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Abstract

Neuroinflammation plays animportant role in the pathological cascade of Alzheimer's
disease (AD) along with aggregation of extracellular amyloid-p (AB) plaques and in-
tracellular aggregates of tau protein. In animal models of amyloidosis, local immune
activation is centered around Ap plagues, which are usually of uniform morphology,
dependent on the transgenic model used. In postmortem human brains a diversity
of AB plaque morphologies is seen including diffuse plaques (non-neuritic plaques,
non-NP), dense-core plaques, cotton-wool plaques, and NP. In a recent study, we
demonstrated that during the progression of Alzheimer's disease neuropathologic
changes (ADNC), a transformation of non-NP into NP occurs which is tightly linked
to the emergence of cortical, but not hippocampal neurofibrillary tangle (NFT) pa-
thology. This highlights the central role of NP in AD pathogenesis as well as brain
region-specific differences in NP formation. In order to correlate the transformation
of plaque types with local immune activation, we quantified the clustering and phe-
notype of microglia and accumulation of astrocytes around non-NP and NP during
the progression of ADNC. We hypothesize that glial clustering occurs in response
to formation of neuritic dystrophy around NP. First, we show that Ibal-positive mi-
croglia preferentially cluster around NP. Utilizing microglia phenotypic markers, we
furthermore demonstrate that CD68-positive phagocytic microglia show a strong
preference to cluster around NP in both the hippocampus and frontal cortex. A simi-
lar preferential clustering is observed for CD11c and ferritin-positive microglia in the
frontal cortex, while this preference is less pronounced in the hippocampus, high-
lighting differences between hippocampal and cortical Ap plaques. Glial fibrillary
acidic protein-positive astrocytes showed a clear preference for clustering around
NP in both the frontal cortex and hippocampus. These data support the notion that

Abbreviations: ACH, amyloid cascade hypothesis; AD, Alzheimer's disease; ADNC, Alzheimer's disease neuropathologic changes; APP, amyloid precursor protein; CRM, cytokines
responsive microglia; DAM, disease associated microglia; DN, dystrophic neurites; ECM, extracellular matrix component; FOV, field of view; GFAP, glial fibrillary acidic protein; HLA,
human leukocyte antigen; IHC, immunohistochemistry; IRM, interferon responsive microglia;, MMSE, mini-mental state examination; MoCA, Montreal Cognitive Assessment; NFT,
neurofibrillary tangles; non-NP, non-neuritic plaque; NP, neuritic plaques; PIG, plaque induced gene.
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1 | INTRODUCTION

Alzheimer's disease (AD) is neuropathologically characterized by
the presence of extracellular amyloid-p (AB) plaques, intracellu-
lar neurofibrillary tangles (NFT), and neurodegeneration (ATN)
(Trejo-Lopez et al., 2022). The amyloid cascade hypothesis posits
a linear cascade of events whereby aggregation of Ap drives tau
pathology, leading to neuronal loss and cognitive deficits (Hardy
& Higgins, 1992; Hardy & Selkoe, 2002; Selkoe & Hardy, 2016).
Recent studies tracking biomarker changes over 20years from
>1000 people confirmed that AB biomarkers change almost
18 years before clinical diagnosis, followed by tau biomarkers
(10years before diagnosis) and neurodegenerative changes mea-
sured by neurofilament light chain (9 years before diagnosis) (Jia
et al., 2024, Li et al., 2024). These studies affirm the general con-
cept of the amyloid cascade hypothesis. However, the amyloid
cascade hypothesis, in its initial conception, strongly emphasized
the contribution of neuronal cells in AD and failed to elucidate the
role of glial cells such as microglia within the cascade of events
leading to cognitive decline (Hardy & Higgins, 1992; Hardy &
Selkoe, 2002). To provide a more holistic approach to AD patho-
genesis, Bart De Strooper and Eric Karran proposed three sequen-
tial phases of AD. An initial biochemical phase of Af deposition
and tau aggregation which leads to a cellular phase, whereby
microglia, astrocytes, neurons, oligodendrocytes, and other cell
types engage in compensatory feedback, which eventually wanes,
leading to clinical phase manifesting with cognitive decline (De
Strooper & Karran, 2016; Zeng et al., 2023). Other researchers
proposed the amyloid cascade-inflammatory hypothesis, which
suggests that microglial activation mediates the link between Ap
plaques and tau pathology (McGeer & McGeer, 2013), while oth-
ers proposed that microglial dysfunction because of senescence
drives AD pathogenesis (Lopes et al., 2008; Streit et al., 2009).
Despite the increasing number of studies on microglia, the role
of these immune cells at the intersection of Af and tau pathol-
ogy is still a matter of much debate (Bathe et al., 2024; Prokop
et al., 2013; Prokop, Lee, et al., 2019; Tsering & Prokop, 2023).
We have recently demonstrated that microglial activation and
dystrophy follow the progression of AD neuropathologic changes
(ADNC) (Prokop, Miller, et al., 2019; Tsering et al., 2023) and a
recent review paper examining multiple microglial studies on post-
mortem human brain concluded that the number of microglia is
similar between AD patients and healthy controls, but microglial
phenotypes shift from homeostatic to phagocytic or dystrophic

pathophysiology of AD.

