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Abstract

CDK5 plays an important role in neurotransmission and
synaptic plasticity in the normal function of the adult brain,
and dysregulation can lead to Tau hyperphosphorylation and
cognitive impairment. In a previous study, we demonstrated
that RNAi knock down of CDK5 reduced the formation of
neurofibrillary tangles (NFT) and prevented neuronal loss in
triple transgenic Alzheimer’'s mice. Here, we report that CDK5
RNAi protected against glutamate-mediated excitotoxicity
using primary hippocampal neurons transduced with adeno-
associated virus 2.5 viral vector eGFP-tagged scrambled or
CDK5 shRNA-miR during 12 days. Protection was dependent
on a concomitant increase in p35 and was reversed using p35
RNAI, which affected the down-stream Rho GTPase activity.
Furthermore, p35 over-expression and constitutively active
Rac1 mimicked CDK5 silencing-induced neuroprotection. In

Alzheimer’s disease (AD) is the major cause of dementia and
is characterized by memory loss, cognitive decline, amyloid
B (AB) accumulation, the formation of NFT, and progressive
neurodegeneration (Querfurth and LaFerla 2010). Cyclin-
dependent kinase 5 (CDKSY) is a proline-directed serine/
threonine kinase; its activation via the p25 protein has been
implicated in pathways that lead to neurodegenerative
disorders (Kusakawa et al. 2000; Cruz et al. 2003; Noble
et al. 2003). CDKS5 has received substantial attention
(Dhavan and Tsai 2001; Smith er al. 2001; Su and Tsai
2011) because this protein is important for cytoskeletal
organization, neurite outgrowth, and synaptic plasticity
(Patrick et al. 1999; Cheung et al. 2006). The interaction
of CDKS with p35 or p39, which are both abundantly
expressed in neurons, is necessary for activation (Lew et al.
1994; Tsai et al. 1994). The roles of CDKS in p35 or p25-
dependent processes have been identified; CDK5/p35 is

addition, 3xTg-Alzheimer’s disease mice (24 months old) were
injected in the hippocampus with scrambled or CDK5 shRNA-
miR, and spatial learning and memory were performed
3 weeks post-injection using ‘Morris’ water maze test. Our
data showed that CDK5 knock down induced an increase in
p35 protein levels and Rac activity in triple transgenic
Alzheimer's mice, which correlated with the recovery of
cognitive function; these findings confirm that increased p35
and active Rac are involved in neuroprotection. In summary,
our data suggest that p35 acts as a mediator of Rho GTPase
activity and contributes to the neuroprotection induced by
CDK5 RNA..
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essential for neurodevelopment (Dhavan and Tsai 2001; Cruz
et al. 2003), whereas CDK5/p25 is involved in neuronal
death (Patrick et al. 1999). The cleavage of p35 to p25 is
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associated with neurodegenerative disorders, such as AD in
humans and in mouse models (Patrick et al. 1999; Smith
et al. 2001; Nguyen et al. 2002).

CDKS5 kinase activity is primarily determined by the
amount of p35 in neurons (Takahashi er al. 2005). The
balance between synthesis and degradation controls the
amount of p35 protein. p35 expression is induced by brain-
derived neurotrophic factor or nerve-growth factor (Tokuoka
et al. 2000; Harada ef al. 2001; Bogush et al. 2007); in
contrast, p35 degradation by the proteasome is stimulated by
excitatory neurotransmission in which glutamate treatment
transiently activates CDKS5/p35 and results in the phosphory-
lation of p35 (Wei et al. 2005). p35 is phosphorylated by
CDKS, resulting in a negative feedback loop for CDK5/p35
regulation (Patrick et al. 1998). Furthermore, our previous
data demonstrated that silencing CDKS5 increases the total
levels of p35 in primary neuronal cultures and in wild-type
(WT) and AD mouse models (3xTg AD). Although the total
levels of p35 are increased, the relative p25/p35 remains
similar to control mice (Piedrahita er al. 2010). This work
suggests that p35 may play a leading role in the effects
demonstrated by silencing CDKS.

AD is associated with alterations in the postsynaptic
terminals of excitatory glutamatergic synapses (Leuba et al.
2014). In the mouse hippocampus, CDKS5 phosphorylates the
N-terminal domain of postsynaptic density-95 (PSD95) to
regulate the synaptic recruitment and clustering of ion
channels, particularly K+ channels and N-methyl-D-aspartate
receptor (GIuN)2A and 2B (Fu et al. 2001; Morabito et al.
2004; Hawasli et al. 2007, Plattner et al. 2014). PSD-95 is a
potential target for protection against ischemic (Tymianski
2011) and AD models (Ittner et al. 2010). The proteins
identified in the postsynaptic density include cell surface
receptors, cytoplasmic signaling enzymes, and cytoskeletal
and scaffold proteins. Rho GTPases are among these proteins
(Jordan et al. 2004; Peng et al. 2004).

RhoA and Racl, which control the actin cytoskeleton, play
major roles in neurodevelopment and neuroplasticity. Rho
and Rac have been demonstrated to regulate dendrite
outgrowth and spine morphogenesis (Hall 1998; Govek
et al. 2005; Jaffe and Hall 2005; Tada and Sheng 2006). In
particular, we proposed that Rho GTPases play a role in
neuroprotection (Céspedes-Rubio et al. 2010; Posada-Duque
et al. 2013). Rho GTPases are involved in the response to
both tissue damage and survival because these proteins are
essential for the morphology and movement of neurons; thus,
they play a critical role in the balance between cell survival
and death (Semenova et al. 2007; Linseman and Loucks
2008; Ma et al. 2009). Treatment with a pharmacological
inhibitor of RhoA/ROCK blocks the CDKS5/p25 activation of
the neurodegeneration cascade (Castro-Alvarez et al. 2011).
In addition, Rac plays critical roles in the protection against
excitotoxicity (Gutiérrez-Vargas et al. 2010; Posada-Duque
et al. 2013; Shirao and Gonzalez-Billault 2013).
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In previous studies, we proposed CDKS5 RNAi-mediated
silencing as a novel strategy against the tau pathology
associated with AD because the knock down of CDKS
decreased tau phosphorylation, reduced the number of NFT,
and blocked the rapid neuronal loss in the hippocampi of
older triple transgenic Alzheimer’s mice (Piedrahita et al.
2010). However, how CDKS silencing provides this protec-
tion remains unclear, and this question is the focus of the
present study. Therefore, we evaluated the role of p35 and its
relationship with Rho GTPases in the protective action of
CDKS5 RNAIi in a neuronal culture model of glutamate
excitotoxicity and a 3xTg AD mouse model.

