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Mild cognitive impairment (MCI) is a transition between normal cognition (NC) and
Alzheimer’s disease (AD). Differences in cortical thickness (1CT) have been reported
in cases that degenerate from MCI to AD. The aspects of genetic and transcriptional
variation related to 1CT are vague. In this study, using an 8-year longitudinal follow-
up outcome, we investigated the genetic correlates of 1CT in MCI subjects with
degeneration from MCI to AD (MCI_AD). We employed partial least squares regression
(PLSR) on brain T1-weighted magnetic resonance imaging (MRI) images of 180
participants [143 stable MCI (MCI_S) participants and 37 MCI_AD participants] and
brain gene expression data from the Allen Institute for Brain Science (AIBS) database
to investigate genes associated with 1CT. We found that upregulated PLS component
1 1CT-related genes were enriched in chemical synaptic transmission. To verify the
robustness and specificity of the results, we conducted PLSR analysis invalidation
and specificity datasets and performed weighted gene co-expression network analysis
instead of PLSR for the above three datasets. We also used gene expression data in the
brain prefrontal cortex from the Gene Expression Omnibus (GEO) database to indirectly
validate the robustness and specificity of our results. We conclude that transcriptionally
upregulated genes involved in chemical synaptic transmission are strongly related to
global 1CT in MCI patients who experience degeneration from MCI to AD.

Keywords: cortical thickness differences, chemical synaptic transmission, partial least squares regression,
weighted gene co-expression network analysis, structural magnetic resonance images, cortical gene expression

INTRODUCTION

Mild cognitive impairment (MCI) refers to the prodrome of Alzheimer’s disease (AD) (Stephan
et al., 2012). Longitudinal studies have found that some MCI patients maintain an MCI state, and
some MCI patients experience degeneration to AD over a follow-up period (Morris and Price,
2001). The potential reason for this difference in MCI conversion is worth exploring. Structural
abnormalities in brain morphology, such as a decrease or increase in cortical thickness in particular
brain regions, are an important biomarker of MCI or AD (Lerch et al., 2005; Querbes et al.,
2009; Filippi et al., 2020). Previous studies have reported that aberrant cortical thickness is a
potential biomarker for tracking cognitive and neuropathological symptoms of MCI progression
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(Julkunen et al., 2009, 2010; Li et al., 2011). However, it is not clear
which aspects of variation are related to the differences in cortical
morphology in MCI patients.

Complex genetic risk factors are believed to contribute to 70%
of AD risk (Lambert et al., 2013). Varying degrees of genetic
variation have a significant relationship with the progression of
MCI (Lacour et al., 2017). A meta-analysis using blood from
MCI and AD patients found that abnormal transcription was
related to MCI progression and might be applied to diagnostic
and prognostic biomarkers (Bottero and Potashkin, 2019).
Several other genetic studies have revealed that the underlying
pathophysiology of AD is sophisticated, encompassing up to
thirty associated risk genes that are involved in a set of biological
processes, such as lipid metabolism and immune system function
(Sims et al., 2017; Tasaki et al., 2018; Jansen et al., 2019;
Kunkle et al., 2019). Berchtold et al. (2013) revealed that
many synaptic genes were upregulated in MCI patients (such
as neurotransmitter receptors and synaptic stabilization genes).
Their results suggest that a mechanism that rebalances synaptic
transmission exists in the brains of MCI patients. In other words,
these upregulated genes may be responsible for AD risk or
may compensate for upstream biological and cellular changes.
The sophistication of AD pathology indicates that patients
may need treatment that is tailored with regard to affected
biological processes.

