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Reserpine is an irreversible inhibitor of vesicular monoamine transporter-2 (VMAT2) used
to study Parkinson’s disease (PD) and screening for antiparkinsonian treatments in
rodents. Recently, the repeated treatment with a low-dose of reserpine was proposed
as a progressive model of PD. Rats under this treatment show progressive catalepsy
behavior, oral movements and spontaneous motor activity decrement. In parallel,
compared to Wistar rats, spontaneously hypertensive rats (SHR) are resistant to acute
reserpine-induced oral dyskinesia. We aimed to assess whether SHR would present
differential susceptibility to repeated reserpine-induced deficits in the progressive model
of PD. Male Wistar and SHR rats were administered 15 subcutaneously (s.c.) injections
of reserpine (0.1 mg/kg) or vehicle, every other day and motor activity was assessed
by the catalepsy, oral movements and open field tests. Only reserpine-treated Wistar
rats presented increased latency to step down in the catalepsy test and impaired
spontaneous activity in the open field. On the other hand, there was an increase in
oral movements in both reserpine-treated strains, although with reduced magnitude and
latency to instauration in SHR. After a 15-day withdrawn period, both strains recovered
from motor impairment, but SHR animals expressed reduced latencies to reach control
levels. Finally, we performed immunohistochemistry for tyrosine hydroxylase (TH) and
α-synuclein (α-syn) 48 h after the last injection or 15 days after withdrawn. Reserpine-
treated animals presented a reduction in TH and an increase in α-syn immunoreactivity
in the substantia nigra and dorsal striatum (dSTR), which were both recovered after
15 days of withdraw. Furthermore, SHR rats were resistant to reserpine-induced TH
decrement in the substantia nigra, and presented reduced immunoreactivity to α-syn in
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the dSTR relative to Wistar rats, irrespective of treatment. This effect was accompanied
by increase of malondaldhyde (MDA) in the striatum of reserpine-treated Wistar rats,
while SHR presented reduced MDA in both control and reserpine conditions relative to
Wistar strain. In conclusion, the current results show that SHR are resilient to motor
and neurochemical impairments induced by the repeated low-dose reserpine protocol.
These findings indicate that the neurochemical, molecular and genetic differences in the
SHR strain are potential relevant targets to the study of susceptibility to PD.

Keywords: reserpine, Parkinson’s disease, SHR, α-synuclein, tyrosine hydroxylase

INTRODUCTION

Parkinson’s disease (PD) is the second most prevalent
neurodegenerative disease, estimated to affect 1%–2% of
those older than 60 years, and 7–10 million people worldwide
(Mayeux, 2003; Van Den Eeden et al., 2003). Most importantly, it
is a disorder with progressive onset and escalating deterioration
of life quality (Braak et al., 2003). Therefore, the resulting
social and economic burdens to countries with increasing life
expectancy justify a growing scientific effort to understand its
physiopathology.

The disease is characterized by motor impairments including
muscular weakness, rigidity, postural instability, tremors and
bradykinesia (Klockgether, 2004; Duty and Jenner, 2011).
However, non-motor alterations such as anxiety, depression,
anhedonia, deficit in executive function, dementia and sleep
disturbances are also present (Comella, 2003; Schneider et al.,
2003; Bowers et al., 2006; Ishihara and Brayne, 2006; Barone,
2011; Gómez-Esteban et al., 2011; Voon and Dalley, 2011).
The motor symptoms are the result of the progressive and
irreversible loss of dopaminergic neurons in the substantia
nigra pars compacta (SNpc). Such loss of dopaminergic inputs
concurrently progresses with the accumulation of intracellular
α-synuclein (α-syn)-rich protein inclusions, known as Lewy
bodies (McNaught et al., 2001; Lotharius and Brundin, 2002).

The scientific literature highlights a number of genes
associated to the inheritance of PD, such as α-syn, parkin,
PINK1, DJ-1 and LRRK. Nevertheless, familial forms of PD
explains only 10%–15% of the cases (Gao and Hong, 2011).
The majority of cases are reported as idiopathic or sporadic,
and are associated to environmental factors such as exposition
to pesticides, rural life, infection, head trauma, and emotional
disturbances like anxiety and depression (Godeiro et al., 2010;
Noyce et al., 2012). Nonetheless, these epidemiological findings
suggest that there are cumulative interactions between genetic
and environmental factors that lead to the disease (Kim et al.,
2005).

Despite many studies investigating the relevance of punctual
genetic mutations in neurotoxic PD animal models (von
Bohlen und Halbach et al., 2004; von Bohlen und Halbach,
2006), few of them investigated the differences between
strains upon the expression of the parkinsonian phenotype.
The use of distinct rodent strains could help to enlighten
mechanisms related to sensitivity to neurotoxic insults.
Specifically, physiological variations related to susceptibility

to a dopaminergic insult in different rat strains would be
relevant in the context of the multifactorial etiology of PD. For
example, a study associated the resistance to the dopaminergic
insult induced by the parkinsonian agent 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP) to autosomic alleles of
the C57BL/J6 mice strain (Hamre et al., 1999). Of notice,
spontaneously hypertensive rats (SHR) are resistant to the
high-dose reserpine-induced oral dyskinesia. Further, this
resistance is attributed to the increased activity of the antioxidant
enzyme catalase in the striatum exhibited by the SHR animals
(Queiroz et al., 1998; Abílio et al., 2004). Interestingly, studies
have shown that SHR present other neurochemical differences
compared to normotensive strains that could be related to
the pathophysiology of PD, such as variances in dopaminergic
systems (Viggiano et al., 2004) and decreased α-syn expression in
the hippocampus (Chiavegatto et al., 2009). However the effects
of parkinsonian-inducing agents on these parameters have not
been investigated in this strain yet.

Reserpine is a vesicular monoamine transporter-2 (VMAT2)
inhibitor extracted from Rauwolfia serpentina. This drug depletes
monoamines in the central nervous system and produces
lethargy, depression and dyskinesia (Leão et al., 2015). Due
to these properties, reserpine was employed to model the
motor and non-motor deficits related to PD in rodents
and screen for candidate pharmacological treatments to PD
(Jurna et al., 1973; Goldstein et al., 1975; Ossowska et al.,
1994; Fernandes et al., 2012; Santos et al., 2013; Leão et al.,
2015). Briefly, the reserpine model recapitulates substantial
features of symptomatology, neurochemistry and pharmacology
of the disease (for a review see Leão et al., 2015). Recently,
we have proposed a repeated low-dose reserpine treatment
that produces progressive motor and non-motor symptoms
of PD, oxidative damage to membrane lipids, monoamine
depletion and reduction in tyrosine hydroxylase (TH) in the
nigrostriatal pathway (Fernandes et al., 2012; Santos et al.,
2013; Leão et al., 2015). In view of Abílio et al.’s (2004)
findings, which were focused on high-dose acute reserpine-
induced dyskinesia, we predict that SHR animals would also
be more resistant to repeated low-dose reserpine-induced
progressive motor impairment and cellular alterations. We
suggest that the comparison between SHR and Wistar rats
under this treatment could provide relevant information to
the understanding of susceptibility to factors involved in PD
etiology. Thus, we aimed to compare the development of
motor impairments and cellular hallmarks of PD (expression
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of TH and α-syn, and membrane lipid peroxidation) between
SHR and Wistar rats using the repeated low-dose reserpine
protocol.

MATERIALS AND METHODS

Animals
We used 7-month-old male Wistar and SHR rats. All animals
were housed in groups of 4–5 per cage (30 cm× 37 cm× 16 cm)
under conditions of acoustic isolation and controlled airflow
and temperature (23 ± 1◦C), with a 12 h light/12 h dark cycle
(lights on 6:30 a.m.). Food and water were available ad libitum.
Animals used in this study were handled in accordance with
the guidelines of the Brazilian law for the use of animals in
research (Law Number 11.794). All procedures were approved
by the local ethics committee (Comissao de Etica no uso de
animais da Universidade Federal do Rio Grande do Norte,
CEUA-UFRN #005/2014, and Comissao de Etica no uso de
animais da Universidade Federal de Sao Paul, CEUA-UNIFESP
#9239070815) and all efforts weremade tominimize animal pain,
suffering or discomfort.

Drugs and General Procedures
Reserpine (Sigma Chemical Co., St. Louis, MO, USA) was
dissolved in two drops of glacial acetic acid and diluted in
distilled water (0.1mg/ml). Vehicle consisted of the same amount
of acetic acid and water as in the reserpine solution. These
solutions were injected subcutaneously (s.c.). We briefly handled
animals for 2 min during 3 days before the beginning of the
experimental procedures.

