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Neurodegenerative diseases encompass a broad variety of motor and cognitive disorders that are
accompanied by death of specific neuronal populations or brain regions. Cellular and molecular mechanisms
underlying these complex disorders remain largely unknown. In a previous work we searched for novel
Drosophila genes relevant for neurodegeneration and singled out enabled (ena), which encodes a protein
involved in cytoskeleton remodeling. To extend our understanding on the mechanisms of ENA-triggered
degeneration we now investigated the effect of silencing ena ortholog genes in mouse hippocampal neurons.
We found that ENA/VASP downregulation led to neurite retraction and concomitant neuronal cell death
through an apoptotic pathway. Remarkably, this retraction initially affected the axonal structure, showing no
effect on dendrites. Reduction in ENA/VASP levels blocked the neuritogenic effect of a specific RhoA kinase
(ROCK) inhibitor, thus suggesting that these proteins could participate in the Rho-signaling pathway.
Altogether these observations demonstrate that ENA/VASP proteins are implicated in the establishment
and maintenance of the axonal structure and that a change on their expression levels triggers neuronal
degeneration.
5, Buenos Aires (1405 BWE),
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Introduction

Neuronal polarity is essential for input–output processing and
appropriate flow of information in neuronal networks, contributing to
the correct function of the nervous system (Sanchez-Soriano et al.,
2007). The complex andpolarizedmorphologyof neurons ismaintained
and dynamically modified by microtubules and the actin cytoskeleton
during brain development, which integrate external cues perceived
through a number of signaling pathways giving rise to the appropriate
morphological changes (Conde and Caceres, 2009). In this regard
multiple studies have shown the importance of Rho-GTPases as well as
its downstream target, the Rho A kinase (ROCK), in the regulation of
actin dynamics during neuronal polarization (Bito et al., 2000; Da Silva
et al., 2003). Once connectivity is established, it needs to bemaintained
throughout life to ensure integrity of the nervous system. However, the
mechanisms involved inmaintaining the structural integrity of the post
mitotic brain remain poorly understood.

Among actin regulatory proteins, the ENA/VASP proteins are a
conserved family which is critical for both filopodia formation and
elongation. In vertebrates, this protein family is composed by Mena,
VASP and EVL, whereas in Drosophila enabled (ena) is the only
representative of this family (Gertler et al., 1996). All the members
share a conserved domain structure that includes the N-terminal
EVH1 domain (Ena/Vasp homology), the C-terminal EVH2 domain
and a central proline-rich region. These proteins regulate the
assembly of F-actin filaments by preventing the activity of capping
proteins while supporting filament elongation (Applewhite et al.,
2007; Lebrand et al., 2004). Given their function, it is expected that
these proteins are localized in areas of dynamic actin remodeling,
such as the external edge of the lamellipodia, the tips of the filopodia
and the neuronal growth cones. Work carried out in Drosophila,
C. elegans and mice showed that these proteins participate in axonal
outgrowth, dendritic morphology, synapse formation and also
function downstream of attractive and repulsive axon guidance
pathways (Lanier et al., 1999; Li et al., 2005; Lin et al., 2007). Recent
evidence shows that knocking out the three murine ENA/VASP
proteins results in a blockade of axon fiber tract formation in the
cortex in vivo, and that failure in neurite initiation is the underlying
cause (Kwiatkowski et al., 2007; Dent et al., 2007). Interestingly, we
have recently shown a new role for ENA in triggering progressive
neurodegeneration in Drosophila (Rezával et al., 2008). In this
previous work a functional mis-expression genetic screen was carried
out to identify molecules involved in neurodegenerative processes,
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and it was found that constantly reduced ena levels, as seen in the
enarev mutant, triggers axonal transport defects and progressive
degeneration in specific brain regions, likely through apoptosis.

Neurodegenerative diseases are characterized by a midlife onset
and a progressive loss of a specific neuronal population. Age is a major
risk factor for this group of disorders and the absence of effective
therapies to prevent the onset, or delay the relentless progression
underscores the need to improve our understanding of the molecular
and cellular mechanisms underlying these pathologies (Bossy-Wetzel
et al., 2004; Mattson and Magnus, 2006).

To increase our understanding on the mechanisms leading to
neuronal degeneration we now investigated the effect of deregulation
of ena ortholog genes in mouse hippocampal neurons. In order to
inhibit the function of all family members, primary neuronal cultures
were transfected with short interfering RNA pools (siRNAs). In
agreement with our previous observations in flies, ENA/VASP down-
regulation triggered apoptotic death in hippocampal neurons.
Interestingly, neuronal death was preceded by the retraction of
axonal projections. Finally, we identified a requirement for ENA/VASP
function in concert with the RhoA signaling pathway for axonal
Fig. 1. Effective downregulation of the ENA/VASP familymembers in culturedhippocampal neu
quantitative RT-PCR. Total RNAwas prepared from cultured neurons at the indicated days in vit
the result of amplification in the absenceof template. (B) Representative immunofluorescence im
transfection efficiency (control) orwith amixture ofmena, vasp and evl-specific siRNA pools an
antibody, aswell as Phalloidin, tomark all F-actin processes. Note thatMenafluorescencewas co
the uptake of the siRNA pools (efficiency control). Immunofluorescencewas repeated N3 times
proteins in neurons transfected at 3 DIV with a mixture of the three specific siRNA pools. Rem
(6 DIV). Normalized Mena/Tubulin (Tub, left panel) or VASP/Tub (right panel) ratios show
experiments (three in total) were carried out using si-RNAs at a concentration of 200 nM.
growth and maintenance. Our results point to a central role of ENA/
VASP in preserving neuronal polarity and survival.

