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Abstract—The coculture of vascular endothelial cells (ECs)
on collagen gels containing smooth muscle cells (SMCs) has
been carried out to investigate cellular interactions associated
with blood vessel pathophysiology under wall shear stress
(WSS) conditions. However, due to a lack of gel stiffness, the
previous collagen gel coculture constructs are difficult to use
for pathologic higher WSS conditions. Here, we newly
constructed a coculture model with centrifugally compressed
cell–collagen combined construct (C6), which withstands
higher WSS conditions. The elastic modulus of C6 was
approximately 6 times higher than that of the uncompressed
collagen construct. The level of a-smooth muscle actin, a
contractile SMC phenotype marker observed in healthy
arteries, was elevated in C6 compared with that of the
uncompressed construct, and further increased by exposure
to a physiological level WSS of 2 Pa, but not by a
pathological level of 20 Pa. WSS conditions of 2 and 20 Pa
also induced different expression ratios of matrix metallo-
proteinases and their inhibitors in the C6 coculture model but
did not in monocultured ECs and SMCs. The C6 coculture
model will be a powerful tool to investigate interactions
between ECs and SMCs under pathologically high WSS
conditions.

Keywords—Wall shear stress, Coculture system, Smooth

muscle phenotype, Matrix metalloproteinase, a-Smooth
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INTRODUCTION

Responses of vascular endothelial cells (ECs) and
the interactions with smooth muscle cells (SMCs) un-
der hemodynamic wall shear stress (WSS) conditions
are known to contribute to physiological homeostasis
and pathological processes of blood vessel walls. The
response of these cells changes depending on the
magnitude of WSS, and the effects of lower WSS
conditions have been extensively investigated to date
because of their pathological implications in
atherosclerosis.4,10 Recently, pathologically higher
WSS conditions of more than 10 Pa were suggested to
be involved in aortic dilatation and dissection,11,12 but
the details of cellular responses and interactions under
high WSS conditions remain unknown.

Previous studies have revealed the importance of
interactions between ECs and SMCs in vascular
pathophysiology with in vitro coculture experi-
ments.4,25,28 A gel of collagen type I, one of the pri-
mary components of vessel walls, is commonly
employed as a scaffold for embedding SMCs in
coculture models.9,10 Because the collagen gel itself
does not have sufficient stiffness, in some cases, to
withstand even physiological levels of WSS conditions
(~ 2 Pa), a polymer porous membrane was also
incorporated into the EC–SMC coculture models for
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increasing the stiffness of models in our previous
studies.22–24 However, although ECs and SMCs in
native arterial intima are separated by a thin basement
membrane, which has many pores and enables direct
interactions between ECs and SMCs, cellular interac-
tions can be prevented or suppressed by the polymer
porous membrane in these coculture models. Indeed,
the membrane has been suggested to inhibit or atten-
uate the interaction between cells and adversely affect
their responses.25,28 For a better understanding of
vascular cell physiology under WSS conditions, a
coculture model in which ECs are directly cultured on
a collagen gel construct containing SMCs and with-
stand WSS without a membrane is required.

Although the coculture experiments applying higher
WSS conditions have not been conducted, previous
studies have shown to successfully increase the stiffness
of collagen gel constructs by plastically compressing
the gel.5,6 In the present study, we describe a new
coculture model constructed with an alternative tech-
nique called a centrifugally compressed cell–collagen
combined construct (C6),31,32 which provides enough
stiffness to the model without a polymer membrane
and enables performing not only physiological levels
but also much higher WSS experiments. Firstly, we
compared the mechanical properties and cellular con-
ditions between uncompressed and compressed (C6)
collagen constructs. Secondly, we assessed the effect of
high WSS (applied to the EC–SMC coculture model
composed of C6) on the expression of a-smooth muscle
actin (a-SMA) as an SMC contractile phenotype
marker and matrix metalloproteinase (MMP) and tis-
sue inhibitor of metalloproteinase (TIMP), whose
imbalanced expressions are known to cause aortic
dilatation and dissection.15,33

