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Abstract

Wnt signaling regulates brain development and synapse maturation; however, the precise molecular mechanism remains elusive.
Here, we report that Wnt-7a stimulates dendritic spine morphogenesis in the hippocampus via glycogen synthase kinase-3 3
(GSK-3{) inhibition, triggering 3-catenin/T cell factor/lymphoid enhancer factor (TCF/LEF)-dependent gene transcription and
promoting postsynaptic density-95 (PSD-95) protein expression. In addition, wild-type mice treated with an inhibitor of f3-
catenin/TCF/LEF-mediated transcription showed a reduction in spatial memory acquisition accompanied by a reduction in PSD-
95 and decreases in spine density measured by Golgi staining, suggesting that PSD-95 is a novel Wnt target gene. Together, our
data strongly demonstrate that Wnt-dependent target gene transcription is essential to hippocampal synaptic plasticity.
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Introduction

Wnt ligands are secreted glycoproteins that modulate different
aspects of brain development, including synapse formation,
transmission, remodeling, and adult neurogenesis [1, 2].
Additionally, the deregulation of Wnt signaling correlates
with several neurological and psychiatric disorders, including
schizophrenia, anxiety, and Alzheimer’s disease [3, 4].

Wnt ligands act through different well-characterized sig-
naling pathways, the canonical Wnt/3-catenin pathway and
the two non-canonical pathways, Wnt/Ca>* and Wnt/PCP.
The Wnt/(3-catenin pathway involves the binding of Wnt

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s12035-018-1162-1) contains supplementary
material, which is available to authorized users.

< Nibaldo C. Inestrosa
ninestrosa@bio.puc.cl

Centro de Envejecimiento y Regeneracion (CARE UC), Laboratorio
de Neurobiologia Molecular, Departamento de Biologia Celular y
Molecular, Facultad de Ciencias Biologicas, Pontificia Universidad
Catolica, 8331150 Santiago, Chile

Center for Healthy Brain Ageing, School of Psychiatry, Faculty of
Medicine, University of New South Wales, Sydney, NSW, Australia

Centro de Excelencia en Biomedicina de Magallanes (CEBIMA),
Universidad de Magallanes, 6200000 Punta Arenas, Chile

@ Springer

- TCF/LEF

ligands to Frizzled receptors and low-density lipoprotein
receptor-related protein 6 (LRP6) co-receptors. This binding
leads to the phosphorylation of disheveled (Dvl) and the sub-
sequent inhibition of glycogen synthase kinase-3 3 (GSK-
3[3), inducing the accumulation of (3-catenin in the cytoplasm
and its translocation to the nucleus. In the nucleus, [3-catenin
interacts with T cell factor/lymphoid enhancer-binding factor
(TCF/LEF) and activates the transcription of Wnt target genes
such as Ca”*/calmodulin-dependent protein kinase IV
(CaMKIV) and c-Jun [5, 6]. The Wnt/Ca* signaling pathway
involves intracellular Ca** mobilization and Ca?*/calmodulin-
dependent protein kinase II (CaMKII) and protein kinase C
(PKC) activation [7], and through Frizzled and Dvl, the Wnt/
PCP pathway activates Rho and Rac small GTPases [8].

It is well established that both Wnt/f3-catenin and Wnt/
Ca”* or PCP signaling play a major role in the regulation of
synaptic plasticity in the hippocampus. Classically, Wnt-5a
regulates postsynaptic density through the non-canonical
Wht/Ca** pathway [9—11], while Wnt-3a and Wnt-7a, being
canonical pathway effectors, modulate the pre-synaptic termi-
nal. Specifically, Wnt-3a regulates long-term potentiation
(LTP) and neurogenesis via Wnt/[3-catenin signaling [12],
whereas Wnt-7a plays a role in the pre-synaptic regulation
of excitatory synapses in the hippocampus [13, 14] and influ-
ences memory formation [15]. In addition, GSK-3f3 kinase
also plays an important role in synaptic formation; it has been
shown that a lack of GSK-3[3 expression causes synaptic loss
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in the hippocampus [16]. In fact, we have previously shown
that Andrographolide (ANDRO), a non-ATP competitive
GSK-3f3 inhibitor [17], activates Wnt/[3-catenin with positive
effects on memory in vivo [18]. Additionally, inhibiting Wnt/
[3-catenin signaling via Dickkopfl (Dkk-1) produces deficits
in memory recognition and long-term memory [19, 20].

In the present study, we aimed to establish the role of Wnt/
[3-catenin signaling in the regulation of the postsynaptic re-
gion in the hippocampus. Our in vitro results reveal for the
first time that canonical Wnt signaling activation by Wnt-7a
and ANDRO increased dendritic protrusion density in a [3-
catenin-dependent manner. While Ciani et al. described a nov-
el role for Wnt7a in increasing dendritic spine density through
a calcium non-canonical pathway, here, we demonstrate that
the canonical pathway played a role in Wnt7a-mediated spine
formation [21]. We propose that PSD-95, one of the most
abundant proteins in the postsynaptic region, is a canonical
Whnt target gene based on our findings that Wnt-7a treatment
increased PSD-95 protein expression and that, remarkably,
genetic truncation of (3-catenin in its ATCF/LEF binding do-
main reduced PSD-95 expression. In addition, inhibition of
the Wnt/B-catenin cascade in vivo, using a Wnt/{3-catenin/
TCF-mediated transcription inhibitor (ICG), decreased spine
density, altered spine morphology in the hippocampus, re-
duced PSD-95 protein levels, and impaired spatial memory
in 3-month-old wild-type (WT) mice. Together, these findings
demonstrate that Wnt/3-catenin signaling is mediated by
Wnt-7a and that transcription of Wnt target genes plays a
crucial role in post-synaptic dendrite formation and
maturation.

