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Single-cell transcriptomic studies have revealed remarkable molecular heterogeneity across neuronal and glial populations during devel-
opment, aging, and disease. However, dissociation-based approaches disrupt tissue architecture, and RNA measures alone incompletely
capture cellular function. These limitations are particularly relevant in neurodegenerative diseases, where pathology develops within
cellular microenvironments and diseased cells progressively lose canonical cell-state identity markers. Spatial proteomic approaches
are beginning to address this critical gap by enabling high-dimensional molecular profiling within the intact tissue, preserving the spatial
relationships between vulnerable cells and their surrounding cellular environments across scales ranging from subcellular single-cell
imaging to large-volume three-dimensional mapping. Here, we discuss emerging spatial proteomic technologies and their applications
in aging and neurodegeneration, emphasizing how integration with complementary modalities, including transcriptomics, glycomics,
three-dimensional genome architecture, and quantitative neuropathology, is providing new insight into disease biology. We further
highlight how these approaches are beginning to accelerate therapeutic target validation, biomarker discovery, and treatment response
monitoring. Realizing the full potential of spatial proteomics will require continued advances in cross-platform harmonization, analyt-

ical standardization, and computational methods capable of integrating increasingly complex, multimodal datasets.

Introduction

Modern neuroscience has become remarkably successful at
defining cell identity and, increasingly, in linking cellular states
to disease mechanism. Single-cell and single-nucleus transcrip-
tomics have been central to this progress. Such studies are reveal-
ing extensive cellular heterogeneity across the healthy and
diseased nervous system and, when paired with spatial, neuro-
pathological, and genetic manipulation approaches, are estab-
lishing causal relationships between specific transcriptional
states and pathobiology (Krasemann et al., 2017; Sala Frigerio
et al, 2019; Zhou et al., 2020; Johnston et al, 2025). In
Alzheimer’s disease (AD), Parkinson’s disease, amyotrophic lateral
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sclerosis (ALS), frontotemporal dementia (FTD), and related dis-
orders, transcriptomic studies identified disease-associated micro-
glia, reactive astrocyte states, oligodendrocyte alterations, and
neuronal subtype-specific responses that were previously inacces-
sible using bulk tissue approaches (Keren-Shaul et al., 2017;
Grubman et al.,, 2019; Maniatis et al., 2019; Mathys et al., 2019;
Al-Dalahmah et al, 2020; Zhong et al., 2020; Leng et al,
2021; Gerrits et al., 2022; Kamath et al.,, 2022; Gabitto et al.,
2024). Diseased cells often progressively lose canonical cell-state
identity markers, partly owing to genomic instability (Dileep
et al., 2023; Traxler et al., 2023), complicating cell classification
and interpretation in aging and neurodegenerative disease.

These advances transformed the field, but important limitations
remain. Traditional single-cell omics approaches require tissue
dissociation, which disrupts spatial organization and erases
information on cellular interactions within cellular niches,
pathology-associated microenvironments, vascular interfaces,
and neuronal circuitry. Spatial transcriptomic technologies have
mitigated the loss of anatomical information by preserving
molecular measurements within intact tissue sections, revealing
how cellular states, pathological features, and neuroimmune
interactions are spatially organized across brain regions and
disease stage (Chen et al., 2020; Longo et al., 2021; Gabitto et al.,
2024; Method of the Year 2020: spatially resolved transcriptomics,
2021).

Messenger RNA abundance incompletely predicts protein
abundance, localization, or activity (Vogel and Marcotte, 2012;
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Liu et al., 2016; Buccitelli and Selbach, 2020). Many core features
of neurodegeneration, including tau phosphorylation, TDP-43
aggregation, complement activation, lysosomal dysfunction,
receptor trafficking, and senescence-associated signaling, are
fundamentally protein state-dependent processes (Chinta et al.,
2018; Musi et al., 2018; Riessland et al., 2019); they cannot be ade-
quately inferred from transcriptomic measurements alone
(Hudson et al., 2024). Recent advances in spatial proteomic
imaging address these limitations by enabling simultaneous visu-
alization of hundreds to thousands of proteins directly within the
intact tissue, preserving cytoarchitecture, neighboring cellular
interactions, tissue microenvironments, and pathological context
(Goltsev et al., 2018; Gut et al., 2018; Merritt et al., 2020; Hickey
et al., 2022).

Spatial proteomics is increasingly being integrated with
orthogonal modalities including spatial transcriptomics, glyco-
mics, 3D genome architecture, and neuropathology, enabling a
more comprehensive understanding of tissue physiology and dis-
ease biology across molecular and anatomical scales. Collectively,
these developments extend this trajectory: building on transcrip-
tomic and functional studies that have already linked cellular
states to mechanism, spatial proteomics adds a protein-level, spa-
tially resolved dimension to resolving dynamic cellular states
within spatially organized tissue microenvironments. Realizing
this potential will require computational approaches that keep
pace with the scale and complexity of spatial protein data, mov-
ing beyond methods built for transcriptomic or single-modality
analyses toward strategies capable of integrating high-
dimensional, multiscale protein measurements directly within
their spatial context. Spatial proteomics is therefore emerging
not simply as a technological advance but as a foundational
approach for mechanistic neurobiology that links molecular
pathways to tissue architecture, selective vulnerability, disease
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progression, biomarker discovery, therapeutic response, and ulti-
mately translational neuroscience (Fig. 1).

