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Abstract

The neural mechanisms underlying the polygenic effects of the endocytosis pathway on the brain function of Alzheimer’s
Disease (AD) remain unclear, especially in the prodromal stages of AD from early mild cognitive impairment (EMCI) to late
mild cognitive impairment (LMCI). We used an imaging genetic approach to investigate the polygenic effects of the endocytosis
pathway on the hippocampal network across the prodromal stages of AD. The subjects’ data were selected from the Alzheimer’s
Disease Neuroimaging Initiative. Hippocampal volumes were examined in subjects of cognitive normal (CN), EMCI and LMCI
groups. Multivariate linear regression analysis was employed to measure the effects of disease and endocytosis-based multilocus
genetic risk scores (MGRS) on the hippocampal network which was constructed using the bilateral hippocampal regions. We
identified hippocampal volumes in LMCI group were smaller than those in CN and EMCI groups. Endocytosis-based MGRS
was widely influenced the neural structures within the hippocampal network, especially in the prefrontal-occipital regions and
striatum. Compared to low endocytosis-based MGRS carriers, high MGRS carriers showed the opposite trajectory of hippocam-
pal network functional connectivity (FC) across the prodromal stages of AD. Further, a model composed of selected hippocampal
FCs and hippocampal volume yielded strong classification powers of EMCI and LMCI. These findings expand our understand-
ing of the pathophysiology of polygenic effects underlying brain network in the prodromal stages of AD.

Keywords Genetic polymorphism - Mild cognitive impairment - Hippocampus - Resting-state functional magnetic resonance
imaging - Classification

Introduction

Alzheimer’s disease (AD) is a neurodegenerative disease fea-
tured by severe cognitive impairment in the elderly. The inci-
dence of AD has been on the rise, but unfortunately, to date we
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have not found a complete cure for AD (2016 Alzheimer’s
disease facts and Figs. 2016). The National Institute on Aging-
Alzheimer’s Association (NIA-AA) research framework de-
fines AD as a biological process that spans from normal to
dementia (Cummings 2018). Pathological changes may begin
decades before the onset of dementia and substantial neuronal
loss in the prodromal stages of the AD (Atri 2019; Sperling
et al. 2011). Therefore, Healthy lifestyle and preventive treat-
ment are encouraged in the prodromal stages of dementia and
reducing dementia risk factors may slow the progression of
AD (Smith and Yaffe 2014; Sperling et al. 2014). The inter-
mediate stage between cognitively normal and dementia is
mild cognitive impairment (MCI). Therefore, more and more
people are concerned about the decline of cognitive ability in
MCI patients (Mitchell 2009; Koivunen et al. 2011). The
Alzheimer’s Disease Neuroimaging Initiative (ADNI) split
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MCT stage into two phases—early MCI (EMCI) and late MCI
(LMCI)—according to the severity of delayed memory im-
pairment in logical memory (Aisen et al. 2010; Weiner et al.
2010). Understanding the differences between EMCI and
LMCI may help to understand AD progression.

The pathological marker of AD is [3-amyloid protein (Af3)
(Hardy and Selkoe 2002; Musiek and Holtzman 2015).
Increasing evidence have reported that endocytosis takes ef-
fect in the A metabolism (Cirrito et al. 2008; Choy et al.
2012; Carey et al. 2005). Endocytosis is the active transport
system that involves the cell membrane in trafficking mole-
cules move in and out of the cell through endocytic transport
system across the membrane, and all components of this sys-
tem make up endocytic pathway. Endocytosis occurs when
partial entrapment of plasma membrane, in which the contents
of vesicle are internalized by clathrin-dependent or clathrin-
independent pathways (Miaczynska et al. 2004; Sorkin and
Von Zastrow 2002; Hansen and Nichols 2009). Neurons can
clear 3-amyloid precursor protein (APP) by endocytosis path-
way. Genetic studies have shown that the onset and progres-
sion of AD are associated with some endocytosis-related
genes (Seshadri et al. 2010; Harold et al. 2009;
Hollingworth et al. 2011; Naj et al. 2011; Lambert et al.
2013). Therefore, mutations in endocytic genes that disrupt
physiological functions of neurons might significantly con-
tribute to AD pathophysiology (Kimura and Yanagisawa
2018). BINI gene encodes for bridging integrator 1(BIN1),
via interaction of clathrin and the AP-2/x-adaptin (CLAP)
domain, regulates the endocytosis pathway(Ramjaun and
McPherson 1998). BINI increases A} by binding to
GTPase dynamin via clathrin-mediated endocytosis (Wigge
and McMahon 1998). Recent evidence suggests that
BACE] is modulated by BINI, then adjusting the A3 produc-
tion (Miyagawa et al. 2016; Ubelmann et al. 2017). CD2AP
gene encodes CD2-associated protein which(CD2AP) is a
membrane-associated scaffold protein involved in intracellu-
lar trafficking (Dustin et al. 1998), a key regulator of lysosome
vesicle transport (Cormont et al. 2003) and a major candidate
for regulating A3 clearance. SORLI gene encodes for sortilin
related receptor 1(SORL1). It is responsible for the transport
of vesicles from the cell surface to the golgi endoplasmic
reticulum and binds directly to APP for recycling and contrib-
ute to the A3 generation (Lee et al. 2008; Spoelgen et al.
2006; Schmidt et al. 2007). SORLI is also a receptor that
binds lipoproteins, with a preference for apolipoprotein E ¢4
(APOE e4)—high risk gene for AD, and mediates the cellular
uptake via endocytic pathway(Rogaeva et al. 2007; Yajima
et al. 2015). PICALM gene encodes for phosphatidylinositol
binding cathrin assembly protein(PICALM) which is also
commonly seen in neurons(Xiao et al. 2012). Generally, this
protein is involved in the clathrin assembly, regulation of en-
docytosis and cell transport (Baig et al. 2010), and also asso-
ciated with cell proliferation and iron homeostasis (Scotland
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et al. 2012). In addition, PICALM plays an important role in
the fusion of synaptic vesicles and presynaptic membranes
through the transport of synaptic vesicle-related membrane
proteins (Harel et al. 2008). Studies on the correlation among
PICALM variants, cognitive function, and assessment of brain
volume, have shown that PICALM variation has a protective
effect (Mengel-From et al. 2011; Biffi et al. 2010).

