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Abstract

Exercise has been recommended to improve motor function in Parkinson patients, but its

value in altering progression of disease is unknown. In this study, we examined the neuro-

protective effects of running wheel exercise in mice. In adult wild-type mice, one week of

running wheel activity led to significantly increased DJ-1 protein concentrations in muscle

and plasma. In DJ-1 knockout mice, running wheel performance was much slower and

Rotarod performance was reduced, suggesting that DJ-1 protein is required for normal

motor activity. To see if exercise can prevent abnormal protein deposition and behavioral

decline in transgenic animals expressing a mutant human form of α-synuclein in all neurons,

we set up running wheels in the cages of pre-symptomatic animals at 12 months old. Activity

was monitored for a 3-month period. After 3 months, motor and cognitive performance on

the Rotarod and Morris Water Maze were significantly better in running animals compared

to control transgenic animals with locked running wheels. Biochemical analysis revealed

that running mice had significantly higher DJ-1, Hsp70 and BDNF concentrations and had

significantly less α-synuclein aggregation in brain compared to control mice. By contrast,

plasma concentrations of α-synuclein were significantly higher in exercising mice compared

to control mice. Our results suggest that exercise may slow the progression of Parkinson’s

disease by preventing abnormal protein aggregation in brain.

Introduction

Parkinson’s disease is characterized by the loss of midbrain dopamine neurons in the substan-

tia nigra pars compacta [1, 2]. Death of dopamine neurons has been attributed to oxidative

stress, abnormal protein aggregation, and genetic factors [3–5]. Mutations in many genes have

been linked to Parkinson’s including α-synuclein, Parkin, UCHL1, DJ-1, PINK1, LRRK2, and

VSP35 [6–8]. The gene mutations could lead to either loss of neuroprotective functions such

as DJ-1 and PINK1, or gain of toxic functions such as α-synuclein and LRRK2 [9].

Single amino acid mutations in the α-synuclein gene as well as simple triplication of the

gene have been shown to cause autosomal-dominant forms of Parkinson’s disease [10, 11].
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Interestingly, α-synuclein has been found to be a major component of Lewy bodies which are

pathological hallmarks for idiopathic Parkinson’s disease [12, 13]. Transgenic mice overex-

pressing human wild-type or A53T mutant α-synuclein have recapitulated many features of

Parkinson’s disease, such as impaired motor function, abnormal protein aggregation, and neu-

ronal degeneration [14–17]. Monomeric α-synuclein protein is highly soluble; however, it can

easily aggregate under various conditions such as low pH, high concentration, presence of

metal ions, and oxidative stress. The formation of insoluble α-synuclein fibrils involves several

intermediate species, such as dimers, oligomers, and protofibrils. Recent evidence suggests

that α-synuclein oligomers are the most neurotoxic form of α-synuclein protein, and oligomer

secretion is critical for the spreading and progression of Parkinson’s neuropathology [18–20].

Therefore, preventing α-synuclein aggregation could provide a major therapeutic advance

[21, 22].

DJ-1 is one of the Parkinson-associated genes in which mutations lead to early-onset, auto-

somal recessive disease. Because the loss of gene expression causes disease, the DJ-1 gene can

be seen as protecting nearly everyone from developing Parkinson’s disease [23–25]. DJ-1 or its

homologs are present in all life forms that use oxygen including all animals, all plants that per-

form photosynthesis, and all aerobic bacteria [26–29]. This critical gene protects cells by anti-

oxidant mechanisms such as stabilizing Nrf2 (nuclear factor erythroid 2-related factor) and

thereby upregulating a family of antioxidant response element (ARE) genes [30–32]. DJ-1 is

also involved in regulating HIF1 transcriptional activity under hypoxic conditions [33]. We

have shown that DJ-1 also protects cells from abnormal protein aggregation by upregulating

Hsp70 [34, 35].

Because Parkinson’s disease leads to disabling bradykinesia and rigidity, exercise and physi-

cal therapy are often prescribed by physicians. The hope has been that exercise will enhance

mobility, preserve muscle tone, and prevent medical complications such as pneumonia that

are associated with immobility. Several clinical trials have found that regular exercise or physi-

cal therapy may improve motor function in Parkinson patients [36–39]. In acute, drug-

induced animal models of Parkinson’s disease, exercise can partially protect dopamine neu-

rons from neurotoxicity [40–45]. For Alzheimer’s disease, exercise in transgenic mouse models

have shown improvement in cognitive function and reduction in β-amyloid deposition as well

as other biochemical markers [46–50]. However, in transgenic mouse models of Huntington’s

disease, results of exercise testing are conflicting; either accelerating disease progression [51]

or partially improving motor and cognitive function [52–54]. In this report, we have found

that running wheel exercise can be neuroprotective in transgenic mice which have a progres-

sive, age-related form of a Parkinson’s-Plus, diffuse Lewy body disease.

Materials & methods

Animals

All animal procedures were approved by the Institutional Animal Care and Use Committee

(IACUC) at the University of Colorado Denver. Mice with DJ-1 gene deletion (B6.129-

Park7tm1Mak, abbreviated as DJ-1 KO mice) were kindly provided by Dr. Tak Mak (University

of Toronto) [55]. The homozygous DJ-1 KO mice and wild-type C57BL/6J littermates were

produced by breeding male and female heterozygous DJ-1 KO mice. The Y39C human α-

synuclein transgenic mice (FVB-Tg(Thy1-SNCA�Y39C)5Crf, abbreviated as Y39C a-Syn Tg

mice) have been described previously [56]. The animals express a human mutant form of α-

synuclein (Y39C) in all neurons under control of the Thy-1 promoter and so are a model of

diffuse Lewy body disease, a Parkinson-Plus disorder. The Y39C a-Syn Tg mice were bred

through male heterozygous Y39C Tg mice with wild-type FVB/N female mice. Heterozygous
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Y39C Tg mice and wild-type FVB/N littermates were used for this study. For all running

wheel studies, mice were individually housed in each cage with free access to food and water.

For all experiments, 5 to 7 animals were used for each group. We tried to use both males and

females equally if possible for each group.

Running wheel exercise in mice

Animals were singly housed in cages with free access to a running wheel (12 cm in diameter)

mounted on the food bin. Daily running distances were recorded with a bicycle odometer

attached to the running wheel. Before testing the Y39C-human mutant α-synuclein transgenic

strain, we first tested 6-month old FVB/N wild-type mice for one week to evaluate the distance

traveled by normal mice having access to a running wheel. There were 5 wild-type mice each

for the running group and for the control group, with 3 males and 2 females in each group. To

see the effect of the DJ-1 gene on locomotor activity, we then tested mice with the DJ-1 gene

knocked out (6 DJ-1 KO mice, 3 males and 3 females) and compared the distances they ran

with wild-type C57BL/6 littermates (6 wild-type controls, 3 males and 3 females). Both groups

were 10-months of age. These animals had access to running wheels for two weeks. For our

Y39C human mutant α-synuclein transgenic mice, we tested 12-month old mice for their abil-

ity to exercise on running wheels for one week. A total of fourteen Y39C Tg mice were rank-

ordered by their running distance during that one week and were assigned to long term exer-

cise group (seven Y39C Tg mice, 4 males and 3 females) or to non-exercise group (seven Y39C

Tg mice, 4 males and 3 females) in alternating rank order. The exercise group had free access

to running wheels in each of their cages for three months, while the non-exercise group had

locked, non-functioning running wheels in their cages. Weekly running wheel distances were

recorded using a bicycle odometer for each exercising animal.

Rotarod test

Mice were tested for their ability to run on a 3 cm diameter rotating rod (Rotarod) at speeds

ranging from 3 to 33 rpm [35, 56]. Before the test, mice were trained to stay on the Rotarod at

3 rpm. During 5 testing days, mice were placed on the rotating rod at one of the pre-set speeds

of 7, 14, 21, 28, or 33 rpm for a 5-minute trial. Each animal received 3 trials with 5-minute rest

intervals between trials. The time the mice spent on the Rotarod without falling was recorded

for each trial.

Morris water maze testing

Spatial learning was assessed using the Morris Water Maze in our campus animal behavioral

core [35, 56]. The maze included a circular tank (120 cm in diameter) filled to 10 cm below the

edge of the tank with 27˚C water that was made opaque by the addition of non-toxic black ink.

A circular escape platform (10 cm in diameter) was located 1 cm below the surface of the water

in a constant location in the northwest quadrant of the tank. Mice were first acclimated to the

maze during three trial habituation sessions. Each testing session consisted of 4 consecutive

days with four trials per day. The platform was invisible in the pool, and mice were allowed to

swim for 60 seconds before being returned to the home cage. The time to find the platform

from all training and testing sessions was collected.

