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Abstract

The interactive association of age and dopaminergic polymorphisms on cognitive function has 

been studied extensively. However, there is limited research on whether age interacts with the 

association between genetic polymorphisms and motor learning. We examined a group of young 

and older adults’ performance in three motor tasks: explicit sequence learning, visuomotor 

adaptation, and grooved pegboard. We assessed whether individuals’ motor learning and 

performance were associated with their age and genotypes. We selected three genetic 

polymorphisms: Catechol-O-Methyl Transferase (COMT val158met) and Dopamine D2 Receptor 

(DRD2 G > T), which are involved with dopaminergic regulation, and Brain Derived Neurotrophic 

Factor (BDNF val66met) that modulates neuroplasticity and has been shown to interact with 

dopaminergic genes. Although the underlying mechanisms of the function of these three 

genotypes are different, the high performance alleles of each have been linked to better learning 

and performance. We created a composite polygene score based on the Number of High 

Performance Alleles (NHPA) that each individual carried. We found several associations between 
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genetic profile, motor performance, and sensorimotor adaptation. More importantly, we found that 

this association varies with age, task type, and engagement of implicit versus explicit learning 

processes.
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1. Introduction

Aging is associated with a variety of motor and cognitive declines, many of which have been 

linked to changes in corticostriatal function and dopaminergic transmission (Bäckman et al., 

2006, 2000; Volkow et al., 1998). Several genetic polymorphisms have been identified which 

affect the dopaminergic metabolism pathway, including Catechol-O-Methyl Transferase 

(COMT), Dopamine D2 Receptor (DRD2), and Brain Derived Neurotrophic Factor (BDNF) 

polymorphisms (Savitz et al., 2006). COMT and DRD2 are directly linked to dopamine 

signaling (Jönsson et al., 1999; Meyer-Lindenberg et al., 2005; Stelzel et al., 2009). BDNF 

on the other hand, plays an important role in neuroplasticity and is indirectly involved in 

dopamine function (Egan et al., 2003; Guillin et al., 2001; Hünnerkopf et al., 2007; Hyman 

et al., 1991).

Previous work has shown that dopaminergic genotypes modulate the availability of 

dopamine in prefrontal and striatal regions, and are associated with varying levels of motor 

learning and performance. Joundi et al. (2012) investigated the association of BDNF with 

visuomotor processes and they found that carriers of the val-met genotype showed reduced 

rates of visuomotor adaptation during learning and the long term retention phase. However, 

their performance did not differ from the val-val genotype group at a retention test following 

a short delay. They also found more pronounced differences between the two genotype 

groups when they adapted to a larger deviation from the target, suggesting that BDNF 

genotype is associated with explicit processes of adaptation. Their findings further suggest 

that the association of BDNF with visuomotor adaptation is influenced by the task design 

(complexity and learning phase). Moreover, McHughen et al. (2011) provided evidence that 

the well-established effects of the BDNF val-met polymorphism in the early phase of motor 

learning, where val-met individuals show reduced learning, disappear with long term intense 

training. Their findings also support the notion that genotype associations with motor 

learning are influenced by task design (amount of practice).

We have recently reported that COMT val-val and DRD2 TT genotypes were associated 

with poorer performance in motor sequence learning for young adults (Noohi et al., 2014). 

We also observed that COMT val-val individuals exhibited slower visuomotor adaptation, 

however, there was no association of the DRD2 TT polymorphism with visuomotor 

adaptation. Thus, our findings are in line with previous reports of task specific associations 

between genetic polymorphisms and differing forms of motor learning and adaptation.

Several studies have shown declines in motor learning and performance with healthy aging 

(Gage et al., 1989; Kluger et al., 1997; Seidler et al., 2010). However, some older adults 
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sustain learning and performance patterns equivalent to those of young adults (Albert et al., 

1995; Dennis et al., 2007; Kattenstroth et al., 2010; Lustig et al., 2009); it is unclear what 

underlies this “successful aging” in some individuals. Flöel et al. (2005) provided evidence 

that dopamine levels modulate the rate of motor learning in healthy young and older adults. 

They showed that older adults with diminished motor memory improved significantly after 

receiving a single dose of oral L-Dopa. They suggested that individual differences in 

dopamine transmission could be used as an index of successful aging. These individual 

differences can be partly captured by an individual's genotype, and more specifically, 

genotypes that regulate dopamine function.