MATERIALS AND METHODS

Construction of the Coculture Model with a Compressed
Collagen Construct

Primary human aortic ECs and SMCs were pur-
chased from Lonza (USA). Cells were cultured with
Medium 199 (Thermo Fisher Scientific, USA) supple-
mented with 20% heat-inactivated fetal bovine serum
(Nichirei Biosciences Inc., Japan), 10 ng/mL human
basic fibroblast growth factor (Wako, Japan), and 1
unit/mL penicillin–streptomycin (Wako, Japan). ECs
and SMCs from the 4th to 8th passages were used for
the experiments.

Solutions for the collagen gel layer, 0.5% type I
collagen (Koken, Japan), 10 times the concentration of
MEM-a (Thermo Fisher Scientific, USA), and the
reconstruction buffer (0.05 mol/L NaOH, 200 mmol/L

HEPES, and 0.26 mol/L NaHCO3) were mixed at a
ratio of 8:1:1 at 4 �C, and SMCs were then suspended
at densities ranging from 3 9 104 to 4 9 104 cells/mL.
The mixed solution was poured into a 60-mm cell
culture dish (Sumitomo Bakelite, Japan), in which a
molding silicone ring (40 mm inner diameter, 52 mm
outer diameter, and 10 mm thickness) was pre-in-
stalled, and incubated at 37 �C for 20 min (Fig. 1a).
After being added to the culture medium, the collagen
gel was incubated for 3 days. For constructing the
centrifugally compressed cell–collagen combined con-
struct (C6), a membrane filter (pore size 0.6 lm; GE
Healthcare, Japan) and a silicone plate were placed on
the molded collagen gel, and the gel was then set in a
plate centrifuge (Kubota, Japan) at 3000 rpm (8009g)
for 10 min (Figs. 1a, 1b). After the filter and the sili-
cone plate were carefully removed, the culture medium
was added and incubated for 7 days. ECs were then
cultured directly on the C6 for 24 h. The models
composed of only ECs (EC model) or SMCs (SMC
model) were also constructed for comparison (Fig. 1c).

Assessment of Collagen Construct

Collagen fibers in the collagen construct were
observed by confocal reflection microscopy (Olympus,
Japan). The elastic modulus of the collagen construct
was also measured by atomic force microscope (AFM)
indentation (JPK Instruments, Germany). We used a
cantilever with pyramidal tips (2.9 lm in height and 15
nm in tip radius) and a spring constant of 0.08 N/m
(OMCL-TR400PSA-1, Olympus). The indentations
were performed at the displacement speed of 1.0 lm/s.
We observed almost no hysteresis between the
approach and retraction measurements, indicating that
the deformation regime was largely elastic. The elastic
modulus was calculated from the force curve according
to the Sneddon model.26

Fluorescent Staining

The construct was washed three times with phos-
phate-buffered saline (PBS), stained with 1 mg/mL
Calcein-AM (Invitrogen, USA) for 30 min, and fixed
with 4% paraformaldehyde (Wako, Japan) for 30 min.
Cell nuclei were also stained with 20 lg/mL Hoech-
est33342 (Invitrogen, USA). For staining of intercel-
lular junction proteins of ECs, cells were incubated at
room temperature (RT) with a monoclonal antibody
against VE-cadherin (1:400, Santa Curz Biotechnol-
ogy) for 1 h, followed by an Alexa Fluor 546-conju-
gated secondary antibody (1:400, Thermo Fisher
Scientific) for 1 h at RT. Fluorescent images of the cells
were obtained by confocal laser scanning microscopy
(Olympus).
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FIGURE 1. Diagrams of the constructed coculture models for flow-exposure experiments. (a) Schematic diagrams of the
construction process of the centrifugally compressed cell–collagen combined construct (C6). (b) A photo-image of the
compressed collagen construct (C6). (c) Schematic of the experimental models used in the present study: monoculture (EC and
SMC models) and coculture (EC–SMC model). (d) A schematic diagram of the parallel-plate flow chamber, including the input/
output unit, a silicone gasket, and the coculture model constructed in a cell culture dish.
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Flow-Exposure Experiment

