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Gene Regulation ex Vivo within a Wrap-Around Tendon
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ABSTRACT

This study tested the hypothesis that physiologic tendon loading modulates the fibrous connective tissue
phenotype in undifferentiated skeletal cells. Type I collagen sponges containing human bone marrow
stromal cells (MSCs) were implanted into the midsubstance of excised sheep patellar tendons. An ex vivo
loading system was designed to cyclically stretch each tendon from 0 to 5% at 1.0 Hz. The MSC-sponge
constructs were implanted into 2 tendon sites: the first site subjected to tension only and a second site
located at an artificially created wrap-around region in which an additional compressive stress was
generated transverse to the longitudinal axis of the tendon. The induced contact pressure at the wrap-
around site was 0.55 +0.12 MPa, as quantified by pressure-sensitive film. An MSC-sponge construct was
maintained free swelling in the same bath as an unloaded control. After 2h of tendon stretching, the
MSC-sponge constructs were harvested and real-time PCR was used to quantify Fos, Sox9, Cbfal
(Runx2), and scleraxis mRNA expression as markers of skeletal differentiation. Two hours of mechanical
loading distinctly altered MSC differentiation in the wrap-around region and the tensile-only region, as
evidenced by differences in Fos and Sox9 mRNA expression. Expression of Fos mRNA was 13 and 52
times higher in the tensile-only and wrap-around regions, respectively, compared to the free-swelling
controls. Expression of Sox9 mRNA was significantly higher (2.5-3 times) in MSCs from the wrap-
around region compared to those from the tensile-only region or in free-swelling controls. In contrast,
expression levels for Cbfal did not differ among constructs. Scleraxis mRNA was not detected in any
construct. This study demonstrates that the physiologic mechanical environment in the wrap-around
regions of tendons provides stimuli for upregulating early response genes and transcription factors
associated with chondrogenic differentiation. These differentiation responses begin within as little as 2h
after the onset of mechanical stimulation and may be the basis for the formation of fibrocartilage that is
typically found in the wrap-around region of mature tendons in vivo.

INTRODUCTION

REGIONS OF FIBROCARTILAGE IN MATURE TENDONS exhibit
various levels of cartilaginous matrix proteins.' This
fibrocartilage morphology is typically localized to 2 distinct
regions in tendons: the “wrap-around” region where ten-
dons contact and wrap around bony pulleys' (Fig. 1) and

the tendon enthesis, where tendons insert into bones. In a
wrap-around region, contact against the hard bony surface
introduces a mechanical environment that is significantly
different than that found in the rest of the tendon, in which
the only external loads are tensile and thus longitudinal
tensile stresses dominate. The application of compressive
stress perpendicular to the fiber direction of the tendon in
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FIG. 1.

Histologic section of a typical wrap-around tendon: the
rabbit flexor digitorum profundus tendon. Fibrocartilage (FC)
develops where the tendon contacts the bony pulley (B). Modified
from Giori er al.”

the wrap-around scenario, when superimposed on the ten-
sile stress that persists along the entire tendon length,
generates local hydrostatic pressure near the contact sur-
face, as shown in a number of theoretical mechanical
models of wrap-around tendons.>?

Continued exposure to this unique mechanical environ-
ment is necessary to sustain the fibrocartilage phenotype in
wrap-around tendons. In animal studies in which wrap-
around tendons have been translocated so that the tendons
no longer contact bone, fibrocartilage disappeared within 4
weeks and the region took on the appearance of normal
fibrous tissue.*> Most of these changes were reversed when
the tendon was replaced in its original location. Altering the
path and natural loading history of the tendon removes
potential signals that seem to be responsible for maintain-
ing the fibrocartilage phenotype. These signals may be me-
chanical, biochemical, or a combination of the two.

The role of mechanical loading in maintaining fibro-
cartilage has been studied further in vitro,6 where incubation
of fibrocartilage explants in the absence of mechanical sti-
mulation led to the loss of the cartilaginous characteristics
over time. However, the application of cyclic compression
sustained the cartilaginous phenotype, as judged by the
synthesis of large proteoglycans.