Materials and Methods
Reagents and Antibodies

Recombinant Wnt-7a (rWnt-7a; 3008-WN) was purchased
from R&D Systems (MN, USA). SB 216763 (SB; Cat.
S3442) and ANDRO (catalog number 365645) were obtained
from Sigma Chemical Company (St. Louis, MO, USA). ICG
(catalog number 2275) was obtained from BioVision Inc.
(CA, USA). The primary antibodies used for Western blot
were as follows: mouse anti-3-actin clone AC-15 (1/10000,
Sigma-Aldrich, A1978); monoclonal anti-x-tubulin antibody
(1/5000, Sigma-Aldrich, T5168); anti-GSK-33 pSer-9 (1/
1000, Cell Signaling Technology, #9336S); anti-GSK-3f3
Y216P (1/200, Santa Cruz Biotechnology, Inc., sc-11758);
total GSK-33 (1/500, Abcam ab93986; 1/1000, Santa Cruz
Biotechnology, Inc., sc-9166); anti-3-catenin (1/200, Santa
Cruz Biotechnology, Inc., sc-7199): anti-PKCBII S660P (1/
10000, Abcam ab75837); total PKCfII (1/500, Santa Cruz
Biotechnology, Inc., sc-210); anti-JINK T183P/Y185P (1/
1000, Cell Signaling Technology, #9251S); total JNK (1/

1000, Cell Signaling Technology, #9252); anti-CaMKII
T268P (1/1000, Abcam ab5683); total CaMKII (1/1000,
Thermo Scientific, MA1-048); Cyclin D1 (1/200; Santa
Cruz Biotechnology, Inc., sc-450); c-Jun (1/1000, Santa
Cruz Biotechnology, Inc., sc-1694); CaMKIV (1/1000,
Abcam, ab3557); and PSD-95 (1/1000, Abcam ab2723).
PSD-95 (1/50, Santa Cruz Biotechnology, Inc., sc-32290)
was used for immunofluorescence.

Hippocampal Neuronal Cultures

Rat hippocampal cultures were prepared from embryonic
day 18 Sprague-Dawley rats, as described previously [22].
Briefly, hippocampi were removed and resuspended in
HBSS with 0.25% trypsin and incubated for 15 min at
37 °C. After three washes with HBSS, the tissues were
mechanically dissociated in Dulbecco’s modified Eagle’s
medium (GIBCO) supplemented with 10% horse serum
(GIBCO), 100 U/ml penicillin, and 100 pg/ml streptomy-
cin. Dissociated hippocampal cells were seeded onto poly-
L-lysine-coated wells. Cultures were maintained in
Neurobasal growth medium (GIBCO) supplemented with
B27 (GIBCO), 2 mM L-glutamine, 100 U/ml penicillin,
and 100 pg/ml streptomycin. On day 2, the cultured neu-
rons were treated with 2 uM cytosine arabinoside for 24 h.
This method resulted in cultures highly enriched in neu-
rons (~5% glia).

Plasmids

HT22 cells were transfected with empty pRKS5 vector, pRKS5
encoding wild-type 3-catenin (3-cat WT), 3-catenin with al-
anine mutations at all three phosphorylation sites ([3-cat
AGSK) (Ser33, Ser37 and Thr41) or 3-catenin mutated at
the TCF/LEF (3-cat ATCF) which contains a 26 amino acid
neoepitope disturbing it TCF/LEF consensus site
(GTTTGTT) that abolishes (3-catenin transactivation ability
and therefore not activate (3-catenin-dependent transcription
of Wnt target genes [17].

Neuronal Transfection, Treatments, and Imaging
Analysis

To transfect the cultured neurons, the neurons were seeded on
35-mm poly-L-lysine-coated coverslips at a density of 60,000
cells/well. At 10 days in vitro (DIV), neurons were transfected
using NeuroMag (OZ Bioscience) with EGFP plasmid
(Clontech) along with the empty pRKS vector or (3-cat WT,
[3-cat AGSK or 3-cat ATCF [23, 24]. First, the neurons were
washed for 30 min with Neurobasal medium, while 0.8 pg of
DNA was mixed with 1.25 pl of magneto beads and incubated
for 15 min in 100 pl of Neurobasal medium. In the co-
transfection experiments, the mix was prepared using 0.4 pg
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of EGFP plus 0.4 pg of pRKS, 3-cat WT, 3-cat AGSK or 3-
cat ATCF, and 1.25 pl of beads. Next, the mix was added to
the neurons for 15 min with the magnet in the bottom of the
plate. The mix was removed 40 min later, and the transfection
medium was replaced with fresh medium. At 14 DIV, the
hippocampal neurons were washed in Neurobasal medium
and maintained for 1 h. Next, the neurons were treated with
rWnt-7a (8 or 13 nM), ANDRO (10 uM), and SB (68 nM),
with or without DKK (100 ng/ml) or ICG001 (50 uM) for
different time periods. An Olympus Fluo View FV 1000
confocal microscope was used to obtain digital images at a
pixel resolution of 1024 pixels x 1024 pixels. To quantify
the dendritic spines, the Z-stack images were reconstructed
using the super-pass module of the Imaris software. The
dendritic shafts and spines were manually traced using the
filament mode. Protrusions less than 2 um long (to discard
filopodia) were considered for three-dimensional recon-
struction. Ten neurons were imaged for each condition in
three to five independent experiments. The spine density
was calculated by measuring the total number of spines/
dendrite length (spine density, n° spines/10 um) for each
condition.

