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Abstract

Identifying lifestyle strategies and allied neurobiological mechanisms that reduce aging-
related motor impairment is imperative, given the accelerating number of retirees and
increased life expectancy. A physically active lifestyle prior to old age can reduce risk of
debilitating motor decline. However, if exercise is initiated after motor decline has begunin
the lifespan, it is unknown if aging itself may impose a limit on exercise efficacy to decelerate
further aging-related motor decline. In Brown-Norway/Fischer 344 F, hybrid (BNF) rats,
locomotor activity begins to decrease in middle age (12—18 months). One mechanism of
aging-related motor decline may be decreased expression of GDNF family receptor, GFRa-
1, which is decreased in substantia nigra (SN) between 12 and 30 months old. Moderate
exercise, beginning at 18 months old, increases nigral GFRa-1 and tyrosine hydroxylase
(TH) expression within 2 months. In aged rats, replenishing aging-related loss of GFRa-1 in
SN increases TH in SN alone and locomotor activity. A moderate exercise regimen was initi-
ated in sedentary male BNF rats in a longitudinal study to evaluate if exercise could attenu-
ate aging-related motor decline when initiated at two different ages in the latter half of the
lifespan (18 or 24 months old). Motor decline was reversed in the 18-, but not 24-month-old,
cohort. However, exercise efficacy in the 18-month-old group was reduced as the rats
reached 27 months old. GFRa-1 expression was not increased in either cohort. These stud-
ies suggest exercise can decelerate motor decline when begun in the latter half of the life-
span, but its efficacy may be limited by age of initiation. Decreased plasticity of GFRa-1
expression following exercise may limit its efficacy to reverse motor decline.
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Abbreviations: DA, dopamine; DOPAC,
dihydroxyphenylacetic acid; PD, Parkinson’s
disease; TH, tyrosine hydroxylase; SN, substantia
nigra; VTA, ventral tegmental area; NAc, nucleus
accumbens; GFRa1, GDNF family receptor.

Introduction

Parkinsonian signs are prevalent in the elderly, affecting ~15% of individuals by age 65 and
50% of individuals by age 80 [1-7]. Motor impairments like bradykinesia reduce the ability to
perform activities of daily living and greatly compromise independent living capabilities [2,3]
leading to increased risk of physical injury, cognitive impairment, dementia, and death [4].
The prevalence of aging-related locomotor impairments will increase with the doubling of the
elderly population in the next 25 years. The number of US Citizens alone expected to reach age
100 will reach an unprecedented number by 2050 [8]. Thus, it is essential to determine the
neurobiological basis of aging-related motor impairment and identify strategies that reduce
risk and severity.

A physically active lifestyle can decrease risk of aging-related motor impairment [9-11].
However, the extent to which a controlled exercise regimen can attenuate decline in aging-
related motor function, particularly after it has already begun in the latter half of the lifespan,
is unknown. Furthermore, it is not known if aging may impose a ceiling upon the efficacy of a
specific exercise regimen to attenuate motor decline. Study outcomes in Parkinson’s disease
(PD) patients [12-15] and in PD models [16-19] suggest that exercise regimens can improve
motor function, despite disability or impairments at exercise onset. Therefore, exercise could
presumably be effective to attenuate or partially reverse aging-related motor decline after it has
already begun. Some locomotor disabilities in aging humans may be reduced by exercise [20-
22]. However, at least two limitations can affect the evaluation of the efficacy of a regimen to
prevent further motor decline or partially restore it in aging. First, the metrics of exercise fre-
quency, intensity, and duration are difficult to accurately establish from self-reporting [23].
Second, while these metrics can be controlled in preclinical exercise studies, these studies may
not accommodate to the reality that supervised exercise in human studies is conducted for ~3
days/week [13,14,21], therefore leaving at least equal days within a time frame where exercise
does not occur. This interspersion of rest within an exercise regimen should be accommodated
in preclinical studies to optimize possible translation. Taken together, a controlled longitudinal
exercise regimen that features exercise compliance to a regimen of fixed duration, intensity,
and frequency, and accommodates for consistent rest periods, may provide a realistic and
translatable outcome on the efficacy of a given exercise regimen on motor impairments related
to aging and its underlying neurobiological mechanisms.

One possible mechanistic link between exercise impact on aging and locomotor function is
glial cell-derived neurotrophic factor (GDNF) signaling. GDNF reduces motor impairment in
aged rats and primates [24,25] Exercise can increase GDNF expression [26,27] or expression
of its receptor, GFRal [28], and these increases are linked to increased dopamine (DA) con-
tent and tyrosine hydroxylase (TH) expression in substantia nigra (SN) [26,28]. However,
aging may be a barrier for this exercise impact on GDNF signaling. Aging decreases GFRol
expression, and its expression are correlated to TH expression in the nigrostriatal pathway
[29]. However, increased GFRal receptor levels in the SN increases locomotor activity, with
increased TH expression in SN alone of aged rats [30] suggesting that DA biosynthesis capacity
and motor function may still be augmented at an advanced age. Therefore, augmentation of
GDNEF signaling through increased GFRal expression may be a mechanism by which the effi-
cacy of an exercise regimen can attenuate or reverse aging-related motor decline.

In the Brown-Norway/Fisher 344 F, hybrid (BNF) rat, aging-related locomotor decline
begins between 12 and 18 months of age [31,32] Here, we determined the impact of a consis-
tently applied exercise regimen on aging-related motor decline, initiated after locomotor
decline is known to occur, in two cohorts where exercise was initiated at 18 or 24 months old.
The intensity, frequency, and duration of exercise in both cohorts were identical. All exercise
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and non-exercise rats were trained and compliant to the regimen, without any negative rein-
forcement (i.e. footshock) [33]. Rest periods were also equally interspersed throughout the
study, of approximately equal duration as exercise days, to reflect the reality of exercise fre-
quency observed in human studies [34,35].

