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SUMMARY
Epidemiological and clinical studies have suggested that exercise is beneficial for patients with
Parkinson’s disease (PD). Through research in normal (noninjured) animals, neuroscientists have
begun to understand the mechanisms in the brain by which behavioral training and exercise
facilitates improvement in motor behavior through modulation of neuronal function and structure,
called experience-dependent neuroplasticity. Recent studies are beginning to reveal molecules and
downstream signaling pathways that are regulated during exercise and motor learning in animal
models of PD and that are important in driving protective and/or adaptive changes in neuronal
connections of the basal ganglia and related circuitry. These molecules include the
neurotransmitters dopamine and glutamate (and their respective receptors) as well as neurotrophic
factors (brain-derived neurotrophic factor). In parallel, human exercise studies have been
important in revealing ‘proof of concept’ including examining the types and parameters of
exercise that are important for behavioral/functional improvements and brain changes; the
feasibility of incorporating and maintaining an exercise program in individuals with motor
disability; and, importantly, the translation and investigation of exercise effects observed in animal
studies to exercise effects on brain and behavior in individuals with PD. In this article we highlight
findings from both animal and human exercise studies that provide insight into brain changes of
the basal ganglia and its related circuitry and that support potentially key parameters of exercise
that may lead to long-term benefit and disease modification in PD. In addition, we discuss the
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current and future impact on patient care and point out gaps in our knowledge where continuing
research is needed. Elucidation of exercise parameters important in driving neuroplasticity, as well
as the accompanying mechanisms that underlie experience-dependent neuroplasticity may also
provide insights towards new therapeutic targets, including neurorestorative and/or
neuroprotective agents, for individuals with PD and related neurodegenerative disorders.

In the last decade, neuroscience research has supported the ability of the brain to respond to
the environment and experiences through adaptive mechanisms called neuroplasticity, in
which long-lasting alterations in neuronal circuitry result [1]. These processes include the
ability of neurons to respond to experiences, such as exercise, through alterations in
structure and function, most importantly at the level of the synapse (the point of
communication between neurons) [2]. While these adaptations have largely been
demonstrated to underlie learning and encoding of new behaviors in the healthy brain, they
have also been postulated to be evoked in repair processes of the injured brain during
exercise or rehabilitation training to relearn impaired or lost behaviors [2]. Exercise is
defined as physical activity that is usually performed regularly and done with the intention
of improving or maintaining physical fitness or health [3]. As such, there has been a general
interest in understanding whether exercise and physical therapy may play a role in the repair
of neurodegenerative disorders, such as Parkinson’s disease (PD), where dopaminergic
neurons are reduced in number, glutamatergic-based neuronal connections within the basal
ganglia are impaired or lost, and motor function such as gait and balance are significantly
altered [4]. Although still largely unanswered, in this article we highlight exercise studies in
both animal models of PD and in individuals with PD that support a potential role of
exercise in providing long-term benefit and disease modification. Specifically, we review
findings from studies that reveal exercise-induced processes of neuroplasticity as well as key
parameters of behavioral training that may lead to: protection of ongoing dopamine neuronal
loss; adaptation of remaining dopaminergic neurons; and alterations in downstream basal
ganglia synaptic connections [5–7]. In addition, we discuss the current and future impact on
patient care and point out gaps in our knowledge where continuing research is needed.

Parkinson’s disease is a chronic and progressive neurodegenerative disorder of the basal
ganglia characterized by a 40% loss of substantia nigra pars compacta (SNpc) dopaminergic
neurons, and 80% depletion of striatal dopamine [8]. Failure of normal dopamine
neurotransmission in PD in turn leads to the consequential impairment and loss of
downstream basal ganglion synaptic connections that are modulated through glutamate and
its respective receptor families [9]. Loss of basal ganglia homeostasis occurs through
increased activity of the indirect (dopamine receptor D2 pathway), and decreased activity of
the direct (dopamine receptor D1 pathway) [10,11]. Classical features of PD include
bradykinesia, gait dysfunction, balance impairment, rigidity and resting tremor. Additional
characteristic aspects of PD, called non-motor features, include cognitive dysfunction
(frontal executive), mood disorders (depression and anxiety) and autonomic dysfunction
[12]. While dopamine-replacement therapy remains a very effective treatment for
symptomatic control of motor aspects of the disease, its efficacy declines with disease
progression. Currently there is no cure for this debilitating disease and no definitive agent
available to modify disease course. Most recently, however, epidemiological studies have
revealed that a high degree of physical activity, such as intensive and strenuous exercise
throughout life, is associated with a lower risk of developing neurodegenerative disorders,
including PD [13,14]. These studies, along with numerous exercise trials that have shown
clinical benefit in individuals with PD, have served as a catalyst to further determine
whether exercise is a critical therapeutic intervention in PD. More importantly there is a
general interest in understanding whether exercise may provide a means to modify disease
progression that may include neuroprotection of ongoing dopaminergic neuronal loss and/or
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driving neuroplastic or compensatory changes within the injured brain to restore basal
ganglia homeostatic function and synaptic integrity.

