capping proteins. Capping proteins bind the barbed ends of actin
filaments thus blocking actin monomer addition; whereas anti capping
proteins bind to the barbed ends of densely-packed, plasma membrane-
localized actin filaments, protecting them from capping [188]. Indeed,
when capping activity is high the newly nucleated actin branches become
quickly capped, thus leading to a local increase of available actin
monomers, which further feeds Arp2/3 complex activity. As a
consequence, the formation of a dense and highly branched actin array of
short actin filaments is favored (Fig.12). Conversely, when capping
activity is low or anti-capping activity operated by Ena/VASP proteins is
high, G-actin became rapidly incorporated into long and uncapped actin
filaments (Fig.12) [186, 188, 189]. In agreement with this hypothesis, it
has been demonstrated recently that a large amount of capping proteins
are localized at the level of the spine head [117]. However, a direct
demonstration of the role of capping activity in spine formation and

enlargement is still lacking [56].
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Figure 12. Structural organization of lamellipodium and filodium. (A) Platinum replica EM shows
few peripherally located filopodia embedded into highly branched actin network that characterized
lamellipodial protrusions. Deeper cytoplasm shows sparser filament network. (B) Formation of
lamellipodia or filopodia is regulated by capping activity. Top panel: high capping activity. Bottom panel:
low capping activity. Scale bare in (A), 5 um. From Mejillano et al. (2004).

ACTIN REGULATION: THE ROLE OF
EPS8

Eps8 is an actin binding and regulatory proteins discovered in
tumor cells as substrate of EGF receptors in the mitogenic pathway [190]-
It is characterized by a multimodular structure through which it regulates
actin remodeling (Fig.13). In particular, Eps8 is able to activate Rac, which
in turn regulates actin cytoskeleton [191-194]. Moreover, Eps8 is
endowed with an actin capping and bundling activity [195-197]
(Fig.13B). The capping and bundling functions of Eps8 have been recently
dissected [197], the former lies in the H1 domain (Fig.13C) and
mutations of two hydrophobic residues into Aspartate (V689D and
L693D) are sufficient to completely abrogate barbed end-binding activity
leaving other properties unaffected [197].
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Figure 13. Eps8 structure and functions. (A) Anatomy of human EPS8 protein. EPS8 is 821 residues long
and contains several known regions of interest: a phospho-tyrosine-binding protein (PTB) domain; a
proline-rich (PR) sequence, an EGF receptor-interacting region (EGFR); and a Src homology 3 (SH3)
domain. Proteins known to interact with these regions are shown. (B) Cartoon of Eps8 function. Eps8 in
complex with Abil and Sos1 regulates the activity of Rac. Moreover, Eps8-Abil binds the barbed end of
actin filaments blocking the further incorporation of actin monomers. From Higg (2004). (C) Upper panel:
a cartoon representation of Eps8 actin binding region and monomeric actin. The N-terminal amphipathic
helix, H1, the connecting linker, L1, and the globular helical core, H2-H5, of Eps8 actin binding region are
indicated. Monomeric actin is oriented with its barbed end downwards. Actin subdomains are numbered
from 1 to 4. Bottom panel: at the barbed ends, the H1 binding site is fully accessible and H1 can bind
within the hydrophobic pocket blocking further addition of monomeric actin. From Hertzog et al. (2010).

The barbed-end capping activity of Eps8 resides in its conserved C-
terminal effector domain, and it is functional when the protein is
associated to Abil [195]. Conversely, Eps8 must associate with IRSp53
(insulin receptor tyrosine kinases substrate of 53 kDa) [198, 199] to
efficiently cross-link actin filaments [196]. Interestingly, Abil is involved
in synaptic contact formation and spine morphogenesis [134, 200, 201]
These multiple actin regulatory roles of Eps8 in vitro are reflected by the
observation that in vivo Eps8 is required for optimal actin-based motility,
intestinal morphogenesis, and filopodial-like extension [195, 196, 202].
Eps8 is the prototype of a protein family with redundant biological
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function (Eps8L1, 2 and 3) and widespread expression in most tissues
and organs of the developing and adult mice with the notable exception
of the brain where only Eps8 and Eps8L2, albeit at lower levels, was

detectable [203].
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Figure 14. Eps8 controls synaptic precursor formation in hippocampal neurons. (A,B) Eps8
negatively controls the formation of synaptic precursors. Eps8 null hippocampal neurons present an
increase density of axonal (A) and dendritic (B) filopodia in early stage of developments. From Menna et
al. (2009). (C) BDNF-MAP kinese-Eps8 pathway. In hippocampal neurons the stimulation with BDNF
induced the formation of new filopodia. The growth of those actin based structures depends on the MAP
kinese dependent inhibition of the capping activity of Eps8. In absence of this protein, in fact, the BDNF
dependent formations of filopodia are abrogated. From Menna et al. (2011).

In hippocampal neurons overexpression of Eps8 causes the
formation of flat actin-rich protrusions along axons, which resemble
lamellipodium extensions; on the other hand, protein silencing leads to
an increased filopodium formation in the axonal and dendritic
compartments ([1]; Fig.14A,B). Consistently, Eps8 has been localized
postsynaptically in the dendritic articulations of cerebellar granule cells
[203, 204], where it controls actin cytoskeleton stability and NMDA

receptor-mediated current [203]. Interestingly, the capping activity of
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Eps8 is also regulated by protein phosphorylation operated by activated
MAPK upon the neurotrophic factor BDNF (Fig.14C) [1]. BDNF plays a
pivotal role in building up neuronal networks, by affecting
synaptogenesis and synaptic plasticity [205-207]. Intriguingly, BDNF is
misregulated in autistic patients [208-210] and alterations of its
expression lead to cognitive impairment and aberrant synaptic growth in

animal models [168, 211-214].

AIM OF THE THESIS

Human brain contains around 1013-101> synapses which
interconnect neurons creating a specialized network from which higher
cognitive functions - such as learning, memory and consciousness - arise.
Thus, synaptic contact formation and building up of brain circuits have to
occur properly for a normal development and expression of cognitive
functions. Perturbations of synaptogenesis process or synaptic contact
dysfunction would then result in altered brain development and/or
homeostasis, ultimately leading to neuropsychiatric or

neurodegenerative disorders.

Actin is the main cytoskeletal components of synaptic contacts and
its organization and dynamic changes, besides providing structural
support, drive synaptic contact formation and remodeling during both
development and plasticity processes (i.e spines maturation and
enlargement). A variety of actin binding proteins play a role in the
regulation of actin dynamics during these processes. In particular

capping and anti-capping proteins may regulate actin cytoskeletal
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architecture and changes in dendritic spines similarly to their function in
lamellipodia expansion in nonneuronal cells. Among them, Eps8 is crucial
for the formation of neuronal filopodia during development by virtue of
its actin capping activity [1]. Of note, the actin capping activity of Eps8 is
likely to be predominant with respect to the function of Rac activation in
neuronal cells because of the relative concentration of the other
molecular partners of Eps8 [215]. However, a direct demonstration of the
involvement of capping activity in spine formation and enlargement was
not evident. In fact, whereas actin capping protein CP has been implicated
in spine development [56], it forms a complex with other proteins, such
as twinfilin [216], and mediates also membrane attachment of actin [217,

218].

We have previously demonstrated that the capping activity of Eps8
is regulated by protein phosphorylation operated by MAPK [1] which has
a central role in synaptic plasticity [104, 105, 219-221]. Based on these
considerations we intended to investigate the role of Eps8 in synaptic
contacts development and to dissect the involvement of capping activity

in spine morphogenesis and plasticity processes both in vivo and in vitro.
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MATERIAL AND METHODS
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Animals

All the experimental procedures that required the use of animals
followed the guidelines established by the Italian Council on Animal Care
and were approved by the Italian 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 were
housed in standard 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. Mice’s tails were leaved 1-2 h shacking at 95°C in NaOH 50 mM.
After that Tris HCl 1M pH8 was added and the samples were
centrifugated. The surnatant-containg DNA was then used as a substrate

for PCR, using the follow primers:

e A primer: CAGCGCATCGCCTTCTATCGC
e B primer: GCCCAGAACCCAAGTTACCTG
e Cprimer: AAGTAAAAGTTGACCAGTGCGTGG

Electrophoretic separation of PCR amplification products were then
obtained on 2% agarose gel and UV-transilluminator was used to
visualize a lower band around 200 kb (corresponding to the presence of
wt gene) and a upper band around 500 kb (corresponding to Eps8

interrupt gene).
General health

In order to rule out that the lack of Eps8 may induce a worsening of
general status of the animals, thus affecting behavioral analysis, general
health of mice has been assessed (10 animals for each genotype) [222],
[223]. The presence of normal neurological reflexes [224] and sensory
abilities [226],[227],[228] were also verified. Motor function,

coordination and muscle strength were also assessed [225]. Pain
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sensitivity and aggression were tested as described in Corradini et al.

