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A significant barrier to the success of engineered tissues is the inadequate transport of nutrients and gases to, and
waste away from, cells within the constructs, after implantation. Generation of microtubular networks by
endothelial cells in engineered constructs to mimic the in vivo transport scheme is essential for facilitating tissue
survival by promoting the in vitro formation of microvessels that integrate with host microvasculature, after
implantation. Previously, we reported that select pressures stimulate endothelial proliferation involving pro-
tubulogenic molecules such as fibroblast growth factor-2 (FGF-2) and vascular endothelial growth factor-C
(VEGF-C). Based on this, we investigated fluid pressure as a selective modulator of early tubulogenic activity
with the intent of assessing the potential utility of this mechanical stimulus as a tissue-engineering control
parameter. For this purpose, we used a custom pressure system to expose two-dimensional (2D) and three-
dimensional (3D) cultures of endothelial cells to static pressures of 0 (controls), 20, or 40 mmHg for 3 days.
Compared to controls, 2D endothelial cultures exposed to 20, but not 40 mmHg, exhibited significantly ( p < 0.05)
enhanced cell growth that depended on VEGF receptor-3 (VEGFR-3), a receptor for VEGF-C. Moreover, en-
dothelial cells grown on microbeads and suspended in 3D collagen gels under 20 mmHg, but not 40 mmHg,
displayed significantly ( p < 0.05) increased sprout formation. Interestingly, pressure-dependent proliferation and
sprout formation occurred in parallel with pressure-sensitive upregulation of VEGF-C and VEGFR-3 expression
and were sensitive to local FGF-2 levels. Collectively, the results of the present study provided evidence that
early endothelial-related tubulogenic activity depends on local hydrostatic pressure levels in the context of local
growth factor conditions. In addition to relevance to microvascular diseases associated with interstitial hyper-
tension (e.g., cancer and glaucoma), these findings provided first insight into the potential utility of hydrostatic
pressure as a fine-tune control parameter to optimize microvascularization of tissue-engineering constructs in
the in vitro setting before their implantation.

Introduction

The United Network for Organ Sharing, as of October of
2011, reported that > 112,000 patients are on waiting lists

for transplantation surgery. A shortage of tissues due to such
large demands and the limited availability of the donor
material point to a critical need for engineered tissues that
duplicate the complex organization of biological matrices.1 A
significant barrier to the success of these constructs is inad-
equate passive transport of nutrients and gases to resident
cells. Past efforts to formulate tissue-engineering strategies
relied on utilizing fluid flow or matrix compression to fa-
cilitate delivery of nutrients to, and promote removal of
waste away from, cells within synthetic tissue constructs to

ensure their survival postimplantation. However, their sus-
tainability after insertion in vivo has been suboptimal with
only thin ( < 2-mm thick) constructs2 exhibiting viability.

Contemporary approaches to promote survival of en-
gineered constructs after implantation involve the in vitro
pre-establishment of microvessel networks within synthetic
tissues that will eventually incorporate into, and mimic, the
in vivo convective transport scheme. The importance of mi-
crovessel networks to the viability of tissues is exemplified
by the 200-mm diffusion limit of gases (e.g., O2 and CO2) in
biological matrices.2 Dense capillary networks are essential
for supplying nutrients and oxygen to cells in tissues (native
or engineered). Moreover, dense lymphatic networks pre-
vent accumulation of metabolic wastes by facilitating their
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efficient transport away from interstitial cells. Growth of
functional microtube networks within engineered constructs
is, therefore, an optimal design outcome.

In addition to other functions (e.g., hemostasis, intercel-
lular transport, and vasoactivity), endothelial cells initiate
and orchestrate microvessel formation (i.e., tubulogenesis)
related to the growth of microvascular (i.e., angiogenesis) or
lymphatic (lymphangiogenesis) capillaries. These processes
are similar in that early events include cell invasion into the
interstitium, proliferation, and morphogenesis into multi-
cellular sprouts that eventually develop into tubes and self-
assemble into microvessel networks capable of transporting
bulk fluid within their lumens.3–7 However, despite ad-
vances in our understanding of endothelial tubulogenesis,
there are still limitations related to optimizing the formation
of microvessel networks in engineered tissues. One possible
explanation is that past efforts to control tubulogenic pro-
cesses have occurred with limited consideration for the cel-
lular mechanoenvironment.

