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Abstract: The current treatments of Parkinson disease (PD) are ineffective mainly due to the poor
understanding of the early events causing the decline of dopaminergic neurons (DOPAn). To overcome
this problem, slow progressively degenerating models of PD allowing the study of the pre-clinical
phase are crucial. We recreated in a short ex vivo time scale (96 h) all the features of human PD (needing
dozens of years) by challenging organotypic culture of rat substantia nigra with low doses of rotenone.
Thus, taking advantage of the existent knowledge, the model was used to perform a time-dependent
comparative study of the principal possible causative molecular mechanisms undergoing DOPAn
demise. Alteration in the redox state and inflammation started at 3 h, preceding the reduction
in DOPAn number (pre-diagnosis phase). The number of DOPAn declined to levels compatible
with diagnosis only at 12 h. The decline was accompanied by a persistent inflammation and redox
imbalance. Significant microglia activation, apoptosis, a reduction in dopamine vesicle transporters,
and the ubiquitination of misfolded protein clearance pathways were late (96 h, consequential) events.
The work suggests inflammation and redox imbalance as simultaneous early mechanisms undergoing
DOPAn sufferance, to be targeted for a causative treatment aimed to stop/delay PD.

Keywords: brain organotypic cultures; dopaminergic neurons; causative mechanisms; Real-Time
PCR; glutamate neurotoxicity; dopamine; neurodegeneration; neuron morphometry

1. Introduction

Parkinson disease (PD) is the second most common neurodegenerative disorder after Alzheimer’s
disease [1]. The core pathologic feature of motor PD is the reduced production of the neurotransmitter
dopamine in dopaminergic neurons (DOPAn) in the substantia nigra pars compacta (SN). The main
consequence is the alteration of the nigrostriatal pathway, causing motor imbalance, associated
to the recently acquired alterations of the other three dopaminergic pathways (the mesolimbic,
the mesocortical and the tuberoinfundibular system) involved in the altered non-motor functions,
constantly described in PD [2–6].

Nowadays is clear that PD is a multifactorial pathology. Several genes have been identified as
risk-factors, but very few cases (about of 5–10%) are related to genetic mutations, and the majority of
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Parkinson cases are classified as sporadic [7,8]. Older age and male sex are a risk factor in developing
PD [9]. Environmental factors, occupational exposure to heavy metals, as well specific pesticides are
also responsible for the pathogenesis [7].

From a molecular point of view, an incredible amount of work has been done in the past
decades in every available experimental model (in silico, in vitro, ex vivo, in vivo, toxin induced, and
genetically modified) to unravel the molecular determinants of dopamine demise. Demonstrated
components are oxidative stress, inflammation, microgliosis, excitotoxicity, apoptosis, autophagy,
mitochondrial dysfunction, alterations in the endosomal-lysosomal functioning, vesicle trafficking,
and the ubiquitination mediated clearance of unfolded protein, until the most recent involvement of
epigenetics [3,8,10–18].

Nevertheless, the etiology of PD is still elusive [5,8]: a comparative, time-course evaluation able
to unravel the sequence of the molecular events of the very early, pre-clinical phase DOPAn sufferance,
is still not available. This might be the reason why we still do not have curative therapies but just a
temporary control for symptoms [12,17,19,20].

To unravel the onset of DOPAn demise, a dynamic (time-course) slowly progressing approach
comparing multiple potential causative mechanisms is crucial [21]. This is unlikely given that the vast
majority of the old and most recent literature preferred an end-point experimental set-up, classically
representative of an already evident pathology, or coming from the autopsy. Indeed, the vast majority
of the published studies investigated only specific processes (e.g., only inflammation, only redox, only
growth factors) avoiding an integrative vision of the degenerative disorder and preventing a proper
description of the sequence of events from the onset, up to the final stages of PD progression. One
original work tried to compare the higher number of potential causative mechanisms by a time-course
approach [22] but, due to the acute scheme (see later into discussion), all the investigated genes were
already activated at the earliest time (3 h).

For this reason, we decided to address the time course of the molecular events ongoing to DOPAn
demise by developing an ex vivo chronic (96 h) model of PD characterized by a slow and progressive
degeneration of dopaminergic cells of the SN, reproducing all the features of the human pathology
(needing dozen of years) [23]. The primary relevance of the model was that we gained access the
pre-diagnostic phase, addressing the earliest (potentially causative) molecular mechanisms ongoing
with the very first dopaminergic neurons sufferance.

2. Results

2.1. Model Development and Experimental Plan

To gain access to the early, causative molecular mechanisms undergoing DOPAn sufferance,
possibly preceding diagnosis, it was crucial to set-up a slow progressive PD model.

To reproduce all the features of human pathology in an in vitro time scale (96 h), we combined
the rat brain organotypic cultures of substantia nigra, maintaining in vitro the architecture, cellular
heterogeneity, and metabolic features of the in vivo tissue, with low dose of rotenone. Rotenone
is a pesticide known to induce PD in human [24–26], and reproducing in rats all of the behavioral,
morphological and molecular features reminiscent of human PD [27,28].

Because the cutting procedure to generate brain slices determines an important tissue sufferance,
as first we followed the LDH release (lactate dehydrogenase, a marker of membrane leakage) during
the first days in culture, without any challenging. Because challenging already suffering slices may
introduce bias in the model, we waited the normalization of LDH (indicative of slices recovery).
As shown in Figure 1a, after a relevant LDH release in the first 2–3 days, the LDH level stabilized at
around 7 days, remaining constant at least for 15 days in vitro. Based on this information, we started
the challenging at 8 days in vitro. Notably, the experiment (96 h long at maximum) finished largely in
the plateau of LDH release.
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Representative immunofluorescences of DOPAn appearance evaluated by tyrosine hydroxylase 
(TH+) immunofluorescence staining (red signal) under 50, 20 and 10 nM rotenone (Rot.) challenging 
for 96 h. Scare bar 25 μm. 

