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pathological features of Parkinson’s disease in mice six months after the 
end of the treatment 

María Izco a, Ariane Vettorazzi b,c,*, Raquel Forcen a, Javier Blesa d, Maria de Toro e, 
Natalia Alvarez-Herrera a, J Mark Cooper f, Elena Gonzalez-Peñas g, Adela Lopez de Cerain b,c, 
Lydia Alvarez-Erviti a,** 

a Laboratory of Molecular Neurobiology, Center for Biomedical Research of La Rioja (CIBIR), Piqueras 98, 3rd Floor, 26006, Logroño, Spain 
b Department of Pharmacology and Toxicology, MITOX Research Group, Universidad de Navarra, Pamplona, 31008, Spain 
c IdiSNA, Navarra Institute for Health Research, Pamplona, 31008, Spain 
d HM CINAC, Hospital Universitario HM Puerta del Sur, Av. Carlos V, 70, 28938, Móstoles, Madrid, Spain 
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A B S T R A C T   

Some epidemiological studies with different levels of evidence have pointed to a higher risk of Parkinson’s 
disease (PD) after exposure to environmental toxicants. A practically unexplored potential etiological factor is a 
group of naturally-occurring fungal secondary metabolites called mycotoxins. The mycotoxin ochratoxin A 
(OTA) has been reported to be neurotoxic in mice. To further identify if OTA exposure could have a role in PD 
pathology, Balb/c mice were orally treated with OTA (0.21, 0.5 mg/kg bw) four weeks and left for six months 
under normal diet. Effects of OTA on the onset, progression of alpha-synuclein pathology and development of 
motor deficits were evaluated. Immunohistochemical and biochemical analyses showed that oral subchronic 
OTA treatment induced loss of striatal dopaminergic innervation and dopaminergic cell dysfunction responsible 
for motor impairments. Phosphorylated alpha-synuclein levels were increased in gut and brain. LAMP-2A protein 
was decreased in tissues showing alpha-synuclein pathology. Cell cultures exposed to OTA exhibited decreased 
LAMP-2A protein, impairment of chaperone-mediated autophagy and decreased alpha-synuclein turnover which 
was linked to miRNAs deregulation, all reminiscent of PD. These results support the hypothesis that oral 
exposure to low OTA doses in mice can lead to biochemical and pathological changes reported in PD.   

1. Introduction 

Parkinson’s disease (PD) is a neurodegenerative disorder patholog
ically characterized by the loss of dopaminergic (DA) neurons in the 
substantia nigra pars compacta (SNc) and the presence of Lewy bodies 
(LB) aggregates, which contain phosphorylated alpha-synuclein 
(Fearnley et al., 1991; Simón-Sánchez et al., 2009). While LB are pre
dominantly found within the brain, they are also found in the periphery 
including the peripheral nervous system (Comi et al., 2014). The factors 

initiating or contributing to the pathogenesis of PD are still largely un
clear for the majority of patients; however, recent findings of genetic 
causes and environmental risk factors are beginning to highlight 
important pathogenic pathways (Johnson et al., 2018a). The preclinical 
stage of PD is associated with impairment in olfaction and gastrointes
tinal dysfunction, two non-motor symptoms that can manifest even 
decades before the onset of the motor abnormalities (Schapira et al., 
2017). Affecting up to 80% of PD patients, constipation represents the 
most frequent gastrointestinal dysfunction in PD (Cersosimo et al., 
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2013) and patients with a previous diagnosis of constipation have an 
increased risk of developing PD (Stirpe et al., 2016). This early 
non-motor symptom affects the gut, an organ exposed to the environ
ment, and could link to exposure of factors that initiate PD pathogenesis. 
This hypothesis is reinforced by data suggesting that LB pathology can 
be found in the large intestine in PD patients up to 20 years before the 
diagnosis of PD (Stockholm et al., 2016). The link to LB pathology in the 
brain has been suggested to involve the spread of pathological 
alpha-synuclein from the enteric nervous system (ENS), via axonal 
transport through the vagal nerve, to the lower brainstem, a process that 
precedes DA neurons degeneration (Braak et al., 2003). This 
caudal-rostro, prion-like, cell-to-cell progression of alpha-synuclein pa
thology is also known as Braak’s hypothesis (Braak et al., 2003; Hawkes 
et al., 2007) and has also been supported in experimental models (Kim 
et al., 2019; Anselmi et al., 2018). This mechanism in PD has been 
recently supported by a study showing a decreased risk of PD in patients 
who underwent truncal vagotomy (Svensson et al., 2015). 

Although olfactory and gastrointestinal symptoms have been docu
mented in pesticide-based animal models of PD (Sasajima et al., 2015; 
Johnson et al., 2018b), human empirical evidence is sparse and indirect. 
One study in North Carolina found that non-farming laborers were able 
to detect odors at significantly lower concentrations than farmworkers 
(Quandt et al., 2016), however the study could not directly attribute this 
observation to pesticide use or toxin exposure. Some epidemiological 
studies with different levels of evidence have pointed to a higher risk of 
PD after exposure to environmental toxicants (for extensive reviews, 
check Goldman, 2014; Marras et al., 2019). Indeed, people living in 
rural areas have been described to have a significantly increased risk of 
suffering PD, which may be related to exposure to potential neurotoxins 
present in crops, pesticides, well water or spring water (Gorell et al., 
1998; Priyadarshi et al., 2001). The most consistent epidemiological 
evidence comes from studies that specifically focused on pesticides (Van 
der Mark et al., 2012) although the specific pesticides or classes 
responsible for this association have yet to be identified (Hatcher et al., 
2008). 

Some of these environmental toxicants have also partially repro
duced the characteristics of PD in animal models. Indeed some of them 
are widely used for animal models for PD, such as rotenone (Betarbet 
et al., 2000), 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) 
(Langston and Ballard, 1983), paraquat (Brooks et al., 1999) and maneb 
(Zhang et al., 2003). All these toxins produce oxidative stress, neuro
inflammation and dopaminergic cell death but do not mimic other key 
features of PD including the development of alpha-synuclein aggregates 
throughout the brain and the progression of the pathology. Therefore, 
the experimental evidence that these toxins can trigger PD in humans 
still remains unclear. 

Another highly relevant group of naturally-occurring agricultural 
toxins, present in the environment long before pesticides, are myco
toxins to which humans are widely exposed mainly through diet (BIO
MIN, 2018) but also by inhalation (Niculita-Hirzel et al., 2016; Viegas 
et al., 2018). Indeed, in the last report of the European Rapid Alert 
System for Food and Feed (RASFF), “mycotoxins” (aflatoxins and 
ochratoxin A) was among the top 10 most frequently hazard notified at 
EU level and was the most reported type of hazard for food products 
from non EU countries (RASFF, 2019). They are known to induce 
important adverse health effects in humans (Marin et al., 2013; Janik 
et al., 2020), including long-term diseases such as cancer (Vettorazzi 
et al., 2016). Nowadays the toxicological evaluation of cocktails of 
mycotoxins is a big challenge in the field of food safety evaluation 
(Dellafiora and Dall’Asta, 2017). It has been recently estimated that the 
worldwide prevalence of mycotoxins is up to 60–80% (Eskola et al., 
2019). However, although the literature about mycotoxins is rich in 
reports investigating cellular mechanisms, cellular toxicity, associated 
pathology and animal toxicity (for recent reviews check Adaku Chilaka 
et al., 2020; Marin et al., 2013; Janik et al., 2020), these toxins have 
been practically unexplored as etiological agents of neurodegenerative 

diseases. One of the most important mycotoxins in terms of toxicity and 
exposure is ochratoxin A (OTA). Indeed, OTA is one of the most prev
alent mycotoxins worldwide (BIOMIN, 2018) and human exposure is 
continuous (Arce-López et al., 2020) although at low levels. Due to its 
nephrotoxicity and potential carcinogenicity (EFSA, 2006; EFSA 2020) 
maximum limits (from 0.5 to 80 μg/kg) have been laid down for certain 
food commodities (EC, 2006). 

