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Abstract

Introduction: Human-induced pluripotent stem cells (iPSCs) represent a promising cell source for the construc-
tion of organotypic culture models for chemical toxicity screening and characterization.
Materials and Methods: To characterize the effects of chemical exposure on the human neurovasculature, we
constructed neurovascular unit (NVU) models consisting of endothelial cells (ECs) and astrocytes (ACs) de-
rived from human-iPSCs, as well as human brain-derived pericytes (PCs). The cells were cocultured on syn-
thetic poly(ethylene glycol) (PEG) hydrogels that guided the self-assembly of capillary-like vascular networks.
High-content epifluorescence microscopy evaluated dose-dependent changes to multiple aspects of NVU morphology.
Results: Cultured vascular networks underwent quantifiable morphological changes when incubated with vascu-
lar disrupting chemicals. The activity of predicted vascular disrupting chemicals from a panel of 38 compounds
(U.S. Environmental Protection Agency) was ranked based on morphological features detected in the NVU
model. In addition, unique morphological neurovascular disruption signatures were detected per chemical.
A comparison of PEG-based NVU and Matrigel�-based NVU models found greater sensitivity and consistency
in chemical detection by the PEG-based NVU models.
Discussion: We suspect that specific morphological changes may be used for discerning adverse outcome path-
ways initiated by chemical exposure and rapid mechanistic characterization of chemical exposure to neurovas-
cular function.
Conclusion: The use of human stem cell-derived vascular tissue and PEG hydrogels in the construction of NVU
models leads to rapid detection of adverse chemical effects on neurovascular stability. The use of multiple cell
types in coculture elucidates potential mechanisms of action by chemicals applied to the model.
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Introduction

There are currently estimated >68,000 commer-
cially used chemicals that have not been appropriately

characterized for their adverse effects on human tissue func-
tion. The costs of testing these chemicals are projected to be
$14 billion and 54 million animal lives.1 Current methods for
measuring the adverse effects of chemical exposure on
human tissue function are currently limited to animal models

or cell monoculture assays. These assays are either low
throughput or lacking in physiological relevance that would
successfully inform regulatory bodies of safe exposure limits
to these chemicals.

Recently, in vitro organotypic culture models (OCMs)
have been developed to simulate adverse chemical effects
on tissue and organ function.2,3 OCMs are being constructed
from increasingly advanced materials and human stem
cell sources, including embryonic stem cells and induced
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pluripotent stem cells (iPSCs).4 A critical tissue of interest
for modeling chemical toxicity is the neurovasculature of
the central nervous system (CNS), which supplies blood to
the brain, spinal cord, and the eye.

Endothelial cells (ECs) of the neurovascular interact with
supporting cell types, including astrocytes (ACs), pericytes
(PCs), and neurons to form the neurovascular unit (NVU),4

which maintains stable blood flow to and from the CNS.
Hypoxia, ischemia, and cerebral hypoperfusion resulting
from NVU failure can cause the onset of neurodevelop-
mental or neurodegenerative diseases, including Alzheimer’s
disease,5–8 Parkinson’s disease,9,10 autism spectrum disor-
ders,11,12 and diabetic retinopathy.5–8,13,14 The connection
between NVU failure and these diseases is often attributed
to decreased blood supply to neurons, inflammation, oxida-
tive stress, as well as the buildup of ab-amyloid peptides
and immunocytokines in the CNS.8,15,16

Although there is currently a large body of information
about chemicals that are known to cause neurodegeneration,
less is known about chemicals that can disrupt the neurovas-
culature itself. Particularly, chemicals can disrupt not only
EC function, but also the functions of ACs and PCs that reg-
ulate ECs and neurovascular functionality and stability. ACs
and PCs work to regulate extracellular matrix (ECM) depo-
sition in the neurovascular environment,17 integrin and tight
junction expression by ECs,17 EC polarization,18 as well as
regulation of molecular transporter protein expression and
localization in EC membranes.17,19,20 To understand the
risks that chemicals pose to neurovascular function and de-
velop countermeasures against the effects of exposure, the
mechanisms of action by disruptive chemicals on ECs,
ACs, and PCs, and likely neurons, must be better understood.

A common assay of vascular tissue function is the tubulo-
genesis assay, which measures changes to the formation of
branched capillary-like networks by ECs in response to ex-
ternal stimuli.21 Standard tubulogenesis assays make use of
naturally derived ECM such as Matrigel�, collagen, and
hyaluronic acid to induce the formation of networks by
ECs. However, these materials are associated with batch-
to-batch variation and the presence of extraneous biological
signals that potentially mask the effects of drug and chemical
exposure.22–25 These limitations often result in decreased
sensitivity and reproducibility of tubulogenesis assays.

Synthetic biomaterials, including poly(ethylene glycol)
(PEG) hydrogels,26 may be preferred as cell culture sub-
strates as their bioinert properties minimize the presence of
extraneous biological signaling.26–29 We have previously de-
veloped PEG hydrogels that promote capillary network for-
mation by ECs derived from iPSCs,30–33 allow vascular
and neural integration in three dimensional organoids,34,35

and demonstrated superior sensitivity and repeatability of
PEG-based tubulogenesis assays compared with equivalent
Matrigel-based assays.

Pluripotent stem cells represent an abundant cell source
for the construction of human tissue models. iPSC-derived
ECs have the ability to form capillary-like networks in tissue
culture systems.31–33,36 However, it is known that ECs dis-
play differential gene expression patterns based on their tis-
sues of origin, and there is an emerging need to construct
tissue-specific vasculature in OCMs.37 ECs with blood brain
barrier functionality have been derived from pluripotent
stem cells,38–40 and others were able to coculture iPSC-

derived ECs with glioma cells to specify the ECs toward a
neurovascular phenotype.41 This presents an opportunity to
adapt iPSC-derived ECs for use in neurovascular OCMs. Sim-
ilarly, ACs have been derived from iPSCs and provide a plen-
tiful source of cells for the construction of NVU models.42–44

In this study, we generated an NVU consisting of iPSC-
derived ECs, iPSC-derived ACs, and human brain-derived
PCs seeded, in direct contact, onto proangiogenic PEG
hydrogels, and investigated adverse effects of chemical ex-
posure on neurovascular vessel integrity. Our model quanti-
fies compromised capillary network formation and stability
as rapid readouts of chemically mediated NVU failure.

