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Abstract 

Background:  In ischemic stroke, the function of the cerebral vasculature is impaired. This vascular structure is formed 
by the so-called neurovascular unit (NVU). A better understanding of the mechanisms involved in NVU dysfunction 
and recovery may lead to new insights for the development of highly sought therapeutic approaches. To date, there 
remains an unmet need for complex human in vitro models of the NVU to study ischemic events seen in the human 
brain.

Methods:  We here describe the development of a human NVU on-a-chip model using a platform that allows culture 
of 40 chips in parallel. The model comprises a perfused vessel of primary human brain endothelial cells in co-culture 
with induced pluripotent stem cell derived astrocytes and neurons. Ischemic stroke was mimicked using a threefold 
approach that combines chemical hypoxia, hypoglycemia, and halted perfusion.

Results:  Immunofluorescent staining confirmed expression of endothelial adherens and tight junction proteins, as 
well as astrocytic and neuronal markers. In addition, the model expresses relevant brain endothelial transporters and 
shows spontaneous neuronal firing. The NVU on-a-chip model demonstrates tight barrier function, evidenced by 
retention of small molecule sodium fluorescein in its lumen. Exposure to the toxic compound staurosporine disrupted 
the endothelial barrier, causing reduced transepithelial electrical resistance and increased permeability to sodium 
fluorescein. Under stroke mimicking conditions, brain endothelial cells showed strongly reduced barrier function (35-
fold higher apparent permeability) and 7.3-fold decreased mitochondrial potential. Furthermore, levels of adenosine 
triphosphate were significantly reduced on both the blood- and the brain side of the model (4.8-fold and 11.7-fold 
reduction, respectively).

Conclusions:  The NVU on-a-chip model presented here can be used for fundamental studies of NVU function in 
stroke and other neurological diseases and for investigation of potential restorative therapies to fight neurological dis-
orders. Due to the platform’s relatively high throughput and compatibility with automation, the model holds potential 
for drug compound screening.
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Background
The vasculature of the brain is made up of specialized 
endothelial cells that form a tight blood–brain bar-
rier (BBB) [1]. The BBB ensures a homeostatic environ-
ment for the brain by controlling the entry of molecules 
from the circulation. The vasculature of the brain is 
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surrounded by perivascular cells that support and main-
tain healthy BBB functioning. Among these supporting 
cells are astrocytes and pericytes, which strengthen the 
inter-endothelial adherens junctions and tight junctions 
and maintain proper BBB transport function [2, 3]. The 
entire structure contributing to BBB function is referred 
to as the neurovascular unit (NVU) and includes brain 
endothelial cells, astrocytes, pericytes, neurons, oligo-
dendrocytes, microglia, and the basement membrane [4].

The NVU restricts passive diffusion of large, polar sub-
stances and potentially neurotoxic molecules into the 
brain. Only a selection of molecules, such as oxygen and 
carbon dioxide, can enter freely. Other essential mol-
ecules such as nutrients can enter the brain through spe-
cialized transporter systems, for example glucose, which 
enters via the highly expressed glucose transporter 1 
(GLUT-1) [5]. Conversely, more lipophilic molecules and 
metabolic toxins can be actively removed from the brain 
through efflux transporters. These efflux transporters 
include P-glycoprotein (P-gp), breast cancer resistance 
protein (BCRP), and members of the multidrug resist-
ance protein (MRP) family [6]. While the NVU’s barrier 
is essential for healthy brain functioning, it also poses a 
major challenge for drug delivery into the brain, as many 
drugs can’t freely enter the brain or are removed by efflux 
transporters [7].

NVU dysfunction is observed in many neurological 
disorders, ranging from neurodegenerative and neuro-
inflammatory diseases to dysfunction caused by trauma 
or stroke [8]. Stroke is the second cause of death world-
wide and the leading cause of adult disability [9, 10]. 
Strokes are of either hemorrhagic or ischemic nature 
[10]. Hemorrhagic stroke is the result of a vessel ruptur-
ing and makes up approximately 20% of all stroke cases. 
The other 80% of strokes are ischemic, resulting from an 
occlusion of a blood vessel by a thrombus that disrupts 
blood flow to the brain. The brain has a very high energy 
demand and is responsible for approximately 20% of the 
body’s oxygen consumption and 25% of glucose con-
sumption [11, 12]. For this reason, disrupted blood flow 
to the brain has detrimental effects.

To date, only one therapeutic agent has been approved 
for ischemic stroke. Tissue plasminogen activator (tPA) 
can be administered to dissolve the blood clot and restore 
blood flow to the brain [13]. However, tPA can only be 
administered during a relatively short time window 
(< 4.5 h), as later administration can lead to hemorrhages 
resulting in a poor patient outcome [14]. Furthermore, 
intravenous tPA administration is often not effective 
in removing blood clots in the major intracranial arter-
ies, which account for many cases of ischemic stroke 
[15]. Recently, several studies have found improved 
clinical outcome when such cases of ischemic stroke 

were treated with an alternative approach. Blood clot 
removal via intraarterial therapy, employing mechanical 
thrombectomy and/or local delivery of a thrombolytic 
agent, resulted in improved patient outcome [16]. How-
ever, many stroke patients are not eligible for intraarte-
rial therapy. Moreover, the therapy only allows for a short 
time window, like intravenous tPA administration, and 
can give rise to new blood clot formation. To date, treat-
ment of ischemic stroke remains far from optimal.

The reasons for this lack of success in treating stroke 
are multifactorial, but one factor may be found in the 
predominant use of animal models in preclinical studies 
[17, 18]. While animal models of the brain’s vasculature 
have proven valuable, they are costly, time consuming, 
and allow only limited control over experimental condi-
tions. Moreover, animal studies of neurological disease 
and NVU function often result in limited translational 
relevance due to interspecies differences, such as dif-
ferential expression of important BBB transporters and 
immune signaling molecules [19–21]. For this reason, 
researchers also studied stroke in  vitro, using (1) tradi-
tional oxygen–glucose deprivation techniques [22, 23], 
(2) chemical methods that inhibit the electron trans-
port chain [22, 23], such as rotenone, antimycin-A, or 
sodium azide, and (3) enzymatic methods employing 
glucose oxidase, catalase, and 2-deoxyglucose [24, 25]. 
One study compared all three techniques to model renal 
ischemia and reported that the use of antimycin-A was 
most reproducible [26]. Most in vitro stroke studies were 
performed using relatively simple models employing 
immortalized cell lines. The use of more complex in vitro 
models with improved physiological relevance may aid in 
finding new therapies for ischemic stroke and other neu-
rological diseases.

The first attempts at in  vitro NVU modeling started 
with cultures of primary brain endothelial cells in tra-
ditional two-dimensional (2D) culture systems [27, 28]. 
Aiming to improve physiological relevance and complex-
ity, the first models in Transwell were developed [29, 30]. 
In this system, brain endothelial cells were cultured on 
one side of a semi-permeable membrane and support-
ing cells on the other. Although the Transwell presented 
a step forward in physiological NVU modeling, the pres-
ence of a membrane and the lack of flow and direct cell–
cell contact posed limitations.

In response to those limitations, microfluidic platforms 
made their appearance in the field of NVU modeling [31, 
32]. These platforms make use of tissue culture chips 
comprising small channels that allow the development 
of layered three-dimensional (3D) cell cultures under 
flow [31]. After early work with NVU models based on 
hollow fiber apparatuses [33–35], Booth and colleagues 
developed the first NVU model in a chip using vertically 
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stacked planar structures made from polydimethylsilox-
ane (PDMS) [36]. These planar chips held much thinner 
membranes than the hollow fiber apparatuses, allowing 
for improved cell–cell contact in co-culture setups. Many 
others followed similar approaches in subsequent years, 
using primary cells and cell lines from various species 
[37–44]. The most recent microfluidic NVU models still 
show resemblance to the chip reported by Booth et  al., 
but special focus has been placed on all-human models, 
using primary material [45], or induced pluripotent stem 
cell (iPSC)-derived cells [46, 47], allowing for potential 
use in personalized therapies. Lyu et al. recently applied 
such an NVU model to study ischemic stroke, using a 
complex co-culture of endothelial cells, astrocytes, peri-
cytes, microglia, and neurons [48].

While many have developed microfluidic platforms 
for complex NVU modeling, most of these models are 
very low in throughput and cumbersome to use. There 
is a large unmet need for higher throughput, more user-
friendly platforms that unite microfluidic NVU models 
with routine experimentation and the possibility of drug 
candidate evaluation [49]. We previously reported a BBB 
model in a microfluidic platform that allows culture of 
40 chips in parallel, while being compatible with stand-
ard laboratory equipment and automation [50, 51]. The 
model comprised immortalized human brain endothe-
lial cells grown against an extracellular matrix (ECM) gel 
in co-culture with immortalized human astrocytes and 
pericytes.

We here report a microfluidic human NVU model 
that incorporates primary brain endothelial cells, in 
co-culture with iPSC-derived astrocytes and neurons 
grown under bidirectional, gravity-driven perfusion. To 
showcase the model’s use in studying NVU dysfunction, 
we developed a protocol to mimic stroke. Under stroke 
mimicking conditions, the NVU on-a-chip cultures 
showed reduced BBB integrity, mitochondrial membrane 
potential, and adenosine triphosphate (ATP), which are 
common features of ischemic stroke. In contrast to many 
other microfluidic approaches, the high-throughput 
and pump-free nature of the platform used renders this 
method suitable for routine experimentation. The NVU 
on-a-chip model can be used for fundamental studies of 
the NVU in health and disease as well as for evaluation 
of drug candidates under disease mimicking conditions.

Methods
Cell culture
Primary human brain microvascular endothelial cells 
(HBMECs, ACBRI 376, Cell Systems) were cultured in 
T75 flasks (Nunc™ Easy Flask, Sigma, F7552) in Pro-
mocell MV-2 medium (Bioconnect, C-22121). HBMECs 
were used between passage 4 and 10. iPSC-derived 

human astrocytes (01434, FujiFilm-CDI) were expanded 
in T75 flasks (734–2705, Corning) coated with GelTrex 
(A15696-01, Gibco) in medium comprised of DMEM 
(31966-021, Gibco) supplemented with 10% fetal bovine 
serum (FBS, F4135, Sigma), 1 × N2 supplement (17502-
048, ThermoFisher), and 1% penicillin/streptomycin 
(P4333, Sigma). Astrocytes were expanded to P4. iPSC-
derived neural stem cells (Ax0018, Axol Bioscience) 
were expanded in T75 flasks (734-2705, Corning) coated 
with growth factor reduced Matrigel (Matrigel-GFR, 
356231, Corning, 80–100  µg/mL) in expansion medium 
(see Table  1) for up to 6 passages. Cells were subse-
quently differentiated on Matrigel-GFR coated 12-well 
plates (100,000 cells/well) in differentiation medium 
(see Table  1) for 3  weeks to obtain neurons. Result-
ing neurons were dissociated using StemPro Accutase 
(A11105-01, Gibco) for 20 min, after which the cells were 
cryopreserved in large numbers for subsequent seeding 
in OrganoPlate. All cells were cultured at 37  °C, atmos-
pheric (20%) O2, 5% CO2 and regularly tested for myco-
plasm contamination and found negative.

