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SUMMARY

Microenvironments appear important in stem
cell lineage specification but can be difficult to
adequately characterize or control with soft tis-
sues. Naive mesenchymal stem cells (MSCs)
are shown here to specify lineage and commit to
phenotypes with extreme sensitivity to tissue-
level elasticity. Soft matrices that mimic brain
are neurogenic, stiffer matrices that mimic mus-
cle are myogenic, and comparatively rigid
matrices that mimic collagenous bone prove
osteogenic. During the initial week in culture,
reprogramming of these lineages is possible
with addition of soluble induction factors, but
after several weeks in culture, the cells commit
to the lineage specified by matrix elasticity,
consistent with the elasticity-insensitive com-
mitment of differentiated cell types. Inhibition
of nonmuscle myosin II blocks all elasticity-
directed lineage specification–without strongly
perturbing many other aspects of cell function
and shape. The results have significant implica-
tions for understanding physical effects of the
in vivo microenvironment and also for therapeu-
tic uses of stem cells.

INTRODUCTION

Adult stem cells, as part of normal regenerative pro-
cesses, are believed to egress and circulate away from
their niche (Katayama et al., 2006), and then engraft and
differentiate within a range of tissue microenvironments.
The tissue or matrix microenvironments can be as physi-
cally diverse as those of brain, muscle, and bone precur-
sor osteoid (respectively, Flanagan et al. 2002; Georges
et al., 2006; Kondo et al., 2005, Engler et al., 2004a; Ferrari
et al., 1998; Andrades et al., 2001; Holmbeck et al., 1999;
Morinobu et al., 2003). Mesenchymal stem cells (MSCs)
are marrow-derived and have indeed been reported to

differentiate into various anchorage-dependent cell types,
including neurons, myoblasts, and osteoblasts (respec-
tively, [Deng et al., 2005; Hofstetter et al., 2002; Kondo
et al., 2005], [Pittenger et al., 1999], and [McBeath et al.,
2004; Pittenger et al., 1999]). For differentiated cells
such as fibroblasts, it is well known that responses to
the typical soluble inducers such as growth factors couple
to matrix anchorage (Nakagawa et al., 1989). However,
with naive stem cells, direct effects of matrix physical at-
tributes such as matrix stiffness have yet to be examined.

Differentiated cells ranging from neurons to osteoblasts
adhere, contract, and crawl not only within soft tissues
such as that of the brain or on top of crosslinked collagen
‘‘osteoids’’ in remodeling bone but also in vitro on colla-
gen-coated acrylamide gels and glass (Figure 1A). Such
a wide variation in matrix stiffness for differentiated cells
is known to influence focal-adhesion structure and the
cytoskeleton (Bershadsky et al., 2003; Cukierman et al.,
2001; Discher et al., 2005; Engler et al., 2004a; Lo et al.,
2000; Pelham and Wang, 1997). Past results with cells
committed to a particular lineage, especially fibroblasts,
on floating collagen gels and wrinkling-silicone sheets
also suggest some responsiveness to the physical state
of the matrix (Hinz et al., 2001; Nakagawa et al., 1989;
Tomasek et al., 2002; Wozniak et al., 2003), but gel poros-
ity and film topography complicate identification of possi-
ble contributions of substrate stiffness. In contrast, tissue-
level matrix stiffness is distinct and shown here in sparse
cultures to exert very strong effects on the lineage speci-
fication and commitment of naive MSCs, as evident in cell
morphology, transcript profiles, marker proteins, and the
stability of responses.

How might MSCs ‘‘feel’’ or sense matrix elasticity and
transduce that information into morphological changes
and lineage specification? At the molecular scale, matrix
sensing first requires the ability to pull against the matrix
and, secondly, requires a cellular mechano-transducer(s)
to generate signals based on the force that the cell must
generate to deform the matrix. Of the cell’s cytoskeletal
motors, one or all of the nonmuscle myosin II isoforms
(NMM IIA, B, and C [Kim et al., 2005]) are candidates, as
they are implicated in tensioning cortical actin structures
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(McBeath et al., 2004; Wang et al., 2002). These actin
structures are in turn linked to focal adhesions that provide
the pathway of force transmission from inside the cell to
the elastic matrix (Beningo et al., 2001; Tamada et al.,
2004) and associated with the focal-adhesion complexes
are a number of well-known signaling molecules that are
well-placed to act as the mechano-transducers (Bershad-

sky et al., 2003; Alenghat and Ingber, 2002). With MSCs
here, we demonstrate that one or all of the NMM IIA–C
are likely to be involved in the matrix-elasticity sensing
that drives lineage specification.

The resistance that a cell feels when it deforms the ECM
is measured by the elastic constant, E, of the matrix or mi-
croenvironment. For microenvironments of relevance here,

Figure 1. Tissue Elasticity and Differenti-
ation of Naive MSCs
(A) Solid tissues exhibit a range of stiffness, as

measured by the elastic modulus, E.

(B) The in vitro gel system allows for control of

E through crosslinking, control of cell adhesion

by covalent attachment of collagen-I, and con-

trol of thickness, h. Naive MSCs of a standard

expression phenotype (Table S1) are initially

small and round but develop increasingly

branched, spindle, or polygonal shapes when

grown on matrices respectively in the range

typical of !Ebrain (0.1–1 kPa), !Emuscle (8–

17 kPa), or stiff crosslinked-collagen matrices

(25–40 kPa). Scale bar is 20 mm. Inset graphs

quantify the morphological changes (mean ±

SEM) versus stiffness, E: shown are (i) cell

branching per length of primary mouse neurons

(Flanagan et al., 2002), MSCs, and blebbista-

tin-treated MSCs and (ii) spindle morphology

of MSCs, blebbistatin-treated MSCs, and

mitomycin-C treated MSCs (open squares)

compared to C2C12 myoblasts (dashed line)

(Engler et al., 2004a).

(C) Microarray profiling of MSC transcripts in

cells cultured on 0.1, 1, 11, or 34 kPa matrices

with or without blebbistatin treatment. Results

are normalized to actin levels and then normal-

ized again to expression in naive MSCs, yield-

ing the fold increase at the bottom of each

array. Neurogenic markers (left) are clearly

highest on 0.1–1 kPa gels, while myogenic

markers (center) are highest on 11 kPa gels

and osteogenic markers (right) are highest on

34 kPa gels. Blebbistatin blocks such specifi-

cation (<2-fold different from naive MSCs).
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and NMM II expression. Western blots confirm similar iso-
form sensitivity at the protein level to blebbistatin and also
to ML7, an inhibitor that also inhibits the NMM II’s through
its inhibition of MLCK. NMM IIA expression only slightly
downregulates, while NMM IIB expression drops about
10-fold to levels comparable to MSCs on soft gels (Figures
5B and 5C), and NMM IIC is no longer detectable. The
downregulation suppresses both striation and stress-fiber
formation, consistent with a relaxation effect on blebbista-
tin-treated cells (Griffin et al., 2004) as well as the crosstalk
between nonmuscle myosin II activity and morphogenetic
and phenotypic specification. On soft gels, cells generally
display less cytoskeletal organization (Engler et al., 2004a;
Flanagan et al., 2002), as reinforced with results below.
Both blebbistatin and ML7 suppress expression of key lin-
eage markers (Figures 1C and 5B), consistent with NMM II
activity, ultimately regulating lineage marker profiles in
addition to its own expression.

MSC Focal Adhesions Increase with NMM II-Based
Contractility and Both Increase with Matrix Stiffness
Stiff substrates promote focal adhesion growth and elon-
gation, based on paxillin immunofluorescence (Figure 6A).
Consistent with this observation, stiff substrates led to in-
creased expression of focal adhesion components (Table
S4), including nonmuscle a-actinin, filamin, talin, and focal
adhesion kinase (FAK or PTK2). These results with MSCs
are fully consistent with the earliest reports of the sub-
strate-stiffness responses of differentiated cells (Pelham
and Wang, 1997). We also find that MSCs feel into matri-
ces on the length scales of their adhesions and not much
deeper. This is based on the finding that a thin soft gel on
glass (h ! 0.5–1 mm) fosters cell spreading similar to that
of cells on stiffer gels (Figure S3). Actin assembly follows
the trends in adhesion assembly (Figure 6B), which

Figure 5. Multiple Myosins Are Expressed by MSCs Depen-
dent on Matrix and Contractility
(A) A range of myosin transcripts show graded sensitivity to stiffness

(Var) and an overall average expression (Avg) that is upregulated for

MSCs on stiffer matrices. Blebbistatin downregulates many myosin

transcripts, especially those for NMM IIB, IIC, and myosin VI, which

are directly inhibited.

(B) Immunoblots show large variations with substrate stiffness in NMM

IIB, C, and various differentiation markers: neurogenic (b3 tubulin),

myogenic (MyoD and Desmin), and osteogenic markers (CBFa1).

These also show sensitivity to blebbistatin and ML7.

(C) Immunofluorescence of NMM IIB (mean ± SEM) shows similar stiff-

ness sensitivity and does not change with induction media (i.e. MIM or

OIM), but blebbistatin inhibits expression!10-fold (dashed line) based

on Western blots. Inset images of NMM II highlight organization of

NMM II with striations (arrowheads) on Emuscle matrix (11 kPa) and

stress fibers on the stiffer matrix (34 kPa). Scale bar is 5 mm.

