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Abstract

A recent history of failed clinical trials suggests that waiting until even the early stages of onset of 

Alzheimer’s disease may be too late for effective treatment, pointing to the importance of early 

intervention in young people. Early intervention will require markers of Alzheimer’s risk that 

track with genotype but are capable of responding to treatment. Here, we sought to identify a 

functional MRI signature of combined Alzheimer’s risk imparted by two genetic risk factors. We 

used a task of executive attention during fMRI in participants genotyped for two Alzheimer’s risk 

alleles: APOE-ε4 and CLU-C. Executive attention is a sensitive indicator of the progression of 

Alzheimer’s even in the early stages of mild cognitive impairment, but has not yet been 

investigated as a marker of Alzheimer’s risk in young adults. Functional MRI revealed that APOE-

ε4 and CLU-C had an additive effect on brain activity such that increased combined genetic risk 

was associated with decreased brain activity during executive attention, including in the medial 

temporal lobe, a brain area affected early in Alzheimer’s pathogenesis.

1. Introduction

Developing the empirical groundwork for preventive interventions against Alzheimer’s 

disease (AD) is a priority because the recent history of failed clinical trials suggests that 

waiting until even the early stages of frank disease onset may be too late for effective 

treatment (Zahs & Ashe, 2010). Identifying neurocognitive markers of genetic risk for AD 

in young people is an important component of this groundwork (Goldberg & Weinberger, 

2004; Green, Fugelsang, Kraemer, & Dunbar, 2008; Meyer-Lindenberg & Weinberger, 

2006; Tan, Callicott, & Weinberger, 2008). Genetic association studies of AD have 
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repeatedly confirmed that the ε4 allele of the apolipoprotein E (APOE) gene is by far the 

strongest common genetic risk factor for late onset AD (e.g., (Bertram, McQueen, Mullin, 

Blacker, & Tanzi, 2007; Harold, Abraham, Hollingworth, Sims, Gerrish, Hamshere, Pahwa, 

Moskvina, Dowzell, Williams, Jones, Thomas, Stretton, Morgan, Lovestone, Powell, Proitsi, 

Lupton, Brayne, Rubinsztein, Gill, Lawlor, Lynch, Morgan, Brown, Passmore, Craig, 

McGuinness, Todd, Holmes, Mann, Smith, Love, Kehoe, Hardy, Mead, Fox, Rossor, 

Collinge, Maier, Jessen, Schurmann, van den Bussche, et al., 2009; Lambert, et al., 2009). 

Inheritance of one copy of APOE-ε4 markedly increases the risk of AD and decreases the 

average age of onset (Farrer, et al., 1997). The mechanism by which APOE affects AD risk 

is still unclear, although mouse studies show that in normal brain, APOE-ε4 is associated 

with alterations in synaptic components (Dumanis, DiBattista, Miessau, Moussa, & Rebeck, 

2013; Dumanis, et al., 2009) and activity (Hunter, et al., 2012). These effects may lead to 

earlier amyloid deposition observed in mouse models of AD (Kim, Basak, & Holtzman, 

2009). Studies in humans suggest that, prior to clinical symptoms, APOE genotype affects 

medial temporal lobe (MTL) activity (S. Bookheimer & Burggren, 2009; S. Y. Bookheimer, 

et al., 2000) and distributed network connectivity (Pena-Gomez, et al., 2012), and that 

APOE-ε4 increases the risk of converting from mild cognitive impairment (MCI) to AD (Fei 

& Jianhua, 2012). These data suggest that APOE-ε4 is associated with an increased 

susceptibility of the hippocampus and surrounding medial temporal regions to damage that 

occurs early in the development of AD (Liu, Kanekiyo, Xu, & Bu, 2013).

While alleles of APOE have the strongest known effects on genetic risk for AD, genome-

wide association studies have identified polymorphisms in other genes that have small but 

significant effects on the risk of AD (Harold, Abraham, Hollingworth, Sims, Gerrish, 

Hamshere, Pahwa, Moskvina, Dowzell, Williams, Jones, Thomas, Stretton, Morgan, 

Lovestone, Powell, Proitsi, Lupton, Brayne, Rubinsztein, Gill, Lawlor, Lynch, Morgan, 

Brown, Passmore, Craig, McGuinness, Todd, Holmes, Mann, Smith, Love, Kehoe, Hardy, 

Mead, Fox, Rossor, Collinge, Maier, Jessen, Schurmann, van den Bussche, et al., 2009; 

Lambert, et al., 2009). Together, these genes identify several potential pathways that could 

affect the risk of AD, including neuroinflammation, cholesterol homeostasis, and endocytic 

regulation (Bertram, et al., 2007). Individual genes may affect common pathways to AD 

pathogenesis, or entirely independent pathways. One of these genetic risk factors is CLU, 

the gene for clusterin (or apolipoprotein J). Extant evidence indicates that the CLU-C 

polymorphism is associated with a slightly higher risk of Alzheimer’s disease. Large-scale 

meta analyses have replicated that the CLU-C allele is associated with elevated AD risk 