2.2. Morphometric Analysis of the Temporal Degeneration of Dopaminergic Neurons and Agreement with 
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It has been established that most of the diagnoses occur when the degenerative process is 
advanced, with an estimated death of 40–60% of DOPAn, leading to the loss of 80% of putamen 
dopamine content [3,11,29,30]. To identify the different steps of the morphological degeneration of 
dopaminergic neurons under low (10nM) concentration of rotenone, we assessed the number of TH+ 
DOPAn, the number of dopaminergic neuron’s neurites, as well as their length at 3, 12, 24, 48 and 96 
h of rotenone challenging. 

2.2.1. Decrease of the Number of the DOPAn’s Neurites 

The first sign of DOPAn sufferance was the reduction of the number of neurites (Figure 2b), 
dropping after 3 h by 26% (p < 0.01) in challenged slices. This decrease is considered not sufficient to 
lead to symptom [29], thus it is representative of a pre-diagnosis clinical scenario. Later on (12, 24, 48, 
96 h, all p < 0.001), the reduction of the number of neurites stabilizes to values of about of 50–60% of 
controls. The results at 12–96 h hours agree with Cheng [29], estimating a 50–60% axon terminal loss 

Figure 1. Experimental plan set-up. (a) LDH release in unchallenged cultures (indicative of culture
recovery from the slicing procedure), and chose experimental window for rotenone challenging;
(b) Representative immunofluorescences of DOPAn appearance evaluated by tyrosine hydroxylase
(TH+) immunofluorescence staining (red signal) under 50, 20 and 10 nM rotenone (Rot.) challenging
for 96 h. Scare bar 25 µm.

The concentration of rotenone required to develop a slow progressive demise of DOPAn was
experimentally determined. After recovery from the stress due to the slicing procedure Figure 1a, the
cultures were exposed to the chemical. Three decreasing (from 50 to 10 nM) concentration were tested,
and the appearance of DOPAn was evaluated by tyrosine hydroxylase (TH+) immunofluorescence
staining (Figure 1b) at the end of the trial (96 h). As Figure 1b shows, 50 nM of rotenone induced
the complete disappearance of DOPAn, few remnants were observable at 20 nM of rotenone, while
10 nM of the pesticide induced only a partial DOPAn TH+ signal loss. This concentration was applied
thereafter in the study.

2.2. Morphometric Analysis of the Temporal Degeneration of Dopaminergic Neurons and Agreement with the
Clinical Scenario

It has been established that most of the diagnoses occur when the degenerative process is
advanced, with an estimated death of 40–60% of DOPAn, leading to the loss of 80% of putamen
dopamine content [3,11,29,30]. To identify the different steps of the morphological degeneration of
dopaminergic neurons under low (10 nM) concentration of rotenone, we assessed the number of TH+

DOPAn, the number of dopaminergic neuron’s neurites, as well as their length at 3, 12, 24, 48 and 96 h
of rotenone challenging.

2.2.1. Decrease of the Number of the DOPAn’s Neurites

The first sign of DOPAn sufferance was the reduction of the number of neurites (Figure 2b),
dropping after 3 h by 26% (p < 0.01) in challenged slices. This decrease is considered not sufficient to
lead to symptom [29], thus it is representative of a pre-diagnosis clinical scenario. Later on (12, 24, 48,
96 h, all p < 0.001), the reduction of the number of neurites stabilizes to values of about of 50–60% of
controls. The results at 12–96 h agree with Cheng [29], estimating a 50–60% axon terminal loss the time
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of the first diagnosis of PD [29]. Moreover, this finding agrees with the recent clinical observation of a
retrograde axis in the morphological changes involving DOPAn, beginning in the distal neuritis and
proceeding towards (in the direction of) the cell bodies, as recently observed by a PET (positron emission
tomography) scan in early PD patients with a Hohen & Yhar score (HY) [31,32] of 1–2 [33]. No changes
in the number of DOPAn neurites were detected in control OBCs during the experimental period.

Int. J. Mol. Sci. 2019, 20, x FOR PEER REVIEW 4 of 18 

 

the time of the first diagnosis of PD [29]. Moreover, this finding agrees with the recent clinical 
observation of a retrograde axis in the morphological changes involving DOPAn, beginning in the 
distal neuritis and proceeding towards (in the direction of) the cell bodies, as recently observed by a 
PET (positron emission tomography) scan in early PD patients with a Hohen & Yhar score (HY) 
[31,32] of 1–2 [33]. No changes in the number of DOPAn neurites were detected in control OBCs 
during the experimental period. 

 
Figure 2. Analysis of the temporal degeneration of dopaminergic neurons. DOPAn appearance 
evaluated by tyrosine hydroxylase (TH+) immunofluorescence staining (red signal). Ctrl: controls. R: 
rotenone challenging. (a) Representation of DOPAn neurites changes (Upper two lines: both Ctrl and 
R, scale bar: 50 μm) and DOPAn number decrease (Lower two lines: both Ctrl and R, scale bar 100 
μm); (b–d) Analysis of DOPAn demise; (b) Number of neurites; (c) Number of dopaminergic neurons. 
(d) Length of neurites (μm). White bars: DMSO. Black bars: Rotenone challenged slices. x axis: hours. 
Data are expressed as the mean ± S.D. of at least five biological repetitions. Statistical significance: * p 
< 0.05; ** p < 0.01; *** p < 0.001. 

