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ARTICLE INFO ABSTRACT

Article history: This study evaluated the effects of resveratrol on locomotor behaviors, neuronal and glial
Accepted 5 October 2014 densities, and tyrosine hydroxylase immunoreactivity in the substantia nigra pars com-
Available online 22 October 2014 pacta of rats with streptozotocin-induced diabetes. Animals were divided into four groups:
Keywords: non-diabetic rats treated with saline (SAL), non-diabetic rats treated with resveratrol (RSV),
Diabetes diabetic rats treated with saline (DM) and diabetic rats treated with resveratrol (DM+RSV).
Resveratrol The animals received oral gavage with resveratrol (20 mg/kg) for 35 days. The open field
Akinesia test and the bar test were performed to evaluate bradykinesia and akinesia, respectively.
Immunoreactivity The Nissl-stained neuronal and glial densities and the dopaminergic neuronal density

were estimated using planar morphometry. Tyrosine hydroxylase immunoreactivity was
evaluated using regional and cellular optical densitometry. In relation to the locomotor

Tyrosine hydroxylase

Substantia nigra pars compacta
behaviors, it was observed that the DM group developed akinesia, which was attenuated by
resveratrol in the DM+RSV group, while the DM and DM+RSV groups showed bradykinesia.
Our main morpho-physiological results demonstrated: a decrease in the cellular tyrosine
hydroxylase immunoreactivity in the DM group, which was attenuated by resveratrol in
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the DM+RSV group; a higher neuronal density in the RSV group, when compared to the DM

and DM+RSV groups; an increase in the glial density in the DM group, which was also
reversed by resveratrol in the DM+RSV group. Resveratrol treatment prevents akinesia
development and restores neuronal tyrosine hydroxylase immunoreactivity and glial
density in the substantia nigra pars compacta of diabetic rats, suggesting that this
polyphenol could be a potential therapeutic option against diabetes-induced nigrostriatal

dysfunctions.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Diabetes mellitus is a group of metabolic diseases character-
ized by hyperglycemia, which is increasingly seen as a public
health burden worldwide (American Diabetes Association,
2012; Shaw et al., 2010). Chronic high blood glucose levels
are related with the development of long-term dysfunctions
and failure of various organs (Fowler, 2008). New evidence
has emerged of the damage caused to the central nervous
system and the cognitive deficits in diabetic patients with
poor glycemic control (Biessels, 2013; Sima, 2010; Van Harten
et al., 2006). Electrophysiological, neurochemical and struc-
tural brain abnormalities have been described in diabetic
experimental models and in patients. Also, behavioral dys-
functions including psychomotor efficiency, motor speed and
motor strength, have been observed (Biessels et al., 1994;
Reagan, 2013; Roriz-Filho et al., 2009; Sims-Robinson et al.,
2010).

In humans, studies suggest that diabetes has a potential
impact on the development and/or the progression of Par-
kinson’s disease (PD) (Cereda et al., 2013; Sun et al., 2012; Xu
et al,, 2011), a neurodegenerative disorder in dopaminergic
neurons of the substantia nigra pars compacta (SNpc) which
leads to reduced striatal dopamine levels and motor disabil-
ities, such as akinesia, bradykinesia, resting tremor, and gait
abnormalities (Dauer and Przedborski, 2003). Tyrosine hydro-
xylase (TH) is an important enzyme involved in dopamine
production, catalyzing the conversion of the amino acid
L-tyrosine to 1-3,4-dihydroxyphenylalanine (.-DOPA), which
is a rate-limiting step in the biosynthesis of dopamine
(Nakashima et al., 2009). Streptozotocin (STZ)-induced dia-
betes has been shown to impair motor skills in rats, reducing
the levels of RNAm for TH, as well as lowering the TH tissue
content, mainly in the SNpc (Do Nascimento et al., 2011;
Figlewicz et al., 1996).

There is a growing interest in the therapeutic potential of
natural products to mitigate the negative effects of diabetes.
Resveratrol (3,5,4'-trihydroxystilbene) is a polyphenol found
in grapes and red wine, peanuts, different types of berries,
and over 70 plant species (Harikumar and Aggarwal, 2008).
This compound has been shown to exert pleiotropic effects
on the modulation of various cell-signaling molecules and in
the regulation of gene expression, which in turn can promote
the expression of antioxidant enzymes, suppress the expres-
sion of inflammatory biomarkers, and modulate regulatory
cell cycle genes (Baur and Sinclair, 2006; Harikumar and
Aggarwal, 2008).

