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The single nucleotide polymorphism rs17070145 within the KIBRA gene (kidney and brain expressed protein) has been associated with
variations in memory functions and related brain areas. However, previous studies yielded conflicting results, which might be due to
divergent sample characteristics or task-specific effects. Therefore, we aimed to determine the impact of KIBRA genotype on learning and
memory formation, and volume, microstructural integrity and functional connectivity (FC) of the hippocampus and its subfields in a well-
characterized cohort of healthy older adults. One-hundred and forty subjects (72 women, age 50–80) were KIBRA genotyped and
memory was tested using the Auditory Verbal Learning Task. Also, subjects underwent structural and resting-state functional magnetic
resonance imaging at 3T. Subfields were delineated using automated segmentation (FreeSurfer software). Microstructural integrity was
measured using mean diffusivity (MD) derived from diffusion tensor images. Seed-based analyses were used to assess FC patterns of the
hippocampus. KIBRA T-allele carriers showed a trend for better memory performance, and in the hippocampus significantly higher
volumes and partly lower MD, indicative for better microstructure, compared with non-T-allele carriers in the cornu ammonis (CA)2/3 and
CA4/dentate gyrus subfields (all P⩽ 0.008, Bonferroni corrected). Also, T-allele carriers exhibited lower FC of the left hippocampus with
areas outside the synchronized HC network. In sum, we could show for the first time that older T-allele carriers exhibited larger volumes
and better microstructure within those hippocampus subfields that are implicated in long-term potentiation and neurogenesis, key features
of memory processes. Moreover, T-allele carriers showed a more selective FC network of the hippocampus.
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INTRODUCTION

A single nucleotide polymorphism (SNP) in the gene
encoding KIBRA (kidney and brain expressed protein), also
referred to as WWC1 (WW and C2 domain containing 1),
might contribute to interindividual differences in memory
performance (Milnik et al, 2012; Papassotiropoulos et al,
2006; Schneider et al, 2010). Such variations are known to
magnify during aging and may also influence timing and rate
of late-life cognitive changes (Deary et al, 2004; Lindenberger
et al, 2008). Understanding the basis of interindividual
differences could help to develop novel strategies to maintain
memory functions in old age (Lindenberger et al, 2008).
In a hypothesis-free genome-wide association study,

Papassotiropoulos et al (2006) could demonstrate higher
memory performance in KIBRA T-allele carriers compared

with non-T-allele carriers. Although others could not confirm
these results (eg, Need et al, 2008; Wersching et al, 2011), and
one study even showed poorer performance in T-allele
carriers (Nacmias et al, 2008), a recent meta-analysis
supported the beneficial effect of the T-allele for memory
(Milnik et al, 2012). A recent study provided evidence for
better spatial memory especially in older T-allele carriers using
a virtual reality navigation paradigm (Schuck et al, 2013).
Also, a protective effect of T-allele carrier status for the risk of
Alzheimer’s disease has been observed in most, but not all
investigated cohorts so far (Burgess et al, 2011; Corneveaux
et al, 2010; Hayashi et al, 2010; Wang et al, 2013b).
KIBRA has been suggested to act as a postsynaptic scaffold

protein implicated in vesicle transport, transcriptional
regulation and synaptogenesis (reviewed in Schneider et al,
2010), yet the exact underlying mechanisms of how KIBRA
T-allele carrier status may influence memory performance is
not fully understood. Using structural magnetic resonance
imaging (MRI) in humans, Palombo et al (2013) recently
found larger volumes of the hippocampus, a key region
implicated in memory functioning, in young T-allele carriers
compared with non-T-allele carriers. In addition, several task-
related functional (f)MRI studies demonstrated differences in
brain activation of memory-related brain networks between
KIBRA genotype groups (Kauppi et al, 2011; Muse et al, 2013;
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Papassotiropoulos et al, 2006). For example, a weaker blood
oxygen-level-dependent (BOLD) response during memory
retrieval in the hippocampus was found for T-allele carriers
(Papassotiropoulos et al, 2006), yet others found the opposite
pattern (Kauppi et al, 2011), or a genotype-selective
correlation with age (Muse et al, 2013). Considering large-
scale brain networks, assessed using resting-state fMRI, a
single study observed stronger synchronization patterns in
the default mode and executive network in KIBRA C-allele
carriers (Wang et al, 2013a). Taken together, similar to the
behavioral results described above, neuroimaging studies
yielded in part conflicting results (Kauppi et al, 2011; Muse
et al, 2013; Papassotiropoulos et al, 2006).
Taken together, a putative beneficial effect of the KIBRA

T-allele for memory performance is still a matter of debate,
and whether T-allele carriers at older age exhibit differences
in hippocampal volume, microstructure or synchronization
patterns compared with non-T-allele carriers is unknown.
Therefore, we analyzed memory performance as well as
volume, microstructure and resting-state functional connec-
tivity (FC) of the hippocampus and its subfields dependent
on KIBRA T-allele carrier status in a homogenous sample of
healthy older adults, which was balanced for sex and well
characterized for cardiovascular risk factors.

