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Abstract

Introduction: The entorhinal cortex is among the earliest areas involved in Alzheimer’s
disease. Volume reduction and neural loss in this area have been widely reported.
Human entorhinal cortex atrophy is, in part, due to neural loss, but microglial and/or
astroglial involvement in the different layers remains unclear. Additionally, -omic
approaches in the human entorhinal cortex are scarce.

Methods: Herein, stereological layer-specific and proteomic analyses were carried out
in the human brain.

Results: Neurodegeneration, microglial reduction, and astrogliosis have been demon-
strated, and proteomic data have revealed relationships with up- (S100A6, PPP1R1B,
BAGS3, and PRDX6) and downregulated (GSK3B, SYN1, DLG4, and RAB3A) proteins.
Namely, clusters of these proteins were related to synaptic, neuroinflammatory, and
oxidative stress processes.

Discussion: Differential layer involvement among neural and glial populations deter-
mined by proteinopathies and identified proteins related to neurodegeneration and
astrogliosis could explain how the cortical circuitry facilitates pathological spreading

within the medial temporal lobe.
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mechanism that includes seeding (induction of naive protein misfold-

ing by pathological ones) and spreading (cell-to-cell transportation of

Alzheimer’s disease (AD), the most prevalent neurodegenerative dis-
order worldwide, is clinically defined by cognitive deficits and mem-
ory impairment.! Neuropathologically, it is characterized by aggrega-
tion of amyloid beta (AB) and tau proteins, which form extracellular
plaques and intracellular neurofibrillary tangles, respectively.? In addi-
tion to the classic A8 pathway hypothesis,® more recently, it has been
proposed that these and other pathological proteins act in a prion-like

misfolded proteins through neurons and/or glial cells).*> Because accu-
mulation occurs in a predictable manner, tau allows the establishment
of a six-stage neuropathological diagnosis:® aggregates in early stages
(Braak stage 1) are found in the locus coeruleus and the entorhinal cor-
tex (EC), from which they propagate to the hippocampal formation, the
temporal cortex, and the rest of the isocortex, provoking atrophy and

neurodegeneration.2¢-8
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The EC is a transitional mesocortical structure located between the
allocortical three-layered hippocampus and the typically six-layered
isocortex,” and it is divided into eight different subfields.'® The EC
constitutes the main entrance of cortical and subcortical information
into the hippocampus through the perforant pathway.!! In this man-
ner, the EC is uniquely positioned as a gateway between the cortex
and the hippocampus (Figure S1 in supporting information), making it
a hub from a connectomic perspective!? essential for encoding and
memory consolidation.’2 In fact, medial temporal lobe atrophy is one of
the pathological hallmarks of AD, particularly in the hippocampus and
EC.14

Since the 1990s, stereological approaches using post mortem Nissl-
stained tissue have focused on the aging hippocampus,® reporting
68% cell loss in the cornu ammonis 1 (CA1) in AD.'® Neurodegenera-
tion was also reported in the EC.2” Specifically, up to 90% and 70% cell
loss was reported in layers Il and IV, which are efferent and afferent lay-
ers, respectively.!8 The percentages of NeuN-immunostained neurons
in layer |l varied in subsequent studies from 50%'7 to 46%.2° Addi-
tionally, using NeuN-immunostained material, volume fraction reduc-
tion was also reported in layer 111.2! Thus, most previous reports have
used Nissl or NeuN staining,2%2* which limits the discrimination of neu-
rons from glial cells. In fact, estimates of glial cells are limited to Nissl-
stained material, 2! but specific glial markers have not been used.

