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Abstract

Mobility and memory declines with aging can limit independence. Several single nucleotide
polymorphisms (SNPs) have been associated with cognitive performance, but studies investigating
motor function are scant. We examined four SNPs involved in dopaminergic metabolism: BDNF
(Val66Met), DRD3 (Ser9Gly), DBH (C>T), and COMT (Val158Met) for their relationship to
motor and cognitive function in healthy older adults (7= 4,605 and 7= 7,331) who participated in
the U.S. Health and Retirement Study. Individuals with genotypes associated with reduced
dopamine metabolism exhibited poorer balance and memory. We found the most pronounced
effects in the oldest participants (85+ years old), supporting the notion that age-related declines in
dopamine availability contribute to magnified genotype effects with advancing age. Moreover,
males demonstrated stronger associations than did females between number of beneficial
dopamine alleles and cognitive scores, suggesting that sex differences in dopaminergic
transmission interact with genotype to influence performance. These findings point to common
genetic variants related to dopaminergic metabolism that characterize individual differences in
motor and cognitive function in older adults.
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1. Introduction

It is well established that age-related declines in mobility (Hirvensalo et al., 2000) and
cognitive function (Bassett and Folstein, 1991; Warren et al., 1989) limit older adults’
independence. Diminished functional independence is strongly associated with fall risk
(Deandrea et al., 2010; Holtzer et al., 2007; Muir et al., 2012), disability status (Kuh et al.,
2014), likelihood of institutionalization (Kuh et al., 2014), poorer overall health (Roos and
Havens, 1991) and greater mortality (Roos and Havens, 1991). Thus as the general
population continues to age (Vincent and Velkoff, 2010), it is critical to understand the
underlying mechanisms of why some individuals age more successfully than others.

The dopaminergic (DA) system declines with age, and these declines are associated with
poorer motor and cognitive performance (Backman et al., 2000; Backman et al., 2006;
Volkow et al., 1998). DA declines with age occur against a backdrop of “baseline” genetic
differences in DA transmission capacity. Certain single nucleotide polymorphisms (SNPs)
are associated with more effective DA transmission and consequently better motor and
cognitive performance, while other SNPs are associated with depressed DA functioning and
resulting impairments in motor and cognitive behaviors, especially in older age (Nagel et al.,
2008; Noohi et al., 2016; Papenberg et al., 2013).

The influential work of several groups has identified multiple SNPs associated with
cognitive performance, but studies investigating motor function are scant. For instance, Met
alleles at the catechol-O-methyltransferase (COMT) Val158Met polymorphism have been
associated with greater DA availability in the prefrontal cortex (Lotta et al., 1995; Tunbridge
et al., 2006) and better cognitive performance in young (Bellander et al., 2015; Sheldrick et
al., 2008) and older adults (de Frias et al., 2004; Nagel et al., 2008; Witte and Floel, 2012).
However, effects on motor behaviors are conflicting. We previously reported that those with
the “low” prefrontal DA genotype (Val/Val) showed slower reaction times and slower
adaptation to a visuomator perturbation than those with “high” prefrontal DA alleles (Met)
(Noohi et al., 2014), but another study found that older adults with the “intermediate” DA
genotype (Val/Met) showed faster gait speed than high DA carriers (Met/Met) (Holtzer et al.,
2010). Thus while high DA alleles are associated with better cognitive performance, further
research is necessary to better understand associations between DA genotype and motor
behaviors. Moreover, as the majority of recent candidate gene studies have included only
about 50 (McHughen and Cramer, 2013; McHughen et al., 2010) to a few hundred subjects
at most (Ghisletta et al., 2014; Nagel et al., 2008), investigation in a large sample is clearly
needed.

To address these substantial gaps in the literature, here we analyzed a very large sample of
older adults from the Health and Retirement Study (HRS), a representative sample of
Americans age 50 or older. We selected four genes with SNPs known to influence DA
function: brain-derived neurotrophic factor (BDNF, Val66Met), COMT (Val158Met),
dopamine D3 receptor (DRD3, Ser9Gly), and dopamine beta-hydroxylase (DBH, C>T). We
then tested for associations between genetic data and motor performance of over 4,500 older
adults and cognitive performance of over 7,000 older adults.
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Each of these SNPs is clearly linked to individual differences in brain DA availability and
thus has a biologically plausible influence on motor and cognitive behaviors (Table Al). For
instance, in human brains, COMT Val alleles have been associated with 40 percent higher
COMT enzyme activity than Met alleles (Chen et al., 2004). As COMT is directly
implicated in the DA metabolism pathway (i.e., COMT enzyme catabolizes DA), Val
carriers show decreased DA availability as a direct result of this SNP. Previous literature has
demonstrated the role of each of these SNPs in cognitive performance (Table A2); however,
associations with motor behaviors have not been well investigated and thus warrant further
examination. Thus, these four SNPs were selected with the a priori hypothesis that, through
their influence on brain DA transmission, each SNP would be related to individual
differences in motor and cognitive performance in older adults.

In addition to the large sample size and a priori selection of dopaminergic candidate SNPs,
this work includes examination of a very old age group (=85 years) and evaluation of sex
differences. Most candidate gene studies have not included participants older than 75 years
(Lietal., 2010; Nagel et al., 2008; Papenberg et al., 2013; Papenberg et al., 2016). Much
older age groups are severely underrepresented among all human research (Bayer and Tadd,
2000; Davies et al., 2010); the current study presents novel data on DA genotype
associations for very old adults (=85 years, up to 101 years). The level of DA decline that
has occurred by this point may be sufficient to unmask genetic differences due to reduced
efficiency of compensatory processes (Lindenberger et al., 2008). Additionally, although
there are well-documented sex differences in DA transmission (Becker, 1990) and
exploration of sex differences in public health research has been an NIH priority since the
1990s (Mazure and Jones, 2015), only a limited number of studies have tested for sex
differences in associations between DA SNPs and behavior. Most of these studies had small
sample sizes and conflicting results (Holtzer et al., 2010; Soeiro-De-Souza et al., 2013). The
larger sample size here allows for a more conclusive investigation of whether males and
females differ in how DA genotype may influence their performance.