Immunoblotting

Cells were washed with PBS and immediately processed.
Briefly, cells were gently homogenized in Triton buffer sup-
plemented with a protease inhibitor mixture and phosphatase
inhibitors (25 mM NaF, 100 mM Na;VO,, | mM EDTA, and
30 uM NayP,05) on a rocker shaker for 30 min at 4 °C.
Protein samples were centrifuged twice at 14,000 rpm at
4 °C for 10 min. The hippocampus of the treated or control
WT mice was dissected on ice and immediately processed as
previously described [25]. Briefly, the hippocampal tissue was
homogenized in RIPA buffer (10 mM Tris-Cl, pH 7.4, EDTA
5 mM, 1% NP-40, 1% sodium deoxycholate, and 1% SDS)
supplemented with a protease inhibitor mixture and phospha-
tase inhibitors (25 mM NaF, 100 mM Na3VOy,, and 30 uM
NayP,05) using a Potter homogenizer and then sequentially
passed through syringes of different calibers. The protein sam-
ples were centrifuged twice at 14,000 rpm for 20 min at 4 °C.
The protein concentrations were determined using the BCA
Protein Assay Kit (Pierce). The samples were resolved by
SDS-PAGE, followed by immunoblotting on PVDF
membranes.

Immunofluorescence

Neurons transfected with EGFP plus pRKS empty vector or
B-cat ATCF were washed twice with PBS Ca**/Mg”*. Then,
4% PFA-sucrose was added at room temperature (RT) for
20 min to fix the neurons. PBS washes were performed three
times, and the neurons were permeabilized for 5 min in PBS-
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0.2% Triton. After the PBS washes, the neurons were incubat-
ed with blocking solution (PBS-2% BSA) for 30 min at 37 °C.
The cells were incubated with PSD-95 primary antibody over-
night at 4 °C in a wet chamber. The next day, three PBS
washes were performed, and secondary antibody coupled to
Alexa 555 nm (Abcam ab150110) fluorescence in a 1/500
dilution was applied for 30 min at 37 °C. Coverslips were
mounted over porta objects on 5 pl of fluoromount solution.
A Nikon spectral confocal microscope was used to obtain the
digital images at a pixel resolution of 1024 pixels x 1024
pixels with a x 60 oil objective. Five images and at least three
neurites/photo were analyzed for each condition.

RNA Extraction, Retrotranscription, and Quantitative
PCR

RNA extraction was performed via the Trizol method from
500,000 neurons/well that were untreated or treated with ICG
(2275 BioVision Inc.). The extracted RNA was then quanti-
fied with a NanoDrop device, and 2 pug was used for
retrotranscription with Superscriptlll (1843289 Invitrogen).
Primers for the quantitative PCR for PSD-95 (Fw: 5'-
ATTTTTATCACCAAGATCATTCCT -3'; Rv: 5'-
CCATGACCTTTTCGGCTG -3') were designed and obtain-
ed from IDT. The results were evaluated with the 2AACT
method and normalized to GAPDH levels.

In Silico Analysis of TCF/LEF Responsive Elements

The PSD-95 promoter (2000 bp) from the three different spe-
cies was analyzed with the Matlnspector Module of the
Genomatix Software using the following parameters: tran-
scription binding site library, vertebrate matrix, and a 0.75 of
core similarity.

Animals and Treatments

Three-month-old wild-type (WT) mice (rn = 6 per group) were
treated and handled according to the National Institutes of
Health guidelines (NIH, Baltimore, MD). Intraperitoneal (IP)
injections of ICG (60 mg/kg) with saline solution as the vehi-
cle were administered three times per week. WT, control ani-
mals, were injected with vehicle only. Both experimental
groups were treated for 5 weeks beginning at 3 months of
age. We evaluated the general condition of the animals after
the treatment following the protocol described in the
Handbook of Laboratory Animal Management and Welfare
(edited by S. Wolfensohn and M. Lloyd, Oxford University
Press, 1994). The animal conditions were evaluated as fol-
lows: normal, score of 0 to 4 points; needing surveillance
(consider analgesic administration), 5 to 8 points; and intense
suffering that required subcutaneous analgesic injection
(2 mg/kg ketoprofen every 12 h; considering euthanasia). At
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scores 13 to 16, euthanasia was required (200 mg/kg ketamine
and 20 mg/kg xylazine). These data are included in Table 1.

Behavioral Testing

Memory flexibility tests were performed as previously de-
scribed [25]. Briefly, a circular white pool was prepared with
non-toxic white paint plus a hidden platform (diameter, 9 cm)
in four quadrants; the water temperature was maintained be-
tween 18 and 20 °C. Animals were pre-trained in this pool
(without the platform) for 60 s 1 day before testing to acclimate
the animals to the room and the swimming strategy. Then,
animals were subjected to testing for four consecutive days

Table 1
animals. Normal animals have scores between 0 and 4

with a maximum of 15 trials per day. Every day, the platform
position in a quadrant was changed. Testing stopped when the
animal reached the platform on three consecutive trials with an
average of 20 s or less. The data are presented as the number of
trials after which animals reached the criterion.

