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Abstract

Identifying pathways by which genetic Alzheimer’s disease (AD) risk factors exert neurocognitive
effects in young adults is essential for the effort to develop early interventions to forestall or
prevent AD onset. Here, in a brain-imaging cohort of 59 young adults, we investigated effects of a
variant within the clusterin (CLU) gene on working memory function and grey matter volume in
cortical areas that support working memory. In addition, we investigated the extent to which
effects of CLU genotype on working memory were independent of variation in the strongest AD
risk factor gene apolipoprotein E (APOE). CLU is among the strongest genetic AD risk factors
and, though it appears to share AD pathogenesis-related features with, APOE, it has been far less
well studied. CLU genotype was associated with working memory performance in our study
cohort. Notably, we found that variation in grey matter volume in a parietal region, previously
implicated in maintenance of information for working memory, mediated the effect of CLU on
working memory performance. APOE genotype did not affect working memory within our
sample, and did not interact with CLU genotype. To our knowledge, this work represents the first
evidence of a behavioral effect of CLU genotype in young people. In addition, this work identifies
the first gene-brain-cognition mediation effect pathway for the transmission of the effect of an AD
risk factor. Relative to conventional pairwise associations in cognitive neurogenetic research,
gene-brain-cognition mediation modeling provides a more integrated understanding of how
genetic effects transmit from gene to brain to cognitive function.
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Alzheimer’s disease (AD) is the most common form of dementia, affecting about 11% of
people over 65 years old and 32% of people over 85, creating a pressing public health
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concern (Thies & Bleiler, 2013). AD etiology has a strong genetic component, with
heritability between 60-80% (Gatz et al., 2006). The earliest and most consistent genetic
finding in AD genetics is the association between the €4 variant of the apolipoprotein E
(APOE) gene and risk for AD (Corder et al., 1993). However, genome-wide association
studies (GWAS) have highlighted other risk genes. In 2009, two independent GWAS
reported AD risk associated with a single nucleotide polymorphism (SNP), rs11136000, in
the clusterin (CLU) gene, also known as apolipoprotein J (APOJ), which encodes a protein
similar to APOE (Harold et al., 2009; Lambert et al., 2009). The CLU-T allele is protective
against AD (0.86 odds ratio), whereas the CLU-C allele (defined here as “normal risk™) is
associated with relatively greater risk of AD compared to the T allele. CLU has been
implicated in AD risk across multiple studies (Carrasquillo et al., 2010; Corneveaux et al.,
2010; Jun et al., 2010; Kamboh et al., 2012; Seshadri et al., 2010), and meta-analyses
demonstrate it to be the third most significantly associated genetic risk factor associated with
AD (Alzgene: http://www.alzgene.org; (Bertram & Tanzi, 2010).

Given the recent association of CLU with Alzheimer’s disease, it is important to investigate
whether differences in CLU rs11136000 risk status are associated with differences in brain
structure or cognitive function. Key questions remain about the effects of CLU in young
healthy people, which may support the development of early biomarkers that present before
the onset of AD. Memory-related neurocognitive variables that are compromised in AD
pathogenesis are strong candidates for investigation, including working memory, which was
the focus of the present investigation.

Effects of CLU rs11136000 on cognition and brain functioning in elderly populations have
been examined by some recent studies. In a large sample of individuals in their nineties,
homozygous C allele carriers had worse cognitive functioning as measured by a composite
score consisting of verbal fluency, forward and backward digit span, and immediate and
delayed recall (Mengel-From, Christensen, McGue, & Christiansen, 2011). A postmortem
study found the C allele was significantly associated with the presence of late stage AD
related senile plaques compared to the T allele (Kok et al., 2011). Another study
investigating longitudinal effects of rs11136000 in elderly individuals did not find any
difference in memory performance measured by the California Verbal Learning Test in
individuals who remained cognitively normal throughout the study. However, that study did
find that, for individuals that converted to mild cognitive impairment (MCI) or AD, C allele
carriers showed quicker rates of decline than the T allele carriers (Thambisetty et al., 2013).

