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Abstract Alzheimer’s disease (AD) is the lead-
ing cause of dementia and is characterized by a pro-
gressive decline in cognitive abilities. A pathological
hallmark of AD is a region-specific accumulation of
the amyloid-beta protein (Ap). Here, we explored the
association between regional AP deposition, sociode-
mographic, and local biochemical factors. We quan-
tified the AP burden in postmortem cortical samples
from parietal (PCx) and temporal (TCx) regions of 27
cognitively unimpaired (CU) and 15 AD donors, aged
78-100+years. Histological images of Af immuno-
histochemistry and local concentrations of pathological
and inflammatory proteins were obtained at the “Aging,
Dementia and TBI Study” open database. We used the
area fraction fractionator stereological methodology to
quantify the AP burden in the gray and white matter
within each cortical region. We found higher Af bur-
dens in the TCx of AD octogenarians compared to CU
ones. We also found higher Ap loads in the PCx of AD
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nonagenarians than in AD octogenarians. Moreover,
AD women exhibited increased AP deposition com-
pared to CU women. Interestingly, we observed a nega-
tive correlation between education years and A burden
in the white matter of both cortices in CU samples. In
AD brains, the AB40, Ap42, and pTaul81 isoforms of
AP and Tau proteins were positively correlated with the
AP burden. Additionally, in the TCx of AD donors, the
proinflammatory cytokine TNFo showed a positive cor-
relation with the AP load. These novel findings contrib-
ute to understanding the interplay between sociodemo-
graphic characteristics, local inflammatory signaling,
and the development of AD-related pathology in the
cerebral cortex.
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Introduction

Major neurocognitive disorders, also known as
dementia, are the seventh leading cause of mortal-
ity among diseases [1]. Currently, dementia affects
more than 55 million people worldwide, and, by
2050, about 150 million individuals may be diag-
nosed with these conditions [2]. Neurodegenerative
dementias are characterized by a progressive decline
in cognitive processes (e.g. attention, executive func-
tions, learning, memory, language, and social cogni-
tion) and functional abilities [3]. Alzheimer’s Dis-
ease (AD) represents approximately 60-70% of the
detected cases of dementia [3, 4]. AD has a strong
heritable component and exists on a spectrum of
genetic risk [5, 6]. At one end of the spectrum are
very rare, highly penetrant mutations in the amyloid
precursor protein (APP) and presenilin (PSEN1 and
PSEN2) genes. These mutations cause the autosomal
dominant (AD), which is a rare form of the disease
that usually has an early onset [7]. At the other end of
the spectrum are common alleles that have been iden-
tified in genome-wide association studies (GWAS) of
late-onset sporadic AD [8, 9]. These alleles have indi-
vidually small effects on the disease risk, but they can
have a significant impact when they occur together
[6]. Many lifestyle risk factors are also known to
influence the AD aetiology, such as age, family his-
tory, sex, educational levels, environmental toxins,
and head injuries [10, 11]. Yet, it is still unclear by
which physiological mechanisms these factors influ-
ence deviations from healthy to pathological brain
aging [12].

A major neuropathological hallmark of AD is the
accumulation of amyloid-p (Af) oligomers in dense
neuritic plaques [13]. These AP plaques accumulate
in the extracellular space and are found in both the
gray and white matter of the brain regions [13, 14].
The AP deposition in brain tissue follows a gradual
and hierarchical sequence of affected regions [13,
14]. Typically, the accumulation starts in the basal
neocortex, most often in poorly myelinated temporal
areas such as the perirhinal and ectorhinal cortices
[13]. Then, adjacent cortical areas and the hippocam-
pal formation are affected [13]. Finally, deposits are
found in all cortical areas, subcortical regions, brain-
stem, and cerebellum [13, 14].

The pathological AP induces shifts in
glial cell phenotypes leading to the release of
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pro-inflammatory cytokines [15-17]. AP is also
thought to initiate a pathophysiological cascade
that leads to misfolding of the tau protein in neu-
rofibrillary tangles, another hallmark of AD [18,
19]. The AP aggregates promote mitochondrial tox-
icity, oxidative stress, and cell membrane disrup-
tion [20-22]. Morphological changes and loss of
innervation in GABAergic interneurons nearby Af
plaques are likely associated with the initiation of
synaptic inhibitory dysfunction in AD [23]. Stud-
ies employing multiple experimental approaches
(e.g., microtransplantation of synaptic membranes,
fluorescence deconvolution tomography, genomic,
transcriptomic, and proteomic analyses), corrobo-
rate pro-excitatory shifts in the excitatory/inhibi-
tory balance in the parietal and temporal cortices of
AD individuals [24, 25]. While increased synaptic
activity may trigger the release of AP and tau, solu-
ble forms of A also induce higher neuronal activity
and glutamate release [26, 27], indicating a positive
feedback loop between amyloidosis and neuronal
excitability [28, 29].

Although there is a clear link between A pathol-
ogy and AD, AP aggregates can be observed decades
before the onset of cognitive decline [30-33]. Up
to 38% of cognitively unimpaired (CU) older indi-
viduals may carry AP deposits at the age of 85 years
[34]. During normal aging, brain regions like the
precuneus, temporal, and cingulate cortices present
accelerated rates of AP deposition [35]. In contrast,
age-related amyloid deposition seems to be less pro-
nounced in regions such as the parietal, occipital, dor-
solateral prefrontal, and orbitofrontal cortices [35]. In
this perspective, histopathological post-mortem stud-
ies point to a disconnection between the amyloid load
and cognitive status [36, 37]. In other words, the same
brain region can be found with high or low levels of
AP despite the AD diagnosis [37]. Thus, the AP depo-
sition is likely influenced by the local concentrations
of neuropathological, inflammatory, or neurotrophic
factors in each brain region.

Other biological and sociodemographic factors,
such as sex and cognitive engagement, also influence
AP accumulation [38—42]. For instance, women tend
to present higher global levels of neuritic plaques
[39—41]. Moreover, CU individuals who engage in
greater cognitively stimulating activities across life
are less impacted by AP [38, 42]. To gain a deeper
understanding of how these factors are related to
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region-specific vulnerability to AP accumulation, his-
tological evaluations are necessary.

Therefore, our objective was to identify associa-
tions between the AP burden and sociodemographic
and regional biochemical factors. We quantified the
proportion of the area occupied by Ap in the parietal
(PCx) and temporal (TCx) cortices of older adults,
either CU or diagnosed with AD. Our findings dem-
onstrate region-specific variations in the influence of
age, sex, and education on the AP burden. Addition-
ally, we also discovered several connections between
neuropathological and inflammatory factors and the
AP load.

Methods
Brain samples

High-resolution digital images of postmortem human
brain sections were obtained from the Aging, Demen-
tia and Traumatic Brain Injury (TBI) Study [37], an
open database compiled by the University of Wash-
ington, the Kaiser Permanente Washington Health
Research Institute and the Allen Institute for Brain
Science (http://aging.brain-map.org/, accessed on 17
May 2023). The database presents neuropathological,
molecular, and transcriptomic data from 107 partici-
pants of the Adult Changes in Thought (ACT) study:
a prospective cohort focusing on aged individuals
from the Seattle—United States of America (USA)
area [43]. Detailed information regarding the inclu-
sion of participants in the ACT, collection of brain
samples, neurobiological procedures, and database
organization is available in the documentation pro-
vided at the database website (https://help.brain-map.
org/display/aging/documentation).