Despite crucial progress in comprehending brain cortical
morphology and genetic risk for MCI or AD, a question remains:
is there an association between differences in cortical morphology
and transcriptional gene expression? Recently, our research
team applied weighted gene co-expression network analysis
(WGCNA) (Zhang and Horvath, 2005; Langfelder and Horvath,
2008) and preliminarily bridged the brain T1-magnetic resonance
imaging (MRI) features and transcriptional expression in MCI
participants who progressed to AD (Wang et al., 2021). Romero-
Garcia et al. (2019) applied partial least squares regression (PLSR)
to determine that synaptic and transcriptionally downregulated
genes are associated with cortical thickness differences in
autism. PLSR is a data reduction technique closely related to
principal component analysis (PCA) and ordinary least squares
(OLS) regression (Tobias, 1995). One of the PLSR components
is calculated to explain the maximum covariance between
the dependent and independent variables. Coincidently, the
maximum covariance between differences in cortical morphology
and transcriptional gene expression might be calculated by
PLSR. Several previous studies have used PLSR to explore the
relationship between brain features and gene expression in major
depressive disorder or healthy adolescence (Romero-Garcia et al.,
2020; Li et al., 2021).

Intuitively, it is possible that risk gene mutations lead
to changes in brain structural characteristics, which in turn
contribute to changes in clinical phenotypes. At a deeper level,
considering the heterogeneity in the results of MCI or AD
imaging studies (Shirotani et al., 2017), it is crucial to investigate
how the genetic risk is related to the cortical morphological
variation observed in MCI patients. Therefore, the purpose of
this research was to detect the molecular correlation of disease-
related neuroanatomical differences. Here, 180 participants

with MCI were followed up for 8 years. Thirty-seven patients with
MCI progressed to AD during the 8 years; the rest of the 143
MCI subjects remained in the MCI state. Focusing on cortical
thickness differences (1CT) from the 180 MCI participants, we
asked two key questions: (1) which genes and biological processes
are related to 1CT in degeneration from MCI to AD? and (2)
what is the spatial profiling of the genetic expression related to
1CT? We conducted PLSR and WGCNA analyses and combined
the 1CT measured by T1-MRI in MCI patients with postmortem
gene expression data downloaded from the Allen Institute for
Brain Science (AIBS) (Hawrylycz et al., 2012, 2015) to address the
two questions. We then validated the robustness and specificity of
our results with validation datasets. The flow chart of the current
research ideas is shown in Figure 1.

MATERIALS AND METHODS

Ethics Statement
The T1-MRI images we evaluated for this work were from the
Alzheimer’s Disease Neuroimaging Initiative (ADNI) database.1

We confirm that all procedures performed in this study involving
human participants were in accordance with the ethical standards
of the ADNI consortium Ethics Committee and with the 1964
Helsinki declaration and its later amendments or comparable
ethical standards. Written informed consent was obtained from
all participants or surrogates (see text footnote 1).

Discovery Dataset: T1-Magnetic
Resonance Imaging Data and Quality
Control
We tracked 189 MCI subjects from the ADNI database for 8 years.
On the last record (September 2020), 147 MCI subjects were
stable in the MCI state (MCI_S), and 42 MCI subjects had
progressed to AD (MCI_AD). The timeline of the transition
to AD is shown in Supplementary Table 1. T1-weighted
magnetization prepared rapid gradient echo (MPRAGE) MRI
data at baseline (tracking start time: September 2012) were
used. The thickness of the cortex was obtained employing
FreeSurfer (Fischl, 2012). The brain gray matter was parcellated
into 308 cortical regions, and the mean cortical thickness for
the 308 regions was obtained. The detailed quality control
and neuroimaging processing are shown in the Supplementary
Materials. The final sample consisted of 143 MCI_S and 37
MCI_AD patients matched by sex and age. Details are in Table 1.

Differences in cortical thickness (1CT) were calculated as
follows. The cortical thickness (CT) of MCI_S has a matrix
of 308 × 143, and MCI_AD has a matrix of 308 × 37. For
instance, brain region A in the MCI-S group has a mean CTMCI−S
((CT1 + CT2. . .CT143)/143), and in the MCI_AD group, it
has a mean CTMCI_AD ((CT1 + CT2. . .CT37)/37). Then, the
1CT of brain region A is the mean CTMCI−S minus the mean
CTMCI_AD. As there are 308 cortical regions, the 1CT has a
matrix of 308× 1.

