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Abstract: The exact mechanism underlying selective dopaminergic neurodegeneration is not com-
pletely understood. The complex interplay among toxic alpha-synuclein aggregates, oxidative stress,
altered intracellular Ca2+-homeostasis, mitochondrial dysfunction and disruption of mitochondrial
integrity is considered among the pathogenic mechanisms leading to dopaminergic neuronal loss.
We herein investigated the molecular mechanisms leading to mitochondrial dysfunction and its
relationship with activation of the neuroinflammatory process occurring in Parkinson’s disease. To
address these issues, experiments were performed in vitro and in vivo in mice carrying the human
mutation of α-synuclein A53T under the prion murine promoter. In these models, the expression
and activity of NCX isoforms, a family of important transporters regulating ionic homeostasis in
mammalian cells working in a bidirectional way, were evaluated in neurons and glial cells. Mi-
tochondrial function was monitored with confocal microscopy and fluorescent dyes to measure
mitochondrial calcium content and mitochondrial membrane potential. Parallel experiments were
performed in 4 and 16-month-old A53T-α-synuclein Tg mice to correlate the functional data obtained
in vitro with mitochondrial dysfunction and neuroinflammation through biochemical analysis. The
results obtained demonstrated: 1. in A53T mice mitochondrial dysfunction occurs early in midbrain
and later in striatum; 2. mitochondrial dysfunction occurring in the midbrain is mediated by the
impairment of NCX3 protein expression in neurons and astrocytes; 3. mitochondrial dysfunction
occurring early in midbrain triggers neuroinflammation later into the striatum, thus contributing to
PD progression during mice aging.

Keywords: Parkinson’s disease; mitochondrial dysfunction; neuroinflammation; α-synuclein

1. Introduction

Parkinson’s disease (PD) is a chronically progressive, age-related neurodegenerative
pathology characterized by resting tremor, rigidity, bradykinesia, gait disturbance, pos-
tural instability and dementia [1]. A major neuro-pathological feature of the disease is a
degeneration of dopaminergic neurons in the substantia nigra pars compacta (SNpc) and
in other brainstem regions [2,3]. Lewy bodies are the second neuropathological feature
of PD. These are eosinophilic cellular inclusions comprising a dense core of filamentous
material, which mainly consists of α-synuclein [4–6].

Several mechanisms have been advocated as pathogenetic in PD. They may take place
inside the degenerating neurons and are identified as cell-autonomous processes, or they
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can occur outside the degenerating neurons and are identified as non-cell-autonomous
processes. In the last decade, the alterations in mitochondrial function have been claimed
among the most common cell-autonomous mechanisms leading to neuronal degenera-
tion [7–10]. The electrophysiological activity of the nigral dopaminergic neurons plays a
fundamental role in generating these processes [11–13]. Indeed, dopaminergic neurons are
characterized by a pacemaking activity responsible for generating action potentials also in
the absence of synaptic input. This activity exposes neurons to large Ca2+ transients [13,14]
with consequent overstimulation of several classes of ionic channels and transporters, in-
cluding L-type voltage-dependent-and cyclic nucleotide-sensitive channels and the plasma
membrane transporters including the sodium calcium exchangers (NCXs), in order to
counteract the alteration of intracellular Ca2+ homeostasis and to prevent dopaminergic
neuronal demise [15]. The recent observation that cells deficient in complex-I showed an
alteration in cytosolic calcium handling, reduced mitochondrial calcium accumulation and
ATP synthesis [12,16] led us to hypothesize a possible relationship between mitochondrial
dysfunction and perturbation of intracellular calcium homeostasis as a pathogenetic factor
involved in PD progression. In this regard, it is worth noting that plasmalemmal NCX2
and NCX3, two proteins playing a key role in the regulation of cytosolic calcium concentra-
tions ([Ca2+]c) in physiological and pathological conditions [17–22], might contribute to
mitochondrial Na+/Ca2+ exchange in human dopaminergic neurons, thus preventing neu-
rodegeneration caused by mitochondrial Ca2+ (mCa2+) overload [23]. More interestingly, in
primary mesencephalic neurons from A53T transgenic mice embryos, the downregulation
of NCX3 levels is linked to mitochondrial depolarization and mCa2+ increase compared to
wild type neurons, further supporting the hypothesis that mitochondrial dysfunction in PD
is linked to mCa2+ mishandling [22,24]. On the other hand, among the non-cell-autonomous
processes, the interaction between neuronal and non-neuronal cells is considered the main
additional pathogenetic mechanism involved in neurodegeneration occurring in PD. In fact,
PD post-mortem brains also display increased gliosis [25,26], both in terms of a rise in the
number of glial cells and in terms of the activity of astrocytes and microglial cells [27–31].
However, the molecular mechanisms responsible for microglial activation as well as its
role in the pathogenesis of neurodegeneration occurring in PD progression are still matters
of debate, since post-mortem studies do not allow us to clearly assess whether neuroin-
flammation is a cause or consequence of neuronal degeneration [32]. Our group provided
evidence that the isoform 1 of the sodium calcium exchanger NCX (NCX1) plays a key
role in microglial activation in ischemic rat brain [33] as well as in striatum of A53T TG
mice, an animal model of familial form of PD [22]. In this regard, we observed that the
number of IBA-1 and GFAP-positive cells was increased in the striatum of 12-month-old
A53T TG mice compared to WT mice, and that the IBA1-positive cells overexpressed NCX1.
Interestingly, in the midbrain of these mice the number of glial fibrillary acidic protein
(GFAP)-positive cells increased compared to WT mice without any changes in the number
of IBA-1-positive cells and in the expression of NCX1. Nevertheless, in this brain region
the number of dopaminergic neurons decreased as well as the expression of NCX3 [22].
Considering these premises and considering that Ca2+ signaling is relevant to promote glial
cells’ activation [33–35] as well as neurodegeneration [20,36–38], we explored the molecular
intracellular events which correlate mitochondrial dysfunction in glial and neuronal cells
with the progression of PD. In particular, we investigated the possible relation between the
expression and activity of NCX3 in the different cellular populations with mitochondrial
dysfunction and neuroinflammatory response activation, as a pathogenetic mechanism
leading to dopaminergic neuronal degeneration in mice expressing the human A53T vari-
ant of α-synuclein (A53T-α-syn) during aging. This mutation makes the protein more prone
to aggregate [39] and causes severe motor deficits leading to paralysis and death [40]. These
animals also develop age-dependent α-syn inclusions that recapitulate the pathology seen
in human PD patients [41,42]. Moreover, the aggregates interact efficiently with the plasma
membrane, and in particular with cardiolipin, the principal component of mitochondrial
membrane, in comparison to WT α-synuclein [43] and more interestingly, α-synuclein
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mutant forms, including A53T, stimulate proinflammatory cytokines’ production and
microglia activation [44].

Therefore, the expression and activity of NCX isoforms were explored in neurons
and glial cells obtained from A53T-α-syn mice. In these cells, mitochondrial function was
monitored by confocal microscopy and fluorescent dyes in order to assess mCa2+ content
and mitochondrial membrane potential. Parallel experiments were also performed in 4
and 16-month-old A53T-α-syn mice in order to demonstrate the relevance of mitochondrial
dysfunction and oxidative stress in neuroinflammatory response detected in A53T-α-syn
mouse brain during aging.

