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ABSTRACT

Amyloid-p (AP) oligomers are a key factor in Alzheimer's disease (AD)-associated synaptic dysfunction. AR
oligomers block the induction of hippocampal long-term potentiation (LTP) in rodents. The activation of Wnt
signaling prevents AP oligomer-induced neurotoxic effects. The compound WASP-1 (Wnt-activating small
molecule potentiator-1), has been described as a synergist of the ligand Wnt-3a, enhancing the activation of
Whnt/B-catenin signaling. Herein, we report that WASP-1 administration successfully rescued Ap-induced
synaptic impairments both in vitro and in vivo. The activation of canonical Wnt/pB-catenin signaling by WASP-1

if;wm?;ld;vs disease increased synaptic transmission and rescued hippocampal LTP impairments induced by AP oligomers.
AP oligomers Additionally, intra-hippocampal administration of WASP-1 to the double transgenic APPswe/PS1dE9 mouse
Synaptic plasticity model of AD prevented synaptic protein loss and reduced tau phosphorylation levels. Moreover, we found that
Synaptic proteins WASP-1 blocked AP aggregation in vitro and reduced pathological tau phosphorylation in vivo. These results
WASP-1 indicate that targeting canonical Wnt signaling with WASP-1 could have value for treating AD.

Wt signaling © 2014 Elsevier Inc. All rights reserved.

Introduction

Alzheimer's disease (AD) is a neurodegenerative disorder character-
ized by progressive deterioration of cognitive abilities, primarily caused
by synaptic impairments and neuronal death in specific regions of the
brain (Selkoe, 2001; Mattson, 2004 ). The accumulation of amyloid-3
peptide (AP) in senile plaques primarily in the hippocampus, cortex
and other brain areas linked to cognitive processes is considered one
of the major pathological hallmarks of AD brains (Selkoe, 2001). Recent
evidences indicate that soluble AP oligomers rather than plaques deter-
mine cognitive decline (Lacor et al., 2007; Shankar et al., 2007; Ferreira
and Klein, 2011) and that the severity of dementia in AD patients is
strongly correlated with the levels of soluble AR oligomers (Lue et al.,
1999; McLean et al., 1999). Thus, the current view of AD considers AR
oligomers to be a key factor in synaptic dysfunction linked to early
stages of AD (Sakono and Zako, 2010). Indeed, AP oligomers isolated
from AD brains can affect memory and disrupt hippocampal synaptic
plasticity by inhibiting long-term potentiation (LTP) and increasing
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long-term depression (LTD) (Cleary et al., 2005; Shankar et al., 2008).
However, AB-induced blockade of LTP can be overcome by inhibitors
of AP oligomerization (Walsh et al., 2005), suggesting that AD cognitive
impairment might be due to a direct effect of AR oligomers on the
synaptic region. In fact, AP oligomers can affect excitatory synaptic
transmission by reducing the amplitude of field excitatory postsynaptic
potentials (fEPSP) at hippocampal synapses (Hermann et al., 2009;
Cerpa et al., 2010).

Several lines of evidence indicate that the disruption of the Wnt
signaling pathway contributes to AD pathogenesis (Inestrosa et al.,
2000; Inestrosa and Varela-Nallar, 2014; De Ferrari et al., 2014). In the
central nervous system, Wnt signaling plays an important role during
development and in the maintenance and function of mature synapses
(Ciani and Salinas, 2005; Inestrosa and Arenas, 2010). A number of
Wnt pathways have been identified (Nusse, 2012). In particular, the
canonical Wnt pathway, also called the Wnt/B-catenin pathway, is
involved in the modulation of hippocampal synaptic plasticity (Chen
et al., 2006; Cerpa et al., 2008).

In AD brains, a marked decrease in 3-catenin levels (Zhang et al.,
1998) and increase in expression of the Wnt/B-catenin signaling antag-
onist Dickkopf-1 (Dkk-1) (Caricasole et al., 2004) have been observed.
Additionally, common genetic variations in the low-density lipoprotein
receptor-related protein 6 (LRP6), a co-receptor for Wnt/B-catenin sig-
naling, have been associated with late-onset AD (De Ferrari et al., 2007)
and its expression in AD is strongly downregulated (Liu et al., 2014).


http://crossmark.crossref.org/dialog/?doi=10.1016/j.expneurol.2014.11.005&domain=pdf
http://dx.doi.org/10.1016/j.expneurol.2014.11.005
mailto:marco.fuenzalida@uv.cl
mailto:ninestrosa@bio.puc.cl
RLogos
http://dx.doi.org/10.1016/j.expneurol.2014.11.005
http://www.sciencedirect.com/science/journal/00144886
www.elsevier.com/locate/yexnr

J.Y. Vargas et al. / Experimental Neurology 264 (2015) 14-25 15

Moreover, several studies have shown a relationship between the loss
of Wnt/B3-catenin signaling and an increase in Ap3-related neurotoxicity
(De Ferrari et al., 2003; Alvarez et al., 2004; Inestrosa and Arenas, 2010).
Specifically, loss of Wnt/B3-catenin signaling increases neuronal vulner-
ability to AR-induced apoptosis (Zhang et al., 1998). Furthermore, AR
exposure increases Dkk-1 expression (Caricasole et al., 2004; Purro
et al., 2012), causing a reduction in the number of synapses and the
size of pre- and post-synaptic compartments (Purro et al., 2012). How-
ever, the activation of Wnt/B-catenin signaling has been shown to pro-
tect against ApB-induced cytotoxic effects (De Ferrari et al., 2003;
Inestrosa et al.,, 2012; Inestrosa and Varela-Nallar, 2014). Indeed, incu-
bation with the canonical ligand Wnt-3a prevents neuronal cell death
induced by AP exposure (Alvarez et al., 2004). Additionally, treatment
with lithium, a pharmacological activator of Wnt/3-catenin signaling,
rescues memory loss and reduces Ap deposition in the brain of a trans-
genic mouse model of AD (Toledo and Inestrosa, 2010). Moreover, treat-
ment with lithium also rescues LTP deficits in a transgenic mouse
conditionally overexpressing glycogen synthase kinase-3p (GSK-3(), a
key enzyme that blocks Wnt/B-catenin signaling (Hooper et al., 2007).