NP are intimately associated with the neuroimmune response in AD and underscore

the importance of the interplay of protein deposits and the immune system in the

Alzheimer's disease, dystrophic neurite, microglial clustering, neuritic plaque

in AD (Hopperton et al., 2018). The phenotypical and morpholog-
ical shift of microglia is pronounced and exacerbated around Ap
plaques, suggesting that Ap plaques are key triggers of local im-
mune activation.

While there is some overlap, microglial responses to Ap
plaques are distinct between animal models and postmortem
human brain tissues. First, a unique set of immune genes ex-
pressed around AP plaques termed disease-associated markers
(DAM) in animal models (Keren-Shaul et al., 2017) only partially
overlaps with microglia-associated gene expression in human (Del-
Aguila et al., 2019; Mathys et al., 2019; Srinivasan et al., 2020).
In a recent study, xenografted human microglia were shown to
adopt antigen-presenting response (HLA), interferon response
(IRM), and cytokines response (CRM) besides the DAM signa-
ture (Mancuso et al., 2024), supporting the notion that microglia-
associated gene expression differs between animal models and
the human disease condition. Second, in animal models of amyloi-
dosis, microglial activation is usually observed uniformly around
all Ap plaques, since most animal models predominantly exhibit
one morphological type of A plaques, rather than the full spec-
trum of morphological subtypes seen in postmortem human brains
(Xu et al., 2020). For example, the CRND8 mouse model of amyloi-
dosis mainly shows dense-cored plaques (Yuan et al., 2013), while
human postmortem brain tissue exhibits many different morpho-
logical subtypes of Ap plaque such as diffuse plaques, dense-cored
plaques, cotton-wool plaques (Crook et al., 1998), coarse-grained
plagues (Boon et al., 2020), and neuritic plaques (NP) (reviewed in
Tsering & Prokop, 2023).

Interestingly, not all morphological subtypes of Ap plaques elicit
a strong local immune activation in the postmortem human brain.
Dense-cored plaques are shown to exhibit more microgliosis com-
pared to diffuse plaques (Ohgami et al., 1991). However, the microg-
lial response around other morphological subtypes of Af plaques is
not well characterized. One subtype of AB plaques called neuritic
plaque, characterized by swollen dystrophic axons, deserves special
consideration for being specific to AD and being nexus of Ap and tau
pathology (Tsering & Prokop, 2023).

We have recently shown that non-NP (non-NP) are transformed
into NP during the progression of ADNC (classification of ADNC
based on Thal phase of Ap plaque pathology, Braak NFT stage, and
Consortium to establish a registry for Alzheimer's disease [CERAD]
neuritic plague score) and likely drive cortical, but not hippocam-
pal, spread of NFT (Tsering et al., 2023). Based on this finding, we
hypothesize that neuritic dystrophy around Ap plaques induces
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microglia clustering and phenotypic shift in a brain region-specific
manner. We therefore examined microglial clustering and phenotype
as well as astrocytic clustering around NP and non-NP during the
progression of ADNC. We show that Ibal-positive microglia prefer-
entially cluster around NP and CDé68-positive phagocytic microglia
show a strong preference to cluster around NP in both hippocampus
and frontal cortex. A similar preferential clustering is observed for
CD11c and ferritin-positive microglia in the frontal cortex, while this
preference is less pronounced in the hippocampus, indicating po-
tential differences between hippocampal and cortical Ap plaques.
Additionally, glial fibrillary acidic protein (GFAP)-positive astrocytes
showed a clear preference for clustering around NP in both frontal

cortex, and hippocampus.

2 | METHODS

2.1 | Patient samples

Postmortem brain tissues were selected from the University of
Florida Human Brain and Tissue Bank (UF HBTB) with approval from
the University of Florida Institutional Review Board (IRB201600067).
All the patients or their next-of-kin gave informed consent for the
brain donation. Case details are provided in Table 1 and Table S1.
Montreal Cognitive Assessment (MoCA) scores are converted to
the Mini-Mental State Examination (MMSE) based on conversion
table (Fasnacht et al., 2023). Cases were grouped into different
ADNC—"low AD” (n=10), “Intermediate AD" (h=10), and “high AD”
(n=20) based on the NIA-AA guideline for pathological diagnosis
which constitutes the Thal phase of Ap plaques (A), Braak and Braak
NFT stage (B), and CERAD neuritic plagque score (C)—"ABC” score
(Montine et al., 2012). “High AD” cases were further grouped into
“pure” (n=10) AB and tau pathology and cases with additional Lewy
body pathology “high AD mixed pathology” (n=10). Brain sections
were taken from medial pre-frontal cortex and hippocampus.