Figure 2. Analysis of the temporal degeneration of dopaminergic neurons. DOPAn appearance
evaluated by tyrosine hydroxylase (TH+) immunofluorescence staining (red signal). Ctrl: controls.
R: rotenone challenging. (a) Representation of DOPAn neurites changes (Upper two lines: both Ctrl
and R, scale bar: 50 µm) and DOPAn number decrease (Lower two lines: both Ctrl and R, scale bar
100 µm); (b–d) Analysis of DOPAn demise; (b) Number of neurites; (c) Number of dopaminergic
neurons. (d) Length of neurites (µm). White bars: DMSO. Black bars: Rotenone challenged slices.
x axis: hours. Data are expressed as the mean ± S.D. of at least five biological repetitions. Statistical
significance: * p < 0.05; ** p < 0.01; *** p < 0.001.
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2.2.2. Decrease of the Number of the DOPAn

The number of TH+ DOPAn was not significantly affected at the early times (3–12 h, Figure 2c),
reaching a maximal reduction of 27% at 12 h. At 24, 48, 96 h the decrease was more relevant, reaching
the statistical significance (60%, 50%, 70%; p < 0.01, p < 0.05, p < 0.05, respectively). This picture
well reproduces the human pathology as described by the Braak’s staging [34] and HY scale [31].
Specifically, motor symptoms appear at HY stage 1–2 [31] and Braak’s stage 2–3 [29,33,35], when the
30% of DOPAn TH+ and 60% of dopamine are lost (29); timing corresponding to the 12 h in our model.
Thereafter DOPAn TH+ loss progresses up to 50% at Braak’s stage 4, corresponding to 24–48 h in our
model, till to 60–70% DOPAn TH+ loss at the Braak’s stage 6 [23,29,33–36], corresponding to 96 h in
our model. No changes in the number of DOPAn have been detected in control OBCs during the
experimental period.

2.2.3. Decrease of the Length of the DOPAn’s Neurites

Similarly, the neurite length (Figure 2d) started declining at 24 h (35%), becoming significantly
reduced at 24, 48 and 96 h (60%, 60% and 70%; p < 0.001, p < 0.05 and p < 0.01, respectively). No
changes in the length of neurites were detected in control OBCs all long the experimental period.

Altogether, the morphological analysis confirms we reached the goal of creating a slow progressing
ex vivo system, supporting its use to represent the human pathology and allowing the analysis of the
early (possibly causative) mechanisms ongoing DOPAn sufferance. As it is, the 3 h experimental time
will offer the opportunity to focus on an early temporal window (pre-diagnosis) actually not accessible
in a clinic.

2.3. Time-Dependent Comparative Evaluation of the Molecular Events Undergoing DOPAn Sufferance
and Demise

To identify the earliest (causative) molecular events undergoing DOPAn sufferance and demise,
we performed a time-dependent comparative study of selected markers for the principal possible
mechanisms underlining DOPAn degeneration and PD (Table 1). To this end, we selected markers
already validated (see below).

2.3.1. Real-Time PCR Analysis of Inflammation, Redox Imbalance, Unfolded Proteins Ubiquitination,
Vesicles Transport, and Apoptosis; and Quantification of Glutamate in the Medium

Redox stress has been mentioned as the first-hint in PD development [6,37]. To monitor redox
imbalance, we chose Heme-oxygenase 1 (Hmox1), noticed up-regulated in PD patients and considered
a redox sensor [38–41], and sulfiredoxin1 (Srnx1), an adaptive response to redox stress, potentially
protecting DOPAn from ROS toxicity [38,42–44].

Inflammation is a recognized component of PD. A heterogeneous panel of inflammatory molecules
have been reported in literature, possibly representing different stages of the inflammatory cascade
activated in the numerous models, as well during the progression of the diseases in patients. For
this reason we chose multiple markers: Tumor necrosis factor alfa α (Tnfα [45–47]), cyclo-oxygenase
2 (Cox2 [48–51]), interleukin 6 (Il6 [46,52]), interleukin 1β (Il1 β); and Cd68, the marker of microglia
activation [53–55].

The brain-derived neurotrophic factor (Bdnf ), reported decreased in serum of PD patients and
correlating with motor impairment an DOPAn death [56–58], was addressed.

We analyzed also the risk factors described to be involved in the development of PD: Snca (Park1,4:
α-synuclein) [59–61], component of the Lewy-bodies observed in PD and other neurodegenerative
pathologies [36,62]. The ubiquitin carboxy-terminal hydrolase L1 (Uchl1/Park5), responsible for
the clearance of misfolded/aggregated proteins (among them, Snca), and reported as reduced in
the cerebrospinal fluid of PD patients [59,63–65]. The vesicular monoamine transporter 2 (Vmat2)
participating in the intracellular vesicular system regulating the cytosolic level of free dopamine, with
consequent ROS generation [66,67].
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Finally apoptosis [30,68], considered an end-point event in the pathology [30], was followed by
annexin5 (Anxa5).

The release of glutamate in the medium (Glu) was used to monitor glutamate neurotoxicity,
leading to excitotoxicity and suggested enhancing DOPAn loss [69,70].

Table 1. Analysis of selected markers.

