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Aims The regulation of vascular diameter by vasoconstrictors and vasodilators requires that vascular smooth muscle cells
(VSMCs) be physically coupled to extracellular matrix (ECM) and neighbouring cells in order for a vessel to mech-
anically function and transfer force. The hypothesis was tested that integrin-mediated adhesion to the ECM is dynam-
ically up-regulated in VSMCs during contractile activation in response to a vasoconstrictor and likewise down-
regulated during relaxation in response to a vasodilator.

Methods
and results

VSMCs were isolated from the Sprague-Dawley rat cremaster muscles. Atomic force microscopy (AFM) with fibro-
nectin (FN)-functionalized probes was employed to investigate the biomechanical responses and adhesion of VSMCs.
Responses to angiotensin II (Ang II; 1026 M) and adenosine (Ado; 1024 M) were recorded by measurements of cell
cortical elasticity and cell adhesion. The results showed that Ang II caused an immediate increase in adhesion (+27%)
between the probe and cell. Cell stiffness increased (+70%) in parallel with the adhesion change. Ado decreased
adhesion (215%) to FN and reduced (230%) stiffness.

Conclusion Changes in the receptor-mediated activation of the contractile apparatus cause parallel alterations in cell adhesion
and cell cortical elasticity. These studies support the hypothesis that the regulation of cell adhesion is coordinated
with contraction and demonstrate the dynamic nature of cell adhesion to the ECM. It is proposed that coordination
of adhesion and VSMC contraction is an important mechanism that allows for an efficient transfer of force between
the contractile apparatus of the cell and the extracellular environment.
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1. Introduction
The mechanical function of vascular smooth muscle cells (VSMCs) is
anchorage dependent and requires the physical association of cells
with the extracellular matrix (ECM) and neighbouring cells to
perform the force-transfer functions associated with regulating vascu-
lar diameter.1,2 Integrin-mediated adhesion of VSMCs to ECM pro-
teins provides an important physical connection between the ECM
and cytoskeleton for bi-directionally transmitting mechanical forces
and the generation of biochemical cell signals through inside-out
and outside-in mechanisms.3– 6 Importantly, we have previously
demonstrated that integrins are linked to the regulation of arteriolar

diameter7,8 and the vascular myogenic response.9 Also, a series of
recent studies from tracheal and VSMCs have indicated that contrac-
tion is accompanied by parallel remodelling of both contractile and
non-contractile components of the actin cytoskeleton and adhesion
junctions.2,10,11 Whether these events are coupled to changes in in-
tegrin adhesion has not been demonstrated. Also, it remains to be
elucidated that whether the contraction and/or relaxation of
VSMCs is actually temporally synchronized with changes in integrin
adhesion in a manner that would allow it to rapidly adapt to altered
mechanical loads.

Atomic force microscopy (AFM) has been used as a powerful inves-
tigative tool for work at the macro-scale live cell12 and tissues and at
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the nano-scale for study of single molecules in biological research.13,14

In addition to the imaging and topology, AFM has found many uses as
related to its ability to detect and apply mechanical forces in the nano
and pico newton range,15 such as measuring the unfolding forces ne-
cessary to probe molecular structure16,17 or unbinding forces related
to cell adhesion molecules.18–20 In this study, AFM was used for real-
time monitoring of cell stiffness and adhesion that allowed us to
extend analyses of these variables into the time domain to investigate
their dynamic behaviour and correlate them with each other. The
ability of the AFM to simultaneously assess cellular mechanical prop-
erties and adhesion make it an ideal technique to biomechanically test
the hypothesis that adhesion to the ECM protein-fibronectin (FN) is
dynamically regulated in VSMCs during alterations contractile activa-
tion. According to our hypothesis, integrin-mediated adhesion of
VSMCs to the ECM is up-regulated during contractile activation in re-
sponse to a vasoconstrictor and likewise down-regulated during relax-
ation in response to a vasodilator. Using AFM probes coated with FN,
force curves were continuously sampled over time to permit cell stiff-
ness to be quantified from the AFM probe approaching trace and cell
adhesion to be assessed from the AFM probe retraction trace.

