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Spatial transcriptomics in focal cortical @
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Abstract

Focal cortical dysplasia (FCD) type llb (FCD llb) is an epileptogenic malformation of the neocortex that is
characterized by cortical dyslamination, dysmorphic neurons (DNs) and balloon cells (BCs). Approximately 30-

60% of lesions are associated with brain somatic mutations in the mTOR pathway. Herein, we investigated the
transcriptional changes around the DNs and BCs regions in freshly frozen brain samples from three patients with
FCD lib by using spatial transcriptomics. We demonstrated that the DNs region in a gene enrichment network
enriched for the mTOR signalling pathway, autophagy and the ubiquitin—proteasome system, additionally which are
involved in regulating membrane potential, may contribute to epileptic discharge. Moreover, differential expression
analysis further demonstrated stronger expression of components of the inflammatory response and complement
activation in the BCs region. And the DNs and BCs regions exhibited common functional modules, including
regulation of cell morphogenesis and developmental growth. Furthermore, the expression of representative
proteins in the functional enrichment module mentioned above was increased in the lesions of FCD Ilb, such as
p62 in DNs and BCs, UCHL1 in DNs, and C3 and CLU in BCs, which was confirmed via immunchistochemistry.
Collectively, we constructed a spatial map showing the potential effects and functions of the DNs and BCs regions
at the transcriptomic level and generated publicly available data on human FCD b to facilitate future research on
human epileptogenesis.
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Background

Focal cortical dysplasia (FCD) represents the most com-
mon cause of drug-resistant focal epilepsy in children
and young adults [6, 8, 34]. Based on clinicopathologi-
cal features, FCD can be classified into type 1 (FCD I),
type 2 (ECD II) and type 3 (FCD III). The focal nature of
FCD is histopathologically characterized by architectural
and cytoarchitectural abnormalities, in which FCD type
2b (FCD IIb) lesions are distinguished from other FCDs
by abnormal cells (that is dysmorphic neurons [DNs]
and balloon cells [BCs]) [7, 8]. DNs cytoplasm signifi-
cantly enlarged with accumulation of nonphosphorylated
neurofilament isoforms (SMI-32), which is generally
recognized as a marker for DNs. And BCs commonly
accumulate intermediate filaments vimentin and nestin
[9]. Most FCD I lesions show no visible magnetic reso-
nance imaging (MRI) changes, due to the cellular density
in the cortex being slightly altered with disorganization.
MRI abnormalities in FCDII include abnormal gyration
patterns indicated by a cortical dimple, cortical thickness
changes, signal increase (mainly in FLAIR) both in the
lesion and in the adjacent white matter, and blurring of
the cortical-white matter junction. And the transmantle
sign, a linear or triangular shaped high T2/FLAIR signal,
indicates most likely FCDIIb [9, 34].

Recent studies have reported that 30-60% of lesions of
FCD II harboured pathogenic variants in the mammalian
target of rapamycin (mTOR) pathway-associated genes
[4, 7,17, 41]. Further molecular-genetic investigations are
required to determine the underlying pathogenic cause in
patients with FCD. In recent years, single-cell sequencing
technology has been vigorously developed [21], includ-
ing single-cell RNA-sequencing (scRNA-seq) and single-
nucleus RNA-sequencing (snRNA-seq) technologies.
The relatively large size and fragility of neurons largely
restrict the application of scRNA-seq in the human brain.
To date, single-cell expression profiles in the brain have
mostly been generated by using snRNA-seq technology,
especially for assessing neuronal genomics changes. On
the other hand, isolated nuclear profiles from snRNA-seq
have also limited our understanding of gene expression
in the cytosol and neuropil. Thus, due to the larger size
of DNs and BCs in comparison to neurons, we applied
the Spatial transcriptomics (ST) [42] to explore the gene
expression changes in FCD IIb.

Emerging ST technology has been applied to the
research of Alzheimer’s disease [11, 36], amyotrophic
lateral sclerosis [29] and other neurological fields [22,
37, 48]; however, there is no research in the field of epi-
lepsy, especially regarding FCD. Intact fresh frozen tis-
sue sections are required for this technology to measure
the whole spatial transcriptome. Visible MRI changes
in FCD IIb further make it possible to obtain freshly
resected tissues. A central question in FCD IIb research
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is the relationship of DNs and BCs to epileptogenesis.
Herein, we used ST technology to identify genome-wide
transcriptomic changes in FCD IIb focusing on DNs and
BCs. Our results will lead to a novel insight to clarify the
molecular mechanism of FCD.

Materials and methods

Human tissue

All of the patient protocols, which were authorized by
the Ethics Committee of Xuanwu Hospital, Capital Medi-
cal University, conformed to the ethical principles of the
Declaration of Helsinki, and written informed consent
was acquired from all of the human subjects (number:
[2021]068). Refractory epilepsy patients were examined
at Xuanwu Hospital, Capital Medical University. Full
epileptogenic evaluation was conducted on all of the
patients, including electroencephalography (EEG), mag-
netic resonance imaging (MRI) and PET-CT. Patients
were excluded from the study if there were metabolic
abnormalities or any other systemic illness.