This mycotoxin is a potent renal carcinogen in rodents (Lock and 
Hard, 2004) and has been classified as “probably carcinogenic to 
humans” (Group 2A) by the International Agency for Research on 
Cancer (IARC, 1993) as well as “reasonably anticipated to be a human 
carcinogen” by the National Toxicology Program of the USA (NTP, 
2016). Although the mode of action (MoA) of OTA toxicity and carci
nogenicity remains unclear (EFSA, 2006; WHO World Health Organi
zation, 2008), some mechanisms have been hypothesized to totally or 
partially explain its MoA as a carcinogen (WHO World Health Organi
zation, 2008). Some of them like mitochondrial dysfunction, oxidative 
stress production and alterations of calcium homeostasis might also be 
relevant for neurodegenerative diseases. Indeed, 2 μM of OTA has been 
shown to exert neurotoxicity in human astrocytes through 
mitochondria-dependent apoptosis and intracellular calcium overload 
(Park et al., 2019). Regarding OTA specific neurotoxic effects, it has 
shown to increase the expression of genes involved in the brain in
flammatory system and to reduce the expression of glial fribrillary acidic 
protein in brain cells in vitro in range of 10–20 nM (Zurich et al., 2005). 
OTA has also reduced cell viability, induced the transcription factor 
activator (AP-1) and nuclear factor kappa B (NF-ĸB) at 0.5 and 1 μg/mL 
and inhibited neurite outgrowth at higher concentrations in rat em
bryonic midbrain cells (Hong et al., 2002). In vivo, OTA induced 
behavioral alterations in zebrafish (Khezri et al., 2018), reached the 
brain after oral administration in rats (Belmadani et al., 1998a) and was 
also reported to be neurotoxic to adult male rats orally treated with OTA 
for 8 days (289 μg/kg bw) (Belmadani et al., 1998b). In respect to 
pathological features associated with PD, a single intraperitoneal 
administration of a high dose of OTA (3.5 mg/kg bw) caused striatal 
dopamine depletion and decreased tyrosine hydroxylase (TH) immu
noreactivity (Sava et al., 2006a). Moreover, the depletion in the striatal 
levels of dopamine was also observed after continuous subcutaneous 
administration of high doses of OTA (4–12 mg/kg bw) for two weeks 
(Sava et al., 2006b). The OTA induced dopaminergic striatal dysfunction 
was associated with motor abnormalities that were reversed by L-dopa 
administration (Bhat et al., 2018). 

To gain insights into the role of OTA exposure on the features asso
ciated with PD, we studied the long-term effects of oral exposure to low 
doses of OTA on the changes in dopaminergic neurons, onset and pro
gression of alpha-synuclein pathology and on the development of motor 
deficits in wild type (WT) Balb/c mice. Male mice were administered 
with OTA (0.21 or 0.5 mg/kg bw) by oral gavage daily for 28 days and 
left for 6 months under normal diet. The exposure conditions selected 
(0.21 or 0.5 mg/kg bw by gavage for 4 weeks) are considered as very low 
doses for mice, as the lowest observed effect level for kidney tumors was 
4.4 mg/kg bw (administered in diet) in 2 years bioassay (EFSA, 2006). 
Our results showed that oral subchronic treatment with low-doses of 
OTA induced alpha-synuclein accumulation in the gut and thereby in
duces PD-like pathological progression to central nervous system (CNS). 
We also demonstrated that OTA exposure causes significant motor def
icits 6 months after the end of the treatment, associated with a loss of DA 
innervation and DA neuron dysfunction in the SNc. Using cell models we 
confirmed that OTA exposure caused a decrease in LAMP-2A protein 
associated with the dysregulation of miRNAs, this in turn leads to 
decreased chaperone-mediated autophagy (CMA) activity and increased 
alpha-synuclein levels. The influence of pathological changes in 
alpha-synuclein upon LAMP-2A protein was confirmed in the 
alpha-synuclein preformed fibrils (PFF) mouse model. All these factors 
have been previously described in PD indicating that short term oral 
exposure to low doses of OTA can replicate the mechanistic features 
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observed in PD. 

2. Material and methods 

2.1. Animals 

Eight-to nine-week-old male Balb/c mice (n = 70) for OTA studies 
and C57BL6/C3H F1 mice (n = 24) of the same age and sex for the PFF 
model were purchased from Charles River. All animals were randomly 
distributed to the cages and before any procedure, the cages were ran
domized to each group by a person not involved in the study. Animals 
were housed in individual polycarbonate cages with stainless steel 
covers, with a maximum of five mice per cage. All mice were allowed to 
ad libitum access to standard pellet diet (Special Diet Service, UK) and 
normal tap water and were maintained in constant environmental 
conditions of humidity (55 ± 10%) and temperature (22 ± 2 ◦C) on a 12- 
h light/dark cycle. All the in vivo experiments were blinded and the 
investigators responsible for data collection and analysis were blinded. 
These studies was approved by the Ethics Committee on Animal 
Experimentation of the Center of Biomedical Research of La Rioja 
(CIBIR, permit number LAE-02, LAE-04) and was conducted according 
to the National Institute of Health (NIH) Guide for the Care and Use of 
Laboratory. 

2.2. OTA 

OTA was purchased in powder from Sigma and was dissolved in 0.10 
M NaHCO3 (pH 7.4) for animal and cell culture treatments, and in 
methanol 99.9% (Panreac) in order to prepare the stock solutions 
needed for chromatographic analysis. Then, OTA-solutions were ali
quoted and maintained at − 20 ◦C until use. 

2.3. Study design 

Two different mouse strains were used in this research, Balb/c mice 
and C57BL6/C3H F1 mice. Balb/c is a mouse strain widely used for 
general experimental studies in toxicology and is the strain used in 
immunotoxicological OTA studies (Thuvander et al., 1995) and has been 
shown to be a suitable strain for long term toxicity studies with OTA 
(Stoev, 2020). Moreover, this strain was also selected based on the fact 
that it is less sensitive to more immediate neurotoxic effects caused by 
DA toxicants as MPTP (Ito et al., 2013). C57BL6/C3H F1 is a hybrid 
mouse strain used for the alpha-synuclein PFF model (Luck et al., 2012). 

First, a preliminary study was carried out to select OTA doses. Balb/c 
mice received repeated OTA administrations (0.21, 0.5, 1.5 and 4.5 mg/ 
kg bw) or vehicle (NaHCO3) daily for 28 days by oral gavage (n = 9, 
except the group treated with OTA 4.5 mg/kg n = 4). The volume of the 
administration was 5 mL/kg, therefore the animals were weighed daily 
in order to adjust the volume and the dose administrated to the animal 
weight. Mice were sacrificed by overdose of inhaled isofluorane 1 day 
after the end of the OTA treatment and blood was collected by cardiac 
puncture at sacrifice. The brains were rapidly removed and sectioned 
longitudinally. The right hemispheres were dissected, immediately 
frozen on liquid nitrogen and stored at − 80 ◦C until its use for 
biochemical analysis, while the left hemispheres were fixed in 4% 
paraformaldehyde at 4 ◦C, cryoprotected in 30% sucrose, frozen and 
stored at − 80 ◦C until its use for immunohistochemical analysis. 

