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Abstract—Mesenchymal stem cells (MSCs) are a component
of many cardiovascular cell-based regenerative medicine
therapies. There is little understanding, however, of the
response of MSCs to mechanical cues present in cardiovas-
cular tissues. The objectives of these studies were to identify a
model system to study the effect of well-defined applied cyclic
strain on MSCs and to use this system to determine the effect
of cyclic equibiaxial strain on the cellular and cytoskeletal
organization of MSCs. When exposed to 10%, 1 Hz cyclic
equibiaxial strain for 48 h, MSCs remained viable, retained
characteristic gene and protein markers, and rearranged to
form multicellular structures defined as clusters and knobs.
This novel observation of cluster (overlapping cells sur-
rounded by radial cellular projections) and knob (more
dome-like structure containing significantly more cells than a
cluster) formation did not involve changes in cytoskeletal
proteins and resulted from cellular rearrangements initiated
within 8 h of applied strain. Observed cellular responses were
found to be dependent on substrate coating, but not on cell
density for the 8-fold ranges tested. This system can thus be
used to study the mechanoresponse over hours to days of
MSCs exposed to applied cyclic strain in the context of cell–
cell and cell–matrix interactions.
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INTRODUCTION

Mesenchymal stem cells (MSCs) are one promising
cell source option for cardiovascular cell-based regen-
erative medicine therapies. MSCs are currently
involved in more than ten cardiovascular-related clin-
ical trials world-wide, according to records in the
NIH’s clinical trials database. Published reports of
completed clinical trials indicate MSCs may improve

cardiac function after stroke or myopathy.1,8,9,22,26,27,31

To support translational research efforts, recent in vitro
studies have investigated several avenues by which
MSCs may contribute to a potential therapy including:
paracrine effects on resident cells and recruitment of
additional cells,13,17,21,23,28,32 local matrix remodel-
ing,35 and differentiation of the MSCs themselves
along vascular smooth muscle-like2,16,31,42 or endo-
thelial-like29,31,43 lineages. These previous and ongoing
efforts signify growing interest from the clinical,
translational, and basic science research communities
in determining the potential of MSCs to contribute to
cardiovascular therapies. These studies help address
the need to more broadly and thoroughly determine
the responses of MSCs to cardiovascular-relevant
mechanical environments.

Mechanical forces are a major component of the
vascular environment. Blood flow through vessels
generates shear stress on the endothelial cell layer lin-
ing the lumen. Pulsatile contraction of the heart and
large vessels causes changes in vessel diameter that
generate cyclic strain on vessel tissue. Equibiaxial
strain in particular has been used as an in vitro model
for complex strains present in cardiac tissue30,34 and
large vessels such as the aorta4 and pulmonary artery.6

MSCs are expected to experience these mechanical
cues if used in cardiovascular therapies, motivating
further study to determine how this stem cell popula-
tion will respond to these applied forces. Knowledge of
the morphological and, ultimately, cell signaling
changes elicited by applied mechanical force on MSCs
will impact their contribution in cell-based regenerative
medicine therapies.

The response of MSCs to applied physical forces
has been studied mostly in the context of orthopae-
dics,5,15,18,20,36,39 a natural initiation point given the
source tissue. A subset of these studies have focused on
tensile strain, though assessments concentrated on
osteogenic differentiation.15,20,36 Little work has been
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done investigating the effect of cyclic tensile strain for
vascular applications.25,30 Further study is required,
therefore, to more thoroughly characterize the mech-
anoresponse of MSCs to cyclic strain.

The study reported here was motivated by a need to
better characterize the response of MSCs to cardio-
vascular-relevant mechanical forces. The objectives of
these studies were to identify a model system to study
the effect of well-defined applied cyclic strains on
MSCs and to use this system to determine the effect of
cyclic equibiaxial strain on the cellular and cytoskeletal
organization of MSCs.