Materials and Methods

EC, PC, and AC culture and maintenance

iPSC-derived ECs were purchased from Cellular Dynam-
ics International (CDI, Madison, WI). Vials were expanded
and banked upon receipt for use over the duration of these
studies. Cells were cultured in complete i-Cell� EC mainte-
nance medium (CDI) according to the i-Cell EC maintenance
protocol. Tissue culture-treated polystyrene T-75 culture
flasks were coated with 30 lg/mL human plasma fibronectin
(Corning, Corning, NY) for at least 30 minutes before use.
Maintenance medium was changed every other day and
cells were passaged every 4–5 days. Cells were retrieved
using 0.25% trypsin/EDTA 1· solution (Thermo Fisher,
Waltham, MA) and recovered in Vasculife� basal medium
(Lifeline Technologies, Frederick, MD) supplemented with
10% fetal bovine serum (FBS). The cells were maintained
in a humidified 37�C incubator with 5% CO2 and used be-
tween 5 and 16 population doublings in all experiments.

To our knowledge, there are currently no commercially pre-
pared iPSC-derived PCs available. This is hampered by the het-
erogeneous characteristic of vascular PCs in the same tissue, as
well as in vascular beds of different tissues, and lack of specific
markers.45 In this study, human fetal brain-derived PCs were
purchased from ScienCell Laboratories (Carlsbad, CA). Cells
were expanded and banked upon receipt for use over the
duration of these studies. Cells were cultured in complete PC
medium (ScienCell Laboratories). Tissue culture-treated poly-
styrene T-75 culture flasks were coated with 0.15% poly(l-
lysine) (PLL; molecular weight 70,000–150,000 Da; Millipore
Sigma) in sterile H2O for at least 30 minutes before use. PC
medium was changed every other day and cells were passaged
every 4–5 days. Cells were retrieved using 0.25% tryp-
sin/EDTA 1· solution (Thermo Fisher) and recovered in PC
medium. The cells were maintained in a humidified 37�C
incubator with 5% CO2 and used between 5 and 16 population
doublings in all experiments.

iPSC-derived ACs were purchased from CDI. Cells were
expanded and banked upon receipt for use over the duration
of these studies. Cells were cultured in AC growth medium
consisting of low-glucose Dulbecco’s modified Eagle me-
dium (DMEM; Sigma) supplemented with 10% FBS and
1 · N2-supplement (Thermo Fisher). Tissue culture-treated
polystyrene six-well plates were coated with 0.083 mg/cm2

Matrigel (Corning) for at least 30 minutes before use. AC
growth medium was changed every other day and cells
were passaged every 7–14 days. Cells were retrieved using
0.25% trypsin/EDTA 1 · solution (Thermo Fisher) and re-
covered in DMEM supplemented with 10% FBS. The cells
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were maintained in a humidified 37�C incubator with 5%
CO2 and used between 5 and 16 population doublings in
all experiments.

Labeling cells with Cell Tracker� dye

Cells to be included in NVU models were labeled using
Cell Tracker fluorescent dyes (Thermo Fisher) 24 hours be-
fore seeding. In brief, ECs or PCs in T-75 flasks were rinsed
in DMEM for 5 minutes and stained with 10 mL of either
1.3 lM Cell Tracker Red CMPTX, 1.0 lM Cell Tracker
Green CMFDA, or 10 lM Cell Tracker Blue CMF2HC in
DMEM for 45 minutes. ACs in six-well plates were similarly
stained using 3 mL staining solution per well using identical
concentrations of Cell Tracker dye. Afterward, the cells
were rinsed again in DMEM for 5 minutes before incubat-
ing in their separate cell-specific growth medium overnight
to allow the cells to sufficiently recover from the staining
process.

Determination of culture conditions
for NVU tubulogenesis assays

Six chemically defined hydrogel conditions were exam-
ined in a hydrogel array format (Fig. 1) for their ability to in-
duce capillary-like network formation by ECs (Fig. 2A).
Refer to Supplementary Methods for information on generat-
ing hydrogel formulations and constructing hydrogel arrays.
Eight experimental replicates were performed per condition,
but deformed or nonlevel hydrogels were excluded from
analysis. Norbornene-functionalized PEG (PEGNB) mole-
cule concentrations varied between 2.5 and 3.5 mM to con-
trol hydrogel modulus. Head-to-tail cyclized Arg-Gly-Asp-
[d-Phe]-Cys (cyclic RGD; Genscript, Piscataway, NJ) and
Cys-Arg-Gly-Asp-Ser (Linear RGD) peptide concentrations
varied between 0.25 and 0.5 mM to control cell adhesion.
Vascular endothelial growth factor (VEGF-A-165; R&D
Systems, Minneapolis, MN) concentrations included in en-
dothelial maintenance medium varied between 0, 5, and
10 ng/mL.

