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PINK1 Silencing Modifies Dendritic Spine Dynamics of Mouse
Hippocampal Neurons
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Abstract
PTEN-induced kinase 1 (PINK1) mutations can cause early-onset Parkinson’s disease and patients are likely to develop cognitive
decline, depression, and dementia. Several neurophysiological studies have demonstrated PINK1 deficiency impairs striatal and
hippocampal presynaptic plasticity. Dendritic spine postsynaptic abnormalities are common in neurological diseases; however,
whether PINK1 silencing modifies dendritic spine dynamics of hippocampal neurons is unclear. To address this question,
confocal images of mouse cultured hippocampal neurons transfected with plasmids to silence PINK1 were analyzed. These
studies revealed that PINK1 silencing increased density of thin spines and reduced head size of stubby spines. Immunoblotting
analysis uncovered that PINK1 silencing decreased expression of postsynaptic density proteins (PSD95 and Shank) and gluta-
mate receptors (NR2B and mGluR5). We also found PINK1 silencing regulated dendritic spine morphology by actin regulatory
proteins (RhoGAP29 and ROCK2) and regulated neuronal survival by decreased Akt activation. These results suggest PINK1
may regulate postsynaptic plasticity in hippocampal neurons generating presymptomatic alterations in dendritic spines that
eventually could lead to the neurodegeneration and cognitive decline often seen in Parkinson’s disease.
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Introduction

Parkinson’s disease (PD) is the second most common
neurodegenerative disease characterized by motor symp-
toms such as resting tremor, rigidity, and bradykinesia
and psychiatric symptoms at late stages of the disease
such as mild cognitive decline, depression, and dementia
(Meissner et al. 2011; Reetz et al. 2008). PD is largely
idiopathic, but familial PD types resembling sporadic PD
are caused by particular gene mutations (Valente et al.
2004). Among these, PTEN-induced kinase 1 (PINK1)
mutations, which are associated with the loss of a protec-
tion mechanism, are the second most frequent cause of
autosomal recessive early-onset PD (Davie 2008; Gautier
et al. 2008; Valente et al. 2004). Recently, PINK1 defi-
ciency has been studied as a model of PD that affects
synaptic function (Feligioni et al. 2016; Madeo et al.
2014).

On one hand, in PINK1 knockout mice, nigrostriatal dopa-
minergic neurons decrease evoked dopamine release that im-
pairs corticostriatal synaptic plasticity of striatal medium
spiny neurons (Kitada et al. 2007). These findings were reca-
pitulated in heterozygous PINK1 knockout mice, which, de-
spite normal motor behavior, corroborate that PINK1 regu-
lates dopamine release and striatal synaptic plasticity in the
nigrostriatal circuit (Madeo et al. 2014). These synaptic ab-
normalities can have begun as subtle changes in excitability of
substantia nigra dopaminergic neurons mediated by gluta-
matergic synapses (Pearlstein et al. 2016).

On other hand, in 6-month-old PINK1 knockout mice, hip-
pocampal neurons increase spontaneous synaptic frequency
and enhance glutamate release, which supports that PINK1
contributes to maintaining not only dopaminergic physiology
and corticostriatal synaptic plasticity but also hippocampal
synapses (Feligioni et al. 2016). In a preceding study, we
showed that in mouse hippocampal neurons, when PINK1
expression level is increased using GW3965, a liver X recep-
tor agonist, dendritic spine number increases (Báez-Becerra
et al. 2018). These findings suggest that PINK1 plays a role
in hippocampal synapses contributing to maintain not only
presynaptic plasticity of axonal boutons but also postsynaptic
plasticity of dendritic spines (Báez-Becerra et al. 2018;
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Feligioni et al. 2016). However, PINK1-dependent dendritic
spine dynamics of hippocampal neurons have not been exten-
sively determined.

Therefore, in this study, we asked whether PINK1 silencing
modifies dendritic spine dynamics of hippocampal neurons.
To answer this question, we assessed the number and mor-
phology of dendritic spines in cultured mouse hippocampal
neurons that were PINK1 silenced. We studied neuron images
of fluorescence experiments. To search possible postsynaptic
mechanisms underlying dendritic spine modifications, we
evaluated expression levels of postsynaptic proteins.

