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Experimental measurements of cellular mechanical properties have shown large variability in whole-cell
mechanical properties between cells from a single population. This heterogeneity has been observed in
many cell populations and with several measurement techniques but the sources are not yet fully under-
stood. Cell mechanical properties are directly related to the composition and organization of the
cytoskeleton, which is physically coupled to neighboring cells through adherens junctions and to under-
lying matrix through focal adhesion complexes. This high level of heterogeneity may be attributed to
varying cellular interactions throughout the sample. We tested the effect of cell-cell and cell-matrix
interactions on the mechanical properties of vascular smooth muscle cells (VSMCs) in culture by using
antibodies to block N-cadherin and integrin b1 interactions. VSMCs were cultured on substrates of vary-
ing stiffness with and without tension. Under each of these conditions, cellular mechanical properties
were characterized by performing atomic force microscopy (AFM) and cellular structure was analyzed
through immunofluorescence imaging. As expected, VSMC mechanical properties were greatly affected
by the underlying culture substrate and applied tension. Interestingly, the cell-to-cell variation in
mechanical properties within each sample decreased significantly in the antibody conditions. Thus, the
cells grown with blocking antibodies were more homogeneous in their mechanical properties on both
glass and soft substrates. This suggests that diversified adhesion binding between cells and the ECM is
responsible for a significant amount of mechanical heterogeneity that is observed in 2D cell culture
studies.

� 2018 Elsevier Ltd. All rights reserved.
1. Introduction

All cells in the body are subjected to mechanical stimuli in their
surrounding environment. These stimuli are transmitted through
the cell’s intracellular signal transduction pathways to the nucleus,
ultimately resulting in altered growth, differentiation, migration,
contractility, and apoptosis (Boudreau and Bissell, 1998; Huang
and Ingber, 1999; Maniotis et al., 1997; Schwartz and Ginsberg,
2002; Tang and Gerlach, 2017). Deviation in cell structural and
mechanical properties will alter the way cells respond to forces,
which may result in changes in cell function and which may possi-
bly lead to disease (Costa, 2004; Ingber, 2003; Kai et al., 2016;
Zhang et al., 2018). Therefore, the study of cellular mechanics is
important for understanding cell behavior and disease progression.
Studies so far have noted high level of heterogeneity in whole-cell
mechanical properties between cells from a single population
(Charras and Horton, 2002; Dulinska-Molak et al., 2014; Hemmer
et al., 2008; Jaasma et al., 2006b; Jones et al., 1999; Mahaffy
et al., 2000). This heterogeneity has been observed in many cell
populations and with several measurement techniques. In particu-
lar, the coefficient of variation (COV = standard deviation/mean)
values for cellular mechanical parameters within a single popula-
tion are in the range of 43–103% in atomic force microscopy
(AFM) studies and 30–128% in micropipette aspiration studies
(Jaasma et al., 2006a). This variability cannot be credited solely
to the measurement techniques, as their repeatability has been sta-
tistically confirmed (Jaasma et al., 2006b).

Vascular Smooth Muscle Cells (VSMCs) are one of the main con-
stituents of medial layer of blood vessels, embedded in a network
of collagen (types I, III, & V), elastin, and proteoglycans. During vas-
cular development, VSMCs differentiate from a synthetic pheno-
type to a contractile phenotype. Synthetic VSMCs are highly
migratory, undergo rapid cell proliferation, exhibit very high rates
of extracellular matrix (ECM) synthesis, and cannot contract
(Owens et al., 2004). Contractile VSMCs assist in contraction; they
are largely non-migratory, have a low proliferation rate, and exhi-
bit very low rates of ECM synthesis (Owens et al., 2004). VSMCs are
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capable of major changes in phenotype in response to changes in
local environmental cues including growth factors/inhibitors,
mechanical influences, cell-cell and cell-matrix interaction, and
various inflammatory mediators. The phenotype depends on the
complex interaction of the environmental cues and may range
from completely synthetic to completely contractile. In turn,
mechanical properties of VSMCs depend on their phenotype, which
can change dramatically in development and with varying environ-
mental cues (Hemmer et al., 2009; Na et al., 2007; Sun et al., 2008).
Several studies have reported that VSMCs stiffen in response to
stretching (Na et al., 2007). Sun et al. applied forces to specific
ECM adhesion sites on VSMCs and discovered that, mechanical
force, when applies to integrin-fibronectin binding sites, induced
an actin-dependent myogenic like event (contraction) (Sun et al.,
2008).

