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Abstract:
Chronic tendinopathies commonly affect physically active patients and can be both
painful and debilitating. Clinical observations and research in the field suggest that the
etiology of this disease encompasses a complex combination of overuse, injury, and aging.
Chronic tendinopathy is characterized by a lack of tissue maintenance resulting in
dysfunctional tissue composition with poor architectural organization. The degenerative
tissue has altered mechanical properties and consequently, a propensity for a higher
incidence of injury.
The native tendon cell population serves as the primary regulator of structural
(extracellular matrix) synthesis, remodeling, and repair. These cells are the primary
therapeutic targets for non-operative means of alleviating tendinopathic pathology. We
aimed to elucidate the role of tendon cell aging on chronic tendinopathy by studying cells
that were isolated from tissues of older animals.
In this investigation, progression of tendinopathy was identified in Achilles tendon
from aged, 22-month old, rats. Primary tendon cell cultures from the older rats were
characterized and these culture systems were utilized in two subsequent studies detailing
age-dependent dysfunction. In the first study, the aged cells were examined for fundamental
changes in glycolytic and oxidative function to examine the possibility of an age-dependent
basis correlating energy metabolism and the lack of tissue maintenance. Although there is no
definitive evidence for the role of mitochondrial dysfunction, cells from the older rats display
a distinct glycolytic phenotype in comparison to the juvenile tendon cells. In the second
study, cell-mediated regulation of tendon architecture was investigated more directly by
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examining the age-dependent activity of degradative enzymes responsible for architectural
remodeling. We report age-dependent changes in matrix metalloproteinase activities that are
consistent with age-related tendon pathology.
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Part 1: Gross Cell Morphology and Characterization of Primary Rat Achilles
Tendon Cells
Introduction:
Tendon is a musculoskeletal tissue responsible for transmitting load between muscle
and bone. Type-I collagen accounts for approximately 70% of the dry mass of tendon and is the
primary structural component of the tissue[1]. Collagen has a complex hierarchical structure.
Starting with the most elementary unit, three collagen polypeptides form a triple helix that is
stabilized by hydrogen bonding between the polypeptide chains. The triple helices then
associate in a parallel formation to form collagen fibrils. Hydroxyproline and hydroxylysine play
critical structural roles in hydrogen bonding between collagen polypeptide chains and
crosslinking between triple helices, respectively[2]. Collagen fibrils are typically between 50 and
600 nm in diameter. In tendon development fibril diameters increase, and with advanced aging
can reach irregularly large sizes of up to 600 nm[3]. Collagen synthesis is a cell-mediated
process that involves terminal polypeptide cleavages and hydroxylation events regulated by
tendon fibroblast-like cells [2],[4].
Tendon also has a small, but significant presence of glycoproteins and proteoglycans
known as ground substance, which due to significant charge density, maintains the
hydrophilicity of the tissue and plays an important role modulating nutrient solubility [2]. The
small leucine-rich proteoglycans, including decorin, biglycan, and lumican , have been shown to
bind to fibrillar collagen and modulate collagen organization[5]. Specifically, decorin is the
most abundant tendon proteoglycan and plays a major role in inhibiting fibrillogenesis [5], [6].
Additionally, decorin has been shown to sequester transforming growth factor beta (TGF-β) and
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regulate cellular proliferation [7]. The proteoglycan content of tendon plays a significant role in
remodeling and repair via the regulation of both matrix maturation and cellular signaling.
Tenocytes makeup about 90% of the cells in mature tendon and participate in repair and
maintenance of the tissue. These cells are fibroblast-like with elongated cell bodies and
numerous spindle-shaped extensions [8]. Tenocytes are arranged as longitudinal sheets and
extend around collagen fibrils forming a complex network of finger-like processes. The unique
arrangement of tenocytes within the tendon allows these cells to come in close contact with
the collagen fibrils, which is essential to proper tissue remodeling. Tenocytes are primarily
responsible for the synthesis, deposition, alignment, and turnover of collagen fibrils in mature
tendon. They also synthesize all other extracellular components native to the tendon tissue
including other, nonfibrillar collagens, proteoglycans, and glycosaminoglycans (GAGs) [9].
Tenocytes are responsive to both stress and injury and are metabolically activated once they
have migrated to the repair site. Tenocytes normally maintain a fine balance between matrix
production and degradation; during wound healing this balance is systematically shifted in both
directions to allow for synthesis and then tissue remodeling [10].
Several characteristic changes occur in cellular and matrix function during aging.
Additionally, aging has been identified as an intrinsic risk factor of tendinopathy[11]. These agedependent changes have been detected as early as the third decade of life[12]. The cellular
density of the tendon has been shown to decrease, the cells become longer and more slender,
and the nucleus to cytoplasm ratio increases[12]. The proliferative ability of aged tenocytes in
culture has been reported to decrease in association with the progression of senescence[13].
Moreover, matrix composition changes drastically. The proteoglycan and associated water
2

content are diminished, thus increasing the relative amount of collagen, which is more or less
unchanged[12]. Collagen fibrils become irreversibly cross-linked, resulting in tissue that is
resistant to degradation. Collagen disorganization and mechanical degradation lead to more
rigid collagen fibrils with decreased tensile strength[12]. Degenerative changes in both the
native cell population and constitutive matrix result in a weaker tissue that is more prone to
injury and has inferior healing potential.
The aim of the first part of this investigation was two-fold. First, we characterized the
proliferation and morphology of the isolated tendon cells in vitro. This characterization served
to establish the baseline growth rates for other experiments that were examined in part 2 of
this study. The characterization also verified the potential therapeutiuc eligibility of this cell
population by addressing replicative senescence as a source of diminished cellular function.
Second, age-related, tendinopathic changes were identified in the tissue. Collagen fibril size,
tissue organization, and cellular density of the tissue were examined to address the status of
tendinopathy in the older rats. Validating the degenerative condition of the tissue offers
perspective on the utility of the investigation and provides a basis for determining the clinical
relevance of the study. Moreover, in the process of describing the metabolic divergence of aged
tendon, this study characterized a clinically valid model to study tendinopathy. The aged rat
model was deliberately investigated with the intention of providing a basis for accelerating the
process of therapeutic development and elucidating the mechanistic relationships in the
pathogenesis of the disease.
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Methods:
Cell Culture:
Primary tendon cells were isolated from 22-month and 1-month old Fischer 344 rats to produce
populations of aged and juvenile tenocytes, respectively. The 22-month rats represent 92% of
the mean F344 lifespan while the 1-month rats represent 4% of the mean F344 lifespan. These
age groups were chosen to characterize both ends of the aging spectrum of mature tendon.
Fischer rats were used primarily because of availability for the desired age groups and their
widespread use in gerontological studies. The age and weight of each rat was recorded at the
time of CO2 asphyxiation. Sterile surgical procedures were followed during the excision of the
tendons. The Achilles tendons of both hind limbs were removed and rinsed three times with
normal culture media (DMEM-High Glucose, 10% FBS, 1% sodium ascorbate, 1%
penicillin/streptomycin, 1 mM sodium pyruvate). The tendons were then cut into
approximately 3 mm x 2 mm specimens and scored into tissue culture plastic (12-well plates
with 1-2 tissue specimens per well) with a scalpel blade and submerged in growth media. The
explant cultures were left to expand for 1 to 2 weeks at 5% CO2 and 37°C. Culture media with
and without glucose were used to determine the effect of glucose starvation. The media
without glucose was supplemented with 5mM sodium pyruvate as a substrate for energy
metabolism. Cell culture media was replaced every 48-72 hours after the first week of explant
growth during which the cells were not disturbed. The explant yields were quantified by
combining the cells from each age group (12-wells per age group) and taking three cell count
measurements per cell suspension. The cell count methods are detailed below.
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Cell Proliferation
Isolated cells were plated in 12-well tissue culture plates at approximately 3000 cells per cm2 .
Cells were rinsed with PBS and lifted with 0.05% Trypsin-EDTA in PBS at 24 hour intervals up to
72 hours. Cell counts were obtained at each interval using a Millipore Scepter 2.0 Automated
Cell Counter. The cell counts were done in quadruplicate and the average count was recorded.
The data presented below shows the differences in cell number at 72 hours.
Cell Diameter:
The average cell diameter of the cells was also obtained using the Scepter 2.0 and was recorded
in conjunction with the proliferation data.
Cell Shape:
Aged and juvenile tenocytes were imaged by inverted light microscopy using the 20x objective
of an Axiovert 40 microscope (Carl Zeiss) at 24, 48, and 72 hours after plating. Images were
taken with the AxioCam ERc 5s camera at three random locations around each well in order to
obtain an unbiased collection of images. Cell parameters of adherent cells were analyzed in
ImageJ. Three images from each age group were analyzed and a random sampling of 10 cells
from each image was selected for analysis. The spindle axis length, or long axis of the spindleshaped cells, was measured as well as the perpendicular width of the cells. The nucleus of each
cell was identified and measured by approximating each nucleus with an ellipse and recording
the perimeter.
Telomere Length:
DNA was isolated from 1x106 cells after pelleting the culture and washing with PBS. Cell lysis,
protein digestion, RNA digestion, protein precipitation, and DNA precipitation were carried out
in accordance with the manufacturer’s instructions (Roche Applied Sciences-DNA Isolation Kit).
A DNA sample was then diluted 50X and measured by spectrophotometry. The concentration
5