Experimental Design
The rats from each strain (Wistar and SHR) were randomly
assigned to one of three groups: control (WIS-CTR: n = 8; SHR-
CTR: n = 10), reserpine-treated (WIS-RESt: n = 8; SHR-RESt:
n = 10) and reserpine-withdrawn (WIS-RESw/d: n = 8; SHR-
RESw/d: n = 10) groups. The animals received 15 s.c injections
of vehicle (CTR) or 0.1 mg/kg of reserpine (RESt and RESw/d)
at a volume of 1 ml/kg body weight, every other day. The rats
of the RESt group were euthanized 48 h after the 15th injection,
while CTR and RESw/d animals were euthanized 15 days after the
15th injection, for immunohistochemmical procedures. Motor
behavior data from RESt and RESw/d were considered together
for analysis until RESt group was euthanized (RES group).
Rats went through the following behavioral procedures (from
8:00 h to 16:00 h): (1) catalepsy test before the 1st injection
and every other day (8:00–9:00 h) throughout the treatment
and for 15 days after the last injection; (2) evaluation of
spontaneous activity in the open field after the 2nd, 6th and 15th
injections, and 15 days after withdraw (9:00–12:00 h); and (3) oral
movements quantification after the 2nd, 6th, 10th and 15th
injection, and 10 and 15 days after withdraw (13:00–16:00 h).
The behavioral tests listed were performed ∼48 h after the
referred injection, before the animals received the following
injection (16:00–17:00 h). Experimental design is shown in
Figure 1A.

Motor Behavior
Catalepsy Test
The catalepsy behavior was assessed by placing the animal’s
forepaws on a horizontal bar positioned at 9 cm above the
bench surface. Catalepsy was defined as an immobile posture,
keeping both forepaws on the bar. The duration of catalepsy was
measured up to a maximum of 180 s. Three trials were carried
out for each animal in each observation day and the mean value
of the three trials was considered for analysis.

Spontaneous Activity in the Open Field
The apparatus was a circular open field arena (84 cm in diameter)
with 32 cm high walls, made of wood and covered in black
laminated plastic. Animals were placed in the center of the
apparatus for free exploration during 5 min. A digital camera
above the apparatus recorded the sessions and an animal video-
tracking software (ANY-maze, Stoelting, Wood Dale, IL, USA)
registered the behavioral parameters. We quantified the distance
traveled (in meters) and the time moving above the speed of
0.05 m/s in the apparatus (in seconds).

Oral Movements
Rats were individually placed in a wired cage
(40 cm × 40.5 cm × 20 cm). Mirrors were positioned under the
floor and behind the back wall of the cage to allow behavioral
quantification when the animal faced away from the observer.
The number of tongue protrusions (projection of the tongue
out of the oral cavity) and the frequency of vacuous chewing
movements (mouth openings in the vertical plane not directed
toward physical material) were measured continuously for
10 min.

TH and α-syn Immunohistochemistry
Upon completion of the behavioral procedures, all animals
were anesthetized with an intraperitoneal injection of sodium
thiopental (40 mg/kg) and perfused transcardially with 200 ml
phosphate-buffered saline (PBS), pH 7.4, containing 500 IU
heparin (Liquemin, Roche, Brazil), followed by 300 ml 4.0%
paraformaldehyde in 0.1 M phosphate buffer, pH 7.4. The
brains were removed from the skull, postfixed in the same
fixative solution for 2–4 h, and transferred to a solution
containing sucrose 30% in 0.1 M PBS, pH 7.4. Each brain
was serially cut in the coronal plane into 50-µm thick
sections with a cryostat microtome (Leica, Germany) at a
temperature of −20◦C. The sections were placed sequentially
in five compartments (one section per compartment, 250-µm
apart) and stored in antifreeze solution. Free-floating sections
were incubated for 18–24 h with a polyclonal anti-TH (cat
# AB152 Chemicon, USA, 1:10,000, as described by Santos
et al. (2013) or anti-α-syn (cat # sc-7011-R, Santa Cruz Inc.,
Santa Cruz, CA, USA, 1:500) primary antibody raised in rabbit,
containing 2% goat normal serum diluted in 0.3% Triton
X-100 and 0.1 M phosphate buffer, pH 7.4. Sections were
incubated with the biotinylated secondary antibody anti-rabbit
(1:1000; cat # S-1000 Vector Labs, Burlingame, CA, USA)
obtained in goat for 2 h at room temperature, washed, and
incubated with avidin–biotin-peroxidase solution (ABC Elite
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FIGURE 1 | (A) Schematic representation of the experimental design. (B) Effects of repeated administration of 0.1 mg/kg reserpine on catalepsy behavior in Wistar
and spontaneously hypertensive rats (SHR) rats. Data are expressed as mean ± SEM relative to WIS-CTR group. ∗p < 0.05 comparing WIS-RES to WIS-CTR
(Two-way analysis of variance (ANOVA) with repeated measures followed by Sidak’s post hoc test).

kit, Vector Labs, Burlingame, CA, USA) for 90 min. The
reaction was developed by the addition of diaminobenzidine
tetrahydrochloride (Sigma, NY, USA) and 0.01% H2O2 in
0.1 M phosphate buffer, pH 7.4. The sections were washed
(4×, 5 min) with 0.1 M phosphate buffer, pH 7.4, between
each step and at the end of the procedure. Then, the sections
were dried, dehydrated in a graded alcohol series, cleared
in xylene, and cover slipped with Entellan (Merck). The
immunostainings were performed in four sessions with balanced
number of animals per group in each session, minimizing
possible differences in background between the groups due to
small variations in immunostaining. Sections were examined
under brightfield illumination (Olympus Microscope, BX-41),
images were captured using a CCD camera (Nikon, DXM-1200)
and the locations of areas were determined using the atlas of
Paxinos and Watson (2009).

Immunohistochemistry Quantification
In order to estimate the number of dopaminergic cells in
the SNpc four sections of each animal were selected: one at
the rostral level, two at the medium level and one at the
caudal level, representative of the rostrocaudal extension of

SNpc. The exact location of the region was determined on the
basis of the Paxinos and Watson rat brain atlas (2009; AP:
−5.04; −5.40; −5.52; −6.00 relative to the bregma). Briefly,
using an automated plate microscope (Olympus Microscope,
BX-41) and the software Stereo Investigator (MBF Bioscience,
Williston, VT, USA) we delineated the SNpc bilaterally in
the coronal sections previously described and sampled the
number of TH+ neuron bodies from 75 × 75 (µm) frames
into a 200 × 200 (µm) grid under a 100× oil immersion
objective. The TH+ cell count was performed for the whole
extension within each section. Number of neuron count was
then expressed relative to WIS-CTR group (Santos et al.,
2013).

Additionally, TH and α-syn levels were assessed by analysis
of relative optical densitometry (ROD) in the dorsal striatum
(dSTR; AP: 1.08; 0.36; 0.00; −0.72 relative to bregma) and
substantia nigra pars reticulada (SNpr, in the same coronal
sections as for the SNpc) using the software ImageJ (Version
1.46i, NIH). α-syn expresses in synaptic terminals, and a
previous study has shown immunoreaction for this protein
in the SNpr, co-localized with inhibitory terminals from the
dSTR. Of notice, that study did not show any protein inclusion,
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fibrils or neuron body staining in the SNpc (Taguchi et al.,
2016). The SNpr receives abundant afferences from striatal
medium spiny neurons and is one of the two output nuclei
from the basal ganglia to the motor thalamus, working as a
fast-spiking pacemaker in the absence of synaptic input (DeLong
and Wichmann, 2007; Da Cunha et al., 2009). Thus, the
quantification of α-syn expression in the SNpr may provide some
understanding on the status of the indirect pathway in the basal
ganglia.

Four representative sections of the rostrocaudal extension
of each region were chosen. In each section, five fields evenly
distributed throughout the areas of interest and control region
were analyzed. The medium pixels in the target area were
subtracted from the medium values of a control region (areas
that should not have specific TH staining) of the same tissue
(cortex or corpus calosum). Finally, all values were normalized
considering the Wistar control group, in order to evaluate
proportional alterations (Santos et al., 2013).

