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Chapter 6
Gene by Environment Interplay  
in Cognitive Aging

Chandra  A. Reynolds, Deborah Finkel and Catalina Zavala

Successful aging is defined, in part, by maintenance of cognitive functioning (Rowe 
and Kahn 1997) and researchers and entrepreneurs alike are eager to uncover the 
secrets to slowing or delaying cognitive aging (Buetnner 2008; Fozard et al. 2000). 
Changes in the relative contribution of environmental factors to cognitive func-
tioning over the course of adulthood suggest that revisiting the concept of Gene–
Environment (GE) interplay in middle and late adulthood may increase our un-
derstanding of the processes of cognitive aging and provide fertile ground for the 
development of intervention strategies. Shared environmental influences have a sig-
nificant impact on individual differences in intelligence in childhood; however, the 
proportion of variance explained by shared environment drops to negligible levels 
as early as young adulthood (Plomin et al. 2008). Phenotypic and biometrical studies 
of cognitive aging provided some early hints that GE interplay may be important 
to normative cognitive aging. First, variance in cognitive performance tends to in-
crease over the life course for memory, speed of processing, and other fluid abilities 
but less so for crystallized abilities (Christensen 2001; Morse 1993). Second, twin 
and adoption studies have both indicated that although heritability increases from 
childhood into adulthood, increasing from approximately 40 % to a peak of 80 % for 
general cognitive ability in late adulthood, this increase is followed by a downturn 
in old-old age to 40–60 % heritability (Finkel and Reynolds 2009; Reynolds 2008a; 
Reynolds 2008b). These patterns initially result from increasing genetic varian-
ce, until about age 65, but are subsequently explained by increasing nonshared  
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environmental variance (Johansson et al. 2004; McGue and Christensen 2002; Rey-
nolds et al. 2005). Some exceptions to this pattern exist: working and episodic me-
mory traits display increases in both genetic and environmental variance (Reynolds 
2008a; Reynolds et al. 2005).

Increasing nonshared environmental variance has important implications for in-
vestigations of gene by environment interplay. Indeed, if interactions between genes 
and nonshared environment (denoted G × E) exist but are not formally accounted 
for in analyses, as is typically the case, G × E effects become part of the nonshared 
environmental variance estimates (Falconer 1989). Patterns of increasing nonsha-
red environmental variance suggest, therefore, emergent GE interactions. In addi-
tion to  G × E interactions, correlative associations may arise among genes and en-
vironments (GE correlations), which if not accounted for become part of the genetic 
variance term in biometrical models (Falconer 1989).

In this chapter, we reinterpret existing theoretical models of GE interplay using 
a lifespan perspective, focusing on the changing nature of the environments that 
impact cognitive function throughout adulthood. We then evaluate the models in 
relationship to existing evidence for GE interplay in cognitive aging, including in-
vestigations that tap recent advances in genotyping and gene expression that allow 
researchers to examine GE interplay at molecular levels.

6.1 � Models of Gene–Environment Interplay  
in Cognitive Aging

Both behavioral genetic and lifespan perspectives provide theoretical models of the 
interplay of genes and environments applicable to cognitive function in adulthood, 
both in terms of GE correlation and G × E interaction.

6.1.1 � Gene–Environment Correlation

Scarr and McCartney (1983) placed three forms of GE correlation into an early-
life developmental context (infancy through adolescence): passive, evocative, and 
active. First, passive GE correlation occurs because in nuclear families children 
receive both their genes and their rearing environment from the same source: their 
parents. Because of the limited impact of rearing environment on measures of cog-
nitive function in adulthood (Pedersen et  al. 1992), it is logical to conclude that 
passive GE correlation will play a minimal role in adult development and aging (see 
Fig. 6.1). One possible exception is education, which can play a large role in cogni-
tive functioning in late life, particularly with regard to cognitive reserve hypotheses 
for dementia (Glymour et al. 2012; Scarmeas and Stern 2003; see Chap. 7). Factors 
promoting educational achievement are complex but are likely to involve parental 
education as both an environmental and genetic source of variance. Second, envi-
ronments and other people react to our (genetically influenced) traits and behaviors, 
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creating evocative or reactive GE correlations. This process can only continue and 
perhaps even intensify as we move through adulthood experiencing changing so-
cietal expectations for cognitive function. Whereas society may expect, and thus 
promote, high levels of cognitive function in midlife, powerful stereotypes about 
cognitive decline in late adulthood may produce “social facilitation of the nonuse 
of competence” (Bieman-Copland et al. 1998). Because of a physical appearance 
of aging or frailty, older adults may evoke assumptions by others around them of 
cognitive frailty that inhibit attempts to maintain cognitive function. The compe-
tence–environmental press model emphasizes that functioning is maximized when 
the demands of the environment are sufficiently tailored to the individual’s ability 
to promote stimulation and maintenance of competence, and even growth (Lawton 
and Nahemow 1973).

Third, evidence for increasing genetic variance in late adulthood and the ac-
celeration of nonshared environmental variance suggests that the most powerful 
form of GE interplay in cognitive aging are likely to be active GE correlations. Our 
choices shape our environment and that environment in turn shapes us; moreover, 
our choices are—at least to some extent—influenced by our genetic make-up. The 
environments we choose for ourselves are, by definition, unique to each of us and 
thus act as sources of nonshared environmental influence on cognitive function. 
For example, we choose our occupations and our working environments in turn 
impact our cognitive functioning (Andel et al. 2005; Finkel et al. 2009; Schooler 
and Caplan 2008). In the old-old age period, however, we predict that evocative GE 
correlational effects surpass active GE correlation. Increasing frailty and reductions 
in function are necessarily associated with reduced control over one’s environment 
(Rodin 1986, 1989) resulting in decreasing opportunities for active GE correlation. 
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Fig. 6.1   Lifespan model of Gene–Environment (GE) correlation
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Similarly, as frailty and visible signs of aging increase, the response evoked from 
the environment will intensify, resulting in not only decreased functional indepen-
dence but also decreased expectations of functioning and narrowing of social con-
texts.

6.1.2 � G × E Interaction

G × E interaction processes are another set of factors that may bolster cognitive main-
tenance or precipitate declines in later adulthood. As described earlier, increasing 
nonshared environmental variance, observed uniformly for cognitive performance 
across domains (Reynolds 2008a; Reynolds et al. 2005), is a potential indicator of 
G × E interactions. Given the extant literature three decades ago, Scarr and Mc-
Cartney (Scarr and McCartney 1983) proposed a relatively limited role of  
G × E interaction in development in early life (as opposed to GE correlation), argu
ing that environmental “treatments” (e.g., adoption) that affect mean level (IQ) per-
formance affect most individuals in like direction rather than altering individuals’ 
rank ordering. However, we argue for an updated view of the saliency of G × E inter
action based on: (1) the qualitatively different impacts of stress during particular 
developmental periods (Lupien et al. 2009), in particular the “brain maintenance” 
phase in late adulthood; (2) familiality of epigenetic alterations to gene expression 
(thus impacting individual differences and potentially rank-order; Boks et al. 2009; 
Coolen et al. 2011); (3) discordance of monozygotic (MZ) twins in cognitive decli-
ne and dementia (e.g., MZ differences in memory trajectories associated with diffe-
rences in depressive symptoms and moderated by APOE genotype; Reynolds et al. 
2007); and (4) growing epidemiological literatures on the APOE gene and measured 
risk factors (Gatz 2007; Reynolds 2008a, b; see Fig. 6.2).

