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agonists are less prone to induce motor complications and may have neuroprotective effects. Although
regulation of plastic changes in striatal circuits may be the key to their different therapeutic potential, the
gene expression patterns induced by de novo treatments with levodopa or D2 agonists are currently
unknown. By studying the whole striatal transcriptome in a rodent model of early stage Parkinson's
disease, we have identified the gene expression patterns underlying therapeutically comparable chronic

llf?r’l‘gr(:;g;s disease treatments with levodopa or pramipexole. Despite the overall relatively small size of mRNA expression
Levodopa changes at the level of individual transcripts, our data show a robust and complete segregation of the
Pramipexole transcript expression patterns induced by both treatments. Moreover, transcripts related to oxidative
Transcriptome metabolism and mitochondrial function were enriched in levodopa-treated compared to vehicle-treated
Striatum and pramipexole-treated animals, whereas transcripts related to olfactory transduction pathways were
Differential transcript expression patterns enriched in both treatment groups compared to vehicle-treated animals. Thus, our data reveal the

plasticity of genetic striatal networks possibly contributing to the therapeutic effects of the most com-
mon initial treatments for Parkinson's disease, suggesting a role for oxidative stress in the long term
complications induced by levodopa and identifying previously overlooked signaling cascades as poten-
tially new therapeutic targets.
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1. Introduction

Levodopa and pramipexole are two of the most frequently used
agents for the symptomatic treatment of Parkinson's disease (PD).
These two drugs differ significantly in terms of their pharmacoki-
netic and pharmacodynamic profiles. Levodopa is a pro-drug that
needs to be enzymatically converted into dopamine (DA) within the
brain to be able to stimulate all DA receptors (Cotzias et al., 1969).
Pramipexole acts directly on DA receptors of the D2 family with
special affinity for D3 receptors (Bennett and Piercey, 1999). Their
half-lives are quite different; pramipexole has a half-life of more
than six hours, while levodopa has a very short half-life of less than
two hours. These differences account in part for their clinical ef-
fects. Levodopa is the most potent in terms of symptomatic
improvement, but its short half-life and its effects on both DA re-
ceptors subfamilies (D1 and D2) are believed to be responsible for
the development of troublesome motor complications after long-
term treatment, namely motor fluctuations and dyskinesias
(Cenci and Konradi, 2010; Jenner, 2008; Murer and Moratalla,
2011). Pramipexole, on the other hand, while showing less po-
tency in the improvement of motor symptomatology, is less prone
to the development of motor complications and might delay and
reduce them when used initially in monotherapy in “de novo” pa-
tients (Holloway et al., 2004; Parkinson Study Group, 2002, 2000).
In addition, for a long time, a controversy on the existence of dif-
ferential effects on the survival of remaining DA neurons, between
these two drugs, has divided the opinions of experts in the field.
Levodopa was thought to carry the risk of promoting cell death,
through the increase of oxidative by-products within remaining DA
neurons, while pramipexole was proposed to have neuroprotective
properties. A cumulative body of evidence has been produced that
helped to dispel the concept of levodopa toxicity, (Murer et al.,
1999, 1998; Olanow et al., 2004), while on the other hand has
casted doubts on the putative neuroprotective properties of pra-
mipexole (Schapira et al., 2013). Furthermore, significant behav-
ioral, biochemical and molecular differences induced by early
versus delayed administration of levodopa or pramipexole in
hemiparkinsonian rats have been reported (Marin et al., 2014).
These evidences notwithstanding, there is still much to learn in
regards to the ultimate mechanism of action of these two drugs and
which additional factors account for their differences in terms of
clinical effects.

In recent years, much has been learned about the cascade of
molecular events that are set in motion downstream of the DA
receptors both in the context of denervation of the nigrostriatal
system by the pathological process, and by the non-physiologic
stimulation of denervated DA receptors by either DA (through
exogenous replacement by levodopa) and by DA receptor agonists
(Ferrario et al., 2004; Griinblatt et al., 2011; Konradi et al., 2004;
Meurers et al., 2009). These pervasive changes involving stimula-
tion of transcription factors, differential expression of genes and
their corresponding proteins are believed to be responsible for
some of the enduring changes that underlie the development of
motor complications and perhaps for their putative neuro-
protective or disease modifying effects. Here we looked at the
whole striatal transcriptome to characterize the gene expression
patterns underlying the therapeutic effects of chronic treatments
with levodopa or pramipexole in rats with nigrostriatal lesions.

2. Materials and methods
2.1. Animals

Male Wistar rats weighing 200—220 g at the beginning of the experiments were
purchased from Facultad de Farmacia y Bioquimica, Universidad de Buenos Aires
(Buenos Aires, Argentina). Rats were caged in groups of three or four, with free
access to food and tap water in a temperature-controlled room (20 + 2 °C) with a

12 h light/dark cycle (light period from 8 a.m. to 8 p.m.). All surgical procedures were
performed in accordance with European Union Directive 2010/63/EU guidelines for
the use and care of laboratory animals, as well as Argentine regulations (RS617/2002,
Servicio Nacional de Sanidad y Calidad Agroalimentaria, SENASA, Argentina). All
studies complied with the ARRIVE guidelines. All efforts were made to minimize
animal suffering and to reduce the number of animals used.

2.2. Drugs

Commercially available Levodopa/carbidopa 250/25 mg (Lebocar, Pfizer SRL,
Argentina) and Pramipexole 1 mg (Sifrol, Boehringer-Ingelheim, Germany) were
dissolved in tap water as vehicle, filtered, and made available to rats in light pro-
tected bottles. This was the animals' only source of fluid and was prepared three
times a week. The stability of levodopa in tap water was determined in a previous
work (Ferrario et al., 2004). The concentration of the pramipexole solution remained
unaltered after four days in tap water as determined by high-performance liquid
chromatography (not shown). To keep the doses constant during the three weeks of
treatment, drug concentration was readjusted to the mean weight of the animals
and the volume of liquid they drank (Datla et al., 2001; Ferrario et al., 2004).

2.3. Intrastriatal 6-hydroxydopamine lesion

In order to produce a protracted extensive degeneration of the nigrostriatal
pathway, an intrastriatal 6-OHDA injection was performed following a protocol
described by Kirik et al. (1998) with slightly variations. Under deep anesthesia with
ketamine/xylazine 60/10 mg/kg, respectively (Ketamina 50, Holliday—Scott,
Argentina and Xylazine, Kensol, Konig, Argentina), rats received three stereotaxic
injections of 8 pug of 6-hydroxydopamine hydrobromide (calculated as free base) (6-
OHDA, MP Biochemicals, USA) dissolved in 3 pl of 0.02% ascorbic acid in saline in the
left striatum with a 30-gauge steel cannula (lesioned group, LES). The dose used was
selected on the basis of experience from previous experiments (not shown). A group
of control rats received vehicle (0.02% ascorbic acid in saline) instead of 6-OHDA
(SHAM group). The injection rate was 0.55 pl/min and the cannula was left in
place for additional 3 min before slowly retracting it. Stereotaxic coordinates from
bregma (mm) were: (1): 1.0 anterior, 3.0 lateral, 5.0 ventral; (2): 0.1 posterior, 3.7
lateral, 5.0 ventral; (3): 1.2 posterior, 4.5 lateral, 5.0 ventral. Rats were placed on a
heating pad to minimize hypothermia until they recovered from anesthesia.

