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Abstract
Alzheimer’s disease (AD) is characterized by amyloid-β (Aβ) plaques, tau pathology, synaptic degeneration and 
neuroinflammation and its growing global prevalence underscores the need for precise tools to evaluate therapeu-
tic strategies. Immunohistochemistry (IHC) remains essential in preclinical AD research because it enables direct 
visualization and quantification of  pathological changes: Aβ deposition, tau aggregation, neuronal loss and glial 
activation, within intact brain tissue, offering mechanistic insight beyond behavioral or biochemical assays. Recent 
advances such as whole-slide imaging (WSI), digital pathology and machine-learning-based image analysis have 
transformed IHC into a high-throughput, reproducible platform capable of  generating objective and spatially re-
solved metrics across large cohorts. Multiplex IHC and spatial proteomic methods further expand the capacity 
to map complex cellular states and microenvironmental interactions relevant to AD progression. Together, these 
innovations establish IHC-driven digital neuropathology as a powerful framework for evaluating disease-modifying 
therapies and improving translation between animal models and human pathology.

Keywords: Alzheimer’s disease, immunohistochemistry, digital pathology, whole-slide imaging

Therapeutics, Pharmacology 
and Clinical Toxicology

Ther Pharmacol Clin Toxicol
Volume: 23, Issue: 4, October–December 2025

Introduction
Alzheimer’s disease (AD) was first document-

ed in 1907 by Alois Alzheimer through the case 
of Auguste Deter, a 51-year-old woman present-
ing with progressive cognitive decline, memo-
ry loss, personality changes and loss of autono-
my. Post-mortem examination revealed marked 
cortical atrophy along with two defining lesions: 
extracellular amyloid plaques and intracellular 
neurofibrillary tangles. Initially identified using 
classical morphological and silver staining tech-
niques, these lesions formed the basis for the dis-

order later named “Alzheimer’s disease” in 1910 [1, 
2]. Subsequent methodological advances, most 
notably the development of immunohistochem-
istry (IHC), enabled molecular characterization 
of these structures, establishing amyloid-β (Aβ) 
as the principal component of plaques and tau as 
the major constituent of neurofibrillary tangles, 
thereby reshaping modern understanding of AD 
pathogenesis.

AD, the leading cause of dementia, contrib-
utes to a global health crisis affecting over 55 mil-
lion people worldwide. This number is expected to 
rise to nearly 153 million by 2050, with low- and 
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middle-income countries carrying most of the 
burden. The disease affects women disproportion-
ately and generates substantial economic costs, 
estimated at €392 billion in 2019, with further 
increases anticipated in the coming years [3–5]. 
Despite this escalating crisis, the development 
of disease-modifying therapies has proven ex-
traordinarily difficult. Current treatments remain 
limited to symptomatic relief, which do not halt 
disease progression [6, 7]. The complexity of AD 
pathophysiology, involving Aβ accumulation, tau 
hyperphosphorylation, neuroinflammation and 
mitochondrial dysfunction, demands multi-target 
approaches rather than single pathway interven-
tions [8, 9]. This convergence of rising prevalence, 
therapeutic failures and limited treatment options 
underscores the urgent need for innovative re-
search strategies that combine prevention, early 
intervention and multi-target therapeutic ap-
proaches [10, 11].

Animal models have become indispensable 
tools for preclinical investigation of AD, as they 
enable controlled reproduction of selected neuro-
pathological and symptomatic dimensions of the 
disease within a manageable time frame. Com-
monly used transgenic mouse lines, as well as rat 
models of amyloid or tau pathology and pharma-
cologically induced models, each provide con-
trolled platforms to study distinct elements of AD 
neuropathology [12]. However, no existing animal 
model fully replicates all behavioral, biochemical 
and anatomical dimensions of human AD. Conse-
quently, the ability to characterize which compo-
nents of the disease are affected becomes critical 
when testing therapeutic interventions. In this 
context, IHC has emerged as a central analytical 
method that bridges the gap between the biolog-
ical complexity of animal models and the need for 
objective, mechanistic evaluation of treatment 
effects [13, 14].

This narrative review synthesizes current ev-
idence on the role of IHC as a fundamental tool for 
evaluating therapeutic efficacy in preclinical AD 
models. By enabling direct visualization and quan-
tification of amyloid, tau, synaptic and glial altera-
tions, IHC provides mechanistic insights that can-
not be obtained from behavioral or biochemical 
measures alone. We also discuss the rapid evolu-
tion of digital pathology, whole-slide imaging and 
computational analysis, which together are trans-
forming histology into a scalable and objective 
platform for modern neuropathological research.

