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Abstract

The neurodegenerative process of Parkinson’s disease (PD) involves autophagy impairment and oxidative stress.
Therefore, we wanted to determine whether stimulation of autophagy protects dopaminergic cell death induced by
oxidative stress in a PD model. Since environmental exposure to herbicides increases the risk to develop PD, the
experimental model was established using the herbicide paraquat, which induces autophagy disruption, oxidative
stress, and cell death. Rapamycin-stimulated autophagy inhibited calpain-dependent and independent apoptosis in-
duced by paraquat. Autophagy stimulation decreased oxidative stress and peroxiredoxins (PRXs) hyperoxidation
induced by paraquat. Cells exposed to paraquat displayed abnormally large autophagosomes enclosing mitochondria,
which correlates with an increase of p62, an essential mitophagy regulator. Interestingly, when autophagy was
stimulated before paraquat treatment, autophagosome size and number were similar to that observed in control cells.
Motor and cognitive function impairment induced by paraquat showed an improvement when preceded by autophagy
stimulation. Importantly, dopaminergic neuronal death and microglial activation mediated by paraquat were signifi-
cantly reduced by rapamycin-induced autophagy. Our results indicate that autophagy stimulation has a protective
effect on dopaminergic neurons and may have a promising potential to prevent or delay PD progression.
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Introduction

Parkinson’s disease (PD) is characterized by the dopaminergic
neuronal loss in the substantia nigra at the central nervous
system (CNS), a significant reduction in dopamine levels af-
fecting the motor function, and the presence of Lewy bodies

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/512035-019-01654-1) contains supplementary
material, which is available to authorized users.

>4 Aracely Garcia-Garcia
aracely.garciagr@uanl.edu.mx

Departamento de Histologia, Facultad de Medicina, Universidad
Autonoma de Nuevo Leon, Francisco I. Madero S/N,
64460 Monterrey, Nuevo Leon, Mexico

Departamento de Genética Molecular, Centro de Investigacion
Biomédica del Noreste, Instituto Mexicano del Seguro Social,
Delegacion Nuevo Ledn, , Mexico

@ Springer

[1, 2]. Most of the PD cases have an idiopathic origin, but it is
believed that genetic susceptibility, environmental exposures,
and aging concur in the progress of this disease [3, 4].
Epidemiological studies have demonstrated that environmen-
tal exposures to herbicides and pesticides increase the risk of
developing PD [5-8]. Although the underlying etiology of PD
is not entirely understood, several mechanisms have been as-
sociated with promoting neuronal death, including mitochon-
drial dysfunction, oxidative stress, and protein accumulation
[9-11]. The latter is related to the main pathological hallmark
of PD, the presence of Lewy bodies, which are composed of
abnormal deposits of protein aggregates, particularly o-
synuclein and ubiquitin-bound proteins [12]. Abnormal pro-
tein aggregation results from the proteasome and autophagy
alteration, and in the latter, includes disruption of lysosomal
hydrolase trafficking [13—15]. Importantly, both degradation
pathways are dysregulated or inhibited in PD [16].
Autophagy is a self-regulatory mechanism involving mac-
romolecules and organelles degradation, which are seques-
tered into autophagosomes [17, 18]. Ulterior fusion with a
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lysosome leads to their degradation by hydrolases, and the
byproducts can be re-used for cell survival [19, 20]. In the last
decade, the fundamental role of autophagy in neuronal ho-
meostasis has been demonstrated, as its disruption leads to
neurodegeneration [21, 22]. Specific depletion of Azg5 and
Atg7 in the CNS caused motor and behavioral alterations,
aggregation of polyubiquitinated proteins forming inclusions
in neurons, and massive neuronal loss [21-24]. Importantly,
postmortem brain samples of PD patients showed the abnor-
mal presence of autophagy intermediaries (autophagosomes
and autolysosomes) [25, 26].

The herbicide paraquat reproduces many of the character-
istics of PD including mitochondrial dysfunction, oxidative
stress, autophagy disruption, and cell death [27-30]. Indeed,
paraquat toxicity is mediated by oxidative stress, particularly,
in the mitochondria [27]. Additionally, autophagy impairment
enhanced the toxicity mediated by paraquat, while its stimu-
lation reduced this effect [28]. Controversially, autophagy can
be either induced or inhibited by oxidative stress. Low levels
of reactive oxygen species (ROS) are essential for many cel-
lular processes, including autophagy, where autophagosome
formation depends on ATG4 oxidation [31]. Another study
reported that besides mitochondria, autophagosomes and ly-
sosomes are main compartments for basal ROS production
[32]. Also, autophagy induced by starvation is regulated by
superoxide anion (O, ), while its inhibition occurs by overex-
pression of manganese superoxide dismutase (Mn-SOD),
which scavenges O, [33]. On the other hand, oxidative stress
induced lysosomal membrane protein aggregation through
thiol groups cross-linkage, which leads to disruption of lyso-
somal function by increasing its proton permeability capacity,
with a subsequent pH rise and acidic hydrolases inactivation
[34]. Interestingly, ATG5 and ATG10 knockdown increased
ROS induced by starvation [35], which suggests a protective
role of autophagy against oxidative stress.

