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Abstract

Immobilization of the tendonand ligament has beenshown to result in a rapid and significant 

decrease in material properties. It has been proposed that tissue degradation leading to tendon 

rupture or pain in humansmayalso be linked to mechanical unloading following focal tendon 

injury. Hence, understanding the remodeling mechanism associated with mechanical unloading 

has relevance for the human conditions of immobilization (e.g., casting), delayed repair of tendon 

ruptures, and potentially overuse injuries as well. This is the first study to investigate the time 

course of gene expression changes associated with tissue harvest and mechanical unloading 

culture in an explant model. Rat tail tendon fascicles were harvested and placed in culture 

unloaded for up to 48 h and then evaluated using qRT-PCR for changes in two anabolic and four 

catabolic genes at 12 time points. Our data demonstrates that Type I Collagen, Decorin, Cathepsin 

K, and MMP2 gene expression are relatively insensitive to unloaded culture conditions. However, 

changes in both MMP3 and MMP13 gene expression are rapid, dramatic, sustained, and changing 

during at least the first 48 h of unloaded culture. This data will help to further elucidate the 

mechanism for the loss of mechanical properties associated with mechanical unloading in tendon.
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Tendons and ligaments are dense fibrous connective tissues primarily composed of Type I 

Collagen cross-linked with the proteoglycan Decorin. This structure provides high tensile 

strength and enables transmission of force from muscle to bone in the case of tendons, and 

from bone to bone for ligaments. Immobilization of tendon and ligament has been shown to 

upset normal homeostasis and result in tissue catabolism and matrix remodeling.1–5 A 

relationship between mechanical load reduction and a rapid and significant decrease in 

material properties has been consistently demonstrated in animal models.3,4,6–11 In vitro 
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explant models have been utilized to further investigate changes in tissue mechanical 

properties associated with load reduction. Rabbit patellar tendon subunits cultured under no 

load for 1 week demonstrated a 43.8% decrease in tangent modulus compared to Fresh 

controls.12 Further, rat tail tendons exposed to no load had a reduction in elastic modulus of 

23%13 to 42.9%14 after 1 week and 43.7% after 3 weeks in culture.15

Although the precise mechanisms involved in extracellular matrix remodeling associated 

with mechanical unloading are not known, they are likely associated with increased matrix 

metalloprotease (MMP) activity. Previous studies have demonstrated that the gene 

expression and protein levels of interstitial collagenase (MMP-13), was increased in rat tail 

tendon explants following 24 h of mechanical unloading in culture.14,16–18 This catabolic 

response can be largely abrogated by static or cyclic loading in culture unless the 

cytoskeleton of tendon cells is disrupted by treatment with cytochalasin-D.16,17 These results 

support the concept of a cytoskeletally based mechanotransduction pathway in tendon.
14,16,18,19

Clinically three types of tendon injuries have been described: acute rupture,20 rupture 

associated with tissue degradation20–22 and chronic pain associated with tissue degradation.
20,22–24 Acute rupture is generally related to a single, high-force incident. The etiology of 

tissue degradation leading to tendon rupture or pain, however, is less understood. It has been 

proposed that these conditions, often classified as “repetitive stress’’ or ‘‘overuse’’ injuries, 

may, in fact, be linked to mechanical unloading following focal tendon injury.14,18,20,25 

Specifically, local unloading of tendon cells around the injury site is hypothesized to 

increase collagenase activation and/or production, leading to focal tissue degradation. This 

hypothesis is supported by clinical studies showing that tissue degeneration in biopsies from 

ruptured human tendons appears to be an active, cell-mediated process.20,21,23–32

Hence, understanding the remodeling mechanism associated with mechanical unloading has 

relevance for the human conditions of immobilization (e.g., casting), delayed repair of 

tendon ruptures and potentially overuse injuries as well. To investigate the effects of 

mechanical load on tendon remodeling in isolation from the influence of other physiologic 

variables present in vivo during tendon injury conditions, we and others have utilized the in 

vitro rat tail tendon fascicle model.13–18,33–37 To date, no study has investigated the time 

course of gene expression changes associated with tissue harvest, mechanical unloading, and 

culture in this explant model. Such data is important for under-standing both the kinetics and 

magnitude of the response of tendon cells to mechanical unloading as well as for 

establishing the baseline expression levels from which gene changes due to mechanical 

loading protocols can be compared.