Materials and methods

Animal procedures

Ten littermate mice (WT) and 28 triple transgenic Alzheimer’s
(3xTg-AD) mice were used (Oddo ef al. 2003). The LaFerla Lab
donated the parents of the 3xTg-AD and littermate mouse colonies.
The animals were housed and raised in a SPF (specific pathogens
free) vivarium at SIU-University of Antioquia (Medellin, Colom-
bia)ona 12 : 12 h dark : light cycle; food and water were provided
ad libitum. The rats and mice were handled according to Law 84 of
1989 and Resolution 8430 of 1993 from the Colombian regulations,
as well as Public Law 99-158, November 20, 1985, ‘Animals in
Research’ from the National Institutes of Health.

Primary neuronal cultures

Hippocampal and cortical samples from Wistar rat embryos (E18-
19) were dissected, dissociated and cultured on poly-L-lysine
(Sigma-Aldrich, St. Louis, MO, USA) pre-coated multi-well plates
in Neurobasal medium (Gibco, Rockville, MD, USA), which
contained B-27 supplement (Sigma-Aldrich), albumin from a
chicken egg (Sigma-Aldrich), N2 human supplement (GIBCO),
and a penicillin-streptomycin antibiotic mixture (GIBCO); the
samples were cultured at 37°C in a 5% CO, humidified atmosphere
for a maximum of 19 days in vitro (DIV19). Isolated primary
neurons were plated at a low density (52 cell/mm?) for immuno-
fluorescence and at a high density (1500 cell/mm?) for the Calpain,
Rac and RhoA activation assays, western blotting, immunoprecip-
itation and qPCR.

shRNA-miR AAV viral vector, shRNA lentiviral particles, and
transduction
The SCR (scrambled) or CDKS shRNA-miRs (short hairpin RNA in
a microRNA backbone) were designed and validated in our previous
study (Piedrahita et al. 2010). The adeno-associated virus (AAV)
particles were obtained from the Davidson Laboratory (University
of Iowa Viral Vector Core). The AAV aliquots were dialysed, and
the cells were transduced with 2 pL AAV 2/5 (10 genomes per mL)
at a titer of 102 vg/mL for 3 h at 37°C; the media were
subsequently completed with B27-supplemented Neurobasal med-
ium. The transductions were performed at DIV7 and maintained for
12 days post-transduction prior to the administration of glutamate
and the inhibitor treatments.

p35 shRNA mouse (m) viral particles containing target-specific
constructs that encode 19-25-nt (plus hairpin) shRNAs were used to
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knock down gene expression (Santa Cruz Biotechnology, Santa
Cruz, CA, USA). Commercial control shRNA viral particles
encoding a scrambled shRNA sequence that does not specifically
degrade any known cellular mRNA were also used. At DIV12, the
cultures were transduced for 7 days with lentiviral particles at a titer
of 10° infectious units of virus in Dulbecco’s modified Eagle’s
medium (DMEM) that contained 25 mM HEPES, pH 7.3.

Transfection and co-transfection of hippocampal cultures
HEK293T cells were co-transfected with pBI-p35/EGFP (enhanced
green fluorescent protein) (Utreras ef al. 2013) and a tTA vector in
DMEM with Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA).
At 4 h, the post-transfection medium was replaced with DMEM
containing 10% FBS (Fetal bovine serum), and the cells were treated
with 2 pg/mL doxycycline (Dox). Hippocampal neurons were
transiently transfected with SCR or CDK5 shRNAmiR-pCMV-GIN-
ZEO at DIV3, and eGFP-positive neurons from DIVS were used.
The pcDNA3-eGFP-Racl-WT, pcDNA3-eGFP-Racl-T17N,
pcDNA3-eGFP-Rac1-Q16L, and pBI-p35/eGFP with tTA vector
plasmids were transfected and co-transfected into hippocampal
neurons with Lipofectamine 2000 (Invitrogen) in Neurobasal
medium at DIV5. An equimolar mixture of 0.4 pg of DNA with
Lipofectamine 2000 was used. At 4 h, the post-transfection medium
was changed for the supplemented Neurobasal medium, and the
DIV7 neurons were treated with 125 pM glutamate (20 min) to
induce excitotoxicity. After glutamate treatment, the neurons were
treated with 10 pM roscovitine (Ros) or 2 pg/mL Dox for 24 h. The
DIVS neurons were fixed for immunofluorescence analyses. The 60
eGFP-positive neurons were used for nucleus and PSD95 cluster
quantification (n = 3).

Treatments and inhibitors

DIV7 or DIV18 neurons were treated with 125 uM glutamate
(Sigma-Aldrich) for 20 min to induce excitotoxicity (Posada-
Duque et al. 2013). After 20 min, the glutamate was washed out
to evaluate the effects. After 30 min post-glutamate, the proteins
were collected for use in the Rho GTPase activation assays; after
12 and 24 h, the proteins were collected or the cells were fixed.
For the time course experiment, DIV18 neurons were treated with
glutamate, and after 1, 6, 12, 18, and 24 h, the proteins were
collected. To evaluate the effects of Ros, DIV7 or DIV18 neurons
were treated with a 10 uM Ros (Calbiochem, San Diego, CA,
USA) preparation in dimethylsulfoxide (0.01%) mixed in medium.
Ros treatment was performed during the 24 h following glutamate
excitotoxicity.

Immunofluorescence

Immunofluorescence analysis was performed as previously
described (Posada-Duque et al. 2013). Briefly, the cells were
incubated overnight at 4°C with the following primary antibodies:
mouse PSD95 (1 : 250, Calbiochem), rabbit PSD95 (1 : 250, Cell
Signaling Technology, Beverly, MA, USA) and mouse MAP2
(1 : 2000, Sigma, St Louis, MO, USA). The Alexa-594 fluorescent
antibody was used as a secondary antibody (1 : 1000, Molecular
Probes, Eugene, OR, USA). The nuclei were stained with Hoechst
33258 (1 : 5000, Invitrogen), and the cells were incubated with
phalloidin conjugated with Alexa 594 (1 : 2000, Molecular probes)
for 1 h. The cells were washed 4 times in buffer, coverslipped using

Gel Mount (Biomeda, Hatfield, PA, USA), and observed under an
Olympus IX 81 (OLYMPUS LATIN AMERICA, INC. Miami, FL,
USA) epifluorescence microscope or a DSU (Disk Scan Unit)
Spinning Disc Confocal microscope. No staining was observed
when the primary antibodies were omitted.

