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1 | INTRODUCTION

Epilepsy affects more than 70 million people worldwide
and remains an important cause of global disability and
mortality.” Despite treatment advances, >30% of all epi-
lepsies remain refractory to medication.* Improving
the mechanistic understanding of epilepsy pathogenesis
remains a critical unmet need.® Epilepsy is often con-
ceptualized as a disease of brain networks, not only as
derangements within a connectome of neurons and net-
work hubs,” but also as pathological changes within an
interactome of molecular processes among neurons and

surrounding glia.® Considering this conceptual frame-
work,” understanding the spatial relationship and interac-
tion among cells within epilepsy networks is crucial.
Transcriptomics, as a method of characterizing cellular
gene expression through sequencing mRNA, has rapidly
advanced understanding of human brain cellular diver-
sity. Transcriptomic sequencing technology has quickly
evolved through three stages: bulk sequencing, single-cell
RNA sequencing (scRNA-seq), and spatial transcriptom-
ics (ST; Figure 1).!' The evolution from bulk to single-
cell sequencing'? has revealed thousands of regionally
specific brain cell types,13 with individual cortical areas
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demonstrating >100 unique neuronal and nonneuronal
subtypes.'* However, epilepsy is foundationally a network
disease. Although single-cell transcriptomics can unlock
new insights into epilepsy pathogenesis, spatially resolved
gene expression characterization is needed for com-
prehensive molecular understanding of altered circuit
function. ST addresses this by profiling single-cell gene ex-
pression in intact tissue, preserving spatial context critical
for understanding neuronal-glial interactions, defining
epileptogenic zone boundaries, and determining network-
level expression changes. As ST becomes more accessible,
building expertise and research communities to catalyze
its use in epilepsy discovery is essential.

At the 2024 American Epilepsy Society annual meeting,
our team organized an Investigators Workshop highlight-
ing ST in epilepsy research. We now formally summarize
and expand that presentation in this article.

2 | ST TECHNOLOGIES

ST technologies are categorized as either imaging-based
or sequencing-based, with advantages and limitations of
each summarized in Table 1.

Imaging-based approaches use fluorescent probes to
visualize specific genes directly in tissue sections. These
methods achieve subcellular resolution (<300nm) and
include in situ sequencing (e.g., fluorescence in situ
sequencing [FISSEQ]) and in situ hybridization (e.g.,
multiplexed error-robust fluorescence in situ hybrid-
ization [MERFISH]). MERFISH labels RNA with error-
robust barcodes detected through successive rounds of

Bulk transcriptome
sequencing

sequencing

Single-cell transcriptome

Key points

« ST measures RNA expression and resolves cel-
lular subtypes while preserving spatial context
in brain and other tissues.

« ST has the potential to provide highly resolved
molecular-spatial characterization of hyper-
excitable cells and networks in individual epi-
lepsy patients.

« ST can integrate with other clinical and diagnos-
tic modalities for new insights into the molecu-
lar characterization, diagnosis, and treatment
of epilepsy.

« Multicenter collaboration catalyzes ST by in-
creasing sample sizes, leveraging regionalized
expertise, and defraying high individual experi-
ment costs.

fluorescent hybridization, whereas FISSEQ directly se-
quences RNA within fixed tissue with higher signal-to-
noise ratio but lower throughput. Both strategies excel
at detecting individual RNA molecules within single
cells but are limited to preselected gene panels.
Sequencing-based approaches use spatial barcodes
on specialized arrays to capture mRNA from tissue sec-
tions, followed by next generation sequencing to profile
the entire transcriptome. Spatial information is restored
by aligning sequencing data with tissue images.'*!>¢
Although these methods typically have lower resolu-
tion than imaging approaches, they offer unbiased,

Spatial transcriptomics

*Homogenized tissues
* Averaged gene expression profile
¢ oses cell-type specificity*

