
Endothelial Cells Exposed to Fluid Shear Stress Support Diffusion Based

Maturation of Adult Neural Progenitor Cells

C. M. DUMONT,1,2 J. PISELLI,1,2 S. TEMPLE,3 G. DAI,1,2 and D. M. THOMPSON
1,2

1Department of Biomedical Engineering, Rensselaer Polytechnic Institute, Troy, NY 12180, USA; 2Center for Biotechnology &
Interdisciplinary Studies, Rensselaer Polytechnic Institute, Troy, NY 12180, USA; and 3Neural Stem Cell Institute, Rensselaer,

NY 12144, USA

(Received 4 April 2017; accepted 18 November 2017; published online 1 December 2017)

Associate Editor Michael R. King oversaw the review of this article.

Abstract—Introduction—The neural stem cell (NSC) niche is
a highly complex cellular and biochemical milieu supporting
proliferating NSCs and neural progenitor cells (NPCs) with
close apposition to the vasculature, primarily comprised of
endothelial cells (ECs). Current in vitro models of the niche
incorporate EC-derived factors, but do not reflect the
physiologically relevant hemodynamic state of the ECs or
the spatial resolution observed between cells within the niche.
Methods—In this work, we developed a novel in vitro model
of the niche that (1) incorporates ECs cultured with fluid
shear stress and (2) fosters paracrine cytokine gradients
between ECs and NSCs in a spatiotemporal configuration
mimicking the cytoarchitecture of the subventricular niche. A
modified cone and plate viscometer was used to generate a
shear stress of 10 dynes cm�2 for ECs cultured on a
membrane, while statically cultured NPCs are 10 or
1000 lm below the ECs.
Results—NPCs cultured within 10 lm of dynamic ECs
exhibit increased PSA-NCAM+ and OLIG2+ cells com-
pared to progenitors in all other culture regimes and the
hemodynamic EC phenotype results in distinct progeny
phenotypes. This co-culture regime yields greater release of
pro-neurogenic factors, suggesting a potential mechanism for
the observed progenitor maturation.
Conclusions—Based on these results, models incorporating
ECs exposed to shear stress allow for paracrine signaling
gradients and regulate NPC lineage progression with appro-
priate niche spatial resolution occurring at 10 lm. This
model could be used to evaluate cellular or pharmacological
interactions within the healthy, diseased, or aged brain.
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INTRODUCTION

Neural stem cells (NSCs) are multipotent progeni-
tors capable of undergoing neurogenesis within a
highly-vascularized niche located within the adult
central nervous system (CNS). The subventricular zone
(SVZ) is one such NSC niche comprised of germinal
cells that make contact with both endothelial cells
(ECs) forming the microvasculature and ependymal
cells lining the lateral ventricle. SVZ NSCs, also known
as type B cells, are elongated cells that span and make
contact with both the ependymal layer and the SVZ
endothelium. They produce rapidly-dividing transit
amplifying type C cells, which form the majority of the
neural progenitor cell (NPC) population.13 Type C
cells give rise to type A neuroblasts that migrate along
the rostral migratory stream to the olfactory bulb
where they differentiate into neurons.13 While both
NSC and NPC populations are present, within this
work we will refer to cells as NPCs, a blanket term that
includes NSCs and more restricted progenitor cells.
Progression through this lineage is highly regulated by
the cellular and biochemical milieu, which contains
localized domains within the niche. For example, epi-
dermal growth factor (EGF) increases in concentration
away from the ependymal layer toward the vascula-
ture, while stromal derived factor 1 (SDF-1) and
fibroblast growth factor 2 (FGF2) are highest near the
ependymal layer and vasculature creating a u-shaped
gradient with lower concentrations centralized within
the niche.15,35,38 Localized gradients of cytokines re-
leased by support cells are believed to help maintain
lineage progression as precursor cells move away from
the ependymal wall and towards the rostral migratory
stream. In the presence of SDF-1, active type B and C
cells up-regulate their expression of a6 and EGFR
allowing them to bind more efficiently to the laminin-
rich vasculature and increase migration.35 SDF-1 sen-
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sitivity is also evident in type A neuroblasts, resulting
in increased expression of the a6 integrin subunit
necessary for laminin binding, helping these cells mi-
grate out of the niche along the vasculature to the
olfactory bulb.35 Similarly, NPCs increase b1 expres-
sion necessary for neurosphere formation, as well as
substrate attachment in response to FGF2.62 Presum-
ably an up-regulation of the b1 integrin subunit would
also assist in migration of NPCs within the niche.

Recapitulation of these gradients in vitro would be
difficult to achieve with exogenous growth factors, as
there is an incomplete characterization of the bio-
chemical composition and corresponding gradients
within the niche required for lineage progression.
Adding to this complexity, many growth factors, such
as EGF and FGF2, have short half-lives and require
stabilization to prevent degradation. Proteoglycans
exist in the niche where they stabilize, sequester, and
regulate receptor binding of FGF2 and
EGF.4,5,8,26,32,33,45,54 NSCs and ECs have also been
shown to secrete proteoglycans as free floating or
matrix bound constitutes of the extracellular space
in vitro and can stabilize soluble factors.27,31,52,59,64 We
have previously show the mBend EC cell line can
produce glycosaminoglycans, a primary constituent of
proteoglycans, and that production is increased by the
culturing of these cells under dynamic fluid flow.16 In
this work we propose a co-culture model, wherein
dynamically cultured ECs provide growth factors, as
well as stabilizing proteoglycans to recapitulate com-
plex soluble factor gradients to NSCs in vitro.

