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Abstract
Cyclin-dependent kinase 5 (CDK5) plays important roles in
synaptic function. Its unregulated over-activation has been,
however, associated with neurodegeneration in Alzheimer’s
disease. Our previous studies revealed that CDK5 silencing
ameliorates tauopathy and spatial memory impairment in the
3xTgAD mouse model. However, how CDK5 targeting affects
synaptic adhesion proteins, such as those involved in the
cadherin/catenin system, during learning and memory pro-
cesses is not completely understood. In this study, we
detected reduced expression of p120 catenin (p120 ctn), N-
cadherin, and b-catenin in the brain of human Alzheimer’s
disease patients, in addition to a reduced PSD95 and GluN2B

protein levels in a 3xTgAD mouse model. Such decrease in
synaptic proteins was recovered by CDK5 silencing in mice
leading to a better learning and memory performance. Addi-
tionally, CDK5 inhibition or knockout increased p120 ctn
levels. Moreover, in a glutamate-induced excitotoxicity model,
CDK5 silencing-induced neuroprotection depended on p120
ctn. Together, those findings suggest that p120 ctn plays an
important role in the neuronal dysfunction of Alzheimer’s
disease models and contributes to CDK5 silencing-induced
neuroprotection and improvement of memory function.
Keywords: Alzheimer’s disease, cadherin/catenin system,
CDK5, cognitive function, p120 ctn.
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Cyclin-dependent kinase 5 (CDK5) plays important roles in
neuronal functions such as synaptic plasticity, dendritic spine
remodeling, neuronal migration, and cognitive processes,
including learning and memory (Ohshima et al. 1996;
Angelo et al. 2006; Lalioti et al. 2010; Mishiba et al.
2014; Mita et al. 2014). Under physiological conditions,
CDK5 activation requires its interaction with the co-activator
p35 or p39 (Ko et al. 2001). CDK5 phopshorylates several
substrates involved in synaptic activity, which includes the
scaffold protein post-synaptic protein 95 (PSD95), the
subunit 2B of the N-methyl-D-aspartate receptor (NMDA)
GluN2B, and adhesion proteins that form the cadherin/
catenin system. These proteins are important to support
physiological neuronal function, and the aberrant modula-
tions of these proteins have been implicated in neurodegen-
erative disorders (Kwon et al. 2000; Morabito et al. 2004;
Hawasli et al. 2007; Zhang et al. 2008).

The cadherin/catenin system typically comprises N-
cadherin (N-cadh), p120 catenin (p120 ctn), a-N-catenin,
and b-catenin (b-ctn). Such complexes participate in the
formation and stability of synapses, the development of
dendrites, and the dynamic regulation of synaptic plasticity
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(Togashi et al. 2002; Okamura et al. 2004; Troyanovsky
2005; Bozdagi et al. 2010). The p120 ctn protein displays a
pivotal role in cadherin complex stabilization and dendritic
spine modulation (Davis et al. 2003; Elia et al. 2006). In
addition, our previous study shows that neuroprotection after
ischemic injury in rats had been linked to p120 ctn functions
(Cespedes-Rubio et al. 2010).
Excitotoxicity caused by increased intracellular calcium

levels during Alzheimer’s disease (AD) has been associated
with the calpain-dependent cleavage of p35 to p25. CDK5
forms a complex with p25 increasing its half-life, thereby
inducing CDK5 over-activation, which is correlated with AD
pathogenesis (Patrick et al. 1998, 1999; Kusakawa et al.
2000). AD is the most common form of senile dementia; its
main characteristics are the progressive loss of learning and
memory, aberrant synaptic plasticity and decrease in the
number of neurons, synapses and dendritic spines (Reitz
et al. 2011; Kulkarni and Firestein 2012; Sheng et al. 2012;
Reitz and Mayeux 2014). The progressive accumulation of
b-amyloid (bA) contained in senile plaques and hyperphos-
phorylated Tau forming neurofibrillary tangles (NTFs) has
been described as the main histopathological hallmarks
involved in AD progression (Bancher et al. 1989; Gian-
nakopoulos et al. 2003; De Strooper et al. 2010; Iqbal et al.
2010). The p25/CDK5 complex has been implicated in the
increased rate of Tau phosphorylation, being a good
pharmacological/molecular target for AD (Baumann et al.
1993).
Our previous studies have shown that CDK5 silencing

decreased Tau hyperphosphorylation and alleviated memory
impairment in the 3xTgAD mouse model, which developed
bA plaques and NTFs (Piedrahita et al. 2010; Castro-
Alvarez et al. 2014). However, the role of different synaptic
adhesion proteins regulated by CDK5, such as the cadherin/
catenin system, in AD is still incomplete. In this study, we

detected a reduction of p120 ctn expression in the brain of
AD patients. We also evaluated how key synaptic proteins,
such as N-cadherin, b-ctn, PSD95, and GluN2B might be
modified in the 3xTgAD mouse model after learning and
memory tasks. We also examined the effects of CDK5
silencing on those synaptic proteins and the contribution of
p120 ctn in the CDK5 silencing-induced neuroprotection.

Materials and methods

Human brain samples

All individuals or relatives provided written informed consent for
research, and this study was approved through the local ethical
standards committee on human experimentation. We included seven
cases of Sporadic Alzheimer Disease and six control cases obtained
from the University of Antioquia Brain Bank (Table 1). For
biochemical analysis, we used frozen samples obtained from the
temporal cortex.

CDK5 RNAi design

RNAi sh-miR sequence for CDK5 silencing (shCDK5miR) and a
control scrambled RNA sequence (shSCRmiR) was based on
previously published sequences (Chang et al. 2006; Piedrahita et al.
2010). These sequences were cloned into human miR-30-based stem
loops via polymerase-mediated extension of overlapping DNA
oligonucleotides. For subcloning of the RNAi sequence into an
adeno-associated viral vector (AAV), the following primers were
used: shCDK5miR forward primer, 50-AAAACTCGAGTGAG
CGCTGACCAAGCTGCCAGACTATACTG TAAAGCCACAGA
TGGG-30, and reverse primer, 5-AAAAACTAGTAG GCGTT
GACCAAGCTGCCAGACTATACCCATCTGTGGCTTTACAG-30;
shSCRmiR forward primer, 5-AAAACTCGAGTGAGCGCACC
ATCGA ACCGTCAGAGTTACTGTAAAGCCACAGATGGG-3,
and reverse primer, 5-AAAAACTAGTAGGCGTACCATCGAA
CCGTCAGAGTTACCCATCTGTG GCTTTACAG-30. The exten-
sion products were digested with XhoI and SpeI for directional
cloning into a U6 expression plasmid (Boudreau et al. 2008).