(2012).
T maze Test

Before carrying out the test, mice were habituated to a black wooden T-
maze composed of a stem (length 41 cm) and of an arm (length 91 cm),
built with the same section (wide 11 cm, high 19 cm). Mice were then
habituated to obtain food in the T-maze for 5 days [229].The task was
composed by an acquisition phase and a reversal one. In the previous
phase, in one of the two arms was placed Kellogg's cereal as reinforce for
each of 10 daily trials (reinforce arm). Each mouse was then placed at the
start point of the maze and given a free choice to enter either arm. In
order to evaluate the abilities of the animals to learn the presence and
the position of reinforcer, the number of days to reach the criterion was
recorded. This parameter was defined as the ability to show 80% of
correct choices for 3 days and was also used to select the mice that would
be subject to the reversal phase. In the latter task the reinforcer was
switched to the opposite arm in order to evaluate the cognitive flexibility

of animals.
Radial maze Test

The radial maze consisted of eight arms (each 30 cm long, 7.5 cm wide,
and with the enclosing walls 10 cm high), that extended radially from a
central 30 cm wide octagonal platform that served as a starting base.
Small plastic cups mounted at the end of each arm held 15 mg food
pellets as reinforcers. Access to the arms was controlled by eight
pneumatically operated sheet-metal guillotine doors. The entire maze
was painted black, elevated 50 cm from the floor, and placed in the center

of a small room (2.5m x 2.5m) lit by fluorescent lights and fitted with
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several visual cues. Animal behaviour was monitored by a video camera
(Model CCD, Securit Alarmitalia) whose signals were digitized and
interfaced by a PF6PLUSPAL apparatus 512x512 pixels (Imaging
Technology, Woburn, MA), and sent to a video monitor (Trinitron KX-
14CP1, Sony, Japan). Image analysis and pattern recognition were done
by a Delta System computer (Addonics) using software provided by
Biomedica Mangoni (Pisa, Italy). Starting 2 weeks before the experiment,
body weights were reduced by 10% by means of a restricted feeding
schedule of standard chow (Harlan- Italy).The animals were kept at 90%
of their free-feeding bodyweight for the duration of the experiment. After
3 days of free exploration the animals were trained to complete the maze.
During each daily session, working memory was scored on the basis of
the total number of errors (which corresponded to a re-entry into the
arm just visited). Training continued, at the rate of one trial per day, until
the mice reached the criterion of entering seven different arms in their
first eight choices on 5 successive days, for a maximum of 30 days. The
mean number of days taken to reach the criterion and the percentage of

animals reaching the criterion were calculated.
Passive Avoidance

Animals, typically rodents, subject to passive avoidance learn to avoid an
environment in which an aversive stimulus was previously delivered. The
apparatus used for this task was made of two different compartments,
one light and one dark, connected via a sliding door. In the acquisition
trial, each mouse was placed in the light compartment and allowed to
freely enter the dark one. The time (in s) taken to move from light
compartment to the other was recorded. Once the mouse was in the dark
compartment, the sliding door was closed and an unavoidable electric

shock (0,8mA for 1 s) was delivered via the paws (aversive stimulus). At
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the end of the acquisition phase, animals were placed back in the home
cages. 24 h after retention trial was carried out. Mice were placed in the
light compartment and the time taken to enter the dark compartment
(retention latency, cut-off 180 s) was recorded. An increased retention
latency indicates that the animal has learned the association between the

shock and the dark compartment.
Novel Object Recognition test

Animals were habituated to the test arena for 10 min on the first day. The
day after mice were subjected to familiarization (T1) and novel object
recognition (T2). During T1 phase, two identical objects were placed in
the center of the arena equidistant from the walls and from each other.
Each mouse was placed in the center of the arena between the two
objects for a maximum of 10 min or until it had completed 30 s of
cumulative object exploration. Object recognition was scored when the
animal was within 0.5 cm of an object with its nose toward the object.
Exploration was not scored if a mouse reared above the object with its
nose in the air or climbed on an object. Mice were returned to the home
cage after familiarization and retested 120 min later, and in the arena a
novel object (never seen before) took the place of one of the two familiar.
Scoring of object recognition was performed in the same manner as
during the familiarization phase. From mouse to mouse the role (familiar
or new object) as well as the relative position of the two objects were
counterbalanced and randomly permuted. Objects to discriminate
consisted of white plastic cylinders, colored plastic Lego stacks of
different shape and a metallic miniature car. The arena was cleaned with
70% ethanol after each trial. The basic measure was the time (in s) taken
by the mice to explore the objects in the two trials. The performance was

evaluated by calculating a discrimination index (N-F/N+F), where n=
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time spent exploring the new object during T2, F= time spent exploring

the familiar object during T2 [230].
Sociability

The apparatus was a rectangular, three-chamber transparent
polycarbonate box (width=42.5 cm; height=22.2 cm; centre chamber,
length=17.8; side chambers, length=19.1 cm). First of all habituation was
carried out and animals were placed in the middle compartment, freely to
explore all the chambers for 10 min. [228, 231]. Then an unfamiliar adult
DBA/2] male mouse was placed in one side compartment whereas the
opposite contained only empty wire cage. The time spent in and the
number of entries into each chamber were recorded for 10 min. Data are
expressed as time spent in each chamber or the difference score between
the time spent to explore the compartment containing the conspecific

and that spent in the empty compartment (for sociability test) [232].
EEG

Mice were anesthetized with intraperitoneal injection of 5% chloral
hydrate dissolved in saline and given a volume of 10 ml/kg. Four screw
electrodes (Bilaney Consultants GMBH, Dusseldorf, Germany) were
inserted bilaterally through the skull over cortex (anteroposterior,+2.0-
3.0 mm; left-right 2.0 mm from bregma) as previously described [233]
according to brain atlas coordinates (Paxinos and Franklin, 2004); a
further electrode was placed into the nasal bone as ground. The five
electrodes were connected to a pedestal (Bilaney, Dusseldorf, Germany)
and fixed with acrylic cement (Palavit, New Galetti and Rossi, Milan,
Italy). The animals were allowed a week for recovery from surgery
before the experiment. EEG traces were analyzed as [233] for spike

activity. Basal cerebral activity was recorded continuously for 24 h in
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freely moving mice. For each 24-h EEG recording, the mean number of
spikes was evaluated in both genotypes. After the recordings, the EEG
was analyzed for the incidence/amplitude of spontaneous cortical spike
activity and the percentage of animals displaying spike activity, as

previously described [233, 234].
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, mouse hippocampi were extracted from
embryos and dissociated by treatment with trypsin (0.125% for 15min at
37°C), followed by trituration with a fire-polished Pasteur pipette. The
dissociated cells were plated onto 24 mm glass coverslips coated with
poly-L-lysine (1 mg/ml, Sigma Chemical Co., St Louis, MO, USA) at density
of 400 cells/mm2. The cells were maintained in Neurobasal (Invitrogen,
San Diego, CA, USA) with B27 supplement and antibiotics, 2mM
glutamine (Invitrogen, San Diego, CA, USA) and 12.5mM glutamate
(Sigma-Aldrich, St. Louis, MO, USA) (neuronal medium). Neuronal
cultures were then kept at constant temperature (37°C) in the presence
of 5% CO.. Part of the culture medium was replaced with fresh medium

without glutamate after 3 days [235, 236] .
Quantitative RT-PCR analysis

Total RNA was isolated using the RNeasy® Mini Kit (Qiagen, Venlo,
Limburg, Netherlands). 2 pg of RNA were processed in a reverse-
transcription reaction with 100 ng of random examers, (SuperScript®
VILO™ cDNA Synthesis Kit). 0.1 ng of cDNA was amplified, in triplicate, in
a reaction volume of 25 pL with 10 pMol of each gene specific primer and
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the SYBRgreen PCR MasterMix (Applied Biosystems, San Francisco, CA,
USA). Real-time PCRmwas carried out on the 14 ABI/Prism 7700
Sequence Detector System (Perkin- Elmer/Applied Biosystems), using a
pre-PCR step of 10 min at 95°C, followed by 40 cycles of 15 s at 95°C and
60s at 60°C. Specificity of the amplified products was confirmed by
melting curve analysis (DISSOCIATION CURVE TM Perkin-Elmer/Applied
Biosystems) and by 6% PAGE. Preparations with RNA template without
reverse transcriptase were used as negative controls. Samples were
amplified with primers for each genes (for details see Q-PCR primer list
below) and rRNA GAPDH as a housekeeping gene. The Ct values were
normalized to the GAPDH curve. The GAPDH gene was used as a control
gene for normalization. Results were quantified using the 2- CT method
[237]. PCR experiments were performed in triplicate, and standard

deviations calculated and displayed as error bars.