NPCs and EC have a highly interdependent rela-
tionship. In vivo, NPCs are known to preferentially
proliferate approximately 10 lm from the microvessels
in the SVZ.57,63 In the absence of cell–cell contact,
endothelial-produced soluble factors in vitro can
maintain self-renewal of both adult and embryonic
NSC.19,40,56 Neuronal differentiation is promoted
upon removal of the endothelial factors from embry-
onic NSCs56 or through direct cell–cell contact.19 Iso-
lated vascular-derived factors, such as neurotrophin-3,
have been shown to maintain NSC quiescence within
the niche.11 Direct EC contact has also been shown to
maintain NSC quiescence within the niche through
endothelial expression of ephrinB2 and Jagged1.46

Furthermore, NSCs can modulate ECs through para-
crine signaling. Li et al. demonstrated the paracrine
signaling between NSCs and ECs whereby ECs release
brain derived neurotrophic factor (BDNF) that stim-
ulate NSC release of vascular endothelial growth fac-
tor (VEGF) resulting in a positive feedback loop that
would naturally exist in the niche.40 To capitalize on
these paracrine signaling loops, the close apposition of
ECs and NSCs should be representative of the spatial
resolution present within the niche,57,63 a characteristic

that has been overlooked in previous in vitro NSC
models.

In addition to proximity, EC source and phenotype
are known to be influential on cells within a vascular
niche as demonstrated by liver regeneration supported
by liver sinusoidal ECs but not by other tissue-specific
EC subsets.12 This would suggest that ECs from the
brain may be more relevant to study EC-NSC interac-
tions. EC phenotype can be further mediated by the
application of fluid flow.2,3,6,10,37,39 Endothelium in the
vascular niche is under blood flow and significant dif-
ferences in soluble (growth factors, small molecules,
free-floating proteoglycans) and insoluble (glycopro-
teins and proteoglycans) factors exist between ECs
cultured under dynamic or static conditions.3,6,10,43 It is
therefore expected that the novel inclusion of fluid shear
stress to ECs may provide a more physiologically rele-
vant model to recapitulate and examine the NSC niche
in vitro. This is supported with previous research in
which conditioned medium isolated from ECs cultured
under shear stress resulted in profound differences in
NPC adhesion, proliferation, survival, and differentia-
tion compared to static EC-conditioned medium.16

In this work, a novel niche model was developed
that concurrently cultures the ECs under fluid shear
stress (dynamic culture), while NPCs reside in
endothelial-conditioned microenvironment without
fluid flow. This was achieved with a modified cone and
plate viscometer that applied a shear stress of 10 dynes
cm�2 to EC monolayers cultured on transwell mem-
branes while the NPCs were cultured below at a dis-
tance of 10 or 1000 lm from the ECs. This co-culture
paradigm fostered real-time paracrine signaling
between the cells and allowed for NPC contact with
endothelial produced matrix for NPCs within 10 lm of
the ECs. We previously demonstrated that ECs stim-
ulated by fluid flow alter cytokine production to sup-
port heterogeneous SVZ populations.16 Similarly, in
this work we evaluate SVZ cell heterogeneity local to
the ECs, but find less heterogeneity within NPC pop-
ulations farther from EC monolayers or within static
co-cultures, emphasizing the importance of a model
that considers ECs exposed to fluid shear stress as well
as spatiotemporal signaling between the ECs and
NPCs that mimics the SVZ cytoarchitecture.

METHODS AND MATERIALS

Isolation and Culture of NPCs

Mice were treated according to the Institutional
Animal Care and Use Committee guidelines at Rens-
selaer Polytechnic Institute and all animal procedures
were pre-approved by the Committee for collection of
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tissue. The SVZ was isolated from the brains of adult
(5–10 weeks old) female Swiss-Webster mice (Taconic
Farms, Hudson, NY). The tissue was enzymatically
digested in a solution of 20 U mL�1 papain (Wor-
thington Biochemical, Lakewood, NJ) and
12 lg mL�1 DNase (Sigma-Aldrich, St. Louis, MO) in
base medium containing Dulbecco’s Modified Eagle
Medium (DMEM; Cellgro, Manassas, VA) with 4.5 g
L�1 glucose, 2 mM L-glutamine, 1 mM sodium pyru-
vate (Gibco, Grand Island, NY), and 1 mM N-Acet-
yle-L-cysteine (NAC; Sigma-Aldrich) for 30 min at
37 �C. Digested tissue was centrifuged at 4009g for
10 min, rinsed with DMEM, and re-centrifuged to
pellet the cells.

Cells from the SVZ were re-suspended at 1.5 9 104

cells mL�1 in serum free expansion medium comprised
of base medium supplemented with N2 (Gibco), B-27
(Gibco), and 20 ng mL�1 basic fibroblast growth fac-
tor (FGF2; Gibco) and epidermal growth factor (EGF;
Gibco). Cells were plated in non-treated 6-well plates
(Celltreat, Shirley, MA) and allowed to expand as
neurospheres for 10-14 days with daily feedings at
37 �C, 5% CO2. Neurospheres were collected, cen-
trifuged at 409g for 2 min to remove expansion
medium, and dissociated into a single cell suspension
through enzymatic digestion as described above with
10U mL�1 papain solution.

Culture of ECs

Mouse brain microvascular EC line (mBend.3;
ATCC, Manassas, VA) was seeded at 1.1 9 104 cells
cm�2 on gelatin (Fisher, Hanover Park, IL) coated
transwell culture inserts (Celltreat; 24 mm diameter
inserts with 3 lm pores through the 10 lm thick
membrane). This pore size was selected to permit dif-
fusion of factors while preventing EC migration
through the membrane. Cells were cultured for 4 days
to develop confluent monolayers in growth medium
containing DMEM with 4.5 g L�1 glucose, 2 mM
L-glutamine, and 4.5 g L�1 sodium pyruvate supple-
mented with 50 U mL�1 penicillin–streptomycin
(Mediatech, Herndon, VA) and 10% v/v fetal bovine
serum (FBS; Gibco).

