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Abstract

The hippocampus and entorhinal cortex (EC), the earliest affected areas, are
considered relative to early memory loss in Alzheimer's disease (AD). The hip-
pocampus is composed of heterogeneous subfields that are affected in a different
order and varying degrees during AD pathogenesis. In this study, we conducted
a comprehensive proteomic analysis of the hippocampal subfields and EC re-
gion in human postmortem specimens obtained from the Chinese human brain
bank. Bioinformatics analysis identified region-consistent differentially ex-
pressed proteins (DEPs) which associated with astrocytes, and region-specific
DEPs which associated with oligodendrocytes and the myelin sheath. Further
analysis illuminated that the region-consistent DEPs functioned as connection
of region-specific DEPs. Moreover, in region-consistent DEPs, the expression
level of SI00A10, a marker of protective astrocytes, was increased in both aging
and AD patients. Immunohistochemical analysis confirmed an increase in the
number of SI00A10-positive astrocytes in all hippocampal subfields and the EC
region of AD patients. Dual immunofluorescence results further showed that
S100A10-positive astrocytes contained apoptotic neuron debris in AD patients,
suggesting that SI00A 10-positive astrocytes may protect brain through phago-
cytosis of apoptotic neurons. In region-specific DEPs, the proteome showed a
specific reduction of oligodendrocytes and myelin markers in CA1l, CA3, and
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1 | BACKGROUND

Alzheimer's disease (AD) is a progressive neurodegener-
ative disease with early clinical manifestations of short-
term memory loss, impaired spatial positioning, and
social disorder. The middle and late stages of AD are as-
sociated with severe memory and language loss, incapac-
itation, and eventually death [1]. The annual incidence
of AD increases dramatically with age in the United
States. Previous study displayed that 0.4% developed AD
in people aged 65-74, 3.2% in the age ranged from 75 to
84, and 7.6% in those aged 85 and older [2]. According
to Alzheimer's Disease International, the global preva-
lence of dementia was approximately 50 million people
worldwide in 2018, with this number predicted to triple
by 2050 [3, 4].

The neuropathological hallmarks of AD include ex-
tracellular amyloid plaque (AP) depositions and intra-
cellular neurofibrillary tangles which are composed of
amyloid beta (AP) peptides and hyperphosphorylated
tau protein, respectively [5]. The therapeutic values
of AP and tau have been studied for almost 30 years.
However, highly promising drugs targeting Ap and tau
have been recently failed to show clinical benefits in
phase III trials [6, 7]. Although the US Food and Drug
Administration approved Aducanumab (Biogen) for AD
treatment in June 2021, there is still controversy about
its therapeutic effect, because clearance of Ap deposition
by Aducanumab does not represent a clinical benefit [8].

The pathogenesis of AD is complex and remains to
be fully elucidated. Previous studies have commonly
focused on the alterations of neuronal cells [9, 10] and
glial cells [11], displaying the activation of microglia and
astrocytes, as well as the differentiation of oligodendro-
cytes. Glial cells account for approximately 50% of the
total brain cells and play an important role in the patho-
genesis of AD. Several studies showed that changes in
glial cells occur earlier than the onset of neuronal death
and clinical symptoms in the pathogenesis of AD, in
which microglia have become a hotspot due to functions
in the responses to inflammation and clearance of Ap
[12]. Although astrocytes and oligodendrocytes are also
of vital importance in the pathogenesis of AD, these cell
types have received relatively less attention [13—15].

The hippocampus and entorhinal cortex (EC) are the
earliest and most severely affected brain regions in AD

therapeutic strategies.

EC regions of AD patients. Immunohistochemical analysis confirmed the loss
of myelin in EC region. Above all, these results highlight the role of the glial
cells in AD and provide new insights into the pathogenesis of AD and potential

Alzheimer's disease, entorhinal cortex, glial cells, hippocampal subfields, proteomics

pathology. Short-term memory deficits and impaired
spatial navigation in the early stage likely result from
pathological changes in the hippocampus and EC [16].
The hippocampus, which plays a key role in learning and
memory, consists of the cornu ammonis (CA) and den-
tate gyrus (DG). The CA is a heterogeneous structure
divided into four histological subfields (CA1-CA4). The
CA1 is usually considered to be the earliest and most
severely affected subfield in AD pathology and exhibits
the most significant reduction in neuron number [17], the
earliest and most severe increase in Af deposition [18],
and the most serious atrophy reflected by MRI [19, 20].
The pathology of other subfields including CA2-CA4
and DG has not yet been well clarified in AD. This prob-
ably due to the relatively small anatomical area of these
subfields, which limits the accuracy of segmentation by
MRI. The EC plays a pivotal role in the processing of
spatial information and episodic memory. This brain
region includes the lateral entorhinal cortex (LEC) and
medial entorhinal cortex (MEC), and contains grid cells
which are closely associated with spatial perception [21,
22]. The EC is functioned as a “gate” to transmit cortical
sensory information to the hippocampus, and then back
to the EC, forming the EC-hippocampal loop [23]. The
signal loop between the hippocampus and MEC is of key
importance in spatial perception. Therefore, a compre-
hensive understanding of the changes in hippocampus
and EC in the pathogenesis of AD is urgently required.