Since we have observed that paraquat inhibits autophagy,
and by inducing autophagy with rapamycin, dopaminergic
cell death is reduced; we aimed to determine the impact of
autophagy stimulation on dopaminergic neuronal cell death-
induced by oxidative stress and whether it can be reproduced
in vivo. We established the experimental cellular and animal
model of PD using paraquat. Autophagy stimulation de-
creased both calpain-dependent and independent apoptosis
induced by paraquat. Autophagy inhibited oxidative stress
and peroxiredoxins (PRXs) hyperoxidation induced by para-
quat. Also, cells treated with paraquat displayed substantially
large autophagosomes, many of them enclosing mitochondria,
which correlates with an increase of p62, an essential
mitophagy regulator. Interestingly, autophagy stimulation
with rapamycin previous to paraquat treatment prevented
these ultrastructural changes. Impairment of motor and cogni-
tive functions induced by paraquat in vivo showed an im-
provement when autophagy was pre-stimulated. More

importantly, dopaminergic neuronal death mediated by para-
quat exposure was significantly reduced by rapamycin-
induced autophagy in the animal model. Moreover,
paraquat-induced microglial activation was diminished by au-
tophagy. Our results suggest that autophagy stimulation might
have a protective effect on dopaminergic cells in PD.

Results

Calpain-Dependent and Independent Apoptosis
Induced by Paraquat Decreases in Response
to Stimulation of Autophagy

Phosphorylation of mTOR plays an essential role in the neg-
ative regulation of autophagy [36]. Rapamycin is a well-
known autophagy inducer by blocking phosphorylation of
mTOR [36, 37]. We validated the rapamycin effect by detect-
ing a decrease of mTOR phosphorylation (Supplementary
Fig. S1; Online Resource 1). Then, we corroborated the pro-
tective effect of autophagy on the toxicity mediated by para-
quat, by exposing dopaminergic cells to increasing concentra-
tions of the neurotoxin in the absence or presence of
rapamycin. After 48 h of treatment, cells were analyzed under
a microscope (Supplementary Fig. S2a; Online Resource 1)
and by trypan blue assay (Supplementary Fig. S2b;
Online Resource 1). Paraquat induced a decrease in cell via-
bility in a dose-dependent manner, which was inhibited by
autophagy stimulation. Notably, paraquat at 0.5 mM de-
creased viability to 50%, while autophagy stimulation de-
creased paraquat toxicity by increasing viability to 72%.
This concentration of paraquat was selected for further exper-
iments in vitro.

Cell death induced by paraquat is mediated by caspases
(cysteine aspartyl-specific proteases) [28, 29, 38, 39] and
calpains (calcium-activated [papain-like] neutral protease)
[39, 40], and can be prevented by stimulation of autophagy
with rapamycin [28]. Then, we wanted to test whether autoph-
agy stimulation can prevent apoptosis induced by paraquat.
Apoptosis was evaluated by detection of phosphatidylserine
translocation from the inner to the outer membrane, which is
mediated by the scramblase Xrp8 activated by caspase-3 and
caspase-7 in early stages of apoptosis [41-43]. Labeling with
7-AAD indicated a loss of plasma membrane integrity.
Paraquat increased cell death in a dose-dependent manner,
which was significantly decreased when autophagy was stim-
ulated (Fig. 1a, b, representative density plots and bar graph
from at least three independent experiments).

We further examined whether autophagy stimulation can
prevent calpain-dependent apoptosis induced by paraquat.
Endogenous calpain activity was assessed by detecting cleav-
age of calpain substrate Ac-LLY-AFC at 48 h after treatments.
Active calpain was used as positive control and emitted
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514 RFU, while calpain Z-LL-FMK inhibitor decreased it to
216 RFU (Fig. 1c). Untreated and rapamycin-treated cells
showed values 0f230 and 241 RFU, respectively, correspond-
ing to basal levels of calpain activity. Paraquat treatment in-
creased these levels to 373 RFU, and autophagy inducer re-
duced these levels to 255 RFU. We demonstrated that autoph-
agy exerts a protective effect on calpain-dependent and inde-
pendent apoptosis induced by paraquat.

Oxidative Stress Induced by Paraquat Decreases
in Response to Stimulation of Autophagy

Paraquat induces mitochondrial dysfunction, oxidative stress,
autophagy disruption, and cell death [27-30]. Additionally,
autophagy downregulation increases oxidative stress in re-
sponse to nutrients depletion [35]. Therefore, we wanted to
test whether autophagy stimulation can decrease oxidative
stress induced by paraquat. Dopaminergic cells were exposed
to hydrogen peroxide (H,O,) for 30 min as a positive control
of oxidative stress (Fig. 2a, b). Autophagy was induced by
rapamycin previous to exposure to paraquat, and oxidative
stress and cell viability were analyzed at 24 h using DHE
and calcein-AM, respectively. Untreated and rapamycin-
treated cells showed low levels of oxidative stress, while para-
quat induced a significant increase in ROS production (Fig.
2a, b). Interestingly, autophagy stimulation decreased ROS
levels induced by paraquat. DHE (Fig. 2b) and calcein (Fig.
2¢) fluorescence intensity was quantified. The first showed
that paraquat increased ROS levels sixfold, while when au-
tophagy was stimulated previous to paraquat exposure, ROS
production was decreased to similar levels of untreated cells
(Fig. 2b). Cell viability was not affected at 24 h of treatment
(Fig. 2¢). Likewise, positive cells for ROS increased to 48% in
response to paraquat and decreased to 23% when autophagy
was induced before paraquat treatment (Fig. 2d, e).