Open field testing

Mice were placed in a 1-meter square plastic box for 30 minutes of open field exploratory test-

ing. The field was divided into central and peripheral areas. The exploratory paths were
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recorded for each animal via video camera and computer. The time that mice spent in central

and peripheral areas was analyzed. The rearing events of animals were also recorded.

Western blotting

The mouse brain and muscle tissues were dissected and homogenized in dissociation buffer with

protease inhibitors [35, 56]. Blood plasma was prepared as described below. Protein concentra-

tions were determined by the BCA method. Fifty μg of protein was separated on 10% SDS-PAGE

gel and transferred to a nitrocellulose membrane. The blots were probed with antibodies to DJ-1

(1:5000, #AB9718, Millipore), α-synuclein (Syn-1, 1:2000, #610787; BDBioscience) and α-synu-

clein (LB509, 1:2000, #MABN824, Millipore), Hsp70 (1:2000, #AB9920, Millipore), BDNF

(1:2000, #SAB2108004, Sigma), β-actin (1:4000, #A2228, Sigma), and mouse serum albumin

(1:2000, #PA1-30899, Thermo Fisher Scientific). Blots were incubated with HRP-conjugated sec-

ondary antibodies (1:10,000; #115-035-003, #111-035-003, Jackson Immuno Research), followed

by chemiluminescent detection. Protein densities were quantified by ImageJ software after scan-

ning into image files and normalized to β-actin or mouse albumin.

ELISA

Mouse blood was collected immediately after sacrifice through transcardiac needles and syrin-

ges containing EDTA as an anti-coagulant. The blood was centrifuged at 2000 rpm for 5 min.

After centrifugation, the plasma fraction was collected and stored at -80˚C. Plasma was used to

determine DJ-1 concentrations using an ELISA kit (CircuLex), according to manufacturer’s

instructions.

Statistics

For behavioral tests and biochemical analyses, there were 5–7 animals per group. The number

of animals for each group was determined by power analysis using our previous behavioral

and biochemical data. Data were expressed as mean ± SEM. Data were analyzed using t-test or

ANOVA test followed by the Fisher LSD post hoc test.

Results

Exercise effects on DJ-1 levels in muscle and plasma of wild-type mice

6-month old FVB/N wild-type mice were individually housed with running wheels mounted

in each cage. Controls had locked running wheels. The daily running distances were recorded

using an odometer. In less than 24 hours, mice started spontaneous exercise in the running

wheels. Running distances reached a steady-state rate within 48 hours of access to the wheels.

Average daily distance was 2.88 ± 0.59 miles (n = 5). After one week of exercise, mice were sac-

rificed, and brain, muscle, and blood were collected for analysis. Since we have previously

reported that higher DJ-1 levels in brain are associated with reduced α-synuclein aggregation,

we examined DJ-1 levels in mouse tissues and plasma after exercise. Using Western blots and

ELISA assays, we found that running mice had significantly higher DJ-1 levels in muscle (Fig

1A, ��p<0.01) and in plasma (Fig 1B, ��p<0.01) compared to non-exercising control mice.

Brain DJ-1 levels reached near-significance in exercising mice compared to non-exercising

controls (Fig 1C, p = 0.06). When the levels of DJ-1 were correlated between muscle, plasma,

and brain, we found positive correlations in DJ-1 levels between muscle and plasma (p = 0.04,

Fig 1D, dashed line), and also between muscle and brain (p = 0.03, Fig 1D, solid line). The

positive correlations demonstrate that mice which had higher DJ-1 levels in muscle also had

higher DJ-1 levels in plasma and brain.
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Running wheel and Rotarod performance in DJ-1 knockout mice

To study the importance of the DJ-1 gene in sustained, voluntary performance on a running

wheel, we tested mice which had the DJ-1 gene knocked out. We compared 10-month old

homozygous DJ-1 knockout mice with same age wild-type C57BL/6 littermates for their run-

ning ability over a 16-day period (n = 6, each group). Both groups learned to use the running

wheels in the first three days, and their running distances reached a stable level after 6 days.

We found that wild-type C57BL/6 mice ran 5.57 ± 0.21 miles per day. By contrast, the DJ-1

knockout mice had significantly lower running wheel performance, only 0.89 ± 0.06 miles per

day (p<0.01), as shown in Fig 2A.

Fig 1. Running wheel exercise in wild-type mice increased DJ-1 expression in muscle, plasma, and

brain. Adult FVB/N wild-type mice (4–6 months old) were assigned to either an exercise group or a control

group (n = 5 each). After one week of running wheel exercise, animals were sacrificed and tissues collected for

DJ-1 protein analysis by Western blot (muscle and brain) and ELISA (plasma). (A) Quantitative data normalized

to β-actin show that muscle DJ-1 levels were significantly higher in the exercise group than controls (t-test,

**p<0.01). (B) DJ-1 levels in plasma were significantly increased in exercise mice compared to control mice (t-

test, **p<0.01). (C) Brain DJ-1 levels were higher in exercise mice than control mice, but not significantly (t-test,

p = 0.06). (D) Correlations between muscle and plasma DJ-1 (dashed line) and brain DJ-1 (solid line) in

exercising mice. Both plasma and brain DJ-1 levels were significantly correlated with the exercise-induced

change in muscle DJ-1 (plasma vs. muscle, p = 0.04 and brain vs. muscle, p = 0.03). All DJ-1 values are relative

to non-exercise controls.

https://doi.org/10.1371/journal.pone.0190160.g001
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To evaluate the effects of DJ-1 gene deletion on high-speed motor activity and on cognitive

function, we performed Rotarod, Morris water maze, and open field tests in 10-month old DJ-1

knockout mice and age-matched wild-type littermates. We found that DJ-1 knockout mice fell off

the Rotarod sooner than wild-type littermates at settings of 20 rpm and 26 rpm (Fig 2B, ANOVA

F(4, 60) = 16.93, p = 0.0089; ��p<0.01 at 20 rpm, �p<0.05 at 26 rpm), indicating motor deficits in

DJ-1 knockout mice. By contrast, DJ-1 knockout mice had normal cognitive function as assessed

in the Morris water maze since both knockout and wild-type animals had similar learning curves

to find the hidden platform during four days of training (Fig 2C). DJ-1 knockout mice had explor-

atory activity in open field testing that was the same as their wild-type littermates (Fig 2D).

Effects of long term running wheel exercise on motor and cognitive

function in transgenic mice with Y39C mutant human α-synuclein

After demonstrating the importance of the DJ-1 gene and protein during voluntary and forced

motor activity, we then explored long term running wheel exercise on the age-related motor

Fig 2. DJ-1 knockout mice had impaired performance on running wheels and on the Rotarod but normal cognitive and exploratory

activity. Ten months old homozygous DJ-1 knockout (DJ-1 KO) mice and C57BL/6 wild-type (WT) littermates were trained to perform

running wheel exercise in their individual cages. Daily running distances were recorded for two weeks. (A) Wild-type mice ran 5.57 ± 0.21

miles per day, while DJ-1 knockout mice were significantly slower, running 0.89 ± 0.06 miles per day (n = 6, multi-variance ANOVA test,

**p<0.01). Ten months old DJ-1 knockout mice and C57BL/6 wild-type littermates were also tested on the Rotarod (B), Morris water maze

(C), and open field (D). (B) DJ-1 knockout mice fell from the Rotarod after a shorter period of time than WT mice when tested at 20 and 26 rpm

(n = 6, multi-variance ANOVA, F(4, 60) = 16.93, p = 0.0089, *p<0.05, **p<0.01). (C) DJ-1 knockout mice and WT littermates had similar

learning curves in the Morris water maze (n = 6, multi-variance ANOVA, p>0.1). (D) DJ-1 knockout mice and WT mice had similar exploratory

activity in open field testing (n = 6, multi-variance ANOVA, p>0.1).

https://doi.org/10.1371/journal.pone.0190160.g002
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and cognitive decline and neuropathology seen in transgenic mice expressing mutant human

α-synuclein. We have previously described transgenic mice expressing Y39C human α-synu-

clein in all neurons under control of the Thy1 promoter. These animals develop progressive,

age-related α-synuclein protein aggregation and behavioral dysfunction starting at 12 months

of age [56]. To study the effects of exercise on development of behavioral and brain tissue

pathology, 12-month old Y39C animals were tested on running wheels for one week to evalu-

ate their baseline running activity (n = 14). Running distances were recorded over a 7-day

period, and animals were ranked from fastest to slowest. Mice were alternately assigned in

rank order to either Exercise or Non-Exercise groups (n = 7, each group). Animals were indi-

vidually housed with the Exercise group having a functional running wheel in each cage. The

Non-Exercise mice had locked running wheels. For the exercise mice, running distances were

recorded for each week and converted to daily distances for each mouse (Fig 3A). Results after

12 weeks showed that all transgenic mice with functioning running wheels continued to run

long distances without significant decline for the group as a whole. Average distance in Week

1 was 3.76 ± 0.87 miles per day, and was 2.71 ± 0.53 miles per day by Week 12. This apparent

reduction was not significantly different from the initial running rate (p = 0.33).