Interestingly, in STZ-induced diabetic rats, resveratrol has
been shown to trigger beneficial effects in different brain
areas by protecting against oxidative stress (Ates et al., 2007;
Venturini et al., 2010), by ameliorating neurodegeneration
and attenuating the expression of pro-inflammatory media-
tors and astrocytic activation in the hippocampus (Jing et al.,
2013), and by preventing memory deficits (Schmatz et al.,,
2009). Furthermore, in PD rodent models, it has been demon-
strated that treatment with resveratrol reduces motor dis-
abilities and provides neuroprotection in the SNpc (jin et al,,
2008; Khan et al., 2010; Wang et al., 2011).

There is a lack of experimental evidence regarding the
locomotor and neurohistological consequences of resveratrol
treatment related to TH expression in the SNpc of diabetic
rats. Thus, the goal of our study was to investigate the effects
of oral treatment with resveratrol on locomotor behaviors,
neuronal and glial densities, and regional and cellular TH
immunoreactivity in the SNpc of rats with STZ-induced
diabetes.

2. Results

A timeline with our experimental design can be seen in Fig. 1.

2.1.  Statistical power analysis

The statistical power test is a helpful tool to calculate the
minimum number of animals required to ensure reliable
results. In the present study, the means and standard devia-
tions from each parameter analyzed were used to estimate
the statistical powers.

The findings of the statistical power analysis for body
weight, blood glucose, bar test and open field evaluations
were 100% for all these parameters. The findings for the
density of the Nissl-stained neuronal and glial cells, density
of TH immunoreactive neurons, and regional and cellular TH
optical densitometries (ODs) were 97.5%, 93.4%, 95.1%, 99.7%
and 99.9%, respectively.

The high statistical power values obtained in this evalua-
tion confirms that the number of animals used in our
experiments was adequate, and ensures the probability of
statistical type II error is reduced. Thus, all the achieved
results are reliable.
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Fig. 1 - Timeline of the experimental design. D=day.

Table 1 - Body weight and blood glucose levels.

Groups D1 D4 D30 D64
Weight (g) Glycemia Weight (g) Glycemia Weight (g) Glycemia Weight (g) Glycemia
(mg/dL) (mg/dr) (mg/dL) ()
SAL 375.7+11.4 89.1+4.1 389.5+11.8 88+3.8 422.8+14.6 89.7+3.1 461.7 £13.6 84.3+2.1
RSV 381.1+11.7 90.1+2.1 398.8+11.5 91.6+1.6 430.6+13.6 85.6+1.7 466.2+14.7 83.8+1.4
DM 368.2+4.9 86.5+3.2 328.7 £6.9% 446.4+30.6"" 307.8+£8.9% 510.6 +23.7 299.8+7.7°* 479.1422.6™
DM+RSV 383.4+7.5 94.4+2.6 341.1+5.9%° 377.6+21.2° 327.1+5.8%* 501.7 +25.27 314.2+9.6™* 484.9 +24.9%

SAL: non-diabetic rats treated with saline, RSV: non-diabetic rats treated with resveratrol, DM: diabetic rats treated with saline, DM+RSV:

diabetic rats treated with resveratrol. D: day.

*#% Corresponds to p<0.001 compared to SAL and RSV groups.
@ Corresponds to p<0.01 compared to SAL group.

® Corresponds to p<0.001 compared to RSV group.

2.2.  Body weight and blood glucose

On day 1 (D1), there was no significant difference in body
weight between the groups. On D4, the DM group presented a
significant decrease in body weight compared to the SAL and
RSV groups (p <0.001), likewise, the DM+RSV group presented
a decrease when compared to the SAL (p<0.01) and RSV
(p<0.001) groups. The body weight of diabetic rats from the
DM and DM+RSV groups remained significantly lower on D30
and D64 (p<0.001) (Table 1).

Analysis of the glycemia data showed no differences in
blood glucose levels between the groups on D1. From D4
onward, the blood glucose levels of rats from the DM and
DM+RSV groups were significantly increased when compared
to the SAL and RSV groups (p<0.001) (Table 1).

2.3. Locomotor analyses

2.3.1. Bar test

On D29, the time spent on the bar was not significantly
different between the SAL (1.44+0.28), RSV (0.93+0.20), DM
(1.67+0.23) and DM+RSV (1.52+0.16) groups (Fig. 2). On D63,
rats from the DM group presented a significantly higher
degree of akinesia (3.47+0.52) than the SAL (1.75+0.31;

p<0.05), RSV (1.64+0.33; p<0.01) and DM+RSV (1.83+0.36;
p<0.05) groups (Fig. 2).