Primer sequences used are listed below:

Assay ID Context Sequence Gene Symbol

MmO00519404_m1 ACCAGCTGGGCTGACTGGACAGGCA Eps8I3
MmO00509161_m1 GGTCAATGGTCAGCAAGATCCAGAA Eps8l11
MmO00519237_m1 ACATGCTAACAGGGGCTACCAGCCA Eps812
Determination of Rac activation

The levels of Rac-GTP were evaluated using G-LISA™ Rac Activation
Assay Biochem Kit™ (Cytoskeleton, Denver, CO, USA). Results were
normalized over the total level of Rac determined by western blot
analysis. Monoclonal anti-Racl and anti-Eps8 antibodies (BD
Transduction Laboratories, Franklin Lakes, NJ, USA). Monoclonal anti-

Vinculin (Sigma-Aldrich, St. Louis, MO, USA).
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Electron microscopy

Postnatal 90 days wt and Eps8KO mice were anesthetized with 4%
chloralium hydrate. Animals were then perfused with 4%
paraformaldehyde, 1% glutaraldehyde in Phosphate Saline Buffer (pH
7.4). Dissected brains were post-fixed in the same buffer for 2 hours.
Coronal sections of 350 mm in thickness in the hippocampal region were
then obtained by vibratome sectioning (Leica Microsystems, Wetzlar,
Germany). From these sections, regions containing the CA1 and CA3 of
the hippocampi were dissected and they were further processed for
electron microscopy sample preparation. Briefly, the samples were fixed
with glutaraldehyde (2% in cacodylate buffer 0.1M, pH 7.4), postfixed
with 2% O0sOs in the same buffer, en bloc stained with a saturated
solution of uranyl acetate in 20% ethanol dehydrated and embedded in a
mixture of Epon+Spurr epoxy resins. Ultra-thin sections were observed
in a Philips CM10 microscope; images were collected at 28.500x and

morphometric analysis was performed with Image ] software.
cDNA constructs and expression

Neuronal cultures were co-transfected at 10-11DIV with 0.2 pg pSUPER-
DsRed plasmid (obtained from pSUPER GFP, Oligoengine, Seattle, USA)
and 0.5 pg of Eps8 WT or capping specific mutant H1 cDNAs [196, 197].
Acute down-regulation of the protein levels was achieved using two
different double-strand small interfering RNA (siRNA) oligonucleotides
(Invitrogen Stealth RNAi; called 1525 and 1158) against mouse Eps8 as
previously described in Menna et al (2009). Mouse and rat hippocampal
neurons were transfected by using Lipofectamine 2000 (Invitrogen, San

Diego, CA).
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Cell culture electrophysiology and chemical LTP

During recordings cells were bathed in a standard external solution
containing (in mM): 125 NacCl, 5 KCI, 1.2 MgS04, 1.2 KH2PO0O4, 2 Ca(Cl2, 6
glucose, and 25 HEPES-NaOH, pH 7.4. Recording pipettes were fabricated
from borosilicate glass capillary using an horizontal puller (Sutter
Instruments, Novato, CA, USA) inducing tip resistances of 3-5 M and
filled with a standard intracellular solution containing (in mM): 130 K-
gluconate, 10 KCl,1 EGTA, 10 HEPES- NaOH, 2 MgCl2, 4 MgATP, and 0.3
Tris-GTP. For miniature EPSC recordings 1puM tetrodotoxin, 20uM
Bicuculline and 50uM AP5 (Tocris, Bristol, UK) were added to standard
extracellular solution to block spontaneous action potentials
propagation, GABA-A and NMDA receptors, respectively. Recordings
were performed at room temperature in voltage clamp mode at holding
potential of -70 mV using a Multiclamp 700B amplifier (Molecular
Devices, Sunnyvale, CA, USA) and pClamp-10 software (Axon
Instruments, Foster City, CA, USA). Series resistance ranged from 10 to 20
M() and was monitored for consistency during recordings. Cells in culture
with leak currents >100 pA were excluded from the analysis. Signals
were amplified, sampled at 10 kHz, filtered to 2 or 3 KHz, and analyzed

using pClamp 10 data acquisition and analysis program.

For glycine-induced LTP experiments, recordings from each neuron
lasted at least 60 min and each cell was continuously perfused (1ml/min)
from a computer-controlled perfusion system with a solution containing
(in mM) 125 NaCl, 5 KCl, 1.2 KH2PO4, 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 pM) was applied for 3 min 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
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EGTA, 4 MgATP and 0.3 Tris-GTP. The Eps8-capping inhibitor peptide
(blocking peptide, 10uM intracellular concentration) was dissolved 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.
Immunofluorescence staining of dissociated neurons

Neuronal cultures were fixed with 4% paraformaldehyde and 4% sucrose
(8-20 min.) or with 100% cold methanol (5 min.). 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 conjugated 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. Image stacks (pixel
size was 110 nm-110 nm) were then obtained keeping acquisition
parameters (i.e., laser power, gain and offset) constant among different
experimental settings. Analysis of synaptic puncta took in account only
clusters lying along secondary dendritic branches. 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 mm?). Boolean function ‘and’
was used to evaluate the colocalization of two or three selected markers,
usually PSD-95, vGLUT-1 and Bns. The resulting image was binarized and
used as a colocalization mask to be subtracted to single channels. The

number of the puncta resulting from colocalization mask subtraction was
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measured for each marker. Colocalization ratio was defined as
colocalizing puncta/total puncta number. The total area of the measured
synaptic puncta represents synaptic area. For each cell, three or four
dendrites were analyzed from maximum projection images. Filopodia
were defined as thin protrusions without a distinguishable head, stubby
spines as short protrusions without a neck, and mushroom spines as
protrusions with a short neck and a distinguishable head [99]. Synapses
were defined by the apposition of presynaptic and postsynaptic markers,
such as vGLUT-1 or Bsn and PSD-95. Fluorescence images processing and
analyses were performed with Image] Software (National Institutes of

Health).

Live cell imaging and Fluorescence Recovery After Photobleaching

(FRAP)

FRAP experiments were performed maintaining coverslips in a 37°C
heated chamber with 5% CO2Z in their own growth medium. The
construct FU(PSD95:EGFP)W was a kind gift from Prof. Noam Ziv, Israel
Institute of Technology, Haifa, Israel. Live cell imaging was performed
with a confocal microscope Leica SP5 using a HCX PL APO 63X/ 1.4 oil
immersion objective (Leica Microsystems, Wetzlar, Germany).
Photobleaching was performed using a 488nm laser light at 100%.
Images were collected every 500ms. The bleached region of interest
(ROI) was put on the spine and has been used for both the
photobleaching and the fluorescence recovery analysis. The fluorescence
recovery was recorded and the analyses performed on the first 40
seconds after bleaching. Each image at each time point was corrected for
the background and for the not-intended bleaching and normalized
according to this formula: ((Ft-Fb)/(Fr-Fb))/ (Fa-Fb), where Ft is the

fluorescence of a ROI at time t; Fb is the fluorescence of the background;
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Fr is the fluorescence of the reference ROI at time t and Fa is the
fluorescence of the ROI immediately before photobleaching. The data
obtained were fitted with a single exponential using the LAS AF software

(Leica Microsystems, Wetzlar, Germany).
Golgi staining

Mice were deeply anesthetized with avertin (0.2ml/10g body weight, i.p.)
and Animals were perfused transcardially with 50-100 ml of saline
solution (NaCl 0.9%). Brains were rapidly removed and incubated with
Golgi-Cox impregnation solution (5 volumes of 5% K:Cr:07 solution, 5
volumes of 5% HgCl, 4 volumes of 5% K:CrOs and 10 volumes of
bidistillate water) for 1 weeek in the dark as described in in Glaser and
Van der Loos (1982). Thus impregnation solution was removed and
replaced with 30% sucrose solution for at least 2 days. Vibratome
(VT1000S, Leica, Wetzlar, Germany) was used to obtain sections of
100um thickness from the dorsal hippocampus. The vibratome reservoir
should be filled with 6% sucrose and the blade is prepared for sectioning
by immersion in xylene for 5 minutes. Sections were collected and kept in
6% sucrose solution until they would be placed in clean gelatinized
microscope slides (2% gelatin, 1% KCr(S04).12H20). Coronal sections of
100pm thickness from the dorsal hippocampus were obtained using a
vibratome (VT1000S, Leica, Wetzlar, Germany). Sections were then
treated with ammonium hydroxide for 30 min, followed by 30 min in
Kodak Film Fixer, and finally were rinsed with distilled water,

dehydrated and mounted with a xilene-based medium [238].
Immunofluorescence staining on free-floating sections.

