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Abstract Mesenchymal stem cell (MSC) therapy has dem-
onstrated applications in vascular regenerative medicine.
Although blood vessels exist in a mechanically dynamic
environment, there has been no rigorous, systematic anal-
ysis of mechanical stimulation on stem cell differentiation.
We hypothesize that mechanical stimuli, relevant to the
vasculature, can differentiate MSCs toward smooth muscle
(SMCs) and endothelial cells (ECs). This was tested using a
unique experimental platform to differentially apply various
mechanical stimuli in parallel. Three forces, cyclic stretch,
cyclic pressure, and laminar shear stress, were applied inde-
pendently to mimic several vascular physiologic conditions.
Experiments were conducted using subconfluent MSCs for
5days and demonstrated significant effects on morphology
and proliferation depending upon the type, magnitude, fre-
quency, and duration of applied stimulation. We have defined
thresholds of cyclic stretch that potentiate SMC protein
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expression, but did not find EC protein expression under
any condition tested. However, a second set of experiments
performed at confluence and aimed to elicit the temporal
gene expression response of a select magnitude of each
stimulus revealed that EC gene expression can be increased
with cyclic pressure and shear stress in a cell-contact-depen-
dent manner. Further, these MSCs also appear to express
genes from multiple lineages simultaneously which may
warrant further investigation into post-transcriptional mech-
anisms for controlling protein expression. To our knowl-
edge, this is the first systematic examination of the effects
of mechanical stimulation on MSCs and has implications for
the understanding of stem cell biology, as well as potential
bioreactor designs for tissue engineering and cell therapy
applications.
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1 Introduction

Although it is well known that the mechanical environment
is important for maintaining the phenotype and functional-
ity of terminally differentiated cells (Chien 2006; Resnick
and Gimbrone 1995; Skalak et al. 1998), only recently has
attention been given to the role that mechanical forces play
in the differentiation of stem cells. Two studies (Hamilton
et al. 2004; Park et al. 2004) were the first to demon-
strate that cyclic uniaxial stretch was a driving factor in
the differentiation of bone marrow-derived mesenchymal
stem cells (MSCs) toward smooth muscle cells (SMCs).
This work has been followed by a few studies, using 2-D
and 3-D cultures, that have also demonstrated some degree
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of vascular cell (SMC and/or endothelial cell) differentia-
tion from stem cells as a result of tension and cyclic stretch
(Kurpinski et al. 2006b; Nieponice et al. 2006), shear stress
and pressure (Kobayashi et al. 2004), or combined shear,
stretch, and pressure (O’ Cearbhaill et al. 2008). Other studies
have demonstrated that osteogenic differentiation can result
from mechanical stimuli (Li et al. 2004; Kreke et al. 2005;
Scaglione et al. 2007).

While previous work indicates that mechanical stimu-
lation in general guides MSC differentiation, these studies
have predominantly been focused on SMCs, osteoblasts, and
chondrocytes with little attention toward endothelial cells
(ECs). In addition, there is a lack of studies utilizing cyclic
pressure, even though this stimulus is physiologically rele-
vant to the cardiovascular system and is an important stimulus
for regulating the proliferation and functions both ECs and
SMCs (Millgard and Lind 1998; Wolinsky 1970; Intengan
and Schiffrin 2001). Moreover, the previous studies utilized a
limited range of magnitudes and did not investigate the effects
of frequency of dynamic mechanical stimuli, despite the wide
range of both that are present from early development to
maturity throughout the vasculature. These factors may be
important to MSC differentiation, as they have been shown
to influence other cell types (Nagatomi et al. 2001; Elder et al.
2001; Seliktar et al. 2000; Stegemann and Nerem 2003).

These previous studies have led us to the hypothesis that
mechanical stimuli relevant to the vasculature will lead to
MSC differentiation toward SMCs and ECs. We address this
hypothesis here by utilizing a unique experimental design
that allows evaluation of the differential effects of MSCs to
cyclic stretching, cyclic pressure, and shear stress.

2 Materials and methods
2.1 Cell source

MSCs harvested from the bone marrow of Lewis rats
(Javazon et al. 2001) were obtained from the Tulane Center
for Gene Therapy (TCGT) under a material transfer agree-
ment. Each lot of cells obtained from the TCGT was derived
from a single rat, and two separate lots of cells were used to
complete these studies. The MSCs were expanded in alpha
modified Eagle’s media (¢«-MEM, Invitrogen, Carlsbad, CA)
supplemented with pre-screened 20% fetal bovine serum
(FBS, Atlanta Biologicals, Atlanta, GA), 1% antibiotic/an-
timicotic (Invitrogen), and 10 mM L-glutamine (Invitrogen).
The multipotentiality of the MSCs obtained from the TCGT
was confirmed with 2 week culture in expansion media sup-
plemented with osteogenic or adipogenic biochemical agents
(Pittenger et al. 1999; Hamilton et al. 2004) and assayed with
the histochemical stains Alizarin Red (Sigma, St. Louis, MS)
and Oil Red O (Sigma), respectively.
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2.2 Mechanical stimulation

In order to rigorously and systematically study the differ-
ential effects of the three mechanical stimuli relevant to the
cardiovascular system, a unique experimental protocol was
developed (Fig. 1). This “Mechanical Panel” protocol per-
mits the simultaneous exposure of a single population of
cells (e.g., one T175 flask of MSCs) to cyclic stretch (CS),
cyclic hydrostatic pressure (CP), and laminar shear stress
(LSS) in an independent and parallel manner. This experi-
mental design reduces the biological variability inherent in
using a heterogeneous cell type by using the same popula-
tion of cells in each of the mechanical systems and permits
the paired comparison between each stimulus as well as the
static control.