Figure 6. Adhesions Grow and Cytoskeletal Organization In-
creases with Substrate Stiffness
(A) Paxillin-labeled adhesions grow from undetectable diffuse ‘‘con-

tacts’’ on neurogenic, soft gels (1 kPa) to punctate adhesions on stiffer,

myogenic gels (11 kPa). On the stiffest, osteogenic gels (34 kPa), the

adhesions are long and thin and slightly more peripheral than they ap-

pear on glass.

(B) F-actin organization shows a similar trend, from diffuse on soft gels

to progressively organized on stiffer substrates (as stress fibers). Scale

bar is 20 mm.
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predominately at focal adhesions, which are protein complexes
that have both a structural and mechanosignaling role [41]. Focal
adhesions are an aggregate of cytoplasmic proteins at the inner
surface of a cell’s membrane. Focal adhesion proteins, like vincu-
lin or talin, connect F-actin to transmembrane receptors known as
integrins, which subsequently connect to ligands in the extracellu-
lar matrix (ECM) [19]. The forces produced by myosin can be
transmitted through focal adhesions to the integrin-ECM interface,
where they act as traction forces. The spatial and temporal coordi-
nation of a cell’s traction forces enable it to migrate to during
wound healing. Traction forces also provide a prestress against
the ECM that regulates cell adhesion and the signaling pathways
associated with focal adhesions.

At cell–cell junctions, tension from actin and myosin in one
cell can be transmitted to a neighboring cell [42]. A cell–cell junc-
tion is the general name given to a family of physical adhesive
molecules that intracellularly connect two cells. These interac-
tions facilitate not only cell-to-cell adhesion, but are also a con-
duit for chemical, mechanical, or electrical information between
cells. There are three primary types of cell–cell junctions: tight
junctions, gap junctions, and anchoring junctions. Tight junctions
are composed of proteins—occludin, claudin, and other junction
adhesion molecules—which serve to form a seal between neigh-
boring cells, and act as a physical barrier to solute diffusion
between those cells [19,35]. Gap junctions, on the other hand, are
essentially pores composed of connexins, innexins, and pannex-
ins, which allow for the transport of small molecules between
adjacent cells [35]. Lastly, anchoring junctions serve a more
structural role, by maintaining cell integrity through cytoskeletal
connections to other cells, as well as the extracellular matrix.
Adherens junctions, desmosomes, and hemidesmosomes can all
be classified as anchoring junctions: adherens junctions connect
the actin filaments of neighboring cells through cadherin proteins,
desmosomes join cellular intermediate filaments though desmoso-
mal cadherins, and hemidesmosomes link a cell’s intermediate fil-
aments to the extracellular matrix through integrins [35].

In addition to forces created and sensed internally, cells also
experience external forces acting on them. They can either be
directly applied to the cell or transmitted to the cell via cell–ECM
or cell–cell interfaces. These forces can be sensed by the same
mechanosensory structures that detect internal forces, i.e., focal
adhesions or adherens junctions, but they can also be sensed by
structures like the glycocalyx, primary cilium, and stretch ion
channels (Fig. 4) [43]. The glycocalyx is a lattice of semiflexible
macromolecules that are anchored in the cell membrane and
extend into the extracellular environment [44]. Primary cilia, on
the other hand, are long, slender protrusions of the cell membrane
that contain microtubules. Both the glycocalyx and primary cilia
deflect much like a cantilever beam when subject to fluid flow
[45]. Lastly, stretch ion channels are protein complexes in the cell
membrane that open their central pore in response to externally
applied strains [46–48]. It is postulated that forces applied to the
cell membrane lead to an increase in membrane tension, which
then opens the channels and increases the conductance of extrac-
ellular ions that activate signaling pathways that affect cell func-
tion and gene regulation [45,49].

3 Experimental Methods for Measuring Cell
Mechanics

The mechanical behavior of cells has been studied extensively
by a wide array of experimental techniques. Generally, the
choice of experimental technique is based upon the size or type of
biological structure that is being investigated and what specific
information is desired regarding that structure, i.e., microscale
structures require microscale tools, whereas nanoscale structures
require nanoscale tools. Advances in technology have allowed for
the development of a number of different specialized approaches,
but here we discuss some of the most common and seminal
techniques.

In general, there are two different types of tools used for exam-
ining cell mechanics: force-application techniques (Fig. 5) and
force-sensing techniques (Fig. 6). The former applies a force to
the cell, and then records the cell’s mechanical and/or biochemi-
cal response to this force, while the later seeds cells onto deforma-
ble structures to measure their traction forces. However, tools
within both techniques have spatial and force resolution limita-
tions, which confines their applicability (Table 1).

3.1 Force Application Techniques. As mentioned above,
force-application techniques measure a cell’s response to an
applied deformation or force. In addition to being used to investi-
gate mechanotransduction, these techniques have been used to
determine estimates of a cell’s material properties. These meas-
urements are invaluable as these properties are needed to define a
cell within a computational framework.

3.1.1 Micropipette Aspiration. Micropipette aspiration techni-
ques are often used to study whole-cell mechanics by examining
how much cellular material is pulled into a glass pipette in
response to negative pressure. Video microscopy is generally used
to monitor the volume of cell material outside the pipette by track-
ing the radius of this material, as well as the length of cellular
material within the glass pipette. If the cell is assumed to be a
solid, homogenous continuum, its Young’s Modulus (E) can be
calculated from the applied vacuum pressure, the length of the
cell inside the pipette, and the inner radius of the pipette [51].
Alternatively, if the cell is assumed to behave as a viscous solid,
its viscosity can be determined from these values, the radius of the
spherical portion of the cell outside the pipette, and the lengthen-
ing rate of the cellular material within the pipette [51].

Micropipette aspiration was first used to measure the elastic
properties of sea urchin eggs in 1954 and is considered a
“classical” technique in cell mechanics [52]. Since then, it has
been employed to measure the elastic modulus and viscoelastic
properties of various different cell types [53], e.g. leukocytes
[54–58], red blood cells [59–61], chondrocytes [62–65], platelets

Fig. 4 Mechanotransduction pathways and force-sensing
structures at cell–cell and cell–ECM junctions
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adhesion molecules—which serve to form a seal between neigh-
boring cells, and act as a physical barrier to solute diffusion
between those cells [19,35]. Gap junctions, on the other hand, are
essentially pores composed of connexins, innexins, and pannex-
ins, which allow for the transport of small molecules between
adjacent cells [35]. Lastly, anchoring junctions serve a more
structural role, by maintaining cell integrity through cytoskeletal
connections to other cells, as well as the extracellular matrix.
Adherens junctions, desmosomes, and hemidesmosomes can all
be classified as anchoring junctions: adherens junctions connect
the actin filaments of neighboring cells through cadherin proteins,
desmosomes join cellular intermediate filaments though desmoso-
mal cadherins, and hemidesmosomes link a cell’s intermediate fil-
aments to the extracellular matrix through integrins [35].

In addition to forces created and sensed internally, cells also
experience external forces acting on them. They can either be
directly applied to the cell or transmitted to the cell via cell–ECM
or cell–cell interfaces. These forces can be sensed by the same
mechanosensory structures that detect internal forces, i.e., focal
adhesions or adherens junctions, but they can also be sensed by
structures like the glycocalyx, primary cilium, and stretch ion
channels (Fig. 4) [43]. The glycocalyx is a lattice of semiflexible
macromolecules that are anchored in the cell membrane and
extend into the extracellular environment [44]. Primary cilia, on
the other hand, are long, slender protrusions of the cell membrane
that contain microtubules. Both the glycocalyx and primary cilia
deflect much like a cantilever beam when subject to fluid flow
[45]. Lastly, stretch ion channels are protein complexes in the cell
membrane that open their central pore in response to externally
applied strains [46–48]. It is postulated that forces applied to the
cell membrane lead to an increase in membrane tension, which
then opens the channels and increases the conductance of extrac-
ellular ions that activate signaling pathways that affect cell func-
tion and gene regulation [45,49].

3 Experimental Methods for Measuring Cell
Mechanics

The mechanical behavior of cells has been studied extensively
by a wide array of experimental techniques. Generally, the
choice of experimental technique is based upon the size or type of
biological structure that is being investigated and what specific
information is desired regarding that structure, i.e., microscale
structures require microscale tools, whereas nanoscale structures
require nanoscale tools. Advances in technology have allowed for
the development of a number of different specialized approaches,
but here we discuss some of the most common and seminal
techniques.

In general, there are two different types of tools used for exam-
ining cell mechanics: force-application techniques (Fig. 5) and
force-sensing techniques (Fig. 6). The former applies a force to
the cell, and then records the cell’s mechanical and/or biochemi-
cal response to this force, while the later seeds cells onto deforma-
ble structures to measure their traction forces. However, tools
within both techniques have spatial and force resolution limita-
tions, which confines their applicability (Table 1).

3.1 Force Application Techniques. As mentioned above,
force-application techniques measure a cell’s response to an
applied deformation or force. In addition to being used to investi-
gate mechanotransduction, these techniques have been used to
determine estimates of a cell’s material properties. These meas-
urements are invaluable as these properties are needed to define a
cell within a computational framework.