OrganoPlate NVU culture
The OrganoPlate 3-lane platform (4004-400B, MIME-
TAS) was used for all experiments. Channel dimen-
sions are 400 µm × 220 µm (w × h) and phaseguides had 
dimensions of 100 µm × 55 µm (w × h). Rat-tail collagen-
I gel was prepared as previously described [51, 52] and 
dispensed in the middle lane of OrganoPlate 3-lane tis-
sue chips by adding 2 µL to the gel inlet. After 15 min of 
gelation at 37 °C, a Matrigel-GFR coating (80–100 µg/mL 
in cold PBS) was added to the bottom channel of each 
chip by pipetting 40 µL into the inlet wells. The Organo-
Plate was incubated at 37 °C overnight. Next, astrocytes 
and three-week pre-differentiated neurons were thawed, 
pelleted, and resuspended in differentiation medium at a 
density of 15,000 cells/µL, in a 1:4 ratio. 1–2 µL of astro-
cyte-neuron cell suspension were seeded in the bottom 
channel of each chip using passive pumping technique 
[53]. In short, Matrigel-GFR coating was aspirated from 
the bottom inlet of each chip and replaced with 50 µL of 
differentiation medium, after which the cell suspension 
was seeded on the connecting outlet, causing the cells to 
get drawn into the channel. The OrganoPlate was placed 
static at 37 °C for 1 h to allow cell attachment, after which 
medium was aspirated from the bottom inlet of the chips. 
Differentiation medium was then added to the top inlet 
and outlet wells (50 µL each) of each chip and the Organ-
oPlate was placed on the OrganoFlow perfusion rocker 
(MIMETAS, OFPR-L, 7° inclination, 8-min interval). 
Medium was changed twice a week by aspirating medium 
from the inlet and outlet wells of the top channel of each 
chip and replacing it with fresh differentiation medium. 
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After 7 days, HBMECs (10,000 cells/µL) were seeded to 
the top channel of each chip using the passive pump-
ing technique [53]. The OrganoPlate was incubated on 
the side for 3  h in the incubator to allow the HBMECs 
to sediment against the collagen-I gel and attach. After 
3 h, all medium was aspirated from the chips and fresh 
medium was added. Endothelial cell medium (Organo-
Medium, HBMECBM, MIMETAS) was added to the top 
channel (50 µL in inlet, 50 µL in outlet) and neuronal dif-
ferentiation medium (see Table 1) was added to the bot-
tom channel (50 µL in inlet, 50 µL in outlet) of each chip. 
The OrganoPlate was placed back on the OrganoFlow 
perfusion rocker and culture (37  °C, atmospheric (20%) 
O2, 5% CO2) was continued. Medium changes were per-
formed 2–3 times a week. Assays were performed on day 
14–15. A schematic representation of NVU culture in the 
OrganoPlate is shown in Additional file 1.

Modeling stroke
Stroke was modeled using a three-fold approach for a 
duration of 16 h, starting on day 14 of culture. Hypogly-
cemic conditions were modeled by replacing the culture 
media on both sides of the chips with glucose-free for-
mulations. OrganoMedium HBMECBM-GF (MIMETAS) 
was added to the top channel (50 µL in inlet, 50 µL in out-
let) of each chip. Neuronal differentiation was prepared 
as usual (see Table  1), but with Neurobasal-A medium 
(A2477501, ThermoFisher) instead of glucose-containing 
Neurobasal medium. Hypoxic conditions were modeled 

using 10  µM antimycin-A (A8674, Sigma), an inhibitor 
of complex III of the electron transport chain. Disrupted 
perfusion was modeled by removing the OrganoPlate 
from the rocker platform and placing it static in the 
incubator. Each approach was tested individually and in 
combination.

Immunocytochemistry
Cultures in the OrganoPlate were fixed with 3.7% for-
maldehyde (252549, Sigma) or 100% methanol (− 20  °C, 
494437, Sigma) and immunostained as previously 
described [51]. In short, cells were permeabilized using 
a Triton X-100 solution for 10  min and blocked using 
a buffer containing FBS, bovine serum albumin, and 
Tween-20 for 45  min. Primary antibody was incubated 
for 1–2  h or overnight, after which secondary antibody 
was incubated for 1 h. For negative controls, incubation 
with primary antibody was omitted and only incubation 
with secondary antibody was performed. An overview of 
the antibodies used can be found in Table 2. Nuclei were 
stained using Hoechst (H3570, ThermoFisher) and cells 
were imaged with ImageXpress Micro XLS and Micro 
XLS-C HCI Systems (Molecular Devices).

Calcium imaging
Cells were incubated with Cal-520 (20  µM, ab171868, 
Abcam) and 0.4% Pluronic F-127 (P6866, Invitrogen) in 
serum-free medium for 60  min at 37  °C on the rocker 
platform, followed by 30  min at RT. Fluorescent images 

Table 1  Medium for neuronal expansion and differentiation

Reagent Supplier Catalogue number Final concentration
N2B27 medium

Neurobasal medium Gibco 21103049

N2 supplement Thermo Fisher 17502-048 1×
B27 supplement Gibco 12587-010 1×
Non-essential amino acids Gibco 11140050 1%

GlutaMAX™ supplement Gibco 35050038 1%

Penicillin-streptomycin Sigma P4333 1%

2-mercaptoethanol Gibco 31350-010 50 µM

Expansion medium

N2B27 medium

EGF Sigma E9644 10 ng/mL

FGF PeproTech 100-18B 10 ng/mL

Differentiation medium

N2B27 medium

BDNF PeproTech 450–02 20 ng/mL

GDNF PeproTech 450–10 10 ng/mL

Ascorbic acid Sigma A4544 100 µM

db-cAMP Sigma D0627 10 µM
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were acquired at 0.5 Hz, 4×, widefield setting, 20% FITC-
intensity using the Micro XLS-C HCI System (Molecular 
Devices). Calcium recordings were corrected for photo-
bleaching using a bleach correction plugin in Fiji [54]. 
For quantification, regions of interest were selected and 
fluorescent signal over time was plotted for selected indi-
vidual neurons using Fiji multi measure functionality. 
Graphs were plotted using GraphPad Prism 8 (GraphPad 
Software).

Transendothelial electrical resistance
Transendothelial electrical resistance (TEER) was meas-
ured at different time points using an automated multi-
channel impedance spectrometer designed for use with 
the OrganoPlate (OrganoTEER, MI-OT-1, MIMETAS). 
Before the baseline measurement, 50 µL HBSS was added 
to the middle inlets and outlets of each OrganoPlate chip. 
Medium solutions containing staurosporine (S4400, 
Sigma) or vehicle (0.001% DMSO) were dispensed into 
a multiwell plate. The OrganoPlate, medium solutions 
and TEER equipment were equilibrated in the incuba-
tor (37 °C, 5% CO2) for at least 30 min prior to the start 
of the experiment. The OrganoPlate was placed in the 
OrganoTEER, allowing electrode pairs to be inserted into 
all inlet and outlet wells. Point impedance measurements 

were performed in the incubator (37 °C, 5% CO2) by fre-
quency sweep from 1000 Hz to 1 MHz (100 points; preci-
sion 0.5). A baseline measurement was performed first (1 
timepoint only). Medium was then aspirated and replaced 
with vehicle or staurosporine-containing medium. Time-
lapse measurements were then performed every 16 min 
for a total of 23 h and 45 min (91 timepoints). Data were 
analyzed using the OrganoTEER software, which auto-
matically extracts the TEER contribution (in Ohm) from 
the measured spectra and normalizes it to Ohm*cm2 by 
multiplying by the microvessel-ECM interface (estimated 
at 0.0057 cm2).

Permeability assay
Barrier permeability assays were performed as pre-
viously described [52]. In short, chips were wetted 
with culture medium to ensure proper flow profiles 
and medium was aspirated from the chips. 20 µL of 
medium without fluorescent compound was added to 
the basal side of the chips (the gel inlet and outlet well 
and the bottom inlet and outlet well). Medium contain-
ing a fluorescent dye (10  µg/mL sodium fluorescein, 
F6377, Sigma; or 0.1  mg/mL 20  kDa FITC-dextran, 
FD20S, Sigma) was perfused through the lumen of the 
endothelial microvessel in the top channel (40 µL in 

Table 2  Antibodies used for immunofluorescent staining

Primary antibodies

Antibody Supplier Cat. no Dilution Fixation Immunogen

VE-cadherin Abcam ab33168 1:1000 Formaldehyde Synthetic peptide corresponding to Human VE Cadherin aa 750 to the 
C-terminus conjugated to keyhole limpet haemocyanin

PECAM-1 Dako M0823 1:20 Formaldehyde The epitope recognized was found to be within the extracellular domain 1

ZO-1 ThermoFisher 339100 1:100 Formaldehyde Human recombinant ZO-1 fusion protein encompassing amino acids 
334–634

Claudin-5 ThermoFisher 35-2500 1:70 Methanol Synthetic peptide derived from the mouse Claudin-5 protein

S100β Abcam Ab52642 1:100 Formaldehyde Synthetic peptide within Human S100 beta aa 50 to the C-terminus (C 
terminal). The exact sequence is proprietary

GFAP Abcam Ab4674 1:1000 Formaldehyde Recombinant full length protein corresponding to Human GFAP. Isotype 1 
expressed in and purified from E. coli

B3TUBB Novus Biologicals NB100-1612 1:500 Formaldehyde Chickens were immunized with synthetic peptides that corresponded to 
different regions of beta-III Tubulin, but are shared between the human 
(NP_AAL28094, NCBI) and rat (AAM28438, NCBI) protein sequences

B3TUBB Abcam Ab78078 1:100 Formaldehyde Synthetic peptide corresponding to Rat beta III Tubulin aa 400–500

Secondary antibodies

Antibody Supplier Cat. no Dilution Immunogen

Goat-anti-rabbit Alexa 488+ ThermoFisher A11008 1:250 Gamma Immunoglobins Heavy and Light chains

Goat-anti-rabbit Alexa 555 ThermoFisher A21428 1:250 Gamma Immunoglobins Heavy and Light chains

Goat-anti-mouse Alexa 488 ThermoFisher A11001 1:250 Gamma Immunoglobins Heavy and Light chains

Goat-anti-mouse Alexa 555+ ThermoFisher A21422 1:250 Gamma Immunoglobins Heavy and Light chains

Goat-anti-chicken Alexa 647 ThermoFisher A21449 1:500 Gamma Immunoglobins Heavy and Light chains

Donkey-anti-mouse Alexa 647 ThermoFisher A31571 1:250 Gamma Immunoglobins Heavy and Light chains
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inlet well, 30  µL in outlet well). Images were acquired 
from each chip every 2  min for a duration of 10  min 
using an ImageXpress XLS Micro HCI System (Molec-
ular Devices). The leakage score was calculated as 
follows: [fluorescent signal in ECM gel channel]/[fluo-
rescent signal in lumen of endothelial vessel]. Apparent 
permeability (Papp) of each HBMEC vessel was calcu-
lated as previously described [55]. Graphs were plotted 
using GraphPad Prism 8 (GraphPad Software).

