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Abstract.
Background: Rodent Parkinson’s disease (PD) models are valuable to interrogate neurobiological mechanisms of exercise
that mitigate motor impairment. Translating these mechanisms to human PD must account for physical capabilities of the
patient.
Objective: To establish cardiovascular parameters as a common metric for cross-species translation of aerobic exercise
impact.
Method: We evaluated aerobic exercise impact on heart rate (HR) in 21 early-stage PD subjects (Hoehn Yahr ≤1.5) exer-
cising in non-contact boxing training for ≥3 months, ≥3x/week. In 4-month-old Pink1 knockout (KO) rats exercising in a
progressively-increased treadmill speed regimen, we determined a specific treadmill speed that increased HR to an extent
similar in human subjects.
Results: After completing aerobic exercise for ∼30 min, PD subjects had increased HR∼35% above baseline (∼63% max-
imum HR). Motor and cognitive test results indicated the exercising subjects completed the timed up and go (TUG) and
trail-making test (TMT-A) in significantly less time versus exercise-naïve PD subjects. In KO and age-matched wild-type
(WT) rats, treadmill speeds of 8–10 m/min increased HR up to 25% above baseline (∼67% maximum HR), with no further
increases up to 16 m/min. Exercised KO, but not WT, rats showed increased locomotor activity compared to an age-matched
exercise-naïve cohort at 5 months old.
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Conclusion: These proof-of-concept results indicate HR is a cross-species translation parameter to evaluate aerobic exercise
impact on specific motor or cognitive functions in human subjects and rat PD models. Moreover, a moderate intensity exercise
regimen is within the physical abilities of early-stage PD patients and is therefore applicable for interrogating neurobiological
mechanisms in rat PD models.
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INTRODUCTION

Aerobic exercise regimens can mitigate the pro-
gression of parkinsonian signs, particularly gait
impairment and bradykinesia [1–6] through various
aerobic activities such as bicycling [1, 2], treadmill
[4, 5], dance [6, 7], or non-contact boxing training
[8, 9]. The neurobiological mechanisms underlying
the motoric and non-motoric benefits of exercise rep-
resent optimal and safe targets for pharmacological
or genetic-based therapeutic approaches to miti-
gate Parkinson’s disease (PD) related impairments.
However, the neurobiological and neurophysiologi-
cal underpinnings of these lifestyle interventions in
PD populations remain unclear. Thus, identifying
these endogenous exercise-responsive neurobiolog-
ical mechanisms in PD is an important research
priority, particularly since exercise capacity in PD
patients diminishes as disease severity increases [10].

Rodent PD models provide opportunities to fully
interrogate the neural mechanisms of exercise that
also occur in human PD. However, translation of
exercise-related mechanisms from rodent PD mod-
els to human PD could be compromised if rodent
exercise regimens are unrealistically strenuous and
thus do not reflect physical limitations of the the
PD patient into the experimental design. This issue
is particularly more prevalent at advanced stages
of PD [11] as patients often encounter obstacles
to achieve therapeutically-effective exercise levels
[12–14]. Exercise efficacy may also be affected by
the timing of its initiation after PD diagnosis. Recent
results from aging rats suggest that delaying exer-
cise after parkinsonian signs are first present greatly
diminishes its efficacy to alleviate parkinsonian signs
[15]. The length of exercise practice is also a criti-
cal component of efficacy, as data suggest that PD
patients need a minimum of 12-weeks of consistent
exercise prior to realizing any physical benefits [16].
Taken together, the neurobiological mechanisms ger-
mane to motor recovery found in exercising rodent
PD models will be most informative if the regimens

are conducted within the limits of physical capabili-
ties of PD patients.

To translate neurobiological mechanisms of exer-
cise from rodent to human PD, the exercise paradigm,
benefits and limitations of the rodent model, and
timing of exercise requires external validity [17],
which is compromised if rodent models do not emu-
late the limitations and clinical issues relevant to
the patient. First, most PD patients in less severe
stages can comply to exercise three times per week,
∼30 to 40 minutes per session [1, 2, 4, 5, 8].
While such regimens prove beneficial for mitigat-
ing motor impairment, the correlative intensity of
exercise required for such benefits has not been fully
elucidated in a translational paradigm. Regardless of
the source or type of aerobic activity practiced by
the PD patient, a unifying metric that reflects the
exercise capabilities of the patient would improve
the translation of exercise- responsive neurobiolog-
ical mechanisms from rodent to human PD. Second,
emulating the progressive and protracted nature of
PD in humans can be challenging in the rodent PD
model. Toxin models are well-established, but may
have challenges from a translational perspective in
terms of their rapid nature of dopamine or tyrosine
hydroxylase loss in relation to the onset of motor
impairment [18, 19]. These models leave a tight time
window to implement and interpret exercise efficacy
against nigrostriatal neuron loss and motor decline.
Together, these fundamental knowledge gaps mini-
mize translation of neurobiological mechanisms in
rodent PD models to human PD.

We began to address these two major knowledge
gaps by first determining if cardiovascular metrics
associated with exercise intensity could be a common
thread to align exercise impact between early-stage
human PD and the Pink1 rat genetic PD model.
To control variation in exercise modalities poten-
tially confounding the effects of varying intensity on
heart rate (HR) in early-stage PD patients, we first
determined cardiovascular responses in early-stage
PD patients already participating in an established
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aerobic exercise (non-contact) boxing training regi-
men [Punching Out Parkinson’s (POPS), University
of Hard Knocks, Fort Worth, TX]. Next, we quan-
tified the HR increase in response to incrementally
increased treadmill speeds in 4-month-old Pink1
knockout (KO) and wild-type (WT) rats to determine
the intensity needed to match the HR increase in the
exercising patient.

Pink1 is a ubiquitously-expressed protein that
plays a critical role in mitophagy [20, 21] and
its loss of function by mutation is associated with
young onset PD, as an autosomal recessive mutation
[22–25]. Notably, Pink1 KO rats have a protracted
rate of motor decline, beginning between 6 to 8
months old [26–32], and may therefore better emulate
the progressive nature of nigrostriatal neuron loss and
emergence of motor impairment seen in human PD, as
compared to more rapid loss in toxin models [17–19,
33, 34]. Our lab has established that a treadmill speed
of 10 m/min increases baseline HR ∼25% and alle-
viates parkinsonian signs in aging [35]. Therefore,
our primary goal was to provide a baseline reference
of aerobic exercise cardiovascular parameters to use
in rodent PD models consistent within the physical
capabilities of early-stage PD subjects. Accomplish-
ing this task will increase predictive validity that
the neurobiological mechanisms impacted by aero-
bic exercise in rat models are also occurring in human
PD, regardless of the exercise modality employed. A
secondary goal was to explore the neuroprotective
effects of aerobic exercise in early-stage PD subjects
using motor and cognitive outcomes to strengthen the
translation of potential neurobiological mechanisms
found in rat models of parkinsonism [35]. Thus, we
explored the influence of a consistently practiced aer-
obic exercise regimen (∼30 minutes, 3x/wk, 3-mos)
in early-stage PD subjects on quantifiable modalities
of motor function and domains of cognitive function
as a surrogate neural phenotype.

METHODS

Human subjects

Study design
First, to establish cross-species HR equivalencies

in a within-subjects study, we determined pre- and
post-exercise cardiovascular parameters in subjects
with early-stage PD. Second, we conducted a cross-
sectional matched-control pilot study to explore the
influence that the aerobic exercise regimen may have

had on motor and cognitive outcomes in exercis-
ing and non-exercising (exercise-naïve) early-stage
PD subjects. In accordance with the Declaration of
Helsinki, the study received university Institutional
Review Board approval and was conducted in a med-
ical school laboratory setting.