Results

Efficient silencing of ENA/VASP family members employing small
interfering RNAs

In enarev mutant flies, progressive neurodegeneration appears as a
result of continuous silencing of the enabled gene (Rezával et al.,
2008). Tomimic such scenario and explore themolecularmechanisms
underlying ENA/VASP-mediated neurodegeneration, the small inter-
fering RNA (siRNA) technology was employed in cultured hippocam-
pal neurons. An initial characterization showed that ena, vasp and evl
mRNAs are expressed to a similar extent in cultured neurons
maintained for up to 14 days in vitro (DIV), underscoring the need
to target all of them in order to achieve an effective downregulation
(Fig. 1A). For this purpose, we employed a specific siRNA pool for each
member of this gene family (see Experimental methods); transfection
efficiency was calculated employing a commercially available
rons frommouse embryos. (A) The expression ofmena, vasp and evlwas analyzed by semi-
ro (DIV). Expression of gapdhwasmeasured as a normalization control. The C− lane shows
agesof neurons transfected at 3 DIVwith scrambled-siRNApool and si-Glo Red,marker of

d si-Glo Redmarker (siRNA). Cultureswere fixed at 6 DIV and stainedwith aMena specific
nsiderably decreased inneurons treatedwith the siRNApools. Redfluorescent dots denote
with similar results. Scale bar: 10 µm. (C) Quantitative analysis of the levels of ENA or VASP
aining protein levels were determined by Western blot analysis at 72 h post transfection
a reduction of ∼60–70% and ∼60% for each isoform of Mena and VASP, respectively. All
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fluorescent RNA duplex (termed siRNA-Glo Red), and it averaged 40%.
To examine the silencing efficiency of each siRNA pool, hippocampal
neurons maintained for 3 DIV were transfected and the expression
levels of each gene were analyzed 48–72 h post-transfection by
immunofluorescence, Western blot and semi-quantitative RT-PCR.
Under these conditions we found that expression of mena, vasp and
evl was reduced by 40%, 60%, and 40% respectively (Supplementary
Fig. 1A and B). Similar results were obtained after co-transfection of
the three siRNA pools together along with the siRNA-Glo marker
(Fig. 1B and C). Transfection and internalization of the siRNA was
highly efficient as monitored by the localization and the intensity of
the co-transfected fluorescent marker (Fig. 1B). The different Mena
isoforms were reduced between 60% and 70%, meanwhile VASP levels
were reduced by 60%, suggesting that the presence of the additional
siRNAs did not result in a more efficient silencing of the other
members of the family, underscoring their specificity. These results
indicate that the expression of ENA/VASP family members in mouse
hippocampal neurons is effectively reduced through this strategy.

Downregulation of ENA/VASP levels triggers apoptotic neuronal death

In enarev flies, continuous downregulation of ena levels throughout
the lifespan is associatedwith an increase of programmed cell death in
aged individuals (Rezával et al., 2008). On the other hand, the Mena/
VASP/EVL triple knock-out mice did not show any sign of apoptosis
(Kwiatkowski et al., 2007), although it displayed defects in ventricle
size and total brain matter, which could derive from loss of neuronal
tissue. Thus, to our knowledge, a correlation between ENA/VASP
dysfunction and cell death has not been thoroughly explored in any
mammalian system. To examine whether the acute reduction of the
levels of ENA/VASP proteins could also trigger this phenomenon in
cultured mammalian neurons, the highly specific TUNEL staining was
performed (Fig. 2). Neurons (3 DIV) transfected with a scrambled-
siRNA pool (control) displayed b10% TUNEL positive cells, assessed
48 h later. However, N30% neurons exhibited nuclear TUNEL signal
when transfectedwith amixture of the ena, vasp and evl siRNAs. These
results show that an acute reduction in the ENA/VASP family levels
induces cell death, at least in part through apoptotic mechanisms,
underscoring its conservation between flies and mice.

