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We carried out a qualitative review of the literature on the influence of forced or voluntary exercise in Parkinson's
Disease (PD)-induced animals, to better understand neural mechanisms and the role of neurotrophic factors
(NFs) involved in the improvement of motor behavior. A few studies indicated that forced or voluntary exercise
may promote neuroprotection, through upregulation of NF expression, against toxicity of drugs that simulate PD.
Forced training, such as treadmill exercise and forced-limb use, adopted in most studies, in addition to voluntary
exercise on a running wheel are suitable methods for NFs upregulation.
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1. Introduction

Exercise is an effective tool to slow the physical and cognitive de-
cline resulting from aging [1]. In humans, aerobic exercise is associated
with increases in blood supply and growth factors. Growth factors assist
in promoting neurogenesis and synaptic plasticity through release of
neurotransmitters, such as dopamine (DA), noradrenaline, serotonin
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and glutamate, which contribute to the good physical condition of exer-
cise practitioners [1-5]. Exercise also plays an important role in reduc-
ing the risk of developing neurological disorders, such as Alzheimer's
disease [6] and Parkinson's disease (PD) [7]. Recent studies have report-
ed that physical exercise delays worsening of these conditions [8, 9].

PD is a neurodegenerative disorder characterized by cellular and
molecular mechanisms leading to loss of dopaminergic neurons in
the basal ganglia. This loss of dopaminergic neurons occurs in the
substantia nigra pars compacta (SNpc). Because of dopamine deple-
tion, patients show the following clinical features: resting tremor,
akinesia and/or bradykinesia, rigidity, postural instability and gait
changes [10, 11]. The etiology of PD is unknown, although several
known neuroinflammatory mechanisms, including oxidative stress,
nitric oxide and mitochondrial dysfunction are involved in the patho-
physiology of the disease [12]. In addition, excitotoxicity (an excessive
activation of neuronal amino acid receptors) also seems to mediate
neuronal death in PD, especially triggered by glutamate [13, 14]. There-
fore, considering that some studies have reported benefits of exercise in
patients with PD, including improvement of clinical and motor aspects,
it is important to understand the neurobiological mechanisms involving
the practice of physical activity in PD [15].

Studies have shown that in rodents subjected to exercise after
application of neurotoxins that simulate PD, loss of DA in the SNpc
was reduced. The neurotoxins that are most often used for this pur-
pose are 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)
[16-18], 6-hydroxydopamine (6-OHDA) [19-21], and lipopolysac-
charide (LPS) [22]. These reports indicate that physical exercise
acts by producing factors such as brain-derived neurotrophic factor
(BDNF) [22, 23], glial cell-derived neurotrophic factor (GDNF) [24],
and vascular endothelial growth factor (VEGF) [25] that stimulate
neuroprotection.

How does exercise protect dopaminergic neurons against neuro-
inflammatory mechanisms, oxidative stress, mitochondrial dysfunction
and other apoptotic processes? One hypothesis is that neurotrophic
factors (NFs) are upregulated in animals induced to PD and submitted
to physical exercise [26-29].

NFs are a family of proteins that function as growth factors required
for the maintenance, survival, specification and maturation of neuronal
populations [30-32]. The “neurotrophic hypothesis”, as shown in the lit-
erature, asserts that maintenance of neuronal networks is required for
the release of proteins captured by nerve terminals and transported ret-
rogradely within neurons. When these NFs reach the nucleus, they in-
duce gene programming to promote neuronal survival and phenotype
specification [33].

Several proteins have been classified as NFs, including BDNF, GDNF,
insulin-like growth factor (IGF) and VEGF. These proteins are classified
as NFs due to their effects on survival, differentiation, synaptogenesis,
neuronal maturation and many other physiological properties. Because
of their important role in neuron survival, NFs are considered the most
promising treatment for neurodegenerative diseases, including PD [31].
Despite the promising neuroprotective properties of NFs, the clinical
application of these proteins into the cerebrospinal fluid in patients
with PD and Alzheimer's disease has been ineffective, due to the difficul-
ty encountered by these proteins in crossing the neurovascular unit
(brain-blood barrier) [31, 34, 35].

If we consider that physical exercise is an effective alternative to
promote neuroprotection of dopaminergic neurons in PD, it is necessary
to investigate the relationship of NFs to physical exercise. This article is a
qualitative systematic review with the objective to analyze papers
based on studies using animal models of PD, in order to investigate
the effect of exercise on the expression of NFs. Because of the lack of
information on exercise-induced synthesis of tyrosine hydroxylase
(TH) regulated by NFs in the nigrostriatal pathway in animals induced
to PD, in this article we review the state of knowledge regarding TH syn-
thesis in PD after physical training, and discuss the possible signaling
pathways of different NFs.

