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Abstract

Background and Purpose—In many neurologic diagnoses significant inter-individual 

variability exits in the outcomes of rehabilitation. One factor that may impact response to 

rehabilitation interventions is genetic variation. Genetic variation refers to the presence of 

differences in the DNA sequence among individuals in a population. Genetic polymorphisms are 

variations that occur relatively commonly and, while not disease-causing, can impact the function 

of biological systems. The purpose of this article is to describe genetic polymorphisms that may 

impact neuroplasticity, motor learning, and recovery after stroke.

Summary of Key Points—Genetic polymorphisms for brain-derived neurotrophic factor 

(BDNF), dopamine, and apolipoprotein E have been shown to impact neuroplasticity and motor 

learning. Rehabilitation interventions that rely on the molecular and cellular pathways of these 

factors may be impacted by the presence of the polymorphism. For example, it has been 

hypothesized that individuals with the BDNF polymorphism may show a decreased response to 

neuroplasticity-based interventions, decreased rate of learning, and overall less recovery after 

stroke. However, research to date has been limited and additional work is needed to fully 

understand the role of genetic variation in learning and recovery.

Recommendations for Clinical Practice—Genetic polymorphisms should be considered as 

possible predictors or covariates in studies that investigate neuroplasticity, motor learning, or 

motor recovery after stroke. Future predictive models of stroke recovery will likely include a 

combination of genetic factors and other traditional factors (e.g. age, lesion type, corticospinal 

tract integrity) to determine an individual’s expected response to a specific rehabilitation 

intervention.

Keywords

polymorphism; motor learning; recovery; predictive models

Corresponding Author: Jill Campbell Stewart, PT, PhD, University of South Carolina, 921 Assembly Street, Room 301D, Columbia, 
SC 29208, PHONE: (803) 777-6583, FAX: (803) 777-0558, jcstewar@mailbox.sc.edu. 

Disclosures: Steven C. Cramer has served as a consultant for MicroTransponder, Dart Neuroscience, and Roche.

The content of this manuscript was presented as part of the IV STEP Conference in Columbus, OH in July 2016.

HHS Public Access
Author manuscript
J Neurol Phys Ther. Author manuscript; available in PMC 2018 July 01.

Published in final edited form as:
J Neurol Phys Ther. 2017 July ; 41(Suppl 3 IV STEP Spec Iss): S17–S23. doi:10.1097/NPT.
0000000000000180.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Introduction

Rehabilitation outcomes in individuals with neurologic diagnoses involve a complex 

interaction of baseline status, disease severity, individual factors, and treatment content 

including intensity and dose. Despite a growing body of research in neurologic rehabilitation 

in the last few decades, the optimal content and dose of rehabilitation interventions in most 

clinical diagnoses remains unclear. Research on the key ingredients of treatment continues, 

but an improved understanding of how individual factors interact with these key ingredients 

is also needed in order to provide clinicians with the information needed to match each 

client with the most appropriate intervention for optimal outcomes. Increasing evidence 

suggests that genetic variation may partially explain the frequently reported variability in 

individual responses to neuroplasticity-based interventions in a manner that could have 

implications for rehabilitation interventions.1, 2

Genetic variation refers to the presence of differences in the DNA sequence among members 

of a given population. Most clinicians are familiar with genetic mutation, a relatively 

uncommon variation in DNA that results in significant functional changes and is often 

disease-causing (e.g. Huntington’s disease). The focus of this article, however, is genetic 

polymorphisms. Genetic polymorphisms are relatively frequent variations in DNA among 

individuals within a population (>1%) that are not directly disease-causing but that can 

impact underlying systems, especially when interacting with certain other genetic variants or 

environmental conditions.3, 4 A common type of polymorphism is a single-nucleotide 

polymorphism (SNP), a variation of the genetic code in a single base pair wherein one 

nucleotide has been exchanged for another. A single SNP or a set of SNPs can lead to 

biological variations in cellular and molecular processes that may have functional 

consequences. Many other types of polymorphisms exist, such as insertion or deletion of a 

nucleotide or repeats of a set of nucleotides in the DNA sequence, including a variable 

number of tandem repeats.3, 4 Table 1 provides an overview of several genetic terms and 

definitions that will be used this article as well as other articles in this research area.