Since AD was firstly defined by Alois Alzheimer in
1984, numerous studies have been performed on the pa-
thology [24], neuroimaging [25, 26], and neural circuits
[27] to clarify the pathogenesis of AD and provide new
therapeutic strategies. More recently, proteomic studies
have also provided helpful insights into the pathogenesis
and diagnosis of AD. In these studies, diagnostic mark-
ers in blood [28, 29], cerebrospinal fluid [30], and extra-
cellular vesicles [30-32] have been screened. Besides,
disease-associated protein profiles in different regions
of the brain, including the EC [33, 34], hippocampus [35—
38], frontal lobe [39, 40], and temporal cortex [35, 41] have
been identified. However, most of the proteomic studies
of the hippocampus were reported about 10 years ago,
using relatively outdated strategies that were limited by
the number of identified proteins and valuable informa-
tion. Additionally, proteomic analyses of the hippocam-
pal subfields have not yet been reported.



PROTEOMICS STUDY HIGHLIGHTS THE ROLE OF GLIA IN AD

B 3of 17

Preclinical Alzheimer's disease (pre-AD) is the state in
which AD pathology is observed while the patient's cogni-
tion is normal [42]. The ability to diagnose AD in the pre-
clinical stage offers opportunities for early intervention.
However, there is currently a lack of convenient biomark-
ers. Clarification of the neuroimaging, molecular, and ge-
netic changes in the pre-AD state will provide a wealth of
information that will facilitate the identification of diag-
nostic markers and understanding disease progression.

Thus, this study aims to investigate the protein profile
changes of the hippocampal subfields of AD patients and
reveals the underlying pathogenesis of AD. Postmortem
brain tissues of 13 cases of AD, 9 cases of pre-AD, and 22
cases of age-matched normal donors were used. The pro-
tein profile of hippocampal subfields (CAl, CA2, CA3,
and CA4/DG) and EC were identified with TMT-based
quantitative proteomics and the region-specific (changed
not in all brain regions) and constitute (changed in all
brain regions) differentially expressed proteins were
classified. Integrated proteomics, pathology, and histo-
chemistry results highlight the role of glial cells in AD
pathogenesis.

2 | METHODS

2.1 | Brain tissues and case classification

The human postmortem brain tissue samples (hip-
pocampus and EC) used in this study were acquired
from the Chinese National Human Brain Bank for
Development and Function. The tissues were obtained
using the standardized operational protocol for human
brain banking [43]. The ECog Insider Questionnaire was
used to determine clinical cognitive status [44]. For neu-
ropathological analysis, the “ABC” dementia score for
each case was used according to the National Institute
on Aging and Alzheimer's Association (NIA-AA) guide-
lines [45]. According to the ABC and ECog score, the 44
enrolled donors were divided into three groups: normal
(22 donors), pre-AD (9 donors), and AD (13 donors). The
following grouping criteria were applied: normal, ABC
score N or L, and ECog = [; pre-AD, ABC score I or H,
and ECog = 1; AD, ABC score I or H, and ECog > 1. All
case metadata, including age, sex, disease status, ECog
score, ABC score, post-mortem interval, co-existing
pathology, and application, are provided in Table SI.
This study was approved by the ethics committee of
The Institute of Basic Medical Sciences of the Chinese
Academy of Medical Sciences (Approval Number:
009-2014).

2.2 | Hippocampal dissections

The hippocampus is coronally cut into 12 pieces of equal
thickness, and numbered 1-12 sequentially from the
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head to the tail of the hippocampus. The slice No.7 was
dissected for proteomics study as previously described
[46, 47]. Frozen slice No.7 was alternately sectioned into
I-mm and 30-pum sections. The 30-pm sections was fixed
and then subjected to Nissl staining to determine CAl,
CA2, CA3, CA4, DG, and EC regions. According to
the results of Nissl staining, the subfields in the l-mm
sections were cut and separated under a microscopic
dissecting microscope. Since CA4 and DG cannot be
separated accurately, we put the CA4 and DG tissues to-
gether and obtained CA4/DG sample. The CA4/DG in-
cludes pyramidal layer, polymorphic layer, and granular
layer enclosed in the dentate gyrus.

2.3 | Reagents and antibodies

Iodoacetamide (IAA, 12273), dithiothreitol (DTT,
D9163), and urea were purchased from Sigma—Aldrich
(Burlington, VT, USA). Proteinase inhibitor cocktail and
sequencing-grade trypsin/Lys-C (V5071) were purchased
from Promega (Madison, WI, USA). The TMT 10-
plex™ and 6-plex™ Isobaric Label Reagent Sets (90110,
90061) were purchased from Thermo Fisher Scientific
(Waltham, MA, USA). Anti-S100A10 (ab76472, 1:200
for THC), anti-GFAP (ab4648, 1:400 for IF), anti-NeuN
(abl04224, 1: 400 for IF) were obtained from Abcam
(Cambridge, UK). Anti-MBP (HPA049222, 1:2500 for
IHC) and anti-CNP (HPA023280, 1:1000 for THC) were
purchased from Sigma-Aldrich. Anti-SI00A10 (S2664,
1:400 for IF), Anti-APP (mab348, 1:400 for IF) were pur-
chased from Merck Millipore (MA). Anti-f-amyloid,
1-16 antibody (6E10 clone, SIG-39300, 1:400 for IF)
was purchased from BioLegend (San Diego, CA, USA).
Secondary antibodies [goat anti-mouse Alexa Fluor Plus
555 (A32727, 1:400 for IF) and goat anti-rabbit Alexa
Fluor 488 (A11034, 1:400 for IF)] were obtained from
Thermo Fisher Scientific (Waltham, MA, USA). Anti-
rabbit HRP-DAB Two Step IHC Detection Kit (PV-9001)
was purchased from ZSGB-BIO (Beijing, China). The
detailed antibody information including Compony/Cat.
No., Lot No., Source, Immunogen, Epitope, Application,
and Reference is shown in Table S2.

