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Abstract—Fluid shear stress has been implicated as a
regulator of sprouting angiogenesis. However, whether
endothelial cells within capillary sprouts in vivo experience
physiologically relevant shear stresses remains unclear. The
objective of our study is to estimate the shear stress
distribution along the length of a capillary sprout through
computational modeling of blood flow in a blind-ended
channel branching off a host vessel. In this model, we use
sprout geometries typical for the rat mesenteric microvascu-
lature and consider three types of boundary conditions: (1) a
non-permeable vessel wall, (2) a uniformly permeable vessel
wall, and (3) a non-permeable vessel wall with open slots
(representative of endothelial clefts). Our numerical simula-
tion predicts that for each boundary condition a local
maximum shear stress (13.9, 8.9, and 13.3 dyne cm 2,
respectively) occurs at the entrance of a 50 um long, 6 um
diameter sprout branching at 90° off of a 11 um diameter
host vessel. The shear stress dropped below 0.2 dyne cm ™2, a
threshold for endothelial cell activation, within 4.1 um of the
entrance for the non-permeable wall case and 4.2 um for the
uniformly permeable wall case. Shear stress magnitudes
within the sprout were above 0.2 dyne cm 2 for longer
sprout scenarios and peaked at 5.9 dyne cm ™2 at endothelial
cell clefts. These results provide a first estimate of relative
fluid shear stress magnitudes along a capillary sprout and
highlight the importance of investigating endothelial cell
responses to flow conditions during angiogenesis in tumors
and other altered microenvironments.

Keywords—Microcirculation, Angiogenesis, Endothelial cell,
Shear stress, Capillary sprout, Computational fluid dynamics.

INTRODUCTION

Therapies aimed at manipulating microvascular
growth require a full understanding of the cellular
dynamics and environmental cues present during the
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formation of new capillaries from pre-existing vessels,
termed angiogenesis. One potentially important signal
in this process is fluid shear stress, which is present
along the hierarchy of a microvascular network and
has been implicated in vascular permeability, vessel
enlargement, growth factor secretion, endothelial cell
phenotypic regulation and the pathogenesis of ath-
erosclerosis.®”?!3 Increased shear stress has also been
linked directly to angiogenesis by in vivo experiments
demonstrating the increased number of capillaries in
response to vasodilation.”? While in vitro experiments
have linked shear stress and shear stress gradients to
endothelial cell proliferation,’**® migration,'® cyto-
skeleton reorganization,16 cell-matrix adhesion,’ and
soluble factor production,*** their direct involvement
in endothelial cell dynamics along a capillary sprout
remains unclear.

Specific endothelial cell phenotypes and functions
along capillary sprouts highlight the need to determine
local environmental cues involved in angiogenesis. For
example, tip cells have been identified vs. stalk cells."®
Tip cells, which exist beyond the lumen of blind-ended
vessels, play a role in sprout guidance and are pheno-
typically different than stalk cells, which are associated
with the sprout’s fluid filled lumen and contribute to
cell proliferation and sprout elongation. The observa-
tion of fluid flow within blind-ended capillary sprouts'®
raises the question whether cells along the capillary
sprout experience different shear stress magnitudes.

Given the experimental difficulty of observing
velocity profiles at the micron and sub micron level
in vivo, computational fluid dynamics (CFD) models
have provided valuable information about local flow
conditions in capillaries. Classical studies by Skalak
et al. have evaluated the influence of rigid and elastic
spheres on local flow in a straight tube.***”*® Work by
Secomb et al. has investigated the deformation of red
blood cells during flow along cylindrical vessels®® at
bifurcations.” Most recently, Xiong and Zhang have
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determined the shear stress distribution along a non-
permeable tube from the numerical simulation of
deformable red blood cells flowing in narrow capil-
laries.” These studies support the use of similar
theoretical approaches to determine shear stress mag-
nitudes within a capillary sprout.

Since the issue of whether endothelial cells experi-
ence physiological shear stress stimuli during angio-
genesis has not yet been addressed, the objective of our
study was to estimate the distribution of shear stresses
along the length of a capillary sprout. Using a three-
dimensional (3D) finite volume method, we determined
the velocity profile and shear stress distribution in
blind-ended channels with physiologically relevant
geometries branching from a host vessel. Based on
simulations including wall permeability and the pass-
ing of a red blood cell by the sprout entrance, our
analysis offers the first estimation of the wall shear
stress (WSS) distribution during the initial stages of
angiogenesis.

