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gyrus. Compared with subjects with TT genotype, SORL1 
G-allele carriers had a stronger negative rsFC in APOE ε4 
carriers, but a weaker negative rsFC in APOE non-ε4 car-
riers. These findings suggest that SORL1 and APOE genes 
modulate different hippocampal rsFCs and have a complex 
interaction. The SORL1- and APOE-dependent hippocam-
pal connectivity changes may at least partly account for 
their association with AD.
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Introduction

As a common polygenic disorder, Alzheimer’s disease 
(AD) is clinically characterized by progressive deteriora-
tion of memory and other cognitive abilities, and is patho-
logically characterized by formation of senile plaques and 
neurofibrillary tangles (Bird 2008). The ε4-allele of apoli-
poprotein E gene (APOE ε4) is a chief genetic risk factor 
for late-onset AD (Verghese et  al. 2011), but it is neither 
necessary nor sufficient for AD (Bertram and Tanzi 2008; 
Slooter et  al. 1998). Genome-wide association studies 
(GWAS) have associated AD with several other genetic 
variations, including sortilin-related receptor (SORL1) 
gene (Rogaeva et  al. 2007). Several previous studies have 
reported SORL1 × APOE interactions on the risk for AD 
(Cellini et  al. 2009; Kimura et  al. 2009) and on amyloid 
protein β (Aβ) concentrations in cerebrospinal fluid (CSF) 
in AD patients (Alexopoulos et  al. 2011a, b). This inter-
action may be mediated by the bind of SORL1 to APOE 
ligand, which induces endocytosis of APOE-containing 
lipoproteins (Taira et al. 2001).

Abstract Apolipoprotein E (APOE) and sortilin-related 
receptor (SORL1) genes act on the same metabolic pathway 
and have been associated with Alzheimer’s disease (AD) 
characterized by hippocampal impairment. Although the 
effects of APOE on hippocampal resting-state functional 
connectivity (rsFC) have been reported, the main effects 
of SORL1 and SORL1 × APOE interactions on hippocam-
pal rsFC in healthy subjects remain largely unknown. Here, 
we systematically investigated the main effects of SORL1 
rs2070045, and APOE, and their interaction effects on hip-
pocampal rsFC in healthy young adults. The main effect 
of APOE showed that risk ε4 carriers had decreased posi-
tive hippocampal rsFC with the precuneus/posterior cin-
gulate cortex and subgenual anterior cingulate cortex, and 
increased positive hippocampal rsFC with the sensorimo-
tor cortex compared with non-ε4 carriers. The main effect 
of SORL1 showed that risk G-allele carriers had decreased 
positive rsFC between the hippocampus and middle tem-
poral gyrus compared with TT carriers. No significant 
additive interaction was observed. Instead, significant 
SORL1 × APOE non-additive interaction was found in neg-
ative rsFC between the hippocampus and inferior frontal 
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Understanding genetic effects on brain imaging pheno-
types may help to identify potential pathways from gene to 
disease. Because hippocampal atrophy is the most promi-
nent feature of AD pathology (Hill et al. 2014), many imag-
ing genetics studies have explored associations between 
AD-related genetic variants and hippocampal atrophy. For 
example, APOE ε4 carriers have shown greater hippocam-
pal atrophy than non-carriers in AD patients, cognitively 
normal elderly, and healthy young adults (Alexopoulos 
et al. 2011a, b; den Heijer et al. 2002; O’Dwyer et al. 2012; 
Pievani et al. 2011). SORL1 risk allele has also been related 
to hippocampal atrophy in AD patients (Cuenco et al. 2008) 
and in healthy young subjects (Bralten et  al. 2011). The 
functional disconnection between the hippocampus and 
neocortical regions is another feature in AD impairments 
(Wang et  al. 2006). APOE genotypes have been associ-
ated with hippocampal resting-state functional connectivity 
(rsFC) in healthy adults (Fleisher et  al. 2009; Heise et  al. 
2014; Sheline et  al. 2010). However, it remains unclear 
whether and how SORL1 genetic variation modulates hip-
pocampal rsFC. Both APOE and SORL1 act on the amyloid 
precursor protein (APP) pathway (Bohm et  al. 2015) and 
affect the hippocampus (Louwersheimer et al. 2015; Piev-
ani et al. 2011), suggesting a potential interaction between 
APOE and SORL1.

In the present study, we collected data from 287 healthy 
young subjects and used an imaging genetic method to 
investigate the main effects of SORL1 and APOE, and their 
interactions on hippocampal rsFC, which may provide new 
insight on the role of SORL1 and APOE in AD pathology.