Recruitment, inclusion/exclusion criteria

Using a community-based participatory research
approach, subjects with early-stage PD were
recruited from local PD non-profit organizations.
Those consistently participating in aerobic exercise
were recruited through the Paulie Ayala School of
Hard Knocks Foundation in association with the
Punching Out Parkinson’s (POPs) non-contact box-
ing regimen. Exercising PD subjects were those
participating in aerobic exercise in the POPs pro-
gram consisting of a minimum of 30-min non-contact
boxing regimen delivered ≥3 times/week for ≥3
months. Non-exercise PD subjects were naïve to
aerobic activity. Study inclusion criteria were: 1)
Men and women of all race/ethnicities, 2) Age
50–90 years, 3) Early-stage PD, (≤1.5 Hoehn and
Yahr [36], Movement Disorder Society (MDS) Clin-
ical Diagnostic Criteria with a Unified Parkinson’s
Disease Rating Scale section III Motor score of
<18) [37], 4) Minimum high school education,
5) Ability to read, write, understand English and
provide written informed consent. Volunteers were
excluded if they had: 1) Visual, physical, and/or
motor impairments that would prevent complet-
ing study procedures (i.e., obesity, non-ambulatory,
blindness, uncorrected profound hearing loss, etc.), 2)
Comorbid mild cognitive impairment or any neurode-
generative disease other than PD (i.e., Alzheimer’s
disease, multiple sclerosis, Lewy body dementia,
etc.); 3) Current tobacco use; 4) Lifetime history
of substance use disorder; 5) Any unstable, mod-
erate, or severe uncontrolled/unremitted/treatment-
resistant/treatment non-responsive diseases (i.e.,
hypertension, cancer, kidney, hepatic, cardiovascular,
respiratory, unremitted mental illness, etc.), and/or 6)
Traumatic brain injury within the past 10-years. Non-
exercising and exercising PD volunteers meeting all
study criteria were allowed to enroll in the study after
written informed consent was obtained.

Study protocol

Each PD volunteer provided a letter from their per-
sonal treating neurologist verifying that they were
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healthy enough to participate in the POPs program.
The study physician (HA), principal investigator
(VAN), research assistant (RJ), and doctoral students
trained in neurological assessment (IS, KD) provided
a consensus regarding PD stage using the Hoehn
and Yahr Scale and the Unified Parkinson’s Disease
Rating Scale (UPDRS) [36, 37]. To further verify
study eligibility, subjects were interviewed to col-
lect demographic, clinical indices, and general health
information.

Psychiatric health was evaluated with the Mini
Neuropsychological Interview Version 6.0 [38] to
exclude those with unremitted mental illness and sub-
stance use disorders as per study eligibility criteria.
The Geriatric Depression Rating Scale [39] was used
to verify subjects mental state was within normal
range (0–9). The Mini-Mental State Exam (MMSE;
24 minimum score) was used to exclude subjects with
mild cognitive impairment and dementia [40]. All
assessments were conducted with subjects in the ON
medication state.

Motor and cognitive assessments

Regular exercise has been described as a facilitator
of neurogenesis preventing age-related cognitive and
motor decline associated with increased volume in
orbitofrontal, prefrontal, frontoparietal, temporal cor-
tex, hippocampus, globus pallidus, and striatum [41].
Thus, we further explored the influence a consistent
aerobic exercise regimen had on motor and cognitive
functioning as a surrogate neural phenotype. Motor
performance was measured with well-established
assessments used in PD research [Timed Up and
Go (TUG) and 6-Minute Walk Test (6MWT)] while
Trail–making Test A and B (TMT-A, TMT-B) were
chosen to examine executive functioning differ-
ences between exercisers and non-exercisers [42–45].
TMT A and B is a widely used standardized tool
with normative values used in previous PD research
paradigms to assess cognitive flexibility, attention,
and inhibitory control [42–45].

Aerobic exercise regimen and cardiovascular
data collection

The POPs program was facilitated by a certified
trainer and the aerobic exercise protocol began with a
10–15-min stretching and muscle warm-up followed
by ∼30 min of supervised continuous rotations alter-
nating through 7 stations (e.g., speed bag, heavy bag,

footwork, trainer mit dodging, and bobbing, etc.).
Subjects then completed their regimen with 10- to
15-min resistance training with a cool-down phase.
Cardiovascular measures were taken twice at the
pre- and post-exercise periods with readings taken
within the first 2 min after completion of the last com-
ponent of the aerobic exercise regimen (minimum
∼30 min of aerobic exercise). At both the pre- and
post-exercise timepoints, PD subject’s HR and sys-
tolic and diastolic BP (SBP and DBP, respectively)
were measured twice while seated, and the average
HR, SBP, and DBP were calculated and recorded.
Other than resting HR, SBP, DBP recorded in non-
exercising PD subjects and calculated VO2 max, no
other physiological measures were collected from
non-exercising PD subjects as we were not employ-
ing exercise as an intervention in a clinical trial. To
maintain the translatability between rats and humans,
and as cardiovascular problems are inherent in some
PD patients, we also calculated mean arterial pressure
(MAP) to characterize parasympathetic and sympa-
thetic tone, general heart health, cellular oxygenation,
and blood flow at rest prior to aerobic activity and
again after their exercise regimen in exercising PD
subjects. MAP was determined using the formula:
MAP = 1/3 ∗ SBP + 2/3 ∗ DBP.

Statistics

Descriptive statistics, frequency distributions, and
Chi-square analyses were used to characterize the
sample, as appropriate. First, we analyzed HR within
exercising PD subjects to discern pre- and post-
exercise HR function using a paired samples t-test.
A percent change in HR was also calculated. SBP
and DBP were used to derive MAP (using the for-
mula described earlier) to ensure that no subjects
were outside the normative values for cardiovascu-
lar health. As there were more men than women
subjects, we used general linear modeling (GLM)
univariate analysis to examine sex/gender as an inde-
pendent variable and again as a covariate in GLM
multivariate analyses to identify potential differences
in UPDRS motor scores, years of PD, years of exer-
cise (in exercisers), and levodopa dose that may have
influenced motor and cognitive outcomes. Exercising
and non-exercising PD groups were analyzed using
GLM multivariate analysis to explore TUG, 6MWT,
TMT A and B outcomes between these groups. All
statistics were conducted using a two-tailed probabil-
ity (p < 0.05) and a 95% Confidence Interval.
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Pink1 KO rat study

After approval from the Institutional Animal Care
and Use Committee at the University of North Texas
Health Science Center was obtained, a 2-month longi-
tudinal study was designed to evaluate cardiovascular
function during treadmill exercise. Three-month-old
male Long Evans rats, wild type (n = 6) and PINK1
KO (n = 6), were obtained from Horizon Labs (now
Envigo) and singly housed in a 12-h reverse light-dark
cycle in ambient environment. Food and water was
provided ad libitum throughout of the study. Upon
arrival, the subjects were acclimated to the colony for
one week. Both groups were handled daily (1–3 min)
for two weeks prior to the beginning of the exercise
regimen, except for a period of three days after the
surgical implant of the heart rate monitor. Rats exer-
cised at 4 months old, with locomotor assessment
following completion of the entire exercise regimen
at three time intervals at 5 months old.

A second cohort of male Long-Evans rats, wild-
type (n = 7) and Pink1 KO (n = 7) (also received
from Envigo), was evaluated for locomotor activity
at monthly intervals from age 3 to 6 months old. This
cohort was used as an age-matched, exercise-naïve,
cohort to determine if genotype or aging affected
locomotor activity at the same age range as the exer-
cise cohort.