MATERIALS AND METHODS

Participants

We recruited 141 healthy older volunteers (aged 50–80 years)
via advertisements in Berlin, Germany. Inclusion criteria
were no severe untreated medical, neurological or psychiatric

disease, no history of diabetes mellitus type 2, a body mass
index between 25 and 30 kg/m2, daily consumption of o50 g
alcohol, o10 cigarettes, o6 cups of coffee, native German
speaking and right handedness. The Mini Mental State
Examination (Folstein et al, 1975) was used to rule out
preexisting cognitive impairment (a score o26 points led to
exclusion). All subjects underwent fasting blood sampling,
neuropsychological testings including memory performance,
and cerebral MRI for exclusion of brain pathologies and for
subsequent brain analyses. Also, cardiovascular risk factors
including systolic blood pressure and physical activity, as
well as other genetic factors (APOE rs429358 and rs7412,
BDNF rs6265, COMT rs4680) that have been previously
implicated in episodic memory performance were assessed
(Corder et al, 1993; Egan et al, 2003; Witte and Floel, 2012).
Psychiatric comorbidity was monitored using the Beck’s
Depression Inventory (BDI; Kuhner et al, 2007) and the
State-Trait Anxiety Inventory (STAI X1; Laux et al, 1981).
Individuals were stratified for the KIBRA-SNP rs17070145
genotype into T-allele carriers and non-T-allele carriers in
line with previous studies (Milnik et al, 2012). One subject
could not be genotyped for the KIBRA-SNP rs17070145 due
to technical problems, leaving 140 for analysis (71 women,
69 men, mean age 63 years). In total, the sample comprised
69 T-allele carriers (54 CT and 15 TT) and 71 non-T-allele
carriers (CC), see Table 1.
The study was approved by the Ethics Committee of the

Charité University Medicine Berlin, Germany, and was in
accordance with the Declaration of Helsinki. All subjects
gave informed written consent before participation in the
study, and received a small reimbursement at the end.

Table 1 Characteristics of KIBRA Genotype Groups, Including Cardiovascular Risk Factors

Characteristic parameters Non-T-allele carriers (CC) T-allele carriers (CT/TT) P

n (n Women) 71 (37) 69 (34) 0.74a

Female (%) 52.1 49.3

Age (years) 63± 7.4 (50–79) 63± 6.4 (50–75) 0.61b

Education (years) 15.8± 2.8 (10–22) 16.4± 3.3 (11–25) 0.23b

BMI (kg/m2) 27.6± 1.7 (24.3–31.7) 27.6± 1.8 (24.3–31.7) 0.89c

Right-handedness (%) 78.2± 27.4 (-60–100) 81.1± 16.3 (45–100) 0.95c

MMSE (score) 29.0± 1.2 (26–30) 29.1± 1.0 (26–30) 0.96c

Smoking (pack years) 8.3± 14.6 (0–75) 7.2± 12.0 (0–70) 0.91c

Systolic blood pressure (mmHg) 136.3± 17.4 (101–184) 140.0± 14.7 (107–177) 0.17b

HbA1c (mmol/mol Hb) 39.7± 3.3 (34–48) 39.9± 2.5 (34–48) 0.58b

Physical activity (kcal/week) 5789.5± 4662.3 (203.4–22733.3) 5573.7± 3713.9 (36.23–14632.9) 0.88c

BDI (score) 6.0± 5.4 (0–32) 6.0± 4.9 (0–20) 0.84c

State-Trait Anxiety Inventory-X1 (score) 32.9± 7.7 (20–66) 32.6± 6.8 (20–57) 0.99c

Apolipoprotein_rs429358/ rs7412 (n E4− ; E4+) 60; 11 52; 17 0.21a

BDNF_rs6265 (n Val/Val; Met carriers (Met/Met)) 52; 19 (2) 47; 22 (1) 0.58a

COMT_rs4680 (n Val/Val; Met/Val; Met/Met) (n= 139)d 9; 44; 17 11; 40; 18 0.62a

Abbreviations: BDI, Beck’s Depression Index; BDNF, brain-derived neurotrophic factor; BMI, body mass index; COMT, catechol-O-methyl transferase; HbA1c, glycated
hemoglobin; MMSE, mini mental state examination.
Right handedness refers to the use of the right hand in daily activities, measured according to the Edinburgh Handedness Inventory (Oldfield, 1971).
aChi-square test.
bUnpaired t-test.
cMann–Whitney U-test.
dOne subject was excluded due to missing values. Data expressed as mean± SD (range; min–max).
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Blood Sampling and SNP Genotyping