For the long-term effect OTA study, Balb/c mice were randomly 
distributed into 3 groups of 10 mice per group. After one week of 
acclimatization, the animals received repeated OTA administrations 
(0.21 or 0.5 mg/kg) or vehicle (NaHCO3) daily for 28 days by oral 
gavage. The volume of the administration was 5 mL/kg, therefore the 
animals were weighed daily in order to adjust the volume and the dose 
administrated to the animal weight. Mice were sacrificed by overdose of 
inhaled isofluorane 27 weeks after the end of the OTA treatment, blood 
was collected by cardiac puncture and the brains and distal intestines 

were rapidly removed. The brains were sectioned longitudinally and 
right and left hemispheres processed as described in the preliminary 
study. Distal intestines were divided in two pieces, one piece was 
immediately frozen for biochemical analysis and the other one was 
fixed, cryoprotected and frozen for histological analysis. 

For the PFF model, C57BL6/C3H F1 mice (n = 6 per group and 
timepoint) were deeply anesthetized with isoflurane and received two 
2.5-μl injections of sonicated murine alpha-synuclein PFF (5 μg) or PBS 
into the dorsal right striatum (5 μl total; coordinates: AP +0.2, ML -2.0, 
DV -3.4 and − 2.6 from the skull) as previously described (Luck et al., 
2012). Injections were performed using a 10 μL syringe (Hamilton) at a 
rate of 0.25 μL per min with the needle in place at each site of injection 
for 5 min after injection to prevent backflow. Control animals were 
injected with an equal volume of sterile PBS. Mice were sacrificed at 
various time points 15, 30 and 90 days post injection (dpi) by overdose 
with isoflurane, brains were dissected into different brain regions and 
immediately frozen and stored at − 80 ◦C until used for biochemical 
analyses. 

For the in vitro assays, an established human SH-SY5Y neuroblas
toma cell line clone over-expressing full-length WT human alpha- 
synuclein with a C-terminal haemagglutinin (HA) tag was culture in 
1:1 mixture of Dulbecco’s modified Eagle’s medium and Ham’s F12 
medium supplemented with 10% fetal bovine serum, 0.01 μM nones
sential amino acid and penicillin/streptomycin (Alvarez-Erviti et al., 
2013). A Caco-2 cell line (a cell line derived from a human colorectal 
adenocarcinoma used in the models of the intestinal epithelium (Costa 
and Ahluwalia, 2019)) was culture in of Dulbecco’s modified Eagle’s 
medium supplemented with 10% fetal bovine serum and pen
icillin/streptomycin and was transiently tranfected with a plasmid to 
over-express full-length WT human alpha-synuclein with a C-terminal 
HA tag. Both cell lines were treated for 72 h with OTA (50, 100 and 200 
nM), which is the optimal timepoint to detect alpha-synuclein accu
mulation in these cell models. 

2.4. Clinical examinations and body weights 

All animals were observed weekly for detecting any gross abnor
malities or changes in clinical conditions, like poorly groomed fur, bald 
patches in the coat or absence of whiskers, labored breathing or other 
easily observable symptoms which can lead to unusual home cage 
behaviour, with standard arena observations. Additionally, the body 
weight was recorded daily during OTA treatment and weekly thereafter 
until sacrifice. Postmortem examination was carried out to detect 
macroscopic changes of tissues and organs. 

2.5. Behavioral assessments 

To evaluate the motor function, mice were tested on wire hang and 
negative geotaxis tests before treatment, at 30 day intervals during the 
study and prior to sacrifice. Both tests were performed on the same 
animals. All tests were conducted between 09:00–13:00 in the lights-on 
cycle to eliminate time of day differences in behaviour and mice were 
allowed to rest in 30 min between tests. Mice were habituated to testing 
room 1 h before tests and the apparatus were cleaned with 70% ethanol 
in between animals to minimize odor cues. 

2.5.1. Wire hang test 
To assess neuromuscular strength and motor coordination, the wire 

hang test was performed. Each mouse was placed on a wire lid of a 
conventional housing cage. The lid was lightly agitated to encourage the 
animals gripping of the bars and then was turned upside down. The 
latency of mice to fall off the wire grid was measured and averaged over 
two trials (15 min apart). Trials were stopped if the mouse remained on 
the lid for over 15 min. 
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2.5.2. Negative geotaxis 
Motor coordination was assessed in an inclined plane. Each mouse 

was placed with its head facing downward on a wire grid that was set at 
a 45◦ angle to the plane. The behaviour of the animal was observed 
during 30 s and scored as follows: 0 = turns and climbs, 1 = turns and 
freezes, 2 = moves, but fails to turn, 3 = does not move (Susick et al., 
2014). The latency to turn 180◦ to an upright position and initiate 
climbing was recorded for all animals that received a score of 0. If the 
mouse was unable to turn, the default value of 30 s was taken as 
maximal severity of impairment. 

2.6. Plasma collection 

Blood collection was carried out at sacrifice when mice were deeply 
anesthetized with an overdose of inhaled isofluorane and bled by car
diac puncture. Blood samples (1 mL) were collected into EDTA-coated 
vials (Multivette® 600 K3E, Sarstedt) and were centrifuged at 2000×g 
for 10 min at 4 ◦C to obtain plasma fraction, which were stored at − 80 ◦C 
until its use for OTA determination. 

2.7. Chromatographic determination of OTA in brain and plasma samples 

For OTA quantification, a previously validated method for this toxin 
analysis in rat biological samples (Vettorazzi et al., 2008) was revali
dated for mice tissues. Briefly, OTA was quantified by HPLC-FLD in an 
1100 series LC (Agilent Technologies, Germany) with fluorescence 
detection (λ excitation 225 nm and λ emission 461 nm). The chro
matographic system was equipped with a Tracer Extrasil ODS column 
(25 cm × 0.4 cm, 5 μm particle size) from Teknokroma (Spain) and 
working at 40 ◦C. The mobile phase, pumped at 1 mL/min, was a 
mixture of acetonitrile and an aqueous solution of formic acid (0.4%) 
(50:50) in isocratic conditions. Acetonitrile and formic acid were from 
Merck (Germany). 

Brain samples were weighted and mixed with a sodium dihydrogen 
phosphate buffer solution at pH 6.5 by vortexing (4 μL per mg of brain). 
Then the mixture was sonicated during 30 min and frozen at − 80 ◦C 
during 24 h. Extraction of OTA form the buffer solution or plasma was 
made using acetonitrile acidified with formic acid (0.4%). Calibrators 
were prepared in mobile phase and the ranges studied were 2–20 ng/mL 
and 20–200 ng/mL. Both calibration curves met the previously stab
lished performance criteria. Recovery was assessed by spiking brain or 
plasma blank samples with OTA at three concentration levels and in 
intermediate conditions. Recovery was evaluated as the relation be
tween mean OTA peak area in brain or plasma samples and mean OTA 
peak area in calibrators for each concentration level. The obtained re
covery values were 97.9% from plasma samples and 65.9% from brain 
samples. These values have been taken into account in the quantifica
tion. The limits of quantification (LOQ) were 0.02 ng/mg and 2 ng/mL 
in brain and plasma samples, respectively. 

2.8. Immunohistochemistry 

30-μm-thick coronal brain and 8-μm-thick transversal distal intestine 
sections were prepared using a cryostat. Slices were washed with PBS 
and were incubated with 3% hydrogen peroxidase in PBS to inactivate 
the endogenous peroxidase. The slices were washed in PBS and were 
incubated with a blocking solution (0.1 M PBS containing 5% NGS 
0.04% Triton X-100) for 1 h. Slices were incubated 24 h at 4 ◦C with the 
primary antibodies: anti-TH (Abcam) or phospho S129 anti-alpha- 
synuclein (Abcam). Slices were washed with PBS and were then incu
bated with biotinylated secondary antibody polyclonal goat anti-rabbit 
biotinylated (Dako). All the samples were processed simultaneously to 
obtain similar staining intensity. 