2.4. Behavioral evaluation

Akinesia of the contralateral forepaw was assessed in limb-use asymmetry tests,
the cylinder test (Schallert et al., 2000) and the stepping test (Olsson et al., 1995). In
the cylinder test a rat is placed in a transparent acrylic cylinder (20 cm diameter,
30 cm height) and the observer counts the number of wall contacts performed with
the left, right, or both forelimbs simultaneously, during 5 min of spontaneous ver-
tical exploration. An asymmetry score was calculated as percentage of the number of
contralateral forelimb wall contacts plus 1/2 the number of both forelimbs wall
contacts, divided by the total number of wall contacts (ipsilateral plus contralateral
plus both forelimb contacts) (Larramendy et al., 2008; Woodlee et al., 2005). The
cylinder test was performed three days before and two weeks after surgery in order
to select the successfully lesioned animals. On the third week of the pharmacological
treatments this test was carried out from 10 p.m. to 6 a.m., period of maximum
activity of animals and maximum consumption of the drugs solution. The stepping
test was conducted twice a day for three consecutive days (the animals were
handled during 2 days to become familiar with the manipulation). The rat was held
in one hand fixing the hindlimbs whereas one of the forelimbs was slightly fixed
with the other hand. In this position and with the other forepaw touching the
surface of a table of 90 cm, the rat was moved in 5 s, first to the forehand and then to
the backhand direction. The number of adjusting steps was counted in both di-
rections for each forelimb and a mean value was obtained by averaging the number
of steps observed across the six sessions (theoretical maximum score per session:
16). Abnormal involuntary movements or “dyskinesias” were measured as previ-
ously described using the following scale: 0: absent; 1: occasional; 2: frequent; 3:
continuous interrupted by sensory distraction; 4: continuous not interrupted by
sensory distraction (Cenci and Lundblad, 2007; Delfino et al.,, 2004; Larramendy
et al., 2008; Lundblad et al., 2004).

2.5. Tissue preparation for immunohistochemistry

Rats were anesthetized with ketamine/xylazine (60/10 mg/kg, i.p.) and perfused
transcardially with 100 ml of saline followed by 250 ml of 4% paraformaldehyde in
0.1 M phosphate-buffered saline (PBS). Brains were post-fixed for 2 h in the same
fixative solution, cryoprotected in 30% sucrose in 0.1 M PBS for 48 h and stored at
4 °C until sectioning. Serial coronal, 40-um-thick tissue sections of striatum and
substantia nigra pars compacta (SNpc) were cut in a freezing microtome. The slices
were stored in PBS containing 0.1% sodium azide at 4 °C. Animals under three weeks
of pharmacological treatment were perfused after a drug washout period of 24 h.
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2.6. Immunohistochemistry

To evaluate the severity of dopaminergic denervation in our animal model,
immunohistochemistry for tyrosine hydroxylase (TH) was performed on free-
floating coronal serial sections following a standard protocol (Taravini et al., 2011).
During all staining procedures 0.1 M PBS containing 0.15% Triton X-100 was used for
diluting all immunoreagents and for washing between all antibodies incubations.
Sections were incubated in 0.3% H,05 for 30 min followed by 10% normal goat serum
for 30 min. The sections were incubated with the primary antiserum rabbit anti-TH
(1:1000; Pel Freeze Biologicals, USA) over night at 4 °C and, after washing, with the
biotin-labeled anti-rabbit IgG antiserum (1:250, Vector Laboratories, USA) for two
hours. The presence of the primary antibody was visualized by means of an avidin-
biotin peroxidase complex (1:125, Vectastain, ELITE ABC kit, Vector Laboratories),
developed with 0.5 mg/ml 3,3’-diaminobenzidine tetrahydrochloride (Sigma, USA)
and 0.015% H,0;.

2.7. Quantification

To determine the extent of dopaminergic denervation, the presence of TH-
immunoreactive (TH-ir) cells was evaluated on the lesioned and non-lesioned
hemisphere. The proportion of TH-ir cells remaining in the SNpc injected with 6-
OHDA or vehicle was estimated from direct counts on nigral sections using the
software Mercator Pro (Explora Nova, France). TH-ir neurons were blindly counted
using a 40x objective in the ipsilateral and contralateral SNpc of four 40-pum thick
coronal section (4.80, 5.30, 5.80 and 6.04 mm posterior to bregma) (Paxinos and
Watson, 1986; Taravini et al., 2011). The sum of TH-ir neurons in the four nigral
levels was expressed as a percentage with respect to the contralateral SNpc. The
percentage of TH-ir area was determined on the lesioned striatum on every tenth
40-um thick coronal section (a total of seven sections covering the striatum between
1.6 and —1.3 mm related to bregma) (Paxinos and Watson, 1986; Taravini et al.,

A Substantia nigra
lesioned a2

a1l control

level 1
4.80 mm

level 2
5.30 mm

level 3
5.80 mm

level 4
6.04 mm

control

2011). Optical density measurements were performed using the National In-
stitutes of Health Image] software (http://rsbweb.nih.gov/ij/, NIH, USA).

2.8. Striatal dissection

After 3 weeks of daily drug administration and a washout period of 24 h, rats
were exposed to carbon dioxide until loss of consciousness was achieved, and were
immediately sacrificed by decapitation. Brains were quickly removed on a cold
surface, striata ipsilateral to the lesion (or the left striatum of normal animals) were
dissected out, immediately frozen and stored at —70 °C until total RNA isolation. The
ventral mesencephalon containing the SNpc was post-fixed by immersion in 4%
paraformaldehyde in 0.1 M PBS for eight hours, cryoprotected in 30% sucrose in
0.1 M PBS and sectioned in a freezing microtome. Serial coronal, 40-pm-thick tissue
sections of SNpc were obtained to evaluate the extent of dopaminergic denervation
by means of TH immunohistochemistry.