In the present study we examine whether and how BDNF and DA genotypes relate to
mobility and memory performance in the largest and oldest sample yet reported. We
hypothesized that individuals with more of the low DA transmission alleles would perform
more poorly on both motor (i.e., walk time, balance time for various stances, and grip
strength) and cognitive measures (i.e., recall memory, delayed memory, and serial
subtraction) and that older age and sex would interact with these DA genotypes to influence
behavior. Neurocognitive declines with aging are surely mediated by multiple factors. If our
hypothesis is supported it would indicate however that DA genotypes may be a significant
predictor of successful aging and could flag individuals who would benefit from more
frequent monitoring in advancing years.

2. Methods

Data were obtained from the HRS, which is sponsored by the National Institute on Aging
(NIA U01AG009740, RC2AG036495, and RC4AG039029) and is conducted by the
University of Michigan. This work was approved and classified as “exempt” by the
University of Michigan IRB: Health Sciences and Behavioral Sciences (HUM00119891).
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All behavioral data are available for download from: http://hrsonline.isr.umich.edu. Access
to genetic data requires authorization from the Database of Genotypes and Phenotypes
(dbGaP) and HRS. This paper provides a cross-sectional analysis of participants’ cognitive
test scores in 2006 and their motor skill performance in either 2006 or 2008, depending on
which year they were chosen to complete the motor tasks.

2.1 Genotyping

The HRS obtained saliva DNA samples from 12,507 participants in 2006 and 2008. The
Center for Inherited Disease Research genotyped these samples for over 2.5 million SNPs
using the lllumina HumanOmni2.5-4v1 array. Further details regarding data collection and
processing are provided in the quality control (Weir et al., 2012), imputation (CIDR, 2012),
and candidate gene (Faul et al., 2014a, b) reports. Briefly, before imputation, standard
quality control filters set forth by the Genetics Coordinating Center at the University of
Washington were implemented (Weir et al., 2012). IMPUTE?2 was used to impute data to the
1000 Genomes Project phase | integrated variant set (v3, released March 2012). The HRS
extracted various candidate SNPs from the imputed data, as described in Section 2.2. As
recommended by HRS, the four candidate SNPs included in this work had a minor allele
frequency > 0.05 and an “INFO” score (i.e., a measure of SNP imputation quality) of > 0.80,
which is a conservative threshold (Faul et al., 2014b).

2.2 Rationale for Selection of Candidate SNPs

In addition to the clear associations with brain DA availability (Table A1) and cognitive
behaviors (Table A2), these four SNPs were selected because of their classification by the
HRS as biologically promising candidate genes. These four SNPs were selected from the
HRS “Candidate Genes for Cognition/Behavior” data package (Faul et al., 2014b), which
contains over fifty candidate genes described as a “selection of the most biologically
promising candidate genes” for cognition and behavior phenotypes. Only these four SNPs
were selected for analysis because of their role in DA metabolism. Thus, here we used a
hypothesis-driven approach to examine the association between four dopaminergic SNPs
selected a prioriand motor and cognitive performance.

2.3 Study Participants

As SNP frequencies are known to vary between racial and ethnic groups (Price et al., 2006),
analyses included only the 8,562 participants who were classified as European Americans
based on self-report and principal component analysis (PCA) of genetic data. These
individuals were unrelated, self-identified as White, and had relatively homogenous
ancestry, defined as falling within 1 standard deviation of all other self-identified non-
Hispanic White individuals for eigenvectors 1 and 2 of the PCA of all unrelated study
subjects. The quality control report includes further details regarding the PCA (Weir et al.,
2012).

Of this sample, our analyses excluded those with a known memory (7= 63) or neurological
disorder (n= 176). Memory disorders included any past diagnosis of a “memory-related
disease” (HRS, 2007). Neurological disorders included conditions such as multiple sclerosis,
Parkinson’s disease and others; a comprehensive list of conditions is found in the data
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description (HRS, 2014). For the motor tasks, analyses included only those individuals who
were age 65 or older at the time of motor testing and who successfully completed each of the
three primary motor tasks: timed walk, balance time, and grip strength (7= 4,605 total).
Younger participants were excluded because only those = 65 years old completed the timed
walk. We separately analyzed cognitive task scores for this sample combined with
participants who did not complete the motor tasks in 2006 or 2008. As participants of all
ages complete the cognitive tasks, this sample included a fourth age group of those aged 50
to 65 years old. Participants were removed from this sample if they failed to complete any of
the three primary cognitive tasks: immediate and delayed word recall and serial subtraction,
or if they failed to report their years of education; these exclusions left a total cognitive task
sample of n=7,331. Allelic distribution across age and sex groups and detailed
demographic information is provided for these samples in Tables 1 and B1-B2.

2.4 Motor Tasks

The HRS motor tasks have been described in detail elsewhere (Crimmins et al., 2008). To
assess gait speed, participants walked unassisted at a normal pace for 2.5 meters; the average
of two trials was calculated. Each participant completed two balance tasks. All participants
attempted a 10-second semi-tandem stance. Those unable to hold the semi-tandem stance
then attempted a 10-second side-by-side stance (7= 232), while the remainder of the
participants attempted a full tandem stance for 30 seconds (=70 years) or 60 seconds (< 70
years). Using a hand dynamometer, participants completed two dominant and two non-
dominant maximum grip strength trials; the mean of four trials was computed.