Few studies have investigated CLU rs11136000 in healthy younger adults to assess whether
AD risk-related effects can be detected prior to AD onset. A study investigating white matter
integrity using diffusion tensor imaging found that the CLU C allele was associated with
lower fractional anisotropy, a measure of white matter integrity. This investigation
encompassed multiple areas involved in AD pathology, including the fornix and cingulum
(Braskie et al., 2011). An fMRI investigation of functional connectivity during a memory
recall task found lower connectivity in C carriers between the prefrontal cortex (PFC) and
the hippocampus, but equivalent recall scores (Erk et al., 2011). A study investigating
emotional working memory using images of expressive human faces as stimuli did not
observe differences in working memory performance, but homozygous C allele carriers had
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elevated activity in the dorsolateral PFC, hippocampus, and the dorsal posterior cingulate
(Lancaster et al., 2011).

Because working memory is susceptible to AD pathology (Baddeley, Logie, Bressi, Sala, &
Spinnler, 1986; Belleville, Peretz, & Dominique, 1996; Stopford, Snowden, Thompson, &
Neary, 2007; Stopford, Thompson, Neary, Richardson, & Snowden, 2012), and has
previously demonstrated effects of early AD risk in young APOE-¢4 carriers (Wishart et al.,
2006), it is a priority to clarify whether CLU genotype affects working memory in young
people when not confounded by face and emotion processing. AD does not affect the
processing of emotional cues in the same way that it affects memory, especially in early and
moderate stages of the disease (Bucks & Radford, 2004; Dequeker et al., 2002; Evans-
Roberts & Turnbull, 2011; Henry, Rendell, Scicluna, Jackson, & Phillips, 2009). Thus, it is
not likely that these processes would show the same effects of early AD risk that may be
seen in working memory, and differences in working memory ability might be masked by
compensatory strategies based on emotion and face processing when such strategies are
available.

Here, we investigated the effect of CLU genotype on working memory, without the
influence of emotional processing, using a verbal n-back task. Working memory is
underpinned by frontoparietal brain networks (for a review see (Collette, Hogge, Salmon, &
Van der Linden, 2006)). PET studies with fluorodeoxyglucose (F18) have found decreased
glucose metabolism in the PFC, parietal cortex, or both, associated with worse working
memory performance in AD patients (Collette, Salmon, Linden, Degueldre, & Franck, 1997;
Desgranges et al., 1998; Kalpouzos et al., 2005). An fMRI study of AD patients found
decreased BOLD activity in PFC, which was related to worse working memory performance
(Lim et al., 2008). The same parietal and frontal cortical regions that underlie working
memory are subject to atrophy during the course of AD (Buckner et al., 2005; Jacobs,
Boxtel, Jolles, Verhey, & Uylings, 2012; Whitwell et al., 2007). Lastly, regional grey matter
volume in frontoparietal cortex has been shown to positively correlate with working
memory performance over the human lifespan (Bartrés-Faz et al., 2009; Colom, Jung, &
Haier, 2007).