2. Results
2.1. Mitochondrial Dysfunction in Neuronal Cells Obtained from A53t-α-Syn Mice Depends on
Decrease in Ncx3 Expression

Experiments performed in mesencephalic neurons obtained from A53T-α-syn mouse
embryos (E15) revealed mitochondrial membrane depolarization compared to WT neurons
(Figure 1A). This finding is in line with data previously reported showing a decrease in
NCX3 without any change in NCX1 protein expression accompanied by increases in cytoso-
lic calcium concentration ([Ca2+]i) and mitochondrial calcium concentration ([Ca2+]m) [22].
Parallel experiments performed in mesencephalic astrocytes obtained from A53T-α-syn
mice demonstrated a reduction in NCX3 expression compared to WT cells (Figure 1B).
Interestingly, confocal microscopy performed in these cells revealed an increase in cytosolic
calcium content associated with a rise in mitochondrial calcium concentration without any
alteration in mitochondrial membrane potential (Figure 1C). Conversely, both in striatal
neurons and astrocytes derived from A53T-α-syn no changes in mitochondrial function
as well as in NCX1 and NCX3 expression were detected compared to WT cells (Figure S1).
These findings led us to hypothesize that the reduction in NCX3 protein expression might
be associated with an impairment of its activity, which consequently might lead to mi-
tochondrial depolarization in neurons and not in astrocytes obtained from A53T-α-syn
midbrain, thus suggesting NCX3-induced mitochondrial depolarization as a potential
molecular mechanism leading to dopaminergic neuronal demise observed in PD.
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cal microscopy (P1). In A and C: each bar represents the mean ± S.E.M. of the percentage of fluores-
cence intensity values of at least 20–30 neurons recorded in three independent experimental ses-
sions. In B: each bar represents the mean ± S.E.M of the percentage of the NCX3 protein expression 
obtained in three independent experimental sessions. * p < 0.05 vs. WT neurons/astrocytes. 
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potential measured in primary mesencephalic neurons from A53T-α-syn and WT mouse embryos by
confocal microscopy. (B) Quantification of NCX3 expression in primary mesencephalic astrocytes
from A53T-α-syn and WT mouse pups (P1). (C) Quantification of mitochondrial membrane potential,
[Ca2+]m and [Ca2+]c in primary astrocytes from A53T-α-syn and WT mouse pups by confocal
microscopy (P1). In A and C: each bar represents the mean ± S.E.M. of the percentage of fluorescence
intensity values of at least 20–30 neurons recorded in three independent experimental sessions. In B:
each bar represents the mean ± S.E.M of the percentage of the NCX3 protein expression obtained in
three independent experimental sessions. * p < 0.05 vs. WT neurons/astrocytes.

2.2. Differences in Ncx3 Expression in Nigrostriatal Pathway Are Associated with Mitochondrial
Impairment in A53t-α-Syn Transgenic Mice during Aging

Further experiments were performed ex vivo in midbrain and striatum obtained
from 4 and 16-month-old A53T-α-syn and WT mice to demonstrate the mechanistic link
between NCX3 protein expression and mitochondrial dysfunction as a potential patho-
genetic mechanism leading to PD progression. As reported in Figure 2, a decrease in the
expression of NCX3 was detected in the midbrain of 4-month-old A53T-α-syn (Figure 2B),
whereas an increase in the expression of NCX1 was detectable in the striatum during
mice aging (Figure 2C). To confirm that the impairment in NCX3 protein expression was
responsible for mitochondrial dysfunction, the expression of cytochrome c (cyt c), a marker
of mitochondrial damage, and of neuronal nitric oxide synthases (nNOS), a marker of
mitochondrial oxidative stress, was measured in 4 and 16-month-old A53T-α-syn and WT
mice (Figure 3). The results of these experiments revealed an increase in cyt c expression
in the midbrain of A53T-α-syn mice which occurred already in the early stage of disease
(4-month-old mice) (Figure 3A), while in the striatum of A53T-α-syn mice, the increase in
cyt c was detectable only in 16-month-old mice (Figure 3C). Interestingly, in the midbrain of
A53T-α-syn mice the increase in cyt c expression was accompanied by an increase in nNOS
expression level (Figure 3B), whereas in the striatum of A53T-α-syn mice, an increase in
nNOS protein expression occurred only in 16-month-old A53T-α-syn mice (Figure 3D).
These results are in line with those obtained in vitro, suggesting a possible relationship
between the level of NCX3 expression and mitochondrial dysfunction.
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(A,B) and striatum (C,D) from A53T-α-syn and WT mice. Each bar represents the mean ± S.E.M. of
the percentage of different experimental values obtained in three independent experimental sessions.
* p < 0.05 compared to WT mice at the same age.
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2.3. Mitochondrial Dysfunction Triggers Neuroinflammation in A53t-α-Syn Transgenic Mice
during Aging

To support the hypothesis that mitochondrial dysfunction observed in mesencephalic
and striatal neurons might trigger neuroinflammation during the late PD progression,
further experiments were performed in 16-month-old A53T-α-syn and WT mice with the
aim to evaluate the expression levels of pro-inflammatory proteins, such as the inducible
nitric oxide synthases (iNOS) and the Interleukin 1 beta (IL-1β). Moreover, Western blot
experiments were also performed to evaluate GFAP and IBA-1 protein expression in
16-month-old A53T-α-syn and WT mice. The results obtained confirmed the increase of
GFAP in A53T-α-syn mice both in the midbrain and in the striatum (Figure 4A,E), whereas
IBA-1 increased only in the striatum of A53T-α-syn mice (Figure 4B,F). Interestingly, in this
brain area, an increase in the expression of iNOS and IL-1β was observed in A53T-α-syn,
whereas no changes in inflammatory protein expression were detected in the midbrain of
A53T-α-syn adult mice compared to WT (Figure 4C–H).
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the mean ± S.E.M. of the percentage of different experimental values obtained in three independent experimental sessions.
* p < 0.05 compared to WT mice.

