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Abstract

Human middle temporal gyrus (MTG) is a vulnerable brain region in early Alzheimer's disease (AD), but little is known
about the molecular mechanisms underlying this regional vulnerability. Here we utilize the 10 x Visium platform to
define the spatial transcriptomic profile in both AD and control (CT) MTG. We identify unique marker genes for corti-
cal layers and the white matter, and layer-specific differentially expressed genes (DEGs) in human AD compared to CT.
Deconvolution of the Visium spots showcases the significant difference in particular cell types among cortical layers
and the white matter. Gene co-expression analyses reveal eight gene modules, four of which have significantly altered
co-expression patterns in the presence of AD pathology. The co-expression patterns of hub genes and enriched
pathways in the presence of AD pathology indicate an important role of cell-cell-communications among microglia,
oligodendrocytes, astrocytes, and neurons, which may contribute to the cellular and regional vulnerability in early AD.
Using single-molecule fluorescent in situ hybridization, we validated the cell-type-specific expression of three novel
DEGs (e.g., KIF5A, PAQR6, and SLC1A3) and eleven previously reported DEGs associated with AD pathology (i.e., amyloid
beta plaques and intraneuronal neurofibrillary tangles or neuropil threads) at the single cell level. Our results may
contribute to the understanding of the complex architecture and neuronal and glial response to AD pathology of this
vulnerable brain region.
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Introduction

Alzheimer’s disease (AD) is the most common form
of dementia in the elderly, affecting 40—50 million peo-
ple worldwide [1]. AD is pathologically characterized
by extracellular amyloid beta (AP) plaques, neurofibril-
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lobe to the cortex has been extensively studied [7-10].
However, the molecular mechanisms underlying the
cell- and region-specific distribution of AD pathology at
early stages of the disease are still under-investigated. The
transcriptome of the AD brain can pinpoint key differ-
ences in disease that may be crucial for elucidating the
pathogenesis of AD and for developing disease-modify-
ing therapeutics for the prevention and treatment of AD
[11].

Compared with single-cell or single-nucleus (sn)
RNA-Sequencing (RNA-Seq) techniques, the recent
advent of spatially resolved transcriptomics (SRT) (e.g.,
10 x Genomics Visium) allows us to compare transcrip-
tomic profiles between AD and CT subjects without the
loss of spatial information [12—-17]. This novel technique
enables a better understanding of molecular mechanisms
underlying the neuropathology of AD within the spatial
context. Recent applications of SRT on AD-like mouse
models have revealed a plaque-induced gene (PIG) net-
work, an oligodendrocyte gene (OLIG) response, and
regionally differentially expressed genes (DEGs) in AD-
like mice compared to controls [16, 17]. However, com-
prehensive SRT profiling of human AD brain tissue and
characterization of DEGs associated with variations of
AD pathology in vulnerable cortical layers, have not been
reported as far as we know.

To fill this knowledge gap, we used the 10 x Genomics
Visium platform combined with co-immunofluorescence
staining of AD-associated pathological markers to define
the spatial topography of gene expression in the human
middle temporal gyrus (MTG), a vulnerable brain region
in early AD [18]. In this study, we investigated the MTG
from human postmortem CT (Braak stages I-II, minimal
tau pathology) and AD cases (Braak stages III-IV, mod-
erate tau pathology) [8]. To highlight gene changes asso-
ciated with early stages of the disease and exclude most
downstream gene expression changes that occur in late
AD, we did not include AD cases at Braak stages V-VI in
this study. We annotated the cortical layers and the WM
of AD and CT MTG, identified specific marker genes
for five cortical layers and the WM, and identified layer-
specific DEGs in human AD compared to CT. Weighted
gene co-expression network analyses (WGCNA) [19] of
10,000 highly variable genes in both AD and CT cases
revealed eight co-expression gene modules. The co-
expression pattern of four gene modules dramatically
changed in the presence of AP and/or tau pathology,
implicating an important role of varying cell types and
their co-expression in health and disease. Furthermore,
we quantitated the expression of novel DEGs associated
with AD pathology in microglia, astrocytes, neurons, and
oligodendrocytes using RNAscope HiPlex single-mole-
cule fluorescent in situ hybridization (smFISH) assay. We
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further validated our study and techniques by quantitat-
ing the expression of previously published DEGs [12-15,
20-25]. As far as we know, our study provides first-of-its-
kind SRT profiling of human MTG and a unique spatial
view of transcriptional alterations associated with two
major AD hallmarks, AP plaques and pathological tau.
Furthermore, this analysis reveals gene perturbations
specific to each layer and AD pathology, as well as shared
gene-expression perturbations, thus providing additional
molecular insights into the regional vulnerability and
pathogenesis of AD.

Methods

Human postmortem brain tissues

Human fresh frozen brain blocks were provided by the
Arizona Study of Aging and Neurodegenerative Disor-
ders/Brain and Body Donation Program at Banner Sun
Health Research Institute [26], the New York Brain Bank
at Columbia University Irving Medical Center [27], and
the Brain Bank & Biorepository at Ohio State University
Wexner Medical Center. The demographics of human
cases used in this study are listed in Additional file 2:
Table S1. These specimens were obtained by consent at
autopsy and have been de-identified and are IRB exempt
to protect the identity of each patient. Frozen sections
(10 pm) were cut from frozen blocks under RNase-free
conditions.

Reagents

Human/murine phospho-tau pSer202/Thr205 (AT8, Cat#
MN1020), Tau46 (Cat# 13-6400), Alexa Fluor dye-labeled
cross-absorbed donkey secondary antibodies, and TRIzol
RNA isolation reagent (Cat# 15596026) were purchased
from ThermoFisher Scientific. Goat anti-Olig2 (Cat#
AF2418) and GADI1 (Cat# AF2086) polyclonal antibody
were purchased from R&D Systems. Rabbit anti-GFAP
(Cat# G9269), WFS1 (Cat# 1158-1-AP), and AP (Cat#
Ab2539) polyclonal antibodies were purchased from
Sigma-Aldrich, Proteintech, Abcam, and DAKO, respec-
tively. Rat anti-P2RY12 (Cat# 848002) was purchased
from BioLegend. RNAscope HiPlex Ancillary Kit (Cat#
324120) and human-specific RNA probes were purchased
from Advanced Cell Diagnostics. TrueBlack lipofuscin
autofluorescence quencher (Cat# 23007) was purchased
from Biotium. Fluoromount-G Mounting Medium (Cat#
0100-01) was purchased from SouthernBiotech.

Sample selection and preparation for Visium

Thirty milligrams of brain tissue were homogenized in
500 pl TRIzol RNA isolation reagent. RNA was extracted
from each homogenate by following the TRIzol RNA
extraction procedure. The RNA quality of each sample
was assessed by RNA integrity number (RIN) via Agilent
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2200 TapeStation system. The 10 um sections from the
human MTG were mounted within 6.5 mm x 6.5 mm
capture areas, which were subjected to the Visium gene
expression assay. All samples passed the quality control
for cDNA, post library construction, and sequencing set
by 10 x Visium Spatial Gene Expression Reagent Kits
User Guide (Additional file 3: Table S2).

The time course of the tissue permeabilization for each
sample was determined by 10 x Genomics Visium Spatial
Tissue Optimization (STO) Kit (Slide Kit, Part# 1000191.
Reagent Kit, Part# 1000192). Briefly, sections from
selected square areas of the brain tissue were mounted
on the capture areas of STO slides. Sections were fixed in
the —20 °C prechilled methanol for 30 min and subjected
to H&E staining. The 20 x tile image for each sample
was obtained by Zeiss Axio Observer microscope. After
imaging, sections were permeabilized with permeabiliza-
tion enzyme for varying amounts of time, and the reverse
transcription (RT) was performed directly on the slide
using Cy3-nucleotides. After RT, sections were imaged
and aligned with H&E images. The best time course was
chosen for Vsisum experiment if its image shows the
strongest Cy3 signal and the minimum signal diffusion.

Visium SRT processing

Each optimized human postmortem brain tissue was
cryosectioned at 10 um continuously for five sections
and was labeled sequentially as No. 1 to No. 5. The mid-
dle section (No. 3, Gene Expression (GE) section) was
mounted on the Visium GE slide for Visium profiling,
sections No. 1, 2, 4, 5 were used for IF staining of cell-type
markers and AD pathology. SRT was performed using the
10 x Genomics Visium Spatial Gene Expression Kit (Slide
Kit, Part# 1000188. Reagent Kit, Par# 1000189). The pro-
cedures prior to RT are the same as described for STO.
For RT, cDNA was synthesized using nucleotides without
the label of Cy3. By using Template Switch Oligo, the sec-
ond strand cDNA (ss cDNA) was synthesized according
to cDNA templates captured on the poly T probes. The
ss cDNA was then denatured by 0.08 M KOH, washed
off, and then amplified using PCR. The c¢cDNA qual-
ity control was performed using an Agilent Bioanalyzer
high sensitivity chip. After the cDNA concentration was
determined, the sequencing library of each sample was
constructed using the 10 x Library Construction kit
(Part# 1000196). Briefly, optimized cDNA was obtained
by enzymatic fragmentation and size selection. P5, P7, i7,
and i5 sample indexes and TruSeq Read 2 were added via
End Repair, A-tailing, Adaptor Ligation, and PCR. The
c¢DNA library with correct sizes was then selected using
the SPRIselect reagent (Beckman Coulter, Part# B23318).
To meet the required sequencing depth, cDNA libraries
from four samples were pulled in a NovaSeq6000 SP v1.0
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flowcell and paired-end sequencing was performed on an
[llumina NovaSeq6000 sequencer at the Genomics Ser-
vices Laboratory at Nationwide Children’s Hospital and
the AGCT core at Cedars-Sinai Cancer.