Given that individuals with AD manifest deficits in working memory and have brain atrophy
in brain regions involved in working memory, and that grey matter volumes in these areas
predict better working memory across the lifespan, we chose to use voxel-based
morphometry (VBM) to investigate CLU effects on grey matter volume in regions
associated with working memory. Specifically, we sought to test the hypothesis that
differences in grey matter volume in the frontoparietal network involved in n-back
performance mediate the effect of CLU genotype on working memory performance in
healthy young adults. This approach is notable given the paucity of gene-brain-cognition
pathways that have thus far been tested in the developing cognitive neurogenetics literature.
We have recently demonstrated the viability of gene-brain-cognition mediation modeling
(Green, Kraemer, Deyoung, Fossella, & Gray, 2013), which represents a more cohesive
integration of genetic, neural, and behavioral datasets than conventional pairwise
associations (Green & Dunbar, 2012; Green et al., 2008, 2013).
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Though the literature on CLU in young people is limited, it is possible to formulate
hypotheses based on the somewhat more developed APOE literature. APOE and CLU
appear to affect similar pathways leading to the development of AD (Green, et al., 2014;
Wu, Yu, Li, & Tan, 2012). 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 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 Ap accumulation (DeMattos et al., 2004). In young adults, APOE-e4 genotype has been
associated with increased neuronal activity in various operations such as memory encoding
(Dennis et al., 2010; Filippini et al., 2009). Alterations in brain structure have also been
noted, such as decreased structural integrity of white matter tracts in €4 allele carriers as
measured by diffusion tensor imaging (Persson et al., 2006). However, the 4 allele has also
been associated with enhanced cognitive performance in young people, including verbal
fluency and decision making, as well as enhanced neural efficiency and better delayed recall
during an episodic memory task (Marchant, King, Tabet, & Rusted, 2010; Mondadori et al.,
2007). These somewhat counterintuitive findings of AD risk-associated benefits suggest that
AD genetic risk factors may have antagonistic pleiotropic effects in some cognitive domains
(i.e., beneficial effects during prime reproductive years that may lead to neurocognitive costs
later in life; (for example see (Han & Bondi, 2008; Tuminello & Han, 2011)).

Based on this literature, we generated two alternative hypotheses. If the CLU-C allele
confers early neurocognitive components of AD-related deficits, we should observe lower
working memory performance scores measured by the n-back task. However, if CLU-C has
antagonistic pleiotropic effects similar to those observed for APOE-e4, we should see better
working memory performance for the CLU-C allele carriers. In both cases, we hypothesized
that differences in performance should be mediated by differences in cortical grey matter
volume in regions specific to n-back performance (i.e., a gene-brain-cognition pathway).
Though the CLU gene was this study’s primary target of investigation, we also considered
APOE genotype to investigate whether any effects associated with CLU were dependent or
independent of APOE variation.

Materials and Methods

Participants

Fifty-nine undergraduates and community members participated in the behavioral n-back
task and also underwent structural MRI. Participants were right-handed native English
speakers with no history of mental illness, serious brain injury, or psychoactive drug use
(specifically, medications and illicit drugs; excepting alcohol, tobacco, and caffeine),
provided informed consent for participation in behavioral and fMRI sessions. All procedures
received IRB approval prior to the study. Four participants were excluded due to
indeterminate genotyping results, such that a total of 55 participants were included in our
analyses. These participants (29 male) ranged in age from 18-36 years (mean = 22.8, SD =
4.14).
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We performed genotyping of the clusterin polymorphism at CLU rs11136000, APOE
polymorphism at rs429358 (codon 112), and APOE polymorphism at rs7412 (codon 158)
using the TagMan assay (Applied Biosystems). A reaction volume of 25 pL containing 50
ng DNA, 5 mL MgCl, and 1X TagMan Universal PCR Master Mix containing AmpliTaq
Gold DNA Polymerase was amplified using 40 cycles of 15s at 95°C and 1 min at 60°C. A
total of 0.2uM of each of the sequence-specific probes 5-6FAM
ACCAAAGCCACACCAGCTATCAAAA[T]TCTCTAACGGGCCCTTGCCACTTGA-
TAMRA-3’ and 5’-VIC-
ACCAAAGCCACACCAGCTATCAAAA[CITCTCTAACGGGCCCTTGCCACTTGA-
TAMRA-3" was used in the allelic discrimination assay for rs11136000. For the allelic
discrimination assay for APOE, sequence specific probes were also used: 5’ VIC-
CCGCGATGC CGATGACCTGCAGAAG]C]GCCTGGCAGTGTACCAGGCCGGGGC-
TAMRA-3’ and 5FAM-CCGCGATGCCGATGACCTGCAGAAG[T]GCCTGGCAGT
GTACCAGGCCGGGGC-TAMRA-3’ for rs7412 and 5’ VIC-GCTGGGCGCG
GACATGGAGGACGTG[C]JGCGGCCGCCTGGTGCAGTACCGCGG-TAMRA-3 and
5FAM-GCTGGGCGCGGACATGGAGGACGTG[T]GCGGCCGCCTGGT
GCAGTACCGCGG-TAMRA-3 for rs429358. Allele detection and genotype calling were
performed using the ABI 7700 and Sequence Detection Software (Applied Biosystems).