We collected four freshly frozen samples, the sequenc-
ing quality of which matched the criteria for further anal-
ysis, from three FCD IIb patients, all of whom originated
from refractory epilepsy patients undergoing resection of
epileptogenic lesions. Type II FCDs are more often eas-
ily visualized by MRI. Therefore, preoperative MRI-pos-
itive signs provide the first clue for FCD II. Afterwards,
all of the patients were diagnosed with FCD IIb using
intraoperative cryosection methods by two experienced
neuropathologists.

Due to DNs can be distributed throughout the entire
cortical layers. BCs can occur at any cortical region
(including Layer 1) and are often found in the subcorti-
cal white matter. Therefore, we selected the grey-white-
matter boundaries area with a high distribution of both
DNs and BCs for lesional sampling and analysis. Four
specimens were cut into small pieces of approximately
6.5%6.5x6.5 mm?. Then, frozen tissue blocks were post-
embedded in prechilled Optimal Cutting Temperature
(OCT, SAKURA, America). Cryosections were cut at
6 pm thickness. Haematoxylin-eosin staining (H&E)
was used to confirm that three samples contained FCD
IIb lesions, and one sample away from the lesion, which
contained few cellular abnormalities and some hypertro-
phic neurons, was regarded as perilesion (Supplementary
Fig. 1). Subsequently, the four samples analyzed by ST
technology were embedded in paraffin and performed
immunohistochemical staining. The immunostaining for
pS6, SMI-32, and nestin further supports the morpho-
logical diagnosis, providing evidence for our selection
of lesional and perilesional specimens (Supplementary
Fig. 2).
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RNA quality control

Cryosections were cut at 10 um thickness onto ST slides
by using a CryoStar NX70 cryostat (Thermo Fisher). We
layered tissue sections onto a spatially barcoded array.
Each spatially barcoded array has 4,992 gene expres-
sion spots, with a diameter of 55 mm and a centre-to-
centre distance of 100 mm, over an area of 6.5 mm by
6.5 mm (10x genomics). RNA quality was checked by
using RNeasy Mini Kit (QIAGEN, Hilden, Germany)
and Agilent 2100 Bioanalyzer with RNA 6000 Pico Kit
(Agilent Technologies, Inc., Santa Clara, CA, USA). The
RNA integrity number (RIN) values of the tissues were
between 7.29 and 8.22. Details of sample quality are
described in Supplementary Table 2.

Histology staining and imaging for spatial transcriptomics
Fresh frozen sectioned tissues were mounted onto each
capture area of the slide, wherein they were placed on a
Thermocycler Adaptor with the active surface facing up,
incubated for 1 min at 37 °C and fixed for 30 min with
methyl alcohol at -20 °C. To perform H&E staining of
the tissue, sections were incubated in Mayer’s haema-
toxylin (Dako, S3309) for 7 min, after which Bluing buffer
(CS702) was applied for 2 min, and eosin (Dako CS701)
was applied for 20 s. The results were ultimately used to
overlay gene expression patterns onto the image.

Permeabilizing the tissue

Visum spatial gene expression was processed by using
Visum spatial gene expression slide and Reagent Kit (10x
Genomics, PN-1000184). Then, 70 pl of permeabiliza-
tion enzyme was added to the side of each well, and the
slide was sealed and placed in a thermocycler adaptor
at 37 °C. After incubation, the permeabilization enzyme
was removed, and the wells were washed with 100 pl of
0.1 X saline sodium citrate (SSC) buffer (Sigma).

Reverse transcription, spatial library preparation and
sequencing

The poly-adenylated mRNA released from the overlying
cells was captured by the primers on the spots. The per-
meabilized tissues were incubated with 75 ul of reverse
transcription (RT) Master Mix at 53 °C for 45 min to
obtain stable cDNA attached to the array. At the end of
first-strand synthesis, sections were incubated for 5 min
at room temperature with 75 pl 0.08 M KOH. After-
wards, 75 ul of Second Strand Mix was added to each
well for second-strand synthesis. cDNA amplification
was performed on an S1I000TM Touch Thermal Cycler
(Bio-Rad). According to the manufacturer’s instruc-
tions, Visum spatial libraries were constructed by using
a Visum spatial Library construction kit (10x Genom-
ics, PN-1000184). Sequencing handles and indices
were added to a PCR, and the finished libraries were
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sequenced on an Illumina Novaseq6000 sequencer with
a sequencing depth of at least 100,000 reads per spot with
a paired-end 150 bp (PE150) reading strategy (CapitalBio
Technology, Beijing).

Reads alignment and seurat analysis

Reads alignment, filtering, barcode counting, and UMI
counting were performed with the Spaceranger (10x
Genomics) count module to generate a feature-barcode
matrix by using the default and recommended param-
eters. STAR Algorithm v2.5.1b was used to align the
sequencing reads to Genome Reference Consortium
Human Build 38.98 (GRCh38.98). R version 3.6.0 and the
package Seurat v3.2 were used for the downstream analy-
ses. Spots with fewer than 1,000 transcripts and more
than 20% mitochondrial transcripts were removed.