Why Protein Biology Matters for Neurodegeneration
A central challenge in neurodegeneration is distinguishing
disease-associated changes that may contribute to pathology from
those that arise as downstream consequences. Transcriptomic stud-
ies have transformed our understanding of gene regulation, cell
identity, and cellular heterogeneity (Hodge et al., 2019; Network,
2021; Yao etal., 2021, 2023; Siletti et al., 2023), but transcript abun-
dance often incompletely reflects protein abundance, localization,
activity, or signaling state (Buccitelli and Selbach, 2020; Wang
et al., 2025). Consequently, many biologically relevant processes
occur downstream of transcription, and capturing them requires
direct protein- or translation-level measurement: layers of informa-
tion otherwise invisible to transcriptomic and genetic readouts
(Vogel and Marcotte, 2012; Liu et al, 2016; Buccitelli and
Selbach, 2020; Koch et al., 2026). Spatial proteomics, particularly
when integrated with complementary molecular and neuropatho-
logical measurements, can help establish the cellular and anatomical
context of these protein changes and prioritize candidates for sub-
sequent mechanistic investigation.

Proteomic approaches capture multiple dimensions of protein
biology, including abundance, posttranslational modifications,
proteolytic cleavage, conformation, subcellular localization, turn-
over, and clearance (Larance and Lamond, 2015; Aebersold and
Mann, 2016). These measurements have been fundamental to
understanding the molecular mechanisms underlying neurode-
generative disease. In prion disorders, pathogenic protein confor-
mations and templated misfolding drive neurodegeneration
despite relatively limited changes in gene expression (Chesebro
et al,, 1985; Caughey et al.,, 1988; Brundin et al., 2010). In AD
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Spatial proteomics bridges molecular profiling and intact tissue biology. A, Dissociation-based single-cell and single-nucleus transcriptomic approaches transformed molecular

dlassification of nervous system cell types but disrupt spatial organization and incompletely capture protein-level biology. B, Spatial transcriptomics preserves anatomical context while enabling
localization of gene expression patterns, cell-type distributions, and molecular niches within intact tissue; however, transcript abundance does not fully predict protein abundance, localization,
posttranslational modification, or pathway activation. , High-plex spatial proteomic imaging extends molecular neuroscience by directly localizing protein pathways, cellular states, and
pathology-associated microenvironments in situ, including protein abundance, posttranslational modifications, and cell—cell interactions. D, Emerging multimodal approaches integrate spatial
transcriptomics and proteomics with imaging mass spectrometry—based glycomics, lipidomics, and metabolomics, neuropathology, three-dimensional imaging, clinical metadata, and compu-
tational analysis to generate multiscale, multimolecular maps linking cells, networks, and pathology to function, supporting both discovery and hypothesis-driven experimentation.
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and primary tauopathies, protein phosphorylation, truncation,
aggregation state, and subcellular localization shape pathogenicity
and help distinguish one tauopathy from another (Hyman et al.,
2012; Wang and Mandelkow, 2016). In Parkinson’s disease, the
accumulation and propagation of misfolded a-synuclein are asso-
ciated with widespread alterations in vesicular trafficking, lyso-
somal function, mitochondrial biology, and neuroimmune
signaling (Spillantini et al., 1997; Rocha et al., 2018). Likewise, in
ALS and FID, TDP-43 pathology disrupts RNA processing,
nucleocytoplasmic transport, and proteostasis in ways that gener-
ate substantial discordance between transcriptomic and proteomic
states (Ling et al, 2013, 2015). Huntington’s disease similarly
involves complex alterations in protein aggregation, synaptic sig-
naling, metabolism, and selective neuronal vulnerability that
extend beyond transcriptional regulation alone (Ross and
Tabrizi, 2011; Bates et al., 2015).

Neurodegenerative diseases also exhibit substantial neuro-
pathological heterogeneity. For example, a-synuclein and
TDP-43 frequently occur as secondary pathologies in AD, sug-
gesting that comorbid protein changes may arise downstream
of primary disease processes (Robinson et al., 2023). These
disease-associated changes extend across cell types, with recent
studies implicating microglia, astrocytes, vascular cells, and other
cellular populations in neurodegenerative disease biology
(De Strooper and Karran, 2016; Keren-Shaul et al., 2017;
Habib et al, 2020; Sun et al, 2023). Importantly, many of
these protein-level responses are highly localized within specific
tissue microenvironments. Recent studies have identified pathol-
ogy-associated cellular niches characterized by coordinated
alterations in complement signaling, lysosomal pathways,
inflammatory mediators, metabolic programs, and extracellular
communication (Walker et al., 2022, 2024; Richardson et al.,
2025). These localized responses may not be fully predicted
from transcriptional profiles alone, highlighting the value of pre-
serving native spatial context during molecular measurement.

Many disease-modifying therapies ultimately target protein
state, making direct protein measurements essential for evaluat-
ing target engagement and biological response, as discussed in
the “Translational Implications” section. Beyond assessing ther-
apeutic effects, protein measurements also serve as important
biomarkers of disease state and progression. Particularly infor-
mative biomarkers capture disease-associated proteoforms or
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posttranslational modifications, making their identification and
validation important areas of investigation. For example, thera-
pies have relied on monitoring amyloid, SOD1, huntingtin, pro-
granulin, phosphorylated LRRK2, and phosphorylated Rab10 to
establish target engagement independently of clinical change
(Tabrizi et al., 2019; Jennings et al., 2022; Miller et al., 2022;
Kurnellas et al., 2023; Sims et al., 2023). More recently, phos-
phorylated tau species in plasma have become central to staging
and trial enrichment for AD. pTau217 abundance in plasma is
closely associated with amyloid pathology (Palmgqvist et al,
2020). Plasma MTBR-tau243 specifically reflects tau tangle
pathology and correlates strongly with tau PET (Horie et al.,
2025). Continued identification of disease-associated proteins
in plasma and CSF may yield additional biomarkers with diag-
nostic, prognostic, or pharmacodynamic value (Ali et al,
2026). Ultimately, understanding which cell types, brain regions,
and pathological microenvironments give rise to proteins
detected in plasma and CSF will be essential for linking fluid bio-
markers to disease mechanisms.