There are indications that even during skeletal develop-
ment, mechanical compression can provide differentiation
signals for fibrochondrocytes. Cultured fetal tendon seg-
ments increased aggrecan gene expression’ and synthesis
of proteoglycans®® when subjected to compressive loads
in vitro, although the newly synthesized proteoglycan was
rapidly lost.” This finding indicates that gene expression
and protein synthesis of tendon precursor cells can be in-
duced to adopt a fibrochondrocyte-like identity in vitro by
the compressive component of stress.

In the present study, we hypothesized that the physio-
logic mechanical environment within the wrap-around re-
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gion of a tendon provides the necessary stimuli to induce
undifferentiated stromal cells, seeded into a type I collagen
sponge, to alter their expression of selected genes asso-
ciated with skeletal differentiation (Fos, Sox9, Cbfal [or
Runx2], and scleraxis), compared with identical constructs
located within a non—wrap-around (tension-only) region of
the tendon and compared with unloaded controls.

MATERIALS AND METHODS

Tendon harvest

Knees from 1- to 1.5-year-old lambs were obtained from
a local abattoir. Intact patellar tendons (typically 54 mm
longx 16 mm widex3 mm thick) were harvested together
with small (~1cm?®) portions of their patellar and tibial
attachments using a bone saw with an autoclaved blade
while continuously irrigated with calcium- and magnesium-
free phosphate-buffered saline (PBS) supplemented with
100 U/mL penicillin and 100 pg/mL streptomycin (Invitro-
gen Life Technologies, Carlsbad, CA). The epitendon mem-
brane was left intact. Tendons were stored at —20°C to
devitalize endogenous cells.

Marrow stromal cell culture and seeding

Cryopreserved marrow stromal cells (MSCs; Cambrex,
East Rutherford, NJ) were expanded in monolayer culture
in medium (Cambrex) designed to maintain their plur-
ipotency. After an additional passage, the MSCs were try-
psinized at near-confluency and a suspension containing 5
million cells/mL. medium was prepared. Type I collagen
scaffolds (Helistat; Integra Lifesciences Corporation, San
Diego, CA) were trimmed to approximately 10x10x2 mm®
blocks using a sterile scalpel. Blocks were distributed into
individual wells of a 24-well tissue culture plate. Two hun-
dred pL of the MSC suspension was injected into each
scaffold via a syringe fitted with an 18-G needle, yielding
an initial construct cellularity of ~5 million MSC/cm?.
Following 1 h of incubation at 37°C, an additional 2 mL of
medium was added and MSCs were allowed to attach to
scaffolds for at least 24 h in free-swelling culture before the
MSC-laden constructs were used for mechanical stimulation
studies. Residual cellular material on the culture wells was
recovered by incubation with PBS including 500 pg/mL
proteinase K (Roche Diagnostics, Palo Alto, CA) and
analyzed later for DNA to quantify the number of cells that
did not stably attach to the scaffolds and subsequently
proliferated on the tissue culture plastic.

Implantation of constructs

Two independent partial-thickness slits, roughly 11 mm
widex 11 mm deep and spaced ~10mm apart, were cre-
ated along either the medial or lateral edge of the patellar
tendons (Fig. 2A) by making a superficial cut with a scalpel
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FIG. 2. Implantation and mechanical stimulation of an MSC

construct within the wrap-around region of patellar tendon ex vivo,
compared with free-swelling and implanted control constructs.
(A) Slits cut into the side of tendons to be implantation sites for
constructs. (B) Schematic of the tendon specimens mounted into a
custom-designed loading chamber and subjected to 5% cyclic
tensile stretch while maintaining a wrap-around configuration is
shown. Maximum pressure at the wrap-around region was 0.55 £+
0.12 MPa.

blade (about 3—4 mm deep), then extending the cut by blunt
dissection using the scalpel handle. Constructs were gently
inserted into the slits while bathed in medium, and the
openings to the slits were closed by a running suture (3-0
braided silk; Ethicon, Warsaw, IN).

