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Abstract CDK5 is a serine/threonine kinase that is
involved in the normal function of the adult brain and plays
a role in neurotransmission and synaptic plasticity. How-
ever, its over-regulation has been associated with Tau
hyperphosphorylation and cognitive deficits. Our previous
studies have demonstrated that CDKS5 targeting using
shRNA-miR provides neuroprotection and prevents cog-
nitive deficits. Dendritic spine morphogenesis and forms of
long-term synaptic plasticity—such as long-term potentia-
tion (LTP)—have been proposed as essential processes of
neuroplasticity. However, whether CDKS5 participates in
these processes remains controversial and depends on the
experimental model. Using wild-type mice that received
injections of CDKS shRNA-miR in CAl showed an

This work presents new findings that CDKS RNAi induces
neuroplastic changes in mature neurons. Interestingly, we show that
CDKS5 downregulation induces dendritic protrusion morphogenesis
and increases LTP in both normal and dysfunctional synapses. CDKS5
RNAI neuroplasticity was confirmed by calcium in neurites and
enhancement of BDNF/CREB activation.
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increased LTP and recovered the PPF in deficient LTP of
APPswe/PS1A9 transgenic mice. On mature hippocampal
neurons CDKS5, shRNA-miR for 12 days induced increased
dendritic protrusion morphogenesis, which was dependent
on Rac activity. In addition, silencing of CDKS5 increased
BDNF expression, temporarily increased phosphorylation
of CaMKII, ERK, and CREB; and facilitated calcium
signaling in neurites. Together, our data suggest that CDKS5
downregulation induces synaptic plasticity in mature neu-
rons involving Ca®" signaling and BDNF/CREB
activation.
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DIV Day in vitro

MAP-2 Microtubule-associated protein-2

ROCK Rho kinase

SDS-PAGE  Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis

DTT Dithiothreitol

G-LISA GTP enzyme-linked immunosorbent assay

IFU Infectious units of virus

PSD95 Postsynaptic density-95

NMDAR NMDA receptor

3xTg-AD Triple transgenic Alzheimer’s disease mice

AAV Adeno-associated virus

shRNA-miR  Short hairpin RNA in a microRNA
backbone

PAK p21-activated kinase

Scr Scrambled

Introduction

CDKS is a serine/threonine kinase that participates in neu-
ronal development and function and is involved in cognitive
functions, such as memory and learning. In addition,
deregulation of CDKS activity is associated with neuronal
death in neurodegenerative diseases [1, 2]. CDKS activity is
controlled mainly by p35 and p39 [3, 4]. Cleavage of p35 by
calpain results in the formation of a CDK5/p25 complex,
which leads to sustained, abnormal CDKS5 kinase activity
[5]. Evidence suggests that CDKS5 and its activator p35 are
involved in synaptic plasticity in mature neurons [5—8]. Most
excitatory synapses in the brain are formed by dendritic
spines, which are small, actin-rich membrane protrusions
that are found on dendrites. During development, and in
response to environmental stimuli, dendritic spines undergo
changes in form and number, which are determining pro-
cesses in learning and memory [9, 10]. CDKS is a suspected
synapse regulator, because a large number of synaptic pro-
teins isolated from synaptosomes in the adult brain are
putative substrates of this kinase [11]. Rho GTPases and their
activators are potential targets of CDKS5 and may be regu-
lated by this kinase [12—14]. These small GTPases are key
regulators of the actin cytoskeleton and play essential roles in
organizing and remodeling dendritic spines [15]. RhoA and
Rac regulate the morphogenesis of dendritic spines [16—19].
RhoA activation reduces synaptogenesis, whereas Racl
activation facilitates an increase in the density and number of
dendritic spines [16, 20, 21]. However, a recent study sug-
gested that morphological changes of dendritic spines
required the initial activation of both Racl and RhoA [22].
Two points of view have developed regarding the pos-
sible role of CDKS in synaptic plasticity. On the one hand,
CDKS conditional knockout mice showed increases in
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hippocampal-dependent spatial memory in the Morris
water maze test and contextual fear conditioning [23].
CDKS5 conditional knockout mice also presented a
decreased LTP induction threshold, which facilitates LTP.
The increased spatial memory in CDKS conditional
knockout mice has been attributed to an increase in NR2B
availability at the plasma membrane and a decrease in
degradation of total NMDA levels [23, 24]. On the other
hand, Li and colleagues reported that CDKS phosphoryla-
tion of the NMDA receptor NR2A subunit facilitated
NMDA receptor activity, LTP, and calcium channel
induction in the hippocampal CAl region, which was
blocked by a pharmacological inhibitor of CDKS5 [25].
Likewise, Lai and colleagues demonstrated that TrkB
phosphorylation by CDKS5 is required for activity-depen-
dent structural plasticity and spatial memory. Specifically,
the absence of TrkB phosphorylation by CDKS5 decreased
BDNF-induced dendritic spine morphogenesis [26]. BDNF
was shown to increase the acquisition process for both
short-term memory (STM) and long-term memory (LTM).
In addition, the phosphorylation and resulting activation of
CREB transcription and BDNF production are crucial for
transferring information from STM to LTM [27]. An
increase in CREB activity in the CAl-hippocampus pre-
vented damage to dendritic spines and rescued spatial
memory deficits in murine models of AD [28]. However,
we found that CDK5s silencing in neurons and astrocytes
through BDNF regulation prevented neurodegeneration in
excitotoxic brain injury [29, 30]. Therefore, the extent to
which silencing CDKS affects synaptic plasticity and the
BDNF pathway remains unclear. This could be an inter-
esting target for functional recovery of the adult brain. To
determine the possible therapeutic effect of silencing
CDKS5 and BDNF/CREB regulation, we examined whether
CDKS RNAI affected dendritic spine morphogenesis, cal-
cium modulation, LTP, and the activation of BDNF/CREB.

Materials and methods
Animal procedures

The animals were housed in a specific pathogen-free
vivarium at SIU University of Antioquia (Medellin,
Colombia) under a 12-h dark-light cycle. The rats and mice
were handled according to Law 84 of 1989 and Resolution
8430 of 1993 of Colombian regulations, as well as Public
Law 99-158 (November 20, 1985), ‘Animals in Research’
from the National Institutes of Health. Young adult
(2-3 months old) C57BL/6 mice and adult (6 months old)
APPswe/PS1AE9 (Tg) mice and their wild-type (WT) lit-
termates (129/C57BL/6 mixed background) were used for
electrophysiological recordings. For C57BL/6 mice: three
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males and two females were used as control (n = 5), three
males and two females were treated with Scr shRNA-miR
(n = 5), and two males and three females were treated with
CDKS5 shRNA-miR (n = 5). For WT mice: two males and
three females were treated with Scr ShARNA-miR (n = 5),
and two males and two females were treated with CDKS5
shRNA-miR (n = 4). For Tg mice: two males and two
females were Scr sShARNA-miR (n = 4), and three males
and one female were CDKS5 shRNA-miR (n = 4). Geno-
types were distinguished by PCR of isolated genomic DNA
obtained from each pup. APPswe/PSIAE9 Tg mice
demonstrate accelerated amyloid pathologies and synaptic
dysfunction by 6 months of age [31, 32]. The Institutional
Animal Care and Use Committees of Johns Hopkins
University approved all procedures involving animals.