2.9. Preparation of RNA and microarray hybridization

Total RNA was isolated from the striatum with a commercially available kit
(Qiagen RNeasy Lipid Tissue Mini kit, Qiagen, Germany), according to the manu-
facturer's instructions. RNA concentration and purity was determined by UV spec-
trophotometry measuring the ratio of the absorbencies at 260 nm and 280 nm (Aze0,
280) and RNA integrity was confirmed on denaturing formaldehyde 1.2% agarose gel
visualizing the 18S and 28S ribosomal RNA bands. The samples passing quality
control criteria (concentration >0.5 pg/ul and Azepp280: 1.8—2.2) were used for
further analysis and stored at —70 °C until use. One hundred ng of total RNA were
processed and hybridized to the Rat Genome 1.0 ST GeneChip® Array (Affymetrix,
Santa Clara, CA), washing and staining procedures were carried out according to
standard protocols and following the manufacturer's instructions (www.Affymetrix.
com). This array allows studying the gene expression level of the whole rat genome.
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Fig. 1. Characterization of PD animal model. A. Tyrosine hydroxylase (TH) immunohistochemistry revealed a moderate nigrostriatal lesion after unilateral 6-OHDA injections in the
striatum. Figure shows two representative animals with 47% (a1) and 20% (a2) of TH-immunoreactive (TH-ir) remaining cells at substantia nigra pars compacta (4.80, 5.30, 5.80 and
6.04 mm posterior to bregma) and the concomitant loss of TH-ir terminals at the striatum. B. Successfully 6-OHDA lesioned rats showed marked deficits in the use of the
contralateral forelimb (CF) both in the cylinder test (b1) and the stepping test (b2). Data are mean + SEM of 10 6-OHDA-lesioned rats (LES) and 5 control rats (SHAM).

Nonparametric Mann—Whitney test for independent samples *p < 0.05.
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Fig. 2. Therapeutic effects of chronic levodopa and pramipexole treatments. A. Three groups of 6-OHDA lesioned animals were used to establish the therapeutic dose of pramipexole
by means of the cylinder test (CT). Motor improvement was determined as percentage of contralateral forelimb (CF) use above 25%, as animals selected for the experiment used the
CF less than 25% of the times due to the akinesia induced by the 6-OHDA lesion. The percentage of animals with CF use above 25% was 11% for the 1.5 mg/kg/day dose (n = 9), 63%
for the 2.5 mg/kg/day dose (n = 11) and 75% (n = 8) for the 3.5 mg/kg/day dose. B. Time course of an experiment designed to compare the therapeutic effects of the 3.5 mg/kg/day
pramipexole dose and a 170 mg/kg/day dose of levodopa previously used by our group (Ferrario et al., 2004). C. The 3.5 mg/kg/day dose of pramipexole induced comparable motor
improvement to the 170 mg/kg/day dose of levodopa in the last evaluation in the CT (Kruskal Wallis test followed by multiple comparison post hoc Dunn test, *p < 0.05,
mean + SEM). D. No significant differences were observed in the percentage of remaining tyrosine hydroxylase-immunoreactive (TH-ir) cells in the substantia nigra pars compacta
between 6-OHDA-lesioned (LES) rats treated with vehicle (VEH, n = 6), pramipexole (PRAMI, n = 6) or levodopa (LEVO, n = 6) (One way ANOVA and multiple comparison post hoc
Tukey test, *p > 0.05). As expected, 6-OHDA-lesioned rats differed significantly from normal rats treated with vehicle (NORM-VEH, n = 5) (Tukey test, *p < 0.05, mean + SEM). ST:

Stepping test, IHC: Immunohistochemistry.

Each chip comprises more than 722,000 unique 25-mer oligonucleotide probes
(median of 26 probes per gene) represented by more than 27,300 distinct probes.
This analysis was performed on samples from three pools of four rat striata per
group: lesioned treated with, vehicle (LES-VEH), levodopa (LES-LEVO) or prami-
pexole (LES-PRAMI) and normal rats treated with vehicle (NORM-VEH), resulting in
a total of 12 chips.

2.10. Microarray analysis

Raw data was normalized and summarized at gene level by means of the Robust
Multichip Analysis (Carvalho et al., 2007) method from oligo package (Carvalho and
[rizarry, 2010). Then, quality control assessment was performed in order to remove
bad quality probes from further analysis. Differential expression analysis was carried
out fitting a linear model for each gene and comparing the conditions of interest
using the appropriate contrasts, as implemented in limma package (Smyth, 2005).
Genes were considered differentially expressed if they show a p value <0.05 and a
log2 fold change >0.3 (McCarthy and Smyth, 2009).

Hierarchical clustering analysis (Wilkinson and Friendly, 2009) was applied on
differentially expressed genes to compare expression patterns across treatments,
using Euclidean distance as the dissimilarity metric and complete linkage as the
agglomeration method. The results of these analyses were displayed using a “heat
map” where signal intensity of differentially expressed genes is mapped to a color
scale and clustering is applied on both rows and columns. All of the methods used in
this section are implemented as R packages and freely available at www.
bioconductor.org.

2.11. Quantitative real-time RT-PCR

Using the same RNA samples prepared for the microarray hybridization, we
attempted to validate the expression of nine selected genes by quantitative real-time
RT-PCR (qRT-PCR), using the 7500 Real-Time PCR System (Applied Biosystems,
Foster City, CA). The procedure was performed in one step using a commercially
available kit (Power SYBR® Green RNA-to-Ct™ 1-step), according to the manufac-
turer's instructions (Applied Biosystems). RNA was amplified in a total volume PCR
reaction mixture of 12.5 pl with specific primers for Nr4a2 (Nurr1, nuclear receptor
subfamily 4, group A, member 2), Psmd14 (proteasome (prosome, macropain) 26S
subunit, non-ATPase, 14), Ndufal2 (NADH dehydrogenase (ubiquinone) 1 alpha

subcomplex, 12), OIr1375 (olfactory receptor 1375), Ppp1r2 (Protein phosphatase in-
hibitor 2), Gabarap (Gamma-aminobutyric acid receptor-associated protein), Mybl1
(myeloblastosis oncogene-like 1), Sod1 (superoxide dismutase 1) (Eurofins Scientific,
Luxembourg) and, GFAP (glial fibrillary acidic protein). The sequences of the primers
are given in Supplementary Table 1. Expression of each target gene was normalized
using values obtained either HPRT (Hypoxanthine-guanine phosphoribosyl-
transferase) or GAPDH (Glyceraldehyde 3-phosphate dehydrogenase) and relative to
the control groups was calculated using the AACT method (Livak and Schmittgen,
2001). Each sample was analyzed in triplicate and appropriate negative controls
(no-template) were also run on each plate in triplicate. Data were analyzed using
sequence detection systems software 7500 v.2.0.3 (Applied Biosystems). Results
were expressed as relative levels of target gene in the treated referred to control
samples.