Together, these considerations underscore the need to mea-
sure protein biology within its native tissue context. Spatial pro-
teomics can localize disease-associated proteomic states to
specific cell types and pathological features while preserving their
relationships to surrounding tissue architecture. In this way, spa-
tial proteomics complements transcriptomic and other molecu-
lar approaches by linking protein state with cellular identity,
anatomical context, and quantitative neuropathology.

Spatial Organization of Pathology and Cellular

States

A defining feature of the nervous system is its spatial organization.
Neuronal function depends on precise anatomical relationships
spanning synapses, local circuits, laminar structures, and long-
range projections. Likewise, neurodegenerative diseases arise
within selective, disease-specific brain regions and progress
through anatomically interconnected networks as pathology
advances (Braak and Braak, 1991; Nelson et al., 2019). Emerging
spatial profiling technologies are revealing that these pathological
processes unfold within highly organized microenvironments
shaped by neighboring cells, extracellular matrix composition,
vascular interactions, and region-specific vulnerability (Fig. 2).
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Spatial proteomics characterizes molecular features of pathology-associated microenvironments. Neurodegenerative pathology is spatially organized within highly structured cellular

niches composed of neurons, glia, vasculature, extracellular matrix, and pathology-associated protein aggregates. Spatial proteomic approaches enable localization of protein pathways within
amyloid plaque niches, tau/tangle-bearing neurons, TDP-43 copathology, reactive astrocytes, activated microglia, vascular/perivascular compartments, synaptic regions, extracellular matrix
remodeling zones, and senescent-like cellular states. These microenvironments exhibit coordinated alterations in complement activation, lysosomal remodeling, protein accumulation, inflam-
matory signaling, synaptic dysfunction, vascular injury, extracellular matrix remodeling, and senescence-associated secretory pathways. Integration of protein-level measurements with tran-
scriptomics, imaging mass spectrometry—based glycomics, lipidomics, and metabolomics, imaging, and neuropathology can define molecular features associated with selective vulnerability,
resilience, and disease progression and generate mechanistic hypotheses for subsequent experimental validation.
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Spatial imaging studies increasingly demonstrate that
pathology-associated cellular states are not randomly distributed
but instead cluster within discrete molecular niches. In AD, amy-
loid plaques are surrounded by highly organized glial microenvi-
ronments containing activated microglia, reactive astrocytes,
dystrophic neurites, and altered extracellular signaling molecules
(Duyckaerts et al., 2009; Prokop et al., 2019; Bathe et al., 2024;
Tsering and Prokop, 2024). These plaque-associated niches exhibit
coordinated protein-level alterations involving complement acti-
vation, lysosomal pathways, inflammatory signaling, and synaptic
remodeling. Importantly, the composition of these microenviron-
ments varies substantially across disease stages and brain regions,
suggesting dynamic spatial regulation of neuroimmune responses
(Leng and Edison, 2021; Fruhwurth et al., 2024).

Tau pathology likewise appears closely linked to local circuit
organization and selective neuronal vulnerability across both AD
and primary tauopathies. Importantly, the spatial organization of
tau pathology differs substantially across tauopathies. Whereas
AD is characterized by mixed 3R/4R tau aggregates that follow
a stereotyped neuroanatomical progression, primary tauopathies
such as progressive supranuclear palsy, corticobasal degenera-
tion, Pick’s disease, and aging-related tau astrogliopathy
(ARTAG) exhibit distinct cellular, regional, and network-level
distributions (Dickson, 2009; Kovacs et al., 2016). These disorders
differ not only in the neuronal and glial populations affected but
also in the molecular composition and morphology of tau inclu-
sions themselves. Spatial proteomic approaches therefore provide
an opportunity to define disease-specific microenvironments asso-
ciated with neuronal tangles, astrocytic plaques, tufted astrocytes,
coiled bodies, and other tau lesions, potentially revealing mecha-
nisms that drive selective regional vulnerability across clinically
and pathologically distinct tauopathies. These approaches inte-
grated with spatial transcriptomics, imaging mass spectrometry,
and laser-capture methodologies have begun to identify molecular
features associated with neurofibrillary tangle-bearing neurons,
including altered stress-response pathways, cytoskeletal remodel-
ing, impaired proteostasis, and loss of canonical neuronal
identity markers (Drummond et al., 2015; Hondius et al., 2021;
Otero-Garcia et al,, 2022; Walker et al., 2022, 2024; Richardson
et al., 2025; Foiani et al., 2026; Thierry et al., 2026).

Emerging evidence further suggests that neurons containing
mature neurofibrillary tangles may persist longer than previously
appreciated and may exhibit distinct molecular programs com-
pared with neurons harboring soluble or pretangle tau species
(de Calignon et al., 2009; Zwang et al., 2024). These findings chal-
lenge traditional assumptions regarding tau-mediated neurotoxic-
ity and raise important questions about neuronal resilience,
adaptive cellular states, and compensatory remodeling within
pathological environments, suggesting that tangle formation
may, in some contexts, represent a relatively stable cellular state
rather than an immediate precursor to neuronal death (Zwang
et al., 2024). This concept is consistent with emerging evidence
that tau-bearing neurons can adopt a senescence-like state
characterized by persistent stress signaling, altered metabolic and
transcriptional programs, and long-term survival despite substan-
tial cellular dysfunction (Musi et al., 2018; Dehkordi et al., 2021).