METHODS

Materials

The following reagents were purchased from Sigma
(St. Louis, MO): low and high glucose Dulbecco’s
Modified Eagle’s Medium (LG-DMEM, HG-DMEM),
dexamethasone (DEX), ascorbic acid 2-phosphate
(AA), beta-glycerophosphate (b-gly), indomethacin,
3-isobutyl-1-methylxanthine (IBMX), gelatin from
porcine skin, donkey serum, FITC-conjugated anti-
human IgG (Fc specific), and FITC-conjugated anti-
human a-smooth muscle actin. From Becton Dickinson
(Bedford, MA), the following items were purchased: rat
tail collagen type-I, mouse collagen type-IV, and
PE-conjugated anti-human CD73. These items were
purchased from Invitrogen (Carlsbad, CA): human
plasma fibronectin, 0.05% trypsin/EDTA, AlexaFluor
546-conjugated phalloidin, and AlexaFluor 546-con-
jugated donkey anti-mouse IgG. Fetal bovine serum
(FBS) for differentiation assays was purchased from
Atlanta Biologicals (Lawrenceville, GA). Penicillin and
streptomycin (P/S) was purchased from HyClone.
Human recombinant insulin was purchased from
Roche (Mannheim, Germany). For strain experiments,
SILASTIC� BioMedical Grade Liquid Silicone Rub-
ber was purchased from Specialty Manufacturing
(Saginaw, MI) and O-Rings used to secure the silicone
membrane to the membrane holder chamber were
purchased from McMaster-Carr (Atlanta, GA). From
Fitzgerald Industries International (Concord, MA),
FITC-conjugated anti-human CD105 (Endoglin) and
FITC-conjugated anti-mouse vimentin were purchased.
The ligand for CD166, recombinant human CD6/Fc
chimera, was purchased from R&D Systems (Minne-
apolis, MN). Mouse anti-human CD34 was purchased
from Cell Signaling Technology (Danvers, MA).
Mouse anti-rat CD45.2 was purchased from eBio-
science (San Diego, CA). Mouse anti-human CD133
was purchased from Abgent (San Diego, CA). Alexa-
Fluor 488-conjugated anti-mouse a-tubulin was pur-
chased fromMillipore (Billerica, MA). Cy3-conjugated

donkey anti-mouse IgG was purchased from Jackson
ImmunoResearch (West Grove, PA).

Cell Source and Culture

Human adult bone marrow-derived MSCs and
human adult aortic smooth muscle cells (SMCs) were
obtained from Lonza (Walkersville, MD). MSCs and
SMCs were expanded on tissue culture-treated poly-
styrene using vendor-distributed MSC Growth Med-
ium (MSCGM) or SMC Growth Medium (SMCGM)
for either 7 or 8 passages, respectively. To confirm the
stem cell phenotype just prior to use, MSCs were as-
sessed and found to have characteristic spindle-shaped
morphology and protein expression, as well as differ-
entiation potential3 toward the osteogenic and adipo-
genic lineages (Supplemental Text and Figure).

Application of Strain

A custom bioreactor was used to apply equibiaxial
cyclic strain to cell-seeded silicone membranes, as
previously published.4,38 To prepare for cell seeding,
silicone surfaces were coated with extracellular matrix
proteins using an established method.4,11,40,41 Briefly,
silicone membranes were etched in 1N H2SO4 for
20 min prior to sterilization; subsequently 3 mL of
protein solution was allowed to adsorb in a defined 10
cm2 area for 2 h at 37 �C. Final protein concentrations
were 1% gelatin or 5 lg/cm2 of collagen type I, col-
lagen type IV, or fibronectin. MSCs or SMCs were
then seeded in the center at densities ranging from 1000
to 64,000 cells/cm2 using 2 mL of MSCGM or
SMCGM, respectively, and allowed to adhere for 48 h
at 37 �C/5% CO2. Medium (25 mL) was then added to
each sample and experimental samples were exposed to
equibiaxial cyclic strain (10.3 ± 0.2% imposed area
change, 1.00 ± 0.02 Hz) for up to 48 h. Parallel con-
trol samples were cultured under static conditions.

Cell Viability

Cell viability was visualized using LIVE/DEAD
Viability/Cytotoxicity staining (Invitrogen, Carlsbad,
CA), with live and dead cells fluorescently labeled with
green or red, respectively. To quantify percent viabil-
ity, cells were trypsinized off silicone surfaces
and analyzed in a ViCELL Cell Viability Analyzer
(Beckman Coulter, Fullerton, CA), an automated
system to assess trypan blue exclusion.

