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Bioengineered perfused human brain microvascular
networks enhance neural progenitor cell survival,
neurogenesis, and maturation
Max A. Winkelman and Guohao Dai*

Neural progenitor cells (NPCs) have the capability to self-renew and differentiate into neurons and glial cells. In
the adult brain, NPCs are found near brain microvascular networks (BMVNs) in specialized microenvironments
called the neurovascular niche (NVN). Although several in vitro NVN models have been previously reported,
most do not properly recapitulate the intimate cellular interactions between NPCs and perfused brain micro-
vessels. Here, we developed perfused BMVNs composed of primary human brain endothelial cells, pericytes,
and astrocytes within microfluidic devices. When induced pluripotent stem cell–derived NPCs were introduced
into BMVNs, we found that NPC survival, neurogenesis, and maturation were enhanced. The application of flow
during BMVN coculture was also beneficial for neuron differentiation. Collectively, our work highlighted the
important role of BMVNs and flow in NPC self-renewal and neurogenesis, as well as demonstrated our
model’s potential to study the biological and physical interactions of human NVN in vitro.

Copyright © 2023 The

Authors, some

rights reserved;

exclusive licensee

American Association

for the Advancement

of Science. No claim to

original U.S. Government

Works. Distributed

under a Creative

Commons Attribution

License 4.0 (CC BY).

INTRODUCTION
Neurodegenerative diseases result in the decline of human cogni-
tion, usually due to the death or dysfunction of neurons. Examples
of pervasive neurodegenerative diseases include Alzheimer ’s
disease, Parkinson’s disease, Huntington’s disease, amyotrophic
lateral sclerosis, stroke, and brain tumors. In the United States, neu-
rological disorders afflict millions of patients each year and contrib-
uted to a total economic burden of approximately $789 billion in
2014 (1). Over the past 20 years, neural stem cells and neural pro-
genitor cells (NSCs/NPCs) have demonstrated the ability to self-
renew and differentiate into neuronal and glial cells (2, 3). Recently,
NSC/NPC-based therapies have been proposed as curative treat-
ments for neurodegenerative diseases due to the potential of these
cells to improve patient brain function through neuron repair and
replacement (4). For these reasons, the biological and physical
mechanisms that influence NSC/NPC fate and behavior must be
better understood.

In the adult mammalian brain, self-renewing NSCs/NPCs are
found in specialized microenvironments called the neurovascular
niche (NVN), located in the subventricular zone (SVZ) of the
lateral ventricle and the subgranular zone (SGZ) of the dentate
gyrus (3). In the NVN, NSCs/NPCs reside close to brain microvas-
cular networks (BMVNs) composed of brain endothelial cells
(BECs), pericytes (PCs), and astrocytes (ACs). These observations
suggest that microvessels regulate NSC/NPC fate in the NVN (5).
It is well-documented that endothelial cells act as orchestrators of
NSC/NPC self-renewal and neurogenesis (6). In the SVZ, NPCs
(type C cells) undergo multiple rounds of cell division near blood
vessels before committing to neurogenesis or gliogenesis (5). Type
C cells committed to neuron differentiation give rise to a type of
neuronal precursor cell (NPreC) called neuroblasts (type A cells)
(5). Eventually, neuroblasts leave the SVZ and migrate along
blood vessels to the olfactory bulb where they further differentiate

into mature neurons (7). Collectively, these data highlight the reg-
ulatory role of blood vessels throughout mammalian neurogenesis.

Over the past decade, in vitro models of the human NVN have
been developed to elucidate the cellular interactions between NSCs/
NPCs and BMVNs and expedite the discovery of new therapeutics
for neurodegenerative diseases (8). However, cultures that use two-
dimensional (2D) substrates do not properly recapitulate the cy-
toarchitecture of the SVZ and SGZ (9–11). Models using 3D hydro-
gels (12–14) or spheroids (15–17) are more effective at replicating
the complex cellular interactions of NSCs/NPCs and endothelial
cells. However, these models lacked certain physical stimuli, such
as luminal flow in blood vessels and interstitial flow (IF) through
the extracellular matrix (ECM). In the brain, IF facilitates vascular
and neural cell cross-talk, metabolite and growth factor transport
over long distances, and the removal of macroscopic wastes
through the glymphatic system (18). In addition, mechanical
stimuli from IF have been shown to modulate cell gene and
protein expression (19), particularly during the formation of micro-
vessels through angiogenesis (20) and vasculogenesis (21). Once
blood vessel anastomosis is achieved, intravascular flow plays a
major role in vascular characteristics. In addition to the delivery
of oxygen and nutrients, blood flow provides shear stress to the vas-
cular wall. This modifies endothelial cell gene expression and blood
vessel function (22), including the regulation of stem cell behavior
in vascular niches. Moreover, the low permeability of endothelial
cells is an important feature of the blood-brain barrier (BBB),
which separates the blood component from the brain tissue com-
partment (23). Reproducing these physical stimuli and cytoarchi-
tecture in vitro will be paramount for developing physiologically
accurate models of the human NVN.

Because of the ability of spatiotemporal control of both bio-
chemical and physical variables, microfluidic devices (MFDs)
have become popular systems to model the interactions between en-
dothelial cells and NSCs/NPCs. Shin and colleagues (24) used their
microfluidic model to show that mouse NSCs cultured with BEC-
coated fluidic channels exhibited increased proliferation and self-
renewal marker expression, as well as reduced neurogenesis and
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enhanced astrogenesis. In contrast, Sances and colleagues (25)
showed that BEC-lined fluidic channels increased the expression
of neuron makers in spinal NPCs. However, both of these studies
implemented predesigned vascular channels with rectangular ge-
ometries that did not properly mimic the natural morphology of
brain capillaries in vivo. In a MFD model developed by Uwamori
and colleagues (26), neuronal and vascular networks were formed
by NSC neurogenesis and brain endothelial cell angiogenesis, re-
spectively, within a 3D fibrin-Matrigel hydrogel. Similarly,
Kaushik and colleagues (27) created a model of the human embry-
onic SVZ that contained a vascular plexus region overlaid by NPCs
and differentiated neuronal cells. Both studies generated self-assem-
bled, 3D vascular networks through natural vasculogenic processes.
However, these microvessels were not perfused and therefore did
not experience luminal flow. Recently, both Osaki and Shin
groups (28, 29) cultured NSC neurospheres with perfused vascular
networks of human umbilical vein endothelial cells (HUVECs)
within MFDs. Both groups reported that coculturing neurospheres
with HUVEC microvessels enhanced neurogenesis. However,
neither study generated BMVNs akin to those observed in the
NVN, which are composed of BECs, PCs, and ACs (6). Further-
more, no study to date has investigated the influence of the bulk
flow of interstitial fluid on NSC/NPC fate. Hence, there is currently
no microfluidic model that completely recapitulates the cytoarchi-
tecture and physical stimuli of the human NVN.

Recently, our group demonstrated the benefit of the application
of IF when generating self-assembled, perfused BMVNs within
MFDs (30). Here, we have built off our previous work by introduc-
ing human induced pluripotent stem cell (iPSC)-derived NPCs and
NPreCs (both as dispersed cells and neurospheres) to our BMVN
model to study the influences of self-renewal and neurogenesis in
vitro. Our overarching hypothesis was that both NPC self-renewal
and NPreC neurogenesis would be enhanced in the presence of
BMVNs, when compared to NPCs and NPreCs cultured alone.
We further investigated if the application of IF during BMVN co-
culture contributed to the degree of self-renewal and neurogenesis.
NPC survival and proliferation were measured by the number of
dispersed NPCs and the physical expansion of NPC neurospheres.
Neurogenesis was evaluated by the outgrowth of neurites and spon-
taneous calcium oscillations in NPreC neurospheres, as well as the
expression of self-renewal and neuron markers in individual
NPreCs. Our work highlights the regulatory role of BMVNs in
the behavior of NPCs and NPreCs and demonstrates the potential
of this microfluidic model to elucidate the physical and biological
mechanisms of the human NVN.

RESULTS
NPCs were capable of self-renewal, neurogenesis, and
astrogenesis in 2D cell culture
Human pluripotent stem cell (XCL-1 line)–derived NPCs from
Stemcell Technologies were selected for this study for several
reasons. Their stem cell–like characteristics enable them to main-
tain a population of self-renewing cells for many generations in
2D culture. In addition, NPCs were capable of differentiating into
both NPC-ACs and NPC-neurons through well-defined protocols
provided by the manufacturer (Fig. 1A). To confirm the capabilities
of NPCs, cells were labeled using immunocytochemical techniques
for stem cell [nestin and SRY-box 2 (Sox2)], astrocyte [glial fibrillary

acidic protein (GFAP)], and neuron [class III β-tubulin (Tuj1) and
microtubule-associated protein 2 (MAP2)] markers before and after
undergoing either astrocyte or neuron differentiation protocols.
Before any differentiation, most of the NPCs were observed to
express nestin (98.88 ± 0.24%; Fig. 1, Bi and G) and Sox2 (99.17
± 0.16%; Fig. 1, Ci and H), but not GFAP (0.00 ± 0.00%; Fig. 1,
Di and I), Tuj1 (0.49 ± 0.49%; Fig. 1, Ei and J), and MAP2 (0.00
± 0.00%; Fig. 1, Fi and K). These data confirmed that NPCs cultured
in Neural Progenitor Medium-2 (NPM-2) maintained a NSC-like
phenotype and had not yet undergone notable neurogenesis or as-
trogenesis. After astrocyte differentiation, most NPC-ACs still ex-
pressed Sox2 (96.89 ± 0.93%; Fig. 1, Cii and H) but not nestin
(15.77 ± 2.16%; Fig. 1, Bii and G). Compared to NPCs, NPC-ACs
had increased expression of GFAP (6.52 ± 0.92%; Fig. 1, Dii and I),
but no significant change in Tuj1 (3.33 ± 1.24%; Fig. 1, Eii and J)
and MAP2 (2.60 ± 0.14%; Fig. 1, Fii and K) expression. Together,
these results indicate that NPCs are capable of astrogenesis.
However, 21 days of astrocyte differentiation culture was not suffi-
cient time to produce a substantial population of GFAP+ NPC-ACs.
With that said, the protocol from Stemcell Technologies recom-
mended culturing astrocyte precursor cells (APreCs) in astrocyte
maturation medium (AMM) for at least two additional passages
to promote ubiquitous GFAP expression. However, we did not
attempt further astrocyte differentiation due to the time require-
ment. After neuron differentiation, most NPC-neurons had no
visible expression of nestin (14.07 ± 4.22%; Fig. 1, Biii and G) and
Sox2 (15.09 ± 0.29%; Fig. 1, Ciii and H). A small population of
NPC-neurons expressed GFAP (2.93 ± 1.23%; Fig. 1, Diii and I),
but not enough to be statistically significant from NPCs. After 14
days in neuron maturation medium (NMM), most NPC-neurons
expressed Tuj1 (77.03 ± 0.21%; Fig. 1, Eiii and J) and MAP2
(57.93 ± 4.61%; Fig. 1, Fiii and K). These data showcased the
ability of NPCs to undergo neurogenesis and produce neurons
with mature markers. Collectively, these results demonstrated that
XCL-1–derived NPCs had self-renewing characteristics as well as
the capability to differentiate into both NPC-ACs and NPC-
neurons in 2D cell culture under defined medium conditions.

NPCs did not survive solo-culture in MFDs
Once it was confirmed that 2D NPCs were capable of self-renewal
and neuron differentiation, we wanted to determine whether NPCs
exhibited these traits in a 3D microenvironment. MFDs from AIM
Biotech were selected as a platform for this work due their imple-
mentation in a previous publication in which our group developed
BMVNs in vitro (30). Before NPCs were cocultured with other cell
types in MFDs, they were cultured alone (Fig. 2A) to characterize
their behavior. First, NPCs were resuspended in fibrin gels at differ-
ent cell densities (2 × 106, 4 × 106, and 6 × 106 cells/ml) to determine
which NPC population promoted the most cell survival. Using
LIVE/DEAD staining, we confirmed that a majority of NPCs in
all conditions were viable on day 1. However, nearly all NPCs
died after 1 week in culture, regardless of initial cell density
(Fig. 2B). LIVE/DEAD staining quantification showed that NPCs
cultured at 2 × 106, 4 × 106, and 6 × 106 cells/ml had LIVE cell per-
centages of 92.71 ± 1.07, 91.95 ± 0.45, and 93.73 ± 0.84%, respec-
tively, on day 1, and 1.32 ± 0.44, 1.50 ± 0.52, and 0.69 ± 0.30%,
respectively, on day 7 (Fig. 2C). These data confirmed that NPC vi-
ability was not improved by increasing the cell density, indicating
that NPCs did not commit apoptosis due to a deficiency of
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homotypic cellular interactions. Moving forward, we cultured NPCs
(2 × 106 cells/ml) in fibrin gels containing Matrigel to determine
whether the contents of the ECM (laminin, collagen IV, entactin,
and perlecan) would improve NPC viability (fig. S1A). However,
the mean percentage of LIVE NPCs cultured in fibrin and fibrin-
Matrigel decreased from 91.70 ± 3.85 and 94.92 ± 2.80%, respective-
ly, on day 1 to 3.87 ± 1.28% and 3.44 ± 1.04%, respectively, on day 7
(fig. S1C). These results indicated that the addition of Matrigel to
the fibrin gel did not improve NPC viability in MFD culture. To

determine whether the default MFD culture conditions for NPC ex-
pansion [Endothelial Cell Growth Medium 2 (EGM-2):NPM-2 with
the application of IF] were the primary causes of cell death, we also
cultured NPCs in just NPM-2 under flow conditions and in EGM-
2:NPM-2 under static conditions. However, similar to the results of
the previous experiments, a majority of NPCs died after 5 days in all
cultures (fig. S1B). The percentage of LIVE NPCs cultured in EGM-

Fig. 1. NPC differentiation and characterization. (A) Diagram of NPC differentia-
tion in 2D cell culture. In the astrocyte differentiation protocol, astrocyte differen-
tiation medium (ADM) was used to convert NPCs to astrocyte precursor cells
(APreCs). Astrocyte maturation medium (AMM) was then used to convert APreCs
to NPC-derived astrocytes (NPC-ACs). In the neuron differentiation protocol,
neuron differentiation medium (NDM) was used to convert NPCs to NPreCs.
Neuron maturation medium (NMM) was then used to convert NPreCs to NPC-
derived neurons (NPC-neurons). Both differentiation cultures were terminated
on day 21. Culture dishes were coated with Matrigel or poly-L-ornithine and
laminin (PLO/Lam) where indicated. (B to F) Immunocytochemical analysis of
NPC differentiation. Cells were immunofluorescently labeled for the neural stem
cell markers, nestin (B, green) and Sox2 (C, green), the AC marker, GFAP (D,
green), and the neuron markers, Tuj1 (E, purple) and MAP2 (F, purple) before
any differentiation (Pre-Diff, i), as well as after astrocyte (Astro-Diff, ii) and
neuron (Neuro-Diff, iii) differentiation protocols. Nuclei were labeled with
Hoechst (blue). Scale bars, 100 μm. (G to K) Graphs showing the percentage of
total cells that expressed nestin (G), Sox2 (H), GFAP (I), Tuj1 (J), and MAP2 (K) in
Pre-Diff, Astro-Diff, and Neuro-Diff cultures. The data show mean value, error
bars ± SEM, n = 3, one-way analysis of variance (ANOVA) with Tukey’s test; not sig-
nificant (ns), P > 0.05; **P < 0.01; ****P < 0.0001.