Dynamic Stimulation of ECs in Non-contact Co-culture
with NPCs

A modified cone and plate viscometer was devel-
oped that incorporates a computer interface to control
shear stress based on input system parameters (med-
ium viscosity, cone dimensions, plate dimensions) to
dynamically culture ECs by exposing the cells to fluid
shear stress16 on transwell inserts, while NPCs below
the transwell insert remain unperturbed by fluid flow

(Fig. 1). Similar models that expose ECs to fluid flow
when co-cultured with vascular smooth muscle cells
have been performed by others.9,28,29,65

Single cell suspensions dissociated from primary
neurospheres were seeded at a density of 2.3 9 104

cells cm�2 on PLO coated, 5 mm round cover glass
(Electron Microscopy Sciences, Hatfield, PA) posi-
tioned atop a 1 mm thick gasket or at the bottom of
the well so as to position the glass coverslips at
approximately 10 lm (proximal) or 1000 lm (far)
from the EC monolayer, respectively. Alternatively for
differentiation studies, NPCs were seeded on 10%
Matrigel (BD Biosciences, San Jose, CA) coated, 5 mm
round cover glass. NPCs were allowed to attach for 1 h
before transwell inserts containing confluent EC
monolayers were positioned above the NPCs and
covered with 2% w/v Dextran (MW = 500 kg mol�1;
Spectrum Chemical, New Brunswick, NJ) in neural
progenitor base medium supplemented with N2, B-27,
and 5 ng mL�1 FGF2 and EGF. Dextran was added
to increase the viscosity of the culture medium to 2.1
cP to mimic blood and maintain laminar flow.

The modified cone and plate (transwell) viscometer
was assembled and programmed to stimulate the ECs
at a shear stress of 10 dynes cm�2 while the NPCs were
protected from fluid flow and were statically cultured
below the membrane. Although the exact range of
appropriate shear stress within the brain microvascu-
lature in the SVZ is unknown, 10 dynes/cm2 was
chosen as it falls within the reported physiological
range of 1–60 dynes/cm2 measured within small vessels
from humans, canines, felines, and rodents.41,53,60 A
static co-culture chamber without EC dynamic culture
(flow) was also prepared. NPCs in the lower chamber
were poised to receive soluble factors from the ECs
above in both models, and a control without ECs was
also prepared for comparison. Experimental and con-
trol cultures were stimulated for 3 days without med-
ium replenishment, at which point the cells were
chemically fixed or NPCs subjected to a differentiation
regime.

Immunofluorescent Staining and Imaging

Cells were fixed with 4% w/v paraformaldehyde
buffered with 4% w/v sucrose (Sigma) in a buffer
contain 60 mM PIPES, 25 mM HEPES, 10 mM
EGTA, 4 mM magnesium chloride hexahydrate, and
sufficient potassium hydroxide to achieve pH 6.9 in
diH2O. For undifferentiated NPC cultures, fixed cells
were permeabilized for 20 min with 0.01% Triton-X
100 in PBS then rinsed. Samples were blocked over-
night in 10% goat serum at 4 �C and stained with
1:1000 rabbit anti-GFAP (Dako, Carpenteria, CA),
1:500 rabbit anti-MASH1 (Millipore), 1:500 mouse
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anti-EGFR (Millipore), 1:500 rabbit anti-OLIG2
(Millipore), 1:300 rat anti-CD133 (eBiosciences, San
Diego, CA), and/or 1:300 mouse anti-PSA-NCAM
(Millipore). Appropriate secondary antibodies gener-
ated from a goat host were used at a concentration of
1:1000. For differentiated cultures, fixed cells were
blocked overnight in 10% goat serum (Sigma-Aldrich)
at 4 �C then stained with 1:4 mouse anti-O4 antibody
(ATCC) followed by 1:1000 goat anti-mouse IgM
secondary antibody (Invitrogen, Carlsbad, CA). Cells
were permeabilized for 20 min with 0.01% Triton-X
100 in PBS, rinsed, blocked overnight in 10% goat
serum at 4 �C, and stained with 1:1000 rabbit anti-
GFAP and 1:500 mouse anti-NeuN (Millipore, Biller-
ica, MA) followed by 1:1000 goat anti-rabbit IgG and
goat anti-mouse IgG1 antibodies (Invitrogen). All
fixed cells were stained with 1:2000 Hoechst 33,342 to
visualize all cell nuclei. For visualization of the ECs,
viability was assessed immediately after flow, prior to
fixation, using calcein-AM and ethidium bromide.
Fixed ECs on the transwell membrane were perme-
abilized with 0.01% Triton-X and 1:500 rhodamine-
conjugated phalloidin in 5% bovine serum albumin
(Sigma) was used to identify the actin cytoskeleton.
The extracellular matrix was immunostained with
1:400 rabbit anti-laminin (Sigma) overnight at 4 �C in
10% goat serum followed by incubation with 1:1000
Alexafluor 488 goat anti-rabbit secondary. All samples
were imaged using an Olympus IX81 inverted micro-
scope (Olympus, Center Valley, PA) with a 20X dry
objective.

NIH ImageJ toolkit (National Institute of Health,
Bethesda, MD) was used to quantify total and phe-
notype specific cell numbers. To reduce variability in
cell number due to cell seeding, cells of a given phe-
notype in each image are represented as a percentage
of the total cells in each image. Three images were
taken per sample to obtain a sample average, with a
minimum of 3 sample replicates of each condition in
each of the four experimental replicates of independent
animal isolations (n = 4).