Animal models & exercise
Much of our understanding of the neurobiological basis for the beneficial effects of exercise
on the brain is derived from studies using normal (noninjured) animals where interventional
experimentation can be performed. For example, within the normal animal brain exercise,
both motor skill training and voluntary running, has been shown to be associated with
changes in neuronal physiology, neurogenesis, angiogenesis, gene and protein expression of
neurotrophic factors, and dendritic spine growth and density in a number of brain regions
including the hippocampus, cerebral cortex and cerebellum [15–17]. While we classify these
exercise effects as being categorically distinct, there is tremendous overlap with respect to
their potential for modulating behavior and brain function and facilitating brain connections.
More recently there has been a general interest to understand whether similar exercise-
related mechanisms may be employed in recovery of the injured brain, in particular in the
context of neurodegenerative disorders such as Alzheimer’s disease (AD) and PD.

Within the last decade neurotoxin-based animal models of disease have been utilized to
understand the potential effects of exercise in PD. The two most common models used in
these studies have been the 1-methyl-4- phenyl-1,2,3,6-tetrahydropyridine-(MPTP)-
lesioned mouse models and 6-hydroxydopamine (6-OHDA) rat models [18–20]. Both toxins
lead to the depletion of striatal dopamine and basal ganglia impairment, as well as
behavioral motor deficits similar to those observed in the human condition. In addition, they
provide valuable neurotranslational tools for examining exercise-induced mechanistic repair
processes. Depending on the timing of neurotoxin administration and the initiation of the
exercise paradigm, studies are designed to examine mechanisms of neuroprotection
(exercise initiated either prior, during or shortly after neurotoxin delivery and within the
window of toxin-induced cell death) or neurorestoration (exercise initiated after toxin-
induced cell death is complete) [6,21,22]. Such study designs are relevant since they may
provide insights regarding the effects of exercise in lowering the risk of PD and other related
neurodegenerative processes in individuals not yet affected, and conversely address
mechanisms potentially important in targeting new therapeutic approaches for individuals
already diagnosed.

Changes in dopaminergic neurotransmission with exercise
Until recently studies in both normal animals and normal human subjects or patients with
PD have been limited to examining the effects of exercise on peripheral blood levels of
dopamine and its metabolites. In these studies exercise has been shown to elevate peripheral
dopamine levels in the blood stream and improve the response to dopamine-replacement
therapy in individuals with PD [23,24]. More recently, however, studies utilizing animal
models of PD have demonstrated that the behavioral benefits of exercise may not necessarily
be related to absolute changes in the total level of dopamine within the basal ganglia but
rather dopamine handling and neurotransmission [6,7]. The following paragraphs outline
these findings.