2.5 Cognitive Tasks

Cognitive tasks have also been described in detail elsewhere (Wallace and Herzog, 1995).
Briefly, participants were read a list of 10 words and then asked to recall these words
immediately and after about 5 minutes of interference tasks. The actual delay time varied
between participants depending on how long they required to perform the intermediate
cognitive tasks. Participants completed a serial subtraction task in which they were asked to
mentally compute five subtractions starting with “100 minus 7.” These measures were
adapted for use by the HRS from the extensively validated “Telephone Interview of
Cognitive Status” (Brandt et al., 1988), which was based on the Mini-Mental State Exam
(Folstein et al., 1975).

2.6 Data Analyses

Data were analyzed using IBM® SPSS® Version 24 (IBM, Chicago, IL) and StataSE
Version 14 (StataCorp, College Station, TX). SPSS was used to obtain summary measures of
demographic variables. As is common practice in data collection for representative surveys,
minority groups and certain geographical areas were oversampled, causing households and
individuals to have different probabilities of being selected into the sample (Ofstedal et al.,
2011). To account for this, survey weights were incorporated into all analyses using the Stata
svyset command, and F statistics were adjusted for this complex sampling design.
Denominator degrees of freedom (DF) reported for F statistics represent the survey design
DF (i.e., 52 DF for the motor task sample and 56 DF for the cognitive task sample). These
weighting procedures are described in further detail elsewhere (Ofstedal et al., 2011).

Neurobiol Aging. Author manuscript; available in PMC 2019 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hupfeld et al.

3. Results

Page 6

In Stata, the svy: glm procedure was used to compare performance on each motor and
cognitive task by genotype for each SNP. Between-subjects factors included genotype, age,
and sex; the cognitive task models also included years of education as a covariate. The
model tested for each task-genotype combination and included all two-way interactions for
these factors and the three-way genotype by age by sex interaction. Additionally, as is
common practice in genetic association studies, in order to account for population structure
and stratification, the first 10 principal components from the ancestry PCA were included as
covariates in each model (Price et al., 2006; Weir et al., 2012). Models were separately
recalculated when including each of the additional covariates detailed in Tables B1 and B2
(e.g., mental health status, BMI, height, blood pressure, etc.). The quality control report
includes further details regarding the PCA; specifically see Section 9, Figures 11-16, and
Table 8 within this report (Weir et al., 2012). Additionally, see Faul et al. (2014a) for further
information and recommendations regarding use of these PCA results for sample selection.

Given the extensive literature support for genotype by age interactions in genetic association
studies examining cognitive performance (Lindenberger et al., 2008), we hypothesized that
genotype associations with behavior would vary by age group. Thus, we used a set of
polynomial contrasts (-1, 0, 1 and 1, -2, 1) to examine potential linear and quadratic
patterns in the age groups (collapsed across sex) for each genotype by age interaction. The
alpha level was corrected to p = 0.025 to account for these two preplanned contrasts. Due to
the less definitive literature support for genotype by sex interactions, we examined the two-
way genotype by sex and the three-way genotype by age by sex interactions as exploratory
analyses using the same set of polynomial contrasts. To remain conservative in these
analyses, the alpha level was still corrected to p=0.025 to account for the two contrast tests
per interaction.

Not surprisingly, mobility and memory scores declined with age on all tasks. Males
performed better than females on all of the motor tasks. Females generally performed better
on the word recall tasks, and males generally performed better on the subtraction task. We
did not find any main effects of genotype, but as hypothesized, there were several significant
two- and three-way interactions which we elaborate below.

3.1 Motor Measures

In general, results for the motor measures followed our hypotheses. Genotype-behavior
associations were seen only among the oldest individuals for several SNPs for gait speed
(BDNFand DRD3) and balance time (COMT). As expected, individuals with genotypes
associated with more effective DA transmission (e.g., COMT Met/Met) performed better on
several motor tasks (e.g., balance time). A few unexpected results were identified (e.g., a U-
shaped function was noted for BONFand walk time); these results are further explained in
the Discussion.

3.1.1 Timed Walk—~For the timed walk, planned comparisons indicated that 85+ year olds
with either the BDNF Met/Met or Val/Val genotype outperformed those with the Val/Met
genotype (F1 52 = 7.72; p=0.008) (Fig. 1). Although this U-shaped function does not follow
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our prediction that a greater number of Val alleles (which are associated with greater BDNF
protein activity and higher DA availability) would be associated with better performance,
since several other measures produced this same pattern for BDNF, we propose an
interpretation of these results in the discussion (Section 4.2).

For COMT, among the youngest females (65 — 74 years old), the linear contrast indicated
that Val/Val individuals had the fastest gait speed (#; 52 = 5.69; p = 0.021). Among the
youngest males, a quadratic pattern emerged in which Val/Met outperformed Val/Val and
Met/Met individuals (F1 52 = 5.82; p= 0.019). Although these results for females do not fit
with our hypothesis, as younger females with the low DA genotype demonstrated the fastest
walk times, results for younger males match those of the only previous report of COMT-gait
speed associations, which similarly identified the best performance among Val/Met males
(Holtzer et al., 2010); these results are further discussed in Section 4.4.

Planned contrasts indicated an association between DRD3 genotype and walk time for the
oldest males. In this case, a linear pattern emerged with Gly/Gly outperforming Gly/Ser and
Ser/Ser individuals (F1 52 = 11.47; p=0.001). These effects were somewhat unanticipated,
as those with the genotype associated with lower tonic DA (Gly/Gly) had the fastest gait
speed. However the findings do follow the prediction of magnified genotype effects in the
oldest age group. DBH genotype was not significantly associated with gait speed.

3.1.2 Grip Strength—Genotype was not associated with grip strength. Age by sex
interactions emerged for grip strength in all statistical models (Fig. C1); males tended to
decline more with age in grip strength than females.