The endothelial phenotype is a consequence of its me-
chanoenvironment as evidenced by the reported effects of
fluid shear and solid matrix stresses on a multitude of en-
dothelial processes (i.e., vasomotor activity, barrier function,
and inflammation), including tubulogenesis.8 Recognition
of the critical role of mechanotransduction in endothelial
biology resulted in the formulation of novel bioreactor-
preconditioning strategies9–12 that, in addition to relying on
flow and matrix compression to promote convective trans-
port, simultaneously focused on controlling fluid shear13–15

and solid16–18 stresses within the three-dimensional (3D)
matrices to mechanobiologically influence resident cells. The
goal was to stimulate the release of tubulogenic molecules, in
situ, to act in an autocrine or paracrine fashion to upregulate
capillary and/or lymphatic formation by endothelial cells
incorporated in the engineered constructs.

The use of pressure as a bioreactor parameter for modu-
lating endothelial tubulogenesis however has received little
attention despite its ubiquitous presence in in vivo tissues
and the ease with which it can be applied in vitro without the
influence of fluid flow and substrate deformation. Static
pressures of 80–170 mmHg influence endothelial processes,
including vasocontractility,19,20 hemostasis,21 and barrier
function.22,23 Interestingly, pressures also control angiogenic
processes with effects on proliferation24–28 and expression of
tubulogenic molecules, for example, integrin av,29 promatrix
metalloproteinase-1,26 fibroblast growth factor-2 (FGF-
2),24,29–31 vascular endothelial growth factor-C (VEGF-C),
interleukin-8, tissue plasminogen activator,32 and von Will-
ebrand factor.33 Interestingly, while stretch34,35 and fluid
flow36 alter expression of VEGF-A,37 neither of these upre-
gulate VEGF-C expression. Pressure is thus a unique stimu-
lus of endothelial tubulogenic activity that affords a distinct
level of control for tissue-engineering endeavors.

Based on this evidence, we predicted that hydrostatic
pressure modulates the capacity of endothelial cells to form
microvessels. As such, we investigated pressure as a trigger
for endothelial tubulogenic activity as part of our initial ef-
forts to assess its utility as a control parameter for mechan-
obiological preconditioning of engineered tissues. For these
studies, we used bovine aortic endothelial cells (BAEC)
based on their extensive use as a model endothelial cell line
for vascular research, including those related to angiogene-

sis.38,39 As a starting point, we exposed cells to 0- (i.e., at-
mospheric; controls), 20- (within the physiologic range of
up to 30 mmHg for the microcirculation or interstitium),
and 40- (a supraphysiological level) mmHg hydrostatic
pressures consistent with prior studies,24,26,28,29 including
our own.23,27,31,32 Moreover, we further explored the in-
volvement of FGF-2 as well as VEGF receptor-3 (VEGFR-3)
and its ligand, VEGF-C, which was previously shown to
exhibit pressure-sensitive expression.32 The use of BAEC was
advantageous for this purpose, since these cells express both
VEGF-C40 and VEGFR-338,41,42 and do not require exogenous
growth factors for baseline activity. Finally, we assessed
early events of endothelial tubulogenesis using an estab-
lished microcarrier bead model39,43,44 of physiologic tubulo-
genesis (in a collagen matrix) permissive for quantifying
sprout formation, a prerequisite for capillary growth in-
volving matrix invasion and proliferation.43

Materials and Methods

Cells

BAEC (Cell Applications) were cultured in the Dulbecco’s
modified Eagle’s medium (DMEM; HyClone) containing
10% fetal bovine serum (FBS; HyClone) and 1% penicillin-
streptomycin-l-glutamine solution (HyClone) under stan-
dard incubator conditions (i.e., humidified 37�C, 5% CO2/
95% air). Cells of passage 3–15 were used for experiments.

Substrates

Experiments with BAEC in a two-dimensional (2D)
culture format were conducted on polystyrene substrates
(Falcon multiwell plates) precoated with 0.2% gelatin
(Sigma-Aldrich). Experiments using 3D cell cultures were
carried out on commercially available Cytodex�3 micro-
carrier beads (GE Healthcare) prepared as described.39,43,44

Pressure exposure

BAEC were exposed to 0- (i.e., control), 20-, or 40-mmHg
sustained hydrostatic pressures (above atmospheric) using a
custom pressure system (Fig. 1) consisting of a compressed

FIG. 1. Schematic representation of the laboratory system
for exposing endothelial cell cultures to static pressure re-
gimes of interest. Cell preparations were exposed to pressure
regimes characterized by a hydrostatic pressure established
by adjusting the depth of the air tube in the cylindrical fluid
column attached to the compressed gas tank.
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gas cylinder attached to two water vessels (in series) that
supplied humidified 5% CO2/95% air to a polycarbonate
chamber assembly containing cell preparations. Hydrostatic
pressure levels in the pressure chamber assembly were ad-
justed manually to targeted levels using the 5% CO2/95% air
source in conjunction with the first water vessel setup in a
vertical fluid column configuration. During experiments, the
fluid layer over the cells on rigid substrates remained sta-
tionary, since the gas phase over supernatants was pressur-
ized; the cells were thus exposed to a normal stress equal to
the applied pressure plus the height of the culture medium
(minimized to £ 2-mmHg hydrostatic head). The control
chamber passively received gas from the pressure chamber
through low-flow resistance tubing and expelled it to the
atmosphere. Controls were thus BAEC maintained under
atmospheric pressure, but otherwise similar experimental
conditions. Pressures in both chambers were monitored in
real time with strain gauge transducers (Statham) linked to a
signal conditioner (Validyne) interfaced to a Dell computer
through LabView Signals Express data acquisition software
(National Instruments). We also monitored CO2 levels using
a DATEX monitor that sampled the atmosphere in the con-
trol chamber. Chambers were kept at 37�C with a tempera-
ture-controlled incubator.

