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Parkinson’s disease (PD) is a neurodegenerative disease characterized by motor and cognitive impairments. The progressive depletion of dopamine (DA) is the pathological basis of dysfunctional goal-directed and habitual control circuits in the basal ganglia. Exercise-induced neuroplasticity could delay disease progression by improving motor and cognitive performance in patients with PD. This paper reviews the research progress on the motor-cognitive basal ganglia circuit and summarizes the current hypotheses for explaining exercise intervention on rehabilitation in PD. Studies on exercise mediated mechanisms will contribute to the understanding of networks that regulate goal-directed and habitual behaviors and deficits in PD, facilitating the development of strategies for treatment of PD.
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1. Introduction

Parkinson’s disease (PD) is characterized by the fundamental pathological manifestation of a gradual decline in the ascending dopaminergic projection within the basal ganglia (1). Research conducted on animals and patients with PD has revealed spatially segregated functional regions within the basal ganglia that oversee the regulation of goal-directed and habitual actions. In individuals affected by PD, the decline in dopamine (DA) is primarily observed in the posterior putamen, a section of the basal ganglia connected to the regulation of habitual behavior (2). As a result, these patients might be compelled to increasingly rely on the goal-directed mode of action control, which is facilitated by the remaining DA in the striatum (3). Thus, many of the challenges they experience in their behavior might stem from the diminished ability to exert normal automatic control due to distorted output signals originating from habitual control circuits. These signals interfere with the performance of goal-directed action.

Rehabilitation is considered a promising treatment option in addition to surgery and medication for managing PD (4). Rehabilitation has the potential to enhance the effectiveness of drugs and minimize secondary injuries, thereby slowing the progression of PD (5). Exercise and physical activity are known to complement dopamine replacement therapy. Numerous studies have shown that aerobic exercise had beneficial effects in improving balance, gait, and motor function in PD patients (6). Furthermore, research on the mechanism of exercise-induced neuroplasticity has significantly contributed to the support and promotion of exercise rehabilitation for preventing and treating PD. Exercise interventions can enhance dopaminergic neurotransmission in the nigrostriatal pathway and attenuate overexcitable glutamatergic transmission in the corticostriatal pathway (7). While studies support the importance of exercise and physical activities to achieve motor improvements, the exact mechanisms underlying these effects remain unclear, which ultimately hinders the development of exercise treatment strategies for patients with PD. With the aim of promoting the development of PD treatment strategies in clinical practice and improving the existing understanding of pathological mechanisms, this article focuses on the dual system of goal-directed behavior and habitual control. This article reviews the role of the dual system in the occurrence and development of PD as well as the neuroplastic mechanisms of exercise in improving PD.


1.1. Anatomy of the basal ganglia: the classical model of direct and indirect pathways

The basal ganglia is a group of subcortical nuclei mainly involved in skill learning and motor control. The striatum is the main input unit of the basal ganglia, and the medium spiny neurons (MSNs), which account for approximately 95% of the striatal neurons, receive excitatory glutamatergic inputs from the cerebral cortex and dopaminergic regulation from the substantia nigra pars compacta. Simultaneously, the MSNs project γ-aminobutyric acid outputs into the downstream nuclei. MSNs are categorized into two types according to their expressed receptors: (1) MSNs expressing type 1 dopamine receptors (D1-MSNs) project fibers to the substantia nigra pars reticulate and the globus pallidus internus (GPi), constituting the direct pathway; (2) MSNs expressing type 2 dopamine receptors (D2-MSNs) project fibers to the globus pallidus externus (GPe), which together with the GPe-subthalamic nucleus (STN)-substantia nigra pars reticulate/GPi projections, constituting the indirect pathway (8).

The classical model of direct and indirect pathways was first proposed by Albin (9). According to this model, activation of the direct pathway facilitates movement, while the indirect pathway is responsible for behavioral suppression. The proposal of this model led to further clinical and animal research, but the subsequent studies have highlighted the limitations of the theory in explaining the mechanisms related to motor control and skill learning. Anatomical evidence yielded the following findings: (1) D1-MSNs project some fibers to the GPe; (2) in the indirect pathway, GPe neurons project to the STN and also project some fibers to substantia nigra pars reticulate/GPi; (3) the STN receives projections from the cortex and multiple nuclei and simultaneously projects fibers to the GPe to form synaptic connections (10). The complex structural connections break the top-down feedforward model of the original indirect pathway (Figure 1). Alexander et al. (11) proposed a parallel circuit model for the basal ganglia network in 1986, which divided the striatum into three functional areas: the ventral striatum, the caudate nucleus, and the putamen. The parallel model considers direct and indirect pathways as subsets of the cortico-basal ganglia circuit, which shows highly differentiated functional characteristics. With advancements in electrophysiology and brain imaging techniques, the basal ganglia circuits have now been divided into three functional loops, namely, the limbic, associative, and sensorimotor circuits, which are responsible for execution and regulation of motor control, learning, rewards, and motivation (Figure 2).
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FIGURE 1
 The cortico-basal ganglia circuit and parallel model circuits. In the basal ganglia circuit, DA from the SNpc to the striatum activates direct pathway (D1-MSNs) and inhibits indirect pathway MSNs (D2-MSNs). This effect decreases GPi output, releasing inhibition on the thalamus and cortex and promoting movement. Limbic, associative, and sensorimotor information from excitatory cortical afferents is distributed in parallel to regions of the striatum. As an example, inhibitory projections from sensorimotor striatum innervate sensorimotor regions of the GPi either directly or intermediately through the GPe and STN. Projections from sensorimotor regions of GPi then innervate the motor thalamus, which projects back to sensorimotor regions of the cortex.
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FIGURE 2
 Exercise mediated neuroplasticity. Both aerobic exercise and goal-directed exercise can reduce the effects of oxidative stress, promote excitation-inhibition balance of DA-Glu neurotransmitters, and enhance synaptic structural and functional plasticity by regulating neurotransmitter conduction in DA and non-DA systems. In addition, exercise improves brain health by promoting the expression of neurotrophic and anti-inflammatory factors. Exercise mediated neuroplasticity is the neural basis of PD motor control, learning and memory, and improved behavioral performance.





2. Functional organization of the basal ganglia: the goal-directed and habitual control circuit model

Motor learning is a complex process that involves both explicit and implicit learning. Explicit and implicit learning refers to the process by which memories are stored. Explicit learning is a conscious and intentional process, while implicit learning is unconscious and incidental (12). Both the explicit (spared) and the implicit (deficient) learning modalities are utilized in PD, and this represents a great cognitive advantage for motor rehabilitation (4). Researchers have successfully mapped three basal ganglia functional networks based on the joint learning model, which involve both goal-directed and habitual control systems (13). Goal-directed behavior acquisition is a dynamic process of in-depth processing of the association between behavioral responses and potential consequences. This process can adjust behavioral responses according to changes in the value of the consequences with a high degree of flexibility, but it consumes relatively more cognitive resources compared to automatic behavior. Habitual behavior learning, also known as stimulus–response associations, involves the reinforcement of existing stimulus–response associations. Habitual behavior learning is characterized by automation and efficiency but also inflexibility. Previous studies have improved the theory of the dual-system control model, and researchers have proposed a variety of models of competition and cooperation between the two (14, 15).