AAY viral vector administration in vivo

C57BL/6 mice (WT) (2-3 months old), APPswe/PS1AE9
(Tg) mice, and their wild-type (WT) littermates (6 months
old) were used for electrophysiological recordings. Mice
were anesthetized and injected in the left and right hip-
pocampi with AAV2 viral vector (1 pL) carrying Scr or
CDKS5 shRNA-miR (the Bregma coordinates were —1.7
antero-posterior, —0.7 lateral, and —1.75 depth). Injections
were performed with a Hamilton syringe (10 pL) at a rate
of 0.2 pL/min; a 5-min wait was implemented before
withdrawal of the syringe.

Preparation of acute hippocampal slices

Acute hippocampal slices were prepared 3 weeks after AAV
viral vector injection using young (2 months old) C57BL/6
and adult (6 months old) APPswe/PS1AE9 (Tg) mice and
their wild-type (WT) littermates. Acute hippocampal slices
were prepared from 2-month-old C57BL/6 mice and
6-month-old WT and APPswe/PS1AE9 Tg mice, as descri-
bed previously [33]. Briefly, each mouse was killed by
decapitation following an overdose of isoflurane. The hip-
pocampi were rapidly removed and sectioned into 400-um
slices on a vibratome (Vibratome 3000 series; Ted Pella).
Hippocampi were dissected using oxygenated ice-cold dis-
section buffer (composed of (mM) 212.7 sucrose, 5 KClI,
1.23 NaH,PO,, 26 NaHCO;, 10 dextrose, 10 MgCl,, and 0.5
CaCl,) and recovered at room temperature in artificial CSF
(ACSF; composed of (mM) 124 NaCl, 5 KCl, 1.23 NaH,.
POy, 26 NaHCO;, 10 dextrose, 1.5 MgCl,, and 2.5 CaCl,).

Field-potential recordings from Schaffer collateral
inputs to CA1l

All recordings from acute hippocampal slices were per-
formed in a submersion-recording chamber perfused with

ACSF (29-30 °C, 2 mL/min) bubbled with 95 % O,/5 %
CO,. Synaptic stimuli were delivered through a bipolar
glass-stimulating electrode that was placed at a location
where they activated Schaffer collaterals with a 0.2-ms
duration pulse (baseline stimulation at 0.0333 Hz) and
were recorded from the dendritic field of CAl. Synaptic
responses were digitized and stored on-line using the Igor
Pro software (WaveMetrics). Input—output curves were
generated by measuring the fiber volley (FV) amplitude
and field excitatory postsynaptic potential (fEPSP) slopes
using varying stimulus intensities 0, 10, 20, 40, 60, 80, and
100 pA. For the measurement of paired-pulse facilitation
(PPF), inter-stimulus intervals of 25, 50, 100, 200, 400,
1000, and 2000 ms were used. LTP was induced using a
theta-burst stimulation [TBS; four trains, each consisting of
10-100-Hz bursts (four pulses) given at 5 Hz, repeated at
10-s intervals (4 x TBS)]. fEPSP slopes or FV amplitudes
as specified in the graphs were measured, and data are
expressed as the mean == SEM.

Primary neuronal cultures

Hippocampal and cortical cultures obtained from Wistar
rat embryos (E18-19) were cultured on poly-L-lysine
(Sigma-Aldrich) pre-coated coverslips in Neurobasal
medium (GIBCO) containing B-27 supplement (GIBCO),
L-glutamine (Sigma), and a penicillin—streptomycin
antibiotic mixture (GIBCO) at 37 °C in a 5 % CO,
humidified atmosphere for a maximum of 19 days
in vitro (DIV19), as previously described [12]. Isolated
primary neurons were plated at low density (52 cell/
mm?) for immunofluorescence and high density
(1500 cell/mmz) for Rac and RhoA activation assays,
Western blotting, and BDNF assay.

shRNA-miR AAYV viral vector, shRNA lentiviral
particles, and transduction in vitro

shRNA-miR AAV viral vectors, shRNA lentiviral parti-
cles, and transduction-Scr (scrambled), or CDK5 shRNA-
miR (short hairpin RNA in a microRNA backbone) were
designed and validated in our previous studies [12, 34].
AAV particles were obtained from the Davidson Labora-
tory (University of Iowa Viral Vector Core). Briefly, Scr or
CDKS shRNA-miR expression (mouse U6 promoter) was
cloned into pAAV.CMV.hrGFP, which contains AAV
serotype 2/5-inverted terminal repeats and a CMV-hu-
manized Renilla GFP (hrGFP) simian virus 40 poly
(A) reporter cassette [35, 36]. The primary cultures at
DIV7 were transduced with 2 pLL of AAV 2/5 (10 genomes
per mL) at a 10'? titer for 3 h at 37 °C. The transductions
were kept for 12 days before administering glutamate and
inhibitor treatments.

@ Springer



156

R. A. Posada-Duque et al.

Treatments and inhibitors in primary cultures

The cultures were treated with 0.01, 0.05, 0.1, 1, 2.5, 5,
10, 25, 50, and 100 uM of NSC23766 (Rac inhibitor,
Calbiochem) mixed in medium and prepared in milli-Q
water to choose the lowest concentration that inhi-
bits Rac. After 24 h, LDH released from culture media
was used to evaluate potential cytotoxicity induced by
Rac inhibition. NSC23766 (1 and 5 pM) treatment was
performed for 30 min at DIVI9 to test Rac-dependent
neuroplasticity. Subsequently, the proteins were collected
for Rho GTPase activation assay, or the cells were fixed
for immunofluorescence analyses. DIV19 neurons were
treated with 125-uM glutamate (Sigma) prepared in
glutamate buffer, as described previously [37]. After this
treatment, the proteins were collected at 5, 10, 15, 20,
25, and 30 min for analysis with Western blot assay.
Twenty-four hours after glutamate treatment, the total
lysates and media were collected for the Western blot
BDNF assay.

Immunofluorescence

The cultures were fixed in 4 % paraformaldehyde pre-
pared in cytoskeleton buffer for 20 min.
Autofluorescence was blocked using 50-mM NH4CI. The
cells were permeabilized and blocked with PBS + 0.1 %
Triton X-100 and 1 % fetal bovine serum for 1 h. The
cultures were incubated overnight at 4 °C with the fol-
lowing primary antibodies: mouse PSD95 (1:250,
Calbiochem) and Alexa 594 secondary fluorescent anti-
body were used (1:1000, Molecular Probes). The nuclei
were stained with Hoechst 33258 (1:5000, Molecular
probes) and phalloidin conjugated with Alexa 594
(1:1000, Molecular probes) was used for 1 h. The neu-
rons were coverslipped using Gel Mount (Fluorsave,
Calbiochem). PSDO95 cluster quantification was per-
formed according to [12] that relies on determining the
eGFP and PSD95 thresholds. Once the eGFP-sized areas
were quantified, the PSD95 cluster density was obtained
after calculating the number of clusters/100 um® of
eGFP. The average cluster size was obtained by sum-
ming the total area of each cluster and dividing by the
number of fused clusters. In addition, mouse brains were
cut in 50-um coronal sections using a vibratome (Leica
1000), and the sections were treated with 50-mM NH4CI
for 10 min at room temperature. The slices were pre-
incubated for 1 h in 1 % BSA with 0.3 % Triton X-100
in 0.1 M PB. The coverslips and slices were observed
using a DSU spinning disc confocal microscope and
analyzed as individual images for eGFP expression. No
staining was observed when the primary antibodies were
omitted. XY images were collected using a 10x (NA,

@ Springer

0.4), 40x (NA, 1.3), or 60x (NA, 1.42) objective.
Z-stack (6-10 optical sections) images were collected at
0.4-um intervals encompassing the partial dendritic arbor
with a 60x oil-immersion objective (NA, 1.42). The
image stacks were deconvolved using a 3D-deconvolu-
tion algorithm following maximum intensity projection
using the Cell™ imaging software (Olympus).