These data suggest that direct stimulation of Wnt/B3-catenin signal-
ing or the inhibition of endogenous antagonists of this pathway could
be a therapeutic approach to AD. Here, we studied the beneficial effects
of WASP-1, a synthetic molecule that potentiates Wnt/3-catenin signal-
ing (Beaumont et al., 2007; Vargas et al., 2014), on AD-related synapse
damage. Through in vitro and in vivo approaches, we found that
WASP-1 treatment effectively protects against Ap-induced synaptic
dysfunction.

Material and methods
Reagents

WASP-1  (2-(2,7-diethoxy-9H-fluoren-9-ylidene) hydrazine-
carboximidamide) was obtained from Chemdiv, Inc. Synthetic AB;_42
peptide corresponding to the human Ap wild-type peptide was obtain-
ed from Genemed Synthesis, Inc. Actinomycin-D and cycloheximide
were purchased from Sigma-Aldrich, Inc. The polyclonal antibodies
used are as follows: rabbit anti-phospho-f>-catenin (Ser33/37/Thr41),
mouse anti-3-actin and rabbit anti-synaptophysin (Cell Signaling Tech-
nology, Inc.), mouse anti-B3-catenin (Santa Cruz Biotechnology, Inc.) and
mouse anti-tau epitope paired-helical filament-1 (PHF-1) (gift from Dr.
Peter Davis, from the Albert Einstein College of Medicine, Bronx, New
York). The monoclonal antibodies used were: mouse anti-PSD-95 and
mouse anti-GluN2B, which were purchased from Neuromab, Davis/
NIH NeuroMab Facility.

Conditioned medium preparation

HEK-293 cells were transiently transfected, using calcium phosphate
precipitation, with equal amounts of empty vector pcDNA (control) or
pcDNA containing sequences encoding Wnt-3a. Cells were grown to
85% confluence and maintained in Neurobasal medium supplemented
with 100 U/ml penicillin and 100 pg/ml streptomycin for 60 h. Condi-
tioned media were prepared as described previously (Farias et al.,
2007).

Primary neuronal cell culture

Hippocampal neurons were obtained from Sprague-Dawley rats on
embryonic day 18. Hippocampi were dissected, and primary cultures
were prepared as described previously (Farias et al., 2007) and main-
tained in Dulbecco's modified Eagle's medium (DMEM) supplemented
with 10% horse serum for 2 h. The culture medium was replaced with
Neurobasal medium supplemented with B27, 100 pg/ml streptomycin,
and 100 U/ml penicillin. On day 3, cells were treated with 2 pM AraC
for 24 h to reduce the number of proliferating non-neuronal cells.

Experiments were performed on day 18 in the presence or absence of
WASP-1 and Wnt-3a-conditioned media.

Chronic treatments

Double transgenic APPswe/PS1dE9 male mice (known as APP/PS1 in
this study) were purchased from Jackson Laboratory. Wild-type (WT)
C57BL/6 male mice were obtained from a colony of the Animal House
Facility of P. Universidad Cat6lica de Chile. Seven-month old mice re-
ceived bilateral intra-hippocampal infusion of 5 uM WASP-1 or artificial
cerebrospinal fluid (ACSF) for 21 days. Chronic delivery was achieved
via an Alzet osmotic mini-pump (Alzet 1004, Durect Co.). The assembly
and pre-incubation of the pumps were performed as described previ-
ously (Vargas et al., 2014), following the manufacturer's instructions.
Pumps were filled with WASP-1 or ACSF and then connected to a double
brain infusion cannula (Plastics One Inc.). The infusion system was incu-
bated in sterile saline at 37 °C for 48 h before surgery.

Surgical procedures

For the implantation of the infusion system, mice were anesthetized
by isoflurane inhalation (1.5-2.5%) and placed in a small animal stereo-
taxic frame (Stoelting Co.). The brain infusion cannula was inserted in
the hippocampus according to the following coordinates: —2.46 mm
anterior to the bregma, 1.0 mm lateral, and 2.0 mm ventral to the
skull surface. The cannula was fixed to the skull surface using binary
dental cement. The mini-pump was inserted beneath the skin at the
dorsum of the animal and the wound was closed using cyanoacrylate
(Vargas et al., 2014). Mice were allowed to recover for 1 week before
testing.

Slice preparation

Slices from 7-month old WT mice were prepared as described previ-
ously (Cerpa et al., 2008; Bonansco et al., 2011). Briefly, animals were
decapitated, and the brain was submerged in cold ACSF bubbled with
carbogen (95% 0., 5% CO,). Coronal slices from the hippocampus
(250 um) were cut using a Vibroslice microtome (World Precision
Instruments Inc.) and incubated in gassed ACSF for 1 h at room temper-
ature (24 °C).

Electrophysiological recordings

Slices were transferred into a chamber and superfused (3 ml/min)
with gassed ACSF, unless otherwise noted. In all experiments picrotoxin
(10 uM) was added to suppress inhibitory 'y-aminobutyric acid (GABA),
type-A transmission. Schaeffer collateral fibers were activated through
bipolar cathodic stimulation, generated by a stimulator (Master 8,
AMPI) connected to an isolation unit (Isoflex, AMPI). Electric pulses
(50 ps, 0.3 Hz, 20-100 pA) were applied to Schaeffer collateral fibers. Re-
cording of fEPSP was performed using a glass pipette (2-4 MQ, filled
with ACSF) with a bipolar concentric electrode (platinum/iridium,
125 um outer diameter, FHC Inc.) placed in the middle of CA1 stratum
radiatum and connected to an AC amplifier (Grass Inc.) with 10,000 x
gain, 3.0 kHz low pass filter, and 0.30 Hz high pass filter. To evaluate
WASP-1 regulation on fEPSP amplitude, we estimated changes in the
paired pulse facilitation which are considered to be of presynaptic origin
(Clark et al,, 1994). The paired pulse facilitation index was calculated by
(R2 — R1)/R1, where R1 and R2 are the peak amplitudes of the first and
second postsynaptic responses, respectively. To elicit LTP we used a high
frequency stimulation (HFS) protocol (Bozdagi et al., 2010), consisting
of two trains of 500 ms, 100 Hz, separated by 1 s. Analysis of fEPSPs
was performed with Clampfit 10 (pCLAMP software, Molecular
Devices).