1adni.loni.usc.edu
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FIGURE 1 | Flowchart of this study. (A) Cortical thickness difference (1CT) of 308 brain regions between the MCI_S and MCI_AD groups. (B) Regional expression of
20,647 genes in 308 brain regions from the AIBS. (C) Partial least squares regression (PLSR) analysis using gene expression as a predictor variable and 1CT as a
response variable. (D) PLSR weights of all genes in line with its contribution to the overall model in each component (FDR correction, z-score > 1.96).
(E) Upregulated genes are tested for enrichment analysis and spatial expression of von Economo classes. (F) Validation of robustness and specificity of our results.
(G) Validation of robustness and specificity.

TABLE 1 | Demographic information in discovery dataset, validation dataset 1 and specificity dataset 1.

Dataset Discovery dataset (ADNI) Validation dataset 1 (ADNI) Specificity dataset 1 (ADNI)

Groups MCI_Sa MCI_AD NC_Sb MCI_Sa NC_Sb NC_MCI

n 143 37 53 143 53 30

Sex (M/F) (80/63) (26/11) (21/32) (80/63) (21/32) (16/14)

Age 71.41 ± 7.59 73.35 ± 7.19 75.45 ± 5.96 71.41 ± 7.59 75.45 ± 5.96 77.57 ± 6.24

CDR 0.05 ± 0.00 0.05 ± 0.00 0.00 ± 0.00 0.05 ± 0.00 0.00 ± 0.00 0.05 ± 0.00

MMSE 28.31 ± 1.57 27.57 ± 1.82 29.09 ± 1.06 28.31 ± 1.57 29.09 ± 1.06 28.63 ± 1.847

Data are the mean ± standard deviation; statistical tests showed no significant differences in sex, age, MMSE or CDR (p > 0.01, FDR correction). The n-row represents
the number of participants.
MCI_S: stable MCI; MCI_AD: transition from MCI to AD; NC_S: remaining normal cognitive state; NC_MCI: conversion from NC to MCI; CDR: clinical dementia rate;
MMSE: Mini-Mental State Examination.
a Indicates that the same MCI_S group was used for both the discovery and validation datasets.
b Indicates that the same NC_S group was used for both the validation and specificity datasets.

Discovery Dataset: Gene Expression
Data
The genetic expression dataset was acquired from the AIBS
database2 (Hawrylycz et al., 2012, 2015). We evaluated T1-MRI
images from each AIBS donor to determine the brain structure
corresponding to each tissue sample. We used FreeSurfer
(fsaverage) to parcellate the brain structure into 308 cortical
regions (Fischl, 2012); the brain structure was then warped from
the anatomical space into the surface reconstruction of each
donor’s brain from the AIBS. Pertinently, 20,647 gene expression
values were provided by the AIBS. Thus, a 308 × 20,647 matrix

2http://human.brain-map.org

that included the whole genome expression values for the 308
brain regions was obtained after processing (Romero-Garcia
et al., 2018). More details are shown in the Supplementary
Materials. The codes used to process these data are in this
link.3 Brain imaging was performed using a BrainNet viewer
(Xia et al., 2013).

Discovery Dataset: Partial Least Squares
Regression Analysis
Partial least squares regression was employed to ascertain which
genes had a significant association with 1CT. Then, weighted

3https://github.com/SupingCai/PLSR-and-WGCNA-Codes
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partial least squares (PLS) values that were z-transformed for
each gene were obtained [false discovery rate (FDR) correction,
adjusted p < 0.05]. We chose genes that passed FDR correction
with both positive and negative weights for the next step. The
detailed steps of the PLSR analysis and the bases of choosing the
PLS components are described in the Supplementary Materials.

Discovery Dataset: Enrichment Analysis
We used the Metascape tool4 (Zhou et al., 2019) to perform
enrichment analysis with the Benjamini–Hochberg FDR
correction (q < 0.05) of the significant genes from selected PLSR
components [Gene Ontology (GO) biological processes, Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathways, and
protein–protein interaction networks]. We performed tissue-
specific enrichment analysis using Enrichr5 [FDR correction
(q < 0.05)] (Chen et al., 2013; Kuleshov et al., 2016). Detailed
information is shown in the Supplementary Materials.