Similar principles are emerging across other neurodegenera-
tive proteinopathies. In PD and related synucleinopathies,
a-synuclein pathology is associated with regionally organized
microglial activation, mitochondrial dysfunction, disrupted
vesicular trafficking, and selective vulnerability of dopaminergic
neurons and interconnected neural circuits (Surmeier et al., 2017;
Coukos and Krainc, 2024; Kampmann, 2024; Ma et al., 2025). In
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ALS and FTD, TDP-43 pathology exhibits strong spatial relation-
ships with neuronal subtype vulnerability, glial activation states,
and white matter-associated inflammatory responses (Neumann
et al., 2006; Maniatis et al., 2019). TDP-43 pathology also con-
tributes to cognitive impairment in aging independent of ALS/
FTLD-TDP; limbic-predominant age-related TDP-43 encepha-
lopathy (LATE-NC) follows a stereotyped progression through
the amygdala, hippocampus, and medial frontal cortex, fre-
quently co-occurring with AD and other age-related pathologies
(Nelson et al., 2019). Spatially resolved approaches are well suited
to characterize these TDP-43 microenvironments, distinguish
cell-autonomous from non-cell-autonomous responses, and
identify regional factors underlying selective vulnerability within
limbic and neocortical networks.

Vascular pathology represents a distinct and highly relevant
contributor to age-related neurodegeneration and cognitive
impairment. Cerebral small vessel disease, including arteriolo-
sclerosis, microinfarcts, perivascular space enlargement, and
blood-brain barrier dysfunction, is among the most common
age-related pathologies affecting the brain (Blevins et al., 2021).
Growing evidence suggests that vascular injury may influence
regional vulnerability and clinical resilience through effects on
cerebral perfusion, blood-brain barrier integrity, neurovascular
coupling, perivascular protein clearance, and neuroimmune sig-
naling (Sweeney et al., 2019). The neurovascular unit itself con-
stitutes a highly organized spatial niche composed of
endothelial cells, mural cells, astrocytic end feet, perivascular
immune cells, and extracellular matrix components (Schaeffer
and Iadecola, 2021). Spatial proteomic approaches are uniquely
positioned to characterize these vessel-centered microenviron-
ments and define how vascular dysfunction contributes to selec-
tive regional vulnerability, neuronal injury, and cognitive
impairment within aging brain networks.

Copathologies further complicate these spatial landscapes as
mixed pathology represents the rule rather than the exception in
late-life neurodegenerative disease (Kapasi et al., 2017; Boyle et
al,, 2019). AD neuropathologic change frequently coexists with
LATE-NC, Lewy body disease, cerebrovascular pathology,
ARTAG, argyrophilic grain disease, and other age-related pathol-
ogies. These lesions often occupy overlapping anatomical territo-
ries while contributing differentially to clinical phenotypes.
Spatially resolved proteomic approaches provide an important
framework for disentangling these interacting pathologies by
simultaneously characterizing lesion-specific molecular signatures
and the surrounding cellular responses within shared tissue envi-
ronments (Fig. 2). In one case, spatial proteomic profiling of an
individual harboring both Down syndrome and a pathogenic
PSEN2 variant revealed markedly increased amyloid burden with-
out corresponding increases in tau pathology or neuroinflamma-
tory markers (Ogg et al., 2025), illustrating how spatially resolved
approaches can help disentangle convergent and divergent disease
mechanisms in individual cases of mixed pathology.

Beyond pathology-associated microenvironments, spatial pro-
teomics is also illuminating broader principles of cellular organiza-
tion across the nervous system. High-dimensional brain atlasing
efforts combined with Al-assisted annotation are beginning to
generate reproducible spatial references capable of linking molec-
ular states to anatomical and functional organization across
scales as discussed below. Integrating these references with
disease-associated molecular profiles may clarify how pathology
reshapes tissue organization, circuit function, and cellular commu-
nication, ultimately refining neuropathological classification, dis-
ease staging, and therapeutic development.
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Emerging Spatial Proteomic Technologies and
Analytical Strategies

Rapid technological innovation has substantially expanded the
capabilities of spatial imaging. Current approaches span a wide
range of spatial scales, molecular targets, and analytical strategies,
each optimized for distinct biological questions (Fig. 3). Highly
multiplexed single-cell imaging platforms enable simultaneous
visualization of dozens to hundreds of proteins within intact tis-
sue sections (Gerdes et al., 2013; Angelo et al., 2014; Lin et al.,
2015; Murray et al., 2015; Agasti et al., 2017; Goltsev et al,
2018; Keren et al., 2018; Saka et al., 2019; Jackson et al., 2020;
Radtke et al., 2020; Hosogane et al., 2023; Hong et al., 2024;
Walker et al, 2022, 2024; Richardson et al., 2025). These
approaches preserve cellular morphology and spatial relation-
ships while permitting detailed characterization of neuronal,
glial, vascular, and immune states. Their integration with pathol-
ogy markers allows direct correlation between molecular path-
ways and neuropathological features.