To date, the majority of studies addressing the effects of exercise in PD have focused on
evaluating neuroprotection from toxin-induced death of SNpc neurons. In these studies, a
variety of exercise paradigms have been used ranging from voluntary wheel running,
motorized treadmill and forced use. In general, these studies have demonstrated exercise-
induced neuroprotection by evaluating the integrity of the SNpc neuron including: the
expression of tyrosine hydroxylase, dopamine transporter (DAT) and vesicular transporter
type-2 (VMAT-2); the survival of SNpc dopaminergic neurons through comparative cell
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counts; and/or analysis of the level of striatal dopamine and its metabolites. For example,
exercise initiated 1 day prior to 6-OHDA or MPTP lesioning and continued for 1 week post-
lesioning showed improved motor behavior, attenuation of striatal dopamine depletion, and
a reduction in the loss of the dopaminergic markers including tyrosine hydroxylase, DAT
and VMAT-2 when measured at completion of the exercise regimen [22]. In addition,
intense motor practice through forced use of the impaired limb in the unilateral 6-OHDA-
lesioned rat has been demonstrated to protect dopamine neuronal integrity and motor
behavior when performed prior to lesioning or within the first week post-lesioning [5].
However, starting forced use at time points greater than 7 days post-lesioning showed no
benefit, indicating that the window of neuroprotection may be limited. One hypothesis
accounting for neuroprotection in these studies is thought to involve the elevation of
neurotrophic factors such as gliaderived neurotrophic factor or brain-derived neurotrophic
factor (BDNF) [21,25]. BDNF is the most widely distributed neurotrophic factor in the adult
mammalian brain [1,26]. Increased expression of BDNF could provide protection from
toxins by activating downstream signaling cascades including second messenger systems
and protein kinases that may enhance neuronal survival and function [16,26,27]. An
alternative hypothesis accounting for exercise-induced neuroprotection in these models may
be due to reduced bioavailability or handling of the toxin itself through alterations in either
the expression of DAT or VMAT-2. For example, both MPTP and 6-OHDA have prolonged
periods of uptake into the dopaminergic neuron that range from 3 to 28 days, respectively
[28,29]. Dopaminergic neurons may be protected owing to exercise-induced changes in the
expression of DAT or VMAT-2, transporters important for uptake or storage of MPP+ (the
toxic form of MPTP) and 6-OHDA in SNpc neurons [6,30–32]. In addition, exercise may
induce either peripheral or central enzymes involved in metabolism or detoxification of
these toxins [33–36]. For example, two studies using environmental enrichment that
included an exercise component in the form of voluntary wheel running suggested that
protection from MPTP lesioning was likely due to alterations in DAT and VMAT-2 protein
expression in midbrain dopaminergic neurons [6,31]. Since environmental toxins have been
proposed to contribute to the etiology of PD, and may share bio-activation and uptake
mechanisms similar to MPTP or 6-OHDA, a possible neuroprotective benefit of exercise
may be due to reduced bioavailability of toxicants capable of inducing dopaminergic
neuronal cell death. Interestingly, studies from O’Dell and colleagues using pre-lesioning
voluntary exercise with 4 weeks of post-lesion forced exercise showed improvement in
motor performance but no protection of midbrain dopaminergic neurons from 6-OHDA-
induced injury [37]. This study and similar reports suggest yet another alternative
mechanism for exercise benefits including compensatory changes in remaining
dopaminergic neurons and/or increased function of other basal ganglia pathways [38]. The
implication of these neuroprotective studies is that exercise may be helpful in delaying or
preventing PD in healthy individuals through dopaminergic and/or downstream
compensatory mechanisms [39].

Because of our interest in examining the effects of exercise on neuroplastic mechanisms of
the injured basal ganglia, we have focused our studies on examining the effects of intensive
treadmill exercise initiated well after substantia nigra neuronal death is complete. In our
experimental design, 30 days of intensive treadmill exercise was initiated 5 days after MPTP
lesioning, a time point when toxin-induced cell death is complete [29]. Mice were subjected
to exercise on a motorized treadmill for 30 days (5 days/week). Task-specific benefits were
observed as improvements in both running velocity and endurance. Improvement was also
observed on a learned motor task designed to assess balance [7]. These benefits were
accompanied by increased dopamine availability, revealed as an increase in stimulus-evoked
release and a decrease in extracellular decay (synaptic clearance), as measured by fast-scan
cyclic voltammetry. This occurred despite the lack of any increase of total striatal dopamine
to pre-lesioned levels. Interestingly, this exercise effect on dopamine release was significant
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within the dorsolateral striatum, an area involved in motor control. Additionally, we
observed an increase in expression of dopamine D2 receptor mRNA and synaptic protein
and downregulation of the DAT protein within the striatum, changes that are consistent with
increased dopaminergic signaling [6]. PET imaging studies in our lab using [18F]-fallypride,
a benzamide ligand with high affinity for the dopamine D2 receptor, have demonstrated an
exercise-induced increase in binding potential in our mouse PD model, confirming our
earlier findings that exercise facilitated dopaminergic handling and neurotransmission [40].

Changes in glutamatergic neurotransmission with exercise
Along with dopamine changes, animal studies have supported the suggestion that exercise
may induce alterations in glutamate and glutamatergic receptor families, such as the N-
methyl-D-aspartate (NMDA) or α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA) receptor subtypes within the brain [41,42]. It is well established that both NMDA
and AMPA receptors are critical components of neuroplasticity, for establishing normal
synaptic function and for encoding information within the healthy brain, including long-term
potentiation (LTP) and long-term depression (LTD) [43–45]. Alternatively, alterations in
glutamate receptor expression within neurons and their connections may be the basis for
many neurological disorders including schizophrenia, autism, addiction, AD and PD [46].