Validation and Specificity
To verify the robustness of our results, we utilized the other
independent dataset, which was from the ADNI database, as
the validation dataset. Two groups, one consisting of 143
MCI_S patients and the other consisting of 53 individuals with
normal cognition (NC), served as validation dataset 1. PLSR
analysis and enrichment analysis were conducted in validation
dataset 1. To verify that our results were MCI specific, we used
another independent dataset as the specificity dataset, which was
also from the ADNI database. Eighty-three normal cognitive
participants were longitudinally followed for 8 years. During the
8-year period, 30 participants transitioned from normal cognitive
function to MCI (NC_MCI). The other 53 participants remained
in a normal cognitive state (NC_S). We selected the baseline T1-
MRI images of 83 normal cognitive participants (53 individuals
with NC and 30 NC_MCI participants) as specificity dataset 1.
Gene expression data were the same as the discovery dataset. To
process T1-weighted MRI images, PLSR analysis and enrichment
analysis of the two datasets were conducted with the same
pipeline as described above.

Validation Using the Weighted Gene
Co-expression Network Analysis Method
To remove the influence of the method on the results, we
performed WGCNA instead of PLSR to verify the reliability
of our initial results in the discovery and validation datasets.
Detailed processes are provided in the Supplementary Materials.

Indirect Validation and Specificity
Analyses
Tissue-specific enrichment analysis results showed that the
prefrontal lobe was the coincident brain tissue in both the
validation and discovery datasets. Therefore, we performed
validation and specificity analyses purely from the perspective
of gene expression data from the prefrontal cortex to indirectly

4http://metascape.org/
5http://amp.pharm.mssm.edu/Enrichr

verify our results. Validation dataset 2 comprises microarray
data of 56 AD patients and 44 normal controls from the Gene
Expression Omnibus (GEO) database. Specificity dataset 2 of 36
vascular dementia (VaD) patients and 44 normal controls was
also acquired from the GEO database. Detailed information is
shown in the Supplementary Materials.

Von Economo Classification for Partial
Least Squares Component 1
For the selected PLSR component, we also conducted spatial
expression profiling of PLSR component 1 across five Von
Economo (VE) classifications (Economo et al., 2008) and two
additional subtype classifications, including the limbic system
and old cortex and insular lobe (Zilles and Amunts, 2012).

Assigning 1CT Related Genes to Cell
Types and Enrichment Analysis in the
Discovery Dataset
We used the secondary data of cellular markers (gene sets
corresponding to each cell type) for reference. The secondary
data of cellular markers are based on the data from the AIBS
database. Gene sets corresponding to each cell type is available
data from Li et al. (2021). Cell-specific gene set is from large-
scale single-cell studies of the adult human cortex (Seidlitz
et al., 2020). Cell types are divided into seven canonical classes:
astrocytes, excitatory neurons, inhibitory neurons, endothelial
cells, oligodendrocytes, oligodendrocyte precursors (OPs), and
microglia. We overlapped the gene set of each cell type with
the PLSR component 1 (PLS1) genes. A permutation test
was applied to obtain the p-value of the overlapping gene
number in each cell type (FDR correction, p < 0.05). We
also performed enrichment analyses in genes involved in each
cell type using the Metascape tool [Benjamini–Hochberg FDR
correction (q < 0.05)] (Zhou et al., 2019).

RESULTS

Demographic Characterization and
Partial Least Squares Regression
Analysis Results
The demographic characterization of the discovery dataset,
validation dataset 1 and specificity dataset 1 is shown in
Table 1. The demographic information of validation dataset 2 and
specificity dataset 2 is shown in Supplementary Table 1.