16 J.Y. Vargas et al. / Experimental Neurology 264 (2015) 14-25

Acute treatments

Following stabilization, hippocampal slices were incubated with
indicated treatments dissolved in ACSF. During 4 h incubation, slices
were maintained at room temperature and continually gassed.

Western blot

Cultured hippocampal neurons or hippocampi from chronic and
acute treatments were homogenized in RIPA buffer. Samples were cen-
trifuged at 14,000 rpm at 4 °C for 5 min. The protein concentrations of
the supernatants were determined using the BCA Protein Assay Kit
(Pierce Chemical Co.). Equal amounts of protein for each sample were
resolved using 10% SDS-PAGE. Samples were transferred to PVDF
membranes, and immunoblotting was conducted. Immunoreactivity
was visualized using a chemiluminescent substrate (Thermo Fisher
Scientific Inc.), and optical densities were quantified using NIH Image ]
software.

Amyloid species preparation

AP peptide stock solution was prepared by dissolving freeze-dried
aliquots of AP in dimethyl sulfoxide (DMSO) at 15 mg/ml. Ap oligomers
were prepared by dissolving AP peptide in 0.5% PBS to a final concentra-
tion of 50 uM and then subjecting the solution to a basic shock by adding
2 N NaOH to reach pH 12 and neutralizing with 1 N HCL. The mixture
was incubated at room temperature under constant agitation for 1 h
to obtain the AP oligomers. AP oligomer formation has been previously
visualized by electron microscopy (Dinamarca et al., 2010).

Amyloid aggregation assay

An aliquot of AR peptide stock solution (15 pg/ul) was added to the
aqueous PBS buffer pH 7.4. A 100 uM solution was prepared from
the AP stock solution added to a buffer containing 0.5 pM or 5 pM
WASP-1. Samples were stirred continuously at room temperature at
1300 rpm, and sterile aliquots were taken at different time points
for analysis. Aliquots were taken to measure A fibril formation by
Thioflavin-T (Th-T) fluorescence.

Th-T based fluorimetric assay

The obtained AP aggregates were characterized by Th-T fluorimetric
assay (LeVine, 1993). Th-T binds specifically to amyloid fibrils, thereby
producing a shift in the emission spectrum and an increase in the fluo-
rescence signal, proportional to the amount of amyloid fibril formed.
Following the incubation of Ap alone or the co-incubation of Ap with
WASP-1, 50 mM sodium phosphate buffer pH 6.0 and 0.1 mM Th-T in
a final volume of 2 ml were added. Fluorescence was monitored at
450 nm excitation and 485 nm emission using a JASCO FP-6200 Spectro-
fluorometer, as described previously (Dinamarca et al., 2010).

Electron microscopy

Fresh aliquots of samples were placed on Formvar/carbon-coated
300-mesh copper grids for 5 min. Excess of sample was removed,
washed with distilled water 1 min and stained with 2% aqueous uranyl
acetate for 2 min, followed by removal of the excess of staining solution
with filter paper and air-drying. Representative images for each
aggregation assay were obtained using a Philips Tecnai 12 electron
microscope operated at 80 kV. Photographs were taken at original
magnifications of 20,500x.

Statistical analysis

Data are expressed as the mean + S.E. of the values from the number
of experiments indicated in the corresponding figures. Statistical
analysis was performed using Student's two-tailed t-test after normal
distribution of the data was verified using the Shapiro-Wilk normality
test (SigmaPlot 12.0). Differences were considered significant at
*p <0.05 or **p <0.01.

Results

WASP-1 potentiates Wnt/B3-catenin signaling and enhances synaptic
plasticity

WASP-1 was identified as a transcriptional activator of 3-catenin-
dependent TopFlash reporter (Korinek et al., 1997), which in the pres-
ence of the Wnt-3a causes a synergistic increase in reporter activation
(Beaumont et al., 2007). Interestingly, it appears that WASP-1 exerts
its effect by acting downstream of Frizzled, the receptor for Wnt ligand
(Beaumont et al., 2007). Here, we tested the effect of WASP-1 on the sta-
bility of 3-catenin, a key protein in the canonical Wnt pathway. Using
primary cultures of hippocampal neurons (18 days in vitro), we tested
the ability of WASP-1 treatment to increase B-catenin levels in the pres-
ence or absence of Wnt-3a (Fig. 1). We found that only in the presence
of Wnt-3a did WASP-1 induce a significant increase in 3-catenin com-
pared to the control (Fig. 1). This increase in 3-catenin levels could be
adose-dependent effect because the expression of 3-catenin was higher
when cells were incubated with 5 pM WASP-1 than with 1 pM WASP-1
(Fig. 1). Because WASP-1 alone was not able to induce significant chang-
es in B-catenin levels (Fig. 1), we concluded that Wnt-3a is required for
the effect of WASP-1. Although we found that the levels of 3-catenin
were higher in the presence of Wnt-3a plus 5 uM WASP-1 than in the
presence of Wnt-3a alone (Fig. 1A), this enhancement of the Wnt/p-
catenin signaling was not synergistic, unlike what was previously de-
scribed using a TopFlash reporter (Beaumont et al., 2007). Our findings
suggest that WASP-1 potentiates Wnt/R-catenin signaling in
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Fig. 1. WASP-1 potentiates canonical Wnt signaling activation. Western blot analysis of [3-
catenin levels in hippocampal cultured neurons treated with Wnt-3a or control vector
conditioned medium alone or in the presence of 1 pM or 5 uM WASP-1. Top: immunoblot-
ting of B-catenin in a representative experiment. Bottom: densitometric analysis of the rel-
ative levels of B-catenin after normalization to 3-actin. The graph shows the fold increase
versus control (black bar). The data are presented as the mean + SE from four
experiments.
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hippocampal neurons exposed to Wnt-3a. Considering these results, we
used 5 M WASP-1 to perform both electrophysiological recordings and
in vivo experiments, as presented below. For these experiments, we
used WASP-1 alone because endogenous expression and release of
Wnt-3a in the rodent hippocampus has already been demonstrated
(Chen et al., 2006; Cerpa et al., 2008).