2. Methods

2.1 Animal model
Sprague-Dawley rats were used for this study and were maintained in ac-
cordance with guidelines for the Guide for the Care and Use of Laboratory
Animals (NIH 83-23, revised 1996). Rats were anaesthetized by ip injection
of pentobarbitol sodium (Lundbeck, Inc., Deerfield, IL, USA) at 0.1 g/kg. A
surgical plane of anaesthesia was confirmed by observing no spinal reflex
to a toe pinch. The rat cremaster muscle was excised via a scrotal surgical
incision while animal remained under anaesthesia. Immediately after dis-
section, the rat was euthanized by intracardial injection of saturated KCl
solution (3 ml), followed by bilateral pneumothorax. The animal facilities
are approved by the Association for Assessment and Accreditation of
Laboratory Animal Care (AALAC) and the animal protocol (#7416)
was reviewed and approved by the Animal Care and Use Committee
(ACUC) of the University of Missouri.

2.2 VSMCs isolation and culture
VSMCs were enzymatically isolated from the first-order arteriole (100–
150 mm diameter) of Sprague-Dawley rat cremaster skeletal muscles
using previously described methods.21 Cells were maintained under
culture conditions in DMEMF-12 supplemented with 10% foetal bovine
serum (FBS, ATLANTA Biologicals, Lawrenceville, GA, USA), 10 mM 4-
(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES, Sigma, St
Louis, MO, USA), 2 mM L-glutamine, 1 mM sodium pyruvate, 100 U/mL
penicillin, and 100 mg/mL streptomycin. Cells were plated on a 12 mm cir-
cular cover slip (Electron Microscopy Sciences, Hatfield, PA, USA) in a
12-well cell culture plate (Corning incorporated, Corning, NY, USA)
and kept in a humidified incubator (Heraeus Instruments, Newtown,
CT, USA) with 5% CO2 at 378C. For AFM experiments, cover slip
attached cells were transferred to 60 mm tissue culture dishes (World
Precision Instruments, Sarasota, FA, USA). The cells used in all experi-
ments were maintained 3–12 days without passage. Except for HEPES
and FBS, all reagents were purchased from Invitrogen (Carlsbad,
CA, USA).

2.3 FN coating of AFM probes
The spherical AFM Probe (Veeco-MLCT) was functionalized with FN by
the following AFM Probe decorating procedure described by Lehenkari
and Horton22 and previously used in our laboratory.23 Briefly,

Polyethylene glycol (PEG, Sigma, St Louis, MO, USA) was used as a cross-
linker for FN (Invitrogen, Carlsbad, CA, USA) onto glass micro bead. The
probe was first incubated with 10 mM PEG (5 min), washed with phos-
phate buffered saline (PBS), and then incubated with FN (0.25 mg/mL)
for 5 min followed by washing in PBS. Probe spring constants were
assumed to be unchanged after the labelling.

2.4 Biomechanical properties measurement
with AFM
A schematic diagram of the AFM protocol is illustrated in Supplementary
material online, Figure S1. Real-time monitoring of biomechanical proper-
ties of single mVSMCs was performed with a Bioscope AFM System
(model IVa, Digital Instruments, Santa Barbara, CA, USA) that was
mounted on an IX81 OLYMPUS inverted microscope (Olympus
America, Inc.). The FN-decorated spherical probe with 5 mm diameter
was used to repeatedly indent and retract from the cell surface at
0.1 Hz sampling frequency, 320 nm/s piezo scanning speed, and
1600 nm ramp size. For each experiment, cells (serum-starved overnight)
were randomly selected and indented at a site midway between the
nucleus and cell margin to collect �60 force curves within 10 min for a
pre-drug period followed by 240 force curves over 40 min for the post-
drug condition. To minimize the drift, after the probe was submerged in
cell bath, the whole system was thermally and mechanically equilibrated
for 1 h. All of AFM measurements were conducted at room temperature
in serum-free medium. The analysis of force curves was automated using a
proprietary software package (NforceR).

The stiffness measured with the nano-indentation protocol is an esti-
mate of Young’s modulus of elasticity (E-modulus) for the cell cortex.
This primarily reflects the mechanical characteristics of the submembra-
nous cytoskeleton structure. The cell cortex contains several proteins in-
cluding filamentous actin, microtubules, and intermediate filaments and
has been reported to be �600 nm in thickness and can be up to 50 nm
under cell plasma membrane.24 In this study, the indentation depth was
mostly controlled �100 nm. Over this range of indentation the stiffness
measurements would thus reflect the mechanical properties of the near
membrane cytoskeleton.

