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Abstract

INTRODUCTION: The olfactory system is an early target in Alzheimer’s disease (AD),
yet regional glial pathology interactions remain poorly defined. We examined how
glial activation and pathological burden differ between the olfactory cortex (OC) and
olfactory bulb (OB) across disease stages.

METHODS: Post mortem OC and OB samples from cognitively normal (CN), mild
cognitive impairment, and AD cases were analyzed using immunohistochemistry
and immunofluorescence for amyloid beta (AB), phosphorylated tau (pTau), Ibal
(microglia), GFAP (astrocyte), and apolipoprotein E (apoE).

RESULTS: Both regions showed stage-dependent increases in AB and pTau, with
regionally distinct glial responses. ApoE signal varied with clinical stage rather than
genotype. Co-expression analyses revealed astrocyte-linked networks in the OC and
microglia-linked relationships in the OB.

DISCUSSION: Findings demonstrate spatially heterogenous glial pathology architec-
tures in the human olfactory system, supporting its role as an early and regionally
diverse site of AD vulnerability.
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Highlights

* Progressive A and pTau burden observed in both OC and OB across AD stages.
+ Glial morphology exhibits stage-related changes across regions.

» Co-expression patterns differ between OC and OB.

* Findings support early and region-specific vulnerability of the olfactory system.
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1 | BACKGROUND

Olfactory dysfunction is a frequent and often prodromal symptom
of Alzheimer’s disease (AD), emerging before overt cognitive decline
and offering a window into early pathophysiological changes.! "% Neu-
ropathological studies consistently show that olfactory-related regions
- including the olfactory cortex (OC) and olfactory bulb (OB) - are
among the first to exhibit hallmark AD pathologies, such as amyloid
beta (Ag) plaques and phosphorylated tau (pTau) tangles.*>

According to established neuropathological frameworks, the OC
and OB are affected at relatively early disease stages; tau pathol-
ogy is detectable from Braak stages I-Il, while amyloid involvement
corresponds to intermediate Thal phases (2-3) and moderate Con-
sortium to Establish a Registry for Alzheimer’s Disease scores.t™?
Despite this early vulnerability, the olfactory system remains under-
represented in mechanistic AD research, which has largely focused on
the hippocampus and neocortex.'?

The OB is anatomically and functionally distinct from central lim-
bic structures. It supports ongoing postnatal neurogenesis, maintains
high metabolic demand, and receives direct synaptic input from olfac-
tory sensory neurons that are exposed to the external environment
via the nasal epithelium.22-13 While these features support sensory
plasticity, they may also render the OB more susceptible to early
degeneration.'*15 Qur previous work revealed severe histoarchitec-
tural disruption in the OB glomerular layer (GL) in AD, suggesting early
structural compromise.’® However, the cellular drivers of this vul-
nerability, including glial engagement and co-pathologies with disease
proteinopathies, remain poorly defined in humans.

Growing evidence indicates that neuroinflammation is not simply
a consequence of AD pathology but actively contributes to disease
progression.!”18 Microglia and astrocytes undergo dynamic pheno-
typic changes in response to AB and pTau, exhibiting significant spatial
and temporal heterogeneity.1”-2% The OB has recently gained recogni-
tion as a neuroimmune interface, where glial cells not only surveil for
pathology but also regulate local neurogenesis, synaptic remodeling,
and neuronal survival.24-26

Apolipoprotein E (APOE) adds a further layer of complexity. As
the strongest genetic risk factor for sporadic AD, the APOE ¢4 allele
influences glial phenotypes, impairs AS clearance, and promotes tau
pathology.2’-2? Beyond its genetic role, misfolded ApoE protein has
been detected within plaques and glial inclusions in AD brains,30:31
yet its spatial distribution and pathological impact within olfactory
structures remain undercharacterized.

Herein, we present a comprehensive histopathological analysis of
the human OC and OB across the clinical continuum of AD. Using
immunohistochemistry and immunofluorescence on post mortem tis-
sue, we examined AB, pTau, and apoE protein deposition alongside
associated glial responses in cases ranging from cognitively normal
(CN) to mild cognitive impairment (MCI) and AD. To further understand
how these markers interact at a systems level, we conducted multi-
variate co-expression analyses to assess coordinated changes in glial
and pathological burden across regions and disease stages. Our objec-

tive was to determine how regional glial activation and protein burden

RESEARCH IN CONTEXT

1. Systematic review: We reviewed prior literature using
PubMed and Google Scholar to assess AD pathology in
the olfactory system, with emphasis on glial responses
and region-specific vulnerability. While early Ag and pTau
accumulation in the OB and OC is well established, few
studies have examined cell-type-specific glial pathology
interactions across disease stages in human olfactory
regions.

2. Interpretation: We show progressive protein accumu-
lation and regionally distinct glial activation in the OC
and OB. ApoE signal increases with disease stage and
overlaps with AB and pTau, while co-expression analyses
reveal differing glial pathology network structures across
regions.

3. Future directions: Future work should investigate how
regional glial states contribute to olfactory vulnerabil-
ity and functional decline, ideally using spatial and lon-
gitudinal approaches to clarify glial roles in early AD
progression.

evolved in the OC and OB and whether these processes unfold with
distinct temporal and spatial dynamics. By integrating regional compar-
isons across clinical stages, this study provides novel insights into the
selective vulnerability of olfactory areas and the spatial organization

of glial pathology relationships.

2 | METHODS AND MATERIALS
2.1 | Human post mortem brain tissue

Formalin-fixed paraffin-embedded (FFPE) brain tissue blocks contain-
ing the OC and OB were obtained from the Netherlands Brain Bank
(NBB).3233 The NBB is a long-established resource that applies stan-
dardized procedures for donor recruitment, clinical characterization,
autopsy, and neuropathological documentation, ensuring consistent
diagnostic classification across cohorts.3*-3¢ All tissue blocks were
collected and processed under uniform NBB protocols.3”

The sample set included patients diagnosed with MCI (OC: n = 6,
OB: n = 6), AD (OC: n = 11, OB: n = 12), and CN controls (OC:
n =5, OB: n = 6), selected to minimize demographic imbalances in
age and sex at the group level (Table 1). Within the AD group, Braak
neurofibrillary tangle staging was evenly represented, comprising four
cases each at stages |V, V, and VI, consistent with National Institute
on Aging-Alzheimer’s Association (NIA-AA) guidelines for neuropatho-
logic assessment.38 Informed consent for autopsy and the use of brain
tissue for research purposes was obtained from donors or their next of
kin by the NBB.
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TABLE 1 Demographic and neuropathological characteristics of all human post mortem subjects.

Braak  APOE allele Age Tissue PMD Thalscore CERAD
Study ID Group  stage status? SexP (years) information (hours) (0-3) score (0-3) Note
CaseCO1 CN 0 4/4 M 71 OB, 0C 5:05 - - ARTAG
CaseC04 CN 2 2/2 M 77 OB, 0C 8:45 1 0
CaseCO3 CN 2 3/3 F 71 OB 6:15 1 0
CaseCO5 CN 2 3/3 F 87 OB, 0C 4:35 2 0
Case C02 CN 2 4/3 M 72 OB,0C 4:20 1 0
CaseC06 CN 2 4/3 F 81 OB, 0C 7:40 1 0
CaseM02 MCI 1 3/3 F 76 ocC 5:30 1 0
CaseM01 MCI 2 3/2 M 79 OB 6:30 1 0
CaseM0O3  MCI 2 3/3 M 84 OB, 0C 3:30 1 0 ARTAG; non-demented

control with Lewy bodies

CaseM04 MCI 2 3/3 F 88 OB, 0C 7:25 - - PART
CaseMO5  MCI 3 3/3 M 85 OB, 0C 5:10 2 1 PART; CAA
Case MO7  MCI 3 878 F 88 OB, OC 4:30 1 0 ARTAG; PART
CaseM06  MCI 3 4/2 F 85 OB, 0C 7:05 3 2 ARTAG; CAA
CaseAO2 AD 4 3/3 F 94 OB 4:35 8 2
Case AO3  AD 4 4/3 F 83 OB, 0C 4:30 3 2 CAA
Case AO1 AD 4 4/3 M 86 OB, 0C 3:45 3 2 ARTAG; CAA
Case A04 AD 4 4/3 M 95 OB, 0C 8:25 3 2 ARTAG; CAA
Case AO5  AD 5 3/3 M 85 OB, 0C 6:10 3 3 ARTAG; CAA
Case AO8  AD 5 3/3 F 88 OB, 0C 5:55 3 3 ARTAG
Case AO7 AD 5 3/3 M 95 OB, 0C 6:05 8 2
Case AO6  AD 5 4/3 F 89 OB, 0C 7:35 3 2 ARTAG; CAA
CaseA12 AD 6 4/3 F 73 OB, 0C 5:15 8 3 CAA
Case AO9 AD 6 4/3 M 76 OB,0C 4:40 3 3 ARTAG; CAA
Case A1l AD 6 4/4 M 72 OB, 0C 4:30 8 8 ARTAG
CaseA10 AD 6 4/4 F 85 OB, 0C 7:20 3 3 CAA

Note: Individual-level demographic, genetic, and neuropathological data for all included cases, categorized by clinical diagnosis. All brain samples were FFPE
tissue blocks from the OC and/or OB, obtained from the Netherlands Brain Bank (NBB). Clinical diagnoses were based on NBB standardized retrospective
review of medical and neuropsychological records. Neuropathological assessments were performed by NBB-certified neuropathologists. Braak neurofib-
rillary tangle stage, Thal A phase score (0-3), and CERAD neuritic plaque score (0-3) are reported according to NIA-AA guidelines. “Note” summarizes
relevant concomitant age-associated or incidental pathologies (e.g., ARTAG, PART, CAA).

Abbreviations: AD, Alzheimer’s disease; APOE, apolipoprotein E; ARTAG, aging-related tau astrogliopathy; CAA, cerebral amyloid angiopathy; CERAD, Con-
sortium to Establish a Registry for Alzheimer’s Disease; CN, cognitively normal; FFPE, formalin-fixed paraffin-embedded; MCI, mild cognitive impairment;
OB, olfactory bulb; OC, olfactory cortex; PART, primary age-related tauopathy; PMD, post mortem delay.