It is important to understand the effect of cell-cell and cell-
matrix interactions on cell mechanics. In addition, elucidating the
sources of heterogeneity and variability in cell mechanics in vitro
could help us better understand how these in vitro results can
(or cannot) be interpreted in the context of cells in more in vivo-
like conditions. Therefore, to assess directly how cell-cell and
cell-matrix interactions affect VSMC mechanical properties and
mechanical heterogeneity in vitro, we investigated the effect of
blocking specific cell-cell and cell-matrix interactions of VSMCs
in a variety of cell culture conditions. Cell anchor the underlying
extracellular matrix scaffolds through focal adhesion complexes
and to neighboring cells through adherens junctions (Boudreau
and Bissell, 1998). Through these interactions, the tensed
cytoskeletal filaments within the cell are physically coupled to
the matrix and cells in their environment. Focal adhesion com-
plexes are comprised of clusters of transmembrane integrins. Inte-
grin b1 mediates cellular interactions with collagen through a2b1
and fibronectin through a5b1 (Huang and Ingber, 1999). N-
cadherin based junctions’ help to physically couple to cytoskeleton
of one cell to that of its neighbor. The main objective of this study
was to determine if culturing cells under N-cadherin and integrin
b1 blocking conditions affected the cells’ mechanical properties
and if those conditions also resulted in a more mechanically homo-
geneous population. In addition, to understand how these interac-
tions may change during different culture conditions, the cells
were cultured on soft gel substrates and under cyclic
physiological-like tension conditions as well as standard glass sub-
strates. The results from these studies provide insights from a basic
science perspective about the impact of the cellular microenviron-
ment on cell behavior.
2. Experimental materials and methods

2.1. Cell isolation and sample preparation:

Aortic Vascular Smooth Muscle Cells (VSMC) were isolated from
12 week Sprague-Dawley rats following the protocol by Winn et al.
(2009), approved by the Clemson University Animal Care and Use
Committee. Cells were cultured in T75 flasks under standard con-
ditions (37 �C, 5% CO2) in T75 cell culture flasks with standard
media containing Dulbecco’s Modified Eagle’s Medium (Fisher)
supplemented with 10% Fetal Bovine Serum (Sigma-Aldrich) and
1% antibiotic-antimycotic solution (Sigma-Aldrich). Cells used in
the experiments were from passages 5 through 8.
2.2. Preparation of substrates:

Glass coverslips (12 mm) were coated with a thin layer of
0.25 mg/ml Rat-tail collagen I (BD Biosciences, Bedford, MA, USA)
or 5-mg/ml fibronectin from human plasma (BD Bioscience) over-
night and cells were platted at the density of 20,000 cells/cm2. For
cells on hydrogels, soft collagen-coated polyacrylamide gels were
made with elastic moduli (E) of 10 kPa, 25 kPa, and 75 kPa by vary-
ing the concentration of bis-acrylamide following the protocol by
Tse and Engler (2010) and Wang and Pelham (1998). Gel moduli
were confirmed with AFM indentation (see supplemental informa-
tion). The stiffness range mentioned was used as it approximately
replicates the range VSMCs would encounter in vivo (Oie et al.,
2009).
2.3. Applied cyclic strain culture

Cells were cultured on collagen-coated silicone elastomer mem-
brane (BioFlex culture plates, Flexcell International, Hillsborough,
NC, USA) and then exposed to physiologically relevant cyclic strain
of 0–4% with the frequency of 1 Hz (Acampora et al., 2007;
Acampora, 2008). Cells were kept under static conditions for
48 h, followed by cyclic strain for 3 days using Flexcell FX-3000
tension system bioreactor. Cells were subjected to 0–4% cyclic
strains at 0.1 Hz for 30 min, followed by 0.5 Hz for 30 min, and
finally at 1 Hz for 3 days. This strain range was selected since it
is physiologically relevant level for VSMCs in a healthy blood vessel
(Giddens et al., 1993).
2.4. Antibody-blocking culture