2.4 | Protein sample preparation
The hippocampal tissue was homogenized by cryogenic
grinding with a mortar and pestle. Tissue proteins were
released using protein lysis and extraction buffer (§ M
urea in PBS, pH 8.0, with proteinase inhibitors) and soni-
cation to improve protein extraction efficiency. Soluble
proteins were obtained by centrifugation at 12,000 rpm
for 15 min at 4 °C. Protein concentration was determined
using a Nanodrop 2000 (Thermo Fisher Scientific).

For mass spectrometry, eight donors were divided
into two groups: normal (4 cases) and AD pathology
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(1 case of pre-AD and 3 cases of AD). The CAl, CA2,
CA3, CA4/DG, and EC regions were included for each
donor. Thus, 10 groups of samples were included in this
study: CAl_Nor, CA2_Nor, CA3_Nor, CA4/DG_Nor,
EC_Nor, CA1_AD, CA2_AD, CA3_AD, CA4/DG_AD,
and EC_AD. Equal mass proteins of four donors in each
group (25 mg each donor, total 100 mg) were pooled for
digestion and mass spectrum analysis.

2.5 | Protein digestion and TMT-labeling
Proteins were treated with 10 mM DTT for 30 min fol-
lowed by 25 mM IAA in the dark for 30 min at room
temperature. After dilution with phosphate-buffered
saline (PBS), trypsin/Lys-C was added for protein diges-
tion. After incubation overnight, the digested peptides
were heated at 60°C for 30 min to inactivate enzyme ac-
tivity, and the solution was acidified to pH 1-2 with tri-
fluoroacetate. The digested peptides were then desalted
by reverse-phase column chromatography (Oasis HLB,
WAT094225, Waters) and dried with a SpeedVac vacuum
concentrator. The peptide powder was dissolved in 100 pul
200 mM triethylammonium bicarbonate buffer (TEAB,
pH 8.5) for Tandem Mass Tag (TMT) labeling.

TMT reagent was added to the peptide solution and
incubated for 1 h at room temperature then the reaction
was terminated by the addition of 5% hydroxylamine
for 15 min. Three sets of TMT-labeling were conducted:
Set 1 (10-plex): CA1_Nor (TMT-129C), CA2_Nor (TMT-
129N), CA3_Nor (TMT-130C), CA4/DG_Nor (TMT-
130N), EC_Nor (TMT-131), CA1_AD (TMT-126),
CA2_AD (TMT-127N), CA3_AD (TMT-127C), CA4/
DG_AD (TMT-128N), and EC_AD (TMT-128C). Set
2 (6-plex): CA1_Nor (TMT-126), CA2_Nor (TMT-127),
CA3_Nor (TMT-128), CA1_AD (TMT-129), CA2_AD
(TMT-130), and CA3_AD (TMT-131). Set 3 (6-plex):
CAl1_Nor (TMT-126), CA4/DG_Nor (TMT-127), EC_
Nor (TMT-128), CA1_AD (TMT-129), CA4/DG_AD
(TMT-130), and EC_AD (TMT-131). The labeled pep-
tides in each set were then mixed, desalted, dried as de-
scribed previously, and finally dissolved in 100 pl of 0.1%
formic acid for high-performance liquid chromatogra-
phy (HPLC) fractionation.

2.6 | HPLC fractionation and liquid
chromatography (LC)-MS/MS

The peptide solution (100 pl) was transferred to a tube
and loaded onto the HPLC system (UltiMate™ 3000,
Thermo Fisher Scientific) equipped with an Xbridge
BEH300 C18 column (1.0 ml/min, 4.6 x 250 mm, 2.5 mm,
Waters). Gradient elution was performed using an al-
kaline eluent buffer (pH 10) consisting of phase A (5%
acetonitrile in ddH,0) and phase C (98% acetonitrile in
ddH,0). The peptides were eluted at a flow rate of 1.0 ml/

min for 75 min. Fractions were collected every 90 s (50
tubes), dried and then combined into 20 tubes accord-
ing to absorption peak detected at 214 nm. The peptides
were then dissolved with 20 pl 0.1% formic acid for fur-
ther LC-MS/MS analysis using the Orbitrap Fusion™
and Orbitrap Fusion'™ Lumos™ mass spectrometers
(Thermo Fisher Scientific). The two 6-plex-labeled sets
were analyzed with the Orbitrap Fusion'™ system and
the 10-plex-labeled set was analyzed with the Fusion™
Lumos™™ system. The labeled peptides were loaded into
EASY-nLC 1000 system equipped with a homemade
fused silica capillary column (75 pm ID, 150 mm length;
Upchurch, Oak Harbor, WA, USA) packed with C-18
resin (300 A, 5 pm; Varian, Lexington, MA, USA) and
separated using a 120-min gradient elution at a flow
rate of 0.30 ml/min. The flowthrough peptides were ion-
ized with the mass spectrometer in a positive-ion mode.
The spectrum was collected with Xcalibur 3.0 software
(Thermo Fisher Scientific) using a data-dependent ac-
quisition model. A single full-scan mass spectrum in
Orbitrap (350-1550 m/z, 120,000 resolution) was carried
out, followed by a 3 s data-dependent MS/MS scan in an
ion routing multipole at 38% normalized collision energy
(Higher-energy collisional dissociation, HCD).