3. Discussion

The results of the present study demonstrate that mitochondrial dysfunction occurring
in mesencephalic neurons obtained from A53T-α-syn mice is associated with dopaminergic
neuronal demise and consequently to a late activation of neuroinflammation in the nigrostri-
atal pathway. Moreover, these results also confirm the potential role of NCX3 in triggering
mitochondrial dysfunction and neuroinflammatory response in a PD animal model. In-
deed, in the striatum obtained from WT and A53T-α-syn mice no differences in NCX3
protein expression are detected during aging, and mitochondrial function is preserved.
This finding is in line with data previously reported [20], showing that NCX3, apart its local-
ization at plasma membrane level, is also localized on the outer mitochondrial membrane
and promotes mitochondrial calcium efflux in physiological and pathological conditions,
thus playing a pivotal role in the maintenance of intracellular Na+ and Ca2+ homeostasis
not only in brain ischemia but also in neurodegenerative diseases [17,36,37,45–49]. More
interesting, the finding that NCX3 is differently expressed in dopaminergic neurons in the
midbrain compared to striatum led us to speculate a new potential mechanism contributing
to the selective neuronal degeneration observed in PD. This result allows us to exclude
the hypothesis that the increasing load of aggregated pathological form of α-synuclein,
described in this model [39,40,42] might have a detrimental role through the regulation of
NCX3 activity and expression. Indeed, due to their pacemaking function, mesencephalic
neurons are more frequently exposed to continued calcium transients that make them more
prone to mCa2+ overload and, consequently, to mitochondrial dysfunction [13,50–53]. In
this scenario, the impairment of the expression and activity of NCX3 in mesencephalic
neurons might contribute to their selective vulnerability in the midbrain of A53T-α-syn
mice, due to NCX3′s contribution to the perturbation of [Ca2+]i concentration, as already
hypothesized by Sirabella et al. (2018) [22]. Therefore, the experiments performed in the
present study further confirm that NCX3-dependent mitochondrial dysfunction occurring
in mesencephalic neurons from A53T-α-syn might be responsible for the neuronal dam-
age with consequent late activation of the cellular events along the nigrostriatal pathway
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that, in turn, might be responsible for PD progression. Indeed, Western blot experiments
performed in 4 and 16-month-old A53T-α-syn and WT mice showed an increase in Cyt c
and nNOS protein expression, both markers of mitochondrial damage and oxidative stress,
respectively, that was already detectable in the midbrain of 4-month-old A53T-α-syn mice
and was still elevated in the late stage of disease compared to WT mice. Conversely, in the
striatum of A53T-α-syn mice, in which NCX3 expression did not change, in comparison to
WT mice, an increase in Cyt c and nNOS protein levels occurred only in the late stage of
the disease. This is in line with previously described immunohistochemistry experiments
performed in 12-month-old A53T-α-syn mice showing a reduction in TH expression in the
midbrain of these mice compared to WT [22]. Therefore, the results of the present study
suggest that a progressive impairment of the oxidative metabolism occurring in the early
stage in mesencephalic neurons might be claimed as a pathogenetic mechanism leading
to dopaminergic neuronal damage responsible for the late progression of PD. Indeed, no
increase in pro-inflammatory proteins was detected in 4-month-old A53T-α-syn both in
the midbrain and in the striatum (data not shown), although mitochondrial dysfunction
occurred. This finding supports the data recently reported in the literature that correlate mi-
tochondrial dysfunction to the triggering of the neuroinflammatory process in PD. Indeed,
damaged mitochondria can release numerous pro-inflammatory factors which, triggering
microglial activation, lead to neuroinflammation in the nigrostriatal pathway [54–56]. This
hypothesis is confirmed by the results presented in this study regarding the increase in
IBA-1, IL-1β and iNOS detected in the striatum of 16-month-old A53T-α-syn mice, in
which an increase in Cyt c and nNOS occurs. Moreover, the activation of microglial cells
in the striatum of aged A53T-α-syn mice is associated with an increase in GFAP, thus
confirming a relationship between mitochondrial-induced neuroinflammation and glial
activation [57–60]. Conversely, in the midbrain of 16-month-old A53T-α-syn mice the
increase in Cyt c and nNOS protein expression is accompanied by glial proliferation, as
confirmed by the increase in GFAP protein levels without microglial activation. These find-
ings, in accordance with data previously reported in 12-month-old A53T-α-syn mice [22],
further support the hypothesis that in the midbrain, the activation of glial cells might be
a consequence of the cellular responses triggered into the striatum of transgenic mice,
and in turn, it might further contribute to dopaminergic neuronal demise observed in
the midbrain during PD progression. Moreover, the data obtained in the striatum also
suggest that the molecular mechanisms involved in the activation of microglial cells are
different from those occurring in astrocytes. In fact, it is possible to hypothesize that the
neuronal damage related to the impairment in mitochondrial membrane permeability in
the midbrain since the early stages of the disease might promote the release of neuronal
toxic factors able to stimulate the activation of microglial cells in the striatum of A53T-α-syn
adult mice. Once activated, microglial cells can release pro-inflammatory cytokines in adult
mice and in turn, promote astroglia proliferation in the striatum and in the midbrain, as
confirmed by the increase in NCX1 protein expression described in these two brain areas
in aged A53T-α-syn mice (Figure 5). Interestingly, in astrocytes obtained from midbrain of
A53T-α-syn mice mitochondria, although they contain higher calcium compared to WT
cells, they are not depolarized, thus suggesting their ability to support cellular proliferation.
These findings let us hypothesize that the normal expression of NCX1 in transgenic astro-
cytes by maintaining [Ca2+]i within physiological range is able to preserve mitochondrial
function and, consequently, to promote gliosis in adult mice, despite the impairment of
NCX3 protein expression. In this scenario, NCX1 overexpression would not be directly
related to a detrimental effect in glial cells. This is in line with data previously reported
in the ischemic brain [33] and might explain the consequent increase in dopaminergic
neuronal injury observed in the midbrain of A53T-α-syn aged mice (Figure 5). On the
other hand, the increased NCX1 expression occurring in striatum of A53T-α-syn mice being
a reflection of glial proliferation might represent a useful druggable target to modulate
neuroinflammation in PD.
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Figure 5. Schematic model illustrating the cellular and molecular events leading to neuroinflamma-
tion in A53T-α-syn mice. (A) The NCX3 impaired expression in the midbrain leads to mitochondrial
dysfunction in dopaminergic neurons with consequent cellular damage and release of toxic factors
(probably aggregated α-syn) able to induce microglial cells’ activation in the striatum. (B) The
microglial activation in the striatum may induce pro-inflammatory cytokines’ release that in turn
stimulates NCX1-driven astrocyte proliferation. Finally, the activated astrocytes in the striatum may
invade the midbrain, further contributing to dopaminergic neuronal damage.

In conclusion, the results reported in the present study demonstrate that mitochon-
drial dysfunction in dopaminergic neuronal cells might exert a detrimental role in PD
progression. Indeed, mitochondrial dysfunction occurring in mesencephalic neurons in
A53T-α-syn mice at the early stage of the disease promotes neuronal degeneration and
activates microglial cells in the striatum. The activated microglia can in turn promote
pro-inflammatory factors’ release in the striatum of these mice with consequent glial acti-
vation and progressive impairment of dopaminergic neuronal plasticity in the late stage of
the disease.

4. Materials and Methods: In Vivo and In Vitro Models
4.1. A53t-α-Syn Transgenic Mice

Mice that express human A53T-α-synuclein under the control of prion promoter (PrP-
SNCA*A53T) [40] were obtained from The Jackson Laboratory. Mice hemizygous for the
A53T mutation were bred on a mixed C57Bl/6 × C3H background to produce transgenic
and non-transgenic littermates. In all cases, 4 and 16-month-old transgenic mice were
directly compared with age-matched wild type littermates. To identify transgenic mice
PCR amplifications were performed according to the protocol provided by The Jackson
Laboratory. Mice were group-housed (1–5 animals/cage) in temperature and humidity-
controlled rooms under a 12-h light–dark cycle and fed an ad libitum diet of standard
mouse chow. Experiments were performed on male and female mice according to the
international guidelines for animal research and approved by the Animal Care Committee
of “Federico II” University of Naples, Italy.