Materials and Methods

Experimental Design

To determine whether PINK1 silencing modifies dendritic
spine dynamics of hippocampal neurons, we studied mouse
hippocampal neurons cultured by 13 days in vitro (DIV) of
three different litters. This culture time allowed hippocampal
neurons to differentiate and form well-distinguished dendritic
spines. To reduce the expression of PINK1, neurons of
10 DIV were transfected with a lentiviral plasmid PINK1
shRNA, which encodes a RNA interference (RNAi). As con-
trol, neurons were transfected with a non-specific plasmid
control shRNA, which encodes a random recognition se-
quence. Neurons were also transfected with a GFP plasmid
vector, which encodes green fluorescent protein linked to an
actin-binding recognition sequence. Next, for assessment of
dendritic spines, we fixed and mounted neurons of 13 DIVon
coverslips, then acquired confocal images, and then calculated
number and type of dendritic spines. During each experiment,
we extracted protein both for verification of PINK1 silencing
and measurement of expression level of postsynaptic proteins
by western blot. We also measured lactate dehydrogenase
(LDH) as a check of neuronal survival.

Hippocampal Neuronal Culture

Primary culture of mouse hippocampal neurons has been de-
scribed previously (Báez-Becerra et al. 2018; Beaudoin et al.
2012). Briefly, postnatal P0 hippocampus fromC57BL/6mice
were isolated and then treated with trypsin (2.5% wt/vol,
Lonza, CC-5012) in Hank’s Balanced Salt Solution (HBSS,
Lonza, 10-547F) with no calcium, nor magnesium for 30 min
at 37 °C. Hippocampal dissociated cells were cultured on
poly-L-lysine-coated (1 mg/mL, Sigma, P1274) coverslips in
plating medium (Neurobasal medium (Invitrogen, 21103049)
supplemented with B27 (Invitrogen, 17504044), 2 mM
GlutaMAX (Invitrogen, 25030081), and 1% penicillin/
streptomycin (Invitrogen, 15140122) and containing 10%
BFS (Gibco, 16000-044)). We plated 90,000 cells on 18-mm

coverslips (Ilmglas) in 6-well plates. Three hours later, main-
taining medium (Neurobasal medium supplemented) was
added . Cytos ine a rab inos ide (1 μM, 1-be ta -D -
arabinofuranosyl-cytosine, Calbiochem) was added to the cul-
ture 2 days after plating for 24 h to inhibit glial cell prolifer-
ation. Neurons were cultured by 13 DIV adding maintaining
medium two times per week. All experiments were conducted
in compliance with the National Institutes of Health
Guidelines for Care and Use of Experimental Animals and
approved by the Institutional Committee of Animal Care and
Use at Universidad Nacional de Colombia-Bogotá.

Plasmids

PINK1 shRNA and control shRNA plasmids were kindly pro-
vided by Dr. Mark Cookson (National Institutes of Health,
USA). This kind of plasmids encodes a RNAi. Primary hip-
pocampal neurons were transfected with the following con-
structs: PINK1 shRNA (pLenti6), 5′-GCTGGAGGAGTATC
TGATAGG-3 ′; control shRNA (pLenti6), 5 ′-CCTA
GACGCGATAGTATGGAC-3′; and GFP (pEGFP-N1).

Transfection

Hippocampal neurons cultured by 10 DIV were transfected with
3 mg of either shPINK1 plasmid or shCTL plasmid and 2 mg of
GFP plasmid per well using Lipofectamine 2000 (Invitrogen,
11668030). Briefly, maintaining medium was recycled and
1 mL of transfection mix was added to each well incubating at
37 °C for 3 h. Transfection mix was then removed and recycled
mediumwas added. Immunofluorescence was performed 3 days
after transfection.