MATERIALS AND METHODS

Identification of Capillary Sprout Lumens

All experimental protocols were reviewed and
approved by the Tulane University Animal Use and
Care Committee. Adult male Wistar rats (n = 2; 340—
360 g) were anesthetized with IM injection of ketamine
(80 mg/kg bw) and xylazine (8 mg/kg bw). A bolus of
2 mL of fixable 40 kDa FITC-dextran (12.5 mg/mL,
Invitrogen) was injected via the femoral vein in each
rat (n = 2). Following the injection, the animals were

sacrificed, and the mesenteric tissue was fixed in situ
with 4% paraformaldahyde for 30 min. Mesenteric
windows, defined as the thin translucent connective
tissues between the mesenteric arterial/venous vessels
feeding the bowel, were blindly harvested from the
ileum section of the small intestine. The tissues were
immediately placed in 10 mM phosphate buffered
saline (PBS), and then mounted on positively charged
glass slides. The rat mesentery was selected for this
study because it allows for observation of capillary
sprout geometries in an intact microvascular network.
Tissues from each animal were labeled with an anti-
body against PECAM (CD31; BD Pharmingen)
according to the following protocol: (1) one hour
incubation at room temperature with 1:40 mouse
monoclonal biotinylated CD31 (Serotec) antibody
diluted in antibody buffer (0.1% Saponin in PBS +
2% BSA); (2) one hour incubation at room temperature
with CY3-conjugated Streptavidin (Jackson Immuno-
Research Laboratories) antibody diluted in antibody
buffer.

Images were captured with a 20x (Oil; NA = 0.8)
or a 60x (Oil; NA = 1.4) inverted microscope (Olym-
pus IX70) objective coupled with a PixelFly camera.
The network montage (shown in Fig. la) was gener-
ated by overlaying sequential images using custom
software. Capillary sprouts were defined as blind-
ended vessels visualized by PECAM labeling. After
sprouts were identified, individual 20x images of
FITC-dextran were acquired. Sprout length, sprout
diameter, host vessel diameter, and sprout angle from
the host vessel were measured on images of FITC-
dextran filled lumens using the Java-based NIH image
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FIGURE 1. Identification of capillary sprout lumens with injected fixable 40 kDa FITC-dextran (green) in rat mesenteric micro-
vascular networks immunolabeled for PECAM (red). (a) Representative montage of an unstimulated microvascular network region.
Dextran injections identified the lumens of arterioles (A), venules (V), capillaries (c) and capillary sprouts (arrows). (b) FITC-dextran
identifies sprout (arrow) lumen geometry branching from a host vessel. (c) A capillary sprout with PECAM expression extending
past the dextran filled lumen (green). Scale bars = 100 um (a), 25 um (b) and 10 um (c).
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processing software Image] (version 1.43u, down-
loaded from http://rsbweb.nih.gov/ij/). 121 sprout
lumens, from 9 tissues (at least 4 tissues per animal)
were measured. Sprout length was measured down the
centerline of fluorescent dextran. Sprout and host
vessel diameters were measured at least twice to verify
their lengths. Branching angles were measured from
the centerline of the host vessel to centerline of the
sprout lumen.
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FIGURE 2. Histograms of measured sprouting vessel length
and branching angles. (a) Sprout lengths from adult rat mes-
entery networks were skewed right from the mean of
220 = 170.3 um. (b) The branching angles of measured
sprouts were normally distributed around the mean of angle
93 + 27.6°.

Fixable 40 kDa FITC-dextran injection identified
lumens of PECAM positive vessels along the hierarchy
of microvascular networks in adult male rat mesentery,
including blind-ended lumens along capillary sprouts
(Fig. 1). Along 121/121 sprouts, PECAM positive
endothelial cells extended past the dextran labeled
blind-ended lumen (Fig. 1). As an indication of the
heterogeneity in sprout lumen geometries, FITC-
dextran positive lumens along capillary sprouts ranged
in length from 7.7 to 1115.4 um and sprout angle off a
host vessel ranged from 28.97 to 158.55° (Fig. 2). The
average sprout lumen length was 220.0 + 170.3 um.
The average sprout lumen diameter was 5.9 + 2.0 um.
The average host vessel diameter was 10.8 + 4.8 um,
and the average sprout angle off host vessel was 93.0 +
27.6° (Table 1).

Capillary Sprout Models

The fluid velocity and shear stress distribution were
computed in a blind-ended channel originating from a
host vessel for three types of boundary conditions:
non-permeable vessel wall (model 1), uniformly per-
meable vessel wall (model 2), and non-permeable vessel
wall with open slots (model 3). For model 1, the walls
of the host and blind-ended vessels were defined to be
solid, thus ensuring that the flow rates at the inlet and
outlet of the host vessel were equal. For model 2, the
walls of the host and blind-ended vessels were defined
as thin porous layers. In this model, the effective
transmural outflow was uniformly distributed along
the host and blind-ended vessel walls. By conservation
of mass, the flow rate at the outlet of the host vessel
was smaller than the flow rate at the inlet. Model 3 is a
combination of models 1 and 2 and accounts for
effective transmural outflow at specific locations, such
as endothelial clefts. Here, the walls of the host and
blind-ended vessels were defined as non-permeable

TABLE 1. Measured sprout lumen characteristics and dimensions of the geometries used in each simulation.