The role of immunohistochemistry in 
Alzheimer’s Disease research

IHC serves as the foundational, indispensable 
tool in AD research, providing the definitive mo-
lecular and spatial context necessary to validate 

the two core pathological hallmarks: extracellular 
Aβ plaques and intracellular hyperphosphorylat-
ed tau neurofibrillary tangles (NFT), by enabling 
high-resolution visualization, rigorous quanti-
fication, cellular phenotyping (especially of glia) 
and crucial correlation with clinical and advanced 
in vivo biomarker data across preclinical model 
systems. It provides the molecular specificity re-
quired for direct tissue validation [15–17]. Unlike 
surrogate fluid biomarkers or imaging metrics, 
IHC enables visualization of protein targets within 
intact tissue architecture, confirming whether a 
candidate drug is truly efficient [15, 18]. 

Key markers for 
immunohistochemistry-based assessment

Amyloid-β (Aβ) pathology
A major focus in AD research is the charac-

terisation of Aβ deposition, typically assessed with 
monoclonal antibodies targeting defined peptide 
epitopes (Table 1). Antibodies such as 4G8, 6E10 and 
BAM10 reliably label diffuse and dense-core plaques, 
allowing quantitative analysis of plaque burden. 
Isoform-specific antibodies against Aβ40 and Aβ42 
further distinguish parenchymal from vascular am-
yloid, especially in models with cerebral amyloid 
angiopathy (CAA) [19, 20]. Histochemical stains like 
Thioflavin-S, Congo red and Gallyas silver are of-
ten used alongside IHC to highlight fibrillar β-sheet 
amyloid and confirm plaque subtype [21–33].

Tau pathology
A second major pathological component of 

AD is tau aggregation and phospho-tau antibodies 
(Table 2) such as AT8 or PHF1 are widely used to 
detect pretangles, mature neurofibrillary tangles 
and neuropil threads in both tau-transgenic and 
combined APP/tau mouse models. Early confor-
mational changes in tau can be captured using an-
tibodies like MC1 or Alz-50, which recognise mis-
folded tau before the formation of fully developed 
fibrils [34–37]. These markers allow investigators 
to follow the spatial and temporal progression of 
tau pathology, to examine its interaction with Aβ 
deposition and to determine whether experimen-
tal therapeutics are capable of attenuating tau hy-
perphosphorylation or aggregation [38, 39].

Neuritic and neuronal alterations
The neuritic alterations that accompany am-

yloid deposition are likewise accessible through 
IHC (Table 3). Markers such as neurofilament-H 
or BACE1 delineate dystrophic neurites that clus-
ter around plaques, providing insight into axonal 
transport deficits and local structural damage [40]. 
Neuronal integrity more broadly can be assessed 
using markers such as NeuN, which enables quan-
tification of neuronal density across hippocampal 
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and cortical regions. Synaptic health, one of the 
strongest structural correlates of cognitive de-
cline, is typically examined through presynaptic 
and postsynaptic markers such as synaptophysin 
and PSD95 [41]. These markers are particularly val-

uable when behavioral tests such as the Y-maze, 
novel object recognition or the Morris water maze 
are used, since they allow direct correlation of 
cognitive performance with synaptic preservation 
following therapeutic strategies [42–44].

Marker category Key markers & targets Preclinical application

Pan-Aβ plaque load

4G8 (Aβ17–24 epitope)

Recognizes a sequence near the C-terminus of the 
Aβ peptide, but within the Aβdomain, making it 

highly specific for both full-length Aβ and certain 
C-terminal fragments of APP (C99, C88) [24]. Used 
extensively to label both extracellular plaques and 

intracellular Aβaggregates [24, 25]

6E10 (Aβ residues 3–8 or 1–16 
(N-terminus)

Targets the N-terminal sequence of Aβ. Because 
it recognizes the sequence found in both Aβ and 

the full-length APP, it detects both the Aβ-peptide 
and APP fragments, including the amyloid 
precursor protein Aβ-cleavage C-terminal 

fragment (β-CTF) [19, 26–28].

6F/3D (Aβ8–17 epitope)

Targets an internal region of the Aβ peptide. 
Studies show antibodies recognizing the 

Aβ N-terminus, such as 6E10 (AA 4–9) and 
6F/3D (AA 10–15), do not reveal intracellular 

Aβ (iAβ) signal, differentiating them from 
C-terminus antibodies [20, 29, 30].

