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Interstitial Fluid Flow Intensity Modulates Endothelial
Sprouting in Restricted Src-Activated Cell Clusters
During Capillary Morphogenesis

Rodrigo Hernandez Vera, M.S.,"? Elsa Genové, Ph.D.," Lery Alvarez, B.S.,' Salvador Borrés, Ph.D.,?
Roger Kamm, Ph.D.,"® Douglas Lauffenburger, Ph.D.,% and Carlos E. Semino, Ph.D."®

Development of tissues in vitro with dimensions larger than 150 to 200 pm requires the presence of a functional
vascular network. Therefore, we have studied capillary morphogenesis under controlled biological and bio-
physical conditions with the aim of promoting vascular structures in tissue constructs. We and others have
previously demonstrated that physiological values of interstitial fluid flow normal to an endothelial monolayer
in combination with vascular endothelial growth factor play a critical role during capillary morphogenesis by
promoting cell sprouting. In the present work, we studied the effect that a range of interstitial flow velocities
(0-50 pm/min) has in promoting the amount, length, and branching of developing sprouts during capillary
morphogenesis. The number of capillary-like structures developed from human umbilical vein endothelial cell
monolayers across the interstitial flow values tested was not significantly affected. Instead, the length and
branching degree of the sprouts presented a significant maximum at flow velocities of 10 to 20 pm/min. More-
over, at these same flow values, the phosphorylation level of Src also showed its peak. We discovered that
capillary morphogenesis is restricted to patches of Src-activated cells (phosphorylated Src (pSrc)) at the mono-
layer, suggesting that the transduction pathway in charge of sensing the mechanical stimulus induced by flow is

promoting predetermined mechanically sensitive areas (pSrc) to undergo capillary morphogenesis.

Introduction

MAJOR OBSTACLE for the development of three-

dimensional tissue-engineered constructs is the ability
to vascularize them. The most common scaffolds, made out
of naturally occurring or synthetic materials, are deficient in
promoting the formation of a vascular network essential to
delivering nutrients and removing metabolic waste products.
Tissue quality within cellular scaffolds declines dramatically
from the surface to the interior, and cells located 200 um or
further away from a blood supply become metabolically
inactive or necrotic." For this reason, we previously devel-
oped a sensitive and reliable system in which the chemi-
cal and biophysical parameters involved in the process of
capillary morphogenesis could be easily assessed.” Using
this device, we observed that human umbilical vein endo-
thelial cell (HUVEC) monolayers engaged in capillary mor-
phogenesis under the synergistic effect of low interstitial
flows in combination with the presence of well-known pro-

angiogenic factors® (vascular endothelial growth factor
(VEGF),* 10 epithelial growth factor (EGF),>*"12 and basic
fibroblast growth factor (FGFb)**°'%). In particular, VEGF is
involved in the main process of vasculogenesis during de-
velopment, angiogenesis, tumor development, and vascular
architecture maintenance in tissues and organs.‘?’_]0 Two
membrane receptors, KDR and Flt1, which contain the typ-
ical extracellular seven-immunoglobulin-like domains, a
transmembrane domain, and a tyrosine kinase domain, rec-
ognize VEGF.' The recognition of VEGF by specific recep-
tors in the endothelial cell membrane promotes tyrosine
phosphorylation at their specific SH2 domains, inducing cell
proliferation.'

Interstitial flow'*?" (the movement of fluid through the
extracellular matrix of a tissue) is present, to some extent, in
all tissues and is responsible for the convection needed to
transport®' large proteins and other solutes through the in-
terstitial space. In addition to this role, interstitial flow'®2°
also exerts a mechanical influence over interstitial cells directly,
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by the induction of shear stress, or indirectly, by imposing a
strain and elastic stress to the extracellular matrix fibers to
which the cells are attached via integrin receptors.'® How-
ever, despite the known importance of interstitial fluid flow
in tissue function, its influence over the cells is poorly un-
derstood. Although its role in blood and lymphatic capillary
morphogenesis has been explored in vitro,”'”**** the specific
mechanotransduction pathways involved in the process
need to be further explored.