and 260/280 value were recorded. The TeloTAGGG Telomere Length Assay (Roche Applied
Sciences) was then used to determine the mean telomere restriction fragment length. Briefly,
1-2 µg genomic DNA for each sample was digested. The digested DNA was loaded into a 0.8%
agarose gel in TAE Buffer. Gel electrophoresis was run for 3-4 hours in TAE running buffer. The
migration of DNA was checked by including .01% ethidium bromide in the gel and then
visualizing under UV light. The DNA samples in the gel were washed, denatured and transferred
over night to a nylon membrane by Southern transfer in 20X SSC. After the transferred DNA was
fixed by UV-crosslinking (120mJ), the membrane was hybridized for 3 hours with the telomere
probe provided by the kit, incubated with Anti-DIG probe, and detected by X-Ray film exposure.
One to five minutes of luminescence exposure was sufficient for accurate quantification. The
developed x-ray film was then scanned using a film scanner (Canon), and the images were
assessed using ImageJ to subtract background and quantify signal intensity. Quantification was
done according to the recommendation from this kit for assessing mean telomere restriction
fragment length (TRF).
Collagen Fibril Perimeter:
Hind-limb Achilles tendons were excised from 1-month and 22-month old Fischer 344 rats. The
tendons were cut to include 1 mm of the proximal muscle-aponeurosis junction, in other words
the tendon was transected proximally 1 mm above the muscle-tendon junction to include
approximately 1 mm of muscle-aponeurosis junction. At the distal end, the tendon was
transected approximately 1mm above the calcaneal insertion. Muscle was then cleaned from
the tendon by dissection. The excised tendons were cut in half, transverse cross-section, at the
tendon midsubstance. The tissue was fixed in 2.5% Glutaraldehyde/ 4% Paraformaldehyde. The
tendons were then sectioned starting from the midsubstance toward the muscle tendon
6

junction (to ensure sections were being taken from the midsubtance of the tendon) and imaged
by Transmission Electron Microscopy by personnel in the Advanced Microscopy Center. Images
of the tendon fibrils at 20,000X magnification were used for quantification of the fibril
perimeter distributions. One-hundred random fibril measurements from 4 separate images of 2
individual tendons were made to produce a distribution of fibril perimeters. Fibrils were more
accurately approximated by ellipses rather than circles and were measured as perimeter values
as opposed to diameter measurements. The distribution of fibril perimeters is shown in the
results section below.
Tissue Cellularity:
Tendons were excised as described previously. The tissue was fixed in 4% paraformaldehyde for
over 48 hours. Specimens were embedded in paraffin and sectioned with a microtome; both
cross-sections and longitudinal sections were prepared. The sections were stained with
Hematoxylin/Eosin and imaged using a 40x objective on a reflected light microscope. The
embedding, sectioning, and staining was performed by the Tissue Histology Core Lab at the
University of Virginia. Cellular density within the tissue was determined by evaluating three
separate sections of 2 different tendon samples at 40x magnification for each age group. The
nuclei were counted in a 0.0906 mm2 area at a random location using the cell counting module
in ImageJ and the data plotted using the average of three counts for each age group.
Longitudinal sections were used to count the nuclei because the cross sections were much
smaller and subject to mechanical spreading by the microtome blade, leading to high variability
between sections.
Statistical Analysis:
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Single statistical comparisons between the 22-month and 1-month groups were assessed by
two-tailed T-test, assuming unequal variances between samples. Multiple comparisons,
between groups with regard to media condition and animal age, were analyzed by two-tailed
two-way ANOVA using IBM SPSS Statistics 20. Before applying the analysis of variance, the
sample groups were assessed for variance homogeneity by both the Bartlett and Levene tests.
Tukey’s Honestly Statistically Different post hoc test was used to examine individual
comparisons after statistical significance was observed in the ANOVA analysis. Statistical
significance was established at the p=0.05 level. All data are graphically presented as mean
±standard error of the mean.

Results:

Tenocyte explant cultures were monitored during growth and documented by taking
light microscopy images of the culture dishes. Analysis of the cellular morphology revealed
differences between the two groups of cells isolated from the Achilles tendons of juvenile and
aged rats. The cells isolated from 22-month old rats were distinctively longer and wider. The
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aged cells also had larger nuclear perimeters (Fig. 2). Cells from both age groups had
maintained their characteristic spindle shapes, but the older cells had consistently larger
features (longer, wider, and larger nuclei). Furthermore, the cellular measurements seemed to
be larger in equal proportions suggesting the older cells were approximately a scaled-up version
of the younger cells. Surprisingly when measured in suspension, the cells showed no significant
differences in size and were always approximately 20um in diameter, (data not shown). In
consideration of both cell measurements (adherent and in suspension), the older cells spread
more when adhered to tissue culture plastic, despite being approximately the same size in
suspension, suggesting morphological and cytoskeletal differences in vitro.
The figure below shows the explant yields of the two culture groups. The tendons from
22-month old rats consistently produced lower yields than the 1-month old rat tendons. Cells
growing out of the tissue explant can be seen in the images below, featuring both aged explant
culture (top-left) and juvenile explant culture (bottom-left), and are consistent with the culture
yield quantification on the lower right. Note the images in the figure below are at 5X
magnification and were not used to quantify morphological cellular features; additional images
at 20X magnification were used to quantify morphology for each of the age groups.

9

The growth rate of the cultures was investigated to determine the proliferative capacity
of the cells in culture. The 22-month tenocytes demonstrated more rapid growth rates over a 3
day period (Fig.3). The glucose and pyruvate supplemented DMEM is considered normal
growth conditions in this study. The metabolic substrates play a significant role in the
proliferation of the tendon cells, and this will be discussed later in more detail. All growth
media formulations contained 10% FBS to stimulate growth.
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Telomere length was investigated to characterize the age, or more accurately the
replicative history, of the cells derived from the explant cultures. The two age groups showed
no significant difference and had very consistent mean terminal restriction fragment lengths
(Fig. 4). The positive control was obtained commercially from Roche and the digested DNA
separated within the limits of the 100 bp to 20 kbp molecular weight marker.
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TEM imaging revealed stark differences in tendon fibril size and arrangement. The
tendon fibrils from 1-month old rats are uniform in size as shown by the narrow range and
nearly normal form of the distribution shown in the histogram of Figure 5. The fibril perimeters
range from 200 to approximately 600 nm and are densely packed within the tissue. In contrast,
the size of the collagen fibrils from the 22-month old rats are widely distributed. The fibril
perimeter span is from about 100 nm to over 900 nm (Fig. 5). The distribution of the fibrils from
the 1-month old rats is monophasic while the distribution of the fibrils from the 22-month old
rats is biphasic with both a high and a low peak in fibril perimeter. In addition, a noticeably
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large amount of space exists between parallel fibers, and as a result the density of the fibrils
varies widely throughout the tissue of the 22-month old rats.

