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Abstract 
Vascular smooth muscle cells (VSMCs) in the arterial walls play important roles 
in regulating vascular contraction and dilation. VSMCs actively remodel the ar-
terial walls and dedifferentiate from the contractile to the synthetic phenotype 
under pathological conditions. The mechanism underlying phenotypic transi-
tion of VSMCs is important for understanding its role in the pathophysiology 
of disease. Although numerous studies have reported various biochemical path-
ways that stimulate the phenotypic transition of VSMCs, very little is known 
about relation between their phenotypic transition and cellular traction force, 
which affects many cellular functions. In this study, we induced the differentia-
tion of cultured VSMCs from the synthetic to the contractile phenotype by a 
low-serum cultivation and investigated changes in the cell traction forces using 
traction force microscopy technique. The expression of α-SMA, a contractile 
phenotype marker protein, was significantly upregulated with maturation of ac-
tin stress fibers in the low-serum culture, indicating VSMC differentiation was 
promoted in our experiments. The cells changed their morphology to an elon-
gated bipolar shape, and the direction of the cell traction forces tended to align 
in the direction of the cell’s major axis. Despite the promotion of contractile dif-
ferentiation in VSMCs, the overall cell traction forces were significantly reduced, 
indicating that excessive cell mechanical tension, which might induce cell pro-
liferation and migration, was suppressed during contractile differentiation. These 
results suggest that suppression of cell traction force and enhanced force polarity 
might be key factors in VSMC differentiation induced by low serum culture. 
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1. Introduction 

Vascular smooth muscle cells (VSMCs) regulate the vascular contraction and di-
lation [1]. They actively remodel the vascular wall in which they reside through 
biochemical and biomechanical signals [2] [3]. VSMCs maintain the mechanical 
hoop stress in the wall to a physiological level through their contractility [4]. In 
normal vascular walls, mature differentiated VSMCs have a contractile pheno-
type. Contractile VSMCs have a bipolar elongated morphology and remain quies-
cent in proliferation and metabolism of extracellular matrix (ECM). Contractile 
VSMCs express a unique repertoire of contractile proteins, agonist receptors, and 
ion channels [5] [6]. Under pathological conditions, such as hypertension and 
atherogenesis VSMCs undergo dedifferentiation from the contractile phenotype 
to the synthetic phenotype. Synthetic VSMCs exhibit a stellate shape, express 
fewer contractile proteins, and are active during proliferation, migration, and 
ECM turnover [7]. A similar change in cell dedifferentiation is observed when 
VSMCs are removed from the native aortic tissue and grown in culture condi-
tions. VSMCs exhibit a less elongated morphology and spread randomly on the 
flat surface of the culture dishes. The mechanism underlying the differentiation 
and dedifferentiation of VSMCs is important for vascular adaptation and repair 
as well as the pathophysiology of diseases. Additionally, understanding the differ-
entiation and dedifferentiation mechanisms of VSMCs can aid in developing tis-
sue-engineered blood vessels. 

Previous studies have investigated the effect of biochemical factors on pheno-
typic transition of VSMCs. Reactive oxygen species promote VSMC differentia-
tion through MAP kinase-dependent pathway [8] and serum response factors reg-
ulate the phenotypic switching of VSMCs [9]. Serum starvation culture medium 
containing cell survival factors, such as insulin and transferrin, also induces 
VSMC differentiation from the synthetic to the contractile phenotype [10]. Addi-
tionally, the serum starvation culture restored contractile protein expression to 
the levels of freshly isolated contractile VSMCs [11]. Although several studies have 
reported the biochemical factors involved in the stimulation of VSMC phenotypic 
transition, limited information is available about relation between their pheno-
typic transition and cellular traction forces, which may affect many cellular func-
tions, such as cell migration [12] [13] and proliferation [14] [15] as well as the 
pathological conditions [16]. 

