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Focal cortical dysplasia type Il (FCDII) is a major cause of drug-resistant epi-
lepsy, but genetic factors explain only some cases, suggesting other
mechanisms. In this study, we conduct a molecular analysis of brain lesions
and adjacent areas in FCDIIb patients. By analyzing over 217,506 single-nucleus
transcriptional profiles from 15 individuals, we find significant changes in
smooth muscle cells (SMCs) and astrocytes. We identify abnormal vascular
malformations and a unique type of SMC that we call “Firework cells”, which
migrate from blood vessels into the brain parenchyma and associate with VIM*
cells. These abnormalities create localized ischemic-hypoxic (I/H) micro-
environments, as confirmed by clinical data, further impairing astrocyte
function, activating the HIF-la/mTOR/S6 pathway, and causing neuronal loss.
Using zebrafish models, we demonstrate that vascular abnormalities resulting
in I/H environments promote seizures. Our results highlight vascular mal-
formations as a factor in FCDIIb pathogenesis, suggesting potential ther-
apeutic avenues.

Focal cortical dysplasia (FCD) represents the congenital malforma-
tions of the cerebral neocortex, recognized as the most commonly
resected epileptogenic lesions in children and the third most com-
mon in adults’. FCD encompasses a wide spectrum of cortical
development malformations and is the leading cause of drug-
resistant focal epilepsy requiring surgical intervention’. These
lesions exhibit diverse histopathological abnormalities, complicating
their diagnosis and treatment’. According to the International

League Against Epilepsy, FCD is classified into three main types: FCDI
involves isolated cortical layering abnormalities; FCDII includes
abnormalities in cortical architecture with cytomegalic dysmorphic
neurons (CDNs) and balloon cells (BCs); and FCDIII features cortical
layering abnormalities associated with other lesions*°. Among these,
FCDII is the most prevalent subtype, characterized by disrupted
cortical organization and abnormal neuronal development’. It is
further divided into FCDIIa, which presents with dysmorphic neurons
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only, and FCDIIb, which is marked by both CDN/BCs expressing both
neuronal and glial proteins®.

The diversity and complexity of FCD make their pathogenesis
challenging to fully elucidate’. Currently, the best-characterized
etiology of FCDII malformations involves somatic variants in the
mTOR pathway (e.g., TSC2, AKT3, MTOR, DEPDCS, NPRL3), which are
considered a hallmark of these lesions'®". Hyperactivation of the
mTOR pathway is frequently observed in FCDII, as evidenced by the
pronounced activity of phosphorylated S6 in immunohistochem-
istry staining of the lesion neocortex'2. However, the mutational
status of mTOR signaling is heterogeneous, both at the cellular and
individual levels. For example, FCDII lesions are histologically
characterized by the presence of CDN/BCs, which originate from
distinct progenitor pools™**, Moreover, FCDII can occur in various
regions of the brain neocortex, though it is most commonly found
in the frontal lobes™'. These features of FCDII are not fully
explained by the existing mTOR mutation theory, and genetic var-
iations in mTOR signaling account for the pathogenesis of less than
50% of FCDII cases”. Therefore, a more detailed understanding of
the cellular and molecular mechanisms contributing to FCD
pathogenesis is crucial.

In this study, we employed single-nucleus RNA sequencing
(snRNA-seq) to investigate cellular and molecular alterations in FCDIIb
using samples from 15 patients across the prefrontal, temporal, and
parietal neocortex. Pathological examination revealed pronounced
vascular malformations and a distinct type of abnormal SMCs, termed
‘Firework cells’ (FCs), which had migrated into the brain parenchyma.
These vascular abnormalities impair vessel function, creating
ischemic-hypoxic (I/H) microenvironments that upregulate the HIF-1o/
mTOR/S6 pathway, disrupting neuronal and astrocyte activity and
leading to neuronal loss. Additionally, zebrafish models confirmed that
these I/H microenvironments can promote seizure activity. Our find-
ings uncover cellular features of FCD, potentially aiding in diagnosis
and treatment.

Results

Transcriptomic and cellular alternations in FCDIIb

To systematically investigate the cellular and molecular pathways
underlying the etiology of FCDIIb, we performed unbiased snRNA-seq
on 15 pairs of lesions and adjacent neocortical brain tissues from
clinical cases. These samples included regions from 26 left prefrontal
lobes, 2 temporal lobes, and 2 parietal lobes (Fig. 1a and Supplemen-
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Fig. 1| Overview of cell types in the Neocortex of FCDIIb Patients. a Schematic
representation of experimental workflow of droplet-based snRNA-seq on FCDIIb
neocortex biopsies using 10X genomics. A total of 15 pairs of lesion/adjacent brain
neocortex samples were obtained from 15 FCDIIb patients. Red dots indicate the
lesion sites. b UMAP visualization of snRNA-seq transcriptomic profiles from (a),
showing the overall annotation of 24 major cell types. Different colors represent
distinct cell types. IN interneuron, PN projection neuron, GC glial cell, VC vascu-
lature cell, AST astrocyte, Olig oligodendrocyte, OPC oligodendrocyte precursor
cell, SMC smooth muscle cell, EC endothelial cell; Micro microglia. ¢ Dot plot
illustrating the expression patterns of marker genes of Micro, EC, AST, OPC, Olig,
and other cell types. Dot size represents the percentage of cells expressing each