Golgi Staining

Golgi staining was developed using the FD Rapid GolgiStain
Kit (FD NeuroTechnologies, Inc., Ellicott City, MD), an im-
proved Golgi-Cox impregnation method to stain mature neu-
rons. The protocol was performed according to the manufac-
turer’s instructions [26]. Ten to twelve images were acquired

Animal welfare. The table includes the evaluation of weight variation, physical appearance, and spontaneous behavior from all injected

Treatment Control

ICG

Week Ist 2nd 3rd 4th

Sth Ist 2nd 3rd 4th Sth

Mice 123412341234123#4

Weight loss
0 (normal)
1 (<10%)
2 (10-20%)
3 (>20%)
Physical appearance
0: normal 000

1: matt hair, bad
conditions
2: cutaneous injures 2

3: lateral decubitus,
respiration by mouth
Spontaneous behavior

0: erect, good
interaction with
partners

1: lethargy, less active,
mobility difficulty

2: low mobility and
low alarm state

3: automutilation,
weird vocalization,
immobility, anxious

Behavior vs. stimuli

0: alert, responsive,
mobility without
difficulty

1: behavioral
alterations,
coordination loss
and ataxia

2: unusual behavior
and movements

3: convulsions,
comatose animal

0000000OO0OO0OO0OOOO0OO

000000O0OO0O0OO0OOO

0000000O00OO0OO0OO0OO0OO

123412341234123412341234

0000000O000OO00OO0ODOOOOOOOOOOO

0000000O000O00OO0OOOO0OOOOOOOO

0 00 0000000O0OO0OO0O0O0COO0OO0O 0

000000000O00O00OO00OO00OO0ODO0OOOOOOOOOOOOOOOOOOOO
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from three different slices from four animals in each group using
the x 100 objective of an Olympus Stereologic microscope
(from the UC Advanced Microscope unit). To analyze the num-
ber and type of spines, we used Reconstruct software. Two den-
drites from each image were analyzed from each animal.

Statistical Analyses

The results are presented as a graph depicting the mean + SEM.
Statistical significance was determined using a one-way ANOVA
with a Bonferroni post hoc test for multiple comparisons or
Student’s  test for two-group comparisons. P values <0.05 were
regarded as significant. In the figures, P values between 0.01 and
0.05 are indicated with one asterisk, P values between 0.001 and
0.01 are indicated with two asterisks and P values less than 0.001
are indicated with three asterisks. All statistical analyses were
performed using Prism software (GraphPad Software, Inc.)

Results

Wnt-7a Activates the Canonical Wnt Signaling
Pathway and Regulates Dendritic Protrusion Density

We evaluated whether the canonical Wnt pathway is activated
after the Wnt-7a stimulation of hippocampal neurons. We
measured key components, such as {3-catenin levels, GSK-
3 inhibition, and the Wnt target gene CaMKIV. When hip-
pocampal cultured neurons were exposed to Wnt-7a (for 3 or
16 h at 13 nM), 3-catenin, CaMKIV, and GSK-33 Ser-9
phosphorylation (inactive form) levels were increased com-
pared with those in the control (Fig. la), indicating that
Whnt-7a activates the canonical Wnt pathway in hippocampal
neurons, as reported previously [13].

To examine the effect of Wnt-7a on dendritic spine mor-
phogenesis in cultured hippocampal neurons, we transfected
neurons at 10 DIV with enhanced green fluorescent protein
plasmid (EGFP) to evaluate neuronal morphology. Dendritic
protrusions were analyzed using Imaris software to determine
dendritic spine density. We considered the protrusion mature
spines because they were PSD-95-positive (Fig. 1b).
Hippocampal neurons exposed to 13 nM rWnt-7a exhibited
increased dendritic spine density after 3 and 16 h of treatment
(Fig. 1c). Next, we aimed to determine whether the blockade
of Wnt canonical signaling affects the Wnt-7a-dependent in-
crease in dendritic spines. The Dkk family of proteins act as
antagonists of canonical Wnt signaling by binding to LRP5/6
to prevent the interaction between Wnt and Frizzled receptors
[27]. Interestingly, the exogenous addition of Dkk-1 for 3 h
inhibited the Wnt-7a-mediated increase of 3-catenin (Fig. 2a).
GSK-33-ser-9 phosphorylation was also prevented by Dkk-1
treatment (Fig. 2a), indicating that the Wnt-7a activation of
Wnt canonical signaling requires ligand-receptor binding.
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Fig. 1 Wnt-7a activates Wnt canonical signaling and modulates dendritic
spine morphogenesis in cultured hippocampal neurons. a Representative
immunoblots and quantification of protein extracted from hippocampal
neuronal cultures at 14 DIV treated with recombinant Wnt-7a (rWnt-7a;
13 nM) for 3 or 16 h or with control for 16 h (n =4). b Immunodetection
of PSD-95 (red) in EFGP-transfected neurons (green) at 14 DIV. The
merged image shows the EGFP protrusions with the PSD-95 puncta
staining in the head, indicating that the protrusions are spines. 3D:
three-dimensional reconstruction of the dendrite. ¢ Representative
images and quantification of the protrusion density vs. concentration
(after 3 h of treatment) or time of rWnt-7a treatment (at 13 nM) in
EGFP-transfected neurons. Scale bar, 10 um; inset, 10 um (n=4; 10
neurons/condition, 3 neurites/neuron). **p <0.01; *p <0.05

Moreover, treatment with Dkk-1 blocked the Wnt-7a-
mediated increase in dendritic spine density, while Dkk-1 sig-
nificantly reduced the number of dendritic spines when used
alone (Fig. 2b). Taken together, our results suggest that acti-
vation of Wnt canonical signaling mediates dendritic spine
formation induced by the Wnt-7a in hippocampal neurons.