IF staining

As described above, sections No. 2 and 4, and 1 and
5 were 0 pm, and 10 um, apart from the GE section,
respectively. Section No. 2 was sequentially stained with
P2RY12/GFAP/ATS, section No. 4 with Olig2/Tau46/
AP, section No. 1 with WEFS1/ATS, and section No. 5
with GADI. IF staining was performed as previously
described [14]. All sections were air dried at 60 °C for
10 min and then fixed and permeabilized by prechilled
acetone at —20 °C for 15 min. For sections No. 2 and 4,
slides were immersed in 1 x PBS for 3 h at 37 °C for anti-
gen retrieval. For sections No. 1 and 5, antigen retrieval
was performed by incubating slides in 10 mM sodium cit-
rate (pH6.0, 95 °C) for 12 min. Antibodies were incubated
sequentially to avoid false-positive results coming from
co-immunostaining. On day 1, after 1-h blocking by 10%
donkey serum (in 1 x PBS), P2RY12 (1:1000) and Olig2
(1:500) primary antibodies were applied on section No. 2
and 4, respectively, overnight at 4 °C, while GAD1 (1:100
in PBS with 10% donkey serum) antibody was applied to
sections No. 1 and 5 overnight at 4 °C. On day 2, after
three washes with 1 x PBS, secondary antibodies were
incubated with corresponding sections for 2 h at 37 °C.
The sequential staining was followed by 1-h re-blocking
with 10% donkey serum in 0.3% PBST, primary antibody
combinations for each section were incubated at 4 °C in
the same way as described above for regular IF staining.
The nuclei were stained with Hoechst33342. Autofluo-
rescence was quenched with 0.5 x TrueBlack solution in
70% ethanol for 10 min. The coverslips were mounted
with Fluoromount-G Mounting Medium, and the slides
were then imaged by Zeiss Axio Observer microscope.

H&E and IF staining image alignment

The 20 x tile images taken by Zeiss Axio Observer micro-
scope were exported into merged and individual chan-
nel images by Zeiss Zen software (2.6 blue edition).
Since adjacent continuous sections were collected from
the same brain tissue block, the shape outline and the
structure of each section are identical (Additional file 1:
Fig. S1A). The merged channel images were landmarked
according to DAPI and hematoxylin staining in corre-
sponding H&E images using Image] “Multi-points” tool
(Additional file 1: Fig. S1A). Multi-points landmarks in
each merged channel image were then saved and applied
to individual channel images. Image alignment was per-
formed using the “Transform/Landmark correspond-
ences” plugin in Image] as described by other groups
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[16]. After the transformation, IF staining of AT8 and A,
as well as other staining like Tau 46 were used to check
whether the alignment was accurate. H&E image and
transformed channel images were stacked into.tiff image
and imported into Loupe Browser (v5.0.1) and Space
Ranger (v1.2.2) for further alignment with Visium spots.

Annotation of cortical layers and the WM of the human
MTG

To assign Visium spots to their corresponding layers, we
first combined all 25,293 spots from our six samples and
generated a cross-sample Uniform Manifold Approxi-
mation and Projection (UMAP) via Seurat (v.4.0.5) [28]
pipeline to visualize dimension-reduced data in 2D space
with unsupervised manner. All spots were clustered into
eight groups and visualized in the original sample using
eight colors assigned to each cluster. Although UMAP
can roughly reflect the cortical layers’ information and
separate the WM from the gray matter well, it is not pow-
erful to segregate six layers in the gray matter of cortex.
Since certain layer(s) may be missing during the brain
dissection or mounting brain sections on the GE slide,
arbitrarily assigning clusters from Seurat clusters into a
sample may not be accurate without manual annotations.
Moreover, the pathology development in AD brains may
also change the gene expression profile and introduce
more confounders in clustering. To solve this problem,
we used both UMAP and IF staining as references to
manually label each cortical layer and the WM.

In order to assign Visium spots to corresponding layers,
H&E, IF staining, and previously identified layer-specific
marker genes were used to define each layer. Previously
identified layer-specific markers for seven layers were
downloaded from the publicly available reference [29].
We first identified Layer I, Layer II, and the WM using
GFAP, WFS1, and Olig2 staining from adjacent sections
(Additional file 1: Fig. S2). Layer IV, the internal granu-
lar layer with a denser nuclei distribution between Layer
IT and the WM [30], can be defined using H&E staining
on the GE slide. PCP4 gene expression was visualized on
the spatial map to show up Layer V [29]. Layer III was
defined as the layer between Layer II and Layer IV, and
Layer VI was defined as the layer between Layer V and
the WM. Spots with tissue loss or folded regions were
dropped as the noise. All the spots across six samples
were allocated to a certain layer or assigned as the noise
based on the UMAP, H&E, and/or IF staining. A total of
245 spots were dropped as the noise across six samples.

Selection of AD pathology-associated spots

and adjacent spots.

After the alignment of all 11 channels, the signal from
each channel was adjusted to clearly present the staining.
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Visium spots with AD pathology (ABT, AT8", and AR/
AT8") in AD cases were selected based on AP, and ATS
staining. By checking the spots with A staining, we
noticed that there are three different types of plaques
in our Visium samples: compact plaques, cored plaques
and diffused plaques. In order to include all three differ-
ent types of AP plaques and exclude the staining with-
out the characteristics of plaques, we randomly chose
the spots with AP staining, and measured the minimum
size (i.e., diameter =10 um, as previously reported [16] of
compact plaques and cored plaques, and the minimum
number (i.e, n=20) of small plaques within diffused
plaques. We used those two values as a cutoff and manu-
ally measured the size and number of each AP staining
within Loupe Browser to define the A+ spots. Using
the same strategy, we randomly chose the spots with AT8
staining and measured the minimum size (i.e., diameter/
length =15 um) of NFTs and the minimum number (i.e.,
n=>5) of short neuropil threads within a spot. In this way,
we identified sufficient AR+, AT8+, AP—, and ATS8-
spots for downstream analysis.

Before the selection of AD pathology-associated spots,
the contrast for all images was adjusted to 50% in Loupe
browser to show a clear edge of AB or AT8 staining. AB™
spots were defined as those spots which cover either a
single big plaque (diameter >10 pum) or multiple small
plaques (diameter < 10 pum and plaque number > 20). Sim-
ilarly, AT8" spots were those covering single intraneu-
ronal neurofibrillary tangles (diameter/length>15 pm)
or multiple neuropil threads (length > 5 um and the num-
ber over 5). AB*/AT8" spots were defined as those over-
lapping spots between AR* and AT8™ spots. After each
pathology-associated spot was labeled, the immediately
surrounding spots without AD pathology were labeled
as level 1 spots, spots without AD pathology surround-
ing level 1 were labeled as level 2 spots, and the spots
without AD pathology surrounding level 2 spots as level
3 spots. The selected spots labeled as noise in the manual
annotation step were automatically dropped and would
not be included in the following data analysis.

FASTQ generation, alignment, and quantification

Raw sequencing data, named Binary Base Call files
(BCL), of six human MTG samples were generated from
the Ilumina NovaSeq6000 sequencer. BCL files were
converted to FASTQ files by using “mkfastq” function
from SpaceRanger (v.1.2.2) software toolkit. FASTQ
files were then aligned to and quantified to the expres-
sion matrix by using GRCh38 Reference-2020-A and the
SpaceRanger “count” function. The two functions Spac-
eRanger “mkfastq” and “count” were used for demul-
tiplexing sample and transcriptome alignment using
default parameters.
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Data processing

Seurat (v.4.0.5) was used for the following analysis. For
a sample, the spatial file and HDF5 file obtained from
SpaceRanger were loaded into Seurat by the function
“Load10X_spatial” Then, we used the recommended
sctransform method [31] to normalize counts by the
function “SCTransform” in its default settings. Multi-
ple manual annotations (meta information) were added
to each Seurat object via the function “AddMetaData.”
All the spots labeled as noise were removed, and the
remaining spots were used for the following analyses.

Data Integration, dimension reduction, spot clustering,
and visualization

The Seurat integration framework was used for iden-
tifying clusters and removing batch effect from the six
samples (three AD and three CT cases). First, 3,000 fea-
tures (Additional file 3: Table S2) were selected for inte-
grating six datasets via setting the nfeatures parameter
as 3,000 via the function “SelectIntegrationFeatures”
Then the functions “PrepSCTIntegration” and “FindIn-
tegrationAnchors” were used for preparing anchor fea-
tures and generating anchors for the following analyses.
Principal Component Analysis (PCA) was utilized for
dimension reduction and denoising via “runPCA” The
top ten principal components (PCs) were selected to
perform UMAP via “runUMAP” in the default settings.
Spot clustering results were generated by the functions
“FindNeighbors” and “FindClusters,” and the UMAP
plots and spatial maps were generated by “DimPlot”
and “SpatialPlot”

Visualize the layer-specific genes on spatial maps
Layer-specific genes identified in this study were
regarded as individual gene modules, i.e. Layer 1 mod-
ule: SPARC, CXCL14; Layer 2 module: HPCALI1, CALB2;
Layer 4 module: RORB, NUAK1I; Layer 5 module: PCP4,
SMYD2, SNCA, RAB3C, SLC25A22; Layer 6 module:
MAP2K1, DIRAS2, KRT17; White Matter module: MBP,
CLDND1, BCAS1, MTURN, PAQR6, HIPK2, DYNCILI2.
There are no Layer 3-specific genes conserved in all six
samples. The gene module score was calculated by using
the function “AddModuleScore” by default parameters
to indicate their average expression. Then, we visual-
ized the classification capability for MTG architecture of
each gene module using the ggplot2 R package, in which
the gene module score in each spot was highlighted by
colors. Similarly, the classification capability for MTG
architecture of each individual gene was also visualized
via spatial maps by using the ggplot2 R package, in which
colors denoted the expression of each gene in spots.
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Validation of identified layer-specific markers on public
datasets

Four public datasets were used for validating and visual-
izing layer-specific gene modules identified in this study.
Expression matrices and spatial information of two sam-
ples (Sample ID: Adult Human Brain 1 and Adult Human
Brain 2) were downloaded from https://www.10xgenom-
ics.com/products/spatial-gene-expression.  Expression
matrices and spatial information of two samples (Sample
ID: 151673, 151674) from Maynard’s dataset [29] were
downloaded from Globus data transfer platform via the
accessible endpoint “jhpce#HumanPilot10x” for http://
research.libd.org/globus/. Gene module score was calcu-
lated as described in our Visualize the layer-specific genes
on spatial maps section.