Transporter expression
RNA was collected from proliferating 2D HBMEC cul-
tures (1 × T75 flask, cultured in MV2 medium) or from 
the HBMEC fraction of NVU on-a-chip cultures by 
lysation with RLT buffer (79216, Qiagen). For NVU on-
a-chip cultures, lysates from 5 chips were pooled into 
one sample before proceeding to RNA isolation. RNA 
isolation was performed using an RNeasy Micro kit 
(74004, Qiagen) according to manufacturer’s instruc-
tions. RNA yield and purity were measured using the 
NanoDrop OneC Microvolume UV–Vis Spectropho-
tometer (ND-ONE-W, ThermoFisher). Complemen-
tary DNA was synthesized using M-MLV reverse 
transcriptase (28025013, ThermoFisher) according to 
manufacturer’s instructions. The following primers 
were used in this study: Glut-1 (forward: 5′-AAC​TCT​
TCA​GCC​AGG​GTC​CAC-3′, reverse: 5′-CAC​AGT​GAA​
GAT​GAT​GAA​GAC-3′), P-gp (forward: 5′-GGC​ACC​
AAC​ATG​GAC​AAC​C-3′, reverse: 5′-GTA​TTC​CTG​
GGA​CAC​GCA​GT-3′), BCRP1 (forward: 5′-AGA​TGG​
GTT​TCC​AAG​CGT​TCAT, reverse: 5′-CCA​GTC​CCA​
GTA​CGA​CTG​TGACA-3′), MRP1 (forward: 5′-GCC​
GAA​GGA​GAG​ATC​ATC​-3′, reverse: 5′-AAC​CCG​AAA​
ACA​AAA​CAG​G), TfR (forward: 5′-CTG​CTA​TGG​
GAC​TAT​TGC​TGTG-3′, reverse: CGA​CAA​CTT​TCT​
CTT​CAG​GTC), and ACTB (forward: 5′-CTC​TTC​
CAG​CCT​TCC​TTC​CT-3′, reverse: 5′-AGC​ACT​GTG​
TTG​GCG​TAC​AG-3′). Quantitative PCR was per-
formed using FastStart Essential DNA Green Master 
(06402712001, Roche) on the LightCycler® 96 Instru-
ment (05815916001, Roche), performing each measure-
ment in triplicate (technical replicates). The data was 
analyzed using the corresponding software according 
to the ΔΔCq method [56]. In brief, (1) ΔCq, (2) ΔΔCq, 
and (3) fold change were calculated in Microsoft Excel 
using the following equations: 1) ΔCq = Cq gene of 
interest – Cq endogenous control; 2) ΔΔCq = (Cq gene 
of interest – Cq endogenous control)sample A – (Cq gene 
of interest – Cq endogenous control)sample B; and 3) Fold 
change = 2-ΔΔCq. Target genes were normalized to the 
endogenous control beta-actin. Fold changes for NVU 
on-a-chip cultures were calculated relative to control 

cultures (2D HBMEC). Graphs were plotted using 
GraphPad 8 (GraphPad Prism Software).

P‑glycoprotein functionality
P-glycoprotein (P-gp) assays were performed as previ-
ously described [55]. In short, calcein-AM (C3099, Ther-
moFisher), a substrate of P-gp, was perfused through 
the lumen of the model in presence or absence of P-gp 
inhibitor cyclosporin-A (30042, Sigma) or zosuquidar 
(SML1044, Sigma) for 60  min. Next, the chips were 
washed with cold Opti-HBSS buffer (1:3 mix of Opti-
MEM, 31985062, Thermo Fisher and HBSS, H6648, 
Sigma) and perfused with Hoechst (H3570, Ther-
moFisher) to stain the nuclei. Z-stacks were acquired 
using the ImageXpress® Micro Confocal High Content 
Imaging System (Molecular Devices) and green-fluores-
cent calcein signal was normalized to Hoechst cell count 
to quantify the intracellular calcein level in conditions 
with and without P-gp inhibitor. Graphs were plotted 
using GraphPad Prism 8 (GraphPad Software).

Mitochondrial membrane potential assay
Tetramethylrhodamine, methyl ester (TMRM, T668, 
ThermoFisher) was used to determine the mitochondrial 
membrane potential according to manufacturer’s instruc-
tions. Medium was aspirated from all inlets and outlets 
and 50 µL of 250 nM TMRM staining solution was added 
to the top and bottom inlet and outlet wells of the chips. 
The plate was incubated at 37 °C on the rocker platform 
for 30  min followed by washing with HBSS (55037C, 
Sigma). Nuclei were stained using Hoechst (H3570, Ther-
moFisher) and z-stacks were acquired using the ImageX-
press® Micro Confocal HCI System (Molecular Devices). 
SUM projections were loaded into Fiji and a region of 
interest was selected to extract a mean intensity value 
from each chip. Background signal was subtracted by 
deducting the mean intensity from cell-free control chips 
from each chip. Graphs were plotted using using Graph-
Pad Prism 8 (GraphPad Software).

ATP assay
A CellTiter-Glo® 3D cell viability assay (G9681, Promega) 
was used according to manufacturer’s instructions. ATP 
standard curve solutions (0.016-0.08-0.4-2-10-20  µM) 
were prepared using ATP disodium salt (A7699, Sigma) 
in HBSS (55037C, Sigma). CellTiter-Glo® 3D ready-
to-use reagent was mixed in a 1:1 ratio with HBSS and 
added to the OrganoPlate chips (50 µL in top and bottom 
inlets and outlets) for 15 min incubation at 37 °C on the 
rocker. The ATP standard curve solutions and the lysates 
from the OrganoPlate cultures were transferred to white, 
flat bottom 384-well plates (262360, ThermoFisher). 
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Luminescence was measured in duplo for each sam-
ple using a multiwell plate reader (Fluoroskan Ascent®, 
ThermoFisher). ATP concentrations of the OrganoPlate 
samples were interpolated from the luminescent values 
following calibration curve fitting in GraphPad Prism 
8 (GraphPad Software). Graphs were plotted using the 
same software.

Statistical analyses
Data was analyzed using GraphPad Prism, version 8. 
Gaussian distribution was assessed using the Shapiro–
Wilk normality test. In case the assumptions were not 

violated, one-way ANOVAs were performed. In case of 
normally distributed data in which the assumption of 
equality of variances was violated (Figs. 4d, 5a–d), the 
Brown-Forsythe and Welch test was performed with a 
Dunnett T3 multiple comparisons test. When normal 
distribution could not be confirmed (Fig. 4b, left panel 
graph), the nonparametric Kruskall-Willis test with 
Dunn’s multiple comparisons test was performed. A 
2-way ANOVA with Sidak’s multiple comparison test 
was used to compare vehicle control data of the two 
graphs shown in Fig. 4b (with medium composition as 
variable 1 and presence or lack of perfusion as varia-
ble 2). For multiple comparisons tests, all groups were 
compared to the vehicle control group only. Statistical 

d PECAM-1 / s100β / TUBB3 VE-cad 

PECAM-1

Claudin-5 

ZO-1 

e

ca b

f s100β / TUBB3

Fig. 1  Brain endothelial cells, astrocytes, and neurons in a 3D NVU on-a-chip. a Picture of the OrganoPlate 3-lane culture platform, comprising 40 
tissue culture chips. b Picture of the bottom of the OrganoPlate, showing several 3-lane chips. c 3D artist impression of the NVU on-a-chip model. d 
3D reconstruction of the human NVU model showing a vessel of brain endothelial cells (PECAM-1, magenta) grown against an extracellular matrix 
gel, in co-culture with networks of astrocytes (s100β, green) and neurons (TUBB3, red). e Single-plane images of the brain endothelial cells that 
make up the endothelial vessel in the top lane of the chips, expressing adherens junction markers VE-cadherin and PECAM-1, and tight junction 
markers claudin-5 and ZO-1. f Astrocytes (s100β, green) and neurons (TUBB3, red) are present in the bottom lane of the chips and form networks. All 
images were acquired from 14-day old cultures. Panels show representative images of n = 2–3 chips minimum. Scale bars are 50 µm
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significance was indicated by one or more asterisks. 
*P < 0.05, **P < 0.01, ***P < 0.001, or ****P < 0.0001.

Results
Perfused 3D NVU on‑a‑chip shows a vessel of brain 
endothelial cells in co‑culture with astrocytes and neurons
The OrganoPlate 3-lane allows parallel culture of 40 
miniaturized tissues in microfluidic chips (Fig.  1a, b) 
[50–52]. In each chip, a 3D human NVU triculture model 
was grown under medium perfusion (Fig. 1c, Additional 
file  1). The NVU cultures were characterized by immu-
nostaining. Figure  1d shows a 3D reconstruction of a 
representative NVU on-a-chip culture. The culture com-
prised a vessel of brain endothelial cells, grown against a 
collagen-I gel, in co-culture with neurons and astrocytes. 
Cultures remained viable for a minimum of two weeks 
(Additional file 2).

The vessel of primary brain endothelial cells showed 
expression of adherens junction proteins vascular 
endothelial cadherin (VE-cadherin) and platelet endothe-
lial cell adhesion molecule 1 (PECAM-1) as well as tight 

junction proteins claudin-5 and zona occludens 1 (ZO-1) 
(Fig. 1e). The presence of these markers and their locali-
zation at the cell–cell contacts is indicative of barrier 
formation [1, 57]. Located on the opposite side of the col-
lagen-I gel were networks of iPSC-derived neurons and 
astrocytes, positive for neuronal marker beta-III-tubulin 
(TUBB3) and astrocytic marker astrocytic marker S100 
calcium-binding protein B (s100β), respectively (Fig. 1f ).

To ensure neuronal functionality, electrophysiological 
activity was detected by means of calcium imaging [58], 
confirming spontaneous neuronal firing in the NVU cul-
tures (Additional file 3).