Participants completed a 3-back working memory task in which they were presented with
words in a serial fashion on a computer screen (task duration: approximately 7 minutes).
Participants were instructed to make a response when a presented word (all stimuli were
nouns) was the same word that had been presented three stimuli ago. A total of 192 trials
were presented. Each trial was 2 seconds in duration, with 250-millisecond ISI. Participants
accuracy (percent correct) was the measure of task performance.

Image Acquisition, Processing, and Analysis

MRI images were acquired using a 3-T Allegra System (Siemens, Erlangen, Germany).
Whole-brain structural T1-weighted magnetization-prepared rapid gradient-echo
(MPRAGE) image was acquired for each subject (FOV = 256 mm; 256 x 256 matrix; 1 x 1
mm in-plane resolution, 1.25 mm thick axial slices, 1 average). All MPRAGE images were
processed using SPM8 (http://www.fil.ion.ucl.ac.uk/spm/software/spm8/) on MATLAB
2010b (http://www.mathworks.com/products/matlaby/).

Voxel-Based Morphometry (VBM) was performed using the DARTEL toolbox for SPM (J
Ashburner & Friston, 2000; John Ashburner, 2007). 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
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images, and the images were smoothed using a Gaussian kernel with 8 mm full-width half
maximum (FWHM).

Statistical analysis of the grey matter images was performed using the multiple regression
option of SPM. All participants’ grey matter images as a single group were regressed on
working memory performance on the 3-back task, measured as percent correct. Age was
added as a regressor to control any effects of age on grey matter. A minimum voxel intensity
of 0.2 was applied to help omit spurious grey matter findings from the segmentation process.
In addition, a mask was made and applied during volumetric analyses from the SPM a priori
probabilistic grey matter image, with a minimum threshold of 0.5 to ensure that grey matter
was within the top 50% concordance for the probabilistic image. To control for global brain
volume differences between participants, each participant’s intracranial brain volume was
used to normalize their grey matter volumes. The intracranial brain volumes were calculated
by adding the volumes found in the native space grey matter, white matter, and CSF images
of each participant. To limit the voxel-wise search to prefrontal and parietal cortical areas
that have been consistently observed in fMRI studies using the n-back task, a mask was
applied which was created using WFU PickAtlas (version 3.0.3) containing Brodmann areas
7,9, 40, 44, and 46 (Collette et al., 2006; Maldjian, Laurienti, Kraft, & Burdette, 2003).

Correction for multiple comparisons was performed using the Non-Stationary (NS) Cluster
Extent Correction toolbox for SPM with a corrected value of p <0.05 being considered
significant (Hayasaka, Phan, Liberzon, Worsley, & Nichols, 2004; Smith & Nichols, 2009).
Previous studies using NS Cluster Correction have used uncorrected height thresholds
ranging from 0.001 to 0.01. We used a moderately stringent height threshold of 0.005
(Gotman et al., 2005; Meda et al., 2008; Rayhan et al., 2013). Caret (version 5.65) was used
for all brain image visualization (Van Essen et al., 2001).

For later use in the mediation analysis (described below), masks were created for areas that
showed significant correlation between grey matter volume and working memory
performance, which included regions in both the left and right parietal cortex (see results).
Using the masks, each subject’s MNI space mean GM volume was extracted from each of
these areas separately. As with the VBM analysis, the grey matter volumes were then
normalized by the participant’s intracranial brain volumes.

