
Physiological Loading of Tendons Induces Scleraxis Expression
in Epitenon Fibroblasts

Christopher L Mendias1,2,*, Jonathan P Gumucio1,2, Konstantin I Bakhurin3, Evan B
Lynch1, and Susan V Brooks3,4

1Orthopaedic Surgery, University of Michigan, Ann Arbor, 48109
2Kinesiology, University of Michigan, Ann Arbor, 48109
3Molecular & Integrative Physiology, University of Michigan, Ann Arbor, 48109
4Biomedical Engineering, University of Michigan, Ann Arbor, 48109

Abstract
Scleraxis is a bHLH transcription factor that plays a central role in promoting fibroblast
proliferation and matrix synthesis during the embryonic development of tendons. Mice with a
targeted inactivation of scleraxis (Scx−/−) fail to properly form limb tendons, but the role that
scleraxis has in regulating the growth and adaptation of tendons of adult organisms is unknown.
To determine if scleraxis expression changes in response to a physiological growth stimulus to
tendons, we subjected adult mice that express GFP under the control of the scleraxis promoter
(ScxGFP) to a six week treadmill training program designed to induce adaptive growth in Achilles
tendons. Age matched sedentary ScxGFP mice were used as controls. Scleraxis expression was
sparsely observed in the epitenon region of sedentary mice, but in response to treadmill training,
scleraxis was robustly expressed in fibroblasts that appeared to be emerging from the epitenon and
migrating into the superficial regions of tendon fascicles. Treadmill training also led to an increase
in scleraxis, tenomodulin, and type I collagen gene expression as measured by qPCR. These
results suggest that in addition to regulating the embryonic formation of limb tendons, scleraxis
also appears to play an important role in the adaptation of adult tendons to physiological loading.
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Introduction
Tendons are connective tissue structures responsible for the transmission of the force
developed by muscles to bones, and thus enable the contraction of muscles to lead to joint
movements and locomotion. Tendon tissue has a dense connective tissue matrix that is
composed mainly of type I collagen, as well as type III collagen, elastin, and various
proteoglycans [1]. Fibroblasts, which occupy space between collagen fibrils in tendons, are
the major cellular component of tendons and are responsible for the maintenance, repair, and
modification of tendon extracellular matrix (ECM) [2]. Physiological loading of tendons
leads to increases in tendon mass, cross-sectional area (CSA), fibroblast density, and type I
collagen content [3–5], and the failure of tendons to properly adapt to physiological loading
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can lead to painful tendinopathies, reduced range of motion and athletic performance, and in
some cases frank tendon ruptures [6]. While fibroblasts appear to play a central role in the
adaptation of tendons to mechanical loading, the molecular mechanisms that regulate
fibroblast activity in adult tendons are poorly understood.

Many of the same genetic networks and signaling mechanisms that regulate musculoskeletal
tissue development also direct the adaptation and regeneration of tissues in adult organisms
[7]. Scleraxis (Scx) is a member of the basic helix-loop-helix (bHLH) family of transcription
factors and is important for tendon formation during embryonic development [8]. Using a
line of mice that express GFP under the control of 4 kb of the scleraxis promoter (ScxGFP
mice), Pryce and colleagues demonstrated that scleraxis is expressed in fibroblast progenitor
cells as early as E9.5, and this expression continues in tendons through the remainder of
embryonic development [9]. In mice with a targeted inactivation of scleraxis (Scx−/− mice),
limb tendons fail to properly form, resulting in a severe reduction in mobility after birth [8].

Injection of mesenchymal stem cells transduced with scleraxis into the injured rotator cuff
muscles of rats improves healing of the bone-tendon interface [10]. Scleraxis continues to be
expressed natively in tendons of adult mice [11]. Scleraxis levels increase after tendon
injury in mice [12,13] and rats [14], and decrease following the complete unloading of
tendons in mice [15]. Little else is known, however, about the role of scleraxis in the
regulation of tendon physiology in adult organisms. Tenomodulin is another protein that
plays an important role during tendon development [16] and is also expressed in adult
tendon tissue [17]. Tenomodulin is a type II transmembrane protein that appears to play
important roles in promoting fibroblast proliferation [16] and inhibiting angiogenesis [18].
The expression of tenomodulin is regulated, at least in part, by scleraxis [19].