The total number of dopaminergic (TH-positive) neurons in the SNc 
was assessed by stereology with the optical fractionator method in 
regularly spaced 30 μm-thick sections (every forth) with a total of 8–12 

sections per animal spanning the entire rostro-caudal axis of the SNc 
(Kett et al., 2015; Brichta et al., 2015). This method was carried out by 
using a computer-assisted image analysis system consisting of a micro
scope (Olympus BX3) equipped with a computer controlled motorized 
stage, a camera, and the StereoInvestigator software (Stereo Investi
gator; MicroBrightField, VT, USA). The identification of the SNc region 
to be counted on each section was outlined at 4 × magnification and 
immunolabelled cells were counted with a 100x oil immersion objective 
(counting frame, 50 × 50 μm; sampling grid, 125 × 100 μm). The first 
section was randomly selected. Cells exhibiting neuronal phenotype, 
with a clear nuclear membrane, distinct nucleolus, and 
TH-immunoreactivity in the cytoplasm, were counted through the entire 
thickness of the tissue by a researcher ‘blinded’ to the treatment regimen 
of each experimental animal assessed. After counting was finished, the 
total number of neurons was automatically calculated by the software 
using the formula described by West et al. (West, 1993). Animals with 
less than 8 consecutive sections containing TH positive neurons were 
excluded from the analysis. 

Striatal optical density (OD) of TH immunostaining was used as an 
index of the density of striatal dopaminergic innervation. This was 
determined by image analysis using the Image J program (National In
stitutes of Health, USA). All samples were processed at the same time 
and digital images were captured under the same exposure settings for 
all experimental analyses. Briefly, six representative rostro-caudal sec
tions (at three levels of the striatum) were examined for each animal and 
regions of interest in the striatum were delineated and pixel densities 
were estimated using ImageJ. Background staining was quantified by 
measurement of pixel intensities in the white matter and subtracted 
from striatal regions for normalization. 

For assessment of pathologic alpha-synuclein aggregates in the SNc, 
4 coronal sections throughout the rostrocaudal extent of the SNc (240 
μm intervals between sections, 1/8 series) for each animal were labelled 
using antibody against S129 phospho-alpha-synuclein. The SNc region 
was defined with the 5x objective using both the Paxinos and Franklin 
Mouse Brain Atlas and the areas occupied by TH positive neurons in the 
serial TH-stained sections covering the entire extent of the SNc destined 
for stereological estimation of dopaminergic neurons. Numbers of S129 
phospho-alpha-synuclein inclusions present in the defined SNc region 
were manually counted at 20x magnification. The data represent the 
total number of aggregates per section or SNc region. In intestine sec
tions, estimation of the percentage of immunostained area occupied by 
S129 phospho-alpha-synuclein inclusions was carried out using ImageI 
software (NIH). In some analysis, fewer samples were analyzed as there 
was no enough sample. 

2.9. Western blot 

Frozen midbrain, brainstem and cerebral cortex samples (n = 10 per 
group of OTA treated mice and n = 6 per group from the PFF model. In 
some analysis, fewer samples were analyzed as there was no enough 
sample), distal intestine tissue (n = 5 per group) or cell samples (n = 4 
independent experiments) were homogenized in a 10 mM Tris/HCl (pH 
7.4) buffer containing 0.1% sodium dodecylsulfate, a protease inhibitor 
mixture (Halt protease inhibitor cocktail, Thermo Scientific), phospha
tase inhibitor (Halt phosphatase inhibitor cocktail, Thermo Scientific) 
and DNAse (RQ1 DNase, Promega). Proteins levels were determined by 
the Pierce BCA protein assay (Pierce BCA protein assay kit, Thermo 
Scientific) using bovine serum albumin as the standard. Samples (20 μg 
of protein) were solubilised in LDS buffer (Invitrogen) and reducing 
agent (Invitrogen) and separated on NuPAGE Novex 4–12% Bis-Tris Gels 
(Invitrogen), transferred to PVDF membrane and analyzed by Western 
blot as previously described (Alvarez-Erviti et al., 2013) using the 
following primary antibodies: anti phospho S129 alpha-synuclein 
(Abcam), anti alpha-synuclein (Abcam), anti LAMP-2A (Abcam), anti 
hsc70 (Abcam) and anti beta-actin (Abcam) antibodies. Membranes 
were incubated with horseradish peroxidase-conjugated secondary 
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antibodies (Polyclonal goat anti mouse Ig HRP and Polyclonal goat anti 
rabbit Ig HRP, Dako) which were detected using ECL Western Blot 
Substrate (Pierce ECL Western blotting substrate, Thermo Scientific) and 
Hyperfilm ECL (GE Healthcare). The membranes were reproved for 
beta-actin. Films were scanned, alternatively LAMP-2A and hsc70 sig
nals were detected using the ChemiDoc MP Imaging System (Bio-Rad). 
Signals in the linear range were quantified using Image J and normalized 
to beta-actin levels. 

2.10. Study of alpha-synuclein half-life 

Alpha-synuclein turnover was assessed using a standard cyclohexi
mide procedure (25 μg/mL) (Alvarez-Erviti et al., 2010). SH-SY5Y cells 
were treated with cycloheximide to inhibit protein synthesis and the cell 
samples removed at 12-h intervals up to 48 h. Sample loadings from 
equal cell numbers were calculated using the fluorescent DAPI assay of 
DNA content. Alpha-synuclein was detected by Western blots and were 
analyzed using Image J. Half-life was calculated using linear regression 
model; average half-life was calculated from regression lines drawn for 
each individual experiments using Excel. 

2.11. Quantitative PCR 

Total RNA was isolated from cell samples (n = 4) and midbrain 
samples from PFF mice (n = 5) using the RNeasy Mini kit (Qiagen) as per 
manufacturer’s protocol. Reverse transcription (RT) was performed with 
Precision nanoScript2 RT kit (Z-RT-nanoScript2, Primer Design) as per 
manufacturer’s instruction. Transcripts obtained from the reverse tran
scriptase reaction were analyzed for lamp-2a and hsc70 quantification by 
quantitative real-time PCR. qPCR experiments were performed on a 
StepOneTM Real-Time PCR system (Applied Biosystems) using 
NZYSpeedy qPCR master mix (NZYtech). Values were calculated using 
the standard ΔΔCt method relative to actin. The primer sequences for 
lamp-2a (forward: 5′-TATGTGCAACAAAGAGCAGA-3’; reverse: 5′- 
CAGCATGATGGTGCTTGAGA-3′) and hsc70 (forward: 5′- ATT
GATCTTGGCACCACCTA-3’; reverse: 5′- ACATAGCTTGAAGTGGTTCG- 
3′) (Alvarez-Ervit et al., 2013) were synthesized by Sigma and the 
sequence for mouse actin (forward: 5′- TCTACAATGAGCTGCGTGTG-3’; 
reverse: 5′- GGTGAGGATCTTCATGAGGT-3′) and human actin (forward: 
5′-TCTACAATGAGCTGCGTGTG-3’; reverse: 5′-GGTGAGGATCTTCAT
GAGGT-3) was synthesized by Primer Design. 

2.12. miRNA analysis 

Total RNA was harvested from SH-SY5Y using the miRNeasy Mini kit 
for cell culture (Qiagen) as per the manufacturer’s protocol. Sequencing 
libraries for smallRNA analysis were prepared using TruSeq smallRNA 
Library Prep kits (Illumina), the small-RNA samples were sequenced 
using the Illumina MiSeq platform. miARma-Seq tool (Andrés-León 
et al., 2016) was used to analyze the data. The analysis was carried out 
by removing adaptor and low quality sequences. The remaining se
quences were filtered and the sequences between 19 bp to 25 bp were 
obtained. The filtered sequences were considered for annotation. Firstly, 
the sequences were mapped against the Homo sapiens Hg19 reference 
genome plus the miRBase version 21 database with Bowtie1 (http://ccb. 
jhu.edu/software/tophat/index.shtml). The expression of miRNAs in 
treated and control libraries was compared by using the edgeR package, 
integrated into miARma-Seq tool. 