Immunofluorescent staining was carried out on free-floating sections as

described in Frassoni et al., 2005. Free-floating sections were processed
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for PSD-95 (rabbit policlonal antibody kindly provided by C. Sala; 1:400)
and VAMP2 (Vesicle Associated Membrane Protein, Synaptic System,
Gottingen, Germany 1:800), followed by incubation with secondary
antibodies (Jackson Immunoresearch Laboratories, West Grove, PA,
USA), indocarbocyanine (Cy) 2-conjugated goat anti-mouse (1:200) and
Cy3-conjugated goat anti-rabbit (1:600), mounted in Fluorsave
(Calbiochem, San Diego, CA, USA) [239]. Sections were examined by
means of a Zeiss LSM 510 META confocal microscope (Leica
Microsystems, Wetzlar, Germany). To resolve individual synaptic puncta,
the images (512x512 pixels) were acquired using the x40 oil immersion
lens (numerical aperture 1.0) with additional electronic zoom factor of
up to 4. The gain and the offset were lower to prevent saturation in the
brightest signals. The pinhole size was kept at the minimum setting (1.0-
1.8). Analysis was carried out on each mice (Eps8 wt and KO) and three
different sample from CA1 area were taken at two hippocampal coronal

levels.
In vitro binding assay

In vitro binding assay was performed as previously described [196]. The
antibodies used were: monoclonal anti-Eps8 (Transduction Laboratories,
Lexington, KY); rabbit polyclonal anti-GST (Santa Cruz Biotechnology,
Santa Cruz, CA, USA). Hs-Abil synthesized peptides (PPPPPVDYEDEE;
AAAAAVAAEDEE) were from Mimotopes (Clayton Victoria, Australia).
Recombinant purified His-Eps8 and GST-Abil were obtained as
previously described [1, 195].

Analysis of human brain tissue samples

11 postmortem brain samples from subjects with autism and 13 control

brain samples were provided to us by the Autism Speaks’ Tissue Program
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(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 reported in the Autism
Tissue Program online portal (http://www.atpportal.org). There were no
statistically significant differences between groups for age at death or
PMI (Peer-mediated instruction). Given that fusiform gyrus is
hypoactivated during face discrimination tasks in autistic patients, this
area was chosen for further analysis [240]. The diagnosis of autistic
disorder was confirmed using the Autism Diagnostic Interview-Revised
[241] postmortem through interviews with the parents and/or
caregivers. Samples were stored at - 80°C before use. Protein extraction
was performed as previously described [209, 242]. Around 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, 10mM EDTA, 1 complete, Mini, EDTA-free tablet (Roche,
Cat. no. 11 836 170 001) per 10 ml of HB, 2 pg/ml pepstatin, 2 pg/ml
aprotinin, 50mM sodium fluoride, 2ZmM sodium orthovanadate, 2.5mM
sodium pyrophosphate, 1mM b-glycerophosphate, 0.5% sodium
deoxycholate). The homogenate was incubated for 15 min on ice and
then centrifuged at 12 000x g for 20min at 4°C. Supernatants containing
solubilized protein were stored at -80°C before use. Protein
concentrations were determined using a DC protein assay kit (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 [209, 242, 243]. Samples containing 35 pg protein were
resolved in 10% sodium dodecyl sulphate-polyacrylamide gels under

reducing conditions. After transfer onto polyvinylidene diflouride
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membranes for 2 h at 250mA at 41C, blots were blocked for 1 h at room
temperature in a 1:1 solution of phosphate-buffered saline (PBS) pH 7.4
and Odyssey Blocking Buffer (BB) (Cedarlane, Burlington, Ontario,
Canada) and then incubated with rabbit polyclonal or mouse monoclonal
Eps8 primary antibodies (dilution 1:1000) and b-actin antibodies (Sigma,
diluted 1:5000) at 41C overnight in BB:PBS (1:1), 0.5% Tween-20 (PBS-
T). Subsequently, membranes were washed and incubated for 1 h at
room temperature in PBS-T with the secondary antibodies IRDye 680-
conjugated goat anti-rabbit and IRDye 800CW-conjugated goat anti-
mouse (LI-COR Biosciences, Lincoln, NE, USA; diluted 1:8000). All blots
were scanned using an Odyssey Infrared Imaging System (LI-COR
Biosciences). Blots were run twice with two different Eps8 antibodies.
Each western blot contained a standard curve consisting of different
amounts of protein per lane (from 5 to 80 mg) to ensure that the sample
loading amount was in the linear range of detection for Eps8 [209, 242,
243]. The intensities of immunoreactive bands were measured using LI-
COR Odyssey Software, version 2.0 with local background subtracted.

Eps8 pixel values were normalized to b-actin values for each sample.
Statistical analysis

Morphological analysis of spine parameters and synapse density was
performed using Image] software (NIH, Bethesda, MD, USA). n refers to
the number of elements analysed. Statistical analysis was performed
using SigmaStat 3.5 (Jandel Scientific) or PRISM 5 software (GraphPad,
Software Inc, San Diego, CA,). After testing whether data were
normallydistributed or not, the appropriate statistical test has been used,
see figure legends. Data are presented as meanz+s.e.m. from the indicated
number of elements analyzed. For behaviour, the continuous data were

analyzed using a paired Student’s t-test and the categorical data were
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analyzed using Fisher’s exact probability test. The AUC was calculated for
the total number of errors in completing the maze. The differences were
considered to be significant if P<0.05 and are indicated by an asterisk;
those at P<0.01 are indicated by double asterisks; those at P<0.001 are

indicated by triple asterisks.
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RESULTS
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Eps8 knockout (Eps8 KO) mice are impaired in learning and memory

In collaboration with Dr. Marielvina Sala (University of Milan), Eps8
KO mice were subjected to a series of behavioral tests in order to
characterize their cognitive function, with particular attention for
learning and memory, with the aim to evaluate the potential involvement

of Eps8 in such processes.

Spatial memory was evaluated by Radial- and T-maze and in both of
them Eps8 KO mice performed worse compared to wild-type (wt) groups
(Fig.15). Indeed, in Radial-maze task Eps8 KO mice exhibited a higher
number of errors as indicated by the calculated area under the curve
(AUC) and needed significantly more days than controls to reach the
criterion (Fig.15A). Consistently, wt mice performed statistically better
compared to Eps8 KO mice during the acquisition phase of T-maze test
(Fig.15B, left). Conversely, no significant difference was detected in the

reversal phase (Fig.15B, right).

When tested for novel object recognition (Fig.15C), no significant
difference was detected in the amount of the time that mice spent
exploring the two object during the familiarization phase (T1), thus
indicating that the absence of Eps8 does not compromise the explorative
behavior of Eps8 KO mice. However, when subjected to novel object
recognition phase (T2), 120 minutes later, in order to evaluate episodic
memory, Eps8 KO mice spent significantly less time exploring the novel
object compared to familiar ones, as shown by a decrease in the
discrimination index (Fig.15C). This was not due to altered sensorial
parameters, as all mice appeared healthy, displaying normal motor

activity and sensory ability (Table 1).
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Figure 15. Behavioral characterization of Eps8 KO mice. (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 reach 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,
needing more time to reach the criterion. Conversely, mutated mice display 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 a decrease in the discrimination
index, meaning no net preference between novel and familiar objects. (D) Passive avoidance task. Mutant
mice show reduced step-through latency compared to wt animals. (E, EO) Sociability test. Eps8 KO mice
show reduced social interaction, as indicated by significantly lower difference score in a social choice
paradigm. Mutant animals spend significantly less time exploring a conspecific than an empty cage. (F)
EEG. Abnormal EEG profile was recorded in Eps8 KO mice. (Left) representative traces of EEG recordings
of wt and KO mice for 120 s are shown. KO mice show higher spike activity both in term of frequency and
amplitude. The frequency of spikes calculated in 2 h recording traces is significantly higher compared to
wt (centre). Mean spike amplitude of mutant mice was also 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
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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.

Then long term memory was examined by passive avoidance task.
In this test, subjects learn to avoid an environment in which an aversive
stimulus, usually a foot-shock, was previously delivered. The time taken
to enter the dark compartment (retention latency) is used as an indicator
of the strength of the association between the shock and the above-
mentioned compartment. As shown in Fig.15D, Eps8 mice displayed a
significant reduction of the mean value of step through latency, indicating

impairment in long-term memory.

Moreover, also social behavior was found altered in Eps8 KO mice.
Indeed, differently from wt animals, which spent longer time to explore
the compartment with the stranger mouse than empty cage, Eps8 KO
mice were significantly less social, spending the same amount of time in

the two compartments (Fig.15E).

Finally, 2-h cortical EEG recordings revealed that Eps8 KO mice
displayed frequent spikes of high amplitude (Fig.15F) although no
epileptiform activity was detected and mice did not show seizures, either
spontaneously or even after mice handling. Moreover, the mean number
and mean amplitude of spikes were significantly higher than wt mice

(Fig.15F).