The basal ganglia is also involved in the integration and selection of voluntary behavior. The striatum is the main input station for the basal ganglia and plays a key role in instrumental behavior (learned behavior that is modified by consequences) (16). Therefore, the pathways connecting the basal ganglia, cortex, and cerebellum not only plan specific actions as sequences of movements, but also influence the execution of movements by incorporating emotions, motivational factors, and cognitive processes that organize movement strategies. The elements that facilitate motor behaviors are evident in the anatomical and functional arrangement between the basal ganglia and its projections to cortical regions, particularly the sensorimotor cortex (17). This cortex plays a vital role in processing sensory inputs that are essential for skilled movement. Furthermore, the prefrontal cortex (PFC), involved in cognition, emotions, and motivation, also projects to the ventral striatum and rostral caudate nucleus, complementing the caudal projections primarily from sensorimotor cortical areas to the putamen (18).


2.1. Cooperation and competition between the goal-directed and habitual control systems

The research on goal-directed and habitual control systems originates from the stimulus–response theory and cognitive map theory in Psychology (19). According to the stimulus–response theory, with an increase in training, the time for different species to reach the target result is shortened, the error rate is reduced, and the stimulus–response association is strengthened, which leads to behavior acquisition (20). On the other hand, the cognitive map theory suggests that individual behavioral learning is based on the response to environmental cognition (19). The collision of these two theories has motivated initial studies of the goal-directed and habitual control systems. In the initial stage of stimulus–response theory, researchers designed many intricate animal experiments based on research paradigms that adequately determined whether the behavior was goal-directed or habitually controlled. However, with advancements in computational science and machine learning methods, researchers believe that both elements of the dual system can cooperate closely and switch flexibly in real time when individuals make behavioral responses to the external environment and have established corresponding models based on the reinforcement theory. Balleine et al. (21) found that many skills can be broken down into sequential combinations regulated by both goal-directed and habitual control systems. Daw et al. (22) adopted algorithms to explain the tandem working mechanism of the dual system and found that the loop structures connecting the cortex and the relevant functional regions of the basal ganglia are likely to play a key role in the switch between habitual and goal-directed behavioral control modes.

Patients with PD who experience dyskinesia exhibit various degrees of impairment in dopaminergic neurons and striatal dopamine content within the substantia nigra pars compacta (SNpc). Positron emission tomography scans have revealed that the primary reduction in dopamine occurs in the tail region of the striatum (23). This observation corresponds with post-mortem data, which demonstrates the most significant loss of dopaminergic innervation in the posterior putamen, accompanied by a corresponding decline in dopaminergic cells in the ventrolateral SNc. Hence, dysfunction in the sensorimotor circuits of the basal ganglia indicates the initial stages of PD. Animal studies have also provided evidence of an imbalance in the dual system. Even after extensive training, rats with PD continue to display goal-oriented control behavior while struggling to establish habitual behavior (24).

Both goal-directed and habituation control circuits transmit parallel signals to downstream brain regions, collectively regulating movement. Following striatal denervation, the signals from the goal-directed systems must counteract the robust inhibition from the habituation control systems to effectively execute actions. Abnormal signal transmission in the basal ganglia of individuals with PD and models of movement abnormalities can be observed, manifested by an increased firing frequency of ganglia and abnormal synchronized oscillatory patterns in the subthalamic nucleus (STN) and globus pallidus interna (GPi) (25, 26). Imaging investigations in patients with PD have revealed both heightened and diminished activity in the sensorimotor cortex-dorsal striatum (SMC-DMS) pathway. During the second phase of skill acquisition, the functional connectivity of the prefrontal cortex-dorsolateral striatum (PFC-DLS) pathway does not exhibit a reduction, which implies that neural control does not shift from the goal-oriented pathway to the habit-based pathway (17). These findings suggest that the goal-directed control system must overcome the pathological signals originating from the habituation control system in order to execute the original habitual exercise. This may elucidate various features of bradykinesia, for instance, the significant reduction in the amplitude of contractile muscles and the number of repetitions during impact exercise.



2.2. Dual-system goal-directed and habitual control in the basal ganglia

In vivo microelectrode stimulation and functional imaging studies in monkeys and humans have shown that the output signals of the basal ganglia nuclei are highly consistent with the functional inputs they receive (27). This implies that the basal ganglia can be classified into three distinct neural functional networks, namely limbic, associative, and sensorimotor networks. The phenomenon of early operant conditioning has been effectively used to demonstrate the significant association between a stimulus and its corresponding response (28). However, research conducted over the past two decades has uncovered the ability of animals to encode a causal relationship between their actions and the outcomes they experience. As a result, when behavior is driven by specific goals, the choice of action becomes largely determined by the anticipated utility of the predicted results, leading to potential variations in the effects of different behaviors. To ascertain whether a particular behavior is goal-oriented or habitual, a series of behavioral tests has been developed and employed as an evaluation tool (27, 28).

Yin et al. (29, 30) inactivated the DMS by neurotoxic exposure or local injection of muscimol (a γ-aminobutyric acid agonist). In these animals, behavioral responses were insensitive to outcome devaluation, and goal-directed control was blocked. Consistently, control animals showed induced habitual responding after overtraining, whereas rats with dorsolateral striatum (DLS) lesions failed to establish the habitual behaviors and returned to goal-directed control (30). These studies showed that the DMS and DLS regions are critical to goal-directed behavior and habitual control. Optogenetic studies in rodents demonstrated that DMS and DLS receive fiber tracts from the PFC and the sensory motor cortex (SMC), respectively, to construct goal-directed and habitual control pathways, which participate in motor skill learning and promote action automation (31).

Fitts and Posner (32) proposed that the acquisition of motor skills occurs over three stages: the cognitive stage, the stimulus–response associative stage, and the habitual/autonomous stage. The PFC-DMS pathway is mainly activated at the cognitive stage; the stimulus–response associative stage is a transitional stage from goal-directed control to habitual control that is dominated by the SMC-DLS pathway control; at the habitual stage, the procedure is automated, and can be completed by activating the SMC-DLS pathway, and this stage usually requires relatively fewer cognitive resources (33). Motor skill acquisition involves a transition from goal-directed to habituation control. The condition for achieving autonomous motion execution is overtraining, and the two systems can cooperate and switch according to the behavioral responses.