Materials and methods

Participants

A total of 287 healthy, young, right-handed subjects (134 
males and 153 females; mean age: 22.7 ± 2.4 years, ranging 
from 18 to 29 years) were selected from 323 subjects who 
participated in this study. Fifteen subjects were excluded 
because of poor image quality. Two subjects were excluded 
because of genotyping failure for APOE status, and three 
subjects with ε2ε4 genotype were also excluded because 
of the opposite effects of the two alleles. Thirteen subjects 
were excluded because of genotyping failure for SORL1. 
Memory function was assessed by the Chinese Revised 
Wechsler Memory Scale (RC-WMS). Memory quotient 
was used to assess global memory ability, and the visual 
reproduction subscale was used to assess episodic memory. 
Three subjects were further excluded due to lack of mem-
ory data. All participants were carefully screened to ensure 
that they had no history of psychiatric or neurological ill-
ness, and had no contraindications for MRI examinations. 

To purify the sample, only Chinese Han subjects were 
recruited. The study protocol was approved by the Medi-
cal Research Ethics Committee of Tianjin Medical Univer-
sity, and written informed consent was obtained from each 
participant.

Genotyping

We extracted genomic DNA from 3000  µl of the whole 
blood using the EZgeneTM Blood gDNA Miniprep Kit 
(BiomigaInc, San Diego, CA, USA). The standard pro-
tocols were used to genotypes SORL1 rs2070045 and 
APOE. Detailed methods are described in Supplementary 
Materials. On the basis of APOE ε4 status (Verghese et al. 
2011), subjects were divided into ε4 carriers and non-car-
riers. Because most studies have indicated that G-allele of 
SORL1 rs2070045 is risk allele for AD (Reitz et al. 2011), 
subjects were further subdivided into G-allele carriers and 
TT homozygotes.

Image acquisition

MR images were acquired using a Signa HDx 3.0  T MR 
scanner (General Electric, Milwaukee, WI, USA). Tight 
but comfortable foam padding was used to minimize head 
movement, and earplugs were used to reduce scanner noise. 
Resting-state fMRI data were obtained using Gradient-
Echo Single-Shot Echo-Planar Imaging sequence (GRE-
SS-EPI) with the following imaging parameters: repeti-
tion time (TR)/echo time (TE) = 2000/30 ms; field of view 
(FOV) = 240  mm × 240  mm; matrix = 64 × 64; flip angle 
(FA) = 90°; slice thickness = 4 mm; no gap; 40 interleaved 
transversal slices; and 180 volumes. During fMRI scans, all 
subjects were instructed to keep their eyes closed to stay as 
still as possible, to think of nothing in particular, and to not 
fall asleep. Sagittal 3D T1-weighted images were acquired 
by a brain-volume sequence (TR/TE = 8.1/3.1  ms; inver-
sion time = 450  ms; FA = 13°; FOV = 256  mm × 256  mm; 
matrix = 256 × 256; slice thickness = 1  mm, no gap; and 
176 slices).

Data preprocessing

Before data preprocessing, we carefully examined the 
imaging quality of each subject and did not find unac-
ceptable artifact in any subject. Resting-state fMRI 
data were preprocessed using the Statistical Paramet-
ric Mapping (SPM8, http://www.fil.ion.ucl.ac.uk/spm) 
and Data Processing Assistant for Resting-State fMRI 
(DPARSF) (Chao-Gan and Yu-Feng 2010). The first ten 
volumes of each functional time series were discarded 
to allow signal to reach equilibrium and the participants 
to adapt to scanning noise. The remaining 170 volumes 
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were corrected for acquisition time delay between slices 
and were realigned to the first volume. Head move-
ment parameters were estimated, and each volume was 
realigned to the mean map to correct for geometrical 
displacements using a six-parameter rigid-body trans-
formation. Fifteen subjects were excluded from further 
analysis, because their maximum displacement in any of 
the three orthogonal directions was more than 2 mm or 
a maximum rotation was greater than 2.0°. We also cal-
culated framewise displacement, which indexes volume-
to-volume changes in head position. These changes were 
obtained from derivatives of the rigid-body realignment 
estimates that were used to realign fMRI data (Power 
et  al. 2012, 2013). Subsequently, individual structural 
images were co-registered to the mean functional image 
with a linear transformation. The transformed structural 
images were then segmented into gray matter, white 
matter, and cerebrospinal fluid using a unified segmen-
tation algorithm (Ashburner and Friston 2005). The 
motion-corrected functional volumes were spatially nor-
malized to the Montreal Neurological Institute (MNI) 
space and re-sampled to 3 × 3 × 3  mm3 voxels using the 
same transformation parameters. The normalized fMRI 
data were smoothed with a full width at half-maximum 
(FWHM) of 6  mm. Several sources of spurious vari-
ances, including estimated motion parameters, linear 
drift, and average fMRI signals in the whole brain, ven-
tricle, and white matter regions, were removed from the 
data using linear regression. Finally, temporal band-pass 
filtering (0.01–0.08 Hz) was performed on time series of 
each voxel to reduce the effects of low-frequency drift 
and high-frequency noises (Liu et al. 2013).