The mass spectrometry proteomics data have been de-
posited to the ProteomeXchange Consortium (http:/prote
omecentral.proteomexchange.org) via the iProX partner
repository [48] with the dataset identifier PXD027380.

2.7 | Protein identification and quantification
The mass spectrum data were extracted and searched
against the reviewed human protein FASTA database
downloaded from UniProt (released on July 9, 2020) using
Proteome Discoverer 2.2 (Thermo Fisher Scientific).
The search was completed using the SEQUEST-HT
algorithm according to the following criteria: a maxi-
mum of two missed cleavages allowed; precursor mass
tolerance and fragment mass tolerance set at 20 ppm
and 0.02 Da, respectively; total intensity threshold and
minimum peak count set at 20,000 and 200, respectively;
static modifications include carbamidomethylation on C
and TMT 6-plex or 10-plex on the peptide N terminal;
dynamic modifications include TMT 6-plex or 10-plex
on K, oxidation on M, phosphate on S, T, Y and deami-
nation on N; protein identification was considered valid
when at least one peptide was detected with a false dis-
covery rate (FDR) of less than 1%. All other parameters
were set as default.

Peptides were quantified according to the unique pep-
tide's ratio based on the TMT signals detected by MS/MS.
The quantification was considered reliable with protein
scores >10 and unique peptide >1. The differential ex-
pression threshold was defined with the 95% prediction
interval value. The log,(ratio) 20.42 or <—0.58 was set as
the differential expression threshold for 6-plex-labeling,
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while log,(ratio) 20.32 or <—0.32 was set as the differen-
tial expression threshold for 10-plex-labeling (Figure S1).

2.8 | Bioinformatics analysis

Correlation and heatmap two-way cluster analysis were
performed with JMP Pro 13. The correlation analysis
was based on scaled protein abundance, and the heat-
map was constructed using the relative AD/normal
protein expression ratio. Gene ontology analysis was
conducted according to PANTHER overrepresentation
test (Released 20200728). The top six items filtered with
gene count and fold enrichment are shown in figures.
Fold enrichment is a parameter in Gene ontology enrich-
ment analysis. It refers to the ratio of the frequency of a
group of genes in a GO term to the frequency of all genes
in the species in this GO term. The protein—protein in-
teraction network was predicted with STRING (http:/
string-db.org) and visualized using Cytoscape 3.8.2.

2.9 | Immunohistochemical analysis

Paraffin sections of human brain tissue (each contain-
ing both hippocampus and EC region) were immersed
in PBS after gradient deparaffinization and transferred
to 0.01 M citrate buffer (pH 6.0) for antigen repair using
the microwave method (92-98°C for 10 min). After cool-
ing to room temperature, sections were washed with PBS
and blocked with 3% H,O, for 15 min in a humid envi-
ronment. Tissues were permeabilized for better antigen-
antibody recognition using 0.3% Triton X-100. Sections
were then blocked with 10% goat serum + 1% BSA in
PBS for 30 min and incubated with primary detection
antibody overnight at 4°C. Subsequently, the anti-rabbit
horseradish peroxidase-diaminobenzidine (HRP-DAB)
Two Step THC Detection Kit was used for signal ampli-
fication. Sections were gradient dehydrated and sealed
with a neutral resin before capturing with an Olympus
BX61 microscope. Brightfield images (100x and 200x
magnification) were captured (57 for CAl and EC, 2 for
CA4/DG, and 1 for CA2 and CA3). The brown-colored
positive signal was quantified using Image-Pro Plus
6.0 software.

2.10 | Immunofluorescence analysis

Tissue deparaffinization was performed as previously
described in the immunohistochemical analysis. After
immersion in PBS, the tissue was permeabilized with
0.3% Triton X-100 for 30 min followed by antigen re-
trieval in citrate buffer using the microwave method.
After neutralizing the aldehyde group with 0.5% so-
dium borohydride, sections were blocked and incubated
sequentially with primary and secondary detection
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antibodies. After immersion in 70% ethanol for 2 min,
sections were incubated in 0.1% Sudan Black for 10 min
in the dark. Excess Sudan Black was removed by rinsing
with 70% alcohol before the addition of mounting media
with DAPI. The fluorescence signal was detected with
an Olympus BX61 microscope equipped with a with a
monochrome camera to capture fluorescent images with
standard wavelength filters.

2.11 | Statistical analysis

The protein expression level in IHC was measured as
mean integrated optical density (mean IOD) quantified
by Image-Pro Plus 6.0. The cell number was counted in
each picture and then normalized with area (per mm?).
Data were presented as the mean + standard deviation
and One-way ANOVA followed by the Bonferroni post
hoc test was used to compare differences among three
groups and more. p <0.05 was considered to indicate sta-
tistical significance.

3 | RESULTS

3.1 | Project design

A flowchart of the study design is shown in Figure 1. We
conducted a TMT-based quantitative proteomics analysis
of the hippocampal subfields (CA1-CA4/DG) and EC in
postmortem specimens. Bioinformatic analysis was then
conducted and followed with IHC and IF verification.