The role of dopaminergic genetic polymorphisms on performance in older adults has been 

studied extensively, although previous work has predominantly investigated cognitive rather 

than motor function. For example, Nagel et al. (2008b) showed that age magnifies 

associations between genotype and memory, and suggested that carriers of low-dopamine 

alleles have more pronounced deficits in learning and memory in older age. However, other 

studies have failed to replicate these age by gene interactions (see Appendix A for a 

summarized selection of studies that were/were not able to replicate these findings). Thus it 

is difficult to predict whether there might be age by gene interactions for associations 

between dopaminergic polymorphisms and motor skill learning. The studies reporting 

increasing genotype associations with behavior in advancing age (Lindenberger et al., 2008) 

suggest that young adults might engage some compensatory mechanisms to overcome the 

effects of “low dopamine” alleles, whereas for older adults general declines reduce the 

effectiveness of compensation (Cabeza et al., 2002; Collier et al., 2007; Park and Reuter-

Lorenz, 2009; Reuter-Lorenz and Cappell, 2008). However, this hypothesis remains to be 

critically evaluated.

Apart from previous animal studies (Boger et al., 2011; Chen et al., 2005; Li et al., 2010a, 

2010b; Markowska and Breckler, 1999; Watanabe et al., 1991), only a few studies have 

investigated whether there is an age by genotype interaction in the motor domain for human 

subjects (Alcalay et al., 2014; Schuck et al., 2013). Schuck and colleagues showed that the 

interactive effect of dopaminergic genotypes (DAT VNTR and DARPP-32) and age is more 

pronounced in explicit components of motor sequence learning than implicit. Alcalay et al. 

(2014) assessed the association of a Parkinson's risk gene with motor and cognitive 

performance, and found that CH/H PARKIN carriers exhibited slower progression of 

Parkinson's disease and less motor and cognitive impairments than non-carriers. These 

suggest that motor learning and performance are influenced by age and genotype, however, 

it is not clear whether the results would hold across differing dopaminergic polymorphisms 

and a range of motor learning paradigms.

Given the evidence that motor sequence learning and sensorimotor adaptation rely on 

dopaminergic processes (Carbon et al., 2004; Joundi et al., 2012; Marinelli et al., 2009; 

Noohi et al., 2014; Tremblay et al., 2010), we investigated the association of COMT, DRD2, 

and BDNF polymorphisms with motor learning and performance in healthy young and older 

adults. To more robustly explain variations in dopamine modulation that links to an 

individual's behavior, we employed the polygene approach (David et al., 2013; De Quervain 

and Papassotiropoulos, 2006; Hamrefors et al., 2010; Lluís-Ganella et al., 2010; Nikolova et 
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al., 2011; Noohi et al., 2014; Papenberg et al., 2013; Pearson-Fuhrhop et al., 2013); that is, 

we created a count score of the number of purportedly high performance alleles (i.e. alleles 

that have been previously linked to better performance in cognitive and motor tasks) that an 

individual carries across COMT, DRD2, and BDNF. We hypothesized that age-related 

declines in motor learning and performance would be associated with the presence of fewer 

“high performance alleles” in our three genes of interest. Given our findings with young 

adults (Noohi et al., 2014), we also predicted that these associations would vary between 

motor sequence learning and sensorimotor adaptation for both young and older adults.

2. Methods

2.1. Participants

Subjects were recruited from the University of Michigan student population and the National 

Institutes of Health Claude D. Pepper Older Americans Independence Center. Considering 

the effect of gender and ethnicity on genotype modulations (Barnett et al., 2007; Farrer et 

al., 1997; Garte, 1998; Kates et al., 2006; Laing et al., 2012), we limited our recruitment to 

females with Caucasian ethnicity. From a total of 142 individuals (72 YA, 70 OA) who 

participated in our study, those with a score of < 27 in the Mini Mental State Examination 

(MMSE), history of neurological disorders, contaminated DNA samples, or incomplete/

missing data were excluded. The final sample size consisted of 68 young (21±1.9 yrs) and 

63 older adults (71±4.9 yrs). We included “Estrogen therapy” as a covariate in our analyses 

as it has been shown to improve dopamine function in post-menopausal women (Duff and 

Hampson, 2000; Tsang et al., 2000; Yaffe et al., 1998). All participants signed a written 

informed consent form that was approved by the University of Michigan Institutional 

Review Board.

