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Abstract

The pial-glial membrane is a specialised interface which maintains separation between the brain
parenchyma and cerebrospinal fluid, limiting immune cell entry into the brain. This structure is
comprised of two dominant cell types, leptomeningeal cells and astrocytes, separated by a shared
basement membrane. Despite its importance, there are few in vitro models which examine this brain
border. This study comprehensively examines a leptomeningeal-astrocyte co-culture model through
transcriptomic profiling, functional barrier assessment, and protein expression. Co-culture generates
distinct, interaction-mode-dependent transcriptional states. Functional barrier assessment reveal that
astrocytes are essential modulators of leptomeningeal cell barrier functions, significantly increasing
transendothelial resistance while maintaining physiological permeability. Protein validation highlights
challenges in identifying leptomeningeal markers in vitro, with all markers detected in adult human
meningeal tissue including BMP5 and NGFR. Collectively, these findings establish a foundational model
for dissecting pial-glial interactions, defining the global transcriptional reprogramming elicited by co-
culture, and advancing mechanistic understanding of barrier function.

Introduction

The interface between the brain parenchyma and the meninges, also referred to as the pial-glial
membrane, is formed by two closely apposed cellular layers: leptomeningeal cells of the pia mater and
the astrocytic glia limitans (1, 2).

The pial-glial membrane forms the final critical defence protecting the brain from external insults (3, 4).
The pia mater and glia limitans are permeable barriers, preventing the entry of immune cells such as T-
cells into the brain (2, 3, 5). Furthermore, it also acts as a barrier to neurite growth, separating the brain
parenchyma from the external cerebrospinal fluid (6—8). Damage to this interface can also lead to
significant impacts in cortical development (8) and worsen outcomes in traumatic brain injury (9).
Despite these essential roles, major questions remain unanswered regarding the barrier properties of
leptomeningeal cells, the functional relevance of transcriptionally distinct leptomeningeal cell
populations (10, 11), and the influence of astrocytes on the leptomeningeal cells (12). Although rodent
studies have provided foundational insight on this brain interface (2, 5), interspecies differences in
anatomy, cellular identity, and molecular signalling (10, 13) underscore the value of complementary
human-based in vitro models.

In vitro models have been central to the progress made within the blood-brain barrier (BBB) field, allowing
for a better mechanistic understanding of the cellular communication driving barrier functions (14, 15).
When comparing this to the pial-glial membrane, there has been little progress made in vitro with limited
papers looking at this interface using astrocytes and leptomeningeal cell co-culture (12). The findings
from these studies can be contradictory with a focus on neurite outgrowth, limited data on protein
expression, and no investigation on gene expression or barrier functions (6, 16—20). There is an evident
need for an in vitro co-culture model of the human pial-glial membrane as there are many open questions
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and controversies within meningeal biology (10). Prior to this study, there has been no suitable in vitro
co-culture model which could mimic the pial-glial membrane to examine these interactions. As a result,
key mechanistic questions including how leptomeningeal cells and astrocytes interact, how barrier
properties emerge, and how cell identity is maintained, remain unanswered.

This study aims to address these gaps by developing an in vitro co-culture model of the pial-glial
membrane (alternatively, the brain-meninges interface) using both primary human leptomeningeal cells
and astrocytes. Through integrated analyses encompassing transcriptomic profiling, functional barrier
assessment, and protein confirmation in vitro and in human tissue, this study delivers a comprehensive
characterisation of the human in vitro model of the pial-glial membrane, which allows for an
understanding of leptomeningeal-astrocyte interaction. This foundational work establishes a platform
for understanding this interface and allows us to answer some of the open questions within the field
(10).

Materials and Methods

This study employed transcriptomic profiling, barrier function assays, and protein expression analysis to
investigate leptomeningeal—astrocyte cell interactions in vitro. An overview of the experimental workflow
is shown in Fig. 1.

Cell culture

Primary human leptomeningeal cells (21, 22) (LMCs; #1400, ScienCell) and astrocytes (21) (ASCs;
#1800, ScienCell) were cultured according to the manufacturer's recommendations. Cells were
maintained in poly-L-lysine (PLL; P4707-50ML, Sigma Aldrich) coated T75 flasks at a seeding density of
5,000 cells/cm?. LMCs were grown in complete meningeal medium (#1401, ScienCell), and ASCs in
astrocyte medium (#1801, ScienCell), each supplemented with 1% growth supplement, 2% fetal bovine
serum (FBS), and 1% Penicillin—Streptomycin. Cultures were incubated at 37°C with 5% CO,, and media
were replaced every three days until confluency. Cells were seeded at 5,000 cells/cm? for all subsequent
assays unless otherwise specified.

Human Umbilical Vein Endothelial Cells (HUVECs) were cultured according to the manufacturer’s
recommendations. They were grown in complete Endothelial Cell Growth Medium 2 (C-22011, Sigma
Aldrich) and maintained as per the LMCs and ASCs.

Co-culture seeding ratios and media for viability

LMCs and ASCs were subcultured according to supplier instructions and prepared as single cell
suspensions at three ratios: 70:30, 50:50, and 30:70 (LMC:ASC). Cells were seeded onto PLL coated 96
well plates at recommended densities in five media conditions: LMC medium, ASC medium, and three
mixed media formulations corresponding to the defined ratios. MTT and AlamarBlue assays were
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conducted once the cells reached confluency in triplicate experiments with 6—8 technical replicates.
Leptomeningeal cells in LMC medium served as the control for statistical analysis. All viability results
are included in supplementary file 1, Figure S1.

MTT assay

10 pL of MTT solution was added to wells containing 100 L medium and incubated for 4 h at 37°C,
including media only wells as blanks. After removing the MTT containing medium, 100 yL DMSO was
added to solubilize formazan crystals, followed by 15 min incubation with gentle agitation. Absorbance
was measured at 550 nm.

AlamarBlue assay

10 pL of AlamarBlue (BUF012B, BioRad) was added to each well containing 100 pL of media, including
media only wells as blanks. This was allowed incubate for 1 h in the incubator at 37 °C and then
absorbance was measured with a plate reader at wavelength 590 nm.