Therefore, the purpose of the current study was to examine the effects of unloading on the 

expression of various anabolic and catabolic genes in rat tendon at several times over 48 h in 

culture. Specifically, we evaluated the expression of Collagen type I and Decorin, as these 

constituents are the most prevalent components of tendon extracellular matrix. Wealso 

examined several catabolic genes which have been identified as either up- or downregulated 

in biopsies from degenerate tendon: Cathepsin K,30 interstitial collagenase (MMP1 in 

human, MMP13 in rat),31,38 gelatinase (MMP2),24,31 and stromelysin (MMP3).20,24,29,31 
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We hypothesized that the expression of catabolic genes (Cathepsin K, MMP13, MMP2, 

MMP3) would be continuously upregulated in unloading conditions14,16–18 and the 

expression of anabolic genes (Collagen type I and Decorin) would be maintained or 

downregulated in a reciprocal fashion.19,37 Further, we hypothesized that the expression 

levels of all genes would reach new (i.e., different from Fresh) homeostatic levels by 48 h in 

culture.

MATERIALS AND METHODS

Tissue Harvest and Sample Preparation

Four adult male Sprague-Dawley rats were sacrificed by CO2 asphyxiation. The tail was 

harvested and the ventral fascicles pulled and placed into culture medium (DMEM 

containing L-Glutamine, HEPES, Penicillin, Streptomycin, Amphotercin B, and 10% FBS). 

Only fascicles with a diameter between 250 and 300 μm were used. Fascicles were cleaned 

of their superficial sheath and cut to 2.5-cm pieces. Five fascicle pieces were pooled to make 

12 individual fascicle samples for each rat. Each sample was approximately 8 mg wet 

weight.

Mechanical Unloading

Fascicle samples were placed into individual culture wells containing 5 mL of culture 

medium [DMEM containing L-Glutamine, HEPES, Penicillin Streptomycin, Amphotercin 

B, and 10% fetal bovine serum (FBS)], and the plates were cultured in an incubator at 5% 

CO2, 37°C. The time at which the tail was harvested was considered time zero. At various 

time points of mechanical unloading in culture [Fresh (12 min), 30 min and 1, 2, 4, 6, 8, 12, 

24, 28, 32, and 48 h], one fascicle-sample per rat (n=4 rats) was removed from culture for 

gene expression analysis. The relative expression of Collagen Type I, Decorin, Cathepsin K, 

MMP2, MMP3, and MMP13 was determined at each unloading time with respect to Fresh. 

18S was used as a housekeeping gene.20

RNA Harvest, Transcription, and Quantification

Samples were incubated in Trizol® Reagent for 8 days. Subsequently, RNA was harvested 

according to the manufacturer’s instructions using a high salt solution (0.8 M sodium citrate, 

1.2 M NaCl) in conjunction with isopropanol for the precipitation step.39 The RNA pellet 

was resuspended in 100 μL RNase free water. Reverse transcription was performed using 

TaqMan® Reverse Transcription reagents from ABI (Foster City, CA) according to the 

manufacturer’s instructions using 20 μL RNA in a total reaction volume of 100 μL

Real-Time Quantitative PCR

PCR was performed on an ABI 7500 system (Foster City, CA). 18S was measured using 

TaqMan® rRNA Control Reagents (VIC® dye) and TaqMan® Universal PCR Master Mix 

from ABI (Foster City, CA). Collagen Type I, Decorin, Cathepsin K, MMP2, MMP3, and 

MMP13 were measured using Power SYBR® Green PCR Master Mix from ABI. The primer 

sets for all experimental genes (Table 1) were designed using Primer Express software with 

one primer spanning an exon junction to prevent amplification of genomic DNA (verified by 

melting curve analysis). The primer concentration used for all genes was 50 nM. A five 
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point relative standard curve (R2 =0.99) was created for each gene using cDNA made from 

RNA harvested from rat tail tendon fibroblasts grown in culture and stimulated with IL1-β. 