Tendon loading ex vivo

Tendons were held by their bony attachments using
polysulfone fixtures (Fig. 2B). The fixtures held the tendons
via 4.7-mm-wide slits, and the mounted tendon was main-
tained in a custom-designed culture chamber such that the
anterior surface of the tendon was pressed against a 9.7-mm-
diameter dowel fashioned out of ultra high-molecular-
weight polyethylene. The dowel was mounted on a
polysulfone pedestal and maintained the typical tendon at
an inside bend angle of ~120° at 1 of the 2 implant sites
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(Fig. 2B). The fixture closer to the dowel’s pedestal was
stationary, whereas the other fixture was attached to a
stepper motor (Industrial Devices Corporation, Novato, CA)
programmed for cyclic horizontal linear translations. To
experimentally determine the relationship between the hor-
izontal motion of the motor and the strain imposed on a
mounted wrap-around tendon, a 3-mm-thick strip of silicone
rubber was attached to the back of a cloth tape measure and
mounted in the culture chamber to simulate the bent path
that would be traversed by a mounted tendon. The length of
the tendon path was measured over a range of motor posi-
tions, allowing for the generation of a calibration curve.
Regression analysis indicated that the resultant tendon
length was linearly proportional to the horizontal distance
between the fixtures (1220.97, n=9), with a slope of
0.7 mm tendon length/mm fixture-to-fixture distance. The
motor was then programmed for a cyclic horizontal trans-
lation of 3.92mm at 1Hz frequency, designed to stretch a
mounted tendon by 2.7 mm, which would be a nominal
tensile strain of 5% for the typical tendon of length 54 mm.

The culture chamber was filled with warmed medium
(100 mL) and housed in a standard incubator. Digital cali-
pers were used to measure the resting length of the thawed
tendons, then they were placed in the polysulfone mounts
and the motorized clamp was advanced to the motor posi-
tion corresponding to the measured tendon length at rest.
The motor program was then initiated, imposing a nomi-
nal tendon stretch from O to 5% at a frequency of 1Hz.
As controls, other constructs were incubated free-swelling
in the same culture chamber. Following 2 h of mechanical
stimulation, sutures were cut and constructs were removed
for subsequent analysis using fine forceps. Each tendon was
used for as many as 5 sequential implantation experiments,
after a change of the bathing medium.

Confocal microscopy

Some constructs were imaged to assess MSC viability
and distribution following seeding and subsequent mechan-
ical stimulation. Constructs were incubated for 20 min
in PBS including 2.7 uM calcein AM (Molecular Probes,
Eugene, OR), which served as a fluorescent biomarker
for focal esterase activity. Constructs were then rinsed in
PBS and fixed in 10% neutral-buffered formalin (Sigma-
Aldrich, St. Louis, MO). Both frontal and sagittal (cross-
sectional) fluorescence confocal images were obtained
using an inverted microscope (Carl Zeiss, Thornwood, NY)
by placing fixed constructs either flat on a Petri dish or
leaning them vertically while immersed in PBS.

Pressure measurements during ex vivo
tendon loading

Pressure sensitive film was used to quantify the pres-
sure at the 2 implant sites within the tendon. Ultra low-
sensitivity Pressurex film (Sensor Products, East Hanover,
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NIJ), with a specified range of 0.19-0.59 MPa, was carefully
trimmed into 25-mm” square segments and sandwiched
between two 100-mm? squares of transparent tape (3M, St.
Paul, MN) to produce waterproof pressure sensors. In some
experiments, pressure sensors were inserted into the tendon
slits instead of MSC constructs to quantify the level of com-
pressive stress imposed by the wrap-around configuration.
Following 2 h of tendon stretching as described, the sutures
were cut and sensors were removed from both slits.