Lactate Dehydrogenase Release Assay

To assess cell death percentage, we measure LDH release
level in hippocampal neurons cultured by 13 DIV using
CytoTox 96 Non-Radioactive Cytotoxicity Assay (Promega,
Madison, USA) in accordance with the manufacturer’s
instructions.

Immunofluorescence

Neurons were fixed with 4% paraformaldehyde and 4% su-
crose in HBSS for 15 min at room temperature. After 3 wash-
ings with phosphate-buffered saline (PBS), 3 washings with
high-saline solution (20 mM PB and 500 mM NaCl), and 3
low-saline solution (10 mM PB and 150 mMNaCl) for 5 min
each, coverslips were mounted with mounting solution (7
parts of glycerol and 3 parts PBS 10X and 10 μg/mL
Hoechst). Representative images of control and silenced hip-
pocampal neurons and high magnifications of their dendrites
can be found in Figs. 2a, c.
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Image Acquisition and Dendritic Spine Analysis

Confocal images were collected using a Nikon C1 plus
Eclipse TI confocal laser scanning microscope with a × 60
objective (PLAN APO VC × 60 OIL DIC N2) at 0.2 μm/step
through 18 z-dimension steps averaged 3 times each. Image
resolution was 1024 × 1024 pixels with a laser exposure time
of 1.68 μs. Laser powers were as follows: laser 408, 6.2%;
laser 488, 16.3%; and laser 568, 17.3%; photomultiplicating
gains were as follows: 515/30, 6; 590/50, 8.5; and 650 LP, 6;
and pinhole was 30 μm. Image analyses were performed as
previously described (Báez-Becerra et al. 2018). Briefly, den-
dritic spines were manually counted and classified as the num-
ber of spine total and spine types along 80–100 μm length of
dendritic processes using NeuronStudio software (Rodriguez
et al. 2008) and presented as mean + SEM. Spine-type classi-
fication was according to Peters and Kaiserman-Abramof
(1970): filopodia, thin, stubby, and mushroom. Each experi-
ment has been done two times and a total of 18–21 neurons
were randomly selected. Two to five dendritic segments were
selected for quantification. All analyses were done in a man-
ner blind to the conditions. Representative high magnification
images of dendrites from control and silenced groups ana-
lyzed with NeuronStudio software can be found in Fig. 2c.

Western Blot

Cells were lysed at 4 °C for 10 min using RIPA lysis buffer
(Sigma-Aldrich, R0278) containing 1% protease inhibitor cock-
tail (Roche, 04693159002) and 1% phosphatase inhibitor cocktail
(Roche, 04906837001). Protein concentration was determined
using BCA protein assay kit (Fisher Scientific, 23225). Fifty mi-
crograms of protein samples was run in a polyacrylamide gel at
100 V. After electrophoresis, proteins were transferred to a hydro-
phobic PVDF membrane (GE Healthcare Life Sciences Hybond
ECL) and incubated in blocking buffer (5% powdered skim milk
in TTBS) for 90 min at room temperature. PVDFmembrane was
then incubated overnight at 4 °C with monoclonal primary anti-
bodies: PINK1 (Abcam, ab75487), PSD (Abcam, ab2723),
Shank (Santa Cruz, sc-393963), NR2B (Biosciences, 610416),
mGluR5 (Abcam, ab76316), RhoAGAP29 (Abcam, ab85853),
ROCK2 (Abcam, ab71598), Akt (Cell Signaling, C67E7), and
pAkt (Cell Signaling, D25E6), everyone at 1:1000 dilution factor
in blocking buffer. The next day, membranes were washed 3
times in TTBS for 5 m each. This was followed by incubation
with peroxidase-conjugated secondary anti-mouse (Cell
Signaling, 7076S) or anti-rabbit (Cell Signaling, 7074S) at
1:2000 dilution factor in blocking buffer for 1 h, followed by 5
washings with TTBS. Secondary antibodies were detected with
ECL system (Invitrogen, WP20005) using imaging documenta-
tion system (ChemiDocMP System Bio-Rad Laboratories).
Quantification was performed by densitometry using ImageLab
software (Bio-Rad).