Ds (um) Dy, (um) Ls (um) 0 (°) Ly (um)
Mean 594 2.0 10.8 + 4.8 220.0 + 170.3 93.0 + 27.6 -
Minimum 1.5 3.7 7.7 29.0 -
Maximum 10.9 34.4 1115.4 158.6 -
Simulation 6 11 50 90 200

Sprout length, sprout diameter, host vessel diameter, and sprout angle from the host vessel were measured on images of
FITC-dextran filled lumen using Imaged software. The dimensions used for the simulations were determined from the
measured sprout lumen characteristics. The mean sprout (Ds) and host vessel (Dy) diameters were rounded to 6 um and
11 um. 90° was chosen to represent the mean of measured angles from the host vessel. 50 um was chosen as the sprout
length used for simulations to represent a sprout early in angiogenesis. 400 um was chosen for the long sprout case as
approximately one standard deviation above the mean. The angled sprout case was approximately the minimum acute angle

observed. Means are shown =+ standard deviation.
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except at discrete open slot regions characteristic of
finite thickness porous zones.

Fluid outflow in porous regions was assumed to
obey Darcy’s law:

Ap = EyAm (1)
o

where Ap is the pressure drop across the wall; v and u
are the velocity and viscosity of the fluid; Am repre-
sents the thickness of a porous zone; and o is the
permeability coefficient of the porous medium, mea-
sured in m* Given that hydraulic conductance L, is
defined as,

v
Ly = _ATJ (2)

the following relationship between o« and L, can be
deduced:

o = pAmL, (3)

Consequently, either L, or o characterizes the
transmural outflow through vessel walls.

L, was set to 0.018 um s ! mmHg ™! (=1.35 x
107" m s=' Pa~'), which matches mean filtration coef-
ficient measurements along capillaries in cat mesen-
tery.'”> The thickness of the membrane, Am, was
assumed to be 0.3 um and the viscosity, u, of plasma in
the capillary was assumed to be 0.0012 Pa s. Based on
these values and Eq. (3), « equaled 4.87 x 1072° m? for
the runs of model 2. The permeability coefficient in
open slots for model 3 was determined by matching the
rate of fluid leakage through the slots with the total
transmural outflow through the host and blind-ended
vessel segments in model 2. Slots with a thickness of
0.5 yum were positioned 50 um upstream and down-
stream of the sprout entrance and half way to the
sprout blind end.

The 3D geometries were constructed using ANSYS
ICEMCFD 10.0 (ANSYS, Inc., Canonsburg, PA).
Both the sprout and the host vessel were modeled as
straight tubes with dimensions representative of cap-
illary sprout geometries measured from rat mesenteric
microvascular networks (Table 1). Table 1 also indi-
cates the geometric values selected for the simulations.
For this study, our focus was to determine the shear
stress distribution along the length of capillary sprout
during the initial capillary sprouting process. We
selected Ly = 50 um as the sprout length since this
value was representative of an initial or minimum
length observed for sprouts with lumens (Fig. 2). In
order to examine the influence of sprout angle 6 and
sprout length, additional simulations were run for the
uniform permeability model with a sprout angle of 30°
and a sprout length of 400 um, respectively. In these
simulations all other model parameters remained the

same: host vessel length, L = 200 ym, host vessel
diameter, D, = 11 um, and sprout diameter, D; = 6 um.

For all simulations, the computational domain was
filled with unstructured hybrid meshes (combined with
hexahedral and tetrahedral meshes) (Fig. 3). The total
number of grid cells used per simulation was approx-
imately 558,112. Four grid layers were assigned to
porous zones (Fig. 3. Model 2-b, c), while eight grid
layers were used for permeable slots (Fig. 3. Model
3-b). Additional grid cells were used in the slotted
regions compared to the porous zones because of an
increased velocity gradient due to the matched total
out-flux constraint. In order to justify the number of
grid cells used in our study, we conducted a mesh
independence test. We compared the WSS data for the
selected mesh density with the data from coarse and
fine mesh simulations (grid cell numbers are 132,644
and 2,828,808, respectively). As seen in Fig. 4, there is
a close agreement in the simulation data between the
selected and fine mesh densities (5% error), excluding
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FIGURE 3. Representative geometry and local magnified
mesh schemes per vessel wall model type for a 50 um long,
6 um diameter sprout branching at 90° from an 11 ym diam-
eter host vessel.
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FIGURE 4. Mesh independence study of wall shear stress on
a uniformly permeable blind-ended channel along the axis of
the host vessel. 558,112 cells were used for the remaining
simulations, and maintained an average error less than 5%
from simulations run with 2,828,808 cells, except at flow
separation points. Flow separation points are represented by
local shear stress minimums, and occur below physiologi-
cally relevant shear stress levels.

stagnation-point flow regions shown in the WSS plot
as sudden depressions. The use of the coarse mesh

the following 3D steady-state Navier-Stokes equations
were used as the governing equations.