(Odds Ratio = 1.22; p = 8.6 × 10−5) (Carrasquillo, et al., 2010; Harold, Abraham, 

Hollingworth, Sims, Gerrish, Hamshere, Pahwa, Moskvina, Dowzell, Williams, Jones, 

Thomas, Stretton, Morgan, Lovestone, Powell, Proitsi, Lupton, Brayne, Rubinsztein, Gill, 

Lawlor, Lynch, Morgan, Brown, Passmore, Craig, McGuinness, Todd, Holmes, Mann, 

Smith, Love, Kehoe, Hardy, Mead, Fox, Rossor, Collinge, Maier, Jessen, Schurmann, Heun, 

et al., 2009)

To the authors’ knowledge, there are no reports demonstrating an interaction effect between 

APOE and CLU to increase Alzheimer’s disease risk. However, the apoE and apoJ proteins 

share a number of important characteristics: they are among very few proteins associated 

with brain lipoproteins (Elliott, Weickert, & Garner, 2010; Koch, et al., 2001); they interact 
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with a shared set of cell surface receptors (Kounnas, et al., 1995); they promote neurite 

outgrowth (Kang, et al., 2005; Nathan, et al., 1994); and elimination of apoE or apoJ in an 

AD mouse model caused similar effects on accumulation of Aβ, a component of amyloid 

plaques associated with AD neuropathology (DeMattos, et al., 2004). Due to these 

biological connections, APOE and CLU polymorphisms may affect similar pathways 

leading to the development of AD (Wu, Yu, Li, & Tan, 2012).

The neural effects of CLU genotype in young humans have not yet been well characterized. 

Extant studies indicate that the risk-associated CLU-C allele alters structural and functional 

connectivity as well as memory-related neuronal activity (Braskie, et al., 2011; Erk, et al., 

2011; Lancaster, et al., 2011) in ways that may ultimately contribute to disordered blood 

flow (Thambisetty, et al., 2013) and atrophy (Thambisetty, et al., 2012). To our knowledge, 

no prior research has investigated combined neural effects of CLU and APOE in young 

people.

The most conspicuous neurocognitive deficit associated with AD is memory impairment, 

but the disease also has dramatic effects on a set of complex thinking skills referred to as 

executive function (Kane & Engle, 2003; Silveri, Reali, Jenner, & Puopolo, 2007). One of 

these skills, executive attention, or the ability to maintain appropriate focus despite the 

presence of salient but irrelevant stimuli, appears to be a sensitive indicator of the 

progression of AD even in the early stages of mild cognitive impairment, yielding effects on 

both behavioral (Saunders & Summers, 2011; Wylie, Ridderinkhof, Eckerle, & Manning, 

2007) and brain-based (Neufang, et al., 2013; Schroeter, et al., 2012) measures. Executive 

attention relies most strongly on prefrontal and cingulate regions associated with top-down 

response inhibition and selection (Kane & Engle, 2003), though MTL has also been 

implicated to a lesser extent (Banich, et al., 2009; Casey, Thomas, Davidson, Kunz, & 

Franzen, 2002; Epstein, Harris, Stanley, & Kanwisher, 1999; Preston & Gabrieli, 2008; 

Ryan, Lin, Ketcham, & Nadel, 2010). The few brain-imaging studies carried out thus far on 

the effects of the APOE-ε4 allele in young healthy individuals have focused on memory 

tasks and have not yet examined executive attention (Borghesani, et al., 2008; Bunce, 

Anstey, Burns, Christensen, & Easteal, 2011; Dennis, et al., 2010; Filippini, et al., 2009; 

Mondadori, et al., 2007; Scarmeas, et al., 2005).

Here, we investigated a task of executive attention as a brain-imaging marker for AD risk in 

a cohort of healthy young adults, testing for combined effects of APOE and CLU genotype. 

Based on their likely involvement in shared molecular biological pathways, we hypothesized 

that possession of the CLU-C risk allele would exacerbate neural effects of the APOE-ε4 

allele. Because of the early involvement of MTL in AD pathogenesis, we focused on 

combined genetic risk effects in this region in our young cohort.

2. Methods

2.1 Participants

Participants were selected from a superset of 160 healthy, right-handed native English 

speakers (131 male, mean age = 23.7 years) who were undergraduate students and 

community members with no history of mental illness, brain injury, or psychoactive 
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medication, providing informed consent for fMRI. Several exclusions were made to 

maximally match groups on genetic variables (except for those we sought to directly 

contrast), and to make group sizes proximate. Table 1 displays demographic data for the 

individuals included in our analyses. Carriers of the APOE-ε2 allele were excluded due to 

the potential confound of protective effects conferred by the ε2 allele (Farrer, et al., 1997) 

(Bertram, et al., 2007). APOE-ε4ε4 (N = 4) were excluded because the impact of putative 

exacerbating effect of ε4 homozygosity (Bertram, et al., 2007; Farrer, et al., 1997) could not 

be meaningfully assessed given the small group size. Because there were far more APOE-