To perform blocking studies, 5 different media conditions were
used: (i) regular VSMC media, (ii) VSMC media with 50 lg/ml anti-
integrin b1 antibody (Fisher), (iii) VSMC media with 50 lg/ml anti-
N-cadherin antibody (Sigma-Aldrich), (iv) VSMCmedia with 50 lg/
ml of anti-integrin b1 antibody and 50 lg/ml of anti-N-cadherin
antibody (both antibodies), and (v) VSMC media with 50 lg/ml of
non-immune IgG (Sigma-Aldrich). Non-immune IgG was used as
a negative control as it was not expected to affect cellular interac-
tions and mechanical properties. The antibody concentration of
50 lg/ml was chosen as it has been shown to be effective blocking
concentration in other studies (Mendrick and Kelly, 1993; Sun
et al., 2005; Yiin et al., 2009). Cells were exposed to different media
conditions as soon as they were seeded on the substrate and were
maintained in culture for a period of 5 days after which AFM
nanoindentation studies were performed to study mechanical
properties. This culture period was selected as VSMCs have been
shown previously to stiffen in the first 3–5 days of culture
(Hemmer et al., 2008, Hemmer et al., 2009). After this initial stiff-
ening period, cell mechanical properties remain stable for 7–
10 days (Hemmer et al. 2009, Deitch et al. 2012).
2.5. AFM nanoindentation

VSMCs from each sample were mechanically probed using AFM
under contact mode in liquid (cell culture media) using Asylum
Research MFP-3D AFM (Asylum Research, Santa Barbara, CA,
USA) (Thomas et al., 2013). A 5 lm diameter borosilicate spherical
tipped probe on a silicon-nitride cantilever with a spring constant
of �0.12 N/m (Novascan, Ames, IA, USA) was used to mechanically
probe individual cells. Cells remained on the substrates throughout
the study and warm (37 �C) media was exchanged every thirty
minutes to maintain the culture temperature. The AFM optical
microscope was used to position tip of the cantilever over the cen-
ter of a cell (avoiding nucleus) before data was collected. Each cell
was indented five times to approximately 1 lm depth at the speed
of 1 lm/sec (5 force curves/cell). Each cell was also subjected to
two-1 lm step indentation and 60 s hold experiments (2 stress
relaxation curves). For each condition, 20 cells were tested.
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2.6. Immunofluorescence

Day five VSMCs were fixed and stained for nuclei, filamentous
actin, and microtubules. Anti-N-cadherin and anti-integrin b1 sam-
ples were also stained to confirm antibody blocking. For these
stains, nuclei and filamentous actin for N-cadherin samples or
nuclei and plasma membrane for integrin b1 samples were also
stained as reference of cellular structure. For polyacrylamide gel
samples, since the cells were on softer substrates, they were not
mounted on microscope slides. Instead they were kept in their well
plates, covered in PBS, and stored in the dark after staining and
during imaging. All the samples were viewed using an Olympus
IX81 spinning disk confocal microscope (Olympus, Tokyo, Japan)
and digital images were collected and processed using MetaMorph
Image Analysis software (Molecular Devices, Sunnyvale, CA, USA).

2.7. Data and image analysis

AFM data was analyzed using custom MATLAB scripts (Math-
Works, Natick, MA, USA). The apparent elastic modulus (E) of each
cell was calculated by fitting Hertz model to first 300 nm of data
(Dimitriadis et al., 2002; Guz et al., 2014; Hertz, 1882; Li et al.,
2008; Liu et al., 2013; Rebelo et al., 2013). The indentation depth
was chosen as approximately 10% of the average cell height as
Hertz model only remains accurate within 10% strain range. The
stress relaxation (SR) data were normalized to the peak force and
fit to the Quasilinear Viscoelastic (QLV) model reduced relaxation
function (Deitch et al., 2012; Radmacher et al., 1993; Tripathy
and Berger, 2012). The percent relaxation during 60-second hold
was calculated for each stress relaxation curve (Darling et al.,
2006, 2007; Deitch et al., 2012). The Immunofluorescence images
were analyzed to calculate average cell area and perimeter using
ImageJ (Schneider et al., 2012). To determine how round the cells
were, the circularity of each cell was calculated. The circularity is
given by the following equation:

Circularity ¼ 4p � Area
Perimeter2

Thus, the circularity of a perfect circle is 1.
Student’s t-test was used to determine statistical significance

(p < 0.05). Cell-to-cell and repeated point coefficients of variation
(COV) were calculated to access the variation within each sample
as a measure of cell-to-cell variation and within each cell-loading
session as a measure of data repeatability on a single point of
indentation.
3. Results

3.1. Antibody-blocking studies on glass

Cells under control conditions (no antibodies, IgG control) had
elastic moduli (E) ranging from 8.6 kPa to 10.6 kPa. For both the
collagen and fibronectin samples, there was no significant differ-
ence between the cells cultured in standard media or standard
media with non-immune IgG antibodies (p � 0.39). The cells under
test conditions had E ranging from 2.3 kPa to 5.3 kPa (Fig. 1(a)).
Within the antibody samples, the cells cultured with both antibod-
ies were the softest. This difference was considered statistically
significant for cells on both collagen and fibronectin (p � 0.003).
Within each sample type, there was no significant difference
between the elastic moduli measures on collagen and those on
fibronectin. The repeated point COVmeasures (Table 1) were much
lower than the cell-to-cell COVmeasures, indicating that variations
in the measurement technique could not account for the cell-to-
cell variations that were observed.
For both the collagen and fibronectin samples, there was no sig-
nificant difference in the percent relaxation measures (PRM) of
control samples (p � 0.66) (Fig. 1(b)). Overall, the antibody media
conditions promoted cells that relaxed more during the 60 s hold,
although this difference was only statistically significant between
the cells grown in the presence of N-cadherin antibodies and the
control cells grown on collagen (p = 0.012).

Immunofluorescence microscopy was used to confirm N-
cadherin and integrin b1 blocking using antibodies present in the
media during the experiments (Fig. 2). Stains for nuclei, micro-
tubules, and actin highlighted differences in cell morphology
among the samples with different media conditions in this study
(Fig. 3). The VSMCs in the control samples were highly variable
in size and generally exhibited more cell extensions and cell-cell
connections. A continuum of phenotypes, from contractile to syn-
thetic, was present. VSMCs in the blocking antibody conditions
generally took on a more rounded. The area and perimeter of the
cells were calculated from the images (N = 7–13 per group). Cells
in test antibody conditions were found to be statistically smaller
in area (Fig. 4) than those in the control media (p < 0.05). The cells
in the anti-N-cadherin media were also statistically smaller
(p = 0.003) than the cells in the anti-integrin-b1 conditions. While
the circularity of the cells in the blocking antibody conditions were
on average closer to 1 than those in the control, these differences
were not statistically significant (p = 0.07).

3.2. Antibody-blocking studies on polyacrylamide gels of varying
stiffness

Overall, the VSMCs on the gels had E in the range of 1.8–6.9 kPa,
while the VSMCs on the stiffer glass substrates had E in the range
of 4.3–9.2 kPa (Fig. 5). For all sample types, cellular elastic moduli
measures increased with increasing substrate stiffness. Overall, the
VSMCs on gels tend to relax more during the 60-second hold com-
pared to ones on stiffer glass slides. For cells grown on hydrogels,
there were no significant differences in relaxation behavior among
different gels or across different media conditions. The average
cell-to-cell percent relaxation COV for the control conditions was
42.0% (Table 2). This amount of variation is lower than the varia-
tion that was found in percent relaxation measures for control
samples on glass slides. This suggests that there might be less vari-
ation among the cellular viscoelastic properties on a softer gel
substrate.

For all the hydrogel samples, nuclei, actin, and microtubules
were stained to compare VSMC structure and samples (Fig. 6).
No clear differences were observed between cells on each of the
gels. The cells on all gels with anti-integrin b1 conditions were uni-
formly smaller (Fig. 7, p < 0.01, N = 20–25 for each condition) and
did not exhibit the extensive cellular extensions of the cells grown
on glass substrates. The circularity parameter was not statistically
different between the anti-integrin-b1 condition and the matching
control substrate condition (p > 0.06) (see Fig. 8).