- AN

*RNA sequencing of single cell

¢ Allows cell subtyping of
heterogeneous sample

¢ Lacks spatial information to
define regional heterogeneity

* RNA sequencing in spatially
intact tissue

* May offer single-cell or subcellular
resolution

¢ Define regional heterogeneity
e Study cell-cell interactions

)\ J

FIGURE 1 Evolution of transcriptomic technology. Transcriptomic technology has evolved through the stages of bulk transcriptome

sequencing, single-cell transcriptome sequencing, and spatial transcriptomics (ST), with each step offering deeper characterization of the

heterogeneity of complex biological systems. Bulk techniques study homogenized tissues, yielding an averaged gene expression profile
from the entire sample. *Cell-type specificity is lost unless cellular subtype is selected for prior to bulk sequencing.'® Single-cell RNA
sequencing characterizes a cell's individual transcriptome, allowing for subtyping of heterogeneous cellular populations, but lacks the spatial

information to define regional heterogeneity. ST allows the RNA sequencing and/or visualization of thousands of RNA molecules within

spatially intact tissues.
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TABLE 1 Comparison of major methodologies in spatial transcriptomics.

Imaging-based

Examples MERFISH, seqFISH+, STARmap,

MERSCOPE, Xenium, CosMx
FISSEQ, ISH
Number of genes profiled  « Limited/targeted
« 500-6000 (targeted)
« Preselected genes of interest
« Limited by specificity

Techniques employed

Spatial resolution + Higher
» Subcellular to single cell
e <300nm

Sensitivity  Higher

« Can detect individual RNA molecules

» Good for low-abundance transcripts

« Limited by optical crowding, spectral

discrimination

Throughput » Lower

« Slower imaging cycles

» Smaller tissue area/cycle
Quantification « Absolute

« Direct molecular counting

Cell segmentation » Easier
«+ Aided by high resolution
« Can utilize membrane staining

Discovery potential « Limited
» Uses preselected genes
« Insensitive to novel transcripts

Cost per sample « High
» Higher upfront capital costs
» Costly reagents

« Scales with number of genes, coverage

area

Application « Subcellular localization
+ Smaller tissue areas
« Single molecule detection

« Specific gene(s) of interest

Sequencing-based

Visium/Visium HD, Stereo-seq, GeoMX, DBiT-seq, Seq-Scope

Spatially barcoded arrays, next generation sequencing

« Unlimited/unbiased
« Whole transcriptome
« 10-20K+ (all expressed genes)

» Lower

» Multicellular to single cell

+ .5-100pm

» Variable

« Dependent upon sequencing depth

« May be insensitive to low-abundance transcripts
« Limited by template diffusion, probe accessibility

» Higher
« Larger tissue areas/cycle

« Relative
« Uses UMIs to address PCR amplification bias

» More challenging

» Lower resolution

« Computational methods required

« High

« Unbiased approach

« Can identify novel gene expression

« High

» Scales with depth of sequencing, coverage area

« Discovery-oriented studies

« Whole transcriptome profiling
« Larger tissue sections

« Novel transcript identification

Note: MERSCOPE: Vizgen. Xenium: 10x Genomics. CosMx spatial molecular imager: NanoString. Visium/Visium HD: 10x Genomics. Stereo-seq: STOmics.

GeoMX digital spatial profiler: NanoString.

Abbreviations: DBIT, deterministic barcoding in tissue; FISH, fluorescence in situ hybridization; FISSEQ, fluorescent in situ RNA sequencing; ISH, in situ
hybridization; MERFISH, multiplexed error-robust FISH; PCR, polymerase chain reaction; seqFISH+, sequential FISH; STARmap, spatially resolved transcript

amplicon readout mapping; UMI, unique molecular identifiers.

genome-wide gene expression profiling without requir-
ing preselection of target genes. Recent advances have
improved resolution, sensitivity, and scalability to ac-
commodate larger samples.

Individual platforms within both categories continue to
evolve rapidly (Figure 2). Furthermore, hybrid approaches
that combine the advantages of both methods are being
developed, with some platforms adding multiomic (e.g.,
transcriptomic + proteomic) capabilities. A schematic of
ST workflows is provided in Figure 3.