gene in the indicated clusters, and color intensity reflects normalized expression
levels. Clusters correspond to those in (b). d Descriptive statistics of the nucleus
counts were obtained for each cluster in (b). The Cellular composition of the FCDIIb
neocortex mainly consists of GC, PN, IN, and VC, closely resembling the normal
neocortex™. e Percentage of nuclei in each cluster in the snRNA-seq data. Lesion/
Adjacent: lesion/adjacent neocortex of FCDIIb. n =15. Data are presented as median
(center line) with interquartile range (Q1-Q3, interquartile range, IQR), extending to
+1.5xIQR from the box edges. P-value by two-tailed Wilcoxon matched-pairs signed
rank test. Source data is provided as a Source Data file. f The AUC value from cell
type prioritization analysis (CTPA) for each cluster. The Augur R package was used
for CTPA, comparing lesion vs. adjacent conditions.
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tary Data 1). The obtained snRNA-seq expression matrix underwent a
rigorous quality control protocol, including 1) in silico correction for
the potential ambient RNA contamination, 2) exclusion of cells with
high mitochondrial gene expression (<10% expression abundance), 3)
filtering out cells with excessively low or high UMI counts (500-8000 in
feature gene), etc (Supplementary Fig. la-c, 2a). Although the cell
calling curve suggests that the quality of the S30 sample is relatively
low, the overall sequencing quality remains acceptable (Supplemen-
tary Fig. 2a). Caglayan et al."*" highlighted that snRNA-seq data from
the brain neocortex can be significantly affected by ambient RNA
contamination (characterized by low MALATI expression), which leads
to distorted cell type annotations. In our dataset, all cells and samples
demonstrated relatively balanced and acceptable MALATI expression
levels and ambient RNA contamination scores (Supplementary
Figs. 2b, 3a). After these quality control steps, we finally obtained
217,506 single-nucleus transcriptional profiles, comprising 112,321
nuclei from adjacent neocortex and 105,185 nuclei from lesion sites
(Fig. 1b and Supplementary Data 2). Overall, the cells from both adja-
cent and lesion neocortex regions exhibited comparable high-quality
metrics, with an average of 3202 detected genes in adjacent sites and
3023 in lesion sites (Supplementary Data 2).

Leveraging independent postnatal human neocortex snRNA-seq
datasets'”*?, we annotated the unsupervised clusters, totaling over
150, using a reference-based algorithm implemented in the Clustifyr R
package?, followed by manual correction of inconsistent or ambig-
uous clusters based on feature markers and enriched pathways (Fig. 1b
and Supplementary Data 3, 4). This approach categorized the cells into
24 major clusters, including 7 projection neuron clusters, 5 inter-
neuron clusters, 9 glial cell clusters, and 3 vascular cell clusters
(Fig. 1b, ¢). The resulting neuron-to-glia ratio was approximately 1:1.7%*,
with neurons constituting 34.8%, glial cells 60.6%, and vascular cells
4.5% of the total cell population (Fig. 1c). All cell types displayed
balanced and satisfactory quality metrics regarding mitochondrial
gene content, UMI count, and ambient RNA abundance (Supplemen-
tary Fig. 3b)"®. Despite the overall high quality, we observed con-
siderable variability within an acceptable range in the number of each
cell type among individuals (Supplementary Fig. 3¢), which may be
attributed to the heterogeneous structure of the neocortex in FCDIIb
patients or technical factors. Similar variations in cell cluster numbers
have been reported in other studies®. Importantly, cell types from
both lesion and adjacent regions were accurately identified using
established markers and exhibited similar distributions in cell numbers
(Fig. 1c, d), underscoring their overall comparability.

Comparative analysis of cell type abundance between the lesion
and adjacent neocortex revealed significant differences particularly in
SMCs, endothelial cells, pericytes, and astrocytes (Fig. 1e). To further
assess the contribution of each cell type to the pathogenesis of FCDIIb,
we conducted cell type prioritization analysis using the Augur R
package®. This analysis assigns an area under the receiver operating
characteristic curve (AUC) value to each cell type to estimate overall
variation between conditions, in this case, lesion versus adjacent
neocortex. Interestingly, astrocytes and SMCs exhibited the highest
AUC values, indicating the most significant transcriptomic variations
between the lesion and adjacent regions (Fig. 1f). Collectively, this
comprehensive dataset provides valuable insights into the molecular
and cellular manifestations of FCDIIb, offering a robust resource for
further exploration of its pathogenesis.

Vascular aberration as a dominant feature of the neocortex in
FCDIIb llesions

Given the complexity and heterogeneity of the human brain neo-
cortex, we performed multi-dimensional scaling (MDS) analysis on our
snRNA-seq dataset to assess the impact of potential confounding
factors, such as neocortex region and age. We found that the variations

sourced from these factors were minor (Supplementary Fig. 4a).
Additionally, the relative proportions of identified clusters showed
significant variation but no distinguishable difference among neo-
cortex regions (Supplementary Fig. 4b), suggesting that these factors
can be considered negligible. Consequently, we conducted differential
state (DS) analysis to identify cell-type-specific differentially expressed
genes (DEGs) in response to FCDIIb (lesion vs. adjacent) using the
Muscat R package?”. Glial and vascular cells, such as astrocytes and
SMCs, exhibited significant aberrations under clinical conditions in DS
analysis (llog2fold change |> 1.5, p-value <0.05), some of which are
epilepsy-associated genes in GWAS studies®® (Fig. 2a, Supplementary
Fig. 4c and Supplementary Data 5). Functional enrichment analysis of
these DEGs revealed alterations in SMCs related to cell migration,
mechanoreceptor differentiation, etc (Fig. 2b and Supplementary
Data 6). In astrocytes, aberrations were frequently observed in path-
ways involved in blood vessel development/morphogenesis, vascu-
lature development, and neuron projection (Supplementary Data 6).
These findings suggest potential roles for non-neuronal cells in the
pathogenesis of FCDIIb.