To determine whether running wheel activity could improve high speed motor perfor-

mance, we used a Rotarod test. After 12 weeks, we found that the Exercise group had signifi-

cantly better performance on the Rotarod than the Non-Exercise group (Fig 3B, ��p = 0.001,

n = 7 per group). Cognitive function was tested in the Morris water maze. After 12 weeks of

exercise, we found that the exercise group located the hidden platform significantly faster than

the non-exercise group on Day 5 of testing (Fig 3C, �p = 0.02, n = 7 each group).

Exercise-induced changes in DJ-1, Hsp70 and BDNF levels in brain,

muscle, and plasma of mutant α-synuclein transgenic mice

Using Western blot analysis, we looked for biochemical changes in the tissue samples of the

15-month old Y39C-transgenic mice after 3 months of running wheel exercise. Brain DJ-1 lev-

els were significantly increased in the exercise group compared to the non-exercise group (Fig

4A and 4B, �p<0.05, n = 7, both groups). Brain Hsp70 levels were significantly higher in the

brains of mice which exercised compared to the non-exercising mice (Fig 4A and 4C, �p<0.05,

n = 7). The neurotrophic factor BDNF was also increased in exercising mice (Fig 4A and 4D,
�p<0.05, n = 7).

DJ-1 protein levels were measured in muscle and plasma of the 15-month old transgenic

mice. Results from muscle using Western blots showed that exercising mice had significantly

higher DJ-1 levels than non-exercising mice (Fig 4E and 4F, �p<0.01, n = 7). For analysis of

plasma DJ-1, we used ELISA assays. We found that plasma DJ-1 levels were more than doubled

in the Exercise group compared to the Non-Exercise group (Fig 4G, ��p<0.01, n = 7).

Effects of running wheel exercise on α-synuclein aggregation in brain of

transgenic mice

The key neuropathological feature of Y39C transgenic mice is the progressive accumulation of

α-synuclein protein in neurons [56]. To see if running wheel exercise can reduce α-synuclein

deposition, we performed Western blot analysis on the 15-month old transgenic mouse brain

tissue. We used two different antibodies to α-synuclein: LB509 which recognizes human α-

synuclein only and Syn-1 which detects both human and endogenous mouse α-synuclein. In

Western blots with LB509 antibody, we found that mice which exercised had significantly

reduced human α-synuclein oligomer formation in brain compared to age-matched transgenic

mice which did not exercise (Fig 5A and 5C, ��p<0.01, n = 7). We noted that human α-
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synuclein monomer was not reduced. Total human α-synuclein was significantly reduced in

exercising mice because of the lower oligomer concentration (Fig 5A and 5C, �p<0.05, n = 7).

Similarly, using Syn-1 antibody in Western blots, we found that mice which exercised had sig-

nificantly less human-plus-mouse α-synuclein oligomer formation in brain than seen in age-

matched, non-exercising transgenic mice (Fig 5B and 5D, ��p<0.01, n = 7). Total human-

plus-mouse α-synuclein was also significantly reduced in exercising transgenic mice (Fig 5B

and 5D, �p<0.05). Human-plus-mouse monomer concentrations were not changed. These

results indicate that running wheel exercise can prevent α-synuclein aggregation in brain by

reducing oligomer formation.

Effects of running wheel exercise on α-synuclein in plasma of transgenic

mice

While α-synuclein is a neuronal protein concentrated in the synapse and is not present in

muscle, α-synuclein is found in plasma. Red blood cells contain α-synuclein, although its bio-

logical function in those cells is unknown [57]. We have found that transgenic mouse red

blood cells contain only mouse α-synuclein while plasma α-synuclein is a combination of

human and mouse protein in a proportion similar to that seen in transgenic mouse brain [56].

This result indicates that plasma α-synuclein has originated from neurons expressing both

wild-type α-synuclein and mutant human α-synuclein. We examined whether exercise can

modify α-synuclein plasma levels. Using Western blots with the LB509 antibody, we found

that exercising mice had significantly higher plasma levels of human α-synuclein in both

monomer and dimer fractions (Fig 6A and 6B, �p<0.05, n = 7). Similarly, using the Syn-1

antibody we found that the exercise group had significantly increased α-synuclein monomers

and dimers in blood plasma compared to non-exercising transgenic mice (Fig 6C and 6D,
�p<0.05, n = 7). Because exercise reduces brain α-synuclein while increasing plasma α-synu-

clein, this result indicates that exercise enhances the clearance of α-synuclein from brain into

the bloodstream.

Discussion

We have discovered that a functional DJ-1 gene is required for normal, voluntary running

wheel performance in mice. In young wild-type mice as well as in aging transgenic mice

expressing mutant human α-synuclein in all neurons, running wheel exercise can increase DJ-

1 protein levels in muscle, plasma, and brain. We have found that long term running wheel

exercise has a neuroprotective effect in our transgenic mice. Exercise significantly improves

motor and cognitive function while dramatically reducing α-synuclein oligomer accumulation

Fig 3. Y39C human mutant α-synuclein transgenic mice performed daily running wheel exercise for

three months which led to improved motor and cognitive function. 12-month-old Y39C transgenic mice

were divided into Exercise and Non-Exercise groups (n = 7 for each group) following pre-testing of all 14

animals in individual cages with running wheels. Animals were assigned to Exercise and Non-Exercise groups

by alternating rank order following their week-long pre-test. Exercise mice had free access to individual cage-

mounted running wheels and Non-Exercise mice had a locked, non-functioning running wheel in individual

cages. Daily running distances of the Exercise animals were recorded and averaged for each week. (A) Data

show that all animals continued running for 12 weeks with some reduction in running speed. Average distance

in the first week was 3.76 ± 0.87 miles per day. Average distance in the 12th week was 2.71 ± 0.53 miles per

day (no statistical difference between 1st and 12th week, n = 7, multi-variance ANOVA, p = 0.33). After

12-weeks of running wheel activity, all mice were tested for high intensity motor activity on the Rotarod (B)

and cognitive function using a Morris water maze (C). (B) In the Rotarod test, the Exercise group could remain

on the rod significantly longer at 26 rpm than the Non-Exercise group (n = 7, multi-variance ANOVA, **p =

0.001). (C) In the Morris water maze, the Exercise mice took significantly less time to find the hidden platform

at Day 5 than Non-Exercise transgenic mice (n = 7, multi-variance ANOVA, *p = 0.02).

https://doi.org/10.1371/journal.pone.0190160.g003
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Fig 4. Exercise increased DJ-1, Hsp70 and BDNF levels in 15-month old Y39C transgenic mouse brain

and also increased DJ-1 levels in muscle and plasma. (A) Brain tissues (cortex) were processed for

Western blot analysis using antibodies to DJ-1, Hsp70, BDNF and β-actin after 3 months of running wheel

Exercise (Ex) or no Exercise (nEx) in Y39C transgenic animals. Representative images are shown for all

Western blots. (B-D) Quantitative protein levels in brain are shown for each group after being normalized to β-

actin. There were significant increases in DJ-1, Hsp70 and BDNF proteins in Exercise mouse brain compared

to Non-Exercise mice (n = 7, t-test, *p<0.05, **p<0.01). (E) Muscle samples were processed for Western blot

analysis using DJ-1 and β-actin antibodies after 3 months of running wheel Exercise (Ex) or no Exercise

(nEx) in control animals. (F) Muscle DJ-1 Westerns were quantified and are shown for each group after being

normalized to β-actin. Muscle DJ-1 was significantly increased in Exercise mice compared to Non-Exercise

mice (n = 7, t-test, **p<0.01). (G) Plasma DJ-1 levels were measured by ELISA. Results show that the

Exercise group had significantly higher plasma DJ-1 concentrations than the Non-Exercise mice (n = 7, t-test,

**p<0.01).

https://doi.org/10.1371/journal.pone.0190160.g004
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in brain while increasing plasma concentrations of α-synuclein. The mechanism by which

exercise leads to these beneficial effects appears to be related to upregulation of DJ-1 and other

neuroprotective factors such as Hsp70 and BDNF in the brain.

We and others have reported that increased expression of DJ-1 can render neurons more

resistant to oxidative stress and to misfolded protein accumulation [34, 58, 59]. Using in vitro
experiments in N27 dopamine neurons, we have demonstrated that increased DJ-1 protein

levels can protect neurons from oxidative stress by increasing glutathione production through

upregulation of the rate limiting step in glutathione synthesis. If, instead, the cell stress is over-

expression of mutant human α-synuclein, increased levels of DJ-1 do not change glutathione

synthesis but do increase expression of Hsp70 [34]. In the current study, the exercise-induced

increase in DJ-1 and Hsp70 in brain are likely preventing the formation of α-synuclein oligo-

mers. Other researchers have shown that exercise can increase neurogenesis in hippocampus,

increase BDNF expression, and improve memory function in various mouse models [60–65].