Int. J. Mol. Sci. 2021, 22, 8177 9 of 13

4.2. Primary Neurons from A53t-α-Syn Mice

Primary midbrain and striatal cultures were isolated from 15-day-old A53T-α-syn and
WT mouse brain embryos and prepared by modifying the previously described method of
Fath and collaborators [61]. The mesencephalic and striatal tissues were minced and incu-
bated with a dissection medium containing EBSS, DNAse, BSA and ovomucoid for 30 min
at 37 ◦C. After incubation, the suspension from the two brain regions was centrifuged
and subjected to mechanical dissection in order to obtain a cellular suspension. Then,
the cells were placed on Poly-D-lysine-coated (100 µg/mL) plastic dishes, in MEM/F12
culture medium containing glucose, 5% deactivated fetal bovine serum, 5% horse serum,
glutamine (2 mM), penicillin (50 U/mL), and streptomycin (50 µg/mL). The day after
plating, cells were treated with Cytosine-β-D-arabinose-furanoside in vitro (10 µM) to
prevent the non-neuronal cell growth. Neurons were cultured at 37 ◦C in a humidified 5%
CO2 atmosphere and used after 10 days in vitro (DIV) for all experiments described. For
confocal experiments, cells were plated on glass coverslips coated with Poly-D-lysine [62].

4.3. Primary Astrocytes from A53t-α-Syn Mice

Primary astrocyte cultures from midbrain and striatal A53T-α-syn and WT mice were
obtained from the midbrain and striatum of newborn pups 1–2 days old (P1–2). The respec-
tive areas of the brain were aseptically dissected, and meninges were carefully removed.
The tissues were minced finely and enzymatically (0.25% trypsin and DNAse/MgSO4
37 ◦C, 30 min) and mechanically dissociated to produce single-cell suspensions. Then,
the cell suspension was centrifuged at 1000 r.p.m. for 5 min and suspended in DMEM
containing 100 U/mL penicillin, 100 µg/mL streptomycin and 10% FBS. The cells were
plated in tissue flasks, then cultured at 37 ◦C in a 95% air 5% CO2 incubator. The medium
change occurred once every two days. When cells grew to confluence (7–8 days), the flask
was shaken with PBS three times to remove the loosely attached contaminated microglia.
The attached enriched astrocytes were subsequently detached using trypsin-EDTA and
then subjected to different experimental procedures.

For Western blotting experiments astrocytes were cultured in a T75 flask at 37 ◦C in a
humidified 5% CO2 atmosphere and used after 14–15 days in culture (DIV). For confocal
microscopy experiments, mature cells at 14–15 (DIV) were plated in glasses pre-coated
with Poly-D-Lys and analyzed after 24 h.

4.4. Western Blot Analysis

Mouse brain tissue and primary neuronal cells were lysed in a buffer containing:
Tris-HCl (20 mM, pH 7.5); NaF 10 mM; NaCl 150 mM; phenylmethylsulphonyl fluoride
(PMSF) 1 mM; NONIDET P-40 1%; Na3VO4 1 mM; aprotinin 0.1%; pepstatin 0.7 mg/mL e
leupeptin 1 µg/mL. Homogenates were centrifuged at 14,000 rpm for 20 min at 4 ◦C. The
supernatant was used to perform Western blot analysis. Protein levels were determined
using the Bradford method. The total protein amount used for each sample was 50 µg and it
was separated on 8% or 15% sodium dodecyl sulfate-polyacrylamide gels with 5% sodium
dodecyl sulphate stacking gel (SDS-PAGE) and electrotransferred onto Hybond ECL nitro-
cellulose paper (Amersham, Milan, Italy). The membranes were blocked in 5% non-fat dry
milk in 0.1% Tween 20 (TBS-T; 2 mmol/L Tris HCl, 50 mmol/L NaCl, pH 7.5) for 1 h at
room temperature (RT) and subsequently incubated overnight at 4 ◦C in the blocked buffer
with the 1:1000 antibody for NCX1 (polyclonal rabbit antibody, Swant, Marly, Switzerland),
1:5000 antibody for NCX3 (polyclonal rabbit antibody, Philipson’s Laboratory, UCLA,
Los Angeles, CA, USA), 1:1000 GFAP (polyclonal, Novus Biologicals, Littleton, CO, USA;
NB300-141), 1:1000 for IBA-1 (polyclonal, Wako 019-19741), 1:1000 for nNOS (monoclonal,
Santa Cruz, Dallas, TX, USA; NOS1(R-20)sc-648), 1:1000 for iNOS (monoclonal, NOS2,
Santa CRUZ (C-11):sc-7271), 1:1000 for IL-1β (monoclonal, Cell Signaling, Danvers, MA,
USA; 12242), 1:1000 for Cyt c (polyclonal, Cell Signaling 4272). Next, all membranes were
washed 3 times with a solution containing Tween 20 (0.1%) and subsequently incubated
with the secondary antibodies for 1 h (1:2000) at room temperature. Immunoreactive bands
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were detected by ECL (Amersham). Discrimination among the distinct types of extracts
was ensured by running parallel Western blots with the endogenous β-actin or α-tubulin
protein. The optical density of the bands was determined by the Image J program.

4.5. Confocal Microscopy and Mitochondrial Function

To assess the [Ca2+]m, neurons and astrocytes obtained from A53T-αsyn and WT
mouse embryos and pups, respectively, were loaded with X-Rhod-1 (0.2 µM) for 15 min in
a medium containing: 156 mM NaCl, 3 mM KCl, 2 mM MgSO4, 1.25 mM KH2PO4, 2 mM
CaCl2, 10 mM glucose, and 10 mM HEPES. The pH was adjusted to 7.35 with NaOH. At
the end of the incubation, cells were washed 3 times in the same medium. An increase in
the mitochondria-localized intensity of fluorescence was indicative of mCa2+ overload [45].

[Ca2+]c was measured using the fluorescent dye Fluo-3AM acetoxymethyl ester (Fluo-
3AM). Cells were loaded with Fluo-3AM (5 nM) for 30 min at room temperature in the
same medium described above. At the end of incubation, cells were washed 3 times in the
same medium. An increase in [Ca2+]c intensity of fluorescence was indicative of cytosolic
Ca2+ overload [18]. The advantage to use fluo3 was that this calcium indicator can be
loaded into the cells together with the mitochondrial calcium indicator X-Rhod-1, thus
allowing a simultaneous comparison of calcium levels in the cytoplasmic and mitochondrial
compartments. Mitochondrial membrane potential was assessed using the fluorescent
dye tetramethylrhodamine ethyl ester (TMRE) in the “redistribution mode” [63]. Cells
were loaded with TMRE (20 nM) for 30 min in the above-described medium. At the end
of the incubation, cells were washed in the same medium containing TMRE (20 nM) and
allowed to equilibrate. A decline in the mitochondria-localized intensity of fluorescence
was indicative of mitochondrial membrane depolarization [63].