The NVU on‑a‑chip model shows tight barrier function 
and allows study of compound‑induced barrier disruption
After observing expression of adherens- and tight junc-
tion proteins in the NVU on-a-chip cultures, we inves-
tigated barrier formation of the endothelial vessel at a 
functional level, at baseline and in response to stauro-
sporine, an anticancer drug that disrupts BBB integrity 
and induces apoptosis [59, 60]. NVU on-a-chip cultures 
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were exposed to two concentrations of staurosporine for 
a duration of 24 h. To assess barrier integrity, TEER was 
measured over time during the exposure.

The measurements showed a concentration-dependent 
decrease in TEER in response to staurosporine (Fig. 2a, 
b). The lower concentration of 0.033  µM resulted in a 
near-linear decrease in TEER during the first 4 h of expo-
sure before reaching a plateau that showed a 66% reduc-
tion in TEER compared to vehicle control. The higher 
concentration of 0.1  µM staurosporine results in near-
zero TEER values after 4 h of exposure, which remained 
unchanged for the remainder of the experiment.

Following the 24  h exposure to staurosporine, the 
barrier integrity of each chip was also assessed using a 
fluorescent assay. Small molecule sodium fluorescein 
(0.45  nm radius [61]) was added to the lumen of each 
chip and its leakage into the adjacent gel lane was moni-
tored over time by timelapse imaging and quantification. 

In line with the TEER measurements, a concentration-
dependent decrease in barrier function was observed 
(Fig.  2c, d), with untreated chips proving leak-tight for 
sodium fluorescein (Papp of 3.1 × 10–6  cm/s) and treated 
chips showing leakage (Papp of 4.2 × 10–5  cm/s and 
1.6 × 10–5  cm/s for 0.033  µM and 1  µM staurosporine, 
respectively).

The NVU on‑a‑chip expresses relevant BBB transporters
After confirming the barrier function of the NVU on-
a-chip model, we assessed expression of relevant trans-
porters. Expression of influx transporter GLUT-1 and 
efflux transporters P-gp, breast cancer resistance protein 
1 (BCRP1), and multidrug resistance protein 1 (MRP1) 
were confirmed at the RNA level. In addition, we con-
firmed expression of the transferrin receptor (TfR), which 
is of interest for drug delivery of biologicals into the brain 
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Fig. 4  Ischemic conditions cause a disruption in barrier function and reduced mitochondrial potential. The NVU model was exposed to conditions 
that mimic stroke for 16 h (day 14–15 of culture) by omitting glucose, addition of antimycin-A to model hypoxia, and discontinuation of flow. a 
Fluorescent images show representative leakage for each condition 10 min after addition of 20 kDa FITC-dextran. b Quantification of apparent 
permeability (Papp) of 20 kDa FITC-dextran in all conditions. Graphs show mean ± standard deviation, n = 4–5 chips. Statistical analysis was 
performed using Kruskal–Wallis tests for left panel graph (in which normal distribution was not confirmed) and one-way ANOVA for right panel 
graph; ns (not significant), *P < 0.05, **P < 0.01, ***P < 0.001. c Mitochondrial potential was assessed using a fluorescent TMRM assay in which a high 
fluorescent signal corresponds with healthy mitochondrial function. Fluorescent images show representative TMRM signal for each condition. d 
Quantification of TMRM signal in all conditions. Graphs show mean ± standard deviation, n = 4–5 chips. Statistical analysis was performed using 
Brown-Forsythe and Welch tests; *P < 0.05, **P < 0.01

(See figure on next page.)
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(Fig. 3a). P-gp expression was similar in NVU on-a-chip 
cultures compared to HBMECs cultured in 2D. A small 
upregulation was observed for GLUT-1 and MRP1, while 

a small downregulation was observed for TfR. Notably, a 
24-fold increase was found for BCRP1 (Fig. 3b).

A functional assay was employed to confirm activity 
of one of these transporters, namely P-gp, an important 
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Fig. 5  Ischemic conditions cause a reduction in ATP in the neurovascular unit model. The NVU model was exposed to conditions that mimic stroke 
for 16 h (day 14–15 of culture) by omitting glucose, addition of antimycin-A to model hypoxia, and discontinuation of flow. a ATP concentration 
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member of the ATP-binding cassette family and involved 
in drug efflux from the brain. The lumen of NVU on-a-
chip cultures was perfused with calcein-AM, a fluores-
cent substrate of P-gp [62–64]. Inhibition of P-gp with 
first-generation inhibitor cyclosporin-A [65, 66] (10 µM, 
60 min) or the more selective third-generation inhibitor 
zosuquidar [66] (0.4  µM, 60  min) resulted in a signifi-
cant increase in intracellular fluorescence (65% and 32%, 
respectively), indicative of inhibited efflux of the fluores-
cent substrate out of the cells (Fig. 3c).

Mimicking ischemic stroke induces barrier leakage, 
reduced mitochondrial membrane potential, and lowered 
ATP
Next, the NVU on-a-chip cultures were used to inves-
tigate the effects of ischemic stroke on NVU function. 
Stroke was mimicked using a threefold approach: (1) glu-
cose depletion was modeled using glucose-free medium, 
(2) hypoxia was mimicked using antimycin-A [22, 26], an 
inhibitor of complex III of the electron transport chain, 
and (3) halted perfusion was mimicked by removing 
the OrganoPlate from the rocker platform and placing 
it static. Each approach was assessed separately and in 
combination with the other approaches and compared 
to control chips. Results showed that when perfusion is 
continued, no-glucose alone or antimycin-A alone do not 
alter NVU barrier integrity, but the combination of no-
glucose and antimycin-A induces a marked disruption of 
the endothelial barrier, causing leakage of 20 kDa FITC-
dextran out of the models’ lumen (Fig. 4a, b, left panels; 
Papp of 4.9 × 10–5 cm/s versus 9.3 × 10–7 cm/s for vehicle 
control). In contrast, in absence of perfusion, no-glucose 
alone or antimycin-A alone both did cause a decrease 
in barrier integrity compared to control. A combination 
of no-glucose and antimycin-A in absence of perfusion 
again showed a further disruption of barrier integrity 
(Fig.  4a, b, right panels; Papp of 3.3 × 10–5  cm/s versus 
2.0 × 10–6 cm/s for vehicle control).

Similar effects were observed when studying mito-
chondrial function using a fluorescent mitochondrial 
membrane potential assay. Under perfusion, no-glucose 
alone or antimycin-A alone did not significantly alter 
mitochondrial membrane potential, but the combination 
of no-glucose and antimycin-A caused a strong decrease 
(Fig.  4c, d, left panels; 55.6% reduction in fluorescent 
intensity compared to vehicle control). In absences of 
perfusion, mitochondrial membrane potential was dras-
tically reduced in all conditions compared to perfused 
chips, with also control chips (with glucose, without anti-
mycin-A) showing significantly lowered mitochondrial 
membrane potential (Fig. 4c, d right panels; 29.3% reduc-
tion compared to perfused vehicle control, P = 0.0079). 
In line with results from the barrier integrity assay, 

mitochondrial membrane potential was also affected in 
no-glucose only and antimycin-A only conditions if per-
fusion was stopped. The strongest reduction was again 
observed when both approaches were combined (80.5% 
reduction compared to static vehicle control; 86.2% com-
pared to perfused vehicle control).

In stroke, the disrupted blood flow to the brain leads 
to hypoxic and hypoglycemic conditions and hence a 
reduction in ATP, the molecule that supplies energy for 
processes in living cells. Using a CellTiter-GLO assay, we 
assessed ATP levels in the apical (blood) and basal (brain) 
side of the NVU on-a-chip cultures after applying stroke 
conditions.

Under perfused conditions, no-glucose alone or anti-
mycin-A alone resulted in a reduction in ATP levels on 
the blood side of the chips compared to vehicle control 
(19.4% and 31.3% reduction, respectively) (Fig.  5a). The 
combination of glucose removal and presence of antimy-
cin-A resulted in a strong decrease in ATP levels (83% 
reduction). Samples taken from the brain side of the per-
fused chips showed higher baseline ATP levels than on 
the blood side, explained by the larger number of cells 
present in that compartment. On the brain side of the 
perfused chips, no-glucose alone did not affect ATP lev-
els (Fig. 5b). Addition of antimycin-A showed a trend of 
increased ATP, although not significant. Like the blood 
side, the brain side of the perfused chips showed a strong 
reduction in ATP when no-glucose and antimycin-A 
were combined (89.7%).

When perfusion was halted, the blood side of the chip 
showed similar findings as when perfusion was contin-
ued, with combination of no-glucose and antimycin-A 
showing a strong decrease in ATP concentrations (77.8% 
reduction) (Fig.  5c). The brain side of the chips again 
showed higher baseline ATP levels due to a larger num-
ber of cells present. In samples taken from the brain side, 
no-glucose alone or antimycin-A alone did not signifi-
cantly alter ATP concentrations (Fig. 5d). A combination 
of the two, however, resulted in strongly decreased ATP 
(91.1%).

Discussion
We established a triculture NVU on-a-chip model that 
accounts for many key features of the NVU without the 
need for cumbersome procedures or long culture times. 
The NVU on-a-chip model consists of a vessel of primary 
brain endothelial cells in co-culture with iPSC-derived 
astrocytes and neurons. The model presents with tight 
in vivo-like barrier function as observed by the retention 
of the small molecule sodium fluorescein. Exposure of 
the NVU on-a-chip model to a known disruptive com-
pound decreased the TEER of the barrier and increased 
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its permeability to sodium fluorescein. This finding indi-
cates the model’s use in assessing BBB-disrupting com-
pounds and potential restorative therapies. In addition to 
tight barrier function, the NVU on-a-chip cultures also 
demonstrated spontaneously active neurons and expres-
sion of relevant endothelial transporters.

The NVU on-a-chip model presented with an aver-
age TEER of 12.6 Ω  × cm2 at baseline. Although TEER 
measurements can in theory be compared between dif-
ferent culture setups and systems, practice shows other-
wise [67–69]. Highly conflicting TEER values have been 
reported by different studies even when the same cells 
and culture setups were used. When different culture 
systems are employed, such as Transwell and microflu-
idic systems, the discrepancies are even larger. The dis-
crepancies result from a combination of different factors 
that influence TEER values, including thickness and pore 
size of membranes, electrode type and position, electrical 
and mathematical approaches, temperature, surface area 
and shape, and current line distribution [70]. For this 
reason, we recommend that TEER values are compared 
only within a study rather than between studies. Addi-
tional permeability studies using fluorescent molecules 
and imaging-based readouts can aid in further charac-
terization of a model’s barrier function. In this study, we 
observed a concentration-dependent loss of barrier func-
tion over time using the BBB-disrupting anticancer drug 
staurosporine [59, 60]. While exposure to 0.033 µM stau-
rosporine resulted in a 66% reduction in TEER compared 
to vehicle control, exposure to 0.1  µM staurosporine 
resulted in a near complete loss of TEER. These findings 
were supported by a concentration-dependent increase 
in leakage of fluorescent molecule sodium fluorescein. 
These findings indicate that TEER measurements in our 
NVU on-a-chip system can be used to assess disruption 
of the NVU’s barrier.