Materials and methods
Animals

Eighteen-month-old (n = 20, 447-646 g) and 24-month-old (n = 14, 520-718 g) male BNF rats
were obtained from aging rodent colonies under the auspices of the National Institute on
Aging (Charles River) and singly housed under controlled colony conditions with a 12-h
reverse light-dark cycle (lights on at 1800 hours). The ages of these rats represent a time period
after which aging-related motor decline is already underway [31,32,36,37]. Food and water
were available ad libitum to rats throughout the study. Test subjects acclimated to the animal
colony environment for at least 2 weeks prior to initiation of the study and were handled by
the experimenter for 2-3 minutes per day for 1 week prior to any behavioral test. Treadmill
and locomotor sessions were performed during the rats’ active (dark) portion of the light-dark
cycle and completed before 16:30. Procedures were conducted in accordance with the Federal
and Institutional Animal Care and Use Committee guidelines at LSU Health Sciences Center.
Rats were euthanized immediately (within 1 hr) after conclusion of final locomotor assessment
in the longitudinal study. The IACUC of the Louisiana State University Health Science Center
of Shreveport approved the research conducted in this study. Euthanasia was conducted by
decapitation immediately following application of isoflurane to render unconsciousness.

No rats died prior to meeting the humane endpoint. The longitudinal study time length
was up to 8 months. Rat health was monitored, at minimum, on a weekly basis.

Treadmill exercise regimen

The treadmill exercise regimen followed a footshock-free exercise training regimen [28,33].
The exercise regimen consists of three separate phases: pre-exercise, treadmill acclimation,
and treadmill exercise. Treadmill exercise was conducted in rounds, with each round at an
intensity of 8-9 m/min, a duration of 35 min, and a frequency of once per day for 12 consecu-
tive days, followed by 14 days of rest, wherein the first 5 days of rest following exercise evalu-
ated locomotor performance.

Pre-exercise procedures

Body weights were recorded for all rats before and after each phase of the regimen. We have
previously reported that two rounds of this exercise regimen produced weight loss, compared
to non-exercised rats, of ~4% versus baseline body weight [33].

Baseline locomotor activity. Locomotor activity was assessed in open-field locomotor
activity chambers (Opto Varimex 4 Animal Activity Monitoring System, Columbus Instru-
ments, Columbus, OH, USA). Baseline locomotor capabilities prior to treadmill exercise were
established to ensure the rats assigned to the exercise and non-exercise groups had non-signifi-
cant differences in the locomotor parameters assessed at the start of the longitudinal study. To
account for inherent possible daily variance in locomotor activity within each test subject [36],
locomotor activity was assessed for 1h per day for 5 consecutive days as previously described
[31,32,36] and the average value of the 5 assessments was used to establish each individual
baseline. Locomotor capabilities were reported as total distance traveled (cm), horizontal activ-
ity (# of beam breaks), movement number (# of initiated movements), and movement speed
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(cm/sec). These parameters were chosen to represent overall locomotor capabilities because
they enable evaluation of movement initiation capacity (movement number and horizontal
activity), total distance, and movement speed (total distance divided by movement time).

Treadmill acclimation phase

Acclimation phase 1. All treadmill acclimation and exercise sessions were conducted on
a motorized rodent treadmill (Exer-4, Columbus Instruments, Columbus, OH, USA). During
the first phase of treadmill acclimation, both exercise and non-exercise rats were placed on a
stationary treadmill for 3 consecutive days. The duration of time on the stationary treadmill
increased each day: 5 min (day 1), 7 min (day 2), and 10 min (day 3).

Acclimation phase 2. All test subjects, including the non-exercise group, were trained to
exercise during a 7-day acclimation period to ensure that all rats in the study were physically
able to participate in treadmill exercise. Rats were first trained to walk on the treadmill at low
speeds for the first 3 sessions (5-7 m/min for 5-7 min) and more moderate speeds for the last
4 sessions (8-9 m/min; 8-10 min) of treadmill acclimation. With these acclimation proce-
dures, we found >90% compliance to treadmill exercise without the use of footshock at any
time [33].

Evaluating exercise compliance. Treadmill exercise scores, ranging from 1-4, were
assigned after each acclimation and exercise session based on a test subject’s ability to adhere
to the speed and duration of the session without assistance from the experimenter. An exercise
score of 4 was assigned for rats that completed the session without any assistance from the
experimenter, whereas a score of 1 denoted non-compliance to the regimen, and indicated
that a test subject did not complete the session. A score of 3 indicated experimenter assistance
was required for <25% of the total session time, and a score of 2 was assigned when test sub-
jects required experimenter assistance for >25% of the session.

Treadmill exercise phase

Treadmill exercise was conducted in rounds. A round consisted of 12 days of exercise followed
by a 14-day rest period, wherein locomotor assessments were completed during the first 5 days
of the rest period. Exercise sessions included a 5 minute warm-up period where rats exercised
at 7-8 m/min before reaching 8-9 m/min. A total of 5 rounds of exercise and identical rest
periods between the two age groups were conducted, with an additional 3 rounds in the
18-month-old group. The rest periods in the 3 additional rounds conducted for the 18-month
old group varied between 4 weeks between rounds 5 and 6, ~2 weeks between rounds 6 and 7,
and 1 week between rounds 7 and 8. The 24-month-old group only completed 5 rounds of the
exercise regimen to avoid the possibility of other aging-related issues that could affect exercise
ability or confound interpretation of locomotor outcomes. Notably, sarcopenia affects this rat
strain after 30 months of age [38]. At the conclusion of the exercise regimens, there was a 2
month difference in age (27 vs 29 months old). Therefore, the age of the cohort beginning at
18 months old was similar to that of the 24-month-old cohort at the conclusion of exercise,
essentially reaching equivalent age.