Cell growth analysis

A real-time cell analysis (RTCA) system (xCELLigence, Agilent Technologies Inc) was used to measure
the cell growth of some of the co-culture conditions identified in the MTT/Alamar data. The RTCA
system examines cell growth based on cellular impedance through Cell Index (CI) values. This is
influenced by the cell attachment, cell spreading and cell proliferation. Background measurement was
taken by placing 100 pL of medium into the electronic plates and acquiring a Cl reading. 3—6 replicates
were set up to assess the co-culture growth compared to LMC or ASC monocultures in their own
complete medium. For data analysis, the B-Cl (Baseline Cell Index) is determined by subtracting the ClI
for a cell-containing well from the CI of the blank control.

Bulk RNA sequencing sample preparation

To generate samples for bulk RNA sequencing, monocultures of LMCs and ASCs, a 30:70 LMC:ASC
direct co-culture, and a Transwell co-culture (LMCs on the apical membrane; ASCs on the basolateral
plate) were established (n = 4 replicates). Two independent LMC lots were used to assess culture
heterogeneity, given the known diversity of LMC fibroblast subtypes within the meninges. For the
Transwell co-culture, LMCs and ASCs were co-cultured until confluency, harvested individually, and then
combined for sequencing.

Once the cultures were confluent the cells were pelleted and total RNA was extracted using the RNeasy
Mini Kit (74104, Qiagen) following the manufacturer’s protocol. Bulk RNA Sequencing was conducted by
Genewiz. Briefly, the RNA samples were quantified using the Qubit Fluorometer (Life Technologies,
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Carlsbad, CA, USA) and RNA integrity was checked with an RNA Kit on a Fragment Analyzer (Agilent
Technologies, Palo Alto, CA, USA). RNA sequencing libraries were prepared using the NEBNext Ultra ||
RNA Library Prep Kit for lllumina following manufacturer’s instructions (NEB, Ipswich, MA, USA).
Sequencing libraries were validated using Agilent Tapestation (Agilent Technologies, Palo Alto, CA, USA),
and quantified using Qubit Fluorometer (Invitrogen, Carlsbad, CA). The sequencing libraries were
multiplexed and loaded on the flow cell on the lllumina NovaSeq X instrument according to
manufacturer’s instructions. The samples were sequenced using a 2x150 Pair-End (PE) configuration.
Raw sequencing data (bcl files) generated from lllumina NovaSeq were converted into fastq files and de-
multiplexed using Illumina's bcl2fastq software. Raw FASTQ files were then processed using Galaxy (23)
and R studio.

Bulk RNA Sequencing Analysis:

Raw FASTQ files were then processed using Galaxy 25.0 and R studio. Briefly, the FASTQ files underwent
quality checks and trimmed using Cutadapt, and files were aligned to the Hg38 reference genome using
HiSAT2. Reads were sorted into feature counts using FeatureCounts. Following this, DESeq2 was used to
normalise the raw counts based on read depth and perform differential gene expression analysis. For
differentially expressed genes, these were taken as a log2FC > 1, and an adjusted p-value of < 0.05.
Reactome was used for pathway analysis. Selected enriched Terms of interest are presented in the
figures, all with an adjusted p-value of < 0.05. Supplementary files contain all the raw data obtained from
differential gene expression (Supplementary File 2-5). Packages and versions used are included in the
supplementary file 1, Table S1).

Transwell Co-culture:

Transwell Set-up:

0.4 pm pore Transwell polycarbonate 6 well (100—-1026, Stemcell) or 12 well (140652, Thermofisher)
were used to examine influence of ASCs on the LMC barrier. The Transwell plates were seeded in six
different combinations to identify the optimal conditions. This included examining the LMCs alone, the
LMCs with the ASCs seeded on the plate bottom, and the LMCs with ASCs seeded on the Transwell
underside to find an optimal configuration. As a comparison, HUVECs, a known barrier forming cell type
(24), were also cultured in the same combinations including HUVECs alone, the HUVECs with the
astrocytes seeded on the plate bottom, and the HUVECs with ASCs seeded on the Transwell underside.
Firstly, the ASCs were subcultured and seeded at the recommended seeding density on either the plate
bottom or the underside of the Transwell. They were allowed to attach for 4-6 hours, and then the LMCs
or HUVECs were seeded at the recommended density on the apical side of the Transwell. The media was
refreshed every three days.
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Transendothelial/Transepithelial electrical resistance
(TEER)

Transendothelial/Transepithelial electrical resistance (TEER) was used to examine the barrier functions
of the LMCs in the presence of absence of the ASCs, as they have been shown to improve the barrier
functions of the endothelial cells in the BBB models (24, 25). TEER measurements were taken every
three days using the EVOM2 (World-Precision Instruments) for 12 days, along with a measurement from
a blank well — a membrane containing media but no cells. This is the background reading and was
subtracted from the measured resistance values. The value acquired from each well was then multiplied
by the surface area to calculate the TEER reading. Experiments were conducted in triplicate wells in

triplicate experiments. TEER results (Q.cm?) are shown as mean + standard deviation.

Dextran

To examine the paracellular permeability, 4 kDa FITC- Dextran (46944-500mg, Sigma Aldrich) was used.
Firstly, the media from the apical and basolateral sides were cleared. Fresh astrocyte media was added
to the basolateral side (1.5 mL in a 12 well-plate or 2.6 mL in a 6 well-plate). Then a 1 mg/mL FITC-
Dextran solution was made up in either meningeal media or Endothelial Cell Growth Medium 2.

FITC-Dextran media solution was added to each well (0.5 mL in a 12 well plate or 1.5 mL in a 6 well
plate). The Transwells were incubated for 2 h at 37°C with 5% CO,. 50 yL samples were taken from each
well from the basolateral side at time 0 and every 30 min for 2 h. Sample fluorescence was measured
using the microplate reader (Synergy H1, BioTek) plate reader at 490/525 nm excitation/emission. A
standard curve was prepared using FITC-Dextran standard ranging from 0.005-1 mg/mL. The following
formula was then used to assess the permeability of the samples. This experiment was completed with
three technical replicates in three experimental replicates.

|4 AC

P =
A x Co .~ At

Where P is the permeability (cm/s), V is the volume of the receiving compartment (cm?), A is membrane
surface area (cm?), C, is the initial concentration of the FITC-Dextran (1 mg/mL), AC is the change in
concentration in the basolateral compartment (mg/mL), and At is the time interval (s, seconds).
Permeability values were multiplied by 10° for ease of comparison and plotted as scaled values.