3 | ST STUDY DESIGN

ST has been successfully applied to mouse and human
brain tissue in both physiological®*** and pathological*
conditions, including epilepsy.”* However, ST requires
careful study design due to high costs, lengthy processing
times, and lack of technical standardization. Four key con-
siderations guide ST study design (Table 2): experimental
question, experimental groups, available resources, and
anticipated results.
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FIGURE 2 Evolution of spatial transcriptomics (ST) techniques. The timeline indicates key technologies and years of publication.
APEX, ascorbate peroxidase; ATAC, assay for transposase-accessible chromatin; BaristaSeq, barcode in situ targeted sequencing; BaSISS,
barcoding with amplification of specific in situ sequences; BOLARAMIS, barcoded oligonucleotides ligated on RNA amplified for
multiplexed and parallel in situ analyses; DBIT, deterministic barcoding in tissue; DSP, digital spatial profiling; EEL, enhanced electric;
ExSeq, expansion sequencing; Ex-ST, expansion ST; FISH, fluorescence in situ hybridization; FISSEQ, fluorescent in situ RNA sequencing;
Geo-seq, geographical position sequencing; HDST, high-definition ST; ISS, in situ sequencing; LCM, laser capture microdissection;
MERFISH, multiplexed error-robust FISH; MOSAICA, multiomic single-scan assay with integrated combinatorial analysis; NICHE,
nicking enzyme-assited reaction technology; osmFISH, ouroboros single-molecule RNA FISH; seqFISH, sequential FISH; smFISH, single-
molecule RNA FISH; smHCR, single-molecule hybridization chain reaction; STARmap, spatially resolved transcript amplicon readout
mapping; Stereo-seq, spatial enhanced resolution omics-sequencing; STORIES, spatiotemporal omics energies; TCR, T-cell receptor; TIVA,

transcriptome in vivo analysis; tomo-seq, RNA tomography.'’

The experimental question determines the optimal
ST approach (Figure 4). Data-driven studies aim to
characterize total spatial gene expression without spe-
cific hypotheses, making them discovery-oriented and
best suited for nontargeted, sequencing-based meth-
ods that profile the whole transcriptome. These studies
have generated valuable transcriptomic atlases.?**2%%’
Hypothesis-driven studies test specific predictions and
typically utilize imaging-based ST methods for higher
spatial resolution and sensitivity.”** These require
appropriate controls, which may leverage existing
mouse>®3! or adult human?®? atlas datasets, or investi-
gators may incorporate their own ST control group.
Choosing appropriate control tissue is nontrivial, given
variability among different brain regions and intersub-
ject variability. Additional considerations, including
species, sample type (fixed versus frozen), platform

availability, and budget, ultimately guide platform
selection.

3.1 | Anticipated results

Investigators must consider a priori the types of data they
will obtain and how they may be used to address their
research questions. Critical preanalytical considerations
include tissue quality, RNA integrity, and sample process-
ing protocols, as RNA degradation significantly impacts
data quality and interpretation. Surgical samples present
unique challenges due to inherent variability in tissue
handling, ischemic time, seizure activity prior to resec-
tion, and patient-specific factors (e.g., antiseizure medi-
cations, seizure frequency). Standardized protocols for
tissue collection, processing, and storage are essential to
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FIGURE 3 Schematic overview of spatial transcriptomics (ST) technologies used in epilepsy research. Image-based ST technologies are

divided into two categories: In situ sequencing (ISS), which amplifies mRNA, or in situ hybridization (ISH), which detects target sequences

by hybridization of complementary fluorescent probes. The output data of each technique is visualized using multiple fluorescence-based

imaging techniques. Each image capturing the mRNA is further processed analyzed to create a gene expression matrix. Next generation

sequencing (NGS)-based ST techniques employ two types of barcoding. Deterministic barcoding utilizes microfluidic channel chips to

deliver barcodes to the surface of a tissue slide by reverse transcription and ligation through crossflow. Barcoded samples then undergo

sequencing for further analyses. In nondeterministic (ND) barcoding, a barcoded array is used to barcode transcripts according to their

location in lattice spots. Barcoded samples are then sequenced to extract the spatial expression profile.'® Data generation descriptions are

summarized from Williams et al.'® *A detailed explanation of ST analysis methods is beyond the scope of this article. General steps are

provided for reference. "Validation is also discussed in Table 3. DBiT, deterministic barcoding in tissue; DV200, perentage of RNA fragments

larger than 200 nucleotides; EASL, expansion-assisted interative fluorescence; EEL, enhanced electric; ExSeq, expansion sequencing; FFPE,

formalin-fixed, paraffin-embedded; FISH, fluorescence in situ hybridization; FISSEQ, fluorescent in situ RNA sequencing; HDST, high-

definition ST; MERFISH, multiplexed error-robust FISH; ND, non-deterministic; PIXEL, polony-indexed library sequencing; QC, quality

control; qPCR, quantitative polymerase chain reaction; RIN, RNA integrity number; seqFISH, sequential FISH; STARmap, spatially resolved

transcript amplicon readout mapping; UMI, unique molecular identifiers.

minimize technical variability. Additionally, batch effects
arising from processing samples across different times or
conditions must be carefully controlled and computation-
ally corrected during analysis.

