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Abstract

The glutamatergic cycle is essential in modulating memory processing by the

hippocampal circuitry. Our combined proton magnetic resonance spectroscopy

(1H-MRS) and task-based functional magnetic resonance imaging (fMRI) study

(using face-name paired-associates encoding and retrieval task) of a cognitively

normal cohort of 67 healthy adults (18 ApoE4 carriers and 49 non-ApoE4 car-

riers) found altered patterns of relationships between glutamatergic-modulated

synaptic signalling and neuronal activity or functional hyperaemia in the

ApoE4 isoforms. Our study highlighted the asymmetric left–right hippocampal

glutamatergic system in modulating neuronal activities in ApoE4 carriers ver-

sus non-carriers. Such brain differentiation might be developmental cognitive

advantages or compensatory due to impaired synaptic integrity and plasticity

in ApoE4 carriers. As there was no difference in myoinositol levels measured

by MRS between the ApoE4 and non-ApoE4 subgroups, the mechanism is

unlikely to be a response to neuroinflammation.
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1 | INTRODUCTION

Besides increasing age (Herrup, 2010), genetic risk factors
play an important role in the pathogenesis of Alzheimer’s
disease (AD). The apolipoprotein E ϵ4 allele (ApoE4), the
most prevalent known genetic risk factor for AD, may
account for up to half of all sporadic and familial late-
onset cases (Caselli et al., 2009). The heterozygous and
homozygous ϵ4 allele carriers are 3–4 times and 8–12
times more likely to progress into AD respectively
(Heffernan et al., 2016). There are a myriad of
mechanisms that link ApoE4 status with AD risks, such
as synaptic dysfunction, abnormal amyloid aggregation
and clearance and neuroinflammation (Kim et al., 2009;
Liu et al., 2013).

Several volumetric magnetic resonance imaging
(MRI) studies support a potential differential effect for
ApoE genotypes in neurodevelopment (Wolf et al., 2013),
but the findings have not been found consistently. Some
studies suggested ApoE polymorphisms exert no signifi-
cant effect on brain volume (Khan et al., 2014;
Sidiropoulos et al., 2011). Other than structural MR imag-
ing studies, functional magnetic resonance imaging
(fMRI) and positron emission tomography (PET) have
found preclinical functional brain changes in cognitively
normal ApoE4 carriers. Using task-related paradigms,
the brain activations in ApoE4 carriers were altered as
compared to non-carriers in young (Filippini et al., 2009),
middle (Johnson et al., 2006; Smith et al., 1999; Trivedi
et al., 2006) and elderly (Bondi et al., 2000; Dickerson
et al., 2005) age groups. Nevertheless, these studies on
functional blood-oxygenation-level-dependent (BOLD)
signals between ApoE4 carriers and non-carriers have
been controversial (Fleisher et al., 2009). Some studies
(Bondi et al., 2005; Bookheimer et al., 2000; Dickerson
et al., 2005; Filippini et al., 2009; Fleisher et al., 2005;
Shine et al., 2015) found that the high-risk (ApoE4) group
demonstrates additional activations in both cerebral
hemispheres. However, others have demonstrated
decrease in brain activations (Fleisher et al., 2009; John-
son et al., 2006; Smith et al., 1999; Trivedi et al., 2006).

Glucose hypometabolism was seen in the same
regions of the brain in at-risk ApoE4 carriers as in
patients with probable AD using 18F-fluorodeoxyglucose
(FDG) PET, that is, based on studies in young (Reiman
et al., 2004), middle age (Reiman et al., 1996) and elderly

(Small et al., 2000) at-risk subjects. Notably, brain
metabolism measured by FDG-PET largely reflects gluta-
matergic synaptic activity (Attwell & Laughlin, 2001;
Hyder et al., 2006). The BOLD signal in fMRI is coupled
to neural activity (Logothetis et al., 2001), and the process
by which neural activity influences hemodynamic prop-
erties such as cerebral blood flow (CBF), cerebral blood
volume and cerebral blood oxygen consumption is
referred to as neurovascular coupling or ‘functional
hyperemia’ (Attwell et al., 2010; D’Esposito et al., 2003).
The discovery that functional hyperemia is driven largely
by glutamate release indicates that fMRI images the neu-
rovascular consequences of synaptic activity (Attwell
et al., 2010). Hence, FDG metabolism (Small, 1995) and
activated fMRI signal changes (Attwell et al., 2010;
Cauli & Hamel, 2010) were correlated measures of
synapse activity.

The synaptic regulatory functions of the ApoE
receptors are differentially affected by ApoE isoforms
(Lane-Donovan & Herz, 2017). ApoE4 promotes neuro-
nal dysfunction by impairing the turnover of amyloid-β
and weakening the ability of Reelin and ApoE receptors
signalling to protect the deleterious effects of amyloid-β
on the synapse. Recent proteomics studies revealed
abnormal synaptic protein changes, such as accumula-
tion of clusterin (Jackson et al., 2019) and neurogranin
(Sun et al., 2016) and reduced expression of glutamate
receptor proteins (Sweet et al., 2016). Glutamate (Glu) is
the principal excitatory neurotransmitter (Shen, 2006) in
the brain and mediates signalling in the glial/neuronal
regulation of the neurovascular coupling (Hosford &
Gourine, 2019). The impairment of the glutamatergic sys-
tem heralded the presence of Alzheimer’s-related
neurodegenerative diseases (Revett et al., 2013; Zadori
et al., 2014). Magnetic resonance spectroscopy (MRS)
found decreased levels of glutamate/glutamine metabo-
lites in AD (Antuono et al., 2001; Hattori et al., 2002).
However, in a recent MRS study (Riese et al., 2015),
reduced glutamate/glutamine in mild cognitive
impairment was unrelated to the amyloid deposition and
apolipoprotein E genotype.