Hierarchical clustering and cluster annotation
Dimensionality reduction was performed by using Prin-
cipal component analysis (PCA), and the first 30 prin-
cipal components (PCs) were used to generate clusters
via the K-means algorithm and graph-based algorithm.
We used Uniform Manifold Approximation and Projec-
tion (UMAP) to visualize ST clusters in a reduced 2D
space. The RunHarmony function was employed to cor-
rect batch effects arising from multiple datasets. And the
resolution of clustering is 0.8. For merged data, all of the
replicate samples across the four patients were merged
with the “merge” Seurat function and renormalized with
SCTransform (regressing replicate and number of genes
per spot) prior to PCA and UMARP on the first 30 PCs.
Moreover, to assess the cellular region composition
and differences between the lesions and perilesion, we
merged digital expression matrices from three specimens
of cases, namely lesion-1, lesion-2 and lesion-3. To iden-
tify differentially expressed genes, pairwise comparisons
of individual clusters against all of the other clusters were
performed by using the FindAllMarkers function in the
Seurat package (version 3.2). Then, spatial distribution
maps of each sample were compared with the previous
HE staining photos for the same sample to further con-
firm the classification of the clusters.

Gene functional enrichment analysis

All of the differentially expressed genes with an average
logFC value above zero and an adjusted p value below
0.01 were used for gene functional enrichment analysis,
including Gene Ontology (GO) enrichment (i.e., GO-
Biological Process (GO-BP), GO-Cellular Component
[GO-CC] and GO-Molecular Function [GO-MF]) and
Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway enrichment.
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Gene set enrichment analysis

Gene Set Enrichment Analysis (GSEA) was applied to
identify significantly different gene sets between the two
groups with GSEA software (version 4.0.3). A false dis-
covery rate (FDR) value of 25% was selected to deter-
mine whether the enriched functional gene set was
appropriate.

Immunohistochemistry

The remaining frozen tissues were embedded in paraf-
fin and continuously sectioned into 6 pm thick sections.
Immunohistochemical staining was performed as previ-
ously described [46]. We used brain tissues from three
epilepsy patients with mild malformations of cortical
development (mMCD) as control (Supplementary Fig. 10,
Table 7). The following primary antibodies were used:
anti-neuronal nuclear antigen (NeuN; Chemicon, USA,
monoclonal, 1:4,000), anti-glial fibrillary acidic protein
(GFAP; OriGene, USA, monoclonal, clone UMABI129,
1:200), anti-nonphosphorylated neurofilament (SMI32;
Covance, USA, monoclonal, 1:400), anti-Nestin (R&D
Systems, USA, monoclonal, 1:200), anti-pS6 (Cell Sig-
naling Technology, USA, polyclonal, 1:200), anti-p62
(Sigma-Aldrich, USA, polyclonal, 1:1,000), anti-UCHL1
(Cell Signaling Technology, USA, polyclonal, 1:800), anti-
CLU (Abcam, Britain, polyclonal, 1:200), and anti-C3
(Abcam, Britain, monoclonal, 1:8,000).

Results

Spatial transcriptomics identifies multiple regional
signatures in human FCD llb

We profiled spatial gene expression in four freshly frozen
samples from three patients of FCD IIb, including three
typical FCD IIb lesional specimens and one perilesional
specimen comprising a few cellular abnormalities and
containing a relatively complete neocortical structure
(Supplementary Figs. 1, 2, 3). The clinicopathological fea-
tures of the patient cohort were summarized in Supple-
mentary Table 1. And the RNA integrity numbers (RINs)
of all samples were in the range of 7.29-8.13 (Supple-
mentary Table 2). Subsequently, the frozen tissue samples
were placed on Visium slides for generation of sequenc-
ing data with a total of 12,754 spots, detecting on a mean
of 7,601 unique molecular identifiers (UMIs) and a mean
of 3,292 genes per spot (Fig. 1B).

We combined data from all subjects and used the
Seurat v3.2 [43] R libraries for downstream analyses.
Data were clustered to classify the spots and to determine
the specific region type. Hereafter, we identified 13 differ-
ent clusters (Clusters 0—12; Fig. 1E). Preliminary manual
annotations of marker genes (STAR Methods) allowed us
to identify cell classes. Cell type markers showed reliable
prediction of cell identity (NEFL, NEFM and NEFH for
DNs; VIM for BCs; SLC17A7 and SATB2 for excitatory
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neurons; GADI1, GAD2, SST, VIP, CALB2 and PVALB
for inhibitory neurons; GFAP, AQP4, SLCIA2, SLCIA3
and IGFBP7 for astrocytes; MBP, PLP1, MOG, MOBP
and CLDNI11 for oligodendrocytes; CCL3, CCL4L2 and
CCL4 for microglia; and CLDNS, VWF, A2M, APOLDI
and SLC2A1 for endothelial cells and pericytes; Fig. 1C).
We next matched our results with histopathology to
further confirm the classification of the clusters. These
annotated cell regions include: Excitatory neurons region
(Clusters 4 and 12), Inhibitory neurons region (Clusters 9
and 10), DNs region (Cluster 0), BCs region (Cluster 3),
Astrocytes region (Clusters 2, 5 and 7), Microglia region
(Cluster 11), Oligodendrocytes region (Clusters 1 and 6),
Endothelial cells and Pericytes region (Cluster 8) (Fig. 1E,
Supplementary Fig. 4). Particularly, among them, Clus-
ter 0 and Cluster 3 expressed several known DNs or BCs
markers, relatively consistent with the DNs or BCs mor-
phological characteristics and distributions in histology
(Fig. 1D, Supplementary Fig. 5).