WGCNA analyses of highly variable genes in six samples
The R package WGCNA (v.1.70.3) [32] was used to build
co-expression networks and identify gene modules,
which include negative and positive correlations. The
top 10,000 highly variable genes [16] in each sample were
selected from the “vst” assay using “FindVariableFea-
tures” in Seurat v.4.0.5. The six sets of selected highly
variable genes were merged using the “unique” func-
tion, and their expression profiles were merged using the
“merge” function in Seurat v.4.0.5. Soft power 3 was cho-
sen by the WGCNA function “pickSoftThreshold” Then,
the function “TOMsimilarityFromExpr” was used to cal-
culate the TOM similarity matrix via setting power as 3,
networkType as unsigned, and TOMType as unsigned.
The distance matrix was generated by substrating the
values from similarity adjacency matrix by one. The func-
tion flashClust (v.1.01) [33] was used to cluster genes
based on the distance matrix, and the function “cutree-
Dynamic” was utilized to identify eight gene modules by
setting deepSplit as 3. To determine key genes with the
highest degree, the function “TOMsimilartyFromExpr”
was used to generate the similarity matrix based on all
genes of each module. The matrix was then used for cal-
culating the edges’ closeness centrality score via function
“graph_from_adjacency_matrix” and “closeness” from
the R package igraph (v.1.2.6) for eight modules. Based
on the closeness score, genes were sorted, and the top-30
genes were selected to generate four modules circos plot
via the circlize package (v.0.4.13) [34].

Significance test for gene modules

To validate the biological significance of the eight gene
modules derived from the WGCNA analysis, we per-
form enrichment analysis between identified eight gene
modules and 14 AD-associated gene lists in the pub-
lic domains, respectively. The R package GeneOverlap
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(v1.26.0) was used to perform Fisher’s exact test, result-
ing in odds ratio, number of overlaps, and p-values. Then,
the Benjamini—Hochberg method was applied to adjust
the p-values. The enrichment results with an adjusted
p-value < 0.05 were retained and considered as statisti-
cally significant enrichment.

DEG and GO enrichment analysis

The DEG analysis was conducted by the Seurat func-
tion “FindMarkers” via grouping AD and CT cases
with default parameters. The DEGs were selected if the
adjusted p-value was less than 0.05. Based on the iden-
tified DEGs, the enrichment analyses of GO terms
(Biological Process) were performed via the R pack-
age clusterProfiler (v.3.18.0) [35] using the functions of
“enrichGO”. The enrichment analysis results were filtered
out if the adjusted p-value was greater than 0.05. The
sidebar legend was colored by the gene ratio defined as
hit genes over the query genes via “enrichGO” function.
For each identified gene module, the component genes
were used for pathway enrichment analysis.

To determine the layer-specific marker genes in both
AD and CT samples, the six samples saved in Seurat
Objects were firstly merged using the “merge” function in
Seurat v.4.0.5, and then layer-specific markers conserved
across the six samples based on the layer annotation were
predicted using the function “FindConservedMarkers”
[36] in Seurat v.4.0.5 under default parameters.

Jaccard/Tanimoto similarity test

To confirm whether the sample size is sufficient for DEG
analyses of all layers, we performed Jaccard/Tanimoto
similarity test on the layer-specific markers conserved
across subsampled subsets of the six samples. The Jac-
card/Tanimoto similarity test on the six subset levels was
described below.

Subset level 1 (1/6): we randomly selected one from
the six samples using exhaustion method, leading to six
subsets. Each subset was used to compute the conserved
layer-specific markers.

Subset level 2 (2/6): we randomly chose two from six
samples using exhaustion method, resulting in C62 =15
subsets. Each subset was applied to calculate the con-
served layer-specific markers.

Subset level 3 (3/6): we randomly picked three from six
samples using exhaustion method, resulting in C2 = 20
subsets. Each subset was utilized to obtain the conserved
layer-specific markers.

Subset level 4 (4/6): we randomly selected four from six
samples using exhaustion method, resulting in C¢ = 15
subsets. Each subset was used to obtain the conserved
layer-specific markers.
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Subset level 5 (5/6): we randomly chose five from six
samples using exhaustion method, resulting in Cg =6
subsets. Each subset was applied to obtain the conserved
layer-specific markers.

Subset level 6 (6/6): we picked all the six samples and
obtained Cg =1 subset. This subset was utilized to
obtain the conserved layer-specific markers across all the
samples.

Jaccard index of each subset at the different levels was
computed via the formula below.

BﬂSi,}'
BUS;;

Jaccard;; =

where set B was defined as the all-conserved layer-spe-
cific markers predicted from the six samples; set S was
defined as conserved markers calculated from different
subset strategies; index i indicated subset levels (from
level 1 to level 6); index j indicated the number of the
subset in the i ™ level.

Note that since Sample AD-2 does not contain Layer
I, no layer-specific marker was identified from this layer.
Besides, no layer-specific markers of Layer III were iden-
tified as conserved markers in six samples.

RNAscope HiPlex assay in combination with post-IF
staining of AB/AT8/GFAP

In order to validate and quantitate the gene expression
changes around AD pathology-related regions (ABY,
AT8™, and AB*/AT8™), we performed the smFISH assay
using the RNAscope HiPlex12 Ancillary Kit to simulta-
neously detect 18 different RNA targets selected from
DEGs associated with AP plaques and/or AT8"-tangles/
neuropil threads. The process was performed according
to the manufacturer’s user manual with a few modifica-
tions. Fresh frozen sections were fixed in 4% PFA at room
temperature for 1 h. The sections were washed twice by
1 x PBS and dehydrated sequentially in 50%, 70% and
100% ethanol for 5 min. After permeabilization by pro-
tease IV, the sections were incubated with the premixed
probes in the ACD HybEZ II oven for 2 h at 40 °C, and
three amplification steps in 40 °C were extended to
45 min. HiPlex Fluoro Tail mixture was incubated with
the sections for 25 min in 40 °C after amplification steps.
After each round of HiPlex Fluoro incubation, the nuclei
were counterstained with DAPI for 30 s, and the lipofus-
cin autofluorescence was quenched by 1 x True Black
for 5 min. The slides were mounted with Fluoromount-
G Mounting Medium, and 40 x Tile image were taken
by Zeiss Axio Observer microscope after each round.
Before the next round, signals were quenched using the
cleaving buffer and washed twice with 1 x PBS containing
0.5% of Tween20. Post-IF staining of AT8/AB/GFAP was
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performed after RNAscope HiPlex12 assay as previously
described.

Since regions captured by imaging from a sample
were the same from each round of RNAscope and post
staining, DAPI staining did not change much after each
round’s processing. Tile images from each round were
stitched and aligned to each other according to DAPI
channel using Image]. The same nuclei from matched
rounds were identified by “Extract SIFT Correspond-
ences” plugins in Image]J. After the multi-points labels of
each DAPI were given and saved, those labels would be
applied to all the other channels from a same round and
be transformed to the template image (DAPI in round 1
in all cases) using “Landmark Correspondences” plugins
in Image]. All the transformed images were then over-
layed and merged using Zeiss Zen microscope software
(2.6 blue edition). The density of DAPI and the GFAP
staining was used as reference for annotate each cortical
layers and the WM.

The same regions of interests were extracted from
Layer II/III and layer V of each sample for the follow-
ing quantification. Merged images were imported into
Image] to assign cell types to each cell. Each cell was man-
ually circled according to DAPI and assigned a cell type
according to their corresponding RBFOX3 (neurons),
P2RY12/CI1QB (microglia), MBP (oligodendrocytes), and
GFAP (astrocytes) RNA probes. Cells expressing none of
those cell type marker genes were discarded in the fol-
lowing analysis. Circled cells from a same cell type were
added to ROI manager and saved for the quantification of
RNAscope puncta. The particle size cutoff for RNAscope
puncta was set as 0.15 pm? to 2.5 pm? in Analyze Parti-
cles in Image] based on the average size of the RNAscope
puncta. ROIs from one cell type were applied to different
channels and analyzed using Analyze Particle command
in Macro in Image]. The number of RNA counts from
different channels were matched to their corresponding
RNA probes and assigned to the same cell in that ROI for
further analysis.

To perform the proximity to pathology analysis, we
first generated “pathology-masks” of AP or AT8 stain-
ing in AD samples used to define the ROIs defined in the
last step (Additional file 1: Fig. S3). Ap and AT8 staining
were imported into Image] separately and converted into
binary masks as AP or AT8 “pathology-masks” (Addi-
tional file 1: Fig. S3A). In order to remove the potential
false staining, masks with sizes smaller than 35 pum? in
AB, and 5 pm? in AT8 were excluded from the follow-
ing analysis. The remaining masks were expanded by
55 pum (average diameter of AP plaques) from the edge
of AB masks, or 10 um (average diameter of AT8" neu-
rons) from the edge of AT8 masks to generate “proxi-
mal to pathology” masks (Additional file 1: Fig. S3B).
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“Pathology-masks” were further extended 165 um from
the mask edges in AP, or 30 um from the mask edges in
ATS8 to generate “distal to pathology” masks (Additional
file 1: Fig. S3C). ROIs from the same sample were applied
to these two sets of masks, and the median intensity was
measured within each ROIL The median intensity was
used to define a consistent population of cells across sam-
ples that were either in “proximal to pathology” or “distal
to pathology” “Proximal to pathology” cells were defined
as cells covered by “proximal to pathology” masks, whose
median intensity is 255 (white parts in Additional file 1:
Fig. S3B), while “distal to pathology” cells were defined
as those cells uncovered by “distal to pathology” masks,
whose median intensity is 0 (black parts in Additional
file 1: Fig. S3C). AB/AT8 double positive regions were
selected by overlapping AP and AT8 staining masks.
AB/ATS8 double positive masks smaller than 5 um? were
dropped. The “proximal to pathology” masks and “dis-
tal to pathology” masks were generated in the same way
as described above. For each probe, the counts of RNA
puncta in ROIs from the same cell type were compared
within layer II/III or layer V between three AD and
three CT samples, or between “proximal to pathology”
cells and “distal to pathology” cells using nonparametric
Mann—Whitney test in Prism 5.

