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Abstract

The effect of disturbed flow profiles on the endothelium have been studied extensively in
systemic vasculature, but less is known about the response of the blood-brain barrier (BBB) to
these flow regimes. Here we investigate the effect of disturbed flow on the integrity of the BBB
using a three-dimensional, perfusable bifurcation model consisting of a co-culture of endothelial
cells with mural and glial cells. Experimental flow patterns predicted by computational fluid
dynamics mimic in vivo flow regimes, specifically the presence of a recirculation zone
immediately downstream of the bifurcation. Dextran permeability assays and immunostaining
with markers for tight junctions show that barrier disruption is significantly greater in areas of
disturbed flow compared to fully developed regions downstream of the bifurcation. Probing
crosstalk between cell types suggests that disturbed flow causes barrier breakdown
independent of endothelial-mural and endothelial-glial interaction. Overall, disturbed flow-
induced disruption of the blood-brain barrier suggests that flow-mediated mechanisms may
contribute to vascular pathologies in the central nervous system.
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Introduction

The pathological response of the endothelium to disturbed flow has been well
documented, but less is known about its effects in the brain where endothelial cells feature tight
junctions that give rise to the blood-brain barrier (BBB) (1-3). As shown in previous studies,
disturbed flow forms primarily at the areas of arterial bifurcations due to the higher Reynolds
number of the blood flow and a tendency to separate from the wall at these locations (4, 5). The
shear stress exerted by disturbed flow is reduced in magnitude and oscillatory due to the
presence of recirculation eddies that form downstream of the separated flow (6, 7). Previous
investigations of systemic vasculature have found evidence that altered shear stress contributes
to vascular dysfunction (8, 9): endothelial cells in both the separation zone and reattachment
point exhibit modified gene expression (10-15). Furthermore, studies demonstrate that the shear
stress profile adjacent to bifurcations destabilizes cell-cell and cell-matrix adhesions (16). In the
brain, disruption of the cell-cell junctions causes breakdown of the BBB, exacerbating the
pathological effects of disturbed flow. Yet the effect of altered shear stress on BBB integrity has
not been interrogated directly.

There is growing evidence suggesting that the integrity of the BBB is sensitive to the
mechanical stress applied by blood flow. Changes in blood flow have been associated with BBB
disruption in several pathologies including dementia and Alzheimer’s (17), epilepsy (18, 19) and
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in the aftermath of ischemia/reperfusion injury (20). Moreover, in vitro studies have shown that
formation and maintenance of the blood-brain barrier in microvascular models requires
exposure to fluid shear stress (21, 22). However, the integrity of the barrier is crucial not only in
the microvasculature within the brain parenchyma, but also the larger pial and cerebral arteries
in the subarachnoid space (23). In these vessels, the BBB is exposed to higher Reynolds
numbers and therefore there is potential for disturbed flow, especially at arterial bifurcations.
Evidence that the incidences of aneurysms and endothelial dysfunction are higher at
bifurcations in cerebral arteries (24, 25) suggests that altered shear stress may disrupt the BBB
at these locations. Therefore, interrogating the response of the BBB to these flow regimes may
yield insight into the pathogenesis of vascular-related diseases in the brain.

Due to the complexity of the in vivo environment, in vitro models provide helpful tools to
investigate the effects of disturbed flow on the BBB. However, the Reynolds number of fluid
flows that separate from the wall exceeds the flow regimes that are achievable in previously
published vascular models (26, 27). Recent advances in vascular patterning have enabled the
development of in vitro models that can closely mimic in vivo geometries and
microenvironments and facilitate high Reynolds number flow regimes (28). These advances can
build upon previous BBB models that have relied on two-dimensional geometries (29, 30) or
used three-dimensional models that mimic small diameter vessels by co-culturing endothelial
cells with astrocytes or pericytes (22, 31-34). Here, both glial and mural cells are incorporated
into a co-culture model with the endothelium to approximate the vessel architecture that
experiences disturbed flow in vivo, since larger arteries exhibit a prominent mural layer that
supports the augmented pressure differences incurred by higher flow rates. An annulus of
smooth muscle cells surrounds the endothelial lumen, and the annulus itself is surrounded by
an astrocyte-seeded hydrogel, to approximate the arrangement of these cells in vivo (35, 36).
Furthermore, the vessels are patterned within a microfluidic device that is capable of applying
fluid flow with a sufficiently high Reynolds number to separate from the wall of the endothelial
lumen, yielding an experimental setup that can directly interrogate the response of the BBB to
altered shear stress.

Materials and Methods

i. Microfabrication of microfluidic devices

Polydimethylsiloxane (PDMS) microfluidic devices were manufactured by soft lithography using
a previously described protocol (22). Briefly, SU-8 2025 photoresist (MicroChem) was deposited
on a silicon wafer and exposed to a UV source through a mask with the desired geometry. The
inlet was positioned at an angle of 45 degrees to induce separated flow within the range of
Reynolds numbers appropriate for modeling arterial blood flow (Re = 50-200). PDMS was used
to cast negative and positive molds of the design and to pattern devices on 22mm x 40mm
glass cover slips. The hydrogel reservoir had dimensions of 6.5 x 6.5-mm and a height of
approximately 2-mm. Prior to adding a hydrogel to the device, the reservoir was filled with 5M
sulfuric acid, washed with distilled water, and incubated in dilute type | collagen (20 pg/mL) to
facilitate hydrogel attachment to PDMS (37). The devices were then sterilized using short
wavelength UV prior to channel seeding.