A flow loop was constructed by connecting a pulse
damper, a parallel-plate flow chamber, a reservoir, and
a roller pump with silicone tubes, as described previ-
ously.23 The coculture model was incorporated into the
parallel-plate flow chamber, in which an input/output
unit and the coculture model was separated with a
circular silicone gasket (0.3 or 0.5 mm in thickness)
with a 24 9 35 mm rectangular hole at the center
(Fig. 1d), forming the flow section over the EC
monolayer of the model. The magnitude of WSS s was
calculated according to the following equation: s =
6lQ/bh2, where Q= flow rate, l= viscosity of culture
media, b = width of the flow section, and h = height
of the flow section. A spacer ring was placed to
maintain the thickness of the model in the flow
chamber. A steady WSS of 2 or 20 Pa, assumed to be
the magnitude of peak WSS for physiological or
pathological conditions in the aorta,12 was applied to
the ECs of the coculture model in a parallel plate flow
chamber for 24 h at 37 �C in a 95% air and 5% CO2

atmosphere.

Western Blotting

After two PBS washes, the ECs in the model were
collected by trypsin treatment and lysed in ice-cold
RIPA lysis buffer containing 1% protease inhibitor
cocktail and 0.5% phenylmethylsulfonyl fluoride.
After trypsinization, SMCs in the collagen gel were
also lysed in the RIPA lysis buffer and underwent
ultrasonic homogenization. The cell lysates were sub-
jected to SDS-PAGE, transferred to PVDF membrane,
and labeled with primary antibodies, followed by a
horseradish peroxidase-conjugated secondary anti-
body (Cell Signaling Technology, USA). We used the
following primary antibodies: rabbit monoclonal
antibodies against a-SMA (1:1000, Abcam, UK),
GAPDH (1:2000, Cell Signaling Technology), MMP-1
(1:1000), MMP-2 (1:1000), MMP-9 (1:1000), TIMP-1
(1:1000), and TIMP-2 (1:1000). The Western blotting
bands were detected with ImageQuant LAS 4000 (GE
Healthcare) and quantified with ImageJ software
(National Institute of Health, USA).

Statistical Analysis

Results are expressed as mean ± standard error of
the mean determined from at least three independent
experiments. Student’s t-test was used for comparing
differences between two groups, and the two-way
analysis of variance (ANOVA) followed by Tukey test
was used for comparing multiple groups. A p value of
< 0.05 was considered statistically significant.

RESULTS

Assessment of the Collagen Construct

Figure 2a shows the representative reflection
microscopic images of collagen fibers. The fibers
exhibited an evidently higher concentration of collagen
and overlapping structures in the compressed collagen
construct C6 than in the uncompressed construct. The
gel thickness measured by confocal microscopy was
499.6 ± 18.2 lm for the uncompressed construct and
70.8 ± 5.9 lm for the C6 construct (mean ± SEM,
n = 15), indicating that the concentration of the col-
lagen gel was increased by approximately 7 times by
the centrifugation. Typical force-indentation curves
and elastic moduli for the uncompressed and C6 con-
structs obtained by the AFM indentation tests are
shown in Fig. 2b. The elastic modulus of C6 was more
than 6 times higher than that of the uncompressed
construct (Uncompressed, 1.0 ± 0.2 kPa; C6, 6.9 ±

0.18 kPa, n = 3) (Fig. 2b).
Representative fluorescent images of SMCs in C6

and the uncompressed construct are shown in Fig. 2c.
Almost all SMCs in both C6 and the uncompressed
construct were stained with Calcein-AM, indicating
that cells were alive after the 7-day culture in collagen
constructs. The number of SMCs in the observed area
was higher in C6 than in the uncompressed construct.
SMCs exhibited a typical spindle shape in C6, whereas
cells in the uncompressed construct were thinner and
elongated. The a-SMA expression of SMCs in C6 was
approximately 5 times higher than that of the cells in
the uncompressed construct (Fig. 3). We also found
decreasing tendencies of expression of MMPs and
TIMPs in C6 compared with the uncompressed con-
struct (Supplementary Fig. S1)

