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We investigated whether a physiological marker of cardiovascular health, pulse pressure (PP), and age magnified the effect of the functional COMT Val158Met (rs4680) polymorphism on 15-years cognitive trajectories [episodic memory (EM), visuospatial ability, and semantic memory] using data from 1585 non-demented adults from the Betula study. A multiple-group latent growth curve model was specified to gauge individual differences in change, and average trends therein. The allelic variants showed negligible differences across the cognitive markers in average trends. The older portion of the sample selectively age-magnified the effects of Val158Met on EM changes, resulting in greater decline in Val compared to homozygote Met carriers. This effect was attenuated by statistical control for PP. Further, PP moderated the effects of COMT on 15-years EM trajectories, resulting in greater decline in Val carriers, even after accounting for the confounding effects of sex, education, cardiovascular diseases (diabetes, stroke, and hypertension), and chronological age, controlled for practice gains. The effect was still present after excluding individuals with a history of cardiovascular diseases. The effects of cognitive change were not moderated by any other covariates. This report underscores the importance of addressing synergistic effects in normal cognitive aging, as the addition thereof may place healthy individuals at greater risk for memory decline.
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INTRODUCTION

Aging is characterized by a combination of stability, growth, and decline of cognitive abilities across the adult life span (de Frias et al., 2007a; Persson et al., 2016). More importantly, there is often a prominent pattern of differential rates of change across individuals in cognitive trajectories (Hultsch et al., 1992; Rabbitt et al., 2004; Ghisletta et al., 2012). Age-related changes also vary in degree across different cognitive domains, with working memory, episodic memory, processing speed, and visuospatial abilities exhibiting particular sensitivity to aging, whereas semantic memory shows age resistance until the end of life (Flicker et al., 1993; Small et al., 2011; Ghisletta et al., 2012).

Cardiovascular and genetic factors are important determinants of individual differences in cognitive decline. Genomic variability and cardiovascular-related health agents might underlay and interplay with cognitive aging. Findings from associative studies are limited and inconclusive, but some reports have found that cardiovascular risk × gene interactions can determine cognitive variability (de Frias et al., 2007b, 2014; Raz et al., 2008; Persson et al., 2013a).

With aging follows age-related loss of dopamine transmitters (Volkow et al., 1996; Bäckman et al., 2006), and genetic variants with the potential to influence dopamine levels are important for age-related cognitive changes. Catechol O-methyltransferase (COMT) degrades catecholamines (dopamine, norepinephrine, and epinephrine), and thereby affects catecholamine signaling. COMT modulates both nerve function and physiology due to broad distribution throughout the brain and in various peripheral tissues (Myöhänen et al., 2010). Val158Met (rs4680) is a single-nucleotide polymorphism (SNP) in the COMT gene (MIM 116790) that influences COMT enzymatic activity. The SNP implies an exchange of the amino acid valine (Val) to methionine (Met) at position 158 of the membrane-bound enzyme, and at position 108 of the soluble enzyme. Dopamine levels in the neocortex depend on COMT activity (Tunbridge et al., 2004; Myöhänen et al., 2010). The Val variant in the Val158Met polymorphism corresponds to higher COMT enzymatic activity (Chen et al., 2004; Tunbridge et al., 2004) in the prefrontal cortex, which presumably leads to lower synaptic dopamine levels by increased dopamine degradation (Lachman et al., 1996; Chen et al., 2004).

The functional COMT Val158Met polymorphism has attracted extensive attention in relation to cognitive function. The vast majority of studies are cross-sectional, and findings are to some degree inconsistent. A meta-analysis comprised of 12 studies and 1910 individuals (Barnett et al., 2007) reported small but significant effects on the association between Val158Met and a wide range of cognitive abilities. Advantages of homozygote Met carriers over Val carriers in tasks of episodic memory, spatial performance, and executive functions have been reported (Egan et al., 2001; de Frias et al., 2004, 2005; Barnett et al., 2007; Nagel et al., 2008; Raz et al., 2009). Greater risk for cognitive decline has been observed in both heterozygotes and homozygote carriers of the Val allele (Barnett et al., 2008; Wishart et al., 2011). In contrast, carriers of the Val allele have shown greater recall accuracy on tasks of episodic (O'Hara et al., 2006) and working memory (Wang et al., 2013). Studies have also shown little or no association between cognition and Val158Met (Barnett et al., 2008; Wardle et al., 2013). Variations in results may emerge from differences in study design and sampling procedures, but the presence of uncontrolled so-called third variables acting as moderators may also influence these effects. Important candidates for a moderator variable approach are cardiovascular risk factors (de Frias et al., 2007b, 2014; Raz et al., 2008; Persson et al., 2013a). The effects of the Val158Met polymorphism on cognition may also gain attention in older adults and individuals already at risk for cognitive decline (de Frias et al., 2005; Nagel et al., 2008; Josefsson et al., 2012; Papenberg et al., 2014).

Several studies have associated cognitive decline with a poorly controlled blood pressure (Waldstein, 2003; Waldstein et al., 2008; Persson et al., 2013b). COMT is a candidate gene for hypertension (Friese et al., 2011) since degradation of catecholamines plays a critical role in the regulation of vessel tone and blood pressure (Jordan et al., 2002; Guyenet, 2006). Experimental work show lower activity of membrane-bound COMT in the brain of spontaneously hypertensive rats (Masuda et al., 2006). Findings from epidemiological studies are somewhat inconclusive, linking the Val allele with hypertension and systolic blood pressure elevation (Hagen et al., 2007; Kamide et al., 2007). Counteracting has also carriers of the Met/Met allelic variant evidenced higher systemic blood pressure in alcohol dependents and female volunteers (Stewart et al., 2009; Yeh et al., 2010). Also, negative findings have been reported concerning pregnancy-induced hypertension (Sun et al., 2004).

The potential dual influence of COMT availability through dopaminergic regulatory pathways on cerebral dopamine levels and blood pressure regulation (Jose et al., 2003; Zeng et al., 2007) makes it interesting to examine potential interactive effects of blood pressure and allelic variants in the Val158Met polymorphism. Pulse pressure (PP) combines information about systolic and diastolic blood pressure, and is regulated by large arteries such as the aorta. The efficiency of PP is regulated by a degree of vascular stiffness (Safar et al., 2003) that influences vascular tone (Steppan et al., 2011), making it attractive as a blood pressure marker for this study.

A series of multiple-group latent growth curve models (MGLGCM), gauging both average trends across the population and differential growth rates of change across three domains—episodic memory (EM), visuospatial ability, and semantic memory—were specified to address the following research questions: (1) Do the allelic variants differ in rates of cognitive change? (2) Can pulse pressure (PP) elevation and older age magnify the influence of the Val158Met polymorphism on cognitive change? The confounding effects of years of education, sex, and cardiovascular diseases (CVDs), as well as chronological age and practice effects were accounted for. The MGLGCMs allow for evaluation of potential covariate interactions, enabling us to simultaneously rule out the potential confounding effects of an extensive set of characteristics that could potentially affect cognitive aging.

METHODS

Participants

Written informed consent was obtained from all participants, and the study was approved by the regional ethics committee in Umeå, and performed in accordance with the Declaration of Helsinki. A sample of adults ranging from 35 to 85 years old at the first measurement occasion was drawn from the Betula study (Nilsson et al., 1997). The Betula study focused on memory, aging, and dementia in a sequential cohort, where new samples were added at each wave. The participants were randomly drawn from the Swedish population registry. Subjects were tested, interviewed, and medically examined on five occasions (1988–1990, 1993–1995, 1998–2000, 2003–2005, and 2008–2010; Nilsson et al., 1997; Persson et al., 2013a,b).