Lipid Peroxidation Assay
We performed an experiment to assess membrane lipid
peroxidation after reserpine treatment. We administered the
repeated-reserpine treatment protocol (15 s.c. injections of
0.1 mg/kg, every other day) to Wistar and SHR (WIS-CTR = 7;
WIS-RES = 7; SHR-CTR = 8; SHR-RES = 8). Forty-eight
hours after the last injection animals were euthanized by
decapitation, the brains were removed and the striatum were
dissected billateraly. The tissue was immediately weighed and
homogenized in phosphate buffer 0.1 M (1:5). Samples were
centrifuged for 15 min at 3500 rpm and 4–5◦C and duplicates
of the supernatant of each sample were used in the reaction.
Lipid peroxidation was estimated by the quantification of
malondialdehyde (MDA)—a fluorescent product formed from
the reaction of this aldehyde with thiobarbituric acid (TBA),
as described by Tanizawa et al. (1981). The reaction was
initiated by the addition of 250 µL of SDS 3%, 1.5 ml of acetic
acid buffer 2M, and 1.5 ml of TBA 0.8% to 50 µL of the
tissue homogenate. The volume was completed with 4 ml of
ultrapure water, incubated in a water bath at 95◦C for 60 min
and cooled in an ice-cold water bath. Finally, 2.5 ml from a
n-butanol:pyridine (15:1) mixture was added and samples were
vigorously agitated for 30 s. The results were expressed in
nanomoles (nm) of MDA per gram (g) of wet tissue calculated
by plotting the obtained fluorescence (excitation at 315 nm,
emission at 553 nm) against a standard MDA concentration
curve.

Data Analysis
Kolmogorov-Smirnov’s and Levene’s tests were used to analyze
normality of data and homogeneity of variance, respectively.
Parametric tests were used accordingly to data distribution
and homogeneity of variance. Two-way analysis of variance
(ANOVA) with repeated measures—with treatment and strain
as between-subject factors and sessions as within-subject
factor—were applied to catalepsy, open field and oral movement
motor parameters to assess effects throughout treatment

and withdraw phases. A two-way ANOVA was applied to
immunohistochemistry parameters with treatment and strain
as between-subject factors. Both tests were followed by Sidak’s
post hoc test to highlight differences between strain and treatment
groups. Results were expressed as mean + SEM and p< 0.05 was
considered to reflect significant differences. Exact p-values were
expressed for each factor and factor interactions for the two-way
ANOVA, while differences highlighted by the Sidak’s post hoc
test are assumed p< 0.05.

RESULTS

Motor Behavior
Catalepsy Test
Two-way ANOVA with repeated measures revealed effects
of session (F(15,750) = 3.187; p < 0.001), session∗strain
(F(15,750) = 2.766; p < 0.001), session∗treatment interaction
(F(15,750) = 3.162; p < 0.001), time∗treatment∗strain interaction
(F(15,750) = 1.950; p = 0.016) and treatment (F(1,50) = 4.151);
p = 0.047) during the treatment phase. The same analysis to the
withdraw phase did not reveal significant effects, and pointed
out only a marginal effect of time (F(6,192) = 2.120); p = 0.053).
Sidak’s post hoc test yielded differences only to WIS-RES group,
with animals spendingmore time in the bar than any other group
from 48 h after the 7th injection (day 17) to 48 h after the 15th
injection (day 31) of reserpine (Figure 1B). That is, the repeated
administration of reserpine resulted in the progressive increase
of latency to step down the bar only in the Wistar strain, and
this motor impairment was restored after treatment withdrawn
(Figure 1B).

Spontaneous Locomotion in the Open Field
Total distance traveled
Two-way ANOVA with repeated measures in the treatment
phase revealed effects of treatment (F(1,50) = 6.18; p = 0.016),
session (F(2,100) = 69.17; p < 0.001), session∗treatment
interaction (F(2,100) = 3.37; p = 0.038) and session∗strain
interaction (F(2,100) = 3.21; p = 0.044). Two-way ANOVA did
not found significant effects in the withdraw phase. Differences
between groups in each time point were yielded by Sidak’s
post hoc test and shown in Figure 2A. Only WIS-RES group
traveled a shorter distance relative to WIS-CTR group 48 h after
the 15th injection.

Speed above 0.05 m/s
Two-way ANOVA with repeated measures in the treatment
phase revealed effects of session (F(2,100) = 29.26; p < 0.001) and
session∗strain interaction (F(2,100) = 3.08; p = 0.050). Two-way
ANOVA did not found significant effects in the withdraw phase.
Differences between groups in each time point were yielded
by Sidak’s post hoc test and shown in Figure 2B. Briefly,
only WIS-RES group spent less time moving above 0.05 m/s
relative to WIS-CTR and SHR-RES groups 48 h after the 15th
injection.

Taken together, open field data indicate that the repeated
administration of reserpine resulted in the progressive
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FIGURE 2 | Effects of repeated administration of 0.1 mg/kg reserpine
on (A) total distance traveled and (B) time in speed above 0.05 m/s. Data are
expressed as mean ± SEM relative to WIS-CTR group. ∗p < 0.05 compared
to respective CTR group; #p < 0.05 compared to respective treatment in WIS
strain (Two-way ANOVA with repeated measures followed by Sidak’s post hoc
test).

impairment of spontaneous motor activity in both strains,
but with higher magnitude for the Wistar strain. Also, motor
impairment was restored after treatment withdrawn.

Oral Movements
Vacuous chewing
Two-way ANOVA with repeated measures in the treatment
phase revealed effects of session (F(3,150) = 13.81; p < 0.001),
treatment (F(1,50) = 23.33; p < 0.001), session∗strain interaction
(F(3,150) = 3.16; p = 0.026) and session∗treatment interaction
(F(3,150) = 11.33; p < 0.001). The same analysis revealed
effect of session (F(1,32) = 12.56; p < 0.001), treatment
(F(1,32) = 12.56; p = 0.001), session∗treatment∗strain interaction
(F(1,32) = 4.83; p = 0.035) and strain∗treatment interaction
(F(1,32) = 4.42; p = 0.043) in the withdraw phase. Differences
between groups in each time point were yielded by Sidak’s
post hoc test and shown in Figure 3A. WIS-RES presented
increase in the vacuous chewingmovements relative to respective
strain control from the 6th injection to 10 days after withdraw,
while SHR-RES presented increase in vacuous chewing only

after the 10th injection. As well, differences in the magnitude
of increase in vacuous chewing between reserpine-treated strains
occurred from the 10th injection to 15 days after withdraw, with
WIS-RES presenting higher values than SHR-RES group.

Tongue protrusion
Two-way ANOVA with repeated measures in the treatment
phase revealed effects of session (F(3,150) = 5.15; p < 0.05),
treatment (F(1,50) = 18.59; p < 0.001) and session∗treatment
interaction (F(3,150) = 5.94; p < 0.001). The same analysis
revealed effect of time (F(1,32) = 8.17; p < 0.05) and treatment
(F(1,32) = 8.48; p < 0.05) in the withdraw phase. Differences
between groups in each time point were yielded by Sidak’s
post hoc test and shown in Figure 3B. WIS-RES groups presented
increase in the tongue protrusion relative to WIS-CTR from
the 6th injection to 10 days after withdraw, while SHR-RES
(relative to SHR-CTR) presented increased values only after the
10th and 15th injections. No differences in the magnitude of
increase in tongue protrusion between reserpine-treated strains
was detected.

Overall, repeated reserpine treatment resulted in the
progressive increase in oral movements in both strains, but with
higher magnitude in the Wistar strain. Nevertheless, this effect
upon oral movements was restored after treatment withdrawn.

Neurochemistry
Tyrosine Hydroxylase
Two-way ANOVA for the number of TH positive neurons in
the SNpc revealed effects of treatment (F(2,54) = 3.39; p = 0.041)
and strain (F(1,54) = 7.44; p = 0.009; Figure 4A). Sidak’s post hoc
test revealed that WIS-RESw/d group presented reduction in
the number of TH+ neurons in the SNpc relative to WIS-CTR.
Moreover, SHR-RESt and SHR-RESw/d groups did not present
any differences in the TH+neuron count compared to SHR-CTR.
Further, SHR-RESw/d displayed increased TH+ neuron count in
the SNpc compared to WIS-RESw/d group. That is, only WIS
rats presented reductions in TH expression in the SNpc after
reserpine treatment.

Two-way ANOVA for TH expression in the dSTR revealed
only effects of treatment (F(2,54) = 7.61; p = 0.001), but a marginal
effect for strain (F(1,54) = 2.48; p = 0.068) was pointed out
(Figure 4B). Both WIS-RESt and SHR-RESt groups presented a
reduction in TH expression in the dSTR compared to respective
CTR groups. Despite this tendency, RESw/d groups did not differ
from CTR groups in any strain. Nevertheless, they did not differ
from RESt groups either. Differences between groups revealed by
Sidak’s post hoc test are shown in Figures 4A,B.

Overall, reserpine treatment resulted in a reduced
immunoreactivity to TH in the nigrostriatal pathway, but
SHR animals appeared to be more resistant to such decrease.