In addition to TEER, we assessed barrier function 
of NVU on-a-chip cultures using sodium fluorescein, 
a commonly used small molecule dye for studying BBB 
permeability [71–74]. Hawkins et  al. reported that 
sodium fluorescein is subject to transport by organic 
anion transporter 3 (Oat3) and MRP2 in rats and there-
fore may result in an overestimation of a culture’s barrier 
properties [75]. Although sodium fluorescein presents 
with this disadvantage, it presents with several other 
highly favorable characteristics [74], including its ina-
bility to accumulate inside cells [76]. We have assessed 
both sodium fluorescein and lucifer yellow, a dye that 
has not been reported to be substrate to transport, in 
HBMEC monocultures and found that the cellular barri-
ers retained both dyes (data not shown). Moreover, the 
permeability for sodium fluorescein in our NVU on-a-
chip cultures (Papp of 3.08 × 10–6  cm/s) falls within the 

range of the molecule’s in  vivo permeability reported 
for rat brain microvessels (Papp of 0.11 × 10–6 [75] to 
2.71 ± 0.76 × 10–6  cm/s) [77]), indicating tight barrier 
formation. We do recommend that like TEER, Papp val-
ues are also compared within a study rather than between 
studies, as they are also subject to large discrepancies in 
reported values due to biological as well as technical and 
analytical parameters [78].

Expression of BBB transporters was confirmed at the 
RNA level for glucose influx transporter GLUT-1, efflux 
transporters P-gp, BCRP, and MRP1, as well as for TfR, 
an important transporter for receptor mediated trans-
cytosis. In the presence of P-gp inhibitors cyclosporin-A 
[65, 66] or zosuquidar [66], accumulation of fluorescent 
P-gp substrate calcein was observed, indicative of func-
tional P-gp activity [62–64]. We have not performed 
functional assessment of other relevant transport-
ers. Future work may include functional assessment of 
BCRP1, which was shown to be upregulated in the NVU 
on-a-chip model compared to 2D, and GLUT-1, which 
is reported to become upregulated following ischemic 
stroke [79]. Lastly, investigation of the sodium-dependent 
glucose transporter (SGLT) may be of interest, as some 
have reported a combined role for GLUT-1 and SGLT in 
ischemic stroke [80].

Following previous work with cell lines [51], the 
NVU on-a-chip presented here employs primary brain 
endothelial cells. Potential concerns with the use of pri-
mary brain endothelial cells include dedifferentiation 
and loss of certain characteristic features after removal 
from their in vivo environment [81, 82]. In addition, the 
use of primary cells is subject to donor variation. For this 
reason, the use of iPSC-derived brain endothelial cells 
(iBECs) has gained much attention over the last decade. 
However, recent studies acknowledge that the current 
protocols for iBEC generation often result in suboptimal 
cellular phenotypes [46, 83, 84], showing a predominantly 
epithelial phenotype and a lack of active transport across 
the cells. Our experience with iBECs is in line with these 
reports (data not shown). For this reason, we employed 
primary human brain endothelial cells in our NVU on-
a-chip model. The resulting endothelial vessel shows a 
relevant phenotype, including expression of relevant BBB 
transporters and tight barrier formation. For consist-
ency, endothelial cells from only one donor were used in 
this study. However, we have worked with three different 
donors without finding obvious donor to donor differ-
ences (data not shown), indicating that donor variation 
does not necessarily pose insurmountable issues. Lastly, 
the use of primary brain endothelial cells rather than 
iBECs also allows for strongly reduced culture times. As 
the field continues to improve iBEC differentiation pro-
tocols, the replacement of primary brain endothelial cells 
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by iPSC-derived ones in our NVU on-a-chip model may 
be possible in the near feature when for example donor 
matched models are desired for personalized medicine 
applications.

The OrganoPlate platform allows flexible tissue model 
design [85]. In addition to the cell types present in the 
model described here, one could easily add pericytes, 
which play a major role in healthy NVU functioning [3, 
51]. The model can also be expanded to include micro-
glia, the resident macrophages of the brain [86, 87]. 
Additionally, the role of circulating immune cells may be 
investigated. Impaired BBB function and inflammation 
is observed in many acute and chronic neurological dis-
eases and results in the entrance of immune cells from 
the systemic circulation into the brain [8, 88, 89]. After 
entering the brain these immune cells further exacerbate 
BBB disruption, either directly—via release of inflamma-
tory factors such as cytokines, free radicals and matrix 
metalloproteinases—or indirectly, via activation of other 
constituents of the NVU, such as astrocytes or microglia 
[90–92]. The expression of endothelial cell adhesion mol-
ecules (CAMs) such as intercellular CAM-1 (ICAM-1) 
can be studied in our NVU on-a-chip model at baseline 
and after mimicking stroke or other neurological disor-
ders. Immune cells can be perfused through the lumen 
of the endothelial vessel in the OrganoPlate and immune 
cell adhesion to the vascular wall can be quantified, as 
reported by Poussin et al. [93]. Subsequent extravasation 
and migration towards the brain side of the chip may be 
studied using an approach similar to the one reported by 
Gjorevski et al. [94] or De Haan et al. [95]. Furthermore, 
samples can be taken from apical and basal compart-
ments and cytokine contents can be analyzed, as shown 
in a study by Gijzen et al. [85].

This study modeled ischemic stroke using a three-
fold approach that combines hypoglycemia, chemical 
hypoxia, and halted perfusion. When perfused was con-
tinued, omission of glucose alone showed limited effects 
on NVU barrier function, endothelial mitochondrial 
membrane potential, or ATP levels on blood- and brain 
side. This may be explained by a compensatory mecha-
nism, such as a switch to cellular respiration mechanisms 
that don’t rely on the presence of glucose. Upon low glu-
cose levels, endothelial cells have shown to increase fatty 
acid oxidation, also known as β-oxidation, for energy 
production [96, 97]. When perfusion is halted, delivery 
of new fatty acids is hampered, possibly explaining why 
the combination of no glucose and halted perfusion does 
result in reduced NVU barrier function and mitochon-
drial membrane potential.

Similarly, when perfusion was continued, chemi-
cal hypoxia alone did not strongly affect NVU function 
in the tested assays. This may be explained by several 

factors. The concentration of antimycin used in this study 
likely does not result in a full inhibition of the electron 
transport chain [98]. In addition, endothelial cells rely 
primarily on glycolysis for their energy production rather 
than mitochondrial respiration [99] and are therefore less 
likely to be affected by inhibition of the electron trans-
port chain. While endothelial cells rely primarily on gly-
colysis, energy metabolism in astrocytes and neurons 
remains subject to debate [100]. While neurons contain 
many mitochondria and likely rely heavily on mito-
chondrial respiration [101], it is hypothesized that upon 
hypoxic conditions, they can switch to glycolysis as a pri-
mary source of ATP production: a less efficient, but faster 
alternative [100, 102, 103]. This may underly our finding 
showing increased ATP on the brain side of the NVU on 
a chip model upon exposure to antimycin-A only. Over-
all, we found that the combination of low glucose, chemi-
cal hypoxia, and halted perfusion resulted in impaired 
NVU barrier function, reduced mitochondrial potential, 
and lower ATP levels.

Further studies may investigate other components 
of the complex cascade of events that follows ischemic 
stroke, such as excitotoxicity, production of reactive oxy-
gen species (ROS), and reperfusion injury [104, 105]. 
Presence of excess glutamate causing excitotoxicity [106, 
107] may be investigated in the NVU on-a-chip model 
using a fluorescent calcium indicator or by determining 
glutamate levels in medium samples taken from the brain 
side of the chip. ROS production [108] can be studied in 
the NVU on-a-chip model using fluorescent or lumines-
cent assays, or by measuring the ROS contents of apical 
and basal medium samples. Reperfusion injury [109, 110] 
may be studied by removal of the stroke conditions and 
addition of glucose-containing medium without antimy-
cin-A and placing the OrganoPlate back on the rocker 
platform to reintroduce flow.

Many traditional in  vitro NVU models do not incor-
porate fluid flow. However, numerous publications have 
reported that incorporation of fluid flow in in vitro NVU 
models is beneficial, showing reduced BBB permeability, 
decreased cell division, and increased expression of drug 
and nutrient transporters [36–38, 42, 43, 46, 111, 112]. 
Although direct in vivo measurements of shear stress in 
brain vasculature are lacking and vary dependent on local 
vessel diameter and curvature, it is estimated that capil-
laries experience shear stress ≥ 6 dyne/cm2. Endothe-
lial cells in our NVU on-a-chip model experience shear 
stress of ~ 1.2 dyne/cm2, falling within the range reported 
for post-capillary venules (1–6 dyne/cm2) [113–115]. 
Furthermore, the flow in the NVU on-a-chip model 
reported here is of bidirectional nature, unlike cerebral 
blood flow in vivo, and flow disturbances are associated 
with diminished vascular health [115]. By using systems 
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employing pumps and syringes, higher shear stress and 
unidirectional flow can be achieved in the NVU on-a-
chip model presented here. However, this will come at 
the cost of ease of use and throughput, which is undesira-
ble. While the nature of flow in our system may make the 
model suboptimal for those research questions requiring 
full control of all aspects of flow, it has been shown to 
improve cellular differentiation, polarization, junctional 
organization, and barrier function compared to static 
culture [51, 52], indicating that bidirectional flow still 
holds advantages over static culture in in vitro modeling. 
More importantly, the lack of a complex setup employing 
pumps and syringes makes this model amenable to rou-
tine experimentation and automation.

Conclusion
The human NVU on-a-chip model described here pre-
sents a significant advancement in complexity over tradi-
tional BBB- and NVU-models. Furthermore, it addresses 
several challenges associated with traditional microflu-
idic models that require specialized equipment, are often 
cumbersome to use and low in throughput. Under stroke 
mimicking conditions, the model shows impaired barrier 
function and mitochondrial membrane potential of the 
endothelial vessel, as well as reduced ATP in both blood- 
and brain compartments. The NVU on-a-chip model 
can be used for fundamental studies of NVU function in 
disease and investigation of potential restorative thera-
pies. Due to the platform’s relatively high throughput 
and compatibility with automation, the NVU on-a-chip 
model holds potential for drug compound screening.
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 Additional file 1. Schematic representation of the neurovascular unit 
model in the OrganoPlate. (a) Picture of the OrganoPlate 3-lane culture 
platform, comprising 40 tissue culture chips. (b) Picture of the bottom of 
the OrganoPlate, showing several 3-lane chips. (c) Procedure for cultur-
ing the neurovascular unit model. ECM gel is loaded in the middle lane. 