Table 1 Clinical and neuropathological data for the AD patients from whose brain material was analyzed

Diagnostic Gender Age of onset Age of death Post-mortem index (h) Braak NF stage NIA-RI CERAD score

SAD F 82 92 5.5 VI 3 C

SAD F 65 74 2.5 IV 3 C
SAD F 69 76 3.75 VI 3 C
SAD M NA 83 4.3 VI 3 C

SAD F NA 85 2.8 V 3 C
SAD M 78 86 6.3 IV 3 C
SAD F 68 82 3.8 VI 3 C

Control F Nap 43 > 24 0 0 0
Control M Nap 60 > 24 0 0 0
Control F Nap 60 > 24 1 0 0

Control F Nap 84 4.3 2 1 A
Control F Nap 67 3.8 0 0 0
Control F Nap 75 14.4 0 0 0

AD, Alzheimer’s disease; NA, not available; Nap, not applicable; NF, neurofibrillary.
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Viral particle production

To produce AAV particles, we employed the large-scale production
of heterologous proteins using Sf9 insect cell culture to co-infect
recombinant baculovirus derived from the Autographa californica
nuclear polyhedrosis virus (Urabe et al. 2002). The mouse U6
promoter-driven shCDK5miR and shSCRmiR expression cassettes
were cloned into pAAV.CMV.hrGFP, which contains AAV
serotype 2/5 inverted terminal repeats, and a CMV-humanized
Renilla GFP (hrGFP)-simian virus 40 poly(A) reporter cassette
(Urabe et al. 2002; Boudreau et al. 2009). The AAV titers were
determined using quantitative PCR and/or DNA slot blot analysis.
The AAV samples were dialyzed before use.

Animal procedures

A total of 10 homozygous 18- to 20-month-old 3xTg-AD and 10 18-
to 20-month-old control mice, were randomly selected, keeping a
similar proportion between male and female, with a median weight of
28 g (24–32 g) (Oddo et al. 2003). These mice were obtained from
our in-house specific pathogen-free colony at the vivarium of SIU,
University of Antioquia, Medell�ın, Colombia, and were maintained
on a 12 : 12-h dark:light cycle; food and water were provided
ad libitum. All of the animal procedures were performed in
concordance with the ARRIVE guidelines. The animals were handled
according to Colombian standards (Law 84/1989 and Resolution
8430/1993) and the NIH animal welfare care guidelines (Public Law
99–158, November 20, 1985, ‘Animals in Research’). The Cdk5+/+,
Cdk5+/�, and Cdk5�/� mice handling and care protocols were
approved by the Bioethics Committee of the Faculty of Science of the
University of Chile. Special care was taken to minimize animal
suffering and to reduce the number of animals used.

The non-transgenic (non-Tg) and 3xTgAD animals were anes-
thetized [ketamine (5%) and xylazine (2%) to 50 mg/5 kg body
weight] and bilaterally injected with 1 lL of AAV2-shSCRmiR
(shSCRmiR) or AAV2-shCDK5miR (shCDK5miR) into both
hippocampi (�1.7 anteroposterior, 0.8 (right) and �0.8 (left) lateral,
and 3 mm dorsoventral to Bregma). The injections were performed
using a 10-lL Hamilton syringe at a rate of 0.1 lL/min, and the
syringe was withdrawn 5 min after the end of infusion. The
experimental groups, consisting of 18- to 20-month-old non-Tg
control mice and 3xTg-AD mice, were stereotaxically injected with
shSCRmiR or shCDK5miR, respectively, and were evaluated
1 month post-injection (Fig. 2a). These procedures were performed
based on our previous studies (Piedrahita et al. 2010; Castro-
Alvarez et al. 2014).

Morris water maze test

A total of 10 3xTgAD mice and 10 control mice were subjected to
the Morris water maze (MWM) test. A white plastic tank 1 m in
diameter and 30 cm in height was filled with water (22 � 2°C) to a
depth of 20 cm. The platform (7 cm in diameter) was positioned at
1.5 cm below the surface of the water during spatial learning and
1.5 cm above the surface of the water during the visible test. The
extramaze visual cues were placed around the room and remained in
a fixed position throughout the experiment. Each session consisted
of four successive trials (30-s intertrial intervals), and each trial was
initiated by pseudorandomly placing the mice in one of four starting
locations. The animals had been trained to remain on the platform
for 30 s before the initial trial was performed. The latency to reach

the platform was evaluated using a visible platform to control for
differences in visual-motor ability or motivation between the
experimental groups. Eight training sessions (four trials per session)
using a hidden platform were conducted to examine spatial learning
performance. When a mouse did not locate the platform after a
maximum of 60 s, the animal was gently guided to the platform.
The animals were allowed 48 h of retention time and were
subsequently tested in a probe trial of spatial reference memory
for 60 s in the absence of the platform. The latency to reach the
exact former platform location and the number of crosses of the
platform site were recorded during the probe trial.

The transfer test involved changing the platform position to
another location in the pool and repeating the training sessions using
the hidden platform (in the transfer test, only four sessions were
performed). The probe trial was performed in the same manner as
described for the initial MWM test (Fig. 2a). An automated system
(Viewpoint, Lyon, France) was used to record the behavior of the
mice.

CDK5 KO mice

Cdk5+/+, Cdk5+/�, and Cdk5�/� mice were generated as previously
reported (Ohshima et al. 1996). Cortices were isolated from E18–
E19 embryos and homogenized for western blot analysis.

Primary neuronal cultures

Primary neuronal cultures were prepared from pregnant Wistar rats
at E18–E19. Hippocampal and cortical cultures were dissected,
trypsinized, dissociated (Oddo et al. 2003), and cultured on
multiwell plates pre-coated with poly-L-lysine (Sigma-Aldrich, St.
Louis, MO, USA) in Neurobasal medium (Gibco, Rockville, MD,
USA) containing B-27 supplement (Sigma-Aldrich), albumin from
chicken egg white (Sigma-Aldrich), N2 human supplement (Gibco),
and a penicillin–streptomycin antibiotic mixture (Gibco) at 37°C in
a humidified atmosphere containing 5% CO2 for a maximum of
19 days in vitro (DIV19). The primary cultures at DIV7 were
transduced with 2 lL of AAV 2/5 (10 genomes per mL) at a 1012

titer for 3 h at 37°C. The transductions were kept for 12 days before
administration of glutamate and inhibitor treatments. Isolated
primary neurons were plated at a low density (52 cells/mm2) for
immunofluorescence analysis or at a high density (1500 cells/mm2)
for western blot.

p120 ctn RNAi

Mouse p120 ctn shRNA (m) and control shRNA lentiviral particles
were synthesized by Santa Cruz Biotechnology, Inc. To knock down
gene expression, p120 ctn shRNA (m) viral particles containing
target-specific constructs encoding a 19–25 nt (short hairpin)
shRNA were designed. Commercial control shRNA viral particles
encoding a scrambled shRNA sequence that does not specifically
degrade any known cellular mRNA were also used. At DIV12,
primary neuronal cultures plated in 6- and 24-well plates were
transduced for 7 days with 5 or 0.5 lL of lentiviral particles,
respectively, at a titer of 106 infectious units of virus in Dulbecco’s
modified Eagle’s medium containing 25 mM HEPES, pH 7.3.