2APOE genotype based on ¢2, €3, ¢4 alleles.
bSex coded as M = male, F = female.

All clinical diagnoses were confirmed according to the standard-
ized assessment procedures of the NBB, based on retrospective review
of medical and neuropsychological records by trained clinicians.3?-41
MCl referred to cases showing objective cognitive decline greater than
expected for age and education, without fulfilling diagnostic criteria for
dementia, consistent with internationally accepted frameworks.#243
Detailed demographic information for all subjects is provided in
Table 1.

The number of cases was determined by the availability of well-

characterized tissue blocks containing the OC and/or OB that met

strict inclusion criteria, including high tissue integrity, short post
mortem delay, a documented ante mortem clinical diagnosis, and a
post mortem neuropathologic diagnosis assigned using established
criteria.3844 Only donors with comprehensive medical documenta-
tion and without major comorbid neuropathology (e.g., Parkinson’s
disease, dementia with Lewy bodies, frontotemporal lobar degenera-
tion, or progressive supranuclear palsy) were included. One MCI case
was noted by the NBB as “non-demented control with Lewy bodies”;
this subject exhibited only incidental Lewy pathology without clinical

Parkinsonism or dementia and was therefore retained in the study.
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TABLE 2 List of antibodies.

Catalog
Antibody Manufacturer number Host Dilution
Anti-AB (6E10) BioLegend 803001 Mouse  1:200
Anti-AB(D54D2) Cellsignaling 8243 Rabbit  1:200
technology

Anti-pTau Invitrogen MN1020 Mouse  1:200
(Ser202, Thr205)

Anti-lbal Wako 019-19741 Rabbit  1:200

Anti-GFAP Dako 70334 Rabbit  1:200
AB52607 Rabbit  1:100
AB1907 Mouse  1:100

Anti-apoE Abcam
Anti-apoE Abcam

Note: Antibody name, manufacturer, catalog number, host species, and
dilution information are listed for all primary antibodies used in this study.
Abbreviations: Ag, amyloid beta; apoE, apolipoprotein E; GFAP, glial fibril-
lary acidic protein; Ibal, ionized calcium-binding adapter molecule 1; pTau,
phosphorylated tau.

Mild age-associated changes such as aging-related tau astrogliopathy
(ARTAG), primary age-related tauopathy (PART), or low-grade cere-
bral amyloid angiopathy (CAA) were accepted, as they are common in
elderly individuals and not expected to confound AD-related olfactory
pathology.

Whenever both regions were available, they were analyzed as com-
plementary sites; however, in some donors only one region was suitable
for histological assessment. Cases were selected to represent the AD
continuum (CN, MCI, AD) with approximate age and sex matching
across groups. Because of the limited availability of such high-quality

olfactory tissue, all eligible cases meeting these criteria were included.

2.2 | Immunohistochemistry and image acquisition
2.2.1 | Double immunofluorescence staining

FFPE blocks were cut into 4-pm-thick sections, mounted on Super-
frost Plus slides (VWR International), and dried overnight at 37°C.
Sections were deparaffinized and rehydrated through graded xylene
and ethanol, followed by rinsing in phosphate-buffered saline (PBS).
Antigen retrieval was performed by boiling sections in 10 mM citrate
buffer (pH 6.0) for 15 min and cooling at room temperature (RT) for 30
min.

Endogenous peroxidase activity was blocked using 0.3% hydrogen
peroxide in tris-buffered saline (TBS) for 20 min. Non-specific bind-
ing was blocked with 3% normal donkey serum (NDS) or bovine serum
albumin (BSA) in TBS for 1 h at RT. Primary antibodies (Table 2)
were applied overnight at 4°C. Following TBS-Triton (TBS-T) washes,
sections were incubated with species-specific Alexa Fluor-conjugated
secondary antibodies for 1 h at RT.

After PBS washes, nuclei were counterstained with Hoechst 33258
or DAPI (1 pg/mL, 5 min, RT), and lipofuscin autofluorescence was
quenched using 0.1% Sudan Black B or TrueBlack™ Lipofuscin Autoflu-

orescence Quencher (Biotium Inc.) in 70% ethanol for 10 min. Slides
were washed and coverslipped with aqueous mounting medium (Immu-
Mount, Thermo Fisher Scientific). Slides were stored at 4°C for at
least 48 h before imaging. Fluorescent images were acquired at Maas-
tricht University using an Olympus BX51 microscope equipped with
an Olympus DP70 digital camera and at Daegu Gyeongbuk Institute
of Science and Technology (DGIST) using a Zeiss LSM780 confocal
microscope. Images were processed with Imagel/Fiji (version 1.54p;
National Institutes of Health, Bethesda, MD, USA).

To verify the specificity of apoE immunostaining, we conducted
additional validation using a second independently generated apoE
antibody (Abcam, AB1907), in addition to the primary antibody used
throughout the main analysis (Abcam, AB52607). Both antibodies
have been applied in human AD neuropathology studies and exhibit
the characteristic aggregate-associated apoE pattern described in
the literature.*> The second antibody produced the same plaque-
associated distribution and stage-dependent increase observed with
the primary antibody. Representative images and quantitative compar-

isons are provided in Figure S1.

2.2.2 | DAB immunohistochemistry

For DAB-based immunohistochemistry, sections were prepared as
above. After deparaffinization and antigen retrieval (10 mM citrate
buffer, pH 6.0), endogenous peroxidase activity was quenched with
0.3% hydrogen peroxide in TBS. Non-specific binding was blocked with
3% NDS or BSA.

Primary antibodies were applied overnight at 4°C. After washing in
TBS-T, sections were incubated with biotinylated secondary antibodies
(1:200, 1 h, RT), followed by the Avidin-Biotin Complex (ABC reagent,
Vector Laboratories, 2 h, RT). DAB substrate solution (Sigma-Aldrich)
was applied for 3 to 10 min until signal developed. After dehydration
in graded alcohol and xylene, slides were coverslipped using Entellan
mounting medium (Merck). Brightfield images were acquired using the
Olympus BX51 microscope.

2.3 | Data analysis
2.3.1 | Image analysis

All quantitative analyses were based on immunofluorescence images.
DAB-stained sections were used for visualization only and were not
included in quantitative measurements. For AS, pTau, Ibal, and glial
fibrillary acidic protein (GFAP), four anatomically matched tissue sec-
tions per case were analyzed, and four non-overlapping regions of
interest (ROIs) were acquired from each section, yielding 16 ROls per
marker per case. For apoE, three matched sections were analyzed
with four ROIs each, yielding 12 ROIls per case. ROIs were selected
systematically from predefined anatomical landmarks within the OC
and OB to ensure consistent sampling across individuals. In the OC,

ROIs were selected from Layer | (one ROI), Layer Il (two ROIls), and
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Layer Il (one ROI). In the OB, ROIs were selected from the anterior
olfactory nucleus (AON) (one ROI), granule cell layer (GCL) (one ROI),
external plexiform layer (EPL) (one ROI), and GL (one ROI). Repre-
sentative schematics of ROI placement are shown in Figure S2. All
image analyses were conducted with diagnostic status blinded to the
observer.

Quantification was performed in Imagel/Fiji (version 1.54p). The
fluorescence channel corresponding to each marker was extracted and
converted to 8-bit grayscale. A marker-specific global threshold was
determined from a representative training subset of images to estab-
lish reliable separation of signal from background. This fixed threshold
was applied uniformly to all images for that marker. The percentage
of positively stained area within each ROI was calculated using the
Analyze Particles function. This percentage-positive area represents
the fraction of thresholded signal pixels relative to total ROI area;
consequently, all group comparisons reflect absolute percentage-area
differences rather than values normalized to an external reference.
Final values represent the mean percentage of positive areas across all

ROls for each marker per case.

2.3.2 | Microglial morphology analysis

Microglial morphology was assessed manually on single-plane
immunofluorescence images. Cells were classified into three cat-
egories using established criteria: (1) ramified, defined by small
somata with multiple long, thin processes; (2) hypertrophic, defined
by enlarged somata with thickened or retracted processes; and
(3) amoeboid, defined by rounded somata with minimal or absent
processes.*®47 Only Ibal-positive cells with clearly defined somata
and primary processes within the focal plane were included. A
minimum of 30 microglia per case was analyzed across the ROls.
Morphological scoring was performed independently by two blinded
analyzers, and discrepancies were resolved by consensus. Auto-
mated skeletonization or Sholl-based digital morphometry was not
applied.

2.3.3 | Astrocyte morphology analysis

Astrocyte morphology was assessed on single-plane immunofluo-
rescence images. Soma size was quantified by manual tracing of
GFAP-positive cell bodies in ImageJ using the freehand selection tool,
and the cross-sectional area (um?2) was calculated from each traced
outline. Only somata that were fully contained within the field and
clearly delineated from adjacent structures were included. A mini-
mum of 30 astrocytes per case were measured across the ROls. For
guantitative analyses, the mean soma area per case was used for
comparisons between CN, MCI, and AD groups. Measurements were
performed independently by two blinded analyzers, and discrepan-
cies were resolved by consensus. No algorithmic segmentation was

applied.

THE JOURNAL OF THE ALZHEIMER’'S ASSOCIATION

2.3.4 | Regional comparison score (OC/OB score)
calculation

To compare regional differences in pathological and glial burden, we
calculated a normalized OC/OB comparison score for each marker. This
metric quantified the relative distribution of expression between the
OC and OB within the same individual. For each marker and region,
percentage-positive area was computed per ROl and summarized to
a single per-case regional value as the mean across ROls (“Methods,”
Section 2.3.1); these per-case regional means were used as the OC and

OB inputs to the OC/OB formula. The score was defined as follows:

(OC value — OB value)
(OC value + OB value)

OC/OBscore =

This normalization constrained values between —1 and +1. Positive
values indicated proportionally higher burden in the OC, and nega-
tive values indicated proportionally higher burden in the OB. A score
near zero indicated a balanced distribution across the two regions. We
applied this calculation to AB, pTau, Ibal, GFAP, and apoE expression
values. The score served as a within-subject index of regional bias and
enabled qualitative assessment of shifts in regional distribution across

clinical groups.