3.1.1 Micropipette Aspiration. Micropipette aspiration techni-
ques are often used to study whole-cell mechanics by examining
how much cellular material is pulled into a glass pipette in
response to negative pressure. Video microscopy is generally used
to monitor the volume of cell material outside the pipette by track-
ing the radius of this material, as well as the length of cellular
material within the glass pipette. If the cell is assumed to be a
solid, homogenous continuum, its Young’s Modulus (E) can be
calculated from the applied vacuum pressure, the length of the
cell inside the pipette, and the inner radius of the pipette [51].
Alternatively, if the cell is assumed to behave as a viscous solid,
its viscosity can be determined from these values, the radius of the
spherical portion of the cell outside the pipette, and the lengthen-
ing rate of the cellular material within the pipette [51].

Micropipette aspiration was first used to measure the elastic
properties of sea urchin eggs in 1954 and is considered a
“classical” technique in cell mechanics [52]. Since then, it has
been employed to measure the elastic modulus and viscoelastic
properties of various different cell types [53], e.g. leukocytes
[54–58], red blood cells [59–61], chondrocytes [62–65], platelets

Fig. 4 Mechanotransduction pathways and force-sensing
structures at cell–cell and cell–ECM junctions
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predominately at focal adhesions, which are protein complexes
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information is desired regarding that structure, i.e., microscale
structures require microscale tools, whereas nanoscale structures
require nanoscale tools. Advances in technology have allowed for
the development of a number of different specialized approaches,
but here we discuss some of the most common and seminal
techniques.

In general, there are two different types of tools used for exam-
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cal response to this force, while the later seeds cells onto deforma-
ble structures to measure their traction forces. However, tools
within both techniques have spatial and force resolution limita-
tions, which confines their applicability (Table 1).

3.1 Force Application Techniques. As mentioned above,
force-application techniques measure a cell’s response to an
applied deformation or force. In addition to being used to investi-
gate mechanotransduction, these techniques have been used to
determine estimates of a cell’s material properties. These meas-
urements are invaluable as these properties are needed to define a
cell within a computational framework.

3.1.1 Micropipette Aspiration. Micropipette aspiration techni-
ques are often used to study whole-cell mechanics by examining
how much cellular material is pulled into a glass pipette in
response to negative pressure. Video microscopy is generally used
to monitor the volume of cell material outside the pipette by track-
ing the radius of this material, as well as the length of cellular
material within the glass pipette. If the cell is assumed to be a
solid, homogenous continuum, its Young’s Modulus (E) can be
calculated from the applied vacuum pressure, the length of the
cell inside the pipette, and the inner radius of the pipette [51].
Alternatively, if the cell is assumed to behave as a viscous solid,
its viscosity can be determined from these values, the radius of the
spherical portion of the cell outside the pipette, and the lengthen-
ing rate of the cellular material within the pipette [51].

Micropipette aspiration was first used to measure the elastic
properties of sea urchin eggs in 1954 and is considered a
“classical” technique in cell mechanics [52]. Since then, it has
been employed to measure the elastic modulus and viscoelastic
properties of various different cell types [53], e.g. leukocytes
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protein structures that act as receptors for signaling molecules,
transport channels for ions, or tethers between a cell’s cytoskele-
ton and the extracellular environment [19]. The nucleus lies
within the central region of the cell and is composed of two main
regions: the nuclear interior, which contains DNA and proteins,
and the nuclear envelope, which is a lipid bilayer akin to the cellu-
lar membrane. The main role of a cell’s nucleus is to regulate
gene expression, but it also has a degree of structural stiffness and
plasticity that can play a role in cell mechanics and mechanotrans-
duction [20–23]. The cytoplasm surrounds the nucleus and is a
crowded microenvironment of proteins, protein complexes, and
organelles. The crowded nature of the cytoplasm leads to its rheo-
logical properties [24–26] and also causes limited diffusion and a
high degree of nonspecific interactions for proteins in the cyto-
plasm that hamper their chemical reactions rates [27].

The cytoskeleton lies within the cytoplasm and consists of a
network of filamentous proteins. In addition to maintaining a
cell’s shape, it organizes a cell’s organelles, serves as pathways
for molecular motor proteins to shuttle cargo between regions of
a cell, and acts as a dynamic structure that resists, transmits,
and generates cellular forces [28,29]. Three groups of protein
filaments define the cytoskeleton: microtubules, intermediate fila-
ments, and actin filaments (Fig. 2).

Microtubules are stiff, hollow structures that radiate outward
from a central organelle near the nucleus called the microtubule-
organizing center (MTOC) [30]. Microtubules are composed
of alternating helical layers of its monomers, a-tubulin and b-
tubulin. They grow dynamically by polymerization at their ends
furthest from the MTOC [31] and can resist cellular compressive
forces [32]. Microtubules serve as transportation highways for
motor proteins, kinesin and dynein, to shuttle cargo through a
cell [33] or separate chromosomes during cell division [34]. The
diameter of a microtubule is generally about 24 nm and their
persistence length is on the order of millimeters, which leads to
their straighter appearance in comparison to the other cytoskeletal
filaments [35].

Intermediate filaments, on the other hand, provide strength, in-
tegrity, and organization for both the cell and its nucleus [35,36].
These filaments are composed of tetramer subunits, known as pro-

tofilaments. Many protofilaments are bundled together to form the
large filamental structure with a diameter of approximately 10 nm,
and persistence length on the order of hundreds of nanometers
[35]. Intermediate filaments, which can take on a number of dif-
ferent structural configurations, make up a compliant meshwork
within the cell cytoplasm that acts as a “stress absorber” [36].

Actin filaments act as the primary structural component of the
cytoskeleton, and with the aid of myosin proteins, are integral in
creating and maintaining the forces required for cellular move-
ment or contraction [28]. A single actin filament is made up of
globular actin monomers known as G-actin. These monomers are
used to form F-actin, which is a polarized, double-helical filament
with a modulus of elasticity between 1 and 2 GPa, a diameter
ranging from 5 to 9 nm, and a persistence length on the order of
tens of micrometers [35]. F-actin undergoes polymerization and
depolymerization through the association and dissociation of free
G-actin at its filamental ends [35]. F-actin filaments can be linked
together through Arp2/3 proteins that form branches in the net-
work at 70 deg angles from the original filament, which help the
cell membrane protrude outward during cellular migration or
spreading [37,38]. Structures known as stress fibers consist of two
or more F-actin filaments that are bundled together in parallel
through a-actinin and nonmuscle myosin II (Fig. 3).

Myosin is a molecular motor that ratchets along actin, causing
parallel F-actin filaments to slide past each other [39]. This sliding
of actin leads to force generation in a cell that is akin to the short-
ening of sarcomeres in muscle cells. The structure of nonmuscle
myosin consists of two heads, two necks, and a coiled tail region
[19,35]. The heads of myosin can bind to actin, while its tails
serve as locations for myosin-to-myosin binding that allow for the
formation of bipolar filaments. Like myosin in muscle tissue,
nonmuscle myosin is able to convert chemical energy from ATP
hydrolysis into mechanical energy that moves its head into a
cocked position. This ratcheting of myosin creates approximately
3–4 pN of force [40].

The shortening of many stress fibers in a cell can lead tension at
points of contact outside the cell, e.g., cell–matrix adhesions and/
or cell–cell junctions. Tension at the cell–matrix junction acts

Fig. 1 Major structural components of a cell. The cytoskeleton
is composed of actin (parallel filaments), intermediate filaments
(wavy filaments), and microtubules (thick filaments). The
mechanics of a cell is also defined by its membrane (cell bor-
der), nucleus (oval), and cytoplasm (region between membrane
and nucleus).

Fig. 2 Three major protein filaments make up the cell cytoskel-
eton: microtubules (top), intermediate filaments (center), and
actin filaments (bottom).

Fig. 3 Stress fibers are the force-generating structures in a
cell. Shown are F-actin (helical filaments), myosin (branched
filaments), and a-actinin (ovals).
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[66–69], and endothelial cells [70,71]. Micropipette aspiration has
also been used to study nuclear mechanics by gently extracting
the nucleus from the cell and testing it with a pipette [22,72–75],
as well as it has been used to study cell–cell junctions by a
double-pipette configuration [76,77].

Some of the main advantages of micropipette aspiration include
its relative simplicity and low cost with comparison to other meth-
ods, its ability to provide force resolution down to piconewtons,
and the large range of cells that can be studied using this tech-
nique [51]. However, this technique is limited in spatial resolution
to the micron scale, deforms (and possibly damages) the cell to a
large degree during testing, and its accuracy is based on optical
imaging limitations.

3.1.2 Cantilever Manipulation. Within this category of tools,
the two most prominent techniques used within the field of cell
mechanics are microneedles and the atomic force microscope
(AFM).

Generally, in microneedle experiments, a thin and flexible glass
microneedle is used to poke or tug on a cell or on one of its sub-
cellular structures [78]. These needles are often made from a glass
fiber whose end is heated until soft and pliable and then pulled
into a fine tip. Since the glass microneedle acts like a cantilever
spring, the force applied to the cell can be determined by the tip
deflection of the needle, which can be measured electrically [79]
or optically [80]. After calibrating the microneedle’s bending
stiffness, the applied force can be calculated from Hooke’s Law.
Moreover, by monitoring the microneedle force, as well as the

deformation it imparts to the cell, the cell’s elasticity can be deter-
mined from the slope of these experimental force-displacement
curves.