6.1.3 � Epigenetic Landscape

Lifespan models of GE interplay provide additional means for conceptualizing the 
environments that impact cognitive aging. For example, we can apply Wadding-
ton’s epigenetic landscape (Waddington 1942) to cognitive functioning throughout 
the lifespan. Waddington emphasized that developmental pathways are shaped by 
evolution and thus are fairly robust to minor variations in environmental conditions. 
In contrast, Gottlieb (1991) stressed the influence of environmental variations on 
the genetic programming. Combining aspects of both genetic canalization (Wad-
dington 1942) and experiential canalization (Gottlieb 1991), development occurs as 
genetically influenced pathways are impacted by environmental forces, giving rise 
to individual phenotypes. Although most research on cognition focuses on canaliza-
tion processes that occur during childhood (e.g., see Chap. 2), there is no reason to 
assume that the process does not continue throughout the lifespan. Environmental 
forces (evoked, self-selected, or random) continue to impact cognitive functioning, 
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pushing the individual into particular modes of functioning. Active and even re-
active GE correlations can be seen in the context of the epigenetic landscape as 
continued canalization of cognitive function.

Genetic canalization may imply inflexibility and unmodifiability: once you are 
headed down a certain canal or path, there is no turning back. Genetic forces have 
impacted your phenotype and your behavioral options are thus limited. In contrast, 
with experiential canalization Gottlieb (1991) promoted the concepts of mallea-
bility and flexibility. Clearly, these ideas are appealing to researchers looking for 
interventions to slow or delay cognitive aging. Although Salthouse (2006) has que-
stioned whether there is sufficient support for the disuse theory of cognitive aging, 
evidence for increases in environmental variance with aging provides hope that 
experiences may moderate genetic predispositions for cognitive functioning. The 
SOC model may provide an individual-centered adaptive framework for selecting 
appropriate goals for cognitive functioning, optimizing the allocation of internal and 
external resources, and compensating with additional (environmental) resources to 
counteract loss and decline (Baltes et al. 2006).

6.1.4 � Characterizing the Environment

Clearly, a vital step in the application of any of these models is to determine the 
aspects of the environment that may have the most impact on the genetically influ-
enced cognitive decline described in Chap. 5.
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Fig. 6.2.   Lifespan model of G × E interaction
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6.1.4.1 � Compensating and Enhancing Environments

Balte’s SOC model implies an individual-centric view of active compensation for 
aging-related change and declines. On the whole, whether by individual agency or 
otherwise, enriched environments may compensate for genetic vulnerabilities, such 
as the “social context as compensation” model (Shanahan and Hofer 2005). Empi-
rical evidence of environmental compensation has been supported by mouse stu-
dies in which enriched environments have mitigated cognitive deficits (Markham 
and Greenough 2004) such as those due to gene knockouts (NMDAR1; Rampon 
et al. 2000) or to dietary deficiencies (Lee et al. 2012), perhaps by altering gene 
expression related to metabolic processes, e.g., GLUT1 expression in cortex and 
CA1 region of the hippocampus (Harbeby et  al. 2012). In humans, evidence for 
compensation effects can be observed in research on educational attainment and 
complex social environments on cognitive reserve. For example, social engage-
ment in late adulthood may help to support cognitive functioning in late life despite 
the increasing presence of age-associated neural pathologies (Bennett et al. 2006), 
and higher educational attainment is associated with better cognitive performance 
and to a lesser extent smaller rates of decline (Glymour et al. 2012) and a lower 
risk of dementia (Ferrari et al. 2012). Moreover, it has been recently observed that 
high education and participation in leisure activities may lower the risk of dementia 
otherwise associated with carrying the APOE e4 allele (Ferrari et al. 2012), by ser-
ving to delay the onset of symptoms.

Enhancing environments refer to social contexts that interact with genes to pro-
mote higher levels of functioning (Shanahan and Hofer 2005). Evidence in support 
of this concept includes larger heritability estimates for educational attainment across 
recent generations (perhaps due to more open school access) and higher heritability 
of cognitive abilities with higher levels of socioeconomic status (SES) (cf., Shana-
han and Hofer 2005; Chap. 2 in this volume). As we have noted earlier, heritability 
for general cognitive abilities increases with age to late adulthood, followed by sig-
nificant downturns. Whether this pattern is a function of enhancing environments, 
i.e., reflecting G  ×  Social Contexts (Shanahan and Hofer 2005), or active GE corre-
lational processes (i.e., niche picking) remains to be established. We note, however, 
that with respect to lifespan development and aging, it is important to go beyond 
proportions of variance such as that conveyed by heritability statistics and consider 
“raw” genetic and environmental variances for a more accurate picture of changing 
genetic and environmental variance (Reynolds 2008a; Reynolds et al. 2005).

6.1.4.2 � Benign Versus Adverse Environments

Both genetic factors and environmental influences may impact susceptibility to 
cognitive decline with aging. Investigations of GE interplay must be sensitive to 
the possibility of both benign and adverse effects (e.g., Boardman et al. 2012). For 
example, a genetic risk factor for cognitive decline (APOE e4) may interact with 
an environmental factor to exacerbate (head injury) or delay (education) changes 
in functioning (McArdle and Prescott 2010; Dardiotis et  al. 2012). The “social 
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trigger” model proposes that an environmental risk factor (lower education) may be 
required to elicit the impact of a genetic risk factor like APOE e4 (Reiss and Leve 
2007; Shanahan and Hofer 2005). Alternatively, the “social push” model argues 
that disadvantageous environments may crowd out genetic effects on traits without 
necessarily playing a causal, or triggering, role (Raine 2002). Thus, according to the 
social push model, the impact of genetic influences on cognitive decline will only 
become apparent when disadvantageous social conditions (e.g., low education) are 
minimized. In contrast, the “social trigger” model posits that genetic influences on 
cognitive decline will be greater when unfavorable social conditions are maximized 
(Reiss and Leve 2007; Shanahan and Hofer 2005). It is important to note that the 
social push model was originally developed for antisocial behavior and related traits 
and the impact on discussions of cognitive aging has only begun to be explored 
(Boardman et al. 2012).