3. Results

3.1. Validation of clinically effective levodopa and pramipexole oral
treatments in a model of early PD

To simulate an early stage of PD, partial lesions of the nigros-
triatal system were induced by injecting 6-OHDA at multiple sites
in the left striatum (Fig. 1A). Animals showing marked spontaneous
behavioral deficit as assessed by the cylinder and stepping tests
(Fig. 1B) were selected for further pharmacological studies. First, we
tested the effect of different doses of pramipexole dissolved in tap
water (vehicle) in the cylinder test (Fig. 2A). A 1.5 mg/kg/day dose
induced no benefit whereas 2.5 and 3.5 mg/kg/day doses induced
similar behavioral improvement (8—11 rats per group). Then, in a
new set of 6-OHDA lesioned rats, we compared the behavioral
improvement induced by pramipexole with that induced by a
previously validated oral levodopa treatment (Ferrario et al., 2004).
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(TH-ir) neurons remaining in the substantia nigra pars compacta after treatment with levodopa (c1) or pramipexole (c2). Pearson correlation analyses of these variables show a clear
correlation for pramipexole (r = 0.73, p < 0.0001) but not for levodopa treatment (r = 0.13, p = 0.59). SN: substantia nigra, qRT-PCR: quantitative real-time RT-PCR, IHC:

Immunohistochemistry.

Vehicle (n = 6), levodopa/carbidopa (170/17 mg/kg/day, n = 6) or
pramipexole (3.5 mg/kg/day, n = 6) were administered for three
weeks to 6-OHDA lesioned animals according to the protocol
depicted in Fig. 2B. Both treatments induced a significant
improvement in the cylinder test and did not differ from each other
(Fig. 2C). Importantly, abnormal involuntary movements or dyski-
nesias were looked for independently by two trained observers (CL
and IT) and were not found in any of the animals regardless of
treatment. Postmortem studies showed ~60% depletion of TH-ir
neurons in the SNpc of 6-OHDA lesioned animals (Fig. 2D). Over-
all the data show that oral pramipexole and levodopa at the
selected doses induce a similar degree of behavioral improvement
without inducing dyskinesias in a partial lesion model of PD,
similar to what happens in patients at the early stages of PD
(Holloway et al., 2004; Parkinson Study Group, 2009, 2000).

3.2. Correlation between treatment-induced symptomatic
amelioration and degree of nigrostriatal damage

From a new set of 6-OHDA lesioned rats showing clear behav-
ioral deficits we obtained, by random sampling, three experimental
groups which were assigned to receive either vehicle (n = 18),
levodopa/carbidopa (170/17 mg/kg/day; n = 21) or pramipexole

(3.5 mg/kg/day; n = 26) for three weeks (Fig. 3A). Post hoc analysis
confirmed similar lesion-induced behavioral deficits in the three
groups of 6-OHDA rats (Fig. 3B). However, when the degree of
behavioral improvement was plotted against the percentage of TH-
ir neurons remaining in the SNpc (Fig. 3C), a clear correlation was
found for pramipexole only (r = 0.73, p < 0.0001), where the higher
the nigral cell loss, the lower the symptomatic effect of
pramipexole.

3.3. Contrasting gene expression patterns induced by levodopa and
pramipexole treatments

From the animal set described in Fig. 3, three groups of 6-OHDA-
lesioned rats (n = 12 each), which received either vehicle, levo-
dopa/carbidopa (170/17 mg/kg/day) or pramipexole (3.5 mg/kg/
day) for three weeks and were randomly selected for the micro-
array experiments. In parallel, twelve control (non-lesioned) rats
received vehicle alone (as described in Fig. 3A). In order to run the
microarray experiment in triplicate, each experimental group was
further divided into 3 subgroups of four animals each (Fig. 4A). Post
hoc analysis confirmed similar lesion-induced behavioral deficits in
all the subgroups of 6-OHDA rats (Fig. 4B). As expected, both
pharmacological treatments induced similar symptomatic
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Fig. 4. Behavioral evaluation of hemiparkinsonian rats under pharmacological treatment. A. The microarray experiment was performed in triplicate. After the pharmacological
treatment each experimental group was further subdivided in 3 groups (replicas) of 4 animals each. Normal-vehicle (NORM-VEH), lesioned-vehicle (LES-VEH), lesioned-levodopa
(LES-LEVO) and lesioned-pramipexole (LES-PRAMI). B. Lesioned animals presented comparable behavioral deficits in the use of the contralateral forelimb (CF) both in the cylinder
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Table 1

Genes differentially expressed in response to levodopa or prami-
pexole treatments. Differences were considered statistically signifi-
cant at a level of p < 0.05. Number of genes differentially expressed
with a minimum fold change of 0.3 for each comparison between
treatments.

Fold change >0.3 or <-0.3 and p < 0.05

Comparison N° of Genes
LES-LEVO vs LES-VEH 240
LES-PRAMI vs LES-VEH 189
LES-LEVO vs LES-PRAMI 550

amelioration in rats belonging to each replica (Fig. 4C). Postmortem
cell counts revealed a significantly higher number of remaining TH-
ir nigral neurons in the pramipexole-treated animals of one of the
replicas (Fig. 4D). This is probably related to the fact that the
therapeutic effect of pramipexole is inversely related to degree of
nigral neuron depletion (Fig. 3D), resulting in the exclusion of
severely lesioned animals from the pramipexole treated group
because of the lack of therapeutic effect.

Gene expression analysis was performed with Affymetrix
microarray encompassing the whole rat transcriptome (see Section
2.9). Overall, the treatments produced relatively small quantitative
changes in a large number of genes (Table 1). Setting threshold at
0.3 fold change, levodopa induced significant (p < 0.05) expression
changes in 240 genes and pramipexole in 189 genes, when
compared to vehicle alone (Supplementary Table 2). Among them,
only 23 genes suffered significant changes with both treatments
(Fig. 5), indicating that different gene expression patterns lie
behind the levodopa and pramipexole therapeutic effects.

Furthermore, when levodopa was compared to pramipexole 550
genes showed a significant >0.3 fold change (Supplementary
Table 2), among which 402 were not present in the comparison
of each treatment against vehicle (Fig. 5). Thus, only 100 of the 240
genes identified in the levodopa versus vehicle comparison and 47
of the 189 genes identified in the pramipexole versus vehicle
comparison were present in the levodopa/pramipexole compari-
son. This is because levodopa and pramipexole have small but
opposite effects on a number of transcripts, which did not stand as
significant when taking vehicle as reference but come out as
different when the treatments are directly compared against each
other.

Heat maps on differentially expressed genes showed consistent
effects of the treatments across replicas (Fig. 5), providing evidence
for the reproducibility of the sampling and quantification pro-
cedures. Moreover, despite the overall small size of changes in
mRNA expression at the level of individual transcripts, it revealed a
robust and complete segregation of the treatments in comparisons
against vehicle (Fig. 5A and B) and against each other (Fig. 5C).