Multiplexed immunostaining platforms, including PhenoCycler-
Fusion (formerly CODEX) and CellScape (Bruker), have enabled
high-dimensional characterization of cellular interactions within
the AD tissue. For example, analysis of microglia in proximity to
amyloid-p plaques revealed a shift toward a macrophage-like activa-
tion state (Sanchez-Molina et al., 2026). Similarly, multiplexed ion
beam imaging (Angelo et al., 2014) has characterized the molecular
architecture of the amyloid plaque niche, identifying AD-specific
microglial interactions with pathology (Vijayaragavan et al., 2022)
and protein signatures consistent with microglial immune exhaus-
tion (Mrdjen et al., 2025).
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Rather than resolving every cell within a tissue section,
region-of-interest (ROI)-based approaches prioritize molecular
depth within biologically defined anatomical compartments,
providing complementary information to whole-slide single-cell
imaging platforms. For example, the GeoMx DSP combines spa-
tially resolved profiling with highly multiplexed RNA and pro-
tein measurements that are compatible with the intact archival
formalin-fixed paraffin-embedded (FFPE) tissue (Merritt et al.,
2020). Fluorescent morphology markers define ROIs for quanti-
tative profiling of the whole transcriptome and/or hundreds of
protein targets using UV-photocleavable barcodes (Sun et al.,
2025; Tan et al, 2025). Although ROI-based approaches lack
whole-slide single-cell resolution, they provide substantially
greater molecular depth and robust quantification across pre-
defined tissue compartments, making them particularly well
suited for cohort-scale mechanistic studies (Prokop et al., 2019;
Walker et al., 2022, 2024; Richardson et al., 2025). Applied across
cohorts of AD, primary age-related tauopathy (PART), and
chronic traumatic encephalopathy (CTE), these studies demon-
strated that hippocampal neurons resilient to tau pathology
reside within distinct neuroimmune microenvironments com-
pared with vulnerable neurons from patients with dementia
(Walker et al., 2022, 2024; Richardson et al., 2025). They further
revealed that AP status, rather than tau burden alone, is a major
determinant of the neuronal proteome, with AB-independent
tauopathies (PART and CTE) sharing proteomic signatures
that differ markedly from A-positive disease states. Similarly,
digital spatial profiling has been used to define the protein and
transcriptomic signatures of distinct amyloid plaque subtypes
and the surrounding neuronal and glial responses associated
with each plaque niche (Tsering et al., 2023). The reproducibility,
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large tissue volumes, with comparatively lower molecular depth using targeted antibody panels and lower sample throughput. Technology selection should therefore be guided by the biological
question, required spatial resolution and coverage, molecular depth, throughput, tissue availability, and translational objective. ROI, region of interest; AOI, area of illumination.
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molecular depth, and compatibility of ROI-based approaches
with the archival FFPE tissue make them particularly well suited
for large cohort studies linking spatial molecular signatures with
clinicopathological phenotypes.

Other strategies, including laser-capture microdissection
(LCM) and laser-guided biotinylation, further enable targeted
isolation of individual pathological structures or vulnerable cell
populations with unbiased downstream proteomics or transcrip-
tomics. LCM extracts small amounts of the tissue from a section,
guided by a fluorescent signal. LCM has been used to identify the
proteome of amyloid plaques and neurofibrillary tangles
(Drummond et al., 2015, 2018; Nijholt et al., 2015), nominating
nonamyloid therapeutic targets and revealing how the tangle
proteome itself is remodeled across disease stages, from PART
through advanced AD. LCM has also been used to build the tran-
scriptomes of dopaminergic neurons in the PD brain, finding
gene signatures associated with dysfunctional metabolism and
elevated expression of alpha-synuclein (Grundemann et al,
2011), providing insight on a neuronal population that is difficult
to study in the human brain. LCM-based proteomics has simi-
larly informed understanding of other neurodegenerative protei-
nopathies: unbiased proteomic profiling of cortical Lewy bodies
has identified novel constituent proteins beyond the core
a-synuclein aggregate (Leverenz et al., 2007), and single-neuron
proteomic profiling of postmortem spinal motor neurons in ALS,
stratified by TDP-43 inclusion status, has revealed disease-asso-
ciated reductions in oxidative phosphorylation, RNA splicing,
and vesicular transport proteins (Guise et al., 2024). A successor
platform to LCM, laser-guided biotinylation, uses two-photon
excitation of a cleavable biotinylation reagent guided by fluores-
cent microscopy; this technique has identified binding partners
for the NLRP3 inflammasome during macrophage activation in
vitro (Y. Zhang et al., 2026). Its application in neuroscience is still
young, but the unbiased characterization of proteomes in cells
with pathogenic protein inclusions, spatially defined vulnerable
neuronal populations, and microglial phagosomes in disease,
for example, will be highly fruitful endeavors.

Emerging three-dimensional spatial proteomic approaches
are beginning to extend these capabilities beyond individual
tissue sections (Chung et al., 2013; Ueda et al, 2020a).
Three-dimensional imaging permits reconstruction of molecular
organization across larger anatomical volumes, potentially
enabling investigation of pathology propagation, circuit vulnera-
bility, and neuroimmune organization across connected brain
regions (Ueda et al., 2020b). More broadly, recent large-scale spa-
tial atlasing efforts have demonstrated the power of combining
whole-brain imaging, computational registration, and machine
learning-based analyses to generate cellular-resolution maps of
brain organization (Murakami et al., 2018; Kronman et al,
2024; Park et al., 2024). For example, comprehensive three-
dimensional atlases of cell-type density patterns reveal that dis-
tinct neuronal and glial populations exhibit highly stereotyped
spatial distributions that closely align with anatomical boundar-
ies and functional brain systems (Liwang et al., 2025; Zhao et al.,
2025; Liu et al., 2026b). These studies highlight how spatial data-
sets can move beyond molecular characterization alone to define
fundamental organizational principles of the nervous system
across multiple spatial scales (Munoz-Castaneda et al., 2025).

