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Abstract Parkinson’s disease (PD) is a disorder caused by
degeneration of dopaminergic neurons. At the moment, there
is no cure. Recent studies have shown that autophagy may
have a protective function against the advance of a number
of neurodegenerative diseases. Temsirolimus is an analogue of
rapamycin that induces autophagy by inhibiting mammalian
target of rapamycin complex 1. For this purpose, in the present
study we investigated the neuroprotective effects of
temsirolimus (5 mg/kg intraperitoneal) on 1-methyl-4-phe-
nyl-1,2,3,6-tetrahydropyridine-induced (MPTP) neurotoxicity
in in vivo model of PD. At the end of the experiment, brain
tissues were processed for histological, immunohistochemi-
cal, Western blot, and immunofluorescent analysis.
Treatment with temsirolimus significantly ameliorated behav-
ioral deficits, increased the expression of specific markers of
PD such as tyrosine hydroxylase, dopamine transporter, as
well as decreased the upregulation of α-synuclein in the
substantia nigra after MPTP induction. Furthermore,
Western blot and immunohistochemistry analysis showed that
temsirolimus administration significantly increased autopha-
gy process. In fact, treatment with temsirolimus maintained
high Beclin-1, p62, and microtubule-associated protein 1A/
1B-light chain 3 expression and inhibited the p70S6K expres-
sion. In addition, we showed that temsirolimus has also anti-
inflammatory properties as assessed by the significant inhibi-
tion of the expression of mitogen-activated protein kinases

such as p-JNK, p-p38, and p-ERK, and the restored levels of
neurotrophic factor expression such as BDNF and NT-3. On
the basis of this evidence, we clearly demonstrate that
temsirolimus is able to modulate both the autophagic process
and the neuroinflammatory pathway involved in PD, actions
which may underlie its neuroprotective effect.
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Introduction

Parkinson’s diseases is one of the most widespread degenera-
tive neurological disorder that affects people over 60, charac-
terized by the progressive loss of dopaminergic neurons both
in the central and in the peripheral nervous system [1, 2]. The
damage in these cells determinate a reduced release of dopa-
mine that functions as a neurotransmitter that regulates move-
ment and coordination. Moreover, Parkinson’s disease (PD) is
characterized by the presence of Lewy bodies (LB) that are
eosinophilic cytoplasmatic inclusions composed by insoluble
aggregates of different proteins, mainlyα-synuclein and ubiq-
uitin [3, 4]. Current therapeutic approach is based to amelio-
rate principally clinical manifestations of the disorder such as
resting tremor, rigidity, and hypokinesia; nevertheless, there is
no effective cure that can reduce the underlying neuron de-
generation and loss. Although the mechanism underlying dis-
ease initiation and progression is still unknown, recently a lot
of studies focused the attention on neuroinflammation that is
another important feature in PD [5–7]. α-Synuclein released
from neuronal cells could also be transferred to and accumu-
late in astrocytes inducing expression of genes that are asso-
ciated with strong inflammatory response; in particular, in-
creased expression of pro-inflammatory cytokines and

* Emanuela Esposito
eesposito@unime.it

1 Department of Chemical, Biological, Pharmaceutical and
Environmental Science, University of Messina, Viale Ferdinando
Stagno D’Alcontres n, 31 98166 Messina, Italy

2 Department of Pharmacological and Physiological Science, Saint
Louis University School of Medicine, Saint Louis, MO, USA

Mol Neurobiol (2018) 55:2403–2419
DOI 10.1007/s12035-017-0496-4

http://crossmark.crossref.org/dialog/?doi=10.1007/s12035-017-0496-4&domain=pdf


chemokines has detected in the brain parenchyma and CSF of
human PD patients suggesting that α-synuclein mediates neu-
roinflammation [8]. Moreover, recent studies are based on the
role of proteasomal, lysosomal, and autophagic pathways in-
volved in α-synuclein clearance in PD [9, 10]. It has been
shown that autophagic pathway helps in cell survival by re-
moving unwanted cellular organelle and protein aggregates
[11]. Autophagy is a multi-step process, comprising the for-
mation of double membrane structures noted as
autophagosomes that fuse with lysosomes in order to form
autophagolysosomes, whose contents, such as misfolded pro-
teins and cellular metabolic discards, are then degraded [12].
There are recent evidence to suggest that change in costitutive
autophagy in neurons can impact the number and quality of
synaptic plasticity and regulation of presynaptic signaling.
Many neurodevelopmental disorders are associated with dys-
function in autophagy-related pathways (e.g., mTOR) [13].
Recent studies reveal that autophagy is constitutively active
in healthy neurons and can be considered as a beneficial re-
sponse of neurons in repairing or remodeling damaged cellu-
lar components necessary for sustaining normal neuronal
function and survival [14, 15]. In particular in PD, autophagy
has been found as a predominant pathway involved in α-
synuclein clearance, supporting this possibility is the finding
that α-synuclein is detected inside vesicles with autophagic
morphology and the autophagy activator, such as rapamycin,
stimulates its clearance [16–18]. Rapamycin is a pharmaco-
logical compound that is capable to provide neuroprotection
in numerous experimental models of neurodegenerative dis-
eases, including AD, PD, Huntington’s disease, and
spinocerebellar ataxia type 3 [19]. Rapamycin is a macrolide
that particularly inhibits mammalian target of rapamycin
(mTOR) that is a serine/threonine protein kinase, member of
the phosphatidylinositol 3-kinase-related kinase protein fami-
ly, that regulates cell growth, cell proliferation, cell survival,
protein synthesis, and inhibition of autophagy [20–22].
Rapamycin inhibits the mTORC1 pathways thus enhancing
autophagy. Although the beneficial effects of rapamycin, this
compound may causes unwanted side effects such as periph-
eral edema, hypertriglyceridemia, hypertension, hypercholes-
terolemia, increasing of creatinina, constipation, abdominal
pain, diarrhea, headache, fever, urinary tract infection, anemia,
nausea, arthralgia, pain, and thrombocytopenia [23–26]. Thus,
recent findings suggested that a newly developed analogue of
rapamycin, temsirolimus, could possess the same beneficial
effects of rapamycin with lower side effects [27, 28]. It has
been demonstrated that temsirolimus possesses neuroprotec-
tive effects in animal models of HD and spinocerebellar ataxia
type 3, two neurodegenerative diseases caused by accumula-
tion of aberrant proteins inside the brain [29, 30].
Temsirolimus actually is approved by the U.S. Food and
Drug Administration and the European Medicines Agency
for the treatment of renal cell carcinoma [31]. In this

framework, stimulation of autophagy represents promising
new strategies to prevent or decrease the progression of PD;
thus based on the above evidence, we carried out the present
study to investigate, in an animal model of PD, the potential
neuroprotective effects of temsirolimus linked to induction of
autophagy and modulation of neuroinflammation.