3.3. Antibody-blocking on cells under tension conditions

For the cells on elastomer membrane, the cells without tension
conditions were significantly softer than those that underwent
cyclic tension and the ones on glass from previous study
(p = 0.07). The average cell-to-cell elastic modulus COV for the con-
trol conditions was 70.2% (Table 3), almost identical to the varia-
tions found in previous studies (70.3%, 71.7%). As observed on
glass, even on hydrogel samples, anti-integrin b1 samples showed
decrease in the level of variation. For control samples under ten-
sion conditions, the level of variation decreased to 49.5%. Within
the tension samples, the cell-to-cell elastic moduli COV measure
decreased to 28.8% for cells with anti-integrin b1 conditions. The



Fig. 1. (a) Apparent elastic moduli of day 5 VSMCs on collagen and fibronectin with different media conditions. All test samples exhibit significantly lower elastic modulus
compared to controls (p � 0.025) except for anti-N-cadherin samples on collagen (p = 0.070). (b) Percent relaxations during 60 s hold for day 5 VSMCs on collagen and
fibronectin with different media conditions. The Anti-N-Cadherin cells grown on collagen relaxed more than the control cells grown on collage (p = 0.012) Data presented as
mean ± standard error.

Table 1
VSMC cell-to-cell repeated point COV for elastic modulus and percent relaxation measures (average of measures for cells on
collagen and fibronectin matrices).
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repeated point COV measures were low and consistent with the
experiments on glass substrates.

For samples on elastomer membrane, the mean apparent elastic
moduli measures of the cells with tension conditions remained low
for the anti-integrin b1 sample but increased dramatically for the
control samples (Fig. 6). The cells without tension conditions
exhibited the largest percent relaxation during 60-second hold
(�60%). Also, the cells subjected to cyclic tension conditions
relaxed less during hold (�50%) (p < 0.01).
4. Discussion and conclusion

In this study, VSMC’s interactions with its microenvironment
were limited by interrupting cell-cell and cell-matrix interactions
through antibody blocking. Cell-cell and cell-matrix interactions
have been blocked or inhibited for various purposes in previous
research. Specifically, N-cadherin and integrin b1 interactions have
been studied for their role in cellular proliferation, migration, dif-
ferentiation, adhesion, disease progression, and apoptosis (Cheng



Fig. 2. Confirmation of antibody blocking in day 5 VSMCs. Cells with anti-integrin b1 media conditions (left) are stained for nuclei (blue), filamentous actin (red), and the
integrin b1 primary antibody (red). Cells with anti-N-cadherin media conditions (right) are stained for nuclei (blue), plasma membrane (red), and the N-cadherin primary
antibody (green). Top images show all stains and bottom images leave out the actin/plasma membrane stains to highlight N-cadherin and integrin b1 staining (Scale
bar = 50 lm). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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et al., 2000; Hermiston and Gordon, 1995; Koutsouki et al., 2005; Li
et al., 2001; McNally and Anderson, 2002; Steinberg and McNutt,
1999; Uglow et al., 2003). This study investigates the effects of
N-cadherin and integrin b1 mediated interactions on vascular
smooth muscle cell mechanical properties and heterogeneity.

Our results showed that both measures of cellular mechanical
properties (elastic modulus and percent relaxation) changed under
the antibody blocking conditions. The values obtained on glass
were fairly uniform for antibody conditions, suggesting that inte-
grin b1 and N-cadherin play an equally important role in determin-
ing cellular mechanical properties. This finding is similar to
findings in another study where the resistance to apoptosis pro-
vided by cell-cell contacts was found to be of a similar magnitude
to that provided by cell-matrix contacts (Koutsouki et al., 2005).
Significant differences were observed in both elastic moduli and
percent relaxation measures for VSMCs cultured on soft polyacry-
lamide hydrogels, in comparison to the stiffer glass slides. For all
gel samples, cellular elastic moduli increased with increasing stiff-
ness. On the substrates: 18 kPa gel, 28 kPa gel, 72 kPa gel, and
glass, the average cellular elastic moduli for control samples were
3.4 kPa, 3.8 kPa, 6.8 kPa, and 8.9 kPa respectively. This is consistent
with prior studies with other cell types. In a study on fibroblasts,
Solon et al. found that cellular elastic moduli were 4.5 kPa on a
10 kPa, 5 kPa on a 20 kPa gel, and 7 kPa on glass (Solon et al.,
2007). They found that elastic moduli measurements did not
increase significantly on gels with stiffness’s between 20 kPa and
glass.

