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 Engaging Cognitive Circuits to Promote Motor Recovery  
in Degenerative Disorders. Exercise as a Learning Modality 

by 
Michael W. Jakowec1, Zhou Wang2, Daniel Holschneider2, Jeff Beeler3,  

Giselle M. Petzinger1 

Exercise and physical activity are fundamental components of a lifestyle essential in maintaining a healthy 
brain. This is primarily due to the fact that the adult brain maintains a high degree of plasticity and activity is essential 
for homeostasis throughout life. Plasticity is not lost even in the context of a neurodegenerative disorder, but could be 
maladaptive thus promoting disease onset and progression. A major breakthrough in treating brain disorders such as 
Parkinson’s disease is to drive neuroplasticity in a direction to improve motor and cognitive dysfunction. The purpose 
of this short review is to present the evidence from our laboratories that supports neuroplasticity as a potential 
therapeutic target in treating brain disorders. We consider that the enhancement of motor recovery in both animal 
models of dopamine depletion and in patients with Parkinson’s disease is optimized when cognitive circuits are 
engaged; in other words, the brain is engaged in a learning modality. Therefore, we propose that to be effective in 
treating Parkinson’s disease, physical therapy must employ both skill-based exercise (to drive specific circuits) and 
aerobic exercise (to drive the expression of molecules required to strengthen synaptic connections) components to select 
those neuronal circuits, such as the corticostriatal pathway, necessary to restore proper motor and cognitive behaviors. 
In the wide spectrum of different forms of exercise, learning as the fundamental modality likely links interventions used 
to treat patients with Parkinson’s disease and may be necessary to drive beneficial neuroplasticity resulting in 
symptomatic improvement and possible disease modification. 
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Introduction 

It is only recent that two concepts have 
converged to formulate an improved working 
model to better understand the potential role of 
physical therapy in treating neurodegenerative 
disorders including Parkinson’s disease (PD). 
These include (1) the concept of ongoing 
neuroplasticity throughout the course of disease 
and (2) the concept that there is intimate 
integration of motor behaviors with regions of the 
brain involved in cognition. These two distinctive 
concepts are familiar to researchers in the fields of 
developmental neurobiology and motor control,  
especially from the perspective of basic 
neuroscience. We highlight the novel application  

 
of these concepts to progressive degenerative  
brain disorders like PD, and how they support the 
emergence of a new approach to target 
neurorehabilitation (Petzinger et al., 2011; 
Petzinger et al., 2015). Within the last decade, we 
have begun to appreciate the fact that physical 
activity and exercise reduces the incidence of PD 
and may in fact modify disease progression in 
those already affected (Chen et al., 2005; Thacker 
et al., 2008). Our short review of this topic outlines  
a few milestones in the conceptual origins of 
neuroplasticity throughout history, which 
emphasize that today’s modern ideas are in fact in 
part centuries old. In addition, we briefly explore  
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some of the research findings that have guided us 
over the last decade to better understand  
neuroplasticity and its underlying mechanisms. 
Finally, through our understanding of cognition 
and motor behaviors in the human brain, we look 
at neurodegenerative disorders with a new 
perspective. From this viewpoint, treatment of 
these disorders needs to be applied in the context 
of highly integrated and complex systems, with 
an understanding that it is not enough to devise 
pharmacologic strategies to simply restore a 
missing transmitter. What we learn about the 
impact of physical activity, exercise and physical 
therapy in the context of neurological disorders 
like PD also provides us with valuable insights 
into mechanisms by which these interventions 
impact general health of the normal brain from 
early postnatal development, through adolescence 
and into all stages of adulthood. 

The Concept of Neuroplasticity has its 
Roots in History 
 In the scientific literature over the past 300 
years one can find some remarkable examples of 
insights that parallel recent hypotheses in 
neuroplasticity. For example, Spurzheim (1815) 
speculated “Here it may be asked whether the 
organs of the brain increase by exercise? This may 
certainly happen in the brain as well as in the 
muscle. In order to be able to answer this question 
positively, we ought to observe the same persons 
when exercised and when not exercised, or at 
least observe many persons who are, and many 
others who are not, exercised during all periods of 
life”. The father of evolutionary theory, Charles 
Darwin, in The Decent of Man (1874), remarked “I 
have shown that the brains of domestic rabbits are 
considerably reduced in bulk, in comparison with 
those of wild hare (…) so that they have exerted 
their intellect, instincts, senses and voluntary 
movements but little”. Eugenio Tanzi chimed in at 
the neuronal level when he stated in A Textbook of 
Mental Diseases (1900), “Perhaps every 
representation immediately determines functional 
hypertrophy of the protoplasmic processes and 
axons concerned; molecular vibrations become 
more intense and diffuse themselves,  
momentarily altering the form of the dendrites; 
and thus, if the conditions are favourable, new 
expansions and collateral originate and become 
permanent” (1880) (Tanzi, 1909). His student,  
 