3.1.3 Balance Time—As 94.74% of participants (7= 4,363) held the semi-tandem stance
for the full time (10 seconds), the data were not normally distributed due to a ceiling effect
and we did not assess genotype associations with this task. Genotype was not associated
with balance time for the 232 participants who completed the side-by-side stance. Of the
4,038 participants who completed the full tandem stance, 69.76% (n= 2,817) held this
stance for the maximum time, so the data were negatively skewed. Square root and log
transformations did not alleviate this issue. Although simulation data suggest that in large
samples (/7> 500) linear regression results are valid even for extremely non-normal data
(Lumley et al., 2002), results for the full tandem stance should be interpreted with caution.

Linear contrasts revealed that COMT Met/Met individuals in the middle (/1 50 = 8.39; p=
0.006) and oldest (£ 57 = 8.47; p=0.005) age groups had the highest full tandem scores
(Fig. 2). These results followed our predictions, as those with two high DA alleles in the
older age groups demonstrated the best balance abilities. When collapsed over age, females
showed a linear association between COMT genotype and balance time (£ 57 = 6.21; p=
0.016) while males did not, with Met/Met still performing best. In particular, the linear
contrast on the three-way genotype by age by sex interaction revealed the strongest
association for 74-84 year old females (£ 5» = 6.68; p=0.013) in which, as predicted,
Met/Met scored higher than Val/Met and Val/Val. The other three SNPs were not
significantly associated with full tandem balance time.
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3.2 Cognitive Measures

Similar to the motor measures, results for the cognitive tasks generally followed our
hypotheses. For multiple SNPs (BDNF, COMT, DBH) associations were only seen in the
oldest age group. As expected, those with genotypes associated with more effective DA
transmission performed better on the memory tasks for multiple SNPs (COMT, DRDS3,
DBH). In particular, males showed the strongest associations between cognitive performance
and number of high DA alleles for several SNPs (COMT, DRD3, DBH). Again, a few
unexpected results were identified (e.g., the same U-shaped function emerged for BDNF);
we elaborate on these findings in the Discussion.

3.2.1 Immediate Recall—The quadratic contrast revealed an effect of BONF genotype on
immediate recall performance in the oldest age group (£ 56 = 12.41; p=0.001), with
Val/Val and Met/Met outperforming Val/Met individuals. Collapsed across age, this effect
was evident in males (/56 = 14.33; p < 0.001) but not in females. The quadratic contrast for
the three-way interaction again showed the poorest performance by Val/Met individuals only
among the oldest males (/1 56 = 14.61 p < 0.001) (Fig. 3). As with BDNF associations for
timed walk, this U-shaped function did follow our predictions; we will address this in detail
later (Section 4.2).

For DBH, regardless of age, males and females showed opposite linear patterns of
performance across genotype; that is, as expected males with two high DA alleles (TT)
performed best (/56 = 8.11; p= 0.006), but females with low DA alleles (CC) performed
better than females with two high DA alleles (TT) (£ 56 = 12.39; p= 0.001) (Fig. 4A). In
particular, among the oldest females, a negative linear pattern emerged in which CC females
performed best (/1 56 = 7.15; p= 0.010) (Fig. 4B). For the oldest males, the same positive
linear pattern remained, although the corrected p-value was not significant (£ 56 = 4.56; p=
0.037). Thus our hypothesis was generally supported only for males for immediate recall.
COMT and DRD3 genotype were not associated with immediate recall scores.

3.2.2 Delayed Recall—For COMT, a significant linear pattern emerged only in the oldest
age group (£ 56 = 9.61, p=0.003); that is among 85+ year olds, those with the Met/Met
(i.e., the high DA availability) genotype outperformed others. In particular, the oldest males
showed the strongest positive linear fit in which Met/Met individuals had the highest delayed
recall scores (F 56 = 6.69, p=0.012) (Fig. 5).

DRD3 genotype was associated with delayed recall, but only for males in the youngest age
group (< 65 years old) (£ 56 = 6.07, p= 0.017). Gly/Gly individuals had the lowest recall
scores, which was expected as Gly/Gly is associated with lower tonic DA levels.

For DBH, overall, males showed a positive linear pattern (/1 56 = 11.54; p = 0.001) and
females showed a negative linear pattern (/ 56 = 5.87; p=0.019) (Fig. 4C); that is,
regardless of age, TT performed better than CC males, while females showed opposite
patterns. As the T allele is associated with the greatest DA availability, this was the expected
pattern for males but not females. Contrasts for the three-way interaction revealed that the
oldest males demonstrated the strongest linear pattern in which males with two high DA
alleles had the highest recall scores (£ 56 = 8.94; p = 0.004) (Fig. 4D). Additionally, a
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quadratic pattern emerged for 75-84 year old males in which TT performed best, but CC
performed slightly better than TC individuals (/1 56 = 5.87; p= 0.019). Among females, no
DBH genotype associations specific to age group emerged. Thus, similar to immediate
recall, our hypothesis was generally supported only in males (and particularly for the oldest
males) for DBH associations with delayed recall. No associations emerged between BODNF
and delayed recall performance.

3.2.3 Serial Subtraction—The serial subtraction data were negatively skewed. Square
root and log transformations did not alleviate this issue. Again, although simulation data
suggest that in large samples (s> 500) linear regression results are valid even for extremely
non-normal data (Lumley et al., 2002), serial subtraction results should be interpreted with
caution.

A quadratic pattern emerged for BDNF genotype for the 6574 year old age group (F1 56 =
6.00; p=0.017). Val/Met individuals scored slightly higher than those in the Val/Val and
Met/Met groups. This result does not fit with the two other BONF associations reported here
and is discussed further in Section 4.4.

For COMT, when collapsing across age group, the linear contrast indicated that Met/Met
females demonstrated the poorest performance (£ 56 = 7.10; p= 0.010), which was not
expected as the Met/Met genotype is associated with greater DA availability. The linear
contrast across age and sex groups revealed the same effect for females in the 65-74 year old
age group, with Met/Met individuals again performing worst (F 56 = 6.02; p = 0.017).