We previously showed that autocrine ligand activation of
the epidermal growth factor receptor (EGFR) in combination
with interstitial flow is critically involved in the morphogenic
response of endothelial cells to VEGF.? In addition, we ob-
served that, in our system, the EGFR was always activated
(independently of interstitial flow) and that the use of EGFR
pathway inhibitors (Galardin, AG1478, PD98059, and EGFR-
blocking antibody) reduced the phosphorylation state of the
receptor, correlating with an inhibition of capillary mor-
phogemesis.2 Interestingly, 5'bromo-2’-deoxyuridine (BrdU)
labeling identified dividing cells at the monolayer but not
in any of the extending capillary-like structures. Moreover,
sub-confluent cultures exposed to the EGFR inhibitors Ga-
lardin and AG1478 did not reduce BrdU incorporation into
the monolayer, indicating that the EGFR-mediated morpho-
genesis is caused mainly by cell migration rather than pro-
liferation. Testing of the proliferation activity under VEGF
stimulation and different flow rates (corresponding to veloci-
ties of 0-160 pm/min) also revealed that values of approxima-
tely 10 to 20 pum/min, previously described as physiologic,
are optimal for proliferation and reduce cell death.” Based on
these results, we proposed a two-step model for experi-
mental capillary morphogenesis in response to VEGF and
interstitial fluid flow: monolayer maintenance by mitotic ac-
tivity independent of EGFR signaling and migratory response
mediated by autocrine activation of the EGFR pathway.” The
proposed model suggests that cells undergoing cell division
cannot migrate and will remain in the monolayer (e.g., in a
less mechanically stressed zone), whereas non-proliferating
cells can easily engage in migration and actively contribute
to the development of capillary-like structures by undergo-
ing morphogenesis. Although other groups have observed
capillary morphogenesis in three-dimensional collagen and
fibrin matrices before in the absence of interstitial flow, it is
important to indicate that these experiments were conduc-
ted in the presence of phorbol 12-myristate 13-acetate, a
potent activator of the protein kinase C, or sphingosine-1-
phosphate, which enhances the matrix metalloproteinases
and cell invasion.**® Therefore, we have developed a sys-
tem to eliminate the morphogenetic induction caused by the
addition of phorbol 12-myristate 13-acetate or sphingosine-
1-phosphate and to study in more detail the mechanical in-
fluence exerted by fluid flow.

With this body of evidence, we propose here that the
mechanical effect of interstitial flow is promoting monola-
yer growth and, therefore, cell migration and extension of
capillary-like structures. To test this hypothesis, in the pres-
ent work, we studied in more detail the effect that a range
of interstitial flow values (corresponding to velocities of
0-50 pm/min) have in promoting and maintaining capillary-
like structures, as well as on the morphogenic responses such
as the amount, length, and degree of branching of the de-
veloping sprouts. For this purpose, we developed a new
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bioreactor made out of polydimethylsiloxane (PDMS), de-
signed to work with interstitial flow, and allowing, at the
same time, real-time microscopic monitoring of the capillary-
like structures.

HUVEC monolayers cultured on collagen type I gels in the
devices engaged in capillary morphogenesis under the syn-
ergistic effect of interstitial flow and VEGF, as expected. We
observed that the amount of capillary-like structures devel-
oped from the endothelial monolayer across the interstitial
flow values tested was not significantly affected. However,
the length and branching degree of the capillary-like struc-
tures presented a significant maximum at flow values of
10 to 20 pm/min. In other words, the number of capillary
“initiation cases,” but not the length or branching, remained
constant across the flow velocities tested. This suggests that
the endothelial monolayer presents predetermined areas that
could undergo capillary morphogenesis under the appropri-
ated biomechanical conditions. In addition, the mechanical
stimulus provided by flows corresponding to the maximum
response value promoted capillary growth even while the
number of events remains fixed. When we analyzed the
phosphorylation state of Src* ™ (a component of focal ad-
hesion complexes) across the monolayer, we discovered that
it presented a heterogeneous distribution, showing phos-
phorylated Src (pSrc) cell clusters surrounded by non-
phosphorylated Src (non-pSrc) cells. The new capillary-like
structures emerged always from pSrc clusters, indicating that
predetermined Src-activated areas (pSrc) were the only re-
stricted zones to undergo capillary morphogenesis and that
the number of these was independent of interstitial flow. In
conclusion, in our system the endothelial monolayer pres-
ents a predetermined distribution of potential capillary ini-
tiation clusters (pSrc) —(or mechanically sensitive zones) that,
under adequate biomechanical stimulus, will engage in
capillary morphogenesis, promoting cell migration out of the
monolayer and therefore capillary extension and branching.

Materials and Methods
Materials

The following materials were purchased: PDMS (Sylgard
184 Silicone Elastomer Kit, Dow Corning, MI), endothe-
lial semi-defined medium (EGM-2, CC-3162, Cambrex
BioScience, Walkersville, MD,) collagen type I from rat tail
(356236 BD, BD Biosciences, San Jose, CA), anti-BrdU mouse
monoclonal antibody immunoglobulin (Ig)G (556028, BD
Biosciences), 4',6-diamidino-2-phenylindole, dihydrochloride
(DAPI; D-1306, Molecular Probes, OR), and tetramethyl
rhodamine isothiocyanate (TRITC)-phalloidin (77418, Fluka,
St. Louis, MO).

Bioreactor fabrication

PDMS was prepared by mixing the base and curing re-
agent in an 8:1 ratio (v/v). Afterwards, the polymer mixture
was placed inside a vacuum dryer to de-gas and then poured
into the mold. The polymer was de-gassed once more, and
then the mold was heated for 15min at 120°C. Once the
polymer was completely cured, the piece was peeled off, and
the final assembly (Fig. 1A) was performed by putting the
two halves together with Superflex Clear RTV (Henkel
Loctite Corporation, Rocky Hill, CT).
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Cell monolayer