2.3.5 | Statistical analysis

Statistical analyses and data visualization were conducted using
GraphPad Prism version 9.0 (GraphPad Software, USA). For compar-
isons across clinical groups, one-way analysis of variance (ANOVA)
followed by Tukey’s post hoc test was applied. Unpaired, two-tailed
Student’s t-tests were used for genotype or region-based comparisons.
A p value < 0.05 was considered statistically significant. Statistical
significance in figures is indicated as follows: *p < 0.05, **p < 0.01,
***p < 0.001, **p < 0.0001. Associations of age and sex with pri-
mary outcomes were assessed using Spearman’s rank correlation (age)
and the Mann-Whitney U test (sex) (Table S1). Sensitivity analyses
repeated the primary one-way ANOVA after excluding the oldest AD
case and the youngest CN case within each region (Table S2).

2.3.6 | Co-expression analysis

To evaluate whether different disease stages involve coordinated
changes across multiple biological markers rather than isolated shifts
in single variables, we conducted correlation analyses among AB, pTau,
Ibal, GFAP, and apoE expression levels. Pearson’s correlation coeffi-
cients were calculated for normally distributed data, and Spearman’s
rank correlation coefficients were used for non-normally distributed
variables. Marker expression values were organized into pivot tables
per subject, and region-specific correlation matrices (OC and OB)
were generated. All available cases across diagnostic groups (CN, MCl,

and AD) were included in each regional correlation matrix. These
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matrices were visualized as heatmaps using Python (Pandas, NumPy,
Seaborn, and Matplotlib libraries) to summarize shared expression
patterns, intermarker associations, and region-specific differences
in co-expression networks*®->1 (documentation accessed June 27,
2025).

3 | RESULTS
3.1 | Apand pTau accumulation in OC and OB

To validate pathological staging and assess tissue quality, we examined
the relationship between Braak stage and proteinopathy burden in the
OC and OB. Quantitative analysis showed that A and pTau deposi-
tion increased from Braak O to Il and Braak Ill to IV in both regions
(AB: OC p < 0.01, 0B p < 0.001; pTau: OC p < 0.0001, OB p < 0.0001;
Figure 1A). Beyond Braak IV, values approached a plateau, and no sig-
nificant differences were observed between Braak V and VI. In the OC,
pTau showed a modest decrease from Braak IV to Braak V, although
the distributions overlapped substantially and remained within a simi-
lar overall range across Braak IV to VI. These results demonstrate steep
increases through early and intermediate Braak stages, with limited
change between Braak V and VI.

Qualitative evaluation of DAB-stained sections confirmed the pres-
ence of AB plaques and pTau tangles in both regions. Notably, pretan-
gles and mature neurofibrillary tangles were observed, particularly in
the pTau-stained sections of both OB and OC (Figure 1B-D).

To quantify pathology burden, we conducted double immunoflu-
orescence staining for AS and pTau. In the OC, the percentage of
AB-positive area was significantly increased in MCI compared to CN
(p < 0.05) and further elevated in AD (p < 0.0001). Similarly, pTau bur-
den rose significantly from CN to MCl (p < 0.001) and from MCI to AD
(p <0.0001) (Figure 1E).

In the OB, AB burden was not significantly elevated in MCI com-
pared to CN but showed a robust increase in AD compared to both CN
(p <0.0001) and MCI (p < 0.05) (Figure 1F). The absence of detectable
AB signal in MCI in the OB was also visible in DAB-stained sections
(Figure 1B). In contrast, pTau accumulation followed a strong stepwise
pattern, with significant increases between CN and MCI (p < 0.0001)
and from MCl to AD (p < 0.0001) (Figure 1F).

We next stratified A and pTau burden by APOE ¢4 carrier status
to examine genotype-associated patterns. In the OC, neither Ag nor
pTau burden differed significantly between APOE Ac2/¢3 and APOE ¢4
carriers, although APOE e4-positive individuals exhibited greater vari-
ability, particularly among AD cases (Figure 1G). Because APOE ¢4
carriers were concentrated within the AD group, distributions largely
reflected underlying clinical-stage composition. In the OB, AB burden
appeared higher in APOE ¢4 carriers compared to APOE £2/¢3 individ-
uals (p < 0.01; Figure 1G), although this difference corresponded to
group composition. pTau levels in the OB showed a modest upward
shift in APOE ¢4 carriers but overlapped substantially with APOE ¢2/¢3
distributions.

To assess regional distribution of pathological protein accumula-
tion, we calculated normalized OC/OB comparison scores for AS and
pTau (Figure 1H). For AB, scores were predominantly positive across all
groups, indicating greater amyloid burden in the OC relative to the OB.
No significant group differences were detected. For pTau, scores were
higher in MCl and AD compared to CN (p < 0.05), without differences
between MCl and AD.

Taken together, these results show increases in both Ag and pTau
burden across clinical stages in the OC and OB, with differing magni-

tudes across regions.

3.2 | Microglial activation in OC and OB

To characterize neuroinflammatory changes across the AD contin-
uum, we evaluated microglial activation in the OC and OB using
Ibal. Quantitative analysis revealed higher Ibal-positive area across
Braak stages, with significantly elevated microglial burden in both
regions from Braak stage Ill onward (p < 0.0001; Figure 2A). Quali-
tative DAB-stained sections showed higher microglial density, larger
somata, and thicker processes in AD compared to CN and MCI
(Figure 2B).

To explore the spatial relationship between microglia and patho-
logical proteins, we performed double immunofluorescence staining
for Ibal with AB and pTau. In both regions, Ibal-positive microglia
closely apposed to and interdigitated with Ag-positive plaques, con-
sistent with plaque-associated microglial engagement observed in
human AD tissue (Figure 2C,D). Quantitative analysis across clini-
cal groups confirmed a stage-dependent increase in Ibal burden in
both regions. In the OC, Ibal expression was significantly higher
in MCI compared to CN (p < 0.01) and further elevated in AD
(p < 0.001 vs MCI; p < 0.0001 vs CN; Figure 2C). In the OB, a
similar trend was observed, with significant increases from CN to
MCI (p < 0.01) and from MCI to AD (p < 0.01; p < 0.0001 vs CN;
Figure 2D).

To further resolve morphology, we classified microglia into ramified,
hypertrophic, and amoeboid subtypes (Figure 2E). In the OC, ramified
microglia were significantly reduced in AD (p < 0.05), and hyper-
trophic microglia were increased in AD compared to CN (p < 0.05).
In the OB, ramified microglia were significantly reduced in AD com-
pared to CN (p < 0.001) and MCI (p < 0.05). Hypertrophic microglia
were elevated in AD (p < 0.01 vs CN), and amoeboid microglia were
significantly increased in AD compared to CN (p < 0.05). Ibal val-
ues overlapped between APOE £2/e3 and APOE &4 carriers in both
regions (Figure 2F). APOE ¢4 carriers showed wider variability due to
group composition. Normalized OC/OB comparison scores for Ibal
(Figure 2G) were predominantly negative in CN, closer to zero in
MCI, and near zero in AD. No significant group differences were
detected.

Taken together, these data show differences in Ibal-positive
area and microglial morphology across clinical stages in both

regions.
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FIGURE 1 Progressive accumulation of Ag and pTau pathology in the OC and OB. (A) Quantitative analysis of AB- and pTau-positive area in OC

and OB across Braak stages. (B and C) Representative DAB-stained sections showing Ag plaques and pTau-positive structures in both regions. (D)
High-magnification image highlighting pTau pretangles and mature neurofibrillary tangles in OC and OB. (E and F) Double immunofluorescence
quantification of Ag and pTau burden across clinical groups (CN, MCI, AD). (G) Comparison of A and pTau burden by APOE genotype (¢2/¢3 vs £4)
in OC and OB. (H) Normalized OC/OB burden scores for A and pTau across clinical groups. Statistics: one-way ANOVA with Tukey’s post hoc test
for multigroup comparisons; unpaired two-tailed t-test for two-group comparisons; p < 0.05 considered significant. Scale bars: (B), (C) 1000 pm;
(D) 10 um; (E), (F) 20 pm. AB, amyloid beta; AD, Alzheimer’s disease; APOE, apolipoprotein E; CN, cognitively normal; MCI, mild cognitive
impairment; OB, olfactory bulb; OC, olfactory cortex; pTau, phosphorylated tau.
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(A) Olfactory cortex (B) Olfactory cortex . Olfactory bulb FIGURE 2 Progressive and region-specific

microglial activation in OC and OB. (A) Quantitative
analysis of Ibal immunoreactivity across Braak stages
in OC and OB. (B) Representative DAB-stained
sections from CN, MCI, and AD cases in OC and OB;
insets show higher-magnification views of microglial
morphology. (C and D) Quantification of Ibal burden
across clinical groups (CN, MCI, AD) in OC (C) and OB
(D), with double immunofluorescence showing
Ibal-positive microglia surrounding Ag plaques and
pTau-positive structures. (E) Classification of microglial
morphology into ramified, hypertrophic, and amoeboid
subtypes with representative images and
quantification of relative number of each subtype
across clinical groups. (F) Comparison of Ibal burden
by APOE genotype (c2/¢3 vs ¢4) in OC and OB. (G)
Normalized OC/OB Ibal burden scores across clinical
groups. Statistics: one-way ANOVA with Tukey’s post
hoc test for multigroup comparisons; unpaired
two-tailed t-test for two-group comparisons; p < 0.05
considered significant. Scale bars: (B) 100 um; inset
images in (B) 20 um; (C), (D) 20 um; (E) 10 um. AD,
Alzheimer’s disease; APOE, apolipoprotein E; CN,
cognitively normal; Iba1, ionized calcium-binding
adapter molecule 1; MCI, mild cognitive impairment;
CN MCI AD OB, olfactory bulb; OC, olfactory cortex; Ag, amyloid

beta; pTau, phosphorylated tau.
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3.3 | Astrocytic activation in OC and OB

To examine astrocytic responses across the disease continuum, we
assessed GFAP immunostaining in the OC and OB. Quantitative anal-
ysis revealed a significant stage-dependent increase in GFAP-positive
area in both regions, with marked elevation from Braak stage Il
(p <0.0001; Figure 3A).

