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Although the importance of fluid flow for proper vascular development and function in vivo is well recognized,
microvascular formation in response to flow has not been well evaluated in a three-dimensional (3D) envi-
ronment in vitro. In this study, we developed a novel 3D in vitro perfusion system that allows direct investigation
of the effects of shear stress on the development of microvasculature in vitro. This system utilizes a 3D collagen
gel for suspension of vascular cells and mesenchymal stem cells, through which flow is directly perfused. We
characterized the flow conditions and demonstrate the impact of flow on the development of microvasculature
using a coculture of endothelial cells and mesenchymal stem cells. With the unique ability to apply bulk flow
through the collagen gels, and to estimate shear stress within the constructs, this perfusion system provides a
flexible platform for developing a controllable biomimetic environment that can be adapted for a variety of
investigations of microvascularization.

Introduction

For decades, researchers have studied endothelial
capillary morphogenesis (the so-called in vitro angio-

genesis) on two-dimensional (2D) coated plates or on the
surfaces of or inside three-dimensional (3D) gels.1–4 Folkman
and Haudenschild demonstrated the first in vitro angiogen-
esis by capillary endothelial cells cultured in the tumor-
conditioned medium.4 Other studies have demonstrated the
invasion of endothelial cells cultured on top of a gelatinous
matrix into the collagen gel,5 and lumen formation by en-
dothelial cells in fibrin and collagen gels.6–8 Recently, a more
complex multi-cellular approach revealed that human um-
bilical vein endothelial cells organize into cords within 24 h
when cocultured with 10T1/2 cells (a mural precursor cell
line) in collagen gels.9 In addition, the important role of
mural cells, such as mesenchymal stem cells, has been shown
for microvessel maturation and stabilization.10 Although
microvessels grown in collagen gels can be implanted in vivo
and can form stable vasculature in animals, such micro-
vessels typically regress if maintained in vitro, perhaps due to
a lack of flow through the newly formed vessels. Despite the
critical role of blood flow and shear stress in the maintenance
of the vasculature in vivo, no system has yet been described
that allows the direct perfusion of gel-based vascular cells
in vitro.

Although the importance of fluid flow and associated
shear stress has long been postulated in vasculogenesis, only
recently has it been proven that fluid shear stress is specifi-
cally required for remodeling of immature vessels during
early embryonic development.11 Although vasculogenesis is
a characteristic of early stages of embryonic development,

vasculogenesis also occurs at later stages of development as
well as in adulthood. Various in vivo studies also suggest that
changes in shear stress play a role in stimulating arter-
iogenesis,12,13 and in maintaining blood vessels.14 Moreover,
it is known that laminar flow induces quiescence of mono-
layer endothelium both in vivo and in vitro. Flow and asso-
ciated shear stress modulate endothelial cell structure and
function by inducing changes in proliferation, differentiation,
intracellular kinases, and gene expression.15–17

Previously, it has been shown that interstitial flow can
induce blood and lymphatic capillary morphogenesis
in vitro.18,19 However, in these studies, a very low flow rate
(average velocity 4.5 mm/s) was used, which is more than
two orders of magnitude lower than the blood velocity
found in arterioles.20 To date, the impact of flow on in vitro
microvasculature stability and quiescence remains largely
unknown,21 and the formation of branched, continuous,
stable, and perfused endothelial cell networks in vitro still
remains a challenge.22 Although several groups have studied
the impact of mural cells on stabilization of microvascula-
ture,22,23 no one has yet looked at the interaction of flow
signals with microvascular formation and stabilization, in
the presence or absence of mural cells. Moreover, although
intravital microscopy techniques have allowed the observa-
tion of vascular formation in vivo, animal systems are diffi-
cult to control and study in detail, particularly with respect
to paracrine signals between endothelial and mural cells.

In this study, we introduce a novel in vitro perfusion
system that allows direct investigation of the effects of shear
stress on the development of microvasculature in vitro. As-
sembled within a sterile perfusion system designed to deliver
various flow rates, gel constructs that were seeded with
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endothelial and mesenchymal stem cells were subjected to
physiological flow. The effects of coculture and flow on mi-
crovasculature formation and mesenchymal stem cell dif-
ferentiation and interaction with endothelial cells in 3D
in vitro cultures were investigated. This novel flow system
provides a unique opportunity to better understand the role
of fluid flow on microvascular development and vessel re-
modeling in vitro, with or without the presence of mesen-
chymal stem cells or other mural cells. We demonstrate that
flow facilitates the formation of microvessels and impacts the
growth factors that are elaborated by the cells. This system
will allow more detailed characterization of the impact of
bulk fluid flow on microvessel formation and stabilization
in vitro, which is a process that is always accompanied by
blood flow in vivo.