The relative expression for each sample was determined from the relative standard curve,
40,41 eliminating the need for the efficiencies of each reaction to be equal, which is a 

requirement when using the ΔΔCt method for data analysis. In cases where the gene 

expression level was above the highest value on the standard curve, samples were diluted 

and both the gene of interest and the housekeeping gene were reevaluated in the diluted 

sample. In the event that a gene expressed below the lowest point of the standard curve 

(Table 2), the sample was assigned the lowest expression value of the standard curve. All 

assays were performed in triplicate using 2 μL cDNA in a 25 μL reaction volume. Triplicates 

were averaged and then normalized to the relative 18S expression for that sample, giving the 

normalized relative expression value.

Data Analysis and Statistics

We assessed whether the expression of Decorin, Collagen Type I, Cathepsin K, MMP2, 

MMP3, and MMP13 were significantly different in unloaded tendon fascicles than in Fresh 

fascicles. For each gene, the normalized relative expression value for each rat sample at each 

time point was divided by the Fresh value for that animal. Accordingly, an expression ratio 

of one at a given time point means the gene is expressed the same as Fresh. These 

expression ratios at each time point were then logged to base 2 and used as the basis for a 

bootstrapping simulation (n=4 rats per time point). The bootstrap simulation was run 1000 

times using each set of gene-time data.42

A mean was calculated directly from the bootstrap data and the 95% confidence interval was 

defined from the limits of the middle 95% of the bootstrap data. Means and confidence 

limits were subsequently unlogged and plotted. For a given gene and time point, two criteria 

were used to define a significant change in expression from Fresh: (1) statistical significance

— the 95% confidence interval did not include an expression ratio of one and (2) biological 

significance—the geometric mean was at least twofold different from Fresh (mean 

expression ratio greater than 2 or less than 0.5).43

To determine whether the expression of each gene had stabilized or was still changing with 

respect to time between 24 and 48 h of culture, linear regression analysis was performed 

between time (independent variable) and the mean expression ratio at 24, 28, 32, and 48 h 

(dependent variable). If the regression coefficient was significantly different than zero ( p < 

0.05), the gene was considered significantly changing with respect to time in that interval.

RESULTS

Type I Collagen and Decorin exhibited small and fluctuating changes in gene expression 

with mechanical unloading in culture (Fig. 1). In general, the expression of these anabolic 

genes was significantly increased (two-to fourfold) with respect to Fresh at 2–6 h of 

unloading culture and then significantly decreased to the same degree at 24 h. Subtle 

differences between the genes and their significance with respect to Fresh can be noted in 

Figure 1. Type I Collagen expression was still increasing significantly with respect to time 

between 24 and 48 h of unloading ( p=0.03), but had returned to levels that were not 
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different from Fresh. Whereas Decorin expression was not changing in this time interval 

( p=0.46), but remained significantly less than Fresh.

Cathepsin K demonstrated small but significant increases (two to fourfold) in expression 

relative to Fresh in the early period of unloading culture (2–6 h) and decreased expression 

with respect to Fresh (0.4-fold) at 24 h (Fig. 2). MMP2 demonstrated a slight increase in 

expression throughout the 48 h of unloading culture, which was significantly different from 

Fresh only at 6 h (Fig. 2). Neither Cathepsin K ( p=0.96) nor MMP2 ( p=0.62) expression 

changed over time between 24 and 48 h and had returned to levels that were not different 

from Fresh.

The gene expression profiles for MMP3 and MMP13 showed rapid, dramatic, and sustained 

responses to unloading culture (Fig. 3). MMP3 expression was significantly higher than 

Fresh at every time point evaluated, peaking at a 447-fold increase at 8 h of unloading and 

declining to a 44-fold increase at 48 h. There was a trend toward continued decreases in 

MMP3 expression between 24 and 48 h of unloading culture ( p=0.06). MMP13 expression 

became significantly increased with respect to Fresh by 4 h of unloading, peaking at a 72-

fold increase at 8 h and remaining significantly increased thereafter. MMP13 expression was 

increasing significantly with respect to time between 24 and 48 h of unloading ( p=0.03).