2.13. miRNA luciferase assay 

For the miRNA luciferase analysis SH-SY5Y cells were transfected 
with 1 μg of luciferase-3′UTR lamp-2a plasmid (Alvarez-Erviti et al., 
2013) and 1 μl of X-tremeGENE HP transfection reagent (Roche) as per 
the manufacturer’s instructions in 24-well plates with 105 cells per well. 
At 4 h after transfection, cells were treated with 100 nM 

hsa-miR-193a-3p. Luciferase activity was measure after 48 h with 
Dual-Glo Luciferase Assay System (Promega) using a luminometer. 

2.14. Statistical analysis 

Homogeneity of variance was assessed using Levene’s test. Statistical 
analyses of the data were performed using SPSS program (version 25.0) 
using the non-parametric Kruskall-Wallis and Mann-Whitney U test for 
in vitro assays and parametric one-way ANOVA followed by the Tukey 
HSD test for in vivo analysis. Behavioral test were analyzed by two way 
ANOVA repeated test analysis performed using GraphPad Prism 6. A 
probability level of 0.05 or less was considered to be statistically sig
nificant. *p < 0.05, **p < 0.01, ***p < 0.001. 

3. Results 

A preliminary study aimed to select OTA doses was performed, in 
this study Balb/c mice received a daily oral gavage of OTA (0.21, 0.5, 1.5 
and 4.5 mg/kg bw) or vehicle every day for 4 weeks and were sacrificed 
the day after the last dose of OTA. No clinical signs of toxicity were 
observed during the study in the animals treated with 0.21, 0.5, 1.5 mg/ 
kg OTA, but the body weight of the 1.5 mg/kg OTA group showed a 
lower increase (Supp Fig 1a). A clear toxicity associated with an 
important decrease in body weight was observed in the group treated 
with 4.5 mg/kg OTA (Supp Fig 1a) and one animal was sacrificed due to 
the toxicity. 

OTA was detectable in plasma samples in all the treated groups (Supp 
table 1). The increase of OTA concentration in plasma was dose 
dependent (Supp Fig 1b). Brain OTA concentrations in mice treated with 
0.21 and 0.5 mg/kg OTA were under the LOQ in most cases, and low 
concentrations of OTA were measured in the groups treated with 1.5 and 
4.5 mg/kg OTA (Supp table 1). The effect of OTA treatment in the 
nigrostriatal DA pathway was assessed. There were no differences in the 
DA innervation in striatum (Supp Fig 1c) and in the number of TH+ DA 
neurons (Supp Fig. 1d and e) in SNc in OTA-treated mice compared to 
control mice. 

On the basis of these results the two lower doses (0.21 and 0.5 mg/ 
kg) were selected for the study to assess long-term effects. 

3.1. Clinical examinations, body weights and OTA levels 

To investigate if subchronic treatment with low doses of OTA induces 
PD-related pathology, Balb/c mice received a daily oral gavage of OTA 
(0.21 or 0.5 mg/kg bw) or vehicle every day for 4 weeks and were 
monitored for another 6 months. One control was excluded from the 
study due to a pathological abnormality in the brain unrelated with the 
treatment, this finding is present in a low percentage of WT mice. No 
clinical signs of toxicity were observed during the study and OTA 
treatment did not affect body weight (Supp Fig 2). OTA was undetect
able (<LOQ) in plasma and brain tissue samples 6 months after the last 
administration (data not shown). 

3.2. Effect of subchronic oral OTA treatment in motor function 

Motor performance was evaluated every week during OTA treatment 
and then monthly. The behavioral evaluation at the end of the study 
demonstrated a significant decrease in motor performance in mice 
treated with both doses of OTA as detected by the wire hang (control vs 
OTA 0.21 p = 0.039; control vs OTA 0.5 p = 0.018) (Fig. 1a) and the 
negative geotaxis tests (control vs OTA 0.21 p = 0.048; control vs OTA 
0.5 p = 0.024) (Fig. 1b). 

3.3. DA dysfunction induced by OTA treatment 

Behavioral changes were associated with a loss of DA innervation 
reflected by a significant decrease in TH staining in the anterior (control 
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vs OTA 0.21: 18.6% decrease, p = 0.011; control vs OTA 0.5: 17.7% 
decrease, p = 0.016), medium (control vs OTA 0.21: 18.3% decrease, p 
= 0.055; control vs OTA 0.5: 26.8% decrease, p = 0.005) and posterior 
striatum (control vs OTA 0.21: 19.7% decrease, p = 0.023; control vs 
OTA 0.5: 31.8% decrease, p = 0.000) in both groups, a dose-response 
effect in the TH denervation was observed in all the striatum levels 
(Fig. 2a, Supp Fig 3). Although no volume alteration in the midbrain was 
observed, there was a significant 26% decrease in the number of TH+

DA neurons in the SNc in the group treated with 0.21 mg/kg OTA 
(Fig. 2b), although this was not significantly affected in the group 
treated with 0.5 mg/kg OTA (Fig. 2b) (control vs OTA 0.21 p = 0.048; 
control vs OTA 0.5 p = 0.948). 

3.4. Changes in alpha-synuclein and chaperone-mediated autophagy 
protein levels related to OTA treatment 

In order to investigate if the DA pathology was associated with 
changes in alpha-synuclein protein, we assessed the level of alpha- 
synuclein protein by Western blot in areas affected by alpha-synuclein 
pathology in different stages of PD (Braak staging). In the midbrain 
area (stage 3, clinical debut of PD) there was a significant 50% and a 
10% (non-significant) increase respectively in the level of alpha- 
synuclein protein in mice treated with 0.21 and 0.5 mg/kg OTA (con
trol vs OTA 0.21 p = 0.027; control vs OTA 0.5 p = 1) (Fig. 3a). The 
increase in total levels of alpha-synuclein in midbrain was associated 
with a 20% increase in the levels of S129 phosphorylated alpha- 
synuclein, although this increase did not reach statistical significance 
(control vs OTA 0.21 p = 0.145; control vs OTA 0.5 p = 0.945) (Fig. 3a), 
and the presence of phospho-alpha-synuclein aggregates in the SNc 
(Fig. 3b) (OTA 0.21: 1.5 aggregates per section, p = 0.001 vs control; 
OTA 0.5: 2.5 aggregates per section, p = 0.000 vs control). The level of 
alpha-synuclein protein in the brainstem (stage 2, pre-clinical PD) 
(control vs OTA 0.21 p = 1; control vs OTA 0.5 p = 1) and cortex (stages 
4–6) (control vs OTA 0.21 p = 1; control vs OTA 0.5 p = 1) was not 
significantly increased in the groups treated with OTA (Supp Fig 4). 
Since the main pathway for alpha-synuclein degradation is CMA, we 
assessed the levels of 2 key proteins in the CMA pathway, LAMP-2A and 
hsc70, in midbrain. Our results demonstrated a dose-dependent 
decrease in LAMP-2A levels in the midbrain (OTA 0.21 20% decrease, 
p = 0.251; OTA 0.5 50% decrease, p = 0.009) (Fig. 3c). However, hsc70 
protein levels were not significantly altered in midbrain at either OTA 
doses (Fig. 3c) (control vs OTA 0.21 p = 0.347; control vs OTA 0.5 p =

0.056). 