XY images were collected using an Olympus IX 81 microscope
with 10X (NA, 0.4), 40X (NA, 1.3) or 60x (NA, 1.42) oil-
immersion objectives. Z-stack images were collected at 0.4-um
intervals on an Olympus IX 81 DSU Spinning Disc Confocal
microscope (60X oil-immersion; NA, 1.42). The image stacks were
deconvolved using Cell™ imaging software (Olympus).

Quantitative image analysis

The percentage of condensed nuclei and the number and length of
the neurites were obtained as previously described (Posada-Duque
et al. 2013). For the PSDO95 cluster quantification, we used the
eGFP and PSD95 threshold. eGFP sized areas were quantified, and
the PSDO5 cluster density was obtained after calculating the number
of clusters/100 pmz eGFP. The average cluster size was obtained
from the total area of each cluster divided by the number of fused
clusters. All measurements were performed using Image Pro Plus
software (Media Cybernetics Inc, Rockville, MD, USA) with 15
neurons per treatment in duplicate assays and at least 4 independent
experiments (n = 4).

LDH release

Cytotoxicity was assessed after measuring the lactate dehydrogenase
(LDH) released from the cultures using a cytotoxicity detection kit
(Roche Molecular Biochemicals, Indianapolis, IN, USA) as previ-
ously described (Posada-Duque et al. 2013).

Western blotting

After the treatments, the neuron cultures or the medium lateral
hippocampus, including the CA1 and dentate gyrus, were homog-
enized in lysis buffer (Cytoskeleton, Biochem), and Western
blotting was performed as previously described (Piedrahita et al.
2010). The membranes were incubated overnight at 4°C with the
following primary antibodies: rabbit p35 1 :250 (C-19, Santa
Cruz), rabbit CDKS5 1 : 250 (Santa Cruz), and mouse AT8 1 : 500
(Pierce, Rockford, IL, USA). BII tubulin 1 : 5000 (Promega,
Madison, WI, USA) was used as a loading control. IRDye 800CW
goat anti-mouse or IRDye 680 goat anti-rabbit 1 : 15000 (LI-COR)
were used as secondary probes. The blots and images were
developed and analyzed using Odyssey Infrared Imaging System
application software version 3.0 (LI-COR, Lincoln, NE, USA). The
quantification of each blot is presented as the relative units with
respect to the loading control values.

In vitro CDK5 kinase assay

Following treatment, the CDKS activity was measured in 250 pg of
total protein from neuronal culture lysates as previously described
(Piedrahita et al. 2010). CDKS was immunoprecipitated using 1 pg
of an IgG rabbit polyclonal anti-CDKS5 antibody (C-8 antibody,
Santa Cruz). The antibody and protein extract were rotated
overnight at 4°C; protein G Sepharose (Sigma) was subsequently
added, and the mixture was incubated for an additional 4 h at 4°C.
The washed protein G Sepharose beads were re-suspended in 25 pL
kinase assay buffer (20 mM Tris/HCl pH 7.5, 100 uM sodium
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orthovanadate, 10 mM MgCl,, 50 mM NaCl, 1 mM dithiothreitol,
and 1 mM NaF), and a 10-fold excess (0.5 mM) of ATP was added
to the re-suspended beads. Six micromolar calf thymus type III-S
histone-1 (H1) from (Sigma) was added as a substrate for CDKS,
and the reaction was incubated at 37°C for 30 min. To terminate the
reaction, 12.5 pL sodium dodecyl sulfate—polyacrylamide gel
electrophoresis loading buffer was added, and the mixture was
incubated at 95°C for 5 min. Western blotting detection for CDK5
and phosphorylated rabbit polyclonal anti-H1 (Millipore Corpora-
tion, Bedford, MA, USA) were performed. Goat anti-rabbit IRDye
800WE (Li-COR) was applied to the blots and detected using the
ODYSSEY Infrared Imaging System (Li-COR). The band intensi-
ties for Hl were measured using the Odyssey Infrared Imaging
System application software version 3.0 (LI-COR) relative to the
CDKS levels, and CDKS was measured relative to the IgG heavy
chain intensity.

Rac and RhoA activation assays

A Rac and RhoA GTP enzyme-linked immunosorbent assay
activation assay kit (Cytoskeleton, Biochem) was used to measure
the Rac, RhoA, and Cdc42 activities according to the manufac-
turer’s protocol (Posada-Duque et al. 2013).

Calpain activation assay

Cells were homogenized as previously described (Zhu et al. 2011).
A Calpain-Glo™ protease assay kit (Promega) was used to measure
the calpain activity via the manufacturer’s recommendations.
Human calpain-1 (Tocris-Bioscience, Bristol, BS, UK) was used
as a positive control, and the calpain activity from the cell
homogenates was measured using a luciferase-based assay on a
microplate luminometer (GlioMax, Promega).

CDKS5, p35, and GAPDH mRNA analysis

mRNA was purified from neuronal lysates using an RNeasy mini kit
(Qiagen, Valencia, CA, USA) and digested with DNase I (Thermo-
scientific, Waltham, MA, USA). For cDNA synthesis, 0.2 pg of
RNA with random primer, Maxime reverse transcriptase and
RiboLock inhibitor (Thermo Scientific) were used. The assay
conditions for real-time PCR were adjusted for three targets using
SYBR—green (Bio-Rad Laboratories, Hercules, CA, USA). Real-
time PCR was conducted on a CFX96 Real-time PCR Detection
system (BioRad). The CDKS5, p35 and GAPDH primer sequences
have been described by (Harris et al. 1992), (Tsai et al. 1994), and
(Tsujita et al. 2006), respectively. The PCR conditions used to
amplify all genes were as follows: 15 min at 95°C and 44 cycles of
95°C for 20 s, 60°C for 30 s, and 72°C for 30 s. After PCR, a melt
curve analysis was performed from 60 to 90°C with an increment of
1°C per 0.5 s. The CDKS5 and p35 signals were normalized, and the
GAPDH (Glyceraldehyde 3-phosphate dehydrogenase) signal (ref-
erence gene) was quantified using the relative method.