As shown in Supplementary material online, Figure S2, the cell cortex
exhibits the typical viscoelastic properties, i.e. the indentation depth sig-
nificantly decreased as sampling frequency was increased. Several different
models have been applied to analyse the cell elasticity measured with
AFM.25 –28 To date the Hertz model has been the most widely used algo-
rithm for the characterization of live cell elasticity with AFM. It is acknowl-
edged that this is an estimated property as the assumptions of the Hertz
model are not completely satisfied since the biological properties of live
cells are finite, viscoelastic, or anisotropic.25 –27 However, if live cells
are indented slowly enough then these assumptions could be approxi-
mately met. Under these conditions then the viscous properties of the
cell will have a limited effect on the force measurements and the elastic
behaviour will dominate the cell deformation process.29,30 Therefore, it
was concluded that the Hertz model could be employed to analyse the
AFM force curve to assess the VSMC elasticity. Briefly, the modified
Hertz model was employed to get the following combination between
the force (F) exerted by the AFM probe on the cell surface and the cor-
responding indentation depth (d) of cell:31,32

F = 4
3
·

����

rbE
√

1 − v2
· d3/2.

Here, E is the E-modulus; n is the Poisson ratio of cell. Cells were assumed
to obey elastic properties of a gel, so the Poisson ratio n was assumed as
0.5.31 As illustrated in Supplementary material online, Figure S3, the inden-
tation depth was calculated as d ¼ z – d, where z is the vertical travelling
distance of Piezo that control the cantilever moving from the contact
point (position 1) to the maximum indentation point (position 2), d is
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the deflection of the cantilever. E-modulus is calculated by the transform-
ation of Eqs. (1) to (2).

E = 3(1 − v2)
4

��

rb
√ · F

d3/2 .

Unbinding force of FN/a5b1 adhesion complex was determined as the
product of the rupture height and cantilever spring constant.

In this study, the location of each unbinding event along the retraction
curve relative to the estimated contact point in associated approaching
curve was defined as the rupture length. This represents the distance

through which the AFM was retracted from the cell membrane before
a rupture event was recorded (Supplementary material online, Figure S4).

2.5 Statistical analysis
Data are reported as the average+ SEM. Statistically significant differ-
ences between the elasticity or adhesion events per curve for compari-
sons of pre-drug controls and post-drug treatments were analysed with
one-way ANOVA, since these data were normally distrusted. Statistically
significant differences between the average adhesion force of control and
post-drug stimulation were calculated using the Wilcoxon signed-rank test
due to the non-normal distribution of these data. A value of P , 0.05 was
considered significant.

Figure 1 Continuous real-time VSMC stiffness recordings following Ang II or Ado. (A) Representative single cell record of VSMC elastic modulus
before and after addition of Ang II (1026 M). (B) Group average of VSMC elastic modulus alteration before and after addition of Ang II (n ¼ 10). (C)
Average elastic modulus summed across all time points for the group of VSMCs before and after the addition of Ang II (n ¼ 10, *P , 0.05). (D) Rep-
resentative single-cell measurement of elastic modulus before and after the addition of cell buffer only. (E) Group average of VSMC elastic modulus
alteration after treatment with buffer vehicle only (n ¼ 10). (F) Average elastic modulus summed for all time points of VSMC before and after treat-
ment with buffer (n ¼ 10). (G) Representative alteration in VSMC elastic modulus before and after the addition of Ado (1024 M). (H ) Group average
of VSMC elastic modulus alteration before and after the addition of Ado (n ¼ 8). (I) Average elastic modulus summed for all time points of VSMC
before and after addition of Ado (n ¼ 8, *P , 0.05). Data were acquired at 0.1 Hz of indentation frequency and are presented as mean+ SEM.
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3. Results