 
Ernesto Lugaro, writing in Modern Problems in 
Psychiatry (1906) introduces the term  
neuroplasticity into the neurosciences 
complementing Williams James’ introduction of 
the term into the human psychology 
nomenclature as he outlined in The Principles of 
Psychology in 1890.  
 During this same time period, Santiago 
Ramon y Cajal writing in Les Nouvelle Idées sur la 
Structure du Système Nerveux chez l’Homme et chez 
les Vertébrés (1895), unaware of neurogenesis in 
the adult brain, put forth the speculation that 
“One might suppose that cerebral exercise, since it 
cannot produce new cells, carries further than 
usual the development of protoplasmic 
expansions and neural collateral forcing the 
establishment of new and more extended inter-
cortical connections”. It is interesting to note that 
Cajal further explored the concept of 
environmental impact on brain function as a 
counterpart to genetic determinism when he 
stated in Degeneration and Regeneration of the 
Nervous System (1933) “Morphology of the nerve 
cell does not obey an immanent and fatal 
tendency, maintained by hereditary, as certain 
authors have defended, but it depends entirely on 
physical and chemical circumstances present in 
the environment”. Based on his observations of 
the dynamics of dendritic spines, he postulated 
that dendrites were transient and crucial to 
normal brain function and that neurons could 
both expand and retract during learning and 
memory (Croonian Lecture, 1894). In contrast 
Ramon y Cajal is often quoted as supporting the 
inflexibility of the adult brain when he stated in 
Estudios Sobre la Degeneración y Regeneración del 
Sistema Nerviosa (1913-1914), “Nerve paths are 
somewhat fixed, ended, immutable. Everything 
may die, nothing may regenerate”. The notable 
quotes at different phases of his career contrasting 
hypotheses underscoring the development of his 
thinking.  
 After the period involving such eminent 
scientists as Charles Sherrington around 1920, the 
concept of neuroplasticity in the adult brain lay 
dormant and certainly out of fashion for several 
decades. A major re-emergence in neuroplasticity  
was led by two influential publications in the late 
1940’s. In 1948, in Conditioned Reflexes and Neuron 
Organization Jerzy Konorski predicted that 
associative learning may be due to long-term  
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changes in neuronal excitability, defining such 
changes as “plastic”. This is emphasized in his  
statement, "The plastic changes would be related 
to the formation and multiplication of new 
synaptic junctions between the axon terminals of 
one nerve cell and the soma (i.e. the body and the 
dendrites) of the other". At almost the same time, 
Donald Hebb stated in his 1949 publication, The 
Organization of Behavior: A Neuropsychological 
Theory, “When an axon of cell A is near enough to 
excite a cell B and repeatedly and persistently 
takes part in firing it, some growth process or 
metabolic change takes place in one or both cells 
such that A’s efficacy, as one of the cells firing B, 
is increased”. This quotation has become the 
battle cry of the “use it or lose it” phenomenon as 
well as the coined phrase “cells that fire together, 
wire together” (Shatz, 1992).  
 That neuroplasticity is fundamental not 
only in establishing brain connectivity, but also in 
its life-long maintenance was proposed by the 
physiologist Walter Cannon in The Wisdom of the 
Body (1932). “By an apparent contradiction, it (the 
brain) maintains its stability only if it is excitable 
and capable of modifying itself according to 
external stimuli, and adjusting its response to the 
stimulation. In a sense it is stable because it is 
modifiable – the slight instability is the necessary 
condition for the true stability of the organism”. 
This proposal is a conceptual model of neuronal 
homeostasis that suggests that the continuous 
dynamic nature of the mammalian nervous 
system is necessary for maintaining optimal 
function throughout life.  
 Research by Rosenzweig, Krech, Bennett 
and Diamond in 1962 ushered in a new era in 
neuroscience by demonstrating that 
“manipulating the environment after weaning can 
alter the weight of the cerebral cortex and activity 
of the brain” (Rosenzweig et al., 1962). The 
underlying morphological changes in dendritic 
structure at the resolution of electron microscopy 
reported by Greenough and colleagues gave 
further weight to the influence of environment on 
neuronal structure and connectivity and even 
delineated differential effects of skill-based and 
aerobic forms of physical activity (Black et al.,  
1990). Despite significant findings indicating 
changes in rodent brain weight and cortical 
thickness due to interactions with the 
environment, there was little evidence and in fact  
 

 
active resistance towards the concept that such 
phenomena occur in higher primates including  
humans. We are now at the stage where hundreds 
of publications, many utilizing a wide spectrum 
of neuroimaging techniques, have shown changes 
in activation and circuitry with physical activity 
in human subjects (Caproni et al., 2013; Hamaide 
et al., 2016). Several reviews articulate in greater 
detail than our present brief synopsis, the history 
of the scientific concept of brain plasticity and we 
refer interested students of the neurosciences to 
these, as well as the tests of aforementioned 
authors (Berlucchi, 2002; Berlucchi and Buchtel, 
2009; Cooper, 2005; Stahnisch, 2003).  