2. Materials and methods

The literature review was conducted using the following electronic
databases: NCBI PubMed, LILACS and SciELO, based on the following
groups of keywords: 1) Parkinson's disease, physical activity, animal
model, neurotrophic factors; 2) Parkinson's disease, exercise, animal
model, neurotrophic factors; 3) Exercise, dopamine, BDNF; 4) Exercise,
dopamine, GDNF; 5) Exercise, dopamine, VEGF; 6) Parkinson's disease,
exercise, animal model, BDNF; 7) Parkinson's disease, exercise, animal
model, GDNF; 8) Parkinson's disease, exercise, animal models, VEGF;
9) Exercise, neuroprotection, BDNF. Because we were able to find in
the PubMed database the same references found in the other databases
(SciELO and LILACS) as well as additional items that were not indexed in
these latter, we chose to use only PubMed to locate articles. The inclu-
sion criteria were thematic correlation, experimental studies in animal
models, articles published in English, Portuguese and Spanish available
in full text, with information regarding the subjects of Parkinson's dis-
ease, physical activity, animal model and neurotrophic factors, pub-
lished between 2000 and 2015. Review articles and studies performed
in humans were excluded. From the articles obtained, we evaluated
the full texts included in this study (Fig. 1).

3. Results

Based on the descriptors, we encountered 214 articles. However,
only 10 articles addressed the topic as defined in this study, confirming
the scarcity of literature on the neuroprotective effect of exercise involv-
ing NFs in PD.

All the included studies suggested that physical exercise can pro-
mote neuroprotection, through upregulation of NFs expression,
against the toxicity of drugs that simulate PD. Cell survival of the do-
paminergic neurons is mediated by regulation of the transcription of
TH encoding and synthesizing gene. TH is an enzyme involved in
catecholamine biosynthesis, by acting in the conversion of tyrosine
to L-dihydroxyphenylalanine (L-DOPA), which in turn is converted
to dopamine by the L-amino acid decarboxylase aromatic enzyme
[36]. Increased TH activity promotes survival of dopaminergic neu-
rons [37]. The main features of the articles included in this review
are summarized in Table 1.

4. Discussion
4.1. Overview of the effect of exercise on PD

The practice of exercise is shown in the literature as a potent ther-
apeutic strategy available for cognitive and motor rehabilitation of
patients with neurodegenerative diseases, including PD [43, 44].
However, the neurobiological mechanisms involved in the practice
of physical exercise in neurodegenerative diseases are mostly un-
known. The literature review revealed that the exercise methods
used in most animal models are the running wheel, performed volun-
tarily, and forced treadmill training [45-47]. Table 1 shows that when
the groups submitted to physical exercise were compared with control
groups, i.e.,, the PD-sedentary groups, both voluntary and forced
exercises had positively influenced motor behavior. The motor im-
provement influenced by exercise was followed by changes in the ex-
pression of NFs [48-53]. It has been speculated that the NFs may have
a role in cell survival and restoration of dopaminergic cells in the
nigrostriatal pathway [20, 39, 54, 55]. Despite the known ability of exer-
cise to promote motor improvement followed by neurotrophic change
in PD, it is still necessary to determine the most appropriate intensity
and frequency of training to maximize the beneficial effects. Therefore,
it is important to understand how exercises act on the production of NFs
and how these NFs can influence on TH synthesis.

Among the methods most commonly used in studies over the last
decade, treadmill training (forced exercise) was most often adopted,
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Fig. 1. Diagram showing the number of titles retrieved; articles excluded, with reasons, and final inclusion.

generally based on 5 sessions per week for 4 weeks, each session lasting
from 30 to 40 min, intensity from 17 m/min to 20 m/min [18, 22, 25, 40,
55]. The six studies analyzed here that used forced training at these
parameters showed motor improvement and upregulation of NF
expression. The NFs associated with neuroprotection, such as BDNF
[22,23,39-42] and GDNF[16, 22, 39, 40], were upregulated after forced
physical training. The regulation of these NFs was followed by the pres-
ervation of dopaminergic cells in PD-exercise groups compared with
PD-sedentary groups. In cases where sedentary animals were induced
to PD by either 6-OHDA or MPTP neurotoxins, BDNF and GDNF levels,
both related to enzymatic activation of TH, were very significantly re-
duced in the striatum compared to trained animals [23, 39].

In addition to the previously mentioned factors, exercise appears to
change the striatal VEGF expression, suggesting that physical exercise
increases the density of blood vessels and consequently assists in neuro-
nal survival [25].

Forced exercise is considered a possible preventive strategy for the
development of PD. A study of a PD-exercised group submitted to train-
ing on a treadmill during one, two or four weeks before the induction of
PD by LPS, with or without a week of exercise after PD, showed that four
weeks of exercise before the induction were enough to prevent a
decrease in the nigrostriatal expression of BDNF and GDNF. Animals
submitted to one or two weeks of physical exercise before induction
of PD showed no significant protection, due to the decrease of dopami-
nergic cells [22].