Goal-directed behavior and habitual control have the same neural basis in human, nonhuman primate, and rodent brains. Studies have found that the human PFC and caudate have high blood oxygen levels during goal-directed behaviors, such as postural transitions, behavioral execution, and cognitive manipulation (34, 35); long-term exercise training promotes the transition from goal-directed control to habitual control, and the activated brain region also transitions from the DMS to the DLS (27, 36). Anatomic and imaging studies have found that other brain regions related to goal-directed control in the human brain include the ventromedial prefrontal cortex (vmPFC), orbitofrontal cortex, and anterior cingulate cortex, while the putamen and supplementary motor area are closely related to habitual control (37).

In addition to the increasing difficulties with the automatic, habitual components of behavior, patients with Parkinson’s disease often experience cognitive dysfunction, which can also appear early during the disease (1). A randomized controlled study found that even though the loss of dopaminergic neurons alters the basal ganglia habitual control, the expression of habitual motor behaviors is still possible in PD by using the executive volitional component of action (2). Despite the presence of deficits of executive functions and implicit learning, the PFC is crucial for this purpose, and individuals with PD can benefit from using their residual executive resources. Therefore, external stimuli and specific techniques exploiting cognitive strategies have been properly developed in order to activate the volitional-executive motor control system and bypass the dysfunctional, habitual, sensorimotor basal ganglia network in patients with PD (4, 17).




3. Dysfunction of the basal ganglia circuits and PD

The dopaminergic neurodegeneration within nigrostriatal systems is regionally restricted. Positron emission tomography scans show that dopaminergic depletion mainly occurs in the caudal part of the striatum (23), and autopsy results also confirmed that dopaminergic deprivation is the most severe in the caudal putamen of patients with PD (38). A unilateral rat model of PD was established by intracerebral injection of 6-hydroxydopamine, and the behaviors of PD rats still showed goal-directed control after excessive training, indicating the difficulty in establishing habitual control after repeated exercise (24). Patients with PD show difficulties in learning and execution (or selection) of habitual behaviors initially. With the progressive loss of DA, patients with PD had to rely on the slower, serial goal-directed control system, which consumes more cognitive effort and causes interference with the original target tasks. This may explain why the movements of patients with PD are usually slow in daily life (39).

The goal directed and habitual systems are the neuroscientific basis of dual behavioral control, and impairments of sensorimotor striatum will first hinder the performance of automatic behaviors. Therefore, early in the evolution of PD, many of the movement defects originate from reduced automatic performance such as gait speed and balance, but these abilities can be restored by training with external cues (40). Even patients with PD perform autonomous movements with reduced frequency, amplitude, and speed. In patients with PD, automation does not completely disappear, and this remnant automation may be attributable to the functioning of residual DA in the striatum. Additionally, sensory events (such as visual and auditory cues) have a priming effect on both systems, and external cues may simultaneously activate both systems to execute habits (24, 41).

Difficulty in initiation and execution of movements is also a common movement disorder in patients with PD, and its pathological mechanism has been partially elucidated. From the perspective of the anatomical structure of neural circuits, the goal-directed and habitual control circuits converge to the thalamocortical loop (42, 43). Abnormal basal ganglia outputs have been identified in both patients with PD and animal models, typically with increased neuronal firing rates and abnormal synchronous oscillatory patterns in the cortico-basal ganglia circuits (44, 45). Neural oscillations have been implicated as a novel biological indicator in different neurodegenerative diseases (46, 47). Imaging studies show that the activity of the SMC-DMS pathway is increased with reduced efficiency in patients with PD; at the transition stage of skill acquisition from goal-oriented to habitual control in patients with PD, the functional connectivity of the PFC-DLS pathway is not lower than that in healthy controls (48–50). These results suggest that after striatal dopaminergic denervation, signals from the goal-directed system need to antagonize the strong inhibitory effect of the habitual control system to perform the action effectively. This point of view may also explain many of the characteristics of bradykinesia, such as the significant reduction in the amplitude of contractile muscles and the number of repetitions during impact exercise.

Surgical destruction of the corresponding basal ganglia nuclei (such as STN or GPi) can slow the progression of PD (51). The underlying mechanism may be related to the reduction in the strong inhibitory oscillatory inputs of the habitual pathway, which reduces the burden of action execution without inducing new motor disorders (51). In the dual-system model of goal-directed and habitual control, deep brain stimulation can significantly improve the motor symptoms in patients with PD. Deep brain stimulation plays a therapeutic role by suppressing the inhibitory inputs of the habitual pathway through high-frequency stimulation, and any therapy that stops or reduces the disordered signals in the stimulus–response habitual control circuit is postulated to facilitate the implementation of goal-directed control (52).



4. Exercise and PD


4.1. Therapeutic significance of physical exercise in clinical rehabilitation of PD

Exercise is a form of physical activity that can be modified in terms of form, structure, and repetitions to adapt to the needs of any part of the body. As a non-pharmaceutical therapy, exercise-induced neuroplasticity facilitates improvement of cognitive functions and motor performance in healthy individuals, older adults, and patients with neurodegenerative conditions (53, 54). Treadmill training is effective for improving mobility and cognition in patients with PD (55, 56). Although studies demonstrated that treadmill intervention contributes to restoring habitual behaviors such as gait, evidence for the plasticity of the control functional regions in the brain in patients with PD remains elusive. Fisher et al. (57) demonstrated that treadmill intervention consisting of three 1 h/week treadmill sessions for 8 weeks could upregulate the expression of D2 receptors in the basal ganglia of patients with early-stage and non-medicated PD. Similarly, adults who engage in regular physical activity show less age-related loss of DA compared with less active adults (58). Using a resting state functional magnetic resonance imaging design, Jarrahi et al. (59) highlighted that high exercise-related cardiorespiratory fitness is associated with increased within network connectivity in cognitive networks known to be impaired in PD, and the physical performance test shows a similar trend. While exercise-mediated restoration of cognitive and motor control-related regions has been shown in patients with PD, there remains a significant gap in knowledge in understanding the role of that exercise training may play in ameliorating the imbalance between the goal-directed and habitual control systems in patients with PD. In addition, treadmill exercise could improve the Unified Parkinson’s Disease Rating Scale score and the quality of life of patients with PD, and this rehabilitative effect persists for some time after training is stopped (60). However, from the perspective of goal-directed control, treadmill exercise is regarded as an external cue that exerts a compensatory effect on the internal defect pathway of patients with PD. Whether the goal-directed control circuit is involved in the behavioral improvement is unknown, and the related rehabilitative mechanism remains to be further elucidated.