Fig. 2. Dispersed NPCs and NPC-ZsG neurospheres (NPC-ZsG-Nsphs) in MFD
culture. (A) Illustration of dispersed NPC solo-culture in MFDs. NPCs were resus-
pended in fibrin gels (NPC condition) at three different cell densities within MFDs.
Samples were cultured for 1 week in EGM-2:NPM-2 under flow conditions. (B) LIVE
(green)/DEAD (red) MIPs of NPCs on day 1 and day 7. NPCs were resuspended in
fibrin at 2 × 106, 4 × 106, or 6 × 106 NPCs/ml. (C) Graph of the percentage of LIVE
NPCs cultured at different cell densities. The data show mean value, error bars ±
SEM, n = 3. (D) Illustration of NPC-ZsG-Nsph solo-culture in MFDs. NPCs-ZsG were
aggregated into neurospheres of three different cell densities and resuspended in
fibrin gels (NPC condition) within MFDs. Cells were cultured for 1 week in EGM-
2:NPM-2 under flow conditions. (E) Fluorescence MIPs of NPC-ZsG-Nsphs
(ZsGreen1, green) with cell densities of 100, 200, and 400 NPCs-ZsG per neuro-
sphere (NPC-ZsG per Nsph) cultured in MFDs on day 1 and day 7. White dotted
lines outline microposts. (F and G) Graphs showing the change in neurosphere
area from day 1 to day 7 (F) and the day 7/day 1 neurosphere area ratio (G) for
all neurosphere densities. N = 9 neurospheres were measured from n = 3 MFDs.
Scale bars, 200 μm (B) and (E). Blue arrows indicate the direction of IF. (C), (F),
and (G) The data show mean value, error bars ± SEM, two-way ANOVA (C) and
Welch’s ANOVA (G) with Dunnett’s test; ns, P > 0.05; *P < 0.05.
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2:NPM-2 under flow conditions decreased from 91.45 ± 2.64% on
day 1 to 1.97 ± 0.50% on day 5 (fig. S1D). Similarly, the percentage
of LIVE NPCs cultured in NPM-2 under flow conditions decreased
from 92.90 ± 1.47 on day 1 to 3.88 ± 0.83% on day 5 (fig. S1D). Last,
NPCs cultured in EGM-2:NPM-2 under static conditions had 89.38
± 1.03% LIVE cells on day 1 and 3.80 ± 1.17% on day 5 (fig. S1D).
These data signified that neither the presence nor absence of EGM-2
or IF improved NPC viability within MFDs. Collectively, the results
concluded that the solo-culture conditions within MFDs were not
conducive for NPC survival and proliferation.

After it was confirmed that dispersed NPCs did not survive for
extended culture periods in MFDs, we postulated that cell survival
would be improved if NPCs were aggregated into neurospheres
(NPC-Nsphs). NPC-Nsphs with densities of 100, 200, and 400
cells per Nsph were formed in microwell plates (fig. S2B) and pro-
duced neurosphere populations with average diameters of 65.86 ±
1.00, 75.55 ± 1.46, and 100.70 ± 1.22 μm, respectively (fig. S2C). To
determine whether increasing neurosphere cell density would
improve neurosphere expansion, NPC-ZsG-Nsphs composed of
100, 200, and 400 NPCs-ZsG per Nsph were cultured alone in
MFDs (Fig. 2D). On day 1, all neurospheres had strong ZsGreen1
signals and were observed extending cellular processes into fibrin
gels. However, the ZsGreen1 signal for all neurospheres became
barely visible after 1 week in MFDs (Fig. 2E). Dim ZsGreen1
signals observed outside of the initial neurosphere border indicated
that NPCs-ZsG had migrated into the fibrin gel before committing
apoptosis. The ZsGreen1 proteins of apoptotic cells likely degraded
and removed from the fibrin ECM by the bulk flow of interstitial
fluid. For these reasons, the change in neurosphere area from day
1 to day 7 was negative in all cultures (Fig. 2F). The neurosphere
area ratio was found to be 0.058 ± 0.012, 0.127 ± 0.031, and 0.139
± 0.023 for neurospheres composed of 100, 200, and 400 NPC-ZsG
per Nsph, respectively (Fig. 2G). The mean neurosphere area ratio
was significantly larger for neurospheres composed of 400 NPC-
ZsG per Nsph when compared to those composed of 100 NPC-
ZsG per Nsph. However, this enhancement was immaterial since
neurospheres in both conditions had been significantly reduced
from their original sizes. These data proved that increasing neuro-
sphere cell density did not improve NPC-ZsG-Nsph expansion in
solo-culture and confirmed our conclusion that culture conditions
within MFDs were simply not conducive for the survival and pro-
liferation of NPCs.

NPC survival was enhanced by coculture with BMVNs
in MFDs
After it was confirmed that NPCs could not be maintained in MFD
solo-culture, both as dispersed cells and neurospheres, we hypoth-
esized that cell survival would be enhanced when NPCs were cocul-
tured with BMVNs. Previously, we developed a protocol (fig. S3A)
to consistently generate BMVNs within MFDs from AIM Biotech
(30). BMVNs were composed of primary BECs-tdT, PCs, and
ACs which expressed CD31 (fig. S3C), NG-2, and GFAP, respective-
ly (fig. S3B). We previously demonstrated that MFDs were capable
of generating a maximum IF velocity of 5.73 μm/s across the fibrin
gel under flow conditions (hydrostatic pressure difference of 1.5
mmH2O) (30). The application of IF enhanced BMVN interconnec-
tivity and perfusion, as confirmed by flowing microspheres through
the open lumen of microvessels (fig. S3D). In our previous publica-
tion, we calculated that the average shear stress experienced by the

vessel wall of microvessels under flow conditions was 0.394 dyn/cm2

(30). After 1 week, fully developed BMVNs retained 70-kDa dextran
within their lumen (fig. S3E), demonstrating the low permeability of
brain microvessels.

In this work, we modified our protocol to develop BMVNs
capable of supporting NPC survival and proliferation. NPCs-ZsG
were aggregated into neurospheres and resuspended in fibrin gels
within BECs-tdT, PCs, and ACs within MFDs (Fig. 3A). A cell
density of 200 cells per Nsph was chosen to produce NPC-ZsG-
Nsphs that would expand in the presence of BMVNs without occu-
pying the entire width of the hydrogel channel. Anticipating that
NPC-ZsG-Nsphs would expand in NPC-BEC-PC-AC conditions,
we also cultured neurospheres in NPC, NPC-PC, NPC-AC, and
NPC-BEC conditions to identify which brain cell type contributed
the most to NPC-ZsG-Nsph growth. After 1 day in MFD culture,
NPC-ZsG-Nsphs were observed extending small cellular processes
into fibrin gels in all conditions (Fig. 3B). After 1 week, neuro-
spheres with strong ZsGreen1 signals were observed in all cultures
except in NPC conditions (Fig. 3B). NPC-ZsG-Nsphs cultured
alone experienced regression similar to the observations shown in
Fig. 2E. In contrast, NPC-ZsG-Nsphs grown in all the other cocul-
ture conditions increased in size over the course of 1 week (Fig. 3B).
With that said, the final size of NPC-ZsG-Nsphs cultured in NPC-
BEC and NPC-BEC-PC-AC conditions appeared larger than that of
neurospheres cultured in NPC-PC and NPC-AC conditions.
Because of the presence of endothelial cells, microvessels were
only observed in NPC-BEC, NPC-BEC-PC-AC, and NPC-
HUVEC-PC-AC samples (Fig. 3B and fig. S9A). These microvessels
formed networks between the two fluidic channels and were ob-
served circumventing NPC-ZsG-Nsphs in the hydrogel channel.

After measuring the neurosphere area for NPC-ZsG-Nsphs in all
conditions, we found that only the NPC condition produced a neg-
ative trend from day 1 to day 7 (Fig. 3C). To compare neurosphere
growth between conditions, we calculated the mean day 7/day 1
neurosphere area ratio for NPC-ZsG-Nsphs in NPC (0.10 ± 0.03),
NPC-PC (3.61 ± 0.20), NPC-AC (3.69 ± 0.22), NPC-BEC (13.53 ±
1.30), and NPC-BEC-PC-AC (10.15 ± 0.62) conditions (Fig. 3D).
Compared to neurospheres cultured alone, NPC-ZsG-Nsphs cul-
tured with PCs, ACs, BECs-tdT, and all three cell types exhibited
significantly enhanced neurosphere expansion. While no statistical
difference was found between the mean neurosphere area ratio for
NPC-ZsG-Nsphs cultured with PCs and ACs, the area ratio means
in NPC-BEC and NPC-BEC-PC-AC conditions were found to be
significantly larger than those in both NPC-PC and NPC-AC con-
ditions. No statistical differencewas found between the neurosphere
area ratio means for NPC-BEC and NPC-BEC-PC-AC conditions
(Fig. 3D), as well as for NPC-BEC-PC-AC and NPC-HUVEC-
PC-AC conditions (fig. S9B). These data suggested that neurosphere
expansion was primarily due to the presence of BECs-tdT or
HUVECs-tdT in the fibrin gel. This was likely due to soluble neuro-
trophic factors that have previously been reported to be secreted by
endothelial cells (6, 8). However, it should be noted that BECs-tdT
were seeded at a higher cell density (6 × 106 cells/ml) than PCs and
ACs (2 × 106 cells/ml). Therefore, the enhanced neurosphere expan-
sion could be attributed to the larger population of supporting cells.
Nonetheless, these data demonstrated that the vascular component
of BMVNs is important for NPC-ZsG-Nsph survival and growth in
quad-cultures with all cell types present.
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To confirm that NPCs-ZsG in NPC-BEC-PC-AC conditions
were self-renewing and proliferating after 1 week in culture, we
stained NPC-ZsG-Nsphs with Sox2 (Fig. 3E) and Ki67 (Fig. 3F), re-
spectively. The presence of Sox2+ NPCs-ZsG confirmed that a sub-
stantial population of cells retained their stem cell identity in
coculture with BMVNs. In addition, the presence of Ki67+ NPCs-
ZsG confirmed that neurosphere expansion was a product of NPC-
ZsG proliferation and not simply NPC-ZsG migration into the
fibrin gel. Together, these results justify the culture of NPCs with
BMVNs to produce dividing, self-renewing neural cells in an in
vitro microenvironment that resembles the human NVN.

After we confirmed that NPC-ZsG-Nsph expansion was en-
hanced in the presence of microvessels, we postulated that the sur-
vival of dispersed NPCs-ZsG would also be increased when
cocultured with BMVNs. However, knowing that dispersed NPCs
did not survive extended culture periods in MFDs (Fig. 2, B and
C, and fig. S1, A to D), we did not culture NPCs-ZsG alone as a
control. Instead, we cocultured dispersed NPCs-ZsG with BECs-
tdT, PC, and ACs within MFDs. Given the importance of IF for
BMVN formation and function, as demonstrated in our previous
study (30), we hypothesized that the application of IF would
enhance NPC-ZsG proliferation in quad-culture. To test this,
samples were prepared in NPC-BEC-PC-AC conditions and then
cultured under either flow or static conditions (Fig. 4A). After 1
week, dispersed NPCs-ZsG were observed in the extracellular
spaces between BMVNs formed under both conditions (Fig. 4B).
In both flow and static samples, NPCs-ZsG were observed directly
contacting brain microvessels with open lumen (Fig. 4C). On day 7,
the mean number of ZsGreen1+ cells (per area) was 87.17 ± 8.57 and
70.50 ± 12.15 in flow and static conditions, respectively (Fig. 4E).
Despite the slight increase in the mean number of NPCs-ZsG
present in flow samples, no significant difference was found from
that of static samples. This indicated that IF had no notable effect
on the number of NPCs-ZsG when cocultured with BMVNs. More-
over, immunostaining revealed that NPCs-ZsG found in both
culture conditions expressed Sox2 (Fig. 4D), confirming that
NPCs-ZsG had maintained their stem cell identify after a week
MFD culture. We did not find evidence of NPCs-ZsG lacking
Sox2 expression in any flow or static samples at this time point.
The presence of NPM-2 in the culture medium was likely sufficient
to maintain Sox2 expression in NPCs-ZsG. For this reason, no stat-
istical analysis was performed to compare the percentage of Sox2+

NPCs-ZsG between flow and static cultures. With regard to micro-
vessel morphology, no statistical difference was found between the
mean vessel area (Fig. 4F), average branch diameter (Fig. 4G), and
the number of vessel segments (Fig. 4H) for microvessels in both
conditions. Together, these data showed that IF had no effect on
microvessel morphology. We found these results to be unexpected,
given that our previous study demonstrated the benefit of interstitial
fluid flow for BMVN formation in MFDs (30). However, samples
from that study were cultured in only EGM-2, while all experiments
in this section used EGM-2:NPM-2. It is possible that the growth
factors present in NPM-2 were beneficial for vascular network for-
mation despite the lack of IF in static samples.

Although our primary objective was to determine the effect of
BMVNs on NPC-ZsG survival and proliferation, we were also inter-
ested in the reciprocal influence of NPCs on vascular morphogen-
esis. To test this in MFDs, we stimulated BECs-tdT to produce
angiogenic sprouts into fibrin matrices without cells, with PCs,

Fig. 3. NPC neurosphere (NPC-Nsph) expansion in MFDs. (A) Illustration of the
culture protocol used to investigate NPC-Nsph expansion. Briefly, NPCs expressing
ZsGreen1 (NPCs-ZsG) were aggregated into neurospheres (NPC-ZsG-Nsphs, 200
NPC-ZsG per Nsph) and cultured alone (NPC condition), with PCs (NPC-PC condi-
tion), with ACs (NPC-AC condition), with BECs-tdT (NPC-BEC condition), and with
all three cell types (NPC-BEC-PC-AC condition) in fibrin gels within MFDs. Samples
were cultured for 1 week in EGM-2:NPM-2 under flow conditions. Illustration only
shows NPC-BEC-PC-AC condition. (B) Fluorescence MIPs of NPC-ZsG-Nsphs
(ZsGreen1, green) cultured in NPC, NPC-PC, NPC-AC, NPC-BEC, and NPC-BEC-PC-
AC conditions on day 1 and day 7. BECs-tdT microvessels (tdTomato, red) were
only imaged on day 7. PCs and ACs not shown. White dotted lines outline micro-
posts. Blue arrow indicates the direction of IF for all conditions. (C and D) Graphs
showing the change in neurosphere area from day 1 to day 7 (C) and the day 7/day
1 neurosphere area ratio (D) for all conditions.N≥ 18 neurospheres weremeasured
from n = 3MFDs, the data showmean value, error bars ± SEM, Welch’s ANOVAwith
Dunnett’s test, the absence of significance line indicates P > 0.05, ****P < 0.0001.
Brown, purple, and green significance lines show statistical comparisons made for
NPC, NPC-PC, and NPC-AC conditions, respectively. (E and F) Fluorescence MIPs of
NPC-ZsG-Nsphs (ZsGreen1, green) expressing Sox2 (E, purple) and Ki67 (F, purple)
with microvessels (tdTomato, red) in NPC-BEC-PC-AC conditions on day 7. Nuclei
were labeled with Hoechst (blue). Scale bars, indicate 200 μm (B) and 50 μm (E)
and (F).
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with ACs, and with NPCs to compare the angiogenic effect of each
support cell (fig. S4A). After 1 week, the number of sprouts ob-
served in BEC, BEC-PC, BEC-AC, and BEC-NPC conditions was
10.00 ± 2.52, 23.00 ± 2.65, 6.00 ± 0.58, 4.00 ± 1.00, respectively
(fig. S4B), and the average sprout length was 241.07 ± 11.00,
634.79 ± 15.03, 316.98 ± 25.71, and 160.15 ± 18.58 μm, respectively
(fig. S4C). Both sprout count and average sprout length were signif-
icantly enhanced in the BEC-PC condition compared to the BEC
condition, highlighting the supportive role of PCs during angiogen-
esis. Both the mean sprout count and average sprout length were
significantly reduced for BECs-tdT cultured with NPCs when com-
pared to BECs-tdT cultured alone. These data suggest an

antagonistic effect of NPCs on angiogenesis. However, given the
substantial amount of cell death experienced by dispersed NPCs
in MFD culture (Fig. 2, B and C, and fig. S1, A to D), it is more
likely that this was the cause of the reduction in angiogenic
sprout count and length. Despite the negative effect of NPCs on
BEC angiogenesis, we wanted to confirm whether dispersed NPCs
had any pro-vasculogenic effects. Since NPCs-ZsG proliferated
when cocultured with BMVNs (Fig. 4B), we postulated that the sur-
vival of dispersed NPCs would be improved when BECs-tdT were
cocultured with them in the fibrin gels rather than in the fluidic
channels. Therefore, to determine the influence of NPCs on vascu-
logenesis, we stimulated dispersed BECs-tdT to form vascular net-
works in BEC, BEC-PC, BEC-AC, and BEC-NPC conditions. After
1 week, BECs-tdT cultured with PCs or ACs formed large microves-
sels with interconnected networks (fig. S4D). In contrast, microves-
sels in BEC and BEC-NPC conditions were visibility smaller and
segmented. No significant difference was found for the average
branch diameter (fig. S4F) and the number of vessel segments
(fig. S4G) between BECs-tdT cultured alone and BECs-tdT cocul-
tured with NPCs. The mean vessel area was found be to significantly
larger in BEC-NPC conditions than in BEC conditions but only
slightly (fig. S4E). Coculture with either PCs or ACs significantly
enhanced vessel area (fig. S4E) and average branch diameter (fig.
S4F), as well as reduced the number of vessel segments (fig. S4G)
when compared to BECs-tdT cultured alone. In summary, these
data demonstrated that NPCs did not have any notable pro-angio-
genic or pro-vasculogenic effects. However, the development of
fully formed BMVNs in NPC-BEC-PC-AC conditions (Fig. 4B)
demonstrated that the supportive role of PCs and ACs was substan-
tial enough to ensure proper vascular network formation in quad-
culture with NPCs-ZsG.