Treadmill running can activate the anti-oxidant master gene Nrf2 and protect mice from the

neurotoxic effects of MPTP [40, 44, 66]. In the Alzheimer transgenic mouse model, exercise

can decrease β-amyloid concentrations by the activation of SIRT-1 signaling pathway [50].

There has been no previous investigation of long-term exercise in transgenic models of

Fig 5. Exercise reduced α-synuclein oligomer formation in 15 month-old Y39C transgenic mouse brain. Brain tissues (cortex) from

Exercise and Non-Exercise transgenic mice were analyzed for α-synuclein aggregation using LB509 (human only) and Syn-1 (mouse-plus-

human) antibodies. (A) Western blots with LB509 show that exercise dramatically reduced α-synuclein oligomer formation in brain compared to

mice of the same age not performing exercise. α-Synuclein monomer levels were not changed. The sample blots show Exercise (Ex) and Non-

Exercise (nEx) animals. (B) Western blots with Syn-1 antibody show that Exercise mice had reduced α-synuclein oligomer and dimer fractions,

as compared to Non-Exercise mice. (C, D) Western blot images were quantified. The relative levels of α-synuclein oligomer, monomer, and total

(oligomer plus monomer) to β-actin are shown for Exercise and Non-Exercise transgenic mice. There were significant reductions in brain

oligomer (n = 7, t-test, **p<0.01) and total (n = 7, t-test, *p<0.05) in the Exercise group compared to the Non-Exercise group.

https://doi.org/10.1371/journal.pone.0190160.g005
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Parkinson’s disease. Our results indicate that long-term exercise can prevent the development

of age-related neurodegeneration in a transgenic mouse model of diffuse Lewy body disease, a

Parkinson-Plus disorder. In humans, diffuse Lewy body disease is a currently untreatable form

of Parkinson’s.

Because exercise produces sweeping changes in all aspects of physiology from sensorimotor

activity to lipid metabolism in muscle, it is difficult to define a hierarchy of beneficial effects

on brain function. Since mice which lack the DJ-1 gene cannot perform on running wheels or

on the Rotarod with the same intensity as wild-type animals, DJ-1 appears to be essential for

dealing with the physiological stress created in muscle by sustained motor activity. Because

DJ-1 knockout animals have the same cognitive performance as wild-type mice in the Morris

Water Maze and on open field exploration, the DJ-1 deficit does not appear to influence cogni-

tion nor low intensity motor activity. To precisely define the role of muscle verse brain derived

DJ-1, organ-specific DJ-1 knockouts would have to be developed.

Our study gives insight into the mechanism by which exercise prevents α-synuclein oligomer

accumulation in brain. While oligomer formation was reduced in brains of mice with access to

running wheels, the same animals showed increased plasma concentrations of α-synuclein

monomers and dimers. α-Synuclein is known to be present in plasma of humans and other

mammals, but the exact source of plasma α-synuclein remains uncertain. While it is possible

that red blood cells may release α-synuclein into plasma, the protein may come from central and

peripheral neurons [67, 68]. Our findings in Y39C transgenic mice show that plasma α-synuclein

comes from neurons rather than red blood cells because plasma α-synuclein is approximately

Fig 6. Exercise increased α-synuclein concentration in blood plasma in 15-month old Y39C transgenic mouse. Mouse blood plasma

samples were processed by Western blot analysis using antibodies to LB509 (A) and Syn-1 (B). Both monomer and dimer α-synucleins were

found in mouse plasma. Sample images are shown for each Western blot. (C, D) Quantitative α-synuclein plasma levels are shown for each

group after being normalized to mouse serum albumin. With both LB509 (A) and Syn-1 (B) antibodies, there were significant increases in α-

synuclein monomer, dimer and total (monomer plus dimer) fractions in Exercise versus Non-Exercise mouse plasma (n = 7, t-test, *p<0.05).

https://doi.org/10.1371/journal.pone.0190160.g006
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50:50 human/mouse mixture as is brain. By contrast, red blood cell α-synuclein is 100% mouse

in our Y39C animals.

α-Synuclein has been found in plasma exosomes as a soluble protein [69, 70]. Studies have

shown that α-synuclein can be secreted from cultured neurons via exosomes [71, 72]. We have

recently shown that lysosomal and exosomal genes are activated in vitro by overexpression of

mutant human α-synuclein as well as by DJ-1. Activated lysosomes and exosomes are the likely

route of enhanced α-synuclein secretion from the cytosol to the plasma (Cummiskey, Zhou,

Freed et al., unpublished data). In the same transgenic mouse strain used in the current study,

we have shown that the drug phenylbutyrate can increase DJ-1 levels, prevent α-synuclein olig-

omer formation in brain, and stop age-related decline in motor and cognitive function [35].

Exercise appears to have the same neuroprotective effects as phenylbutyrate. Our earlier in
vitro experiments showed that the beneficial effects of phenylbutyrate were dependent on the

expression of the DJ-1 gene. Blocking DJ-1 expression with anti-sense RNA blocked the drug’s

ability to protect neurons from oxidative stress and from misfolded protein. This result indi-

cates that DJ-1 is required to exert the neuroprotective effect of phenylbutyrate [35]. Because

we have found that DJ-1 knockout mice have much reduced spontaneous activity on running

wheels and have impaired performance on the Rotarod, the DJ-1 protein appears to be essen-

tial for normal motor function. Since DJ-1 knockout animals have normal swimming and cog-

nitive abilities in the Morris Water maze as well as normal exploratory behavior in open field

testing, it is likely that their reduced activity on the running wheel or the Rotarod represents a

limitation in maximal muscle performance rather than in cognitive function.

In summary, we have found that voluntary exercise on a running wheel can upregulate DJ-

1 in muscle and brain of a transgenic mouse model of Parkinson’s disease and can prevent the

age-related decline of motor and cognitive abilities normally seen in this transgenic strain.

Since we have described similar beneficial effects with the drug phenylbutyrate in these trans-

genic mice, we hypothesize that patients with Parkinson’s disease might be able to slow or stop

disease progression from either an intensive exercise program or treatment with the drug

phenylbutyrate.

Acknowledgments

The animal behavioral tests were done at Animal Behavioral Core, the Center for Neurosci-

ence, University of Colorado Denver.

Author Contributions

Conceptualization: Wenbo Zhou, Curt R. Freed.

Data curation: Wenbo Zhou, Jessica Cummiskey Barkow.

Formal analysis: Wenbo Zhou, Jessica Cummiskey Barkow, Curt R. Freed.

Funding acquisition: Wenbo Zhou, Curt R. Freed.

Investigation: Wenbo Zhou, Jessica Cummiskey Barkow, Curt R. Freed.

Methodology: Wenbo Zhou, Jessica Cummiskey Barkow.

Project administration: Wenbo Zhou, Curt R. Freed.

Resources: Wenbo Zhou, Curt R. Freed.

Software: Wenbo Zhou.

Supervision: Wenbo Zhou, Curt R. Freed.

Exercise reduces α-synuclein aggregation in mouse

PLOS ONE | https://doi.org/10.1371/journal.pone.0190160 December 22, 2017 13 / 18

https://doi.org/10.1371/journal.pone.0190160


Validation: Wenbo Zhou.

Visualization: Wenbo Zhou.

Writing – original draft: Wenbo Zhou, Curt R. Freed.

Writing – review & editing: Wenbo Zhou, Curt R. Freed.

References
1. Ehringer H, Hornykiewicz O. [Distribution of noradrenaline and dopamine (3-hydroxytyramine) in the

human brain and their behavior in diseases of the extrapyramidal system]. Klinische Wochenschrift.

1960; 38:1236–9. Epub 1960/12/15. PMID: 13726012.

2. Poewe W, Seppi K, Tanner CM, Halliday GM, Brundin P, Volkmann J, et al. Parkinson disease. Nature

reviews Disease primers. 2017; 3:17013. Epub 2017/03/24. https://doi.org/10.1038/nrdp.2017.13

PMID: 28332488.

3. Cookson MR, Bandmann O. Parkinson’s disease: insights from pathways. Hum Mol Genet. 2010; 19

(R1):R21–7. Epub 2010/04/28. ddq167 [pii] https://doi.org/10.1093/hmg/ddq167 PMID: 20421364;

PubMed Central PMCID: PMC2875048.

4. Abeliovich A, Gitler AD. Defects in trafficking bridge Parkinson’s disease pathology and genetics.

Nature. 2016; 539(7628):207–16. Epub 2016/11/11. https://doi.org/10.1038/nature20414 PMID:

27830778.

5. Przedborski S. The two-century journey of Parkinson disease research. Nature reviews Neuroscience.

2017; 18(4):251–9. Epub 2017/03/18. https://doi.org/10.1038/nrn.2017.25 PMID: 28303016.