Flow Cytometry

Expression of surface proteins was detected by
staining cells with fluorescence-conjugated antibodies
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and using a flow cytometer (LSR, Becton Dickinson,
Franklin Lakes, NJ). For characterization of MSCs,
surface markers CD73, CD105, CD166 (detected using
the ligand CD6), CD34, CD45.2, and CD133 were
used to assess the protein expression profile of cells.
Cells were first trypsinized off culture surfaces, fixed
with 4% formaldehyde for 15 min at 4 �C, and stored
in working buffer solution (WBS; 0.3% BSA/0.001%
Tween-20 in PBS with calcium and magnesium) at
4 �C until further analysis. Samples were blocked for
non-specific binding using a 10% donkey serum solu-
tion for 1 h at 4 �C. Each sample was then divided,
with one half incubated with WBS (cell only control)
and the other with primary and, if necessary, second-
ary antibody (1/100 dilution in WBS) for 30 min at
4 �C. A minimum of 20,000 events were analyzed using
the cytometer to generate a histogram of fluorescence.

Cell Imaging

Phase images of samples cultured on tissue culture
plastic or silicone were taken on an Axiovert
200 microscope (Zeiss, Thornwood, NY). Some sam-
ples were fixed on the silicone membrane using 4%
formaldehyde for 5 min at room temperature in
preparation for subsequent fluorescent staining of
cytoskeletal elements and visualization of cell pat-
terning. Microfilaments were visualized by staining
with phalloidin per manufacturer-provided instruc-
tions. Intermediate filaments and microtubules were
assessed using immunocytochemical staining for anti-
vimentin and anti-a-tubulin, respectively. At room
temperature, immunocytochemical samples were per-
meabilized with 0.05% Triton X-100 for 5 min,
blocked with 5% donkey serum (Sigma, St. Louis,
MO) for 30 min, stained with antibody (1/100 dilu-
tion) for 2 h, and washed with PBS. Hoechst 33258
(Invitrogen, Carlsbad, CA) counterstain was added to
indicate cell nuclei. Samples were visualized using a
fluorescent (Eclipse E600, Nikon, Melville, NY) or
confocal (LSM 510, Zeiss, Thornwood, NY) micro-
scope. Average cell number per cluster or knob was
determined from the fluorescent samples, manually
counting cells in all knobs (maximum 15 observed per
sample) and up to 10 clusters per stained sample from
three independent experiments.

Gene Expression Analysis

Expression of a characteristic MSC surface marker,
CD73, and an early SMC differentiation gene,
a-smoothmuscle actin (a-SMA),was quantified in strain
and static samples by Real-Time PCR (qRT-PCR).
Cell lysates were harvested from samples following
24 h strain (10%, 1 Hz) or parallel static culture on

gelatin-coated silicone. Total RNA was harvested from
cell lysates according to manufacturer’s recommenda-
tion (RNeasy kit, Qiagen). RNA was quantified using a
NanoDrop (Thermo Scientific) and 1 lg RNA was
then used as a template to reverse transcribe cDNA
(SuperScript III First-Strand Synthesis System, Invit-
rogen). qRT-PCR was completed using an 800 nM
primer concentration (CD73 Forward: GGTATCCG
GTCGCCCATT; CD73 Reverse: GCCTCCAAAGG
GCAATACAG; a-SMA Forward: CAAGTGATCAC
CATCGGAAATG; a-SMA Reverse: GACTCCAT
CCCGATGAAGGA) and Power SYBR Green
Mastermix (ABI) on a StepOnePlus Real-Time PCR
instrument (ABI).

Statistical Analysis

Statistical significance was determined using a two-
way t-test. Data are represented as average ± standard
error of the mean.

RESULTS

MSC Response to Equibiaxial Applied Strain

Mesenchymal stem cells were exposed to equibiaxial
strain and assessed for cellular changes. Cells seeded at
8000 cells/cm2 on gelatin-coated silicone and subjected
to 10% strain at 1 Hz for 48 h were assessed for via-
bility and expression of surface proteins. Fluorescent
images of samples assessed for viability showed that
almost all cells in both static (Fig. 1a) and strain
(Fig. 1b) samples were live (indicated in green), with
few to no apparent dead cells (red). Assessment of the
attached cells indicated that they continued to have an
MSC phenotype, as both static (green) and strain (red)
samples expressed markedly higher levels of CD73 and
CD105 (Fig. 1, graph), compared to unstained con-
trols (black fill). Fewer total attached cells, however,
were recovered from strain samples relative to static
controls (108 ± 18 vs. 232 ± 08 E4 cells, respectively;
p< 0.005, n = 4). Analysis of the media for particles
5–50 lm indicated <5 E4 counts per static sample vs.
196 ± 36 E4 per strain sample (p< 0.005, n = 4).
Notably, 86% of suspended particles in strain samples
were <10 lm, while the average cell size of attached
MSCs was 15.9 ± 0.8 lm. In summary, the viability of
attached MSCs is high for both static and strain
samples, although samples subjected to strain released
markedly higher amounts of debris, potentially
including cell fragments, into the medium.

