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Tensile Stimulation of Murine Stem Cell–Collagen
Sponge Constructs Increases Collagen Type I Gene

Expression and Linear Stiffness

Kumar Chokalingam, M.S.,1 Natalia Juncosa-Melvin, Ph.D.,2 Shawn A. Hunter, Ph.D.,3

Cynthia Gooch, B.S., L.V.T.,1 Chris Frede, B.S.,4 Jane Florert, M.S.,4 Gino Bradica, Ph.D.,5

Richard Wenstrup, M.D.,6 and David L. Butler, Ph.D.1

The objectives of this study were to determine how tensile stimulation delivered up to 14 days in culture influ-
enced type I collagen gene expression in stem cells cultured in collagen sponges, and to establish if gene ex-
pression, measured using a fluorescence method, correlates with an established method, real-time quantitative
reverse transcriptase polymerase chain reaction (qRT-PCR). Using a novel model system, mesenchymal stem cells
were harvested from six double transgenic mice in which the type I and type II collagen promoters were linked to
green fluorescent protein-topaz and enhanced cyan fluorescent protein, respectively. Tissue-engineered constructs
were created by seeding 0.5�106 mesenchymal stem cells onto type I collagen sponge scaffolds in a silicone dish.
Constructs were then transferred to a custom pneumatic mechanical stimulation system housed in a standard
incubator and stimulated for 5 h=day in tension for either 7 or 14 days using a repeated profile (2.4% peak strain for
20 s at 1 Hz followed by a rest period at 0% strain for 100 s). Control specimens were exposed to identical culture
conditions but without mechanical stimulation. At three time points (0, 7, and 14 days), constructs were then
prepared for evaluation of gene expression using fluorescence analysis and qRT-PCR, and the remaining con-
structs were failed in tension. Both analytical methods showed that constructs stimulated for 7 and 14 days
showed significantly higher collagen type I gene expression than nonstimulated controls at the same time interval.
Gene expression measured using qRT-PCR and fluorescence analysis was positively correlated (r¼ 0.9). Linear
stiffness of stimulated constructs was significantly higher at both 7 and 14 days than that of nonstimulated controls
at the same time intervals. Linear stiffness of the stimulated constructs at day 14 was significantly different from
that of day 7. Future studies will vary the mechanical signal to optimize type I collagen gene expression to improve
construct biomechanics and in vivo tendon repair.

Introduction

Injuries to soft tissues (tendon, ligament, and meniscus)
represent almost half of the 33 million musculoskeletal in-

juries occurring in the United States each year1–6 and often
lead to surgery.7,8 Inadequate healing of these injuries places
patients at risk to dysfunction and disability. Tissue engi-
neering9 is an appealing conceptual alternative when con-
ventional repair techniques (autografts, allografts, xenografts,
and prostheses10–18) prove unsatisfactory.

Tissue-engineered constructs made by seeding mesenchy-
mal stem cells (MSCs) in scaffolds are being used to repair soft

tissue defects,19–24 but these are usually vulnerable early after
surgery because they lack the stiffness and strength of native
tissue structures.22,24 To address this problem, investigators
have been applying principles of functional tissue engineer-
ing25,26 to use recorded in vivo tissue forces27,28 as design pa-
rameters for new generations of reparative tissue constructs.
Some in functional tissue engineering25,26 have also delivered
aspects of these in vivo mechanical signals to precondition
constructs while still in culture. Such preconditioning im-
proves the material properties of constructs for soft tissue
engineering by increasing the synthesis of extracellular matrix
proteins such as collagen.29–32
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Unfortunately, any mechanical and biological benefits of
mechanical stimulation are usually not assessed until the end
of mechanical stimulation in culture.23,33,34 Typically, 4 or
more weeks may be required before a destructive test is
performed to judge whether a stimulus upregulates gene
expression or increases protein accumulation. This delay
hampers the ability of the investigator to quickly optimize the
stimulus in culture. A strategy that permits investigators to
monitor near real-time gene expression throughout the tissue
engineering process could allow them to either modify the
stimulus or terminate an experiment leading to an undesir-
able outcome. Unfortunately, no such method currently exists
for tissue engineers to rapidly assess how mechanical (che-
mical, etc.) stimuli affect near real-time gene expression.