ε3ε3/CLU-C individuals (N = 83) than APOE-ε3ε3/CLU-NonC individuals (N = 16) or 

APOE-ε4ε3/CLU-C individuals (N = 23), sixteen APOE-ε3ε3 were randomly selected for 

analysis by taking the first sixteen in a randomly assigned order using the “RAND” function 

in Microsoft Excel (2011). This enabled proximate group sizes for contrasts between 

combined APOE and CLU genotype groups and between all of the included ε4-positive (N 

= 26) vs. ε4-negative (N = 32) individuals. The randomly selected group of sixteen APOE-

ε3ε3/CLU-C individuals did not differ from the full group of eighty-three APOE-ε3ε3/CLU-

C individuals with respect to IQ, MSIT performance, or MSIT executive attention-related 

activity within an a priori region of interest in bilateral medial temporal lobe (all p > .1). In 

the two groups of CLU-C-positive individuals (i.e., APOE-ε3ε3/CLU-C and APOE-ε4ε3/

CLU-C), the proportion of individuals who were heterozygous (CC) vs. homozygous (CT) 

did not differ, c2(1, N = 43) = 0.26, p = .61). The four genotype groups selected for analysis 

did not differ on age (F(3, 54) = 1.14, p = .34; all between-group p > .1) or IQ (F(3, 54) = .

90. p = .45; all between-group p > .1). Additionally, selected participants did not differ by 

Age or IQ when grouped as APOE-ε4-positive vs. APOE-ε4-negative or as CLU-C-positive 

vs. CLU-C-negative (all p > .25). Our study was composed predominantly of men. The 

effects of APOE genotype on AD risk appear to be similar for men and women in the 

broader population (Farrer, et al., 1997; Ghebremedhin, et al., 2001). However, reports of 

sex differences in the effects of APOE on brain biomarkers (Damoiseaux, et al., 2012; 

Lehmann, et al., 2006) motivated a test of the effect of sex within our sample, which we 

report below. Our study was predominantly Caucasian. Only 4 of the 55 participants in the 

selected genotype groups were not Caucasian, with both the ε4-positive and ε4-negative 

groups including one participant identifying as Black and one identifying as Asian. Thus, it 

is highly unlikely that our data are substantially affected by potential confounds related to 

ethnic stratification.

2.2 Genotyping

Human APOE genotypes were determined using TaqMan® SNP Genotyping Assays per 

manufacturer’s protocol (Applied Biosystems, Inc.). Briefly, extracted DNA samples were 

amplified using the standard Allelic Discrimination Protocol on an ABI 7900HT system and 

SDS software using either the rs429358 (codon 112) or rs7412 (codon 158) primer/probe 

sets for APOE and rs11136000 primer/probe set for CLU. For APOE genotyping, human 

DNA of known APOE genotypes (ε2ε2, ε2ε3, ε2ε4, ε3ε3, ε4ε3, ε4ε4) obtained from the 

National Cell Repository for Alzheimer’s Disease (NCRAD, Indiana University) were run 

on reaction plates as standards. Both APOE and CLU genotype runs included negative 

controls lacking DNA template. We obtained 100% correct calls using the APOE standards 
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for this gene and for both genes we obtained ≥95% quality value on all calls and 100% recall 

on ~20% of samples that were rerun for quality control purposes.

2.3 Experimental Procedure

All experimental procedures occurred within a single scanning session. Participants 

performed the Multi-Source Interference Task (MSIT; Bush and Shin 2006), illustrated in 

Figure 1, during event-related fMRI. On each MSIT trial, participants pressed one of three 

buttons to indicate which of three concurrently presented digits differed numerically from 

the other two. There were two trial types, “Incongruent” and “Congruent.” Incongruent trials 

included distractor number choices that were distinctive due to size but not numerically 

different from each other and therefore not the correct choice. These numbers were salient 

because they were potentially valid choices (1, 2, or 3), and because their distinct sizes drew 

attention. Thus, Incongruent trials elicited attentional conflict, requiring the use of executive 

attention to overcome distractions in order to focus on the correct answer. Congruent trials 

did not involve attentional conflict. Specifically, all numbers other than the correct choice 

were the same size and were always 0s, designed to be minimally salient. However, all 

characteristics of the task appearance were the same for Incongruent and Congruent trials, 

and the instructions did not vary. Thus, the Incongruent > Congruent contrast provides an 

index of executive attention in MSIT with other task demands held constant. MSIT was 

selected because it is a well-validated measure of executive attention that demonstrates 

reliable recruitment across individuals (Bush & Shin, 2006), and has been successfully used 

to measure the effect of genotype on brain function (Green, Kraemer, Deyoung, Fossella, & 

Gray, 2012). We have reported portions of data from this MSIT dataset previously (Green, 

et al., 2012; Shehzad, DeYoung, Kang, Grigorenko, & Gray, 2012) for separate 

investigations, fully outside the context of any AD risk factor.