Identification of the DNs region

We highlighted the differentially expressed genes in the
DNs region. In addition to the classic DNs markers,
NEFH, NEFL and NEFM, several genes had higher expres-
sion in the DNs domain, such as ENCI, NRGN, VSNLI,
OLFM1, CCK, CHNI, UCHLI, CRYM, YWHAH, MDHI1,
SNAP25, TUBB2A, NSF, GABRD, GAP43, NPTX2, and
BASPI (Fig. 2A, Supplementary Fig. 6). To understand
changes in gene expression, we performed differential
expression analyses by comparing Cluster 0 with all other
clusters. Based on the GO enrichment analysis (Fig. 2B,
Supplementary Fig. 7A, and Supplementary Table 3), we
identified 6 major functional modules, including Syn-
apse, Potential, Cell morphogenesis and developmental
growth, Ubiquitination, Autophagy, and Microtubule.
Among them, the most enriched functional classes of the
DN region were the regulation of membrane potential
(GO:0042391; i.e., YWHAH, SNAP25, NSF and GABRD),
synapse organization (GO:0050808; i.e., NEFL, NEFH
and GAP43), proteasome-mediated ubiquitin-depen-
dent protein catabolic process (GO:0043161; UCHLI),
regulation of cellular component size (GO:0032535; i.e.,
NEFL, NEFH, ENCI, OLFM1, CCK, CHNI, YWHAH,
GAP43 and BASPI), macroautophagy (GO:0016236; i.e.,
ENCI), and regulation of microtubule-based process
(GO:0032886; i.e., NEFL, NEFM, NEFH and TUBB2A).
We performed Z-scored mean log expression heatmap
on genes related to the regulation of membrane potential
and proteasome-mediated ubiquitin-dependent protein
catabolic process, further confirming that these genes
are mainly expressed in the DNs region (Fig. 2E, F). In
addition, we found that the DNs region was involved
in Proteasome (hsa03050), Ubiquitin mediated prote-
olysis (hsa04120), Phosphatidylinositol signalling system
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Fig. 1 ST analysis of four samples from three patients with FCD llb. (A) Workflow of FCD IIb patient sample processing for ST. Four freshly frozen samples
from three FCD IIb patients were collected. First, preoperative MRI positive signs provide the first clue for FCD II. Second, macroscopic abnormal tissues
(yellow) were freshly frozen for intraoperative cryosection diagnosis by two experienced neuropathologists, thus confirming that three samples con-
tained FCD lIb lesions, and few cellular abnormalities were present in one perilesion. Then, its'mirror plane tissues (blue) were prepared for formalin-fixed
paraffin embedding (FFPE) and immunostaining. Finally, the qualified samples were applied the ST technology to explore the gene expression changes
in FCD IIb. (B) Number of Visium spots (left), UMIs per spot (middle), and genes per spot captured (right) are shown per subject. (C) Heatmap showing
representative marker genes for each cluster. (D) From left to right: the Spatial feature plots of Cluster O (top) and Cluster 3 (bottom), immunohistochem-
istry of SMI-32 (top) and Nestin (bottom), and ST feature plots of NEFH (DNs marker, top) and VIM (BCs marker, bottom) expression in lesion-1. (E) Thirteen
regions (Clusters 0-12) were identified and visualized by using UMAP
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Fig. 2 Identification of the DNs region. (A) Left, the DNs region (Cluster 0) was identified and visualized by using UMAP. Right, UMAP feature plots of
expression for the DNs-specific genes NEFH, NEFL, and NEFM. (B) Enrichment map of GO-BP terms for Cluster 0. (C), (D) ST feature plots of representative
genes GABRD and UCHLT expression in four samples. (E), (F) Z-scored mean log expression heatmap of genes associated with the regulation of mem-
brane potential, and proteasome-mediated ubiquitin-dependent protein catabolic process across the annotated cell regions in the ST data. (G) Bar plots
of KEGG terms for Cluster 0. (H) GO-BP and KEGG analyses on the DNs region (Cluster 0 vs. Cluster rest) applied by GSEA enrichment
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(hsa04070), Neurotrophin signalling pathway (hsa04722),
Protein processing in endoplasmic reticulum (hsa04141),
Insulin signalling pathway (hsa04910), and mTOR sig-
nalling pathway (hsa04150) by using KEGG functional
enrichment analysis (Fig. 2G). And the Gene-Concept
Networks by KEGG analysis exhibited complex interac-
tions between several pathways (Supplementary Fig. 7B).