Dendritic spine 3D reconstructions and quantitative
image analysis

Images for dendritic spine 3D reconstructions were
acquired with a Zeiss LSM 510 confocal microscope using
a Plan-Apo-chromat 63x, NA 1.4, oil-immersion objec-
tive. Z-stacks consisting of approximately ten optical
sections of voxel size Ax/Ay/Az = 50/50/200 nm were
taken. Images were deconvolved with the Huygens Pro-
fessional 3.7 software (Scientific Volume Imaging,
Hilversum, The Netherlands) and processed with image
analysis routines based on Interactive Data Language IDL
(ITT, Boulder, CO, USA). For the segmentation of spines,
we used the following image processing steps: (1) Gaussian
kernel, (2) histogram equalization, and (3) threshold.
Dendritic spine types were classified according to Tortosa
et al. [38]. Spine volumes were quantified in dendritic
sections >100-pum length in ten cells per culture from at
least five different cultures for each experimental
condition.

Calcium imaging

Cytosolic calcium was registered in primary neuronal
cultures using the calcium probe Rhod-3 (Molecular
probes). Neurons were treated with the loading buffer in
Ix PBS containing 2.5-mM probenecid acid, Pow-
erLoad™ 1x and 10-uM Rhod-3 AM (acetoxymethyl)
ester for 30 min at room temperature. Then, the cultures
were treated during the same period at room temperature
with incubation buffer containing 2.5-mM probenecid acid
to allow complete cleavage of AM esters. Following
incubation with the calcium indicator, the cultures were
treated with 125-uM glutamate and cell imaging was per-
formed using the 60x (NA, 1.42) water-immersion
objective of the DSU spinning disk confocal microscope
(Olympus). The estimated change in fluorescence intensity
over time was determined as a pseudo-ratio (AF/F) using
the ImagelJ software (NIH). This ratio was calculated using
the following equation: AF/Fy = (F — Fypasetine) (Fpaseline)s
where F is the indicator fluorescence intensity and Fageine
or Fy is the fluorescence intensity before stimulation with
glutamate. For each image analysis, the ROI of somas and
dendrites was determined separately using a manually set
ROI in Image J.
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Western blotting

After treatment, the cultures were homogenized in lysis
buffer and protease inhibitor cocktail mixture (Cytoskele-
ton). Electrophoresis was performed with 30 pg of protein,
and the proteins were transferred to nitrocellulose mem-
branes (Amersham), as described previously [34]. The
membranes were incubated overnight at 4 °C with the
following primary antibodies: rabbit p35 1:500 (C-19,
Santa Cruz), mouse CDKS5 1:500 (Millipore), mouse TrkB
1:1000 (Millipore), rabbit CREB 1:500 (Cell Signaling
Technology), mouse phospho-CREB (ser133) 1:500 (Cell
Signaling Technology), mouse ERK1/2 1:1000 (Thermo-
scientific), mouse phospho-ERK1/2 (Thr202, Tyr204)
1:1000 (Thermo-Scientific), and rabbit phosphor-CAMKII
(Thr286) 1:500 (Cell Signaling Technology). BIII-tubulin
1:5000 (Promega) was used as a loading control. IRDye
800CW goat anti-mouse or IRDye 680 goat anti-rabbit
1:15,000 (LI-COR) were used as secondary probes. The
blots were developed using the Odyssey infrared imaging
system. The fluorescent blot images were analyzed using
the Odyssey infrared imaging system application software
version 3.0 (LI-COR). The quantification of each blot was
determined in relative units with respect to the loading
control values. The samples from all of the experimental
groups were processed in parallel to minimize inter-assay
variation.

Rac and RhoA activation assay

The Rho GTPases activity was measured using G-Lisa
activation assay Biochem kit (Cytoskeleton). Briefly, the
active Rac, Cdc42, or RhoA linked to the PAK-binding
domain or ROCK-binding domain was maintained to the
well bottom, whereas inactive Rac- or RhoA-GDP was
removed during washing. The bound Rac or RhoA was
detected with an antibody specific for Rac or RhoA
(1:200). The immune-complex was reveled with horse-
radish peroxidase secondary antibody (HRP, 1:100). The
colorimetric signal was measured at 490 nm using a
spectrophotometer (ELISA BioRad reader, Roche). Four
independent experiments were conducted.

BDNF assay

BDNF release from co-cultures was measured using a
mouse anti-BDNF ELISA kit (Promega), as was described
previously [12]. The supernatant solution from each treat-
ment was used as a sample. The colorimetric signal was
measured at 490 nm using spectrophotometer (ELISA
BioRad reader, Roche). Three independent experiments
were conducted.

LDH release

Cytotoxicity induced by Rac inhibition was assessed by
measuring the lactate dehydrogenase (LDH) release to the
culture media using an LDH kit (Roche Molecular Bio-
chemicals, Indianapolis, IN, USA) as described previously
[37].

Statistical analyses

The values were expressed as the mean + SEM. The
results were considered significant at p < 0.05. All sample
groups were processed in parallel to reduce inter-assay
variation. The number of mice used was 3-5 for electro-
physiological recordings and in vitro assays. The
parametric data were compared using a multivariable
2-way ANOVA followed by Bonferroni’s (2 groups) or
Tukey’s post-hoc test for comparisons between groups.
The non-parametric data were analyzed using the Kruskal—
Wallis test and Dunn’s Multiple Comparison Test. Com-
parisons between two groups were performed using
Student’s ¢ test for parametric data or the Mann—Whitney
test for non-parametric data. All sample groups were pro-
cessed in parallel to reduce inter-assay variation. The data
are expressed as the mean £ SEM. SPSS 17.0 and PRISM
software were used. The results were considered significant
at p < 0.05, p < 0.01, p < 0.001, or p < 0.0001.