Forced treadmill training seemed to have produced neuroprotection
for dopaminergic neurons in both the SNpc and the striatum, even in
animals induced to PD with the use of the toxins 6-OHDA and MPTP
[18, 19]. Although the general consensus in the literature is that physical
exercise has a neuroprotective effect, it is also suggested that the in-
creased release of corticosterone, a suppressor factor of BNDF mRNA
and protein, may jeopardize the possible beneficial effects of exercise
when this is forced [57-59]. Voluntary exercise on running wheels
does not significantly increase corticosterone levels [60, 61], suggesting

that voluntary exercise is more suitable for the maintenance of BDNF
expression [47].

4.2. Exercise and BDNF

In order to investigate whether the neuroprotection offered by
exercise is BDNF-dependent, researchers studied the effectiveness of
voluntary physical training with a running wheel in mice, using a 90 d
program. Mice induced to an acute model of PD were divided into two
groups. The first group consisted of mice with heterozygous deletion
of the BDNF gene. The second group consisted of wild-type mice. Only
the wild-type BDNF group exhibited neuroprotection against exposure
to the toxin [18].

Researchers also analyzed voluntary training in mice that had been
PD-induced by MPTP, after periods of 30, 60 or 90 d [18]. The animals
that underwent 30 d of voluntary training showed no neuroprotection.
The group that exercised for 60 d showed a smaller loss of dopaminergic
neurons (16%) compared with the group that exercised for 30 d. The
group that underwent 90 d of exercise showed a 9% loss of dopaminer-
gic neurons compared with the group that exercised for 30 d. Thus, the
study indicated that the running training for 90 d best promoted a neu-
roprotective effect on dopaminergic cells. Among the NFs analyzed
(BDNF, GDNF, VEGF and IGF-1), BDNF appear to be primarily responsi-
ble for survival and differentiation of dopaminergic neurons [22, 23,
39, 40,56, 62-64]. The NFs studied seem to have a specific affinity to ty-
rosine kinase receptors, and are the first signaling molecules to reach
the cell surface in order to bind to and regulate the cAMP response ele-
ment binding protein (CREB). CREB is a cellular transcription factor that
binds to a specific DNA sequence known as a response element to cyclic
AMP (cAMP response elements, CRE), regulating gene transcription.

BDNF is an important factor in neuronal differentiation, distributed
throughout the central nervous system and found in large amounts in
hippocampal regions [65, 66]. This NF is also present in the striatum
(Table 1). Thus, BDNF appears to be involved in the survival and



Table 1
Effects of exercise in PD animal models.

Author/year Animal Model

PD induction

Aim of the study

Weekly frequency/exercise
session/total length of training

Summary of issue

Conclusion

Tuon et al,, 2012. Wistar Rats (male).
(23]

Wu et al,, 2011.
[22]

Al-Jarrah et al.,
2010. [25]

Gerecke et al.,

2012.[38] and C57BL/6] mice

containing heterozygous
deletion of BDNF wild

gene (female).

C57BL/6] Mice (male).

C57BL/6] Mice (male).

C57BL/6] wild-type mice

6-OHDA

LPS

MPTP +
Probenecid.

MPTP

Evaluated the effects of treadmill
training on the expression of
neurochemical mediators (TH and
BDNF) and markers of oxidative stress
(thiobarbituric acid reactive substances
(TBARS) and carbonyl) in the striatum of
rats with induced parkinsonism.

Investigated the effects of forced
treadmill training with moderate
intensity to dopaminergic neuronal
loss induced by an inflammatory
process in the SNpc.

Investigated the presence of
angiogenesis in the nigrostriatal
system by forced treadmill training in
PD-induced mice.

Determined the correlation between
exercise-induced neuroprotection and
BDNF expression in an acute model of
parkinsonism.

The animals underwent an
exercise program of progressive
running (13-17 m/min), 3 or

4 d/wk for 8 weeks. Each session
lasted 50 min, with 48-h intervals.

PD-control and PD-trained groups
were familiarized with the
treadmill at a speed of 9 m/min,
10 min/d for 5 days. Exercised
animals underwent a 4-wk physical
training. Exercised mice ran at a
speed of 10 m/min for 20-60 min/d
(an increase of 10 min/d), 5 d/wk in
the first week, followed by 60 min
at the same speed daily, 5 d/wk
during the next 3 weeks.

Running 40 min/d, 5 d/wk at

18 m/min speed, without intervals.
The protocol was individualized for
each animal.

90 d of voluntary running for
approximately 7.5 km over 24 h.

Motion analysis: A rotational test to assess deficits in
balance was used. A significant reduction in the number of
asymmetrical rotations in the PD-trained group compared
to the PD-sedentary group was observed. Analysis of
striatal TH: The PD-trained group showed a TH level 59%
higher than the PD-sedentary group. Analysis of BDNF:
The PD-trained group demonstrated a 33% increase in the
BDNF level compared to the PD-sedentary group.