Immunofluorescence staining provided a measure of cellular
phenotype within each of the samples. Revealing that the cells in
the presence of blocking antibodies were significantly smaller.
They appeared somewhat more rounded and less contractile in
appearance. However, it should be noted that the changes in circu-
larity parameter were not statistically significant; this may be in
part because of the high variability in cell circularity observed in
the control condition cells. This is consistent with previous studies
that showed that, on day 5, synthetic VSMCs are softer than con-
tractile VSMCs (Hemmer et al., 2009). Additionally, decreased cell
spreading has been correlated to reduced cellular stiffness
(Domke et al., 2000). A less complex actin network (characteristic
of synthetic phenotypes) has also been shown to cause increase in
relaxation percentage in stress relaxation experiments (Hemmer
et al., 2009). The lack of changes across gel samples with different
stiffness was observed previously, as Solon at al. did not see any
changes in cell morphology/spreading on substrates over 10 kPa
(Solon et al., 2007). The cellular extensions that we observed are
typical of cells grown on gels before confluency is reached



Fig. 3. Representative immunofluorescence images of day 5 VSMCs with different media conditions. Cells are stained for nuclei (blue), filamentous actin (green), and
microtubules (red). Scale bar = 50 lm). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. Average area of the cells grown on collagen in different media conditions.
The cells grown in the presences of the blocking antibody conditions were
significantly smaller than those in control media conditions (*p < 0.05, **p < 0.01).

Fig. 5. (a) Apparent elastic moduli of day 5 VSMCs on substrates of varying
stiffness. For control (no antibody) conditions, cellular stiffness increased signifi-
cantly from the 18 kPa and 28 kPa gel samples to the 72 kPa gel and glass slide
samples. (b) Percent relaxation during 60 s hold for day 5 VSMCs on substrates of
varying stiffness. On each gel, there were no significant differences among different
gel stiffness’s or across different media conditions. Data presented as mean ± stan-
dard error; *p < 0.05.
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(Yeung et al., 2005). To better analyze the correlation between cell
shape and modulus, it would be ideal to compare each individual
cell’s size and morphology to its own modulus. Unfortunately,
we were not able to get this type of single cell correlation with
our experimental setup. Thus, this study was limited by analyzing
the average modulus and cell shape in each sample.

The level of cell-to-cell variation in mechanical properties
within each sample decreased from the control conditions to the
antibody conditions. Thus, the cells with blocking antibodies were
more homogeneous in their mechanical properties on both glass
and gels. The cell size and morphology analysis also indicated that
the cells in the blocking conditions were more homogeneous in
size and shape than the control. This suggests that diversified
adhesion binding between neighboring cells and ECM components
throughout a cellular population is responsible for a significant
amount of heterogeneity that is observed in 2D cell culture studies.
Elastic moduli of VSMCs grown on elastomeric membranes
without tension were significantly lower than the elastic moduli
of VSMCs grown on glass slides but were similar to those grown
on the 28 kPa gels. This is to be expected as the elastomeric mem-



Table 2
Day 5 VSMC cell-to-cell and repeated point coefficients of variation for elastic modulus and percent relaxation measures
(averages for all measures on gels).

Fig. 6. Representative immunofluorescence images of day 5 VSMCs on each gel
with different media conditions (scale bar = 200 lm). Cells are stained for nuclei
(blue), filamentous actin (green), and microtubules (red). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)

Fig. 7. Average area of the cells grown on soft substrates in different media
conditions. The cells grown in the presence of anti-integrin b1 antibodies were
significantly smaller than those in cultured in the control conditions (*p < 0.05).