Mass: V-V=0 4)

Momentum: pV-VV =—Vp+uV>V (5)

All simulations were run using ANSYS Fluent 12.0
(ANSYS, Inc., Canonsburg, PA). For two permeable
models, the outside surfaces of the porous layer and
the slots were defined as pressure outlet boundaries
with a static pressure equal to zero. The governing
equations (Egs. (4) and (5)) were solved with the above
boundary conditions in Fluent with the SIMPLE
method. The computation was carried on a Dell Pre-
cision T3500 workstation (Dell Inc. Round Rock, TX)
with a Xeon Quad-CPU@2.6 GHz and 6 GB RAM
under 64-bit Windows XP (Microsoft Corp. Redmond,
WA). Double precision data type was used and the
computational runs were performed with 4 parallel
processes. Each simulation lasted 2-2.5 h for all the
residuals to be less than 10~ '2. The WSS was defined as
the magnitude of the wall shear stress vector t,,, which
is the product of the shear stress tensor t and the
normal vector of the wall surface n,

The wall shear stress gradient (WSSG) was calcu-
lated as follows:

WSS = |jt,|| = |lt-n|| = \/(Txxl’lx + Ty, + ‘cxznz)z—k(‘cyxnx + 10, + Tyznz)z—k(rzxnx + 10, + T:an)z (6)

leads to 20% error in the WSS calculation. We con-
sidered the absolute value of the shear stress at the
vessel wall, i.e., WSS is non-negative everywhere and
equal to zero only at stagnation points. Sudden
depressions in the WSS vs. sprout depth curves indi-
cate the location of stagnation planes that separate two
neighboring flow vortices in a sprout.

For all cases, the velocity profile imposed at the inlet
boundary is Poiseuillian with an average fluid velocity
U equal to 1 mm/s, which is in the range of previously
observed mean velocities of blood in capillary seg-
ments.?” At the outlet of the host vessel, we imposed a
uniform static pressure of 10 mmHg. For this study,
we considered the flow of either a cell free solution
(blood plasma) or a solution containing a single rigid
red blood cell (RBC) of biconcave shape. Blood plas-
ma was modeled as an incompressible Newtonian fluid
with density, p, equal to 1050 kg/m* and shear vis-
cosity, u, equal to 0.0012 Pa s (1.2 cp). The flow field is
laminar because the Reynolds number for blood flow
in capillaries is very low. Based on these assumptions,

or\*  (or\*  (or)?
WSSG = ||V, = \/(&) +<8_y> +(5> 7

in which

D:D
t=||t|| = my/ 5 and D =Vv+ (Wv)"  (8)

In order to investigate the RBC influence on the
shear stress distribution along a permeable capillary
sprout, we used Fluent’s Dynamic Mesh Method to
incorporate a single RBC into Model 2. The cell with
its center of mass located on the centerline of the host
vessel was passed by the sprout entrance. The Dynamic
Mesh Method consisted of two steps:

1. Determination of the RBC speed with the Six
Degree of Freedom (6DOF) model [ANSYS
Inc., ANSYS FLUENT 12.0. User’s Guide,
2009): The RBC was located initially in the host
vessel 30 um away from the sprout in the
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upstream direction, while plasma flowed around
it. Then, the RBC was released and allowed to
move downstream under the hydrodynamic
force imposed by the plasma flow. At each time
step, the force and moment applied to the RBC
was calculated and then substituted into the
linear and angular momentum equations to find
the translational and angular accelerations of
the cell. For a time step of 107® s, the RBC
reached a constant translational speed within
approximately 3 x 107 %s.

2. Simulation of the RBC motion using the value
of the translational speed determined in Step 1:
The cell was then given a constant axial
velocity and passed along the host vessel. The
time step for this simulation was set to 107> s
and the data was saved every 100 time steps for
further analysis.

In this study, the RBC was modeled as a rigid axi-
symmetric body of revolution (the axis of revolution
coincides with the centerline) which biconcave shape
was described according to the formula proposed by

Evans and Fung'”:
D(r)_1 r\? Cof r\* Cif r\*
Co <R0) G <R0> G (Ro)

Here r is the radial coordinate (distance from the cell
center to a specific point on the plane of revolution), D
is the RBC thickness that depends on the radial coor-
dinate, Ry = 4 um is the RBC radius (maximum value
of r), Co = 1 pum is the minimum thickness of the RBC
(at r=0), and C, = 7.7 yum and C4 = —5.0 um are
nonlinear shape parameters of the RBC.

To estimate the influence of the RBC trapped in a
sprout on the local shear stress distribution, we have
performed an additional simulation in which the plugged
RBC was located halfway along the sprout. The shape of
the plugged RBC was assumed to be an ellipsoid with
radii in the cross section of the sprout r; = r, = 3 um.
The longest radius of the ellipsoid (along the sprout) was
determined from the conservation of volume:

(7)

r— VrBC :3fOR0 ZEVD(V)dV
3 41"17‘2/3 4 2

Tsprout

(®)

From Egs. (7) and (8) it follows that r; = 2.61 um.