Venous blood was collected after an overnight fast of at least
10 h. Blood measurements included glycated hemoglobin
(HbA1c) as long-term marker of glucose control. DNA
was extracted from whole blood using a blood mini-kit
(Qiagen, Hilden, Germany) and stored at − 80 °C until analysis.
Genotyping of KIBRA (rs17070145, GenBank accession
number NM_015238), BDNF (rs6265, GenBank accession
number 2174122), COMT (rs4680, GenBank accession number
AY341246) and APOE (rs429358, rs7412, GenBank accession
number AF261279) were performed on a Sequenom MassAR-
RAY iPLEX, Taqman Assay at the laboratory of Prof. Dr Dan
Rujescu (University of Halle, Germany) following procedures
described previously (O’Dwyer et al, 2012). Due to methodo-
logical failure, the genotype of COMT (rs4680) could not be
conducted for one subject.

Memory Performance

Subjects were tested using the German version of the Rey
Auditory Verbal Learning Test (AVLT; Lezak, 2004). Partici-
pants had to learn a list of 15 words within five immediate
recall trials, followed by a 30-min delayed recall and
recognition trial. We evaluated the following three subtasks:
memory consolidation, delayed recall, and learning ability
(Kerti et al, 2013). Memory consolidation was defined as the
number of correct words recalled after the fifth trial subtracted
by those correctly recalled after 30min delay. The values were
multiplied by − 1 to create positive relations. Delayed recall
represented the total number of remembered words after
30min, whereas learning ability corresponds to the sum of
words learned in all five trials. Tests were conducted following
standard procedures by trained staff members who were
blinded to individual genotype group status.

MRI Acquisition

MRI was performed on a Siemens Trio system operating at
3 T using a 12-channel head coil. We obtained high
resolution 3D T1-weighted scans (3D magnetization pre-
pared rapid acquisition with gradient echoes (MPRAGE);
TR= 1900 ms, TE= 2.52 ms, 192 sagittal slices, voxel-size of
1.0 × 1.0 × 1.0 mm3, flip angle= 9°), and a diffusion-weighted
spin-echo echo-planar imaging sequence (TR= 7500 ms,
TE= 86 ms, 61 axial slices, voxel size of 2.3 × 2.3 × 2.3 mm3;
64 directions with a b-value of 1000 s/mm2 and one or ten
b0). Functional scans were obtained at rest using a T2*-
weighted echo-planar imaging sequence (TR= 2300 ms,
TE= 30 ms, 34 slices, voxel size of 3.0 × 3.0 × 4.0 mm3, flip
angle= 90°). Subjects were instructed to keep their eyes
closed and not to think of anything in particular during this
6 min scan. The order of MRI sequences was as follows:
localizer, resting-state fMRI, diffusion tensor imaging (DTI),
T1-magnetization prepared rapid acquisition with gradient
echoes, fluid-attenuated inversion recovery (for medical
rating), angiography with contrast agent (for medical rating).

Hippocampal Volume

To estimate hippocampal volume, high-resolution T1-
weighted images were first registered to MNI space by rigid

body transformation using the software FSL 4.1 (www.fmrib.
ox.ac.uk/fsl). Cortical and subcortical reconstruction and
volumetric segmentation, including the left and right
hippocampus, was performed by FreeSurfer 5.1.0 (http://
surfer.nmr.mgh.harvard.edu/). Briefly, this process included
motion correction, intensity normalization, and skull strip-
ping using a watershed algorithm (more technical details are
described in Fischl et al, 2002). FreeSurfer-based automated
subfield segmentation was carried out according to Van
Leemput et al, 2009 in order to extract individual volumes of
cornu ammonis (CA) fields 1–4, dentate gyrus (DG) and
subiculum. For the whole hippocampus and for each subfield
(ie, CA1, CA2/3, CA4/DG, subiculum, tail), individual
volumes were adjusted for intracranial volume (ICV)
according to previous studies (Raz et al, 2005; Kerti et al,
2013) using the following formula: adjusted volume= raw
individual volume − b× (individual ICV–whole group mean
ICV). The coefficient b represents the slope of a whole-
group-wise regression (enter mode) of the respective raw
volume (ie, whole hippocampus or CA1 or CA2/3 or CA4/
DG or subiculum or tail) on ICV.