Mediation Analysis

Mediation modeling was done in AMOS 16 (SPSS Inc., Chicago, IL), a structural equation
modeling add-on to the SPSS statistical software using the technique described by (Green et
al., 2013). Inputs were genotype, grey matter volume, and behavioral performance on the 3-
back for all participants. Bias-corrected bootstrapping 95% confidence intervals were
calculated over 500 bootstrap samples. Estimation was achieved via scale-free least squares
to enable significance measures while accounting for the non-uniform scaling of the
genotype variable relative to the working memory and volumetric measures. The unique
(unshared) variance of both mediator ROIs was used to calculate individual path
coefficients. This ensured that each ROI’s contribution to the mediation was not driven by
covariance/colinearity with the other ROI. The independent variable in the mediation model
was CLU genotype (T/T, T/C vs. C/C) for the rs11136000 SNP. The dependent variable was
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3-back percent correct. We modeled the mediated relationships between CLU genotype and
3-back performance (i.e., the indirect path from CLU genotype to 3-back performance via
grey matter volume in our ROIs). The model also included the unmediated relationship
(direct path) from CLU genotype to 3-back performance.

The genotype distribution for CLU was 9 T/T, 13 C/C, and 33 C/T. Hardy-Weinberg-
Equilibrium was checked using a y2-goodness of fit test (2 = 2.34, p = 0.126). The genotype
distribution of APOE was 2 £2/¢2, 6 €2/e3, 38 £3/e3, 7 €4/¢3, 2 e4/¢2 and 0 €4/¢4. The
APOE genotype distribution was also in Hardy-Weinberg-Equilibrium (x2 = 5.73,
permutation derived p = 0.252 using the Genetics plugin, version 1.3.8, for the R statistical
computing software, http://cran.r-project.org/package=genetics).

Homozygous CLU-C/C individuals were compared to CLU-T carriers. Previous reports
have found no dose-dependent effects for T-carriers (i.e., between C/T and T/T individuals)
and have thus grouped them together (Lancaster et al., 2011; Mengel-From et al., 2011),
although some studies have indicated that the C allele may have some dose-dependent
effects (Braskie et al., 2011; Erk et al., 2011; Thambisetty et al., 2013). In order to determine
which grouping to use in relation to 3-back performance, we first verified the 3-back scores
were normally distributed (Shapiro-Wilk test, W = 0.979, p = 0.442). We then used
parametric methods to directly compare the percent correct between the C/T and T/T groups,
and found no significant differences (t = 0.055, p = 0.956, two-tailed; T/T mean = 84.0%,
SD = 11.6%; C/T mean = 83.3%, SD = 7.3%). Therefore, for all subsequent analyses
involving CLU genotype, the T/T and C/T groups were combined as the reduced-risk group.

The normal-risk and reduced-risk groups for CLU did not differ with respect to age (t =
-0.747, p = 0.459), gender (x2 = 1.06, p = 0.304) or ethnicity (Fisher’s exact test, p = 0.246).
To assess effects of APOE genetic risk, the 9 APOE—¢4 allele carriers were compared to the
non-e4 carriers. The €4 carriers did not differ from the non-e4 carriers in age (t = -0.988, p =
0.348), gender (Fisher’s exact test, p = 1.0) or ethnicity (Fisher’s exact test, p = 0.852).
Table 1 provides demographic data. We then entered both CLU and APOE into a 2 (CLU
genotype group) x 2 (APOE genotype group) ANOVA in order to evaluate their main
effects on 3-back performance as well as their interaction. There was only a significant main
effect for CLU (F = 4.566, p = 0.037), but not for APOE (F = 0.215, p = 0.645) or the
interaction between CLU and APOE (F = 0.389, p = 0.536). Post-hoc analysis of the CLU
main effect for the normal risk (C/C) vs. reduced-risk group (T/T, T/C) revealed
significantly better 3-back working memory performance among the normal-risk group
(Figure 1; t = -2.85, p = 0.007, two-tailed; Cohen’s d = 0.77; C/C mean = 88.3%, SD =
4.4%; T/T, T/IC mean = 83.3%, SD = 8.1%). A direct comparison of APOE genotypes
indicated no difference between €4 carriers and 4 non-carriers (t = —-0.181, p = 0.857, two-
tailed; Cohen’s d = 0.07; €4 carriers mean = 84.9%, SD = 7%; non-e4 carriers mean =
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84.4%, SD = 7.8%). Therefore, all subsequent brain-based analyses were carried out for
CLU but not for APOE.