AAV viral vector administration and the Morris water maze test

WT mice at 18 months of age and 3xTg-AD mice at 24 months of
age were injected bilaterally (1 pL) in the hippocampi with an
AAV2 viral vector that carried SCR or CDK5 shRNA-miR (the
Bregma coordinates were —1.7 antero-posterior, —0.7 lateral and
—1.75 depth) for 3 weeks. The injections were performed with a
Hamilton syringe (10 pL) at a rate of 0.2 pL/min with a 5-min wait
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prior to withdrawal of the syringe. The Morris water maze test was
performed at 3 weeks post-injection using 3xTg-AD mice, as
previously described (Castro-Alvarez et al. 2014a). Reversal or
transfer test: the mice had to locate a new platform position
(opposite the last platform location) to solve a new spatial problem.
This test consisted of a second learning session lasting 5 days with 2
trials per day (9 trials in total) and 60 s per trial to locate the hidden
platform. A second retention session was performed at 48 h after the
last training day (second learning). There was subsequently 1 day
with 1 trial per day and 60 s per trial without a platform. During the
retention trials, the latency to locate the exact platform location, the
number of times the animal crossed the previous platform location,
and the distance covered (cm) in the concentric circle with the
diameter centered on the platform were recorded. The videos were
individually analyzed using View Point software (Lyon, France).

Statistical analyses

The n values used for the in vitro and in vivo experiments were 3—5
and 5-14, respectively. The parametric data were compared using a
multivariable 2-way anova followed by Tukey’s post hoc test for
comparisons between several independent groups. The non-para-
metric data were analyzed using Kruskal-Wallis and Dunn’s
Multiple Comparison tests. The comparison between 2 groups was
performed using Student’s #-test for parametric data or the Mann—
Whitney test for non-parametric data. All sample groups were
processed in parallel to reduce the inter-assay variation. The data are
expressed as the means £ SEM. SPSS (Chicago, IL, USA) 17.0 and
PRISM (La Jolla, CA, USA) software were used. The results were
considered significant with * * or *p < 0.05, ** ** or **p < 0.01,
s 6+ 44, 0,001, %, ¥ or T directly above the bars represent
comparisons between each treatment and the control.

Results

Glutamate excitotoxicity induces p25/p35 protein cleavage
and tau hyperphosphorylation in cultured hippocampal
neurons

CDKS activation through the calcium/calpain/p25 pathway
plays a key role in neuronal excitotoxicity in AD (Han et al.
2005). To determine the rate of change of CDKS activation
after glutamate excitotoxicity, we evaluated a temporal
course of p35, p25, and tau hyperphosphorylation using an
in vitro model. We demonstrated that the treatment of
cultured hippocampal neurons with 125 uM glutamate for
20 min induced the cleavage of p35 to produce the p25
fragment 6 h after glutamate treatment, and the maximal
levels of p25 were detected at 12 h (Fig. la), which is
consistent with a peak in tau hyperphosphorylation (ATS).
After 12 h of glutamate treatment, the p35, p25, and AT8
levels decayed over time; however, AT8 remained elevated
at 24 h (Fig. la). These observations were supported by a
significant cleavage rate of p25/p35, increased AT8 (Fig. 1b)
and active calpain in neurons treated with glutamate at 12
and 24 h (Fig. 1d). Furthermore, at 24 h post-glutamate
treatment, the levels of CDKS5 and p35 mRNA expression
decreased compared with the control (Fig. 1c). Unexpect-
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edly, the CDKS activity identified through the H1 phosphor-
ylation rate and the CDKS5/p25 and CDKS5/p35 association,
were not changed after glutamate treatment with respect to
the control (Fig. le). In addition, the LDH release and the
number of condensed nuclei significantly increased after
glutamate excitotoxicity at 12 and 24 h (Fig. 2a and b),
which confirms p25/p35 cleavage by calpain activation is
involved in glutamate excitotoxicity.

CDK5 shRNA-miR protects against glutamate-mediated
excitotoxicity

To validate our model based on the CDK5 RNAI, the effect of
silencing CDKS5 was evaluated in DIV3 hippocampal neurons
using SCR or CDK5 shRNA-miR transfection; neurons
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for IgG immunoprecipitation was used as an internal control. Represen-
tative blots are shown. The intensity quantifications of p35, p25, and p-
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parison between each treatmentat 12 hor#24 h.*or *p<0.05, ** or *#p
<0.01, *** or ** p < 0.001; anova with Tukey’s test (b, ¢, d and e).

transfected with CDKS shRNA-miR for 48 h exhibited
significantly fewer secondary and tertiary neurites compared
with the SCR shRNA-miR (Figure Sla and b). These
observations were supported by previous studies, which
demonstrated that CDKS is required for branching in immature
neurons (Cheung et al. 2007). However, the effect was
different when CDKS5 was silenced for 12 days beginning at
DIV7 in hippocampal primary cultures and exposure to
glutamate-mediated excitotoxicity. Mature neurons transduced
with CDKS5 shRNA-miR exhibited a silencing of approxi-
mately 50% compared with the SCR control, which was
supported by a specific reduction in the levels of CDKS protein
and mRNA, in absence or presence of glutamate (Fig. 1b and
c). This effect was accompanied by an increase in the p35
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Fig. 2 CDKS5 silencing or inhibition protects against glutamate-medi-
ated excitotoxicity. (a) Neuronal cytotoxicity was presented as the
percentage of lactate dehydrogenase (LDH) release at 12 and 24 h
after glutamate. (b) Percentage of condensed nuclei to total nuclei
Hoeschst-positive cells. (n = 4). * represents comparison between
each treatment at 12 h or # at 24 h * or # p < 0.05, ** p < 0.01; ANOvA
with Tukey’s test for a and b. (c) Morphological characteristics indicate
adeno-associated virus (AAV) vector viral eGFP-tagged SCR and

protein levels and a p35 mRNA recovery after glutamate
treatment (Fig. 1b and c¢); however, the p25/p35 ratio remained
constant, which indicates that there were no changes in the p35-

