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Abstract 

Background  Tuberous sclerosis complex (TSC) is a multi-system genetic disease that causes benign tumors 
in the brain and other vital organs. The most debilitating symptoms result from involvement of the central nervous 
system and lead to a multitude of severe symptoms including seizures, intellectual disability, autism, and behavio-
ral problems. TSC is caused by heterozygous mutations of either the TSC1 or TSC2 gene and dysregulation of mTOR 
kinase with its multifaceted downstream signaling alterations is central to disease pathogenesis. Although the neu-
rological sequelae of the disease are well established, little is known about how these mutations might affect cellular 
components and the function of the blood–brain barrier (BBB).

Methods  We generated TSC disease-specific cell models of the BBB by leveraging human induced pluripotent stem 
cell and microfluidic cell culture technologies.

Results  Using microphysiological systems, we demonstrate that a BBB generated from TSC2 heterozygous mutant 
cells shows increased permeability. This can be rescued by wild type astrocytes or by treatment with rapamycin, 
an mTOR kinase inhibitor.

Conclusion  Our results demonstrate the utility of microphysiological systems to study human neurological disorders 
and advance our knowledge of cell lineages contributing to TSC pathogenesis and informs future therapeutics.
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Introduction
Neurogenetic disorders often present in young children 
due to their impact on the developing brain. The neu-
rological manifestations of such disorders are typically 
severe and include epilepsy, intellectual disabilities, and 
autism [46]. Tuberous Sclerosis Complex (TSC) has been 
a prototypical model for neurogenetic disease for many 
years [20]. The study of TSC provides several advantages, 
including well-described clinical manifestations and a 
known genetic etiology from loss of TSC1 or TSC2 gene 
function with defined downstream signaling pathways 
[25, 56, 57]. In addition, affected downstream signaling 
pathways have been identified, with an ostensibly central 
role for dysregulation of mTOR kinase [4, 35, 40]. Hamar-
tin and tuberin, the TSC1 and TSC2 protein products 
respectively, normally inhibit mTOR signaling through 
an indirect pathway. TSC1 and TSC2-mutant cells thus 
have constitutively increased activity of mTOR kinase, 
which likely underlies the abnormal proliferation and dif-
ferentiation of cells suspected to occur in multiple organs 
of patients with TSC [34]. This understanding has led to 
the development of mTOR inhibitors (“rapalogs”) that are 
FDA-approved and increasingly used for the treatment of 
several aspects of TSC [5, 38, 39, 43].

While many animal models (mouse, rat, zebrafish, 
Drosophila) have been developed over the past 
20 years   [14–16, 37, 44, 66, 67, 69, 72], many key aspects 
of TSC pathogenesis remain poorly understood. These 
include species-specific impact of mTOR signaling as well 
as the requirements for heterozygous versus homozygous 

mutations of the TSC1/TSC2 genes. The advance of 
human induced pluripotent stem cell (iPSC) technology 
[22, 32, 52, 62] combined with tissue chip technology 
[11–13, 68] has allowed the use of human tissue-based 
models to address these fundamental questions.

Although the neurological sequelae of TSC are well 
established, little is known about how TSC1 or TSC2 
mutations affect different cellular and functional com-
ponents of the brain. While expression of the astrocytic 
protein aquaporin-4, a component of the blood–brain 
barrier (BBB) is increased in epileptic cortex from 
patients with TSC and TSC mouse models [60], BBB 
function has not been well studied in TSC. We hypoth-
esized that an abnormal BBB contributes to TSC patho-
genesis. The study of the BBB in animal models of TSC 
is invaluable but also presents some challenges. For 
example, there are species-specific differences in human 
versus mouse brain structure and cellular function. In 
addition, complicated genetic manipulations are needed 
to study the impact of Tsc2 mutations in specific cell 
types. Finally, the frequent occurrence of epilepsy or 
brain tumor phenotypes in animal models also represent 
potential confounding factors, as these symptoms could 
have secondary effects on the BBB [31]. Therefore, to 
test our hypothesis and examine primary effects of TSC2 
mutation on the BBB, we used an in vitro neurovascular 
unit (NVU) (Fig. 1) to create TSC patient-specific brain 
tissue models that were generated by leveraging iPSC 
and microfluidic cell culture technologies [11–13]. Using 
these microphysiological systems, we demonstrate that 

Fig. 1  Schematic overview of NVU. The vascular chamber (1, Pink) into which BMECs are loaded and the media for the vascular chamber 
is perfused. Porous PET membrane (2, Grey) with 3 µm pores supports a layer of BMECs on one side and a layer of astrocytes on the opposite 
“brain” neural cell chamber side. Neural chamber (4, Yellow) contains neurons and additional astrocytes within a hydrogel. Perfusion channels 
through the neural cell chamber indicated as Purple
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the TSC2 patient derived BBB shows increased perme-
ability which can be rescued with rapamycin, an mTOR 
kinase inhibitor. Astrocytes appear to play a major role in 
this TSC BBB phenotype as replacement of TSC2-mutant 
astrocytes with wild type astrocytes also rescued the 
TSC2 patient derived BBB defect.

Our findings substantiate the use of microphysiologi-
cal systems to study neurogenetic disorders. We interpret 
our results within what is known about the BBB in TSC 
and discuss how our findings expand this knowledge and 
support ongoing translational research related to TSC 
pathogenesis and treatment.