Spatial integration of snRNA-Seq and SRT data

from human MTG

The snRNA-Seq dataset (n=15,928 total nuclei passed
the quality control) from the human MTG [37] was
used for performing spatial transcriptomic deconvolu-
tion analysis for our six samples. This MTG dataset was
downloaded at http://celltypes.brain-map.org/. There
were 15,603 nuclei annotated with 75 cell subpopulations
in this dataset, and we combined all the subpopulations
from the same cell type to give seven broad cell types for
the following deconvolution.

The Cell2location performs deconvolution in two steps,
i.e., training regression model and building cell2location
model. In the train regression model part, the function
“filter_genes” was used to filter the genes based on default
parameters. Then, the function “cell2location.models.
RegressionModel.setup_anndata” by default parameters
was used for building an annData object. After applying
the function “RegressionModel” to create a regression
model, the function “mod.train” under parameters “max_
epochs =250, batch_size=2500, 'num_samples’=1000,
use_gpu=True” was used to train this regression model.
Based on the trained model, functions “adata_scrna_raw.
varm” and “adata_scrna_raw.var” were implemented to
export estimated expression in each cell subpopulation.
Functions “np.intersectld’} “adata_vis’, and “Inf aver.
loc” was used to find shared genes and subset both the
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annData object and reference signatures. For the model
construction part, function “cell2location.models.Cell-
2location.setup_anndata” was used to prepare the ann-
data for constructing the cell2location model. Functions
“cell2location.models.Cell2location” and “mod.train” was
used for to create and train this model.

Statistical analysis

No statistical methods were used to predetermine sample
sizes, since (i) a rigorous statistical framework for design
of SRT experiments is missing in the literature and (i)
existing tools for the design of single-cell genomic experi-
ments are not appropriate for SRT experiments and do
not consider key factors of SRT experiments. In our study,
each brain sample has over 4,000 spots and ~ 3500 genes
per spot, which provides sufficient power for DEG analy-
sis of Visium SRT datasets. Prism 5 software was used to
analyze the data. All data are expressed as mean+ SEM.
We performed the D’Agostino—Pearson omnibus nor-
mality test to determine whether the data were normally
distributed or the F test to determine whether the data
assumed equal variances. We then chose the following
statistical tests. Nonparametric Mann—Whitney tests
were used to compare the number of single RNA dots
in each cell human CT and AD. All Pearson correlation
coefficients were computed by Prism 9.2.0. All results
represent two-sided tests comparing groups of biological
replicates. P<0.05 was considered statistically significant
for all measures. The n values represent the number of
spots or cells in each group; exact values are indicated in
figure legends.

Results

SRT in human postmortem MTG from AD and CT cases
Human postmortem fresh frozen brain sections from
the MTG of three CT (Braak stages I-1I, male, 58, 72 and
82 years old) and three AD (Braak III-IV, male, 86, 86
and 89 years old) cases (see detailed case demographics,
clinical and neuropathological information in Additional
file 2: Table S1) were chosen to perform the 10 x Genom-
ics Visium experiments. Due to the limited availability
of brain tissues with good RNA integrity and the gender
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difference in AD pathology, we only chose males for this
study. The potential biological replicates (i.e., sample
size) and covariates (e.g., age, post-mortem interval,
RNA integrity, tissue intactness and ApoE genotype)
that may affect gene expression results are also acknowl-
edged in the Discussion. For each sample, five continu-
ous Sects. (10 um) were saved and labeled sequentially as
No. 1 to No. 5. The middle section (No. 3) was mounted
on the Visium Gene Expression (GE) slide for SRT pro-
filing. Sections (No. 1, 2, 4, 5) were used for immuno-
fluorescence (IF) staining of cell-type markers and AD
pathology (Fig. 1A). We obtained a total of 25,293 Visium
spots from all six samples, and we detected 8,377 41,482
unique molecular identifiers (UMIs) and 3,395+419
unique genes per Visium spot (Additional file 3: Table S2,
and https://bmbls.bmi.osumc.edu/scread/stofad-2). Two
hundred and forty-five spots with tissue loss or folded
tissue were classified as noise and not used for further
analysis.

Given that all the adjacent sections are within 20 pm
from the GE section (No. 3) and the average cell-body
size of most nerve cells in the human brain is ~ 10-20 pm,
the cell distribution and brain architecture can be used
to align adjacent sections to the GE Sect. [16]. There-
fore, we aligned the GE section with the hematoxylin
and eosin (H&E) staining and four adjacent sections
with IF staining to annotate the cortical layers, the WM
and AD pathology-associated regions. The No. 1 sec-
tion was co-stained with WFS1/AT8 (pS202/T205 tau),
No. 2 with P2RY12/GFAP/ATS, No. 4 with Olig2/Tau46/
AP, and No. 5 with GAD1 antibodies (Fig. 1A, B, and
https://bmbls.bmi.osumc.edu/scread/stofad-2). ~ GFAP
(astrocytes) and Olig2 (oligodendrocytes) were highly
expressed in layer I [38—40] and the WM [41, 42], respec-
tively. WES1 (wolframin) was used as a layer II marker
[29]. AT8 and A antibodies were used to stain patho-
logical tau and AP plaques, respectively. AT8" tau was
enriched in layers-II and V of human AD. Tau46 antibod-
ies were used to stain all the neurons expressing tau pro-
tein in both CT and AD cases. DAPI (nuclei dye) from
each section was used as references to align all antibody
staining to the GE section (Additional file 1: Fig. S1A).

(See figure on next page.)

Fig. 1 Spatial transcriptomics (SRT) of the human middle temporal gyrus (MTG). (A) Sequential 10 um sections of control (CT) and Alzheimer (AD)
MTG brain regions were used for all experiments. The middle section (No. 3) was used for SRT on the Visium platform, and the four adjacent sections
(No.1, 2,4, 5) were used for immunofluorescence (IF) staining. (B) Aligned image of SRT with IF staining of nuclei (DAPI, blue) and cell-type specific
markers (GFAP (green), P2RY12 (purple), Olig2 (yellow), WFS1 (teal)) and AD pathological hallmarks (AR plaques (white) and AT8 + pathological

tau (red)). (C) Uniform manifold approximation and projection (UMAP) plots show eight clusters (0-7) were identified by the Seurat integration
framework using Visium spots from both CT (CT-1, CT-2 and CT-3) and AD (AD-1, AD-2 and AD-3) human MTG. The right panel shows spatial maps
of the eight clusters for each individual sample generated from Seurat clustering. (D) Manual annotation of six cortical layers and the adjacent
white matter (WM). The left panel figure shows the manually labeled spots (six cortical layers and the WM) on UMAP space based on the Seurat
integration framework. The right panel of the spatial maps show the localization of the manually labeled spots for each individual sample. Noise,
spots with tissue loss or folded regions
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Then Visium spots with AD-associated pathology (AR,
AT8%, and ABT/AT8™) were chosen to identify gene sig-
natures associated with these pathological changes in
AD samples (Fig. 1B and https://bmbls.bmi.osumc.edu/
scread/stofad-2). Although the alignment of Visium spots
with AD-associated pathology from an adjacent section
may not fully capture the AD-associated pathology from
a same cell directly on the GE section, we still can use this
alignment to predict the regions with spots that would
cover regions of AP and/or tau pathology on the GE sec-
tion (Additional file 1: Fig. S1D). The rationale of this pre-
diction is based on the thickness of the section, the size
of AP plaques and the specific enrichment of tau pathol-
ogy in layers Il and V in human AD at Braak stages III-IV.
Our IF staining of AT8 on adjacent sections showed very
similar localizations (Additional file 1: Fig. S1D), further
demonstrating the feasibility of using adjacent sections to
predict AD-associated spots on the GE section.

Defining layer-specific gene expression and architecture

of the human MTG

The laminar architecture of the human cortex is closely
related to its function and vulnerability to different
pathology [43, 44]. For example, neurons in layers II,
IIT and V of the temporal lobe including the MTG and
the entorhinal cortex are particularly vulnerable to tau
pathology in human early AD (7, 8, 11, 45, 46]. Therefore,
to identify gene signatures specific to each layer and fig-
ure out how they are differentially expressed in disease,
we first assign Visium spots to their corresponding lay-
ers in each sample, then we generated a uniform mani-
fold approximation and projection (UMAP) of pooled six
samples and spatial map of each sample with Seurat clus-
ters (Fig. 1C). Although UMAP can assign a unique clus-
ter to the WM, it cannot distinguish six layers in the gray
matter of the cortex into individual clusters in the spatial
map. In contrast, manual annotation of layers based on
H&E staining and IF staining of layer-specific markers
(see details in the Methods) can clearly define six cortical
layers, unless missing, and the WM (Fig. 1D).