ii. Cell culture

Normal human astrocytes (NHA) (Lonza) were thawed at passage 5 and cultured for 10 days in
astrocyte growth medium (AGM) (Lonza) prior to seeding in the microfluidic device. Human
Coronary Arterial Smooth Muscle Cells (HCASMC) (Sigma) were also thawed at passage 5 and
cultured in smooth muscle growth medium (Sigma) until confluency, then passaged and
cultured in 6 well plates using smooth muscle cell differentiation medium (Sigma) for 10 days
prior to vessel fabrication. Additionally, human cerebral microvascular endothelial cells
(HCMEC/d3) received at passage 19 (gifted from Dr. Robert Nagele’s laboratory) were cultured
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and expanded on tissue culture plates coated with 1% gelatin in EGM-2 modified with CD lipid
concentrate and HEPES buffer according to a previously described protocol (38).

iii. In Vitro vessel fabrication

Supplemental Figure 1 provides a visual description of the fabrication process. Briefly, NHA
were seeded at a density of 1 million cells per mL in a 10 mg/mL collagen, 1.33 mg/mL
hyaluronan (HA) and 1 mg/mL Matrigel hydrogel formulation used in a previous study (39). After
injecting the gel directly into the reservoir, an 18-g needle coated with 0.1% Bovine Serum
Album (BSA) (Sigma) was inserted into the device through the 18-g needle guide. After waiting
20 minutes to allow for gel polymerization, the needle was pulled to create a cylindrical void,
and AGM was added through Port 1 to maintain cell viability. HCASMC were then seeded into a
10 mg/mL collagen and 1 mg/mL Matrigel composite hydrogel at a density of 1 million cells per
mL. The AGM was aspirated prior to injection of the hydrogel through Port 3, and a 20-g needle
coated in 0.1% BSA in PBS was inserted inside the void lumen using the 20-g needle guide.
The 20-g needle was then removed, leaving a final cylindrical void and surrounding annulus.
HCMEC/d3 were resuspended in EGM-2 at a density of 5 million per mL. 15 pL of the
HCMEC/d3-containing solution was injected into the channel through Port 1 and incubated for
10 minutes, yielding a seeding density of approximately 150,000 cells per cm?. This process
was repeated for an additional 10 minutes after inverting the device to assure uniform lumen
coverage throughout the channel. Silicone grease was used to close the 18-g needle guide and
Port 2. Port 2 was blocked to increase the length of the recirculation zone along the cell-seeded
channel by effectively closing the non-cell seeded branch of the bifurcation. Devices were left in
static conditions for 2 days submerged in EGM-2 to ensure cell spreading and viability prior to
exposure to flow or static conditions. A total of 29 vessels were fabricated using this method
(three for flow validation, six for proliferation assays and viability assays, five for
immunohistochemistry, and nine for permeability testing).

iv. Computational fluid dynamics

A computational fluid dynamics (CFD) model was used to predict the flow fields present in the
3D vessels patterned within the microfluidic devices. Prior to the application of flow, brightfield
images were acquired of the vessels and used to generate a SolidWorks model that was
imported into a commercial finite volume code (Star-CCM+) and discretized by a polyhedral
mesh. The maximum flow rate of the peristaltic pump used in our experiments was 4.5 mL/min,
so the maximum Reynolds number within the vessels was calculated to be 191. Thus, the flow
was laminar in its entirety and there was a sufficient entrance length between Port 1 and the
bifurcation to allow for the flow to become fully developed prior to reaching the bifurcation.
Furthermore, the Reynolds number necessitated inertial terms in the constitutive flow equation:

p(V- VD) = —Vp + uv2v (1)

where p is the fluid density (kg/m?), ¥ is the fluid velocity vector (m/s), p is the fluid pressure
(Pa), and u is the dynamic viscosity (Pa-s). Additional prism layers were defined in the mesh
along the wall boundary to ensure that the near wall effects were adequately resolved. The input
flow rate was applied as a velocity boundary condition at Port 1. The gauge pressure at the 20-g
needle guide was set to zero, since this provided the outlet for the flow. No-slip boundary
conditions were applied at the walls and at Ports 2 and 3 and the 20-g needle guide (locations
blocked with silicone grease) to set the velocity to zero at these boundaries. The simulation was
run until the solution converged using a steady-state solver.
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Disturbed flow was defined by the disruption of a parabolic velocity profile characteristic of fully
developed flow and the presence of a recirculation eddy caused by the separated flow. In the
computational simulations, the eddy occurred on the near side of the cell-seeded vessel directly
downstream of the bifurcation. The location along the wall where the wall shear stress was
equal to zero was designated as the stagnation point of the flow. The computational model
determined the flow rate that assured the location of the stagnation point was consistent for all
geometries, in order to create a reproducible flow field.

v. Micro-particle image velocimetry flow validation

Micro-particle image velocimetry (uPIV) was used to validate the CFD model for three
independent channels and to characterize the flow regimes present in these channels. Vessels
were perfused with steady state flow by a syringe pump (Kent Scientific) at the flow rates
determined by the computational model for their individual geometries. These magnitudes
ranged from 4 mL/min to 4.5 mL/min. Polyethylene microspheres labeled with Nile Red (Peak
excitation: 640nm; mean diameter 1.95 um; Spherotech Inc.) were suspended 1:500 in PBS
containing 0.1% Triton X-100 to prevent bead aggregation and illuminated and visualized with a
dual pulse Nd:YAG laser (125mJ/pulse, 15 Hz, 532 nm; Dantec Dynamics). The pulse width of
the lasers was set to 100 ns and the illumination set at a frequency of 0.1 Hz for two seconds
(20 individual velocity measurements). Particles were visualized with 10x objective on a Nikon
Ti-E inverted microscope, where the focal plane was set to the channel’s midpoint. Images were
captured using a double-frame CCD camera (FlowSense EO, Dantec Dynamics). Velocity
contours were calculated in Dynamic Studio (Dantec Dynamics) using an adaptive PIV
algorithm. Velocity contour plots were generated in MATLAB by taking the mean of the 20
velocity measurements. In order to calculate the shear stress at points along the vessel wall, a
second order polynomial was fit to the velocity in the boundary layer, and the slope of that
function at the wall was calculated.