Data Analysis

Data statistical analysis and graphical representation were
done using Prism6 software (GraphPad, 92037, La Jolla,
California, USA) and R software (Foundation for Statistical
Computation, Vienna, Austria). Data obtained correspond to
three independent experiments. We analyzed the data from
each experiment by a two-way ANOVA followed by Tukey
honest significant difference (TukeyHSD) test for multiple
experimental group comparisons. And Student’s t test was
used for comparisons between two experimental groups. We
considered statistical significance present when the P value
was < 0.05 and was represented as follows: *P < 0.05,
**P < 0.01, and ***P < 0.001. All data are presented asmeans
+ standard error of the mean (SEM).

Results

Neuronal Survival Is Normal in PINK1-Silenced
Hippocampal Neurons

In hippocampal neurons transfected using PINK1 shRNA
(shPINK1), mean expression level of PINK1 protein was lower
than in untransfected controls (CTL = 0.96 ± 0.02 vs.
shPINK1 = 0.48 ± 0.06) (Fig. 1a). SH-SY5Y and HEK cells
were used as positive controls of PINK1 expression.
Untransfected and control shRNA (shCTL)-transfected hippo-
campal neurons had no difference in PINK1 expression level,
while shPINK1-transfected hippocampal neurons reduced about
50% PINK1 protein expression level (NoTrans = 0.96 ± 0.05 vs.
shCTL = 0.91 ± 0.09 vs. shPINK1 = 0.53 ± 0.37) (Fig. 1b).
PINK1 silencing had no effect on cell death as measured by
LDH release (LysisCTL = 97.3 ± 6.45 vs. NoTrans = 14.8 ±
1.24 vs.shCTL = 21.1 ± 2.11 vs. shPINK1 = 17.5 ± 3.76)
(Fig. 1c). Phase contrast images of hippocampal neurons
transfected with shCTL or shPINK1 display a healthy morphol-
ogy (Fig. 1d).

PINK1 Silencing Promotes Thin Spine Increment

This PINK1 silencing in hippocampal neurons increases the
number of dendritic spines. Mean spine density was 40%
higher than in shCTL hippocampal neurons (shCTL = 3.28
± 0.27 vs. shPINK1 = 4.62 ± 0.21 spines/10 μm) (Fig. 2b).
In shPINK1 hippocampal neurons, thin spine density mean
was 90% higher than in shCTL hippocampal neurons
(shCTL = 0.88 ± 0.11 vs. shPINK1 = 1.70 ± 0.13 thin spines/
10 μm). The rest of spine types had no change, even though
there was a tendency to increase (filopodia (shCTL = 0.14 ±
0.04 vs. shPINK1 = 0.21 ± 0.04); stubby (shCTL = 1.29 ±
0.15 vs. shPINK1 = 1.75 ± 0.11); mushroom (shCTL = 0.96
± 0.09 vs. shPINK1 = 1.00 ± 0.07 spines/10 μm)) (Fig. 2d).
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Fig. 1 PINK1 silencing in primary cultures of mouse hippocampal
neurons. a shPINK1 plasmid effect on PINK1 protein expression in
SH-SY5Y and HEK cells and mouse hippocampal neurons. b Vehicle
and shCTL and shPINK1 plasmid effects on PINK1 protein expression

in mouse hippocampal neurons. c LDH test. d Phase contrast microscopy
image of 13 DIV mouse hippocampal neurons. Bar scale = 200 μm. Data
are from three different experiments and represent mean + SEM.
**P < 0.01, ***P < 0.001, ns P > 0.05 vs. control for TukeyHSD

a d

b
c

Fig. 2 PINK1 silencing modifications on dendritic spine density and
morphology. a, c Hippocampal neurons were transfected with the
lentiviral plasmid shCTL or shPINK1, along with the reporter plasmid
GFP. a Neuron images of superimposed z-dimension steps. Bar scale =
50 μm. b Spine average number + SEM per 10 μm of dendrite.
**P < 0.01 for Student’s t test. c Image magnifications of dendrite

segments analyzed using NeuronStudio software. Spine-type classifica-
tion: filopodium (gray), thin (yellow), stubby (magenta), and mushroom
(orange). Bar scale = 10 μm. dMean spine number + SEM per 10 μm of
dendrite by spine type. Data are from two different experiments.
**P < 0.01 vs. control for TukeyHSD
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PINK1 Silencing Shrinks Stubby Spine Head