Focusing on the basal ganglia we have examined whether exercise induced any alterations in
the synaptic expression of glutamate and its receptors at the level of the medium spiny
neurons. In both PD and toxin-induced models of PD changes in glutamatergic
neurotransmission have been well established and have been attributed to the loss of
dopamine innervation and signaling [47]. These changes on the synaptic connections of
medium spiny neurons include the loss of glutamatergic synapses (dendritic spine loss),
changes in glutamate receptor expression and loss of synaptic plasticity (e.g., LTD) [48–51].
The medium spiny neurons comprise the majority of cells within the striatum (caudate and
putamen). These neurons provide the major output projections from the striatum called the
direct (dopamine D1 receptor) and indirect (dopamine D2 receptor) containing medium
spiny neuron pathways [52]. Inputs to the basal ganglia and medium spiny neurons are
glutamatergic, originating from either the cerebral cortex (corticostriatal) or thalamus
(thalamostriatal). In PD, along with the suggestion of altered synchronization along the beta
frequency band within the subthalamic nucleus of the basal ganglia, it has been postulated
that aberrant and poorly modulated glutamatergic neurotransmission due to the loss of
dopamine contributes to a hyperexcitability state within the striatal medium spiny neurons,
and loss of synaptic connections and are thought to be responsible for mediating motor
deficits [53]. The potential process by which exercise could restore synaptic integrity within
the basal ganglia and restore behavioral function may include a decrease in glutamatergic
hyperexcitability through a general reduction in glutamatergic neurotransmission and
diminished synaptic strength (i.e., LTD) at the level of the medium spiny neuron. As such,
studies in our laboratory support the theory that exercise-induced neuroplasticity alters
glutamate release, glutamate receptor expression as well as the neurophysiological
properties of medium spiny neurons in the MPTP mouse model, which could lead to the
attenuation of glutamatergic hyperexcitability through a decrease in glutamate-based
synaptic strength [6,54]. Specifically, immuno-electron microscopy studies show that
intensive treadmill exercise decreases presynaptic glutamate within striatal terminals,
thereby reducing glutamate release [6]. Exercise also has an effect on the expression of
postsynaptic glutamate receptors [41]. AMPA receptors are: abundant in the basal ganglia;
responsible for fast excitatory neurotransmission including modulating NMDA receptor
activity; and are involved in experience-dependent synaptic plasticity in many regions of the
brain including the visual system and hippocampus [55–58]. The AMPA receptor is an
ionotropic channel that converts the chemical signal of presynaptic release of glutamate into
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a postsynaptic electrical signal through the mobilization of cations such as Na2+ and Ca2+

[59]. These receptors exist as a heteromeric tetramer consisting of four subunits, GluR1
through to GluR4, with GluR1 and GluR2 being the most abundant in the striatum [60,61].
The subunit GluR2 plays a special role in glutamate neurotransmission in that it acts to
regulate calcium influx due to its restrictive channel properties and is a key component in
receptor trafficking, a primary mechanism regulating synaptic neurotransmission [59,62,63].
GluR2 has also been suggested to be important in maintaining the integrity of the dendritic
spine and its synapse [64]. Our published and ongoing studies show that intensive treadmill
exercise leads to an increase in the synaptic occupancy of the GluR2 subunit and its
phosphorylated state at the amino acid serine880 [54]. Alterations in GluR2 expression and
its phosphorylation have been associated with diminished synaptic strength (i.e., LTD)
[61,65–67]. Increased expression of the GluR2 subunit within the tetrameric complex of the
AMPA receptor, as seen in our exercised mice, creates an additional positive charge within
the channel pore, which impedes cation flow, lowers calcium conductance and thus
diminishes synaptic strength [59,62]. Another means of regulating AMPA receptor
transmission occurs via trafficking and its removal from the postsynaptic membrane. This
may be regulated through phosphorylation of AMPA receptor subunits, including GluR2,
leading to internalization of the entire receptor complex and decreased synaptic strength
(i.e., LTD) [68,69]. Additional electrophysiological whole cell recordings in acute striatal
slices of the MPTP mouse model indicate that exercise alters the synaptic expression of the
GluR2 subunit and decreases excitability in the medium spiny neurons, as demonstrated by
reduced polyamine sensitivity and loss of rectification in AMPA receptor conductance at
depolarized membrane potentials, and reduced excitatory postsynaptic conductances
generated by corticostriatal stimulation within medium spiny neurons [54]. These findings
provide strong evidence that changes in GluR2 expression may play an important role in
exercise-induced reduction in the excitatory postsynaptic conductances of medium spiny
neurons and contribute to the return of normal synaptic function within the basal ganglia
[59,62,63]. Research is ongoing in an attempt to demonstrate that exercise can restore
synaptic connections (increased dendritic spine density) and synaptic function, as measured
through LTD, in the striatum of MPTP mice [Walsh JP, Jakowec MW, Pers. Comm.].
Collectively, these data suggest that exercise through alterations in glutamatergic
neurotransmission may help to re-establish normal synaptic plasticity of the injured basal
ganglia resulting in the restoration of motor behavior. Within the normal brain, exercise has
also been demonstrated to modulate glutamate receptor synaptic expression and LTP.
Specifically, voluntary wheel running has been shown to lead to alterations in the mRNA
expression of the NR2B subunit of the NMDA receptor within the dentate gyrus of the adult
rat, to enhance synaptic efficiency (lower tetanic threshold to induce LTP) and to improve
reference-based learning using the Morris water maze [41]. In addition, 1 month of
voluntary exercise has also been shown to increase the level of protein expression of the
AMPA receptor subunits, GluR1 and GluR2/3, within the frontal cortex of albino mice [42].

