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Preservation of motor capabilities is vital to maintaining independent daily living

throughout a person’s lifespan and may mitigate aging-related parkinsonism, a

progressive and prevalent motor impairment. Physically active lifestyles can mitigate

aging-related motor impairment. However, the metrics of physical activity necessary for

mitigating parkinsonian signs are not established. Consistent moderate intensity (∼10

m/min) treadmill exercise can reverse aging-related parkinsonian signs by 20 weeks

in a 2-week on, 2-week off, regimen in previously sedentary advanced middle-aged

rats. In this study, we initiated treadmill exercise in sedentary 18-month-old male rats

to address two questions: (1) if a rest period not longer than 1-week off exercise,

with 15 exercise sessions per month, could attenuate parkinsonian signs within 2

months after exercise initiation, and the associated impact on heart rate (HR) and mean

arterial pressure (MAP) and (2) if continuation of this regimen, up to 20 weeks, will be

associated with continual prevention of parkinsonian signs. The intensity and frequency

of treadmill exercise attenuated aging-related parkinsonian signs by 8 weeks and were

maintained till 23 months old. The exercise regimen increased HR by 25% above

baseline and gradually reduced pre-intervention MAP. Together, these studies indicate

that a practicable frequency and intensity of exercise reduces parkinsonian sign severity

commensurate with a modest increase in HR after exercise. These cardiovascular

changes provide a baseline of metrics, easily measured in humans, for predictive validity

that practicable exercise intensity and schedule can be initiated in previously sedentary

older adults to delay the onset of aging-related parkinsonian signs.
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test was used to identify outliers at each assessment, with outlier
statistic set at α = 0.05.

In Study I, 80% of the exercise group had compliance scores
of ≥50%, whereas 20% (two rats) had compliance scores <50%.
Results from these two rats were excluded from statistical
analysis. In Study II, 70% of the exercise group had compliance
scores of ≥50%, whereas 30% (three rats) had compliance
scores <50%. Results from these three rats were excluded from
statistical analyses. The locomotor results were analyzed for each
assessment period, and the Grubb’s test identified outliers at each
assessment, with outlier statistic set at α = 0.05.

RESULTS

Exercise-Mediated Prevention of
Aging-Related Parkinsonian Signs: Study I
The significant aging-related decline in all three motor
parameters (AT, DT, and speed) occurred at 20 months old in
the NE group (Figures 2A–C). The monthly exercise regimen
(3 weeks of 5 days exercise, 2 rest days per exercise week, and
one full week rest) mitigated these aging-related parkinsonian-
like impairments. Notably, this exercise/rest regimen mitigated
these parkinsonian-like effects 3 months sooner than previously
reported (Arnold et al., 2017), with the only key difference being
that the longest rest period between exercise sessions was reduced
from 2 to 1 week.

Impact of Treadmill Exercise on
Cardiovascular Functions
The mean HR, 2min immediately after cessation of
exercise, increased above baseline levels between 18% and
29% (overall mean ± SEM = 22.5% ± 1.4%) and was
significantly greater compared with the NE group (Figure 3A;
Supplementary Figure 2B). The mean increase was maintained
for at least 5min after exercise cessation (Figure 2B).
Interestingly, after exposure to the stationary treadmill, HR
also increased between 9% and 17% above baseline in the NE
group vs. baseline levels (Supplementary Figure 2A).

We evaluated baseline HR obtained prior to initiation of
the regimen against the mean pre-intervention HR (5min
mean, two times per week) for each week. Week of regimen
significantly affected HR and the percentage of baseline over the
course of the 8-week study, but no significant overall difference
in the EX group against the NE group occurred for these
measures (Figures 3C,D). There was no significant correlation
between HR and locomotor performance at the study conclusion
(Supplementary Table 1).

Maximal oxygen consumption during exercise was estimated
based on the work of Høydal et al. (2007), calculated using
the HR and the average rat VO2max at the treadmill speed,
using the equation, y = 162x−1, where x is the speed of the
treadmill in meters/second. After 1 week of exercise, there was
∼9% increase in VO2max in the EX group (Figure 3E). After
6 weeks of exercise, no significant difference in VO2max was
observed, denoting an adaptation in the EX group (Figure 3F).