2.2. Genotyping

As described in our previous report (Noohi et al., 2014), we collected participants’ saliva 

samples with Oragene DNA self-collection kits. We identified the single nucleotide 

polymorphisms (SNPs) of COMT (rs4680), DRD2 (rs1076560), and BDNF (rs6265) genes 

for the provided DNA samples. Table 1 presents that the distribution of alleles for each gene 

within the two age groups was in accordance with Hardy-Weinberg equilibrium. Taking the 

COMT-met, DRD2-G, and BDNF-val alleles as the “high performance” alleles, we defined a 

polygene index representing the Number of High Performance Alleles (NHPA) that each 

individual carries. As depicted in Table 2, the total number of high performance alleles (i.e. 

NHPA score) can vary between 0 and 6. None of the subjects in our sample of young adults 

were carriers of 0 or 1 NHPA; only two older adult subjects were carriers of 0 (n=1) and 1 

(n=1) NHPA. To keep the consistency of comparisons across the two age groups, and to 

avoid the confounding effects of outliers, we did not include these two subjects in the final 

analyses.

2.3. Sensorimotor tasks

2.3.1. Explicit sequence learning—Participants were in a seated position in front of the 

computer screen. We instructed the participants to use the manufactured key-box for 

responding bimanually (with right index and middle fingers, and left index and middle 
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fingers) to the visual stimuli presented on the computer screen. The stimulus, letter X, 

popped up on the screen in a random (R) or sequential (S) pattern. We asked the participants 

to press one of the four keys on the key-box that corresponded to the position of letter X on 

the screen. For example, if letter X appeared on the far left side, the participants pressed the 

farthest left key. Prior to the beginning of each block, a notification message appeared on the 

screen that explicitly informed the participant whether the upcoming block would be random 

or sequential. A sequential trial consisted of a pattern of eight elements, with no repeat of 

the same element in a row (i.e. 2,2,2...), no runs (i.e. 1,2,3...) and no trills (i.e. 1,2,1,2...). 

Throughout the experiment, participants performed 6 sequence blocks within which there 

were 96 trials of the same pattern of the eight elements. Therefore, they were able to 

gradually anticipate the upcoming position of the letter X in sequence blocks and respond 

faster. The random trials were structured similarly, except that there was no pattern to learn, 

and the letter X popped up in an arbitrary fashion. The random and sequential blocks 

appeared in the following order: R1, R2, S3, S4, R5, S6, S7, R8, S9, S10, R11. A learning 

index was calculated as the difference between median reaction time in each sequence block 

and its subsequent random block. Therefore, the extent of learning in early, middle, and late 

phase was calculated based on the difference of median reaction time for “S4&R5”, 

“S7&R8”, “S10&R11”; respectively. Similarly, the error-learning extent (i.e. the difference 

in accuracy between random and sequence blocks) in early, middle, and late phase was 

calculated based on the difference in accuracy level (i.e. average number of errors in each 

block) for “S4&R5”, “S7&R8”, “S10&R11”; respectively.

2.3.2. Visuomotor adaptation—As described at length in our previous works (Anguera 

et al., 2009; Benson et al., 2011) participants were instructed to respond to the visual stimuli 

appearing on the computer screen by moving a Logitech Extreme 3D joystick. The goal of 

the task was to hit the target (i.e. a red circle with .8 cm diameter) as quickly and accurately 

as possible. The participants controlled the joystick with their dominant hand and moved the 

cursor from the start point (i.e. center of the screen) to hit the target that appeared randomly 

in four different positions: above, below, left, or right of the start point. After hitting the 

target, they held the joystick until the target disappeared and the cursor automatically 

returned to the start point. This task consisted of 14 blocks, within each there were 24 trials. 