When first developed in the early 1980s, microneedles (or cell
pokers) were primarily used as a tool to investigate the response
of cells to cytoskeletal indentation [80]. Later on, they were
refined to determine the mechanical properties for different cell
types (Table 2) [79,105–107]. Since then, microneedle manipula-
tion techniques have been applied to study focal adhesion and
adherens junction mechanotransduction [108,109], structural con-
nectivity between the cytoskeleton and nucleus [110], opening of
stretch ion channels [111], and neuron growth under tensile forces
[112,113]. Improvements in the microneedle approach have come
from dedicated electrical-mechanical systems to poke cells [81].
A recent study has demonstrated the importance of precise control
of the probe height above a substrate for accurate measurement of
cell stiffness [114]. Most recently, microfabricated cantilevers
have been used to monitor cell forces with a higher degree of
precision (see Sec. 3.2.3).

Overall, this technique is one of the simplest and most effective
tools in the cell mechanics “toolbox.” It can provide useful
information on a cell’s elastic properties and is straightforward to
use for probing subcellular structures. However, the approach is
somewhat data-limited because individual cells are tested serially
and by hand, making it time-consuming for an experimentalist to
reach a statistically significant set of data for their study. Develop-
ment of automated, high-throughput devices for poking cells
could provide a more data-rich approach [115].

Fig. 5 Force-application techniques described in Sec. 3.1
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reach a statistically significant set of data for their study. Develop-
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Atomic force microscopy is similar to microneedle manipula-
tion in that it also uses a flexible cantilever with a fine tip at its
free end, to probe cellular structures. The tip is used to probe a
sample by measuring its displacement in the vertical direction as
the tip is directed downward by a piezoelectric stage. The tip dis-
placement is tracked by a laser and has excellent measurement
precision. Additionally, using this technique, an approximation
for the Young’s Modulus of the indented cell can be determined
based on the force applied by the AFM, the shape of the AFM tip,
and the indentation depth [116].

Originally, AFM systems were developed to characterize the
atomic and surface properties of materials for electronic devices
[117]. Since then, AFMs have been adapted with environmental
control chambers, and have been retrofitted for microscopy, to

investigate biological specimens such as cells. AFMs have been
used to examine the mechanics of individual biomolecules
[118–120], components of the cell nucleus [121,122], cytoskeletal
structures [123,124], and whole cells [78,125–140]; as well as
changes in these mechanics during differentiation [141] and dis-
ease progression [142–144]. They have also been used to investi-
gate the mechanotransductive response of cells to applied forces
[145,146] or ECM stiffness [131,147,148]. More recently, with
some modification to their general setup, AFMs have also been
used to resolve point forces exerted at the cell surface by attaching
the tip of the AFM to the cell membrane, and then measuring the
deflection of the cantilever arm due to contraction, migration, and
other cellular events. In this configuration, AFMs have been used
to measure forces at cell–ECM junctions [149–152], tugging

Fig. 6 Force-sensing techniques described in the Sec. 3.2

Table 1 Reported force and spatial sensitivity of select tools for cell mechanics

Tool Force application Force sensing Spatial sens. (nm)

Micropipette aspiration 0.1–103 nN – 1–100 lm
Microneedle manipulation 1–103 pN – 1–103lm
AFM 10–107 pN 10–105 pN 1–105 nm
Optical tweezers 0.01–103 pN 1–100 pN 10–105 nm
Optical stretcher 10–103 pN – 10–106 nm
Magnetic tweezers 0.1–104 pN 10–103 pN 0.1–100 lm
MTC 1–100 pN – 1–103lm
Strain 10–106 nN – –
Compression 0.001–1 MPa – –
Dielectrophoresis 1––103 Pa – 0.1–10 lm
Wrinkling membrane – 10–100 nN –
Traction force microscopy – 10–106 pN –
Micropost arrays – 1–100 nN 1–103lm

References cited in the table are [50,53,150,223,274,342,372].
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technique affords the finest force resolution (see Fig. 2), it
is generally limited to experiments requiring forces below
0.1 nN. At the risk of damaging the specimen, higher power
lasers may be used to stiffen the optical trap and apply greater
forces.

Similar to optical traps, magnetic beads may be manip-
ulated by an externally-generated magnetic field to apply
loading [34–39]. This method has been used for example
to quantify mechanical or transport properties of motor
proteins, DNA, and on a larger scale, entire cells [35]. Using
magnetic tweezers to load E. coli DNA, it was shown that
small variations in applied force or torque switch the DNA
gyrase between three modes of activity [40]. In this exper-
iment, the magnetic bead was tethered to the substrate by
a single DNA molecule. By translating or rotating the ex-
ternal magnetic field, variable forces or torques were applied
to the DNA. Magnetic beads have the added advantage
that torques can be applied to the beads simply by rotating
the external field. While torque generation is possible with

optical traps (see for example [41]), it requires a modified
experimental setup. The unfavorable scaling of magnetic
forces at small scales (magnetic forces scale at best with the
square of their characteristic dimension [42]) is often a
limiting factor in these systems, often requiring relatively
large beads in comparison to the sample size.

There are several variations to the magnetic tweezers.
Magnetic twisting cytometry [38, 39, 43] utilizes magnetic
beads with aligned fields. The beads’ fields may be aligned
by applying a weak magnetic field as they settle on the cell,
or by magnetizing them after adhering to the cell. The
magnetically-aligned beads are then twisted by a strong
external magnetic field with which the beads attempt to
align. The degree to which the beads rotate (as measured
from the changing magnetic signal) under the applied torque
provides information, for example, regarding force trans-
mission between the cell membrane and cytoskeleton [38].
In magnetic bead microrheometry, strong magnetic pulses
are used to apply localized loading [34]. The resulting

Fig. 2 Comparison of reported
functional ranges of techniques
for studying cellular mechanics.
Note that the ranges reported
here are not necessarily attain-
able with a single device. For
example, the finest resolution
and maximum force for AFM
are not achieved simultaneously
using a single cantilever. Note,
all values reported in this table
are meant only to demonstrate
order of magnitude with no
greater precision. References for
these values are listed in Table 2
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Multiscale in the vascular system

aged (4 mo) and -weighted female pigs (Susscrofadomesticus, lineage
MS60 EMBRAPA, Granja RG, Suzano-SP, 15–20 kg). The animals
were preanesthetized with ketamine hydrochloride (10 mg/kg) and
midazolam (0.4 mg/kg), and the anesthesia was performed with
sodium thiopental (10 mg/kg). Animals underwent tracheal intuba-
tion, and the anesthesia was maintained with isoflurane with 100%
oxygen in a ventilator during the procedure. Saline infusion was kept
throughout the procedure, and a single dose of 10,000 IU of heparin
was administered. Asepsis/antisepsis was performed over the regions
of interest for vessel extraction. After all vascular segments were
extracted, the animals, still under anesthesia, were killed by an
overdose of potassium chloride (KCl, !30 ml). The procedure was
approved according to our local ethics committee (CAPpesq–Hospital
das Clínicas da Faculdade de Medicina USP-0272/11).

Cell Isolation and Culture

Fragments of the collected vessels were used to isolate VSMCs
using the primary explant technique. Vessel fragments had their
lumen opened and were cut into small pieces (4 " 4 mm), which were
placed on a six-well plate, previously coated with 3% cutaneous
porcine gelatin (catalog no. G9136; Sigma-Aldrich). Growth media
used consisted of high-glucose DMEM (catalog no. 12100–046;
GIBCO) supplemented with 20% fetal bovine serum (catalog no.
16000–044; GIBCO), 100 unit/ml penicillin, and 100 #g/ml strepto-
mycin (catalog no. 15140–122; GIBCO). VSMCs were stained for
alpha-smooth muscle actin (sc-53142, 1:400; Santa Cruz Biotechnol-
ogy) and characterized using confocal microscopy ($95% positiv-
ity). The staining protocol was identical to that described for
anti-vinculin antibody in Confocal Microscopy. VSMCs were ex-

panded to subsequent passages at a 1:2 proportion. To limit
VSMCs progressive softening and dedifferentiation with serial
culture passaging, we performed the mechanical assay, the stretch-
ing experiment, and the acquisition of confocal images using
VSMCs up to the fifth passage (10).

Cell Cycle Analysis

VSMCs (1 " 105, 4th passage) were plated in culture dishes at
concentrations determined to yield 90–100% confluence. Afterwards,
cells were harvested and centrifuged for 5 min at 1,699 g in 4°C.
Subsequently, cells were washed twice with ice-cold phosphate-
buffered saline (PBS), and then the supernatant was discarded, and the
pellets were fixed with 1 ml of ice-cold 70% ethanol at 4°C overnight.
Next, cells were centrifuged for 5 min in 4°C at 4,248 g and washed
twice with PBS. The supernatants were withdrawn, and the cells were
resuspended in 500 #l of DNA staining solution (20 #g/ml of PI, 100
#g/ml of RNase A in PBS, and 0.1% Triton-X) for 30 min at 37°C.
DNA content was analyzed using FACS Caliburflowcytometry equip-
ment (BD). The cell population in each phase of the cell cycle was
determined using CellQuestPro software.