rsFC analysis

The left and right hippocampal seed regions were extracted 
from the Harvard-Oxford Subcortical Structure Atlas using 
a probability threshold of 50%. For each individual, Pear-
son correlation coefficient between the mean time series 
of each seed region and that of each voxel throughout the 
whole brain was calculated (Liu et  al. 2015). The result-
ing correlation coefficients were transformed into z values 
using Fisher’s z transformation. Then, individuals’ z val-
ues were entered into a random effect one-sample t test in 
a voxelwise manner to identify brain regions that showed 
significant correlations with the seed region. Multiple com-
parisons were corrected for familywise error (FWE) with a 
threshold of P < 0.05. Thus, the whole brain rsFC maps of 
left and right hippocampus were created (Fig. 1).

Gray matter volume (GMV) analysis

GMV was calculated by SPM8 (http://www.fil.ion.ucl.
ac.uk/spm/software/spm8). Detailed methods are described 
in Supplementary Materials. We defined brain regions 
with significant rsFC differences with the hippocampus as 
regions of interest (ROIs). The GMVs of these ROIs were 
extracted and compared between genotypes (P < 0.05, 
uncorrected).

Statistical analysis

Hardy–Weinberg equilibrium was tested using the Chi-
square goodness-of-fit test. Statistical analyses for demo-
graphic, head motion, and psychological data were per-
formed using the Statistical Package for the Social Sciences 

Fig. 1  rsFC patterns of hippocampus. a Left hippocampus; and b right hippocampus. Positive (warm color) and negative (Cold color) correla-
tions are projected to structural images. Color scales present T value of one-sample t test

http://www.fil.ion.ucl.ac.uk/spm/software/spm8
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version 18.0 (SPSS) for Windows (P < 0.05). Comparisons 
between genetic subgroups were performed using a one-
way analysis of variance (ANOVA) for continuous varia-
bles (age, years of education, and framewise displacement), 
and a Chi-square test for categorical variable (sex). A two-
way analysis of covariance (ANCOVA) was used to assess 
the main effects of SORL1 and APOE and their interactions 
on memory quotient and visual reproduction score while 
controlling for age, gender, and years of education.

For the combined gene analyses of APOE and SORL1, 
we tested for both additive interaction effects and non-addi-
tive interaction effects. Two-way ANCOVA was used to 
assess the main effects of SORL1 and APOE and non-addi-
tive interactions between SORL1 and APOE on hippocam-
pal rsFC controlling for age, gender, and years of educa-
tion. Although default settings in SPM and SPSS calculate 
Type III sums of squares to deal with unbalanced data, a 
nonparametric model may be another reasonable option. 
Permutation is such a nonparametric test that requires few 
assumptions about the data and is a reliable method to 
cope with unbalanced data (Winkler et al. 2014). Thus, we 
performed permutation tests using the Randomise tool of 
FMRIB Software Library (FSL) (http://fsl.fmrib.ox.ac.uk/
fsl/fslwiki/randomise/theory) (Mcfarquhar 2016) to further 
validate our results. Gender, age, and years of education 
were included as covariates. Multiple comparisons were 
corrected using AlphaSim method (P < 0.05), which is real-
ized by Monte Carlo simulation. The underlying principle 
is that true regions of activation will tend to occur over 
contiguous voxels, but noise is unlikely to form clusters 
of activated voxels. Thus, the presence of clustering can 
be used as one criterion to distinguish between signal and 
noise. The power of the statistical test is largely enhanced 
by combining probability and cluster thresholding. The 
program generates an estimate of the overall significance 
level achieved for various combinations of probability and 
cluster thresholds. Several parameters should be input to 
run the program, including the probability threshold at a 
single voxel level, number of simulation, smoothing kernel, 
connection fashion of nearby voxels, mask for analysis, and 
resolution of voxels. The parameters of this study were as 
follows: single voxel P = 0.01, 5000 simulations, and edge 
connection; with a positive or negative rsFC mask and a 
resolution of 3 × 3 × 3  mm3. After that, the program will 
generate a series of cluster thresholds corresponding to the 
selected corrected probability thresholds. For a corrected 
threshold of P < 0.05, the cluster threshold was 20 voxels 
for the positive rsFC analysis and 25 voxels for the negative 
rsFC analysis.