The medial temporal lobe and the hippocampus, in
particular, have been linked to different forms of memory
(Brewer et al., 1998; Burgess et al., 2002; Nee &
Jonides, 2008; Squire & Zola-Morgan, 1991). Face-name
paired-associates encoding and retrieval task (FN-PA
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memory task) has been used to study hippocampal acti-
vations across a large age-range of subjects (Haxby
et al., 1996; Putcha et al., 2011; Sperling et al., 2001;
Sperling et al., 2003; Zeineh et al., 2003). Nevertheless,
glutamate played a salient role in frontal-hippocampal
mechanisms of learning and memory. Hence, MRS study
of the bilateral hippocampi provides a valuable neuro-
chemical basis of the processes (Stanley et al., 2017).

By combining BOLD and 1H-MRS techniques, one can
examine the relationship between neurotransmitters
and brain activation/deactivation at a system level (Hu
et al., 2013). A review of previous studies demonstrated that
neurotransmitters in specific brain regions orchestrated the
neuronal changes during different cognitive activities
(Duncan et al., 2014). To facilitate an understanding of the
synaptic regulatory function of the ApoE isoforms on cogni-
tive activity, we study the correlation between hippocampal
glutamate and BOLD signal changes using a combination
of MRS and task-based fMRI techniques.

We hypothesise in the current study that the synaptic
signalling function might differ in ApoE4 carriers and
non-carriers. Firstly, we compare the activated fMRI sig-
nal changes in low-risk (non-ApoE4) and high-risk
(ApoE4) subjects using the FN-PA memory task.
Secondly, we correlated activated fMRI signal changes in
both subject groups with bilateral hippocampal gluta-
mate. Mounting evidence (Chen et al., 2010; Liraz
et al., 2013; Zadori et al., 2014) indicated that AD begins
with subtle changes in synaptic function from the ento-
rhinal cortex and hippocampus, which are the earliest
regions of tau deposition and structural atrophy. As CBF
could vary between individuals as well as among age
groups and influence BOLD signals (D’Esposito
et al., 2003), arterial spin labelling magnetic resonance
imaging (ASL MRI) has been employed to measure CBF
and used as covariate in the analysis. Finally, since neu-
roinflammation has been proposed as a pathogenic
mechanism underlying ApoE4 genetic risk, the MRS
metabolite marker of glial proliferation (myoinositol) was
also measured and compared between the two subject
groups. Our study offers insights in the neural mecha-
nisms in cognitive control, pathogenesis of ApoE4 related
cognitive decline and potentially therapy development in
mild cognitive impairment and AD patients.

2 | MATERIALS AND METHODS

2.1 | Participants

Ninety-one healthy, cognitively normal subjects
(age: range from 20 to 84, mean � SD: 51 � 16.6 years
old, sex: 58F/33M) were enrolled. Subjects aged 20–

60 years were recruited by advertisement on the campus
of Hong Kong University recreation and sports service
centres. Ambulatory community-living older adults (aged
60–80 years) were recruited from social centres for the
elderly. In the community centres, these elderlies
obtained social support and supervised exercises to main-
tain their well-being. Written informed consent was
obtained from all subjects. The study logistics comply
with the Declaration of Helsinki, and ethical approval of
the research protocol was obtained from the Institutional
Review Board of the University of Hong Kong and the
Hospital Authority Hong Kong West Cluster.

2.2 | Inclusion and exclusion criteria

The subjects were being interviewed to gather socio-
demographic data, self-reported smoking and alcohol his-
tory, drug or substance abuse, history of memory impair-
ment and cognitive complaints, past medical history and
related medications. The exclusion criteria included the fol-
lowings: colour blindness, history of stroke, head injury,
seizures, migraine or cancer within 5 years. Active infec-
tion, end-stage renal or other organ failure, non-ambula-
tory, psychiatric diseases, regular alcohol drinkers and drug
abusers (Mazziotta et al., 2009) were also excluded. For the
assessment, only right-handed subjects with normal blood
pressure (less than 140/90 mmHg) and cognitive scores ≥
26 in Hong Kong Montreal Cognitive Assessment (HK-
MoCA) were included in the study (Wong et al., 2009).

2.3 | Experimental procedure

Each scanning session included a structural imaging
sequence, ASL MRI, MRS acquisition and fMRI para-
digms. There were only 67 subjects satisfying the above
criteria in the final data analysis. In the fMRI part, 7 sub-
jects were excluded because of head motion, and another
17 subjects were excluded because the fMRI pilot para-
digm during set-up was shorter than the final optimised
paradigm. In the MRS study, only 63 subjects were
included (4 excluded because of head motion). In the
behavioural part, only 66 subjects were included
(1 excluded because of corrupted file).

2.3.1 | Structural sequence and ASL
acquisition and analysis

All subjects underwent an MRI examination with a
Philips-3T (Achieva) MR scanner using a standard
8-channel head coil. Structural images were acquired
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with 3D fast field echo sequence (3D-T1-FFE sagittal,
repetition time (TR) = 7 ms, echo time (TE) = 3.2 ms,
Flip angle = 8�, voxel size = 1�1�1 mm3, field of view
(FOV) = 256). Details of the volumetric analysis were in
the supporting information section.

Pseudo-continuous ASL (pCASL) acquired by 2D
single-shot echo planar imaging (EPI): TR = 4000 ms,
TE = 11 ms, labelling-duration = 1600 ms, post-
labelling-delay = 1525 ms, 17 slices with spatial resolu-
tion of 3.5 � 3.5 � 7 mm. For the analysis of ASL data,
the processing pipeline was from MRIcloud (https://
braingps.mricloud.org/asl.v3) (Li et al., 2019).