RESULTS

Capillary Sprout Models: Plasma Only Flow

Based on the identification of capillary sprout
lumens and their geometric characteristics in the rat

mesenteric microvascular networks, fluid velocity
profiles and corresponding WSS values were computed
for a 50 um long, 6 um diameter sprout branching off
an 11 um diameter host vessel at 90°. Figure 5 shows
the results of these simulations for three vessel wall
models: a non-permeable wall (Figs. 5a—5c), a uni-
formly permeable wall (Figs. 5d-5f), and a non-per-
meable wall with open slots in the sprout and host
vessel (Figs. 5g-5i). Flow in the host vessel upstream
and downstream of the sprout displayed a parabolic
profile with the centerline velocity of 2 mm s ' (Fig-
s. 5a, 5d, and 5g). The inlet WSS in the host vessel was
8.9 dyne cm~? in the non-permeable and open slot
models, and 6.3 dyne cm 2 in the uniformly permeable
wall case. The decrease in inlet WSS can be explained
by the outflow through the host vessel wall (Figs. 5b,
Se, and 5h).

For the non-permeable sprout (model 1), the WSS
reached a maximum of 13.9 dyne cm 2 at the sprout
entrance and then decreased to below 0.2 dyne cm ™2, a
shear stress threshold for endothelial cell activation,’
within 4.1 um into the sprout (Fig. 5c¢). This figure also
shows that the WSS has a local minimum at a depth of
1.2 yum. As already mentioned, local minimums or
inflections in the distribution of WSS values along the
length of the sprout represent local changes in flow
direction due to the recirculation zones. According to
Fig. 5a, there are three recirculation zones (vortices)
along the blind-ended non-permeable sprout. This is
consistent with classic cavity flow models.?!

In the uniform permeability case (model 2), the maxi-
mum WSS at the sprout entrance was 8.9 dyne cm 2
(Fig. 5f) and the depth into the sprout, at which
the shear stress decreased below 0.2 dyne cm 2, was
essentially the same (4.2 um) as for the non-permeable
sprout (4.1 um). Wall permeability plays an impor-
tant role in the flow field inside the sprout. Specifically,
it decreases the number of vortices and leads to flow
asymmetry (compare Figs. 5a and 5d), which in
turn results in different WSS distributions between the
upstream and downstream sides of the sprout (Fig. 5f).
In this simulation, the hydraulic conductivity of the
vessel wall was 0.018 yum s™' mmHg '. This value
represents the filtration coefficient of cat mesenteric
capillaries'® and the upper limit for permeability
coefficients of normal frog and rat mesenteric capil-
laries stimulated with VEGF,*?® which is the primary
regulator of sprouting angiogenesis.'® Additionally, our
analysis of the permeability effects indicates that
when the hydraulic conductivity decreases to
0.0036 um s~' mmHg ' (within the range of values for
unstimulated capillaries), a change in the distribution of
WSS above its threshold value remained negligibly
small (compare short-dashed and solid lines in Fig. 6).
Wall permeability effects on WSS magnitudes become
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FIGURE 5. Three-dimensional analysis of fluid flow in a 50 um long, 6 um diameter sprout branching at a 90° angle from an 11 um
diameter host vessel for three cases of permeability: Non-permeable wall case (a—c), uniform wall permeability case (d—f) and non-
permeable with simulated endothelial cleft case (g-i). Velocity profiles and streamlines are plotted in two dimensions in the
system’s coronal plane (a, d, g). Multiple vortices form along the length of the blind-ended channel in the non-permeable wall case
(a), while for the permeable cases, single vortices form on the upstream blind-ended channel entrance (d, g). Wall shear stress
magnitudes are plotted on three dimensional color maps (b, e, h). For each permeability simulation, shear stress maximums occur
at the entrance of the blind-ended channel, compared to the upstream and downstream host vessel wall shear stress. Wall shear
stress magnitudes are plotted over the blind-ended channel length on the line intersected by the coronal plane (c, f, i). Shear
stresses within the sprout channel are negligible for the non-permeable and uniformly permeable wall cases, but spikes near

simulated endothelial cell clefts (i).

apparent when hydraulic conductivity increases by an
order of magnitude from its baseline (long-dashed and
dash-dot-dot lines).

As in the case of the uniformly permeable wall
model (model 2), the velocity field inside the non-
permeable sprout with open slots (model 3) is charac-
terized by one asymmetric vortex near the upstream
side of the sprout (Fig. 5g), which again leads to the
asymmetry in the shear stress distribution between
the upstream and downstream walls of the sprout

(Fig. 5h). The open slots model predicts similar values
of the maximum WSS and the threshold depth as the
non-permeable model. However, the WSS reached a
local maximum of 5.9 dyne cm ™2 at the slots. This
indicates the potential for endothelial cells near the
clefts to be activated by shear stresses, even if these
cells are located deep into the sprout.