Methods
Derivation, validation, and differentiation of iPSCs
Three of the human induced pluripotent stem cell (iPSC) 
lines (control CC3, TSC patient TSP8-15, and TSP23-
9, all female with verified XX chromosome status) were 
derived at Vanderbilt University Medical Center and vali-
dated according to established protocols [1, 48]. In brief, 
primary dermal fibroblasts were established from skin 
biopsies obtained after patients’ consent/assent under 
the Vanderbilt University Medical Center IRB proto-
col #080369. Fibroblasts were reprogrammed by elec-
troporation with either CXLE plasmid vectors [33] (lines 
CC3 and TSP8-15) using the Neon Transfection System 
(Life Technologies, Carlsbad, CA, USA) or CytoTune 
iPS 2.0 Sendai Reprogramming Kit (ThermoFisher) (line 
TSP23-9). Transfected fibroblasts were then plated at 
5 × 104 cells/well into Matrigel-coated 6-well plates. Two 
days later, cells were transferred into TeSR-E7 medium 
and maintained until the emergence of iPSC colonies 
(about 4 weeks) which were then manually isolated and 
propagated in mTeSR medium (StemCell Technologies). 
Absence of plasmid integration and clearance of Sendai 
virus were confirmed, and normal female karyotype veri-
fied using at least 20 metaphase spreads (Genetics Asso-
ciates, Nashville, TN, USA) (Supplementary Fig.  1A). 
Pluripotency markers were present as previously 
reported and pluripotency was further validated by Plur-
itest and/or the ability of the iPSC lines to differentiate 
into all three germline lineages using the hPSC TaqMan 
Scorecard (ThermoFisher A15870), and into neural line-
ages as we have previously described [11, 47, 48, 50, 51, 
54, 65]. Isogenic iPSC lines TSP77 + / + and TSP77 ± were 
generated at Boston’s Children Hospital and previously 
validated as described [64].

Cortical glutamatergic neuron differentiation
iPSCs were replated at a density of 2 × 104 cells/cm2 in 
mTeSR medium containing 10  µM Rho kinase inhibi-
tor (Y-27632, Tocris #5849), which was removed after 
24  h. Once the cultures reached 100% confluency (day 

0), neuralization was induced via an eleven-day dual-
SMAD inhibition protocol using 0.4  µm LDN (Tocris 
# 6053) and 10 µM SB 431542 (Tocris #1614) as previ-
ously described [17, 49]. Starting on day 11, the neuronal 
cultures underwent further differentiation in cortical 
differentiation medium as previously reported [50, 54]. 
Around day 20–25, differentiating cells were passaged 
for the first time by incubating them with Accutase 
(StemCell Technologies, #01–0006) for 18–30  min 
and reseeding them into Matrigel (BD Bioscience 
#354,277)-coated 6-well plates at 1 × 105 cells/cm2 in 
cortical differentiation medium containing 10 µM Rock-
inhibitor (Tocris, Minneapolis, MN, USA #1254), which 
was removed after 24  h. Cultures were maintained in 
cortical differentiation medium and replated at 3 × 105 
cells/cm2 monthly. Neurons were harvested for seed-
ing into the neurovascular units (NVUs) between days 
80–120 of differentiation from iPSC stage. The cortical 
cultures derived from all iPSC lines contained abundant 
neurons with dense and complex neurite projections 
(Supplementary Fig. 2A and B).

Cortical astrocyte differentiation
We used a “spontaneous emergence approach” [18] to 
make astrocyte cultures, as we have previously described 
[45]. By around day 80 of cortical glutamatergic neu-
ron differentiation, we begin to see astrocytes emerging 
alongside cortical glutamatergic neurons. By day 120–
160 of differentiation, we passaged cells monthly at low 
density (0.5 × 105 cells/cm2), which leads to a continuous 
loss of neurons from the cultures and results in relatively 
pure astrocyte cultures after 3–4 passages. At that point 
astrocytes are transferred into astrocyte medium (Scien-
Cell #1801) and replated at 0.4 × 105 cells/cm2 monthly 
until integration into the NVU. The large majority of cells 
in these astrocyte cultures express the astrocyte marker 
GFAP and/or S100B (Supplementary Fig. 3).

BMEC differentiation
Brain microvascular endothelial-like cells (BMECs) 
were differentiated from iPSCs according to previ-
ously reported protocols, with minor modifications [10, 
26]. Briefly, iPSCs were seeded at a concentration of 
150,000 cells per well of a Matrigel-coated 6-well plate 
in E8 medium (ThermoFisher containing Rock-inhibitor 
(10  µM; Y-27632. The following day, E8 medium was 
replaced with E6 medium (ThermoFisher Scientific) and 
changed daily for 4  days. On day 4, the medium was 
changed to Neurobasal (Gibco) medium supplemented 
with B27 (Gibco), 0.5 mM Glutamax (ThermoFisher Sci-
entific), 20  ng/ml basic fibroblast growth factor (bFGF; 
PeproTech, Rocky Hill, NJ, USA), and 10  μM all-trans 
retinoic acid (RA; ThermoFisher Scientific) for 48  h. 
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BMECs were subcultured on day 6 in the same medium 
containing Rock-inhibitor (10  µM Y-27632). For tra-
ditional experiments, BMECs were subcultured either 
onto Polyester PET Transwells of 3 µm pore size or into 
12-well tissue culture plates (Corning), both of which 
had been coated with a mixture of collagen IV (Sigma-
Aldrich, 400  ng/ml) and fibronectin (Sigma-Aldrich, 
100 ng/ml) in PBS for 24 h at 37 °C.

Immunocytochemistry
For immunocytochemical analysis of BMECs in the NVU, 
the cells were fixed via perfusion of 4% paraformaldehyde 
into the vascular chamber for 20 min. Cells were permea-
bilized with Tween-20 for 20 min and blocked with 10% 
goat serum overnight. The following antibodies were per-
fused into the vascular chamber: rabbit anti-Occludin-
Alexa 488 (Proteintech # CL488-27,260, diluted 1:500), 
mouse anti-claudin-5-Alexa488 (ThermoFisher Scientific 
# 352,588, diluted 1:100), mouse anti-ZO-1-FITC (Ther-
moFisher Scientific # 33–9111, diluted 1:200), mouse 
anti-VE-Cadherin-Alexa 488 (ThermoFisher Scientific 
# 53–1449-42, diluted 1:250), mouse anti-GLUT1Alexa 
488 (R&D Systems # FAB1418G, diluted 1:100) and incu-
bated overnight. The labelled tight junctions were visual-
ized using a Evos imaging system.