Participants were chosen through a randomized
selection process in the extended Seattle, USA catch-
ment area. Individuals above 65 years, who were not
residing in nursing homes and without the diagnosis
of dementia, were invited to join the ACT. The cog-
nitive functioning of these participants was meas-
ured with the cognitive abilities screening instrument
(CASI) [44]. The CASI covers a range of cognitive
domains, including attention, concentration, orienta-
tion, short-term memory, long-term memory, lan-
guage abilities, visual construction, and verbal flu-
ency [44]. Only individuals with a CASI score above

85, which indicates the absence of cognitive impair-
ments, were invited to join the ACT. The partici-
pants received follow-up visits on a cycle of 2 years,
in which the CASI was repeated. When a participant
obtained a CASI score of 85 or lower, they underwent
an additional battery of neuropsychological tests.
This neuropsychological battery assessed executive
functioning through measures such as the Mattis ini-
tiation, concept scales, comprehension, fluency, and
clock drawing. This was evaluated together with clin-
ical data and neuroimaging results to distinguish the
dementia subtype, following the diagnostic and statis-
tical manual of mental disorders (DSM-IV) and the
NINCDS-ADRDA criteria [45, 46]. Upon enrollment
at the ACT, all participants consented to the donation
of brain samples at the moment of the autopsy.

Case selection for the database aimed to include all
ACT subjects with a TBI and available banked frozen
tissue. Starting with the youngest participants, each
TBI case was matched with a control case of the same
sex. Originally, 55 donors were included within the
TBI cohort and 55 donors were included within the
control cohort. Both groups presented 32 males and
23 females with an average of 89 years. However,
the material of only 107 donors is available in the
database. The database provides de-identified infor-
mation about the donors such as age, sex, education
years, diagnosis by the DSM-IV, and global metrics
of AD pathology, such as CERAD, Braak, and NIA-
Reagan scores. The database also provides histologi-
cal images as well as transcriptomic and biochemical
data from multiple brain regions. Major findings with
this dataset were previously reported by the data-
base organizers [37]. Recent findings with this data-
set were also reported by other research groups [24,
25, 47]. All permissions for data usage in academic
research and derived publications are explicit at the
following links of the database: https://alleninstitute.
org/legal/terms-use/ and http://aging.brain-map.org/
overview/home (accessed on 17 May 2023). For ref-
erencing all datasets, we followed the citation guide-
lines available at https://alleninstitute.org/legal/citat
ion-policy/ (accessed on 17 May, 2023).

From the total pool of 107 donors, 53 individu-
als suffered traumatic brain injuries in life and were
excluded from the present study. From the remain-
ing 54 individuals, two were diagnosed with vascu-
lar dementia, four had a multiple aetiologies diag-
nosis, and one was cognitively impaired due to an
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unspecified medical condition. For this reason, these
samples were excluded from the present study. From
the remaining 47 donors, PCx and TCx samples from
44 individuals were available. In some cases, neuro-
pathological data was accessible exclusively for either
the TCx or PCx, rather than for both cortical regions
(Table 1). TCx samples for analysis in the present
study were obtained from 27 cognitively unimpaired
individuals (13 women and 14 men ranging from
78-99 years) and 15 donors diagnosed with AD (5
women and 10 men ranging from 79—over 100 years).
PCx samples for analysis in the present study were
obtained from 26 cognitively unimpaired individuals
(14 women and 12 men ranging from 78-99 years)
and 15 donors diagnosed with AD (5 women and 10
men ranging from 79-over 100 years).

Tissue processing

The brain samples obtained from the donors were
processed through immunohistochemistry (IHC)
for AP detection (Fig. 1). Biochemical assays of
gas chromatography-mass spectrometry (GC/MS)
and Luminex were also performed to establish local
F2-isoprostane (F2-IP) and neuropathological/inflam-
matory protein concentrations in these samples.
These procedures are described in detail at the fol-
lowing link: https://help.brain-map.org/display/aging/
Documentation (accessed on 17 May, 2023). For each
donor, IHC images and isoprostane/protein quantifi-
cation data can be freely downloaded at http://aging.
brain-map.org/donors/summary (accessed on 17 May
2023). We briefly summarized here these procedures,
which were performed at the Allen Institute and the
University of Washington.

Brain samples were obtained using a rapid autopsy
protocol with a post-mortem interval of less than 8 h.
This included the collection of ventricular cerebrospi-
nal fluid and mid-sagittal hemisections from 60 brain
tissue samples, which were flash-frozen in liquid
nitrogen and stored at—80 °C. The remaining tissue
was immersion-fixed in 10% normal buffered forma-
lin for 2-3 weeks. Routine diagnostic stains, such as
hematoxylin—eosin and luxol fast blue, were used to
evaluate the neuropathological tissue viability. Fresh
frozen samples of the parietal and temporal cortex
were sliced into 25 um thick coronal sections using
a Leica CM3050S cryostat (Leica Biosystems). Brain
sections were collected systematically and at uniform
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intervals to ensure stereological sampling. Each cor-
tical block of tissue was sliced into 62 sections. For
each sample, the 5th section and every other section
within a 20-interval were collected for A detection.
The last sections of each tissue block were submitted
to microdissection for quantification of neuropatho-
logical, inflammatory, and neurotrophic protein con-
centrations (in ng/mg or pg/mg) by the GC/MS and
Luminex methods (Table 2).

For the THC procedure, samples were removed
from storage at— 80 °C, allowed to acclimate to room
temperature, and fixed with 100% acetone at —20 °C.
Sections were then rehydrated in 1Xphosphate-
buffered saline (PBS), pH 7.4. To retrieve the anti-
gen, sections were incubated in 10 mM sodium cit-
rate for 10 min at 98 °C. The tissue was washed in
PBS-Tween 20 (0.05%) prior to starting the staining
protocol. To block the activity of endogenous peroxi-
dases, sections were treated with 3% hydrogen per-
oxide in PBS. Subsequently, sections were washed in
PBS-Tween 20 before incubating in a blocking solu-
tion containing 4% horse serum and 0.3% Triton-X
in PBS. Next, sections were incubated overnight with
the Ab6E10 primary antibody obtained from mice
(Biolegend, #SIG-39320) at a 1:2000 dilution. Fol-
lowing this, the samples were washed in PBS-Tween
20 before incubation with a biotinylated anti-mouse
secondary antibody (Vector Laboratories, #BA2000)
at a 1:500 dilution. After rinsing, the sections were
immersed for 30 min in ABC (Vectastain, Vector
Laboratories). The reaction product was visualized
with 0.05% 3,3'-Diaminobenzidine (DAB) (Sigma
Aldrich) and 0.01% hydrogen peroxide. The speci-
mens were then washed in PBS, dehydrated using a
graded series of alcohol, and cleared in Formula 83,
allowing for the production of histological slides. The
slices were scanned using the Leica ScanScope scan-
ner (Leica Biosystems) with a 20Xxobjective (0.75
NA Pan Apo). Images were captured at cellular res-
olution (1 um/pixel) and underwent quality control
before being indexed on the web database.