Cell counts indicating the cellular density of the tissue demonstrated a sharp decrease in
cellular content for the 22-month rat tendon (Fig. 6). While observing the cellular density of
the longitudinal sections via normal light microscopy cartilaginous tissue was identified near the
tendon midsubstance (Fig. 7). The cartilaginous tissue is indicated by chondrocyte-like cells and
13

a lack of fibrillar organization in the surrounding area. The chondrocyte-like cells are spherical
and lack cytoplasmic as well as nuclear elongation. The cells appear randomly situated in a mass
of unorganized tissue as opposed to lining the fibril striations as is clearly depicted in the 1month healthy tendon. A subtle transition can even be identified from normal tendon with the
characteristic longitudinal fiber striation to the cartilaginous tissue, which lacks visible
organization (Fig. 7 top-right image).
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Discussion:
The results in part 1 provide a detailed characterization of both the tendon explant
cultures and the tissue from which the cells originate. The characterization indicates many
similarities between the aged rat Achilles tendon and the human tendinopathic phenotype,
which is well documented in the literature. Part 1 serves as a foundation for clinical comparison
and validates the similarities in phenotype between cells in aging rat tendon and degenerative
human tendon.
The Achilles tendons of aged rats demonstrate significant tissue-level changes from the
juvenile tendons including architectural and cellular incongruities. The most drastic of these
changes was demonstrated by the TEM examination of collagen fibrils. The organization and
15

regulation of fibrillogenesis appears to be highly dysfunctional in tendon from the older rats.
The distribution of tendon fibrils abnormally spans a spectrum of perimeters that exceed the
upper and lower limits of the normal fibril distribution in the younger animal. The regular and
consistent distribution of normal fibers is displayed in the younger, yet mature, 1-month old rat
tissue specimen. Additionally, the irregular spacing between the collagen fibrils is easily viewed
in cross-section. It is important to note that fibrils do not span the length of the entire tendon
and do naturally taper. The tapering of fibers causes some minor variation in fibril diameter
that can be seen in the tendon sections of the 1-month old rat; however, this level of fibril
variation is minimal compared to the apparent dysregulation of collagen fibrils in tendon of the
22-month old rats. Very similar age-related collagen changes in fibril diameter and organization
have been documented in aged human Achilles tendon [14]. Additionally, the impact of
collagen-level dysfunction has been implicated in leading to biomechanical insufficiencies
consistent with tendon degeneration [12]. Specifically, an increase in large diameter fibrils in
the tendon results in an increase in the maximal tensile strength of the tendon, but also
reduces the elasticity of the tissue, which is predominantly attributed to small diameter fibrils.
The decrease in elasticity leaves the tendon more susceptible to crack propagation, a
mechanism of tendon rupture [15].
The histological data presented here displays two strong indicators of age-related
degeneration. The first is abnormal, variable cell density and the second is the presence of
heterogeneous tissue within the tendon. The presence of cartilage-like tissue is indicated by a
lack of parallel fibrils and the manifestation of chondrocyte-like cells within the disorganized
mass. Chondroid metaplasia has been histologically identified in tissue biopsies of Achilles
16

tendinopathy in humans [16]. A few studies have raised the possibility that native tendon cells
may be able to undergo chondrogenic differentiation, and there is evidence for load-dependent
regulation of cartilaginous phenotypes within the tendon[17], [18]. Despite the cellular origin or
mechanical contribution to the chondroid heterogeneity, the presence of this tendinopathic
marker validates degenerative tissue changes in the aged rat model used in this study.
Characterization of the tendon cell cultures, generally referred to as tenocytes despite
the possibility of multiple cell types as a result of the primary explant culture technique used to
harvest the cells, identified modest cellular differences. Not surprisingly, the tendon cell culture
from the 22-month rat Achilles tendon had lower yields in terms of cell number. The low yields
and lower cellularity are consistent, but it is also possible that there are other contributing
factors to the low yields such as decreased proliferative capacity or restricted cellular migration
through degenerated extracellular matrix. To partially address the possibility of reduced
proliferation, the cells were plated at roughly 3,000 cells/cm2 and growth was monitored and
measured at a 3 day endpoint. The results depict a higher growth rate for the aged cells. The
cells from the aged animals do not show a deficiency in growth rate when grown in cell culture.
Telomeres play a critical role in maintaining the genetic content of eukaryotic cells. The
telomere length is an indicator of replicative history of the cells and was quantified to
investigate the tendon cells isolated from the two different age groups. The data indicates no
significant difference in telomere length between cells from the 1-month old rats and 22-month
old rats. In congruence with the proliferative data, the telomere length data suggests that aged
cells are not less active in maintaining tissue homeostasis due to lack of fundamental
proliferative capacity or replicative exhaustion of telomeres. Moreover, our data agrees with a
17

previous report that older tendon cells isolated from aged mice did not contain higher levels of
the senescent marker β-galactosidase, but instead suggested a phenotypic shift rather than the
onset of cellular senescence[19]. This characterization of tenocyte cell culture proliferation
implies that some cellular dysfunction exists in vivo despite the demonstrated capacity and
essential cellular machinery for division in vitro.
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Part 2: Tendon Cell Metabolism: An Investigation of Glycolysis and
Mitochondrial Function
Introduction:
Although the pathogenesis of tendinopathy is unclear, aging fundamentally changes
tendon structure and function in a degenerative manner. Tendon degeneration is a widespread
clinical concern, which takes on many forms and generally progresses with aging [20]. The focus
of part 2 will be on energy metabolism in relation to cellular dysfunction.
Despite a relatively low metabolic rate, tenocytes produce energy by both aerobic and
anaerobic mechanisms, including glycolysis, oxidative phosphorylation, and the pentose
phosphate pathway [10]. One key age-related characteristic that has been implicated by
microscopic examination of degenerative tendon is a the divergence of native tendon cells to a
glycolytic phenotype[12], [21]. The lack of defined organelle structures necessary to
fundamental metabolism has been touched upon with a specific focus on the golgi,
endoplasmic reticulum, and mitochondria[21]. The number of mitochondria is decreased with
aging, and aged cells exhibit a characteristic buildup of glycogen, lysosomes, and lipofuscin
[12]. It was implicated that the citric acid cycle is shut down with a complete shift to anaerobic
metabolism with advanced age. These observations imply a characteristic shift in the metabolic
machinery of aged tendon cells. The metabolic phenotype, with regard to energy production, of
aged tendon cells has not been studied in depth, yet there is significant literature that indirectly
suggests a relationship between tenocyte metabolism and tendon degeneration.
There are a number of metabolic diseases, including diabetes, obesity,
hypercholesterolemia, hyperuricemia, and glucose-6-phophatase deficiency, that are
characterized by a surprisingly high incidence of tendon degeneration and concomitant clinical
19

complication. In some cases such as diabetes, metabolic byproducts associated with the
primary disease condition are considered to have deleterious effects on the mechanical
function of the tendons [22]. These diseases are multifactorial and exhibit an abundance of
systemic pathological consequences, but are generally characterized by poor systemic
regulation of energetic substrates such as glucose. Although the pathogenesis of tendinopathy
is not limited to the metabolic basis of the disease, the consistent occurrence of tendinopathy
warrants further investigation.
Mitochondria also represent an intriguing metabolic target that may play a role in agerelated tendinopathy. Mitochondria are the fundamental biochemical machinery responsible
for oxidative phosphorylation and ATP production[23]. It was previously reported that
mitochondria lack definitive structure in aged tendon and the native tendon cells may be more
glycolytic, which suggests age-related dysfunction and perhaps an adaptive shift in response to
dysfunction [21]. ATP has also been shown to modulate the load-response of native tendon
cells[24]. In addition, mitochondria, as a major source of ATP, may also play a role in tendon
load response. The importance of oxidative stress and the associated molecular species, such as
nitric oxide (NO˟), in tendon healing has been suggested in the literature[25], [26].
Mitochondria are a major metabolic contributor to reactive nitrogen species (RNS) and reactive
oxygen species (ROS) in most cell types [23]. Lastly, there is a large body of work debating the
possibility of mitochondrial roles in aging. Mitochondria represent a complex metabolic entity
that may play an important role in tendon cell function.
In part 2 of this investigation, we aimed to determine metabolic deficiencies, or more
simply metabolic discrepancies between the two age groups of rat Achilles tendon cells. We
20

aimed to quantify glycolytic function and oxidative function in the tendon cells isolated from
both 1-month and 22-month old rats. In order to further investigate metabolic divergence, we
introduced variable media conditions to limit the availability of glucose and determine the
impact of glucose deprivation on the metabolic response of the tendon cells. This metabolic
assessment of the two age groups served to identify age-dependent divergence and elucidate
the role of metabolic dysfunction in tendon pathology.