In the pathological state of PD, although DA depletion leads to cognitive decline and patients eventually develop dementia, patients in the early and middle stages of the disease still retain explicit learning (43). Therefore, motor cognitive neuro-rehabilitation strategies have been developed to activate the cognitive motor control system and bypass the dysfunctional, habitual, sensorimotor basal ganglia network in PD (42). For patients with early- and mid-stage PD, some language or proprioceptive training can be used to activate cognitive engagement, and interval training can also be used to improve attention or strengthen training motivation (61). Treadmill exercise combined with cognitive intervention (motor-cognitive rehabilitation) has been confirmed to significantly improve gait, including speed, step length, postural stability, gait rhythm, and consistency, in patients with early PD (62). Most studies have shown that motor-cognitive rehabilitation therapy can improve the motor function in patients with PD, but some studies have yielded inconsistent findings (63, 64). This inconsistency may be attributable to the differences in the proportion of feedback and cognitive engagement during treadmill training. Moreover, late in PD, cognitive impairment and dementia symptoms disturb rehabilitation. Silveira et al. (65) compared the differential effects of aerobic exercise and goal-directed exercise protocols on patients with advanced PD (with cognitive impairment). Their results showed that aerobic exercise had a more significant effect than goal-directed exercise on the improvement of executive function in healthy individuals and patients with PD. Further studies showed that aerobic exercise enhances frontal and parietal response inhibition in healthy older adults. These findings suggest that exercise-induced plasticity in the frontal lobe may prevent the defects of habitual motor control in patients with PD by regulating attention processes. In summary, the neuro rehabilitation of motor-cognitive therapy is sensitive to the parameter set for the exercise plan, and the formulation of a rehabilitation strategy should fully consider the stage of the patient’s PD, parameters of the exercise, and other individualized characteristics. Exploration of the mechanisms of motor -cognitive rehabilitation can be helpful in providing more precise exercise parameters for clinical rehabilitation and for developing a variety of combined exercise interventions.

Numerous investigators have formerly suggested schedules intended to improve particular motor constituents of PD, encompassing power, movement, stride, joint mobility, muscle elongation, body position, stability, and stamina (66). Amalgamating motor and cognitive methodologies, such as the treadmill, virtual reality, and Cueing techniques, can lead to the most favorable outcomes. Studies have found that following a goal-based aerobic intensive rehabilitation program has a positive effect on improving motor function and reaction time (67). These results explain that the role of attention executive components is critical, especially when patients with PD are trained with cues and feedback. In a double-blind, randomized controlled trial, Van der Kolk et al. (68) used virtual reality software and real video (Participants exercised with remote supervision on a stationary cycle. Exergaming was used to keep participants motivated to complete the training) to provide an effective aerobic exercise training method and Movement Disorders Society—Unified Parkinson’s Disease Rating Scale (MDS-UPDRS) to assess exercise performance. MDS-UPDRS motor score in the “off” state showed a significant difference between the aerobic exercise group and the control group, suggesting that aerobic exercise intervention can improve motor function scores in patients with Parkinson’s disease. Finally, a study involving 26 patients with basal ganglia degeneration examined the effects of a long-term comprehensive rehabilitation treatment program (69). The results indicated that apparently divergent findings on basal ganglia contribution to social decision-making may instead reflect a model where higher-order learning processes are dissociable from trial-and-error learning, and can be preserved despite basal ganglia damage.



4.2. Exercise-enhanced neuroplasticity in PD

Exercise improves cognitive and motor function by inducing molecular, cellular, and systems level plasticity. The intensity, form, density, challenge, and other parameters of exercise are the key factors affecting neuroplasticity in brain injury or neurodegenerative diseases. Exercise-induced neuroplasticity for the prevention and treatment of PD includes the regulation of synaptic conduction in the DA and non-DA systems and the reorganization of functional brain networks.

Exercise regulates DA neurotransmission in patients with PD. Moderate-intensity exercise can significantly improve the efficiency of mitochondrial electron transport, increase adenosine triphosphate synthesis, and inhibit the apoptosis of DAergic neurons in the substantia nigra (70). Previous researchers believe that the antioxidative stress and neuroprotective effects of exercise intervention on the DA system are affected by the timing of the exercise intervention (71, 72). The earlier the exercise intervention and the milder the disease, the more significant the antioxidative stress effect (70). The possible mechanisms include exercise-induced reduction in the oxidative stress response in dopaminergic neurons and increased expression of tyrosine hydroxylase and dopamine transporter, which promotes DA synthesis and accelerates DA transmission, resulting in a neuroprotective effect (71).

Exercise-induced neuroplasticity may also be achieved through regulation of non-DAergic neurotransmission systems such as corticostriatal glutamatergic synaptic transmission. The plasticity and synaptic excitability mediated by glutamate and its receptors are the basis of action learning and execution. After striatal dopaminergic denervation, exercise can regulate the expression of receptors such as metabotropic glutamate receptors, N-methyl-D-aspartic acid receptors, α-amino-3-hydroxy-5-methyl-4-isoxazole-propionic acid receptors, and the cannabinoid receptor 1 at corticostriatal synapses in PD models (73, 74). Exercise can also inhibit the excessive release of presynaptic glutamate and postsynaptic excitotoxicity and reduce the excessive stimulation of glutamate to remodel information transmission in the corticostriatal pathway (75, 76).

Neurotrophins are also sensitive targets of exercise regulation. Exercise can promote the expression of brain derived neurotrophic factor and glial cell line-derived neurotrophic factor both in patients with PD and animal models, providing nutritional support for neuronal survival, growth, and synaptic plasticity (77–79). Fontanesi et al. (80) found that 4 weeks of comprehensive rehabilitation training (combined functional, aerobic, and goal-directed training) improved motor and non-motor symptoms in patients with PD at clinical stage 2–3, and significantly upregulated brain derived neurotrophic factor-TrkB signal transduction; further analysis showed that the Unified Parkinson’s Disease Rating Scale scores of patients with PD were significantly positively correlated with upregulation of the TrkB protein, suggesting that exercise may slow disease progression by this mechanism.

Exercise-induced plasticity can also promote the reorganization of brain functional areas. Duchesne et al. (81) found functional changes in motor learning related brain structures (including the hippocampus, striatum, and cerebellum) that are consistent with improved behavioral performance after 12 weeks of aerobic exercise in patients with PD. Studies using invasive electrophysiological techniques have shown that exercise can regulate the time-frequency phase-synchronization between spikes and local field potentials in PD animal models and suppress the abnormal oscillatory signals of SMC-DLS, thereby remodeling the corticostriatal functional circuits (59, 82, 83). Exercise is critical for the development of plasticity in the motor-cognitive control brain regions. At present, only a few studies have evaluated the effects of exercise on the plasticity of the cortical-basal ganglia functional networks, with no definite evidence to elucidate that exercise regulates the functional remodeling of goal-directed and habitual control systems. The results of such studies may provide an important breakthrough for the development of precise and individualized exercise plans.