Planned contrasts for DRD3revealed a positive linear pattern among the youngest males
(F156 = 7.10; p=0.010). Ser/Ser males performed better than Gly/Gly males; that is, as
expected, those with the genotype associated with higher tonic DA (Ser/Ser) had the highest
scores. A quadratic pattern emerged for 75-84 year old females in which Gly/Ser
participants scored lower than both Ser/Ser and Gly/Gly (£ 56 = 6.19; p=0.016). In this
case, results did not fit with predictions, as Ser/Ser individuals were hypothesized to perform
best.

No associations emerged for the other SNPs with serial subtraction performance. However,
we did obtain significant age by sex interactions for most SNPs in the combined sample for
the serial subtraction task (Fig. C2). These interactions showed that, in general, females
tended to decline faster with age than males in serial subtraction performance.

3.3 Effects of Covariates

For the motor task sample, analyses were repeated including the following covariates in the
model: mental health score, total health conditions, arthritis, stroke history, BMI, height,
systolic and diastolic blood pressure, history of falls in the last two years, and use of an
assistive walking device. When adding each of these covariates to the model, results were
essentially identical to those described previously, except for the few instances illustrated in
Table D1. For the cognitive task sample, covariates included: mental health score, total
health conditions, and stroke history (in addition to years of education, which was kept in
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every model). Again, results remained essentially the same, with exceptions listed in Table
D1.

3.4 Analysis of Unrelated SNP

We examined one additional SNP, rs12670850, on the Cytochrome P450 Family 3
Subfamily A Member 4 (CPY3A4) gene. The purpose of this was to determine whether
other SNPs that are unrelated to DA metabolism and the hypotheses of this paper do not also
show spurious associations with the motor and cognitive behaviors that we examine here.
The CPY3A4 gene encodes an enzyme involved in drug metabolism and lipid synthesis in
the liver and small intestine and does not have any known role in brain DA transmission or
metabolism. Thus we would not expect to find any effects of this SNP on motor or cognitive
behaviors. This SNP was selected from the same data package, passed the same quality
checks as the other SNPs we examine here, and showed a reasonable distribution across the
three genotypes in the motor (AA, n=1,455; AG, n=2,261; GG, n= 889) and cognitive
task samples (AA, n=2,461; AG, n= 3,785; GG, n=1,485). When running all analyses
with this SNP, we did not find any associations between this SNP and any of the behaviors
of interest, with the exception of one random association; serial subtraction performance for
those under 65 years old showed a significant linear trend (£ 56 = 5.36; p = 0.024).
However, this association did not follow the specific genotype by age interaction pattern that
we predicted a priori and observed for BDNF, COMT, and DBH, thus this association can
likely be discounted. The lack of other associations between the CPY3A44 SNP and motor
and cognitive behaviors suggests that the effects we present here are indeed specific to the
DA-related genes under investigation.

4. Discussion

In the largest and oldest sample yet described, we have identified multiple associations
between DA genotype, age, and sex on mobility, balance, and cognition. As hypothesized,
those with more low DA alleles at the COMT, DRD3, and DBH SNPs performed worse on
the balance and memory tasks, especially in the oldest age group (85+ years). Additionally,
males, particularly those 85+ years old, showed stronger associations than did females
between number of high DA alleles and cognitive performance (for COMT, DRD3, and
DBH); that is, males with more high DA alleles tended to outperform others on the memory
tasks. While the oldest males showed the strongest association between BDNF genotype and
recall memory, surprisingly, those with the intermediate genotype performed worst; this
relationship, which we elaborate below, also held for BONFand timed walk among the
oldest participants. Taken together, these results shed light on how declines in DA
metabolism and BDNF across the lifespan interact with common genetic polymorphisms to
explain a notable portion of individual differences in successful aging—especially in very
old age and in males.

4.1 Support for the Resource Modulation Hypothesis

The oldest of the older adults (those 85+ years old), who are often unnecessarily excluded
from research studies (Bayer and Tadd, 2000; Davies et al., 2010), showed the most
pronounced genotype effects. This finding follows Lindenberger and colleagues’ resource
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modulation hypothesis, which suggests that genetic variability is more likely to influence
performance when brain resources become limited, as in older age (Lindenberger et al.,
2008). Here the associations of COMT, DBH, BDNF, and DRD3 genotypes with motor and
cognitive performance provide support for this hypothesis. As balance time and delayed
recall performance improved with increasing number of high DA (Met) alleles for COMT,
these results follow the additive assumption of the resource modulation hypothesis (i.e.,
more high DA alleles are associated with more “brain resources” and slower declines in
performance with age) (Lindenberger et al., 2008). These results fit with the extant literature
and validate prior findings in the largest sample to date; several studies have noted benefits
of high DA COMT Met alleles that were evident only in older adults, including on memory
tasks (Papenberg et al., 2014; Sambataro et al., 2009), measures of white matter integrity
(Papenberg et al., 2015), and longitudinal changes in executive function (de Frias et al.,
2004) and episodic memory (Josefsson et al., 2012). No previous work has examined effects
of the interaction between age and COMT genotype on motor behaviors in older adults; thus
the association between COMT and balance time identified here only in the oldest age group
is novel and warrants further exploration in future studies.

Additionally, DBH effects on delayed recall were evident only among the oldest individuals.
Although fewer studies have examined DBH genotype effects on cognition, our results
corroborate the findings of Greenwood et al. (2014), who found that older but not younger
individuals homozygous for the low DA genotype for both COMT (Val/Val) and DBH (CC)
had poorer working memory performance under the most difficult discrimination conditions
for the task. Here, we show that those with the high DA genotype (DBH TT) performed best
on the delayed recall task, with effects limited to males in the oldest age group.