Materials and Methods

Cell culture

Rat aortic endothelial cells (RAECs) were purchased from
VEC Technologies. Cells were cultured in 0.2%-gelatin-
coated (Sigma) polystyrene tissue culture flasks in MCDB-
131 complete medium (VEC Technologies) supplemented
with 10% fetal bovine serum, antibiotics, and growth factors.
The fresh culture medium was exchanged every 3–4 days.
RAECs were passaged when they reached 80% confluency
using 0.25% trypsin–ethylenediaminetetraacetic acid (Gibco
BRL). The identity of the cells was confirmed by character-
istic cobblestone morphology, and acetylated low-density
lipoprotein uptake (Dil-Ac-LDL; Biomedical Technologies).
RAECs of passage 6–10 were used in this study.

Rat mesenchymal stem cells (RMSCs) were purchased
from Cell Applications. RMSCs were cultured in RMSC
growth medium (Cell Applications) to maintain the multi-
potent phenotype of the cells. Phenotype of the RMSCs was
examined and confirmed by fluorescence-activated cell
sorting analysis. CD54, CD29 (Abcam), and CD90 (Santa
Cruz) were used as positive markers for mesenchymal stem
cell identity, and leukocyte markers CD45 (Abcam) and
CD14 (Santa Cruz) as negative markers for mesenchymal
cells.

Preparation of collagen gel and application of flow

Collagen gel solutions were prepared by diluting rat-tail
type I collagen (BD Sciences) in 0.02 N acetic acid and mixing
it with 5�Dulbecco’s modified Eagle’s medium (Gibco), and
10� reconstitution buffer in a 6.5:2:1 ratio. Prepared collagen
gel solutions were mixed with cell suspensions in a 15:1 ratio,
yielding final concentrations of 3�106 cells/mL and 2.5 mg/
mL of collagen. In the coculture experiments, a 1:1 ratio of
RAEC:RMSC was utilized, while maintaining the total cell
density in the gel at 3�106 cells/mL. The cell–collagen solu-
tion was pipetted onto a porous polyethylene terephthalate
(PET) membrane (Becton Dickinson) in a custom-designed
flow bioreactor (polysulfone, McMaster, Fig. 1A, B), to sup-
port the collagen gel solution in the system during initial
polymerization. To reduce the resistance to flow created by
the PET membrane, 20 extra holes were manually punched
on the membrane using a 30G needle before the addition of
collagen gel. Stainless steel pins were placed through the
membrane and into the silicone ring below, and around the

edge of the well to prevent collagen gel compaction during
culture (Fig. 1B, C). Pins functioned to constrain the collagen
gel from retracting from the periphery of the culture well.
After 2 h of incubation at 378C and 5% CO2 to allow gel poly-
merization, another silicone ring was placed on top of the gel
to secure the gel in place and to force the fluid only through
the gel by preventing fluid channeling around it. This created
an effective flow orifice through the central region of the gel
(Fig. 1C). The culture medium was perfused through the gel
using a digital peristaltic pump (Masterflex, Cole-Parmer)
at a flow rate of 5 mL/min for 3–7 days. A fluid reservoir
provided the culture medium for circulation and a port for
gas exchange with 5% CO2/95% air (Fig. 1B). Static controls
were identically prepared in the tissue culture wells and
cultured in 10 mL of the medium. The culture medium was
exchanged every 3 days.

Pressure measurement and permeability
of collagen gels

Pressure transducers (Edwards Lifesciences) were con-
nected to both the inlet and the outlet of the flow bioreactor
to monitor the pressure drop in the bioreactor system at
various flow rates (Fig. 1B). The pressure drop across the
polysulfone chamber with and without a collagen gel was
measured to determine the resistance of the perfusion flow
bioreactor and the collagen gel constructs. The pressure
signals were amplified and were acquired using the Power-
Lab data acquisition system (ADinstruments) with Chart5
software in a personal computer.

The hydraulic permeabilities of cell-seeded collagen gels
were determined from measured flow rates and pressure
drops across the gels. Darcy’s law (Eq. 1) was used to cal-
culate the permeability KD.

KD¼
lQL

ADP
(1)

where m is the viscosity of the perfusing fluid (culture me-
dium measured as 0.8 Cp using a viscometer at 378C), Q is
volumetric flow rate (cm3/s), L is the thickness of the sample
(cm), A is the cross-sectional area (cm2), and DP is the pres-
sure gradient. The resistance (R) was calculated using
Equation 2, which is based on an Ohm’s law analog for fluid
flow, where U is an average fluid velocity.