Importantly, no single technology currently resolves all relevant
biological scales simultaneously. While volumetric labeling and
imaging of large brain volume promises comprehensive profiling
and organ-level discovery, it also brings rising challenges of scal-
ability and affordability, across each step from sourcing secure
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reagents to performing effective analysis. In practice, high-
resolution single-cell imaging often sacrifices proteomic depth or
tissue volume, whereas larger-scale approaches may reduce cellular
resolution. Consequently, multimodal and cross-platform integra-
tion are becoming increasingly important analytical strategies.
These complementary technologies, especially when leveraged in
tandem, are optimized for distinct mechanistic questions.

This conceptual shift, from platform-centered comparisons
toward question-centered experimental design, will likely
become increasingly important as the tools and resources in spa-
tial biology matures (Fig. 3). Careful alignment of biological
hypotheses with spatial scale, molecular resolution, tissue preser-
vation, and analytical requirements is essential for generating
interpretable and reproducible findings.

Beyond RNA and Protein: Multimodal Spatial

Integration

Although transcriptomic and proteomic integration has become a
central focus in spatial biology (He et al., 2022), the molecular com-
plexity of neurodegenerative disease extends far beyond these
modalities alone. Increasingly, studies are incorporating additional
molecular layers including glycomics, lipidomics, metabolomics,
and epigenomic information to generate more comprehensive
models of disease biology. Mass spectrometry imaging (MSI)
enables direct spatial analysis of multiple analytes in the frozen
and fixed tissue and has become a powerful tool for multiomic
profiling within a single tissue section (Dunne et al., 2023; Vicari
et al,, 2024), with matrix-assisted laser desorption/ionization MSI
(MALDI-MSI) emerging as one of the primary approaches in neu-
rological research given its capacity for sequential, multianalyte
analysis on the same slide (Jha et al., 2024).

Brain tissues have the second highest level of lipid content
after adipose tissues, and alterations in their levels and composi-
tion are associated with many types of neurological diseases
(Yoon et al., 2022). The abundance of phospholipids and glyco-
sphingolipids (e.g., gangliosides and sulfatides) present in the
brain can be readily detected by MALDI-MSI at cellular and
near-cellular resolution in animal model and human tissues
(Jha et al., 2024). Beyond lipids, the field has expanded to metab-
olite profiling, enabling 3D reconstruction for molecular map-
ping and drug compound imaging, which provides biological
context when multiplexed with spatial transcriptomics
(Vallianatou et al., 2024; Vicari et al., 2024; Clarke et al., 2025).

Spatial glycomics is emerging as a particularly important
dimension in neuroscience, as N-glycosylation profoundly
influences protein folding, receptor trafficking, immune signal-
ing, and extracellular interactions (Schjoldager et al., 2020).
The N-glycome of the brain is quite distinct from all other major
organs (Wallace et al., 2024), and like for lipids, their abundance
and composition are altered in neurological diseases.
MALDI-MSI studies have revealed distinct and dysregulated
N-glycan signatures within pathology-associated regions of
both human and mouse tissues, suggesting that alterations in gly-
cosylation may underpin AD pathologies (Hawkinson et al,
2022). A recent multiomic study integrating MALDI-MSI-based
metabolomics, lipidomics, and glycomics identified brain hyper-
glycosylation driven by increased N-glycan biosynthesis as a
pathological driver of AD; genetic reduction of glycan biosyn-
thetic enzymes improved cognitive outcomes while glucosamine
supplementation worsened them (Hawkinson et al., 2026).
Beyond neurodegeneration, spatial glycomics has revealed dis-
tinct N-glycan landscapes in the normal and malignant brain
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tissue (Angerstein et al., 2025), with N-glycosylation emerging as
one of the strongest molecular classifiers of tumor grade across
adult and pediatric gliomas (Piyadasa et al., 2026). Together,
these studies demonstrate that integrating spatial glycomics
with lipidomics, metabolomics, proteomics, and transcriptomics
can reveal molecular mechanisms and tissue heterogeneity that
remain inaccessible to any single modality alone.

Spatial epigenomic technologies represent another rapidly
emerging dimension of multimodal neuroscience by linking
genome architecture to cellular state within the intact tissue.
Beyond gene expression and protein abundance, the three-
dimensional organization of the genome influences transcrip-
tional regulation, cell identity, cell-state transitions, and disease
susceptibility. Most chromosome conformation capture technol-
ogies, such as Hi-C, rely on proximity ligation (Lieberman-Aiden
et al., 2009; Belton et al.,, 2012; de Laat and Dekker, 2012).
Chromatin interactions are first preserved by cross-linking, after
which the DNA is digested and religated. Sequencing these liga-
tion products reveals both their genomic origins and their phys-
ical proximity within the 3D genome. However, these methods
are limited to detecting DNA fragments that are sufficiently close
to undergo ligation, and they primarily capture pairwise interac-
tions. SPRITE (Split-Pool Recognition of Interactions by Tag
Extension) is a proximity ligation-independent alternative that
can reveal higher-order chromatin interactions beyond pairwise
contacts (Quinodoz et al., 2022). Although these approaches have
been applied, or proposed for application, to tissue-derived cells
or nuclei (Arrastia et al., 2022; Meng et al., 2023), they require tis-
sue dissociation or nuclei isolation and therefore do not preserve
native tissue architecture.