PINK1 silencing in hippocampal neurons reduces head size of
stubby spines as well. Mean head size of spines had no difference
between shPINK1hippocampal neurons and shCTLhippocampal
neurons (shCTL= 0.37 ± 0.01 vs. shPINK1 = 0.35 ± 0.01 μm)
(Fig. 3a). Figure 3b shows shCTL and shPINK1 neuron distribu-
tions of spine head diameter. shPINK1 neuron distribution had
more spines with small heads than shCTL neuron distribution.
In contrast, shCTL neuron distribution hadmore spines with large
heads than shPINK1 neuron distribution.Mean stubby spine head
size was 13% smaller in shPINK1 hippocampal neurons than in
shCTL hippocampal neurons, while the rest of spine head sizes
had no change (filopodia (shCTL=0.32 ± 0.02 vs. shPINK1=
0.36 ± 0.02); thin (shCTL = 0.28 ± 0.01 vs. shPINK1 = 0.29 ±
0.01); stubby (shCTL=0.39 ± 0.01 vs. shPINK1= 0.34 ± 0.01);
mushroom (shCTL = 0.43 ± 0.01 vs. shPINK1 = 0.44 ± 0.01
spines/10 μm)) (Fig. 3c).

PINK1 Silencing Decreases Expression Level
of Postsynaptic Density Proteins and Glutamate
Receptors

These changes of dendritic spines in shPINK1 hippocampal
neurons are accompanied by biochemical changes of

postsynaptic proteins and receptors. In shPINK1 hippocampal
neurons, PSD95 and Shank mean expression levels were each
30% lower than in shCTL hippocampal neurons (PSD95
(shCTL = 0.89 ± 0.11 vs. shPINK1 = 0.59 ± 0.08); Shank
(shCTL = 0.957 ± 0.043 vs. shPINK1 = 0.662 ± 0.05))
(Fig. 4a). Additionally, in shPINK1 hippocampal neurons,
NR2B mean expression level was 25% lower than in shCTL
hippocampal neurons (shCTL = 0.96 ± 0.04 vs. shPINK1 =
0.71 ± 0.08) (Fig. 4b). Similarly, in shPINK1 hippocampal
neurons, mGluR5 mean expression level was 27% lower than
in shCTL hippocampal neurons (shCTL = 0.97 ± 0.02).

PINK1 Silencing Regulates Expression Level of Actin
Polymerization Proteins and Akt Phosphorylation

These biochemical changes of postsynaptic proteins and re-
ceptors affect actin polymerization and increase the vulnera-
bility to neuronal death. In shPINK1 hippocampal neurons,
RhoGAP29 mean expression level was 24% higher than in
shCTL hippocampal neurons (shCTL = 0.93 ± 0.05 vs.
shPINK1 = 1.17 ± 0.09) (Fig. 5a). In shPINK1 hippocampal
neurons, ROCK2 mean expression level was 33% higher than
in shCTL hippocampal neurons (shCTL = 0.93 ± 0.05 vs.
shPINK1 = 1.17 ± 0.09) (Fig. 5a). Finally, Akt mean expres-
sion level had no change in shPINK1 and shCTL hippocampal

Fig. 3 The silencing of PINK1 decreases the size or head of the spines
of the hippocampal neurons. a Mean spine head diameter + SEM.
P > 0.05 vs. control for Student’s t test. b Control and silenced neuron

density distributions of spine head diameter. cMean spine head diameter
+ SEM by spine type. **P < 0.01 vs. control for TukeyHSD
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neurons (shCTL = 1.01 ± 0.09 vs. shPINK1 = 1.04 ± 0.07)
(Fig. 5b). However, in shPINK1 hippocampal neurons, Akt
mean phosphorylation level was 13% lower than in shCTL
hippocampal neurons (shCTL = 0.97 ± 0.03 vs. shPINK1 =
0.84 ± 0.04) (Fig. 5b).