Hippocampal Microstructure

Microstructure of the hippocampus was assessed by mean
diffusivity (MD) estimated using DTI, in line with previous
studies (den Heijer et al, 2012; Kerti et al, 2013). Therefore, a
tensor model was fitted to the motion-corrected DTI data to
create individual 3D images of fractional anisotropy and
MD, this was done using FMRIBs Diffusion Toolbox (FDT)
in FSL 4.1. Then, individual T1-weighted images were co-
registered with FSL to the fractional anisotropy maps of the
preprocessed DTI data using rigid-body transformations.
These registrations were used to transform masks of the left
and right hippocampus and hippocampus subfields (derived
by FreeSurfer segmentation on the T1 images) to the MD
maps. For extraction of the mean individual hippocampal
MD values we used statistical analysis tools in FSL. Ten
subjects had to be excluded from MD analysis because of
image artifacts.

Hippocampal FC

To assess potential differences in FC of the hippocampus, we
used a customized processing stream based on the 1000
Functional Connectomes Project (www.nitrc.org/projects/
fcon_1000). Co-registered masks of the left and right
hippocampus derived from FreeSurfer served as seeds for
FC analyses, in line with previous studies (Andrews-Hanna
et al, 2010; Rombouts et al, 2003; Witte et al, 2014).
Preprocessing of individual functional scans comprised slice
time correction, motion correction, spatial smoothing with a
6-mm full-width-half-maximum Gaussian kernel, temporal
filtering (0.01–0.1 Hz), and de-trending using the software
packages FSL and AFNI 2011 (http://afni.nimh.nih.gov/afni).
The functional scans were normalized to the anatomical
image using affine co-registrations in FSL. Noise due to
motion, white matter, cerebrospinal fluid, and global change
was removed from the functional signal by multiple
regressions in FSL using commands of the fMRI Expert
Analaysis Tool (FEAT), creating standardized residual
BOLD-signal time series. Then, mean time series of both
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hippocampus seeds were correlated with times series of all
other gray matter voxels using a general linear model
approach within FSL (FMRIB’s local analysis of mixed
effects, FLAME). The resulting Pearson’s r correlation
coefficient values were then Fisher’s z-transformed using
statistical analysis tools in FSL.

Statistical Analysis

SPSS 20 (PASW, SPSS; IBM, Armonk, NY) was used for
statistical analysis unless indicated otherwise. Normal
distributions were tested using the Kolmogorov–Smirnov
test. We used the chi-squared test to test whether the
distribution of KIBRA alleles was within Hardy–Weinberg
equilibrium. The two KIBRA genotype groups (T-allele
carriers vs non-T-allele carriers) were matched for age, sex,
education, cardiovascular risk factors and APOE-, BDNF-
and COMT-SNP carrier status (all P40.05, see Table 1 for
details). Accordingly, we calculated independent t-tests
(normal distribution, two-sided) or Mann–Whitney U-tests
(non-normal distribution) to detect significant differences
between KIBRA genotype groups in memory performance,
as well as hippocampal volume and microstructure. Correc-
tions for multiple comparisons were applied using a
Bonferroni threshold of P= 0.05/3= 0.015 for memory
performance and P= 0.05/5= 0.01 for volume and micro-
structure of the hippocampus, respectively. A threshold of
P= 0.05/10= 0.005 was applied when looking at the subfields
separately for each hemispheres. FC group analyses included
gray matter-voxelwise GLM statistics implemented in FSL
(FLAME) of hippocampal FC between KIBRA T-carriers and
non-T-carriers. Gaussian random field theory was used to
correct multiple comparisons at the cluster level (clusterwise
correction, z= 2.3, Po0.05). In addition, we explored
whether memory performance would be correlated with
volumetric, microstructural and FC measures using bivariate
Spearman’s correlations.

RESULTS

The allelic distribution for the KIBRA-SNP rs17070145 was
in Hardy–Weinberg equilibrium (10.7% TT carriers, 38.6%
CT carriers and 50.7% TT carriers; χ2= 0.93, 1 df, P= 0.33).
KIBRA genotype groups did not differ with regard to age,
sex, education, cardiovascular risk factors and memory-
associated gene variations including APOE-, BDNF- and
COMT-SNP carrier status (all P40.05, see Table 1 for
details).