To gain greater understanding of the role of scleraxis in tendon adaptation, we subjected 4
mo old male ScxGFP mice to a 6 wk progressive uphill treadmill training program. We
hypothesized that, compared with sedentary control ScxGFP mice, the treadmill training
protocol would lead to an increase in the mass and CSA of Achilles tendons and an increase
in fibroblast density, and that fibroblast cells within the tendon matrix would demonstrate an
induction of GFP expression. Additionally, we hypothesized that treadmill training would
lead to an increase in the expression of scleraxis, tenomodulin, and type I collagen as
measured by qPCR.

Materials and Methods
Animals

A line of transgenic mice that express the green fluorescent protein (GFP) gene under the
control of 4 kb of the scleraxis promoter (ScxGFP) [9], kindly provided by Dr. Ronen
Schweitzer, were used. Mice were housed under specific pathogen free conditions and
provided with food and water ad libidum. All experiments were approved by the University
of Michigan Committee on the Care and Use of Animals.

Treadmill Training
4 m-old male ScxGFP mice were subjected to a 5 day/wk, 6-wk-long uphill treadmill
training protocol designed to provide physiological loading to the Achilles tendons (N=5).
Age-matched sedentary male ScxGFP mice that were restricted to normal cage activity were
used as controls (N=5). The treadmill protocol was modified from Suominen [5] and Michna
[20]. Following a period of acclimatization to the treadmill environment, mice were
progressed through a low intensity bout of exercise in which speeds were gradually
increased from 8 to 14 m/min for a total distance of 350 to 385 m in 30 mins. Intensity was
steadily increased in subsequent sessions, so that the distance eventually reached 475 to 525
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m. To increase the strain on Achilles tendons through the course, treadmill elevation was
gradually increased in 5o increments from 0o to 15o over the 6 wks. Each time the
inclination increased, exercise intensity was decreased to initial running speeds to allow the
mice to adapt, and then slowly returned back to running up to 475 to 525 m per session.

After training, mice were anesthetized by intraperitoneal injection of Avertin and prepared
for tendon isolation surgery. A transcutaneous incision was made along the midline of the
posterior lower hindlimb, the paratenon was reflected from the tendon, and the Achilles
tendon was detached from the gastrocnemius muscle and calcaneus by transverse incisions.
The tendon’s wet mass was determined, and the tendon was prepared for RNA isolation or
histology.

Gene Expression
Tendons from the right hindlimbs were homogenized in QIAzol tissue lysis reagent
(Qiagen). RNA was isolated using an RNeasy Mini kit (Qiagen) and treated with DNase I
(Qiagen). RNA was reverse transcribed into cDNA using oligo-dT15 and random hexamer
primers using Omniscript RT reagents (Qiagen), and cDNA was amplified in a CFX96 real-
time thermal cycler (Bio-Rad) using a QuantiTect SYBR Green I PCR kit. Reactions were
conducted in triplicate, and the methods of Livak and Schmittgen [21,22] were used to
normalize target gene expression to housekeeping gene expression. The presence of single
amplicons was verified by melting curve analysis. The sequences of primers used for
scleraxis (Scx), tenomodulin (Tnmd), collagen type Iα2 (Col1a2) and GAPDH (GAPDH)
were previously published [11].