Immunofluorescence of Transwells:

LMCs and HUVECs were cultured as mentioned above, and at day 9 were fixed and stained as per the
immunofluorescence protocol detailed previously. Once primary, secondary, and DAPI staining was
complete, the Transwell membrane was carefully cut using a scalpel at the edges. They were carefully
handled using tweezers and placed on a glass slide cell-side upwards. The coverslip was mounted on
top of the membrane using a drop of ProLong™ Diamond Antifade Mountant (P36965, Invitrogen).
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Immunofluorescence

Cells were fixed with 4% paraformaldehyde (PFA; 252549, Sigma Aldrich) for 15 min at room
temperature, permeabilised with 0.1% Triton-X-100 in PBS for 5 min, and blocked with 5% FBS and
0.005% Triton-X-100 in PBS for 1 h. Primary antibody incubation was performed overnight at 4°C. The
following day, cells were incubated with appropriate secondary antibodies for 1 h at room temperature in
the dark. All primary and secondary antibodies details are included in the supplementary file 1, Table S4.
Nuclei were counterstained with DAPI (D9542, Sigma Aldrich) for 10 min. Cells were washed three times
with PBS between steps. Imaging was performed using an ImageXpress® Micro Confocal microscope
(Molecular Devices) at 20x magnification. Images were analysed using a customised CellProfiler v4.2.4
pipeline to quantify morphology and protein intensity. All samples were imaged under identical
acquisition settings to ensure reproducibility.

Representative images were processed using Imaged v1.54f. To standardize the visual representation of
fluorescence intensity across all conditions, individual images were converted to stacks to preserve the
intensity values. Brightness and contrast were adjusted across all images within a stack ensuring
consistent changes across all images, which better represent the intensity values.

Immunohistochemistry

Human meningeal tissue samples were obtained from the South West Dementia Brain Bank (SWDBB)
(Supplementary S1, Table 2). A Material Transfer Agreement was put in place between the University of
Bristol (SWDBB) and UL and ethical approval for the tissue acquisition was reviewed and approved by
the Faculty of Science and Engineering Research Ethics Committee (Code: 2025_02_23_SE). Tissue was
stored in RNAlater at - 80°C until use. Two independent samples were used for protein confirmation, one
male and one female. Samples were thawed, fixed in 10% neutral buffered formalin (NBF) overnight, and
processed using the Leica TP 1020 automated tissue processor. Tissues were embedded in paraffin
using the Leica TP 1020 embedder. Tissue was sectioned at 5 um thickness and mounted on frosted,
positively charged glass slides. The slides were baked for 1 hour at 60 °C before staining.

Immunohistochemistry was performed using the Bond Rx Fully Automated Research Stainer (Leica
Biosystems) following the manufacturer’'s user manual. Slides were dehydrated through graded ethanol
(70%, 90%, 100%, 100%) and xylene for 2 min each, then scanned at 40x using the Akoya Fusion Imager.
Antibody concentrations and protocols are provided in the supplementary file 1, Table S5. Images were
processed using QuPath version 0.7.0.

Statistical Analysis:

Each experimental assay included defined replicates to ensure statistical robustness and reproducibility,
which are detailed here. For viability assays, 6—8 technical replicates in triplicate experiments were
analysed. For immunocytochemistry imaging, three wells of a 96-well plate were seeded per condition.
From each well, five randomly selected fields of view were used for statistical analysis. For TEER and
permeability assays, three technical replicates in triplicate experiments were analysed. All statistical
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analysis was carried out using Prism 6 software Version 10.4.1 (GraphPad, U.S.A.). All datasets were
tested for normality using the Shapiro-Wilk test. For normally distributed data, values were compared
using a one-way ANOVA or two-way ANOVA depending on data type. For non-parametric data sets,
values were using the Kruskal-Wallis test using 95% confidence interval with Dunn's multiple comparison
test. All error bars indicate standard deviation of the mean with the following asterisks for significance -
ns>0.05,*P<0.05*P<0.01,**P<0.001, and **** P < 0.0001.

Results

Transcriptional Signatures of Astrocyte—Leptomeningeal
Monocultures and Interactions in Direct and Indirect
Co-Culture

To characterise the cell types at the pial-glial membrane and assess how co-culture influences
transcriptional profiles, bulk RNA sequencing was performed on two independent LMC lots (LMC1 and
LMC?2), astrocytes (ASC), direct co-culture (DirectCC - 30:70 LMC1:ASC ratio), and Transwell co-culture
(Transwell). Principal component analysis (PCA) (Fig. 2A) revealed clear separation between major cell
groups and highlighted the pronounced transcriptional heterogeneity between LMC1 and LMC2. The co-
culture groups clustered between the ASC and LMC1 monoculture conditions, consistent with an
intermediate transcriptional profile comprising contributions from both cell populations. This is further
illustrated in the sample distance analysis plot (Fig. 2B) and heatmap (Fig. 2C). LMC1 and LMC2 have
many shared transcriptional features, however, the heatmap also highlights the considerable differences
in gene expression. Notably, both co-culture conditions lead to a global change in gene expression

(Fig. 2C) compared to LMC1 and ASC monocultures. While these differences may partly reflect the
combined transcriptional contributions of the two cell populations, they may also indicate transcriptional
changes associated with co-culture. This suggests that the LMC-ASC in vitro co-culture model captures
gene-expression programmes arising from interactions between the two cell types, potentially through
direct contact or indirect signalling.

Bulk RNA sequencing Reveals Leptomeningeal Cell
Diversity

Bulk RNA sequencing revealed two transcriptionally distinct LMC subtypes, LMC1 and LMC2 (Fig. 2A),
consistent with the growing literature of diverse fibroblast populations within the meninges (11, 26, 27).
This finding highlights the heterogeneity of commercially sourced primary cells due to donor variability.
Further detailed analysis of our bulk RNA supported this diversity of the LMCs. Figure 3A shows the
volcano plot of differentially expressed genes (log2FC > 1, padj < 0.05) between LMC1 and LMC2,
strongly supporting the presence of two transcriptionally different leptomeningeal populations in our
cultures with 1,516 genes significantly up regulated in LMC1 and 1,804 genes in LMC2. The large number
of differentially expressed genes suggests that the distinction between LMC1 and LMC2 extends beyond
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variation in a small number of markers and instead reflects broader differences in their transcriptional
programmes. Further characterisation of these differentially expressed genes was therefore performed
to determine the biological processes and cellular functions distinguishing the two LMC populations.