To address this need, we bred double transgenic mice
having type I and type II collagen promoters linked to green
fluorescent protein-topaz (GFP-T) and enhanced cyan fluo-
rescent proteins (ECFP), respectively. These intracellular
proteins are expressed when the type I and type II collagen
genes are activated, respectively. Such fluorescent proteins
have recently served as visual reporters for transgene activ-
ity and can be viewed in real-time in living tissues.35–39 In-
vestigators have used these promoter-fluorescent protein
reporters to (1) examine early embryonic development, (2)
conduct cell culture studies, and (3) identify cells within a
defined lineage in primary cell culture.35–39 Another value of
this technology, when applied to tissue engineering, could be
the ability to track how mechanical stimulation affects near
real-time collagen gene expression during maturation of
constructs in culture.

The first objective of this study was to determine how a con-
trolled mechanical stimulus applied to a stem cell–collagen
sponge construct in culture influences the expression of the
type I collagen gene as well as linear stiffness. The second ob-
jective was to establish if gene expression, measured using a
fluorescence method, correlates with an established method,
real-time quantitative reverse transcriptase polymerase chain
reaction (qRT-PCR). We hypothesized that (1) mechanical
stimulation would increase type I collagen gene expression as
well as linear stiffness and (2) the fluorescence data and qRT-
PCR data would be positively correlated.

Experimental Design

Bone marrow was harvested from both the femur and tibia
of six 6–8-week-old double transgenic mice as previously
described.40,41 After isolating and expanding the MSCs to
second or third passage using a previously published proto-
col,40 15 constructs were created from each animal by seeding
the cells at a concentration of 0.5�106 cells=construct in a type
I collagen sponge (P1076; Kensey Nash Corporation, Exton,
PA). Hence, a total of 90 samples were created using cells
from six animals. For each animal, the resulting 15 constructs
were assigned to five treatment groups: day 0 nonstimulated,
day 7 stimulated, day 7 nonstimulated, day 14 stimulated,
and day 14 nonstimulated (Table 1). Thus, three constructs
were available per animal from each treatment group. One
construct was assigned to evaluate GFP-T fluorescence in a
spectrophotometer (measured in relative fluorescence units
[RFU]),42 one construct was assigned to evaluate changes in
type I collagen and glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) gene expression using real-time qRT-PCR,43

and the remaining construct was failed in tension to de-
termine its linear stiffness.44 Stimulated (S) constructs were
stretched between 0% and 2.4% peak strain27 at 1 Hz for 20 s
followed by a 100-s rest period. This pattern was repeated for
5 h=day. Peak amplitude, frequency, and duty cycle were
chosen based on studies performed in our lab on the effects of
tensile stimulation on rabbit MSCs seeded in collagen scaf-
folds.43,44 The nonstimulated (NS) constructs served as con-
trols. The sample size of six animals was sufficient to detect a
30% treatment effect with an 80% power. Differences were
considered significant for p< 0.05.

Materials

Double transgenic mice

The mouse containing the transgene pOBCol3.6GFPtpz
was acquired courtesy of David Rowe, University of
Connecticut Health Center. This transgene contains a 3.6 kb
fragment of the rat col1a1 promoter, enhancer sequence, and
GFP-T. GFP-T expression in these transgenic mice is evident
in skin, tendon, and osseous tissues.37

Table 1. Treatment Conditions, Response Measures, and Assignment of Constructs

Treatment conditions
Constructs=treatment

condition=animal
Response measures (assignment

of constructs)

Day 0 nonstimulated 3 Gene expression by qRT-PCR (n¼ 1)
Gene expression by RFUs (n¼ 1)
Linear stiffness (n¼ 1)

Day 7 stimulated 3 Gene expression by qRT-PCR (n¼ 1)
Gene expression by RFUs (n¼ 1)
Linear stiffness (n¼ 1)

Day 7 nonstimulated 3 Gene expression by qRT-PCR (n¼ 1)
Gene expression by RFUs (n¼ 1)
Linear stiffness (n¼ 1)

Day 14 stimulated 3 Gene expression by qRT-PCR (n¼ 1)
Gene expression by RFUs (n¼ 1)
Linear stiffness (n¼ 1)

Day 14 nonstimulated 3 Gene expression by qRT-PCR (n¼ 1)
Gene expression by RFUs (n¼ 1)
Linear stiffness (n¼ 1)
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Plasmid pCol2-ECFP was derived by replacing the b-gal
gene with ECFP (Clontech, Palo Alto, CA), in the expression
gene containing the mouse type II collagen promoter and
enhancer45 (provided by W. Horton, Northeastern Ohio Col-
lege of Medicine). This pCol2-ECFP construct was injected into
mice blastocysts. Founder mice showed high levels of ECFP
expression in cartilaginous tissue.