As has been shown for several Wnt ligands, WASP-1 can modulate
excitatory synaptic transmission by increasing the synaptic strength of
CA3-CA1 hippocampal synapses (Beaumont et al., 2007). Here we
show that the perfusion of 5 tM WASP-1 alone is enough to significantly
increase the amplitude of field excitatory postsynaptic potentials
(fEPSPs) in hippocampal slices from adult WT mice (Fig. 2A-b). Using
a paired pulse test, we addressed whether WASP-1 exerts its effect
through a presynaptic mechanism as has been described for canonical
Whnt ligands (Cerpa et al., 2008). In Fig. 2A-a, superimposed field re-
sponses showed that WASP-1 elicits larger synaptic responses than
those observed in control slices. This increase in fEPSP amplitude was
concomitant with a decrease in paired-pulse facilitation (Fig. 2A-c). Be-
cause changes in paired-pulse facilitation are considered to be of pre-
synaptic origin (Clark et al., 1994; Kuhnt and Voronin, 1994), this
result suggests that WASP-1 acts at the presynaptic terminal. Moreover,
we found that WASP-1 perfusion does not change the fiber volley am-
plitude in comparison to control conditions (Figs. 2A-d, -e), indicating
that WASP-1 does not modify neither the number nor the excitability
of activated presynaptic fibers and suggesting that the effect of WASP-
1 on paired-pulse facilitation is due to a change in neurotransmitter re-
lease probability.
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A previous study has presented evidence that WASP-1 also enhances
hippocampal LTP magnitude by facilitating LTP-maintenance for at least
2 h after LTP-induction (Beaumont et al., 2007), a finding that is consis-
tent with our results (Fig. 2B). As Fig. 2B-a shows, a high frequency stim-
ulation (HFS) protocol evoked larger fEPSP responses in WASP-1-
perfused slices than in control slices. Indeed, the average LTP magnitude
was significantly enhanced in WASP-1-perfused slices (148.5 4 4.9%)
compared to control slices (130.1 + 5.6%). Moreover, WASP-1-
dependent potentiation of synaptic responses was maintained for over
120 min after HFS (Fig. 2B-b).

Considering that a) maintaining LTP for more than 1-2 h after induc-
tion, a phase known as late LTP (I-LTP), requires local dendritic protein
synthesis as well as gene transcription (Citri and Malenka, 2008) and
b) the activation of Wnt/p-catenin signaling can regulate the expression
of genes that are involved in synaptic plasticity (Arrazola et al., 2009);
we hypothesized that the WASP-1 effects on hippocampal LTP could
be mediated by translation and/or transcription. Therefore, we tested
the effects of WASP-1 on LTP magnitude in the presence of the gene
transcription inhibitor actinomycin-D (AMD, 25 pM) or the protein
synthesis inhibitor cycloheximide (CHX, 40 pug/ml). We found that
perfusion of AMD alone blocked LTP-maintenance without affecting
LTP-induction (Fig. 3A-a), although the LTP magnitude was significantly
reduced compared to that in WASP-1 perfused slices (Fig. 3A-b).
However, the co-perfusion of AMD plus WASP-1 did not affect either
LTP-induction or LTP-maintenance because the HFS-evoked fEPSP
amplitude was significantly different from baseline (dotted line) at all
of the assayed time points (Fig. 3A-a). Additionally, we found that
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Fig. 2. WASP-1 enhances hippocampal synaptic transmission and plasticity. (A) Excitatory synaptic transmission in mouse hippocampal slices (n = 6) treated with 5 uM WASP-1.
(a) Average traces (60 recordings) of fEPSPs evoked by the paired pulse protocol before (control) and after 30 min of continuous perfusion with WASP-1. (b) Average values of normalized
fEPSP amplitudes for the first response in the control and WASP-1-treated slices. (c) Facilitation index measured before and after WASP-1 application. (d) Average traces of fiber volley in
controls and after WASP-1 treatment. (e) Normalized fiber volley amplitude in controls and after WASP-1 treatment. (B) Changes in LTP magnitude in mouse hippocampal slices perfused
with WASP-1 (n = 7) or vehicle (n = 8). (a) Representative traces of fEPSP before (dotted lines) and after (filled lines) HFS. (b) Comparison of mean fEPSP amplitude between WASP-1
and control slices at 30, 60 and 120 min after HFS. The graph shows the percentage increase in fEPSP amplitude compared to baseline (dotted line).
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(AMD) perfusion on WASP-1-enhanced LTP. (a) Time course of normalized fEPSP amplitude before and after HFS (black arrow). (b) Comparison of mean fEPSP amplitude at 30 and
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(B) Effect of protein translator inhibitor (CH) perfusion on WASP-1-enhanced LTP. (a) Time course of normalized fEPSP amplitude before and after HFS (black arrow). (b) Comparison
of mean fEPSP amplitude at 30 and 120 min after HFS, among control (n = 8), WASP-1 (n = 7), CH (n = 4) and CH plus WASP-1 (n = 5) treated slices, showing the percent increase
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LTP-induction was not affected by the perfusion of either CHX alone or
CHX plus WASP-1; instead, LTP-maintenance was significantly reduced
compared to perfusion of WASP-1 alone (Fig. 3B-a). Thus, CHX alone
and CHX plus WASP-1 blocked LTP-maintenance, as observed by the
fEPSP amplitude returning to basal levels (indicated by the dotted
line) at 120 min after HFS application (Fig. 3B-b). The finding that the
co-perfusion of CHX plus WASP-1 blocked I-LTP indicates that protein
translation is necessary for the effect of WASP-1 on maintaining LTP. To-
gether, these results suggest that WASP-1 induces an increase in hippo-
campal LTP magnitude in a manner dependent on local protein
synthesis but that it does not involve gene transcription. In light of
these results and considering the categorization of LTP into LTP1, LTP2

and LTP3 according to its persistence and mechanism (Racine et al.,
1983; Raymond and Redman, 2006), WASP-1 appears to elicit LTP2,
which only requires local protein synthesis from pre-existing mRNA.