Downregulation of ENA/VASP induces neurite retraction

To understand how downregulation of ENA/VASP could result in
neuronal apoptosis we focused on previous knowledge on the
canonical function of this gene family. ENA/VASP has been primarily
implicated in the regulation of the dynamics of the actin cytoskeleton,
Fig. 2. ENA/VASP downregulation triggers apoptotic cell death. (A) Representative confocal im
with amix ofMena/Vasp/Evl siRNA pool (siRNAs) and fixed at 5 DIV. Scale bar: 20 µm. Insets o
nucleus of a siRNA transfected neuron, which is absent in the nucleus of the control. Scale bar: 1
apoptotic cell death in treated neurons respect to controls (*pb0.05). About 80 to 100 neuron
which is critical in the generation of the initial processes giving rise to
axon and dendrites (Dent et al., 2007; Kwiatkowski et al., 2007). We
therefore monitored alterations in neuronal morphology in response
to ENA/VASP dysfunction to investigate a possible link with apoptotic
death. The maturation of hippocampal neurons in culture follows a
well defined set of stages (Dotti et al., 1988). Upon plating, these cells
form lamellipodia around the cell body (stage 1) that after 12–24 h
condense to form three to four minor neurites (stage 2). From this
pool of morphologically indistinguishable neurites one process
starts to grow to become the axon (stage 3). The axon formation is
a hallmark of neuronal polarization, as it marks the initial break
in symmetry during neuronal development (Dotti and Poo, 2003). At
3–4 DIVminor processes develop into longer (over 40 μm) and branched
dendrites, which taper in diameter as they extend distally (stage 4)
(Bartlett and Banker, 1984). Thus, we evaluated the consequences of
ENA/VASP downregulation on the morphology of polarized neurons, at
the same stage in which apoptotic death was observed.

Three DIV neurons were transfected with control or siRNAs, fixed
at 5 DIV and double-stained with FITC-phalloidin that labels F-actin
(all neurites), and Tau-1 antibody that specifically labels axons.
Representative images are included in Fig. 3A. Confocal images
revealed a stage 4 morphology with a well-defined axon and several
dendrites in the majority of control neurons (Fig. 3A, upper panel). In
contrast, neurons treated with siRNAs were almost equally distribut-
ed among stages 2 and 4, and an abnormal “retracted” phenotype
(Fig. 3A, bottom panel, arrowheads). Retracted neurons often
exhibited two to three short neurites, or, in the most extreme
examples, a single short process, usually staining positive for Tau-1.
Evidence of distal axonal fragmentation could even be seen in neurons
displaying less aberrant phenotypes (bottom panel, right).

A careful evaluation of neuron morphology by phase contrast
microscopy along the course of several days revealed that the majority
of control neurons remained in stage 4 throughout the experiment (up to
7 DIV). On the other hand, in siRNA treated cells, initially undistinguish-
able fromcontrol ones,weobservedastriking reduction in thepercentage
of neurons in stage 4 starting 48 h after transfection, with a consequent
increase in the retracted phenotype, which by the end of the experiment
reached about 50% of siRNA-treated neurons (Fig. 3B). Forty-eight hours
post transfectionwas selected for further analysis as theearliest timepoint
displaying significant differences between control and siRNA-treated
neuronal populations. Interestingly, individual downregulation of ena,
vasp or evl did not result by itself in any morphological phenotype,
supporting a functional redundancy among family members (data not
shown and (Lanier et al., 1999; Menzies et al., 2004).

These data indicate that silencing Mena/vasp/evl induces neurite
retraction in polarized neurons.
ages of TUNEL staining of neurons transfected at 3 DIV with scrambled-siRNA (control) or
n the right showmagnified views of the nuclear area. Note the positive TUNEL signal in the
0 µm. (B) Quantitative analysis of TUNEL staining showing an increase in the percentage of
s were counted per condition. Statistical analysis was done with Student's t-test.



Fig. 3. Knock-down of the ENA/VASP family members induces neurite retraction. (A) Confocal images showing examples of neurons transfected at 3 DIV with control or siRNA pools
(siRNAs), fixed at 5 DIV and stained with phalloidin-FITC and Tau-1 antibody. Merged images (inverted) show examples of the diversity of phenotypes observed for each treatment.
Neurons displaying the retracted phenotype are indicated (arrowheads). Scale bar: 20 µm. (B) Neurons were transfected at 3 DIV and morphology was evaluated by DODT infrared
contrast microscopy at each indicated time point. Staging was performed blind. Statistic analysis was performed by a two-way ANOVA followed by a Bonferroni posthoc test to
compare control vs. siRNAs. **pb0.01; ***pb0.001 (n=5 experiments).
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Neurite retraction precedes apoptotic cell death

One interesting possibility to consider is that structural defects
elicited by ENA/VASP downregulation give rise to neuronal death.
Alternatively, axonal retraction might be a consequence of cell death
(discussed in Luo and O'Leary, 2005). To determine whether neurite
retraction in siRNA treated cells is cause or consequence of the apoptosis
induced by downregulation of ENA/VASP, hippocampal cultures were
treated with a general caspase inhibitor. If neurite retraction was a
consequence of a cell death program the inhibitor should prevent this
phenomenon. In contrast, if neurite retraction preceded cell death,
caspase blockade should have no impact on the morphological changes
induced by downregulation of ENA/VASP levels.