Table 3
VSMC cell-to-cell and repeated point coefficients of variation for
without tension conditions.
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branes are softer substrate have properties closer to the polyacry-
lamide gels than the glass. The tension conditions resulted in a sig-
nificant increase in cellular elastic moduli measures in control
samples; cells grown under tension were stiffer than those grown
without tension on elastomeric membranes or glass. Within the
tension sample, the average elastic modulus for anti-integrin b1
remained very low (3.8 kPa), indicating that these cells were lim-
ited in their mechanotransduction abilities. During stress-
relaxation testing, the cells relaxed the most on the static sample,
followed by the ‘‘with tension” sample, and finally the glass sam-
elastic modulus and percent relaxation measures with and



Fig. 8. (a) Apparent elastic moduli of day 5 VSMCs with and without tension
conditions. (b) Percent relaxation during 60-second hold for day 5 VSMCs with and
without tension. Cells in the tension conditions were significantly stiffer (*p < 0.01)
than the cells without tension on the elastomer membranes. In addition, the cells in
the anti-Integrin b1 conditions were significantly (p < 0.05) softer than the cells in
the matching control conditions. Data presented as mean ± standard error.
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ple. Immunofluorescence imaging showed reduction in size of the
cells from static to cyclic tension samples (p < 0.05). In a previous
study on VSMCs under the same level of cyclic, cells from the cyclic
tension group exhibited significantly lower cell area compared to
controls (Acampora et al., 2007) similar to what was observed in
this study. The cell-to-cell measures decreased from the static con-
trols to the tension conditions, indicating that the cyclic tension
conditions promoted a more mechanically homogenous sample.
Within the tension samples, the cellular mechanics heterogeneity
further decreased under anti-integrin b1 conditions, indicating
that blocking cell-matrix interactions resulted in a more mechani-
cally homogeneous cell population under tension conditions.

Integrin-b1 was the focus of this study as other studies have
indicated that this had significant effects on the cell mechanical
properties (Sun et al., 2005). Our cells were still able to attach
and form stress fibers when in the presence of the antibodies. This
could be because the antibody concentration was not high enough
to completely block all the b1. Another possibility is that the cells
were still able to use the integrin to bind to the matrix despite the
presence of antibodies. Sun et al. showed that this concentration of
antibody does destabilize a5b1-integrin binding to fibronectin.
However, in their experiments the VSMCs were still able to bind
to fibronectin but the probability of binding was greatly reduced
and had reduced rupture force as measured with AFM (Sun et al.,
2005). If the binding probability and binding forces of the
integrin-fibronectin interaction were similarly reduced here, this
may explain why the cells in our tension experiments stayed much
softer in the presence of the integrin antibody than in the control
conditions. With less effective cell to matrix binding, the coupling
of the matrix and stress fibers, and thus the mechanotransduction
mechanisms, would also be reduced.
The influence of N-cadherin mediated cell-cell interactions and
integrin b1 mediated cell-matrix interactions on cellular mechan-
ics was assessed for the first time in this study. Blocking these
interactions individually and in combination resulted in reduced
cellular elastic moduli measures (less stiff) and increased cellular
percent relaxation measures (more viscous). Both softer polyacry-
lamide gel substrates and application of cyclic tension resulted in
changes to cellular phenotype and mechanical properties. The
results from studies done on physiologically relevant conditions
suggest that VSMCs most likely exhibit heterogeneous mechanical
properties. These results provide researchers with a greater under-
standing of the role of cellular adhesions in regulating whole cell
mechanical properties. Within these measurements, it was found
that cells exhibited more homogeneous mechanical properties
when their cell-cell and cell-matrix interactions were limited. This
suggests that varying cellular adhesions throughout a sample is
responsible, at least in part, for the high level of heterogeneity that
is commonly observed in cellular mechanical properties.

This study is the first to report a decrease in cellular mechanical
heterogeneity within a sample population by limiting cellular
interactions in culture. Our results suggest that varying cell-cell
and cell-matrix interactions are partly responsible for high level
of heterogeneity that is commonly observed in 2D cell culture
studies.
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