Collagen

FIG. 1. Scheme of the new bioreactor: the collagen and
capillary structure. (A) The bioreactor, made out of poly-
dimethylsiloxane, was designed to work with interstitial flow
and at the same time allow real-time microscopic monitoring
of the capillary-like structures. The bioreactors, built and
sterilized following the fabrication process described (see
Materials and Methods), were loaded with a layer of collagen
I'and incubated for 30 min to allow gel formation. (B) The gels
were then equilibrated with medium for 30 min before seed-
ing primary derived human umbilical vein endothelial cells
on top of them. Interstitial flow was applied using a syringe
pump, and flow rates were set to obtain the desired mean
flow velocities (2-50 um/min) through the gel. Static controls
were made by placing the bioreactors horizontally inside a
Petri dish and covering them with medium. Left: longitudinal
section of the device (dimensions shown are in mm). Right:
isometric view of half the bioreactor showing the collagen gel.
(C) Capillary-like structures formed. Bioreactors prepared
following the procedure previously described (see Materials
and Methods) were incubated overnight. Interstitial flow
(11.5puL/h) was then maintained for 48h before the cells
were fixed with 4% paraformaldehyde. Control experiments
without flow were also performed (for details see above in B).
The cells were stained with 4',6-diamidino-2-phenylindole,
dihydrochloride (DAPL to visualize nuclei) and tetramethyl
rhodamine isothiocyanate—phalloidin to stain the actin fibers.
Left: phase contrast image. Right: DAPI (blue) and actin
staining (Red). Black bar in top-left panel represents 100 pm.
Color images available online at www liebertonline.com / ten.
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Cell maintenance and culture in the bioreactors

Primary derived HUVECs (CC-2519, Cambrex Bio-
Science), passages 3 to 9, were cultured in T-25 flasks pre-
viously coated with collagen type I (BD Bioscience, CA)
using EGM-2 (CC-3162, Cambrex BioScience) without EGF
or VEGF and containing 5% fetal bovine serum (FBS). Cells
were maintained in a water-jacketed incubator at 37°C with
5% carbon dioxide (CO,) until they reached 80% conflu-
ence. The cells were finally washed with trypsin before being
released from the plate with ethylenediaminetetraacetic
acid (Versene, Gibco, NY).

The bioreactors were sterilized using 70% ethanol, and
100 uL of collagen type I, prepared according to the manu-
facturer’s recommendations, was injected into each of them.
The devices were then placed in a water-jacketed incubator
at 37°C with 5% CO, for 30 min to allow gel formation. Next,
the collagen gels were equilibrated with 100 uL of EGM-2
with FGFb (1ng/mL) and VEGF (10ng/mL) for 30min.
Finally 100,000 cells were seeded on top of the gel and then
incubated at 37°C with 5% CO,.

Application of interstitial flow

Interstitial flow application through HUVEC monolayers in the
bioreactors. Endothelial cell monolayers were first cultured on
top of the collagen gels as described above for 1 or 16h
according to the experiment, and flow was applied by using
a syringe pump (552222, Harvard Apparatus, Holliston,
MA). Flow rates were adjusted to obtain the desired mean
flow velocities (2-50 pm/min) through the gel. For reference,
an 11.5pL/h flow corresponds to a mean flow velocity of
10 pm/min. Finally, cultures were maintained for 24 or 48h
according to the experiment.

Interstitial flow application through HUVEC monolayers in cell
culture inserts. Culture of HUVECs on tissue culture inserts
was developed as previously described.? Briefly, tissue cul-
ture inserts (12mm diameter, 0.4 pm pore size, catalog #
PICMO01250, Millicell-CM, Millipore, MA) were loaded with
200 pL of melted agarose in water (0.5-2.5%). After the aga-
rose solidified (20 min), 200 pL of cold collagen I (liquid) at
2mg/mL equilibrated in phosphate buffered saline (PBS) was
loaded on top of the agarose gel. The inserts were placed into
the cell culture incubator (37°C, 5% CO2, in a humidified
atmosphere) for 1h to allow gelation. Next, collagen gels
were equilibrated with EGM-2 without EGF or VEGF. When
required, VEGF was added to the medium to a final con-
centration of 10ng/mL. Sub-confluent (~80,000 cells/insert)
or confluent (~120,000 cells/insert) cultures of HUVECs were
seeded on top of the collagen gels. HUVEC monolayers
were first cultured on top of the collagen gels as described
above for 12h. Then a column of 10 cm of medium (without
VEGEF or EGF) was applied on top by slipping a silicone tube
(Silastic, Cole-Parmer, IL) over the edges of the tissue culture
inserts and filling it with 10 cm of medium, producing a flow
of medium through the HUVEC monolayer. An interstitial
flow of approximately 50 pL/h, corresponding to a mean
flow velocity through the gel of approximately 10 um/min,
comparable with the range observed within the vascular wall
in vivo,” was obtained by applying a 2% agarose layer.
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EGFR pathway inhibition

No EGF or equivalent, such as heparin-binding EGF
(HB-EGF), were added to the HUVEC culture medium for-
mulation (EGM-2) in order to depend on the endogenous
synthesis and release of the growth factor by the HUVECs,
as previously described.>*! The inhibitors were added to
the top medium of the device. We used Tyrphostin AG1478
(0.3 M, Catalog # T-4182, Sigma, St Louis, MO), which in-
hibits EGFR phosphorylation activation by EGF binding. The
medium containing the inhibitor (and control without in-
hibitor) was replenished daily to ensure maintenance of the
inhibitory activity.