2.4 MRI Imaging

Scanning was performed on a 3-T Trio System (Siemens, Erlangen, Germany) to collect 

whole-brain T2*-weighted blood oxygenation level-dependent (BOLD) functional images 

(asymmetric spin-echo echo-planar sequence; whole-brain repetition time, TR = 2,000 ms; 

echo time = 25ms; field of view = 256mm; flip angle = 80°; matrix = 64 × 64; axial slices 4 

mm thick). The functional run comprised 183 sequential whole-brain volumes (32 

contiguous slices). Ninety-six task trials were presented for 1750 ms each during the 

functional run, with jittered intertrial intervals (in which a centralized fixation cross was 

presented), across a range from 250 to 4,250 ms in steps of 2,000 ms (1 TR). The scanning 

run began with an unanalyzed fixation period equal to 3 TRs, which allowed the scanner to 

reach steady state. A whole-brain T1-weighted magnetization-prepared rapid gradient-echo 

(MPRAGE) image was acquired for each subject (FOV = 256 mm; 256 × 256 matrix; 1 × 1 

mm in-plane resolution, 1.25 mm thick axial slices, 1 average).

2.5 Data Analysis

fMRI data processing was carried out using fMRI Expert Analysis Tool, Version 5.98, part 

of FMRIB’s Software Library (www.fmrib.ox.ac.uk/fsl). The following pre-statistics 

processing were applied: motion correction using MCFLIRT; spatial smoothing using a 

Gaussian kernel of 5mm FWHM; grand-mean intensity normalization of the entire 4D 
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dataset by a single multiplicative factor; high-pass temporal filtering (Gaussian-weighted 

least-squares straight line fitting, with sigma = 50.0s). ICA-based exploratory data analysis 

was carried out using MELODIC (Beckmann & Smith, 2004), in order to investigate the 

possible presence of unexpected artifacts or activation. Registration to high resolution 

structural and, subsequently, standard space images was carried out using FLIRT. Higher-

level analyses were carried out using FMRIB’s Local Analysis of Mixed Effects. Z 

(Gaussianized T/F) statistic images were thresholded using clusters determined by a 

minimum Z > 2.3 and a minimum significance threshold of p = .001.

For structural MPRAGE data, Voxel-Based Morphometry (VBM) was performed using the 

DARTEL toolbox for SPM (Ashburner, 2007; Ashburner & Friston, 2000). All default 

settings were used except were noted otherwise. Images were aligned into AC/PC 

orientation and then segmented into grey matter, white matter, and cerebrospinal fluid 

(CSF). All participants grey and white matter images were then simultaneously registered 

together to create a study specific template to reduce between-participant variability. The 

template was then used to normalize all images into the standard MNI space using the 

DARTEL Normalize to MNI Space program, utilizing the “preserve amount” option to 

retain the volumetric data of the original images, and the images were smoothed using a 

Gaussian kernel with 8 mm full-width half maximum (FWHM). Medial temporal lobe grey 

matter volume was extracted for a combined hippocampus and parahippocampus region via 

automated anatomical labeling in the Wake Forest University Pick Atlas (http://

www.fmri.wfubmc.edu/download.htm).

A planned group-level Incongruent > Congruent within-subjects contrast was performed to 

identify brain regions recruited for executive attention in MSIT. The sample of participants 

was then divided based on combined APOE and CLU genotype and the results of the 

Incongruent > Congruent contrast were used for subsequent between-group contrast and 

parametric analyses.

An a priori region of interest (ROI) in MTL was defined as an anatomical probabilistic atlas-

derived mask of bilateral parahippocampal gyrus and hippocampus from the Harvard-

Oxford Cortical and Subcortical Atlases. This ROI was selected because MTL has been the 

region most consistently implicated by extant brain imaging studies of AD risk in healthy 

people (e.g., (S. Bokheimer & Burggren, 2009; S. Y. Bookheimer, et al., 2000; Dennis, et 

al., 2010; Filippini, et al., 2009; Mondadori, et al., 2007; Scarmeas, et al., 2005), and is also 

the region first affected by AD pathogenesis (Braak, Thal, Ghebremedhin, & Del Tredici, 

2011; Gomez-Isla, et al., 1996; Hyman, Van Hoesen, Damasio, & Barnes, 1984). BOLD 

signal change averaged across voxels within this ROI was extracted in order to investigate 

genotype-related differences.

3. Results

3.1 Genotyping

We isolated DNA from saliva and genotyped two genetic risk factors for late-onset AD, 

APOE and CLU (the APOE-ε4 and CLU-C alleles are associated with an increased risk of 

AD) in a superset cohort of 160 individuals. The distribution of the six APOE genotypes 
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was typical of numerous populations in the United States, with allele frequencies of 0.10 

(ε2), 0.76 (ε3), and 0.14 (ε4) (Myers, et al., 1996). We also measured the distribution of the 

two common alleles of CLU. The allele frequencies were 0.58 (CLU-C) and 0.42 (CLU-T).