α-Synuclein
α-syn expression in the SNpc did not reveal any protein
inclusion, fibrils or neuron body staining. Two-way ANOVA
for α-syn expression in the SNpr revealed effects of treatment
(F(2,54) = 5.48; p = 0.007) and strain (F(1,54) = 4.27; p = 0.045).
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FIGURE 3 | Effects of repeated administration of 0.1 mg/kg reserpine on (A) vacuous chewing movements, and (B) tongue protrusions in oral movement test
in Wistar and SHR rats. Data are expressed as mean ± SEM. ∗p < 0.05 WIS-RES compared to WIS-CTR; @p < 0.05 SHR-RES compared to SHR-CTR; #p < 0.05
WIS-RES compared to SHR-RES (Two-way ANOVA with repeated measures followed by Sidak’s post hoc test).

Sidak’s post hoc test revealed that the SHR-RESt group presented
increased immunoreactivity to α-syn in the SNpr compared to
the SHR-RESw/d group (Figure 4C).

Two-way ANOVA for α-syn expression in the dSTR revealed
effects of treatment (F(2,54) = 5.39; p = 0.008) and strain
(F(1,54) = 9.59; p = 0.003). Both RESt groups presented an increase
in α-syn immunostaining compared to respective CTR and RESw
groups. Importantly, SHR-CTR and SHR-RESt group presented
a reduction of expression compared to respective treatment
groups in the WIS strain. Differences between groups revealed
by Sidak’s post hoc test and shown in Figure 4D.

Overall, reserpine treatment increased α-syn
immunostaining, and this effect was restored after withdraw. Of
notice, SHR strain displayed reduced α-syn expression regardless
of treatment.

Representative sections of each region analyzed for TH and
α-syn immunohistochemistry are presented in Figure 5.

Lipid Peroxidation Assay
Two-way ANOVA for MDA quantification revealed effects of
treatment (F(1,28) = 7.817; p = 0.01) and strain (F(1,28) = 28.536;

p< 0.001; Figure 6). Sidak’s post hoc test revealed that WIS-RES
group presented increased lipid peroxidation in the striatum
compared to WIS-CTR. Moreover, SHR-CTR and SHR-RES
groups presented decreased MDA concentration in the striatum
compared to the respective treatment group in Wistar strain.
Nonetheless, SHR-CTR and SHR-RES were not different from
each other (Figure 6). That is, SHR strain presented reduced
basal levels of MDA compared to Wistar, and reserpine-
treatment induced an increase in lipid peroxidation only in the
Wistar strain.

DISCUSSION

We found that SHR are resistant to catalepsy, spontaneous
locomotion and oral movement impairments in a reserpine-
induced progressive animal model of PD. As expected, reserpine-
treatedWistar rats presented a progressive increase in the latency
to step down the catalepsy bar, which was significant from the 8th
injection onwards (Figure 1B). Nevertheless, the SHR reserpine-
treated rats presented no increase in the latency to stepdown
whatsoever. Thus, the SHR strain was resistant to the difficulty to
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FIGURE 4 | Effects of repeated administration of 0.1 mg/kg reserpine on immunostaining for tyrosine hydroxylase (TH) in the (A) substantia nigra pars
compacta (SNpc) and (B) dorsal striatum (dSTR), and α-synuclein (α-syn) in the (C) SNpc and (D) dSTR in Wistar and SHR rats. Data are expressed as
mean ± SEM relative to WIS-CTR group. ∗p < 0.05 compared to respective CTR group; #p < 0.05 compared to respective treatment in WIS strain;
&p < 0.05 compared to respective RESt group; ••p < 0.05 effect of strain; @p < 0.05 effect of treatment (Two-way ANOVA followed by Sidak’s post hoc test).

start a movement induced by the low-dose reserpine treatment.
As follows, the same profile of motor impairment was evident
in the spontaneous locomotion in the open field. Despite both
strains significantly reduced locomotion and speed throughout
sessions due to habituation, only reserpine-treated Wistar rats
presented impaired spontaneous locomotion 48 h after the 15th
injection—to both total distance traveled and time in speed above
0.05 m/s (Figures 2A,B).

Despite the lower susceptibility to motor impairment in the
catalepsy and spontaneous locomotion test, reserpine-treated
SHR rats presented some extent of oral dyskinesia. However,
SHR-RES group presented an increase in oral movements
only after the 10th injection, which remained until the 10th
day of withdraw. Conversely, WIS-RES group displayed the
motor impairment after the 6th injection until the 15th day
of withdraw (Figures 3A,B). Moreover, the magnitude of
effects on oral movements was higher in Wistar rats than in
SHR rats. In summary, the motor profile of reserpine-treated
Wistar rats corroborates previous studies (Fernandes et al.,
2012; Santos et al., 2013). Importantly, the present results
show that the resistance to the acute high-dose reserpine-

induced oral dyskinesia that was previously reported (Queiroz
et al., 1998; Abílio et al., 2004) was extended to the low-dose
repeated regimen and to other motor parameters (catalepsy and
spontaneous activity) in the SHR strain.

Regarding the neurochemical analysis, we found a progressive
reduction in TH staining in the SNpc that was significant only
to WIS-RESw/d group, despite a tendency towards reduction
in WIS-RESt (p = 0.069; Figure 4A). Oppositely, the reserpine
treatment did not result in any reduction of TH staining in the
SNpc of SHR rats. On the other hand, both strains presented
a reduction in the TH staining after treatment with reserpine
in the dSTR, as well as a partial recovery relative to CTR and
RESt group in RESw/d groups (Figure 4B). The same profile of
recovery was reported for Wistar rats (10 injections of 0.1 mg/kg
every other day) by Santos et al. (2013) and Swiss mice (four
injections of 1 mg/kg every other day) by de Freitas et al.
(2016), which found partial recovery of immunoreactivity for
TH in the dSTR after 30 and 60 days of reserpine withdrawn,
respectively. These findings suggest a path of progression of
the reserpine-induced TH decrement from the fibers (dSTR) to
the nucleus (SNpc). Studies with other drug-induced models or

Frontiers in Aging Neuroscience | www.frontiersin.org 8 March 2017 | Volume 9 | Article 78

http://www.frontiersin.org/Aging_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Aging_Neuroscience/archive


Leão et al. SHR Resistant to Reserpine-Induced Parkinsonism

FIGURE 5 | Representative photomicrographs of brain coronal sections of dSTR and substantia nigra of rats repeatedly treated with vehicle (CTR) or
0.1 mg/kg reserpine euthanized 48 h after last injection (RESt) or 15 days (RESw/d) after the last injection. Scale bar in dSTR: 1000 µm; and substantia
nigra: 200 µm.

FIGURE 6 | Effects of repeated administration of 0.1 mg/kg reserpine
on lipid peroxidation (malondyaldehyde—MDA formation) in the
striatum of Wistar and SHR rats. Data are expressed as mean ± SEM.
∗p < 0.05 compared to respective CTR group; #p < 0.05 compared to
respective treatment in WIS strain (Two-way ANOVA followed by Sidak’s
post hoc test).

parkinsonism also reported a retrograde profile of progression
(Zhu et al., 2004; Korecka et al., 2013). Importantly, this
trend of progression corroborates contemporary evidence that
during early PD progression the dopaminergic loss begins in
the projection sites, and subsequently advances to the nucleus
(Cheng et al., 2010).

Regarding the present results, the fact that the TH decrement
was found in the dSTR but not in the SNpc of SHR reinforces

the notion that the dopaminergic loss did not progress in this
strain in the same magnitude as it did in Wistar animals.
Indeed, the reduction in TH staining in the dSTR of SHR
strain was not enough to cause expressive motor impairments.
Thus, it is likely that the impairing effects on motor activity of
reserpine treatment requires the decrement of TH in the SNpc,
which occurred only in the Wistar strain (Figures 4A,B). That
is in accordance with the motor progression of PD, because
the motor impairments in patients are observed only after the
loss of at least a quarter of neurons in the SNpc (Arkadir
et al., 2014). Nevertheless, WIS-RESw/d group, despite reduced
TH+ neuron count in the SNpc, presented recovery of motor
impairment (Figure 4A). Thus, other adaptive mechanisms
could be related to this finding. As far as the SHR strain
is concerned, other neurochemical alterations—than the TH
expression—could have precluded the motor deficit induced
by reserpine repeated treatment. Recently, we have found that
the magnitude of motor deficit corresponded to the extent
of dopamine depletion in Wistar compared to SHR animals
(unpublished data).