3.5. Alpha-synuclein and CMA-related changes induced by OTA in 
intestinal tissue 

In the gut there were increased levels of phosphorylated alpha- 
synuclein deposits in the myenteric, submucosal plexus and muscular 
layers (Fig. 4a), which covered significant larger area than in control 
mice (Fig. 4b) (control vs OTA 0.21 p = 0.002; control vs OTA 0.5 p =
0.049). There were also significantly increased total levels of alpha- 
synuclein protein in distal intestine (Fig. 4c) (control vs OTA 0.21 p =
0.048; control vs OTA 0.5 p = 0.027) and a dose-dependent decrease in 
LAMP-2A levels (0.21: 33% decrease, p = 0.010; 0.5: 32% decrease, p =
0.018) (Fig. 4d). hsc70 protein levels were unaltered in distal intestine 
(Fig. 4d) (control vs OTA 0.21 p = 0.873; control vs OTA 0.5 p = 0.873). 

3.6. OTA induced CMA dysfunction in cell models 

We established an intestinal epithelium (Caco-2) and neuronal (SH- 
SY5Y) over-expressing alpha-synuclein cell models to study the mech
anism involved in the OTA induced alpha-synuclein and dopaminergic 
changes. Initially we assessed the range of subtoxic concentration of 
OTA (Fig. 5a and b) and a range of doses from 25 to 200 nM OTA were 
selected for the subsequent experiments. Doses between 80 and 200 nM 
increased significantly the intracellular alpha-synuclein levels in both 
cell models (Fig. 5c and d). In order to investigate the mechanism 
responsible for alpha-synuclein accumulation, we assessed alpha- 
synuclein turn-over as there is increasing evidence that alpha- 
synuclein degradation pathways may be compromised in PD (Alvar
ez-Erviti et al., 2010). Under control conditions alpha-synuclein half-life 
was 40.1 h; however, OTA treatment increased significantly 
alpha-synuclein half-life to 50.7 h (increased by 26%, p = 0.043) 
(Fig. 6a, Supp Fig 5). The decreased alpha-synuclein turn-over was 
related with a significant 45% decrease (control vs OTA 100 nM p =
0.014; control vs OTA 200 nM p = 0.014) in LAMP-2A protein levels 
(Fig. 6b), and a significant 48% decrease in lamp-2a mRNA levels with 
the 200 nM OTA (control vs OTA 100 nM p = 0.487; control vs OTA 200 
nM p = 0.00.37) (Fig. 6c). None of the OTA concentrations significantly 
affected hsc70 protein (control vs OTA 100 nM p = 0.219; control vs 
OTA 200 nM p = 0.219) (Fig. 6b) or mRNA levels (control vs OTA 100 
nM p = 0.100; control vs OTA 200 nM p = 0.487) (Fig. 6c). 

Fig. 1. Motor performance in mice exposed to oral subchronic doses of OTA. a) Wire hang performance of control and OTA treated Balb/c mice. b) Time to turn 
around and move up toward the top of the platform in the negative geotaxis test, if the mouse was unable to turn, the default value of 30 s was taken as maximal 
severity of impairment. Data are expressed as mean ± SEM (n = 9 control mice, n = 10 OTA-treated mice). Statistical significance was determined with two-way 
ANOVA test compared to control mice, *p < 0.05. 
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3.7. OTA influences on miRNA levels and the effects of hsa-miR-193a-3p 
up-regulation on LAMP-2A levels 

As a previous report showed that miRNA dysregulation lead to the 
reported downregulation of LAMP-2A levels and compromised alpha- 
synuclein degradation (Alvarez-Erviti et al., 2013), the miRNA levels 
were analyzed in SH-SY5Y cells after exposure to OTA. Six miRNAs were 
significantly upregulated (hsa-miR-4792, hsa-miR-3196, hsa-
miR-193a-3p, hsa-miR-6087, hsa-miR-24-2-5p, hsa-miR-513c-3p) and 
the level of 4 miRNAs (hsa-miR-1271–5p, hsa-miR-3607–5p, 
hsa-miR-99b-5p, hsa-miR-501–3p) were significantly downregulated 
(Fig. 6d, Supp Fig 6, 7). A miRNA target analysis using 5 target pre
diction tools (Diana/miRanda/miRBridge/PicTar/miRWalk) predicted 
hsa-miR-193a-3p to target lamp-2a mRNA. To determine the ability of 
hsa-miR-193a-3p to target the 3′UTR sequence of lamp-2a, we trans
fected SH-SY5Y cells with a luciferase reporter constructs with the 
lamp-2a 3′UTR sequence (Alvarez-Erviti et al., 2013). After 48h, 100 nM 

of hsa-miR-193a-3p caused a 39% decrease (p = 0.00.37) in luciferase 
activity linked to lamp-2a 3′UTR sequence (Fig. 6e). 

3.8. Influence of changes in alpha-synuclein pathology on LAMP-2A 

To determine if the changes in LAMP-2A levels could be secondary to 
the alpha-synuclein pathology, we analyzed the in vivo alpha-synuclein 
PFF mouse model. LAMP-2A and hsc70 protein levels in midbrain were 
evaluated at 3 time points, 15 dpi, 30 dpi and 90 dpi, which represent 
different stages of the alpha-synuclein pathology from the initial ag
gregation to the neuronal cell death. LAMP-2A protein levels were 
significantly decreased by 29%, 23% and 39% relative to actin at the 3 
time points respectively (control vs 15 dpi p = 0.012; control vs 30 dpi p 
= 0.012; control vs 90 dpi p = 0.012) (Fig. 7a) but no significant changes 
in lamp-2a mRNA levels were observed (control vs 15 dpi p = 0.347; 
control vs 30 dpi p = 0.823; control vs 90 dpi p = 1) (Fig. 7b). The levels 
of hsc70 protein (control vs 15 dpi p = 0.140; control vs 30 dpi p = 1; 

Fig. 2. Nigrostriatal dopaminergic dysfunction after 31 weeks in mice exposed to oral subchronic doses of OTA. a) Striatal TH innervation was quantified by optical 
density at 3 rostrocaudal levels (n = 9 for control mice; n = 9 for OTA 0.21 mg/kg; n = 10 for OTA 0.5 mg/kg). Images for TH staining in posterior striatum of control 
and OTA Balb/c mice are shown. b) Unbiased stereological quantification of TH-immunoreactive neurons in the SNc of Balb/c mice treated with 0.21 mg/kg (n = 8) 
and 0.5 mg/kg (n = 8) doses of OTA or Control (n = 9). Representative images of TH staining of dopaminergic neurons in coronal sections of the midbrain are shown. 
Scale bar represents 100 μm. Data are expressed as mean ± SEM, black dots correspond to individual animals, samples from animals not compiling with the quality 
criteria for the technique were not analyzed. One-way ANOVA test, statistical analyses compared to control mice, *p < 0.05, **p < 0.01, ***p < 0.001. 
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Fig. 3. Alpha-synuclein pathology in the midbrain at 31 weeks. a) Quantification of total (Syn) and phosphorylated alpha-synuclein (P-Syn) protein levels 
normalized to beta-actin in the midbrain (MB) of control and Balb/c mice orally treated with 0.21 mg/kg and 0.5 mg/kg doses of OTA (n = 9 for all groups). Typical 
Western blots are shown. b) Quantification of S129-phospho-alpha-synuclein positive aggregates in the SNc of control and OTA treated Balb/c mice. Representative 
images of intraneuronal phospho-alpha-synuclein inclusions in the SNc of mice orally treated with 0.21 mg/kg and 0.5 mg/kg doses of OTA are shown (n = 8 for all 
groups). Scale bars represent 10 μm. c) Protein levels of LAMP-2A and hsc70 normalized to beta-actin were quantified in the midbrain of Balb/c mice orally treated 
with 0.21 mg/kg and 0.5 mg/kg doses of OTA and controls (n = 5 for all groups). Data expressed as mean ± SEM, black dots correspond to individual animals. In 
some experiments, there was not enough tissue available from all the animals. One-way ANOVA test, statistical analyses compared with control mice, *p < 0.05, **p 
< 0.05, ***p < 0.001. 