CDK5 shRNA-miR (green). The arrows represent a discontinuous
pattern that resembles the actin depolymerization processes in the
glutamate-treated cells. Scale bar, 20 um, n = 5. (d) Neuronal cyto-
toxicity, (e) CDK5 activity and (f) p35 and CDK5 protein levels were
determined from hippocampal neurons (DIV18) treated with 125 uM
glutamate for 20 min, followed by 10 uM Ros for 24 h. The data are
presented as the means + SEM of n = 4 per triplicate. All values were
normalized to the control neurons. *p < 0.05; anova with Tukey’s test.

p25 cleavage in cells transduced with CDK5 shRNA-miR alone
(Fig. 1b). Interestingly, CDKS5 shRNA-miR drastically
decreased the ratio of p25/p35 cleavage, the hyperphosphory-
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Fig. 3 CDK5 shRNA-miR-induced neuroprotection required p35. (a)
CDKS5 kinase activity was assessed for 30 min. CDK5 IP and western
blot analyses of CDK5 and p-H1 are represented. Quantification of the
intensity of CDK5 and p-H1 proteins was performed. RU, relative units.
n= 3. (b) Neuronal cytotoxicity is presented as the percentage of
lactate dehydrogenase (LDH) release. The data are presented as the
means + SEM of n= 3. (c) Calpain activity at 24 h after glutamate
excitotoxicity in neurons transduced with SCR or CDK5 shRNA-miR or
with control or p35 shRNA. Relative light units = RLU. (d) The p35, p25,

p35/p25 ratio, CDK5 and AT8 protein levels. () CDK5 and p35 mRNA
expression at 24 h after glutamate excitotoxicity in neurons transduced
with SCR or CDK5 shRNA-miR or with control or p35 shRNA. Relative
units = RU, n = 5. All values were normalized to the control neurons
and are presented as the means + SEM. Control shRNA: black
bars and p35 shRNA: gray bars. *represents comparison between
each treatment of control shRNA neurons or #p35 shRNA neurons. * or
*p < 0.05, ** or ¥p < 0.01, *** or **#p < 0.001; anova with Tukey’s test
(a, b and d) or Kruskal-Wallis test with Dunn’s analysis (c and e).

lation of tau and the level of active calpain induced by glutamate
excitotoxicity at 12 and 24 h (Fig. 1b and d). Consistently,
transduction with the CDK5 shRNA-miR decreased the p35
and p25 associated with CDKS5 under both basal and excito-
toxic conditions, which is consistent with a decrease in CDK5
activity through a reduction in p-H1 at 24 h after glutamate
treatment (Fig. 1e). Neurons treated with glutamate exhibited
increased LDH, greater percentages of condensed nuclei, and
altered actin cytoskeletons in terms of their beaded and
fragmented processes relative to the controls (Fig. 2 b and c).
The CDKS5 shRNA-miR prevented the release of LDH and
alterations in the neuronal morphology at 24 h (Fig. 2a and c).
These effects were confirmed by pharmacological inhibition of
CDKS using Ros, which reversed the increase in LDH release
in response to glutamate, supported by the decrease in CDK5
activity, similar to the effects obtained with CDKS5 silencing
(Fig. 2D and E). Furthermore, neurons treated with Ros
exhibited an increased p35 level, even after glutamate excito-
toxicity, when ATS8 was also reduced (Fig. 2f). These findings
demonstrate that CDKS silencing induces neuroprotection and
reduces glutamate-induced tau hyperphosphorylation via the
reduction in cleavage of p35 to p25; these findings support p35
as a specific target of the reduced availability of CDKS5.

CDK5 shRNA-miR-induced neuroprotection requires p35

It was recently suggested that p10 is a pro-survival domain in
p35, which is essential for normal CDK5/p35 function in
neurons (Zhang et al. 2012; Shukla et al. 2013). Therefore,
the role of p35 in CDKS shRNA-miR-induced neuroprotec-
tion was analyzed through co-transduction of CDKS5 shRNA-
miR AAV2 and p35 shRNA lentiviral particles delivered at
DIV7 for 12 days and at DIV12 for 7 days, respectively
(Fig. 1Ic). CDK5 was immunoprecipitated, and reduced
CDKS activity was identified by the H1 phosphorylation
rate in neurons transduced with CDKS5 shRNA-miR com-
pared with the SCR control (Fig. 3a). Although we detected
a 50% reduction in CDKS5 activity after silencing CDKS in
basal and glutamate-treated neurons compared with the
control (Fig. 3a), the reduction was sufficient to achieve
protection in a glutamate-induced excitotoxicity model
(Fig. 3b). However, the neurons transduced with p35
shRNA, which exhibited decreased p35, also achieved a
50-60% reduction in CDKS5 kinase activity (Fig. 3a and d),
which confirms that CDKS activity is p35-dependent. In

addition, we demonstrated that p35 shRNA blocked the
CDKS5 RNAi-induced neuroprotection because p35 shRNA
reversed the reduction of LDH release and calpain activation
in response to glutamate excitotoxicity after transduction
with CDK5 shRNA-miR (Fig. 3b and c). As previously
indicated, the silencing of CDKS5 decreased the cleavage of
p35 to p25 (Fig. 3d), which was induced by glutamate in the
control lentiviral particle (Fig. 3¢ and d). Interestingly, p35
silencing decreased the p25 and ATS levels; however, the
decreased p25 and AT8 levels were not sufficient for
neuroprotection (Fig. 3b and d). Thus, p35 was necessary
for the induction of tau hyperphosphorylation by CDKS5 in
the context of glutamate excitotoxicity, despite the increased
LDH and calpain activities (Fig. 3). To validate the knock-
down of p35 by p35 shRNA, p35 mRNA was determined,
and the neurons of all treatments co-transduced with p35
shRNA exhibited a specific silencing of p35 mRNA
(Fig. 3e). These results suggest that CDK5 shRNA-miR-
induced neuroprotection requires p35.