Results

CDKS5 shRNA-miR increases LTP in WT mice
and recovers LTP in APPswe/PS1A9 mice

First of all, we validated the CDKS silencing, where CDKS5
shRNA-miR-transduced WT mice showed a decrease in
CDKS levels (Fig. 1a, b). To examine the synaptic basis of
the CDKS reduction, we evaluated the strength and plas-
ticity of CA3—-CA1 synapses in hippocampal slices in mice
injected with saline, Scr, or CDK5 shRNA-miR for
3 weeks. The ratio between the slope of the field excitatory
postsynaptic potentials (fEPSP) and the fiber volley (FV), a
measure of synaptic strength, was similar among the
groups (Fig. lc; repeated-measures ANOVA, p > 0.05).
We also evaluated paired-pulse facilitation (PPF), a form of
short-term plasticity commonly used to detect changes in
presynaptic function. We did not observe changes among
the treatment groups for PPF (Fig. 1d; repeated-measures
ANOVA, p > 0.05). These results indicate that silencing
CDKS does not affect basal synaptic transmission. Next,
we evaluated whether LTP, a form of synaptic plasticity,
was affected. To that end, we used theta-burst stimulation
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(4x TBS), a protocol highly effective in inducing LTP
[39]. Mice that were injected with CDK5 shRNA-miR
showed a significantly increased amplitude of LTP at
60-min post-TBS (average of 10 last minutes) compared
with non-injected mice and Scr mice (Fig. le; *p < 0.05,
repeated-measures ANOVA, with Tukey’s test), which
indicates that CDKS silencing promoted LTP as a form of
synaptic plasticity in young adult and healthy mice.
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Recently, it was demonstrated that six-month-old
APPswe/PS1A9 mice showed alterations in synaptic
transmission and LTP [31]. Hence, to evaluate the possible
effect of silencing CDKS5 in this Alzheimer’s disease
model, littermate mice (control) and 5-month-old APPswe/
PS1A9 mice were injected with Scr and CDKS5 shRNA-
miR. Synaptic activity was registered 3 weeks after injec-
tion. APPswe/PS1A9 mice injected with Scr shRNA-miR
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«Fig. 1 Slices of young adult mice treated with CDKS5 show an
increase in LTP without changes in input strength or presynaptic
function. a Expression of the viral vector (Scr or CDKS ShRNA-miR)
in the regions of dentate gyrus and CA1 of the hippocampus. eGFP
represents the transduced areas with Scr or CDKS5 shRNA-miR in the
hippocampus. Magnification x20. Scale bar 100 pm. b WT mice
transduced with Scr or CDKS5 shRNA-miR, the CDKS5 protein levels
were measured by western blot and were normalized each to tubulin
by fluorescence intensity analysis on the bar graph as arbitrary units
(RU), n = 4. *p < 0.05; ANOVA Tukey’s test. ¢ Example eEPSP
traces recorded with increasing stimulation intensity; eEPSP slope,
FV, and eEPSP slope/FV amplitude ratio plotted against stimulation
intensity; and eEPSP slope Vs FV amplitude. Note there is no
difference in the maximum eEPSP slope and FV amplitude between
treatments  (repeated-measures ANOVA [F(5, 10) = 4.321,
p = 0.235]). No significant difference in input—output functions
when eEPSP slope changes were normalized to FV amplitudes.
d Representative eEPSP traces taken at a 50-ms inter-stimulus
interval (ISI). No change in PPF ratio across different ISIs (repeated-
measures ANOVA [F(6, 12) = 100.8, p = 0.377]). e An increase in
the magnitude of LTP following a 4x TBS protocol in 2-month-old
CDKS5 shRNA-miR mice (no injection, 133.82 4 6.03 % of baseline
at 1 h after 4x TBS, Scr shRNA-miR, 129.95 4+ 5.21 %, CDKS5
shRNA-miR, 153.59 £ 9.40 %. Repeated-measures ANOVA [F(81,
162) = 37.91, ****p < 0.0001], followed by the Tukey’s post-hoc
test (*p < 0.05) in the last 10 min. Insets show representative eEPSP
traces (black, gray and blue lines represent baselines of each
treatment; red line (indicated by 2), 1-h post-induction stimulation).
The values in parentheses indicate: the number of hippocampal slices
and the number of animals used

showed an altered basal excitatory synaptic transmission
compared to controls. APPswe/PS1A9 mice with Scr
showed a decreased ratio of fEPSP slopes and FV ampli-
tude compared with controls. Interestingly, CDK5 shRNA-
miR rescued the basal excitatory synaptic transmission in
the APPswe/PS1A9 mice, resulting in values similar to
those in controls (Fig. 2a; *p < 0.05, repeated-measures
ANOVA, Tukey’s test). Such changes in transmission
could be due to changes in the probability of neurotrans-
mitter release. To confirm this, we used a PPF protocol to
evaluate short-term plasticity and presynaptic functioning.
We found that APPswe/PS1A9 Scr mice showed a decrease
in the facilitation of the inter-stimulus intervals of 25, 50,
and 100 ms. In addition, APPswe/PS1A9 mice treated with
CDKS5 shRNA-miR showed a recovery of facilitation of
altered inter-stimulus intervals similar to those observed in
control values (Fig. 2b; *p < 0.05 or **p < 0.01, repeated-
measures ANOVA, Tukey’s test). Finally, we evaluated
whether CDKS5 shRNA-miR could modify LTP in these
affected mice. APPswe/PS1IA9 mice treated with Scr
showed a decrease in LTP compared with controls. Inter-
estingly, the APPswe/PS1A9 mice that were injected with
CDKS5 shRNA-miR recovered the LTP amplitude at
60-min post-TBS compared with the APPswe/PS1A9 mice
with Scr (Fig. 2¢; *p < 0.05, repeated-measures ANOVA,
Tukey’s test). This suggests that treatment with CDKS5

shRNA-miR prevents synaptic dysfunction and alterations
in plasticity in APPswe/PS1A9 mice.