Genotype confirmation

Genomic DNA was extracted from cerebellum
extracts taken from KO and WT rats to confirm
Pink1 gene knockout. The GenElute™ Mammalian
Genomic DNA Miniprep kit was used with minor
changes to the procedure. The tissue was digested for
24 h, only 50 �L of elution solution was used, and the
elution solution was incubated at room temperature
on the column for 10 min. In order to confirm
the 26 bp deletion, primers flanking the target
sequence were used. The forward primer sequence
used was 5′-CCCTGGCTGACTATCCTGAC,
and the reverse primer sequence used was 5′-
CCACCACCCACTACCACTTACT. The 50 �L
PCR reaction was comprised of 5 �L of 10 �M
Pink1 forward primer, 5 �L of 10 �M Pink1 reverse
primer, 14 �L of nuclease-free water, 1 �L genomic
DNA, and 25 �L of JumpStart™ Taq ReadyMix™
(Sigma-Aldrich, Cat.No. P2893). A negative control
was also run with the same components except for
the DNA. Instead, 1 �L extra of nuclease-free water
was added to the negative control reaction. The PCR

cycling conditions consisted of six steps. The initial
denaturation step was set as 95◦C for 5 min. This was
followed by 35 cycles of denaturation at 95◦C for 30
s, annealing at 56◦C for 30 s, and elongation at 72◦C
for 40 s. The final elongation step was set as 72◦C
for 5 min. The final step was a hold at 4◦C. The PCR
products were run on a 5% TBE polyacrylamide gel
in 1x TBE buffer for about 1 h at 100 V. Wild-type
bands were 109 bp while knockout bands were 83 bp
(Supplementary Figure 1).

Aorta transmitter implant

Cardiovascular parameters were recorded using
a Data Sciences International (DSI) radio teleme-
try system as previously described [35]. Each rat
received a transmitter (model S10) and the sig-
nals were recorded using DSI telemetry receivers
and MX2 matrix with DSI Ponemah Acquisition
Software. Transmitter implantations were performed
while the rats were anesthetized with 2% Isoflurane
and kept warm on a water pad. A midline incision was
made on the abdomen and the abdominal aorta and
vena cava were isolated. 2-0 silk sutures were posi-
tioned above renal artery and right above the iliac
bifurcation to temporarily occlude blood flow. A 23-
gauge needle was used to introduce the blood pressure
telemetry transmitter catcher about 2 cm. Vetbond
was used to secure the catheter to the aorta and the
transmitter was sutured in the peritoneal cavity on the
muscle wall using 4-0 prolene sutures. The incisions
were closed using 3-0 vicryl antimicrobial sutures.
Animals were allowed to wake under a heat lamp with
supervision. They were monitored and recovered for
a minimum of 1 week prior to further studies.

Cardiovascular data acquisition

HR and MAP data were collected at multiple time
points throughout the entirety of the study; 1) prior
to exercise acclimation, 2) after exercise acclimation,
3) 5 min immediately prior to each exercise session,
on back-to-back days for each treadmill speed, 4)
5 min immediately after each exercise session, 5) an
evaluation of HR between the treadmill without and
with incline portions of the study to determine the
impact of anticipation to exercise when home cages
of rats were transported to the exercise room (without
the implementation of treadmill exercise), as previ-
ously reported [35]. Collection of HR and MAP data
was not possible while the rats were running dur-
ing the exercise regimen, as the signal strength of
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the implanted transmitters was not sufficient to be
transmitted through the treadmill. Thus, the cardio-
vascular evaluations took place immediately before
and after the exercise sessions in the home cage,
wherein the transducer was located underneath the
home cage for data collection on a minute-to-minute
frequency.

Treadmill exercise protocol

Treadmill exercise was conducted over a 6-week
period during the active (dark) period of the light-dark
cycle, and all experiments were concluded before
19:00. Rats were euthanized one month after exercise
and completion of locomotor assessment. Euthanasia
was by decapitation following very brief isoflurane
exposure.

The exercise regimen had three separate phases,
following previously described procedures [15, 35,
46]: pre-acclimation, treadmill acclimation, and
treadmill exercise with progressive increase in speed
(8 to 16 m/min at 2 m/min increments) at no incline,
and then, repeating the regimen again at a 5◦ incline.
Prior to beginning the pre-acclimation phase, HR
and MAP were measured to establish baseline mea-
sures and determine if any genotype differences were
present. During pre-acclimation, the rats were placed
on a stationary treadmill each day, for three days,
for 7 min, 8 min, and 10 min subsequently. During
the acclimation phase, the rats were trained on a
moving treadmill, starting at 7 m/min for 5 min, then
10 min the following day. This schedule was repeated
with incremental increases in speed (2 m/min up) to
13 m/min, and then 14 m/min for 10 min and 15 min
for the final two days of acclimation.

The treadmill exercise phase followed acclimation.
The HR and MAP were recorded in one min inter-
vals in their home-cage for five min prior to initiating
exercise on the treadmill to establish respective pre-
exercise HR and MAP. These results were used to
evaluate anticipated conditioning effects on baseline
HR and MAP as exercise sessions increased. The
rats were then placed on the treadmill (no incline)
to warm-up for 5 min at a speed 2 m/min slower
than the final speed (8, 10, 12, 14, or 16 m/min) for
the final 30 min of the session. Immediately after
exercise, rats were removed from the treadmill and
placed in their home-cage to record HR and MAP
for 5 min. The exercise schedule was four times per
week, increasing exercise speed by 2 m/min after two
back-to- back daily sessions, with one- or two-days
rest between increasing speeds, until completion. The

regimen was then repeated using the same speeds,
starting at 8 m/min, but with a treadmill incline at 5◦.

Establishing baseline HR and MAP

In our previous exercise impact study using aged
rats, we found that HR or MAP will increase ∼5–15%
in response to merely being placed in the exercise
environment on a stationary treadmill [35]. Thus,
we evaluated whether the change in environment
created an anticipatory effect that could potentially
confound our evaluation of exercise on baseline HR.
We first used linear regression to determine slope
deviation in each genotype (previously described
under “cardiovascular data acquisition procedure”)
by determining if the HR would decrease over time
after relocation of rats from their home colony (Sup-
plementary Figure 2). Second, we compared the
HR obtained immediately before exercise at each
treadmill speed versus the mean HR value obtained
from pre- and post-acclimation, and in-between no
incline and incline sessions, of which there was no
within-genotype difference among these three mea-
sures (Supplementary Fig. 3). Treadmill environment
increased HR in both evaluations (Supplementary
Fig. 4). Therefore, the baseline HR was established
taking the mean of three HR measures taken at pre-
and post-acclimation, and the interval between the no
incline and with incline phases of the study to eval-
uate exercise impact on HR (as percent of baseline).
To evaluate influence of the treadmill environment on
MAP, we compared the pre-acclimation MAP result
against the pre-exercise results taken 5 min prior to
exercise during the progressive treadmill speed regi-
men.

Exercise compliance assessment

Compliance to exercise was recorded on a scale
from 0–4 during each session. A score of 4 indicated
exercise for at least 75% of the time without being
prompted, as previously described [15, 35, 46]. A
score of 0 indicated that the rat was unable to contin-
uously exercise without prompting. Non-compliance
was defined as not keeping all four limbs in contact
with the treadmill and/or resting against the backstop
for ∼5 s. After this interval, the periods of time of
non-compliance was noted in 5- and 10-s intervals
and then the rat was prompted to continue exercising
using the backstop (Supplementary Figure 5A). The
total amount of time of non-compliance was added
together at the end of the bout of exercise for each
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rat and subtracted from the total time of exercise to
obtain a compliance score.