6.1.4.3 � Perceived Versus Objective

Is perception reality? It is likely that individual perception moderates the impact of 
environmental factors. Psychologists attempt to collect objective measurements of 
environmental factors like SES and availability of social contact, but often the mea-
sures used are obtained via self-report; for example, recent evidence suggests that 
self-reported social participation may drive subsequent changes in perceptual speed 
(Lovden 2005). However, it is possible that individual perceptions of SES and satis-
faction with social engagement color self-reports of ostensibly objective measures, 
but are equally important in their own rights. Indeed, perceived or subjective envi-
ronments have been notably referred to as “effective” environments (Rutter 2012). 
Studies comparing the predictive value of subjective and objective SES for various 
health outcomes in older adults routinely report that subjective SES is the better pre-
dictor (e.g., Singh-Manoux et al. 2005); the same may be true for cognitive decline.

In particular, SES lends itself to the social comparisons inherent in subjective 
perceptions. As a social species, people are sensitive to the social interactions and 
disparities that occur within their various social settings. The work place is one 
example of a social setting in which individuals are organized in a ranked system 
from dominant to subordinate individuals. Yet, social interactions that highlight re-
source differences between individuals are prevalent not only in the workplace. 
At the societal level, social stratification of resources has been associated with a 
gradient in level of health, with average individual health improving at each level 
on the social ladder (Adler et al. 1994). This social stratification is not unique to our 
own species. Primate models suggest well-being may be impacted via hierarchical 
social systems within primate social groups even when environmental resources 
are held equal (Sapolsky 2005), an effect that is likely mirrored in our own species 
(Boyce 2007; Sapolsky 2004). Understanding how these social interactions may 
impact the development of subjective or “effective” environments should contribute 
to our understanding of the SES impact on cognitive aging. Social comparisons add 
a subjective facet to SES, contributing to an individual’s perceptions of their own 
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economic situation. These perceptions, although largely influenced by familial and 
nonfamilial environmental factors, likely reflect the impact of genetic factors as 
well (Lichtenstein et al. 1992). Individuals with fewer resources but equally impo­
verished peers may feel more financial satisfaction than individuals with relative­
ly more resources but surrounded by wealthier peers (Liang and Fairchild 1979). 
Clearly, the distinction between objective and subjective measures can extend to 
many of the environmental factors commonly believed to impact cognitive decline: 
life events, health events, etc.

6.1.4.4 � Proximal Versus Distal

A primary issue in uncovering GE interplay, whether environments are enhancing, 
compensating, adverse, perceived or otherwise, is one of timing: do proximal or 
distal environmental factors have a larger impact on cognitive aging? A strict ap­
plication of Waddington’s epigenetic model, for example, would hypothesize that 
environmental selection was more salient during early development than during 
aging; thus the theory would likely nominate distal (early) environmental factors 
for dominant roles in GE interplay in cognitive aging. Recent longitudinal analyses 
support this hypothesis, reporting that IQ at age 11 was the strongest predictor of IQ 
at age 79, over and above concurrent SES and education (Gow et al. 2011). Other 
research, however, indicates that late-life functioning has many unique aspects and 
may not relate to variables that predicted functioning even in midlife (e.g., Vaillant 
2002). Thus, proximal (or concurrent) environmental factors may play large roles in 
cognitive aging and may underlie the reported increases in nonshared environmen­
tal variance. In mouse models, lifelong enriched environments benefited learning 
and memory processes across development, whereas enriched exposures appeared 
to improve performance when introduced in young and middle age, but not when 
introduced only in late life (Harati et al. 2012), suggesting the saliency of early life 
as well as later developmental periods.

6.2 � Evidence for Gene–Environment Interplay on 
Cognitive Aging

Many methods exist for investigating these potential forms of GE interplay in cog­
nitive aging, including analysis of variance components, experimental and epide­
miological approaches, and methods that focus on SES and other social and po­
tentially stressful environments. Our review of the literature indicates that some 
methods remain relatively untapped; thus there is significant potential for future 
developments.

C. A. Reynolds et al.
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6.2.1 � Biometrical Approaches to G × E

Variance components approaches consider measured environmental factors as they 
moderate genetic variance for cognitive aging phenotypes. Typically, such models 
have been applied to twin data, evaluating information from both MZ and dizy-
gotic (DZ) pairs in an extension of classic biometrical models (Purcell 2002). As 
described in Chap.  2, higher heritability estimates for childhood and adolescent 
cognitive ability have been observed as social status and prosperity levels increased 
suggesting the presence of G × E interaction (Harden et al. 2007). However, these 
findings have not been fully replicated, and the heterogeneity in findings may be 
due in part to a lack of consideration of the overlapping variance among SES and 
cognitive traits (cf., Johnson et  al. 2009). Indeed, there is some suggestion that 
social status may moderate environmental not genetic variance (Hanscombe et al. 
2012). Moreover, there have been inconsistent findings in adult twin samples,  
for example, as to whether parental education modifies heritability of cognitive per-
formance and during what developmental period (i.e., early vs. middle adulthood 
Grant et al. 2010; Kremen et al. 2005). Applications of the variance components 
approach to cognitive aging suggest that education moderates both genetic and 
shared environmental influences in late adulthood (Johnson, et al. 2009). To date, 
no studies have applied this approach to the longitudinal case. Power of the G × E 
variance components approach has been evaluated with suggestions that minimally 
5,000 twin pairs are required to detect moderation of genetic variance (Hanscombe 
et al. 2012), which may be a factor in the inconsistent findings. Recent methodolo-
gical work suggests that false positives are a potential problem with typical G × E 
models and suggests expansions of the approach to include full appreciation of the 
genetic and environmental covariance structures of both the putative environmental 
moderator and phenotype of interest (van der Sluis et al. 2012). The G × E variance 
components model has been extended to consider gene candidates in an association 
context (van der Sluis et al. 2008) as well as for the case of ordinal and binary traits 
(Medland et al. 2009).