The hippocampus was core structure of the episodic mem-
ory network and those with smaller volumes represent the
most important structural hallmark of conversion from MCI
to AD (Bai et al. 2009b; Dickerson et al. 2001; Bottino et al.
2002; Pennanen et al. 2004). Resting-state functional magnet-
ic resonance imaging (rs-fMRI) studies have also found the
alteration of hippocampal functional connectivity (HFC) net-
work across the AD spectrum (Sohn et al. 2014; Wang et al.
2006). Decreased FC in hippocampal subregion was associat-
ed with episodic memory declines with amnestic mild cogni-
tive impairment(aMCI) (Bai et al. 2011). Ye et al. found that
APOE genotype could affect the aging trajectories of compen-
sation in the HFC network in aMCI subjects (Ye et al. 2016).
However, the occurrence of AD may ascribe to the summative
effects of multiple genes related to the onset and development
of AD (Liu et al. 2012; Williamson et al. 2009). Our group has
previously reported that tau protein pathway and insulin resis-
tance pathway genes played significant roles in the pathology
of MCI with rs-fMRI studies (Bai et al. 2016; Su et al. 2017a).
Recently, a study by constructing multiple genetic risk scores
(MGRS) to investigated their association with AD, MCI, and
brain magnetic resonance structural phenotypes, implying that
the MGRS capturing endocytosis pathway was significantly
associated with MCI (Ahmad et al. 2018). However, multiple
genes effects of the endocytic pathway on the brain function
appear to be unknown in the AD spectrum.

The purpose of this study was to explore the neural mech-
anism of multiple genetic effect of the endocytic pathway on
the HFC network in the EMCI and LMCI patients. We hy-
pothesized that HFC network would be significantly associat-
ed with endocytosis-based MGRS in the AD spectrum.
Altered connectivities within the HFC network combining
with hippocampal volumes could be used to distinguish
EMCI from LMCI patients, thus, the neuroimaging biomarker
for the early differentiation of prodromal stages of AD was
obtained.

Material and methods

ADNI database and participants

All data were obtained from the ADNI database (http://adni.
loni.usc.edu). The rs-fMRI scans images were enrolment from

ADNI-1, ADNI-GO and ADNI-2 at baseline. A total of 86
subjects were enrolled in the current study, including 35
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cognitive normal (CN), 32 EMCI, and 19 LMCI. Individuals
with one or more APOE ¢4 alleles were classified as APOE ¢4
carriers (APOE ¢4+), while subjects with no APOE ¢4 alleles
were classified as APOE ¢4 non-carriers (APOE ¢4-).
According to the ADNI protocol, the CN subjects were veri-
fied as free of memory complaints, beyond what one would
expect for age. EMCI and LMCI subjects had a subjective
memory concern as reported by the subject, study partner or
clinician. The EMCI and LMCI subjects’ Mini-Mental State
Examination (MMSE) scores were between 24 and 30, CDR
scores of 0.5. To distinguish between EMCI and LMCI, ab-
normal memory function was documented by scoring the
Logical Memory Il subscale (Delayed Paragraph Recall) from
the Wechsler Memory Scale-Revised after the education ad-
justed ranges: EMCI: (a) 911 for 16 or more years of educa-
tion; (b) 59 for 8—15 years of education; (c) 3—6 for 07 years
of'education; LMCI: (a) < 8 for 16 or more years of education;
(b) <4 for 8-15 years of education; (c) < 2 for 0—7 years of
education. The functional brain MRI data and corresponding
clinical data were downloaded before November 24, 2017
from the publicly available ADNI database. All the detailed
description of the neuropsychological measure was presented
in the Supplementary Material.