Defining Neuroplasticity 
 Neuroplasticity is a term to describe the 
brain's ability to reorganize itself by forming new 
neural connections throughout all stages of life 
from the early postnatal period, through puberty, 
adolescence and into early and late adulthood. 
While the most robust period of neuroplasticity as 
influenced by activity and the environment occurs 
during a very narrow developmental window 
called the critical period, it is now recognized that 
this window may never be fully closed, and in 
fact, we are beginning to identify mechanisms by 
which we can re-open this developmental 
window in the adult when the critical period is 
long passed (Bavelier et al., 2010). Neuroplasticity 
allows neurons and their circuits within the brain 
to compensate for injury and disease and to adjust 
their activities in response to changes in their 
environment. We can describe neuroplasticity at 
many different stages or levels within the brain 
most often based on the technical approaches of 
specific experimental measures. For example, 
electrophysiologists consider neuroplasticity in 
the context of changes in long-term potentiation 
(LTP) or long-term depression (LTD) manifesting 
as altered excitation properties of circuits due to 
changes in receptor distribution at the synapses. 
On the other hand, researchers in the field of 
biokinesiology or physical therapy would 
consider neuroplasticity in terms of changes in 
behavior in response to training or exercise. These 
two divergent ends of a spectrum can be linked  
through neuro-imaging in human subjects or 
through molecular analysis in animal models 
where regional anatomical changes in activation, 
circuitry and connectivity can be documented.  
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Exercise Enhances Recovery of Motor 
Behavior in Parkinsonian Rodent 
Models 
 In the classical pathophysiological model 
of PD, the loss of dopamine in the dorsal lateral 
striatum leads to imbalance of the dopamine D1 
receptor containing the “direct” pathway and the 
dopamine D2 receptor “indirect” pathway. This 
then leads to increased corticostriatal 
glutamatergic synaptic drive and hyper-
excitability in the indirect pathway. One means to 
normalize this aberrant circuit may be through 
restoration of dopamine neurotransmission, 
including elevating the expression of the 
dopamine D2 receptor. Our findings in animal 
models of dopamine depletion seem to support 
this approach. For example, according to studies 
in the 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP) mouse model of PD, 
intensive daily treadmill exercise leads to 
improved motor function and increased 
dopamine neurotransmission compared to the 
non-exercised MPTP mice. Exercised mice 
showed: (i) increased evoked dopamine release, 
(ii) increased extracellular dopamine though 
down-regulation of the dopamine transporter 
(DAT) expression, and (iii) decreased clearance as 
measured by fast-scan cyclic voltammetry within 
the dorsal striatum (Fisher et al., 2004; Petzinger 
et al., 2007). Not only are there changes in the 
expression of the dopamine D2 receptor, but these 
changes influence and restore motor learning, a 
behavior dependent on the dopamine D2 
receptor, some of which may be regulated 
through glutamate neurotransmission originating 
from the corticostriatal pathway (Kintz et al., 
2013; VanLeeuwen et al., 2010). Thus, exercise-
related changes in dopamine availability through 
altered neurotransmission may act in part to 
promote mechanisms critical for motor learning 
and that are important for restoring motor 
behavior in PD. Using positron emission 
tomography imaging with [18F]-fallypride, a 
ligand with high specificity for the dopamine D2 
receptor, this effect of exercise in MPTP-lesioned 
mice was also observed through increased  
dopamine D2 receptor binding (Vuckovic et al., 
2010). These reports are consistent with studies 
that demonstrate an exercise-induced increase of 
dopamine D2 receptor mRNA, protein and  
 

 
binding in the striatum of healthy non-dopamine 
depleted rodents (Foley and Fleshner, 2008; 
Gilliam et al., 1984; MacRae et al., 1987). 
Translating these findings from the MPTP-
depleted rodent model to clinical studies in 
patients with PD, an exercise-induced increase in 
dopamine D2 receptor expression was also 
observed in individuals who were newly 
diagnosed and underwent treadmill exercise 
(Fisher et al., 2013). After an 8 week regimen of 
intensive treadmill training, PET-imaging 
demonstrated an 80 to 90% increase in binding of 
[18F]-fallypride within the dorsal caudate nucleus 
compared to pre-exercise baseline values. There 
was no change in receptor availability in PD 
subjects in the absence of exercise and also no 
change in normal subjects with exercise, thus 
supporting a disease specific effect of the 
intervention.  While the relationship between 
exercise-induced motor benefits in PD and 
increased dopamine D2 receptor expression in 
humans is unknown, studies in healthy animals 
suggest that striatal dopamine D2 receptor 
function and its role in the establishment and 
maintenance of motor skill learning may underlie 
this benefit (Beeler et al., 2012; Yim et al., 2009). 
For example, electrophysiological studies within 
the striatum of animals, in conjunction with a 
pharmacologically specific blockade of dopamine 
D2 receptors, have shown that dopamine D2 
receptor antagonism in either the early or late 
phases of motor skill learning leads to impairment 
in glutamatergic-dependent synaptic potentiation 
and motor learning (Yim et al., 2009). These 
studies also demonstrate a dopamine D2 receptor 
related synaptic plasticity that is responsible for 
motor learning and which is localized in the 
dorsal striatum. Further support for the role of the 
dopamine D2 receptor and motor learning comes 
from studies in rodents by Beeler and colleagues 
(Beeler et al., 2010; Beeler et al., 2012). These 
studies demonstrate that the dopamine D2 
receptor is also important in the maintenance of 
learned motor behaviors since pharmacological 
blockade of the dopamine D2 receptor, and not 
the dopamine D1 receptor, leads to loss of a 
learned motor skill. In addition to its role in motor  
performance, studies in animals suggest that an 
exercise-induced increase in dorsal striatal 
dopamine D2 receptor expression may also 
contribute to the reported exercise related  
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improvements in executive function, including 
behavioral flexibility (Eddy et al., 2014). 
Specifically, studies have shown that 18 days of 
exercise can improve discrimination testing in a 
set-shifting, cross-maze task in healthy rodents. 
This exercise benefit was reversed through 
selective pharmacological blockade of the 
dopamine D2 receptor. Taken together animal 
studies support that an exercise induced increase 
in dopamine availability along with increased 
dopamine D2 receptor expression in the dorsal 
striatum and its related cortical circuitry 
contribute to exercise related effects in 
neuroplasticity and behavioral benefits in PD. 
Future studies in humans are clearly needed to 
confirm this relationship. 