DP¼UR (2)

The average shear stress applied over the cell surface
embedded in collagen gel tissue was calculated by the
modified Brinkman equation (Eq. 3), as described elsewhere
by Wang and Tarbell.24

s¼ BlQ

A
ffiffiffiffiffiffiffi

KD

p (3)

where t is the average shear stress on over the cell surface
(dyn/cm2), and B is the Brinkman constant for flow around
cylinders or spheres (B¼ 4/p for cylinders, and 3/p for
spheres). The continuous collagen fiber matrix between the
cells was assumed to be a homogeneous porous medium and
the cells were assumed to be rigid circular spheres.
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Histology and microscopy

For histological evaluation, samples were fixed in 4%
paraformaldehyde overnight, dehydrated, embedded in
paraffin, and sectioned at 5 mm. To examine the 3D mor-
phology of vascular structures and interactions between the
two cell types in the collagen gels, tissues were fixed in 4%
paraformaldehyde and stained with Rhodamine-phalloidin
for F-actin and 40-6-diamidino-2-phenylindole (DAPI) for
nuclei (both from Molecular Probes). The whole-mount tis-
sues were observed using a confocal laser scanning micro-
scope (Leica). Capillary lumen formation was examined from
paraffin sections of the tissue samples stained with hema-
toxylin and eosin (H&E).

Cell proliferation

To assess cell proliferation, paraffin-embedded sections
were deparaffinized, and rehydrated according to standard
protocols. Tissue sections were stained using a proliferating
cell nuclear antigen (PCNA) staining kit (Zymed Labora-
tories).25 PCNA-positive cells were detected using a conju-
gated biotinylated PCNA monoclonal antibody and
streptavidin peroxidase along with 3,30-diaminobenzidine
(DAB) as the chromagen to stain PCNA-positive nuclei a dark
brown. The percentage of proliferating cells relative to the
total number of cells was obtained from counting positive
cells from images taken from four slides per sample (n¼ 3).

Enzyme-linked immunosorbent assay (ELISA)
for transforming growth factor-beta1, vascular
endothelial growth factor, and platelet-derived
growth factor-BB

ELISA kits (R&D Systems) were used to quantify the
levels of transforming growth factor-beta1 (TGF-b1), vascu-
lar endothelial growth factor (VEGF), and platelet-derived
growth factor (PDGF)-BB proteins produced by RAEC-only,
RMSC-only, and RAEC-RMSC cocultures after 3 days of
culture. The circulating culture medium was collected and
assayed according to the manufacturer’s instructions. The
absorbance of each sample was read at 450 nm within 10 min.

The baseline levels of growth factors in serum were sub-
tracted from the measurements to obtain factors produced
only by the cells in culture.

Western blot analysis

Construct homogenates were diluted (1:4) in Laemmili buf-
fer (Bio-Rad) containing 5% mercaptoethanol and 2% sodium
dodecyl sulfate and were boiled for 10 min to denature pro-
teins. The proteins were separated on poly(vinylidene fluoride)
(PDVF) gels by 1� Tris–glycine–sodium dodecyl sulfate run-
ning buffer (Boston Bioproducts) at a constant voltage of 100 V
for 2 h at room temperature followed by electrophoretic
transfer. For immunoblotting, the primary antibodies used
were polyclonal rabbit anti-NOS3 (1:100; Santa Cruz), poly-
clonal rabbit anti-prostaglandin I synthase (1:100; Abcam),
polyclonal rabbit anti-CD31 (1:100; Santa Cruz), monoclonal
mouse anti-thrombomodulin (1:500; Abcam), a-smooth mus-
cle actin (1:200; Dako), calponin (1:200; Dako), and monoclonal
mouse anti-bactin (1:2000; Sigma). After multiple washes, blots
were incubated with secondary goat anti-rabbit IgG HRP or
goat anti-mouse IgG HRP antibodies (1:2000; Santa Cruz), and
were developed using chemiluminescence (Supersignal,
Pierce). Fresh rat aortic tissue homogenates and low passage of
cultured RAEC lysates were used as positive controls.

Statistical analysis

Results are presented as mean� standard deviation. Sta-
tistical differences were determined by a two-way analysis of
variance with a post hoc Tukey’s least significant difference
among different cell types and flow conditions. Statistical
significance was accepted for p< 0.05.