To test for additive interaction effects, we created 
three gene–gene cohorts based on the number of risk 
alleles in APOE and SORL1. Participants with APOE 
non-ε4 and SORL1 TT (0 risk allele) were classified into 

“1 lowest-risk” cohort; participants with either carriers 
of APOE ε4 and SORL1 TT or carriers of APOE non-ε4 
and SORL1 G-allele (1 risk allele) were classified into “2 
middle-risk” cohort; and participants with APOE ε4 and 
SORL1 G-allele (2 risk alleles) were classified into “3 high-
est-risk” cohort. Additive effects were tested by a voxel-
wise linear regression with the degrees of risk as independ-
ent factor (1, 2, or 3) and hippocampal rsFC as dependent 
factor, controlling for age, gender, and years of education. 
Multiple comparisons were corrected using the same statis-
tical threshold as the previous voxel-based analyses.

Partial correlation analysis was conducted to assess cor-
relations (P < 0.05) between memory scores (memory quo-
tient and visual reproduction score) and hippocampal con-
nectivity while controlling for the effects of age, gender, 
and years of education.

Results

Demographic and genetic characteristics

A total of 287 healthy young Chinese Han subjects with 
high-quality imaging data and SORL1 and APOE geno-
typic information were finally included in the present study. 
These subjects were divided into four groups according 
to genotypes. The demographic data of these groups are 
shown in Table 1. Both SORL1 and APOE genotypic dis-
tributions were in Hardy–Weinberg equilibrium (P = 0.20 
for SORL1 and P = 0.85 for APOE) for whom genotyped 
successfully. One-way ANOVA revealed that there were no 
significant differences between the four genotypic groups in 
age (P = 0.25), years of education (P = 0.97), and framewise 
displacement (P = 0.80). Chi-square tests did not reveal any 
significant differences in gender distribution of the four 
groups (P = 0.71). However, we found that APOE ε4 car-
riers had significantly reduced memory quotient (F = 6.71, 
P = 0.01) than non-ε4 carriers for the main effect of APOE 
(Fig. S1). In addition, we also found a significant SORL1-
APOE interaction (F = 5.50, P = 0.02) on the memory 
quotient. The post hoc analysis showed that subjects with 
risk APOE ε4 allele showed significantly reduced memory 
quotient (t = −2.32, P = 0.03) than non-ε4 carriers only in 
SORL1 TT carriers (Fig. S2). However, we did not find a 
significant main effect of SORL1 on memory quotient and 
any significant main and interaction effects of the two SNPs 
on visual reproduction score (P > 0.05).

The main effect of SORL1

Using parametric ANCOVA, the main effect of SORL1 was 
found in positive rsFC between the left hippocampus and 
middle temporal gyrus (MTG) (Fig. 2) (Table 2). G-allele 

http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/randomise/theory
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(risk genotype) carriers had a weaker positive rsFC than TT 
(protective genotype) carriers (P = 0.0001). None of nega-
tive hippocampal rsFC exhibited a significant main effect 
of SORL1.

Using nonparametric permutation, the main effect of 
SORL1 was found in the same positive rsFC between the 
left hippocampus and MTG (Fig.  2) (Table  2). G-allele 

Table 1  Genetic, demographic, and psychological characteristics

The data are shown as means (SD). G-allele = GG + GT; non-ε4 = ε3 + ε2; F, female; M, male

Combined genotypes G-allele/ε4 (N = 30) G-allele/non-ε4 
(N = 193)

TT/ε4 (N = 11) TT/non-ε4 (N = 53)

SORL1 genotype counts GG/GT/TT 9/21/0 86/107/0 0/0/11 0/0/53
APOE genotype counts ε4/ε3/ε2 30/0/0 0/30/163 11/0/0 0/45/8
Age (years) 22.2 (2.2) 22.9 (2.4) 22.2 (3.1) 22.3 (2.3)
Gender (M/F) 15/15 93/100 5/6 21/32
Years of education 15.7 (1.9) 15.6 (2.2) 15.7 (1.7) 15.5 (2.3)
Memory quotient 114.7 (8.1) 114.6 (9.3) 108.3 (11.1) 116.8 (10.9)
Visual reproduction score 12.1 (1.2) 12.0 (1.6) 12.3 (1.0) 11.9 (1.6)

Fig. 2  Main effect of SORL1 
on left hippocampal positive 
connectivity. Hip hippocampus, 
L left, MTG middle temporal 
gyrus, R right
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(risk genotype) carriers also had a weaker positive rsFC 
than TT (protective genotype) carriers (P = 0.0001).