Thus, in this study, we induced the differentiation of cultured VSMCs from the 
synthetic to the contractile phenotype by a low-serum culture condition and in-
vestigated changes in the cell morphology and intracellular traction forces by us-
ing the fluorescent microscopy imaging analysis and traction force microscopy 
technique. 
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2. Materials and Methods 
2.1. Cell Culture and Induction of VSMC Differentiation 

A7r5 rat embryonic aortic smooth muscle cell lines (VSMCs; CRL-1444, ATCC, 
USA) were used as the test model. The VSMCs were cultured in a standard culture 
proliferative medium, which was Dulbecco’s modified Eagle’s medium (DMEM, 
Wako) supplemented with 10% fetal bovine serum (FBS, JRH Bioscience, USA), 
penicillin (100 U/mL), and streptomycin (100 mg/mL) (Sigma) at 37˚C in 5% CO2 
and 95% air. The cells were passaged repeatedly at a 1:4 split ratio when they 
reached approximately 80% confluency. The VSMCs were induced to undergo 
phenotypic transition from the synthetic state to the contractile state using a low-
serum medium, which was DMEM supplemented with 0.5% FBS. After the 
VSMCs reached approximately 70% confluency in the proliferative medium, the 
culture medium was replaced with the low-serum medium. The cells were then 
cultured in the low-serum medium for 7 days to induce VSMC differentiation. 

2.2. Cell Staining 

To assess VSMC differentiation of cells, major smooth muscle contractile differ-
entiation proteins (α-SMA, Transgelin, and F-actin) and nuclei were subjected to 
fluorescence staining. VSMCs were fixed with phosphate-buffered saline (PBS (−), 
Nissui, Tokyo, Japan) containing 3.7% formaldehyde for 10 min. The cells were 
permeabilized with PBS (−), containing 0.1% Triton X-100 (ICN Biomedicals, Ir-
vine, CA, USA), for 5 min. Next, the cells were rinsed with PBS (−) containing 1% 
bovine serum albumin (BSA) to block the nonspecific protein binding. The fixed 
cells were incubated with the blocking solution for 30 min before treatment with 
staining reagents. The samples were incubated with mouse antibodies against α-
SMA (1:200 dilution, A2547, clone 1A4, Sigma) or transgelin (1:200 dilution, 
ab14106, abcam) for 60 min at room temperature (25˚C). The samples were then 
incubated with the secondary antibody (rabbit anti-mouse Alexa Fluor 488, 1:200 
dilution, Invitrogen) for 60 min at room temperature. All antibodies were diluted 
in PBS (−) containing 1% BSA. The cells were stained with 200 nM Alexa Fluor 
546-conjugated phalloidin (Molecular Probes, Eugene, OR, USA) for 60 min to 
stain the F-actin cytoskeleton. The nucleus was visualized by staining the intranu-
clear DNA with Hoechst 33342 (Invitrogen, Carlsbad, CA, USA) for 30 min. 

2.3. Analysis of Cell Morphology and VSMC Differentiation 

The fluorescent image of the stained cells was captured using an inverted fluores-
cence microscope (IX71, Olympus, Japan) equipped with an electron-multiplying 
charge-coupled device (EM-CCD) camera (C9100-12, Hamamatsu Photonics, Ja-
pan), light-emitting diode (LED) light source (X-Cite XLED1, Olympus), and a 
20X objective lens (numerical aperture = 0.40). Optical components of the micro-
scope, such as LED light source intensity, filters and iris diaphragms were kept 
under the same condition during the measurements. 
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The cell area (Acell), shape index (SIcell), and aspect ratio (ARcell = major axis 
length/minor axis length) were measured from additional projection images. SI 
expressed by Equation (1), is defined as 1.0 for a circle and approaches zero for 
highly elongated shapes. 

 2

4
cell

ASI
P
π

=  (1) 

where A and P are the projected area and perimeter of the nucleus, respectively. 
The mean fluorescence intensity of F-actin cytoskeleton (Iactin), α-SMA (ISMA), 

and transgelin (ITrans) was measured and the intensity ratio of α-SMA to F-actin 
ISMA/Iactin and the intensity ratio of transgelin to F-actin, ITrans/Iactin were examined 
as indices of VSMC differentiation. 

2.4. Fabrication of PA Gel for Cell Traction Force Microscopy 

Polyacrylamide (PA) gel substrates were fabricated as described previously [17]. 
Briefly, PA gel solutions can be prepared by mixing a 40% acrylamide solution 
(40% Acrylamide, BIO-RAD) with a cross-linking agent, 40%T-5%C (%T, total 
monomer concentration; %C, cross-linking density) acrylamide-Bis solution 
(40% Acrylamide/Bis solution 19:1, BIO-RAD) can be prepared by mixing the 
above mixture with distilled water. In this study, the above mixture was diluted with 
distilled water to the desired concentration and two thermal polymerization accel-
erators (TEMED, and APS, BIO-RAD) were added. The solution was dropped onto 
a 35-mm glass-bottom culture dishes (No. 0, Matsunami, Osaka, Japan), covered 
with a cover glass (18 mm on each side) to make the gel surface uniform, and placed 
in an incubator (SCA-165DS, Astec) maintained at 37˚C for 30 min for gelation. 
The upper cover glass was then removed, and the surface of the substrates was 
coated with a thin layer of the same PA gel solution containing fluorescently la-
beled microparticles (FluoSpheres®, diameter 0.2 μm, F8811, Thermo Fisher Sci-
entific). Then, the PA gel substrates were washed with buffer solution HEPES, and 
stored at 4˚C, and shielded from light until following experiments. 

