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Alzheimer’s disease is a devastating, common, progressive dementia with considerable heritability. Recently, a genetic variant associated
with the disease was discovered at CLU (rs11136000) with genome-wide support. Here we show, using an imaging genetics approach in a
large genotyped sample, that healthy carriers of the variant exhibit altered coupling between hippocampus and prefrontal cortex during
memory processing, mirroring clinical evidence of disturbed connectivity in patients and providing a neurogenetic mechanism for
CLU-associated risk and protection.

Introduction
Alzheimer’s disease (AD) is the most common form of dementia
and one of the most feared concomitants of aging. AD has significant heritability (between 60 and 80%) (Gatz et al., 2006) and
affects nearly 10% of individuals at the age of 65 years and almost
50% of individuals who reach their nineties (Evans et al., 1989).
Characterized first by memory loss, the disease progresses to cognitive decline and incapacity. To date, no cure for this disease is
available; however, new treatments are underway and there is an
increasing push to identify the earliest disease stages and those
individuals at risk who will benefit most from disease-modifying
interventions. Neuroimaging work in patients has demonstrated
reduced activation of the hippocampal formation during memory encoding and retrieval as well as altered functional coupling
between hippocampus and the dorsolateral prefrontal cortex
(DLPFC) (Grady et al., 2001; Allen et al., 2007; Dickerson and
Sperling, 2008), but the relevance of these findings for heritable
risk was undetermined. Previous genetic studies have led to the
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identification of APOE4 as an unequivocal susceptibility locus for
late-onset AD (Farrer et al., 1997), with neuroimaging studies in
APOE4 carriers suggesting compensatory increased recruitment
of hippocampal and prefrontal regions (Bookheimer and Burggren, 2009) and evidence for disturbed white matter integrity
(Honea et al., 2009; Sheline et al., 2010). Other genes, however,
were less consistently implied. In 2009, through genome-wide
association study, a single nucleotide polymorphism (SNP)
within clusterine (CLU, also called APOJ ) on chromosome
8p21.1, rs11136000 was discovered to be significantly associated
with AD in two independent studies (Harold et al., 2009; Lambert
et al., 2009). This finding has since been replicated by several
groups (Carrasquillo et al., 2010; Corneveaux et al., 2010; Jun et
al., 2010; Kamboh et al., 2010; Seshadri et al., 2010), leading to
CLU being the third top-ranking locus associated with Alzheimer’s disease in the AlzGene database (http://www.alzgene.org).
Carrying the minor allele T is assumed to establish a protective
effect and reduces the risk to develop AD by 16% (Bertram and
Tanzi, 2010); conversely, carrying the C-allele could be interpreted as an AD risk factor. As the earliest signs of AD pathology
appear in the hippocampus and entorhinal cortex, these data
provide a clear a priori hypothesis that genetic risk for Alzheimer’s disease in CLU could be neurally mediated through hippocampal dysfunction, especially during episodic memory,
which is affected early in the course of AD.
Recently, evidence for the impact of CLU rs11136000 on
brain phenotypes has been provided using diffusion tensor
imaging showing lower white matter integrity in carriers of the
rs11136000-C risk allele (Braskie et al., 2011) and using functional magnetic resonance imaging (fMRI) showing compen-
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Table 1. Sample characteristics: distribution of different parameters for the three allele types of rs11136000
Subjects
Site (Bonn/Mannheim)
Sex (male/female)
Handedness (right/left)
Age (years)
School education (years)
APOE status (APOE4 ⫹/⫺)

CC

CT

TT

p

36
17/19
19/17
33/3
30.50 ⫾ 10.3
6.36 ⫾ 1.1
6/30

52
23/29
23/29
49/3
33.98 ⫾ 9.6
5.94 ⫾ 1.3
17/35

21
10/11
6/15
19/2
33.29 ⫾ 11.2
6.57 ⫾ 0.8
3/18

0.947
0.206
0.393
0.277
0.073
0.115

C, Cytosine; T, thymine, protective allele; p, p value ⫾ SD.

satory hyperactivation of frontal and medial temporal lobe
regions in risk allele carriers during a working memory task
(Lancaster et al., 2011).
To test for the functional relevance of CLU rs11136000 during
episodic memory, a process mediated through hippocampal
function and crucially affected by AD, we used fMRI in healthy
participants genotyped for rs11136000 and a task optimized for
imaging genetics that allows probing of different cognitive subprocesses of episodic memory, i.e., encoding, recall, and recognition of associative episodic information (Erk et al., 2010, 2011).
We studied task-related regional activation as well as functional
coupling, using functional connectivity, a well established
method that measures correlation between BOLD time series in
different brain regions that has been used successfully to delineate the functional anatomy of brain interactions and the impact
of genetic variation (Esslinger et al., 2009).