2.2 |
staining

Gallyas Silver impregnation and double IHC

Modified Gallyas Silver staining protocol was combined with
the double immunohistochemistry staining method to visualize
microglial clustering around non-NP and NP. Postmortem brain
tissue sections with 8pum thickness were deparaffinized twice in
xylene for 5min each and then in ethanol series (100%, 100%, 90%,
70%) for 1 min each. After a brief rinse in dH,0, sections were placed
in 5% period acids for 5min using a glass Coplin jar. Sections were
washed twice for S5min in dH,0 and then placed in alkaline silver
iodide solution for 1 min. Rinsed a few times with dH,0 and washed
in 0.5% acetic acid for 10min, followed by developing in developer
solutions (developer solutions were stored in a refrigerator at 4°C
for 30 min before developing) for 17-25 min. Following a 3-min wash
in 0.5% acetic acid and a 5-min wash in dH,0, sections were placed
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were placed in 1% sodium thiosulfate solution for 5min and then
washed in tap water before starting the IHC portion. For the IHC
part, sections were incubated in a solution of 0.1M Tris (pH7.6)
and 0.05% Tween using a pressure cooker for 15min to retrieve the
antigen. Next, sections were immersed in freshly prepared PBS/
H,0, solution with 10% Triton-X for 20min to quench endogenous
peroxidases, followed by multiple washes with tap water and a 5-
min wash in 0.1M Tris (pH7.6). Sections were then incubated in
2.5% Normal Horse Serum for 20min, followed by blocking in 2%
FBS/0.1M Tris (pH 7.6) for at least 5min. Primary antibodies raised
from different species were diluted in a blocking buffer and applied
to the sections for overnight incubation. Antibody details are in
Additional file 2: Table S2. The following day, antibodies were
gently washed away from the sections by 0.1M Tris (pH7.6) and
then sections were blocked in 2% FBS/0.1 M Tris (pH 7.6) for at least
5min. Then, biotinylated secondary antibody (Anti-Rabbit or Mouse
ImmPRESS-HRP Polymer Reagent, Vector Labs) was applied on the
sections and incubated for 30min in a humidified chamber at room
temperature, followed by brief wash with 0.1M Tris (pH7.6) and
then 1- to 2-min development with 3,3’-diaminobenzidine (Vector
DAB, Vector Labs, catalog #51275). Next, sections were washed in
tap water for 10min and then incubated with alkalinated secondary
antibody (ImmPRESS-AP [Alkaline Phosphatase] Polymer anti-
Mouse Reagent, Vector Labs, catalog# MP-5402) for 1h. After that,
sections were developed by using an Alkaline Phosphatase substrate
kit (Vector Red Substrate Kit, AP- SK-5100) for 5min, and then
counterstained with hematoxylin (Sigma Aldrich, catalog# 51275) for
1 min. Finally, sections were rinsed in tap water and washed twice in
isopropanol for 5min each before coverslipping with VectaMount

Express mounting medium (Vector Laboratories catalog# ZK0209).

2.3 | Immunofluorescence

For immunofluorescence, 8-pm thick sections were deparaffinized
with xylene and rehydrated with descending ethanol series
as described in the IHC method section above. Sections were
immersed in 0.25% KMnO,, for 5min, followed by a crude wash with
water, and then immersed in 1% K,S,0,/1% oxalic acid for 5min.
After that, sections were immersed in 0.02% Thioflavin-S for 8 min,
followed by a brief wash in water and then in 70% ethanol for 1 min.
Sections were treated with citrate for antigen retrieval using the
pressure cooker. After washing three times with 0.1 M Tris (pH 7.6)
and blocking with 2% FBS/0.1M Tris (pH7.6) for at least 5min,
sections were incubated with primary antibodies in the blocking
solution for overnight. Pan-microglia marker, IBA1 (Abcam, catalog
ab178847), and p-tau antibody, 7F2 (Giasson Lab) were used. The
next day, sections were washed with 0.1M Tris (pH7.6) and then
incubated with secondary antibodies (Invitrogen Alexa Fluor 647
goat anti-mouse IgG and Invitrogen Cy3 goat anti-rabbit 1gG) at
room temperature for 1 h. Sections were washed and mounted with
fluorescent mounting media containing DAPI.



4 0of 15
5 | WILEY

TABLE 1 Neuropathology data for cases used in this study.

Sample

VO 0N O hAWN

W W W W W W W W W W NN NDNDNDNDNDNDNDNDNDNDNRLRRPRR PR R B B B B 2
VO 00 N O L A WN P OV O NN WM, OV NN O

40

Neuropath

Low AD

Low AD

Low AD

Low AD

Low AD

Low AD

Low AD

Low AD

Low AD

Low AD
Intermediate AD
Intermediate AD
Intermediate AD
Intermediate AD
Intermediate AD
Intermediate AD
Intermediate AD
Intermediate AD
Intermediate AD
Intermediate AD
High AD Pure
High AD Pure
High AD Pure
High AD Pure
High AD Pure
High AD Pure
High AD Pure
High AD Pure
High AD Pure
High AD Pure
High AD mixed
High AD mixed
High AD mixed
High AD mixed
High AD mixed
High AD mixed
High AD mixed
High AD mixed
High AD mixed
High AD mixed
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CERAD

None
None
None
None
None
Sparse
Sparse
None
Mild
Sparse
Frequent
Moderate
Sparse
Moderate
Moderate
Sparse
Frequent
Frequent
Moderate
Frequent
Frequent
Frequent
Frequent
Frequent
Frequent
Frequent
Frequent
Frequent
Frequent
Frequent
Frequent
Frequent
Frequent
Frequent
Frequent
Frequent
Frequent
Frequent
Frequent

Frequent
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APOE

3/4
3/3
2/3
2/3
3/4
3/3
3/3
3/3
3/3
3/3
3/3
3/4
2/4
3/3
3/3
3/4
3/3
3/4
3/4
3/3
3/3
3/4
3/3
3/3
3/4
3/4
3/4
3/4
3/3
2/4
3/3
3/3
4/4
4/4
3/3
3/4
3/4
3/4
3/3
4/4