In this respect, such neurochemical findings could be
secondary to alterations in catecholamine levels and metabolism
imbalances. Indeed, catecholamines regulate TH activity and
expression in the cytoplasm (Dickson and Briggs, 2013). Thus,
the resulting increase of DA in the cytoplasm by reserpine
treatment may reduce the TH activity in the nigrostriatal
pathway. Alternatively, NO and nitrite formation in the
cytoplasm also regulates the expression of TH (Daubner et al.,

Frontiers in Aging Neuroscience | www.frontiersin.org 9 March 2017 | Volume 9 | Article 78

http://www.frontiersin.org/Aging_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Aging_Neuroscience/archive


Leão et al. SHR Resistant to Reserpine-Induced Parkinsonism

2011; Nakashima et al., 2011). In this respect, reserpine
treatment results in oxidative stress and accumulation of
reactive oxygen and nitrogen specimens, which ultimately
may result in the decrement of TH expression (Arora et al.,
2011; Arora and Chopra, 2013; Santos et al., 2013). Here
we report reduced lipid peroxidation (evaluated by MDA
formation) in SHR relative to Wistar rats. Further, reserpine
treatment resulted in increased MDA formation only in the
Wistar strain (Figure 6), corroborating findings by Abílio
et al. (2004) and Fernandes et al. (2012). That is, SHR rats
have a reduced baseline for the formation of oxidative stress
products, which ultimately may confer resistance to reserpine-
induced oxidative stress. In fact, Abílio et al. (2004) have
associated such resistance to increased activity of catalase in
the SHR strain. Further investigations of which phosphorylated
site of TH is involved in the regulation of TH expression in
response to the treatment with reserpine is required to clarify
the mechanisms of TH downregulation. Likewise, epigenetic
studies could also help to clarify how such cellular oxidative
imbalance would modulate the expression of TH (Yang et al.,
2011).

From another standpoint, the present results also showed
strain differences in α-syn expression. Specifically, both
RES-treated groups presented an increase in the expression of
α-syn relative to CTR and RESw/d groups (particularly in the
dSTR, Figures 4C,D). However, SHR rats presented a reduction
of α-syn expression relative to WIS rats in both SNpc and
dSTR (Figures 4C,D), irrespective of treatment. This findings
corroborate the study of Chiavegatto et al. (2009) that report
reduced expression of α-syn in the hippocampus of SHR rats
compared to the Lewis strain.

Thus, the reported reduced expression of α-syn in this
strain may reflect a significant relevance to the resistance
to motor impairments showed by SHR animals. It is well
known that the stable form of α-syn is localized in membranes
and vesicles of presynaptic terminals in a stable membrane-
bound state (Burré, 2015). The stable form is in dynamic
equilibrium with the soluble cytosolic α-syn, a monomeric
and natively unfolded protein that can be converted into
β-sheet containing oligomers (protofibrils), which eventually
form amyloid-like fibrils and Lewy bodies (Burré et al., 2013).
Thus, an increase in the soluble cytosolic form of α-syn is
detrimental to catecholaminergic neurons because there is an
increased probability of formation of β-sheet and protofibrils.
Nevertheless, despite the increase in α-syn immunostaining, we
did not detect any protein inclusions or fibrils formation with
the length of repeated reserpine treatment used here (Figure 5).
Even so, the reduced α-syn expression in SHR compared to
Wistar strain (Figures 4C,D) denotes a mechanism by which
reserpine-treated SHR rats may cope with DA imbalances and
TH downregulation.

Indeed, α-syn is involved in the homeostasis of DA by
inhibiting the expression and activity of TH and VMAT2
(Baptista et al., 2003; Guo et al., 2008), and interrupting
dopamine balance by causing increased cytosolic dopamine
levels (Perez et al., 2002). Conversely, catecholamine metabolites,
such as 5-S-Cysteinyldopamine, modulate α-syn expression

through oxidative stress (Aureli et al., 2014). Thus, reserpine-
induced increases in catecholamine metabolites and oxidative
imbalances may be in the core of the neurochemical alterations
reported here (Leão et al., 2015). Accordingly, SHR rats,
which show decreased imunostainning for α-syn (Figure 4D),
also presented reduced levels of lipid peroxidation (Figure 6).
Therefore, SHR rats appear to be better suited to cope
with oxidative imbalances resulting from reserpine treatment,
and this feature could be related to the different profiles
of TH and α-syn expressions between Wistar and SHR
strains.

Of notice, irrespective of strains differences, this is the first
study to show increased expression of α-syn in reserpine-
treated mammals. To our knowledge, only one previous study
investigated the effects of reserpine on α-syn expression in a
Droshophila melanogaster model. That study reported inhibition
of the autophagic flux, disruption in protein degradation, and
accumulation of α-syn-rich protein aggregates (Lee et al., 2015).
Accordingly, VMAT2-deficient mice presented age-dependent
neurodegeneration in the SNpc, followed by α-syn accumulation
and TH immunostaining reduction (Caudle et al., 2007;
Taylor et al., 2009). Despite overall motor and neurochemical
results pointing towards a reversible reserpine-induced insult
to the nigrostriatal pathway (present results; Fernandes et al.,
2012; Santos et al., 2013), we do not discard some extent
of neurodegeneration and α-syn rich protein inclusions or
fibrils in longer treatment regimens. As follows, long-term
VMAT2 blockade or loss of function results in irreversible
neurochemical and behavioral alterations (Neisewander et al.,
1991), as well as neurodegeneration (Taylor et al., 2011). Thus,
investigation of neurodegenerative markers and defective protein
accumulation are still required to clarify this matter. For instance,
reserpine treatment results in increased expression of caspase-3
(Arora and Chopra, 2013; Liu et al., 2014) and reduction of
Bcl-2 (Liu et al., 2014; El-Ghazaly et al., 2015), which are
important markers of apoptotic pathways commitment. Finally,
the increase in the α-syn found in reserpine-treated animals is a
putative secondary mechanism by which TH is downregulated.
Indeed, α-syn reduces TH expression through inhibition of
phosphorylation at Ser40 of TH (Peng et al., 2005; Wu et al.,
2011).

In summary, even though we do not report any sign of
α-syn positive protein inclusions, we suggest that the behavioral
and neurochemical alterations here reported resembles a closer
relationship to early PD molecular alterations. Nonetheless,
other chemically induced PD models do not account for
this histopathological hallmark (Meredith et al., 2008; Blesa
et al., 2012). Importantly, the differences between the two
strains could shed light on these initial cellular alterations.
That is, the different profiles described here may result from
compensatory and/or plastic mechanisms related to the reduced
α-syn expression, resistance to the TH decrement in the
SNpc, and reduced oxidative damage exhibited by the SHR
strain.

In view of such findings, it is clear that the interaction between
the genetic background of rat strains (genetic factors) and
neurotoxic treatments (environmental factors) is substantial to
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the expression of motor and cellular alterations in the progressive
PD model induced by repeated reserpine treatment. Beyond
the aforementioned evidence, SHR rats present other cellular
features of the dopaminergic system that are relevant to the
understanding of PD. For example, SHR rats express more
D1 and DAT in the striatum (Watanabe et al., 1997), but present
reduced function of the latter (Russell, 2003). They also seem to
express less TH in the pre-frontal cortex (King et al., 2000) among
other neurochemical alterations (for a review see Viggiano et al.,
2004). Ideally, the investigation of the SHR strain neurochemical
differences in the catecholaminergic system should be extended
to other parameters and rat strains.

In conclusion, here we demonstrate that SHR rats are resistant
to a progressive reserpine-induced PD model. In the Wistar
strain, the motor impairments were followed by compatible
neurochemical alterations that reflected PD progression,
namely reduced TH and increased α-syn expressions in the
substantia nigra and dSTR. On the other hand, motor and
neurochemical data from the SHR strain revealed a dissociation
of neurochemical alterations and motor behavior—for example,
reduced TH expression in the dSTR, but no motor impairment.
Here we highlight some of the neurochemical differences
between these strains that may be adaptive to PD resistance, such
as reduced expression of α-syn and oxidative stress products
in the SHR strain. Nevertheless, the underlying mechanism
by which such resistance is granted to SHR rats remains to

be investigated. In view of these findings, we suggest the SHR
resistant strain and the repeated low-dose reserpine protocol
as valuable animal resources to investigate the relevance of
genetic, cellular and behavioral features to the of progression
of PD.

AUTHOR CONTRIBUTIONS

AHFFL, GSI, AMR and RHS designed the study. AHFFL,
YSRM, AFS, AMM, CLCC andAMRperformed the experiments.
AHFFL analyzed data and wrote the manuscript. VCA, RCGKE,
JSC and AMR contributed with theoretical discussions and
technical insights. RHS contributed in analysis and writing, and
revised the final version.