Crystal violet uptake

Cells on 2D substrates were exposed to the prescribed
pressures in the absence and presence of 1–2.5 ng/mL FGF-2,
2.5 ng/mL VEGF-A, or 0–20 mM MAZ51 (Sigma-Aldrich), a
small-molecule inhibitor of VEGFR-3 (a high-affinity recep-
tor for VEGF-C).45 After experiments, BAEC were fixed with
2% paraformaldehyde/0.5% glutaraldehyde (Electron Mi-
croscopy Sciences) at 4�C and stained with 0.5% (w/v)
crystal violet (Sigma-Aldrich) in 20% methanol (Fisher) as
described.27 Crystal violet uptake was quantified by spec-
trophotometry (Biotek) at 570 nm as a measure of cell den-
sity. We showed time-dependent changes in crystal violet
uptake to be a sensitive measure of proliferation when
compared to BrdU uptake.27

Immunofluorescence

Populations of BAEC in 2D gelatin-coated Petri dishes
(Falcon) were exposed to the prescribed pressures for 3 days,
enzymatically released from substrates, and immediately
fixed with 0.25% p-formaldehyde in 0.1 M sodium phos-
phate. Fixed cells were labeled with mouse monoclonal an-
tibodies to human VEGFR-3 (Millipore; cross-reactivity with
bovine antigen) in 1% bovine serum albumin (BSA; Sigma-
Aldrich) at room temperature for 1 h and subsequently
stained with fluorescent-labeled goat anti-mouse IgG sec-
ondary antibodies conjugated to Alexa-Fluor�488 according
to standard procedures. Cellular VEGF-C was labeled with
goat anti-human VEGF-C (Santa Cruz Biotechnologies;
cross-reactivity with bovine antigen) and stained with don-
key anti-goat IgG conjugated to Alexa-Fluor488, both in
staining buffers with 0.1% saponin. After labeling, cells were
rinsed of excess unbound antibodies, resuspended in 0.5%
BSA, and analyzed using an LSR II flow cytometer (Becton-
Dickinson). For each sample, at least 10,000 cells were ac-
quired and analyzed using FACsDiva (Becton-Dickinson).
Histograms of antigen-specific fluorescence intensity (related

to the numbers of antibodies bound to cells) were generated
for each sample. The mean fluorescence intensity was used to
quantify expression levels.

Tubulogenesis assay

The tubulogenesis assay using collagen hydrogels was
adapted from reported procedures.43 Microcarrier beads
were seeded at 1 · 106 cells/2,500 beads in a culture medium,
incubated in a standard incubator with gentle agitation for
4 h, rinsed, and cultured overnight in fresh medium. Col-
lagen gel solutions were generated by combining the fol-
lowing reagents at 4�C: 10 parts 200 mM l-glutamine
(Invitrogen), 327 parts rat-tail collagen I (Becton-Dickinson),
67 parts 0.1 N sodium hydroxide, 54 parts 0.53 N sodium
bicarbonate, 100 parts 10 · DMEM, and 443 parts deionized
water (reagents from Sigma-Aldrich unless otherwise indi-
cated). This solution was then mixed with ¼ volume of
the culture medium. Gel solutions with endothelialized
beads were generated using the same formulation, but with
medium containing endothelialized beads at concentrations
to achieve 15–20 beads/well of a 24-well plate. Gels were
formed by allowing an acellular collagen layer to begin to,
but not completely, polymerize at 37�C for 5 min and then
overlaying a second layer containing endothelialized beads
(Fig. 2) followed by incubation at 37�C for 30 min. This

FIG. 2. Schematic representation depicting the preparation
of the Cytodex bead assay to assess endothelial tubulogenic
activity. Endothelial tube-like sprout formation was assessed
using a collagen gel bead assay prepared as described in this
illustration.
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procedure ensured that the endothelialized beads were sus-
pended within a homogeneous gel matrix.