Histology
Achilles tendons were isolated from the left hindlimbs of 2, 3, and 4 mo-old sedentary
ScxGFP mice (N=5 for each age group) or from mice that underwent treadmill training or
served as sedentary controls, as described above. Tendons were quickly snap frozen in
Tissue Freezing Medium (Triangle Biosciences) and stored at −80°C. Tendons were
sectioned at a thickness of 10μm in a cryostat and subjected to hematoxylin and eosin
(H&E) staining or prepared for immunohistochemistry (IHC). For IHC, slides were briefly
fixed in 4% paraformaldehyde, permeabilized in 0.2% Triton X-100, and blocked with a
Mouse on Mouse blocking kit (Vector Labs). Slides were then incubated with primary
mouse antibodies against β-tubulin (Developmental Studies Hybridoma Bank), secondary
goat anti-mouse antibodies conjugated to AlexaFluor555 and DAPI. Prolong Gold was used
to mount slides. Images were obtained using a Axioplan 2 microscope (Zeiss). Quantitative
analysis of H&E stained sections to determine CSA and fibroblast density was performed
using ImageJ software (NIH) [11].

Statistical Analyses
Results are presented as mean±SD. The α level was set a priori at 0.05. Prism 5.0 software
(GraphPad Software) was used to conduct analyses. Differences between sedentary and
trained mice were tested using t-tests, while differences between 2, 3, and 4 mo-old mice
were testing using one-way ANOVA and Tukey's post hoc test.

Results
Scleraxis was strongly expressed in tendon fibroblasts from 2 mo-old mice (Fig. 1A), and
this signal decreased dramatically in 3 mo-old (Fig. 1B) and 4 mo-old (Fig. 1C) mice. The
change in scleraxis signal present in IHC was accompanied by quantitative changes in gene
expression. Compared with 2 mo-old mice, scleraxis expression was dramatically reduced in
the tendons of 3 and 4 mo-old mice (Fig. 2A). For tenomodulin, a decrease in expression

Mendias et al. Page 3

J Orthop Res. Author manuscript; available in PMC 2013 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



occurred by 4 mos (Fig. 2B). Age-related changes in type I collagen gene expression were
not observed (Fig. 2C).

Compared with sedentary mice, mice that underwent 6 wks of treadmill training
demonstrated a 29% increase in tendon mass (Fig. 3A), a 36% increase in tendon CSA (Fig.
3B), and a 131% increase in fibroblast density (Fig. 3C). To determine potential molecular
mechanisms behind these changes in tendon structure, we measured the expression of
scleraxis, tenomodulin, and type I collagen from the tendons. Compared with sedentary
mice, treadmill training resulted in a 74% increase in scleraxis expression (Fig. 4A), a 64%
increase in tenomodulin expression (Fig. 4B), and a 142% increase in type I collagen
expression (Fig. 4C).

While sedentary mice displayed scleraxis expression in sparse regions throughout the
epitenon and superficial layers of their tendons (Fig. 5A), mice that underwent treadmill
training had dramatic increases in scleraxis expression in the epitenon regions of their
tendons (Fig. 5B). Populations of scleraxis-expressing fibroblast cells that appeared to be
migrating from the epitenon into tendon fascicles were also frequently noted in tendons from
trained mice (Fig. 5B).

Discussion
The significance of this study is in the new insights gained into the regional specific changes
in scleraxis expression and fibroblast morphology in response to treadmill training. While
we observed a substantial decrease in scleraxis expression between 2 and 4 mos of age, we
demonstrated that vigorous treadmill training exercise, sufficient to increase the mass and
CSA of the Achilles tendon, resulted in a dramatic increase in scleraxis expression in the
tendons. Also in support of our hypothesis that scleraxis is an important regulator of tendon
adaptation, the 6 wk treadmill program led to an increase in fibroblast density and an
increase in scleraxis, tenomodulin, and type I collagen gene expression. Another significant
finding was that the scleraxis expression was clearly enriched in the epitenon and superficial
regions of fascicles in the tendons of trained mice and in fibroblasts that appeared to be
emerging from the epitenon.