p35 over-expression induces neuroprotection

To validate the inducible over-expression of p35, we co-
transfected pBI-p35 and the tTA vector with (Tet-OFF) or
without (Tet-ON) dox in HEK293T cell cultures. The cells
with pBI-p35 Tet-OFF exhibited a specific increase in p35
levels compared with the p25 levels (Fig. 4a). The neurons
were subsequently co-transfected with pBI-p35 and tTA to
analyze the role of p35 in the context of Ros-induced
neuroprotection. Neurons transfected with a GFP empty
vector exhibited typical hallmarks of glutamate excitotoxic-
ity, including an increased number of condensed nuclei and
increased accumulation of PSD95 clusters, which corre-
sponded to an aberrant PSD95 equivalent to a larger PSD95
area cluster (Fig. 4b—d); these changes were reversed by Ros
(Fig. 4b—d). Similarly, neurons co-transfected with the pBI-
p35 Tet-OFF version exhibited indicators of degeneration
with glutamate and a significant decrease in the number of
condensed nuclei with Ros (Figs 4b and S2). Surprisingly,
neurons with pBI-p35 Tet-ON exhibited decreased nuclear
condensation during all treatments, even glutamate treatment
(Fig. 4b and d). Furthermore, these neurons exhibited a
pattern of PSD95 clustering similar to the control (Fig. 4c
and d), which supports the idea that p35 per se protects and
underlies Ros-induced neuroprotection.
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CDK5 shRNA-miR-induced neuroprotection requires p35 to
regulate Rho GTPases

The membrane localization of p35 and its subsequent effect
on CDKS5 activity have been suggested to be dependent on
Racl (Sananbenesi et al. 2007), and RhoA/ROCK inhibition
were associated with a decrease in CDKS5/p25 formation
(Castro-Alvarez et al. 2011). Therefore, to determine the role
of Rho GTPases in CDKS5 shRNA-miR-induced neuropro-
tection, CDKS5 and p35 were knocked down in cells exposed
to glutamate. The neurons treated with glutamate exhibited
decreased Rac activity (Fig. 5a) but increased RhoA activity
(Fig. 5b), which were reversed after CDKS silencing (Fig. 5a
and b). Moreover, CDK5 shRNA-miR, either alone or via its
neuroprotective effect, induced the up-regulation of active
Rac (Fig. 5b). Interestingly, the CDK5 shRNA-miR-induced
Rac activity involved in neuroprotection was blocked by p35
shRNA, and under these conditions, RhoA activity increased
(Fig. 5a and b). We subsequently analyzed the role of Racl
activation in Ros-induced protection in neurons transfected
with WT, dominant negative (T17N), and constitutively
active (Q16L) versions of Racl. All neuronal groups
transfected with the T17N-Racl exhibited a significant
increase in the number of condensed nuclei in contrast to
the neurons transfected with Q61L-Racl, which exhibited
decreased nuclear condensation during all treatments, even
compared with WT-Racl glutamate treatment (Fig. 5c),
suggesting that Ros requires active Rac to be neuroprotec-
tive. Taken together, these results indicated that CDKS5
shRNA-miR-induced neuroprotection requires p35 up-regu-
lation to activate Racl.

CDK5 shRNA-miR increases p35 and Rac activity in WT and
3xTg-AD mice, which is correlated with improved memory
skills

The induction of synaptic plasticity and hippocampal-
dependent spatial learning is affected in CDKS5 and p35
transgenic and knockout mice (Ohshima et al. 2005; Wei
et al. 2005; Hawasli er al. 2007). We sought to determine
whether the modulation of p35 and Rac activity through
CDKS5 RNAIi could be related to cognitive performance.
Learning and spatial memory were evaluated in 24-month-
old 3xTg-AD mice injected in the hippocampal CAl area
with CDKS shRNA-miR or SCR shRNA-miR as a control
for 3 weeks. During the visible platform test, the CDKS5
shRNA-miR-treated 3xTg-AD mice did not exhibit differ-
ences compared with the controls (Fig. 6a). In the learning
test, although the CDK5 shRNA-miR-treated 3xTg-AD mice
did not exhibit a significant difference in their ability to
locate the hidden platform compared with the SCR control,
in the retention test, the CDK5 shRNA-miR-treated 3xTg-
AD mice spent less time searching for the hidden platform
(Fig. 6a). Spatial acuity is a more sensitive parameter used to
measure spatial learning, which is demonstrated by
the ability to find the specific hidden platform location; the

CDK5 shRNA-miR-treated 3xTg-AD mice increased
the number of platform area crossings and increased the
time and distance travelled in the test with the hidden
platform location compared with the SCR control, which
confirms that CDKS silencing improved the spatial memory
of these animals (Fig. 6b). Moreover, in the reversal-learning
test, the 3xTg-AD mice with CDKS5 shRNA-miR exhibited a
significantly shorter latency time to learn the new position,
particularly on days 7 and 8 (Fig. 6¢). Furthermore, in the
retention after the reversal learning, the CDKS5 shRNA-miR
3xTg-AD mice spent less time finding the former position of
the platform compared with the control group (Fig. 6c).
However, the CDKS5 shRNA-miR-treated 3xTg-AD mice did
not exhibit differences compared with the controls when
spatial acuity was evaluated after reversal learning; the
CDKS shRNA-miR mice exhibited interest in looking for the
initial and final platforms in the learning and reversal tests,
respectively (Fig. 6d). We subsequently determined the
modulation of PSD95, the p35 protein levels, and the Rac
activity in the brains of these CDK5 shRNA-miR-treated
3xTg-AD mice with improved memory performance, as well
as in non-trained wild-type mice. CDKS5 was silenced in both
the WT and 3xTg-AD mice injected with CDK5 shRNA-
miR, which resulted in a significant increase in PSD95, p35,
and Rac activation compared with the control values (Fig. 6e
and f). Taken together, these results support the findings that
CDKS shRNA-miR improves memory function in 3xTg-AD
mice and also correlates with p35 up-regulation and Rac
activity.

Discussion

For the first time, our data suggest that p35/Racl signaling is
critical in the CDKS5 shRNAmiR-induced neuroprotection
against glutamate neurotoxicity and is also correlated with
the recovery of cognitive function in 3xTg-AD mice. Various
pharmacological inhibitors of CDKS5 have also been demon-
strated to exert a protective function. The inhibition of CDK5
with roscovitine, a small molecule CDKS5 inhibitor (Lopes
et al. 2007; Timsit and Menn 2012), protects against kainic
acid-induced excitotoxicity in cultured hippocampal neurons
(Putkonen er al. 2011; Park er al. 2012); a novel CDKS5
inhibitor of the diaminothiazole class ameliorates Tau
pathology in old 3xTg-AD mice (Zhang et al. 2013).
Furthermore, CDKS inhibition protects against Tau protein-
related pathology (Liu et al. 2003; Lopes et al. 2007;
Piedrahita et al. 2010).