ST experiments frequently generate petabytes of
data, which undergo multiple steps of data processing,
so collaboration with a bioinformatics specialist expe-
rienced in large datasets is essential. Computational
expertise is especially critical in higher order, inferred
datasets like cell-cell interaction, which may be criti-
cal to understanding epileptic circuits. Quality control
metrics should assess RNA integrity numbers, tissue
morphology, sequencing depth, and spatial mapping
accuracy before downstream analysis. Once differential
gene expression lists, cell subtypes, and their spatial lo-
cations are identified, one can perform gene ontology
analyses and gene set enrichment analyses to identify
features of gene expression that provide insights into
changes in molecular and cellular function.>>** Lastly,

data validation is critical in ST and should be considered
during study design (Table 3).***

4 | STIN TRANSLATIONAL AND
CLINICAL EPILEPSY RESEARCH

ST in preclinical and clinical epilepsy research remains
nascent. Although bulk and single-cell techniques have
been used in epilepsy models to define cellular hetero-
geneity,*>* glial dysfunction,*”*® immune infiltration,*
and interneuron dysfunction,” our literature search
revealed few publications applying ST to the neurobiol-
ogy of epilepsy (Table 4). Fewer of these studies utilized
spatial data in their analyses, and we failed to find any
ST studies assessing cell-cell interaction networks in
epilepsy.

Two preclinical studies utilized a mouse kainic acid
model of temporal lobe epilepsy (TLE). The first integrated
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TABLE 2 Considerations for designing spatial transcriptomics experiments.
Key questions Possible guidance
Experimental question « What biological question is being tested? « Consider imaging-based techniques if hypothesis-

« Hypothesis driven, discovery driven, or

both?

driven, or if single cell/subcellular resolution is
needed

« Is the spatial content in the dataset crucial ~+ Consider sequencing-based methods if

to answering the question?

discovery-driven

« Does the question necessitate single cell + Consider cheaper nonspatial technique if spatial

resolution?

content not needed

Experimental groups « What is the study population? « Choose tissue sources to limit heterogeneity
« What are potential sources or  Consider possible confounders, e.g., medication
heterogeneity? effects
« What is the control/baseline group or + Consider how to source control tissue, age/sex
dataset? matching, etc.
» Leverage biobanks
« Consider strengths and limitations of atlases and
normal datasets
Available resources « Size and availability of study tissue?  Species, tissue source, and RNA integrity will all

« Species of study sample?

determine availability of commercial platforms

« Fresh frozen or FFPE? Anticipated RNA « Budget may also influence platform choice

integrity?

Anticipated results « What types of data will be generated? » Understand data-processing capabilities and

« What resources will be needed for

analysis?

limitations at study onset, vendor-integrated
versus independent
« Leverage multicenter expertise/collaboration

Note: Listed for each consideration are key questions driving each decision, as well as possible guidance for each category.

Abbreviations: FFPE, formalin-fixed, paraffin-embedded.

scRNA-seq, single-nucleus RNA sequencing, and ST to cre-
ate a high-resolution atlas of hippocampal cellular subtypes,
uncovering important TLE-induced molecular changes
underlying epilepsy pathogenesis, including glial inflam-
matory responses, suppressed y-aminobutyric acidergic
synapses, and reactive neurogenesis.*’ The second identi-
fied specific overexpression of C-C chemokine ligand 5 in
seizure hippocampi and functionally validated this finding
through maraviroc-induced pathway blockage, preventing
microglia activation and neuron degeneration in the seizure
mouse.* The first study was limited by gene panel size, and
both were limited by model generalizability.