Assessment of locomotor activity

Spontaneous locomotor activity was assessed in a
darkened room while the rats were in their awake
cycle, as previously reported [15, 35]. Rats were
placed into automated activity chambers with fresh
bedding, surrounded by a grid of infrared beams
to record activity automatically (VersaMax Animal
Activity Monitoring System, Columbus Instruments,
Inc., Columbus, OH). Total distance (DT, cm) was
evaluated in 1-h sessions in three separate sessions.
The average of three 1-h long, once daily, sessions
was used to establish locomotor activity levels (as
total distance) for each rat. The exercise cohort was
evaluated at 5 months old, at three time intervals (3
days, 2 weeks, and 4 weeks) following cessation of
all exercise. The exercise-naïve cohort was evaluated
at 3, 4, 5, and 6 months old.

Assessment of dopamine and tyrosine
hydroxylase

The striatum, SN, nucleus accumbens, and ventral
tegmental area were dissected on wet-ice, imme-
diately cooled on dry-ice, and saved for high
performance liquid chromatography (HPLC) to ana-
lyze dopamine (DA), dihydroxyphenylacetic acid
(DOPAC), and further processed for western blot
analysis of total tyrosine hydroxylase protein against
a calibrated standard curve for quantification against
total protein. The methodological guidelines have
been extensively published by our lab [19].

Statistics

HR and MAP results were analyzed for genotype
differences and exercise impact across session num-
ber (session number co-varied with treadmill speed),
and if an interaction between genotype and session
number/treadmill speed occurred using a repeated
measures 2-way ANOVA. Within groups compar-
isons across exercise session or treadmill speed were
evaluated using a Dunnett’s or Tukey’s multiple com-
parisons test and between groups evaluations used
Bonferroni multiple comparison’s test. These analy-
ses were done on raw HR and MAP results, as well
as on the calculated percent of baseline.

Locomotor activity was evaluated in repeated mea-
sures 2-way ANOVA, matching locomotor results

for each rat across multiple time points in the
exercise and exercise-naïve cohorts. In the exercise
cohort, within genotype evaluations were further ana-
lyzed with Tukey’s multiple comparison test. In the
exercise-naïve cohort, within genotype evaluations
were further analyzed with Dunnett’s Multiple Com-
parison Test and between genotype evaluations were
further analyzed with Bonferronit’s multiple com-
parison test. The Grubb’s test was used to identify
outliers in each set of results with alpha set to 0.05.

RESULTS

Human subjects

Demographic and clinical characteristics
Out of 47 volunteers, we obtained evaluable data

on motor and cognitive outcomes on 21 exercis-
ing PD subject who met all study criteria (women
N = 9; men N = 12) with 19 self-identifying as Non-
Hispanic White and 2 as Hispanic White. The
mean age was 68.71 ± 7.15 and the mean num-
ber of years of education was 16.36 ± 1.80. The
mean number of years of having a PD diagno-
sis was 4.49 ± 4.91 and the levodopa equivalent
daily dose was 561.55 ± 425.53 mg. The mean num-
ber of years subjects had been regularly exercising
was 9.45 ± 14.95. Years of regular exercise were
not statistically different between men and women
(p = 0.084). Non-exercising PD subjects consisted of
7 women and 17 men (N = 24) who self-identified
as Non-Hispanic White (N = 18), Hispanic (N = 2),
or Black (N = 4). The mean age was 71.33 ± 8.56
and the mean number of years of education was
15.81 ± 2.14. The mean number of years of having a
PD diagnosis was 3.1 ± 3.12 and the levodopa equiv-
alent daily dose was 577.37 ± 435.09 mg.

Between the exercising vs. non-exercising groups,
Pearson Chi-square analyses showed no sig-
nificant group differences in sex/gender [χ2(1,
N = 45) = 0.916, p = 0.34] or race/ethnicity [χ2(2,
N = 45) = 3.84, p = 0.15]. GLM multivariate analyses
showed there were no significant group differences
in age (p = 0.28), years of education (p = 0.36), years
of PD diagnosis (p = 0.24), levodopa equivalent daily
dose (p = 0.90), UPDRS motor score (p = 0.68), or
HR (p = 0.11).

GLM multivariate analyses showed there was a
∼11% increase in the number of meters PD exercis-
ers walked during the 6MWT (M = 319.08 ± 47.81)
compared to non-exercisers (M = 287.15 ± 69.37),
although this finding was not statistically signifi-
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cant [F(1,42) = 3.05, p = 0.088]. In contrast, when
comparing TUG performance between the groups,
we found that exercising PD subjects took signifi-
cantly less time to arise from a seated position and
start walking (M = 7.31 ± 1.52) than non-exercisers
(M = 9.40 ± 3.44) [F(1,42) = 5.93, p = 0.019]. The
normative TUG mean score lower and upper bound
range [95% C.I.] is 9.25–10.55 for 50- to 59-year-
old healthy individuals. Unexpectedly, we found
that the TUG scores for exercising PD subjects
(M = 7.31 ± 1.52) indicates that their performance is
better than or comparable to 20–29-year old healthy
adults whose lower and upper bound range [95%
C.I.] is 8.18–8.97 s [47]. Even the non-exercising PD
subjects’ TUG scores (M = 9.40 ± 3.44) suggests that
they are performing as if they do not have PD and are
within the range of subjects who are a decade younger
[47]. This result suggests that we indeed assessed PD
in the earliest stage of the disease.

Cognitive flexibility, attention, and response
inhibition comparing TMT A and B showed that
exercising PD subjects took significantly less time
to complete TMT-A (M = 36.82 ± 10.35) than non-
exercisers (M = 46.23 ± 14.48), [F(1,42) = 5.51, p =
0.024]. Exercising PD subjects completed the more
complex TMT-B in less time (M = 99.03, ± 50.70)
than non-exercisers (M = 120.65 ± 61.95) although
this result was not statistically significant
[F(1,42 = 1.37, p = 0.249].

To eliminate potential bias due to the unequal
group distribution of men and women, we ana-
lyzed sex/gender as a covariate with GLM and
found no influence on TUG (p = 0.50), 6MWT
(p = 0.93), TMT-A (p = 0.58), or TMT-B (p = 0.59)
scores. Therefore, our results not only indicate that
we captured motor functioning in the earliest disease
stage, but the data suggest that non-contact box-
ing aerobic exercise consisting of at least 30 min,
3x/wk, for 3 months may be a minimum threshold for
improving or maintaining motor and cognitive func-
tioning that one might expect to find in prodromal PD.
Although we cannot explore the human neurobiologi-
cal mechanisms in this paradigm, the neuroprotective
effects of aerobic exercise, as observed in motor and
cognitive functioning, in this proof-of-concept study
appear evident.

Cardiovascular metrics and aerobic exercise
impact in early-stage PD

Prior to motor and cognitive evaluation, volunteers
in the exercising PD group (N = 24), the mean pre-

Fig. 1. Non-contact boxing-training exercise regimen impact on
HR in early-stage human PD subjects. Mean pre-exercise (Pre-
Ex) baseline HR in early-stage PD patients immediately prior to
participation in the aerobic exercise regimen was 71.1 ± 10.4 beats
per min (BPM) and 94.6 ± 16.2 BPM in the post-exercise (Post-
Ex) condition resulting in ∼33% increase in HR [t(23) = 6.71,
p < 0.0001].

exercise HR as 71.1 ± 10.4 beats per min (BPM)
and 94.6 ± 16.2 BPM in the post-exercise condi-
tion resulting in an overall ∼33% increase in HR
[t(23) = 6.71, p < 0.0001] (Fig. 1). The average age
of the participants (68.71 years old) was used in an
established formula [220 minus age] to calculate the
intensity of physical activity in our sample. We found
the maximum HR estimate was ∼151 BPM for the
sample. With an overall mean post-exercise HR to
∼96 BPM, the intensity of physical activity is esti-
mated to be ∼67% of maximum HR (151 BPM),
which qualifies in the range of a moderate-intensity
activity level.