Effect of WSS on the Expression of a-SMA in SMCs
of the C6 Coculture Model

Figure 4a shows the fluorescence images of VE-
cadherin expressed at intercellular junctions of ECs in
the C6 coculture model exposed to 2 and 20 Pa WSS
for 24 h. ECs maintained a confluent monolayer on the
surface of C6 even after exposure to WSS.

Results of Western blotting for a-SMA of SMCs are
shown in Fig. 4b. The expression of a-SMA in SMCs
was significantly increased in the C6 coculture model
exposed to WSS of 2 Pa compared with that of cells in
the SMC monoculture model at 2 Pa and those in the
C6 coculture model exposed to the 20 Pa condition.
Two-way ANOVA showed a significant interaction in
a-SMA expression between WSS and coculture con-
ditions (p < 0.05). Although the protein expression
level was not adequate for Western blotting analysis,
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FIGURE 2. Assessment of the compressed collagen construct. (a) Representative collagen fibers in the collagen constructs
obtained by confocal reflection microscopy (left, uncompressed construct; right, compressed construct; bars = 10 lm). (b) Results
of AFM indentation tests. A typical force-indentation curves for the uncompressed and C6 (compressed) constructs (left), and the
elastic moduli of the uncompressed and compressed collagen constructs (right). *p < 0.05 (Student’s t-test, n = 3). (c)
Representative confocal images of SMCs in the uncompressed (left) and compressed (right) collagen constructs (green, Calcein;
blue, nucleus; bars = 100 lm).
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we also found by immunofluorescence microscopy that
the number of cells expressed calponin-1, another
contractile phenotype maker, tended to slightly in-
crease in the compressed collagen gel compared with
the uncompressed (Supplementary Fig. S2).

Effect of WSS on the Expression of MMP and TIMP
in C6 Coculture Model Cells

Figures 5 and 6 show the MMPs and TIMPs
expression of SMCs and ECs in C6 monoculture and
coculture models after exposure to 2 and 20 Pa WSS
conditions. Although Tukey post-hoc test did not de-
tect significant differences between each of the pairs,
statistical significance was determined by two-way
ANOVA between 2 and 20 Pa WSS conditions in
MMP-2 of ECs (p < 0.05). In MMP-1 expression of
SMCs, both the effects of WSS and coculture condi-
tions were also detected (p < 0.05, ANOVA).
Regarding TIMPs, there were significant effects of
coculture (p < 0.01, ANOVA) and interaction of WSS
conditions and coculture on TIMP-1 expression (p <

0.01, ANOVA). The significant effect of WSS condi-
tions was also detected in both TIMP-1 and -2
expressions in ECs (p < 0.01, ANOVA).

To further evaluate the effect of WSS conditions,
ratios of MMPs and TIMPs were compared (Fig. 7),
because the balance of MMP/TIMP has been shown to
play important roles in physiological vascular remod-
eling and diseases such as aneurysms and atheroscle-
rosis.2,13,15 By referring to previous studies,2,13 we
assessed the ratios of MMP-1/TIMP-1, MMP-2/

TIMP-2, and MMP-9/TIMP-1. There were no signifi-
cant changes in MMP/TIMP ratios in EC and SMC
monoculture models between the 2 and 20 Pa WSS
conditions. MMP-1/TIMP-1 and MMP-9/TIMP-1 ra-
tios were significantly decreased in ECs in the coculture
model by applying WSS of 20 Pa compared to 2 Pa. In
contrast, the MMP-2/TIMP-2 ratio was increased in
ECs exposed to the 20 Pa condition. The MMP-9/
TIMP-1 ratio of SMCs in the coculture model was also
significantly increased in the 20 Pa WSS condition.