5. Discussion

Overall, motor skill training or aerobic exercise are effective rehabilitation methods for patients with PD. Exercise-induced neuroplasticity can improve cognitive and behavioral performance; moreover, exercise intervention mediates the remodeling of neural structure and function that may promote the restoration of habitual control in patients with PD. Animal and human studies have provided the means to evaluate exercise rehabilitation at the micro and macro levels. The combination of animal and human measurements with parallel experimental designs is an important breakthrough in elucidating the neurobiological basis of exercise-induced neuroplasticity and will facilitate assessments of the influence of physical exercise on motor and cognitive functions and comprehensive and precise management of PD through feedback for the results.

This article reviews the role of the dual system in the occurrence and development of PD as well as the neuroplastic mechanisms of exercise in improving PD. However, a limitation of this study is that it is a narrative review. This may limit us to simply describing the research progress on this topic, but may allow future validation of the effects of exercise on clinical symptoms. Indeed, the evidence of goal orientation of motion regulation and functional remodeling of the habit control system has been overlooked and should be a focus of future research.



Author contributions

TZ: Writing – original draft. KS: Supervision, Writing – Review & Editing. WC: Writing – review & editing.



Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This work was supported by the National Natural Science Foundation of China (32000833 and 32071171) and the Fundamental Research Funds for the Central Universities (265QZ2022005).



Acknowledgments

In addition to the listed authors, assistance was provided by Jiazheng Peng and Lijuan Hou. We would like to thank Editage (www.editage.cn) for English language editing.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

 1. Bloem,BR, Okun,MS, and Klein,C. Parkinson’s disease. Lancet. (2021) 397:2284–303. doi: 10.1016/S0140-6736(21)00218-X

 2. Mi,TM, Zhang,W, McKeown,MJ, and Chan,P. Impaired formation and expression of goal-directed and habitual control in Parkinson's disease. Front Aging Neurosci. (2021) 13:734807. doi: 10.3389/fnagi.2021.734807 

 3. Hernandez,LF, Obeso,I, Costa,RM, Redgrave,P, and Obeso,JA. Dopaminergic vulnerability in Parkinson disease: the cost of humans’ habitual performance. Trends Neurosci. (2019) 42:375–83. doi: 10.1016/j.tins.2019.03.007 

 4. Ferrazzoli,D, Ortelli,P, Madeo,G, Giladi,N, Petzinger,GM, and Frazzitta,G. Basal ganglia and beyond: the interplay between motor and cognitive aspects in Parkinson’s disease rehabilitation. Neurosci Biobehav Rev. (2018) 90:294–308. doi: 10.1016/j.neubiorev.2018.05.007 

 5. Ferrazzoli,D, Ortelli,P, Cucca,A, Bakdounes,L, Canesi,M, and Volpe,D. Motor-cognitive approach and aerobic training: a synergism for rehabilitative intervention in Parkinson's disease. Neurodegener Dis Manag. (2020) 10:41–55. doi: 10.2217/nmt-2019-0025 

 6. Shen,X, Wong-Yu,IS, and Mak,MK. Effects of exercise on falls, balance, and gait ability in Parkinson’s disease: a meta-analysis. Neurorehabil Neural Repair. (2016) 30:512–27. doi: 10.1177/1545968315613447 

 7. Petzinger,GM, Fisher,BE, McEwen,S, Beeler,JA, Walsh,JP, and Jakowec,MW. Exercise-enhanced neuroplasticity targeting motor and cognitive circuitry in Parkinson’s disease. Lancet Neurol. (2013) 12:716–26. doi: 10.1016/S1474-4422(13)70123-6

 8. Bostan,AC, Dum,RP, and Strick,PL. Functional anatomy of basal ganglia circuits with the cerebral cortex and the cerebellum. Prog Neurol Surg. (2018) 33:50–61. doi: 10.1159/000480748 

 9. Albin,RL, Young,AB, and Penney,JB. The functional anatomy of basal ganglia disorders. Trends Neurosci. (1989) 12:366–75. doi: 10.1016/0166-2236(89)90074-X

 10. Fazl,A, and Fleisher,J. Anatomy, physiology, and clinical syndromes of the basal ganglia: a brief review. Semin Pediatr Neurol. (2018) 25:2–9. doi: 10.1016/j.spen.2017.12.005 

 11. Alexander,GE, DeLong,MR, and Strick,PL. Parallel organization of functionally segregated circuits linking basal ganglia and cortex. Annu Rev Neurosci. (1986) 9:357–81. doi: 10.1146/annurev.ne.09.030186.002041 

 12. Marinelli,L, Quartarone,A, Hallett,M, Frazzitta,G, and Ghilardi,MF. The many facets of motor learning and their relevance for Parkinson’s disease. Clin Neurophysiol. (2017) 128:1127–41. doi: 10.1016/j.clinph.2017.03.042 

 13. Chersi,F, Mirolli,M, Pezzulo,G, and Baldassarre,G. A spiking neuron model of the cortico-basal ganglia circuits for goal-directed and habitual action learning. Neural Netw. (2013) 41:212–24. doi: 10.1016/j.neunet.2012.11.009 

 14. Gremel,CM, and Costa,RM. Orbitofrontal and striatal circuits dynamically encode the shift between goal-directed and habitual actions. Nat Commun. (2013) 4:2264. doi: 10.1038/ncomms3264 

 15. Liljeholm,M, Dunne,S, and O’Doherty,JP. Differentiating neural systems mediating the acquisition vs. expression of goal-directed and habitual behavioral control. Eur J Neurosci. (2015) 41:1358–71. doi: 10.1111/ejn.12897 

 16. Yin,HH, and Knowlton,BJ. The role of the basal ganglia in habit formation. Nat Rev Neurosci. (2006) 7:464–76. doi: 10.1038/nrn1919

 17. Foster,NN, Barry,J, Korobkova,L, Garcia,L, Gao,L, Becerra,M , et al. The mouse cortico-basal ganglia-thalamic network. Nature. (2021) 598:188–94. doi: 10.1038/s41586-021-03993-3 

 18. Friedman,NP, and Robbins,TW. The role of prefrontal cortex in cognitive control and executive function. Neuropsychopharmacology. (2022) 47:72–89. doi: 10.1038/s41386-021-01132-0 

 19. Gęsiarz,F, and Crockett,MJ. Goal-directed, habitual and Pavlovian prosocial behavior. Front Behav Neurosci. (2015) 9:135. doi: 10.3389/fnbeh.2015.00135 

 20. Dolan,RJ, and Dayan,P. Goals and habits in the brain. Neuron. (2013) 80:312–25. doi: 10.1016/j.neuron.2013.09.007 

 21. Balleine,BW, Killcross,AS, and Dickinson,A. The effect of lesions of the basolateral amygdala on instrumental conditioning. J Neurosci. (2003) 23:666–75. doi: 10.1523/JNEUROSCI.23-02-00666.2003 

 22. Daw,ND, Niv,Y, and Dayan,P. Uncertainty-based competition between prefrontal and dorsolateral striatal systems for behavioral control. Nat Neurosci. (2005) 8:1704–11. doi: 10.1038/nn1560 