Motion analysis: Using the RotaRod acceleration test, 4
weeks of exercise before LPS injection completely
prevented motor, balance and coordination dysfunction.
Analysis of PD neurons in SNpc: 4 weeks of exercise
before LPS injection with or without 1 week of exercise
after injection, completely blocked the loss of TH
neurons induced by LPS. Two weeks of exercise before
the LPS injection or 1 week of exercise after the LPS
injection did not offer significant protection against loss
of TH neurons induced by LPS. Four weeks of exercise
before the LPS challenge completely prevented the loss
of DA and 3,4-dihydroxyphenylacetic acid (DOPAC).
Analysis of GDNF and BDNF in the SNpc: BDNF levels in
the striatum and SN were unchanged after 4 weeks of
exercise, as were the levels of GDNF in the SNpc and
striatum. Four weeks of exercise before the LPS injection
was enough to prevent loss of dopaminergic neurons.
The exercise was also able to prevent loss of BDNF and
GDNF.

One week after LPS induction without preventive
exercise, BDNF levels decreased in the striatum and SNpc.
There was no alteration in the levels of GDNF in the
striatum and SNpc after physical training or use of LPS.
Angiogenesis analysis: 4 weeks of resistance training
resulted in a significant increase in the density of blood
vessels in the striatum of the PD-trained group
compared to the PD-sedentary group. Increased
density of blood vessels induced by exercise was
observed when vessel identifications were performed
with anti-cluster of differentiation 34(CD34) and VEGF.
Motion analysis: Not performed in the study.

Analysis of dopaminergic neurons in the SN: Exercise
promoted protection against loss of dopaminergic cells in
the SN of wild-type mice with MPTP. There was no
significant difference in the number of dopaminergic
neurons between the sedentary wild-type group that
received only saline and the exercised wild-type group
that received MPTP. The exercise did not provide
neuroprotection of dopaminergic neurons in exercised
BDNF-deficient mice. In the exercised and BDNF-deficient
mice, PD-induced by MPTP, there was a 26.49% loss of
neurons in the SN compared to the exercised
BDNF-deficient group that received only saline. The loss of
neurons in the SN in the exercised group with PD-induced
BDNF deficiency was similar to that observed in the
PD-sedentary wild-type group.

Exercise promotes a neuroprotective
effect in PD model induced by 6-OHDA.

Long-term physical exercise protects
dopaminergic neurons in SNpc against
inflammatory injury. The beneficial
effect of exercise occurs after activation
of the BDNF signaling pathway.

Four weeks of running exercise
performed on a modified treadmill
promoted angiogenesis in the mouse
brain induced by chronic parkinsonism.
Exercise increases blood-vessel density
and can promote neuronal survival.
This finding may partly explain the
beneficial effect of physical exercise in
patients with PD.

Voluntary training in a running wheel
for 90 days does not promote
neuroprotection against toxicity of
MPTP in the SN of
BDNF-deficient-mice. BDNF is
important in exercise-induced
neuroprotection.
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Tajiri et al., Sprague-Dawley Rats 6-OHDA
2010. [39] (female).
Lauet al,,2011.  C57BL/6] Mice (male).  MPTP
[40] hydrochloride
and
probenecid
Fredriksson C57BL/6] Mice (male).  MPTP
et al., 2011.
[41]
Faherty et al., C57BL/6] Mice (female). MPTP

2005. [16]

Investigated the influence of forced

Forced treadmill training was

treadmill training on the expression of conducted at 11 m/min, 30 min/d,

neuroprotective factors in an acute
model of parkinsonism.

Investigated motor performance of
treadmill training, as well as changes
in biological markers of dopaminergic
neurons and the activity of
neurotrophic factors in the
nigrostriatal pathway.

Investigated BDNF expression,
dopamine level and motor
performance in exercise-trained
animals with short (3 weeks) and
long-term (14 weeks) exercise
performed in running wheel.

Investigated the effects of enriched
environment with physical activity in
modulation of nigral dopaminergic
death in PD-induced animals.

5 consecutive days for 4 weeks.

The exercise program was
performed for 1 week before, 5
weeks during treatment with
MPTP/probenecid and 12 weeks
after the treatment. The program
consisted of 5 d/wk, 40 min/day at
a speed of 15 m/min (6 m/min for
5 min, 9 m/min for 5 min, 12
m/min for 20 min, 15 m/min for 5
min and 12 m/min for 5 min).

Short-term training protocol: 30
min/d, 5 consecutive days/wk for
3 weeks. Long-term training
protocol: 30 min/d, 4 consecutive
days for 14 weeks

The groups were pre-conditioned in
3 different environments: Enriched
environment (2 running wheels and
tunnel systems), Exercise (1
running wheel), and Standard
Environment (without equipment).
The running wheels were freely
available, where the animals ran
voluntarily for 3 months. The
activity of each animal was not
monitored individually.

Motion analysis: Not performed in the study.