The baseline data collection for sample 1 started in 1988, baseline data for sample 3 was collected in 1993–1995, and participants in this study had repeat measurements on four occasions separated by 5 years. We recruited subjects from samples 1 and 3, since equivalent longitudinal data were available from these two samples. The original sample consisted of 1966 individuals.

We wanted to study the course of aging in healthy adults free from neurodegenerative diseases. Therefore, we excluded all participants who met the clinical criteria for dementia according to the Diagnostic and Statistical Manual of Mental Disorders (DSM IV, 1994) at the most recent data collection (time point 5; n = 278). An additional 103 persons were excluded due to missing genetic information (laboratory failure, non-compliance, or lost blood samples). The final sample consisted of 1585 subjects (Met/Met = 494, 31.2%; Val = 1091, 68.8%).

Cognitive Measures

The cognitive tasks were administered in the same way at all measurement occasions. Participants were individually tested during two test sessions, which lasted between 1.5 and 2 h for each participant. Five tasks of verbal episodic memory were used as manifest indicators in a multivariate latent growth curve model. Two individual tests were used to gauge semantic memory and spatial ability.

Episodic Recall

The tasks included in the Betula study were rooted in extant theories of memory (Tulving, 2001), and were designed for the study but evaluated and tested in previous experiments, showing moderate to high reliability and stable coefficients (Nyberg et al., 2003). Structural equation models conducted on the Betula samples have shown good construct validity for episodic memory (Nyberg, 1994; Nyberg et al., 2003). Subjects were presented with four different wordlists, each including 12 nouns. The items were read aloud at a pace of two sec/item. Afterward, subjects repeated as many words as possible at a given pace (two sec/word), counted out by a metronome. For one list, the study/retrieval was performed under full attention. Study retrieval in the other lists was combined with performing a secondary task. This task consisted of sorting red and black cards into piles based on color. In one task, attention was divided during study but not during retrieval. In another task, the distraction was applied during retrieval but not during study. In the final task, distraction occurred both during study and retrieval. The order between the four conditions was balanced. Further, tasks of source recall were included where the participants were asked to recall whether sentences had been presented as subject-performed or verbal.

Visuospatial Ability

The block design (BD) test from the Wechsler Adult Intelligence Scale (Wechsler, 1981) was used as an indicator of spatial ability. The participants were asked to place red and white blocks such that they were in line with a two-dimensional target pattern. The correct response was identical to the criterion figure, but three-dimensionally rotated in space. The maximum score was 51 points. The task was administered and scored according to standard instructions (Wechsler, 1981).

Semantic Memory: Vocabulary

SRB:1 (Dureman, 1960), a test of vocabulary (Vo), was treated as a proxy for semantic memory. SRB:1 is a multiple-choice test of word synonyms, containing 30 items with an administration time of 7 min. The test was scored according to SRB:1 criteria. For a full description of the cognitive tasks in the Betula study (see e.g., Nilsson et al., 1997; Persson et al., 2013a,b).

Self-Rated Cardiovascular Health and Medication

A self-reported questionnaire about physicians' diagnoses was used to assess cardiovascular health. Responses were coded as “yes” or “no” with respect to the presence of hypertension, diabetes, and stroke. Further, self-reported information about the use of anti-hypertensive medication (ACE inhibitors, beta-blockers, alpha-blockers, diuretics, and calcium channel blockers) at baseline was included. Subjects were considered hypertensive in the presence of a physician's diagnosis and/or if they were currently using anti-hypertensive medication, in order to include participants with medically controlled hypertension. An index variable ranging from 0 to 3 was created. All the variables were inter-correlated and ranged from r = 0.080, p = 0.0001 to r = 0.158, p = 0.0001).

Blood Pressure

Resting blood pressure was obtained using auscultation after 5 min of rest in the supine position, and registered to the nearest five mmHg. Pulse pressure (PP), i.e., the difference between systolic and diastolic blood pressure, was then calculated.

Genotyping of COMT Val158Met

Genomic DNA was isolated from whole blood with a Qiagen Genomic DNA Purification Kit (Qiagen, Chatsworth, CA, USA). Polymerase chain reactions were performed using HotstarTaq polymerase (Qiagen) in a total volume of 20 μL containing 1.5 mM MgCl2, 0.15 μM primers (fw: 50-TCA CCA TCG AGA TCA ACC CC-30, rev: 50-ACA ACG GGT CAG GCA TGC A-30), and ~50 ng of genomic DNA. After an initial 15 min denaturation step at 95°C, 45 cycles were performed including 30 s at 94°C, 30 s at 62°C, and 30 s at 72°C. PCR products were genotyped with a Pyrosequencer PSQ 96 and a PSQ 96 SNP Reagent Kit (Pyrosequencing, Uppsala, Sweden; Nordfors et al., 2002), using the sequencing primer 50-TGG TGG ATT TCG CTG-30.

STATISTICAL ANALYSES

Latent Growth Curve Modeling

The term growth curve analysis represents the process of describing, testing hypotheses, and making inferences about growth and change patterns of time-related phenomena (McArdle and Grimm, 2010). Individual differences in change are defined by latent variables (Muthén and Curran, 1997; Frank et al., 2007). Roughly speaking, such models capture both fixed effects describing average trends across the population, and latent or random effects that reflect a random probability distribution around that fixed effect (Curran et al., 2010). The simplest forms of latent growth curve models (LGCMs) are univariate with two latent variables: initial level (intercept) and growth rate over time (slope; see Figure 1; Curran and Muthén, 1999). The two latent variables are represented by a single indicator of repeated measures (see Figure 1). In cases of multiple indicators, a second-order growth model (see Figure 2) can be specified, where changes in the first-order latent variables (common factors) are carried by the second-order latent variables representing the intercept and slope (see Figure 2).
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FIGURE 1. The triangle indicates that the model includes means and intercepts. The latent variable variables η1 represents the intercept and η2 the slope. The model has a mean slope (κ2), and an intercept (κ1). Φ1, 1Φ2, 2 denote variances in intercept and slopes, and Φ1, 2 covariance between the intercept and slope. X1-4 is the manifest indicators' repeated measures. In our application, either repeated measures of the Vocabulary and Block Design tasks are plugged in. θε1, 1−4, 4 represent the residuals of the measured variables. Intercepts of the manifest indicators are omitted from the path diagram.
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FIGURE 2. A path diagram illustrate the second-order growth model, where η1-4 represents the latent construct Episodic Memory, over four time points, with four occasions of measurement, and five observed variables of verbal episodic memory at each measurement occasion. The second order variables ξ1 represents the intercept and ξ2 the slope. The triangle indicates that the model includes means and intercepts. The model has a mean slope (κ2), and an intercept (κ1). ψ, represent the variance of the latent variable. The average intercept is constrained in group 1 for identification (0g1). Further do Φ1, 1Φ2, 2 denote variances in intercept and slopes, and Φ1, 2 covariance between the intercept and slope. θ1, 1−20, 20 are the residuals of the measured variables. Unique covariances and intercepts of the manifest indicators are omitted from the path diagram for parsimony.



Multiple-group latent growth curve models (MGLGCMs) can simultaneously derive parameter estimates across groups and test the equivalence of measures. If an unconditional growth model is fitted to the pooled sample, the parameters that define the growth model are precisely equal across groups. When the grouping variable is added as a covariate, this will only introduce differences in the conditional means of the growth factors such that one of the groups will start higher or lower compared with the other and increase more or less steeply (DSM IV, 1994; Nyberg, 1994; Nyberg et al., 2003). Further, underlying differences in variances between groups may introduce bias into the parameter estimates. MGLGCM can address this issue (Curran et al., 2010; Curran and Muthén, 1999), as it performs simultaneous estimation of growth models across two or more groups. The presence of interactions can be examined in the context of MGLGCM by constraining and freeing parameter estimates across groups, and also by evaluating constraints by changes in model fit (Meredith, 1993; Gregorich, 2006; Persson et al., 2015).