2.3.2 | MRS data acquisition and analysis

Single voxel spectroscopy (SVS) was performed with the
following parameters: TR/TE = 2000/39 ms, number of
signals averaged = 128, phase cycles = 16, spectral
width = 2000 Hz with spectral resolution of 1.95 Hz per
point and free induction decay = 1024. Point resolved
spectroscopy (PRESS) was used as the volume selection
method for the region of interest and the excitation
method for water suppression. For shimming, pencil-
beam-auto was employed. Each voxel of size
2.5 � 1.5 � 1 cm3 was placed in the left and right hippo-
campi (supporting information Figure S1).

Glx (a combination of glutamate and glutamine)
processing was conducted using protocols described in
detail in our previous publications (Chiu et al., 2014;
Chiu et al., 2015; Chiu et al., 2018). In summary, absolute
concentrations of Glx with cerebrospinal fluid (CSF) cor-
rection ([Glx]abs_CSF corr.) and myoinositol with CSF
correction ([ml]abs_CSF corr.) were measured and
quantified using internal water as reference by QUEST
(quantification based on quantum estimation) in jMRUI
(4.0) (supporting information section) with CSF, grey
matter and white matter water content corrected (Chiu
et al., 2018).

2.3.3 | fMRI scanning and behavioural tests
protocol

This FN-PA memory task adopted a block-design from
previously published papers (Putcha et al., 2011; Zeineh
et al., 2003), and it comprised four blocks of memory
encoding and four blocks of memory retrieval. During
the encoding blocks, subjects viewed six face-name pairs
(each face was viewed once per block), which were
presented serially at a rate of 4 s per pair, with an inter-
stimulus interval of 500 ms and instruction of 1.5 s,
totally 28 s per block. During the presentation of each

face-name pair, subjects were questioned whether they
thought the name was matched with the face and pressed
the button according to their opinion. This step was a
purely subjective task designed to help enhance the asso-
ciative encoding (Sperling et al., 2001). During recall
blocks, subjects were shown faces without names and
asked to respond whether they remembered the names
or not without the need to name them. They were
instructed to press the left button if they could recall the
name of the face presented on the screen and press
the right button if they forgot. The stimuli of encoding
and recall were interspersed with the fixation blocks
(a white crosshair on a black background, lasting for
20 s). In total, 24 face-name paired associations (12 males
and 12 females) were used (supporting information
Figure S2). Images were displayed within the IFIS System
Manager 1.2/E-Prime environment (Psychology Software
Tools, Inc., Pittsburgh, PA) in the scanner, and they pres-
ented to the participants on a screen visible via a mirror
mounted on the head coil. After the scanning session,
participants were asked to choose from two options as
what the name of the person shown on a computer
screen was.

2.3.4 | fMRI image acquisition and BOLD
data analysis

Functional images were collected by using a gradient-
echo echo planar sequence (parameters: TR = 2000 ms,
TE = 30 ms, flip angle = 90�, voxel size = 3 �3 �4 mm3)
sensitive to BOLD contrast. The processing and statistical
calculations were performed using Statistical Parametric
Mapping (SPM12, Wellcome Department of Imaging
Neuroscience, London, UK) based on MATLAB (The
Mathworks Inc., Natick, MA, USA). Firstly, functional
data were spatially realigned to the first volume of the
first run to adjust for the head movement. Subjects with
head movements more than 3 mm in any direction of x,
y and z or over 3� were excluded. Then the data were cor-
egistered to the anatomical images. The segmentation
procedure was performed on the structural images to
generate the tissue maps. In addition, the Diffeomorphic
Anatomical Registration Through Exponentiated Lie
algebra (DARTEL) tool (Ashburner, 2007) normalised
the structural images and tissue maps to Montreal Neuro-
logical Institute (MNI) space and created transformation
parameters. A standard EPI template was used for
normalisation, and the images resampled into
3 � 3 � 3-mm3 isotropic resolution in the MNI brain
using the transformation parameters were estimated
through DARTEL segmentation. Next, we smoothed the
data using a Gaussian kernel of 8-mm full width at half
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maximum (FWHM). In the first-level analysis, contrast
images were generated for parameter estimates in the
context of a general linear model based on three condi-
tions: fixation, encoding and recall. Activation contrasts
of interest were encoding versus fixation and recall versus
fixation. We examined the activations of the whole group
and genetic risk-related subgroups in the whole brain.
One sample t-test was used respectively on the contrasts,
and the results were considered to be statistically signifi-
cant at p < 0.01 (voxel-level false discovery rate [FDR]
adjusted). In addition, two sample t-tests were employed
for genetic subgroup comparison (Alphasim correction,
p < 0.05, cluster size>4158 mm3).

2.4 | Genotyping

The blood samples were immediately collected after the
neuropsychological examination and then were frozen
and sent for ApoE genotype analysis using a polymerase
chain reaction-based matter and divided into two groups
based on the presence or absence of the ApoE4 allele.
The ApoE Ɛ alleles of each subject were determined as
described (Calero et al., 2009).

As in that publication, the primer sequences used
were as follows:

ApoE_112C Forward CGGACATGGAGGACGTGT
ApoE_112R Forward CGGACATGGAGGACGTGC
ApoE_158C Reverse CTGGTACACTGCCAGGCA
ApoE_158R Reverse CTGGTACACTGCCAGGCG

2.5 | Statistical analysis

The statistical calculations were carried out with the
SPSS package v. 24 (SPSS Inc., Chicago, USA). Two sam-
ple t-tests were applied to measure the group difference
in demographic variables, the behavioural performance
of FN-PA task, volumetric MRI, ASL MRI and MRS
results, and sex was tested by Pearson’s Chi-square test.