vi. Flow control

To apply flow to vessels over a 24-hour timespan, a custom peristaltic pump system was built
using an Arduino-based control system. A peristaltic motor (Welco) was controlled by an
Arduino Uno (Arduino) and a motor board (Ada Fruit). A Sensiron flow sensor was used in-line
of the perfusion system to monitor the applied steady flow rate. System schematics are shown
in Supplemental Figure 2. The code to control the pump was written and compiled in Arduino
IDE (Arduino) using open source libraries available within the IDE (the code is available upon
request). To minimize pulsations in the system, a dampener was placed in series with the
vessel.

vii. Immunocytochemistry

Four vessels were fabricated using the previously described method. After two days in static
culture following cell-seeding, the vessels were either left in static conditions or perfused for 24
hours. Upon completion of the experiment, vessels were fixed in 4% paraformaldehyde (Alfa
Aesar) for 30 min at room temperature. Following fixation, the top layer of the microfluidic device
was separated using a razor blade, and the hydrogel was then removed from the device.
Immunofluorescence was then performed after blocking in 3% BSA for 30 minutes at room
temperature and incubating overnight at 4 C in a primary antibody for either zonula occludin-1
(Z0O1) (1:250, Cell Signaling Technology, Product 8193), claudin-5 (1:250, Invitrogen, Product
35-2500), occludin (1:250 Invitrogen, Product 71-1500), glial fibrillary acidic protein (GFAP)
(1:100, Santa Cruz, Product sc-166481), or alpha smooth muscle cell actin (1:100,
ThermoFisher, Product 41-9760-80). Gels were then washed three times with PBS for 5
minutes and incubated in the appropriate secondary antibody (1:500, Santa Cruz, assorted),
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1:500 Hoechst (Sigma), and FITC-phalloidin (Sigma, Product P5282) for 1h at 37 C. Confocal
stacks were acquired using a Nikon A-1 confocal scanning microscope.

viii. Permeability testing
Nine vessels were used to quantify the permeability of the vessels following perfusion or static
culture. At the completion of the 24-hr experiment, the microfluidic devices were placed on the
stage of an inverted epifluorescent (Nikon Ti-E) and perfused with 4 kDa FITC-dextran (Sigma)
at a flow rate of 10 yL/min using a linear syringe pump over the span of 10 minutes. This flow
rate was chosen to avoid any flow separation and assure fully developed flow throughout the
channel and to maintain consistency with previously described permeability assays (22). Images
were taken at 30-s intervals and then imported into Imaged for analysis. The permeability
coefficient was determined using the following equation (40):

dai r

PN (2)

~ 21,
Where % is the change in florescent intensity of the region of interest outside the lumen, r is the

lumen radius (472 um) and | is the maximum intensity in the lumen during the test. Permeability
was measured at three separate locations corresponding to fully developed flow, near side wall
disturbed flow (separated flow), and far side disturbed flow (impingement flow) (designated as |,
I, and IlI).

ix. Cell proliferation assays

Three additional vessels were constructed for proliferation assays, which were based in part on
a previous study (4). Briefly, vessels were perfused for 12 hours with EGM-2 using the
peristaltic pump and then exposed to 10 uM Bromodeoxyuridine (BrdU) (Alfa Aesar) for the
remaining 12 hours. Devices were then briefly washed in PBS and fixed in 4% v/iv
paraformaldehyde for 30-min at room temperature, quickly washed in PBS, and then
permeabilized with 0.2% Triton x100 in PBS for 20 min at room temperature. DNA hydrolysis
was performed by removing the hydrogels from the devices and soaking them in a solution
consisting of 4 units per mL Turbo DNAse (Thermo fisher) and 0.1 mL DNAse Buffer (Thermo
fisher) in PBS for 1 hour at 37C. Gels were washed with PBS then incubated overnight at 4 C
with 0.8 png/mL PE-labeled anti-BrdU (Biolegend) and 1% BSA in PBS. Gels were then counter
stained with 1 ug per mL Hoechst for 45 minutes at 37C. In ImageJ, thresholding was used to
isolate nuclei prior to using watershedding to isolate individual cells. The Imaged cell particle
counter was used to count the number of nuclei present at three regions of interest in both the
disturbed (at the stagnation point) and fully developed regions. In the disturbed region, n = 316-
432 Hoechst-positive nuclei were counted. In the fully developed region, n = 261-340 nuclei.

x. Viability assays

Additional vessels were fabricated for viability experiments. Viability was assessed using a
Live/Dead kit (Biotium) consisting of calcein AM (2 uM) and ethidium homodimer (4 uM).
Vessels were again incubated in static conditions for two days prior to application of flow for 24
hours (controls remained in static conditions for those 24 hours), and then removed from the
flow setup, rinsed with PBS, and incubated for 45 minutes in the staining medium prior to
imaging. ImageJ was used to calculate the number of live and dead cells in three different
regions for each vessel (three vessels were used for both flow and static conditions).