Cells seeded at 8000 cells/cm2 on gelatin-coated
silicone were subjected to 10%, 1 Hz cyclic equibiaxial
strain for up to 48 h (Figs. 1–4). At 48 h, statically
cultured and strained samples were stained for F-actin
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to visualize cell distribution and arrangement. In static
controls, cells were confluent and randomly oriented
(Fig. 2: left-most column), similar to MSCs expanded
on tissue culture plastic. In strained samples, some
isolated single cells (Fig. 2: 2nd column from left) were
also randomly oriented. More noticeable, however,
were many multicellular three-dimensional structures.
These structures were categorized as clusters (Fig. 2:
3rd column from left, Fig. 3a) or knobs (Fig. 2: right-
most column, Fig. 3b).

Cluster and knob categories were defined based on
cell arrangement and then assessed for differences in
cell number and cytoskeletal protein expression.
Clusters were defined as multicellular units of cells,
dense in the center with thin processes extending
radially outward from the center. Knobs, also defined
as multicellular three-dimensional structures, were
highly refractive under phase illumination with densely
packed dome-like regions sitting atop an adherent cell
layer beneath. Knobs had a smooth exterior surface
and appeared denser in terms of nuclei per projected
surface area (Fig. 3b). Both clusters and knobs usually
occurred as isolated units, clearly distinct from neigh-
boring structures. Within a single sample, clusters
appeared more frequently than knobs, but most
samples contained examples of both structures. The
number of cells per structure was determined by fluo-
rescently staining cell nuclei with Hoechst 33258 and
imaging through the z-plane on a confocal microscope.

Due to the more consistent appearance of clusters in all
samples, only 10 clusters, but up to 15 knobs, were
counted per sample. Consistent with qualitative indi-
cation of differences in nuclear density, knobs were
found to have significantly (p = 0.05, n ‡ 33) more
cells than clusters, 54 ± 35 vs. 35 ± 23 cells, respec-
tively (Fig. 3).

Cytoskeletal patterning was assessed in strain and
static samples by visualizing microfilaments (phalloidin
stain for F-actin or a-SMC actin immunocytochemis-
try), intermediate filaments (vimentin immunocyto-
chemistry), and microtubules (a-tubulin immuno-
cytochemistry). In both static controls and strained
samples, microfilaments were present throughout and
aligned parallel to the major axis of the elliptical cell
(Fig. 2). Clusters and, in particular, knobs, contained
regions of intense phalloidin fluorescence near the
center of the multicellular structure. Assessment
methods available for these studies, however, could not
visually resolve whether areas of increased staining
resulted from a change in the filament properties
within a single cell or from the overlapping of multiple
cells. Flow cytometry analysis for a-SMC actin also
found no detectable quantitative difference in micro-
filament expression levels between static controls and
strained samples. Vimentin staining of clusters and
knobs (Fig. 3a and b, respectively) showed thin inter-
mediate filaments aligned circumferentially around the
nucleus. Neither vimentin nor a-tubulin (not shown)

FIGURE 1. MSC viability and protein expression after cyclic equibiaxial strain. Static control (a) and experimental strain (b; 10%,
1 Hz, 48 h, gelatin-coated silicone) samples both consisted predominantly of live (green) cells, with few to no attached dead (red)
cells. Images taken at 2003. Expression of characteristic MSC protein markers CD73 and CD105 were equally expressed in strained
(red) and static (green) controls (unstained controls shown in solid black).
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staining revealed differences in patterning between
strain and static samples. Overall for all three filament
types, cytoskeletal arrangement showed no visually
marked difference in total number, spatial organiza-
tion, or thickness of filaments within a cell, when

comparing either individual clusters vs. knobs or
overall statically cultured vs. strained samples.