For experiments, beads in polymerized gels were im-
mersed in an equal volume of the culture medium with and
without 2.5 ng/mL FGF-2 (Sigma-Aldrich) or 2.5 ng/mL
VEGF-A (Sigma-Aldrich). After experiments, gels were fixed
with 2% paraformaldehyde/0.5% glutaraldehyde for 24 h at
4�C. Images of sprouts emanating from cell layers were
captured at the central focal plane of the beads using an
Olympus IX71 microscope with a 10 · objective (110 ·
magnification) interfaced to Simple PCI software. En-
dothelial sprouts (linear, multicellular structures at least
50 mm in length43) were manually counted and measured
using ImageJ (NIH) software.

Statistical analyses

Data were expressed as mean – standard error. Activity of
BAEC in the absence or presence of biochemical stimulation
under atmospheric (control) pressures was assessed using
raw values to ascertain the baseline behavior. The means of
these experimental treatments were compared using Stu-
dent’s t-test with p < 0.05 delineating significant differences.
Bonferroni’s corrected p-values were used for multiple
comparisons. Responses of BAEC to pressure were normal-
ized to those of matched controls (i.e., cells under atmo-
spheric pressure, but otherwise similar experimental
conditions) and expressed as fold change to account for any
affects due to the influence of exogenous chemicals on
baseline activity. Significant fold changes were determined
with a one-sample t-test using a fold change = 1 for control
values and a p < 0.05 denoting a significant difference from
this threshold value. Different pressure treatments were
compared using Student’s t-test with Bonferroni’s adjust-

ment for multiple comparisons; p < 0.05 denoted a significant
difference.

Results

Endothelial cell proliferation is pressure
magnitude dependent

Relative to cells maintained under control (i.e., 2 mmHg
above atmospheric) pressure conditions, BAEC exposed to
20 mmHg, but not 40 mmHg, for 3 days exhibited significant
( p < 0.05) increases in cell densities (Fig. 3). Notably, pres-
sure-sensitive proliferation of BAEC exhibited a different
pattern of dependence in the presence of FGF-2. Under 1 ng/
mL FGF-2, BAEC exposed to both 20 and 40 mmHg for 3
days displayed significantly enhanced population growth
relative to matched controls (Fig. 3). Interestingly, BAEC
stimulated with 1 ng/mL FGF-2 under control conditions did
not exhibit enhanced growth after 3 days (Fig. 3). In fact, we
determined the minimum FGF-2 concentration required to
stimulate the growth of BAEC to be somewhere between
1 and 2.5 ng/mL (Fig. 3). The growth of BAEC is thus
pressure sensitive in the context of the surrounding FGF-2
environment.

VEGFR-3 mediates pressure-sensitive endothelial
cell proliferation

To investigate the possibility that VEGF-C participates in
the proliferative responses of BAEC to pressure in line with
our previous report,32 we blocked VEGFR-3 activity using the
VEGFR-3 antagonist, MAZ51.45 Under control conditions,
endothelial cell growth for 3 days was reduced dose depen-
dently (R2 = 0.92; p < 0.01) with increasing concentrations
(0–20mM) of MAZ51 (Fig. 4). In terms of pressure exposure,

FIG. 3. Endothelial growth is function of local hydrostatic pressure levels and extracellular levels of fibroblast growth
factor-2 (FGF-2). (A) Endothelial cell populations were maintained under atmospheric (control) pressure conditions as well as
exposed to 20- and 40-mmHg hydrostatic pressures above atmospheric in the absence (white bars) and presence (dark bars)
of 1 ng/mL FGF-2 for 3 days. Crystal violet uptake of pressurized cells was normalized to those of match cell preparations
maintained under atmospheric (control) pressure, but otherwise similar experimental (i.e., with or without FGF-2) conditions,
and expressed as fold change. Bars in (A) are mean fold change – standard error; n = 5 independent experiments. #p < 0.05
compared to control levels assigned a value of 1 (dashed line) using one-sample t-test. (B) Growth of bovine aortic endothelial
cells (BAEC) under 1–2.5 ng/mL FGF-2 was determined for cells under control pressure conditions to define the baseline
influence of this growth factor (i.e., positive control). Cell densities were determined by spectroscopic analysis (at 570 nm) of
crystal violet uptake for each growth factor condition and compared using paired Student’s t-test in conjunction with
Bonferroni’s adjustment for multiple comparisons; *p < 0.017. Bars in (B) are mean values – standard error; n = 5 to 6 inde-
pendent experiments.
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MAZ51 at concentrations > 1mM impaired the proliferative
responses of BAEC exposed to 20 mmHg for 3 days (Fig. 4).