Sex Age

63
65
68
74
79
79
81
90
91
96
72
74
78
83
86
86
89
90
99
100
63
63
66
78
78
84
85
86
95
97
63
70
75
76
78
78
80
83
85
91

<

PMI

168
15
48

75
72
34

144
14
72
16
72

192

192
48
12

18
10

20
16
18
14

10
12

12
22
21
6
25
14.25

MMSE
score
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
18/30*
NA
NA
NA
24/30
NA
NA
NA
NA
NA
NA
NA
15/30
9/30
23/30
13/30
NA
NA
26/30
13/30
22/30
14/30
NA
NA
NA
NA
NA
NA

Alpha
synuclein

Yes

LATE-NC

No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No

Stage 1

Abbreviations: AD, Alzheimer's disease; APOE, Apolipoprotein E; CERAD, Consortium to establish a registry for Alzheimer's disease; LATE-NC,
limbic-predominant age-related TDP-43 encephalopathy neuropathologic change; MMSE, mini-mental state examination; PMI, postmortem interval.

*MOCA score was converted into MMSE score.

24

Data analysis

All the immunohistochemistry-stained brain slides were scanned

at 40x magnification using an Aperio AT2 slide scanner (Leica

Biosystems). Scanned slides were analyzed using open-source digital
pathology software, QuPath (Version 0.4.3) (Bankhead et al., 2017).
For each brain region from the individual case, 5 equally and ran-

domly distributed rectangles (area pm2=1125154, perimeter
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um=4500) were annotated on the digital slide and then manually
counted the number of CDé68+/Ferritin+/Cd11c+/GFAP+ clusters
around non-NP and NP by blinded observers (Figure S1). Each data
point represents percentage of non-NP or NP that are positive for
each glial markers from individual sample. Error bars on graphs rep-
resent the standard deviation (SD) of the mean. Clustering is defined
as two or more cells touching individual Af plaque.

Immunofluorescence images were captured by confocal micros-
copy (Nikon CSY-W1 SoRA) at 20x magnification using the same ex-
posure and contrast for each channel. Five fields of view (FOV) for
each sample were captured. Image J-Fiji software was used for im-
munofluorescence analysis (Schindelin et al., 2012). For quantifica-
tion, the percent average of IBA1+ non-NP or NP from 5 FOVs was
quantified from each sample. Each data point represents percentage
of IBA1+ non-NP or IBA1+ NP from individual sample.

2.5 | Statistics

All the immunohistochemistry quantification analyses were done
using GraphPad Prism (Version 10.2.3). For analysis with 2 study
groups, Shapiro-Wilk test was run to test the normality of data.
Wilcoxon matched-pairs signed rank test (two-tailed) was used
to compare the percent differences in microglial or astrocytic
clustering between non-NP and NP. For analysis with more than 2
study groups, Kruskal-Wallis test with Dunn's multiple comparisons
test was used. No test for outliers was conducted to exclude any
data points. Full statistical reports for each figure are in the Table S3.
Sample size calculation was not performed; we used 10 samples per
group based on our initial observation of a large effect size between
non-NP and NP in glial clustering. Additionally, similar studies have
used comparable sample sizes to obtain meaningful results (Paasila
etal., 2019, 2020).

3 | RESULTS

3.1 | Microglia preferentially cluster around NP

To examine the microglia response around non-NP and NP, we
stained 10 frontal cortex samples (Interm AD=5, high AD=5) from
patients with intermediate and high Alzheimer's disease neuro-
pathological changes (ADNC) for lbal (microglia), 7F2 (dystrophic
neurites [DN]) (Xia et al., 2020) and Thioflavin-S (amyloid plaques)
and quantified clustering of microglia around NP, and non-NP. NP
were defined as Thioflavin-positive deposits with 7F2-positive DN
and non-NP were characterized by positivity for Thioflavin and
absence of 7F2-positive DN. Microglial clustering, defined by the
presence of two or more cells around non-NP and NP was manually
quantified by blinded observers. This analysis revealed that 93% of
NP show clustering of IBA1+ microglia around them, compared to
only 27% of non-NP (Figure 1) suggesting preferential clustering of
microglia around p-tau+ NP.

a 50f 15
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3.2 | Phagocytic (CD68-positive) microglia
show preferential clustering around NP in frontal
cortex and hippocampal regions

To further characterize microglial clustering around Ap plaques,
we utilized CD68, a marker for phagocytic microglia (Hendrickx
et al., 2017), and stained 40 postmortem brain samples (10 samples
with low ADNC, 10 samples with intermediate ADNC, and 20 sam-
ples with high ADNC) from a previously published cohort (Tsering
et al., 2023) to quantify microglia clustering around NP and non-NP.
We combined high AD “pure” (only Ap and tau pathology) cases with
high AD “mixed” cases (AB, tau, and alpha synuclein co-pathology),
since we observed no significant differences in glial clustering be-
tween the high AD “pure” and high AD “mixed” groups (Figure S4).
For each case, we analyzed frontal cortex and hippocampus sepa-
rately, since we previously demonstrated that NP drive NFT pa-
thology in cortical regions, but not in the hippocampus (Tsering
et al., 2023), hinting at brain-region specific differences in the in-
terplay between NP and NFT. We combined immunohistochemistry
for CD68 and Ap with Gallyas Silver staining to examine microglial
clustering around non-NP and NP. Here, NP are defined by positivity
for AB (anti-Ap antibody, D12B2) and the presence of Gallyas Silver
positive DN, while non-NP are defined by only Ap and the absence
of Gallyas Silver positive DN. CD68+ microglia are significantly more
clustered around NP in Intermediate AD and high AD cases com-
pared to non-NP (Figure 2) in both the frontal cortex and hippocam-
pus. In low AD cases, CD68+ microglia tend to cluster more around
NP, but statistical significance is not reached because of low number
of NP in low AD cases.