Gene selection and construction of multilocus genetic
risk scores

MGRS employed in this study captures genetic variation in
endocytosis from the genome-wide association studies
(GWASS), including BIN1(rs744373), CD2AP(1s9296559),
PICALM(rs3851179) and SORLI(rs2070045). The genome-
wide single nucleotide polymorphisms (SNPs) were geno-
typed using the Illumina Human610-Quad Bead chip. The
detailed genotyping process was described in previous study
(Potkin et al. 2009). Each of the four reported SNPs has
reached the threshold of P <5 x 10 ® in previous GWAS
(Ahmad et al. 2018; Harold et al. 2009; Hollingworth et al.
2011; Lambert et al. 2013). We used PLINK v1.08 (Purcell
et al. 2007) to conduct the genetic analyses. SNPs were in-
cluded as follows: minor allele frequencies (MAF)>0.05,
Hardy-Weinberg equilibrium test P >0.001, minimum call
rates >90%. Each SNP was tested for association with MCI
in an additive model by multivariable logistic regression anal-
ysis. The genotypes were coded in the additive model as “0”
for non-risk allele homozygotes, “1” for heterozygotes, and
“2” for risk allele homozygotes. The significance level was set
at P < 0.05 after FDR correction. Consequently, the four SNPs
showed statistical significance and entered into weighted
multilocus genetic risk scores (MGRS) calculation. The
weight used for each SNP was the natural log of the odds ratio
(OR) associated with the risk allele, as opposed the OR asso-
ciated with the minor(sometimes protective) allele that was
obtained from the meta-analysis (Lambert et al. 2013;

Bertram et al. 2007). The specific information were
rs744373 (Chr: 2, Postion: 127894615, risk: G, OR: 1.17,
weight: 0.16), 1s9296559 (Chr: 6, Position: 47484534, risk:
C, OR: 1.11, weight: 0.10), rs3851179 (Chr: 11, Position:
85868640, protection: A, OR: 0.88, weight: —0.13),
rs2070045 (Chr: 11, Position: 121448090, risk: G, OR: 1.06,
weight: 0.06). The weighted MGRS was calculated by multi-
plying the number (0/1/2) of risk alleles by the weight, and
subsequently obtaining the sum across the four SNPs. This
detailed method has been described in previous studies
(Rodriguez-Rodriguez et al. 2013; Su et al. 2017b).
Moreover, since genetic neuroimaging data has identified
APOE €4 as a risk allele in AD and showed abnormal
resting-state brain function in patients with this allele
(Rodriguez-Rodriguez et al. 2013), this study included
APOE €4 as covariates in the following analysis.

Data acquisition

All subjects were scanned on a 3.0-Tesla Philips MRI scanner.
Rs-fMRI images were obtained using an echo-planar imaging
sequence with the following parameters: 140 time points, rep-
etition time (TR)=3000 ms, echo time (TE)=30 ms, flip
angle = 80°, number of slices =48, slice thickness = 3.3 mm,
spatial resolution =3 x 3 x 3 mm?, acquisition matrix = 64 x
64, and field of view (FOV) =240 x 240 mm. All original
image files were available to the general scientific community.
T1-weighted images were acquired using a sagittal magneti-
zation prepared rapid gradient echo (MP-RAGE), with data
parameters: TR =6700 ms, TE =3.1 ms, slice thickness =
1.2 mm, FA=9°, FOV =250 %250 mm, thickness =
1.0 mm, gap = 0 mm, and number of slices = 170.

Data preprocessing

The data preprocessing was performed using the Data
Processing Assistant for a Resting-State fMRI (DPARSFA)
(http://www.restfmri.net), which is based on Statistical
Parametric Mapping (SPM12, http://www.fil.ion.ucl.ac.uk/
spm) and the rs-fMRI Data Analysis Toolkit (REST, http://
www.restfmri.net). Data analyses of the groups were
conducted with the SPM12 toolkit. Briefly, the first 10
volumes of the scanning session were discarded to allow for
T1 equilibration effects. The remaining images were corrected
for timing differences and motion effects. No translation or
rotation parameters of head motion in any given data set
exceeded £3 mm or + 3°. The resulting images were spatially
normalized to the standard Montreal Neurological Institute
(MNI) echo-planar imaging template using the default settings,
resampling to 3 x 3 x3 mm® voxels, and smoothed with a
Gaussian kernel of 6 x 6 x 6 mm. To further reduce the effects
of confounding factors, the Friston’s 24 head motion parame-
ters, as well as white matter (WM) signal, and cerebrospinal
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fluid (CSF) signal, were regressed out. Finally, a bandpass filter
was applied to keep only low-frequency fluctuations between 0.
01-0.08 Hz.

Voxel-wised hippocampal functional connectivity
analysis

To create seeds for the connectivity analysis, bilateral hippo-
campal regions were separately defined using the automated
anatomical labelling implemented with WFU_PickAtlas soft-
ware (Maldjian et al. 2003). The defined seed regions were
then resampled to the same space as the functional data. For
each subject, the averaged time series of the seed region was
computed as the reference time course. Then, a Pearson cross-
correlation analysis was performed between the seed time
course and the time course of the all brain voxels. Fisher’s z-
transformation was applied to improve the normality of the
correlation coefficients [m=0. 5In(1 +r)/(1 —r)]. In this way,
individual HFC network maps were obtained.

Structural image analysis and hippocampal volume
assessment

The gray matter volume(GMYV) was considered as an covariate
in the functional connectivity analysis (Xie et al. 2011; Xie et al.
2015). An optimized voxel-based morphometry (VBM) analy-
sis was conducted using SPM12 to calculate the GMV in all
subjects. In brief, the structural images were normalized to the
Montreal Neurological Institute (MNI) template using an affine
and nonlinear spatial normalization. The normalized images
were segmented into gray matter, white matter and cerebrospi-
nal fluid according to MNI prior probability maps. Then,
Jacobian modulation was applied to the segmented gray matter
image, which can be incorporated to compensate for the effect
of spatial normalization. Finally, the extracted gray matter set
was smoothed with 8-mm full width at half maximum Gaussian
kernel. The final images were regressed out as covariate of no
interest when calculating functional connectivity. Next, the hip-
pocampal regions were interpolated to the same dimension,
sizes, and origins with individual images. A mean volume in-
dex of all of the voxels of the hippocampal region was comput-
ed for each subject. The hippocampal volume was obtained by
multiplying the mean volume index by the number of voxels
and the size of each voxel (Bai et al. 2009a; Ye et al. 2017).