The benefits of CDKS5 silencing were accompanied by
increased levels of p35, reduced CDKS activity and decreased
levels of active calpain, which was p35 dependent. Truncated
peptides of various lengths derived from p35 have been
successful in the specific reduction of CDKS hyperactivity
invitro in cell cultures (Zheng et al. 2005,2010) and have been
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Magnification, 60X. Scale bar, 20 um. Binary images were used to
determine the number and area of the PSD95 clusters on GF- positive
neurons. Magnification, 60X with 50% zoom. Scale bar, 20 um. n =3
per duplicate.
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Fig. 5 CDK5 shRNA-miR-induced neuroprotection is mediated by p35
and active Rac1. (a) Rac and (b) RhoA activity were quantified after a
30 min of glutamate treatment as the amount of Rac-GTP and RhoA-
GTP by ELISA (L = 490 nm). The data are presented as the
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*p < 0.05, *** or *#*p < 0.001; anova with Tukey’s test (a and b). (c)
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experiment was performed in duplicate. The morphological character-
istics are shown for the cortical neurons transfected with GFP-tagged
plasmids (green) that expressed three versions of Rac1: wild-type
(WT), dominant negative (T17N) and constitutively active (Q61L). The
nuclei were stained with Hoechst (blue). The arrowhead shows the
condensed nucleus compared with the normal nucleus (arrow).
Magnification, 60X. Scale bar, 20 um (n = 5). The arrowhead shows
the condensed nucleus compared with the normal nucleus (arrow).
Asterisks directly above the bars represent comparisons between each
treatment and the buffer control. *p < 0.05; Kruskal-Wallis test with
Dunn’s analysis.
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shown to prevent AD phenotypes in mouse models (Shukla
et al. 2013). Specifically, p10, the N-terminal domain of p35,
is a unique pro-survival domain that is essential for normal
CDKS5/p35 function in neurons. The loss of the p10 domain
results in CDK5/p25 toxicity and neurodegeneration (Zhang
et al. 2012). In addition, during neuronal differentiation with
retinoic acid, ERK (extracellular-signal-regulated kinase)/erg-
1 activation increases p35 transcription; CDKS subsequently
acts up-stream of ERK to inhibit the production of p35 (Lee
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and Kim 2004). During development, the p35 levels are finely
regulated through the ubiquitin-proteasome system, and the
CDKS phosphorylation of p35 reduces the protein stability and
signal for degradation (Patrick e al. 1999; Saito et al. 2007).
Therefore, the findings suggest that CDKS silencing in a p35-
dependent mode prevented the cleavage of p35 to p25, reduced
the CDKS5 activity, and decreased the calpain activation, which
are key components of neurotoxicity and cell death. Many
evidences indicate that CDKS is a target of calpain; however,
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how CDKS can impact calpain, remain unclear. The calpain
activation is mediated by Ca”*, in fact, the imbalance of
intracellular Ca®* occurs both, N-methyl-D-aspartate and o-
amino-3-hydroxy-5-methylisoxazole-4-propionate-mediated
Ca®* entrance, and by Ca** release from mitochondria and ER,
process which are favored by CDKS5 (Li er al. 2001; Wang
et al. 2003; Kerokoski et al. 2004; Darios et al. 2005). In this
sense, CDKS5 silencing could avoid p35 degradation and
thereby exert a pro-survival effect (Fig. 7). Furthermore, p35 is
also required for the production of p25 and the ability of CDK5
to phosphorylate tau; however, the reduction of hyperphosph-
orylated tau was not sufficient to prevent cell death. These data
are emphasized by the crucial role of p35 in survival.

We also demonstrated that CDKS5 silencing decreased the
CDKS5/p35 and CDK5/p25 associations, which suggests that
p35 may have arole in survival in addition to regulating CDKS5
activity. The exogenous addition of p35 increases CDKS5
activity both in vitro and in vivo (p35 transgenic mice) (Tanaka
et al. 2001); furthermore, it has been demonstrated that p35
associates with different cytoskeletal proteins without CDK5
(Hou et al. 2007). In addition, the N-terminal domains of p35
are specific for association with Racl and p21-activated kinase
(PAK)1 (Nikolic er al. 1998), and the presence of p35 is
required for the membrane function of PAKI1 to regulate
neuronal morphology. One potential mechanism of action of
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the p35 or p10 domain in survival has been proposed as the
requirement of an inhibitory complex that comprises endog-
enous pl0, p25, CDKS, and possibly Prx2 (Zhang et al. 2012).
Thus, we propose a novel role of p35 in the regulation of Rho
GTPases, which is required for neuroprotection.

The mechanism of CDKS silencing protection involves
Rho GTPases. CDKS5 silencing induces the differential
regulation of Rho GTPase, which promotes Rac activity
and suppresses RhoA activity. Rho GTPases have been
implicated in survival and neuroprotection, active Racl is
crucial for survival (Gutiérrez-Vargas et al. 2010; Posada-
Duque et al. 2013), and RhoA is involved in neuronal death
progression (Semenova et al. 2007). Active Racl leads to the
activation of PAK and PI3K. PAK signaling stimulates
neurite outgrowth, synapse formation, and activity-depen-
dent Ca** signaling, which promote neuronal survival; PI3K
induces the activation of Akt A (also known as Protein
kinase B (PKB)), which promotes survival via the phos-
phorylation and inhibition of several pro-apoptotic proteins
and influences neurite outgrowth (Linseman and Loucks
2008; Read and Gorman 2009). CDK5/p35 activity prevents
extinction associated with emotional trauma, in part through
the inhibition of PAK1 activity in a Racl-dependent manner
(Sananbenesi et al. 2007). Furthermore, CDK5/p35 phos-
phorylation of ras guanine nucleotide releasing factor 2

Fig. 7 Hypothetical schematic =~ model:
CDK5 RNAi-induced protection and
cognitive improvement in a pathological
context that depended on the p35/Rac1
GTPase pathway. CDK5 shRNAmIR blocks
calpain activation and the cleavage of p35
to p25 produced by glutamate, which
generates neuroprotection in a p35 up-
regulation dependent mode and its down-
stream control of Rho GTPases, such as
Rac1 and RhoA.
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(RasGRF2) mediates a reduction in Rac activity (Kesavapa-
ny et al. 2004). Therefore, Racl activation through p35 up-
regulation is necessary for neuronal survival and neuropro-
tection induced by CDKS silencing or inhibition (Fig. 7).