We defined performance index (PI) as follows:

PI¼ 1
ACC

�RT

ACC meant the accuracy rate of the face-name recogni-
tion task. RT was the reaction time. Lower PI scores indi-
cated higher performance.

In order to explore any difference in the synaptic reg-
ulatory function of the ApoE isoforms on cognitive
activity, we correlated the activated fMRI signal changes
in both subject groups with bilateral hippocampal gluta-
mate. Based on the activated regions obtained from the

one sample t-test (FDR correction, p < 0.01, cluster
size>810 mm3) in each genetic risk subgroup (according
to ApoE4 carrier status), the peak values of the activated
regions were correlated with the [Glx]abs.CSF corr. in each
hippocampus using age, CBF and sex as covariates
(Pearson correlation, p < 0.05).

For a direct comparison between low-risk and high-
risk groups, the Fisher z test (p < 0.05) was used to
determine any significant difference between the correla-
tion coefficients. The difference-test between correlation
coefficients of regional activated fMRI signals and left
hippocampal glutamate (LH) in the low-risk and high-
risk groups and between correlation coefficients of
regional activated fMRI signals and right hippocampal
(RH) glutamate in the low-risk and high-risk groups was
only made when one of the pairs had a significant corre-
lation after the FDR correction.

3 | RESULTS

Supporting information Table S1 showed the demo-
graphic information, genetic and behavioural tests, cere-
bral blood flow, [Glx]abs.CSF corr. and [mI]abs_CSF corr. and
normalised grey matter volume of the ApoE subgroups.
No significant difference was found between these two
groups.

3.1 | Encoding task

3.1.1 | BOLD results

Figure 1a,b showed the BOLD activations during the
encoding-fixation contrast (one sample t-test) in the low-
risk (non-ApoE4) and high-risk (ApoE4) subgroups.
Activations involving bilateral superior, middle and infe-
rior frontal gyrus; superior and inferior parietal such as
angular, supramarginal gyri, middle and inferior; and
medial temporal regions including amygdala, hippo-
campi and parahippocampal, occipital regions including
fusiform and lingual gyri, anterior and middle cingulate,
precuneus, insula, thalamus, precentral and postcentral
gyri and supplementary motor cortex were seen in low-
risk subgroup. In high-risk group, the activations were
increased in bilateral superior, middle and inferior fron-
tal gyri, superior and inferior parietal, right angular, right
hippocampus, bilateral inferior temporal, occipital
regions including bilateral fusiform and lingual gyri,
bilateral insula, precentral and supplementary motor cor-
tex in the encoding process. The overall cluster sizes
appear larger in the low-risk group, likely due to a larger
sample size (supporting information Tables S2 and S3)
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3.1.2 | Age-matched subgroups comparison

Since the group sizes were unequal, further analysis using
age-matched low- and high-risk groups (18 subjects in
each group with no significant difference in demographic,
behavioural and neuropsychological tests, hippocampal
glutamate concentration and CBF—data not shown) was
performed, with BOLD results as in Figure 1c,d (two sam-
ple t-tests, alphasim correction, p < 0.05, as to size>
4158 mm3). The high-risk group demonstrated more
activations in both cerebral hemispheres including
bilateral lingual, right fusiform, occipital gyri, bilateral
superior parietal, left angular, left middle temporal, left
inferior temporal, right parahippocampus and precuneus
(supporting information Table S6).

Our findings showed stronger hippocampal, occipital
and default mode network (DMN) activations, which
reflected the extra cognitive effort by ApoE4 carriers to
obtain the same level of performance as their non-carrier
counterparts.

3.1.3 | Correlation of BOLD signals with
glutamate

In order to explore any difference in the synaptic regula-
tory function of the ApoE isoforms on the cognitive task,

we compare the correlation between activated fMRI
signal changes in both subject groups with bilateral hip-
pocampal glutamate.

Based on the regions (Figure 1a,b) obtained from one
sample t-test of each group, the peak values of encoding-
fixation were correlated with the [Glx]abs.CSF corr. in
bilateral hippocampi with age, CBF and sex as covariates,
and the results after the p value FDR adjustment were
presented in Table 1.

In the ‘low-risk’ group, significant positive
correlation (p < 0.05) of BOLD signal changes with
[Glx]abs.CSF corr. in LH was found in left amygdala, left
hippocampus, left inferior frontal, left inferior parietal,
left insula and left parahippocampus. However, no statis-
tical correlation was found between any activated region
and [Glx]abs.CSF corr. in RH.

In the ‘high-risk’ group, BOLD signal changes
showed no significant correlation (p < 0.05) with
[Glx]abs.CSF corr. in LH. Contrary to the low-risk group,
significant positive correlation (p < 0.05) of activations in
right inferior parietal, left superior parietal and right mid-
dle frontal gyri with [Glx]abs.CSF corr. in RH.

For the comparison of correlation coefficients (using
Fisher z test) between BOLD signal and left hippocampal
glutamate, we found no significant difference between
the low-risk and high-risk groups, except in the left
amygdala (p < 0.05).

F I GURE 1 The imaging results of low risk (N = 49) and high risk (N = 18): (a) contrast: encoding-fixation with low risk, (b) contrast:

encoding-fixation with high risk, (encoding: p < 0.01, false discovery rate [FDR] corrected, cluster size>810 mm3). (c, d) The two sample

t-test results between age-matched high-risk and low-risk (high-low) during encoding-fixation (p < 0.05, cluster size>270mm3). R, right; S,

superior; A, anterior
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For the comparison of correlation coefficients (using
Fisher z test) between BOLD signal and right hippocam-
pal glutamate, we found significant differences between
the low-risk and high-risk groups in the right middle
frontal, left superior parietal and right inferior parietal
regions (p < 0.05).