6. Bonifati V. Genetics of Parkinson’s disease. Minerva Med. 2005; 96(3):175–86. PMID: 16175160.

7. Cookson MR. The biochemistry of Parkinson’s disease. Annu Rev Biochem. 2005; 74:29–52. https://

doi.org/10.1146/annurev.biochem.74.082803.133400 PMID: 15952880.

8. Bonifati V. Genetics of Parkinson’s disease—state of the art, 2013. Parkinsonism & related disorders.

2014; 20 Suppl 1:S23–8. Epub 2013/11/23. https://doi.org/10.1016/s1353-8020(13)70009-9 PMID:

24262182.

9. Kumaran R, Cookson MR. Pathways to Parkinsonism Redux: convergent pathobiological mechanisms

in genetics of Parkinson’s disease. Hum Mol Genet. 2015; 24(R1):R32–44. Epub 2015/06/24. https://

doi.org/10.1093/hmg/ddv236 PMID: 26101198; PubMed Central PMCID: PMCPMC4571999.

10. Singleton AB, Farrer M, Johnson J, Singleton A, Hague S, Kachergus J, et al. alpha-Synuclein locus

triplication causes Parkinson’s disease. Science. 2003; 302(5646):841. https://doi.org/10.1126/

science.1090278 PMID: 14593171.

11. Polymeropoulos MH, Lavedan C, Leroy E, Ide SE, Dehejia A, Dutra A, et al. Mutation in the alpha-synu-

clein gene identified in families with Parkinson’s disease. Science. 1997; 276(5321):2045–7. Epub

1997/06/27. PMID: 9197268.

12. Spillantini MG, Schmidt ML, Lee VM, Trojanowski JQ, Jakes R, Goedert M. Alpha-synuclein in Lewy

bodies. Nature. 1997; 388(6645):839–40. https://doi.org/10.1038/42166 PMID: 9278044.

13. Trojanowski JQ, Lee VM. Aggregation of neurofilament and alpha-synuclein proteins in Lewy bodies:

implications for the pathogenesis of Parkinson disease and Lewy body dementia. Arch Neurol. 1998; 55

(2):151–2. PMID: 9482355.

14. Lee MK, Stirling W, Xu Y, Xu X, Qui D, Mandir AS, et al. Human alpha-synuclein-harboring familial Par-

kinson’s disease-linked Ala-53 —> Thr mutation causes neurodegenerative disease with alpha-synu-

clein aggregation in transgenic mice. Proc Natl Acad Sci U S A. 2002; 99(13):8968–73. https://doi.org/

10.1073/pnas.132197599 PMID: 12084935.

15. Giasson BI, Duda JE, Quinn SM, Zhang B, Trojanowski JQ, Lee VM. Neuronal alpha-synucleinopathy

with severe movement disorder in mice expressing A53T human alpha-synuclein. Neuron. 2002; 34

(4):521–33. PMID: 12062037.

16. van der Putten H, Wiederhold KH, Probst A, Barbieri S, Mistl C, Danner S, et al. Neuropathology in mice

expressing human alpha-synuclein. J Neurosci. 2000; 20(16):6021–9. PMID: 10934251.

17. Masliah E, Rockenstein E, Veinbergs I, Mallory M, Hashimoto M, Takeda A, et al. Dopaminergic loss

and inclusion body formation in alpha-synuclein mice: implications for neurodegenerative disorders.

Science. 2000; 287(5456):1265–9. PMID: 10678833.

18. Ferreira DG, Temido-Ferreira M, Miranda HV, Batalha VL, Coelho JE, Szego EM, et al. alpha-synuclein

interacts with PrPC to induce cognitive impairment through mGluR5 and NMDAR2B. Nature neurosci-

ence. 2017. Epub 2017/09/26. https://doi.org/10.1038/nn.4648 PMID: 28945221.

Exercise reduces α-synuclein aggregation in mouse

PLOS ONE | https://doi.org/10.1371/journal.pone.0190160 December 22, 2017 14 / 18

http://www.ncbi.nlm.nih.gov/pubmed/13726012
https://doi.org/10.1038/nrdp.2017.13
http://www.ncbi.nlm.nih.gov/pubmed/28332488
https://doi.org/10.1093/hmg/ddq167
http://www.ncbi.nlm.nih.gov/pubmed/20421364
https://doi.org/10.1038/nature20414
http://www.ncbi.nlm.nih.gov/pubmed/27830778
https://doi.org/10.1038/nrn.2017.25
http://www.ncbi.nlm.nih.gov/pubmed/28303016
http://www.ncbi.nlm.nih.gov/pubmed/16175160
https://doi.org/10.1146/annurev.biochem.74.082803.133400
https://doi.org/10.1146/annurev.biochem.74.082803.133400
http://www.ncbi.nlm.nih.gov/pubmed/15952880
https://doi.org/10.1016/s1353-8020(13)70009-9
http://www.ncbi.nlm.nih.gov/pubmed/24262182
https://doi.org/10.1093/hmg/ddv236
https://doi.org/10.1093/hmg/ddv236
http://www.ncbi.nlm.nih.gov/pubmed/26101198
https://doi.org/10.1126/science.1090278
https://doi.org/10.1126/science.1090278
http://www.ncbi.nlm.nih.gov/pubmed/14593171
http://www.ncbi.nlm.nih.gov/pubmed/9197268
https://doi.org/10.1038/42166
http://www.ncbi.nlm.nih.gov/pubmed/9278044
http://www.ncbi.nlm.nih.gov/pubmed/9482355
https://doi.org/10.1073/pnas.132197599
https://doi.org/10.1073/pnas.132197599
http://www.ncbi.nlm.nih.gov/pubmed/12084935
http://www.ncbi.nlm.nih.gov/pubmed/12062037
http://www.ncbi.nlm.nih.gov/pubmed/10934251
http://www.ncbi.nlm.nih.gov/pubmed/10678833
https://doi.org/10.1038/nn.4648
http://www.ncbi.nlm.nih.gov/pubmed/28945221
https://doi.org/10.1371/journal.pone.0190160


19. Larson ME, Greimel SJ, Amar F, LaCroix M, Boyle G, Sherman MA, et al. Selective lowering of synap-

sins induced by oligomeric alpha-synuclein exacerbates memory deficits. Proceedings of the National

Academy of Sciences of the United States of America. 2017; 114(23):E4648–e57. Epub 2017/05/24.

https://doi.org/10.1073/pnas.1704698114 PMID: 28533388; PubMed Central PMCID:

PMCPMC5468636.

20. Mor DE, Tsika E, Mazzulli JR, Gould NS, Kim H, Daniels MJ, et al. Dopamine induces soluble alpha-

synuclein oligomers and nigrostriatal degeneration. Nature neuroscience. 2017. Epub 2017/09/19.

https://doi.org/10.1038/nn.4641 PMID: 28920936.

21. Mullin S, Schapira A. alpha-Synuclein and mitochondrial dysfunction in Parkinson’s disease. Molecular

neurobiology. 2013; 47(2):587–97. Epub 2013/01/31. https://doi.org/10.1007/s12035-013-8394-x

PMID: 23361255.

22. Benskey MJ, Perez RG, Manfredsson FP. The contribution of alpha synuclein to neuronal survival and

function—Implications for Parkinson’s disease. Journal of neurochemistry. 2016; 137(3):331–59. Epub

2016/02/08. https://doi.org/10.1111/jnc.13570 PMID: 26852372; PubMed Central PMCID:

PMC5021132.

23. Bonifati V, Rizzu P, van Baren MJ, Schaap O, Breedveld GJ, Krieger E, et al. Mutations in the DJ-1

gene associated with autosomal recessive early-onset parkinsonism. Science. 2003; 299(5604):256–9.

https://doi.org/10.1126/science.1077209 PMID: 12446870.

24. Ibanez P, De Michele G, Bonifati V, Lohmann E, Thobois S, Pollak P, et al. Screening for DJ-1 muta-

tions in early onset autosomal recessive parkinsonism. Neurology. 2003; 61(10):1429–31. PMID:

14638971.

25. Clark LN, Afridi S, Mejia-Santana H, Harris J, Louis ED, Cote LJ, et al. Analysis of an early-onset Parkin-

son’s disease cohort for DJ-1 mutations. Mov Disord. 2004; 19(7):796–800. https://doi.org/10.1002/

mds.20131 PMID: 15254937.

26. Lucas JI, Marin I. A new evolutionary paradigm for the Parkinson disease gene DJ-1. Molecular biology

and evolution. 2007; 24(2):551–61. Epub 2006/12/02. https://doi.org/10.1093/molbev/msl186 PMID:

17138626.