Rho/ROCK signaling plays a central role in neuronal
injury and disease. During ischemia or excitotoxicity, a
p38alpha MAPK-dependent pro-apoptotic signaling cascade
is induced, which enhances neuronal injury (Trapp et al.
2001; Semenova et al. 2007). In addition, in AD, Rho/
ROCK activity promotes AP} production through amyloid
precursor protein processing, and ROCK inhibition reduces
AP levels in AD transgenic mice (Mann et al. 1996; Zhou
et al. 2003). Our previous report demonstrates that CDKS5/
p25 is associated with cognitive impairment and tauopathy,
which were prevented by ROCK inhibition (Castro-Alvarez
et al. 2011). The abnormal activity of CDKS5/p25 and
increased RhoA/ROCK activity associated with neurodegen-
eration suggest that the therapeutic effect of CDKS silencing
involves pro-survival signaling through Rac and the rever-
sion of the RhoA/ROCK-activated pro-apoptotic pathway
(Fig. 7).

The suppression of p35 exerts deleterious effects on
neurons after excitotoxic injury. The p35 downstream
signaling involves neuronal survival pathways through
PI3K/Akt or the negative regulation of apoptotic pathways,
such as JNK3/MAPK p38a (Li er al. 2001, 2003). Further-
more, p35 is required for ERKY activation, which induces
up-regulation of Bcl2, a known anti-apoptotic factor (Wang
et al. 2005; Zheng et al. 2007). The p35 deletion is
associated with vacuolar pathology, progressive cell death
and increased formation of autophago-lysosomes in Dro-
sophila brains, which supports a neurodegenerative pheno-
type (Trunova and Giniger 2012). The close relationship
between survival and active Rac as cell death and active
RhoA, which were up-regulated or inhibited by CDKS5
silencing, respectively, were reversed by the reduction of p35
using p35 shRNA; thus, these findings support the critical
role of p35 for survival via the modulation of Rho GTPase.

In addition, our findings suggest that the glutamate
excitotoxicity-induced increase in PSD95 clusters corre-
sponds to aberrant postsynaptic features, which supports a
previous study that demonstrated an increase in PSD95 in the
entorhinal and frontal cortices of AD patients; these altera-
tions may be involved in compensatory mechanisms that
could result from abnormalities in protein degradation,
transport or distribution, which result from spine loss, among
other factors (Leuba er al. 2008a,b). Furthermore, the
function and localization of PSD95 are regulated through
CDKS5-mediated phosphorylation on its N-terminal (Morab-
ito et al. 2004). This phosphorylation inhibits PSD95
multimerization and PSD95-mediated GluN channel recruit-
ment. Interestingly, CDKS5 inhibition prevented the aberrant
PSD95 clusters, which was mimicked by p35 over-expres-
sion. However, CDK5 shRNA-miR-induced increases in
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PSD95 protein levels were identified in vivo in the context of
neuroprotection, which suggests that increased postsynaptic
contacts contributed to the reverse learning and memory
impairment in AD mice. CDKS5 regulates PSD95 ubiquiti-
nation through interactions with AP-, which suggests a
mechanism in which PSD95 regulates GIluN receptor-
induced o-amino-3-hydroxy-5-methylisoxazole-4-propionate
receptor endocytosis (Hawasli ef al. 2007; Bianchetta et al.
2011). Together, these findings suggest that CDKS5 and p35
have a fine regulation regarding the PSD95 levels and
clustering, which may avoid excitotoxicity and promote
plasticity.

3x-TgAD mice have demonstrated the loss of dendritic
spines, in addition to intracellular BA and hyperphosphory-
lated tau (Bittner et al. 2010). Our previous studies indicate
that CDKS silencing directly affects the phosphorylation rate
of tau (Piedrahita er al. 2010), reduces insoluble tau in the
short and long term (Castro-Alvarez et al. 2014a), and
involves the inhibition of GSK3f (Glycogen synthase kinase
3 beta) and phosphatases (Castro-Alvarez et al. 2014a,b,
2015). In addition, decreased toxicity via the reduction of
active CDKS, the recovery of homeostasis, and the preven-
tion of neuronal loss have been reported (Piedrahita er al.
2010), which may favor neuronal plasticity and the involve-
ment of other factors. However, our current data provide new
evidence that in a glutamate excitotoxicity context, there is
an increase in calpain activity and AT8 when the p25 protein
levels are increased and the p35 mRNA and protein levels are
reduced, and these effects are prevented by CDKS5 shRNA-
miR. Interestingly, the silencing of p35 blocked CDKS5
shRNA-miR-dependent protection, restoring the excitotoxic-
ity of calpain activation without an increase in p25 and AT8
levels, as well as a reduction in the level of active Racl and a
significant increase in RhoA activity, which suggest that p35
plays important role in neuronal survival and plasticity
through Rho GTPase regulation.

In the previous decade, the investigation of the neuronal
role of CDKS in learning was limited by technical difficulties
regarding the perinatal lethality of the constitutive knockout
mice. However, the conditional knockout of the CDKS5 in the
adult mouse brain has enabled the demonstration that CDKS5
suppression of approximately 50% in these mice improves
performance in spatial learning tasks and enhances hippo-
campal long-term potentiation through GluN-mediated excit-
atory postsynaptic currents (Hawasli et al. 2007; Plattner
et al. 2014). These previous results support our findings in
which CDKS silencing improves learning and memory in
3xTg-AD adult mice in the same brains with increased p35
and active Racl, which maybe suggest a correlation of p35/
Racl in survival and the consequent improvement of
cognitive function. Additionally, to validate our observa-
tions, CDKS5 pharmacological inhibition and the use of
plasmids that over-express p35 have confirmed the specific
effects of the used CDK5 shRNA-miR on p35 protein levels
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and its effects on survival and plasticity, which supports p35
as CDKS targets in mature neurons and the adult mouse
brain.

In conclusion, p35 and Rho GTPases are molecular targets
in the neuroprotection pathway induced by CDK5 RNAI.
Upstream of Rho GTPases, p35 mainly function through
Racl and RhoA, introducing a novel mechanism for the
regulation of CDK5-induced neuroprotection that correlates
with cognitive function recovery.
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