M. Izco et al.                                                                                                                                                                                                                                     



Food and Chemical Toxicology 152 (2021) 112164

9

control vs 90 dpi p = 1) (Fig. 7a) and mRNA (control vs 15 dpi p = 1; 
control vs 30 dpi p = 1; control vs 90 dpi p = 1) (Fig. 7b) were unaltered 
in midbrain at the 3 time points. 

4. Discussion 

The factors initiating or contributing to the pathogenesis of PD are a 
continuing source of controversy; many genetic factors have been 

Fig. 4. Oral subchronic doses of OTA result in alpha-synuclein deposits in distal intestine at 31 weeks after OTA treatment. a) Representative images of distal in
testine sections immunostained for S129-phospho-alpha-synuclein (P-Syn) in control and 0.21 mg/kg and 0.5 mg/kg OTA treated Balb/c mice 31 weeks after OTA 
treatment. Scale bar = 10 μm. b) Quantification of the percentage of area occupied by phosphorilated alpha-synuclein deposits in the distal intestine of control and 
OTA treated Balb/c mice (n = 8 for all groups). c) Analyses of alpha-synuclein protein levels normalized to beta-actin in the distal intestine (n = 5 for all groups). 
Typical Western blot is shown. d) Protein levels of LAMP-2A and hsc70 normalized to beta-actin were quantified in the distal intestine of Balb/c mice orally treated 
with 0.21 mg/kg and 0.5 mg/kg doses of OTA and controls (n = 5 for all groups). Data are expressed as mean ± SEM, black dots correspond to individual animals. 
One-way ANOVA test, statistical analyses compared with control mice, *p < 0.05. 
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identified and environmental factors have long been suspected to be 
important and continue to be key factors associated with PD patho
genesis (Chen and Ritz, 2018; Pan-Montojo et al., 2012). Our study is the 
first to investigate the long term consequences of low dose of OTA 
exposure in the onset and progression of alpha-synuclein pathology and 
in the development of motor deficits in Balb/c WT mice. The exposure 
conditions selected (0.21 or 0.5 mg/kg bw by gavage for 4 weeks) are 
considered as very low doses for mice, as the lowest observed effect level 
for kidney tumors was 4.4 mg/kg bw (administered in diet) in 2 years 
bioassay (EFSA, 2006). Moreover, in our study no clinical signs of 
toxicity were observed at these doses either after the 28 days of exposure 

(preliminary study) in which OTA levels were detectable in plasma and 
brain, or during the 6 months in which animals were left under normal 
diet. Thus, observing any significant brain pathological changes in this 
study was not expected. 

However, the results obtained in this study demonstrate that oral 
subchronic doses of OTA reproduce the key pathological features of PD, 
including motor deficits, decrease in the number of TH + DA neurons in 
the SNc and DA innervations in the striatum and the accumulation of 
phosphorylated alpha-synuclein within the CNS six months after the end 
of the OTA treatment. Two previous reports have investigated the 
neurotoxic effects of oral exposure to OTA in rodents. Belmadani et al. 

Fig. 5. Effect of OTA in cell models. Percentage of cell death in Caco-2 (a) and SH-SY5Y (b) cells treated with OTA (0.06–25 μM) 72 h (n = 3). Quantification of 
alpha-synuclein under control conditions and in the presence of OTA was determined in (c) Caco-2 (60–100 nM OTA, n = 3) and (d) SH-SY5Y (25–200 nM OTA, n =
4) cells by Western blot. Typical Western blot are shown. Data are expressed as mean ± SD. Non-parametric Kruskal-Wallis test, statistical analyses compared with 
untreated control group,*p < 0.05. 
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Fig. 6. Influence of OTA upon CMA and alpha-synuclein in cell cultures. a) Alpha-synuclein half-life was determined in SH-SY5Y cells by Western blot under control 
conditions and in the presence of OTA (100 nM). Typical Western blot are shown and OTA caused a significant decrease in alpha-synuclein turnover (n = 4). b) 
Steady state levels of alpha-synuclein, LAMP-2A and hsc70 relative to actin were detected by Western blot analyses in WT alpha-synuclein over-expressing cells 72 h 
after OTA treatment (100, 200 nM) and untreated cells (n = 4). Typical Western blot are shown and quantified relative to actin. c) hsc70 and lamp-2a mRNA levels 
were quantified by qPCR in cells treated with OTA (100 nM) and controls and quantified relative to actin (n = 4). d) miRNA levels were quantified in cells treated 
with 100 nM OTA (group 2) or 200 nM OTA (group 3) relative to control cells (group 1) and data expressed as log FC change in miRNA levels e) Luciferase reporter 
assay in SHSY5Y cells expressing the 3′UTR of lamp-2a Renilla luciferase construct and incubated with 100 nM of has-miR-193a-3p or control (n = 3). Renilla 
luciferase activity is expressed normalized to untreated cells. Data expressed as mean ± SD, black dots correspond to independent experiments. Non-parametric 
Kruskal-Wallis test, statistical analyses compared with untreated control group, *p < 0.05. 
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(1998a,b) reported neurotoxic effects in striatum, hippocampus and 
ventral mesencephalon of adult male rats sub-chronically treated with 
OTA (289 μg/kg per 24h) by gastric intubation for 8 days (Belmadani 
et al., 1998a, b), and Sava et al. (2006) observed that continuous sub
cutaneous administration of low doses of OTA over a period of two 
weeks in mice causes significant depletion of striatal dopamine (Sava 
et al., 2006b). These authors argued that the neurotoxic effects of OTA 
could be a result of a direct effect of the toxin in the brain. However, our 
findings would suggest a different mechanism as the dopaminergic 
changes occurred after i) low doses of OTA administration for 28 days 
that reached systemic circulation and the brain and ii) months after the 
end of OTA treatment without detectable levels of OTA in plasma or 
brain. 

In contrast to previous studies that used higher doses of OTA and 
evaluated the acute neurotoxic effects, we evaluated the pathological 
effects six months after the end of the low dose OTA treatment, when 
OTA levels were not anymore detectable in plasma and brain. The 
development of motor dysfunction months after the end of the treatment 
argues against a systemic or direct effect of OTA as causative factor but 
in turn points to a cascade of events that might be triggered by a sub
chronic exposure to OTA. 

In this study we observed DA cell dysfunction related to increase in 
alpha-synuclein levels and presence of alpha-synuclein aggregation in 
the SNc. A dose-dependent reduction in the density of dopaminergic 
innervation was observed in the striatum, suggesting a DA cell 
dysfunction. In the SNc, this reduction in TH positive cells appeared to 
be significant only at the low dose, however in this case the variability 
between animals was also higher than in the case of the striatum. This 
effect might be related with the findings observed in a recent study that 
suggested that the impairment of terminals may precede the death of DA 

neurons (Matheoud et al., 2019). Thus, it could be possible that the time 
point selected for this study is relatively early regarding DA cell loss, and 
longer times after OTA treatment could be necessary to observe higher 
DA neuronal death in the SNc. In any case, the DA dysfunction is 
responsible for the motor impairments observed in the mice. All these 
alterations in DA system and motor function associated to 
alpha-synuclein pathology have been described previously in other an
imal model of PD based in the intrastriatal injection of alpha-synuclein 
PFF (Luck et al., 2012). 