Once tested within the ex vivo tendon system, the trans-
parent tape was separated from each pressure sensor and the
film segments were digitized to 8-bit grayscale using a
flatbed scanner (Epson 1240U, Long Beach, CA). Image
analysis was performed using ImageJ (NIH, Bethesda, MD)
by selecting a central 4x4 mm region in the film and re-
cording the average pixel intensity.

For calibration, pressure sensors were sandwiched be-
tween 2 pieces of silicon rubber (1x1cm each) and sub-
jected to prescribed loads ranging from 14 to 68 N using a
mechanical testing system (858 Bionix; MTS Systems, Eden
Prairie, MN). The pixel intensity of digitized images of the
pressure-sensitive film was linearly related to the applied
stress between 0.1 and 0.7 MPa (p < 0.01, ?=0.89, n= 8).

Film retrieved from the wrap-around regions of loaded
tendons registered pressures of 0.55+0.12MPa (n=5). In
contrast, film retrieved from the implanted control site re-
gistered a significantly lower applied pressure of 0.13 £
0.02MPa (n=5; p <0.01).

In a previous study, a simple mechanical analysis was
performed in which a wrap-around tendon was approxi-
mated as a strap wrapped around a pulley.® In that study,
the contact pressure P generated between the tendon and the
pulley was given by P=T/(rxw), where T is the tensile
force applied at the ends of the tendon, w is the width of
the tendon, and r is the radius of the pulley. Using bio-
mechanical and geometric data from our current study (data
not shown), the contact pressure in our system was estimated
to be 0.68 +0.09 MPa. This was similar to the direct mea-
surements of compressive stress in the present study (0.55 £+
0.12 MPa).

DNA quantification

Some seeded constructs were digested immediately after
mechanical stimulation. The amount of DNA in proteinase
K digest solutions was quantified spectrofluorometrically
after binding with PicoGreen (Molecular Probes), as pre-
viously described,'®!'" using calf thymus DNA (Sigma-
Aldrich) as a standard.'?

RNA isolation and gene expression analysis

For gene expression studies, constructs were placed into
2-mL cryogenic vials immediately following mechanical
stimulation, capped, and then flash frozen by immersing the
vials in liquid nitrogen. Frozen constructs were weighed on a
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balance (Mettler AE240, Columbus, OH), cut into 4-5
pieces each using a chilled razor blade, and transferred to
individual 2-mL microfuge tubes containing 1 mL ice-cold
TriReagent (Sigma-Aldrich). Constructs were then homo-
genized for approximately 30 s into smaller particulates with
a homogenizer fitted with a 7.26-mm-diameter tip (Pro250;
Pro Scientific, Inc, Oxford, CT). The homogenate was cen-
trifuged for 10 min at 12,000 g at 4°C, and then RNA was
isolated from the clarified TriReagent supernatant, accord-
ing to the manufacturer’s instructions. Isolated RNA was
resuspended in water (diethylpyrocarbonate treated) and
analyzed by spectrophotometry (OD260 and OD280). Com-
plementary DNA (cDNA) was reverse transcribed with a
GeneAmp RNA PCR core kit (Roche Diagnostics) using
random hexamers at a final concentration of 50ng total
RNA/pL reaction volume. Real-time PCR was then used to
detect Fos, Sox9, Cbfal, or scleraxis mRNA, or 18S rRNA.
Commercial Tagman probes for real-time PCR were used
for Fos, Sox9, and Cbfal, and 18S, and primer sequences for
scleraxis were designed using Primer Express software
(Applied Biosystems, Foster City, CA) and were as follows:
forward 5'-3' CACTGTGTGATGGCATCTTGTG; reverse
5'-3 AGGAGGATGGGACCACCAA. The custom forward
and reverse PCR primers for scleraxis were obtained from
Qiagen (Valencia, CA). A separate master mix was made up
for each of the genes analyzed (based on either SYBR Green
Master Mix or Tagman Master Mix), with the final 5-pL
reaction containing the cDNA reverse transcribed from
2.8 ng of total RNA. The reaction volume was brought up to
13 pLL by the addition of light mineral oil and real-time PCR
was conducted in an ABI 7900HT in which the temperature
was held initially at 95°C for 10 min followed by 40 repeated
cycles of 95°C for 15 s and 60°C for 1 min. Gene expression
levels were determined relative to a standard curve gener-
ated by a dilution series of the same arbitrary sample for all
genes analyzed. The relative expression levels were then nor-
malized to the relative 18S rRNA content for each sample.