Astrocytes and neurons were plated into 96 well µclear 
plates (Greiner Bio-One, Monroe, NC) and immunofluo-
rescence staining performed as described by [49]. Briefly, 
cells were fixed in PBS containing 4% paraformaldehyde 
(Electron Microscopy Sciences, Hatfield, PA) for 30 min 
at room temperature, permeabilized with 0.2% Triton-
X100 for 20 min at room temperature and then incubated 
in PBS containing 5% donkey serum (Jackson Immu-
noResearch, West Grove, PA) and 0.05% Triton-X100 
overnight at 4 °C. The following primary antibodies were 
used: mouse anti- GFAP antibody (Cell Signaling Tech-
nology, #3670, Danvers, MA; 1:1000); rabbit anti-S100 
beta (Dako, #Z 0311, Troy, MI, 1:500), mouse anti-beta 
3-tubulin (R&D Systems, #MAB1195, 1:1000) and rabbit 
anti-MAP2 (Cell Signaling Technologies, #4542, 1:250). 
Secondary antibodies conjugated to Alexa 488 or Cy3 
(Jackson ImmunoResearch, Westgrove, PA, 1:800) were 
applied over night at 4  °C. Images were obtained with a 
Zeiss ObserverZ1 microscope and AxioVs40 software 
(version 4.7.2).

Transendothelial electrical resistance (TEER) 
Measurements
TEER was measured using an EVOM voltohmmeter with 
STX2 electrodes (World Precision Instruments) using 
standard protocols we have previously employed [10, 12, 
13, 26]. Raw TEER values were adjusted through sub-
tracting TEER values measured across an empty filter 

and then multiplied by filter surface area to yield TEER 
(Ωxcm2).

Transwell culture
Transwell culture insert (Corning) experiments were 
performed to assess barrier formation using a single cell 
lineage (BMECs). They were seeded and cultured in par-
allel with the NVU cultures to allow for a direct compari-
son of cell barrier enabling phenotypes. Thus, Transwell 
plates were coated with the same ECM components used 
in the vascular side of the NVU and seeded with the 
same BMECs suspended in the same medium as used for 
NVUs. BMECs were seeded onto the membrane of the 
apical side of the Transwell insert. Sample collection from 
the NVU and Transwell cultures was also performed in 
parallel. Wild type human pericytes were obtained from 
ScienCell (Carlsbad, CA, USA). These cells were main-
tained in Dulbecco’s modified Eagle’s medium (DMEM) 
F-12 with 10% FBS until prior to loading in Transwells.

NVU cell load and culture
NVU devices were coated with collagen IV and fibronec-
tin as previously described [13]. See Fig. 1 of Brown, Pen-
sabene 2015 for images of actual device. BMECs (control 
or TSC2-mutant) were seeded into the vascular chamber 
at a density of (8–10) × 106 cells/ml (day 0) [11, 13]. The 
device was oriented (neural cell “brain” chamber bot-
tom, vascular chamber top) to allow BMEC attachment 
to the membrane overnight. On the following day, the 
astrocytes were loaded into the neural cell chamber at 
(2–5) × 106 cells/ml and the devices were inverted (neural 
cell chamber top, vascular chamber bottom) to allow for 
attachment of the astrocytes on the membrane opposite 
to the seeded BMEC. Two hours after astrocyte load-
ing, neurons (8–10) × 106 cells/ml suspended in a hydro-
gel (Mebiol Gel; Cosmo Bio Co. Ltd, #MBG-PMW20) 
were seeded into the neural cell chamber as previously 
described [11, 13]. Once the hydrogel had set, typically 
after 1 h, media flow was started. The vascular chamber 
containing BMECs was perfused with Lonza EGM-2 
medium and the neural chamber containing neurons and 
astrocytes was perfused with Neurobasal medium sup-
plemented with B27 and Glutamax. Devices were main-
tained for a minimum of 24–48  h before experiments 
were conducted.

NVU BBB permeability assay
To measure BBB permeability in the NVUs we added 
Alexa Fluor 680 dextran (excitation 680 and emission 
706 nm; ThermoFisher) of 3kD size (unless indicated oth-
erwise) at a final concentration of 1  µM to the vascular 
compartment medium and perfused the NVU with this 
dextran solution for the entire duration of the culture 
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[12]. For passive permeability measurements, effluent 
was collected from the neural cell compartment over a 
fixed amount of time and the fluorescence intensity of 
the eluate quantified using a plate reader (Tecan M1000). 
Using the determined dye concentration in the brain 
compartment, we calculated the applied permeability 
coefficient, Papp, using the standard equation:

where Vb is the neural cell chamber volume in cm3, A is 
the vascular chamber growth area in cm2, Ca is the dex-
tran concentration perfused into in the vascular com-
partment (µM), Cb is the dextran concentration (µM) 
measured in the neural cell compartment eluate, and t is 
the assay time in seconds [27].

The effective permeability of the BMEC monolayer, 
Pcells, was calculated from the measured applied perme-
ability Papp by correcting for the permeability of a device 
without cells (but containing hydrogel and a membrane 
coated with collagen/fibronectin), Pmembrane, according to 
the equation:

Rapamycin treatment
Rapamycin (Thermo-Fisher) was reconstituted as a 
10  µM stock solution in DMSO. 10  nM rapamycin in 
culture medium was then either perfused through the 
vascular chamber of the NVUs or added to the apical 
chamber of the Transwell cultures for 24 h, after which 
BBB permeability measurements were carried out as 
described above.

Metabolomics
Neural cell and vascular chamber samples were stored 
at -80  °C until analyzed via Liquid Chromatography-
High Resolution Mass Spectrometry (LC-HRMS)-based 
metabolomics in the Vanderbilt Center for Innovative 
Technology (CIT) using previously described meth-
ods [11, 42, 55]  Briefly, effluent samples collected from 
both the vascular and brain chambers of the NVU were 
normalized by volume to 100 uL as previously reported 
[11]. Metabolites were extracted with methanol/water 
80:20. Heavy labeled phenylalanine-D8 and biotin-D2 
were added to individual samples prior to protein pre-
cipitation. Following overnight incubation at -80  °C, 
precipitated proteins were pelleted by centrifugation 
at 10,000  rpm for 10  min and metabolite extracts were 
dried down in vacuo and stored at -80 °C.