Based on manual annotation of each layer, Visium spots
were assigned to their corresponding layer for each sam-
ple. To identify layer-specific marker genes that are appli-
cable to both AD and CT cases, layer-specific Visium
spots from all six samples were combined as a cluster and
underwent DEG analysis against Visium spots in other
layers, excluding noise spots. We analyzed the datasets
by pooling all six samples together using the Seurat pack-
age to define layer-specific marker genes (Fig. 2A). Since
the layer III-specific marker gene (HOPX) was conserved
across only five samples, we did not include it in the heat-
map (Fig. 2A). In order to further demonstrate whether
six samples can identify conserved layer markers, we
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performed the Jaccard/Tanimoto similarity test [47]
for six samples. The results (Additional file 1: Fig. S4)
showed that when the sample size exceeds five, the con-
served marker genes were very consistent no matter
which sample combination we chose. Therefore, a sample
size of six will have sufficient power to identify conserved
marker genes. The layer-specific marker genes (Fig. 2A
and Additional file 4: Table S3) were then visualized on
spatial maps in Loupe Browser (Fig. 2B). Furthermore,
the layer-specific expression of several marker genes
was further validated by their in situ hybridization (ISH)
data (Sample ID: 79,205,802, 80,225,788, Temporal cor-
tex) from the Allen Brain Institute’s Human Brain Atlas
(Fig. 2B). To demonstrate that those layer-specific marker
genes would not be affected by AD condition, we gener-
ated the heatmap separately using layer-specific marker
genes in CT or AD (Additional file 1: Fig. S5A), which
shows a similar result to the heatmap in Fig. 2A. To verify
if the identified layer-specific marker genes can be used
to define the laminar architecture of human frontal cor-
tex in publicly available datasets, we calculated the aver-
age expression value of layer-specific marker genes on
Visium SRT data (Sample ID: Human Brain 1 and Human
Brain 2) generated by 10 x Genomics (Fig. 2C and Addi-
tional file 1: Fig. S5B) and another group [29] (Sample ID:
151673, Additional file 1: Fig. S5B and https://bmbls.bmi.
osumc.edu/scread/stofad-2). Overall, we identified not
only layer-specific markers shown by other studies [29,
37, 48] (e.g., RORB, PCP4, MBP) but also novel marker
genes (e.g., SPARC, CALB2, DIRAS2, KRT17) that have
not been reported. We also demonstrate that the layer-
specific marker genes we identified are powerful in defin-
ing the anatomical architecture of the human MTG and
the frontal cortex.

Prediction of cell type proportions in cortical layers

and the WM of human MTG

Since 10 x Visium spots cannot reach the single cell level,
one way of predicting cell type distributions is to inte-
grate the snRNA-seq and the Visium data for conducting
cell type deconvolution analysis [49, 50]. To investigate
the cell type distribution in each cortical layer and the
WM, we performed such an analysis using the best per-
formance tool (Cell2location) [50, 51] for our six sam-
ples with publicly available snRNA-Seq datasets of the
human MTG [37]. The results of Cell2location analysis
[51] showed that excitatory (Exc) neurons are predicted
to be mainly located at layers II-VI (Fig. 3, Additional
file 1: Fig. S6, and Additional file 5: Table S4), which is
consistent with the selective vulnerability of excitatory
neurons in AD [11, 12, 29] and the major distribution of
AP plaques and neurofibrillary tangles (NFTs, AT8") in
such layers [7, 8, 10, 46, 52]. This analysis also revealed a
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higher percentage of astrocytes in layer I and oligoden-
drocytes in the WM than in other layers in human MTG
(Fig. 3, Additional file 1: Fig. S6, and Additional file 5:
Table S4). To explore whether early-stage AD pathology
affects the proportion of different cell types, we com-
pared the proportion of each cell type between CT and
AD cases in each cortical layer and the WM (Additional
file 1: Fig. S6B). The cell type proportions did not signifi-
cantly change in each cortical layer and the WM of AD,
except microglia which significantly increased (log2 fold
change =1.336, p-value=0.007) in the WM of AD com-
pared to CT (Additional file 1: Fig. S6B).

To compare our predicted cell type proportions in
each cortical layer from our deconvolution analysis
with previously published MTG cell type proportions
[53] in corresponding layers, we calculated the Pear-
son correlation coefficients (Additional file 5: Table S4)
for proportions between our prediction and the refer-
ence across all cell types for each layer. Our predicted
proportions of astrocytes, endothelial cells, excita-
tory neurons, and oligodendrocytes show a significant
correlation with the cell type proportion result using
probabilistic cell typing by in situ sequencing (pciSeq)
[53] (astrocytes: r =0.997, p-value = 0.0008; endothelial
cells: r=0.893, p-value=0.0083; excitatory neurons:
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r=0.883, p-value = 0.0098; oligodendrocytes: r =0.800,
p-value=0.028). The low correlation of inhibi-
tory neurons (r=0.518, p-value=0.1462), microglia
(r=—0.305, p-value =0.278), and oligodendrocyte pre-
cursor cells (r=0.579, p-value =0.114) might be due to
the absence of the WM information in the pciSeq data-
set and the difference in resolution/sequencing depth
of two SRT methods.

To determine if AD pathology is mainly found in
excitatory neuron-vulnerable layers of AD cases, we
quantitated the number of spots with AD pathology
(AT, AT8", and AB*/AT8") and normalized to the
total number of spots in corresponding cortical layers
and the WM. Generally, it was found that the normal-
ized proportion of spots with AD pathology is higher
in layers II-V than in other layers and the WM (Addi-
tional file 6: Table S5), although three samples for each
layer are not sufficient to perform statistical tests.
This is consistent with the predicted high proportions

of excitatory neurons in layers II-VI and the selective
excitatory neuronal vulnerability of these layers in AD
[11, 43, 46, 54].

DEG analysis between AD and CT cases

To better understand how early AD pathology affects
the global gene expression in the human MTG, we
performed DEG analysis by combining the Visium
spots in three AD vs three CT samples. We compared
the gene expression between AD and CT samples and
found 1,008 genes were significantly upregulated,
while 14 were downregulated in AD samples (Addi-
tional file 7: Table S6). Interestingly, some DEGs have
also been identified in recently published Microarray
[20], bulk RNA-Seq [21, 22], snRNA-Seq [12, 13, 15],
single-soma RNA-Seq [55], single microglia RNA-Seq
[24] and proteomic datasets [25] from human AD and
CT cases. The gene set enrichment analysis (Fishers’
exact test) between DEGs (AD vs CT upregulated, 1008
in total) and 14 previously published AD-related gene



Chen et al. Acta Neuropathologica Communications (2022) 10:188

Page 13 of 24

A B

Zhang (human AD vs CT)_UP Regulation of trans-

synaptic signaling |
Zhang (human AD vs CT)_DOWN .
Axonogenesis

WAM (mouse mix) o
Synapse organization |

Seyfried (human mix) of cell

Piras (human AD vs CT)_UP Neutrophil activation:

Piras (human AD vs CT)_DOWN Protein localization to membrane

PIG (human mix) Gliogenesis |
Regulation of supramolecular |
fiber organization

Neuron death

Otero-Garcia (human AT8+ UP)

OLIG (human mix)

Mathys (human AD vs CT)_UP Cell junction assembly -

Mathys (human AD vs CT)_DOWN Response to metal ion{
Leng (human AD vs CT)_UP Translational initiation |
Leng (human AD vs CT)_DOWN Learning or memory -

Viral transcription:

Grubman (human AD vs CT)_UP
Grubman (human AD vs CT)_DOWN Protein targeting to ER:

DAM (mouse mix) Protein folding |

4 N
Brokaw 2020 (human AD vs CT)_UP Protein stabilization)

Brokaw 2020 (human AD vs CT)_DOWN Ensheathment of neurons

ARM (mouse mix) Axo-dendritic transport |

Substantia nigra development- o
0.02

A1 astrocyte (mouse mix)

3
I N
1
0

ADvs CT

lower expression

Overlapping ratio
Fig. 4 Differentially expressed genes (DEGs), Top-20 enriched pathways and layer-specific DEGs in AD vs CT human MTG. (A) The Fisher's exact test
between DEGs (AD vs CT 1008 upregulated) identified in our study and 14 previously published AD-related transcriptomic and proteomics datasets
(Additional file 7: Table S6). The x-axis and y-axis indicate objects of Fisher's exact test. Heatmap block color indicates the log-transformed odds ratio.
Each heatmap block is labeled by its adjusted p-value. If the heatmap block has a non-significant adjusted p-value, the block color was assigned

as white. WAM, WM-associated microglia; PIG, plague-induced gene; OLIG, oligodendrocyte gene; DAM, disease-associated microglia; ARM,
amyloid-response microglia; A1, A1 astrocytes. (B) Gene Ontology (GO) pathway analysis of DEGs between AD and CT cases. DEGs were assessed
with the Seurat FindMarkers function with a log-fold-change threshold of 0.25. Bonferroni-adjusted p-values were used to determine significance
atan FDR<0.05. Dot plot shows the top 20 enriched GO terms which represent biological process terms from the DEGs between AD and CT. Each
dot is colored by the Benjamini-Hochberg adjusted p-value. The dot size is scaled by the number of overlapping genes with the related GO terms.
The x-axis is scaled by the ratio between the overlapping count and the total number of genes of the term. Gene set enrichment analysis was
performed using the Enrichr web server. (C) Heatmaps of Z-scores for layer-specific upregulated DEGs identified between AD and CT cases. The
heatmaps show the expression levels of layer-specific DEGs in each layer for each AD and CT case. Layer | of AD-2 is shown in gray since this layer
was not present in our sampled brain block. The red color indicates a relevantly higher expression than other cases, while the blue color indicates a

C AD upregulated

Relative
[ expression

° WHigh

* .
[ ]

=

TAGLN
ATP6VIC1
BNIP3
PRKCZ
NDUFAF3
CDK14
EPB41L4B |12
IFRD1

Overlapping
L Counts

o e 20

[ ) ® 40

[ ] ® 60

L4 ® %
Adjusted p-value L5

5.0e-09
Le

TP53INP2
[ PHB
YY1
[ FXR1
TMEM184B
L LRP1
CLCN4 M
N GOLGA7B
NRDC
P LINCoo641
DHX9
RPN1
N ERP29
Visium

Spots CT-1 CT-2 CT-3 AD-1 AD-2 AD-3

1.0e-08

1.5e-08

s

0.04 006 008

lists showed significant overlaps (Fig. 4A and Addi-
tional file 7: Table S6). Furthermore, the Gene Ontology
(GO) enrichment analysis of these upregulated DEGs
reveals many AD-related biological processes such as
regulation of trans-synaptic signaling, axonogenesis,
neutrophil activation involved in immune response,
gliogenesis, protein targeting to membrane and ER,
regulation of supramolecular fiber organization, neu-
ron death, response to metal ion, viral transcription,
protein folding, and ensheathment of neurons, etc.
(Fig. 4B and Additional file 7: Table S6). Since there are
only 14 downregulated DEGs, we directly listed them in
Additional file 7: Table S6 without performing the GO
enrichment analysis of them.