NPreC neurogenesis was enhanced by coculture with
BMVNs in MFDs
We previously showed that NPCs experienced apoptosis when cul-
tured alone in fibrin matrices within MFDs (Fig. 2B). We speculated
that the initial differentiation of NPCs to NPreCs in 2D culture
(Fig. 1A) would improve the viability of cells in MFDs. To test
this, we cultured dispersed NPreCs with EGM-2:NMM in MFDs
for 14 days (fig. S5A). Although the majority of NPreCs were
alive at the start of MFD culture, most NPreCs were dead after 2
weeks (fig. S5B). The percentage of LIVE NPCs was 96.51 ± 1.19,
46.93 ± 1.53, and 17.68 ± 3.59% on day 1, day 7, and day 14, respec-
tively (fig. S5C), showing that the viability of dispersed NPreCs
gradually decreased over time. These results were similar to our ob-
servations of dispersed NPCs in MFDs (Fig. 2, B and C), although
small populations of living NPreCs still remained after 2 weeks. Sur-
viving NPreCs were usually found in cell clusters on day 14 (fig. S5,
D and E). Immunohistochemistry identified Sox2+/MAP2−, Sox2+/
MAP2+, and Sox2−/MAP2+ cells (fig. S5D), showcasing the differ-
entiation progression from self-renewing NPreCs to mature NPC-
neurons in vitro. No GFAP+ NPreCs were identified in any samples
(fig. S5E), confirming that no astrogenesis occurred during these
specific culture conditions. Together, these results demonstrated
the potential of NPreCs to undergo neurogenesis in MFD culture,
despite the abundance of cell death.

After it was confirmed that most dispersed NPreCs died after ex-
tended periods of solo-culture in MFDs, we choose to aggregate
NPreCs into neurospheres to further study NPreC survival and

Fig. 4. Expansion of dispersed NPCs with BMVNs in MFDs. (A) Illustration of the
culture protocol used to investigate the effect of IF on expansion of dispersed NPCs
with BMVNs in MFDs. Briefly, NPCs expressing ZsGreen1 (NPCs-ZsG) were cultured
with BECs-tdT, PCs, and ACs (NPC-BEC-PC-AC condition) in fibrin gels within MFDs.
Samples were cultured for 1 week in EGM-2:NPM-2 under flow or static conditions.
(B) Fluorescence confocal MIPs of NPC-BEC-PC-AC cultures under flow and static
conditions on day 7. NPCs-ZsG and BECs-tdTwere identified with ZsGreen1 (green)
and tdTomato (red), respectively. Nuclei were labeled with Hoechst (blue). Blue
arrow indicates the direction of IF in flow condition. (C) Fluorescence confocal
MIPs (X-Y) of NPCs-ZsG (ZsGreen1, green) making direct contact with hollow mi-
crovessels (tdTomato, red) under flow and static conditions. White dotted lines in-
dicate Z-Y cross sections. (D) Fluorescence confocal images of NPCs-ZsG
(ZsGreen1, green) expressing Sox2 (purple) near microvessels (tdTomato, red)
under flow and static conditions. Nuclei were labeled with Hoechst (blue). Scale
bars, indicate 100 μm (B), 50 μm (C), and 20 μm (D). (E to H) Graphs showing the
number of ZsGreen1+ cells within a given area (E), as well as the vessel area (F),
average branch diameter (G), and the number of vessel segments (H) for
samples in flow and static conditions on day 7. The data show mean value, error
bars ± SEM, n = 6, Welch’s t test; ns, P > 0.05.
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neurogenesis. NPreC-Nsphs with densities of 100, 200, and 400 cells
per Nsph were formed in microwell plates (fig. S2B) and produced
neurosphere populations with average diameters of 65.58 ± 0.35,
76.72 ± 0.52, and 103.94 ± 0.76 μm, respectively (fig. S2C).
Because of our previous observations with NPC-ZsG-Nsphs
(Fig. 2, E to G), we choose not to culture NPreC-Nsphs alone in
MFDs to determine the effect of neurosphere cell density on cell
survival. Instead, NPreC-Nsphs were resuspended in fibrin gels

within BECs-tdT, PCs, and ACs within MFDs (Fig. 5A). Because
of the use of EGM-2:NMM in neurogenesis experiments, we did
not anticipate a substantial increase in neurosphere area. Therefore,
a cell density of 400 cells per Nsph was selected to produce NPreC-
Nsphs which maximized the chance of observable neuritogenesis.
Predicting that NPreC-Nsphs would undergo neurogenesis in
NPreC-BEC-PC-AC conditions, we also cultured neurospheres in
NPreC, NPreC-PC, NPreC-AC, and NPreC-BEC conditions to
identify which cell type contributed the most to neuron differenti-
ation. On day 1 of MFD culture, NPreC-Nsphs were observed ex-
tending cellular processes within fibrin gels in all conditions,
indicating the presence of healthy NPreCs (Fig. 5B). After allowing
neurospheres to undergo neurogenesis for 10 days, Hoechst and
Tuj1 staining revealed that most NPreC-Nsphs had a dense core
of NPC-neurons surrounded by satellite NPC-neurons that had mi-
grated into the surrounding ECM (Fig. 5C). For all NPreC-Nsphs,
we manually outlined the perimeter of the dense core and consid-
ered the region within this perimeter to be the neurosphere core
area. The mean neurosphere core area of NPreC-Nsphs cultured
under NPreC, NPreC-PC, NPreC-AC, NPreC-BEC, and NPreC-
BEC-PC-AC conditions was found to be 13,090 ± 1199, 12,444 ±
715, 15,284 ± 2373, 39,382 ± 6000, and 13,620 ± 997 μm2, respec-
tively (Fig. 5E). The mean neurosphere core area was found to be
significantly larger in NPreC-BEC conditions when compared to
all other culture conditions. This implied that coculture with
BECs-tdT promoted NPreCs to proliferate considerably and
extend the border of the neurosphere core. No statistical signifi-
cance was found between the mean core areas of neurospheres in
any other conditions. This was because we defined the neurosphere
core area to be the region within the visible border of the main neu-
rosphere body. However, this parameter did not describe the com-
position of the core of each NPreC-Nsph. Although the borders of
NPreC-Nsphs in solo-culture were easy to identify and outline, the
densities of Tuj1+ nuclei in neurosphere cores were visibly less than
in all other coculture conditions (Fig. 5C). These observations
implied that NPC-neurons in solo-culture migrated into the
fibrin gel and did not proliferate enough to replenish the cell pop-
ulation in the neurosphere core. In contrast, neurosphere cores were
densely packed with NPC-neurons in NPreC-BEC and NPreC-
BEC-PC-AC conditions on day 10 (Fig. 5C). In NPreC-PC and
NPreC-AC conditions, neurosphere cores typically had well
defined borders with dense peripheries but relatively sparse
centers (Fig. 5C). Together, these results indicated that BECs-tdT
were likely the primary reason for NPreC proliferation and neuro-
genesis in neurospheres. The notably smaller neurosphere core area
observed in NPreC-BEC-PC-AC conditions when compared to
NPreC-BEC conditions (Fig. 5E) was probably due to the higher
total cell number in quad-culture conditions. We believe that the
coculture of BECs-tdT, PCs, ACs, and NPreCs resulted in higher
cellular competition for nutrients and growth factors in the hydro-
gel channel (31). However, these speculations were based on visual
observations alone.

As previously stated, neurospheres in all culture conditions ex-
tended Tuj1+ neurites into the fibrin hydrogel after 10 days in MFDs
(Fig. 5, C and D). However, closer inspection of neurites revealed
speckled Tuj1 signals near neurospheres, particularly for NPreC-
Nsphs in NPreC conditions (Fig. 5C). Presumably, these fragment-
ed signals indicated regions where neurites had extended and re-
gressed either due to normal neurogenic processes or cell death.

Fig. 5. NPreC neurosphere (NPreC-Nsph) neurogenesis in MFDs. (A) Illustration
of the culture protocol used to investigate NPreC-Nsph neurogenesis. Briefly,
NPreC-Nsphs were cultured alone (NPreC condition), with PCs (NPreC-PC condi-
tion), with ACs (NPreC-AC condition), with BECs-tdT (NPreC-BEC condition), and
with all three cell types (NPreC-BEC-PC-AC condition) in fibrin gels within MFDs.
Samples were cultured for 10 days in EGM-2:NMM under flow conditions. Illustra-
tion only shows NPreC-BEC-PC-AC condition. (B) Phase/fluorescence images of
NPreC-Nsphs in all conditions on day 1. Yellow arrows identify NPreC-Nsphs.
BECs-tdT expressed tdTomato (red). (C) Fluorescence confocal MIPs of NPreC-
Nsphs in all conditions on day 10. NPC-neurons were labeled with Tuj1 (green)
and Hoechst (blue). BECs-tdT, PCs, and ACs are not shown. Yellow dotted lines
outline neurosphere cores. (D) Large fluorescence confocal MIPs of NPreC-Nsphs
(Tuj1, purple) in all conditions. Background signals were removed to highlight neu-
rites. Scale bars, 200 μm (B), 50 μm (C), and 100 μm (D). Blue arrow indicates direc-
tion of IF. (E to G) Graphs showing the neurosphere core area (E), total neurite
outgrowth (F), and maximum neurite extension (G) measured for NPreC-Nsphs
from all conditions on day 10. The data show mean value, error bars ± SEM,
data from N = 7 neurospheres from n = 3 MFDs, Welch’s ANOVA with Dunnett’s
test, the absence of significance line indicates P > 0.05, *P < 0.05, **P < 0.01,
****P < 0.0001. Brown and red significance lines show statistical comparisons
made for NPreC and NPreC-BEC conditions, respectively.
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To prevent these fragmented Tuj1 signals from compromising the
measurement of neurite characteristics, they were removed during
image analysis. Afterward, we found the mean total neurite out-
growth to be 10.10 ± 0.98, 27.09 ± 3.65, 21.80 ± 2.31, 25.84 ±
1.44, and 17.52 ± 1.32 mm for neurospheres in NPreC, NPreC-
PC, NPreC-AC, NPreC-BEC, and NPreC-BEC-PC-AC conditions,
respectively (Fig. 5F). When compared to NPreC-Nsphs cultured
alone, total neurite outgrowth was enhanced in all other coculture
conditions. These data demonstrated the neurotrophic effect of
BECs-tdT, PCs, and ACs, as the addition of any brain cell type, en-
hanced the total neurite length of NPreC-Nsphs. The total neurite
outgrowth was found to be significantly higher in NPreC-BEC con-
ditions when compared to NPreC-BEC-PC-AC conditions
(Fig. 5F). However, as previously stated, this was probably due to
the larger total cell number present in quad-cultures, which
occupy more space in the ECM and compete with NPreC-Nsphs
for nutrition. Nonetheless, neurospheres in all culture conditions
had NPC-neurons with several neurites that extended further into
the fibrin gel than the majority of other neuronal processes
(Fig. 5D). We found the mean maximum neurite extension for
NPreC-Nsphs in NPreC, NPreC-PC, NPreC-AC, NPreC-BEC,
and NPreC-BEC-PC-AC conditions to be 372.68 ± 23.83, 340.41
± 25.18, 357.37 ± 26.69, 312.79 ± 17.38, and 290.30 ± 31.77 μm, re-
spectively (Fig. 5G). No significant difference was found between
the maximum neurite extension means of any two culture condi-
tions. This indicated that NPreC-Nsphs in solo-culture were able
to produce neurites with maximum lengths comparable to those
of NPreC-Nsphs in all coculture conditions, despite their sparse
neurosphere core and diminished total neurite outgrowth. We pre-
viously observed that dispersed NPC-neurons were able to survive
in small clusters for up to 2 weeks in MFDs (fig. S5, D and E). There-
fore, the aggregation of NPreCs into neurospheres probably facili-
tated significant neurite extension for the surviving NPC-neurons
in solo-culture. However, it is likely that these long neurites would
eventually regress if the culture period was extended due to lack of
any supporting cells in NPreC conditions.