Results

Permeability and pressure measurement

The hydraulic permeability of collagen gels seeded with
3�106 RAEC/mL was assessed by measuring perfusion
pressures and flow rates, and then determined from Equa-
tion 1. The gels were cultured for 3 days before testing. The
permeability of RAEC-seeded collagen gels was 0.74� 0.32

FIG. 1. Flow bioreactor. (A) Polysulfone housing. (B) Schematic illustration of a flow system that directs flow exclusively
through collagen gel tissue. Gas exchange with 5% CO2/95% air occurs via a syringe filter port attached to the medium
reservoir. (C) Example of the resulting collagen gel after 7 days of culture, with the circular area marking the center region of
the gel that is exposed to fluid flow. The holes on the edges resulted from the pins and constrained the gel to prevent inward
radial contraction. Color images available online at www.liebertonline.com/ten.
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10�8 cm2 and 1.18� 0.24�10�8 cm2 at flow rates of 1.3 and
5 mL/min, respectively, as shown in Table 1. The reported
permeability values of either acellular or cellular collagen
gels in the literature range from 10�7 to 10�11 cm2 depending
on the experimental conditions.24,26,27 The resistance created
by the porous membrane with extra holes, along with the
other components of the polysulfone housing and tubing (see
Fig. 1B), was determined by the pressure drop in the system
at flow rates of 1.3, 5, and 10 mL/min without the gel (Table 1).
With extra holes punched in the porous membrane, the
pressure difference across the housing and membrane was
very low, measuring 0.01 mmHg at 5 mL/min. This corre-
sponds to a negligible estimated resistance of 0.001 dyn-s/
cm3. As estimated from Equation 3, flow rates of 1.3–10 mL/
min correspond to shear stresses of approximately 1.9–
11.96 dyn/cm2 within the gel. The flow rate of 5 mL/min
was used for our experiments, which resulted in shear stress
of approximately 5.5 dyn/cm2. This is similar to what is es-
timated to be present in the microcirculation.28 This estimate
of shear stress is derived assuming bulk flow around cylin-
ders or spheres, which may not be a completely accurate
reflection of the characteristics of flow in an amorphous
collagen gel.

Cell morphology and network formation

Engineered collagen gel tissues were created using RAEC-
only, RMSC-only, or coculture of RAEC-RMSC under both
static and flow conditions. Figure 2 shows H&E staining of
longitudinal sections of collagen gels under static culture
conditions. Cells were more spread out in RAEC-RMSC co-
cultures than in RAEC-only or RMSC-only gels at day 3 (Fig.
2C vs. Fig. 2A or B). The cells were more spread out in all the
conditions by day 7 (Fig. 2D–F) than by day 3 (Fig. 2A–C).
The cross section of the gels, however, revealed vacuole/
lumen formation only in RAEC-RMSC cocultured gels, but
not in RAEC-only or RMSC-only cultures, after 7 days (Fig.
2I vs. Fig. 2G or H).

Representative fluorescence microscopic images of F-actin
(red) and nuclei (blue) in RAEC-only, RMSC-only, and
RAEC-RMSC 3-day cocultures showed significant morpho-
logical differences in the cocultured gels compared with gels
with a single cell type under static conditions (Fig. 3). When
RAECs were cultured statically without RMSC, cells were
randomly oriented and were less spread out (Fig. 3A), which
was also evidenced by H&E images (Fig. 2A). In RMSC-only

collagen gels (Fig. 3B), cells were more spread out than in
RAEC-only, yet not forming any noticeable networks.
In contrast, when RAECs and RMSCs were cocultured,
distinctive cell networks were observed, as they formed
capillary-like structure as shown by a 3D reconstruction of
the confocal image (Fig. 3C).

When flow was applied at 5 mL/min, cell networks be-
came more evident compared to static cultures. RAECs be-
came more widely spread than statically cultured cells (Fig.
3D vs. 3A). In RMSC-only gels, an increase in cell spreading
and stress-fiber formation in response to flow was observed
(Fig. 3E vs. Fig. 3B). Moreover, the impact of flow was
striking in RAEC-RMSC cocultures, resulting in branched
and denser vascular structures, which appeared to have
wider diameters and more RMSC recruitment than vessels
formed in the absence of flow (Fig. 3F vs. Fig. 3C). It is clear
from these images that RAEC and RMSC become more
conducive to microvessel formation in this 3D collagen gel
system when they are cocultured under both static and flow
conditions. It also appears that the application of flow af-
fected the morphology of RAEC and RMSC in 3D mono-
cultures. The effect of flow, however, was synergized in the
cocultures of RAEC and RMSC as the cells formed 3D net-
works and what appeared to be a microvasculature.