Blood Flow Studies in Parkinsonian 
Rodents implicate a Role for Cognition 
 Historically, studies on neuroplasticity in 
models of dopamine depletion have focused on 
the striatum (caudate-putamen), the primary site 
of affected motor circuits in PD. Recent work 
exploring region specific changes have identified 
pathways outside the basal ganglia that influence 
the recovery of motor circuits.   Blood flow studies 
in parkinsonian rodents engaged in exercise 
indicate that not only are there differences 
between normal and dopamine-depleted subjects, 
but also differences based on the type of exercise 
the animal is engaged in (Wang et al., 2013; Yang 
et al., 2007). While we do know that cognitive and 
motor circuits are closely integrated especially 
through the corticostriatal pathway, these 
findings have important implications in 
supporting our hypothesis that the type of 
exercise is critical for enhancing motor behavior 
recovery. From a categorical point of view, the 
exercise type can be simply delineated into either 
a form that is predominantly aerobic or a form that 
is predominantly skill-based in nature. Aerobic 
exercise can be defined as a system of conditioning 
aimed at enhancing circulatory and respiratory 
efficiency that improves the body’s use of oxygen 
through vigorous, sustained exercise such as 
running, swimming or cycling. This is in contrast 
to skilled-based exercise, which can be defined as  
a form of goal-oriented movement in which 
temporal and spatial accuracy is important for 
achieving pre-determined objectives. Studies in 
rodents have shown differences in the impact of  
 

 
these two forms of exercise in measures of brain 
morphology. For example, rats that underwent 
unskilled and repetitive exercise (aerobic exercise) 
had an increase in the density of blood capillaries 
in the brain’s motor regions, without an increase 
in synaptic numbers (as measured by dendritic 
spine density) (Black et al., 1990; Garcia et al., 
2012). This is in contrast to rats that learned new 
motor skills (skilled-based exercise) and had a 
greater number of synapses per neuron, without 
an increase in the density of blood capillaries. 
Extending these observations, recent work by our 
laboratory indicates that skill-based compared to 
non-skilled aerobic training differentially affects 
functional activation of the medial prefrontal 
cortex (mPFC) in parkinsonian rats during 
walking (Wang et al., 2015). Rats with bilateral, 
striatal 6-OHDA lesions were exposed to forced 
exercise for 4 weeks, either on a simple running 
wheel, considered a form of non-skilled aerobic 
exercise, or on a complex wheel with irregularly 
spaced rungs, a form of skill-based exercise in 
which the animal must be cognitively engaged 
with its task. Cerebral perfusion was mapped 
during treadmill walking or at rest using [14C]-
iodoantipyrine autoradiography one week after 
the completion of exercise. Skill-based exercise 
compared to aerobic exercise resulted in greater 
increases in the regional cerebral blood flow 
(rCBF) during walking and at rest in the 
prefrontal cortex (prelimbic area). Seed correlation 
analysis during locomotor walking revealed that 
skill-based exercise compared to aerobic exercise 
resulted in a much broader functional 
connectivity of the prefrontal cortex with the 
striatum providing evidence of frontal-striatal 
neuroplasticity in these circuits. Such findings 
suggest that skill-based exercise requires greater 
effort in cortical processing, motor control and 
flexibility compared to that required for aerobic 
exercise. The PFC controls these cognitive 
behavioral features. Therefore, in its application to 
patients with PD and motor rehabilitation 
programs, subjects should engage in a relatively 
high cognitive demand, such that by forcing 
patients to practice task-switching over a 
sufficient number of practice trials, they might be  
able to overcome their inability to generalize 
learned actions to different environmental 
contexts. While dopaminergic dysfunction in the 
PFC is an early feature of PD and has been linked  
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to dopaminergic loss in the caudate and 
substantia nigra (Berti et al., 2010; Polito et al., 
2012), its role in shaping cognitive deficits and 
responding to an exercise intervention remains to 
be determined. 

Thinking About Different Forms of 
Exercise 
 Studies from animal models subjected to 
different forms of exercise have enticed us to re-
evaluate the different forms of exercise, especially 
those utilized in physical therapy for patients 
with PD. As already stated, we can begin to define 
the two poles of the exercise spectrum from skill-
based exercise to aerobic exercise. Skill-based 
exercise can be defined as a form of goal-oriented 
movement in which temporal and/or spatial 
accuracy is important for achieving pre-
determined objectives such as movements in 
yoga, Tai Chi or amplitude training in patients 
with PD. On the other hand, aerobic exercise can 
be defined as a system of conditioning aimed at 
enhancing circulatory and respiratory efficiency 
that improves the body’s use of oxygen through 
vigorous sustained exercise such that observed in 
running, swimming, cycling. Of course almost all 
forms of human physical activity utilize some 
fraction of either skill-based or aerobic exercise 
and it is impossible to have any form of physical 
activity that is exclusively one and not the other. 
However, any given physical exercise regimen 
can certainly emphasize skill-based activity while 
another can emphasize aerobic activity.  
 Studies are beginning to define with 
greater precision the contribution of skill-based 
versus aerobic forms of exercise. However, it is 
hypothesized that for the establishment and 
maintenance of specific motor circuits and their 
respective behaviors, both are required. One can 
begin to develop a model of how this may occur. 
For example, skill-based exercise such as learning 
to play tennis or ice skate requires intensive 
concentration (cognitive engagement) where the 
subject focuses on the physical activity, receives 
feedback (from a coach for example, or falling), 
and assesses this success or failure to readjust, 
eventually leading to meaningful behavior.  
Distraction can impede learning of new motor 
skills. Aerobic exercise or the aerobic component 
of the physical activity plays a critical role in 
making the neuronal environment conducive for  
 

 
the selection and optimization of necessary 
neuronal circuits. For example, there is evidence 
that neurotrophic factors such as the brain-
derived neurotrophic factor (BDNF) or nerve 
growth factor (NGF) can lower the threshold by 
which physiological changes can take place to 
strengthen synaptic connectivity, and therefore 
allow specific neuronal pathways to be re-
enforced for long-term utilization (Adlard and 
Cotman, 2004; Berchtold et al., 2005). Once these 
circuits are established, practice may be necessary 
to maintain their integrity at a high level and to 
avoid the “use-it-or-lose-it” phenomena that 
could result. In other words, these circuits are not 
simply fixed or hardwired in the brain, but are 
subject to mechanisms such as homeostatic 
neuroplasticity, where their continuous activity 
maintains their desired function.  