 23. Buratachwatanasiri,W, Chantadisai,M, Onwanna,J, Chongpison,Y, Rakvongthai,Y, and Khamwan,K. Pharmacokinetic Modeling of 18F-FDOPA PET in the human brain for early Parkinson's disease. Mol Imaging Radionucl Ther. (2021) 30:69–78. doi: 10.4274/mirt.galenos.2021.08831 

 24. Márquez,I, Muñoz,MF, Ayala,A, López,JC, Vargas,JP, and Díaz,E. Effects on goal directed behavior and habit in two animal models of Parkinson's disease. Neurobiol Learn Mem. (2020) 169:107190. doi: 10.1016/j.nlm.2020.107190 

 25. Obeso,JA, Rodríguez-Oroz,MC, Benitez-Temino,B, Blesa,FJ, Guridi,J, Marin,C , et al. Functional organization of the basal ganglia: therapeutic implications for Parkinson’s disease. Mov Disord. (2008) 23:S548–59. doi: 10.1002/mds.22062 

 26. Obeso,JA, Marin,C, Rodriguez-Oroz,C, Blesa,J, Benitez-Temiño,B, Mena-Segovia,J , et al. The basal ganglia in Parkinson’s disease: current concepts and unexplained observations. Ann Neurol. (2008) 64:S30–46. doi: 10.1002/ana.21481 

 27. Balleine,BW, and O'Doherty,JP. Human and rodent homologies in action control: corticostriatal determinants of goal-directed and habitual action. Neuropsychopharmacology. (2010) 35:48–69. doi: 10.1038/npp.2009.131 

 28. Ferrazzoli,D, Ortelli,P, Volpe,D, Cucca,A, Versace,V, Nardone,R , et al. The ties that bind: aberrant plasticity and networks dysfunction in movement disorders-implications for rehabilitation. Brain Connect. (2021) 11:278–96. doi: 10.1089/brain.2020.0971 

 29. Yin,HH, Knowlton,BJ, and Balleine,BW. Lesions of dorsolateral striatum preserve outcome expectancy but disrupt habit formation in instrumental learning. Eur J Neurosci. (2004) 19:181–9. doi: 10.1111/j.1460-9568.2004.03095.x 

 30. Yin,HH, Ostlund,SB, Knowlton,BJ, and Balleine,BW. The role of the dorsomedial striatum in instrumental conditioning. Eur J Neurosci. (2005) 22:513–23. doi: 10.1111/j.1460-9568.2005.04218.x

 31. Kupferschmidt,DA, Juczewski,K, Cui,G, Johnson,KA, and Lovinger,DM. Parallel, but dissociable, processing in discrete corticostriatal inputs encodes skill learning. Neuron. (2017) 96:476–489.e5. doi: 10.1016/j.neuron.2017.09.040 

 32. Fitts,PM, and Posner,MI. Human performance. Belmont, Calif: Brooks. Col (1967).

 33. Thorn,CA, and Graybiel,AM. Differential entrainment and learning-related dynamics of spike and local field potential activity in the sensorimotor and associative striatum. J Neurosci. (2014) 34:2845–59. doi: 10.1523/JNEUROSCI.1782-13.2014 

 34. Erdeniz,B, and Done,J. Towards automaticity in reinforcement learning: a model-based functional magnetic resonance imaging study. Noro Psikiyatr Ars. (2020) 57:98–107. doi: 10.29399/npa.24772 

 35. Ruge,H, and Wolfensteller,U. Distinct fronto-striatal couplings reveal the double-faced nature of response-outcome relations in instruction-based learning. Cogn Affect Behav Neurosci. (2015) 15:349–64. doi: 10.3758/s13415-014-0325-4 

 36. Vicente,AM, Galvão-Ferreira,P, Tecuapetla,F, and Costa,RM. Direct and indirect dorsolateral striatum pathways reinforce different action strategies. Curr Biol. (2016) 26:R267–9. doi: 10.1016/j.cub.2016.02.036 

 37. Jahanshahi,M, Obeso,I, Rothwell,JC, and Obeso,JA. A fronto-striato-subthalamic-pallidal network for goal-directed and habitual inhibition. Nat Rev Neurosci. (2015) 16:719–32. doi: 10.1038/nrn4038 

 38. Kish,SJ, Shannak,K, and Hornykiewicz,O. Uneven pattern of dopamine loss in the striatum of patients with idiopathic Parkinson’s disease. Pathophysiologic and clinical implications. N Engl J Med. (1988) 318:876–80. doi: 10.1056/NEJM198804073181402 

 39. Martin,JA, Zimmermann,N, Scheef,L, Jankowski,J, Paus,S, Schild,HH , et al. Disentangling motor planning and motor execution in unmedicated de novo Parkinson’s disease patients: an fMRI study. Neuro Image Clin. (2019) 22:101784. doi: 10.1016/j.nicl.2019.101784 

 40. Kim,H, Kim,E, Yun,SJ, Kang,MG, Shin,HI, Oh,BM , et al. Robot-assisted gait training with auditory and visual cues in Parkinson’s disease: a randomized controlled trial. Ann Phys Rehabil Med. (2022) 65:101620. doi: 10.1016/j.rehab.2021.101620 

 41. Ginis,P, Nackaerts,E, Nieuwboer,A, and Heremans,E. Cueing for people with Parkinson’s disease with freezing of gait: a narrative review of the state-of-the-art and novel perspectives. Ann Phys Rehabil Med. (2018) 61:407–13. doi: 10.1016/j.rehab.2017.08.002 

 42. Redgrave,P, Rodriguez,M, Smith,Y, Rodriguez-Oroz,MC, Lehericy,S, Bergman,H , et al. Goal-directed and habitual control in the basal ganglia: implications for Parkinson’s disease. Nat Rev Neurosci. (2010) 11:760–72. doi: 10.1038/nrn2915 

 43. McGregor,MM, and Nelson,AB. Circuit mechanisms of Parkinson’s disease. Neuron. (2019) 101:1042–56. doi: 10.1016/j.neuron.2019.03.004

 44. Günther,M, Bartsch,RP, Miron-Shahar,Y, Hassin-Baer,S, Inzelberg,R, Kurths,J , et al. Coupling between leg muscle activation and EEG during normal walking, intentional stops, and freezing of gait in Parkinson’s disease. Front Physiol. (2019) 10:870. doi: 10.3389/fphys.2019.00870 

 45. Madadi Asl,M, Asadi,A, Enayati,J, and Valizadeh,A. Inhibitory spike-timing-dependent plasticity can account for pathological strengthening of pallido-subthalamic synapses in Parkinson’s disease. Front Physiol. (2022) 13:915626. doi: 10.3389/fphys.2022.915626 