Mice transgenic for either pOBCol3.6GFPtpz or pCol2-
ECFP were then bred to produce double transgenic animals.
No apparent phenotypic differences were observed between
the double and nontransgenic mice. Both GFP-T and ECFP
have a 24-h half-life, which indicates that fluorescence decays
to half of its original by 24 h.

Mesenchymal stem cells

Mice were euthanized by CO2 according to Institutional
Animal Care and Use Committee (IACUC) protocols. Their
long bones were excised, transected, and placed in adapted
centrifuge tubes.40 Marrow was extracted by centrifugation
for 1 min at 400 g. Extracted cells were plated at 7.5�106

cells=100 mm dishes and fed media with supplements (Me-
senCult� Basal Medium for Mouse Mesenchymal Stem Cells
and Mouse Mesenchymal Stem Cell Stimulatory Supple-
ments; Stem Cell Technologies, Vancouver, Canada). Cells
were allowed to attach for 2 days, washed with phosphate-
buffered saline (PBS; Gibco BRL=Life Technologies, Gai-
thersburg, MD) to remove nonadherent cells, and fed fresh
media. Adherent cells were allowed to grow for 7–10 days
before first passage. Cells were then trypsinized and replated
at 1�106 cells=100 mm dishes and cultured for 1 additional
week. Cells at P2 and P3 were then subcultured at a density of
1�106 cells=100 mm dish and cultured for another week.

Scaffold and construct preparation

Sterilized collagen type I sponges (94% pore volume; 62mm
mean pore diameter) were provided by Kensey Nash Cor-
poration. Scaffolds were cut from these sponges such that they
fit in the wells of a silicone dish.44 Before seeding with cells,
each scaffold was soaked overnight in PBS and then placed in
each well of the dish. MSCs were suspended in media at a
concentration of 2�106 cells=mL. Two hundred fifty microli-
ters of this cell suspension was pipetted on top of each scaf-
fold. All constructs were placed in an incubator (Steri-Cult
Model 3033; Forma Scientific, Marietta, OH; 378C, 5% CO2,
and 95% relative humidity) for 2 weeks and fed three times
weekly with advanced DMEM, 1% antibiotic=antimycotic, 1%
glutamax, and 10% FBS.

Methods

Mechanical stimulation

After 2 days of incubation, the silicone dishes containing
the constructs to be stimulated were placed into a computer-
controlled five-station pneumatic mechanical stimulation sys-
tem housed within an incubator (Steri-Cult Model 3033; Forma
Scientific)44 and stretched using the pattern described in Ex-
perimental Design section. Dishes were removed from the
incubator after either 7 or 14 days, and constructs were then
prepared for either evaluation of gene expression using fluo-
rescence analysis and qRT-PCR or failure testing in tension.

Fluorescence microscopy

Each construct was washed in PBS for 1 h with gentle shak-
ing to remove media and then visualized for GFP-T fluores-
cence in a fluorescence microscope (Axiovert 25; Carl Zeiss,
Göttingen, Germany) equipped with filter sets for visualizing
GFP-T and ECFP (XF104-2 and XF114-2, respectively; Omega,
Brattleboro, VT). To rule out cell auto-fluorescence, each con-
struct was also visualized for rhodamine using a specific
filter set (11002VZ; Chroma, Rockingham, VT).

Spectrophotometric analysis

After imaging, constructs were digested for 40 min in 4 mL
of 100 U=mL type I collagenase (Sigma Chemical, St. Louis,
MO) in an incubator with gentle shaking. The resulting col-
lagen fragments were further digested for 20 min in 2 mL of
trypsin (Invitrogen–Gibco BRL=Life Technologies, Gaithers-
burg, MD). Digests were then centrifuged at 2000 rpm for
6 min, and the supernatant was discarded. The remaining
pellets were re-suspended in 1 mL of PBS and filtered using a
100mm nylon mesh (BD Falcon, Bedford, MA). These digests
were then pipetted into a black-bottom microplate (200mL
per well in three wells). GFP-T fluorescence in these digests
was quantified in RFUs42 by reading the microplate in a
spectrophotometer (Spectra Max M2; Molecular Devices,
Sunnyvale, CA) using an excitation wavelength of 491 nm
and an emission wavelength of 529 nm, with a cut off filter of
519 nm. Pilot studies on GFP-T expressing fibroblasts har-
vested from the ribs of new born mice did not show any
qualitative differences in GFP-T fluorescence when subjected
to the above-mentioned collagenase, trypsin digestion and
filtration steps.