Methods:
Proliferation in substrate-specific media
Proliferation was assessed under three different media conditions. High Glucose (25mM),
Pyruvate (5mM) and Glucose + Pyruvate media were assessed to determine the growth
response of the tendon cells. Cell numbers were quantified by cell counting methods, as
previously described in Part 1.
Lactic Acid Quantification
Lactate quantification was performed according to the manufacturer’s instructions (Lactate
Assay Kit-Sigma). 2x105 cells were homogenized in kit buffer (counted using the Scepter cell
counter immediately before sample preparation), vortexed, and then spun down at 14,000xg in
10 kDa molecular weight cutoff spin filters (Millipore) for 20 minutes to remove cell-derived
lactate dehydrogenase. A standard curve was produced using the lactate standard provided
with the kit. A serial dilution of sample volumes was tested to determine the optimal sample
volume that fell within the linear range of the standard curve. Samples were loaded in Costar
clear 96-well plates and enzyme mix was added to initiate the colorimetric reaction. The plates
were shielded from light and incubated at room temperature for 30 minutes. Absorbance was
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measured at 570 nm. Background was measured in duplicates an subtracted from all
experimental groups.
Lactate Dehydrogenase Activity
Lactate dehydrogenase enzyme activity was quantified colorimetrically by the LDH assay kit
(Sigma) according the manufacturer’s instructions. Cells in culture were rinsed with warm (37°)
PBS and trypsinized from culture plates. Approximately 2x105 cells were used for each sample,
measured using the Scepter cell counter immediately before sample preparation. The cells
were homogenized in assay buffer provided by the kit. Serial dilutions of the homogenized cell
extracts were tested to determine the appropriate sample volume (2-50 µL) for reading within
the linear range of the standard curve. The assay was performed in quadruplicates and a
standard curve was constructed based on the NADH standard provided in the kit. After the
substrate was added, colorimetric measurements were taken every five minutes at 450 nm
with shaking before each measurement for a total of 25 minutes. Background measurements
were performed in duplicates and subtracted across all experimental groups.
Mitochondrial Membrane Staining (CMXRos)
A mixture of Hoechst 33342 and CMXRos dyes (Molecular Probes) were used to quantify
nuclear and mitochondrial content of cells for each age group. Cells were plated at
approximately 15,000 cells/cm2 in black 96-well plates with clear bottoms (CoStar). The plating
was done in a side-by-side manner so that all experimental groups were represented on a single
plate to ensure there was no effect of instrument bias. Cells were allowed to adhere over a
period of 6-8 hours, which is approximately one-third of the doubling time for the fastest
growing tenocytes, to allow for cell adhesion, but to minimize duplication. Cell adhesion and
density in the well were checked by viewing each well at 10X magnification under an inverted
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light microscope. Both dyes were diluted with PBS to achieve final concentrations (Hoechst
33342: 1.62 µM & CMXRos: 20 nM). Cells were incubated for 15 minutes at 37°C. The loading
solution was removed and the wells were washed 3 times with PBS. Normal growth media (5
mM pyruvate and 25 mM glucose) was added to each well and fluorescence measured using
the PHERAstar FS microplate reader. Background fluorescence (cells + media solution without
fluorescence dye) was measured in duplicates and was subtracted from each of the
experimental groups of interest. Blank wells (without cells) were treated with the same loading
solution and wash steps then measured to verify any residual fluorescence.
Mitochondrial Membrane Potential (JC-1)
JC-1 dye (Molecular Probes) was applied in an analogous manner to the mitochondrial staining
procedure above. Cells were plated at approximately 15,000 cells/cm2 in black 96-well clearbottomed plates. The cells were plated such that all of the experimental groups were tested
side-by-side on the same plate to minimize variability between measurements of different
plates. The stock dye was diluted with PBS to a final concentration of 0.3 µg/mL. The cells were
then incubated at 37°C for 1 hour. The loading solution was removed and the cells were
washed 3 times with warm (37°) PBS. Normal culture media was added to the cells and
fluorescence measured using a PHERAstar FS microplate reader. JC-1 fluoresces at two
wavelengths, depending on the aggregation of the monomer form of the dye (discussed in
detail in the results), green fluorescence was measured first at 485 nm/ 525nm and then red
fluorescence was measured at 520 nm / 595 nm (excitation/emission). Background
fluorescence (cells + culture media without fluorescence dye) was measured in duplicates and
subtracted from the raw data across all of the experimental groups. Blank wells (without cells)
were also quantified in duplicate after applying identical incubation and wash steps to
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determine the effect of any residual loading buffer. Cells were plated no more than 6-8 hours
before measuring fluorescence to allow cell adhesion, but to minimize replication.
Western Blot
Total protein was extracted from 1x106 passage 3 tendon cells. Briefly, cells were washed with
1X PBS and trypsinized. After trypsinization the cell pellet was collected and 400 µl RIPA (20
mM Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM Na2EDTA, 1 mM EGTA,1% NP-40, 1% sodium
deoxycholate, 2.5 mM sodium pyrophosphate, 1 mM beta-glycerophosphate, 1 mM Na3VO4, 1
µg/ml leupeptin) buffer was added for lysis. The lysis suspension was vortexed 3 times for 10
seconds each and sonicated twice for 30 seconds in an ice bath.
The extract was centrifuged for 10 minutes at 14,000 x g at 4°C. The supernatant was collected
and protein concentration was measured using the Bradford method (Bio-Rad).
Immunoblotting was performed using the Mini PROTEAN 3 system (Biorad). Samples of 12.5 µg
total protein were separated on 15% tris-glycine PAGE gel. Electrophoresis was carried out at a
constant 85 volts for 2.5 hours. Samples were then transferred onto a 0.2 µm nitrocellulose
membrane in 20% methanol transfer buffer for 90 minutes. Nonspecific binding was blocked
with 3.5% non-fat milk in TBS-T for 1 hr at 37°C. The membrane was incubated with primary
antibody at a 1:2000 COX IV (Abcam) or GAPDH 1:2000 (CellSignaling) dilution. Secondary
antibody (horseradish peroxidase-anti-mouse antibody, and horseradish peroxidase-anti-rabbit
antibody) (Amersham Bioscience) was at a 1:2000 dilution. The incubation of both primary and
secondary antibodies was done at 37°C for 1 h with 3 X 10 min washing (TBS-T) in between.
ECLplus (Amersham Bioscience) reagent was used for detection.
ATP Quantification
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Tenocytes of both age groups were seeded in black, clear-bottomed 96-well plates at
approximately 30,000 cells/cm2. Again cells from each experimental group of interest were
plated on the same plate. The cells were allowed to adhere for no more than 8 hours to
minimize cell duplication. Cell adhesion and cellular density was confirmed by light microscopy
(10X magnification) just prior to the assay. A luciferin-based luminescent assay (Promega- Cell
Titre-Glo) was used to detect the relative quantities of ATP. The cells were rinsed several times
with PBS before any of the kit reagents were added. A PHERAstar FS microplate reader was
used to luminescence intensity data. The data was recorded every minute for 10 to 20 minutes
to ensure luminescence stability. Background luminescence (cells in PBS) was measured in
duplicate wells and subtracted across all experimental groups. Blank wells (without cells) were
also measured for residual luminescence, but this luminescence was negligible in comparison to
the wells with cells.
Broad Spectrum ROS Quantitation
CM-H2DCDFDA (Molecular Probes) was used as a general indicator of oxidative stress. Cells
were plated at 30,000 cells per cm2 to yield a confluent monolayer and allowed to adhere for
no more than 8 hours. As mentioned previously 8 hours is approximately one-third of the
doubling rate of the fastest growing tenocytes; eight hours allowed for complete adhesion and
minimized the duplication of the plated cells. Adhesion and cellular density was qualitatively
examined at 10x magnification on an inverted light microscope. The dye solution was prepared
in prewarmed PBS (37°C at 10uM final concentration). The cells were rinsed with PBS before
the loading solution was added. The plates were incubated for 30 minutes at 37°C, and then
rinsed with PBS. Fluorescence was measured at 495nm/520nm (excitation/emission) using the
same PHERAstar microplate reader mentioned above. The measurement was continued over
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time (10-20 minutes) to verify fluorescence stability. As mentioned in earlier fluorescence
methods both blank wells (without cells) and background fluorescence was measured and then
subtracted from the raw data.
Oxygen Consumption
Cellular oxygen consumption was tested using the Seahorse Biosciences XF24Flux Analyzer
system. Cells were plated at approximately 75,000 cells/ cm2 (0.3cm2/well) and allowed to
adhere overnight in culture media. After conditioning the cells in either glucose- or pyruvatesupplemented media, the culture media was replaced with 1mM pyruvate-supplemented nonbicarbonate buffered media with 25mM HEPES to prevent acidification (termed running media)
for all groups to ensure that substrate was not a limiting factor in determining the oxygen
consumption ability of the cells. The groups were plated in quintuplicates and each well was
normalized by the total protein content for that well (protein was measured immediately after
carrying out the oxygen consumption measurements). Normalizing by the total protein
eliminated the potential effect of intra-well variability in cell density. A series of three
measurements were taken at approximately 3.5 minute intervals after the addition of each
pharmacological inhibitor. The three measurements were always consistent and were
averaged; the averages are displayed in Figure 16. First FCCP sensitivity was determined by
sequential injections of 750uM, 100nM and 1uM, or 500nM and 2uM FCCP. After the FCCP
optimization was carried out, the oxygen consumption was measured during a mitochondrial
stress test (Figure 16) Pharmacological agents were injected in the following order during the
stress test: 1ug/mL oligomycin (Sigma), 2uM FCCP (optimized), 1uM rotenone. This precise
order for the addition of pharmacological agents is necessary for the isolation / uncoupling of
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mitochondrial processes of cellular. More information on the pharmacological impact of these
substances is provided in the discussion below.