2.3.2. Open field test

Analysis of the number of lines crossed in the open field test
revealed that rats from the DM (35.25+4.58) and DM+RSV
(35.184+15.23) groups crossed a significantly lower number of
lines when compared to rats from the SAL (59.77 +4.21;
p<0.05) and RSV (63.15+7.46; p<0.01) groups (Fig. 3a).

The average speed in the DM group (0.02+0.00) was lower
than in the SAL (0.03+0.00; p<0.05) and RSV (0.03+0.00;
p<0.01) groups, with no significant difference compared to
the DM+RSV group (0.02+0.00) (Fig. 3b).

No significant changes in maximum speed, time mobile and
time immobile between groups were observed (data not shown).

2.4.  Histological and immunohistochemical analyses

2.4.1. Nissl-stained neuronal and glial density estimation
The neuronal density was significantly reduced in the DM
(2.51+0.21; p<0.01) and DM+RSV (2.98+0.30; p<0.05) groups
when compared to the RSV group (5.10+0.69), while no such
difference was observed in comparison to the SAL group
(3.514+0.34) (Fig. 4a).



104

BRAIN RESEARCH I592 (20I4) I0OI—-I1I2

5.00 -

4.50 4

4.00 4

3.50

3.00 -

2.50 4

Time (s)

2.00 4

1.50 -

1.00 -

0.50

Bar test

B Pretreatment (D29)

a,b,c O Posttreatment (D63)

SAL RSV

DM DM+RSV

Fig. 2 - Latency to remove both paws from the horizontal bar in the bar test. *Corresponds to p <0.05 compared to the SAL
group, Pcorresponds to p <0.01 compared to the RSV group, and © corresponds to p <0.05 compared to the DM+RSV group in

posttreatment evaluation.
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Fig. 3 - (a) Number of lines crossed in the open field test. *Corresponds to p<0.05 compared to the SAL group, and
Pcorresponds to p<0.01 compared to the RSV group. (b) Average speed in the open field test. Corresponds to p<0.05
compared to the SAL group, Pcorresponds to p <0.01 compared to the RSV group, and “corresponds to p <0.05 compared to the

RSV group.

The glial density was significantly increased in the DM
group (1.9840.19) compared to the SAL (1.10+0.16) and
DM+RSV (1.26+0.12) groups (p<0.05), with no significant
difference when compared to the RSV group (1.59+0.13)
(Fig. 4b).

Digitized images of Nissl-stained neuronal and glial cells
in the SNpc of the experimental groups can be seen in Fig. 5.

2.4.2. TH immunoreactive neuronal density estimation
A significant reduction in TH immunoreactive neuronal
density was only observed in the DM group (2.53+0.38) when

compared to the RSV group (4.26+0.22; p<0.05), while no
such difference was found in comparison with the SAL
(3.63+0.30) and DM+RSV (3.33+0.18) groups (Fig. 6a).

2.4.3. Optical densitometry

Evaluation of regional OD demonstrated a reduction in TH
immunoreactivity in the DM group (0.07+0.00) when com-
pared to the RSV (0.11+0.00) and DM+RSV (0.11+0.00) groups
(p<0.05), however, when compared to the SAL group, no
difference was found (0.1040.00) (Fig. 6b).
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Fig. 4 - (a) Density of the Nissl-stained neurons in the SNpc. ®corresponds to p<0.01 compared to the RSV group, and ®
corresponds to p<0.05 compared to the RSV group. (b) Density of the Nissl-stained glial cells in the SNpc. *corresponds to
p<0.05 compared to the SAL and DM+RSV groups.
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Fig. 5 - Digitized images from coronal mesencephalic sections, showing Nissl-stained neuronal and glial cells in the SNpc in
the four experimental groups (SAL, RSV, DM and DM+RSV). Note the relative size of the area of interest (AOI) used to
determine neuronal and glial densities. Neurons and glia located inside the AOI, or intersected by the upper and/or right edge
of the AOI (continuous lines) were counted; neurons and glia that were intersected by the lower and/or left edge of the AOI
(traced lines) were not counted. In the digitalized images, the stars (7) depict neuronal cells, and the asterisks () depict glial
cells; the total number of neurons and glia counted are presented in each image. The schemating drawings were modified
from Paxinos and Watson (1998)’s atlas. Scale bar in the SNpc image: 10 ym.
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Fig. 6 - (a) Density of TH immunoreactive neurons in the SNpc. ?Corresponds to p<0.05 compared to the RSV group.