Linking Cognition and Motor Behavior 
 Cognition is the set of all mental abilities 
and processes related to knowledge including 
attention, memory and working memory, 
executive function, judgment and evaluation, 
reasoning and computation, problem solving and 
decision making, comprehension and production 
of language. Human cognition is conscious and 
unconscious, concrete or abstract, as well as 
intuitive (for example knowledge of a language) 
and conceptual (for example a model of a 
language). Cognitive processes use existing 
knowledge and generate new knowledge. 
Consequently, this description tends to apply to 
processes such as memory, association, concept 
formation, pattern recognition, language, 
attention, perception, action, problem solving and 
mental imagery. Motor behavior is defined as the 
study of how motor skills are learned, controlled 
and developed to assist people as they practice 
and experience physical activity. It is only 
recently that neuroscience as a field is beginning 
to appreciate the fact that these similarities in 
complex features of cognition are also shared with 
motor behavior. This leads us to better 
understand that cognition and motor behavior are 
not mutually exclusive systems, but are closely 
integrated to control movement and to make basic  
motor behaviors automatic. It is the loss of 
automaticity that is highly prevalent in PD, such 
that patients must think about their every 
movement and undergo a significant increase in  
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the cognitive load that in itself is aberrant and 
leads to maladaptive neuroplasticity in 
corticostriatal circuits (Beeler et al., 2013). A goal 
of physical therapy is to restore automaticity.  

The Value of Skilled-exercise in 
Conjunction with Aerobic Exercise to 
Promote Motor Recovery 
 What are the factors that link the central 
nervous system (CNS) with the body including its 
muscle, adipose tissue and peripheral organs? 
How do peripheral factors participate in 
reinforcing and consolidating cortico-motor 
circuits? A wide range of small molecules have 
been identified that may link the CNS and 
periphery signaling. For example, neurotrophic 
factors are activated with exercise in a diverse 
range of regions throughout the brain. The brain-
derived neurotrophic factor (BDNF) has been a 
popular subject since its identification as one 
factor elevated in expression with exercise 
(Cotman et al., 2007). Neurons elevated in activity 
are responsive to the BDNF due to increased 
expression of its receptor TrkB. BDNF-TrkB 
interactions can lower the threshold to the 
induction of long-term potentiation (LTP), thus 
leading to selective strengthening of activated 
circuits. While, serum levels of BDNF are elevated 
with exercise, it is not yet clear as to the 
mechanisms by which it signals across the blood 
brain barrier (BBB), and if there is a direct link 
between peripheral and central sources of the 
BDNF affecting the brain (Bowling et al., 2016).  
The metabolism of glucose and fat in the 
periphery elevates expression of such factors as 
insulin, ghrelin, irisin and other small molecules 
that are able to cross the blood brain barrier (BBB) 
or interact with receptors at the BBB. For example, 
the brain expresses insulin-like growth factor 
receptors (IGF-1R) and interactions with its 
various ligands signal specific metabolic and 
morphological changes in activated neurons 
(Dyer et al., 2016).  
 The elevated activity of neurons within 
corticostriatal circuits during exercise leads to an 
increase in metabolic demand, primarily through 
reduced levels of cellular oxygen. Such a hypoxic  
metabolic state leads to the activation of factors 
including hypoxia-inducible factor 1 alpha (HIF-
1α), a transcription factor that targets the  
expression of hundreds of genes involved in a  
 

 
wide spectrum of cellular functions ranging from 
the metabolism, mitochondria integrity, signaling 
cascades such as those involving nitric oxide 
synthase (NOS) and glutamate, synaptogenesis, 
and morphology (Correia and Moreira, 2010). The 
result of HIF-1α activation not only leads to the 
restoration of normal neuronal function, but also 
the selection of specifically activated neuronal 
circuits that underlie the behavior such as those 
engaged in the acquisition of new motor skills. 
Thus, the orchestration of intrinsic changes at the 
level of the neuron and its connections, as well as 
the influence of peripheral factors through the 
vasculature, together can begin to formulate a 
potential working model. Skill-based exercise and 
its activation of corticostriatal circuits, in 
conjunction with aerobic exercise and its 
activation of peripheral factors may help 
strengthen the functional and structural 
connectivity of shared neuronal pathways. How 
these mechanisms differ in the normal adult brain 
in comparison with the dopamine-depleted brain 
of PD patients is an active area of research in our 
laboratories and those of others.  