3.4. Ribosomal and mitochondrial related transcripts distinguish
levodopa from pramipexole treatment

The gene expression patterns induced by the treatments were
further characterized by studying the enrichment of differentially
expressed genes within specific molecular pathways following the
Kyoto Encyclopedia of Genes and Genomes (KEGG, http://www.
genome.jp/kegg/) (Werner, 2008). The KEGG database is

organized in pathways linking sets of transcripts with normal and
pathological cellular processes. Six KEGG pathways are enriched
with transcripts detected in the comparison levodopa against
vehicle (Table 2): olfactory transduction (22 transcripts), ribosome
(18 transcripts), Parkinson's disease (7 transcripts), oxidative
phosphorylation (6 transcripts), proteasome (2 transcripts) and
Huntington's disease (7 transcripts). Only one pathway, olfactory
transduction, is enriched with transcripts (19) in the pramipexole
against vehicle comparison. Finally, enrichment of olfactory trans-
duction (24 transcripts), ribosome (20 transcripts), oxidative
phosphorylation (12), Parkinson's disease (12), Huntington's dis-
ease (14) and proteasome (5) pathways distinguish levodopa from
the pramipexole treatment. Some of these pathways are highly
related to each other, sharing transcripts related to oxidative
phosphorylation and oxidative stress (Table 2), whose expression is
primarily modified by levodopa administration.

3.5. Validation of microarray data by qRT-PCR

In order to validate the microarray results, we performed qRT-
PCR analysis of nine transcripts, which were selected based on
their enrichment in the above KEGG pathways, the magnitude of
the fold change observed in the microarray experiment, or previous
reports showing expression changes in PD patients or animal
models of PD. Table 3 shows a comparison between microarray and
RT-PCR results. Among a total of 21 comparisons, only two gave
qualitatively opposite changes with qRT-PCR compared to the
microarray results. Except for these two comparisons, changes
observed with the microarray were linearly related to changes
observed with qRT-PCR (r = 0.72, slope = 0.46, p < 0.0006; Fig. 6).

4. Discussion

High throughput analysis techniques, such as transcriptomics,
provide an unbiased approach to the detection of a set of analytes
that can differentiate between conditions in a biological sample. In
this experiment we have used this approach in an attempt to
differentiate the expression profile of the whole rat transcriptome
by means of a microarray applied to the striatum of a rat model of
early PD undergoing two different treatment regimens with either
levodopa or pramipexole in clinically meaningful doses. The results
obtained confirmed our assumption that given the different phar-
macokinetic and pharmacodynamic profiles, as well as their
different clinical effects, these two commonly used anti-
parkinsonian drugs would induce a significantly different gene
expression profile.

Our data strongly validate the use of partial 6-OHDA-induced
nigrostriatal lesions to model early stage PD. This is illustrated by
the reproduction of the long-discussed effect of disease progression
on D2 agonist therapeutic action often observed in clinical settings
(Pd Med Collaborative Group, 2014). In our animals there was a
marked correlation between the number of remaining dopami-
nergic neurons in the substantia nigra and the therapeutic effect
induced by pramipexole (but not levodopa), so that animals with
extensive degeneration show little response to pramipexole
(Fig. 3C). The reduction of the therapeutic benefit obtained with D2
agonists as disease progresses is usually attributed to the loss of
concomitant endogenous D1 receptor stimulation as dopaminergic

test (b1) and the stepping test (b2). C. Cylinder test under treatment. Percentage of CF use under pharmacological treatment of selected animals for microarray experiment for each
replica (n = 4 per group per replica). D. No significant differences were observed in the percentage of remaining tyrosine hydroxylase-immunoreactive (TH-ir) cells in the substantia
nigra pars compacta between 6-OHDA-lesioned rats treated with vehicle, pramipexole or levodopa except in the third replica where the percentage of remaining TH-ir nigral
neurons was significantly higher in pramipexole-treated than in levodopa-treated animals. Lesioned rats differed significantly from normal rats treated with vehicle (One way

ANOVA and Tukey's multiple comparison test, *p < 0.05, mean + SEM).
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Fig. 5. Heat maps showing the genes expression levels induced by levodopa or pramipexole in the striatum of 6-OHDA lesioned rats. Vertical rows represent individual genes and
horizontal rows represent a chip or biological replica for each treatment. Each cell in the matrix represents the expression level of a single transcript, with green and red indicating
transcript level above and below the median level of expression for that gene, respectively and the rest color codes fall in between. The three horizontal rows at the top of each heat
map are replicas of the same condition, while the three horizontal rows at the bottom are replicas of another condition. The depicted hierarchical cluster dendrograms at the left of
the heat maps indicate the level of correspondence between two or more conditions based on the expression levels of differentially expressed genes.
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Table 2

Functional analysis of modified gene expression after pharmacological treatments. Kyoto Encyclopedia of Gene and Genome (KEGG) database was used to define functions and
pathways modified in the lesioned striatum of rats treated with levodopa, pramipexole or vehicle. KEGG pathways were selected with an adjusted p < 0.05. This analysis
highlighted six KEGG pathways: olfactory transduction, ribosome, Parkinson's disease, oxidative phosphorylation, proteasome and Huntington's disease. LV: Lesioned-Vehicle,
LL: Lesioned-Levodopa, LP: Lesioned-Pramipexole.

Gene Symbol Gene Description LL vs LV LP vs LV LL vs LP
KEGG: rno04740: Olfactory transduction
Olr46 olfactory receptor 46 -0.388
Olr80 olfactory receptor 80 -0.307
0Ir210 olfactory receptor 210 —-0.465
Olr252 olfactory receptor 252 -0.314
OIr285 olfactory receptor 285 -0.430
0lr292 olfactory receptor 292 —0.406
Olr311 olfactory receptor 311 —0.337 0.462
Olr315 olfactory receptor 315 0.447
Olr318 olfactory receptor 318 0.308
Olr385 olfactory receptor 385 0.426 —0.400
Olr401 olfactory receptor 401 —0.358
Olr476 olfactory receptor 476 -0.364
Olr484 olfactory receptor 484 0.302
Olr490 olfactory receptor 490 -0.474 —0.465
OIr491 olfactory receptor 491 0.349
Olr561 olfactory receptor 561 -0.354
Olr566 olfactory receptor 566 -0.510
Olr576 olfactory receptor 576 -0.350
OIr581 olfactory receptor 581 —0.540
Olr590 olfactory receptor 590 -0.377
Olr607 olfactory receptor 607 -0.428
Olr630 olfactory receptor 630 0.334
Olr640, OIr637, Olr635, Olr624, Olr633 olfactory receptor 640, olfactory receptor 637, olfactory receptor 635, 0.337

olfactory receptor 624, olfactory receptor 633
Olr663 olfactory receptor 663 0.344
Olr664 olfactory receptor 664 -0.372
Olr666 olfactory receptor 666 0.307 0.359
Olr673 olfactory receptor 673 0.416
Olr715 olfactory receptor 715 0.479
Olr735 olfactory receptor 735 0.302
Olr736 olfactory receptor 736 0.333
Olr748 olfactory receptor 748 0.410
Olr769 olfactory receptor 769 0.433
Olr785 olfactory receptor 785 —0.584
OIr789 olfactory receptor 789 0.455
OIr838 olfactory receptor 838 -0.372
Olr838 olfactory receptor 838 0.305
0lr848, 01r844, 0lIr845, Olr850 olfactory receptor 848, olfactory receptor 844, olfactory receptor 845, —0.398 -0.303