Statistical analysis

Gene expression data were normalized to sample 18S
rRNA content and expressed relative to that of free-swelling
constructs. Where necessary, expression data were further
log-transformed to improve homoscedasticity.'® Data are
presented as mean values +SEM and were analyzed by
ANOVA and Tukey post hoc testing, with experiment as a
random effect.

RESULTS

Cell seeding efficiency was determined by quantifying the
amount of DNA injected into the scaffolds and the amount of
DNA remaining in the culture wells 24 h after seeding. The
amount of DNA used to inject into the sponges was 9.2 £+
0.3pg (n=3). DNA analysis of the residual material
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collected from the culture wells used for seeding indicated
that 1.3£0.15pug DNA (n=37) remained on the culture
wells after 24 h. This DNA originated from MSCs that did
not attach stably to the scaffold and subsequently pro-
liferated on the floor of the seeding well. If the cells collected
from the culture wells were assumed to be completely
nonproliferative, seeding efficiency is estimated as 86%; if
any cell proliferation had occurred, the actual seeding effi-
ciency must have been higher.

Following 2h of tendon stretching in the wrap-around
loading chamber, constructs removed from both the implanted
control site and the compressed, wrap-around region were
significantly dehydrated. These constructs that had been im-
planted into the tendon took on a dry, flattened appearance,
contrasting with the soft, sponge-like form of the free-swelling
control samples. Indeed, after flash freezing the constructs
following the 2-h mechanical loading regime, implanted
controls and wrap-around constructs collectively had an
average wet weight of 36 £8mg (n=19), whereas free-
swelling constructs weighed 230 £ 15 mg (n = 18). However,
the wet weights of the implanted controls were not markedly
different than those from the wrap-around region (p =0.8).

2615

Constructs implanted into the wrap-around region of the
tendon had similar amounts of DNA following sample re-
covery compared to free-swelling control constructs
(8.67£0.45 and 9.47+0.21 pg, respectively; n=3, p=
0.18). Additionally, the total amount of RNA extracted
(7.2 £0.6 pg/construct; n=46) did not vary between im-
planted and free-swelling constructs ( p = 0.5). These results
suggest that implantation and compression did not induce
significant cell detachment from the scaffolds during the
tendon stretching.

Fluorescent viability stains indicated that the loading and
resulting dehydration also did not have a negative affect
on cell viability. MSCs appeared to be viable and well-
distributed within the constructs by confocal microscopy of
free-swelling control constructs in both frontal (Fig. 3A)
and sagittal views (Fig. 3C). Even after constructs were
compressed by implantation in the wrap-around region of a
stretched tendon, viable cells remained plentiful and well
distributed (Fig. 3B, D). In the case of the wrap-around
constructs, the scaffold had been visibly compressed to
about a thickness of roughly 100 um (Fig. 3D), and the cell
density was markedly higher than in the corresponding
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FIG. 3. Fluorescence microscopy of cell distribution and viability following seeding of cells into collagen scaffolds, implantation of
the cell-laden constructs into the midsubstance of tendons, and mechanically stretching of the tendons. Constructs were removed from
culture immediately after termination of tendon stretching and incubated in PBS containing calcein AM to stain for focal esterase
activity. Fixed constructs were imaged using confocal microscopy in the frontal plane after either (A) free-swelling culture or
(B) implantation in the wrap-around region of the tendon (original magnification 10x). Other samples were imaged after holding
constructs in a vertical orientation and using confocal microscopy to obtain (C) sagittal images of the live cells in free-swelling controls
and (D) wrap-around constructs (original magnification 5x). (D) The direction of tendon stretch (i.e., the longitudinal direction of the

tendon) is indicated.
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free-swelling controls (Fig. 3B), which had swelled nearly
50% over the 200-pm scaffold cut thickness.