Among the proteins that are the target of oxidation are the
peroxiredoxins (PRXs), which in turn catalyze the reduction
of H,0O,, peroxynitrite (HOONO), and most alkyl hydroper-
oxides [44—46]. PRXs protein levels increase in response to
parkinsonian toxins [47, 48]. Oxidative modification of PRX1
occurs in response to the parkinsonian neurotoxin 6-
hydroxydopamine, and this effect is inhibited by the antioxi-
dant N-acetylcysteine [48]. Importantly, paraquat has shown
to induce oxidation of PRX1 and PRX3 [49]. To determine the
effect of paraquat-induced oxidative stress on antioxidant pro-
teins, the oxidative status of PRXs was evaluated. PRXs
hyperoxidation was detected by fluorescence microscopy with
a specific antibody that recognizes the sulfonylated form of
PRXs (PrxSO3) 1 to 4 [50]. We observed that H,O, induced
the hyperoxidation of these enzymes (Fig. 3a). Cells treated in
the absence or presence of rapamycin showed low levels of
PRXs sulfonylation, representing the basal oxidative status of
these cells. In contrast, paraquat induced a significant increase
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of PRXs hyperoxidation (Fig. 3a), and when autophagy was
induced before paraquat treatment, this effect was decreased.
Fluorescence intensity of PRXs sulfonylation was quantified
(Fig. 3b) and showed an increase of fivefold induced by para-
quat in comparison with the basal levels of control and
rapamycin treatments, while stimulation of autophagy re-
duced PRXs sulfonylation fluorescence intensity to twofold.
These results were confirmed by western blot (Fig. 3¢), where
both H,O, and paraquat induced a noticeable increase of
sulfonylated PRXs, and rapamycin-induced autophagy
inhibited the effect produced by paraquat.

Taken together, these results indicate that stimulation of
autophagy with rapamycin significantly decreases oxidative
stress induced by paraquat.

Autophagy Stimulation Avoids Autophagosome
Morphological Changes Induced by Paraquat

Given autophagy inhibition in response to paraquat [28], and
considering that oxidative stress is evident at 24 h of treat-
ment, we examined the morphological changes induced by
paraquat in dopaminergic cells and determined whether au-
tophagy induction prevents ultrastructural changes. To accom-
plish this, we used transmission electron microscopy (TEM),
the gold standard method to evaluate autophagy [51, 52]. As a
result, the typical morphology of dopaminergic cells SH-
SYS5Y is shown (control) in Fig. 4a. Rapamycin was used as
a positive control of autophagy induction, indicating an in-
creased presence of autophagosomes. Surprisingly, paraquat
substantially increased the size of autophagosomes (Fig. 4a),
and many of them were enclosing mitochondria (mitophagy).
Interestingly, when autophagy was stimulated with rapamycin
previous to paraquat treatment, autophagosomes size was sim-
ilar to that observed in control cells. To confirm these findings,
cells were analyzed in the presence of the lysosomotropic
agent chloroquine, which blocks autophagic flux through in-
hibition of the autolysosome content, with subsequent
autolysosomes accumulation [53, 54]. Chloroquine (40 uM)
was added 4 h before harvesting cells. Therefore, chloroquine-
treated cells showed more autophagosomes than control cells,
indicating blockage of basal autophagic flux. Rapamycin-
treated cells in the presence of chloroquine showed an in-
creased number of autophagosomes compared with chloro-
quine alone. Unexpectedly, enlarged autophagosomes found
in paraquat-treated cells were not present when co-treated with
chloroquine, and cell morphology was similar to that of
chloroquine-treated cells. Besides, the morphology of cells
co-treated with rapamycin and paraquat in the presence of
chloroquine resembles that of chloroquine-treated cells too,
which indicates that rapamycin-induced autophagy was in-
deed able to prevent morphological changes produced by
paraquat.
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<« Fig. 1 Autophagy stimulation decreases calpains-dependent and inde-
pendent cell death induced by paraquat. a, b SH-5YSY cells were ex-
posed to different concentration of paraquat (0, 0.1, 0.2, 0.5, and 1 mM)
for 48 h. Rapamycin (10 uM) was added 1 h before paraquat treatment.
Annexin V-7AAD measured apoptosis through flow cytometry. In dot-
plots, early apoptosis is represented as an increase in the number of
Annexin V (+)/7AAD (-) cells (lower right quadrant). Late-apoptotic
and necrotic cells are identified as Annexin V (+)/7AAD (+) (upper left
quadrant). Plots are representative of three independent experiments
(plots in a, and bar graph in b). Apoptotic cell death was induced in a
paraquat dose-dependent manner, and rapamycin increased cell viability
to counteract cell damage induced by paraquat. ¢ Cytosolic proteins from
treated-cells (rapamycin 10 uM, paraquat 0.5 mM, or both) were isolated,
and cleavage of calpain substrate Ac-LLY-AFC assessed endogenous
calpain activity through fluorometry. Active calpain was used as a posi-
tive control and the calpain inhibitor Z-LLY-FMK as a negative control.
RFU, relative fluorescence units. A probability value of *p <0.05 was
considered statistically significant. Ctrl, control; Rapa, rapamycin; PQ,
paraquat

Fifty cells per treatment were evaluated by morphometric
analysis using TEM to determine the extent of mitophagy in
response to paraquat. Untreated and rapamycin-treated cells
showed 8 and 16% of mitophagy, respectively (Fig. 4b). In
response to paraquat, 34% of cells were positive for mitophagy,
while it was reduced to 24% when autophagy was induced
before exposure to paraquat. It is worth to notice that paraquat
affected the mitochondrial cristae integrity (Fig. 4c), and endo-
plasmic reticulum isolation membranes (phagophore expan-
sion) were prevalent surrounding damaged mitochondria.