27. Xu XM, Moller SG. ROS removal by DJ-1: Arabidopsis as a new model to understand Parkinson’s Dis-

ease. Plant signaling & behavior. 2010; 5(8):1034–6. Epub 2010/07/31. https://doi.org/10.4161/psb.5.8.

12298 PMID: 20671441; PubMed Central PMCID: PMC3115190.

28. Lin J, Nazarenus TJ, Frey JL, Liang X, Wilson MA, Stone JM. A plant DJ-1 homolog is essential for Ara-

bidopsis thaliana chloroplast development. PloS one. 2011; 6(8):e23731. Epub 2011/09/03. https://doi.

org/10.1371/journal.pone.0023731 PMID: 21886817; PubMed Central PMCID: PMC3160306.

29. Gautier V, Le HT, Malki A, Messaoudi N, Caldas T, Kthiri F, et al. YajL, the prokaryotic homolog of the

Parkinsonism-associated protein DJ-1, protects cells against protein sulfenylation. Journal of molecular

biology. 2012; 421(4–5):662–70. Epub 2012/02/11. https://doi.org/10.1016/j.jmb.2012.01.047 PMID:

22321799.

30. Clements CM, McNally RS, Conti BJ, Mak TW, Ting JP. DJ-1, a cancer- and Parkinson’s disease-asso-

ciated protein, stabilizes the antioxidant transcriptional master regulator Nrf2. Proceedings of the

National Academy of Sciences of the United States of America. 2006; 103(41):15091–6. Epub 2006/10/

04. https://doi.org/10.1073/pnas.0607260103 PMID: 17015834; PubMed Central PMCID:

PMC1586179.

31. Gan L, Johnson DA, Johnson JA. Keap1-Nrf2 activation in the presence and absence of DJ-1. The

European journal of neuroscience. 2010; 31(6):967–77. Epub 2010/04/10. https://doi.org/10.1111/j.

1460-9568.2010.07138.x PMID: 20377612; PubMed Central PMCID: PMC3305788.

32. Im JY, Lee KW, Woo JM, Junn E, Mouradian MM. DJ-1 induces thioredoxin 1 expression through the

Nrf2 pathway. Human molecular genetics. 2012; 21(13):3013–24. Epub 2012/04/12. https://doi.org/10.

1093/hmg/dds131 PMID: 22492997; PubMed Central PMCID: PMC3373246.

33. Vasseur S, Afzal S, Tardivel-Lacombe J, Park DS, Iovanna JL, Mak TW. DJ-1/PARK7 is an important

mediator of hypoxia-induced cellular responses. Proc Natl Acad Sci U S A. 2009; 106(4):1111–6. Epub

2009/01/16. https://doi.org/10.1073/pnas.0812745106 PMID: 19144925; PubMed Central PMCID:

PMCPMC2626605.

34. Zhou W, Freed CR. DJ-1 upregulates glutathione synthesis during oxidative stress and inhibits A53T

alpha-synuclein toxicity. J Biol Chem. 2005; 280(52):43150–8. https://doi.org/10.1074/jbc.M507124200

PMID: 16227205

35. Zhou W, Bercury K, Cummiskey J, Luong N, Lebin J, Freed CR. Phenylbutyrate up-regulates the DJ-1

protein and protects neurons in cell culture and in animal models of Parkinson disease. J Biol Chem.

2011; 286(17):14941–51. Epub 2011/03/05. https://doi.org/10.1074/jbc.M110.211029 PMID:

21372141; PubMed Central PMCID: PMC3083206.

Exercise reduces α-synuclein aggregation in mouse

PLOS ONE | https://doi.org/10.1371/journal.pone.0190160 December 22, 2017 15 / 18

https://doi.org/10.1073/pnas.1704698114
http://www.ncbi.nlm.nih.gov/pubmed/28533388
https://doi.org/10.1038/nn.4641
http://www.ncbi.nlm.nih.gov/pubmed/28920936
https://doi.org/10.1007/s12035-013-8394-x
http://www.ncbi.nlm.nih.gov/pubmed/23361255
https://doi.org/10.1111/jnc.13570
http://www.ncbi.nlm.nih.gov/pubmed/26852372
https://doi.org/10.1126/science.1077209
http://www.ncbi.nlm.nih.gov/pubmed/12446870
http://www.ncbi.nlm.nih.gov/pubmed/14638971
https://doi.org/10.1002/mds.20131
https://doi.org/10.1002/mds.20131
http://www.ncbi.nlm.nih.gov/pubmed/15254937
https://doi.org/10.1093/molbev/msl186
http://www.ncbi.nlm.nih.gov/pubmed/17138626
https://doi.org/10.4161/psb.5.8.12298
https://doi.org/10.4161/psb.5.8.12298
http://www.ncbi.nlm.nih.gov/pubmed/20671441
https://doi.org/10.1371/journal.pone.0023731
https://doi.org/10.1371/journal.pone.0023731
http://www.ncbi.nlm.nih.gov/pubmed/21886817
https://doi.org/10.1016/j.jmb.2012.01.047
http://www.ncbi.nlm.nih.gov/pubmed/22321799
https://doi.org/10.1073/pnas.0607260103
http://www.ncbi.nlm.nih.gov/pubmed/17015834
https://doi.org/10.1111/j.1460-9568.2010.07138.x
https://doi.org/10.1111/j.1460-9568.2010.07138.x
http://www.ncbi.nlm.nih.gov/pubmed/20377612
https://doi.org/10.1093/hmg/dds131
https://doi.org/10.1093/hmg/dds131
http://www.ncbi.nlm.nih.gov/pubmed/22492997
https://doi.org/10.1073/pnas.0812745106
http://www.ncbi.nlm.nih.gov/pubmed/19144925
https://doi.org/10.1074/jbc.M507124200
http://www.ncbi.nlm.nih.gov/pubmed/16227205
https://doi.org/10.1074/jbc.M110.211029
http://www.ncbi.nlm.nih.gov/pubmed/21372141
https://doi.org/10.1371/journal.pone.0190160


36. Fisher BE, Wu AD, Salem GJ, Song J, Lin CH, Yip J, et al. The effect of exercise training in improving

motor performance and corticomotor excitability in people with early Parkinson’s disease. Arch Phys

Med Rehabil. 2008; 89(7):1221–9. Epub 2008/06/07. S0003-9993(08)00235-9 [pii] https://doi.org/10.

1016/j.apmr.2008.01.013 PMID: 18534554.

37. Gobbi LT, Oliveira-Ferreira MD, Caetano MJ, Lirani-Silva E, Barbieri FA, Stella F, et al. Exercise pro-

grams improve mobility and balance in people with Parkinson’s disease. Parkinsonism Relat Disord.

2009; 15 Suppl 3:S49–52. Epub 2010/01/30. S1353-8020(09)70780-1 [pii] https://doi.org/10.1016/

S1353-8020(09)70780-1 PMID: 20083007.

38. Cascaes da Silva F, Iop Rda R, Domingos Dos Santos P, Aguiar Bezerra de Melo LM, Barbosa

Gutierres Filho PJ, da Silva R. Effects of Physical-Exercise-Based Rehabilitation Programs on the Qual-

ity of Life of Patients With Parkinson’s Disease: A Systematic Review of Randomized Controlled Trials.

Journal of aging and physical activity. 2016; 24(3):484–96. Epub 2016/01/12. https://doi.org/10.1123/

japa.2015-0162 PMID: 26751626.

39. Lauze M, Daneault JF, Duval C. The Effects of Physical Activity in Parkinson’s Disease: A Review. Jour-

nal of Parkinson’s disease. 2016; 6(4):685–98. Epub 2016/10/22. https://doi.org/10.3233/JPD-160790

PMID: 27567884; PubMed Central PMCID: PMC5088404.

40. Gerecke KM, Jiao Y, Pani A, Pagala V, Smeyne RJ. Exercise protects against MPTP-induced neurotox-

icity in mice. Brain Res. 2010; 1341:72–83. Epub 2010/02/02. S0006-8993(10)00207-6 [pii] https://doi.

org/10.1016/j.brainres.2010.01.053 PMID: 20116369; PubMed Central PMCID: PMC2884060.

41. Tajiri N, Yasuhara T, Shingo T, Kondo A, Yuan W, Kadota T, et al. Exercise exerts neuroprotective

effects on Parkinson’s disease model of rats. Brain Res. 2010; 1310:200–7. Epub 2009/11/11. S0006-

8993(09)02391-9 [pii] https://doi.org/10.1016/j.brainres.2009.10.075 PMID: 19900418.

42. Goes AT, Souza LC, Filho CB, Del Fabbro L, De Gomes MG, Boeira SP, et al. Neuroprotective effects

of swimming training in a mouse model of Parkinson’s disease induced by 6-hydroxydopamine. Neuro-

science. 2014; 256:61–71. Epub 2013/10/05. https://doi.org/10.1016/j.neuroscience.2013.09.042

PMID: 24090962.