Reactome analysis revealed several enriched biological processes distinguishing LMC1 from LMC2
(Fig. 3B). Enrichment highlighted a cohesive collection of pathways relating to extracellular matrix
organisation and formation, Wnt signalling, and retinoic acid signalling within LMC1. Whereas LMC2 is
enriched for various immune signalling pathways including IL-10, and interferon signalling. This data
suggests that LMC1 and LMC2 are not only transcriptionally different but differ in biological states and
functions.

Furthermore, we show that LMCT1 is enriched with genes associated with neurodevelopment and
corticogenesis such as Foxc1, Corin, and Foxp2, basement membrane components including Vcan and
Nid1, and retinoic signalling including Aldh7a1, Crabp2, and Stra6. LMC2 also shows high expression of
certain ECM related genes such as Lum, Vtn, and Col6a1, expression of desmosomes and cytokeratins
including Dsg2, Krt8, and Krt18 which is expected in leptomeningeal cells (22). Pecam1, Cdh5, and Lyve1
are also enriched in LMC2 which is associated with an endothelial and lymphatic cell type (Fig. 3C).

To create a representative in vitro co-culture model of the pial-glial membrane, layer specific markers
were examined to characterise and annotate LMC1 and LMC2. As no single marker reliably distinguishes
pial from arachnoidal LMCs across mouse, human, and in vitro models, a panel of commonly used
markers was selected (Fig. 3D). LMC1 shows a pial phenotype with high expression of Bmp5, Ngfr, Apod,
Itih5, Lama2, and Lama3 (11, 28, 29). However, LMC1 also has high expression of certain arachnoid
markers such as Crabp2 and Alcam (11). LMC2 does not express a clear pial or arachnoidal signature,
however, shows high expression for the leptomeningeal cell markers Pdgfra, Icam1, Slc38a2, and the
arachnoidal markers Dpp4, Aldh1a2, and Ptgds (11, 30). Therefore, this expression profile is indicative of
a leptomeningeal cell population which is lacking a layer-specific identity. LMC1, due to its high
expression of several pial markers, represents the more suitable cell type for modelling the pial-glial
membrane and is used for further comparison and co-culture.

Differential Expression Analysis Reveals Distinct Signalling
Programs and Marker Candidates Between LMC1 and
Astrocytes

We next examine the differential gene expression between LMC1 pial-like cells and astrocytes to define
their transcriptional profiles in monoculture. This analysis aimed to characterise the molecular
differences between the two cell populations, identify signalling ligands and receptors that may
contribute to LMC-ASC communication, and identify candidate markers to distinguish the cell types
when used in the in vitro co-culture model. Differential expression analysis identified 2,032 genes
significantly upregulated in LMC1 and 2,076 genes significantly downregulated in astrocytes (log2FC > 1,
padj < 0.05) (Fig. 4A).
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Reactome analysis revealed distinct enriched pathways in the ASCs and LMC1 (Fig. 4B), whereby LMC1
is enriched for retinoic acid signalling and synthesis, whereas ASCs are enriched for ECM organisation,
gap junction assembly, and Sema3a signalling. Given the established role of semaphorin signalling in
LMC-ASCs communication, we next examined this in more detail, along with commonly known LMC and
ASC ligand and receptors. (Fig. 4C).

Overall, LMC1 was characterised by enrichment of ephrins (Efnb3, Efna5), BMPs (Bmp5, Bmp6), and
PDGFs (Pdgfd, Pdgfb) family signalling components, whereas ASC showed preferential expression of
Wnt7b, Sema3a, Pdgfc, and VEGFs (Vegfc, Vegfa) family ligands, suggesting divergent paracrine
signalling between the two cell populations.

A key challenge in establishing an LMC-ASC in vitro co-culture model is the ability to reliably distinguish
the two cell populations, due to the lack of suitable cell-specific markers. Therefore, using commonly
used ASC and LMC markers, Fig. 4D examines the expression of these in each cell type with Bmp5, Ngfr,
Acta2, and Crabp2 showed the strongest differential expression in LMC1 relative to ASCs, highlighting
their potential utility as markers for identifying LMCs within the co-culture model.

Indirect Co-culture Elicits More Pronounced
Transcriptional Responses Than Direct Contact

To model the pial-glial membrane using primary human ASCs and LMCs, we established two
complimentary co-culture approaches, — direct and indirect. Our initial transcriptional analysis
demonstrated that co-culture led to a distinct transcriptional state, different from monoculture, and not
just a combination of two cell types (Fig. 2A). While this profile likely reflects, in part, the combined
transcriptional contributions of both cell populations, it may also capture transcriptional changes arising
from LMC-ASC interactions (Fig. 2A).

Importantly, the transcriptional differences observed under co-culture conditions were unlikely to reflect
compromised cell viability or suboptimal culture conditions, as the cell-cell ratios and cell medias were
tested using viability, metabolic, and real-time cell analysis to ensure stable conditions for both cell types
prior to co-culture experiments (Supplementary File 1, Figure S1). To further examine the influence of co-
culture of these cells on gene expression, LMC1 and the ASCs were pooled into a monoculture group
and compared to both the direct co-culture and Transwell co-culture (Fig. 5A). DirectCC yielded a
comparatively modest transcriptional response, with 164 DEGs identified, whereas Transwell co-culture
induced upregulation of a substantially larger gene set (974 genes). Despite this difference, only 80
genes were shared between the two conditions, representing ~ 50% of the DirectCC DEG set but only ~
8% of the Transwell-upregulated genes (Fig. 5B).