Tendon loading had a significant effect on the levels
of Fos expression in the MSC constructs (Fig. 4 left; p <
0.001). Implantation in the tendon increased Fos mRNA in
implanted controls by 13 times compared with the free-
swelling controls (p < 0.001). The addition of mechanical
compression at the wrap-around region led to Fos tran-
scription that was 4 times greater than that in implanted
control samples (p < 0.01) and 53 times greater than that in
free-swelling constructs (p < 0.001).

Expression of the transcription factor Sox9 was also af-
fected by tendon loading (Fig. 4 middle; p = 0.003). Con-
structs implanted into the compressed region of tendons
expressed Sox9 mRNA at alevel ~ 3 times higher than those
implanted into the tensile-only regions (p < 0.05) or main-
tained free-swelling (p < 0.01). Expression of the osteo-
genic gene Cbfal showed no differences under these culture
conditions (Fig. 4 right; p=0.4). There was no detectable
scleraxis mRNA in any of the MSC constructs.

DISCUSSION

In this study, human MSCs seeded into type I collagen
sponges and implanted into 2 distinct regions of a tendon
ex vivo differentially transcribed Fos and Sox9, with mRNA
expression levels higher for both genes in the wrap-around
region, where a higher magnitude of compressive stress
was generated compared to tension-only regions. The me-
chanoregulation of these genes by physiologic loading was

Fos Sox9 Chbfat

ok

Relative mRNA Levels
(Normalized to 185)
w
=]
L

FIG. 4. Mechanical regulation of gene transcription in MSC
constructs implanted into stretched tendons ex vivo. Constructs
were incubated either free-swelling or after implantation into re-
gions of a tendon subjected to cyclic mechanical stretch (5% at 1 Hz)
in a wrap-around configuration. The effect of mechanical loading
in the wrap-around region on the expression of differentiation-
related genes was assessed following 2 h of tendon stretching by
using primers for Fos, Sox9, and Cbfal in real-time PCR.
*p <0.05; *¥p <0.01; ***p <0.001; n =8-9. Data are presented
as mean values = SEM.
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detected within 2h and may have implications for the
skeletal differentiation of MSCs.

Sox9 is a transcription factor thought to be responsible
for switching on a number of key matrix synthesis genes in
early chondrogenesis.'*'> The fact that Sox9 expression
levels were elevated only in the wrap-around region re-
inforces the view that chondrogenesis is regulated at least
in part by mechanical signals associated with the wrap-
around configuration, which includes a distinct hydrostatic
pressure component™> as well as solid compressive and
tensile stresses.'®'® The upregulation of Sox9 in this me-
chanical environment is qualitatively consistent with pre-
vious in vitro studies in which human MSCs in micromass
pellets were subjected to cyclic hydrostatic pressure]9 and
embryonic mouse limb bud MSCs were suspended in a 3D
collagen gel subjected to static compression,?® although
these studies showed stimulated Sox9 message after much
longer time points.

Fos is an early response gene regulated by the mechan-
osensitive mitogen activated protein kinases family (MAP
kinases).”! MAP kinase cascades play a regulatory role in
chondrogenesis®* perhaps by upregulating Sox9."> Induc-
tion of Fos plays a significant role in mediating mechan-
otransduction by its ability to dimerize with Jun to form the
transcription factor, AP-l,23 which binds shear-stress re-
sponsive promoters.>* Fos has been associated with growth
factor—induced chondrogenesis,25 where it was elevated in
the cells expressing collagen type II, indicating that this
transcription factors may be involved in the regulation of
cell differentiation.”® Overexpression of Fos has also in-
duced cell differentiation in isolated mouse stem cells.”’

We did not see any differences in the expression levels
for Cbfal among the 3 constructs. The lack of differences
in expression of Cbfal suggest that osteoblast differentia-
tion”®* or chondrocyte maturation®® was not modulated by
the different environments created in this particular ex vivo
system.