Discussion

In the present study, we demonstrated that PINK1 silencing
modifies dendritic spine morphology and causes several bio-
chemical changes of hippocampal neurons. PINK1 silencing
increased dendritic spine density (by 40%) generating a great-
er number of thin spines, and reduced the head size of stubby
spines. These changes were associated with decreased expres-
sion levels of postsynaptic density proteins such as PDS95
and Shank and glutamate receptors NR2B and mGluR5,

increased expression levels of the cytoskeleton regulatory pro-
teins RhoGAP29 and ROCK2, and decreased Akt phosphor-
ylation (Fig. 6).

These findings are in agreement with, as far as we know,
the only study that has shown that PINK1 silencing increases
dendritic spine density of hippocampal neurons (Yu et al.
2011) and particularly of thin dendritic spines (Fig. 2d).
Thin spines have a thin, long neck and a small bulbous head,
which suggests a small synapse has been established (Peters
and Kaiserman-Abramof 1970). This finding suggests that
PINK1 silencing neurons have increased their synapses gen-
erating new immature thin spines, which can increase neuro-
nal vulnerability to cell death. Eventually, after this new thin
spines mature, they may be associated with a higher suscepti-
bility to generate excitotoxicity (Yu et al. 2011).

PINK1 silencing also reduced the head of stubby spines
(Fig. 3). Stubby spines are devoid of a neck and have a big

b

a

Fig. 4 PINK1 silencing decreases the expression of PSD95, Shank,
NR2B, and mGluR5. Representative western blots of PINK1, PSD95,
Shank, NR2B, and mGluR5 mean expression levels. Bar graph

summarizes densitometry data. Data represent mean + SEM. n = 3.
*P < 0.05 vs. control for Student’s t test
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head (Peters and Kaiserman-Abramof 1970). This finding
suggests that PINK1 silencing neurons have decreased synap-
se size of stubby spines. We believe this decreased synapse
size might be the product of a synaptic scaling triggered by the
increased excitatory input produced by the new thin spines
(Turrigiano 1999). Therefore, this synaptic scaling could be
considered a compensatory response against increased excit-
atory input and might therefore contribute to separate PINK1-
depended synaptic abnormalities into a stable phenotype and a
presymptomatic stage (Madeo et al. 2014).

The reason PINK1 silencing could contribute to a stable
phenotype might be that despite the synaptic changes, it had
no effect on neuronal survival (Fig. 1c). This finding agrees
with some studies where PINK1 deficiency does not develop
neurodegeneration (Valente et al. 2004; Zhou et al. 2011).
However, when PINK1-deficient neurons are exposed to

stressful stimuli, cell death increases, highlighting the neuro-
protectivemechanism of PINK1 (Contreras-Zárate et al. 2015;
Mills et al. 2008). The neuroprotective mechanism could be
mediated by Akt activation (Brunet et al. 2001), since several
authors have shown that Akt is downstream of PINK1
(Contreras-Zárate et al. 2015; Shan et al. 2009), which is
one of the main survival signaling pathways that could there-
fore confer susceptibility to neurodegeneration and cell death
(Contreras-Zárate et al. 2015).

It is an interesting fact that although PINK1 silencing in-
creased the number of dendritic spines, there are changes in
excitatory postsynaptic machinery: decreased in postsynaptic
density proteins PSD95 and Shank. Dagda et al. (2014) showed
that in SH-SY5Y cells, PINK1 overexpression promotes the ex-
pression of MAP2B and PSD95 proteins, so it is plausible that
PINK1 silencing has the opposite effects. Likewise, Shank

a

b

Fig. 5 PINK1 silencing regulates the expression of RhoGAP29 and
ROCK2 and decreases phosphorylated Akt. Representative western
blots of PINK1, RhoGAP29, ROCK2, Akt, and pAkt mean expression

levels. Bar graph summarizes densitometry data. Data represent mean +
SEM. n = 3. *P < 0.05 vs. control for Student’s t test
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deficiency has mainly been associated with autistic spectrum
disorders and more recently with Alzheimer’s (Guilmatre et al.
2014), but it has not been associated with PINK1. We believe
that the reduction of PSD95 and Shank probably reflects an
overall reduction of synaptic strength (Venkatesh 1998), despite
the generation of new thin spines.