Collectively, these data indicate that Eps8 KO mice show defects in
learning and memory, social behavior and cortical activity. Those
alterations were no due to abnormal development of brain structures
(e.g. cortical displacement of neurons, lamination defects...). Indeed, no
obvious alteration of the brain anatomical structures of mutant mice has
been found (Fig.16).
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Figure 16. Brain architecture and ultrastructure of presynaptic terminals are normal in Eps8 KO
mice. (A-L) Detailed brain morphological analysis. Sagittal sections through the entire CNS (A, B) or
coronal sections of cortex (C,D), hippocampus (E,F) and cerebellum (G,H) of wt (A,C,E,G) and Eps8 KO
mice (B,D,F,H) were analyzed by staining with thionine. The thickness and layering of the cerebral cortex,
the architecture of the hippocampal formation and cerebellum are undistinguishable between wt and
Eps8 KO mice. The cytoarchitectural organization of the CA subfields and dentate gyrus of the
hippocampus are evaluated by immunostaining for the calcium binding protein Calbindin. No difference
can be detected between wt and mutant mice (I wt, L Eps8 KO). (M) Normalized expression of Eps8L
family members in hippocampus from wt and KO adult mice. Expression profiles of Eps8L1, Eps8L2 and
Eps8L3 mRNAs were determined by quantitative RT-PCR. Data are expressed as the ratio of mRNA levels
of each Eps8L family member relative to that of GAPDH mRNA levels, normalized on the mRNA levels in
wt. Bars show the mean#sd (n=3) of three independent experiments. ** P < 0.01 (L1 vs KO). Eps8L3 mRNA
was not detected either in wt or in KO samples (not shown). Scale bars, A,B=200 um; C,D= 220 um;
E,F=450 um; G,H= 320 um; L= 400 um. (N-O) Electron micrographs of excitatory synapses of neurons
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from hippocampal sections of wt and Eps8 KO mice. No difference in the size and organization of the
synaptic vesicle pool (SV) can be observed in the presynaptic terminals. (E): endosome; PSD: post-synaptic
density (Scale bar N,0=200nm). P. Synaptic vesicles area (left graph) (wt, n=3732; Eps8 KO, n=4003), SV
abundance, evaluated with respect to the presynaptic bouton profiles (middle graph), and synaptic
bouton area (right graph) (wt, n=53; Eps8KO, n=54) are unchanged in wt and KO animals.

Furthermore, we verified whether a change of the mRNAs codifying
for the other Eps8L family members (e.i Eps8L1, Eps8L2 and Eps8L3)
might occur in the hippocampus. mRNA expression profiles of Eps8
family members were then carried out by quantitative RT-PCR in the
hippocampus of wt and Eps8 KO adult mice (Fig.16M). No significantly
increase of neither Eps8L1 nor Eps8LZ2 was found, ruling out that
compensatory mechanisms take place. Eps8L3 was not detected in our

conditions.

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

We have previously demonstrated that Eps8 negatively regulates
filopodium formation during neuronal development. Indeed, Eps8 null
neurons display an increased formation of protrusion from both axon and
dendrites in culture [1]. Then, since filopodia represent the precursors of
pre- and postsynaptic compartments during the process of hippocampal
synaptogenesis [177], we investigated whether Eps8 KO adult
hippocampus is characterized by a higher numbers of synaptic contacts

compared to wt.

Figure17A shows the CA1 hippocampal region of Eps8 KO and wt
mouse  brain, stained for the synaptic vesicle protein
synaptobrevin/VAMP2 and the glutamatergic postsynaptic protein PSD-
95. A significantly higher number of both pre- and postsynaptic puncta
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was detected within the hippocampi of Eps8 KO mice relative to control

(Fig.17A,B).
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Figure 17. Increased excitatory synapse number and spine abnormalities in the hippocampus of
Eps8 KO animals. (A, B) Representative fields of the CA1 hippocampal region of a wt and Eps8 KO mouse
brains, immunostained for the synaptic vesicle protein synaptobrevin/VAMP2 and the glutammatergic
postsynaptic protein, PSD-95. Eps8 KO hippocampus display a larger number of synaptic contacts
analyzed in term of either pre- or postsynaptic areas. Scale bar, 5 um. (C) Details of CA1 apical dendrites
from wt and Eps8 KO hippocampi subjected to Golgi-Cox staining. Scale bars, 10 um. (D, E) Quantitation
of spine length and density in naive animals or trained animals 24 h after exposure to novel object
recognition test (obj.) Eps8 null animals displayed an increased number of dendritic spines per unitary
length of parental dendrites (density, E, wt naive=0.789+0.017 spines per um of parent dendrite; wt
0bj.=1.07+0.016 spines per um; KO naive=1.09+0.024 spines per um; KO obj.=1.08#0.016 spines per um
total number of examined dendritic branches: 321wt ctr, 242 wt obj, 105 KO ctr, 361 KO obj; number of
independent experiments: 3). Notice that Eps8 null spines are longer compare to control and moreover
fail to undergo further increase in number after the object recognition (length, D, wt spines=0.91+0.010
um; KO spines=1.12+0.012 um; total number of examined spines: 551, wt and 506, Eps8 KO; number of
independent experiments: 3). Mann-Whitney rank sum test P<0.001. All data are expressed as
mean#s.e.m. Six animals for each condition have been analyzed.
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Ultrastructural analysis, performed in collaboration with Dr. Maura
Francolini (University of Milan), revealed normal number and dimension
of synaptic vesicles and normal size of synaptic boutons, thus indicating
that the lack of Eps8, although affecting synapse number, does not
prominently impact the ultrastructural organization of presynaptic
compartment (Fig.16N-P). However, analysis of the fine morphology of
CA1 pyramidal neurons performed with Golgi-Cox staining revealed that
Eps8 KO mice display a severe alteration in the morphology of dendritic
spines (Fig.17C-E). In fact, they appeared thinner and significantly longer
compared to wt (Fig.17C,D). Moreover, a significantly higher number of
dendritic protrusions per unit length was detected on secondary
branches of CA1 apical dendrites in Eps8 KO animals relative to wt
(Fig.17E, compared the first and the third column). Interestingly, aberrant
dendritic spine morphology and density were reported in patients
suffering of autism spectrum disorders, schizophrenia and intellectual

disabilities [31, 132, 135].

Given that mutant mice are impaired in learning and memory and
in consideration of abnormal spine features, we investigated whether
learning-dependent spinogenesis occurs properly in Eps8 KO mice. To
address this issue wt and mutant animals were subjected to object
recognition test and processed for Golgi-Cox staining 24 h after training.
The results showed that mutant mice did not show any increase in spine

number, which was instead clearly detectable in wt animals (Figure17E)

These results indicate that Eps8 null mice present a defect in spine
formation and in the processes of learning-dependent spinogenesis

within the hippocampus.
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Excessive synaptic growth and abnormal spine morphology in Eps8
KO hippocampal culture

To understand the cellular and molecular mechanisms underlying
the abnormal dendritic spine morphology and structural plasticity
defects occurring in Eps8 KO mice, we established primary hippocampal
cultures from wt and Eps8 null embryos. Primary cultures allowed us to

deeply analyze synapse density and spine morphology in neurons

mutated for Eps8.
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Figure 18. Increased excitatory synapse density and altered PSD-95 mobility in Eps8 KO neurons.
(A) 21 DIV old wt or KO cultures stained for beta III tubulin (green), vGLUT1 (blue) and PSD-95 (red).
Quantitation of the PSD-95 positive (top histogram) or PSD-95 and vGLUT1 positive (bottom histogram)
puncta per unit length reveals higher number of synaptic contacts in Eps8 KO neurons relative to wt.
Scale bar, 20 um. (B) FRAP experiments in wt or Eps8 KO neurons transfected with PSD-95-GFP. Selected
spines are bleached with a high-power 488 laser and the fluorescence recovery is recorded during time.
The recovery of fluorescence is expressed as mobile fraction percentage. A faster recovery of PSD-95
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fluorescence occurs in Eps8 null dendirtic spines. Mann-Whitney rank sum test p<0.001. Data are
normalized and expressed as mean#s.e.m. Scale bar, 2 um. (C) Eps8 KO neurons display significantly lower
mEPSC amplitude when compare to wt. No difference in mEPSC frequency can be detected in KO neurons.
Number of cell examined: 12 wt and 12 KO. Number of independent experiments: 3. Scale bars depict
10pA and 250 ms.