Voxel-Based Morphometry (VBM)

We next investigated whether variation in grey matter volume predicted performance on the
3-back task. We regressed 3-back accuracy on grey matter volume, combining all
participants into one group. We confined the regression to frontal and parietal cortical areas
that are consistently activated during n-back tasks using functional imaging, including
Brodmann areas 7, 9, 40, 44, and 46 (for a review see (Collette et al., 2006)). This analysis
identified significant positive associations in both the left and right inferior parietal cortex
(Figure 2), contained in Brodmann area 40 within the supramarginal gyrus (p < 0.05 non-
stationary cluster corrected; see Table 2). No negative associations were observed

Mediation Analysis

Given that the CLU C/C normal-risk group demonstrated better working memory
performance, and that greater grey matter volume in the left and right supramarginal gyri
predicted better working memory performance, we next tested a gene-brain-cognition
mediation model. We constructed a path-analytic mediation model to test the hypothesis that
grey matter volume mediated the effect of CLU genotype on working memory performance.
The model demonstrated good fit (Goodness of fit index = 0.948; Root mean square residual
= 0.05). Testing the mediation model revealed that grey matter volume in the left and right
supramarginal gyri significantly mediated the effect of CLU genotype on 3-back
performance, indirect effect = 0.247, p = 0.018, 95% CI = 0.103-0.586 (Figure 3; Table 3).

Discussion

This investigation of a poorly understood AD risk factor found that young, healthy
individuals homozygous for the CLU-C normal risk allele displayed significantly better
working memory performance than carriers of the reduced risk T allele and that this effect
was mediated by supramarginal gyrus gray matter volume. In contrast, we did not observe
APOE genotype effects on working memory performance. To our knowledge, this is the first
report of a behavioral effect for CLU rs11136000 in young people. In addition, this work
identified the first effect pathway for the transmission of the effect of an AD risk factor from
gene to brain to cognition. Specifically, the data indicate a gene-brain-cognition effect
pathway (Green et al., 2013), whereby CLU genotype influences working memory via
variation in parietal grey matter volume.

Cognitive neurogenetic research has typically examined individual pairwise relationships
(e.g., gene-brain and gene-cognition relationships) rather than using integrated gene-brain-
cognition models to test neural mediation of genetic effects on cognition. Mediation models
have the potential to be more informative than pairwise relationships, not only because they
integrate multiple data types into a single model to identify effect pathways from gene to
brain to cognition, but because they can do so in a way that accounts for the complexity of
multiple contributing brain regions. Mediation models also provide a useful framework for
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directional/causal hypotheses, which are generally appropriate for cognitive neurogenetics
because effects generally transmit from genes to brain and cognition, rather than vice versa.

The finding that the normal-risk CLU genotype was associated with better working memory
performance suggests that the CLU-C allele may have antagonistic pleiotropic effects, at
least concerning working memory. This evidence is consistent with the evidence for
antagonistic pleiotropy associated with the strongest AD risk factor allele (APOE-¢4)
(Tuminello & Han, 2011), and suggests that long term effects of genetically programmed
neural advantages in youth may be a general (i.e., not APOE-specific) contributor to AD
susceptibility late in life. To our knowledge, this is the first report of an antagonistic
pleiotropic effect of the CLU rs11136000 polymorphism.