These results were confirmed by western blot (Fig. 4d), where
LC3-II, the hallmark of autophagy was evaluated. LC3-II was
increased in response to rapamycin and decreased in response to
paraquat. Differences between treatments in the presence of chlo-
roquine were consistent with the observed by TEM.

Since the presence of damaged mitochondria enclosed by
autophagosomes was evident in response to paraquat, we
evaluated p62, an essential mitophagy regulator that mediates
the aggregation of damaged mitochondria [55]. As a result,
paraquat induced a noticeable increase of p62, which was
decreased when autophagy was stimulated before paraquat
treatment (Fig. 4e). In the presence of Mito Tracker Red
CM-H,XROS, mitochondrial oxidative stress was increased
by paraquat and co-localized with p62 when autophagy was
induced with rapamycin before paraquat treatment
(Supplementary Fig. S3; Online Resource 1), which suggests
that oxidative stress-damaged mitochondria are prone to be
engulfed by autophagosomes.

Autophagy Stimulation Improves the Motor
and Cognitive Functions Impaired by Paraquat

Afterward, we wanted to determine whether the protective ef-

fect of autophagy against paraquat toxicity was kept in vivo.
Autophagy was stimulated 1 week before paraquat treatment.
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Mice body weight was recorded once a week throughout treat-
ments, and a non-significant difference between groups was
observed (Supplementary Fig. S4; Online Resource 1).

Since the loss of motor coordination is one of the main
characteristics of PD [56-58], we determined whether
paraquat-induced PD model showed motor alterations, as pre-
viously reported [59]. The control group showed normal pos-
ture and movement (Fig. 5a). Motor abilities of the
rapamycin-treated group were similar to the control group.
However, mice treated with paraquat showed a slightly flexed
posture at rest and raised their hind legs noticeably during
walking, which indicates that motor function was significantly
affected compared to the control group. Furthermore, mice co-
treated with rapamycin and paraquat displayed a slight but not
statistically different recovery in posture and movement com-
pared to those that only received paraquat (Fig. 5a).

Cognitive dysfunction is a non-motor symptom of PD pa-
tients [56]. This feature was assessed in mice based on their
nest-building ability, which is sensitive to brain injury [60],
engages orofacial and forelimb movement, and is dopamine-
dependent [59]. Since mice instinctively build nests, a disor-
ganized nest might evidence either cognitive or motor dys-
function [59-61]. Both control and rapamycin group con-
structed a well-organized complete dome-shaped nest (Fig.
5b, c¢). However, mice behavior was affected by paraquat,
which was evidenced by a disorganized cup-shaped nest
building. Unexpectedly, autophagy induction with rapamycin
restored the nest building ability of mice affected by paraquat
(Fig. 5b, ¢).

Induction of Autophagy Decreases the Loss
of Dopaminergic Neurons Mediated by Paraquat

Next, we sought to investigate whether the improvement
induced by autophagy on the motor and cognitive func-
tions impaired by paraquat was related to a protective
effect in dopaminergic neurons. Midbrain dopaminergic
neurons were examined. Figure 6a shows the average
population of dopaminergic neurons from the control
group, which was not affected by rapamycin. In con-
trast, the group treated with paraquat exhibited a notice-
able decrease in dopaminergic neurons compared to the
control group. Interestingly, autophagy stimulation de-
creased dopaminergic neuronal loss induced by para-
quat. These results were corroborated by tyrosine hy-
droxylase (TH) positive neurons count (Fig. 6b).
Additionally, these results were confirmed by western blot
(Fig. 6¢), where paraquat induced a significant decrease in TH
protein levels and autophagy stimulation before paraquat
treatment increased TH protein levels. Besides, we showed
that paraquat decreased LC3-II protein levels in vivo.
Surprisingly, induction of autophagy preceding paraquat treat-
ment led to similar LC3-II protein levels than those observed
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Fig. 2 (continued)

in the control group. Therefore, we demonstrated that
rapamycin-stimulated autophagy inhibits dopaminergic neu-
ronal death induced by paraquat.