Histological Characterization of Vessels

Paraffin-embedded sections of all artery sections were stained with
Verhoeff Van-Gieson (elastic stain kit, catalog no. HT25A; Sigma-
Aldrich) and picrosirius red solution (catalog no. P6744; Sigma-
Aldrich). Deparaffinized and hydrated sections were stained with
Verhoeff solution for 1 h, rinsed (twice), differentiated in 2% ferric
chloride (1–3 min), washed in tap water, treated with 5% sodium
thiosulfade for 1 min, washed for 5 min, counterstained in Van Gieson
solution for 3 min, dehydrated through 95% alcohol, and cleared in
xylene (3 min/twice). According to the picrosirius protocol, deparaf-
finized and hydrated sections were stained in picrosirius red for 1 h,
washed in acidified water (twice), dehydrated in 100% ethanol (3
times), and cleared in xylene.

Slides were analyzed using Leica Qwin software, and the percent-
age of elastic fibers (Verhoeff-stained slices) and collagen (picro-
sirius-stained slices) within media tunica was calculated for each
vessel. Anatomical data referring to the vessel internal diameter and
media thickness were calculated using the same slides. Groups were
statistically compared in terms of percentage of elastin, percentage of
collagen, internal diameter, media thickness, and media thickness/
internal diameter ratio using one-way ANOVA. P % 0.05 was con-
sidered significant. The name of the vessel was not revealed to the
researcher that analyzed the slices. Instead, a numerical code was
given.

Transmission Electron Microscopy

Vessel fragments were preserved in modified Karnovsky solution
and processed according to the methodology described by Watanabe
(43). Images were acquired using Jeol-1010 equipment.

We calculated the extracellular matrix area/VSMC area ratio and
the mean size of membrane-dense bodies for each selected vessel
using ImageJ software. Groups were compared in terms of both
variables using one-way ANOVA. P % 0.05 was considered signifi-
cant. Data referring to dense body size underwent logarithm conver-
sion before statistical analysis to achieve a normal distribution. Im-
ages were acquired and analyzed by two different researchers and a
second one reanalyzed them to avoid subjectiveness.

Optical Magnetic Twisting Cytometry

Preparation of ferromagnetic beads. Ferromagnetic beads (4.5-#m
diameter, provided by Harvard School of Public Health, Boston, MA)
were covered with a synthetic peptide containing Arg-Gly-Asp (RGD)
sequence (cat no. 44-0-1913; American Peptide) and suspended into a
sterile carbonate buffer at a concentration of 1mg/ml.

Fig. 1. The study was designed to address the mechanical phenotype of
vascular smooth muscle cells (VSMCs) and its possible modulators along
arterial tree. Selected arteries were anatomically evaluated using conventional
Verhoeff and picrosirius staining, as well as using transmission electron
microscopy (TEM). VSMC rigidity was directly accessed using optical mag-
netic twisting cytometry (OMTC) assay, and protein expression was evaluated
using shotgun proteomics. ECM, extracellular matrix.
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Fig. 2. Structural characterization of studied arteries. A: amount of elastin within tunica media decreased as vessels moved away from heart. Thoracic aorta presented
with the highest amount of elastic fibers, while femoral and renal arteries presented the lowest ones. In the graph, arteries are disposed in descending order of distance
from the heart. Points: mean value; error bars: 95% confidence interval. B: thickness/internal diameter ratio was higher in the branches of the abdominal aorta, compared
with thoracic vessels. Points: mean value, error bars 95% confidence interval. C: Verhoeff Van-Gieson staining of femoral and thoracic aorta. Thoracic aorta presented
the highest thickness and the highest amount of elastin within its media layer, compared with all other vessels. Femoral and thoracic aorta are compared in terms of tunica
media thickness (main pictures) and in terms of percentage of elastin (smaller pictures, in which elastic fibers are stained in deep purple). D: amount of ECM surrounding
VSMC was lower in heart-distant femoral and renal arteries compared with thoracic aorta and mammary arteries. Transmission Electron Microscopy (TEM) images of
all vessels (E) clearly expose that difference and also highlights that femoral and renal VSMCs are more aligned than thoracic aorta and mammary VSMCs.
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Fig. 3. VSMCs from different arteries were significantly different in terms of shape and membrane dense body dimensions (MDB; ANOVA, P ! 0.001).
A: femoral VSMC had an average area of MDB significantly larger than the other vessels. Graph: bars represent logarithm conversion of MDB area and error
bars represent 95% confidence interval. Asterisks mark post hoc comparisons of the arteries in relation to the femoral artery. B: "2,500 TEM image of femoral
VSMCs. Arrow point: one MDB. C: "5,000 TEM image of thoracic aorta VSMCs. Arrow point one MDB. D: femoral VSMCs were more elongated than the
others (except for coronary). In the first graph, the studied variable was circularity and, in the second graph, major axis/minor axis ratio (AR). Bars represent
mean and error bars represent 95% confidence interval. E: confocal images of femoral and thoracic aorta VSMC stained with phalloidin. Femoral VSMC are
more elongated than thoracic aorta VSMC. Both the size of MDB and the VSMC shape may have an influence on their final mechanical behavior. These results
highlight that femoral VSMC differently organize the cytoskeleton. F: in vitro size of focal adhesions (FAs) was compared between VSMCs from femoral and
thoracic aorta arteries using vinculin-stained immunofluorescence images (G and H, red: vinculin, blue: nucleus). Consistent with our previous results using TEM
images (A), the thoracic aorta presented significantly smaller FAs compared with the femoral artery (F, bars: mean value of FA area after logarithm conversion,
error bars: 95% confidence interval).
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What determine the arterial tonus?

aged (4 mo) and -weighted female pigs (Susscrofadomesticus, lineage
MS60 EMBRAPA, Granja RG, Suzano-SP, 15–20 kg). The animals
were preanesthetized with ketamine hydrochloride (10 mg/kg) and
midazolam (0.4 mg/kg), and the anesthesia was performed with
sodium thiopental (10 mg/kg). Animals underwent tracheal intuba-
tion, and the anesthesia was maintained with isoflurane with 100%
oxygen in a ventilator during the procedure. Saline infusion was kept
throughout the procedure, and a single dose of 10,000 IU of heparin
was administered. Asepsis/antisepsis was performed over the regions
of interest for vessel extraction. After all vascular segments were
extracted, the animals, still under anesthesia, were killed by an
overdose of potassium chloride (KCl, !30 ml). The procedure was
approved according to our local ethics committee (CAPpesq–Hospital
das Clínicas da Faculdade de Medicina USP-0272/11).

Cell Isolation and Culture

Fragments of the collected vessels were used to isolate VSMCs
using the primary explant technique. Vessel fragments had their
lumen opened and were cut into small pieces (4 " 4 mm), which were
placed on a six-well plate, previously coated with 3% cutaneous
porcine gelatin (catalog no. G9136; Sigma-Aldrich). Growth media
used consisted of high-glucose DMEM (catalog no. 12100–046;
GIBCO) supplemented with 20% fetal bovine serum (catalog no.
16000–044; GIBCO), 100 unit/ml penicillin, and 100 #g/ml strepto-
mycin (catalog no. 15140–122; GIBCO). VSMCs were stained for
alpha-smooth muscle actin (sc-53142, 1:400; Santa Cruz Biotechnol-
ogy) and characterized using confocal microscopy ($95% positiv-
ity). The staining protocol was identical to that described for
anti-vinculin antibody in Confocal Microscopy. VSMCs were ex-

panded to subsequent passages at a 1:2 proportion. To limit
VSMCs progressive softening and dedifferentiation with serial
culture passaging, we performed the mechanical assay, the stretch-
ing experiment, and the acquisition of confocal images using
VSMCs up to the fifth passage (10).

Cell Cycle Analysis

VSMCs (1 " 105, 4th passage) were plated in culture dishes at
concentrations determined to yield 90–100% confluence. Afterwards,
cells were harvested and centrifuged for 5 min at 1,699 g in 4°C.
Subsequently, cells were washed twice with ice-cold phosphate-
buffered saline (PBS), and then the supernatant was discarded, and the
pellets were fixed with 1 ml of ice-cold 70% ethanol at 4°C overnight.
Next, cells were centrifuged for 5 min in 4°C at 4,248 g and washed
twice with PBS. The supernatants were withdrawn, and the cells were
resuspended in 500 #l of DNA staining solution (20 #g/ml of PI, 100
#g/ml of RNase A in PBS, and 0.1% Triton-X) for 30 min at 37°C.
DNA content was analyzed using FACS Caliburflowcytometry equip-
ment (BD). The cell population in each phase of the cell cycle was
determined using CellQuestPro software.

Histological Characterization of Vessels

Paraffin-embedded sections of all artery sections were stained with
Verhoeff Van-Gieson (elastic stain kit, catalog no. HT25A; Sigma-
Aldrich) and picrosirius red solution (catalog no. P6744; Sigma-
Aldrich). Deparaffinized and hydrated sections were stained with
Verhoeff solution for 1 h, rinsed (twice), differentiated in 2% ferric
chloride (1–3 min), washed in tap water, treated with 5% sodium
thiosulfade for 1 min, washed for 5 min, counterstained in Van Gieson
solution for 3 min, dehydrated through 95% alcohol, and cleared in
xylene (3 min/twice). According to the picrosirius protocol, deparaf-
finized and hydrated sections were stained in picrosirius red for 1 h,
washed in acidified water (twice), dehydrated in 100% ethanol (3
times), and cleared in xylene.