Gene 3 h 12 h 24 h 48 h 96 h

Redox imbalance

Hmox1 1.68 ± 0.40 ** 1.03 ± 0.16 0.64 ± 0.13 1.07 ± 0.21 1.04 ± 0.46
Srnx1 1.21 ± 0.35 1.71 ± 0.57 * 1.48 ± 0.38 ** 1.69 ± 0.80 * 1.70 ± 0.39 *

Inflammation

Tnfa 1.68 ± 0.54 * 1.47 ± 0.39 1.26 ± 0.19 * 1.58 ± 0.78 0.89 ± 0.29
Cox2 1.89 ± 0.55 * 1.40 ± 0.74 2.43 ± 0.69 *** 0.43 ± 0.58 0.31 ± 0.21
Il6 0.82 ± 0.44 2.10 ± 0.60 * 5.52 ± 0.81 *** 0.92 ± 0.68 0.88 ± 0.46

Cd68 1.35 ± 0.36 0.93 ± 0.19 0.87 ± 0.15 2.16 ± 0.82 4.20 ± 1.91 ***
Il1b 1.58 ± 0.51 1.07 ± 0.37 0.73 ± 0.23 0.83 ± 0.45 0.39 ± 0.12 *

Glutamate neurotoxicity

Glu 1.12 ± 0.2 1.34 ± 0.12 1.38 ± 0.21 * 1.53 ± 0.37 ** 1.52 ± 0.54 **

Neurotrophic growth factor

Bdnf 1.16 ± 0.29 0.84 ± 0.48 2.01 ± 0.68 *** 0.19 ± 0.04 ** 0.17 ± 0.17 **

Sinucleopathy

Snca 0.80 ± 0.21 1.38 ± 0.14 1.06 ± 0.27 1.09 ± 0.48 0.90 ± 0.60

Ubiquitination

Uchl1 0.88 ± 0.17 1.08 ± 0.14 1.13 ± 0.24 0.63 ± 0.19 0.46 ± 0.22 **

Vesicular transport

Vmat2 1.11 ± 0.21 1.16 ± 0.56 0.46 ± 0.28 1.07 ± 0.38 0.47 ± 0.11

Apoptosis

Anxa5 1.20 ± 0.14 1.20 ± 0.31 1.00 ± 0.23 1.57 ± 0.37 * 1.79 ± 0.58 ***

mRNA levels and glutamate release in medium in rotenone challenged cultures were expressed as fold vs.
DMSO-treated slices. h: hours. Hmox1: heme oxygenase1; Srnx1: sulfiredoxin 1; Tnfα: tumor necrosis factor α;
Il6: Interleukin 6; Cox2: cyclo-oxygenase 2; Cd68: cluster of differentiation 68; Il1β: interleukin 1β; Glu: glutamate
release; Bdnf : brain-derived neurotrophic factor; Snca: alpha-synuclein; Uchl1: ubiquitin carboxy-terminal hydrolase
L1; Vmat2: vesicular monoamine transporter 2, Anxa5: annexin 5. Data are expressed as the mean ± S.D. of at least
five independent repetitions. Statistical significance: * p < 0.05; ** p < 0.01; *** p < 0.001.

2.3.2. Results at 3 h

As reported in the previous section, at that time the only sign of DOPAn sufferance was the
decreased number of neurites, in absence of changes in the number of TH+ DOPAn or neurite length
(Figure 2). This experimental time corresponds to a pre-diagnose phase, thus represents the most
relevant timing to address in order to individuate the molecular effectors of DOPAn demise.

As shown in Table 1, at 3 h, the very first alteration we noticed involves Hmox1 (redox marker),
Tnfα and Cox2 (inflammation). Hmox1 is up regulated of about 1.7 fold (p < 0.01), returning to
basal levels at 12 h. Tnfα and Cox2 experience an increase of about 1.7 fold (p < 0.05) and 1.9-fold
(p < 0.05), reverting rapidly thereafter to control levels (Tnfα), or picking (Cox2) at about 2.5-fold at
24 h, (p < 0.001) before reverting. The results suggest that redox imbalance and inflammation are the
early and simultaneous effectors (causes) of DOPAn demise.
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2.3.3. Results at 12 h

At 12 h, the morphometric analysis of DOPAn presented a picture comparable with diagnosis
(Figure 2). At this experimental point, inflammation and redox imbalances are still present, as revealed
by the induction of Il6 and Srnx1 (Table 1, 12 h). Il6 is significantly increased at 12 h (p < 0.05), picking
at 24 h (about 5.5-fold vs. controls; p < 0.001) and then decreasing to control levels. Sxrn1 up-regulation
(1.7-fold, p < 0.05 at 12 h) is maintained along the experimental period 48 and 96 h: both p < 0.05).
The data suggest that, after the first hint, sustained inflammation and oxidative stress push TH+

DOPAn loss.

2.3.4. Results at 24 h, 48 h and 96 h

As shown in Table 1, at 24 h, Bdnf is significantly up-regulated (p < 0.001), falling below control
levels at 48 and 96 h (both about 0.2 fold, both p < 0.01). At 24 h, we notice also a significant glutamate
release (p < 0.05), continuing all long the 96 h (48 h, and 96 h; both p < 0.01).

After 48 h of challenging, apoptosis (Anxa5, p < 0.05) starts, increasing even more later on (96 h,
p < 0.001).

Only at the end (96 h), microgliosis (CD68, p < 0.001) is increased, while Uchl1 (ubiquitination,
p < 0.01) and Il1b (inflammation, p < 0.05) are significantly down-regulated.

All the mentioned events come up with a TH+ DOPAn loss compatible with advanced PD diagnosis,
thus representing late/consequential, rather than causative, molecular events in the pathology.