Material and Methods

Animals

C57/BL6 mice (male 25–30 g; Harlan Nossan, Milan, Italy)
were accommodated in a controlled environment and
equipped with standard rodent chow and water. Mice were
housed in steel cages in a room kept at 22 ± 1 °C with a
12-h light, 12-h dark cycle. Mice were acclimatized to their
habitat for 1 week and they had ad libitum access to tap water
and rodent standard diet. The University of Messina Review
Board for the care of animals approved the study. All animal
experiments complied with regulations in Italy (D.M.
116,192) as well as the EU regulations (O.J. of E.C. L 358/1
12/18/1986).

MPTP-Induced PD and Treatments

Eight-week-old male C57/BL6 mice were treated with MPTP
or saline. For MPTP intoxication, mice received four i.p. in-
jections of MPTP (20 mg/kg; Sigma, Milan Italy) in saline
solution at 2 h intervals in 1 day: total dose per mouse was
80 mg/kg. For temsirolimus treatment (5 mg/kg in 10% di-
methyl sulfoxide), mice received i.p. temsirolimus starting
24 h after the first MPTP administration and continuing
through 7 additional days after the last administration of
MPTP. Sham animals received vehicle only. Eight days after
MPTP injection, mice were sacrificed by decapitation. Brains
were dissected out, and midbrains were isolated and proc-
essed. The dose of MPTP (20 mg/kg) and temsirolimus
(5mg/kg) usedwas based on previous in vivo studies [32–34].

Experimental Groups

The animals were arbitrarily allocated into the following
groups:

Group 1. Sham+Veh = Vehicle solution (saline) was admin-
istered i.p. during the 1st day, like MPTP protocol.
(N = 10)

Group 2. Sham+temsirolimus = Same as the Sham + Veh
group, but temsirolimus (5 mg/kg body weight,
soluble 10% dimethyl sulfoxide, i.p.) was admin-
istered starting 24 h after the first vehicle solution
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injection and continuing through 7 additional days
after the last administration of saline. (N = 10)

Group 3. MPTP+Veh = MPTP solution was administered as
described for administration of saline. (N = 10)

Group 4. MPTP+temsirolimus = Same as the MPTP + Veh
group, but temsirolimus (at a dose of 5 mg/kg body
weight, soluble 10% dimethyl sulfoxide, i.p.) was
administered starting 24 h after the first MPTP
administration and continuing through 7 additional
days after the last injection of MPTP. (N = 10)

Preparation of Cytosolic and Nuclear Extracts from Brain
and Western Blot Analysis

To perform Western blot analysis, the mice were anesthetized
by xylazine and ketamine (0.16 and 2.6 mg/kg body weight,
respectively, given i.p.) and after decapitated with large ban-
dage scissors. Brains of each mouse were quickly removed
and suspended in extraction buffer A comprising 20 mM
leupeptin, 0.15 mM pepstatin A, 0.2 mM PMSF, 1 mM sodi-
um orthovanadate, homogenized at the maximum setting for
2 min, and centrifuged at 12,000 rpm for 4 min at 4 °C.
Supernatants represented the cytosolic fraction. The pellets,
which contains enriched nuclei, were resuspended in buffer
B containing 10 mM Tris–HCl pH 7.4, 150 mM NaCl, 1 mM
EGTA, 1% Triton X-100, 1 mM EDTA, 0.2 mM PMSF,
20 mm leupeptin, and 0.2 mM sodium orthovanadate. After
centrifugation for 10 min at 12,000 rpm at 4 °C, the superna-
tants containing the nuclear protein were stored at −80 °C for
further analysis. Protein concentrations were assessed by the
Bio-Rad protein assay using bovine serum albumin as stan-
dard. Briefly, samples were heated to 100 °C for 5 min, and
equal amounts of protein were separated on 12% SDS-PAGE
gel and transferred to nitrocellulose membrane. The expres-
sion of α-synuclein, p62, p70S6K, Beclin1, MAP-LC3, p-
JNK, p-p38, p-ERK, GFAP, and Iba-1 was quantified in cyto-
solic fractions. Specific primary antibody, rabbit polyclonal
anti-α-synuclein (1:500; Santa Cruz Biotechnology), rabbit
polyclonal anti-p62 (1:1000; Cell Signaling), rabbit polyclon-
al anti-p70S6K (1:1000; Cell Signaling), rabbit polyclonal
anti-Beclin1 (1:1000; Cell Signaling), rabbit polyclonal anti-
MAP-LC3 (1:500; Santa Cruz Biotechnology), mouse mono-
clonal anti-p-JNK (1:500; Santa Cruz Biotechnology), mouse
monoclonal anti-p-p38 (1:1000; Cell Signaling), mouse
monoclonal anti-p-ERK (1:500; Santa Cruz Biotechnology),
mouse monoclonal anti-GFAP (Santa Cruz Biotechnology;
1:1000), and mouse monoclonal anti-Iba-1 (Santa Cruz
Biotechnology; 1:1000) were mixed in 1× phosphate-
buffered saline (PBS), 5% w/v nonfat dried milk, and 0.1%
Tween-20 and incubated at 4 °C overnight. Membranes were
then incubated with peroxidase-conjugated bovine anti-mouse
IgG secondary antibody or peroxidase-conjugated goat anti-

rabbit IgG (1:2000, Jackson ImmunoResearch) for 1 h at room
temperature. To make sure that blots were loaded with equal
amounts of proteic lysates, they were also incubated with the
antibody agonist mouse monoclonal β-actin (1:5000; Santa
Cruz Biotechnology) and mouse monoclonal anti-JNK
(1:1000; Santa Cruz Biotechnology), mouse monoclonal
anti-p38 (1:1000; Cell Signaling), and mouse monoclonal
anti-ERK (1:500; Santa Cruz Biotechnology). Signals were
detected with enhanced chemiluminescence detection system
reagent according to the manufacturer’s instructions
(SuperSignal West Pico Chemiluminescent Substrate,
Pierce). Relative expression of protein bands was quantified
by densitometry with BIORAD ChemiDoc™XRS+software
and standardized to β-actin levels. Images of blot signals (8
bit/600 dpi resolution) were transferred to analysis software
(Image Quant TL, v2003).