Additionally, we tested the effect of transcriptional and transla-
tional inhibitors on the levels of B-catenin (Fig. 3C). To compare
the effects found on hippocampal LTP with B-catenin levels, we
treated hippocampal slices acutely with WASP-1, WASP-1 plus
AMD or WASP-1 plus CHX. We found that 3-catenin levels increased
with WASP-1 treatment, but this increase was completely blocked
by both AMD and CHX treatments (Fig. 3C-b). This result indicates
that WASP-1-induced increase of 3-catenin levels depends on gene
transcription and protein translation.
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WASP-1 prevents AB-induced hippocampal synaptic dysfunction

Several studies have shown that the activation of Wnt signaling has a
neuroprotective effect against AB-induced synaptic damage (De Ferrari
et al.,, 2003; Alvarez et al., 2004; Cerpa et al., 2010; Shruster et al., 2011).
Because the administration of WASP-1 has been shown to enhance ex-
citatory synaptic transmission and facilitate hippocampal LTP
(Beaumont et al., 2007), as we also showed in Fig. 2, we hypothesized
that WASP-1 perfusion would also protect against synaptic impairment
of excitatory transmission induced by A oligomers. To address this
issue, we tested the effects of perfusing hippocampal slices with AR olig-
omers alone or AR oligomers plus WASP-1 on synaptic transmission
(Fig. 4A) and LTP (Fig. 4B). We found that the perfusion of AR oligomers
alone caused a large reduction in fEPSP amplitude compared to control
conditions (Fig. 4A-b), since 10 min after AR perfusion began (Fig. 4A-
a). Indeed, the average fEPSP amplitude of AR perfused slices (62.3 +
6.4%) was significantly diminished compared to that of control slices
(101.3 & 1.9%). Moreover, AP oligomers also caused a strong inhibition
of hippocampal LTP (Fig. 4B). After a brief post-tetanic potentiation
evoked by an HFS protocol, the fEPSP amplitude of Ap-perfused slices
returned to basal levels (dotted line) in less than 20 min (Fig. 4B-a).
These results are consistent with previous reports indicating that AR
oligomers are able to induce a decrease in hippocampal excitatory

19

synaptic transmission and LTP (Walsh et al., 2002; Wang et al., 2004;
Shankar et al., 2008; Li et al., 2011). Interestingly, we found that slices
perfused with AP oligomers plus WASP-1 exhibited an increase in
fEPSP amplitude compared to baseline (dotted line), reaching a plateau
at 15 min after co-perfusion began (Fig. 4A-a). Comparison of the aver-
age fEPSP amplitude of the AP alone and AP plus WASP-1 treatments re-
veals that WASP-1 prevented the AR-induced impairment of excitatory
synaptic transmission (Fig. 4A-b). In fact, the average fEPSP amplitude
of AP plus WASP-1-perfused slices (128.7 £ 2.8%) was significantly
larger than that of AB-perfused slices (62.3 + 6.4%). Furthermore, in
contrast to what was observed in AR-perfused slices, we found that
HES application was capable of inducing LTP in hippocampal slices co-
perfused with AP oligomers plus WASP-1 (Fig. 4B-a), indicating that
WASP-1 can overcome ApB-induced LTP inhibition. Remarkably, the
WASP-1-induced protecting effect against AR-impaired LTP was main-
tained for at least 1 h after the application of the HFS protocol
(Fig. 4B-b). Indeed, the LTP magnitude at 30 or 60 min after HFS was
higher in AR plus WASP-1-perfused slices (129.5 + 7.8% and 128.8 +
7.2%, respectively) than in AR-perfused slices (110.8 + 6.6% and
104.6 & 7.4%, respectively). Although we found significant differences
in LTP magnitude in slices perfused with WASP-1 alone and those per-
fused with AR plus WASP-1 at 30 min after HFS, these differences
were no longer evident at 60 min after HFS (Fig. 4B-b). These results
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Fig. 4. WASP-1 prevents AR-induced synaptic impairment of glutamatergic synapses in mouse hippocampal slices. (A) fEPSP recordings before (control) and after 30 min of continued
perfusion with either 50 uM AP alone or 50 uM AR in the presence of 5 uM WASP-1. (a) Time course of the effect of AR (black and white circles) or AR plus WASP-1 (red and white circles)
on fEPSP peak amplitudes. The black bar indicates the perfusion duration of both treatments, and the dotted line indicates the baseline level. (b) Average values of normalized fEPSP
amplitude measured before (control) and after a 15 min perfusion of AR alone (n = 4) or Ap plus WASP-1 (n = 5). (B) fEPSP recordings of hippocampal slices before (baseline) and
after the application of the HFS protocol. (a) Time course of normalized fEPSP amplitude (from 15 min before HFS (arrow) until 65 min after), in slices perfused either with 5 uM
WASP-1 alone, 50 pM Af alone and 50 pM AP in the presence of 5 uM WASP-1. The graph shows the percent increase in fEPSP amplitude in slices treated with WASP-1 (red circles),
AP (black and white circles) or AR plus WASP-1 (red and white circles) compared to baseline (dotted line). (b) Comparison of mean fEPSP amplitude among slices treated with control
(n = 8), WASP-1 (n = 7), AB (n = 5) and AR plus WASP-1 (n = 5) at 30 or 60 min after HFS, showing the percent increases from baseline (dotted line).
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indicate that WASP-1 treatment significantly prevented LTP decrease
caused by AP oligomer exposure.

Together, our findings suggest that the potentiation of canonical
Wnt/B-catenin signaling by WASP-1 can successfully overcome Ap-
induced impairments of both excitatory synaptic transmission and hip-
pocampal synaptic plasticity.

WASP-1 rescues the loss of synaptic proteins and 3-catenin in APP/PS1 mice

Several in vitro studies have shown that the activation of Wnt/pB-
catenin signaling has a neuroprotective effect against AB-induced
synaptic damage (De Ferrari et al., 2003; Alvarez et al., 2004; Shruster
etal., 2011). Here we found that the activation of Wnt/p-catenin signal-
ing by WASP-1 rescued synaptic transmission and LTP deficits in AP-
perfused hippocampal slices (Fig. 4). Next, we evaluated whether
WASP-1 can also rescue AB-induced synaptic impairments in vivo.
To evaluate the effect of WASP-1 in vivo, we used double transgenic
APP/PS1 mice (APPswe/PS1dE9: carrying the Swedish (K595N/
M596L) mutation of the amyloid precursor protein (APP) and the
exon 9 deletion of the presenilin-1 (PS1) gene), which show the AR pa-
thology of AD (Garcia-Alloza et al., 2006). The administration of WASP-1
using an osmotic pump system (see Materials and methods section for
details) allowed chronic intra-hippocampal infusion of WASP-1 into
APP/PS1 and WT mice.