DAB-stained sections showed higher astrocyte density and hyper-
trophic morphology in AD compared to CN and MCI in both regions
(Figure 3B).

We next investigated the spatial association between astrocytes
and AB/pTau pathology using double immunofluorescence staining of
GFAP with A and pTau in OC and OB (Figure 3C,D). In CN, astro-
cytes were sparse and showed minimal overlap with Ag or pTau. In MCI
and AD, GFAP immunoreactivity increased markedly, with astrocytes
closely surrounding AB plaques and pTau-positive neurons, especially
in AD. Quantification showed a significant increase in GFAP expression
in the OC beginning in MClI (Figure 3C; p < 0.05 vs CN) and a further
rise in AD (p < 0.0001 vs both CN and MCI). In the OB, significant astro-
cyte activation was observed only in AD (Figure 3D; p < 0.0001 vs CN
and MCI), with no difference between CN and MCI.

To further assess reactivity, we evaluated astrocyte morphology by
categorizing cells as non-reactive (thin processes and small cell bodies)
or reactive (hypertrophic cell bodies with thick, branched processes;
Figure 3E). We quantified astrocyte cell body size as an index of hyper-
trophy. In the OC, cell body area was significantly larger in AD than
CN (p < 0.01; Figure 3F). In the OB, cell body size was also signifi-
cantly greater in AD compared to CN (p < 0.01), with no significant
differences between CN and MCl or between MCl and AD (Figure 3F).
To examine whether APOE genotype influenced astrocytic activation,
we descriptively compared GFAP-positive area between APOE £2/¢3
and APOE ¢4 carriers (Figure 3G). GFAP values overlapped extensively
between genotypes in both regions, and APOE ¢4 carriers showed
greater variability primarily because a larger proportion of APOE ¢4
carriers belonged to the AD group.

Finally, to examine regional redistribution of astrocyte activa-
tion, we calculated normalized OC/OB comparison scores for GFAP
(Figure 3H). In CN individuals, scores were significantly negative, indi-
cating greater GFAP expression in the OB. Scores increased toward
zero in MCI and became significantly positive in AD, indicating a grad-
ual shift in regional GFAP expression. Statistical analysis confirmed a
significant increase from CN to MCI (p < 0.001) and from MCI to AD
(p <0.05).

Together, these findings highlight a stage-dependent increase in
astrocyte reactivity, with earlier involvement in the OC, later hyper-
trophic changes in both regions, and a shift in GFAP expression from
higher OB than OC in CN to higher OC than OB in AD.

3.4 | apoE protein expression in OC and OB

To investigate regional apoE pathology, we assessed ApoE protein
expression in the OC and OB. In both regions, apoE expression

THE JOURNAL OF THE ALZHEIMER’'S ASSOCIATION

increased significantly across Braak stages in both regions (p < 0.01;
Figure 4A), reflecting stage-dependent increases in detectable apoE
signal.

DAB staining supported these results, showing a stage-related
increase in apoE immunoreactivity across clinical stages (Figure 4B).
In CN cases, apoE was sparse and faint. Qualitative analysis revealed
thatin MCl and AD cases, apoE-positive cells appeared more abundant
and intensely labeled, often displaying granular, perinuclear patterns
(Figure 4B).

To assess spatial relationships with AD pathology, we performed
double immunofluorescence staining of apoE with A and pTau in OC
and OB (Figure 4C,D). In CN cases, the minimal and sparse presence
of apoE, AB, and pTau signal precluded definitive colocalization analy-
sis. Despite the low signal intensity, quantification of the CN group was
conducted to establish a baseline threshold against which the stage-
dependent protein accumulation in MCl and AD could be compared. In
MCI and AD, however, apoE showed a close spatial association with AB
plaques and an intermixed distribution adjacent to pTau-positive struc-
tures, forming dense, aggregated deposits within or surrounding AS
plaque cores and in proximity to pTau-labeled neurons. Quantification
confirmed a significant increase in apoE-positive areain MCl versus CN
(p<0.01in OC, p <0.05in OB) and a further increase in AD (p < 0.001
for both regions).

To examine whether APOE genotype influenced apoE protein lev-
els, we compared apoE-positive areas between APOE ¢2/¢3 and APOE
¢4 carriers (Figure 4E). In this cohort, apoE burden appeared com-
parable between genotype groups in both the OC and OB. APOE ¢4
carriers showed wider variability, reflecting the larger proportion of
APOE ¢4 carriers within the AD group. To further support staining
specificity, we replicated apoE immunohistochemistry using a second
commercially validated apoE antibody, which reproduced the same
aggregate-associated pattern observed with the primary antibody
(Figure S1).

Finally, to assess regional distribution, we calculated OC/OB com-
parison scores for apoE across clinical groups (Figure 4F). In CN, scores
were significantly positive, indicating greater apoE burden in the OC.
Across disease stages, scores shifted toward zero, with a significant
reduction from CN to MCI (p < 0.05).

These results collectively outline a stage-dependent increase in
apoE burden, its spatial proximity to pathological proteins, and a shift

toward regionally balanced expression with advancing disease.

3.5 | Co-expression of pathological and glial
markers reveals region-specific network dynamics

To investigate region-specific expression dynamics and intermarker
interactions, we examined subject-level immunoreactivity for five key
markers - AB, pTau, Ibal, GFAP, and apoE - within the OC and OB, as
visualized in the heatmaps (Figure 5A,B). In the OC (Figure 5A), AD
cases consistently exhibited high expression levels of AB, pTau, Ibal,
and GFAP, while MCl cases presented intermediate expression and CN

individuals showed low levels across all markers.
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FIGURE 3 Astrocyte activation and regional
distribution across AD stages in OC and OB. (A)
Quantitative analysis of GFAP immunoreactivity
across Braak stages in OC and OB. (B)
Representative DAB-stained sections from CN,
MCI, and AD cases, with insets showing
higher-magnification views of astrocyte
morphology. (C and D) Double
immunofluorescence images showing GFAP with
AB and pTau in OC (C) and OB (D) across clinical
groups. (E) Schematic and representative images
of non-reactive and reactive astrocyte
morphologies. (F) Quantification of astrocyte
cell body area in OC and OB across clinical
groups. (G) Comparison of GFAP burden by
APOE genotype (€2/¢3 vs ¢4) in OC and OB. (H)
Normalized OC/OB GFAP burden across clinical
groups. Statistics: one-way ANOVA with Tukey's
post hoc test for multigroup comparisons;
unpaired two-tailed t-test for two-group
comparisons; p < 0.05 considered significant.
Scale bars: (B) 100 um; insets in (B) 20 um; (C),
(D) 20 pm; (E) 10 um. AB, amyloid beta; AD,
Alzheimer’s disease; APOE, apolipoprotein E;
CN, cognitively normal; GFAP, glial fibrillary
acidic protein; MCI, mild cognitive impairment;
OB, olfactory bulb; OC, olfactory cortex; pTau,
phosphorylated tau.
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FIGURE 4 apoE immunoreactivity and spatial colocalization with Ag and pTau in OC and OB. (A) Quantitative analysis of apoE
immunoreactivity across Braak stages in OC and OB. (B) Representative DAB-stained sections from CN, MCl, and AD cases. apoE-positive cells in
MCI and AD appear more numerous and more intensely labeled, with granular perinuclear patterns; insets show higher-magnification views. (C
and D) Double immunofluorescence images of apoE with A and pTau in OC (C) and OB (D) in across clinical groups. (E) Comparison of
apoE-positive area between APOE €2/¢3 and APOE &4 carriers in OC and OB. (F) Normalized OC/OB apoE burden scores across clinical groups.
Statistics: one-way ANOVA with Tukey’s post hoc test for multigroup comparisons; unpaired two-tailed t-test for two-group comparisons; p < 0.05
considered significant. Scale bars: (B) 100 pm; insets in (B) 20 um; (C), (D) 20 um. AB, amyloid beta; AD, Alzheimer’s disease; apoE, apolipoprotein E;
CN, cognitively normal; MCI, mild cognitive impairment; OB, olfactory bulb; OC, olfactory cortex; pTau, phosphorylated tau.
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FIGURE 5 Region-specific multivariate expression and intermarker correlations in OC and OB. (A and B) Protein expression profile heatmaps
for AB, pTau, Ibal, GFAP, and ApoE across individual cases in OC (A) and OB (B), arranged by clinical groups (CN, MCI, AD). (C and D) Pearson
correlation heatmaps for AB, pTau, Iba1, GFAP, and apoE in OC (C) and OB (D). Correlation analyses included all available cases (CN, MCI, and AD)
within each region. Statistics: Pearson’s correlation coefficients were used for normally distributed variables; Spearman’s rank correlation was
used for non-normal distributions. Correlation matrices were generated per region (OC and OB), with p < 0.05 considered significant. A, amyloid
beta; AD, Alzheimer’s disease; apoE, apolipoprotein E; CN, cognitively normal; GFAP, glial fibrillary acidic protein; Iba1, ionized calcium-binding
adapter molecule 1; MCI, mild cognitive impairment; OB, olfactory bulb; OC, olfactory cortex; pTau, phosphorylated tau.

In the OB (Figure 5B), AD cases displayed elevated GFAP and
Ibal expression, with a moderate increase in pTau. However, AS
expression was more heterogeneous among AD individuals, indicat-
ing region-specific variability in amyloid pathology. MCI cases again
showed intermediate levels, while CN cases had uniformly low expres-
sion. Notably, apoE levels remained relatively low in both regions and
demonstrated minimal contrast between groups in the OB.