To further investigate the gene functions in the DNs
region, we performed gene set enrichment analysis
(GSEA). These collections of gene sets allowed us to anal-
yse the activity of groups of biologically related genes.
We applied GSEA to identify the DNs region (Cluster 0)
compared with the other cellular regions (without Clus-
ter 0). All of these sets were clearly related to Cluster 0
functions. The sets were (i) an annotated collection of
genes involving the regulation of postsynaptic membrane
potential (GO-BP) (Fig. 2H); (ii) a biologically annotated
collection of genes involved in neuroactive ligand recep-
tor interaction (KEGG) (Fig. 2H); (iii) an annotated col-
lection of genes association with synaptic membrane
(e.g., postsynaptic membrane, presynaptic membrane,
GABA ergic synapse, and glutamatergic synapse), and
ion channel complex (e.g., GABA receptor complex,
potassium channel complex, voltage-gated calcium chan-
nel complex, and voltage-gated sodium channel complex)
(GO-CC) (Supplementary Table 4); and (iv) an anno-
tated collection of genes enriched in ion channel activity
(e.g., voltage-gated cation channel activity, extracellular
ligand-gated ion channel activity, GABA receptor activ-
ity, potassium channel activity, voltage-gated cation
potassium channel activity, voltage-gated sodium chan-
nel activity, and voltage-gated calcium channel activ-
ity [GO-MF]) (Supplementary Table 4). We also applied
GSEA to identify the DNs region (Cluster 0) compared
with Neurons region (Clusters 4, 9, 10 and 12), Excitatory
neurons region (Clusters 4 and 12), and inhibitory neu-
rons region (Clusters 9 and 10), without an appropriate
enriched functional gene set to meet the filter criteria.

Taken together, these data yielded unanimous results
that the DNs region in FCD IIb is mainly associated with
the mTOR signalling pathway, autophagy, and the ubiq-
uitin-proteasome system, which might be the underlying
mechanism contributing to the occurrence of abnormal
cell morphology in FCD. Moreover, the results suggested
that the DNs region may be involved in epileptic dis-
charge via regulating membrane potential.

Identification of the BCs region

We analysed the top 20 genes that were significantly
elevated in the BCs region (VIM, CRYAB, EFEMPI,
TNC, CLU, IGFBP7, SPARC, GPNMB, PTGDS, MAOB,
MGSTI, APOE, ANXAI, SERPINA3, AEBPI, GSN,
GJA1, C3, CSRPI1, and AQP4) (Fig. 3A, Supplementary
Fig. 8). Afterwards, we performed differential expression
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analyses by comparing Cluster 3 with all other clusters.
Based on the GO enrichment analysis, we identified 6
major functional modules, including Actin filament, Cell
morphogenesis and developmental growth, Neural pre-
cursor cell proliferation, Reactive oxygen metabolize,
Complement activation, and Inflammatory response
(Fig. 3B, Supplementary Table 5). We further demon-
strated in detail that Cluster 3 is involved in actin fila-
ment organization (GO:0007015; i.e., VIM, CRYAB and
GSN), glial cell differentiation (GO:0010001; i.e., VIM,
CLU and GSN), reactive oxygen species metabolic pro-
cess (GO:0072593; i.e., CRYAB, APOE and ANXAI),
and developmental growth involved in morphogenesis
(GO:0060560; i.e., CLU, IGFBP7, APOE, ANXA1, GSN,
and GJAI). Moreover, we observed that the BCs region
not only has strong associations with complement activa-
tion (GO:0006956; i.e., CLU and C3), regulation of com-
plement activation (GO:0030449; i.e., CLU and C3), but
also with effector mechanisms triggered by the comple-
ment cascade, such as phagocytosis (GO:0006909; i.e.,
C3, ANXAI and GSN), and immune response (i.e., C3,
CLU, and SERPINAS3), including acute inflammatory
response (G0O:0002526), regulation of acute inflamma-
tory response (GO:0002673), and regulation of humoral
immune response (G0:0002920). Moreover, we next
analysed the expression of genes related to complement
activation, mostly focused on the BCs region (Fig. 3E).
In addition, most of the differentially expressed genes in
the BCs region were significantly enriched in Phagosome
(hsa04145), Regulation of actin cytoskeleton (hsa04810),
Focal adhesion (has04510), Antigen processing and pre-
sentation (hsa04612) and Allograft rejection (hsa05330)
(Fig. 3C, D). Collectively, these data indicated that the
inflammatory response and complement activation may
play a role in the pathogenesis of BCs region.

Identification of the lesion and perilesion in human FCD lib
Afterwards, we investigated the differences between
lesions and perilesion in human FCD IIb (Fig. 4A). The
top 20 differentially expressed genes were significantly
elevated in the lesions (Fig. 4B, Supplementary Fig. 9).
Of note, the levels of SERPINA3, which is a marker of
reactive astrocytes, were significantly elevated in lesions
compared with perilesional tissue of FCD IIb. SPARC and
CHI3L1 were both related to blood vessel development,
and CHI3L1I expression was reported in a unique popula-
tion of small cells in close proximity to BCs, most likely
to be glial progenitors [26]. As a whole, genes involved
in nervous system development included GFAP, PLPI,
SPP1, VIM, CLDN11, CLU, S100B, SELENOP and CNP.
We also identified 7 genes enriched in cell morphogen-
esis, such as SPARC, SPP1, IGFBP7, FAM107A, S100B,
GPNMB, and CNP. Some molecules, such as SERPINA3,
SPARC, CHI3L1, PLP1, SPP1, CD74, CRYAB, TACI,
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Fig. 3 Identification of the BCs region. (A) Left, the BCs region (Cluster 3) was identified and visualized by using UMAP. Right, UMAP feature plots of
expression for BCs-specific genes VIM, C3 and CLU. (B) Dot plot of GO-BP terms for Cluster 3. (C), (D) Bar plots and Gene-Term Network of KEGG terms
for Cluster 3. (E) Z-scored mean log expression heatmap of genes associated with complement activation across the annotated cell regions in ST data

CLU, C3, S100B, and GPNMB, showed reliable associa-
tions with the inflammatory response. In addition, genes
such as CLU and C3 were involved in complement activa-
tion (Supplementary Table 6).