Next, we evaluated the relationship between cell clusters and
disease using a gene set variation analysis (GSVA)-based differential
pathway analysis, utilizing well-defined disease/phenotype-related
gene sets from DisGeNet (http://www.disgenet.org), Disease Ontology
(DO, https://disease-ontology.org), Human Phenotype Ontology (HPO,
https://hpo.jax.org), and other sources?**. SMCs were significantly
associated with 55 nervous system diseases and 16 mental disorders,
accounting for 7.5% of all disease-associated terms in DisGeNet (Fig. 2¢c
and Supplementary Data 7). Meanwhile, pathways associated with
seizures and epilepsy were also significantly altered in vascular cells,
including SMCs (25), pericytes (15), endothelial cells (13), and astro-
cytes (24) (Fig. 2d and Supplementary Data 8). Similarly, 6.3% and 2.9%
of differentially expressed pathways (DEPs) in astrocytes were asso-
ciated with these two categories of diseases, respectively (Supple-
mentary Data 7). Additionally, astrocytes were linked to abnormalities
in nervous system morphology (e.g., cerebellar cortex, brain, neu-
rons), vascular degeneration, and abnormal blood vessel morphology
(Supplementary Data 7). Together with DEG-based analysis, all these
findings strongly suggest that aberrations in vascular cells and astro-
cytes may be linked to FCDIIb.

To gain a deeper understanding of the molecular events dis-
rupted in the lesion neocortex, we performed GSVA to identify sig-
naling pathways whose alterations may underlie the etiology of
FCDIIb. The number of DEPs was fairly consistent across clusters
(Supplementary Fig. 4d and Supplementary Data 9). Notably, astro-
cytes and endothelial cells exhibited alterations in signaling path-
ways associated with cellular responses to vascular endothelial
growth factor stimulus, positive regulation of vasculogenesis, vas-
cular endothelial cell proliferation, and vasculature development
(Supplementary Data 9). Additionally, hypoxia-related pathways
were significantly modified in almost all cell types, highlighting
changes in vascular functions or oxygen supply in the neocortex of
FCDIIb (Supplementary Data 9). These results suggest that various
vascular abnormalities may be present in the neocortex of FCDIIb
lesions. Consistent with these findings, Hematoxylin-Eosin (HE)
staining revealed a much higher frequency of vascular system mal-
formations, including endothelial cell proliferation, vessel thicken-
ing, infarction, and fibrosis in the FCDIIb and FCDIIb with mTOR
variants lesion neocortex sections (Fig. 2e and Supplementary
Fig. 4e). Consistently, Western blotting results also indicated that the
expression level of SMC markers (e.g. TAGLN) was aberrantly altered,
being associated with CDN/BCs marker (VIM) (Supplementary
Fig. 4f). Collectively, these results demonstrate that molecular and
morphological alterations in vascular cells are key features of the
FCDIIb lesion neocortex.
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Fig. 2 | Vasculature aberration is a dominant feature of the neocortex of the
FCDIIb lesions. a Differentially expressed genes (DEGs) in each cluster when
comparing lesion and adjacent neocortex. DEGs were identified by differential state
analysis, with a cutoff of [log2 fold change | >1.5 and P-value < 0.05. P-value was
defined by the limma-voom-based method using the Muscat R package. IN inter-
neuron, PN projection neuron, GC glial cell, VC vasculature cell. b Top 20 of DEG-
based enriched gene ontology (GO) terms of SMCs. DEGs from (a) were used for
enrichment analysis with a cutoff p-value < 0.05. P-value was defined by the
Hypergeometric test using the Gprofiler2 R package. ¢ Statistics of SMC-related
human diseases. Significant terms were defined by pathway-based differential
analysis based on the Empirical Bayes method using the Limma R package, with a

ssel infarction

cutoff of p-value < 0.01. The pathway enrichment score for DisGeNet gene sets was
calculated using the GSVA algorithm. d Differentially expressed pathways (DEPs) in
clusters from Fig. 1b using seizure/epilepsy-related gene sets. The GSVA algorithm
was employed to transform the pseudo-bulk expression matrix into a pathway
matrix. DEPs were identified using the Limma R package with a cutoff p-value <
0.05. The heatmap indicates the total number of DEPs. DEPs were defined by the
Empirical Bayes method using the Limma R package. e Representative histological
features of neocortexes as determined by HE staining. Each experiment was repe-
ated independently 3 times. Normal/Lesion; adjacent/lesion neocortex of FCDIIb;
arrows indicate typical features; scale bar, 50 pm.

Firework cells: abnormal SMCs in FCDIIb lesions
SnRNA-seq and HE staining results revealed that vascular malforma-
tion is a prominent pathological feature of FCDIIb, particularly in the
SMCs. In molecular ontology, we observed that a large number of
altered pathways in SMCs were significantly associated with abnormal
cell morphology, cell differentiation, cytoskeleton, migration, etc
(Supplementary Fig. 5a and Supplementary Data 10). To confirm our
analysis results, we re-analyzed the bulk RNA sequencing data from the
FCDII neocortex using two independent algorithms: CIBERSORTx’
and Granulator®. Importantly, the percentage of SMCs in FCDII, par-
ticularly FCDIIb, was significantly higher than in the control neuroty-
pical neocortex (Supplementary Fig. 5b), consistent with our snRNA
sequencing results. Furthermore, we alignmented our data with other
4 PFC snRNA-seq data, and observed that a faction of the SMC popu-
lation was only enriched in FCDIIb cortexes (Supplementary Fig. 5¢).
To further investigate these vascular abnormalities, we performed
immunofluorescence (IF) staining for ACTA2 and PDGFA to visualize
the SMCs and vascular cells in the FCDIIb lesion brain tissues (Fig. 3a).
We observed a type of abnormal SMCs that migrated from blood
vessels into the brain parenchyma (Fig. 3a and Supplementary Fig. 5d).
These cells were characterized by extensive, fluffy processes

resembling firework-like patterns, and, therefore, we termed them
firework cells (FCs) (Fig. 3a and Supplementary Fig. 5d). We also
identified this type of abnormal SMCs in samples with mTOR variants
(Supplementary Fig. 6a-e). The phenotype of FCs probably is
explained by the pathway-level alterations of SMCs mentioned above
(Supplementary Fig. 5a). In spatial location, FCs are primarily scattered
around arterioles and show very few intersections with endothelial
cells (Fig. 3a), which, however, are unlike normal SMCs.