The kinetics of cluster and knob formation was
determined by taking phase images at intervals of
samples seeded at 8000 cells/cm2 on gelatin-coated
silicone and then cultured statically or subjected to
10%, 1 Hz cyclic equibiaxial strain for up to 48 h.
Images taken at the start of treatment (after 48 h of
attachment), and then 8, 12, 24, 36, and 48 h later of
static controls and strained samples are shown in
Fig. 4. Taken together, the series of images indicate
that in response to cyclic strain, there is initial cellular
rearrangement into groups of a few cells within 8 h, as
distinct from the random cell distribution in static
controls (Fig. 4, b vs. a). Furthermore, small clusters
are already distinguishable at 12 h (Fig. 4, d vs. c),
though knobs are only apparent after 36 h (Fig. 4, h
vs. g). After 48 h, strain samples are markedly different
than parallel static controls (Fig. 4i) and consist of
isolated single cells, clusters (Fig. 4j1), and knobs
(Fig. 4j2). Once developed, the MSC multicellular
structures observed on gelatin-coated silicone in re-
sponse to cyclic strain for 48 h continue to persist for
up to 6 days. Furthermore, as shown in these studies
(Fig. 4, SMCs) and by others,19 similar structures are
seen in SMC cultures seeded at a similar initial cell
density on the same substrate, but cultured under static
conditions. Major shifts in phenotype, however,
are not required for the formation of these MSC

FIGURE 2. Cellular arrangements in response to strain. Three representative images of phalloidin-stained samples per column
indicate the different categories of cellular arrangements. In static samples (left-most column), cells are arranged randomly. In
response to cyclic equibiaxial strain (10%, 1 Hz, 48 h), some single cells are also arranged randomly (2nd column from left). Unique
to the strain samples, three-dimensional multi-cellular structures form that have been categorized as clusters (3rd column from
left) or knobs (right-most column). Scale bar 5 200 lm.

FIGURE 3. Characteristics of clusters and knobs. Vimentin-
stained images indicate the arrangement of cells within a
cluster (a) and knob (b). Clusters are multicellular three-
dimensional structures with cell processes radially projecting
from the center. Knobs are also multicellular and three-
dimensional, but are more highly refractive dome-like struc-
tures. Quantitation of the number of the cells per structure
showed significantly (p < 0.05) more in knobs (n 5 33) com-
pared to clusters (n 5 49). Images taken at 2003.
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multicellular structures, as after 24 h of applied strain
there was no significant change in gene expression of
key MSC (CD73: p = 0.287, n = 4) and SMC (a-
SMA: p = 0.727, n = 4) markers between static and
strain samples.

Substrate Dependency of MSC Response to Strain

The effect of surface proteins on the response of
MSCs (8000 cells/cm2 initial seeding density) to cyclic
strain (10%, 1Hz, 48 h) was determined by using
various matrix substrates. On collagen type I-coated
surfaces, MSCs subjected to strain rearranged to form
clusters and knobs (Fig. 5b), as was seen on gelatin-
coated silicone here (Fig. 5a) and previously (Figs.
2–4). In contrast, MSCs cultured on collagen type
IV- or fibronectin-coated silicone and subjected to
strain (Fig. 5c–d) looked confluent and not dissimilar
to parallel static controls (not shown).

Cell Density Effects on MSC Response to Strain

The effect of cell density on cluster and knob forma-
tion was also investigated. This was particularly impor-
tant due to slight variations in confluency after the 48 h
adhesion duration (just prior to treatment) for samples
ondifferent protein substrates.Cells seeded at 8000 cells/
cm2 were significantly (p< 0.001, n = 4) more confluent
on fibronectin-coated silicone compared to gelatin-
coated silicone samples (14.5 ± 1.2 vs. 8.9 ± 1.1 103

cells/cm2) after 48 h. To determine whether this altered
initial cell density at the time of applied strain was
responsible for differences in strain-responsive cellular
rearrangements, cells were seeded on fibronectin- or
gelatin-coated silicone at lower or higher densities,
respectively, and subjected to the same cyclic strain
used previously. Phase images of static (Fig. 6a, c) and
strain (Fig. 6b, d) samples seeded at 1000 (Fig. 6a, b)
or 4000 cells/cm2 (Fig. 6c, d) on fibronectin-coated