We subsequently analysed the functional differences of
the DNs or BCs region between the lesions and perile-
sion in more detail. Based on the GO enrichment analysis
(Fig. 4C, D), the DNs and BCs regions exhibited shared
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Fig. 4 Differences in the lesions and perilesion in human FCD lib. (A) The regions of perilesion and lesions were identified and visualized by using UMAP.
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functional modules, regulation of cell morphogenesis and
developmental growth (i.e., GO:0008360, regulation of
cell shape; GO:0032535, regulation of cellular component
size; and GO:0060560, developmental growth involved
in morphogenesis). Similarly, the differentially expressed
genes in the DNs region were enriched in Autophagy
(i.e, GO:0016236, macroautophagy; GO:0010506,
regulation of autophagy; GO:0016241, regulation of

macroautophagy; and GO:0061684, chaperone-mediated
autophagy) and Potential (i.e., GO:0042391, regulation of
membrane potential; and GO:0098656, anion transmem-
brane transport). Several functional modules were identi-
fied in the BCs region (Fig. 4D), including Inflammatory
response (i.e., GO:0150076, neuroinflammatory response;
G0:0002269, leukocyte activation involved in inflamma-
tory response; and GO:0002282, microglial cell activation
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involved in immune response, etc.), Complement acti-
vation (i.e.,, GO:0006956, complement activation; and
GO0:0030449, regulation of complement activation),
Reactive oxygen metabolize (i.e., GO:0072593, reactive
oxygen species; and GO:2000377, regulation of reactive
oxygen species metabolic process), and Neural precursor
cell proliferation (i.e., GO:0061351, neural precursor cell
proliferation; and GO:2000177, regulation of neural pre-
cursor cell proliferation).

Immunohistochemistry provides protein visualization of
the DNs and BCs regions

To understand gene functional enrichment in the DNs
and BCs regions of FCD IIb, we performed immunohis-
tochemical staining for representative genes that encoded
for proteins in the mTOR signalling pathway, autophagy,
the ubiquitin-proteasome system, inflammatory response
and complement activation.

Activation of the mTOR pathway has been linked to
the cytopathology of FCD. As expected, genes involved
in the mTOR signalling pathway, such as PIK3R3, AKT3
and RHEB, were mainly enriched in the DNs region.
We also detected phosphorylated ribosomal S6 pro-
tein (pS6) expression via immunohistochemistry (IHC).
DNs showed a striking cytoplasmic labelling pattern
with the pS6 marker, whereas BCs also showed pS6

A
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immunopositivity but were less intensely labelled than
the DNs, thus providing evidence for mTOR pathway
activation in FCD IIb.

Autophagy dysregulation is partially dependent on
mTOR pathway activation. Genes associated with
autophagy were mostly expressed in the neuronal
regions, not specific to the DNs region in the transcrip-
tome level. Then, we examined the expression of p62, the
critical component of the autophagy pathway, in FCD.
Prominent cytoplasmic accumulation of p62 protein in
the DNs and a proportion of BCs indicated an abnormal-
ity of autophagy in FCD II b (Fig. 5B).

The ubiquitin proteasome system (UPS), which is
essential for removing abnormal proteins, cooperates
with autophagy to maintain macromolecular homeo-
stasis. Genes involved in the UPS that were mostly spe-
cific to the DNs region, such as UCHLI, HSP90ABI,
FBXW7, PSMDS8, UBR3, UBE2K, FBX044, RAD23B,
PSMCé6, PSMD2, PSMB3, USP5, UBQLN1, and PSMD13
(Fig. 2F). UCHL1 is a multifunctional protein expressed
in neurons in the brain [30]. We found that UCHL1 is
mainly expressed in neurons of mMCD (Supplementary
Fig. 10), but significantly aggregates in the cytoplasm of
DNs (Fig. 5B), thus suggesting dysregulation of the UPS
in FCD IIb, which may contribute to the occurrence of
abnormal cell morphology.

Fig.5 Immunohistochemical staining for representative proteins in FCD IIb. (A) Left, macroscopic HE image of a case (lesion-1) with identification of the
DNs region and BCs region. The white line represents the virtual border between the cortical and white matter regions. Right, microscopically, dysmorphic
neurons (DNs) and balloon cells (BCs) and relevant markers, including positive pS6 immunostaining for both, positive Nestin immunoreactivity for BCs,
and strong SMI-32 immunoreactivity for DNs. (B) Positive p62 immunostaining in the DNs (arrow), BCs (arrowhead) and neurons (triangle) were observed.
UCHL1 staining confirming cytoplasmic labelling in the DNs. However, frequent cytoplasmic labelling of C3 and CLU proteins were observed in the BCs
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Additionally, to identify whether the products of the
inflammatory response and complement activation are
deposited in the BCs region, we performed immuno-
histochemical staining for complement C3 (C3) and the
complement cascade inhibitor clusterin (CLU). C3 and
CLU were expressed in astrocytes of mMCD (Supple-
mentary Fig. 10), but showing a striking cytoplasmic
labelling pattern in the BCs (Fig. 5B), indicating existence
of inflammatory and anti-inflammatory factors co-regu-
lates the immune inflammatory network in the brain tis-
sues of FCD IIb.