Frozen cortical tissue, immediately adjacent to
those submitted for IHC, was used for F2-IP and
Luminex quantifications. GC/MS was used to quan-
tify F2-IP, which indicates free radical injury in the
parietal and temporal cortices [48, 49]. Firstly, a
modified Folch procedure was performed for lipid
extraction and release of esterified prostanes. Then,
isoprostanes were isolated using reversed-phase and


https://help.brain-map.org/display/aging/Documentation
https://help.brain-map.org/display/aging/Documentation
http://aging.brain-map.org/donors/summary
http://aging.brain-map.org/donors/summary

GeroScience (2024) 46:621-643 625

Table 1 Summary of donor characteristics

Donor ID* DSM-1V Age (years) Sex Education ~ ApoE4 genotype CERAD Braak stage NIA-Reagan Analyzed region
diagnosis years (yes/no) score (PCx/TCx)
H14.09.024 ND 78 M 21 N 1 3 Both
H14.09.028 ND 78 M 16 N 2 3 2 Both
H14.09.094 ND 78 M 18 N 1 2 1 Both
H14.09.076 ND 78 F 14 N 1 2 1 Both
H14.09.016 ND 81 M 21 Y 2 3 2 Both
H14.09.074 ND 82 F 16 N 1 3 1 Both
H14.09.096 ND 84 M 12 N 2 3 2 Both
H14.09.060 ND 86 F 12 N/A 2 4 2 Both
H15.09.106 ND 86 M 14 N 0 2 1 TCx
H14.09.078 ND 87 M 16 N 0 1 | Both
H14.09.080 ND 87 M 21 N 0 0 0 Both
H14.09.058 ND 88 M 14 N 1 1 1 Both
H14.09.062 ND 89 F 16 Y 1 3 1 Both
H14.09.072 ND 89 F 15 N 1 4 1 Both
H14.09.090 ND 89 F 12 N 1 5 2 PCx
H14.09.004 ND 90-94 M 14 N 1 3 1 Both
H14.09.014 ND 90-94 M 10 N 1 4 1 Both
H14.09.006 ND 90-94 F 14 N 0 3 1 Both
H14.09.030 ND 90-94 F 15 Y 3 3 2 Both
H14.09.032 ND 90-94 F 15 N 1 4 1 Both
H14.09.052 ND 90-94 F 14 N 1 2 1 Both
H15.09.104 ND 90-94 F 12 N 2 5 2 Both
H15.09.108 ND 90-94 F 12 N 3 4 2 Both
H14.09.046 ND 95-99 M 13 N 2 1 2 Both
H14.09.050 ND 95-99 M 8 N 3 3 2 Both
H14.09.070 ND 95-99 M 16 N 0 2 1 Both
H14.09.020 ND 95-99 F 18 N 2 3 2 Both
H14.09.102 ND 95-99 F 16 N 0 1 | Both
H14.09.018 AD 79 M 18 N 0 2 1 Both
H15.09.110 AD 82 F 14 N 2 2 1 Both
H14.09.040 AD 85 M 12 Y 1 6 2 Both
H14.09.068 AD 85 M 16 Y 3 5 3 Both
H14.09.098 AD 86 M 9 N 3 6 3 Both
H14.09.044 AD 87 F 14 N/A 2 6 2 TCx
H14.09.022 AD 88 M 12 N 0 1 1 Both
H14.09.034 AD 88 M 16 Y 3 5 3 Both
H14.09.054 AD 89 M 9 N 1 3 1 Both
H14.09.002 AD 90-94 M 16 Y 0 1 1 Both
H14.09.082 AD 95-99 M 15 N 0 4 1 Both
H14.09.042 AD 95-99 F 11 N/A 3 5 3 PCx
H14.09.086 AD 95-99 F 14 N 3 6 3 Both
H14.09.010 AD 100+ M 16 Y 3 4 2 Both
H14.09.056 AD 100+ F 17 N/A 3 5 3 Both
H14.09.088 AD 100+ F 12 N 3 5 3 Both

*Histological images from the donors were obtained at the public database aging, dementia, and TBI study (http://aging.brain-map.
org/overview/home). Donors are listed here with the same ID as coded at the online database

DSM-1V diagnostic and statistical manual of mental disorders, CERAD Consortium to Establish a Registry for Alzheimer’s Disease,
NIA-Reagan National Institute on Aging and Ronald and Nancy Reagan Institute of the Alzheimer’s Association criteria, PCx pari-
etal cortex, TCx temporal cortex, ND no dementia, AD Alzheimer’s disease
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Fig. 1 Amyloid-beta (Af) immunoreactive profiles in the
parietal (PCx, top) and temporal (TCx, bottom) cortices. The
top-left chart illustrates a PCx section from a cognitively unim-
paired (CU) donor (H14.09.030). The top-right chart illustrates
a PCx section from a donor (H14.09.010) diagnosed with Alz-
heimer’s Disease (AD) through the DSM-IV. The bottom-left
chart illustrates a TCx section from a CU donor (H14.09.030).
The bottom-right chart illustrates a TCx section from an AD
donor (H14.09.010). Panels placed at the right side of the sec-

normal-phase solid-phase extraction. GC/MS analysis
was performed using a 6890N Agilent gas chromato-
graph coupled to a 5973-quadrupole-mass spectrome-
ter in the negative-ion mode. The multiplex Luminex
assay was used to determine the local concentrations
of proteins involved in neuropathological, inflamma-
tory, and neurotrophic cascades. Cortical tissue was
sequentially homogenized and centrifuged in a reas-
sembly buffer (RAB), followed by 5 M guanidine-
HCL or a radio immunoprecipitation assay (RIPA)
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Gray. matter R

Alzheimer’s Disease

0

f

tions illustrate the high-resolution gray (top) and white (bot-
tom) matter squares traced in the charts. Scale bars: 1 mm
(topographic view of sections) and 200 pm (high-resolution
gray and white matter panels). Images were obtained from
the aging, dementia, and TBI study database and are publicly
available at: http://aging.brain-map.org/ (accessed on 17 May,
2023). Anatomical charts were produced by the authors of the
present work

buffer. This yielded supernatants labeled RAB
extracts, G extracts, or RIPA extracts. These extracts
were incubated with antibodies and the resulting
fluorescence was measured to determine the sample
concentration by comparison to a standard curve.
This was performed in a LiquiChip Workstation (Qia-
gen). RAB extracts were utilized to quantify brain-
derived neurotrophic factor (BDNF) and 11-plex
proteins, G extracts were used to quantify Amyloid-
beta (AP) 40 and 42 isoforms, the Tau protein, and
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Table 2 Pathological, oxidative stress, inflammatory, and neurotrophic proteins quantified by gas chromatography—mass spectrom-

etry and luminex

Name Full name Description Measured in
Ap40 Amyloid-beta 1-40 Amyloid-beta isoform with 40 amino acids pg/mg
Ap42 Amyloid-beta 1-42 Amyloid-beta isoform with 42 amino acids, con- pg/mg
sidered a major component of amyloid plaques
Tau Total Tau protein Microtubule binding protein expressed in neurons  ng/mg
pTau-181  Tau protein phosphorylated at threonine 181 Abnormal alteration of the Tau protein, consid- ng/mg
ered a highly specific marker of the Alzheimer’s
disease
aSNCA Alpha synuclein Major component of Lewy bodies pg/mg
F2-IP F2-isoprostanes Mediators of oxidative stress pg/mg
RANTES  Regulated on activation, normal T cell expressed Pro-inflammatory chemokine pg/mg
and secreted (CCLS)
MIP-1a Macrophage inflammatory protein-1 alpha (CCL3)  Pro-inflammatory chemokine pg/mg
MCP-1 Monocyte chemotactic protein 1 (CCL2) Pro-inflammatory chemokine pg/mg
IL-6 Interleukin-6 Pro-inflammatory cytokine pg/mg
IL-7 Interleukin-7 Hematopoietic factor pg/mg
IL-10 Interleukin-10 Anti-inflammatory cytokine pg/mg
IFNy Interferon-gamma Pro-inflammatory cytokine pg/mg
VEGF Vascular endothelial growth factor Vasculogenesis growth factor pg/mg
BDNF Brain-derived neurotrophic factor Neuronal differentiation growth factor pg/mg

Protein quantifications were obtained at the public database aging, dementia, and TBI study (http://aging.brain-map.org/overview/

home)

Tau isoform abnormally phosphorylated at threonine
181 (pTau-181). RIPA extracts were used to quantify
alpha-synuclein.