To identify the potential importance of sprout
geometries on the WSS distribution, we also simulated
flow in a uniformly permeable capillary sprout 1)
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FIGURE 6. Wall shear stress distribution along the sprout
length for a range of permeability constants. Shear stresses
within the blind-ended channel increase in magnitude as
channel wall permeability increases, but decrease at the
sprout entrance. The permeability range within rat mesenteric
microvascular networks is on the scale of «* = .2 to «* = 1.
Shear stress magnitudes across the system do no signifi-
cantly change unless the permeability is increased by an or-
der of magnitude (¢* = 16, o* = 32). Here o«* = wapaselines
where apaseiine = 0.018 um s~ mmHg™".

branching off the host vessel at 30° and 2) with a
400 pum length (Fig. 7). A change of the sprout angle
from 90° to 30° led to an increase in the maximum
WSS from 8.9 to 12.9 dyne cm > (Fig. 7a). While flow
asymmetry along the upstream vs. downstream sides of
the sprout did not influence the threshold depth for the
90° sprout (Fig. 5f), it did lead to different threshold
depths for the upstream and downstream sides of the
30° sprout (10.5 um for the upstream wall and 4.2 um
for the downstream wall). An increase in the length of
the permeable sprout from 50 to 400 um led to an in-
crease in the WSS above the threshold value of
0.2 dyne cm 2 for the whole length of the sprout (open
and closed squares in Fig. 7b). This result can be ex-
plained by the increased fluid flux through a longer
sprout due to a larger surface area available for fluid
filtration. This case highlights the potential for endo-
thelial cells to experience relevant shear stress magni-
tudes during later stages of capillary sprouting.

Capillary Sprout Models: Effect of a Red Blood Cell

Figures 8 and 9 depict the flow field and WSS distri-
bution in the host vessel and capillary sprout in the
presence of a single, rigid RBC, according to the uniform
wall permeability model (model 2). In Fig. 8, the RBC
was positioned in the center of the host vessel and its
passage by the entrance of the capillary sprout was
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FIGURE 7. Wall shear stress distribution along the sprout
length for a (a) sprout branching at 30° from the downstream
host vessel wall and (b) a 400 um long sprout. The branching
angle alters the shear stress distribution by increasing the
length into the sprout where relevant shear stresses occur to
slightly over 10% of the sprout length on the upstream wall.
The increase in sprout length increases the wall surface area
and flow through the sprout wall, resulting in increased flow
into the sprout and an increase in shear stress magnitudes
along the entire length of the sprout to physiologically rele-
vant levels.

simulated by the Dynamic Mesh method (see ““Materials
and Methods” section). As evident from the velocity
data, the passing RBC distorts the recirculation zone in
the sprout. The flow vortex originally located near the
upstream wall of the sprout (Fig. 8a) was moved to the
sprout center when the RBC passed by the axis of the
sprout (Fig. 8d). As soon as the RBC moved out of the
sprout region, the vortex position was restored (Fig. 8g).
This distortion, however, had a small effect on the WSS
(Figs. 8b, 8e, and 8h). There is an increase in the maxi-
mum WSS from 8.9 to 9.6 dyne cm > and in the
threshold depth from 4.2 to 4.5 um (Figs. 8c, 8f, 8i).
The RBC trapped inside the sprout (Fig. 9a) effec-
tively decreases the sprout volume. This led to small
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FIGURE 8. Three-dimensional analysis of fluid flow in a 50 um long, 6 um diameter uniformly permeable sprout branching at a 90°
angle from an 11 um diameter host vessel with a red blood cell fixed at position 1 (p1) upstream from the sprout entrance (a),
position 2 (p2) at the sprout entrance (d), and position 3 (p3) downstream from the sprout entrance (g). As the red blood cells flows
through the host vessel, local maximums occur in front, and behind the red blood cell, as described by Xiong and Zhang (b, e, h).3°
The shear stress distribution within the blind-ended channel does not change for p1 (c) and p3 (i). However, as the red blood cell
passes by the sprout entrance, shear stresses slightly increase according to the peak-valley-peak trend observed as the cell flows
through the host vessel. Additionally, the vortex at the entrance shifts slightly towards the center of the sprout, shifting the flow
separation points (f). Despite the shift in shear stress distribution due to a passing red blood cell, the actual effect of an individual
cell may be negligible in time scale, and shear stress magnitude.

changes in the maximum WSS (from 8.9 to 9.8 dyne/
cm?) and threshold depth (from 4.2 to 4.0 um)
(Fig. 9b). At the corner regions between the plugged
RBC and the sprout wall WSS magnitudes jump above
the threshold value (Fig. 9b). In these regions with
decreasing spacing between the RBC surface and the
wall, flow accelerates because of volume conservation.
This result indicates that plugged RBCs can be a
source of endothelial cell activation during capillary
sprouting through their generation of local WSS
maximums.