3.2 Behavioral

Genotype groups did not differ on MSIT performance. Response times for Congruent trials 

were, APOE-ε3ε3/CLU-NonC: M = 676.48 ms, SD = 96.74 ms; APOE-ε3ε3/CLU-C: M = 

643.84 ms, SD = 79.25 ms; APOE-ε4ε3/CLU-NonC: M = 727.56 ms, SD = 172.86 ms; and 

APOE-ε4ε3/CLU-C: M = 613.82 ms, SD = 99.36 ms. Response times for Incongruent trials 

were, APOE-ε3ε3/CLU-NonC: M = 1041.65 ms, SD = 175.68 ms; APOE-ε3ε3/CLU-C: M 

= 998.43 ms, SD = 171.82 ms; APOE-ε4ε3/CLU-NonC: M = 1044.84 ms, SD = 223.42 ms; 

and APOE-ε4ε3/CLU-C: M = 927.21 ms, SD = 169.31 ms. The difference in response time 

for Incongruent > Congruent trials as a proportion of total response time represents the 

executive attentional component of MSIT and is the primary measure of MSIT performance 

(Bush & Shin, 2006). This measure did not show an overall effect of genotype, F(3,54) = .

421, p = .74, nor did any group differ from any other group on this performance measure (all 

between-group p > .3). Accuracy for MSIT is typically near ceiling, as it was in this cohort 

(all groups > 98% accuracy), and did not differ between genotype groups, F(3,54) = .40, p 

= .76; all between-group p > .5. MSIT performance also did not differ between APOE-ε4-

positive and APOE-ε4-negative individuals (Incongruent > Congruent response time as a 

proportion of total response time: t(56) = 1.02, p = .31; Accuracy: t(56) = .05, p = .67), or 

between CLU-C-positive and CLU-C-negative individuals (Incongruent > Congruent 

response time as a proportion of total response time: t(56) =.13, p = .90; Accuracy: t(56) = .

89, p = .38). These data indicate that performance differences are not a confound for 

interpreting the brain-imaging data.

3.3 fMRI

Across all participants, the whole-brain analysis of Incongruent > Congruent MSIT trials 

demonstrated recruitment of brain regions previously linked to executive function and 

especially executive attention including anterior cingulate, inferior frontal gyrus, and 

superior parietal cortex. Results of this contrast (Supplementary Table 1) were consistent 

with our prediction based on prior reports (Bush & Shin, 2006), indicating that the task was 

successfully assaying executive attention in this cohort.

To directly examine the combined effect of CLU-C and APOE-ε4 risk alleles on executive 

attention-related brain function in the area where AD pathogenesis begins (Braak, et al., 

2011; Gomez-Isla, et al., 1996; Hyman, et al., 1984), we extracted parameter estimates 

representing average activation for the Incongruent > Congruent contrast across voxels 

within an atlas-defined bilateral MTL region of interest for each genotype group. Results 

(Figure 3) indicate a cumulative effect of risk alleles on MTL activity such that the lowest 

genetic risk group showed the highest level of MTL activity, the intermediate risk groups 

showed an intermediate level of MTL activity, and the highest risk group showed the lowest 

level of MTL activity. One-way ANOVA revealed a significant effect of combined APOE 

and CLU risk status on MTL activity during executive attention, F(3, 54) = 5.12, p = .003. 

As an additional check, we found a similar effect of combined genotype on MTL activity 
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when the full group of eighty-three APOE-ε3ε3/CLU-C individuals was used instead of the 

randomly selected group of sixteen of these individuals, F(3, 121) = 3.48, p = .018.

To characterize the nature of the combined effect of APOE and CLU risk genotype on MTL, 

we tested additive and multiplicative genetic “risk scores” as predictors of activity extracted 

from the MTL ROI. Risk scores were weighted by the AD-associated odds ratio for each 

risk allele (OR for APOE-ε4 = 4.3 (Bertram, et al., 2007); OR for CLU-C = 1.22 

(Carrasquillo, et al., 2010)). Values for the additive and multiplicative risk scores were 

assigned to each participant as the sum or product, respectively, of the natural log of OR for 

each risk gene. The additive risk score was significantly negatively associated with MTL 

activity (β = −.43, t(57) = −2.39, p = .001). The multiplicative risk score did not predict 

MTL activity (β = −.15, t(57) = −1.11, p = .271). To determine whether the effect of the 

additive risk score was distinct from main effects of APOE-ε4 and CLU-C, MTL activity 

was regressed on main effect regressors for each risk allele along with the additive risk 

score. The additive risk score remained a significant predictor of MTL activity after 

accounting for the main effects of APOE-ε4 (β = −2.12, t(57) = −2.05, p = .045) and CLU-C 

(β = −.31, t(57) = −2.25, p = .029). Neither main effect remained significant when risk score 

was included as a regressor (both p > .1), however, the main effects of APOE-ε4 and CLU-C 

on MTL activity were each significant separately (APOE-ε4: β = −.40, t(57) = −3.28, p = .