In the discovery dataset, we identified that the 16-component
model had the best fit from the initial 35 component analyses
applying cross-validation. The 16-component model was used
in the PLSR analysis. Components 1 and 2 interpreted
greater than 10% of the variance. However, only PLS1
interpreted a remarkable ratio of the 1CT (p < 0.001, 10,000
permutations), and it was chosen for subsequent analyses (FDR
correction, q < 0.05). The correlations of 1CT and PLS1
gene loading among the discovery dataset, validation dataset 1
and specificity dataset are shown in Figure 2. Detailed PLSR
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analysis results of these three datasets are described in the
Supplementary Materials.

Gene Enrichment Results in Discovery
and Validation Datasets
In the discovery dataset, the first GO term was “chemical
synaptic transmission” (GO: 0007268) in upregulated genes
from PLS1 (FDR correction for multiple comparisons [adjusted
p-value = 0.0005; Log10(q-value) = −20.072)]. In validation
dataset 1, the first GO term was also “chemical synaptic
transmission” (GO: 0007268) in upregulated genes. When the
WGCNA method was used, the first GO term was also GO:
0007268 in upregulated genes in the discovery and validation
datasets. Please see Figure 3. However, no such consistent results
were found in downregulated genes.

The upregulated genes were mainly involved in the protein–
protein interaction network, and the identified molecular
complex detection (MCODE) components are shown in Figure 4.
Five MCODE components, including G alpha (i, q, and s)
signaling events, chloride transmembrane transport and cell-cell
junction assembly, were identified. These processes play a key role
in MCI progression. We discuss this finding later in more detail.

Tissue-specific enrichment analysis results showed that the
prefrontal lobe was the same brain region of interest in both
the discovery and validation datasets (Supplementary Table 8).
We used a gene expression dataset of the prefrontal cortex from
the GEO to indirectly verify our results. Enrichment analysis

results showed that the first GO term was also GO: 0007268
in upregulated genes. Detailed information is provided in the
Supplementary Materials. The biological processes involved in
GO: 0007268 were extracted by QuickGO6 (Figure 5).

Von Economo Classification Results
In the discovery dataset, PLS1 genes were remarkably
overexpressed in the associated cortex, limbic regions, and
insular cortex (VE classes 2, 6, and 7) and underexpressed
in the secondary sensory cortex and primary sensory cortex
(VE classes 4 and 5) compared to a null distribution. In the
validation dataset, the genes in PLS1 (also component 1) were
also significantly overexpressed in VE classes 2, 6, and 7 and
underexpressed in VE classes 1, 4, and 5 compared to a null
distribution. The p-values for all the above results were corrected
by FDR (p < 0.01, FDR correction). Please see Figure 6 and the
Supplementary Materials.

Specificity Verification Results
For the PLSR analysis results, we identified 16 components that
had the best fit from the initial 35 component analyses. The 16-
component model was used in the PLSR analysis. Components
1 and 2 interpreted greater than 10% of the variance. Only
PLS1 interpreted a remarkable ratio of the 1CT (p < 0.001,
10,000 permutations). PLS1 was chosen for subsequent analyses

6http://www.ebi.ac.uk/QuickGO

FIGURE 2 | Correlation of 1CT and gene loading value between the discovery, validation, and specificity datasets (A–F).
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FIGURE 3 | Gene enrichment results from PLSR and WGCNA in the discovery dataset (A,C) and the validation dataset (B,D).

FIGURE 4 | Protein–protein interaction network and identified MCODE components (A–F) from PLS1 gene enrichment.

Frontiers in Aging Neuroscience | www.frontiersin.org 6 October 2021 | Volume 13 | Article 745381

https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-13-745381 October 25, 2021 Time: 15:37 # 7

Cai et al. 1CT Associated With Synaptic Transmission

FIGURE 5 | Biological processes involved in chemical synaptic transmission from QuickGO.

(FDR correction, q < 0.05). However, the enrichment analysis of
PLS1 genes was not enriched in the GO term “chemical synaptic
transmission.” For the WGCNA results, enrichment analysis of
genes from the most correlated module (MElight green) showed
a remarkable association with the GO term “regulation of lipid
metabolic process” and was not related to the GO term “chemical
synaptic transmission.” This result verifies that the conclusion of
our study was specific to MCI.