VEGF-C and VEGFR-3 protein expression
is pressure sensitive

Under all conditions, BAEC exhibited baseline expression
levels of VEGF-C and VEGFR-3 (Fig. 5). BAEC exposed to
20 mmHg exhibited enhanced expression levels of VEGFR-3
and VEGF-C relative to those of matched controls (Fig. 6).
Exposure of cells to 40 mmHg for 3 days had no effect on
VEGF-C expression levels (Fig. 6). Interestingly, BAEC ex-

posed to 40 mmHg exhibited a small, but significant, increase
in VEGFR-3 expression relative to cells under control pres-
sure, but significantly ( p < 0.05) less than cells exposed to
20 mmHg.

Endothelial sprout formation is pressure sensitive

BAEC on microcarrier beads in collagen gels under all
conditions exhibited the capacity to form sprouts, including
under the influence of 2.5 ng/mL FGF-2 or 2.5 ng/mL VEGF-
A, both of which served as positive controls (Figs. 6 and 7).
The majority of the tube-like sprouts were of lengths > 75mm

FIG. 4. Pressure-sensitive endothelial proliferative responses depend on VEGR-3 activity. (A) We defined the relationship
between MAZ51 and baseline endothelial proliferation under atmospheric pressures using linear regression analyses. Points
in (A) are cell densities (reflected by absorbance of crystal violet at 570 nm) – standard error. MAZ51 concentration depen-
dence of cell densities was assessed by linear regression. (B) We also examined the influence of 0–20mM MAZ51 on the
growth response of BAEC to 20-mmHg-pressure exposure. Crystal violet uptake of pressurized cells was normalized to those
of cells maintained under atmospheric (control) pressure, but otherwise similar experimental (i.e., MAZ51) conditions, and
expressed as fold change. Bars in (B) are mean – standard error; n = 5. #p < 0.05 compared to levels of matched control assigned
a value of 1 (dashed line) using one-sample t-test.

FIG. 5. Pressure upregulates cellular levels of VEGF-C and membrane expression of its high-affinity receptor, VEGFR-3. (A,
B) Histograms of fluorescence intensity, that is, for either VEGF-C (A) or VEGFR-3 (B), were plotted for unlabeled BAEC (no-
stain; filled curve) and cells labeled only with the appropriate species-specific secondary antibodies, Alexa�488 conjugates
(dotted line) as well as for control cells (thin black line), and cells exposed to 20 mmHg (thick black line) for 3 days and
detected with antigen-specific primary antibodies. Mean fluorescence intensities reflecting bound antibodies for either VEGF-
C (C) or VEGFR-3 (D) on BAEC exposed to either 20 or 40 mmHg (20 or 40, respectively) were normalized to those of
matched controls (dashed line) and expressed as fold change. Bars in (C) and (D) are mean – standard error; n = 4 to 6.
#p < 0.05 compared to control levels (dashed line) assigned a value of 1 (dashed line) using one-sample t-test. *p < 0.05
compared using Student’s t-test.
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(Fig. 7). The value of 75mm was chosen, since it represented
one-half of the average diameters of the Cytodex beads.

Exposure of BAEC to 20-, but not 40-mmHg hydro-
static pressures for 3 days significantly upregulated sprout
formation relative to matched controls (Fig. 7). Moreover,
the number of sprouts extending at least 75mm from the
bead surface was significantly ( p < 0.05) increased under
20 mmHg. As was the case for proliferation of BAEC, pres-
sure-sensitive sprout formation exhibited a different pattern
of dependence in the presence of FGF-2. In this case, BAEC
exposed to both 20 and 40 mmHg in the presence of 2.5 ng/
mL FGF-2 exhibited significantly enhanced sprout formation
(Fig. 8). Interesting, only BAEC on beads exposed to 20, but
not 40 mmHg, in the presence of FGF-2 exhibited signifi-

cantly enhanced numbers of sprouts with lengths > 75 mm
(Fig. 8).

Discussion

The present study provided first evidence that hydrostatic
pressure is a magnitude-dependent modulator of endothelial
tubulogenesis. From a tissue-engineering perspective, con-
trolled upregulation of endothelial tube formation is beneficial
as a strategy to establish microvessels within a construct
before implantation with the expectation that it will rapidly
integrate with host tissues. Proposed schemes for mechan-
obiological preconditioning of 3D constructs have included
using fluid flow to stimulate tubulogenic activity of endo-
thelial cells lining the lumens of vessel-like constructs or re-
siding within 3D matrices containing growth factors.10,11

These models, however, are limited by the extent to which the
flow is generated within the interstitium and by the genera-
tion of complex, nonuniform mechanical (shear, pressure, and
tensile) stress distributions that obscure the contributions of
each stress component to the observed tubulogenic responses.
The advantage of using pressure as a mechanobiological
stimulus is the potential to stimulate endothelial cells
throughout a 3D matrix with the only source of variation re-
sulting from their depths in the constructs. As such, our study
considered a new approach for vascularizing tissues of