Addition of the Ac-DEVD-CHO caspase inhibitor right after
transfection effectively prevented apoptosis. A similar percentage of
control and siRNA treated neurons survived in the presence of the
inhibitor (Fig. 4A). Strikingly, siRNA transfected neurons displayed a
similar array of phenotypes regardless of whether the inhibitor was
included (Fig. 4B). Under both conditions, a reduction of stage 4
neurons together with an increase in the retracted phenotype was
observed, and no significant differences were found between siRNA
treated groups.



Fig. 4. Neurite retraction precedes apoptosis. (A) Addition of siRNAs in 3 DIV neurons reduced survival as assessed 48 h later. Addition of a specific caspase inhibitor (Ac-DEVD-CHO,
50 μM) rescued cell death. Statistical analysis included a one-way ANOVA followed by a Tukey's multiple comparison test with *pb0.05 (n=5 experiments). (B) Neurite retraction
precedes cell death. Three DIV neurons were transfected as in A, and caspase inhibitor (50 μM) was added right after transfection. The percentage of neurons in each stage was
determined 48 h post-transfection (5 DIV). Staging was performed blind. Statistic analysis was done using a two-way ANOVA followed by a Bonferroni posthoc test for control vs.
siRNAs (*pb0.05; ***pb0.001) and control vs. siRNA+Inh (***pb0.001); n=3 experiments.
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These data demonstrate that downregulation of ENA/VASP
induces neurite retraction and subsequent apoptotic death.
ENA/VASP family is required for axonal specification and maintenance of
the axonal structure

To characterize in more depth the structural changes that resulted
from the continuous impaired function of the ENA/VASP protein family,
3 DIV control and siRNA transfected neurons were immunostained
using the axonal marker Tau-1 and FITC-phalloidin. Representative
images are included (Fig. 5A). Analysis of the neuronal morphology
revealed that the number of axons, defined as Tau-1 positive processes
longer than 60 µm, was affected. While N80% of control neurons
displayed a single axon and even an additional 10% displayed two,∼40%
of siRNA-treated cells exhibited no axons, and roughly 60% displayed
just one, suggesting that ENA/VASP downregulation impinges upon this
structure (Fig. 5B, left panel). Among the siRNA-treated population still
containing an axon there was a significant decrease in axonal length
compared to controls, suggesting that preexisting axons can undergo
retraction by ENA/VASP dysfunction (Fig. 5B, right panel).

To determine if this retraction specifically affected the axonal
structure, the number and length of the Tau-1 positive and negative
processes were also analyzed (Fig. 6B). The overall length of Tau-1
positive processes was considerably reduced in treated neurons,
whereas the number did not change significantly. In contrast, neither
the number nor the length of Tau-1 negative processes changed
significantly between control and siRNA transfected neurons. These
data show that a reduction of ENA/VASP levels specifically affects the
maintenance of the axonal structure sparing dendrites.

The role of the ENA/VASP family has been extensively character-
ized during development (Drees and Gertler, 2008). Moreover, recent
studies have shown that ENA/VASP/EVL deficient cortical neurons fail
to elaborate filopodia, and thus they are unable to extend processes
(Dent et al., 2007). To further examine whether downregulation of
ENA/VASP levels could specifically inhibit axonal outgrowth during
neuritogenesis, neurons were transfected at stage 1 (before plating)
with control or mixed siRNAs, and their ability to develop an axonwas
analyzed. When 0 DIV neurons were examined, two thirds of control
neurons exhibited a single axon, while the remaining had none. The
opposite scenario was observed in siRNA treated cells, where the
majority of neurons did not form axons (Fig. 5C and D). Under these
conditions a proportion of the si-RNA treated neurons developed one
or two processes reminiscent of those seen in the control population
(Fig. 5D), likely pointing to the fraction of untransfected neurons.

Taken together, our observations demonstrate that ENA/VASP
proteins are critical for the establishment and maintenance of
neuronal polarity. Reduced expression of ENA/VASP induces axonal
retraction and the onset of neuronal death.
ENA/VASP interacts with the RhoA/ROCK signaling pathway

It is well established that small GTPases, such as RhoA and its
downstream target Rho-associated kinase (ROCK), are involved in the
regulation of neuritogenesis (Bito et al., 2000) as well as in neurite
retraction (Katoh et al., 1998). On the other hand, ENA/VASP proteins
link signaling pathways to the remodeling of actin cytoskeleton in
neuritogenesis (Drees and Gertler, 2008) and in axonal retraction
(Fig. 5), suggesting a potential connection between both protein
families. A potential role of the RhoA/ROCK signaling pathway in the
maintenance of axonal structure was evaluated using a specific
inhibitor of this protein, Y-27632 (Ishizaki et al., 2000). Polarized
neurons (3 DIV) were transfected with siRNA pools and incubated
with Y-27632. After 2 days neurons were fixed and stained with FITC-
phalloidin and anti Tau-1 antibody and a detailed characterization of
all neurite processes was performed (Fig. 6). Addition of ROCK
inhibitor increases the number of neurites on polarized (3 DIV)
neurons as it has been shown for undifferentiated (0 DIV) neurons
(Da Silva et al., 2003). In fact, we observed a specific increase in the
number of Tau-1 positive processes, rendering the Tau-1 negative
ones unaffected, in agreement with a recent report (Sanchez et al.,
2008). Neurite length was not affected in either case (Fig. 6B, bottom
panel). Intriguingly, a reduction in ENA/VASP levels prevented the
increase in the number of processes induced by Y-27632; thus,
transfected neurons in the presence of the ROCK inhibitor displayed
the typical neuronal morphology that follows ENA downregulation,
suggesting that silencing this family obliterated the effect of the
inhibitor. In agreement with these observations, the addition of this
ROCK inhibitor did not rescue the neuritogenesis defect in cultured
neurons obtained from the ENA/VASP/EVL triple KOmice (Dent et al.,
2007). Altogether these data suggest that ENA/VASP proteins could
participate in the Rho-signaling pathway, potentially downstream of
ROCK in the maintenance of the axonal structure.