3. Discussion

Currently, PD is considered as a direct consequence of dopaminergic neurons loss, starting from
the substantia nigra pars reticularis, and later involving the dopaminergic striato-nigral, and the
other three dopaminergic paths form the basal ganglia to the cortex and hypothalamus. Despite the
enormous effort made by researchers and clinicians, the huge knowledge of the molecular determinants
in DOPAn demise, and the agreed concept that PD is a multifactorial pathology, there is still no clear
vision of the sequence of the steps leading to dopamine loss in PD. A model characterized by a slow
and progressive degeneration of dopaminergic cells of the SN will, therefore, be useful to allow an
assessment of the pre-diagnosis molecular events [21] by a comparison of markers representative of
the major molecular effectors of DOPAn demise.

To the best of our knowledge, only one original study tried to compare the higher number of
potential causative mechanisms by a time-course approach [22]. In this study, at the shorter time (3 h)
all the investigated genes: inflammation (Il1β); oxidative stress (glutathione reductase and glutathione
peroxidase precursor), glutamate excitotoxicity (N-methyl-d-aspartate 2a receptor); and growth factors
(Gdnf : glial cell-derived neurotrophic factor) were already altered. The immunohistochemistry also
revealed a dramatic (compatible with diagnosis) decrease of TH+ DOPAn density. Altogether, these
findings suggest that the experimental scheme applied (50 mg/kg intra peritoneal MPTP: 1-metil 4-fenil
1,2,3,6-tetraidro-piridina to C57Bl mice), was too strong to create a slowly degenerative model, and
indicating the need to inducing a more gradual damage, allowing to gain access to the pre-clinical
phase and better unravel the temporal sequence of the molecular events in respect to the earliest
DOPAn sufferance, before the starting of DOPAn loss.

As illustrated by Figure 3, the morphometric data we obtained indicates that we created an ex
vivo model of PD with a slow and progressive degeneration of DOPAn, well agreeing with the clinical
scenario, and allowing to follow the pathology progression from the pre-diagnosis phase (3 h) to the
most advanced stages (24–96 h).
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Figure 3. Temporal alterations of the markers evaluated in the study. The picture summarizes the
dynamic of all the parameters alterations studied in the work by a time scale approach, tempting a
parallel with the clinical situation (for details see text). Red: down-regulated. Black: up-regulated.
No color: unchanged. h: hours.

The most important finding is that we obtained a temporal window (Figure 3, 3 h) corresponding
to a pre-diagnosis stage, where the number of DOPAn TH+ cells, as well the length of neurites, is
comparable to controls. At that timing the unique sign of DOPAn sufferance is a 27% decrease in
the number of neurites, a reduction considered not sufficient to be symptomatic [29]. Therefore, this
temporal window (3 h) is crucial for the identification of the molecular events triggering the DOPAn
demise (resumed in Figure 3).

At the 3 h time (pre-diagnosis phase), we detected an increased expression of redox stress markers
(Hmox1) and inflammation markers (Tnfα, Cox2). Redox imbalance is usually considered the first
hint in PD [6,37]. An increase of Hmox1 has been reported in the serum of subjects with a diagnosis
of PD [38], and, in autopsy, in the peripheral regions of Lewy bodies [71], where it is supposed to
enhance the toxicity by deposition of iron, one of its products [71,72]. By the other side, Hmox1 is not
only a sensor for the presence of redox stress but also an inducer of adaptive mechanisms to redox
imbalance [73], as well a potential link between redox stress, inflammation and growth factors [74].
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One of the adaptive mechanisms induced by Hmox1 is Srnx1, always up regulated from 12 h in
our model (Figure 3). In models, Srnx1 has been demonstrated to protect from excessive nitrosylation
the peroxiredoxins involved in the maintenance of thiol homeostasis [43,75,76], and improving DOPAn
survival [42,77], possibly acting on mitochondria [78], another known player in PD. The progressive
degeneration of DOPAn in our model, as well the inexorable clinical progression, suggests the failure of
the Srnx1 protective mechanism toward redox imbalance. The Hmox1 potential protective reaction has
been also reported acting through the inhibition of inflammation (down-regulating Tnfα and Il1β) [74],
a feature not observed in our model, nor in the clinic. In fact, an increased level of TNFα has been
reported in the serum of PD patients (HY score 2; corresponding to 12 h in our model), and correlating
with the cognitive and mood decline [45,46], sleep disorder [45–47], as well as correlating with the
Hoehn & Yahr progression [45]. The observation again may corroborate the idea of a failure of the
adaptive to the damage mechanisms.

Persistent inflammation is a recognized player in PD [30,50,53,79,80], described as contributing to
DOPAn demise, and acting as a second hit on the ongoing oxidative imbalance by amplifying it [79,80].
Tacking advantage of our model, allowing accessing the molecular events ongoing the pre-diagnosis
stages, we suggest a different scenario, where redox imbalance and inflammation may be simultaneous
triggers for DOPAn demise. In fact, in literature, Cox2 is reported as a second-hit pro-inflammatory
molecule, supposed to worsen DOPAn degeneration by enhancing both inflammation and redox
stress [79,80]. Based on our model, Cox2 (and inflammation) is a first hit, already significantly
up-regulated at 3 h (pre-diagnosis point, together with redox markers), and picking at 24 h (Braak 4).
The up-regulation of Tnfα at the same earlier (3 h) timing supports this interpretation.

Completing the inflammatory picture, in the model Il6 is upregulated at 12 h (HY 1/2, Braak 2/3,
Figure 3), picking at 24 h (Braak 4). In agreement, Il6 has been described to be increased in the serum
of PD subject (HY score 2), and correlating with the worsening of cognition, locomotor speed, and
mood (46). Notably, Il6 has been reported enhancing ROS by induction of iNOS (inducible nitric oxide
synthase), increasing redox stress and nitrosylation [79,80], thus amplifying the toxic cascade, and
possibly explaining the failure in the adaptive-to stress mechanisms.