Does Exercise Enhance Neurogenesis? 
 The adult mammalian brain maintains a 

high degree of neurogenesis throughout life. This 
was first demonstrated in rodents (Altman and 
Das, 1965), then in nonhuman primates (Kornack 
and Rakic, 1999) and eventually in humans 
(Eriksson et al., 1998). While neurogenesis occurs 
throughout adulthood, it is restricted to a small 
number of anatomical sites, including the 
subventricular zone (SVZ), the granule cell layer 
of the hippocampus, and olfactory (Cameron and 
Glover, 2015). In normal rodents, both exercise 
and environmental enrichment increase the rate of 
birth of newborn cells, their survival, and elevate 
the proportion of cells that differentiate into 
neurons, as well as the proportion that 
successfully incorporates into neuronal circuits 
affecting behaviors such as learning and memory 
(van Praag et al., 1999, 2005). Again studies show 
that increased neurogenesis occurs in those 
regions of the brain where the emergence of 
newborn cells predominates ordinarily.  

Regions outside these anatomical sites 
including the striatum do not show enhanced 
neurogenesis with increased physical activity.  
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Figure 1 

Some of the “Fathers” of Neuroplasticity.  
The conceptualization of interactions between the brain and its environment has  

a long history based on scientific observation and experimentation going back several centuries.  
Some of the scientific luminaries are highlighted, but there are many others who are noteworthy. 

 
 

 
Figure 2 

Treadmill exercise enhances the restoration of motor behavior  
in the MPTP-lesioned mouse model of PD. 
 Mice were administered MPTP in a series of 4 injections (total 80 mg/kg free-base)  
and subjected to treadmill running 5 days after the last injection.  
Panel A: The treadmill for mouse exercise. Panel B: Running velocity showing  
that MPTP parkinsonian mice (dark bars) achieve running behavior similar  
to saline (normal) mice after 3 weeks. Panel C: Analysis of striatal dopamine shows  
that parkinsonian mice do not have elevated levels of dopamine despite behavioral recovery.  
Panel D:  Immunostaining for the striatal dopamine transporter (DAT) shows  
that exercised and recovered parkinsonian mice do not have elevated expression of DAT.  
Panel E: Fast-scan cyclic voltammetry shows increased dopamine release  
of remaining stores with exercise. Panel F: Dopamine D2 receptor ligand binding  
to [18F-fallypride] is restored with exercise in both mice (upper right image)  
and patients with Parkinson’s disease (lower panel). 
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Figure 3 
Comparing skill-based and aerobic exercise in a rodent model of dopamine  
depletion implicates Cognitive Circuits. 
Rats lesioned with 6-OHDA were exercised on a skilled wheel where selective rungs were  
removed or an aerobic wheel with a smooth insert. During exercise rats  
were exposed to the radiotracer [14C]-iodoantipyrine, brains were removed,  
subjected to autoradiography and mapping/functional connectivity analysis.  
Results show elevated rCBF in the PFC and motor cortex with skill-based exercise compared  
to aerobic exercise. Images from Wang and Holschneider. 

 
 
 
 
 

Currently there are few reports of the 
effects of exercise in animal models of dopamine 
depletion with respect to enhanced neurogenesis. 
Some studies have shown reduced gliosis in these 
models, but similar to studies in normal animals,  
 

enhanced neurogenesis is limited to those regions 
already privileged with cell birth. Interestingly,  
exercise enhances the survival and integration of 
transplanted cells in animal models of PD. This is 
indicative of the importance of experience in  
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influencing integration into circuits that are 
potentially meaningful for functional motor 
behavior (Dobrossy and Dunnett, 2006; Dobrossy 
and Nikkhah, 2012). 

Additional Major Gaps in Knowledge to 
Address 
 There remain many questions and 
opportunities in the field of neuroplasticity, 
especially in the application of studies from 
animal models and how they can be applied to 
better understand the effects of physical activity 
in patients with PD. Below we highlight a few 
examples.  
Motor Imagery  
 It is known that the visualization of a 
motor skill prior to or during a physical activity 
influences the success of the execution of a task. 
For example, prior to the start of the giant slalom 
race, a skier takes several moments to visualize 
each turn or just before speeding down the 
runway a gymnast sees in their mind the leaps 
and twists they will execute over the pommel 
horse. With greater technological advancements 
in virtual reality (VR) and the availability of more 
inexpensive and economical equipment, we are 
beginning to explore the role of VR in motor 
learning. In the context of PD, treadmill training 
in conjunction with VR has begun to reveal how 
these two approaches can synergistically be 
applied to promote improvement in the gait and 
balance symptoms (Mirelman et al., 2011, 2013). 
As we have hypothesized in our animal models, 
we believe that the introduction of VR to the 
treadmill intervention adds a layer of skill not 
necessarily achieved with a treadmill alone. Thus, 
cortical inputs to the motor circuitry are enhanced 
leading to improved behavioral outcome 
measures. Just as a treadmill alone may not be 
optimal in maximizing benefits of an intervention, 
cognitive training alone may also not be sufficient 
if one wishes to target motor circuits. The result is 
the need to design interventions that have a high 
degree of skill as a major component of learning 
and a high aerobic demand. Together these two 
factors work in unison to establish and strengthen 
motor circuits. It is interesting to note that these 
components are intimately involved in motor 
learning as that which occurs in early postnatal 
life, which we sometimes fail to recognize in our 
understanding of the rationale for physical  
 