Statistical analysis

Demographic information and neuropsychological
performance

Analysis of variance (ANOVA) and chi-square tests (for gen-

der and APOE €4 status) were used to compare the demo-
graphic data. Mixed analysis of covariance (ANCOVA), with

@ Springer

the disease and MGRS as fixed factors, was used to analyse
the neuropsychological performances among subjects with
statistically significant differences (p < 0.05) after controlling
for age, gender, and education, followed by post-hoc test to
determine the significance of the specific comparisons (p <
0.05/3=0.017, Bonferroni correction). All statistical proce-
dures utilized SPSS 25.0 software.

Behavioural significance

Partial correlation analysis was performed to detect the rela-
tionship between MGRS (also individual variants) and cogni-
tive behaviour in MCI groups after controlling for covariates
including gender, age, education, and GM volumes. The sig-
nificance level was set at P < 0.05, and the multiple compar-
ison correction was conducted using Bonferroni adjustment.
All statistical procedures utilized SPSS 25.0 software.

Group-level intrinsic HFC network analysis

To analyse the main effect and interaction of the endocytosis
pathway-based MGRS and disease status on the HFC net-
work. Multivariate linear regression analysis was employed
to investigate the potential effects of disease (D), MGRS,
and D x MGPS on the HFC network (3dRegAna, AFNI), after
controlling for covariates including gender, age, education,
and GM volumes and APOE ¢4 status. The thresholds were
setat p < 0.01 (cluster size >42 voxels) which was determined
by Monte Carlo simulation for multiple comparisons after
being corrected with the latest 3dClustSim program(https:/
afni.nimh.nih.gov/pub/dist/doc/program_help/3dClustSim.
htm). The following equation is the multivariate regression
analysis for identifying the neural correlates of disease,
MGRS, and interaction of disease and MGRS (D x MGPS)
among all subjects:

m; = 0+ B1 x D+ 2 x MGRS + 33 x (D x MGRS)
+ 34 x Age + 35 x Gender + 36 x Edu + 37
x GM + (38 x APOEe4 + ¢

where m; is the m value of the ith voxel across all subjects,
(30 is the intercept of the straight line fitting in the model, and
B1, B2, B3 are the main effects of disease, MGRS and D x
MGRS. 34, 35, 36, 37 and (38 are the effects of age, gender,
education, gray matter atrophy, and APOFE €4 status, respec-
tively, as covariates of no interest in the linear regression model.
All results were projected onto the surface brain template. To
quantitatively represent these altered HFC strength, the aver-
aged m-values (correlation coefficients after Fisher z transfor-
mation) in each target region of interest (ROI) was extracted
from the individual HFC network and shown with histograms
using the rs-fMRI Data Analysis Toolkit (REST) 1.8.
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The relative variance of the HFC network was calculated,
which can be explained by the endocytosis-based MGRS. The
extracted average FC strength in each ROI from the main
effect of endocytosis-based MGRS on HFC network was se-
lected and entered into linear and stepwise regression models
after controlling for the effects of age, gender, education, gray
matter atrophy, and APOE €4 status.

Exploratory classification analysis

We tested the neuroimaging measures of brain regions with
significant difference among the groups as candidate vari-
ables, including the altered regional FC strengths and hippo-
campal volumes, to see if they could be used as distinguishing
features between EMCI and LMCI patients, as previously
described in publications (Ranasinghe et al. 2014; Weiler
et al. 2014). Neuroimaging indices of each subject in the
EMCI and LMCI groups were used as features and then en-
tered into the stepwise discrimination analysis. To test the
robustness of the results, the leave-one-out cross-validation
method was used. The predictive value was estimated with
receiver operating characteristic (ROC) curves by calculating
the sensitivity, specificity, and area under the curve (AUC).
Unless specifically mentioned, the threshold for statistical sig-
nificance was defined as p < 0.05.

Results

Demographic information and neuropsychological
data

As shown in Table 1, no significant differences were found in
age, gender, APOE ¢4 status, education, GMV or MGRS
among all the participants (all p > 0.05). Compared with CN
group, EMCI group displayed significant impairment in cog-
nitive behavior as assessed by the ADAS-cog and RAVLT-
immediate recall. Compared with CN and EMCI groups,
LMCI group displayed poorer performance on the ADAS-
cog and RAVLT (except forgetting). Further, each group sub-
jects were divided into two subgroups according to the meth-
od described in the previous study (Xu et al. 2018). Subjects
with MGRS >0.11 (averaged MGRS of all subjects=0.11)
were defined as the high endocytosis-based MGRS subgroup
while the others were low endocytosis-based MGRS sub-
group. There were no significant differences in allele frequen-
cy in the four gene loci among the three groups (Table S1).