Fluorescence and immunostaining

Detection of pSrc and BrdU-labeled cells. Cells were fixed
with 1% paraformaldehyde (PFA) in PBS for 2h and then
washed three times with PBS and incubated for 2 to 3h at
room temperature with blocking buffer (20% FBS, 1% di-
methyl sulfoxide (DMSO) and 0.1% Triton X-100 in PBS).
Then the samples were incubated with a rabbit anti-pSrc
polyclonal antibody (Anti-Src [pY*'®], cat#44-660G, Biosource;
Invitrogen, Carlsbad, CA) at a final concentration of 1 ug/mL
in blocking buffer for 2h, washed three times with blocking
buffer, incubated for 2h with a rhodamine-conjugated don-
key anti-rabbit IgG (catalog # SC 2095, Santa Cruz Bio-
technology, Santa Cruz, CA) at a final concentration of 1 ng/
mL in blocking buffer, washed, and visualized under a fluo-
rescent microscope. To detect proliferating cells BrdU was
added for 6 h to the culture medium at a final concentration of
10 uM when the interstitial fluid flow was applied. Then the
samples were fixed with 1% PFA in PBS for 2h and washed
three times with PBS. Cells were then treated with 0.5N hy-
drochloric acid in PBS for 30 min at 37°C, washed with PBS
until reaching pH 7.4, and incubated for 2 to 3h at room
temperature with blocking buffer (20% FBS, 1% DMSO, and
0.1% Triton X-100 in PBS). Then samples were incubated with
a fluorescein isothiocyanate—conjugated anti-BrdU mouse
monoclonal antibody IgG (1:100v/v dilution in the same
blocking buffer; 556028, BD Biosciences). Fluorescent-positive
cells were visualized with a Nikon TE300 microscope with
phase contrast and epifluorescence capability. Images were
acquired using a Hamamatsu camera (Hamamatsu Photonics,
Bridgewater, NJ) using an Openlab data acquisition system
(Improvision, Lexington, MA) and represent a single optical
plane observed using phase contrast of fluorescence emission.

Nuclei staining with DAPI. DAPI staining was used to
visualize the cells” nuclei. For this, cells were fixed with 4%
PFA in PBS for 2h. Then they were washed three times with
PBS and incubated with DAPI (D-1306, Molecular Probes,
Eugene, OR) diluted in PBS to a final concentration of 1 g/
uL for 10 min. Finally the cells were washed three times with
PBS and visualized using a Nikon TE300 microscope, and
images were captured using a Hamamatsu camera with an
Openlab data acquisition system.

TRITC-phalloidin staining. TRITC-phalloidin (77418, Fluka,
St. Louis, MO) was used to stain the cells” actin fibers. Cells
cultured inside the bioreactor were fixed with 4% PFA in PBS
for 2 h and then washed 3 times with PBS. After this the cells
were incubated at room temperature for 1h with the TRITC-
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phalloidin diluted in PBS (1:40 v/v). The cells were finally
washed 3 times with PBS and visualized using a Nikon
TE300 microscope. The images were captured with a Ha-
mamatsu camera using an Openlab data acquisition system.

Statistical analysis

Single optical planes were obtained using phase contrast
of fluorescence emission of HUVECs cultured under each
flow rate (velocities 2, 5, 10, 20, and 50 pm/min). Image ]
1.38x (National Institutes of Health, Bethesda, MD) software
was used to analyze the images obtained. The number of
clearly distinguishable capillary-like structures observed in
each optical plane was determined, and capillary-like struc-
tures were measured to determine their length. Unpaired
Student t-tests with oo =0.05 were conducted to determine
significant differences in capillary-like structure number and
mean length between every possible pair of flows. Results
are shown as means + standard errors of the mean.

Results and Discussion

Monolayer development and capillary-like
structure formation

Endothelial cells were cultured for 48h in the presence or
absence of interstitial flow (11.5 pL./h) (Fig. 1B). In the presence
of interstitial flow, the endothelial monolayer was capable of
forming numerous capillary-like structures with a wide range
of lengths and number of cells. Most of the capillary-like
structures that developed had branching, a feature of great
relevance during the development of capillary-like structures
in vitro (Fig. 1C). Moreover, this result indicates that the basic
mophogenetic mechanism taking place in our new device was
similar to the one previously reported.”

Previous experience had shown that neither interstitial
flow nor VEGF alone was sufficient to promote a vascular
morphogenic response in an endothelial monolayer but that
the combination of the two factors had a clear synergistic
effect on the formation of new capillary-like structures.>** To
confirm this synergism in our new bioreactor device, four
experimental conditions were used: presence of VEGF with
interstitial flow (at flow velocity ~10um/min), presence of
VEGF without interstitial flow, same intensity of interstitial
flow in absence of VEGF, and no application of VEGF or
flow. Results from these experiments confirmed our previous
observations. In addition, they indicated that the mechanical
stimulus exerted by the fluid flow operated similarly in our
new device (Fig. 2A).