(b) Regional OD in the SNpc. 2Corresponds to p<0.05 compared to the RSV group, and ® corresponds to p <0.05 compared to
the DM+RSV group. (c) Cellular OD in the SNpc. *Corresponds to p <0.05 compared to the SAL group, Pcorresponds to p <0.01
compared to the RSV group, and “corresponds to p<0.01 compared to the DM+RSV group.

Fig. 7 - Digitized images from coronal mesencephalic sections, showing TH immunoreactivity in the SNpc in the four
experimental groups (SAL, RSV, DM and DM+RSV). Images of the TH immunoreactive nigral neurons corresponding to each
group are detailed in the lower left corner of the SNpc images. Note the reduced TH immunoreaction in the digitized image of
the neuron from the DM group, compared to the SAL, RSV and DM+RSV groups. SNpc scale bar: 160 ym; neuron scale bar:

10 pm.

In cellular OD data analysis, the DM group presented a lower
TH immunoreactivity in neuronal somata (0.17+0.00) when
compared to the SAL (0.19+0.00; p<0.05), RSV (0.21+0.00;
p<0.01) and DM+RSV (0.20+0.00; p<0.01) groups (Fig. 6c).

Digitized images of TH immunoreactivity in the SNpc of
the experimental groups can be seen in Fig. 7.

3. Discussion

In diabetes, the primary cause of hyperglycemia is the
deficient action of insulin on target tissues, which generates
abnormalities in carbohydrate, lipid and protein metabolism.
Uncontrolled high blood glucose levels triggers the classical



BRAIN RESEARCH 1592 (2014) 10I1-112 107

clinical symptoms of the disease, including marked polyuria,
polydipsia and weight loss (American Diabetes Association,
2012). In the present study, these characteristics were
observed in all the animals with STZ-induced diabetes and,
as previous studies have shown, treatment with resveratrol
was unable to influence the blood glucose levels and body
weights of diabetic and non-diabetic rats (Ates et al., 2007,
Kumar et al., 2007; Schmatz et al., 2009; Venturini et al., 2010).

Our experimental design demonstrated that STZ-induced
diabetes can lead to two locomotor abnormalities which are
hallmark symptoms of PD. Diabetic rats from the DM group
presented a higher degree of akinesia in the bar test, and
diabetic rats from both the DM and DM+RSV groups showed
significant bradykinesia in the open field test, as shown by
the decreased number of lines crossed and lower average
speed. To the best of our knowledge, our study is the first to
demonstrate akinesia development in diabetic rodents. Pre-
vious experimental evidences have demonstrated bradykine-
sia in rats with STZ-induced diabetes during the open field
test (De Senna et al.,, 2011; Do Nascimento et al., 2011; Grzeda
et al., 2007; Haider et al., 2013). In diabetic patients, psycho-
motor efficiency and motor speed are cognitive processes
that can be negatively affected (Sims-Robinson et al., 2010),
and the onset of diabetes prior to the development of PD is
considered a risk factor for more severe Parkinsonian clinical
symptoms (Cereda et al., 2012), suggesting that diabetes has a
negative impact on nigrostriatal physiology.

Bradykinetic behaviors were not ameliorated by oral treat-
ment with resveratrol. However, resveratrol was able to
protect against akinesia development during the time course
of the diabetes. This result demonstrates an unprecedented
positive effect of resveratrol on this locomotor deficit, possi-
bly due to its capability to attenuate some pathological
mechanisms in brain regions responsible for motor control,
such as the basal ganglia and cerebellum (Ates et al., 2007;
Biessels et al., 1994; Cheema et al., 2011; Huang et al., 2012;
Sima, 2010; Venturini et al., 2010).

Moreover, we demonstrated that diabetes leads to an
increase in the density of Nissl-stained glial cells in the SNpc.
The study by Wang et al. (2014) showed an increase in the
number of microglial cells in the SNpc of diabetic mice.
Therefore, the increased density of glial cells observed in
our study may be the result of microglial reactivity.

On the other hand, the density of Nissl-stained neurons
and TH immunoreactive neurons remained unaltered in the
diabetic animals, when compared to the SAL group. Compar-
able to our findings, Wang et al. (2014) also showed no
difference in the number of TH immunoreactive neurons in
the SNpc of diabetic mice.

In addition, a decrease in cellular TH immunoreactivity
was observed in diabetic rats, supporting the findings of the
study from Do Nascimento et al. (2011) that showed a
reduction in TH immunoreactivity in the SNpc of diabetic
rats accompanied by bradykinesia in the open field test.