A second method for evaluating G × E interaction focuses on MZ twin simila-
rities vs. differences (Fisher 1925; Jinks and Fulker 1970; Martin et al. 1983; van 
der Sluis, Dolan et al. 2006). Because MZ pairs share identical genotypes, any wit-
hin-pair differences are attributed to environmental factors unique to the individual 
pair members, i.e., the nonshared environment. If associations exist between the 
shared genetic factors and the environmentally driven differences, then it is taken 
as support for G × E. In terms of cognitive aging, one may use such methods to 
compare differences in trajectories between MZ pairs and relate these differences 
to measured gene candidates and environmental exposures. The MZ-only approach 
inspired by Fisher (1925) considers first whether heterogeneity exists (Fisher 1925; 
Martin et al. 1983), i.e., whether there are mixtures of within-pair or intrapair dif-
ference distributions. If so, presence of gene candidates may then be measured in 
combination with environmental factors to consider whether they could contribute 
to the heterogeneity in MZ pair differences (Martin et  al. 1983; Reynolds et  al. 
2007). To avoid false-positive tests of G × E, it is critical that the outcome traits are 
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normally distributed (Jinks and Fulker 1970). A G × E analysis of MZ twins from 
the Swedish Adoption Twin Study of Aging (SATSA) suggested the presence of 
GE interactions for cognitive tasks that are particularly dependent upon semantic 
or episodic memory. Specifically, variations in genes regulating aspects of sero-
tonin ( 5HTT, HTR2A), estrogen ( ESR1a), and cholesterol ( APOE e4) interacted 
with the exposure by those individuals to unique environmental factors that predic-
ted differential semantic or episodic memory change (Reynolds et al. 2007). First, 
we evaluated and observed significant heterogeneity in within-pair differences, i.e., 
intrapair variability in memory trajectory features, including performance level at 
age 65, linear change at age 65, and nonlinear change across age. Moreover, the 
intrapair variability in memory trajectories differed by genotype whereby those MZ 
pairs who did not carry the risk alleles showed greater differences in semantic and 
episodic memory change than those who did carry risk alleles (e.g., APOE e4). 
Last, the intrapair variability of depression was shown to be associated with the 
intrapair variability of longitudinal memory change, however, only for noncarriers 
of either the APOE e4 allele or ESR1a rare allele (rs1801132). This result indicates 
that noncarriers of these risk alleles for dementia may have greater sensitivity to en-
vironmental sequelae that result from depressive symptoms and thereby show dif-
ferential memory trajectories; however, carriers of risk alleles, who otherwise have 
an elevated risk of decline (especially vis-à-vis APOE e4), may be less impacted by 
environmental challenges posed by depression. The findings for APOE are consis-
tent with work on cognitive health and dementia that suggest that non-e4 carriers 
may be relatively more sensitive to a variety of environmental factors than APOE e4 
carriers, while APOE e4 carriers may be more sensitive to vascular risk factors (see 
Gatz 2007). Indeed, related cognitive aging findings also support this conclusion, 
as female APOE e4 homozygotes who were more aerobically fit showed better 
cognitive performance (Etnier et al. 2007). Subsequent studies of physical activity 
(see later), suggest a range of findings of enhanced effects, compensation effects 
or no appreciable moderation of physical activity and APOE e4 status on cognitive 
performance and brain phenotypes (Erickson et al. 2012) indicating further work is 
necessary to elucidate when and what type of GE interplay is at work.

6.2.2 � Experimental and Epidemiological Approaches

Genetic–epidemiological approaches examining candidate gene variants and en-
vironmental exposures in unrelated individuals have also been used to identify  
G × E associations. For example, nondemented APOE e4 carrying adults ages 16 
and 65 years who had sustained head injuries performed worse on verbal memory 
and attention and perceptual speed tasks 6 months postinjury (Ariza et al. 2006). 
Untreated hypertension in the presence of positive APOE e4 status was associated 
with poorer cognitive performance in nondemented women from the Nurses’ Health 
Study (Kang et al. 2005).

Individuals in deprived neighborhoods are often exposed to more toxins, lower 
quality housing, and violence; these conditions subject individuals to a higher all-
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ostatic load (Evans 2004). Indeed, a study of neighborhood effects and APOE e4 
status (Lee et al. 2011) indicated that living in a neighborhood rife with “psycho-
social hazards” (e.g., higher crime rates, economic deprivation, familial disrupti-
ons, lower educational attainment, poorer infrastructure upkeep, etc.) coupled with 
carrying the APOE e4 allele predicted worse processing speed and executive per-
formance in adults aged 50–70 years old enrolled in the Baltimore Memory Study. 
Memory abilities did not show a clear neighborhood environmental effect, although 
patterns of performance were suggestive of the expected APOE e4 effect. However, 
recent longitudinal evidence from the Chicago Health and Aging Project supports 
an interaction, suggesting that APOE e4 coupled with lower ‘neighborhood social 
disorder’ predicts change in general cognitive functioning (Boardman et al, 2012). 
Hence, more work is needed.

Physical activity may also interact with APOE e4 allele status to predict cognitive 
functioning (Erickson et al. 2012). As introduced earlier, a study of female APOE e4 
homozygotes who performed better on an in-person aerobic fitness test demonstrated 
higher cognitive performance on a variety of cognitive measures including learning 
and attention tasks (Etnier et al. 2007). In a recent population-based study of 1,799 
participants aged 60 years or older in the NHANES III study with available APOE 
genotyping (Obisesan et al. 2012), increased self-reported physical activity predicted 
better cognitive status performance in non-e4 carrying individuals but not e4 carry-
ing individuals between the ages of 60 and 69, with adjustments for illnesses burden 
and mobility restrictions. However, in those older than 70 years, physical activity 
benefitted all individuals, including those who carried an e4 allele although the effect 
dropped when accounting for mobility restrictions (Obisesan et al. 2012). The physi-
cal exercise by APOE e4 genotype interaction was supported by recent brain imaging 
work suggesting that self-reported physical exercise engagement was associated with 
amyloid plaque deposition in a sample of adults between 45 and 88 years (Head et al. 
2012). Sedentariness was most detrimental in terms of increased amyloid plaque 
deposition in those who were APOE e4 carriers (Head et al. 2012). Although the 
NHANES III study is cross-sectional, the findings of differential impact of physical 
activity on cognitive functioning by age suggest an age dependency of GE interplay 
effects with respect to APOE, perhaps due in part to selectivity resulting from morbi-
dity or mortality. Whether physical activity is particularly beneficial to or merely mit-
igates risk for APOE e4 carriers is not yet clear (Erickson et al. 2012), but it is likely 
that a developmental framework taking into account age dependencies is important.

6.2.3 � Socioeconomic Status and Cognitive Aging

In cognitive testing and measures of IQ, researchers have observed differences in 
cognitive abilities across levels of SES. Often, privileged individuals perform better 
on cognitive tasks compared to individuals of low SES. Initial explanations of these 
observed differences attempted to disentangle the impacts of genetic and environ-
mental influences (to some controversy). One might be tempted to conclude that 
the apparent relationships between perceived SES and health and cognitive aging 



180

are generally due to environmental pathways. The etiological factors underlying 
cognitive performance, educational attainment, and cognitive dysfunction are indi-
cative of the expected complexity. Although environmental pathways may largely 
influence the association between education and dementia risk (Gatz et al. 2007), 
one study indicated that the genetic factors that do underlie education and men-
tal status performance among typically aging adults overlap completely with the 
genetic factors attributed to general cognitive ability (Pedersen et al. 1996). Moreo-
ver, Schooler and colleagues propose a person–environment pathway whereby indi-
vidual difference traits (e.g., self-directedness) and occupational features contribute 
to later intellectual functioning (Schooler and Caplan 2008). Specifically, higher 
SES coupled with cognitive ability leads to more demanding and self-directing oc-
cupational contexts (Schooler and Caplan 2008), an example of active GE corre-
lation. Such contexts thereby boost cognitive functioning, amplify early-life SES 
effects and mutually benefit self-directedness and intellectual flexibility. Based on 
a series of analyses of two-wave data collected 20 years apart, those with occupa-
tions that were high on substantive complexity, more self-directed, and less routine 
predicted positive reciprocal relationships with intellectual flexibility, i.e., mutually 
increased flexibility and self-directedness, accounting for baseline levels, respecti-
vely. Similarly, the complexity of household work may similarly impact intellectual 
flexibility (Caplan and Schooler 2006; Schooler and Caplan 2008). While these 
results are in no way definitive of GE processes, the findings provide candidate life 
course pathways to evaluate from a genetically informative perspective.