3.3 | DAM microglia (CD11c-positive) and
dystrophic microglia (ferritin-positive) preferentially
cluster around NP with brain region-specific
differences

Next, we investigated the clustering of CD11c-positive cells around
non-NP and NP. CD11c is associated with microglial activation and
is considered part of the DAM signature (Keren-Shaul et al., 2017;
Wlodarczyk et al., 2017). Using a triple stain of Gallyas silver stain-
ing and immunohistochemistry for Af (D12B2) and CD11c and the
same definition of NP and non-NP as described above, we found
that CD11c+ microglia are significantly more clustered around
NP compared to non-NP in Intermediate AD cases and high AD
cases (Figure 3) in frontal cortex and hippocampus, while there
were no differences in clustering of CD11c-positive cells in low
AD cases (Figure 3). Although the differences in microglia cluster-
ing between non-NP and NP were statistically significant in both
frontal cortex and hippocampus, we noted a substantial amount
of CD11c-positive microglia clustering around non-NP in the hip-
pocampus (Figure 3).

A similar picture was seen when we examined the clustering of

ferritin-positive dystrophic microglia (Lopes et al., 2008) around
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FIGURE 1 IBA1+ microglia cluster around p-tau+ neuritic plaques. Frontal Cortex staining of (a) non-neuritic plaque and (b) p-tau+
neuritic plague using pan-microglia marker, Ibal (red), amyloid plaque dye, Thioflavin-S (green) and p-tau antibody, 7F2 (magenta). Scale
bar=100pum. Higher magnification (40x) image of (c) non-neuritic plaque and (e) neuritic plaque with microglial clustering. Scale bar=10pum.
(d) Quantification of the percent Ibal+ microglial clustering around non-neuritic plaques (non-NP) and NP. Data are presented as mean with
SD. Shapiro-Wilk test was run to test the normality of data. Wilcoxon matched-pairs signed rank test (two-tailed) was used to compare the
percent differences in IBA1+ microglial clustering between non-NP and NP. N=10 human postmortem samples (5 intermediate Alzheimer's

disease [AD] cases, 5 high AD cases). **p<0.01.

non-NP and NP, using a triple stain of Gallyas silver staining and im-
munohistochemistry for Ap (D12B2) and Ferritin. Ferritin+ microglia
show significantly more clustering around NP compared to non-NP
in both frontal cortex and hippocampus in intermediate and high
AD cases (Figure 4), while also here a substantial portion of non-NP
showed clustering of ferritin-positive microglia in the hippocampus
(Figure 4).

In addition to qualitative differences in clustering of microglia
between different brain regions, we also observed brain region-
specific differences in the number of microglia positive for a specific
marker per NP. In the hippocampus, the number of CD68/CD11c/
Ferritin+ microglia per NP is significantly higher compared to fron-
tal cortex in high AD cases (Figure Sé). Furthermore, when assess-
ing clustering of CD68+/CD11c+/Ferritin+/GFAP+ cell around Ap
plaque irrespective of plaque subtype, we observed significant in-
creases or trends toward increased microglial clustering around Ap

plaques during the progression of ADNC in the frontal cortex, while
this trend is not observed in the hippocampus for all examined glial
markers except for CD68 (Figure S5).

3.4 | Astrocytes also show preferential clustering
around NP

Astrocytes play animportantroleinregulating central nervous system
homeostasis, vasculature, and synapses (Khakh & Sofroniew, 2015;
Sofroniew & Vinters, 2009). Astrocytes respond and react to foreign
insults and pathological conditions such as AD, resulting in reactive
astrogliosis (Matias et al., 2019). GFAP is a type Il intermediate fila-
ment, an important cytoskeleton component that is expressed by as-
trocytes and is widely used as a marker of reactive astrocytes. Using
a triple stain of Gallyas silver staining and immunohistochemistry for
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FIGURE 2 CDé8+ microglia are significantly more clustered in and around neuritic plaques (NP). Frontal cortex (a-d). Frontal cortex
images from low Alzheimer's disease (AD) (a), intermediate AD (b), and high AD (c) were shown in low magnification (300 pm) with higher
magnification (60 pm) images of CD68+ NP and CD68- non-NP on the side. NP and non-NP are defined by the presence of Gallyas Silver
staining+ dystrophic neurite (black) around anti-amyloid-p antibody D12B2 (brown). CD68+ microglial clustering is defined by the presence
of CD68+ cells (Pink) around non-NP and NP. (d) Quantification of CD68+ microglial clustering around non-NP and NP in frontal cortex
from different ADNC- low AD (n=10 cases), intermediate AD (n= 10 cases), and high AD (n=20 cases). CD68+ microglial clustering

is significantly higher in NP compared to non-NP in intermediate AD (p-value =0.0020) and high AD (p-value <0.0001). Hippocampus