Effect of flow intensity on capillary morphogenesis

To this point, we had confirmed the reproducibility of the
basic parameters in our new device, including the capacity to
generate capillary-like structures under the synergistic effect
of interstitial flow and VEGF. Although interstitial flow is
critical to initiating capillary morphogenesis, it is not real
clear that the mechanical stimulus is important to maintain
previously formed capillary-like structures. In addition, it
was not determined previously whether an optimal flow rate
(flow intensity) had an affect on the formation of capillary-
like structures.

To determine whether the stimulus provided by flow was
involved in the further development and maintenance of
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A

FIG. 2. Capillary-like structure progression and mainte-
nance are dependent of vascular endothelial growth factor
(VEGF) and interstitial flow. (A) To confirm the synergism of
VEGF and interstitial flow in the new bioreactor device, four
experimental conditions were used: VEGF with interstitial
flow (at flow velocity ~10pum/min) (low-right panel), VEGF
without interstitial flow (top-right panel), same intensity of
interstitial flow in absence of VEGF (low-left panel), and no
VEGEF or flow (top-left panel). (B) Capillary-containing ex-
periments were switched to conditions without flow to de-
termine whether this absence caused any regression of the
capillary-like structures formed during the overnight incu-
bation period. Monitoring was performed every 24h for a
total 72 h. Interstitial flow removal led to a regression of the
capillary-like structures in what appeared to be a multi-step
process. First the branches originally observed (0h) began to
disappear, and the tips of the structures became rounded
(24h ); then the capillaries lost their link to the monolayer,
and single cells or fragments were seen inside the collagen
gel (48h); and finally, most of the capillary-like structures
originally formed disintegrated completely (72 h). This shows
that interstitial flow is necessary not only for the initiation of
capillary-like structures, but also for their maintenance and
further development. Black bar in top-left panels of A and B
represents 200 and 100 um, respectively.

previously formed capillary-like structures, interstitial flow
(11.5 pL/h; corresponding to 10 pm/min) was applied over-
night to pre-established HUVEC monolayers (obtained as
previously described) to induce capillary-like structure for-
mation. Then, these capillary-containing bioreactors were
placed under no-flow conditions (Fig. 1B) and monitored
every 24 h for a total of 72h. The removal of interstitial flow
caused a regression of the capillary-like structures (Fig. 2B).

FIG. 3. Effect of interstitial flow in the promotion of the
morphogenic response. Interstitial flow was applied to two
bioreactors, for 24 and 48h, respectively, and two static
controls were cultured simultaneously to determine whether
interstitial flow was a critical parameter for triggering the
morphogenic response or if it contributed only to obtain a
faster response from the monolayer. As expected, no mor-
phogenic response was triggered after 24 h or 48 h (Fig. 4) in
monolayers cultured in the absence of interstitial flow,
therefore proving its key role in triggering the process of
capillary morphogenesis. Black bar in top-left panel repre-
sents 100 um.

This effect seemed to be a multi-step process in which first
branches (Fig. 2B, t=0h) began to disappear, and the tips of
the capillaries became rounded (Fig. 2B, t =24h); then the
capillaries lost their link to the monolayer, and single cells or
fragments were seen inside the collagen gel (Fig. 2B, 48h);
and finally, most of the capillary-like structures originally
formed disappeared completely, suggesting the death of
these cells or re-migration into the monolayer (Fig. 2B, 72h).
These results provide concluding evidence that the presence
of interstitial flow is necessary not only for the initiation of
capillary-like structures, but also for their maintenance and
further development.

To study the effect of interstitial flow on capillary mor-
phogenesis for a longer period of time, flow (11.5pL/h) was
applied for 24 and 48h (and static controls without flow).
These experiments showed that, as expected, maintenance
of the mechanical stimulus continued promoting capillary
growth (Fig. 3).

Then, a new series of experiments aimed at studying the
effect of different flow rates (0-50 pm/min) in the morpho-
genetic process was designed. The results showed that all of
the flow rates led to the formation of capillary-like structures,
supporting the previous observations that the presence of
interstitial flow is critical to triggering the process (Fig. 4).
However, differences between the structures formed in each
case can be appreciated. Lower velocities (2 and 5um/min,
Fig. 4) led to small and simple capillaries with almost no
branching; capillary-like structures formed under interme-
diate velocities (10 and 20 pm/min) showed longer length
and greater complexity (most were branched, Fig. 4); and the
highest velocity (50 pm/min) induced the formation of some
structures, but a significant disruption was observed, and
single cells were often seen inside the collagen without any
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2.0 5.0 10.0

50.0
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FIG. 4. Effect of flow rate in capillary-like structure formation. Five different flow rates (corresponding velocities: 2.0, 5.0,
10.0, 20.0, and 50.0 pm/min) were used to study the influence of flow rate in the formation of new capillary-like structures
from a pre-established endothelial monolayer. All flow rates led to the formation of new structures, supporting the previous
observations that interstitial flow is critical to triggering the process. However, some differences between the structures
formed in each case can be appreciated. Lower velocities (2 and 5um/min) produced small and simple capillaries with
almost no branching detected; intermediate velocities (10 and 20 pm/min) increased the length and complexity of the
structures, and most had branches; and the highest velocity (50 pm/min) led to the formation of structures, but a significant
disruption was observed, and single cells or fragments were often seen inside the collagen without any link to the monolayer.
Therefore, velocities that presumably mimic the physiological conditions experienced by endothelial cells in vivo (10-20 pm/
min) were optimal not only for the culture and maintenance of human umbilical vein endothelial cell monolayers, but also for
the formation, growth, and development of new capillary-like structures. Black bar in top-left panel represents 100 pm.

link to the monolayer (Fig. 4). These results confirm that velo-
cities of 10 to 20 um/min, which presumably mimic the phy-
siological conditions experienced by endothelial cells in vivo,*
are optimal not only for the culture and maintenance of
HUVEC monolayers,2 but also for the formation, growth, and
development of new capillary-like structures (Fig. 4).