3.1 VSMC elasticity/stiffness increases with
a vasoconstrictor agonist and decreases
with a vasorelaxant agonist
Representative tracing of increase in VSMC cortical stiffness (Young’s
modulus of elasticity; E-modulus) in response to the vasoconstrictor
angiotensin II (Ang II) (1026 M) is shown in Figure 1A. During a
10 min pre-drug control measurement period, the cell E-modulus

was �12 kPa. For this cell, treatment with Ang II resulted in an in-
crease in E-modulus over the 1800 s period of observation to
�17 kPa. Figure 1B shows the group mean increase (�70%) in cell
stiffness for 10 independent experiments following the addition of
Ang II. The averaged elastic modulus summed over all time points
was significantly increased by stimulation with Ang II (Figure 1C, n ¼
10, *P , 0.05). Experiments with buffer alone were used as sham
control experiments. No significant change occurred in cell stiffness
following the addition of buffer-only to the cell bath [Figure 1D, E
(n ¼ 10), and F (n ¼ 10)]. Upon treatment with the vasorelaxant

Figure 2 Continuous real-time recordings of adhesion events between VSMCs and FN-coated AFM probe following Ang II or Ado. (A) Represen-
tative alteration in the number of adhesion events per AFM retraction curve before and after stimulation with Ang II. (B) The alteration of group
average number of adhesion event per retraction curve before and after the addition of Ang II (n ¼ 10). (C) Average number of adhesion events
per retraction curve before and after addition of Ang II summed over 1800 s (n ¼ 10, *P , 0.05). (D) Representative change in the number of adhesion
event per AFM retraction curve before and after the administration of buffer in cell bath. (E) The alteration of group average number of adhesion
event per retraction curve before and after the addition of buffer (n ¼ 10). (F ) The average number of adhesion event per retraction curve
before and after the addition of buffer summed over 1800 s (n ¼ 10, *P , 0.05). (G) Representative alteration in the number of adhesion event
per AFM retraction curve before and after stimulation with Ado. (H ) The alteration of group average number of adhesion event per retraction
curve before and after the addition of Ado (n ¼ 8). (I ) The average number of adhesion event per retraction curve before and after the addition
of Ado summed over 1800s (n ¼ 8, *P , 0.05). Data were acquired at 0.1 Hz of indentation frequency and are presented as mean+ SEM.
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Ado (1024 M), VSMC stiffness decreased (�30%). Figure 1G shows a
representative single cell trace and Figure 1H shows the group mean
(n ¼ 8 cells). Average elastic modulus summed for all time points
showed a significant decrease upon the addition of Ado to cell bath
(Figure 1I, n ¼ 8, *P , 0.05).

3.2 Adhesion to FN is enhanced by a
vasoconstrictor and reduced by a
vasorelaxant
Changes in integrin adhesion were assessed by the quantification of
adhesion events in AFM retraction curves and adhesion rupture
force. Figure 2A (single cell), Figure 2B (group; n ¼ 10), and Figure 2C
(1800 s time sum; n ¼ 10) show that stimulation with the vasocon-
strictor Ang II led to a significant increase (�27%) in the number of
recorded adhesion events between the cell and FN-coated AFM
probe. In comparison, the vasorelaxant Ado decreased adhesion
(�15%) to FN as shown in Figure 2G (single cell), Figure 2H (group;
n ¼ 8), and Figure 2I (1800 s time sum; n ¼ 8). In control experiments
with buffer alone, a small decrease in the number of adhesions per

curve (�9%) was observed [Figure 2D (single cell), Figure 2E (group;
n ¼ 10), and Figure 2F (1800 s time sum; n ¼ 10)]. The recordings
of adhesion force for representative cells (Figure 3A, C, and E) and
group data (Figure 3B, D, and F ) also show that Ang II significantly
increased the adhesion rupture forces indicating tighter bonding
between the FN-coated AFM probe and the VSMCs. Buffer alone
caused no change in adhesion rupture forces and Ado significantly
decreased adhesion rupture forces.