In the first set of experiments designed to examine
the effects of magnitude and frequency of applied stim-
uli, MSCs were seeded at 200 cells/cm? on collagen type
I-coated BioFlex™ (Flexcell International, Hillsborough,
NC) deformable substrates for CS and control conditions or
collagen type I-coated Culture Slips® (Flexcell) for LSS and
CP conditions. The magnitudes and frequencies utilized for
these experiments were chosen to be consistent with the mag-
nitudes and frequencies found in the vasculature (Oluwole
etal. 1997; Whaley and Wong 1999) and are listed in Table 1.
A low seeding density was used to isolate the effects of the
mechanical stimuli from other signaling mechanisms, such as
cell—cell contacts, which can impact differentiation (Jaiswal
et al. 1997). Forty-eight hours after seeding, the MSCs were
loaded into either the FX-4000T cyclic tension device (Flex-
cell), Streamer shear stress device (Flexcell), a custom-built
cyclic pressure system (Maul et al. 2007), or static incubator

Cyclic Stretch
(FX4000T)

«®,
@

Laminar Shear Stress

Control (Streamer™)
(Static incubator -
conditions) —

Hi
©®

Cyclic Pressure (Maul et al., 2007)

Fig. 1 Mechanical stimulation is applied individually in parallel from
a single population of cells to determine a differential response to each
of the stimuli



Mechanobiology of stem cells

941

Table 1 Applied stimuli for Mechanical Panel experiments to determine the dose-response of MSCs to different magnitudes and frequencies of

mechanical stimulation

Stimulus Neonatal/sub-physiologic stimulus

Hypotensive stimulus

Normotensive stimulus Hypertensive stimulus

1%, 2.75Hz (CS-1HF)

90/70 mmHg, 2.75Hz
(CP-90HF)

1 dyne/cm? (LSS-1)

Cyclic stretch

Cyclic pressure

Shear stress

Control

1%, 1Hz (CS-1)

90/70mmHg, 1 Hz
(CP-90)

5 dynes/cm? (LSS-5)

Static incubator conditions (37°C, 5% CO, 95% humidity)

5%, 1Hz (CS-5)

120/80mmHg, 1 Hz
(CP-120)

10 dynes/cm2 (LSS-10)

10%, 1Hz (CS-10)

180/140 mmHg, 1 Hz
(CP-180)

20 dynes/cm? (LSS-20)

Neonatal frequency and blood pressure values were determined form normal newborn heart rate and blood pressure values found in Whaley and
Wong 1999. Stretch and shear magnitudes were derived from an excellent review by Oluwole et al. 1997. Parenthetical terms denote abbreviations
for each of the stimuli. For example, CS-1 denotes 1% 1Hz cyclic stretch, and LSS-1 denotes 1 dyne/cm? laminar shear stress. CS-1HF denotes

cyclic stretch at 1% at 2.75 Hz stimulation (high frequency)

conditions and exposed to these environments for 5 days. For
the Flexcell cyclic tension device, a sinusoidal waveform and
arctangle loading posts were used to apply CS in a uniaxial
fashion, while the solenoid valve driving the CP system gen-
erated a sawtooth waveform (Maul et al. 2007).

In the second set of experiments, aimed at determining
the temporal analysis of gene expression, MSCs were seeded
at confluence (21,000 cells/cm?) on collagen type I-coated
BioFlex™ (Flexcell) deformable substrates for stretch and
control conditions or collagen type I-coated Culture Slips™
(Flexcell) for shear and pressure conditions. Forty-eight
hours after seeding, the MSCs were loaded into each of
the mechanical stimulation systems comprising the Mechan-
ical Panel. The stimuli used were 10% cyclic stretch at 1 Hz
(CS-10), 120/80 mmHg cyclic pressure at 1 Hz (CP-120), and
20 dynes/cm? laminar shear stress (LSS-20) and were cho-
sen based upon the response of the MSCs during the 5-day
experiments (see above) and from other related research on
mechanobiology (Hamilton et al. 2004; Sumpio et al. 1994,
Sato and Ohashi 2005; Wang et al. 2005). A confluent cul-
ture was used to generate enough genetic material for PCR
analysis after 24 and 72 h of stimulation.

2.3 Histologic assessment of differentiation

The presence of bone-forming nodules was used to denote
osteoblast differentiation and was assessed using Alizarin
Red dye (Sigma, 40 mM, pH 4.2), which stains calcium phos-
phate deposits. Accumulation of lipid droplets was used to
denote adipocyte differentiation and was determined by incu-
bating paraformaldehyde fixed MSCs with 60% isopropanol,
followed by freshly prepared Oil Red O solution (Sigma,
0.3% in isopropanol mixed 3:2 with deionized water). The
cells were counterstained with Harris-Hematoxylin (Sigma)
for 1 minute followed by a tap water rinse. All samples were
then digitally photographed (CoolPix, Nikon) at 100x on an
inverted phase-contrast microscope (TS100, Nikon).

2.4 Assessment of morphology and cell density

At the termination of each 5-day experiment, samples were
fixed with 4% paraformaldehyde, stained with Coomassie
Brilliant Blue R-250 (Pierce, Rockford, IL) total protein
stain (to enhance contrast) and digitally photographed (Cool-
Pix, Nikon) under 100x magnification on an inverted phase-
contrast microscope (Nikon). Cellular area, perimeter, major
axis, minor axis, and angle of orientation were measured
according to published techniques (Hamilton et al. 2004)
using Scion Image (Scion Corp, Frederick, MD). Cell size is
presented as the normalized cellular area, which was calcu-
lated by dividing the averaged cellular area for ten fields of
view by the control values). In addition, the shape index (SI)
was calculated for each cell in the field of view. The value
of ST is 1 for cells that are perfect circles and approaches 0
for cells that are spindle shaped (Nerem et al. 1981; Kataoka
et al. 1998). The shape index was averaged for all cells in
ten random fields of view and normalized by subtraction of
the average shape index for the control cells in each experi-
ment. Negative values of the shape index relate to cells that
are more spindle shaped than the controls, while positive
values relate to cells that are more round than the controls.
To quantify changes in cell density, the average number of
nuclei (stained with Hoechst dye) from ten random fields of
view was normalized by the average nuclei count from each
control.

2.5 Immunohistochemistry (IHC)

To determine MSC differentiation towards vascular EC and
SMC lineages, samples were fixed with 4% paraformalde-
hyde for S5min and washed 3 times with 1X PBS. EC and
SMC differentiation was assessed with IHC using standard
techniques. Briefly, fixed samples were permeabilized with
0.1% Triton-X 100 and stained with primary and second-
ary antibodies (see Online Resource Table S1) diluted in
PBG buffer (0.5% w/v BSA (Fraction V, Sigma), 0.15% w/v
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glycine (Sigma) in PBS). Non-specific binding of antibodies
was blocked by incubation for 45 min with 5% w/v BSA in
PBS followed by 5 washes with PBG buffer. DAPI (Invitro-
gen) was utilized for nuclear visualization. A negative control
(absence of primary antibody) was prepared each time anti-
body staining occurred. All steps described for IHC staining
occurred at room temperature.