Post-exercise locomotor activity assessment. Locomotor activity was measured after
every round of exercise in the same manner as previously described for baseline locomotor
activity above. Locomotor activity sessions began the first day following the last exercise ses-
sion of each round and continued for 5 consecutive days. The average value for all 5 locomotor
activity sessions was calculated for each test subject to evaluate locomotor performance after
each exercise round.
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Tissue collection and analysis

Rats were sacrificed by decapitation within an hour following the last locomotor activity ses-
sion, representing the 5 day after the last treadmill exercise session. Brain tissue was dissected
from the SN, striatum, ventral tegmental area (VTA), and nucleus accumbens (NAc) as previ-
ously described [28,31,32,36] and stored at -80°C until processed for further analyses. Tissues
were sonicated in ice-cold 0.1 M HCIO4-EDTA and the supernatant was recovered after cen-
trifugation to be analyzed for DA and DOPAC (as described in the subsequent section). The
protein precipitate was sonicated in 1% SDS Tris EDTA solution and analyzed for total protein
by the bicinchoninic acid method. We noted that protein recovery in the striatum, SN, and
VTA was ~1.5-fold greater in tissues harvested from the 18-month-old group compared with
the 24-month-old group. As normalization of DA tissue content is against total protein, this
difference was reflected in overall lower DA per protein values in the 18-month-old group for
these regions. For western blot detection, we used Clarity ™ Western ECL Substrate (Cat. #:
170-5060, Bio-Rad Laboratories, USA). The primary antibody for detection of GFRa1 was rat
GFRal Affinity Purified Goat IgG (0.5 pg/ml use dilution; Cat. #: AF 560, R & D Systems,
Minneapolis, MN 55413, USA), using the secondary Rabbit anti-goat IgG (H+L)- HRP Conju-
gate (Cat #: 172-1034, Bio-Rad Laboratories, Inc, USA). For detection of TH, anti-Tyrosine
Hydroxylase, rabbit, (1:1000 use dilution; Cat. #:AB152, Millipore, Temecula, CA 92590, USA)
using the secondary Immun-Star Goat Anti-Rabbit (GAR)-HRP Conjugate #1705046, Bio-
Rad Laboratories, USA).

The determination of GFRal was done by quantifying two bands representing the glycosy-
lated and non-glycosylated insoluble form of GFRal (MW ~52-55 kDa) [29] using a nominal
40 g total protein. Total TH protein was determined against a standard curve of TH standards
loaded in a range of 0.5-4.0 ng total TH [28].

Images of the immunoreactive bands were captured using BioRad imager V3 ChemiDoc
Touch System, and analyzed by Image Lab (BioRad) or Image J (NIH) software. The density of
the immunoreactive bands was normalized against the relative total protein loaded from sam-
ple to sample by dividing the density value of GFRal or the ng of TH interpolated from the
TH standard curve for each sample by the density value of the Ponceau-stained image of the
associated sample lanes. All values are expressed as per total ug protein.

Determination of DA tissue content. Following tissue sonication in perchloric acid solu-
tion, supernatants were analyzed for content of DA by HPLC. A standard curve for DA and
DOPAC ranging from 1.5 ng/ml to 800 ng/ml was generated using dopamine hydrochloride
(CAS# 62-31-7), and 3,4-Dihydroxyphenylacetic acid (DOPAC) (CAS#102-32-9), both
obtained from Sigma-Aldrich Corp (St. Louis, MO). The mobile phase contained 75 mM
sodium dihyrdogen phosphate monohydrate, 1.7 mM 1-Octanesulfonic Acid sodium salt,

100 pL/L Triethylamine, 25 pM EDTA, 10% Acetonitrile, at a pH of 3.00, and was purchased
from Fisher Scientific. The UHPLC pump (Ultimate 3000BM) was run at 0.6 mL/min isocratic
gradient at ~255 Bar. The electrochemical (EC) detected was an Ultimate 3000RS electrochem-
ical detector set to DC mode. Two cells were used in the EC detector, a 6020RS omni coulo-
metric cell set at +300 mV to oxidize any contaminants in the mobile phase, and a 2-channel
6011RS ultra analytical cell set at -150 mV (Channel 1) and +220 mV (Channel 2). The analyti-
cal column was a BDS Hypersil (150mm X 3mm) C18 column with a particle size of 3pm.
Samples and standards were placed in a WPS 3000TBRS autosampler maintained at 4°C dur-
ing analysis. Injection volume for all standards and samples was 10 uL.
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Statistics

Body weight and relationship to locomotor activity. A Pearson r correlation analysis
was used to evaluate if there was a relationship between baseline body weight and loco-
motor parameters. Body weights, weight loss, and percent change in body weight were all
examined by two-way repeated measures ANOVA. A Tukey’s HSD post-hoc test was
used to determine specific main effects of time during the regimen, whereas a Fisher’s
LSD post-hoc test was used to determine specific group and time x group interaction
effects.

Treadmill compliance. An unpaired two-tailed t-test was used to compare if differences
in exercise training scores for treadmill acclimation existed between rats assigned to each
group. A one-way repeated measures ANOVA determined if differences in treadmill exercise
scores were evident after each round of exercise.

Aging and exercise effect determinations. To determine the effect of exercise upon
aging-related locomotor decline, locomotor results were evaluated after each round of exercise
for each test subject. A two-way repeated measures ANOVA was used to evaluate aging-related
decline, and if exercise intervention affected locomotor activity decline due to aging, by evi-
dence of interaction between the age versus exercise. A post-hoc Fisher’s LSD test was used to
determine exercise effects on aging at each time point of evaluation for each round of exercise
regimen for the 2 ages of exercise intervention.

The Grubb’s outlier test detected any outliers (as a percent of the baseline) at each round of
analysis. If outliers were detected, the group average for that outlier replaced the percent of
baseline value for that individual rat at that round. Outliers were detected in at least one
round, but not more than three of the eight rounds, for a total of three of the 20 rats (2 of 10
from the non-exercise group and 1 of 10 from the exercise group) used in the 18-month-old
study. In the 24-month-old group, one outlier was detected for 1 round during the regimen for
one rat in the non-exercise group. An unpaired two-tailed t-test determined if significant dif-
ferences existed between exercise and non-exercise rats for neurochemical measures. Signifi-
cance for all statistical tests was set at p<0.05.

Results
Impact of long-term treadmill exercise on body weight

Body weights ranged from 554-606 grams for both age groups and were not significantly dif-
ferent between non-exercise and exercise rats in either age group at the start of the exercise
acclimation. In the 18-month-old group, body weight decreased in the second acclimation
period compared to the first acclimation period in both groups (S1 Fig). Exercise and non-
exercise rats in the 24-month-old group also lost significantly more weight during the second
acclimation period compared to the first acclimation period in both groups (S1 Fig). These
results are consistent with our previously reported findings [33].

In the 18-month-old group, body weights significantly decreased in both exercise and non-
exercise groups during the exercise regimen (S1C Fig), with the exercise group losing more
weight after rounds 3 and 7. Similarly, in the 24-month-old group, body weights also decreased
during the exercise regimen in both exercise and non-exercise groups (S1D Fig). Exercise rats
lost more weight after round 3 (p<0.05).