Neuroplasticity serves as the proposed mechanism for numerous interventions in neurologic 

rehabilitation.5 Specifically, interventions that provide repetitive, challenging and 

progressive practice of goal-oriented, functional tasks are thought to rely on neuroplastic 

changes in order to have long lasting effects.6 Additionally, newer techniques aimed at 

augmenting behavioral practice, such as an acute bout of exercise7 and non-invasive brain 

stimulation8, are thought to be beneficial through their impact on neuroplasticity. Therefore, 

SNPs that have an effect on neuroplasticity may be particularly relevant to neurologic 

rehabilitation. It has been suggested that individuals with genetic variants associated with 

reductions in some features of neuroplasticity might respond differently to interventions that 

engage neuroplastic processes, as compared to individuals without those variants.

The purpose of this article is to describe examples of genetic polymorphisms that may 

impact neuroplasticity, learning, and recovery after a neurologic insult. Examples of how the 

presence of these polymorphisms can affect individual response to a period of motor practice 

will be provided. Additionally, using the brain derived neurotrophic factor (BDNF) 

polymorphism as an example, we will discuss the role of genetic variation in current and 
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future predictive models of motor recovery and response to behavioral interventions after 

stroke.

Genetic Polymorphisms, Neuroplasticity and Motor Learning

Key examples of genetic polymorphisms that can impact neuroplasticity include 

polymorphisms for BDNF, dopamine, and apolipoprotein E. While the effect of each 

polymorphism lies at the cellular/molecular level of the nervous system, these variations 

may affect neuroplasticity in a manner that impacts learning and recovery through gene-

environment interactions. Specifically, in some cases the effect of a polymorphism may not 

be seen with respect to baseline status but instead emerges when an individual interacts with 

the environment. Within the context of physical therapy and rehabilitation, ‘environment’ 

can be viewed as the behavioral interventions or other therapeutic approaches that involve 

the cellular pathway influenced by the genetic polymorphism. A key point is that response to 

a therapeutic intervention may be impacted by genetic variation if the mechanism of action 

of the intervention involves these neuroplastic pathways.

Brain-Derived Neurotrophic Factor Val66Met Polymorphism

BDNF is a neurotrophin found throughout the brain that is important for both 

neuroprotection and neuroplasticity.9 BDNF plays a crucial role in enhancing synaptic 

transmission and facilitating long-term potentiation in a manner that supports 

learning.7, 10, 11 BDNF release is activity-dependent,12 and increased levels of BDNF have 

been reported in response to a period of skill learning13 and an acute bout of aerobic 

exercise.14, 15 A relatively common SNP for BDNF (rs6265), where a substitution from 

guanine to adenine occurs at nucleotide 196, results in an amino acid substitution at codon 

66 from valine to methionine (val66met). Individuals with one or two copies of the met allele 

are defined as having the BDNF val66met polymorphism and show a decrease in activity-

dependent release of BDNF.16 The frequency of the BDNF polymorphism varies by ethnic 

group. Approximately 30% of individuals in the United States of European descent have the 

BDNF polymorphism. Polymorphism frequencies are higher in Italy and Japan at 

approximately 50% and 65%, respectively.17

Presence of the BDNF polymorphism can have both neural and behavioral effects. 

Individuals with the polymorphism show differences in neural plasticity in response to a 

period of practice of a repetitive finger task.18 In fact, such differences may be seen during 

simple finger movements in nondisabled individuals19 and in individuals with hemiparetic 

stroke,20 although effects may be decreased in older adults.21 Additionally, protocols aimed 

at facilitating neuroplasticity may have differing effects in those with and without the met 

allele. Response to several non-invasive brain stimulation protocols has been shown to differ 

based on the presence of one or more copies of the met allele including repetitive 

transcranial magnetic stimulation,22–24 transcranial direct current stimulation,25 and paired 

associative stimulation.22, 26 Behaviorally, motor skill learning may also be affected by the 

BDNF polymorphism. Individuals with the met allele show an overall decrease in 

learning19, 27 and a reduced rate of learning.28 Studies showing no effect of the BDNF 

polymorphism on plasticity and motor learning are also present in the literature.29, 30 While 
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these studies had small sample sizes and used stimulation protocols that may have been 

suboptimal in engaging BDNF processes, they highlight the need for continued work to 

determine the interaction between BDNF genotype and various intervention approaches and 

parameters.