Materials and Methods
Subjects. Healthy German volunteers with grandparents of European ancestry were recruited at Bonn (50 volunteers) and Mannheim (59 volunteers) as part of an ongoing study on neurogenetic mechanisms of
psychiatric disease (Esslinger et al., 2009). All subjects gave written informed consent to the study. No participant had lifetime or family history of psychiatric diseases. Thirty-six subjects were rs111136000 CC
homozygotes, 52 were CT heterozygotes, and 21 were TT homozygotes.
The allele frequencies were in Hardy–Weinberg equilibrium ( 2 ⫽ 0.27,
df ⫽ 1, p ⫽ 0.60). Genotype distributions did not differ between sites
( p ⫽ 0.947). Gender, age, handedness, and level of education did not
differ significantly between genotype groups (Table 1). We additionally
identified APOE status of the participants. APOE genotype distribution
did not differ between the three rs111136000 allele groups (Table 1). The
study was approved by the local ethics committees of the universities of
Bonn and Heidelberg.
DNA extraction and genotyping. EDTA anti-coagulated venous blood
samples were collected from all individuals. Lymphocyte DNA was isolated using the Chemagic Magnetic Separation Module I (Chemagen)
according to the manufacturer’s recommendations. Genotype data for
rs11136000 were extracted from a genome-wide dataset generated at the
Department of Genomics, Life and Brain Center, University of Bonn
using Human610-Quad Bead Arrays (Illumina). For identification of
APOE status, rs429358 and rs7412 were genotyped on the MALDI TOFbased MassARRAY system using the iPLEX Gold assay (Sequenom). The
iPLEX primer sequences and assay conditions may be obtained from the
authors upon request.
Functional imaging task. During fMRI scanning, subjects completed
three consecutive blocks of memory tasks, based on a paradigm previously used for imaging genetics, as part of a functional imaging genetics battery (Erk et al., 2010, 2011). The encoding task consisted of
16 face–profession pairs and 24 head contours with four blocks of four
face–profession pairs and four blocks of six head contours each. Face–
profession pairs were presented for 6 s, and head contour for 4 s. Thus,
each block lasted 24 s. Participants had to imagine the person acting in a
scene of the written profession and had to indicate whether the profession suited the presented face. During the control condition, participants
had to indicate which ear of the depicted head contour was larger. Each