To determine the elastic modulus of PA gel substrates, atomic force microscopy 
(AFM) indentation measurements were performed using a NanoWizard IV AFM 
(JPK Instruments-AG, Germany) mounted on top of an inverted optical micro-
scope (IX73, Olympus, Japan) equipped with a digital CMOS camera (Zyla, An-
dor). For AFM indentation measurements, we used the pyramidal tip of V-shaped 
silicon nitride cantilevers, equipped with a 5 µm borosilicate bead (CP-PNPS-
BSG-A, sQube). The spring constant of each cantilever was determined before 
measurements, using the thermal noise method (Hutter and Bechhoefer, 1993), in 
water. The tip of the cantilever was placed over the PA gels or PDMS substrates 
and monitored using the optical microscope. Indentations were performed at 10 
different points in each substrate with a constant indentation speed of 2 µm/s. 
Substrate elasticity values were calculated from the force-indentation curves by 
applying a Hertzian model [18] for spherical tips, assuming the sample is isotropic 
and linearly elastic. 
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where F is the applied force, Esub is the elastic modulus of substrates, ν is the Pois-
son’s ratio (0.5 for a non-compressible sample), R is the radius of the beads of the 
cantilever tip, and δ is the indentation depth of PA gel recorded in the force curves. 
The elastic modulus of the fabricated PA gels was Esub = 9.45 ± 0.29 kPa (10 sub-
strates), which is comparable to the elastic modulus of substrate in previous stud-
ies on vascular smooth muscle cell differentiation. 

2.5. Imaging for Traction Force Microscopy 

For sample preparation, PA gel substrates were first incubated at room tempera-
ture for 4 h with a solution of 20 μg/mL fibronectin (F1141, Sigma) and then 
washed with PBS. Before cell seeding, the substrates were washed with sterile PBS 
(−). Only those PA gel substrates that had a homogeneous distribution of the mi-
croparticles were selected for cell seeding. 

VSMCs cultured in the proliferative medium (control group) or in the low-se-
rum medium (low-serum group) were detached from the culture dishes and then 
seeded on the PA gel substrates and allowed to reattach to the substrate for 24 h 
(Figure 1(A)). Before the traction force microscopy experiments, cell plasma 
membranes were fluorescently stained using CellMaskTM Orange (C10045, Invi-
trogen) in accordance with the previous study [19], and washed with PBS (−). 

The specimen cells were mounted on the stage of the inverted fluorescence mi-
croscope equipped with cell culture incubator (Stage top incubator, Tokai Hit, 
Japan) and maintained at 37˚C in 5% CO2 and 95% air. Differential interference 
contrast (DIC) microscope images of VSMCs on the PA gel substrate (Figure 
1(B)) and the fluorescence image of cell membrane (Figure 1(C)) were captured 
by the EM-CCD camera using a 40× objective (UPLSAPO 40 × 2, NA = 0.95, 
Olympus). When cells attach and pull on the substrate they generate traction 
forces on the substrate, displacing the particles from their original position (Fig-
ure 1(D)). When the cells are detached (adding trypsin), the particles return to 
their original position due to the elastic properties of the substrate (Figure 1(E)). 
Thus, images of the particles are taken before and after removing the cells and 
merging (Figure 1(F), Figure 1(G)). 