Immunohistochemical Localization of TH, DAT,
and α-Synuclein

At the end of the experiment, the mice were anesthetized by
xylazine and ketamine (0.16 and 2.6 mg/kg body weight, re-
spectively, given i.p.) and after decapitated with large bandage
scissors. Brains of each mouse were removed and were fixed
in 10% (w/v) PBS-buffered formalin for 24 h and 7 μm sec-
tions were prepared from paraffin fixed tissues. After
deparaffinization, endogenous peroxidase was reduced with
0.3% (v/v) H2O2 60% (v/v) methanol for 30 min. The sections
were permeabilized with 0.1% (v/v) Triton X-100 in PBS for
20 min. Non-specific adsorption was minimized incubating
the section in 2% (v/v) normal horse serum in PBS for
20 min. Endogenous biotin or avidin binding points were
blocked by sequential incubation for 15 min with avidin and
biotin (Vector Laboratories, Burlingame, CA). Sections were
incubated overnight with anti-TH antibody (Millipore, 1:500
in PBS, v/v), anti-DAT antibody (Santa Cruz Biotechnology,
1:300 in PBS, v/v), anti-α-synuclein antibody (Santa Cruz
Biotechnology, 1:50 in PBS, v/v), anti-Beclin-1 antibody
(Santa Cruz Biotechnology, 1:250 in PBS, v/v), and anti-
mTOR (Cell Signaling, 1:250 in PBS, v/v). Sections were
cleaned with PBS and incubated with secondary antibody.
Specific category was detected with a biotin-conjugated goat
anti-rabbit IgG and avidin-biotin peroxidase complex (Vector
Labs Inc., Burlingame, CA). To verify the binding specificity
for different antibodies, some sections were also incubated
with only primary or secondary antibody; no positive staining
was observed in these sections. The sections were quantita-
tively evaluated for a variance in immunoreactivity by
computer-assisted color image analysis (Leica QWin V3,
Cambridge, UK). Immunoreactivity was quantized within five
random fields at ×20 and ×40 magnifications. The fraction of
positive staining as a function of total tissue area was deter-
mined [35]. In sham mice, the central areas of corresponding
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tissue sections were taken as reference points and a compara-
ble number of optical fields were calculated. All the immuno-
cytochemistry analysis was carried out without knowledge of
[36] the treatments.

Stereology

Unbiased counting of TH+ dopaminergic neurons within the
SNwas performed as described previously [36]. Briefly, at the
end of the experiment, mice were killed and perfused intracar-
dially with PBS and the brains were removed and post-fixed in
4% paraformaldehyde at 4 °C overnight. Serial sections
(40 μm thick) were cut from each block through the SN in
the coronal plane by a vibratome. Every fourth free floating
section was incubated with polyclonal rabbit anti-TH (1:400,
Millipore) overnight and processed with the ABC method
(Vector Laboratories, Burlingame, CA). Sections were coun-
terstained with cresyl violet, a Nissl stain, and cover-slipped.
TH+ cells were immunoreactive for TH while TH− cells were
not immunoreactive for TH but were Nissl stained. The
stereologist was blind to the treatment received.

For each mouse brain, five selected representative sections
of the SNpc were analyzed with StereoInvestigator software
(Microbrightfield, Williston, VT).

Immunofluorescence Staining

After deparaffinization and rehydration, detection of brain-
derived neurotrophic factor (BDNF), neurotrophins 3 (NT-
3), GFAP, Iba-1, TH, α-synuclein, Beclin-1, and mTOR was
carried out after boiling in 0.1 M citrate buffer for 1 min.
Non-specific adsorption was diminished by incubating the
section in 2% (vol/vol) normal goat serum in PBS for
20 min. Sections were incubated with mouse monoclonal
anti-GFAP (Santa Cruz Biotechnology; 1:200 in PBS, v/v),
or with mouse monoclonal anti-Iba-1 (Santa Cruz
Biotechnology; 1:200 in PBS, v/v), or with rabbit polyclonal
anti-BDNF (Santa Cruz Biotechnology; 1:200 in PBS, v/v),
or with rabbit polyclonal anti-NT-3 (Santa Cruz
Biotechnology; 1:100 in PBS, v/v), or with mouse monoclo-
nal anti-TH (Millipore; 1:100 in PBS, v/v), or with rabbit
polyclonal anti-α-synuclein (Santa Cruz Biotechnology;
1:100 in PBS, v/v), or with rabbit polyclonal anti-Beclin-1
(Santa Cruz Biotechnology; 1:100 in PBS, v/v), or with rab-
bit polyclonal anti-mTOR (Cell Signaling; 1:100 in PBS,
v/v) Abs in a humidified chamber O/N at 37 °C. Sections
were washed with PBS and were incubated with secondary
antibody TEXAS RED-conjugated anti-rabbit Alexa Fluor-
594 antibody (1:1000 in PBS, v/v Molecular Probes, UK)
and with FITC-conjugated anti-mouse Alexa Fluor-488 an-
tibody (1:2000 v/v Molecular Probes, UK) for 1 h at 37 °C.
Sections were laved and for nuclear staining 4′,6′-diamidino-
2-phenylindole (DAPI; Hoechst, Frankfurt; Germany)

2 μg/ml in PBS was added. Sections were seen and
photographed using a Leica DM2000 microscope (Leica,
Milan Italy). Optical sections of fluorescence samples were
obtained using an Ar laser (458 nm) and a HeNe laser
(543 nm), a laser UV (361–365 nm) at a 1-min, 2-s scanning
speed with up to 8 averages; 1.5-μm sections were acquired
using a pinhole of 250. Contrast and illumination were
established by examining the most intensely labeled pixels
and applying backgrounds that allowed clear image of struc-
tural details while keeping the highest pixel intensities close
to 200. The same backgrounds were used for all images
acquired from the other samples that had been managed in
parallel. Digital images were collected and figure montages
arranged using Adobe Photoshop CS6 (Adobe Systems;
Milan Italy).

Behavioral Testing

Behavioral evaluations on all mice were made 1 day prior to,
and 8 days after, MPTP injection:

Motor Observation

Rotarod Test

Behavioral assessments on each mouse were made 1 day prior
to, and 8 days after, MPTP injection. Motor performance was
assessed with a rotary rod apparatus using a protocol similar to
that described [37]. For the rotarod tests, the rotadrum was
filled with water to a level just below the bottom of the rod.
The mice were placed on the rotating rod and the time until
they fell off was recorded. This was repeated (with a rest
period that increased by 5 s with each fall) until the total time
on the rod for the control group was 5 min. Both the total time
spent on the rotating rod and the total number of falls for each
mouse was recorded.

Catalepsy Test

Catalepsy, defined as a reduced ability to initiate movement
and a failure to correct posture, was measured with the help of
bar test. To test for catalepsy, mice were positioned so that
their hindquarters were on the bench and their forelimbs rested
on a 1-cm-diameter horizontal bar, 4 cm above the bench. The
time the mice maintained this position was recorded by stop-
watch to a maximum of 180 s. The catalepsy test was evalu-
ated at 8 days after MPTP injection [38]. Mice were judged to
be cataleptic if they maintained this position for 30 s or more.
Animals were put back in their home cage after each measure-
ment of catalepsy. All values are expressed as the
means ± SEM.
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Neuropsychological Evaluation

FST

The test is based on that described by Porsolt et al. [39]. Avertical
glass cylinder (25 cm high, 14 cm in diameter) was filled with
27 °C water to a depth of 20 cm. Each mouse was gently placed
in the cylinder for 6min and the duration of floating (i.e., the time
during which mice made only the small movements necessary to
keep their heads above water) was scored. Immobility time was
analyzed during the last 4 min period of the test.