A Pearson correlation analysis showed no significant relationship between baseline body
weight against any of the 5 locomotor parameters at baseline or after exercise in the 18-month-
old (Tables 1 and 2) or 24-month-old group (Tables 3 and 4). This lack of association of body
weight with motor function has been previously reported [31,32].
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Table 1. Correlations of body weight & locomotor parameters at baseline, 18-month-old group.

Baseline Body Weight versus Baseline Locomotor Parameter: Exercise & Non-Exercise Groups

Locomotor Parameter
Total Distance
Horizontal Activity
Movement Number
Movement Time
Movement Speed

https://doi.org/10.1371/journal.pone.0188538.t001

Non-Exercise Exercise
Correlation r Value p-Value Correlation r Value p-Value
-0.184 0.61 0.116 0.75
-0.0324 0.93 0.0494 0.89
-0.108 0.77 0.168 0.64
-0.0427 0.91 -0.263 0.46
-0.0497 0.14 0.261 0.47

Exercise compliance in aging rats

Consistent with our previously reported findings [27,32] no significant differences in treadmill
exercise compliance were observed between the exercise and non-exercise groups during
treadmill acclimation for either age group (Fig 1A and 1B). All test subjects in the exercise
group were compliant to treadmill exercise for the duration of the study (Fig 1C and 1D).

Impact of treadmill exercise initiation on aging-related locomotor decline
at 18- versus 24-months old

In 18-month-old rats, there was an effect of aging in both groups on the movement parameters
evaluated. There was also a significant interaction between exercise and aging, indicating exer-
cise affected the trajectory of aging-related decline in movement frequency as the number of
whole body movements (ambulatory counts and horizontal activity) was significantly greater
in the exercise group compared to the non-exercise group by round 5 (Fig 2A and 2B). Aging-
related decline in movement speed was not affected by the exercise regimen (Fig 2C). Total
distance was increased in the exercise cohort by the 5™ round of the longitudinal exercise regi-
men, although no significant interaction was observed between exercise and the aging-related
decline. Significant differences in movement number, horizontal activity, and total distance
were evident between the two groups as they reached 24 months of age (Fig 2A, 2B and 2D).
These results indicate that consistent exercise between 18 and 24 months of age may reverse or
partially restore aging-related loss of locomotor activity.

In contrast, when the same treadmill exercise regimen was initiated in the 24-month-old
cohort, the exercise group did not show any difference in movement frequency parameters. A
two-way repeated measures ANOVA analysis revealed no significant interaction between exer-
cise and aging for the parameters associated with movement initiation, indicating that the
exercise initiation at 24 months of age did not alter the trajectory of aging-related decline in
locomotor activity when initiated 6 months later in the lifespan (as compared to initiation at

Table 2. Correlations of body weight & locomotor parameters after exercise, 18-month-old group.

Post-Exercise 8 Body Weight versus Post-Exercise 8 Locomotor Parameter: Exercise & Non-Exercise Groups

Locomotor Parameter
Total Distance
Horizontal Activity
Movement Number
Movement Time
Movement Speed

https://doi.org/10.1371/journal.pone.0188538.t1002

Non-Exercise Exercise
Correlation r Value p-Value Correlation r Value p-Value
0.333 0.35 0.532 0.11
0.325 0.36 0.542 0.11
0.380 0.28 0.541 0.11
0.155 0.67 0.091 0.70
0.362 0.30 0.433 0.21
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Table 3. Correlations of body weight & locomotor parameters at baseline, 24-month-old group.

Baseline Body Weight versus Baseline Locomotor Parameter: Exercise & Non-Exercise Groups

Locomotor Parameter
Total Distance
Horizontal Activity
Movement Number
Movement Time
Movement Speed

https://doi.org/10.1371/journal.pone.0188538.t003

Non-Exercise Exercise
Correlation r Value p-Value Correlation r Value p-Value
-0.707 0.08 0.568 0.18
-0.583 0.17 0.651 0.11
-0.488 0.27 0.640 0.12
-0.631 0.13 0.616 0.14
-0.544 0.21 0.031 0.95

18 months of age) (Fig 3A, 3B and 3D). However, there was a significant interaction between
exercise and aging for movement speed (Fig 3C).

Impact of exercise continuation in 18-month-old rats

The longitudinal exercise regimen continued an additional 2-3 months in the 18-month-old
group. The significant increase in locomotor activity in the exercise group observed earlier at 5
rounds was no longer observed at any of the 3 additional rounds, although there was a trend
toward an increase in movement number at the 3" additional round (p =0.08) (Fig 4A).

The locomotor parameters of movement initiation (movement number and horizontal
activity) were evaluated together by analyzing the aging-related departure from baseline per-
formance in linear regression analysis. There was a significant difference in the slope of the
aging-related decline in movement frequency in the exercise group, indicating that exercise
decelerated aging-related decline in movement frequency (Fig 4B).

There were similar activity levels between the two age groups at the start of their respective
studies (Figs 2 and 3). We determined if this similarity would potentially confound the inter-
pretation of exercise effects against the age of initiation. We therefore analyzed activity levels
in the non-exercise groups in two analyses; 1) when rats were of equal age during the two
respective studies, and 2) after an equal number of exercise regimen rounds. There was no sig-
nificant difference in movement number between the two age groups when they reached 27
months of age (last round of 8 for the 18-month-old group and 3" round for the 24-month-
old group) (Fig 5A), indicating comparable movement in the non-exercise controls between
the two cohorts when they reached the same age in their respective studies. Second, expected
differences in locomotor activity between the two age groups in the non-exercise controls was
evident by round 3 of the regimen, with greater movement number in the 18-month-old
cohort (age 22 months) versus the 24-month-old cohort (age 27 months) (Fig 5B). Finally, the
rate of locomotor decline against baseline was significantly greater in the 24-month-old cohort
by round 3 (Fig 5C). Taken together, these results indicate that the 24-month-old cohort

Table 4. Correlations of body weight & locomotor parameters after exercise, 24-month-old group.