xi. LifeAct transfection

P3 HCASMC cultured in SMC growth medium (Cell Applications) were transfected with RFP
LifeAct lentivirus (lbidi) at a MOI of 2.5. Following 48 hours of incubation with the virus RFP
positive cells were selected by adding 5 mg/mL Polybrene until only transfected cells remained
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attached to the culture plate. Additionally, HCMEC/D3 cells were incubated with lentiviral
particles containing copGFP using a MOI of 1 overnight. The cells were then washed and
incubated in EGM-2 and exposed to 10 mg/mL puromycin until ~90% of adhered cells
expressed GFP. Transfected cells were then cultured and used for experiments as needed.

xii. Dynamic mechanical testing

Hydrogels with and without astrocytes were polymerized within the central reservoir of
the microfluidic devices, and then removed after two days in static culture and transferred to a
compression platen for axial dynamic mechanical testing (EZ-SX, Shiamadzu). Due to the fixed
geometry of the microfluidic reservoir, all hydrogels had dimensions of 1-cm width, 1-cm length,
and 1.6-mm height. The hydrogels were compressed at a frequency of 0.5 Hz between 0 and
15% strain in an unconfined configuration. The complex modulus was calculated by the ratio of
the maximum stress and maximum strain. The phase shift between the stress and strain
waveforms was used to determine the loss angle, and consequently the storage and loss
modulus of the hydrogels. Three samples were tested for both cellular and acellular conditions
(six total samples).

xiii. Astrocyte message level quantification

After perfusion, hydrogels were removed from the microfluidic device and cut into
regions representative of disturbed, impingement, and fully developed regions. mRNA from the
astrocytes was isolated using PicoPure RNA Isolation kits (Thermo Scientific) and reverse
transcribed to cDNA using qScript (Quantabio). Quantitative PCR was then performed with
SYBR Green reagents, with the primers given in Table 1 used to amplify targets. Tests were
conducted in triplicate for each region.

Primer Forward Sequence Reverse Sequence
NONO GTGTAGCGTCGCCGTTACTC CCTTCATTTTGGCTGCTGGC
VEGF GACATTGCTGTGCTTTGGGG AAGGGGAGCAGGAAGAGGAT
HIF1a TGGCAACCTTGGATTGGATGGA CCGTCCCTCAACCTCTCAGT
GFAP CAAAAGCACCAAAGACGGGG GAGGCTCACTCCCTGTCAAG

Table 1: Primer sequences for astrocyte qRT-PCR

Message levels were double normalized to Non-POU domain-containing octamer-binding
protein (NONO) from a collagen-only sample. Relative expression was quantified as 2°4C¢
where Cr is cycles to threshold. Data are presented as the averaged fold change of collagen/HA
gels compared to collagen only gels.

ix. Alignment quantification

Endothelial cell alignment was quantified by transforming the spatial information from the
phalloidin signal into the frequency domain using a fast Fourier transform (FFT) calculated by
ImagedJ as described in a previous publication (41). A Gaussian curve was fit to the frequency
data, and the half-width of the curve was calculated for cells exposed to fully developed and
disturbed flow. This process was repeated for three separate 100 x 100-um sections from a
single immunofluorescence image.

x. Statistical analysis

The open source statistics package, R, was used to perform all statistical calculations. Pairwise
t-tests were used to compare measurements of permeability coefficients and positive BrdU
staining. Shapiro-Wilk tests were performed prior to the t-tests, and p-values were found to be
greater than 0.05 for all datasets, verifying the normality assumption for the data. Each
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comparison was made for sample numbers greater than or equal to 3, and p < 0.05 was
considered significant.

Results
I. Fabrication  and
characterization of a 3D
in vitro model of a
cerebral bifurcation
A microfluidic olagenl < g (P
device was designed to D,
apply bifurcation flow * o
profiles to a 3D model .
of a cerebral artery, e
consisting of an
endothelial intima and a mesen 4
smooth-muscle
containing media layer
surrounded by
astrocytes. The device
schematic in Figure 1A
indicates the location of
a 944-ym diameter
endothelialized lumen Figure 1. Fabrication of a 3D cerebral bifurcation model. A) Schematic of the microfluidic
surrounded by a device showing the location of the ports and the needle guides used to create the layered
smooth muscle cell- | esested wesse, ©) Crosserien of e el o e o e
Contammg annulus with astrocytes (magenta). scale = 100 um. The arrow indicates the flow direction. C) 3D
an outer diameter of 1.2 reconstruction of vessel scale = 100 um. D) Storage moduli (i), loss moduli (ii), and phase
mm in a hydrogel angle (iii) of hydrogels seeded with and without astrocytes. (n = 3) E) Astrocytes labeled with

. DAPI (blue), phalloidin (red), and anti-GFAP (green). F) GFP-labeled endothelial cells
seeded with aStrOCyteS- (green) exhibiting ZO-1 at cell-cell junctions (red). G) a-SMA-positive smooth muscle cells.

To induce flow | Scale bars are 25umin E, F, and G.
separation, defined as a
disruption of a fully developed boundary layer, the flow inlet and cell-seeded vessel were offset
by 45 degrees. Figure 1B shows a cross-section at the midpoint of the channel after 3 days in
culture, indicating a confluent monolayer of GFP-positive endothelial cells (hCMEC/D3), an
annulus of LifeAct-RFP expressing smooth muscle cells (hRCMASMC), and an outer hydrogel of
glial fibrillary acidic protein (GFAP)-positive astrocytes (NHA). Figure 1C provides a 3D
reconstruction of the co-culture vessel, further verifying the stable stratification of the three cell
types within the model.