3.3 Analysis of pulling distance before
adhesion rupture indicates increased
cytoskeletal anchorage of integrin adhesion
after a vasoconstrictor and decreased
anchorage after a vasorelaxant
Figure 4A shows the frequency distribution of probe retraction dis-
tances at which adhesion rupture occurred and demonstrates that
most ruptures occur at distances of ≤400 nm. Figure 4B shows that
at retraction lengths ,400 nm that higher adhesion rupture forces
were recorded than at longer pulling distance beyond 400 nm. This

Figure 3 Adhesion rupture forces between VSMCs and FN following Ang II or Ado. (A) Representative real-time recording of the force required to
rupture an adhesion between FN and VSMCs on a single VSMCs before and after Ang II treatment. (B) Average adhesion force between FN and
VSMCs before and after Ang II stimulation summed over 1800s (n ¼ 10, *P , 0.05). (C) Representative real-time record of the adhesion between
FN and VSMCs on single VSMCs before and after the administration of buffer in cell bath. (D) Average adhesion force between FN and VSMCs
before and after the addition of buffer in cell bath summed over 1800 s (n ¼ 10). (E) Representative real-time record of the adhesion force
between FN and VSMCs on single VSMCs before and after Ado treatment. (F ) Average adhesion force between FN and VSMCs before and after
Ado stimulation summed over 1800 s (n ¼ 8, *P , 0.05). Data were acquired at 0.1 Hz of indentation frequency. Data for bar graphs are presented
as mean+ SEM.
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relationship is indicative of two populations of adhesions with differ-
ent rupture behaviours, one rupturing with high force and short-pull
lengths and the second rupturing with lower forces and long-pull
lengths (Figure 4B). High force-short-pull adhesions have been inter-
preted to be associated with receptors that are anchored to the
cell cytoskeleton, whereas low force-long-pull adhesions are inter-
preted to be associated with membrane tethers that are pulled
from the membrane as the receptor connections with the cytoskel-
eton are weak (Figure 4C).33 In our study, Ang II and Ado most strong-
ly affect the high force-short-pull length adhesion population
(Figure 4D–F).

4. Discussion
Our results demonstrate that the regulation of ECM adhesion and the
contractile activation state of vascular smooth muscle are dynamically
linked. We tested the hypothesis that the contractile activation of
VSMCs with a vasoconstrictor would enhance adhesion to ECM
and that the change in adhesive behaviour would be coordinated
with a detectable increase in VSMC cortical stiffness as an indication
of a change in contractile activation. Likewise, we postulated that
treatment with a vasorelaxant would produce the opposite changes
and be characterized by reduced ECM adhesion and a parallel

Figure 4 Analyses of relationship between retraction distances and occurrence adhesion rupture. (A) Distribution of retraction distances at the time
of adhesion rupture. (group/n ¼ 10, only the last 600 s post-Ang II treatment data were included for comparison with the 600 s control recording to
normalize for the recording time period). (B) The adhesion rupture force vs. retraction distance at the time of rupture (group/n ¼ 10, only the last
600 s post-Ang II treatment data were included to normalize for the recording time period). (C ) Illustration of possible adhesion models. (1) During
short retraction from the cell the recorded rupture force is higher because of stronger attachment within the FN–integrin–cytoskeletal complex; (2)
When the pulling force exerted on the cell exceeds the adhesion rupture force necessary to break connections within the FN–integrin–cytoskeletal
complex the cell membrane is believed to deform into a lipid nanotube resulting in a second population of lower rupture force adhesion that break at
and longer distances. The deflection signal (nm) of force curve was transformed to force signal (pN) by multiplying with the spring constant of the
AFM cantilever. (D) Average adhesion rupture force between FN and VSMCs at long- (,400 nm) and short- (.400 nm) pulling distance before and
after Ang II stimulation (n ¼ 10, *P , 0.05). (E) Average adhesion rupture force between FN and VSMCs at long- and short-pulling distance before and
after the addition of buffer in cell bath (n ¼ 10). (F) Average adhesion rupture force between FN and VSMCs at long- and short-pulling distance before
and after Ado stimulation (n ¼ 8, *P , 0.05). Data were acquired at 0.1 Hz of indentation frequency. Data for bar graphs are presented as
mean+ SEM.
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reduction in VSMC cortical stiffness. Real-time measurements of cell
stiffness and adhesion with an AFM directly confirmed an immediate
increase in VSMC stiffness upon stimulation with Ang II that was par-
alleled by a significant increase in cellular adhesion to FN and a de-
crease in stiffness paralleled by a reduction in adhesion following
Ado treatment.