002; CLU-C: β = −.39, t(57) = −3.13, p = .003). The effect of additive risk score on MTL 

activity also remained significant when average MTL volume was included in the regression 

(β = −.45, t(57) = −3.49, p = .001) indicating that volume did not account for the observed 

effect. MTL volume did not differ between the four genotype groups F(3, 121) = .486, p = .

694.

To test the combined effect of APOE-ε4 and CLU-C possession during executive attention 

across the whole brain, we included the additive risk score as a parametric regressor in our 

design matrix. This whole-brain analysis revealed activity negatively associated with risk 

score in left MTL, as well as posterior cingulate gyrus and medial prefrontal cortex (Figure 

2; Table 2). These results provide evidence that risk alleles for APOE and CLU additively 

affect activity in the identified brain regions. Alteration of MTL activity in young people by 

AD genetic risk is particularly noteworthy given the early involvement of this region in AD 

pathogenesis (Braak, et al., 2011; Gomez-Isla, et al., 1996; Hyman, et al., 1984). A 

posteriori investigation of the observed posterior cingulate and medial prefrontal activity 

was conducted by defining regions of interest as 10mm-radius spheres surrounding the 

functional peaks identified in these two regions for the risk score parametric analysis and 

extracting executive attention-related activity for the Incongruent > Contrast (see 

Supplementary Materials). Activity in these regions demonstrated a trend that was similar 

(though less definitive) to the trend observed in MTL whereby higher combined APOE and 

CLU genetic risk was associated with decreased activity.

Convergent with the risk score parametric analysis, a whole-brain direct contrast between 

the highest-risk APOE-ε4ε3/CLU-C group and lowest-risk APOE-ε3ε3/CLU-NonC group 

revealed greater executive attention-related activity for the Incongruent > Congruent 

contrast in left MTL in the lowest risk group (Table 3). Additional whole-brain contrasts 

between 1) the highest risk and intermediate risk groups, and 2) between the intermediate 
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risk groups and lowest risk group did not yield any activation meeting our conservative 

exploratory whole-brain threshold. This pattern of data again indicates that the effects of the 

APOE-ε4 and CLU-C alleles are additive (i.e., the difference between highest and lowest 

risk is greater than the difference between intermediate risk and either extreme).

A contrast of APOE-ε4-positive individuals vs. APOE-ε4-negative individuals, collapsed 

across CLU genotype, revealed greater activity for ε4-negative individuals in posterior 

cingulate gyrus (Talairach coordinates of peak voxel: x = −9, y = −39, z = 14). APOE-ε4-

positive individuals did not show greater activity above the exploratory threshold for any 

region. A contrast of CLU-C-positive vs. CLU-C-negative identified significantly greater 

activity among CLU-C-negative individuals in right insula (x = 38, y = −13, z = 24) and 

superior parietal cortex (x = 31, y = −22, z = 36). CLU-C-positive individuals did not show 

greater activity for any region. It is notable that MTL did not show different activation 

above threshold for APOE-ε4 or CLU-C status independently within our sample, but did 

show the additive effect of the two risk alleles.

Because sex was not matched between the groups (4 females in the APOE-ε4ε3/CLU-C 

group and only 1 female in each of the other two groups), we sought to test whether sex was 

driving the observed effects through an additional set of analyses with female participants 

removed from the APOE-ε4ε3/CLU-C group. These analyses revealed very little change in 

regional brain activity in the Risk Score parametric analysis when the female subjects were 

removed. The effect of risk allele possession, calculated via one-way ANOVA on extracted 

activity in our a priori region of interest in MTL, remained significant after removing female 

participants F(3, 48) = 3.31, p = .028. These analyses enable us to conclude that sex is 

generally not driving the observed effects within our sample. Nonetheless, the paucity of 

female participants, and the relatively small sample size overall, are limitations for our 

study’s applicability to the general population.

4. Discussion

Two genetic risk factors for AD additively affected brain activity, including in the medial 

temporal lobe, during executive attention in a population of young adults. Our results 

demonstrate combined influence of APOE and CLU genotype on brain activity long before 

frank AD symptoms arise, and indicate executive attention as a neural marker of AD genetic 

risk in young people.

4.1 Effects of genetic risk of AD in young adults

The effects of APOE and CLU on risk of AD risk may be due to their effects on normal 

brain throughout life. In young people, APOE-ε4 status is associated with differences in 

neural activity (for review, see (Trachtenberg, et al., 2012)). Similarly, the CLU gene affects 

normal brain function and structure. In healthy young and middle-aged adults, the high-risk 

CLU-C variant was associated with increased brain activity during high memory demands 

(Lancaster, et al., 2011), reduced white matter integrity (Braskie, et al., 2011) and disrupted 

brain connectivity (Erk, et al., 2011). The effects of CLU on the progression from healthy 

brain function to MCI may be related to processes that affect regional cerebral blood flow 