Memory Performance

We observed a trend for better memory consolidation
(P= 0.032, uncorrected) and better delayed recall (P= 0.18,
uncorrected) in healthy older KIBRA T-allele carriers
compared with non-T-allele carriers (Figure 1, Table 2).
These differences however did not reach statistical signifi-
cance after correction for multiple testing.

Volume, Microstructure and FC of the Hippocampus

Considering the structure of the hippocampus, T-allele carriers
exhibited larger hippocampus volumes than non-T-allele

carriers within the CA2/3 and CA4/DG subfields (both
t(138)o− 2.7, Cohen’s d40.45, Po0.008; Figure 2, Table 3).
To elucidate whether the differences in hippocampus subfield

volume were subfield specific, we additionally conducted a
repeated measures analysis of variance (ANOVA rm) with
hippocampus subfields as dependent variables and KIBRA
genotype group as independent factor. Accordingly, the
interaction term genotype X subfield reached significance
(F(4, 135)= 2.52, P= 0.044), suggesting a selective effect of KIBRA
genotype on CA2/3 and CA4/DG subfield volume.
With regard to microstructure, mean hippocampal MD

was similar in both KIBRA genotype groups (P40.05;
Table 4). However, considering the subfields, lower MD was
noted in the CA1, CA2/3, and CA4/DG for T-allele carriers
compared with non-T-allele carriers, reaching significance
for the right DG/CA4 region (t(128)= 2.8, P= 0.005, Bonfer-
roni corrected; Table 4).
Resting-state FC analyses revealed a bilateral synchroniza-

tion network of the right and left hippocampus seed with the
temporal lobe and limbic structures, but also involving
medial (pre)frontal areas, precuneus, and auditory cortices
that were identical between groups (Figure 3, yellow–red,
similar to previous studies, eg, Rombouts et al, 2003; Witte
et al, 2014). Outside this network, KIBRA non-T-allele
carriers showed a significant increase in FC between the left
hippocampus seed and a cluster within visual areas,
compared with T-carriers (Figure 3, blue (548 voxel), hot
voxel: x= 0, y=− 82, z= 10, Po0.001).
According to bivariate correlations, learning and delayed

recall performance was partly associated with larger
hippocampal volumes, most pronounced in CA2/3 and
CA4/DG subfields (see Supplementary Table S1 for r- and
P-values). In addition, better mean microstructural integrity
was associated with better memory performance (consolida-
tion, delayed recall, learning ability, all Po0.019). No reliable
correlations were found between FC changes and memory
performance (all P40.05).

Figure 1 Episodic memory performance of healthy older KIBRA T-allele
carriers and non-T-allele carriers. T-allele carriers (gray squares, n= 69)
showed a trend for higher consolidation memory (P= 0.032, uncorrected)
and delayed recall performance (P= 0.18, uncorrected) compared with
non-T-allele carriers (black circles, n= 71). No difference was seen in
learning ability (P40.6). Error bars indicate standard error.
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DISCUSSION

In this cohort of 140 healthy older adults, well characterized
for cognitive functions and cardiovascular risk factors, we
observed a trend for a better memory performance and
significantly higher volumes and better microstructural

integrity in the subfields comprising the CA2/3 and
CA4/DG of the hippocampus in KIBRA T-allele carriers
compared with non-T-carriers. In addition, KIBRA-T-
carriers exhibited lower FC (ie, less de-differentiation) of
the left hippocampus seed with areas that lie outside the
synchronized hippocampus network.

Table 2 Episodic Memory Performance Dependent on KIBRA Genotype Group

Memory parameter (number of words) Genotype P

Non-T-allele carriers (CC) (n=71) T-allele carriers (CT/TT) (n=69)

Consolidation − 2.45± 2.25 (− 8 to 1) − 1.70± 1.86 (−5 to 4) 0.032

Delayed recall 10.04± 3.55 (1 to 15) 10.80± 3.10 (4 to 15) 0.18

Learning ability 51.83± 9.89 (30 to 75) 52.54± 9.94 (32 to 75) 0.67

Data are expressed as mean± SD (range; min–max); P-values according to independent t-tests.

Figure 2 Adjusted total and subfield volume of the hippocampal formation dependent on KIBRA genotype groups. KIBRA T-allele carriers (n= 71) showed
a significant larger volume of the CA2/3 and CA4/DG hippocampus subfields (all P= 0.008, Bonferroni corrected) compared with non-T-allele carriers
(n= 69). CA, cornu ammonis; DG, dentate gyrus. Error bars indicate SE. **Significant at Po0.01 (Bonferroni-corrected), according to independent t-test.