Scleraxis has a well described role in the embryonic development of limb tendons, and
Scx−/− mice have a clearly disordered limb tendon phenotype [8]. In addition to promoting
fibroblast proliferation, scleraxis binds to a tendon specific enhancer region in the type Iα1
collagen promoter to direct collagen I expression [23]. An emerging body of research
suggests that scleraxis expression is regulated by members of the TGF-β superfamily of
cytokines. Genetic inactivation of the TGF-β type II receptor gene in mice (Tgfbr2−/−)
during development dramatically reduced scleraxis expression and disrupted the normal
formation of limb tendons, resulting in a phenotype similar to that which was reported in the
Scx−/− mice [24]. TGF-β directly induces the expression of scleraxis in cultured primary
tendon fibroblast cells from adult mice [15]. Additional evidence for a role of TGF-β in the
regulation of scleraxis was provided by the observation that treatment of mesenchymal
micromass cultures with recombinant TGF-β increased scleraxis expression [25]. Moreover,
myostatin (GDF-8), a member of the TGF-β superfamily, induced scleraxis expression in
tendon fibroblasts [11,15], and mice that are deficient in myostatin expression (MSTN−/−)
have a hypocellular tendon phenotype [11]. Scleraxis expression increased following injury
to the patellar tendon [13] and FDL tendon [12], and treadmill training increases both TGF-β
[26] and myostatin [27] in tendons. These previous findings along our observations are
consistent with the hypothesis that scleraxis is a downstream target of TGF-β family
signaling that directs the expression of genes leading to adaptive changes in tendons in
response to loading.
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Tenomodulin is a type II transmembrane protein that appears to play an important role in
tendon development, although its precise molecular mechanisms of action are not well
understood. Compared with wild type littermates, mice that are deficient in tenomodulin
(Tnmd−/−) display a decrease in proliferating fibroblast cells and a reduction in fibroblast
density shortly after birth [16]. Similar to scleraxis, tenomodulin expression may be
regulated by members of the TGF-β superfamily, as Tgfbr2−/− mice fail to properly express
tenomodulin in tendons during development [24], and treating mesenchymal micromass
cultures from chick leg buds with TGF-β increased tenomodulin expression [25]. Treatment
with myostatin also increased tenomodulin expression in tendon fibroblast cells [11].
However, tenomodulin expression appears to be downstream of scleraxis [19], and whether
TGF-β signaling directly induces tenomodulin expression or if TGF-β indirectly induces
tenomodulin expression by upregulating scleraxis expression is unclear. Tenomodulin
expression levels also increased after tendon injury in mice [13] and rats [14]. The results
from our study also suggest that increased expression of tenomodulin is associated with the
adaptation of tendons to physiological loading.

While the fundamental cell biology of many limb tissues is well described with regards to
progenitor cell localization, proliferation, and differentiation, our understanding of the
biological processes that regulate tendon cell proliferation and differentiation in adult
animals is less well understood. The epitenon is a region of connective tissue that contains
epithelial cells and plays an important role in cell retention and the prevention of adhesion
formation [28]. The epitenon has also been directly implicated as playing an important role
in tendon regeneration. Using an in vitro tissue culture system, Manske [29] demonstrated
that, in sections of forepaw flexor tendon explants, fibroblasts from the epitenon migrate
towards the lacerated ends to form a fibrous cellular cap. Gelberman [30] and Jones [31]
also demonstrated emergence of fibroblasts from the epitenon and migration to the site of
injury in vivo using animal models of forepaw flexor tendon laceration and repair. Using
collagenase digestion of whole tendon tissue and culture of the cells obtained from this
digestion, Bi [32] identified a population of tendon stem cells that could differentiate into
tenogenic, osteogenic, chondrogenic, and adipogenic lineages in vitro. A population of
tendon stem cells was also identified in vitro by Zhang following collagenase digestion of
whole tendon tissue [33,34]. Zhang further demonstrated that treadmill training of the
animal prior to the cell isolation increased the number of tendon stem cells obtained [33],
but their location within the tendon in vivo has yet to be described. The increase in cell
density following treadmill training observed in our study, along with the presence of
scleraxis-expressing fibroblast cells that appeared to be migrating into tendon fascicles from
the epitenon suggest that a population of tendon progenitor cells exists in the epitenon and
that scleraxis expression is important in the early stages of activating these cells in response
to physiological loading.