FIG. 1. Organotypic culture model system
for characterizing chemical effects on NVU
models. (A) The organotypic culture model
comprises iPSC-derived ECs, iPSC-derived
ACs and PCs cultured on an instructive PEG
hydrogel that guides assembly of capillary-
like networks. Models are photographed
through epifluorescence microscopy after
24-hour culture in 96-well plates and ana-
lyzed for morphological changes that
resulted from chemical exposure. Scale bar:
0.5 mm. Red: ECs. Green: ACs. (B) PEG
hydrogels are composed of 20 kDa, 8-arm,
norbornene-modified PEG molecules that are
polymerized through thiol-ene reactions with
cell adhesion molecules and cell-degradable
crosslinking molecules. The resulting poly-
mer network forms a hydrated free-standing
gel. ACs, astrocytes; ECs, endothelial cells;
iPSC, induced pluripotent stem cell; NVU,
neurovascular unit; PCs, pericytes; PEG,
poly(ethylene glycol). Color images are
available online.
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Cell Tracker Red-stained ECs were rinsed with 1·
phosphate-buffered saline (PBS). Cells were passaged by in-
cubating in 0.25% trypsin/EDTA 1 · solution (Thermo
Fisher) for 5 minutes, recovering the cells using Vasculife
supplemented with 10% FBS, centrifuging the cells for 5
minutes at 1200 RPM, and resuspending the cell pellets in
endothelial maintenance medium supplemented with 0, 5,
or 10 ng/mL additional VEGF as shown in Figure 2A. Super-
natant medium was removed from the assembled arrays and
replaced with the resuspended cell solution.

Before cell seeding, PEG hydrogel plates were brought to
room temperature and 0.1 M PBS was aspirated and replaced
with 35 lL endothelial maintenance medium. Afterward, cell
suspensions in endothelial maintenance medium were added
as 35 lL volumes to seed 22,500 ECs into each well. After
seeding, the assembled constructs were transferred to a
37�C incubator and left undisturbed for 24 hours on PEG
hydrogels to match the intended 24-hour incubation period
of the toxicity assay. After incubation, the arrays were photo-
graphed by epifluorescence microscopy using a Nikon TI-
Eclipse microscope. After photography, cells were fixed
through 30-minute incubation in 10% buffered formalin.

The condition chosen for further NVU model development
consisted of PEG hydrogels containing 2.5 mM PEGNB,
5 mM MMPDP, and 0.5 mM Linear RGD. In addition, no
extra VEGF was added to endothelial maintenance medium.

Determining coculture ratios for NVU model

After having chosen the desired NVU culture condition,
PCs and ACs were added individually, or in combination,
with ECs to determine their ability to interact with ECs
and affect on capillary network formation within 24 hours
of seeding. Cell Tracker Red-stained ECs and either Cell
Tracker Green-stained PCs or ACs were rinsed with 1·
PBS. Cells were passaged by incubating 0.25% trypsin/
EDTA 1· solution (Thermo Fisher) for 5 minutes, quench-
ing the enzyme through addition of Vasculife supplemented
with 10% FBS, centrifuging the cells for 5 minutes at 1200
RPM, and resuspending the cell pellets in endothelial main-
tenance medium.

Here, cells were seeded onto hydrogel arrays at densities
of 22,500 ECs and either PCs (280–4500 PCs, which corre-
sponds to 1:80–1:5 co-culture ratios of PCs:ECs) or ACs

FIG. 2. PEG hydrogels guide self-assembly of ECs into capillary-like networks. (A) Six cell culture conditions were shown
to enable endothelial network formation by ECs using 0.5 mM adhesion peptide or less in each hydrogel. Scale bar: 0.5 mm.
(B) Condition A showed significant quantifiable effects of sunitinib treatment on total network area, in the form of a low
initial network area and the greatest decrease in network area by sunitinib treatment of the tested culture conditions.
*p < 0.05 between DMSO and sunitinib treatments, Sidak’s multiple comparisons test. Experimental replicates: A, B:
DMSO and sunitinib—8. C, E, F: DMSO and sunitinib—6. D: DMSO—3. D: sunitinib—4. DMSO, dimethyl sulfoxide.
Color images are available online.
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(1400–22,500 ACs, which cooresponds to 1:16–1:1 co-
culture ratios of ACs:ECs) (Fig. 3). After seeding, the assem-
bled constructs were transferred to a 37�C incubator and left
undisturbed for 24 hours. After incubation, the arrays were
photographed by epifluorescence microscopy using a
Nikon TI-Eclipse microscope. After photography, cells
were fixed through 30-minute incubation in 10% buffered
formalin.

After this, all three cell types were combined together at
all possible ratios within the ranges of PCs or ACs added
to ECs earlier. In these situations, either PCs or ACs were
stained using Cell Tracker Green, but not both cell types si-
multaneously. Cell seeding onto PEG hydrogel arrays was
performed as previously described. In this study, each well

contained 22,500 ECs, 280–4500 PCs, and 1400–22,500
ACs depending on desired ratios. Cells were left undisturbed
for 24 hours, after which the NVU networks were photo-
graphed by epifluorescence microscopy using a Nikon Eclipse
microscope. After photography, cells were fixed through 30-
minute incubation in 10% buffered formalin. The final NVU
coculture ratio chosen for further experimentation was a co-
culture ratio of 100 ECs:5 PCs:13 ACs, which is a seeding
density of 22,500 ECs, 1125 PCs, and 2183 ACs per well.

To test network stability after 72 hours of culture, 70 lL
endothelial maintenance medium was exchanged from each
well 24 hours after seeding and 72 hours after seeding.
Images were taken of wells once every 24 hours (Supple-
mentary Fig. S1). Refer to Supplementary Methods for

FIG. 3. Coculture of ECs with PCs and ACs. (A) Dual coculture of ECs with ACs. AC density in coculture varied between
1:1 and 1:16 ratios. The presence of ACs alone did not significantly affect endothelial network area. Scale bar: 0.5 mm. Red:
ECs. Green: ACs. (B) Dual coculture of ECs with PCs. PC density in the coculture varied between 1:80 and 1:5 PCs:ECs
ratios. A PCs:ECs ratio of 1:20 saw a significant increase in endothelial network area compared with EC-only controls, in-
dicating increased coverage of the hydrogel with more robust vascular networks. Higher PC densities—1:5 and 1:10 PCs:ECs
ratios—saw the formation of confluent cell sheets. Scale bar: 0.5 mm. Red: ECs. Green: PCs. (C) Triple coculture of ECs,
PCs, and ACs. A number of conditions resulted in a significant increase in network area compared with an EC-only control,
but without the formation of confluent cell sheets. Scale bar: 0.5 mm. Red: ECs. Green: ACs. *p < 0.05 compared with EC-
only controls, Dunnett’s multiple comparisons test. #Conditions where dual coculture formed confluent cell sheets. Color
images are available online.
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information on confirming the response of cocultures to re-
ceptor tyrosine kinase inhibition and oxidative stress.