Elevated plus-Maze Test

The elevated plus-maze protocol was used to measure contex-
tual anxiety and performed as previously described [40, 41].
Briefly, the apparatus was comprised of two open arms and
two closed arms in black Plexiglas with a light gray floor,
which extended from a central platform. Mice were placed
individually on open arm and allowed to explore the maze
for 5 min. An arm entry was counted only when all four paws
were inside the arm. The apparatus was cleaned with a solu-
tion containing 30% ethanol after each 5 min run and wiped
dry before the next test.

Materials

Unless otherwise stated, all compounds were obtained from
Sigma-Aldrich. All other chemicals were of the highest com-
mercial grade available. All stock solutions were prepared in
non-pyrogenic saline (0.9% NaCl, Baxter, Milan, Italy) or
10% dimethyl sulfoxide.

Statistical Evaluation

All values in the figures and the text are expressed as
mean ± SEM. Results shown in the figures are representative
of at least three experiments performed on different in vivo
experimental days. In each experiment, we used 10 animals
per group, unless otherwise indicated. The results were ana-
lyzed by one-way analysis of variance followed by a
Bonferroni post-hoc test for multiple comparisons. A p value
of less than 0.05 was considered significant.

Results

Temsirolimus Treatment Reduced Behavioral
Impairments Induced by MPTP Intoxication

The motor function in the entire experimental group was
assessed using a Rotarod apparatus. At 8 days after MPTP
injection, mice showed a significant motor disorder as

indicated by a reduce in time period spent on the Rotarod
and by a greater number of falls, while treatment with
temsirolimus significantly reduced this motor dysfunction
(Fig. 1 a). Moreover, the MPTP administration produced a
significant cataleptic effect in mice. In fact at 8 days after
MPTP injection, mice showed an increased significant cata-
leptic symptoms increase. On the contrary, the daily
temsirolimus (5 mg/kg i.p.) administration significantly re-
duced the catalepsy duration induced by MPTP (Fig. 1 b).
Furthermore, at 8th days after MPTP-intoxication, mice ex-
hibited non-motor symptoms PD-associated as clearly dem-
onstrated by the significantly increased immobility time in the
FST. The MPTP-induced immobility was significantly re-
versed by the temsirolimus daily treatment (Fig. 1 c).
Moreover, mice were then observed for anxiety-like behavior
in the elevated plus-maze (EPM). The behavioral test that we
performed indicated an important increase in the percentage of
time spent in the open arms and in the number of entries in the
open arms after temsirolimus treatment, compared to the
MPTP group (Fig. 1 d, d′).

Temsirolimus Treatment Reduced Loss of TH Expression
and PlasmaMembrane DAT in the SN Induced by MPTP
Administration

Moreover, in order to study better the effect of temsirolimus
treatment on the dopamine pathway, we also evaluated the
expression of TH and DAT. In the SN at 8 days after MPTP
administration, a significant loss of TH-positive cells was
clearly demonstrated (Fig. 2 c, c′ and see relative densitometry
analysis e), while the treatment with temsirolimus consider-
ably reduced the loss of TH-positive neurons in the SN (Fig. 2
d, d′ and see relative densitometry analysis e).

Unbiased stereology of nigral TH-positive neurons per-
formed 8 days after MPTP intoxication showed significant
neuroprotection by temsirolimus treatment. We observed a
significantly decline in the number of TH-positive neurons
in mice after MPTP injection, compared to Sham and
Sham+temsirolimus groups. This loss decreased following
temsirolimus treatment (Fig. 2 f, g). Similarly, Nissl-stained
neurons were depleted significantly by MPTP lesioning but
not in animals that had been treated with temsirolimus (Fig. 2
f, h).

Furthermore, we revealed an important loss of DAT in
MPTP-injected animals at the level of the midbrain (Fig. 3 c,
c′ and see relative densitometry analysis e), whereas
temsirolimus treatment significantly restored the levels of
DATcomparable to control group (Fig. 3 d, d′ and see relative
densitometry analysis e). Finally, to determine the status of the
nigrostriatal pathway, we evaluated the dopaminergic termi-
nals in the striatum, where we observed a trend similar to that
shown in the midbrain. Briefly, we observed a significantly
loss of DAT in mice after MPTP injection (Fig. 3 h, and see
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relative densitometry analysis l), compared to Sham and
Sham+temsirolimus groups (Fig. 3 f, g and see relative
densitometry analysis l), while temsirolimus treatment signif-
icantly reduced the loss of DAT (Fig. 3 i and see relative
densitometry analysis l).

Temsirolimus Treatment Reduced α-Synuclein in the SN
Induced by MPTP-Intoxication

α-Synuclein is the major component of intraneuronal protein
aggregates designated as Lewy bodies, an important patholog-
ical characteristic of PD. For this reason, to demonstrate the
capability of temsirolimus to counteract α-synuclein-induced
degeneration, we evaluated in the cytosolic fraction the ex-
pression of this protein byWestern blot. An important increase
of α-synuclein expression was observed in the SN at 8 days
after MPTP injection, while the treatment with temsirolimus

significantly reduced levels ofα-synuclein in the SN (Fig. 4 a,
and see relative densitometry analysis a′). Also, by immuno-
histochemical analysis, we observed a significant immunore-
activity in MPTP-injured mice (Fig. 4 d, d′ and see densito-
metric analysis f) compared to control mice (Fig. 4 a, a′; b, b′).
Instead, the treatment with temsirolimus decreased signifi-
cantly α-synuclein expression in the SN after MPTP-
intoxication (Fig. 4 e, e′ and see densitometric analysis f).
Also, to evaluate the α-synuclein accumulation in the dopa-
minergic neurons, we assessed a double staining between TH
(green) and α-synuclein (red). We observed the absence of α-
synuclein into the dopaminergic neurons TH-positive in Sham
group (Fig. 5 c), while after MPTP intoxication there was an
increasing accumulation of α-synuclein in the TH-positive
neurons (Fig. 5 f). In the group treated with temsirolimus,
we noticed a significantly decreased ofα-synuclein levels into
the dopaminergic neurons (Fig. 5 i).