After we confirmed that NPreC-Nsphs cocultured with BMVNs
exhibited enhanced neurite outgrowth compared to neurospheres
in solo-culture, we sought to demonstrate that the Tuj1+ cells we
observed were functional neurons. To test this, we cultured
NPreC-Nsphs in MFDs with EGM-2:NMM under NPreC and
NPreC-BEC-PC-AC conditions with IF. Before MFD culture, neu-
rospheres were stained with CellTracker Red to monitor their posi-
tion throughout culture and identify individual NPreCs and NPC-
neurons. On day 1, NPreC-Nsphs were observed extending cellular
processes into fibrin gels in both NPreC and NPreC-BEC-PC-AC
conditions (Fig. 6A). By day 10, the area of the CellTracker Red
signal had decreased for neurospheres cultured alone (Fig. 6A), in-
dicating neurosphere regression and conforming with previous
results (Fig. 5C). In contrast, the area of the CellTracker Red
signal for NPreC-Nsphs cultured with BMVNs appeared larger
on day 10 compared to day 1, confirming that neurospheres did
not regress in quad-culture (Fig. 6A). On day 10, neurospheres in
both NPreC and NPreC-BEC-PC-AC conditions were incubated
with Fluo-8 to visualize Ca2+ oscillations within the cell bodies of
differentiated NPreCs containing CellTracker Red (Fig. 6B). We
found that the intracellular Ca2+ fluctuations of NPreC-Nsphs cul-
tured alone were drastically different from those cultured with
BMVNs. Of the 13 NPreC-Nsphs in NPreC conditions that were

analyzed, we only observed spontaneously firing cells in two of
them. Figure 6Bi shows representative time-lapse images of a 10-
μm cross section of two adjacent NPreC-Nsphs cultured in
NPreC conditions. Two distinct cells (highlighted by the yellow tri-
angles) were observed exhibiting Ca2+ oscillations near the periph-
ery of the neurosphere slice at the top-right of the images, as
demonstrated by the change in Fluo-8 intensity over time
(Fig. 6Bi). In contrast, no spontaneously firing cells were observed
in the neurosphere slice located at the bottom-left of the same
images (Fig. 6Bi). The latter neurosphere slice was more represen-
tative of those observed in NPreC conditions. In contrast, only 1 of
the 13 analyzed NPreC-Nsph slices that were cultured with BMVNs
did not contain any spontaneously firing NPC-neurons. Figure 6Bii
shows representative images of one neurosphere slice in NPreC-
BEC-PC-AC conditions in which three peripheral NPC-neurons
(highlighted by the yellow triangles) exhibited intracellular Ca2+

fluctuations. We quantified neuron function for each neurosphere
slice by measuring the number of NPC-neurons exhibiting Ca2+ os-
cillations and the frequency of Fluo-8 intensity spikes per minute.
The mean number of firing NPC-neurons identified for neuro-
sphere slices cultured under NPreC and NPreC-BEC-PC-AC con-
ditions was 0.231 ± 0.166 and 3.077 ± 0.560, respectively (Fig. 6E).
This demonstrated that significantly more NPC-neurons exhibited
spontaneous neuronal activity in neurospheres cocultured with
BMVNs compared to those in solo-culture. In addition, the
pattern of Ca2+ oscillations was markedly distinct for firing NPC-
neurons in NPreC and NPreC-BEC-PC-AC conditions. The Fluo-
8 signal intensity measured for the few firing NPC-neurons in solo-
culture gradually increased and decreased over the course of several
minutes (Fig. 6, C and D). In contrast, firing NPC-neurons cultured
with BMVNs frequently produced more distinguished spikes at
much shorter intervals (Fig. 6, C and D). For these reasons, the
mean total firing rate of neurosphere slices cultured under NPreC
and NPreC-BEC-PC-AC conditions was 0.046 ± 0.033 and 1.077 ±
0.176 spikes/min, respectively (Fig. 6F). Together, these data
showed that NPreC-Nsphs cultured with BMVNs were able to
produce significantly more firing NPC-neurons with higher firing
rates than NPreC-Nsphs cultured alone. This conformed with our
previous data which concluded that the presence of BECs-tdT, PCs,
and ACs enhanced NPreC neurogenesis in MFDs (Fig. 5F). More-
over, we confirmed that NPreCs differentiated in coculture with
BMVNs produced functional neurons with the capacity to
undergo spontaneous Ca2+ oscillations. This further validated the
use of our human NVN model to investigate neuronal activity of
developing neurons.

IF enhanced neurogenesis of NPreCs cocultured with
BMVNs in MFDs
In this work, we demonstrated the benefit of coculturing NPreC-
Nsphs with BMVNs composed of BECs-tdT, PCs, and ACs.
Because of our previous publication detailing the critical role of
IF in developing BMVNs in vitro (30), all previously discussed
results involving NPreC-Nsphs were performed in MFDs with IF
applied across the hydrogel channel. To emphasize the beneficial
effect of IF on neurogenesis during quad-culture, we reestablished
NPreC-BEC-PC-AC cultures with NPreC-Nsphs and maintained
samples under either flow or static conditions (Fig. 7A). After 1
week, extensive BMVNs were observed around neurospheres
stained for Tuj1 in both flow and static samples (Fig. 7B).
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BMVNs in flow conditions had significantly enhanced vessel area
(67.30 ± 3.87%) when compared to static conditions (40.93 ±
5.10%; Fig. 7C). Although the mean value of the average microvessel
branch diameter was lower in static culture (26.41 ± 2.99 μm) than
in flow culture (43.14 ± 5.57 μm), no significant difference of means
was found (Fig. 7D). Similarly, the mean number of vessel segments
was larger in static conditions (5.00 ± 1.20) than in flow conditions
(1.00 ± 0.67), but no significant difference was found (Fig. 7E). Al-
though we found these results unexpected given the results from our
previous publication (30), we attributed the lack of statistical signif-
icance to the low number of samples analyzed. Acquiring multiple
regions of interest (ROIs) per sample to generate averages was con-
sidered; however, it was difficult to find regions of BMVNs without
NPreC-Nsphs which would compromise the microvessel analysis.

Despite the results from microvessel analysis, we proceeded with
analyzing the characteristics of NPreC-Nsphs to determine whether
the application of IF influenced neurogenesis in quad-culture. After
1 week, NPreC-Nsphs cultured under flow and static conditions
were observed extending Tuj1+ neurites into the fibrin gel (Fig. 7,
F and G). However, neurospheres in static culture were visibly
smaller and with less extensive neurite networks than those cultured
in flow conditions. To quantify the influence of IF on NPreC-Nsph

neurogenesis, we measured neurosphere core area, total neurite out-
growth, and maximum neurite extension for neurospheres cultured
under flow and static conditions. The mean neurosphere core area
was found to be enhanced for neurospheres in flow conditions
(18,629 ± 2997 μm2) compared to those in static conditions
(14,238 ± 2902 μm2; Fig. 7H). Similarly, the mean total neurite out-
growth for neurospheres was larger in flow conditions (19.61 ± 0.48
mm) than in static conditions (14.08 ± 0.62 mm; Fig. 7I). Last, no
statistical differencewas found between the mean maximum neurite

Fig. 6. Calcium oscillations of NPreC-Nsphs in MFDs. (A) Phase/fluorescence
images of NPreC-Nsphs (400 NPreCs per Nsph) with CellTracker Red (red) cultured
alone (NPreC condition) and with BECs, PCs, and ACs (NPreC-BEC-PC-AC condition)
in MFDs on day 1 and day 10. Blue arrow indicates the direction of IF in both con-
ditions. (B) Fluorescence time-lapse confocal MIPs of NPreC-Nsph (CellTracker Red,
red) slices in NPreC (i) and NPreC-BEC-PC-AC (ii) conditions on day 10. Samples
were stained with Fluo-8 (green) to observe intracellular calcium fluctuations.
Yellow triangles identify NPC-neurons experiencing calcium oscillations during
imaging. (C) Fluorescence time-lapse confocal images of individual NPC-neurons
(CellTracker Red, red) stained with Fluo-8 (green) in both culture conditions. Blue
circles identify the cell body of NPC-neurons used for Fluo-8 intensity measure-
ment shown in the next graph (D). Scale bars, 200 μm (A), 50 μm (B), and 20 μm
(C). (D) Graph of the change in Fluo-8 fluorescence intensity relative to the initial
value (∆F/F0) of the NPC-neurons identified in the previous images (C). (E and F)
Graphs of the number of firing NPC-neurons (E) and total spike count per minute
(F)measured per neurosphere slice in NPreC andNPreC-BEC-PC-AC conditions. The
data show mean value, error bars ± SEM, data collected from N = 13 neurosphere
slices from n = 3 MFDs, Welch’s t test, ***P < 0.001, ****P < 0.0001.

Fig. 7. NPreC-Nsph neurogenesis in MFDs with and without IF. (A) Illustration
of the culture protocol used. (B) Fluorescence MIPs of NPreC-Nsphs (Tuj1, purple)
supported by BMVNs composed of BECs-tdT (tdTomato, red) under flow or static
conditions on day 7. PCs and ACs not shown. Nuclei labeled with Hoechst (blue). (C
to E) Graphs showing the vessel area (C), average branch diameter (D), and the
number of vessel segments (E) measured for microvessels. Data from n = 3
MFDs. Welch’s t test; ns, P > 0.05; *P < 0.05. (F) Fluorescence confocal MIPs of
NPreC-Nsphs cultured with BMVNs on day 7. NPC-neurons were labeled with
Tuj1 (green) and Hoechst (blue). Yellow dotted lines outline neurosphere cores.
(G) Large fluorescence confocal MIPs of NPreC-Nsphs (Tuj1, green). Background
signals removed to highlight neurites. (H to J) Graphs showing the neurosphere
core area (H), total neurite outgrowth (I), and maximum neurite extension (J) mea-
sured for NPreC-Nsphs. The data showmean value, error bars ± SEM, data from N =
7 neurospheres from n = 3 MFDs, Welch’s t test; ns, P > 0.05; *P < 0.05; ****P <
0.0001. (K) Fluorescence time-lapse MIP of microspheres (green) flowing
through microvessels (tdTomato, red) supporting NPreC-Nsphs (Tuj1, purple)
under flow conditions on day 7. (B) and (K) White dotted lines outline microposts.
(L) Fluorescence confocal MIP of NPC-neurons (Tuj1, green) with microvessels
(tdTomato, red) under flow conditions. Yellow arrows identify microvessel-
neurite contact. Scale bars, 200 μm (B) and (K), 50 μm (F) and (L), and 100 μm
(G). Blue arrows indicate direction of IF.
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extension for neurospheres culture under flow and static conditions,
which were 192.55 ± 7.66 and 201.90 ± 25.24 μm, respectively
(Fig. 7J). However, this was expected as the longest neurites ob-
served for NPreC-Nsphs in both cultures were typically comparable
in length. Together, these data indicated that the application of IF
during quad-culture was beneficial for NPreC-Nsph neurogenesis.
We surmised that the bulk fluid movement through the fibrin gel
supplied neurospheres with sufficient soluble growth factors to
undergo neuron differentiation and extend healthy neurites.

Fluorescent microspheres were observed flowing through
BMVNs formed under flow conditions (Fig. 7K and movie S1).
No microsphere perfusion assay was performed for static samples
since we previously reported that BMVNs did not achieve anasto-
mosis without the application of IF (30). Furthermore, microvessels
cultured under static conditions would not experience any luminal
flow during normal culture due to the absence of a hydrostatic pres-
sure gradient across the hydrogel channel. In samples cultured
under flow conditions, Tuj1+ NPreC-Nsphs were observed in
close proximity to perfused microvessels, indicating that they
were supported by microvessels experiencing luminal flow during
culture (Fig. 7K and movie S1). Moreover, we observed direct
contact between Tuj1+ neurites and tdTomato+ microvessels
(Fig. 7L). These results were encouraging as they showcased the si-
multaneous processes of neurogenesis and vasculogenesis in an in
vitro model. In conjunction with the enhanced neurosphere core
area and total neurite outgrowth observed under flow conditions,
these data justified the implementation of IF in quad-cultures
with NPreC-Nsphs.

After we confirmed the importance of IF for maintaining
NPreC-Nsphs cultured with BMVNs in MFDs, we wanted to deter-
mine whether neurogenesis would be improved when NPreCs were
cultured as dispersed cells. To test this, NPreCs-ZsG were cultured
with brain microvascular endothelial cells expressing tdTomato
(BMECs-tdT), PCs, and ACs under flow or static conditions
(Fig. 8A) under the differentiation medium EGM-2:NMM.
NPreCs were labeled with ZsGreen (NPreCs-ZsG) so that the
total cell population and their respective fate can be tracked and
quantified. After 2 weeks, BMVNs were observed in both flow
and static samples (Fig. 8, B and C). NPreCs-ZsG were observed dis-
persed throughout the interstitial space between microvessels in
both conditions (Fig. 8, D and E). Sox2 expression was observed
in both ZsGreen1+ and ZsGreen1− cells, which identified self-re-
newing NPreCs-ZsG and those small amount Sox2+ cells among
ACs population, respectively (Fig. 8, B and D). Similarly, MAP2 ex-
pression was observed in both ZsGreen1+ and ZsGreen1− cells,
which identified differentiated NPC-neurons and those MAP2+

cells among the ACs population, respectively (Fig. 8, C and E). Pre-
viously, we observed that human fetal ACs would randomly express
certain amounts of MAP2 (fig. S6A) and Sox2 (fig. S6B) in some
cells in 2D cell culture, this makes it difficult to analyze the Sox+

data. However, thanks to the labeling of ZsGreen1 in NPreCs-
ZsG, wewere able to distinguish the Sox2 and MAP2 signals belong-
ing to NPreCs-ZsG from those belonging to ACs. From this, we
were able to characterize NPreC-ZsG stemness and neurogenesis
after 2 weeks in quad-culture under flow and static conditions.
The mean total number of ZsGreen1+ cells observed in flow condi-
tions (136.55 ± 6.53) was observed to be significantly higher than in
static conditions (86.91 ± 6.42), indicating that more NPreCs-ZsG
were present after 2 weeks with the application of IF than without

flow (Fig. 8F). No significant difference was found between the
mean number of Sox2+/ZsGreen1+ cells in flow (41.80 ± 2.20)
and static (46.80 ± 3.20) conditions (Fig. 8G). Given the higher
number of total ZsGreen1+ cells found in flow samples, this resulted
in the percentage of Sox2+/ZsGreen1+ cells to be lower under flow
conditions (28.32 ± 1.99%) compared to static conditions (47.89 ±
1.48%; Fig. 8H). These data indicated that the application of IF
caused higher percentage of Sox2 down-regulation in NPreCs-
ZsG cultured with BMVNs but still maintained the same total
number of Sox2+ cells in the end due to the effect of higher total
cell numbers. Together, these data together suggest that flow leads
to differential regulation of NPreCs in terms of proliferation and
self-renewal. We continued our investigation by measuring the
effect of IF on the neuronal differentiation of NPreCs-ZsG. We
found that the mean number of MAP2+/ZsGreen1+ cells was signif-
icantly higher under flow conditions (76.17 ± 1.90) than static con-
ditions (48.83 ± 4.84; Fig. 8I). Using the total number of ZsGreen1+

cells per sample, these values resulted in the mean percentages of
MAP2+/ZsGreen1+ cells being 61.97 ± 4.68 and 63.23 ± 0.65%
under flow and static conditions, respectively (Fig. 8J). No signifi-
cant difference was found for the mean percentage of MAP2+/
ZsGreen1+ cells between flow and static conditions. Together,
these results indicated that IF enhanced the total number of
MAP2+/ZsGreen1+ cells in quad-culture but did not enhance the
percentage of NPreCs-ZsG expressing MAP2, suggesting that IF
promotes neurogenesis mainly through increasing total cell prolif-
eration and then differentiated toward neuron lineage resulting in
more neurons instead of favoring the percentage of differentiation.
Last, samples cultured under flow conditions were also immuno-
fluorescently labeled for GFAP. While we observed GFAP+ ACs
contacting microvessels, no GFAP+/ZsGreen1+ cells were identified,
indicating that no NPreC-ZsG astrogenesis occurred after 2 weeks
of quad-culture in MFDs (fig. S7). Therefore, we concluded that
culture in EGM-2:NMM condition mainly induced NPreC-ZsG
neurogenesis instead of astrogenesis.