Interstitial flow rate promotes capillary growth rather than
capillary number.

To determine whether interstitial flow rate was affecting
mainly capillary growth, number, or both, a further analysis
regarding the effect of flow rate in the number of initial
capillary-like structures formed, the number of branches
observed, and the average length of the new structures was
performed.

First, we noticed that fluid flow was required to induce
the morphogenic process but that flow intensity played no
apparent role in modulating the average number of new
capillary-like structures formed, because no significant dif-
ferences were observed between the different flow rates
tested (p > 0.05 for each pair of flows; Fig. 5A). This might
imply that there are a pre-determined number of “initiation
zones” on the cell monolayer that will undergo morpho-
genesis under the synergistic effect of interstitial flow (at
least for rates of ~0-50 um/min) and VEGF. Instead, flow
intensity seems to influence capillary length, showing a
maximum at flow velocities of 10 and 20 um/min (Fig. 5B).
Significant differences in length were observed between the
lowest velocity (2 pum/min) and the rest (p <0.005 in every
case) and between 5 and 20 um/min (p=0.008). A nearly
significant difference was observed between and 5 and

20 pm/min. Although no significant differences were ob-
served between 10, 20, and 50 pm/min (p > 0.05 in each case;
Fig. 5B), the difference in branching observed when com-
paring the structures formed under 10 and 20 pm/min with
those formed at 50 pm/min must be highlighted.

Flow rates corresponding to 10- and 20-um/min velocities
have been proven to increase cell proliferation within the
monolayer,” therefore increasing the number of cells capable
of migrating into the surrounding matrix to form longer and
more-complex capillary-like structures. This is in accordance
with the idea that, to increase the length of a capillary-like
structure, it is necessary to increase the production of cells by
increasing proliferation at the monolayer.” Nevertheless, the
effect that flow exerts on monolayer growth alone cannot
explain the observation that fluid flow modulates capillary
growth but not the average number of capillaries. Instead,
some intrinsic property of the monolayer must control capil-
lary number. For this reason, we decided to analyze the dis-
tribution of the activated (phosphorylated) form of Src (pSrc),
an intermediate player in mechanosignal transduction.****-%

Interstitial flow intensity modulates sprouting
only in Src-activated cell clusters

Mechanical stimuli activate integrins® (a family of trans-
membrane adhesion receptors that mediate cellular adhesion
and motility on extracelullar matrix molecules)’” and the
cytoskeleton to regulate cellular functions such as move-
ment, adhesion, and eventually morphogenesis. When acti-
vated, integrins associate to the Src tyrosine kinase (a
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FIG. 5. Effect of flow rate on number and length of capillary-like structures. (A) Results obtained with the application of five
different flow rates (Fig. 4) were analyzed to determine the influence of flow rate on the total number of clearly distin-
guishable capillary-like structures in each optical plane. Flow rate had no significant effect in the average number of capillary-
like structures formed (p > 0.05 for every pair of flows), indicating that flow is required to initiate the morphogenetic process
but has no apparent participation in modulating the amount of formed capillary-like structures. (See table at the right of
graphic A.) (B) Flow rates that presumably mimic physiological conditions (10-20 pm/min) have been proven to increase cell
proliferation through the monolayer and therefore increase the number of cells capable of migrating into the surrounding
matrix.”> Accordingly, this flow rate led to the formation of significantly longer capillary-like structures. (See statistically
significant differences in table at the right of graphic B.) Number of structures measured for each flow velocity: 2 pm/min, 18;
5pum/min, 14; 10 pm/min, 12; 20 pm/min, 12; 50 pm/min, 21. Results are shown as means + standard errors of the mean.

component of focal adhesion complexes) via its SH; domain,
unmasking the kinase domain and leading to a stable
activation of Src by autophosphorylation on residue Tyr-
4182729 For this reason, we decided to use 4-amino-5-
(4-chlorophenyl)-7-(t-butyl)pyrazolo[3,4-d]pyrimidine (PP2;
529573, Calbiochem, San Diego, CA), a potent and selective
inhibitor of the Src family of protein tyrosine kinases,” to
study its effect on the formation of new capillary-like struc-
tures. HUVECs were induced to produce capillary-like
structures in the bioreactors at a constant flow of 11.5puL/h
(equivalent to a flow velocity of 10 pm/min) for 24h in the
presence or absence of 10 uM of PP2.