BAM10 (targeting N-terminal 
Aβ epitopes)

Highlights Aβ-peptide aggregates, particularly 
in mouse models for quantitative analysis 

of plaque load [25, 31].

R398 Synthetic Aβ17–24 
(C-terminus)

Specific for the C-terminus of the Aβ42 isoform, 
allowing differentiation from the more abundant 
Aβ40 isoform, which is crucial since Aβ42 is the 
primary component of initial plaques [25, 27, 31].

Fibrillar amyloid Thioflavin-S (fluorescent 
dye), Congo red

Identifying dense-core, fibrillar Aβ plaques 
and vascular amyloid, often to validate 
Aβ antibody staining and correlate with 

Aβ-PET tracers [21–23, 32].

Peptide subtyping
Aβ42-specific antibodies (e.g., 

R398, 12F4), Aβ-40-specific 
antibodies (e.g., R361)

Distinguishing plaque composition, as Aβ-42 
drives early parenchymal plaque formation, while 
Aβ-40 is the major component of CAA [15, 25, 33].

Table 1. Overview of key markers commonly used for the IHC evaluation of amyloid-β (Aβ) deposits.

Table 2. Overview of markers essential for IHC-based analysis of tau pathology.

Marker category Key markers & targets Preclinical application

Phosphorylated tau AT8 (pSer202/pThr205), 
PHF1 (pSer396/pSer404)

The primary diagnostic markers 
for NFTs, neuropil threads and 
pretangles. AT8 is essential for 

assessing tau pathology load and 
distribution in transgenic models 

[14, 33, 38].

Early conformational tau MC1 or Alz-50

Detecting early, misfolded tau 
protein conformations in neuronal 
processes, potentially preceding 
observable NFT aggregation, is 

especially important in early-stage 
mouse models [36, 39].
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Glial activation and neuroinflammation
Astrocytic and microglial activation is a core 

feature of Alzheimer’s disease and immunohisto-
chemical markers are essential for characterising 
this neuroinflammatory response (Table 4). Astro-
cytosis is typically assessed with GFAP or vimen-
tin, while markers such as EAAT1/EAAT2 help dis-
tinguish homeostatic from reactive states [45, 46]. 
Microglial changes are commonly evaluated using 
IBA1 for distribution and morphology and CD68 as 
an indicator of phagocytic activity around plaques. 
Loss of homeostatic markers like TMEM119 and 
P2RY12, together with increased TSPO or MHC-II, 
reflects the transition to disease-associated mi-
croglial phenotypes [47–51]. These staining panels 
provide an integrated view of glial-driven neu-
roinflammation and enable assessment of wheth-
er therapeutic interventions can shift glial popu-
lations toward more protective, less inflammatory 
profiles [52, 53].

Because AD pathology is intrinsically hetero-
geneous and evolves across multiple cellular com-
partments, objective, image-driven IHC analysis 
is indispensable for validating disease-modifying 
strategies. Digital neuropathology not only accel-
erates the evaluation of therapeutic candidates in 
mouse models but also bridges the translational 
gap to human studies by providing directly com-
parable, spatially resolved endpoints that can be 
integrated with omics and artificial intelligence 
pipelines [16, 54, 55]. Consequently, the synergy 
of IHC and digital analysis has become a pivotal 
research infrastructure for deciphering AD mech-
anisms and accelerating the discovery of effective 
interventions.

WSI-Driven computational 
immunohistochemistry for 
high-resolution mapping 
of AD pathology

Whole-slide imaging (WSI) has emerged as 
a critical enabling technology for IHC–based re-
search in neurodegenerative diseases, particularly 
AD, by converting glass slides into high-resolution 
“virtual slides” that can be viewed, shared and ana-
lyzed digitally [56, 57]. IHC remains the workhorse 
method for in situ visualization and localization of 
disease-relevant proteins, such as amyloid β, tau, 
α synuclein, TDP 43 and glial markers, in human 
and animal brain tissue [17] and the integration of 
WSI with IHC is transforming how these lesions 
are quantified, compared across cohorts and 
linked to clinical and biomarker data [58].