Results:
The growth data displays a hyper-proliferative response of the tendon cells from 22month old rats in the presence of glucose compared to the cells from 1-month old rats (Fig. 8).
The one month tendon cells did not demonstrate a glucose-dependent growth pattern, but
instead maintained consistent proliferation under all media conditions. Interestingly when the
aged tendon cells were starved of glucose and allowed only to use pyruvate as a substrate for
energy production, proliferation was limited to rates equal to that of the 1-month age group.
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In identical media conditions, supplemented with both glucose and pyruvate, the lactate
concentration and lactate dehydrogenase activity of the cells isolated from 22-month old rats
was significantly increased (Fig. 9). This data is strong evidence of the activation of glycolytic
metabolism in aged cells. Glucose was then removed from the media to determine the effect
on glycolytic activation. Cells from the 22-month rats responded to glucose starvation by
reducing the activity of LDH (Fig. 10).
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Mitochondrial staining using both JC-1 and CMXRos mitochondrial membrane targeted
probes show minor, but consistent decreases in fluorescence intensity in the 22-month tendon
cells. The images of the CMXRos fluorescence show a more diffuse scattering of fluorescence
for the aged cells (Fig. 11). The nuclei are stained with DAPI to normalize the mitochondrial
labeling by nuclear content. In the JC-1 staining experiments, the fluorescence intensity is
represented by the ratio of the aggregate to monomer fluorescence. Again the data indicates a
lower level of aggregate formation corresponding to membrane depolarization (Fig. 12). The
physiological significance of the staining is difficult to determine based on only minor
indications of depolarization in the aged tendon cells.
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Western blot analysis of cytochrome c oxidase subunit IV indicated similar levels of
protein for the 22-month and 1-month tendon cells grown in glucose media conditions (Fig. 13).
When the cells were starved of glucose by supplementing the media only with pyruvate, the 22month tendon cells displayed higher protein levels suggesting an increase in the electron
transport machinery necessary for ATP production and simultaneous oxygen consumption. The
1-month tendon cells demonstrated consistent levels of COXIV protein despite glucose
deprivation.
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ROS quantification revealed a significant decrease in reactive oxygen species for the
aged tendon cells (Fig. 14). The juvenile tendon cells repeatedly displayed signs of increased
oxidative metabolism compared to the 22-month tendon cells.
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ATP quantification by luciferase-luciferin luminescence indicated only small differences
in ATP levels. The data indicates that ATP production was not significantly affected by aging
(Fig. 15). The absence of specific media conditions indicates that the culture media
supplemented with both pyruvate and glucose was chosen to allow the cells to freely choose
their preferred substrate for ATP production.
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The oxygen consumption data displayed in figure 16 reveal considerable differences in
the baseline, before pharmacological inhibition, oxygen consumption rates. Interestingly, the
oxygen consumption of the older cells is significantly higher than the oxygen consumption of
the juvenile cells in glucose-supplemented culture media. Aged and juvenile tendon cells
demonstrate divergent oxygen consumption responses to glucose deprivation (Fig.16). When
cultured in glucose-free media, the oxygen consumption of the juvenile cells increases
significantly. In contrast, the oxygen consumption of the older cells decreases significantly after
culture in glucose-free media. This juxtaposition, between the age groups, in response to
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glucose deprivation is consistent under all conditions of mitochondria inhibition. Perhaps the
most striking effect is revealed after FCCP addition. The maximal oxygen consumption rates,
revealed by the uncoupling of the electron transport chain and ATP synthase by FCCP, are
largely dependent on the presence of glucose in the culture media. Again, the presence of
pyruvate alone enhances the maximal oxygen consumption of the juvenile cells while reducing
the maximal oxygen consumption of the older cells.
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Discussion:
Aged tendon cells demonstrated enhanced glycolytic activity. The aged cells showed a
strong preference for glucose-supplemented media and were not able to sustain the same level
of proliferation in media supplemented with pyruvate alone. Furthermore, lactate
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dehydrogenase (LDH) activity and lactate concentration were significantly increased when the
cells were grown in normal culture media, containing both glucose and pyruvate. The presence
of both pyruvate and glucose allows aerobic and anaerobic ATP production to occur
independently; thus allowing the cells to choose between substrates. In the absence of glucose,
LDH activity returned to levels comparable to the 1-month tendon cells. Surprisingly, under all
media conditions the juvenile tendon cells maintained stable levels of LDH activity. The glucosedependent increase in proliferation, LDH activity, and lactate concentration suggest the older
cells depend on anaerobic glycolysis as a key mechanism for energy production. In contrast to
the glucose-dependency displayed by the older cells, the juvenile cells show no response to
glucose deprivation and demonstrate a robust phenotype that is capable of adapting to
changes in glucose availability. It should be noted that smaller, but still substantial, levels of
lactate and LDH activity were demonstrated in the extracts of the juvenile cells, implicating that
anaerobic glycolysis is active, but probably to a lesser extent.
Lactate dehydrogenase is a tetrameric enzyme capable of interconverting pyruvate and
lactate [27]. In the assay described above, the reducing activity in converting NAD+ to NADH
was established based on spectrophotometric quantification. The reducing activity is an
indicator of the ability of the enzyme to produce pyruvate from lactate stores after
accumulating oxygen debt due to anaerobic metabolism [27]. The combination of high lactate
concentration and increased LDH activity may suggest that the accumulation of lactate is
driving the reaction toward the production of pyruvate, but it is not possible to determine such
specific substrate interactions given the complexity of the intracellular environment with regard
to substrate availability and regulation. The quantity of lactate dehydrogenase was not
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determined in each of the age groups so it is also possible that the aged cells express higher
levels of the enzyme. In any case, age-dependent differences in glucose metabolism suggest a
fundamental phenotypic divergence in tendon cell aging.
In consideration of the tendon as a contingent structure of the muscle-tendon unit, the
significance of glucose metabolism and lactate production may have broader implications on
tendon function. Exercise induced lactate production and subsequent pH decline in proportion
to intensity has been known for many years [28]. Both the presence of lactate and a reduction
in pH has been shown to modulate the force generation of the muscle-tendon unit and has
demonstrated a protective function in response to muscle fatigue [29]. Lactate production may
play an important role in the modulation of extracellular matrix as well. Lactic acid has been
shown to enhance collagen production of flexor tendon cells [30]. Acidic environments can also
activate key architectural proteases, such as matrix metalloproteinases, which degrade
extracellular matrix [31]. Age-related changes in cellular metabolism may have complex
structural and functional consequences in the development and acceleration of tendinopathy.
For this reason, metabolic insights should be taken into consideration when trying to enhance
tendon repair. Material choice, specifically polylactic acid (PLA), of tissue constructs may have
an effect on modulating the native tendon cell population when the construct begins to
degrade in vivo.
Oxidative metabolism was also investigated to compliment the previous assessment of
anaerobic glycolysis. Mitochondrial membrane dyes were employed to semi-quantitatively
evaluate mitochondrial function. Both JC-1 and CMXRos fluorescence, a carbocynanine-based
dye and a rosamine-based dye respectively, are dependent on mitochondrial potential. JC-1 is
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fluorescent at two distinct wavelengths depending on the formation of aggregates. Aggregates
of the dye form when the monomer is taken up into the membrane of coupled and polarized
mitochondria, both are healthy and functional characteristics of the organelle [32].
Depolarization is indicated by a decrease in the red to green fluorescence of JC-1.
Both dyes indicated slightly weaker mitochondrial membrane polarization in the 22month tendon cells. Membrane electrochemical potential, or simply polarization, is the
essential driving force for ATP production and plays significant roles in other bioenergetic
functions of the mitochondria[23]. Loss of mitochondrial membrane potential has been
demonstrated in age-related loss of function studies in cells from other rat tissues[33]. The data
demonstrates a small loss of polarization with age, but must be carefully considered because
the physiological significance is unclear. Direct measurement of the membrane potential would
determine whether the differences are large enough to be physiologically relevant.
Cytochrome C Oxidase Subunit IV (COXIV) is an essential subunit of the fourth
mitochondrial protein complex, which catalyzes the last reaction of electron transport to
convert molecular oxygen to water [34]. Total protein was isolated from the cell cultures and
western blot was performed to determine protein levels COXIV. COXIV was chosen as a
representative mitochondrial protein essential to oxidative phosphorylation because it is
necessary in the assembly of a functional complex IV[34]. Western blots were normalized by
total protein and were reproducibly repeated four separate times because GAPDH and alphatubulin proved to be unreliable housekeeping genes under variable media conditions. The
western blot analysis revealed consistent levels of mitochondrial protein between the age
groups when maintained in glucose-supplemented media. In the pyruvate-supplemented
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culture media, the aged tenocytes display a significant increase in COXIV protein. The increase
in response to changes in media suggests the importance of glucose availability to the
metabolic phenotype of the aged cells. Pyruvate-induced increases in COXIV expression has
been shown in other cell types such as C2C12 myopblasts, where it was suggested that
excessive pyruvate can actually be deleterious to metabolic function requiring an up-regulation
mitochondrial machinery to compensate for metabolic debt [35]. Interestingly, the juvenile
tendon cells show no COXIV expression variation in response to glucose availability.
ATP quantification demonstrated a slight variation in ATP between the 22-month and 1month tendon cells. Again the physiological significance of a small decline of ATP in the aged
tenocytes is debatable. The decline in ATP luminescence is only about 8% and is not definitively
indicative of ATP deficiency in aged tendon cells.
Dichlorodihydrofluorescein diacetate (DCFDA) fluorescence indicated a significant
decrease in reactive oxygen species in the 22-month tendon cells. This decrease in ROS could be
attributed to reduced mitochondrial activity in aging tenocytes, which would also partially
explain the decrease in ATP production because the ATP yield from oxidative phosphorylation
far exceeds that of glycolysis. Mitochondria are one of the major sources of ROS in the majority
of cell types excluding macrophages and other immune cells[23]. In order to address the
plausibility of reduced mitochondrial activity to explain the depletion in ROS and ATP, we
measured oxygen consumption, the results are explained below, but do not indicate any agerelated deficiency in oxygen consumption under normal cell culture conditions.
Oxygen consumption of cultured cells provides a key functional assessment of
mitochondrial oxidative phosphorylation [36]. Oxygen consumption rate (OCR) experiments
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were carried out in the presence of a specific progression of mitochondrial inhibitors to provide
a more detailed inspection of the oxygen consumption profile, which provides a fairly holistic
examination of aerobic activity. Importantly, all of the experiments were carried out in identical
assay media such that the cells from each group had identical conditions of substrate
availability. Initial readings were taken to generate a baseline oxygen consumption of the
experimental groups. The baseline oxygen consumption measurements are arguably the most
valuable pieces of information from the mitochondrial stress test because they are
representative of the native state of the cells, prior to pharmacological inhibition. The older
cells exhibited higher levels of cellular respiration than the juvenile cells when cultured in
glucose-supplemented media and this trend was conserved even in the presence of
pharmacological inhibitors. Glucose-deprivation revealed a divergent response in OCR between
the two age groups; the cells from the 22-month rats exhibited a decrease in OCR while the
cells from the 1-month rats exhibited an increase in OCR.
After establishing baseline oxygen consumption rates, oligomycin was added to inhibit
ATP-synthase, restrict proton flux, and inhibit the synthesis of mitochondrial ATP [37]. The
corresponding decline in oxygen consumption is due to the arrest of ATP turnover. This decline
was shown to be consistent in all of the groups presented in the data above.
Next the uncoupler FCCP was added. FCCP is an amphipathic molecule that accumulates
in phospholipid bilayers and can increase the permeability of the membranes. In the
mitochondrial membrane, this results in proton permeability and the uncoupling of the electron
transport chain from production of ATP via ATP synthase. The maximal respiratory capacity
results when the electron transport chain is intact and can transfer electrons for the reduction
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of oxygen, but is not restricted by the rate of ATP production. The maximal respiratory capacity
of the groups showed key differences. Again the divergent response to glucose-deprivation was
apparent in the FCCP-induced determination of maximal oxygen consumption.
Lastly, rotenone and antimycin A were added as potent electron transport inhibitors at
Complex I. Without electron transport, oxygen is not consumed and the resultant consumption
value is attributed to non-mitochondrial oxygen consumption. The data indicates that nonmitochondrial respiration contributed minimally to the total oxygen consumption and remained
relatively proportional despite the choice of media in all of the groups of interest.
The oxygen consumption results are consistent with the JC-1, CMXRos, COXIV and ATP
quantification results. All of these experimental techniques to assess mitochondrial function do
not conclusively indicate any major deficiencies of the aged tenocytes. However the glycolytic
and mitochondrial examinations demonstrate key age-related differences in glucose-dependent
metabolic behavior. The effects of depleting the growth medium of glucose are summarized in
Table 1 for each age group.