Cytokine Quantification

Mouse G2000 cytokine arrays (Raybiotech) were
used to identify differences in soluble factor release by
comparison of factors generated from EC-NPC co-
cultured in dynamic or static conditions collected
after 3 days of culture. Cytokine arrays were per-
formed according to manufacturer instructions on the
bulk cell conditioned medium from static or dynamic
models. For cytokine array analysis, 4 experimental
replicates were pooled into doublets to generate each
condition.

Data and Statistical Analysis

A one-way ANOVA with post hoc Tukey multiple
comparison test was performed to determine statistical
significance between conditions (p value< 0.05,
n = 4) for all datasets using Prism (GraphPad Soft-
ware, La Jolla, CA), unless otherwise noted. All values
are reported as mean ± standard deviation. Analysis
of cytokine array data was performed according to
manufacturer instructions to generate a ratio, or fold-
change, of the signal intensity for the dynamic to static
conditions. Briefly, each spot intensity was determined
above background if it was ‡ 2 standard deviations
above the mean negative control spot intensity and
denoted with a + in Table S1, whereas spots not
meeting the threshold are left blank (Table S1). All
spots (+) were then normalized to the mean positive
control spot intensity to eliminate any processing bias
from the static or dynamic chips. The reported ratio in
Table 1 was the mean average spot intensity for a given
factor on the dynamic array divided by the mean
average spot intensity for the same factor on the static
array. In accordance with manufacturer instructions to
achieve a 95% confidence interval in reporting a sig-
nificant fold change, a change ‡ 1.5-fold or £ 0.65-fold
in signal intensity are considered measurable and sig-
nificantly different in expression (p< 0.05, n = 4)
after complete analysis.

FIGURE 1. Schematic representation of non-contact EC-NPC co-culture systems. ECs are cultured on a transwell membrane (PET
membrane, 3 lm pores) and stimulated at 10 dynes/cm2 (dynamic culture) or not exposed to shear stress (static culture). Shear
stress in the dynamic culture is generated by the rotation of a 1� angle cone parallel to the EC monolayer. NPCs are cultured on the
bottom of the well plates (on PLO coated glass) to be positioned 1 mm from the EC monolayer or on a 1 mm gasket as to be
positioned ~ 10 lm (transwell membrane thickness) directly opposed to the EC monolayer.
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RESULTS

Endothelial Monolayers can be Dynamically Cultured in
Co-culture with NPCs

EC (mBend.3) health was maintained following
static or fluid shear stress (dynamic) culture for 3 days
without exchanging the culture medium (Figure S1).
Live/dead assay analysis at the end of day 3 revealed
that> 99% of the monolayer was calcein+ (live cells)
and exhibited elongated morphologies under dynamic
culture with on average 5 9 105 cells per membrane.
These data suggest that EC-NPC co-cultures can be
performed for 3 days without medium exchange. Local
cytokine gradients would be disrupted by regular
medium exchanges. The EC monolayers were not
found to be stable at longer culture durations (7 days)
in the absence of a medium exchange (data not shown).

ECs increase laminin deposition in response to dy-
namic culture (10 dynes cm�2, Figure S2). After 3 days
of dynamic culture on the transwell membrane, both
the endothelial monolayer (Video S1) and EC-pro-
duced laminin were visualized (Fig. 2; Video S2). Due
to imaging limitations with the transwell membrane
and reduced production of laminin in the static cul-
tures in planar cultures (Figure S2), laminin was not
detected for the statically cultured EC on the transwell
membrane. ECs appear to reside on top of the tran-
swell, while the endothelial-produced laminin was
localized on both sides of the membrane as well as
within the transwell membrane pores (Fig. 2; Video
S2), indicating laminin, but not ECs pass through the
membrane. NPCs that were sufficiently close
(£ 10 lm) to the transwell membrane may contact the
laminin within the extracellular matrix that may pass
through the membrane as ECs can only deposit their
laminin onto the membrane due to the presence of the
cone above the EC monolayer. It is likely NPCs within
10 lm would have greater availability to local soluble
factors that freely pass through the membrane.

NPCs Co-cultured with Dynamically Stimulated ECs
Exhibit Different Cytokine Profiles

Previously, NPCs have been co-cultured either in
direct cell–cell contact or non-contact using a transwell
to separate NPCs from the statically cultured ECs.19,56

In this work, the co-culture model has been expanded
to apply shear stress to the endothelial monolayer, to
approach a more physiologically-relevant endothelial
phenotype and evaluate differences to NSC fate.16 It is
widely known that dynamic culture influencing EC
production of soluble factors and ECM is dependent
on shear stress magnitude, duration, type of flow, and
EC source.2,10,37,49,55,60 While limited studies have

evaluated protein production by the mBend.3 cell line
under dynamic culture,16 mBend.3-NPC co-cultures
were expected to produce a significant change in re-
lease of soluble factors with the application of shear
stress. Bulk medium was collected from co-cultures
and was analyzed using a cytokine array to identify
differences in soluble factors as a function of EC
phenotype (static or dynamically cultured). Distinct
cytokine profiles were detected in the static and dy-
namic co-cultures (Table S1). In the dynamic co-cul-
ture, many cytokines known to promote NPC
proliferation [galectin, interleukin (IL)-17B, insulin-
like growth factor-1 (IGF-1), leptin, SDF-1, sonic
hedgehog (SHH)], survival [granulocyte macrophage
colony stimulating factor (GM-CSF), stem cell factor
(SCF), SDF-1], and neurogenesis [SHH, granulocyte
colony stimulating factor (G-CSF), GM-CSF, IGF-1,
SDF-1], as seen in Table 1, were secreted in greater
quantity in comparison to the statically-cultured con-
trol. In contrast, there was a decrease in release of
NPC proliferation promoting factors [amphiregulin,17