FIG. 6. BAEC on microcarrier beads exhibited sprout for-
mation in response to exposure to 20-, but not 40-mmHg
hydrostatic pressures. Images of BAEC on Cytodex beads
suspended in collagen gels and maintained under atmo-
spheric (control) pressure conditions (A) as well as exposed
to either 20- (B) or 40- (C) mmHg hydrostatic pressures for 3
days; 2 representative images are provided for each pressure
condition. Positive controls for these experiments were bead
preparations of BAEC (1 image each) maintained under
control pressures in the presence of either 2.5 ng/mL FGF-2
(D) or 2.5 ng/mL VEGFA (E) for 3 days. Images acquired
under 110 · magnification.

FIG. 7. Exposure to 20-, but not 40-mmHg hydrostatic
pressures significantly enhanced sprout formation of BAEC.
BAEC on Cytodex beads suspended in collagen gels for 3
days were assessed for their ability to form sprouts (A), in-
cluding those that were > 75 mm (B) in response to protu-
bulogenic stimulation by 2.5 ng/mL FGF2 (white bars) and
2.5 ng/mL VEGF-A (bars with a diagonal line pattern). Bars
in (A) and (B) represent mean tube numbers – standard error;
n = 9. *p < 0.017 using paired t-test with Bonferroni’s adjust-
ment. For pressure experiments, the total number of sprouts
(C) as well as the number of sprouts extending 75mm (D)
from endothelial monolayers after exposure to either 20 or
40 mmHg for 3 days were manually counted per bead for 15
beads, normalized to those of matched controls, and ex-
pressed as fold change. Bars in (C) and (D) are mean fold
change – standard error; n = 4 to 5. #p < 0.05 compared to
control levels assigned a value of 1 (dashed line) using one-
sample t-test.
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thicknesses beyond the current 2-mm limitation,2 the single-
most challenging issue facing the tissue-engineering industry.1

Evidence that indicates an important role for hydrostatic
pressure in regulating microvessel formation is derived from
studies of aberrant tubulogenic activity during significant
pathologies. A common denominator of these conditions is
an altered pressure environment for endothelial cells. In
hypertensive pulmonary arteries, vascular remodeling elicits
formation of plexiform lesions that involves misguided an-
giogenesis arising from an altered endothelial phenotype.46

Ocular hypertension ( > 21 mmHg) is a clinical feature for
neovascular glaucoma involving a typical angiogenic and,
possibly even, lymphangiogenic activity.47–49 Tumor metas-
tasis correlates with interstitial hypertension (pressures > 50
mmHg50) and enhanced angio-/lymphangiogenic51 activity
for bone,52,53 intestinal,54 and lung55 cancers. Interestingly,
in vitro stimulation of osteosarcoma cells with 50 mmHg
elicits expression of the prolymphangiogenic factor, VEGF-
C.52,53 This pressure is in the range of that which enhanced
endothelial proliferation, FGF-2 signaling, and VEGF-C ex-
pression in culture.27,31,32 Collectively, these links between
pressure and tubulogenic activity point to the potential of
using similar pressure ranges to promote microvasculariza-
tion in engineered constructs.

Along these lines, the hydrostatic pressures used in the
present study influenced cell growth in a magnitude-
dependent fashion (Fig. 3) consistent with past reports for
bovine aortic,56 calf pulmonary artery,24,30 human umbilical
vein,29 and immortalized human aortic (HAoEC) endo-
thelium.26 Reportedly, static pressures ranging from
2–150 mmHg enhance endothelial proliferation, while further
elevations up to 200 mmHg lead to reduced mitotic
rates.26,28,56 Notably, proliferation rates of BAEC in our study
were unaffected by exposure to 40 mmHg (Fig. 3), which is
within the pressure range reported to be mitogenic for
BAEC56 and transformed HAoEC.26 However, the prolifer-
ative responses of BAEC to 40 mmHg by Sumpio et al.56 re-
quired at least 7 days of pressure exposure; we pressurized
our cells for only 3 days. Moreover, the discrepancy between
the pressure-sensitive proliferative activity of our BAEC and
immortalized HAoEC26 is likely due to genetic variations
arising from differences in species or transformation status.
Despite such variations, the effect of pressure on endothelial
growth appears to be most potent after slight to moderate
pressure elevations, but is gradually reduced and eventually
blocked as pressures rise.