 46. Han,C, Guo,M, Ke,X, Zeng,L, Li,M, Haihambo,N , et al. Oscillatory biomarkers of autism: evidence from the innate visual fear evoking paradigm. Cogn Neurodyn. (2023) 17:459–66. doi: 10.1007/s11571-022-09839-6 

 47. Uhlhaas,PJ, and Singer,W. Neuronal dynamics and neuropsychiatric disorders: toward a translational paradigm for dysfunctional large-scale networks. Neuron. (2012) 75:963–80. doi: 10.1016/j.neuron.2012.09.004 

 48. Wu,T, Chan,P, and Hallett,M. Effective connectivity of neural networks in automatic movements in Parkinson’s disease. Neuro Image. (2010) 49:2581–7. doi: 10.1016/j.neuroimage.2009.10.051 

 49. Hao,L, Sheng,Z, Ruijun,W, Kun,HZ, Peng,Z, and Yu,H. Altered granger causality connectivity within motor-related regions of patients with Parkinson’s disease: a resting-state fMRI study. Neuroradiology. (2020) 62:63–9. doi: 10.1007/s00234-019-02311-z 

 50. Huang,CY, Chen,LC, Wu,RM, and Hwang,IS. Effects of task prioritization on a postural-motor task in early-stage Parkinson’s disease: EEG connectivity and clinical implication. Geroscience. (2022) 44:2061–75. doi: 10.1007/s11357-022-00516-4 

 51. Magnusson,JL, and Leventhal,DK. Revisiting the "paradox of stereotaxic surgery": insights into basal ganglia-thalamic interactions. Front Syst Neurosci. (2021) 15:725876. doi: 10.3389/fnsys.2021.725876 

 52. Krack,P, Volkmann,J, Tinkhauser,G, and Deuschl,G. Deep brain stimulation in movement disorders: from experimental surgery to evidence-based therapy. Mov Disord. (2019) 34:1795–810. doi: 10.1002/mds.27860 

 53. Cassilhas,RC, Tufik,S, and de Mello,MT. Physical exercise, neuroplasticity, spatial learning and memory. Cell Mol Life Sci. (2016) 73:975–83. doi: 10.1007/s00018-015-2102-0

 54. Mahalakshmi,B, Maurya,N, Lee,SD, and Bharath,KV. Possible neuroprotective mechanisms of physical exercise in neurodegeneration. Int J Mol Sci. (2020) 21:5895. doi: 10.3390/ijms21165895 

 55. Robinson,AG, Dennett,AM, and Snowdon,DA. Treadmill training may be an effective form of task-specific training for improving mobility in people with Parkinson’s disease and multiple sclerosis: a systematic review and meta-analysis. Physiotherapy. (2019) 105:174–86. doi: 10.1016/j.physio.2018.11.007 

 56. Ferreira,AFF, Binda,KH, and Real,CC. The effects of treadmill exercise in animal models of Parkinson’s disease: a systematic review. Neurosci Biobehav Rev. (2021) 131:1056–75. doi: 10.1016/j.neubiorev.2021.10.019 

 57. Fisher,BE, Li,Q, Nacca,A, Salem,GJ, Song,J, Yip,J , et al. Treadmill exercise elevates striatal dopamine D2 receptor binding potential in patients with early Parkinson’s disease. Neurol Rep. (2013) 24:509–14. doi: 10.1097/WNR.0b013e328361dc13 

 58. Dang,LC, Castrellon,JJ, Perkins,SF, Le,NT, Cowan,RL, Zald,DH , et al. Reduced effects of age on dopamine D2 receptor levels in physically active adults. Neuro Image. (2017) 148:123–9. doi: 10.1016/j.neuroimage.2017.01.018 

 59. Jarrahi,B, McEwen,SC, Holschneider,DP, Schiehser,DM, Petkus,AJ, Gomez,ME , et al. The effects of cardiorespiratory and motor skill fitness on intrinsic functional connectivity of neural networks in individuals with Parkinson’s disease. Brain Plast. (2021) 7:77–95. doi: 10.3233/BPL-200115 

 60. Schenkman,M, Moore,CG, Kohrt,WM, Hall,DA, Delitto,A, Comella,CL , et al. Effect of high-intensity treadmill exercise on motor symptoms in patients with de novo Parkinson disease: a phase 2 randomized clinical trial. JAMA Neurol. (2018) 75:219–26. doi: 10.1001/jamaneurol.2017.3517 

 61. Abbruzzese,G, Marchese,R, Avanzino,L, and Pelosin,E. Rehabilitation for Parkinson’s disease: current outlook and future challenges. Parkinsonism Relat Disord. (2016) 22:S60–4. doi: 10.1016/j.parkreldis.2015.09.005 

 62. Luna,NMS, Brech,GC, Canonica,A, Ernandes,RC, Bocalini,DS, Greve,JMD , et al. Effects of treadmill training on gait of elders with Parkinson’s disease: a literature review. Einstein. (2020) 18:eRW5233. doi: 10.31744/einstein_journal/2020RW5233 

 63. Fernández-Lago,H, Bello,O, López-Alonso,V, Sánchez,JA, Morenilla,L, and Fernández-del-Olmo,MÁ. Gait pattern and cognitive performance during treadmill walking in Parkinson disease. Am J Phys Med Rehabil. (2015) 94:931–40. doi: 10.1097/PHM.0000000000000392 

 64. Mehrholz,J, Kugler,J, Storch,A, Pohl,M, Elsner,B, and Hirsch,K. Treadmill training for patients with Parkinson’s disease. Cochrane Database Syst Rev. (2015) 8:CD007830. doi: 10.1002/14651858.CD007830.pub3

 65. Silveira,CRA, Roy,EA, Intzandt,BN, and Almeida,QJ. Aerobic exercise is more effective than goal-based exercise for the treatment of cognition in Parkinson’s disease. Brain Cogn. (2018) 122:1–8. doi: 10.1016/j.bandc.2018.01.002 

 66. Ferrazzoli,D, Ortelli,P, Iansek,R, and Volpe,D. Rehabilitation in movement disorders: from basic mechanisms to clinical strategies. Handb Clin Neurol. (2022) 184:341–55. doi: 10.1016/B978-0-12-819410-2.00019-9 

 67. Clerici,I, Ferrazzoli,D, Maestri,R, Bossio,F, Zivi,I, Canesi,M , et al. Rehabilitation in progressive supranuclear palsy: effectiveness of two multidisciplinary treatments. PLoS One. (2017) 12:e0170927. Published 2017 Feb 3. doi: 10.1371/journal.pone.0170927 

 68. Van der Kolk,NM, de Vries,NM, Kessels,RPC, Joosten,H, Zwinderman,AH, Post,B , et al. Effectiveness of home-based and remotely supervised aerobic exercise in Parkinson’s disease: a double-blind, randomised controlled trial. Lancet Neurol. (2019) 18:998–1008. doi: 10.1016/S1474-4422(19)30285-6 