Slides were analyzed using Leica Qwin software, and the percent-
age of elastic fibers (Verhoeff-stained slices) and collagen (picro-
sirius-stained slices) within media tunica was calculated for each
vessel. Anatomical data referring to the vessel internal diameter and
media thickness were calculated using the same slides. Groups were
statistically compared in terms of percentage of elastin, percentage of
collagen, internal diameter, media thickness, and media thickness/
internal diameter ratio using one-way ANOVA. P % 0.05 was con-
sidered significant. The name of the vessel was not revealed to the
researcher that analyzed the slices. Instead, a numerical code was
given.

Transmission Electron Microscopy

Vessel fragments were preserved in modified Karnovsky solution
and processed according to the methodology described by Watanabe
(43). Images were acquired using Jeol-1010 equipment.

We calculated the extracellular matrix area/VSMC area ratio and
the mean size of membrane-dense bodies for each selected vessel
using ImageJ software. Groups were compared in terms of both
variables using one-way ANOVA. P % 0.05 was considered signifi-
cant. Data referring to dense body size underwent logarithm conver-
sion before statistical analysis to achieve a normal distribution. Im-
ages were acquired and analyzed by two different researchers and a
second one reanalyzed them to avoid subjectiveness.

Optical Magnetic Twisting Cytometry

Preparation of ferromagnetic beads. Ferromagnetic beads (4.5-#m
diameter, provided by Harvard School of Public Health, Boston, MA)
were covered with a synthetic peptide containing Arg-Gly-Asp (RGD)
sequence (cat no. 44-0-1913; American Peptide) and suspended into a
sterile carbonate buffer at a concentration of 1mg/ml.

Fig. 1. The study was designed to address the mechanical phenotype of
vascular smooth muscle cells (VSMCs) and its possible modulators along
arterial tree. Selected arteries were anatomically evaluated using conventional
Verhoeff and picrosirius staining, as well as using transmission electron
microscopy (TEM). VSMC rigidity was directly accessed using optical mag-
netic twisting cytometry (OMTC) assay, and protein expression was evaluated
using shotgun proteomics. ECM, extracellular matrix.

H506 VARIABILITY OF VSMC MECHANICS AND PROTEOMICS

AJP-Heart Circ Physiol • doi:10.1152/ajpheart.00655.2013 • www.ajpheart.org

Fig. 2. Structural characterization of studied arteries. A: amount of elastin within tunica media decreased as vessels moved away from heart. Thoracic aorta presented
with the highest amount of elastic fibers, while femoral and renal arteries presented the lowest ones. In the graph, arteries are disposed in descending order of distance
from the heart. Points: mean value; error bars: 95% confidence interval. B: thickness/internal diameter ratio was higher in the branches of the abdominal aorta, compared
with thoracic vessels. Points: mean value, error bars 95% confidence interval. C: Verhoeff Van-Gieson staining of femoral and thoracic aorta. Thoracic aorta presented
the highest thickness and the highest amount of elastin within its media layer, compared with all other vessels. Femoral and thoracic aorta are compared in terms of tunica
media thickness (main pictures) and in terms of percentage of elastin (smaller pictures, in which elastic fibers are stained in deep purple). D: amount of ECM surrounding
VSMC was lower in heart-distant femoral and renal arteries compared with thoracic aorta and mammary arteries. Transmission Electron Microscopy (TEM) images of
all vessels (E) clearly expose that difference and also highlights that femoral and renal VSMCs are more aligned than thoracic aorta and mammary VSMCs.
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Fig. 3. VSMCs from different arteries were significantly different in terms of shape and membrane dense body dimensions (MDB; ANOVA, P ! 0.001).
A: femoral VSMC had an average area of MDB significantly larger than the other vessels. Graph: bars represent logarithm conversion of MDB area and error
bars represent 95% confidence interval. Asterisks mark post hoc comparisons of the arteries in relation to the femoral artery. B: "2,500 TEM image of femoral
VSMCs. Arrow point: one MDB. C: "5,000 TEM image of thoracic aorta VSMCs. Arrow point one MDB. D: femoral VSMCs were more elongated than the
others (except for coronary). In the first graph, the studied variable was circularity and, in the second graph, major axis/minor axis ratio (AR). Bars represent
mean and error bars represent 95% confidence interval. E: confocal images of femoral and thoracic aorta VSMC stained with phalloidin. Femoral VSMC are
more elongated than thoracic aorta VSMC. Both the size of MDB and the VSMC shape may have an influence on their final mechanical behavior. These results
highlight that femoral VSMC differently organize the cytoskeleton. F: in vitro size of focal adhesions (FAs) was compared between VSMCs from femoral and
thoracic aorta arteries using vinculin-stained immunofluorescence images (G and H, red: vinculin, blue: nucleus). Consistent with our previous results using TEM
images (A), the thoracic aorta presented significantly smaller FAs compared with the femoral artery (F, bars: mean value of FA area after logarithm conversion,
error bars: 95% confidence interval).
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From proteomics to tissue

aged (4 mo) and -weighted female pigs (Susscrofadomesticus, lineage
MS60 EMBRAPA, Granja RG, Suzano-SP, 15–20 kg). The animals
were preanesthetized with ketamine hydrochloride (10 mg/kg) and
midazolam (0.4 mg/kg), and the anesthesia was performed with
sodium thiopental (10 mg/kg). Animals underwent tracheal intuba-
tion, and the anesthesia was maintained with isoflurane with 100%
oxygen in a ventilator during the procedure. Saline infusion was kept
throughout the procedure, and a single dose of 10,000 IU of heparin
was administered. Asepsis/antisepsis was performed over the regions
of interest for vessel extraction. After all vascular segments were
extracted, the animals, still under anesthesia, were killed by an
overdose of potassium chloride (KCl, !30 ml). The procedure was
approved according to our local ethics committee (CAPpesq–Hospital
das Clínicas da Faculdade de Medicina USP-0272/11).

Cell Isolation and Culture

Fragments of the collected vessels were used to isolate VSMCs
using the primary explant technique. Vessel fragments had their
lumen opened and were cut into small pieces (4 " 4 mm), which were
placed on a six-well plate, previously coated with 3% cutaneous
porcine gelatin (catalog no. G9136; Sigma-Aldrich). Growth media
used consisted of high-glucose DMEM (catalog no. 12100–046;
GIBCO) supplemented with 20% fetal bovine serum (catalog no.
16000–044; GIBCO), 100 unit/ml penicillin, and 100 #g/ml strepto-
mycin (catalog no. 15140–122; GIBCO). VSMCs were stained for
alpha-smooth muscle actin (sc-53142, 1:400; Santa Cruz Biotechnol-
ogy) and characterized using confocal microscopy ($95% positiv-
ity). The staining protocol was identical to that described for
anti-vinculin antibody in Confocal Microscopy. VSMCs were ex-

panded to subsequent passages at a 1:2 proportion. To limit
VSMCs progressive softening and dedifferentiation with serial
culture passaging, we performed the mechanical assay, the stretch-
ing experiment, and the acquisition of confocal images using
VSMCs up to the fifth passage (10).

Cell Cycle Analysis

VSMCs (1 " 105, 4th passage) were plated in culture dishes at
concentrations determined to yield 90–100% confluence. Afterwards,
cells were harvested and centrifuged for 5 min at 1,699 g in 4°C.
Subsequently, cells were washed twice with ice-cold phosphate-
buffered saline (PBS), and then the supernatant was discarded, and the
pellets were fixed with 1 ml of ice-cold 70% ethanol at 4°C overnight.
Next, cells were centrifuged for 5 min in 4°C at 4,248 g and washed
twice with PBS. The supernatants were withdrawn, and the cells were
resuspended in 500 #l of DNA staining solution (20 #g/ml of PI, 100
#g/ml of RNase A in PBS, and 0.1% Triton-X) for 30 min at 37°C.
DNA content was analyzed using FACS Caliburflowcytometry equip-
ment (BD). The cell population in each phase of the cell cycle was
determined using CellQuestPro software.

Histological Characterization of Vessels

Paraffin-embedded sections of all artery sections were stained with
Verhoeff Van-Gieson (elastic stain kit, catalog no. HT25A; Sigma-
Aldrich) and picrosirius red solution (catalog no. P6744; Sigma-
Aldrich). Deparaffinized and hydrated sections were stained with
Verhoeff solution for 1 h, rinsed (twice), differentiated in 2% ferric
chloride (1–3 min), washed in tap water, treated with 5% sodium
thiosulfade for 1 min, washed for 5 min, counterstained in Van Gieson
solution for 3 min, dehydrated through 95% alcohol, and cleared in
xylene (3 min/twice). According to the picrosirius protocol, deparaf-
finized and hydrated sections were stained in picrosirius red for 1 h,
washed in acidified water (twice), dehydrated in 100% ethanol (3
times), and cleared in xylene.

Slides were analyzed using Leica Qwin software, and the percent-
age of elastic fibers (Verhoeff-stained slices) and collagen (picro-
sirius-stained slices) within media tunica was calculated for each
vessel. Anatomical data referring to the vessel internal diameter and
media thickness were calculated using the same slides. Groups were
statistically compared in terms of percentage of elastin, percentage of
collagen, internal diameter, media thickness, and media thickness/
internal diameter ratio using one-way ANOVA. P % 0.05 was con-
sidered significant. The name of the vessel was not revealed to the
researcher that analyzed the slices. Instead, a numerical code was
given.