To ensure that FCs were not misidentified as astrocytes or neu-
rons, we performed IF staining using different SMC markers (ACTA2
and TAGLN) with well-established astrocyte (GFAP) or neuron (NeuN)
markers. In the staining images, we found no overlapping signals
between SMC and astrocyte/neuron markers (Fig. 3b). Anatomically,
SMCs are tightly wrapped around blood vessels in adjacent normal
brain neocortex, while astrocytes were positioned around the ves-
sels (Supplementary Fig. 5e), consistent with previous reports®™?
These results indicate the good specificity of our IF staining experi-
ments. We observed that both FCs and astrocytes extensively pro-
liferated in the lesion area of FCDIIb (Fig. 3b and Supplementary
Fig. 5d). More interestingly, numerous FCs were observed detaching
from the blood vessels and migrating into the brain parenchyma,
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Fig. 3 | Firework cell: abnormal SMCs in FCDIIb. a Inmunofluorescence (IF)
staining for PDGF (red)/ACTA2 (green) in lesion neocortex sections of FCDIIb
patients. The dashed square indicates a local magnification. Scale bar, 1and 0.1 mm.
b IF staining for GFAP (red), TAGLN (green), and ACTA2 (green) in neocortex
sections from FCDIIb patients and the paired adjacent neocortex. Scale bar,
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0.1 mm. ¢ Schematic model representing vascular system aberration in lesion
neocortex. SMCs detach from endothelial cells to form FCs, impairing the con-
tractile function of blood vessels and reducing oxygen supply. FC firework cell,
SMC smooth muscle cell.

leading to a reduction in normal SMCs on the vessels (Fig. 3a and
Supplementary Fig. 5d-g). In contrast, the morphology and number of
astrocytes surrounding the blood vessels in the lesion area showed no
significant changes compared to normal regions (Fig. 3b and Supple-
mentary Fig. Se-g). Meanwhile, IF staining of TAGLN also produced
similar results (Supplementary Fig. 5h). Besides, The quantification
shows that the diameter of FCs is approximately 260 pm, which is at
least 10 times larger than the 27 um diameter of astrocytes (Supple-
mentary Fig. 5i). All these findings demonstrate that FCs are distinct
from astrocytes and neurons. To explore the molecular cues that
might contribute to the aberrant morphology of FCs, we compared the
lesion and adjacent SMCs populations and found genes including
NR4A3, CTNNALI, and CRISPLD2 significantly upregulated in lesion
sites (Supplementary Fig. 5j). Additionally, overexpression of CTNNAL1
and CRISPLD2 induced slight morphological changes (including cell
spreading and the extension of axon-like tentacles) for cells (Supple-
mentary Fig. 5k), being reminiscent of the morphology of FCs.
Typically, SMCs encircle endothelial cells to regulate blood flow in
the brain neocortex, and morphological changes in these cells can lead
to functional impairments in various diseases, such as cerebral
ischemia®. In the lesion neocortex of FCDIIb, the occurrence of FCs
obviously impairs the function of blood vessels due to the loss of
normal SMCs. Indeed, we found extensive alterations of hypoxia-
related pathways among almost all cell types (Supplementary Data 9).
Therefore, the presence of FCs in the lesion neocortex may contribute
to localized inefficiencies in oxygen supply or create a hypoxic envir-
onment (Fig. 3c), representing another characteristic of FCDIIb.

Local ischemia-hypoxia: the pathogenic contribution of vas-
cular malformation

These results above suggest that FCDIIb patients may experience local
I/H microenvironments in the lesion brain areas due to vascular mal-
formations. Clinical imaging analysis of a large cohort of FCDIIb
patients using arterial spin labeling (ASL) perfusion and positron

emission tomography-computed tomography (PET-CT) MRI revealed
significantly reduced blood flow and low metabolic characteristics in
the lesion brain areas (Fig. 4a), typical features of cerebral ischemia.
These findings were consistent with those observed in samples with
mTOR variants (Supplementary Fig. 6f). To further validate the pre-
sence of I/H, we performed HIF-1a IF staining. This staining showed
that HIF-1a" cells scattered around FCs but not normal vessels (Fig. 4b).
Additionally, co-IF staining of HIF-lac and the FCDII marker VIM
revealed that many VIM® cells in the lesion neocortex highly expressed
HIF-1a (Fig. 4b). These findings collectively support the hypothesis that
severe vascular malformations in the FCDIIb lesion brain areas lead to
local I/H microenvironments.