Using visual inspection of the structures formed in control
experiments and comparing them with those treated with
PP2, it becomes evident that, when Src phosphorylation was
inhibited, only a few single cells were observed migrating
inside the collagen disconnected from the monolayer
(Fig. 6A). A significant difference in capillary-like structures
per optical plane in cells treated with and without PP2 was
observed (0.66 vs 3.33 +0.33; p < 0.002) (Fig. 6A).

The disruption on the morphogenic response caused by
the inhibition of Src activation by PP2 gave us some evidence
of the role of this tyrosine kinase (key component of the
mechanotransduction pathway®>>?%) in the process of
capillary morphogenesis in our system. Based on this result,
we analyzed whether interstitial flow rate modulates the

level of Src activation at the cell membrane. For this purpose,
we compared, using Western blot, the relative amounts of
total Src and phosphorylated Src (pSrc) present in cells cul-
tured for 24 h under six different flow conditions: no inter-
stitial flow and five different flow rates (2.3, 5.7, 11.5, 23.0,
and 57.4 uL/h, corresponding to mean flow velocities through
the chamber of 2, 5, 10, 20, and 50 pm/min, respectively). The
ratio of pSrc to total Src protein, both normalized with actin,
showed a maximum at flow velocities of 10 and 20 pm/min
(Fig. 6C). Although this experiment was performed twice,
and no statistical data were obtained, this could suggest an
explanation of why those flow rates had proven to be opti-
mal for HUVEC monolayer establishment as well as for the
development and maintenance of new capillary-like struc-
tures (see above).

Next we were interested in visualizing the distribution of
pSrc on the endothelial monolayer under interstitial flow
conditions as well as in controls. Hence, we performed im-
munostaining using a specific antibody against pSrc (see
Materials and Methods). We detected that the monolayer
was not uniformly stained for pSrc; instead, distinct patches
of cells containing pSrc (localized at the periphery of the
cells) were surrounded by non-pSrc cells (Fig. 7A, B). This
clearly suggested that a heterogenic distribution of me-
chanically activated cell clusters could be the cause of hav-
ing a predetermined number of “capillary initiation sites.”
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FIG. 6. Effect of Src inhibition on capillary-like structure
formation. (A) When 4-amino-5-(4-chlorophenyl)-7-(t-butyl)
pyrazolo[3,4-d]pyrimidine (PP2, a potent and selective in-
hibitor of the Src family of protein tyrosine kinases) was in-
corporated into the medium, a few small, non-branched
structures were formed, and single cells or fragments could
be seen inside the collagen (*). Controls showed a greater
number of more-complex structures (arrows). Black bar at left
panel represents 100 pm. (B) PP2 significantly decreased the
number of capillary-structures observed (p >0.002). (C) Src
and phosphorylated Src (pSrc) levels were analyzed using
Western blot. The ratio of normalized pSrc (pSrc/actin) to
normalized Src (Src/actin) showed significantly more Src
phosphorylation in samples taken from cells cultured without
flow (pSrcn/Sreny ~0) than in those where interstitial flow
was applied. Phosphorylation levels showed a peak at flows
previously found to be optimal for human umbilical vein
endothelial cell monolayer culture and maintenance, as
well as for the formation, growth, and development of new
capillary-like structures (10.0-20.0 pm/min).

Capillary-like structures developed only from zones where
Src was highly activated (pSrc zones) (Fig. 7A-D). In other
words, the monolayer could dictate which cells would
undergo capillary morphogenesis and which ones would
not. If this is the case, is the establishment of pSrc zones in
monolayers pre-determined, or does the mechanical stimulus
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of interstitial fluid flow generate it? To answer this question,
we immunostained monolayers for pSrc obtained with or
without interstitial flow and found that the pattern of pSrc
patches surrounded by non-pSrc cells was present regardless
of flow stress, thus indicating that it might be an intrinsic
property of the endothelial monolayer system under the
experimental condition tested (Fig. 8B). The different levels
of pSrc found with varying flow rates must therefore indicate
variations in the level of activation or number of activated
cells within the same number of activated sites.

Moreover, we tested the effect of the presence or absence
of FGFb, as well as the EGFR inhibitor (AG1478) to see
whether these agents regulate in some way the pattern of
activated and non-activated Src patches. We found that the
absence of FGFb or the inhibition of EGFR reduced the
number of non-pSrc cells in each patch, suggesting that FGFb
and the EGFR pathway regulate the presence of mechani-
cally non-activated zones (Fig. 8). It is exciting because we
know, from previous results, that FGFb and the EGFR
pathway are essential players in capillary morphogenesis,
because their absence or inhibition affects the process.”
Therefore, this result suggests that those mechanically non-
activated zones are essential in engaging pSrc cells in under-
going morphogenesis. In view of these results, we suggest
that FGFb or the EGFR pathway controls the maintenance
of non-mechanically activated zones, restricting the number
and distance of pSrc areas in the monolayer. In addition, the
presence of non-pSrc zones could be important in fostering
cell proliferation, because environmental factors could con-
trol cell division: therefore, areas of non-mechanically en-
gaged cells could be optimal regions for cell division. In
contrast, migratorily active pSrc areas undergoing capillary
morphogenesis could promote cell cycle arrest. For this rea-
son, we incubated HUVEC monolayers for 6h under inter-
stitial flow conditions with BrdU (to detect dividing cells at
the S-phase), followed by double immunostaining for BrdU
and pSrc (see Materials and Methods). BrdU™" cells were
detected in pSrc as well as non-pSrc zones but not in
sprouting cells, indicating that a cell might be “mechanically
sensitive” (pSrc) and still be able to proliferate unless it is
strictly engaged in morphogenesis and actively committed to
the development of a capillary structure (Fig. 9). This sug-
gests that FGFb and the EGFR pathway control in part the
mechanism in charge of controlling the distribution of pSrc
zones and cell proliferation restricted to the monolayer, but
extensive research needs to be done to understand this pro-
cess clearly.