DISCUSSION

EC–SMC coculture models, in which SMCs were
3D cultured in a collagen gel for modeling the struc-
tures of native blood vessel walls, have been used for a
fundamental understanding of the relationship
between vascular pathophysiology and WSS condi-
tions.8–10,23 Because the collagen gel does not have
sufficient stiffness, it was difficult to use a coculture
model constructed with it for the applications of not
only higher WSS but also physiological levels of 2 Pa
conditions. Previously, we performed flow-exposure
experiments with high WSS conditions (~ 10 Pa), using
a collagen gel coculture model in which a polymer
porous membrane of approximately 10 lm in thickness
was incorporated to increase model stiffness.7,8 How-
ever, the polymer porous membrane is much stiffer
than the native extracellular matrix (ECM) of vessel
walls. In addition, the membrane can limit cellular
interactions via direct contacts between ECs and

FIGURE 3. Expressions of a-smooth muscle actin (SMA) of SMCs. (a) Representative Western blot and (b) results of the
densitometry of a-SMA of SMCs in uncompressed and compressed collagen constructs. The expression of a-SMA was normalized
by glyceraldehyde-3-phosphate dehydrogenase (GAPDH). *p < 0.05 (Student’s t-test, n = 4).
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SMCs, whereas direct contacts of ECs with SMCs have
been shown to play important roles in each cell func-
tion.28 To further investigate the roles of higher WSS
conditions in vascular pathophysiology, a coculture
model that allows direct interaction between ECs and
SMCs and enables higher WSS experiments is
required. In the present study, using the compressed
collagen construct C6, we newly developed a coculture
model withstanding WSS conditions of up to 20 Pa

without a polymer porous membrane and permitting
the direct contact of ECs and SMCs.

By applying centrifugal compression for the C6
construction, we found an increase in the expression of
a-SMA in SMCs. We also obtained the tendencies for
decreased expression of MMPs and TIMPs and
increased calponin-1 expression of SMCs in C6 com-
pared with the uncompressed construct (Supplemen-
tary Figs. S1 and S2). Although the mechanisms

FIGURE 4. Cell conditions after exposure to wall shear stress (WSS) conditions of 2 and 20 Pa for 24 h. (a) Fluorescence images
of VE-cadherin in ECs on the surface of the compressed collagen construct (C6) coculture model, indicating an EC monolayer was
maintained after exposure to 2 and 20 Pa WSS. The direction of flow was from left to right (green, VE-cadherin; blue, nucleus; bars
= 50 lm). (b) Representative Western blots and (c) results of the densitometry of a-SMA of SMCs in the monoculture (n = 6) and the
coculture models constructed with C6 (2 Pa, n = 5; 20 Pa, n =6). The ‘‘Coculture model (SMC)’’ means the sample of SMCs extracted
from the C6 coculture model. The expressions of a-SMA are normalized by GAPDH and expressed as relative to statically cultured
models. *p < 0.05 (Tukey’s post hoc test).
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causing these changes in SMCs are unclear, the
increases of the collagen fiber density and construct
stiffness in C6 may affect the expression of a-SMA in
SMCs. In addition, since previous studies have shown
that mechanical stimuli are important determinants for
the expression of SMC phenotype markers,18,21 we

think that the mechanical environments accompanied
by the centrifugation, including higher gravity and
hydrostatic pressure, also contribute to these changes.
Because cell growth was still observed in the com-
pressed collagen construct (data not shown), we need a
further evaluation of the SMC phenotype in C6 and

FIGURE 5. Expressions of MMP-1, MMP-2, and MMP-9 after exposure to WSS conditions of 2 and 20 Pa for 24 h. (a) Representative
Western blots and results of the densitometry of MMP-1 (b), MMP-2 (c), and MMP-9 (d) of ECs and SMCs in the monoculture and
coculture models constructed with C6 (SMC model, n = 6; Coculture model (SMC), n = 7; EC model n = 5–6; Coculture model (EC), n
= 6–7). The ‘‘Coculture model (SMC) and (EC)’’ mean the samples of SMCs and ECs extracted from the C6 coculture model,
respectively. The expressions are normalized by GAPDH and expressed as relative to statically cultured models. *p < 0.05 (Tukey’s
post hoc test).
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the investigation of its underlying mechanisms, but
centrifugal compression may have beneficial effects on
SMCs in the collagen construct for inducing a more
typical SMC state as a healthy vessel.