In addition, there was also decrease in glutamate receptors
NR2B and mGluR5 upon PINK1 silencing (Fig. 4b).
Activation of synaptic NR2B triggers signaling pathways of
development and synaptic plasticity (Chang et al. 2010).
Activation of extra-synaptic NR2B due to oxygen and glucose
deprivation reduces PINK1 expression and inhibits Akt phos-
phorylation contributing to neuronal death, while PINK1 over-
expression neutralizes this inhibition, suggesting that Akt may
be downstream of PINK1 (Shan et al. 2009). It has been report-
ed that mGluR5 antagonists activate the signaling pathway of
MAPK/ERK that modulates cell viability and stress responses
in PD models (Ambrosi et al. 2014). In addition, NR2B inter-
acts with mGluR through the PSD95/GKAP/Shank/Homer
complex increasing cytosolic Ca2+ through NR2B and IP3R
generating spine maturation associated with enhanced synaptic
plasticity (Tu et al. 1999). Thus, decreased expression of NR2B
and mGluR5 might restrict the excitatory input supporting that
PINK1 deficiency can reduce synaptic strength.

How might PINK1 silencing modify dendritic spines? On
the one hand, Yu et al. (2011) suggest that the increased den-
dritic spines may be a result of the fact that PINK1 deficiency
maintains a mitochondrial network fused. This means that
dendritic arborizations have more mitochondrial content that
may result in more energy availability, but at the same time,

PINK1 deficiency impairs mitochondrial quality control by
means of an impaired mitophagy or impaired selective mito-
chondrial degradation (Yu et al. 2011). Thus, though neurons
with a different phenotype remain healthy, when they are
depolarized, cellular death increases highlighting that uncon-
trolled synapticmodifications can result in adverse excitability
levels and increased vulnerability to cellular death.

On the other hand, Feligioni et al. (2016) have proposed that
the increased dendritic spines may result from the specific en-
hancement in the presynaptic excitatory plasticity caused by
PINK1deficiency. PINK1deficiency increases both spontaneous
synaptic activation and glutamate release in hippocampal neu-
rons of 6-month-old mice, which may stimulate increased syn-
aptic density and dendritic spines (Feligioni et al. 2016).
Although it is not yet clear whether the PINK1 effects on pre-
synaptic boutons are directly responsible for the dendritic spine
modifications, these increased dendritic spines
eventually might confer neuronal vulnerability to excitotoxicity
by increased excitatory synapses and enhanced synaptic strength.

In this study, PINK1 silencing increased the expression of
actin polymerization regulating proteins (Fig. 5a), which partially
agrees with spine changes due to RhoA inhibition. On one hand,
PINK1 silencing increased the expression of RhoGAP29.
RhoGAP29 inhibits RhoA and decreases ROCK2 activation, a
major downstream effecter of RhoA (Truebestein et al. 2015).
We believe that the increased expression of RhoGAP29 may
inhibit RhoA creating new spines with long necks and small
heads such as thin spines. This result suggests that PINK1 might
be regulating actin polymerization in dendritic spines. On the
other hand, PINK1 silencing increased the expression of