Similarly, BONF effects on gait speed and immediate recall were only evident in the oldest
age group, providing further support for the resource modulation hypothesis (Lindenberger
et al., 2008) and the idea that some genotype effects might be unmasked in older age.
However, instead of a linear pattern, BDNF associations with both walk time and word

recall yielded a U-shaped performance curve; that is, those with the intermediate Val/Met
genotype performed the worst, while the Val/Val and Met/Met BDNF genotypes performed
similarly to each other. While the majority of the literature suggests that Met alleles (which
are associated with less BDNF and DA availability) are detrimental for both motor behaviors
(Cheeran et al., 2008; Kleim et al., 2006; McHughen et al., 2011; McHughen et al., 2010)
and memory (Egan et al., 2003; Hariri et al., 2003; Li et al., 2010; Miyajima et al., 2008), a
few previous studies have actually identified neuroprotective effects of Met alleles for
cognitive tasks in older age (Erickson et al., 2008; Harris et al., 2006). These effects have not
before been examined for motor behaviors among older adults. Thus the relationship
between genotype, availability of BONFand DA, and performance may be more complex
than for the other SNPs that we examined.

BDNF Val alleles are typically associated with higher BDNF protein secretion (Egan et al.,
2003) and increased corticostriatal DA neuron survival and function (Baquet et al., 2005;
Hyman and Hofer, 1991); however, elevated BDNF levels have also been associated with
poorer working memory in older rats (Bimonte et al., 2003; Bimonte-Nelson et al., 2003),
supporting that number of Val alleles and cognitive performance may not be positively
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associated in older adults. A proposed mechanism is that concentrations of tissue
plasminogen activator (tPA) decline with age (Cacquevel et al., 2007), and tPA converts the
precursor form of BDNF (pro-BDNF) into mature BDNF (mBDNF). While mBDNF is
associated with long-term potentiation and synapse growth, pro-BDNF is related to long-
term depression, synaptic retraction, and cell death (Lu et al., 2005). If tPA is not present in
high enough concentration in older adults, the greater BDNF secretion associated with Val
alleles may actually be detrimental to cognitive function, while Met alleles may exert
neuroprotective effects later in life (Lu et al., 2005; Pang et al., 2004). Given the nonlinear
relationship of BONF genotype with cognitive performance in older age that we observed,
we propose a modification of the resource modulation hypothesis specific to BDNF, the
Neurotrophin Surplus Hypothesis (Fig. E1).

4.2 Neurotrophin Surplus Hypothesis

Our Neurotrophin Surplus Hypothesis posits that BONF Val alleles (which are associated
with higher BDNF availability) and performance are linearly related in young adults, such
that Met/Met individuals (who also have the lowest BDNF production) are poorer
performers earlier in life. However, we suggest that by older adulthood, BONF Met alleles
become neuroprotective, and this linear relation transitions to a U-shaped function.
Consequently, while Met/Met individuals only marginally decline in cognitive performance
with age, Val/Val individuals may encounter significant cognitive declines because
decreasing tPA concentrations with age cause them to accumulate a “surplus” of BONF
(which becomes detrimental to cognitive performance). Intermediate Val/Met individuals are
ultimately the worst performers in old age because their cognitive performance was
intermediate to the two homozygous genotypes in younger age. In older age, they too
accumulate some surplus of BDNF, which is detrimental to their cognitive performance. We
suggest that the BONF interaction with timed walk that we observed here also follows our
Neurotrophin Surplus Hypothesis. Although supported by the present results, this hypothesis
requires further testing, as other factors such as interactions between compensatory
processes and age may also contribute to these effects.

4.3 Sex Differences in Genotype Associations

Males were more likely than females to show associations between number of high DA
alleles and cognition for all SNPs. Moreover, associations between genotype and
performance were in opposing directions for the two groups in some cases. Although
examination of sex differences in public health research has been an NIH priority for
multiple decades (Mazure and Jones, 2015), only a limited number of studies have
accomplished this. For instance, Li and colleagues noted that, in a sample of older Chinese
adults, only females showed an association between BONFand Alzheimer’s disease risk (Li
et al., 2017); the authors cited that estrogen upregulates BDNF mRNA in cortical areas
(Solum and Handa, 2002) and thus age-related estrogen declines induce female-specific
memory deficits in older age. However, our findings conflict with their report of enhanced
genotype effects in females. This may be because the previous work only assessed disease
risk rather than performance on specific memory tasks such as in the current study;
additionally, as discussed previously, declines in cortical BDNF concentration may actually
be neuroprotective in older age.
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For DBH, on both recall tasks, the high DA genotype (TT) was associated with the best
performance in males. Similar to BDNF, one study identified relationships between DBH
genotype and behavior (harm avoidance) in young females, but not males (Kamata et al.,
2009), citing that estrogen also upregulates DBH expression (Sabban, 2007). Again, as the
females in the present sample are all postmenopausal and any estrogen effects on DBH
expression are likely minimal, DBH genotype might contribute less overall to individual
differences in cognitive performance in these older females. Thus, it follows that the older
females did not exhibit a strong association between DBH genotype and delayed recall
performance.

COMT genotype showed associations with recall performance in males but not females and
specifically in the oldest males. Others have identified COMT genotype associations limited
to males for inhibitory control (White et al., 2014), personality traits (Chen et al., 2011), and
schizophrenia (Hoenicka et al., 2010). Additionally, estrogen downregulates COMT mRNA
expression (Jiang et al., 2003; Xie et al., 1999); that is, women with higher estrogen levels
have lower COMT activity. It would follow then that estrogen levels would interact with
genotype to influence COMT activity, creating greater individual differences in COMT
activity and resulting DA availability among females. However, in this postmenopausal
sample, this interaction might weaken or disappear, resulting in reduced individual
differences in COMT activity among the females in this sample (Tunbridge and Harrison,
2010). Further, as post-mortem work has revealed a significant interaction between sex and
COMT genotype in brain lymphocytes and has shown that females have 17% less COMT
protein activity in the prefrontal cortex than males, COMT genotype effects are likely to be
more pronounced in males than in females (Chen et al., 2004). Thus these mechanisms
likely contributed to the male-specific COMT genotype effect on memory seen here.