Discussion
Spatial Transcriptomics has provided a new paradigm
for understanding FCD. We generated a large dataset of
transcriptional changes in the human FCD IIb brain tis-
sues by ST technology. Herein, we focused on the tran-
scriptomic changes in cytoarchitectural abnormalities
of FCD, including the DNs and BCs regions. To be pre-
cise, the DNs region (Cluster 0) and BCs region (Clus-
ter 3) represent the intercellular microenvironment of a
specific region that mainly contains the DNs and BCs.
The data bring together several pathways that have been
implicated separately in FCD IIb. We found that the DNs
region in FCD IIb was mainly associated with the mTOR
signalling pathway, autophagy, and the ubiquitin-prote-
asome system, particularly may be involved in epileptic
discharge via regulating membrane potential. Moreover,
we also identified that the inflammatory response and
complement activation may play a role in the BCs region.
Intrinsic epileptogenicity has been reported in FCDs.
Several studies have attempted to define electrophysio-
logical abnormalities in FCD, indicating that the primary
driving force for these pathological discharges is GAB-
Aergic rather than glutamatergic transmission [5, 10].
Our previous research has indicated that altered GAB-
Aergic inhibitory action, partially attributed to imbal-
anced function of NKCC1/KCC2 by affecting chloride
ion homeostasis in neurons, contributes to epileptogen-
esis in FCDs [28]. Furthermore, GABA receptor signal-
ling persistence in the immature CNS may conduce to
hyperexcitability within FCD IIb, especially GABA,
receptors [5, 16, 53], and spontaneous postsynaptic cur-
rents are displayed by neurons rather than BCs and inter-
mediate cells [10]. Our study found that GABA, gated
chloride ion channel activity-related genes, including
GABRD (gamma aminobutyric acid type A receptor sub-
unit delta), GABRB3 (gamma aminobutyric acid type A
receptor subunit beta3), GABRA4 (gamma aminobutyric
acid type A receptor subunit alpha4) and GABARAPLI
(GABAA type A receptor associated protein like 1), were
mainly expressed in the DNs region (Fig. 2E). In addi-
tion, we observed that the gene GABRD, which is respon-
sible for persistent tonic inhibition and is abundantly
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expressed at extrasynaptic locations in the hippocampus,
amygdala, neocortex, thalamus, hypothalamus and cer-
ebellum, here, was highly expressed in the DNs region.
However, the function and mechanism of GABRD in
FCD IIb are still unclear. An analysis of targeted gene
sequencing in patients with neurodevelopmental disor-
ders and epilepsy concluded that GABRD variants are
unlikely to be associated with epilepsy [20]. In contrast,
recent studies have indicated that the gain-of-function
variants in GABRD (such as increased receptor activity)
demonstrated a novel pathway that causes severe neuro-
developmental disorder and leads to generalized epilepsy
[1]. Moreover, YWHAH, SNAP25 and NSF were also
highly expressed at the DNs region and closely related to
the function of regulating membrane potential. YWHAG
regulates the Na+current to affect cell membrane poten-
tial, and its variants have been reported to cause devel-
opmental and epileptic encephalopathy or autism [50].
SNAP25 is a member of the SNARE complex for neu-
rotransmitter release. Recent studies have reported that
SNAP25 mutations give rise to developmental and epi-
leptic encephalopathies [2]. NSF may affect spontaneous
network excitation in epilepsy by controlling transmitter
release at the presynaptic side or directing specific recep-
tor compounds into the postsynaptic membrane [19].
Our results further indicated that DNs may generate or
sustain epileptiform activity via regulating membrane
potential at the transcriptome level.

Growing evidence suggests that brain somatic gene
mutations are frequently detected in type II FCD foci,
and most genes belong to the mTOR pathway (PTEN,
PIK3CA, TSC1/TSC2, NPRL2, NPRL3 and DEPDCS) [4,
17, 27, 41], although the variant allelic fraction (VAF) is
low (often<5%). Additionally, our previous study identi-
fied frequent MTOR mutations in the cell-rich FCD IIb
phenotype, which is clinically characterized by a non-
temporal location and large lesion volume [47]. Brain
somatic mosaicism can lead to aberrant activation of
mTOR kinase, thus resulting in brain malformations.
Therefore, this could serve as a crucial pathogenic mech-
anism leading to intractable epilepsy [25, 35, 44]. In our
series, we found that several genes in the DNs region
were involved in the mTOR signalling pathway via KEGG
functional enrichment analysis. In addition, pS6, the
robust biomarker for mTOR signalling pathway activa-
tion [15], showed remarkable immunoreactivity in both
DNs and BCs, providing a clue for mTOR cascade activa-
tion in FCD IIb, which is consistent with the published
literature [3, 15, 23]. Moreover, autophagy is impacted by
mTOR, and the activation of the amino acid-responsive
MTOR kinase complex is a key signal for autophagosome
inhibition by phosphorylating Atgl3 and ULKs [33].
Autophagy is a catabolic pathway that plays a housekeep-
ing role in removing misfolded or aggregated proteins
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and for clearing damaged organelles [31]. We identified
one of the major functional modules based on the GO
enrichment analysis, such as Autophagy on the DNs
region, including autophagosome organization, macro-
autophagy, regulation of macroautophagy, and regula-
tion of autophagy. Also, the accumulation of p62 protein
in DNs and a proportion of BCs indicated an inhibition
of autophagy in FCD IIb. Overall, we hypothesized that
aberrant autophagy plays a key role in epilepsy by two
mechanisms of action: (1) via accumulation of misfolded
or aggregated proteins contributing to the occurrence of
abnormal cell morphology in FCD, and (2) possibly via
enhancing anomalous axon plasticity, synaptic remodel-
ling and, ultimately, the formation of epileptic networks
[14].