In the exercising PD group, pre-exercise
SBP = 144.19 and DBP = 80.76 resulted in
MAP = 102 mm Hg. The post-exercise SBP = 132.14
and DBP = 74.60 resulted in MAP = 93 mm Hg. In
the non-exercising PD group, basal SBP = 134.27
and DBP = 75.77 resulted in MAP = 96 mm Hg.
The pre- and post-exercise MAP results were
within desirable normal limits of 90–119 for SBP
mm Hg and 60–79 mm Hg for DBP (American
Heart Association) for both the exercising and
non-exercising groups [48]. Even though MAP
was within desirable normal limits, we noted the
pre-exercise SBP and DBP seemed higher than we
expected especially given the study criteria that
strictly excluded untreated, unremitted, uncontrolled
hypertension and cardiovascular disease. According
to the American College of Physicians, the newest
hypertension threshold guidelines categorized by
age for initiating pharmacotherapy is SBP >150 in
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>60 year olds [48]. Given the fact the post-exercise
SBP and DBP for 60+ year olds were closer to the
threshold recommended by the American College of
Cardiology (130/80), we suggest that anticipatory
effects were present for the pre-exercise blood
pressure measures that began to normalize after
moderate intensity aerobic exercise. This result
mirrors the anticipatory effects in rodents [35]. The
decrease in SBP and DBP in the post-exercise may
reflect a positive conditioning effect of consistent
participation in the non-contact boxing regimen
(>30-min × 3/wk/3 months), again, mirroring
findings in our study in aged rats [35].

Rat PD model

Pink1 KO and Long-Evans wild-type studies:
Exercise compliance

During the first week of exercise acclimation, all
rats were compliant to the gradual implementation of
treadmill exercise, running at least 75% of the allotted
time by the start of the second week of acclimation,
with compliance increasing to at least 94% of exercise
time by the end of the acclimation period. At the con-
clusion of the exercise sessions on flat or incline, there
was no significant difference in compliance between
the genotypes, with 73% of WT and 87% of Pink1
KO rats showing 97% overall compliance to the exer-
cise regimen at all speeds for the 30 min duration after
warm-up without incline (t = 1.49, p = 0.15, df = 18;
Supplementary Figure 5B). However, at the 14 or
16 m/min speeds on the incline, 50% of the rats main-
tained >97% compliance, with the remaining half of
each group compliant to these speeds 80–90% of
the time during the 30-min exercise session. Thus,
despite considerable experience with treadmill exer-
cise, the rats began to approach limits to optimal
treadmill compliance at the highest intensity levels
used.

Pink1 KO and Long-Evans wild-type studies:
Exercise impact on HR

The baseline HR of the Pink1 KO was significantly
greater (∼15%) as compared with the age-matched
WT prior to, and after, acclimation to the exercise reg-
imen (Fig. 2A, Supplementary Figure 3). The mean
HR pre- and post-acclimation in the WT was 337 and
354 BPM, and in the Pink1 KO was 395 and 397
BPM, respectively.

Within the first two min immediately after exercise,
HR increased above baseline levels between 10–25%
at each treadmill speed (Fig. 2B). There was a highly

significant difference in the HR responses to exercise
between the Pink1 KO and WT (Fig. 2B). Compared
to the WT, the Pink1 KO had significantly attenu-
ated responses to exercise relative to baseline HR.
This difference was likely due to the higher base-
line HRs observed in the Pink1 KO (Fig 2A). This
possibility was supported by the observation that the
exercise HR increased to the same absolute values
in both genotypes at any treadmill speed (Fig. 2C).
The exercise regimen did produce a highly-significant
increase in HR within the first 2 min after treadmill
exercise completion, with no effect of treadmill speed
(Supplementary Fig. 6). The progressive increases
in treadmill speed, unexpectedly, did not produce
correlative increases in HR, as measured by percent-
age changes from baseline (Fig. 2B), or actual BPM
(Fig. 2C, Supplementary Figure 6). Instead as tread-
mill speed increased, the increase in HR following
exercise steadily declined (Fig. 2B, C).

Maximal heart rate in rats is estimated to be
∼650 BPM [49]. Therefore, we estimate that the
rats achieved between 60–70% of their maximum
HR at the lowest treadmill speed of 8 m/min dur-
ing the 30 min regimen. The unexpected decrease
in the exercise-related HR response associated with
increasing either numbers of exercise sessions or the
treadmill speed was likely due to, in part, condition-
ing from the exercise regimen as exercise progressed.
As the number of exercise sessions increased, there
was a significant decrease in the pre-exercise baseline
HR, in both genotypes, evident by the 9th and 10th
session of exercise, prior to running at the 16 m/min
speed (Fig. 2D).

The additional exertion required from running on
the 5◦ incline did not further increase HR after exer-
cise (Supplementary Figure 7). Moreover, there was
also no further decrease in the HR that was observed
at the end of the exercise session conducted with no
incline. Therefore, the conditioning produced by the
exercise sessions indicates maximal impact of exer-
cise on HR may be achieved at the lowest treadmill
speeds employed (8 to 10 m/min) and this change
is well-within the HR increase of early- stage PD
patients and is in the moderate intensity range in both
species.

Pink1 KO and Long-Evans wild-type studies:
Exercise impact on MAP

Prior to exercise acclimation, similar to HR, MAP
was slightly, but, significantly greater in the Pink1
KO (Fig. 3A). Immediately prior to exercise, there
was an overall difference in MAP as compared to
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Fig. 2. Exercise impact on Pink1 KO and WT rat cardiovascular dynamics: heart rate (as beats per minute (BPM)). A) Genotype difference in
heart rate (HR). The Pink1 KO rat had significantly greater HR (as BPM) than the age-matched WT prior to, and after, exercise acclimation.
genotype (F(1,10) = 36.5, p = 0.0001); exercise acclimation status (F(1,9) = 1.42, ns); genotype × exercise acclimation status (F(1,9) = 0.79,
ns). WT vs. KO, pre-acclimation (t= 5.05, ∗∗∗p = 0.0001); post-acclimation (t = 3.59, ∗∗p = 0.004), Bonferroni’s multiple comparison test. B.
Progressive treadmill exercise and HR as percent of baseline. Pink1 KO rats had significantly less increase in baseline HR following exercise.
Genotype (F(1,10) = 29.37, p = 0.0003). Session number or treadmill speed affected the increase in HR, as percent of baseline (F(4,40) = 11.07,
p < 0.0001); genotype × session number F(4,40) = 0.21, ns). Dunnett’s multiple comparison comparing session number against HR at treadmill
speed (8 m/min) vs. 10 m/min (WT, q = 0.25, ns, KO q = 1.30, ns); vs. 12 m/min (WT, q = 2.27, p = 0.09; KO q = 2.47, p = 0.06); vs. 14 m/min
(WT, q = 3.24, ∗∗p = 0.009; KO q = 3.63, ∗∗p = 0.003); vs. 16 m/min (WT, q = 3.30, ∗∗p = 0.007; KO q = 4.29, ∗∗∗p = 0.0004). C) Progressive
treadmill exercise and HR. The number of exercise sessions had a highly significant effect on HR (as BPM). As the number of sessions
increased, there was a smaller increase in BPM detected immediately following exercise (F(4,40) = 10.89, p < 0.0001). There was no difference
between genotype (F(1,10) = 1.71, ns); genotype × exercise session F(4,40) = 0.23, ns). Dunnett’s multiple comparison comparing session
number against HR at treadmill speed (8 m/min) vs. 10 m/min (WT, q = 0.25, ns, KO q = 1.30, ns); vs. 12 m/min (WT, q = 2.27, p = 0.09; KO
q = 2.47, p = 0.06); vs. 14 m/min (WT, q = 3.24, ∗∗p = 0.009; KO q = 3.63, ∗∗p = 0.003); vs. 16 m/min (WT, q = 3.30, ∗∗p = 0.007; KO q = 4.29,
∗∗∗p = 0.0004). D) Exercise session number impact on pre-exercise HR. As the number of exercise sessions increased, baseline HR (as BPM)
captured immediately prior to the exercise session decreased. Exercise session number (F(4,40) = 6.70, p = 0.0003). There was no difference
between genotype (F(1,10) = 1.72, ns), or interaction between genotype × exercise session number F(4,40) = 0.67, ns). Dunnett’s multiple
comparison comparing mean session numbers, both genotypes; 1,2 vs.. 3,4 (q = 0.27, ns); vs. 5,6 (q = 0.57, ns); vs. 7,8 (q = 0.69, ns); vs. 9,10
(q = 4.24, ∗∗p = 0.0005).