block was presented twice. During recall, faces were presented together
with the question whether the depicted person had to complete apprenticeship or academic studies to qualify for the respective profession that
had been learned during encoding. Stimulus duration and control condition were similar to encoding. Blocks were presented only once. Note
that completion of this task also required making a decision about the
educational training the profession requires, and thus also invoked other
cognitive processes. However, the main task was to freely recall the profession learned during the encoding task. Only then could an answer be
given. For recognition testing, faces were depicted together with two
written professions and subjects had to indicate which profession was
correct. Stimulus duration for recognition was 3 s. The control condition
consisted of four blocks of four head contours each (3 s). Thus, each
recognition block lasted 12 s. As in the recall tasks, blocks were only
presented once.
Neuropsychological measures. On the second day, subjects underwent
neuropsychological assessment, including tests for verbal intelligence
[Mehrfachwahl-Wortschatz-Intelligenztest (MWT-B)], memory [Verbaler Lern und Merkfaehigkeits-Test (VLMT), translated verbal version
of Rey auditory learning task], selective attention (D2), and working
memory (Digit Span) reported here.
Imaging parameters. BOLD fMRI was performed on two Siemens Trio
3T scanners at the Central Institute of Mental Health Mannheim and the
University of Bonn. At both sites, identical sequences and scanner protocols were used [parameters: 33 slices; axially tilted (⫺30°); slice thickness, 2.4 mm ⫹ 0.6 mm gap; FOV, 192 mm; TR, 1.96 s; TE, 30; flip angle,
80°]. Quality assurance (QA) measures were conducted on every measurement day at both sites according to a multicenter QA protocol revealing stable signals over time (Friedman and Glover, 2006; Erk et al.,
2010). To stringently account for any differences in signal-to-noise
across sites, site was used as a confounding covariate for all statistical
analyses. Furthermore, in post hoc testing, we examined by ANOVA
whether scanner site by genotype interactions were found in our anatomical regions of interest (ROI). No significant interactions were found.
Functional image processing. Image processing and statistical analyses
were conducted using statistical parametric mapping methods as implemented in SPM5 (http://www.fil.ion.ucl.ac.uk/spm/software/spm5/)
and were similar for all tasks. Briefly, images were realigned to a mean
image (movement parameters were confined to ⬍3 mm translation and
⬍3° rotation between volumes), slice time corrected, spatially normalized to a standard stereotactic space (a brain template created by the
Montreal Neurological Institute) with volume units (voxels) of 2 ⫻ 2 ⫻
2 mm, smoothed with an 8 mm FWHM Gaussian filter, and ratio normalized to the whole-brain global mean. A first-level fixed-effects model
was computed for each participant. Regressors were created from the
time course of the two experimental conditions (memory, control) and
convolved with a canonical hemodynamic response function. Movement
parameters were included in the first-level model as regressors of no
interest. For each subject, statistical contrast images of memory versus
control were obtained. To test for genetic association, these were analyzed using the general linear model in a second-level multiple regression
random-effects analysis with scanner site as nuisance covariate to identify genotype effects on activation or connectivity. Because CLU has biochemically similar functionalities to APOE, both variants are associated
with AD, and previous neuroimaging studies have shown altered brain
function in carriers of the APOE4 allele, we examined for a possible
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additive or interactive effect of these genotypes,
including APOE status and interaction with
CLU as covariates.
Functional connectivity analyses. Analyses to
measure functional connectivity used a seed
region approach, as described previously
(Esslinger et al., 2009). For each subject, time
series were extracted from the left and right
hippocampus using first eigenvariates from all
voxels within the respective hippocampus
mask. Following our previous practice (Esslinger et al., 2009), to derive a robust summary
measure of activity in the respective hippocampus ROI, we excluded white matter by restricting the averaging to voxels related to task at a
p ⬍ 0 0.5 level (note that this level was not used
for statistical inference). Using SPM5, seed
time series were high-pass filtered (128 s) and
task-related variance was removed to avoid
measuring coactivation that was solely due to
temporal correlation with the experimental
paradigm. To account for unspecific noise, first
eigenvariates from masks covering CSF and
white matter were extracted for each individual
and entered, together with movement covariates and task regressors, into whole-brain multiple regression analyses where the respective
seed region time series, i.e., the time series from
the right or left hippocampus, was the covariate of interest. Thus, we identified voxels whose
activity show significant covariation with the
left or right hippocampus. Here, two brain areas are called functionally connected if their
BOLD signal time series covary over time. The Figure 1. Altered functional coupling of the hippocampus in carriers of the risk variant for CLU rs11136000. A, Carriers of the
resulting maps of partial correlation with the C-risk allele exhibit significantly decreased allele dosage-dependent coupling of the right DLPFC with the right hippocampus seed
left or right hippocampal seed region were then region during recall (Z ⫽ 5.06; p ⬍ 0.05, family-wise error corrected for multiple testing across the whole brain). Each red dot
each subjected to a random-effects analysis in represents size of effect in one subject and reflects connectivity between right DLPFC and right hippocampal seed region. B, Carriers
SPM5 using multiple regression random- of the C-risk variant exhibit significantly decreased allele dosage-dependent coupling of the right DLPFC with the left hippocampus
effects analysis as described above with scan- seed region during recognition (Z ⫽ 4.73; p ⬍ 0.05, family-wise error corrected for multiple testing across the whole brain). Each
ning site as nuisance covariate; in a second red dot represents size of effect in one subject and reflects connectivity between right DLPFC and left hippocampal seed region. C,
analysis, APOE status and interaction with Cytosine; T, thymine. Number of subjects in each genotype group: CC, n ⫽ 36; CT, n ⫽ 52; TT, n ⫽ 21.
CLU variants were used as additional
covariates.
Weinberger, 2006), indicating that genetic variation is more penStatistical inference. For all imaging methods, the significance threshetrant on the neurobiological phenotype level than in behavior and
old was set to p ⬍ 0.05, corrected for multiple comparisons across the
showing that, while carrier status for rs11136000 already induces
whole brain using family-wise error rate, which strongly controls for
neurofunctional alterations in healthy carriers, it is not enough to
type I error in imaging genetics. The hippocampus ROI for seed voxel
behaviorally impair memory function. To test for a link between
extraction was defined a priori and created using anatomical labels provided
genotype-dependent differences in connectivity and behavioral
by the Wake Forest University PickAtlas (www.fmri.wfubmc.edu/
downloads).
measures, we extracted individual beta weights from the peak-