There were no differentially expressed genes in specificity
dataset 2. Less strict thresholds of “p < 0.05 (not adjusted)
and |log (fold change)| > 1” were applied for the screening
of differential mRNA expression. There were almost no

differentially expressed genes (two upregulated genes and two
downregulated genes) (Supplementary Figure 8). Therefore, we
did not carry out enrichment analysis in the next step. This result
still verifies that the conclusion of our study was specific to MCI.

Transcriptional Signatures of
1CT-Related Genes to Cell Types and
Enrichment Analysis Results
A total of 189 genes in the PLS1 gene list were significantly
involved in astrocytes (p = 0.0096, FDR correction), 133 genes
were significantly involved in excitatory neurons (p = 0.032,
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FIGURE 6 | 1CT and von Economo classes of PLS1 in the discovery dataset (A,C), and the validation dataset (B,D).

FDR correction), and 119 genes were significantly involved in
inhibitory neurons (p = 0.041, FDR correction), Furthermore,
100 genes involved in endothelial cells, 59 genes involved
in oligodendrocytes, 34 genes involved in OPs, and 30 genes
involved in microglia are not significant (Figure 7A). Enrichment
analysis results revealed that 1CT-related genes related to cell
types were enriched in GO terms including “chemical synaptic
transmission,” “cellular component morphogenesis,” “cell
junction organization,” “synaptic transmission, glutamatergic,”
and “head development.” Figure 7B shows the detailed
information. Together, this study identified 1CT-related gene
expression in unique cell types, allowing us to ascertain specific
cell types known to be associated with AD progression pathology.

DISCUSSION

Applying PLSR to a discovery dataset, we found that PLS1
explained a striking ratio of the 1CT and that the upregulated
genes were remarkably enriched in the GO term “chemical
synaptic transmission.” We validated this result using two other
independent datasets and the WGCNA method instead of PLSR.
Specificity verification was also conducted to verify that the
conclusion of our study was MCI specific. Our study provides
a stable demonstration coupling disease-related differentiation
in cortical thickness with chemical synaptic transmission of
transcriptionally upregulated genes from the postmortem brain

cortex, thus connecting molecular pathology to macropathology.
This might be the first study to combine transcriptionally
upregulated gene risk mechanisms in MCI progression with
variances in cortical thickness.

The validation using two other independent datasets suggests
that our findings are robust. No remarkable correlations of
1CT between the discovery and validation datasets verified the
independence of the validation dataset. We can also verify this
from the significant association of gene loading values. Regarding
the 1CT between MCIs with different conversion labels, we
could infer that cortical thickness changes during MCI, thus
predicting that some MCI patients would become AD patients
in the following years. This result is consistent with our previous
study (Wang et al., 2021). Abnormal cortical thickness could be
attributed to several reasons, for example, alterations in synaptic
pruning, myelination and dendritic arborization (Jespersen et al.,
2011). The major result of this study is that transcriptionally
upregulated genes with chemical synaptic transmission are
related to 1CT in MCI progression.

Alzheimer’s disease is considered a synaptic dysfunction
disorder, where toxic oligomers will produce its major effect
(Chen et al., 2019). A mouse model study of AD implied that
synaptic loss might disturb the excitatory to inhibitory (E/I ratio)
balance in pathways vulnerable to AD pathology (Palop et al.,
2007). It is expected that chemical synaptic transmission will
be an important module in the progression from MCI to AD.
In this study, a major finding in the MCODE analysis was the
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FIGURE 7 | 1CT-related genes (PLS1) for cell type-specific analysis in discovery dataset. (A) The number of overlapping genes for each cell type (all permutated
p-values were adjusted by FDR; (B) Gene Ontology terms enriched for 1CT related PLS1 genes for each cell type.