Induction of Autophagy Decreases Paraquat-Induced
Microglial Activation

Microglial activation in postmortem brain samples of PD patients

[62] suggests that both microglial activation and inflammation
play an essential role in the pathogenesis of PD. Because paraquat
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induces microglial activation [63, 64], we aim to determine the
effect of autophagy on its activation. Low levels of microglial
activation were observed in both control and rapamycin groups
(Fig. 7a). Conversely, paraquat induced a dramatic increase in
microglial activation, while a remarkable decrease was detected
when autophagy was stimulated before paraquat treatment. To
validate these results, IBA-1 positive cell count was performed
and showed an evident increase of these cells in response to para-
quat treatment, whereas autophagy induction with rapamycin sig-
nificantly reduced the microglia activated by paraquat (Fig. 7b).
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Discussion

Prevention and treatment of PD are still deficient and limited.
Because human lifespan has steadily increased since the nine-
teenth century [65], neurodegenerative diseases including PD
are becoming more prevalent. Therefore, the development of
preventive and prophylactic treatments to counter PD is essen-
tial. Among potential mechanisms to be explored as therapeu-
tics, regulation of autophagy is quite promising as strong ev-
idence indicates that autophagy dysfunction leads to neurode-
generation [21-24].

As oxidative stress characterizes paraquat-induced PD mod-
el, and autophagy impairment enhanced the toxicity mediated
by paraquat, whereas its stimulation reduced this effect in vitro
[27-30], we investigated the hypothesis that autophagy stimu-
lation decreases apoptotic cell death by reducing oxidative
stress. We have previously seen that oxidative stress initiates
in mitochondria and spreads into the cytoplasm, preceding cell
death in response to paraquat [27]. Besides, exposure to para-
quat leads to protein oxidation and lipid peroxidation [27].

Herein, we demonstrated that stimulation of autophagy
with rapamycin exerts a protective effect on both calpain-
dependent and independent apoptosis induced by paraquat.
These results correlate with a study where rapamycin
prevented caspase-3 activation mediated by MPP* [66].
Rapamycin also protected both SH-SY5Y cells and primary
mesencephalic cell cultures against rotenone-induced dopami-
nergic cell death [67, 68]. Likewise, calpains involvement in
the dopaminergic neuronal death in PD has been previously
established [69, 70]. Calpains inhibition attenuated MPTP ad-
verse effects on dopaminergic neurons and locomotor func-
tion [70]. Those results correlate with our findings in vitro,
where calpain-mediated cell death induced by paraquat was
indeed decreased by autophagy stimulation, and in vivo,
where the motor dysfunction we observed in the PD animal
model was also reduced. Also, calcium may be released into
the cytoplasm as a result of an enduring mitochondrial dys-
function [66, 69, 71, 72], as observed in PD and the response
to paraquat, with the subsequent calpain activation.

Moreover, we determined that indeed autophagy induction
decreased both oxidative stress and PRXs hyperoxidation in-
duced by paraquat. Our results are consistent with a study
where knockdown of autophagy-related genes ATGS5 and
ATG10 increased ROS induced by starvation [35], suggesting
a protective role of autophagy against oxidative stress. Another
study showed that autophagy induced with rapamycin de-
creased the levels of the lipid peroxidation biomarker
malondialdehyde (MDA) in a PD animal model induced with
6-hydroxydopamine (6-OHDA) [73]. Besides, rapamycin was
also able to decrease oxidative heart stress in vivo [74].

Because oxidative stress is quite evident in response to
paraquat, we infer cellular morphological changes could ac-
company it. The gold standard method to demonstrate
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autophagosomes, lysosomes, and autolysosomes presence is
TEM [51, 52]. However, dynamic turnover cannot be quanti-
fied unless a time-point analysis is performed [52]. To evi-
dence a clear autophagy regulation can be difficult, to some
extent, because of the rapid turnover of intermediary autoph-
agic structures. As previously reported [75], we observed the
presence of mitophagy in response to paraquat, with extreme-
ly large autophagosomes. These events, where mitochondria
are targeted for clearance by the autophagic machinery, may
be related to oxidative damage within mitochondria [27], in an
attempt to avoid further irreversible oxidative modifications
and damage. However, we have seen that this cellular re-
sponse is not enough to prevent cell death induced by para-
quat. Interestingly, when autophagy was stimulated with
rapamycin previous to paraquat treatment, autophagosome
size was similar to that of control cells, and mitophagy was
not observed.

Moreover, these results were confirmed when autophagic
flux was blocked with chloroquine. In this regard, the expect-
ed accumulation of enlarged autophagosomes found in
paraquat-treated cells was not observed when autophagic flux
was inhibited with chloroquine, and cells’ morphology was
similar to that of cells treated with chloroquine alone. These
results are consistent with a previous report of impairment of
autophagic flux by paraquat [28]. Even though chloroquine-
expected effect in paraquat-treated cells was not observed,
results were intriguing and leave an open question about the
interaction these drugs may have. However, the morphology
of cells co-treated with rapamycin and paraquat in the pres-
ence of chloroquine was similar to that of chloroquine-treated
cells too, which indicates that rapamycin-induced autophagy
was indeed able to prevent morphological changes produced
by paraquat.

After that, we wanted to determine whether the protective
effect of autophagy against paraquat toxicity was preserved
in vivo. Previously, it has been reported that paraquat pro-
duces a decline in motor function [76]. Another research
found a significant deficiency in nest building behavior in a
PD animal model induced with MPTP [59]. Our study shows
not only motor but a cognitive disruption in response to para-
quat. Foremost, we observed that impairment of motor and
cognitive functions induced by paraquat showed an improve-
ment when autophagy was pre-stimulated with rapamycin,
suggesting a protective role of autophagy. These results agree
with the prophylactic effect of rapamycin observed on the
cognitive deficit in an Alzheimer’s disease model [77].