Co-culture led to the increase of various cadherins such as Cdh1, Cdh8, Cdh7, and Cdh23 along with Shh
and Gpr37L1 which are associated with neurodevelopment and astrocyte maturation respectively.
Across these genes, there is a more pronounced effect within the Transwell group than the DirectCC
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group, highlighting that direct contact between the cells may not be required for these transcriptional
changes. In Fig. 4D, several LMC markers were identified, and Fig. 5C shows if their expression differs
when in co-culture. There are variable results with Ngfr increasing in Transwell, whereas Crabp2 is
reduced in both co-culture conditions, displaying a challenge of suitable in vitro markers.

Pathway analysis revealed Transwell had a much more pronounced enrichment of biological processes
compared to DirectCC. These included extracellular matrix, sema3a signalling, gap junction assembly,
and retinoic acid signalling. Overall, these pathways have been found in the ASC versus LMC Reactome
analysis in Fig. 5D. This is interesting as Transwell co-culture leads to an enrichment of these pathways,
whereas DirectCC does not, emphasizing the effect of paracrine signalling rather than direct contact, and
maintenance of ASC and LMC functions within co-culture. DirectCC led to an enrichment of interleukin 7
signalling which is associated with the neural (31) and B cell development (32).

Astrocytes Improve the Barrier Functions of
Leptomeningeal Cells

The effect of co-culture of LMCs with ASCs to improve the barrier formation was examined by taking
TEER measurements every three days over 12 days in the Transwell co-culture model. There is a
significant increase in TEER values when LMCs were cultured in the presence of ASCs, with no notable
difference between the apical (LMC + ASC (u)) and basolateral (LMC + ASC (b)) seeding configurations.
The highest TEER value of the LMCs was recorded at day 9 reaching 99.98 Ohms.cm?, nearly double the
LMC only group at 55.24 Ohms.cm? (Fig. 6A). By day 12, the barrier functions start to decline which is
due to cell death as the cells have overgrown. Next, barrier permeability was assessed using 4 kDa FITC-
Dextran. Permeability measurements were taken in the matching combinations and timepoints as per
the TEER data, examining the influence on ASCs on the LMCs. Overall, there is no significant difference
between the conditions (Fig. 6B), however, there is a trend in the reduction of permeability when co-
cultured.

As the barrier functions of the LMCs are understudied, HUVECs, an endothelial cell line commonly used
to model the BBB (33), were used as a comparison. Day 12 readings were not taken for the HUVECs as
they were completely overgrown by this time, precluding reliable measurements at this timepoint.
Overall, at day 9, the presence of ASCs has a significant effect on the barrier functions of the HUVECs
(Fig. 6C). However, similar to the LMC cultures, this change was not accompanied by a change in
permeability (Fig. 6D).

Finally, VE-cadherin localisation in the LMCs in the presence and absence of ASCs was examined

(Fig. 7A). VE-cadherin is a key component of adherens junctions and is the most commonly used marker
for meningeal barriers (5). As barrier integrity depends on the organisation and localisation of junctional
proteins at cell-cell contacts, VE-cadherin distribution was assessed as a complementary measure of
LMC barrier organisation alongside TEER and permeability. VE-cadherin is localised to the nucleus in the
LMCs, which has been reported in other cell types and experimental contexts (34, 35). There is no
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change to the localisation pattern of VE-cadherin in the presence of ASCs, suggesting that the observed
changes in barrier function are unlikely to be explained by redistribution of VE-cadherin. Therefore, there
may be other junctional and adherin proteins, identified in the transcriptional analysis (Fig. 5), may be
contributing to these co-culture-associated changes in LMC barrier functions.

The presence of ASCs significantly increased the electrical resistance in both LMCs and HUVECs in
comparison to monoculture controls. When comparing across the LMCs and HUVECs, the LMC + ASC
(b) has no significant difference in TEER with the HUVECs only (Fig. 7B). As HUVECs are a cell line used
for their barrier functions and junctional protein expression (36), this highlights the importance of
astrocytes in improving the LMCs barrier functions to a physiologically relevant barrier. However,
differences between the LMC and HUVEC barrier phenotypes became more apparent in the permeability
assay, with HUVECs exhibiting significantly lower dextran permeability than either LMC monoculture or
LMC-astrocyte co-culture (Fig. 7B-C). This is expected as 4 kDa FITC-Dextran is only restricted in
barriers with strong junctions such as the BBB. The pial-glial membrane is a permeable barrier, allowing
for the passage of 3-10 kDa tracers (2, 5). Nonetheless, a significant reduction in permeability over time
was observed, indicating progressive barrier maturation.

Together these findings demonstrate that ASCs are essential for establishing a functional in vitro model
of the pial-glial membrane with significantly enhanced barrier functions with mimetic permeability
functions as in vivo.

Protein-Level Characterisation of Leptomeningeal and
Astrocyte Identity Markers

A panel of candidate markers were selected for validation at the protein level using
immunocytochemistry across the four experimental conditions which allows us to understand the LMC
heterogeneity and investigate if there is a cell-specific protein which can differentiate the LMCs from
ASCs in DirectCC.

The markers selected includes Bone Morphogenetic Protein 5 (BMP5), p75 neurotrophin receptor
(NGFR/p75NTR), Cellular retinoic acid-binding protein 2 (CRABP2), Fibronectin (FN1), Vascular
endothelial cadherin (VE-cadherin), and Alpha-smooth muscle actin (ACTA2/a-SMA). To assess potential
overlap between LMCs and ASC populations within co-culture systems, established astrocyte markers
Glial fibrillary acidic protein (GFAP) and S100 calcium-binding protein B (S100B) were examined. More
detail on the roles of these proteins is included in the supplementary file 1, Table S4.

BMP5 emerged from our bulk RNA-sequencing analysis as a strongly enriched transcript in the pial-like
LMC1 subtype. Immunocytochemistry confirmed this at the protein level: BMP5 expression was
significantly higher in LMC1 than in LMC2, however no difference was observed between LMC1 and
astrocytes (Fig. 8). Notably, BMP5 displayed distinct nuclear localisation within LMC1. NGFR, a receptor
protein and often used as a pial marker within mice and fetal human dataset (11),was shown to have
diffuse staining across all conditions, with only certain cells in each condition strongly staining. Overall,
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LMC1 shows certain cells with pronounced staining, and LMC2 shows diffuse staining across the cells
which contributes to its higher expression. CRABP2 is often used as an arachnoidal marker (11),
however, expression was observed within all conditions. Taken together, the overlapping expression of
pial cells and arachnoidal-associated markers suggests that the LMC cultures do not represent a single,
clearly defined leptomeningeal subtype, but rather comprises a heterogenous population.