Similar to our investigation with NPCs, we were interested in the
influence of NPreCs on vascular morphogenesis. To determine
whether NPreCs produced an angiogenic effect, we stimulated
BECs–enhanced green fluorescent protein (EGFP) to produce an-
giogenic sprouts into a fibrin matrix under BEC, BEC-PC, BEC-
AC, and BEC-NPreC conditions. After 1 week in culture, BECs-
EGFP were observed sprouting into hydrogel channels in all condi-
tions (fig. S8A). However, sprouts in BEC and BEC-NPreC condi-
tions barely extended to the tip of the microposts. Although larger
sprouts were observed extending into the fibrin matrix in BEC-AC
conditions, the largest and most numerous sprouts were seen in
BEC-PC conditions (fig. S8A). In BEC-NPreC samples, NPreCs
were labeled with Tuj1 to identify differentiated NPC-neurons.
However, much of the Tuj1 signal appeared fragmented (fig.
S8A). This likely indicated the presence of apoptotic NPreCs, cor-
roborating with our previous results which showed that NPreCs did
not survive extended periods of solo-culture in MFDs (fig. S5B).
Angiogenic networks in all samples were characterized by sprout
count (fig. S8B) and average sprout length (fig. S8C) on day 1,
day 3, and day 7. Similar to the angiogenesis experiment with
NPCs (fig. S4, A to C), NPreCs did not enhance either vascular pa-
rameter compared to BECs-EGFP cultured alone. This concluded
that NPreCs had no pro-angiogenic effect on BECs-EGFP.
Despite these results, we sought to determine whether NPreCs
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had any effect on vascular network formation using vasculogenesis
assays in MFDs. After 1 week in culture, distinct vascular structures
were formed in BEC, BEC-PC, BEC-AC, and BEC-NPreC condi-
tions (fig. S8D). In BEC conditions, BECs-EGFP formed large mi-
crovessels with smaller, detached vessel segments. Microvessels
grown with PCs formed thinner microvessels that were interconnec-
ted between the two fluidic channels. Microvessels in BEC-AC con-
ditions occupied the least amount of area and appeared fragmented.
We found this unexpected, since we previously observed vascular

network formation of BECs-tdT in the presence of ACs (fig.
S4D). However, this coculture was performed using EGM-
2:NPM-2, not EGM-2:NMM. Last, microvessels were able to form
in the presence of NPreCs but had visibly segmented vessels (fig.
S8D). To quantify these observations, we measured vessel area,
average branch diameter, and the number of vessel segments for
all culture conditions. Similar to previous results with NPCs, no sig-
nificant difference was observed in either the average branch diam-
eter (fig. S8F) or the number of vessel segments (fig. S8G) between
BEC and BEC-NPreC conditions. Only a slight decrease in vessel
area was reported for microvessels cultured with NPreCs when
compared to BECs cultured alone (fig. S8E). In conjunction with
the results from the angiogenesis experiment, it can be said with
reasonable certainty that NPreCs did not have any positive effect
on vasculogenesis. While these results indicated that NPreCs did
not influence endothelial cell morphogenesis, all previously report-
ed cocultures with BECs and dispersed NPreCs were also accompa-
nied by PCs and ACs to support proper microvessel network
formation (Fig. 8, B and C).

DISCUSSION
For all of our experiments, we used pluripotent stem cells XCL-1–
derived NPCs on the basis that they generated homogeneous pop-
ulations of nestin+/Sox2+ cells with the ability to be expanded for up
to 10 passages and retain the potential to differentiate. Immunocy-
tochemical analysis confirmed the presence of nestin and Sox2 in
nearly all NPCs before any differentiation protocols. A majority
of NPCs did not express either stem cell marker after the neuron
differentiation protocol, confirming with the trend that NSCs/
NPCs significantly down-regulate nestin and Sox2 expression as
they commit to neuronal differentiation (32). Most NPC-ACs still
expressed Sox2 and less than 10% expressed GFAP after 21 days of
the astrocyte differentiation protocol, indicating that they still had
stem cell–like characteristics. However, this is likely due to the rel-
atively short length of the astrocyte differentiation protocol. Stem-
cell Technologies recommended culturing and passaging NPC-ACs
in AMM for up to 100 days to maximize the expression of glial
markers. However, we did not attempt this to conserve time and
to focus on generating neurons from NPCs. After the neuron differ-
entiation protocol, approximately 80% of NPC-neurons expressed
Tuj1 and slightly over half expressed MAP2. These expression pro-
files are characteristic of NPCs as undergo neurogenesis and neuron
maturation (32). We speculated that all NPC-neurons would con-
tinue to gain neuron marker expression if the maturation culture
was extended to 5 weeks, as recommended by Stemcell Technolo-
gies. However, we considered 2 weeks to be sufficient time to detect
and quantify NPC neuron differentiation in vitro. Although Stem-
cell Technologies provided specific protocols for neuron and astro-
cyte differentiation, XCL-1–derived NPCs were not advertised as
being capable of generating oligodendrocytes. In the adult mamma-
lian NVN, oligodendrocyte differentiation is rare compared to as-
trogenesis and neurogenesis. Only a small population of neuroblasts
would eventually become oligodendrocyte progenitor cells in the
rodent SVZ (33). Similarly, clonal lineage tracing of radial glia-
like cells in the rodent SGZ revealed no oligodendrocyte differenti-
ation from NSCs (34). For these reasons, we did not test if our NPCs
were capable of oligodendrogenesis. Nonetheless, the capacity of
NPCs for oligodendrogenesis was immaterial as we only intended

Fig. 8. Self-renewal and neurogenesis of dispersed NPreCs with BMVNs in
MFDs under flow and static conditions. (A) Illustration of the culture protocol
used to investigate the effect of IF on dispersed NPreC self-renewal and neurogen-
esis. Briefly, NPreCs expressing ZsGreen1 (NPreCs-ZsG) were cultured with BMECs-
tdT, PCs, and ACs in fibrin gels within MFDs. Samples were cultured in EGM-2:NMM
under flow or static conditions for 2 weeks. (B and C) Fluorescence confocal MIPs of
NPreCs-ZsG (ZsGreen1, green) expressing Sox2 (B, purple) and MAP2 (C, purple)
with BMVNs in flow and static conditions on day 14. White square in merged
image expanded in next sub-figure. (D and E) Enhanced MIPs of NPreCs-ZsG
(ZsGreen1, green) expressing Sox2 (D, purple) and MAP2 (E, purple) in flow and
static conditions on day 14. (B) to (E) BMECs-tdT were identified with tdTomato
(red). Scale bars, 100 μm (B) and (C) and 50 μm (D) and (E). Blue arrows indicate
the direction of IF in flow conditions. (F to J) Graphs of the number of
ZsGreen1+ cells (F, n = 11), the number (G), and percentage (H) of Sox2+/
ZsGreen1+ cells (n = 5), as well as the number (I) and percentage (J) of MAP2+/
ZsGreen1+ cells (n = 6) measured in both flow and static samples on day 14. The
data showmean value, error bars ± SEM, Welch’s t test; ns, P > 0.05; **P < 0.01, ***P
< 0.001, ****P < 0.0001.
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to use our human NVN model to study NPC self-renewal and
neurogenesis.

When we began our investigation, we originally planned to study
the self-renewal and neurogenesis of individual NPCs within a 3D
fibrin matrix. However, we consistently observed that most dis-
persed NPCs died after approximately 1 week when cultured
alone in MFDs. LIVE/DEAD analysis confirmed that increasing
the NPC seeding density, adding Matrigel to the ECM, removing
EGM-2 from the culture medium, and terminating IF did not
improve NPC viability. We concluded that the default microenvi-
ronmental conditions within MFDs were not conducive for dis-
persed NPC survival. Previous studies found that aggregation of
NSCs/NPCs into neurospheres promoted cell proliferation and im-
proved cell viability and metabolic activity (35, 36). For these
reasons, we expected NPC-ZsG-Nsphs to survive longer in MFDs
than dispersed NPCs. However, culturing NPCs-ZsG as neuro-
spheres also did not improve NPC survival in MFDs, regardless
of NPC-ZsG density. As a whole, we found these results unexpected
considering that fibrin-base hydrogels are widely used and have
consistently been reported to support NSC/NPC maintenance
and differentiation (37–39). The discrepancy between our results
and those of previous studies could be explained by the source of
our progenitor cells, as well as the specific transport phenomena ob-
served within MFDs. Currently, the cause of XCL-1–derived NPC
death in MFDs is unclear as we did not measure the expression of
caspase proteins in NPCs to confirm the induction of apoptosis. At
the very least, our results highlighted the inherent difficulty of
maintaining viable NPCs in vitro in the MFDs. This served as the
motivation for the rest of our investigation to generate a model of
the human NVN capable of supporting NPCs for extended culture.

Initially, we hypothesized that NPC survival would be greatly
improved when NPCs were cocultured with BMVNs within
MFDs. We then discovered that neurosphere expansion was also en-
hanced when NPC-ZsG-Nsphs were cocultured individually with
BECs-tdT, PCs, or ACs, as well as with all three cell types together,
when compared to NPC-ZsG-Nsphs cultured alone. However, the
largest increase in neurosphere area was observed in NPC-BEC and
NPC-BEC-PC-AC conditions, emphasizing the vascular contribu-
tion of BECs-tdT to NPC-ZsG survival and expansion. Neuro-
spheres in quad-culture expressed both Sox2 and Ki67,
confirming that NPCs-ZsG were actively undergoing self-renewal
and mitosis, respectively. Collectively, this indicated that neuro-
sphere expansion was a product of cellular proliferation and not
just the migration of NPCs-ZsG into the fibrin gel. These results
were not unexpected, given the predominant role of endothelial
cells in NSC/NPC proliferation and stemness (6). Shen and col-
leagues (11) famously demonstrated that soluble factors released
from endothelial cells stimulated NSC self-renewal in vitro. In the
brains of mice, vascular-derived NT-3 promoted NSC quiescence,
which is paramount for NVN maintenance (40). NSC/NPC prolif-
eration has also been shown to increase in response to endothelial
cell–derived soluble amyloid precursor protein (sAPP) (41),
laminin (42), vascular endothelial growth factor (VEGF) (43), and
betacellulin (BTC) (44). In addition, both vascular brain-derived
neurotrophic factor (BDNF) (45) and stromal cell-derived factor 1
(SDF1) (46) influenced NSC/NPC migration through chemotaxis.
Last, MMPs secreted from endothelial cells have been shown to
enhance NPC migration through the degradation of brain ECM
(47). We found no difference in neurosphere expansion for NPC-

ZsG-Nsphs in NPC-BEC-PC-AC and NPC-HUVEC-PC-AC condi-
tions. This indicated that both endothelial cell lines had similar neu-
rotrophic characteristics, despite the difference in cell source.
However, this was not unexpected considering Shen and colleagues
(11) found that both mouse BECs and bovine pulmonary artery en-
dothelial cells enhanced NSC self-renewal and proliferation. To-
gether with our results, these findings demonstrate that
endothelial cells in general are beneficial to NSCs/NPCs through
several cellular mechanisms.

It was unclear what specific cellular mechanisms enhanced neu-
rosphere expansion when NPC-ZsG-Nsphs were cocultured with
PCs. Although PCs are critical for vascular function in the NVN,
there are few studies that have investigated the direct influence of
PC-derived soluble factors on NSCs/NPCs (48). Stromal cells
have previously been used as feeder cells to stimulate stem cell
growth in vitro (49). Therefore, it is not improbable to assume
that soluble factors secreted from PCs, such as VEGF (50), promot-
ed NPC-ZsG proliferation during coculture. With regard to ACs,
several sources have demonstrated that numerous glial-derived
factors [glial cell-derived neurotrophic factor (GDNF), cerebral
dopamine neurotrophic factor (CDNF), and BDNF] stimulate
NSC proliferation (51) and neurogenesis (52). For these reasons,
the increased neurosphere area that occurred in NPC-AC condi-
tions was less unexpected than in NPC-PC conditions. Since no
statistical difference was found between the mean neurosphere
area ratio for NPC-ZsG-Nsphs cultured in NPC-BEC and NPC-
BEC-PC-AC conditions, it was suggested that BECs-tdT were the
predominant contributors to neurosphere expansion in quad-
culture. In summary, the results from our neurosphere expansion
experiment demonstrated the neurotrophic role of endothelial
cells and justified the selection of primary BECs to recapitulate
the human NVN in vitro.

Once we confirmed the benefit of coculturing NPC-ZsG-Nsphs
with BECs-tdT, PCs, and ACs, we cocultured dispersed NPCs-ZsG
with BMVNs under flow and static conditions using EGM-2:NPM-
2 to determine the effect of IF on NPCs-ZsG proliferation and self-
renewal. Initially, we were surprised to find that IF had no effect on
microvessel morphology in quad-culture samples, considering our
previous publication highlighted the benefit of IF on BMVN forma-
tion (30). However, the samples used in that study were cultured in
EGM-2, not EGM-2:NPM-2. It is possible that the additional basic
fibroblast growth factor (bFGF) and EGF present in NPM-2 influ-
enced the morphology of microvessels in this study to such a degree
that the effect of IF was overshadowed. Moreover, we observed no
significant difference between the mean number of ZsGreen1+ cells
in flow and static conditions, indicating that IF had no effect on
NPC-ZsG survival in quad-cultures cultured in EGM-2:NPM-2.
Originally, we had speculated that IF would be more efficient
than simple diffusion at transporting soluble growth factors and
wastes within 3D fibrin gels (53). This would mitigate the negative
effects of cellular competition for nutrition and oxygen within the
relatively crowded microenvironment of MFDs (31). However, pre-
vious microfluidic models have successfully relied on diffusion for
nutrient delivery and waste removal (26, 54). Since no statistical dif-
ference was found between the mean number of ZsGreen1+ cells in
static and flow conditions, this indicated that both culture condi-
tions were sufficient for NPC-ZsG survival and proliferation in
this specific experimental setup. Moreover, NPCs-ZsG expressing
Sox2 were observed directly contacting blood vessels in all
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samples. This behavior mimics that of native NSCs/NPCs located in
the mammalian SVZ (5) and SGZ (55). Ottone and colleagues (9)
demonstrated that direct cell-cell contact between NSCs and BECs
maintained a population of quiescent NSCs in the NVN, likely
through the binding of endothelial ephrin-B2 and Jagged to
neural Eph and Notch receptors, respectively. In addition, direct
contact between NSCs and BECs has been shown to promote the
secretion of vascular cytokines (56). Although we did not label
NPCs-ZsG with a cell proliferation marker, future studies will inves-
tigate the influence of microvessel contact on NPC quiescence using
this quad-culture model. Because of the homogeneous expression of
Sox2 in all NPCs-ZsG, we did not pursue an investigation of other
stem cell markers using this experimental design. Instead, we ex-
plored that line of inquiry in sequential experiments that investigat-
ed NPreC neurogenesis.

When cultured alone in fibrin gels within MFDs, we observed
that a majority of dispersed NPreCs died after 2 weeks. Although
NPreCs survived longer in solo-culture than NPCs, these results
confirmed that differentiating NPC to NPreCs did not prevent sub-
stantial cell death in MFD culture. Once again, this highlighted the
inherent difficulty in successfully culturing healthy neural cells in
vitro to study the cellular interactions of the human NVN.
Despite the propensity for NPreCs apoptosis, small clusters of
NPreCs were still observed in MFDs after 2 weeks. These observa-
tions indicated that homotypic cellular interactions may be neces-
sary for extended NPreC survival and proliferation in the absence of
supporting cells. Suspended keratinocyte sheets with intact intercel-
lular connection were shown to have enhanced viability compared
to suspended, single-cell keratinocytes (57). It has also been demon-
strated that the viability of transplanted NSCs was significantly im-
proved when cells were aggregated into neurospheres (58). It was for
these reasons, in conjunction with our results, that we performed a
majority of NPreC neurogenesis experiments using NPreC-Nsphs.
Furthermore, in the surviving population of dispersed NPreCs in
MFDs, we observed Sox2+/MAP2−, Sox2+/MAP2+, and Sox2−/
MAP2+ cells in close proximity to each other. These cell types show-
cased the distinct stages of NPreC differentiation toward mature
neurons. Initially, NPreCs still expressed Sox2 and therefore re-
tained some stem cell–like characteristics of NPCs. As NPreCs
were exposed to neurotrophic growth factors in EGM-2:NMM,
they began to down-regulate Sox2 and up-regulate MAP2 expres-
sion as they became mature neurons. This pattern matched the rep-
resentative expression profile of NSCs as they differentiate and
mature into interneurons in vivo (59). Moreover, we did not
observe any instances of NPreC astrogenesis in MFD culture
when using EGM-2:NMM as the culture medium. Although this
was not unexpected, as only a small percentage of NPC-neurons ex-
pressed GFAP when cultured in unadulterated NMM in 2D cell
culture. Although bona fide NSCs have the potential to differentiate
into ACs, a majority of differentiation in the mammalian SVZ is di-
rected toward a neuronal fate (5). This was the justification for fo-
cusing our investigation on NPreC neurogenesis in this work.