The data showed that the glutamatergic synaptic
modulation of neuronal activity (using the FN-PA task)
during encoding was different in the ApoE isoforms,
being modulated by left hippocampal glutamate in the
low-risk group and by right hippocampal glutamate in
the high-risk group.

3.2 | Recall task

3.2.1 | BOLD results

Figure 2a,b showed the BOLD activations during recall
(one sample t-test) in the low-risk (non-ApoE4) and
high-risk (ApoE4) subgroups. The regional activations in
low-risk group during recall resembled encoding, though
the activations were of different magnitudes. For the
high-risk group, in addition to regions like bilateral
superior, middle and inferior frontal; bilateral inferior
temporal, superior and inferior parietal; and occipital
regions including fusiform and lingual gyri, precentral,
supplementary motor cortex and activations were also
found in middle cingulate, precuneus, left supramarginal

and angular gyri and bilateral thalami (supporting
information Tables S4 and S5)

3.2.2 | Age-matched subgroups comparison

In the age-matched comparison during recall (Figure 2c,
d, two sample t-tests, alphasim correction, p < 0.05, as to
size> 4158mm3), the high-risk group presented more
activations in bilateral lingual, right fusiform, right supe-
rior parietal, right middle temporal, occipital gyri, left
hippocampus and bilateral parahippocampus (supporting
information Table S6).

3.2.3 | Correlation of BOLD signals with
glutamate

Based on the regions (Figure 2a,b) obtained from one
sample t-test of each group, the peak values of the
contrast recall-fixation were correlated with the
[Glx]abs.CSF corr. in bilateral hippocampi as demonstrated
with age, CBF and sex as covariates, and the results after
the p value FDR adjustment were presented in Table 2.

In the ‘low-risk’ group, no statistical correlation was
found between any activated region and [Glx]abs.CSF corr.

in LH and RH, but the correlation trend still existed in
regions like left parahippocampus, bilateral precunei and
left thalamus (p = 0.06) with [Glx]abs.CSF corr. in LH.

TAB L E 1 The correlation results in activated regions (involved in the FN-PA task pathways) of low-risk and high-risk groups in the

bilateral hippocampus during encoding (partial correlation: controlling for age, CBF and sex)

Regions

Low-risk group_Glx_LH High-risk group_Glx_LH

Significancer p_corrected r p_corrected

Amygdala_L 0.353 0.036 �0.421 0.960 <0.05

Hippocampus_L 0.353 0.036 0.060 0.960 ns

Inferior Frontal_L 0.335 0.036 �0.045 0.960 ns

Inferior Parietal_L 0.316 0.041 0.090 0.960 ns

Insula_L 0.347 0.036 �0.017 0.960 ns

Parahippocampus_L 0.390 0.036 0.065 0.960 ns

Regions

Low-risk group_Glx_RH High-risk group_Glx_RH

Significancer p_corrected r p_corrected

Inferior Parietal_R �0.076 0.631 0.681 0.047 <0.05

Middle Frontal_R �0.163 0.455 0.610 0.047 <0.05

Superior Parietal_L �0.180 0.455 0.647 0.047 <0.05

Note: p_corrected indicated that the p values were adjusted with the FDR correction method. After Fisher z transformation, <0.05 in the significance column
means the significant difference between the pair of correlation coefficients; ns means no significant difference.
Abbreviations: CBF, cerebral blood flow; FDR, false discovery rate.
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In the ‘high-risk’ group, contrary to the low-risk
group, significant positive correlation (p < 0.05) of
activations in bilateral superior frontal gyri, bilateral
inferior frontal, left superior parietal, bilateral inferior
parietal, right middle temporal and left precuneus with
[Glx]abs.CSF corr. in RH.

Comparison of correlation coefficients (using Fisher
z test) between the BOLD signal and left hippocampal
glutamate in the high- and low-risk groups was not per-
formed since there was no significant correlation in both
groups.

In the comparison of correlation coefficients (using
Fisher z test) between the BOLD signal and right
hippocampal glutamate, we found significantly higher
correlation (p < 0.05) in the high-risk group in bilateral
inferior frontal, bilateral inferior parietal, right middle
temporal, left precuneus, bilateral superior frontal and
left superior parietal.

The data showed that the glutamatergic synaptic
modulation of neuronal activity during recall was
different in the ApoE isoforms, that is, modulated by
right hippocampal glutamate in the high-risk group but
not modulated by either left (although a correlation trend
existed) or right hippocampal glutamate in the low-risk
group.

4 | DISCUSSION

4.1 | Neural pathways involved in face-
name paired-associates encoding and
retrieval tasks and a comparison of current
fMRI findings with previous studies

The ability to form associations between names and faces
is an essential aspect of episodic memory function, and
the hippocampus and related structures are particularly
critical. Research findings since late 1990s have consis-
tently revealed distinctive neuropathways for memory
encoding and retrieval. Haxby et al. (1996) found that the
right hippocampus and adjacent cortex participated
mainly in memory encoding but not recognition. In addi-
tion, there was lateralisation of prefrontal participation
in encoding and recognition tasks that encoding activated
left prefrontal cortex, whereas recognition activated right
prefrontal cortex. Sperling et al. further distilled
pathways engaged in successful associative encoding by
comparing to activations during trials that were forgot-
ten, and they concluded that the anterior regions of the
hippocampal formation bilaterally and left inferior fron-
tal cortex were crucial for successful encoding (Sperling
et al., 2001; Sperling et al., 2003). Zeineh et al.’s (2003)

F I GURE 2 The imaging results of low risk (N = 49) and high risk (N = 18): (a) contrast: recall-fixation with low risk, (b) contrast:

recall-fixation with high risk. (recall: p < 0.05, false discovery rate [FDR] corrected, cluster size>810 mm3). (c, d) The two sample t-test

results between age-matched high-risk and low-risk (High-Low) during recall-fixation (p < 0.05, cluster size>270mm3). R, right; S,

superior; A, anterior
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study found similar results that subdivisions within the
hippocampus make distinct contributions to new mem-
ory formation; in addition, there was temporal decline in
activations when new associations were learnt.