Post-Exercise 5 Body Weight versus Post-Exercise 5 Locomotor Parameter: Exercise & Non-Exercise Groups

Locomotor Parameter
Total Distance
Horizontal Activity
Movement Number
Movement Time
Movement Speed

https://doi.org/10.1371/journal.pone.0188538.t1004

Non-Exercise Exercise
Correlation r Value p-Value Correlation r Value p-Value
-0.418 0.35 0.495 0.26
-0.281 0.34 0.557 0.19
0.360 0.43 0.521 0.23
-0.250 0.59 0.494 0.26
-0.505 0.25 -0.0108 0.98
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Fig 1. Treadmill exercise compliance scores during treadmill acclimation and exercise. A. Treadmill
acclimation scores in 18-month-old rats. Average exercise scores were not significantly different between
groups (t=0.85, p=0.41). B. Treadmill acclimation scores in 24-month-old rats. Average exercise scores
were not significantly different between groups (t = 0.98, p=0.35). C. Treadmill exercise scores in
18-month-old exercise group. Average exercise scores were not significantly different between any round
of exercise (F(1,9)=1.00, p=0.34). D. Treadmill exercise scores in 24-month-old exercise group.
Average exercise scores were not significantly different between any round of exercise (F1 6= 1.00,
p=0.36).

https://doi.org/10.1371/journal.pone.0188538.9001

exhibited expected differences in aging-related decline during the course of respective studies,
despite similar activity levels versus the 18 month old group at the baseline assessment.

Impact of exercise on GFRa1, TH expression, and DA tissue content

The GFRol receptor is biologically active in two forms, a GPI-linked (insoluble) and soluble
form [39] and both forms are present and detected in the rat brain, including striatum and SN
[28,29,40]. GFRal expression decreases in the SN aging [28], but the treadmill exercise regi-
men used in this study increases expression of the insoluble form of GFRa1 in SN after 2
rounds of exercise when exercise is initiated at 18 months old and completed by 20 months
old [28]. However, after 8 rounds of exercise in this study, we did not find any significant effect
of the exercise regimen in the 18-month-old cohort (Fig 6A and 6B). GFRal expression was
also unaffected by exercise in the 24-month-old cohort (Fig 6C and 6D).

Expression of TH protein was differentially affected by the exercise regimen at its conclu-
sion in the 18-month-old cohort, as we observed a significant decrease in TH expression in the
striatum, without effect in the SN (Fig 7A and 7B). No differences in TH expression by exercise
were observed in the 24-month-old cohort (Fig 7C and 7D).

There was no significant difference in striatal or nigral DA tissue content in either age
group at the completion of the study (S2 Fig). However, we did evaluate DA tissue content in
the VTA and NAc. There was a noted trend (p = 0.06) in DA tissue content in the VTA in the
18-month-old cohort (S2 Fig). The DA metabolite, dihydroxyphenyacetic acid (DOPAC), or
the DOPAC/DA ratio, was not significantly different in any of the 4 regions in either age
group (data not shown).

PLOS ONE | https://doi.org/10.1371/journal.pone.0188538 November 27, 2017 9/20


https://doi.org/10.1371/journal.pone.0188538.g001
https://doi.org/10.1371/journal.pone.0188538

o @
@ : PLOS | ONE Efficacy of exercise to reduce aging-related motor decline

B Non-Exercise @B Non-Exercise
1200 3 Exercise ) Exercise
*ox

1600
*
900 |_

600

a
N
=3
-3

300

Movement Number
(# of initiated movments)
Horizontal activity
(# of beam breaks)

@

(=3

o

&g»\ P @ d P S S D> P P 4
<&
& Age (months) & PO
e (months
¥ & 2
c D
i 8 @B Non-Exercise 2500 W Non-Exercise
2 [ Exercise Y [ Exercise
I 5§ 2000 I--
s, @
3 & 1500
- g
a 8 1000
§ 'g 500
3
= o 0
S P o D w CANE . AR | R -
S i
& Age (months) NS Age (months)
¥ e

Fig 2. Impact of exercise initiation at 18-months-old on aging-related motor decline. A. Movement
number. Treadmill exercise attenuated aging-related decline in movement number. Aging produced a
significant decrease in movement number (F s o0) = 18.67, p<0.0001). There was significant interaction
between aging and exercise (F(s g0) = 2.69, p = 0.026). After 5 rounds of the exercise regimen, there was a
significant increase in movement number in the exercise group (t = 2.44, *p=0.016). B. Horizontal Activity.
Treadmill exercise attenuated aging-related decline in horizontal activity. Aging produced a significant
decrease on horizontal activity (Fs g0y = 20.18, p<0.0001). There was significant interaction between aging
and exercise (Fs,00) = 4.13, p=0.002). After 5 rounds of the exercise regimen, there was a significant
increase in movement number in the exercise group (t = 3.04, **p=0.003). C. Movement speed. Treadmill
exercise did not attenuate aging-related decline in movement speed. Aging produced a significant decrease
on movement speed (F(s o0) = 14.12, p<0.0001). There was no significant interaction between aging and
exercise on movement speed (Fs g0) = 0.27, p=0.93). There was no significant difference in movement
speed associated with the exercise regimen at any of the 5 rounds. D. Total distance. Treadmill exercise
attenuated aging-related decline in total distance. Aging produced a significant decrease on total distance
(F(5,90) = 29.95, p<0.0001). No interaction between aging and exercise was indicated (F(s 90) = 1.69, p=0.15).
Exercise attenuated aging-related decline in total distance after round 5 (t = 2.16, * p<0.05). For all
parameters, there was highly significant matching of test subjects (Movement number, F (15 g0) = 8.20,
p<0.0001; Horizontal activity, F(1g g0) = 9.47, p<0.0001; Movement speed, F(1g 90y = 3.05, p = 0.0003); Total
distance, F(1g00) = 6.95, p<0.0001).