Individual extracts were reconstituted in 50 µl of ace-
tonitrile/water (3:97, v/v) with 0.1% formic acid con-
taining heavy-labeled carnitine-D9, tryptophan-D3, 

Papp = (Cb/Ca)(Vb/A)(1/t)

1/Pcells = 1/Papp − 1/Pmembrane

valine-D8, and inosine-4N15, and centrifuged for 5 min 
at 10,000  rpm to remove insoluble material. A pooled 
quality control sample (QC) was prepared by pooling 
equal volumes of individual samples. The pooled QC 
sample was used for column conditioning (8 injections 
prior to sample analysis), retention time alignment and 
to assess mass spectrometry instrument reproducibility 
throughout the sample set.

Global, untargeted mass spectrometry analyses were 
performed on a high-resolution Q-Exactive HF hybrid 
quadrupole-Orbitrap mass spectrometer (Thermo 
Fisher Scientific, Bremen, Germany) equipped with a 
Vanquish UHPLC binary system (Thermo Fisher Sci-
entific, Bremen, Germany). Extracts (5μL injection 
volume) were separated on a Hypersil Gold, 1.9  μm, 
2.1  mm × 100  mm column (Thermo Fisher) held at 
40  °C. LC was performed at 250 μL/min using solvent 
A (0.1% FA in water) and solvent B (0.1% FA in acetoni-
trile/water 80:20) with a gradient length of 30  min as 
previously described [23, 53]. Full MS analyses were 
acquired over the mass-to-charge ratio (m/z) range 
of 70–1,050 in positive ion mode. Full mass scan was 
acquired at 120,000 resolution with a scan rate of 
3.5 Hz, automatic gain control (AGC) target of 1 × 106, 
and maximum ion injection time of 100  ms, and MS/
MS spectra were collected at 15,000 resolution, AGC 
target of 2 × 105 ions, with a maximum ion injection 
time of 100 ms.

Metabolomics data processing and pathway analysis
Mass spectrometry raw data was imported, processed, 
normalized and reviewed using Progenesis QI v.3.0 
(Non-linear Dynamics, Newcastle, UK). All MS and 
MS/MS sample runs were aligned against a pooled QC 
reference run. Unique ions (retention time and m/z 
pairs) were de-adducted and de-isotoped to generate 
unique “features” (retention time and m/z pairs). Data 
were normalized to all features and significance was 
assessed using p-values generated using ANOVA (anal-
ysis of variance) from normalized compound abundance 
data. Tentative and putative annotations were deter-
mined by using accurate mass measurements (< 5 ppm 
error), isotope distribution similarity, and fragmenta-
tion spectrum matching (when applicable) by searching 
the Human Metabolome Database [71], METLIN [61], 
and the CIT’s in-house library. Annotations (Confidence 
Level 1–3 [59] were determined for all compounds with 
a match to any of the searched libraries or databases. 
Metaboanalyst 5.0 (www.​metab​oanal​yst.​ca/) was used 
to perform pathway and metabolite enrichment analy-
ses from annotated compounds with statistical signifi-
cance (p-value ≤ 0.05) [19].

http://www.metaboanalyst.ca/
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RNA Seq
Total RNA was extracted from cells and purified with 
Rneasy mini kit (Qiagen) and quality was validated with 
an Agilent kit. RNA sequencing reads were adapter-
trimmed and quality-filtered using Trimgalore v0.6.7 
(Babraham Institute, now part of Altoslabs). An align-
ment reference was generated from the GRCh38 human 
genome and GENCODE comprehensive gene annota-
tions (Release 26), to which trimmed reads were aligned 
and counted using Spliced Transcripts Alignment to a 
Reference (STAR) v2.7.9a (Dobin et al., [21] with quant-
Mode GeneCounts parameter. Approximately 60 mil-
lion uniquely mapped reads were acquired per sample. 
DESeq2 package v1.36.0 (Love et  al. [41] was used to 
perform sample-level quality control, low count filtering, 
normalization, and downstream differential gene expres-
sion analysis. Genomic features counted fewer than five 
times across at least three samples were removed. False 
discovery rate adjusted for multiple hypothesis testing 
with Benjamini-Hochberg (BH) procedure p value < 0.05 
and log2 fold change > 1 was used to define differentially 
expressed genes. Pairwise comparison with TSC2 het-
erozygous mutation (TSP8-15) versus control (CC3) was 
performed. Three replicates per condition were included 
for the differential gene expression analysis. Gene set 
enrichment analysis (GSEA) was performed using the 
R package Clusterprofiler [73] with gene sets from the 
Human MSigDB database v2022.1.Hs [63].

Statistics
Statistical significance was determined using a t-test 
when changes were compared between two groups 
(GraphPad Prism 6). P < 0.05 was considered statistically 
significant unless otherwise stated. Values were expressed 
as means ± SEM. For comparisons of more than 2 groups, 
we used either one-way ANOVA (for normal distribu-
tions) with Bonferroni post hoc test or Kruska Wallis 
with Dunn’s post hoc test where a normal distribution 
cannot be confirmed. (p < 0.01 is indicated with ** in the 
figures throughout the manuscript).

Data availability
The RNA-Seq data has been annotated and deposited to 
NCBI GEO with accession ID GSE235862.

Metabolomics data is in the process of being submit-
ted to the NIH Common Fund’s National Metabolomics 
Data Repository (NMDR) website, the Metabolomics 
Workbench, https://​www.​metab​olomi​cswor​kbench.​
org. This work is supported by Metabolomics Work-
bench/National Metabolomics Data Repository 
(NMDR) (grant# U2C-DK119886), Common Fund Data 

Ecosystem (CFDE) (grant# 3OT2OD030544) and Metab-
olomics Consortium Coordinating Center (M3C) (grant# 
1U2C-DK119889).