Model Specification

A series of models were evaluated following five steps: (1) estimation of longitudinal factor models to establish equivalence of measures over time and across groups; (2) one-group analyses were performed on Met/Met and Val carriers, respectively, to evaluate the optimal fitting functional form within each group, and to unravel the presence of differential rates of change; (3) two-group analysis, including the Met/Met and Val groups simultaneously; (4) covariates were added to the models in the presence of significant variance; and (5) interaction was evaluated based on the fit of the parameter equality constraints.

To test if the same metric held over measurement occasions and across allelic groups, we first tested if there was substantial loss-of-model fit in comparing longitudinal factor models with free parameters to models with weak-to-strong factorial invariance (Meredith, 1993; Gregorich, 2006; McArdle, 2009).

Unconditional growth models were estimated to establish that the shape of growth curves was similar across the two groups. To determine the shape of the trajectory, a non-linear functional form was estimated by a latent basis model where a random slope was specified to be free from the second measurement interval, in addition to a linear model (Meredith and Tisak, 1990; Grimm and Ram, 2009a,b). The models were nested and compared by means of chi-square goodness-of-fit indices. In both models, the slopes were centered at the first time point (T1).

Growth factors were specified for intercept and slope, considering both mean and individual variation, and covariance between initial levels (intercepts) and slopes. The growth factors, residuals, and correlated uniquenesses were allowed to vary across groups. The conditional mean was constrained in the reference group (Met/Met carriers) for model identification. Univariate growth models were arranged for repeated measures of vocabulary (Vo) and block design (BD) scores (see Figure 1). A psychometric model was specified to represent the episodic memory (EM) with a second-order growth model, comprised of four occasions of repeated measures of five observed variables of verbal recall.

Differences in average cognitive change rates between the allelic variants were tested to evaluate equality of parameters across groups using the Wald Test of Parameter Constraints.

Conditional growth models were specified for the cognitive domains showing significant individual variance in cognitive trajectories. Based on the existing literature supporting a Val dominant model in relation to cognitive function (de Frias et al., 2004, 2005; Barnett et al., 2008; Wishart et al., 2011) and lower enzyme activity in Met carriers compared to Val carriers (Lachman et al., 1996), we divided the sample into two groups comprised of Met homozygotes and Val heterozygotes. The confounding effects of years of education, sex (women = 1), and cardiovascular diseases (CVDs) were controlled in the analyses. Further, pulse pressure (PP) and chronological age were grand-mean centered and used as continuous time-invariant covariates. To avoid underestimation of age-related changes, we estimated retest effects by a retest variable coded 0, 1, 2, or 3 (0 for baseline; Ferrer et al., 2005; Ghisletta et al., 2014). The presence of interaction was tested by evaluating equality constraints on the age slope using the difference in χ2 ([image: image], with df = df restricted − df unrestricted; Persson et al., 2015). A set of follow-up analyses was also performed on a subsample of participants free of CVDs (n = 1086).

Evaluation of the models fit to the data was done using conventional cut-off criteria from several fit indexes: the Comparative Fit Index (CFI) > 0.95, the Standardized Root Mean Square Residual (SRMR) < 0.08, and the Root-Mean-Square Error of Approximation (RMSEA) < 0.08 (Browne and Cudeck, 1993; Hu and Bentler, 1998, 1999), in addition to the χ2 test with its degrees of freedom (df). We assumed that data were missing at random, and parameter estimates were obtained using full information maximum likelihood (FIML) estimation (McArdle and Nesselroade, 1994; Little, 1995). In FIML, parameters are estimated based on all available data, and the key assumption is that the missing data are missing at random (MAR). Auxiliary variables related to the missingness mechanism were included in the analyses to further reduce estimation bias (Collins et al., 2001).

RESULTS

Descriptive Statistics and Correlations

Descriptive statistics are presented in Supplementary Tables 1, 2. The genotype distribution of the COMT Val158Met polymorphism among the 1585 subjects conformed to Hardy-Weinberg equilibrium (χ2 = 0.022, p = 0.881), with 31.2% being Met/Met carriers, 19.7% being Val/Val carriers, and 49.1% being Val/Met carriers. Prior to the analyses, we identified potential outliers by Tukey upper and lower fences, multiplied by a factor of 2.2 [3Q (3rd quartile) + 2.2 × IQR (inter-quartile range)], and 1Q - 2.2 × IQR (Hu and Bentler, 1999). Ten univariate outliers in blood pressure were eliminated. The vocabulary (Vo) tasks exhibited negative skew (skewness from −1.248 to −1.454).

In homozygote Met carriers, the correlations of stability among variables ranged from r = 0.317 for source recall over T1-T4 to r = 0.507 over T1-T2 for full attention retrieval. The correlations for visuospatial ability, measured by a single task [block design (BD)], ranged from r = 0.736 over T1-T4 to r = 0.812 over T1-T2, and for Vo scores (a proxy for semantic memory) from r = 0.824 over T1-T4 to r = 0.855 over T1-T2 among the Met/Met carriers.

For Val heterozygotes, correlations between measurement occasions ranged from r = 0.237 for source recall over T1-T4 to r = 0.438 over T1-T2 for full attention retrieval. The correlations for BD ranged from r = 0.736 over T1-T4 to r = 0.813 over T1-T2, and for Vo scores from r = 0.856 over T1-T2 to r = 0.856 over T1-T2 in the Val group.

Logistic regressions were carried out to examine potential causes of attrition. Men (B = −0.318, SE = 0.139, p = 0.022) and older individuals (B = 0.041, SE = 0.007, p = 0.001) were more likely to drop out, after accounting for pulse pressure (PP; p = 0.375), cardiovascular diseases (CVDs; hypertension, stroke, and diabetes; p = 0.409), years of education (p = 0.275), and COMT allelic variation (p = 0.061).

Longitudinal Factor Models: Measurement Invariance

To examine measurement invariance over time and across groups, longitudinal factor models were carried out in each group defined by allelic variant, followed by a multiple group analysis (2-group analysis). The factor loadings showed moderate to strong association with the latent construct episodic memory. The standardized factor loadings ranged from 0.466 to 0.755, in homozygote Met carriers, and from 0.444 to 0.745 in carriers of at least one Val allele. No substantial loss of fit was observed when comparing the baseline model with free parameters with the model assuming strong factorial invariance, showing good fit to the data in homozygote met carriers [[image: image], CFI = 0.966, SRMR = 0.059, RMSEA = 0.036 (90% C.I. 0.027–0.043)] and Val carriers [[image: image] = 402.733, CFI = 0.958, SRMR = 0.063, RMSEA = 0.038 (90% C.I. 0.033–0.042)]. Without crucial loss of fit compared to the free parameter models, the strong factorial multiple group model showed good fit to the data [[image: image] = 733.983, CFI = 0.953, SRMR = 0.070, RMSEA = 0.040 (90% C.I. 0.036–0.043)], so that measurement invariance was established over the allelic groups.

One-Group Analyses: Functional Form of Cognitive Trajectories and Variance

As mentioned in Section Model Specification, we tested the functional form of trajectories by using linear or non-linear models. The trajectory shape was best described in a linear fashion across the allelic groups for EM and BD. The non-linear model fit closer to the Vo data (smaller χ2, RMSEA, and SRMR values; see Supplementary Table 3). The univariate LGCMs for Vo and BD showed good fit to the data [CFI = 1.000, 0.998, SRMR = 0.020, 0.037, RMSEA = 0.000, 0.038 (90% C.I. 0.000–0.030, 0.015–0.060), [image: image] = 9.733, 21.351, p = 0.4642, 0.0188]. As presented in Table 1, variance in intercepts was present across all cognitive domains over allelic groups, but only EM scores exhibited significant slope variance across the two allelic groups. Consequently, determinants of individual rates of change could be added to the EM models, but their influence on the BD or Vo trajectories could not be evaluated.