Cell proliferation

To assess the effects of coculture and flow on the prolif-
eration of cells, collagen gels were cultured for 3 days under
both static and flow conditions (5 mL/min). When RAECs or
RMSCs were statically cultured alone for 3 days, very little
proliferation occurred as assessed by PCNA staining
(3.08%� 3.98% in RAEC-only gels; 2.92%� 2.81% in RMSC-
only gels; Fig. 4). In RAEC-RMSC cocultures, however, a
nearly 10-fold increase in the number of proliferating cells
was observed compared to either RAEC- or RMSC-only gels
at day 3 (27.94%� 3.54%, *p< 0.001 compared with RAEC-
only and RMSC-only cultures). When flow was applied for 3
days, there was a substantial increase of proliferating RAEC
in RAEC-only gels, compared to statically cultured RAEC-
only gels (22.36%� 1.99% vs. 3.08%� 3.98%, **p< 0.001
compared to RAEC-only static at day 3). Almost no prolifer-
ation was observed in RMSC-only cultures with flow, similar
to the static culture. However, in RAEC-RMSC cocultured
gels, the percentage of proliferating cells with flow was again
significantly higher, nearly doubling from 27.94%� 3.54% to

Table 1. Characterization of the Perfusion Flow System at Flow Rates of 1.3, 5, and 10 mL/min

Flow rate
(mL/min)

Pressure
(mmHg)

Permeability
(�10�8 cm2)

Resistance
(dyn-s/cm3)

Shear stress
(dyn/cm2)

No collagen, membrane w/holes 1.3 0.02� 0.19 0.76� 1.66 0.001� 0.01
5 0.01� 0.09 1.49� 1.31 0.001� 0.0001

10 0.1� 0.2 1.61� 0.82 0.001� 0.001
Collagen gels seeded
w/3�106 RAECs/mL

1.3 0.92� 0.37 0.74� 0.32 0.06� 0.02 1.9� 0.4
5 1.95� 0.37 1.18� 0.24 0.03� 0.007 5.51� 0.54

10 4.57� 0.73 0.99� 0.17 0.04� 0.007 11.96� 0.99

Collagen gels were constructed with using 3�106 RAECs/mL and were tested after 3 days of culture. Pressure difference with or without
the collagen gel (just the PET membrane) were measured, and the permeability and resistance of the flow system were calculated. Shear stress
applied to the cells within the collagen gel construct was estimated using Equation 3.

RAEC, rat aortic endothelial cell.
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51.31%� 5.30% compared to static coculture (#p< 0.001). Re-
sults after 7 days of culture showed nonsignificant increase in
cell proliferation, though the same trends were exhibited in all
the conditions as day 3 (data not shown). These results indi-
cate that RAECs are intrinsically more proliferative and re-
sponsive to fluid flow than RMSCs in 3D collagen gels. This
also provides evidence that paracrine signaling between
RAEC and RMSC, as well as shear stress, may be important
for stimulating cell proliferation in coculture.

Secretion of angiogenic growth factors

To determine the impact of both flow and coculture on the
paracrine signaling molecules that are known to be impor-
tant for angiogenesis, the total production of growth factor
by the cells in culture supernatants was examined. These
measurements were corrected for baseline levels of growth
factors in serum, and hence represent only the factors pro-
duced by the cells in culture. ELISA showed little production
of TGF-b1 from RAEC-only gels in static culture (Fig. 5A).

There was a nonsignificant increase in TGF-b1 production by
RAEC with flow compared to static conditions. RMSC pro-
duced more TGF-b1 than RAEC, but no difference was ob-
served between static versus flow conditions. On the other
hand, when RAEC and RMSC were cocultured, there was a
significant increase of TGF-b1 production compared to col-
lagen gels with RAEC-only under static conditions
(22.22� 6.48 ng vs. 3.21� 1.43 ng, respectively, *p< 0.05). No
difference in TFG-b1 production was observed between
static and flow in the coculture. This result shows that the
coculture of RAEC-RMSC induces production of TGF-b1 by
the cells, whereas the application of flow at the level utilized
does not influence TGF-b1 production.

