Journal of Cellular Biochemistry 116:844-855 (2015)

PPARB/5 and vy in a Rat Model of Parkinson's Disease:
Possible Involvement in PD Symptoms

Roberta Falcone,'’ Tiziana Marilena Florio,'" Erica Di Giacomo,' Elisabetta Benedetti,'
Loredana Cristiano,’ Andrea Antonosante,' Alessia Fidoamore,! Mara Massimi, '
Marcello Alecci,”? Rodolfo Ippoliti,' Antonio Giordano,>** and Annamaria Cimini"****

'Department of Life, Health and Environmental Sciences, University of L’Aquila, Italy
“Italian National Institute for Nuclear Physics (INEN), L’Aquila, Italy
’Department of Medicine, Surgery and Neurosciences, University of Siena, Italy

*Sbarro Institute for Cancer Research and Molecular Medicine and Center for Biotechnology, Temple University,
Philadelphia, Pennsylvania

ABSTRACT

Parkinson’s disease is one of the most common neurologic disorder, affecting about 1-4% of persons older than 60 years. Among the proposed
mechanisms of PD generation, free radical damage is believed to play a pivotal role in the development and/or progression of the disease.
Recently, PPARs, a class of transcription factors involved in several pathways both in physiological and pathological conditions, have been
linked by us and others to neurodegeneration. Particularly, PPARYy and its ligands have been indicated as potential therapeutic targets for the
treatment of several pathological conditions associated with neuroinflammation within the CNS. The anti-inflammatory function of PPARy
has attracted attention since agonists exert a broad spectrum of protective effects in several animal models of neurological diseases, including
psychiatric diseases. On the other hand a detrimental role for PPARB/3 has been proposed in Alzheimer, being closely related to the decrease of
BDNF and Trkfl. On these bases, in this work we used a 6-OHDA hemi-lesioned rat model, inducing loss of dopaminergic neurons, to study the
effects of the lesion at three time points from the lesion (1, 2, and 3 weeks), in relevant areas of PD motor symptoms, such as substantia nigra
and globus pallidus and in the area of reward and mood control, the nucleus accumbens. In particular, it was studied: (i) the expression of BDNF
and its downstream signals; (ii) the modulation of PPARs levels. The results obtained indicate the possible use of a dual PPARB/3 antagonist/
PPARYy agonist to counteract primary and secondary signs of PD neurodegeneration. J. Cell. Biochem. 116: 844-855, 2015.
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P arkinson’s disease (PD) is one of the most common neurologic
disorder, affecting about 1-49% of persons older than 60 years.
Motor dysfunctions are assigned as primary symptoms of PD,
being all related to events starting on one side of the body. About
60-80% of the dopaminergic neurons are reported to be lost [Chen,
2010]. Dopamine acts as signal between two brain areas, the
substantia nigra and the corpus striatum, to produce smooth and
controlled movements. The death of dopaminergic neurons in the
substantia nigra is the first cause of dopamine decrease. When the
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levels of dopamine are decreased, the communication between the
substantia nigra and corpus striatum becomes inefficient and the
movement start to be impaired [Braak et al., 2004]. Among the
proposed mechanisms of PD generation, free radical damage,
resulting from dopamine oxidative metabolism, is believed to play
a pivotal role in the development and/or progression of the disease
[Jenner, 2003]. The oxidative metabolism of dopamine by
monoamine oxidase (MAO) leads to the formation of hydrogen
peroxide. Hydrogen peroxide is quickly removed by glutathione
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and catalase but, if not adequately cleared, it may result in the
formation of highly reactive hydroxyl radicals reacting with cell
components such as membrane lipids, resulting in lipid perox-
idation and cell damage. Recently, peroxisomes, organelles
containing catalase, and peroxisome-related proteins have been
linked by us and others to neurodegeneration [Cimini et al., 2009;
Kou et al., 2011; Fanelli et al.,, 2013]. The pathogenesis of
neurodegenerative diseases such as Alzheimer’s disease (AD) and
PD has also been described as reduced neurotrophic support.
During normal aging and particularly in AD, a decreased ratio
between mature Brain-Derived Neurotrophic Factor (BDNF) and its
immature form (pro-BDHF) is observed. Pro-BDNF can bind
preferentially to pan neurotrophin receptor p75NTR, triggering
together with sortilin a death pathway leading to neuronal death
(Teng et al., 2005), with a parallel increase of the truncated form of
TrkB and decrease of the full length TrkB (TrkBfl) (Tapia-Arancibia
et al., 2008). We have previously reported that the peroxisomal
proliferator activated receptor 3/ (PPARB/3) is involved in the
decrease of the TrkBfl, particularly in neurodegeneration
[D’Angelo et al., 2009,2011; Cimini et al., 2013a,b]. PPARs are a
class of transcription factors involved in the control of several
pathways both in physiological and in pathological conditions. In
fact, they have been involved in differentiation, energetic
metabolism but also in diabetes, carcinogenesis, atherosclerosis,
inflammation and, recently, also in neuro-degeneration [Benedetti
et al., 2014]. PPARy is a master regulator of cerebral physiology
and potential therapeutic target for the treatment of several
pathological conditions associated with neuro-inflammation
within CNS. Inflammation within the CNS contributes to many
acute and chronic degenerative disorders such as PD and AD
[Gonzalez-Scarano and Baltuch, 1999]. Inflammation is also under
study for a role in the onset of some psychiatric diseases (i.e.,
depression, post-traumatic stress disorder [PTSD], schizophrenia)
[Hanson & Gottesman, 2005; Dantzer et al., 2008]. The anti-
inflammatory function of PPAR+y has attracted many attentions
since its agonists exert a broad spectrum of protective effects in
several animal models of neurological diseases (AD, multiple
sclerosis) [Feinstein, 2003]. Similar effects have been also
described in animal models of psychiatric diseases: studies have
shown that stress enhances the production of 15d-PGJ2 and
increases the expression of PPARy in cerebral cortex as a
counterbalancing  anti-inflammatory/antioxidant mechanism
[Garcia-Bueno et al., 2005a, b].