FIGURE 2 | Impact of 2 months of exercise regimen (Study I) on locomotor

parameters. Results represent the percentage of baseline values that was

established at 18 months old and the mean of three 1 h evaluations in the

open field for 19 and 20 months old. (A) Ambulatory time (AT). Movement

initiation and frequency are represented as the mean AT. Two months of aging

reduced AT [F (1,13) = 6.25, p = 0.026]. Exercise (EX) attenuated aging-related

decline in AT [F (1,15) = 4.98, p = 0.041]. No interaction between exercise and

age was observed [F (1,13) = 0.16, ns]. At 20 months old, the decrease from

baseline AT was significantly less in the EX group (t = 2.33, *p = 0.035, df =

14). (B) Distance traveled (DT). Movement frequency and speed are

represented as the mean DT. Two months of aging reduced DT [F (1,13) =

19.66, p = 0.0007]. EX attenuated aging-related decline in DT [F (1,15) = 5.32,

(Continued)
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FIGURE 2 | p = 0.036]. No interaction between exercise and age on DT was

observed [F (1,13) = 2.37, ns]. At 20 months old, the decrease from baseline DT

was significantly less in the EX group (t = 3.19, **p = 0.007, df = 14). (C)

Speed. Two months of aging reduced speed [F (1,13) = 4.71, p = 0.049]. The

EX group had a near significant effect on aging-related decline in speed [F (1,15)

= 3.96, p = 0.065] and near significant interaction between exercise and age

[F (1,13) = 4.38, p = 0.057]. At 20 months old, the decrease in speed from

baseline was significantly less in the EX group (t = 4.01, **p = 0.002, df = 13).

MAP increased above baseline levels for 2min immediately
following exercise and to a greater extent than the NE
group (Figure 4A). This increase in MAP diminished over
5min immediately post-exercise, although significant interaction
between weeks of regimen and exercise was still evident by week
7 (Figure 4B). The exercise regimen affected baseline MAP levels
established prior to initiating exercise. There was a significant
interaction between exercise and weeks of regimen on MAP
and a significant effect of the duration (weeks) of the regimen
(Figure 4C). Moreover, as a percentage of baseline (pre-regimen)
MAP, exercise produced a highly significant decrease in baseline
MAP that was established prior to starting the eight weeklong
regimens, with significant differences in the EX group, duration
of the regimen, and interaction between exercise and weeks of
regimen (Figure 4D). As seen with HR, exposure to both the
stationary and running treadmill significantly increased MAP
above pre-exposure levels (Supplementary Figures 3A,B). Also,
there was no significant correlation betweenMAP and locomotor
performance at the study conclusion (Supplementary Table 2).

Longitudinal Exercise Impact on
Aging-Related Parkinsonian Signs
In the 5-month longitudinal assessment of exercise impact (Study
II), aging from 18 to 23 months produced a highly significant
decrease in locomotor activity near∼30% in AT in the NE group
(Figure 5A). In contrast, AT in the EX group decreased 6% of
baseline (Figure 5A). As in Study I, the aging-related decrease
in AT occurred at 20 months in the NE, with prevention of this
decrease in the EX group (Figure 5A).

Aging produced a significant decline in DT traveled (∼33% by
age 23 months) in the NE group that was mitigated by exercise
(∼18% in the EX group at age 23 months) (Figure 5B). The
percentage decrease in DT in the EX group did not decrease more
than 19% of baseline at any month.

Aging decreased movement speed∼20% from the 18-month-
old baseline and just reached significance by age 23 months old
(Figure 5C), with no significant difference between the EX and
NE groups (Figure 5C).

Thus, significant decreases inmovement parameters related to
movement initiation and frequency (AT andDT) were seen in the
NE group at the 20- and 23-month-old time points in the lifespan
and were mitigated or prevented in the EX group. Of note, at 21
and 22 months, AT and DT were not decreased in the NE group.
This was unexpected, as we did not observe such results in our
previous study at these time points (Arnold et al., 2017).