FIGURE 4. Kinetics of MSC rearrangement in response to strain. Phase images of MSCs immediately prior to treatment (MSCs),
and subsequently cultured under static (a, c, e, g, i) or strain (b, d, f, h, j; 10%, 1 Hz, gelatin-coated silicone) conditions. Images
were taken after 8 (a–b), 12 (c–d), 24 (e–f), 36 (g–h), and 48 (i–j) hours. Early signs of cellular rearrangement are seen at 8 h (b vs. a),
with clusters and knob formation apparent by 36 h (h vs. g). After 48 h, distinct clusters (j1) and knobs (j2) are present within a
single sample. Structures are also seen in smooth muscle cell cultures seeded at a similar initial cell density on the same
substrate, but cultured under static conditions (SMCs). Scale bar 5 400 lm.
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silicone did not reveal any difference in cell rearrange-
ment after 48 h strain. Samples cultured on gelatin-
coated surfaces at 16,000, 32,000, or 64,000 cells/cm2 all
showed rearrangement of MSCs in response to strain
(data not shown), similar to the cluster and knob for-
mation described previously for samples seeded at
8000 cells/cm2. Despite increased proliferation on
fibronectin, the samples with the highest cell density on
gelatin (61.55 ± 1.11 E3 cells/cm2 just prior to strain)
still had structures,while thosewith the lowest density on
fibronectin (2.32 ± 0.64 E3 cells/cm2) did not. Thus, an
8-fold change in initial seeding density on a given sub-
strate did not alter the response outcome of cellular
rearrangement to strain.

DISCUSSION

Mesenchymal stem cells seeded on gelatin-coated
silicone and exposed to 10%, 1 Hz cyclic equibiaxial

strain for 48 h remained viable, retained key MSC
surface markers, and rearranged to form multicellular
structures defined as clusters and knobs. This novel
observation of cluster (overlapping cells surrounded by
radial cellular projections) and knob (more dome-like
structure containing significantly more cells than
clusters) formation did not involve changes in cyto-
skeletal protein concentration or organization and re-
sulted from cellular rearrangements initiated within
8 h of applied strain. Observed cellular responses were
found to be dependent on substrate coating, but not on
cell density for the 8-fold ranges tested. This system
can thus be used to study the mechanoresponse over
hours to days of MSCs to applied cyclic strain in the
context of cell–cell and cell–matrix interactions.

Cellular rearrangement has been shown to be a
mechanoresponse of MSCs to cyclic strain. When
subjected to uniaxial cyclic strain, MSCs reorient to be
perpendicular to the axis of stretch within 1 day.30 It is

FIGURE 5. Substrate dependency of cellular arrangements in response to strain. Phase images of MSCs strained (10%, 1 Hz,
48 h) after seeding at 8000 cells/cm2 on silicone coated with gelatin (a); collagen type I (b); collagen type IV (c); or fibronectin (d).
MSCs strained on gelatin- or collagen type I-coated surfaces remodeled into multicellular clusters, while MSCs on collagen type IV-
or fibronectin-coated surfaces showed no marked rearrangement. In all parallel static controls, cells remained randomly oriented
(not shown). Images taken at 2003.
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postulated that this response is to minimize the effective
strain sensed by the cells. This is consistent with the
diminished gene changes observed as MSCs align in
response to strain30 or when lithography is used to pre-
align MSCs perpendicular to the single axis of strain.25

Equibiaxial strain, which generates strain in both the
radial and circumferential directions, does not provide
a perpendicular axis on the surface to which cells could
align and thus presents a continual mechanical cue over
time. Using an equibiaxial system, some studies have
investigated the effects of cyclic strain on intracellular
signaling pathways36 and proliferation.37 Another
study,30 using the same magnitude (10%) and fre-
quency (1 Hz) of cyclic equibiaxial strain and assessing
for similar cellular arrangements as in our studies, did
not observe clusters and knobs. Differences in the type
and manner of protein coating most likely account for
these differences, given the sensitivity of structure for-
mation to the underlying substrate.

The application of cyclic equibiaxial strain resulted
in a heterogeneous distribution of cells. Prior to the
application of strain, samples consisted of a homoge-
nous monolayer of MSCs. With changes in cellular
arrangement grossly visible by 8 h, the initial mecha-
noresponse was not dependent on a phenotypic shift
within the cells. It was not determined in these stud-
ies, however, whether the ultimate heterogeneity in

distribution is associated with heterogeneity in cell
characteristics, nor whether structure formation is due
to or results from those differences. Nonetheless, the
persistence of both clusters and knobs at 6 days of
culture implies that these structures are not stages
within a single process, but rather a result of distinct
cues at the microenvironment level. While the primary
mechanical cue applied to the MSCs is equibiaxial
cyclic strain, concomitant changes in the stiffness of
the underlying membrane14 and shear due to fluid
motion38 may affect the cellular microenvironment.