Table 3 Volume of the Hippocampus Dependent on KIBRA Genotype

Volume (mm3) Genotype P

Non-T-allele carriers (CC) (n=71) T-allele carriers (CT/TT) (n= 69)

Total hippocampus 4013.5± 426.5 (2361–4772) 4189.6± 399.8 (3454–5347) 0.01

CA1 343.1± 30.4 (277–420) 347.9± 35.5 (279–446) 0.39

CA2/3 970.0± 105.2 (622–1196) 1015.9± 95.9 (850–1236) 0.008**

CA4/DG 548.1± 57.8 (362–680) 573.5± 53.9 (478–694) 0.008**

Subiculum 625.8± 69.5 (380–774) 639.8± 61.8 (520–783) 0.21

Hippocampus tail 311.6± 46.26 (210–422) 315.7± 45.9 (225–404) 0.59

Abbreviations: CA, cornu ammonis; DG, dentate gyrus.
Volume was adjusted for total intracranial volume. Data are expressed as mean± SD (range; min–max).
P-values according to independent t-test.
Significant at **Po0.01 (Bonferroni corrected).
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KIBRA Genotype and Memory

Our results of trendwise better memory performance in
KIBRA T-allele carriers are in line with previous studies in
younger and older adults (Almeida et al, 2008; Kauppi et al,
2011; Papassotiropoulos et al, 2006; Schaper et al, 2008;
Yasuda et al, 2010), but not all (Nacmias et al, 2008; Need
et al, 2008; Wersching et al, 2011). Conflicting findings could
be a result of slight variations in episodic memory tasks and

outcome measures between studies, leading to potential over-
or underestimation of global KIBRA-associated effects. Also,
potential interacting effects with other genetic polymorph-
isms could help to explain divergent results (see eg,
Preuschhof et al, 2010). In a recent meta-analysis including
17 independent samples (total n= 8909), Milnik et al (2012)
reported a significant effect of the KIBRA T allele on global
measures of episodic memory that explained 0.5% of the
variance, pointing to rather small overall effect sizes at the
behavioral level in normal cognition.

KIBRA Genotype and the Hippocampus

Turning to the hippocampus, we found that healthy older
T-allele carriers exhibit significantly larger volumes in
comparison with non-T-allele carriers, similar to previous
reports in young adults (Palombo et al, 2013), but not to the
original GWAS study (Papassotiropoulos et al, 2006).
However, note the relatively small structural MR-sample
size in both studies, n= 30 (Palombo et al, 2013) and n= 28
(Papassotiropoulos et al, 2006), compared with our sample
size of n= 140. More specifically, we observed larger volumes
of the CA2/3 and CA4/DG subfields in older T-allele carriers
compared with non-T-allele carriers. This is again largely in
line with Palombo et al (2013), who used manual delinea-
tions of the CA- and DG-areas. The subfield specificity of
genotype effects to CA and DG subfields might be due to the
high expression of KIBRA in these areas, compared with, for
example, the subiculum (Johannsen et al, 2008). Note that
the freesurfer method of defining hippocampal subfields
might underestimate the CA1 subfield extent (De Flores et al,
2015), which could have contributed to a lack of significant

Table 4 Microstructural Integrity of the Hippocampus Dependent
on KIBRA Genotype Group, Measured Using MD Estimated by DTI

Mean diffusivity
(×10−3mm2/s)

Genotype P

CC (n=67) CT/TT (n= 63)

Total hippocampus 1.20± 0.11 (0.95–1.67) 1.18± 0.08 (0.99–1.36) 0.19

CA1 1.18± 0.20 (0.8–1.91) 1.16± 0.16 (0.78–1.52) 0.43

CA2/3 1.24± 0.18 (0.97–1.93) 1.21± 0.13 (0.93–1.52) 0.23

CA4/DG 1.08± 0.10 (0.87–1.38) 1.06± 0.10 (0.82–1.3) 0.21

CA4/DG right hem 1.10± 0.12 (0.83–1.49) 1.05± 0.10 (0.83–1.22) 0.005**

Subiculum 0.95± 0.06 (0.73–1.12) 0.94± 0.06 (0.83–1.08) 0.36

Hippocampus tail 1.14± 0.14 (0.9–1.63) 1.13± 0.13 (0.93–1.48) 0.85

Abbreviations: CA, cornu ammonis; DG, dentate gyrus; DTI, diffusion tensor
imaging; hem, hemisphere; MD, mean diffusivity.
Note that lower MD refers to higher microstructural integrity.
Data are expressed as mean± SD (range; min–max), P-values according to
independent t-test.
Significant at **Po0.01 (Bonferroni corrected).