Interestingly we show that both ASCs and LMC1 stained strongly, indicated by mean intensity values, for
fibronectin, which is often used a marker to differentiate ASCs and LMCs (Fig. 8). However, LMC2 has
low expression of fibronectin, which was unexpected. Furthermore, the co-culture of LMC1 and ASCs
show fibronectin deposition rather than expression within the cells, which contributes to the overall lower
mean intensity. This questions if fibronectin is a suitable marker for LMCs if there is also high expression
within astrocytes in vitro (37-39).

VE-cadherin expression was significantly higher in LMC2 compared to LMC1. However, VE-cadherin is
localised primarily to the nucleus within all conditions and not at the cell-cell junctions. Co-culture of
LMC1 and ASC led to a significant increase in VE-cadherin mean intensity, however, with no localisation
to the cell junctions. ACTA2 is used as a mural marker within the meninges (40) and shows high
expression within the LMC2 and ASCs. There is much lower expression within LMC1, suggesting a more
leptomeningeal phenotype in these cells. Differences in fluorescence intensity and apparent subcellular
distribution were observed across conditions, however, none of the candidates reliably distinguished
LMCs from ASCs in direct co-culture, highlighting the challenges of using these well-known markers at
the protein level in vitro.

Furthermore, GFAP and S100B expression was examined across the conditions, which are commonly
used astrocyte markers. There is little expression of GFAP within our primary human ASCS which is
expected based on the literature (41, 42). Figure 9 shows the positive astrocytes within the ASC and
DirectCC conditions, with a complete absence in LMC1 and LMC2. ST100B is often used as an astrocyte
marker, however, was also expressed in our LMCs as shown in Fig. 9. This highlights another challenge
with using GFAP as an astrocyte marker rather than a marker of astrocyte reactivity, and the challenges
in identifying a marker which can differentiate between the LMCs and ASCs.

Conservation of Candidate Markers in Adult Human
Meninges

To determine whether candidate proteins identified in the in vitro model are also expressed in adult
human meninges, immunohistochemistry was conducted on human meningeal tissue. This is
particularly important as some of these proteins have not previously been identified at the protein level
within human meningeal tissue or have not shown to be conserved into adulthood. Using two adult
samples, six proteins were confirmed in meningeal tissue, with all proteins being expressed (Fig. 10),
supporting the conservation of their expression into adulthood. However, it must be noted that while

Page 13/34



these findings confirm their presence in adult human tissue, they still do not establish their ability to
distinguish between leptomeningeal cell populations in vitro.

BMPS5 has been shown to be expressed in fetal human tissue (11), however, has never been shown to be
retained in adult human tissue. Here, we show that BMP5 expression is retained at the protein level into
adulthood. Both our pial marker, NGFR, and arachnoidal marker, CRABP2, exhibited widespread and high
expression within the meninges, showing the presence of leptomeningeal cells in the tissue. As
expected, fibronectin, VE-Cadherin, and ACTA2 are widely expressed within the meninges. ACTA2 is
highly expressed around the vessels within the meninges which supports our claim that our LMC2 may
have a more mural phenotype.

Discussion

A recent systematic review of the literature using co-culture of astrocytes and leptomeningeal cells
highlighted many gaps in the knowledge and an overall lack of in vitro models that recapitulate pial-glial
membrane or brain-meninges interface (12). This study provides the most comprehensive analyses to
date of an in vitro co-culture model of the pial-glial membrane using primary human leptomeningeal cells
and astrocytes analysing transcriptomic profile, protein expression, and barrier functions.

Transcriptomic analysis of the in vitro co-culture model displayed a distinct transcriptional state
compared to monoculture controls, which cannot be accounted for by the combination of the two cell
types. Additionally, two transcriptionally distinct leptomeningeal cell types were identified within this
study, highlighting the importance of carefully characterising the cell type for in vitro model use. Given
the significant leptomeningeal cell heterogeneity within the meninges (11), distinct populations may
exhibit different functional properties and should therefore be considered when selecting cells for model
development. We show that LMC1 has a pial phenotype with high expression of Bmp5, Ngfr, and Apod
(11, 29), whereas LMC2 does not show a clean layer specificity. Furthermore, LMC1 has high expression
of many genes which is associated with early neurodevelopment such as Cxcl12, Foxc2, and Zic family
members (Supplementary File 2) (43). This was highlighted in the Reactome analysis where LMC1 had
enrichment in retinoic acid signalling (44, 45) extracellular matrix development (46), and Wnt-signalling.
Pial cells in fetal mouse studies have been shown to be enriched in Bmp5 in the posterior located
meninges. Moreover, retinoic acid signalling has been shown to have differential gene expression within
the pial versus arachnoidal cells (11). This same pattern is seen within our LMC1 phenotype, supporting
our annotation of this cell type as a pial-like leptomeningeal cell. These cells could be a useful model for
studying how retinoic acid signalling from the meninges can influence cortical development (45) in fetal
human neurodevelopment or in the development of the glia limitans (4, 47). LMC2 had a more immune
(48) and vascular associated phenotype (49) which may be more suitable for modelling the
subarachnoid space which is highly vascularised. As this study focuses on the development of an in vitro
co-culture model of the pial-glial membrane, it is important to include the correct leptomeningeal cell
type, therefore LMC1 was used for further co-culture studies.
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Prior to co-culture the leptomeningeal cells and astrocytes, the transcriptomic profile of the cells was
characterised independently in monoculture. Astrocytes showed enrichment of various astrocyte
markers such as Slc713a3, Sox2, and Fabp7. These genes are important genes in astrocyte maturation,
function, and Fabp7 has been shown to be upregulated in astrocytes within the glia limitans (4, 44, 50).
Leptomeningeal-astrocyte interaction has been examined in many papers with important roles of
semaphorins, ephrins, BMPs, in both in vitro and transcriptomic work (29, 51-53). Taking the learnings
from (29) and their transcriptomic analysis of ligand-receptor interactions within leptomeningeal cells
and astrocytes, we examined this within our study. We showed high expression of several of the genes
across both cell types, although their relative expression differed between leptomeningeal cells and
astrocytes, demonstrating distinct cell type—specific expression profiles. This includes BMPs within the
leptomeningeal cells and Sema3a in the astrocytes. Reactome analysis further highlighted Sema3a
signalling and axon repulsion within astrocytes (6, 53), along with roles in extracellular matrix, and gap
junction assembly, whereas retinoic acid signalling was again enriched in LMC1. This allows us to
understand the biological function of the cells prior to co-culture and opens for further molecular
analysis of ligand-receptor signalling between these cell types to understand their cell communication.