A prior study in younger adults (Lancaster et al., 2011) did not observe CLU-related
differences in working memory, but used a paradigm that differed from ours in both in the
modality (faces versus words) and the inclusion of a strong emotional component (emotive
facial expressions). The rs11136000 polymorphism has not been investigated in relation to
emotional processing, and any such effects could confound working memory effects in a
behavioral measure of working memory using emotional facial expressions (for example see
(Mather et al., 2006)). As noted above, it is unlikely that AD risk-associated effects on
emotional processing parallel effects on working memory since AD pathogenesis affects
these types of cognition quite differently (Bucks & Radford, 2004; Dequeker et al., 2002;
Evans-Roberts & Turnbull, 2011; Henry et al., 2009). In addition, the study by Lancaster et
al. (2011) included an age range extending well into middle age (18-51 years), which is
considerably older than our subject cohort. Thus, it is not clear whether a lack of effect in
that study may have reflected changing effects of the CLU-C allele across the adult lifespan.
If CLU-C exhibits antagonistic pleiotropic effects, as our data suggest, then it is likely that
strong performance by younger C allele carriers in the Lancaster et al. (2011) cohort was
counterweighted by poorer performance in middle aged C allele carriers, causing an effect to
wash out.

Working memory is a complex function that involves multiple regions in parietal and frontal
cortices. The specificity of the effects we observed to parietal working memory regions may
enable inferences concerning the specific components of working memory that are affected
by CLU variation. Working memory research has begun to parse different cognitive
contributions of regions within the frontoparietal working memory network. PFC appears to
support the selection of items to be stored in working memory as well as the filtering out of
irrelevant items that should not be stored (McNab & Klingberg, 2007). In contrast parietal
cortex appears to be involved more directly with the storage and maintenance component of
working memory, and parietal activity is a determinant of item capacity limit (Todd &
Marois, 2004). Thus, our findings suggest that the effect of CLU on working memory may
be most directly due to impacts on the storage and maintenance component.

These data provide new evidence for neurocognitive markers of CLU-related AD risk in
young people, extending the few prior studies of CLU in young people, which have
identified potential early brain-imaging markers (Braskie et al., 2011; Erk et al., 2011;
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Lancaster et al., 2011). Our findings provide the first indication of a CLU genotype effect on
cognitive performance. The observed cognitive effect is particularly noteworthy because it is
in an area of cognition, working memory, which is highly susceptible to AD pathogenesis
(Baddeley et al., 1986; Belleville et al., 1996; Stopford et al., 2007, 2012). This work
utilized a gene-brain-cognition mediation modeling approach to provide the first indication
of a pathway by which the effect of an AD risk factor is transmitted from gene to brain to
cognition. The data preliminarily support an antagonistic pleiotropy account of CLU
genotype in young people, though additional study, including convergence across cognitive
tasks, will be important for resolving this issue.
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Figure 1.

A boxplot comparison of working memory performance as measured by percent correct of
the 3-back task between the reduced risk T/T, T/C group and the normal risk C/C CLU
rs11136000 genotypes. (3k: p = 0.007; C/C mean = 88.3%, SD = 4.4%, range = 80%—-97%;
C/T, T/T mean = 83.3%, SD = 8.1%, range = 64%—-98%).
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Figure 2.
Voxel-wise positive regression with all participants as one group for 3-back performance,

measured as percent correct, with cortical grey matter volume for A) the left supramarginal
gyrus and B) the right supramarginal gyrus. Color bar represents t-values; p < 0.05 non-
stationary cluster corrected.
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Figure 3.
Gene-brain-cognition mediation model illustrating grey matter volume in the left and right

supramarginal gyri mediating the direct effect between genotype group and 3-back
performance, with path coefficients indicated. Color bar represents t-values.
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Mediation model parameters

Table 3

Parameter Estimate  95% Confidence Interval p
Left Parietal — 3-back .367 .191-.557 .018
Right Parietal — 3-back 374 .194-.543 .016
CLU Risk — Left Parietal 299 .066-.507 .084
CLU Risk — Right Parietal .368 .102-.595 .033
CLU Risk — 3-back .045 -.295-.236 916

Page 21

Note: The direct effect of CLU Genotype on 3-back performance (i.e., modeled without indirect effect) was = .28, p = .038, which was reduced
by the inclusion of the indirect effect, indicating mediation.
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