To characterize the co-expression architecture of these markers,
Pearson correlation analyses were conducted (Figure 5C,D). In the OC
(Figure 5C), AB and pTau were highly correlated (r = 0.90), indicating
tight co-regulation of amyloid and tau pathology. Strong associations
were also observed between GFAP and pTau (r=0.86) and AB and Ibal
(r = 0.83). ApoE exhibited moderate correlations with pTau (r = 0.69),
GFAP (r=0.69),and AB (r=0.61).

In contrast, the OB (Figure 5D) displayed a distinct correlation struc-
ture. Ibal emerged as a central hub, strongly correlating with both
AB and pTau (r = 0.87), and GFAP showed robust associations with

pTau (r = 0.79) and AB (r = 0.74). ApoE maintained relatively lower
correlations in the OB, including r = 0.66 with ABand r = 0.64 with Ibal.

Collectively, these findings highlight both shared upregulation
trends across disease stages and region-specific co-expression pat-
terns. The OC exhibits a tightly integrated pathological-glial signature,
whereas the OB is characterized by more glia-centric co-expression,
particularly involving Ibal.

4 | DISCUSSION

The olfactory system is among the earliest regions affected in AD, yet
its cellular and molecular pathology remains less thoroughly character-
ized than the hippocampus or neocortex.52 We conducted a compre-
hensive histological analysis of the human OC and OB across the clini-
cal continuum of AD. Our findings reveal a stage-dependent, regionally

distinct accumulation of pathological proteins and glial activation,
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underscoring spatiotemporal heterogeneity within the olfactory sys-
tem. Across both regions, pathological burden increased steeply
through Braak IV and plateaued between Braak V and VI, consistent
with a plateau of AS and pTau accumulation dynamics at advanced
stages. Tissue samples were rigorously validated for hallmark AD
pathologies, providing a robust basis for quantitative comparisons.

We observed the expected increase in A and pTau burden in both
regions®>3 but identified divergent glial responses. Microglia trans-
formed from ramified to hypertrophic and amoeboid states, while
astrocytes displayed reactive hypertrophic morphologies (Figures 2E
and 3E,F). The OB’s heightened vulnerability likely stems from unique
anatomical properties, including lifelong neurogenesis, environmental
exposure, high metabolic demand, and absence of a classical blood-
brain barrier,1011.13.54-57 \which collectively increase susceptibility to
inflammation and metabolic perturbation. Glial changes were partic-
ularly pronounced in the OB, aligning with recent work showing OB
amyloid burden increases from mid-Thal phases and correlates with
cognitive decline.>® Our prior work similarly revealed GL disorganiza-
tion, indicating early structural deterioration.¢:5%

Double immunofluorescence showed microglia and astrocytes
closely associated with protein aggregates, suggesting engagement
with local pathology rather than propagation.t%é! Astrocytes adopt
diverse reactive states,®2 and astrocytic signaling can influence tau
phosphorylation.?® Similarly, microglia in plaque-associated regions
frequently resemble disease-associated phenotypes involved in com-
pacting amyloid.Z3 This spatial convergence supports the view that glial
activation reflects local microenvironmental changes in regions of high
pathological load.6%¢>

These findings reveal distinct temporal and regional glial patterns.
Microglial activation (Ibal) was initially higher in CN individuals in
the OB, consistent with early immune surveillance or homeostatic
monitoring. Across disease stages, OC/OB Ibal score moved toward
zero, indicating reduced regional asymmetry. In contrast, astrocytic
activation (GFAP) increased stage-dependently in the OC, revers-
ing the initial pattern of higher OB GFAP levels. Astrocytes exhibit
regional molecular heterogeneity, shaping their responses to injury and
pathological burden,® aligning with transcriptomic evidence of region-
specific reactivity.®” Thus, microglial burden is initially higher in the
OB but converges with OC levels in AD, whereas astrocytic reactivity
increases progressively in the OC, eventually exceeding the OB.

Although amoeboid microglia proportions did not increase signifi-
cantly, their higher frequency suggests a phenotypic transition toward
reactive states. The overall pattern suggests a gradual rebalancing of
glial activation rather than abrupt subtype-specific shifts. Increased
OB glial activation may reflect a microenvironment that becomes
progressively less permissive to cellular maintenance and circuit sta-
bility, consistent with evidence that inflammation perturbs olfactory
function.68-76

ApoE regulates lipid homeostasis and inflammatory tone, pro-
cesses central to AD pathogenesis.2’-31 We interpreted apoE signal
as pathology-associated, given its low detectability in controls. We
observed stage-dependent apoE accumulation in both regions, spa-

tially associated with AB plaques and pTau structures. APOE genotype
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did not exert an independent effect on apoE burden; variability
among APOE &4 carriers reflected diagnostic distribution rather than
genotype-specific regulation.

Co-expression network analysis further contextualized these find-
ings. Heatmaps showed stage-dependent increases in AB, pTau, Ibal,
and GFAP, though relationships were regionally distinct. In the OC,
markers were tightly correlated (pTau-GFAP, r = 0.86; Ag-lbal,
r = 0.83), likely reflecting coordinated responses to shared regional
environments rather than selective coupling to specific protein species.
apoE exhibited moderate correlations with pTau (r = 0.69), GFAP
(r=0.69), and AB (r = 0.61), indicating secondary integration into the
OC pathological network.

In contrast, the OB displayed a microglia-centered co-expression
profile. Ibal correlated strongly with both AB and pTau (r = 0.87),
while GFAP correlated with pTau (r = 0.79) and AB (r = 0.74). ApoE
correlations were lower (r = 0.66 with AB, r = 0.64 with Ibal), suggest-
ing weaker integration into OB networks. These findings indicate that
OC and OB pathology arises within distinct glial pathology network
architectures, supported by spatial transcriptomics showing regional
heterogeneity.””

Prior work showed APOE isoforms modulated microglial activation
and plaque compaction in a context-dependent manner.”%7? However,
we observed aberrant apoE protein aggregation in both the OC and OB
regardless of genotype. Validation with an independent antibody sup-
ports the specificity of this staining, consistent with evidence that apoE
aggregates act as cofactors in plaque formation and modulate both the
toxicity and clearance of A species.80-84

The strengths of this study include the parallel examination of
the OC and OB and the integration of quantitative morphometry
with genotype data. However, sample size and group composition
imposed statistical constraints. As age and sex overlapped partially
with diagnostic stage, covariate-adjusted models (e.g., ANCOVA) were
not statistically appropriate; nonetheless, observed group differences
were not driven by extreme imbalances in these variables.

In the context of these constraints, our region-specific patterns
are consistent with distinct glial roles in tissue surveillance and cir-
cuit maintenance. The dynamic surveillance of microglia contrasts with
the stationary, homeostatic functions of astrocytes.358¢ These intrinsic
differences likely drive the divergent activation profiles we observed,
where microglial remodeling of synaptic architecture may further com-
promise OB network integrity and olfactory processing in AD.8” This
pattern can be indicative of a more severe and actively progres-
sive neurodegenerative process in the OB, characterized by sustained
microglial recruitment relative to the OC. Such temporal advancement
of pathology in the OB may place it chronologically ahead of cortical
involvement, thereby maintaining a pathological state that persistently
outpaces astrocytic mechanisms of homeostatic restoration.

Several methodological limitations warrant consideration. First, the
cross-sectional design precludes inference about temporal progression
of glial or pathological changes. Second, APOE genotype was partially
collinear with diagnostic stage (APOE ¢4 carriers were more common in
AD), preventing the isolation of independent genotype effects. Third,

we used single canonical markers (Ibal, GFAP), which do not resolve
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transcriptionally defined glial subtypes or functional states. Fourth,
given the inherent limitations of histology in FFPE tissue, our morpho-
logical classification relied on two-dimensional images, limiting infer-
ence about three-dimensional structural complexity. Fifth, global OB
volume was not quantified due to histological trimming variability®é;
however, ROI-based percentage-positive area remains a robust, size-
independent proxy for local pathology. Finally, race/ethnicity and the
interval from the last clinical examination to death were unavail-
able or limited in the source dataset and could not be evaluated as
covariates.

In conclusion, the human olfactory system undergoes stage-
dependent, regionally distinct glial activation and protein accumulation
across the AD continuum, with the OB displaying unique pathologi-
cal features. By integrating morphometric, immunohistochemical, and
correlation-based analyses, we show that glial pathology relation-
ships differ across olfactory regions: Astrocytic responses are more
tightly aligned with tau pathology in the OC, while microglial acti-
vation is more strongly coupled with A and pTau in the OB. These
findings refine current models of AD propagation by incorporating
anatomically distinct glial pathology networks within the olfactory sys-
tem and highlight how glial phenotype and local protein accumulation
shape spatially specific pathological trajectories. This systems-level
perspective underscores the olfactory system as a key site of early
AD vulnerability and suggests that the divergent glial pathology archi-
tectures of the OC and OB may contribute uniquely to the onset and
advancement of olfactory dysfunction and broader cognitive decline
in AD. These insights may guide the development of targeted strate-
gies for identifying and modulating region-specific mechanisms across
disease stages.

ACKNOWLEDGMENTS
The authors thank the Netherlands Brain Bank for supplying tis-
sue specimens. We also thank So Yeun Kim for her assistance with

manuscript revision.

CONFLICT OF INTEREST STATEMENT
The authors declare that they have no conflict of interest. Author

disclosures are available in the supporting information.

FUNDING INFORMATION

This research was supported by Basic Science Research Program
through the National Research Foundation of Korea (NRF) funded by
the Ministry of Education (RS-2020-NR049577) and the Ministry of
Science and ICT (RS-2023-00278057).

CONSENT STATEMENT

Post mortem human brain tissues were obtained from the NBB, in
accordance with institutional and national ethical guidelines. Informed
consent for autopsy and the use of brain tissue for research purposes
was obtained by the NBB from all donors or their next of kin. All
procedures were performed following ethical standards and approved

protocols for human tissue research.