Hippocampal volume
The mean volume index of the hippocampal region in each

group was calculated by interpolating the hippocampus to the
individual gray matter images segmented from the T1 images

(Fig. 2a). As presented in Fig. 2b, the volumes of the left or
right hippocampus in LMCI group were significantly smaller
than those in CN and EMCI groups (left, 3690.65 +
441.51 mm® in LMCI group vs. 3968.98 +398.31 mm® in
CN group and 3971.13+393.06 mm® in EMCI group, both
p<0.05; right, 3633.47 £467.92 mm® in LMCI group vs.
3876.70+373.57 mm> in CN group and 3882.96 +
326.03 mm® in EMCI group, both p <0.05). As expected,
the LMCI group had declining bilateral total hippocampal
volumes compared with the CN and EMCI groups (7324.12
+824.78 mm® in LMCI group vs. 7845.67 +751.65 mm® in
CN group and 7854.09 = 691.04 mm® in EMCI group, both
p<0.05).

Main effects of the endocytosis-based MGRS and dis-
ease status on the HFC network

Endocytosis-based MGRS was associated with both positive
and negative effects on the HFC network (Fig. 2). Specifically,
the positively correlated regions were primarily located in the
right fusiform area (RFFA) and left orbitofrontal cortex
(LOFC) on the left HFC network, and also the RFFA was
found on the right HFC network. While the negatively corre-
lated regions included the bilateral cuneus (BCUN) on the left
and right HFC network. Moreover, the linear regression
models revealed that the endocytosis-based MGRS accounted
for 5.8-11.4% of all variability in ROIs on the HFC network.
These contributions were significant in BCUN (R =0.064,
B=-0272, p=0.009), RFFA (R*=0.114, p =—0.230, p=
0.024) on the left HFC network and BCUN (R”=0.058,
3 =-0.261, p=0.012) on the right HFC network.

Compared with CN group, EMCI and LMCI groups
showed gradually increased positive connectivity within the
HFC network (Fig. 3), including bilateral nucleus accumbens
(BNAcc) and right posterior middle temporal gyrus (RpMTG)
on the left HFC network and bilateral thalamus (BTHA) on
the right HFC network. Brain region with decreased negative
connectivity was mainly in the right inferior parietal cortex/
right temporal-parietal junction (RIPC/RTPJ) on the left HFC
network.

Interactive effects between endocytosis-based MGRS
and disease status on HFC network

Significant interactions of endocytosis-based MGRS and dis-
ease status on the HFC network were identified. These regions
were seen in frontal-temporal-occipital-striatum system, in-
cluding the bilateral caudate (BCAU), BCUN, BNAcc,
LOFC and RFFA on the left HFC network, the RCUN and
RFFA on the right HFC network. In order to reveal the spe-
cific interactive pattern of endocytosis-based MGRS and dis-
ease in HFC network, we divided all subjects into high MGRS
(36 subjects, MGRS >0.11) and low MGRS subgroups (50
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Table 1 Demographic

information and CN EMCI LMCI F/X? P value

neuropsychological data
Age 73.81+4.87 71.33+7.57 72.39+6.64 1.28 0.284
Gender(M/F) 16/19 11/21 12/7 3.99 0.136
APOE (g4+) 11/24 17/15 9/10 3.40 0.183
Education 16.11 +2.35 1525 +£2.82 16.21 +2.88 1.16 0.318
GMV (ml) 573.56 + 46.87 578.78 + 55.27 556.90 + 47.77 1.16 0.318
MMSE 28.66 + 1.35 28.48 + 1.56 27.87 + 1.46 2.13 0.125
CDR-SB 1.60 + 0.50 1.58 £ 0.50 1.57 £ 0.51 0.04 0.963
ADAS-cog 9.69 + 3.62 12.48 £5.92 16.93 + 5.39 14.53 <0.001 ***
RAVLT
Sum 37.49 +21.81 48.85 £29.22 65.62 +24.22 8.57 <0.001 "¢
Immediate 43.80 + 9.30 39.09 + 10.09 33.30 + 6.41 9.51 <0.001 *°
Learning 5.94 +2.39 5.76 £ 2.67 339 +221 8.65 <0.001 *©
Forgetting 394 £2.34 445 +2.44 5.30 £2.08 241 0.096
MGRS 0.10 + 0.15 0.13 £0.15 0.08 £0.17 0.64 0.530
MGRS (high/low) 15/20 12/20 9/10 0.50 0.778

x° test was applied in the comparisons of gender, APOE genotype and MGRS status, and one-way ANOVA was
applied in the other comparisons. High MGRS >0.11; Low MGRS<0.11. Significant differences (p < 0.05) were
found in ADAS-cog and RAVLT (except for forgetting) among three groups

a—c: post-hoc analysis further revealed the source of ANOVA difference (a: EMCI vs CN; b: LMCI vs CN; c:

EMCI vs LMCI)

CN cognitive normal, EMCI early mild cognitive impairment, LMCI late mild cognitive impairment, /M female/
male, GMV gray matter volume, m/ milliliter, MMSE mini-mental state examination, ADAS-Cog 13-item
Alzheimer’s Disease Assessment Scale-Cognitive subscale, RAVLT Rey auditory verbal learning test, MGRS

multilocus genetic risk scores

subjects, MGRS <0.11). Compared with low endocytosis-
based MGRS carriers, the high endocytosis-based MGRS car-
riers showed approximately opposite trajectory changes in the
HFC network across the prodromal stages of AD, especially in
the CN and EMCT stages. Specifically, the high endocytosis-
based MGRS carriers represented increased connectivity in
the BCAU and BCUN from the CN to LMCI, as well as
decreased connectivity in the LOFC, BNAcc, and RFFA,

Fig. 1 a Hippocampal volume assessment. (¢) The grey matter was
segmented from T1 images. (b) The left/right side hippocampus, isolated
using automated anatomical labeling, was interpolated to individual gray
matter images. A mean volume index of all voxels of the hippocampal
regions was computed for each subject. b The two sides and total
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while the low endocytosis-based MGRS carriers showed a
completely inverted mode, as displayed in Fig. 4.