In the proteomics study, eight cases were involved and
divided into two groups: four donors with AD pathology
(mean age 93.5 = 7.7 y; 2 male; 3 AD and | pre-AD) vs.
four normal donors (mean age 86.0 + 7.3, 2 male). Two
technical replicates were included for each specimen,
resulting in three sets of data: one 10-plex labeled and
two 6-plex labeled. Details of TMT-labeling are shown in
Figure 1. For IHC analysis, forty-four cases were used to
confirm myelin sheath loss and SI00A10-positive astro-
cytes alteration in AD, including 22 cases normal, nine
cases Pre-AD, and 13 cases AD. In the IF study, 17 cases
were used to evaluate the function of SI00A10-positive
astrocytes in neuron protection, including 10 donors
with AD pathology (6 AD and 4 pre-AD) and 7 normal
donors. The donor's information and experimental usage
of their tissues are shown in the Table S1.

3.2 | Proteomic characterization of the
hippocampus and EC

Three sets of proteomics data were obtained from five
brain regions: EC and hippocampus subfields CAl, CA2,
CA3, CA4/DG. Set 1 (10-plex labeled) included the five re-
gions in AD and age-matched normal donors. Set 2 and
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Study on the relationship
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FIGURE 1 Flowchart of the study design

Set 3 (6-plex labeled) comprised duplicates of Set 1. Set 2
included CA1-CA3, and Set 3 included CA1, CA4/DG, and
EC. Details of the TMT-labeling are shown in Figure 1. In
total, 5389, 4579, and 4547 proteins were identified in Sets
1, 2, and 3, respectively. Of these proteins, 4133 overlapped
all three sets (Figure 2A, Table S3); these proteins formed
the basis of our analysis. According to the report by Zhang
et al. [49], 4133 proteins were matched to five nerve-related
cells: neuron, endothelium, microglia, astrocyte, and oligo-
dendrocyte, with neuronal cells accounting for the largest
proportion, followed by astrocytes (Figure 2B). Correlation
analysis showed that the proteomic data were reproduc-
ible. Moreover, protein expression level in AD is nega-
tively correlated with normal, reflecting the huge proteome
difference between AD and normal tissues (Figure 2C).
Two enrichment methods were used in our gene ontol-
ogy (GO) analysis. According to gene count, the identified

2 ¢

proteins were located mainly in “cytoplasm,” “organelle,”
and “membrane” and the main molecular functions were
“protein binding,” “catalytic activity,” and “ion binding”
involved in biological processes such as “metabolism” and
“transportation” (Figure 2D, Table S4). According to fold
enrichment, the identified proteins were enriched mainly in
“proteasome complex,” “mitochondria respiratory chain,”
and “synaptic vesicle membrane” and the main molecular
functions were “tau-protein kinase activity,” “tau protein
binding,” and “NADH dehydrogenase activity” involved
in biological processes such as “mitochondrial electron
transport,” “synaptic vesicle endocytosis,” and “synaptic
vesicle recycling” (Figure 2E, Table S4). Brain is an energy-
intensive organ with high content of mitochondria. Synapse
and Tau related proteins are also mainly found in the brain.
From this point of view, the enrichment results based on
fold enrichment could better reflect tissue function, while
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by Zhang et al. [49]. (C) Correlation analysis of protein expression levels in ten samples using scaled abundance. (D and E) Gene ontology

analysis of 4133 overlapping proteins based on the gene count (D) and

enrichment based on gene count reflect only the basic char-
acteristics of the proteins.

3.3 | AD-related proteins show different
expression patterns in five brain regions

Disease-associated differentially expressed proteins
(DEPs) were filtered with the 95% prediction interval as
described in the Methods (Figure SI). The protein list of

fold enrichment (E)

181 DEPs is shown in Table S5. The patterns of DEPs
expression in the five regions are shown in Figure 3A.
Two-way cluster analysis was conducted to evaluate
the distance among the five brain regions and to group
proteins with similar expression profiles. The distance
between the replicates in each brain region is the short-
est, once again confirming that the mass spectrometry
data are reproducible. The distance between the EC and
the four hippocampal subfields was the farest, reflect-
ing the differences caused by AD in different regions of
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the brain. Seven protein clusters were identified based  but

on two-way cluster analysis. In Cluster 1 (C1), these pro-
teins were lower expressed in CA1-CA4 of AD samples,

there is no change in the EC region. In Cluster (C2),

proteins were lower expressed in CAl, CA3 and EC,
with the most marked in EC region. In Cluster 3 (C3),
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protein upregulation was only detected in the EC, with
no changes in the other regions. In Clusters 6 and 7
(C6 and C7), proteins were upregulated in all regions.
The DEPs in CI-C3 were regarded as region-specific,
whereas those in C6 and C7 were regarded as region-
consistent. The expression level of region-specific and
region-consistent DEPs in the five regions of AD and
normal donors are shown in Figure 3B. GO analysis
based on fold enrichment in these region-specific and
region-consistent DEPs showed that proteins in C1 were
enriched in platelet deregulation and vesicle lumen, pro-
teins in C2 were associated with myelin sheath and oligo-
dendrocytes, proteins in C3 were related to extracellular
matrix, and proteins in C6 and C7 were associated with
astrocytes (Figure 3C). In accordance with the GO re-
sults, proteins in C2 were enriched in oligodendrocytes,
and proteins in C6 and C7 were enriched in astrocytes
(Figure 3D). For proteins in Cluster 4 and 5, they could
not construct protein-protein interation network and be
enriched in any GO term (Figure S2).