Results
We initially used conventional monolayers of human 
iPSC-derived brain microvascular endothelial cells 
(BMECs) grown in a Transwell dish to evaluate barrier 
permeability of BMECs differentiated from control (CC3) 
and TSC2 heterozygous mutant (TSP8-15) iPSC lines. We 
delivered fluorescently labelled dextran of different sizes 
(300 or 3,000  Da) to the apical side of the barriers and 
quantified subsequent concentration in the basal side. 
The relative permeability of TSC2 mutant BMEC barriers 
showed a trend towards higher permeability than barri-
ers from control BMECs for the 3 kDa dextran, but the 
difference did not reach statistical significance (Fig. 2A). 
As expected, pericytes, which do not form tight junctions 
[3], cannot form a barrier other than the passive resist-
ance created by the presence of cells in a monolayer on 
the filter membrane. Thus, the Transwell permeability for 
pericytes is greater than that of BMEC cultures (Fig. 2A). 
We also looked at transendothelial electrical resistance 
(TEER) of BMECs cultured on membranes of varying 
pore sizes to evaluate the integrity of the endothelial bar-
rier. A two-way ANOVA analysis showed that TEER was 
significantly affected by genotype, but not by membrane 
pore size (Fig. 2B).

Given these findings suggesting an impact on BMEC 
function from a TSC2 mutation, we next compared bar-
rier permeabilities between Transwell BMEC monocul-
tures and the more complex multi-cell NVU assembly 
with “brain” (neural cell) and “vascular” sides (Fig.  1) 
using 3 kD dextran. The difference between CC3 and 
TSP8-15 barrier function in the monoculture transwell 
model was not statistically significant, though TSP8-15 
derived BMECs trended towards higher permeability 
(Fig. 3A). In NVUs seeded with BMECs, astrocytes, and 
neurons we found a statistically significantly higher per-
meability in TSP8-15 (TSC2 heterozygous mutant) than 
in control CC3-cell seeded NVUs (Fig.  3B) (p < 0.01, 
N = 5). The expression of the BMEC marker proteins 
occludin, claudin, and ZO-1 validated the BMEC-like 
nature of our CC3 and TSP8-15 cultures (Fig.  4A). VE-
Caderin was more variable but may be increased in 
TSP8-15 vascular compartments. Figure 4B shows phase 
microscopy images of seeded vascular and neural com-
partments of CC3 and TSP8-15 NVUs.

We extended our BBB permeability analyses to a set of 
isogenic iPSCs (TSP77; either wild type or heterozygous 
for a TSC2 mutation). As seen for CC3 control- (TSC2 
wild type) and TSP8-15 TSC2 heterozygous mutant line 
BMECs, TSP77 + / + and TSP77 ± derived BMECs express 

https://www.metabolomicsworkbench.org
https://www.metabolomicsworkbench.org
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the typical BMEC markers claudin-5, occluding, ZO-1 
and Glut-1 (Fig. 5A). Importantly, we observed a signifi-
cantly higher permeability in TSP77 ± TSC2 heterozygous 
mutant cultures compared to TSP77 + / + isogenic wild 
type cultures (Fig. 5B), thus confirming our permeability 
observations in the CC3 and TSP8-15 NVUs (Fig.  3B). 
A trend towards a higher difference in TSC (TSP8-15) 
versus control (CC3) BBB permeability was observed as 

early as day 2 after NVU seeding, and was significant by 
day 5 and thereafter (Figs. 6A and 7A).

Given the heightened difference in BBB permeability in 
NVUs (containing BMECs, neurons and astrocytes) com-
pared to the transwell cultures (only containing BMECs), 
we hypothesized that a cell type other than BMECs, such 
as astrocytes contribute to BBB function either directly 
or through regulation of BMECs. A crucial strength of 

Fig. 2  Comparison of barrier function of control and TSC2-mutant BMEC monocultures in Transwell plates. A TSC patient-derived (TSP8-15) BMEC 
transwell cultures showed a statistically non-significant trend towards larger permeability for the 3000 DA, but not 300 Da dextrans when compared 
to control (CC3) BMEC cultures. Wild type human pericytes (Peri) formed a minimal barrier (N = 2–4). B Transendothelial electrical resistance 
(TEER) of CC3 and TSP8-15 BMECs cultured on membranes of varying pore sizes were measured. A two-way ANOVA analysis of the data indicated 
a genotype-dependent F (1,16) = 18.87 (P < 0.0005), but membrane pore-size independent F(2,16) = 1.91 (P = 0.1791) effect on TEER (overall 
P < 0.0001, N = 2–4)

Fig. 3  Disruption of BBB in an NVU co-culture system. A TSC patient-derived (TSP8-15) BMEC Transwell cultures 8 days in culture show a small, 
but not statistically significant higher permeability with 3 kD FITC dextran as compared to CC3 (p < 0.06, N = 5). B In the NVU system, after 8 days 
co-culture with astrocytes and neurons of matching genotype, BBB permeability for the TSP8-15 was significantly increased compared to CC3 
(p < 0.01, N = 5)
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our experimental approach is the ability to independently 
generate cell lineages (BMECs, astrocytes, neurons) of 
different genotypes and then load them in desired combi-
nations (TSC2-wild type or – heterozygous mutant) into 
individual NVUs. To test the role that astrocytes play in 
the TSC BBB phenotype, we compared BBB permeabili-
ties in NVUs comprised of TSC2 mutant cells only and 
NVUs comprised of TSC2 mutant cells except for the 

astrocytes which were TSC2 wild type. This incorpora-
tion of control astrocytes into otherwise TSC2 mutant 
NVUs rescued BMEC barrier function to levels similar 
to those measured in control NVUs at all time points 
measured (Fig.  6B). The same observation was made in 
NVUs populated with BMECs, astrocytes, and neurons 
differentiated from another human iPSC line (TSP23-
9) derived from a different patient with the TSC2 gene 