REFERENCES

1. Attems J, Walker L, Jellinger KA. Olfactory bulb involvement in
neurodegenerative diseases. Acta Neuropathol. 2014;127(4):459-475.
doi:10.1007/s00401-014-1261-7

2. Murphy C. Olfactory and other sensory impairments in Alzheimer
disease. Nat Rev Neurol. 2019;15(1):11-24. doi:10.1038/s41582-018-
0097-5

3. Devanand DP, Tabert MH, Cuasay K, et al. Olfactory identification
deficits and MCl in a multi-ethnic elderly community sample. Neurobiol
Aging. 2010;31(9):1593-1600. doi:10.1016/j.neurobiolaging.2008.09.
008

4. Braak H, Del Tredici K. The preclinical phase of the patho-
logical process underlying sporadic Alzheimer’s disease. Brain.
2015;138(10):2814-2833.d0oi:10.1093/brain/awv236

5. Arnold SE, Lee EB, Moberg PJ, et al. Olfactory epithelium amyloid-beta
and paired helical filament-tau pathology in Alzheimer disease. Ann
Neurol. 2010;67(4):462-469. doi:10.1002/ana.21910

6. Kovacs T, Cairns NJ, Lantos PL. Olfactory centres in Alzheimer’s dis-
ease: olfactory bulb is involved in early Braak’s stages. Neuroreport.
2001;12(2):285-288. doi:10.1097/00001756-200102120-00021

7. Attems J, Jellinger KA. Olfactory tau pathology in Alzheimer disease
and mild cognitive impairment. Clin Neuropathol. 2006;25(6):265-271.

8. Kovacs |, Torok I, Zombori J, Kasa P. Neuropathologic changes in the
olfactory bulb in Alzheimer’s disease. Neurobiology (Budapest, Hungary).
1996;4(1-2):123-126.

9. Thal DR, Rib U, Orantes M, Braak H. Phases of AB-deposition in the
human brain and its relevance for the development of AD. Neurology.
2002;58(12):1791-1800.

10. Doty RL. Olfactory dysfunction in neurodegenerative dis-
eases: is there a common pathological substrate? Lancet Neurol.
2017;16(6):478-488.d0i:10.1016/51474-4422(17)30123-0

11. Curtis MA, Kam M, Nannmark U, et al. Human neuroblasts migrate
to the olfactory bulb via a lateral ventricular extension. Science.
2007;315(5816):1243-1249.doi:10.1126/science.1136281

12. Sanai N, Nguyen T, lhrie RA, et al. Corridors of migrating neu-
rons in the human brain and their decline during infancy. Nature.
2011;478(7369):382-386. doi: 10.1038/nature 10487

13. Lledo P-M, Alonso M, Grubb MS. Adult neurogenesis and functional
plasticity in neuronal circuits. Nat Rev Neurosci. 2006;7(3):179-193.
doi:10.1038/nrn1867

14. Mobley AS, Rodriguez-Gil DJ, Imamura F, Greer CA. Aging in the
olfactory system. Trends Neurosci. 2014;37(2):77-84. doi:10.1016/j.
tins.2013.11.004

15. Rodriguez JJ, Verkhratsky A. Neurogenesis in Alzheimer’s disease.
Journal of Anatomy. 2011;219(1):78-89. doi:10.1111/j.1469-7580.
2011.01343.x

16. Son G, Steinbusch HW, Lépez-Iglesias C, Moon C, Jahanshahi A. Severe
histomorphological alterations in post-mortem olfactory glomeruli in
Alzheimer’s disease. Brain Pathol. 2022;32(2):e13033. doi:10.1111/
bpa.13033

17. Heneka MT, Carson MJ, Khoury JE, et al. Neuroinflammation in
Alzheimer’s disease. Lancet Neurol. 2015;14(4):388-405. doi:10.1016/
S1474-4422(15)70016-5

18. Leng F, Edison P. Neuroinflammation and microglial activation in
Alzheimer disease: where do we go from here? Nat Rev Neurol.
2021;17(3):157-172. doi:10.1038/s41582-020-00435-y

19. Hansen DV, Hanson JE, Sheng M. Microglia in Alzheimer’s disease. J
Cell Biol. 2017;217(2):459-472. doi:10.1083/jcb.201709069

20. Masuda T, Sankowski R, Staszewski O, Prinz M. Microglia heterogene-
ity in the single-cell era. Cell Rep. 2020;30(5):1271-1281.doi: 10.1016/
j.celrep.2020.01.010

21. Habib N, McCabe C, Medina S, et al. Disease-associated astrocytes
in Alzheimer’s disease and aging. Nat Neurosci. 2020;23(6):701-706.
doi:10.1038/s41593-020-0624-8

85U8017 SUOWILLOD 3A1Ie8.1D) 3ot |dde 8Ly Aq peusenob afe sajole YO ‘88N JO S8|NJ 0 Akeid18UIIUO /8|1 UO (SUOIPUOD-PLR-SLLIBYWOD A8 | 1M ARIq 1 BUI|UO//SNL) SUORIPUOD pue SWis | 3y} 89S *[9202/70/80] Uo AriqiTauluo AB[1M *JO sininsu| sngbuceAs nbeeq Aq ZzETZ Z[e/200T OT/10p/uoo" A3 1nAReiq Ul uo's euno [z e//sdiy Wwolj pepeoumoq ‘v ‘9202 ‘6.2525ST


https://doi.org/10.1007/s00401-014-1261-7
https://doi.org/10.1038/s41582-018-0097-5
https://doi.org/10.1038/s41582-018-0097-5
https://doi.org/10.1016/j.neurobiolaging.2008.09.008
https://doi.org/10.1016/j.neurobiolaging.2008.09.008
https://doi.org/10.1093/brain/awv236
https://doi.org/10.1002/ana.21910
https://doi.org/10.1097/00001756-200102120-00021
https://doi.org/10.1016/S1474-4422(17)30123-0
https://doi.org/10.1126/science.1136281
https://doi.org/10.1038/nature10487
https://doi.org/10.1038/nrn1867
https://doi.org/10.1016/j.tins.2013.11.004
https://doi.org/10.1016/j.tins.2013.11.004
https://doi.org/10.1111/j.1469-7580.2011.01343.x
https://doi.org/10.1111/j.1469-7580.2011.01343.x
https://doi.org/10.1111/bpa.13033
https://doi.org/10.1111/bpa.13033
https://doi.org/10.1016/S1474-4422(15)70016-5
https://doi.org/10.1016/S1474-4422(15)70016-5
https://doi.org/10.1038/s41582-020-00435-y
https://doi.org/10.1083/jcb.201709069
https://doi.org/10.1016/j.celrep.2020.01.010
https://doi.org/10.1016/j.celrep.2020.01.010
https://doi.org/10.1038/s41593-020-0624-8

JUNGETAL.

Alzheimer’s &Dementia® | 1sore

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Escartin C, Galea E, Lakatos A, et al. Reactive astrocyte nomenclature,
definitions, and future directions. Nat Neurosci. 2021;24(3):312-325.
doi:10.1038/s41593-020-00783-4

Keren-Shaul H, Spinrad A, Weiner A, et al. A unique microglia type
associated with restricting development of Alzheimer’s disease. Cell.
2017;169(7):1276-1290.17.doi:10.1016/j.cell.2017.05.018

Zhao D, Hu M, Liu S. Glial cells in the mammalian olfactory bulb. Front
Cell Neurosci. 2024;18:1426094. doi:10.3389/fncel.2024.1426094
Saglam A, Calof AL, Wray S. Novel factor in olfactory ensheathing
cell-astrocyte crosstalk: anti-inflammatory protein a-crystallin B. Glia.
2021;69(4):1022-1036. doi:10.1002/glia.23946

Singh D. Astrocytic and microglial cells as the modulators of
neuroinflammation in Alzheimer’'s disease. J Neuroinflammation.
2022;19(1):206.d0i:10.1186/512974-022-02565-0

Shi Y, Manis M, Long J, et al. Microglia drive APOE-dependent
neurodegeneration in a tauopathy mouse model. J Exp Med.
2019;216(11):2546-2561. doi:10.1084/jem.20190980

Lin Y-T, Seo J, Gao F, et al. APOE4 causes widespread molecular and
cellular alterations associated with Alzheimer’s disease phenotypes
in human iPSC-derived brain cell types. Neuron. 2018;98(6):1141-
1154.e7.doi:10.1016/j.neuron.2018.05.008

Fernandez CG, Hamby ME, McReynolds ML, Ray WJ. The role of
APOE4 in disrupting the homeostatic functions of astrocytes and
microglia in aging and Alzheimer’s disease. Front Aging Neurosci.
2019;11:14.d0i:10.3389/fnagi.2019.00014

Yamazaki Y, Zhao N, Caulfield TR, Liu C-C, Bu G. Apolipoprotein E
and Alzheimer disease: pathobiology and targeting strategies. Nat Rev
Neurol. 2019;15(9):501-518. doi:10.1038/s41582-019-0228-7

Liu C-C, Kanekiyo T, Xu H, Bu G. Apolipoprotein E and Alzheimer
disease: risk, mechanisms and therapy. Nat Rev Neurol. 2013;9(2):106-
118.d0i:10.1038/nrneurol.2012.263

Rademaker MC, de Lange GM, Palmen SJMC. Chapter 1 - The Nether-
lands Brain Bank for Psychiatry. In: Huitinga |, Webster MJ, eds.
Handbook of Clinical Neurology. Elsevier; 2018:3-16.

Klioueva NM, Rademaker MC, Huitinga |. Chapter 5 - Design of a Euro-
pean code of conduct for brain banking. In: Huitinga I, Webster MJ, eds.
Handbook of Clinical Neurology. Elsevier; 2018:51-81.