Two studies applied sequencing-based ST (10x
Genomics Visium) to surgically resected human focal cor-
tical dysplasia (FCD). The first study implicated dysplastic
neuronal mTOR and autophagy pathways and balloon cell
inflammatory pathways in FCD pathogenesis.** The sec-
ond synthesized a transcriptional catalog of type IIb FCD
and identified noncanonical markers of signaling and
neurotransmitter pathways in cytomegalic dysplastic neu-
rons, noting SLC6A5 as a specific marker.** Both studies
were limited by small sample sizes, tissue heterogeneity,
and lack of well-established control data. Finally, Busch
et al., employed sequencing-based ST (GeoMx) to study
comorbid memory loss in human TLE.*" Utilizing spatial
data, investigators localized the strongest molecular signal

to hippocampus CA3, an anatomical substructure critical
to memory formation. BDNF was identified as a central
hub in regulating CA3-related networks.

As such early efforts expand, ST has the potential to
reach beyond pathological characterization, translating
to aid biomarker discovery, surgical decision-making, and
therapeutic development.

5 | STIN CLINICAL PRACTICE

Histopathological diagnosis remains the gold standard
in determining etiology and likely outcomes of various
structural epilepsies. This is perhaps best demonstrated in
TLE***” and FCD.**° Current histopathological classifica-
tion criteria rely upon features such as cellular morphology
and density to diagnose and stratify. However, molecular
techniques are increasingly incorporated into diagnostic
practice.” Molecular biomarkers have transformed clini-
cal oncology, uncovering new treatment pathways and
driving tumor reclassification,>>* as well as defining the
borders between healthy and diseased tissue. Molecular
techniques like single-cell transcriptomics have revealed
mTOR/MAP kinase® and other pathways involving synap-
tic function and calcium dynamics alterations in the forma-
tion of FCD.> ST may likewise alter how structural epilepsy
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Is ST possible / necessary for the experiment?
Is there adequate sample available?

What is the sample source?

Is the tissue RNA quality sufficient?

Is spatialinformation needed?

Data-driven

Whatis the
. . biological question/
e experimentalaim?

! !

Hypothesis-driven

Sequencing-based methods Imaging- meth

* Non-targeted: Profiles whole « Targeted: Profiles fewer pre-
transcriptome selected genes

* Lower spatial resolution * Higher spatial resolution

* Lower sensitivity * Higher sensitivity

! l

Pre-processing
Tissue image processing, gene expression processing, relating gene expression to tissue images

Downstream Analysis
Batch effect correction, dimensionality reduction and clustering, spatial cell-type annotation, spatially variable
genes, gene patterns, spatial regions, cell-cell interaction, gene-gene interaction, spatial trajectory, 3D model
construction

FIGURE 4 Algorithm for study design considerations in spatial transcriptomics (ST). Outlined are possible considerations regarding
whether ST is possible and/or necessary to answer the proposed biological question and whether a data-driven (discovery-oriented) or
hypothesis-driven (hypothesis testing) strategy is preferred. Data-driven studies are nontargeted and profile the whole transcriptome within
the test sample. They are often used to generate hypotheses. Hypothesis-driven studies employ targeted gene profiles at higher sensitivity
and spatial resolution. Details regarding preprocessing and downstream analysis are beyond the scope of this paper, but typical steps

are listed for reference. Although evolving rapidly, current software tools for analysis steps are also listed, for reference: dimensionality
reduction (Scanpy, Giotto, SPATA, STUtility), spatial cell type annotation (cell2location, stereoscope, DestVI, AdRoit), spatially variable
genes (Scanpy, SpatialDE, SPARK, GPcounts), gene patterns (stLearn, SpatialDE, SPATA, MERINGUE), spatial regions (MULTILAYER,
RESEPT), cell-cell interaction (SpaOTsc, DIALOGUE, SVCA), gene-gene interaction (GCNG, SpaOTsc, MISTy, MESSI), spatial trajectory
(SPATA), three-dimensional (3D) model (STUtility, STAGATE).'***

TABLE 3 Datavalidation in ST.

Validation type Methods Assessed/confirmed Epilepsy example
Technical/measurement qPCR, bulk RNA-seq, scRNA- Accuracy in gene expression, cell typing/ Verify upregulation
seq, technical replicates subtyping of DEGs in dysplastic
neurons
Spatial RNA-FISH, Transcript/protein localization Confirm glial or
immunohistochemistry neuronal origin in zone
of interest
Functional Pharmacological intervention, Biological relevance, mechanistic Test whether drug
genetic manipulation, predictions blocking ST-identified
electrophysiology, clinical pathway reduces

correlation seizure activity

Note: A detailed review of data validation techniques is beyond the scope of this commentary; however, categories and example methods are briefly tabulated.