 
therapy.  
Impact of Exercise Throughout Life, Especially in 
Adolescence 
 The vast majority of our focus on the 
utility of physical therapy is often in the context of 
injury or brain disorders. We appreciate the 
importance of physical activity, exercise and 
playfulness during the early developmental stages 
of life when complex motor skills emerge and 
become established. Prime examples include 
children learning to ride a bicycle, ice skate and 
other sports demanding high levels of motor 
mastery and skill. Even though the majority of 
motor behavior is consolidated in the first decade 
of life, very little is known about the mechanisms 
involved in sustaining and developing such skills 
in the adolescent brain, the period from puberty 
to adulthood, typically 13 to 25 years of age. We 
do know that this period in development is one in 
which the mechanisms of neuroplasticity are 
active and impacted by activity differently than 
similar experiences later in adulthood. For 
example, we do know that the adolescent brain is 
highly susceptible to drug and alcohol addiction 
during this stage of development. Experiences 
including trauma and stress, which underlie post-
traumatic stress disorder (PTSD), notably potent 
in the adolescent brain where brain circuits 
involved in reward and emotion are still in 
development.  
 A number of studies are beginning to 
reveal how the young brain deals with early 
stages of disease. For example, in Huntington’s 
disease (HD) where genetic screening for the CAG 
expansion can identify those individuals at risk, it 
has been shown that significant brain atrophy 
occurs early, even decades before the onset of 
typical HD motor symptomology. Studies 
including TRACK-HD and PREDICT-HD are 
providing valuable insights into the life-long 
course of HD (Biglan et al., 2013; Tabrizi et al., 
2013). Despite the fact that the CAG expansion of 
the huntingtin gene displays complete penetrance, 
there is a high degree of variability for the age of 
onset implicating the impact of environmental 
factors, including lifestyle on the emergence of 
disease (van Dellen et al., 2005). Unfortunately, 
very little is currently known regarding the  
potential impact of physical activity on disease 
symptom severity and other factors that may 
modify disease progression. These studies in HD  
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could shed light on how the human brain can 
compensate over a period of many decades before 
the onset of typical symptomology while battling 
a neurodegenerative disorder. Currently, we do 
not have reliable biomarkers for PD and AD and 
cannot determine when brain changes occur prior 
to the emergence of clinical motor and cognitive 
symptoms. There are researchers who speculate 
that PD and AD may be similar to HD in that they 
begin several decades before the onset of 
symptoms, and thus any intervention to change 
the course of disease may also have to be applied 
much earlier in life to influence onset or to 
optimize any beneficial impact (Meissner, 2012; 
Selkoe, 2012; Tolosa and Pont-Sunyer, 2011).  
Exercise and the Immune System 
 Both the innate and acquired components 
of the immune system are essential for general 
health in combating disease and infection. The 
immune system plays a critical role in the CNS in 
both early life during development, and also 
during brain injury or disease. In terms of 
neurodegenerative disorders, activation of 
components of the immune system, including 
gliosis and astrocytosis, are seen in PD, AD and 
their animal models (Kannarkat et al., 2013). 
Blocking or pharmacologically targeting aberrant 
immune components may be protective and serve 
as a potential therapeutic target. While very little 
is known about how exercise changes the immune 
response in disease, there is some evidence that it 
may alter microglia activation, astrocytic response 
or influence the expression of specific pro- and 
anti-inflammatory factors (Archer et al., 2011; 
Svensson et al., 2015). Exercise may promote the 
infiltration of peripheral macrophages to cross the 
BBB or enhance the conversion of activated 
microglia from the M1 (pro-inflammatory) to M2 
(pro-repair) subtypes for example (Tang and Le, 
2016). The fact that microglia play an active role in 
modulating the number of dendritic spines, a 
process termed synaptic pruning, directly 
implicates their potential role in synaptogenesis 
and neuroplasticity (Schafer et al., 2012). The key 
to future studies will be to determine if the 
advantageous aspects of the immune system can 
be harnessed to promote disease modification 
possibly through exercise.    
The Microbiota and Exercise 
 Over the last few years the microbiota 
(and its collection of genes termed the  
 

 
microbiome) has received much attention in both 
health and disease. The microbiota primarily 
consists of the population of microbes found in 
the gut and on the skin and is responsible not 
only for the metabolism of a range of factors, but 
also for maintaining homeostasis (El Aidy et al., 
2016; Mayer et al., 2015). We are now beginning to 
appreciate that the microbiota changes with aging 
and disease. For example, in several diseases there 
are significant changes in the content of the 
microbiota in terms of composition as based on 
functional and sequencing studies (Evrensel and 
Ceylan, 2015; Nemani et al., 2014; Scheperjans et 
al., 2015). In PD, dopamine depletion is not only 
evident in the CNS, but is also detected in the 
PNS that innervates the gut. Dopamine depletion 
may thus underlie changes in gut motility, with 
constipation as an early symptom in many 
patients, and with these changes the composition 
of the microbiota can change with time. The link 
of the microbiota with the CNS has yet to be 
elucidated in terms of the mechanism, but it is 
believed that the two may be interdependent with 
some degree of a cause and effect relationship. 
Diet and exercise can change the composition of 
the microbiota (Kang et al., 2014; Ray, 2014). It 
would be interesting to know if exercise can alter 
the microbiota in both patients with PD and in 
animal models of dopamine depletion. If there are 
changes, it may implicate another important link 
bridging the peripheral system and the CNS 
through exercise.  