https://doi.org/10.1371/journal.pone.0188538.9002

Discussion

To assess the neurobiological basis of exercise-related impact on aging-related impairments, a
systematic evaluation featuring control of exercise parameters and the timing of evaluations
over a significant portion of the lifespan is vital. Our study represents a rigorous step in this
direction, by administering a longitudinal exercise regimen at two different time periods in the
latter half of the lifespan with fixed parameters of intensity, duration, and frequency. Notably,
the exercise intervention in this study began after locomotor impairment likely has already
occurred, 6 months prior to the earliest intervention at 18 months old [31,32]. Consistent rest
periods also were introduced into this regimen. Controlled exercise studies in humans have
participants exercise for roughly half the number of days over the entire course of a study (e.g.
3x/week). Our longitudinal exercise regimen reflects this practice in human subjects research,
with equal exercise and rest days over the course of the study. We note that we did not inter-
sperse the rest periods exactly as done in human studies because we needed to evaluate loco-
motor activity at specific and equal exercise intervals, without the possible confound of
exercise-related fatigue affecting locomotor activity results. With these practical constraints,
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Fig 3. Impact of exercise initiation at 24-months-old on aging-related motor decline. A. Movement
number. Treadmill exercise over 5 rounds did not attenuate aging-related decline in movement number.
Aging produced a significant decrease in movement number (F s o) = 29.49, p<0.0001). Exercise impact on
movement number over 5 rounds was not significant between the two groups (F(4,12)=0.15, p=0.71), and
there was no significant interaction between aging and exercise (Fs 60y = 0.16, p = 0.98). B. Horizontal
Activity. Treadmill exercise over 5 rounds did not attenuate aging-related decline in horizontal activity. Aging
produced a significant decrease on horizontal activity (Fs o) = 34.76, p<0.0001). Exercise impact on
horizontal activity was not significant between the two groups (F(1,12) = 0.21, p =0.66), and there was no
significant interaction between aging and exercise (F s 60y = 0.20, p=0.96). C. Movement speed. Treadmill
exercise over 5 rounds did not attenuate aging-related decline in movement speed. Aging produced a
significant decrease on movement speed (F s g0y = 17.72, p<0.0001). Exercise impact on movement speed
over 5 rounds was not significant between the two groups (F(1,12) = 0.01, p =0.92), but there was significant
interaction between aging and exercise (Fs 60) = 2.46, p = 0.04). D. Total distance. Treadmill exercise over 5
rounds did not attenuate aging-related decline in total distance. Aging produced a significant decrease on total
distance (F s 60) = 38.91, p<0.0001). Exercise impact on total distance was not significant between the two
groups (F(1,12)=0.01, p=0.90), and there was no significant interaction between aging and exercise (F s s0) =
0.28, p=0.92). For all parameters, there was highly significant matching of test subjects (Movement Number,
F(12,60) =10.43, p<00001 ) Horizontal ACthlty, F(12,60) =9.94, p<00001 ) Total Distance, F(12,60) =8.90,
p<0.0001; Movement Speed, F(15 60y = 7.81, p<0.0001).

https://doi.org/10.1371/journal.pone.0188538.9003

our longitudinal studies reveal that consistent, moderate treadmill exercise initiated in previ-
ously sedentary rats at an advanced middle age (18 months old) may reverse aging-related
decreases in locomotor activity (Fig 2) and attenuate further aging-related decline into
advanced age (Fig 4B). Second, these results also indicate the possibility that the age of exercise
initiation can influence the efficacy of exercise to decelerate aging-related motor decline. The
same exercise regimen did not attenuate aging-related locomotor decline when initiated 6
months later in the lifespan (24 months old) (Fig 3). This differential outcome does not neces-
sarily indicate that exercise would not attenuate aging-related motor decline if initiated at 24
months of age. Rather, these results suggest a starting point in which the variables of exercise
(intensity, duration, or frequency) and rest periods could be altered to possibly reduce aging-
related motor decline when exercise begins at a more advanced age.

The outcome of this study indicates the possibility that previously sedentary individuals of
an age approaching retirement may actually improve motor performance if beginning consis-
tent exercise as a lifestyle habit in advanced middle-age. Furthermore, such a motor benefit
may be realized even with interspersion of rest periods of equal duration as exercise. The sed-
entary lifestyle in humans dominates the waking hours in older adults, as up to 67% of adults
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Fig 4. Impact of 8 months of exercise on aging-related decline in locomotor activity from 18-27
months old. A. Movement number. The increase in movement number from the exercise regimen at 24
months of age was not observed in the subsequent 2 rounds, but a trend toward increased locomotor activity
was seen at when the rats reached 27 months of age 2 way Repeated Measures ANOVA results for all 8
rounds of exercise showed highly significant interaction (F(s 144) = 2.76, p<0.01) between aging effects
(F(g,144) = 23.30, p<0.0001) and exercise. (round by round outcome; round 5 (t = 2.44, *p=0.016), round 6
(t=1.19, ns), round 7 (t = 1.16, ns), round 8 (t = 1.75, ns). B. Linear regression analysis of aging-related
decreases in locomotor activity (combined movement number and horizontal activity results) against baseline
in non-exercise vs exercise groups out to 27 months of age. There was significant deviation from zero in the
non-exercise group (x) (F1,14)=52.91, p<0.0001; R2 = 0.791) and in the exercise group (¢) (F(1,14=9.71,
p=0.007; R? = 0.410). There was a significant difference in the slope of aging-related decline in movement
frequency between the non-exercise (-4.95 +0.68) and exercise groups (-2.60 * 0.83), (F(1 2g) = 4.78, p<0.05).

https://doi.org/10.1371/journal.pone.0188538.9004

are sedentary for 8.5 h/day [41], which portends to increased risk of locomotor impairment
and adverse quality of life issues. Recent human studies strongly support that greater physical
activity in middle age (30s-50s) reduces vulnerability to aging-related locomotor impairment
and risk of mortality [10,11,42]. In fact, physical activity levels above 65 years old inversely
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Fig 5. Comparison of locomotor activity in the non-exercise groups between 18-month- and
24-month-old groups. A. 27 months of age in both groups. Movement number in non-exercise groups
was not significantly different between the 18- and 24-month-old groups when the cohorts were 27 months old
(t=0.58, p=0.57). B. After 3 rounds of the regimen. Movement number was greater in the 18-month-old
group (corresponding to 22 months of age versus 27 months of age in the 24-month-old group) (t=2.48,
*p<0.05). C. Percent change in movement number against baseline activity after 3 rounds. The percent
decrease in movement number was significantly greater in the 24 month-old group (f=2.14, *p<0.05).