Because paraquat preferentially decreases nigrostriatal
dopaminergic neurons [78-80], we aimed to determine
whether autophagy stimulation with rapamycin can pre-
vent this effect. Importantly, the present work shows
that rapamycin-induced autophagy significantly reduced
dopaminergic neuronal death mediated by paraquat ex-
posure in vivo. Our results are consistent with the
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protective effect of rapamycin against the toxicity in-
duced by other parkinsonian toxins suchlike MPTP
and 6-OHDA [73, 81, 82].

Nonetheless, microglia play a pivotal role in neuronal
maintenance, representing 10% of all glial cells [62].
Microglial activation has been reported in postmortem brain
samples of PD patients [62], indicating that neuroinflamma-
tion plays an essential role in the pathogenesis of PD.
Experimental animal models using different species that were
exposed to MPTP, 6-OHDA, or rotenone displayed activated
microglia in the substantia nigra [83—88]. Additionally,
microglial activation has also been reported in response to
paraquat [63, 64]. Therefore, we sought to explore the effect
of autophagy stimulation on paraquat-induced microglial ac-
tivation in vivo. Interestingly, paraquat-induced microglial ac-
tivation was diminished by the stimulation of autophagy with
rapamycin. These results are consistent with a recent study
where autophagy induced by metformin inhibited microglial
activation in the MPTP plus probenecid PD model [89].

In summary, our findings suggest an interplay between
autophagy and oxidative stress, where either autophagy dis-
ruption or excessive oxidative stress is detrimental for neu-
rons, while autophagy stimulation can decrease oxidative
stress, mitophagy, and calpain-dependent and independent ap-
optosis induced by paraquat in vitro. Also, autophagy protec-
tive effect was demonstrated in vivo by reducing dopaminer-
gic neuronal loss and microglial activation, which explained
the motor and cognitive improvement in mice compared with
paraquat treatment by itself. Therefore, autophagy inducers
may be suitable candidates for the treatment of neurodegener-
ative diseases. More research in the mechanistic interrelation
between autophagy and redox signaling is essential to shed
light on the challenges of development of neuroprotective
therapeutics.

Materials and Methods
Cell Culture and Reagents

Human dopaminergic neuroblastoma cell line SH-SH5Y was
obtained from the American Type Culture Collection (#CRL-
2266, ATCC, Manassas, VA). Cells were cultured in DMEM/
F12 medium (#11330-032, Thermo Fisher Scientific,
Waltham, MA) containing 10% heat-inactivated fetal bovine
serum (#35-010-cv, Thermo Fisher Scientific), 100 units/ml
penicillin-streptomycin (#30-004-Cl, Corning) in a humidi-
fied 37 °C incubator with 5% CO,. Cells were treated with
paraquat (1,1'-dimethyl-4,4"-bipyridinium dichloride) at 0.1—
1 mM (#AC227320010, Thermo Fisher Scientific or #36541,
Millipore Sigma, St. Louis, MO) for 24 h (oxidative stress
assays) or 48 h (cell death assays). Rapamycin (#R-5000,
LC Laboratories, Woburn, MA) was used to stimulate

Fig. 4 Autophagy stimulation prevents morphological alterations P
induced by paraquat. SH-SYSY cells were pre-treated with rapamycin
1 h before treatment with paraquat and incubated for an additional 24 h.
Autophagic flux was blocked with chloroquine (CQ, 40 uM), which was
added 4 h before fixing and harvesting cells for their further analysis by a
transmission electron microscopy. Representative electron micrographs
are showed. b Mitophagy (autophagosomes enclosing mitochondria)
was evaluated by morphometric analysis using TEM, where 50 cells
per treatment were analyzed. Results are expressed as a percentage of
mitophagy. ¢ Paraquat-treated cells show disruption of mitochondrial
cristae (dotted arrows) and phagophore expansion (arrows) is in close
proximity to damaged mitochondria. Boxed areas are enlarged in the right
column. Ultrastructural changes related to autophagy (autophagosomes)
were correlated with d the autophagy marker LC3-II and e the mitophagy
marker p62 by western blot, where GAPDH or {3-actin were used as a
loading control. Densitometry values were normalized to GAPDH or 3-
actin from three independent experiments. A probability value of
*p < 0.05 was considered statistically significant. Rapa, rapamycin; PQ,
paraquat; nucleus (N); mitochondrion (m); lipid inclusion (L); lysosome
(Ly); an asterisk (*) indicates autophagosomes

autophagy, at a final concentration of 10 uM, 1 h before para-
quat treatment.

Apoptosis Assay

Apoptosis was determined by using the Muse Annexin V &
Dead Cell Kit (#MCH100105, Millipore Sigma). This assay
relies on the ability of Annexin V to bind to
phosphatidylserine, a marker of apoptosis, and the uptake of
7-amino actinomycin D (7-AAD) as a marker for loss of plas-
ma membrane integrity. Data are represented as a percentage
of viability. Early apoptotic cells are defined as having
Annexin V-positive and 7-AAD-negative staining. Late-
apoptotic and nonviable cells are both Annexin V and 7-
AAD positive.