IGF-2,39 IL-15,20 macrophage inflammatory protein-
1a (MIP-1a)23], neurogenic inhibitory factors [DKK-
1,1 IL-1b,36 monocyte chemoattractant protein-1
(MCP-1)23], and gliogenic promoting factors [DKK-1,1

MCP-123] in dynamically stimulated co-cultures rela-
tive to the static co-cultures (Table 1). A number of
these factors, including IL-1b,14,47 IL-15,21

MCP-1,47,67 DKK-1,18 MIP-1a,34,47 GM-CSF,47 and
SDF-134,47 are present on the cytokine array are
inflammatory factors present after nerve injury and are
more prevalent in static EC co-cultures. Undoubtedly
the factors present could be released by either NPCs or
ECs, however, ECs are present at a higher density
(~ 100:1) and are the known variable undergoing
phenotypic changes. It is likely these differences in
inflammatory factors can be attributed to the ECs ra-
ther than the NPCs, due to the difference in ECs that
have been previously shown to skew towards an
inflammatory phenotype under aberrant flow
regimes.28,65 Differences in soluble factors (Table 1)
and laminin (Fig. 2) are indicative of differences in EC
phenotype which can lead to differences in NPC cross-
talk with the ECs,40 as well as NPC phenotype, pro-
liferation, and differentiation.40

Increased SVZ Heterogeneity is Exhibited Proximal to
Dynamic ECs

NPCs cultured at the bottom of the dish (1000 lm
away from the EC monolayer) for 3 days with static-
or dynamic-stimulated ECs exhibit similar morphol-
ogy and phenotype expression (Fig. 3). By day 3, cells
appear to be one of two subsets of transit amplifying C
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cells in static- (42.7 ± 21.1% EGFR+MASH1+ or
29.6 ± 9.84% EGFR+OLIG2+ progenitors) and dy-
namic-stimulated (48.6 ± 15.1% EGFR+MASH1+

or 27.0 ± 1.70% EGFR+OLIG2+ progenitors) ECs
cultured 1000 lm from NPCs. Active B cells (GFA-
P+EGFR+ NSCs; Figs. 3, S2) accounted for

TABLE 1. Cytokine expression is represented as a fold change for each cytokine produced in dynamic EC co-cultures over static
EC co-cultures.

Eight cytokines that were absent from both the static and dynamic co-cultures were removed from the table. Numerous cytokines experienced

a significantly increased (D/S>1.5 (pink) or decreased (D/S< 0.65 (blue)) expression within the dynamic co-cultures compared to static

(p< 0.05, n = 4). The fold change for factors that were not above background for the static array are represented as> 1 (light pink) and have

been organized from highest to lowest intensity values within the dynamic conditioned medium. Fold change for factors absent in the dynamic

medium could not be determined as they approach zero ( fi 0; light blue) and have been ranked as least to most prevalent in static medium.
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24.8 ± 19.7% and 31.1 ± 13.1% of cultures in static
and dynamic EC cultures cultured 1000 lm from
NPCs. The distribution of both type C and active B
cells would be expected based on the SVZ hetero-
geneity reported in vivo.7,50 Neuroblasts (PSA-
NCAM+) accounted for less than 5.7 ± 2.9% and
0.43 ± 0.04% of the total cell NPC populations when
cultured far (1000 lm) from the static and dynamic EC
monolayer, respectively (Fig. 3), or in the absence of
ECs (Figure S2). It is possible that the NPCs were too
far from the EC monolayer to be sensitive to differ-
ences in endothelial cytokine gradients present or for
efficient paracrine signaling. A significant increase in
PSA-NCAM+ neuroblasts (p< 0.05) and OLIG2+ or
MASH1+ transit amplifying C cells (p< 0.1) was
observed from NPCs cultured near (10 lm:
15.7 ± 3.7% PSA-NCAM+, 37.5 ± 10.9% OLIG2+,
46.1 ± 16.4% MASH1+) dynamically cultured EC
compared to static ECs (0.73 ± 0.73% PSA-NCAM+,

17.5 ± 10.7% OLIG2+; Fig. 3i) or cultures devoid of
ECs (0.42 ± 0.43% PSA-NCAM+, 31.8 ± 9.0%
MASH1+; Figure S2). In contrast, there were no dif-
ferences in MASH1+ phenotype for NPCs cultured at
10 lm (55.3 ± 13.1%) compared to 1000 lm
(42.7 ± 21.1%) from the static EC culture and GFA-
P+EGFR+ active B cells accounting for 17.3 ± 13.8%
(10 lm) and 24.8 ± 19.7% (1000 lm) of the total
population in static co-cultures (Fig. 3). These results
suggest that dynamically cultured ECs and close
proximity of 10 lm co-cultures are both necessary to
maintain SVZ phenotype heterogeneity representative
of the niche.