Hodologically, the main efferent projections from layer Il are
directed through the perforant pathway to the dentate gyrus (DG),
from layer Ill to the subiculum and CA1, which reciprocally send pro-
jections to EC layers V and VI.22 Interestingly, the loop from EC lay-
ers Il and Il to the DG and CA1 and back to EC layers V and VI
is particularly involved in neurodegeneration.?® Disruption of struc-
tural connectivity between the EC and hippocampus has been widely
described.?* However, the involvement of different pathways remains
uncertain, and layer-specific EC atrophy from a connectomic/prion-
like perspective is lacking. Furthermore, EC changes in AD have hardly
been investigated regarding microglial?> or astroglial?® involvement.
Finally, proteomic analyses of the human EC have only occasionally
been addressed,?”-28 elucidating dysregulation of ion transport?’ and
phosphoprotein function®C in patients with AD.

In summary, volume reduction and neuronal loss in EC have been
widely reported. However, whether EC atrophy in AD patients is also
duetovariations in microglial and/or astroglial populations is unknown.
Therefore, the aim of this work was to stereologically quantify the vol-
ume and analyze neuronal and glial changes among distinct layers of
the human EC. Simultaneously, a proteomic analysis was performed to
identify possible markers of these changes in AD that have revealed
different protein clusters involving synaptic, neuroinflammatory, and

oxidative stress processes.

2 | METHODS

2.1 | Human samples

Post mortem human brain samples of EC were provided by IDIBAPS,
BIOBANC-MUR, BTCIEN, and BPA, integrated in the Spanish National

Biobanks Network, and then processed following standard operating

RESEARCH IN CONTEXT

1. Systematic review: The entorhinal cortex (EC) is among
the earliest areas involved in Alzheimer’s disease (AD).
Human EC atrophy is, in part, due to neural loss, but
microglial, and/or astroglial involvement in the different
layers remains unclear. Additionally, -omic approaches in
this area are scarce. Herein, stereological layer-specific
and proteomic analyses have been carried out in the
human brain.

2. Interpretation: Neurodegeneration, microglia reduction,
and astrogliosis have been demonstrated and proteomic
data have revealed relationships with up- (S100A6,
PPP1R1B, BAG3, and PRDX6) and downregulated
(GSK3B, SYN1, DLG4, and RAB3A) proteins. Namely,
clusters of these proteins were related with synaptic,
neuroinflammatory, and oxidative stress processes.

3. Future directions: Several novel proteins reported here
could play a fundamental role in the pathogenesis of AD
and seem to have a functional link with neurons and glial
cells. These results provide new insights into the coordi-
nated control of AD proteins and their cell-type-specific
contribution to disease susceptibility.

procedures with the approval of the Ethical and Scientific Commit-
tees and the Ethical Committee of Clinical Research at Ciudad Real
University Hospital (SAF2016-75768-R and PID2019-108659RB-
100).

Two experimental groups were used: N = 20 AD cases (only patients
neuropathologically diagnosed with Braak stages V and VI AD were
selected to ensure sample homogeneity) and N = 18 age-matched
non-AD cases (Table 1). Nine cases of each experimental group (mean
age + standard error of the mean [SEM]: 80.78 + 1.928, n = 9 AD;
72.22 + 4.371, n = 9 non-AD; P value = .092), which were received
as formalin-fixed embedded blocks, were used for histological proce-
dures and stereology. Fresh-frozen tissue blocks were used to perform
the proteomic analysis and technical validation using western blotting
(mean age + SEM: 78.50 + 1.688,n = 6 AD; 62.75 + 10.00, n = 4 non-
AD; P value = .281). Ten additional cases (mean age + SEM: 78.60 +
5.085,n=5AD; and 75.60 + 3.265,n = 5 non-AD; P value =.793) were
used for biological validation using western blotting (Figure S2 in sup-
porting information).