CDKS shRNA-miR enhances spine morphogenesis

Dendritic spine morphogenesis and LTP have been con-
sidered as essential processes of synaptic plasticity. To
determine whether silencing of CDKS5 affected structural
plasticity, we evaluated the effect of CDKS5 shRNA-miR on
dendritic spine formation in mature neuronal cultures.
Neurons at DIV7 were transduced with AAV viral vector
carrying either Scr or CDKS5 shRNA-miR for 12 days.
CDKS5 shRNA-miR-transduced neurons showed a decrease
in CDKS levels (Fig. 3A) and an increase in the number of
dendritic protrusions to 66 £ 3 per 100-um segments
compared with 52 £ 5 in neurons transduced with the Scr
control (Fig. 3B, C; p < 0.05, t test). After CDKS silenc-
ing, the average protrusion length was substantially higher
than the control Scr shRNA-miR-transduced neurons, in
which the average length was approximately 1.5 &+ 0.15
and 2.8 £ 0.23 um to CDK5 shRNA-miR (Fig. 3B, D;
p < 0.001, r test). Moreover, after CDKS silencing, the
protrusion lengths were highly variable and the spines had
an average length that was greater than 2.0 um. Neurons
with CDK5 shRNA-miR showed lengths ranging from 0.5
to 14 um, and 50 % of the spines had an average length
greater than 2.0 um. The remaining 50 % of the spines
retained an average length of less than 2 pm (Fig. 3F).
Interestingly, silencing of CDKS with shRNA-miR
increased the area of PSD95-immunoreactivity in neurons
(Fig. 3E, *p < 0.05, ¢ test). In addition, some of the den-
dritic protrusions showed PSD95 puncta (Fig. 3Bc—Bf;).
Complementarily, three-dimensional reconstructions were
performed to classify the different dendritic protrusions.
Protrusions from control neurons predominantly exhibited
the morphological characteristics of mature mushroom-
shaped, stubby, and thin spines, which were represented by
protrusions between 0.01 and 0.4 pm’® (Fig. 4a, b;
*#*¥%p < 0.001, ¢ test). In contrast, CDKS5 shRNAmiR-trea-
ted neurons displayed an increase for filopodia, or long-thin
protrusions without a distinguishable head (Fig. 4a—c),
which included protrusions between 0.5 and 1 pum?
(Fig. 4b, c; ***p < 0.001, 7 test). Interestingly, mushroom-
shaped, stubby, and thin spines remained unchanged in
CDKS shRNAmiR-treated neurons (Fig. 4c). Taken toge-
ther, these findings suggest that CDKS shRNA-miR
increased the total number of protrusions, which was rep-
resented by increased filopodia content, suggest an increase
of synaptic contacts [40]. Therefore, the silencing of CDKS5
could to induce dynamic filopodia contacts in mature
neurons.
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Fig. 2 CDKS5 shRNA-miR recovers PPF and LTP in adult APPswe/
PS1A9 mice. a Example eEPSP traces recorded with increasing
stimulation intensity, eEPSP slope, FV, and eEPSP slope/FV
amplitude ratio plotted against stimulation intensity, and eEPSP
slope vs FV amplitude. Note the recovery of the eEPSP slope/FV
amplitude ratio in Tg-CDKS5 shRNA-miR compared with Tg-Scr
shRNA-miR. Repeated-measures ANOVA [F(5, 15) = 4.552,
**p < 0.01], followed by the Tukey’s post-hoc test (*p < 0.05).
b Representative eEPSP traces taken at 50 ms ISI. Reduced PPF ratio
at shorter (25, 50, 100 ms) ISIs in Tg-Scr shRNA-miR, which is
recovered in Tg-CDKS5 shRNA-miR treatment to control values.
Repeated-measures ANOVA [F(6, 18) = 125.4, ****p < 0.0001],
followed by the Tukey’s post-hoc test (*p < 0.05 or **p < 0.01). ¢ A

Rac inhibition affects CDK5 shRNA-miR-induced
spine morphogenesis

The Rho GTPases family regulates the actin cytoskeleton
and plays a major role in dendritic spine morphogenesis,
synapse formation, and nervous system plasticity [22, 41].
To evaluate whether Racl signaling contributed to CDKS5
shRNA-miR-induced spine morphogenesis, we first
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decrease in the magnitude of LTP following a 4x TBS protocol in
6-month-old Tg-Scr shRNA-miR mice and a recovery of magnitude
of LTP in Tg-CDK5 shRNA-miR mice (WT-Scr shRNA-miR,
158.68 & 8.79 % of baseline at 1 h after 4x TBS; Tg-Scr shRNA-
miR, 135.15 £+ 7.69 %; WT-CDKS5 shRNA-miR, 155.82 + 5.78 %
Tg-CDKS5 shRNA-miR, 155.46 + 7.20 %. Repeated-measures
ANOVA [F(81, 243) = 86.65, ****p < 0.0001], followed by the
Tukey’s post-hoc test (*p < 0.05) in the last ten min. Insets show
representative eEPSP traces (gray, black, blue, and red lines represent
baselines of each treatment; red line (indicated by 2), 1-h post-
induction stimulation). The values in parentheses indicate: the
number of hippocampal slices and the number of animals used

determined the concentration range, at which the small
molecule inhibitor NSC23766 inhibits Racl without an
overt cytotoxic effect in neurons. We found that neurons
treated with concentrations below 10 uM showed less than
10 % cytotoxicity (Fig. 5a), even after a 24-h exposure.
Therefore, neurons were treated for 30 min with 1- and
5-uM NSC23766, which decreased the 30-50 % of Rac
activity (Fig. 5b). Interestingly, neurons treated with 5-uM
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Fig. 3 CDKS silencing effect on spine morphogenesis. A Primary
hippocampal neurons were transduced with SCR or CDKS5 shRNA-
miR and CDKS protein levels were detected by western blotting. BIII-
tubulin was used as the loading control. Relative units = RU, n = 4
(**¥p < 0.001). B Hippocampal neurons transduced with AAV
vector viral eGFP-tagged Scr ShRNA-miR and CDK5 shRNA-miR
at DIV7, with eGFP fluorescence visualized at day 19. Scr shRNA-
miR is shown in a, with magnification shown in b; the magnification
of neurons immunostained with PSD95 is shown in c. There was a
morphological difference in the neurons transduced with CDKS5
shRNA-miR, which show a greater extent of dendritic protrusions
compared with Scr shRNA-miR (d—f). Scale bars 20 pm. Insets are
showing the proximal dendritic shaft for each treatment. Scale bars
2 um. The arrow and arrowhead show PSD95 clusters on elongated

NSC23766 showed decrease of RhoA activity, possibly to
a negative feedback between Rac-GTP and RhoA-GTP
(Fig. 5b). Notably, CDKS silencing led to an increase of
active Racl, and RhoA activity remained unchanged
(Fig. 5b; *p < 0.05, ANOVA, Tukey’s test). However,
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protrusions and mature spines, respectively. The pictures are repre-
sentative of at least 90 % of the transduced neurons from n = 5.
¢ The number of dendritic protrusions per 100 um dendritic length
quantified from 15 randomly selected DIV19-transduced neurons.
CDKS5 shRNA-miR-transduced neurons displayed an increase in the
number of protrusions compared with Scr shRNA-miR (*p < 0.05).
D Mean protrusion length is shown as the average of the length from
the total dendritic spines quantified in each treatment (*p < 0.001).
e Quantification of PSD95 clusters (red, Bf) on dendritic protrusions
(*p < 0.05). f Protrusion length distribution for each condition. The
number of protrusions per 100-um dendritic length was quantified
from 15 randomly selected 19 DIV transduced neurons. Each
experiment was performed in duplicate (n = 3)

Racl activation by CDKS shRNA-miR was down-regu-
lated by NSC23766 at 1 and 5 uM (Fig. 5b; *p < 0.05 and
*tp < 0.01, ANOVA, Tukey’s test). In addition, Rac
inhibition (1 or 5 uM NSC23766) decreased dendritic
protrusions in both experimental groups without nuclear
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A

SCR shRNA-miR

CDK5 shRNA-miR

Fig. 4 CDKS silencing increases filopodia protrusion. a 3D rendering
of dendrites is shown for Scr and CDK5 shRNA-miR neurons. Scale
bar 2 um. The dendrites from Scr neurons have different types of
spines, including mushroom (arrows), stubby (dotted arrow), and thin
(dashed arrow), constituting the population of mature spines. In
contrast, although CDK5 shRNA-miR neurons have different types of
mature spines, they generate long protrusions without a distinguish-
able head corresponding to filopodia protrusions (arrowhead).

fragmentation or condensation (Fig. 5c¢). Thus, our data
suggest that CDK5 shRNA-miR-induced spine morpho-
genesis relies on the Rac GTPases-dependent regulation of
actin cytoskeleton dynamics.