https://doi.org/10.1371/journal.pone.0188538.g005
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Fig 6. Expression of GFRa1 in 18 month (A,B) and 24 month (C,D) cohorts. A. Striatum. Expression of
the insoluble form of the GFRa1 receptor was not significantly different between the exercise and non-
exercise groups (t = 1.54, df = 16, ns). B. SN. Expression of the insoluble form of the GFRa1 receptor was not
significantly different between the exercise and non-exercise groups (t = 0.82, df = 15, ns). C. Striatum.
Expression of the insoluble form of the GFRa1 receptor was not significantly different between the exercise
and non-exercise groups (t=0.13, df = 11, ns). D. SN. Expression of the insoluble form of the GFRa1 receptor
was not significantly different between the exercise and non-exercise groups (t = 1.26, df = 10, ns). Results
are expressed as arbitrary units of immunoreactivity normalized against total protein recovered in each lane,
nominal 30 g protein load. E. Representative blot image of GFRa1 (insoluble form) from 18-month-old
NE and E subject.

https://doi.org/10.1371/journal.pone.0188538.9006

correlate to the need for utilization of health care services [43]. Our results in the 18-month-
old group suggest that with consistent exercise and equal rest period time, the negative impact
of a previously sedentary lifestyle on aging-related locomotor impairment can be at least par-
tially averted. A nearly life-long (5 to 23 months of age) treadmill exercise paradigm on loco-
motor behaviors with double the intensity (20 meters/min) used in our study attenuated
aging-related decreases in spontaneous activity beginning at 12 months of age and continued
until 23 months [44,45]. Our findings suggest that exercise can be initiated much later in the
lifespan and still prove effective in reducing aging-related motor decline. However, our find-
ings also indicate that there may be an aging-related limit to exercise efficacy, as shown with
intervention at 24 months of age, given equal application of the exercise parameters of fre-
quency, duration, and intensity.

The lack of exercise effect on motor function in the 24-month-old cohort does not unequiv-
ocally indicate that any exercise regimen would not attenuate aging-related motor decline. In
fact in humans, balance-, resistance-, or strength-based training can be effective exercise-
related approaches to improve motor impairments [46-48]. From the treadmill-based
approach, one variable that may be altered and evaluated for possible exercise benefit in older
rats is increasing the frequency of exercise. Our compliance scores and experience with aged
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Fig 7. Expression of TH protein in 18 month (A,B) and 24 month (C,D) cohorts. A. Striatum. Expression
of TH protein was significantly decreased in the exercise group (t = 2.56, df = 16, *p<0.05). B. SN. Expression
of TH protein was not significantly different between the exercise and non-exercise groups (t = 0.03, df = 17,
ns). C. Striatum. Expression of TH protein was not significantly different between the exercise and non-
exercise groups (t=1.09, df = 12, ns). D. SN. Expression of TH protein was not significantly different between
the exercise and non-exercise groups (t = 1.25, df = 11, ns). All results are expressed as ng total TH protein
per total ug protein. E. Representative blot of TH assay result from striatum. TH standard was loaded
from 0.5 to 4 ng. A non-exercise (NE) and exercise (E) result is shown representing the overall ~25%
decrease in TH expression in the exercise group. Below the two representative samples is the associated
Ponceau stain for the area of the lane where TH is resolved between 50 and 75 kDa.

https://doi.org/10.1371/journal.pone.0188538.9007

rats strongly suggest that the limit of exercise intensity and duration on the treadmill were
reached [28,33]. We note there is a high level of compliance with this treadmill speed in the
absence of footshock application at any time. Imposing footshock certainly would confound
interpretation of catecholamine-influenced behavior (like locomotor function), given its
known impact [49,50]. Furthermore, the duration of 35 min is achievable, but longer periods
of exercise for rats of this age may not be realized without undue application of negative rein-
forcement. The final 3 rounds of exercise in the 18-month-old cohort indicate that shortening
of the rest period may yield significant effects, despite the advanced age. The rest period in this
cohort was shortened by half between the 7™ and 8™ rounds of the regimen, when the rats
reached 27 months of age. Notably, locomotor activity values were comparable at that time in
the non-exercise groups between the two age groups (Fig 5A). We also point out that our assay
of evaluating locomotor decline via locomotor activity was limited; and some exercise effects
on other motor function may have been missed [51], although Seldeen also reported no effect
of their regimen on total distance, similar to the outcome in the older intervention group of
our study. Furthermore, fatigue is an issue in aging [52], affecting performance in functional
tasks related to locomotor function [53]. The possibility of greater fatigue vulnerability in the
24-month-group may have negated observations of increased locomotor capacity. Still, it is
also possible that exercise intervention may not be effective if initiated with an additional 6
months of sedentary activity in the lifespan prior to exercise initiation. The outcomes of exer-
cise intervention in the elderly are mixed [54-56]. However, studies in those with PD have
shown efficacy, particularly those with lower than average baseline performance [14].
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The locomotor effect in the 18-month-old exercise group was not likely related to a calorie
restriction effect, given that weight loss in the exercise group (2.4%) was far less than calorie
restricted rats (15%), wherein similar locomotor effects were observed [31,32]. Differences in
weight between the respective control groups (non-exercise and ad libitum fed) were much
greater in the calorie restriction study (<1% vs. 24%, respectively). Therefore, differences in
maintaining locomotor functions against aging, as seen in this study, are likely not attributable
to weight loss akin to calorie restriction. Most important, no relationship of weight versus
locomotor activity was seen in this study (Tables 1 and 2) or the aforementioned calorie
restriction study.