Results
Regional brain activation during each of the three episodic memory
tasks was not related to genotype, but coupling between hippocampus and DLPFC was significantly altered (Fig. 1). During recall,
subjects carrying the C-risk allele exhibited allele dose-dependent
reduced coupling between right hippocampus and right DLPFC
(x ⫽ 32, y ⫽ 52, z ⫽ 20, Z ⫽ 5.06). Likewise, during recognition, the
risk allele conferred allele dose-dependent decreased connectivity
between left hippocampus and right DLPFC (x ⫽ 36, y ⫽ 34, z ⫽ 24,
Z ⫽ 4.73). Results did not change significantly when APOE status
was included as covariate (recall: x ⫽ 32, y ⫽ 52, z ⫽ 20, Z ⫽ 5.05;
recognition: x ⫽ 36, y ⫽ 34, z ⫽ 24, Z ⫽ 4.68) and there was no
significant interaction between CLU and APOE status. rs11136000
genotypes had no impact on task performance or neuropsychological memory testing (Table 2). This can be expected from the
concept of intermediate phenotypes (Meyer-Lindenberg and

activated voxel in the right DLPFC. The beta weights were externally
correlated (SPSS statistical software, version 17; SPSS) with individual scores in tests for verbal intelligence (MWT-B), episodic memory (VLMT), selective attention (D2), and working memory (Digit
Span), as well as recall and recognition performance during scanning. No significant correlations between behavioral measures and
functional coupling were observed.

Discussion
Recent genome-wide association studies have identified a SNP
(11136000) within the Clusterin gene as strongly associated
with risk for Alzheimers disease (Harold et al., 2009; Lambert
et al., 2009; Carrasquillo et al., 2010; Corneveaux et al., 2010;
Jun et al., 2010; Kamboh et al., 2010; Seshadri et al., 2010).
CLU appears to be a biologically plausible candidate for AD as
it binds amyloid beta peptide (A␤) and critically modifies A␤
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Table 2. Behavioral data
Subjects
Recall (hits)
Recognition (hits)
VLMT (hits early recall)
VLMT (hits late recall)
VLMT (hits recognition)
MWT-B (score)
D2 (TN-E)
D2 (CP)
Digit Span forwards
Digit Span backwards

CC

CT

TT

p

36
11.19 ⫾ 1.7
12.61 ⫾ 2.3
12.67 ⫾ 2.7
12.6 ⫾ 2.7
14.60 ⫾ 0.8
30.40 ⫾ 3.0
447.40 ⫾ 93.8
191.53 ⫾ 64.8
8.73 ⫾ 2.3
7.87 ⫾ 2.6

52
11.31 ⫾ 1.8
12.48 ⫾ 2.5
12.56 ⫾ 2.7
12.96 ⫾ 2.6
14.29 ⫾ 1.2
29.38 ⫾ 5.1
455.88 ⫾ 80.0
182.10 ⫾ 42.9
8.38 ⫾ 2.2
7.65 ⫾ 2.1

21
12.05 ⫾ 1.5
13.19 ⫾ 2.0
13.43 ⫾ 1.6
13.24 ⫾ 1.8
14.71 ⫾ 0.6
31.10 ⫾ 2.5
482.81 ⫾ 77.5
195.1 ⫾ 40.29
9.00 ⫾ 1.9
7.76 ⫾ 2.0

0.162
0.498
0.405
0.650
0.197
0.244
0.316
0.542
0.519
0.912

Task performance, scores in a verbal episodic memory task, verbal intelligence, selective attention, and working memory did not differ significantly between genotype groups. C, Cytosine; T, thymine, protective allele; p, p value ⫾ SD; VLMT,
Verbal Learning and Memory Test (translated verbal version of Rey Auditory Learning Task); MWT-B, Test of verbal intelligence; D2, Test of selective attention (TN-E, total performance ⫺ errors; CP, index of concentration performance).