(e-h). Hippocampus images from low AD (e), intermediate AD (f), and high AD (g) were shown in low magnification (300 um) with higher
magnification (60 um) images of CD68+ NP and CD68- non-NP on the side. (h) Quantification of CD68+ microglial clustering around non-
NP and NP in hippocampal regions from low AD cases (n=4 cases), intermediate AD (n=10 cases, and low AD cases (=4 cases). CD68+
microglial clustering is significantly higher around NP in intermediate AD (p-value=0.0039) and high AD cases (p-value <0.0.001). In low AD
cases (p-value=0.5), there are no significant differences but the trend toward higher clustering around NP. Data are presented as mean with
SD. Shapiro-Wilk test was run to test the normality of data. Wilcoxon matched-pairs signed rank test (two-tailed) was used to compare the
percent differences in IBA1+ microglial clustering between non-NP and NP. **p<0.01, ****p<0.0001.
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FIGURE 3 Disease-associated (DAM) microglia marker CD11c+ are significantly more clustered in and around neuritic plaques (NP). Frontal
cortex (a-d). Frontal cortex images from (a) low Alzheimer's disease (AD), (b) intermediate AD, and (c) high AD were shown in low magnification
(300 um) with higher magnification (60um) images of CD11c+ NP and CD11c- non-NP on the side. NP and non-NP are defined by the presence
of Gallyas Silver staining+ dystrophic neurite (black) around anti-amyloid-p antibody Ab5 (Pink). CD11c+ microglial clustering is defined by the
presence of CD11c+ cells (brown) around non-NP and NP. (d) Quantification of CD11c+ microglial clustering around non-NP and NP in frontal
cortex from different ADNC- low AD (nh=5 cases), intermediate AD (n=9 cases), and high AD (n=17 cases). CD11c+ microglial clustering is
significantly higher in NP compared to non-NP in intermediate AD (p-value=0.0078) and high AD cases (p-value <0.0001). In low AD cases
(p-value=0.2500), there are no significant differences. Hippocampus (e-h). Hippocampus images from (e) low AD, (f) intermediate AD, and

(g) high AD were shown in low magnification (300 um) with higher magnification (60 um) images of CD11c+ NP and CD11c- non-NP on the
side. (h) Quantification of CD11c+ microglial clustering around non-NP and NP in hippocampus from low AD cases (=9 cases), intermediate
AD cases (=10 cases), and high AD cases (n=19 cases). CD11c+microglial clustering is significantly higher around NP in intermediate AD
(p-value=0.0039) and high AD (p-value=0.0181). In low AD cases (p-value=0.8203), there are no significant differences. Data are presented
as mean with SD. Shapiro-Wilk test was run to test the normality of data. Wilcoxon matched-pairs signed rank test (two-tailed) was used to
compare the percent differences in IBA1+ microglial clustering between non-NP and NP. *p <0.05, **p <0.01, ****p <0.0001.
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FIGURE 4 Dystrophic microglia marker, Ferritin are significantly more clustered in and around neuritic plaques (NP). Frontal cortex

(a-d). Frontal cortex images from (a) low Alzheimer's disease (AD), (b) intermediate AD, and (c) high AD were shown in low magnification
(300 um) with higher magnification (60 um) images of Ferritin+ NP and Ferritin- non-NP on the side. NP and non-NP are defined by the
presence of Gallyas Silver staining+ dystrophic neurite (black) around anti-amyloid-p antibody Ab5 (pink). Ferritin+ microglial clustering

is defined by the presence of Ferritin+ cells (brown) around non-NP and NP. (d) Quantification of Ferritin+ microglial clustering around
non-NP and NP in frontal cortex from different ADNC- low AD (n=>5 cases), intermediate AD (n=8 cases), and high AD (n=19 cases).
Ferritin+ microglial clustering is significantly higher in NP compared to non-NP in intermediate AD cases (p-value=0.0312) and high AD
cases (p-value <0.0001). Hippocampus (e-h). Hippocampus images from (e) low AD, (f) intermediate AD, and (g) high AD were shown in

low magnification (300 um) with higher magnification (60 um) images of Ferritin+ NP and Ferritin- non-NP on the side. (h) Quantification of
Ferritin+ microglial clustering around non-NP and NP in hippocampal regions from low AD cases (n="7 cases), intermediate AD cases (n=9
cases), and high AD cases (n=19 cases). Ferritin+ microglial clustering is significantly higher around NP in intermediate AD (p-value=0.0391)
and high AD (p-value=0.0017). In low AD cases, there are no significant differences. Data are presented as mean with SD. Shapiro-Wilk test
was run to test the normality of data. Wilcoxon matched-pairs signed rank test was (two-tailed) used to compare the percent differences in
IBA1+ microglial clustering between non-NP and NP. *p<0.05, **p<0.01, ****p <0.0001.
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AP (D12B2) and Ferritin, we analyzed astrocytic clustering around
NP and non-NP. Here we found that GFAP-positive astrocytes are
preferentially clustered around NP compared to non-NP in both
frontal cortex and hippocampus (Figure 5).

Assessing the spatial distribution and pattern of microglial and
astrocytic clustering around NP, we observed that microglia tend to
cluster within or around the inner layer of NP and astrocytes tend to

cluster outside of NP or around the outer layer of NP.