On the basis of the above considerations in this work we used a
hemi-lesioned rat model of PD, where the depletion of
dopaminergic neurons was determinated by the unilateral
injection of 6-OHDA directly in the substantia nigra in the left
brain hemisphere, leaving un-lesioned the substantia nigra in
right brain hemisphere, as internal control. The time-course of
the effects of the lesion was followed at three time points from
the 6-OHDA injection, (7, 14, and 21 days). In particular, we
studied: (i) the expression of BDNF and its downstream signals;
and (ii) the modulation of PPARs levels.

The results obtained point towards the possible use of a dual
PPARB/3 antagonist/PPARy agonist to counteract primary and
possibly secondary PD symptoms.

MATERIALS

Triton X-100, dimethylsulfoxide (DMSO0), sodium dodecylsulfate
(SDS), Tween20, bovine serum albumine (BSA), I-glutamine, Nonidet
P40, sodium deoxycolate, ethylen diamine tetraacetate (EDTA),
phenylmethanesulphonylfluoride (PMSF), sodium fluoride, sodium
pyrophosphate, orthovanadate, leupeptin, aprotinin, pepstatin,
NaCl, polyvinylidene difluoride (PVDF) sheets, rabbit anti P75
NTR, TrkB antibodies, were all purchased from Sigma Chemical Co
(St. Louis, CO). rabbit anti-BDNF, rabbit anti-TrkB, rabbit anti-
tyrosine hydroxylase antibodies were from St. Cruz Biotechnology
(Santa Cruz, CA); horseradish peroxidase (HRP)-conjugated anti-
rabbit antibodies were from Vector Laboratories (Burlingame, CA).
Micro BCA protein detection kit was from Pierce (Rockford, IL).
Vectashield was purchased from Vector Laboratories (Burlingame,
CA). All other chemicals were of the highest analytical grade.

Animal experiments were performed in compliance with the
European Community Council Directive (86/609/EEC), with the
national law 116/95, and under the supervision of the University
veterinary service.