(Thambisetty, et al., 2013) and brain atrophy (Thambisetty, et al., 2012). Grouping 
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participants by combined APOE and CLU genotype, we found that individuals with higher 

combined AD genetic risk showed lower levels of activation in MTL, an area involved very 

early in AD as evidenced by accumulation of AD-related neuropathological lesions and 

atrophy (Braak, et al., 2011; Gomez-Isla, et al., 1996; Hyman, et al., 1984). Pathogenesis of 

AD begins at least twenty years before clinical symptoms (Bateman, et al., 2012), 

demonstrating that AD develops over long periods of time. The present finding that AD risk 

genotype is associated with reduced neural activity during executive attention is generally 

consistent with prior evidence that young APOE-ε4 carriers show reduced (putatively more 

efficient) neural activity as compared to APOE-ε4 noncarriers during memory function 

(Mondadori, et al., 2007; Scarmeas, et al., 2005), albeit without differences in performance. 

The antagonistic plieotropy account of APOE-ε4 (Han & Bondi, 2008) posits that APOE-ε4 

confers an advantage in younger life (for reproductive selection) and then a disadvantage 

later in life. This account is supported by previously reported performance advantages for 

young APOE-ε4 carriers on executive tasks (Han & Bondi, 2008), and with evidence that, 

later in life, APOE-ε4 carriers show less efficient medial temporal lobe (MTL) activity (S. 

Y. Bookheimer, et al., 2000). However, there is some ambiguity surrounding this issue as 

several studies have reported increased MTL activity in young APOE-ε4 carriers during 

memory encoding (Borghesani, et al., 2008; Bunce, et al., 2011; Dennis, et al., 2010; 

Filippini, et al., 2009; Scarmeas, et al., 2005).

The addition of CLU to APOE in our analyses provides new insight into the independent 

and additive effects of the APOE gene, the strongest genetic risk factor for AD. APOE 

genotype had an independent effect on brain activity in our sample, including in posterior 

cingulate gyrus, as prior studies have indicated (Dennis, et al., 2010; Filbey, Slack, 

Sunderland, & Cohen, 2006; Filippini, et al., 2009). Analysis of combined CLU and APOE 

genotype showed an additive effect leading to alterations of both posterior cingulate and 

MTL function. This combined genotype analysis suggests that CLU-C may exacerbate the 

effects of APOE-ε4 in young people that ultimately lead to greater susceptibility to AD 

pathogenesis. CLU genotype has previously been shown to affect structural and functional 

connectivity in healthy young people (Erk, et al., 2011), which could plausibly interact with 

effects of APOE genotype on the integrity of white matter tracts (Nierenberg, et al., 2005). 

Further study in larger sample sizes will be required to meaningfully assess additional 

potential exacerbating factors (e.g., APOE-ε4ε4 homozygosity).

4.2 Neuroimaging of executive attention as a marker of AD risk

Executive attention assays are known to track AD progression in the early, pre-clinical 

stages (Belleville, Chertkow, & Gauthier, 2007; Neufang, et al., 2013; Saunders & 

Summers, 2011; Schroeter, et al., 2012; Wylie, et al., 2007). However, brain-imaging studies 

of AD risk in young people have not yet investigated executive attention, and the combined 

effects of APOE-ε4 and CLU-C risk alleles on executive attention-related brain activity has 

not been previously investigated in any population. Here, we found that combined CLU and 

APOE genotype was predictive of altered brain function in young people during executive 

attention, including in MTL, an early cortical site of AD pathogenesis. Thus, our data 

indicate that executive attention may be a sensitive early assay of risk-related cognitive and 
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neural alterations long before the onset of AD pathogenesis (Braak, et al., 2011; Gomez-Isla, 

et al., 1996; Hyman, et al., 1984).

Parahippocampal activation has been observed in previous investigations of executive 

attention (Banich, et al., 2009; Casey, et al., 2002). In the present study, it is possible that the 

spatial processing component of the MSIT task (i.e., encoding the positions of the three 

numbers on the screen relative to each other and to the positions of the corresponding 

buttons on the keypad) accounts for the involvement of parahippocampal gyrus (Epstein, et 

al., 1999; Preston & Gabrieli, 2008; Ryan, et al., 2010). The genotype-dependent differences 

in brain function in the present study were overlapping with the parahippocampal “place 

area,” which contributes to processing of spatial layout information (Epstein, et al., 1999), as 

is required to process the spatial layout of numbers on each MSIT trial. Nonetheless, MTL is 

not among the regions most centrally involved in executive attention (Kane & Engle, 2003). 

The fact that a task that relies most heavily on regions outside MTL elicits genotype-related 

differences in MTL activity may indicate the strength of AD genetic risk effects on MTL 

cells in healthy young adults decades before the onset of AD. Likewise, in the context of 

prior AD risk research that has used memory assays to target the memory-critical MTL, it is 

noteworthy that a task (executive attention), which does not assay memory, nonetheless 

reveals altered medial temporal lobe function in individuals at genetic risk for AD. This 

finding provides a new and potentially important indication that the effect of AD genetic 

risk on MTL in young people are at least somewhat generalizable, rather than being specific 

to memory function, and again may point to an underlying effect on cellular physiology.