Fig. 5. ENA/VASP deregulation specifically affects axon maintenance (A, B) and interferes with the establishment of neuronal polarity (C, D). (A) Representative confocal images of
neurons transfected at 3 DIV with control or siRNA pools, fixed at 5 DIV and stained with FITC-phalloidin and anti Tau-1 antibody. Scale bars: 20 µm. (B) Left panel: Relative
frequency histogram displaying the number of axons per neuron, (defined as a Tau+ process with N60 μm in length). Right panel: Axonal length in neurons displaying one axon or
more. Quantitation was performed blind. Statistical analysis was done by Student's t-test (*pb0.05, n=4 experiments). (C) Representative confocal images of neurons transfected
before plating (0 DIV) with control or siRNAs, and fixed and stained 72 h later. Scale bars: 20 µm. (D) Relative frequency histogram displaying the number of axons per neuron (left
panel) and axonal length (right panel). No significant differences were observed (n=5 experiments).
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Discussion

Neurodegeneration is a process bywhichneurons lose their structure
and function as a result of a pathological condition (Palop et al., 2006).
This phenomenon affects a broad range of organisms from invertebrates
to human (Lessing and Bonini, 2009). The observed similarities in all
neurodegenerative diseases suggest that these disorders share common
characteristics in their pathogenesis and, hence, some molecular and
cellular mechanisms might be conserved among them. We have
developed a functional mis-expression genetic screen in Drosophila to
identify molecules involved in progressive degeneration. One of the
isolated mutants displaying constantly reduced ena levels develops in
time axonal transport defects and progressive degeneration likely
through apoptosis (Rezával et al., 2008). In this work we show that
the deregulation of ENA/VASP family in hippocampal neurons leads to
axonal retraction followed by apoptotic neuronal death, suggesting that
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the mechanisms of ENA/VASP-mediated neurodegeneration are con-
served in flies and mice.

Understanding how ENA/VASP depletion leads to axonal retraction

The role of the ENA/VASP family members on the regulation of
actin-cytoskeleton dynamics has been intensively studied in the last
decade (Drees and Gertler, 2008). Nevertheless, previous work
focused on the role of this family during development of the nervous
system by chronic knockout or by forced delocalization of the ENA/
VASP proteins (Lanier et al., 1999; Bear et al., 2002; Kwiatkowski et al.,
2007).

In this study we demonstrated that reduced ENA/VASP levels lead
to neuronal degeneration through axonal retraction in polarized
neurons. This finding indicates that ENA/VASP proteins are required
not only during filament elongation but also for the maintenance of
axonal integrity, and thus the absence of this protein family would
result in a collapse of the structure. It has been shown that inhibition
of F-actin turnover results in axonal retraction, whichwould provide a
simplistic explanation to our results (Gallo et al., 2002). However,
direct cytoskeletal disassembly does not necessarily lead to cell death
as it has been shown in rat cerebral ganglion neurons (Linseman et al.,
2001), thus suggesting a more complex scenario where ENA/VASP
depletion would affect additional components (see below).