Longitudinal Treadmill Exercise Impact on
Body Weight
During the 5 months of Study II, body weight increased
as a function of age, and exercise reduced the aging-related
weight gain by the first month of exercise, and each month
thereafter (Figure 6A). The increase in body weight may have
been partially attributable to an increase in food consumption
with age. Moreover, there was a significant interaction between
age and exercise, with the EX group consuming nearly 12%
more chow (by weight) (Figure 6B). However, there was
no significant relationship between food consumption and
locomotor performance either at 20 months of age or study
conclusion (Supplementary Tables 6, 7).

There was no significant relationship between body weight
against any locomotor parameters, either at baseline or
study conclusion (Supplementary Tables 3, 5). Notably, there
was no significant correlation between body weight and
locomotor performance at 20 months of age, wherein significant
mitigation of aging-related parkinsonian impairments was
observed concomitant with a significant increase in food
consumption (Supplementary Table 4). This lack of association
of body weight with motor function has been previously reported
(Arnold et al., 2017; Salvatore et al., 2017).

DISCUSSION

The present results demonstrate that changes in several
easily measured physiological cardiovascular and body mass
parameters coincide with an exercise regimen that mitigates
aging-related parkinsonian signs. The increases in HR and MAP
immediately following exercise were consistent throughout the
regimen in the first study, with significantly greater increases
in the EX group in our treadmill environment-matched and
exercise-acclimated EX and NE groups. Moreover, with only
1 week of rest between exercise sessions, parkinsonian signs
related to diminishedmovement initiationwere alleviated in both
studies by 20 months old. Notably, this exercise effect occurred
much sooner than previously reported in our study using a
regimen of identical exercise intensity and duration but with
2 weeks of consecutive rest between exercise sessions (Arnold
et al., 2017). This outcome indicates rest period length, which
was 2 weeks long in the aforementioned study (Arnold et al.,
2017), influencing the timing of exercise efficacy to mitigate
parkinsonian signs with aging. Also, with similar mitigation
of parkinsonian signs by 20 months old in these two current
studies (Figures 2, 5), this exercise regimen shows efficacy and
reproducibility to mitigate parkinsonian signs, independent of
changes in body weight (Supplementary Tables 3, 5). Moreover,
the results may be translatable in humans, given the modest
increase in HR and MAP associated with these motor effects. As
such, this study provides predictive validity that if individuals
exercise at an intensity that increases baseline or resting HR to
20–25% for at least half the days in a given month, for ∼40min
per exercise day, with no more than 1 week between exercise
sessions, then they may expect an alleviation of parkinsonian
signs or delay its onset with consistent practice of this regimen.
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FIGURE 3 | Impact of an exercise regimen on heart rate (HR) and calculated VO2max. (A) Treadmill exercise increases baseline HR (2min mean). Mean HR increased

the first 2min immediately after the 35min regimen, and to a greater extent in the EX vs. the NE group (placed on a stationary treadmill for 35min). Exercise [F (1,13) =

11.28, p = 0.005]. No significant interaction between exercise and weeks of exercise [F (5,56) = 0.89, ns]. No significant effect of weeks of regimen [F (5,56) = 1.11, ns].

(B) Treadmill exercise increases baseline HR (5min mean). The percentage increase in HR in the EX group remained above baseline levels over 5min immediately

following exercise vs. the NE group. Exercise [F (1,13) = 8.26, p = 0.013]. No significant interaction between exercise and weeks of exercise [F (5,58) = 0.44, ns]. No

significant effect of weeks of regimen [F (5,58) = 0.67, ns]. (C) Exercise regimen impact on pre-intervention (resting) HR. Interaction of exercise with the duration of the

exercise regimen on baseline HR was near significance [F (8,104) = 1.85, p = 0.076], weeks of regimen had a significant effect on HR [F (8,104) = 3.13, p = 0.003].