2.6 Gene expression

Following stimulation in the Mechanical Panel, samples were
processed for RNA isolation based upon the single-step
RNA isolation method developed by Chomczynski et al.
(Chomczynski and Sacchi 1987). For 5-day experiments,
three of the six BioFlex wells and Culture Slips from each
system were utilized for RNA isolation, whereas all BioFlex
wells and Culture Slips were utilized in the temporal stud-
ies (24 and 72h). Briefly, cell lysis and RNA isolation were
performed with Trizol™ (Invitrogen) immediately follow-
ing the withdrawal of each stimulus. The isolated RNA
was purified using an RNeasy Kit (Qiagen, Valencia, CA)
according to the manufacturer’s specifications. RNA quan-
tity was assessed using a NanoDrop Spectrophotometer
(ND-1000, NanoDrop Technologies, Wilmington, DE), and
RNA quality was assessed with a BioAnalyzer (Model
2100, Agilent Technologies). RNA samples attaining an RIN
value of greater than 8 were selected for Real-Time PCR
(RT-PCR).

Gene expression analysis was performed for our cho-
sen end points using a validated TagMan® low-density
gene expression assay within a microfluidics card (Applied
Biosystems, Foster City, CA) on a 7900HT Fast Real-
Time PCR System (Applied Biosystems). The gene names,
phenotypic classifications, and Applied Biosystems catalog
numbers for the custom-designed microfluidics card are
listed in Online Resource Table S2. The data were ana-
lyzed by the AACy method with SDS Software (Version
2.0, Applied Biosystems) (Livak and Schmittgen 2001).
Each sample was normalized to the most stable endogenous
control gene (Gusb, systematically selected from 15 possi-
ble genes by analyzing samples from each of the possible
magnitudes, frequencies, and stimuli types on an Endoge-
nous Control array (Applied Biosystems) using GeNORM
(Fernandes et al. 2008); data not shown), and a relative
quantitation (RQ) analysis was then performed. The RQ val-
ues for each experiment were averaged to provide the mean
change in gene expression compared to controls. Changes in
gene expression greater than 30% of the control values were
considered biologically relevant as previously described
(Johnson et al. 2007; Hammond et al. 2005). Genes were
grouped according to their classifications (e.g., osteoblast,
SMC, EC) to help detect trends in related end points.
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2.7 Statistical analysis

Morphologic measurements and cell densities were analyzed
with SPSS (v.13, SPSS Inc., Chicago, IL) and are presented
as the average =+ standard error of the mean. The data were
categorized according to each stimulus (control, CS, CP, or
LSS). Paired #-tests were then used to make all comparisons
between each stimulus with @ = 0.05. Next one-way anal-
ysis of variance (ANOVA) was used to compare differences
within each stimulus (CS, CP, or LSS) at each of the four dif-
ferent magnitudes and/or frequencies of stimulation. For post
hoc testing, the Fisher’s least significant difference (LSD)
was used to compare between groups with homogenous var-
iance since all comparisons were proposed a priori. Data with
unequal variance were compared using the Games—Howell
test because of its utility with small sample sizes (n < 6)
(Keppel and Wickens 2004). In addition to comparisons of
means between magnitudes and frequencies of stimulation,
the Spearman rank-correlation was used to determine pos-
sible relationships between the measured values (e.g., cell
area, shape index, and cell density) and the frequency and
magnitudes of stimulation.

Because the data from the measurement of cellular orien-
tation were in degrees, circular statistics were used to ana-
lyze the distribution of the cellular orientation (Fisher 1993).
For such data, a uniform distribution around the circum-
ference of a circle was assumed to be the true population
distribution and compared to each experimental condition
using a modified Rayleigh statistic as described by Moore
(1980). For graphical purposes, a linear histogram was used,
with the measured angle for each cell being placed in one
of eighteen bins between 0° and 180°, with a bin width
of 10°.

For gene expression data, the threshold value for each gene
was calculated, normalized against the endogenous control
gene, and then normalized to the control, thus generating
an RQ values for each mechanical stimulus (CP, CS, and
LSS) and RQ=1 for the control values. These RQ values
were stored in a custom-built database (Microsoft Access
2003, Microsoft Corporation) and exported to SPSS soft-
ware for statistical analysis. For comparisons to the con-
trol, a one-sample #-test was performed against 4 = 1, with
a = 0.05. For comparisons between stimuli and time points,
one-way ANOVA with post hoc LSD testing at « = 0.05
was used to detect significant differences. To give some
global sense to the data, a change index (CI) was calcu-
lated by averaging a score of 0 for no change, £1 for a bio-
logically relevant (>30% change) OR statistical (p < 0.1)
trend, and £2 for a biologically relevant (>30% change)
AND statistically significant (p < 0.05) change for each
of the genes in that category. Double arrows were used
to indicate a majority increase or decrease (CI > 0.70)
in the overall gene expression for that group from control
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Fig. 2 a Average area measurements normalized by controls. b
Changes in shape index relative to controls. ¢ Cell density normalized
by controls. The dashed line represents control values. All data are pre-
sented as mean +/— SEM. *denotes p < 0.05 compared to controls.

values. Single arrows were used to denote a moderate change
(0.25 < CI < 0.70) in the majority of the genes for a partic-
ular phenotype, and horizontal arrows to indicate very little
change (CI < 0.25).

3 Results
3.1 Osteogenic and adipogenic differentiation

Representative images for MSCs exposed to defined chemi-
cal media (see Online Resource Fig. S1) demonstrate that
osteogenic and adipogenic differentiation occurred upon
exposure to the defined chemical media and were multi-
potent. No significant adipogenic or osteogenic differentia-
tion occurred for any condition in the Mechanical Panel (see
Online Resource Fig. S2). Although a few cells in the LSS-
20 did show some adipogenic staining, comparison with the
chemically induced cells demonstrates that this is well below
what could be considered full differentiation. However, while
this was the only condition where this phenomenon occurred,
it may warrant future investigation.

Normalized Shape Index
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* denotes p < 0.1 compared to controls. { denotes p < 0.05 for com-
parison of means within each stimulus. (1), (2), and (3) denote p < 0.05
for comparison of means between stimuli of the corresponding bar
pattern where (1)=CS, (2)=CP, and (3)=LSS

3.2 Morphological changes as a result of mechanical
stimulation

Qualitative assessment of Online Resource Fig. S3 clearly
demonstrates that mechanical stimulation alters the MSC
size, shape, and alignment. These observations were con-
firmed through a quantitative morphometric analysis.