Conclusions

In the present work, we observed that interstitial flow in-
tensity affects the length and branching degree but not the
number of capillary-like structures developed from HUVEC
monolayers and that capillary morphogenesis is restricted to
patches of Src-activated cells (pSrc) at the cell monolayer.
Specifically, we found that the length and branching degree
of the capillary-like structures was maximum at flow values of
10 to 20 pum/min. This suggests that the endothelial mono-
layer presents predetermined areas of “capillary initiation
spots” that remain unchanged across the flow velocities tested
(2-50 pm/min). Additionally, the phosphorylation state of Src
(a component of focal adhesion complexes) across the mono-
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FIG. 7. Strictly Src-activated (pSrc) clusters of human umbilical vein endothelial cells (HUVECs) undergo capillary mor-
phogenesis. Cells under interstitial flow of 10.0 pm/min were fixed and immunostained for pSrc. Defined zones or clusters of
pSrc HUVECS can be visualized (red) at the monolayer (A, B). White asterisks indicate zones of highly activated pSrc in the
monolayer. Underneath the monolayer (10-20 pm), capillary-like structures positive for pSrc immunostaining can be visu-
alized, all emerging from pSrc zones of the monolayer (C, D). For reference, the white asterisks indicate the same zones in
panels (A) and (B). Nuclei were stained with 4',6-diamidino-2-phenylindole, dihydrochloride (blue). White bar in A repre-
sents 100 um. Color images available online at www. liebertonline.com/ten.

+AG1478

FIG. 8. Basic fibroblast growth factor (FGFb) and the endothelial growth factor receptor (EGFR) pathway regulate non-
activated Src zone sizes. Human umbilical vein endothelial cell (HUVEC) monolayers were cultured without interstitial flow
conditions, combining the presence or absence of FGFb and the EGFR pathway inhibitor AG1478. (A) Cells cultured in the
absence of FGFb and AG1478, (B) in the presence of FGFb and the absence of AG1478 (controls), (C) in the absence of FGFb
and the presence of AG1478, and (D) the presence of FGFb and AG1478. Only the absence of FGFb or the presence of AG1478
alone, or both conditions together, decreased dramatically the cell number of non-activated Src clusters. White bar in A
represents 100 pm.
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FIG. 9. Activated and non-activated Src cells undergo cell proliferation. Human umbilical vein endothelial cell (HUVEC)
monolayers cultured under interstitial flow (10 pm/min) were incubated for 6h in the presence of 5'bromo-2'-deoxyuridine
(BrdU, 10 pM), fixed and immunostained for BrdU and pSrc (see Materials and Methods). HUVECs stained for pSrc (yellow)
and for nuclei with 4',6-diamidino-2-phenylindole, dihydrochloride (blue) (A, B) were also stained for BrdU (green). the same
optical layer of panel A corresponds to panel C and B to D. White arrows indicated BrdU" nuclei in non-activated Src cells;
red arrows indicate nuclei in activated Src cells (pSrc). White bar in A represents 100 pm. Color images available online at

www.liebertonline.com /ten.

layer presented a heterogeneous distribution, showing dis-
tinct phosphorylated Src (pSrc) cell clusters surrounded by
non-phosphorylated Src (non-pSrc) cells. Moreover, all new
capillary-like structures emerged from pSrc zones, indicating
that predetermined Src-activated areas (pSrc) are the only re-
stricted zones to undergo capillary morphogenesis and that the
number of these is independent of interstitial flow. In sum-
mary, endothelial monolayers cultured under the conditions
tested present a predetermined distribution of mechanically
sensitive zones (pSrc) that engage in capillary morphogenesis
under the right biomechanical stimuli, promoting cell prolif-
eration at the monolayer and cell migration and therefore
capillary growth.

Although in our present work we used HUVECs, it seems
logical to extend this study to other endothelial systems,
including human microvascular vein endothelial cells and
human microvascular endothelial cells, which have pheno-
types much more similar to those of the in vivo capillary
sprouting systems found in tissues and organs. Therefore,
these endothelial systems could be employed to develop
vascular networks in vitro for direct tissue engineering ap-
plications in areas such as production of skin analogs and
artificial organ constructs. The cells could be easily isolated
from patients and used to develop tissue constructs for au-
tologous applications, avoiding future complications with
the immune system. Moreover, the addition of pericyte-like
cells would allow the stabilization of these networks because

the intimate interaction between pericytes and endothelial
cells maintains the vascular architecture within tissues.
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