Fig. 4  Expression of junctional proteins in BMEC cultures. A BMEC monolayers derived from CC3 and TSP8-15 iPSC lines express BMEC markers 
occludin, claudin-5, and ZO-1 and VE-cadherin. Scale bar for all images = 100 µm. B Phase images of seeded CC3 and TSP8-15 NVU vascular 
BMEC-containing compartments (top panels) and the neuron and astrocyte-containing neural cell chambers (bottom panels) are shown. Scale 
bar in all images = 400 µm

Fig. 5  Increased BBB permeability in NVU generated from TSC2 heterozygous mutant cells compared to isogenic control cells. A TSP77 + / + and 
TSP77 ± derived BMECs express the BMEC marker proteins occluding, claudin-5, ZO-1 and Glut-1. Scale bar for all images 100 µm. B The BBB 
permeability in TSP77 ± NVUs is significantly increased compared to isogenic control TSP77 + / + NVUs (p < 0.01, N = 5)
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harboring a distinct heterozygous TSC2 mutation. As 
observed for TSP8-15, BBB permeability in the TSP23-9 
NVU was increased compared to control NVU (Fig. 6C). 
Importantly, permeability was also rescued by substi-
tuting TSC2 wild type (CC3) astrocytes into otherwise 
TSP23-9 mutant NVU (Fig. 6D). Collectively, these data 
indicate that control astrocytes are sufficient to rescue 
TSC2 mutant impaired BBB permeability.

A central impact of TSC2 gene mutations is dysregu-
lation of mTOR kinase signaling. Application of rapamy-
cin, an mTOR inhibitor, to the vascular compartment of 
the NVUs resulted in a significant decrease of the BMEC 
barrier permeabilities in TSC NVUs when compared to 
vehicle treated TSC NVUs, but did not affect BBB per-
meabilities in control NVUs (Fig.  7A, B). We conclude 

that the impaired TSC2-mutant BBB function is revers-
ible by a 24 h treatment with rapamycin (10 nM).

Given the impact of rapamycin on the TSC BBB pheno-
type, and the role mTOR signaling plays in the regulation 
of metabolism [7, 58] we decided to investigate effects of 
genotype and rapamycin treatment on the exometabo-
lome of the vascular and neural cell compartments of the 
NVU. We collected effluent from both the vascular and 
the neural cell side from control (CC3) and TSC2-mutant 
(TSP8-15) NVUs and used UPLC-IM-MS to perform 
unbiased metabolomics analysis. Not surprisingly we 
observed marked exometabolome differences between 
compartment types (neural cell versus vascular). Rapa-
mycin treatment appeared to also cause clear differences 
in the metabolome, while the genotype (wild type versus 

Fig. 6  Control astrocytes rescue TSC BBB function. A The BBB permeability measured on days 6–8 in vitro (DIV) in TSC2 mutant (TSP8-15) 
NVUs is significantly higher than the one in control (CC3) NVUs (p < 0.01, N = 5). B The BBB permeability in TSC2 (TSP8-15) mutant NVUs seeded 
with control (CC3) astrocytes is not significantly different from the BBB permeability measured in control (CC3) NVUs (N = 5, p > 0.05). C The BBB 
permeability in NVUs seeded with BMECs, neurons and astrocytes derived from iPSC derived from a different TSC patient (TSP23-9) carrying 
a distinct TSC2 loss of function mutation is also significantly higher compared to control NVUs (CC3 = 2.95 × 10–7 cm/s, p < 0.001, N = 5). D The 
presence of control (CC3) astrocytes in otherwise TSC2 mutant (TSP23-9) NVUs rescued BBB permeabilities to levels statistically indistinguishable 
from that measured in control (CC3) NVUs. (p = N.S., N = 5)
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heterozygous TSC2 mutation) had a smaller effect as 
shown in a principal component analysis (PCA, Fig. 8A) 
and hierarchical metabolite heatmap (Fig. 8B).

We performed a pathways analysis and show the 
top 25 pathways that differed between genotype (wild 
type versus TSC2 heterozygous mutant) and rapamy-
cin treatment (Fig.  9). We identified 5 pathways that 

differed between wild type and TSC2-mutant vascular 
tissue, these included caffeine-, purine-, sialic acid-, 
vitamin B6- and tyrosine metabolism. The same com-
parison between wild type and TSC2-mutated neural 
compartment revealed 3 different pathways (prosta-
glandin synthesis, linoleate- and pyrimidine metabo-
lism). Rapamycin affected a total of 10 and 9 pathways 

Fig. 7  Rapamycin rescues TSC BBB permeability. A On day 5 in vitro, BBB permeability of TSP8-15 NVUs is significantly higher than that seen 
in CC3 NVUs (p < 0.01; N = 5). Perfusion of the vascular compartment with rapamycin results in TSC BBB permeabilities statistically significantly 
reduced compared to vehicle-treated TSC NVUs and statistically indistinguishable from controls (CC3). B As observed for the TSP8-15 NVUs, the BBB 
permeability of TSP23-9 NVUs is significantly higher than in CC3 NVUs on 5 day in culture (p < 0.001, N = 5). BBB permeabilities were significantly 
smaller in rapamycin perfused TSP23-9 NVUs than their vehicle treated counterparts and at levels statistically indistinguishable from CC3 levels. The 
error bar for the TSP23-9 sample is too small to be resolved on this graph (p N.S., N = 5)

Fig. 8  Effect of genotype and rapamycin on neural cell and BBB NVU exometabolomes. A Principal Component Analysis indicates a pronounced 
metabolic difference between tissue types (vascular versus brain). In addition, rapamycin treatment for brain and vascular compartments causes 
a shift in the metabolome. The genotype (wild type, CC3 versus TSC2 heterozygous mutation, TSP8-15) appeared to affect the metabolome 
to a much lesser degree. B Hierarchical clustering maps provide global comparisons for differences of metabolite levels > twofold with a p 
value of less than 0.05. Different individual metabolite levels (rows) are clustered by genotype, tissue type and rapamycin treatment (columns). 
Metabolites are colored according to relative feature abundance across all samples ranging from low (green) to high (red)
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in the vascular and neural compartments, respectively. 
Four pathways were affected in both tissues, they 
include urea cycle/amino group-, glutamate-, trypto-
phan- and histidine metabolism (Fig. 9).