olfactory receptor 850
0Ir844, 0OIr848, 0lr845, OIr850, Olr847 olfactory receptor 844, olfactory receptor 848, olfactory receptor 845, —0.450 -0.318

olfactory receptor 850, olfactory receptor 847
Olr869 olfactory receptor 869 -0.532
0Ir1082 olfactory receptor 1082 0.329
Olr1122 olfactory receptor 1122 —0.305
0Ir1248, 0Ir1247, OIr1249, Olr1246 olfactory receptor 1248, olfactory receptor 1247, olfactory receptor 1249, —0.305

olfactory receptor 1246
Olr1259 olfactory receptor 1259 —0.498
OIr1288 olfactory receptor 1288 —0.308 0.359
OIr1325 olfactory receptor 1325 0.730 0.660
0Ir1361 olfactory receptor 1361 -0.310
Olr1375 olfactory receptor 1375 —0.541
OIr1380 olfactory receptor 1380 -0.371
0Ir1382 olfactory receptor 1382 -0.333 0.342
Olr1425 olfactory receptor 1425 —0.309
Olr1627 olfactory receptor 1627 0.324
0lr1641 olfactory receptor 1641 0.637
Olr1654 olfactory receptor 1654 0.646
Olr1687 olfactory receptor 1687 -0.315
Olr1746 olfactory receptor 1746 -0.374
RGD1561276 similar to olfactory receptor Olfr1289 0.338
Number of genes 22 19 24
KEGG: rno05012: Parkinson's disease
Cox5a cytochrome c oxidase, subunit Va 0.353 0.347
Cox5a cytochrome c oxidase, subunit Va 0.391
Cox6al cytochrome c oxidase, subunit VIa, polypeptide 1 0.329
Cox7a2l cytochrome c oxidase subunit VIla polypeptide 2 like 0.328
Htra2 HtrA serine peptidase 2 0.385
ND6 NADH dehydrogenase subunit 6 0.672
Ndufa6 NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 6 (B14) 0.334

(continued on next page)
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Gene Symbol Gene Description LL vs LV LP vs LV LL vs LP
Ndufb6 NADH dehydrogenase (ubiquinone) 1 beta subcomplex, 6 0.621 0.741
Ndufc2 NADH dehydrogenase (ubiquinone) 1, subcomplex unknown, 2 0.315
Sdhc succinate dehydrogenase complex, subunit C, integral membrane protein 0.415 0.499
Sdhd succinate dehydrogenase complex, subunit D, integral membrane protein 0.300
Slc25a4 solute carrier family 25 (mitochondrial carrier; adenine nucleotide 0316
translocator), member 4
Ube2g2 ubiquitin-conjugating enzyme E2G 2 0.380
Uqcr ubiquinol-cytochrome c reductase, 6.4 kDa subunit 0.394
Uqcrfs1 ubiquinol-cytochrome c reductase, Rieske iron—sulfur polypeptide 1 0.315 0.371
Uqcrq ubiquinol-cytochrome c reductase, complex III subunit VII 0.370
Number of genes 7 0 12
KEGG: rno03010: Ribosome
Dtna, RGD1563861 dystrobrevin alpha, similar to ribosomal protein L10 0.452 0.688
Fau, RGD1565317 Finkel-Biskis-Reilly murine sarcoma virus (FBR-MuSV) ubiquitously 0.332
expressed, similar to ubiquitin-like/S30 ribosomal fusion protein
Fau, RGD1565317 Finkel-Biskis-Reilly murine sarcoma virus (FBR-MuSV) ubiquitously 0.329
expressed, similar to ubiquitin-like/S30 ribosomal fusion protein
LOC499782, RGD1564883, Rpl12, RGD1563956 similar to 60S ribosomal protein L12, ribosomal protein L12 0.376
LOC688136 similar to 60S ribosomal protein L37a 0.392
RGD1309784 similar to ribosomal protein L24-like; 60S ribosomal protein L30 isolog; 0.301
my024 protein; homolog of yeast ribosomal like protein 24
RGD1565131 similar to ribosomal protein L15 0.324
RGD1566373 similar to large subunit ribosomal protein L36a 0.432
Rpl10 ribosomal protein L10 0.418 0.554
Rpl18a ribosomal protein L18A —0.387
Rpl23a, RGD1565170 ribosomal protein L23a, similar to 60S ribosomal protein L23a 0.319
Rpl24 ribosomal protein L24 0.344 0.450
Rpl26, Rpl26-ps1 ribosomal protein L26, ribosomal protein L26, pseudogene 1 0.326
Rpl31 ribosomal protein L31 0.314
Rpl31, RGD1564839 ribosomal protein L31, similar to ribosomal protein L31 0.392 0.370
Rpl31, RGD1564839, LOC680384 ribosomal protein L31, similar to ribosomal protein L31 0.531 0.451
Rpl31, RGD1564839, LOC680384 ribosomal protein L31, similar to ribosomal protein L31 0.367
Rpl31, RGD1564839, LOC680384, LOC681338 ribosomal protein L31, similar to ribosomal protein L31 0.334 0.326
Rpl31, RGD1564839, RGD1563551, LOC680384 ribosomal protein L31, similar to ribosomal protein L31 0.367 0.312
Rpl34, LOC680170 ribosomal protein L34, similar to ribosomal protein L34 0.409
Rpl34, LOC680170 ribosomal protein L34, similar to ribosomal protein L34 0.402
Rpl36a, RGD1563431 ribosomal protein L36a, similar to large subunit ribosomal protein L36a 0.315
Rpl36a, RGD1563431 ribosomal protein L36a, similar to large subunit ribosomal protein L36a 0.353
Rpl36a, RGD1563431 ribosomal protein L36a, similar to large subunit ribosomal protein L36a 0.381
Rpl37a ribosomal protein L37a 0.332 0.312
Rpl37a ribosomal protein L37a 0.311
Rpl37a-ps2 ribosomal protein L37a, pseudogene 2 0.306
Rplp1, RGD1565054, LOC502350 ribosomal protein, large, P1, similar to 60S acidic ribosomal protein P1 0.313 0.316
Rplp1, RGD1565054, RGD1560815, LOC502350 ribosomal protein, large, P1, similar to 60S acidic ribosomal protein P1, 0.307 0314
similar to acidic ribosomal phosphoprotein P1
Rps12 ribosomal protein S12 0.301 0.303
Rps12 ribosomal protein S12 0.319 0.363
Rps12 ribosomal protein S12 0.350
Rps12 ribosomal protein S12 0.377
Rps21 ribosomal protein S21 0.393 0.578
Rps21 ribosomal protein S21 0.390 0.576
Rps21 ribosomal protein S21 0.436 0.593
Rps27a ribosomal protein S27a 0.326 0.369
Rps27a ribosomal protein S27a 0.344 0.385
Rps27a, RGD1560997, LOC688462 ribosomal protein S27a, similar to ribosomal protein S27a 0.354 0.387
Rps8, LOC297756, RGD1566369 ribosomal protein S8, ribosomal protein S8-like, similar to ribosomal protein 0.346 0.337
S8
Rps8, LOC297756, RGD1566369 ribosomal protein S8, ribosomal protein S8-like, similar to ribosomal protein 0.349
S8
Scn7a, RGD1560831 sodium channel, voltage-gated, type VII, alpha, similar to 40S ribosomal -0.629
protein S3
Number of genes 18 1} 20
KEGG: rno03050: Proteasome
Psma2 proteasome (prosome, macropain) subunit, alpha type 2 0.318
Psma4 proteasome (prosome, macropain) subunit, alpha type 4 0.367
Psmb4 proteasome (prosome, macropain) subunit, beta type 4 0.353
Psmb5 proteasome (prosome, macropain) subunit, beta type 5 0.394
Psmb5 proteasome (prosome, macropain) subunit, beta type 5 0.619
Psmd14 proteasome (prosome, macropain) 26S subunit, non-ATPase, 14 0.465
Psmd14 proteasome (prosome, macropain) 26S subunit, non-ATPase, 14 0.502
Number of genes 2 0 5
KEGG: rno00190: oxidative phosphorylation
Atp6v1f ATPase, H transporting, lysosomal V1 subunit F 0.446
Cox5a cytochrome c oxidase, subunit Va 0.353 0.391
Coxb5a cytochrome c oxidase, subunit Va 0.347
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Table 2 (continued )