ACKNOWLEDGMENTS

The research was supported by fellowships from Conselho
Nacional de Desenvolvimento Científico e Tecnológico
(CNPq), Coordenação de Aperfeiçoamento de Pessoal de
Nível Superior (CAPES), Fundação de Apoio à Pesquisa do
Estado do Rio Grande do Norte (FAPERN), Pró-reitoria de
Pesquisa da Universidade Federal do Rio Grande do Norte
(PROPESQ/UFRN) and Fundação de Amparo à Pesquisa
do Estado de São Paulo (FAPESP; grant #2015/12308-5 and
#2015/03354-3).

REFERENCES

Abílio, V. C., Silva, R. H., Carvalho, R. C., Grassl, C., Calzavara, M. B., Registro, S.,
et al. (2004). Important role of striatal catalase in aging- and reserpine-induced
oral dyskinesia. Neuropharmacology 47, 263–272. doi: 10.1016/j.neuropharm.
2004.04.003

Arkadir, D., Bergman, H., and Fahn, S. (2014). Redundant dopaminergic activity
may enable compensatory axonal sprouting in Parkinson disease.Neurology 82,
1093–1098. doi: 10.1212/WNL.0000000000000243

Arora, V., and Chopra, K. (2013). Possible involvement of oxido-nitrosative
stress induced neuro-inflammatory cascade and monoaminergic pathway:
underpinning the correlation between nociceptive and depressive behaviour
in a rodent model. J. Affect. Disord. 151, 1041–1052. doi: 10.1016/j.jad.2013.
08.032

Arora, V., Kuhad, A., Tiwari, V., and Chopra, K. (2011). Curcumin ameliorates
reserpine-induced pain-depression dyad: behavioural, biochemical,
neurochemical and molecular evidences. Psychoneuroendocrinology 36,
1570–1581. doi: 10.1016/j.psyneuen.2011.04.012

Aureli, C., Cassano, T., Masci, A., Francioso, A., Martire, S., Cocciolo, A., et al.
(2014). 5-S-cysteinyldopamine neurotoxicity: influence on the expression of
α-synuclein and ERp57 in cellular and animal models of Parkinson’s disease.
J. Neurosci. Res. 92, 347–358. doi: 10.1002/jnr.23318

Baptista, M. J., O’Farrell, C., Daya, S., Ahmad, R., Miller, D. W., Hardy, J., et al.
(2003). Co-ordinate transcriptional regulation of dopamine synthesis genes by
α-synuclein in human neuroblastoma cell lines. J. Neurochem. 85, 957–968.
doi: 10.1046/j.1471-4159.2003.01742.x

Barone, P. (2011). Treatment of depressive symptoms in Parkinson’s disease. Eur.
J. Neurol. 18, 11–15. doi: 10.1111/j.1468-1331.2010.03325.x

Blesa, J., Phani, S., Jackson-Lewis, V., and Przedborski, S. (2012). Classic and
new animal models of Parkinson’s disease. J. Biomed. Biotechnol. 2012:845618.
doi: 10.1155/2012/845618

Bowers, D., Miller, K., Mikos, A., Kirsch-Darrow, L., Springer, U., Fernandez, H.,
et al. (2006). Startling facts about emotion in Parkinson’s disease: blunted
reactivity to aversive stimuli. Brain 129, 3356–3365. doi: 10.1093/brain/
awl301

Braak, H., Del Tredici, K., Rüb, U., de Vos, R. A. I., Jansen Steur, E. N. H.,
and Braak, E. (2003). Staging of brain pathology related to sporadic
Parkinson’s disease.Neurobiol. Aging 24, 197–211. doi: 10.1016/s0197-4580(02)
00065-9

Burré, J. (2015). The synaptic function of α-synuclein. J. Parkinsons Dis. 5,
699–713. doi: 10.3233/JPD-150642

Burré, J., Vivona, S., Diao, J., Sharma, M., Brunger, A. T., and Südhof, T. C.
(2013). Properties of native brain α-synuclein. Nature 498, E4–E6.
doi: 10.1038/nature12125

Caudle, W. M., Richardson, J. R., Wang, M. Z., Taylor, T. N., Guillot, T. S.,
McCormack, A. L., et al. (2007). Reduced vesicular storage of dopamine
causes progressive nigrostriatal neurodegeneration. J. Neurosci. 27, 8138–8148.
doi: 10.1523/JNEUROSCI.0319-07.2007

Cheng, H.-C., Ulane, C. M., and Burke, R. E. (2010). Clinical progression in
Parkinson disease and the neurobiology of axons. Ann. Neurol. 67, 715–725.
doi: 10.1002/ana.21995

Chiavegatto, S., Izidio, G. S., Mendes-Lana, A., Aneas, I., Freitas, T. A.,
Torrão, A. S., et al. (2009). Expression of α-synuclein is increased in the
hippocampus of rats with high levels of innate anxiety. Mol. Psychiatry 14,
894–905. doi: 10.1038/mp.2008.43

Comella, C. L. (2003). Sleep disturbances in Parkinson’s disease. Curr. Neurol.
Neurosci. Rep. 3, 173–180. doi: 10.1007/s11910-003-0073-2

Da Cunha, C., Wietzikoski, E. C., Dombrowski, P., Bortolanza, M., Santos, L. M.,
Boschen, S. L., et al. (2009). Learning processing in the basal ganglia: a mosaic
of broken mirrors. Behav. Brain Res. 199, 157–170. doi: 10.1016/j.bbr.2008.
10.001

Daubner, S. C., Le, T., and Wang, S. (2011). Tyrosine hydroxylase and regulation
of dopamine synthesis. Arch. Biochem. Biophys. 508, 1–12. doi: 10.1016/j.abb.
2010.12.017

de Freitas, C. M., Busanello, A., Schaffer, L. F., Peroza, L. R., Krum, B. N.,
Leal, C. Q., et al. (2016). Behavioral and neurochemical effects
induced by reserpine in mice. Psychopharmacology (Berl) 233, 457–467.
doi: 10.1007/s00213-015-4118-4

DeLong, M. R., and Wichmann, T. (2007). Circuits and circuit disorders of the
basal ganglia. Arch. Neurol. 64, 20–24. doi: 10.1001/archneur.64.1.20

Frontiers in Aging Neuroscience | www.frontiersin.org 11 March 2017 | Volume 9 | Article 78

https://doi.org/10.1016/j.neuropharm.2004.04.003
https://doi.org/10.1016/j.neuropharm.2004.04.003
https://doi.org/10.1212/WNL.0000000000000243
https://doi.org/10.1016/j.jad.2013.08.032
https://doi.org/10.1016/j.jad.2013.08.032
https://doi.org/10.1016/j.psyneuen.2011.04.012
https://doi.org/10.1002/jnr.23318
https://doi.org/10.1046/j.1471-4159.2003.01742.x
https://doi.org/10.1111/j.1468-1331.2010.03325.x
https://doi.org/10.1155/2012/845618
https://doi.org/10.1093/brain/awl301
https://doi.org/10.1093/brain/awl301
https://doi.org/10.1016/s0197-4580(02)00065-9
https://doi.org/10.1016/s0197-4580(02)00065-9
https://doi.org/10.3233/JPD-150642
https://doi.org/10.1038/nature12125
https://doi.org/10.1523/JNEUROSCI.0319-07.2007
https://doi.org/10.1002/ana.21995
https://doi.org/10.1038/mp.2008.43
https://doi.org/10.1007/s11910-003-0073-2
https://doi.org/10.1016/j.bbr.2008.10.001
https://doi.org/10.1016/j.bbr.2008.10.001
https://doi.org/10.1016/j.abb.2010.12.017
https://doi.org/10.1016/j.abb.2010.12.017
https://doi.org/10.1007/s00213-015-4118-4
https://doi.org/10.1001/archneur.64.1.20
http://www.frontiersin.org/Aging_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Aging_Neuroscience/archive


Leão et al. SHR Resistant to Reserpine-Induced Parkinsonism

Dickson, P. W., and Briggs, G. D. (2013). Tyrosine hydroxylase: regulation
by feedback inhibition and phosphorylation. Adv. Pharmacol. 68, 13–21.
doi: 10.1016/B978-0-12-411512-5.00002-6

Duty, S., and Jenner, P. (2011). Animal models of Parkinson’s disease: a source of
novel treatments and clues to the cause of the disease. Br. J. Pharmacol. 164,
1357–1391. doi: 10.1111/j.1476-5381.2011.01426.x

El-Ghazaly, M. A., Sadik, N. A., Rashed, E. R., and Abd-El-Fattah, A. A. (2015).
Neuroprotective effect of EGb761r and low-dose whole-body γ-irradiation
in a rat model of Parkinson’s disease. Toxicol. Ind. Health 31, 1128–1143.
doi: 10.1177/0748233713487251