The model system developed in these studies can be
used to better characterize the mechanoresponse of
MSCs to applied cyclic strain. Though there have been
a few studies30,36,37 looking at the response of MSCs to
cyclic equibiaxial strain, there has not been a
methodical approach to investigate the effects of
mechanical parameters (e.g., strain magnitude, fre-
quency, and duty cycle) on cellular processes. With
changes in cellular arrangement noticeable within
hours and persistent for days, this model system can be
used to assess both short term mechanoresponses in
cell behavior (e.g., proliferation and migration) and
intracellular signaling, and long term responses such as
matrix synthesis and differentiation.

Our results indicate that the mechanoresponse of
MSCs is mitigated by other environmental cues,

FIGURE 6. Effect of seeding density on cellular arrangements in response to strain. Phase images of MSCs seeded at as low as
1000 (a, b) or 4000 (c, d) cells/cm2 on fibronectin-coated silicone and cultured under static (a, c) or strain (10%, 1 Hz, 48 h) (b, d)
conditions indicated no marked cellular rearrangements. Images taken at 503.
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including cell–cell and cell–matrix interactions. In
studies focused on SMCs, cyclic strain has been shown
to affect the expression and localization of focal con-
tact components.10 Recent work in MSCs has shown
that cell–cell interactions can span up to hundreds of
microns,44 having an effect not only on neighboring
cells but more distant cells. Thus, the need to deter-
mine the effects of cell–cell communication on the
mechanoresponse to cyclic strain is still important in
these cultures with a heterogeneous distribution of
cells.

Cell-attachment mechanisms are important in
regulating MSC behavior. In static cultures in vitro,
MSC binding to polymer scaffolds via distinct ligands
resulted in differential gene expression.7 Functional-
ized glass surfaces have been used to favor specific
differentiation pathways,12 while electrically charging
substrates can affect cell attachment and spreading.33

In vivo, integrins have been implicated in trafficking
and homing of MSCs in ischemic myocardium. Thus,
the substrate-dependent mechanoresponse to cyclic
strain in our system may be mediated by cell-attach-
ment mechanisms, such as distinct integrin subunits,
activated by the different protein coatings. As a result,
future strain studies need to be meticulous in both the
type and form of protein presentation.

The role of proliferation in formation or mainte-
nance of the multicellular structures was not directly
assessed in this study. However, the limited difference
between the theoretical cell number seeded (8000 cells/
cm2) and that present immediately prior to the appli-
cation of strain (~8900 cells/cm2) indicates that the
overall population of MSCs on gelatin-coated silicone
may not significantly proliferate during the 48-h period
of applied strain. Furthermore, the persistence of
multicellular structures for up to 6 days following the
application of cyclic strain, with no apparent change in
size or morphology, suggests that there is no net pro-
liferation of cells in multicellular structures.

The existence of cyclic tensile strains in tissues
in vivo has motivated studies related to differentiation
of MSCs. Multiple cyclic strain profiles have been
shown to promote osteogenic and chondrogenic dif-
ferentiation,15,20 even in the absence of differentiating
growth factors.39 A few vascular studies have investi-
gated the effects of cyclic strain on SMC gene and
protein expression.24,30 Preliminary gene expression
assessments in this study suggest that during the first
24 h of applied strain, MSCs do not deviate from an
MSC phenotype, based on maintenance of CD73
expression and no increase in a-SMA expression.
Longer (>1 week) term studies would likely be nec-
essary to determine whether MSCs have the potential
to differentiate into SMCs. These studies, however,
indicate that undifferentiated MSCs may be capable of

certain functions similar to those of SMCs, as may be
beneficial in certain vascular cell-based therapies.

These studies show that MSCs subjected to cyclic
equibiaxial strain form multiple variants of complex
multicellular structures. The mechanoresponse of
MSCs is dependent on the underlying protein substrate
and involves changes observable within hours. We
have shown that this model system of cyclic strain can
be used to investigate the short (hours) and long (days)
term mechanoresponses of MSCs in the context of
cell–cell and cell–matrix interactions. Future studies
also need to focus on a systematic analysis of the effect
of mechanical parameters, including magnitude and
frequency, on the mechanoresponse of stem cells to
tensile strain.
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