Cell size was significantly elevated for MSCs exposed to
all magnitudes of LSS (Fig. 2a) and negatively correlated
with LSS magnitude (p = —0.547, p < 0.05). There was
a significant decrease in cellular area for MSCs exposed
to all magnitudes and frequencies of CP when compared
to controls. Within CP, the normalized area for CP-90HF
was significantly larger than that for CP-90 and CP-120 and
markedly larger (p = 0.06) than for CP-180. Within CS,
the normalized area for CS-1 was significantly smaller than
controls, CS-1HF, and CS-5. When comparing CS across the
same frequency, there appeared to be a threshold effect but
no significant correlation as a dose—response. Comparisons
across stimuli indicate that MSCs exposed to CS or CP were
significantly smaller in size than LSS.

The normalized shape index values for the various groups
of MSCs are presented in Fig. 2b. The shape index values for
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Fig. 3 Normalized histograms for cellular orientation in MSCs pre-
sented as the mean +/— SEM. Non-parametric analysis against a uni-
form distribution resulted in no statistical significant differences with
any of the cyclic pressure regimens, which is in agreement with the
normalized histogram for the control. No statistical difference was
found for LSS at 1 dyne/cm? and 5 dynes/cm?. However, LSS at

LSS-1, LSS-5, and LSS-10 were not significantly different
from controls. However, the shape index of LSS-20 was sig-
nificantly smaller than the control, indicating that the MSCs
were becoming more spindle shaped at this higher shear
stress. Within the LSS stimulus, LSS-20 was significantly
more spindle shaped than LSS10, LSS-5, and LSS-1. LSS
demonstrated a strong dose—response (p = —0.792, p <
0.001), with increasing shear stress leading to a more spindle-
shaped cell. The shape index values for all CP demonstrated
a more rounded phenotype compared to controls, but within
CP there was no differences between the various magnitudes
or frequencies. The shape index values for CS-5 and CS-10
were significantly smaller compared to controls, indicating
a more spindle shape. However, the shape index value for
CS-1 was significantly higher than controls, indicating that
the MSCs were more rounded. Within CS, all values were
significantly different from each other, with the exception
of CS-5 and CS-10. The shape index also showed a strong
correlation to the magnitude (p = —0.639, p < 0.01) and
frequency (p = —0.873, p < 0.01) of CS.
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10 dynes/cm? and 20 dynes/cm?, a preferred orientation begins to
develop around 90°, which is in the direction of flow. CS at 1% 2.75Hz
and 1% 1 Hz did not demonstrate any significant changes in alignment.
However, higher magnitudes of CS (5% 1Hz and 10% 1 Hz) demon-
strated a significant change from a uniform distribution centered on 90°,
which is perpendicular to the direction of stretch

The orientation of MSCs was found to be random for
all CP as well as for LSS-1 and LSS-5 (Fig. 3). However,
LSS-10 and LSS-20 were markedly orientated parallel to
flow. CS also showed a threshold to orientation, with random
alignment at CS-1HF and CS-1, and alignment perpendicular
to the stretch direction at CS-5 and CS-10.

Cell density

The quantitative results of these measurements are depicted
in Fig. 2¢ and can qualitatively be seen in Online Resource
Fig. S3. The cell density of MSCs exposed to CS-1HF,
CS-5, and CS-10 was unchanged when compared to the con-
trols. However, the cell density for CS-1 was significantly
increased from controls. Although there appears to be pos-
sible dose- and frequency-responses for MSCs exposed to
CS, the Spearman correlation coefficients for magnitude and
frequency were non-significant for our data. MSCs exposed
to CP-90, CP-120, and CP-180 had significantly increased
cell densities compared to the controls. The cell density for
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Table 2 Summary of IHC results for Mechanical Panel experiments

Stimulus  SMA  Calponin MHC Flk-1 PECAM VvWF
CS-1HF  +/—  +/— H— o+ - _
CS-1 + - — ++ _ _
CS-5 ++ ++ — ++ — _
CS-10 ++ ++ + ++ — _
CP-90HF — - — — — _
CP-90 — - — — — _
CP-120 — — — — — _
CP-180 — — — ++ — _
LSS-1 — - — — — _
LSS-5 — - — — — _
LSS-10 — - — + — _
LSS-20 — - — + — _
Control — — — ++ — _

++ indicates strong, homogenous staining intensity. 4 indicates a mod-
erate to weak homogeneous (>80% positive cells) staining intensity.
+/— indicates heterogeneous staining (approximately 50% of the cells
were positive in a given field of view). — indicates no significant (< 3%
positive cells) staining was evident

CPO90HF was elevated over controls, but this was not statisti-
cally significant (p = 0.07). There was also a weak, but sta-
tistically significant inverse correlation (p = —0.483, p <
0.05) between cell density and magnitudes of CP. Contrasted
with CP, the cell density for MSCs exposed to LSS-5, LSS-
10, and LSS-20 were significantly decreased when compared
to controls. Only cell density for LSS-1 was not significantly
different from the controls. A weak, but statistically signifi-
cant decrease (p = —0.469, p < 0.05) in cell density was
found for increasing magnitudes of LSS.

Comparisons made within each stimulus showed a sin-
gle statistically significant difference for an increase in cell
density for CS-1 compared to CS-5. Comparisons between
stimuli revealed increases in cell density for CP compared to
both CS and LSS at nearly all levels. The only other signifi-
cant difference was for CS-1 compared to LSS-5.

3.3 Immunohistochemistry

One of the main objectives of this work was to deter-
mine what role each of the three mechanical stimuli in
the Mechanical Panel have on the differentiation of stem
cells toward cardiovascular lineages. Table 2 summarizes
the findings and representative images from the entire study
(n > 4) for each condition are found in Online Resource
Fig. S4-S9. The significant finding of our study was the
apparent dose-dependent change in SMC protein expression
with exposure to CS (Fig. 4). We found that CS displayed a
dose-dependent expression of SMC protein markers at 1 Hz,
as well as at higher frequency stimulation, which also resulted

in expression of all three markers in a more heterogeneous
manner. These increases SMC protein expression coincide
with the change in cell shape (see Fig. 2b) toward a more
spindle-shaped morphology. Conversely CP, LSS, or con-
trol conditions did not induce the expression of any of these
SMC-related proteins, despite similar changes in morphol-
ogy toward a more spindle shape after exposure to LSS-10 or
LSS-20. In addition to the SMC protein expression following
CS, we also observed that these cells constitutively express
flk-1 (see Online Resource Fig. S7), which was maintained
under all levels of CS, as well as in CP-180, LSS-10, and
LSS-20. Lower magnitudes of CP and LSS resulted in a loss
of flk-1 expression. No expression of the EC-specific pro-
teins platelet endothelial cell adhesion molecule (PECAM,
see Online Resource Fig. S8) or von Willebrand Factor (VWF,
see Online Resource Fig. S9) was found under any condition.