Motion analysis: From the second week after application
of 6-OHDA, the PD-trained group showed an
improvement in scores in the cylinder test compared to
the PD-sedentary group. Analysis of TH: The PD-trained
group showed a significant preservation of TH-positive
fibers in the striatum and TH-positive neurons in the SNpc,
compared to the PD-sedentary group. Analysis of GDNF
and BDNF in the striatum: The levels of GDNF and BDNF
increased in both sides of the striatum (intact and injured)
of the PD-trained compared to the PD-sedentary rats.
Analysis of cell migration and proliferation in the
subventricular area of the striatum: There was a significant
difference in the number of 5-bromo-2’-deoxyuridine
(BrdU)/doublecortin (Dcx)-positive cells in the striatal
subventricular area of the PD-trained group compared to
the PD-sedentary group, demonstrating increased
proliferation and migration of neural progenitor cells.
Motion analysis: Balance and motor coordination were
tested with a challenging beam. No disturbances in
balance or motor performance were detected after 18
weeks of exercise in the PD group. Analysis of TH in the
SNpc: After 18 weeks of exercise, the PD-trained group
showed an increase in the number of TH cells. The total
number of TH cells in SNpc was restored by exercise
when the PD-trained group was compared to the
PD-sedentary group. Analysis of biomarkers of striatal
dopamine: Levels of TH, DA and dopamine active
transporter (DAT) increased significantly after 18
weeks of exercise in the PD-trained group compared
with the PD-sedentary group. Analysis of BDNF and
GDNF: Levels of BDNF and GDNF did not change in the
SN and striatum of the PD-sedentary group. The
practice of exercise for 18 weeks significantly
increased BDNF levels in the SN, but not in the striatum.
Exercise increased GDNF levels in the striatum, but not
in the SN. The amount of GDNF in the SN of the
PD-trained group was still significantly higher than in
the PD-sedentary group.

Motion analysis: 3 weeks of exercise partially restored
motor activity in the acute model. Striatal dopamine:
The 14-week exercise routine, maintained for 9 weeks
after the final MPTP administration, attenuated the loss
of DA. The PD-trained group showed a higher
dopamine level than the PD-sedentary group. Parietal
BDNF: Training for 14 weeks, raised concentrations of
BDNF in the PD-trained group compared with the
PD-sedentary group.

Analysis of the number of dopaminergic neurons in the
SNpc of the enriched-environment MPTP-group: The
difference in environments did not affect the number
of dopaminergic neurons in the enriched-environment
MPTP-group or the standard-environment
MPTP-group. Analysis of GDNF, BDNF and IGF-1 mRNA
in SN of the enriched-environment MPTP-group:
Animals placed in an enriched environment
demonstrated a 180% increase in GDNF expression, and
reductions of 50% of IGF1 and 32% of BDNF when
compared to animals in the standard environment.

Exercise in an acute model of
parkinsonism has a neuroprotective
effect on the dopaminergic system and
promotes neuronal migration from
regulation of BDNF and GDNF in the
striatal subventricular area.

Exercise for 18 weeks prevents motor
deficits through a neuroprotective
effect and promotes neurotrophic
activity of dopaminergic neurons.

Running exercise attenuates the
MPTP-induced dopamine loss and
promotes an increase in BDNF
expression. These factors are related to
motor improvement promoted by
exercise.

The study suggests that exposure to an
enriched environment (combination of
exercise, social interaction and learning)
or exercise alone for 3 months protects
against the toxicity of MPTP. Moreover,
changes in mRNA expression of GDNF
contribute to dopaminergic nigrostriatal
neuroprotection. The results suggest the
use of exercise as a prevention/support
tool in the treatment of PD.

(continued on next page)

SI-6 (910Z) £9€ saoua1ds [02150]04NdN 3y fo [DULINO[ / [D 33 DAJIS DP I'D'd



Table 1 (continued)

Author/year Animal Model PD induction  Aim of the study

Weekly frequency/exercise
session/total length of training

Summary of issue Conclusion

Cohen et al.,
2003 [24]

Long-Evans Rats (male) 6-OHDA
a forelimb constraining.

Real et al,, 2013 Wistar Rats (male) 6-OHDA Investigated the role of BDNF in
[42] intermittent treadmill

exercise-induced animals, evaluating
histological/neurochemical changes in

unilateral PD.

Examined GDNF expression level after

Animals received a cast on a
forelimb for 7 days prior to being
given an ipsilateral infusion of
6-OHDA into medial forebrain
bundle.

Intermittent treadmill training was
performed for 40 min/d, 3 d/wk at
a speed of 10 m/min before and/or
after four weeks after the induction
of PD.

Analysis of the number of dopaminergic neurons in the

SNpc of the exercise-environment MPTP-group: The

exercise of voluntary running for 3 months without

other environmental interventions, protected the

exercise-environment group against MPTP toxicity

compared to the standard-environment MPTP group.