The main effect of APOE

Using parametric ANCOVA, the main effect of APOE was 
found in positive right hippocampal rsFC with the posterior 
cingulate cortex (PCC) (Fig. 3a), precuneus (Pcu) (Fig. 3b) 
and bilateral sensorimotor cortices (SMC) (Fig. 3c, d), and 
left hippocampal rsFC with the subgenual anterior cingu-
late cortex (sACC) (Fig.  3e; Table 2). The ε4 (risk geno-
type) carriers had a weaker positive hippocampal rsFC than 
non-ε4 (protective genotype) carriers (P = 0.0001 for PCC; 
P = 0.0001 for Pcu; P = 0.0001 for sACC) and a stronger 
positive rsFC in bilateral SMC (P = 0.0001 for the right; 
P = 0.001 for the left). None of the negative rsFC of the 
hippocampus exhibited a significant main effect of APOE.

Using nonparametric permutation, the main effect of 
APOE was found in positive rsFC of the right hippocam-
pus with the PCC (Fig.  3a′), Pcu (Fig.  3b′), and bilateral 
SMC (Fig. 3c′, d′; Table 2). In addition, the main effect of 
APOE also existed in positive rsFC of the left hippocam-
pus with the sACC and Pcu (Fig. 3e′, f′; Table 2). The ε4 
(risk genotype) carriers had a weaker positive hippocampal 
rsFC than non-ε4 (protective genotype) carriers with the 
PCC (P = 0.0001), Pcu (P = 0.0001 for right hippocampus; 
P = 0.003 for left hippocampus) and sACC (P = 0.001), and 
a stronger positive hippocampal rsFC with the bilateral 
SMC (P = 0.0001 for the right; P = 0.001 for the left).

Non‑additive interactions of SORL1 and APOE

Using parametric ANCOVA, the non-additive interaction 
effect of SORL1 and APOE was found only in negative 
rsFC between the right hippocampus and the left inferior 

frontal gyrus (IFG) (Fig. 4; Table 2). In risk APOE ε4 car-
riers, subjects with risk SORL1 G-allele had a stronger 
negative rsFC than those with protective TT (P = 0.006). 
In APOE non-ε4 carriers, in contrast, negative rsFC was 
weaker in subjects with risk SORL1 G-allele than in those 
with TT (P = 0.002).

Using nonparametric permutation, the non-additive 
interaction effect of SORL1 and APOE was found in the 
same negative rsFC between the right hippocampus and the 
IFG (Fig.  4; Table  2). In risk APOE ε4 carriers, subjects 
with risk SORL1 G-allele had a stronger negative rsFC than 
those with protective TT (P = 0.005). In APOE non-ε4 car-
riers, in contrast, negative rsFC was weaker in subjects with 
risk SORL1 G-allele than in those with TT (P = 0.003).

Comparison of rsFC between double and one risk‑allele 
carriers

To clarify the relationship between increased and decreased 
hippocampal rsFC in risk-allele carriers, we extracted hip-
pocampal rsFC values with significant intergroup differ-
ences from each risk-allele carrier, and then compared rsFC 
differences between double and one risk-allele carriers 
using general linear model while controlling for the effects 
of age, sex, and educational years. For hippocampal rsFC 
with significant main effect of APOE, compared with one 
risk-allele carriers (APOE ε4-allele or SORL1 G-allele), 
double carriers (APOE ε4-allele + SORL1 G-allele) showed 
weaker right hippocampal rsFC with the PCC (P = 0.001) 
(Fig. S3) and the Pcu (P = 0.004) (Fig. S4). For hippocam-
pal rsFC with significant main effect of SORL1, compared 
with one risk-allele carriers, double carriers showed a trend 
towards rsFC reduction between the left hippocampus and 
the left MTG (P = 0.07) (Fig. S5). For hippocampal rsFC 
with significant interactive effect of SORL1 and APOE, 

Table 2  Main and interaction effects of SORL1 and APOE on hippocampal connectivity

BA Brodmann area, Hip hippocampus, IFG inferior frontal gyrus, L left, MTG middle temporal gyrus, PCC posterior cingulate cortex, Pcu pre-
cuneus, R right, sACC subgenual anterior cingulate cortex, SMC sensorimotor cortex

Connectivity (sign) BA Parametric ANCOVA Nonparametric permutation

Coordinates (MNI) Cluster 
size (vox-
els)

F value Coordinates (MNI) Cluster 
size (vox-
els)

P value

x y z x y z

SORL1 LHip and LMTG (positive) 21 −48 −3 −18 26 17.00 −51 −3 −15 34 0.0001
APOE RHip and PCC (positive) 29 −6 −42 18 28 10.53 −6 −42 18 33 0.0009

RHip and Pcu (positive) 23 12 −60 27 34 12.51 9 −63 27 41 0.0005
RHip and RSMC (positive) 4 54 −15 51 130 15.42 48 −15 54 144 0.0001
RHip and LSMC (positive) 4 −42 −30 66 37 11.40 −42 −30 66 64 0.0003
LHip and Pcu (positive) 23 – – – – – 12 −57 27 58 0.0014
LHip and sACC (positive) 25 3 3 −9 45 10.18 3 3 −9 71 0.0006