Figure 3 Differences in seed-based functional connectivity (FC) networks between KIBRA genotype groups using the left and right hippocampus as seeds.
Both left hippocampus (upper panel) and right hippocampus (lower panel) seeds showed a bilateral synchronization network with the temporal lobe, limbic
structures, medial (pre)frontal areas, precuneus, and auditory cortices (yellow–red). Compared with KIBRA T-allele carriers (n= 71), non-T-allele carriers
(n= 69) showed increased correlation between the left hippocampus seed and a cluster in visual areas (blue), outside the mean hippocampal network. Color
bars indicate t-values of significant voxels (cluster-based thresholding, Po0.05) superimposed on a study-specific template. Images are displayed in neurological
convention, coordinates in millimeters according to MNI space. A, anterior; L, left; P, posterior; R, right.
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effects between KIBRA genotype in this subfield in the
current study compared with Palombo et al (2013).
Considering microstructural integrity, our study provides

first-time evidence for a trend toward lower MD within the
hippocampus gray matter in T-allele carriers compared with
non-T-allele carriers, reaching statistical significance in the
right CA4/DG subfield. DTI-based quantification of MD is
considered as an inverse measure of neuronal integrity, ie,
lower MD has been linked with better microstructure (den
Heijer et al, 2012; Kerti et al, 2013), thus our findings point
to a superior microstructure linked with the T allele. Non-
significant results for mean hippocampus MD values
according to T-allele carrier status might be explained
by lateralization effects or microstructural heterogeneity
between hippocampal subfields.
Using resting-state fMRI, we observed increased FC

of the hippocampus with regions outside the ‘positively’
synchronized hippocampus network in KIBRA non-T-allele
carriers. This might indicate a larger de-differentiation or
lower selectivity of the hippocampus network in this
group (Antonenko and Floel, 2014), possibly due to
differences in KIBRA-related neuronal functioning in the
CA and DG areas of the hippocampus (Johannsen
et al, 2008). Our finding of selective effects of KIBRA
genotype on hippocampal subfield volume supports this
hypothesis.
So far, only one study investigated resting-state fMRI with

regard to KIBRA genotype. Here, Wang et al (2013a)
reported in a Chinese cohort of young adults increased
synchronization patterns in the default mode and executive
control networks in KIBRA C-allele carriers (eg, carriers of 1
or 0 T-alleles), paralleled by regional reductions in cortical
gray matter volume. The increased synchronization pattern
was discussed as a potential compensation mechanism, yet
age- and genotype-related differences might limit a direct
comparison between this and the current study. Using task-
based fMRI, a recent study did not find overall genotype-
related differences in hippocampal activation during an
episodic memory task (Muse et al, 2014), which may be
linked with genotype-independent FC patterns within the
hippocampus synchronization network, as found in the
current study (given we did not find significant differences
within the network itself). However, opposing task-based
fMRI-results were found by others in young (eg, weaker
activation in T-allele carriers, Papassotiropoulos et al, 2006)
and old samples (eg, stronger activation in T-allele carriers,
Kauppi et al, 2011). Moreover, Muse et al (2014) observed
that hippocampal activation in non-T-allele carriers showed
a negative correlation with age that was not present in
T-allele carriers. This latter finding could help to explain
differential effects of KIBRA regarding hippocampal task
activation between studies; however, more research is needed
to clarify the direction and extent of KIBRA genotype on
hippocampal FC.

Functional Implications and Underlying Mechanisms

Larger volume and better microstructure of the hippo-
campus in T-allele carriers might have translated into
behavioral advantages, as these MR-based measures are
thought to reflect better neuronal functioning due to, for
example, enlarged axons, dendrites and cell bodies, improved

vasculature and possibly even higher neurogenesis
(Draganski and May, 2008; Thomas and Baker, 2012)
as well as superior integrity of neuronal cell bodies, axons,
and dendrites in cerebral gray matter (Beaulieu, 2002;
Kantarci et al, 2005). Enlarged neuronal and vascular
structures and higher neurogenesis might induce hippocam-
pal growth, reflected by larger volumes. On the other hand,
loss of membrane integrity or synaptic contacts would lead
to an expansion of the extracellular space where water
diffusivity is faster and subsequently MD is higher (for
further discussion, see Beaulieu, 2002; Kantarci et al, 2005;
Kerti et al, 2013). Indeed, larger volumes and better
microstructural integrity of the hippocampus were correlated
with learning and delayed recall performance in our cohort.
Thus, structural differences between KIBRA genotypes
might indicate neuronal correlates for subtle behavioural
differences, trendwise only in our study.
Moreover, neuronal activity within specific subfields of the