TABLE 1.
Cell Response to Glucose
Starvation
Proliferation
LDH Activity
COXIV protein
Maximal Oxygen Consumption

22-month Tendon Cells

↓
↓
↑
↓

1-month Tendon Cells

≈
≈
≈
↑

It is clear that glucose plays a fundamental role in bioenergetic homeostasis.
Furthermore, the reduction in proliferation, lactate dehydrogenase activity, and maximal
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oxygen consumption in response to glucose starvation suggests that glucose is a key energyproviding substrate for the 22-month tendon cells, which agrees strongly with our previous
findings that suggest a prominent role for glycolysis in normal metabolism. Furthermore, the
age-dependent OCR, LDH, and COXIV responses to glucose-deprivation suggest tight
interdependence of glycolysis and oxidative phosphorylation in the cells isolated from the older
rats. In contrast, the juvenile cells exhibit metabolic flexibility through their consistent
functional performance across media conditions. The juvenile cells are able to adapt to
different media conditions, in terms of proliferation, LDH activity, and oxidative function, which
suggests a loose coupling or independence of the two metabolic pathways.
In summary, the aged tendon cells are sensitive to changes in substrate and rely on
glycolysis as an essential mediator of energy production. Juvenile tendon cells do not show the
same sensitivity to glucose starvation. The culmination of the metabolic data displayed here
implicates distinct bioenergetic phenotypes that change with aging. Older tendon cells are
more glycolytic and more sensitive to changes in glucose availability whereas juvenile tendon
cells are able to maintain a robust metabolic phenoytpe in multiple culture conditions.