SORL1 × APOE RHip and LIFG (negative) 45 −54 33 18 35 11.11 −51 39 0 40 0.0009
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Fig. 3  Main effect of APOE on 
hippocampal positive connec-
tivity. Hip hippocampus, L left, 
PCC posterior cingulate cortex, 
Pcu precuneus, R right, sACC 
subgenual anterior cingulate 
cortex, SMC sensorimotor 
cortex
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compared with one risk-allele carriers, double carriers 
showed stronger right hippocampal rsFC with the left IFG 
(P = 0.01) (Fig. S6).

We also compared rsFC differences of the IFG with 
the MTG, PCC, and PCu between double- and single risk-
allele carriers. The IFG-MTG (SORL1-related region) (Fig. 
S7), IFG-PCC (APOE-related region) (Fig. S8), and IFG-
Pcu (APOE-related region) (Fig. S9) rsFCs did not differ 
between double and single risk-allele carriers.

Additive interactions of SORL1 and APOE

We did not find any significant additive interaction effects 
of the degrees of risk on hippocampal rsFCs under the 
same statistical threshold (P < 0.05, AlphaSim correction).

Correlations between hippocampal connectivity 
and memory scores

For all hippocampal rsFCs with a significant main or 
interaction effect of SORL1 and APOE, we calculated 

correlations between these hippocampal rsFCs and memory 
scores. Only the left hippocampal rsFC with the Pcu was 
significantly associated with memory quotients (P = 0.001) 
and showed a trend towards significant correlation with 
visual reproduction scores (P = 0.07). Other hippocampal 
rsFCs did not show any significant correlations (P < 0.05).

GMV differences

To determine whether rsFC of brain regions with signifi-
cant genotypic difference were associated with GMV dif-
ferences across genotypes, we compared GMVs of these 
clusters and bilateral hippocampi. However, neither sig-
nificant main effects nor APOE × SORL1 interactions were 
found in GMVs of these ROIs (P > 0.05).

Discussion

In the present study, we systematically investigated the 
main effects and interactions of SORL1 and APOE genetic 

Fig. 4  Non-additive interac-
tion of SORL1 and APOE on 
the right hippocampal negative 
connectivity. Hip hippocampus, 
IFG inferior frontal gyrus, L 
left, R right
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variations on hippocampal rsFC in healthy young adults. 
The main effect analyses showed that carriers with APOE 
risk ε4 had reduced or increased hippocampal rsFC, while 
SORL1 risk G-allele had reduced hippocampal rsFC com-
pared with carriers with a protective genotype. Moreover, 
we showed a significant non-additive interaction of SORL1 
and APOE, but failed to show any significant additive 
effects.

APOE, a transporter of cholesterol and lipids, plays 
a critical role in lipid homeostasis and neuronal repair in 
the brain (Mahley et  al. 2006). As a chief known genetic 
risk factor (Verghese et  al. 2011), APOE ε4 increases 
the risk for late-onset AD by binding to β-amyloid pro-
tein and accelerating deposition of amyloid (Mahley et al. 
2006). However, APOE ε4 alone is neither necessary nor 
sufficient for AD (Bertram and Tanzi 2008; Slooter et  al. 
1998). GWAS has identified several genomic regions that 
are associated with AD susceptibility, including SORL1 
gene (Rogaeva et al. 2007). SORL1 genetic variants cause 
reduced expression of SORL1 in the brain in AD (Scherzer 
et al. 2004). Lack of SORL1 switches the amyloid precur-
sor protein (APP) away from retromer recycling pathway, 
and instead directs APP into β-secretase cleavage pathway, 
increasing APPsβ production and then into γ-secretase 
cleavage pathway to generate Aβ peptide (Rogaeva et  al. 
2007). Most studies support SORL1 rs2070045 G-allele 
as the risk genetic factor for late-onset AD, including the 
evidence from Chinese Han population (Reitz et al. 2011). 
SORL1 binds multiple ligands including APOE and plays a 
role in endocytosis of APOE-containing lipoproteins (Taira 
et al. 2001). Interactions between SORL1 and APOE might 
interfere with the formation of APOE-Aβ complex, and this 
process may foster Aβ deposition in the brain by increas-
ing unbound Aβ species that leading to pathogenesis of AD 
(Ikeuchi et al. 2010).