Confocal images were obtained using Zeiss inverted 700 confocal laser scanning
microscopy and a 63× oil immersion objective. The illumination intensity of 543 Xenon
laser used to excite X-Rhod-1 and TMRE, and of 488 Argon laser used to excite Fluo-3AM
fluorescence, was kept to a minimum of 0.5% of laser output to avoid phototoxicity.

4.6. Statistical Analysis

Data were generated from a minimum of 3 independent experimental sessions for
in vitro studies. Calcium and mitochondrial membrane potential measurements were
performed at least in 200 cells for each of the 3 independent experimental sessions. Data
were expressed as mean percentage ± S.E.M. Statistical comparisons between transgenic
and their respective controls during aging were performed using the one-way ANOVA test
followed by Newman–Keuls test. The unpaired Student’s T-test was used to analyse the
trend inside the same group corresponding at the single specific age. p-value < 0.05 was
considered statistically significant.

5. Conclusions

In conclusion, the results reported in the present study demonstrate that mitochondrial
dysfunction described in mesencephalic neurons of A53T-α-syn mice at the early stage
of the disease promotes neuronal degeneration and activates neuroinflammation in the
striatum of these mice with consequent glial activation and progressive impairment of
dopaminergic neuronal plasticity in the late stage of the disease.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ijms22158177/s1.

Author Contributions: A.S. conceived the experiments and wrote the original draft of the manuscript.
R.D.M., M.J.S. and R.S. performed the experiments and analyzed the data; D.B. performeddata
analysis, S.D.N. genotyped the mice and provided to transgenic mice colony; A.F. and L.A. reviewed
and edited the manuscript. A.S. supervised and coordinated the study. All authors have read and
agreed to the published version of the manuscript.

https://www.mdpi.com/article/10.3390/ijms22158177/s1
https://www.mdpi.com/article/10.3390/ijms22158177/s1


Int. J. Mol. Sci. 2021, 22, 8177 11 of 13

Funding: This research was funded by PRIN-MIUR, grant number 2017CY3J3W to A.F. and A.S.;
and Progetto PON-PerMedNet grant number ARS01_01226 to L.A.

Institutional Review Board Statement: All the experiments involving animals have been performed
according to the experimental procedures approved by the Ethical Committee of the ‘Federico II’
University of Naples, n◦ 588/2020-PR (Risposta a prot. 39F3A.63).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to privacy.

Acknowledgments: The authors would like to thank Lucia D’Esposito and Massimiliano Cacace for
setting up genetic animal model.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Hausdorff, J.M. Gait dynamics in Parkinson’s disease: Common and distinct behaviour among stride length, gait variability, and

fractal-like scaling. Chaos 2009, 19, 026113. [CrossRef]
2. Scalzo, P.; Kümmer, A.; Bretas, T.L.; Cardoso, F.; Teixeira, A.L. Serum levels of brain-derived neurotrophic factor correlate with

motor impairment in Parkinson’s disease. J. Neurol. 2010, 257, 540–545. [CrossRef]
3. Obeso, J.A.; Rodriguez-Oroz, M.C.; Rodriguez, M.; Lanciego, J.L.; Artieda, J.; Gonzalo, N.; Olanow, C.W. Pathophysiology of the

basal ganglia in Parkinson’s disease. Trends Neurosci. 2000, 23, S8–S19. [CrossRef]
4. Cookson, M.R. The biochemistry of Parkinson’s disease. Annu. Rev. Biochem. 2005, 74, 29–52. [CrossRef] [PubMed]
5. Burch, D.; Sheerin, F. Parkinson’s disease. Lancet 2005, 365, 622–627. [CrossRef]
6. Spillantini, M.G.; Schmidt, M.L.; Lee, V.M.; Trojanowski, J.Q.; Jakes, R.; Goedert, M. Alpha-synuclein in Lewy bodies. Nature 1997,

388, 839–840. [CrossRef]
7. Cheng, A.; Hou, Y.; Mattson, M.P. Mitochondria and neuroplasticity. ASN Neuro. 2010, 2, 243–256. [CrossRef]
8. Pacelli, C.; Giguère, N.; Bourque, M.J.; Lévesque, M.; Slack, R.S.; Trudeau, L.É. Elevated mitochondrial bioenergetics and axonal

arborization size are key contributors to the vulnerability of dopamine neurons. Curr. Biol. 2015, 25, 2349–2360. [CrossRef]
9. Stanga, S.; Caretto, A.; Boido, M.; Vercelli, A. Mitochondrial Dysfunctions: A Red Thread across Neurodegenerative Diseases. Int.

J. Mol. Sci. 2020, 21, 3719–3754. [CrossRef] [PubMed]
10. Wang, B.; Huang, M.; Shang, D.; Yan, X.; Zhao, B.; Zhang, X. Mitochondrial Behavior in Axon Degeneration and Regeneration.

Front. Aging Neurosci. 2021, 13, 103. [CrossRef]
11. Chan, C.S.; Guzman, J.N.; Ilijic, E.; Mercer, J.N.; Rick, C.; Tkatch, T.; Meredith, G.E.; Surmeier, D.J. Rejuvenation’ protects neurons

in mouse models of Parkinson’s disease. Nature 2007, 447, 1081–1086. [CrossRef]
12. Guzman, J.N.; Sanchez-Padilla, J.; Wokosin, D. Oxidant stress evoked by pacemaking in dopaminergic neurons is attenuated by

DJ-1. Nature 2010, 468, 696–700. [CrossRef] [PubMed]
13. Surmeier, D.J.; Obeso, J.A.; Halliday, G.M. Selective neuronal vulnerability in Parkinson disease. Nat. Rev. Neurosci. 2017, 18,

101–113. [CrossRef]
14. Surmeier, D.J.; Plotkin, J.; Shen, W. Dopamine and synaptic plasticity in dorsal striatal circuits controlling action selection. Curr.

Opin. Neurobiol. 2009, 19, 621–628. [CrossRef]
15. Scorziello, A.; Borzacchiello, D.; Sisalli, M.J.; Di Martino, R.; Morelli, M.; Feliciello, A. Mitochondrial Homeostasis and Signaling

in Parkinson’s Disease. Front. Aging Neurosci. 2020, 12, 100–111. [CrossRef]
16. Visch, H.J.; Rutter, G.A.; Koopman, W.J.; Koenderink, J.B.; Verkaart, S.; de Groot, T.; Varadi, A.; Mitchell, K.J.; van den Heuvel,

L.P.; Smeitink, J.A.; et al. Inhibition of mitochondrial Na+-Ca2+ exchange restores agonist-induced ATP production and Ca2+

handling in human complex I deficiency. J. Biol. Chem. 2004, 279, 40328–40336. [CrossRef]
17. Annunziato, L.; Pignataro, G.; Di Renzo, G.F. Pharmacology of brain Na+/Ca2+ exchanger: From molecular biology to therapeutic

perspectives. Pharmacol. Rev. 2004, 56, 633–654. [CrossRef] [PubMed]
18. Secondo, A.; Staiano, R.I.; Scorziello, A.; Sirabella, R.; Boscia, F.; Adornetto, A.; Valsecchi, V.; Molinaro, P.; Canzoniero, L.M.;