Image analysis

Fluorescent cell images were analyzed using Nikon NIS
Elements AR (version 5.02.00, 64-bit; Nikon). Endothelial
network formation was quantified and compared using the to-
tal endothelial network area identified by NIS Elements soft-
ware, with minimum size cutoffs (Supplementary Fig. S2A).
Networks with disrupted cell–cell connections were identi-
fied as having low network area, whereas cocultures forming
confluent cell sheets rather than elongated network structures
were identified as having significantly higher areas than con-
trols. Ideal networks were identified as having a moderate
area compared with the aforementioned scenarios.

Colocalization between ECs and PCs or ACs (ECs/PCs
colocalization, ECs/ACs colocalization, respectively) was
performed by generating Mander’s Overlap Coefficients to
represent the overlap between separate color channels per
cell type (Supplementary Fig. S2B). Increased colocalization
indicated greater degrees of cell–cell interaction and commu-
nication between the ECs, PCs, and ACs in the cocultures.

Image skeletonization was performed using Nikon NIS
Elements AR skeletonization algorithms (version 5.02.00,
64-bit; Nikon), after converting images to binary, closing
holes in structures, and eroding them. Skeletonized images
were pruned to remove extraneous branches that represented
image artifacts (Supplementary Fig. S3). On Matrigel condi-
tions, an additional function to connect lose ends was applied
to portray skeletons of overarching Matrigel networks rather
than detailing defects within cell sheets and structures. The
number of intersections in each skeletonized image was
quantified as a measure of network meshing density in MAT-
LAB (R2017a version 9.2.0.538062, 64-bit; Mathworks).
Code and instructions are included in Supplementary Data
File S1 (Supplementary Fig. S2C).

Protrusion measurements were performed using MAT-
LAB (R2017a version 9.2.0.538062, 64-bit; Mathworks).
Code and instructions are included in Supplementary Data
File S2 using methods similar to Iwata et al.,46 where
image filtration methods isolate protrusions and find network
features. Both skeletonization and protrusion images were in-
dications of the cells’ ability to migrate and generate net-
works of elongated structures rather than rounded cell
clusters of confluent cell sheets. These features were then
quantified for area (Supplementary Fig. S2D). Skeletonized
images and images for protrusion analysis were transformed
into stacked TIF images in ImageJ (version 1.46r; National
Institutes of Health [NIH]) before analysis in MATLAB.
Each color channel, except in colocalization, was analyzed
as separate channels.

Screening predicted vascular inhibitors
from the ToxCast library

To identify potential vascular inhibitors from a library of
chemical compounds, 38 predicted vascular inhibitory chem-
icals from the ToxCast chemical library were applied to the
NVU models and ECs. As in previous screening experi-
ments, these chemicals were provided by the Environmental
Protection Agency (EPA) to encompass a range of predicted
activity levels, from ‘‘inactive’’ to ‘‘strongly active’’ inhibi-

tory compounds based on a predicted vascular disrupting
chemical (pVDC) score from the ToxCast in vitro bioactivity
profile.32,33,47 Chemical activities in the Toxcast database
were derived from >500 high-throughput assays, which in-
clude EC viability, tubulogenesis, as well as angiogenic pro-
tein expression and activity.33,48,49 Scores <0.1 were
predicted as inactive and scores >0.1 were predicted as active
vascular inhibitory chemicals.

The compounds were presented as 53 samples, including
replicates. The dimethyl sulfoxide (DMSO) stock solutions
from the library were diluted using endothelial maintenance
medium at a 1:1000 dilution before their additions into the
screening system. Tested chemicals were added to the sys-
tem during cell seeding.

Endothelial network inhibition was evaluated similarly to
previous screens33 by quantifying the total area of endothe-
lial networks treated with unknown compounds and compar-
ing them to mean total areas of noninhibited control
networks treated with vehicle only (0.2% DMSO). Networks
with areas >2 standard deviations (SDs) away from the mean
were identified as being inhibited by a candidate com-
pound.33 In addition, ECs/PCs colocalization and ECs/ACs
colocalization were quantified to screen for chemically medi-
ated changes to ECs/PCs and ECs/ACs interactions, specifi-
cally the degree to which PCs and ACs integrated into the
vascular network. Networks with coefficients >2 SDs away
from the DMSO control mean were identified as being
inhibited by a candidate compound. The criterion of 2 SDs
was adequate for balancing specificity and sensitivity of pre-
vious iterations of the vascular screen.33

All tests were performed in triplicate and compounds
that resulted in inhibition for a majority of replicates were
counted as inhibitors. These were given a binary output of ei-
ther 1 for inhibited conditions or 0 for uninhibited conditions.
Compounds identified as inhibitors in a majority of the trip-
licate plates were counted as inhibitors in the PEG hydrogel
and Matrigel systems. To select chemicals for future charac-
terization, all chemicals identified as vascular inhibitors were
ranked according to the consistency of detection across six
trials for ECs area, and three trials for ECs/PCs and ECs/ACs
colocalization. For ECs area, chemicals were categorized as
‘‘low,’’ ‘‘medium,’’ ‘‘high,’’ and ‘‘critical’’ priority based on
whether they were detected as inhibitors in three out of six,
four out of six, five out of six, and six out of six trials, respec-
tively. For ECs/PCs and ECs/ACs colocalization, chemicals
were categorized as ‘‘high’’ and ‘‘critical’’ priority based on
whether they were detected as inhibitors in two out of three
or three out of three trials, respectively. All chemicals ranked
as ‘‘critical’’ priority in any category were chosen as subjects
for use in dose–response testing.