Young male Sprague-Dawley rats, weighing 284-381 gr at the
starting of the experiment, were used. The animals were housed two
per cage and had free access to food and water. The animal room
was kept at 21-23°C, under a 12h/12h light/dark cycle.
Experimental hemi-PD was induced by 6-hydroxydopamine
(6-OHDA) injection into the substantia nigra on the left hemisphere,
while the right hemisphere was left intact and used as inside
control. The animals were anesthetized with sodium pentobarbital
(50 mg/kg i.p.) and placed in a stereotaxic frame. After exposing the
skull, animals received unilateral injection of 6-OHDA (8 j.g/4 pL
of sterile saline solution containing 0.1% ascorbic acid) via a
Hamilton microsyringe, into the substantia nigra (SN). Coordinates
used for the SN location were AP: 3.7 mm anterior to the interaural
line; V: 2.2 mm dorsal to the interaural line; and L: 2.2 mm from the
midline according to the Atlas of Paxinos and Watson (1998). 6-
OHDA was injected over 5 min, leaving the microsyringe in situ for
a further 5min. Seven days after the injection of 6-OHDA, rats
underwent a rotational behavior test induced by the subcutaneous
injection of apomorphine (0.5 mg/kg,). Rats were placed in a
Plexiglass transparent cilindric box (50 cm diameter), and rotations
were counted for all animals. Ipsi-lateral and contro-lateral
rotations to the 6-OHDA injected side were counted over a period
of 45 min post-injection of apomorphine. Animals, responding to
the apomorphine test, were randomly divided into three groups and
then, respectively, sacrificed after the first, second and third week
from 6-OHDA injection.

TISSUE PREPARATION

After completion of the experiments, respectively one, two, and three
weeks after 6-OHDA injection, the animals, under deep chloral
hydrate anesthesia (400 mg/kg, i.p.), were sacrificed either for
biochemical and morphological studies. For the biochemical
processing unfixed brains were rapidly extracted from the skull
and rinsed with phosphate saline buffer (PBS) to remove any excess
blood. The substantia nigra, the striatum, the globus pallidus, and the
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nucleus accumbens areas from each cerebral hemisphere were
dissected out under a stereomicroscope. The tissue samples were
immediately frozen and stored at —80°C, until use. For the
morphological studies, animals were transcardiacally perfused
with 50 mL of cold saline containing 0.2 mL of heparin (5000 IU/
mL), followed by 250 mL of 4% paraformaldehyde in PBS (pH 7.4).
The brains were removed from the skull and post-fixed for 24 h in the
same perfusion solution overnight at 4°C. Some brains were taken for
Magnetic Resonance Imaging (MRI), as described below. After
incubation in a crioprotective 30% sucrose solution, the slabs
containing the striatum and the substantia nigra, obtained by a
rodent RBM 400 C brain matrix (ASI Instruments, Warren, MI), were
cut (30wm thin coronal sections) using a freezing microtome
(Cryomat 1700, Leitz, Wetzlar, Germany).

PROTEINS MEASUREMENT

Proteins were assayed by the micro-BCA kit (Pierce Rockford, IL).
Briefly, this assay is a detergent-compatible formulation based on
bicinchoninic acid (BCA) for the colorimetric detection and
quantification of total protein. The method combines the reduction
o Cu®* to Cu'" by protein in alkaline medium (the biuret reaction)
with the high sensitive and selective colorimetric detection of the
cuprous cation, using a reagent containing BCA. The purple-colored
reaction product of this assay is formed by the chelation of two
molecules of BCA with one cuprous ion. This complex exhibits a
strong absorbance at 562 nm.