Fernandes, V. S., Santos, J. R., Leão, A. H. F. F., Medeiros, A. M., Melo, T. G.,
Izídio, G. S., et al. (2012). Repeated treatment with a low dose of reserpine as
a progressive model of Parkinson’s disease. Behav. Brain Res. 231, 154–163.
doi: 10.1016/j.bbr.2012.03.008

Gao, H.-M., and Hong, J.-S. (2011). Gene-environment interactions: key to
unraveling the mystery of Parkinson’s disease. Prog. Neurobiol. 94, 1–19.
doi: 10.1016/j.pneurobio.2011.03.005

Godeiro, C., Aguiar, P. M. D. C., Felício, A. C., Barsottini, O. G. P., Silva, S. M. A.,
Borges, V., et al. (2010). PINK1 polymorphism IVS1–7 A→G, exposure
to environmental risk factors and anticipation of disease onset in Brazilian
patients with early-onset Parkinson’s disease. Neurosci. Lett. 469, 155–158.
doi: 10.1016/j.neulet.2009.11.064

Goldstein, J., Barnett, A., and Malick, J. (1975). The evaluation of anti-parkinson
drugs on reserpine-induced rigidity in rats. Eur. J. Pharmacol. 33, 183–188.
doi: 10.1016/0014-2999(75)90154-5

Gómez-Esteban, J. C., Tijero, B., Somme, J., Ciordia, R., Berganzo, K., Rouco, I.,
et al. (2011). Impact of psychiatric symptoms and sleep disorders on the
quality of life of patients with Parkinson’s disease. J. Neurol. 258, 494–499.
doi: 10.1007/s00415-010-5786-y

Guo, J. T., Chen, A. Q., Kong, Q., Zhu, H., Ma, C. M., and Qin, C. (2008).
Inhibition of vesicular monoamine transporter-2 activity in α-synuclein
stably transfected SH-SY5Y cells. Cell. Mol. Neurobiol. 28, 35–47.
doi: 10.1007/s10571-007-9227-0

Hamre, K., Tharp, R., Poon, K., Xiong, X., and Smeyne, R. J. (1999). Differential
strain susceptibility following 1-methyl-4-phenyl-1,2,3,6- tetrahydropyridine
(MPTP) administration acts in an autosomal dominant fashion: quantitative
analysis in seven strains of Mus musculus. Brain Res. 828, 91–103.
doi: 10.1016/S0006-8993(99)01273-1

Ishihara, L., and Brayne, C. (2006). A systematic review of depression and
mental illness preceding Parkinson’s disease.Acta Neurol. Scand. 113, 211–220.
doi: 10.1111/j.1600-0404.2006.00579.x

Jurna, I., Grossmann,W., andNell, T. (1973). Depression by amantadine of tremor
induced by reserpine and oxotremorine in the rat.Naunyn Schmiedebergs Arch.
Pharmacol. 280, 141–152. doi: 10.1007/bf00499175

Kim, S. W., Ko, H. S., Dawson, V. L., and Dawson, T. M. (2005). Recent advances
in our understanding of Parkinson’s disease. Drug Discov. Today Dis. Mech. 2,
427–433. doi: 10.1016/j.ddmec.2005.11.015

King, J. A., Barkley, R. A., Delville, Y., and Ferris, C. F. (2000). Early androgen
treatment decreases cognitive function and catecholamine innervation in an
animal model of ADHD. Behav. Brain Res. 107, 35–43. doi: 10.1016/s0166-
4328(99)00113-8

Klockgether, T. (2004). Parkinson’s disease: clinical aspects. Cell Tissue Res. 318,
115–120. doi: 10.1007/s00441-004-0975-6

Korecka, J. A., Eggers, R., Swaab, D. F., Bossers, K., and Verhaagen, J. (2013).
Modeling early Parkinson’s disease pathology with chronic low dose MPTP
treatment. Restor. Neurol. Neurosci. 31, 155–167. doi: 10.3233/RNN-110222

Leão, A. H. F. F., Sarmento-Silva, A. J., Santos, J. R., Ribeiro, A. M., and Silva, R. H.
(2015). Molecular, neurochemical and behavioral hallmarks of reserpine as
a model for Parkinson’s disease: new perspectives to a long-standing model.
Brain Pathol. 25, 377–390. doi: 10.1111/bpa.12253

Lee, K. II, Kim, M. J., Koh, H., Lee, J. I., Namkoong, S., Oh, W. K., et al. (2015).
The anti-hypertensive drug reserpine induces neuronal cell death through
inhibition of autophagic flux. Biochem. Biophys. Res. Commun. 462, 402–408.
doi: 10.1016/j.bbrc.2015.04.145

Liu, S.-B., Zhao, R., Li, X.-S., Guo, H.-J., Tian, Z., Zhang, N., et al. (2014).
Attenuation of reserpine-induced pain/depression dyad by gentiopicroside
through downregulation of GluN2B receptors in the amygdala of mice.
Neuromolecular Med. 16, 350–359. doi: 10.1007/s12017-013-8280-8

Lotharius, J., and Brundin, P. (2002). Pathogenesis of Parkinson’s disease:
dopamine, vesicles and α-synuclein. Nat. Rev. Neurosci. 3, 932–942.
doi: 10.1038/nrn983

Mayeux, R. (2003). Epidemiology of neurodegeneration. Annu. Rev. Neurosci. 26,
81–104. doi: 10.1146/annurev.neuro.26.043002.094919

McNaught, K. S. P., Olanow, C.W., Halliwell, B., Isacson, O., and Jenner, P. (2001).
Failure of the ubiquitin-proteasome system in Parkinson’s disease. Nat. Rev.
Neurosci. 2, 589–594. doi: 10.1038/35086067

Meredith, G. E., Sonsalla, P. K., and Chesselet, M.-F. (2008). Animal
models of Parkinson’s disease progression. Acta Neuropathol. 115, 385–398.
doi: 10.1007/s00401-008-0350-x

Nakashima, A., Mori, K., Kaneko, Y. S., Hayashi, N., Nagatsu, T., and Ota, A.
(2011). Phosphorylation of the N-terminal portion of tyrosine hydroxylase
triggers proteasomal digestion of the enzyme. Biochem. Biophys. Res. Commun.
407, 343–347. doi: 10.1016/j.bbrc.2011.03.020

Neisewander, J. L., Lucki, I., and McGonigle, P. (1991). Neurochemical changes
associated with the persistence of spontaneous oral dyskinesia in rats following
chronic reserpine treatment. Brain Res. 558, 27–35. doi: 10.1016/0006-
8993(91)90710-d

Noyce, A. J., Bestwick, J. P., Silveira-Moriyama, L., Hawkes, C. H., Giovannoni, G.,
Lees, A. J., et al. (2012). Meta-analysis of early nonmotor features and risk
factors for Parkinson disease.Ann. Neurol. 72, 893–901. doi: 10.1002/ana.23687

Ossowska, K., Lorenc-Koci, E., and Wolfarth, S. (1994). Antiparkinsonian action
of MK-801 on the reserpine-induced rigidity: a mechanomyographic analysis.
J. Neural Transm. Park. Dis. Dement. Sect. 7, 143–152. doi: 10.1007/bf022
60969

Paxinos, G., and Watson, C. (2009). The Rat Brain in Stereotaxic Coordinates. 6th
Edn. Cambridge, MA: Academic Press.

Peng, X. M., Tehranian, R., Dietrich, P., Stefanis, L., and Perez, R. G.
(2005). α-synuclein activation of protein phosphatase 2A reduces tyrosine
hydroxylase phosphorylation in dopaminergic cells. J. Cell Sci. 118, 3523–3530.
doi: 10.1242/jcs.02481

Perez, R. G.,Waymire, J. C., Lin, E., Liu, J. J., Guo, F., and Zigmond,M. J. (2002). A
role for alpha-synuclein in the regulation of dopamine biosynthesis. J. Neurosci.
22, 3090–3099.