Next, we identified the AD upregulated DEGs in lay-
ers I to VI and the WM (Additional file 8: Table S7). We
further compared those DEGs and found layer-specific
upregulated DEGs in AD cases (Fig. 4C and Additional
file 8: Table S7), although there are shared DEGs among
different cortical layers and the WM. These results

suggest that differential gene expression exists in each
cortical layer of the MTG, which may contribute to the
regional vulnerability in early AD.

Identification of co-expression gene modules associated
with AD pathology

Despite many DEGs associated with Visium spots show-
ing AD pathology have been identified in previous studies
and our present study, it remains to be investigated how
these DEGs are connected functionally at a system level.
To this end, we performed weighted gene co-expression
network analysis (WGCNA) [19] on 10,000 highly vari-
able genes from six samples and identified eight gene
modules in which genes with similar expression profiles
and functions are grouped (Additional file 1: Fig. S7TA
and Additional file 9: Table S8). Furthermore, the GO
enrichment analysis of the component genes in each
module reveals that the Yellow module is enriched with
biological processes like ensheathment of neurons, oligo-
dendrocyte differentiation, carboxylic acid biosynthetic
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process, and fatty acid biosynthetic process; Turquoise
module with synaptic transmission, synapse organiza-
tion, axonogenesis and regulation of supramolecular
fiber organization; Pink module with protein targeting to
ER, translation elongation, cell killing and amyloid fibril
formation; Brown module with neutrophil degranula-
tion, regulation of endopeptidase activity, response to
unfolded protein and regulation of immune effector pro-
cess (Fig. 5A and Additional file 9: Table S8). It is note-
worthy that there are significant overlaps between these
eight gene modules and 14 published AD-related gene
lists [12—15, 20-22, 24, 25, 55] identified previously in
human AD vs CT cases, supporting the important roles
of our newly defined gene modules in regulating the
pathogenesis of AD (Additional file 1: Fig. S7B and Addi-
tional file 9: Table S8).
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Based on the MA (log ratio versus abundance) plot
(Additional file 1: Fig. S7A) of eight gene modules [56]
and enrichment result with 14 datasets (Additional file 1:
Fig. S7A and Additional file 9: Table S8), we focused on
four modules (Yellow, Turquoise, Pink, and Brown) for
downstream analysis. In order to investigate if and how
AD pathology affects the co-expression of the four gene
modules, we performed WGCNA of Top 30 hub genes
selected from each module (120 genes in total) with
the highest closeness centrality score using only Visium
spots colocalized with positive staining for either one
of three different AD pathologies (ART, AT8™, or AB™/
AT8") from AD samples. All Visium spots from the CT
cases served as CT spots. Our WGCNA analysis yields
connectivity matrixes demonstrating the correlation pat-
terns among those module-specific genes in response

A Turquoise
Ensheathment of neurons ° Modulation of chemical
synaptic transmission
Oligodendrocyte differentiation- ° Vesicle-mediated | °
transport in synapse.
Carboxylic acid . -
Synapse organization: °
biosynthetic process i
¥ [ petusiea IAdjusted
e p-value
Fatty acid biosynthetic process 3 Axonogenesis °
0.01
Locomotory behavior . Regulation of supramolecular 2e-09
002 fiber organization °
0.03 5 4e-09
Substantia nigra development . Regulation of °
0.04 membrane potential
§ § 6e-09
Platelet degranulation . Regulation of cation °
transmembrane transport
Overlapping
Protein localization to axon. Transferrin transport. o Counts
10
Overlapping .
Myelin assembly o Counts NADH metabolic process o »
o5 ®30
Cellular response to salt stress | « ®10 Phagosome acidification. o4
o5 ®50
0.10 020 004 008 042 016
Overlapping ratio Overlapping ratio
Pink Brown
Protein targeting to ER: . Neutrophil degranulation
Regulation of Regulation of °
fibroblast proliferation endopeptidase activity
Translational elongation. " 'l‘:sgws'e to °
Adjusted unfolded protein Adjusted
pvalue  poouiation of i p-value
iinal gulation of immune
Cell killing effector process °
0.01
N 2e-04
Regeneration. 002  Receptor-mediated .
- endocytosis
0.03 4e-04
Amyloid fibril formation, - Viral gene expression .
0.04
6e-04
Antigen processing, - Maintenance of .
location in cell !
Overtapping
Negative regulation of intrinsic ; izt
apoptotic signaling pathway * Protein stabilization . A
Overlapping o8
Axon regeneration - Counts  protein targetingto ER @ o2
" N *5
N_egauwlal rlegulanon of | P Synapse pruning| « 16
intracellular transport 013 ®20
040 020 030 0.40 005 010 015 020 025
Overlapping ratio Overlapping ratio

CT spots AB'spots

Turquoise

Turquoise

LT

Pink

Low Low

AT8'spots AB'/ATS spots

Turquoise Turquoise

Connectivity

Low I High

light green)

Fig. 5 AD-associated gene modules and their co-expression patterns within areas of AD pathology. (A) Gene-ontology (GO) pathway analysis of
four modules (Yellow, Turquoise, Pink and Brown) identified by weighted gene co-expression network analysis (WGCNA) of 10,000 highly variable
genes from six samples (Additional file 1: Fig. S5). Dot plot shows top 10 enriched GO terms: biological process terms from the DEGs within each
module (Additional file 9: Table S8). Each dot is colored by the Benjamini-Hochberg adjusted p-value. The dot size is scaled by the number of
overlapping genes with the related GO terms. The x-axis is scaled by the ratio between the overlapping count and the total number of genes of
the term. Gene set enrichment analysis was performed using the Enrichr web server. (B) Circos plots of the connectivity strength within and across
modules for Visium spots in CT human MTG and Visium spots in AD human MTG with specific AD pathology (AR™, AT8*, and AR/AT8™). Circos

plots are composed of four different modules (Yellow, Turquoise, Pink and Brown; top 30 hub genes from each module based on their closeness
centrality score); nodes represent highly deregulated genes from each module; and edges (green lines) indicate connectivity (high: dark green, low:
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to different AD pathology. The results, visualized by the
circos plots [57] showed that the co-expression gene rela-
tions within the Yellow module and between the Yellow
and Pink modules in CT spots decreased in the pres-
ence of AD pathology, whereas the co-expression gene
relations within Turquoise and Brown modules and
between Turquoise, Brown and Pink modules markedly
increased (Fig. 5b). Furthermore, the co-expression gene
relations of these four modules changed as the distance
(45-245 pm) from Visium spots with AD pathology
increased (level 1: 45 pum; level 2: 145 pm; level 3: 245 pum)
(Additional file 1: Fig. S8C, Additional file 10: Table S9,
and https://bmbls.bmi.osumc.edu/scread/stofad-2) (see
details in Methods for the definition of AD pathology-
associated spots and 3-levels of spots). These results
indicate the gene co-expression pattern is in a spatial and
AD-pathology dependent manner.
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Identification of gene signatures and pathways associated
with AD pathology
To further identify unique gene signatures and pathways
associated with Visium spots showing AD pathology
(AB*, AT8", or AB*/AT8™), we performed DEG analysis
between Visium spots with each AD pathology and sur-
rounding level 3 spots (245 um from the site of pathol-
ogy). Compared to levels 1 and 2, level 3 spots are at a
greater distance from the site of pathology and should
exhibit a greater difference in gene expression. We iden-
tified many known and novel gene signatures associated
with each AD pathology (Additional file 10: Table S9).
Interestingly, we also found each AD pathology is related
to unique DEGs (Additional file 1: Fig. S8). The upregu-
lated and downregulated genes exclusively associated
with each AD pathology were shown in Fig. 6A.

Next, we determined the biological processes that are
enriched in each AD pathology via the GO enrichment
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Fig. 6 AD pathology-associated gene signatures and pathways. (A) Heatmap of Z-scores for upregulated and downregulated DEGs specific to
Visium spots localized with different AD pathologies (AB*, AT8F, and AB/AT8™). DEGs were identified from pathological regions (either A, AT8™,
and AB/AT8™) vs. surrounding level 3 spots of three AD samples at the pseudo-bulk level. The red color indicates a relevantly higher expression than
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analysis. Although there are shared pathways between
different AD pathologies, each pathology does have
unique upregulated and downregulated pathways
(Fig. 6A and Additional file 10: Table S9). These results
suggest that ABT-plaques and AT8"-tau pathology may
induce unique and differential alterations of biological
processes, at least in the early stages of AD, although AB
is believed to be the upstream driver of tau pathology in
genetic forms of AD [58].

Validation of known and novel DEGs associated with AD
pathology at the single-cell level using smFISH

Since Visium does not generate single-cell level tran-
scriptomics, we cannot infer the cell-type information of
identified DEGs. To solve this issue, we chose RNAscope
smFISH in combination with post-IF of A plaques, NFTs
and neuropil threads (AT8%), and GFAP to validate DEGs
associated with these AD pathologies at the single-cell
level using three AD (Braak III-IV) and three CT cases
(Braak I-IT). We selected 18 RNAscope probes against cell
type-specific marker genes and AD pathology-associated
DEGs identified in this study (Additional file 1: Fig. S9).
Consistent with a previous report [59], CIQB and SPPI
are mainly detected in microglia (P2RY12%/Ci1QB"),
CRYAB, CD9 and PLPI in oligodendrocytes (MBP™),
SLCIA3 and GLUL in astrocytes (GFAPY), YWHAH
and STMN?2 in neurons (RBFOX3)" (NeuN), and CD63,
KIF5A, SNCG and PAQR6 were detected in both neu-
rons and glia, and CSRP! in astrocytes and oligodendro-
cytes (Fig. 7A and https://bmbls.bmi.osumc.edu/scread/
stofad-2).