2.2 | Histological procedures

Human tissue was processed for histological procedures as previously
reported,31 and sections were selected from levels 16.0 to 23.9 mm
from bregma.32 Protocols for immunohistochemistry and immunoflu-

orescence are detailed in the supporting information.
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FIGURE 1 Cytoarchitecture and volume quantification of the
human EC. Mosaic reconstruction of coronal Nissl-stained sections of
the human EC (bregma 16.0 to 17.2 mm) and details of its layers in
non-AD (A and C, respectively) and AD (B and D, respectively) cases.
Darker lines indicate separation of layers analyzed in the present
study between groups. Note the absence of layer IV in this bregma
level. The graph shows the mean total volume + standard error of the
mean of the EC (E). Scale bars for A, B = 1000 um and C, D = 155 um.
AD, Alzheimer’s disease; EC, entorhinal cortex; HIP, hippocampus;
PreS, presubiculum; ParaS, parasubiculum; Sub, subiculum

2.3 | Stereological quantification

For stereological quantification, layers | and I, layers Ill and IV, and
layers V and VI were outlined based on Nissl staining and well-known
cytoarchitectonic characteristics (Figure 1A-D).?

Stereological quantifications of volume and neuronal and glial pop-
ulations were obtained using Stereo Investigator 9.0 software (MBF
Bioscience) coupled to a Zeiss Axio Imager M2 microscope (Carl Zeiss).
Volumetric quantification was performed using the Cavalieri method
(Plan-Neofluar 1x/0.025, Ref. 420300-9900). The total number of neu-

THE JOURNAL OF THE ALZHEIMER’S ASSOCIATION

rons, microglia, or astroglia was determined in NeuN-, Iba-1-, or glial
fibrillary acidic protein (GFAP)-immunostained preparations using the
Optical Fractionator probe (Plan Apochromat, 63x/1.4, oil lens, Ref.
420782-9900). The area fractions occupied by AB, GFAP, and tau
were analyzed by Area Fraction Fractionator probe (Plan Apochromat
20x/0.5, Ref. 420650-9901). Four tissue sections per case were used.
The Gundersen error coefficient was < 0.1 (for details see Tables S2,
S3,54,S5, and Sé in supporting information).

2.4 | Proteomic analysis

Proteins were extracted from frozen samples with radioimmunopre-
cipitation assay (RIPA) buffer, and global protein profiles obtained by
sequential window acquisition of all theoretical fragment ion spectra
mass spectrometry (SWATH-MS) were analyzed using data-dependent
acquisition (DDA) shotgun nanoscale liquid chromatography coupled
to tandem mass spectrometry (nanoLC-MS/MS) runs described in
previous protocols®! (see the supporting information). Proteomic
analysis was carried out at the Instituto Maimédnides de Investigacion
Biomédica de Cdrdoba Proteomic Facility. Prior to the bioinformat-
ics analysis, Excel was used to normalize protein abundance by log
transformation and to filter for fold change and/or p value. Princi-
pal components analysis (PCA), heatmap, and volcano plots were
constructed using proteins with a P-value < .05 in MetaboAnalyst
version 5.0 software (https:/www.metaboanalyst.ca/). Differen-
tially expressed proteins were established with a P value < .01 and
thresholds set to >2 for upregulation and <0.5 for downregulation.
These proteins were classified in The Gene Ontology Resource
(http://geneontology.org/) by Gene Ontology terms based on a
given protein’s biological processes, molecular functions, or cellular
components. Proteomic pathways were analyzed using Reactome
databases (https://reactome.org/). Finally, the STRING website
(https://string-db.org/) was used to establish the protein-protein
interaction networks of some differentially expressed proteins and
to create four cluster networks with the kmeans algorithm. The mass
spectrometry proteomics data have been deposited to the ProteomeX-
change Consortium (http:/proteomecentral.proteomexchange.org)
via the PRIDE partner repository with the dataset identifier
PXD029359 (Username: reviewer_pxd029359@ebi.ac.uk; Password:
9ZBBghbc).

2.5 | Western blot

Two experimental groups were used for technical (n = 4 non-AD and
n = 6 AD) and biological (n = 5 non-AD and n = 5 AD) validation using
western blotting (Table 1, Figure S2).