We demonstrate that co-culture of leptomeningeal cells and astrocytes does not simply combine two
cell types but leads to a distinct transcriptional state which is interaction dependent. Comparing direct
and Transwell co-culture revealed that indirect interactions exert a substantially stronger transcriptional
influence. Transwell co-culture resulted in 974 differentially expressed genes relative to monoculture,
whereas direct co-culture produced only 164 upregulated genes, with only 80 shared genes between
them. This suggests that secreted factors, rather than physical contact, drive the most transcriptional
changes. There were significant increases in the expression of cadherins and integrins, particularly in the
Transwell condition, including Cdh1, Cdh8, Cdh23, and Itga8, which may be contributing to the increase in
barrier functions (54, 55) and formation of this permeable barrier at the pial-glial membrane. Gpr371/ and
Shh, genes involved in astrocyte maturation and corticogenesis, were also upregulated in co-culture (50,
56) which suggests a bi-directional communication between both the leptomeningeal cells and
astrocytes. This is reflected in the Reactome analysis which highlighted enrichment of extracellular
matrix organisation, Sema3a signalling with axon repulsion, and retinoic acid signalling (6, 11, 57).
Overall, this transcriptional profile supports the in vitro co-culture model recapitulates key biological
programs and global gene expression associated with the pial-glial membrane, supporting its use as a
physiologically relevant mimetic model of this interface.

This is the first study to report the influence of astrocytes on the leptomeningeal cell barrier functions.
We found a significant increase in the TEER values in the presence of astrocytes, along with a reduction
in permeability. This data matches well with the literature, showing that the pia and glia limitans is
permeable to 3—10 kDa dextran (2, 5). From our data, we can see there is no localisation of VE-cadherin
to the cell junctions in the LMCs unlike in the HUVECSs. As suggested, the predominant nuclear
localisation in LMCs may reflect the absence of specific cues within the environment, required for its
appropriate junctional localisation. Moreover, we can suggest that this increase in barrier function may
instead be due to a combination of gene expression changes such as Cdh1, Cdh8, Cdh23, and Itga8,
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which were identified in the sequencing data. This study highlights the essential role of astrocytes on
leptomeningeal cell barrier functions which mimics the pial-glial membrane. This could be used as a tool
to understand the barrier function of various leptomeningeal cell types and barrier dysfunction which
could address many gaps in our understanding.

Within the field of meningeal biology, transcriptomic studies have been able to identify layer-specific
markers for the different leptomeningeal fibroblast populations. However, there has been little research
in the in vitro modelling of the meninges, and the pial-glial membrane (12). There is still a challenge
within this field regarding suitable protein markers which can translate across species and from tissue
sections to in vitro cultures. This is further highlighted in Figs. 7-9, which demonstrate that commonly
used markers used in mouse and human tissue may not translate reliably to in vitro models. For
examples, fibronectin or ECM proteins have been used to differentiate the leptomeningeal cells from
astrocytes (58), however, their discriminatory value in vitro may be limited and unsuitable. Similarly,
GFAP has been shown to be expressed at different levels dependent on the brain region, age, and
disease state (42, 59). Furthermore, in primary human cultures of astrocytes, GFAP expression can be
low or absent (41) depending on the cortical region, species, or disease state, limiting its utility as a
definitive marker of astrocyte cells in vitro. Our data also supports this as there is low expression of
GFAP at the gene and protein level. Further work is required to address these limitations and consolidate
suitable protein markers which are conserved and translate to in vitro. In tissue, many markers are
suitable to differentiate the leptomeninges from the brain parenchyma such as NGFR and CRABP2 (11).
However, these have never been identified before in an in vitro co-culture model of the brain-meninges
interface and our findings demonstrate that these markers do not retain sufficient cell-type specificity to
differentiate LMCs from ASCs, highlighting the need for markers validated specifically for in vitro models.

To the authors knowledge, this is the first demonstration of NGFR and BMP5 protein expression in the
human adult meninges for. Although these markers have been identified within fetal mouse (11), and
within transcriptomics datasets their expression has not been shown to be conserved at the protein level
in adult human tissue or in vitro culture of human leptomeningeal cells. While BMP5 expression has been
shown in pial cells and is thought to have roles in neurodevelopment and corticogenesis (11, 60—62), its
function in the adult brain still remains largely unknown (63). The presence of these shared proteins
between the fetal cells and the adult tissue further suggests that aspects of the molecular phenotype
identified in vitro are maintained in the adult meninges. Together, these findings support the biological
relevance of our in vitro leptomeningeal cells and ability to capture features of the human meningeal
phenotype. While there is excellent transcriptomic work has attempted to advance the molecular
characterisation of the human meninges (28, 40, 64, 65), comparatively less is known about how these
transcriptional profiles translate to protein expression and function. Further work on the proteomic
characterisation of the meninges is therefore required to validate emerging cell-type-specific markers
and elucidate the functional roles of these proteins (66). Such studies will also be important for
establishing robust molecular benchmarks against which the physiological relevance of in vitro models
can be assessed.
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Limitations:

There are several limitations within this study which should be highlighted. First, the use of commercially
sourced primary human cells introduces variability related to donor age and tissue origin. However, this
may be considered as an advantage, as we were able to obtain a pial-leptomeningeal cell type which was
suitable for our application. Nevertheless, this emphasizes the importance of appropriate
characterisation of cell types for use in an in vitro model. Due to the unexpected heterogeneity of the two
LMC subtypes, this reduced our sample size when comparing the LMC subtypes. Increasing the sample
size could improve the power of this experiment and unveil further interesting gene expression changes.
The leptomeningeal cells and astrocytes used in this study were fetal in origin however, the markers
identified were validated in aged-adult human patients. However, we believe this is an interesting insight
as it shows the markers are conserved from fetal cells into adulthood. Furthermore, due to the type of
meningeal tissue samples obtained, we are unable to specifically annotate the meningeal layers using
our markers and this warrants further exploration.