Preliminary flow tests in the microfluidic device revealed that astrocytes were needed
within the hydrogel to prevent collapse of channels exposed to high flow rates. Given that
previous studies have demonstrated that embedding astrocytes within collagen/hyaluronan
composite matrices affects their viscoelastic properties (42), we conducted dynamic mechanical
testing of hydrogels with and without astrocytes. The compression testing indicated that
hydrogels seeded with astrocytes featured an increased storage modulus (Fig. 1D,i), decreased
loss modulus (Fig. 1D,ii), and reduced phase angle (Fig. 1D,iii) compared to acellular controls.
This finding is consistent with our previous result that astrocytes alter the mechanical properties
of a constrained collagen/hyaluronan hydrogel by exertion of cell-generated forces on the matrix
(42). Hence, astrocytes were required in the model not only to mimic the glial cells surrounding
cerebral vasculature in vivo, but also to sustain forces exerted by high Reynolds number flow.

Immunofluorescence using cell type-specific markers verified that the three cell types
retained their phenotype after several days in the co-culture. Figure 1E shows the astrocytes
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within the outer hydrogel: the cells
attached to the extracellular matrix
and exhibited positive staining for
GFAP, a marker of astrocyte
activation. Figure 1F provides an
image of the confluent endothelial
monolayer lining the vessel lumen.
After the application of flow, the
endothelial cells exhibited localization
of zonula occuldin-1 (ZO-1) to the
cell-cell junctions, indicative of tight
junction formation. Finally, the
smooth muscle cells within the
annulus maintained their phenotype,
as evidenced by positive staining for
a-smooth muscle cell actin (a-SMA)
(Fig. 1G).

ii. Flow characterization within the
microfluidic device

A 3D computational fluid
dynamics (CFD) model was
constructed to characterize the flow
within the microfluidic device and to
determine the flow rate required to
cause flow separation along the cell-
seeded vessel. A brightfield image of
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Figure 2. Flow characterization of the bifurcation. A,i) Velocity contour
plot generated with the CFD software using a flow rate of 4 mL/min. A,ii)
A radial velocity plot in the disturbed region (purple dotted line) and A,iii)
fully developed region (purple solid line). B) Velocity contour plot within
the boxed region of panel A. C) Velocity contour plot measured with
microparticle image velocimetry and processed with a MATLAB code. D)
Velocity profile along the channel radius at x= 0.18 mm E) x= 0.33mm, F)

x= 0.55mm and, G) x= 1 mm. Error bars indicate the standard deviation

the channel geometry was imported | | iieen 20 frames.

into SolidWorks, discretized, and
meshed using a commercial CFD code (Star CCM+). The CFD model predicted flow separation
at the near wall of the cell-seeded vessel for an input flow rate of 4 mL/min (Fig. 2A,i). At this
location, the velocity profile was no longer parabolic and a recirculation eddy was present. The
flow reattached to the wall 2.2-mm downstream of the vessel inlet, as evidenced by the onset of
constant wall shear stress and a fully developed velocity profile. Radial velocity plots in the
disturbed (Fig. 2A,ii) and fully developed (Fig. 2A,iii) regions indicated the flow separation
caused by the bifurcation. A velocity contour at the bifurcation (Fig. 2B) further exhibited the
asymmetric flow profile and separation from the near wall of the cell-seeded vessel.

In order to validate the computational model, microparticle image velocimetry (uPIV) was
used to quantify the velocity profile within the vessel. Flow was applied at the 4-mL/min rate
used in the computational model, and the velocity contour was measured within the cell-seeded
vessel. As Figure 2C indicates, uPIV demonstrated a similar region of separated flow at the inlet
of the cell-seeded vessel as the computational model (Fig. 2B). At four distances from the inlet
of the cell-seeded vessel (x = 0.28 mm, 0.33 mm, 0.55 mm, and 1 mm), the velocity profiles
predicted by the computational model were compared to the measurements from the pPIV
measurements (Fig. 2D-G). The plots indicate close agreement between the predicted velocity
distributions and those measured by uPIV. For most data points, the computational value falls
within one standard deviation of the experimental measurement, with the exception of the
contour at x = 1-mm (Fig. 2G) where the computational model overestimates the velocity
measured experimentally at radial distances varying from 0.2 to 0.5-mm. A possible cause for
this discrepancy is small variations in channel geometry caused by perfusion, since the
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computational model is based on the channel geometry in static conditions. To interrogate the
effect of perfusion on channel geometry, the deformation of the channel walls was measured
during the application of 8 mL/min flow, which was the maximum flow rate applied by the pump,
and found to increase by 0.5 +/- 0.01% on average along the channel length (measured in three
locations for three separate channels). The deformed geometries were then input into the
computational model to determine its effect on predicted velocity distribution at x = 1-mm. As
Supplemental Figure 3 indicates, changes to the wall geometry caused by perfusion do not

substantially alter the f
wall shear stress along . ' R =
the channel, suggesting o =

that another factor is LT L

likely responsible for the Sagth ’;,,,_.'f"f _
discrepancy in Figure ; -

2G. Nonetheless, the

maximum velocity and . = . ; . :
asymmetry of the . mo - =l - . N
distributions were - ' P! i
consistent between | S o : +* ] _
calculated and ' N 1A
experimental data, ™ . il |