In summary, these findings suggest that alterations in both dopaminergic and glutamatergic
neurotransmission through experience-dependent processes modulate cortical
hyperexcitability of the basal ganglia. Thus modulation of corticostriatal hyperexcitability
may underlie exercise-induced behavioral improvement. The next step is to translate these
findings to humans, and to investigate whether high intensity exercise has similar benefits in
patients with PD.

Neurotrophic factors
Studies in both humans and animals have shown that physical activity (primarily running)
can increase a wide range of neurotrophic factors including BDNF, glia-derived
neurotrophic factor, NGF, FGF and IGF-1 [70–74]. Exercise-induced induction of
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neurotrophic factors occurs in a number of brain regions involved in learning, memory,
mental processing, mood and motor control, including the hippocampus, cerebellum,
cerebral cortex and striatum [26,70,71]. The precise mechanism that triggers neurotrophic
expression and the cells in which this occurs with exercise is not fully elucidated. Metabolic
demand, neurotransmitter release and other released factors may serve as intrinsic signals to
induce neurotrophic activation. In addition, the peripheral signals and sources may also play
a role and may include components of the immune system (activated macrophages) or
musculature and other tissues (sources of leptins or insulin signaling to the brain) [75–77].
One of the most studied factors is BDNF whose upregulation is closely linked to exercise
and may be an important player in exercise-dependent benefits [17–20]. BDNF is widely
distributed throughout the brain and provides both neurotrophic and neuroprotective support
to many subpopulations of neurons throughout development and adulthood. Exercise
modulates the induction of BDNF in a time-dependent manner within the hippocampus and
cerebral cortex, is a key mediator of synaptic efficacy and experience-dependent
neuroplasticity, and is associated with both learning and memory [1,16]. In rodents, BDNF
and its receptors (TrkB and p75) appear quickly (days) when they are undergoing voluntary
wheel running and induced levels are sustained for several weeks after completion of the
exercise regimen. In addition, exercise primes a molecular memory for BDNF induction
where a brief subsequent session after cessation of exercise can reinduce neurotrophic
expression [27]. While many of the precise molecular details of neurotrophic factors,
including the action of BDNF, are not yet fully elucidated it is proposed that they act to
lower the threshold for conversion of experiences into strengthening of neuronal
connections. For example, BDNF can lower the threshold for induction of LTP within the
hippocampus, therefore promoting memory and learning [1]. In addition, neurotrophic
factors can promote a wide range of effects including: synaptogenesis at dendritic sites
(local translation effects); activation of kinases, including the MAPK cascades; induction of
gene expression at the level of the cell nucleus; the regulation of presynaptic
neurotransmitter release; and increased neurogenesis. These neurotrophic-mediated
mechanisms may play a key role in exercise-induced neuroplasticity and repair processes in
PD [17].

Clinical studies of exercise in PD
While in the last few decades there have been numerous studies demonstrating the beneficial
effects of exercise in individuals with PD, only recently has there been a general interest in
examining whether exercise may be able to restore brain function and/or modify disease
progression [78]. Figure 1 highlights potential mechanisms of the effects of exercise on the
brain. For example, an analysis of these older exercise studies show that while in general
they were of low-to-moderate intensity, they could be grouped into six categories including:
passive range of motion (ROM) and stretching; active ROM; balance activities; gait;
resistance training; and practice of functional activities and transitional movements (i.e., sit-
to-stand). These studies have shown that exercise may help walking ability and activities of
daily living, as well as neurological symptoms such as slowness, stiffness and balance
dysfunction [79–81]. More recently, a number of studies examining the effects of treadmill
training have shown that individuals with PD can benefit from treadmill exercise as gait
behavior is driven more automatically [82]. Improved motor performance has been reported
and treadmill speeds have gradually increased from studies in which subjects trained at self-
selected velocities for comfort to speeds above over-ground walking velocity [83–87]. In
these later studies, individuals with PD undergoing treadmill training were compared with
those undergoing standard physical therapy involving general conditioning and ROM, with
treadmill subjects exhibiting significantly greater changes in disease severity ratings as
determined by the Unified Parkinson’s Disease Rating Scale (UPDRS), and in gait and
balance parameters. However, despite the increase in the level of intense and challenging
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exercise implanted in PD clinical trials, there remains a major gap in our knowledge
regarding the exercise effects on the CNS and brain function in individuals with PD.