NPC Differentiation is Dependent on EC Phenotype and
Distance from Monolayer

EC monolayers were cultured on transwell inserts
under dynamic (10 dynes cm�2) or static conditions

FIGURE 2. EC release of laminin during dynamic co-culture. (a–d) EC monolayers (phalloidin red, DAPI blue) dynamically
stimulated for 3 days in transwell co-culture systems secrete laminin (green) into the extracellular space. Laminin penetrates
through the 10 lm thick membrane as indicated by (>). Laminin is also present on the membrane as indicated by arrowheads. Z-
stack height 23 lm. Scale bar 50 lm (a, b, d) or 25 lm (c).
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with NPCs cultured adjacent to (~ 10 lm) or far
(~ 1000 lm) from ECs for 3 days then differentiated
for 1 week and were evaluated for mature cell pheno-
types with appropriate morphology (GFAP+ astro-
cytes, O4+ oligodendrocytes, and NeuN+ neurons).
Differentiated cell populations far (~ 1000 lm) from
or near (~ 10 lm) static EC populations formed all
three mature cell phenotypes (Figs. 4a, 4b). Oligo-
dendrocyte formation in cultures near statically cul-
tured ECs (10 lm; 1.8 ± 1.1%) were greater relative to
NPCs near dynamic ECs, which form populations
consisting of 22.8 ± 5.3% neurons and 36.3 ± 13.4%
astrocytes but are devoid of oligodendrocytes
(Figs. 4d, 4e). Remaining cells may not have been
terminally differentiated due to the short differentia-
tion period (7 days) or may simply not have stained
positive as markers such as NeuN are expressed by
more mature neurons. NPCs cultured far (1000 lm,
Fig. 4c) from the dynamically cultured EC monolayer
produced significantly more neurons (30.2 ± 5.3%)
than cultures within 10 lm (17.7 ± 6.8%) or 1000 lm
(16.6 ± 5.23%) of static ECs (Fig. 4e). No significant
differences were detected between the distribution of
differentiated phenotypes between control NPCs ab-
sent of EC cultures with the experimental EC-NPC co-
cultures (Figure S3). Overall, NPCs without ECs dif-
ferentiate into primarily astrocytes (32.4 ± 10.1%)
with some neurons (18.9 ± 7.33%) and few oligoden-
drocytes (3.4 ± 2.60%), while dynamic EC cultures
shift more cells towards neural differentiation and
static EC cultures shifted cells toward oligodendro-
cytes, based on the values reported above and in
Fig. 4. While the hemodynamic state of the ECs in the
EC-NPC co-cultures yield distinction differentiation
profiles, this was found to be dependent on the prox-
imity of the ECs to the NPCs.

DISCUSSION

Development of in vitro models to study cellular
niche interactions is necessary to better understand
stem cell biology using simplified models that recapit-
ulate sufficient complexity of an ill-defined niche. In
previous work by Shen et al. and Gama Sosa et al.,
non-contact transwell co-cultures with statically cul-
tured ECs and NSCs or NPCs have provided a plat-
form for studying facets of the NSC niche and have
demonstrated that EC-produced soluble factors pro-
mote self-renewal and neurogenesis.19,56 These previ-
ous models include real-time signaling between ECs
and NSCs via cytokine gradients over long diffusion
distances from ECs cultured on the transwell mem-
brane to NPCs cultured on the bottom of the culture
plate (~ 1000 lm). Although factors had to traverse

FIGURE 3. NPC phenotype is sensitive to EC culture (static
or dynamic) and spatiotemporal placement. EC monolayers
cultured on a transwell membrane were subjected to static (a,
b, e, f) or dynamic (c, d, g, h) culture, while NPCs were cul-
tured below at a distance of ~ 10 lm (a–d) or ~ 1000 lm (e–h)
from the EC monolayer. NPCs were immunostained for type A
neuroblasts (PSA-NCAM+—a, c, e, g: green) and transit
amplifying C cells (MASH1+EGFR+—a, c, e, g: magenta and
red) or for active type B cells (GFAP+EGFR+—b, d, f, h: ma-
genta and red) and quiescent type B cells (GFAP+CD133+—b,
d, f, h: magenta and green). PSA-NCAM+ (b), MASH1+EGFR+

(*), and GFAP+EGFR+ (<) are indicated in their respective
panels. (I) A significant increase in PSA-NCAM+ neuroblasts
(* p< 0.05) and OLIG2+ transit amplifying C cells (+ p< 0.1)
was observed near dynamic EC cultures, compared to cells
cultured far from dynamically cultured ECs or at any distance
from static ECs. No differences were detected in other NPC
subpopulations. Cell types: PSA-NCAM+ (A), MASH1+EGFR+

(CMASH1), OLIG2+ (COLIG2), GFAP+EGFR+ (Bact), GFAP+EGFR2.
Data are represented as mean 6 standard deviation. 50 lm
scale bar.
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large diffusion distances in previous models, there is
sufficient complexity to improve self-renewal and
neurogenesis of NSCs in vitro compared to NSC-only
cultures and provides insight into the EC regulation of
the niche. The inclusion of ECs can result in profound
differences in the NPCs, and our work indicates that
the EC phenotype, which can be altered by shear
stress, is also an influential niche component. Previous
work has demonstrated the conditioned medium col-
lected from ECs cultured under fluid flow can shift
NPC proliferation, survival, and differentiation rela-

tive to static EC conditioned medium.16 In this study,
model complexity was increased through the incorpo-
ration of flow-stimulated ECs, not just soluble factors
via EC-conditioned medium and further, for the first
time, included the optimization of the spatial NPC
placement relative to the EC monolayers to better
recapitulate the adult NSC niche, as NSCs reside
within 10 lm of the niche vasculature.