We found that NPreC-Nsph neurogenesis, measured by total
neurite extension, was enhanced when neurospheres were cocul-
tured individually with BECs, PCs, or ACs, as well as with all
three cell types together, when compared to NPreC-Nsphs cultured
alone. Given the results of the LIVE/DEAD assay performed using
dispersed NPreCs in MFDs, these observations were not unexpect-
ed. The sparse cores of NPreC-Nsphs in solo-culture indicated that

a notable percentage of NPreCs migrated into the fibrin gel and
committed apoptosis, reaffirming our conclusion that both NPCs
and NPreCs do not survive extended periods in MFDs without sup-
porting cells. We expected coculture with BECs-tdT to enhance
neuritogenesis, due to the well-documented neurotrophic effect of
endothelial cells (6). However, we did not expect PCs and ACs to
improve neurite outgrowth to the same degree. Ehret and colleagues
(60) showed that BECs, PCs, and ACs all enhanced the survival of
NPCs isolated from the rodent SGZ, although only BECs increased
neuronal differentiation. PCs have a multiple roles, including the
regulation of the BBB, microvascular remodeling, control of cere-
bral blood flow, and neuroinflammation maintenance (61).
However, the majority of these roles involve complex coordination
with BECs. It was unclear how the coculture of NPreC-Nsphs with
PCs significantly improved neurogenesis without the presence of
BECs. Future experiments will be needed to identify the specific
PC-derived soluble factors, such as VEGF (50), which influenced
neurite outgrowth. In the NVN, ACs also interact with BECs
through perivascular endfeet to regulate BBB function, as well as
bridge the intercellular communication between BECs and
neurons (62). However, ACs have also been shown to directly influ-
ence neurogenesis, as well as synapse formation and function,
through paracrine and juxtacrine signaling (63). Therefore, the in-
creased total neurite outgrowth observed for NPreC-Nsphs in
NPreC-AC conditions was not as unexpected as in NPreC-PC con-
ditions. We expected NPreC survival to be improved in NPreC-BEC
conditions since vascular-derived EGF and bFGF have been shown
to increase NSC/NPC proliferation in vivo (6). Moreover, Shen and
colleagues (11) demonstrated that initially coculturing NSCs with
endothelial cells stimulated preferential differentiation to neurons,
likely due to the release of vascular-derived soluble factors. On the
basis of these findings, we inferred that microvessels developed in
NPreC-BEC and NPreC-BEC-PC-AC conditions provided para-
crine signals that improved NPreC viability and facilitated neurito-
genesis. After 10 days in MFDs, NPreC-Nsphs cultured in NPreC-
BEC conditions had the largest neurosphere core area compared to
all other conditions, suggesting that vascular-derived factors also
promoted NPreC proliferation. In quad-culture samples, we ob-
served neurites from NPreC-Nsphs directly contacting microves-
sels. Although angiogenesis and neurogenesis have coordinated
interactions (64), few studies have remarked on the direct juxtacrine
signaling between blood vessels and neurons. In the brain, the com-
munication between endothelial and neuronal cells is normally me-
diated by ACs (62). However, Osaki and colleagues (28) reported
that juxtacrine signaling (via Dll4-Notch1 and Jag1-Notch1)
between HUVECs and motor neuron spheroids up-regulated
neuron differentiation and activity in vitro. Considering that neuro-
spheres in our model were composed of NPreCs, we speculated that
direct contact with microvessels enhanced NPreC neurogenesis and
maturation. The total neurite outgrowth was significantly lower in
NPreC-BEC-PC-AC conditions when compared to NPreC-BEC
conditions. Superficially, these results implied that the addition of
PCs and ACs was not beneficial for neurite outgrowth of NPreC-
Nsphs. However, this was unconvincing, as healthy PCs and ACs
normally have a neuroprotective role in the brain (62, 65). Rather,
the diminished neurite outgrowth of NPreC-Nsphs in NPreC-BEC-
PC-AC conditions was most likely the result of increased cellular
competition within the fibrin gel (31). On day 0, the initial dis-
persed cell densities in NPreC-BEC and NPreC-BEC-PC-AC
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conditions were 6 × 106 and 10 × 106 cells/ml, respectively. It is
doubtful that the addition of PCs and ACs did not affect the com-
petition for growth factors from the culture medium as well as the
generation of metabolic wastes. Also, the additional cells in quad-
culture likely acted as physical barriers to neurites as they extended
into the fibrin gel. Therefore, we concluded that the decreased
neurite outgrowth in quad-culture samples was likely the result of
the total number of cells in the hydrogel channel and not any an-
tagonistic effects of PCs or ACs. With that said, an in vitro model of
the human NVN will need to include BECs, PCs, and ACs to gen-
erate physiologically accurate BMVNs. For this reason, we elected to
use our quad-culture model to further investigate the influences of
NPreC neurogenesis.

With regard to cell fate, the results from our model emphasized
how the use of different cell types (NPCs versus NPreCs) and dif-
ferent culture media (EGM-2:NPM-2 versus EGM-2:NMM) result-
ed in different cell behaviors (self-renewal versus neurogenesis)
when cocultured with BMVNs. These data not only highlighted
the versatility of our experimental system but also illustrated how
biological stimuli can have different cellular effects depending on
the developmental stage of the target cell. BDNF is a prominent vas-
cular-derived neurotrophin in the NVN and has been reported to
regulate neuron maturation, neuroblast migration, as well as NPC
recruitment and proliferation (6). Therefore, it was not unexpected
that coculture with BMVNs enhanced both NPC proliferation and
NPreC neurogenesis in our model. These observations replicated
the delicate balance of NSC/NPC self-renewal and neuron differen-
tiation that occurs in the adult NVN in vivo (3, 5). In this work, we
describe multiple protocols needed to successfully model and
analyze these stem cell behaviors in vitro.

When NPreC-Nsphs were cocultured with BECs-tdT, PCs, and
ACs under flow conditions, we observed the formation of perfused
BMVNs (movie S1). This demonstrated that the hydrostatic pres-
sure gradient that induced IF across the fibrin gel also promoted in-
travascular flow after BMVN anastomosis was achieved. We
hypothesized that IF, as well as luminal flow in microvessels,
would be beneficial for NPreC-Nsph neurogenesis. Perfused micro-
vessels likely facilitated the delivery of nutrients and differentiation
growth factors to NPreC-Nsph located in the interior of the fibrin
gels. Vascular delivery likely mitigated the negative effects of cellular
competition due to the relatively high total cell density in NPreC-
BEC-PC-AC conditions (31). The benefit of the application of IF on
neurogenesis was made evident when NPreC-Nsphs were cultured
with BMVNs under flow and static conditions. After 1 week, the
blood vessels formed under flow conditions covered significantly
more area than the microvessels grown under static conditions,
likely due microvessel perfusion which was only present in flow
samples. In addition, both the mean neurosphere core area and
total neurite outgrowth were found to be enhanced in flow condi-
tions. We speculated that the increased neurosphere size and
neurite extensions were the result of IF in the hydrogel channels.
This is not to say that the bulk movement of interstitial fluid pro-
vided mechanical stimulation that expedited neuron differentiation.
Rather, IF was likely more efficient at providing nutrients and re-
moving wastes than simple diffusion (53). For this reason, the bio-
availability of growth factors from the differentiation medium was
likely higher in flow conditions due to conductive transport. It has
been demonstrated that the movement of brain interstitial fluid is
paramount for normal brain function in vivo (18). Recent studies

revealed that the disruption of the glymphatic pathway, which
clears interstitial fluid from the brain extracellular space, was corre-
lated with an increased accumulation of amyloid β and neurological
dysfunction in Alzheimer’s disease (66). We previously showed that
the maximum IF velocity obtained in our BMVN model (5.73 μm/s)
(30) was within the physiological range found in most soft tissues,
including the brain (0.1 to 10 μm/s) (67, 68). This indicates that our
in vitro model has the capability to properly model the effect of IF
disruption on human neurodegenerative disease progression. Fur-
thermore, it is possible that the application of luminal flow through
microvessels improved neurogenesis through the up-regulation of
neurotrophic factors in BECs. Dumont and colleagues (69) demon-
strated that endothelial cells exposed to fluidic shear stress promot-
ed the differentiation of NPCs through the secretion of soluble
growth factors. In addition, Osaki and colleagues (28) showed
that the concentration of vascular-derived BDNF was enhanced
when motor neuron spheroids were cocultured with perfused
HUVEC microvessels. With regard to microvessel perfusion, we
previously published that the mean shear stress experienced by mi-
crovessels cultured under flow conditions (0.394 dyn/cm2) (30) was
within the physiological range reported in vasculature throughout
the human body (0.1 to 60 dyn/cm2) (70, 71). For these reasons, our
NVN model will be valuable in future studies to determine if the
application of shear stress from intravascular flow enhances neuro-
genesis through the production of BEC-derived neurotrophins.

Analysis of Ca2+ oscillations of NPreC-Nsphs in solo-culture
and quad-culture revealed insight on the neuronal function of
NPC-neurons in vitro. We rarely observed spontaneous neuronal
activity in NPC-neurons within neurospheres that were cultured
alone. In contrast, we typically identified several firing NPC-
neurons in neurospheres that were cocultured with BMVNs. All
firing NPC-neurons were located near the periphery of NPreC-
Nsphs. However, this was not unexpected considering that the
border of neurospheres likely provided NPC-neurons easier access
to soluble neurotrophins and more physical room to extend neu-
rites, when compared to the neurosphere center. The time scale
of the Ca2+ concentration dynamics we observed in NPreC-Nsphs
was similar to those reported from neurons cultured in vitro (72).
The number of firing cells and the total spikes per minute was sig-
nificantly higher in neurospheres cultured in NPreC-BEC-PC-AC
conditions when compared to NPreC conditions. We did not find
these results unexpected, given the relatively sparse neurite out-
growth of NPreC-Nsphs in solo-culture. These data highlighted
the beneficial role of BMVNs in the development of functional
neurons in vitro, which has been demonstrated in several previous
studies. Wu and colleagues (73) showed that the neurovascular in-
teraction of primary BECs and cortical neurons improved neurite
outgrowth and accelerated electrophysiological development in
2D cell culture. In addition, Sances and colleagues (25) developed
a MFD that cultured spinal NPCs and endothelial cells in two fluidic
channels separated by a porous membrane. Although this study re-
ported enhanced neuronal function of differentiated spinal NPCs
during coculturewith endothelial cells, both cell types were cultured
on 2D surfaces. Last, Osaki and colleagues (28) recently developed
3D vascular networks of HUVECs which enhanced the neurogen-
esis and Ca2+ oscillations of motor neuron spheroids. We present
the first microfluidic model of spontaneously firing NPreC-Nsphs
cocultured with perfused BMVNs composed of primary BECs, PCs,
and ACs. Compared to the previously mentioned studies, our
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BMVNs better recapitulated the brain capillaries found in the
human NVN (8). We postulated that longer culture periods with
BMVNs would continue the maturation of NPreCs to neurons
with Ca2+ oscillations akin to those found in the human brain.
Nonetheless, this experiment demonstrated the efficacy of our
quad-culture model to measure the influence of BMVNs on neuro-
nal function in a microenvironment similar to the NVN. This
ability will be useful for modeling the electrophysiological develop-
ment of immature neurons in the developing brain, as well as un-
derstanding how the pathogenesis of specific neurodegenerative
diseases affects neuron activity.

Coculturing dispersed NPreCs-ZsG with BMVNs under flow
and static conditions confirmed that neurogenesis, but not the per-
centage of neuron differentiation, was enhanced due to the applica-
tion of IF. More ZsGreen1+ cells were present in flow conditions
than static conditions on day 14. On the basis of the number of
ZsGreen1+ cells alone, we cannot conclusively say that the final
number of NPreCs-ZsG was due to NPreC maintenance or prolif-
eration. Endothelial cell–derived sAPP (41), laminin (42), VEGF
(43), and BTC (44) have all been shown to increase the proliferation
of NSCs/NPCs. These data, in conjunction with the presence of
Ki67+/ZsGreen1+ cells in NPC-Nsphs from our prior experiment,
led us to surmise that the final number of NPreCs-ZsG was attrib-
uted to cell division. Moreover, although the mean number of
Sox2+/ZsGreen1+ cells was not significantly different between
flow and static conditions, a higher percentage of Sox2+/
ZsGreen1+ cells was observed in static conditions. Collectively,
these data indicated that IF enhanced the number of NPreCs-ZsG
cocultured with BMVNs; however, a lower percentage of these
NPreCs-ZsG expressed Sox2. This led us to speculate that the appli-
cation of IF facilitated NPreC-ZsG differentiation. More MAP2+/
ZsGreen1+ cells were observed in flow samples than static samples
on day 14. However, we observed no difference in the mean percent-
age of MAP2+/ZsGreen1+ cells between flow and static cultures.
Therefore, the higher number of MAP2+/ZsGreen1+ cells in flow
conditions was likely the result of the larger total population of
NPreCs-ZsG. We concluded that IF enhanced NPreC-ZsG neuro-
genesis by promoting the differentiation of a higher number, but
not percentage, of MAP2+ neurons. These results demonstrated
that our model recapitulates the cellular interactions and neuronal
differentiation observed in the mammalian NVN. To continuously
repopulate the olfactory bulb with interneurons throughout rodent
adulthood, a steady supply of neuroblasts is generated in the SVZ
from a smaller population of self-renewing NSCs (74, 75). Observa-
tions in our quad-culture model mimicked this dynamic interaction
of self-renewal and neurogenesis. A small population of NPreCs-
ZsG expressed Sox2 on day 14, confirming their potential for self-
renewal. Since mature neurons typically do not undergo cell divi-
sion (76), these Sox2+ cells will be beneficial for the generation of
new NPreCs-ZsG for further differentiation into NPC-neurons. We
predict that if quad-cultures were extended for longer time periods,
then there would still be a small population of Sox2+/ZsGreen1+

cells present in the MFDs. In summary, these data demonstrated
that our model would be appropriate to investigate how the bulk
flow of interstitial fluid influences the development of mature
neurons cocultured with BMVNs. Furthermore, the potential for
our NVN model to be cultured beyond 2 weeks is of particular im-
portance when modeling neurodegenerative disorders that decrease

neuronal function gradually, such as Alzheimer ’s disease and
brain tumors.