Table 1. Parameter estimates from the linear models, means of the initial level and growth rates, and their variances.
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Multiple-Group Latent Growth Curve Models: Two-Group Analyses

The chi-square distribution for the EM model for Met/Met carriers was 320.273, and 492.008 for Val heterozygotes. The standardized factor loadings were moderate to strong, ranging from 0.495 to 0.730. As presented in Table 1, the parameter estimates of average growth rates were very similar in size across groups, which was confirmed by the insignificant differences between the parameters {p = n.s. [e.g., EM: [image: image], p = 0.5235 (Wald Test of Parameter Constraints)]}.

Determinants of Differential Rates of Change

As mentioned previously, covariates were added selectively to the EM model since variance in change was present in both allelic groups. All results are presented in Table 2. When the sample was analyzed in its entirety, we observed no magnifying effects of age on the association between COMT and EM decline [[image: image] = 1.164, p = n.s.]. However, we observed additive effects of age on the EM slope, so that older Val carriers showed increased decline, accounting for the demographic factors, after (β = −0.433, SE = 0.170, p = 0.010), exclusion of the four younger cohorts (35, 40, 45, and 50 years) [[image: image] = 128,327 p = 0.0001]. The association was attenuated after additional control for cardiovascular risk factors (p = 0.130). No influence of retest effects on the EM trajectories emerged. Women showed higher baseline EM scores than men in both allelic variants, but sex did not significantly differentiate growth rates in any allelic group. Higher educational attainment influenced intercept level, but had no effect on individual differences in change.

Table 2. Covariates effects on initial level and change: Raw and standardized parameter estimates.

[image: image]

The presence of CVDs at baseline was reflected in lower baseline EM scores in Val carriers, and a trend in the same direction was present in the Met/Met group (p = 0.068). There was no indication of magnifying effects of CVDs on the relationship between SNP and EM [[image: image], p = n.s.]. Pulse pressure did not influence the level of EM performance across allelic groups (e.g., Val: p = 0.020, α′ = 0.010]. Val carriers declined in episodic memory as a function of PP elevation over time (p = 0.002, α′ = 0.01). The interaction effect was present by means of significant deterioration of fit by the parameter equality constraint [[image: image] = 5.773, p = 0.005]. See Figure 3 for an illustration.
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FIGURE 3. Episodic Memory (EM) changes as a function of pulse pressure (PP) at baseline, in Met/Met, and Val carriers respectively. PP magnifies the effect of COMT 158Val on 15 years EM change, resulting in greater decline in Val carriers. The expected values are calculated from the slope factor scores, while taking into account the effects of covariates. PP in millimeter of mercury is centered at the grand-mean.



Subsidiary Analyses: Subjects Without CVDs

The analyses were carried out after excluding individuals with CVDs (stroke, diabetes, or hypertension; Val n = 751, Met/Met n = 335). It is worth noting that individuals without CVDs were younger than persons suffering from CVDs (F(3) = 110.041, p = 0.0001]. Higher levels of PP still indicated EM decline among COMT Val carriers (β = −0.437, SE = 0.191, p = 0.022). This interaction was confirmed by significant deterioration of model fit [[image: image] = 5.773, p = 0.005]. Incremental practice effects on episodic memory growth (β = 0.354, SE = 0.140, p = 0.015) were selectively evident in Met/Met carriers, but the slope constraint was not tenable [[image: image] = 2.30, p = 0.12].

DISCUSSION

Our chief finding was that pulse pressure (PP) elevation moderated the effect of the functional Val158Met polymorphism on 15-years episodic memory (EM) trajectories, leading to steep decline in Val carriers and accounting for various covariates with the potential to affect individual differences in cognitive change. The effect was still present when individuals with a history of hypertension, diabetes, or stroke were excluded. To the best of our knowledge, this is a novel finding. We further confirmed previous reports showing that aging magnified the influence of genetic variance in a common functional genetic polymorphism, Val158Met, leading to greater decline of EM scores in Val carriers, at least when potential attenuation from demographic factors was taken into account. The effects were not moderated by any other covariates.

Importantly, we did not detect any evidence of differences between allelic groups in rates of change across cognitive markers. Instead, we found that both groups conformed to frequent reports of stability rather than change in crystalized abilities (such as vocabulary) and average decline in fluid abilities during aging (Horn and Cattell, 1967; Rönnlund et al., 2005; Ghisletta et al., 2012).

Individual single nucleotide polymorphisms (SNPs) may have little influence on complex behavioral measures such as cognitive function, as even whole genes may exert small effects (Plomin et al., 1994). Our results conform to findings from a large meta-analysis that reported no association between Val158Met and a wide range of cognitive functions (Barnett et al., 2008). The negative findings reported herein also contradict previous reports of allele-specific differences in EM and spatial performance scores (de Frias et al., 2004, 2005). It is important to note that these authors applied a single measurement interval (5 years) to a male sample. It is possible that our findings would have been similar if these design aspects were equivalent. Variability in task characteristics between studies may further enhance differences in results.

Advanced age predicted lower EM scores at inception, followed by decay over 15 years in both allelic variants after controlling for the potential confounding of practice effects. There was no indication of additive effects of age when the sample was analyzed in its entirety. Because previous work has illustrated that the effects of COMT may emerge in older adults and individuals at risk for cognitive decline (de Frias et al., 2005; Lindenberger, 2008; Nagel et al., 2008; Josefsson et al., 2012; Papenberg et al., 2014), we performed a secondary analysis, excluding the younger age cohorts while controlling for demographic factors and retest effects. We indeed found support for the additive effects of age in the older Val allelic group, in accordance with the resource modulation hypothesis. This hypothesis proposes that the effects of genetic polymorphisms are magnified in older age following the reduction of brain resources that influence cognitive functions (Lindenberger, 2008). The effect, however, was attenuated by statistical control for cardiovascular diseases and pulse pressure. We would like to stress the importance of further assessing the influence of cardiovascular risk factors in age-related behavioral genetic studies in the future.

The effects on memory were not moderated by any other covariates. Sex did not magnify the influence of genetic risk on episodic memory trajectories, conforming to previous negative findings that considered the additive effects of SNPs and sex on cognition (Ghisletta et al., 2014). Higher educational attainment resulted in better initial EM scores across the allelic variants, but could not reliably explain differential EM changes. The combined influence of genetics and educational factors on cognitive function may gain ground in the context of heritability, likely reflecting polygenetic influences (Rowe et al., 1999) to a greater degree than in the candidate approach of a single SNP used in this study.

Practice gains were present on intercept levels of EM scores, but no additional time-related practice gains were observed across the two allelic variants after demographics and health-related effects were taken into account. Studies have previously reported diminishing practice gains on global cognitive function beyond follow-up (Jacqmin-Gadda et al., 1997). Gains in EM scores were present in the Met carriers after excluding individuals with diabetes, stroke, and hypertension. An interaction was not established by means of tenability of the equality constraint. This result deserves some attention from future studies, since the trend gives a hint of possible genomic variability differentiating practice gains by potentially influencing neurocognitive reserve (Satz, 1993) in carriers of lower enzyme activity alleles.

No influence of cardiovascular disease load was observed beyond the initial level. Greater cardiovascular disease load indicated lower initial EM scores among heterozygous Val carriers, and a trend in this direction was also observed in Met carriers (p = 0.068). One reason for the discrepancy in results between cross-sectional negative impacts and absence of long-term effects could be that participants were informed about their health status at baseline for ethical reasons, which could have reversed long-term cognitive decline due to lifestyle changes.