Exercise [F (1,13) = 1.39, ns]. (D) Exercise regimen impact on pre-intervention HR (percentage of baseline HR). There was no significant interaction of exercise with the

weeks of regimen [F (7,86) = 1.26, ns]. Impact of weeks of regimen on HR as percentage baseline was significant [F (7,86) = 3.37, p = 0.003]. The EX group was not

different in percentage change in baseline HR across the study [F (1,13) = 0.47, ns]. (E) Calculated VO2max post-week 1 of exercise. Analyses revealed a significant

increase in the exercise after 1 week of exercise (t = 3.332, **p < 0.01, df = 13). (F) Calculated VO2max post-week 7 of exercise. There was no significant difference

between the two groups at the end of the exercise regimen (t = 0.701, ns, df = 13).

The benefits of exercise on general health are widely accepted,
and lifelong exercise in rats preserves aspects of motor function
(Skalicky et al., 1996). However, only 59% of individuals aged
18–24 years living in the United States in 2015 met the 2008

federal physical activity guidelines (Clarke et al., 2017). With
the proportion of people engaging in physical activity decreasing
with age (Dawes et al., 2016), it might be assumed that a sedentary
lifestyle would confer a lack of responsivity to exercise. However,
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FIGURE 4 | Impact of exercise regimen on mean arterial pressure (MAP). (A) Treadmill exercise increases baseline MAP (2min mean). The mean MAP within the first

2min immediately after the 35min regimen increased to a greater extent in the EX vs. the NE group. There was a significant interaction between exercise and weeks

of regimen [F (5,59) = 2.63, p = 0.033]. Exercise [F (1,13) = 4.98, p = 0.044], weeks of regimen [F (5,59) = 0.94, ns]. Significant post-hoc t-test results during third week

exercise (t = 4.10, **p = 0.002, df = 11). (B) Treadmill exercise increases baseline MAP (5min mean). The mean MAP in first 5min immediately after the 35min

regimen was not significantly different between the EX and NE groups, although there was a significant interaction between exercise and weeks of regimen [F (5,58) =

2.35, p = 0.05]. Exercise [F (1,13) = 0.68, ns], weeks of regimen [F (5,58) = 1.8, ns]. (C) Exercise regimen impact on pre-intervention (resting) MAP. There was a highly

significant interaction of exercise with weeks of regimen on baseline MAP [F (8,98) = 3.49, p = 0.001] mean of two 5min evaluation each time point, per week), and

significant effect on MAP as a function of weeks of regimen [F (8,98) = 3.76, p = 0.0007]. Exercise [F (1,13) = 0.01, ns]. (D) Exercise regimen impact on pre-intervention

MAP (percent of baseline MAP). There was a significant interaction of exercise with the duration of exercise regimen [F (7,81) = 2.28, p = 0.036], with an overall

significant decrease (as percent of baseline (resting) MAP) established prior to initiation of the regimen, as a function of number of weeks of exercise [F (7,81) = 3.67, p

= 0.002]. There was a highly significant effect of exercise on baseline MAP {as percentage of baseline [F (1,13) = 9.71, p = 0.008]}. Significant post-hoc t-test results;

EX (off week 4: t = 4.86, ***p < 0.0005, df = 11); EX off week 8: t = 2.47, *p < 0.05, df = 12).

our results and one previously reported (Arnold et al., 2017)
indicate this may not be the case, at least into advanced middle
age, as our 18-month-old rats would translate to a human age
range of 45–55 years old (Quinn, 2005). However, we note the
efficacy of the antiparkinsonian effects of the exercise regimen
may be limited by the timing of initiation in the lifespan, as
we previously reported that starting exercise 6 months later in
the lifespan did not attenuate parkinsonian signs (Arnold et al.,
2017).Whether this lack of exercise efficacy would still occur with
a shorter rest period between exercise sessions is yet unknown,
but there is evidence for improved longevity when a physically
active lifestyle is initiated well into the 8th decade in the human
lifespan (Stessman et al., 2009). We also note that another
potential limitation of our finding is whether the alleviation of
parkinsonian signs can occur with less than 5 days/week exercise
frequency. This possibility will be important to follow-up since
patients with early-stage PD can manage no more than three
sessions per week, on average (Schenkman et al., 2018), and
lifestyle issues can also hinder the practice of consistent exercise
in those with parkinsonism (Afshari et al., 2017).