3.4 Temporal analysis of gene expression

The effect of the Mechanical Panel on the temporal expres-
sion of genes from a variety of phenotypes appeared highly
promiscuous, with gene expression being detected from
a number of lineage-specific markers. The results of the
averaged RQ values are presented in Online Resource Tables
S3-S8. CS showed more trends toward upregulation than
downregulation in the muscle-related genes by 72h (Fig. 5
and Online Resource Table S3). Specific among these were
the significant upregulation of desmin and myocardin by
72h. The most notable exception was the expression of
SM22« at 24 h, which was significantly downregulated. This
contrasted with the response of both CP and LSS, which
demonstrated higher expression of SM22¢«. Further, CP and
LSS also significantly inhibited cardiac troponin expression
at both time points, whereas CS remained unchanged at the
24 h time point, but was tending toward upregulation by 72 h.

The expression of endothelial-related genes (Fig. 6 and
Online resource Table S4) was more significantly affected by
CP and LSS. Genes including CD133, von Willebrand Factor,
E-selectin, and PECAM exhibited significant increases for at
least one time point for CP and LSS. As in the muscle-related
gene expression, there was a lone exception—Flk-1—which
was significantly downregulated in both CP and LSS, but was
significantly upregulated by CS by the 72 h time point. Both
E-selectin and iNOS were highly variable due to low copy
numbers in both the controls and the individual Mechanical
Panel components.

Gene expression for all soluble factor-related genes
investigated (Online Resource Table S5) was significantly
upregulated by LSS at both times. CP was the only other
component of the Mechanical Panel which demonstrated
transient upregulation of two soluble factor-related genes—
FGF-2 and VEGF-A. CS appeared to have minimal impact

@ Springer



946

T. M. Maul et al.

SMA

CS-1HF

Calponin
CS-1HF

Fig. 4 MSCs exposed to CS expressed SMC proteins with increasing
levels of differentiation with increasing magnitudes of stretch at 1 Hz.
Increasing the frequency of stimulation also caused local expression of

on the expression of these genes with expression remaining
near control levels for both time points.

Similar to the soluble factor-related genes, LSS signif-
icantly increased expression for all ECM genes with the
exception of collagen IV, which was significantly downreg-
ulated at both time points (Online Resource Table S6). CS
showed significant upregulation of collagen III and downreg-
ulation of both collagen IV and elastin at both time points.
In fact, collagen IV was predominantly downregulated for
each Mechanical Panel condition at each time point. Twenty-
four hours of CP was the only Mechanical Panel compo-
nent that demonstrated a trend toward upregulation but with
high variability. CP also had a stronger effect on elastin gene
expression, which was trending toward upregulation at 24 h
and was significantly upregulated by 72 h.

Similar to both endothelial-related and the soluble factor-
related genes, LSS showed a significant increase in osteo-
blast-related gene expression early on at 24 h for all tested
genes except osteocalcin, which was significantly down-
regulated at 24 and 72h (Online Resource Table S7). The
osteo-inductor BMP2 as well as an early matrix protein
osteopontin was significantly upregulated for CS at 24 and
72h, while the more mature marker of bone formation, oste-
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MHC

Control

Primary Delete

all SMC proteins assayed and may indicate a population-specific fre-
quency response. Arrows indicate the direction of applied stimulation.
Note qualitatively the effect of CS on cellular alignment

ocalcin, was unchanged. Osteocalcin remained unchanged
relative to controls for both CP and CS and was signifi-
cantly downregulated by LSS at both 24 and 72h. Alkaline
phosphatase expression tended to be increased by mechani-
cal stimulation, with the exception of CS at 24 h, which was
significantly downregulated.

Gene expression for chondrocyte- and adipocyte-related
markers ( Online Resource Table S8) was relatively unre-
markable following mechanical stimulation. PPAR-y and
aggrecan expression were similar to control levels for both
time points. Only LSS at 72h showed a significant down-
regulation of aggrecan. The expression of collagen II, which
is used as a marker for mature chondrocyte differentiation,
was highly variable due to low copy number and can most
likely be thought to be non-expressed under control condi-
tions. Mechanical Panel stimulation appeared to cause some
expression, but at extremely low copy numbers, and only
CP and CS at 24 h showed statistically significant increases.
Finally, cyclin B1 (Online Resource Table S8), which is part
of the control mechanism for the G2/M transition in the
cell cycle (Ito 2000), was used to assess cell cycle regula-
tion changes that may have been occurring under mechan-
ical stimulation. At 24h, both CP and LSS demonstrated
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Fig. 5 Temporal changes in muscle-related gene expression for each
component of the Mechanical Panel. CS-10 showed the more conisten
trend toward upregulation by 72h, despite several genes being down-
regulated at 24h. *p < 0.05; Tp < 0.10

a statistically significant downregulation of cyclin B1. The
drop was most severe under LSS and persisted through 72h,
while expression under CP returned toward control values.
CS showed no change at 24h and a significant increase in
cyclin B1 expression at 72 h.

4 Discussion

The use of our Mechanical Panel experimental design
allowed for the differential analysis of the effects of the three
dominant mechanical stimuli found in the vasculature on
stem cell morphology, growth, and differentiation. We have
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Fig. 6 Temporal changes in endothelial-related gene expression were
significantly higher than the muscle-related genes. LSS-20 and CP-120
demonstrated more significant and sustained endothelial-specific genes
than CS-10. *p < 0.05; *p < 0.10

found that MSCs are sensitive to different types of forces and
will respond in a dose-dependent manner to both the magni-
tude and/or frequency of CS and LSS, but display a relatively
constant effect as a result of other forces such as CP. A more
detailed discussion of our findings in light of previous work
follows.

4.1 Differential morphology and cell density changes

Our results demonstrate that cyclic pressure increased pro-
liferation and resulted in a significantly smaller and more
rounded cell. Pressure-induced proliferation has been dem-
onstrated in other cell types including SMCs (Watase et al.