Studies of aging in rodent models underscore the positive effect of environmen-
tal complexity on dendritic growth, and these benefits seem to obtain throughout 
the lifespan of the aging rat (Greenough et al. 1986; Markham and Greenough 2004; 
Mohammed et al. 1993). Animal research continues to show evidence that the sur-
rounding environment can alter the expression of genes in neurons (Harbeby et al. 
2012; Mohammed, et al. 1993; Pinaud et al. 2002). With respect to cognitive pheno-
types, lifelong enriched environments support maintenance of learning and memory 
processes, and introducing enriched exposures in young and middle age appear to 
be restorative though perhaps not in late life (Harati et al. 2012), suggesting that 
environmental interventions may have a more limited impact as plasticity wanes. 
While SES as a developmental context is much more complex than the experimen-
tal environments of lab animals, the overall implications of the epigenetic forces 
at play in cognitive development evident from this body of work should not be 
overlooked.

SES has become an important contextual marker in measuring environmental 
experiences as a proxy for exposure to toxins, nutrition, education, and leisure acti-
vities (Evans 2004). Much of the research in brain functioning and late-life cogni-
tion has focused on incidence of dementia (discussed in Chap. 6). Individuals from 
low SES are at higher risk for developing dementia. One of the theories posited 
for the relationship between SES, cognitive functioning, and dementia is the hypo-
thesis of cognitive reserve (Staff et al. 2004), with evidence from Swedish studies 
supporting increased reserve largely via education and occupational complexity 
(Andel et al. 2005; Andel et al. 2007; Andel et al. 2006). Controlling for education, 
the complexity of one’s occupation prior to retirement, particularly with respect to 
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working with people (e.g., mentoring roles vs. subordinate roles), supported the re-
lative maintenance of cognitive performance for verbal and spatial skills whereas in 
postretirement, spatial performance dropped (Finkel et al. 2009). In Sweden, age 65 
is a mandatory retirement age and it is uncommon to work formally past this point, 
which constrains the extent to which GE correlational processes might otherwise 
play out with continued working. Taken together, empirical findings support the 
work context as a measureable environmental influence on cognitive aging. As a 
second example, we note findings that individuals with higher levels of educational 
attainment may still perform at preclinical levels on the Mini Mental Status Exam 
even when comparable amounts of brain atrophy are otherwise indicative of Alz-
heimer’s disease in lower SES individuals (Fotenos et al. 2008). Most interesting 
are those individuals who remain undiagnosed as demented at time of death. The 
question stands: What aspects of education and higher SES have afforded these in-
dividuals protective cognitive resources that allowed them to function with otherwi-
se biologically compromised brain structures? Additionally, what aspects of genetic 
endowment have contributed to healthy cognitive aging? To begin answering these 
questions, we look to current research in brain imaging for a preliminary conjecture 
until researchers further address these questions in older populations.

SES as a contextual marker of differing environmental conditions underscores 
the sensitivity of human cognitive aging to variations in environmental conditions. 
Moreover, perception of SES can augment the impact of objective SES, per se. For 
example, in a sample drawn from three longitudinal studies of aging in the Swedish 
Twin Registry, an individual’s perceived SES was predicted of cognitive perfor-
mance at age 75 for perceptual speed, spatial performance, verbal memory, and epi-
sodic memory (Zavala et al. 2013, in preparation). This was particularly true for the 
oldest cohort, perhaps suggesting the impact of early environments on perceptions 
of later environments. Overall, individual differences in cognitive performance and 
decline within and across SES environments highlight the fundamental biological 
nature of this sensitivity evident in individual brain structure and function. To gain 
a greater understanding of the mechanisms involved in cognitive aging across the 
SES spectrum, research in epigenetics may provide clues to possible GE interplay 
occurring within the human brain, especially with concern to individual differences 
in plasticity and susceptibility to environmental influences in neuronal gene expres-
sion as described later.

6.2.4 � Social/Stressful Environments

We have given primacy to SES and related indices as observable, albeit global, 
markers of environmental contexts or exposures that may interact with genotype 
to lead to poorer or better cognitive aging. Physiological and psychological stress 
may be greater in lower SES contexts (Matthews and Gallo 2011). Recent work on 
gene expression and childhood SES (Miller et al. 2009) suggest that being raised in 
disadventageous childhood SES contexts may lead to differential gene programm-
ing that potentiates aging-associated dysfunction and disease. Specifically, findings 
suggested that adversity predicts elevated gene expression in the proinflammatory-
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immune pathways (CREB/ATF) and reduced expression of glucocorticoid recep-
tor response elements (NF-κ), leading to greater production of stress markers such 
as cortisol and interleukin 6 (IL-6), a cytokine that is elevated at sites within the 
body given the presence of acute or chronic inflammation. There was also elevated 
expression of genes coding for inflammatory mediators (other cytokines or enzy-
mes) such as IL1A, CCL2, CXCL2, CCL20, as well as such as OLR1 and GPR132, 
which initiate inflammation processes such as macrophage scavenging of oxidized 
low-density lipoproteins that may lead to accumulations of atherosclerotic plaques 
and risk of myocardial infarction. The altered gene expression patterns due to expo-
sure to early adversity are presumed to be initiated before adulthood, as controlling 
for current SES, lifestyle habits, and perceived stress did not alter the described fin-
dings (Miller et al. 2009). Inflammatory biomarkers, such as IL-6, as well as CRP, 
TNF1A, and ICAM-1, have been linked to cardiovascular disease risk and dementia 
(Dziedzic 2006), as well as normative cognitive aging performance and decline 
(Gimeno et al. 2008; Jordanova et al. 2007; Krabbe et al. 2009; Mooijaart et al. 
2011; Rafnsson et al. 2007; Schram et al. 2007; van den Kommer et al. 2010). Some 
studies suggest that the presence of cardiovascular disease may be a moderator of 
the association between inflammatory biomarkers and cognitive decline (Hoth et al. 
2008). Last, mouse models directly support the connection between early social 
adversity and age-associated impairments in spatial memory, which were associated 
with alterations in hippocampal BDNF expression and synaptophysin immunoreac-
tivity, suggesting both structural and plasticity-related sequlae of the exposure to 
chronic social stress (Sterlemann et al. 2010).

A growing body of research in both human and animal literatures supports altered 
brain structures (particularly the hippocampus) and altered cognitive performance 
as a consequence of early adversity writ large, not only in terms of socioeconomic 
adversities but also in other forms of early adversity including childhood maltrea-
tement, combat exposure, and other stress exposures (for review, see Pechtel and 
Pizzagalli 2011). Last, evidence suggests that perceived (but not objective) social 
isolation increases gene expression of an array of genes involved in inflammatory 
processes (Cole 2009). Thus, the perceptions of environmental adversity may be 
just as salient in some cases, or even more so, than objective adversities (which may 
indeed become “effective” environments; cf., Rutter 2012).