Phaseguides (small rims, dark grey) prevent the ECM gel from overflowing 
into the adjacent perfusion lanes. Immediately after, neurons and astro-
cytes are seeded in the bottom lane. After 7 days, brain endothelial cells 
are added to the top lane to complete the model. The model is cultured 
under perfusion by placing the OrganoPlate on a rocking platform. 

Additional file 2. Phase contrast images of the neurovascular unit model 
in the OrganoPlate. (a) Images of a representative chip taken at different 
days of culture. An ECM gel is loaded in the middle lane followed by 
astrocyte and neuron seeding in the bottom lane at day 0. Astrocytes and 
neurons form networks from day 1 to day 7. At day 7, brain endothelial 
cells are added to the top lane. The endothelial cells attach against the 
ECM gel and form a microvessel under perfusion. (b) Representative chip 
at day 14 of culture, showing a microvessel of brain endothelial cells in 
co-culture with networks of astrocytes and neurons. (c) High magnifica-
tion image of brain endothelial cells grown against ECM gel. White arrow 
indicates the endothelial barrier. (d) High magnification image of neuron-
astrocyte networks in the bottom lane. Scale bars are 100 µm. 

Additional file 3. Neurons in the NVU model show spontaneous elec-
trophysiological activity. A fluorescent calcium indicator was loaded into 
the cells of the NVU on-a-chip model at day 14 of culture. Cells show an 
increase in fluorescence upon calcium influx into the cell, which is associ-
ated with neuronal firing. Calcium fluctuations were captured at 0.5 Hz 
using a fluorescent microscope. (a) Images depict low (dark colors) and 
high (light colors) intracellular calcium and show a changing pattern in 
cells over time. (b) Fluctuations in calcium signal were plotted over time 
for four randomly selected active neurons.

Acknowledgements
The authors thank Thomas Olivier and Niels Huiberts for their help with image 
acquisition and analysis, Chiwan Chiang for optimizing the procedure for 
cryopreservation of neurons, Arnaud Nicolas and Dr. Sebastiaan Trietsch for 
their help with TEER measurements and interpretation, and Dr. Karla Queiroz 
for her input on energy metabolism.

Authors’ contributions
NRW, RV, and HLL designed the study. Authors NRW, ALN, TMF, MP, DGK, XMS, 
CH, and GR performed experiments and data analysis. NRW, PV, HEV, and HLL 
supervised the research. NRW, ALN, HEV, and HLL wrote the paper. All authors 
read and approved the final manuscript.

Funding
This work was supported by the European Union’s Horizon 2020 research pro-
gram CoSTREAM (Grant Agreement #667375) and the Marie Sklodowska-Curie 
International Training Network ENTRAIN (Grant Agreement #813294), as well 
as the Innovative Medicines Initiative 2 programs ADAPTED (Grant Agreement 
#115975) and IM2PACT (Grant Agreement #807015). These joint undertakings 
receive support from the European Union’s Horizon 2020 research and innova-
tion program and the European Federation of Pharmaceutical Industries and 
Associations.

 Availability of data and materials
The datasets used and/or analysed during the current study are available from 
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
Authors NRW, ALN, TMF, MP, XMS, GR, RV, PV, and HLL are employees of 
MIMETAS and PV is shareholder of that same company. The OrganoPlate® is a 
registered trademark of MIMETAS BV.

https://doi.org/10.1186/s12987-021-00294-9
https://doi.org/10.1186/s12987-021-00294-9


Page 16 of 18Wevers et al. Fluids and Barriers of the CNS           (2021) 18:59 

Author details
1 MIMETAS BV, Leiden, The Netherlands. 2 Department of Molecular Cell Biology 
and Immunology, Amsterdam UMC, Location VUmc, Amsterdam Neurosci-
ence, Amsterdam, The Netherlands. 3 Department of Translational Neurosci-
ence, University Medical Center Utrecht Brain Center, Utrecht University, 
Utrecht, The Netherlands. 4 CARIM School of Cardiovascular Diseases, Faculty 
of Health, Medicine, and Life Sciences, Maastricht University, Maastricht, The 
Netherlands. 

Received: 18 September 2021   Accepted: 30 November 2021

References
	 1.	 Wolburg H, Lippoldt A. Tight junctions of the blood-brain bar-

rier: development, composition and regulation. Vascul Pharmacol. 
2002;38(6):323–37.

	 2.	 Abbott NJ, Rönnbäck L, Hansson E. Astrocyte–endothelial interactions 
at the blood–brain barrier. Nat Rev Neurosci. 2006;7(1):41–53.

	 3.	 Sá-Pereira I, Brites D, Brito MA. Neurovascular unit: a focus on pericytes. 
Mol Neurobiol. 2012;45(2):327–47.

	 4.	 McConnell HL, Kersch CN, Woltjer RL, Neuwelt EA. The translational 
significance of the neurovascular unit. J Biol Chem. 2017;292(3):762–70.

	 5.	 Spector R. Nutrient transport systems in brain: 40 years of progress. J 
Neurochem. 2009;111(2):315–20.

	 6.	 Shen S, Zhang W. ABC transporters and drug efflux at the blood-brain 
barrier. Rev Neurosci. 2010;21(1):29–53.

	 7.	 Pardridge WM. Drug transport across the blood-brain barrier. J Cereb 
Blood Flow Metab. 2012;32(11):1959–72.

	 8.	 Daneman R. The blood-brain barrier in health and disease. Ann Neurol. 
2012;72(5):648–72.

	 9.	 Feigin VL, Nichols E, Alam T, Bannick MS, Beghi E, Blake N, et al. Global, 
regional, and national burden of neurological disorders, 1990–2016: a 
systematic analysis for the Global Burden of Disease Study 2016. Lancet 
Neurol. 2019;18(5):459–80.

	 10.	 Johnson CO, Nguyen M, Roth GA, Nichols E, Alam T, Abate D, et al. 
Global, regional, and national burden of stroke, 1990–2016: a systematic 
analysis for the Global Burden of Disease Study 2016. Lancet Neurol. 
2019;18(5):439–58.

	 11.	 Bélanger M, Allaman I, Magistretti PJ. Brain energy metabolism: 
focus on astrocyte-neuron metabolic cooperation. Cell Metab. 
2011;14(6):724–38.

	 12.	 Watts ME, Pocock R, Claudianos C. Brain energy and oxygen metabo-
lism: emerging role in normal function and disease. Front Mol Neurosci. 
2018;11:216.

	 13.	 National Institute of Neurological Disorders and Stroke rt-PA Stroke 
Study Group. Tissue plasminogen activator for acute ischemic stroke. N 
Engl J Med. 1995;333(24):1581–8.

	 14.	 Marshall RS. Progress in intravenous thrombolytic therapy for acute 
stroke. JAMA Neurol. 2015;72(8):928–34.

	 15.	 Lima FO, Furie KL, Silva GS, Lev MH, Camargo ÉCS, Singhal AB, et al. 
Prognosis of untreated strokes due to anterior circulation proximal 
intracranial arterial occlusions detected by use of computed tomogra-
phy angiography. JAMA Neurol. 2014;71(2):151–7.

	 16.	 Bhogal P, Andersson T, Maus V, Mpotsaris A, Yeo L. Mechanical 
thrombectomy—a brief review of a revolutionary new treatment for 
thromboembolic stroke. Clin Neuroradiol. 2018;28(3):313–26.

	 17.	 Antonic A, Sena ES, Donnan GA, Howells DW. Human in vitro models 
of ischaemic stroke: a test bed for translation. Transl Stroke Res. 
2012;3(3):306–9.

	 18.	 Holloway PM, Gavins FNE. Modeling ischemic stroke in vitro: status quo 
and future perspectives. Stroke. 2016;47(2):561–9.

	 19.	 Syvänen S, Lindhe Ö, Palner M, Kornum BR, Rahman O, Långström B, 
et al. Species differences in blood-brain barrier transport of three posi-
tron emission tomography radioligands with emphasis on P-glycopro-
tein transport. Drug Metab Dispos. 2009;37(3):635–43.

	 20.	 Nicolas J-M. Species Differences and Impact of Disease State on BBB. 
Blood-Brain Barrier in Drug Discovery: Optimizing Brain Exposure of 
CNS Drugs and Minimizing Brain Side Effects for Peripheral Drugs. 
2015;66–93.

	 21.	 O’Brown NM, Pfau SJ, Gu C. Bridging barriers: a comparative look at the 
blood-brain barrier across organisms. Genes Dev. 2018;32(7–8):466–78.

	 22.	 Jeong JI, Lee YW, Kim YK. Chemical hypoxia-induced cell death in 
human glioma cells: role of reactive oxygen species, ATP depletion, 
mitochondrial damage and Ca2+. Neurochem Res. 2003;28(8):1201–11.

	 23.	 Jin Z, Wu J, Yan LJ. Chemical conditioning as an approach to 
ischemic stroke tolerance: mitochondria as the target. Int J Mol Sci. 
2016;17(3):351.

	 24.	 Millonig G, Hegedüsch S, Becker L, Seitz HK, Schuppan D, Mueller S. 
Hypoxia-inducible factor 1α under rapid enzymatic hypoxia: cells sense 
decrements of oxygen but not hypoxia per se. Free Radic Biol Med. 
2009;46(2):182–91.

	 25.	 Mueller S, Millonig G, Waite GN. The GOX/CAT system: a novel 
enzymatic method to independently control hydrogen peroxide and 
hypoxia in cell culture. Adv Med Sci. 2009;54(2):121–35.

	 26.	 Kurian GA, Pemaih B. Standardization of in vitro cell-based model 
for renal ischemia and reperfusion injury. Indian J Pharm Sci. 
2014;76:348–53.

	 27.	 Joó F, Karnushina I. A procedure for the isolation of capillaries from rat 
brain. Cytobios. 1973;8(29):41–8.

	 28.	 Hoffman RM. To do tissue culture in two or three dimensions; that is the 
question. Stem Cells. 1993;11(2):105–11.

	 29.	 Dehouck M-P, Méresse S, Delorme P, Fruchart J-C, Cecchelli R. An easier, 
reproducible, and mass-production method to study the blood-brain 
barrier in vitro. J Neurochem. 1990;54(5):1798–801.

	 30.	 Abbott NJ, Hughes CC, Revest PA, Greenwood J. Development and 
characterisation of a rat brain capillary endothelial culture: towards an 
in vitro blood-brain barrier. J Cell Sci. 1992;103(Pt 1):23–37.