Lately on our model (48/96 h, corresponding to Braak 4/6, Figure 3) microgliosis (CD68) and
apoptosis (Anxa5) markers are also increased. Microgliosis is always detected in autopsy of PD
brains [48–50,53–55], and considered crucial to DOPAn loss [6,30]. Alternately, apoptosis has been
previously suggested as a final step in PD degeneration [30]. Based on our model, DOPAn TH+ loss
(24 h) largely precede the alteration of both microgliosis and apoptosis markers, suggesting that both
death mechanisms, and not only apoptosis, are late and consequential events in the dopamine loss.

Among the final events of dopamine demise, we notice also the alteration of the ubiquitination
mediated clearance of unfolded proteins (Uchl1, 96 h), in line with the clinical scenario [59,63]. Notably,
unfolded synuclein (Snca) is one of the targets of Uchl1. Thus, the temporal windows we described in
our model, may agree with the concept that dopamine loss precede synucleinopathy, as previously
described [3,36].

Of notice, Uchl1 is a known target for nitrosylation (destroying the enzymatic activity of its targets)
occurring in case of excessive oxidative stress [81]. Thus, the reduction of Uchl1 may be another
(together with DOPAn TH+ loss and increased inflammation, see above in the discussion) potential
consequence of the inefficient adaptation to stress.

Oxidative stress, and specifically Hmox1 modulation, has been linked also to the induction of
growth factors (Gdnf, Bdnf) in animal models of PD [74], with consequent reduction in the DOPAn
loss. Bdnf has been consistently reported protecting neurons by an anti-apoptotic effect [82–84], by
inhibiting microgliosis [11,53], and by inducing the formation of synapses at the dendritic spines [85].
In clinics, BDNF depletion in brain (up to 70% in SN and 80% in DOPAn) has been correlated with
DOPAn loss [56], and BDNF decrease in the serum of PD patients has been reported correlating with
the timing from diagnosis, pathology severity [58], and cognitive deficit [86,87]. Most importantly,
Scalzo [58] noticed an increase of BDNF during the early disease, interpreting this trend as a tentative
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reaction to DOPAn degeneration. This description fits well with our data (Figure 3), showing an initial
significant up-regulation of Bdnf (24 h, tentative reaction), followed by a trend to decreasing under the
level in controls thereafter (48/96 h). Altogether, the data may support the idea of the failure of the
potential adaptive to stress mechanisms.

We notice also an increase of glutamate release starting from 24 h, when DOPAn neurites loss starts
(Figure 3), and persisting to the end of the experimental timing (96 h), suggesting its role in worsening
the dopaminergic neurons loss. This may fits with chemically induced rodent models of PD [88],
where glutamate neurotoxicity has been proposed to accelerate DOPAn loss by excitotoxicity [69,70].
In the described models, the attenuation of excitotoxicity by the induction of glutamate transporters,
improved DOPAn survival, synaptic proteins expression and motor functions [89], while the blockage
of induced neurotoxicity by MK801 attenuated the DOPAn loss [69]. Supporting the potential
toxic role of glutamate in PD, the administration of drugs able to improve the astrocytes glutamate
uptake (responsible for the 90% of extracellular glutamate brain clearance [88]), exhibits a beneficial
effects in humans [17,90]. Indeed, extracellular glutamate regulates also immune response and
microglia activation [91], supporting one more time the close relationship among all the analyzed
molecular players.

The links between the damaging mechanisms reported in literature and fitting with our data,
stress two critical aspects of the pathology:

(1) The importance of blocking the early, inducing steps, to avoid the priming of the
self-promoting and self-amplifying cascade of toxic events ongoing DOPAn degeneration, before it
became uncontrollable.

(2) Might explain the inefficacy of the current treatment schemes focused in facing a single
molecular target.

For this reason, and based on our results, we suggest a cocktail approach with a wide spectrum
anti-inflammatory and an anti-oxidant.

Admittedly, this study lacks of the assessment of the protein(s) content related to the genes
variations. However, the selection of the genes we investigated was based on previous data showing
a correlation between gene(s) and protein(s) variation [39–41,44,51,56,60,61,64,65], rendering the
results reliable.

4. Materials and Methods

4.1. Organotypic Brain Culture Preparation

Organotypic cultures were prepared as described before, with few modifications [92]. Wistar
Han TM Rats at 5 days after birth (P5) were obtained from the animal facility of the University
of Trieste. Immediately after sacrifice by decapitation, the ventral tegmental area containing
substantia nigra (SN) was dissected and maintained in dissection medium (ice-cold Gey’s Balanced
Salt Solution—Sigma-Aldrich, St. Louis, MO, USA, plus d-Glucose 10 mg/mL) until use. A McIlwain
tissue chopper (Gomshall Surrey, UK) was used to cut transversely 300 µm slices. Healthy slices were
selected for structural integrity under stereomicroscope inspection. Slices were then transferred to
sterile, semi-porous Millicell-CM inserts (PICM03050, Millipore, Darmstadt, Germany), fed by 1 mL of
media and maintained at 37 ◦C, 5% CO2, 95% humidity in a humidified incubator. The media was
changed the day after cutting and every two days thereafter. Slices were maintained in culture 10 days
before starting treatment. The whole experimental procedure agreed with the Italian Law (Decree
87–848) and European Community Directive (86-606-ECC), and was authorized by the competent
OPBA (Organismo Per il Benessere Animale) of the University of Trieste (23 February 2016, and
10 October 2017).
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4.2. Cultures Medium and Treatment

To create an ex vivo chronic (96 h) model reproducing all the features of human PD (needing
dozens of years), slices were challenged with low doses of rotenone. The medium used to culturing the
slices was composed of 65% Basal Medium Eagle (Life Technologies Corporation, Grand Island, NY,
USA), 10% heat-inactivated Fetal Bovine Serum (Euroclone, Milan, Italy), 25% Hank’s Balanced Salt
Solution (Sigma-Aldrich), 1% l-Glutamine (Life Technologies Corporation), 2% Penicillin/Streptomycin
(Life Technologies Corporation), and 10 mg/mL d-Glucose (Sigma-Aldrich).