Va“datmg the accuracy Figure 3. Generalized model to account for geometric variation: A) Schematic of the

of the computational
model.

iii. Generalized model to
account for geometric

bifurcation detailing the parameters used to quantify differences in vessel geometry. B) A
brightfield image indicating the location of these parameters in a sample vessel. C) Wall
shear stress profiles generated with CFD for three different geometries and flow rates
varying from 4-4.5mL/min. D-F) comparison plots between the experimental and measured
wall shear stress (WSS) profiles along a 1.2-mm length of the near wall of the disturbed
region for geometries 1,2 and 3. Error bars indicate the standard deviation of 20
measurements.

variation

Having demonstrated the efficacy of the computational model to predict velocity
distributions within the device, additional work was conducted to assure that reproducible flow
profiles could be applied to multiple channels despite small differences in channel geometry
caused by the placement of needles within the hydrogel. Therefore, in order to create a
repeatable system for cell studies, an approach was developed to normalize the flow fields for
varying geometries. Specifically, the computational model was used to determine the flow rate
required to fix the location of the flow stagnation point (where wall shear stress was equal to
zero on the near side wall) at the same distance from the inlet regardless of the channel
geometry. Four parameters were used to describe the channel geometry prior to application of
flow, depicted in Figures 3A and 3B. These parameters provided insight into the position of the
hydrogel within the microfluidic device in order to account for slight differences in the placement
and orientation of the cell-seeded vessels. Parameters A and B indicated the extent to which the
channel was centered within the device, and Parameters C and D described the lateral
placement of the hydrogel. Table 2 summarizes the values of these four parameters for three
different channel geometries (Geometry 1, Geometry 2, and Geometry 3).

Geometry Parameter A Parameter B Parameter C Parameter D
(mm) (mm) (mm) (mm)
1 0.38 0.31 0 0
2 0.40 0.30 0 0
3 0.47 0.24 0.1 0

Table 2: Geometry parameterization of the channels
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For the three geometries, the average and standard deviation of the stagnation point
was predicted to occur at 0.543 mm +/- 0.029 mm and the length of the disturbed region was
217 mm +/- 0.44 mm for flow rates varying from 4 to 4.5 mL/min. The predicted shear profiles
along the near-side wall of the vessel are shown in Figure 3C. Due to the changes in flow rate,
the average shear stress among the three geometries in the fully developed region downstream
of the bifurcation was 0.835 Pa +/- 0.056 Pa, which is consistent with physiological levels for the
middle cerebral artery (43). uPIV was used to validate the shear stress profiles for the three
geometries along a 1.2-mm-length of the channel adjacent to the bifurcation on the near wall
(Figs. 3D-F). The plots show close agreement between the predicted shear stress distributions
and those measured by uPIV. Importantly, the distributions all indicate substantial recirculation
zones and a similar stagnation point for all three geometries. These results verify that the
stagnation point of the flow can be fixed regardless of small changes to vessel geometry,

allowing for a reproducible flow
environment for studying the endothelial
response in multiple samples.

iv. Effects of disturbed fluid flow on
endothelial ~ tight  junctions and
morphology

Having demonstrated that disturbed flow
could reproducibly be applied to the
vessels despite inconsistencies in
channel geometry, experiments were
conducted to assess the effect of
disturbed flow on the integrity of tight
junctions  within  the  endothelial

monolayer. In vitro vessels were either | D E

. 4010 !
exposed to flow for 24-h with flow rates e Fully develaped e
that caused flow separation at the AT W Cistubed Widihat 100

half height g5
by}

location of the bifurcation, or cultured in

&0
static conditions as an additional ho *
control. Imaging of the monolayer - 0
exposed to static conditions revealed T geisey e evehopes
that ZO-1 was not fully localized to cell- | Figure 4. Effects of disturbed flow on endothelial cells tight junctions:

i i i i A-C) Composite images of ZO-1 (red), DAPI (blue), and phalloidin
cell junC.’[IOI’\S (Flg' A, “)' In contrast, (green) (i) and with ZO-1 isolated (ii) of the endothelial cells along the
endothelial cells exposed to fu”y near side wall in static conditions (A) and in perfused channels at the

developed flow exhibited Z0-1 fully developed (B) and stagnation point of the disturbed region (C).

; ; _ ; ; ; Scale for A-C: 25 ym D) Gaussian distribution of the actin fibers fitted
localization to the cell-cell JunCtlonS (Flg' to results of FFT analysis. E) Width at half height of the distributions

4B,i-ii). In the disturbed region, images | for disturbed and fully developed regions. * p < 0.05.
of the endothelium at the stagnation

point indicated a disorganized

monolayer with substantially less ZO-1 staining at the junctions (Fig. 4C,i-ii). FFT analysis
suggested that the cells in the fully developed region were significantly more aligned in the
direction of flow than cells in the disturbed region (Fig. 4D-E). To provide further evidence of
tight junction formation and disruption in these different regions, vessels were also treated with
antibodies for claudin-5 and occludin, two additional markers for the tight junctions characteristic
of the BBB. These images are provided in Supplementary Figure 4.

v. Effects of disturbed fluid flow on endothelial cell proliferation and viability