pCREB/BDNF signaling enhanced by CDKS5
shRNA-miR

The activation of CREB transcription is a crucial process
during the induction of synaptic plasticity and is sensitive
to the activation of calcium-dependent MAPK and CaMKII
pathways [42, 43]. Thus, we evaluated whether CDKS5
shRNA-miR played a role in the plasticity signaling
BDNF/CaMKII/ERK/CREB. We performed transduction
of CDKS5 shRNA-miR on DIV 7 for 12 days. All bio-
chemical analyses were performed on DIV 19 at 24 h after
glutamate treatment. Neurons transduced with CDKS
shRNA-miR increased BDNF following buffer or gluta-
mate treatment (Fig. 6a; #p < 0.05, Kruskal-Wallis test
with Dunn’s post-hoc test). Neurons transduced with
CDKS5 shRNA-miR showed a reduction of approximately
50 % of the total levels of CDKS and increased p35
(Fig. 6b, c¢; *p < 0.05 Kruskal-Wallis test with Dunn’s
post hoc test), as previously we reported in CDKS silenc-
ing-induced neuroprotection [12]. In addition, CDKS5
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b Protrusion volume distribution for each condition shows protrusion
size categories. CDKS5 shRNA-miR increased protrusions with a
larger size than that in controls, corresponding to filopodia or
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Fig. 5 Rac inhibition affected CDK5 shRNA-miR-induced spinep
morphogenesis in mature neurons. a Primary hippocampal neurons
were treated with 0.01-, 0.05-, 0.1-, 1-, 2.5-, 5-, 10-, 25-, 50-, and
100-uM NSC23766 for 24 h. After treatment, the LDH released from
medium was measured to determine cytotoxicity. b Then, neurons
were transduced with Scr or CDK5 shRNA-miR and DIV19 treated
with 1- or 5-uM NSC23766 for 30 min to analyze spine morpho-
genesis. Rac and RhoA activities were quantified for the 30-min
NSC23766 treatment as the amount of Rac-GTP and RhoA-GTP
corresponding to the optical density observed using ELISA
(4 =490 nm). The data are presented as the mean + SEM from
n = 4 per duplicate. ¢ Morphological characters show: AAV vector
viral eGFP-tagged Scr and CDKS5 shRNA-miR (green), nuclei
visualized with Hoechst staining (blue), and F-actin cytoskeleton
visualized with Alexa 594 Phalloidin dye (red). Magnification x60.
Scale bar 20 pm, n = 4. Insets are showing the proximal dendritic
shaft for each treatment. Scale bars 2 pm. *p < 0.05; **p < 0.01;
ANOVA with Tukey’s test for b

shRNA-miR enhanced the phosphorylation of ERK
(Thr202/Tyr204), CaMKII (Thr286), and CREB (Ser133)
in basal conditions (without glutamate) (Fig. 5b, c;
*p < 0.05, **p < 0.01 and ***p < 0.001, Kruskal-Wallis
test with Dunn’s post-hoc test). In addition, we evaluated
the levels of TrKB (full-length = FL and truncated = T),
because this neurotrophin receptor is involved in pCREB
activation, plasticity, and the survival processes [44, 45].
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«Fig. 6 BDNF/pCREB signaling enhanced by CDK5 shRNA-miR.
Primary hippocampal neurons were transduced with Scr (black bars)

or CDKS5 shRNA-miR at DIV7 (gray bars). DIV18 neurons were

treated with 125-uM glutamate for 20 min, and evaluated 24-h post-

glutamate. a BDNF protein levels for each treatment were measured
through BDNF Emax immunoassay system. The data are presented as

the mean = SEM from n = 5, performed in duplicate. The values
were normalized to the control. b Representative blots and ¢ quan-

tification of TrkB (FL and T), pERK1/2 (ratio to ERK), pCAMKII
and pCREB (ratio to CREB), and p35 and CDKS protein levels were
measured by western blot, and were normalized each BIII-tubulin by

fluorescence intensity analysis on the bar graph as arbitrary units
RU), n = 4; *p < 0.05, **p < 0.01, ***p < 0.001; Kruskal-Wallis’
test with Dunn’s for a and ¢

Compared with Scr shRNA-miR, the CDKS silencing
increased TrkB-FL, specifically in the basal condition
(Fig. 6b, c; *p < 0.05, Kruskal-Wallis test with Dunn’s
post hoc test). In another hand, CDKS5 shRNA-miR neurons

treated with glutamate showed a recovery of p35 and an

increase of pERK and pCaMKII (Fig. 6b, c; *p < 0.05,

**p < 0.01 and ***p < 0.001, Kruskal-Wallis test with

Dunn’s post-hoc test). Interestingly, CDK5 shRNA-miR-

treated neurons showed an increase of TrkB-T concomitant

to an increase in BDNF (Fig. 6; *p < 0.05, Kruskal-Wallis

test with Dunn’s post-hoc test). These findings show that

silencing of CDKS5 enhances pCREB/BDNF signaling
involved in plasticity and pERK/pCaMKII/BDNF also
implied in neuroprotection.

CDKS shRNA-miR promotes early activation
of pCREB/BDNF pathway

We evaluated whether silencing of CDKS induced an early

activation of ERK, CaMKII, and CREB at 30 min after

glutamate exposure. Neurons with CDKS shRNA-miR,

which were treated with glutamate, revealed a greater

increase in the phosphorylation of ERK, CaMKII, and
CREB between 5 and 30 min compared with the Scr glu-
tamate-treated neurons (Fig. 7; *p < 0.05, **p < 0.01,
two-way ANOVA, Bonferroni’s test). Compared with
CDKS5 shRNA-miR, the Scr neurons did not show changes
in TrkB-T levels; however, CDK5 shRNA-miR prevented
a decrease in TrkB-FL compared with the Scr, specifically
at 30 min after glutamate treatment (Fig. 7; *p < 0.05,
**p < 0.01, ***p < 0.001, two-way ANOVA, Bonfer-
roni’s test). This early effect induced by CDKS shRNA-
miR supports the increased levels of BDNF compared with
neurons with Scr shRNA-miR at 24 h after glutamate
treatment (Fig. 6a; *p < 0.05, Kruskal-Wallis’ test with
Dunn’s post-hoc test). These results suggest that CDK5
downregulation promotes an early activation of ERK/

CaMKII/CREB pathway maybe involving a late BDNF

production-induced neuroprotection.

CDKS5 shRNA-miR facilitated calcium distribution
in neurites

Synaptic changes during LTP require calcium for synaptic
potentiation [46—48]. Thus, we determined the changes in
intracellular calcium levels in the soma and neurites of
hippocampal neurons treated with CDKS shRNA-miR
using Rhod3 DIV19 after glutamate exposure. Neurons
transduced with Scr shRNA-miR revealed an increase in
calcium concentration in the soma and neurites after glu-
tamate treatment. In particular, the largest increase in
calcium occurred in the soma at 20 min after glutamate
(Fig. 8a, b). Similarly, neurons that were transduced with
CDKS5 shRNA-miR and treated with glutamate showed
increased calcium concentration in the soma and neurites
(Fig. 8a). In addition, we determined the average AF/F at
5 min, because this is the time, at which the calcium levels
had a peak. Neurons with Scr shRNA-miR showed
increased calcium levels in the soma and neurites, whereas
neurons with CDKS shRNA-miR prevented the increased
calcium levels in the neurites during the initial period
(5 min) (Fig. 8b, c¢; *p < 0.05, ANOVA, Tukey’s test).
However, CDKS5 shRNA-miR maintained a gradual
increase of calcium concentration in the neurites for
20 min compared with Scr neurons treated with glutamate
(Fig. 8a, b, d). These findings suggest that CDK5 shRNA-
miR protects in the acute phase of glutamate exposure and
facilitates the calcium dynamics in neurites maybe asso-
ciated with neuroprotection and plasticity in a late phase.