Image analysis

The aforementioned procedures (such as case selec-
tion, brain sectioning and sampling, A immuno-
histochemistry, the GC/MS, and the luminex meth-
ods) were carried out by the database organizers.
In the present study, we undertook the extraction
of morphological data from the histological images
available in the database. Firstly, we downloaded
full-resolution images of fresh-frozen brain slices
processed for Ap IHC from the database. All sam-
ples were blind-coded therefore the donors could
not be identified in morphometric evaluations.
Before morphometric analyses, we delimited the
gray and white matter of the PCx and TCx images.
The borders between these two sub-regions were
evident in the histological material (Fig. 1). We
estimated the percentage of the area (area fraction)
occupied by the AP IHC using the area fraction

fractionator stereological methodology [50]. This
method was performed with a built-in function
of the software Stereolnvestigator v11.0 (MBF
Bioscience).

After region delimitation, the software superim-
posed a Cavalieri point-counting grid on the blind-
coded IHC image. Grids sampled the delimited cor-
tical region at an interval of 2500x 3000 pm (XY).
Each grid matrix for point counting was defined with
a height and width of 500500 um, and the spac-
ing between two adjacent points was set at 25 um.
Two independent observers checked every delimited
region for hit points superimposed on IHC signals.
The hit points at the histological stain were cor-
related with the area occupied by the ITHC marker,
whereas the total number of points indicated the total
regional area. Thus, the percentage of hit points per
total point indicated the area fraction occupied by
AP aggregates. In addition to the regional estima-
tions, we also used a single delimitation encompass-
ing the entire cortex to estimate the Af area fraction
for the total cortex. With this design, we were able to
retrieve three sub-regionally distinct morphometric
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parameters for evaluation: A load in the gray, white,
and total cortical areas.

Statistics

We verified the normality of group distributions after
Kolmogorov—Smirnov tests and evaluation of kur-
tosis and skewness. Data from F2-IP and Luminex
assays identified as highly skewed were transformed
into a log curve (Y=Log (Y+ 1)) and normalized. Ini-
tially, we conducted a two-way analysis of variance
(ANOVA) to examine differences in Ap area fractions
across regions (PCx or TCx) and sub-regions (gray
matter, white matter, and total cortex) among differ-
ent age and sex groups. In this analysis, one factor
was sociodemographic characteristics (age or sex),
while the other factor was the DSM-IV diagnosis (CU
or AD). We also investigated the interaction between
these two factors.

To determine specific group differences, we per-
formed multiple comparisons using the Sidak post
hoc test. Due to the age categorization in the data-
base, which groups individuals over 90 years into age
intervals of 90-94, 95-99, or above 100 years, we
were unable to directly evaluate Pearson’s correlation
between age and the AP load. Therefore, we classified
the donors into age groups to assess changes within
the octogenarian to nonagenarian age range. Since
there were only five donors aged 78-79 years, we
included them in the 78-89-year-old group. Similarly,
as there were only three donors above 100 years, we
included them in the 90-100-year-old group. Con-
sequently, the age groups were divided as follows:
78-89 years (PCx: n=13 CU and n=8 AD; TCx:
n=14 CU and n=9 AD) and 90-100 years (PCx:
n=13 CU and n=7 AD; TCx: n=13 CU and n=6
AD).

The education years were presented as a continu-
ous variable in the database. Hence, we performed
Pearson’s correlation and simple linear regression
analysis to explore the relationship between the Ap
area fraction with education years in each region and
sub-region of interest. To account for potential influ-
ences of age and sex, multiple regression modeling
was performed to adjust these correlations.

We conducted Pearson’s correlation and linear
regression analysis to examine the relation between
the AP area fraction and various measurements,
including F2-IP, neuropathological, and inflammatory
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protein quantifications obtained through GC/MS and
Luminex. To account for potential confounding fac-
tors, such as age, sex, and education years, multiple
regression modeling was performed. Since these bio-
chemical estimates were available only for the total
cortex and lacked sub-region specificity, we could
only analyze the total cortical Ap area fraction. Inter-
leukin 1 beta, one of the listed biochemicals in the
database, was not detected in the TCx and PCx and
was excluded from the present analysis. Addition-
ally, data for alpha-synuclein and BDNF were not
available for the TCx. To present all the associations
between the measured AP burden and local protein
concentrations, we constructed a Pearson correlation
matrix.

Descriptive results are reported as mean =+ standard
deviation, and p-values were set with <0.05. All
statistical analyses were performed using GraphPad
Prism version 7.0 software (GraphPad). The Pearson
correlation matrix was generated using Rstudio soft-
ware (Rstudio team).

Results

Effects of age, biological sex, and education years on
the cortical amyloid-beta load

In the TCx, we observed a significant main effect of
the diagnosis group on the white matter A load (F(1,
38)=4.72, p=0.036). However, we did not find any
significant effects of age or the interaction between
age and diagnosis on this region. Similarly, no sig-
nificant effects were observed for any comparisons
involving other sub-regions of the TCx. The Sidak test
for multiple comparisons revealed a higher Ap load in
the TCx of the 78-89 AD group (1.18+0.98) com-
pared to the 78-89 CU group (0.28 +£0.37, p=0.049).
In the white matter of the PCx, on the other hand, we
observed a significant main effect of age on the Ap
load (F(1, 37)=8.16, p=0.007), but we did not find
any significant effects of the diagnosis group or the
interaction between age and diagnosis. Multiple com-
parisons indicated a higher Ap load in the white mat-
ter of the 90-100 AD group (2.07+1.77) compared
to the 78-89 AD group (0.62+0.80, p=0.033). No
significant effects were observed in the other sub-
regions of the PCx (Fig. 2).
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Fig. 2 Age-related differences in the amyloid-beta (Ap) area
fractions of the temporal (TCx, a—c) and parietal (PCx, d—f)
cortices. This analysis was performed in cognitively unim-
paired (CU; blue scatter plot) and in Alzheimer’s disease (AD;
red scatter plot) donors. Donors were divided into 78-89- or
90-100-year-old groups. At each cortical region, the Ap per-

In the TCx, we found a significant main effect of
the diagnosis group on the white matter AP load (F(1,
38)=6.03, p=0.019). However, no significant effects
of sex or the interaction between sex and diagnosis were
observed in this region or in any other sub-regions of the
TCx. The Sidak test for multiple comparisons revealed
that women with AD had a higher Ap load of the TCx
(1.69+0.85) compared to CU women (0.50+0.79,
p=0.039). In the PCx, we observed an effect of the
interaction between sex and diagnosis group on the Af
load in the total cortex (F(1, 37)=4.04, p=0.05), the
gray matter (F(1, 37)=4.04, p=0.049) and white mat-
ter (F(1, 37)=10.4, p=0.003). Additionally, we found
a main effect of the diagnosis group in the gray mat-
ter (F(1, 37)=5.24, p=0.028) and white matter (F(1,
37)=5.06, p=0.030). However, no significant effects
of sex as an isolated factor were observed in any sub-
regions of the PCx. Multiple comparison analyses
revealed a higher A load in AD women when com-
pared to CU women in the total cortical region (AD:
4.62+3.28; CU: 1.54+1.93, p=0.031), in the gray
matter (AD: 6.60+4.77; CU: 1.99+2.47, p=0.017),
and white matter (AD: 2.53+1.73; CU: 0.53+0.90,

Age groups (years)

Age groups (years)

centage was estimated in the total cortex (a and d), in the gray
matter (b and e), and in the white matter (¢ and f). Two-way
ANOVA and Sidak multiple comparison tests were performed
to establish differences between the age and diagnosis groups.
*P-values less than 0.05

p=0.002). Furthermore, in the PCx white matter, AD
women presented higher A percentages comparison to
AD men (0.68 +0.92, p=0.007, see Fig. 3).