Alternatively, microscopy-based in situ imaging of genomic
loci is inherently compatible with intact tissue. Recent advances
have paired multiplexed fluorescence in situ hybridization
(FISH) with barcoding strategies, enabling genome-wide cover-
age, tracing, and reconstruction. For example, DNA seqFISH+
simultaneously maps the spatial arrangement of >3,000 DNA
loci in tissue samples (Takei et al., 2021a,b). The PaintScape plat-
form uses jebFISH, also a highly multiplexed in situ genome-
labeling technology, to directly visualize and reconstruct genome
architecture at single-cell resolution in the intact tissue. This, and
other, technologies provide opportunities to investigate how
aging, neurodegeneration, and pathological stress reshape
nuclear organization across vulnerable neuronal and glial popu-
lations (Liu et al., 2026a). Integration of spatial epigenomic mea-
surements with transcriptomic and proteomic datasets may
ultimately reveal regulatory mechanisms that precede or drive
downstream molecular and pathological changes.

Computational approaches are likewise becoming central to
multimodal interpretation. Al-assisted annotation, atlas con-
struction, and spatial harmonization are enabling increasingly
scalable and reproducible analyses across datasets and institu-
tions. As spatial datasets continue to increase in dimensionality
and complexity, the central challenge is no longer simply gener-
ating multimodal data but aligning and interpreting these com-
plementary layers within a shared tissue framework. This is
particularly important because spatial modalities differ in resolu-
tion, feature space, tissue coverage, and biological scale.

Compounding this challenge, cross-platform and cross-batch
harmonization remains a distinct and only partially resolved
problem. Differences in panel composition, capture sensitivity,
spatial resolution, and sparsity mean that datasets generated
across spatial platforms may share only a limited fraction of
directly comparable features. In addition, variation introduced
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by donor characteristics, tissue processing, imaging, and instru-
ment can confound biological signal if not explicitly modeled.
Graph-based alignment methods have begun to address this by
jointly modeling spatial structure and batch-invariant embed-
dings, and cross-modal frameworks built on variational autoen-
coders have extended similar principles to jointly harmonize and
fuse molecularly distinct layers (Haber et al., 2025; Tian et al,,
2025). A related challenge arises when datasets share only
partially overlapping modalities across sections, for which
tools such as SpaMosaic have been developed to construct a
modality-agnostic, batch-corrected latent space. Beyond aligning
shared features, this approach can also impute entirely missing
modalities within a section, recovering biologically meaningful
cross-modal relationships even without direct coprofiling (Yan
et al, 2026). However, recent benchmarking efforts suggest
that methods that preserve spatial architecture do not always
fully correct strong batch effects, highlighting cross-platform
harmonization as an important open challenge for the field
(Luecken et al., 2022; Dong et al., 2025; Hu et al., 2025).

Beyond harmonization, recent methods are beginning to
address cross-modal fusion through graph-based representation
learning and attention-based mechanisms that jointly model spa-
tial proximity, molecular similarity, and biologically defined rela-
tionships among cells and tissue structures (Long et al., 2024;
Gao etal., 2025; Yan et al., 2026). Conceptually, these approaches
build on hierarchical graph strategies developed in digital pathol-
ogy, where cells, tissue regions, and their spatial relationships
can be represented as connected components of a tissue graph
(Pati et al., 2022), and extend this logic toward multimodal
molecular integration. In this framework, cells, tissue regions,
and pathological structures such as plaques, tangles, and vessels
can be represented within a shared spatial graph alongside tran-
script, protein, lipid, glycan, and metabolite measurements.
Importantly, these approaches can estimate which modality or
spatial relationship contributes most strongly to a given dis-
ease-associated state, allowing spatial Al to move beyond classifi-
cation toward mechanistic interpretation.

Collectively, these developments indicate that the future of
spatial biology lies not within any individual modality but rather
within integrative frameworks capable of combining comple-
mentary molecular and anatomical information into unified
mechanistic models.

Translational Implications

Spatial proteomics has important implications for translational
neuroscience because it directly links molecular pathways to
the cellular, pathological, and anatomical contexts in which
disease occurs. This capability enables more precise identifica-
tion of therapeutic targets, evaluation of target engagement,
interpretation of biomarkers, and mechanistic understanding
of disease.

One major translational opportunity involves identifying
molecular signatures associated with selective vulnerability or
resilience. Spatially resolved analyses may reveal why specific
neuronal populations degenerate while neighboring cells remain
relatively preserved despite similar pathological burden. This
principle has already been demonstrated in neurons harboring
pathogenic tau across multiple tauopathies, including AD,
CTE, and PART, as well as in resilient aging (Walker et al,
2022, 2024; Richardson et al., 2025). A recent study employing
spatial proteogenomics identified inflammatory mediators local-
ized to spinal motor neurons with TDP-43 pathology and
TDP-43-dependent missplicing in ALS (Z. Zhang et al,
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2026b), and in-progress efforts are approaching a similar spa-
tially resolved understanding of neuronal vulnerability in the
ALS/FTD brain (Ruf et al., 2026). Similarly, spatial proteomic
analysis of the human AD brain identified disease-associated
microglial states defined by their local tissue microenvironment
and spatial relationships to AP pathology, demonstrating that
cellular identity is shaped not only by protein expression but
also by spatial context (Sanchez-Molina et al., 2026). These
insights could ultimately guide therapeutic strategies aimed at
enhancing cellular resilience or interrupting pathological signal-
ing within vulnerable microenvironments.