The effects of such local I/H microenvironments in the lesion
neocortex are likely to 1) alter the activity of local astrocytes, thereby
disrupting neuronal function, or 2) directly impair neurons. DEP ana-
lysis indicated significant gene alterations in astrocytes, which are
closely associated with seizures and epilepsy (Fig. 2d and Supple-
mentary Data 8). In CTPA, astrocyte populations showed an AUC of
0.74 (Fig. 1f), indicating a notable distinction between lesions and
adjacent tissues. At the pathway level, signaling pathways associated
with astrocyte activation, such as Calcium, Cytokine-related, and JAK-
STAT signaling pathways, were notably altered in astrocytes® (Sup-
plementary Data 11), highlighting their significant activation changes.
Therefore, we also conducted IF staining against the astrocyte marker
GFAP. Interestingly, we found that astrocytes were unevenly dis-
tributed around blood vessels in an island-like pattern in FCDIIb
lesions, which we referred to as astrocytic island (Fig. 4c). However,
astrocytic islands were not present in adjacent neocortex sections
(Fig. 4c), suggesting different activation statuses of astrocytes
between the lesion and adjacent areas. These findings collectively
emphasize that the alteration of astrocyte activity or the occurrence of
astrocytic islands is another feature of FCDIIb.

Analysis of neuron numbers in FCDIIb lesion areas showed a sig-
nificant neuronal loss in FC' regions compared to normal areas, as
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Fig. 4 | Local ischemia-hypoxia: the pathogenic contribution of vascular mal-
formation. a Imaging presentations showing the lesion sites in FCDIIb patients.
MRI reveals focal cortical dysplasia, including cortical malformation, thickened
neocortex, and blurred gray and white matter interface. PET/MRI images show focal
hypometabolism in the lesion area. ASL perfusion MRI demonstrates a focal
decrease in cerebral blood flow in the lesion area. b Immunofluorescence (IF)
staining for CD31, ACTA2, VIM, and HIF-1a in the lesion and adjacent neocortex
sections of FCDIIb patients. The asterisk indicates HIF-1a" cells. Each experiment
was repeated independently 3 times. c IF staining for GFAP (green) and NeuN (red)
in neocortex sections of FCDIIb patients. GFAP-labeled astrocytes form a typical
astrocytic island (red dashed circle). The dashed square indicates a local magnifi-
cation. d IF staining for ACTA2 (green) and NeuN (red) for neocortex sections of
FCDIIb patients. The dashed square indicates a local magnification. The red dashed
curve indicates the boundary between the low and deep layers. e Statistical analysis
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of the impact of FCs presence on neuron count. The number of neurons in FC*
regions is significantly lower compared to FC™ regions. FC”*, FC negative/positive
region. The neuron number of 24 independent local sites (1x 1 mm?) was counted.
Data are presented as mean + SD. P-value < 0.0001 by two-sided Student’s ¢-test.
Source data is provided as a Source Data file. FC, firework cell. f IF staining for
ACTA2 (green) and VIM (red) in lesion neocortex sections of FCDIIb patients and
associated statistics. The dashed square indicates a local magnification. The red
dashed curve indicates the boundary between the lesion and adjacent areas.

g Statistical analysis of the impact of FCs presence on VIM'* cell count. Regions with
a higher number of FC" cells show a significantly greater number of VIM* cells
compared to regions with fewer FC* cells. The neuron number of 12 independent
local sites (2 x 2 mm?) was counted. Data are presented as mean + SD. P-value <
0.0001 by two-sided Mann-Whitney nonparametric test. Source data is provided as
a Source Data file. FC firework cell.

evidenced by IF staining of NeuN and ACTA2 (Fig. 4d, e). Meanwhile,
high VIM levels were also observed in FC* areas compared to normal
regions (Fig. 4f, g). Thus, vascular malformations causing I/H micro-
environments in FCDIIb lesions may represent a key pathological
mechanism underlying the development and progression of this
disorder.

Vascular malformation pathogenically contributes to seizure

Previous studies have identified somatic variants (e.g., TSC2, AKT3,
MTOR, etc) in the mTOR or related pathways in projective neurons
within the lesion neocortex'®. However, the activity of these pathways
was extensively altered in astrocytes, SMCs, and interneurons, in
addition to projective neurons (Supplementary Data 9). To validate
these findings, we performed IF staining for CD31 and phosphorylated
S6 (Fig. 5a). We found that pSé signals were frequently found in SMCs
and pericytes, which are also highly associated with the distance to
lesion sites in neocortex sections (Fig. 5a). More interestingly, IF

staining for ACTA2 and pSé6 revealed a strong association between the
distribution of FCs and pSé in FCDIIb lesion (Fig. 5b, ¢). This result was
similarly observed in samples from patients with mTOR var-
iants (Supplementary Fig. 6a—e). In Western blot analysis, pSé levels in
the lesion neocortex were significantly upregulated in FCDIIb patients,
showing a 2.3-fold increase compared to adjacent neocortex areas
(Fig. 5d). These data collectively elicit that vascular malformation is
tightly linked to mTOR activity.

Extensive research has shown that VIM* CDN/BCs are primarily a
category of projective neurons”. However, our study indicates that
they originate from diverse progenitor sources, including caudal
ganglionic eminences (SP8), medial ganglionic eminence (SOX6), and
cortical regions (CUX1 and CTIP2) (Supplementary Fig. 7a), incon-
sistent with previous observations"*, In theory, these findings can be
explained by activity aberration rather than only genetic mutations in
the mTOR pathway in FCDII, because the latter is limited to cell types
and spatial distribution in the context of the brain. To further explore
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Fig. 5 | Vascular malformation contributes to seizure pathogenesis.

a Immunofluorescence (IF) staining for CD31 and pSé6 for neocortex sections of
FCDIIb patients. The right panel shows a local magnification of the sections within
the dashed box. EC, endothelial cell. b, ¢ IF staining for ACTA2 and pSé (b) in lesion
neocortex sections from FCDIIb patients and corresponding statistics (c). The cell
number of 12 independent local sites (1 x 1 mm?) was counted. Data are presented as
mean = SD. P-value < 0.0001 by two-sided Mann-Whitney nonparametric test.
Source data is provided as a Source Data file. FC, firework cell. d Western blot
analysis of the indicated protein pS6 and S6 expression levels in the neocortex of
FCDIIb patients. Both lesion and paired adjacent neocortex samples were used.
pSé6: phosphorylated S6 protein. n=18. Data are presented as mean + SD.