2.6. Analysis of Cellular Traction Forces 

The displacement vectors of the surface of PA gel substrates generated by the 
cellular traction forces were obtained by the particle image velocimetry (PIV) 
method by comparing the images of the fluorescence particles embedded in the 
PA gel substrates before and after cell detachment. The displacement vectors were 
measured by iterative PIV, a plug-in for ImageJ developed by Tseng et al. [20]. 
The displacement vectors and the average elastic modulus of the substrate ob-
tained in 2.3 were used to obtain the traction stress vectors derived from the cell 
traction forces by Fourier transform traction cytometry (FTTC), a plug-in developed 
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Figure 1. Diagram of traction force microscopy experiments. Vascular smooth muscle cells 
(VSMCs) are seeded on elastic substrates (polyacrylamide (PA) gel) that contain fluores-
cent particles on the top (A). Differential interference contrast (DIC) microscope image of 
VSMC on the PA gel substrate (B) and the fluorescence image of its membrane to capture 
its outline (C). When cells attach and pull on the substrate they generate traction forces on 
the substrate, displacing the particles from their original position (D). When the cells are 
detached (adding trypsin), the particles return to their original position due to the elastic 
properties of the substrate (E). Thus, images of the particles are taken before and after re-
moving the cells and merging (F). A magnification of the dashed square region in F (G). 

 
by Butler et al. [21]. The total cell traction force was calculated by multiplying the 
average value of the cell major-axis component of traction stress vectors and cell 
half area. 

2.7. Statistical Analysis 

Data are expressed as means ± standard deviation (SD). Statistical significance 
was assessed using the student’s paired and unpaired t-test with the statistical 
analysis program MEPHAS (https://alain003.phs.osaka-u.ac.jp/mephas/). A sig-
nificance level of P < 0.05 and P < 0.01 was used for all analyses. 
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3. Results and Discussion 

The changes in the cell morphology and contractile protein distribution and 
expression during low-serum culture were evaluated using fluorescent imaging 
(Figure 2). VSMCs cultured in both proliferative medium (control group) and 
the low-serum medium (low-serum group) sufficiently spread on the dishes (Fig-
ure 2(A), Figure 2(D)) and exhibited thick bundles of actin stress fibers especially  

 

 
Figure 2. Representative fluorescent images of the actin cytoskeleton (red) and α-SMA 
(green) of vascular smooth muscle cells (VSMCs) cultured in standard culture proliferative 
medium (A)-(C) and low-serum medium (D)-(F). Changes in cell area Acell (G), cell shape 
index SIcell (H), cell aspect ratio ARcell (I), and fluorescence intensity ration of α-SMA to F-
actin ISMA/Iactin (J) and intensity ration of transgelin to F-actin ITrans/Iactin (K). Over 100 cells in 
4 dishes were analyzed in each group. Mean + SD. (*): P < 0.05. (**): P < 0.01. 
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in the low-serum group (Figure 2(D)). VSMCs in control group exhibited weak 
α-SMA fluorescence and the expression level of α-SMA varied in each cell (Figure 
2(B), Figure 2(C)), which indicated the low contractility and synthetic phenotype. 
Contrastingly, thick bundles of α-SMA colocalized on the F-actin fluorescence 
were clearly observed in the low-serum group (Figure 2(E), Figure 2(F)). Alt-
hough no significant difference was observed in the cell area of both groups (Fig-
ure 2(G)), the cell shape index SIcell was smaller in the low serum group (Figure 
2(H)) and cell aspect ratio was larger in the low serum group (Figure 2(I)), indi-
cating that the VSMCs changed to an elongated morphology. The fluorescence 
intensity ratio of α-SMA to F-actin and the intensity ratio of transgelin to F-actin 
significantly increased in low-serum group (Figure 2(J), Figure 2(K)), which in-
dicates that culturing the cells in low-serum medium promotes VSMC contractile 
differentiation. 

Previous studies have reported that the major contractile markers, α-SMA and 
calponin of VSMCs increased markedly when cultured in serum-free medium [8] 
[22]. The expression levels of these markers were statistically similar to those of 
the freshly isolated VSMCs from aortic tissue [11], which concurred with the re-
sults of our study. Piludu et al. [23] demonstrated that thymosin β4, a potent in-
hibitor of actin polymerization, translocated from the cytoplasm into the cell nu-
cleus under serum starvation conditions. Pavlyk et al. [24] also reported that the 
dynamic actin concentrated at the leading edge of cells cultured in the serum con-
taining medium, but it disappeared with the inhibition of cell migration after se-
rum starvation. These previous reports indicated that low-serum stimulation in-
hibits the actin dynamics in cells and stabilizes the filamentous structures of actin 
cytoskeleton. This may facilitate F-actin maturation observed in the low-serum 
group in our study. Such F-actin stabilization may promote α-SMA contractile 
actin isoform, resulting in sufficient contractile differentiation. 