Since we did not report any pro-angiogenic and pro-vasculogen-
ic effects from either NPCs or NPreCs, the results from these exper-
iments were moved to the Supplementary Materials (fig. S4 or S8,
respectively). However, we determined that the conclusions from
the angiogenesis and vasculogenesis assays would be valuable to re-
searchers exploring this line of inquiry. As expected, when BECs
were cocultured with either PCs or ACs, we observed enhanced mi-
crovessels formation compared to BECs cultured alone. Endothelial
cells and PCs communicate via paracrine and juxtacrine signals to
regulate blood vessel sprouting, branching, and permeability (77).
Similarly, pro-angiogenic factors released from reactive ACs have
been shown to promote revascularization of brain regions afflicted
by stroke (78). However, previous studies have also reported im-
proved microvessel network formation and stabilization when en-
dothelial cells were cocultured with NSCs/NPCs (12–14). On the
basis of these studies, we expected marked improvement in vascular
characteristics when BECs were cocultured with either NPCs or
NPreCs. However, the discrepancy with our observations could be
the result of the specific cell types and culture media used during
experimentation. The soluble factors secreted by iPSC-derived
NPCs in vitro likely differ from those produced by bona fide
human NSCs in the brain. It is also possible that the combination
of BECs with NPCs or NPreCs in EGM-2:NPM-2 or EGM-2:NMM,
respectively, was simply not conducive to vascular network forma-
tion in 3D fibrin gels. Furthermore, NPC and NPreC apoptosis
likely resulted in the disruption of their cell membranes and the
release of intracellular components into the fibrin gel. Cells under-
going apoptosis typically release “danger signals” that can have ne-
farious effects on neighboring cells (79). This could explain the
diminished vascular sprouting and network formation experienced
when BECs were cocultured with either NPCs or NPreCs, when
compared to BECs cultured alone. Future experiments will be con-
ducted to test for the presence of inflammatory cytokines in the
fibrin gel after neural cell death. Regardless, the purpose of the an-
giogenesis and vasculogenesis assays was simply to determine
whether NPCs or NPreCs individually influenced endothelial cell
morphogenesis. In our quad-culture models, NPCs or NPreCs
were cocultured with PCs and ACs, which predominantly governed
BEC microvessel formation. Therefore, the lack of any angiogenic or
vasculogenic characteristics of NPCs and NPreCs was ultimately
immaterial for our objective to create a physiologically accurate in
vitro model of the human NVN.

Recent studies have shown that the preservation of a small stem
cell pool is critical for continuous neuronal remodeling and repair
in vivo (5, 80). Premature depletion of this stem cell population can
be detrimental as this would result in the cessation of neurogenesis,
which occurs during aging and neurodegenerative diseases. Our
current data suggest that BMVNs and flow dynamically regulate
the delicate balance of NPC proliferation, self-renewal, and differ-
entiation. Therefore, our model will be valuable to study how blood
vessels influence stem cell fate with respect to biochemical factors
(cell type, growth factors, and ECM composition), oxygen levels
(normoxia and hypoxia), as well as IF and intravascular flow.
Future experiments using this design will be conducted with im-
proved methods of biochemical analysis. A major constraint of
our current model is the inability to extract sufficient quantities
of cells to perform reverse transcription polymerase chain reaction
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and Western blotting. However, Campisi and colleagues (54) were
able to circumvent this limitation by removing the bottom layer of
their larger MFD and pooling samples to generate sizable cell pop-
ulations for group analysis. In our future experiments, individual
populations of NPCs-ZsG, NPreCs-ZsG, and BECs-tdT will be iso-
lated using fluorescence-activated cell sorting to provide insight on
the cell-specific genes and proteins that regulate self-renewal and
neurogenesis. Last, we previously implemented enzyme-linked im-
munosorbent assay to measure the influence of IF on the secretion
of BDNF from BMVNs (30). We will further modify this protocol to
detect soluble factors released in our system that regulate NPC fate
and behavior. This will be of particular importance when determin-
ing how flow-induced microvessel shear stress modulates the secre-
tion of endothelial cell–derived growth factors in our human
NVN model.

In conclusion, this study demonstrated the capability of our mi-
crofluidic model of the human NVN to identify and evaluate the
influences of NPC fate and behavior. In the first half of this work,
we cocultured NPCs with perfused BMVNs composed of BECs,
PCs, and ACs to investigate NPC proliferation and self-renewal.
We identified the beneficial role of BECs, PCs, and ACs in NPC-
ZsG-Nsph survival and expansion. In addition, self-renewing
NPCs-ZsG were observed directly contacting brain microvessels,
confirming the ability of our model to recapitulate the intricate cel-
lular interactions of the human NVN in vitro. In the second half of
this work, we cocultured NPreCs with BMVNs to determine the in-
fluences of neuron differentiation in our model. Coculture of
NPreC-Nsphs with BECs, PCs, and ACs enhanced neurogenesis,
as confirmed by increased neurite outgrowth. In addition,
NPreC-Nsphs cocultured with BMVNs produced differentiated
NPC-neurons which exhibited spontaneous calcium oscillations.
These results demonstrated the potential of our model to evaluate
neuron function in vitro. The significance of interstitial fluid flow
was highlighted when BMVNs were cocultured with either NPreC-
Nsphs or dispersed NPreCs-ZsG. The application of IF enhanced
neurogenesis, as measured by an increase in the neurite outgrowth
from neurospheres and the total number of differentiated, mature
NPC-neurons. The analysis of Sox2 and MAP2 expression in dis-
persed NPreCs-ZsG cocultured with BMVNs further validated the
efficacy of our NVN model to study the dynamic fate of individual
stem cells in vitro. Last, the development of perfused, functional
BMVNs will be valuable for preclinical studies to determine the ef-
ficacy of brain therapeutics that rely on vascular delivery. Modifica-
tions to our current experimental design can be implemented to
further study the neurovascular interactions that occur during
human embryogenesis as well as neurodegenerative diseases.

MATERIALS AND METHODS
Cell culture
In this work, all cells were incubated at 37°C and 5% CO2. Human
pluripotent stem cell (XCL-1 line)–derived NPCs (Stemcell Tech-
nologies, catalog no. 70901, male) were expanded on tissue
culture dishes coated with Matrigel hESC-Qualified Matrix
(Corning, catalog no. 354277) in NPM-2 (Stemcell Technologies,
catalog no. 08560). NPCs were harvested between passages 3 and
5 using Accutase (Thermo Fisher Scientific, catalog no. A1110501).

Primary human brain microvascular endothelial cells were
ordered from ScienCell (BECs, catalog no. 1000, male) and Cell

Systems (BMECs, catalog no. ACBRI 376, male). HUVECs were
ordered from Lonza (catalog no. C2519AS, male/female pooled).
All endothelial cells were expanded on tissue culture flasks coated
with 0.2% porcine gelatin (Sigma-Aldrich, catalog no. G1890) in
EGM-2 (PromoCell, catalog no. C-22010) with 1% penicillin/strep-
tomycin (Thermo Fisher Scientific, catalog no. SV30010). All endo-
thelial cells were harvested at passages 4 and 5 using 0.25% trypsin-
EDTA (Thermo Fisher Scientific, catalog no. 25-200-056).

Primary human brain vascular pericytes (PCs, ScienCell, catalog
no. 1200, male) and astrocytes (ACs, ScienCell, catalog no. 1800,
male) were expanded on tissue culture flasks coated with poly-L-
lysine (5 μg/ml; ScienCell, catalog no. 0413) in pericyte medium
(ScienCell, catalog no. 1201) and astrocyte medium (ScienCell,
catalog no. 1801), respectively. PCs and ACs were harvested
between passages 2 and 4 using trypsin-EDTA.

To visualize specific cell types, select cell lines were made to
express fluorophores using a lentiviral transduction protocol.
BECs, BMECs, and HUVECs were made to express EGFP (Vector
Builder, catalog no. VB150915-10026) or tandem dimer Tomato
fluorescent protein (tdTomato, Vector Builder, catalog no.
VB181014-1005thm). NPCs were made to express ZsGreen1 fluo-
rescent protein (ZsGreen1, Vector Builder, catalog no. VB181014-
1006ufx). Briefly, all cells were seeded and cultured according to
their specific culture protocols. After 18 hours, cells were intro-
duced to cell culture medium containing polybrene (5 μg/ml;
Thermo Fisher Scientific, catalog no. TR1003G) and the manufac-
turer’s recommended functional titer concentration of lentiviruses.
After 24 hours of exposure to the transduction medium, cells were
allowed to recover in unadulterated cell culture medium for an ad-
ditional 24 to 48 hours. Next, cell selection was performed by
adding culture medium containing either blasticidin (10 μg/ml;
Sigma-Aldrich, catalog no. 15205) or puromycin (2 to 4 μg/ml;
Sigma-Aldrich, catalog no. P8833), depending on the antibiotic re-
sistance engendered from transduction. BECs expressing tdTomato
(BECs-tdT), BECs expressing EGFP (BECs-EGFP), BMECs ex-
pressing tdTomato (BMEC-tdT), and HUVECs expressing tdTo-
mato (HUVECs-tdT) were expanded in EGM-2 and harvested at
passages 5 to 6 using trypsin-EDTA. NPCs expressing ZsGreen1
(NPCs-ZsG) were expanded in NPM-2 and harvested between pas-
sages 4 and 6 using Accutase.

NPC differentiation
NPCs were differentiated to NPC-derived astrocytes (NPC-ACs) or
NPC-derived neurons (NPC-neurons) through astrocyte or neuron
differentiation-maturation kit protocols, respectively, according to
the instructions from Stemcell Technologies (Fig. 1A). To begin,
NPCs were cultured on Matrigel-coated culture dishes in NPM-2
until they reached 90% confluency and then harvested for further
differentiation.

In the astrocyte differentiation protocol, NPCs were initially cul-
tured on Matrigel-coated culture dishes in NPM-2 for 24 hours. The
culture medium was then replaced with astrocyte differentiation
medium (ADM, Stemcell Technologies, catalog no. 08540). When
cells reached 90% confluency, NPCs were passaged and cultured on
new Matrigel-coated dishes in ADM. By day 14 of the differentia-
tion protocol, cells were considered to be APreCs. APreCs were har-
vested using Accutase and seeded on new Matrigel-coated dishes
and cultured in AMM (Stemcell Technologies, catalog no. 08550).
When cells reached 90% confluency, APreCs were passaged again
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and cultured on new Matrigel-coated dishes in AMM. By day 21 of
the astrocyte differentiation protocol, cells were considered to be
NPC-ACs.

In the neuron differentiation protocol, NPCs were initially cul-
tured on tissue culture dishes coated with poly-L-ornithine (PLO;
Thermo Fisher Scientific, catalog no. A004C) and mouse laminin
(Thermo Fisher Scientific, catalog no. CB-40232) in NPM-2 for
24 hours. The culture medium was then replaced with neuron dif-
ferentiation medium (NDM; Stemcell Technologies, catalog no.
08500). By day 7 of the differentiation protocol, NPCs were consid-
ered to be NPreCs. NPreCs were harvested using Accutase and
seeded on new PLO/laminin-coated culture dishes in NMM (Stem-
cell Technologies, catalog no. 08510). No additional passaging was
necessary. By day 21 of the neuron differentiation protocol, cells
were considered to be NPC-neurons. The same methods were
used to differentiate NPCs-ZsG to NPreCs expressing ZsGreen1
(NPreCs-ZsG).

BMVN generation in MFDs
In a previous manuscript, we developed perfused, 3D BMVNs
within MFDs purchased from AIM Biotech (catalog no. DAX-1)
(30). Briefly, bovine fibrinogen (8 mg/ml; Sigma-Aldrich, catalog
no. NC1042134) and thrombin (4 U/ml; Sigma-Aldrich, catalog
no. 50-165-7274) were dissolved in EGM-2 and phosphate-buffered
saline (PBS; Thermo Fisher Scientific, 14-040-182), respectively.
Next, BECs-tdT, PCs, and ACs were harvested and resuspended to-
gether in fibrinogen solutions. Fibrinogen-cell solutions were com-
bined at a 1:1 ratio with thrombin solutions and immediately
injected into the hydrogel channel of MFDs. Fibrin hydrogels
(final concentration: 4 mg/ml) were allowed to polymerize at
room temperature (RT) for 10 min. The final cell density of
BECs-tdT, PCs, and ACs was 6 × 106, 2 × 106, and 2 × 106 cells/
ml, respectively. All samples were cultured in EGM-2 supplemented
with aprotinin (5 μg/ml; Sigma-Aldrich, catalog no. A3428) for the
entire culture duration and with VEGF (50 ng/ml; Thermo Fisher
Scientific, catalog no. 50-398-745) until day 3. MFDs were cultured
under either flow or static conditions. In flow conditions, 80 μl of
culture medium was added to both MFD reservoirs of one fluidic
channel, and 40 μl was added to both reservoirs of the opposite
channel. This generated a hydrostatic pressure difference (1.5
mmH2O) between fluidic channels and induced IF across the
fibrin gel within the hydrogel channel. In static conditions, 60 μl
of culture medium was added to all reservoirs, which induced no
IF across the fibrin gel. All MFD samples were incubated (37°C
and 5% CO2) for at least 1 week with daily culture medium replen-
ishment. In this work, modifications that were made to this general
MFD culture protocol in several different experiments will be high-
lighted where necessary. In this work, all culture media used in
MFD cultures were supplemented with aprotinin and VEGF as de-
scribed in this section.

Immunocytochemistry protocol
Samples were labeled using immunocytochemistry techniques to
identify specific proteins. For cells in 2D culture, samples were
washed in PBS three times for 5 min each. Next, samples were
fixed in 4% paraformaldehyde (PFA; Thermo Fisher Scientific,
catalog no. AAJ61899AP) for 15 min at RT and washed three
times in PBS. Samples were then simultaneously permeabilized
and blocked using a PBS solution composed of 10% normal goat

serum (Thermo Fisher Scientific, catalog no. ICN19135680), 0.2%
Triton X-100 (Thermo Fisher Scientific, catalog no. BP151), and 0.1
M glycine (Thermo Fisher Scientific, catalog no. BP381) for 1 hour
at RT. Afterward, samples were exposed to the same permeabilizing/
blocking (P/B) solution with primary antibodies for 1 hour at RT.
BECs and PCs were labeled for platelet endothelial cell adhesion
molecule (CD31) and neuron-glial antigen 2 (NG-2), respectively.
Self-renewing NPCs and NPreCs were labeled for either nestin or
Sox2. Primary ACs and NPC-ACs were both labeled with GFAP.
NPC-neurons were labeled with either class III β-tubulin (Tuj1)
or MAP2. Last, proliferating cells were labeled with antigen KI-67
(Ki67). After primary antibody incubation, samples were washed
three times with PBS. Last, samples were exposed to P/B solution
with secondary antibodies and Hoechst 33342 (1:1000; Thermo
Fisher Scientific, catalog no. H3570) for 30 min at RT followed by
three final washes in PBS. For cells in MFDs, the following modifi-
cations were made to the immunocytochemistry protocol: (i) All
washes with PBS were performed for 1 hour; (ii) samples were
fixed with 4% PFA for 1 hour; and (iii) all steps involving P/B sol-
ution were performed overnight at 4°C. After the final wash steps,
all 2D and MFD samples were stored at 4°C until needed. Specific
information about the antibodies used in this work can be found in
tables S1 and S2.

Dispersed NPCs or NPreCs in MFDs
NPCs and NPreCs were cultured alone in MFDs to characterize
their solo behavior under different culture conditions. Both cell
types were seeded and cultured in MFDs using methods similar
to those described in the “BMVN generation in MFDs” section.
Briefly, NPCs or NPreCs were resuspended in fibrin gels within
the hydrogel channels of MFDs. The final cell density of both cell
types was 2 × 106 cells/ml. Samples containing NPCs or NPreCs
were cultured in a 1:1 mixture of EGM-2 and NPM-2 (EGM-
2:NPM-2) or NMM (EGM-2:NMM), respectively, under flow con-
ditions for up to 2 weeks.