Finally, we used RNA Seq to look at differences in 
gene expression between control (CC3) TSC2 mutant 
(TSP8-15) neural cell compartments. In a comparison 
of TSP8-15 versus control (CC3), a total of 1143 up-reg-
ulated and 769 down-regulated genes were identified 
(log2foldchange > 1 and padj < 0.05). The top 100 most 
differentially expressed genes are listed in Supplemen-
tary Fig.  4. GO pathways analysis identified multiple 
pathways pertaining to synapse function and forma-
tion, and glutamatergic synapses in particular. In addi-
tion, oxidative phosphorylation, ATP synthesis coupled 
electron chain transport, and respiratory electron chain 
transport, all pertaining to cellular respiration are also 
different in wild type and TSC2-heterozygus mutant 
neural compartments (Table 1).

Gene set analysis revealed an upregulation of K-RAS 
signaling (Supplementary Fig. 5A), glutamatergic synapse 
(Supplementary Fig.  5B), and epileptic encephalopathy 
(Supplementary Fig. 5C) when comparing TSC2 mutant 
(TSP8-15) versus control (CC3) neural cells for RNA 
expression differences.

Discussion
Neurogenetic disorders underlie many if not most 
causes of epilepsy, autism, and intellectual disabilities in 
children. TSC is a prototypical disease for understand-
ing these severe manifestations due to known genetic 
causes, relevant downstream signaling pathways, and 
FDA-approved medications to treat some aspects of 
the disorder. TSC-associated epilepsy is one of the most 
debilitating aspects given the highly prevalent nature of 
seizures that are often very hard to control using stand-
ard approaches. Many patients in fact require multiple 

Fig. 9  Metabolic pathways altered by rapamycin, genotype, and tissue type in control (CC3) and TSC (TSP8-15) NVUs. The top 25 significant 
response pathways are shown. In each pathway listed, at least one variable (rapamycin treatment, genotype, tissue type) showed a significant 
difference. Significance was defined as p-values less than or equal to 0.05 in pathways that had four or more metabolites with altered expression 
levels at a minimal two-fold change
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anti-seizure medications and consideration of dietary 
and surgical therapies.

Assessing mechanisms underlying these pathologies 
has been done in animal model of TSC, and we have 
extensively modeled TSC using zebrafish and mice [37, 
67, 72], Carson, Van Nielen et al. 2012, [14, 15]. However, 
assessing cell-type specific contributions requires modi-
fying the genotype of specific neural cell lineages which 
is very challenging. Here we use combinatorial human 
cell-based systems which present a unique opportunity to 
identify the contribution of multiple CNS cell lineages to 
the formation of the epileptic neural networks in TSC.

Genotype/phenotype relationships and gene dosage are 
key aspects in the pathogenesis of TSC. We chose to use 
TSC2 mutant iPSCs as the basis for all patient-derived 
cells in this study. This reflects the much more frequent 
occurrence of TSC2 versus TSC1 mutations in patients 
with TSC, as well as the generally more severe manifes-
tations seen in patients with TSC2 mutations [2]. Impor-
tantly, all mutant cells we used here and showed a defect in 
the BBB were TSC2 heterozygous. This begins to address 
a central question in the field: is a homozygous mutation 
required for disease manifestations? TSC2 homozygous 
mutations were originally thought to be due to loss of 
heterozygosity (LOH) with “second hits” being acquired 
somatically during brain development and post-natal life. 
This model came from the initial assumption that the 
TSC1 and TSC2 gene would follow classic tumor suppres-
sor paradigms including LOH. This concept was further 
supported by the many rodent and zebrafish models we 

and others have made over the past 10 years [75], Carson, 
Van Nielen et al. 2012, [ 15, 28, 36]. In these animal mod-
els, heterozygous loss of Tsc1 or Tsc2 genes generally have 
very mild or no phenotypes, whereas homozygous Tsc1 or 
Tsc2 mutant animals usually have severe manifestations. 
This contradiction between patient-based data from deep 
DNA sequencing of tubers as compared to animal mod-
els was a strong rationale for use of human iPSCs here. 
The minimal evidence for second hit homozygous mutant 
cells in the human brain has led to suggestions that het-
erozygous mutant cells are sufficient to cause disease in 
humans. More recent work in human brain and organoids 
[30, 24] further suggests that LOH may not be required, 
especially in cells that natively have lower levels of hamar-
tin or tuberin protein. Other groups have presented data 
that supports a role for heterozygous as well as homozy-
gous TSC2 mutations in the pathogenesis of TSC [6, 70].

Our studies show that astrocytes play a crucial role in 
the observed TSC BBB phenotype since control wild type 
astrocytes were able to rescue the TSC BBB dysfunction. 
We also recently reported impaired glutamate uptake by 
TSC as compared to wild type human astrocytes derived 
from the same iPSC cell lines used here [45]. Thus, the 
findings reported here further highlight the critical role 
of astrocytes in TSC pathogenesis. Prior work in mouse 
models also implicated astrocyte dysfunction but mainly 
focused on homozygous mutant cells [72, 74]. These 
findings are important, as they emphasize species-spe-
cific differences of genotype upon rodent versus human 
cell-based models of TSC and other related disorders. 

Table 1  Top 10 up- and down regulated signaling pathways in TSC neural compartment when compared to control. Based on the 
normalized enrichment score (NES) we analyzed RNA Seq data and rank the top 10 upregulated and the top 10 down regulated 
pathways in a comparison of TSC2 mutant versus control neural cell chambers



Page 13 of 16Brown et al. Journal of Neurodevelopmental Disorders           (2024) 16:27 	

Another recent report details abnormalities of the mouse 
BBB and connection to seizures in an astrocyte restricted 
homozygous knockout of the Tsc1 gene [31]. Interestingly 
shown was treatment with RepSox, a TGF-β inhibitor 
that stabilizes the BBB, decreased seizures and increased 
survival in this well-established mouse model of TSC. 
These results further focus on astrocytes in the patho-
genesis of TSC and also well illustrates the complemen-
tarity of animal models with human induced pluripotent 
stem cell and microfluidic cell culture technologies.