Dopamine Polymorphisms

Dopamine is a neurotransmitter that plays an important role in numerous fundamental 

central nervous system processes including movement, mood, addiction, reward, impulse 

control, and learning.31–38 Dopamine and dopamine receptors are found both in the basal 

ganglia and cerebral cortex.39 Interruption of dopamine connections to primary motor cortex 

interferes with motor skill learning,40, 41 suggesting an essential role for dopamine in this 

process. Several genetic polymorphisms affect dopamine neurotransmission including within 

genes that code for catechol-o-methyltransferase (COMT), dopamine transporter protein 

(DAT), and dopamine receptors D1, D2 and D3. Presence of one or more of these 

polymorphisms results in either increased or decreased dopamine neurotransmission, 

depending on the polymorphism.42 Overall, individuals with one of the dopamine 

polymorphisms that leads to relatively less dopamine activity tend to have conditions 

associated with a hypodopaminergic state such as poorer working memory,43 attention 

deficit hyperactivity disorder,44 and reduced dopamine binding to D2 receptors.45

Gene scores that sum the effects of multiple polymorphisms can provide substantially 

improved insights for some46–48 though not all49, 50 biological systems. Recently, a 

dopamine gene score combining the effects of five polymorphisms has been studied and 

found to be a significant predictor of motor learning and its improvement by L-Dopa,42 

depression scores in both healthy and depressed populations,51 and impulsivity and its 

improvement by the dopaminergic drug Ropinirole.52 These findings emphasize the value of 

considering multiple sources of genetic variation, at least for systems such as brain 

dopamine, and provide examples of applying genetic research findings to individualized 

medical care.

Genetic polymorphisms that affect dopamine transmission may be particularly relevant in 

the management of Parkinson disease. Death of dopaminergic neurons in the substantia 

nigra lead to dopamine deficiency in individuals with Parkinson disease with dopamine 

replacement therapy being a common pharmacological intervention.53 While research is still 

in its early stages, recent work suggests that the presence of polymorphisms in the dopamine 

system in individuals with Parkinson disease may impact working memory and executive 

function54–56 and be related to changes in brain activation in cortico-striatal networks.57–59 

Additionally, genotype may impact the effectiveness of dopamine drug therapies on motor 

symptoms60, 61 and motor sequence learning62 in those with Parkinson disease. Continued 

research is needed to fully understand the interaction between disease severity, drug 

therapies, motor behavior, and genotype in this clinical population and whether these 

interactions impact response to rehabilitation interventions.
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Apolipoprotein E Polymorphism

Apolipoprotein E (ApoE) is a lipoprotein found in the brain that plays a role in neuronal 

processes related to repair and recovery.63–65 There are three variants of the ApoE gene at 

two amino acid positions that can impact the structure and function of ApoE: ε2, ε3, and 

ε4.2 Several ApoE genotypes occur at varying frequencies in the population and are based 

on the alleles present at each position (e.g. ε2/ε3, ε3/ε3, ε3/ε4). ApoE ε3 has a 

neuroprotective effect that protects against neurodegeneration and cognitive decline, while 

ApoE ε4 has the opposite effect, resulting in an overall negative influence on several 

neuroplastic processes.66, 67 The ApoE ε4 allele is a risk factor for Alzheimer’s disease68 

and is related to poorer outcome after traumatic brain injury69 and stroke.70–72

BDNF Val66Met Polymorphism, Neuroplasticity and Motor Learning after 

Stroke

While there are several genetic polymorphisms that may impact neuroplasticity and motor 

learning after stroke, the BDNF polymorphism has received the most attention in the 

literature and, as such, will be the focus here. As described above, BDNF is thought to play 

an important role in neuroplasticity. Therefore, the BDNF polymorphism is most likely to 

have an effect on response to motor practice that engages neuroplastic processes aimed at 

motor skill learning or re-learning (Figure 1), such as challenging and progressive task-

oriented training.6 The BDNF polymorphism may also be relevant in understanding 

individual response to interventions aimed at augmenting motor practice through the 

facilitation of neuroplasticity via BDNF dependent processes, such as non-invasive brain 

stimulation27 or an acute bout of aerobic exercise.73, 74 Overall, research to date suggests 

that differences in neuroplasticity may be present in individuals post-stroke who have one or 

more copies of the met allele. Brain activation during hand movement is decreased in 

individuals post-stroke with the BDNF polymorphism compared to individuals without the 

polymorphism,20 consistent with previous work in neurologically health individuals.19 In 

nondisabled individuals, response to several non-invasive brain stimulation protocols has 

also been shown to differ based on presence of a met allele.22–26 While research is still in its 

early stages, differences in response to these stimulation techniques after stroke appear to 

also be present.75, 76 In fact, the BDNF polymorphism has been suggested as one possible 

factor in explaining the relatively high variability in response to brain stimulation seen in 

many studies.77

The effect of the BDNF polymorphism on motor learning after stroke has been less studied, 

and to our knowledge only one study has investigated the polymorphism’s effect on motor 

learning after stroke. In a study of gait adaptation during split-belt treadmill walking in 

individuals with chronic stroke, while total adaptation did not differ between individuals 

with and without the polymorphism, the rate of adaption did differ. Individuals without the 

polymorphism (val/val) showed significant changes in the first 30 trials of adaption, however 

individuals with the polymorphism (met) did not. Instead, the group with the met allele 

continued to show change with practice until reaching a similar level of total adaption at the 

end of practice.78 These findings suggest that individuals post-stroke who have the met 