Quantification of pre- and postsynaptic puncta in 21 DIV (day in
vitro) cultures revealed that, consistently with in vivo data, Eps8 KO
cultures displayed a significantly higher number of vGLUT1 and PSD-95
puncta per unit length of parent dendrite, meaning that synaptic density
was significantly increased in null cultured (Fig.18A). In addition, in line
with in vivo data, ultrastructural analysis of mature 21 DIV neuronal
cultures did not reveal any gross morphological alteration in Eps8 KO
presynaptic compartment, including SVs number and size (data not
shown). Conversely, Eps8 KO neurons transfected with a vector coding for
red fluorescence protein (RFP), which fills all neuronal processes
allowing the direct examination of dendritic spines, were characterized
by a significantly higher spine density and these protrusions appears also
significantly longer than wt ones (Fig.19A). Consistently, the spine
morphology shifted toward thin type, while the percentage of mushroom
spine was decreased (Fig.19A). However, in spite of the immature feature
of the majority of Eps8 null spines, such dendritic protrusions displayed
PSD-95 and Bassoon (Bsn) or vGLUT1 immunoreactivity, thus indicating
that they represent bona fide synaptic contacts (Fig.19A). In summary
Eps8 null neurons in culture fully recapitulate the phenotypic features

observed in vivo.

PSD-95 is a major organizer of the postsynaptic density, playing a
crucial role in determining spine size and morphology [55, 98, 244, 245].
Dynamics of synaptic PSD-95 may reflect spine maturity [246]. We

therefore set out to examine PSD-95 mobility in Eps8 null spines, using

59



fluorescence recovery after photobleaching (FRAP) analysis. Mutant
spines displayed a significantly higher PSD-95 mobile fraction compared
to wt (Fig.18B), suggesting that morphological alteration of dendritic
spine may be associated with functional defects. Consistent with this
possibility, miniature excitatory postsynaptic currents (mEPSC) recorded
in the presence of TTX displayed significantly reduced amplitude in Eps8
KO neurons with the respect to wt (Fig.18C). Moreover, despite the
increase in synaptic density, no changes in mEPSC frequency were
detected in mutated cultures (Fig.18C). A possible explanation could
come from the reduced mEPSC amplitude, which would cause many
events falling below detection limit. Nevertheless, we cannot rule out a

role of Eps8 in reducing presynaptic release probability.

Eps8 KO

RFP, bsn (blue), PSD-95 (green)

501
*x 1,0 * . Eps8 KO

B8 s

spine density
(n/um)

)

spine length (um)
Percentage of spines

o
o
o
°
=)

WT Eps8 KO WT Eps8 KO thin mushroom stubby

Figure 19. Increased excitatory synapse number and altered spine morphology in Esp8 KO
neurons. (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 an
increased number of spines per unit length of parental dendrites. Notice also that Eps8 null spines are
longer compared to wt ones. (Total number of examined protrusions: 260 wt, 146 Eps8 KO; number of
independent experiments: 3). Scale bars depict 5 um.

From the structural point of view, dendritic spines are
characterized by a highly branched actin filament network containing the

Arp2/3 complex and capping proteins [38], the conventional
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lamellipodial markers. Consequently, it has been proposed that a fine
regulation of capping and branching activities may be required for spine
head enlargement during development and plasticity phenomena [154].
We have 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 demonstrated that the capping activity of Eps8 is
principally mediated by the amphypathic H1 helix, while H2-H3 core is
responsible for bundling [197]. Taking advantage of the Eps8 capping
mutant Eps8H1, 10-11 DIV cultured neurons were transfected with wt or
mutant protein. Figure 20A shows that overexpression of Eps8 induced a
potent increase of spine density, also promoting the formation of larger
spines. Conversely, the expression of H1 capping mutant did not result in
spine enlargement, clearly indicating that the actin capping activity of
Eps8 is necessary for this process. No changes in spine length were
observed (data not shown). Notably, Eps8-induced spines were coupled
to Bassoon-positive puncta (Fig.20B) and interestingly they also
displayed significantly larger PSD-95 puncta compared to neurons
transfected with either RFP or H1 mutant, as indicated by
immunofluorescence staining and IMARIS reconstruction (Fig.20B, right

panel).

Collectively these results clearly indicate that the capping activity of
Eps8 is required for proper mushroom-type spine formation, although we
cannot exclude that the bundling activity might play a role in the
filopodial protrusion from the dendritic shaft, a step that precedes the

transition from filopodia to mature spines.
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Figure 20. The actin capping activity of Eps8 is required for dendritic spine formation. (A) 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). EPS8WT-GFP, but not Eps8H1-
EGFP, expressing neurons display 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). (B) Dendrites of rat hippocampal
neurons transfected with RFP, Eps8WT fused to GFP or the actin capping mutant Eps8H1 fused to GFP
and stained for PSD-95 (left). 3D reconstruction with Imaris of selected dendritic spines (right).
Quantitation of the size of PSD-95 positive puncta is illustrated the flanking graph. Note the increased
mean size upon transfection of Eps8WT-EGFP but not Eps8H1-EGFP. Scale bar, 5 um.

The lack of Eps8 precludes synaptic potentiation in hippocampal
cultures
Given the learning and memory defects of Eps8 KO mice, we

investigated whether null cultures are able to undergo proper synaptic

potentiation or, like their in vivo counterpart show defects in synaptic
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plasticity. To address this issue a chemical-induced LTP was applied to
both wt and mutant cultures. In more details, selective activation of
NMDA receptor has been achieved by a brief (3 minutes) application of
high doses (100 uM, [247]) of the NMDA receptor co-agonist glycine. The
potential activation of glycine receptor was avoided by including
strychnine in all of the solutions. Following washout of glycine, insertion
of AMPA receptor occurs in association with mEPSC potentiation [247]. In
line with previous reports, application of glycine to wt neurons resulted
in a significant increase in both the density and the size of PSD-95
positive puncta and the density of synaptic contacts (Fig.21A,B).
Furthermore, upon chemical LTP induction a significant increase in the
extent of colocalization between PSD-95 and vGLUT1 staining was
detected, in agreement with synaptic strengthening occurring during
potentiation phenomena [248]. Notably, in neurons devoid of Eps8, the
application of the same protocol did not induce any significant increase in
either density or size of PSD-95 positive puncta, or any increase of the
colocalization extent of pre- and postsynaptic markers (Fig.21A,B). Patch
clamp electrophysiology carried out in parallel revealed that both wt and
Eps8 KO cultures displayed normal input resistance before and after
chemical-induced LTP, thus excluding the possibility that the protocol
affects neuronal health (input resistance: wt=224+7MQ; KO=210+3MQ;
access resistance: wt=15+2MO; KO=13+2MO; membrane capacitance:

wt=42+3 pF; KO=41+10 pF. Number of cells examined, 12 wt and 10 KO).
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Figure 21. Lack of Eps8 impairs long-term potentiation induced by a chemical LTP protocol. (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 vGLUT1 (blue). Scale bars 10 and 2 um for
higher-magnification images. (B) Quantification of potentiation, expressed as number of PSD-95 puncta
per unit length (left), synapse density (middle), mean size of PSD-95 (right). Potentiation occurs in wt but
not Eps8 KO cultures, which do not display any increase in the analyzed parameters (Mann-Whitney rank
sum test, P<0.001). Data are expressed as means.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 neuronal cultures exposed
to chemical LTP. (C) Representative mEPSCs traces before and after the induction of chemical LTP, in wt
and Eps8 null neurons. (D) Time course analysis (5 min before LTP application, 5, 10, 20, 30 and 40 min
after LTP application) of mEPSC frequency and amplitude show that KO neurons are unable to undergo
LTP (upper). mEPSC mean frequency and amplitude 45 min after the application of LTP are shown in the
underlying graphs (bottom). Scale bars, 10 pA and 250ms (total number of examined neurons: 13 wt and
16 KO; number of independent experiments: 5).

The lack of potentiation in Eps8 KO neurons was also confirmed by
electrophysiological recordings of mEPSCs after the application of
glycine. As shown in Figure21C,D whereas wt neurons display a

significant increase of mEPSC frequency and amplitude, mutant neurons
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fail to undergo proper potentiation upon glycine stimulation. Moreover,
the lack of potentiation is also confirmed by two independent pair
recordings experiments, where stimulation of presynaptic neuron (three
50 Hz, 2 s trains of depolarization at 20 s intervals) during brief perfusion
with Mg2+-free solution [249] induced a potentiation of excitatory current
in wt but not Eps8 KO neurons (evoked-EPSC amplitude, wt=1.350+0.05;
Eps8 KO=0.7750+0.0125 pA). In addition, acute downregulation of Eps8
expression by siRNA similarly prevented synaptic potentiation (Fig.22,
right panel).
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Figure 22. Reduced Eps8 expression impairs synaptic potentiation. (Left) treatment of mouse
hippocampal cultures with Eps8 siRNA potently reduces the expression of the protein (red: tubulin; green:
Eps8). (Right) Neurons in which Eps8 is acutely down regulates by siRNA are no longer able to undergo
synaptic potentiation in term of increased mean size of PSD-95 after chemical LTP. Scale Bar, 5 um.