Fig. 1 Effect of temsirolimus on behavioral impairments induced by
MPTP intoxication. (a) Motor function was assessed using a Rotarod
apparatus. At 8 days, mice exhibited a significant motor dysfunction as
indicated by a decrease in time spent on the Rotarod. Temsirolimus
treatment blunted the motor dysfunction in mice. Values are
mean ± SEM (N = 10 per group). **p < 0.01 vs Sham and Sham+
temsirolimus; #p < 0.05 vs MPTP. (b) Catalepsy was evaluated
according to the standard bar hanging procedure; this motor test
showed that temsirolimus treatment reduced behavioral impairment

induced by MPTP. ***p < 0.001 vs Sham and Sham+temsirolimus;
###p < 0.001 vs MPTP. (c) Effects of chronic temsirolimus treatment in
the mouse FST 8 days after MPTP injection. Results are expressed as
mean of mobility duration in seconds. ***p < 0.001 vs Sham and Sham+
temsirolimus; ###p < 0.001 vs MPTP. (d, d′) Effect of temsirolimus
treatment on anxiety behaviors in the EPM. Anxiety is expressed as
mean total entries in the open arms and number of entries in open arms.
(d) ***p < 0.05 vs Sham and Sham+temsirolimus; ##p < 0.01 vs MPTP;
(d′) **p < 0.05 vs Sham and Sham+temsirolimus; ##p < 0.01 vs MPTP
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Effect of Temsirolimus on the Stimulation of Autophagy:
Expression of p70S6K, Beclin-1, p62, LC3, and mTOR

To study the effect of temsirolimus on autophagy, we exam-
ined levels of proteins implicated in the regulation and forma-
tion of autophagosomes. mTOR is a central signal integrator
that functions as a checkpoint upstream of phos-
phatidylinositol 3-kinase (PI3K) and downstream of
p70S6K. In a first time, according to these evidences, by
Western blot analysis, we demonstrated in the cytosolic frac-
tion that treatment with temsirolimus reduced p70S6K expres-
sion inhibiting mTOR and stimulating the autophagy (Fig. 6 a
and see relative densitometry analysis a′). Furthermore, al-
ways in the cytosolic fraction to confirm the ability of

temsilorimus to promote autophagy, the levels of specific pro-
teins were determined. Beclin-1 interacts with various cofac-
tors inducing autophagy.We observed a significant increase of
Beclin-1 expression in temsirolimus-treated mice (Fig. 6 b,
and see relative densitometry analysis b′). For more accurate
quantification of temsirolimus effects on autophagy process,
we examined levels of p62 in the cytosolic fraction. We de-
tected that p62 expression increases in a no significant manner
after MPTP-intoxication. Treatment with temsirolimus signif-
icantly increased p62 expression in the MPTP+temsirolimus
group (Fig. 6 c and see relative densitometry analysis c′). p62
also interacts with a central component of the machine autoph-
agy, autophagic marker LC3, and carries the altered proteins
to degradation by autophagy. Therefore, we showed, in the

Fig. 2 Effects of temsirolimus on TH expression in SN of MPTP-treated
mice. Midbrain was stained with ant ibodies against TH.
Immunohistochemical analysis of midbrain obtained from mice after
MPTP intoxication revealed a marked loss of TH-positive cells (c, c′
see densitometric analysis, e) compared with Sham and Sham+
temsirolimus mice (a, a′; b, b′ and see densitometric analysis, e). Mice
subjected to treatment with temsirolimus revealed a positive staining for
TH (d, d′ see densitometric analysis, e). Data are expressed as a
percentage of total tissue area and are means ± SE of 5 mice/group.

***p < 0.001 vs Sham and Sham+temsirolimus; ###p < 0.001 vs
MPTP. Stereological counting of TH-positive and cresyl-violet positive
neurons in sections of the substantia nigra from one hemisphere (g, h).
Representative images of TH immunohistochemistry of midbrain
sections and counterstained with cresyl violet ( f ). Scale bar 100 μm.
Each data are expressed as a number of TH+ and Nissl+ neurons and
are mean ± SEM from N = 5 mice/group. ***p < 0.001 vs Sham and
Sham+temsirolimus; ###p < 0.001 vs MPTP (g, h)
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cytosolic fraction, that treatment with temsirolimus main-
tained high levels of LC3 (Fig. 6 d, and see relative densitom-
etry analysis d′).

In a second step, to confirm the ability of temsilorimus to
promote autophagy, the levels of specific proteins were deter-
mined by immunohistochemistry staining. We showed that a
positive immunostaining for Beclin-1 was found in MPTP
group at 8 days after MPTP-intoxication (Fig. 7 c, c′ and see
relative densitometry analysis i). Temsirolimus-treated mice
showed significantly increased of Beclin-1 immunoreactive
cells in the SN (Fig. 7 d, d′ and see relative densitometry
analysis i). On the contrary, we observed a positive immuno-
staining for mTOR in Sham, Sham+temsirolimus, and MPTP
groups (Fig. 7 e, e′; f, f′; g, g′ and see relative densitometry
analysis i), while treatment with temsirolimus significantly

decreased mTOR expression in the MPTP+temsirolimus
group (Fig. 7 h, h′ and see relative densitometry analysis i).

Finally, we wanted to assess whether the autophagy markers
were upregulated in dopaminergic neurons. Wherefore, by im-
munofluorescence analysis, we demonstrated that TH, the spe-
cificmarker of dopaminergic neurons, co-localizedwith Beclin-1
and mTOR that promote and inhibit autophagy, respectively.

Midbrain sections were double stained with anti-TH
(green) and anti-Beclin-1 and anti-mTOR (red antibodies).
Immunofluorescence revealed that THwas significantly lower
in MPTP-injected mice (Fig. 8 g and j) compared to the sham
group (Fig. 8 a and d). TH immunoreactivity was significantly
increased in mice treated with temsirolimus (Fig. 8 m, and p).

Instead, Beclin-1 increased in a non-significant manner af-
ter MPTP-intoxication (Fig. 8 h); treatment with temsirolimus

Fig. 3 Effects of temsirolimus on DAT expression in SN of MPTP-
treated mice. Brain was stained with antibodies against DAT.
Immunohistochemical analysis of midbrain obtained from mice after
MPTP intoxication revealed a striking loss of DAT-positive cells (c, c′
see densitometric analysis, e) compared with Sham and Sham+
temsirolimus mice (a, a′; b, b′ see densitometric analysis, e). Mice
subjected to treatment with temsirolimus revealed a positive staining for
DAT (d, d′ see densitometric analysis, e). Immunohistochemical analysis

of striatum obtained from mice after MPTP intoxication revealed a de-
cline of DAT levels (h see densitometric analysis, l) compared with
Sham and Sham+temsirolimus mice (f, g see densitometric analysis, l).
Mice subjected to treatment with temsirolimus revealed a positive
staining for DAT (i see densitometric analysis, l). Data are expressed as
a percentage of total tissue area and are means ± SE of 5 mice/group. (e)
***p < 0.001 vs Sham and Sham+temsirolimus; ##p < 0.01 vs MPTP; (l)
***p < 0.001 vs Sham and Sham+temsirolimus; ##p < 0.01 vs MPTP
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led to a significant increase in the expression of Beclin-1
(Fig. 8 n). On the contrary, mTOR, which inhibits autophagy,
presented high levels in Sham and MPTP groups (Fig. 8 k),
while mTOR immunoreactivity was significantly reduced fol-
lowing treatment with temsirolimus (Fig. 8 q). In both cases,
there was a co-localization of TH with Beclin-1 and mTOR.