Finally, the regression analysis revealed that a
higher number of education years were associated with
a decrease in the A burden in the white matter of both
TCx (r (27)=—-047, R*=0.22, p adj.=0.048) and
PCx (r (26)= —0.50, R*=0.25, p adj.=0.012) among
CU donors. These effects remained significant after
controlling for age and sex (see Table 3). However, no
significant associations between education and the Af
load were observed in any other cortical sub-region
among either CU or AD donors (see Fig. 4).

Biochemical factors underlying the
cortical amyloid-beta load

The concentration of local proteins involved in oxida-
tive stress, pathological, and inflammatory processes
was analyzed for possible associations with the Af
load in the TCx (see Fig. 5 and Table 4) and PCx (see
Fig. 6 and Table 5). Among CU donors, we observed
positive correlations between the AP percentage and
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Fig. 3 Sex-specific differences in the amyloid-beta (Af) area
fractions of the temporal (TCx, a—c) and parietal (PCx, d—f)
cortices. This analysis was performed in cognitively unim-
paired (CU; blue scatter plot) and in Alzheimer’s disease (AD;
red scatter plot) donors. Donors were divided into male or
female groups. At each cortical region, the AP percentage was

estimated in the total cortex (a and d), in the gray matter (b
and e), and in the white matter (¢ and f). Two-way ANOVA
and Tukey’s multiple comparison test were performed to estab-
lish differences between the sex and diagnosis groups. *P-val-
ues less than 0.05

Table 3 Relation between the cortical amyloid burden and education years in normal cognition and Alzheimer’s disease

Region of interest ~ Cognitively unimpaired

Alzheimer’s disease

Unadjusted model Adjusted model Unadjusted model Adjusted model

p (SE) pvalue fp(SE) pvalue  p(SE) pvalue p(SE) p value
TCx total -0.22(0.19) 0.254 —-0.08 (0.20)  0.689 -0.15(0.39)  0.699 —-0.20(0.44)  0.655
TCx GM -0.31(0.22) 0.177 —-0.17 (0.24)  0.486 —0.65(0.50) 0.219 -0.69(0.57) 0.249
TCx WM —-0.12 (0.04)  0.013 —0.09 (0.04)  0.048 0.05 (0.11) 0.651 0.05 (0.12) 0.665
PCx total —-0.17 (0.12)  0.169 -0.17 (0.13)  0.207 0.08 (0.29) 0.775 0.05 (0.29) 0.868
PCx GM —-0.18 (0.16)  0.288 -0.18 (0.17)  0.319 -0.09(0.41) 0.834 -0.12(0.43) 0.785
PCx WM —-0.16 (0.05)  0.008 —-0.15(0.06) 0.012 -0.08(0.14)  0.593 —-0.10(0.12)  0.400

Multiple regression modeling was used to adjust for potential contributions of age and sex

TCx temporal cortex, PCx parietal cortex, GM gray matter, WM white matter,  standardized f coefficient, SE standard error

Significant p values (< 0.05) are highlighted in bold

the amyloid isoforms APB40 and Ap42 in both the TCx
(AB40: r (20)=0.61, R*=0.38, p adj.=0.005; Ap42: r
(24)=0.63, R*=0.002, p adj.=0.011) and PCx (AP40: r
(19)=0.63, R*=0.39, p adj.=0.034; Ap42: r (23)=0.69,
R2=047, p adj.=0.001). Similarly, among AD donors,
we observed positive correlations between the AP per-
centage and the local concentrations of the amyloid

@ Springer

isoforms AP40 and AP42 in both the TCx (Ap40: r
(11)=0.62, R*=0.39, p adj.=0.049; Ap42: r (13)=0.63,
R*=0.40, p adj.=0.011) and PCx (Ap40: r (11)=0.61,
R*=0.37, p adj.=0.012; Ap42: r (15)=0.68, R*=0.47,
p adj.=0.001). These associations remained signifi-

cant after adjusting for age, sex and education years (see
Table 4).
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Fig. 4 Relation between education years and the amyloid-beta
(Ap) burden in the temporal (TCx, a—f) and parietal (PCx, g-i)
cortices. This analysis was performed in cognitively unim-
paired (CU; blue scatter plot) and in Alzheimer’s disease (AD;
red scatter plot) donors. At each cortical region, the AP per-
centage was estimated in the total cortex (left), in the gray mat-

Moreover, in both cortices of AD donors, we
found positive correlations between the A bur-
den and the isoform pTau-181 of the Tau protein
(TCx: r(14)=0.69, R>=0.47.p adj.=0.011; PCx:
r(14)=0.67, R*=0.45, p adj.=0.028). Addition-
ally, for AD donors, a negative correlation between
the AP load and the anti-inflammatory protein inter-
leukin 10 was observed in the TCx, but this correla-
tion did not remain significant after adjustment (p
adj.=0.061). Finally, we identified a region-specific
correlation between the AP load and the concentra-
tion of the proinflammatory cytokine tumor necrosis

Education years

10 15 20 0 5 10 15 20
Education years

ter (middle) and in the white matter (right). Regression lines
are shown with the 95% confidence interval for the significant
(P-values less than 0.05) Pearson correlations between A bur-
den and the number of education years. Results remained sig-
nificant after correction for age and sex

factor alpha (TNFa) in the TCx of AD donors (r
(13)=0.67, R*=0.45, p adj. =0.025; Fig. 7).

Discussion

This study investigated sociodemographic and bio-
chemical factors associated with AP accumulation
in the cerebral cortex of CU and AD individuals
within the octogenarian to nonagenarian age range.
We found regionally distinct age-specific effects in
the white matter AB burden among AD individuals.
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Fig. 5 Correlation matrix for associations between the AP tively, of the matrix. This analysis was performed in cogni-
area fractions, F2-isoprostane and Luminex concentrations in tively unimpaired (CU; left) and in Alzheimer’s disease (AD;
the total temporal (TCx) cortex. Heat maps for P-values and right) donors

Pearson’s r are found in the lower and upper triangles, respec-

Table 4 Relation between the amyloid burden of the temporal cortex and pathological, oxidative stress, inflammatory, and neuro-
trophic protein concentrations