DISCUSSION

This is the first study to examine the expression profile of several anabolic and catabolic 

extracellular matrix genes over a time course of in vitro unloading in the rat tail tendon 

fascicle model. In partial support of our first hypothesis, the two anabolic genes evaluated 

(Collagen Type I and Decorin), exhibited only small and fluctuating changes in gene 

expression over the time course of unloading and two of the catabolic genes evaluated 

(MMP3 and MMP13) demonstrated rapid, dramatic, and sustained upregulation throughout 

the 48 h of mechanical unloading in culture. However, contrary to our hypothesis, two of the 

catabolic genes (Cathepsin K and MMP2) also exhibited only small fluctuating changes in 

gene expression over the time course of unloading. Our second hypothesis, that gene 

expression levels of all genes would reach new (i.e., different from Fresh) homeostatic levels 

by 48 h in culture was also only partially supported. The expression of Decorin, MMP2, and 

Cathepsin K had stabilized between 24 and 48 h in culture ( p>0.46), but only decorin 

expression stabilized at a level different from Fresh. Although the expression of Type I 

Collagen was still changing over time between 24 and 48 h ( p=0.03), it had returned to 

Fresh levels. The expression of MMP3 ( p=0.06), and MMP13 ( p=0.03) was still changing 

over time between 24 and 48 h and MMP13 expression in particular did not appear to be 

changing toward Fresh levels. The expression of both MMP3 and MMP13 would need to be 

evaluated at longer time points in unloading culture to determine if a new homeostatic set 

point is reached for these genes.

Type I Collagen and Decorin are the primary constituents of the tendon extracellular matrix. 

Decorin is a proteoglycan that decorates the collagen fibrils in the tendon, and contains a 

single sulfated glycosaminogly-can (GAG) chain. Both Type I Collagen and Decorin gene 

expression were slightly but significantly increased (two-to fourfold) between 2–6 h of 
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mechanical unloading and significantly decreased to the same degree by 24 h. Type I 

Collagen expression approached Fresh levels by 48 h, and Decorin expression remained 

significantly down- regulated. No other study has examined the expression of these genes in 

this model system, but Collagen and Decorin expression levels were reported not to change 

in a rabbit MCL explant model after 4 h of mechanical unloading.44 At the protein level, no 

change in total collagen or sulfated glycosaminoglycan (GAG) content was measured in 

tendon fascicles after 24 h37 or 1 week13 of unloading culture. Together these results suggest 

that the rate of Collagen Type I and Decorin deposition and breakdown are not significantly 

changed in response to mechanical unloading in this model system.

Cathepsin K and MMP2 are proteases that have been identified inhumanbiopsy samples 

from injured tendons and ligaments.24,30,31 Cathepsin K is a serine protease with specificity 

for Type I Collagen.45,46 MMP2 is one of a family of proteases known as matrix 

metalloproteases. The substrates of MMP2 include Collagens I, II, III, IV, V, VII, X, and XI 

as well as gelatin.47 In addition to cleaving other matrix proteins and proteoglycans, MMP2 

is also known to activate both MMP9 and MMP13.47 Neither Cathepsin K nor MMP2 have 

been previously examined in mechanical unloading experiments. In this study, both 

Cathepsin K and MMP2 gene expression were slightly but significantly increased (two-to 

fourfold) between 2 and 6 h of mechanical unloading, and then stabilized at Fresh levels 

beyond 24 h in unloaded culture. Like type I Collagen and Decorin, Cathepsin K and MMP2 

gene expression appear to be relatively insensitive to the unloaded culture conditions.

MMP3 (stromelysin-1) and MMP13 (collagenase-1) are also matrix metalloproteases. 

Considered primarily a proteoglycanase, MMP3 has substrate specificity for a range of 

matrix components and is also known to activate MMP7, MMP8, and MMP13.47 MMP13 is 

considered predominantly a collagenase; however, it, too, has substrate specificity for a 

range of matrix components and is known to activate MMP2 and MMP9.47 In the rodent, 

MMP13 is the predominant interstitial collagenase, whereas the predominant interstitial 

collagenase in humans is MMP1.48 Both MMP320,23,24,29,31 and interstitial collagenase 

(MMP1 in humans)20,31 have been shown to be regulated in injured tendons and ligaments. 