In sum, the emerging evidence on early adversity would suggest that adverse life 
experience, objective or perceived, leads to differential gene expression and down-
stream effects on brain structure and plasticity that may eventually show notable 
impacts on cognitive performance across the life course and differential impacts 
on cognitive decline in late life. However, the current findings on early adversity, 
differential gene expression, and adult outcomes are relatively slim as yet, let alone 
the findings for cognitive outcomes. Much work is needed from a prospective life 
course perspective to fully evaluate the direction of effects and extent of impact on 
adult cognitive performance and aging before strong conclusions can be reached.
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6.3 � Biomarkers of Gene–Environment Interplay

6.3.1 � Brain Morphology

As described in Sect. 6.1.3, Gottlieb’s theory of experiential canalization highlights 
the interaction of biological systems with the surrounding environment (Gottlieb 
1991). Variation in brain structure and function among identical twins has been 
found, suggesting that structure and function are at least partly experience-depen-
dent, and possibly reflective of GE interaction (Thompson et al. 2001). In an adult 
twin study, average age 48.2 (SD = 3.4 years), 10 pairs of MZ twins (both male and 
female pairs) had higher similarities in quantity of frontal gray matter than the 10 
pairs of DZ twins. Included among the regions examined were cortical language 
regions, i.e., Broca’s and Wernick’s area (Thompson et al. 2001). Predictably, in-
dividual differences in gray matter were related to individual differences in IQ. A 
subsequent study of MZ and DZ twins from the VETSA study, average age 55.8 
(SD = 2.6 years), that was 10-fold larger in sample size, suggested that heritability 
estimates varied within the frontal cortex, and findings were consistent with respect 
to a high heritability in Wernicke’s area but not Brocas’s area (Rimol et al. 2010). 
Changes in GE interplay influencing the frontal cortex and language areas of the 
brain across the lifespan would be consistent with heritability changes in cognition. 
The frontal cortex, in particular, may be subject to changes in heritability across the 
lifespan due to the protracted developmental timeframe (see Giedd et al. 2010). The 
extended developmental period typical of the frontal cortex may allow for individu-
als to influence their own development through active GE correlational processes 
as individuals seek out environments and experiences most consistent with their 
general cognitive abilities (such as noncompulsory higher education). The role of 
the environment as an enhancer of potential has been raised in interpreting findings 
of GE interaction on child and adolescence achievement and IQ as noted earlier (cf., 
Shanahan and Hofer 2005; Chap. 2 in this volume).

Evidence for continued plasticity within adult brain structure and function sug-
gests an inherent framework by which dynamic genetic and environmental pro-
cesses may play out to shape cognitive aging trajectories throughout the adult life-
span. In the brains of adult twins (42 years of age and older), magnetic resonance 
imaging reveals that heritability is not uniform across nor within brain structures 
(Chen et al. 2012; Giedd et al. 2010; Pfefferbaum et al. 2004; Sullivan et al. 2001; 
Thompson et al. 2001). In a twin sample of World War II veterans, brain mapping 
revealed a heritability of about 15–26 %, while other brain structures exhibited 
evidence of greater genetic influences, including the bilateral temporal horn (38–
47 %) and the corpus callosum (46–48 %; Sullivan et al. 2001). For MZ and DZ 
twin pairs, though genetic influences remained stable across 4 years follow-up, 
evidence suggested environmental influences on the lateral ventricles increased 
with age (Pfefferbaum et al. 2004). In particular, the plasticity of the hippocampus 
is one of the most well-documented phenomena in the study of brain morphology 
(for a review, see Neves et al. 2008). For example, changes in individual behaviors, 
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such as exercise, can lead to changes in hippocampal brain volume in aging adults 
(an effect associated with the BDNF gene), leading to increased performance on 
memory tasks (Erickson et al. 2012). Furthermore, the role that the hippocampus 
plays in episodic memory (Chadwick et al. 2010) may help to partly explain chan-
ges in genetic and environmental variance in memory ability in late life (e.g., Rey-
nolds et al. 2005). For an extended discussion of brain morphology and cognition, 
see Chap. 8.

6.3.2 � Epigenetic Processes

An individual’s genotype may provide a guide for the development of biological sys-
tems, but recent research supports the concept of probabilistic epigenesis (Gottlieb 
2007): a cascade of feedback between genes and the environment that may result 
in changes in gene expression and cell senescence within the living organism that 
are not a result of DNA sequence variation or somatic mutations. Advancements 
particularly in mouse models, but including work on human cognitive disorders, 
have provided evidence that epigenetic modifications are important to cognition 
broadly, including learning and memory, and implicated in cognitive disorders such 
as dementia. Moreover, emerging evidence suggests that DNA biomarkers such as 
telomere length are associated with cognitive performance and risk of dementia in 
aging adults.

Epigenetic processes reflect ubiquitous forms of G × E interplay that occur at 
an environmental-by-molecular level. Epigenetic modifications include acetylation, 
phosphorylation, and methylation of histone proteins, components of the chromatin, 
as well as direct methylation of DNA (Day and Sweatt 2010, 2011, 2012). Parti-
cular combinations of histone modifications result either in activation or suppres-
sion of gene transcription (Day and Sweatt 2011, 2012). Moreover, the persistence 
of various histone modifications may be of brief duration, while methylation may 
have a relatively longer time-course (Day and Sweatt 2011). Of particular interest 
is 5-methylcytosine, i.e., methylation of cytosine-5, occurring at CpG (i.e., CG 
sequence) rich genomic regions denoted “islands” that occur in or near gene promo-
ter regions. Such methylation has been demonstrated in a variety of human tissues, 
including brain, muscle, and leukocytes (Fernandez et al. 2012) and it is associated 
with aging and neurological disease (Boks et al. 2009; Christensen et al. 2009; Fern-
andez et al. 2012). Moreover, specific methylation patterns may be associated with 
some forms of neurological disease (e.g., dementia with Lewy bodies), although 
particular patterns for Alzheimer disease are thus far elusive in one of the largest 
studies of methylation across tissue types and across 1505 CpG sites (Fernandez 
et al. 2012).

Recent evidence suggests that histone modifications may be relevant to learning 
and memory processes as well to disease risk spanning “susceptibility to stress,” 
depression, addictions, and cognitive disorders including Alzheimer’s disease and 
Huntington’s disease (Day and Sweatt 2012; Graff and Mansuy 2009), suggesting 
that such modifications may be important to cognitive aging. Epigenetic dysregu-
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lation of the amyloid precursor protein may explain beta-amyloid production or 
deposition (Maekawa and Watanabe 2007; Scarpa et al. 2006; Wang et al. 2008; 
Wu et al. 2008), processes implicated in Alzheimer’s disease neuropathology. Mo-
reover, epigenetic modifications including methylation have been linked to the for-
mation of memories vis-à-vis alterations of hippocampal gene expression in mouse 
models (Day and Sweatt 2010), such as BDNF (Day and Sweatt 2010; Lubin et al. 
2008). While methylation processes in the hippocampus appear to be relatively dy-
namic, relatively lasting methylation processes underlying remote memory storage 
in cortical regions have been implicated in the anterior cingulate cortex (Day and 
Sweatt 2012; Miller et al. 2010).