Ravid R, Swaab DF. The Netherlands brain bank-a clinico-
pathological link in aging and dementia research. J Neural Transm
Suppl. 1993;39:143-153.

de Lange GM, Rademaker M, Boks MP, Palmen S. Brain donation in
psychiatry: results of a Dutch prospective donor program among psy-
chiatric cohort participants. BMC Psychiatry. 2017;17(1):347. doi:10.
1186/512888-017-1513-x

Neuroscience NIf. The Netherlands Brain Bank. Accessed January 21,
2026. https://nin.nl/facilities/de-nederlandse-hersenbank/

Bank NB. Autopsy. Netherlands Brain Bank. Accessed January 21,
2026. https://www.brainbank.nl/brain-tissue/autopsy/

Montine TJ, Phelps CH, Beach TG, et al. National Institute on Aging-
Alzheimer’s Association guidelines for the neuropathologic assess-
ment of Alzheimer’s disease: a practical approach. Acta Neuropathol.
2012;123(1):1-11.d0i:10.1007/s00401-011-0910-3

Braak H, Braak E. Neuropathological stageing of Alzheimer-
related changes. Acta  Neuropathol. 1991:82(4):239-259.
doi:10.1007/bf00308809

Braak H, Braak E. Staging of Alzheimer’s disease-related neurofib-
rillary changes. Neurobiol Aging. 1995;16(3):271-284. doi:10.1016/
0197-4580(95)00021-6

Netherlands Brain Bank. Diagnostics. Netherlands Brain Bank.
Accessed January 21, 2026. https://www.brainbank.nl/brain-
tissue/diagnostics/

Petersen RC, Smith GE, Waring SC, Ivnik RJ, Tangalos EG, Kokmen E.
Mild cognitive impairment: clinical characterization and outcome. Arch
Neurol. 1999;56(3):303-308. doi:10.1001/archneur.56.3.303

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

THE JOURNAL OF THE ALZHEIMER'S ASSOCIATION

Albert MS, DeKosky ST, Dickson D, et al. The diagnosis of mild cog-
nitive impairment due to Alzheimer’s disease: recommendations from
the National Institute on Aging-Alzheimer’s Association workgroups
on diagnostic guidelines for Alzheimer’s disease. Alzheimers Dement.
2011;7(3):270-279.d0i:10.1016/j.jalz.2011.03.008

Hyman BT, Phelps CH, Beach TG, et al. National Institute on Aging-
Alzheimer’s Association guidelines for the neuropathologic assess-
ment of Alzheimer’s disease. Alzheimers Dement. 2012;8(1):1-13.
doi:10.1016/j.jalz.2011.10.007

Gal J, Katsumata Y, Zhu H, et al. Apolipoprotein E proteinopathy is a
major dementia-associated pathologic biomarker in individuals with or
without the APOE epsilon 4 allele. Am J Pathol. 2022;192(3):564-578.
doi:10.1016/j.ajpath.2021.11.013

Vidal-Itriago A, Radford RAW, Aramideh JA, et al. Microglia morpho-
physiological diversity and its implications for the CNS. Front Immunol.
2022.13:997786.d0i:10.3389/fimmu.2022.997786

Boche D, Perry VH, Nicoll JAR. Review: activation patterns of
microglia and their identification in the human brain. Neuropathol Appl
Neurobiol. 2013;39(1):3-18.doi:10.1111/nan.12011

McKinney W. Data Structures for Statistical Computing in Python.
Proceedings of the 9th Python in Science Conference. 2010:56-61.
doi:10.25080/Majora-92bf1922-00a

Harris CR, Millman KJ, van der Walt SJ, et al. Array programming with
NumPy. Nature. 2020;585(7825):357-362. doi:10.1038/s41586-020-
2649-2

Waskom ML. Seaborn: statistical data visualization. J Open Source
Softw. 2021;6(60):3021.d0i:10.21105/joss.03021

Ari N, Ustazhanov M. Matplotlib in python. Proceedings of the 2014
11th International Conference on Electronics, Computer and Com-
putation (ICECCO), Abuja, Nigeria, 29 September - 1 October 2014.
|IEEE; 2014:1-6. doi:10.1109/ICECC0.2014.6997585

Kovacs T. Mechanisms of olfactory dysfunction in aging and neurode-
generative disorders. Ageing Res Rev. 2004;3(2):215-232.doi:10.1016/
j.arr.2003.10.003

Esiri MM, Wilcock GK. The olfactory bulbs in Alzheimer’s disease. J
Neurol Neurosurg Psychiatry. 1984;47(1):56.doi:10.1136/jnnp.47.1.56
Rey NL, Wesson DW, Brundin P. The olfactory bulb as the entry site for
prion-like propagation in neurodegenerative diseases. Neurobiol Dis.
2018;109(Pt B):226-248. doi:10.1016/j.nbd.2016.12.013

Mizrahi A. Dendritic development and plasticity of adult-born neurons
in the mouse olfactory bulb. Nat Neurosci. 2007;10(4):444-452. doi:10.
1038/nn1875

Attems J, Walker L, Jellinger KA. Olfaction and aging: a mini-review.
Gerontology. 2015;61(6):485-490.doi:10.1159/000381619

Ueno M, Dobrogowska DH, Vorbrodt AW. Immunocytochemical eval-
uation of the blood-brain barrier to endogenous albumin in the olfac-
tory bulb and pons of senescence-accelerated mice (SAM). Histochem
Cell Biol. 1996;105(3):203-212. d0i:10.1007/bf01462293

Tremblay C, Serrano GE, Intorcia AJ, et al. Olfactory bulb amyloid-
B correlates with brain Thal amyloid phase and severity of cognitive
impairment. J Neuropathol Exp Neurol. 2022;81(8):643-649. doi:10.
1093/jnen/nlac042

Son G, Jahanshahi A, Yoo SJ, et al. Olfactory neuropathology in
Alzheimer’s disease: a sign of ongoing neurodegeneration. BMB Rep.
2021;54(6):295-304. doi:10.5483/BMBRep.2021.54.6.055

Streit WJ, Mrak RE, Griffin WS. Microglia and neuroinflammation: a
pathological perspective. J Neuroinflammation. 2004;1(1):14. doi:10.
1186/1742-2094-1-14

Serrano-Pozo A, Gémez-Isla T, Growdon JH, Frosch MP, Hyman BT.
A phenotypic change but not proliferation underlies glial responses in
Alzheimer disease. Am J Pathol. 2013;182(6):2332-2344. doi:10.1016/
j.ajpath.2013.02.031

Jiwaji Z, Tiwari SS, Avilés-Reyes RX, et al. Reactive astrocytes acquire
neuroprotective as well as deleterious signatures in response to

85U8017 SUOWILLOD 3A1Ie8.1D) 3ot |dde 8Ly Aq peusenob afe sajole YO ‘88N JO S8|NJ 0 Akeid18UIIUO /8|1 UO (SUOIPUOD-PLR-SLLIBYWOD A8 | 1M ARIq 1 BUI|UO//SNL) SUORIPUOD pue SWis | 3y} 89S *[9202/70/80] Uo AriqiTauluo AB[1M *JO sininsu| sngbuceAs nbeeq Aq ZzETZ Z[e/200T OT/10p/uoo" A3 1nAReiq Ul uo's euno [z e//sdiy Wwolj pepeoumoq ‘v ‘9202 ‘6.2525ST


https://doi.org/10.1038/s41593-020-00783-4
https://doi.org/10.1016/j.cell.2017.05.018
https://doi.org/10.3389/fncel.2024.1426094
https://doi.org/10.1002/glia.23946
https://doi.org/10.1186/s12974-022-02565-0
https://doi.org/10.1084/jem.20190980
https://doi.org/10.1016/j.neuron.2018.05.008
https://doi.org/10.3389/fnagi.2019.00014
https://doi.org/10.1038/s41582-019-0228-7
https://doi.org/10.1038/nrneurol.2012.263
https://doi.org/10.1186/s12888-017-1513-x
https://doi.org/10.1186/s12888-017-1513-x
https://nin.nl/facilities/de-nederlandse-hersenbank/
https://www.brainbank.nl/brain-tissue/autopsy/
https://doi.org/10.1007/s00401-011-0910-3
https://doi.org/10.1007/bf00308809
https://doi.org/10.1016/0197-4580(95)00021-6
https://doi.org/10.1016/0197-4580(95)00021-6
https://www.brainbank.nl/brain-tissue/diagnostics/
https://www.brainbank.nl/brain-tissue/diagnostics/
http://10.1001/archneur.56.3.303
http://10.1016/j.jalz.2011.03.008
http://10.1016/j.jalz.2011.10.007
http://10.1016/j.ajpath.2021.11.013
http://10.3389/fimmu.2022.997786
http://10.1111/nan.12011
http://10.25080/Majora-92bf1922-00a
http://10.1038/s41586-020-2649-2
http://10.1038/s41586-020-2649-2
http://10.21105/joss.03021
http://10.1109/ICECCO.2014.6997585
http://10.1016/j.arr.2003.10.003
http://10.1016/j.arr.2003.10.003
http://10.1136/jnnp.47.1.56
http://10.1016/j.nbd.2016.12.013
http://10.1038/nn1875
http://10.1038/nn1875
http://10.1159/000381619
http://10.1007/bf01462293
http://10.1093/jnen/nlac042
http://10.1093/jnen/nlac042
http://10.5483/BMBRep.2021.54.6.055
http://10.1186/1742-2094-1-14
http://10.1186/1742-2094-1-14
http://10.1016/j.ajpath.2013.02.031
http://10.1016/j.ajpath.2013.02.031

wor1s | Alzheimer’s &PDementia’

63.
64.
65.
66.
67.

68.

69.

70.

71

72.

73.

74.
75.

76.

77.

JUNGET AL.