 Can the Effects of Exercise in PD 
Transfer to Other Neurological 
Disorders? 
 Our studies have shown that exercise, 
including forms that utilize some degree of 
cognitive engagement leads to the restoration of 
motor behavior in animal models of dopamine 
depletion. The value of this finding would be 
greatly enhanced if we could transfer such effects 
to other neurological disorders including models 
of neurodegenerative disease. To investigate the 
potential impact of exercise in other models we 
have conducted studies in a mouse model of 
Huntington’s disease (HD), specifically the knock 
in (KI) mouse model (termed the CAG140 KI  
mouse) that has an expansion of 140 CAG repeats 
in the huntingtin mouse ortholog (Menalled et al., 
2003). This model begins to develop HD-like  
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motor symptoms after 1 year of life providing a 
valuable template to test the impact of an early 
lifelong intervention like exercise. In our 
laboratory, CAG140 KI mice and wild-type controls 
started treadmill running three times per week for 
one hour when weaned at 1 month of age and this 
exercise regimen continued for 12 months.  
Sedentary littermates served as controls. Our 
findings indicated that HD mice undergoing 
exercise showed an attenuation of early HD 
symptoms (anxiety and depression) behaviors 
that emerged in this model at about 6 months of 
age. At 12 to 14 months of age there also was an 
attenuation of early HD-like motor deficits in the 
gait and balance. Analysis of changes in molecular 
markers of neuroplasticity and pathology 
indicated that exercise leads to a reversal in the 
decline in dopamine D2 receptor expression that 
occurs with disease, as well as the delay in the 
accumulation of huntingtin (HTT) protein 
aggregates, the pathological hallmark of HD in 
this model. These findings are included in 
manuscripts currently under review.  
 While much of our research is carried out 
in the context of neurodegenerative brain 
disorders, the effects of exercise have been 
explored in other neurological disorders that may 
not have synaptic and neuronal degeneration as 
the primary etiology. For example, others and we 
have examined the effects of exercise on animal 
models of addiction to alcohol and other drugs of 
abuse. Such findings indicate that exercise can 
reduced both binge drinking and preference for 
alcohol in rodent models (Leasure and Nixon, 
2010). Some small clinical studies have also shown 
the benefits of physical activity in combating 
alcohol and drug addiction in humans (Lynch et 
al., 2013; Stoutenberg et al., 2016). In addition to 
addiction, the benefits of physical training in 
psychological disorders ranging from depression 
to schizophrenia have been reported in patients 
undergoing an exercise regimen (Dauwan et al., 
2016; McEwen et al., 2015). The fact that exercise 
has such wide reaching effects in a spectrum of 
brain disorders suggests that physical activity can 
tap into mechanisms of synaptic connectivity to 
restore homeostasis and that the mechanisms 
leading to these benefits may in fact be shared  
among distinct brain disorders.  
Clinical Studies Underway in Our Group 
 While our ability to treat PD-like  
 

 
symptomology in our rodent models of dopamine 
depletion is noteworthy, the ultimate goal is to 
apply what we have learned to patients with PD 
and to elucidate the underlying mechanism. We 
(G. Petzinger, principal investigator) are currently 
engaged in a clinical trial with patients in the 
early stages of PD manifesting mild cognitive 
impairment (MCI). There are three groups 
including (i) social engagement, (ii) aerobic 
exercise, and (iii) skill-based exercise. The aerobic 
group will be involved in an exercise using a 
recombinant bicycle (a form of physical activity 
with minimal cognitive engagement), while the 
skill-based group performs an exercise program 
with high cognitive engagement and aerobic 
demand, all performed three times per week for 
an 8 week period (Voelcker-Rehage et al., 2010; 
2011). The social engagement group serves as an 
important control since we do know that such 
interactions can influence neuroplasticity itself 
(Bassuk et al., 1999). The goal is to identify the 
differences in the activation of cognitive circuits, 
especially those from the prefrontal cortex, within 
these different groups. Subjects will be required to 
perform a motor task that utilizes both learning 
with a set-shifting component (Lee et al., 2015) 
while undergoing functional neuro-imaging. If 
our hypotheses are correct, we expect that the 
skill-based exercise group will show the greatest 
degree of prefrontal cortex activation and reduced 
cognitive impairment compared to the other two 
groups.  

Conclusions 
 We are now beginning to better 
understand the parameters of physical activity 
and physiotherapy and how they may be applied 
not only to the aging brain, but also to those 
afflicted with neurological disorders such as 
cognitive impairment and PD. We are now in a 
position to convey to patients, their caregivers, 
and those who treat them including physical 
therapist and neurologists, that it is not 
necessarily the type of exercise that matters such 
as dance versus Tai Chi versus treadmill exercise, 
but rather the parameters within the physical 
activity itself. These parameters include task 
intensity (it must be high such that one may have  
to break a sweat), the task must be difficult to 
challenge the subject such that they are learning 
from the experience, the task must be specific to  
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the motor circuits affected by disease or aging, 
and the task must be complex to engage the 
individual. Putting these parameters together 
indicates that physical activity and exercise, to 
maximize benefit for the patient, must be a 
learning modality with goal oriented targets and 
cognitive engagement. Cognition makes motor 
behaviors automatic. Deficits in cognition can 
create deficits in motor behavior, since the 
cognitive load and its demands on the brain can, 
in fact, be maladaptive and may reveal the major 
behavioral deficits when compensatory strategies 
are exhausted (Beeler et al., 2013).  

Finally, not only is the elucidation of the 
underlying mechanisms of physical activity and  

 
exercise opening up new avenues to 
understanding neurological disorders, but it is 
also re-enforcing the importance of physical 
activity and motor learning through all stages of 
life from childhood, through adolescence, and 
into early and late adulthood. Along with diet, 
stress management, social engagement, physical 
activity is a critical component of a healthy 
lifestyle and our wellness throughout life. Judging 
from the complexity of motor learning and the 
integration of cognitive and motor circuits, one 
can easily appreciate that there never will be a pill 
to replace exercise. 
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