Reportedly, the proliferative responses of human and
bovine endothelium to 2–11-mmHg hydrostatic pressure

FIG. 8. Pressure-dependent
endothelial sprout formation was
sensitive to extracellular levels of
FGF-2. Representative images of
BAEC on Cytodex beads in collagen
gels exposed to either 20- (B) or
40-mmHg (D) static pressures in
the presence of 2.5 ng/mL FGF-2
for 3 days. Images of time-matched
controls are provided for each
pressure level (A and C). The total
number of sprouts (E) as well as the
number of sprouts extending 75 mm
(F) from endothelial monolayers
under pressure stimulation were
manually counted per bead for 15
beads and normalized to those of
controls. Vertical bars in (E) and (F)
are mean fold changes in sprout
formation – standard error;
n = 4 to 5. #p < 0.05 compared to
levels of matched controls assigned
a value of 1 using one-sample t-test.
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levels require autocrine FGF-2 activity via release from cy-
tosolic stores.27,31 Moreover, the proliferative responses of
endothelial cells under a 40-mmHg mean cyclic pressure
require exogenous FGF-2 activity and occur with concomi-
tant phosphorylation of FGFR2.31 Our observations that
FGF-2 stimulation was necessary for BAEC exposed to 40-
mmHg static pressures to exhibit a growth response (Fig. 3)
further suggested the capability of this growth factor to in-
fluence pressure-sensitive tubulogenic activity, particularly
since BAEC under 20 mmHg did not require FGF-2 to exhibit
a proliferative response.

We also demonstrated the potential utility of pressure as a
mechanobiological stimulus of tubulogenesis by linking en-
hanced growth of BAEC under 20 mmHg to the activity of
VEGFR-3 (Fig. 4), the high-affinity receptor for VEGF-C and
VEGF-D. It is important to note that MAZ51 is capable of
blocking VEGFR-2-related cell activity, but it does so at
concentrations ‡ 20mM.45,57 Blockade of the proliferative re-
sponses of BAEC to 20-mmHg pressures at concentrations
between 1–20mM (Fig. 3) is in line with the effective range of
MAZ51 on VEGFR-3 activity45 and is consistent with results
from our earlier work showing that the proliferative re-
sponses of endothelial cells to cyclic pressure occurred in
parallel with enhanced VEGF-C transcription and required
VEGF-C activity.32 It, however, is also possible that VEGF-D
plays a role in the growth response of BAEC to 20-mmHg-
pressure exposure, since MAZ51 antagonizes the tyrosine
kinase activity of VEGFR-3 resulting from ligand binding.
However, whereas BAEC have been shown to express
VEGF-C in the present study (Fig. 5) and by others,40 there
has been, to our knowledge, no reports that demonstrate
these cells express VEGF-D. Moreover, we previously ex-
cluded the possibility that pressure-sensitive proliferation by
human endothelial cells involved VEGF-D.32

Notably, the fact that VEGF-C is upregulated in BAEC by
exposure to 20 mmHg, but not 40 mmHg (Fig. 5), is consis-
tent with the observed pattern of pressure-sensitive prolif-
eration for the BAEC used in this study (Fig. 3). Moreover,
the magnitude-dependent effect of pressure on growth of
BAEC extended down to the receptor level where we ob-
served a similar pattern of pressure dependence on VEGFR-3
expression (Fig. 5). Although both pressure levels elicited a
significant increase in VEGFR-3 relative to atmospheric
pressure controls, the 20-mmHg regime exhibited more po-
tency than the 40-mmHg stimulus (Fig. 5). Collectively, these
results demonstrated that VEGF-C and VEGFR-3 play key
roles in pressure-sensitive endothelial cell proliferation.
Moreover, this regulatory mechanism appears to act in an
autocrine fashion, since no other cells were present in our
experimental system.

Together, the results of the present study (Figs. 3–5) and
our prior data27,31,32 suggest that the effects of pressure on
endothelial cells converge on a putative FGF-2- and VEGF-
C-signaling axis. In line with this possibility, FGF-2 and
VEGF-C both regulate tubulogenesis by endothelial cells
under atmospheric pressure conditions.58 In fact, exogenous
FGF-2 and VEGF-C synergistically enhance in vitro angio-
genic tube formation by BAEC.38 Interestingly, our prior
evidence27,31,32 suggests that pressure-sensitive FGF-2 activ-
ity is upstream of enhanced VEGF-C transcription. This is
consistent with evidence that FGF-2 upregulates VEGF-C in
an in vitro setting59 as well as during coronary vasculogen-

esis in the embryonic myocardium.60 The involvement of
FGF-2 and VEGF-C in pressure-sensitive endothelial tubu-
logenesis is therefore consistent with a putative sequential
interaction.