Given that PD is considered a disorder with limited capacity for repair or compensatory
mechanisms, only recently has there been interest in examining exercise-induced changes
specifically within the basal ganglia circuitry, a region most affected in PD. As such, we and
others have initiated studies to address exercise-induced changes within the brain of
individuals with PD [88]. Specifically, the behavioral benefits and exercise-induced changes
in basal ganglia function observed in the rodent models of PD led us to ask the question:
could exercise induce changes in basal ganglia function in individuals with PD that mirror
those observed in the rodent model? To address this question we incorporated two
parameters of exercise (high motor challenge and high repetition) that we, and others,
consider essential for driving neuroplasticity [2]. Individuals with PD (no more than 3 years
from initial diagnosis) underwent treadmill training three-times per week for 8 weeks.
Subjects were challenged to walk at higher than self-selected gait speeds within the
constraints of an observationally normal gait pattern. Subjects were progressed to running
speeds of up to 8 miles/h. The intent of this challenging and intensive practice was to target
the skill of gait and dynamic balance, motor functions that are commonly impaired in PD. In
the course of this training subjects execute a high repetition of stepping, are actively
engaged in the training and have the sensory experience of normal gait kinematics.
Outcomes consisted of measures of motor performance, including gait kinematics, sit-to-
stand and stair climbing. Unique to this human trial, and directly related to our animal
findings, was the inclusion of measures of corticoexcitability using transcranial magnetic
stimulation (TMS). TMS is a noninvasive method of stimulating the brain and provides a
tool for assessment of excitability of the corticospinal motor system. Single TMS pulses are
applied over the motor cortex while recording surface electromyography responses over the
contralateral target muscle. If the target muscle is preactivated (contracted), the TMS pulse
induces a characteristic transient period of electromyography silence called the cortical
silent period (CSP). Importantly, TMS studies have shown systematic abnormalities of CSP
and other corticoexcitability measures in individuals with PD [89,90]. In general, these
abnormalities reflect cortical hyperexcitability in PD compared with non-PD control
subjects [91,92]. As CSP represents inhibitory influences on corticoexcitability, higher
excitability would be evident as a shortened CSP duration. In fact, shortened CSP durations
are among the most consistent and widely reproduced TMS finding amongst PD patients
[93]. Furthermore, symptomatic treatment of PD with surgical or pharmacological
interventions is associated with lengthening of the CSP towards levels seen in control
subjects [94,95]. Thus, increased CSP duration could underlie symptomatic improvement,
such as improved motor performance. Not only is TMS an excellent tool to measure CSP
duration and to examine possible exercise-induced changes in PD, but also, more
importantly, TMS may be used to support the existence of CNS changes in response to
different exercise parameters including intensity. After 24 sessions of treadmill training,
subjects demonstrated improved postural control walking performance including increased
gait velocity, stride length, step length, and hip and ankle joint excursion, and improved
weight distribution during sit-to-stand. More importantly, these subjects also showed
reversal of cortical hyperexcitability indicated by increased CSP. In fact, every subject
undergoing intensive treadmill training showed exercise-induced lengthening of CSP. To
our knowledge this was the first demonstration of exercise-induced cortical changes in the
brain in individuals with PD.

Given that the animal studies demonstrated an exercise-induced change in dopamine
signaling (increased expression of striatal dopamine D2 receptors), without an absolute
change in striatal dopamine, we sought to investigate the effects of intensive treadmill
exercise on D2 receptor expression using PET imaging and [18F]-fallypride. Our preliminary
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results show that 8 weeks of intensive treadmill exercise is accompanied by a 80–90%
increase in dopamine D2 receptor expression (indicated by increased binding potential) in
two individuals with PD compared with no change in two individuals with PD that did not
exercise [Fisher BE, Petzinger GM, Pers. Comm.]. Although not directly examined, other
investigators have shown improvements in behavior that imply exercise-induced central
changes. For example, Ridgel and colleagues showed improved reaction time in bimanual
dexterity after forced tandem bike training in individuals with PD [96]. Farley et al. showed
changes in hand writing after total body high amplitude training [97]. Given that these
behavioral outcomes were unrelated to the exercise task, it suggests a generalized motor
benefit that could be attributed to central brain changes.