Transmission Electron Microscopy

Vessel fragments were preserved in modified Karnovsky solution
and processed according to the methodology described by Watanabe
(43). Images were acquired using Jeol-1010 equipment.

We calculated the extracellular matrix area/VSMC area ratio and
the mean size of membrane-dense bodies for each selected vessel
using ImageJ software. Groups were compared in terms of both
variables using one-way ANOVA. P % 0.05 was considered signifi-
cant. Data referring to dense body size underwent logarithm conver-
sion before statistical analysis to achieve a normal distribution. Im-
ages were acquired and analyzed by two different researchers and a
second one reanalyzed them to avoid subjectiveness.

Optical Magnetic Twisting Cytometry

Preparation of ferromagnetic beads. Ferromagnetic beads (4.5-#m
diameter, provided by Harvard School of Public Health, Boston, MA)
were covered with a synthetic peptide containing Arg-Gly-Asp (RGD)
sequence (cat no. 44-0-1913; American Peptide) and suspended into a
sterile carbonate buffer at a concentration of 1mg/ml.

Fig. 1. The study was designed to address the mechanical phenotype of
vascular smooth muscle cells (VSMCs) and its possible modulators along
arterial tree. Selected arteries were anatomically evaluated using conventional
Verhoeff and picrosirius staining, as well as using transmission electron
microscopy (TEM). VSMC rigidity was directly accessed using optical mag-
netic twisting cytometry (OMTC) assay, and protein expression was evaluated
using shotgun proteomics. ECM, extracellular matrix.
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Fig. 2. Structural characterization of studied arteries. A: amount of elastin within tunica media decreased as vessels moved away from heart. Thoracic aorta presented
with the highest amount of elastic fibers, while femoral and renal arteries presented the lowest ones. In the graph, arteries are disposed in descending order of distance
from the heart. Points: mean value; error bars: 95% confidence interval. B: thickness/internal diameter ratio was higher in the branches of the abdominal aorta, compared
with thoracic vessels. Points: mean value, error bars 95% confidence interval. C: Verhoeff Van-Gieson staining of femoral and thoracic aorta. Thoracic aorta presented
the highest thickness and the highest amount of elastin within its media layer, compared with all other vessels. Femoral and thoracic aorta are compared in terms of tunica
media thickness (main pictures) and in terms of percentage of elastin (smaller pictures, in which elastic fibers are stained in deep purple). D: amount of ECM surrounding
VSMC was lower in heart-distant femoral and renal arteries compared with thoracic aorta and mammary arteries. Transmission Electron Microscopy (TEM) images of
all vessels (E) clearly expose that difference and also highlights that femoral and renal VSMCs are more aligned than thoracic aorta and mammary VSMCs.
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Fig. 3. VSMCs from different arteries were significantly different in terms of shape and membrane dense body dimensions (MDB; ANOVA, P ! 0.001).
A: femoral VSMC had an average area of MDB significantly larger than the other vessels. Graph: bars represent logarithm conversion of MDB area and error
bars represent 95% confidence interval. Asterisks mark post hoc comparisons of the arteries in relation to the femoral artery. B: "2,500 TEM image of femoral
VSMCs. Arrow point: one MDB. C: "5,000 TEM image of thoracic aorta VSMCs. Arrow point one MDB. D: femoral VSMCs were more elongated than the
others (except for coronary). In the first graph, the studied variable was circularity and, in the second graph, major axis/minor axis ratio (AR). Bars represent
mean and error bars represent 95% confidence interval. E: confocal images of femoral and thoracic aorta VSMC stained with phalloidin. Femoral VSMC are
more elongated than thoracic aorta VSMC. Both the size of MDB and the VSMC shape may have an influence on their final mechanical behavior. These results
highlight that femoral VSMC differently organize the cytoskeleton. F: in vitro size of focal adhesions (FAs) was compared between VSMCs from femoral and
thoracic aorta arteries using vinculin-stained immunofluorescence images (G and H, red: vinculin, blue: nucleus). Consistent with our previous results using TEM
images (A), the thoracic aorta presented significantly smaller FAs compared with the femoral artery (F, bars: mean value of FA area after logarithm conversion,
error bars: 95% confidence interval).
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Vascular smooth muscle cells (VSMCs) are thought to assume a
quiescent and homogeneous mechanical behavior after arterial tree
development phase. However, VSMCs are known to be molecularly
heterogeneous in other aspects and their mechanics may play a role in
pathological situations. Our aim was to evaluate VSMCs from differ-
ent arterial beds in terms of mechanics and proteomics, as well as
investigate factors that may influence this phenotype. VSMCs ob-
tained from seven arteries were studied using optical magnetic twist-
ing cytometry (both in static state and after stretching) and shotgun
proteomics. VSMC mechanical data were correlated with anatomical
parameters and ultrastructural images of their vessels of origin.
Femoral, renal, abdominal aorta, carotid, mammary, and thoracic
aorta exhibited descending order of stiffness (G, P ! 0.001). VSMC
mechanical data correlated with the vessel percentage of elastin and
amount of surrounding extracellular matrix (ECM), which decreased
with the distance from the heart. After 48 h of stretching simulating
regional blood flow of elastic arteries, VSMCs exhibited a reduction
in basal rigidity. VSMCs from the thoracic aorta expressed a signif-
icantly higher amount of proteins related to cytoskeleton structure and
organization vs. VSMCs from the femoral artery. VSMCs are heter-
ogeneous in terms of mechanical properties and expression/organiza-
tion of cytoskeleton proteins along the arterial tree. The mechanical
phenotype correlates with the composition of ECM and can be
modulated by cyclic stretching imposed on VSMCs by blood flow
circumferential stress.

vascular smooth muscle; extracellular matrix; aorta; smooth muscle
cells

THE FACT THAT VESSELS DIFFER so significantly in terms of
anatomic characteristics is commonly attributed to the hetero-
geneity of blood flow within their territories during the arterial
tree development phase, which determines vessel diameter and
thickness (13). In this scenario, vascular smooth muscle cells

(VSMCs) orchestrate extracellular matrix (ECM) synthesis/
organization and are thought to assume a quiescent contractile
status after. However, VSMCs are known to play an important
role in the structural modifications that some vessels undergo
during pathologic conditions like atherosclerosis and hyperten-
sion (11), highlighting the fact that these cells are constantly
influenced by diverse stimuli and modulate their synthetic and
proliferative properties based on these stimuli. This puts into
question the homogeneous quiescent mechanical status of
VSMCs mentioned before.

Earlier studies have suggested that elimination of VSMC
function did not significantly change the static mechanical
properties of large vessels (42). Recent reports show that vessel
structural modifications, such as wall rigidity, may account for
the substantial contribution of the VSMC mechanical pheno-
type (32, 36) and that VSMC cytoskeleton proteins are posi-
tively influenced by the composition of surrounding ECM and
by the pattern of local shear stress (20, 37).

VSMC location in the vascular tree changes the patterns of
gene expression, mainly SMC marker genes, as well as their
molecular functioning (14, 45). Considering the key role
played by VSMCs in controlling ECM production and organi-
zation to maintain vessel integrity, in reorganizing vessel
tunica media in the face of blood flow changes, and in regu-
lating tissue perfusion within smaller arteries, it may be ex-
pected that their mechanical properties might vary according to
the vessel of origin. Hypothetical factors that could influence
VSMC mechanics and cytoskeleton organization are their em-
bryological origin, the local blood flow, and the amount of
surrounding ECM.

Based on these findings, the main objective of this study was
to characterize VSMC obtained from different arterial beds in
terms of mechanics and protein expression and explore if
eventual differences in their mechanical profile correlate with
anatomical or blood flow diversities of their vessels of origin.

MATERIALS AND METHODS

Study Design

See Fig. 1.

Vessels

Fragments of abdominal aorta, femoral, renal, mammary, carotid,
coronary, and thoracic aorta arteries were collected from five same-
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expression, as well as the first to identify regional forces and
ECM as possible modulating factors of this specific phenotype.
Previous studies that have addressed the heterogeneity of
SMCs from different origins mostly compared VSMCs with
visceral SMCs (23) or arterial VSMCs vs. venous VSMCs (28)

and relied mainly on evaluating expression of SMC marker
genes and their transcription factors (45).