Cell treatments

On DIV18, neurons were treated with 125 lM glutamate (Sigma-
Aldrich) for 20 min (Urabe et al. 2002). After 24 h, the proteins
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were collected, or the cells were fixed. To examine the neuronal
effects of roscovitine on DIV18, neurons were treated with 10 lM
roscovitine (Calbiochem, San Diego, CA, USA) or with dimethyl
sulfoxide (0.01%) prepared in medium. Roscovitine was applied
during the 24 h following glutamate excitotoxicity.

Cell transfections

HEK293T cells were transiently transfected with LZRS-empty-
eGFP or LZRS-p120ctn-eGFP (provided by Albert B. Reynolds,
Vanderbilt University School of Medicine, USA) in Opti-MEM with
Lipofectamin 2000 (Invitrogen, Carlsbad, CA, USA). After 4 h,
transfection medium was changed for Dulbecco’s modified Eagle’s
medium + 10% Fetal Bovine Serum, and cells were lysed to protein
analyses. Also, hippocampal neurons were transiently transfected
with LZRS-empty-eGFP or LZRS-p120ctn-eGFP using Lipofec-
tamine 2000 (Invitrogen) in neurobasal medium at DIV5. The
neurons were transfected with 0.4 lg of DNA using Lipofectamine
2000 in 24-well culture plates at a density of 5.0 9 106 cells per
well. After 4 h, the transfection medium was replaced with
supplemented neurobasal medium. On DIV 7, the neurons were
treated with 125 lM glutamate (20 min) to induce excitotoxicity.
After glutamate treatment, the neurons were treated with 10 lM of
roscovitine (Ros) for 24 h. On DIV8, the neurons were fixed and
permeabilized for immunofluorescence analysis. A total of 60
eGFP-positive neurons from at least three independent experiments
were used for nuclear quantification.

Western blotting

After behavioral testing, the animals were killed. The hippocampus
was dissected, immediately frozen in liquid nitrogen, and stored at
�80°C until use. Additionally, the neuronal cultures were collected
after treatment, and human samples were stored at �80°C. All
samples were lysed in 10 mM Tris, pH 7.4, 100 mM NaCl, 1 mM
EDTA, 1 mM EGTA, 10% glycerol, 1% NP-40, 1 nM Na₃VO₄,
5 mM NaF, 1 mM phenylmethylsulfonyl fluoride and a protease
inhibitor cocktail (Sigma-Aldrich) (Cardona-Gomez et al. 2004). A
30- to 40-lg aliquot of protein was mixed with loading buffer
containing 0.375 M Tris (pH 6.8), 40% glycerol, 8% sodium
dodecyl sulfate (SDS), 0.1 M dithiothreitol, and 0.002% bromophe-
nol blue. Subsequently, the proteins were loaded on an 8% or 10%
polyacrylamide gel and transferred to nitrocellulose membranes (GE
Healthcare, Pittsburgh, PA, USA) at 250 mA for 2 h using an
electrophoretic transfer system. The membranes were incubated
overnight at 4°C in one of the following antibodies: anti-CDK5 (C-
8) (rabbit); anti-p35/p25 (rabbit) (Santa Cruz Biotechnology, Santa
Cruz, CA, USA); anti- GluN2B (rabbit); anti-PSD95 (mouse)
(Merck Millipore, Darmstadt, Germany); anti-p120 catenin (mouse);
anti-a-N-catenin (rabbit) (Sigma-Aldrich); anti-N-cadherin (mouse);
anti-b-catenin (mouse) (Becton-Dickinson, Franklin Lakes, NJ,
USA); or anti-bIII tubulin (mouse) (Promega, Madison, WI, USA).
IRDye 800CW goat anti-mouse or anti-rabbit and 680CW goat anti-
mouse or anti-rabbit (LI-COR, Inc. Lincoln, NE, USA) were used as
the secondary probe. The blots were developed using the Odyssey
Infrared Imaging System.

Immunoprecipitation

The PSD95 protein was immunoprecipitated from 200 lg of
protein. The extracts were incubated overnight at 4°C under

constant agitation in 1 lg of the primary antibody (mouse anti-
PSD95; Calbiochem). A total of 30 lg of protein G sepharose
(Sigma-Aldrich) was added, and the mixture was incubated for 4 h
at 4°C. The protein G sepharose beads were washed five times with
IP buffer (Sigma-Aldrich) at 4°C. After the fifth wash, 12.5 lL of
SDS–polyacrylamide gel electrophoresis loading buffer (0.375 M
Tris (pH 6.8), 40% glycerol, 8% SDS, 0.1 M DTT, and 0.002%
bromophenol blue) was added, and the mixture was immediately
incubated for 5 min at 95°C. The samples were electrophoretically
separated on 8% polyacrylamide gels, and subsequently transferred
to nitrocellulose membranes (GE Healthcare) at 250 mA for 2 h
using an electrophoretic transfer system. The membranes were
incubated overnight at 4°C in one of the following antibodies: anti-
GluN2B (rabbit); anti-PSD95 (mouse) (Merck Millipore); anti-p120
ctn (mouse) (Sigma-Aldrich); anti-N-cadherin (mouse); or anti-b-
catenin (mouse) (Becton-Dickinson). IRDye 800CW goat
anti-mouse or anti-rabbit or IRDye 680CW goat anti-mouse or
anti-rabbit (LI-COR, Inc.) were used as the secondary probe. The
blots were developed using the Odyssey Infrared Imaging System.
The results were normalized to the loading control values. The IgG
peptide (1 : 100; Jackson Immuno-Research, West Grove, PA,
USA) was used as an internal negative control for immunoprecip-
itation.

Immunofluorescence

The cultures were fixed in 4% paraformaldehyde prepared in
cytoskeleton buffer for 20 min (Posada-Duque et al. 2013).
Autofluorescence was blocked using 50 mM NH4Cl. The cells
were permeabilized and blocked with phosphate-buffered saline
containing 0.1% Triton X-100 and 1% fetal bovine serum for 1 h.
The cultures were incubated overnight at 4°C in the mouse anti-
p120 ctn primary antibody (Sigma, St Louis, MO, USA). The Alexa
594 fluorescent secondary antibody was used (1 : 1000; Molecular
Probes, Eugene, OR, USA). The nuclei were stained with Hoechst
33258 (1 : 5000; Invitrogen). The neurons were washed four times
with buffer, coverslipped using Gel Mount (Biomeda, Foster city,
CA, USA), and observed under an Olympus (Olympus, Tokyo,
Japan) IX 81 epifluorescence or a DSU Spinning Disc Confocal
microscope (Olympus, Tokyo, Japan). No staining was observed
when the primary antibody was omitted.

Image processing

Images in the XY plane were collected using an Olympus IX 81
epifluorescence microscope equipped with a 609 (NA, 1.42) oil-
immersion objective. Z-stack (6–10 optical sections) images were
collected at 0.4-lm intervals encompassing the partial dendritic
arbor using an Olympus IX 81 DSU Spinning Disc Confocal
microscope equipped with a 609 oil-immersion objective (NA,
1.42). The image stacks were deconvoluted via a 3D-deconvolution
algorithm following maximum intensity projection using Cell M
imaging software (Olympus).