The application of WSS of 2 Pa to the C6 coculture
model increased the expression of a-SMA compared to
the 20 Pa WSS condition. We could not test the effect
of 2 Pa WSS on a-SMA expression of SMCs in the
uncompressed construct because the uncompressed
collagen gel could not withstand 2 Pa WSS condition.
Since changes in a-SMA expression by exposure to
WSS were not observed in the SMC monoculture
model, responses of ECs to the WSS condition of 2 Pa,
but not 20 Pa, induced expression changes in SMCs.
this result is consistent with previous studies showing
the effect of physiological levels of WSS (approxi-
mately 2 Pa) applied to ECs on the cocultured SMC
phenotype.27,29 In the present study, we conducted
flow-exposure experiments with the model for 24 h and

evaluated the changes in the expression of a-SMA as a
representative marker of the early stage of SMC dif-
ferentiation. However, previous studies have per-
formed a 72-h experiment7,8 and used other
differentiation markers such as myosin heavy chain,
which is a marker for the later stage.1,7 To further
evaluate the effects of physiological and pathological
levels of WSS conditions on SMC phenotypic changes
in the coculture model, we need to perform longer-
term experiments and assess the changes in several
differentiation markers. In addition, cultured prolifer-
ative synthetic SMCs can be thought of as a disease
state and have different effects on ECs from quiescent
contractile SMCs.16 In our previous study, we suc-
cessfully controlled SMC phenotypes by arresting cell
growth with a serum-free medium.8,22 Constructing
with phenotype-controlled SMCs will be also required
to understand the role of WSS in the phenotypic
changes of SMCs observed in pathological vessel walls.

FIGURE 6. Expressions of TIMP-1 and TIMP-2 after exposure to WSS conditions of 2 and 20 Pa for 24 h. (a) Representative
Western blots and results of the densitometry of TIMP-1 (b) and TIMP-2 (c) of ECs and SMCs in the monoculture and coculture
models constructed with C6 (SMC model, n = 6; Coculture model (SMC), n = 7; EC model n = 3-4; Coculture model (EC), n = 7). The
‘‘Coculture model (SMC) and (EC)’’ mean the samples of SMCs and ECs extracted from the C6 coculture model, respectively. The
expression levels are normalized by GAPDH and expressed as relative to statically cultured models. **p < 0.01, *p < 0.05 (Tukey’s
post hoc test).
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Higher WSS conditions of more than 10 Pa have
been implicated in medial degeneration,11,12 which is a
typical pathological change in blood vessel walls
accompanying phenotype changes of SMCs and de-
creases in the extracellular matrix of the vessel wall.30

As described above, we assessed the expression of a-

SMA, as an SMC phenotype marker, and found that
the expression of a-SMA was significantly lower in the
coculture model with the WSS condition of 20 Pa than
of the 2 Pa condition, whereas no changes were
observed in the SMC monoculture model under both
WSS conditions. We also evaluated the ratios of