Di Renzo, G.; et al. BHK cells transfected with NCX3 are more resistant to hypoxia followed by reoxygenation than those
transfected with NCX1 and NCX2: Possible relationship with mitochondrial membrane potential. Cell Calcium 2007, 42, 521–535.
[CrossRef]

19. Formisano, L.; Saggese, M.; Secondo, A.; Sirabella, R.; Vito, P.; Valsecch, V.; Molinaro, P.; Di Renzo, G.; Annunziato, L. The
two isoforms of the Na+/Ca2+ exchanger, NCX1 and NCX3, constitute novel additional targets for the prosurvival action of
Akt/protein kinase B pathway. Mol. Pharmacol. 2008, 73, 727–737. [CrossRef]

20. Scorziello, A.; Savoia, C.; Sisalli, M.J.; Adornetto, A.; Secondo, A.; Boscia, F.; Esposito, A.; Polishchuk, E.V.; Polishchuk, R.S.;
Molinaro, P.; et al. NCX3 regulates mitochondrial Ca (2+) handling through the AKAP121-anchored signaling complex and
prevents hypoxia-induced neuronal death. J. Cell Sci. 2013, 126, 5566–5577. [CrossRef]

http://doi.org/10.1063/1.3147408
http://doi.org/10.1007/s00415-009-5357-2
http://doi.org/10.1016/S1471-1931(00)00028-8
http://doi.org/10.1146/annurev.biochem.74.082803.133400
http://www.ncbi.nlm.nih.gov/pubmed/15952880
http://doi.org/10.1016/S0140-6736(05)70807-2
http://doi.org/10.1038/42166
http://doi.org/10.1042/AN20100019
http://doi.org/10.1016/j.cub.2015.07.050
http://doi.org/10.3390/ijms21103719
http://www.ncbi.nlm.nih.gov/pubmed/32466216
http://doi.org/10.3389/fnagi.2021.650038
http://doi.org/10.1038/nature05865
http://doi.org/10.1038/nature09536
http://www.ncbi.nlm.nih.gov/pubmed/21068725
http://doi.org/10.1038/nrn.2016.178
http://doi.org/10.1016/j.conb.2009.10.003
http://doi.org/10.3389/fnagi.2020.00100
http://doi.org/10.1074/jbc.M408068200
http://doi.org/10.1124/pr.56.4.5
http://www.ncbi.nlm.nih.gov/pubmed/15602012
http://doi.org/10.1016/j.ceca.2007.01.006
http://doi.org/10.1124/mol.107.042549
http://doi.org/10.1242/jcs.129668


Int. J. Mol. Sci. 2021, 22, 8177 12 of 13

21. Secondo, A.; Pignataro, G.; Ambrosino, P.; Pannaccione, A.; Molinaro, P.; Boscia, F.; Cantile, M.; Cuomo, O.; Esposito, A.;
Sisalli, M.J.; et al. Pharmacological characterization of the newly synthesized 5-amino-N-butyl-2-(4-ethoxyphenoxy)-benzamide
hydrochloride (BED) as a potent NCX3 inhibitor that worsens anoxic injury in cortical neurons, organotypic hippocampal cultures,
and ischemic brain. ACS Chem. Neurosci. 2015, 6, 1361–1370. [CrossRef]

22. Sirabella, R.; Sisalli, M.J.; Costa, G.; Omura, K.; Ianniello, G.; Pinna, A.; Morelli, M.; Di Renzo, G.M.; Annunziato, L.; Scorziello, A.
NCX1 and NCX3 as potential factors contributing to neurodegeneration and neuroinflammation in the A53T transgenic mouse
model of Parkinson’s Disease. Cell Death Dis. 2018, 25, 725–736. [CrossRef] [PubMed]

23. Wood-Kaczmar, A.; Deas, E.; Wood, N.W.; Abramov, A.Y. The Role of the Mitochondrial NCX in the Mechanism of Neurodegen-
eration in Parkinson’s Disease. Adv. Exp. Med. Biol. 2013, 961, 241–249.

24. Cali, T.; Ottolini, D.; Brini, M. Calcium and Endoplasmic Reticulum-Mitochondria Tethering in Neurodegeneration. DNA Cell
Biol. 2013, 32, 140–146. [CrossRef]

25. McGeer, P.L.; Itagak, S.; Boyes, B.E.; McGeer, E.G. Reactive microglia are positive for HLA-DR in the substantia nigra of
Parkinson’s and Alzheimer’s disease brains. Neurology 1988, 38, 1285–1291. [CrossRef]

26. McGeer, P.L.; McGeer, E.G. Glial reactions in Parkinson’s disease. Mov. Disord. 2008, 23, 474–483. [CrossRef] [PubMed]
27. Colton, C.A.; Wilcock, D.M. Assessing activation states in microglia. CNS Neurol. Disord. Drug Targets 2010, 9, 174–191. [CrossRef]

[PubMed]
28. Klegeris, A.; McGeer, E.G.; McGeer, P.L. Therapeutic approaches to inflammation in neurodegenerative disease. Curr. Opin.

Neurol. 2007, 20, 351–357. [CrossRef] [PubMed]
29. Lee, J.K.; Tran, T.; Tansey, M.G. Neuroinflammation in Parkinson’s disease. J. Neuroimmune Pharmacol. 2009, 4, 419–429. [CrossRef]
30. Olson, J.K. Immune response by microglia in the spinal cord. Ann. N. Y. Acad. Sci. 2010, 1198, 271–278. [CrossRef]
31. Przedborski, S. Neuroinflammation and Parkinson’s disease. Handb. Clin. Neurol. 2007, 87, 535–551.
32. Benner, E.J.; Mosley, R.L.; Destache, C.J.; Lewis, T.B.; Jackson-Lewis, V.; Gorantla, S.; Nemachek, C.; Green, S.R.; Przedborski, S.;

Gendelman, H.E. Therapeutic immunization protects dopaminergic neurons in a mouse model of Parkinson’s disease. Proc. Natl.
Acad. Sci. USA 2004, 101, 9435–9440. [CrossRef]

33. Boscia, F.; Gala, R.; Pannaccione, A.; Secondo, A.; Scorziello, A.; Di Renzo, G.; Annunziato, L. NCX1 expression and functional
activity increase in microglia invading the infarct core. Stroke 2009, 40, 3608–3617. [CrossRef]

34. Noda, M.; Ifuku, M.; Mori, Y.; Verkhratsky, A. Calcium influx through reversed NCX controls migration of microglia. Adv. Exp.
Med. Biol. 2013, 961, 289–294. [PubMed]

35. Sharma, M.; Burré, J.; Südhof, T.C. Proteasome inhibition alleviates SNARE-dependent neurodegeneration. Sci. Transl. Med. 2012,
4, 147. [CrossRef] [PubMed]