GSK-3 Inhibition Mimics the Wnt-7a Modulation
of Dendritic Protrusion

To dissect the role of Wnt canonical signaling on dendritic
spine regulation in hippocampal cultured neurons, we
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Fig. 2 Dkk-1 impedes Wnt
canonical pathway activation and
dendritic spine formation. a
Immunoblots and quantification
of protein extracted from
hippocampal cultured neurons
treated with rWnt-7a and/or Dkk-
1 (100 ng/ml) for 3 h. b
Representative images and
quantification of EGFP-
transfected hippocampal neurons
treated at 14 DIV for 3 h with
rWnt-7a (13 nM) and/or Dkk-1 b
(100 ng/ml). Quantification

shows the spine density as the

number of spines per 10 um of

neurite length. Scale bar, 10 um;

inset, 10 pum (n = 3—5 neurons/

condition, 3 neurites/neuron).

#Ep <0.001; *¥p <0.01; *p<

0.05

Control

evaluated the effect of ANDRO, a GSK-3f3 substrate-compet-
itive inhibitor [17]. We found that ANDRO induced GSK-ser9
phosphorylation, increased {3-catenin level and finally in-
creased CaMKIV expression in hippocampal neurons
(Fig. 3a). Additionally, ANDRO recapitulated the Wnt-7a-
dependent increase in spine density growth after 3 and 16 h
of treatment (Fig. 3b). This effect was also observed after
treatment with SB216763 (SB) (Fig. 3c), another ATP-
competitive GSK inhibitor [28]. These results suggest that
Wnt-7a acts through the GSK-3(3 pathway, promoting spine
density enlargement and altering the expression of Wnt target
genes in hippocampal neurons.

Wnt-7a/GSK-3pB Signaling Requires
B-catenin/TCF-Mediated Transcription to Regulate
Dendritic Spine Density in Cultured Hippocampal
Neurons

The canonical Wnt pathway ultimately produces changes in
several target genes that lead to functional and structural
changes in a cell context-dependent manner [29]. Gene ex-
pression changes are dependent on the translocation of f3-
catenin to the nucleus where it binds to TCF/LEF regions.
To determine whether 3-catenin/TCF/LEF gene transcription
is required for Wnt-7a-spine regulation, we used ICG-001

B-catenin .” .“‘ o5 A . %
GSK-3p - -
(S9P) .
ey

actn. [N

1 1 Control
» ~ mm Dkk-1
] % 20 = rWnt-7a
QS rWnt-7a + Dkk-1
c O
=
oo
ce
-
B-catenin S9P
rWnt-7a
rWnt-7a +Dkk-1

Spine Density

Control rWnt-7a rWnt-7a Dkk-1
+Dkk-1

(ICG), an antagonist of (3-catenin TCF-mediated transcription
[30]. As expected, ICG treatment decreased CaMKIV levels
(Fig. 4a). Interestingly, spine density was also affected, de-
creasing after 16 h of ICG treatment (Fig. 4b). These results
suggest that inhibition of canonical Wnt signaling at the gene
transcription level reduces the basal number of dendritic pro-
trusions. To determine the contribution of 3-catenin/TCF ac-
tivation to the effect of Wnt-7a/GSK-3(3 activation on spine
density, neurons were co-treated with ICG and Wnt-7a or
ANDRO for 16 h. ICG co-treatment prevented the effects of
Wnt-7a and ANDRO on CaMKIV expression (Fig. 4c) and,
importantly, on dendritogenesis (Fig. 4d). Thus, [3-catenin-
dependent-gene transcription is required for Wnt-7a/GSK-
3f3-mediated dendritic protrusion increases in vitro.

Wnt Canonical Pathway Regulates PSD-95 Expression
in Cultured Hippocampal Neurons

Given the strong blocking effect of ICG on dendritic spine
density, we examined the potential effect of Wnt-7a signaling
on PSD-95 expression. We observed that the Wnt-7a ligand
increased the expression of PSD-95 protein after 3 and 16 h of
treatment (Fig. 5a). Moreover, Dkk-1 and ICG treatment for
24 h decreased PSD-95 expression in a concentration-
dependent manner (Fig. 5c¢). Expression of the canonical
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Fig. 3 GSK-3f inhibition is sufficient to activate the Wnt canonical
signaling pathway and to increase dendritic spine density. a
Representative Western blots and quantification of total GSK-3f3,
phosphorylated levels of GSK-33 (S9P; n=3), and total levels of f3-
catenin (n=3) and CaMKIV (n=3) in neurons incubated with
ANDRO (10 uM) for 3 or 16 h. Actin was used as the loading control.
b Representative images of DIV14 hippocampal neurons (transfected
with EGFP on DIV10) and treated with ANDRO 5 uM for 3 or 16 h.
Quantification shows spine density (no. of spines per 10 pm of neurite
length). Scale bar, 10 um; inset, 10 um (n = 4 independent experiments).
##%p <0.001; **p <0.01. ¢ EGFP-transfected hippocampal neurons
treated with rWnt-7a, or one of two GSK-3f3 inhibitors (SB or
ANDRO). Quantification shows the spine density after each treatment.
Scale bar, 10 um; inset, 10 um. (n =4; 10 neurons/condition, 3 neurites/
neuron). **¥p <0.001; *p < 0.05