presence of GABA receptor subunits. Some of these genes (e.g.,
GABRB1) have been found to be upregulated in AD (Limon et al.,
2012), which is in agreement with the results from this study.
Alterations in GABA receptors which are the main inhibitory
neurotransmitter would have large functional implications,
such as affecting transmembrane transport function. Similarly,
upregulation of glutamatergic synapses was found in this study.
Canas et al. (2014) detected a predominant loss of glutamatergic
terminal markers in a β-amyloid peptide model of AD. Despite
severe glutamate synaptic loss, this result would also have
significant implications in excitability and activity dependent
production of oligomers (Cirrito et al., 2005; Lauterborn et al.,
2021). Moreover, the enrichment analysis of 1CT related
genes to cell types was mainly and significantly enriched in
“chemical synaptic transmission” and “synaptic transmission,
glutamatergic.” Taken together, this study identified 1CT related
gene expression in unique cell types, allowing us to ascertain
specific cell types known to be associated with AD progression
pathology. These evidences from transcriptionally upregulated
genes in AD or MCI has underlined a crucial function for
synaptic transmission for the pathology of this disease (Meng
and Mei, 2019; Yan and Rein, 2021). Transcriptional upregulation
might imply a causal risk mechanism of AD or a compensatory
product of the genetic risk of AD (Scheff et al., 1990).

In this study, we were not able to determine whether
transcriptionally upregulated genes causally lead to changes in
CT or whether they are both downstream of a common risk
mechanism. It is also likely that transcriptional upregulation
and changes in CT are downstream processes of the genetic
risk involved in MCI progression. It should be noted that
upregulated gene transcription is not necessarily responsible for

the changes in cortical thickness. However, we were able to
demonstrate that changes in CT were significantly associated with
chemical synaptic transmission, and this significant association
only appeared during the MCI_AD transition and not during the
NC_MCI transition (specificity dataset 1). This association did
not appear in other subtypes of dementia, such as VaD (specificity
dataset 2). Specific analyses in this study verified this result.

In addition to the top GO term “chemical synaptic
transmission,” the PLS1 genes were enriched in several GO terms,
such as acetylcholine-gated cation-selective channel activity,
dopaminergic synaptic transmission, cell junction, cellular
anatomical entity, cognition, learning or memory, and behavior.
These biological processes are almost inseparable from the
functions involved in the etiology of AD or MCI. We summarized
the relative GO terms of chemical synaptic transmission from
the QuickGO website to explain our enrichment analysis
results. Accumulating evidence indicates that abnormal synaptic
transmission appears in the MCI stage and is related to deficits
in cognition (Querfurth and LaFerla, 2010). Synaptic loss also
appears in a variety of transgenic animal models of AD, together
with a decline in memory and learning (Sheng et al., 2012; Forner
et al., 2017). Nisticò et al. (2012) reported that restoration of
excitatory synaptic transmission in the hippocampus through
various approaches, such as short peptide gene manipulation,
and small molecules or antibodies, could effectively ameliorate
cognitive deficits in animal models of AD. Our findings suggest
that examining the specific role of synaptic-related genes in
changing cortical morphology would facilitate clarifying the
underlying molecular mechanisms of 1CT detected in MCI
patients with different conversion labels, creating a new avenue
for improving disease-modifying approaches to slow down or
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treat AD progression. Similarly, the associated pathway of
chemical synaptic transmission might be a good starting point.

Enrichment analysis of tissue-specific genes revealed that
the genes from PLS1 were enriched in the prefrontal lobe in
both the discovery and validation datasets. This indicates that
the prefrontal cortex is a key brain region with transcriptional
abnormalities. The abnormality might be related to synaptic
transmission function. Reddy et al. (2005) reported that
compared with individuals with NC, prefrontal synaptic protein
loss was more severe than parietal synaptic protein loss in
AD participants, implying that the prefrontal regions might
be more important for synaptic function. Reddy et al. (2005)
also indicated that presynaptic and post-synaptic proteins are
critical for synaptic function and might have a relationship with
cognitive decline in AD patients. Recently, Yan and Rein (2021)
reviewed the pathophysiological implication of the dysregulation
of prefrontal synaptic transmission in AD and illustrated
the underlying epigenetic mechanisms of the dysregulation of
prefrontal genes and synaptic disorders in AD. Our results in
AD patients are consistent with these previous findings, which
established a remarkable association of cortical thickness and
chemical synaptic transmission in the prefrontal lobe.