Protein concentration was determined using a Bicinchoninic Acid
Kit for Protein Determination (Sigma-Aldrich) and a Multiskan™ FC
Microplate Photometer (Thermo Fisher Scientific). Equal amounts
of protein lysates (30 ug) from human samples were loaded onto

10% polyacrylamide gels for sodium dodecyl sulfate polyacrylamide


https://www.metaboanalyst.ca/
http://geneontology.org/
https://reactome.org/
https://string-db.org/
http://proteomecentral.proteomexchange.org
mailto:reviewer_pxd029359@ebi.ac.uk

6 | Alzheimer’s & Dementia®

ASTILLERO-LOPEZ ET AL.

THE JOURNAL OF THE ALZHEIMER’S ASSOCIATION

gel electrophoresis (SDS-PAGE), and electrophoretically transferred
to polyvinylidene difluoride (PVDF) membranes. Membranes were
blocked with nonfat dry milk or bovine serum albumin (BSA) in TTBS
(1% TBS pH 8.8 plus 0.5% Tween) for 60 minutes and incubated with
primary antibodies (Table S1 in supporting information) overnight at
4°C. Membranes were then washed with TTBS and incubated with
appropriate peroxidase-conjugated secondary antibodies. Band inten-
sity was imaged with Syngene G:BOX (GeneSys software) after incuba-
tion with enhanced chemiluminescence reagents (Thermo Fisher Sci-
entific) and analyzed with ImageJ.

2.6 | Statistics

Statistical analyses of the stereological study and western blots were
conducted using GraphPad Prism 6 software (GraphPad Inc., v.6). Data
are presented as the mean + SEM, and statistical comparisons were
made using either t-tests or Mann-Whitney U tests and using one-way
analysis of variance or the Kruskal-Wallis test when several variables
were compared. The Rout test was used to identify any outliers. The
statistical significance level was established at & = 0.05. Significant dif-
ferences are marked as *P value < .05, **Pvalue <.01, ***Pvalue <.001,
and ****P value < .0001.

3 | RESULTS

3.1 | Volume

Mosaic reconstructions of the whole hippocampal gyrus in non-AD
(Figure 1A) and AD (Figure 1B) cases showed atrophy, which was par-
ticularly evident in the different layers of the EC (Figure 1C, D). Quan-
titative volume estimates showed a substantial reduction in the whole
EC and its different layers in AD cases compared to non-AD cases (Fig-
ure 1E, Table S2).

3.2 | Neuronal and glial quantification

Images of immunohistochemistry against NeuN (Figure 2A, B), Iba-1
(Figure 2E, F), and GFAP (Figure 2I, J) showed different staining pat-
terns in non-AD and AD cases. In fact, stereological quantification
revealed a significant reduction in the total number of NeuN-positive
cells in the whole EC and its different layers, particularly in layers Il
and IV (Figure 2C), but not regarding cell density in the AD group (Fig-
ure 2D). Iba-1 quantification also revealed a significant decrease in the
total number of cells in the whole EC and in layers | and Il and V and
VI in AD cases (Figure 2G), but no changes in density were detected
(Figure 2H). Conversely, GFAP quantification did not reveal changes in
the total number of cells (Figure 2K), but the density was significantly
higher in the whole EC and layers | and Il and Il and IV in the AD group
(Figure 2L; see also Tables S3, S4, and S5).

3.3 | Characterization of tau and AgB pathology
and astroglia

To assess the correlations among pathological markers and the higher
density expression of astroglial markers (Figure 2L), we performed
triple immunofluorescence of AB, tau, and GFAP proteinsin the EC (Fig-
ure 3A), analyzing its different layers (Figure 3B-D). Regarding patho-
logical markers, tau was significantly more abundant in the EC than A
expression, and tau deposits were also significantly higher in layers |
and Il and layers Il and IV than in layers V and VI (Figure 3E). The area
fraction occupied by GFAP was significantly higher in layers | and Il
thanin layers Il and VI (Figure 3F, Table S6). Overlapping percentages
indicate that GFAP mostly overlaps with tau in all layers compared to
AB (Figure 3G).