Exercise produced a significant decrease in TH expression in the striatum in the 18-month-
old cohort. This result may be unexpected given that loss of TH is also seen in aging or in PD,
although the degree of loss in aging is far less than in PD [57,58]. We recently reported that
30% calorie restriction also reduced striatal TH expression, despite that calorie restriction pre-
vented aging-related motor decline from 12 to 18 months old [32]. We speculate this decrease
may be related to an exercise-related increase in GDNF expression [26,27]. GDNF decreases
TH expression in striatum in the aged rat [59]. Calorie restriction also increases GDNF expres-
sion [60]. Calorie restriction, like exercise, also has been recently shown to prevent aging-
related motor decline, notably in conjunction with decreased striatal TH expression [32]. The
lack of effect of exercise on striatal TH in the 24-month-old, but not the 18-month-old, cohort
suggests that the exercise effect on motor function may be triggered initially by increased
GDNEF expression at an earlier age. However, at a more advanced age given equal exercise regi-
men, the responsiveness of GDNF expression or signaling may be mitigated. Exercise increases
GFRol expression, but at 8 months younger than the cohorts in this study [28]. Therefore, the
lack of effect of exercise on GFRal expression when both age groups reached at least 27
months old (Fig 6), may suggest an age-related decrease in responsiveness of GDNF signaling
augmentation in response to exercise. There was also no change in TH expression in the SN
from the exercise regimen, (Fig 7B), despite that the same regimen increased TH in the SN if
ending 8 months earlier in the lifespan [28]. However, exercise may have increased the number
of TH+ neurons in the 18 month old group, and it will be necessary to evaluate whether exer-
cise can increase the number of TH+ neurons to further evaluate exercise impact and possible
impact on locomotor function in a future study. Exercise impact on TH phosphorylation is
also not reported in this study, but we have previously reported that a shorter duration of this
exercise regimen had no effect on ser19 or ser31 phosphorylation in the striatum [28]. How-
ever, evaluation of TH phosphorylation in future exercise studies could potentially identify sig-
naling mechanisms activated by exercise, including increased GDNF signaling which increases
ser31 TH phosphorylation in the SN [56].

Exogenous GFRal delivered into the SN increases TH expression in rats of similar age in
this study with increased locomotor activity [30]. Therefore, our results collectively indicate
that exercise impact on motor function may be dependent on the plasticity of GDNF signaling,
either through augmentation of ligand or receptor expression. As aging reduces GFRal
expression [29], we speculate that aging itself may be a barrier to exercise impact. Overcoming
this barrier may prevent nigral TH loss that is seen in aging rats [36,37], primates [61], and
human [62,63]. An evaluation of GFRal and TH expression at the point when exercise
reverses aging-related motor decline would further support this possibility. Furthermore,
quantifying GDNF expression in both striatum and SN in a similar exercise study will be
essential to determine if increased GDNF expression, as reported in other exercise studies,
[26,27], could trigger changes in TH expression or phosphorylation, and GFRol expression in
association with exercise impact. As such, an increase in GDNF expression following exercise
initiation in the two age groups studied here would further point to whether diminished
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plasticity of GFRal expression to a possible increase in GDNF levels is the critical factor for
possible reduced exercise efficacy in aging.

In summary, consistent periods of moderate exercise, interspersed with rest, can reduce
aging-related motor decline when initiated at a time in the lifespan when motor decline has
already begun. However, given an identical time period of exercise exposure when initiated at
an older age in the lifespan, exercise intervention is not similarly effective within the same
time frame, suggesting that the window for exercise intervention may rest somewhere within
the final 1/3 of the entire lifespan. Our study also suggests the possibility that increasing the
frequency of exercise by reducing non-exercise or rest periods, may produce an exercise bene-
fit, despite an older age. Mechanistically, whereas exercise can increase GFRal and TH expres-
sion in the SN at an earlier period in the lifespan, this study indicates that these increases may
be dependent upon increased exercise frequency at old age. Our study also establishes a frame-
work within which to further evaluate critical molecular mechanisms associated with exercise-
mediated deceleration of aging-related motor decline.

Supporting information

S1 Fig. Body weight changes during acclimation to exercise regimen and during treadmill
exercise initiation at 18 months (A,C) or 24 months old (B,D). Results are expressed as per-
cent change in body weight, with respect to each individual’s baseline body weight, during
each acclimation period. Data are presented as mean + SEM. A. Percent change in body
weight during acclimation at 18 months of age. There was a significant main effect of time
(F1,18) = 42.25, p<0.0001) between the two acclimation periods. The percent change in body
weight was significantly greater in the second period compared to the first period
(****p<0.0001 (non-exercise), ***p<0.00 (exercise)). B. Percent change in body weight dur-
ing treadmill acclimation at 24 months of age. There was a significant main effect of time
(F1,12) = 24.01, p<0.001) between the two acclimation periods. The percent change in body
weight was significantly greater during the second acclimation period compared to the first
acclimation period (**p<0.01 (Non-Exercise), *p<0.05 (Exercise)). C. Percent change in
body weight during each round of the regimen starting at 18 months old. There was a sig-
nificant main effect of time (F(7 63y = 4.17, p<0.001) and group (F(; ¢y = 6.37, p<0.05) during
treadmill exercise. Percent change in body weight was also significantly greater in exercise
compared to non-exercise rats during rounds 3 (*p<0.05) and 7 (**p<0.01), and there was a
trend during round 1 (p = 0.068). D. Percent change in body weight during each round of
the regimen starting at 24 months old. There was a significant main effect of time (F4 4g) =
6.17, p<0.001) and group (F(; 12y = 6.72, p<0.05) during exercise. Post-hoc tests showed that
exercise rats had a greater percent change in body weight compared to non-exercise rats dur-
ing round 3 (**p<0.01).

(PDF)

S2 Fig. Exercise impact at 18 or 24 months on DA tissue content. Striatum (A,B). A. 18
months. DA tissue content was not significantly affected by the exercise regimen in 18 month
old rats (¢ = 1.38, p = 0.19). B. 24 months DA tissue content was not significantly affected by
the exercise regimen in 24 month old rats (¢ = 0.86, p = 0.41). Substantia nigra (C,D) C. 18
months DA tissue content was not significantly affected by the exercise regimen in 18 month
old rats (t = 0.12, p = 0.90). D. 24 months DA tissue content was not significantly affected by
the exercise regimen in 24 month old rats (¢ = 0.03, p = 0.98). Nucleus accumbens (E,F) E. 18
months DA tissue content was not significantly affected by the exercise regimen in 18 month
old rats (¢t = 0.76, p = 0.46). F. 24 months DA tissue content was not significantly affected by
the exercise regimen in 24 month old rats (f = 1.31, p = 0.22). Ventral tegmental area (G,H).

PLOS ONE | https://doi.org/10.1371/journal.pone.0188538 November 27, 2017 16/20


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0188538.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0188538.s002
https://doi.org/10.1371/journal.pone.0188538

@° PLOS | ONE

Efficacy of exercise to reduce aging-related motor decline

G. 18 months. There was a trend toward an increase in DA tissue content after exercise
(t=1.98, p = 0.06). H. 24 months. DA tissue content was not significantly affected by the exer-
cise regimen in 24 month old rats (¢ = 0.69, p = 0.51).

(PDF)
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