Both hippocampus and PCC/Pcu are brain regions that 
show the earliest changes of AD pathology (Braak and 
Braak 1991; Buckner et  al. 2005). The normal anatomi-
cal and functional connections between these two regions 
are critically important for successful memory formation 
(Miller et  al. 2008). Disruption of this connection has 
been proposed as an early imaging biomarker for AD and 
a primary factor in episodic memory impairment associ-
ated with early AD (Zhou et al. 2008). Using a seed-based 
rsFC analysis, APOE ε4 carriers show decreased rsFC 
between hippocampus and PCC/Pcu than non-ε4 carri-
ers in normal elderly subjects (Heise et  al. 2014), even 
in normal subjects without Aβ deposits (Sheline et  al. 
2010). Using the same analysis method, we extended this 
finding into healthy young adults, suggesting that APOE 
ε4-allele modulates this rsFC decades prior to the typical 
age at onset of AD. In contrast to the finding of ε4-allele-
related connectivity reduction, independent component 

analysis (ICA) has revealed increased hippocampal con-
nectivity with the default mode network (DMN) in APOE 
ε4 carriers in healthy young adults (Filippini et al. 2009) 
and in middle-aged and elderly healthy subjects (Westlye 
et al. 2011). Different analytical approaches may account 
for the discrepancy. Seed-based rsFC measures temporal 
correlation of BOLD signal fluctuation between the seed 
and each voxel of the brain. In contrast, ICA measures 
temporal synchronization of BOLD signal fluctuation 
between a network (such as the DMN) and each voxel of 
this network. In hippocampal rsFC analysis, each signifi-
cant cluster has strong connectivity with the hippocam-
pus. However, the hippocampus is not the core compo-
nent of the DMN derived from ICA.

The sensorimotor cortex has been considered to be rel-
atively spared of AD pathology (Braak and Braak 1991; 
Suvà et al. 1999). However, there is increasing evidence 
for sensorimotor dysfunction early in the disease (Albers 
et al. 2015). In addition, fMRI studies have revealed that 
decreased or rewired sensorimotor network connectivity 
in AD, even at an early stage (Agosta et  al. 2010; Brier 
et  al. 2012; Damoiseaux et  al. 2012; Dipasquale et  al. 
2015; Wang et  al. 2015a, b). Evidence from behavioral 
studies in elderly individuals indicates that APOE ε4 car-
riers have an enhanced vulnerability for impaired motor 
function (Buchman et  al. 2009; Carmelli et  al. 2000; 
Melzer et al. 2005). A resting-state network study reveals 
that the sensorimotor network exhibits decreased connec-
tivity in healthy elders with APOE ε4 (Wang et al. 2015a, 
b). On the contrary, in healthy young subjects, APOE ε4 
carriers exhibit increased functional connectivity in the 
sensorimotor network (Filippini et  al. 2009). Our study 
showed that APOE ε4 carriers showed increased rsFC 
between the hippocampus and sensorimotor cortex than 
non-ε4 carriers in healthy young subjects. The opposite 
main effects of APOE on hippocampal rsFC with the sen-
sorimotor cortex (increased in ε4 carriers) and PCC/Pcu 
(decreased in ε4 carriers) may reflect intrinsically anti-
correlated relationship between task-negative DMN and 
task-positive sensorimotor networks (Fox et al. 2005).

The sACC has shown perfusion decrease from entorhi-
nal to limbic stages during the process of AD pathology 
(Bradley et al. 2002). A significant GMV and metabolic 
decrease also occurs in the sACC at an early stage of 
AD (Fouquet et  al. 2009; Frisoni et  al. 2009). Moreo-
ver, metabolic reduction in the sACC has been corre-
lated with that in the hippocampus in patients with mild 
cognitive impairment (Fouquet et  al. 2009), which has 
been linked to anatomical disconnection between the two 
regions (Villain et  al. 2010). Resting-state fMRI data 
have shown that the sACC is functionally connected with 
the hippocampus (Yu et  al. 2011). Therefore, decreased 
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hippocampal rsFC with the sACC in young healthy 
APOE ε4 carriers may be an indicator for the AD risk.

Pathological study has revealed that MTG is one of the 
neocortical sites that are early affected in AD (Braak and 
Braak 1991). Longitudinal structural analysis has shown 
that MTG atrophy occurs shortly after hippocampal atro-
phy and is secondary to hippocampal changes during the 
course of AD (Li et al. 2011). Resting-state fMRI studies 
have revealed that rsFC between hippocampus and MTG is 
significantly decreased in AD patients (Allen et  al. 2007; 
Wang et al. 2006). Our study revealed that young healthy 
SORL1 G carriers (risk allele) exhibited decreased hip-
pocampal rsFC with MTG. This finding suggests that con-
nectivity impairment between these two regions already 
starts in young adults at genetic risk for AD, which may 
predispose SORL1 G-allele carriers to be susceptible for 
AD after several decades.