At the beginning of block 3, we applied a 30° clockwise rotation to the cursor feedback 

(Mazzoni and Krakauer, 2006; Seidler, 2004). Participants received no notification about this 

distortion in the visual feedback. Therefore, they gradually adapted their trajectory to hit the 

target. We calculated the Direction Error (DE) based on the angle between two lines: (1) the 

line representing the participants’ movement trajectory at the maximum velocity, and (2) the 

line connecting the start point to the target. The feedback distortion existed only in blocks 3–

12. The last two blocks, 13 and 14, served as washout blocks when the visual feedback 

returned to veridical (same as blocks 1 and 2). We calculated the rate of visuomotor 

adjustment as the exponential decay of DE across adaptation blocks. Moreover, we polled 

participants regarding their explicit awareness of the visual distortion to evaluate differences 

in strategies (Benson et al., 2011); as depicted in Appendix B, after the completion of the 

task subjects responded to the questionnaire that indicated whether they had explicit 

awareness of the feedback rotation. We further assessed the possible correlation between 

subject's strategy and performance with regard to age and NHPA scores.

Noohi et al. Page 5

Neuropsychologia. Author manuscript; available in PMC 2017 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2.3.3. Grooved peg board test—The Grooved pegboard test is designed to provide a 

basic measure of individual's motor speed (Merker and Podell, 2011). Participants were 

instructed to pick up one peg at a time from the peg pool and place it in the holes as fast as 

possible. Pegs needed to be rotated between the thumb and the index finger to fit the 

alignment of the holes. The proper placement of the pegs required skillful eye-hand 

coordination and fine motor control. Participants performed this task once with the right 

hand and once with the left hand. We evaluated participants’ performance based on the time 

they needed to complete the task (i.e. place all the pegs in the holes).

3. Results

The pattern of results for single genotypes was generally consistent with previously reported 

effects for COMT and DRD2 polymorphisms. Given this, and the fact that we (Noohi et al., 

2014) and others (Pearson-Fuhrhop et al., 2013) have combined across these genes to 

compute a “number of high performance alleles” score (NHPA), we do not present the single 

polymorphism results here, but only focus on NHPA effects.

Similar to some previous reports (Barton et al., 2014; Erickson et al., 2008; Gajewski et al., 

2011; Getzmann et al., 2013), we found paradoxical results for the BDNF met allele in 

relation to behavior. That is, we found that BDNF met homozygotes performed superior to 

the val allele carriers in the sequence learning task. Therefore, in addition to the 

conventional analyses, we performed an exploratory post hoc analysis for the sequence-

learning task (results are presented in Appendix C) with the BDNF met allele coded as the 

high performance allele (i.e. reverse coding).

Unless otherwise specified, we conducted a series of non-parametric mixed model ANOVAs 

to find the amount of variance that the NHPA factor contributes to motor learning for young 

and older adults. Bonferroni correction was applied to adjust for multiple comparisons. The 

Mann-Whitney U non-parametric test was used for Post-hoc pairwise comparisons.

3.1. Explicit sequence learning

3.1.1. Reaction time—The results (Fig. 1) showed that there was a main effect of age 

(F1,1320=732.98, p=.0001), block (F10,1320=7.21, p=.0001), NHPA score (F5,1320=5.01, p=.

0001), and a significant interaction between age and NHPA score (F4,1320=3.02, p=.017) on 

reaction time. The post hoc analyses revealed that the main effect of age was caused by 

overall significantly slower reaction time of OA compared to YA (MWU=283, Z= −8.56, p=.

0001).

Also, the age magnification effect on genotype association was evident, as there was no 

significant effect of NHPA level on performance for YA; the NHPA-related differential 

performance emerged only in the OA group (resulting in an age*NHPA interaction): Carriers 

of NHPA=4 showed significantly slower reaction time than carriers of NHPA=2 

(MWU=3831, z= −4.2, p=.0001), NHPA=3 (MWU=11694, z= −4.13, p=.0001); and 

NHPA=5 (MWU=18352, z= −2.7, p=.005). Carriers of NHPA=6 were also significantly 

slower than NHPA=2 (MWU=1225, z= −3.06, p=.002). The other pairwise comparisons 

showed no significant difference across NHPA levels (p's > .05).
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3.1.2. Learning extent—There was no significant main effect of age or NHPA score on 

learning extent at each stage. Also we found no significant interaction between these factors 

(Fig. 2).

3.1.3. Accuracy—Fig. 3 shows the error learning extent in early, middle, and late phase, 

for young and older adult groups separately. There was only a main effect of age in the 

middle stage (F1,120=4.54, p=.035), suggesting a higher rate of learning in young adults 

(MWU=1691, z= −1.96, p=.50).