44

Part 3: MMP Activity, Decorin, and the Regulation of Tendon Extracellular
Matrix
Introduction
Maintenance and remodeling of extracellular matrix not only requires collagen
synthesis, but also requires the degradation of structural proteins to accomplish extracellular
matrix homeostasis. Matrix degradation by tenocytes is accomplished primarily through the
production and regulation of matrix metalloproteinases [38]. Matrix metalloproteinases are a
family of zinc dependent endopeptidases that are proteolytic at neutral pH [39]. Various
members of the MMP family cleave a variety of substrates including fibrillar collagens, nonfibrillar collagens, degraded collagen, and proteoglycans among others [40].
MMP proteolytic activity enables two essential functions of tissue remodeling: cell
migration and architectural restructuring [39]. MMPs are regulated at multiple stages. The most
common form of early regulation is the translational inclusion of an auto-inhibitory pro-domain
that must be destabilized or cleaved in order to activate the latent MMPs [39]. A second and
later form of regulation is accomplished by the association of tissue inhibitors of matrix
metalloproteinases or TIMPs. TIMPs inactivate MMPs by forming a 1:1 complex with the active
zinc-containing catalytic site of the MMP [41]. MMP production and regulation is a cellmediated means of tunable degradation and is essential to matrix remodeling in tendon.
Altered MMP expression and activity has been implicated in the progression of tendinopathic
tissue [40].
Age-related tendinopathy is characterized by distinct architectural changes that were
discussed in part 1. One of the key pathological features of tendinopathy is the increase in
collagen synthesis and simultaneous hyperactivity of MMPs [42]. These changes in matrix
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production and degradation along with clinical observations of fibrotic disorganization suggest
regulatory oversight in the progression of tendinopathy. In this last section, we aimed to
elaborate on purely age-dependent changes in matrix degradation by studying MMP activity
profiles of tendon cells isolated from 1-month and 22-month old rats in vitro. Moreover, we
investigated the age-dependent shifts in the synthesis of structural proteins by examining
mRNA expression in two groups of cells. These results were then discussed as they pertained to
the degenerative features of the tissue identified in part 1.

Methods:
Generic MMP activity:
Six-well plates were plated with tendon cells at 10,000 cells/cm2 and grown for 4 days in
culture. Conditioned media from cultures isolated from both age groups was collected after
the cells had reached confluence (after the fourth day). The media was spun down and the
supernatant was used as the testing sample. All MMP containing samples were first activated
with 1mM APMA and then incubated at 37°C for one hour. The Sensolyte 520 Generic MMP
Assay Kit (AnaSpec) was used to determine the relative activities in the culture media from cells
of the two age groups in accordance with the manufacturer’s instructions. The kit is based on a
5-FAM fluorescent peptide that is quenched by a QXL520 construct when intact. A cleavage site
is maintained with broad spectrum MMP specificity between the two peptide constructs. Upon
cleavage by non-specific MMPs, the quencher is released and fluorescence is measured at 490
nm/520 nm. A standard is provided with the kit and a standard plot was constructed to
determine the concentration of cleaved substrate. Fluorescence was recorded continuously for
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approximately 35 minutes and the data was converted utilizing the standard plot. All groups
were performed in quadruplicate and normalized by cell number.
Gelatin Zymography:
Gel electrophoresis was carried out using the Mini PROTEAN 3 system (Biorad) under
denaturing conditions. Gels contained 7.5% polyacrylamide, 1 mg/mL gelatin, 375 mM Tris-HCl
pH 8.8, 0.1% SDS. The gels were polymerized by adding 0.05% TEMED and 0.5% ammonium
persulfate. The stacking gel contained 4% polyacrylamide with the same concentration of
gelatin as the running gel. The running buffer consisted of 25 mM Tris, 192 mM glycine, and
3.47 mM SDS at pH 8.3. Media samples taken from confluent 6-well plate cultures grown for
(4-5 days) were diluted 1:1 in 1M Tris pH 6.8 containing 50% glycerol and .04% bromphenol
blue. After electrophoresis gels were submerged for 30 mins in 2.5% TritonX-100 to exchange
the SDS and renature the MMPs. The gels were then incubated for up to 48 hours in 50 mM
Tris-HCl, 50 mM NaCl, 10 mM CaCl2, 0.02% Brij-L23 at pH 7.6 to activate the latent and active
forms of the MMPs. Finally, gels were stained with 0.25% Coumassie blue G-250, destained
with 20% methanol and 10% acetic acid, and analyzed using ImageJ to quantify the relative
density of the bands.
Collagen & Decorin Gene Expression
Real-time PCR was performed to determine gene expression of collagen I, collagen III, and
decorin. Total RNA was prepared from 5X105 tendon cells from both 1-month and 22-month
rats. The cells were lysed after reaching approximately 80% confluence (48-72 hours of growth
on tissue culture plastic). RNeasy (Qiagen) isolation kit was used to isolate the RNA according to
the manufacturer’s instructions. Reverse transcription of total RNA was carried out in three
consecutive steps: annealing (70°C for 10min), synthesis (42°C for 60min), and inactivation
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(95°C for 5min). Real-time PCR was accomplished using iQ SYBR Green Supermix (Biorad). The
25uL reaction volume contained forward and reverse primers at a final concentration of 300
nM each. A six 10-fold dilution series was included on each 96-well PCR plate. The plates were
sealed with optical adhesive plastic (Biorad) and spun down prior to real-time PCR analysis.
Each sample was analyzed in triplicate. Forty cycles were carried out, after an initial 5 minute
denaturing step, consisting of a denaturation step (95°C for 30s), an annealing step (primer
specific for 30s), and a lengthening step (72°C for 30s). The forty cycles were followed by a
melting curve which was inspected for quality assurance. The CT values were set based on the
linear logarithmic phase of the fluorescence curve. A standard curve was constructed based on
linear regression of the dilution series and the relative expression levels were quantified. All
expression values were normalized to 18s expression.

Gene
collagen 1
collagen 3
decorin
18s

Table 2. RT-PCR Primer Sequences
Abbreviation Primer Sequence
Fwd: AGGCTTTGATGGACGCAATG
Col1a1
Rev: GCGGCTCCAGGAAGACC
Fwd: CCATGGGTCCCAGAGGGGCT
Col3a1
Rev: GGGACCTGGTTGCCCGTCAC
Fwd: TGGCAGTCTGGCTAATGT
Dcn
Rev: ACTCACGGCAGTGTAGGA
Fwd: CGGCGACGACCCATTCGAAC
18s
Rev: GAATCGAACCCTGATTCCCCGTC