Dose–response curve generation

PEG hydrogel and Matrigel-based screening arrays were
generated for dose–response curve generation. In each 96-
well plate, each chemical was applied to the NVU models
in eight dosing concentrations, serially diluted 1:2 between
each condition, n = 3 wells for each concentration. Tested
chemicals were added to the system during cell seeding. Dos-
ing ranges were chosen after inspection of known active con-
centration 50 (AC50) values archived in the EPA Toxcast
Forcaster Database.50
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Fluazinam and reserpine were dosed in a concentration
range of 0.16–20 lM. 5HPP33 was dosed in a concentration
range of 0.31–40lM. 4-Nonylphenol branched, disulfiram,
phenolphthalein, pyridaben, quercetin, and triclocarban
were dosed in a concentration range of 0.63–80 lM. 1-
Hydroxypyrene was dosed in a concentration range of 1.3–
160 lM. Cell densities were identical in PEG hydrogel and
Matrigel-based screening arrays. All curves were generated
for at least two technical replicates. Any conditions wherein
image artifacts interfered with analysis, including chemical
autofluorescence at high doses, abnormally low cell seeding
densities, and biphasic effects at maximum doses, were ex-
cluded from the dose–response curve generation. Refer to
Supplementary Methods for information on testing dose-
dependent cytotoxicity of select chemicals.

Statistics

All statistical analyses were performed with Graphpad
Prism 6 (version 6.05; Graphpad Software). All data ana-
lyzed were unpaired (samples independent of each other).
Before conducting multiple comparisons tests, the Brown–
Forsythe test was performed to determine homogeneity of
variance between data sets when possible. To compare all
data sets to one another, Tukey’s multiple comparisons test
was used as a single-step multiple comparison procedure to
find means significantly different from each other. In addi-
tion, Sidak’s multiple comparisons test was used to compare
equivalent cell seeding conditions treated with differing
chemicals. To compare data sets with a DMSO vehicle con-
trol, Dunnett’s test was used to find means significantly dif-
ferent from the control. All statistical tests were two-tailed
(two-sided test). p-Values were as follows: p-value >0.05
(nonsignificant), *p < 0.05. Variances between each group
of data are represented by the SD.

Sample sizes to ensure adequate power were as follows:
initial EC network formation on PEG hydrogels, n = 3–8
sample replicates; coculture network formation on PEG
hydrogels, n = 4–8 sample replicates; sunitinib malate and
hydrogen peroxide tests, n = 3 sample replicates, for DMSO
and PBS controls n = 12 sample replicates, and 2 technical
replicates per experiment; 38-chemical ToxCast screen, 3 re-
peated experiments using the EC-only model, 6 repeated ex-
periments using the NVU model; and dose–response curves
for epifluorescence microscopy and cytotoxicity assays, n = 3
sample replicates, and 2 technical replicates per experiment.
Samples were excluded from analysis if they were damaged
during the testing procedure, or were determined to be outli-
ers through the Grubbs outlier test.

Data availability

The authors declare that all data supporting the findings of
this study are available within the article and its Supplemen-
tary Data files or are available from the corresponding author
on request.

Results

EC network formation on PEG hydrogels

Twelve EC culture environments, characterized by vary-
ing VEGF concentrations added to maintenance medium
and varying PEG hydrogel properties, were observed in

Nguyen et al.33 to enable self-assembly by iPSC-derived
ECs into capillary-like networks. Six of those environments,
each requiring <1 mM adhesion peptide included in the PEG
hydrogels, were tested here after assembly in l-plate angio-
genesis 96-well plates. Conditions A and B did not generate
any hydrogels that were distorted or nonlevel after overnight
swelling.

ECs assembled into networks of capillary-like struc-
tures when cultured for 24 hours in all six environments
(Fig. 2A). Incubation with 40 lM sunitinib malate resulted
in significant decreases, compared with DMSO controls, in
EC network area only when 0.5 mM CRGDS peptide was in-
corporated into hydrogels containing 50 mg/mL PEG, and no
exogenous VEGF was added to culture medium (culture con-
dition A, Fig. 2B). The effect was not significant on PEG
hydrogels containing cyclic RGD.

We selected culture condition A for screening experiments
on the basis that it would provide sensitive readouts of endo-
thelial network disruption by chemical exposure. This condi-
tion demonstrated a significant effect of sunitinib treatment
on decreasing network area. It also generated a lower net-
work area than other conditions, such as B and C, which
would allow room for PCs and ACs to improve network
area in coculture. All network measurements were taken at
24 hours after seeding, which matches the time frame of
chemical screening assays.

EC network area with cocultured PCs and ACs

ECs were cocultured with either ACs or PCs to determine
density-dependent effects of perivascular cell activity on
capillary network formation. Cocultures of ECs and ACs
did not result in significant changes to endothelial network
area (Fig. 3A). In contrast, cocultures of ECs and PCs
resulted in increased total endothelial network area with in-
creasing density of PCs (Fig. 3B). A significant increase in
area was observed at a 1:20 PCs:ECs coculture ratio while
not promoting the formation of confluent cell sheets. Higher
densities of PCs would motivate the generation of confluent
cell sheets rather than capillary-like endothelial networks
and were considered inappropriate for use in a capillary net-
work formation assay. It was known that PCs were capable of
increasing EC survival and tight junction stability,51 and we
were able to observe this interaction in the form of EC mono-
layer formation here.