G × E interplay may be seen in the environmental factors that impact the extent 
of global DNA methylation. Again, while empirical evidence for cognitive aging 
outcomes is not yet available, the available findings suggest that such mechanisms 
could play a role. For example, Fraga et al. (2005) highlighted the increasing dif-
ferences in DNA methylation profiles for identical twins in a cross-sectional study. 
The oldest twins with the most divergent self-reported health histories had more 
divergent acetylation of histones as well as indices of global methylation (Fraga 
et al. 2005). Moreover, the chromosomal locations of divergent methylation pat-
terns in normal metaphase chromosomes included telomeric regions among twins 
who differed in global methylation (Fraga et al. 2005). Methylation of 88 gene loci 
assayed from saliva samples has been shown to be linearly related to chronological 
age and touted as a biomarker of biological age (Bocklandt et al. 2011). The primary 
analysis was conducted on 34 male twin pairs and replicated in unrelated male and 
female individuals. Results highlighted methylation in the promoter regions of the 
EDARADD and TOM1L1 genes were strongly associated with age in both males 
and females. This emergent work suggests that environmental factors associated 
with loci-specific methylation may be important to consider for cognitive aging. 
Indeed, calorie restriction has been shown to relate to epigenetic processes in the 
hippocampus in mouse models (Chouliaras et  al. 2010b). Additionally, physical 
exercise is proposed as a promising environmental factor given the numerous stu-
dies linking exercise and cognitive performance in older adults and mouse models 
showing altered expression of genes involved in learning and memory, including 
BDNF (Kaliman et al. 2011).

The extent to which epigenetic processes, particularly in basic learning and 
memory processes, are indicative of GE interplay for cognitive aging writ large 
remains to be addressed. While epigenetic processes are separate from DNA se-
quence variation by definition, genetic influences on methylation are evident from 
examinations of significant twin concordance for methylation (Coolen et al. 2011); 
indeed, heritability of DNA methylation patterns may be gene-specific (Boks et al. 
2009). Hence, a full understanding of epigenetic mechanisms is not yet within grasp 
(Feil and Fraga 2012), including the extent to which epigenetic alterations promote 
or are a consequence of cognitive aging or dementing processes (Chouliaras et al. 
2010a); this necessitates longitudinal measurement of DNA methylation or other 
epigenetic markers as well as cognitive performance.
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6.3.3 � Telomere Shortening

Telomeres are segments of DNA bases that cap the ends of chromosomes. Telome-
res become shorter and shorter over the course of thousands of cell divisions and 
are associated with cellular senescence (Shawi and Autexier 2008). With the loss 
of telomere length, risk of somatic mutations and damage during cell division may 
increase (Aubert and Lansdorp 2008). With respect to cognitive aging, a study of 
female twins who averaged 50.6 years in age (range 19–78 years) from the Twins 
UK sample suggests that longer telomere lengths are associated with better wor-
king and episodic memory performance (Valdes et  al. 2008). Moreover, in pairs 
discordant for telomere length, a shorter telomere length was associated with worse 
performance relative to the cotwin with longer telomere length (Valdes et al. 2008). 
However, not all studies find associations with telomere length and dementia risk 
or related neuropathologies (Lof-Ohlin et al. 2008; Lukens et al. 2009; Martin-Ruiz 
et al. 2006; Zekry et al. 2010; Zekry et al. 2008). In fact, a recent review of telomere 
lengths as a biomarker of aging suggests additional work is necessary, particularly 
from a longitudinal perspective, to ascertain its potential importance (Mather et al. 
2010). Differences in findings may be attributable to what tissues are sampled, with 
a recent study suggesting that shorter telomere lengths measured from buccal or 
white cells were significantly associated with a Alzheimer’s disease diagnosis, but 
longer telomere lengths among those with Alzheimer’s disease were observed from 
hippocampal brain tissue samples (Thomas et al. 2008). Moreover, longer telome-
res, as measured from leukocytes tissue, have been observed among nondemented 
adults (age range 41–81 years) who carried the APOE e4 allele than among noncar-
riers (Wikgren et al. 2010); this result was noted particularly among younger adults 
in the study. Last, longer telomere lengths among APOE e4 carriers predicted worse 
episodic memory performance (Wikgren et al. 2010). The study authors suggested 
that altered cell maintenance processes may be features of APOE e4 carriers. Taken 
together, tissue type and genotype may underlie the complexity of telomere length 
findings on cognitive aging traits. Moreover, variation in methods to assess telome-
re lengths may be a critical consideration as well (Vera and Blasco 2012).

Environmental factors that predict telomere shortening include SES, stress, and 
inflammation, all factors that are associated with more rapid cognitive aging (see 
Chap. 5). First, differences in twins’ telomere lengths can be seen as evidence that 
phenotypic differences in biomarkers cannot be solely attributed to differences in 
genetic factors. Second, telomere shortening may occur due to exposures to both 
psychosocial and physical stressors. For example, shorter telomere lengths are as-
sociated with greater perceived stress (Epel 2009; Epel et al. 2004), mood disor-
der (Epel 2009; Epel et al. 2004), and low SES (e.g., Cherkas et al. 2006). Telo-
mere length is related to physical stressors as well, such as cancer, CVD (Gilley 
et al. 2008), inflammation (Carrero et al. 2008), and oxidative stress (Houben et al. 
2008). Of particular interest, Cherkas et al. (2006) illustrated that female identical 
twins divergent on SES had significantly different telomere lengths after controlling 
for BMI, physical activity, and smoking profiles. One implication of such research 
is that low SES may be a salient risk factor for biological aging as well as cognitive 

C. A. Reynolds et al.



1876  Gene by Environment Interplay in Cognitive Aging

aging. Preliminary longitudinal evidence appears to bear out patterns from cross-
sectional findings (Biegler et al. 2012), but it is clear that more work remains to be 
done, particularly with cognitive aging outcomes.