APP/PS1 animals display reduced levels of several synaptic proteins
in both the cortex and the hippocampus (Inestrosa et al., 2011).
Therefore, we tested whether WASP-1 treatment can reverse the loss
of synaptic proteins in the hippocampus of APP/PS1 mice. We found
that chronic administration of WASP-1 to adult APP/PS1 mice signifi-
cantly increased hippocampal levels of the presynaptic protein SYP
(synaptophysin) and the postsynaptic proteins GIuN2B (N-methyl-p-
aspartate (NMDA) receptor subunit 2B) and PSD-95 (postsynaptic den-
sity protein-95) compared to control APP/PS1 mice (Fig. 5A). Although
SYP levels in the hippocampus of APP/PS1 mice are not significantly re-
duced compared to WT mice (Inestrosa et al., 2011), as Fig. 5A-b shows,
WASP-1 treatment increases the SYP levels in APP/PS1 mice above
those in the WT. This change in the level of a presynaptic protein is
consistent with the results shown in Fig. 2A, indicating that WASP-
1 can act through a presynaptic mechanism. However, we found
that WASP-1 treatment also rescued the decreased levels of
GluN2B and PSD-95 in APP/PS1 mice (Fig. 5A). We hypothesized
that the WASP-1-induced increases in postsynaptic protein levels
could be caused by the activation of non-canonical Wnt signaling
pathways, which have been shown to modulate the structure of
the postsynaptic compartment (Farias et al., 2009; Varela-Nallar
et al.,, 2010), and could be activated by low concentrations of the ca-
nonical ligand Wnt-3a (Nalesso et al., 2011). Given that WASP-1
treatment raised the levels of both presynaptic and postsynaptic
proteins, it is possible that the chronic administration of WASP-1
has a dual effect on the hippocampal synaptic structure of APP/PS1
mice.

Compared to healthy brains, a significant reduction in B-catenin
levels has been reported in AD patients (Zhang et al., 1998). Moreover,
APP/PS1 mice also show lower hippocampal 3-catenin levels than WT
mice (Toledo and Inestrosa, 2010). Here, we tested whether WASP-1
treatment can rescue the loss of 3-catenin in the hippocampus of APP/
PS1 mice. Interestingly, we found that APP/PS1 mice that were chroni-
cally treated with WASP-1 showed a significant increase in hippocam-
pal p-catenin levels compared to control APP/PS1 mice (Fig. 5B). As
Fig. 5B-b shows, WASP-1 was able to rescue the decrease in B-catenin
levels observed in APP/PS1 mice to levels near those observed for WT
mice.

Our results show that in vivo administration of WASP-1 increases
synaptic protein levels and reverses [3-catenin loss in the hippocampus
of adult APP/PS1 mice.
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Fig. 5. WASP-1 rescues loss of synaptic proteins and [3-catenin in the hippocampus of APP/
PS1 double transgenic mice. Western blot analysis of hippocampal homogenates from WT
control mice (n = 3), APP/PS1 control mice (n = 4) and APP/PS1 mice treated with WASP-
1 (n = 3) to detect presynaptic (SYP) and postsynaptic (PSD-95 and GIuN2B)
proteins (A) or PB-catenin levels (B). (a) Immunoblotting of indicated proteins.
(b) Densitometric analysis of the relative levels of the indicated proteins after
normalization to 3-actin. The graphs show the fold increase versus the WT control
(black bar), and significant differences among groups are also indicated.

WASP-1 reduces tau phosphorylation and blocks AB aggregation

The main pathological hallmarks in the AD brain are senile plaques
and neurofibrillary tangles (Sorrentino and Bonavita, 2007). Senile
plaques are primarily formed by extracellular deposits of Ap peptide,
whereas neurofibrillary tangles are composed of intracellular aggre-
gates of hyper-phosphorylated tau protein (Mayeux and Stern, 2012).
According to the amyloid hypothesis, AR aggregation is the key driver
of AD pathogenesis, whereas neurofibrillary tangle formation is pro-
posed to result from an imbalance between both AR production and
clearance (Hardy and Selkoe, 2002). We asked whether WASP-1 can
down regulate both hyper-phosphorylated tau levels and AR aggrega-
tion. First, we tested whether in vivo administration of WASP-1 to the
brains of APP/PS1 mice can reduce the hippocampal levels of phosphor-
ylated tau. The phosphorylation of tau, in particular the PHF-1 epitope
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Fig. 6. WASP-1 reduces tau-phosphorylation in the hippocampus of APP/PS1 mice and blocks AP aggregation. (A) Western blot analysis of PHF-1 in hippocampal homogenates from APP/
PS1 mice treated with or without WASP-1. (a) PHF-1 immunoblotting. (b) Densitometric analysis of the PHF-1 relative levels after normalization to 3-actin. The graph shows the fold de-
crease in PHF-1 levels between APP/PS1 mice treated with WASP-1 (red bar) and APP/PS1 control mice (white bar). The data are presented as the mean + SE from n = 3 per experimental
group. (B) Transmission electron microscopic images of AR-aggregated at 0, 4 and 8 h after stirred incubation with or without 0.5 uM or 5 uM WASP-1 (bar, 1 pm). (C) In vitro amyloid
aggregation assay conducted with 100 uM A solution alone or in the presence of 0.5 uM or 5 uM WASP-1. The graph shows the time course of fluorescence intensity for different

treatments.

(phosphorylated Ser-396 and Ser-404), was assessed by immunoblot-
ting (Fig. 6A-a). WASP-1 treatment significantly decreased the
phosphorylation of tau (Fig. 6A-b); a reduction of PHF-1 epitope levels
was observed in the hippocampus of adult APP/PS1 mice. In light of
this result, we evaluated whether WASP-1 treatment affected the AR
aggregation. An immunoblotting assay was conducted using the 6E10
antibody to detect the presence of AR species in hippocampal extracts