RNA extraction and conventional
gene expression analysis

RNA extraction and conventional gene expression analysis
were performed according to previously published protocols.43

Briefly, the constructs were stored in RNAlater (Qiagen, Va-
lencia, CA) for 2 days at �48C. The RNAlater was aspirated
carefully, and the constructs were frozen in liquid nitrogen to
prevent RNA degradation. RNA from each construct was ex-
tracted using an RNeasy mini kit (Qiagen). Conventional RT
reaction (MuLV reverse transcriptase; Applied Biosystems, Fos-
ter City, CA) was performed43 to create first-strand comple-
mentary deoxyribonucleic acid (cDNA). Mouse-specific primers
were used for type I collagen and GAPDH gene expression. The
forward and reverse primer sequences and the resultant products
are summarized in Table 2. Before use in the experiment, all
primers were tested under conventional and real-time qRT-PCR
conditions to ensure specificity with only one band by electro-
phoresis. The conventional PCR of the reverse-transcribed RNA
was performed according to previously published protocols.43

The amplified products were verified by 2% agarose gel electro-
phoresis in Tris-acetate-EDTA and SYBR safe DNA gel stain
(Invitrogen–Molecular Probes, Eugene, OR).

Real-time qRT-PCR

Real-time qRT-PCR was performed to quantify mRNA lev-
els of the genes according to previously published protocols.43

qRT-PCR was performed by monitoring SYBR Green fluores-
cent dye (SYBR Green PCR master mix; Applied Biosystems)
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bound to double-strand DNA with a continuous fluorescence
detector (DNA Engine Opticon 2 System; MJ Research In-
corporated, Waltham, MA). All samples were run in duplicate
since differences in cycle number values between samples were
less than 0.3 cycles. Standard curves were created for each target
gene to quantify gene expression for each cell–sponge construct.
The absolute amount of the corresponding gene mRNA in each
construct was obtained from the corresponding gene standard
curve. Gene expression was normalized by calculating the ratio
between type I collagen and GAPDH genes for each sample.

Biomechanical evaluation of the constructs

After 0, 7, or 14 days in culture, constructs for biomechanical
analysis were placed in cryovials and frozen at �808C. On the
day of testing, constructs were removed from the freezer and
thawed to room temperature. Small squares of gauze were
used to cover the postholes in each end of the constructs. These
gauzes provided a surface that would minimize slippage and
the premature failure of the specimens in the grips. Constructs
were inserted into custom grips in a materials testing system
(100R6; Testresources, Shakopee, MN) and fixed at a gauge
length of 12 mm to minimize Saint Venant’s gripping effects on
specimen properties.46 The specimens were then failed under
displacement control at a rate of 10%=s in a PBS bath at room
temperature.20 Linear stiffness was calculated from the linear
region of the force–elongation curve generated by the con-
structs during failure testing.

Statistical analysis

The duplicate gene expression measures and triplicate RFU
measures for each cell line from each of the six mice were
averaged before statistical analysis. Gene expression and me-
chanical properties of the stimulated versus nonstimulated
stem cell–collagen sponge constructs were compared using a
mixed-effects model (SAS proc mixed) with culture time and
stimulation as fixed factors and animal as a random factor.47

All conclusions regarding the significance of mechanical
stimulation on gene expression and mechanical properties
were made for p< 0.05.

Results

Cells did not fluoresce in any of the constructs at day 0.
However, GFP-T fluorescent cells were found in all 7- and
14-day constructs. No fluorescence signal was evident when
using the ECFP and rhodamine filter sets, indicating the spec-
ificity of the GFP-T signal and the lack of detectable levels of
type II collagen gene expression, even in the end regions
where the construct attaches to the posts. The fluorescing cells
appeared elongated in all constructs at both time periods of
stimulation (Fig. 1A–D). Elongated cells in both the controls

(Fig. 1A, C) and the S constructs (Fig. 1B, D) were randomly
oriented with respect to the direction of applied tensile strain.