Finally, Fig. 10 compares the WSSG data between
the cases of plasma only flow and plasma flow
with a passing RBC for the uniformly permeable
vessel wall conditions. For plasma only flow, the
gradient of the wall shear stress reached a maximum
of 50 dyne cm > um~! at the sprout entrance and
then rapidly drops to zero further into the sprout
(Fig. 10a). As the RBC passed by the sprout
entrance, the region of high WSSG extended imme-
diately upstream and downstream along the host
vessel (Fig. 10b).
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FIGURE 9. Three-dimensional analysis of fluid flow in the
standard geometric configuration with uniform wall perme-
ability and a red blood cell fixed within the sprout. The
velocity profile and streamlines are plotted in two dimensions
in the system’s coronal plane (a). The velocity profile is sim-
ilar to the uniform wall permeability case. Wall shear stress
maghnitudes are plotted over the channel length on the line
intersected by the coronal plane (b). Near the plugged red
blood cell, shear stresses begin to increase to physiologically
relevant magnitudes.

DISCUSSION

The primary contribution of this study is the esti-
mation of fluid shear stress magnitudes along the
length of a permeable capillary sprout for various
physiological scenarios. Previous computational fluid
dynamics models have evaluated RBC deformation
and the influence of local pressure and velocity profiles
within capillary tubes, but have not focused on flow
conditions within a capillary sprout.>**3*373% The
recent identification of fluid flow in blind-ended vessels
suggests a functional role of fluid shear stresses within
them'?, yet in part due to the technical difficulty
associated with observing velocity fields within capil-
lary sprouts in vivo, the determination of local shear
stresses has remained uncertain. Our findings identify
local WSS magnitude and gradient maximums at the
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FIGURE 10. Three-dimensional gradient analysis. (a) Wall
shear stress gradients are plotted for the uniform wall per-
meability case without a red blood cell, and (b) with a red
blood cell in the host vessel at the axis of the sprout. As
expected, high shear stress gradients occur at the sprout
entrance for both cases. In the case including a red blood cell,
the gradient occurs in a peak-valley-peak profile across the
length of the red blood cell.

sprout entrance and suggest that during initial
sprouting endothelial cells within the sprout do not
experience WSS. Interestingly, plasma only flow
through longer sprouts and sprouts with transmural
flux at endothelial cell clefts did result in potential
physiologically relevant WSS magnitudes. RBC plug-
ging also accounted for WSS stimuli within sprouts.
Thus, over the time course of capillary sprouting,
endothelial cells can experience WSS stimuli depending
on their position along the sprout, sprout length, how
fluid flows across the capillary wall, and whether the
sprout is plugged by a RBC. The spatial distribution
of WSS along sprouts for these different scenarios
provides relative input magnitudes that can be used
in investigations aimed at mechanistically identify-
ing how WSS influences endothelial cell function
during angiogenesis and highlight the need to better
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understand the integrated cellular and fluid dynamics
associated with sprout lumen formation.

Our work offers a three-dimensional estimation of
relative shear stress magnitudes based on physiologi-
cally relevant capillary sprout geometries from adult
rat mesenteric microvascular networks undergoing
normal angiogenesis associated with tissue growth.
While a dynamic time-lapse study is required to con-
firm that the blind-ended vessels analyzed in this study
are in fact sprouting, previous characterizations of
angiogenesis in rat mesenteric tissue suggest that these
structures are indicative of a vessel growth process.'*
In our model, the average inlet velocity in the host
vessel was assumed to be constant at 1 mmy/s, which is
in the range of previously observed mean velocity in
capillary segments.?’ An increase in fluid velocity in the
host vessel would lead to higher WSS at the sprout
entrance, but would cause insignificant changes in the
WSS within the sprout assuming the hydraulic con-
ductivity of the sprout wall remained the same and the
sprout length did not change.

According to in vitro flow chamber experiments,’
endothelial cells respond to WSS magnitudes as low as
0.2 dyne cm 2. While we consider this value as the
threshold for endothelial cell activation by fluid flow,
specific thresholds would need to be identified per
cellular response of interest. In our simulation of
plasma flow in a non-permeable capillary sprout, the
WSS drops from its maximum value at the sprout
entrance to the threshold value within about 4 yum into
the sprout. This threshold depth remained essentially
the same for a uniformly permeable sprout when the
hydraulic conductivity is in the range for unstimulated
and VEGF-stimulated capillaries. Generally, an in-
crease in the permeability of the sprout wall leads to a
higher flow rate into the sprout and thus a larger
threshold depth, but this effect becomes pronounced
when the hydraulic conductivity is at least one order of
magnitude higher than the baseline for stimulated
vessels or when the sprout is sufficiently long.

The distribution of shear stresses predicted in our
uniform wall permeability model indicates that endo-
thelial stalk cells reside in low shear stress regions, and
that shear stress peaks at the sprout entrance. Low, or
static shear conditions (0-5 dyne/cm?) are associated
with endothelial cell proliferation, and DNA synthe-
sis.!!**? The results of our simulation suggest that stalk
cells are in shear stress zones that permit proliferation,
which is consistent with the current understanding of
sprouting dynamics.!” Local maximum shear stress
magnitudes which occur at the sprout inlet may be
linked to cellular dynamics associated with initial cell
migration and paracrine signaling. For example,
step changes in shear stress have been shown to
induce remodeling of focal adhesions and cytoskeletal

structure in vitro.’ Interestingly, observations by us
(data not shown) and previously by Rhodin and Fujita
in rat mesenteric microvascular networks indicate that
vascular pericytes, which are recruited and support
endothelial cells, are frequently located at capillary-
sprout bifurcations.”® The local recruitment of peri-
cytes at these locations of increased shear stress is
supported mechanistically by evidence that the shear
stress stimulation of endothelial cells causes plate-
let-derived growth factor production, along with other
soluble factors, in endothelial cells.>">*