Quantitative image analysis

The percentage of condensed nuclei was calculated using the
following formula: [condensed nuclei/(condensed nuclei + normal
nuclei)] 9 100. The mean area and diameter of each nucleus were
quantified using the automated measurement/spatial trace tool.
Condensed nuclei were defined as those displaying an average area
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less than or equal to 40 lm2 and a diameter less than or equal to
6 lm. The condensed nuclei were quantified in five 409 fields. The
p120 ctn fluorescence intensity was determined using maximal
projection images from Z stacks. The p120 ctn fluorescence
intensity in the soma and the dendrites was obtained in eGFP-
positive neurons. Also, p120 ctn intensity was determined in
primary, secondary, and tertiary neurites using ROI for each neuron.
A primary neurite was defined as an extension sprouting directly
from the cell body with a minimum length of 1.5 times the length of
the soma of the neuron; secondary neurites were neurites that
emerged from the primary neurite and tertiary neurites were
processes sprouting from secondary neurites. All of the dendrites
of a single neuron were traced manually using the manual
measurement/spatial trace feature tool. At least 15 neurons were
quantified per independent assay. Because all fluorescence intensity
measurements were obtained in the red and blue channels, the
intensity of the color pixels was quantified as the fluorescence
intensity. For each measurement of intensity, the field background
was subtracted, and comparisons with the results of parallel
experiments were performed (Piedrahita et al. 2010). Measurements
were performed using Image Pro Plus software (Media Cybernetics,
Rockville, MD, USA); 15 neurons were examined per treatment in
duplicate assays of at least four independent experiments (n = 4).

LDH release

Cytotoxicity was assessed after measuring lactate dehydrogenase
(LDH) release from the cultures using a cytotoxicity detection kit
(Roche Molecular Biochemicals, Indianapolis, IN, USA). The
culture medium was recovered 1 day after drug treatment (DIV19).
LDH activity was determined by measuring the NADH absorption
using a spectrophotometer to determine the linear rate of NADH
consumption during the reduction of pyruvate to lactate. The
percentage of cytotoxicity was calculated for a given test condition
using the following equation: cytotoxicity (%) = [(A � low con-
trol)/(high control � low control)] 9 100, where A represents the
mean LDH activity in the media from three wells per duplicate of
the given test conditions, low control represents LDH release from
the untreated control cells, and high control represents the maximal
LDH release from the cells (treated with 1% Triton X-100 for
24 h).

Rac and RhoA activation assays

A Rac and RhoA GTP enzyme-linked immunosorbent assay kit
(Cytoskeleton; Biochem, Denver, CO, USA) was used to measure
the Rac and RhoA activities following the protocol as we previously
published in Posada-Duque et al. 2013; and according to the
manufacturer’s protocol.

Statistics

At least 3–4 mice were used for biochemical studies, 10 animals
were used for behavioral evaluation, six controls, and seven AD
brain samples were used for analysis and 3–5 samples were used for
in vitro experiments. The parametric data for two groups were
compared using Student’s t-test, and non-parametric data were
evaluated using the Mann–Whitney U-test. One-way ANOVA fol-
lowed by Tukey’s test for post hoc analysis was used to compare
parametric data between four groups. The non-parametric data were
evaluated using the Kruskal–Wallis test followed by Dunnett’s post

hoc test. The escape latency during the hidden platform training
sessions was determined using repeated-measures ANOVA. One-way
ANOVA was used to analyze the latency and the number of platform
crosses in the hidden platform trials and in the probe trials. SPSS

software was used. The values were expressed as the means � SEM.
The results were considered to be significant at *,#,+p < 0.05,
**,##,++p < 0.01, and ***,###,+++p < 0.001. All of the sample groups
were processed in parallel to reduce interassay variation.

Results

Reduction of p120 ctn and related proteins as N-cadh and
b-ctn were detected in human AD brains

An analysis of cadherin/catenin complex and synaptic
proteins in sporadic AD brains revealed that the p120 ctn,
N-cadh, b-ctn protein levels were significantly decreased. In
contrast, a-N-catenin was not modified. Also, GluN2B and
PSD95 were slightly reduced in the temporal cortex
compared with control brains (Fig. 1a and b). However,
when we evaluated the co-immunoprecipitation of p120 ctn
and GluN2B to PSD95, no change was found (Fig. 1c–e),
suggesting a reduction in the total synaptic adhesion
complex, but not their association.

Reversal learning was affected in 3xTgAD mice, but

recovered by CDK5 silencing

Following the experimental design showed in the Fig. 2(a),
data confirmed our previous observations (Castro-Alvarez
et al. 2014), where the visible platform trials showed that the
shSCRmiR and shCDK5miR-treated mice did not exhibit
visual or motor alterations. In general, all mice reached the
platform (Fig. 2b), two mice were excluded from the exper-
iment because they showed motor or motivational distur-
bances (data not shown). Furthermore, during the hidden
platform learning sessions, the escape latency of the mice did
not significantly differ between any of the experimental
groups (Fig. 2b). At 48 h after the final training trial, the
platform was removed from the pool, and the animals were
allowed to swim freely and search for the platform for 1 min.
In this trial, the 3xTgADmice treated with shSCRmiR showed
a memory deficit, represented by an increase in the latency to
reach the platform location and a reduction in the number of
crosses on the platform location compared with the control
mice (Fig. 2c). In addition, the 3xTgAD mice treated with
shCDK5miR showed a similar behavior to the control mice,
suggesting that this treatment prevented the AD-induced
memory impairment (Fig. 2c). The 3xTgADmice treated with
shScrmiR exhibited a random swimming path during the
probe trial, but the control mice and 3xTgADmice treatedwith
CDK5 RNAi swam close to the initial platform location
(Fig. 2d and e). However, we did not find significant
differences between the experimental groups.
During the transfer test, in which the platform position was

changed, followed by repeated learning sessions and a probe
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trial, we did not observe any differences between the
experimental groups (Fig. 2f). However, the 3xTgAD mice
treated with shSCRmiR exhibited a significantly higher
escape latency (Fig. 2g), fewer crosses (Fig. 2h) and less
time in the quadrant of the new platform location (Fig. 2i)
compared with the control mice. Interestingly, we observed
that CDK5 knockdown (KD) alleviated the memory deficit of
3xTgAD mice on the transfer test since the performance of
this experimental group was similar to the control group
(Fig. 2g–i). The swimming paths during the transfer test
probe trial showed that the control mice and the 3xTgAD
mice treated with shCDK5miR swam near the new platform
location, but that the 3xTgAD mice treated with shSCRmiR
exhibited a random swimming path (Fig. 2j). Treatment with
shCDK5miR did not show any effect on the control mice
(Fig. 2).