Calpain Activity Assay

Endogenous calpain activity was measured with the Calpain
Activity Assay Kit (#ab64380, Abcam, Cambridge, MA).
Briefly, after treatments, cytosolic proteins were isolated with
an extraction buffer. Calpain substrate Ac-LLY-AFC was
added; upon cleavage of the substrate by calpain, free AFC
emits a yellow-green fluorescence (A max =505 nm), which
was quantified using a microplate fluorescence reader
(FLx800TB, BioTek Instruments, Winooski, VT). Results
are expressed as relative fluorescence units (RFU). Active
calpain was used as positive control and the calpain inhibitor
Z-LLY-FMK as a negative control.

Oxidative Stress Detection
Cells were incubated with dihydroethidium (DHE,

#D11347, Thermo Fisher Scientific) at 5 uM for
15 min (ex. 490, em. 570 nm), or Mito Tracker Red
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Fig. 4 (continued)

CM-H,XROS (#M7513, Thermo Fisher Scientific) at
500 nM for 1 h (ex. 580, em. 600), and its oxidation
was monitored by fluorescence microscopy. Nuclei
were stained with VECTASHIELD Antifade Mounting
Medium with DAPI (#H1200, Thermo Fisher
Scientific). Cell survival was assessed using a calcein
retention assay, which measures cell viability. Cells

Rapa+PQ

were incubated with calcein-AM (#354217, Thermo
Fisher Scientific) at 5 uM (ex. 485, em. 530 nm) for
15 min. Then, cells were washed and analyzed in a
Nikon Eclipse 50i fluorescent microscope (Nikon,
Melville, NY). Fluorescence intensity was quantified
using Image] (NIH) v3.91 software (http://rsb.info.nih.
gov/ij). Alternatively, treated cells were incubated with
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Fig. 4 (continued)

DHE (10 uM) for 15 min, harvested with trypsin, and  Western Immunoblotting (WB)

resuspended in PBS 1x. Finally, cells were evaluated

by flow cytometry (Muse Cell Analyzer, Millipore Cells or midbrain samples were lysed in
Sigma). radioimmunoprecipitation assay (RIPA) buffer (20 mM Tris-
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Fig. 5 Motor and behavioral disabilities induced by paraquat decrease
upon autophagy stimulation. a Disability score was assessed individually
in all mice at the end of the animal model, as a sum of gait and body
posture abnormalities by direct visual inspection in their cages. Note that
paraquat affects motor function, while co-treatment with rapamycin and
paraquat displayed a slight no statistically significant difference of

HCI, 150 mM NaCl, 1 mM Na,EDTA, 1 mM ethylene glycol
tetraacetic acid (EGTA), 1% Triton X-100) containing Halt
Protease and Phosphatase Inhibitor Cocktail (#78446,
Thermo Fisher Scientific). Samples were sonicated and

recovery in posture and movement. b, ¢ Nests were scored as follows:
5 =complete dome-shaped nest, 4 = incomplete dome-shaped nest, 3 =
cup-shaped nest, 2 = flat nest, 1 =disturbed, and 0 undisturbed nesting
material. A probability value of *p» <0.05 was considered statistically
significant. Rapa, rapamycin; PQ, paraquat; ns, not significant

centrifuged, and pellets were discarded. Twenty-five to
50 pg of protein per sample were loaded and separated by
SDS-polyacrylamide gel electrophoresis and transferred to
PVDF or nitrocellulose membranes. Blots were incubated at
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Fig. 6 Autophagy stimulation decreases dopaminergic neuronal death
induced by paraquat. a Midbrain sections were subjected to
immunostaining with anti-TH to detect dopaminergic neurons, which
were decreased in response to paraquat, while this effect was prevented
when autophagy was induced. b TH-positive neurons count was

4 °C overnight with the appropriate primary antibody
(1:1000): rabbit anti-mTOR (phospho S2448) (#ab109268,
Abcam), rabbit anti-mTOR (#ab2732, Abcam), rabbit anti-
PrxSO; (#ab16830, Abcam) rabbit anti-LC3B (#L7543,

@ Springer

performed in four random fields per section. A probability value of
*p < 0.05 was considered statistically significant. ¢ TH and autophagy
marker LC3-II were both decreased by paraquat, which was inhibited
by rapamycin-stimulated autophagy. Densitometry values are shown be-
low blots and were normalized to 3-actin. Rapa, rapamycin; PQ, paraquat

Millipore Sigma), rabbit anti-SQSTM1/p62 (#ab155686,
Abcam), rabbit anti-TH (tyrosine hydroxylase) (#ab112,
Abcam), and rabbit anti-(3-actin (#A5060, Millipore Sigma)
or rabbit anti-GAPDH (#2118, Cell Signaling Technology,
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Fig. 7 Autophagy stimulation prevents microglial activation triggered by paraquat. b IBA-1-positive cells count was performed in four random
paraquat. a Midbrain sections were incubated with anti-IBA-1. Nuclear fields per section. A probability value of *p < 0.05 was considered statis-
staining with DAPI is shown. Notice that paraquat increases microglial tically significant. Rapa, rapamycin; PQ, paraquat

activation, while rapamycin inhibits microglial activation induced by
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Danvers, MA), to verify equal protein loading. Peroxidase-
conjugated secondary anti-rabbit at 1:2000 dilution (#sc-
2004, Santa Cruz Biotechnology, Dallas, TX) was used, and
bands were detected using SuperSignal West Pico Plus
Chemiluminescent Substrate (#34580, Thermo Fisher
Scientific). Densitometry analysis of immunoblots was per-
formed using ImageJ software and normalized to loading
control.