Hui and Bhatia developed a microfabricated chip to
control hepatocyte and 3T3 cell positioning and found
that the cells are sensitive to soluble factor gradients
that exist on the micron level in co-culture systems.30

Given the proximity of NPCs to the vasculature
in vivo, our culture paradigm sought to determine the
sensitivity of NPCs to the EC phenotype but also to
the proximity of the ECs. As both static and dynamic
EC cultures were viable, differences in NPC phenotype
can be attributed to EC phenotype and cytokine gra-
dients based on proximity of NPCs to ECs. Over the
course of 3 days, ECs deposited laminin-rich extra-
cellular matrix that coated the membrane and entered
the pores, possibly contacting NPCs. While cytokine
gradients are presumed to arise based on work done by
others to demonstrate cell-signaling gradients are evi-
dent in the co-culture models,30,40 they were not di-
rectly evaluated in this study. EC-deposited matrix is
also expected to contribute to the formation of a local
gradient by sequestering growth factors and other
cytokines, increasing their local bioavailability to
proximal NPCs. NPCs cultured within 10 lm would
likely make contact with the matrix and the seques-
tered factors that pass through the pores, both of
which can modulate NPC phenotype and fate.33,56

Extended culture duration that maintains gradient
formation would be possible by exchanging the EC
monolayers and culture medium above the EC
monolayers. Alternatively, a system of tubing with an
external media reservoir could be used to circulate the
media above the EC monolayers, resulting in complete
nutrient replenishment every 24–48 h and facilitating
extended culture without disrupting the extracellular
matrix or the paracrine signaling gradients below the
transwell insert.

The most profound difference was an increase in
PSA-NCAM+ neuroblast populations among NPCs
near (~ 10 lm) the dynamically stimulated EC mono-
layer compared to statically cultured EC conditions or
to NPCs located distal (~ 1000 lm) to the dynamic
EC, a source of the cytokine gradients generating a
more heterogeneous population of SVZ cell pheno-
types. Within the niche, the type B stem cells (GFA-
P+EGFR+), transit amplifying C cells (MASH1+ or
OLIG2+ NPCs) and neuroblasts (PSA-NCAM+)
form a heterogeneous SVZ cell population, but this is
poorly recapitulated in static co-cultures where we saw

FIGURE 4. NPC differentiation is sensitive to EC phenotype
(static or dynamic) and spatiotemporal placement. EC mono-
layers cultured on a transwell membrane were subjected to
static (a, b) or dynamic (c, d) culture, while NPCs were cul-
tured below at a distance of ~ 10 lm (a, c) or ~ 1000 lm (b, d)
from the ECs. ECs were removed and NPCs were differenti-
ated for 7 days then stained for neurons (NeuN+: green),
astrocytes (GFAP+: yellow), or oligodendrocytes (O4+: red).
(e) A significant increase (p< 0.1) in neurons far from dynamic
EC cultures was observed compared to cells cultured in static
cultures at any distance from static ECs, while cells near dy-
namic ECs demonstrate an increase in neurons, however, this
is not significant compared to static paradigms. NPCs within
10 lm from static EC cultures exhibited a significant increase
in oligodendrocytes compared to NPCs cultured in dynamic
EC cultures. Data are represented as mean 6 standard devi-
ation. 50 lm scale bar.
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fewer of the OLIG2+ C cell subset and an absence of
PSA-NCAM+ neuroblasts. By incorporating a dy-
namic EC phenotype, however, neuroblast populations
began to appear within 10 lm of the ECs, this is
consistent with the distance at which most stem and
progenitor populations within the in vivo niche are
located relative to the vasculature.57,63 Conversely,
NPC phenotype was unaltered when cultured in bulk
dynamic and static EC-conditioned medium with no
discernable differences in the PSA-NCAM+ popula-
tion observed with respect to the EC phenotype.16

Within the niche, transit amplifying C cells comprise
the majority of the cells present (~ 70%) with fewer
type B stem cells (~ 10–20%) and type A neuroblasts
(10–20%)7 similar to the distribution that was evident
in dynamic co-cultures with close apposition of NPCs
to the EC monolayer. The generation of more
heterogeneous SVZ populations representative of the
in vivo distribution within 10 lm of dynamic ECs in
the in vitro model developed in this work suggests that
both the appropriate EC phenotype and proximity to
the NPCs are important for future model development.

Dynamic ECs co-cultured with NPCs for 3 days
resulted in the differential release of numerous cytokines
compared to static co-cultures leading to more neu-
roblasts and OLIG2+ cells proximal to the ECs and
more differentiated neurons farther from the ECs. The
conditioned medium collected from both the dynamic
and static co-cultures were analyzed using a cytokine
array. It is important to note that the immunomarkers
used to identify SVZ-specific progenitor phenotypes
may suggest a potential differentiated cell type, how-
ever, these markers maintain the potential to differen-
tiate into any of the three mature cell types. IGF-1 and
SHH are present in the dynamic co-cultures and would
be elevated closer to the ECmonolayers, presuming they
are the source of these factors, making them potential
candidates as IGF-1 and SHH are neuroblast
chemoattractants and can promote neural or oligoden-
drocyte differentiation in a concentration dependent
manner.24,48,51,58,66,68 Given the number of soluble fac-
tors secreted into the medium, many candidates exist
and are difficult to directly identify due to the interplay
of the molecules in the medium, the convergence of
signaling cascades, and limited research of many
inflammatory factors upon neurogenesis.

Differentiation of adult SVZ NPCs in vitro primarily
yields astrocyte cultures with few neurons, a fate dis-
tribution that was evident in our studies even in the
presence of ECs. Interestingly, neuroblasts were more
prevalent proximal to ECs in dynamic co-cultures
compared to all other culture conditions yet there were
no differences in the percentage of NeuN+ differenti-
ated neurons between NPCs cultured proximal or dis-
tant to the dynamically cultured EC monolayers.