Behavioral significance in MCI groups

Partial correlation analysis revealed that the risk score of
SORL1 was positively correlated with RAVLT-immediate
(r=0.28, p =0.049) in MCI groups (include EMCI and

B

Hippocampus volume

*

d @8 CN
@B EMCI
@l LMCI

10000+

m

E 5000

6000

IS
=]
=1
=]
1

Grey matter volume

LHIP RHIP BHIP

hippocampal volumes. The LMCI subjects had smaller hippocampal vol-
umes than the control and EMCI subjects. Abbreviation: CN cognitive
normal, EMCI early mild cognitive impairment, LMCI late mild cognitive
impairment, LHIP left hippocampus, RHIP right hippocampus, BHIP
bilateral hippocampus
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Fig. 2 Main effects of endocytosis-based MGRS on the HFC network
across all subjects. Brain regions significantly affected by endocytosis-
based MGRS in bilateral HFC networks were shown in (a) (left HFC
network) and (b) (right HFC network). Bright color indicated a positive
correlation between the endocytosis-based MGRS and HFC network
among all subjects, while blue color indicated a negative correlation.
Numerical representations of positive and negative correlations between

LMCIT groups), but this correlation was not significant after
Bonferroni correction. We did not find any other significant
correlations between individual endocytosis variants and the
cognitive behavioral scores, or between endocytosis-based
MGRS and cognitive behavioral scores (all p >0.05,
Table S2).

Exploratory classification analysis
We selected neuroimaging measures as independent variables

for classification biomarker using a Fisher linear stepwise dis-
criminate analysis. In the high endocytosis-based MGRS

0.4

endocytosis-based MGRS and HFC strength among all subjects were
plotted. (m is z value from the cross-correlation coefficient after
Fisher’s z transformed, same below). Abbreviation: MGRS multilocus
genetic risk scores, HFC hippocampal functional connectivity, LCUN left
cuneus, BCUN bilateral cuneus, LOFC left orbitofrontal cortex, RFFA
right fusiform area

carriers, with the LHIP-RpMTG FC and LHIP volume as
discriminative features, the model achieved the accuracy of
81.0% to distinguish the EMCI from the LMCI patients (sen-
sitivity, 83.3%; specificity, 77.8%) and an AUC =0.833.
While in the low endocytosis-based MGRS carriers, taking
the LHIP-RTPJ, LHIP-RpMTG, RHIP-BCUN, and RHIP-
RFFA FCs as discriminative features, the model achieved
the accuracy of 83.3% (sensitivity, 85.0%; specificity,
80.0%) and an AUC =0.965. Besides, the leave-one out
cross-validation results showed the accuracy of 76.2% and
76.7% respectively, indicating relatively high diagnostic pow-
er (Table S3-4, Fig. 5). Regardless of the endocytosis-based
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Fig. 3 Main effects of disease status on the HFC network across all
subjects. Brain regions significantly affected by disease in bilateral
HFC networks were shown in (a) (left HFC network) and (b) (right
HFC network). The numerical representations of main effects of disease
status on the HFC among all the groups were illustrated with bar charts.
RIPC/RTPJ indicated gradually decreased FC but other regions showed

MGRS status, the most discriminative features for classifica-
tion included the bilateral hippocampus volumes and LHIP-
RIPC/RTPJ FC. This classification model achieved the accu-
racy of 76.5% between the two groups (sensitivity, 81.3%;
specificity, 68.4%) and an AUC =0.766 (Table S5, Fig. S1).
The cross-validation results also showed that 72.5% of sub-
jects in both groups could be correctly classified.

Discussion

In this study, we demonstrated the cumulative effects of mul-
tiple gene polymorphisms in the endocytosis pathway on the
HFC network in MCI patients and the divergent trajectory of
the HFC network pattern in the high endocytosis-based
MGRS carriers compared to the low endocytosis-based
MGRS carriers across the prodromal stages of AD.
Endocytosis-based MGRS influenced the HFC network and
accounted for 5.8—11.4% of all variability of the HFC
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increased FC towards a CN trend in the LMCI stage. Abbreviation: CN
cognitive normal, EMCI early mild cognitive impairment, LMCI late mild
cognitive impairment, HFC hippocampal functional connectivity, BNAcc
bilateral nucleus accumbens, RIPC/RTPJ right inferior parietal cortex/
right temporal-parietal junction, RpMTG right posterior middle temporal
gyrus, BTHA bilateral thalamus