Proteomic analysis

In the SWATH-MS proteomic analysis, a total of 1635 proteins were
identified in the human EC (Table S7 in supporting information). PCA
showed separation of the AD and non-AD groups (Figure 4A), and
the heatmap revealed different patterns in both groups (Figure 4B).
Comparing the distribution of abundant proteins by volcano plot,
103 proteins were commonly affected, 42 were upregulated and
61 were downregulated (Figure 4C, Table S8 in supporting informa-
tion). Enriched Gene Ontology terms in biological processes, molecular
functions, and cellular components were obtained from differentially
expressed proteins (Table S9 in supporting information). The affected
pathways were analyzed by Reactome, indicating that pathways dys-
regulated in the human EC in AD were related to neuronal and immune
systems, including substantial alterations in axon guidance, vesicle
cycle processes, and synapse function (Figure 4D, Table S10 in sup-
porting information). Most of the proteins showed close interactions
with each other in the STRING analysis (Figure 4E, Table S11 in sup-
porting information). Four different clusters related to synapses and
inflammation (green), axonal formation (red), vesicular transport (blue),
and chaperone response (yellow) were identified. Interestingly, neu-
ronal (KIF5C), astroglial (GFAP), and microglial (AIF1) proteins iden-
tified in STRING correlated with cell populations analyzed in stere-
ology (asterisks in Figure 4E). Furthermore, the upregulated proteins
GFAP and vimentin indicated reactive gliosis and an inflammatory

state.

3.4 | Validation of proteomic results

After SWATH-MS proteomic and bioinformatics analyses, eight pro-
teins were selected (four upregulated proteins: S100A6, PPP1R1B,
BAGS3, and PRDXé, and four downregulated proteins: GSK3B, SYN1,
DLG4, and RAB3A) based on different criteria. The first criterion was
statistical significance and the second was based on functional inter-

actions extracted from the STRING analysis and their associations
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FIGURE 2 Stereological quantification of NeuN™, Iba-1*, and GFAP™ cells in the human EC. Coronal sections of the human EC were

immunohistochemically stained for NeuN (A-B), Iba-1 (E-F), and GFAP (I-J) in the non-AD and AD groups. The mean values + standard error of the
mean for NeuN (C-D)-, Iba-1 (G-H)-, and GFAP (K-L)-positive cells and the density of the total EC and its layers. The intensity of NeuN labeling was
noticeably lower in AD cases, showing profound neurodegeneration along with an atrophic morphology of the remaining neurons (B). Differences

in astrocyte staining patterns, along with more extensive processes, are observed in AD (J) compared to non-AD cases, suggesting possible
astrocyte hyperresponsiveness. Scale bar = 50 um. AD, Alzheimer’s disease; EC, entorhinal cortex

with both stereological (neurons-KIF5C, microglia-AlF 1, and astroglia-
GFAP) and pathological markers (A and tau). These proteins were vali-
dated qualitatively (immunofluorescence) and quantitatively (technical
and biological validation using western blotting; Figure S2).

3.4.1 | Qualitative validation by
immunofluorescence

Immunofluorescence with stereological markers of neurons (NeuN
or, alternatively, PAN to achieve multilabeling), microglia (Iba-1), and
astroglia (GFAP) and selected proteins was performed to validate the
SWATH-MS analysis and to assess spatial relationships. In addition, the
pathological relationships with A and tau were investigated with some
selected proteins.

S100A6 (corresponding to the S100aé antibody; Figure S3A, D in
supporting information), PPP1R1B (corresponding to the DARPP32
antibody; Figure S4A, C in supporting information), BAG3 (Figure S5A,
D in supporting information), and PRDX6 (Figure S6A, D in supporting
information) levels were higher in AD. The distribution of these pro-

teins was investigated in non-AD and AD cases by performing stain-

ing for astrocyte maker (Figures S3B, E; S4B, D; S5 B, C, E, F; S6C, F).
S100A6 showed a relationship with neurons (Figure S3C, F). PRDX6
overlapped with microglial cells (Figure S6B, E).