ANDRO

Wht target gene c-Jun was also reduced following both treat-
ments (Fig. 5¢c and Supplementary Fig. 1), while {3-catenin
accumulation decreased only under ICG treatment (Fig. 5c).
In addition, rat hippocampal neurons treated with 50 uM ICG
for 24 h shown a significant reduction of PSD-95 mRNA
levels (Fig. 5b). These data suggest that neuronal expression
of PSD-95 could be under the control of canonical Wnt sig-
naling. In silico analysis of the PSD-95 promoter sequence
(considering only the 2000 bp upstream from the first ATG)
of human, rat, and mouse showed TCF/LEF motifs respective-
ly as follows: four [located in the 209 to 225 (negative strand),
225 to 241 (positive strand), 1765 to 1781 (negative strand)
and 1974 to 1990 positions (negative strand)], one [located in
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Fig. 4 ICG treatment blocks Wnt-7a signaling pathway and the increase
in dendritic spine density in hippocampal neurons. a Representative
immunoblot and quantification of total (3-catenin and CaMKIV protein
levels in cultured hippocampal neurons at DIV 14 treated with ICG
(50 uM) for 3 or 16 h. Actin was used as the loading control (n=3). b
Representative images and quantification of the density of dendritic pro-
trusions versus time of treatment with ICG and control from EGFP-
transfected neurons (n=4). ¢ Representative immunoblots and
quantification of total (3-catenin and CaMKIV levels from neurons
treated with control, ICG, ANDRO or rWnt-7a or co-treated with
ANDRO/ICG-001 or rWnt7a/ICG-001 for 3 h (n=3). Images and
quantification of dendritic protrusions from EGFP-transfected neurons
treated with the same conditions as ¢. Scale bar, 10 um; inset, 10 pm
(n=35; 10 neurons/condition, 3 neurites/neuron). ***p <0.001; **p <
0.01; *p <0.05

the 341 to 357 position (negative strand)], and two [located in
the 154 to 170 (positive strand) and 335 to 351 positions
(negative strand)]. Figure 5d shows the 2000 bp previous to
the PSD-95 codifying sequence from the three species and the
respective locations of the putative TCF/LEF motifs. Finally,
to demonstrate that PSD-95 expression and spine formation
are [3-catenin/TCF/LEF-dependent, we transfected neurons
either with a plasmid overexpressing a mutant of (3-catenin
that abolishes its transactivation ability (3-cat ATCF), 3-
catenin WT, or (3-cat AGSK that possesses a mutation in the
GSK-33-binding region [23]. Our results show that 3-cat
ATCF reduced the PSD-95 protein expression in the HT22
cell line (Fig. 5e). Overexpression of (3-catenin WT also
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3). b qRT-PCR from total RNA isolated from untreated (control)
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Quantification of PSD-95 levels relative to actin levels (n=4). f
Hippocampal neurons co-transfected with GFP and pRKS or (3-cat
ATCF. Lower panels are the immunofluorescence images showing
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PSD-95 clusters/um?> and the mean intensity of PSD-95 clusters. Scale
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condition). ***p <0.001; *p < 0.05
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displayed a tendency to increase PSD-95 expression (Fig. Se).
Interestingly, the number and the mean intensity of PSD-95
clusters were significantly reduced in (3-cat ATCF-transfected
neurons (Fig. 5f). Additionally, compared with control
plasmid-transfected neurons (pRK5), 3-cat ATCF-transfected
neurons showed a significant reduction in dendritic spine den-
sity (Fig. 5f). All together, these findings strongly suggest that

PSD-95 expression is regulated by the canonical Wnt signaling
pathway.

ICG Inhibits the Wnt Canonical Pathway In Vivo
and Alters Dendritic Spine Density and Morphology
in the Hippocampus

Previous studies have shown that ICG inhibits the Wnt sig-
naling pathway in several tissues in vivo [31]. To determine
whether ICG treatment inhibits the canonical Wnt pathway in
the hippocampus in vivo, we treated WT mice with ICG
(60 mg/kg i.p.) for 5 weeks. No changes in weight or general
animal welfare were observed (Table 1, Fig. 8c). ICG treat-
ment reduced GSK-33-S9 phosphorylation, (3-catenin accu-
mulation, and Cyclin D1 expression (Fig. 6a), whereas GSK-
33-Y216 phosphorylation (active form) and GSK-3f3 total
levels were not altered (Fig. 6a). These data confirm that
ICG blocks the canonical Wnt pathway in vivo in the hippo-
campus. Furthermore, we evaluated the non-canonical Wnt
signaling pathway by measuring the phosphorylated and total
levels of PKCBII-S660, CaMKII-Y286, and INK-T183/Y 185
proteins. ICG did not modify PKCPBII and JNK activation;
however, CaMKII activation was partially reduced (Fig. 6a).

We next examined possible defects in spine morphogenesis
in ICG-treated mice. ICG-treated mice exhibited a significant
decrease in the number of spines in the Cornus Ammonis 1
(CA1) region of the hippocampus (Fig. 7a, b). We classified
the different types of spines following the protocol previously
described [32]. We found that ICG treatment increases the
percentage of thin spines (immature state of the protrusions),
accompanied by a reduction in the percentage of branched
spines (mature form) (Fig. 7b). Collectively, these results
demonstrate that activation of the canonical Wnt signaling
pathway and the transcription of Wnt target genes are required
in vivo for the proper formation and growth of dendritic spines
in the CA1 region.

Wnt Canonical Signaling Inhibition Reduces Spatial
Memory in Mice

Changes in spine density or maturity are associated with alter-
ations in hippocampal functions, including spatial learning
and memory [33]. Therefore, we assessed hippocampal-
dependent episodic memory using the memory flexibility par-
adigm. In this test, the animals are trained to learn a different
location of the hidden platform each day [25, 34]. The analysis
of behavioral performance indicates that ICG-treated mice
required more trials to meet the learning criterion than control
mice (Fig. 8a). No significant difference was observed in the
swim velocity between the ICG- and saline-treated mice,
which confirmed non-locomotor deficiency (Fig. 8b). The
swim tracks depict the paths taken by the animals to reach
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the platform on the fourth trial of each day of training
(Fig. 8d).