Transmission Electron Microscopy (TEM)

Cells were fixed with 2.5% glutaraldehyde in 0.1 M sodi-
um cacodylate (pH 7.4) for 2 h at room temperature.
Fixed cells were collected and post-fixed with 1% osmi-
um tetroxide (OsOy4) in 0.1 M sodium cacodylate and
counterstained in 1% uranyl nitrate. The pellets were
dehydrated through a graduated acetone series and em-
bedded in Epon 812 resin (#14120, Electron Microscopy
Sciences, Hatfield, PA) for sectioning. From thin sections,
ultrastructure of cells was observed under a transmission
electron microscope (EM 109, Carl Zeiss, Oberkochen,
Germany) and images were collected with a bottom-
mount film-based camera. Mitophagy presence
(autophagosomes enclosing mitochondria) was evaluated
by morphometric analysis using TEM, where 50 cells per
treatment were analyzed. Results were expressed as a per-
centage of mitophagy.

Parkinson’s Disease Animal Model

C57BL/6J male mice (8—10 weeks old) (Circulo ADN,
Mexico City) were subjected to intraperitoneal injections of
10 mg/kg paraquat or PBS three times per week for six con-
secutive weeks. For autophagy stimulation, rapamycin
(1 mg/kg) was administered twice per week, 1 week before
paraquat intoxication, and continued along with paraquat
treatment in alternate days.

Mice were maintained on a 12-h light-dark cycle, with free
access to Prolab RMH 2500 pellets (#5P14, LabDiet, St.
Louis, MO) and water. Body weight of all mice was recorded
daily. All experiments were conducted in accordance with the
Mexican Official Norm “NOM-062-ZO0-1999” (De Aluja,
2002) and the Institutional Committee for the Care and Use of
Laboratory Animals (Comite Institucional para el Cuidado y
Uso de los Animales de Laboratorio, CICUAL), and approved
by the Ethical Committee of our University (registration num-
ber HT17-00004).

Disability Score
The disability score was assessed individually in all mice at

the end of the animal model, as a sum of gait and body posture
abnormalities by direct visual inspection in their cages, as

@ Springer

previously described [59, 90]. Before scoring, which was per-
formed blinded, the normal behavior was observed in untreat-
ed mice for reference. Briefly, gait was scored as 0 = normal,
1 =slightly abnormal; 2 = severely abnormal with short steps
and intermittent/staggered movements. Body posture was
scored as 0 = normal; 1 = slightly abnormal/flexed; 2 = severe-
ly abnormal with curved posture [59, 90]. Both scores are
added as a disability score, in which the maximal score is 4.

Nest Scoring

Mice were supplied with 5 g of compressed cotton
squares, and behavior was evaluated based on a nest
scoring system, as previously reported [61]. Briefly, nests
were scored considering the height and closure of the
walls surrounding the nest cavity. The higher scores in-
dicate higher quality nests, equivalent to a normal behav-
ior (score of 5=complete dome-shaped nest), whereas
those with lower scores were of poor quality and
corresponded to an abnormal behavior (score of 4 =in-
complete dome-shaped nest; score of 3 =cup-shaped
nest; score of 2 =flat nest; and the scores of 1 and 0
refer to disturbed and undisturbed nesting material, re-
spectively) [61].

Immunofluorescence

At the end of the experimental animal model, mice were
anesthetized with an intramuscular injection of
10 mg/kg xylazine (#Q7833099, PiSA Labs, General
Escobedo, Mexico) and 100 mg/kg ketamine
(#Q7833028, PiSA Labs) followed by an intraperitoneal
injection of sodium pentobarbital (88 mg/kg).
Afterward, mice were perfused intracardially with 4%
paraformaldehyde (PFA) in 0.1 M sodium phosphate
buffer (pH 7.4). Brains were removed and post-fixed
for 24 h in 4% PFA. Midbrains were cut into 5-pum
coronal sections using a sliding microtome. Sections
were blocked with 10% normal horse serum (#16050-
122, Thermo Fisher Scientific) and incubated with rab-
bit anti-TH antibody (#ab112, Abcam) or mouse anti-
IBA-1 (#ab15690, Abcam), overnight at 4 °C. After
rinsing, sections were incubated with secondary Alexa
488 anti-rabbit (#ab150077, Abcam) or Alexa 594 anti-
rabbit (#ab150080, Abcam) for 1 h at RT. Sections were
mounted with VECTASHIELD Antifade Mounting
Medium with DAPI. Images were collected on a
Nikon Eclipse 50i fluorescent microscope and analyzed
using Imagel] software. TH and IBA-1 positive cells
counting was performed in four random fields per
section.
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Statistical Analysis

All experiment replicas were independent and performed on
separate days. Collected data were analyzed according to sta-
tistical criteria by using paired or unpaired ¢ test or two-way
ANOVA, and the appropriate parametric or nonparametric
normality post-test using statistical software (Prism 6,
GraphPad Software, San Diego, CA). A probability value of
p<0.05 was considered statistically significant. Data were
plotted as mean values of at least three independent experi-
ments = SEM using the same statistical package for data anal-
ysis. Plots and WB presented are representative of at least
three independent experiments.
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