Rotenone (Sigma-Aldrich) was dissolved in DMSO (Sigma-Aldrich) and diluted to the final
concentration of 10 nM in complete medium. At each time point, a well was challenged with rotenone,
and one well exposed to the same amount of DMSO required dissolving rotenone (controls).

4.3. LDH Test

The amount of total extracellular LDH in media, indicative of membrane leakage, was determined
using a CytoTox-ONE™Homogeneous Membrane Integrity Assay (G7891, Promega, Madison, WI,
USA), as previously described [92]). The supernatant was collected at each experimental time-point,
and the LDH in medium was quantified following the manufacturer’s instruction. The glutamate
contained in the OBCs medium was subtracted from the analysis (blank). The signal was read at
560Ex/590Em by an EnSpire Multimode Plate Reader (PerkinElmer, Waltham, MA, USA).

4.4. Immunofluorescent Staining of Dopaminergic Neurons

To follow the morphological degeneration of DOPAn, the cells number, the number of dopaminergic
neuron’s neurites, as well as their length were assessed at 3, 12, 24, 48 and 96 h after challenging with
low doses of rotenone. Slices were immediately fixed in 4% neutral buffered formalin for 30 min
at 4 ◦C, washed with PBS, and then glycine 0.1 M (Sigma-Aldrich) in PBS to remove residues of
paraformaldehyde. After washing, slices were pre-incubated 1 h in 10% normal donkey serum
(Sigma-Aldrich), 1% bovine serum albumin (Sigma-Aldrich) and 0.1% Triton-X100 (Sigma-Aldrich) in
PBS (blocking solution). Then, slices were incubated three days at 4 ◦C with primary polyclonal antibody
anti-tyrosine hydroxylase (267 ng/mL, AB152, Millipore, Temecula, CA, USA) in an incubation solution
containing 1% normal donkey serum (Sigma-Aldrich), 1% bovine serum albumin (Sigma-Aldrich) and
0.1% Triton-X100 (Sigma-Aldrich). After rinsing three times in PBS for 5 min, slices were incubated with
labeled donkey anti-rabbit Alexa fluor 546 secondary antibody (1 µg/mL, A10040, Life Technologies,
Carlsbad, CA, USA) overnight at 4 ◦C in incubation solution. Slices were then washed twice with
PBS, stained with Hoechst 33258 (2 µg/mL, Sigma-Aldrich), washed with water and mounted (Dako,
Agilent, Santa Clara, CA, USA). Fluorescence was detected by fluorescent microscopy Leica DM2000
(Leica Microsystems Srl, Solms, Germany).

4.5. Counting of Dopaminergic Neurons and Neurites

Tyrosine hydroxylase-positive (TH+) DOPAn, the number of neurites, and neurites length were
counted using a Leica DM2000 fluorescence microscope (Leica Microsystems Srl) by three separate
individuals. For DOPAn counting, all the TH positive cells in the 2/3 slices challenged with rotenone
(or vehicle) at each experimental timing were counted under a 10×magnification.

Fiji software (ImageJ) [93,94] was used to trace the neurite length of DOPAn, and then expressed
in microns. The number of neurites was expressed as the number of neurites for each cell in the treated
slices relative to the number of neurites in control. The number of DOPAn in exposed slices was
expressed relative to the number of cells in control. DOPAn neurites number and length was assessed
(20×magnification) on at least three fields for each slice challenged with rotenone (or vehicle) at each
experimental timing, to obtain morphological detail.
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4.6. Glutamate Quantification in Culture Media

The amount of extracellular glutamate, a marker of excitotoxicity, was quantified using a Glutamate
Assay Kit (MAK004, Sigma-Aldrich). Briefly, after the rotenone exposure, the supernatant was collected,
and the assay was performed according to the manufacturer’s instructions. The absorbance (450 nm),
proportional to the glutamate released in the medium, was determined using an EnSpire Multimode
Plate Reader (PerkinElmer). Glutamate release in media was expressed as fold change compared to the
control slices.

4.7. Quantitative Real-Time PCR of Selected Marker Genes

Genes reported to be involved in the biomolecular pathways of neuronal degeneration were
chosen as markers of these pathways. The mRNA expression of the genes of interest was analyzed
by quantitative real-time PCR. Total RNA was extracted using TRI Reagent® RNA Isolation Reagent
(Sigma-Aldrich), following the manufacturer’s instructions. Only mRNA samples passing the quality
test (230–260–280 nm spectrophotometric validation) were retro-transcribed and used in the study.
Complementary DNA (cDNA) was synthesized with the High Capacity cDNA Reverse Transcription
Kit (Applied Biosystems, Monza, Italy).