4 | DISCUSSION

In this study, we examined the clustering of microglia and astrocytes
around non-NP and NP during the progression of ADNC in the fron-
tal cortex and hippocampus using different phenotypic markers. In
the frontal cortex, we observed that microglia of different activa-
tion states (Ibal, Ferritin, CD68, and CD11c positive) and astrocytes
(GFAP-positive) preferentially clustered in and around NP compared
to non-NP. In the hippocampus, a similar clustering of microglia
and astrocytes around NP is observed but substantial clustering of
CD11c or Ferritin- positive microglia is also observed around non-NP
suggesting that the evolution of Ap plaque subtypes may be differ-
ent in the frontal cortex and hippocampus. In general, glial cluster-
ing around Ap plaques increased with progression of ADNC, but we
did not observe sex and Apolipoprotein E genotype differences in
CD68+/CD11c+/Ferritin+/GFAP+ clustering around non-NP and
NP in frontal cortex and hippocampus (Figures S2 and S3).

Previous studies have examined the effect of local immune ac-
tivation around Af plaques. However, these studies examined the
differences in microgliosis or astrogliosis between diffuse plaques
and dense-cored plaques using dye such as thioflavin or Congo-
red in a limited number of cases (Serrano-Pozo et al., 2013). In this
study, we classified the Ap plaques into non-NP and NP defined by
the presence of Gallyas silver staining+ dystrophic neurites around
Ap plaques (Ab5 or D12B2 immunohistochemistry). Both diffuse
plagues and dense-cored plaques can be either non-neuritic or neu-
ritic. A previous study showed that 80% of dense-cored plaques
have neuritic dystrophy while only 20% of diffuse plaque have neu-
ritic dystrophy (Dickson & Vickers, 2001). Although diffuse plaques
often overlap with non-neuritic and dense-cored plaque frequently
overlap with NP, not all diffuse plaques are non-neuritic and not all
dense-cored plaques are NP. This distinction is important to under-
stand as to whether the microglial clustering around Ap plaques
is driven by toxic Ap species or neuritic dystrophy. Our data show
that microglial clustering is significantly more pronounced around
NP compared to non-NP, which may suggest that damaged dystro-
phic neurites around Af plaques may be a trigger to recruit microg-
lia to the Ap plaque (Jury-Garfe et al., 2024) (Figure 6a). However,
the cross-sectional nature of our study makes it difficult to answer
whether glial clustering around NP is the consequence of Ap tox-
icity or neuritic dystrophy. We also observed clustering of CD68
and CD11c in and around dense-core plaques without neuritic dys-
trophy in all stages of ADNC progression, suggesting that some

TSERING ET AL.

non-NP plaques are also driving glial clustering. It is conceivable Ap
deposits at some point become neurotoxic and therefore drive NP
formation as well as glial clustering. Recent studies show that many
proteins co-accumulate with Af in plaques (Bai et al., 2020; Johnson
et al., 2022; Levites et al., 2024), and these amyloidosis-associated
proteins could be responsible for driving neurotoxicity and recruit-
ing a glial response.

An alternative explanation is that microglia-driven inflammation is
intimately involved in the process of neurotoxicity and formation of
dystrophic neurites. Ablation of microglia using colony-stimulating
factor 1 receptor (CSF1R) inhibitors in animal models of Ap amyloido-
sis led to increased neuritic dystrophy around Ap plaques (Delizannis
et al., 2021; Sosna et al., 2018; Spangenberg et al., 2019). Loss of the
microglia receptor TREM2 and presence of genetic TREM2 variants
associated with an increased risk of developing AD were associated
with reduced microglia clustering, increased neuritic dystrophy, and
overall tau burden in animal models as well as human postmortem tis-
sue (Leyns et al., 2019; Prokop, Miller, et al., 2019; Wang et al., 2016;
Yuan et al., 2016). These studies suggest that microglia are responsi-
ble for the formation of a physical barrier around Ap plaques, leading
to compaction of the Ap deposit to reduce neuritic damage. Microglia
clustering around dense-core plaques without neuritic dystrophy,
which we observed in our cohort as well as shown by others (Paasila
et al., 2020), may support the notion that microglia clustering pre-
cedes neuritic dystrophy during the progression of ADNC (Figure 6b).
Alternatively, preferred microglia clustering around NP compared to
non-NP in Intermediate AD and high AD cases may be indicative of
a microglia response to neuronal injury in the form of DN formation.
To further complicate the picture, the presence of ferritin-positive mi-
croglia around NP may indicate that microglia are undergoing cellular
senescence (Lopes et al., 2008; Streit et al., 2009, 2021) when clus-
tered around NP. A recent study showed that autophagy deficiency
promotes senescence and suppresses disease-associated microglia
(Choi et al., 2023). It is tempting to speculate that microglia are suc-
cessful in phagocytosis of Ap in early disease stages. However, when
the AB burden reaches a certain threshold, microglia cluster around Ap
plaques to form a barrier and eventually fail in their protective func-
tion because of exhaustion or autophagy deficiency, resulting in exac-
erbation of neuritic dystrophy, which acts as a favorable environment
for tau seeding (Gratuze et al., 2021; Leyns et al., 2019; Shahidehpour
et al., 2012) (Figure 6c).

We also observed that astrocytes preferentially clustered around
NP, albeit more distant than microglia, forming an outer layer of re-
active cells around Ap plaques. It has been shown that microglial ac-
tivation incites or drives astrocytic reactivity (Liddelow et al., 2017).
When activated, astrocytes release inhibitory extracellular matrix
components (ECM) around neuronal damage sites to restrict further
damage to the surrounding tissue (Busch & Silver, 2007; Dewitt &
Silver, 1996; Fitch & Silver, 2008). It is conceivable that inhibitory
ECM molecules attenuate the microglial response, leading to more
neuritic dystrophy.