Previous work has shown that dynamic EC-conditioned
medium can enhance neural differentiation,16 thus
achieving the same goal in the absence of nutrient
replacement or diffusion distances that are present in the
current study. This would suggest that EC phenotype
may be more influential to NPC differentiation than the
relative distance between the cells. The slightly elevated
percentage of neurons in the distant compared to
proximal NPCs cultures with dynamic ECs may be due
to the differentiation being conducted for 1 week, as
only 50–70% of the cells were positive for mature cell
markers. NeuN is an indicator of more mature neurons
relative to markers such as Tuj1, thus making NeuN a
more conservative assessment of committed neural dif-
ferentiation. Tuj1 is expressed by immature cells, such
as neuroblasts in addition to neurons, which we already
know are elevated in the proximal progenitor popula-
tions in the dynamic EC cultures.

Oligodendrocytes have not previously been obtained
from adult SVZ-derived progenitors, suggesting that
ex vivo expansion ofNPCs alters the lineage progression
seen in vivo. Lowry et al. developed an ex vivo expansion
technique utilizing static ECs cultured on transwell in-
serts with embryonicNSCs cultured on the plate bottom
(~ 1000 lm from ECs) in medium supplemented with
SHH resulting in a culture paradigm that improved
neuronal and oligodendrocyte differentiation rates after
spinal cord injury.42 In this work, NPCs co-cultured
with dynamically stimulated ECs have increased SHH
release as measured by the cytokine array and when
taken with the findings made by Lowry et al., it would
suggest increased neuronal and oligodendrocyte differ-
entiation profiles could be generated using the dynamic
co-culture model. Only neuronal differentiation was
increased in dynamic co-cultures, while oligodendrocyte
differentiation increased in static co-cultures, suggest-
ing SHH may play a role in the enhanced neurogenesis
but not oligogenesis in these models. Enhanced oligo-
dendrocyte differentiation in static EC-NPC cultures
may be attributed to increased inflammatory cytokines
such as MCP-1 (1.92-fold), TROY (25-fold) or the
presence of Gas6 (14.3-fold) in the static cultures, as
MCP-1 has been shown to promote oligodendrocyte
differentiation22 while Gas6 and TROY help to main-
tain the OPC phenotype.25,61 Interestingly, a number of
factors (amphiregulin, IL-15, DKK-1, IGF-2) that were
elevated in static EC-NPC co-cultures are known
inflammatory factors that can recruit progenitors and
enhance proliferation and differentiation after
injury.1,17,20,23,39 The limited levels of inflammatory
cytokines present in the dynamic EC-NPC co-cultures
suggest that this model may be a more accurate repli-
cation of a healthy niche, while static co-cultures may be
more representative of injured or diseased tissue with
aberrant blood flow.

DUMONT et al.126



In order to use adult NPCs as a cell mediated therapy,
ex vivo control of stem cell fate is needed. If precursor cells
committed to neural and oligodendrocyte lineages could
be enriched during expansion, then the cells may be more
likely to enhance tissue repair after injury by restoring
beneficial neuron and oligodendrocyte populations
in vivo.42 In addition to restoring lineage progression,
directingNPCdifferentiationmay allow for newly formed
neurons to bridge the injury site and reconnect to distal
targets and oligodendrocytes to encase the newly formed
neurons in protective myelin necessary for signaling.
Further population enrichment of non-astrocyte cultures
could be performed by optimizing the dynamic EC-NPC
co-culture system. Shear stress parameters (magnitude,
duration, and type) couldbemodified tooptimize cytokine
output. Treatment with of NPCs with conditioned med-
ium from either dynamic or static culturewithin the serum
free medium could eliminate NPC response to the tran-
sient increase in cytokines that occurs upon induction of
flow. The model may also expand our understanding of
regulation within the healthy, aged, or diseased niche, as
well as a platform to examine the effects of pharmaco-
logical intervention through simple modifications in the
culture or shear stress parameters to control stem cell fate.
Similar co-culture models have been used to model
atherosclerosis-prone hemodynamic culture using smooth
muscle cells and ECs to demonstrate the increase in
inflammatory markers associated with the disease,28,65

suggesting the feasibility in expanding our model to eval-
uate neuro-vascular disease parameters that are known to
impact age-associated neurodegenerative diseases.

To our knowledge, this is the first study to use
dynamically cultured EC monolayers in co-culture with
statically cultured neural progenitor cells and could be
applied to other co-culture models where paracrine sig-
naling with ECs are expected to be important. EC
monolayers cultured under shear stress is more repre-
sentative of physiological conditions sensed by the ECs
and may recapitulate the dynamic EC phenotype and
secretome compared to static cultures. More phenotypi-
cally relevant ECs through selection of mouse brain
microvascular cells and the application of fluid flow led
to profound changes within the NSC vascular niche and
will likely prove to be invaluable in other EC co-culture
paradigms, such as those with other stem cells, hepato-
cytes, islets, etc.44 This work also highlights the distance-
dependent differences that arise in paracrine signaling
between ECs and the cells they support, in this case
resulting in profound differences in progenitor phenotype
and differentiation. Techniques developed in this work
could be used to customize microenvironments of interest
by incorporating tissue-specific ECs, stimulation regime
(magnitude, flow type), and proximity to a secondary cell
type. For example in the liver, hepatocytes reside within a
vascular niche and are sensitive to the EC phenotype12

in vivo, while in vitro their proximity needs to be less than
400 lm to fibroblast feeder cells to promote survival and
function.30 Using pre-established parameters, an in vitro
model could be developed to study interactions between
ECs and hepatocytes or to screen pharmacological
agents on hepatocyte viability and functionality.
Extending this model to other systems would likely
provide many opportunities to evaluate EC-mediated
paracrine signaling in healthy or diseased models, as well
as provide a platform to test efficacy or cytotoxicity of
therapeutic agents in a model niche rather than isolated
cell types.
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