Technical principles and advantages of 
modern WSI systems

Technically, modern WSI systems scan IHC 
slides at 20–40× objective magnification (pixel 
sizes ~0.25–0.5 µm), producing gigapixel images 
in which entire sections, sometimes whole hem-
ispheric slabs, are captured at diagnostic resolu-
tion [59, 60]. A single 5 µm paraffin brain section 
scanned at 40× typically yields a compressed file 
of 1–4 GB and large studies rapidly accumulate 
terabytes of data. This capacity to digitize com-
plete sections contrasts with conventional man-
ual microscopy, in which analysis is restricted to 
relatively small, subjectively chosen regions of 

Table 3. Key markers for IHC-based assessment of neuronal health and integrity.

Marker category Key markers & targets Preclinical application

Synaptic integrity Synaptophysin (presynaptic), PSD95 
(postsynaptic), SV2A

Quantifying synaptic loss in 
hippocampal (CA1) and cortical 
areas. Synaptic loss correlates 
strongly with cognitive deficits 

and is a critical readout for 
disease-modifying therapies [42].

Axonal damage Neurofilament-H (SMI31)

Labelling swollen, dystrophic 
neurites (axons and dendrites) 

surrounding Aβ plaques, 
providing evidence of local axonal 

transport failure [40, 43].

Neuronal density NeuN (Neuronal Nucleus)

Quantifying regional neuronal loss, 
particularly in the hippocampus 

(CA1) and entorhinal cortex. 
Although many APP models 
lack massive cell loss, some 

transgenic mice show significant 
region-specific loss [44].
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interest (ROIs) [57, 61]. High-throughput scanners 
now accommodate hundreds of slides and can scan 
standard IHC at 1–4 minutes per slide, making full 
cohort digitization realistic for longitudinal and 
multicenter neurodegeneration studies [61, 62].

Quantitative assessment of amyloid and 
tau pathology using WSI

In AD research, WSI has already enabled ro-
bust quantification of canonical lesions on IHC. 
Several groups have developed digital pipelines 
to measure cortical and hippocampal amyloid β 
(Aβ) and phospho tau burden on large numbers of 
cases, demonstrating strong correlations between 
digital metrics and traditional manual counts or 
semiquantitative scores [60, 63]. For example, 
Neltner et al. used an Aperio WSI system and ded-
icated algorithms to quantify Aβ (6F/3D) and PHF 
tau (PHF 1) immunostaining in temporal neocortex; 
digital measures showed excellent agreement with 
manual plaque and tangle counts and were highly 
reproducible across raters with different levels of 
neuropathology experience [60, 63]. Kapasi et al. 
and others have implemented similar WSI based 

workflows across multiple brain regions, using 
percent area occupied and related measures to 
harmonize Aβ and tau quantification across sever-
al large autopsy cohorts [60]. In rodent models, 3D 
whole-brain WSI-driven histopathology pipelines 
have been established in APP/PS1 and other AD 
mice, combining serial sectioning, block face im-
aging, WSI and automated segmentation to gen-
erate quantitative Aβ heat maps at the whole brain 
level and to compare regional effects of therapeu-
tics or genetic manipulations [61].

Beyond sheer scale, WSI is central to the shift 
from subjective semiquantitative scoring to quan-
titative image analysis (QIA) of IHC. Tradition-
al four-point scoring systems for IHC intensity 
are fast but inherently observer dependent, with 
documented intra and inter observer variability. 
Digital image analysis applied directly to WSI can 
extract continuous features (e.g., percent posi-
tive area, optical density, object counts and sizes) 
in a standardized way, increasing sensitivity and 
reproducibility. Studies in oncology and neuro-
pathology have shown that automated image anal-
ysis of IHC can outperform manual scoring in pre-
cision while enabling high-throughput evaluation 

Marker category Key markers & targets Preclinical application

Microglia IBA1 (Ionized calcium-binding 
adaptor molecule 1)

Universal microglial marker used 
to quantify microglial recruitment, 
density and morphological changes 

around Aβ plaques [52].

Microglia (activation)

CD68 (lysosomal marker), 
TREM2 (Triggering Receptor 

Expressed on Myeloid Cells 2)

CD68 marks phagocytic/lysosomal 
activity. TREM2 is critical for 
defining disease-associated 

microglia phenotype and highly 
correlates with Aβ oligomer 
expression in models [52].

HLA-DR (Human Leukocyte 
Antigen – DR isotype)

Predominantly expressed 
by antigen-presenting cells, 

including activated microglia. 
In AD, its expression is markedly 
elevated in microglia clustered 

around dense amyloid-β plaques, 
reflecting a robust state of 

immune activation [52].