3.4 | The region-consistent DEPs function as
a connection of different region-specific DEPs

To study the relationship between region-consistent and
region-specific DEPs, we constructed a protein—protein
interaction network using Cytoscape software (Figure 4).
The connections of proteins in each cluster were close,
while the connections of four clusters were weak, reflect-
ing the relatively independent functions of clusters. The
region-consistent DEPs (C6&7) were found to function
as a bridge connecting the region-specific DEPs (Cl—
C3). In addition, 15 hub proteins were found in C6&7
using the cytoHubba Plug-in. Of these, eight hubs linked
proteins within C6&7, and the remaining seven hub pro-
teins connected C6&7 and clusters C1-C3.

3.5 | The S100A10-positive astrocytes
increased in AD and involved in phagocytosis of
apoptotic neurons

Since AD is an aging-related disease, we mapped the
AD-related region-consistent DEPs (C6&7) with the
aging-related proteins in the hippocampus identified
in our previous study [50]. Sixteen proteins were found
both aging- and AD-related (Figure 5A), with which 10
proteins were hubs (ANXA1, ANXA2, ANXAS, HSPBI,
VIM, S100A10, CD44, CO1A1, COL1A2, and GFAP) in-
dicating that these hub proteins play an important role in
both AD and aging. Among these hub proteins, GFAP,
VIM, and S100A10 are astrocyte markers. SI00A10-
positive astrocytes are thought to protect neurons by
secreting neurotrophic factors [51, 52]; however, the func-
tion of SI00A10-positive astrocytes in AD is unclear and
other protective mechanisms may also exist.

Brain
-+ Pathology

Our THC and IF analyses revealed that SI00A10 is
expressed in some small astrocyte-like cells in the nor-
mal donors. The enlarged cell bodies and greater de-
gree of branching indicated that these SI00A10-positive
astrocytes are activated in AD patients (Figure 5B,C).
In addition, the number of SI00A10-positive astrocytes
was significantly increased in all five regions of pre-AD
and AD donors (Figure 5D). Similarly, the number of
S100A10-positive astrocytes was highest in the donors
with the most severe pathology reflected by an ABC
score of “H” (Figure 5E).

Because S100A10-positive astrocytes are regarded
as neuroprotective glial cells, we next investigated the
relationship between S100A10-positive astrocytes and
neurons using dual immunofluorescence staining. In
normal donors, NeuN, a neuron marker, was expressed
at high levels in both the cytoplasm and the nucleus of
neurons. In pre-AD and AD samples, the NeuN signal
was weak, concentrated in the cytoplasm, with negligible
staining in the nucleus (Figure 6A—C, Figure S3). This
result is consistent with previously reports that NeuN is
expressed at low levels in AD [53], and localized mainly
in the cytoplasm in HIV-infected individuals with cog-
nitive impairment [54]. In addition, we also detected a
large number of NeuN-positive debris in pre-AD and
AD donors, but not in normal donors. This debris was
surrounded by SI00A10-positive astrocytes and some of
them were enclosed by astrocytes (Figure 6A—C, Figures
S3 and S4). We named these astrocytes as phagocytic
S100A10-positive astrocytes. The number and percent-
age of these phagocytic S100A10-positive astrocytes
increased significantly in pre-AD and AD donors
(Figure 6D,E). It was further found that the NeuN-
positive debris co-localized with the apoptosis marker
cleaved caspase-3 (Figure 6F—H), indicating that the de-
bris was derived from apoptotic neurons. Similar results
were also observed using antibodies for the detection
of APP and A, which are mainly expressed in neurons
(Figures S5 and S6).

3.6 | Oligodendrocyte and myelin sheath
density are reduced in pre-AD in a region-
specific manner

For the region-specific DEPs, all C2 proteins were en-
riched in oligodendrocyte differentiation and myelin
sheath formation. As shown in Figure 7A, these proteins
were lowest expressed in the EC, followed by CAl and
CA3. For further THC analysis, we selected CNP, which
is expressed both in pre-oligodendrocytes and mature
oligodendrocytes (myelin sheath), and MBP, which
is mainly expressed in myelin sheath. The THC results
showed that the expression of CNP and MBP were both
reduced in the pre-AD and AD group in the EC region
(Figure 7B), with statistically significant in AD pathol-
ogy and pre-AD group (Figure 7C,D). However, there
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were no significant differences in the expression of MBP
and CNP among normal, AD pathology, pre-AD, and
AD groups in other regions (Table S6).

4 | DISCUSSION

Few studies of AD or other neuropsychiatric disorders
have focused on the molecular differences between hip-
pocampal subfields, except that von Ziegler et al. re-
ported marked differences in the protein profiles of
CA1l and CA3 in normal mice, no matter under basal
conditions (untreated or stimulated) or memory forma-
tion conditions (object recognition and object location
recognition) [55]. Hence, we hypothesized that the char-
acteristic dynamic protein changes in subfields of the
hippocampus may reflect the regional differences caused
by AD. In this study, we compared the protein profiles of
the hippocampal subfields in postmortem brain tissues
from AD and normal donors. We found differences in
the expression levels among the hippocampal subfields
of normal donors (Figure 3B, Figure S7), indicating
that in studies of larger or heterogeneous brain regions
(such as the hippocampus), the same subregions should

be compared to minimize the bias due to tissue selec-
tion. Furthermore, we found regional specificity in the
dynamic changes in protein expression associated with
AD (Figure 2B). For example, oligodendrocytes and
myelin-associated proteins were expressed significantly
lower in the EC regions of AD patients, while no signifi-
cant change was observed in the other regions (Figure 7),
indicating the existence of regional differences in the re-
sponses of the brain in AD.