WESTERN BLOT ANALYSIS

For Western blotting, tissue were homogenized in ice-cold RIPA
buffer (phosphate buffer saline pH 7.4 containing 0.5% sodium
deoxycolate, 1% Nonidet P-40, 0.1% SDS, 5mM EDTA, 100 mM
sodium fluoride, 2mM sodium pyrophosphate, 1mM PMSF,
2mM ortovanadate, 10 ug/mL leupeptin, 10 wg/mL aprotinin,
10 pwg/mL pepstatin), and centrifuged at 13,500g. 20-30 pg of
proteins were electrophoresed through a 7.5-15% SDS poly-
acrilamide gel under reducing condition. Proteins were trans-
ferred onto PVDF membrane sheets and nonspecific binding sites
were blocked for 1 h at room temperature (RT) in 20 mM TRIS-HCI
buffer, 55 mM NaCl and 0.1% Tween 20 pH 7.4 (TBST) containing
5% non-fat dry milk (blocking solution). Membranes were then
incubated overnight at 4°C with the primary antibodies: anti-
actin 1:1000 (SIGMA, St. Louis, MO), anti-tyrosine hydroxylase,
1:1000, anti-BDNF 1:200 (Santa Cruz Biotechnology, S.Cruz,
CA), anti-Trkb (Santa Cruz Biotechnology, S.Cruz, CA) 1:2000,
anti-P75 (SIGMA, St. Louis, MO) 1:200, anti-JNK (Santa Cruz
Biotechnology, S.Cruz, CA) 1:200, anti-PPARB (Novus Bio-
logicals) 1:200, anti-PPARy (MILLIPORE, CA) 1:200, anti-4HNE
(Abcam, Cambridge, UK) 1:1000. Immunostaining was obtained
after incubation with secondary anti-rabbit horseradish perox-
idase-conjugated IgG (Burlingame, CA) or a secondary anti-
mouse horseradish peroxidase-conjugated IgG (Burlingame, CA)
1:1000. Immunoreactive bands visualized by a chemilumines-
cence detection kit (ECL PLUS Bio-rad). Densitometric analysis
on scanned blots was performed using the NIH ImageJ program
(NIH, Bethesda, MD) and the relative densities were normalized
with respect to B-actin.

IMMUNOCYTOCHEMICAL PROCEDURES FOR TYROSINE
HYDROXYLASE

Thin sections (30 wm) were washed three times with 1% PBS and
endogenous peroxidase activity was inactivated by incubation for
thirty minutes in methanol containing 0.3% H,0,. Sections were
rinsed, again, with PBS and incubated with normal blocking serum
followed by an overnight incubation at 4°C with the primary
antibodies anti-TH 1:1000 (Santa Cruz Biotechnology, S.Cruz, CA).
TH immunoreactivity was revealed by the biotin-avidin technique
(ABC kit, Vector, Vector Laboratories, Burlingame, CA) using 3.3%-
diaminobenzidine as the chromogen (peroxidase substrate KIT-DAB,
Vector, Vector Laboratories, Burlingame, CA). After DAB staining,
sections were rinsed in distillated water for 5 min, dehydrated and
mounted with Permount for light microscope examination.

TUNEL ANALYSIS

The tunel reaction mixture (In Situ Cell Death Detection Kit,
Fluorescein, Roche) is usually used to detect apoptotic cell death at
single cell level via fluorescence microscopy. The reaction is based
on labeling of DNA strand breaks. For these experiments, frozen
sections have been washed in PBS for thirty minutes; slides were
then incubated in permeabilization solution (0.1% sodium citrate in
0.19% triton X-100) for 2 min on ice. Tunel reaction mixture has been
added and slides have been then incubated with tunel for one hour at
37°C, in a humidified atmosphere in the dark. Negative controls were
performed omitting TdT After rinsing three times for five minutes
with PBS, slides were mounted with Vectashield Mounting Medium
and observed at florescence microscope AXIOPHOT Zeiss micro-
scope equipped with Leica DFC 350 FX camera. Image acquisition
was performed with Leica IM500 program.

MRI

The rat brain fixed in formaldehyde was positioned in a x mL tube
and inserted in the 2.35T Magnetic Resonance Imaging (MRI)
scanner (Bruker Biospec, Germany) equipped with a transmit/receive
volume birdcage radio frequency coil (Doty Scientific Inc., USA; 8
rungs, diameter 65 mm, length 10 cm) tuned at the proton frequency
of 100.3 MHz [Florio et al., 2013]. In this study high-resolution axial
gradient echo MR images were acquired with the following
conditions: TR =4500ms; TE =46 ms; FOV =27mm?; 512 x 512
pixels; 53 wm resolution; slice thickness = 1 mm; slice number = 25;
NEX = 18; TACQ = 11 h 30 min. The MRI images were analyzed with
Paravision 4.0 to assess the site of 6-OHDA injection in the
substantia nigra and the anatomical details between the different
areas of the brain, including the ipsi- and contra-lateral striatum.