While these results are intriguing and high-light the need for further studies examining the
role of exercise in modifying disease progression of PD, there are many questions that
remain. First, it is important to determine whether exercise-induced alterations in basal
ganglia function and brain circuitry directly link to improved behavioral performance.
Another important question that remains is whether challenge, intensity and the principals of
practice are necessary and sufficient ingredients for driving neuroplastic brain changes or
whether aerobic exercise in combination with skill training or alone may be required to
supply the needed metabolic demand of a compromised motor circuitry. Other challenging
questions include the interactions between drugs and exercise, as well as deep brain
stimulation and exercise, and finally stem cell or gene therapy and exercise.

Effects of exercise on non-motor behaviors in PD
While the majority of studies concerning exercise in patients with PD and in animal models
have focused on benefits to motor behavior, there is growing interest in the potential benefits
of exercise on non-motor behaviors, including anxiety, depression and cognition. Studies
have reported beneficial effects of exercise on cognition (frontal and hippocampal function),
depression and anxiety in humans, including improvements in mood disturbances associated
with chronic disease [98–102]. Rats exposed to exercise training exhibited more emotional
stability in the open field compared with their pre-exercise level and showed resistance to
behavioral deficits under stress-induced depression [103,104]. Furthermore, the beneficial
effects of exercise on mood may also be sustained. For example, in a study by Motl and
colleagues, which randomized older adults to 6 months of walking or resistance/flexibility
training, depressive symptoms were reduced after the intervention and were sustained in the
long term after intervention initiation [105]. Sustained effects of exercise (6 months
postexercise) on depression have also been reported in adult volunteers with major
depression [100,106]. The underlying mechanisms are currently unknown, but the beneficial
effects of exercise may reflect increased levels of neurotrophic factors such as BDNF [16] or
improvement in circadian rhythmicity [107,108]. Indeed, it seems likely that exercise has a
variety of effects on neurotransmitters and neurotrophic factors. In light of the importance of
serotonin and dopamine in affective behavior, and since we observe significant changes in
dopamine neurotransmission in both the MPTP-lesioned mouse model and in patients with
PD undergoing intensive treadmill exercise, it is likely that the serotonergic system plays a
central role in mediating the benefits of exercise on non-motor behaviors. Exercise may
increase CNS levels of serotonin indirectly through elevated uptake of tryptophan across the
blood–brain barrier. In addition, animal studies suggest that exercise also enhances release
of serotonin and/or alters the expression of serotonin receptors. The adaptive changes in
serotonin receptor subtypes are similar to the changes induced by a variety of
antidepressants after long-term treatment in animal models [109]. Our studies in MPTP-
lesioned mouse models showed that either forced or voluntary exercise is able to reduce
anxiety but levels of dopamine and serotonin are unaltered [110]. This suggests that
receptors and their downstream pathways may mediate the benefits of exercise.
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Potential parameters of exercise that drive neuroplasticity
While we are currently in the early stages of understanding the key ingredients of exercise
that can lead to meaningful changes within the CNS, basic and clinical studies have
identified various exercise parameters. There are both exercise-specific and patient-specific
parameters to consider. For exercise to result in central changes it must involve skill
acquisition. In other words, repair of the injured brain is a learning process. Exercise-
specific parameters known to promote a skill acquisition process include, but are not limited
to, repetition, complexity and intensity [2]. Repetition is critical for inducing neuroplastic
changes. Animal studies have shown that low levels of repetition, while showing some signs
of behavioral benefit, do not become consolidated in long-term plastic changes compared
with high levels of repetition [111]. Simply engaging a neural circuit is not sufficient to
drive neuroplasticity but a critical threshold must be reached to transfer exercise into central
changes. As in any skill acquisition or learning paradigm the complexity and intensity of the
task engages the learner, thereby recruiting and strengthening multiple neuronal circuits
[112,113].