On the other hand, GSK3B (corresponding to GSK34 antibody; Fig-
ure S7A, C in supporting information), SYN1 (Figure S8A, C in support-
ing information), and DLG4 (corresponding to PSD95 antibody; Figure
S9A, D in supporting information) levels were lower in AD. Although
RAB3A was downregulated in the proteomic study, immunofluores-
cence staining revealed an apparent increase in its expression levels
in AD (Figure S10A, C in supporting information). GSK3B and RAB3A
showed spatial localization in neuronal cells (Figures S7 and S10). SYN1
colocalized with astrocytes in non-AD (Figure S8B), but not in AD (Fig-
ure S8D). DLG4 colocalized with microglial cells in non-AD (Figure S9C)
but not in AD (Figure S9F) and was expressed in astrocytes (Figure
S9B, E). Regarding AB and tau pathology, S100A6 (Figure S3E), BAG3
(Figure S5F), and PRDX6 (Figure S6E, F) were associated with the AB
peptide in AD cases. Moreover, BAG3 was found in the vicinity of
tau deposits (Figure S5E). Representative images of orthogonal views
from z-stacks are shown in Figure 5 to confirm antibody colocalizations
between selected proteins, stereological markers, and pathological

proteins.
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FIGURE 3 Characterization of amyloid beta (Af) and tau pathology and their spatial distributions with astrocytes. (A) Mosaic reconstruction
of EC coronal sections from AD cases immunofluorescently stained for AB (green), tau (red) and GFAP (purple). Details of layers I and Il (B), Il and
IV (C) and V and VI (D). The mean area fractions + standard error of the mean occupied by tau, A3, and GFAP in the different layers of the EC (E and
F, respectively). Total GFAP percentage area fraction and overlap in the different EC layers (G). Scale bars for A =250 um and B, C, D = 100 um. AB,
amyloid beta; AD, Alzheimer’s disease; EC, entorhinal cortex; GFAP, glial fibrillary acidic protein

3.4.2 | Quantitative technical validation using
western blotting

Western blotting of the same cases used in the SWATH-MS study
was performed (Figure S2). According to SWATH-MS analyses, BAG3
and PRDX6 were expressed at significantly higher levels in AD cases.
In contrast to the SWATH-MS results, western blot analysis showed
higher expression of RAB3A in AD patients. No statistically significant
differences were found for S100A6, PPP1R1B, GSK3B, DLG4, or SYN1
(Figures S11 and S12 in supporting information).

3.4.3 | Quantitative biological validation using
western blotting

Western blotting of different cases used in the SWATH-MS analy-
sis was carried out (Figure S2). Consistent with SWATH-MS analyses,
S100A6, PRDX6, and GFAP were expressed at significantly higher lev-

els in AD cases. No statistically significant differences were observed

in PPP1R1B, GSK3B, DLG4, or SYN1 (Figure S12 and S13 in supporting
information).

4 | DISCUSSION

The present study represents a complementary stereological and pro-
teomic approach to characterize changesin the human EC in AD. Layer-
specific analyses of neural and glial involvement and correlations with
pathological markers were performed and will be discussed in terms of
prionoid and connectomic perspectives. In parallel, up- and downreg-
ulated identified proteins will be correlated with processes underlying
neurodegeneration and astrogliosis.

Limitations of the study due to the relatively low number of cases
used in the proteomic analysis have been counterbalanced using
very restrictive cut-off parameters and performing double valida-
tion: immunofluorescence-confocal microscopy and western blotting
(including technical and biological testing using additional cases). A

complete correlation was not observed between techniques given the
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substantial variability among human samples and due to the possible
lack of specificity of commercially available antibodies. Regarding sex
and age, the availability of samples did not allow us to balance sex, and
no age differences among groups were detected. Possible comorbidi-
ties with TDP-43 have been considered and are limited to three cases
(Table 1).33