These data indicate that Eps8 is required for LTP expression in
hippocampal cultures and suggest that the protein may be involved in
stabilization of actin cytoskeleton during spine remodeling. In further
support of this hypothesis, endogenous Eps8 is recruited to spine head
upon application of chemical LTP, as indicated by increased
immunostaining for the protein in RFP-labelled dendritic protrusions

(Fig.22A,B).
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Figure 23. Endogenous Eps8 is recruited to spine head upon application of chemical LTP (A)
Representative examples of dendrites of mice hippocampal neurons transfected with RFP, exposed to
chemical LTP and stained for Eps8. Note the increased Eps8 immunoreactivity within stimulated spine
head after potentiation. Scale bar, 2 um. (B) Quantitation of Eps8 immunofluorescence at the spine head
in vehicle-treated and glycine-treated (100 uM) 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).

Inhibition of Eps8 capping activity impairs spine enlargement and

plasticity

Given the demonstration that Eps8 is recruited to spine head after
chemical-LTP induction and the capping activity of the protein is required
for proper spine formation and morphogenesis during neuronal
development (Fig.23 and Fig.19,20), we hypothesized that ability of Eps8
to cap the barbed ends of actin filaments preventing their further
extension is crucial for the process of structural plasticity. Therefore we
tested the ability of either an Eps8- or Eps8H1- transfected neuron to
undergo synaptic potentiation upon chemical LTP. As clearly shown by
quantification (Fig.24D), overexpression of Eps8WT but not of Eps8H1
prevents spine enlargement upon LTP, probably because the excess of
capping activity ends up in an alteration of actin dynamics in the spine. In
fact, expression of actin-capping mutant protein Eps8H1, which has no

effects on actin polymerization [197], allows a proper spine remodeling

(Fig.24A-D).
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Figure 24. Saturation of actin capping by overexpression of Eps8, but not of its actin capping
mutant, preclude LTP. (A-C) 14-16 DIV rat hippocampal neurons transfected with RFP (A), Eps8WT-
EGFP cDNA (B) or cDNA coding for the actin capping mutant Eps8H1-EGFP. (C). Representative images of
Eps8WT-EGFP and Eps8H1-EGFP expressing neurons before and after application of chemical LTP and
stained for PSD-95 (blue). (D) Quantitation of spine density in RFP transfected neurons and in Eps8WT or
H1 expressing neurons. Potentiation is prevented by overexpression of Eps8 but not by its actin-capping
mutant H1, meaning that an excess of capping activity precludes potentiation (number of cell examined:
18, RFP; 25, Eps8 wt; 24, Eps8 H1. Number of spines analyzed: 179, RFP; 372, Eps8 wt; 286, Eps8 H1.
Number of independent experiments: 5.) Scale bars, 8 um.

To further demonstrate the requirement of Eps8 capping activity
during spine plasticity, we injected the postsynaptic neuron, through the
patch pipette, with a synthetic peptide (blocking peptide), which
prevents Eps8 from capping actin filaments by competing with Abil for
binding to Eps8 [250]. Direct competition could be observed in in vitro
binding assay using recombinant purified proteins (Fig.25A). LTP was
then induced 10 minutes after blocking peptide injection, while mEPSC

was electrophysiological recorded during the entire procedure. As clearly
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demonstrated by quantitative analysis shown in Figure25B,C the
injection of the blocking peptide but not of the scramble peptide impaired
synaptic potentiation induced by glycine stimulation. To notice, injection
of either blocking or scramble peptides in Eps8 KO neurons following
glycine administration did not have any effect (Fig.25D,E). Furthermore
the same peptides do not alter per se mEPSC frequency or amplitude in

wt and null cultures (Fig252EG).
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Figure 25. Neurons in which Eps8 actin capping activity was acutely inhibited are no longer able
to undergo synaptic potentiation. (A) 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 uy M 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 analyzed by immunoblotting with the
indicated antibodies. (B,C) mEPSC frequency (B) and amplitude (C) 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
properly in neurons intracellularly perfused with a scramble peptide (black dots) (total number of
examined neurons: 6 for both conditions; number of independent experiments: 3). (D,E) mEPSC frequency
(D) and amplitude (E) 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. (F,G)
Normalized mEPSC frequency (F) and amplitude (G) 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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Finally, the lack of Eps8 had no effects on Rac activity in 15 DIV
cultured hippocampal neurons (Fig.26) and, as already demonstrated, in
the brain [1], thus suggesting that Eps8 functions mainly as actin capper
in the CNS [215]. Moreover this data rule out the possibility that the LTP
impairment in Eps8 KO neurons could be due to a missregulation of Rac

activity or its downstream effectors, such as WAVE and Arp2/3 complex.

Altogether, these results univocally demonstrated that the capping

activity of Eps8 is essential for LTP-mediated synapse formation and

strengthening.
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Figure 26. Eps8 removal does not affect Rac-GTP levels. (A) The levels of Rac-GTP is not affected in
Eps8 null hippocampal cultured neurons (P=0,19). Equal amounts of cell protein extract were processed
to determine Rac in wt and mutated coltures (see Material and Methods section for details). The results
obtained were normalized on the total level of Rac. Equal amounts of lysates from wt and Eps8 KO
neurons were processed for western blotting with the indicated antibodies (right panel).

Eps8 is expressed at lower levels in brains of autistic patients

Eps8 capping activity is regulated by the neurotrophic factor BDNF
in a MAP kinase dependent way [1]. BDNF has been demonstrated to be
required for spine maturation and dendritic LTP [198, 251], since is a

critical factor for synaptogenesis, synaptic plasticity and memory

formation [213, 252].
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Figure 27. Eps8 expression levels are reduced in brains of patients affected by autism. (A, B)
Quantification of Eps8 protein expression in fusiform gyrus (FG) of autistic patients and control samples
by quantitative Western blotting. Each sample was normalized to f3-actin. *P<0.05, two-tailed Student’s t-
test. Bars indicate meanzs.me. 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 ug of total protein
from each autistic patient 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 autistic 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 normalized 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 ug of total protein
from each autism and control sample.

Furthermore, the balance between the BDNF precursor, proBDNE,
and the mature BDNF, which controls spine formation [169], has been
found to be disrupted in the brain tissue of autistic patients [209]. Thus,
given the established spine pathology affecting autistic subjects [2, 13], in

70



collaboration with Prof. Margaret Fahnestock (McMaster University,
Canada) we examined Eps8 levels by quantitative western blot in the
fusiform gyrus of the brain; this area is indeed involved in face perception
and it is known to be altered in ADS patients [253, 254]. Tissues were
collected from 11 patients with autism and 13 control subjects,
respectively. Interestingly, we found a substantial reduction of Eps8 in
autistic patients compared to controls (Fig.27A-C). Conversely, no
difference in the expression of the SNARE protein, SNAP-25, has been
detected in the same samples (Fig.27D-F), supporting the specificity of
Eps8 deficit.

By leading to changes in spine density and dynamics, a decrease in
Eps8 expression in the brain of autistic patients could contribute to the
morphological, cognitive and behavioral defects which characterize this
disorder. The cognitive and social impairments and the alteration in spine
number and morphology we observed in Eps8 KO animals further

support this hypothesis.
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Table 1.

Phenotypic characteristics of male WT and Eps8 null mice

General Health

Weight (g)

Fur condition (3-point scale)
Piloerection (%)

Body Tone (3-point scale)
Skin colour (%)

Physical abnormalities (%)

Empty cage behaviour
Nesting building (5-point scale)

Reflexes

Righting reflexes (4-point scale)
Corneal (8-point scale)

Pinna (8 point scale)

Tail pinch (8-point scale)

Motor function
Locomotor activity
Horizontal counts (n)
Vertical counts (n)

Motor coordination
Rotarod (%)
Wire hanging (s)

Sensory abilities
Hearing (%)
Visual acuity (%)

Emotional-like reactivity
Anxiety:

Elevated plus maze

Open arm entries %

Open arm time %

26.45+1.08
3.0+0.0
0
3.0+0.0
100
0

4.80+0.2

4+0.3
4+0
3.9+0.04

3869+141
921.5 £56.01

60
260.2+10.8

100
100

43.7+6.54
26.18+6.75

26.12+0.77
3.0+0.0
0
3.0+0.0
100
0

4.75+0.25

0.0140.01
3.9+0.2
3.9+0.2

4+0.2

3963+204
824.5+56.2

50
277.2415.4

100
100

44.05+10.49
37.08+16.82

0.78
0.62
0.63

0.76
0.24

0.89
0.37

0.97
0.53

Mice were assessed on general health, empty cage behaviour, reflexes, sensory abilities,

motor coordination. N = 8-10 per group.
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DISCUSSION
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Substantial evidences support the role of actin cytoskeleton
remodeling in spine structural changes and memory stabilization [154,
255]. For instance, it is known that perturbation of actin dynamics by
drugs treatments or due to mutation in key actin regulating proteins
affect both synaptic strengthening and spine formation and
modifications. Indeed, inhibition of actin filament polymerization
suppresses long term potentiation [112, 126, 149, 152] whereas LIMK
null mice, which lose the ability to regulate the activity of the actin
severing protein cofilin, exhibits enhanced hippocampal LTP [52, 53].
Furthermore, mice lacking the actin-regulating protein WAVE-1 display
changes in spine density and defects in synaptic plasticity [256] while
Abi2 KO animals present abnormal dendritic spine morphology and
density associated with severe deficits in short- and long-term memory

[167].