p120 ctn and related synaptic adhesion proteins collapse in
3xTgAD mice and were recovered under CDK5 knock-down

condition

After the MWM test, we verified CDK5 silencing and GFP
expression in the hippocampus of AAV-injected animals
(Fig. 3a). As expected, CDK5 protein levels were reduced in
the hippocampus of non-Tg and 3xTg AD mice treated with
shCDK5miR (Fig. 3b and c). p35 and p25 protein levels did
not show significant differences between groups (Fig. 3b and
c). However, the 3xTgAD mice treated with the scrambled
shRNA showed a significant increase in the p25/p35 ratio,
which was reduced to control values by the shCDK5miR
treatment (Fig. 3d).
Because of CDK5 targeting significantly preserving

memory function, we determined the levels of synaptic
adhesion proteins in 3xTgAD mice, and compared this with

Fig. 1 p120 ctn and other synaptic adhesion proteins’ deficiency was
found in Alzheimer’s disease brains. (a) Blots of p120 ctn, N-cadherin,

b-catenin, a-N-catenin, GluN2B, and PSD95 from Alzheimer’s disease
brains. (b) Dot plot representing the quantification of each patient band
shown in A. Tubulin was used as a loading control. (c) Representative

blots of PSD95, GluN2B, and p120 ctn from the PSD95 immunopre-
cipitation assay. (d, e) Quantitative representation of the results shown

in (c). The data were normalized to IgG load for evaluating changes in
the complex (d) and relativized to PSD95 expression in order to detect

variation in the association of the proteins (e). Densitometric quantifi-
cation was performed. The data are presented as the means � SEM
(relative units). n = 6–7, *p < 0.05 (Student’s t-test). MW, Molecular

weight.

© 2016 International Society for Neurochemistry, J. Neurochem. (2016) 138, 624--639

Neuroprotection by CDK5 RNAi is p120-ctn dependent 629



Fig. 2 CDK5 targeting protected the reversal learning performance of

3xTgAD mice. (a) Experimental design. AAVshSCRmiR and
AAVshCDK5miR were injected in the hippocampus of 18–20-month-old
Non-Tg and 3xTg-AD mice. One month post-injection, behavioral

analysis using Morris water maze test were carried out following these
steps: Day one, visible test was performed; next day, eight training
sessions were conducted (4 days); 48 h thereafter, retention test was
carried out. Afterward, the training transfer test was performed in only

four sessions (2 days) followed by the new probe trial at 48 h. Finally, the
micewere killed for biochemical analysis and someof themwere fixed for
checking the GFP expression. (b) There were no statistically significant

differences in the latency to reach the hidden platform between any
experimental groups during the learning test (two-way ANOVA followed by
Dunnett0s post hoc test formultiple comparisons). In the probe trial, which

was performed 48 h after the final training trial, the 3xTgADmice treated
with shCDK5miR showed increasedmemory retention, as demonstrated
by (c) an increased latency to reach the hidden platform and a reduced

number of hidden platform crosses (Student’s t-test comparing each

experimental group with the control group. (d) There were no statistically
significant differences in the time spent in the platform quadrant. (e)
Representative swimming paths during the probe trial. (f) Statistically

significant differences in the latency to reach the hidden platform were
not observed between any experimental groups during the training
sessions of the transfer test. (g) In the probe trial, performed 48 hafter the
final training session of the transfer test, the 3xTgAD mice treated with

shCDK5miR showed a decreased latency to reach the hidden platform.
(h) An increased number of crosses by the new hidden platform location,
and (i) spent more time in the new platform quadrant location compared

with 3xTgAD mice SCR version (ANOVA followed by Tukey’s post hoc
test). (j) Representative swimming paths during the transfer test. The
data are presented as the means � SEM. n = 8–10 for each group.

*p < 0.05, ***p < 0.001. SE, South-East; SW, South-West; NE, North-
East; NW, North-West; AAV, adeno-associated viral vector.
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results obtained from human brain samples. Interestingly, the
protein levels of N-cadherin, p120 ctn, and b-ctn, in addition
to GluN2B and PSD95 were significantly reduced in
3xTgAD mice treated with shSCRmiR compared with
control mice. However, the N-cadherin/catenin system as
well as GluN2B and PSD95 synaptic proteins was signifi-
cantly recovered by the shCDK5miR treatment. Similar to
the results obtained in human samples, no changes in a-N ctn
were detected in any group (Fig. 3e and f).
N-cadherin/catenin post-synaptic adhesion complex was

confirmed based on the PSD95 immunoprecipitation. Thus,
p120 ctn, b-ctn, and GluN2B were associated to PSD95 and
significantly reduced in the 3xTgAD mice compared with the
control mice. Those reductions were recovered to control
values by CDK5 silencing (Fig. 3g and h), when the
precipitates were relativized with respect to the IgG load.
However, there was no significant difference when arbitrary
units were relativized to the PSD95 load (Fig. 3i), suggesting
a reduction in the synaptic adhesion complex PSD95-
dependent, but not their association.

p120 ctn is a target of CDK5 in neurites
To understand the relevance of p120 ctn on the CDK5
silencing-induced neuroprotection and synaptic plasticity, we
used an in vitro excitotoxicity model induced by glutamate
overload. p120 ctn protein level decreased because of
glutamate excitotoxicity in total lysates (Fig. 4a and e), as
did its fluorescence intensity in neurites (Fig. 4b and c).
However, CDK5 silencing or a specific CDK5 inhibitor
(Roscovitine) reversed such decrease, showing higher p120
ctn protein levels than the control values (Fig. 4a and e).
Also, p120 ctn fluorescence intensity was recovered in
neurites under CDK5 knockdown conditions (Fig. 4b and c),
supported by scaling profile of p120ctn distribution on the
neurons, which show a recovery of the p120 ctn in primary,
secondary, and tertiary neurites by shCDK5miR after
glutamate excitotoxicity (Fig. 4b and d). Interestingly,
CDK5 silencing increased p120 ctn in primary and sec-
ondary neurites in basal conditions (without glutamate)
(Fig. 4b and d). p120 ctn fluorescence intensity did not
change in the soma for any treatment (Fig. 4b and c).
Complementarily, we confirmed that the p120 ctn protein
levels increased in both heterozygous and homozygous
CDK5 KO mice (Fig. 4f). These results suggested that
CDK5 regulates the p120 ctn protein levels and that the
CDK5 protein reduction or its pharmacological inhibition
may prevent p120ctn down-regulation.