STATISTICAL ANALYSIS

Statistical analysis for Western blotting experiments was performed
by t-test using SPSS software. For all statistical analyses, P < 0.01
and “P < 0.001 were considered as statistically significant.

In Figure 1a, the Western blot analysis for tyrosine hydroxylase (TH)
shows a reduction of the protein in the lesioned substantia nigra, that
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Fig. 1. (a) Western blot analysis for tyrosine hydroxylase (TH) in lesioned (L) and unlesioned (U) substantia nigra (N) and striatum (St), compared with the normal counterpart.
Data are mean + SEM of three different experiments. P < 0.005, unlesioned versus lesioned. (b) TH immunolocalization in damaged and undamaged substantia nigra and striatum;
upper images Bar =3 mm; lower inset images Bar = 500 pm. (c) MRI in lesioned and unlesioned substantia nigra and striatum, upper images FOV =27 mm x 27 mm; lower inset
images FOV = 10.4 mm x 4.9 mm.
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Fig.2. Western blotting analysis for pro-BDNF (a-c: 1, 2, and 3 weeks, respectively) and its high affinity receptor TrkBfl (d-f: 1, 2, and 3 weeks, respectively) in unlesioned (U)
and lesioned (L) areas. N: substantia nigra; A: nucleus accumbens; GP: globus pallidus. Data are mean + SEM of three different experiments. "P< 0.05; ~ P < 0.005.
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appears more pronounced than in the damaged striatum, compared
with the intact counterparts. TH enzyme has been used as control to
verify the toxic action of 6-OHDA to dopaminergic neurons.
Striatum was investigated in order to evidentiate a damage also to
the nigro-striatal pathway, which may, in turn, result in an alteration
of the striatum efferent pathways to the globus pallidus. The
occurrence of the lesion, in both areas, was further confirmed by
immunochemical staining for TH (Fig. 1b) and by MRI examination
(Fig. 1c). It is possible to observe a reduced immunoreactivity in the
ipsi-lateral striatum as well as in the area of lesioned substantia
nigra, thus demonstrating the loss of DA neurons. The high
resolution (53 wm) MRI of the ipsi-lateral striatum shows an evident
loss of structure, probably due to fiber alteration (Fig. 1c).

In Figure 2 the Western blotting analyses for pro-BDNF and TrkBfl
at the different time-points from the lesion are shown. One week
after 6-OHDA injection (Fig. 2a), it is possible to observe a significant
increase of pro-BDNF in all damaged brain areas considered. This
event is followed by a marked decrease of TrkBfl in the substantia
nigra (Fig. 2d). A similar situation appears in the second week after
the lesion (Fig. 2b), with pro-BDNF always significantly up-
regulated in the damaged side and TRkBfl always decreased
(Fig. 2e). Three weeks after the lesion, (Fig. 2c) pro-BDNF is still
significantly up-regulated, while TrkBfl is almost restored to the
healthy levels, with the only exception of globus pallidus (Fig. 21f).

In Figure 3 the death pathway has been studied by Western
blotting analyses for p75 and JNK, at different weeks from the
injection of 6-OHDA. One week after the lesion, (Fig. 3a) p75 is
increased in the damaged substantia nigra and nucleus accumbens,
although significantly only in the former area, while unaffected in
the globus pallidus. JNK at the same time-point appears up-
regulated only in the substantia nigra (Fig. 3d). Two weeks after the
lesion (Fig. 3b), p75 is increased in all damaged areas. JNK appears
always increased, although significant only in substantia nigra
(Fig. 3e). Three weeks after the lesion, p75 is almost restored to
control value in globus pallidus, still up-regulated in the other areas
(Fig. 3c). JNK is up-regulated in all damaged brain areas, but
significantly only in the globus pallidus (Fig. 3f).