Our study outcomes for cardiovascular changes following
exercise indicated increases in HR and MAP immediately after
cessation of exercise and evidence of conditioning during the
8 week long study. First, there was a relatively low increase
in VO2max in the first week of exercise that was unchanged
at the end of the regimen at 7 weeks (Figures 3E,F). Notably,
our results for the calculated VO2 max and HR at the selected
treadmill speed of 10 m/min were very consistent with previous
studies that evaluated the relationship of treadmill speed against
these two measures (Wisløff et al., 2001; Høydal et al., 2007).
There was an effect of weeks of regimen on the resting (pre-
exercise) HR and with that a trend toward decreased HR, which
has also been reported in longitudinal exercise studies (Musch
et al., 1989; Wisløff et al., 2001; Høydal et al., 2007). The lack
of significance in baseline HR between the EX and NE groups
may be related to the necessity of gradual conditioning at a
comparatively lower intensity of our regimen (estimated to be
only 30% of VO2 max; Wisløff et al., 2001) or the possibility
of a lower initial baseline HR previously reported in aged BNF
rats (Hacker et al., 2006). Exercise did produce a significant
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FIGURE 5 | Study II. (A) Ambulatory time (AT) per hour. Analyses of open-field

results showed significant effects of the exercise regimen on preventing

aging-related decreases in AT (percentage of baseline). There was significant

interaction of age × exercise [F (4,51) = 3.10, p = 0.023], significant exercise

effect [F (1,15) = 6.53, p = 0.022], and age [F (4,51) = 4.96, p = 0.002]. Post-hoc

unpaired t-test revealed significant differences at 20 months (t = 3.01, *p =

0.01, df = 13) and 23 months (t = 3.04, **p = 0.009). (B) Total distance.

Analyses of open-field results showed significant effects of the exercise

regimen on preventing aging-related decreases in DT (percentage of baseline).

No significant interaction of age × exercise was observed [F (4,50) = 2.23, p =

0.08], significant exercise effect [F (1,15) = 7.5, p = 0.015], and age [F (4,50) =

5.02, p = 0.002]. Post-hoc unpaired t-test revealed significant differences at

20 months (t = 4.52, ***p = 0.0007, df = 12). (C) Speed. Analyses of

open-field results showed no significant effect of the exercise regimen in speed

(percentage of baseline). No significant interaction of age × exercise was

observed [F (4,58) = 0.65, ns], nor exercise effect [F (1,15) = 0.08, ns]. Age

affected speed [F (4,58) = 2.52, p = 0.05].

decrease in baseline MAP over the course of the exercise regimen
(Figures 4C,D), coinciding with the prevention of aging-related
parkinsonian signs. Therefore, the cardiovascular outcomes

FIGURE 6 | (A) Body weight. Body weight increased as a function of age

[F (4,56) = 26.65, p < 0.0001], with no significant interaction of age × exercise

[F (4,56) = 1.13, ns]. There was a significant effect of exercise on body weight

gain [F (1,14) = 9.77, p = 0.007], with significantly less weight recorded at each

month of evaluation. Unpaired t-test results: 19 months (t = 2.85, *p = 0.012,

df = 14), 20 months (t = 2.19, *p = 0.046, df = 14), 21 months (t = 2.87, *p

= 0.012, df = 14), 22 months (t = 2.74, *p = 0.016, df = 14), and 23 months

(t = 2.70, *p = 0.017, df = 14). (B) Food consumption. There was a significant

effect of age on food consumption [F (5,71) = 9.34, p < 0.0001], and interaction

of age × exercise [F (5,71) = 3.21, *p = 0.011]. Exercise effect overall was not

significant [F (1,15) = 0.27, ns]. Significant differences were observed at 19

months (t = 2.76, *p = 0.015, df = 14), and 20 months (t = 2.36, *p = 0.033,

df = 14).

following the exercise regimen were congruent with previous
rat studies. It is also notable that the weekly amount of total
exercise time of rats in this study was 175min, which is in
range of recommendations by the American Heart Association
that older adults should engage in exercise at moderate intensity
(defined as a noticeable increase in HR) for at least 150 min/week
(Nelson et al., 2007).