 69. Zhu,L, Jiang,Y, Scabini,D, Knight,RT, and Hsu,M. Patients with basal ganglia damage show preserved learning in an economic game. Nat Commun. (2019) 10:802. doi: 10.1038/s41467-019-08766-1 

 70. Zigmond,MJ, and Smeyne,RJ. Exercise: is it a neuroprotective and if so, how does it work? Parkinsonism Relat Disord. (2014) 20:S123–7. doi: 10.1016/S1353-8020(13)70030-0

 71. Hou,L, Chen,W, Liu,X, Qiao,D, and Zhou,FM. Exercise-induced neuroprotection of the nigrostriatal dopamine system in Parkinson’s disease. Front Aging Neurosci. (2017) 9:358. doi: 10.3389/fnagi.2017.00358 

 72. Garcia,PC, Real,CC, and Britto,LR. The impact of short and long-term exercise on the expression of arc and AMPARs during evolution of the 6-hydroxy-dopamine animal model of Parkinson’s disease. J Mol Neurosci. (2017) 61:542–52. doi: 10.1007/s12031-017-0896-y 

 73. Van Leeuwen,JE, Petzinger,GM, Walsh,JP, Akopian,GK, Vuckovic,M, and Jakowec,MW. Altered AMPA receptor expression with treadmill exercise in the 1-methyl-4-phenyl-1, 2, 3, 6-tetrahydropyridine-lesioned mouse model of basal ganglia injury. J Neurosci Res. (2010) 88:650–68. doi: 10.1002/jnr.22216 

 74. Sconce,MD, Churchill,MJ, Greene,RE, and Meshul,CK. Intervention with exercise restores motor deficits but not nigrostriatal loss in a progressive MPTP mouse model of Parkinson’s disease. Neuroscience. (2015) 299:156–74. doi: 10.1016/j.neuroscience.2015.04.069

 75. Shi,K, Liu,X, Hou,L, Qiao,D, and Lin,X. Effects of exercise on mGluR-mediated glutamatergic transmission in the striatum of hemiparkinsonian rats. Neurosci Lett. (2019) 705:143–50. doi: 10.1016/j.neulet.2019.04.052 

 76. Petzinger,GM, Holschneider,DP, Fisher,BE, McEwen,S, Kintz,N, Halliday,M , et al. The effects of exercise on dopamine neurotransmission in Parkinson’s disease: targeting neuroplasticity to modulate basal ganglia circuitry. Brain Plast. (2015) 1:29–39. doi: 10.3233/bpl-150021 

 77. Azevedo,LVDS, Pereira,JR, Silva Santos,RM, Rocha,NP, Teixeira,AL, Christo,PP , et al. Acute exercise increases BDNF serum levels in patients with Parkinson’s disease regardless of depression or fatigue. Eur J Sport Sci. (2022) 22:1296–303. doi: 10.1080/17461391.2021.1922505

 78. Tuon,T, Valvassori,SS, Dal Pont,GC, Paganini,CS, Pozzi,BG, Luciano,TF , et al. Physical training prevents depressive symptoms and a decrease in brain-derived neurotrophic factor in Parkinson’s disease. Brain Res Bull. (2014) 108:106–12. doi: 10.1016/j.brainresbull.2014.09.006 

 79. Leem,YH, Park,JS, Park,JE, Kim,DY, and Kim,HS. Suppression of neuroinflammation and α-synuclein oligomerization by rotarod walking exercise in subacute MPTP model of Parkinson’s disease. Neurochem Int. (2023) 165:105519. doi: 10.1016/j.neuint.2023.105519 

 80. Fontanesi,C, Kvint,S, Frazzitta,G, Bera,R, Ferrazzoli,D, Di Rocco,A , et al. Intensive rehabilitation enhances lymphocyte bdnf-trkb signaling in patients with Parkinson’s disease. Neurorehabil Neural Repair. (2016) 30:411–8. doi: 10.1177/1545968315600272 

 81. Duchesne,C, Gheysen,F, Bore,A, Albouy,G, Nadeau,A, Robillard,ME , et al. Influence of aerobic exercise training on the neural correlates of motor learning in Parkinson’s disease individuals. Neuro Image Clin. (2016) 12:559–69. doi: 10.1016/j.nicl.2016.09.011 

 82. Shi,K, Liu,X, Qiao,D, and Hou,L. Effects of treadmill exercise on spontaneous firing activities of striatal neurons in a rat model of Parkinson’s disease. Mot Control. (2017) 21:58–71. doi: 10.1123/mc.2015-0065 

 83. Shi,K, Liu,X, Hou,L, Qiao,D, and Peng,Y. Exercise improves movement by regulating the plasticity of cortical function in hemiparkinsonian rats. Front Aging Neurosci. (2021) 13:695108. doi: 10.3389/fnagi.2021.695108 



OPS/xhtml/Nav.xhtml




Contents





		Cover



		Goal-directed and habitual control: from circuits and functions to exercise-induced neuroplasticity targets for the treatment of Parkinson’s disease



		1. Introduction



		1.1. Anatomy of the basal ganglia: the classical model of direct and indirect pathways









		2. Functional organization of the basal ganglia: the goal-directed and habitual control circuit model



		2.1. Cooperation and competition between the goal-directed and habitual control systems



		2.2. Dual-system goal-directed and habitual control in the basal ganglia









		3. Dysfunction of the basal ganglia circuits and PD



		4. Exercise and PD



		4.1. Therapeutic significance of physical exercise in clinical rehabilitation of PD



		4.2. Exercise-enhanced neuroplasticity in PD









		5. Discussion



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		References



















OPS/images/fneur-14-1254447-g001.jpg
Cortico-basal ganglia circuits Parallel Circuits Model

© Motor
Motor Cor
m—

® Limbic

Striatum
D1-MSN €— — D2-MSN.

H( sNpc

GPi/SNr

Dopamine

Brainstem/
spinal cord

Directpathway ~ = Indirect pathway =] Inhibitory = Excitatory






OPS/images/fneur-14-1254447-g002.jpg
Exercise-induced neuroplasticity

Exercise 3
PRaniea Synaptic conectivity
Goal directed training Neurofransmiters
i (DA1Glut)
Receptor density 1
Dendritic spine formation
& = Brain health
Trophic factors
\ 8lood flow
CE— Immune system {

Neurogenesis 1
 Metabolism t

Treadmill training

Function

Motor
Control

Behavior
o Balance
o Gait

© UPDRS

Rehabilitation





OPS/images/cover.jpg
, frontiers | Frontiers in Neurology

Goal-directed and habitual
control: from circuits and
functions to exercise-induced
neuroplasticity targets for the
treatment of Parkinson'’s disease












OPS/images/crossmark.jpg
(®) Check for updates







OPS/images/logo.jpg
¥ frontiers = Frontiers in Neurology