We did not see any detectable scleraxis expression, in-
dicating that the marrow-derived MSCs do not constitu-
tively produce scleraxis under our culture conditions. The
lack of detectable scleraxis expression also indicates that
the environment within the construct sites was either not
conducive to neotendon development or the single time
point studied was not appropriate.

This study presents direct evidence that the mechanical
environment of the wrap-around, compressed region in some
tendons can act as a stimulus for directing the differentia-
tion of skeletal progenitor cells towards a chondrogenic
pathway, a mechanism suggested by experimental obser-
vations™*! in which contact with a bony pulley was nec-
essary for maintaining the fibrocartilage phenotype. These
findings confirm the implications of the established litera-
ture which has relied thus far on inferring the mechanical
environment through mathematical models** and then ap-
plying distinct components of the mechanical environment
in well-controlled tendon explant experiments.®
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In this study, we elected to use constructs implanted into a
noncompressed region of the explanted tendon as implanted
controls to aid in interpreting the effects of the mechanical
environment in a wrap-around region. We also included a
free-swelling control group because the physicochemical
environment within the tendon substance may have been
substantially different than that in the surrounding bathing
medium. In addition to hindered nutritional transport owing
to the dense tendon substance, the presence of bioactive
signals originating from either the dense extracellular matrix
or the devitalized endogenous cells might have been con-
founding variables. These confounding variables may have
been responsible for the differences observed in the gene ex-
pression of responses in the free-swelling controls and the
implanted controls, most notably in the Fos response, where
implanted controls upregulated Fos by a factor of 4 (Fig. 4
left). However, mechanotransduction may have also played
a role. The mechanical environment to which constructs
implanted in the tensile-only region are exposed is difficult
to assess. Because constructs have not engrafted into the
host tissue at this early time point, the extent to which ten-
sile stretching of the tendon is transmitted to such implants,
if at all, is not clear. Furthermore, extension of tendons
is always accompanied by transverse compressive stress
(mathematically represented by a nonzero Poisson’s ratio™2),
and although pressure film readings demonstrated that
the magnitude of compressive stress in the tensile-only re-
gion was low compared to that in the wrap-around region, it
was enough to dehydrate the relatively soft constructs fol-
lowing implantation. Thus, like constructs implanted into
the wrap-around region, the implanted controls in the ten-
sile-only region were exposed to a complex state of mechan-
ical stress that may include both tensile and compressive
components. However, the findings in this study suggest
that the compressed region of a wrap-around tendon pres-
ents additional mechanical signals that are perceived by
MSCs and may be necessary for inducing a fibrocartilage
phenotype.

The level of loading in constructs implanted into the
wrap-around region of the tendon was comparable to that
used in previous in vitro studies, in which cyclic loads at
frequencies of 0.017 Hz with 0.544-MPa peak loads were
applied to fibrocartilage explants from adult bovine flexor
tendons.® The loading regime resulted in dynamic strains
ranging from 5 to 25% and was necessary to maintain a
fibrocartilage phenotype during extended culture, as judged
by the synthesis of large proteoglycans. Additional ex-
periments from the same research group used strain control
when applying cyclic strains of 30%, with findings that
continued to be consistent with the hypothesis that applied
compression could stimulate and maintain fibrocartilage.”™

Although the 3D state of stress and strain were not
completely defined in this model system, the observed
patterns of gene expression suggest that certain mechanical
conditions necessary for inducing a fibrocartilage pheno-
type could be artificially reproduced in an ex vivo system.*”
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These results are consistent with the existence of a cell-
based mechanism by which tendon morphology develops
to meet functional demands.’ Longer-term studies, both
in vitro and in vivo, would allow implanted constructs to
engraft into host tissue and could elucidate the morpholo-
gical consequences of sustained exposure to these physio-
logically relevant mechanical environments. Such findings
may have implications for tendon tissue engineering, in
which mechanobiology may facilitate the development of
specialized morphologies such as fibrocartilage.
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