However, this protection (16% loss) was lower than

that found in the enriched-environment MPTP group

(0% loss). Analysis of GDNF, BDNF and IGF-1 mRNA in

the SN and striatum of the exercise MPTP-group:

Running promoted a 35% decrease in IGF1 and a 250%

increase in the expression of GDNF (not significant)

compared to the standard environment -MPTP. In the

striatum, there was a 37% reduction in the IGF1

receptor and a 50% increase in BDNF expression.

Motion analysis: Forced forelimb-use for 7 days prior to  The study suggests that forced limb-use
an ipsilateral infusion of 6-OHDA attenuated the could be neuroprotective against injury
apomorphine-induced rotational behavior as well as to nigrostriatal pathway. This protection
decreased asymmetry when both right and left sides involves increasing GDNF expression
were compared. level.

Analysis of GDNF: GDNF levels increased in striatum,

corresponding to the overworked forelimb. GDNF levels

in the opposite side were unchanged.

Analysis of DA and DOPAC: Loss of striatal DA and

DOPAC contents were attenuated in animals casted

compared to PD-sedentary group.

Analysis of BDNF, TH: BDNF protein levels decreased in Intermittent treadmill training increased
SNpc of the PD-sedentary group when compared to the BDNF and TH levels in unilateral PD.
control group and exercised groups.

Analysis of TH: No differences of TH levels by

immunoblotting and immunostaining in exercised,

non-parkinsonian rats in relation to PD-sedentary and

non-parkinsonian rats were observed. TH staining

decreased in PD-sedentary and PD-sedentary + BDNF

receptor blockade blocker groups when compared to

control group. Immunoblotting revealed that TH levels in

SNc decreased only in the PD-sedentary group when

compared to other groups.
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maintenance of dopaminergic neurons, and therefore improves
motor performance [24]. BDNF has been shown to be a crucial NF
in exercise-dependent neuroplasticity, neuron preservation in
cases of brain injury, and other functions throughout life, such as
learning and memory [67-69]. These functions have been demon-
strated in studies using adult rodents in cell-culture experiments,
where upregulation of BDNF promoted the survival of nigrostriatal
neurons and other cortical regions [70-72].

It is known that there is a close relationship between BDNF and the
TrkB receptor (a receptor of the tyrosine kinase family, which shows a
high affinity to BDNF). Activation of this receptor by BDNF is one of
the regulators of TH gene transcription [73].

4.3. Exercise and CREB

Among the mechanisms related to exercise-dependent neuro-
plasticity, CREB is directly involved in regulating TH expression in PD
[73, 74]. Activation of the tyrosine kinase receptor is responsible for
CREB activation, which, in turn, regulates the TH gene transcription,
playing a crucial role in exercise-dependent neuroplasticity. With exer-
cise, CREB is activated by different signal transducers, such as mitogen-
activated protein kinase (MAPK), calcium calmodulin kinase II (CaMKII)
and N-methyl-p-aspartate receptor (NMDA-R) in both the hippocam-
pus and striatum plasticity [75].

Physical exercise induces neuroplasticity not only under normal
physiological conditions, but also in cases of brain injury. Exercise-
induced neuroplasticity under physiological conditions, and in cases of
brain injury, occurs by increasing enzymatic activity of TH, acting on
the survival and synthesis of dopamine neurons [49].

4.4. Exercise and GDNF

In recent years, the GDNF and GDNF family ligands (GFL) have
been studied because of their involvement in the survival of dopami-
nergic and noradrenergic neurons. The GFL family is composed of
four neurotrophic factors, GDNF, neurturin (NRTN), artemin (ARTN)
and persephin (PSPN). These four factors belong to the transforming
growth factor 3 (TGF-3) superfamily, which are proteins composed of
a number of cytokines and neurotrophins, responsible for controlling
cell proliferation and differentiation in most cells [76].

GDNF is expressed in several brain areas, and is most prominent in
areas that receive catecholaminergic afferents [77], such as the striatum
and thalamus [78, 79]. The reports listed in Table 1 indicate that GDNF
has a dual trophic function: neuroprotection and neuroregeneration.
These trophic effects of GDNF are described as TGF-B-dependent. TGF-
p acts as a modulator of GDNF signaling and participates in GFRx co-
receptor translocation (1-4) in the cell membrane, where they associate
with their respective co-receptors GDNF, NRTN, ARTN and PSPN. The
association between ligands and co-receptors forms the GFL-GFRa
complex, which is responsible for recruiting a dimer of transmembrane
tyrosine kinase (RET). GDNF has a strong affinity to GFRa1 and is more
susceptible to the formation of the GFL-GFRa complex, but it can also be
formed through binding to receptors (GFRa2-4) with lower affinity.
The aggregation of RET, in turn, triggers the transphosphorylation of
tyrosine residues of the RET kinase molecule, initiating the process of
intracellular signaling. Then, a series of cascades occurs, including
MAPK and phosphoinositide 3-kinase (PI3K) [80]. These cascades play
a role in neuronal growth and survival through activation of CREB and
protein kinase B (Akt), acting in cell proliferation and transcription
[80, 81]. Moreover, extracellular signal-regulated kinase (ERK), a down-
stream effector of GDNF, seems to be activated after exercise continues
at an increased level for up to 1 month [24]. GDNF also seems to be able
to modulate microglial activation through GFRa1. Thus, GDNF triggers
signaling cascades, which are responsible for the inhibition of microglial
activation [82].