The yellow arrow indicates the co-localization between
TH/Beclin-1 and TH/mTOR (Fig. 8 c, i, o and Fig. 8 f, l, r).
The images above are representative of triplicate experiments.
All images were scanned at a resolution of 8 bits in an array of
2048 × 2048 pixels.

Temsirolimus Treatment Reduces Astrocyte
andMicroglial Activation in Brain ofMPTP TreatedMice

To investigate astrocyte and microglial activation in relation to
PD pathology, Western blot analysis was applied to quantify

the expression of GFAP and Iba-1. The GFAP and Iba-1 levels
were low in the Sham group, but significantly elevated fol-
lowing treatment with MPTP. Under these conditions,
temsirolimus treatment significantly reduced the increased ex-
pression of GFAP and Iba-1 (Fig. 9 a and b, see relative den-
sitometry analysis a′ and b′).

Temsirolimus Restores MPTP-Induced Loss
of Brain-Derived Neurotrophic Factor (BDNF)
and Neurotrophins 3 (NT-3) Expression in Mice

The neurotrophins BDNF and NT-3 are important to support
the survival of existing neurons and to promote the growth
and differentiation of new neurons and synapses. To investi-
gate whether temsirolimus modulates the inflammatory pro-
cess through regulation of the neurotrophic factors levels, and
to show their location in specific cell types, we performed

Fig. 4 Effects of temsirolimus on α-synuclein expression in SN of
MPTP-treated mice. Midbrain was stained with antibodies against α-
synuclein (b–e). Immunohistochemical analysis of midbrain obtained
from mice subjected to MPTP intoxication revealed a positive staining
for α-synuclein (d, d′ see densitometric analysis, f) compared with Sham
mice (b, b′ see densitometric analysis, f) and Sham+temsirolimus group
(c, c′ see densitometric analysis, f). The treatment with temsirolimus

significantly reduced a positive staining for α-synuclein in the SN (e, e′
see densitometric analysis, f). Data are expressed as a percentage of total
tissue area and are means ± SE of 5 mice/group. ***p < 0.001 vs Sham
and Sham+temsirolimus; ##p < 0.01 vs MPTP. Western blot analysis in
the cytosolic fraction confirmed our data (a, a′). Each data are expressed
as mean ± SEM from N = 5 mice/group. ***p < 0.001 vs Sham;
###p < 0.001 vs MPTP (a′)
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immunofluorescence staining with Iba-1 and GFAP,
microglial and astrocyte activation marker, respectively.
Midbrain sections were double stained with antibodies against
GFAP and Iba-1 (green) and BDNF and NT-3 (red).
Immunofluorescence staining revealed that GFAP was signif-
icantly higher inMPTP-injectedmice (Fig. 10 g and Fig. 11 g)
such as activation of the microglia (Fig. 10 j and Fig. 11 j) than
in the Sham group (Fig. 10 a, d and Fig. 11 a, d). GFAP and
Iba-1 immunoreactivity were significantly reduced in mice
treated with temsirolimus (Fig. 10 m, p and Fig. 11 m, p).
On the contrary, the neurotrophic factors were decreased in
animals after MPTP-intoxication (Fig. 10 h, k and Fig. 11 h,
k), while treatment with temsirolimus significantly increased
the release of BDNF and NT-3 (Fig. 10 n, q and Fig. 11 n, q).
The yellow arrow indicates the co-localization between
BDNF and GFAP (Fig. 10 o) and NT-3 and GFAP (Fig. 11
o) as well as between BDNF and Iba-1 (Fig. 10 r), and NT-3
and Iba-1 (Fig. 11 r). Reported images are representative of
triplicate experiments. All images were digitalized at a reso-
lution of 8 bits into an array of 2048 × 2048 pixels.

Temsirolimus Modulates Expression of p-JNK, p38,
and p-ERK after MPTP-Intoxication

The MAPKs are a family of evolutionally conserved mole-
cules playing a critical role in cell signaling and gene expres-
sion. MAPKs family includes three major members: extracel-
lular signal-regulated kinase (ERK), p38, and c-Jun N-termi-
nal kinase (JNK), representing three different signaling

cascades [42]. To determine that treatment with temsirolimus
modulates the expression of these MAPKs, we performed
Western blot analysis in the cytosolic fraction. Low expression
of p-JNK, p-p38, and p-ERK was detected in brain samples
from mice sham, while levels of these MAPKs were consid-
erably increased in mice after MPTP-intoxication. As indicat-
ed by densitometry analysis, temsirolimus decreased signifi-
cantly the expression of p-JNK, p-p38, and p-ERK (Fig. 12 a,
b and c, see relative densitometry analysis a′, b′, and c′).

Discussion

The most common neurodegenerative diseases, such as AD,
PD, HD, and amyotrophic lateral sclerosis (ALS), are charac-
terized by toxic protein aggregates and damaged organelles
that accumulate inside specific types of neurons and cause
neuronal dysfunction and ultimately neuronal death. In partic-
ular, PD caused the selective cell death of dopaminergic neu-
rons in the SN and is characterized by the presence of Lewy
bodies containing α-synuclein aggregates [43].

Recently, there is a growing interest for the role of autoph-
agy pathways in neurodegenerative diseases. Autophagy is a
lysosomal degradative pathway that is implicated in regulat-
ing cellular response to stress and is crucial for the clearance of
toxic substances from cells in specific areas of the brain, there-
by exerting a neuroprotective and/or neurodegenerative prop-
erties [44, 45]. Under basal conditions, autophagic activity is
low but can be activated by physiological and pathological

Fig. 5 Co-localization of TH/α-
synuclein after MPTP-
intoxication. Results are shown for
(a–c) Sham group, (d–f) mice after
MPTP-intoxication, (g–i) mice
treated with temsirolimus.
Midbrain sections were double
stained with antibodies against TH
(a, d, g green)/α-synuclein (b, e, h
red). Midbrain sections revealed a
decreased TH expression (d) and
an increased of α-synuclein (e) in
MPTP group. TH
immunoreactivity was increased in
temsirolimus-treated mice (g),
while was decreased α-synuclein
positive neurons. The pictures are
demonstrative of at least three
experiments executed on
distinctive experimental days.
Images are representative of all the
animals in every group. All images
were digitalized at a resolution of 8
bits into an array of 2048 × 2048
pixels. Scale bar 10 μm
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conditions in multiple organs. Thus, autophagic and
proteosomal degradation pathways have been proposed to
mediate α-synuclein clearance [46]. It has been demonstrated
that rapamycin, a molecule able to activating autophagy pro-
cess, exerts neuroprotective effects in PD models [33, 47].
However, rapamycin has important side effects; thus based
on these evidences, we evaluated an analogous of rapamycin,
temsirolimus, in in vivo models of PD. It has been known that
PD affecting dopaminergic neurons causes significant de-
crease on locomotor activity, thus first of all we analyzed, with
two different tests, the recovery ofmotor behavioral functions:
rotarod test and catalepsy test. At 8 days after MPTP intoxi-
cation, vehicle-treated animals showed considerable motor
deficits revealed by reducing the time spent on the rotarod
and by a significantly increased cataleptic response in the
catalepsy test. Treatment with temsirolimus markedly en-
hanced motor and behavioral function in both tests.
Although recognized as the most widespread neurodegenera-
tive motor pathology, PD is accompanied by a number of non-
motor symptoms (particularly psychiatric features), which