network. More importantly, studies on prodromal AD sug-
gested that the hippocampus atrophy was more obvious in
MCI patients than that of elderly (Jessen et al. 2010; Zhao
et al. 2019). In our study, we found that only hippocampal
volumes of LMCI patients were smaller than that of EMCI
patients and control subjects, while there was no such differ-
ence between EMCI patients and control subjects.
Furthermore, we also determined that these altered FCs
and hippocampal volumes could classify the population
in prodromal stages of AD with good sensitivity and
specificity and represent a potential neuroimaging bio-
marker in the disease stage-dependent manner. Previous
study found endocytosis genetic risk scores associated
with MCI and AD (Ahmad et al. 2018). It is not clear
whether multiple genes in the endocytosis pathway are
involved in the disengagement of HFC network. The
present study provided direct evidence that the endocy-
tosis genetic profile differentially influenced HFC net-
work across the prodromal stages of AD.
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Fig. 4 Interactive effects produced by endocytosis-based MGRS and
disease on HFC networks across all subjects. Brain regions with signifi-
cant interactions between endocytosis-based MGRS and disease on HFC
networks were shown in (a) (left HFC network) and (b) (right HFC
network). The bright color indicated that the endocytosis-based MGRS
and disease synergistically influenced the HFC network, and blue color
indicated that the endocytosis-based MGRS and disease oppositely influ-
enced the HFC network. Numerical representations of the significant
interactive effects of endocytosis-based MGRS and disease status on

Brain regions with the main effects of the disease were
primarily located in parietal and temporal lobes and NAcc,
which have also been reported in other studies (Wang et al.
2006; Xie et al. 2013). The increased hippocampal connec-
tions with NAcc, pMTG, THA and decreased TPJ/IPC con-
nectivity were found. TPJ and IPC, as the joint of the
temporal-parietal-occipital cortex, were related to perception,
recognition, and storage of memory materials (Jonides et al.
1998; Gusnard et al. 2001). Moreover, the hippocampus and
NAcc showed significant atrophy in the AD and MCI patients
compared to the CN group. The reductions in hippocampus
and NAcc volumes were also associated with increased risk of
MCI progression to AD. Furthermore, the loss of subcortical
gray matter structures was related to the severity of cognitive
impairment in AD and MCI patients (Yi et al. 2016; Nie et al.
2017). The increased HFC in baseline was followed by a
longitudinal decrease in aMCI patients, suggesting that the

=+ Low MGRS - High MGRS

the HFC were illustrated with line charts. Importantly, the trend for
changed HFC strength was opposite in high endocytosis-based MGRS
carriers compared to low endocytosis-based MGRS carriers across the
prodromal stages of AD. Abbreviation: CN cognitive normal, EMCI early
mild cognitive impairment, LMCI late mild cognitive impairment, MGRS
multilocus genetic risk scores, HFC hippocampal functional connectivity,
LCUN left cuneus, RCUN right cuneus, BCUN bilateral cuneus, BCAU
bilateral caudate, BNAcc bilateral nucleus accumbens, RFFA right fusi-
form area, LOFC left orbitofrontal cortex

initial observed enhanced connections was a compensatory
process (Wang et al. 2011).

The endocytosis-based MGRS took effect on the intrinsic
HFC network including LOFC, RFFA and BCUN. Specially,
the endocytosis-based MGRS was positively correlated with
LOFC and RFFA. Once OFC connections were disrupted,
there could be a number of consequences of cognition, behav-
ior, and emotion (Paulus et al. 2002). Neurofibrillary tangles
(NFTs), as a key feature of AD pathology, were involved in
the bilateral OFC and associated with agitation in AD patients
(Tekin et al. 2001). FFA, as a cortical centre, showed syner-
gistic activation when performing the facial matching task in
normal ageing and MCI patients (Teipel et al. 2007; Tsao et al.
2008). Importantly, NFTs were found in the FFA region of
normal ageing and MCI patients, and MCI patients produced
more NFTs than normal control subjects (Guillozet et al.
2003). These studies suggested that structural and functional
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Fig. 5 Endocytosis-based MGRS-related HFC network and structure
classified the EMCI and LMCI subjects. ROC curve, plot of the sensitiv-
ity versus (1-specificity) for distinguishing EMCI patients from LMCI
patients. With an AUC of 0.833, stepwise discrimination analysis re-
vealed the most discriminative features for classification involved the
LHIP-RpMTG FC and LHIP volume in high endocytosis-based MGRS
carriers (a). With an AUC of 0.965, the most discriminative features for
classification involved the LHIP-RIPC/RTPJ, LHIP-RpMTG, RHIP-

impairment of FFA may preferentially contribute to AD de-
velopment, especially in visual cognition. Recently, The hy-
pothesis of cascading network failure was proposed in the AD
spectrum (Jones et al. 2016, 2017). This model suggested that
the posterior default mode network (DMN) failed before the
presence of measurable amyloid plaques, initiated the contin-
uous cascade network and then shifted the processing burden
to the other backbone regions throughout the AD spectrum.
These backbone regions (many located in the frontal lobe)
with high connectivity to the posterior DMN were associated
with amyloid protein accumulation (Pasquini et al. 2017;
Drzezga et al. 2011; Elman et al. 2016). The cascading failures
network was characterized by local overloading, eventually
leading to the entire DMN and other systems failing, which
precedes structural and functional declines in the AD spec-
trum (Jones et al. 2016). In our study, we also found that the
FC in the BCUN, as the hubs of posterior DMN, was de-
creased while the FC in the OFC was increased. Moreover,
although the sample of the study was relatively small, we still
found significant variability (5.8—11.4%) in the HFC network
that was explained by the endocytosis-based MGRS. These
findings supported the important role of polygenic effects of
endocytosis pathway in the HFC network.