3.2. Visuomotor adaptation

As depicted in Fig. 4a and b, there was a general decay in the average direction error in 

adaptation blocks (blocks 3–12) for both young and older adult groups with practice, 

regardless of their NHPA score. This indicated that all participants showed some level of 

adaptation over time and their performance improved towards the end of the task. Moreover, 

there was a main effect of age (F1,1210=13.03, p=.0001), block (F9,1210=42.98, p=.0001), 

NHPA score (F61210=24.22, p=.0001), and an NHPA by age interaction (F4,1210=9.79, p=.

0001). The post hoc analyses revealed that the average direction error of YA with an NHPA 

score of 3 was significantly higher than for YA with an NHPA score of 5 (MWU=70, Z= 

−2.94, p=.003) and 6 (MWU=30, Z= −2.79, p=.005) (Fig. 4a). The other pairwise 

comparisons showed no significant difference across NHPA levels (p's > .05).

The average direction error between different NHPA groups was not significantly different 

in OA (Fig. 4b). Therefore, the age by NHPA interaction was driven by YA who showed 

benefits of higher NHPA scores. Moreover, the post hoc analysis showed that the main effect 

of age was caused by overall better performance of YA compared to OA (MWU=1596, Z= 

−2.5, p=.012).

Further, we assessed whether subjects’ strategies in the adaptation blocks were associated 

with their age and/or NHPA score. As depicted in Fig. 5a the results revealed a significant 

effect of age (F1=39.25, p=.0001) on subjects’ strategy, but no main effect of NHPA score 

was found. The young adults were more likely to exhibit explicit awareness (i.e. noticing the 

change in visual feedback) in the debriefing questionnaire (see Appendix B) than older 

adults.

Next, we assessed the influence of strategy on performance with regard to age and NHPA. 

The results (Fig. 5b1 and 2) showed that there was a significant NHPA effect on average 

direction error in YA who relied on implicit strategies, suggesting that YA with NHPA 

scores of 6 performed significantly better than YA with NHPA scores of 3 (MWU=1, Z= 

−2.02, p=.04); these differences were not significant in YA who relied more on explicit 

strategies for adapting to the visual distortion. The other pairwise comparisons showed no 

significant difference across NHPA levels (p's > .05).

The same analyses for the OA group did not reveal any significant effect of strategies on 

average direction error, and the results did not vary across NHPA groups.
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3.3. Grooved pegboard

We found a main effect of age (right: F1=82.19, p=.0001; left: F1=88.16, p=.0001), and 

NHPA score (right: F6=2.32, p=.03; left: F6=2.28, p=.04) in both right and left hand 

performance. A significant interaction between age and NHPA score was only evident in left 

hand performance (F4=2.52, p=.04) (Fig. 6). The post hoc analyses revealed that the main 

effect of age was driven by the OA group performing significantly slower than the YA group 

(right: MWU=367.5, Z= −8.67, p=.0001; left: MWU=320.5, Z= −8.76, p=.0001). Also, the 

interaction of age with NHPA score was caused by significantly slower performance of those 

with NHPA score of 5 compared to 2 (left: MWU=16, Z= −2.07, p=.039) only in OA group. 

The other pairwise comparisons showed no significant difference across NHPA levels (p's 

> .05).

The young adults’ performance was not influenced by their NHPA score (F4=.40, p=.8), 

which supports that the NHPA*age interaction was driven by the older adults’ performance.

Considering the general pattern of results (summarized in Table 3), we additionally assessed 

whether the best performers in our sample of older adults are the youngest individuals in this 

group. We analyzed the age distribution in the older adult group with regard to the allelic 

distribution of COMT, DRD2 and BDNF genotypes, as well as the NHPA score. We found 

no significant age distribution differences among older adults across different genotype 

groups and NHPA scores (Table 4).

4. Discussion

We hypothesized that genetic polymorphisms of COMT, DRD2 and BDNF genes would be 

associated with motor learning and performance in healthy young and older adults. We 

modeled individuals’ polygene scores based on the number of high performance alleles 

(NHPA) across these genes, and hypothesized that carriers of fewer NHPAs would show 

systematically poorer motor learning and performance, potentially depending on age and 

task structure.