The Val allele is associated with higher COMT enzyme availability and has previously been associated with cognitive decline, although findings were mixed (Barnett et al., 2008; Wang et al., 2013). Our report shows that the negative influence of the Val allele is particularly pronounced with pulse pressure elevation. Importantly, this effect was present even after excluding individuals with diabetes, stroke, and hypertension, suggesting that the effect was also crucial in healthier subjects who would be expected to take advantage of greater cognitive reserve by maintaining their cognitive abilities (Stern, 2003).

The underlying biomedical mechanism of these effects is unknown. The mechanism behind the reported interaction may emerge from various pathways. A common explanation is that Val158Met influences cognitive function through the regulation of dopamine levels, with Val carriers having high COMT activity and lower dopamine levels (Lachman et al., 1996; Chen et al., 2004). The Val allele has also been linked with high blood pressure (Hagen et al., 2007; Kamide et al., 2007), which can be mediated by dopamine through its influence on sodium regulation (Jose et al., 2003; Zeng et al., 2007). Inflammation may be another variable accounting for this effect. Inflammation influences permeability in the vasculature (Kolattukudy and Niu, 2012) that can cause decreased blood flow to the brain, leading to increased white matter burden (Novak et al., 2006; Kolattukudy and Niu, 2012) that manifests as cognitive decline (Birdsill et al., 2013). Taken together, these factors may offset episodic memory decline.

The prodromal stage of Alzheimer's disease is known to be extensive (Small et al., 2003; Iacono et al., 2009), and even if demented individuals were excluded until the last available data collection, occasionally there may be a risk of including individuals with early dementia.

We used pulse pressure (PP), combining information from systolic and diastolic blood pressure, in the current report. Combining PP with the carotid-femoral pulse wave velocity (PWV) may have given a more precise measure of vessel tone and vascular stiffness. Our findings would benefit from future replication by combining such measures.

Polygenetic influences may shape episodic memory in aging, directly and indirectly, by affecting mediators of cognitive decline. Various genes have been proposed to influence hypertension (Friese et al., 2011), and SNPs that affect immune system pathways may influence verbal declarative memory (Debette et al., 2015). Such SNPs may enhance the effects of inflammation on aging and interact with the effects reported herein, but unfortunately, we lacked such information. Our findings should be replicated to enhance the generalizability of the results, and further investigation of biomedical mechanisms behind the effects is warranted.

To the best of our knowledge, this is the first report to show that pulse pressure magnifies the effects of the COMT Val allelic variant on 15-years episodic memory decline. This report underscores the importance of addressing synergistic effects on normal cognitive aging, as the addition thereof may also place healthy individuals at greater risk for memory decline.

AUTHOR CONTRIBUTIONS

NP: research questions, statistical analyses and interpretation of data, drafting the manuscript, editing, and revising the manuscript; HF, CL, and AS: editing and critical revision.

ACKNOWLEDGMENTS

The Betula Study was supported by the Bank of Sweden Tercentenary Foundation, Tercentenary Foundation (Grant 1988-0082:17), the Swedish Council for Planning and Coordination of Research (Grants D1988-0092, D1989-0115, D1990-0074, D1991-0258, D1992-0143, D1997-0756, D1997-1841, D1999-0739, and B1999-474), the Swedish Council for Research in the Humanities and Social Sciences (Grant F377/1988-2000), the Swedish Council for Social Research (1998–1990: Grants 88-0082 and 311/1991-2000), the Wallenberg-scholar grant 2009 to Lars Nyberg; the Royal Swedish Society of Sciences, and Solstickan Foundation (Rolf Zetterström award) (Grants FOA11H-349 - FOA13H-090) to Ninni Persson.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: http://journal.frontiersin.org/article/10.3389/fnagi.2016.00034

REFERENCES

 Bäckman, L., Nyberg, L., Lindenberger, U., Li, S.-C., and Farde, L. (2006). The correlative triad among aging, dopamine, and cognition: current status and future prospects. Neurosci. Biobehav. Rev. 30, 791–807. doi: 10.1016/j.neubiorev.2006.06.005

 Barnett, J. H., Jones, P. B., Robbins, T. W., and Müller, U. (2007). Effects of the catechol-O-methyltransferase Val158Met polymorphism on executive function: a meta-analysis of the Wisconsin Card Sort Test in schizophrenia and healthy controls. Mol. Psychiatry 12, 502–509. doi: 10.1038/sj.mp.4001973

 Barnett, J. H., Scoriels, L., and Munafò, M. R. (2008). Meta-analysis of the cognitive effects of the catechol-O-methyltransferase gene Val158/108Met polymorphism. Biol. Psychiatry 64, 137–144. doi: 10.1016/j.biopsych.2008.01.005

 Birdsill, A. C., Carlsson, C. M., Willette, A. A., Okonkwo, O. C., Johnson, S. C., Xu, G., et al. (2013). Low cerebral blood flow is associated with lower memory function in metabolic syndrome. Obesity (Silver Spring) 21, 1313–1320. doi: 10.1002/oby.20170

 Browne, M. W., and Cudeck, R. (1993). “Alternative ways of assessing model fit,” in Testing Structural Equation Models, eds K. A. Bollen and J. S. Long (Beverly Hills, CA: Sage), 136–162.

 Chen, J., Lipska, B. K., Halim, N., Ma, Q. D., Matsumoto, M., Melhem, S., et al. (2004). Functional Analysis of Genetic Variation in Catechol-O-Methyltransferase (COMT): effects on mRNA, protein, and enzyme activity in postmortem human brain. Am. J. Hum. Genet. 75, 807–821. doi: 10.1086/425589

 Collins, L. M., Schafer, J. L., and Kam, C. M. (2001). A comparison of inclusive and restrictive strategies in modern missing data procedures. Psychol. Methods 6, 330–351. doi: 10.1037/1082-989X.6.4.330

 Curran, P. J., and Muthén, B. O. (1999). The application of latent curve analysis to testing developmental theories in intervention research. Am. J. Commun. Psychol. 27, 567–595.

 Curran, P. J., Obeidat, K., and Losardo, D. (2010). Twelve frequently asked questions about growth curve modeling. J. Cogn. Dev. 11, 121–136. doi: 10.1080/15248371003699969

 de Frias, C. M., Annerbrink, K., Westberg, L., Eriksson, E., Adolfsson, R., and Nilsson, L.-G. (2004). COMT gene polymorphism is associated with declarative memory in adulthood and old age. Behav. Genet. 34, 533–539. doi: 10.1023/B:BEGE.0000038491.06972.8c

 de Frias, C. M., Annerbrink, K., Westberg, L., Eriksson, E., Adolfsson, R., and Nilsson, L.-G. (2005). Catechol O-methyltransferase Val158Met polymorphism is associated with cognitive performance in nondemented adults. J. Cogn. Neurosci. 17, 1018–1025. doi: 10.1162/0898929054475136

 de Frias, C. M., Bunce, D., Wahlin, A., Adolfsson, R., Sleegers, K., Cruts, M., et al. (2007b). Cholesterol and triglycerides moderate the effect of apolipoprotein E on memory functioning in older adults. J. Gerontol. B Psychol. Sci. Soc. Sci. 62, P112–P118.

 de Frias, C. M., Lövdén, M., Lindenberger, U., and Nilsson, L-G. (2007a). Revisiting the dedifferentiation hypothesis with longitudinal multi-cohort data. Intelligence 35, 381–392. doi: 10.1016/j.intell.2006.07.011

 de Frias, C. M., Schaie, K. W., and Willis, S. L. (2014). Hypertension moderates the effect of APOE on 21-year cognitive trajectories. Psychol. Aging 29, 431–439. doi: 10.1037/a0036828

 Debette, S., Ibrahim Verbaas, C. A., Bressler, J., Schuur, M., Smith, A., Bis, J. C., et al. (2015). Genome-wide studies of verbal declarative memory in nondemented older people: the cohorts for heart and aging research in genomic epidemiology consortium. Biol. Psychiatry 77, 749–763. doi: 10.1016/j.biopsych.2014.08.027

 DSM IV. (1994). Diagnostic and Statistical Manual of Mental Disorders Source Information. Washington, DC: American Psychiatric Association.