While our study provided important insight into the changes in scleraxis and tenomodulin
expression in response to treadmill training, there are several limitations. We only examined
one time point in the treadmill training portion of the study. We did not directly identify
regions of the tendon that express tenomodulin due to the lack of a commercial antibody that
could recognize tenomodulin in tendon tissue. Our studies also focused on the Achilles
tendon; the observed changes might not reflect other limb tendons. Finally, while we did not
directly label individual fibroblast cells and track them over time, Jones and colleagues [31]
used a tracking dye to demonstrate the fibroblast cells originate from the epitenon and
migrate into tendon fibrils following a tenotomy. Given the close proximity of these
fibroblasts to the epitenon, in many cases with portions of the cells directly in contact with
the epitenon, and that their orientation was perpendicular to the direction of force
transmission in tendon while most fibroblast cells are oriented in parallel with the direction
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of force transmission [1], these fibroblast cells are likely emerging from the epitenon and
migrating into the tendon fibrils.

Injuries and diseases of tendons are a significant healthcare problem, and treatment options
are limited [35]. Tendinosis is a chronic, painful overuse condition that is widely thought to
occur due to a failure of the fibroblasts to regenerate damaged tendon ECM [36]. A greater
understanding of the fundamental biology of tendon fibroblasts will likely improve the
treatment of tendinosis, restore greater levels of function, and reduce the need for surgical
intervention and the prolonged, painful and costly rehabilitation that follows surgery. As an
increase in scleraxis expression is correlated with adaptive changes in tendons, a
misregulation of scleraxis expression likely contributes to the development of tendinosis;
this warrants further investigation. The results from our study and recent findings from
Maeda et al. [15] suggest that in addition to playing an important role in the development of
limb tendons, scleraxis likely plays an important role in the adaptation of tendons of adult
organisms to mechanical loading.
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Figure 1.
Scleraxis is robustly expressed in sedentary 2-mo old mice (A), and progressively decreases
in 3 (B) and 4 (C) mo-old sedentary ScxGFP mice. Composite images (RGB) are in the top
panel, and the individual red, green and blue channels are below. An illustration
demonstrating the region of interest is shown in (D). β-tubulin, red; Scleraxis-GFP, green;
nuclei, blue. Scale bars = 20μm.
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Figure 2.
Compared with 2 mo-old mice, a decrease in the scleraxis (A) and tenomodulin (B)
expression occurred, but no change in collagen Iα2 expression in tendons from 3 and 4 mo-
old mice. Target genes were normalized to GAPDH expression, and further normalized to
the 2 mo-old group using the 2−ΔΔC

T method. * significantly different from 2 mo-old group
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Figure 3.
Treadmill training resulted in an increase in Achilles tendon wet mass (A), CSA (B) and
fibroblast density (C). * significantly different from sedentary group (P<0.05).
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Figure 4.
Treadmill training resulted in an increase in scleraxis (A), tenomodulin (B), and collagen
Iα2 (C) expression. Target genes were normalized to GAPDH expression, and further
normalized to the sedentary group using the 2−ΔΔC

T method. * significantly different from
sedentary group (P<0.05).
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Figure 5.
Compared with sedentary mice (A), mice that underwent treadmill training (B) displayed a
dramatic increase in scleraxis expression in the epitenon (white arrows) and an emergence of
fibroblasts from the epitenon (orange arrows). Composite images (RGB) are in the top
panel, and the individual red, green and blue channels are below. There was substantial
overlap between β-tubulin and scleraxis signal in the epitenon (yellow). An illustration
demonstrating the region of interest is shown in (C). β-tubulin, red; Scleraxis-GFP, green;
nuclei, blue. Scale bars = 20μm.
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