36. Molinaro, P.; Cuomo, O.; Pignataro, G.; Boscia, F.; Sirabella, R.; Pannaccione, A.; Secondo, A.; Scorziello, A.; Adornetto, A.;
Gala, R.; et al. Targeted disruption of Na+/Ca2+ exchanger 3 (NCX3) gene leads to a worsening of ischemic brain damage. J.
Neurosci. 2008, 28, 1179–1184. [CrossRef] [PubMed]

37. Sisalli, M.J.; Feliciello, A.; Notte, S.D.; Di Martino, R.; Borzacchiello, D.; Annunziato, L.; Scorziello, A. Nuclear-encoded NCX3 and
AKAP121: Two novel modulators of mitochondrial calcium efflux in normoxic and hypoxic neurons. Cell Calcium 2020, 87, 102193.
[CrossRef]

38. Calì, T.; Ottolini, D.; Brini, M. Mitochondrial Ca2+ and neurodegeneration. Cell Calcium 2012, 52, 73–85. [CrossRef]
39. Li, J.; Uversky, V.N.; Fink, A.L. Effect of familial Parkinson’s disease point mutations A30P and A53T on the structural properties,

aggregation, and fibrillation of human alpha-synuclein. Biochemistry 2001, 40, 11604–11613. [CrossRef]
40. Giasson, B.I.; Duda, J.E.; Quinn, S.M.; Zhang, B.; Trojanowski, J.Q.; Lee, V.M. Neuronal alpha-synucleinopathy with severe

movement disorder in mice expressing A53T human alpha-synuclein. Neuron 2002, 34, 521–533. [CrossRef]
41. Masliah, E.; Rockenstein, E.; Veinbergs, I.; Mallory, M.; Hashimoto, M.; Takeda, A.; Sagara, Y.; Sisk, A.; Mucke, L. Dopaminergic

loss and inclusion body formation in alpha-synuclein mice: Implications for neurodegenerative disorders. Science 2000, 287,
1265–1269. [CrossRef]

42. Giasson, B.I.; Jakes, R.; Goedert, M.; Duda, J.E.; Leight, S.; Trojanowski, J.Q.; Lee, V.M. A panel of epitope-specific antibodies
detects protein domains distributed throughout human alpha-synuclein in Lewy bodies of Parkinson’s disease. J. Neurosci. Res.
2000, 59, 528–533. [CrossRef]

43. Ghio, S.; Kamp, F.; Cauchi, R.; Giese, A.; Vassallo, N. Interaction of α-synuclein with biomembranes in Parkinson’s disease—Role
of cardiolipin. Prog. Lipid Res. 2016, 61, 73–82. [CrossRef]

44. Golovko, M.Y.; Barceló-Coblijn, G.; Castagnet, P.I.; Austin, S.; Combs, C.K.; Murphy, E.J. The role of alpha-synuclein in brain lipid
metabolism: A downstream impact on brain inflammatory response. Mol. Cell Biochem. 2009, 326, 55–66. [CrossRef] [PubMed]

45. Sisalli, M.J.; Secondo, A.; Esposito, A.; Valsecchi, V.; Savoia, C.; Di Renzo, G.F.; Annunziato, L.; Scorziello, A. Endoplasmic
reticulum refilling and mitochondrial calcium extrusion promoted in neurons by NCX1 and NCX3 in ischemic preconditioning
are determinant for neuroprotection. Cell Death Differ. 2014, 21, 1142–1149. [CrossRef]

46. Pignataro, G.; Gala, R.; Cuomo, O.; Tortiglione, A.; Giaccio, L.; Castaldo, P.; Sirabella, R.; Matrone, C.; Canitano, A.; Amoroso, S.; et al.
Two sodium/calcium exchanger gene products, NCX1 and NCX3, play a major role in the development of permanent focal
cerebral ischemia. Stroke 2004, 35, 2566–2570. [CrossRef] [PubMed]

http://doi.org/10.1021/acschemneuro.5b00043
http://doi.org/10.1038/s41419-018-0775-7
http://www.ncbi.nlm.nih.gov/pubmed/29941946
http://doi.org/10.1089/dna.2013.2011
http://doi.org/10.1212/WNL.38.8.1285
http://doi.org/10.1002/mds.21751
http://www.ncbi.nlm.nih.gov/pubmed/18044695
http://doi.org/10.2174/187152710791012053
http://www.ncbi.nlm.nih.gov/pubmed/20205642
http://doi.org/10.1097/WCO.0b013e3280adc943
http://www.ncbi.nlm.nih.gov/pubmed/17495632
http://doi.org/10.1007/s11481-009-9176-0
http://doi.org/10.1111/j.1749-6632.2010.05536.x
http://doi.org/10.1073/pnas.0400569101
http://doi.org/10.1161/STROKEAHA.109.557439
http://www.ncbi.nlm.nih.gov/pubmed/23224888
http://doi.org/10.1126/scitranslmed.3004028
http://www.ncbi.nlm.nih.gov/pubmed/22896677
http://doi.org/10.1523/JNEUROSCI.4671-07.2008
http://www.ncbi.nlm.nih.gov/pubmed/18234895
http://doi.org/10.1016/j.ceca.2020.102193
http://doi.org/10.1016/j.ceca.2012.04.015
http://doi.org/10.1021/bi010616g
http://doi.org/10.1016/S0896-6273(02)00682-7
http://doi.org/10.1126/science.287.5456.1265
http://doi.org/10.1002/(SICI)1097-4547(20000215)59:4&lt;528::AID-JNR8&gt;3.0.CO;2-0
http://doi.org/10.1016/j.plipres.2015.10.005
http://doi.org/10.1007/s11010-008-0008-y
http://www.ncbi.nlm.nih.gov/pubmed/19116775
http://doi.org/10.1038/cdd.2014.32
http://doi.org/10.1161/01.STR.0000143730.29964.93
http://www.ncbi.nlm.nih.gov/pubmed/15472108


Int. J. Mol. Sci. 2021, 22, 8177 13 of 13

47. Boscia, F.; Gala, R.; Pignataro, G.; de Bartolomeis, A.; Cicale, M.; Ambesi-Impiombato, A.; Di Renzo, G.; Annunziato, L. Permanent
focal brain ischemia induces isoform-dependent changes in the pattern of Na+/Ca2+ exchanger gene expression in the ischemic
core, periinfarct area, and intact brain regions. J. Cereb. Blood Flow Metab. 2006, 26, 502–517. [CrossRef]

48. Sirabella, R.; Secondo, A.; Pannaccione, A.; Scorziello, A.; Valsecchi, V.; Adornetto, A.; Bilo, L.; Di Renzo, G.; Annunziato, L.
Anoxia-induced NF-kappaB-dependent upregulation of NCX1 contributes to Ca2+ refilling into endoplasmic reticulum in cortical
neurons. Stroke 2009, 40, 922–929. [CrossRef]

49. Pannaccione, A.; Secondo, A.; Molinaro, P.; D’Avanzo, C.; Cantile, M.; Esposito, A.; Boscia, F.; Scorziello, A.; Sirabella, R.;
Sokolow, S.; et al. A new concept: Aβ1-42 generates a hyper-functional proteolytic NCX3 fragment that delays caspase-12
activation and neuronal death. J. Neurosci. 2012, 32, 10609–10617. [CrossRef] [PubMed]