Consistent with the idea that ICG treatment causes cogni-
tive impairment due to a reduction in the number of dendritic
spines, we evaluated PSD-95 expression in the hippocampus.
Interestingly, PSD-95 expression was reduced in ICG mice
after 5 weeks (Fig. 8¢) or 10 weeks of injection (Fig. 8f),
supporting the hypothesis that Wnt canonical signaling might
regulate PSD-95 expression.

Discussion

In the present study, we demonstrated that Wnt-7a, a Wnt
ligand highly expressed in the hippocampus of the adult
mouse [35], stimulates dendritic spine morphogenesis in hip-
pocampal neurons through the canonical Wnt signaling path-
way. We reported that Wnt-7a-induced dendritogenesis re-
quired the transcription of Wnt target genes mediated by (3-
catenin binding to TCF/LEF transcription factors. Among
these genes, we showed for the first time that the Wnt canon-
ical signaling pathway regulated PSD-95 expression in vitro
and in vivo. Finally, we showed that the pharmacological in-
hibition of (3-catenin binding to TCF/LEF in WT mice re-
duced dendritic spine density in the CA1 of the hippocampus
and induced a deficit in spatial memory. Together, these data
indicate that the canonical Wnt signaling pathway and Wnt-
dependent target genes are necessary to promote the
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development of dendritic spines and memory formation in
the hippocampus, stimulating PSD-95 protein expression.

In this study, we evaluated whether Wnt-7a could activate
the canonical Wnt pathway. Effectively, we observed that
Wnt-7a stimulated GSK-3f3 inhibition as indicated by the in-
creased levels of the inactive form of GSK-33. A similar
effect was observed when we used ANDRO, a GSK-3f3 in-
hibitor previously described by our laboratory. GSK-33 inhi-
bition stabilizes and promotes the translocation of [3-catenin to
the nucleus [36], and these events are necessary for the final
function of the canonical pathway [37, 38]. We also observed
that both the Wnt-7a ligand and ANDRO induced an increase
in CaMKIV expression in primary hippocampal neurons.

Previous reports have also shown that Wnt-7a acts as a
canonical Wnt ligand, and through this signaling pathway, it
regulates pre-synaptic structure and function [39]. Wnt-7a in-
creases synapsin I clustering [40, 41], increases the number of
pre-synaptic sites, regulates the recycling and endocytosis of
synaptic vesicles, induces neurotransmitter release [13], and
improves «7-nicotinic acetylcholine receptor clustering [42].
Other reports have suggested that Wnt-7a has a post-synaptic
function [21] through the activation of the calcium-non-
canonical pathway and possibly participates in the process
of memory formation [15]. We showed here that the Wnt-7a
ligand promoted the development and maturity of dendritic
spines in hippocampal neurons, as previously reported [21];
however, we further demonstrated that this process was medi-
ated by activation of the canonical Wnt pathway. This study is
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Fig. 7 ICG impairs dendritic spine formation and morphology in vivo. a
Representative Golgi images showing the hippocampal structure from
control and ICG-injected mice. In x 10 images, Cornus Ammonis 1
(CALl), CA3, and dentate gyrus (DG) regions are shown. Inset images
show hippocampal neurons from the CA1 region, which were analyzed to
classify and count protrusions. Scale bars, 100 um in all images. b Golgi-
stained neurons from mice control or injected with ICG. The graphs
reflect the number of protrusions/pum, the average length/width ratio
(LWR), % of thin protrusions, and % of branched protrusions. 1,
filopodia (length>2 pm); 2, long thin (length <2 pm); 3, thin (length
<1 pm); 4, stubby (LWR < 1); 5, mushroom (> 0.6 um); and 6, branched
(2 or more heads). Scale bar, 10 um; inset, 5 um. (n = 3; 2 dendrites/1-2
neuron/4 photos/3 animal/group). ***p <0.001; *p <0.05

the first to demonstrate that Wnt-7a promotes dendritogenesis
by activating the canonical Wnt pathway. This effect was rep-
licated using GSK-33 inhibitors, including ANDRO and SB,
and prevented by Dkk-1, an endogenous Wnt antagonist.
Thus, we propose a new function of Wnt-7a in regulating
postsynaptic structure.

In the literature, diverse studies discuss the role of GSK-3f3
in neural processes that are independent of Wnt target genes
[43]. To demonstrate that the effects of canonical Wnt signal-
ing on dendritic spine formation require the transactivation of
Wnt target genes, we used ICG [30]. We observed that
inhibiting (3-catenin/TCF binding impedes the dendritogenic
effect of Wnt-7a and ANDRO in vitro. More importantly, only
ICG reduced the spine density of hippocampal neurons,
strongly suggesting that ICG inhibits endogenous canonical

Fig. 8 Inhibition of Wnt canonical signaling impairs spatial memory in
WT mice. a Graph showing the number of trials to criterion vs. the
number of testing days in the Memory flexibility test (MF; a variant of
the Morris water maze; n= 6). b Bar diagram showing the swimming
speed (cm/min) of control and ICG-injected mice (n= 6). ¢ Diagram
shows the mean weight progression by group through the 5 weeks of
injection. d Representative traces from each testing day in the MF from
each treatment group. Green circles, starting point. Red circles, ending
point. Light blue circles, position of the mouse head. e PSD-95 and actin
Western blot from the hippocampus of control or ICG-injected mice after
5 weeks of treatment. Quantification shows PSD-95 relative to actin
levels (n=4). f PSD-95 and actin Western blot from the hippocampus
of control or ICG-injected mice after 10 weeks of treatment.
Quantification reflects PSD-95 relative to actin levels (n=3). **p<
0.01; *» <0.05

Whnt signaling activity. Therefore, the transcription of Wnt
target genes is an important regulator of the formation and
maturation of dendritic spines. Our study confirms previous
observations on the role of canonical Wnt signaling in the
post-synaptic region and in dendritic spines.