MAP taken at the pre-acclimation phase (Supple-
mentary Figure 8). Therefore, we evaluated exercise
effects on MAP as a percent of baseline using the
pre-acclimation results, similar to the approach used
to determine HR as percent of baseline.

Within the first two min immediately after exer-
cise, MAP increased above baseline levels between
5–15% at each treadmill speed, but without signif-
icant difference between genotypes or influence of
exercise session number/treadmill speed (Fig. 3B).
No genotype difference was observed in MAP fol-
lowing exercise (Fig. 3C) and no evidence of a
conditioning effect of exercise on the MAP, unlike
HR (Fig. 3D).

Locomotor activity

Decreased locomotor activity, reflecting parkinso-
nian signs, occur between 6- to 8-month-old in the
Pink1 KO, as suggested by previous studies [26, 32].
Although the primary goal of the study was to deter-
mine the treadmill speed in a rat PD model that
produced a similar increase in HR in an exercising
early-stage PD patient, we also evaluated locomotor
activity in the exercise cohort, after completing the
entire regimen, and compared results to an exercise-
naïve cohort at the same age (5 months old) in the
lifespan. In the exercise-naïve cohort, there was a sig-
nificant effect of age, and an interaction between age
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Fig. 3. Exercise impact on Pink1 KO and WT rat cardiovascular dynamics: blood pressure (as mean arterial pressure (MAP)). A) Genotype
difference in MAP. MAP was significantly greater in the KO (t = 2.58, p < 0.05). B) Progressive treadmill exercise and MAP as percent
of baseline. MAP increased 5–15% following exercise across all treadmill speeds, without any significant difference between genotype
(F(1,9) = 1.72, ns), session number (F(4,36) = 0.74, ns), or interaction between genotype × session number F(4,36) = 1.02, ns). C) Progressive
treadmill exercise and MAP. MAP increased to 120 – 135 following exercise across all treadmill speeds, without any significant difference
between genotype (F(1,9) = 1.27, ns), session number (F(4,36) = 1.60, ns), or interaction between genotype × session number F(4,36) = 0.43,
ns). D) Exercise session number impact on pre-exercise MAP. Baseline (immediately prior to exercise (Pre-EX) MAP was unaffected by
number of exercise sessions. Exercise session number (F(4,36) = 0.76, ns). There was no difference between genotype (F(1,9) = 1.12, ns), or
interaction between genotype × exercise session number F(4,36) = 2.45, p = 0.06).

and genotype (Fig. 4A). However, locomotor decline
occurred in the KO at 6, but not 5, months old (Fig. 4
A, B). Moreover, locomotor activity decline in the KO
was highly variable, ranging from 39 to 100% of the
baseline locomotor activity level taken at 3 months
old (Fig. 4B).

In the exercised cohort, there was a highly sig-
nificant genotype difference in locomotor activity
between the KO and WT, and an influence of length
of time following completion of exercise (Fig. 5A).
These effects were solely attributable to the KO, with
significantly greater locomotor activity compared to
the WT at 3 days and peaking at 2 weeks after exer-
cise, but no difference after 4 weeks, suggesting a
possible exercise effect in the KO that decreased as
time following exercise increased (Fig. 5A). This dif-
ference was also evident within the KO, by greater
locomotor activity at 2 weeks post-exercise, com-
pared to 3 days or 4 weeks after exercise (Fig. 5A).
The exercised KO also had significantly greater loco-
motor activity compared to the exercise-naïve KO at

the same age of 5 months old, whereas this exercise
effect was not seen in the WT (Fig. 5B). With the
caveat that treadmill speed was not confined to one
speed (as per the experimental design), it appears that
exercise did increase locomotor activity in the Pink1
KO at an age just prior to the onset of locomotor
decline shown in the exercise-naïve cohort.

Markers of nigrostriatal dopamine-regulation

Following completion of locomotor assessments,
we assessed DA tissue content, DA turnover and
TH protein expression. There was no difference in
TH protein expression in the striatum (Fig. 6A, C).
Moreover, there was no difference in the SN as well
(Fig. 6B, D). As others have reported TH protein loss
specific to the SN in the Pink1 KO rat [26], we spec-
ulate the exercise experience may have initiated a
protection against such loss.

There was a significant decrease in striatal DA tis-
sue content in the KO ∼43% (Fig. 6E), whereas in
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Fig. 4. Locomotor activity in exercise-naïve cohort. A) Distance travelled. In an exercise-naïve cohort, there was a significant effect of age and
an interaction between age and genotype on locomotor activity. Age (F(3,36) = 4.62, p = 0.008), age × genotype (F(3,36) = 5.24, p = 0.004),
genotype (F(1,12) = 0.64, ns). Within group post-hoc. WT, all comparisons vs. 3 months, p > 0.05. KO, 3 vs. 4 months (q = 0.44, ns), 3 vs. 5
months (q = 0.1.14, ns), 3 vs. 6 months (q = 4.79, ****p < 0.0001). Dunnett’s Multiple Comparison Test. B) Locomotor Activity as percent
of baseline. There was a highly significant effect of age and interaction between age and genotype on locomotor activity as a percentage
of levels at 3 months old. Age (F(2,24) = 7.68, p = 0.003), age × genotype (F(2,24) = 5.65, p = 0.010), genotype (F(1,12) = 4.28, p = 0.061).
Between group (WT vs. KO) post-hoc; 4 months (t = 1.13, ns), 5 months (t = 1.12, ns), 6 months (t = 3.33, **p = 0.006). Bonferroni’s multiple
comparison test.