Protein marker ~ Cognitively unimpaired Alzheimer’s disease

Unadjusted model Adjusted model Unadjusted model Adjusted model

p (SE) pvalue S (SE) pvalue  p(SE) pvalue S (SE) p value
Ap40 6.89 (2.09) 0.004 6.79(2.01) 0.005 8.69 (3.65) 0.041 9.79 (3.99) 0.049
Ap42 5.09(1.35) 0.001 4.79 (1.33) 0.002 6.53 (2.42) 0.021 8.86 (2.70) 0.011
F2-1p -0.03(3.11)  0.993 1.88 (3.48) 0.594 1.46 (5.62) 0.804 2.34 (10.89) 0.844
Tau -3.58(2.52) 0171 —-2.74 (2.46)  0.279 -5.13(2.32)  0.055 -5.67(3.08) 0.115
pTau-181 -0.21(2.62) 0.938 —0.06 (2.46)  0.981 8.52 (2.6) 0.007 9.05 (2.85) 0.011
IFNg -0.74 (2.18)  0.737 0.97 (2.18) 0.661 -3.29(3.75  0.409 —-6.12(4.84) 0246
TNF« -0.82(1.81) 0.653 -3.09(1.65) 0.075 6.98 (2.43) 0.017 8.41 (2.96) 0.025
RANTES —0.04 (1.98)  0.983 0.85(1.92) 0.661 0.68 (4.61) 0.885 -1.86(8.17)  0.826
MIPla -0.13(2.14) 0951 0.39 (2.07) 0.853 -5.26(4.11) 0.230 —8.87(6.04) 0.185
MCP-1 0.89 (2.53) 0.728 1.38 (2.54) 0.593 0.03 (4.31) 0.995 2.12 (8.43) 0.809
IL-7 -2.89(2.27) 0216 -4.80(2.39) 0.058 -0.57 (4.81)  0.907 —3.29(6.66)  0.634
IL-6 3.69 (2.68) 0.181 2.88(2.92) 0.334 —-4.94(3.73) 0212 —5.34(4.88)  0.306
IL-10 0.98 (1.87) 0.605 2.72 (1.85) 0.158 -6.75(2.84)  0.037 -8.10(3.74)  0.061
VEGF —1.85(2.51)  0.469 —-2.01(2.38) 0.407 2.54 (4.07) 0.546 1.54 (5.81) 0.797

Multiple regression modeling was used to adjust for potential contributions of age, sex, and education years
p standardized p coefficient; SE standard error
Significant p values (< 0.05) are highlighted in bold
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Fig. 6 Correlation matrix for associations between the Ap
area fractions, F2-isoprostane, and Luminex concentrations
in the total parietal (PCx) cortex. Heat maps for P-values and
Pearson’s r are found in the lower and upper triangles, respec-

Additionally, we observed sex-specific differences. In
all cortical sub-regions of the PCx, AD women pre-
sented higher AP loads than CU women. Conversely,
AD women exhibited a higher percentage of AP only
in the white matter of the TCx. No differences were
found between CU and AD male samples. Moreover,
an antagonistic relationship between education years
and the white matter AP burden was observed in both
TCx and PCx of CU donors.

Notably, certain age-, sex-, and education-related
effects on the AP load were only evident in the white
matter, being hidden in the analysis of the entire cor-
tical region without a sub-regional distinction. More-
over, distinct regional association patterns were found
between the AP burden and soluble isoforms of AP,
Tau, and inflammatory proteins. In both cortices of
CU and AD individuals, AP load exhibited positive
correlations with AP40 and AP42 concentrations.
Among AD donors, AP percentage was also posi-
tively correlated with the isoform pTaul81 of the tau
protein in both cortical regions. Lastly, the A load in
the TCx of AD donors showed a positive correlation
with the pro-inflammatory cytokine TNFa.

tively, of the matrix. This analysis was performed in cogni-
tively unimpaired (CU; left) and in Alzheimer’s disease (AD;
right) donors

Age-related differences in the cortical Ap deposition

Chronological age is the greatest risk factor for AD and
other dementias [51]. The prevalence rates of dementia
increase acutely with age [52]. Previous PET neuroim-
aging studies have also indicated a positive association
between advanced age and increased A deposition in
the cerebral cortex of CU individuals aged 30-89 years
[35, 53]. However, when focusing on individuals above
60 years, this relationship was reduced to a non-sig-
nificant trend [35]. Furthermore, in CU adults ranging
from 70 to 89 years, no significant age-related effects
on cortical AP deposition were observed [53]. A neu-
ropathological study investigating CU individuals
aged 60 to 104 years also did not find any age-related
changes in the neocortical plaque burden [54]. Simi-
larly, Miller et al. reported no correlations between
AP immunoreactivity and age in the total PCx of CU
donors within the octogenarian-nonagenarian range
[37]. Consistent with these findings, our study found no
significant differences in A accumulation between age
groups in any of the analyzed regions or sub-regions in
CU individuals.
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Table 5 Relation between the amyloid burden of the parietal cortex and pathological, oxidative stress, inflammatory, and neuro-
trophic protein concentrations

Protein marker

Cognitively unimpaired

Alzheimer’s disease

Unadjusted model Adjusted model Unadjusted model Adjusted model

P (SE) pvalue S (SE) pvalue  f(SE) pvalue S (SE) p value
Ap40 5.24 (1.57) 0.004 3.90 (1.66) 0.034 6.65 (2.90) 0.047 8.59(2.43) 0.012
Ap42 3.43 (0.79) 0.0003 2.86 (0.76) 0.001 5.09 (1.50) 0.005 5.90 (1.31) 0.001
F2-1P 0.56 (1.72) 0.749 0.66 (1.61) 0.686 6.77 (3.09) 0.065 8.32.(3.77) 0.092
Tau -0.22(1.82)  0.906 -0.92 (1.35)  0.506 —-6.41(3.06) 0.056 -6.08 (3.25)  0.091
pTau-181 0.80 (1.90) 0.678 0.36 (1.71) 0.837 6.55 (2.06) 0.008 6.29 (2.40) 0.028
aSNC 0.98 (1.37) 0.482 0.59 (1.47) 0.691 0.84 (2.93) 0.779 -0.153.45) 0.966
IFNg —-225(1.38) 0.119 —-1.12(1.41) 0438 1.48 (3.20) 0.651 1.67 (3.42) 0.634
TNFa -026(1.42) 0.854 -043(1.27)  0.739 —1.64 (2.03) 0.436 —-4.48 (2.41)  0.096
RANTES -0.57 (1.50)  0.705 0.12 (1.35) 0.923 1.73 (3.13) 0.592 3.13 (3.88) 0.446
MIPla -1.07(1.48) 0477 -0.08 (1.37) 0951 —-047(2.68)  0.865 —-0.49 (3.35) 0.887
MCP-1 -1.39(1.82) 0454 -0.49(1.74)  0.783 0.72 (3.47) 0.837 —2.63(443)  0.569
1L-7 -0.79 (1.65)  0.637 -0.84(1.47) 0572 1.05 (2.82) 0.716 2.30(3.51) 0.529
IL-6 2.56 (1.47) 0.098 1.89 (1.53) 0.237 -229(2.67) 0411 —-1.97(3.30)  0.569
IL-10 1.26 (1.60) 0.441 0.44 (1.47) 0.767 2.67 (2.95) 0.388 3.90 (3.13) 0.259
VEGF -0.65(1.27) 0.614 —-0.86 (1.09)  0.436 4.71 (2.82) 0.126 4.78 (3.03) 0.159
BDNF 0.55 (1.71) 0.748 1.38 (1.56) 0.387 -139@3.17)  0.670 -127@3.51) 0.729

Multiple regression modeling was used to adjust for potential contributions of age, sex, and education years

P standardized  coefficient, SE standard error

Significant p values (< 0.05) are highlighted in bold

In AD individuals, the prevalence of AP abnor-
malities in the cerebrospinal fluid (CSF) and positron
emission tomography (PET), after adjustment for
CSF-cutoffs, exhibited a trend of age-related decline
which was not statistically significant [34]. While pre-
vious studies have reported an age-related decline in
AP plaques in regions such as the hippocampus and
visual and motor cortices, the PCx and TCx remained
unaffected [55]. Similarly, no age-related effects were
found in the AP load of the PCx among older adults
diagnosed with dementia [37]. Our data for the total
TCx and PCx from AD donors support these previ-
ous studies, as we observed no differences in the per-
centage of AP deposition between octogenarians and
nonagenarians.