We found that NHPA scores are predictive of motor performance and adaptation in a manner 

that is influenced by both age and task structure. Motor performance in a sequence learning 

task and for the grooved pegboard test was influenced by NHPA score only in OA; where 

higher NHPA scores were associated with poorer performance. In contrast, performance in 

the visuomotor adaptation task was affected by NHPA score only in YA; where higher 

NHPA scores were associated with faster visuomotor adaptation, particularly for YA who 

remained unaware of the perturbation. Although the results of the sequence learning and 

grooved pegboard tests indicated that genotype associations were amplified by age, the 

results of the visuomotor adaptation task did not support this notion.

Lindenberger et al. (2008) have proposed that age changes in cognitive function can be 

related to the inverted U shaped relationship between performance and dopamine levels. Our 

findings in the sequence learning task and grooved pegboard test are partially in line with 

this premise, in that age amplified the association of genotype and motor performance (i.e. 

an NHPA effect was only evident for OA). However, the non-linear pattern of NHPA effects 
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that we observed did not fit the inverted U relationship of dopamine level and performance 

in older adults; that is, lower NHPA scores were associated with better performance. Similar 

inconsistencies are reported in a recent review by Floresco (2013), suggesting a “family of 

functions” that influence the relationship between dopamine level and performance. The 

author reviewed the results of a battery of cognitive tasks (e.g. working memory, set shifting, 

risk/reward decision making) in animal and human studies, across which low and high 

mesocortical dopamine levels showed different relationships with performance (e.g. 

sigmoidal, exponential, biphasic, etc.). This “family of functions” varied based on the 

specific dopamine receptors and targeted neural pathways across different studies. The age-

related reversal effects of NHPA in our results also varied based on the specific 

dopaminergic pathways engaged for the particular tasks (only observed in explicit sequence 

learning task and grooved pegboard test, not in the visuomotor adaptation task). Moreover, 

considering the collective effect of the three genes that comprise the NHPA factor on 

dopamine regulation (i.e. interactive effects of COMT, DRD2, and BDNF across different 

task structures that rely on different neural networks, which also vary by age), our findings 

support the complex model of “family of functions”, but in the motor domain.

Other studies have demonstrated age differences in task performance strategies, which may 

have contributed to our results. For example, Schuck and colleagues assessed the 

performance of young and older adults in a sequence learning task and showed that age 

declines in performance were related to the explicit component of the task, and not the 

implicit. Moreover, they showed that dopaminergic genotypes (DAT and DARPP-32) were 

associated with this age-related decline in explicit sequence learning, but not the implicit 

component (Schuck et al., 2013). We have also previously reported age differences in 

strategies and mechanisms of visuomotor adaptation; young adults engage spatial working 

memory processes and the right dorsolateral pre-frontal cortex, while older adults do not 

(Anguera et al., 2010, 2011). These age differences in learning processes may have 

contributed to the age by NHPA interactions that we observed here. Interestingly, the 

association between NHPA and adaptation rate for young adults was only observed for 

participants that remained implicit regarding the visual perturbation. This suggests that the 

slow, implicit processes of adaptation are at least partially mediated by dopaminergic 

transmission.

There is a literature on compensatory processes in older adults (Reuter-Lorenz and Lustig, 

2005; Seidler et al., 2010), but it is not clear whether similar forms of compensation are in 

place for lower NHPAs. For example, Rieckmann and Bäckman (2009) have suggested that 

older adults rely on medial temporal brain regions during implicit learning to overcome age 

declines in striatal function. In a study of young adults, Jaspar et al. (2014) found that those 

homozygous for the COMT val allele exhibited greater frontal and temporal lobe activity 

and connectivity during performance of the Stroop interference resolution task. The authors 

suggest that this pattern of activity/connectivity allows these individuals to compensate for 

lower dopamine availability. Interestingly, a recent study found that older adults, and COMT 

val allele carriers (regardless of age), exhibit reduced efficiency of the dorsolateral prefrontal 

cortex (DLPFC) during a working memory task (Nyberg et al., 2014). That is, older adults 

and COMT val allele carriers both exhibited greater DLPFC activation at lower task 

demands, and then had a reduced range of activity with increasing task demands. It is 
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difficult to draw a direct parallel between that study and the current one however, because 

Nyberg et al. (2014) did not observe age by genotype interactions in either working memory 

performance or DLPFC activation levels. Nevertheless, our finding that NHPAs interact with 

sensorimotor adaptation differentially in young adults who gain explicit awareness versus 

those that do not supports the notion of specific compensatory mechanisms. That is, young 

adults who reported explicit awareness of the visuomotor distortion did not exhibit varying 

performance based on NHPA status.