shCDK5miR-induced neuroprotection requires p120 ctn

To determine the role of p120 ctn in neuroprotection, p120
ctn was knocked down in neurons exposed to glutamate, and
previously silenced for CDK5. Neurons treated with gluta-
mate showed increased LDH release, which was reversed by
CDK5 silencing (Fig. 5a). Interestingly, shCDK5miR-

induced neuroprotection was blocked by sh-p120ctn
(Fig. 5a). Since p120ctn acts as a signal coordinator between
cadherins and Rho-family GTPases to regulate cytoskeletal
changes during neuroplasticity and survival, Rho GTPase
activities were determined. Neurons treated with glutamate
showed increased RhoA activity and decreased Rac activity
(Fig. 5b), both of which were reversed after CDK5 silencing
(Fig. 5b). Moreover, CDK5 shRNA-miR alone induced the
up-regulation of active Rac (Fig. 5b). Interestingly, CDK5
shRNA-miR-induced neuroprotection was blocked by
p120ctn shRNA. Under these conditions, there was an
increased LDH release, increased RhoA activity, and
decreased Rac activity (Fig. 5a and b). We confirmed that
neurons transduced with shCDK5miR under basal and
excitotoxic conditions showed increased p120 ctn protein
levels and that these effects were blocked by sh-p120ctn
(Fig. 5c). Subsequently, we analyzed the effect of p120 ctn
over-expression on roscovitine-induced protection in neurons
transfected with WT LZRS-p120ctn (Fig. 5d). First, we
confirmed the previous observation that roscovitine exerted a
neuroprotective effect on neurons exposed to glutamate
(Fig. 5d and e). Furthermore, neuronal cultures transfected
with LZRS-p120ctn, causing the over-expression of p120 ctn
(Fig. 5f) showed decreased nuclear condensation in response
to glutamate treatment (Fig. 5d and e). These data suggested
that p120 ctn is necessary for neuroprotection and
shCDK5miR-induced neuroprotection requires p120 ctn
up-regulation.

Discussion

In this study, we provided significant evidence that p120 ctn
is a potential target in AD models, as well as affected in
sporadic AD human brains, and that the role of p120 ctn in
neuroprotection and plasticity might be recovered by CDK5
silencing.
Several studies have suggested that the dysfunction of

synapses and dendritic spines precedes neuronal dysfunction
and death during AD-induced neurodegeneration (Chabrier
et al. 2014; Mavroudis et al. 2014). These hypotheses are
supported by evidence from studies examining various
postmortem tissue samples obtained from AD patients, in
which a loss of dendritic spines was clearly detected in the
hippocampus and other brain areas associated with AD
pathology (Knobloch and Mansuy 2008). The loss of
dendritic spines has been shown in animal models of AD
and has been associated with increased levels of hyperphos-
phorylated Tau and bA plaques, indicating that the loss of
dendritic spines is an important event in cognitive impair-
ment in murine AD models and in patients with AD (Bittner
et al. 2010).
Under several pathological conditions, the function and

regulation of PSD95 and the NMDA receptor subunit
GluN2B is altered (Dau et al. 2014; Gan et al. 2014). These
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post-synaptic proteins have been implicated in synapse
formation, neuronal plasticity, and cognitive functions such
as memory and learning (Migaud et al. 1998; Craven et al.

1999; Brigman et al. 2010; Meyer et al. 2014a; Shipton and
Paulsen 2014). The molecular dynamics of these proteins
during memory and learning may be considered as markers
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of synaptic function. GluN2B is decreased in the entorhinal
and frontal cortices (Leuba et al. 2008), consistent with
findings in AD human brains. However, in contrast to a
tendency toward the reduction of PSD95 in the evaluated
brains, an increase in PSD95 expression, accompanied by its
altered distribution, has been previously described (Leuba
et al. 2008, 2014; Sultana et al. 2010). This might reflect a
differential tissue-specific expression of PSD95. Neverthe-
less, synaptic adhesion proteins such as, p120 ctn, N-cadh
and b-ctn were weakly expressed in the temporal cortex of
brain samples from human AD patients obtained following a
short postmortem delay, and a stronger reduction was
detected in the hippocampi of a 3xTgAD mice model
together to a decrease of synaptic proteins such as GluN2B
and PSD95. Those findings suggest that the N-cadherin/
catenin complex could be affected by its attachment to
synaptic proteins, which are involved in the synaptic failure
that occurs during AD.
Complementarily, p120 ctn is a member of the cadherin/

catenin complex, which plays an important role in the
remodeling of dendritic spines, the maintenance of synaptic
plasticity, and the regulation of the stability and dynamics of
the N-cadherin/catenin system (Elia et al. 2006; Nanes et al.
2012). Consistent with these results, p120 ctn has been
suggested as a part of the molecular pathway involved in the
synaptic dysfunction associated with cognitive impairment in
AD. The reduction in the p120 ctn protein levels in AD
human brains was reproduced in the 3xTgAD mouse model,
which exhibited memory performance impairment and
significantly reduced synaptic adhesion complex levels.
Interestingly, the loss of p120 ctn expression, primarily in
neurites, was recapitulated in an in vitro glutamate-induced
excitotoxicity model, supporting a role for p120 ctn in
neuronal and synaptic plasticity. These results also suggest
the potential relevance of p120 ctn protein in neurodegen-
eration.
On the other side, CDK5 hyperactivation is mediated by

the cleavage of p35 to p25 conducting to hyperphosphory-
lated Tau accumulation (Ahlijanian et al. 2000; Kusakawa

et al. 2000). This finding has been confirmed in this study
and has been supported by previous reports showing the
close correlation between CDK5 activity and the Tau
phosphorylation state (Utreras et al. 2009; Piedrahita et al.
2010), the altered balance of kinases and phosphatases
(Castro-Alvarez et al. 2015) and the over-stimulation of ion
channels, which together promote the aggregation and
formation of neurofibrillary tangles (Hou et al. 2013).
Additionally, it has been previously shown that CDK5
silencing serves as a therapeutic strategy for AD (Lopez-
Tobon et al. 2011) by ameliorating b-amyloidosis (Castro-
Alvarez et al. 2015) reverting NTFs and alleviating or
preventing memory performance alterations (Piedrahita et al.
2010; Castro-Alvarez et al. 2014). Consistently, the data
obtained in this study showed that CDK5 down-regulation
improved relearning performance in 3xtgAD mouse model,
confirming the studies of our group and others to show that
CDK5 reduction improves the reversal learning skills in
Alzheimer0s mice model (Posada-Duque et al. 2015) and
after cerebral ischemia in rats (Meyer et al. 2014b; Gutier-
rez-Vargas et al. 2015). However, we have not detected
effects of shCDK5miR in the learning and memory function
in old non-Tg mice (18 months) after 1 and 12 months post-
injection (Castro-Alvarez et al. 2014), unlike to the exper-
iments using conditional CDK5 KO mice, which showed
improved MWM task performance on only the transfer test in
younger mice (Hawasli et al. 2007), suggesting a differential
modulation of CDK5 in adult brains in an age-dependent
manner and under pathological conditions.
The transfer test evaluates reversal learning. During this

phase of the MWM test, the results showed different
electrophysiological implications where long-term depres-
sion plays a crucial role (Dong et al. 2013). In this sense, the
described NMDA receptor, containing subunit GluN2A, is
essential for the induction of Long Term Potentiation but not
long-term depression; in contrast, the GluN2B subunit is
essential for both processes (Paoletti et al. 2013). CDK5
regulates the degradation and subcellular distribution of
GluN2B, and these phenomena have been implicated in

Fig. 3 The expression of p120 ctn and its related synaptic adhesion
proteins was reduced in 3xTgAD mice and partially recovered by