Given the vulnerability of layers II, III and V in human
AD [7, 46], we focused on comparing the cell-type-spe-
cific RNA levels of above identified DEGs in those layers
of MTG. Layer- and cell-type-specific analysis showed
the significant increase of the RNA levels of SLCIA3,
KIF5A, C1QB and CRYAB in microglia, SLCIA3, KIF5A,
CSRPI and CRYAB in astrocytes, KIF5A, SNCG, STMN2,
CD9, CD63, CRYAB and YWHAH in neurons, and CD9,
SPP1, CD63 and CRYAB in oligodendrocytes in both
layer II/III and layer V in human AD compared to CT
cases (Fig. 7B). Also, increased RNA levels of SPP1 and
CD63 in layer V microglia, SNCG, GLUL and CD63 in
layer II/III astrocytes, CSRPI in layer V neurons, and
KIF5A in layer V and CD63 in layer II/III oligodendro-
cytes were found in human AD compared to CT cases
(Fig. 7B). In addition, a significant decrease of the RNA
levels of PAQR6 in layer II/III astrocytes and in oligoden-
drocytes of layers II/III and V, and PLPI in oligodendro-
cytes of layers II/III and layer V was found in human AD
compared to CT cases (Fig. 7B).
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Next, we investigated how closely those DEGs were
associated with AD pathology such as Ap plaques and/or
NFTs and neuropil threads (AT8"). We found the RNA
levels of CIQB and SPPI in microglia, SNCG in neu-
rons of layers II/III and V were significantly increased
proximal (55 pm) to AP plaques compared to those distal
(>165 pm) to AP plaques (Fig. 8 and Additional file 1: Fig.
$10). Increased RNA levels of SLCIA3, KIF5A, CSRPI,
GLUL and CD63 in layer I1/1II astrocytes, CRYAB in layer
V astrocytes, STMNZ2 in layer V neurons; and decreased
RNA levels of SLCIA3 in layer II/III microglia and layer
V astrocytes, CD63 and YWHAH in layer V neurons,
PLPI in layers II/III and V oligodendrocytes, and PAQR6
in layer II/III oligodendrocytes were found proximal
(55 pm) to AP plaques compared to those in the distal
(>165 um) (Figs. 8 and Additional file 1: Fig. S10). We
also found the increased RNA levels of SPPI in micro-
glia, CD63 and CRYAB in astrocytes, SNCG in neurons,
and the decreased RNA level of PAQR6 in oligodendro-
cytes of layers II/III and V proximal (10 um) to NFTs and
neuropil threads (AT8") compared to those in the distal
(>30 um) (Fig. 8 and Additional file 1: Fig. S10). We found
the increased RNA levels of SLC1A3 and CRYAB in layer
V microglia, SLCIA3, KIF5A, SNCG, CSRPI and GLUL
in layer II/III astrocytes, KIF5A, STMNZ2 and CD63 in
layer II/III neurons, YWHAH in layer V neurons, SNCG
in layer II/III oligodendrocytes, and CD9 and CRYAB in
layer V oligodendrocytes; and decreased SLCIA3 in layer
II/III microglia and CSRPI and GLUL in layer V astro-
cytes proximal (10 pm) to NFTs and neuropil threads
(AT8™) compared to those in the distal (30 um) (Fig. 8
and Additional file 1: Fig. S10). In addition, increased
CSRP1 and GLUL in astrocytes, CIQB and SPPI in
microglia, and SNCG in neurons at layer II/III proxi-
mal to both AP plaques and NFTs and neuropil threads
(AT8%) compared to those in the distal (>165 pm)
(Additional file 1: Fig. S10). Importantly, we are the first
to identify three unique genes (e.g. KIF5A, PAQR6 and
SLCIA3) that are associated with AD pathology (Fig. 8
and Additional file 1: Fig. S10) using transcriptomic
methods, besides those genes identified by other groups
[13, 16, 24, 60-64]. We further investigated how those
RNAscope results correlated with our Visium data. We
compared the probe genes which were also found in 1008
AD upregulated DEGs with their corresponding Visium
data. As shown in Additional file 1: Fig. S11, the fold
change of average counts per cell of selected probes in
AD highly correlated with their Visium gene expression
fold change in AD (Pearson r=0.80, p-value=0.0002),
which shows the reliability of DEGs identified using the
SRT method.
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Representative four rounds of whole-tiles RNAscope images were registered with their corresponding post-Immunofluorescence (IF) staining of AB,
AT8, and GFAP (left panel of each quadrant). The representative high-mag images of layers Il/lll and V (left panel of each quadrant) were selected
from the regions in the whole-tiles images circled by red (layer II/Il) and green (layer V) rectangles. Individual cell was labeled as microglia (MG),
astrocyte (AG), neuron (Neu), or oligodendrocyte (Oligo) according to its P2RY12/C1QB, GFAP, RBFOX3, and MBP expression respectively. (B) Stacked
bar plots show the quantification of RNAscope probes against human SLC1A3, KIF5A, SNCG, STMNZ2, CSRP1, PLP1, GLUL, PAQR6, CD9, C1QB, SPP1, CD63,
CRYAB, and YWHAH in microglia (P2RY12%/C1QB"), astrocytes (GFAPY), neurons (RBFOX31), and oligodendrocytes (MBP™). RNA counts per cell were
compared between three CT and three AD cases. For quantification, we identified 20-50 microglia, astrocytes, and oligodendrocytes, and 60-90
neurons from each case. Detailed information regarding quantification can be found in the methods section. * P<0.05, ** P<0.01, *** P<0.001,

***¥*¥ P<0.0001 (Mann-Whitney test, CT vs AD). Scale bar, 60 um for layers II/Il and V high-mag images, 360 um for whole-tiles. See high-resolution

RNAscope images at: https://bmbls.bmi.osumc.edu/scread/stofad-2

Discussion

Our study is among the first to implement Visium
SRT technology in human AD brain tissue. We define
the anatomical architecture of cortical laminae and
the WM (Fig. 1D) and identify unique gene signatures
(Figs. 2A, 4C, and 6A) and biological pathways (Figs. 4B
and 6B) that may contribute to the vulnerability

of various AD pathology. Furthermore, previously
reported genes and novel genes identified in this study
and their association with two main AD pathological
markers (AP plaques and NFTs or neuropil threads) in
layers II/III and V are confirmed at the single-cell level
by RNAscope HiPlex smFISH assay, including SLC1A3,
KIF5A, SNCG, STMN2, CSRPI1, PLPI, GLUL, PAQRS,
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CD9, C1QB, SPP1, CD63, CRYAB, and YWHAH (Fig. 7
and Additional file 1: Fig. S10). To be noted, we did not
include late AD cases at Braak stages V-VI in this study
because we wanted to exclude the downstream gene
changes that occur in late AD. We sought to evaluate
the transcriptomic changes in the early phase of the
disease because we are interested in defining biomark-
ers of early disease. Previous studies also indicate that
major transcriptional changes appear early in AD [12,
13].

Identification of novel layer-enriched marker genes

in human MTG and reproducibility of these identified
marker genes in human cortex with similar architecture
Cortical laminar-specific marker genes in human MTG
have been previously identified by in situ hybridization of
targeted ~ 1000 genes important for neural functions at a
cellular resolution [48], and by snRNA-Seq at the single-
cell level [37]. Recently, Visium in the adult human dorso-
lateral prefrontal cortex (DLPFC) [29] not only validated
laminar enrichment of some canonical layer-specific
genes that were previously identified in the rodent [65]
and human cortex [37, 48], but also identified a number
of previously underappreciated layer-enriched genes in
human DLPFC [29]. Several genes identified as cell-type
markers in specific cortical layers of human MTG are also
enriched in the same cortical layers of human DLPFC
[29, 48], suggesting laminar markers are conserved in
human cortex with similar layer architecture.

By applying Visium in human MTG from both AD
and CT cases, we identified conserved DEGs and gene
clusters that correspond to anatomical layers of human
MTG (Fig. 2A). Some cortical layer- and WM-specific
marker genes were consistent with previous reports [29,
37, 48], including RORB (layer IV), PCP4 (layer V), and
MBP (WM). Importantly, we also identified novel marker
genes for layers I-VI and the WM (Fig. 2A), which were
validated by ISH data from the Allen Institute for Brain
Science (Fig. 2B) and by annotating the specific cortical
layers and the WM in publicly available Visium SRT data
of the human frontal cortex (Fig. 2C). This again dem-
onstrates the conservation of laminar markers in human
MTG and frontal cortex. The identification of new layer-
enriched marker genes will not only help us understand
the anatomical architecture of the human cortex but also
determine the layer-specific cellular vulnerability to AD
pathology (e.g. the excitatory neuronal vulnerability in
layers II-IIT of human temporal cortex [11, 12] and frontal
cortex [29]). Unique marker genes identified in this study
can be used for annotating the cortical layers and the
WM in both healthy CT and AD cases (Additional file 1:
Fig. S5A), which can avoid potential confounding effects
of AD pathology on gene expression in corresponding
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layers of AD samples. With the aid of efficient annotation,
we found that the proportion of spots with AD pathology
which is normalized to the total number of spots in that
layer is much higher in layers II-V compared to other lay-
ers (Additional file 6: Table S5), which suggests that these
cortical layers may be vulnerable to AD pathology (Ap
plaques and NFTs). The cell type deconvolution analysis
using Cell2location also predicted the higher proportion
of excitatory (Exc.) neurons in layers II-VI, astrocytes in
layer I, and oligodendrocytes in the WM compared to
other layers (Fig. 3 and Additional file 1: Fig. S6). The pre-
dicted high proportions of excitatory neurons in layers
II-VI may also explain the selective excitatory neuronal
vulnerability of these layers in AD.