 Dureman, I. (1960). SRB:1. Stockholm: Psykologiförlaget.

 Egan, M. F., Goldberg, T. E., Kolachana, B. S., Callicott, J. H., Mazzanti, C. M., Straub, R. E., et al. (2001). Effect of COMT Val108/158 Met genotype on frontal lobe function and risk for schizophrenia. Proc. Natl. Acad. Sci. U.S.A. 98, 6917–6922. doi: 10.1073/pnas.111134598

 Ferrer, E., Salthouse, T. A., McArdle, J. J., Stewart, W. F., and Schwartz, B. S. (2005). Multivariate modeling of age and retest in longitudinal studies of cognitive abilities. Psychol. Aging 20, 412–422. doi: 10.1037/0882-7974.20.3.412

 Flicker, C., Ferris, S. H., and Reisberg, B. (1993). A longitudinal study of cognitive function in elderly persons with subjective memory complaints. J. Am. Geriatr. Soc. 10, 1029–1032. doi: 10.1111/j.1532-5415.1993.tb06448.x

 Frank, M. J., Moustafa, A. A., Haughey, H. M., Curran, T., and Hutchison, K. E. (2007). Genetic triple dissociation reveals multiple roles for dopamine in reinforcement learning. Proc. Natl. Acad. Sci. U.S.A. 104, 16311–16316. doi: 10.1073/pnas.0706111104

 Friese, R. S., Schmid-Schönbein, G. W., and O'Connor, D. T. (2011). Systematic polymorphism discovery after genome-wide identification of potential susceptibility loci in a hereditary rodent model of human hypertension. Blood Press 20, 222–231. doi: 10.3109/08037051.2011.566012

 Ghisletta, P., Bäckman, L., Bertram, L., Brandmaier, A. M., Gerstorf, D., Liu, T., et al. (2014). The Val/Met polymorphism of the brain-derived neurotrophic factor (BDNF) gene predicts decline in perceptual speed in older adults. Psychol. Aging 29, 384–392. doi: 10.1037/a0035201

 Ghisletta, P., Rabbitt, P., Lunn, M., and Lindenberger, U. (2012). Two thirds of the age-based changes in fluid and crystallized intelligence, perceptual speed, and memory in adulthood are shared. Intelligence 40, 260–268. doi: 10.1016/j.intell.2012.02.008

 Gregorich, S. E. (2006). Do self-report instruments allow meaningful comparisons across diverse population groups? Testing measurement invariance using the confirmatory factor analysis framework. Med. Care 44(11 Suppl. 3), S78–S94. doi: 10.1097/01.mlr.0000245454.12228.8f

 Grimm, K. J., and Ram, N. (2009a). Non-linear Growth Models in Mplus and SAS. Struct. Equation Model. 16, 676–701. doi: 10.1080/10705510903206055

 Grimm, K. J., and Ram, N. (2009b). A second-order growth mixture model for developmental research. Res. Hum. Dev. 6, 121–143. doi: 10.1080/15427600902911221

 Guyenet, P. G. (2006). The sympathetic control of blood pressure. Nat. Rev. Neurosci. 7, 335–346. doi: 10.1038/nrn1902

 Hagen, K., Pettersen, E., Stovner, L. J., Skorpen, F., Holmen, J., and Zwart, J.-A. (2007). High systolic blood pressure is associated with Val/Val genotype in the catechol-o-methyltransferase gene. The Nord-Trøndelag Health Study (HUNT). Am. J. Hypertens. 20, 21–26. doi: 10.1016/j.amjhyper.2006.05.023

 Horn, J. L., and Cattell, R. B. (1967). Age differences in fluid and crystallized intelligence. Acta Psychol. (Amst). 26, 107–129. doi: 10.1016/0001-6918(67)90011-X

 Hu, L., and Bentler, P. M. (1998). Fit indices in covariance structure modeling: sensitivity to underparameterized model misspecification. Psychol. Methods 3, 424. doi: 10.1037/1082-989X.3.4.424

 Hu, L., and Bentler, P. M. (1999). Cutoff criteria for fit indexes in covariance structure analysis: conventional criteria versus new alternatives. Struct. Equation Model. A Multidiscip. J. 6, 1–55.

 Hultsch, D. F., Hertzog, C., Small, B. J., McDonald-Miszczak, L., and Dixon, R. A. (1992). Short-term longitudinal change in cognitive performance in later life. Psychol. Aging 7:571. doi: 10.1037/0882-7974.7.4.571

 Iacono, D., Markesbery, W. R., Gross, M., Pletnikova, O., Rudow, G., Zandi, P., et al. (2009). The Nun study: clinically silent AD, neuronal hypertrophy, and linguistic skills in early life. Neurology 73, 665–673. doi: 10.1212/WNL.0b013e3181b01077

 Jacqmin-Gadda, H., Fabrigoule, C., Commenges, D., and Dartigues, J. F. (1997). A 5-year longitudinal study of the Mini-Mental State Examination in normal aging. Am. J. Epidemiol. 145, 498–506.

 Jordan, J., Lipp, A., Tank, J., Schröder, C., Stoffels, M., Franke, G., et al. (2002). Catechol-o-methyltransferase and blood pressure in humans. Circulation 106, 460–465. doi: 10.1161/01.CIR.0000022844.50161.3B

 Jose, P. A., Eisner, G. M., and Felder, R. A. (2003). Regulation of blood pressure by dopamine receptors. Nephron Physiol. 95, p19–p27. doi: 10.1159/000073676

 Josefsson, M., de Luna, X., Pudas, S., Nilsson, L.-G., and Nyberg, L. (2012). Genetic and lifestyle predictors of 15-year longitudinal change in episodic memory. J. Am. Geriatr. Soc. 60, 2308–2312. doi: 10.1111/jgs.12000

 Kamide, K., Kokubo, Y., Yang, J., Matayoshi, T., Inamoto, N., Takiuchi, S., et al. (2007). Association of genetic polymorphisms of ACADSB and COMT with human hypertension. J. Hypertens. 25, 103–110. doi: 10.1097/HJH.0b013e3280103a40

 Kolattukudy, P. E., and Niu, J. (2012). Inflammation endoplasmic reticulum stress, autophagy, and the monocyte chemoattractant protein-1/CCR2 pathway. Circ. Res. 110, 174–189. doi: 10.1161/CIRCRESAHA.111.243212

 Lachman, H. M., Morrow, B., Shprintzen, R., Veit, S., Parsia, S. S., Faedda, G., et al. (1996). Association of codon 108/158 catechol-O-methyltransferase gene polymorphism with the psychiatric manifestations of velo-cardio-facial syndrome. Am. J. Med. Genet. 67, 468–472. doi: 10.1002/(SICI)1096-8628(19960920)67:5<468::AID-AJMG5>3.0.CO;2-G

 Lindenberger, U. (2008). Age-related decline in brain resources magnifies genetic effects on cognitive functioning. Front. Neurosci. 2:2. doi: 10.3389/neuro.01.039.2008

 Little, R. J. A. (1995). Modeling the drop-out mechanism in repeated-measures studies. J. Am. Stat. Assoc. 90, 1112–1121. doi: 10.1080/01621459.1995.10476615

 Masuda, M., Tsunoda, M., and Imai, K. (2006). Low catechol-O-methyltransferase activity in the brain and blood pressure regulation. Biol. Pharm. Bull. 29, 202–205. doi: 10.1248/bpb.29.202

 McArdle, J., and Grimm, K. (2010). “Five steps in latent curve and latent change score modeling with longitudinal data,” in Longitudinal Research with Latent Variables, eds K. J. van Montfort and A. S. Oud (Heidelberg: Springer-Verlag), 245–273.