Discussion

These findings suggest that silencing CDKS is a promising
strategy to promote the neuroplasticity processes, which
includes dendritic protrusion morphogenesis, enhancement
of calcium signaling in neurites, paired-pulse facilitation,
and LTP. Moreover, CREB activation and subsequent
BDNF release underlying to silencing of CDKS. Several
studies based on CDKS suppression have shown increased
synaptic plasticity, mainly in the models of the adult
synapse [23, 24, 49]. Here, we demonstrate that silencing
CDKS increases LTP in young mice and recovers PPF and
LTP in a mice model of AD.

We previously showed that CDKS shRNA-miR exhib-
ited a silencing of 50 %, supported by specific reduction of
CDKS5 protein and mRNA levels. In addition, CDKS$5
silencing also decreases the formation of CDKS5/p35 and
CDK5/p25 complexes and prevents the cleavage of p35 to
p25, thus reducing the CDKS5 activity [12, 34]. In this
study, under basal conditions, CDKS5 silencing increased
the density of dendritic protrusions by modulating Rho
GTPases, promoting the activity of Rac, but not affecting
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Fig. 7 Kinetics of pCREB/BDNF signaling induced by CDKS5
shRNA-miR. Primary hippocampal neurons were transduced with
Scr or CDKS5 shRNA-miR at DIV7 and DIV18 neurons were treated
with 125-uM glutamate for 2, 5, 10, 15, 25, and 30 min. A Repre-
sentative blots and B quantification of temporal course of a TrkB (FL
and T), b pERK1/2, ¢ pCAMKII and d pCREB protein levels were
measured by western blot and were normalized each to BIII-tubulin

RhoA activity, which is related to the F-actin polymer-

ization and stabilization that is necessary for the formation
of dendritic spines and synaptic transmission. Recently, we
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by fluorescence intensity analysis on the bar graph as arbitrary units
(RU), n=4. Two-way ANOVA [F(1, 48)=33.96,
#EEEP < 0.0001] for Ba, [F(1, 48) = 37.37, ***¥p < (0.0001] for
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confirmed that silencing of CDKS in neurons from DIV 5
to DIV 7 (immature stage) resulted in a decrease in neurite
arborization [12]. Thus, we evaluated the effect of
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silencing CDKS on spine morphogenesis in DIV 19 mature
cultures. These findings are controversial, because it was
demonstrated that spine formation is altered, because of
suppressed CDKS5 phosphorylation of TrkB or CDKS5
silencing mediated by artificial sShRNAs [2, 26]. However,
other models have demonstrated that the absence of CDKS5-
induced phosphorylation of 8-catenin, a homolog of p120-
catenin, increases the density of dendritic protrusions [50].
We previously showed that Cdk5 silencing, knockout, or
pharmacology inhibition increase p120-catenin in neurites
when exposed to neurodegenerative insults [51], which is
consistent with a previous report, where p120-catenin also
induces Rac activation and RhoA inhibition, increasing
actin polymerization rate, and the number of dendritic
spines [52].

The fine regulation of Rho GTPases could result from
CDKS activity; hence, we suggest that CDKS5 silencing
could give way to a dynamic regulation of Rho GTPases
activity, which could be supported by our previous find-
ings, in which CDKS5 knockdown resulted in improved
learning and memory in transgenic AD mice that were
associated with Racl activation [12]. The relationship
between CDK5 and Racl in learning and memory was
demonstrated during a process of contextual extinction in
the hippocampus. Regulation of Racl activity by CDKS5
mediated through the p35 relocation from the membrane to
the cytosol and dissociation of CDKS are involved in the
suppression of extinction [13, 53]. This study shows that
Racl inhibition suppresses F-actin polymerization in den-
dritic processes, and reverts the activity of Rac and RhoA.
The regulation of Rho GTPases is determined by “cross-
talk” pathways, where active Racl promotes RhoA activ-
ity. Racl inhibition eventually could generate a decrease in
RhoA activity [17]. According to these reports and our
results, we suggest that pharmacological inhibition of Racl
blocks the actin polymerization during dendritic protrusion
morphogenesis induced by CDKS5 reduction.

Accordingly, one of the effects associated with CDKS5
silencing was an increase in dendritic spine length, thus
resembling filopodia morphology. High-resolution studies
have shown a functional relationship among the various
spine morphologies: “thin”, “stubby”, and “mushroom”.
Therefore, through the observation of live cells, it is known
that a mature “mushroom” spine passes or changes over
time to an undifferentiated filopodia-type state. With these
findings, it was suggested that an undifferentiated spine or
filopodia is in a state of transition, where it can search for
new presynaptic targets to return to the “mushroom” type
to promote mechanisms of synaptic plasticity and new
contacts, which could have positive effects on memory and
learning [54, 55]. This view is consistent with our obser-
vations that dendritic protrusions presented PSD95 puncta
and intermediate-filopodia characteristics. In fact,

Trommald and Hulleberg recognized that some spines had
intermediate forms and were difficult to classify according
to common criteria [56]. Also, Arellano and colleagues
suggested that dendritic protrusions exhibited a continuum
variability of shapes, that correlated with PSD area, sug-
gesting a large variability in the synaptic strength [40]. In
addition, CDKS silencing induced a normal mature pro-
portion of mature spines and an increased PSD95 clusters,
which supports our previous study, in which CDK5 RNAi
may enhance the PSD95 protein levels on spines associated
with learning and spatial memory function improvement in
3xTgAD mice [12]. Furthermore, the function and local-
ization of PSD95 are regulated by CDKS phosphorylation
at its N-terminal [57]. This phosphorylation inhibits the
multimerization of PSD95 and the anchoring of the PSD95
interacting potassium channels. The genetic ablation of
CDKS5 or its pharmacological inhibition promotes the for-
mation of large PSD95 complexes [57, 58]. This increase
in PSD95 favors the recruitment of other proteins, which
are involved in the dynamics of the spines, allowing an
active state during neurotransmission.

Importantly, our findings showed that young, healthy
mice treated with CDK5 shRNA-miR increased LTP as a
form of synaptic plasticity. Protocols that induce LTP and
LTD can vary widely [59]. Nevertheless, diverse experi-
mental approaches involving CDKS and synaptic plasticity
have also used pharmacological methods, such as roscov-
itine or olomoucine, to reduce CDKS5 activity. In contrast,
using a prion promoter system in CDKS, conditional
knockout animals that were temporarily regulated by the
transgene of the estrogen receptor demonstrated that the
50 % decrease of total CDKS could induce an increase in
hippocampal-dependent spatial memory in mice evaluated
with the Morris water maze test and contextual fear con-
ditioning [23]. In CDKS5 conditional knockout mice, high-
frequency LTP was associated with an increase in spatial
memory. Specifically, LTP associated with an increase in
spatial memory observed in CDKS5 conditional knockout
mice was attributed to an increase in NR2B availability in
the membrane and a reduction in the degradation of total
NMDA levels [23, 24]. Moreover, pharmacological inhi-
bition of CDKS with roscovitine resulted in an increase in
EPSCs in striated neurons, which promotes the neuronal
plasticity necessary for the relay of information between
the cortex and basal ganglia [60], and increased LTP
induction in corticostriatal synapses through the PKA
pathway and activation of both NMDA receptors and
L-type calcium channels [61].