Given that this family is localized in dendrites as much as in axons
(Giesemann et al., 2003; Lin et al., 2007) it is surprising that ENA/
VASP downregulation initially triggered axonal degeneration without
affecting dendrites (Figs. 3B and 6B). This might reflect a higher
vulnerability of the axonal compartment to silencing the ENA/VASP
family. Minor processes would eventually be affected, either directly
or as a consequence of axonal retraction. While the basis of such
specificity is yet to be investigated several scenarios can be
considered. It has been shown that acetylated, more stable, micro-
tubules are a landmark of axonal identity (Gomis-Ruth et al., 2008).
Since the existence of a cross-talk between the actin cytoskeleton and
the microtubule network has also been demonstrated (Myers et al.,
2006; Bradke and Dotti, 2000), it would be possible to speculate that
ENA/VASP could somehow modulate the stability of microtubules,
thereby affecting not only axonal identity but also its maintenance.
The fact that loss of ENA/VASP function inhibits neuritogenesis in
undifferentiated neurons could result from an altered interaction
between the actin and microtubule systems (Dent et al., 2007). Rho
GTPases are critical regulators of the actin cytoskeleton in eukaryotic
cells. In particular, these proteins control neurite outgrowth and
retraction (Jalink et al., 1994; Luo et al., 1994; Arimura and Kaibuchi,
2007). The serine threonine Rho-associated kinase (ROCK) is an
important mediator of RhoA activity in neurite retraction, as
inhibiting this kinase activity completely reverted RhoA-mediated
retraction in cultured hippocampal pyramidal neurons (Nakayama et
al., 2000). Many substrates have been identified for ROCK, but the
most important in the context of axon retraction is the regulation of
myosin regulatory light chain phosphorylation (Luo, 2002). Silencing
ENA/VASP interfered with the RhoA signaling pathway (Fig. 6). Since
ENA/VASP are substrates of a number of different kinases such as
ABELSON (Comer et al., 1998), Protein Kinase A (Lebrand et al., 2004)
and Protein Kinase G (Butt et al., 1994), it is tempting to speculate that
ENA/VASP could be a direct target of ROCK in controling the
maintenance of axonal structure. However, alternative scenarios are
also possible. The fact that the addition of ROCK inhibitor could not
rescue the ENA/VASP triggered defect could also imply that both
Fig. 6. The Mena/VASP family participates in the RhoA-ROCK signaling pathway. (A) Three D
5–10 µM) was added as indicated immediately after transfection. Neurons were fixed at 5 D
(B) Inhibition of the ROCK signaling cascade only affects the number and length of Tau + proc
of Tau+ and Tau− processes was performed. Quantitation was performed blind. Statistic an
experiments.
protein groups are involved in parallel pathways. Under these
conditions depleting ENA/VASP levels would not necessarily impact
the state of the RhoA signaling. To explore this possibility we
measured the levels of activated RhoA after transfection with controls
and the mixture of si-RNA pools. No significant differences were
observed (Supplementary Fig. 2), underscoring that axonal retraction
induced by ENA/VASP does not imply activation of the RhoA signaling
pathway. Additional experiments would be required to unequivocally
establish whether Mena/VASP are indeed downstream of this
signaling cascade, and how this family interacts with other small
GTPases (Higashi et al., 2009) that could also impinge upon the state
of RhoA signaling.

ENA/VASP downregulation triggers apoptotic cell death

Previous reports on the consequences of the complete loss of ENA/
VASP function did not find any indication of neuronal death
(Kwiatkowski et al., 2007), in contrast to the results obtained in the
RNAi-based hypomorphmodels in flies (Rezával et al., 2008) andmice
(Fig. 2). Although the cause of this apparent discrepancy remains to be
explored, the inherent nature of the models employed (the knock-out
versus the RNAi-based technology) could at least partially account for
the differences observed. One potential explanation is the different
developmental timing in which the loss of this protein family
becomes noticeable. In the knock-out mice or cultures derived from
them, the complete absence of ENA/VASP could trigger some
compensatory mechanism including the expression of different sets
of genes which could instruct axon formation by an actin-remodeling
cascade unrelated to ENA/VASP. Additionally, the RNAi technology is
not 100% efficient, and acutely reduced levels of a wild type protein
might alter the balance of interactions that usually control actin
dynamics. Besides, in the RNAi-based model system only a proportion
of cells are targeted for disruption in an otherwise normal tissue.

Several lines of evidence support the notion that deregulation of
cell death programs are involved in neurodegenerative disorders such
as Alzheimer's disease and Huntington's disease (Ona et al., 1999;
Galvan et al., 2006; Graham et al., 2006; Bredesen et al., 2006). But,
why does the reduction of ENA/VASP levels trigger apoptosis?
Although the mechanism is not fully understood yet, some recent
data could shed light on this issue. It has been demonstrated that ENA
interacts with FE65, an adaptor protein that can also form a complex
with the amyloid precursor protein (APP), which is relevant in the
pathogenesis of Alzheimer's disease (Ermekova et al., 1997; Sabo
et al., 2001).Moreover, recent evidence shows that FE65 can function as
a core adaptor molecule in a multi-subunit transcriptional repressor,
which can silence the expression of a caspase gene (CASP4) (Kajiwara
et al., 2009). It is therefore tempting to speculate that the complex FE65-
APP-ENA not only could play specific roles within the cytoplasm (Sabo
et al., 2001; Ikin et al., 2007), but also act directly in the nucleus
regulating gene expression. Thus, the FE65-APP-ENA complex could
translate modifications in the state of the actin cytoskeleton to
transcriptional regulation of genes relevant for cell survival (Zambrano
et al., 1998; Cao and Sudhof, 2001; Kajiwara et al., 2009). From these
findings emerges the possibility that ENA/VASP might directly or
indirectly participate in the pathogenesis of Alzheimer.

Our findings provide experimental evidence that ENA/VASP
proteins have a crucial participation in maintenance of the axonal
structure and that a decrease in their expression levels could trigger
axonal retraction, in turn inducing apoptosis. These results are in line
with the evidence suggesting that some dysfunctions in actin-
IV neurons were transfected with control or the siRNA pools. ROCK inhibitor (Y-27632,
IV and stained with an antibody against Tau-1 and FITC-phalloidin. Scale bars: 20 µm.
esses. A quantitative analysis of the number (upper panels) and length (bottom panels)
alysis was carried out by one-way ANOVA followed by a Tukey posthoc test with n=4
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cytoskeleton components, which are crucial for synapse formation
and plasticity, could contribute to neurodegenerative diseases
(McMurray, 2000).