@ Springer



948

T. M. Maul et al.

1997; Cappadona et al. 1999; Stover and Nagatomi 2007)
and ECs (Schwartz et al. 1999; Sumpio et al. 1994) and may
therefore represent a potential tool for rapid expansion of
cells for tissue engineering or cell therapy.

Cyclic stretch had varying effects on MSCs depending
upon the magnitude and frequency of stimulation. The mor-
phologic changes we have reported at higher magnitudes of
cyclic stretch (CS-5 and CS-10) are in agreement with previ-
ously published data in other stem cells (Hamilton et al. 2004;
Lee et al. 2006; Park et al. 2004). The changes in alignment
are characteristic of stress-shielding and occur in any cell
type that is free to move in two dimensions (Park et al. 2004;
Lee et al. 2006; Mills et al. 1997). Alignment was perpen-
dicular to the direction of strain because the Flexcell cyclic
tension system employs a fixed boundary for the membrane,
resulting a in a true uniaxial stretch. The effect of the higher
frequency cyclic stretch eliminated this orientation, which
has been explored in more detail elsewhere (De et al. 2007).
Unlike previously published studies (Hamilton et al. 2004),
CS did not have a negative impact on proliferation, which
may be due to the high serum content (20% FBS) used for
the culture of these cells and the duration of the Mechanical
Panel experiments. Although higher growth factor levels may
overwhelm some mechanisms by which the cells respond to
mechanical stimuli, we maintained the same serum content
during the experiments across the stimuli which allows us to
conclude that any changes in cell behavior would be a direct
result of the mechanical stimulation. Whether the threshold
values of morphological changes or protein and gene expres-
sion will be maintained at different serum levels, for the same
mechanical stimuli, is a potential area for future exploration
and may shed light onto the interplay between growth factor
and mechanical stimulation mechanisms.

Like cyclic stretch, laminar shear stress induced dose-
dependent changes in size, shape, alignment, and cell density.
We are uncertain whether this decrease in cell number was
related to an inhibition of proliferation, or positive selec-
tion of non-proliferating cells caused by washing away cells
attempting to divide. However, there is evidence in the lit-
erature showing a decrease in proliferation by shear stresses
greater than 5 dynes/cm? in mature ECs (Riha et al. 2005;
Akimoto et al. 2000; Wasserman et al. 2002), potentially
pointing to this as a conserved mechanism.

4.2 Differential protein expression

We found that SMC protein expression was restricted to
MSCs exposed to cyclic stretch and was strongly dependent
on the magnitude and frequency of applied cyclic stretch.
Our findings are consistent with previously published data
on stem cells only exposed to a single loading regimen (Riha
et al. 2007; Hamilton et al. 2004; Park et al. 2004). However,
our study has determined there are important thresholds for
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the expression of specific SMC proteins under 1 Hz stimu-
lation. In addition, within the CS samples expressing SMA,
lower magnitudes of stimulation displayed a weaker fluores-
cent signal than higher magnitudes of CS. CS-1HF demon-
strated what appeared to be a stronger intensity signal for
SMA, but the expression was restricted to smaller pockets
within the field of view, as opposed to the general staining
found for the other CS samples at 1 Hz. We believe these
effects may be related to a specific subpopulation of cells
that may be more sensitive to the frequency of stimulation.
In fact, this effect of frequency with magnitude may be bet-
ter characterized a single metric; namely, strain rate. Future
work specifically evaluating a wide range of strain rate may
be able to shed more light on the role of these factors on cell
behavior. In addition, these studies also provide corroborat-
ing evidence for the relationship between cell shape and dif-
ferentiation, as the types of SMC proteins expressed by MSCs
exposed to cyclic stretch increased with changes in cell shape
toward a more spindle morphology (see Figs. 2 and 4). The
expression of SMC proteins in other cells has been linked to
RhoA expression and the reorganization of the actin filaments
(Lu et al. 2001), and RhoA and ROCK have been implicated
in other lineage commitments by MSCs dependent upon cel-
lular shape (McBeath et al. 2004). Future experiments should
be directed at determining the relationship between these
GTP-binding proteins and MSC differentiation in light of
mechanical stimulation.

While we did not see any other markers of EC differentia-
tion apart from flk-1, the presence of flk-1 suggests the poten-
tial for these cells to differentiate to ECs since it is associated
with EC differentiation during development (Yamamoto et al.
2005; Yamashita 2004). Our findings of constitutive expres-
sion of flk-1 in addition to SMC-related proteins following
exposure to CS may be a similar phenomenon reported in
SMC precursors derived from the blood (Simper et al. 2002).
Itis also worth noting that, despite not being able to visualize
protein expression for vVWF, there was evidence that the gene
itself is expressed in all the conditions, with some changes
due CP or low LSS (see Online Resource Table S9). This
dual expression of SMC and EC markers has also figured
prominently during development of the vascular plexus and
may be related to angiogenesis/vasculogenesis (Hirschi and
Majesky 2004). Furthermore, lack of staining for osteoblasts
or adipocytes suggests that mechanical stimuli relevant to the
vasculature may be inducing vasculature-specific differenti-
ation.

4.3 Temporal changes in gene expression

A summary of our results, broken down by gene group, is
found in Table 3. It should be noted that the relative quan-
titation of the data for certain genes has a high variability.
This variability comes primarily from two sources: complete
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Table 3 Summary of the changes in gene expression for phenotypic groups by our Mechanical Panel of stimulation
Gene group Cyclic pressure (h) Shear stress (h) Cyclic stretch (h)

24 72 24 72 24 72
Muscle l ! ! W 0 7
Endothelial 4 0 0 0 3 <~
Bone - 1 M < 1 17
Cartilage 1 1 - l 1 1
Fat < < < 0 < <
Growth Factor M < ™M ™M < <
ECM 7 - i ? 0 1
Proliferation i < N W < M