ECs, PCs, and ACs were cocultured simultaneously to de-
termine density-dependent effects that the combination of
PCs and ACs would have on capillary network formation.
The presence of ACs in the NVU model prevented the forma-
tion of confluent cell sheets that would have previously oc-
curred in the presence of high (1:5 and 1:10 PCs:ECs
ratios) PC densities. PCs, ACs, and ECs are known to interact
with each other to stabilize capillary networks, the ACs pri-
marily modulating vessel activity through PC communica-
tion,17,18 and we were likely seeing that interaction in the
form of vessel stabilization here. Because of this effect, a
total of 7 NVU coculture ratios resulted in significantly
increased endothelial network area compared with an EC-
only control, each occurring without the formation of conflu-
ent cell sheets (Fig. 3C). We selected the triple coculture
with the lowest density of perivascular cells—a 13:5:100
ACs:PCs:ECs ratio—in culture environment A as the
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NVU model to characterize chemical activity. Refer to Sup-
plementary Results for information on confirming the re-
sponse of cocultures to receptor tyrosine kinase inhibition
and oxidative stress (Supplementary Fig. S4).

Initial screening and prioritization of neurovascular
disrupting chemicals

We treated the NVU model and an equivalent EC monocul-
ture models in identical culture environments with a panel of
38 pVDCs supplied by the EPA. These tests were performed
to narrow an initial library of chemicals down to a smaller
selection of critical priority chemicals to be used in dose–
response curve generation. These chemicals were previously
curated to have a range of antiangiogenic effects on ECs.33

Chemicals with pVDC scores of ‡0.1 were expected to have
high antiangiogenic activity, and chemicals with pVDC scores
<0.1 were expected to have low antiangiogenic activity.

Of the chemicals screened, the EC-only culture detected 9
out of the 38 chemicals as significant effectors of the network
area. The NVU model detected 24 out of 38 chemicals as sig-
nificant effectors of the network area (Fig. 4A, B). In the case
of the NVU model, the number of detected chemicals
spanned the entire range of predicted antiangiogenic activity
(pVDC score), rather than only chemicals with high pVDC
scores. The screens were conducted using six technical rep-
licates total for the NVU model, and three technical repli-
cates for the EC-monoculture model. ECs were labeled
using Cell Tracker Red in each trial. In the NVU models,
ACs were labeled using Cell Tracker Green in three out of
six trials, and PCs were labeled using Cell Tracker Green
in the remaining three out of six trials.

To determine which individual cell types in the NVU
model were affected by the pVDC panel, a colocalization
measurement was conducted to quantify the overlap between
either ACs or PCs with EC networks (ECs/ACs colocaliza-
tion and ECs/PCs colocalization, respectively) (Supplemen-
tary Fig. S2B). ECs/PCs colocalization resulted in 11 out of
38 chemicals being detected as effective chemicals (Fig. 4C),
whereas ECs/ACs colocalization resulted in 8 out of 38
chemicals being detected as effective chemicals (Fig. 4D).
In both measurements, all detected chemicals had a pVDC
score of ‡0.26, in contrast to the EC area result of chemicals
with pVDC scores as low as 0 being detected as potential dis-
rupting chemicals.

To select specific chemicals for further characterization,
the chemicals were sorted into categories of low, medium,
high, and critical priority based on consistency of detected
changes to endothelial network area, ECs/ACs colocaliza-
tion, and ECs/PCs colocalization across the six screening
trials. Chemicals that significantly changed endothelial net-
work area in three, four, five, or six out of six trials were
categorized as ‘‘low,’’ ‘‘medium,’’ high,’’ and ‘‘critical’’ pri-
ority chemicals, respectively, in the context of targeting ECs
behavior. In the case of the ECs/ACs and ECs/PCs colocal-
ization, chemicals that were detected as hits in two or three
out of three trials were categorized as ‘‘high’’ or ‘‘critical’’
priority chemicals, respectively, in the context of targeting
AC and PC behaviors.

Ten chemicals emerged as ‘‘critical’’ priority chemicals
from combined endothelial network area, ECs/ACs colocal-
ization, and ECs/PCs colocalization results. These chemi-

cals: 1-hydroxypyrene, 4-nonylphenol branched, 5HPP33,
disulfiram, fluazinam, phenolphthalein, pyridaben, querce-
tin, triclocarban, and reserpine, were selected for dose–re-
sponse characterization (Fig. 4E).

Dose–response curves and signature effects
of critical priority chemicals

To characterize the effects of chemical exposure on the
NVU model, nine morphological measurements were taken
based on features pertaining to the individual cell types in-
cluded in the model. Dose–response curves were generated
for each of the morphological measurements (Supplementary
Fig. S2). The resulting sets of AC50 values derived from the
curves were unique to each chemical applied to the model
(Table 1, all representative dose–response curves in Supple-
mentary Fig. S5).

Decreases in the majority of the nine morphological met-
rics are an indication that the NVU cells were adopting
rounded nonadhesive morphology as a result of chemical ex-
posure. Fluazinam, 5HPP33, and triclocarban significantly
decreased the magnitude of most of the metrics analyzed in
the study. In the case of phenolphthalein, we observed simi-
lar nonadhesive phenotypes as fluazinam and 5HPP33 in
ECs. However, phenolphthalein did not generate usable
AC50 values in a majority of metrics pertinent to ACs and
PCs. This may suggest that ACs and PCs were less sensitive
than ECs. Disulfiram generated usable AC50 values concern-
ing EC protrusions, but AC morphology required higher di-
sulfiram doses for the generation of AC50 values. Pyridaben
uniquely increased network area and the number of nodes in
skeletonized images of the EC networks, indicating a reorga-
nization of cells into tightly meshed networks rather than
disruption.

1-Hydroxypyrene required very high doses exceeding, in
many cases, 50 lM to generate usable AC50 values. 4-
Nonylphenol branched and reserpine largely did not generate
usable AC50 values, even though 20 lM doses were suffi-
cient for causing a significant change in screening parameters
for initial detection (Fig. 4). These effects included changing
EC/PC colocalization through 4-nonylphenol branched, as well
as EC/AC and EC/PC colocalization through reserpine. In the
cases of reserpine and quercetin, chemical autofluorescence
may have interfered with morphological measurements re-
lated to ACs and PCs (Supplementary Fig. S6). However,
quercetin did impact endothelial network formation, particu-
larly that it impacted network area without changing network
protrusions as its antiangiogenic effect. Refer to Supplemen-
tary Results for confirmation of noncytotoxic chemical
mechanisms observed in this study (Supplementary Fig. S7).