It is important to note that previous research on
this topic has primarily focused on global or regional
AP levels, without considering sub-regional dif-
ferences in the gray and white matter [34, 35, 37,
53-55]. However, by accounting for such distinc-
tions, we discovered a higher AP percentage deposi-
tion in the TCx white matter of AD individuals aged

@ Springer

78-89, compared to CU individuals of the same
age. Additionally, within the PCx white matter, the
90-100-year-old AD group exhibited greater AP
deposition compared to AD individuals aged 78-89.
These effects, however, did not manifest in the overall
cortical AP burden. Collectively, these findings sug-
gest that while changes in AP deposition may be less
detectable at old ages, they can still be identified in
the cortical white matter.

Sex-specific differences in the cortical Ap deposition

The prevalence of AD is higher in women than
men, even after accounting for women’s longer
lifespans [52, 56, 57]. This observation has led
to interest in investigating sex differences in the
neuropathological hallmarks of AD. In a genome-
wide association study, a strong positive correla-
tion was found between serine protease inhibitor
genes (SERPINBI1, SERPINB6, and SERPINB9)
and amyloidosis in the prefrontal cortex of women,
but not in men [58]. Previous studies using Ap PET
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Fig. 7 Relation between pathological and inflammatory fac-
tors and the amyloid-beta (AP) burden of the temporal (TCx)
and parietal (PCx) cortices. This analysis was performed in
cognitively unimpaired (CU; blue scatter plots, a—d) and in
Alzheimer’s disease (AD; red scatter plots, e-n) donors. Pro-
tein concentrations were measured in ng/mg or pg/mg and nor-

imaging in CU individuals have reported either no
sex differences [41, 59, 60] or higher AP levels in
women [39, 61]. At the neuropathological level,
brain samples from both CU and AD women have
demonstrated higher levels of overall AD pathol-
ogy, primarily driven by tau tangle densities [40,
55, 62, 63]. Animal models of AP overexpres-
sion have shown accelerated rates of hippocam-
pal AP deposition in females compared to males
[64, 65]. Consistent with these findings, our data
also revealed no significant differences in Ap load
when comparing women and men in total corti-
cal regions. However, when analyzing individual
sub-regions, we observed a significant difference
in the white matter of the PCx in AD individuals,
where females exhibited higher percentages of Ap
deposition.
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malized. Significance was determined for p-values less than
0.05. Regression lines are shown with the 95% confidence
interval for the significant relation between A burden and pro-
tein concentrations. Results remained significant after correc-
tion for age, sex and education years

Recent literature suggests that loss of neuropro-
tective sex hormones after menopause may influ-
ence a higher susceptibility of the female brain
to neurodegeneration and AD (reviewed by Dem-
etrius et al. [66]). Animal studies have shown that
depleting ovarian hormones through ovariectomy
exacerbates AP expression in the hippocampus
[64, 67]. Additionally, treatment with 17f-estradiol
has been shown to reduce AP plaque density in
the cortex and hippocampus [68]. We observed
a higher A load in AD women compared to CU
women, not only in the total PCx but also in both
the gray and white matter of the PCx, as well as in
the white matter of the TCx. Therefore, the decline
in gonadal hormones after menopause may con-
tribute to the increased AP deposition found in AD
women.
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Antagonistic association between education and the
white matter Ap burden

Education level can be either a risk or a protection
factor for AD and other dementias [64, 65]. Increased
years of education have been associated with a 7%
reduction in the risk of developing dementia per year
[65]. In older adults, higher educational attainment
has been positively linked to neuronal activity in the
inferior temporal lobe during memory tasks [66].
Moreover, greater education has been identified as a
neuroprotective factor against hippocampal atrophy
and loss of inhibitory GABAergic neurons [69, 70].

These findings can be understood in light of the
cognitive reserve (CR) hypothesis, which posits that
lifelong engagement in mentally stimulating activi-
ties influences individual tolerance to cerebral pathol-
ogy [71, 72]. Educational attainment is a proxy for
CR, along with occupational engagement and cogni-
tively stimulating activities throughout the lifespan
[72]. CR has been associated with the preservation
of gray matter volume, increased metabolic activity
in the temporal area, robust functional connectiv-
ity, slower decline in memory, and a reduced risk of
dementia [73-77]. Additionally, CU individuals who
engage in higher levels of mentally stimulating activi-
ties throughout their lives have been found to exhibit
lower levels of cerebral A deposition [38].

It is proposed that the CR facilitates either the effi-
cient utilization of existing neural networks or the
capacity to activate alternative networks in response
to disruptions in the primary network [72, 78]. A pre-
vious cohort study reported that some non-demented
centenarians maintain cognitive performance despite
having elevated Ap levels [78]. This resilience is par-
tially attributed to a genetically defined tolerance for
AD-associated neuropathology [78, 79]. However,
the authors also acknowledge that the centenarians in
this cohort had high levels of educational attainment,
which may have contributed to their individual resil-
ience [78, 80, 81]. Several lines of evidence also indi-
cate that the negative association between AP load
and episodic memory is attenuated in CU individuals
with higher education [42, 82, 83].

Previous studies have yielded divergent findings
regarding the relationship between educational attain-
ment and AP pathology. Some studies have reported
a negative association between the Af PET signal
and education in CU individuals [84, 85], while other
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studies found no significant associations [86]. Simi-
larly, in AD individuals, some studies did not find a
link between education and AP deposition [85-88],
while one study observed higher AP levels in the
frontal, but not in parietal or temporal, regions of
higher educated individuals [89]. The discrepancy in
these findings may be attributed, at least in part, to
the evaluation of global A levels without consider-
ing region-specific differences [85].

In this study, CU, but not AD, individuals with
higher education years presented lower AP burden
in the temporal and parietal cortical regions. This
relation was observed only in the white matter. The
gray and white matter undergo distinct morphologi-
cal alterations during the lifespan [90, 91]. The gray
matter volume tends to increase until around mid-
dle childhood (approximately 6 years), after which it
starts to decline from young adulthood onwards. In
contrast, the white matter achieves its maximum vol-
ume in adulthood (between 20 and 40 years), stabi-
lizing and subsequently decreasing in late adulthood.
Both gray and white matter exhibit accelerated atro-
phy during the late stages of adulthood [91-94].

While traditional research on amyloidosis has pri-
marily focused on the gray matter, recent studies have
recognized the significance of A alterations in the
white matter during both normal aging and AD [95,
96]. Elevated levels of soluble AP isoforms (Ap40
and AP42) have been found in the white matter of AD
individuals in comparison with CU ones [95]. White
matter hyperintensities, a radiological marker of
white matter abnormalities, are increased in AD and
associated with higher A levels in CU individuals
[96-100]. Additionally, cerebrovascular dysfunctions
driven by AP deposition frequently involve white
matter lesions [101]. Patients with cerebral amyloid
angiopathy (CAA), which is characterized by the loss
of vessel integrity due to AP deposition in the arter-
ies, arterioles, and capillaries, often present micro-
bleeds at the border between the gray matter and
white matter of the parietal and occipital lobes [102].
Cerebral microbleeds and CAA also have been char-
acterized by the presence of amyloid-associated white
matter hyperintensities [97, 103, 104].