Comparing the gene signatures, pathways and gene
modaules identified in this study with those identified

by other techniques

We identified 1,022 (i.e., 1,008 upregulated and 14 down-
regulated) DEGs (Additional file 7: Table S6) that differ-
entiate AD from CT cases. One potential reason of many
more upregulated DEGs than downregulated DEGs
might be the lack of significant neuronal loss in our AD
cases at early Braak stages (Additional file 1: Fig. S6B).
The mean expression RBFOX3 (NeuN) is significantly
higher in AD than CT in our Visium Experiment, and the
RBFOX3 RNA counts/cell also significantly increased in
AD samples quantified by HiPlex RNAscope assay (Addi-
tional file 1: Fig. S11). Interestingly, those DEGs showed
significant overlaps with previously published 14 AD-
related datasets (Fig. 4A). The GO enrichment analysis of
the 1,008 upregulated DEGs revealed biological process
pathways (Additional file 7: Table S6) that may contribute
to the development and progression of AD pathology. To
be noted, Top-20 enriched pathways (Fig. 4B) have been
identified in previous AD datasets [12, 13, 15-17]. We
also identified the AD upregulated DEGs in layers I to VI
and the WM (Additional file 8: Table S7). By removing
the duplicate genes across all layers and WM, we iden-
tified the layer-specific DEGs upregulated in AD cases
(Fig. 4C and Additional file 8: Table S7), which may shed
a light on the regional vulnerability of AD in the future
research.

Furthermore, WGCNA of 10,000 highly variable genes
identified eight co-expression gene modules (Additional
file 1: Fig. S7A). Importantly, we not only identified novel
genes from these eight modules, but also found over-
lapped genes between these modules and 14 AD-related
datasets (Additional file 1: Fig. S7B and Additional
file 9: Table S8). These results suggest that the global
gene expression alterations in human AD identified by
Visium are consistent with previous findings using the
bulk RNA-Seq, snRNA-Seq, and large-scale proteomic
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techniques, which strengthens the feasibility and reli-
ability of implementing SRT in studying the molecular
mechanisms underlying the pathogenesis of AD.

The co-expression patterns between module-specific hub
genes are altered in the presence of AD pathology

We found four modules (Yellow, Turquoise, Pink, and
Brown) change along with the AD pathology. Interest-
ingly, most of the hub genes in the yellow module are
mainly expressed in oligodendrocytes based on http://
www.brainrnaseq.org. Neurons and glia (microglia,
astrocytes, and oligodendrocytes) interactions have been
found to play important roles in the development and
progression of AD pathology, especially Ap plaques and
NFTs [2, 13, 16]. The loss of co-expression of oligoden-
drocytes-associated hub genes in the yellow module and
the lack of co-expression with hub genes in other mod-
ules support the recent findings that oligodendrocyte
dysfunction may be involved in the early pathogenesis
of AD [5, 16, 24]. The changes of co-expression patterns
may be sufficient to induce differential alterations in bio-
logical processes critical for the prevention of neurode-
generation and neuroprotection.

To reduce technical variability and genetic background
between AD and CT cases, we compared the co-expres-
sion patterns of these four gene modules in spots with
AD pathology vs adjacent spots without AD pathology
only in AD cases. We detected that the co-expression of
turquoise and brown module hub genes was gradually
reduced, whereas the co-expression of yellow and pink
module hub genes was enhanced as the distance from
Visium spots with AD pathology increases (45—245 pm)
(Additional file 1: Fig. S8). The co-expression patterns,
however, did not change significantly as the distance
from Visium spots with both A plaques and tau pathol-
ogy increases (Additional file 1: Fig. S8), which might be
due to the effects of both AD pathologies on hub gene co-
expression being too strong to be reversed. These results
demonstrate that the co-expression patterns of different
gene modules are altered by AD pathology, support-
ing the hypothesis that interactions within and between
gene modules are involved in the development and pro-
gress of AD pathology. It should also be noted that not
only ABT plaques, as previously suggested [2, 16], but
also AT8'-NFTs/neuropil threads induce changes in the
co-expression of hub genes, suggesting that altered co-
expression patterns of hub genes are implicated in the
pathogenesis of AD.

Differential gene expression analysis between Visium
spots with AD pathology (AR, AT8", or ABT/AT8™)
and adjacent Visium spots (level 3) without AD pathol-
ogy in AD cases, identified upregulated and downreg-
ulated genes and pathways associated with each AD
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pathology. Interestingly, Visium spots with AP plaques
and AT8"-NFTs/neuropil threads showed a signifi-
cant and similar upregulation of genes and pathways
associated with stress response to metal ion, detoxi-
fication and neurotransmitter uptake, and a marked
downregulation of genes and pathways associated
with ensheathment of neurons, protein folding, glial
cell differentiation and synapse organization (Fig. 5A
and Additional file 9: Table S8). This finding is con-
sistent with recent transcriptomic, epigenomic, and
proteomic analyses [12, 13, 15, 16, 24, 25, 55], high-
lighting the important roles of gliosis, protein folding
and synaptic dysfunction in AD. Surprisingly, Visium
spots with AT8T-NFTs/neuropil threads also exhib-
ited upregulation of genes and pathways associated
with synaptic transmission, and downregulation of
genes and pathways associated with negative regula-
tion of apoptosis. Whether NFTs cause the degenera-
tion of neurons [66] or are actually part of a protective
response that prevents neuronal death is still unclear
[67]. The upregulation of synaptic transmission and the
lack of enrichment of neuronal cell death and apopto-
sis pathways in Visium spots with AT8"-NFTs/neuropil
threads suggest that neurons with NFTs or neighbor-
ing neurons without NFTs may exhibit a compensatory
upregulation of protective mechanisms against neu-
ronal dysfunction or death in the early stages of AD.

Our results not only validated some of the previously
identified AP plaques [16, 17] and tangle-associated
gene signatures and pathways [55], but also identified
new gene signatures and pathways specific for each AD
pathology (Fig. 6A). The co-expression patterns of hub
genes also provided new insights for understanding the
interactions between neurons and glia and how they con-
tribute to the cellular and regional vulnerability in early
AD (Fig. 5B).

Layer- and cell type-specific DEGs associated with AD
pathology

Since the diameter of a Visium spot is 55 pm, which gen-
erally includes more than one cell, we further validated
DEGs associated with AD pathology at the single-cell
level. Using RNAscope HiPlex smFISH assay, we first
validated the DEGs that have been identified in human
AD by other groups using snRNA-Seq or scRNA-Seq [13,
16, 24, 60, 61] [62—-64], including SNCG, STMN2, CSRP1,
PLP1, GLUL, CD9, CiIQB, SPP1, CD63, CRYAB, and
YWHAH. Those genes have been found to play important
roles in the pathogenesis of AD [55, 63, 68-73]. Further-
more, we validated a few novel DEGs identified in this
study, including KIF5A, PAQR6, and SLC1A3. We found
that the RNA level of KIF5A was significantly increased
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in microglia, astrocytes, and neurons in layers II/IIl and V
and layer V oligodendrocytes of the MTG in human AD
compared to CT cases. Increased SLC1A3 in astrocytes
and microglia and decreased PAQR® in oligodendrocytes
in layers II/III and V and in layer II/III astrocytes of the
MTG were found in human AD compared to CT cases.
The layer- and cell-type-specific role of those genes are
unknown, which are warranted for future studies.

Limitation of this study

Although the 10 x Genomics Visium platform is a power-
ful technique of characterizing the spatial transcriptomic
profiles of rodent and human brain samples, there are a
few limitations of this study. First, the Visium platform
is not at single-cell resolution [16, 17], although we vali-
dated key representative genes at the single-cell level in
this study. Thus, we cannot exactly provide the cell-type
information for most DEGs identified in each Visium
spot. Although each Visium spot is only 55 pm in diam-
eter, the highly variable shape of cells and processes, as
well as RNA diffusion from neighboring regions, suggests
that information from several cells is included in each
spot. Second, we performed the immunostaining of cell
type-specific markers and AD pathological markers on
adjacent brain sections, but not on the same section used
for the H&E staining and the Visium SRT assay. Although
the distance between the Visium section and the immu-
nostaining sections is 10 or 20 pm, alignment of those
sections may produce minor errors in terms of the exact
location of each Visium spot in adjacent brain sections.
Third, although our results were generated from similar
sample size to previous publications using Visium plat-
form [16, 74, 75], further SRT analyses of larger sample
size without biological covariates (e.g. age, post-mortem
interval, RNA integrity, tissue intactness and ApoE gen-
otype), sex differences and additional functional studies
are warranted for fully understanding the relationship
between transcriptional changes and various AD pathol-
ogy. Moreover, due to the limitation of the size of cap-
ture area of Visium GE slide, we choose to focus on one
vulnerable region, the MTG, in this experiment. Future
studies will include and compare specific gene expression
patterns from other vulnerable or resilient brain regions.
Fourth, we did not focus on particular forms of AP and
tau aggregates in this study. Further Visium studies in
combination with immunofluorescence staining of solu-
ble vs insoluble forms of AP and tau aggregates will be
needed to distinguish the transcriptional changes in the
presence of various forms of AD pathology.

Overall, our Visium analysis highlights the molecu-
lar composition of the anatomical architecture of the
human MTG and the complexity of glial-neuronal hub
gene interactions in response to a range of AD-associated
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neuropathology, which may contribute to the cellular and
regional vulnerability in early AD. Although we cannot
distinguish drivers of degeneration from compensatory
responses using post-mortem brain tissue represents
end-stage disease, our spatial transcriptomic data pro-
vide insights for exploring the molecular mechanisms
underlying the pathogenesis of AD and a platform for
discovering potential biomarkers and disease-modifying
therapeutics.
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