The lower expression of oligodendrocyte- or myelin-
associated proteins suggests myelin loss, which is asso-
ciated with Ap deposition, Tau pathology, and cognitive
decline [56-58]. Bartzokis et al. suggested that myelin
breakdown and degeneration of oligodendrocytes re-
sulted in the release of substantial amounts of stored iron
that, in the absence of effective clearance, accumulated in
the brain leading to increased Ap production and depo-
sition [56, 59]. Besides, the AP oligomers and fibers also
stimulate demyelination and oligodendrocyte apoptosis
[60]. This vicious cycle further exacerbates Ap deposition
and demyelination, leading to cognitive decline. It can be
speculated that a more severe pathological alteration in
the CA1 and EC [18] is caused by an increased suscepti-
bility of the oligodendrocytes to Ap oligomers in these
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FIGURE 5 The numbers of SI00A10-positive astrocytes increase in all hippocampal subfields and EC region in AD. (A) The protein-
protein interaction network of DEPs shared by AD and aging. (B) Representative images of IHC staining of SI00A10 in the EC area in normal,
Pre-AD and AD specimens. Scale bar: 50 um. (C) Representative immunofluorescence images of dual staining of SI00A10 and GFAP in

the EC area of normal, Pre-AD and AD specimens. Red, SI00A10-positive astrocytes; green, GFAP-positive astrocytes. Insets are higher
magnification images, Scale bar: 50 pm. (D) Scatter plot of the normalized SI00A10 positive astrocytes number in the normal, Pre-AD and
AD group in the hippocampal subregion and EC region. (E) Scatter plot of the normalized SI00A10-positive astrocytes number in ABC score
groups (N, L, T or H) in hippocampal subfields and EC region. The cell counting in D and E is based on IHC staining of SI00A10, using 22 case
normal, 9 case pre-AD and 13 case AD. The number of SI00A10-positive astrocytes shown in the figure is normalized with area (per mm?).
One-way ANOVA was used to compare the number of cells in the three groups, and the p-value is shown in the figure. *p < 0.05; **p < 0.01;

*Ep <0.001; ****p < 0.0001
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CNP in the EC region of normal, Pre-AD and AD specimens. Scale bar: 50 um. (C and D) Expression intensity of MBP and CNP proteins in
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Mean IOD: mean integrated optical density. One-way ANOVA is used to compare the mean IOD among normal, pre-AD and AD group in each
brain region. There is no significant difference among normal, pre-AD and AD group in CA1-CA4/DG regions. The p-value of CA1-CA4/DG

region is shown in Table S6. *p < 0.05

areas. Recent studies in a mouse model of AD has con-
firmed myelin loss in the hippocampus and illuminated
that enhancement of myelin renewal alleviated cognitive
impairment [61], which directly proved the important
role of hippocampal myelin in cognition. Our results
suggest that the myelin loss in CAl, CA3, and the EC
plays a pivotal role in the cognitive decline.

Our analysis of hippocampal subfields also revealed
a uniform increase in the number of SI00A10-positive
astrocytes in all five subregions, suggesting that

proliferation of this population in the hippocampus
is closely related to AD. S100A10-positive astrocytes,
which were first identified in mice, are considered to
have neuroprotective efficacy and to be activated under
hypoxic conditions to promote neuron growth [51,
52]. Previous studies have also showed that SI00A10-
positive astrocytes are proliferated and activated in AD
patients [62], but their role in AD pathogenesis is un-
clear. As astrocytes are a heterogeneous population, the
characteristics of SIO0A10-positive astrocytes remain
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to be clarified. In this study, we found that SI00A10-
positive astrocytes are small, and these cells do not
surround AP, with no obvious aggregation (Figure S8).
In contrast, as reported by Pike et al., GFAP-positive
reactive astrocytes are larger in shape and entangled
around AP plaques [63]. Further relationship between
S100A10-positive astrocytes and neurons was also ex-
plored, revealing that S100A10-positive astrocytes
were surrounded by the NeuN-positive debris of neu-
rons. These debris are also co-stained with an apop-
totic marker cleaved caspase 3. The confocal results
displayed that part of the NeuN-positive debris was
enclosed by S100A10-positive astrocytes (Figure S4),
indicating that these astrocytes may undergo phago-
cytosis of the neuron debris resulting from cell apopto-
sis. Gomez—Arboledas et al. found that GFAP-positive
reactive astrocytes contained APP-positive fragments,
which was thought to be the result of phagocytic clear-
ance of presynaptic dystrophies by reactive astrocytes
[64]. We also found that S100A10-positive astrocytes
phagocytosed APP-positive fragments (Figure S5).
These results support the hypothesis that SIO0A10-
positive astrocytes may play a neuroprotective role by
phagocytosing apoptotic neurons, thereby reducing
the damage to surrounding tissues and inhibiting the
immune response and pathological progress. Further
studies in mouse models are required to verify this hy-
pothesis and fully elucidate the specific mechanisms.

Our results highlight the role of glial cells, oligoden-
drocytes and astrocytes, in AD. However, microglia-
related process were not enriched by DEPs, which may
partly attribute to that the changes in hippocampal mi-
croglia caused by AD are weaker than those in astrocytes
and oligodendrocytes, thus the alterations are masked in
the proteomic analyses.