The other cellular quality control pathway is the
ubiquitin-proteasome system (UPS), which specifically
degrades ubiquitin-labelled proteins [38]. The UPS con-
sists of ubiquitin (Ub), ubiquitin-activating enzyme (E1),
ubiquitin-conjugating enzyme (E2), ubiquitin protein
ligase (E3), the 26 S proteasome and deubiquitinating
enzymes (DUBs). The genes related to the UPS in our
series were enriched in the neuronal region and were
especially expressed in the DNs region. Among them,
UCHLI, which possesses both ubiquitin E3 ligase and
hydrolase activities, was highly expressed in the DNs
region. Dysregulation of the UCHL1 has been implicated
in numerous diseases, including Alzheimer’s disease
(AD), Parkinson’s disease (PD) and epilepsy [30, 39]. Inhi-
bition of UCHLI activity significantly increased concen-
trations of amyloid {3, whereas overexpression of UCHL1
decreased amyloid P levels and delayed AD progression
[51]. Moreover, s-nitrosylation of UCHL1 induces struc-
tural instability and promotes a-synuclein aggregation in
Lewy bodies [24], demonstrating that UCHL1 plays criti-
cal roles in PD pathogenesis. A previous study noted that
UCHL1 concentrations in CSF and plasma were signifi-
cantly higher in patients with recurrent seizures than in
those after one or two seizures and in controls [32]. This
suggested that UCHL1 may become a biomarker of epi-
leptogenesis. However, the function of UCHL1 in FCD
IIb is still unclear and requires further research.

Recent studies have illustrated that inflammatory
changes may facilitate epileptogenesis [13, 40, 45]. Wu et
al. demonstrated that the upregulation of the HMGB1-
TLR4 inflammatory pathway in FCD type II lesions,
e.g., TLR4, IL-1f and TNF-a [52], thus indicating that
inflammation may cause seizures in FCD. In our cohort,
differential expression analysis further revealed intense
expression of components of the inflammatory response
(e.g., SERPINA3) and complement activation (e.g., C3
and CLU) in the BCs region compared with the other
regions, particularly in lesions compared with the perile-
sion of FCD IIb. Similar to previous studies, upregulation
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of markers involved in neuroinflammation was found
in the BCs and the surrounding environment, such as
SERPINA3, SPARC, and CHI3LI [26], etc. Our findings
suggest that neuroinflammation may be an important
mechanism that contributes to the pathogenesis and epi-
leptogenesis of FCD lesions. In addition, Aronica et al.
also indicated stronger upregulation of complement fac-
tors in FCD II b, such as early complement factors C1—
C4; in particular, zones rich in malformed cells displayed
stronger Clq and C3d reactivity than the surrounding
region [54]. They concluded that BCs are crucial drivers
of inflammation in FCD II b, and our data also showed
similar results. In the brain, CLU is largely produced by
astrocytes [12, 49] but is mainly expressed in the BCs
in our results. As a complement inhibitor, CLU was
reported to reduce brain inflammation by targeting the
vasculature [18], although other mechanisms are prob-
ably also involved. Moreover, neurons cocultured with
CLU-overexpressing astrocytes displayed enhanced
excitatory neurotransmission [12]. Hence, the function of
CLU in FCD IIb possibly involves reducing inflammation
or promoting excitatory synaptic transmission or other
mechanisms, which requires further research. Overall,
our results suggested that the BCs region in FCD IIb dis-
plays prominent neuroinflammation and complement
system activation.

In this study, we provide a spatial map of human FCD
IIb by using the recent ST technology, which contrib-
uted to the understanding of the tissue distribution of
the main abnormal cell populations (DNs and BCs) that
characterize this epileptogenic lesion. Furthermore, our
combined analyses suggest that the DNs region may be
involved in epileptic discharge to cause epileptogenesis
by regulating membrane potential, accompanied by dys-
regulation of the mTOR signalling pathway, autophagy,
and the ubiquitin-proteasome system. These pathways
may contribute to cellular proliferation, accumulation of
misfolded or aggregated proteins, leading to the occur-
rence of abnormal cell morphology. Moreover, despite
the variability, the BCs region may promote neuroinflam-
mation and complement activation in FCD IIb lesions,
further facilitate epileptogenesis. Due to the lack of sin-
gle-cell RNA sequencing data and functional ex vivo data,
different cell subtypes could not be accurately assorted,
and some molecules or pathway effects in FCD IIb could
not be verified, which remain to be explored deeply in
detail.
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