Queiroz, C. M., Piovezan, R. D., and Frussa-Filho, R. (1998). Reserpine does
not induce orofacial dyskinesia in spontaneously hypertensive rats. Eur.
J. Pharmacol. 356, 105–108. doi: 10.1016/s0014-2999(98)00546-9

Russell, V. A. (2003). Dopamine hypofunction possibly results from a defect in
glutamate-stimulated release of dopamine in the nucleus accumbens shell of
a rat model for attention deficit hyperactivity disorder—the spontaneously
hypertensive rat. Neurosci. Biobehav. Rev. 27, 671–682. doi: 10.1016/j.
neubiorev.2003.08.010

Santos, J. R., Cunha, J. A. S., Dierschnabel, A. L., Campêlo, C. L. C.,
Leão, A. H. F. F., Silva, A. F., et al. (2013). Cognitive, motor and tyrosine
hydroxylase temporal impairment in a model of parkinsonism induced by
reserpine. Behav. Brain Res. 253, 68–77. doi: 10.1016/j.bbr.2013.06.031

Schneider, F., Habel, U., Volkmann, J., Regel, S., Kornischka, J., Sturm, V.,
et al. (2003). Deep brain stimulation of the subthalamic nucleus enhances
emotional processing in Parkinson disease. Arch. Gen. Psychiatry 60, 296–302.
doi: 10.1001/archpsyc.60.3.296

Taguchi, K., Watanabe, Y., Tsujimura, A., and Tanaka, M. (2016). Brain region-
dependent differential expression of alpha-synuclein. J. Comp. Neurol. 524,
1236–1258. doi: 10.1002/cne.23901

Tanizawa, H., Sazuka, Y., and Takino, Y. (1981). Micro-determination
of lipoperoxide in the mouse myocardium by thiobarbituric acid
fluorophotometry. Chem. Pharm. Bull. (Tokyo) 29, 2910–2914.
doi: 10.1248/cpb.29.2910

Taylor, T. N., Caudle, W. M., and Miller, G. W. (2011). VMAT2-deficient mice
display nigral and extranigral pathology and motor and nonmotor symptoms
of Parkinson’s disease. Parkinsons Dis. 2011:124165. doi: 10.4061/2011/
124165

Taylor, T. N., Caudle, W. M., Shepherd, K. R., Noorian, A., Jackson, C. R.,
Iuvone, P. M., et al. (2009). Nonmotor symptoms of Parkinson’s disease
revealed in an animal model with reduced monoamine storage capacity.
J. Neurosci. 29, 8103–8113. doi: 10.1523/JNEUROSCI.1495-09.2009

Van Den Eeden, S. K., Tanner, C. M., Bernstein, A. L., Fross, R. D.,
Leimpeter, A., Bloch, D. A., et al. (2003). Incidence of Parkinson’s disease:

Frontiers in Aging Neuroscience | www.frontiersin.org 12 March 2017 | Volume 9 | Article 78

https://doi.org/10.1016/B978-0-12-411512-5.00002-6
https://doi.org/10.1111/j.1476-5381.2011.01426.x
https://doi.org/10.1177/0748233713487251
https://doi.org/10.1016/j.bbr.2012.03.008
https://doi.org/10.1016/j.pneurobio.2011.03.005
https://doi.org/10.1016/j.neulet.2009.11.064
https://doi.org/10.1016/0014-2999(75)90154-5
https://doi.org/10.1007/s00415-010-5786-y
https://doi.org/10.1007/s10571-007-9227-0
https://doi.org/10.1016/S0006-8993(99)01273-1
https://doi.org/10.1111/j.1600-0404.2006.00579.x
https://doi.org/10.1007/bf00499175
https://doi.org/10.1016/j.ddmec.2005.11.015
https://doi.org/10.1016/s0166-4328(99)00113-8
https://doi.org/10.1016/s0166-4328(99)00113-8
https://doi.org/10.1007/s00441-004-0975-6
https://doi.org/10.3233/RNN-110222
https://doi.org/10.1111/bpa.12253
https://doi.org/10.1016/j.bbrc.2015.04.145
https://doi.org/10.1007/s12017-013-8280-8
https://doi.org/10.1038/nrn983
https://doi.org/10.1146/annurev.neuro.26.043002.094919
https://doi.org/10.1038/35086067
https://doi.org/10.1007/s00401-008-0350-x
https://doi.org/10.1016/j.bbrc.2011.03.020
https://doi.org/10.1016/0006-8993(91)90710-d
https://doi.org/10.1016/0006-8993(91)90710-d
https://doi.org/10.1002/ana.23687
https://doi.org/10.1007/bf02260969
https://doi.org/10.1007/bf02260969
https://doi.org/10.1242/jcs.02481
https://doi.org/10.1016/s0014-2999(98)00546-9
https://doi.org/10.1016/j.neubiorev.2003.08.010
https://doi.org/10.1016/j.neubiorev.2003.08.010
https://doi.org/10.1016/j.bbr.2013.06.031
https://doi.org/10.1001/archpsyc.60.3.296
https://doi.org/10.1002/cne.23901
https://doi.org/10.1248/cpb.29.2910
https://doi.org/10.4061/2011/124165
https://doi.org/10.4061/2011/124165
https://doi.org/10.1523/JNEUROSCI.1495-09.2009
http://www.frontiersin.org/Aging_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Aging_Neuroscience/archive


Leão et al. SHR Resistant to Reserpine-Induced Parkinsonism

variation by age, gender and race/ethnicity. Am. J. Epidemiol. 157, 1015–1022.
doi: 10.1093/aje/kwg068

Viggiano, D., Vallone, D., and Sadile, A. (2004). Dysfunctions in dopamine
systems and ADHD: evidence from animals and modeling. Neural Plast. 11,
97–114. doi: 10.1155/np.2004.97

von Bohlen und Halbach, O. (2006). Modeling neurodegenerative diseases in vivo
review. Neurodegener. Dis. 2, 313–320. doi: 10.1159/000092318

von Bohlen und Halbach, O., Schober, A., and Krieglstein, K. (2004). Genes,
proteins, and neurotoxins involved in Parkinson’s disease. Prog. Neurobiol. 73,
151–177. doi: 10.1016/j.pneurobio.2004.05.002

Voon, V., and Dalley, J. W. (2011). Parkinson disease: impulsive choice-
parkinson disease and dopaminergic therapy. Nat. Rev. Neurol. 7, 541–542.
doi: 10.1038/nrneurol.2011.139

Watanabe, Y., Fujita, M., Ito, Y., Okada, T., Kusuoka, H., and Nishimura, T.
(1997). Brain dopamine transporter in spontaneusly hypertensive rat. J. Nucl.
Med. 38, 470–474.

Wu, B., Liu, Q., Duan, C., Li, Y., Yu, S., Chan, P., et al. (2011). Phosphorylation
of α-synuclein upregulates tyrosine hydroxylase activity in MN9D cells. Acta
Histochem. 113, 32–35. doi: 10.1016/j.acthis.2009.07.007

Yang, J. W., Choi, E. Y., Park, M. J., and Lee, M. A. (2011). Expression of tyrosine
hydroxylase is epigenetically regulated in neural stem cells. Biochem. Biophys.
Res. Commun. 414, 712–718. doi: 10.1016/j.bbrc.2011.09.141

Zhu, C., Vourc’h, P., Fernagut, P.-O., Fleming, S. M., Lacan, S., Dicarlo, C. D.,
et al. (2004). Variable effects of chronic subcutaneous administration of
rotenone on striatal histology. J. Comp. Neurol. 478, 418–426. doi: 10.1002/cne.
20305

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2017 Leão, Meurer, da Silva, Medeiros, Campêlo, Abílio, Engelberth,
Cavalcante, Izídio, Ribeiro and Silva. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution and reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Aging Neuroscience | www.frontiersin.org 13 March 2017 | Volume 9 | Article 78

https://doi.org/10.1093/aje/kwg068
https://doi.org/10.1155/np.2004.97
https://doi.org/10.1159/000092318
https://doi.org/10.1016/j.pneurobio.2004.05.002
https://doi.org/10.1038/nrneurol.2011.139
https://doi.org/10.1016/j.acthis.2009.07.007
https://doi.org/10.1016/j.bbrc.2011.09.141
https://doi.org/10.1002/cne.20305
https://doi.org/10.1002/cne.20305
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Aging_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Aging_Neuroscience/archive

	Spontaneously Hypertensive Rats (SHR) Are Resistant to a Reserpine-Induced Progressive Model of Parkinson's Disease: Differences in Motor Behavior, Tyrosine Hydroxylase and -Synuclein Expression
	INTRODUCTION
	MATERIALS AND METHODS
	Animals
	Drugs and General Procedures
	Experimental Design
	Motor Behavior
	Catalepsy Test
	Spontaneous Activity in the Open Field
	Oral Movements

	TH and -syn Immunohistochemistry
	Immunohistochemistry Quantification
	Lipid Peroxidation Assay
	Data Analysis

	RESULTS
	Motor Behavior
	Catalepsy Test
	Spontaneous Locomotion in the Open Field
	Oral Movements

	Neurochemistry
	Tyrosine Hydroxylase
	α-Synuclein
	Lipid Peroxidation Assay


	DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	REFERENCES