4.5. Exercise and VEGF

The brain plasticity promoted by exercise is not limited to neurons,
but also involves astrocytes and microvascular cells. Microvascular
changes are regulated by angiogenesis, responsible for the formation
of new blood vessels from pre-existing vessels. Survival and homeosta-
sis depend on appropriate sources of oxygen and nutrients, which in
turn depend on blood vessels and capillaries. A series of growth factors
contributes to angiogenesis, but VEGF seems to be the main factor
responsible for this process and is also associated with vasculogenesis
in embryonic stages [83].

Among the strategies used to treat vascular lesions, exercise is an
important factor responsible for VEGF regulation [84, 85]. VEGF is a
signaling protein composed of five main members: VEGF-A, VEGF-B,
VEGF-C, VEGF-D and placental growth factor (PIGF) [86]. Its function
is associated with promotion of vasculogenesis and angiogenesis,
restoring oxygen support in regions where blood flow is inadequate
[87-89]. Two members of the VEGF family, VEGF-A and VEGF-B, have
therapeutic roles in neurodegenerative diseases [90, 91]. According to
the literature, VEGF-A is involved in both pathogenesis and treatment
of PD [90, 92]. Studies that implanted VEGF-A secreting cells unilaterally
in the striatum of adult rats with PD induced by 6-OHDA suggest that the
neuroprotective effect is dose-dependent [92]. A low dose of one VEGF-
A had a protective effect, while a high dose led to non-protective effects,
such as a deregulated increase in the density of blood vessels and conse-
quently, cerebral edema. It is believed that the angiogenesis promotion
and increased glial proliferation attributed to VEGF-A occur through
binding competitively to semaphorin 3A, a protein known to induce
neuronal apoptosis, by specific receptors [93, 94]. VEGF-B has also
shown an indirect role in neuronal survival in vivo and in vitro, without
altering the angiogenic effect [95, 96]. VEGF-B acts by reducing the reg-
ulation of pro-apoptotic proteins such as BH3 proteins. Additionally,
VEGF-B shows a safer profile as a neuroprotective molecule, since it ap-
parently does not have undesirable effects such as those shown by
VEGF-A [95]. The unregulated expression of this neurotrophin and its
malfunctions are related to the pathogenesis of diseases that act by an
inflammatory process, such as PD [97]. As described in the literature,
VEGF-A, VEGF-B and their respective receptors, VEGFR1 and VEGFR2,
are expressed in neurons and astrocytes under inflammatory condi-
tions. The mesencephalon of rats with PD induced by rotenone showed
exaggerated expression of VEGF-A and VEGF-B in nigral dopaminergic
neurons. In contrast, VEGF-A and VEGF-B are also described as agents
for a therapeutic effect involved in dopaminergic neuron survival and
glial proliferation [96].

The members of the VEGF family bind to three different tyrosine
kinase receptors. As usually happens in the activation of tyrosine ki-
nase receptors, a dimer is formed. This dimer is constituted by bind-
ing of VEGF, which are dimeric glycoproteins, to tyrosine kinase
receptors. Therefore, the autophosphorylation of the cytoplasmic
tyrosine kinase receptor occurs, triggering a series of signaling cas-
cades, such as MAP kinase, AKT and phospholipase C (PLC), which
in turn activate the regulation of transcription factors, promoting
the regulation of angiogenesis and neuroprotective effects [98].
VEGF-A binds to two similar receptors, VEGFR1 and VEGFR2, with
high affinity. VEGF-B binds to VEGFR1, whereas other isoforms of
VEGF bind to VEGFR2 and VEGFR3 [99].

4.6. Exercise and IGF-1

Another NF active in neuroprotection that is promoted by exer-
cise is the insulin-like growth factor 1 (IGF-1) [100]. IGF-1 acts in
several ways, including maintenance of the body's metabolism,
regulation of plasma lipid concentrations and regulation of insulin
activity [101]. In addition to its central role in the regulation of so-
matic functions, IGF-1 is also important in neuronal functions [102,
103]. During the development of the nervous system, IGF-1 plays a
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mostly neurotrophic role in stimulating differentiation and survival
of neuronal populations. In the adult nervous system, IGF-1 acts as
a neuromodulator and is involved in synaptic plasticity, especially
in regions where the IGF-1 receptor (IGF-1R) is expressed [104].
The tyrosine kinase receptor (IGF-1R) is largely expressed in nigral
dopaminergic neurons and in different regions of the hippocampus
[105]. Several biological functions of IGF-1 are mediated by IGF-1R,
which triggers intracellular signal transduction [106].