To give some global sense to the data, a change index (CI) was calculated by averaging a score of 0 for no change, %1 for a biological or statistical
(p < 0.1) trend, and %2 for a biologically relevant and statistically significant (p < 0.05) change for each of the genes in that category. 14 and
J | indicate a majority increase or decrease (CI > 0.70) in the overall gene expression for that group from control values. Single arrows denote a
moderate change (0.25 < CI < 0.70) in the majority of the genes for a particular phenotype, and < indicates very little change (CI < 0.25)

lack of expression in one or more control groups and a
heterogeneous starting cell population. Since many of the
genes analyzed in this study should not be expressed by
any cell type other than the terminally differentiated cell
type (e.g., E-selectin, osteocalcin, cardiac troponin), it is
expected that the copy number in the control population may
be rather low or undetectable. Therefore, expression in the
other mechanically stimulated group may be relatively quan-
titated at 10x or higher; but in certain instances when the
control cells do express the gene in sufficient quantities to
be detected, the relative quantitation is much lower. This
hints at a second primary source of variability. MSCs by
nature are a heterogeneous population of cells, even if they
have been clonally isolated. This is because they have a plas-
tic phenotype and may begin to differentiate within a given
culture based on the local microenvironment (Quesenberry
and Aliotta 2008; Kuhn and Tuan 2010). A heterogeneous
population of cells may therefore lead to the self-selection
of a particular population based on the mechanical stimu-
lus employed. We attempted to control for this phenomenon
by designing our experiments to be conducted in parallel
to apply all mechanical stimuli to a well-mixed population
of these heterogeneous cells. Therefore, expression of cer-
tain genes may be a function of the starting subphenotype
of the population for that experiment set or a subset of the
population being more responsive to a given stimulus. How-
ever, because all experiments were done identically, any rel-
ative change in gene expression is a true representation of the
potential for that stimulus to invoke such a change in MSCs.
While we may be able to speak in general terms about the role
of these stimuli in initiating gene expression, further experi-
mentation may be able to dissect out these phenomena.

In general, LSS and CP tended to downregulate muscle-
related genes, which is in contrast to other results where shear

stress and pressure-dominated shear stress increased the pro-
tein expression of SMA and SM-MHC in marrow stromal
cells expressing Stro-1 (Kobayashi et al. 2004). However, the
studies by Kobayashi et al. utilized a pre-incubation period
of 7-21 days before exposure to mechanical stimulation and
found that the longer pre-incubation period increased SMC
protein expression. This may be related to the phenomenon
describe in one of the earliest MSC papers by Galmiche
and Charbord, where they found that extensive culture of
bone marrow inevitably increased SMC protein expression
(Galmiche et al. 1993). Based upon the decreased expres-
sion of myocardin in our system, which is necessary for
nearly all SMC proteins, including SM22«, SMA, caldes-
mon, calponin, and SM-MHC (Owens et al. 2004; Du et al.
2003; Chen et al. 2002; Yoshida et al. 2004), we believe
that that these genes would also be diminished by LSS and
CP in our Mechanical Panel, which is consistent with our
findings on the subconfluent 5-day Mechanical Panel experi-
ments. Conversely, CS stimulation started with a trend toward
downregulation at 24 h and then increased to control levels
or higher at 72h. We believe this is due to the morphological
changes that occur in the first 24 h to shield the cells from
the imposed stresses, followed by increases in these genes
to produce the proteins determined in the 5-day subconflu-
ent studies. Similarly, O’Cearbhaill et al. found increases in
SMC gene expression («¢-SMA and calponin) within 24h
of application of all three forces simultaneously. In their
pseudovessel system, it would appear that stretch either dom-
inated the changes in gene expression or an unexpected syn-
ergy occurred with all three forces. Another important factor
may also be the substrate, which was fibronectin in their work
compared with collagen I in ours. Simultaneous signaling
from multiple forces, and/or forces and biochemical/integrin
signaling may in fact create as-yet unknown synergies that
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drive cellular behavior. Such phenomenon have been discov-
ered in cancer biology and may eventually be found in stem
cell differentiation as well (Janes et al. 2008).
Endothelial-related gene expression tended to be increased
by both CP and LSS at 24 and 72h, leading to the conclu-
sion that the MSCs are becoming more endothelial-like under
these mechanical stimuli. E-selectin and iNOS had little or
no detectable expression under control and CS conditions,
but were found under CP and LSS. Our endothelial-related
gene expression results are in agreement with other work
with embryonic stem cells (Yamamoto et al. 2005; Wang et al.
2005). However, we hypothesize that the increase in endothe-
lial-related genes under these conditions made be dependent
upon cell-cell contact. Some preliminary gene expression
data from the subconfluent 5-day Mechanical Panel portion
of this study showed that gene expression for vVWF was on
average upregulated under CP (but not statistically signif-
icant) and strongly downregulated under low LSS (Online
Resource Table S9). The 5-day Mechanical Panel experi-
ments were initiated with the MSCs in a highly subconfluent
state (200 cells/cm?), and only the MSCs exposed to CP
reached confluence by the end of the experimental period,
which was the only condition to demonstrate an increased
vWF gene expression for those studies. In the experiments
examining temporal gene expression, all experiments were
begun at confluence (20,000 cells/cmz), and both LSS and
CP show upregulated endothelial-related gene expression.
The expression of growth factors, including VEGF-A,
was consistently upregulated by LSS at 24 and 72h. Sim-
ilar results for the regulation of VEGF have been shown for
embryonic stem cells (Wang et al. 2005) and vascular endo-
thelial cells (Conklin et al. 2002) exposed to shear stresses
similar in magnitude to those used in our study. Despite the
increases in both TGF- and VEGF-A gene expression under
LSS, their receptor (endoglin and flk-1) gene expression
was downregulated under LSS. Given that positive-feedback
loops have been shown to exist between TGFf and endog-
lin (Conley et al. 2000; Rodriguez-Barbero et al. 2001), the
downregulation of endoglin in conjunction with the upreg-
ulation of TGF- in our LSS studies may be indicating a
post-transcriptional or post-translational modification of
these factors that results in no net, active protein production.
Although previous reports on gene expression in MSC
have indicated that no transcripts for osteopontin should be
detected in non-osteoblast differentiated MSC (Kim et al.
2005), osteopontin mRNA has been detected in a variety of
other cells including vascular SMCs and ECs, with implica-
tions for atherosclerosis (Isoda et al. 2002; Xie et al. 2001).
The presence of osteopontin in other cell types has also been
attributed to its potential role in cell adhesion because it con-
tains the Arg-Gly-Asp-Ser adhesion domain which is capa-
ble of binding fibronectin (Butler 1989; Ruoslahti 1988). In
our experiments, we find that osteopontin expression can be
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variable, but is consistently expressed. However, osteocal-
cin gene expression was significantly downregulated under
LSS and unchanged for the remainder of the conditions, indi-
cating that a more comprehensive panel of genes should be
required to determine osteoblast differentiation. Likewise,
the expression of aggrecan and collagen II have previously
been used for definitive markers of chondrocyte differenti-
ation. Yet, these genes were readily expressed in almost all
conditions and in some instances were upregulated. Longer
time points may be necessary to allow for the accumulation
of proteins associated with these genes to be visible histo-
logically. Pressure has previously been implicated in driv-
ing chondrocyte differentiation, but at much higher pressures
(>5 MPa) than those presented here (<1 MPa) (Angele et al.
2003; Elder et al. 2005, 2001). Other important differences
between this study and previous studies focused on chondro-
cyte differentiation are the use of pellet cultures and of con-
stant or low frequency pressure. Similar to our observation
that endothelial gene expression is dependent on cell—cell
contacts, the local microenvironment may play a significant
role in the activation of the chondrocyte lineage under hydro-
static pressure.