To sum up, in the encoding of novel face-name
associations, the current level of evidence suggests that a
distributed functional network is involved, including the
hippocampal formation, dorsolateral prefrontal cortex,
pulvinar nucleus of the thalamus, fusiform and adjacent
areas of visual association cortex (Haxby et al., 1996;
Sperling et al., 2001). In the recall of face-name associa-
tions, the anterior temporal lobe (Tsukiura &
Cabeza, 2011) and the medial temporal lobe, especially
the hippocampus and its adjacent parahippocampal
cortex, entorhinal cortex and perirhinal cortex, are
involved (Kirwan & Stark, 2004; Zeineh et al., 2003).

One important characteristic of the face-name
association test is its reliance on associative memory and
cross-modal association, which have been found to be
especially sensitive to early stages of AD (Blackwell
et al., 2004; Parra et al., 2010). For example, Vannini
et al. (2012) observed a deterioration of the neuronal
activity during the memorisation of face-name associa-
tions in people without clinical symptoms but with

amyloid deposits (Sperling et al., 2009). The subregion
changes in the activity observed in the current study by
comparing the high-risk versus the low-risk group may
pronounce underlying mechanism that is associated with
cognitive decline.

Different fMRI memory activation tasks were used in
prior studies, such as unrelated paired-word learning/
recall (Bookheimer et al., 2000), picture encoding of
scenes (Bondi et al., 2005), picture encoding of animals
and landscapes (Filippini et al., 2009), verbal paired
encoding (Fleisher et al., 2005) and face-name associative
encoding (Dickerson et al., 2005). These studies showed
greater hippocampal activations in the ApoE4 than non-
ApoE4 carriers. In addition, activations were seen in pari-
etal and prefrontal regions (Bookheimer et al., 2000);
bilateral fusiform, prefrontal, superior parietal regions;
and parahippocampus (Bondi et al., 2005), middle tempo-
ral, lingual, cingulate, frontal gyri and cerebellar vermis
(Fleisher et al., 2005). Stronger BOLD responses elicited
in the posterior cingulate cortex (PCC), precuneus and
cingulate of ApoE4 carriers using a one-back visual work-
ing memory task (Shine et al., 2015).

In the current study, additional activations during
encoding were in regions related to vision including

TAB L E 2 The correlation results in activated regions (involved in the FN-PA task pathways) of low-risk and high-risk groups in the

bilateral hippocampus during recall (partial correlation: controlling for age, CBF and sex)

Regions

Low-risk group_Glx_LH High-risk group_Glx_LH

Significancer p_corrected r p_corrected

Hippocampus_R 0.235 0.135 0.667 0.125 -

Parahippocampus_L 0.307 0.060 0.263 0.434 -

Precuneus_L 0.339 0.060 0.403 0.346 -

Precuneus_R 0.325 0.060 0.436 0.346 -

Thalamus_L 0.307 0.060 0.360 0.346 -

Regions

Low-risk group_Glx_RH High-risk group_Glx_RH

Significancer p_corrected r p_corrected

Inferior Frontal_L �0.001 0.994 0.697 0.036 <0.05

Inferior Frontal_R �0.034 0.994 0.734 0.036 <0.05

Inferior Parietal_L �0.046 0.994 0.640 0.044 <0.05

Inferior Parietal_R 0.053 0.994 0.774 0.036 <0.05

Middle temporal_R �0.079 0.994 0.611 0.049 <0.05

Precuneus_L �0.077 0.994 0.684 0.036 <0.05

Superior Frontal_L �0.104 0.994 0.603 0.049 <0.05

Superior Frontal_R �0.046 0.994 0.639 0.044 <0.05

Superior Parietal_L �0.011 0.994 0.689 0.036 <0.05

Note: p_corrected indicated that the p values were adjusted with the FDR correction method. After Fisher z transformation, <0.05 in the significance column
means the significant difference between the pair of correlation coefficients; � means that the difference-test was not performed as there is no significant
correlation in the low-risk and high-risk groups

Abbreviations: CBF, cerebral blood flow; FN-PA, Face-name paired-associates.
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occipital (such as bilateral lingual and right fusiform gyri)
and DMN including left inferior temporal and middle
temporal gyri, right parahippocampus, bilateral superior
parietal, left angular and precuneus (Figure 1c,d). The
additional activations during recall in the high-risk ver-
sus low-risk group included occipital, bilateral lingual
and right fusiform, left hippocampus and bilateral
parahippocampus, right middle temporal and right supe-
rior parietal regions (Figure 2c,d).

Hence, our findings concurred with prior studies on
ApoE genotypes that stronger hippocampal, occipital and
default mode network activations reflect the cognitive effort
by ApoE4 carriers to obtain the same level of performance
as their non-carrier counterparts (Bondi et al., 2005;
Bookheimer et al., 2000; Dickerson et al., 2005; Filippini
et al., 2009). Interestingly, there was a higher activation dur-
ing encoding in the precuneus of ApoE4 than non-ApoE4
carriers, which reflected decreased task-induced deactiva-
tion in the posteromedial cortex of ApoE4 carriers. The
decline of task-based deactivation during encoding in poste-
rior components of DMN including precuneus and PCC
was also reported in amyloid positive older subjects using
face-name association task (Sperling et al., 2009; Vannini
et al., 2012) and in ApoE4 young healthy adults using
one-back visual working memory task (Shine et al., 2015).