Future work:

Future work should focus on increasing the complexity of this model to better recapitulate the pial-glial
membrane. Incorporating physiologically relevant substrate stiffness, CSF-like flow dynamics, and
additional cell types, including immune cells, will be essential for developing a more complete system
and better capture the complexity of this interface/barrier (21, 32, 67, 68). Furthermore, this work could
also be conducted using adult leptomeningeal cells and astrocytes, or iPSC-derived astrocytes (42)
which may improve the relevancy if using this model to study age-related and neurodegenerative
diseases such as Alzheimer’s disease. Currently, the absence of established protocols for the generation
of leptomeningeal cell iPSCs currently limits the progress of an iPSC-derived pial-glial model (47).
Moreover, the field would benefit from systematic validation of cell-type-specific markers which span
human tissue, rodent models, and in vitro cultures, enabling more reliable identification of
leptomeningeal and astrocyte subtypes across experimental platforms, and ultimately, for developing
more robust and physiologically relevant models of the human brain—meninges interface.

Conclusion

Overall, this study is the first to comprehensively characterise a primary leptomeningeal cell-astrocyte in
vitro co-culture model of the pial-glial membrane. Co-culture of these cells leads to global gene
expression changes and enhances the leptomeningeal cell barrier functions, demonstrating that cellular
interactions are critical for establishing an in vitro model that is functionally and transcriptionally
mimetic of the pial-glial membrane. Importantly, this study establishes a biologically relevant and
experimentally tractable model of the human pial—glial membrane and will allow the field to compliment
in vivo and human studies with in vitro testing to expand our knowledge and enable mechanistic
investigation of this understudied interface and brain barrier.
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Figure 1

Overview of the methods used in this study. A) Bulk RNA sequencing and data analysis B) Barrier and
permeability analysis done using Transepithelial/Endothelial Electrical Resistance (TEER) and
Fluorescein isothiocyanate (FITC)-Dextran using leptomeningeal cells (LMCs) only, LMC + astrocytes
(ASCs) (on plate bottom — b), and LMCs + ASCs (on underside of insert — u). C) Protein expression using
immunocytochemistry and immunohistochemistry.
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A) Principal component analysis plot for the comparison of gene expression patterns amongst the
leptomeningeal cells (LMC1 and LMC2), astrocytes (ASC), direct co-culture of LMC1 and ASC (DirectCC),
and Transwell co-culture of LMC1 and ASC (Transwell). B) Sample distances plot displaying the
clustering of the conditions. C) Expression heatmap showing clustering of the dataset across the 5
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conditions based on the top 50 more variable genes, with each columns representing individual samples.
Relative gene expression levels are displayed as row-scaled Z-scores of variance-stabilized data.
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Figure 3

A) Volcano plot of the differentially expressed genes between LMC1 and LMC2 (log2FC>1, padj <0.05)
with selected genes of interest highlighted. B) Reactome plot of selected terms of interest (padj <0.05)
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which are enriched in LMC1 and LMC2. C) Boxplots of enriched genes within LMC1 versus LMC2. D) Dot
plot of pial, general leptomeningeal, and arachnoidal markers to understand the layer specificity of LMC1

and LMC2 (n=2 technical replicates).
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A) Volcano plot of the differentially expressed genes between ASC and LMC1 (log2FC>1, padj <0.05)
with top 10 genes highlighted. B) Reactome plot of selected terms of interest (padj <0.05) which are
enriched in ASC and LMC1. C) Boxplot of important LMC and ASC ligand and receptors identified in (29)
and their relative expression. D) Boxplots of selected genes of interest which were significantly

upregulated in LMC1 compared to ASCs.
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A) Volcano plot of the differentially expressed genes between Monoculture (blue) and DirectCC (red),
Monoculture and TranswellCC (orange), and DirectCC and Transwell (log2FC>1, padj.value <0.05) with
top genes highlighted. B) Venn diagram of the differentially expressed genes in DirectCC and Transwell,
along with the shared genes. C) Boxplots of selected genes of interest in monoculture, Direct CC, and
Transwell. D) Reactome pathway enrichment in DirectCC (negative NES score) and Transwell (positive
NES).
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Figure 6

Transendothelial/Transepithelial electrical resistance (TEER) of LMC barrier and HUVECS in the presence
and absence of ASCs. A) Transendothelial resistance of LMCs only, LMCs +ASC (b), LMCs + ASCs (u)
across 12 days. B) 4 kDa FITC Dextran permeability assay across 12 days across LMC conditions
(cm/s10%6). C)Transendothelial resistance of HUVECs only, HUVECs +ASC (b), HUVECs + ASCs (u)
across 9 days. D) 4kDa FITC Dextran permeability assay across 9 days across HUVECs conditions.
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Figure 7

A) Immunocytochemistry of VE-Cadherin across co-culture conditions. Scale bar = 200 pm. B)
Comparison of TEER values between LMC-ASC and HUVEC-ASC co-culture models. C) Comparison of
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FITC-Dextran permeability assay between LMC-ASC and HUVEC-ASC co-culture models.
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Figure 8

Immunocytochemistry of ASC, LMC1, LMC2, and DirectCC of commonly used leptomeningeal markers —
BMP5, NGFR, CRABP2, Fibronectin, VE-Cadherin, ACTA2. Confocal analysis showing representative
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images for each condition with accompanying data analysis of overall mean intensity. 15 images per
conditions were analysed using Cell Profiler. Scale bar = 200 pm
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Figure 9

Immunocytochemistry images of astrocyte markers GFAP and S100B across all conditions Scale bar =
200 pym. Below is a zoomed in image of an astrocyte within ASC and DirectCC groups. Scale bar = 20 ym
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Figure 10

Representative H&E and chromogenic immunohistochemistry of the proteins of interest from FFPE post-
mortem adult human meninges n=2 individuals. For each marker, the left image shows a wider field of
view, while the right image shows a magnified view of a representative region within the same field.
Scale bars =100 pym.
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