Cyclin B1 was used to detect changes in the cell cycle
progression as a result of mechanical stimulation (Ito 2000;
Liao et al. 2004). Our data indicate a significant increase
in cyclin B1 expression following exposure to CS at 72h,
consistent with a similar study (Kurpinski et al. 2006a). In
agreement with our cell densities after 5 days of LSS on sub-
confluent MSCs (Fig. 2B), LSS was a strong downregulator
of cyclin B1 expression, effectively arresting the cell in the
G2/M phase of the cell cycle. Similar results have been shown
for ECs under laminar shear stress (Garcia-Cardena et al.
2001; Wasserman and Topper 2004). Cyclin B1 was also tran-
siently decreased at 24 h by CP before returning to baseline
levels at 72 h. There is other evidence in the literature that CP
increases proliferation in bone marrow-derived cells as well
as ECs, SMCs, and chondrocytes (Maul et al. 2007; Sumpio
et al. 1994; Shin et al. 2002; Stover and Nagatomi 2007) (see
also Fig. 2B). More recently, mechanisms involving VEGF
(Shin et al. 2002) and the PI3k/Akt pathway (Stover and
Nagatomi 2007) have been proposed for CP-increased pro-
liferation. Our results suggest that contact inhibition of the
MSC:s played a more dominant role in their cell cycle pro-
gression, which is in contrast to the effect of pressure on
aortic ECs that lose their contact inhibition in the presence
of pressure (Ohashi et al. 2007). It is possible that the arrest
at the G2/M phase of the cell cycle may be a result of other
paracrine signals previously unavailable to the MSCs in our
earlier experiments, which were only just reaching conflu-
ence in the subconfluent Mechanical Panel experiments. Fur-
ther studies utilizing other markers of proliferation should be
undertaken to obtain a more accurate proliferation profile of
these cells.
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5 Conclusion

We have demonstrated that mechanical stimulation has sig-
nificant effects on the morphology, cell density, and differ-
entiation in rat MSCs and that these effects are dependent
on the type, magnitude, and frequency of the applied stim-
ulation. While there are differences between the responses
of rat and human MSCs (Javazon et al. 2001), the use of
human physiologic conditions in these experiments result-
ing in the effects described in the paper may in fact point
to a fundamental response of cells to these stimuli. The use
of our parallel stimulation may also point to fundamental
changes based upon the applied mechanical stimulus despite
the additional biochemical cues given by the high serum con-
tent used in the culture media. Our results have extended
previous observations that cyclic stretch can drive stem cell
differentiation toward an SMC phenotype and have improved
our understanding of the role cyclic stretch plays in differen-
tiation by defining the threshold magnitudes and frequencies
at which these changes occur. As with all studies, there are
some limitations in our study that should be noted. First,
we did not create a pulsatile shear condition in our system
for direct comparison to the cyclic nature of the pressure
and stretch components of the study. Adding a frequency
component to the shear stress studies may impact the results
since the other two forces did indeed display a frequency
response in morphology and/or protein expression. Also,
we were unable to control for the surface rigidity in these
experiments. Several other researchers have demonstrated
the effects of surface rigidity on cellular behavior showing
influence on cell growth and differentiation (Fu et al. 2010;
Discher et al. 2005; Engler et al. 2004). However, Engler
et al. have demonstrated that there is a limit to the ability of
cells to sense rigidity, which decreases when the stiffness of
the surface approaches 10kPa (Engler et al. 2004). We have
previously examined the mechanical properties of the Bio-
Flex membranes and found them to be roughly 6 kPa (Vande
Geest et al. 2004), which may lessen the potential impact of
comparisons between the Culture Slips and BioFlex mem-
branes. Finally, our requirement for enough genetic material
for analysis at early time points forced us to change our seed-
ing density. We initially believed that this would not impact
the outcome of the experiments, but based on the observa-
tion that change in gene expression appears to be somewhat
linked to starting density, we cannot extrapolate from the
protein data generated in the first set of 5-day experiments to
the gene expression data in the second set of temporal exper-
iments. However, despite limited EC protein expression, our
preliminary gene expression data do suggest that EC-related
genes are expressed as a result of CP. We have demonstrated
that cyclic pressure increases cell number and that a correla-
tion exists between cell size, shape, and proliferation. To our
knowledge, this work is the first systematic study examining

multiple types of mechanical stimulation in parallel across
a broad range of magnitudes and multiple frequencies and
has future applications in bioreactor design and regenerative
medicine research.

Utilizing our Mechanical Panel approach, we were able
to determine the temporal changes in gene expression by
MSCs exposed to three mechanical stimuli. The use of
confluent cultures may have created a more physiologic
signaling environment, resulting in EC-related gene expres-
sion under CP and LSS, which was not seen in previ-
ous work. This leads to further questions about whether
the cells were pre-primed for EC gene expression because
they were confluent or whether additional paracrine or cell—
cell junction signaling is required for the expression of
EC-related genes under these two mechanical stimuli. Our
data for CS at 24h indicated a decrease in muscle-related
gene expression, but by 72h, several muscle-related genes
including cardiac troponin, desmin, and myocardin were
increasing suggesting that the cells are potentially entering
a myofibroblast phenotype. Perhaps with additional cues,
including longer exposure time or biochemical stimula-
tion such as TGF-$ (Riha et al. 2007; Lee et al. 2006),
MSCs under mechanical stimulation may continue down
the path toward functional SMCs and ECs, which would
provide important steps forward for vascular regenerative
medicine.
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