There are a number of important patient-specific parameters that must be taken into
consideration in order for an intervention to have long-lasting benefits. As stated above, in
order for task practice to result in permanent (or long-lasting) changes in synaptic
connections, the individual patient must be engaged and attending to the task. This will
involve motivation on the part of the patient; they must be aware of the potential benefits of
exercise. Since neurotransmitter systems (especially dopamine projections to the ventral
striatum) that involve motivation and reward are compromised in PD, patients may need to
be actively engaged by a trained physical therapist or personal trainer to assist with
bolstering motivation [114]. Additionally, since learning is a critical factor in driving the
benefits of experience-dependent neuroplasticity, feedback from a physical therapist can
also assist patients with problem-solving during exercise. Another patient-specific parameter
to consider is age [115–118]. A younger patient whose brain may display more robust
experience-dependent plasticity may manifest increased benefits from exercise, while older
patients may require greater intensity or duration to gain a similar level of effects. Disease
severity may also influence the impact of exercise on neuroplasticity, as well as dictate the
mode of exercise delivery. In conclusion, the mode of exercise delivery may not be as
important as incorporating the parameters of skill acquisition into any exercise regimen that
is employed.

Exercise- and patient-specific parameters highlight some of the challenges to designing an
exercise regimen for treating individuals with PD. Many other questions remain that will be
addressed in further clinical studies and basic research in animal models. Does aerobic
exercise that promotes angiogenesis lead to potential disease-modifying changes compared
with skill acquisition that promotes synaptogenesis [119]? Can patients who engage in an
exercise regimen in the late stage of the disease overcome synaptic loss? How does exercise
interact with ongoing therapeutic treatments of PD such as dopamine-replacement therapy
and deep brain stimulation?

Impact on patient care
We have described exercise-induced neuroplasticity in the injured basal ganglia through
alterations in dopaminergic and glutamatergic neurotransmission. These alterations may
underlie the exercise-induced attenuation of corticostriatal hyperexcitability, which may
account for observed behavioral benefits in PD. Our animal studies have led to the
employment of intensive and challenging treadmill training in individuals with early-stage
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PD. The improvements in behavioral and central changes support the concept that exercise
could lead to disease-modifying neuroplastic change in individuals with PD.

Understanding the impact of exercise in PD has broad implications. Not only is there
potential to develop new insights into mechanisms of neuroplasticity and motor recovery in
PD, but the study of exercise may lead to the development of novel therapeutics aimed at
facilitating synaptic connections in a variety of degenerative disorders including AD,
multiple sclerosis, amyotrophic lateral sclerosis and Huntington’s disease.

Future perspective
It is now becoming evident that exercise is a critical component in the care of many
neurodegenerative disorders, including PD, and should be part of the standard of care. Small
clinical trials and studies in animal models of PD have shown the benefits of exercise and
are beginning to reveal the underlying molecular mechanisms. However, there remain many
major gaps in our knowledge that must be addressed by large double-blind clinical trials, as
well as studies in animal models. For example, we do not yet know which parameters of
exercise, including duration, intensity and repetition, are necessary to gain the most benefit.
What are the delineating factors between aerobic exercise and skill acquisition required to
improve both body and brain health in individuals with PD? Animal models will continue to
provide valuable insights into the molecular mechanisms underlying the benefits of exercise,
especially those studies focused on developing healthy synapses, and promoting factors that
are important in protecting and promoting survival of neurons and their respective
connections. An additional exciting aspect of animal models is the availability of transgenic
strains targeting genes and proteins implicated in familial forms of PD, including α-
Synuclein, DJ-1, Parkin and LRRK2, where the effects of exercise on disease progression
can also be investigated. Taken together, studies in PD and animal models of PD continue to
provide valuable insight regarding the potential for experience and aspects of exercise and a
healthy lifestyle that may prove beneficial in the long-term health of the human brain.

Practice Points

▪ Epidemiological studies have shown that exercise, especially high intensity
exercise over the lifetime of a subject, reduces the risk for developing
Parkinson’s disease (PD).

▪ While controlled clinical trials have been limited, they do show that exercise
provides motor benefit to patients with PD and in aged subjects, and exercise
provides cognitive benefits including improved executive function, memory
and learning.

▪ The adult brain possesses a tremendous capacity for experience-dependent
neuroplasticity, even in the context of aging and neurodegenerative disorders
including PD, where the activation of neurotrophic factors may play a key
role.

▪ Animal models of dopamine depletion are beginning to reveal the underlying
mechanisms by which exercise can remodel the brain through alteration in
neuronal synaptic connections, especially dopaminergic and glutamatergic
neurotransmission within the basal ganglia.

▪ Exercise is beneficial and should be routinely prescribed in the management
of PD.
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▪ Studies are needed to better define the parameters of exercise that may lead
to disease modification in individuals with PD, including the degree of
aerobic versus skill training, duration, intensity and frequency.
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Figure 1.
Exercise and the brain in patients with Parkinson’s disease.
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