	 31.	 Van Duinen V, Trietsch SJ, Joore J, Vulto P, Hankemeier T. Microfluidic 
3D cell culture: from tools to tissue models. Curr Opin Biotechnol. 
2015;35:118–26.

	 32.	 Bhalerao A, Sivandzade F, Archie SR, Chowdhury EA, Noorani B, Cucullo 
L. In vitro modeling of the neurovascular unit: advances in the field. 
Fluids Barriers CNS. 2020;17(1):22.

	 33.	 Stanness KA, Guatteo E, Janigro D. A dynamic model of the blood-brain 
barrier “in vitro.” Neurotoxicology. 1996;17(2):481–96.

	 34.	 Cucullo L, Hossain M, Tierney W, Janigro D. A new dynamic in vitro 
modular capillaries-venules modular system: cerebrovascular physiol-
ogy in a box. BMC Neurosci. 2013;14(1):18.

	 35.	 Neuhaus W, Lauer R, Oelzant S, Fringeli UP, Ecker GF, Noe CR. A novel 
flow based hollow-fiber blood-brain barrier in vitro model with immor-
talised cell line PBMEC/C1-2. J Biotechnol. 2006;125(1):127–41.

	 36.	 Booth R, Kim H. Characterization of a microfluidic in vitro model of the 
blood-brain barrier (μBBB). Lab Chip. 2012;12(10):1784–92.

	 37.	 Griep LM, Wolbers F, De Wagenaar B, Ter Braak PM, Weksler BB, Romero 
IA, et al. BBB on CHIP: microfluidic platform to mechanically and bio-
chemically modulate blood-brain barrier function. Biomed Microde-
vices. 2013;15(1):145–50.

	 38.	 Prabhakarpandian B, Shen MC, Nichols JB, Mills IR, Sidoryk-Wegrzyno-
wicz M, Aschner M, et al. SyM-BBB: a microfluidic blood brain barrier 
model. Lab Chip. 2013;13(6):1093–101.

	 39.	 Achyuta AKH, Conway AJ, Crouse RB, Bannister EC, Lee RN, Katnik CP, 
et al. A modular approach to create a neurovascular unit-on-a-chip. Lab 
Chip. 2013;13(4):542–53.

	 40.	 Cho H, Seo JH, Wong KHK, Terasaki Y, Park J, Bong K, et al. Three-dimen-
sional blood-brain barrier model for in vitro studies of neurovascular 
pathology. Sci Rep. 2015;5:15222.

	 41.	 Sellgren KL, Hawkins BT, Grego S. An optically transparent membrane 
supports shear stress studies in a three-dimensional microfluidic neuro-
vascular unit model. Biomicrofluidics. 2015;9(6):061102.

	 42.	 Herland A, Van Der Meer AD, FitzGerald EA, Park TE, Sleeboom JJF, 
Ingber DE. Distinct contributions of astrocytes and pericytes to neuro-
inflammation identified in a 3D human blood-brain barrier on a chip. 
PLoS ONE. 2016;11(3):1–21.

	 43.	 Walter FR, Valkai S, Kincses A, Petneházi A, Czeller T, Veszelka S, et al. A 
versatile lab-on-a-chip tool for modeling biological barriers. Sensors 
Actuators, B Chem. 2016;222:1209–19.

	 44.	 Adriani G, Ma D, Pavesi A, Kamm RD, Goh ELK. A 3D neurovascular 
microfluidic model consisting of neurons, astrocytes and cerebral 
endothelial cells as a blood-brain barrier. Lab Chip. 2017;17(3):448–59.



Page 17 of 18Wevers et al. Fluids and Barriers of the CNS           (2021) 18:59 	

	 45.	 Brown JA, Pensabene V, Markov DA, Allwardt V, Diana Neely M, Shi 
M, et al. Recreating blood-brain barrier physiology and structure on 
chip: a novel neurovascular microfluidic bioreactor. Biomicrofluidics. 
2015;9(5):054124.

	 46.	 Vatine GD, Barrile R, Workman MJ, Sances S, Barriga BK, Rahnama M, 
et al. Human iPSC-derived blood-brain barrier chips enable disease 
modeling and personalized medicine applications. Cell Stem Cell. 
2019;24(6):995-1005.e6.

	 47.	 Park TE, Mustafaoglu N, Herland A, Hasselkus R, Mannix R, FitzGerald EA, 
et al. Hypoxia-enhanced blood-brain barrier chip recapitulates human 
barrier function and shuttling of drugs and antibodies. Nat Commun. 
2019;10(1):2621.

	 48.	 Lyu Z, Park J, Kim K-M, Jin H-J, Wu H, Rajadas J, et al. A neurovascular-
unit-on-a-chip for the evaluation of the restorative potential of stem 
cell therapies for ischaemic stroke. Nat Biomed Eng. 2021;5(8):847–63.

	 49.	 Low LA, Mummery C, Berridge BR, Austin CP, Tagle DA. Organs-on-
chips: into the next decade. Nat Rev Drug Discov. 2021;20(5):345–61.

	 50.	 Trietsch SJ, Israëls GD, Joore J, Hankemeier T, Vulto P. Microfluidic titer 
plate for stratified 3D cell culture. Lab Chip. 2013;13(18):3548.

	 51.	 Wevers NR, Kasi DG, Gray T, Wilschut KJ, Smith B, van Vught R, et al. A 
perfused human blood–brain barrier on-a-chip for high-throughput 
assessment of barrier function and antibody transport. Fluids Barriers 
CNS. 2018;15(1):23.

	 52.	 Trietsch SJ, Naumovska E, Kurek D, Setyawati MC, Vormann MK, 
Wilschut KJ, et al. Membrane-free culture and real-time barrier integrity 
assessment of perfused intestinal epithelium tubes. Nat Commun. 
2017;8(1):262.

	 53.	 Zonneveld, van Duinen V, Stam W, Borgdorff V, Reijerkerk A, Orlova V, 
et al. Standardized and scalable assay to study perfused 3d angio-
genic sprouting of ipsc-derived endothelial cells in vitro. J Vis Exp. 
2019;2019(153).

	 54.	 Schindelin J, Arganda-Carreras I, Frise E, Kaynig V, Longair M, Pietzsch 
T, et al. Fiji: an open-source platform for biological-image analysis. Nat 
Methods. 2012;9(7):676–82.

	 55.	 Vormann MK, Gijzen L, Hutter S, Boot L, Nicolas A, van den Heuvel A, 
et al. Nephrotoxicity and kidney transport assessment on 3D perfused 
proximal tubules. AAPS J. 2018;20(5):1–11.

	 56.	 Schmittgen TD, Livak KJ. Analyzing real-time PCR data by the compara-
tive CT method. Nat Protoc. 2008;3(6):1101–8.

	 57.	 Tietz S, Engelhardt B. Brain barriers: crosstalk between complex tight 
junctions and adherens junctions. J Cell Biol. 2015;209(4):493–506.

	 58.	 Wevers N, Trietsch SJ, Vught RV, Joore J, Vulto P, Lanz H, et al. 3D 
networks of iPSC-derived neurons and glia for high-throughput neuro-
toxicity screening. Sci Rep. 2016;6:38856.

	 59.	 Rubin LL, Hall DE, Porter S, Barbu K, Cannon C, Horner HC, 
et al. A cell culture model of the blood-brain barrier. J Cell Biol. 
1991;115(6):1725–35.

	 60.	 Belmokhtar CA, Hillion J, Ségal-Bendirdjian E. Staurosporine induces 
apoptosis through both caspase-dependent and caspase-independent 
mechanisms. Oncogene. 2001;20(26):3354–62.

	 61.	 Fu BM, Adamson RH, Curry FE. Test of a two-pathway model for 
small-solute exchange across the capillary wall. Am J Physiol. 
1998;274:H2062-73.

	 62.	 Holló Z, Homolya L, Davis CW, Sarkadi B. Calcein accumulation as a fluo-
rometric functional assay of the multidrug transporter. Biochim Biophys 
Acta - Biomembr. 1994;1191(2):384–8.

	 63.	 Noack A, Noack S, Hoffmann A, Maalouf K, Buettner M, Couraud P-O, 
et al. Drug-induced trafficking of P-glycoprotein in human brain capil-
lary endothelial cells as demonstrated by exposure to mitomycin C. 
PLoS ONE. 2014;9(2):e88154.

	 64.	 Chai AB, Hartz AMS, Gao X, Yang A, Callaghan R, Gelissen IC. New 
evidence for P-gp-mediated export of amyloid-β peptides in molecular, 
blood-brain barrier and neuronal models. Int J Mol Sci. 2020;22(1):246.

	 65.	 Qadir M, O’Loughlin KL, Williamson NA, Minderman H, Baer MR. Cyclo-
sporine A modulates the multidrug resistance proteins P-glycoprotein, 
multidrug resistance protein, breast cancer resistance protein and lung 
resistance protein. Blood. 2004;104(11):1180–1180.

	 66.	 Löscher W, Potschka H. Blood-brain barrier active efflux transporters: 
ATP-binding cassette gene family. NeuroRx. 2005;2(1):86.

	 67.	 Srinivasan B, Kolli AR, Esch MB, Abaci HE, Shuler ML, Hickman JJ. TEER 
measurement techniques for in vitro barrier model systems. J Lab 
Autom. 2015;20(2):107.

	 68.	 Odijk M, Van Der Meer AD, Levner D, Kim HJ, Van Der Helm MW, 
Segerink LI, et al. Measuring direct current trans-epithelial elec-
trical resistance in organ-on-a-chip microsystems. Lab Chip. 
2015;15(3):745–52.

	 69.	 Yeste J, Illa X, Gutiérrez C, Solé M, Guimerà A, Villa R. Geometric 
correction factor for transepithelial electrical resistance measure-
ments in transwell and microfluidic cell cultures. J Phys D Appl Phys. 
2016;49(37):375401.

	 70.	 Vigh JP, Kincses A, Ozgür B, Walter FR, Santa-Maria AR, Valkai S, et al. 
Transendothelial electrical resistance measurement across the 
blood–brain barrier: a critical review of methods. Micromachines. 
2021;12(6):685.

	 71.	 Roszkowski M, Bohacek J. Stress does not increase blood–brain bar-
rier permeability in mice. J Cereb Blood Flow Metab. 2016;36(7):1304.

	 72.	 Naessens DMP, de Vos J, VanBavel E, Bakker ENTP. Blood–brain and 
blood–cerebrospinal fluid barrier permeability in spontaneously 
hypertensive rats. Fluids Barriers CNS. 2018;15(1):1–10.

	 73.	 Erickson MA, Wilson ML, Banks WA. In vitro modeling of blood–brain 
barrier and interface functions in neuroimmune communication. 
Fluids Barriers CNS. 2020;17(1):26.