Likewise, we have suggested that CDKS5 silencing
recovers cognitive dysfunction in an aged 3xTg-AD model
and reduced neurofibrillary tangles and [-amyloid
[12, 34, 62, 63]; however, reduction of these two neu-
ropathological markers do not fully explain the cognitive
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«Fig. 8 CDKS5 shRNA-miR increases calcium levels into neurites.
A Hippocampal neurons transduced with AAV vector viral eGFP-

tagged Scr shRNA-miR and CDKS shRNA-miR at DIV7, with eGFP
and Rho3 fluorescence visualized at DIV 18. Scale bars 20 pm. The
images represent the initial (0 min) and final frames (20 min) of

Rhod3-loaded neurons (cytoplasmic calcium) registered every 15 s

during a 20-min period. Neurons were recorded in buffer of glutamate

(vehicle) for 3 min and treated 17 min later with glutamate.

Representative pseudocolored images of Rho3-loaded neurons (a—

d) and the respective surface intensity distribution (a'~d’) are shown

immediately before (a, @', ¢, ¢’) and 17 min after (b, V', d, d') the
addition of glutamate. Magnification x60. Scale bar 20 pm. B AF/F,

fluorescence ratio was quantified in soma and neurites in neurons

transduced with Scr and CDKS5 shRNA-miR and exposed to buffer or

glutamate. The graph shows the mean of three independent exper-
iments. The red arrow indicates the addition of glutamate. Stimulus

AF/F, graph represents the mean fluorescence ratio of the first 5 min
(C) and 20 min (D) after glutamate treatment, quantified in soma and

neurites in neurons transduced with Scr and CDK5 shRNA-miR.
*p < 0.05; ANOVA with Tukey’s test

recovery in the AD pathology. Here, we showed that

silencing CDKS5 increases synaptic plasticity potentiation.

Using APPswe/PS1A9 mice as AD models, we showed that

treatment with CDK5 shRNA-miR improved the synaptic
changes. These 6-month-old animals demonstrated synap-
tic dysfunction and reduction of dendritic spines [31].
Consistent with this concept, it was suggested that the over-

activity of CDKS5 (CDK5/p25 complex) is an initial trigger
for the synaptic damage in the Alzheimer-type pathology

[49]. Disruption of presynaptic function in APPswe/PS1A9
mice results from altered calcium dynamics caused by

mutations in PS1, which increase the release of calcium

from the endoplasmic reticulum (ER) [64-67]. In AD
murine models, abnormally high calcium signaling

increases neuronal death and supports the hypothesis that

the release of intracellular calcium is affected in AD [64].

Neurotoxic calcium transfer from the ER to mitochondria
is triggered by increased CDKS activity [68, 69], and
inhibition of CDKS can increase calcium storage in the ER

[70]. A transient increase in presynaptic residual calcium
levels underlies PPF [71], and we showed that CDKS5
silencing improved PPF. Thus, we suggest that CDKS5
silencing improves changes in calcium dynamics and it is
possible that the resulting presynaptic functions are sup-
ported by its redistribution to neurites under
neuroprotection.

In addition, it is well known that the membrane depo-
larization induced by high KCI has been tested as a strategy
to induce synaptic activity [72]. In in vitro membrane,
depolarization experiments have been shown that inhibi-
tion of CDKS increases the influx of Ca2+, increases the
release of Ca’" from the ER to the cytoplasm, and
decreases the rate of removal of Ca>" [70]. PPF is known
as a form of synaptic plasticity to short term that evaluates
the Ca®" dependent-presynaptic function. PPF performing

a protocol in APPswe/PS1A9 mice has shown a decreased
presynaptic dysfunction concerning the facilitation of the
postsynaptic response [31]. Interestingly, silencing of
CDKS recovered the presynaptic dysfunction in APPswe/
PS1A9 mice. Although Ca>" levels were not determined in
the in vivo tissue slices model, neurons in culture
expressing CDK5 shRNA-miR showed an increase of Ca®"
in neurites, which we hypothesize could be linked to the
facilitation of Ca®" residual needed for presynaptic func-
tion; however, this needs to be tested in future experiments.

In in vivo and in vitro models, we have shown that
silencing of CDKS5 promotes plasticity through an increase
in BDNF levels [29, 30]. In this study, we demonstrated
that treatment with glutamate restricted an increase in
calcium levels, especially in the soma, whereas CDKS5
silencing modulated and directed it to neurites. We also
observed an increase in BDNF/pCREB within the first
minutes and 24 h after glutamate treatment. It has been
suggested that the phosphorylation of CaMKII and ERK is
required during LTP for an early activation of CREB and
memory formation [27, 42, 43, 73]. In addition, downreg-
ulation of CDKS5 following NMDA treatment facilitated
CaMKII activation, leading to an increase in LTP [74]. The
formation of the BDNF/TrkB-FL complex is required for
cell survival; however, in an excitotoxic context, TrkB-FL
is converted to TrkB-T, TrkB-T without BDNF is corre-
lated to cell death; however, TrkB-T/BDNF promotes
survival and plasticity, as was showed by CDKS3 silencing
[44]. The direct involvement of p35 and CDKS in this
signaling pathway must be clarified in future studies.
Nevertheless, we suggest that silencing half of the CDKS is
sufficient to increase p35 and an efficient modulation of
BDNF/pCREB, as neuroplasticity targets. Interestingly, we
recently reported that neuroprotection and plasticity
induced by CDKS5 knockdown depend on p35 [12] and
BDNF receptor, TRKB [77]. BDNF-dependent ERK acti-
vation not only induces pro-plasticity and survival
pathways, but also promotes p35 expression [75, 76]. In
this study, we found that CDKS5 knockdown induced a
modest early ERK phosphorylation, which was increased
after 24-h post-glutamate; at the same time, we also found
increased CREB phosphorylation likely dependent on ERK
activation [42]. Together, this evidence suggests a positive
feedback, where ERK1/2 and CREB phosphorylation are
implicated on p35 and BDNF production, favoring
neuroplasticity.

In conclusion, our data suggest an effect on dendritic
protrusion morphogenesis and synaptic plasticity conferred
by CDKS silencing, and this effect supports the facilitation
of LTP and the notion of enhanced neuroplasticity. Our
findings validate pCREB activation and BDNF release, as
cell targets for inducing neuroplasticity in CDKS5 knock-
down condition. The potential therapeutic effects of CDKS5
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silencing in neurodegenerative pathologies might involve
multiple mechanisms; this study provides evidence of
silencing by means of the functional recovery of the
synapse.
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