Next, the magnitude and distribution of intracellular traction forces were ana-
lyzed for the VSMCs in the control and low serum groups by traction force mi-
croscopy (Figure 3). Cells in the control group were polygonal in shape (Figure 
3(A)), while those in the low serum group were elongated (Figure 3(D)). In both 
groups of cells, traction forces were generated toward the center of the cell, and 
the PA gel substrate deformed significantly at the cell periphery (Figure 3(B), Fig-
ure 3(E), arrows), and mechanical polarity was observed in the direction of trac-
tion stresses (Figure 3(C), Figure 3(F)). This indicates that the cells maintain 
their morphology by generating the same amount of force at both ends of the cells 
and maintaining mechanical balances. 

Finally, the results obtained by traction force microscopy (Figure 3) were analyzed 
to quantify the cell total traction forces (Figure 4). The average total traction force 
of VSMCs in the control group was approximately 400 nN, which is on the same 
order of magnitude as that measured using the elastic micropillar technique in our 
previous study [25]. Interestingly, the total traction force in the low-serum group 
was dramatically reduced to a quarter of that in the control group (Figure 4(A)),  
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Figure 3. Differential interference contrast (DIC) microscope image of VSMC on the PA 
gel substrate and the fluorescence image of its membrane to capture its outline (A), (D). 
Representative substrate displacement maps (B), (E) and traction stress maps (C), (F) of 
VSMCs in the control (B), (C) and the low-serum groups (E), (F). 

 
even though they significantly differentiated to contractile phenotype in the low-
serum condition. Analysis of the direction of the traction force vectors in the cells 
revealed that the direction of the force vector was relatively random in the control 
cells (Figure 4(B), orange bars), whereas in the low-serum group, the force vector 
was significantly aligned in the major axis direction of the cells (Figure 4(B), blue 
bars) with significant contractile differentiation. 

VSMCs in actual vascular tissue are elongated in morphology and have a con-
tractile phenotype. Previous reports demonstrated that VSMCs freshly isolated 
from vascular tissue have a contractile phenotype and have significantly stiffer 
characteristics than cells that have become synthetic phenotype in culture [26] 
[27]. Thus, it has been thought that intracellular mechanical tension is also higher 
in VSMCs with contractile phenotype. On the other hand, other reports suggest 
that enhancement of cell mechanical tension due to actomyosin activation does  
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Figure 4. Changes in the total traction forces (A) and the direction of the intracellular traction forces 
(B) in VSMCs following the low-serum culture. Mean + SD. (*): P < 0.05. (**): P < 0.01. 

 
not necessarily for VSMC differentiation to contractile phenotype: VSMCs cul-
tured on the substrates of medium stiffness (Esub = −40 kPa) became elongated 
(polarized) morphology with enhancement of contractile protein expression while 
their intracellular mechanical tension was reduced [17]. It has also been reported 
that VSMC motility is enhanced with relatively high intracellular tension and di-
verse actin fiber orientations [25]. Furthermore, Yamashiro et al. [28] found that 
when VSMCs are mechanically stimulated at their focal adhesion sites, a matri-
cellular protein, thrombospondin-1 (Thb1), binds to integrins and localizes to the 
focal adhesions of VSMCs, inducing nuclear shuttling of a transcriptional coacti-
vator, Yes-associated protein (YAP), and promoting proliferation and dedifferen-
tiation of VSMCs. Considering the above, the following mechanisms are possible 
cell differentiation responses observed in this study: The reduction of serum con-
centrations in the low-serum cultivation put VSMCs in a “standby state”, sup-
pressing the activation of the actomyosin contractile machinery and the formation 
of focal adhesions, which may have led to the fusion and stabilization of actin 
stress fibers anchoring at the limited focal adhesion, inducing elongation and po-
larization of the cell shape and VSMC differentiation. 

In conclusion, we induced the differentiation of cultured VSMCs from the syn-
thetic to the contractile state by the low-serum cultivation and investigated changes 
in the cell traction forces using traction force microscopy technique. The cells in the 
low-serum group increased α-SMA expression ratio and changed their morphology 
elongated bipolar shape, and the direction of their traction forces tended to align in 
the direction of the cell’s major axis. Despite the promotion of contractile differen-
tiation, the overall cell traction forces were significantly reduced. These results sug-
gest that suppression of cell traction force and enhanced force polarity might be key 
factors in VSMC differentiation induced by low serum culture. 
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