The changes in VSMC stiffness are consistent with contractile
activation-dependent alterations in the cytoskeleton. A change in
cell stiffness would be produced by both contractile filament events
and/or changes in actin polymerization. In this regard, the protocol
used to measure VSMC stiffness resulted in cell surface indentation
by the AFM probe of �100–300 nm. Thus, the changes in stiffness
can be viewed as largely representing the cortical stiffness of the
cell. That cortical cell stiffness is altered is consistent with previous
reports that VSMC contraction and cortical stiffening are parallel cel-
lular processes simultaneously triggered during smooth muscle activa-
tion and involving two actin cytoskeletal compartments both
contractile and non-contractile.34 –36 The present study strongly sup-
ports evidence that cortical cytoskeletal changes occur the following
agonist stimulation of VSMCs. Our observation significantly extend
previously available data by demonstrating that the cortical stiffness
of VSMC can be modulated bi-directionally depending upon stimula-
tion by a vasoconstrictor or a vasodilator agent and that these
events are coupled with simultaneous and parallel changes in
integrin adhesion.

In previous studies, we have shown that adhesion events and cor-
responding rupture forces measured with FN-decorated AFM probes
are the result of interactions between FN and a5b1 integrin.7,37 Thus,
the increase in adhesion to FN following treatment of VSMCs with
Ang II and a decrease in response to the administration of Ado is
likely a5b1 integrin dependent. The underlying mechanisms that
account for this change in adhesion could reflect mechanical wrinkling
or ruffling of the cell membrane induced by the contractile changes in
the cell. If this is occurring then it is possible that integrin density per
unit area could change and impact the number of detected adhesions.
However, it would not affect the strength of the individual adhesion
events that was also observed in this study. A more likely alternative
mechanism is that the enhanced adhesion following Ang II or weaken
by Ado treatment (Figure 3B and F ) is the result of a receptor-
dependent inside-out signalling system that is modulating the availabil-
ity of active integrins on the cell surface. This could occur through
direct integrin activation and/or changes in cell surface integrin ex-
pression. A change in the coupling of integrins with underlying focal
adhesion protein that directly couple to the integrin to the cytoskel-
eton38– 40 also appears to play a significant role as indicated by the se-
lective alterations in the high force short-pull population of adhesions
(Figure 4C). During short-AFM probe retraction distances from the
cell membrane, the recorded rupture force is thought to be higher
because of stronger attachment within the FN–integrin–cytoskeletal
complex [Figure 4C (1)]. However, when the pulling force exerted on
the cell exceeds the adhesion rupture force necessary to break con-
nections within the FN–integrin–cytoskeletal complex, the cell mem-
brane is believed to deform into a lipid nanotube resulting in a second
population of lower rupture force adhesions that break at and longer
retraction distances [Figure 4C (2)].41,42 Thus, the observed selective
effect of Ang II and Ado on the high force short-pull population of
adhesions is interpreted to reflect an effect of these agents on
protein–protein associations within the FN–integrin–cytoskeletal
complex and it is consistent with previous reports that focal adhesion

sites are strengthened following smooth muscle cell activation.43 Our
data provide a unique biomechanical verification that supports the oc-
currence of adaptive changes in adhesion.

In summary, our results definitively show that a potent vasocon-
strictor, Ang II, causes rapid increases in adhesion of VSMCs to the
ECM that correlates with the contractile activation of the cell as evi-
denced by increases in cell stiffness. The demonstration that integrin
adhesion changes with VSMC contractile state provides an important
piece of information further confirming the view that the contraction
of VSMCs is accompanied by tighter coupling and relaxation by looser
coupling of cells to the ECM. These changes may be important for im-
proving the efficiency and ability of the VSMCs to appropriately adapt
itself changes in intracellular and extracellular mechanical forces that
would be associated with the transmission of force between the cyto-
skeleton and the ECM or between the ECM and the cytoskeleton.
Likewise dynamic changes in adhesion at sites of ECM attachment
could play an important role as part of the process that leads to vas-
cular stiffening that is a significant feature of cardiovascular disease.23

Application of this new information to our understanding of resistance
artery function enhances our existing framework of the knowledge of
vasoregulation and the VSMC contractile process. Additional studies
will be required to clarify the molecular mechanisms that dynamically
link cell contraction and adhesion. This offers the possibility of design-
ing a new category of therapeutic agents to modulate blood vessel
function.
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Supplementary material is available at Cardiovascular Research online.
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