 McArdle, J. J. (2009). Latent variable modeling of differences and changes with longitudinal data. Annu. Rev. Psychol. 60, 577–605. doi: 10.1146/annurev.psych.60.110707.163612

 McArdle, J. J., and Nesselroade, J. R. (1994). “Using multivariate data to structure developmental change,” in Life-Span Developmental Psychology: Methodological Contributions, eds Cohen, H. Stanley, and H. W. Reese (Hillsdale, NJ: Lawrence Erlbaum Associates), 223–267.

 Meredith, W. (1993). Measurement invariance, factor analysis and factorial invariance. Psychometrika 58, 525–543. doi: 10.1007/BF02294825

 Meredith, W., and Tisak, J. (1990). Latent curve analysis. Psychometrika 55, 107–122. doi: 10.1007/BF02294746

 Muthén, B. O., and Curran, P. J. (1997). General longitudinal modeling of individual differences in experimental designs: a latent variable framework for analysis and power estimation. Psychol. Methods 2:371. doi: 10.1037/1082-989X.2.4.371

 Myöhänen, T. T., Schendzielorz, N., and Männistö, P. T. (2010). Distribution of catechol-O-methyltransferase (COMT) proteins and enzymatic activities in wild-type and soluble COMT deficient mice. J. Neurochem. 113, 1632–1643. doi: 10.1111/j.1471-4159.2010.06723.x

 Nagel, I. E., Chicherio, C., Li, S.-C., von Oertzen, T., Sander, T., Villringer, A., et al. (2008). Human aging magnifies genetic effects on executive functioning and working memory. Front. Hum. Neurosci. 2:1. doi: 10.3389/neuro.09.001.2008

 Nilsson, L.-G., Bäckman, L., Erngrund, K., Nyberg, L., Adolfsson, R., Bucht, G., et al. (1997). The betula prospective cohort study: memory, health, and aging. Aging Neuropsychol. Cogn. 4, 1–32. doi: 10.1080/13825589708256633

 Nordfors, L., Jansson, M., Sandberg, G., Lavebratt, C., Sengul, S., Schalling, M., et al. (2002). Large-scale genotyping of single nucleotide polymorphisms by Pyrosequencing trademark and validation against the 50 nuclease (Taqman®) assay. Hum. Mutat. 19, 395–401. doi: 10.1002/humu.10062

 Novak, V., Last, D., Alsop, D. C., Abduljalil, A. M., Hu, K., Lepicovsky, L., et al. (2006). Cerebral blood flow velocity and periventricular white matter hyperintensities in type 2 diabetes. Diabetes Care 29, 1529–1534. doi: 10.2337/dc06-0261

 Nyberg, L. (1994). A structural equation modeling approach to the multiple memory systems question. J. Exp. Psychol. Learn. Mem. Cogn. 20, 485–491. doi: 10.1037/0278-7393.20.2.485

 Nyberg, L., Maitland, S. B., Rönnlund, M., Bäckman, L., Dixon, R. A., Wahlin, A., et al. (2003). Selective adult age differences in an age-invariant multifactor model of declarative memory. Psychol. Aging 18, 149–160. doi: 10.1037/0882-7974.18.1.149

 O'Hara, R., Miller, E., Liao, C.-P., Way, N., Lin, X., and Hallmayer, J. (2006). COMT genotype, gender and cognition in community-dwelling, older adults. Neurosci. Lett. 409, 205–209. doi: 10.1016/j.neulet.2006.09.047

 Papenberg, G., Bäckman, L., Nagel, I. E., Nietfeld, W., Schröder, J., Bertram, L., et al. (2014). COMT polymorphism and memory dedifferentiation in old age. Psychol. Aging 29, 374–383. doi: 10.1037/a0033225

 Persson, N., Ghisletta, P, Dahle, C. L., Bender, A. R., Yang, Y., Yuan, P., et al. (2016). Regional brain shrinkage and change in cognitive performance over two years: the bidirectional influences of the brain and cognitive reserve factors. Neuroimage 126, 15–26. doi: 10.1016/j.neuroimage.2015.11.028

 Persson, N., Lavebratt, C., and Wahlin, A. (2013a). Synergy effects of HbA1c and variants of APOE and BDNFVal66Met explains individual differences in memory performance. Neurobiol. Learn. Mem. 106, 274–282. doi: 10.1016/j.nlm.2013.08.017

 Persson, N., Viitanen, M., Almkvist, O., and Wahlin, Å. (2013b). A principal component model of medical health: implications for cognitive deficits and decline among adults in a population-based sample. J. Health Psychol. 18, 1268–1287. doi: 10.1177/1359105312459877

 Persson, N., Wu, J., Zhang, Q., Liu, T., Shen, J., Bao, R., et al. (2015). Age and sex related differences in subcortical brain iron concentrations among healthy adults. Neuroimage 122, 385–398. doi: 10.1016/j.neuroimage.2015.07.050

 Plomin, R., Owen, M. J., and McGuffin, P. (1994). The genetic basis of complex human behaviors. Science 264, 1733–1739.

 Rabbitt, P. M. A., McInnes, L., Diggle, P., Holland, F., Bent, N., Abson, V., et al. (2004). The University of Manchester longitudinal study of cognition in normal healthy old age, 1983 through 2003. Aging Neuropsychol. Cogn. 11, 245–279. doi: 10.1080/13825580490511116

 Raz, N., Dahle, C. L., Rodrigue, K. M., Kennedy, K. M., Land, S. J., and Jacobs, B. S. (2008). Brain-derived neurotrophic factor Val66Met and blood glucose: a synergistic effect on memory. Front. Hum. Neurosci. 2:12. doi: 10.3389/neuro.09.012.2008

 Raz, N., Rodrigue, K. M., Kennedy, K. M., and Land, S. (2009). Genetic and vascular modifiers of age-sensitive cognitive skills: effects of COMT, BDNF, ApoE, and hypertension. Neuropsychology 23, 105–116. doi: 10.1037/a0013487

 Rönnlund, M., Nyberg, L., Bäckman, L., and Nilsson, L. G. (2005). Stability, growth, and decline in adult life span development of declarative memory: cross-sectional and longitudinal data from a population-based study. Psychol. Aging 20, 3–18. doi: 10.1037/0882-7974.20.1.3

 Rowe, D. C., Jacobson, K. C., and Van den Oord, E. J. (1999). Genetic and environmental influences on vocabulary IQ: parental education level as moderator. Child Dev. 70, 1151–1162. doi: 10.1111/1467-8624.00084

 Safar, M. E., Levy, B. I., and Struijker-Boudier, H. (2003). Current perspectives on arterial stiffness and pulse pressure in hypertension and cardiovascular diseases. Circulation 107, 2864–2869. doi: 10.1161/01.CIR.0000069826.36125.B4

 Satz, P. (1993). Brain reserve capacity on symptom onset after brain injury: a formulation and review of evidence for threshold theory. Neuropsychology 7, 273–295. doi: 10.1037/0894-4105.7.3.273

 Small, B. J., Dixon, R. A., and McArdle, J. J. (2011). Tracking cognition–health changes from 55 to 95 years of age. J. Gerontol. Ser. B Psychol. Sci. Soc. Sci. 66(Suppl. 1), i153–i161. doi: 10.1093/geronb/gbq093

 Small, B. J., Mobly, J. L., Laukka, E. J., Jones, S., and Bäckman, L. (2003). Cognitive deficits in preclinical Alzheimer's disease. Acta Neurol. Scand. Suppl. 179, 29–33. doi: 10.1034/j.1600-0404.107.s179.6.x

 Steppan, J., Barodka, V., Berkowitz, D. E., and Nyhan, D. (2011). Vascular stiffness and increased pulse pressure in the aging cardiovascular system. Cardiol. Res. Pract. 2011:263585. doi: 10.4061/2011/263585

 Stern, Y. (2003). The concept of cognitive reserve: a catalyst for research. J. Clin. Exp. Neuropsychol. 25, 589–593. doi: 10.1076/jcen.25.5.589.14571

 Stewart, S. H., Oroszi, G., Randall, P. K., and Anton, R. F. (2009). COMT genotype influences the effect of alcohol on blood pressure: results from the COMBINE study. Am. J. Hypertens. 22, 87–91. doi: 10.1038/ajh.2008.321

 Sun, B., Zhang, W., and Zhao, Y. (2004). [Association between catechol-methyltransferase gene polymorphism and pregnancy induced hypertension]. Zhonghua Fu Chan Ke Za Zhi. 39, 21–23.