In Figure 4 the TUNEL analysis shows the apoptotic cells in the
damaged and intact brain areas, at different weeks from the lesion. In
Figure 4.1 TUNEL analysis for intact (a-c) and lesioned (d-f)
substantia nigra is shown. After the lesion, it is possible to observe
apoptotic nuclei with chromatin margination in the damaged side
(d-f), although at different extent, particularly evident in the second
week, in agreement with the increase of p75/JNK, observed at this
time point. In Figure 4.2 TUNEL analysis for intact (a-c) and
damaged (d-f) nucleus accumbens is shown. Two weeks after lesion,
a marked apoptosis in damaged side (e), is observed, still present in
the third week, although at lower extent (f). In Figure 4.3 TUNEL
analysis for intact (a-c) and damaged (d-f) globus pallidus is
reported. The presence of apoptosis is apparent at any time-points,
particularly at three weeks after lesion (f), where a strong apoptosis is
maintained in damaged side, in agreement with the persistent
increase of JNK, observed at this time-point.

Since the strong involvement of PPARs, particularly PPARYy, in
neuro-inflammation and, mainly PPARB/3, in the control of
oxidative stress, the expression of PPARs was also assessed (Figs.

5 and 6). Our findings show that PPARa does not exhibit significant
variations during the time-course considered, consequently only
PPARB/3 and PPARy are presented, the former together with a
marker of lipid peroxidation, 4-hydroxynonenal (4-HNE), a known
PPARB/8 ligand [Coleman et al., 2007]. The product of lipid
peroxidation, 4-HNE, is considered one of the main signaling
molecules in the pathogenesis of neurodegenerative diseases and it is
also known as an intracellular agonist of PPARB/S. Since during
oxidative challenge, 4-HNE protein adducts were reported to be
increased in neurodegeneration [Benedetti et al., 2014], the levels of
4-HNE protein adducts were also assayed by Western blotting in the
different brain areas and at the three different time-points.

One week after the lesion (Fig. 5a), PPARB/3 shows a trend to up-
regulation in lesioned substantia nigra and in globus pallidus, while
it is not affected in the nucleus accumbens; 4-HNE protein adducts
are not affected at this time-point (Fig. 5d). Two weeks after the
lesion, PPARB/3 is significantly increased (Fig 5b), only in the
damaged substantia nigra, while 4-HNE adducts are significantly
up-regulated in damaged substantia nigra and nucleus accumbens
(Fig. 5e). Three weeks after the lesion (Fig. 5¢), PPARB/S results still
increased, significantly only in the damaged substantia nigra, while
4-HNE is now significantly increased only in the damaged globus
pallidus (Fig. 5f). At any time considered (Fig. 6a—c), PPARy appears
strongly down-regulated in all damaged brain areas.

PD is a neurodegenerative syndrome characterized by the death of
dopaminergic neurons in the substantia nigra pars compacta [Samii
et al., 2004]. Neurodegenerative diseases [Jenner, 2003; Reale et al.,
2012], have oxidative stress as one of the main causes, thus
availability of antioxidants may help to antagonize oxidative
damage to neurons. Oxidative stress and inflammation are also
reported to be causative of PD [Allan and Rothwell, 2003]. The PD
animal models, obtained by treatment with 6-OHDA, causing
selective destruction of dopaminergic neurons by a mechanism
generating reactive oxygen species, [Duty and Jenner, 2011] is a
well-recognized model of the disease, evaluated by the characteristic
rotational or circling behavior of affected rodents in response to the
administration of dopamine-mimetics [Bové and Perier, 2012].
Besides pro-oxidative effects of 6-OHDA, it has also reported that
this molecule can induce, during the neuronal development period,
architectural changes in the SN due to BDNF deficiency [Li et al.,
2013]. Brain-derived neurotrophic factor (BDNF), a member of the
neurotrophin family, supports the survival of existing neurons and
maintains the growth and differentiation of new neurons and
synapses [Huang and Reichardt, 2001]. Animals born with defects in
the production of BDNF will suffer developmental defects in the
brain, indicating that BDNF plays a pivotal role in normal neural
progression [Hyman et al., 1991]. BDNF is implicated in the survival,
proliferation, and differentiation of neural cells [Zhou et al., 2005]
and it is known that BDNF-therapy reduces neural degeneration and
promotes neuronal repair [Kaplan et al., 2010].