An interactive effect between diseases and the endocytosis-
based MGRS was mainly located in the frontal-temporal-
occipital and subcortical circuits. Prefrontal cortex-
subcortical circuits has been linked with deficits in working
memory, and consistently identified to be involved in the AD

@ Springer

Low endocytosis-based MGRS

b..

0.8 I
:_? 0.6
=
x
n
c
[
N o4

0.2

0.0

0.0 0.2 0.4 06 08 1.0

1-Specificity

BCUN and RHIP-RFFA FCs in low endocytosis-based MGRS carriers
(b). Abbreviation: EMCI early mild cognitive impairment, LMCI late
mild cognitive impairment, HFC hippocampal functional connectivity,
ROC receiver operating characteristic, AUC area under curve, MGRS
multilocus genetic risk scores, LHIP left hippocampus, RHIP right hip-
pocampus, RpMTG right posterior middle temporal gyrus, RIPC/RTPJ
right inferior parietal cortex/right temporal-parietal junction, BCUN bilat-
eral cuneus, RFFA right fusiform area

progression (Buckner et al. 2009; Smith 2002). Task-
neuroimaging studies showed that subcortical regions were
activated during working memory tasks in both primate and
healthy human subjects. The CAU may also be associated
with working memory and its volume was also negatively
correlated with persistent errors in spatial working memory
tasks (Hannan et al. 2010; Levitt et al. 2002). Intriguingly,
the high and low endocytosis-based MGRS carriers produced
approximately opposite FC changes with hippocampus to
these target regions across the prodromal stages of AD, which
might be ascribed to different neural mechanisms involved in
AD progression. Specifically, the high endocytosis-based
MGRS carriers in the EMCI group showed an increased FC,
while the low endocytosis-based MGRS carriers showed de-
creased connectivity within BCUN and BCAU regions.
Similar changes have been reported in MCI patients (Bai
et al. 2009b). Moreover, our study further showed only
SORLI risk score was positively correlated with RAVLT-
immediate scores in MCI groups but the association failed to
pass the multiple testing. It is worth noting that no correlation
was detected with the combined risk scores in our study.
Some studies have tried to establish biomarkers to distin-
guish different stages of the AD spectrum. Appling fusion
analysis to the DMN, neuropsychological scores and MRI
volumes could possibly classify EMCI and LMCI patients
(Pei et al. 2018; Goryawala et al. 2015). In this present study,
we selected altered FCs and hippocampal volumes as inde-
pendent variables for stepwise discrimination analysis in our
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model to classify EMCI and LMCI patients. Interestingly, in
the high endocytosis-based MGRS carriers, this composite
model could possibly distinguish EMCI from LMCI patients
with an accurately of 81.0% (sensitivity, 83.3%; specificity,
77.8%) by selecting LHIP-RpMTG connectivity and LHIP
volume as discriminative features. While in the low
endocytosis-based MGRS carriers, by taking LHIP-RTPJ,
LHIP-RpMTG, RHIP-BCUN and RHIP-RFFA FCs as dis-
criminative features, the model achieved the accuracy of
83.3% (sensitivity, 85.0%; specificity, 80.0%). Irrespective
of the endocytosis-based MGRS, the classification model
achieved the accuracy of 76.5% (sensitivity, 81.3%; specific-
ity, 68.4%). This suggested the model based on the endocytic
pathway yielded better classification performance in MCI pa-
tients. Our results indicated that in addition to the general
cognitive function to be tested, for some patients with diffi-
culty in evaluating or staging diagnosis, we could detect the
endocytosis pathway genes and neuroimaging biomarkers
from the HFC network in rs-fMRI. The integration of multiple
biomarkers may help diagnose the prodromal stages of AD.
There are several limitations. First, due to the limited num-
ber of subjects available to us especially in the subgroup, we
were only able to conduct a discovery study. Next, these
endocytosis-based genes loci were restricted because of some
SNPs missing in the ADNI database. A larger sample size
(i.e., the number of SNPs) was needed to expand upon these
preliminary findings. Third, we used the leave one out cross-
validation method to verify the result. It is worth noting that
significant neuroimaging indicators were selected from the
same dataset as classification features, and this may limit the
generability of our findings. In the future, it’s better to validate
our findings in a new dataset with the longitudinal study.
Fourth, the brain function might be influenced by other path-
way variants with regard to other AD hypotheses. Unbiased
analysis of all pathways may provide a complete picture and
would help to compare different pathways with endocytosis.
Future studies focusing on complex pathways might provide
more comprehensive exploratory information for better under-
standing mechanism underlying the AD pathophysiology.

Conclusion

In summary, we demonstrated that the endocytosis-based
MGRS specifically contributes to the HFC network across
the prodromal stages of AD. The trajectories of HFC between
high and low endocytosis-based MGRS carriers are different
from the normal to LMCI stage. Additionally, we propose that
the combination of HFC strength and hippocampal volume
might be useful as imaging biomarkers for classifying the
stages of EMCI and LMCI. These findings provide new in-
sight into the neural mechanisms that underlie prodromal
stages of AD.
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