clearance from the brain across the blood– brain barrier (Bell
et al., 2007).
To date, no functional effects of CLU variants on AD are
known (Sleegers et al., 2010) and it is of utmost relevance to
identify the underlying mechanisms of the association between genetic markers and the disease phenotype. This challenge leads to the strategy of studying underlying quantitative
traits that are more directly related to biology, namely brain
activation as intermediate phenotype in an imaging genetics
approach. This is with the assumption that genes will show
higher penetrance for brain-activation phenotypes closer to
gene biology than behavioral or clinical measures (MeyerLindenberg and Weinberger, 2006).
Here, we investigated the neurogenetic mechanisms for AD
associated with rs111136000, using an imaging genetics approach
with brain activation during episodic memory as an intermediate
phenotype. We observed significantly reduced coupling between
hippocampus and DLPFC during episodic memory retrieval, i.e.,
recall as well as recognition of associative information. Because
rs11136000 has been strongly associated with AD at the genomewide level, our findings identify altered connectivity as a neural
mechanism that can be linked to a disease architecture, where
carrying the risk variant predicted reduced coupling between
hippocampus and DLPFC that could contribute to risk of developing AD. Our findings appear to be independent of the individual APOE status, as our results remain significant when including
APOE as a covariate and no interaction between CLU variant
and APOE status was observed. Interestingly, although CLU and
APOE have similar functionality, no significant interaction of CLU
with presence or absence of APOE4 alleles has been observed in
population genetics (Harold et al., 2009; Jun et al., 2010). Only in one
study was a more strongly significant association between CLU and
AD in APOE4 carriers reported, although the association was significant in both groups (Lambert et al., 2009).
The functional relevance of our finding of altered connectivity
is indicated by cognitive neuroscience evidence showing that the
prefrontal cortex and the medial temporal lobe (MTL) form part
of a distributed functional network of regions involved in memory, and that interactions between these regions are particularly
important for retrieval operations (Frankland and Bontempi,
2005). Coupling between the prefrontal cortex and the MTL may
facilitate focused attention on behaviorally relevant stimuli processed through reciprocal pathways between these regions
(Rempel-Clower and Barbas, 2000). It has been proposed that
prefrontal– hippocampal interactions are particularly crucial during
episodic memory retrieval and are modulated by cognitive effort
during retrieval attempt (Schacter et al., 1996; Simons and Spiers,

2003), with the DLPFC being involved in verification and monitoring of recollected information (Burgess and Shallice, 1996).
Reduced coupling between hippocampus and DLPFC as a risk
neural mechanism is further backed by clinical evidence, reporting reduced or even absent hippocampal–prefrontal connectivity
during memory retrieval in AD patients (Grady et al., 2001; Allen
et al., 2007), as well as subjects suffering from amnestic mild
cognitive impairment (MCI) (Bai et al., 2009), an intermediate
stage between normal aging and dementia. It has been suggested
that memory breakdown in AD is related to a marked reduction
of integrated activity within a distributed network, including hippocampus and DLPFC (Grady et al., 2001). Further support for
the relevance of hippocampal–prefrontal interaction in AD risk
was given by a recent study by our group, where we demonstrated
that subjective memory impairment—an early, pre-MCI stage in
the continuum of Alzheimer’s disease manifestation—is characterized by early hippocampal dysfunction and increased compensatory effort, reflected in DLPFC activation, to enable sustained
performance in the presence of early pathology (Erk et al., 2011).
A recent fMRI study provided evidence for aberrant activation in
the same regions, namely DLFPC and hippocampus, during
working memory performance in a small sample of healthy
young individuals genotyped for rs11136000 (Lancaster et al.,
2011). These results, although in a different cognitive domain,
additionally emphasize the relevance of prefrontal– hippocampal
interaction in AD risk pathology. The recently reported finding of
disturbed white matter integrity in healthy carriers of the
rs11136000 risk variant (Braskie et al., 2011) points to neurodevelopmental vulnerability and further supports the idea that
brain connectivity could mediate genetic risk for a behavioral
phenotype, possibly to a higher degree than regional brain activation (Meyer-Lindenberg, 2009).
The molecular and cellular mechanisms leading to the observed changes in connectivity remain to be elucidated. However, our data show that CLU rs11136000 itself (or a hitherto
unknown variant in linkage disequilibrium with it) is functional in the human brain even in the absence of overt disease
or cognitive impairment, and provide a mechanism for genetic
findings supported by genome-wide association that are congruent with current findings on the pathophysiology of overt
disease. Neurobiologically, our results show that altered connectivity contributes to the neurogenetic architecture implicated in Alzheimer’s disease susceptibility. To the degree that
new potentially curative therapies are being developed and
tested, early detection of disease susceptibility is of crucial
importance, particularly as life span increases and thus the
incidence for late-onset AD. Since our current findings track
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an established genetic risk factor in the absence of clinical
symptoms, they might be useful as a biomarker to stratify and
monitor treatment studies and might even identify a novel
potential therapeutic target for this devastating disease.
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