Microglia (homeostatic)
TMEM119 (Transmembrane 

Protein 119), P2RY12 (Purinergic 
Receptor P2Y) 

Assessing the transition from 
homeostatic to disease-associated 
glial phenotypes. Loss of TMEM119 

marks microglia activation, 
particularly in response to Aβ 

oligomers [47, 51].

Astrocyte (activation)
GFAP (Glial Fibrillary Acidic Protein), 

Vimentin, S100B (S100 
calcium-binding protein B)

Quantifying the density of reactive 
astrocytes and astrogliosis 

surrounding plaques and cerebral 
vessels, a hallmark in both human 
AD and animal models [45, 46, 53].

Table 4. Principal markers for IHC-based assessment of glial functional states.
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of tissue microarrays and whole sections [13, 64]. 
In AD neuropathology, WSI-based QIA has been 
used to turn CERAD-style plaque ratings and 
Braak tau stages into continuous regional burden 
measures that better support multivariable mod-
elling of cognitive decline, comorbid pathologies 
and biomarker profiles [14, 60, 63].

Integration of WSI with computational 
pathology and machine learning

A major promise of WSI in neurodegenerative 
research lies in its tight integration with advanced 
computational pathology and machine learning. 
High resolution WSIs are intrinsically “big data” 
objects; modern computer vision and deep learn-
ing methods are increasingly being trained direct-
ly on these images to detect, classify and segment 
neuropathologic features with minimal human 
intervention [63]. Convolutional neural network 
(CNN)–based models have been developed to 
automatically identify and count neurofibril-
lary tangles on AT8 stained WSIs across multiple 
tauopathies, providing a reproducible alternative 
to manual NFT scoring and demonstrating robust-
ness across staining conditions and scanners [65]. 
Deep learning frameworks have likewise been 
trained to distinguish and quantify parenchymal 
Aβ plaques, vascular Aβ, iron and calcium depos-
its, reactive astrocytes, microglia and fibrin leak-
age on digitized human AD and CAA slides, yield-
ing continuous lesion maps that can be combined 
with sophisticated statistical models (e.g., linear 
mixed effects) to study spatial relationships and 
disease mechanisms [66]. In parallel, WSI-based 
digital pipelines have been applied to amyloid and 
tau pathology in large multicenter cohorts, show-
ing that machine-derived burden measures corre-
late well with established neuropathologic staging 
schemes and can serve as quantitative endpoints 
for clinicopathologic correlation [14, 58].

WSI as a platform for multiplex IHC and 
spatial proteomics

Equally important, WSI is a prerequisite for 
emerging multiplex IHC and spatial proteomics 
approaches that aim to characterize cellular states 
and microenvironments in situ. New multiplex 
chromogenic and immunofluorescent protocols, 
including tyramide signal amplification and cyclic 
staining, can detect 6–20+ protein markers on a 
single formalin-fixed, paraffin-embedded (FFPE) 
section, enabling single cell phenotyping of neu-
rons, astrocytes, microglia and vascular cells in 
the context of plaques and tangles [67–69]. These 
assays are typically read out by multispectral or 
multichannel WSI systems; the resulting multi-
channel WSIs are then unmixed and analyzed dig-
itally to quantify marker co-expression and spatial 

relationships [69]. In AD brain, methods such as 
QUIVER and cyclic multiplex fluorescent IHC have 
used WSI scale imaging to define distinct molec-
ular states of microglia and astrocytes (homeo-
static, intermediate, reactive) and to show their 
polarization toward or away from Aβ plaques and 
tau tangles, something that would be practically 
impossible using conventional single marker mi-
croscopy on limited fields of view [18, 70]. Simi-
lar high-plex WSI-based platforms are now being 
extended to spatial proteomics modalities such 
as imaging mass cytometry and multiplexed ion 
beam imaging, allowing simultaneous mapping 
of dozens of markers in human hippocampus and 
cortex and revealing complex, region-specific mi-
croglial and astroglial phenotypes relevant to AD 
pathogenesis [71, 72].