43. Toy WA, Petzinger GM, Leyshon BJ, Akopian GK, Walsh JP, Hoffman MV, et al. Treadmill exercise

reverses dendritic spine loss in direct and indirect striatal medium spiny neurons in the 1-methyl-4-phe-

nyl-1,2,3,6-tetrahydropyridine (MPTP) mouse model of Parkinson’s disease. Neurobiology of disease.

2014; 63:201–9. Epub 2013/12/10. https://doi.org/10.1016/j.nbd.2013.11.017 PMID: 24316165;

PubMed Central PMCID: PMC3940446.

44. Tsou YH, Shih CT, Ching CH, Huang JY, Jen CJ, Yu L, et al. Treadmill exercise activates Nrf2 antioxi-

dant system to protect the nigrostriatal dopaminergic neurons from MPP+ toxicity. Experimental neurol-

ogy. 2015; 263:50–62. Epub 2014/10/07. https://doi.org/10.1016/j.expneurol.2014.09.021 PMID:

25286336.

45. Shin MS, Jeong HY, An DI, Lee HY, Sung YH. Treadmill exercise facilitates synaptic plasticity on dopa-

minergic neurons and fibers in the mouse model with Parkinson’s disease. Neuroscience letters. 2016;

621:28–33. Epub 2016/04/16. https://doi.org/10.1016/j.neulet.2016.04.015 PMID: 27080424.

46. Adlard PA, Perreau VM, Pop V, Cotman CW. Voluntary exercise decreases amyloid load in a transgenic

model of Alzheimer’s disease. The Journal of neuroscience: the official journal of the Society for Neuro-

science. 2005; 25(17):4217–21. Epub 2005/04/29. https://doi.org/10.1523/jneurosci.0496-05.2005

PMID: 15858047.

47. Um HS, Kang EB, Leem YH, Cho IH, Yang CH, Chae KR, et al. Exercise training acts as a therapeutic

strategy for reduction of the pathogenic phenotypes for Alzheimer’s disease in an NSE/APPsw-trans-

genic model. International journal of molecular medicine. 2008; 22(4):529–39. Epub 2008/09/25. PMID:

18813861.

48. Chao F, Zhang L, Luo Y, Xiao Q, Lv F, He Q, et al. Running Exercise Reduces Myelinated Fiber Loss in

the Dentate Gyrus of the Hippocampus in APP/PS1 Transgenic Mice. Current Alzheimer research.

2015; 12(4):377–83. Epub 2015/03/31. PMID: 25817255.

49. Moore KM, Girens RE, Larson SK, Jones MR, Restivo JL, Holtzman DM, et al. A spectrum of exercise

training reduces soluble Abeta in a dose-dependent manner in a mouse model of Alzheimer’s disease.

Neurobiology of disease. 2016; 85:218–24. Epub 2015/11/14. https://doi.org/10.1016/j.nbd.2015.11.

004 PMID: 26563933.

50. Koo JH, Kang EB, Oh YS, Yang DS, Cho JY. Treadmill exercise decreases amyloid-beta burden possi-

bly via activation of SIRT-1 signaling in a mouse model of Alzheimer’s disease. Experimental neurology.

2017; 288:142–52. Epub 2016/11/28. https://doi.org/10.1016/j.expneurol.2016.11.014 PMID:

27889467.

51. Potter MC, Yuan C, Ottenritter C, Mughal M, van Praag H. Exercise is not beneficial and may accelerate

symptom onset in a mouse model of Huntington’s disease. PLoS currents. 2010; 2:RRN1201. Epub

2010/12/15. https://doi.org/10.1371/currents.RRN1201 PMID: 21152076; PubMed Central PMCID:

PMC2998194.

Exercise reduces α-synuclein aggregation in mouse

PLOS ONE | https://doi.org/10.1371/journal.pone.0190160 December 22, 2017 16 / 18

https://doi.org/10.1016/j.apmr.2008.01.013
https://doi.org/10.1016/j.apmr.2008.01.013
http://www.ncbi.nlm.nih.gov/pubmed/18534554
https://doi.org/10.1016/S1353-8020(09)70780-1
https://doi.org/10.1016/S1353-8020(09)70780-1
http://www.ncbi.nlm.nih.gov/pubmed/20083007
https://doi.org/10.1123/japa.2015-0162
https://doi.org/10.1123/japa.2015-0162
http://www.ncbi.nlm.nih.gov/pubmed/26751626
https://doi.org/10.3233/JPD-160790
http://www.ncbi.nlm.nih.gov/pubmed/27567884
https://doi.org/10.1016/j.brainres.2010.01.053
https://doi.org/10.1016/j.brainres.2010.01.053
http://www.ncbi.nlm.nih.gov/pubmed/20116369
https://doi.org/10.1016/j.brainres.2009.10.075
http://www.ncbi.nlm.nih.gov/pubmed/19900418
https://doi.org/10.1016/j.neuroscience.2013.09.042
http://www.ncbi.nlm.nih.gov/pubmed/24090962
https://doi.org/10.1016/j.nbd.2013.11.017
http://www.ncbi.nlm.nih.gov/pubmed/24316165
https://doi.org/10.1016/j.expneurol.2014.09.021
http://www.ncbi.nlm.nih.gov/pubmed/25286336
https://doi.org/10.1016/j.neulet.2016.04.015
http://www.ncbi.nlm.nih.gov/pubmed/27080424
https://doi.org/10.1523/jneurosci.0496-05.2005
http://www.ncbi.nlm.nih.gov/pubmed/15858047
http://www.ncbi.nlm.nih.gov/pubmed/18813861
http://www.ncbi.nlm.nih.gov/pubmed/25817255
https://doi.org/10.1016/j.nbd.2015.11.004
https://doi.org/10.1016/j.nbd.2015.11.004
http://www.ncbi.nlm.nih.gov/pubmed/26563933
https://doi.org/10.1016/j.expneurol.2016.11.014
http://www.ncbi.nlm.nih.gov/pubmed/27889467
https://doi.org/10.1371/currents.RRN1201
http://www.ncbi.nlm.nih.gov/pubmed/21152076
https://doi.org/10.1371/journal.pone.0190160


52. Wood NI, Glynn D, Morton AJ. "Brain training" improves cognitive performance and survival in a trans-

genic mouse model of Huntington’s disease. Neurobiology of disease. 2011; 42(3):427–37. Epub 2011/

02/18. https://doi.org/10.1016/j.nbd.2011.02.005 PMID: 21324361.

53. Harrison DJ, Busse M, Openshaw R, Rosser AE, Dunnett SB, Brooks SP. Exercise attenuates neuro-

pathology and has greater benefit on cognitive than motor deficits in the R6/1 Huntington’s disease

mouse model. Experimental neurology. 2013; 248:457–69. Epub 2013/08/06. https://doi.org/10.1016/j.

expneurol.2013.07.014 PMID: 23911978.

54. Herbst EA, Holloway GP. Exercise training normalizes mitochondrial respiratory capacity within the stri-

atum of the R6/1 model of Huntington’s disease. Neuroscience. 2015; 303:515–23. Epub 2015/07/19.

https://doi.org/10.1016/j.neuroscience.2015.07.025 PMID: 26186895.

55. Kim RH, Smith PD, Aleyasin H, Hayley S, Mount MP, Pownall S, et al. Hypersensitivity of DJ-1-deficient

mice to 1-methyl-4-phenyl-1,2,3,6-tetrahydropyrindine (MPTP) and oxidative stress. Proc Natl Acad Sci

U S A. 2005; 102(14):5215–20. https://doi.org/10.1073/pnas.0501282102 PMID: 15784737.

56. Zhou W, Milder JB, Freed CR. Transgenic mice overexpressing tyrosine-to-cysteine mutant human

alpha-synuclein: a progressive neurodegenerative model of diffuse Lewy body disease. J Biol Chem.

2008; 283(15):9863–70. https://doi.org/10.1074/jbc.M710232200 PMID: 18238775.

57. Bartels T, Choi JG, Selkoe DJ. alpha-Synuclein occurs physiologically as a helically folded tetramer that

resists aggregation. Nature. 2011; 477(7362):107–10. Epub 2011/08/16. https://doi.org/10.1038/

nature10324 PMID: 21841800; PubMed Central PMCID: PMC3166366.

58. Shendelman S, Jonason A, Martinat C, Leete T, Abeliovich A. DJ-1 is a redox-dependent molecular

chaperone that inhibits alpha-synuclein aggregate formation. PLoS Biol. 2004; 2(11):e362. https://doi.

org/10.1371/journal.pbio.0020362 PMID: 15502874.

59. Zhou W, Zhu M, Wilson MA, Petsko GA, Fink AL. The oxidation state of DJ-1 regulates its chaperone

activity toward alpha-synuclein. J Mol Biol. 2006; 356(4):1036–48. Epub 2006/01/13. S0022-2836(05)

01592-5 [pii] https://doi.org/10.1016/j.jmb.2005.12.030 PMID: 16403519.