Protein–protein interaction enrichment analysis showed PLS1
genes mainly involved in G alpha signaling events, chloride
transmembrane transport, and cell-cell junction assembly.
These pathways have been demonstrated to be related to
the pathological process of AD (Georgakopoulos et al.,
2001; Thathiah and De Strooper, 2011; Eggert et al., 2018).
G-protein-coupled receptors (GPCRs) are the largest class of
transmembrane receptors and a common therapeutic target (Dal
Prà et al., 2019). These studies provided attractive demonstrations
and indicated that GPCRs may have a role in the etiopathogenesis
of AD and in many stages of amyloid precursor protein (APP)
proteolysis. Deyts et al. (2019) revealed that APP-mediated
signaling through a direct interaction with the G-protein alpha
subunit prevents memory and cognitive decline in an AD mouse
model. Recently, Bose et al. (2021) reported that dysfunction
of endosomal and lysosomal CLC chloride transporters results
in neurodegeneration in mice and humans. Cell-cell junctions
have been shown to be related to the AD-related presenilin 1
gene (Singh et al., 2001). In addition, all three protein functions
are targets for FDA-approved small molecule drugs. Again, these
previous studies imply the significance of our results.

Spatial profiling showed that PLS1 genes were remarkably
overexpressed in the insular cortex, association cortex and
limbic regions and underexpressed in the secondary sensory
cortex and primary sensory cortex in both the discovery and
validation datasets. The association cortex receives multichannel
information and connects neural activities in various functional
specific areas. A very early study demonstrated that a set
of complex visual discrepancies may result from known
neuropathology in the visual association cortex in patients with
AD (Mendez et al., 1990). Notably, insular cortex atrophy
is related to neurological phenotypes in AD (Moon et al.,
2014). Recently, a meta-analysis of genetic transcription data
emphasized hippocampal synaptic abnormalities in the AD brain
(Hosseinian et al., 2020). Similarly, there is evidence that the

secondary and primary sensory cortices are closely related to the
etiology of AD (Hof and Morrison, 1990).

The limitations of this study cannot be ignored. First, gene
transcriptional data were evaluated from only six postmortem
adult brain samples, although these types of samples are
widely used (Anderson et al., 2018; Romero-Garcia et al.,
2019). However, the six adult brain samples were the most
spatially detailed gene expression data. Moreover, these data have
Montreal Neurological Institute (MNI) coordinates that could
map adult brain gene expression to 1CT. Gene enrichment
results related to MCI pathogenesis provide further support for
the findings. Second, in this work, we assessed cortical thickness
rather than other brain characteristics, such as cortical volume.
The combination of the effects of at least two different genetic
sources on brain volume would have complicated a significant
analysis of the relevant genetic weights. Third, neuronal loss
was a factor in the analysis. A very early study showed
that neuronal loss correlates with but exceeds neurofibrillary
tangles in AD (Gómez-Isla et al., 1997). Nobili et al. (2017)
demonstrated that dopamine neuronal loss contributes to
memory and reward dysfunction in a model of AD (Nobili
et al., 2017). Exploring the associations among neuronal loss,
transcriptional level, and abnormal brain cortical morphology
is a valuable topic. Fourth, different MCI conversion dates
are also a limitation. Finally, the MCI_S group and NC_S
group were the same with MCI_S in the validation dataset
and NC_S in the specificity dataset (Table 1). The reasons of
using the same group is that the MCI_S and NC_S groups are
both the control group and to avoid introducing distractions.
Romero-Garcia et al. (2019) also used the same control group
for both the Autism Discovery and the ADHD datasets. The
experimental groups are mutually independent among the three
datasets, which is appropriate to validate our findings to a
certain degree.
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