All these data suggest that microglia could act as an
important factor in the dysfunctions seen in the SNpc of
diabetic rodents, instigating inflammatory processes that
might contribute to neurochemical impairments, such as
the diminished cellular content of TH in nigral neurons
(Hirsch and Hunot, 2009; Wang et al., 2014).

For the first time, our study showed that late starting
(30 days) oral resveratrol treatment produces beneficial
effects in the SNpc of diabetic rats by restoring glial density
and cellular TH immunoreactivity. Other positive influences
related to resveratrol treatment are that the RSV group
presents increased Nissl-stained neuronal density when
compared to the DM and DM+RSV groups, and the RSV and
DM+RSV groups present increased regional TH immunoreac-
tivity when compared to the DM group.

The SNpc is located in the ventral mesencephalon and is a
constituent of the basal ganglia circuit. It receives inputs from
the prefrontal cortex - striatum pathway, and projects dopa-
minergic outputs to the striatum (Dauer and Przedborski,
2003). Earlier studies demonstrated that diabetes is asso-
ciated with a higher risk of PD development (Sun et al,
2012; Xu et al., 2011). Thus, the reduced TH neuronal content
observed in our study could represent the beginning of a
neurodegenerative process anteceded by microglial reactivity
in the SNpc, as previously suggested (Halliday and Stevens,
2011; Wang et al., 2014). As well, the reduction in neuronal TH
might lead to striatal dopamine deficiency and altered basal
ganglia physiology, which in turn could lead to voluntary
motor control impairment and development of classical PD
symptoms in diabetic rats, such as akinesia and bradykinesia
(Dauer and Przedborski, 2003).

In addition to the reduced TH content observed in nigral
dopaminergic neurons, the alterations in motor behaviors
found in the diabetic rats could have been incremented by
peripheral neuropathy, low muscle mass and/or poor muscle
strength (Andersen, 2012; Kalyani et al., 2014; Zangiabadi
et al,, 2011). As mentioned above, the open field test revealed
dysfunctions in locomotor parameters in our diabetic groups.
On the other hand, a cardinal feature of PD is difficulty
initiating movement, which is evaluated by the bar test in
rodents. Peripheral neuropathy and decreased muscle mass
and strength could contribute to the development of akinesia
in our diabetic model. However, the evidence from our study
suggests the decreased cellular dopaminergic content in the
SNpc is one of the main factors responsible for the develop-
ment of akinesia, because this locomotor dysfunction was
absent when this decrease was attenuated by resveratrol
treatment in the DM+RSV group. It is important to remember
that resveratrol was unable to reverse weight loss, which
could have decreased muscle mass and strength in the
DM+RSV group. This question might be better answered in
future studies designed to assess the isolated effects of
peripheral neuropathy, muscle mass and muscle strength in
the akinesia degree, using the bar test.

The mechanisms involved in diabetes-induced nigrostria-
tal impairments are not well recognized. Hyperglycemia
exerts neurotoxic effects by increasing the formation of
reactive oxygen species (ROS) and advanced glycation end-
products (AGEs), which enhance inflammatory responses and
contribute to the development of microvascular brain pathol-
ogy (Biessels, 2013; Roriz-Filho et al., 2009; Tomlinson and
Gardiner, 2008). Furthermore, insulin is an important neuro-
trophic factor that regulates dopamine concentrations in the
brain. In PD patients, a reduction was observed in the
immunoreactivity and the expression of mRNA for insulin
receptor in the substantia nigra, showing that insulin
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deficiency possibly impairs neural plasticity in the SNpc
(Craft and Watson, 2004; Roriz-Filho et al., 2009; Sima, 2010).

Oxidative stress and neuroinflammation are implicated in
the pathophysiology of PD and diabetes-induced brain
damages (Hirsch et al., 2012; Jenner, 2003; Sima, 2010;
Wrighten et al., 2009). These mechanisms indicate that PD
and diabetes possibly share common pathways that lead to
glial changes and neuronal dysfunctions (Santiago and
Potashkin, 2013).

Interestingly, the beneficial actions of resveratrol in the
SNpc could be associated with multiple mechanisms. In
cultured dopaminergic neurons, resveratrol was able to mod-
ulate the astroglial production of brain-derived neurotrophic
factor (BDNF) and glial cell line-derived neurotrophic factor
(GDNF), which are essential for neuronal and glial develop-
ment, maintenance and survival (Zhang et al, 2012). In a
model of lipopolysaccharide-induced neurotoxicity in mid-
brain neuron-glia cultures, resveratrol has been reported to
protect dopaminergic neurons by reducing microglial reactiv-
ity and the generation of ROS and proinflammatory factors
(Zhang et al., 2010). Resveratrol also provide neuroprotection
in experimental models of PD and diabetes, by diminishing
lipid peroxidation and the production of ROS, restoring the
levels of antioxidant enzymes, and decreasing the content of
proinflammatory cytokines (Ates et al., 2007; Jin et al., 2008;
Jing et al, 2013; Khan et al., 2010; Lofrumento et al., 2014;
Venturini et al., 2010).