Tensile stimulation significantly increased measured RFU
values at both time points. At day 7, RFU values in the S con-
structs increased by 2.2-fold compared to those for the NS
constructs ( p¼ 0.0002) (Fig. 2). At day 14, RFU values in the S
constructs increased by 1.5-fold compared to those for the
NS constructs ( p¼ 0.01) (Fig. 2). RFU values for the S versus
NS construct groups averaged 6.3� 0.22 versus 2.8� 0.69 at
day 7 and 4.63� 0.16 versus 3.04� 0.97 at day 14 (mean� SD).
No difference was seen between NS constructs at days 7 and 14
( p> 0.5) (Fig. 2). There was a significant decrease in RFUs in S
constructs between days 7 and 14 ( p¼ 0.0001) (Fig. 2).

Seven and 14 days of in vitro mechanical stimulation sig-
nificantly increased type I collagen gene expression in stem
cell–collagen sponge constructs measured using qRT-PCR. S
constructs showed a 12-fold increase in type I collagen gene
expression ( p¼ 0.001) relative to NS controls at day 7 and a
5-fold increase at day 14 ( p¼ 0.01) (Fig. 3). Type I collagen
gene expression as measured by qRT-PCR for the S versus
NS construct groups averaged 7.8� 2.6 versus 0.6� 0.5 at day
7 and 2.8� 1.1 versus 0.5� 0.4 at day 14 (mean� SD). No
difference was seen between NS constructs at days 7 and 14
( p> 0.5) (Fig. 3), but there was a significant decrease in type I
collagen gene expression in the S constructs between days 7
and 14 ( p¼ 0.005) (Fig. 3). Mechanical stimulation did not
significantly increase GAPDH gene expression ( p> 0.5) at day
7 or 14 in culture. GAPDH values for the S versus NS construct
groups averaged 5.8 E-07� 1.7 E-07 versus 5.6 E-07� 1.3 E-07
at day 7 and 5.4 E-07� 1.4 E-07 versus 5.3 E-07� 1.2 E-07 at
day 14 (mean� SD). The GAPDH values for day 0 constructs
were 5.8 E-07� 1.7 E-07. The results from qRT-PCR and
fluorescence analysis were positively correlated (R2¼ 0.79;
Fig. 4). The slope of the linear regression curve was 0.56.

Both 7 and 14 days of tensile stimulation increased the
construct’s linear stiffness compared to NS constructs, but had
no effect on dimensions ( p> 0.05; Table 3). S constructs
showed a 2.3-fold increase in linear stiffness ( p¼ 0.0006) rel-
ative to NS controls at day 7 and a 1.6-fold increase at day 14
( p¼ 0.003) (Fig. 5). Linear stiffness for the S versus NS con-
struct groups averaged 0.035� 0.006 N=mm versus 0.015�
0.003 N=mm at day 7 and 0.029� 0.004 N=mm versus 0.0175�
0.4 N=mm at day 14 (mean� SD). No difference was seen
between NS constructs at days 7 and 14 ( p¼ 0.1) (Fig. 5).
Tensile stiffness values of both 7- and 14-day constructs were
significantly less than the corresponding stiffness values of
day 0 constructs ( p¼ 0.005) (Fig. 5).

Discussion

Understanding how to control matrix production and as-
sembly during culture is one of the primary objectives in
developing functional tissue-engineered replacements for

Table 2. Sequence of Primers Used for Gene Expression Analysis and Product Size in Base Pairs

Gene Primer sequence Product size (bp) Annealing temperature (8C)

Collagen I TGT GTG CGA TGA CGT GCA AT 132 58
GGG TCC CTC GAC TCC TAC A

GAPDH AAT GGT GAA GGT CGG TGT G 200 55
CCT TCG GGT AGT GGT AGA AG
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FIG. 1. Elongated GFP-T fluorescent cells in (A) nonstimulated constructs and (B) stimulated constructs at day 7 as well as
(C) nonstimulated constructs and (D) stimulated constructs at day 14. Original magnification,�10. Greater fluorescence was
observed in the stimulated versus nonstimulated control constructs at 7 days. Color images available online at www
.liebertonline.com=ten.

FIG. 2. Tensile stimulation increased GFP-T expression by
RFUs. *Significantly different from nonstimulated (NS) con-
trols at same time interval ( p< 0.02). **Significantly different
from day 0 ( p< 0.00001). ***Significantly different from day
7 stimulated (S) constructs ( p< 0.0002). Data represented as
mean� standard deviations; n¼ 6 for all groups.