Annealing Temp
58°C
57°C
58°C
58°C

Results:
The fluorometric and zymographic investigations (Fig. 17 and Fig. 18 respectively) of
tenocyte cell culture media confirm that the broad range activity of matrix metalloproteinases
is enhanced in the cells isolated from the 22-month rat tendon. The zymographic breakdown by
molecular weight offers a more specific examination of MMP activity by demonstrating the
enhanced activity of the gelatinase, MMP-9, and reduced activity of the pro-collagenase, Pro-
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MMP1. The pro forms of MMPs are a latent precursor form requiring activation, but in
zymography SDS denaturing also causes activation, which allows for the quantification of
proMMPs. Gelatin zymography demonstrates the down regulation of the pro-form of MMP-1.
Gene expression analysis of the primary structural components of tendon including,
decorin, collagen I, and collagen III revealed a large up-regulation of the decorin gene in the
cells isolated from the 22-month rats (Fig. 19). Upregulated expression was also demonstrated
for the collagen III gene.
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Discussion:
Aged tendon displays a marked increase in MMP activity. The data from our study on
aging agrees with many studies that demonstrate elevated MMP expression or activity in
tendinopathic tissue [42], [43]. The up-regulation of MMP-9 and down-regulation of ProMMP-1
demonstrates a relative enhancement of gelatinolytic activity to collagenase activity. The downregulation of pro-MMP1 indicates that there is a reduction in the production of the latent
precursor form of MMP-1.
Gelatinolytic activity is responsible for the degradation of fibrillar, but denatured
collagens; this is implicated as a response to the accumulation of degenerative tissue, but may
also be involved as a mediator of age-related tendinopathy due to characteristic over activity.
The rationale is clear for age-related dysregulation of the regulatory enzymes involved in
extracellular matrix degradation and as a result the evidence may have broader consequences
on the tissue architecture, and subsequent tissue function.
Interestingly, decorin is the most abundant proteoglycan in tendon and is a substrate of
MMP-2, MMP-3, and MMP-7[44]. Decorin is a small leucine-rich proteoglycan that functions in
the regulation of type-1 collagen fibril formation and is specifically thought to play a major role
in the modulation of tendon fibril diameter[45]. Our findings are not surprising in that the
increase in proMMP-2 in 22-month tenocytes is consistent with our TEM imaging that
demonstrates abnormal fibril diameter in the aged tissue. Additionally, gene expression analysis
shows a significant up-regulation of decorin expression suggesting a tenocyte-mediated
response to reverse or mitigate the effect of decorin cleavage by elevated MMP-2. The absence
of decorin, in decorin-knockout mice, results in the aggregation of large diameter fibrils and
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multiple levels of fibril disorganization [46], which suggests decorin can prevent fibril
dysregulation. However, there is no evidence for the efficacy of decorin to reverse fibril
disorganization after it has developed; this may be one of several reasons that decorin gene
over expression has been identified in the cells, but the fibrils remain disorganized in the tissue.
Exercise and injury also have acute effects on MMP production and activity and play a
central role in regulating the remodeling process [43], [47].For example, acidification in local
muscle-tendon microenvironments in response to exercise and oxygen depletion may have an
immediate effect on MMP function by activating latent MMPs. The complexity of age-related
degeneration in the context of extracellular matrix metabolism and specifically MMP function is
augmented by long-term exercise and injury that accrues throughout the lifespan of the
individual. A holistic examination of MMP metabolism should consider the contributions from
multiple perspectives. Exercise, activity level, injury, muscle fiber-type, and other individualspecific characteristics should be considered in the evaluation of age-related degeneration.
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Summary of Findings and Conclusions:
1. Gross Cell Morphology and Characterization of Primary Rat Achilles Tendon Cells
a. Achilles tendon excised from 22-month rats displays many degenerative
characteristics consistent with human Achilles tendinopathy including abnormal
fibril diameter variability, tissue hypocellularity, and the incidence of chondroid
metaplasia in the tendon midsubstance.
b. Tendon-derived cell cultures from older rats are able to proliferate at rates equal to
or higher than the cells isolated from tendon of younger rats in vitro. There was no
significant difference in telomere length between the cells derived from each age
group. The proliferative ability and comparable telomere length is not indicative of
cellular senescence. The lack of proliferation in tissue from older rats indicated by
histological evidence of hypocellularity and the replicative ability of the same cells
isolated and grown in culture is paradoxical. If changes in extracellular matrix with
age are responsible, at least in part, for the observed metabolic differences between
cells derived from the tendons of young versus old rats then removal of the matrix
may be the primary reason behind the observation that cells isolated from old
tendons resume their proliferative capacity when placed in culture.
2. Metabolic Investigation of Glycolytic Activation and Mitochondrial Function
a. Tendon cells from older rats are more glycolytically active than tendon cells isolated
from younger rats. Specifically, the cellular extracts from the cultures contain higher
levels of lactate and lactate dehydrogenase activity. The cells from older rats also
grow faster in glucose-supplemented media than cells in glucose-deficient media.
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b. Cells from the older animals are more sensitive to the presence of glucose in the
growth media. Glucose-deficient media causes the tendon cells from older animals
to reduce the levels of oxygen consumption, lactate dehydrogenase activity, and
expression of COXIV protein.
c. The tendon cells from the younger animals demonstrate an adaptive and robust
metabolic phenotype characterized by consistent proliferation, lactate
dehydrogenase activity, and COXIV protein expression, regardless of the presence of
glucose in the growth media.
d. Cells isolated from 1-month and 22-month rat tendons exhibit similar mitochondrial
membrane polarization and express similar levels of COXIV protein in glucosesupplemented media. Neither age group shows a deficiency in oxygen consumption
relative to the other group. The COXIV, oxygen consumption, and membrane
polarization data do not indicate mitochondrial dysfunction in cells cultured in vitro
from 22-month rat tendons.
3. MMP activity, decorin, and the regulation of tendon extracellular matrix
a. Tendon cell cultures display age-dependent patterns of matrix metalloproteinase
activity. Cell culture media extracts from older rat tendon cells have a higher broad
spectrum matrix metalloproteinase activity. Gel zymography demonstrated that
these media extracts have elevated MMP-9 and proMMP-2 activities.
b. The expression of the decorin gene is elevated in cultures of cells prepared from the
older animals. Decorin is a regulator of lateral fibril growth and the elevated decorin
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data is consistent with the demand for cell-mediated regulation demonstrated in
part 1 by collagen fibril diameter variability.

Further Studies:
This investigation provides a broad characterization of the metabolism of Achilles
tendon cells isolated from aged rats. Two very interesting metabolic findings were identified
within the context of age-related tendinopathy. First, the metabolic divergence of cells from the
older tissue was established in terms of glycolytic and oxidative function. Extracellular
metabolism was also investigated and age-related dysfunction was implicated in the
deregulation of extracellular matrix synthesis and degradation. These two findings have opened
the door for further investigation of tendon cell metabolism in an aged rat model.
The most interesting result, in my opinion, is the lack of metabolic flexibility and more
specifically the strong dependence of the cellular metabolism, in the older cells, on glucose
availability. However, the complexity of energy metabolism, involving several simultaneous
mechanisms with many interdependent metabolites, is extremely difficult to study in vitro, let
alone in vivo, which makes this area of research particularly challenging. In fact, one of the
fundamental weaknesses of this investigation, limiting the clinical relevance of the study, is the
disconnect between the complexity of the tissue environment and the limitations of culture
system in vitro. Further studies should be pursued in vivo to enhance the clinical relevance with
respect to elucidating mechanisms of age-related pathology and advancing the development of
non-invasive therapeutics for tendinopathy.
A follow-up investigation to explore the role of decorin in collagen fibril regulation and
the development of age-related tendinopathy is a more pursuable area of research, in my
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opinion. This investigation should probe both the spatial and temporal expression patterns of
decorin. Additionally, both the gene and protein expression should be determined in order to
identify lapses in decorin regulation that may lead to insights in mechanistic relationships. By
studying the temporal expression over multiple age groups (juvenile, middle-aged, aged) and
identifying the spatial profile of decorin expression in the tissue via immunochemical
localization, the development of tissue dysregulation can be mapped in parallel with the aging
of the tissue. Furthermore, by studying spatial relationships in vivo, the complexity of the
extracellular matrix can be preserved, while examining the role of cell-mediated dysfunction in
disease progression.

Clinical Translation:
The in vitro investigation provides a useful perspective on the condition of the native
tendon cell population. These cells are viable therapeutic targets to enhance tendon repair and
alleviate tendinopathies that afflict older individuals. The evidence detailed in this study
support the notion that tenocytes in older animals are not senescent. This evidence of
replicative potential especially conveys promise for cell-targeted therapies. The ability of the
cells to proliferate at levels equal to that of the juvenile group suggests that the hypocellularity
of tenocytes observed in degenerative tissue is not restricted by fundamental proliferative
potential. One implicated inhibitor of migration and proliferation in vivo may be attributed to
matrix architecture such as density, cross linking, fibril size, and possibly other parameters.
The establishment of metabolic phenotypes and specifically the glucose-sensitivity of
aged tendon cells demonstrate the importance of nutrient availability in the adult tendon.
Blood supply in Achilles tendon is limited and originates at both ends of the tendon, at the
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insertion and at the muscular junction as well as throughout the paratenon [48]. The midsubstance of the tendon is poorly vascularized and the capillaries, which are crucial to nutrient
exchange, cannot penetrate the collagen matrix [2]. Degenerative tissues often have increased
fibrosis, large fibril diameters, and reduced organization, which could have a significant impact
on nutrient dispersion throughout the tissue. The glucose-sensitive phenotype of tendon cells
from older animals implicates that treatments aimed at enhancing nutrient delivery may be
efficacious in modulating cellular responses.
The characterization of the rat Achilles tendon and the effect of aging, which is
consistent with the progression of tendinopathy in humans, lay the foundation for developing a
model system of age-related degeneration that can be used to assess experimental
therapeutics in vivo. The in vivo system can be assessed by determining tissue cellularity,
collagen fibril alignment, and collagen fibril diameter. The MMP activity of excised tissue
segments could also be assessed to determine if the treatment has reduced the gelatinolytic
hyperactivity that is associated with degenerative tissue.
The conclusions from this research can be used to investigate the design and
implementation of new therapeutic strategies for Achilles tendon repair and degeneration.
Metabolic insights such as glucose sensitivity and lactate production can be incorporated into
the design of novel, bioactive surgical constructs that account for age-related metabolic
dysfunction of tendinopathy. The effect of exercise on the metabolism of tendon cells and the
effect on tendon tissue as a whole can be studied to delineate therapy from overuse. The
results of this investigation contribute to a growing field of work on age-related
musculoskeletal pathologies that will help clinicians and researchers alike to understand
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fundamental metabolic dynamics as they pertain to an expanding population of aging
individuals.
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