Unlike RAEC-only gels, which produced almost no mea-
surable VEGF under either static or flow conditions, RMSC-
only gels produced significant amounts of VEGF under both
static and flow conditions (Fig. 5B). VEGF production
was significantly increased with the application of flow to
RMSC-only collagen gels compared to the statically cultured
RMSC-only gels (53.81� 8.56 ng vs. 31.39� 3.27 ng,

FIG. 2. Structure of engineered tissues under static conditions. Representative longitudinal hematoxylin and eosin micro-
graphs: (A) RAEC-only, (B) RMSC-only, and (C) RAEC-RMSC coculture after 3 days. More spreading and networking of cells
were observed after 7 days of culture in (D) RAEC-only, (E) RMSC-only, and (F) RAEC-RMSC coculture. Cross-sectional
hematoxylin and eosin micrographs of (G) RAEC-only, (H) RMSC-only, and (I) RAEC-RMSC coculture after 7 days dem-
onstrating vascular lumens only in the coculture indicated by the arrows in panel (I). Scale bar¼ 50 mm. RAEC, rat aortic
endothelial cell; RMSC, rat mesenchymal stem cell. Color images available online at www.liebertonline.com/ten.
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*p< 0.05). VEGF production, however, was decreased both
with and without the flow when RAEC and RMSC were
cocultured. The amount significantly decreased from
53.81� 8.56 to 18.82� 9.01 ng in the coculture compared to
RMSC-only gels with flow (**p< 0.05), although this may
have been due to 50% smaller number of RMSC in the co-
cultured gels (1:1 ratio of RAEC to RMSC). Our results
suggest that RMSCs secrete angiogenic factors that can be
used to recruit endothelial cells, and that flow regulates
VEGF production by RMSC in collagen gels. However, there
is little evidence that coculture per se influences total VEGF
production in this system.

PDGF-BB, on the other hand, was produced mostly by
RAEC and not by RMSC under both static and flow conditions
(Fig. 5C). However, PDGF-BB was significantly reduced in
RAEC-RMSC coculture in both static (*p< 0.05) and flow
conditions (#p< 0.05), indicating that the cells may have con-
sumed this growth factor, or that production was decreased in
the coculture setting. PDGF-BB production was also de-
creased by fluid flow, despite that total RAEC number in flow
cultures is substantially higher due to proliferation compared
to static conditions. These results indicate that RAEC-derived
PDGF-BB is modulated by fluid flow, and may function to
recruit mural cells to form networks in the coculture.

FIG. 3. Structure of engineered tissues compared under static and flow conditions. Top panels show confocal microscopy
images of rhodamine-phalloidin (red) and cell nuclei (blue) in (A) RAEC-only, (B) RMSC-only, and (C) RAEC-RMSC coculture
gels for 3 days in static culture. Bottom panels show collagen gels cultured under flow at 5 mL/min for 3 days. (D) RAEC-only,
(E) RMSC-only, and (F) RAEC-RMSC coculture. (C, F) Three-dimensional reconstruction of confocal microscopy images,
showing spatial distribution of the microvessels formed in the absence and presence of flow. Scale bar¼ 50mm. The direction of
the flow is from top to bottom in the plane of the image. Color images available online at www.liebertonline.com/ten.

FIG. 4. The percentage of proliferating cells under static
versus flow conditions after 3 days of culture (n¼ 3, four
slides per samples). *p< 0.01 compared with RAEC-only and
RMSC-only static, **p< 0.001 compared with RAEC-only
static, and #p< 0.001 compared with RAEC-RMSC co-culture
static.
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Protein analysis

Control RAEC grown in tissue culture flasks expressed
endothelial cell markers such as endothelial nitric oxide
synthase (eNOS), thrombomodulin, prostaglandin synthase,
and platelet endothelial cell adhesion molecule-1 (PECAM-
1), but not a-smooth muscle actin and calponin, since these
latter two proteins are smooth muscle cell markers (Fig. 6).
Immunoblotting of RAEC-only collagen gels after 3 days also

revealed expression of eNOS, thrombomodulin, prostaglan-
din synthase, and PECAM-1 under both static and flow
conditions. There was an upregulation of eNOS with the
application of flow, although the expression level of throm-
bomodulin, prostaglandin synthase, and PECAM-1 re-
mained similar with flow. The upregulation of eNOS with
flow in RAEC-only collagen gels is consistent with the ani-
mal studies showing upregulation of eNOS expression by
shear stress.29 No change in thrombomodulin and prosta-
glandin synthase is at variance with some previous reports,
which suggest an upregulation of thromobomodulin30 and
prostacyclin31,32 by shear stress. However, the magnitude of
shear in the gels may not have been sufficient to generate
changes in expression of these latter molecules.