Experimental methods

Neuronal cultures

Primary cultures of hippocampal neurons from embryonic mouse
brain were prepared as described previously (Caceres et al., 1986).
Briefly, hippocampi dissected frommouse embryos (embryonic day 18)
were treated with trypsine (Invitrogen). Cells were dissociated by
repeated pipetting and plated onto glass coverslips (12 mm in
diameter) or onto dishes (60 mm in diameter) pre-treated with 0.5–
1 mg/ml poly-L-lysine (Sigma-Aldrich Chemicals) at densities ranging
from 300,000 (for immunocytochemistry) to 600,000 (for RNA and
Western blot analysis). Cultures weremaintained with DMEM plus 10%
fetal bovine serum for 3 h, when the medium was replaced with
Neurobasal media (Gibco) supplemented with B27 (Invitrogen). All
cultures were maintained in a humidified 37 °C incubator with 5% CO2.

Transient transfections with siRNA

Hippocampal neurons were transfected with 200 nM of each SMART
pool small interferingRNA(Dharmacon)designed to silencemouseMena,
EVL, and VASP or with the control ON-TARGET plus Non-targeting Pool
(Dharmacon). Each specific pool contained four doubled-stranded RNAs
targeted to the following sequences. For mena: mena: 5′-AGCA-
CUAAUUUGCGAUGUA-3′; mena2: 5′-GGGUAGUGGCUUAAUGGAA-3′;
mena3: 5′-CAGCAGAGUACAUAUAUAU-3′; Mena4: 5′-CAUCAUAUG-
CUAAAGUCAU-3′. For EVL: evl1: 5′-AGAAGUGGGUACCGAUCAA-3′; evl2:
5′-CCGUCAGGUCUAUGGCUUA-3′; evl3: 5′-GGAGCAACUCGGUGGAGAA-
3′; evl4: 5′-ACCAGCAGGUUGUGAUCAA-3′. For VASP: vasp1: 5′-UGC-
CAUUGCUGGAGCCAAA-3′; vasp2: 5′-AGGAAAUCAUCGAAGUCUU-3′;
vasp3: 5′-GGGCUACUGUGAUGCUUUA-3′; vasp4: 5′-GAGCUGAG-
GAAGCGGGGUU-3′. Neurons of 3 days in vitro (3 DIV, stage 3) or neurons
before plating (stage 1) were used for the experiments. Transient
transfections were performed with Lipofectamine 2000 (Invitrogen)
following the manufacturer's instructions. siGLO Red (Dharmacon) was
used to monitor the efficiency of each transfection. Cells were harvested
72 h post-transfection and Mena levels were examined by inmunocy-
tochemistry. Mena and VASP levels were also analyzed by Western blot
72 h post-transfection. In parallel evl levels were examined by semi-
quantitative RT-PCR 48 h post-transfection since no commercial antibody
is available. In experiments involving the ROCK inhibitor, 5–10 µM of Y-
27632 (Calbiochem) was added whenever the transfection media was
replaced; neurons were analyzed 48 h post-transfection. In experiments
involving the caspase inhibitor, 50 µM of Ac-DEVD-CHO (Promega) was
added whenever the transfection media was replaced and neurons were
analyzed 48 h post-transfection.

A solution containing acridine orange and ethidium bromide was
used to quantify the percentage of survival. Non-fixed cells were
stained for 5 min in 500 µl of media containing 1 mg/l of acridine
orange (labeling live neurons in green) and 20 mg/l of ethidium
bromide (labeling dead neurons in red) (Trulzsch et al., 2007). Cells
were rinsed with PBS and evaluated immediately by fluorescence
microscopy. The survival rate in each condition was expressed as the
percentage of the total number of cells. About 100 neurons derived
from five independent cultures were analyzed per condition.

Semi-quantitative RT-PCR

Expression levels of theMena, vasp and evl in culturedneurons or after
RNA interference (siRNA) treatment were examined. Total RNA was
isolated using Trizol (Invitrogen). Reverse transcription was performed
employing the SuperScript first-strand synthesis system (Invitrogen)
according to instructions of the manufacturer. Semi-quantitative PCR
analysis was performed using the following primers: menaFw 5′-
GCTCCCTGTCTAGTGCTCCA-3′; menaRv 5′-GGTGTAGGGGGTGTGGAAGT-
3′; vaspFw 5′-CCACAACCCCACTGCTAACT-3′; vaspRv 5′-ACTG-
TATGGCGTCCTCCTTG-3′; evlFw 5′-GGCCTCATGGAAGAAATGAA-3′; evlRv
5′-GTTTCTCCACCGAGTTGCTC-3′. The products obtained at different
cycles (26, 28, 30) were analyzed on agarose gels stained with ethidium
bromide. Quantification was performed on products obtained in cycle 28
employing the Image J software. For quantification, evl expression levels
were normalized to those of gapdh. Three independent experimentswere
carried out.