Spatial proteomics has potential to improve therapeutic target
validation by determining whether candidate pathways are truly
localized to disease-relevant cell populations and anatomical
regions. Similarly, spatial analyses can provide critical informa-
tion regarding therapeutic target engagement within intact tissue
environments, particularly for interventions aimed at modifying
neuroimmune signaling, proteostasis, or pathological protein
aggregation. For example, a recent multimodal spatial profiling
study identified microglial programs associated with amyloid
clearance after anti-AP immunotherapy, revealing molecular
pathways driving the removal of pathological protein aggregates
while distinguishing potentially beneficial from maladaptive neu-
roimmune activation states (van Olst et al., 2025). This study,
complemented by similar spatial transcriptomic and in vitro
assays (Albertini et al., 2026), characterizes the activation of a
neuroimmune program in microglia that is unique to
immunotherapy-treated AD. Together, these studies demon-
strate how spatially resolved analyses can directly inform thera-
peutic target prioritization, target engagement, and mechanistic
evaluation in human neurodegenerative disease.

In addition, spatial molecular profiling may improve biomar-
ker discovery by identifying tissue-derived signatures associated
with specific pathological states. Several biomarkers for neurode-
generative diseases have been used to identify and track disease,
including phosphorylated tau species and AP peptides in AD
(Bateman et al., 2019; Barthelemy et al., 2023; Gonzalez-Ortiz
et al, 2023) and misspliced protein products in ALS/FTD
(Irwin et al., 2024), but from where these molecules arise in the
brain is unknown. Spatial biology approaches can identify the
cells, pathological structures, and tissue microenvironments
that give rise to these biomarkers, providing mechanistic context
for their appearance in plasma and CSF. Alternatively, a growing
number of studies highlight cellular dysfunction in the CSF and
blood in neurodegeneration, including clonally expanded T cells
in AD CSF (Gate et al., 2020), T cells reactive to a-synuclein in
PD CSF (Gate et al., 2021), genotype-dependent blood monocyte
activation in AD (Ramakrishnan et al., 2024), and inflammatory
CSF monocyte and T-cell programs that relate to pathological
aging (Piehl et al., 2022), emphasizing potential immune contrib-
utors to disease. Spatial biology approaches will link this immune
function to brain health, cementing these fluid cells as key actors
in disease and bolstering their utility as fluid biomarkers.
Integrating these findings with biofluid biomarkers and imaging
modalities may ultimately support more precise disease classifi-
cation and staging.

Importantly, the human tissue remains central to these trans-
lational efforts. While experimental models provide critical
mechanistic insights, human spatial proteomics enables direct
interrogation of disease-relevant biology within the complex
pathological environments that characterize aging and neurode-
generation. Because many spatial proteomic platforms are com-
patible with the standard FFPE tissue, this work can draw directly
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on existing brain bank collections rather than requiring specially
preserved fresh-frozen specimens (Prokop et al., 2019; Walker
et al., 2022, 2024; Richardson et al., 2025). By leveraging the
archived human tissue, spatial biology approaches maximize
the value of precious clinical specimens while accelerating mech-
anistic and translational discovery.

Challenges and Future Directions

Despite remarkable progress, challenges remain before spatial
proteomics can achieve its full potential in neuroscience research.
For example, reproducibility and standardization across plat-
forms, institutions, and analytical pipelines will continue to
improve. Antibody validation, batch effects, tissue-processing
variability, and segmentation errors can influence downstream
interpretation. These issues are particularly important in human
postmortem tissue studies where fixation quality, postmortem
interval, and pathological heterogeneity introduce additional
complexity. In this context, protein-based spatial measurements
are often more robust to the tissue-processing variability that
affects RNA-based analyses, providing a more stable foundation
for cell segmentation, cellular identification, and pathological
interpretation while remaining highly complementary to spatial
transcriptomics.

Computational analysis also remains challenging. Spatial pro-
teomics datasets are inherently high dimensional and often
require integration across modalities, scales, and cohorts.
Developing standardized analytical frameworks capable of dis-
tinguishing biological signal from technical variation remains
an active area of investigation. Future analytical approaches
may need to move beyond purely atlas-driven categorization
approaches toward methods specifically designed to identify
and interrogate abnormal or poorly classified cellular states.
Rather than forcing all observed cells into predefined bins, future
pipelines could place greater emphasis on understanding how
pathological cellular states emerge, interact with neighboring
cells, and influence the surrounding microenvironment during
disease progression.

Beyond these technical and computational challenges, a more
fundamental limitation concerns interpretation: spatial associa-
tion alone does not establish mechanistic causality. Many current
studies remain largely descriptive, identifying pathology-associ-
ated molecular states without directly determining whether those
states drive degeneration, compensate for injury, or simply reflect
downstream consequences of disease. Integrating spatial proteo-
mics with functional experimental systems will therefore be crit-
ical for establishing causal relationships.

Future advances will likely focus on improving proteomic
depth, increasing three-dimensional scalability, expanding mul-
timodal integration, and enhancing cross-platform reproducibil-
ity. Simultaneously, the field must continue transitioning from
atlas generation toward hypothesis-driven mechanistic neurosci-
ence capable of resolving dynamic biological processes across
time and space.

Conclusion

Spatial proteomics is rapidly reshaping neuroscience by enabling
direct investigation of molecular pathways within intact tissue
environments. Building on advances in transcriptomics and
other histological technologies, these approaches preserve spatial
organization while directly measuring protein states, posttransla-
tional modifications, and cellular interactions within their native
anatomical context. As multimodal integration strategies mature,
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combining proteomics with transcriptomics, glycomics, compu-
tational atlasing, neuropathology, and functional studies will
provide increasingly comprehensive datasets for interpreting of
aging and neurodegeneration across scales ranging from subcel-
lular signaling to large-scale circuit organization. Ultimately,
these integrated approaches have the potential to accelerate
mechanistic discovery, refine disease classification, identify ther-
apeutic targets, and improve biomarker development.
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