CDK5 silencing. (a) Representative GFP fluorescence from mice
injected with adeno-associated viral vector (AAV)2-shSCRmiR or
AAV2-shCDK5miR. Confocal images were captured at 609 magnifi-

cation. Scale bar, 20 lm. The images shown are representative of four
independent experiments. (b) Representative blots of the CDK5, p35
and p25 protein levels in 3xTgAD and control mice treated with

shCDK5miR or shSCRmiR. (c) Quantitative representation of the
results shown in (b). (d) The 3xTgAD mice showed an increased p25/
p35 expression ratio, and this effect was reversed by CDK5 silencing.
The synaptic and adhesion protein levels were decreased in the

3xTgAD mouse model, and CDK5 silencing ameliorated these effects.
(e) Representative blots of N-cadherin, p120 catenin, b-catenin, a-N-

catenin, GluN2B, and PSD95 in 3xTgAD and control mice treated with
shCDK5miR or shSCRmiR. (f) Quantitative representation of the

results shown in A. Tubulin was used as a loading control. Densito-
metric quantification was performed. (g) Representative blots of N-
cadherin, p120 catenin, b-catenin, GluN2B, and PSD95 in the PSD95

immunoprecipitation assays. (h) and (i) Quantitative representation of
the results shown in (g). Densitometric quantification was performed.
The data were normalized to IgG load for analyzing changes in the

complex expression (h) and relativized to PSD95 in order to evaluate
the association between proteins (i) The data are presented as the
mean relative units (RUs) � SEM. n = 3–4. *p < 0.05, **p < 0.01,
***p < 0.001 (ANOVA followed by Tukey’s post hoc test or the Kruskal–

Wallis test followed by Dunnett’s post hoc test, Student’s t-test
between experimental groups). MW, Molecular weight.
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Fig. 4 p120 ctn is a target of CDK5 in neurites. The p120 ctn protein

levels were decreased in the neurites of a glutamate-
induced excitotoxicity model but were recovered by CDK5 silencing
or roscovitine treatment. (a) Representative blots and quantitative

representation of the CDK5 and p120 ctn levels in a glutamate-induced
excitotoxicity model after CDK5 silencing. Tubulin was used as a
loading control. Densitometric quantification was performed. The data

are presented as the means � SEM. n = 3, performed in duplicate.
*p < 0.05, **p < 0.01, ***p < 0.001. (b) Relative units of fluorescence
intensity from soma and dendrites were individually measured. p120
ctn intensity was determined in primary, secondary and tertiary

neurites. Data are presented as the means � SEM; n = 5, performed
in duplicate. *,#,+ represent comparisons of p120 ctn intensity for
primary, secondary and tertiary neurites, respectively. *,#,+p < 0.05,

**,##,++p < 0.01; ANOVA with Tukey’s test. (c) Neurons transduced with
adeno-associated viral vector carrying eGFP-tagged SCR or CDK5
shRNA were immunostained for p120 ctn. Arrows: neurites formation;

White squares: Merge crop. Confocal images were captured at 609

magnification. Scale bar, 20 lm. The images shown are representative
of four independent experiments. (d) p120 ctn immunostaining rainbow
pseudocolor representation and scaling intensity profile in a surface

Plot. Signal Intensity is showed at the scale in bits. (e) Representative
blots and quantitative graphs of the CDK5 and p120 ctn levels in a
glutamate-induced excitotoxicity model after roscovitine treatment.

Tubulin was used as a loading control. Densitometric quantification
was performed. The data are presented as the means � SEM. n = 3,
performed in duplicate. *p < 0.05, **p < 0.01. The p120 ctn levels
were increased in CDK5 KO mice. (f) Representative blots and

quantitative representation of the CDK5 and p120 ctn protein levels
in heterozygous and homozygous CDK5 KO mice. Tubulin was used as
a loading control. Densitometric quantification was performed. The data

are presented as the means � SEM. n = 3, performed in duplicate.
*p < 0.05, **p < 0.01 (ANOVA followed by Tukey’s post hoc test or the
Kruskal–Wallis test followed by Dunnett’s post hoc test).
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Fig. 5 Increased p120 ctn expression is necessary for CDK5 silenc-
ing-induced neuroprotection (a) CDK5 silencing-induced neuroprotec-
tion was reversed by p120 ctn knockdown. Neuronal cytotoxicity is

presented as the percentage of lactate dehydrogenase release from
the cells. The data are presented as the means � SEM of three
experiments performed in triplicate. p120 ctn over-expression protects
against glutamate-induced cytotoxicity. Percentage of condensed

nuclei relative to total nuclei in transfected neurons. (b) Rac and
RhoA activity were quantified after 30 min of glutamate treatment as
the amount of Rac-GTP and RhoA- GTP by ELISA (k = 490 nm). The

data are presented as the means � SEM from n = 3 per duplicate.
Control shRNA: gray black bars and sh p120: gray light bars.
* represents the comparison between each treatment of the control

shRNA neurons or # sh p120ctn neurons. * or #p < 0.05, *** or
###p < 0.001; ANOVA with Tukey’s test. (c) Representative blots and
quantitative bars of the CDK5 and p120 ctn levels in a glutamate-

induced excitotoxicity model and the respective controls after silencing
both CDK5 and p120 ctn. Tubulin was used as a loading control.
Densitometric quantification was performed. The data are presented

as the means � SEM. n = 3; each experiment was performed in
duplicate. *p < 0.05, ***p < 0.001. (d) Morphological characteristics
are shown for neurons transfected with a plasmid expressing GFP-
tagged (green) LZRS-eGFP or LZRS-p120ctn. The nuclei were stained

with Hoechst (blue). The arrowhead shows the condensed nucleus for
comparison with a normal nucleus (arrow). Magnification, 609. Scale
bar, 20 lm. (e) Graphic representation of the numerical results shown

in (c). The data are presented as the means � SEM of three
experiments performed in duplicate. *p < 0.05. (f) Representative
blots and quantitation of the p120 ctn protein levels in HEK203T cells

after LZRS-eGFP or LZRS-p120ctn transfection. Actin was used as a
loading control. (ANOVA followed by Tukey’s post hoc test or the
Kruskal–Wallis test followed by Dunnett’s post hoc test).
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processes related to synaptic plasticity and cognition
(Hawasli et al. 2007; Plattner et al. 2014). Additionally,
the function and the distribution of PSD95 are regulated by
the phosphorylation of its N-terminus via CDK5, this
phosphorylation inhibits the multimerization of PSD95 and
its anchoring to potassium channels (Morabito et al. 2004).
These findings support that PSD95 and GluN2B down-
regulation is associated with synaptic protein alterations and
reduced MWM task performance in 3xTgAD mice and that
amelioration of these effects in shCDK5miR-treated
3xTgAD mice potentially reflects the physiological dynamics
of these synaptic proteins in neuroprotection (Morabito et al.
2004; Hawasli et al. 2007; Plattner et al. 2014). Therefore,
the results of this study and previous studies suggest that
targeting CDK5 over-activation not only prevents b-
amyloidosis and tauopathy but also maintains synaptic
protein homeostasis and promotes synaptic recovery.
Notably, p120 ctn also promotes Rac activation and RhoA