FIG. 3. Tensile stimulation increased type I collagen gene
expression by qRT-PCR. *Significantly different from non-
stimulated (NS) controls at same time interval ( p< 0.02).
**Significantly different from day 0 ( p< 0.0003). ***Sig-
nificantly different from day 7 stimulated (S) constructs
( p< 0.006). Data represented as means� standard deviations;
n¼ 6 for all groups.
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load-bearing connective tissues.25 Although externally ap-
plied deformations have been shown to strengthen tissue-
engineered constructs,29–32,48 long culture times are typically
required for cells to synthesize enough matrix to improve
resulting mechanical properties that can remotely approach
the levels of the native tissue. This slow process could reflect
the fact that mechanical stimuli have yet to be optimized for
inducing such cellular-based benefits. In particular, we still
know little about how various components of the stimula-
tion profile (e.g., strain amplitude, frequency, and duty cycle)
affect construct quality and functionality in culture and
after surgery. We do know, however, that determining the
importance of each component can be a very expensive and
time-consuming process. Therefore, a strategy to evaluate
how these factors influence the production of extracellular
matrix components like type I (tendon and ligament mid-
substance) or type II collagen (soft tissue insertions, articular
cartilage, meniscus, and intervertebral disc) would appear to
be a very beneficial step in this development effort. It was for
these reasons that we bred the double transgenic mouse
model for the current study. By using this fluorescence tech-
nology, we could repeatedly track changes in gene expression
during rest periods between bouts of mechanical stimulation
in culture rather than use destructive microarray or qRT-PCR
techniques that could only detect final changes after stimu-
lation. Also, this technology provides a unique way to detect
near real-time changes in expression in culture by one or both
of these genes and to readjust the mechanical signal applied to

the evolving construct to obtain the desired spatial and tem-
poral gene expression patterns.

This study utilizing MSCs harvested from these mice was
designed to evaluate the effects of uniaxial tension on gene
expression and biomechanics in cell–collagen constructs. We
hypothesized that (1) mechanical stimulation would increase
type I collagen gene expression as well as linear stiffness and
(2) the fluorescence data and qRT-PCR data would be posi-
tively correlated. In our study, we found that tensile stimu-
lation increased GFP-T fluorescence and type I collagen gene
expression compared to controls, thus validating the first part
of our hypothesis. The increases in both measures (Figs. 2 and
3) that we observed in S constructs reinforce the importance of
stimulating a cell–scaffold construct with a defined mechan-
ical signal in a cell culture system. The fact that the tensile
stimulus chosen in this study significantly increased GFP-T
fluorescence in the construct’s cells without affecting ECFP
activity suggests that tensile stimulation did not affect colla-
gen type II gene expression.

Several reasons could explain the increases in GFP-T fluo-
rescence (type I collagen gene expression) we observed after 7
and 14 days of tensile stimulation. Tensile strains are known
to trigger the creation of cell–surface stretch receptors and
integrins, activating a cascade of genes responsible for the
synthesis and secretion of extracellular matrix components.49

Of course, the stimulus we applied may have also produced
other cellular changes (cell proliferation, mass transfer rates of
nutrients, metabolites, and waste materials,50 and expression
and synthesis of various growth factors and cytokines), some
of which are known to be sensitive to mechanical stimula-
tion.51–54 Several of these factors will be examined in greater
detail now that we have demonstrated a significant positive
effect of mechanical stimulation on gene expression in this
model system.

Our findings are generally consistent with previous re-
ports examining how tensile stimulation affects gene expres-
sion of cells and cell-based constructs, although the specific
treatments, conditions, and response measures vary greatly
among studies. Investigators using human fibroblasts32,55,56 as

FIG. 4. Type I collagen gene expression as measured by
RFUs and by qRT-PCR were positively correlated (R2¼ 0.79).
Each point represents the average of six samples (means�
standard deviations). Circle denotes day-0 constructs, tri-
angles denote nonstimulated constructs, and squares denote
stimulated constructs.

Table 3. Tensile Stimulation Did Not Significantly

Affect Construct Dimensions ( p> 0.05)

Evaluation time
points

Length
(mm)

Width
(mm)

Thickness
(mm)

Day 0 23.2� 0.5 8.5� 0.7 2.7� 0.1
Day 7 stimulated 23.8� 0.4 8.3� 0.5 2.6� 0.4
Day 7 nonstimulated 23.1� 0.6 8.1� 0.5 2.5� 0.5
Day 14 stimulated 23.6� 0.3 8.0� 0.6 2.5� 0.5
Day 14 nonstimulated 23.2� 0.4 8.1� 0.9 2.4� 0.5

Shown are means� standard deviations for all three parameters.