The current paradigm describing tubulogenesis points to
endothelial invasion into subluminal tissues, followed by
their assembly into sprouts, which mature into tubes.7,61

Sprouts form as linear multicellular structures having an
invasive tip cell and trunk cells that are proliferative and
capable of forming lumens. Endothelial sprouts, however,
lack a lumen and typically form within 2–3 days of stimu-
lation.7 Sprout formation under all conditions tested in this
study occurred within this time frame. Moreover, we did not
detect morphological indicators of lumens in these struc-
tures. Our failure to detect lumens however agrees with
literature evidence, indicating that assembly of lumen-
containing vessels requires the paracrine actions of other
cells (e.g., fibroblasts and pericytes).61,62 Inclusion of addi-
tional cell types in co-culture with our BAEC, however,
would have expanded the present study beyond our in-
tended scope, since examining the responses of cocultures
would have required an analysis of the pressure responses of
each cell type in isolation to gain useful data related to ex-
isting interactions. We thus focused on early cell function-
based events of tubulogenesis with the endothelial cells
serving as the principle initiators of this process.

In this regard, the observed robust tubulogenic responses
of BAEC to the 20, but not the 40 mmHg-pressure stimulus
(Figs. 6 and 7) was in line with a similar magnitude-depen-
dent effect on cell proliferation (Fig. 3) as well as on VEGF-C
and VEGFR-3 expression (Fig. 5). The lack of any synergistic
or additive effect of FGF-2 on sprout formation (Fig. 7), as
well as on cell growth (Fig. 3), responses of BAEC exposed to
20 mmHg suggested that either (i) FGF-2 was not involved
in pressure-sensitive tubulogenic activity, or (ii) the influence
of this pressure on sprouting activity reached threshold
levels above which FGF-2 had no effect. In support of the
latter, our consistent observations that FGF-2 promoted a
detectable pressure-sensitive increase in endothelial sprout-
ing (Fig. 8) under 40 mmHg, as was the case for cell prolif-
eration (Fig. 4), suggested the involvement of this growth
factor in endothelial mechanotransduction of pressure
as previously reported.24,29,31 Notably, the combination of
40 mmHg and FGF-2 favored initiation of sprout formation
rather than extension beyond 75mm (Fig. 8). This is consis-
tent with the significant, but small, increase in proliferation
afforded by exposure of BAEC to 40 mmHg in the presence
of FGF-2 (Fig. 4) and the dependence of sprout projection on
proliferation.7,39

It is important to point out that the observed pressure
effects occurred in the absence of any flow, since static
pressures were applied to the incompressible supernatant
layer. We also do not expect the applied pressures to have
deformed the porous, fully hydrated collagen gel matrix.
Moreover, it should be emphasized that our study focused
on the potential use of pressure as an approach to micro-
vascularize synthetic tissue constructs. The model of BAEC
used in this study provided an opportunity to do so while
investigating the involvement of VEGF-C and VEGFR-3.
Although VEGFR-3 expression has largely been associated
with lymphatic-derived endothelium, numerous investiga-
tors have shown that this receptor is expressed by blood
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endothelium, including BAEC.38,41,63 For example, Tammela
et al.64 reported VEGFR-3 expression by blood endothelial
cells at the tips of developing sprouts. Notably, their findings
in conjunction with the results of the present study are in line
with a role for pressure in early endothelial tubulogenic ac-
tivity related to sprout formation. Future work, however, is
needed to validate our approach in human endothelial cells
considering that the end application is the engineering of
replacement human tissues.

Finally, it is unclear whether pressure is angiogenic or
lymphangiogenic, since FGF-2 and VEGF-C are capable
of upregulating both processes. Interestingly, low doses of
FGF-2 elicit lymphangiogenesis, while high concentrations
promote angiogenesis.65 This is interesting in light of the
influence of low FGF-2 concentrations on endothelial re-
sponsiveness to 40 mmHg even in the presence of high serum
concentrations (Figs. 4 and 8), which is known to attenuate
growth factor effects,43 as well as our prior work showing
that pressure facilitates FGF-2/FGFR2 interactions and en-
hances VEGF-C transcription. Further work is necessary to
resolve this issue by fully characterizing, at the molecular
level, the pressure-dependent tubulogenic phenotype.

In summary, the salient finding of our study is that early
endothelial tubulogenic activity exhibits pressure sensitivity.
It remains to be determined whether pressure-sensitive
sprouting leads to the eventual establishment of lumen-
containing tubular networks. However, our results did pro-
vide novel evidence substantiating pressure as a stimulus of
endothelial sprouting, one of the earliest events in tube for-
mation. In addition to general implications related to mi-
crovascular pathobiology (e.g., glaucoma and cancer), our
study serves as a first step to verify the potential utility of
pressure as a fine-tune control parameter to optimize mi-
crovessel network formation in the in vitro setting by rapidly
initiating early endothelial events. Such a parameter may
serve as a powerful tissue-engineering tool to be incorpo-
rated in mechanobiological preconditioning schemes to
vascularize tissue constructs so as to improve their in vivo
viability.
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