The AC50 values found in our dose–response experi-
ments were compared with the median and range of human
vascular and human brain AC50 values found in the EPA
ToxCast Database50 (Fig. 5 and Supplementary Fig. S5).
The chemicals that generated AC50 values closest to the Tox-
Cast median include quercetin, fluazinam, and pyridaben.
Chemicals that were less accurate but still generated AC50

values within the range of the ToxCast assays included disul-
firam, phenolphthalein, triclocarban, and 5HPP-33. Chemi-
cals that generated AC50 values outside of the range of the
ToxCast assays include reserpine, 1-hydroxypyrene, and 4-
nonylphenol branched.
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FIG. 4. Ranking and prioritiza-
tion of vascular disrupting chemi-
cals detected from initial screening
experiments using the NVU model.
(A) Comparison of screening re-
sults using an ECs monoculture and
the NVU model. Of the EPA pre-
dicted vascular disrupting chemical
panel, the NVU model detected a
greater number of chemicals than
the ECs monoculture. Results were
based on changes to endothelial
network area compared with
DMSO controls. (B) Ranking of
chemicals detected in the NVU
model based on consistency of de-
tection across six trials of endothe-
lial network area, as well as three
trials of (C) ECs/PCs colocalization
and (D) ECs/ACs colocalization
screening experiments. (E) Final
list of critical priority chemicals
selected for further characteriza-
tion. Chemicals sorted according to
whether they were critical priority
chemicals using endothelial net-
work area, ECs/PCs colocalization,
or ECs/ACs colocalization as read-
outs. EPA, Environmental Protec-
tion Agency. Color images are
available online. Continued
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FIG. 4. (Continued).
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Comparison of dose–response with NVU models
plated on Matrigel

When chemical dose–response was compared between
Matrigel and PEG-based NVU models, fewer measurement
methods generated usable AC50 values in the Matrigel-
based system. Chemical treatments often caused the forma-
tion of fine cell networks rather than broad cell sheets on
Matrigel (Fig. 5 and Supplementary Fig. S5), likely owing
to the differential mechanisms of network formation ob-
served on PEG hydrogels and Matrigel.33 Because of this,
network area measurements were more effective in detecting
AC50 values on Matrigel than on PEG hydrogels. EC protru-
sion measurements were often not suitable for generating
AC50 values on Matrigel, as cells generally formed structures
that lacked finer protrusions and bridges present in the PEG-
based NVU models (Fig. 5, all representative dose–response
curves in Supplementary Fig. S5). If any morphological met-
rics generated usable AC50 values in both Matrigel and PEG-
based NVU models, Matrigel models generated higher AC50

values that had more variation than equivalent PEG-based
NVU models. This signifies decreased sensitivity and consis-
tency by the Matrigel-based NVU model.

Several chemicals were effective in detecting AC50 values
on Matrigel and PEG-based NVU models. These include
5HPP33, fluazinam, and disulfiram, with 5HPP33 generating
the most usable AC50 values in both models. Interestingly,
pyridaben only generated AC50 values for endothelial net-
work area. At high concentrations, pyridaben caused conflu-
ent cell sheet formation rather than network formation.
In addition, this change in cell behavior did not impact AC
or PC morphologically. Phenolphthalein and triclocarban
lost much of their ability to generate AC50 values on the
Matrigel-based assay. Notably, 1-hydroxypyrene lost all abil-
ity to generate converging sigmoidal curves in Matrigel-based
models. One chemical that generated similar results in PEG
and Matrigel-based assays was quercetin. It generated AC50

values largely from EC-based morphological changes in the
NVU model on both PEG hydrogels and Matrigel. Finally,
reserpine was not able to generate many usable AC50 val-
ues in either the Matrigel or PEG NVU model, and 4-
nonylphenol branched generated no usable AC50 values
in both NVU models.

Discussion

In this study, we developed an NVU model to detect and
characterize antiangiogenic activity by potential vascular
disrupting chemicals. It consisted of iPSC-derived ECs and
ACs, as well as human brain-derived PCs seeded onto a
proangiogenic PEG hydrogel. The model detected 10 critical
priority chemicals from a panel of 38 pVDCs and character-
ized their effects on neurovascular angiogenesis. The combi-
nation of nine metrics of NVU morphology generated results
that were uniquely associated with each of the tested chem-
icals. Identifying factors of each chemical included whether
measurements generated usable AC50 values, effective dos-
ing levels, and cell types that were sensitive to chemical
exposure. Chemicals were dosed for a 24-hour incubation
period to achieve rapid detection of vascular disruptive
chemicals.

We observed that chemical exposure initiated a diversity
of morphological changes in NVU models constructed on

PEG hydrogels. These changes included cells forming smaller
disconnected structures rather than well-connected capillary
networks, cells adopting rounded nonadhesive morpholo-
gies, and capillary networks meshing at varying densities.
In addition, exposure with certain chemicals would preferen-
tially change morphologies in certain cell types over others.
The measurement methods employed here were selected to
account for all of the mentioned possibilities in each of
the cell types included in the NVU model.

One of the expectations associated with this work is that the
combination of unique morphological changes imposed by
the chemicals tested here and the dose dependence of detected
changes will predict which cell signaling pathways were acti-
vated by uncharacterized chemicals. The PEG-based NVU
model is a promising tool toward adverse outcome pathway
prediction due to its ability to detect a wide variety of morpho-
logical changes during chemical exposure. Moreover, the ef-
fective chemical concentrations detected on PEG hydrogels
corroborated with known concentrations found in the EPA
ToxCast database50 (see Screening Predicted Vascular Inhib-
itors from the ToxCast Library section). Therefore, we believe
that the effective chemical concentrations detected by the
PEG-based NVU mode are, in most cases, as predictive of
physiological activity as more established models.