It has been demonstrated that anti-oxidants increase DA
production in brain, which in turn up-regulates BDNF synthesis
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Fig. 4. Tunel assay in intact and lesioned substantia nigra (1a-c, unlesioned; d-f, lesioned), nucleus accumbens (2a-c, unlesioned; d-f, lesioned) and globus pallidus
(3a-c, unlesioned; d-f, lesioned) at three different time-points from the 6-OHDA injection (1, 2, and 3 weeks, a-d; b—e and c-f, respectively). Bar =50 um.
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Fig. 6. Western blotting analysis for PPARy (a-c: 1, 2, and 3 weeks,
respectively) in unlesioned (U) and lesioned (L) areas. N: substantia nigra;
A: nucleus accumbens; GP: globus pallidus. Data are mean & SEM of three
different experiments. "P< 0.05; “P < 0.005.
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and release, thereby promoting the growth of neurons via the TrkB
pathways [Massa et al., 2010; Yoshii and Constantine, 2010].
Moreover, the endogenous production of BDNF is responsible for
blocking neuronal degeneration in substantia nigra tissue.

Our results show that, along the time course of 6-OHDA lesion, an
increase of oxidative stress is observed, as highlighted by 4-HNE
levels during the second week from the lesion. This event may
contribute to the activation of PPARB/3, known oxidative stress
sensor, leading to TrkBfl decrease and consequently to cell death.
PPARB/3 belongs to PPARs subfamily (PPAR) included in the

superfamily of nuclear hormone receptors [Houseknecht et al., 2002;
Zolezzi and Inestrosa, 2013; Skerrett et al., 2014]. They act as ligand-
dependent transcription factors, binding to DNA in specific regions
(PPAR response elements, PPREs) and regulating the expression of
genes related to lipid and glucose metabolism, inflammatory
processes and cellular differentiation [Kapadia et al.,, 2008].
Interestingly, PPARs are expressed in the great majority of brain
areas [Moreno et al., 2004; Heneka and Landreth, 2007].

Our group has already demonstrated a relationship between pro-
BDNF signaling and PPARB/S, particularly related to neurogenera-
tion [D’Angelo et al., 2009; Cimini et al., 2013a,b; Benedetti et al.,
2014]. In our experimental conditions, it seems that, all brain areas
ipsi-lateral to the 6-OHDA injection, show an increase of pro-BDNF
paralleled by a decrease of TrkBfl and an increase of p75. A similar
finding was as already demonstrated by us in AD models [Benedetti
et al., 2014]. These events are accompanied by a general increase of
JNK, thus suggesting the activation of a death pathway through pro-
BDNF-p75-JNK, as previously described by Teng et al. (2005) and
also supported by our TUNEL analysis. The decrease of TrkBfl is
concomitant with a general increase of PPARB/3, mainly in
substantia nigra, in agreement with our previous in vitro
observations [D’Angelo et al., 2009; Cimini et al., 2013a,b] and
with a recent work in the AD mouse model [Benedetti et al., 2014]. It
is worth noting that the increase of the nuclear receptor is not a
necessary condition for its activation. In fact, the transcription
factor may be active even if not increased. In this view, we
hypothesize that its activation depends on the availability of its
ligand, that is, HNE, that in our experimental conditions, appears
significantly up-regulated in all damaged brain areas, although with
different timing.

During the preparation of this manuscript, an interesting paper
dealing with the possible neuro-protective effect of PPARB/3 in a
similar PD animal model was reported [Das et al., 2014], in contrast
with our findings. A possible explanation of this discrepancy may
be due to the fact that in the present work we studied the situation of
the transcription factors in the PD model without any treatments,
while the Authors presented evidences of a neuro-protective effects
of the synthetic PPARB/3 ligand, GW0742, but did not demonstrated
the activation of the receptor or if the amount of the ligand in brain
may be sufficient to activate the receptor or to compete with natural
ligands, such as 4-HNE. We agree with a role for this transcription
factor in neuronal maturation, but its behavior may change in
relation to cellular environment modification, such as increased 4-
HNE levels. Moreover, PPAR-independent effects for GW agonists
have been described, as also shown for thiazolidinediones.