60. Marlatt MW, Potter MC, Lucassen PJ, van Praag H. Running throughout middle-age improves memory

function, hippocampal neurogenesis, and BDNF levels in female C57BL/6J mice. Developmental neu-

robiology. 2012; 72(6):943–52. Epub 2012/01/19. https://doi.org/10.1002/dneu.22009 PMID:

22252978; PubMed Central PMCID: PMC3485396.

61. Zigmond MJ, Smeyne RJ. Exercise: is it a neuroprotective and if so, how does it work? Parkinsonism &

related disorders. 2014; 20 Suppl 1:S123–7. Epub 2013/11/23. https://doi.org/10.1016/s1353-8020(13)

70030-0 PMID: 24262162.

62. Voss MW, Vivar C, Kramer AF, van Praag H. Bridging animal and human models of exercise-induced

brain plasticity. Trends in cognitive sciences. 2013; 17(10):525–44. Epub 2013/09/14. https://doi.org/

10.1016/j.tics.2013.08.001 PMID: 24029446; PubMed Central PMCID: PMC4565723.

63. Campos C, Rocha NB, Lattari E, Paes F, Nardi AE, Machado S. Exercise-induced neuroprotective

effects on neurodegenerative diseases: the key role of trophic factors. Expert review of neurotherapeu-

tics. 2016; 16(6):723–34. Epub 2016/04/19. https://doi.org/10.1080/14737175.2016.1179582 PMID:

27086703.

64. Vivar C, Peterson BD, van Praag H. Running rewires the neuronal network of adult-born dentate gran-

ule cells. NeuroImage. 2016; 131:29–41. Epub 2015/11/22. https://doi.org/10.1016/j.neuroimage.2015.

11.031 PMID: 26589333.

65. Cooper C, Moon HY, van Praag H. On the Run for Hippocampal Plasticity. Cold Spring Harbor perspec-

tives in medicine. 2017. Epub 2017/05/13. https://doi.org/10.1101/cshperspect.a029736 PMID:

28495803.

66. Gorton LM, Vuckovic MG, Vertelkina N, Petzinger GM, Jakowec MW, Wood RI. Exercise effects on

motor and affective behavior and catecholamine neurochemistry in the MPTP-lesioned mouse. Behav

Brain Res. 2010; 213(2):253–62. Epub 2010/05/18. S0166-4328(10)00359-1 [pii] https://doi.org/10.

1016/j.bbr.2010.05.009 PMID: 20472000; PubMed Central PMCID: PMC2902645.

67. El-Agnaf OM, Salem SA, Paleologou KE, Cooper LJ, Fullwood NJ, Gibson MJ, et al. Alpha-synuclein

implicated in Parkinson’s disease is present in extracellular biological fluids, including human plasma.

FASEB journal: official publication of the Federation of American Societies for Experimental Biology.

2003; 17(13):1945–7. Epub 2003/10/02. https://doi.org/10.1096/fj.03-0098fje PMID: 14519670.

68. Schapansky J, Nardozzi JD, LaVoie MJ. The complex relationships between microglia, alpha-synuclein,

and LRRK2 in Parkinson’s disease. Neuroscience. 2015; 302:74–88. Epub 2014/10/07. https://doi.org/

10.1016/j.neuroscience.2014.09.049 PMID: 25284317; PubMed Central PMCID: PMC4383729.

69. Emmanouilidou E, Melachroinou K, Roumeliotis T, Garbis SD, Ntzouni M, Margaritis LH, et al. Cell-pro-

duced alpha-synuclein is secreted in a calcium-dependent manner by exosomes and impacts neuronal

survival. The Journal of neuroscience: the official journal of the Society for Neuroscience. 2010; 30

Exercise reduces α-synuclein aggregation in mouse

PLOS ONE | https://doi.org/10.1371/journal.pone.0190160 December 22, 2017 17 / 18

https://doi.org/10.1016/j.nbd.2011.02.005
http://www.ncbi.nlm.nih.gov/pubmed/21324361
https://doi.org/10.1016/j.expneurol.2013.07.014
https://doi.org/10.1016/j.expneurol.2013.07.014
http://www.ncbi.nlm.nih.gov/pubmed/23911978
https://doi.org/10.1016/j.neuroscience.2015.07.025
http://www.ncbi.nlm.nih.gov/pubmed/26186895
https://doi.org/10.1073/pnas.0501282102
http://www.ncbi.nlm.nih.gov/pubmed/15784737
https://doi.org/10.1074/jbc.M710232200
http://www.ncbi.nlm.nih.gov/pubmed/18238775
https://doi.org/10.1038/nature10324
https://doi.org/10.1038/nature10324
http://www.ncbi.nlm.nih.gov/pubmed/21841800
https://doi.org/10.1371/journal.pbio.0020362
https://doi.org/10.1371/journal.pbio.0020362
http://www.ncbi.nlm.nih.gov/pubmed/15502874
https://doi.org/10.1016/j.jmb.2005.12.030
http://www.ncbi.nlm.nih.gov/pubmed/16403519
https://doi.org/10.1002/dneu.22009
http://www.ncbi.nlm.nih.gov/pubmed/22252978
https://doi.org/10.1016/s1353-8020(13)70030-0
https://doi.org/10.1016/s1353-8020(13)70030-0
http://www.ncbi.nlm.nih.gov/pubmed/24262162
https://doi.org/10.1016/j.tics.2013.08.001
https://doi.org/10.1016/j.tics.2013.08.001
http://www.ncbi.nlm.nih.gov/pubmed/24029446
https://doi.org/10.1080/14737175.2016.1179582
http://www.ncbi.nlm.nih.gov/pubmed/27086703
https://doi.org/10.1016/j.neuroimage.2015.11.031
https://doi.org/10.1016/j.neuroimage.2015.11.031
http://www.ncbi.nlm.nih.gov/pubmed/26589333
https://doi.org/10.1101/cshperspect.a029736
http://www.ncbi.nlm.nih.gov/pubmed/28495803
https://doi.org/10.1016/j.bbr.2010.05.009
https://doi.org/10.1016/j.bbr.2010.05.009
http://www.ncbi.nlm.nih.gov/pubmed/20472000
https://doi.org/10.1096/fj.03-0098fje
http://www.ncbi.nlm.nih.gov/pubmed/14519670
https://doi.org/10.1016/j.neuroscience.2014.09.049
https://doi.org/10.1016/j.neuroscience.2014.09.049
http://www.ncbi.nlm.nih.gov/pubmed/25284317
https://doi.org/10.1371/journal.pone.0190160


(20):6838–51. Epub 2010/05/21. https://doi.org/10.1523/jneurosci.5699-09.2010 PMID: 20484626;

PubMed Central PMCID: PMC3842464.

70. Chivet M, Hemming F, Pernet-Gallay K, Fraboulet S, Sadoul R. Emerging role of neuronal exosomes in

the central nervous system. Frontiers in physiology. 2012; 3:145. Epub 2012/06/02. https://doi.org/10.

3389/fphys.2012.00145 PMID: 22654762; PubMed Central PMCID: PMC3361079.

71. Yang Y, Qin M, Bao P, Xu W, Xu J. Secretory carrier membrane protein 5 is an autophagy inhibitor that

promotes the secretion of alpha-synuclein via exosome. PloS one. 2017; 12(7):e0180892. Epub 2017/

07/13. https://doi.org/10.1371/journal.pone.0180892 PMID: 28700687; PubMed Central PMCID:

PMCPMC5507457.

72. von Einem B, Eschbach J, Kiechle M, Wahler A, Thal DR, McLean PJ, et al. The Golgi-localized,

gamma ear-containing, ARF-binding (GGA) protein family alters alpha synuclein (alpha-syn) oligomeri-

zation and secretion. Aging. 2017; 9(7):1677–97. Epub 2017/07/20. https://doi.org/10.18632/aging.

101261 PMID: 28722658; PubMed Central PMCID: PMCPMC5559169.

Exercise reduces α-synuclein aggregation in mouse

PLOS ONE | https://doi.org/10.1371/journal.pone.0190160 December 22, 2017 18 / 18

https://doi.org/10.1523/jneurosci.5699-09.2010
http://www.ncbi.nlm.nih.gov/pubmed/20484626
https://doi.org/10.3389/fphys.2012.00145
https://doi.org/10.3389/fphys.2012.00145
http://www.ncbi.nlm.nih.gov/pubmed/22654762
https://doi.org/10.1371/journal.pone.0180892
http://www.ncbi.nlm.nih.gov/pubmed/28700687
https://doi.org/10.18632/aging.101261
https://doi.org/10.18632/aging.101261
http://www.ncbi.nlm.nih.gov/pubmed/28722658
https://doi.org/10.1371/journal.pone.0190160