	 74.	 Kadry H, Noorani B, Cucullo L. A blood–brain barrier overview on 
structure, function, impairment, and biomarkers of integrity. Fluids 
Barriers CNS. 2020;17(1):1–24.

	 75.	 Hawkins BT, Ocheltree SM, Norwood KM, Egleton RD. Decreased 
blood-brain barrier permeability to fluorescein in streptozotocin-
treated rats. Neurosci Lett. 2007;411(1):1.

	 76.	 Linville RM, DeStefano JG, Sklar MB, Chu C, Walczak P, Searson 
PC. Modeling hyperosmotic blood–brain barrier opening within 
humantissue-engineered in vitro brain microvessels. J Cereb Blood 
Flow Metab. 2020;40(7):1517.

	 77.	 Yuan W, Lv Y, Zeng M, Fu BM. Non-invasive measurement of solute 
permeability in cerebral microvessels of the rat. Microvasc Res. 
2009;77(2):166–73.

	 78.	 Lee JB, Zgair A, Taha DA, Zang X, Kagan L, Kim TH, et al. Quantitative 
analysis of lab-to-lab variability in Caco-2 permeability assays. Eur J 
Pharm Biopharm. 2017;114:38–42.

	 79.	 Sifat AE, Vaidya B, Villalba H, Albekairi TH, Abbruscato TJ. Neurovas-
cular unit transport responses to ischemia and common coexist-
ing conditions: smoking and diabetes. Am J Physiol Cell Physiol. 
2019;316(1):C2–15.

	 80.	 Vemula S, Roder KE, Yang T, Bhat GJ, Thekkumkara TJ, Abbruscato TJ. 
A functional role for sodium-dependent glucose transport across the 
blood-brain barrier during oxygen glucose deprivation. J Pharmacol 
Exp Ther. 2009;328(2):487.

	 81.	 Gumbleton M, Audus KL. Progress and limitations in the use of 
in vitro cell cultures to serve as a permeability screen for the blood-
brain barrier. J Pharm Sci. 2001;90(11):1681–98.

	 82.	 Cho C-F, Wolfe JM, Fadzen CM, Calligaris D, Hornburg K, Chiocca EA, 
et al. Blood-brain-barrier spheroids as an in vitro screening platform 
for brain-penetrating agents. Nat Commun. 2017;8:15623.

	 83.	 Lu TM, Houghton S, Magdeldin T, Durán JGB, Minotti AP, Snead A, 
et al. Pluripotent stem cell-derived epithelium misidentified as brain 
microvascular endothelium requires ETS factors to acquire vascular 
fate. Proc Natl Acad Sci. 2021;118(8):e2016950118.

	 84.	 Workman MJ, Svendsen CN. Recent advances in human iPSC-derived 
models of the blood-brain barrier. Fluids Barriers CNS. 2020;17(1):30.

	 85.	 Gijzen L, Marescotti D, Raineri E, Nicolas A, Lanz HL, Guerrera D, et al. 
An intestine-on-a-chip model of plug-and-play modularity to study 
inflammatory processes. SLAS Technol. 2020;25(6):585–97.

	 86.	 Lawson LJ, Perry VH, Dri P, Gordon S. Heterogeneity in the distribu-
tion and morphology of microglia in the normal adult mouse brain. 
Neuroscience. 1990;39(1):151–70.

	 87.	 Eldahshan W, Fagan SC, Ergul A. Inflammation within the neurovascu-
lar unit: focus on microglia for stroke injury and recovery. Pharmacol 
Res. 2019;147:104349.

	 88.	 Engelhardt B. Immune cell entry into the central nervous system: 
Involvement of adhesion molecules and chemokines. J Neurol Sci. 
2008;274(1–2):23–6.



Page 18 of 18Wevers et al. Fluids and Barriers of the CNS           (2021) 18:59 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	 89.	 Engelhardt B, Ransohoff RM. Capture, crawl, cross: the T cell 
code to breach the blood-brain barriers. Trends Immunol. 
2012;33(12):579–89.

	 90.	 De Vries HE, Blom-Roosemalen MCM, Van Oosten M, De Boer AG, 
Van Berkel TJC, Breimer DD, et al. The influence of cytokines on 
the integrity of the blood-brain barrier in vitro. J Neuroimmunol. 
1996;64(1):37–43.

	 91.	 Lee DH, Gold R, Linker RA. Mechanisms of oxidative damage in multiple 
sclerosis and neurodegenerative diseases: therapeutic modulation via 
fumaric acid esters. Int J Mol Sci. 2012;13(9):11783–803.

	 92.	 Lakhan SE, Kirchgessner A, Tepper D, Leonard A. Matrix metalloprotein-
ases and blood-brain barrier disruption in acute ischemic stroke. Front 
Neurol. 2013;4:32.

	 93.	 Poussin C, Kramer B, Lanz HL, van den Heuvel A, Laurent A, Olivier T, 
et al. 3D human microvessel-on-a-chip model for studying monocyte-
to-endothelium adhesion under flow—application in systems toxicol-
ogy. Altex. 2020;37(1):47–63.

	 94.	 Gjorevski N, Avignon B, Gérard R, Cabon L, Roth AB, Bscheider M, et al. 
Neutrophilic infiltration in organ-on-a-chip model of tissue inflamma-
tion. Lab Chip. 2020;20(18):3365–74.

	 95.	 De Haan L, Suijker J, van Roey R, Berges N, Petrova E, Queiroz K, et al. 
A microfluidic 3D endothelium-on-a-chip model to study transen-
dothelial migration of T cells in health and disease. Int J Mol Sci. 
2021;22(15):8234.

	 96.	 Dagher Z, Ruderman N, Tornheim K, Ido Y. Acute regulation of fatty acid 
oxidation and AMP-activated protein kinase in human umbilical vein 
endothelial cells. Circ Res. 2001;88(12):1276–82.

	 97.	 Kajihara N, Kukidome D, Sada K, Motoshima H, Furukawa N, Matsumura 
T, et al. Low glucose induces mitochondrial reactive oxygen species 
via fatty acid oxidation in bovine aortic endothelial cells. J Diabetes 
Investig. 2017;8(6):750–61.

	 98.	 Hytti M, Korhonen E, Hyttinen JMT, Roehrich H, Kaarniranta K, Fer-
rington DA, et al. Antimycin A-induced mitochondrial damage causes 
human RPE cell death despite activation of autophagy. Oxid Med Cell 
Longev. 2019;2019:1583656.

	 99.	 De Bock K, Georgiadou M, Schoors S, Kuchnio A, Wong BW, Cantelmo 
AR, et al. Role of PFKFB3-driven glycolysis in vessel sprouting. Cell. 
2013;154(3):651–63.

	100.	 Yellen G. Fueling thought: management of glycolysis and oxidative 
phosphorylation in neuronal metabolism. J Cell Biol. 2018;217(7):2235.

	101.	 Hall CN, Klein-Flügge MC, Howarth C, Attwell D. Oxidative phos-
phorylation, not glycolysis, powers presynaptic and postsynaptic 
mechanisms underlying brain information processing. J Neurosci. 
2012;32(26):8940–51.

	102.	 Pauwels PJ, Opperdoes FR, Trouet A. Effects of antimycin, glucose dep-
rivation, and serum on cultures of neurons, astrocytes, and neuroblas-
toma cells. J Neurochem. 1985;44(1):143–8.

	103.	 Bolaños JP, Peuchen S, Heales SJR, Land JM, Clark JB. Nitric oxide-
mediated inhibition of the mitochondrial respiratory chain in cultured 
astrocytes. J Neurochem. 1994;63(3):910–6.

	104.	 Xing C, Arai K, Lo EH, Hommel M. Pathophysiologic cascades in 
ischemic stroke. Int J Stroke. 2012;7(5):378–85.

	105.	 Jayaraj RL, Azimullah S, Beiram R, Jalal FY, Rosenberg GA. Neuro-
inflammation: friend and foe for ischemic stroke. J Neuroinflamm. 
2019;16(1):142.

	106.	 Lipton P. Ischemic cell death in brain neurons. Physiol Rev. 
1999;79(4):1431–568.

	107.	 Bruno V, Battaglia G, Copani A, D’Onofrio M, Di Iorio P, De Blasi A, et al. 
Metabotropic glutamate receptor subtypes as targets for neuroprotec-
tive drugs. J Cereb Blood Flow Metab. 2001;21(9):1013–33.

	108.	 Crack PJ, Taylor JM. Reactive oxygen species and the modulation of 
stroke. Free Radic Biol Med. 2005;38(11):1433–44.

	109.	 Eltzschig HK, Eckle T. Ischemia and reperfusion-from mechanism to 
translation. Nat Med. 2011;17(11):1391–401.

	110.	 Nour M, Scalzo F, Liebeskind DS. Ischemia-reperfusion injury in stroke. 
Interv Neurol. 2013;1(3–4):185–99.

	111.	 Siddharthan V, Kim YV, Liu S, Kim KS. Human astrocytes/astrocyte-
conditioned medium and shear stress enhance the barrier prop-
erties of human brain microvascular endothelial cells. Brain Res. 
2007;1147(1):39–50.

	112.	 Cucullo L, Hossain M, Puvenna V, Marchi N, Janigro D. The role of shear 
stress in blood-brain barrier endothelial physiology. BMC Neurosci. 
2011;12(1):40.

	113.	 Dewey CF, Bussolari SR, Gimbrone MA, Davies PF. The dynamic response 
of vascular endothelial cells to fluid shear stress. J Biomech Eng. 
1981;103(3):177–85.

	114.	 Cucullo L, McAllister MS, Kight K, Krizanac-Bengez L, Marroni M, May-
berg MR, et al. A new dynamic in vitro model for the multidimensional 
study of astrocyte-endothelial cell interactions at the blood-brain bar-
rier. Brain Res. 2002;951(2):243–54.

	115.	 Chiu JJ, Chien S. Effects of disturbed flow on vascular endothelium: 
pathophysiological basis and clinical perspectives. Physiol Rev. 
2011;91(1):327–87.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Modeling ischemic stroke in a triculture neurovascular unit on-a-chip
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Cell culture
	OrganoPlate NVU culture
	Modeling stroke
	Immunocytochemistry
	Calcium imaging
	Transendothelial electrical resistance
	Permeability assay
	Transporter expression
	P-glycoprotein functionality
	Mitochondrial membrane potential assay
	ATP assay
	Statistical analyses

	Results
	Perfused 3D NVU on-a-chip shows a vessel of brain endothelial cells in co-culture with astrocytes and neurons
	The NVU on-a-chip model shows tight barrier function and allows study of compound-induced barrier disruption
	The NVU on-a-chip expresses relevant BBB transporters
	Mimicking ischemic stroke induces barrier leakage, reduced mitochondrial membrane potential, and lowered ATP

	Discussion
	Conclusion
	Acknowledgements
	References