The observation that VSMCs are mechanically different
along arterial tree is indeed relevant, as it goes against indis-
criminate labeling of VSMC mechanical and synthetic behav-

H513VARIABILITY OF VSMC MECHANICS AND PROTEOMICS

AJP-Heart Circ Physiol • doi:10.1152/ajpheart.00655.2013 • www.ajpheart.org



Variation of mechanical properties and quantitative proteomics of VSMC
along the arterial tree

Carla Luana Dinardo,1 Gabriela Venturini,1 Enhua H. Zhou,2 Ii Sei Watanabe,3

Luciene Cristina Gastalho Campos,1 Rafael Dariolli,1 Joaquim Maurício da Motta-Leal-Filho,4

Valdemir Melechco Carvalho,5 Karina Helena Morais Cardozo,5 José Eduardo Krieger,1

Adriano Mesquita Alencar,6* and Alexandre Costa Pereira1*
1Heart Institute (InCor), University of São Paulo Medical School, São Paulo, Brazil; 2Department of Environmental Health,
Harvard School of Public Health, Boston, Massachusetts; 3Institute of Biomedical Sciences, Department of Anatomy,
University of São Paulo, São Paulo, Brazil; 4Interventional Radiology, Vascular and Endovascular Surgery, University of São
Paulo Medical School, São Paulo, Brazil; 5Fleury Group, São Paulo, Brazil; and 6Instituto de Física, University of São
Paulo, São Paulo, Brazil

Submitted 26 August 2013; accepted in final form 9 December 2013

Dinardo CL, Venturini G, Zhou EH, Watanabe IS, Campos
LC, Dariolli R, da Motta-Leal-Filho JM, Carvalho VM, Cardozo
KH, Krieger JE, Alencar AM, Pereira AC. Variation of mechanical
properties and quantitative proteomics of VSMC along the arterial
tree. Am J Physiol Heart Circ Physiol 306: H505–H516, 2014. First
published December 13, 2013; doi:10.1152/ajpheart.00655.2013.—
Vascular smooth muscle cells (VSMCs) are thought to assume a
quiescent and homogeneous mechanical behavior after arterial tree
development phase. However, VSMCs are known to be molecularly
heterogeneous in other aspects and their mechanics may play a role in
pathological situations. Our aim was to evaluate VSMCs from differ-
ent arterial beds in terms of mechanics and proteomics, as well as
investigate factors that may influence this phenotype. VSMCs ob-
tained from seven arteries were studied using optical magnetic twist-
ing cytometry (both in static state and after stretching) and shotgun
proteomics. VSMC mechanical data were correlated with anatomical
parameters and ultrastructural images of their vessels of origin.
Femoral, renal, abdominal aorta, carotid, mammary, and thoracic
aorta exhibited descending order of stiffness (G, P ! 0.001). VSMC
mechanical data correlated with the vessel percentage of elastin and
amount of surrounding extracellular matrix (ECM), which decreased
with the distance from the heart. After 48 h of stretching simulating
regional blood flow of elastic arteries, VSMCs exhibited a reduction
in basal rigidity. VSMCs from the thoracic aorta expressed a signif-
icantly higher amount of proteins related to cytoskeleton structure and
organization vs. VSMCs from the femoral artery. VSMCs are heter-
ogeneous in terms of mechanical properties and expression/organiza-
tion of cytoskeleton proteins along the arterial tree. The mechanical
phenotype correlates with the composition of ECM and can be
modulated by cyclic stretching imposed on VSMCs by blood flow
circumferential stress.

vascular smooth muscle; extracellular matrix; aorta; smooth muscle
cells

THE FACT THAT VESSELS DIFFER so significantly in terms of
anatomic characteristics is commonly attributed to the hetero-
geneity of blood flow within their territories during the arterial
tree development phase, which determines vessel diameter and
thickness (13). In this scenario, vascular smooth muscle cells

(VSMCs) orchestrate extracellular matrix (ECM) synthesis/
organization and are thought to assume a quiescent contractile
status after. However, VSMCs are known to play an important
role in the structural modifications that some vessels undergo
during pathologic conditions like atherosclerosis and hyperten-
sion (11), highlighting the fact that these cells are constantly
influenced by diverse stimuli and modulate their synthetic and
proliferative properties based on these stimuli. This puts into
question the homogeneous quiescent mechanical status of
VSMCs mentioned before.

Earlier studies have suggested that elimination of VSMC
function did not significantly change the static mechanical
properties of large vessels (42). Recent reports show that vessel
structural modifications, such as wall rigidity, may account for
the substantial contribution of the VSMC mechanical pheno-
type (32, 36) and that VSMC cytoskeleton proteins are posi-
tively influenced by the composition of surrounding ECM and
by the pattern of local shear stress (20, 37).

VSMC location in the vascular tree changes the patterns of
gene expression, mainly SMC marker genes, as well as their
molecular functioning (14, 45). Considering the key role
played by VSMCs in controlling ECM production and organi-
zation to maintain vessel integrity, in reorganizing vessel
tunica media in the face of blood flow changes, and in regu-
lating tissue perfusion within smaller arteries, it may be ex-
pected that their mechanical properties might vary according to
the vessel of origin. Hypothetical factors that could influence
VSMC mechanics and cytoskeleton organization are their em-
bryological origin, the local blood flow, and the amount of
surrounding ECM.

Based on these findings, the main objective of this study was
to characterize VSMC obtained from different arterial beds in
terms of mechanics and protein expression and explore if
eventual differences in their mechanical profile correlate with
anatomical or blood flow diversities of their vessels of origin.

MATERIALS AND METHODS

Study Design

See Fig. 1.

Vessels

Fragments of abdominal aorta, femoral, renal, mammary, carotid,
coronary, and thoracic aorta arteries were collected from five same-

* M. Alencar and A. Costa Pereira contributed equally to this work.
Address for reprint requests and other correspondence: A. Costa Pereira,

Avenida Doutor Enéas de Carvalho Aguiar, 44, 10th floor. Heart Institute
(InCor), Univ. of São Paulo Medical School, São Paulo, SP, Brazil (e-mail:
lbmpereira@incor.usp.br).

Am J Physiol Heart Circ Physiol 306: H505–H516, 2014.
First published December 13, 2013; doi:10.1152/ajpheart.00655.2013.

0363-6135/14 Copyright © 2014 the American Physiological Societyhttp://www.ajpheart.org H505

expression, as well as the first to identify regional forces and
ECM as possible modulating factors of this specific phenotype.
Previous studies that have addressed the heterogeneity of
SMCs from different origins mostly compared VSMCs with
visceral SMCs (23) or arterial VSMCs vs. venous VSMCs (28)

and relied mainly on evaluating expression of SMC marker
genes and their transcription factors (45).

The observation that VSMCs are mechanically different
along arterial tree is indeed relevant, as it goes against indis-
criminate labeling of VSMC mechanical and synthetic behav-

H513VARIABILITY OF VSMC MECHANICS AND PROTEOMICS

AJP-Heart Circ Physiol • doi:10.1152/ajpheart.00655.2013 • www.ajpheart.org

Fig. 2. Structural characterization of studied arteries. A: amount of elastin within tunica media decreased as vessels moved away from heart. Thoracic aorta presented
with the highest amount of elastic fibers, while femoral and renal arteries presented the lowest ones. In the graph, arteries are disposed in descending order of distance
from the heart. Points: mean value; error bars: 95% confidence interval. B: thickness/internal diameter ratio was higher in the branches of the abdominal aorta, compared
with thoracic vessels. Points: mean value, error bars 95% confidence interval. C: Verhoeff Van-Gieson staining of femoral and thoracic aorta. Thoracic aorta presented
the highest thickness and the highest amount of elastin within its media layer, compared with all other vessels. Femoral and thoracic aorta are compared in terms of tunica
media thickness (main pictures) and in terms of percentage of elastin (smaller pictures, in which elastic fibers are stained in deep purple). D: amount of ECM surrounding
VSMC was lower in heart-distant femoral and renal arteries compared with thoracic aorta and mammary arteries. Transmission Electron Microscopy (TEM) images of
all vessels (E) clearly expose that difference and also highlights that femoral and renal VSMCs are more aligned than thoracic aorta and mammary VSMCs.
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II. Anomalous Diffusion 
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Anomalous diffusion

1. For large displacements, the 
magnitude follow a power law, like the 
Gutenberg-Richter law 
2. There is spatial correlation
3. There is time correlation, like Omori’s 
Law

The 3 empirical laws of 
Earthquake

[Alencar et al, under review]



We are also evaluating the effect of  
snake venom 
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III. Traction Force Microscopy (TFM) 
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LOW$GLUCOSE$

HIGH$GLUCOSE$

Cells exposed to high glucose concentration exert less 
stress on the substrate  

[Marinilse dos Santos & Maíra de Almeida] 



Summary 



Summary 
1. Cell mechanics is a relative new field



Summary 
1. Cell mechanics is a relative new field
2. Probing cell forces are even newer



Summary 
1. Cell mechanics is a relative new field
2. Probing cell forces are even newer
3. We can mechanically “feel” the cell



Summary 
1. Cell mechanics is a relative new field
2. Probing cell forces are even newer
3. We can mechanically “feel” the cell
4. Better understanding will help the development of: 



Summary 
1. Cell mechanics is a relative new field
2. Probing cell forces are even newer
3. We can mechanically “feel” the cell
4. Better understanding will help the development of: 

A. basic research 



Summary 
1. Cell mechanics is a relative new field
2. Probing cell forces are even newer
3. We can mechanically “feel” the cell
4. Better understanding will help the development of: 

A. basic research 
B. diagnosis



Summary 
1. Cell mechanics is a relative new field
2. Probing cell forces are even newer
3. We can mechanically “feel” the cell
4. Better understanding will help the development of: 

A. basic research 
B. diagnosis
C. vacines



Summary 
1. Cell mechanics is a relative new field
2. Probing cell forces are even newer
3. We can mechanically “feel” the cell
4. Better understanding will help the development of: 

A. basic research 
B. diagnosis
C. vacines
D. new treatments etc



Summary 
1. Cell mechanics is a relative new field
2. Probing cell forces are even newer
3. We can mechanically “feel” the cell
4. Better understanding will help the development of: 

A. basic research 
B. diagnosis
C. vacines
D. new treatments etc

4. We may have to push the interdisciplinary into our 
institutes, departments students
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