Since age might affect the resting cerebral blood flow
and oxygen extraction fraction (Lu et al., 2011), the differ-
ences in BOLD signal changes between the two groups in
current study were genuine since both groups have no
significant difference in resting CBF and age.

BOLD response was primarily driven by cerebral
blood flow changes, moderated by baseline
deoxyhemoglobin and the ratio of fractional changes in
CBF to cerebral metabolic rate of oxygen consumption
(Ances et al., 2008). Hence, BOLD activations should not
be directly interpreted as neuronal activities but reflect a
complex relationship between vascular reactivity, cere-
bral blood flow, oxygen utilisation and baseline state
(Fleisher et al., 2009). Therefore, the inconsistencies in
prior fMRI studies in APOE isoforms more likely repre-
sent the dependence of BOLD signal changes on variables
such as cognitive task used, brain region evaluated and
age of the cohort. Controversies in interpretation will
likely occur if such factors are not carefully considered.

4.2 | Correlative study of fMRI
activations and bilateral hippocampal
glutamate in the low-risk and high-risk
groups

The novel finding in current study is the striking differ-
ence between the two groups in the side of hippocampus

being involved in glutamatergic modulation of neuronal
activities, that is, being lateralised to left hippocampus in
the low-risk group during encoding, while being
lateralised to the right hippocampus in the high-risk
group during encoding and recall (Tables 1 and 2).

Interestingly, in the low-risk group during encoding,
although multiple regions had significant correlation
with left hippocampal glutamate after FDR correction,
only correlation of BOLD signal with left hippocamapal
glutamate in left amygdala was significantly different
from high-risk group. This might be due to the following:
(1) lower r values between BOLD and left hippocampal
glutamate (unlike the much values seen in the high-risk
group) and (2) small sample size of high-risk group.
Indeed, sample size calculation (supporting information)
revealed that the power of the correlative study is
suboptimal for the high-risk group.

During recall in low-risk group, no significant
correlation of neuronal activations with left hippocampal
glutamate after FDR correction can be explained by the
‘priming’ effect; that is, reintroduced learned ‘or
familiarised’ face-name pairs during recall required a
lower cognitive effort (Hu et al., 2013; Squire et al., 1992;
Zeineh et al., 2003).

Significant advances have been made in under-
standing how ApoE might contribute to AD disease
risk for the past two decades, but it is important to
recognise that early functional and morphologic
changes reported in ApoE4 carriers might not reflect
progressive disease-related changes but rather ApoE-
related neurodevelopmental alterations (Wolf, Caselli,
et al., 2013).

Previous molecular and optogenetic animal studies
reported left–right asymmetry of the hippocampal synap-
ses (Kohl et al., 2011; Shinohara et al., 2008; Shipton
et al., 2014). The dissociated role of Glx in left versus
right hippocampus in modulating neuronal activities dur-
ing episodic memory is in concordance with recent
molecular and optogenetic animal studies. Shinohara
et al. found that postsynaptic spines at cornu ammonis
(CA) synapses (CA3-CA1) differed in glutamate receptor
composition according to the hemispheric origin of CA3
afferents. Kohl et al. used optogenetic tools to selectively
stimulate axons of CA3 pyramidal cells originating in
either left or right mouse hippocampus and found that
left CA3 input produced more long-term potentiation at
CA1 synapses than right CA3 input as a result of differen-
tial expression of N-Methyl-D-aspartate receptor sub-
units. Shipton et al. suggested that hippocampal long-
term memory processing was lateralised in mice. We
therefore hypothesised that such hippocampal synaptic
lateralisation could occur in human ApoE4 isoforms and
such divergence of function between equivalent
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structures in each hemisphere might make optimal use of
the nervous system (Shipton et al.).

In current study, the cause of the asymmetrical
left–right correlation between hippocampal synaptic
glutamate and neuronal activity is unknown. This could
be developmental or compensatory. Our study was based
on a cohort with a mean age in the late 40s. We studied
different age groups including the young (20–39 years:
N = 22), middle-aged (40–59 years: N = 23) and elderly
(60 and above years: N = 22). This would allow a thor-
ough evaluation of hippocampal synaptic signalling of
neuronal events in the ApoE isoforms across the adult
age span.

Previous studies showed that young ApoE4 carriers
might perform better than non-carriers (Han &
Bondi, 2008), such as in IQ scores (Yu et al., 2000), educa-
tion, temperament, memory performance (Mondadori
et al., 2007) and visuospatial skill (Bloss et al., 2010).
Such studies corroborated the developmental cognitive
superiority of ApoE4 carriers.

The Nun Study identified a connection between liter-
acy in early life and memory decline in late life
(Snowdon, 1996). Linguistic ability in early life found to
be a marker of cognitive ability, neurocognitive develop-
ment and neurologic reserve. Subsequent studies rev-
ealed a link between decreased propositional density or
p-density and neuropsychological deficits and AD neuro-
pathology later in life (Riley et al., 2005). Medina et al.
also found that the presence of ApoE4 allele was signifi-
cantly associated with a lower p-density among persons
at risk for Familial AD (Medina et al., 2011). Alleles of
the apolipoprotein E gene were found to have distinct
neuroanatomic signatures, identifiable in childhood
(Shaw et al., 2007) and young adults (Alexopoulos
et al., 2011). These studies suggested that thinner entorhi-
nal cortex and smaller hippocampal volumes in ApoE4
carriers might contribute to the latter development of AD
due to lower cognitive reserve.

Taken together, our study might provide another
piece of evidence of the hypothesised role of ApoE4 as an
example of antagonistic pleiotropy (Han & Bondi, 2008).
A pattern of hippocampal glutamatergic signalling of
neuronal activities in ApoE4 allele carriers distinctive
from non-ApoE4 carriers (lateralised to the right
hippocampus) could represent diversity in neuronal
development. This might confer neurocognitive benefit
very early in life but might exert an adverse effect on
survival later in age.