Thus, the modulation of neurotrophic factors generation
and redox status, and the antiinflammatory effects could
explain the positive impact of resveratrol treatment on glial
density and cellular TH immunoreactivity in the SNpc, and
on the prevention of akinesia development in diabetic rats.

3.1. Conclusions

Our study demonstrated that experimental diabetes induced
by STZ in rats can generate dysfunctions related to PD
pathogenesis, such as akinesia, bradykinesia, increased glial
density and reduced cellular TH immunoreactivity in the
SNpc. Interestingly, on the 30th day following diabetes
induction, beneficial effects were achieved by oral treatment
with resveratrol, which was found to protect against akinesia,
and to restore the glial density and the cellular TH immunor-
eactivity in the SNpc. Based on our results, we suggest that
resveratrol might represent a relevant therapeutic option
against diabetes-induced nigrostriatal dysfunctions. This is
a novel finding and further investigation into this subject is
required in experimental and clinical trials.

4. Experimental procedures
4.1.  Chemicals

Streptozotocin (STZ), monoclonal antibody for tyrosine
hydroxylase (TH) raised in mice, anti-mouse antibody con-
jugated with peroxidase, 3,3'-diaminobenzidine (DAB) and
cresyl violet were obtained from Sigma Chemical Co. (USA).
Thiopentax (sodium thiopental) was purchased from Cristalia
(Brazil), and bovine serum albumin (BSA) from Inlab (Brazil).

Isopentane and Entellan were obtained from Merck (Germany).
Trans-resveratrol (trans-3,5,4 -trihydroxystilbene, extracted from
Polygonum cuspidatum) was purchased from Chengdu Hawk Bio-
Engineering (Beijing, China), and presented >99% of purity
(confirmed by high performance liquid chromatography), as
previously described (Souto et al., 2001). All other chemicals
used were of analytical reagent grade.

4.2, Animals

Forty nine male Wistar rats obtained from the Centro de
Reprodugdo e Experimentagdo de Animais de Laboratério (CREAL,
Universidade Federal do Rio Grande do Sul-UFRGS), aged 12
weeks at the start of the experiment were used. Rats were
housed in groups of three animals per cage. They were
maintained under standard laboratory conditions, with free
access to rat chow and water and a 12:12 light/dark cycle
(lights on from 08:00 to 20:00h). The experiments were
conducted in accordance with the University guidelines,
and were previously approved by the animal ethics commit-
tee of the University.

4.3.  Experimental design

The animals were randomly divided into four groups, as
follows: non-diabetic rats treated with saline (SAL), non-
diabetic rats treated with resveratrol (RSV), diabetic rats
treated with saline (DM) and diabetic rats treated with
resveratrol (DM+RSV). For the bar test, 12 rats from the SAL
group, 12 rats from the RSV group, 11 rats from the DM group
and 9 rats from the DM+RSV group were analyzed. In the
open field test, 13 rats from the SAL group, 13 rats from
the RSV group, 12 rats from the DM group and 11 rats from
the DM+RSV group were analyzed. Five rats per group were
selected for histological and immunohistochemical proce-
dures and analyses.

4.4.  Experimental induction of diabetes

After an overnight fasting period (6 h), diabetes was induced
by a single intraperitoneal (i.p.) injection of STZ (65 mg/kg of
body weight) diluted in 0.1 M sodium-citrate buffer, pH 4.5.
The non-diabetic rats received an equivalent amount of
sodium-citrate buffer. 72h after injections, blood glucose
levels were measured in blood collected from the rat tail
using a portable glucometer (On Call Plus, ACON Laboratories,
USA). Only animals with blood glucose levels >300 mg/dL
and symptoms of polyuria and polydipsia were considered
diabetic and selected for the present study. During the
experiment, the blood glucose levels of all the animals were
verified at four moments: D1 (before i.p. injections of STZ
and/or vehicle), D4 (72 h after i.p. injections), D30 and D64.