P-value = 0.0039 by two-sided paired t-test. Mw, molecular weight. Source data is
provided as a Source Data file. e, f IF staining for ACTA2 and VIM (e) in lesion
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neocortex sections from FCDIIb patients and associated statistics (f). The cell
number of 54 independent local sites (1 x 1 mm?) was counted. P-value < 0.0001 of
linear regression by F-test; R, Pearson correlation coefficient. Source data is pro-
vided as a Source Data file. g Behavioral testing of the improvement in PTZ-induced
seizure activity in zebrafish treated with Semaxinib. PTZ pentylenetetrazole. n=24.
Data are presented as mean + SD. P-value by two-sided Mann-Whitney nonpara-
metric test. Source data is provided as a Source Data file. h Schematic model of how
vascular malformation contributes to seizure pathogenesis. In the lesion region,
these FCs fail to encircle endothelial cells as normal SMCs do, depleting the SMC
pool and impairing the contractility of vessels (including arteries and arterioles
SMC). This leads to the creation of a local hypoxia environment within the lesion
neocortex, which, along with mTOR activation, further disrupts astrocyte and
neuron functions. AST astrocyte, aSMC arteries SMC, aaSMC arterioles SMC.

whether elevated mTOR pathway activity is pathogenic in FCDIIb
lesions, we co-stained FCDIIb neocortex sections with pS6 and VIM.
Intriguingly, our results showed a partial overlap of pSé signals with a
strong association with VIM (Fig. Se, f), indicating that mTOR pathway
aberrations are pathogenic to both interneurons and projection neu-
rons in FCDIIb lesions (Supplementary Fig. 7b). Additionally, signaling
pathways related to action potentials, AMPA/glutamate receptors,
cation channels, and synaptic vesicles were significantly altered in
projection neurons (Supplementary Data 12), which is consistent with
changes in seizure-related pathways (Fig. 2a, b). To provide further
evidence of the pathological role of vascular abnormalities in FCDIIb,

we pre-treated zebrafish with Semaxinib, a VEGFR inhibitor that
induces vascular hypoplasia®. We observed that Semaxinib treatment
significantly exacerbated the pentylenetetrazole-induced seizure
phenotype in zebrafish models (Fig. 5g). Altogether, these findings
indicate that vascular malformation pathogenically contributes to
seizure.

Discussion

Extensive investigations have highlighted the heterogeneous nature of
FCD in both clinical features and molecular etiology, complicating the
understanding of their underlying pathogenesis. While single
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causative germline and somatic gene mutations in the mTOR signaling
pathway (e.g., MTOR, DEPDCS, and NPRL3) are frequently observed in
FCDIIb cases, they are rarely identified in FCD-I/II**°. Although Rapa-
mycin (a mTORCI inhibitor) is frequently used to reduce seizure fre-
quency in epileptic rodent models*, clinical outcomes with mTOR
inhibitors in treating FCD are suboptimal*’. Therefore, a broader per-
spective is necessary to systematically investigate the molecular events
involved in FCDII development. Our findings reveal that significant
aberrations in FCDIIb are primarily in the vascular system and glial
cells, particularly SMCs and astrocytes. HE staining revealed frequent
vascular malformations, such as endotheliocytosis and vessel thick-
ening, in FCDIIb cortices. IF staining identified a distinct type of
abnormal SMCs, termed FCs, which migrate from blood vessels into
the brain parenchyma. Notably, VIM" abnormal neurons and pSé6* cells
were associated with the distribution of these FCs in the lesion neo-
cortex. Collectively, these findings demonstrate that vascular aberra-
tions and FCs are critical features of FCDIIb.

A local hypoxic environment in the neocortex is well-recognized
as being closely linked to epilepsy, with neonatal hypoxic-ischemic
encephalopathy serving as a classic example®. Intracranial vascular
malformations, including cavernous hemangiomas, arteriovenous
malformations, developmental venous anomalies, and capillary tel-
angiectasias, are also significant causes of epilepsy****°. Consequently,
hemorrhage or ischemia resulting from these vascular malformations
within the brain is a major trigger for clinical seizure occurrences. Our
study integrates snRNA-seq results, pathological examinations, and IF
staining to underscore the critical role of vascular aberrations and FCs
in FCDIIb. Moreover, previous reports, such as those by Hildebrandt
et al. in 2008, have highlighted the presence of spongiform white
matter angiopathy in patients with chronic epilepsies, resembling our
observations in FCDII*. Additionally, recent studies by Shen et al. have
indicated elevated expression of vascular endothelial growth factor-C
and its receptors in epileptic lesions of patients with tuberous sclerosis
complex epilepsy*®. Collectively, these findings suggest that vascular
abnormalities leading to brain ischemia or hemorrhage may represent
an additional pathogenic mechanism of FCDII. Our observations of
reduced blood flow and hypometabolic states at the lesion sites of the
FCDIIb neocortex, along with typical glial proliferation, neuronal loss,
and upregulation of HIF-1a expression, support the hypothesis that I/H
microenvironments may serve as another pathogenic mechanism of
FCDIIb. Zebrafish models of vascular malformation further confirm
that these abnormalities can promote epilepsy. These insights under-
score the importance of understanding the vascular component in the
pathogenesis of FCDII and offer potential avenues for target ther-
apeutic interventions.