Regions identified in our analyses of APOE and CLU genotype are consistent with those 

identified in previous studies of APOE genotype in young people, including right superior 

temporal gyrus (Scarmeas, et al., 2005) and medial prefrontal cortex (Filippini, et al., 2009). 

The genotype-related differences we observed in the activity of posterior cingulate gyrus 

support a growing body of evidence that APOE-ε4 status affects the activity and 

connectivity of this region in young people (Dennis, et al., 2010; Filbey, et al., 2006; 

Filippini, et al., 2009). This effect may be related to decreased mitochondrial activity within 

this region in young APOE-ε4 carriers (Valla, et al., 2010). The present study extends the 

evidence concerning posterior cingulate and AD risk by revealing that decreased activity in 

this region is associated with combined APOE-ε4 and CLU-C carrier status. Posterior 

cingulate and medial prefrontal cortex are both prominent nodes in the so-called default 

mode network (Laird, et al., 2009), and MTL is also frequently considered part of the default 

mode network (Greicius, Srivastava, Reiss, & Menon, 2004; but see Laird, et al., 2009). 

That we observed effects in all three of these regions informs prior evidence indicating that 

default mode network activity is decreased in the early stages of AD (Greicius, Srivastava, 

Reiss, & Menon, 2004; Wang, et al., 2006).

As noted above, decreased medial temporal activity associated with AD risk genotype in the 

present study is consistent with a previous study of APOE genotype in young people 

(Mondadori et al., 2007). However several other studies, all of which have used memory 

paradigms, have indicated increased medial temporal activity associated with the APOE-ε4 

allele (Borghesani, et al., 2008; Bunce, et al., 2011; Dennis, et al., 2010; Filippini, et al., 

2009; Scarmeas, et al., 2005). Though more research will be necessary to resolve this, it is 
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possible that this difference arises from the use of an executive attention paradigm in the 

present study, which may further indicate the usefulness of executive attention as a marker 

of additional variance in young people at risk for AD. The results of the combined APOE 

and CLU genotype analysis further develop MSIT executive attention as a marker of genetic 

risk by showing that it is sensitive to a combined risk profile stronger than APOE-ε4 carrier 

status alone. Further replication in larger samples and further study of the heritability of 

MSIT activation is needed before such activation can be recommended for extensive 

investigation as a neurocognitive marker of genetic risk.

4.3 Summary

We observed that inheritance of two AD risk alleles, APOE-ε4 and CLU-C additively 

decreased brain activity in the medial temporal lobe during a task of executive attention in 

young adults. Developing brain-imaging assays that are sensitive to combined AD risk 

genotype is an important direction for establishing early biomarkers of increased AD risk, 

and could open novel avenues for testing the efficacy of preventive treatments in healthy 

people before disease symptoms take hold.
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• APOE and CLU have a combined effect on MTL function

• Executive attention may provide a viable neural marker of genetic AD risk in 

young people

• Additivity of the genotype effects suggests a common pathway for APOE and 

CLU

• MTL effect during non-memory task indicates domain general effect on MTL 

physiology

• This is the first fMRI study of effects of CLU in young people
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Figure 1. 
Examples of MSIT Congruent and Incongruent trials participants performed during event-

related fMRI. A between-condition contrast of Incongruent > Congruent trials provided a 

behavioral and brain-imaging index of executive attention with other task demands held 

constant.
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Figure 2. 
Whole-brain parametric analysis of additive genetic “risk wcore” using combined APOE 

and CLU genotype (p < .001) to predict activation during MSIT executive attention. Risk 

score represented a de-meaned regressor after assignment of odds ratio-weighted scores to 

each participant. Risk score was strongly predictive of activity in left parahippocampal 

gyrus, posterior cingulate, and medial prefrontal cortex.
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Figure 3. 
Extracted activity across all voxels of a bilateral medial temporal lobe ROI, comprised of 

hippocampus and parahippocampal gyrus, in groups of subjects defined by combined APOE 

and CLU risk allele status. Error bars represent standard errors of the means. APOE-ε4 and 

CLU-C show an additive effect whereby increasing AD genetic risk is associated with 

decreasing bilateral medial temporal lobe activity during executive attention.

Green et al. Page 21

Neuropsychologia. Author manuscript; available in PMC 2015 May 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Green et al. Page 22

Table 1

Demographic Information

Genotype Sex Age IQ

APOE-E3 E3/CLU-NonC M: 15; F: 1 26 ± 6 127.56 ± 8.21

APOE- E3 E3/CLU-C (CC: 4; CT: 12) M: 15; F: 1 25.25 ± 5.87 121.47 ± 13.97

APOE- E3 E3/CLU-NonC M: 3; F: 0 20 ± 1.73 119.5 ± 11.32

APOE- E4 E3/CLU-C (CC: 5; CT: 18) M: 19; F: 4 24 ± 5.49 123.22 ± 12.30

Values for age and IQ represent the mean ± standard deviation.
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