3D histopathology and integration with 
MRI and PET biomarkers

WSI also underpins 3D quantitative histopa-
thology and cross modal integration with in vivo 
imaging biomarkers. Serial WSI datasets can be 
reconstructed into 3D volumes that preserve the 
true spatial distribution of lesions across the en-
tire mouse or human brain [61]. Such 3D histo-
logic volumes have been used as ground truth to 
validate Magnetic Resonance Imaging (MRI) and 
Positron Emission Tomography (PET) measures of 
Aβ and other pathologies, for example by correlat-
ing gadolinium enhanced MRI plaque signals with 
WSI derived Aβ heat maps in APP/PS1 mice, or by 
comparing amyloid PET retention with post-mor-
tem WSI-based plaque burden in human AD [61, 
73]. These integrated pipelines help bridge the gap 
between microscopic pathology and macroscopic 
imaging, improving the interpretation of biomark-
er signals and enabling translational studies that 
follow the same lesions from rodent models to hu-
man patients [61, 74].

Data infrastructure, standardization and 
collaborative databases

At a systems level, the importance of WSI 
in neurodegenerative research is amplified by its 
role in data sharing, standardization and infra-
structure building. Many AD research centers and 
brain banks now routinely digitize neuropathol-
ogy slides, creating WSI repositories that can be 
accessed by multiple investigators for collabora-
tive projects, education and algorithm develop-
ment [58, 62]. The Alzheimer’s Disease Research 
Centre Digital Pathology Working Group, for ex-
ample, has surveyed scanner use and infrastruc-
ture across centers and is developing best prac-
tice recommendations for acquisition, storage and 
analysis of WSIs in dementia research [62]. Initi-
atives such as the Brain Digital Slide Archive and 
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the Brain Digital Slide Archive–WSI de identifica-
tion tools are aimed at enabling interoperable, pri-
vacy-preserving sharing of large WSI collections 
to support multicenter machine learning efforts 
[58]. At the same time, there is growing recogni-
tion of the need for standards (e.g., DICOM WSI), 
vendor neutral archives, rigorous quality control 
and clear regulatory guidance for computational 
pathology tools built on WSI [13, 58, 59].

Existing challenges and future directions
Despite these advances, substantial chal-

lenges remain. WSI generates large data volumes 
that require robust storage, networking and com-
pute resources; the heterogeneity of staining 
protocols, scanners and file formats complicates 
cross site harmonization and algorithm gener-
alizability [62, 63, 75]. High-quality annotation 
of neuropathologic lesions for training and vali-
dating automated methods is labor intensive and 
differences in expert labelling can limit model 
portability [58]. Furthermore, most multiplex and 
high-plex approaches still demand specialized 
reagents, instrumentation and bioinformatics ex-
pertise that are not yet widely available in routine 
neuropathology laboratories [68]. Nonetheless, 
the trajectory is clear: by coupling the molecular 
specificity of IHC with the scalability, reproduc-
ibility and analytical power of WSI, neurodegen-
erative research is moving toward a quantitative-
ly rich, spatially resolved view of brain pathology 
that promises more precise clinicopathologic cor-
relations, better validation of fluid and imaging 
biomarkers and more sensitive readouts for dis-
ease-modifying therapies [13, 58].

Conclusion
Immunohistochemistry remains an indis-

pensable pillar of Alzheimer’s disease research, 
providing the molecular specificity and spatial 
resolution needed to evaluate therapeutic mech-
anisms directly within brain tissue. By enabling 
precise visualization of amyloid-β, tau pathology, 
synaptic alterations and glial activation, IHC of-
fers mechanistic insights that cannot be captured 
through behavioral testing, biochemical assays, 
or fluid biomarkers alone. The integration of IHC 
with digital pathology and whole-slide imaging 
has transformed histological analysis from a sub-
jective, low-throughput approach into a scalable 
and quantitative framework capable of supporting 
large-cohort studies and high-resolution mapping 
of disease processes. Advances in computational 
image analysis, machine learning and multiplex 
staining now permit detailed characterization of 
cellular states, microenvironmental interactions 
and region-specific vulnerability across both hu-

man and animal tissues. These technologies have 
greatly improved reproducibility, enhanced sensi-
tivity to subtle treatment effects and strengthened 
the translational bridge between preclinical mod-
els and human neuropathology. Although chal-
lenges remain, including variability in staining pro-
tocols, the computational demands of whole-slide 
imaging and the need for standardized workflows, 
the trajectory of the field clearly points toward in-
creasingly automated, high-plex and integrative 
approaches. Together, these developments posi-
tion IHC-based digital neuropathology as a central 
research infrastructure for accelerating therapeu-
tic discovery in Alzheimer’s disease. By combining 
molecular precision with scalable quantitative an-
alytics, this approach offers a robust pathway for 
validating disease-modifying interventions and 
deepening our understanding of the complex cel-
lular mechanisms that drive neurodegeneration.
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