In this study, the gene expression of both MMP3 and MMP13 was dramatically increased 

with respect to Fresh over the entire 48 h of unloading culture. We note that the MMP13 

expression level for all of the Fresh samples fell below the detection level and was assigned 

the lowest measurable value. Therefore, the actual fold changes in MMP13 expression are 

likely to be even greater than those reported here. No previous unloading study has 

investigated MMP3 gene expression levels in the rat tail tendon model; however, an explant 

model of canine cartilage showed no change in MMP3 with unloading for 6 days,49 and in 

vivo immobilization of the rat intervertebral disc demonstrated an upregulation of MMP3 at 

72 h.50 Upregulation of MMP13 after 24 h of mechanical unloading in culture has been 

shown in the rat tail tendon fascicle model.14,16–18,51 Although increases in gene expression 

do not necessarily correlate to increases in protein level or activation of these enzymes, 

dramatic and sustained increases in MMP3 and MMP13 during mechanical unloading may 

imply downstream matrix degradation and remodeling.

Collagen Type I, Decorin, Cathepsin K, MMP2 each exhibited small and fluctuating changes 

in gene expression over the time course of unloading. The expression of Decorin, MMP2, 
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and Cathepsin K stabilized between 24 and 48 h in culture, at or—in the case of Decorin— 

slightly lower than the levels of Fresh tendon. Although the expression of Type I Collagen 

was still changing significantly with respect to time at 48 h, it had rebounded to Fresh levels. 

These outcomes suggest that these four genes are both relatively insensitive to the unloaded 

culture conditions, and have reached new homeostatic expression levels at or near the levels 

of Fresh tendon after approximately 48 h in unloaded culture conditions.

In contrast, the gene expression of both MMP3 and MMP13 was rapidly and dramatically 

increased with respect to Fresh by 30 min (MMP3) or 4 h (MMP13) in culture, and 

remained increased over the entire 48 h of unloading. Furthermore, at least MMP13 

expression was still changing significantly with respect to time at 48 h. That the upregulation 

of MMP13 is a result of mechanical unloading and not other conditions of the tissue culture 

is demonstrated by studies that show that MMP13 upregulation in unloaded tendon explants 

can be largely abrogated by static or cyclic loading in culture.16,17 These results suggest that 

these two genes are highly sensitive to mechanical unloading and have not reached new 

homeostatic levels after 48 h in unloaded culture conditions. We speculate that the 

expression of these mechanosensitive genes would reach new homeostatic levels when the 

tendon cells reestablish their new mechanostat set point in the unloaded condition.19

Despite evidence of increased collagenase (MMP13) expression in unloaded tendon, 

Lavagnino and colleagues15 found no difference in number of fibrils, mean fibril diameter, 

mean fibril density, and fibril size distribution between Fresh and rat tendons cultured under 

no load for 21 days. In our previous work, no decrease in total collagen or evidence of 

denatured collagen was seen in rat tail tendon cultured under no load for 7 days.13 These 

studies suggest that the matrix remodeling associated with decreased mechanical properties 

of cultured rat tail tendon may not occur on a macroscopic scale that is detectable by gross 

morphologic or biochemical assays, or that the remodeling does not directly involve 

degradation of collagen. Because MMP3 and MMP13 have a wide range of substrates, 

decreases in mechanical properties may be related to a more subtle degradation of ECM 

components involved in the cross linking and or stabilization of the tendon structure (e.g., 

proteoglycans, minor collagens, fibronectin). However, significantly smaller collagen fibrils 

have been shown in a hind limb disuse model of the rat Achilles tendon,52 alternately 

suggesting that the in vivo environment may allow for a more extensive response to 

mechanical unloading than can occur in an explant culture model.

The purported strength of an in vitro explant model is that it provides a well-controlled 

experimental system to manipulate variables of interest and investigate their effect on tissue 

structure, function, and cell biology. Further, an explant model maintains cells within their 

native extracellular matrix, such that mechanical load conditions, are transmitted to cells in a 

physiologic manner. However, the utility of an explant model could be limited for some 

mechanobiology experiments if the outcomes of interest are shifted dramatically and rapidly 

in unloaded culture conditions. For example, to use this explant model to study the effect of 

mechanical overloading on MMP3 and MMP13 gene expression, our data suggest that 

immediately upon retrieving explants from the animal, they must be placed in culture 

mechanical conditions that maintain these genes at or near normal levels. Because it is 

unlikely that placing the explants in such “homeostatic load conditions” could be achieved 
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either within minutes or simultaneously for all explanted samples, interpretation of 

subsequent mechanical overloading conditions on MMP3 or MMP13 gene expression could 

be hampered by the dramatic and rapidly changing expression of these genes in the default 

unloaded conditions. Certainly, this tendon explant model would lend itself to the 

investigation of mechanical reloading on MMP3 or MMP13 expression. However, reloading 

would need to be initiated at the same time for all samples (unless sufficient culture time had 

elapsed such that the expression of the genes of interest had reached homeostatic levels) and 

interpretation of the results would be dependent on the time that reloading was introduced. 