As shown in Figure 4, the endothelium in the disturbed region appeared to have a higher
cell density than the region in the fully developed region downstream of the bifurcation. To
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determine whether disturbed flow augmented proliferation in the disturbed region, a BrdU assay

was conducted to compare the number of
cells in S-phase between the disturbed
and fully developed regions. Based on

channel geometries, flow rates were
chosen to match the wall shear stress
distributions used in the
immunofluorescence and permeability

assays and applied for 24-h. After 12-h,
BrdU was added into the perfusing
medium. Imaging of the fully developed
region showed few BrdU-positive nuclei
(Fig. 5A) In contrast, the disturbed region
(Fig. 5A) exhibited an increased number
of BrdU-positive nuclei (and higher
number of nuclei overall) at the location of
the stagnation point of the near wall (Fig.
5B). Quantification of the disturbed and
fully developed regions indicated a
significant increase in the number of
BrdU-positive cells. In the disturbed
region: 65% of cells were in S-phase
compared to only 3% in the fully
developed region (Fig. 5C). This result is
consistent with previous studies that found

Fuilly dirwidoped

Bl

Fully  Dvturbed
derveloped
ML

Stanic Fully developed  Disturibed
Seatic  Fully Dwiturbed

“ developed

Figure 5. Effects of disturbed flow on endothelial cell proliferation
and viability: A-B) DAPI (i) and BrdU (ii) staining of the endothelial
lumen for fully developed (A) and disturbed (at the stagnation
point of the near wall) (B) regions. Scale bars = 25um. C) Percent
of BrdU-positive nuclei (n=3). *indicates p < 0.05. D) Live (green) /
Dead (red) assay for cells exposed to static (i), fully developed (ii),
and disturbed (iii) flow. Scale bars = 100 um. E) Quantification of
Live/Dead assay for three different vessels for each condition (n =

3). N.S indicates no significant difference.

increased endothelial proliferation is
associated with barrier breakdown (44).

To verify that endothelial cell viability was not affected by the different flow regimes, a
Live/Dead assay was conducted for static, disturbed, and fully developed conditions. Across all
conditions, the viability exceeded 92% regardless of the shear stress exerted on the
endothelium. Furthermore, there were no significant differences in the amount of viable cells
between static (Fig. 5D,i), fully developed (Fig. 5D,ii), and disturbed (Fig. 5D,iii). Figure S5E
provides a summary of the quantified data, indicating no significant difference in viability
between the different flow regimes. These results indicate that although cells in the disturbed
region proliferated at a higher rate, they remained viable during the flow experiments.

vi. Quantification of vessel permeability and endothelial-mural/endothelial-glial interaction

Permeability testing provided a quantitative means to assess the integrity of the barrier in
response to varying flow regimes. Devices were perfused with dextran to quantify barrier
integrity after 24-h of perfusion. The permeability coefficient was measured at the fully
developed region downstream of the bifurcation (1) and at the near wall (where flow separates)
(1) and far wall (lll) adjacent to the bifurcation in the area of disturbed flow. Figure 6A provides
an image of a vessel being perfused with dextran to assess barrier permeability and denotes the
three regions where the permeability was measured. Figure 6B indicates that the permeability is
significantly higher in not only the near wall of the disturbed region (lI) compared to the fully
developed region (l), but also at the far wall of the disturbed region (lll). At this location, the
vessel wall experiences impingement flow: the shear stress was elevated compared to other
regions of the vessel (1.4 Pa +/- 0.22 Pa) and the shear varied along the axial direction of the
vessel. This result supports previous studies linking impingement flow (45) and high shear
stress (46) to vascular dysfunction in the brain. In order to verify that the increased dextran
transport adjacent to the bifurcation was not due to leakage from the side of the hydrogel, the
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gradient of fluorescence intensity was graphed in both the axial and radial direction for the
disturbed region. Supplementary Figure 5 indicates that the fluorescence intensity gradient
along the axial direction is relatively constant compared to the radial direction, suggesting that
the transport of dextran into
the surrounding hydrogel is
primarily through the cells | A B

exposed to disturbed flow. 12
[T
104 emas | .
. .
. 1N I

15

Overall, these permeability
tests verify the results of the
tight junction staining that
suggest disturbed flow

H H H i 1 Slatic
disrupts barrier function. C [ P———
10 HE. L L L
In order to probe 2 20
endothelial-mural  crosstalk, | ¢

permeability tests were | ool s
repeated on vessels with

smooth muscle cells removed
from the annulus. Given the
effect of mural cells on

regmatl_or_] of vascglar tone Figure 6: Effect of disturbed flow on vessel permeability and smooth muscle cell
(47), lipid absorption (48), | and astrocyte interaction. A) An image of dextran perfusion indicating the location
and small GTPase signaling of IrIJe(rmeabiIitydn;leas)urﬁIr;1e|5'1.tst: Ig) quIIy dﬁ}vel;)ped.,dll) Diﬁtlzrbeq on thetnf?ar)sicée;
b . wall (separated flow), isturbed on the far side wall (impingement flow).

within endothelial Ce”S_ (49)’ Quantification of the permeability constant at these three regions and a static
these experlments control. (n = 3) C) Quantification of permeability coefficients for vessels lacking
interrogated whether smooth smooth muscle cell incorporation. (n = 3) D) A representative image of smooth

| Il | infl muscle cell orientation along the endothelialized vessel. E) Relative gene
muscle cells also influenced expression of GFAP, HIF1alpha, and VEGF of astrocytes isolated from regions
the response of the BBB to | adjacent to endothelial cells exposed to fully developed (1), disturbed (I1), impinged
altered shear stress Figure flow (Ill), and static conditions. (n = 3) * indicates p < 0.05. N.S indicates no

: significant difference

o
05
L]
| i

Fally chewrloped Déinurbed
+ - + = L Sntic

3
4
1
L]
SMC

6C indicates that the absence
of smooth muscle cells did
not cause a significant effect in the permeability of the endothelium in the disturbed and fully
developed regions. Additional imaging experiments were conducted to determine if the spatial
organization of the smooth muscle cells varied along the vessel (Fig. 6D). Quantification of the
distance between smooth muscle cell nuclei and the endothelial lumen indicated no significant
difference between disturbed and fully developed regions.