In addition to glial cell-related proteins, we also
found that extracellular matrix proteins were higher
expressed in AD, especially in the EC region (Cluster
3, Figure 4). These extracellular matrix proteins were
mainly enriched in endothelial cells, which was probably
a consequence of vascular disease which could result in
AD [65, 66]. Among these proteins, type I and type VI
collagen have been reported to play a neuroprotective
role by hindering the binding of AP to neurons [67] and
inhibiting neuronal apoptosis [68]. Caveolin-1, which is
upregulated in AD [69], may also play a neuroprotective
role, and as displayed by previous study, its loss exacer-
bates neurodegeneration [70]. TPM2, ICAMI, and bigly-
cans are entangled in the neurofibrillary tangles and the
senile plaques of AD patients [71-73]. FLNA is involved
in the process by which Ap activates Tau phosphoryla-
tion and immune response in neurons [70]. CD163 iden-
tifies a unique population of ramified microglia [74],
and its expression is elevated in AD [75]. Genome-wide
association studies have indicated that NEBL, EHD2,
LUM, and FBNI are related to AD. The remaining pro-
teins in Cluster 3 identified in this study have not been

reported to be involved in AD or other neurodegenera-
tive diseases.

Despite the strengths of the study, the limitations of
this study should be noted. As Chinese brain bank has
just been established for 9 years since 2012, there are only
400 cases of human brain tissue in the bank, including
40 cases with AD pathology. The research of Chinese
race-specific brain tissue is almost at a blank stage in the
world, and the research of molecular pathology based on
the Chinese human brain has just started. Hence, one
limitation of this study is the relatively small sample size
used in proteomic analysis. To mitigate this limitation,
immunohistochemical analysis containing 44 cases and
dual immunofluorescence of 17 cases were performed in
our study.

Proteomics provides the possibility to study large
number of molecular changes in scarce samples. There
are many strategies for quantitative proteomics research,
and each strategy has its advantages and disadvantages
[76, 77]. Label free can perform high-throughput indi-
vidual proteomics analysis, but the number of identified
proteins is limited; while in vitro labels, such as TMT
or iTRAQ, provide high quantitative accuracy, and the
number of identified proteins is 3-5 times higher than
that of label free; however, the number of samples tested
per experiment is limited. Thus, mixed sample strategy
was usually used. In our research, the use of TMT-based
quantitative proteomics could provide more abundant
and accurate protein quantitative information.

A common problem with human tissue samples is
that there are large individual differences, which may be
caused by individual characteristics and the nonunifor-
mity in the process of brain collecting. Due to the rela-
tively small sample size at this stage and the relatively
large variation between samples, some inevitable errors
may occur in the current results, which may lead to bias
in the interpretation.

Based on the current limitation, this study uses TMT-
based proteomics technology to maximize the number of
identified proteins and obtain more quantitative infor-
mation. Due to the relatively small sample size, the lim-
itations of proteomics technology and the relatively large
individual differences in humans, the interpretation of
the results may be biased. In addition, this descriptive
research is based mainly on postmortem human brain
tissue, which limits a sufficiently rigorous approach to
the causation. Further studies in animal models are re-
quired to explore the specific role of SI00A10-positive
astrocytes in AD, including the potential of these cells
to improve cognition, and the mechanism by which they
phagocytose apoptotic neurons.
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Fig S1-S8

FIGURE S1 The 95% prediction interval of total protein
ratios in the 6-plex (A) and 10-plex (B) labeled proteome
data

FIGURE S2 The protein-protein network in Cluster 4
(A) and Cluster 5 (B)

FIGURE S3 Representative images of dual
immunofluorescence staining of SI00A10 and NeuN
in the CAl, CA2, CA3 and EC regions of cognitively
normal, Pre-AD and AD donors. Red, NeuN-positive
neurons; green, SI00A10-positive astrocytes
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FIGURE S4 Representative confocal images of dual
immunofluorescence staining of SI00A10 and NeuN in
CA4/DG regions of cognitively normal and AD donors.
Red, NeuN-positive neurons; green, SI00A10-positive
astrocytes. SI00A10-positive astrocytes engulf NeuN-
positive neuron debris as shown by the arrows. Scare
bar: 10 pm

FIGURE S5 Representative images of dual
immunofluorescence staining of SIO0A10 and APP in
the CAl, CA2, CA3, CA4/DG and EC regions of Pre-AD
donors. Red, APP protein; green, S100A10-positive
astrocytes. Scale bar: 50 um

FIGURE S6 Representative images of dual
immunofluorescence staining of SI00A10 and Ap in the
CAl, CA2, CA3, CA4/DG and EC regions of Pre-AD
donors. Red, AP peptide or plaque; green, SI00A10-
positive astrocytes. Scale bar: 50 pm

FIGURE S7 Expression heatmap of the total 4133
proteins identified in cognitively normal donors
FIGURE S8 Representative images of dual
immunofluorescence staining of S100A10 and Ap or
GFAP and thioflavin (specific binding to Ap) in the EC
region of Pre-AD donors. Scale bar: 50 um
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mass spectrum

Table S4 The GO enrichment analysis of total and
differential expressed proteins

Table S5 The filtered differential expressed proteins
associated in AD

Table S6 The p-value calculated based on data in
Figure 7C-D using One-way ANOVA followed by the
Bonferroni post hoc test
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