Fewer studies have examined sex differences for DRD3 genotype; one study noted an
association between DRD3 genotype and schizophrenia age of onset in males but not
females (Renou et al., 2007). Our results here again revealed male-specific effects of DRD3
genotype on behavior, which fits with this past work. Of note is that in all cases here there
were more females than males, yet we still identified effects specific to males. This suggests
that the present study was adequately powered to detect effects in both sexes, but only
associations among males emerged. Thus while it is well established that there are sex
differences in DA transmission (Becker, 1990; Munro et al., 2006) and that these sex
differences might vary as a function of age (Wong et al., 2012), the potential interactions of
these effects with DA polymorphisms have not been well studied. Although our findings
suggest that sex differences interact with dopaminergic polymorphisms to influence
cognitive performance in older adults, future replication studies are definitely warranted.

4.4 SNPs with Unanticipated Results

A few results did not fit with our initial predictions. COMT Val/Met males performed better
than Met/Met and Val/Val males, even though Met/Met is associated with the greatest DA
availability. This Val/Met advantage among males for gait speed was also identified by
Holtzer et al. (2010), who suggested that the Met/Met genotype, which is associated with the
highest tonic DA levels, might contribute to superior cognitive performance (as was the case
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for delayed recall performance here). For gait, however, the intermediate tonic DA levels
associated with the Val/Met genotype might contribute to an optimal level of tonic DA
signaling in the striatum and result in faster gait speed (Holtzer et al., 2010). As females
have greater tonic striatal DA levels than men (Munro et al., 2006; Tunbridge and Harrison,
2010), Val/Val (low DA) females might be closer to the DA levels required for optimal
functional efficiency for gait and therefore demonstrate the fastest walk time (which was
shown here for the youngest females).

The direction of DRD3 genotype effects on timed walk performance did not fit with our
hypotheses, as the oldest Gly/Gly males demonstrated the fastest walk times. However, as
genotype differences here were evident only in the oldest age group, these results do provide
further support for the resource modulation hypothesis (Lindenberger et al., 2008). As
previous studies examining DRD3 associations with motor behaviors are scant, and most
have only considered disease risk or age of disease onset (Hassan et al., 2016; Jeanneteau et
al., 2006), optimal DRD3 activity for gait might vary from initial expectations and a DRD3
genotype associated with different D3 receptor efficacy or tonic DA availability might be
most beneficial for gait, so further work is needed.

4.5 Limitations

A primary limitation of the present work is that these results were not replicated in an
independent cohort. As extensive literature has demonstrated associations between these
SNPs and cognitive behaviors (Table A2), these results partially replicate previously
published results but in a significantly larger and older sample. Nonetheless, future
replication studies are warranted. As expected based on population distributions, we
observed unequal numbers of individuals in groups assigned by their genotype (Table 1);
however, as with most genetic association studies, the minor allele groups are hypothesized
to display the effects of interest, so analyzing these groups separately is necessary. Further,
as we noted effects for some behaviors but not for others, this provides additional support for
the notion that we had sufficient group sizes for detecting effects. Nevertheless, future
studies would benefit from larger sample sizes that would provide even greater statistical
power to detect genotype—behavior associations.

As many of the individuals who completed the cognitive tasks chose not to complete the
motor tasks, this could indicate a potential selection bias (i.e., that the motor task sample
represents a higher functioning subset of the cognitive task sample). However, reasons for
refusal to complete the motor tasks appeared to be more random than simple self-selected
refusal by the potential poorest performers. For instance, more individuals failed to complete
the timed walk due to lack of space than those who failed to complete the timed walk due to
safety concerns (HRS, 2006, 2008). This suggests a more random pattern of refusal rather
than a systematic selection bias. Additionally, as the average age across the genotype groups
was slightly different for BONF genotype for the motor tasks (Table B1), this could have
influenced the inverted U-shaped pattern that emerged for BONF and gait speed. However,
as no age differences persisted across the BDNF genotype groups for the cognitive tasks and
the same inverted U-shaped pattern was observed, we suspect that these minimal age
differences did not substantially influence the timed walk results. As only self-reported
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Caucasian individuals (corroborated with PCA) were included in this sample, the
generalizability of these results is limited to this subset of the population.

As this work analyzed a retrospective dataset, verification of differences in brain DA
concentration based on genotype was not possible. While cell, rodent, and human studies
provide clear support that the SNPs included here do indeed influence brain DA
concentrations (Table Al), the collection of measures such as cerebrospinal fluid would be a
valuable addition to future work to confirm these differences. Further, as these SNPs,
particularly BDNF, contribute to other neural processes (e.g., differentiation of neurons), we
cannot discount the possibility of pleiotropy effects. That is, these SNPs could be affecting
motor and cognitive phenotypes through other mechanisms unrelated to DA. However, since
these SNPs are each related to DA transmission and mostly demonstrated the predicted
effects, we think this is unlikely. Finally, although we have used a correction of p=0.025 for
all analyses, there is still some possibility of type I error.