PPARy and its ligands are master regulators of cerebral
physiology so that pathological conditions associated with neuro-
inflammation can be potentially treated targeting this receptor
within CNS [Bright et al., 2008]. The anti-inflammatory functions of
PPARYy have received much attention since its agonists exert a broad
spectrum of protective effects in several animal models of neuro-
logical diseases [Feinstein, 2003].

Similar effects have been also described in animal models of
psychiatric diseases: studies have shown that stress enhances the
production of 15d-PGJ2, known PPARvy ligand, and increases the
expression of PPARYy in cerebral cortex counteracting inflammation
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and oxidative stress [Garcia-Bueno et al.,, 2005a, b]. It has also
demonstrated that both synthetic and natural PPARy ligands prevent
inflammatory and oxidative/nitrosative consequences of stress
exposure in the cerebral cortex of rats subjected to restraint stress
[Garcia-Bueno et al., 2005a, b] All these observations suggested that
the PPARYy pathway may act as a mediator of neuro-protection during
inflammation/oxidative stress conditions [Galea et al., 2003].

In our experimental conditions, a strong decrease of PPARy was
observed over the entire time course and in any considered damaged
brain areas. These data suggest that in addition to oxidative stress
increase and activation of cell death pathway, the onset of the
disease may be also related to the decrease of this transcription
factor, crucial for neuro-protection [Schintu et al., 2009].

Of particular interest it appears our findings, following PD
induction, in the nucleus accumbens, known to be involved in the
mood control and in the reward system. Apathy is a complex,
behavioral disorder associated with reduced spontaneous initiation
of actions. Although present in mild forms in some healthy people, it
is a pathological state in conditions such as AD and PD, where it can
have profoundly devastating effects. Interestingly, it has been
reported that reward insensitivity is associated with basal ganglia
dysfunction and that it might be an important component of apathy
observed in neurodegenerative diseases [Adam et al., 2013].

Our results show that in the nucleus accumbens a strong and
sustained decrease of PPARYy is paralleled by a significant increase of
the death pathway. The neuronal death observed in this area may
likely account for the reported mood disorders in PD, also in the light
of the recent involvement of PPARy decrease in neuropsychiatric
disease [Garcia-Bueno et al., 2010].

Regarding globus pallidus, our results indicate that this area is
affected at later time, after the others have been significantly
modified. Particularly, we observed a sustained cell death in the third
week after the lesion as also highlighted by the JNK levels at this time
point. Chronic loss of dopamine from cortico-basal ganglia circuits
profoundly alters neuronal activity therein and often leads to the
emergence of excessively synchronized oscillations, as documented
in patients with PD [Moran et al., 2008] and in parkinsonian animal
models [Sharott et al., 2005]. The changes in microcircuit properties
that give rise to these changes remain to be elucidated, but it has been
suggested that altered interactions in the reciprocally connected
network of glutamatergic subthalamic nucleus (STN) neurons and
GABAergic globus pallidus external segment (GPe) neurons
contribute to these oscillations. Moreover, it has been reported
that chronic dopamine depletion changes firing rates and led to
strong beta-frequency oscillations in the STN-GPe network,
accompanied by a pronounced increase in bidirectional interactions
between these nuclei. Therefore this increased strength of reciprocal
effective coupling may not only contribute to excessive beta
synchrony in Parkinsonism but also may impede the information
flow and representation within the STN-GPe network [Cruz et al.,
2011]. These findings may be probably explained with the
biochemical alterations observed by us in the globus pallidus,
accompanied by neuronal death in this area. It is noteworthy that the
alterations observed in this area appear delayed with respect to
substantia nigra, thus suggesting that the loss of dopaminergic
connections gradually impairs globus pallidus functionality.

These observations, may lead to consider that the nuclear
receptors PPARs have an interesting potential as promising
therapeutic targets to consider in the future for this disease. In
fact, the data obtained in this work suggest the possible use of a dual
PPARB/8 antagonist/PPARy agonist approach to counteract PD
neurodegenerative primary and possibly secondary symptoms.
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