FIG. 5. Tensile stimulation increased linear stiffness. *Sig-
nificantly different from nonstimulated controls at same time
interval ( p< 0.004). **Significantly different from day 0
( p< 0.0005). ***Significantly different from day 7 stimulated
( p< 0.05). Data represented as means� standard deviations;
n¼ 6 for all groups.
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well as human mesenchymal23,57 and human and bovine
stromal cells50 have demonstrated positive effects of mechan-
ical stimulation on type I collagen gene expression and pro-
tein synthesis. However, these studies were conducted either
using cells on monolayer57 or after placing cells in three-
dimensional polyurethanes32 and collagen gels.23,50 These
differences in local matrix environment can be important
to driving cell phenotype and gene expression patterns. The
2.4% peak strain that we delivered in the current study is far
less than the 5% and 10%32,55–57 peak strain treatments used by
other groups and not as complex as reported biaxial strain
patterns.50 While the studies by Park et al.57 and Noth et al.23

matched the frequency (1 Hz) delivered in our study and the
14-day treatment assessment23,50 was identical to our time in-
terval, other aspects of these studies differed markedly. In fact,
direct comparison of our results to those used by other inves-
tigators was difficult given the broad range of frequencies
(0.0167 Hz,50 0.25 Hz,55 and 0.167 Hz56) and time assessment
periods (from 6 to 24 h)32,55–57 reported in the literature. Studies
will ultimately need to either limit these stimulation conditions
across studies or examine the interactive effects of these treat-
ment components if we are to understand how to control and
optimize gene and protein expression in tissue engineering.

Our findings are also different from a previous study in the
literature.50 Although Altman et al.50 examined mechanically
induced changes in gene expression using stem cells over the
same time interval used in the current study, they used col-
lagen gels rather than sponges, and found that tensile stim-
ulation significantly increased type I collagen gene expression
at day 14 but not at day 7. Such differences between our two
outcomes could be due to different cell sources (bovine vs.
murine) or mechanical strain patterns (combined axial and
torsional strains vs. uniaxial tensile strains), although other
differences may have also contributed. For example, a cell’s
biosynthetic activity is strongly related to its ability to attach
to its collagen scaffold.58–63 Once accomplished, subsequent
collagen synthesis within these three-dimensional collagen
lattices is then regulated by transcriptional and posttran-
scriptional mechanisms mediated by a and b integrins.61

Similarly, synthetic scaffolds can also provide a conducive
environment, as shown by Chastain et al.,64 who found in-
creases in a6 and b6 gene expression over a 5-week culture
period using MSCs deposited in PLGA scaffolds. Regardless
of scaffold type, increases in type I collagen gene expression
will clearly require the appropriate signals and microen-
vironment for effective cell-based therapy.

We also found in this study that collagen type I gene ex-
pression measured using real-time qRT-PCR and fluorescence
analysis were positively correlated (Fig. 4), thus validating our
second hypothesis. This correlation serves as a validation for
using fluorescence as an indicator of average gene expression
within tissue-engineered constructs. Additional correlations of
this type may soon allow investigators to use fluorescence as a
reasonable estimate of expression of genes like type II collagen
than using more traditional approaches like qRT-PCR. These
correlations may also be possible at even finer levels in the
tissue-engineered constructs, including expression by groups
of cells or even individual cells in the future.

We also found that applying both 7 and 14 days of ten-
sile stimulation increased the construct’s linear stiffness
compared to NS constructs in culture (Fig. 5) validating the
last part of our first hypothesis. Other investigators have

noted positive effects of stimulating collagen-based con-
structs on biomechanics as well as gene and protein ex-
pression using different cell types (tendon fibroblasts,65

smooth muscle cells,53 ligament fibroblasts,66 and MSCs50,57)
and methods of stimulation.50,53,55,57,65,66 Our results are also
similar to another study in our laboratory where mechanical
stimulation of rabbit MSCs in collagen sponge constructs not
only increased construct stiffness but also produced in-
creases in type I and III collagen mRNA expression using
qRT-PCR.43

Day-7 and day-14 constructs showed significantly lower
stiffness than day-0 constructs (Fig. 5). It has been shown that
when chondrocytes67 and fibroblasts68 are seeded in collagen-
based constructs, they produce matrix metallo proteinase
(MMPs) that degrade the collagen scaffold. It is plausible that
in our study the mouse MSCs also produced MMPs that de-
graded the collagen scaffold and, in turn, decreased its stiff-
ness. Such decreases in stiffness are likely offset by tensile
stimulation. In the future, we plan also to monitor MMP
production in our stimulated and control constructs.