Gene Symbol Gene Description LL vs LV LP vs LV LL vs LP
Cox6al cytochrome c oxidase, subunit VIa, polypeptide 1 0.499
Cox7a2l cytochrome c oxidase subunit VIla polypeptide 2 like 0.328
ND6 NADH dehydrogenase subunit 6 0.672
Ndufal1 NADH dehydrogenase (ubiquinone) 1 alpha subcomplex 11 0.320
Ndufa6 NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 6 (B14) 0.334
Ndufb6 NADH dehydrogenase (ubiquinone) 1 beta subcomplex, 6 0.621 0.741
Ndufc2 NADH dehydrogenase (ubiquinone) 1, subcomplex unknown, 2 0315
Sdhc succinate dehydrogenase complex, subunit C, integral membrane protein 0.415 0.499
Sdhd succinate dehydrogenase complex, subunit D, integral membrane protein 0.300
Uqcr ubiquinol-cytochrome c reductase, 6.4 kDa subunit 0.394
Uqcrfs1 ubiquinol-cytochrome c reductase, Rieske iron—sulfur polypeptide 1 0.315 0.371
Uqcrq ubiquinol-cytochrome c reductase, complex III subunit VII 0.370
Number of genes 6 0 12
KEGG: rno05016: Huntington's disease
Cox5a cytochrome c oxidase, subunit Va 0.353 0.391
Cox5a cytochrome c oxidase, subunit Va 0.347
Cox6al cytochrome c oxidase, subunit Vla, polypeptide 1 0.499
Cox7a2l cytochrome c oxidase subunit Vlla polypeptide 2 like 0.328
Dnai2 dynein, axonemal, intermediate chain 2 0.309
Gpx1 glutathione peroxidase 1 0.310
Ndufa6 NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 6 (B14) 0.334
Ndufb6 NADH dehydrogenase (ubiquinone) 1 beta subcomplex, 6 0.621 0.741
Ndufc2 NADH dehydrogenase (ubiquinone) 1, subcomplex unknown, 2 0.315
Polr2f polymerase (RNA) II (DNA directed) polypeptide F 0.322
Sdhc succinate dehydrogenase complex, subunit C, integral membrane protein 0.415 0.499
Sdhd succinate dehydrogenase complex, subunit D, integral membrane protein 0.300
Slc25a4 solute carrier family 25 (mitochondrial carrier; adenine nucleotide 0.316
translocator), member 4
Sod1 superoxide dismutase 1, soluble 0.353 0.472
Uqcr ubiquinol-cytochrome c reductase, 6.4 kDa subunit 0.394
Uqcrfs1 ubiquinol-cytochrome c reductase, Rieske iron—sulfur polypeptide 1 0315 0.371
Uqcrq ubiquinol-cytochrome c reductase, complex III subunit VII 0.370
Number of genes 7 0 14
Table 3

Comparison of paired microarray and quantitative real-time RT-PCR (qRT-PCR) assays for candidate genes. Fold changes were measured using microarray and qRT-PCR.
Upregulated genes expression in the first condition versus the second one are shown as positive fold changes and downregulated as negative fold changes. Similar level of
fold change patterns were seen for 19 of 21 comparisons from a total of nine candidate genes (although magnitudes of change were different).

Gene Microarray qRT-PCR
Fold change p Fold change

GFAP

LES-VEH vs NORM-VEH 1.06 0.00019 233

Gabarap

LES-LEVO vs LES-PRAMI 0.38 0.00400 -0.24

Mybl1

LES-LEVO vs LES-VEH -0.15 0.19600 -0.17

LES-PRAMI vs LES-VEH 0.34 0.01000 0.46

LES-LEVO vs LES-PRAMI -0.49 0.00100 -0.63

Ndufa12

LES-LEVO vs LES-VEH 0.43 0.01600 0.03

LES-PRAMI vs LES-VEH —0.08 0.63100 0.68

LES-LEVO vs LES-PRAMI 0.51 0.00700 -0.64

Nr4a2

LES-LEVO vs LES-VEH —0.08 0.65300 0.02

LES-PRAMI vs LES-VEH 0.56 0.00800 0.62

LES-LEVO vs LES-PRAMI —0.65 0.00300 —-0.60

OIr1375

LES-PRAMI vs LES-VEH -0.54 0.00048 1.28

Ppp1r2

LES-LEVO vs LES-VEH 0.31 0.00400 0.21

LES-PRAMI vs LES-VEH -0.02 0.80300 0.03

LES-LEVO vs LES-PRAMI 0.33 0.00300 0.17

Psmd14

LES-LEVO vs LES-VEH 0.47 0.00700 0.11

LES-PRAMI vs LES-VEH —0.04 0.80500 0.07

LES-LEVO vs LES-PRAMI 0.50 0.00400 0.04

Sod1

LES-LEVO vs LES-VEH 0.35 0.01800 -0.09

LES-PRAMI vs LES-VEH -0.12 0.37800 -0.22

LES-LEVO vs LES-PRAMI 0.47 0.00300 0.14
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cells degenerate in the substantia nigra (Dziewczapolski et al.,
1997a; Robertson and Robertson, 1986; Treseder et al., 2000). But
itis also suspected that patients tolerating D2 agonist monotherapy
for longer periods, have slowly progressing forms of the disease.
This may explain why randomly chosen patients treated with D2
agonists are more likely to drop-out clinical trials than those
receiving levodopa (Holloway et al., 2004). Similarly, the highly
debated issue of a neuroprotective effect of D2 agonists in clinical
imaging studies is also suspected to result from drop-outs of pa-
tients with aggressive forms of the disease in settings receiving D2
agonist monotherapy (Parkinson Study Group, 2002). Accordingly,
in one of the replicas used for the microarray experiments the
pramipexole-treated rats had a significantly higher number of
remaining dopaminergic neurons in the substantia nigra than
levodopa-treated rats despite showing similar forelimb movement
scores to those receiving levodopa (Fig. 4). Thus, our behavioral and
histological studies: i. strengthen the predictive validity of the
partial 6-OHDA lesion model (Kirik et al., 1998); ii. provide exper-
imental support to the view that the therapeutic benefit obtained
from D2 agonists depends on the degree of nigrostriatal degener-
ation; iii. indicate that the observed gene expression patterns
correspond to clinically relevant therapeutic regimes.