Multiple Wnt target genes have been described [44], and
many of these play key roles in the synapse [6]. For the first
time, we proposed that PSD-95, the main postsynaptic scaf-
folding protein, could be a new (3-catenin/TCF/LEF transcrip-
tion target gene. We showed that PSD-95 has binding sites to
TCF/LEF in its promoter and that Wnt-7a induced PSD-95
expression. In contrast, ICG and Dkk-1 reduced PSD-95 pro-
tein expression. These results were validated by a molecular
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approach, using a (3-catenin plasmid that was incapable of
inducing the transcription of Wnt target genes ([3-cat
ATCF). This plasmid reduced the number of PSD-95 clusters
and simultaneously decreased spine density in primary hippo-
campal cultures. Previous reports demonstrated that the com-
plete knockout of PSD-95 in mice results in severe deficits in
spatial learning and memory, demonstrating that PSD-95 is
necessary for synaptic formation [45, 46]. The current results
therefore indicate a new role for canonical Wnt signaling in
the post-synaptic region, regulating the expression of PSD-95,
which is one of the most important proteins in the synapse.
Finally, to demonstrate the role of Wnt target genes in the
formation and maturity of dendritic spines in vivo, we treated
WT mice with ICG for 5 weeks and found severe alterations in
the structure of dendritic spines. In the hippocampus of ICG-
treated mice, we observed canonical Wnt signaling dysfunc-
tion, reduced spine density, and decreased PSD-95 expression,
triggering impaired synaptic function and decreased spatial
memory compared with that in control mice. These results
suggest that Wnt target genes play an important role in the
formation of dendritic spines in vivo. In fact, the role of ca-
nonical Wnt signaling in synaptic function has previously
been established [44, 47, 48]. Tetanic stimulation induces
Whnt-3a release [12], and Wnt signaling activation facilitates
LTP processes [12, 49, 50] and LTD inhibition [50], the two
main processes involved in memory formation. In contrast,
inhibition of Wnt signaling impairs LTP [12]. Therefore, an
important and complementary analysis could include the neu-
ronal electrophysiological activity of the CA1 region of the
hippocampus of ICG-injected mice. Future studies in our lab-
oratory will address these experiments.

Modifications in the density, maturity, size, and shape of
dendritic spines induced by activity have been linked to learn-
ing and memory processes [51]. A direct association between
dendritic spine density in the CA1 region of the hippocampus
and the formation of new memories has been established
[52-55]. In fact, spatial working memory requires the maturity
of dendritic spines to mushroom spines [51]. In contrast, de-
creased spine density or reduced maturity has been linked to
mental retardation, memory loss, and Alzheimer’s disease
[56]. Our findings support the importance of dendritic spine
density and maturity in memory formation and reveal the ca-
nonical Wnt signaling pathway as a new mechanism that reg-
ulates the dendritogenic process in the hippocampus.

Wnt signaling stimulates the transcription of Wnt target
genes that are required for long-term memory [6]. In this
study, inhibition of 3-catenin-dependent Wnt signaling tran-
scription reduced the expression of the Wnt target gene Cyclin
D1 in the hippocampus and triggered severe memory deficits
in WT mice. This finding confirms the importance of com-
plete Wnt signaling activity, including the transcription of
Whnt target genes, in spatial memory. Our results reinforce
previous data that suggest the participation of Wnt signaling
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in learning and memory [15] and that the canonical Wnt path-
way is required for object recognition memory [20]. PSD-95
is necessary for the appropriate formation of dendritic spines
and, ultimately, memory consolidation [57, 58]. Likewise,
PDZ ligand binding-deficient PSD-95 knock-in mice showed
impaired synaptic clustering of PSD proteins, altered signal
transmission in hippocampal neurons, and disrupted learning
and memory abilities [S9]. Therefore, our study demonstrates
that the inability of Wnt signaling to transcribe Wnt target
genes, such as CaMKIV, PSD-95 or other genes involved in
the memory formation process, leads to severe hippocampus-
associated cognitive alterations.

Importantly, our findings, in association with previous re-
sults reported by our laboratory and others, indicate that the
Whnt-7a ligand can activate both the canonical [13, 40-42] and
non-canonical Wnt pathways [21]. We found here that Wnt
canonical signaling regulates PSD-95 expression.
Interestingly, previous studies have indicated that the postsyn-
aptic region, including dendritic spine morphogenesis, is re-
lated to the non-canonical pathway [1, 9]. For example, our
preceding data demonstrated that Wnt-5a plays a major role
by activating the non-canonical Wnt pathway, regulating the
clustering of PSD-95 in hippocampal neurons [11] and spine
density but not PSD-95 expression [10, 60]. Therefore, both
Whnt signaling pathways could act together to regulate the
structure and function of the excitatory synapses and ultimate-
ly to promote the correct architecture and function of the hip-
pocampus modulating PSD-95 clustering and expression. The
time course and duration of Wnt signaling activation in these
processes, as well as the pathway crosstalk, is a matter that
could be evaluated in future studies.

In conclusion, our results indicate that canonical Wnt sig-
naling plays a key role in the formation and maturation of
dendritic spines and that the transcription of Wnt target genes
is necessary to promote spine density and memory in the hip-
pocampus. In addition, our results indicate that PSD-95 is a
Wnt target gene and propose a new function of the Wnt/[3-
catenin signaling pathway in the post-synaptic region.
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