 Tulving, E. (2001). Episodic memory and common sense: how far apart? Philos. Trans. R. Soc. Lond. B Biol. Sci. 356, 1505–1515. doi: 10.1098/rstb.2001.0937

 Tunbridge, E. M., Bannerman, D. M., Sharp, T., and Harrison, P. J. (2004). Catechol-o-methyltransferase inhibition improves set-shifting performance and elevates stimulated dopamine release in the rat prefrontal cortex. J. Neurosci. 24, 5331–5335. doi: 10.1523/JNEUROSCI.1124-04.2004

 Volkow, N. D., Ding, Y. S., Fowler, J. S., Wang, G. J., Logan, J., Gatley, S. J., et al. (1996). Dopamine transporters decrease with age. J. Nucleic Med. 37, 554–559.

 Waldstein, S. R. (2003). The relation of hypertension to cognitive function. Curr. Dir. Psychol. Sci. 12, 9–13. doi: 10.1111/1467-8721.01212

 Waldstein, S. R., Rice, S. C., Thayer, J. F., Najjar, S. S., Scuteri, A., and Zonderman, A. B. (2008). Pulse pressure and pulse wave velocity are related to cognitive decline in the Baltimore Longitudinal Study of Aging. Hypertension 51, 99–104. doi: 10.1161/HYPERTENSIONAHA.107.093674

 Wang, Y., Li, J., Chen, C., Zhu, B., Moysis, R. K., Lei, X., et al. (2013). COMT rs4680 Met is not always the “smart allele”: Val allele is associated with better working memory and larger hippocampal volume in healthy Chinese. Genes Brain Behav. 12, 323–329. doi: 10.1111/gbb.12022

 Wardle, M. C., de Wit, H., Penton-Voak, I., Lewis, G., and Munafò, M. R. (2013). Lack of association between COMT and working memory in a population-based cohort of healthy young adults. Neuropsychopharmacology 38, 1253–1263. doi: 10.1038/npp.2013.24

 Wechsler, D. (1981). WAIS-R Manual: Wechsler Adult Intelligence Scale-Revised. New York, NY: Psychological Corporation.

 Wishart, H. A., Roth, R. M., Saykin, A. J., Rhodes, C. H., Tsongalis, G. J., Pattin, K. A., et al. (2011). COMT Val158Met Genotype and individual differences in executive function in healthy adults. J. Int. Neuropsychol. Soc. 17, 174–180. doi: 10.1017/S1355617710001402

 Yeh, T.-K., Yeh, T.-C., Weng, C.-F., Shih, B.-F., Tsao, H.-J., Hsiao, C.-H., et al. (2010). Association of polymorphisms in genes involved in the dopaminergic pathway with blood pressure and uric acid levels in Chinese females. J. Neural Transm. 117, 1371–1376. doi: 10.1007/s00702-010-0492-6

 Zeng, C., Zhang, M., Asico, L. D., Eisner, G. M., and Jose, P. A. (2007). The dopaminergic system in hypertension. Clin. Sci. 112, 583–597. doi: 10.1042/CS20070018

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

Copyright © 2016 Persson, Lavebratt, Sundström and Fischer. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/inline_5.gif
2
ooy





OPS/images/inline_4.gif
2
P





OPS/images/inline_7.gif





OPS/images/inline_6.gif





OPS/images/inline_3.gif
2
ey





OPS/images/inline_2.gif
Ty = 256,857





OPS/images/cover.jpg
’ frontiers
in Aging Neuroscience

Pulse Pressure Magnifies the Effect
of COMT Val*>8Met on 15 Years
Episodic Memory Trajectories









OPS/images/crossmark.jpg
®

o fark





OPS/images/logo.jpg
’ frontiers
in Aging Neuroscience





OPS/images/fnagi-08-00034-t002.jpg
Met/Met

Level
Unst. std.
Age -0028(0.004¢  -0.374 (0.047)"
Sex 0.465(0.079)  0.222(0.087)"
Education 0048(0.000) 0222 (0.041)"
Practice 0249 (0.038)  0.268 (0.040"
oo ~0.137(0.075)  ~0.075 (0.041)
P ~0003(0.003)  ~0.047 (0.045)

Slope
Unst. std.

~0075 0021y -0361(0.097)"
-0.005 (0584 0156 (0.102)
0.115(0.078)  0.194(0.132)
0463(0:380)  0.180(0.140)
~0.065(0.606)  ~0013(0.419)
0013(0021) 0077 0.127)

Lovel
Unst. std.
-0.024(0.003"  -0.365 (0.038)"

03000047 0.161 (0.026)"
0082(0007)  0.358 (0.030)
0.162(0.026)  0.187 (0.029)"
~0.168(0.047)  ~0.100(0.028)"
00040002 0.081 (0.082)

Slope
Unst. std.
-0.047(0.023)  -0.272(0.135)
-0.185(0381) 0038 (0.078)
0045 (0.056) 0075 (0.095)
0393(0376) 0174 (0.160)
0482(0.429) 0109 (0.099)
~0050(0015" 0351 (0.116)

CVD, Cardio vascular disease; PR, Pulse pressure; Sex (1 = female, 0 = Male), Practice (0-3); Age; Chronological age centered on the sample grand mean; Unst., Non-standardized
parameter estimates; Std, Standarcized parameter estimates; STDYX solution. Standerd errors of the parameter estimates are presented within parenthesis. “Bonferroni-adjusted

significance of = 0.01.





OPS/images/inline_1.gif
AP = Wit~ Vowearina





OPS/images/fnagi-08-00034-g003.gif





OPS/images/fnagi-08-00034-t001.jpg
kg
ke
@11

@22
@12

EM

0000 (0.000)
~0.138 (0.017)
1.124(0.112)
0.017(0.008)
-0.023 (0.023)

Met/Met

BD

2705 (0.048)
0.118 0.012)
0.964 (0.073)
0004 (0.005)
0,020 0.015)

Vo

22,024 0.244)
0.015 (0.053)
25.886 (1.894)
0.016 (0.113)
0252 (0.343)

EM

0.000(0.000)
-0.123 (0.011)
0.875(0.059)
0.012(0.005)
0011(0012)

val

BD

2676 (0.032)
-0.116 (0.008)
0.922(0.048)
0.002 (0.004)
0.040(0.010)

Vo

21832 0.157)
~0.049 (0.038)
24.042(1.169)
0.304(0.089)
0.159 (0.249)

EM, Episodic Memory; BD, Block Design; Vo, Vocabulary; ki, average intercept; kz, average siope; 1,1, intercept variance; 2,2, slope variance; @z, intercapt and siope covariance;

Standard errors are presented in parentheses.

Bold faced parameter estimates indicate significance (o < 0.05).





OPS/images/inline_12.gif





OPS/images/inline_10.gif





OPS/images/inline_11.gif





OPS/images/fnagi-08-00034-g001.gif





OPS/images/fnagi-08-00034-g002.gif
2PN

|
1
o

v
.
S/

.

PR

S/






OPS/images/inline_9.gif





OPS/images/inline_8.gif