from APP/PS1 mice treated with WASP-1 or vehicle (Supplementary
Fig. 1). The 6E10 antibody recognizes monomeric, dimeric, trimeric, tet-
rameric and oligomeric forms of AR, as well as AR-precursor. We found
that chronic treatment with WASP-1 only affected AB oligomeric de-
posits. WASP-1 specifically decreased the levels of AR*56 (a 56 kDa olig-
omer) species (Supplementary Fig. 1), which is a soluble AR assembly
that impairs memory in AD transgenic mice independently of plaque
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formation or neuronal loss (Lesne et al., 2006). Because it is possible that
the WASP-1-induced decrease in AB*56 oligomeric forms could occur
through blocking AR aggregation, we evaluated in vitro whether
WASP-1 can interfere with the AR aggregation process. By electron
microscopy, we observed that AR aggregation was diminished by
the co-incubation with both 0.5 uM and 5 uM WASP-1 (Fig. 6B). After
4-8 h of stirred incubation, AR self-aggregates forming amylospheroids
(Fig. 6B-a), a highly toxic specie of AR-aggregated involved in the
pathogenic phosphorylation of tau protein (Hoshi et al, 2003).
However, WASP-1 reduced the size of the amylospheroids at 4 h of
co-incubation and this effect became clearly evident after 8 h of co-
incubation (Fig. 6B-a). These results were corroborated using a Th-T
based fluorimetric assay. As Fig. 6B-b shows, both assayed concentra-
tions of WASP-1 decreased AP aggregation in a time-dependent man-
ner. After 8 h of WASP-1 co-incubation a 45-50% reduction in the Ap
aggregation was observed compared to incubation with AR alone
(Fig. 6B-b). Altogether, these results indicate that WASP-1 reduces AR
aggregation both in vitro and in vivo.

Discussion

WASP-1 has previously been described as a small molecule that po-
tentiates canonical Wnt/B-catenin signaling and enhances excitatory
transmission in mature hippocampal synapses (Beaumont et al.,
2007). Because the activation of Wnt/p-catenin signaling has a neuro-
protective effect against AB-induced cytotoxic and synaptotoxic insults
(Boonen et al., 2009; Cerpa et al., 2009; De Ferrari et al., 2014; Inestrosa
and Varela-Nallar, 2014), here we tested the ability of WASP-1 to rescue
the functional and structural damage to hippocampal synapses that is
caused by exposure to AB. Interestingly, we found that WASP-1 admin-
istration reduced Ap-induced synaptic impairments both in vitro and

in vivo. The specific effects of WASP-1 observed in this study include res-
cuing the APR-induced disruption of excitatory synaptic transmission
and overcoming the AB-induced blocking of hippocampal LTP, reversing
the synaptic proteins loss, reducing Ap aggregation and reducing the tau
phosphorylation levels. Taken together, our data suggest that WASP-1
could be therapeutically relevant in AD.

Several studies have reported that AR oligomers negatively modu-
late synaptic plasticity (Walsh et al., 2002; Cleary et al., 2005; Li et al.,
2011; Ferreira and Klein, 2011). Previously, we showed that AR oligo-
mers also reduce synaptic efficacy and impair hippocampal synaptic
transmission, mainly by decreasing the NMDA and AMPA receptor cur-
rents, which is potentially caused by a reduction in the levels of PSD-95
and the number of synaptic contacts (Cerpa et al., 2010). Our present
findings indicate that WASP-1 rescues impaired synaptic transmission
and plasticity in hippocampal slices exposed to AP oligomers. Although,
the precise mechanism of action of WASP-1 is unclear, the present data
strongly suggest that protecting effects of WASP-1 against AB-mediated
decreases in hippocampal synaptic responses could result from an in-
crement in synaptic protein levels, including SYP, GluN2B (NMDA-R)
and PSD-95. The WASP-1-induced increase in the level of SYP (a synap-
tic vesicle protein) is consistent with the finding that WASP-1 modu-
lates the release of neurotransmitters at the presynaptic terminal,
while WASP-1-induced increases in the levels of GluN2B (NMDA-R)
and PSD-95 might be related with the increased potentiation of the
postsynaptic response elicited by WASP-1 treatment. This dual effect
of WASP-1 on the synaptic structure, affecting both presynaptic and
postsynaptic sites, has previously been reported for the canonical ligand
Wnt-7a, which can promote the clustering of several presynaptic pro-
teins (Farias et al., 2007; Cerpa et al., 2008) and, at the same time, in-
crease the density and maturity of dendritic spines (Gogolla et al.,
2009; Ciani et al., 2011). A possible cause for this dual effect is different

Fig. 7. Scheme of effects of WASP-1 on Wnt-3a signaling in hippocampal synapses. WASP-1 enhances synaptic transmission by triggering an increase in neurotransmitter release, and it
potentiates synaptic plasticity by inducing an increase in LTP magnitude. This scheme summarizes the main ideas of the present study. (A) Under normal conditions, WASP-1 potentiates
Wnht signaling by increasing the expression of 3-catenin. This increase in turn, activates the exocytosis of synaptic vesicles, resulting in an increase in glutamate release at the pre synaptic
region. At the postsynaptic region, the activation of NMDA-R allows the potentiation of the synapse and the expression of the LTP-2. The pre-existing mRNA corresponding to some of the
NMDA-R subunits is shown in the postsynaptic region. (B) Under pathological conditions, such as those present in AD, the loss of Wnt signaling function is apparent and synaptic plasticity
is partially or totally blocked by AP oligomers. Under these conditions, the protective effect of WASP-1 occurs through potentiating Wnt/3-catenin signaling. The activation of this signaling
leads to the inhibition of GSK-3p, thereby increasing the 3-catenin levels and reducing tau phosphorylation. At the same time, AR aggregation is prevented by WASP-1, and the formation
of AP oligomers decreases, facilitating both an increase in the release of glutamate and the recovery of LTP. Given the WASP-1-induced increase in SYP at the presynaptic region, synaptic
vesicles are further committed to release glutamate. At the postsynaptic region, the WASP-1-induced increase in the scaffold protein PSD-95 facilitates the incorporation into the
postsynaptic membranes of vesicles that contain newly synthesized GluN2B (a subunit of the NMDA-R), which is possibly translated at the dendritic spines from pre-existing mRNA.
Together, all of these WASP-1-induced features allow the recovery of AB-impaired synaptic plasticity and contribute to ameliorate the neurodegenerative conditions observed in AD.
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signaling pathways acting on different synaptic structures being activat-
ed by a single Wnt ligand. Indeed, it has been shown that Wnt-3a can
activate both canonical (acting at the presynaptic region) and non-
canonical (acting at the postsynaptic region) Wnt signaling, however,
the activation of each pathway may depend on ligand concentration
(Nalesso et al,, 2011).