Mutations in mTOR pathway-related genes have been identified in
the FCDII lesion neocortex, particularly in CDN/BCs, which are now
considered mTORopathies****°. These mutations are believed to
induce the seizure phenotype in humans by increasing neuronal
excitability directly and disrupting cell migration in a non-cell-
autonomous manner, causing cortical dyslamination®. However,
CDN/BCs originate from distinct progenitor pools, and their low
detection frequency further indicates that there are additional
mechanisms of mTOR activation in FCDIIL. Hypoxia has been exten-
sively demonstrated as a critical cue to induce the activation of mTOR
signaling®. In the local field of the FCDIIb neocortex, vascular mal-
formation characterized by FCs, which fail to form rings around
endothelial cells like normal SMCs, detach from blood vessels, and
migrate into the brain parenchyma, exhausts the SMCs pool. This leads
to the loss of overall contractility in vessels and a local ischemia/
hypoxia environment. Consequently, this effect impacts surrounding
cells such as glial cells, vascular cells, and neurons in the lesion neo-
cortex, leading to alterations in mTOR signaling (Fig. 5h). Indeed, our
analysis revealed that mTOR signaling was significantly altered in the
vascular cells, neurons, and astrocyte. Consistently, IF staining also

showed a large number of mTOR-activated blood vessels, which were
also associated with the distribution of FCs in the lesion neocortex. In
IF staining for the FCDIIb lesion neocortex, VIM" abnormal neurons
were also associated with pSé* cells in distribution. Furthermore, the
number of neurons surrounding FCs was significantly reduced. These
observations suggest that vascular abnormalities are another con-
tributor to the aberration of mTOR signal activity in FCDIIb.

In conclusion, our study reveals that vascular system disorder-
induced hypoxia and mTOR activation may also provide a patholo-
gical mechanism for FCDIIb. Our study identifies vascular mal-
formation and FCs as other features or notable risk factors for
FCDIIb, emphasizing a promising approach to address this brain
developmental disorder.

Methods

Human brain samples

The collection of human brain samples was approved by the Ethical
Committee of the Children’s Hospital of Fudan University (IRB 2021-
77), and written informed consent was obtained from the patient’s
legal guardians or authorized representatives. The human brain sam-
ples used in this study were obtained from 35 patients diagnosed with
FCD, with ages ranging from O to 5 years. Clinical information and sex
details are provided in Supplementary Data 1. All patients underwent
surgical intervention following the identification of the epileptogenic
zone through electroclinical data and clinical imaging evaluations,
including structural MRI, Arterial Spin Labeling (ASL) MRI, and PET/
MRI. The lesion sites in the neocortex were accurately localized, and En
bloc resections were planned preoperatively to minimize the risk of
postsurgical deficits.

snRNA sequencing and data processing

Single nucleus 3’ gene expression profiling was performed by
Shanghai Applied Protein Technology Co. Ltd., (Shanghai, China)
using Chromium Next GEM Single Cell 3’ Kit v3.1 (10X Geno-
mics,1000268) and Chromium Next GEM Chip G Single Cell Kit (10X
Genomics, 1000120). The nucleus suspension was loaded onto the
Chromium single-cell controller (10X Genomics) to generate single-
cell gel beads in the emulsion according to the manufacturer’s pro-
tocol. Captured nuclei were lysed and the released RNA was bar-
coded through reverse transcription in individual GEMs. Cell-
barcoded 3’ gene expression libraries were sequenced on an lllu-
mina NovaSeq6000 system.

CellRanger software (v.4.0.0) (10X Genomics) was utilized for
aligning the clean reads to the Homo sapiens (assembly GRCh38.p14)
and gene counting with the default parameters, using the officially
prepared reference downloaded by https://cf.10xgenomics.com/
supp/cell-exp/refdata-gex-GRCh38-2020-A.tar.gz. To remove the
potential ambient RNA contamination, three independent algo-
rithms including Cellbender?, DecontX*, and SoupX** were
employed following their manual vignettes. Briefly, the alignment file
named “possorted_genome_bam” in the Cellranger output directory
was subjected to Cellbender, using a sub-command of remove-
background with parameters of --expected-cells 10000 and --epochs
100. Then, obtained filtered output files were further cleaned out
ambient RNA contamination in the R language platform using
packages of DecontX and SoupX following the default settings.
Meanwhile, doublets and multiplets in the data matrix were
predicted using DoubletFinder (https://github.com/chris-mcginnis-
ucsf/DoubletFinder) and scDblFinder (https://github.com/plger/
scDblFinder), and the intersection of two different predictions was
filtered out from the data matrix.

The obtained high-quality expression matrix was used to identify
different clusters and signature genes employing the famous R pack-
age Seurat (v4.1.1, https://satijalab.org/seurat/) following the official
tutorials, First, we filtered out the relatively high-quality single nuclei
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by a cut-off of 500-8000 feature genes and mitochondrial percent
<10%. After these filtering steps, 217,506 high-quality single-nuclei
transcriptional profiles were obtained, and the separated data matrix
of each neocortex sample was integrated using the R package Har-
mony (https://github.com/immunogenomics/harmony), a fast, sensi-
tive, and accurate integration algorithm for single-cell dataset™. After
reduction using top30 principal component in PCA, the integrated
dataset was represented using two-dimensional Uniform Manifold
Approximation and Projection (UMAP) space, and the un-supervised
clusters were identified sequentially using FindNeighbors and
FindClusters (at 1.0 resolution). For the biological annotation of each
cluster, R package Clustifyr (https://bioconductor.org/packages/
release/bioc/html/clustifyr.html) was used with 3 independent refer-
ences based on the expression matrix of Velmeshev et al.*®, Pfisterer
et al.”” and Yang et al.”” for neurons, glial cells, and vasculature cells,
respectively. Finally, the annotated clusters were manually refined
using the well-validated cell type markers and pathways, for instance,
inhibitory neuron types: GAD1/2, PVALB, SST, VIP, and SV2C; excitatory
neurons: SYT1, RBFOX3, CUX2, SATB2, RORB, and TLE4; glia cells:
SLC1A2, GAFP, PLP1, PDGFRA, and PTPRC; vascular cells: CLDNS.