During my PhD we have provided direct demonstration that the
actin binding and regulating protein Eps8 not only regulates the
formation of axonal and dendritic filopodia in developing neurons [1] but
it is also required at the mature synapse for proper spine morphology

and synaptic plasticity.
Immature features of Eps8 null dendritic spines

Synaptogenesis and in particular dendritic spine formation start
with the protrusion of thin and highly motile actin-based structures, the
filopodia [51]. Those structures are more abundant at early
developmental stages, when they play a role to sample potentially
presynaptic partners, eventually mediating synaptic contact formation
[176-180]. The establishment of synaptic contact is associated with the

transition from filopodium to a more stable structure, the dendritic spine
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[154, 166, 177, 183]. However, dendritic spines are not static structures
exhibiting both transitory fluctuation in size and shapes and dynamic
changes during synaptic potentiation, supporting and matching
functional modifications [99, 109, 120]. These phenomena constantly
reshape adult brain circuitry in response to external stimuli, allowing
learning processes and memory formation [75, 77, 257]. It is known that
the morphology of dendritic spines is tightly linked to functional
properties of harbored synaptic contacts. In fact, spine head size
positively correlates to the PSD area and AMPA receptors density, and
finally to synaptic strength [51, 73, 108, 131, 258, 259]. Accordingly,
immature spines are characterized by highly mobile and less stable
synaptic PSD-95 clusters [260, 261]. Notably, the loss of Eps8 leads to the
formation of thinner and longer dendritic protrusions moreover
characterized by a decrease synaptic strength and less stable synaptic
PSD-95 clusters, thus suggesting that the capping protein Eps8 is
required for spine maturation and proper synaptic function involving
both scaffolding proteins and receptors. Given that immature spines have
impaired synaptic signaling and defective synaptic plasticity,
perturbations of the ratio between mature to immature spines could play
a crucial role in neuronal function and connectivity. Consistently, Eps8
null dendritic spines are impaired in activity-dependent structural
modifications. These alterations are also associated with cognitive

impairment in null mice.
Capping activity: dendritic spine building up and plasticity

It has been recently proposed that the spine head expansion that
occurs during synaptic plasticity and developmental dependent
maturation may be governed by the same mechanisms that regulates

lamellipodium formations, thus involving the concomitant action of actin

75



capping proteins and Arp2/3 complex, which nucleates branched actin
filaments from pre-existent ones (Hootulainer and hoongraad 2010).
However, so far no direct evidence supports the involvement of actin-
capping activity in activity dependent spine enlargement and in synaptic
plasticity. Concurrently to the revision of our manuscript, a paper has
been published showing that Eps8 capping activity regulates actin
dynamics within dendritic spines, thus promoting dendritic spines
formation [262]. The Authors have used the Eps8 capping mutant
carrying three point mutations (V729A, T731A, and W732A; [1]) that has
been recently demonstrated to destroy the tridimensional structure of
the C-terminal region of the protein, thus negatively affecting not only the
capping activity but also the bundling activity [197] that may play a
crucial role in the initial phase of filopodia extension from the dendritic
shaft. The other evidence suggesting that actin-capping proteins may
regulate synaptic plasticity comes from the study of Kitanashi and
coworkers, who identified F-actin protein CapZ [263], previously shown
to regulate growth cone morphology and neurite outgrowth [264], among
the proteins whose expression is regulated by neuronal activity [160]. In
fact CapZ accumulates within dendritic spines in activity-dependent
manner, thus suggesting the involvement of the protein in the regulation
of actin remodeling induced by synaptic activation and in synaptic

plasticity.

The demonstration of Eps8 capping activity as necessary for proper
spine morphogenesis comes from two lines of evidence. First of all, the
expression of the well-characterized mutant Eps8H1, selectively avoid of
actin-capping activity, is not capable to support proper spine formation
while the wt protein increases the density of dendritic spines which are

further characterized by a larger head and PSD-95 cluster. In this way, we

76



were able to specifically study the involvement of capping function
distinguishing it from the bundling activity of Eps8. In fact, while the
bundling activity is mainly mediated by a compact four-helix bundle,
which contacts three actin subunits along filaments, the actin-capping
activity is principally sustained by a amphipathic helix that bind within
the hydrophobic pocket at the barbed end of actin filaments [197]. In
Eps8H1 mutant hydrophobic residues critical for actin-capping activity
has been mutated, although actin bundling is unaffected [197]. As a
further support, the injection of a blocking peptide designed to acutely
inhibit Eps8 in postsynaptic neurons resulted in impairment of synaptic
potentiation, thus univocally demonstrating that Eps8 is required for
spine formation and for both structural and functional plasticity

phenomena through the capping of actin filaments.

Recently, Stamatakou and coworkers have shown that acute
downregualtion of Eps8 in primary neuronal cultures affects spine
formation and plasticity, the former in particular through its capping
activity [262]. However they did not observed any impairment in mEPSC
amplitude upon LTP induction, leading them to conclude that Eps8 is
required for LTP-mediated synapse formation but not for LTP-induced
synaptic strengthening. Conversely, our in vivo and in vitro data support
the involvement of Eps8 also in synaptic strengthening that occurs during
synaptic plasticity. The difference observed may be due to residual Eps8

levels in the experimental conditions of Stamatakou's study.

Eps8 has been detected in many brain regions, 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 in generally unstained [203]. Interestingly, Eps8 is
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highly expressed in layer II and III neurons of cerebral cortex and in the
hippocampus, two areas classically implicated in higher cognitive
functions [203]. In particular, Eps8 has been found in synaptosomal
preparation from hippocampus [1] and cerebellum. Furthermore, the
protein has been localized postsynaptically in dendrites articulations of
cerebellum granule cells [203, 204] and it is also expressed in axon of
cultured hippocampal neurons [1] and of granule cells in situ [204]. Then,
Eps8 seems to be in the right place to play a pivotal role in controlling
synapse architecture and functions. In line with this hypothesis, mice
lacking Eps8 displayed aberrant spine morphology and alteration of
dendritic protrusion density associated with impairment in cognitive

functions.

Eps8, a new ASD related gene?

The binding of barbed end actin filaments is a key mechanisms for
regulating filaments' elongation and disassembly, and as a consequence
of the final architecture of actin networks [186, 188, 189]. From this point
of view, it is therefore conceivable that the lack of Eps8 would be result in
impairment of actin dynamics and organization within dendritic spines
and as a consequence of synaptic function and plasticity. Indeed, a variety
of evidence supports the existence of a strong link between actin
remodeling and functional changes of synaptic contacts [51]. Actin
regulating proteins have been found mutated or misexpressed in subjects
suffering of ASD, schizophrenia and intellectual disability [18, 38, 39,
171-175], pathologies known to be characterized by altered dendritic
spine structures and dynamics [13, 14, 132-135]. In particular, mutations
in synaptic genes including Akt/mTOR pathway [265, 266] involved in
the regulation of spine protein synthesis, the Neurexin-Neuroligin-

SHANK pathway [15, 39] associated with aberrant synaptogenesis and
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E/I imbalance, and Ras/Rho GTPase pathway [267] implicated in spine
formation and stabilization have been identified in ASD patients. Taken
together, these findings suggest a major role of dendritic spines
abnormalities in the pathogenesis of these diseases. We have shown that
reduced levels of Eps8 occur in fusiform gyrus of patients affected by
autism. Together with previous evidence that CP levels are significantly
lower in fetal brains of Down syndrome than in control [268], our data
suggest that reduced levels of capping activity may characterize or may
concurr to the cognitive impairment associated with spine defects.
Interestingly, alteration in levels of mature BDNF has been described in
autistic subjects [209]. Since the actin-capping activity of Eps8 is
regulated in neurons by BDNF [1, 206] and the well characterized role of
this neurothrophin in synaptogenesis and spine remodeling [205-207], it
is possible speculate that BDNF controls actin capping and spine
morphogenesis via Eps8 during synaptic plasticity and learning and that

defects in this pathway may be involved in the pathogenesis of autism.
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