Fig. 5. Locomotor activity in Pink1 KO vs. WT at 5 months-old, exercised and exercise-naïve vs. exercised. A) Exercised. After completing
20 sessions of 30 min exercise with progressively-increased treadmill speed, KO and WT rats were evaluated at three time points for
open-field locomotor activity at 5 months old. Locomotor activity was significantly greater in KO vs. WT rats across multiple time points
after cessation of the exercise regimen. Genotype (F(1,10) = 10.83, p = 0.008), time after final exercise session (F(2,20) = 7.96, p = 0.003),
genotype × time after final exercise (F(2,20) = 0.90, ns). Within-group post-hoc results. WT, all comparisons p > 0.05. KO, 3 days vs. 2 wks
(q = 4.34, *p = 0.016), 3 days vs. 4 wks (q = 0.17, ns), 2 wks vs. 4 wks (q = 4.17, *p = 0.021). Tukey’s multiple comparison test. Between-
group, WT vs. KO, post-hoc results. 3 days (t = 3.14, #p = 0.035), 2 wks (t = 3.60, #p = 0.015), 4 wks (t = 2.11, ns). B) Exercise-naïve vs.
exercised. At 5 months old, locomotor activity was not significantly different between the KO and WT in the exercise-naïve cohort, whereas
locomotor activity 2 weeks after completion of the treadmill regimen in the exercised KO was significantly greater than the exercise-naïve
KO and the exercised WT. One-way ANOVA between groups (F3,22) = 6.21, p = 0.003). Between group comparisons; EX-naïve WT vs.
EX-naïve KO (t = 1.08, ns), EX-naïve WT vs. EX WT (t = 0.44, ns), EX-naïve KO vs. EX KO (t = 2.95, *p = 0.03), EX WT vs. EX KO
(t = 3.42, **p = 0.001). Bonferroni’s multiple comparison test.

the SN, there was no significant difference in DA
tissue content (Fig. 6F). There was also a significant
increase in DA turnover of nearly 50% in the striatum
(Fig. 6G), whereas a small, but insignificant increase
(14%) was observed in the SN (Fig. 6H).

Interestingly, we also found a reduction in DA
tissue content in the nucleus accumbens (Supplemen-
tary Figure 9) similar to that seen in the striatum, and
no reduction in the ventral tegmental area, similar to
that seen in the SN.
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Fig. 6. Genotype differences in tyrosine hydroxylase (TH) and dopamine (DA)-regulation 1 month after completing exercise. A-D) Tyrosine
hydroxylase (TH) (as ng/�g total protein) in the striatum and SN. E, F) Dopamine (DA) tissue content. G, H) DA turnover (as DOPAC
(ng/mg protein) per DA (ng/mg protein). Total TH. A) Striatum. TH levels were not significantly different between genotypes (t = 0.06, ns,
df = 10). B) SN. In the same rats, TH levels were not significantly different between genotypes (t = 1.15, ns, df = 10). C) Representative TH
quantification in striatum. Standard curve used to quantify total TH from 0.5 – 3.0 ng total TH with representative pairs of WT and KO rat.
D) Representative TH quantification in SN. Standard curve used to quantify total TH from 0.2 – 1.5 ng total TH with representative pairs
of WT and KO rat. [Note: blots were processed and imaged in different assays, and image development time varies according to average
signal intensity.] DA tissue content: E) Striatum. DA levels were significantly less in the KO rat (t = 3.34, ∗p = 0.010, df = 8). F) SN. In the
same rats, DA levels not significantly different between genotypes (t = 1.61, p = 0.14, df = 8). DA turnover: G) Striatum. DA turnover was
significantly greater in the KO rat (t = 3.34, ∗p = 0.010, df = 8). H) SN. In the same rats, DA turnover was not significantly different between
genotypes (t = 2.06, p = 0.07 (ns), df = 10).
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DISCUSSION

Regardless of the aerobic exercise modality, car-
diovascular responses can be easily obtained to
identify the intensity needed to gauge exercise effi-
cacy. Establishing cardiovascular metrics associated
with exercise intensity can serve as a corollary of
cross-species neurobiological mechanisms in trans-
lational investigations. In this proof-of-concept study
using early-stage PD patients and the Pink1 KO rat
model, we have established translatable cardiovas-
cular parameters and exercise intensity equivalence
within the range of moderate intensity.

Importantly, we found maximal cardiovascular
impact of exercise using an 8 to 10 m/min treadmill
speed in the Pink1 KO rat model and age-matched
WT (both reaching 66–68% maximum HR) that were
in the range of that produced by an aerobic exercise
regimen in early-stage PD subjects (∼63% maximum
HR). The maximum HR percentage in our PD sub-
jects meets a recently defined universal prescription
of aerobic exercise for PD populations of 3x/week,
30–40 min, with a 60–80% HR reserve and only a
slightly lower HR max than the 70–85% reported by
Alberts and Rosenfeldt [58].We anticipate that the
neurobiological mechanisms activated with aerobic
exercise at an intensity of 8–10 m/min in a Pink1
rat PD model would also manifest in human PD,
given equal exercise duration (∼30–40 min) and fre-
quency (3 sessions per week). Such translation is
vital to identify and define the key neurobiological
mechanisms engaged by exercise that could allevi-
ate disease progression, particularly as the ability
to consistently exercise may decrease with disease
severity or encountering barriers to exercise [10–14].
With this knowledge we can identify the endogenous
neurobiological mechanisms engaged by an effective
aerobic exercise regimen to reveal the best molecu-
lar targets for developing pharmacological or genetic
therapies to improve motor or cognitive function, pos-
sibly at any stage of PD.

The protracted nature of PD progression requires a
longitudinal evaluation of aerobic exercise to reveal
the timing and duration of its efficacy [9, 15, 17,
35]. Given the slower rate of motor decline reported
in the Pink1 KO rat [26, 32] and as shown in our
study, a longitudinal evaluation of exercise impact
in this model would reveal the extent to which exer-
cise could delay onset of motor decline, or reverse
decline if already established. To that end, our data
from the 6-month-old exercise-naïve cohort indicate
that the 4-month-old KO rats that exercised on the

treadmill did so prior to onset of locomotor decline.
As such, the current dataset only allows for us to
speculate if the aerobic exercise experience could
prove neuroprotective, as we did not observe any dif-
ference in TH expression in the SN, unlike another
study which reported loss beginning at ∼6 months
old [26], and an increase in locomotor activity in the
exercised KO. However, in our previous longitudinal
study, we found that exercise prevented parkinsonian
symptom onset in aged rats commensurate with a HR
increase of 15–30% above baseline [35]. Thus, as PD
is an aging-related disease, we expect this regimen in
aging Pink1 KO rats would be comparably effective,
even though these rats were chronologically young.
Notwithstanding the caveats imposed by the varying
treadmill speed in the experimental design, we found
evidence that the exercise regimen increased motor
activity in the KO rats, being significantly more active
than their exercise-naïve KO counterparts. We also
may have found a time limit to exercise efficacy in
the KO, as the increase in locomotor activity lasted 2
weeks, but not 4 weeks, after completing a 30-days
exercise regimen, and notable the CNS tissue was
taken at that time point. Taken together, our data indi-
cate that consistent aerobic exercise may condition
the KO rat to forestall the onset of eventual locomotor
decline, as evidenced in the exercise-naïve cohort.

We are only beginning to scratch the surface of
understanding the neurobiological mechanisms acti-
vated or modified by exercise in the PD patient
[50–52]. This is primarily due to limited resources
available to image the brain with great enough detail
to discern the impact exercise may have to increase
dopamine signaling [50, 51, 53]. However, by stan-
dardizing parameters of cardiovascular functioning in
response to aerobic exercise, rat PD models can play
a major role to reveal dopaminergic and other neuro-
biological mechanisms [54–57] that may extend to
the exercising PD patient, particularly in the con-
text of evaluating the long-term effects of aerobic
exercise against the natural progression of PD [10,
58]. Consistent with these priorities, we met our goal
in bridging a mechanistic gap between the Pink1 rat
model and early-stage PD subjects.