Differential expression gene and pathway analysis

Cluster marker genes were identified using the FindAllmarkers func-
tion in Seurat with the Wilcoxon Rank Sum test, and parameter settings
of pct.1>0.6 and pct.2< 0.4 were used to filter, and all the obtained
markers were subjected to gene set enrichment to validate the cell
type annotation. To identify gene aberration in response to disease
status, we carried out pseudo-bulk RNA sequencing (RNA-seq) differ-
ential expression gene (DEG) analysis using an R package Muscat:
multi-sample multi-group scRNA-seq analysis tools™, which aggre-
gates single nucleus signals across cell type and clinical factors. DEGs
were considered based on the cutoff of absolute avg logFC >=1.5 and
p-value <0.05.

The metacell expression count matrix calculated by muscat of
each cluster was transformed to TPM (transcripts per million) matrix
using a function of count2tpm from the IOBR package (https://github.
com/IOBR/IOBR), which was further used to calculate pathway matrix
using the gsva function in the GSVA R package (https://www.
bioconductor.org/packages/release/bioc/html/GSVA.html) with gene
sets defined by the latest GO (Gene Ontology), KEGG (Kyoto Encyclo-
pedia of Genes and Genomes), Panther, PFOCR (Pathway Figure OCR),
Reactome, WikiPathways, Human MSigDB Collections, HPO (Human
Phenotype Ontology), etc. Differential expression pathway (DEP)
analysis were carried out for the pathway matrix of each cluster using
the limma R package (https://bioconductor.org/packages/release/
bioc/html/limma.html). DEPs were considered based on the cutoff of
p-value < 0.01. The significant terms in gene set enrichment analysis
were visualized using the ggplot2 R package (https://cran.r-project.
org/web/packages/ggplot2/index.html).

Western blotting (WB)

Fresh surgical brain tissues were lysed in 1x lysis buffer containing
50 mM Tris pH 6.8, 2% SDS, 0.025% bromophenol blue, 10% glycerol,
and 5% BME. Proteins were resolved by 7.5-10% sodium
dodecylsulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred to the PVDF membrane. Membranes were blocked with 5%
BSA/TBST or skim milk, and incubated with different primary anti-
bodies at 4 °C overnight (application information listed in Supple-
mentary Data 13). Then, washed (by TBST for 3 x 5 min) membranes
were probed using HRP-conjugated secondary antibodies. Finally,
membranes were developed using ECL substrates (Cat: 180-5001,
Tanon) on equipment of Tanon 5200 Chemiluminescence Image
Analysis System (Tanon, shanghai). If required, ImageJ software was
used to facilitate the quantification of protein bands.

Immunofluorescence (IF) staining

Fresh surgical brain tissues were washed with PBS three times, fol-
lowed by fixing in the 4% polyformaldehyde. Before cryosectioning
into 30 pm sections, brain tissues were dehydrated in a 30% sucrose
solution. IF staining was performed following a standard protocol®.
The sections were incubated with 0.05% Triton X-100 for 30 min and
then sealed with donkey serum blocking solution for 1 hour at room
temperature. After removing the blocking solution, sections were
incubated with primary antibodies overnight at 4 °C. The next day,
sections were washed with TBS 3 x5min, and incubated with sec-
ondary antibodies at room temperature for 2 h. Finally, the sections
were counterstained with DAPI before being sealed in the fluorescence
sealing medium. If required, ImageJ software was used to facilitate the
quantification of the fluorescence signal. The detailed information on
primary antibodies used in this study including FOXP1, FOXP2, SATB2,
CUX1, COUP-TFI1, NEUN, SPS, CR, PV, SOM, SOX6, VIM, GFAP, etc was
listed in Supplementary Data 13.

HE staining

Regarding histology, the excised tissues were preserved in 10% buf-
fered formalin, subsequently embedded in paraffin, and then sliced
into 5 pm-thick sections for hematoxylin and eosin staining.

Zebrafish PTZ-seizure model and behavioral analysis

The experiment was approved by the Ethical Committee of the Chil-
dren’s Hospital of Fudan University (IRB 2021-77). Larvae were exposed
to either the control group or the Semaxinib group (0.2 pM, a VEGFR
inhibitor that induces vascular hypoplasia) from 1 to 5 days post-
fertilization (dpf). At 5 dpf, antiseizure efficacy testing was
performed®. For the experiment, 1.5mL of 1x EM medium, in which
the larvae were housed, was added to 12-well plates. Twelve larvae
were placed at the center of each well. In the drug-treated group, larvae
were exposed to 3 mM PTZ for 10 minutes, while the control group was
treated without PTZ. Time-lapse imaging was used to monitor and
record larval movements within the wells over 10 min. Each experi-
mental group was tested in triplicate, with 10 wells per trial (n =40).

Statistics & reproducibility

All experiments subjected to statistical tests were repeated at least
three times, of which the detailed replications were specified in the
related figure legends. Data were randomly collected, without exclu-
sion. Statistical analyses were performed on GraphPad Prism9 (Boston,
USA). Unpaired Student’s ¢-test was employed for two-group com-
parison unless otherwise indicated. P-value < 0.05 was considered as
statistically significant.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The raw snRNA-seq data generated in this study have been deposited
in the database of Genome Sequence Archive for human maintained by
China National Center for Bioinformation under accession code
HRAO010445. Source data are provided with this paper.
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