inhibition, enhancing actin polymerization rate and the
number of dendritic spines (Anastasiadis et al. 2000; Elia
et al. 2006; Wildenberg et al. 2006). Similarly, p120 ctn
regulates the stability and the endocytic rate of the cadherin/
catenin system (Davis et al. 2003; Ouyang et al. 2013). Both
mechanisms are associated with synapse formation and
synaptic plasticity, and their alteration might result in
neurodegenerative changes in AD. Interestingly, in this
study, data showed that silencing, knocking out, or inhibiting
CDK5 increases p120 ctn protein levels or recovers these
levels in a degenerative context. It has been previously
mentioned that dendritic localization and synaptic activity of

d-ctn, a homolog of p120 ctn, is regulated by CDK5-
mediated phosphorylation (Poore et al. 2010). d-ctn is
phosphorylated by CDK5 in the ser 300 and ser 357
positions, inducing intracellular distribution. Furthermore, d-
ctn is associated with p35, and the loss of CDK5 activity
generates its location in the membrane (Poore et al. 2010). In
addition, p35, alone or in complex with CDK5, exerts
neuroprotective effects in a Rac-dependent manner (Posada-
Duque et al. 2015). Therefore, the silencing of CDK5 could
produce an increase of the synaptic adhesion molecular
complexes that include p120 ctn as part of the molecular
mechanism involved in the synaptic function recovery and
neuroprotection.
Also, we confirmed that CDK5 silencing induces the

differential regulation of Rho GTPases, promoting Rac
activity and suppressing RhoA activity (Posada-Duque et al.
2015). Active Rac1 is crucial for survival (Guti�errez-Vargas
et al. 2010), and RhoA is involved in neuronal death
progression (Semenova et al. 2007). In addition, active Rac1
stimulates neurite outgrowth, synapse formation, and activ-
ity-dependent Ca2+ signals and it is regulated by p120 ctn
(Elia et al. 2006; Linseman and Loucks 2008; Read and
Gorman 2009). Complementarily, RhoA/ROCK signaling
plays a central role in brain injury (Trapp et al. 2001;
Semenova et al. 2007). The abnormal activity of CDK5/p25
and increased RhoA/ROCK activity associated with neu-
rodegeneration suggest that the therapeutic effect of CDK5
silencing involves pro-survival signaling through the activa-
tion of Rac1 and the reversion of the active RhoA/ROCK, a
pro-apoptotic pathway (Castro-Alvarez et al. 2011). Taken

Fig. 6 Hypothetical scheme. p120 ctn underlying the neuroprotection
depended on CDK5 Knock-down. p120ctn is part of the synaptic
adhesion molecular complex (N-cadh/p120ctn/B-ctn/PSD95) modu-
lated by the silencing of CDK5. During excitotoxicity and neurodegen-

eration, the p120ctn protein levels are affected together with PSD95

and recovered by the silencing of CDK5, because in agreement with
our previous and current results, p120ctn is sustained in the cell
membrane associated with p35, which is associated with neuropro-
tection and neuronal plasticity.
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together, these data support the notion that CDK5 silencing
modulates p120 ctn and RhoGTPases down-stream for
inducing neuroprotection and plasticity.
In summary, our findings provide evidence that p120 ctn is

reduced in sporadic AD human brains, p120 ctn plays an
important role in the neuronal plasticity in in vitro and in vivo
models of AD and contributes to the neuroprotection and
prevention of memory dysfunction induced by CDK5
silencing (Fig. 6). Further studies are necessary for a better
understanding of the relevance of the N-cadherin/Catenin
system as a target in neurodegenerative processes and
therapy.
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Figure S1. Full unedited gels for p120ctn, GluN2B, PSD95,
N-Cadh, B-ctn, alpha-N-ctn from Figure 1a.

Figure S2. Full unedited gels for p120ctn, GluN2B, PSD95 from
Figure 1c. DE: Data was excluided, NP: No protein, Mistake in the
western blot Processing, TL: Total lysate.

Figure S3. Full unedited gels for CDK5, p35, p25, p120ctn,
GluN2B, PSD95, N cadh, B-ctn from Figure 3b and 3e. Line 1–4
were excluded from the study, Line 5 NT sh SCR miR, Line 6 NT
sh CDK5 miR, Line 7 3xtgAD SCR miR, Line 8 3xtgAD CDK5
miR.

Figure S4. Full unedited gels for p120ctn, GluN2B, PSD95,
N cadh, B-ctn from Figure 3g. Line 1–4 were excluded from the
study, Line 5 NT sh SCR miR, Line 6 NT sh CDK5 miR, Line 7
3xtgAD SCR miR, Line 8 3xtgAD CDK5 miR, Line 9 Total
Lysates.

Figure S5. A. Full unedited gels for CDK5 and p120ctn from
Figure4a.Line1 shSCRmiR + Vehicle,Line2 shSCRmiR +Glutamate,
Line 3 shCDK5miR + Vehicle, Line 4 shCDK5miR + Glutamate, Line
5 shSCRmiR + Vehicle, Line 6 shSCRmiR + Glutamate, Line 7
shCDK5miR + Vehicle, Line 8 shCDK5miR + Glutamate. (b) Full
unedited gels forCDK5andp120ctn fromFigure 4e. Line 1Vehicle, Line
2Glutamate, Line 3RoscoviQne, Line 4Glutamate + RoscoviQne, Line
5 Vehicle, Line 6 Glutamate, Line 7 RoscoviQne, Line 8 Gluta-
mate + RoscoviQne. (c) Full unedited gels for p120ctn from Figure 4f.
Line 1 WT, Line 2 Cdk5+/�, Line 3 CDK5�/�. (d) Full unedited gels
forCDK5 from Figure 4f. Line 1 and 2Cdk5+/�, Line 3 and 4WT, Line 5
and 6 CDK5�/�.

Figure S6. (a) Full unedited gels for CDK5 and p120ctn from
Figure 5c. Line 1 Control shRNA + shSCRmiR + Vehicle, Line 2
Control shRNA + shSCRmiR + Glutamate, Line 3 Control
shRNA + shCDK5miR + Vehicle, Line 4 Control shRNA +
shCDK5miR + Glutamate, Line 5 p120ctn shRNA + shSCRmiR +
Vehicle, Line 6 p120ctn shRNA + shSCRmiR + Glutamate, Line 7
p120ctn shRNA + shCDK5miR + Vehicle, Line 8 p120ctn
shRNA + shCDK5miR + Glutamate. (b) Full unedited gels for
p120ctn from Figure 5f. Line 1 LZRS-control, Line 2 LZRS-control,
Line 3LZRS-control, Line 4LZRS-p120ctn, Line 5LZRS-p120ctn, Line
6 LZRS-p120ctn, Line 7 LZRS-p120ctn, Line 8 LZRS-p120ctn.
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