6.4 � Conclusions and Future Directions

In the course of reviewing a diverse set of literatures on GE interplay on cognitive 
aging, it is apparent that while many threads suggest the potential importance of GE 
correlation or G × E interaction on cognitive aging there remains a dearth of studies 
dedicated to addressing these processes directly, particularly from an informative 
behavioral genetic perspective that can evaluate the etiologies of phenotypes and 
“environments.” Theories of development and aging suggesting the pertinence of 
GE processes have been in place while the empirical data are more or less wanting, 
particularly with respect to normative cognitive aging. For example, as described 
in Sect. 6.1.3, Baltes’ SOC model (see Baltes et al. 2006) can be framed as an in-
dividual-specific active GE model whereby individuals adapt and reinvest energies 
in order to maximize or maintain (cognitive) skills in the face of increasing func-
tional loss with age. It is also the case that as individuals lose function, their own 
personal agency decreases and evocative environmental GE correlations may beco-
me increasingly important (see Fig. 6.1). Nevertheless, the extent to which genetic 
factors are actually correlated with environments that provide more or less support 
for cognitive skills is unknown (e.g., social interaction vs. isolation). Moreover, it 
is behavior that mediates the relationships between genes and environments (Rutter 
2012), and thus genetically mediated behaviors that appropriate or evoke particular 
environmental contexts in late life, conducive or not to cognitive maintenance, are 
perhaps ripe for deeper examinations of GE correlational processes. Educational 
and occupational attainment as well as leisure activities and physical exercise may 
reflect GE correlational processes and indeed explain why heritability of cognitive 
ability increases up to late life.

The extent to which environmental interventions in late life support or improve 
cognitive function, particularly for those predisposed to cognitive decline (or de-
mentia) due to risk genotypes, such as APOE e4, is not yet clear. Emerging evidence 
is perhaps encouraging: higher education and participation in leisure and physi-
cal activities may lower the risk of cognitive decline or dementia otherwise posed 
by carrying the APOE e4 allele (Ferrari et al. 2012). However, when one begins 
to engage in beneficial pursuits may matter: interventions introduced in young or 
middle age may be beneficial but late-life interventions may be met with more li-
mited success (Harati et al. 2012). In contrast, we should not discount the fact that 
some environmental factors seem to be more pertinent in late old age than earlier 
(e.g., physical activity; Head et al. 2012; Obisesan et al. 2012). Moreover, GE in-
terplay may differ for APOE across the life course and APOE genotype may relate 
to which environmental factors are salient (Gatz 2007; Reynolds et al. 2007). Last, 
the unique impacts of particular activities on cognitive aging outcomes remain to be 
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elucidated, using appropriate and rigorous control groups. The social and cognitive 
features of particular physical activities may be relevant to unpack to determine the 
underlying bases of the associations with cognitive performance and change (Miller 
et al. 2012).

This chapter has focused only on selected gene candidates beyond APOE that 
may interact with environmental factors and impact cognitive or brain aging, e.g., 
BDNF as well as others in estrogen or serotonergic neurotransmitter pathways. This 
focus largely reflects the extant literature. Indeed, epigenetic processes—potential 
biomarkers of GE interplay—are implicated in basic memory formation and main-
tenance (e.g., BDNF; Day and Sweatt 2012; Graff and Mansuy 2009), and thus 
may be critical to day-to-day and even moment-to-moment adaptations to environ-
ments. Familiality of methylation levels and telomere lengths (Bakaysa et al. 2007; 
Bischoff et al. 2005, but see Huda et al. 2007; Bocklandt et al. 2011; Boks et al. 
2009; Coolen et al. 2011) suggests that genetically driven differential sensitivities to 
environments (e.g., stress) may be important to individual differences in cognitive 
aging. However, evidence from MZ differences or discordancy approaches suggests 
interaction of G with nonshared E may also be salient (Reynolds et al. 2007; Valdes 
et al. 2008), although much work remains to be done. Indeed, the consideration of 
biomarkers of GE interplay processes is relatively recent with a lot of suggestive 
findings, but not yet a lot of data, particularly for cognitive aging outcomes.

Importantly, the most recent work in gene-finding efforts using genome-wide 
association (GWAS) approaches affirms the polygenic nature of general intelligen-
ce traits (Davies et al. 2011) and cognitive decline (Davies et al. submitted), with 
few “hits” beyond APOE and neighboring genes such as TOMM40. That is, genes 
of very small effect contribute to cognitive abilities, with up to 51 % of the variance 
in spatial/fluid cross-sectional performance accounted for by thousands of SNPs 
included in the GWAS (Davies et al. 2011). Moreover, 24 % of genetic influences 
on general cognitive ability may differ (i.e., new genes) between childhood and 
late adulthood (Deary et al. 2012), which would be consistent with previous SAT-
SA longitudinal work reporting evidence of increasing genetic variation up to age 
65 (Reynolds et al. 2005). That working and episodic memory traits display both 
increasing genetic and environmental variance (Reynolds et  al. 2005; Reynolds 
2008a) is consistent with the putative time-dependent impact of APOE on dementia 
risk as well as the variety of significant APOE × E effects. Moreover, it has been 
argued that APOE is one example of a “plasticity” gene (Chen et al. 2010; Holtz-
man and Fagan 1998; Myers and Nemeroff 2012; Nichol et al. 2009; Petit-Turcotte 
et al. 2005; Teter 2004; Weeber et al. 2002); BDNF (Fritsch et al. 2010; Li Voti et al. 
2011) and dopaminergic or serotonergic candidates (cf., Belsky and Beaver 2011; 
Belsky et al. 2009; Rutter 2012) could be added to the argument. Certainly, pleiotro-
pic effects appear to be evident. Nonetheless, taking a broader approach to consider 
multiple genetic variants within and across genes will be more informative, com-
pared to single markers, given the current status of genetics research to date (Dick 
2011). The paucity of strong genetic signals from candidates, apart from APOE, 
likely a consequence of SNP-by-SNP evaluations, may also suggest the importance 
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of considering GE interplay, albeit with much caution in an essentially postGWAS 
era (Dick 2011).

It is also important to consider differential GE interplay for men and women, 
particularly in the timing of GE associations. All too often sex is treated as a cova-
riate to be controlled rather than considered as a moderator. Recent studies suggest 
men may be at greater risk than women for mild cognitive impairments (Roberts 
et  al. 2012), while it has been long established that the prevalence of dementia 
among women is greater (Alzheimer’s Association 2012). Twin studies have not 
found appreciable evidence for differential sex effects on longitudinal trajectories 
for normative cognitive aging of most traits, with the exception of verbal ability 
(Finkel et al. 2006). However, risk factors such as serum lipids may differentially 
predict cognitive decline after age 50 (Reynolds et al. 2010), which may be in part 
attributable to differential life course trajectories in cholesterol and other lipids and 
lipoproteins. Thus, distinctive age-related risk profiles may be important to consider 
in evaluating G × E interplay for cognitive aging for men and women.

Large-scale efforts to study G × E influences on aging outcomes are afoot that 
will add to emerging literature on GE interplay using behavioral genetics methods. 
The IGEMS project (Interplay of Genes and Environment across Multiple Studies) 
is a new collaboration among nine existing longitudinal twin and family studies in 
Sweden, Denmark, and the United States (Pedersen et  al. 2013). The central fo-
cus is to harmonize social–environmental data that can be related to physical func-
tioning and health, psychological well-being (emotional stability/depression), and 
cognitive health outcomes in midlife and old age in order to address GE interplay, 
both GE correlation and G × E interactions. Through this and similar efforts, the 
several threads suggestive of GE interplay may become clearer in the near future as 
research begins to illuminate the dynamic pathways to variation in cognitive main-
tenance and aging in late life.
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