After we observed that NPCs typically died in MFDs after ap-
proximately 1 week, we made the following protocol modifications
to improve NPC survival. In one experiment, NPCs were intro-
duced to MFDs at 2 × 106, 4 × 106, and 6 × 106 cells/ml to determine
the effect of cell density on NPC viability. In a separate experiment,
Matrigel was added to the fibrin hydrogel to determine if modifying
ECM composition influenced NPC survival. Briefly, Matrigel (10.98
mg/ml stock concentration) and fibrinogen were added to the same
solution of EGM-2 at 4°C such that the concentrations were 5 and 8
mg/ml, respectively. NPCs were resuspended at 4 × 106 cells/ml in a
PBS solution with thrombin (4 U/ml). Thrombin-cell solutions
were combined at a 1:1 ratio with fibrinogen or fibrinogen-Matrigel
solutions and quickly introduced to MFDs and allowed to polymer-
ize. The final concentrations of Matrigel, fibrin, and NPCs in the
hydrogel channels were 2.5 mg/ml, 4 mg/ml, and 2 × 106 cells/ml,
respectively. In one final experiment, we sought to determine
whether the default culture conditions caused NPCs to die inside
MFDs. To test this, NPCs (2 × 106 cells/ml) were resuspended in
fibrin and cultured in EGM-2:NPM-2 under flow conditions as
the control group. Next, NPCs were cultured in NPM-2 under
flow conditions to determine if the presence of EGM-2 was detri-
mental to NPC viability. Last, NPCs were cultured in EGM-2:NPM-
2 under static conditions to determine if the application of IF
induced NPC death.
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LIVE/DEAD assay
The LIVE/DEAD Viability/Cytotoxicity Kit for mammalian cells
(Thermo Fisher Scientific, catalog no. L3224) was used to assess
the viability of dispersed NPCs or NPreCs in MFD cultures (the
“Dispersed NPCs or NPreCs in MFDs” section). For samples with
NPCs, LIVE/DEAD staining was performed on the first and last
days of cell culture, depending on the visible state of cells. For
samples with NPreCs, staining was performed on day 1, day 7,
and day 14. Briefly, all samples were washed three times with
PBS. Next, NPCs and NPreCs were incubated in EGM-2:NPM-2
and EGM-2:NMM, respectively, with calcein (2 μM) and ethidium
homodimer-1 (4 μM) for 30 min. Afterward, samples were rinsed
three times with PBS and cultured in their respective culture
medium. Fluorescence z-stack (150-μm rangewith 10-μm intervals)
images of cells were acquired with an Eclipse Ti2 microscope with a
10× objective. To determine the percentage of living cells in each
ROI, z-stacks were compressed to maximum intensity projections
(MIPs) and analyzed in ImageJ (National Institutes of Health).

Neurosphere generation and characterization
NPCs, NPCs-ZsG, and NPreCs were aggregated into neurospheres
(NPC-Nsphs, NPC-ZsG-Nsphs, and NPreC-Nsphs, respectively) to
facilitate the analysis of NPC expansion and NPreC neurogenesis in
MFD culture (fig. S2A) According to the manufacturer’s instruc-
tions, cells were added to wells of AggreWell 400 Microwell Plates
(Stemcell Technologies, catalog no. 34415) and centrifuged to
promote neurosphere formation. Neurosphere cell density was
varied to generate different sized neurospheres (100, 200, and 400
cells per Nsph) depending on experimental requirements. Neuro-
spheres composed of NPCs or NPreCs were incubated in microwells
with NPM-2 or NDM, respectively, for 24 hours. In a preliminary
experiment, newly generated NPC-Nsphs and NPreC-Nsphs of all
cell densities were characterized by measuring their diameters.
Briefly, before removal from microwells, NPC-Nsphs and NPreC-
Nsphs were incubated in NPM-2 and NDM, respectively, with 5
μM CellTracker Red CMTPX dye (Thermo Fisher Scientific,
catalog no. C34552) for 1 hour. Afterward, the CellTracker Red sol-
ution was replaced with normal culture medium. All neurospheres
were imaged in microwells with an Eclipse Ti2 inverted microscope
(Nikon) with a 10× objective. In ImageJ, the CellTracker Red signal
was used to calculate the area of each individual neurosphere. Neu-
rosphere diameter was derived from this measurement by assuming
that all neurospheres were circular.

NPC neurosphere expansion in MFDs
Once NPC-ZsG-Nsphs were generated using the same protocol de-
tailed in the “Neurosphere generation and characterization” section,
we sought to determine how different culture factors would influ-
ence their growth. To test this, NPC-ZsG-Nsphs were seeded and
cultured in MFDs using methods similar to those described in the
“BMVN generation in MFDs” section. In a preliminary experiment,
we investigated the effect of neurosphere density on neurosphere
expansion. Briefly, NPC-ZsG-Nsphs with densities of either 100,
200, or 400 NPCs-ZsG per neurosphere (NPC-ZsG per Nsph)
were resuspended alone in fibrin gels within the hydrogel channel
of MFDs. In a follow-up experiment, we cultured NPC-ZsG-Nsphs
with different combinations of supporting cells to improve neuro-
sphere survival and expansion in MFDs. Briefly, in the hydrogel
channel of MFDs, NPC-ZsG-Nsphs (200 NPC-ZsG per Nsph)

were resuspended in fibrin hydrogels alone (NPC condition),
with PCs (NPC-PC condition), with ACs (NPC-AC condition),
with BECs-tdT (NPC-BEC condition), with BECs-tdT, PCs, and
ACs (NPC-BEC-PC-AC condition), and with HUVECs-tdT, PCs,
and ACs (NPC-HUVEC-PC-AC condition). The final concentra-
tions of endothelial cells, PCs, and ACs in all cocultures were 6 ×
106, 2 × 106, and 2 × 106 cells/ml, respectively. Approximately 30
NPC-ZsG-Nsphs were present in each sample described in this
section. In all experiments, samples were cultured in EGM-
2:NPM-2 to promote the growth of all cell types. To generate IF
across the hydrogel channel, all samples were cultured under flow
conditions for 1 week.

NPC neurosphere expansion analysis
The expansion of NPC-ZsG-Nsphs in MFDs was defined as the mi-
gration of cells out of neurospheres and into the surrounding fibrin
ECM. To measure this, fluorescence z-stack (150-μm range with 5-
μm intervals) images of individual NPC-ZsG-Nsphs were acquired
on day 1 and day 7 of culture using an Eclipse Ti2 microscope with a
20× objective. In ImageJ, all z-stacks were compressed to MIPs.
Neurosphere size was quantified by measuring the cumulative
area of ZsGreen1 signal from NPC-ZsG-Nsphs. An increase in
NPC-ZsG-Nsph area over time was referred to as neurosphere ex-
pansion and assumed to be indicative of NPC-ZsG survival and mi-
gration. A decrease in NPC-ZsG-Nsph area over time was referred
to as neurosphere regression and assumed to be indicative of NPC-
ZsG apoptosis. Neurosphere area ratio was calculated by dividing
the final neurosphere area on day 7 by the original area on day
1. Using this method, the relative expansion of NPC-ZsG-Nsphs
could be statistically compared between sample groups.

Dispersed NPCs and BMVNs in MFDs
After it was confirmed that the presence of BMVNs was beneficial
for NPC-ZsG-Nsph expansion in MFDs, we sought to determine
the effect of IF on the survival of individual NPCs cocultured
with BMVNs. To test this, BECs-tdT, PCs, ACs, and NPCs-ZsG
were harvested and resuspended together in fibrin gels within
MFD hydrogel channels using methods similar to those described
in the “BMVN generation in MFDs” section. In the MFDs, the final
concentration of BECs-tdT and all other cell types was 6 × 106 and 2
× 106 cells/ml, respectively. Samples were cultured under either flow
or static conditions in EGM-2:NPM-2 for 1 week. Fluorescence z-
stack (50-μm range with 5-μm intervals) images were acquired of
BMVNs on day 7 using a LSM 800 confocal laser scanning micro-
scope (Zeiss) with a 20× objective. Using ImageJ, the number of
ZsGreen1+ nuclei per ROI was counted to determine the number
of surviving NPCs-ZsG in flow and static samples. To compare
the characteristics (vessel area, average vessel diameter, and the
number of vessel segments) of BMVNs developed under flow and
static conditions, microvessel analysis (section S1.5) was performed,
as described in greater detail in our previous publication (30).

NPreC neurosphere neurogenesis in MFDs
After NPreC-Nsphs were generated using the protocol detailed in
the “Neurosphere generation and characterization” section, we
sought to determine how different culture factors would influence
NPreC neurogenesis. To test this, NPreC-Nsphs were seeded and
cultured in MFDs using methods similar to those described in the
“BMVN generation in MFDs” section. In one experiment, NPreC-
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Nsphs were cultured with different combinations of supporting
cells to determine the neurotrophic effects of each cell type in
BMVNs. Briefly, in the hydrogel channel of MFDs, NPreC-Nsphs
(400 NPreCs per Nsph) were resuspended in fibrin hydrogels
alone (NPreC condition), with PCs (NPreC-PC condition), with
ACs (NPreC-AC condition), with BECs-tdT (NPreC-BEC condi-
tion), or with BECs-tdT, PCs, and ACs (NPreC-BEC-PC-AC condi-
tion). The final concentrations of BECs-tdT, PCs, and ACs in all
cocultures were 6 × 106, 2 × 106, and 2 × 106 cells/ml, respectively.
Approximately 30 NPreC-Nsphs were present in each sample. All
samples were cultured in EGM-2:NMM to promote the growth of
all cell types. All cultures were grown under flow conditions for 10
days. In a separate experiment, we sought to determine the effect of
IF on neurogenesis for NPreC-Nsphs cocultured with BMVNs. To
test this, NPreC-BEC-PC-AC cultures were recreated in MFDs.
Samples were then cultured under either flow or static conditions
for 1 week. To compare the characteristics of BMVNs developed
under flow and static cultures, microvessel analysis (section S1.5)
was performed to quantify vessel area, average vessel diameter,
and the number of vessel segments. Luminal flow through micro-
vessels was visualized in samples cultured under flow conditions
using a microsphere perfusion assay (section S1.1).

NPreC neurosphere neurite analysis
After NPreC-Nsphs were cultured in MFDs, we measured neuro-
sphere core area, total neurite outgrowth, and maximum neurite ex-
tension to determine the effect of culture conditions on
neurogenesis. Briefly, all samples were fixed and labeled with Tuj1
and Hoechst. Next, fluorescence z-stack (100-μm range with 5-μm
intervals) images of NPreC-Nsphs were acquired using a LSM 800
confocal microscope with a 20× objective. Neurospheres in close
proximity to other neurospheres or microposts were not considered
for analysis. In ImageJ, z-stacks were compressed to MIPs, and neu-
rosphere perimeters were manually outlined by tracing the border
of dense Hoechst and Tuj1 signals found near the center of neuro-
spheres. Neurosphere core area was defined as the area within this
perimeter. Total neurite outgrowth was defined as the summation
of the length of all neurites that had extended from the neurosphere
perimeter. To measure this, a binary image of the Tuj1 signal
outside the neurosphere core area was generated. Next, particles
with areas smaller than 9.61 μm2 or circularities larger than 0.5
were removed from binary images to eliminate any Tuj1 signals
that were not associated with healthy, continuous neurites. Last,
the plugins Skeletonize and Analyze Skeleton were used to deter-
mine the total length of all neurite branches for each neurosphere.
Maximum neurite extension was measured as the Euclidean dis-
tance from the most distant neurite tip to the neurosphere
perimeter.

NPreC neurosphere calcium oscillation assay and analysis
After observing neuritogenesis from NPreC-Nsphs in MFDs, we
sought to investigate the functionality of these NPC-neurons by
measuring the oscillations of calcium ions (Ca2+) in cells. This
was done by modifying the protocol detailed in the “NPreC neuro-
sphere neurogenesis in MFDs” section. Briefly, before NPreC-
Nsphs were removed from AggreWells, they were incubated in
NDM with 10 μM CellTracker Red for 30 min. Next, NPreC-
Nsphs (400 NPreCs per Nsph) were resuspended in fibrin hydrogels
alone (NPreC condition) or with BECs, PCs and ACs (NPreC-BEC-

PC-AC condition) in the hydrogel channel of MFDs. All samples
were cultured in EGM-2:NMM under flow conditions for 10 days.
To observe Ca2+ oscillations, all samples were first washed three
times with PBS. Next, samples were incubated in BrainPhys
Imaging Optimized Medium (BIOM; Stemcell Technologies,
catalog no. 05796) with 2% NeuroCult SM1 Neuronal Supplement
(Stemcell Technologies, catalog no. 05711) and 5 μM green fluores-
cent calcium binding dye, Fluo-8 AM (Abcam, catalog no.
ab142773), for 2 hours. Afterward, all samples were rinsed with
BIOM without Fluo-8 three times. Then, fluorescence time-lapse
(5 min with 10-s intervals) images were acquired of individual neu-
rospheres using a LSM 880 confocal laser scanning microscope
(Zeiss) with a 20× objective at 37°C and 5% CO2. At each time
point, a z-stack image was acquired to create a 10 μm “slice” of
each neurosphere starting from the bottom of the hydrogel
channel (2.5-μm interval). Calcium oscillation analysis was per-
formed in ImageJ. For each neurosphere slice, individual NPC-
neurons were identified by the overlap of CellTracker Red and
Fluo-8 signal. Circular ROIs were then created to measure the
change in Fluo-8 signal intensity over time in the cell bodies of
NPC-neurons. Ca2+ oscillations were represented as the change in
fluorescence intensity relative to the initial recorded value (ΔFF0

). We
defined a “spike” as a fluorescence intensity increase of 50% from F0
over any time frame. NPC-neurons that produced a spike during the
5-min recording period were considered “firing” NPC-neurons. To
quantify Ca2+ oscillations in each neurosphere slice, we counted the
number of firing NPC-neurons and measured the total number of
spikes per minute.

Dispersed NPreCs and BMVNs in MFDs
After we confirmed that BMVNs enhanced NPreC-Nsph neurogen-
esis in MFDs, we sought to determine the influence of IF on the self-
renewal and differentiation on individual NPreCs. To test this,
BMECs-tdT, PCs, ACs, and NPreCs-ZsG were harvested and resus-
pended together in fibrin gels within MFD hydrogel channels using
methods similar to those described in the “BMVN generation in
MFDs” section. BMECs-tdT were used instead of BECs-tdT due
to a lack of availability of BECs-tdT at the time of experiment.
The final concentrations of BMECs-tdT and all other cell types
were 6 × 106 and 2 × 106 cells/ml, respectively. Samples were cul-
tured under either flow or static conditions in EGM-2:NMM for 2
weeks. On day 14, samples were fixed and labeled for Sox2, MAP2,
GFAP, and Hoechst. Fluorescence z-stack (50-μm range with 5-μm
intervals) images were acquired of samples using a LSM 800 confo-
cal microscope with a 20× objective. In ImageJ, each z-stack was
converted to a MIP and the number of ZsGreen1+ NPreCs was
counted. Next, the number of Sox2+/ZsGreen1+ and MAP2+/
ZsGreen1+ cells were counted in samples stained for each protein.
The number of Sox2+/ZsGreen1+ and MAP2+/ZsGreen1+ was rep-
resented as a percentage of the total number of ZsGreen1+ cells in
each ROI. A list of all experimental conditions presented in this
work can be found in table S3.

Statistical analysis
Prism 9 (GraphPad Software) was used for all statistical analysis and
graph generation. Two-tailed Welch’s t test was performed for all
statistical comparisons between two experimental groups. One-
way or Welch’s analysis of variance (ANOVA) was performed for
comparisons between more than two experimental groups. Two-

SC I ENCE ADVANCES | R E S EARCH ART I C L E

Winkelman and Dai, Sci. Adv. 9, eaaz9499 (2023) 10 May 2023 19 of 21



way ANOVA was performed for comparisons with two experimen-
tal variables. Post hoc analysis was performed using either Tukey’s,
Dunnett’s, or Šidák’s multiple comparisons test, based on the
method recommended by Prism 9. Statistical significance was
defined as P < 0.05. The number of biological replicates used in
each experiment is described in the figure captions. All data are rep-
resented as the means ± SEM unless otherwise specified.
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