The main finding of our genome-wide transcript expression
analysis was that each drug treatment induced a singular gene
expression pattern, involving relatively small but significant
changes in a large number of transcripts. A direct comparison be-
tween levodopa-treated and pramipexole-treated rats yielded
more than 500 differing transcripts. The changes in transcript
expression found in the microarray assay were validated with a
sample of 21 comparisons by qRT-PCR analysis. Overall, the fold
changes observed with one technique were linearly related to those
measured with the other one, except for two of the comparisons
that gave diametrically opposite results. Differences in the assess-
ment of transcription by the two methods could be due to the
different gene sequences targeted by the probes used by each
technique, but it may also reflect technical limitations in assessing
small quantitative variations in gene expression with both
methods. Although these drawbacks stress the need of validating
each transcript of interest before drawing definitive conclusions,
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Fig. 6. Fold change values of microarray versus quantitative real-time RT-PCR (qRT-
PCR). Correlated fold changes levels of expression for the selected genes indicated in
Table 3. Microarray expression data from each gene was plotted against its qRT-PCR
fold change and subjected to Pearson correlation analysis. Each point represents a
single gene. The open circles were not included in the linear regression (r = 0.72,
slope = 0.46, p < 0.0006).

hierarchical clustering has correctly segregated both drug-induced
gene expression patterns from the vehicle pattern, and also the
drug-induced patterns from each other, strongly supporting that
different gene expression patterns lie behind levodopa and pra-
mipexole therapies.

Because of the overall small modifications in gene expression
levels, we looked at coordinated changes involving families of
functionally-related transcripts rather than at differences in the
fold change of isolated transcripts. Studies using the KEGG database
revealed an enrichment of transcripts from molecular pathways
related to oxidative metabolism, mitochondrial function and
oxidative stress in animals treated with levodopa relative to
vehicle-treated and pramipexole-treated animals (Table 2).
Although there are many possible scenarios for the origin of these
changes, increased expression of electron transport complex pro-
teins and mitochondrial membrane carriers may be an adaptation
to the higher metabolic demands imposed by levodopa to func-
tionally altered striatal circuits. In turn, increased oxidative meta-
bolism may give rise to higher basal levels of oxidative stress in
mitochondria (Surmeier and Schumacker, 2013), which may induce
adaptations in the expression of transcripts regulating oxidative
stress like superoxide dismutase 1 (SOD1) and glutathione perox-
idase (GPx) (Ferrario et al., 2004).

Interestingly, some of the transcripts modified by levodopa
within the oxidative metabolism KEGG pathway have also been
related to apoptosis-related processes in mitochondria. Thus,
SLC25a4 codes for a carrier that translocates ADP for ATP through
the mitochondrion's inner membrane but also takes part of the
permeability transition pore during apoptosis (Clémencon et al.,
2013), and the serine peptidase HTRA2 normally protects mito-
chondrial DNA from oxidative stress but also contributes to trig-
gering degeneration when released through the permeability
transition pore (Plun-Favreau et al., 2007). That levodopa increases
oxidative stress in the brain has been repeatedly reported and
linked to presumptive toxic effects accelerating disease progression
(Melamed et al., 1998; Miiller and Muhlack, 2011; Ziv et al., 1997).
Studies of the nigrostriatal system in animal models of the disease
(Dziewczapolski et al., 1997b; Ferrario et al., 2004; Murer et al.,
1998) and imaging studies in patients (Fahn, 2006, 2005)
dispelled the fear that levodopa could accelerate nigrostriatal
degeneration. Though, it has been repeatedly reported in patients
and animals models that chronic levodopa induces a contraction of
the dendritic arbors and reduces spine number in striatal “medium
spiny” principal neurons (Day et al., 2006; Ingham et al., 1998, 1989;
McNeill et al., 1988; Sudrez et al., 2014; Zaja-Milatovic et al., 2005).
In this regard it is tempting to speculate that basal increased levels
of oxidative stress resulting from increased metabolic demands
and/or directly induced by the levodopa treatment put striatal
neurons at risk of losing dendritic surface and spines, which in the
long term may reduce the therapeutic benefit obtained with levo-
dopa and favor the appearance of motor complications.

An unexpected finding was the enrichment of transcripts
encoding for olfactory receptor proteins in both levodopa and
pramipexole-treated animals. Olfactory receptor proteins consti-
tute a large family of 7-transmembrane domain G protein-coupled
receptors mainly expressed in olfactory receptor cells, where they
mediate transduction of odorant signals (Malnic et al., 2010). To
our knowledge there are no previous reports about their expres-
sion or possible function in the striatum. Although “ectopic”
expression of olfactory receptor proteins has been reported in
several tissues (Flegel et al., 2013), whether this ectopic expres-
sion has a functional role has only been addressed in a few cases
such as the testis and skeletal muscle (Griffin et al., 2009; Spehr
et al., 2006). Alternatively, ectopic expression might not be asso-
ciated with a specific function, but could be a byproduct of leaky
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transcriptional regulation mechanisms (Rodriguez-Trelles et al.,
2005). Transcriptional regulation leakiness may be related to
chromatin de-condensation required for the regulated expression
of genes, which results in the exposure of additional regions of the
genome to a limited repertoire of transcription factors. While
transcriptional regulation leakiness may provide an evolutionary
opportunity for protein diversification (Rodriguez-Trelles et al.,
2005), it is worth asking whether transcriptional leakiness
resulting from brain lesions or pharmacological treatments can be
harmful in cells where the transduction machinery for olfactory
receptor proteins is available. For instance, olfactory receptor
proteins are over-expressed in some tumor cells where ligands for
these receptors promote tissue invasion and metastasis emer-
gence (Sanz et al., 2014). In this sense, G-alpha-olf, a G-protein co-
expressed with olfactory receptor proteins in the olfactory re-
ceptor cells, is the main G-alpha subunit mediating D1 receptor
signaling in the striatum (Zhuang et al., 2000). Overall, the data
obtained here indicates the need for further understanding of the
consequences of altered transcriptional regulation of olfactory
transduction pathways in antiparkinsonian pharmacotherapy.
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