4.5. Oral treatment

From D30 to D64, oral treatment was provided to all groups
once a day, between 10:00 and 11:00 a.m., totaling 35 days of
treatment. Resveratrol was freshly dispersed in 0.9% saline
solution and promptly administered via oral gavage to ani-
mals belonging to the RSV and DM+RSV groups, at a dose of



BRAIN RESEARCH 1592 (20I4) IOI—-I12 109

20 mg/kg of body weight, based on previous studies (Jin et al.,
2008; Venturini et al., 2010; Wang et al., 2011). Animals from
the SAL and DM groups received equal volumes of 0.9% saline
solution alone. Resveratrol was stored at 5°C in an amber
flask, protected from light. The body weights of the animals
were verified on D1, D4 and D30 and, in order to better control
the resveratrol dose, from D30 to D64, they were verified
twice a week (on Mondays and Thursdays).

4.6. Locomotor analyses

4.6.1. Bar test

The bar test was performed one day before the beginning of
the treatment (D29) and one day before the last day of
treatment (D63) to estimate the degree of akinesia at different
time points of our experimental design. Akinesia was eval-
uated by gently placing both forelimbs on a 9cm high
horizontal bar, and the latency to remove both paws from
the bar was measured in seconds. A cut-off time of 120 s was
used as a maximum score (Amalric et al., 1986; Baptista et al.,
2013).

4.6.2. Open field test

On D64, each rat were gently placed in a predetermined
corner of a 50 cm x 40 cm x 60 cm box, in which the floor was
divided into 12 equal squares, and the behavior was recorded
for 3 min with a digital videocamera (DCR-SR47, Sony, Japan)
(Carrera et al., 1998; Do Nascimento et al., 2011). ANY-maze
software (version 4.70, Stoelting) was used to provide an
automated analysis of distinct locomotor parameters: num-
ber of lines crossed, average speed, maximum speed, time
mobile and time immobile.

The animals were submitted to a single open field test to
avoid habituation to the open field apparatus, which could
lead to decreased exploration and locomotion in response to
repeated exposure to the task apparatus (Baptista et al., 2013;
Leussis and Bolivar, 2006).

4.7.  Histological and immunohistochemical procedures

At D65, the rats were anesthetized with sodium thiopental
(50 mg/kg of body weight, i.p.) and perfused transcardially
with 0.9% saline solution, followed by 4% paraformaldehyde
(PF) in 0.1 M phosphate buffer (PB), pH 7.4. The brains were
quickly removed from the skulls, postfixed in the 4% PF
solution for 4 h at room temperature, and cryoprotected by
immersion in a 15% and 30% sucrose solution in 0.1 M PB at
4 °C, until they sank. Finally, the brains were rapidly frozen in
isopentane previously cooled in liquid nitrogen, and kept in a
—80 °C freezer for further procedures.

The mesencephalic area that comprises the SNpc was
identified between the following coordinates: interaural
42mm, bregma —4.8mm, and interaural 2.7 mm, bregma
—6.3mm (Paxinos and Watson, 1998). Coronal sections (30 pm
thickness) from the SNpc were obtained from each brain using
a cryostat (CM1850, Leica, Germany) at —20 °C and collected in
PB saline (PBS), pH 7.4. Serial sections were selected to the Nissl
staining method or TH immunohistochemistry.

4.7.1. Nissl staining

For the Nissl (cresyl violet) staining method, sections were
mounted on gelatin-coated slides and air-dried. Thereafter,
sections were rehydrated and stained with 0.02% cresyl violet
in acetate buffer.

4.7.2. TH immunohistochemistry

The free-floating sections were pre-treated with 3% hydrogen
peroxide in PBS for 30 min at room temperature, washed with
PBS and blocked with 2% BSA in PBS containing 0.4% Triton
X-100 (PBS-Tx) for 30 min. Thereafter, the sections were incu-
bated with monoclonal TH antibody raised in mice, diluted
1:3000 in PBS-Tx for 48 h at 4 °C.

Subsequently, sections were washed in PBS-Tx and incu-
bated with anti-mouse antibody conjugated with peroxidase
diluted 1:500 in PBS-Tx for 2 h at room temperature. Sections
were washed in PBS, and immunoreactivity was visualized by
incubation in DAB and hydrogen peroxide.

Control sections were prepared by omitting the primary
antibody and replacing it with PBS-Tx. In our study, all brains
were fixed and post-fixed for the same time in identical
solutions, carefully processed at the same time, and incu-
bated in the same immunostaining medium for the same
period of time. These precautions were performed to avoid
overreaction, differences in chromogen reaction, saturation
of OD or changes in background staining levels.