Astrocytes in regions adjacent to the three flow regimes (I: fully developed, II: disturbed,
and lll: impinged) were isolated and lysed following application of flow to determine whether
glial cells mediated barrier disruption by undergoing activation or increasing gene expression of
paracrine factors known to cause barrier breakdown. Although gene expression does not
elucidate the underlying mechanisms regulating the response of astrocytes to their
environmental factors, this assay provides insight into whether the flow regime affected the
astrocyte cell response. Message level quantification indicated no significant difference in the
production of GFAP, which is indicative of glial activation, or in the production of paracrine
factors VEGF and HIF1a, which are known to modulate vascular integrity and function. These
results verified that astrocytes surrounding the endothelium exposed to different flow regimes
did not affect barrier integrity by altering their gene expression.

Discussion
The results presented here contribute to the growing evidence that fluid shear stress
modulates the integrity of the BBB. Whereas a previous study from one of our groups
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demonstrated the protective effects of low levels of shear on the BBB (22), here, our findings
indicate that shear stress altered by disturbed flow has the opposite effect. Endothelial cells
within the region of separated flow exhibit altered morphology, increased permeability, and
higher proliferation rates compared to cells in the fully developed flow region downstream of the
bifurcation. Although previous studies have identified similar consequences of disturbed flow in
other parts of the body (50), the current findings show that vasculature in the brain is also
impacted by the altered shear stress exerted by separated flow. Because the barrier function of
brain vasculature is more vital than vasculature in other regions of the body due to the
inflammation caused by the leakage of plasma components into the brain parenchyma, these
results underscore the impact of disturbed blood flow in the brain. Additionally, given that recent
studies (51, 52) have found transcellular breakdown precedes the paracellular transport
measured here, the effect of disturbed flow on the barrier may be even more pronounced than
our experiments indicate.

The results also demonstrate that the cerebral bifurcation model provides a robust
platform to study the response of brain vasculature to complex fluid mechanics. Unlike previous
in vitro models designed to exert disturbed flow on endothelial cells, the current model
preserves the three-dimensionality of the in vivo environment and incorporates both mural and
glial cells in the surrounding hydrogel. Although our results suggest that smooth muscle cells
and astrocytes do not modulate the endothelial response to disturbed flow, these findings do not
contradict previous findings on the importance of endothelial-mural and endothelial-glial
crosstalk. Rather, the results indicate that the endothelium modulates tight junction integrity in
response to fluid shear stress independent of other cell types, which is consistent with a
previous finding that cerebral endothelial cells exposed to shear stress form tight junctions in the
absence of astrocytes (22). Although the model mimics certain aspects of in vivo vasculature
that have yet to be incorporated in vitro, it does not fully recreate the in vivo microenvironment
and focuses on a rather short (24-hour) time frame. There are differences in both the ECM
content (brain tissue contains minimal fibrillar collagen type 1) and a lack of cell types including
microglia, pericytes, and macrophages that could affect the specific range and magnitude of
shear stress that causes barrier breakdown in vivo. Furthermore, the current microfluidic device
exhibits a fixed bifurcation geometry, since the inlet is offset by 45 degrees, and thus cannot
mimic the variability present in cerebral bifurcations. Therefore, future work is required to
determine whether barrier function is generally reduced adjacent to bifurcations in the brain or
additional factors known to exacerbate the effects of disturbed flow in systemic vasculature (53)
also exert the same effect on the blood-brain barrier.

However, despite these differences with in vivo vasculature, a particular advantage of
this in vitro model is the use of CFD and uPIV to predict and validate the complex flow fields
generated in the device. These methods are vital to assuring consistency between the varying
channels, since the fabrication of the cell-seeded hydrogels results in small differences in
geometries that affect the flow field. All the geometries tested exhibit a substantial length of flow
separation (~ 2 mm) and a region of recirculating flow. Given the 944-um diameter of the vessel
and a cell density measured in the BrdU assay of 182,430 cells/cm? +/- 30,230 cell/cm? on the
near side of the vessel in the disturbed region, approximately 12,000 cells were exposed to
separated flow, a sufficient number to conduct future gene and protein expression studies. One
potential target for future studies is the effect of disturbed flow on the formation of cerebral
aneurysms. Previous studies have demonstrated that most cerebral aneurysms occur at or near
arterial bifurcations (24). These locations are most susceptible to the formation of recirculation
eddies and separated flow, due to their geometry and the higher Reynolds number of the flow.
The increased incidence at bifurcations is readily apparent in the middle cerebral artery: a
previous study found that 96/100 middle cerebral artery aneurysms occurred at bifurcations or
trifurcations (54). Moreover, factors associated with BBB disruption, specifically MMP9, are also
connected with the formation of cerebral aneurysms (55), further linking barrier breakdown to
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aneurysms. In addition to aneurysm formation, disturbed flow could also contribute to other
vascular dysfunction: a recent study of the effects of inhaled anesthetics on BBB breakdown
found that endothelial damage was localized to vascular bifurcations (25). Overall, the
bifurcation model provides a means to interrogate the role of disturbed flow in the formation and
progression of these pathologies.
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