hippocampus might serve distinct aspects of memory
encoding and retrieval (reviewed in Mueller et al, 2011;
Squire, 2004). Therefore, subfield-specific effects of KIBRA
genotype might further underline a proposed role for KIBRA
genotype in particular aspects of memory formation. For
example, the CA3 and dentate gyrus, characterized by long-
term potentiation and adult neurogenesis, are thought to
promote higher capacities for pattern separation and
completion, crucial for encoding and retrieval of memories
(Bakker et al, 2008; Bruel-Jungerman et al, 2007). Recently,
larger volumes of the CA3 and 4 and DG region have been
associated with long-term gains in associative memory in
humans (Bender et al, 2013). Improved volume and
microstructure in these regions in T-allele carriers might
thus be associated with better consolidation and delayed
recall memory in T-allele carriers, but may not relate
to immediate learning, in line with our current trend-
wise results. Others, however, linked primarily the CA1
region (Mueller et al, 2011) or the subiculum (Zeineh et al,
2003), only marginally associated with KIBRA genotype
in our cohort, with late retrieval and consolidation memory,
which might also account for a lack of strong behavioural
differences with regard to KIBRA genotype. Also, given
the intrinsic functional and structural circuits of the
medial temporal lobe including the hippocampal form-
ation, attributing unique memory aspects to specific
hippocampal subfields might result in oversimplification
(Squire, 2004).
With regard to resting-state FC, previous studies suggested

a link between larger de-differentiation of FC networks and
worse cognitive performance (Andrews-Hanna et al, 2007;
Antonenko and Floel, 2014). Thus, the observed increases
in hippocampal FC with areas outside the hippocampal
network could have contributed to poorer memory results
in non-T-allele carriers. However, note that memory effects
were trendwise only, and that we did not find significant
correlations of increased de-differentiation with worse
memory performance in the current study. Also, it cannot
be excluded that a different FC network in individuals not
carrying a KIBRA T-allele might have served as a
compensatory mechanism regarding memory functions. A
compensatory increase in FC has, for example, been
discussed for patients with mild cognitive impairment, here,
increased frontal-parietal resting-state FC might compensate
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for decreases in synchronity of the hippocampus network
(Qi et al, 2010).

Limitations

Our study has several limitations. First, definite conclusions
about causalities cannot be drawn, as our analyses are
cross-sectional. Second, due to limited resolution of the
MR system, partial volume effects could have biased
the calculation of small hippocampus subfield volumes.
Third, we did not acquire task-related fMRI measures.
Fourth, we cannot exclude that other parameters could
have contributed to the observed effects. However, note
that KIBRA genotype groups did not differ with regard
to education, MMSE, body mass index, vascular risk
factors, APOE e4-carrier status and a list of other para-
meters that have been previously associated with neuro-
psychological performance, thus a potential confounding
seems unlikely.

Conclusion and Outlook

Differences in memory performance, decline of cognitive
functioning as well as the vulnerability of the hippocampus
increase with age and is in part modulated by genetic
background (Craik and Rose, 2012; Raz et al, 2014). Thus, to
elucidate the mechanisms underlying the association of
KIBRA-SNP rs17070145 with brain function and structure,
we here for the first time assessed behavioral, microstructural
and functional MRI data in a large cohort of healthy
older adults, well characterized for potential confounding
factors. We observed a trend for better memory performance
in KIBRA T-allele carriers compared with non-T-allele
carriers. In addition, T-allele carriers showed significantly
larger total hippocampal volume and selective volumetric
and microstructural improvements in the CA2/3 and
CA4/DG hippocampal subfields, known to be involved in
memory formation. In addition, resting-state FC analyses
showed a larger de-differentiation of the hippocampus
network in KIBRA non-T-allele carriers, which might
display a compensatory mechanism. Although the under-
lying mechanisms are still unclear, our findings support
and extend existing evidence for a beneficial role of the
KIBRA T-allele on hippocampal structural and functional
plasticity, which might eventually translate into better
memory performance. Future studies are needed to replicate
these findings, particularly with regard to differences
in hippocampal microstructure and FC, and to further
identify the effects of the KIBRA polymorphism on
protein expression in the hippocampus subfields, for
example, using in vitro assays in postmortem brain slices
(Hock et al, 2000).
In sum, our study further strengthens the hypothesis that

the common KIBRA-SNP rs17070145 has a distinct role for
structural plasticity in memory-related brain areas in older
age. Thus, the findings contribute to a better understanding
of mechanisms underlying interindividual differences in
cognitive function during aging, and may help to develop
new preventive and therapeutic strategies against age-
associated cognitive decline.
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