5. Potential caveats

Although we controlled for the potential confounds of estrogen supplementation in the older 

adults sample, it was behind the scope of this study to take into account many other 

contributing factors to dopaminergic modulation, such as serotonergic geno-types (Olvera-

Cortés et al., 2008). In addition to our small sample size, this study is also limited in that the 

findings cannot be generalized to males and other ethnicities.

6. Conclusion

Our findings suggest that an individual's genetic profile predicts their motor performance 

and sensorimotor adaptation. More importantly, we found that this prediction varies based 

on age, and the specific implicit and explicit mechanisms involved. The significance of our 

findings can be further perceived considering the recent review by Howard and Howard, 

(2013): While the evidence for spared implicit processes in healthy aging is emerging 

throughout the literature, they reported implicit probabilistic sequence learning to be an 

exception. Their report highlights the role of individual differences (and in particular 

dopaminergic genotypes) and task structure as the main contributing factors that need to be 

taken into account for studying implicit and explicit learning processes in older adults. Here, 

we showed that the number of high performance alleles (NHPA) across COMT, DRD2, and 

BDNF genes differentially predicts the performance of young and older adults in implicit 

and explicit processes. Further, our findings raise additional questions about the relationship 

between dopamine levels and performance in older adults, supporting the previous reports 

on process-specific relationships instead of a universal inverted U shaped model (Floresco, 

2013). A greater understanding of these relationships may further elucidate the underlying 

causes of age declines in sensorimotor function, and could highlight new avenues for 

interventions.
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Selection of articles that provided evidence in support of (Table A1) or in contrast with 

(Table A2) the age-magnifying theory.
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Appendix B

Debriefing questionnaire for visuomotor adaptation task. Subjects responded to this 

questionnaire after the completion of the task. The lines indicate the path of increasingly 

specific questions about the task. Subjects were considered to have some explicit awareness 

if their answers followed the red path.
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Appendix C

The additional exploratory post-hoc analyses for sequence learning task, with reverse coded 

BDNF in NHPA score.

C.1. Reaction time

The results (Fig. C1) showed that there was a main effect of age (F1,1320=345.92, p=.0001), 

block (F10,1320=11.57, p=.0001), reverse coded NHPA score (F5,1320=3.77, p=.002), and a 

significant interaction between age and reverse coded NHPA score (F5,1320=6.31, p=.0001) 

on reaction time. The post hoc analyses revealed that the main effect of age was caused by 

overall significantly slower reaction time for OA versus YA (MWU=318, Z= −8.78, p=.

0001). Further analyses showed that the age*reverse coded NHPA interaction was driven by 

the significantly slower reaction time of YA with reverse coded NHPA=1 compared to 

reverse coded NHPA=5 (MWU=.0001, Z= −2.23, p=.025) in sequence learning blocks. The 

same analysis showed that there was a strong trend in the 0A group, suggesting that those 

with reverse coded NHPA scores of 5 performed slower than reverse coded NHPA scores of 

1 (MWU=2, Z= −1.80, p=.07).

C.2. Learning extent

As depicted in Fig. C2, the extent of learning in all three phases didn't vary based on age or 

reverse coded NHPA score.

C3. Accuracy

As shown in Fig. C3, the error learning extent in early, middle, and late phase did not vary 

based on age and reverse coded NHPA score.
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Fig. C1. 
Mean Reaction Time across 11 blocks based on the NHPA score (reverse coded for BDNF) 

in young and older adult groups.