50. Chan, C.S.; Gertler, T.S.; Surmeier, D.J. Calcium homeostasis, selective vulnerability and Parkinson’s disease. Trends Neurosci.
2009, 32, 249–256. [CrossRef] [PubMed]

51. Surmeier, D.J.; Guzman, J.N.; Sanchez-Padilla, J. Calcium, cellular aging, and selective neuronal vulnerability in Parkinson’s
disease. Cell Calcium 2010, 47, 175–182. [CrossRef]

52. Surmeier, D.J.; Guzman, J.N.; Sanchez-Padilla, J.; Schumacker, P.T. The role of calcium and mitochondrial oxidant stress in the
loss of substantia nigra pars compacta dopaminergic neurons in Parkinson’s disease. Neuroscience 2011, 198, 221–231. [CrossRef]

53. Dryanovski, D.I.; Guzman, J.N.; Xie, Z.; Galteri, D.J.; Volpicelli-Daley, L.A.; Lee, V.M.; Miller, R.J.; Schumacker, P.T.; Surmeier, D.J.
Calcium entry and alpha-synuclein inclusions elevate dendritic mitochondrial oxidant stress in dopaminergic neurons. J. Neurosci.
2013, 33, 10154–10164. [CrossRef]

54. Hirsch, E.C.; Vyas, S.; Hunot, S. Neuroinflammation in Parkinson’s disease. Parkinsonism Relat. Disord. 2012, 18, S210–S212.
[CrossRef]

55. Tansey, M.G.; Goldberg, M.S. Neuroinflammation in Parkinson’s disease: Its role in neuronal death and implications for
therapeutic intervention. Neurobiol. Dis. 2010, 37, 510–518. [CrossRef]

56. Glass, C.K.; Saijo, K.; Winner, B.; Marchetto, M.C.; Gage, F.H. Mechanisms underlying inflammation in neurodegeneration. Cell
2010, 140, 918–934. [CrossRef] [PubMed]

57. Thakur, P.; Nehru, B. Inhibition of neuroinflammation and mitochondrial dysfunctions by carbenoxolone in the rotenone model
of Parkinson’s disease. Mol. Neurobiol. 2015, 51, 209–219. [CrossRef] [PubMed]

58. Noh, H.; Jeon, J.; Seo, H. Systemic injection of LPS induces region-specific neuroinflammation and mitochondrial dysfunction in
normal mouse brain. Neurochem. Int. 2014, 69, 35–40. [CrossRef] [PubMed]

59. Park, J.Y.; Choi, H.; Min, J.S.; Park, S.J.; Kim, J.H.; Park, H.J.; Kim, B.; Chae, J.I.; Yim, M.; Lee, D.S. Mitochondrial dynamics
modulate the expression of pro-inflammatory mediators in microglial cells. J. Neurochem. 2013, 127, 221–232. [CrossRef] [PubMed]

60. Ferger, A.I.; Campanelli, L.; Reimer, V.; Muth, K.N.; Merdian, I.; Ludolph, A.C.; Witting, A. Effects of mitochondrial dysfunction
on the immunological properties of microglia. J. Neuroinflammation 2010, 7, 45–55. [CrossRef] [PubMed]

61. Fath, T.; Ke, Y.D.; Gunning, P.; Gotz, J.; Ittner, L.M. Primary support cultures of hippocampal and substantia nigra neurons. Nat.
Protoc. 2009, 4, 78–85. [CrossRef] [PubMed]

62. Scorziello, A.; Santillo, M.; Adornetto, A.; Dell’aversano, C.; Sirabella, R.; Damiano, S.; Canzoniero, L.M.; Di Renzo, G.;
Annunziato, L. NO-inducedneuroprotection in ischemicpreconditioningstimulatesmitochondrial Mn-SOD activity and expression
via Ras/ERK1/2 pathway. J. Neurochem. 2007, 103, 1472–1480. [CrossRef] [PubMed]

63. Livigni, A.; Scorziello, A.; Agnese, S.; Adornetto, A.; Carlucci, A.; Garbi, C.; Castaldo, I.; Annunziato, L.; Avvedimento, E.V.;
Feliciello, A. Mitochondrial AKAP121 links cAMP and srcsignalling to oxidativemetabolism. Mol. Biol. Cell 2006, 17, 263–271.
[CrossRef] [PubMed]

http://doi.org/10.1038/sj.jcbfm.9600207
http://doi.org/10.1161/STROKEAHA.108.531962
http://doi.org/10.1523/JNEUROSCI.6429-11.2012
http://www.ncbi.nlm.nih.gov/pubmed/22855810
http://doi.org/10.1016/j.tins.2009.01.006
http://www.ncbi.nlm.nih.gov/pubmed/19307031
http://doi.org/10.1016/j.ceca.2009.12.003
http://doi.org/10.1016/j.neuroscience.2011.08.045
http://doi.org/10.1523/JNEUROSCI.5311-12.2013
http://doi.org/10.1016/S1353-8020(11)70065-7
http://doi.org/10.1016/j.nbd.2009.11.004
http://doi.org/10.1016/j.cell.2010.02.016
http://www.ncbi.nlm.nih.gov/pubmed/20303880
http://doi.org/10.1007/s12035-014-8769-7
http://www.ncbi.nlm.nih.gov/pubmed/24946750
http://doi.org/10.1016/j.neuint.2014.02.008
http://www.ncbi.nlm.nih.gov/pubmed/24607701
http://doi.org/10.1111/jnc.12361
http://www.ncbi.nlm.nih.gov/pubmed/23815397
http://doi.org/10.1186/1742-2094-7-45
http://www.ncbi.nlm.nih.gov/pubmed/20701773
http://doi.org/10.1038/nprot.2008.199
http://www.ncbi.nlm.nih.gov/pubmed/19131959
http://doi.org/10.1111/j.1471-4159.2007.04845.x
http://www.ncbi.nlm.nih.gov/pubmed/17680990
http://doi.org/10.1091/mbc.e05-09-0827
http://www.ncbi.nlm.nih.gov/pubmed/16251349

	Introduction 
	Results 
	Mitochondrial Dysfunction in Neuronal Cells Obtained from A53t–Syn Mice Depends on Decrease in Ncx3 Expression 
	Differences in Ncx3 Expression in Nigrostriatal Pathway Are Associated with Mitochondrial Impairment in A53t–Syn Transgenic Mice during Aging 
	Mitochondrial Dysfunction Triggers Neuroinflammation in A53t–Syn Transgenic Mice during Aging 

	Discussion 
	Materials and Methods: In Vivo and In Vitro Models 
	A53t–Syn Transgenic Mice 
	Primary Neurons from A53t–Syn Mice 
	Primary Astrocytes from A53t–Syn Mice 
	Western Blot Analysis 
	Confocal Microscopy and Mitochondrial Function 
	Statistical Analysis 

	Conclusions 
	References