In RMSC-only gels, no expression of eNOS, prostaglandin
synthase, or PECAM-1 was observed under static conditions,
whereas there may be some upregulation of thrombomo-
dulin and prostaglandin synthase expression with RMSC-
only gels exposed to flow. This is consistent with previous
studies that reported antithrombogenic properties of mes-
enchymal stem cells when exposed to shear.33 In addition,
calponin expression by RMSC-only cultures was upregulated
by flow, indicating that flow may have also induced differ-
entiation of RMSC into a smooth-muscle-like phenotype.
Hence, it may be that RMSC exposed to shear in collagen
gels express markers associated with endothelium as well as
with vascular smooth muscle.34

FIG. 5. Total amount of growth factors produced by the cells
in the collagen gel culture medium after 3 days of static or flow
culture. The production of growth factors was normalized by
the volume of the culture medium used for each condition. (A)
TGF-beta 1, *p< 0.05 vs. RAEC-only static, (B) VEGF, *p< 0.05
vs. RMSC-only static, **p< 0.05 vs. RMSC-only flow, and (C)
PDGF-BB, *p< 0.05 vs. RAEC-only static, #p< 0.05 vs. RAEC-
RMSC co-culture static. Results are mean� standard error of
the mean, n¼ 4 per group. TGF-beta1, transforming growth
factor-beta1; VEGF, vascular endothelial growth factor; PDGF,
platelet-derived growth factor.

FIG. 6. Western blot analysis of collagen gels after 3 days
of static or flow culture. Starting from the left, samples are
rat aorta homogenates, cultured rat endothelial cells (RAEC),
RAEC-only static (RAEC S), RMSC-only static (RMSC S),
RAEC-RMSC static (RAEC-RMSC S), RAEC-only flow
(RAEC F), RMSC-only flow (RMSC F), and RAEC-RMSC
flow (RAEC-RMSC F). Endothelial cell markers endothelial
nitric oxide synthase (eNOS), thrombomodulin, prostaglandin
synthase, and PECAM-1, and smooth muscle cell markers a-
smooth muscle actin and calponin were tested. PECAM -1,
platelet endothelial cell adhesion molecule-1.
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In RAEC-RMSC cocultured gels, we observed an upre-
gulation of eNOS, thrombomodulin, and calponin expression
in response to flow compared to the statically cocultured
gels. PECAM-1 and a-smooth muscle actin expression ap-
peared to be relatively unchanged by flow conditions.

Discussion

We have developed a novel perfusion system that allows
the culture of endothelial cells and mesenchymal stem cells
in a porous gel and in the presence of a bulk flow field. In
contrast to traditional tissue culture systems where cells are
grown on 2D solid surfaces, this custom-designed 3D in vitro
culture system allows us to evaluate vascular endothelial cell
function that cannot be assessed on 2D surfaces, such as tube
formation and persistence, while allowing precise control of
experimental variables such as flow and pressure. To the best
of our knowledge, this is the first demonstration of perfusion
of a 3D gel-based system to study the impact of flow on
vascular formation in vitro.

Although our current study focuses on using cardiovas-
cular cells, our perfusion system may provide a new tool for
studying flow-induced effects on other cell types such as
bone-forming cells and cancer cells, since the fluid flow is a
potent regulator of bone cell behavior35 and tumor cells.36

Thus, until complete mineralization of the tissue occurs,
which may take weeks, flow can continue in our system and
the effects of flow on bone-forming cell differentiation and
remodeling can be investigated. The Brinkman equation has
been used by a number of groups to describe flow around
and through several types of tissues,24,37 including fluid flow
in the porous pericellular matrix surrounding the osteocytic
process in a trabecula.38 This suggests that this equation
should also be applicable in various coculture scenarios that
are possible with this system.

One of the unique parts to this system is the ability to
apply flow through the gel while using boundary constraints
to prevent gel compaction during culture. Collagen gels can
compact down to 30% of their original size without con-
straints, which would impact the fluid flow around and
through the compacted gel. Collagen compaction also causes
disorganization of the tissue structure and limits our ability
to monitor structural changes in the gel that are caused ex-
clusively by cells.39,40 By constraining the gel to a constant
horizontal dimension, we maintain a constant cross-sectional
area for application of flow, and provide a high degree of
reproducibility in the system.

The flow system is designed such that flow rate can be
easily changed, ranging from a fraction of a milliliter per
minute to 10 mL per minute or higher. These flow rates pro-
duce estimated shear stresses over the surface of the cells
embedded in collagen gel ranging from 1.9 to 11.96 dyn/cm2,
which are within physiological ranges and do not damage the
gel matrix. The flow rate of 5 mL/min, which was used in
these experiments, corresponds to an estimated shear stress of
approximately 5 dyn/cm2. This level of shear is similar to
previous reports that examined the behavior of microvascular
endothelial cell seeded on top of collagen gels and exposed to
shear stress on gel surfaces of approximately 3 dyn/cm2.41

Our results demonstrate that cell spreading, stress fiber
formation, cell density, and apparent microvascular forma-
tion by RAEC and RMSC in collagen gels are affected by

both coculture and fluid shear stress. Enhanced cell–cell in-
teractions with an increase in cell spreading, network, and
lumen formation were observed in static cocultures of RAEC
and RMSC. Fluid flow further enhanced both RAEC and
RMSC spreading and network formation in monocultures,
and more importantly resulted in formation of thicker and
wider microvascular-appearing networks in RAEC-RMSC
coculture. This suggests likely synergistic effects of coculture
and fluid flow, which induce an increase in cellular re-
sponses and may facilitate in vitro microvascularization.