Abbreviations: DEG, differentially expressed gene; FISH, fluorescence in situ hybridization; qPCR, quantitative polymerase chain reaction; RNA-seq, RNA
sequencing; sSCRNA-seq, single-cell RNA sequencing; ST, spatial transcriptomics.

is diagnosed, potentially forcing a deeper understanding of
epilepsy pathogenesis on an individual patient level.

electroencephalography [EEG]) to generate noninvasive
molecular biomarkers. Building on MRI-transcriptomics
integration in Alzheimer disease,56 similar frameworks
could link preoperative neuroimaging to spatial molecular
profiles, enabling molecular phenotyping of epileptogenic
zones prior to surgery. Combining ST with multielectrode

51 | Multimodal integration

ST holds transformative potential for integration with
conventional diagnostic modalities (magnetic resonance
imagining [MRI], positron emission tomography [PET],

array recordings, which have revealed altered neuro- and
gliogenesis in TLE,”” could elucidate molecular mecha-
nisms of hyperexcitability with subcellular resolution.
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TABLE 4 (Continued)

Epilepsy
model

Tissue/
species

Limitations

Genes/pathways

Key findings

ST platform

Study details

Comparison of spatial and

NPY, GFAP.

10x Visium Using single cell TLE and ST human
Alzheimer datasets, comparing

TLE

Human

Han et al., 2025,

China

nonspatial datasets; control

dataset from Alzheimer cohort;

differentially expressed genes and
spatial transition tensor (STT)-
identified spatial stability genes,

reanalysis study: no new ST data

generated.

NPY and GFAP were identified as
deregulated genes in TLE.

Abbreviations: BC, balloon cells; CDN, cytomegalic DN; DEG, differentially expressed genes; DN, dysplastic neuron; FCD, focal cortical dysplasia; HS, hippocampal sclerosis; ILAE, International League Against

Epilepsy; KA, kainic acid; ST, spatial transcriptomics; STT, spatial transition tensor; TLE, temporal lobe epilepsy.

Epilepsia

Nonspatial transcriptomic profiling from patch-clamp
recordings®® and stereotactic EEG studies™ has demon-
strated the feasibility of molecular-electrophysiological
integration; incorporating spatial context could define
molecular changes across epileptic networks. Conversely,
well-established electrophysiological and neuroimag-
ing techniques could help validate emerging ST findings
(Table 3).

However, substantial challenges remain. Data har-
monization across platforms with different resolutions,
coordinate systems, and formats requires sophisticated
coregistration. Computational interpretability of inte-
grated high-dimensional datasets, namely, millions of
gene measurements combined with electrophysiological
and imaging data, demands advanced analytical frame-
works. Although deep learning shows promise,” limited
training datasets in epilepsy constrain current applica-
tions. Standardized data-sharing protocols, common data
elements, and collaborative consortia are essential to build
infrastructure for robust multimodal integration and real-
ize ST's translational potential.

6 | CONCLUSIONS AND FUTURE
DIRECTIONS

Spatial transcriptomics, as part of a multiomic framework,
represents a paradigm shift from descriptive pathology to
mechanistically informed, spatially resolved molecular
medicine in epilepsy. By revealing molecular disruptions,
dysregulated cellular subtypes, and aberrant signaling
pathways within epileptic circuits, ST can transform
histopathological pattern recognition into mechanistic
understanding.

Clinically, colocalizing ST-derived molecular signa-
tures with electrophysiological markers of hyperexcit-
ability (EEG, intracranial recordings) and structural/
metabolic abnormalities (MRI, PET) may improve pre-
diction of treatment response, stratification of surgical
candidates, and delineation of resection boundaries.
Integration with artificial intelligence (AI) can identify
previously unrecognized molecular subtypes and disease
patterns from large-scale spatial transcriptomic datasets,
enabling precision therapies. This mechanism-based, AI-
augmented approach holds promise for improving seizure
freedom rates, reducing surgical morbidity, and identify-
ing disease-modifying therapies for patients with drug-
resistant epilepsy.
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