While microglia clustering is strongly biased toward NP in the
frontal cortex, we noted substantial microglia clustering around
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FIGURE 5 Reactive astrogliosis marker, glial fibrillary acidic protein (GFAP) is significantly more clustered around neuritic plaques (NP).
Frontal cortex (a-d). Frontal cortex images from (a) low Alzheimer's disease (AD), (b) intermediate AD, and (c) high AD were shown in low
magnification (300 pm) with higher magnification (60 pm) images of GFAP+ NP and GFAP- non-NP on the side. NP and non-NP are defined
by the presence of Gallyas Silver staining+ dystrophic neurite (black) around anti-amyloid-f antibody Ab5 (Pink). GFAP+ astrocytic clustering
is defined by the presence of GFAP+ cells (brown) around non-NP and NP. (d) Quantification of GFAP+ astrocytic clustering around non-
NP and NP in frontal cortex from different ADNC- low AD (h=5 cases), intermediate AD (n=7 cases), and high AD (n=17 cases). GFAP+
astrocytic clustering is significantly higher in NP compared to non-NP in intermediate AD cases (p-value=0.0156) and high AD cases
(p-value <0.0001). Hippocampus (e-h). Hippocampus images from (e) low AD, (f) intermediate AD, and (g) high AD were shown in low
magnification (300 pm) with higher magnification (60 um) images of GFAP+ NP and GFAP- non-NP on the side. (h) Quantification of GFAP+
astrocytic clustering around non-NP and NP in hippocampal regions from low AD cases (n=4 cases), intermediate AD cases (n=10 cases)
and high AD cases (20 cases). GFAP+ astrocytic clustering is significantly higher around NP in intermediate AD (p-value=0.0039) and high
AD (p-value=0.0002). In low AD cases, there is no significant differences but trend toward higher clustering around NP. Data are presented
as mean with SD. Shapiro-Wilk test was run to test the normality of data. Wilcoxon matched-pairs signed rank test (two-tailed) was used to
compare the percent differences in IBA1+ microglial clustering between non-NP and NP. *p <0.05, **p<0.01, ***p<0.001, ****p < 0.0001.
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(a) Microglia clustering as a response to neuritic dystrophy Microglia
Non-Neuritic Neuritic dystrophy Microglial
plaque clustering Non-NP

(b) Microglial activation exacerbates neuritic dystrophy
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FIGURE 6 Possible relationships between microglial clustering and neuritic dystrophy. In our study, microglia preferentially cluster
around neuritic plagues (NP) compared to non-NP. Possible mechanisms of the relationship between neuritic dystrophy and microglial
activation and clustering are: (a) amyloid-p (Ap) plaque causes cytoskeleton alterations around neurons in the form of neuritic dystrophy,
and microglia respond to the neuritic damage as a protective mechanism. In this scenario, neuritic dystrophy because of Ap plaque precedes
microglial activation. (b) Microglial activation in response to Ap plaque exacerbates the neuritic dystrophy. In this scenario, microglial
activation precedes the neuritic dystrophy. (c) Microglia respond to the Ap plaque and cluster around it as a protective mechanism in the
early stages of the disease. Over time, when A plaque reaches a threshold, microglia are overwhelmed either because of senescence

or TREM2 signaling deficiency, leading to exacerbation of neuritic dystrophy. In this scenario, microglial activation precedes the neuritic
dystrophy but the loss of the microglial functions, rather than microglial activation exacerbates the neuritic dystrophy. Created by

BioRender.com.

non-NP in the hippocampus. In addition, we noted that the num-
ber of microglia of different activation states per plaque is higher
in the hippocampus, compared to the frontal cortex. These brain
region-specific differences in microglia clustering around Ap plaques
are very interesting considering our previous observation that NP
precedes NFT formation in the cortex but not in the hippocampus
(Tsering et al., 2023) and may further substantiate the idea of brain
region-specific differences in the interaction of Ap and tau. An al-
ternative explanation for this phenomenon is brain region-specific
differences in microglia density and activation status, which have
been reported mainly in animal models (Edler et al., 2021; Grabert
et al,, 2016; Silvin & Ginhoux, 2018).

Overall, our study demonstrates that microglia positive for mark-
ers of phagocytosis (CD68), disease-specific activation (CD11c), and

dystrophy (Ferritin) as well as astrocytes are preferentially clustered in
and around NP compared to non-NP during the progression of ADNC
and highlights brain region-specific differences in this response for
microglia, but not astrocytes, which may provide important insights

into the brain region-specific interaction between Ap and tau.

4.1 | Limitations of the study

Our study is cross-sectional and only allows limited conclusion as
to a temporal sequence of events. Given the large variety of differ-
ent morphological types of Ap deposits our dichotomous distinction
between non-NP and NP may overlook important morphological
plague subtypes. We used 8-pm thick tissue sections which may not
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completely reflect the spatial orientation of microglia around globu-
lar AB deposits. Lastly, we only focused on a limited set of microglia
markers potentially not capturing the full spectrum of microglia re-
activity, although our results using the pan-microglia marker Ibal are
comparable to our results with microglia activation markers.
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