Fig. C2. 
Learning extent in early, middle and late phases based on the reverse coded NHPA score (1–

5) in young (a) and older (b) adults groups. The error bars represent the standard error of the 

mean.
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Fig. C3. 
Extent of error learning based on the reverse coded NHPA score in young (a) and older (b) 

adult groups. The accuracy level represents the difference in number of errors made in 

sequence blocks and their subsequent random blocks. Error bars show the standard error of 

the mean.
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Fig. 1. 
Mean Reaction Time across 11 blocks based on the NHPA score in young and older adult 

groups. R: random blocks, S: sequence blocks.
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Fig. 2. 
Learning extent in early, middle and late phases based on the NHPA score in young (a) and 

older (b) adults groups. The error bars represent the standard error of the mean.
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Fig. 3. 
Extent of error learning based on the NHPA score in young (a) and older (b) adult groups. 

The error learning extent represents the difference in number of errors made in sequence 

blocks and their subsequent random blocks (i.e. a positive score reflects fewer errors in 

sequence blocks compared to random blocks, indicating a higher magnitude of learning). 

Error bars show the standard error of the mean.
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Fig. 4. 
Mean direction error across 14 blocks, based on the NHPA score for young (a) and older (b) 

adult groups.
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Fig. 5. 
Number of subjects who exhibited explicit versus implicit awareness on the debriefing 

questionnaire after the completion of the task, based on age (a). NHPA association with 

performance in visuomotor adaptation task in young adults with explicit (b1) and implicit 

(b2) awareness. None of the subjects with NHPA=2 exhibited implicit awareness; therefore 

the comparison for implicit awareness is shown for NHPA scores=3, 4, 5, and 6. Note: 

Subjects were considered to have some explicit awareness if their answers followed the red 

path showed in Appendix B.
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Fig. 6. 
Left hand performance in Grooved pegboard test, categorized based on NHPA score for 

young and older adult groups. Error bars reflect the standard error of the mean.
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Table 1

Frequency of allelic distribution for COMT, DRD2, and BDNF genes. The observed values represent the 

percentage of allelic distribution in our sample of young and older adults combined. The expected values 

represent the Hardy Weinberg equilibrium for the percentage of allelic distribution in a mixed gender/age 

population of European ethnicity.

Gene Allele %Observed %Expected χ 2 p-Value

COMT MM 26.7 30 .316 .574

VM 51.9 40 3.24 .071

VV 21.5 30 2.217 .136

DRD2 GG 66.2 75 2.145 .143

GT 28.8 23 .999 .317

TT 5 2 1.409 .223

BDNF VV 64.3 62 .131 .717

VM 27.1 35 1.701 .192

MM 8.6 3 3.09 .078
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Table 2

Frequency of NHPA score in our sample of young adults, older adults, and young and old combined.

NHPA Frequency (%) YA Frequency (%) OA Frequency (%) YA+OA

0 0 1.5 .7

1 0 1.5 .7

2 5.8 7.7 6.7

3 18.8 20.0 19.4

4 18.8 30.8 24.6

5 37.7 27.7 32.8

6 18.8 10.8 14.9
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Table 3

Summary of results. N.S: non significant.

Motor learning paradigm Age effect NHPA effect Age by NHPA interactive effect

Sequence learning

Reaction time OA slower than YA Only in OA OA with NHPA=4 slower than NHPA=2,3,5 
and OA with NHPA=6 slower than NHPA=2

Learning extent N.S N.S N.S

Error learning extent OA lower magnitude of error 
learning

N.S N.S

Visuomotor adaptation

Direction error OA higher rate of direction error Only in YA YA with NHPA= 3 higher direction error 
than NHPA= 5,6

Explicit versus implicit strategy OA: more implicit/YA: more 
explicit

Only in YA with implicit 
strategy

YA with NHPA= 3 higher direction error 
than NHPA= 6

Grooved pegboard

Performance time OA slower performance (both 
hands)

Only in OA left hand 
performance

OA with NHPA=5 slower than NHPA=2
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Table 4

Mean age in older adult group based on allelic distribution of COMT, DRD2 and BDNF genotypes, and NHPA 

score. There was only one subject with NHPA=0 and one subject with NHPA=1. Therefore, they were not 

included in the analyses.

Allele Mean age in OA group Standard deviation

COMT mm 71 4.43

vm 72 5.33

vv 70 4.38

DRD2 GG 72 4.30

GT 71 6.10

TT 68 3.26

BDNF vv 71 4.23

vm 73 5.22

mm 69 5.51

NHPA 2 70 3.98

3 72 5.88

4 71 4.98

5 73 4.63

6 73 0
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