4.6 Applications of Findings

The outcome metrics examined here carry substantial functional significance. Gait and
balance disturbances are among the strongest risk factors for falls in older adults, and falls
are the greatest cause of injury and death from injury in older adults; for review, see
Ambrose et al. (2013). Similarly, the cognitive measures examined here were adapted from
the Mini-Mental State Examination (MMSE), which is a well-utilized tool for measuring
cognitive impairment and decline in older adults and shows moderate to high correlations
with general intelligence, performance on complex memory tasks, and activities of daily
living; for review, see Tombaugh and Mcintyre (1992). Cognitive impairment among older
adults is also associated with higher risk of falls (Alexander and Hausdorff, 2008; Muir et
al., 2012). Taken together, this indicates the critical importance of identifying potential
genetic markers for older adults who might be at the greatest risk of motor and cognitive
decline.

We and others have examined similar dopaminergic SNPs in disease populations (e.g.,
Parkinson’s disease, PD), and found effects of DRDZ2 on gait function and medication
responsiveness (Miller et al., 2017) and DRD3rs6280 on overall PD symptoms and
medication responsiveness (Liu et al., 2009). Such findings suggest that these SNPs may
associate with motor and cognitive behaviors in PD patients in a similar manner to the
healthy aging results we present here. However, given the differences between DA
denervation in healthy aging and PD (Bohnen et al., 2006; Ofori et al., 2015), we caution
overgeneralization from the current results. Instead, future work should examine the
interaction between these SNPs, healthy aging, and PD.

5. Conclusions

In summary, we have identified various DA polymorphisms related to mobility and memory
in a large population-based sample of older adults. For multiple SNPs, we have
demonstrated that having more of the low DA alleles is associated with worse performance.
We have also demonstrated that DA genotype associations with mobility, balance, and
memory are enhanced with age (Lindenberger et al., 2008) and most pronounced in males.
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The observed COMT and DBH associations with balance and recall memory only in the
oldest age group support previous literature (Lindenberger et al., 2008)—even when scaling
up to a large, representative sample. The observed BDNF genotype associations with
performance were more complex, as the oldest individuals with the intermediate BONF
genotype showed the most impaired performance. Thus we have proposed the novel
Neurotrophin Surplus Hypothesis to explain these effects. As our findings showing the most
pronounced associations between high DA genotype and behavior only partially support the
scant literature on these interactions, we believe more studies are critically needed. Taken
together, our findings provide strong support for the role of individual differences in DA
transmission in the motor and cognitive declines seen with aging and the potential for
genotyping to predict successful aging. These biomarkers could be used to anticipate which
older individuals are at greater risk of falls or memory impairment and may lead to new
interventions and personalized care approaches.
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Highlights

. In general, older adults with more “low” DA alleles exhibited poorer
performance

. Some genotype associations were present only in the oldest age group (85+
years)

. Males showed stronger associations between number of “high” DA alleles
and memory

. Older age and sex interact with DA genotype to influence motor/cognitive
behavior
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* W 65-74 yrs
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i M 85+ yrs

Met/Met Val/Met Val/Val
BDNF Genotype

Mean walk time by BDNF rs6265 genotype and age for a 2.5 meter unassisted timed walk (n
= 4,605). Error bars represent standard error. Lower scores (i.e., indicative of faster gait
speed) are desired. Among the oldest age group, those with the Val/Val and Met/Met
genotypes had faster walk times than those with the intermediate Val/Met genotype (p <
0.01). The Val/Val genotype is associated with the highest BDNF and DA availability; thus
Val/Val individuals were anticipated to perform best, and the initial hypothesis was partially

supported.
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N o .
% W 65-74 yrs
75-84 yrs
W 85+ yrs

Val/Val Val/Met Met/Met
COMT Genotype

Full tandem stance time by COMT rs4680 genotype and age (n = 4,038). Error bars
represent standard error. Balance time is shown as the percentage of total prescribed time
(i.e., 30 or 60 seconds) that participants were able to maintain the full tandem stance. Higher
scores (i.e., longer balance time) are desired. Met/Met individuals performed best in the
middle (75-84 years) and oldest (85+ years) age groups. The Met/Met genotype is
associated with high DA availability, so this result supports our hypothesis.
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Immediate word recall by BDNFrs6265 genotype (1= 7,331). Error bars represent standard
error; M = male, F = female. Higher scores (i.e., more words recalled) are desired. Among
the oldest males, Val/Val and Met/Met outperformed Val/Met individuals (o < 0.01). As the
Val/Val genotype is associated with the highest BDNF and DA availability and thus Val/Val
individuals were expected to perform best, these data partially support initial predictions.
Contrasts did not indicate effects in females or in the younger age groups.
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Fig. 4.
Immediate and delayed word recall by DBHrs1611115 genotype and sex (7= 7,331). Error

bars represent standard error; M = male, F = female. Higher scores (i.e., more words
recalled) are desired. A. Immediate Recall. Regardless of age, male performance followed a
positive linear pattern (p < 0.01), with TT (high DA) males performing best. Females
showed the opposite linear pattern, with CC (low DA) females performing best (0 < 0.01).
B. Immediate Recall. The oldest females had a negative linear pattern in which CC (low
DA) females performed best (p < 0.01); the opposite linear pattern in which TT (high DA)
males performed best was evident for the oldest males, but was not significant (o = 0.037).
C. Delayed Recall. The same patterns emerged for delayed recall. TT (high DA) males (p <
0.01) and CC (low DA) females performed best (p < 0.025). D. Delayed Recall. The oldest
males exhibited the strongest linear association (p < 0.01), with TT (high DA) males
performing best and no associations in females. 75-84 year old males also showed a
quadratic pattern with TT and CC performing better than TC (p < 0.025).
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Delayed word recall by COMT rs4680 genotype and age (n = 7,331). Error bars represent
standard error. Higher scores (i.e., more words recalled) are desired. Collapsing across sex, a
linear association emerged only for the oldest age group in which Met/Met performed best

(p < 0.01). Among age and sex group, the oldest males showed the strongest genotype
association, with Met/Met again performing best (p = 0.012). These results were as

hypothesized, as Met/Met is associated with the highest DA availability.
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