A variety of aerobic-based exercise therapies (e.g.,
dancing, non-contact boxing, cycling, etc.) exist for
the PD patient [4, 5]. The early-stage PD subjects in
our study met the criterion of a moderate intensity
level of 63% maximum HR (previously mentioned
220 BPM – mean age metric provided by the CDC),
with a ∼35% increase above baseline (pre-exercise)
HR. With a similar duration of exercise (30 min), the
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rats HR was maximally increased above baseline HR
at ∼25% in the WT, and ∼10–15% in the KO) at
the 8 to 10 m/min treadmill speed. The difference in
HR increase was attributable to a higher baseline HR
in the KO, and earlier work showing that young rats
have a maximum rat HR of ∼650 BPM [49] indi-
cates that the HR of the WT rats (∼430 BPM) and
Pink1 KO rats (∼445 BPM) represents 66–68% max-
imum HR. This is in range of the 63% maximum
HR in our PD subjects, and from the perspective
of cross-species translation, meets a recently defined
universal prescription of aerobic exercise for PD pop-
ulations of 3x/week, 30–40 min, with a 60–80% HR
reserve and only a slightly lower HR max than the
70–85% reported by Alberts and Rosenfeldt (2020)
[58]. Although, the progressive increase in treadmill
speed or incline was expected to produce a commen-
surate increase in HR, we did not see any further
increase in HR in either genotype presumably due to
a conditioning effect, as evidenced by the decrease
in maximal HR following exercise at the highest
treadmill speeds. This conditioning effect of HR with
exercise has been reported by other groups [49, 59,
60] and also observed in humans at moderate intensity
levels [61]. Therefore, given that aerobic-based exer-
cise programs like non-contact boxing can provide
a satisfying and motivating experience to continue
exercise, we expect long-term practice should result
in improved quality of life [9], motor and cognitive
function [9, 16, 62]. Moderate intensity exercise is
clinically relevant for PD patients as Eijsvogels et al.
(2016) reported higher intensity levels can be detri-
mental to the point of sudden death even in physically
fit athletes and has reduced rehabilitation effects in
cardiovascular disease patients [63].

Using the Pink1 KO model was important for a
number of reasons. First, Pink1, along with Parkin
has been identified as an autosomal recessive muta-
tion [22–24] that plays a major role in mitophagy
[20, 21, 64] influencing downstream homeostasis
of dopamine, glutamate, calcium, and antioxidants
[65–70] as well as normal cardiac tissue homeostasis
[71, 72]. Pink1 KO mice develop cardiac hypertrophy
and left ventricular dysfunction [71]. It is possible that
the parameters of the exercise paradigm used in this
study were not rigorous enough to exacerbate similar
cardiovascular changes in Pink1 KO rats. There also
is evidence that augmented mitochondrial function
plays a role in exercise-related changes in mitophagy
in cardiac tissue [73, 74], which posits the Pink1
KO as a valuable model to determine the extent to
which mitophagy affects exercise-related recovery of

motor or cognitive functions. This includes the coun-
teractive mechanisms of exercise-related increases in
inflammatory processes, as proposed by Sliter and
colleagues [75]. This possibility is further supported
by accumulating evidence that enhanced mitophagy
or other critical mitochondrial functions play a role
in exercise-related recovery in CNS tissue and neu-
rodegenerative disease models [76–81]. Thus, the
Pink1 rat model provides a logical approach for
future investigations into the role of mitophagy may
play in exercise-related recovery of motor function
in PD models in humans and in rats without stren-
uous and potentially detrimental over-exercising. To
our knowledge, this is the first evaluation of exercise
impact in Pink1 KO rats, and despite indications for
cardiovascular differences in the absence of Pink1,
these rats will exercise thus enabling the likelihood
of evaluating exercise impact longitudinally [13, 16,
17, 35].

Study strengths and limitations

The primary strength in this study is that we have
established translatable cardiovascular parameters to
match aerobic exercise intensity equivalence in a rat
PD model and human PD with behavioral impact at
moderate intensity. Thus we propose these parame-
ters may be applicable to identify the neurobiological
mechanisms of aerobic exercise efficacy underly-
ing motor and cognitive improvements in PD. Other
strengths include the addition of early-stage PD sub-
jects participating in a well-controlled exploratory
study comparing motor and cognitive function in PD
exercisers and non-exercisers. The study was well-
controlled in that all subjects were tested in the “ON”
medication state, restricted to only early-stage, and
demographic variables were statistically controlled to
eliminate confounds that may have influenced motor
and cognitive outcomes. Here, we found that with
consistent moderate intensity aerobic exercise (non-
contact boxing), exercising PD subjects were quicker
to rise and walk (TUG), took more steps during 6-
minutes (6MWT), and were quicker to make accurate
decisions (TMT-A, B) than non-exercising PD sub-
jects.

Nevertheless, although we have established sev-
eral strengths, some study limitations are nevertheless
noted. As our sample of PD subjects were highly
functioning, determining whether our cardiovascular
results could be applicable in more advanced stages
of PD needs further examination. Thus, any cardio-
vascular issues that may arise during future stages of
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PD progression [82] cannot yet be observed with the
post-exercise HR we reported. However, in this proof-
of-concept design, we were more concerned about
reducing possible confounds so that we could read-
ily identify translatable cross-species cardiovascular
parameters as a starting point, prior to examining
cardiovascular indices in more advanced stages of
PD. From the rat model perspective, the Pink1 KO
exercise-naïve rat did not exhibit motor decline until
6 months old, consistent with previous studies [26,
32]. However, this too can be considered a strength
in that this is new knowledge for future investigations
to consider in longitudinal study designs. As such, it
is plausible that application of this treadmill exer-
cise regimen in Pink1 KO rats could delay decreased
locomotor activity if initiated before 6 months old,
or reverse the decrease if initiated after 6 months old,
given the increase in locomotor activity in the exer-
cised Pink1 KO rat versus the exercise-naïve KO rat
and the outcomes found in the exercising PD subjects.

It is not clear if cardiovascular responses seen
between the human and Pink1 model would continue
to be applicable at more severe stages, preventing firm
establishment of external validity in the advanced
stages of the disease. Yet to our knowledge, no studies
exist reporting atypical cardiovascular symptoms, or
on the effects of aerobic activity on Pink1-PD human
subjects that may be used to compare Pink1 car-
diovascular indices to idiopathic PD. From reported
clinical information, PD arising from a Pink1 muta-
tion is indistinguishable from sporadic PD, aside from
average age of onset [83]. Therefore at this time, we
can infer that cardiovascular differences in the Pink1
KO rat model are applicable to sporadic PD cases,
such as our study population.

Finally, the applicability of the Pink1 KO results
to the more widely-used toxin-based models is
yet unknown. However, changes in cardiovascular
indices have been examined in rat PD toxin-based
models [84] and presumably the 8 to 10 m/min tread-
mill would be comparably effective to stall motor
decline or promote recovery, as shown in aging rats
[15, 35]. It should be noted that the rapid nature of
nigrostriatal neuron loss in a toxin rat model could
limit interpretation of exercise efficacy against such
loss and motor decline compared to a protracted lon-
gitudinal study.

Summary

We have established cardiovascular metrics related
to aerobic-based exercise in both early-stage PD

patients and a rat genetic PD model to create a launch
point of equivalency in exercise intensity and dura-
tion to apply in translation research paradigms. The
rationale for our study was fueled by the premise that
the neurobiological mechanisms to be unveiled in the
Pink1 rat PD model has the greatest translation when
the exercise parameters applied adhere to the physical
capabilities of the PD patient. We have recently sub-
stantiated a relationship for aerobic exercise intensity,
as measured by HR, with mitigation of parkinsonian
signs in aging rats [15, 35]. Therefore, these studies
establish a platform upon which to optimize mecha-
nistic findings in Pink 1 rat PD models for translation
to the human PD patient. This would include the
feasibility of initiating exercise when subclinical non-
motor signs of PD may be present [85–89]. Finally,
the Pink1 KO rat exhibits near 100% compliance at
exercise intensities in the moderate range. As such,
this genetic rat PD model could be suitable for longi-
tudinal evaluations to determine exercise efficacy and
corollary neurobiological mechanisms to align with
the PD patient.
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