generally receive less attention, but represent a major chal-
lenge in the treatment of PD [48]. In order to evaluate the
depression-like behavior in PD rodent models and the effect
of temsirolimus on these aspects of PD, we utilized the FST
and EPM behavioral tests. MPTP administration determinate
increased immobility in the FSTand anxiety in EPM, whereas
treatment with temsirolimus reversed MPTP-induced immo-
bility and anxiety. PD is also characterized by Lewy bodies
inclusion that are largely composed of the protein α-synuclein
that is a crucial marker of PD pathogenesis. Thus, in this study
we evaluated the amount and the aggregation of α-synuclein
and we observed that α-synuclein significantly increased in
the brain taken from mice treated with MPTP compared to
sham group, while temsirolimus administration induced an
important reduction of α-synuclein aggregates. Another im-
portant features in PD initiation and progression is the alter-
ation of dopamine production that we identified with the spe-
cific markers TH, that is the enzyme responsible for catalyzing
the conversion of the amino acid L-tyrosine into
dihydroxyphenylalanine (DOPA), a precursor for dopamine,

Fig. 6 Effect of temsirolimus on autophagy process after MPTP
intoxication. Western blot analysis for p70S6K in the cytosolic fraction
showed that after MPTP-intoxication the levels of p70S6K decreased (a,
a′), while treatment with temsirolimus significantly reduced the levels of
p70S6K (a, a′). Western blot analysis for Beclin-1, p62, and LC3 in the
cytosolic fraction showed that MPTP intoxication elevated levels of these

proteins (b, b′; c, c′; d, d′). Treatment with temsirolimus significantly
maintained high levels of Beclin-1, p62, and LC3 (b, b′; c, c′; d, d′).
Data are representative of at least three independent experiments. Data
are expressed as mean ± SEM from N = 5 mice/group. ###p < 0.001 vs
MPTP (a′; b′; c′; d′)
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and DAT, a member of a large family of Na+-Cl−-dependent
transporters, which is thought to control the synaptic activity

of released dopamine by rapid reuptake of the neurotransmit-
ter into presynaptic terminals.

Fig. 8 Co-localization of TH/Beclin-1 and TH/mTOR after MPTP-in-
toxication. Results are shown for (a–c, d–f) sham group, (g–i, j–l)
mice after MPTP-intoxication, and (m–o, p–r) mice treated with
temsirolimus. Midbrain sections were double stained with antibodies
against TH (a, g, m green)/Beclin-1 (b, h, n red), and TH (d, j, p
green)/mTOR (e, k, q red). Midbrain sections revealed decreased TH in
MPTP group (g, j). TH immunoreactivity was increased in temsirolimus-
treated mice (m, p). Moreover, Beclin-1 and mTOR expression remained

almost at the levels of the control groups (h, k), while treatment with
temsirolimus significantly increased the levels of Beclin-1 (n) and
decreased mTOR expression (q) Yellow spots indicate co-localizations
and revealed a high co-localization between TH/Beclin-1 and TH/mTOR
double staining. The pictures are demonstrative of at least three experi-
ments executed on distinctive experimental days. Images are representa-
tive of all the animals in every group. All images were digitalized at a
resolution of 8 bits into an array of 2048 × 2048 pixels. Scale bar 10 μm

Fig. 7 Effect of temsirolimus on Beclin-1 and mTOR expression. By
immunohistochemical analysis, a low level of Beclin-1 positive staining
was detected in midbrain samples from Sham, Sham+temsirolimus, and
MPTP groups (a, a′; b, b′; c, c′ see densitometric analysis, i). Beclin-1
expression was significantly increased in midbrain samples from mice
treated with temsirolimus (d, d′ see densitometric analysis, i). While this

analysis for mTOR showed a high positive immunostaining in Sham,
Sham+temsirolimus, and MPTP groups (e, e′; f, f′; g, g′ see
densitometric analysis, i), while mTOR expression significantly
decreased in mice treated with temsirolimus (h, h′ see densitometric
analysis, i). Data are expressed as a percentage of total tissue area and
are means ± SE of 5 mice/group. ###p < 0.001 vs MPTP
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In the present study, we showed that treatment with
temsirolimus attenuated significantly the loss of TH and
DAT induced by the administration of MPTP. Moreover, ste-
reology analysis confirmed that treatment with temsirolimus
significantly increased the number of TH-positive cells, com-
pared with the MPTP group, indicating that temsirolimus has

the ability to prevent the degeneration of dopaminergic neu-
rons in this mouse model of PD.

There is increasing interest in the role of autophagy in
regulating the pathophysiology process of PD and in particu-
lar the clearance of α-synuclein [49]. Autophagy inhibition is
often connected with sure diseases, as well as a subset of

Fig. 9 Effect of temsirolimus onGFAP and Iba-1 expression after MPTP
intoxication. Western blot analysis for GFAP and Iba-1 in the cytosolic
fraction showed an increase of levels of these proteins in MPTP group
compared to the Sham group, while the treatment with temsirolimus
significantly reduced GFAP and Iba-1 levels (a, a′; b, b′, respectively).

The data are representative of at least three independent experiments.
Each data are expressed as mean ± SEM from N = 5 mice/group.
**p < 0.01 vs Sham; #p < 0.05 vs MPTP (a); **p < 0.01 vs Sham;
#p < 0.05 vs MPTP (b)

Fig. 10 Co-localization of GFAP/BDNF and Iba-1/BDNF after MPTP-
intoxication. Results are shown for (a–c, d–f) sham group, (g–i, j–l) mice
after MPTP-intoxication, and (m–o, p–r) mice treated with temsirolimus
(m–o, p–r). Midbrain sections were double stained with antibodies
against GFAP (a, g, m green), Iba-1 (d, j, p green), and BDNF (b, h, n,
e, k, q red). Midbrain sections revealed increased astrogliosis (GFAP+
cells) (g) and microgliosis (Iba-1+ cells) (j) in MPTP group. GFAP and

Iba-1 immunoreactivity was reduced in temsirolimus-treated mice (m, p).
Yellow spots indicate co-localizations and revealed a high co-localization
between GFAP/BDNF and Iba-1/BDNF double staining. The pictures are
demonstrative of at least three experiments executed on distinctive exper-
imental days. Images are representative of all the animals in every group.
All images were digitalized at a resolution of 8 bits into an array of
2048 × 2048 pixels. Scale bar 10 μm

Mol Neurobiol (2018) 55:2403–2419 2415



cancers, neurodegenerative disorders, infectious diseases, and
inflammatory bowel disorders [16, 50]. The regulation of au-
tophagy seems to converge on the enzyme mTOR, a kinase
that activates protein synthesis and simultaneously inhibits au-
tophagy, acting as a checkpoint with upstream Akt and down-
stream p70S6K—the two most important mediators [51]. In
our study, we observed a basal level for mTOR in Sham and
MPTP groups, while treatment with temsirolimus significantly
decreasedmTOR expression that is correlated with the reduced
levels of p70S6K, autophagy protein promoter, that was kept
low by the administration of temsirolimus, thus resulting in the
stimulation of autophagy process.