Synaptic failure is an early pathological feature of
AD. The present finding of the asymmetric synaptic
responses in ApoE isoforms could be explained from a
compensatory perspective. Prior studies demonstrated
that ApoE likely in an isoform-dependent manner

modulates synaptic integrity and plasticity (Ji et al., 2003;
Love et al., 2006; Sweet et al., 2016). ApoE4 was found to
suppress the expression of synaptic proteins (including
synaptophysin and glutamate receptors) and impair den-
dritic morphology, synaptic transmission and plasticity in
an age-dependent manner (Zhao et al., 2018). We postu-
lated that due to ApoE4-induced synaptic impairment of
left hippocampal glutamatergic modulation, neural com-
pensation in ApoE4 carriers might occur to maintain
brain functional resilience by shifting to the right side
(Barulli & Stern, 2013).

Although dose-dependent AD risk of ApoE isoforms
was related to amyloid load (Reiman et al., 2009), the
influence of amyloid deposition leading to asymmetric
hippocampal glutamatergic modulation in the current
study would be unlikely. Prior clinical amyloid imaging
studies by PET showed that amyloid positivity tends to
appear earlier in cognitively intact ApoE 4 carriers (near
56 years of age) than non-ApoE4 carriers (at 76 years of
age) (Zhao et al., 2018). The average age of our cohort
was in the late 40s, and the effect would be minimal.
However, the impact of oligomeric amyloid β, potentially
the most toxic species, could not be eliminated since
oligomer-positivity could occur for even longer than
plaque-positivity (Herrup, 2015).

Since neurotoxic reactive astrocytic response medi-
ated by microglia has been implicated in AD (Liddelow
et al., 2017; Tai et al., 2015), it is prudent to search for
any glial proliferation in ApoE isoforms. Emerging data
also showed their role in regulating multiple facets of the
innate immune response (Keene et al., 2011). Myoinositol
(mI) is generally assumed to be a marker of gliosis based
on the fact that higher myoinositol levels being present
in the cultured astrocytes as compared to neurons
in vitro (Duarte et al., 2012). Furthermore, ample evi-
dence suggested that mI might potentially be useful as a
biomarker for glial activation in neurodegenerative dis-
eases including AD and mild cognitive impairment
(MCI) (Kantarci, 2013). As there was no difference in mI
as measured by MRS between the ApoE4 and non-ApoE4
subgroups, the mechanism is unlikely to be a response to
neuroinflammation.

Nevertheless, neuroinflammatory PET markers such
as 11C-PBR28 (a radioligand for translocator protein,
TSPO, overexpressed by activated microglia and reactive
astrocytes) might be more sensitive to neuroinflammation
(Kreisl et al., 2016). 11C-PBR28 was shown to have greater
binding in AD patients than controls, particularly in tem-
poral and parietal cortices (Kreisl et al., 2013), and the
annual rate of TSPO binding in the temporo-parietal
regions being five times higher in patients with clinical
progression (Kreisl et al., 2016). Further study by such a
biomarker might be helpful to exclude such a possibility.
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5 | LIMITATIONS

Firstly, for the MRS methodology:
Glx was measured instead of the individual metabo-

lites because the current study was aimed at evaluating
the glutamatergic system of healthy individuals with tight
coupling between glutamate and glutamine (Ramadan
et al., 2013). In the situation whereby impairments in
glutamate-glutamine cycling seemed to occur, these
metabolites should be separately measured (Taylor
et al., 2015). Another drawback of steady state MRS tech-
nique was the unknown composition of synaptic and
intracellular glutamate and glutamine. With recent high
field MRS systems, functional MRS might track
glutamate modulations during cognitive tasks with high
temporal resolution directly (Stanley & Raz, 2018).

The ROI selection for MRS is specific and could
influence the results. Since the entorhinal cortex and
hippocampus are the earliest regions of tau deposition
and structural atrophy, our current ROI selection was
optimal. Inclusion of other ROIs such as posterior cingu-
late/precuneus (Antuono et al., 2001; Hattori et al., 2002;
Riese et al., 2015) would be ideal but lead to prolongation
of the study time.

Secondly, for the study cohort:
The final cohort consisted of only 67 instead of 91 sub-

jects (due largely to wastage of 17 subjects for optimising
the pilot fMRI FN-PA paradigm). As a result, the even
smaller sample size in the ApoE4 subgroup might limit
the power of the correlative results. Hence, our findings
are exploratory and await validation by a larger cohort of
ApoE4 subjects.

While this study has documented changes between
the high-risk (ApoE4+) and low-risk (ApoE4-) groups,
the stage of changes cannot be defined given the wide
age range of the participants (20 to 84 years). A dedicated
study of specific age ranges is useful to evaluate any
age-related effect on the phenomenon.

6 | CONCLUSIONS

The task-based fMRI findings concurred with prior stud-
ies on ApoE genotypes that stronger hippocampal, occipi-
tal and default mode network activations reflected the
cognitive effort by ApoE4 carriers to obtain the same
level of performance as their non-carrier counterparts.
Our study highlighted the asymmetric left–right hippo-
campal glutamatergic system in modulating neuronal
activities, that is, significant unilateral (left) hemispheric
correlation with left hippocampal glutamate in APOE4
non-carriers during encoding and bilateral hemispheric
correlation with right hippocampal glutamate in APOE4

carriers during encoding or recall. Such brain differentia-
tion might reflect developmental cognitive advantages in
ApoE4 carriers or be compensatory due to impaired
synaptic integrity and plasticity in ApoE4 carriers.
Nonetheless, the mechanism is unrelated to neu-
roinflammation in our study.
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