Fig. 6 Model of PINK1 silencing modifications on dendritic spines. Top,
PINK1 silencing increases thin dendritic spine density. Down, black
arrows represent postsynaptic signaling pathways. Red arrows and T’s
represent PINK1 silencing activation and inhibition, respectively. PINK1

silencing weakens synaptic strength reducing postsynaptic density
proteins and glutamate receptors and inhibiting actin polymerization
and Akt neuroprotection
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ROCK2. This result was unexpected for previous studies that
reported that RhoA inhibition decreases ROCK2 activation
(Truebestein et al. 2015). We expected that as RhoGAP29 in-
creased, its downstream effector ROCKII would decrease. Thus,
either RhoGAP29might not be specific of RhoA, so RhoGAP29
increasewould not associatewith aRhoAdecrease, or generation
of new spines might depend on Rac, which regulates spine mat-
uration (Stankiewicz and Linseman 2014). Other authors have
reported that RhoA is not needed for ROCK2 to be activated
because ROCK2 is constitutively active, and if ROCK2 phos-
phorylates its substrates, it would depend ultimately of its sub-
cellular location (Truebestein et al. 2015). Consequently, the in-
creased expression of ROCK2 could be caused by a self-
regulatory mechanism independent of RhoA.

However, pathological dendritic spine density and morpholo-
gy can be triggered by different proteins associated with several
brain diseases (Forrest et al. 2018). For instance, ADNP muta-
tions could lead to decreased dendritic spines and synaptic ab-
normalities impairing spine maturation through interaction with
microtubule system that model autism spectrum disorder
(Hacohen-Kleiman et al. 2018). Another kind of protein associ-
ated with a pathological dendritic spine density is neurotrophins
such as BDNF. It is believed that some forms of depression are
due to unbalanced production and release of BDNF, which de-
creases dendritic spine density along with postsynaptic density
proteins (Qiao et al. 2017). Thus, we cannot discard that other
proteins may be involved in the dendritic spine modifications we
observed here.

PINK1-dependent synaptic modifications are a common
feature of both Parkinson’s and Alzheimer’s diseases (Du
et al. 2017; Kitada et al. 2007; Madeo et al. 2014). On one
hand, PINK1 deficiency impairs striatal synaptic plasticity
decreasing stimulus-evoked dopamine release from nigral do-
paminergic neurons and impairing synaptic plasticity of
striatal medium spiny neurons (Kitada et al. 2007, Madeo
et al. 2014). On the other hand, PINK1 is downregulated in
Alzheimer’s patient brains (George et al. 2010), and a research
has recently showed PINK1 deficiency exacerbates synaptic
amyloid-β accumulation which increases impaired synaptic
plasticity in hippocampal neurons of mAPP transgenic mice
(Du et al. 2017). Moreover, hippocampal neurons exposed to
amyloid-β or transfected with human mAPP decrease PINK1
expression (Reddy et al. 2018), as well as neurons of 12-
month-old APP mice also reduce PINK1 expression
(Manczak et al. 2018). In these Alzheimer’s models, both
dendritic spines and postsynaptic proteins decreased due to
the neurotoxic effect of synaptic amyloid-β accumulation,
and as the PINK1 expression is reduced, neurons are more
vulnerable to mitochondrial damage since PINK1-dependent
mitophagymachinery is reduced as well (Manczak et al. 2018;
Reddy et al. 2018).

A plausible picture can be developed based on the work of
Fiala et al. (2002), who have suggested that spine pathology in

neuronsmay result from a compensatory response to an enhance-
ment of excitatory input. Onemight picture that an increase in the
number of releasable synaptic vesicles or vesicle-docking sites
may generate new spines increasing the excitatory input, which
has already been suggested (Feligioni et al. 2016). This enhanced
excitatory input due to the new spines might contribute to trigger
a compensatory response that would help suppress the
overactivation (Turrigiano 1999). In this study, we believe that
the compensatory response might be reflected in both the adjust-
ed morphology of stubby spines and the decreased excitatory
postsynaptic machinery. However, it is not yet clear whether
PINK1 effects on axonal terminals are directly responsible for
modifications of dendritic spines.

In conclusion, this study indicates that PINK1 silencing
modifies dendritic spine dynamics of hippocampal mouse
neurons. Therefore, PINK1 regulation of postsynaptic mor-
phology reported here provides a new pharmacological alter-
native that can be used to strengthen overall synaptic function
to achieve adequate neuroprotection.
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