It is known that the initiation step of autophagosome forma-
tion requires the Beclin1-class III PI3K complex, which con-
tains Beclin1, Vps34 (class III PI3K), and p150 [52]. In fact,
Beclin-1 binds to LC3I, which is then cleaved and converted to
a membrane-associated form LC3-II through conjugating with
the lipid PE [53]. LC3-II, the cleaved product of LC3-I, is
inserted within the inner and outer membrane of the vesicles
during autophagosome formation. LC3 then binds to the adap-
tor protein p62 sequestrome, which facilitates the autophagic
degradation of ubiquitinated protein aggregates in lysosomes.
In this study, we found that Beclin-1, p62, and LC3 expression
were slightly higher in the MPTP group, while treatment with
temsirolimus leads to a significant increase in the expression of
these proteins stimulating in turn the autophagy process.

After proving that temsirolimus was able to inhibit mTOR
and really activate autophagy, our objective was to evaluate
the importance of this process in dopaminergic neurons. In
particular, we wanted to demonstrate if proteins involved in

autophagy, such as Beclin-1 and mTOR, were upregulated by
dopaminergic neurons. For this reason, using immunofluores-
cence analysis, we demonstrated that there is the co-
localization of TH with Beclin-1 and mTOR that promote
and inhibit autophagy, respectively.

It has been know that neurotrophins such as BDNF and
NT-3 play an important role in the functionality of neurons
and its levels are significantly reduced in PD [54]. Based on of
these evidences, we evaluated the activity of temsirolimus in
limiting neurotrophins degradation, so we have shown by im-
munofluorescence staining that levels of BDNF and NT-3
were reduced in mice group MPTP, while temsirolimus treat-
ment increased the expression of these neurotrophins in sig-
nificant ways [5, 55, 56]. The inflammation of neurons causes
release of various inflammatory mediators (IFNs, EGF, IL5,
IL6, HGF, LIF, and BMP2). Key features of neuroinflamma-
tion [5, 57] are closely associated in the brain with activation
of astrocytes and microglia and with the increased production
of cytokines, chemokines, prostaglandins, complement cas-
cade proteins, and reactive oxygen and nitrogen species
(ROS/RNS) which in some cases can result in disruption of
the blood brain barrier and direct participation of the adaptive
immune system [58]. Furthermore, several preclinical and
some clinical studies have revealed that the mTOR
overactivation produces brain abnormalities, abnormal corti-
cal organization, and astrogliosis. mTOR inhibitors (e.g.,
rapamycin) have consistent protective effects in various ge-
netic (e.g., TSC models andWAG/Rij rats) and acquired (e.g.,
kainate or pilocarpine post-status epilepticus) epilepsy animal
models and other neurological disorders [59–61]. In the

Fig. 11 Co-localization of GFAP/NT-3 and Iba-1/NT-3 after MPTP
-intoxication. Results are shown for (a–c, d–f) sham group, (g–i, j–l)
mice after MPTP-intoxication, and (m–o, p–r) mice treated with
temsirolimus (m–o, p–r). Midbrain sections were double stained with
antibodies against GFAP (a, g, m green), Iba-1 (d, j, p green), and NT-3
(b, h, n, e, k, q red). Midbrain sections revealed increased astrogliosis
(GFAP+ cells) (g) and microgliosis (Iba-1+ cells) (j) in MPTP group.

GFAP and Iba-1 immunoreactivity was reduced in temsirolimus-treated
mice (m, p). Yellow spots indicate co-localizations and revealed a high co-
localization between GFAP/NT-3 and Iba-1/NT-3 double staining. The
pictures are demonstrative of at least three experiments executed on
distinctive experimental days. Images are representative of all the
animals in every group. All images were digitalized at a resolution of 8
bits into an array of 2048 × 2048 pixels. Scale bar 10 μm
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present study we observed that changes in GFAP and Iba-1
expression have been reported during brain damage or central
nervous system degeneration, while temsirolimus significant-
ly prevented both astrogliosis and microgliosis. Thus targeting
neuroinflammation could be one intervention that can slow
down the progression of PD. Moreover, emerging evidence
suggests that oxidative stress participates in the loss of nigral
neurons in PD [47], oxidative stress response that is mediated
by the activation of a cascade of MAPKs. The family MAPK
phosphorylates serine and specific threonine substrates target
proteins and regulate cellular activities such as survival, pro-
liferation, differentiation, and apoptosis [62, 63]. Therefore, to
clarify the molecular and cellular mechanisms underlying the
ability of neuronal recovery, we assessed the modulation of
MAPK by temsirolimus. In this study, we found that MPTP
induces the activation of the p-JNK, p-p38, and p-ERK sig-
naling pathway in dopaminergic neurons, while in the brain

sections from mice treated with temsirolimus the expression
of these proteins were decreases.

Our results clearly demonstrate the several functions of
temsirolimus. In fact, this compound is able to improve neu-
robehavioral functions, the integrity of the neuronal tissue
with consequent reduction of the cell death, and to modulate
the neuroinflammatory pathway involved in PD. Furthermore,
in the present study we confirmed the crucial role of autoph-
agy in modulating the PD pathogenesis highlighting how
treatment with temsirolimus clearly stimulates autophagy
protecting from loss of cells and α-synuclein toxicity in neu-
ronal PD. Therefore, understanding the neuronal autophagy
process will ultimately aid in drug target identification and
rational design of drug screening to counteract neurodegener-
ative diseases. Thus, our observations indicate that
temsirolimus may be considered as a new therapeutic target
to improve neurodegenerative disorders such as PD.

Fig. 12 Effect of temsirolimus on MAPKs pathway after MPTP
intoxication. Western blot analysis for p-JNK, p-p38, and p-ERK in the
cytosolic fraction showed an increase of levels of these proteins in MPTP
group compared to the Sham group, while the treatment with
temsirolimus significantly reduced p-JNK, p-p38, and p-ERK

expression (a, a′; b, b′; c, c′, respectively). The data are representative
of at least three independent experiments. Each data are expressed as
mean ± SEM from N = 5 mice/group. *p < 0.05 vs Sham; ##p < 0.01
vsMPTP (a′); *p < 0.005 vs Sham; #p < 0.05 vsMPTP (b′); **p < 0.01 vs
Sham; ##p < 0.01 vs MPTP (c′)
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