FIGURE 7. Ratios of MMP-1/TIMP-1 (a, b), MMP-2/TIMP-2 (c, d), and MMP-9/TIMP-1 (e, f) after exposure to the WSS conditions of 2
and 20 Pa for 24 h. (a, c, e) Results for the SMC and EC monocultured models, (b, d, f) results for the cocultured models
constructed with C6 (SMC model, n = 5–6; Coculture model (SMC), n = 7; EC model n = 3–4; Coculture model (EC), n = 6–7). The
‘‘Coculture model (SMC) and (EC)’’ mean the samples of SMCs and ECs extracted from the C6 coculture model, respectively. **p <
0.01, *p < 0.05 (Tukey’s post hoc test).
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MMP-1, -2, and -9, typical ECM degradation and
remodeling enzymes, and their specific inhibitors
TIMP-1 and -2, which reflect the net changes in pro-
teolytic activities.17 Although MMP/TIMP ratios in
EC and SMC monoculture models showed no differ-
ences between the 2 and 20 Pa conditions, the ratios
significantly changed in the coculture model by expo-
sure to 2 and 20 Pa WSS. This indicates that cellular
interaction between ECs and SMCs under WSS con-
ditions has a great impact on the balance between
MMPs and TIMPs. Cellular communications medi-
ated by cytokines and bioactive molecules play
important roles in EC and SMC functions. In a pre-
vious study using a similar type of a coculture system,
we have shown the roles of TGF-b1 secreted by ECs
and nitric oxide in MMP productions of SMCs under
WSS conditions.8,23 Compared to the physiological
conditions of around 2 Pa WSS, under which the
MMP/TIMP ratios can be assumed to be balanced,
changes in EC production of these bioactive molecules
under pathologic high shear stress conditions possibly
cause the imbalance of MMP/TIMP ratios, which can
be associated with pathological remodeling of arterial
walls and the medial degeneration. Compared to the 2
Pa conditions, the MMP-2/TIMP-2 ratio in the ECs
and the MMP-9/TIMP-1 ratio in SMCs were signifi-
cantly increased by exposure to WSS of 20 Pa. MMP-9
primarily contributes to a decrease of extracellular
matrix in media, and its activity increases at the site of
medial degeneration in the aortic dissection.3,33 Results
with the C6 coculture model will be helpful to reveal
the role of responses in vascular cells to higher WSS
conditions in the pathological degeneration of vessel
walls.

Mechanical compression is an effective method to
increase the strength of the collagen gels.5,6 By com-
pression using only a normal plate centrifuge, we also
made a construct with high collagen concentration and
a stiffer construct. Our protocol would be beneficial to
not only bioengineers but also researchers who do not
have special mechanical devices and are not familiar
with physics and mechanics. However, there are sev-
eral limitations. Compression of the collagen gel
increases not only the construct stiffness but also the
density of collagen fibers surrounding SMCs in the
construct, which can induce an elevated receptor-ECM
interaction and modulate cell responses to environ-
mental stimuli. Although this is important for regu-
lating cellular conditions in the construct, our method
cannot control independently both the collagen con-
centration and the gel stiffness. In addition, as a model
of aortic walls, there are still differences between our
C6 coculture model and native vessels. Mechanical
stiffness of the C6 construct of about 7 kPa is much
lower than that of physiological aortic walls (> 30

kPa),20 and the cell density in the C6 is thought to be
not enough to mimic native vessel wall conditions.
Since the SMCs secrete intercellular signaling mole-
cules, the ratio of EC and SMC densities may be
important for investigating cellular interactions. The
stiffness of the extracellular matrix is also known to
affect both EC and SMC functions.14,19 We need to
clarify the effects of these factors on functions of ECs
and SMCs under coculture conditions. Furthermore,
aortic walls consist of not only ECs, SMCs, and col-
lagen type I but also fibroblasts in mainly adventitia
and the other types of ECM components. Although
the effects of these components are thought to be not
well studied yet, we need to incorporate other inter-
vening cells and ECMs for the improvement of the
coculture model.

In summary, we constructed a novel EC–SMC
coculture model with a compressed collagen construct
C6 that enables the performance of higher WSS
experiments. The C6 showed a potential to induce
SMC phenotype modulation from synthetic to con-
tractile states. We found that the high WSS condition
of 20 Pa led to a significantly different expression of
MMP-1/TIMP-1, MMP-2/TIMP-2, and MMP-9/
TIMP-1 in ECs and SMCs in the C6 coculture model
compared with a physiological level of 2 Pa. The
coculture model constructed in the present study will
be useful to investigate the relationship between media
degeneration and a wide range of WSS magnitudes.
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