Western blot

To quantitate the efficiency of siRNAi-triggered downregulation,
3 DIVneuronswere transfectedwith200 nMofMenaandVasp siRNAor
the control pools. Three days post-transfection cells were harvested in
RIPA buffer (deoxycholate, 0.5%; SDS 0.1%; NP40 1%; and EDTA, 5 mM in
PBS 1× with a cocktail of general protease inhibitors (Sigma)) and
incubated on ice for 20 min. Samples for electrophoresis were
resuspended in loading buffer heated to 100 °C for 5 min and resolved
by SDS-PAGE using 8–10% acrylamide. For Western blot equal amounts
of sampleswere loaded. Proteinswere transferred to a PVDFmembrane
for 2 h at 100 V, blocked with 5% BSA or 5% milk for 1 h at RT.
Membranes were then incubated with rabbit anti-VASP antibody
(1:2000; Calbiochem) or with mouse anti-ENA antibody (1:400; BD
Transduction laboratory) in blocking solutions for 1 hup to over night at
4 °C before detection with HRP-conjugated secondary antibodies
(1:2500; Jackson ImmunoResearch). Chemoluminescencewas detected
with ECL+ (Amersham Bioscience). Quantification of the bands was
performed using Image J software. The expression levels of each isoform
of Mena and VASP proteins were normalized to endogenous tubulin.

Immunofluorescence

Neurons were fixed at 4, 5, or 6 DIV (as indicated) with 4%
paraformaldehyde in 4% sucrose-containing PBS and permeabilized in
0.2% TritonX-100 in PBS for 5 min. Then, neuronswere blocked in 5% BSA
in PBS for 1 h at room temperature (RT). Neurons were then incubated
with anti Tau-1 antibody (1:800, a generous gift from L. Binder) for 1 h at
RT. The secondary antibody used was Cy5-anti mouse antibody (1/250,
Jackson ImmunoResearch) and co-incubatedwith FITC-phalloidin (Sigma
Chemicals) for 1 h at RT. After staining, neurons were washed with PBS,
mounted, and visualized with a Zeiss 510 Meta confocal microscope. To
analyze Tau+ and Tau− processes, co-stained cells were randomly
selected; the number and length of each process was determined
employing the LSM Image Browser software. A total of 150 neurons
derived from four independent cultures were analyzed blind for each
condition.

For a direct comparison of Mena levels between control and siRNA
transfected neurons confocal fluorescence images were taken
employing the same settings. TUNEL staining was performed accord-
ing to the manufacturer's recommendations (Apoptag Plus Fluores-
cein in situ apoptosis detection Kit, Chemicon International S7111).
Co-localization with DAPI was used as counter-stain.

Morphological analysis

To determine the proportion of neurons in each stage of
development (Figs. 3B and 4B) 10 representative pictures of random
fields from control and siRNAs transfected neuronswere taken using a
Zeiss Axiovert 135 M inverted microscope with a 10× phase contrast
objective. Images were captured with a CCD camera (Hamamatsu
Digital Camera C4742-95). One hundred neurons were analyzed blind
for each condition.
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Rho activity assays

The enzyme-linked immunosorbent assay (ELISA)-based G-LISA
kit (Cytoskeleton, Denver, CO; catalogue number BK124) was used to
determine endogenously active RhoA levels in neurons according to
the manufacturer's instructions. In brief, neurons transfected with
control pools or with themixture of the three si-RNA pools were lysed
48 h post transfection in 50 µl of G-LISA lysis buffer supplemented
with protease inhibitors, scraped into tubes, and snap-frozen in liquid
nitrogen. Equal total protein amounts were added to a 96-well dish
coated with the Rho binding domain of Rho effector proteins (which
bind active GTP-bound Rho) in triplicate and incubated at 4 °C for
30 min with vigorous shaking. Active Rho levels were determined by
subsequent incubations with anti-Rho antibody and secondary
horseradish peroxidase-conjugated antibody for 60 min each with
vigorous shaking at room temperature. Active Rhowas determined by
measuring absorbance at 490 nm using an ELISA plate reader after
subtraction from a sample only containing lysis buffer. Relative Rho
activity was determined by dividing the mean absorbance of si-RNA
treated lysates by themean absorbance of those obtained from control
neurons. Experiments were repeated three times.

Statistical analysis

Statistical analysis was performed employing the Graphpad Prism 5.0
software. Pairwise comparison employing Student's t-testwas performed
in Figs. 2 and 5B (left panel), and Supplementary Figs. 1B and 2. One-way
ANOVA with Tukey correction for multiple comparisons was used in
Fig. 4A. Two-way ANOVA with Tukey and Bonferroni correction for
multiple comparisons were used in Figs. 3B, 4 and 6. Data from Fig. 5B
(right panel) were analyzed by X2 to assess the significance in both
distributions (number of axons, Zar, 1984). The P-values are indicated in
the corresponding figure legend.
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