Our findings here suggest that education years, and
by extension the CR, might promote neuroprotec-
tion against the AP load in the white matter of CU
individuals. However, the pathophysiological mecha-
nisms that underlie this relationship remain to be
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determined. This highlights the importance of future
investigations to explore the potential associations
between the CR, white matter alterations, and region-
specific amyloid deposition.

Pathological and inflammatory proteins and the
cortical AP burden

The cleavage cascade of the APP originates A solu-
ble isoforms ranging in length from 37 to 43 amino
acids [105], in which Ap40 predominates [106, 107].
Although the AP42 product is released in fewer
amounts, these peptides have a longer C-terminus
and are more hydrophobic, being thought to be the
most contributing factor for neuritic plaque forma-
tion [105-108]. Indeed, in a postmortem study, it is
described that neuritic plaques contain primarily
Ap42 and occasionally AB40 [109]. For this reason,
we were expecting positive correlations between the
AP burden and either only with AP42 or with both
isoforms. We confirmed the latter possibility. These
data reinforce the participation of both isoforms in
neuritic plaque formation in normal aging and AD.

During the progression of AD, the build-up of AP
plaques is viewed as an initial occurrence, while the
development of tau neurofibrillary tangles occurs
temporally later and is in a closer association with
subsequent neuronal dysfunction. Accordingly,
patients with autosomal dominant AD present early
AP deposition, which precedes increased levels of
total tau and pTau-181 [110]. In this context, it was
proposed that either A and Tau pathologies are two
unrelated pathologies that happen to coincide during
AD progression or these proteins act synergistically
to potentiate neural damage and the onset of cognitive
decline [111]. A significant body of evidence sup-
ports the latter proposition [17-19, 112].

In a previous study, the injection of human AD-
brain-derived pathological tau into A plaque-bearing
mouse models enhanced the formation of tau patholo-
gies [113]. Another study combined a mice lineage
that overexpresses AP with a lineage for tau over-
expression and observed a threefold increase in tau
seeding activity [111]. Using a HEK cell biosensor
array for tau isolated from humans, these authors also
found that cases with AP plaques had an enhanced
propensity to promote tau aggregation in compari-
son with cases without plaques [111]. Here, we found
that AD donors, but not CU ones, presented a positive

correlation between the Af load and the concentra-
tion of pTau-181 in both cortical regions. We did not
find any correlations with total Tau. The pTau-181 is
a highly specific pathological marker for AD being
able to differentiate it from other neurodegenerative
diseases [114]. Thus, we corroborate the view that Af
contributes to a cellular microenvironment prone to
the development of AD-related tau pathologies.
During normal aging and AD, the brain undergoes
structural and functional changes that vary across dif-
ferent regions [115—120]. This region-specific vulner-
ability to brain changes is influenced by distinct local
neuroinflammatory responses [121, 122]. Higher lev-
els of proinflammatory cytokines, such as TNFa, are
detectable in individuals with mild cognitive impair-
ment and are correlated with a greater likelihood of
advancing to severe AD [123]. In a mouse model for
amyloidosis, TNFa levels were found to be elevated
in comparison with control ones and were positively
correlated with soluble and insoluble AP40 and Ap42
isoforms [124]. Similarly, TNFa induced A produc-
tion from astrocytes in APP transgenic mice [125].
Chronic TNFa exposition also induced substantial
production of A aggregates in human AD neurons
but not in healthy control ones [126]. In accordance,
we found a positive correlation between the AP load
and TNFa concentration in the TCx from AD indi-
viduals but not in CU ones. This effect seems highly
region-specific, since it was not observed in the PCx.
Our findings are particularly relevant since thera-
pies based on TNFa inhibitors have been shown
to reduce AP plaque deposition in mice [127, 128]
and improve cognitive function in mice and humans
[127-129]. Thus, the identification of regions in
which the association between TNFo and Af is more
evident may facilitate the validation of these therapies
for humans. In other words, region-specific findings
can guide future research to areas where local neu-
roinflammation is more likely to occur and should
be targeted. In our adjusted models, no other neuro-
inflammatory protein concentration was associated
with the A load in the PCx and TCx of AD and CU
donors. It would be interesting to investigate whether
similar associations are present in other brain regions.

Limitations

This study has certain limitations inherent to the use
of autopsy-based data available in online databases.
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Detailed information regarding the exact post-
mortem interval (PMI) and cause of death of the
donors was not provided in the database. However,
it is stated that a rapid autopsy protocol was imple-
mented to ensure a PMI of less than 8 h, thereby
minimizing potential postmortem tissue reactions
that could impact the immunohistochemistry signal.

The histochemical procedures performed in the
database used only 3 tissue samples per histologi-
cal marker for each region of interest. Ideally, it
would be better for morphometric quantifications if
each region was represented in more images. How-
ever, histological sampling was performed through
a fractionator scheme which is a rigorous method
to standardize the collection of tissue in a manner
that each individual has representative sections of
the regions of interest as matched as possible. In
this scheme, sections were collected in a systematic
interval at 1 in every 20th for each marker. Also, the
area fraction fractionator ensures the morphometric
evaluation in an assumption-free manner, which has
advantages in relation to other manual methods of
counting (which might introduce biases when plac-
ing counting grids) or automatic counting methods
(which might introduce biases when standardiz-
ing the background of the images to apply a pixel
threshold).

Since the age range of the subjects included in
the cohort was from 78 to over 100 years, all our
conclusions are limited to age-related changes
within the octogenarian—nonagenarian interval.
We had no means to evaluate the factors underly-
ing the AP build-up between young, middle-aged,
and old brains. Moreover, the age of the donors in
the database was categorized into intervals for those
within the 90-100-year-old range, which restricted
our analysis to treating age as a categorical vari-
able. While the participants of the ACT cohort
study underwent evaluation of cognitive activity,
this information was not available for correlation
with the presented findings. Our final AD sample
was uneven in gender representation, with 10 men
and only 5 women. However, our regression models
were adjusted for sex, as well as age and education,
to account for any potential influence of gender or
other confounding factors. It should be noted that
information regarding the ApoE genotype was miss-
ing for several donors, preventing us from including
this variable in our models.
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Conclusion

Our study provides insights into the factors influenc-
ing region-specific AP accumulation in the cerebral
cortex during normal aging and AD. We found higher
AP burdens in the TCx of AD octogenarians com-
pared to CU ones. We also found higher AP loads in
the PCx of AD nonagenarians than in AD octogenar-
ians. Furthermore, AD women exhibited a greater Af
burden compared to CU women. Our findings also
suggest that educational attainment may have a pro-
tective effect against AP deposition in the white mat-
ter of CU individuals. Moreover, we observed posi-
tive associations between the AP burden and Ap40
and AP42 isoforms in both cortical regions of CU
and AD individuals. In contrast, the pTau-181 iso-
form was found to be positively associated with the
AP burden only in AD individuals. Finally, we found
a positive association between the AP load and the
proinflammatory cytokine TNFa exclusively in the
TCx of AD individuals. These findings shed light
on region-specific vulnerabilities for Ap deposition
in the brain, which could guide targeted therapeutic
interventions in the future.
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