Stewart and Cramer Page 5

J Neurol Phys Ther. Author manuscript; available in PMC 2018 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



allele may need additional practice to achieve the same behavioral outcome compared to 

those without the met allele, consistent with a similar report in nondisabled individuals.28

BDNF Val66Met Polymorphism and Motor Recovery after Stroke

Several studies have shown that the BDNF polymorphism may impact recovery after stroke. 

In individuals with one or more copies of the met allele, overall recovery after stroke is less 

compared to those without the allele.72, 79–82 These studies are an important step in 

understanding the role of this polymorphism in the variability in recovery seen after stroke. 

Most studies in this area to date, however, have a few limitations that may impact the 

application of this work to clinical decision making in physical therapy. First, study 

endpoints have tended to be a few weeks to a few months post-stroke. In order to fully 

understand the role of the BDNF polymorphism in motor recovery after stroke, studies that 

follow individuals for longer durations are needed. Second, description of the content, 

parameters, and dose of motor behavioral interventions was often not provided. While the 

optimal content and dose of therapeutic interventions are still under debate, the BDNF 

polymorphism may not be relevant in predicting motor recovery if interventions do not 

target neuroplasticity or are of insufficient intensity to drive neuroplasticity. Finally, most 

studies have measured and defined ‘recovery’ based on scores on the Modified Rankin Scale 

(mRS) or the National Institutes of Health Stroke Scale (NIHSS). These are valid and 

reliable scales that are frequently used to measure outcome in research studies in stroke. 

However, the granularity with which these measures define motor recovery is limited. For 

example, ‘good’ recovery on the mRS is often defined as a score or 0–1, indicating no 

significant disability.83 However, individuals with a mRS score of 0–1 often report continued 

difficulty in using the paretic hand to perform functional tasks and decreased paretic arm 

use,84 suggesting this measure may not be sufficiently sensitive to change in studies aimed at 

understanding motor recovery in the upper extremity. Motor system specific outcome 

measures85 are needed in future studies on genetic variation and motor recovery after stroke.

Two recent studies have included the BDNF polymorphism as a possible predictor of 

response to a defined period of upper extremity motor training.86, 87 The presence of the met 

allele did not significantly predict treatment response in either study. Both studies, however, 

included individuals post-stroke with a wide range of motor impairment and brain structure 

and function. While variability in clinical presentation can be important to understand some 

factors that predict treatment response, other factors may be predictors only in certain stroke 

subtypes or in response to specific interventions. A recent study of BDNF polymorphism 

found no effect on response to a period of motor training when considering all individuals in 

a single analysis. However, when individuals were grouped based on level of motor function, 

presence of the met allele predicted less motor improvement in those with moderate to high 

motor function but not those with low motor function.88 Subgroups based on lesion type 

(e.g. cortical, subcortical), level of corticospinal tract integrity,89 or residual motor system 

functional and structural connectivity90 may also be relevant in determining the role of 

genetic variation in motor recovery after stroke.
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Future Research Directions

While there is evidence that the BDNF polymorphism impacts neuroplasticity and motor 

learning in humans, additional mechanistic research in this area is needed. For example, 

while differences in response to non-invasive stimulation in individuals with the met allele 

have been reported,75, 76 a full understanding of these differences and the development of 

stimulation protocols optimized for individuals with the met allele have yet to be described. 

Non-invasive brain stimulation may be an effective adjunct to behavioral practice in 

individuals with the polymorphism, however, the optimal parameters and dose of stimulation 

may be different than in individuals without the polymorphism. Additionally, the type and 

intensity of motor practice may be a factor in the impact of the BDNF polymorphism on 

motor learning. The type of learning task (e.g. sequence, adaptation, etc.), level of task 

difficulty, and conditions of practice (e.g. random order practice, external focus of attention, 

etc.) may impact differences in learning between individuals with and without the met allele. 

The effect of the BDNF polymorphism on motor learning is likely influenced by the extent 

to which motor practice engages neuroplasticity and the pathway of action of BDNF.