Although some chemicals matched the median AC50 of
ToxCast vascular assays more closely than others—
pyridaben, fluazinam, and quercetin were most accurate—
most of AC50 values observed here still fell within the
range of effective vascular ToxCast AC50 values (data not
shown). The exceptions to this are 1-hydroxypyrene, reser-
pine, and 4-nonylphenol branched, which derived AC50 val-
ues far out of range of ToxCast’s vascular AC50 values.
Note that ToxCast vascular assays currently do not include
data pertaining to EC/PC/AC cocultures, and much of the
data were derived from cell-based assays, whereas less of
the data were derived from functional tubulogenesis assays.
We believe that the coculture conditions used here may
have a role in changing the effective doses of these three
chemicals. This also highlights the need to develop increas-
ingly biologically relevant toxicity assays to improve the pre-
dictability of toxicity databases in more biological contexts.

Although the PEG-based NVU model was able to detect
chemical activity on the NVU model, it was not known
whether a gold-standard material such as Matrigel would
be an appropriate material for use in a similar suite of analy-
ses. In addition, we aimed to demonstrate that the chemically
defined environment presented in the PEG-based NVU
model would improve the sensitivity of the assay over the
Matrigel-based NVU model. Our results here suggest that al-
though Matrigel-based models were generally less effective
in detecting chemical activity through the tested quantifica-
tion methods, Matrigel-based models were as effective as
PEG-based NVU models in detecting activity by certain
chemicals, including 5HPP-33 and disulfiram. Had Matrigel
not detected chemical activity by any of the chemicals tested
in these studies, it would have suggested that our analy-
sis methods were fundamentally inappropriate for use in
Matrigel-based assays, and that a different suite of analy-
sis methods would need to be developed. The fact that the
analyses did not fail across all analyses under all chemical
treatments at least showed that the analysis methods were ap-
propriate on both PEG hydrogel and Matrigel-based assays.
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The main cause of undetected chemical activity on Matrigel
was due to the fact that chemicals mostly modified the thick-
ness of network structures between single-cell-wide strands to
confluent cell sheets. They rarely prevented cell spreading and
rarely changed the connectivity of endothelial networks.
Therefore, we predict that the Matrigel-based NVU model
would have a limited ability to differentiate between chemical
modes of action. Owing to the generally poor sensitivity and
reproducibility of Matrigel-based assays,33 further incorpora-
tion of Matrigel conditions in NVU chemical screens is not
recommended. However, the use of Matrigel to elucidate fur-
ther ECM signals for incorporation into PEG hydrogels is a
promising application of the material. Refer to Supplementary
Data for detailed discussion on possible chemical mechanisms
of action detected using the coculture system.

Our vascular models cultured multiple neurovascular cell
types in direct contact with one another and directed their
formation into branched capillary-like networks. Specifi-
cally, our screening experiments explored how chemical
activity affects neurovascular capillary network assembly.
Our work explored chemically mediated changes the ability
of NVU cells to assemble into vascular networks. Another
group has generated branched capillary-like networks by
coculturing ECs with neural stem cells on Matrigel sub-
strates,52 potentially leading to the generation of a wide va-
riety of cell types included in the NVU model beyond PCs
and ACs. The defining features of our work were that we
cocultured ECs with defined, differentiated populations of
PCs and ACs, and performed experiments on chemically de-
fined PEG hydrogels. We expect this to contribute to the gen-
eration of consistent tubulogenesis assays that may be
performed over the course of 24 hours rather than 7 days.

We selected a coculture condition with the lowest density
number of perivascular support cells that significantly sup-
ported capillary network formation above EC-only controls.
This was an appropriate starting point to investigate how
perivascular cells influence angiogenic responses to chemi-
cal exposure. Our coculture condition was also expected to
simulate scenarios where the neurovasculature is particularly
vulnerable to chemically mediated disruption. These scenar-
ios include early neurovascular development,53,54 where
perivascular support cells are present in low densities, and
the decreased presence of PCs due to platelet-derived growth
factor BB knockdown.55

With the varying ratios of ECs with perivascular cells that
can be included in the NVU model, the application of the
model is expandable to cover a variety of chemical exposure
scenarios. The density of supporting cell types surrounding
capillaries varies between regions of the CNS.56–58 For ex-
ample, cortex vasculature has the greatest density of PCs in
the CNS (80% coverage56,59), whereas spinal cord has the
lowest density of PCs (48%–68% coverage56,59). In addition,
the developing mouse spinal cord contains a greater amount
of ACs than the developing brain (up to 97-fold higher
ALDH1L1 abundance in spinal cord by Western blot to quan-
tify ACs presence58). Differential densities of perivascular
cells can result in differential adverse outcomes to chemical
exposure in varying areas of the CNS and in varying stages
of development. Future experiments will change endothelial
and perivascular cell densities to model varying aspects of
NVU pathology or development, and how those situations
change NVU responses to chemical exposure.

Conclusions

An organotypic NVU model was developed to detect and
characterize the disruptive effects of chemical exposure on
human neurovascular tissue. The morphological changes to
the NVU and its individual cellular components were unique
to each chemical applied to the model. The use of PEG-based
NVU models demonstrated greater sensitivity and consis-
tency of chemical detection over equivalent Matrigel-based
NVU models. There is a need to perform accurate risk as-
sessments on large number of uncharacterized chemicals to
guard against the potential harm they present to human
health. In the context of neurovascular pathology, high-
throughput screening and high-content analysis of neurovas-
cular disruption may facilitate risk assessments of large
chemical libraries by identifying critical chemical hazards,
infer mechanisms of neurovascular disruption, and infer vul-
nerable cell types during an exposure event. We expect that
this method will increase the speed and throughput of drug
and chemical screening assays.
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