THE JOURNAL OF THE ALZHEIMER’S ASSOCIATION

Tau and AR pathology. Nat Commun. 2022;13(1):135. doi:10.1038/
s41467-021-27702-w

Bellaver B, Povala G, Ferreira PCL, et al. Astrocyte reactivity influences
amyloid-f effects on tau pathology in preclinical Alzheimer’s disease.
Nat Med. 2023;29(7):1775-1781.doi:10.1038/s41591-023-02380-x
Liddelow SA, Guttenplan KA, Clarke LE, et al. Neurotoxic reac-
tive astrocytes are induced by activated microglia. Nature.
2017;541(7638):481-487.doi:10.1038/nature21029

Colonna M, Butovsky O. Microglia function in the central nervous
system during health and neurodegeneration. Annu Rev Immunol.
2017;35:441-468.doi:10.1146/annurev-immunol-051116-052358
Eltom K, Mothes T, Libard S, Ingelsson M, Erlandsson A. Astrocytic
accumulation of tau fibrils isolated from Alzheimer’s disease brains
induces inflammation, cell-to-cell propagation and neuronal impair-
ment. Acta Neuropathol Com. 2024;12(1):34. doi:10.1186/s40478-
024-01745-8

Serrano-Pozo A, Li H, Li Z, et al. Astrocyte transcriptomic changes
along the spatiotemporal progression of Alzheimer’s disease. Nat
Neurosci. 2024,;27(12):2384-2400. doi:10.1038/s41593-024-01791-
4

L’Episcopo F, Tirolo C, Testa N, et al. Reactive astrocytes and Wnt/f-
catenin signaling link nigrostriatal injury to repair in 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine model of Parkinson’s disease. Neu-
robiol Dis. 2011;41(2):508-527. doi:10.1016/j.nbd.2010.10.023
Monje ML, Toda H, Palmer TD. Inflammatory blockade restores adult
hippocampal neurogenesis. Science. 2003;302(5651):1760-1765.
doi:10.1126/science.1088417

Platel JC, Dave KA, Gordon V, Lacar B, Rubio ME, Bordey A. NMDA
receptors activated by subventricular zone astrocytic glutamate are
critical for neuroblast survival prior to entering a synaptic network.
Neuron. 2010;65(6):859-872. doi:10.1016/j.neuron.2010.03.009
Goings GE, Sahni V, Szele FG. Migration patterns of subventricular
zone cells in adult mice change after cerebral cortex injury. Brain Res.
2004;996(2):213-226. doi:10.1016/j.brainres.2003.10.034
Gengatharan A, Bammann RR, Saghatelyan A. The role of astrocytes in
the generation, migration, and integration of new neurons in the adult
olfactory bulb. Front Neurosci. 2016;10:149. doi:10.3389/fnins.2016.
00149

Araki T, Ikegaya Y, Koyama R. The effects of microglia- and astrocyte-
derived factors on neurogenesis in health and disease. Eur J Neurosci.
2021;54(5):5880-5901.doi:10.1111/ejn.14969

MaZ, LiW, ZhuangL, et al. TMEM59 ablation leads to loss of olfactory
sensory neurons and impairs olfactory functions via interaction with
inflammation. Brain Behav Immun. 2023;111:151-168. doi:10.1016/j.
bbi.2023.04.005

Schubert C, Schulz K, Sonner JK, et al. Neuroinflammation causes
mitral cell dysfunction and olfactory impairment in a multiple sclero-
sis model. J Neuroinflammation. 2025;22(1):71. doi:10.1186/s12974-
025-03388-5

Stekic A, Dragic M, Stanojevic J, et al. Impaired olfactory performance
and anxiety-like behavior in arat model of multiple sclerosis are associ-
ated with enhanced adenosine signaling in the olfactory bulb via A(1)R,
A(2B)R, and A(3)R. Front Cell Neurosci. 2024;18:1407975. doi:10.3389/
fncel.2024.1407975

Mallach A, Zielonka M, van Lieshout V, et al. Microglia-astrocyte
crosstalk in the amyloid plaque niche of an Alzheimer’s disease

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

mouse model, as revealed by spatial transcriptomics. Cell Rep.
2024;43(6):114216.d0i:10.1016/j.celrep.2024.114216

Lee S, Devanney NA, Golden LR, et al. APOE modulates microglial
immunometabolism in response to age, amyloid pathology, and inflam-
matory challenge. Cell Rep. 2023;42(3):112196. doi:10.1016/j.celrep.
2023.112196

Stephen TL, Cacciottolo M, Balu D, et al. APOE genotype and sex affect
microglial interactions with plaques in Alzheimer’s disease mice. Acta
Neuropathol Com. 2019;7(1):82.doi:10.1186/s40478-019-0729-z
Kaji S, Berghoff SA, Spieth L, et al. Apolipoprotein E aggregation
in microglia initiates Alzheimer’s disease pathology by seeding -
amyloidosis. Immunity. 2024;57(11):2651-2668.e12. doi:10.1016/j.
immuni.2024.09.014

Xia Z, Prescott EE, Urbanek A, et al. Co-aggregation with Apolipopro-
tein E modulates the function of amyloid-g in Alzheimer’s disease. Nat
Commun. 2024;15(1):4695. doi:10.1038/s41467-024-49028-2

Gal J, Katsumata Y, Zhu H, et al. Apolipoprotein E proteinopathy is a
major dementia-associated pathologic biomarker inindividuals with or
without the APOE epsilon 4 allele. Am J Pathol. 2022;192(3):564-578.
doi:10.1016/j.ajpath.2021.11.013

Zhao J,LuW, RenYY, et al. Apolipoprotein E regulates lipid metabolism
and a-synuclein pathology in human iPSC-derived cerebral organoids.
Acta Neuropathologica. 2021;142(5):807-825. doi:10.1007/s00401-
021-02361-9

Marino C, Perez-Corredor P, O'Hare M, et al. APOE Christchurch-
mimetic therapeutic antibody reduces APOE-mediated toxicity and
tau phosphorylation. Alzheimers Dement. 2024;20(2):819-836. doi: 10.
1002/alz.13436

Davalos D, Grutzendler J, Yang G, et al. ATP mediates rapid microglial
response to local brain injury in vivo. Nat Neurosci. 2005;8(6):752-758.
doi:10.1038/nn1472

Sofroniew MV, Vinters HV. Astrocytes: biology and pathology. Acta
Neuropathol. 2010;119(1):7-35. doi:10.1007/s00401-009-0619-8
Kulkarni VA, Firestein BL. The dendritic tree and brain disorders. Mol
Cell Neurosci. 2012;50(1):10-20. doi: 10.1016/j.mcn.2012.03.005
Carnemolla SE, Kumfor F, Liang CT, Foxe D, Ahmed RM, Piguet O.
Olfactory bulb integrity in frontotemporal dementia and Alzheimer’s
disease. J Alzheimers Dis. 2022;89(1):51-66. doi:10.3233/jad-
220080

SUPPORTING INFORMATION

Additional supporting information can be found online in the Support-

ing Information section at the end of this article.

How to cite this article: Jung DH, Park E, Ju HC, Moon C,
Jahanshahi A. Glial pathology networks reveal early olfactory
vulnerability in post mortem human Alzheimer’s disease.
Alzheimer’s Dement. 2026;22:€71322.
https://doi.org/10.1002/alz.71322

85U8017 SUOWILLOD 3A1Ie8.1D) 3ot |dde 8Ly Aq peusenob afe sajole YO ‘88N JO S8|NJ 0 Akeid18UIIUO /8|1 UO (SUOIPUOD-PLR-SLLIBYWOD A8 | 1M ARIq 1 BUI|UO//SNL) SUORIPUOD pue SWis | 3y} 89S *[9202/70/80] Uo AriqiTauluo AB[1M *JO sininsu| sngbuceAs nbeeq Aq ZzETZ Z[e/200T OT/10p/uoo" A3 1nAReiq Ul uo's euno [z e//sdiy Wwolj pepeoumoq ‘v ‘9202 ‘6.2525ST


http://10.1038/s41467-021-27702-w
http://10.1038/s41467-021-27702-w
http://10.1038/s41591-023-02380-x
http://10.1038/nature21029
http://10.1146/annurev-immunol-051116-052358
http://10.1186/s40478-024-01745-8
http://10.1186/s40478-024-01745-8
http://10.1038/s41593-024-01791-4
http://10.1038/s41593-024-01791-4
http://10.1016/j.nbd.2010.10.023
http://10.1126/science.1088417
http://10.1016/j.neuron.2010.03.009
http://10.1016/j.brainres.2003.10.034
http://10.3389/fnins.2016.00149
http://10.3389/fnins.2016.00149
http://10.1111/ejn.14969
http://10.1016/j.bbi.2023.04.005
http://10.1016/j.bbi.2023.04.005
http://10.1186/s12974-025-03388-5
http://10.1186/s12974-025-03388-5
http://10.3389/fncel.2024.1407975
http://10.3389/fncel.2024.1407975
http://10.1016/j.celrep.2024.114216
http://10.1016/j.celrep.2023.112196
http://10.1016/j.celrep.2023.112196
http://10.1186/s40478-019-0729-z
http://10.1016/j.immuni.2024.09.014
http://10.1016/j.immuni.2024.09.014
http://10.1038/s41467-024-49028-z
http://10.1016/j.ajpath.2021.11.013
http://10.1007/s00401-021-02361-9
http://10.1007/s00401-021-02361-9
http://10.1002/alz.13436
http://10.1002/alz.13436
http://10.1038/nn1472
http://10.1007/s00401-009-0619-8
http://10.1016/j.mcn.2012.03.005
http://10.3233/jad-220080
http://10.3233/jad-220080
https://doi.org/10.1002/alz.71322

	Glial pathology networks reveal early olfactory vulnerability in post mortem human Alzheimer’s disease
	Abstract
	Highlights
	1 | BACKGROUND
	2 | METHODS AND MATERIALS
	2.1 | Human post mortem brain tissue
	2.2 | Immunohistochemistry and image acquisition
	2.2.1 | Double immunofluorescence staining
	2.2.2 | DAB immunohistochemistry

	2.3 | Data analysis
	2.3.1 | Image analysis
	2.3.2 | Microglial morphology analysis
	2.3.3 | Astrocyte morphology analysis
	2.3.4 | Regional comparison score (OC/OB score) calculation
	2.3.5 | Statistical analysis
	2.3.6 | Co-expression analysis


	3 | RESULTS
	3.1 | Ab and pTau accumulation in OC and OB
	3.2 | Microglial activation in OC and OB
	3.3 | Astrocytic activation in OC and OB
	3.4 | apoE protein expression in OC and OB
	3.5 | Co-expression of pathological and glial markers reveals region-specific network dynamics

	4 | DISCUSSION
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	FUNDING INFORMATION
	CONSENT STATEMENT
	REFERENCES
	SUPPORTING INFORMATION