These examples demonstrate the complexity of appropriately using explant models for 

mechanobiology research.

In summary, this is the first study to investigate the time course of gene expression changes 

associated with tissue harvest and mechanical unloading culture in an explant model. Such 

data are important for understanding both the kinetics and magnitude of the response of 

tendon cells to mechanical unloading as well as for establishing the baseline expression 

levels from which gene changes due to mechanical loading protocols can be compared. Our 

data demonstrates that Type I Collagen, Decorin, Cathepsin K, and MMP2 gene expression 

are relatively insensitive to unloaded culture conditions. However, changes in both MMP3 

and MMP13 gene expression are rapid, dramatic, sustained, and changing during at least the 

first 48 h of unloaded culture. Future work will investigate whether changes in MMP3 

and/or MMP13 gene expression coincide with changes in the activity or levels of these 

proteins in unloaded tendon explants over time. These studies will help to further elucidate 

the mechanism for the loss of mechanical properties associated with mechanical unloading 

in tendon.
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Figure 1. 
Means and upper and lower limits of the 95% confidence intervals of the bootstrap data for 

relative expression ratio of (A) Collagen Type I and (B) Decorin are plotted. [Relative 

expression ratios used for bootstrapping at each time point (n=4) were derived from the 

normalized expression of each sample divided by normalized expression of Fresh, where 

18S was the housekeeping gene.] An expression ratio of one means no change from Fresh. 

The dashed box indicates a two-fold change from Fresh. *Denotes significant difference 

from Fresh.
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Figure 2. 
Means and upper and lower limits of the 95% confidence intervals of the bootstrap data for 

relative expression ratio of (A) Cathepsin K and (B) MMP2 are plotted. [Relative expression 

ratios used for bootstrapping at each time point (n=4) were derived from the normalized 

expression of each sample divided by normalized expression of Fresh, where 18S was the 

house-keeping gene.] An expression ratio of one means no change from Fresh. The dashed 

box indicates a twofold change from Fresh. *Denotes significant difference from Fresh.
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Figure 3. 
Means and upper and lower limits of the 95% confidence intervals of the bootstrap data for 

relative expression ratio of (A) MMP3 and (B) MMP13 are plotted. [Relative expression 

ratios used for bootstrapping at each time point (n=4) were derived from the normalized 

expression of each sample divided by normalized expression of Fresh, where 18S was the 

housekeeping gene.] An expression ratio of one means no change from Fresh. The dashed 

box indicates a twofold change from Fresh. *Denotes significant difference from Fresh.
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Table 1.

Primer Sets for Gene Expression

Forward Primer Reverse Primer

Decorin GAGGCCTCTGGCATAATCCC CCCAGATCAGAACACTGCACC

Collagen Type I CCAGGGCTCCAACGAGATCG CGGTGTGACTCGTGCAGCCA

Cathepsin K CTATGGCTGTGGAGGCGGCTA TCCTGCCCCACATACGGGTAA

MMP2 TGATGCTTTTGCTCGGGCCT TCTCCATGCTCCCAGCGTCC

MMP3 TGGACCTCCCACAGACTCCCC CCCCGCAGGGTGCTGACTG

MMP13 GCACACGCTTTTCCTCCTGGA AAGTTGTAGCCTTTGGAGCTGCTTGT
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Table 2.

Samples with Relative Gene Expression Off Scale Low

Gene and Time Point

Rat MMP2 MMP13

1 12, 24 h Fresh, 1, 2, 24, 28 h

2 Fresh, 30 min, 12 h Fresh, 30 min, 1, 2, 12 h

3 Fresh

4 Fresh
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