Interestingly, we have shown here that the effects of WASP-1 on
synaptic plasticity can be modulated by protein synthesis. Despite the
finding that the co-perfusion of WASP-1 plus a transcription inhibitor
did not affect LTP-maintenance, we found that the co-perfusion
of WASP-1 and a translation inhibitor completely blocked LTP-
maintenance without changing LTP-induction. These findings indicate
that the WASP-1-induced facilitation of I-LTP depends on the synthesis
of new proteins but does not require the synthesis of new mRNA. LTP is
categorized into LTP1, LTP2 and LTP3, according to duration and molec-
ular mechanism (Racine et al., 1983; Raymond and Redman, 2006), and
WASP-1 appeared to elicit LTP2, which depends on protein synthesis
from pre-existing mRNA located in the dendrites and is independent
of gene transcription (Raymond, 2007). However, we found that both
transcriptional and translational inhibitors obstructed WASP-1-
induced B-catenin stabilization, suggesting that 3-catenin is not
involved in the effects of WASP-1 on LTP-maintenance. The idea that ac-
tivation of the canonical Wnt signaling can modulate the synaptic func-
tion through a mechanism that does not require 3-catenin-mediated
gene transcription, has been previously proposed (Ahmad-Annuar
et al., 2006; Farias et al., 2007; Cerpa et al., 2008). This divergent canon-
ical Wnt pathway seems to modulate the function of the presynaptic
terminals (Budnik and Salinas, 2011). Particularly, the canonical Wnt
ligands, Wnt-3a and Wnt-7a, have shown to rapidly stimulate neuro-
transmitter release from presynaptic terminals in a way that is indepen-
dent on the expression of Wnt target genes (Cerpa et al., 2008;
Varela-Nallar et al., 2009). Here, we reported that WASP-1 could also
stimulate neurotransmitter release probability, since a paired pulse fa-
cilitation reduction is observed in the presence of WASP-1. The regula-
tion of neurotransmitter release by canonical Wnt ligands could be
achieved through promoting the interaction between proteins of the
Wnt pathway and proteins implicated in synaptic processes such as
synaptotagmins (Oliva et al., 2013).

On the other hand, the positive effects of WASP-1 on AB-impaired
LTP-induction and LTP-maintenance could be related to the WASP-1-
induced reduction in the hippocampal levels of Ap oligomers. We
found that WASP-1 also reduces the hippocampal levels of the AR*56
oligomeric species in APP/PS1 mice, possibly by blocking AP aggrega-
tion. These findings are consistent with the idea that blocking of Ap olig-
omerization rescues LTP impairment (Walsh et al., 2005). In the present
study, WASP-1 also reduced tau pathology, another key hallmark of AD
besides AP aggregates (Sheng et al., 2012). Reduced levels of phosphor-
ylated tau could be a consequence of the WASP-1-induced decreases in
AP accumulation and/or a side effect of the inhibition of GSK-3p, a ki-
nase whose activity is down regulated by the activation of Wnt/p-
catenin signaling (Clevers and Nusse, 2012) and that is involved in tau
phosphorylation (Hooper et al., 2008). Indeed, we previously found
that WASP-1 can modulate the activity of GSK-3(3 in the hippocampus
of WT mice (Vargas et al., 2014). Interestingly, our results are in agree-
ment with the finding that indirect activation of Wnt/pB-catenin signal-
ing through the inhibition of GSK-3p, protects hippocampal neurons
from AP cytotoxic effect by stimulating neuronal survival (Silva-
Alvarez et al., 2013).

In AD pathology, several components of Wnt/B-catenin signaling
have been shown to be altered (Moon et al., 2004; Inestrosa et al.,
2012; Oliva et al., 2013). In particular, the B-catenin levels in AD brains
are considerably down regulated compared to healthy brains (Zhang
et al., 1998). Moreover, there is a relationship between familial onset
AD and the de-regulation of 3-catenin. In fact, pathogenic mutations
in the PS1 gene, one of the major causes of early-onset AD, have been
shown to affect the stability of p-catenin, increasing its degradation

(Zhang et al., 1998). Here, we have shown that the hippocampal -
catenin levels are significantly reduced in APP/PS1 mice compared to
the levels in WT animals; however, WASP-1 treatment almost
completely rescued this loss, suggesting that WASP-1 influences {3-
catenin stabilization. Indeed, we report here that the co-incubation of
hippocampal neurons with WASP-1 and the canonical ligand Wnt-3a
significantly increases [3-catenin stability, but this effect cannot be
achieved by incubation with WASP-1 alone. These findings suggest
that WASP-1 requires the presence of Wnt-3a to exert its effect
(Beaumont et al., 2007). Therefore, endogenous Wnt-3a must be locally
released in the hippocampus of both WT and APP/PS1 mice to facilitate
the beneficial effects of WASP-1. Our results indicate that WASP-1 in co-
operation with the endogenous Wnt-3a, act on the hippocampal neuro-
nal network to potentiate Wnt/3-catenin signaling and consequently to
produce an improvement of the synaptic function in both normal and
Ap-induced pathologic conditions (Fig. 7).

Together, these data suggest that WASP-1, through Wnt signaling,
can rescue AB-induced synaptic impairments and could be used for
the treatment of patients with neurodegenerative diseases such as AD.

Conclusions

In this study, we show that WASP-1 potentiates the activation of
Wnt/B-catenin signaling in hippocampal neurons, thereby increasing
normal synaptic function or rescuing AB-induced synaptic impairment
(Fig. 7). Under normal conditions, WASP-1 can potentiate the effect of
endogenous Wnt-3a and increase [3-catenin stability. At the presynaptic
terminal, WASP-1 enhances excitatory synaptic transmission by in-
creasing the release of neurotransmitters. At the postsynaptic compart-
ment, WASP-1 elicits a form of LTP that requires the activation of
NMDA-R for LTP-induction and depends on the translation of pre-
existing mRNA at the dendritic spines for LTP-maintenance (Fig. 3A,
B). In Ap-impaired synapses, WASP-1 reduced the aggregation of Ap
oligomers and the phosphorylation of tau. At the presynaptic terminal,
WASP-1 enhanced synaptic transmission, possibly by increasing the
levels of the synaptic vesicle protein SYP. At the postsynaptic compart-
ment, WASP-1 overcame LTP impairments possibly by rescuing the di-
minished levels of PSD-95 and the GIuN2B subunit of NMDA-R
(Fig. 5A). In summary, our findings suggest that WASP-1 is a potential
therapeutic agent for AD.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.expneurol.2014.11.005.
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