The Braak’s hypothesis originally proposed that PD pathology may 
start in the ENS (or olfactory bulb) decades before spreading to the brain 
(Braak et al., 2006). Our results support this idea since an increase in 
alpha-synuclein levels was observed in the ENS and in anatomically 
connected brain regions, associated with the presence of some 
phospho-alpha-synuclein aggregates in the SNc. It should be noted that 
the slightly lower levels of alpha-synuclein expression detected in brain 
and intestine of samples from the 0.5 mg/kg OTA dose compared to the 
0.21 mg/kg OTA dose could be related with the presence of higher levels 
of insoluble (aggregated) alpha-synuclein at the higher dose, that might 
difficult its extraction for the Western blot analysis. Nevertheless, 
further truncal vagotomy studies would be fundamental to confirm the 
spreading of alpha-synuclein from the gut to the brain through vagal 
nerve in mice orally exposed to low doses of OTA. Braak hypothesis is 
supported by the presence of alpha-synuclein pathology in the large 
intestine of PD patients years before diagnosis (Stockholm et al., 2016) 
and the fact that PD patients experience ENS dysfunction before the 
onset of motor symptoms (Cersosimo et al., 2013). In alpha-synuclein 
transgenic mice, alpha-synuclein aggregates have been detected in the 
ENS prior to any pathogenic changes in the CNS (Kuo et al., 2010) and 
intragastric administration of rotenone, a pesticide well known to 

Fig. 7. CMA protein level in alpha-synuclein PFFs injected C57BL6/C3H F1 mice. (a) Quantification of LAMP-2A and hsc70 protein levels normalized to beta-actin in 
the midbrain in Control (PBS) and alpha-synuclein PFF injected C57BL6/C3H F1 mice 15, 30 and 90 dpi (n = 6). Typical Western blot are shown. b) hsc70 and lamp- 
2a mRNA levels in Control (PBS) and alpha-synuclein PFF injected C57BL6/C3H F1 mice 15, 30 and 90 dpi (n = 6). Data expressed as mean ± SEM, black dots 
correspond to individual animals. One-way ANOVA test, statistical analyses compared with control mice, *p < 0.05, **p < 0.01. 
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induce key pathological hallmarks of PD (Betarbet et al., 2000; Sherer 
et al., 2003), has also been demonstrated to induce alpha-synuclein 
accumulation in the ENS (Drolet et al., 2009; Pan-Montojo et al., 
2010). We observed alpha-synuclein accumulation in the myenteric and 
submucosal plexus and muscular layer of the large intestine in mice 
orally exposed to low doses of OTA. Our results suggest that the changes 
in alpha-synuclein in the gut wall are a result of the OTA exposure and 
link with the changes to alpha-synuclein reported in the gut wall of PD 
patients (Stockholm et al., 2016). Indeed, OTA has been described able 
to disrupt the epithelial barrier (Robert et al., 2017). Although further 
studies are required to investigate the effects of OTA on gastrointestinal 
function and pathology, the results of our study indicate that exposure to 
low doses of OTA recapitulate the some pathological hallmark of PD in 
the ENS. However, it cannot be excluded that similar changes to those 
observed in intestine could be found in other organs, such us kidney. 

Modeling the OTA treatment in cells we demonstrated that exposure 
to subtoxic OTA levels induces alpha-synuclein accumulation in Caco-2 
and SH-SY5Y cells, the increase in alpha-synuclein observed was due to a 
decrease in the CMA protein LAMP-2A. Several publications reported 
LAMP-2A decrease in PD brains (Alvarez-Erviti et al., 2010; Murphy 
et al., 2015) and decrease LAMP-2A protein levels in cell culture resulted 
in significant alpha-synuclein intracellular accumulation (Alvarez-Erviti 
et al., 2010). We have previously proved that mitochondrial dysfunc
tion, oxidative stress and increased alpha-synuclein levels did not 
decrease LAMP-2A protein levels (Alvarez-Erviti et al., 2013). However, 
several miRNAs increased in PD brains were experimentally shown to 
decrease LAMP-2A protein in cell models and resulted in significant 
alpha-synuclein accumulation (Alvarez-Erviti et al., 2013). OTA was 
related with miRNA dysfunction (Zhao et al., 2017) and we confirmed 
that exposure to subtoxic doses of OTA affected the expression of several 
miRNAs in SH-SY5Y cells. A miRNA significantly increased after OTA 
treatment, miRNA 193a-3p, was predicted to target the 3′UTR of 
lamp-2a. The luciferase reporter constructs confirmed that miRNA 
193a-3p effectively targeted lamp-2a 3′UTRs, suggesting that could un
derpin the decrease in LAMP-2A reported in cells. As in the case of the in 
vivo study, the mechanistic hypothesis relevant for PD (alpha-synuclein, 
LAMP-2A and miRNA dysfunction) has been demonstrated at 
non-cytotoxic doses, pointing again to an early toxic endpoint that oc
curs before any cytotoxic damage to cells. These potential involvement 
of LAMP-2A protein in OTA pathological mechanisms was reinforced by 
the in vivo study, our results demonstrates that LAMP-2A protein 
expression was significantly reduced in the distal intestine and midbrain 
sites of alpha-synuclein pathology in OTA treated mice. Although we 
cannot exclude a direct effect of OTA upon LAMP-2A levels, the decrease 
in LAMP-2A protein in midbrain observed in the alpha-synuclein PFF 
model point to the abnormal pathological alpha-synuclein as the main 
cause of LAMP-2A decrease in OTA treated mice. 

All these data pointed to a mechanism related to autophagy 
dysfunction common in mice exposed to low doses of OTA and PD pa
tients and reinforce the hypothesis that links environmental factors 
exposure to mechanisms underlying the onset of PD. 

These results are especially relevant in terms of human exposure, as 
humans are normally exposed to very low doses of OTA over their 
lifetime (EFSA, 2006 and 2020). On the other hand the current most 
sensitive effect considered for OTA risk assessment is its effects on kid
neys in rats and pigs. In the most recent EFSA evaluation, in which a 
margin of exposure approach was used, the characterization of 
non-neoplastic effects was based on a BMDL10 of 4.73 μg/kg bw per day 
calculated from kidney lesions observed in the pig study; while for 
neoplastic effects, a BMDL10 of 14.5 μg/kg bw per day was calculated 
from kidney tumors seen in the rat study (EFSA, 2020). Thus taking into 
account that mice are less sensitive to OTA than rats (EFSA 2006 and 
2020) and that in our experiment animals were only treated for 28 days, 
our results might be pointing to a more sensitive or early toxic endpoint 
than the one used for the current human health risk assessment of OTA. 

Regarding neurotoxicity, in the first EFSA risk assessment (EFSA, 

2006) this endpoint was also assessed based on effects reported at oral 
doses of 0.05–0.07 mg OTA/kg bw per day in rats (Wangikar et al., 2004; 
Dortant et al., 2001) and rabbits (Wangikar et al., 2005) and with 3 mg 
OTA/kg bw per day in mice (Sava et al., 2006a). The conclusion (EFSA, 
2006) was that the lowest neurotoxic dose of OTA (50 μg/kg) was about 
six times higher than the dose leading to minimal renal changes 
observed in the pivotal studies for nephrotoxicity (EFSA, 2006). How
ever, it should be mentioned that the studies available were not designed 
to evaluate neurodegenerative endpoints. In the most recent evaluation, 
EFSA (2020) also pointed to the nervous system as another potential 
toxicological endpoint, together with the immune, the intestinal and 
endocrine systems. 

5. Conclusions 

In conclusion, we demonstrated that oral exposure to low doses of 
OTA causes alterations in motor function, DA system and alpha- 
synuclein pathology several months after the end of the treatment. We 
propose that the initiation of this Parkinson-like pathology is due to a 
decrease in LAMP-2A protein levels in the gut caused by the OTA 
induced miRNA dysregulation and propagation of the alpha-synuclein 
pathology involves a prion-like mechanism. All these features have 
been previously related and described in PD. This supports the hy
pothesis that environmental factors could play a key role in PD, adding a 
further dimension to the pathogenesis of PD and LB formation. 
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