Unbiased stereological estimations of volume and neuronal,
microglial, and astroglial populations of EC layers were carried out. In
agreement with previous studies, we detected a severe 50% volume
reduction in the whole EC. Specifically, estimates revealed 50.2%,
52.7%, and 38.64% volume reductions in layers I and Il, [l and IV, and V
and VI, respectively (Figure 1). Consistent with previous reports,8 the
most profound neurodegeneration was present in layers Il through IV
(supragranular layers; note that layer IV corresponds to the granular
layer that is poorly represented in some areas of the EC) compared
to layers V and VI (infragranular layers), which interestingly show
hierarchical connectivity patterns.>* Neurodegeneration, therefore,
has been widely reported in the EC, but glial involvement has been
poorly studied.®>

Regarding stereological estimates of glial populations, our data
show microglial loss in the EC of AD patients, which was previously
unreported. Although layers Il and IV were unaffected, layers | and Il
and V and VI revealed cell losses of 31.9% and 37%, respectively (Fig-
ure 2). No changes in the number of astrocytes were observed between
AD and non-AD patients, but the density of GFAP cells was significantly
higher in layers | and Il and IIl and IV and the EC in AD with percent-
ages of 42.5%, 59.7%, and 48.3%, respectively, which might indicate a
lower vulnerability of astrocytes to AD than neuronal and microglial
populations. However, morphological changes observed in astrocytes
(Figure 2) suggest astrogliosis.?> Interestingly, the GFAP area fraction
revealed particularly notable astrogliosis in layers | and Il (Figure 3F).

Concerning pathology, the EC is involved early in stage | by
tauopathy.® Our analysis showed profound tau deposition compared to
AB pathology, particularly in layers | through IV (Figure 3E). Although
not significant, AS levels were higher in layer Ill, which in turn projects
to CA1, the most affected region in the hippocampus.'® From a pri-
onoid and connectomic perspective,'223 the EC has been described
as a hub because it is essential for memory encoding and retrieval.3¢
In this sense, superficial layers Il and Ill send efferents to GD, CA2-
CAS3, and CA1 and the subiculum, respectively. Deeper layer V receives
hippocampal afferents from CA1 and the subiculum and projects to
the isocortex.2237 Therefore, the neurodegeneration and tauopathy
in specific layers reported here may be explained by this entorhino-
hippocampal far-forward loop involving earliest and more severely
supragranular rather than infragranular layers.3438

According to our proteomic analysis, four upregulated proteins
(S100A6, PPR1B1B, BAG3, and PRDX6) and four downregulated pro-
teins (GSK3B, SYN1, DLG4, and RAB3A) and their possible relation-
ships with neurons, microglia, and/or astroglia or pathology were fur-
ther investigated (Figures 4 and 5).

S100A6 was the second highest protein in the present study. It has
been found in subpopulations of neurons and astrocytes in the brain.3?
We report that S100A6, although it colocalized with neurons in the

THE JOURNAL OF THE ALZHEIMER’S ASSOCIATION

EC, is particularly expressed in astroglial cells. Intriguingly, this protein
accumulated in astrocytes surrounding the AS plaques, consistent with
astrocyte activation (Figures 5A, B and S3). A function of this protein in
degrading AS aggregates has been proposed.*® Moreover, this protein
might have a neuroprotective role in early stages or exacerbate disease
pathology in later stages.*!

PPP1R1B, akey inhibitor of protein phosphate-1 (PP-1), plays a fun-
damental role in dopaminergic neurotransmission and is crucial for
synaptic function.*2 We report for the first time a higher expression of
PPP1R1B in AD and its relationship with astrocytes (Figures 5C and
S4).