Future studies on the effect of the BDNF polymorphism on motor recovery after stroke 

should consider the role of stroke subtype or classification. In other clinical domains, 

research on stroke risk, prognosis, and treatment often stratify by stroke subtype in order to 

group clients according to specific criteria. Clinical presentation, treatment approach, and 

treatment response may be different based on stroke subtype.91 For example, two recent 

studies in the motor system suggested that neuroplasticity differs as a function of stroke 

subtype.86, 92 A full understanding of the role of the BDNF polymorphism on motor 

recovery after stroke will therefore benefit from an investigation of its effect in different 

stroke subtypes. Stroke classification schemas from other professions may be helpful in 

understanding the relationship between genetic variation and motor recovery. However, 

classification schemas specific to recovery and rehabilitation may be needed. For example, 

the presence of the BDNF polymorphism may not be relevant to motor recovery in 

individuals with limited motor capacity88 or little to no remaining integrity in important 

neural pathways such as the corticospinal tract.

This review has focused on a single BDNF polymorphism. However, multiple 

polymorphisms may combine or interact to have a net effect on neuroplasticity and motor 

learning. Several polymorphisms that impact the same cellular pathway may combine to 

impact neuroplasticity, as was described above for the dopamine polygene score. 

Alternatively, polymorphisms from different cellular pathways may combine or interact. For 

example, the effect of the BDNF polymorphism on neuroplasticity has been shown to be 

impacted by the presence of the COMT polymorphism.93 A polygene score that combines 

the effect of multiple polymorphisms may be useful to best understand the effect of the 

BDNF polymorphism or other polymorphisms on neuroplasticity, motor learning, and motor 

recovery after stroke.

Genetic variation alone will not predict motor recovery. While several variables have been 

reported as possible predictors of upper extremity recovery after stroke such as age, initial 

level of impairment, degree of corticospinal tract integrity, and measures of brain 
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function,86, 94, 95 consensus in the literature is lacking.96 It will likely be a combination of 

genetic factors and these traditional variables that best predicts response to rehabilitation 

interventions.97 Additionally, predictive models may vary based on stroke subtype, 

intervention content, and the dependent variable being predicted (e.g. measures of motor 

impairment versus motor function). Large-scale studies that include motor system outcome 

measures and detailed descriptions of rehabilitation interventions are needed to determine 

what combination of traditional factors and genetic factors predict motor recovery after 

stroke. Ultimately, these predictive models must be tested in a prospective manner to 

understand whether basing clinical decisions about treatment type and dose on a set of 

baseline variables improves individual rehabilitation outcomes.

Conclusions

Variability in response to rehabilitation interventions is commonly reported in both clinical 

care and research studies in a variety of neurologic diagnoses. Understanding variables that 

predict response to specific intervention protocols will provide clinicians with information 

that can be used in clinical decision-making, improving the ability of physical therapists to 

match the right intervention content and dose with the right individual. Genetic variation 

may be one of several factors that impact an individual’s response to an intervention and 

may be useful in future decision-making models. There are several genetic polymorphisms 

that can impact neuroplasticity. Individuals with polymorphisms that decrease 

neuroplasticity may require different types, parameters, or doses of an intervention to 

achieve similar outcomes to those achieved by individuals without the polymorphisms. 

Future work will continue to investigate the role of genetic variation, along with other 

factors, in predicting individual response to rehabilitation interventions.
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Figure 1. 
Schematic on the proposed role of BDNF and the val66met BDNF polymorphism in 

rehabilitation after stroke. Intervention approaches that include motor practice aimed at 

driving neuroplasticity, and therefore learning or re-learning of skilled actions, are thought to 

rely on BDNF dependent processes. Individuals with the BDNF polymorphism may have 

differences in the neuroplastic response to motor practice that may impact motor learning 

and, ultimately, motor recovery. Rehabilitation approaches aimed at facilitating motor 

recovery that do not engage these neuroplastic/learning processes may not be affected by the 

BDNF polymorphism.
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Table 1

Genetic terms and definitions

Term Definition

Genetics Study of genes and genetic variation

Epigenetics Study of how external factors affect gene expression or transcription that are unrelated to the DNA sequence

Genetic Mutation Rare genetic variant (<1% of the population) that results in significant functional change

Genetic Polymorphism Common genetic variant (>1% of the population) that results in relatively small effect on behavior or phenotype

Genotype Set of alleles inherited for a particular gene or polymorphism

Allele One version of a gene or polymorphism; an individual inherits two alleles for each gene or polymorphism, one from 
each parent

Phenotype Set of behavioral or clinical features that represent the expression of a gene or set of genes and environmental factors

Endophenotype Measurement (behavioral, imaging, biochemical) linked to a genotype that is useful for distinguishing biological 
subgroups that look the same clinically

Epistasis When the expression of one gene is modified by another gene
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