A major feature of our study is ensuring that the NE
group is also acclimated and exposed to a comparable protocol,
with the only exception that exercise on the moving treadmill
does not occur after the acclimation period. Accordingly, the
NE group is subjected to the treadmill environment for the
same duration and frequency as the EX group, the only
difference being on a stationary treadmill. Thus, the differences
in cardiovascular function between NE and EX groups were
linked to the prevention of parkinsonian signs during the course
of the regimen. Specifically, the moving treadmill in the EX
group, and not the treadmill environment alone, produced the
cardiovascular effects and attenuation of parkinsonian signs.
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However, it was noteworthy that exposure to the stationary
treadmill also induced an increase in HR and MAP, in the
NE group (Supplementary Figure 2A; Figure 3A), albeit to a
significantly lesser extent than the EX group (Figures 3A,B,
4A,B). This increase in the NE group was likely due to a stress-
related response that induces anxiety in anticipation for the
treadmill exercise, based on previous acclimation and training
experience that was implemented prior to assignment into NE
or EX groups. This phenomenon has been reported by several
groups by either treadmill pre-exposure paradigms (Adlam
et al., 2011; Kunstetter et al., 2017) or even cage-switch stress
(Morimoto et al., 2000; Adlam et al., 2011), which is an inherent
component of our study as the rats must be placed back to
the home cage from the treadmill to obtain the transmitter
readings for HR and MAP. Despite the comparatively smaller
increases in HR and MAP in the NE group immediately after
exposure to the stationary treadmill, aging-related parkinsonian
signs did occur in the NE group. This signifies that the movement
generated in the rat by the running treadmill in the EX group that
produced the modest increase (∼20–25%) in HR also affected
CNS mechanisms that mitigated parkinsonian signs.

Modeling parkinsonian signs in rats features the assessment of
decreased locomotor activity, which is also a trait seen in human
parkinsonian (Buchman et al., 2018). Our studies show that
cardiovascular changes induced by a moderate treadmill exercise
regimen, with an intensity and duration consistent with that
which can be initiated and practiced by sedentary older adults,
can attenuate parkinsonian signs in an established rat model
of aging. Moreover, the results, combined with our previous
observations (Arnold et al., 2017), indicate this exercise regimen
attenuates parkinsonian signs much sooner (by 20 months old)
by reducing the maximum rest period length to no longer than
1 week/month between exercise days. The results also show that
additional potential health benefits are plausible, by evidence of
reduced baseline blood pressure and modest weight loss with this
exercise regimen. These cardiovascular changes are consistent
with exercise training results shown in other rodent and human
studies (Wisløff et al., 2001; Høydal et al., 2007; Nelson et al.,
2007; Stessman et al., 2009). In addition, the improved motor
parameters in the EX groups showed no correlation to weight
or food consumption. Our study does not include insight into
neurobiological mechanisms mediating these antiparkinsonian
effects. However, there is previous evidence that the intensity
and duration of this regimen increase tyrosine hydroxylase and
GDNF family receptor (GFR-α1) expression in the substantia
nigra (Arnold and Salvatore, 2016). To the best of our knowledge,
this is the first study that employs two independent cohorts
of aging rats to demonstrate exercise-induced antiparkinsonian
effects occurring within the same time frame. Moving forward,
these results establish a baseline of metrics upon which to

evaluate the impact of exercise intensity, duration, and frequency
on CNS mechanisms. Moreover, the results provide a platform
to determine if there is an optimal variable of exercise to
maximize its efficacy to prevent aging-related parkinsonism,
particularly if initiated in sedentary older adults in the last
quarter of the lifespan. For example, it is plausible that alleviation
of parkinsonian signs could occur sooner, or have a greater
impact if exercise intensity was increased, and to know what the
accompanying increase in HR would be needed to produce such
effects. As motor impairment is the most common aging-related
disability and given the prevalence of parkinsonism, these results
provide several angles of attack upon which to combat this major
health issue and preserve functional independence in the latter
half of the lifespan.
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