The decrease of IGF-1 levels is associated with the decline in brain
function resulting from aging, and the appearance of neurodegenerative
diseases such as PD. Similarly to BDNF, IGF-1 possibly activates CaMKII
and MAPK cascades, regulating vesicular release through modulation
of synapsin I [107]. Cascades such as PI3K/Akt-CREB are also activated
by IGF-1 and regulate the transcription of pro-apoptotic genes [108,
109]. The importance of IGF-1 in neuronal survival is highlighted in a
study in which receptors of IGF-1 were blocked and death of dopami-
nergic neurons was induced [110].
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4.7. How do neurotrophic factors modulate TH synthesis?

According to the reports listed in Table 1, there is scientific evidence
for a relationship between physical activity and regulation of NF expres-
sion in PD. This relationship is expressed through a complex mecha-
nism. Furthermore, this subject is little discussed, considering the
direct or indirect influence of exercise-induced NF expression on TH
synthesis (see Fig. 2). BDNF and GDNF act directly in CREB activation,
thereby regulating transcription of the TH gene and increasing enzyme
activity. In addition to activating CREB, BDNF also participates indirectly
through synapsin I, which regulates synaptic activity. VEGF acts indi-
rectly on dopaminergic survival, by regulating angiogenesis and the
blood supply and reducing the activation of pro-apoptotic proteins. It
is still a matter for discussion as to whether IGF-1 has a critical role in
participation in the trophic effects of exercise in PD. It is possible that,
similarly to VEGF, IGF-1 participates indirectly, regulating the transcrip-
tion of anti-apoptotic genes and modulating the activity of synapsin 1.
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Fig. 2. Mechanism of physical activity-dependent neuroprotection: (a) Both types of physical activity promote increased release of NTFs. Apparently, forced exercise increases the amount

of NTFs released. The exact mechanism related to voluntary exercise is unknown. (b) BDNF, IGF
by exercise cross the neurovascular unit (NVU). (¢) BDNF activates MAPK, and GDNF activates

-1, GDNF and VEGF derivatives of the central and/or peripheral nervous system modulated

the MAPK and PI3K/Akt signaling cascades responsible for activating CREB and synapsin I,

regulating the transcription of TH and maximizing the synaptic activity. CaMKII modulates the capacity of BDNF to regulate CREB and synapsin I during exercise. VEGF-A and VEGF-B bind
to receptors 1 and 2, activating signaling cascades (Akt, MAPK and PLC). VEGF regulates angiogenesis and the reduction of pro-apoptotic proteins. IGF-1 acts by promoting the regulation of
synaptic activity via modulating synapsin I by CaMKII and MAPK. PI3K/Akt-CREB is also activated by IGF, regulating the transcription of pro-apoptotic genes.
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5. Perspectives

Experimental studies that consider other forms of exercise in PD, for
example, muscle strengthening, are few. It is also important to focus on
studies that include other neuroanatomical structures in addition to the
nigrostriatal pathway, such as the spinal cord, cerebellum and nerves, in
order to better understand the neuroprotective effect of exercise on the
central nervous system and muscles.

Although dopaminergic neurons are the main structures affected in
early PD, astrocytes and glial cells are also involved in this neurodegen-
erative process. However, the responses of glial cells mediated by exer-
cise in PD are still poorly explored.

The literature does not report possible harmful effects of NFs related
to physical exercise in PD. It is known, for example, that the interaction
of neurotrophic factors with p75 might lead to apoptosis through cas-
pase activation by p53 [111]. Thus, the possible harmful effects of NFs
in the PD-exercise group are an important aspect requiring study.

6. Conclusion

Studies on animal models with induced PD have been important to
elucidate neurobiological mechanisms related both with exercise and
PD. The literature suggests that NFs participate, and BDNF and GDNF
are the most studied members of this family. These NFs have been
primarily responsible for dopaminergic survival in PD. Changes in the
expression of these proteins are associated with the possible cause of
PD and survival of the remaining dopaminergic cells.

GDNF and BDNF appear to be closely linked to the TH enzyme tran-
scription required for DA synthesis. These NFs regulate the activity of
signaling cascades responsible for TH gene transcription. NFs such as
VEGF and IGF-1 appear to indirectly participate in neuroprotection, as
regulators of blood supply and synaptic activity, respectively. VEGF
and IGF-1 also act in reducing pro-apoptotic proteins.

It remains unclear which physical exercises and intensities can
enhance the exercise-dependent neuroprotection.

Forced exercise performed on a treadmill has been the most widely
adopted in studies. Voluntary exercise on a running wheel also seems to
upregulate the expression of NFs. However, it is unclear which exercise
(forced versus voluntary) is the most appropriate to stimulate the pro-
duction of NFs inducing possible benefits in the neural circuitry related
to motricity in PD.
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