The stiffness of our constructs is still orders of magnitude
less than that of that of native tendons44 and hence cannot
currently replace the entire ruptured tendon. Instead, we
have been using these constructs for biological augmentation
in a load-protected regime to repair central defect injuries to
the rabbit patellar tendon. Implanting such stimulated cell–
scaffolds in vivo can speed up the repair process as the cells
are already acclimatized in vitro to some of the deformations
that they might experience in vivo. Further, these cells are
already synthesizing type I collagen in vitro and might fill
the repair site much faster. We have shown that such com-
pliant constructs produce rabbit patellar tendon repairs
whose average stiffness is three orders of magnitude greater
than the stiffness of initial constructs at surgery and capable
of matching the stiffness of normal patellar tendon up to
150% of peak in vivo force values.44

The results obtained from this study have the potential to
be translated to higher species such as humans. If we can
demonstrate through in vitro studies that murine cell-based
constructs respond to mechanical stimuli (as well as chemical
stimuli) in ways similar to rabbit cell-based constructs by a
range of response measures, it is then our hope to be able to
apply the results of genetically based experiments in the
mouse to new therapies in larger animals where such tools do
not yet exist. The benefits that we formulate and test in lower
species and then validate in larger preclinical models can then
be translated to improved repair in humans.

Our study has limitations. (1) In this study we recorded
nondestructively the average effects of uniaxial tension on
GFP-T expression in MSCs. We are currently examining tech-
niques to measure fluorescence without destroying the con-
structs. (2) We did not quantify the number of fluorescing
cells. This prevented us from distinguishing whether the
increases in fluorescence were due to increased numbers of
fluorescing cells and=or increased production of GFP-T by
already fluorescing cells. Determining which of these effects
predominates will require more local recordings of gene
expression at the individual cell level combined with in situ
hybridization. Fluorescing cells could also be counted in
a nondestructive way by applying statistical methods if
we had the optical systems that could scan through the
entire depth of the opaque constructs. (3) We selected each
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fluorescent protein to have a 24-h half-life, thus providing
near, rather than actual, real-time gene expression. While it
would have been ideal to have instantaneous feedback of gene
upregulation much like a conventional transducer, the longer
period ensured that we could detect measurable changes in
fluorescence before signal dissipation. (4) Cell viability within
the constructs was not determined. Diminished cell viability in
individual constructs could have adversely affected our RFU
results for GFP-T fluorescence and thus increased interspeci-
men variability. (5) This method of fluorescence analysis is
limited to the specific transgenic species described with two
modified fluorescent proteins. (6) We chose to measure only
the construct’s linear stiffness because we were concerned that
the lower aspect ratio of 2:1 (less than the ideal ratio of 3:1 to
avoid St. Venant effects) might alter the structure’s failure
properties. (7) These constructs can only be used to repair
tendons in a load-protected regime. We are currently investi-
gating ways to further improve the stiffness of our constructs.

In conclusion, this study has demonstrated that short-term
tensile stimulation increases type I collagen gene expression
and linear stiffness of murine stem cell–collagen sponge con-
structs, and that two measures used to track changes in type I
collagen gene expression are correlated. Future studies will
focus on optimizing the effects of these in vitro signal com-
ponents on expression of the type I collagen gene and the
degree to which they affect construct and then repair biome-
chanics. Given that construct stiffness is positively corre-
lated with repair stiffness after implanting rabbit autologous
MSC–collagen constructs in patellar tendon defects,44 our
efforts to optimize stiffness in culture might also positively
impact tendon repair biomechanics and gene expression
across multiple species and injury scenarios. We also envision
that once optical technologies have been developed to visu-
alize fluorescence in opaque constructs in a bioreactor at
magnifications consistent with light microscopy, we and
others should be capable of tracking real-time, local changes
in gene fluorescence. Ultimately, we hope to speed tendon
repair and match the tangent stiffness of normal tendons to
levels well above peak in vivo force levels.44
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