Shear stress gradients have been implicated in the
triggering of atherosclerosis by influencing endothelial
cell dynamics® associated with angiogenesis. Evidence
that shear stress gradients directly influence angiogenic
endothelial cell dynamics is supported by in vitro dis-
turbed flow experiments. From our plasma flow simu-
lation with uniform permeability conditions, we predict
amaximum shear stress gradient of 50 dyne cm > um ™!
at the sprout entrance. In response to shear stress gra-
dients lower than those predicted by the model, endo-
thelial cells migrate away from shear gradients, and
increase motility and proliferation.®!**® The shear
stress gradients at the entrance of a capillary sprout
undoubtedly depends on the inlet geometry and radius
of curvature for the branching blind-ended side channel.
The exact physiological measurement for this parameter
in our model remains unknown. We speculate that a
decreased radius would result in increased local maxi-
mum shear stress values and a steeper inlet gradient.
Nonetheless, given the probable range of physiologi-
cally relevant inlet geometries, our results identify the
presence of a local gradient capable of initiating an
endothelial response.

Another important result of our study is the pre-
diction of high shear stresses at open slots (i.c., inter-
endothelial clefts), indicating that these openings in the
sprout wall may serve as locations where endothelial
cells within the sprout may be activated by fluid flow.
Interestingly, Tarbell er al. predicted shear stress
magnitudes up to 50 dyne/cm® between capillary
endothelial cells in a model of flow through inter-
endothelial cell clefts.”> The simulation data obtained
with the open slots and uniform permeability models
both highlight the potential influence of shear stresses
localized to endothelial cell junctions on whole cell
behavior during angiogenesis, especially in a tumor
microenvironment, in which capillaries are character-
ized by hyper-permeability and have large inter-endo-
thelial junctions.'

We recognize that the plasma only flow simulation
represents a simplified case and does not account for
the presence of RBCs. The relevance of the plasma
only simulation is supported by the identification of
“silent capillaries,” defined as having only plasma flow
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due to plasma skimming, during observation of blood
flow through microfabricated microvascular net-
works.?> A transient presence of plasma only flow is
also supported by the heterogeneity of RBC flux
through single capillaries within a microvascular net-
work and the observation of single RBCs intermit-
tently flowing through capillaries.'>?%*° In our study,
the identification of vessel lumens via dextran injection
and fixation allows for identification of RBC presence
due to the cell shaped voids of dextran labeling in
smaller caliber vessels. Previous analysis using this
method along with the analysis of our specimens (data
not shown) identifies examples of capillaries sprouts
void of RBCs.!"” More importantly, even in considering
plasma only flow, we identified local WSS maximums
at the sprout entrance and scenarios (increased sprout
length and permeability at inter-endothelial clefts) that
result in potential WSS stimuli for endothelial cells
within a sprout.

In order to evaluate the associated non-continuum,
non-Newtonian flow effects due to RBC-plasma
interactions, we also simulated a rigid RBC passing by
the entrance of a capillary sprout and a plugged RBC
within a sprout. Results from this dynamic simulation
identify local WSS peaks upstream and downstream of
the RBC. This agrees with the study by Xiong and
Zhang in which the shear stress distribution along the
capillary wall was estimated from the simulation of
deformable RBCs flowing in narrow capillaries.®
Additionally, our data show that the passage of a RBC
past the sprout entrance increases the shear stress at
the sprout entrance by 7.8% (8.9-9.6 dyne/cm?) and
shifts the threshold depth further into the sprout by
7.1% (4.2-4.5 pm). Future experimental studies are
necessary to determine whether these effects on WSS
distribution influence endothelial cell dynamics. Our
simulation of a plugged RBC within a sprout identifies
a scenario that endothelial cells adjacent to the curved
plugged cell experience a local spike in shear stress.
These results emphasize the importance of future work
focused on investigating RBC deformation and RBC
flow dynamics during capillary sprout growth.

In summary, our work provides an estimation of
relative shear stress magnitudes along the lumen of a
capillary sprout. During the early stages of capillary
sprouting, the endothelial cells at the sprout entrance
experience increased shear stress relative to upstream
and downstream values. Within the capillary sprout
cells experience negligible shear stresses along the
majority of the sprout. However, shear stresses become
relevant for longer sprouts during later stages of sprout
growth and when transmural outflux occurs at local
endothelial cell junctions. Our results provides valu-
able insight into shear stress stimuli involved in capil-
lary sprouting and serve to motivate experimental

work focused on linking this mechanical cue to endo-
thelial cell dynamics associated with angiogenesis.
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