4.8.  Histological and immunohistochemical analyses

4.8.1. Nissl-stained neuronal and glial density estimation
The number of neurons and glial cells per mm? of the SNpc
was estimated by planar morphometry. The images were
acquired using an Olympus BX50 optic microscope (Olympus,
Japan) coupled to a digital camera (Opton, Brazil) and Image
Pro Plus 6.0 software (Media Cybernetics, USA).

To estimate the neuronal and glial densities, five sections
were selected from each rat. Six digitized images (40x) from
medial, intermediary and lateral SNpc regions were obtained
from each section (three images from the left and three
images from the right brain hemispheres). Then, 30 images
of the SNpc were analyzed per animal.

A square area of interest (AOI) measuring 597 ym? was
overlaid on each image. Neurons and glial cells located inside
the AOI, or intersected by the upper and/or right edge of the
AOI were counted. Neurons and glial cells that were inter-
sected by the lower and/or left edge of the AOI were not
counted (Ferraz et al., 2008; Xavier et al., 2005).

The neurons were identified by their large and pale
(euchromatic) nuclei surrounded by a violet stained cyto-
plasm. Glial cells were identified by the small and dark
(heterochromatic) nuclei, and by the absence of stained
cytoplasm. The nucleoli of neuronal cells and the nuclei of
glial cells were considered as the counting markers for
neurons and glia, respectively.

4.8.2. TH immunoreactive neuronal density estimation

The number of TH immunoreactive neurons per mm? of
SNpc was estimated by planar morphometry. The images
were acquired using an Axio Imager Al optic microscope
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(Zeiss, Germany) coupled to an AxioCam HRc camera (Zeiss,
Germany), and Image Pro Plus 6.0 software.

For estimation of the TH immunoreactive neuronal den-
sity, five sections from each rat were selected. Six digitized
images (40x) from medial, intermediary and lateral SNpc
regions were obtained from each section (three images from
the left and three images from the right brain hemispheres).
Then, 30 images of the SNpc were analyzed per animal.

A square AOI measuring 784 pm? was overlaid on each
image. The somata of the TH immunoreactive neurons
located inside the AOQI, or intersected by the upper and/or
right edge of the AOI were counted. The somata that were
intersected by the lower and/or left edge of the AOI were not
counted (Ferraz et al., 2008; Xavier et al., 2005).

4.8.3. Optical densitometry

Semi-quantitative densitometric analyses were used to mea-
sure the intensity of TH immunoreactivity in the SNpc (Do
Nascimento et al., 2011; Ferraz et al., 2008; Xavier et al., 2005).
For these analyses, the same images and software from the
TH immunoreactive neuronal density estimation section
were used.

For the regional OD analysis, the digitized images were
converted to an 8-bit gray scale (0-255 Gy levels) and an AOI
measuring 784 ym? was overlaid on each image. Six OD
measurements from each medial, intermediary and lateral
SNpc regions were acquired per section, totalizing 30 OD
measurements per animal.

For cellular OD analysis, the digitized images were also
converted to an 8-bit gray scale (0-255 Gy levels), and one AOI
measuring 3.7 ym? was placed over two different neuronal
somata (avoiding the nucleus) in each image. Two somata OD
measurements from each medial, intermediary and lateral
SNpc regions were acquired per section, totalizing 60 OD
measurements per animal.

All lighting conditions and magnifications were kept con-
stant during the process of capturing the images. Background
staining subtraction and correction were done in accordance
with our previous published protocol (Xavier et al., 2005).

The OD was calculated using the following formula:

(INT(x,y) —BL)

OD(x.y) = — log |~ 1Ne By

where “OD(x,y)” is the optical density at pixel(x,y), “INT(x,y)”
or intensity is the intensity at pixel(x,y), “BL” or black is the
intensity generated when no light goes through the material,
and “INC” is the intensity of the incidental light.

4.9.  Statistical analyses

The statistical analyses were carried out using SPSS 11.0
(Statistical Package for the Social Sciences, USA), and the
GxPower 3 software (Institut Fiir Experimentelle Psychologie,
Heinrich Heine Universitat, Germany) was used to calculate
the statistical power (Faul et al, 2007). Data normality
distribution was checked using the Kolmogorov-Smirnov test.
Blood glucose, body weight and bar test data were analyzed
using repeated measures analysis of variance (ANOVA), and
differences between the groups were assessed using the
Tukey post hoc test. Data from the open field test were

analyzed using multivariate two-way ANOVA followed by
the Tukey post hoc test. Histological and immunohistochem-
ical data were analyzed using univariate two-way ANOVA
followed by the Tukey post hoc test. Results are expressed as
mean+standard error of mean. p<0.05 was considered
significant.
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