Confocal studies revealed that BAG3 was also upregulated in astro-
cytes of AD patients. BAG3 participates in the maintenance of healthy
synapses through tau autophagic postsynaptic clearance.*® Herein, we
demonstrated the presence of this protein around tau aggregates and
its association with AB pathology (Figures 5D, E, and S5), which sup-
ports previous observations of astroglial clearance function.3>

PRDX6 is an antioxidant enzyme primarily found in human brain
astrocytes.** PRDX6 was upregulated in our study, coexpressing both
astroglial and microglial markers, and was related to AS aggregates
(Figures 5F, G, and S6). Consistent with other studies,*> microglia were
found in the vicinity of plaques, whereas astrocytes were placed within
and surrounding Aj aggregates. Therefore, PRDX6 may be related to a
protective mechanism against oxidative stress in the human EC.#¢

GSK3B, the main kinase phosphorylating tau protein,*” showed
reduced expression in EC in AD and overlapped with neurons (Fig-
ures 5H and S7). GSK3B is associated with cognitive function and
has been used as a cerebrospinal fluid biomarker, because GSK3B
inhibitors reduce AD pathology.*¢4?

SYN1, DLG4, and RAB3A, which have been described to be essen-
tial for synaptic function,”’°->2 were expressed at lower levels in AD.
Our data agree with other studies showing altered synapse function.”?
Decreases in SYN1 in the CA1 region and DG of the hippocampus in
AD patients have been previously reported,” but studies in human EC
are lacking. We report here a reduction in SYN1 levels in the human
EC in AD and spatial colocalization with astrocytes (Figure 51 and S8).
Low presynaptic SYN1 levels may also exert a negative effect on the
postsynaptic level, where DLG4 was downregulated.’®5! The litera-
ture is controversial regarding how DLG4 protein levels are affected
in the AD brain.>> Our proteomic study revealed a marked reduction
in this protein. We also wanted to confirm that DLG4, which is found
in neurons, correlated with microglia (AIF1) and astroglia (GFAP) in the
EC, as shown by STRING analysis (Figure 4E). In fact, DLG4 overlapped
with both glial cell populations, especially in astroglia (Figure 5J, K, and
S9). On the other hand, the presence of SYN1 and DLG4 proteins in
astrocytes may be related to tripartite synapses.>® RAB3A is a presy-
naptic protein involved in vesicle recycling to maintain healthy synap-
tic units.>” SWATH-MS analyses revealed RAB3A to be a downregu-
lated protein in AD. However, its expression was significantly higher
in WB and confocal analyses, where RAB3A showed a typical neuronal
morphology (Figure S5L and S10). Interestingly, higher RAB3A expres-
sion in astrocytes induces brain-derived neurotrophic factor expres-

sion, which is one of the most important neuroprotective factors.>8
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Accumulating evidence, including the present results, suggests an
increasingly important role for microglia and astroglia in the patho-
genesis of AD.> Understanding the physiological functions of these
cells is crucial to determining their roles in the disease. There is a
further coordinated response between astroglia and microglial cells,
but their involvement in proteinopathy spread by the cortical circuitry
remains to be elucidated. Microglia activate the proinflammatory cas-
cade and precipitate a failure to degrade the Ag protein in AD.>? Acti-
vated microglia could induce neurotoxic reactive astrocytes, and astro-
cytes may act to boost molecular peroxidase levels to protect cells
from protein misfolding. These changes may also reflect compensatory
responses to the neuronal loss observed in AD and indicate a cellular
protection mechanism activated in response to this toxic situation.®®

To our knowledge, this report is the first combining layer-specific
stereological studies of neural and glial populations in parallel to pro-
teomic analysis in human EC. Our results indicate general neurodegen-
eration and microglial cell loss in the whole EC but specific astrogliosis
in layers | and Il. We detail cell type-specific protein expression pat-
terns in AD. Several novel proteins reported here could play fundamen-
tal roles in the pathogenesis of AD and seem to have a functional link
with neurons and glial cells, being implicated in synapse function, neu-
roinflammation, and oxidative stress processes. These results provide
new insights into the coordinated control of AD-related proteins and
their cell type-specific contributions to disease susceptibility. Future
approaches, including an analysis of cases in early stages of the dis-
ease, sex-specific differences, and microdissection of specific layers of
the EC and the corresponding proteomic analysis, would provide future
research challenges.
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