Elaboration of TGF-b1, VEGF, and PDGF-BB by cells is
regulated by coculture and by flow in some cases. A signif-
icant increase in TGF-b1 production was observed in RAEC-
RMSC coculture compared to the monoculture. TGF-b1 plays
a role in trans-differentiation of endothelial cells into peri-
cytes, and in driving smooth muscle cell differentiation from
mesenchymal stem cells.42,43 The activated form of TGF-b1 is
produced by coculture of endothelial cells and pericytes,44

although it is not clear whether cocultures simply activate
latent material or whether TGF-b1 is secreted in an active
form upon cocultivation. Our findings suggest that when
RAEC are cocultured with RMSC, this causes an aggregate
increase in the production of TGF-b1, which may induce
RMSCs to differentiate into a smooth muscle cell–like phe-
notype, though significant SMC differentiation was not
supported by our immunoblotting results. In contrast, fluid
shear stress did not induce higher TGF-b1 production, indi-
cating that shear stress that was applied in our study may be
below the threshold for generation of active TGF-b1 as TGF-
b1 normally secreted by endothelial cells is latent, unless
stimulated.45 This is consistent with a previous report that
showed failure to induce active TGF-b1 with shear stresses
below 5 dyn/cm2.46

There was a lack of significant production of VEGF by
RAEC in 3D collagen gels under both static and flow con-
ditions, whereas a significant increase in VEGF production
was induced in RMSC-only gels by flow. VEGF is an an-
giogenic molecule that has been shown to affect endothelial
cell behavior, morphology, and survival, and to drive both
angiogenesis and vasculogenesis.47 Thus, it appears that flow
and shear stress induce VEGF production by RMSC, and
may be a mechanism for inducing angiogenesis in vitro.
PDGF-BB, which is a known potent mitogen and migratory
factor for mural cells and is involved in recruitment of the
cells to the developing vessel wall,48,49 was produced by
RAEC-only cultures, but not by RMSC. In addition, a sig-
nificant decrease in the PDGF-BB production in RAEC-
RMSC cocultured gels compared to RAEC-alone suggests
that RMSC recruitment may downregulate PDGF-BB pro-
duction by RAEC. PDGF-BB exerts some effects on the
smooth muscle differentiation state of mesenchymal stem
cells, at least those derived from adult humans.50 Selective
inhibition of this growth factor production by RAECs to
evaluate its role in microvessel formation in this system
awaits further investigation.

In RAEC-only gels, flow resulted in greater expression of
eNOS, whereas upregulation of endothelial cell markers such
as thrombomodulin and prostaglandin synthase was ob-
served in RMSC-only gels under flow. Previous studies have
demonstrated some antithrombogenic properties of mesen-
chymal stem cells that are exposed to shear,33 as well as an
important role for fluid flow in the differentiation of mesen-
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chymal precursor cells into endothelial cells.51 Therefore, we
speculate that flow may impact the differentiation of (pos-
sibly a subset of ) mesenchymal stem cells into endothelial
cells. Cocultures of RAEC-RMSC also had greater expression
of eNOS and thrombomodulin in response to flow.

In summary, we have developed a novel 3D in vitro flow
culture system to elucidate the effects of fluid flow on the
development of microvascular in vitro. Coculture of endo-
thelial cell and mesenchymal stem cells in a 3D collagen gel,
and exposure of the gel to bulk fluid flow, resulted not only
in changes in cellular architecture, cell proliferation, and
growth factor signaling, but also in cell function and mi-
crovessel formation. Our novel system allows us to form and
maintain microvessels for extended periods under controlled
flow rates, shear stress, and highly defined conditions. This
system demonstrates the feasibility of using engineered tis-
sues to investigate the impact of flow on tissue vasculariza-
tion and stabilization in vitro, and provides a flexible
platform for studying paracrine interactions between vas-
cular cells and other cell types such as smooth muscle cells
and cardiac cells for applications in cardiovascular biology.
In addition, other hydrogels such as fibrin, alginate, and
matrigel may be used in this system, thereby increasing the
flexibility and utility of this in vitro model.
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