For the quantitative real-time PCR (qPCR), primers were designed using the Beacon Designer 4.2
software (Premier Biosoft International, Palo Alto, CA, USA) on rat sequences available in GenBank
(Table 2). The reaction was performed in an iQ5 Bio-Rad thermal cycler (BioRad Laboratories, Hercules,
CA, USA). Briefly, 25 ng of cDNA and the corresponding gene-specific sense/antisense primers (250 nM
each, except Cox2 and Il1β, 500 and 750 nM, respectively) were diluted in the Sso Advance SYBER
green supermix (Bio-Rad Laboratories, Hercules, CA, USA). The genes of interest were analyzed by
performing the qPCR as follow: 95 ◦C for 3 min; a 40 times repetition of: 95 ◦C for 20 s, 60 ◦C for 20 s,
and 72 ◦C for 30 s. Finally, the reaction was stopped by an additional step at 72 ◦C for 5 min.

Table 2. Primers used to analyze gene expression of selected genes.

Gene Accession Number Forward 5′-3′ Reverse 3′–5′

Gapdh NM_017008.2 CTCTCTGCTCCTCCCTGTTC CACCGACCTTCACCATCTTG
Tbp NM_001004198.1 CAATGACTCCTATGACCCCT TTTACAGCCAAGATTCACGG

Bdnf NM_012513.4 GGACATATCCATGACCAGAA GGCAACAAACCACAACAT
Uchl1 NM_017237.3 GGAACTGAAGGGACAAGAAG ATCCATCCTCAAATTCCAGC
Vmat2 NM_013031.1 AACGTCGCCAAATGTTTAAC CAATGGATGGTGGGACTAAG
Snca NM_019169.2 ACCCCTCTTGCATTGAAATT CATGAACACATCCATGGCTA

Hmox1 NM_012580.2 GGTGATGGCCTCCTTGTA ATAGACTGGGTTCTGCTTGT
Srxn1 NM_001047858.3 AAGGCGGTGACTACTACT TTGGCAGGAATGGTCTCT
Tnfα NM_012675.2 CAACTACGATGCTCAGAAACAC AGACAGCCTGATCCACTCC
Il6 NM_012589.1 GCCCACCAGGAACGAAAGTC ATCCTCTGTGAAGTCTCCTCTCC

IL1β NM_031512.2 AACAAGATAGAAGTCAAGA ATGGTGAAGTCAACTATG
Cox2 NM_017232.3 CTTTCAATGTGCAAGACC TACTGTAGGGTTAATGTCATC
CD68 NM_001031638.1 ACTTGGCTCTCTCATTCC GACTGTACTGTGGCTCTG
Anxa5 NM_013132.1 TAATGACCAAAGCTGTCTCG TTGATTGACAGCACTTCCAA

Gapdh: Glyceraldehyde 3-phosphate dehydrogenase; Tbp: TATA-binding protein; Bdnf : Brain-derived neurotrophic
factor; Uchl1: Ubiquitin carboxy-terminal hydrolase L1; Vmat2: Vesicular monoamine transporter 2; Snca:
Alpha-synuclein; Hmox1: Heme oxygenase1; Srnx1: Sulfiredoxin 1; Tnfα: Tumor necrosis factor α; Il6: Interleukin 6;
Il1β: Interleukin 1β; Cox2: Cyclo-oxygenase 2; Cd68: Cluster of differentiation 68; Anxa5: Annexin 5.

At the end of the amplification, we performed a melting curve analysis to confirm the amplification
of the desired targets. We never observed non-specific products, primer dimers, or contaminations.

The relative quantification was made using the iCycler iQ software, version 3.1 (Bio-Rad
Laboratories, Hercules, CA, USA) by the ∆∆Ct method, taking into account the efficiencies of
the individual genes and normalizing the results to the housekeeping genes (TATA-binding protein:
Tbp, Glyceraldehyde 3-phosphate dehydrogenase: Gapdh) [95,96].
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4.8. Statistical Analysis

Data were analyzed with GraphPad Prism version 5.00 for Windows (GraphPad Software, La Jolla,
CA, USA). Statistical significance was evaluated by one-way analysis of variance (ANOVA), followed
by a Tukey-Kramer multiple comparisons test when p value < 0.05. A p value < 0.05 was considered
as statistically significant. The results are expressed as the mean ± standard deviation (S.D.). Details
on the number of independent biological repetitions for each experiment are given in figure and
table legends.

5. Conclusions

In this work, we describe the development of a slowly degenerative ex-vivo model of Parkinson
disease, used to identify the early causative mechanisms of dopaminergic neurons sufferance. Based on
our results, we suggest the simultaneous activation of inflammation and oxidative stress as triggers of
DOPAn demise, possibly sustained by glutamate neurotoxicity. Thus, we suggest a cocktail approach
with a wide spectrum anti-inflammatory, an anti-oxidant, and possibly a glutamate blocker.
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PD Parkinson disease
DOPAn Dopaminergic neurons
SN Substantia nigra
TH+ Tyrosine hydroxylase
HY Hohen & Yhar score
PET Positron Emission Tomography
Hmox1 Heme-oxygenase 1
Srnx1 Sulfiredoxin 1
ROS Reactive oxygen species
Tnfα Tumor necrosis factor alfa α

Cox2 Cyclo-oxygenase 2
Il6 Interleukine 6
Il1 β Interleukine 1β
Cd68 Cluster of differentiation 68, marker of microglia activation
Bdnf Brain-derived neurotrophic factor
Snca Alpha-synuclein (also known as Park1,4)
Uchl1 Ubiquitin carboxy-terminal hydrolase L1 (also known as Park5)
Vmat2 Vesicular monoamine transporter 2
Anxa5 Annexin5
Glu Glutamate
Gdnf Glial cell-derived neurotrophic factor
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