The IFG is involved in cognitive control of memory, 
permitting memory to be accessed strategically (Badre and 
Wagner 2007). The IFG and hippocampus are intercon-
nected via polysynaptic pathways (Barredo et al. 2015) and 
are co-activated during memory tasks (Dove et al. 2006). In 
this study, we found a non-additive APOE-SORL1 interac-
tion on the hippocampus-IFG connectivity. In non-ε4 car-
riers, SORL1 risk-allele carriers had weaker hippocampus-
IFG connectivity than non-carriers, which can be explained 
by the main effect of the SORL1. However, in ε4 carriers, 
SORL1 risk-allele carriers had stronger hippocampus-IFG 
negative connectivity than non-carriers. Because double 
risk-allele carriers showed reduced hippocampal connec-
tivity with the MTG, PCC, and Pcu than single risk-allele 
carriers, the increased hippocampus-IFG negative con-
nectivity in double carriers may compensate for the con-
nectivity impairment of the hippocampus. Alternatively, 
the increased hippocampus-IFG negative connectivity in 
double carriers may reflect activity changes in these two 
regions (hippocampus and IFG) in the opposite direction, 
because AD patients show increased activation in the IFG 
and decreased activation in the MTL during both encoding 
and retrieving processes (Schwindt and Black 2009). Fur-
ther studies are needed to clarify the biological relevance 
of the increased hippocampus-IFG negative connectivity in 
double carriers.

We also investigated effects of APOE and SORL1 on 
GMVs of the hippocampus and brain regions whose rsFC 
with the hippocampus exhibiting a significant genetic 
modulation effect. However, we did not find any signifi-
cant main effects and interactions, suggesting that effects 
of APOE and SORL1 on hippocampal rsFCs are not likely 
to be the result of GMV changes in these regions. The 
lack of a modulation effect of APOE on hippocampal 
volume in young healthy adults is consistent with sev-
eral previous studies (Khan et al. 2014; Mondadori et al. 

2007; Richter-Schmidinger et  al. 2011; Sidiropoulos 
et  al. 2011), but inconsistent with others (Alexopoulos 
et al. 2011a, b; O’Dwyer et al. 2012). Future studies with 
a large sample sizes are needed to clarify the issue.

Much evidence demonstrates that APOE ε4 is asso-
ciated with memory deficits in healthy elders (Caselli 
et al. 2009; Wisdom et al. 2011). In healthy young adults, 
however, inconsistent findings have been reported on 
the association between APOE status and memory. One 
study shows that APOE ε4 is related to better memory 
score (Mondadori et al. 2007); however, this finding has 
not been replicated in another study (Bunce et al. 2011). 
In this study, young APOE ε4 carriers had significantly 
reduced memory quotient and hippocampus-Pcu connec-
tivity than non-ε4 carriers regardless of their SORL1 sta-
tus. Because hippocampus-Pcu connectivity is critically 
important for memory formation (Miller et  al. 2008), 
the positive correlation between memory quotients and 
this connectivity suggests that reduced hippocampus-
Pcu connectivity may underlie memory deficit in APOE 
ε4 carriers. Of course, further efforts are warranted to 
clarify the discrepancy of memory performance in young 
APOE ε4 carriers across studies.

Several limitations should be noted when interpreting 
our findings. Only Chinese Han subjects were included in 
this study. Investigations on other ethnic populations may 
provide information on whether our finding is a generalized 
effect across ethnic populations. Brain regions with signifi-
cant genotypic difference were not found to be correlated 
with visual reproduction test in our sample. RC-WMS may 
not be the most sensitive scale for assessing memory func-
tion, more powerful neuropsychological tests are needed 
in future study. Only healthy young subjects were included 
in this study. Investigation on the effects of SORL1 and 
APOE gene on brain structural and functional changes in 
other developmental stages and in patients with memory 
deficit or AD may provide us a more complete understand-
ing of the effects of SORL1 and APOE genetic variations. 
Because global signal has been thought to reflect non-neu-
ronal noise, global signal regression (GSR) has been used 
as a standard step during processing of resting-state fMRI 
data. However, GSR may induce spurious negative cor-
relations. Since there is no clear consensus on what such 
correlations mean in terms of “connectivity”, the SORL1-
APOE interaction effect on the hippocampus-IFG negative 
connectivity should be carefully interpreted.

In conclusion, the current results showed altered hip-
pocampal rsFC in carriers with risk APOE ε4 or SORL1 
G-allele, which may predispose these risk-allele carriers 
to be susceptible for AD after several decades. We also 
showed a non-additive interaction of SORL1 and APOE, 
suggesting the complexity of the effects of AD-related 
genetic variations.
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