Using metabolomics and RNA Seq, our results fur-
ther detail changes in many pathways that are impacted 
by genotype and cell type. Notably, TSC2 heterozy-
gous mutant BBB versus control BBB did not show 
increased mTOR signaling (data not shown). This is not 
unexpected, as human cells with heterozygous muta-
tions generally do not show increased mTOR signaling 
using conventional immunoblotting, though homozy-
gous mutant human cells usually do. Small differences in 
mTORC1 signaling from human TSC2 heterozygous cells 
with the very low amount of protein we can extract from 
an individual NVU however may not be detectable with 
the sensitivity of current methods. We did see an impact 
of genotype and rapamycin treatment on the metabolome 
of both the vascular and brain compartments of the NVU 
(Figs. 8 and 9). This also supports diffusion of rapamycin 
from the vascular to the brain compartment in the NVU. 
Modest alterations in mTOR signaling then seem to be 
present given the impact of low dose rapamycin. This 
suggests that patients with TSC have diffusely abnormal 
BBB as all cells in patients are thought to be at least het-
erozygous mutant from a germline mutation. This may 
be supported by clinical imaging studies in patients with 
TSC showing altered Apparent Diffusion Coefficient 
(ADC) brain imaging in TSC [29]. Other studies show 
increased inflammatory markers in the brains of patients 
with TSC, further supporting a potential mechanism of a 
“leaky” BBB allowing ingress of immune cells to the brain 
furthering dysfunction [8, 9]. Alternatively, the abun-
dance of these inflammatory markers may result from 
seizures secondarily causing BBB dysfunction. This fur-
ther validates our approach with human iPSC and micro-
physiological systems as cell/cell functional interactions 
can be defined without confounding from seizures seen 
in most TSC animal models.

Our PCA analysis revealed greater metabolome differ-
ences between neural cell and vascular compartments 
and rapamycin treatment versus vehicle than between 
TSC2 genotypes. While there is chemical communication 
across the BBB, the major contributor to metabolic dif-
ferences between the vascular and neural compartments 
are likely metabolic differences in cell lineages (BMECs 
versus neuron and astrocytes) involving many additional 

cellular processes aside from signaling pathways associ-
ated with TSC2. We identified a greater number of meta-
bolic pathways changed by rapamycin than affected by 
the TSC2 genotype in the vascular- and neural compart-
ments. Assessment of RNA transcriptional profiles of 
TSC2 wild type and TSC2-mutated neural compartments 
revealed differentially regulated pathways associated with 
synapse development and mitochondrial respiration, cel-
lular functions intricately linked to CNS development.

Conclusions
In summary, we found altered BBB function within a 
human TSC2 heterozygous NVU microphysiological 
system. Replacement of TSC2-mutated astrocytes with 
TSC2 wild type astrocytes or treatment with rapamycin 
was sufficient to rescue the BBB phenotype. We do not 
know the specific mechanisms underlying these findings 
but suspect astrocyte/endothelial cell interactions are 
directly impacted. Future studies will seek to elucidate 
such mechanisms. Our findings have translational and 
clinical impact as impaired BBB may contribute to neu-
rological disorders and future therapeutics for TSC may 
be designed to improve BBB function. As rapamycin and 
related compounds are being used clinically for some 
aspects of TSC, it is possible that alteration of the BBB 
permeability may be occurring and further focus on the 
BBB should yield important data and insights that may 
have clinical impact.
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therefore, comparisons of expression levels between the different iPSC 
lines are not possible from this Figure. We have not observed any obvious 
and consistent genotype-dependent difference in the level or distribution 
of β3-tubulin or MAP2 expression. TSP77+/+ and TSP77+/- are isogenic 
TSC wild type and TSC2 heterozygous mutated iPSC lines, respectively. The 
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neuronal cultures shown here were differentiated between 67-104 days 
before seeding into the NVUs. Scale bar is 100 µm.

Supplementary Material 3: Supplementary Fig. 3. Astrocyte cultures dif-
ferentiated from control and TSC-iPSC lines express the astrocytic markers 
GFAP and S100B. Astrocyte cultures differentiated from control iPSC lines 
and TSC iPSC lines show expression of GFAP and S100B. The expression 
levels of both GFAP and S100B varies from cell to cell within the same 
culture. A few cells express detectable levels of GFAP, but no S100B, some 
cells express S100B, but no GFAP and the majority of cells express both 
markers. Generally, the expression of S100B in control and TSC astrocytes 
co-expressing GFAP is lower than in cells expressing S100B only. The 
signals of the images were enhanced for optimal visualization of the 
markers and cell morphology; therefore, comparisons of expression levels 
between the lines are not possible from this Figure. However, we have 
not observed any obvious and consistent differences in GFAP or S100B 
expression between genotypes. TSP77+/+ and TSP77+/- are isogenic 
TSC2 wild type and TSC2 heterozygous mutated iPSC lines, respectively. 
The astrocyte cultures shown here were differentiated for >200 days. Scale 
bar is 100 µm.

Supplementary Material 4: Supplementary Fig. 4. Genes expressed dif-
ferentially in control (CC3) and TSPC-patient (TSP8-15) derived NVU neural 
chambers. The top 100 genes sorted by fold-difference with increased 
(blue-green) or decreased (orange) expression levels in the neural cham-
ber of TSC2 mutant (TSP-15) compared to control (CC3) are shown.

Supplementary Material 5: Supplementary Fig. 5. Gene set analysis of 
three gene pathways potentially relevant to TSC pathogenesis. We provide 
gene set analysis for three pathways that might be relevant to TSC CNS 
pathogenesis: K Ras signaling (A, NES = 1.69, setSize 178), Glutamatergic 
Synapse (B, NES = 2.32, setSize: 306) and Epileptic Encephalopathy (C, NES 
= 2.26, setSize 105).
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