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Abstract

Non-inflammatory subsynovial connective tissue (SSCT) fibrosis with nerve compression is a 

prominent feature of carpal tunnel syndrome (CTS). Studies have shown that SSCT matrix 

synthesis and material property changes in CTS are associated with increased activity of 

transforming growth factor β (TGF-β1). This study’s aims were to 1) investigate the ability of 

SSCT fibroblasts from CTS patients and unaffected individuals to contract a collagen gel ring and 

2) determine how the addition of TGF-β1 affects this ability. SSCT fibroblasts from 3 normal 

cadavers and 3 age-matched female patients who had undergone surgery for CTS were used. 

Results showed patient cell seeded gels had a significantly higher contraction rate (p<0.001) than 

control cells and fully contracted gel rings possessed a significantly higher tensile strength 

(p=0.003) and stiffness (p<0.001). Furthermore, TGF-β1 significantly intensified contraction rate 

(p<0.001), tensile strength (p<0.001) and stiffness (p<0.001). In conclusion, SSCT cells from 

normal donors and CTS patients contract collagen gel rings differently, and this ability is affected 

by TGF-β1 treatment. This cell-seeded collagen gel model may be useful for developing methods 

of stopping or eliminating the effect of TGF-β1 effects on the SSCT fibroblasts and surrounding 

matrix, which might aid identification of medical treatments of CTS.
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INTRODUCTION

Carpal tunnel syndrome (CTS) is one of the most common clinical hand conditions, 

affecting nearly 10 million people annually in the United States.1,2 Surgery is the most 
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effective treatment, with as many as 500,000 carpal tunnel release procedures performed 

annually in the United States.2,3 CTS can be associated with repetitive manual activities,4,5 

anatomic anomalies,6,7 autoimmune or hematologic disorders,8,9 arthritis,10 trauma11 or 

neoplasms.12 While etiology is unknown in most cases,13,14 studies have shown that 

symptoms and subsequent work-related disabilities15 are created by increased pressure 

within the carpal tunnel, which causes compression and ischemia of the median nerve.16-18

Non-inflammatory subsynovial connective tissue (SSCT) fibrosis is the most common 

histopathologic finding reported in patients with CTS.19,20 Moreover, studies of median 

nerve motion in idiopathic CTS patients and control subjects have clearly shown that nerve 

mobility is hampered in patients.17,21 SSCT fibrosis is also known to be associated with 

elevated activity of transforming growth factor β (TGF-β1), which can upregulate fibroblast 

proliferation and activation. TGF-β1 stimulates membrane-cytoskeletal structural protein 

formation, which mechanically generates and transmits contractile force to the extracellular 

matrix (ECM).14,22,23 Moreover, many studies have demonstrated that TGF-β1 signaling 

plays a central role in fibrosis. TGF-β1 is one of the most common profibrogenic cytokines 

and can induce and regulate ECM synthesis through a variety of signaling pathways.24,25

The gel contraction model, using a collagen lattice matrix with embedded cells is useful to 

study mechanisms of ECM contraction.26 The gel contraction process has characteristics 

similar to wound healing in vivo and also provides a convenient and quantitative method for 

examining the contractibility of cells in vitro.22,26,27

In this study, we used a cell-seeded collagen gel contraction model to assess the gel 

contraction rate and the material properties of the contracted gel ring. Our main objectives 

were 1) to compare the interactions of patient SSCT fibroblasts in a collagen type I matrix 

compared to those of normal human SSCT fibroblasts and 2) to determine the effect of 

treatment with TGF-β1 on these interactions.

MATERIALS AND METHODS

Harvesting and Culturing of SSCT Cells

Tissue harvest procedures in this study were conducted with approval of our Institutional 

Review Board. SSCT tissue, the source of fibroblast cells for this study, was harvested from 

the operated hands of three female patients with idiopathic CTS, aged 52, 59 and 63 years. 

Tissue was similarly harvested from the hands of fresh female cadavers with no antecedent 

history of CTS, with donor ages of 55, 57 and 67. Cadaver tissues were acquired within 12 

hours after death. Exclusion criteria for both patients and cadavers included a history of 

prior carpal tunnel release, volar wrist surgery, corticosteroid injection into the carpal tunnel 

or known hand/wrist tumor or deformity. Patients and cadavers were also excluded if they 

had any of the following clinical diagnoses or conditions: cervical radiculopathy, 

inflammatory arthritis, osteoarthritis in the wrist, flexor tendinitis, hemodialysis, obesity 

(body mass index >30 kg/m2), sarcoidosis, peripheral nerve disease, metabolic disorder, 

amyloidosis, or major trauma to the ipsilateral wrist.
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All cell cultures, harvested tissues and treatments were grown with minimal essential 

medium (MEM) with Earle’s salts (GIBCO, Grand Island, NY), supplemented with 10% 

fetal bovine serum (FBS) (GIBCO) and 1% antibiotics (Antibiotic-Antimycotic, GIBCO). 

Harvested tissue was minced and plated in tissue culture dishes (10 cm2) at 37°C, 5% CO2 

humidified atmosphere. Media was changed every 3 days. At near confluence, the cells were 

passaged. Cells of passages 3 to 5 were used in all experiments.

Preparation of SSCT Cell-populated Collagen Gel

The undersides of small, sterile cloning rings (8-mm outer diameter, 8-mm height) were 

coated with sterile vacuum grease (Dow Corning Corporation, Midland, MI) and affixed to 

the center of 3.5-cm Petri dishes for future use. Collagen gels were prepared as previously 

described.28 Briefly, 1.88 ml of sterile, chilled Vitrogen sterile type I bovine dermal 

collagen (Cohesion Technologies, Palo Alto, CA) was mixed with 1.2 ml of sterile 5X MEM 

and 2.92 ml of distilled water to make a 1.0 mg/ml collagen/MEM solution at a pH of 7.4 ± 

0.2 on ice. Based on a previous study,29 SSCT fibroblast cells were seeded and mixed into 

the Vitrogen collagen to make a final cell-seeded collagen solution with1.0 × 106 SSCT 

cells/ml in 0.5 mg/ml collagen/MEM solution at room temperature. Aliquots of 2 ml of the 

cell-seeded collagen solution were added to each of 4 dishes, and the solution was placed in 

the space between the inner wall of the well and the outer wall of the inner cloning ring, to 

create a ring-shaped gel within each well. The collagen gel rings were incubated at 37°C in a 

5% CO2 humidified incubator for one hour to allow for gelation (Figure 1). After gelation, 

the cell-seeded gel was then physically detached from the outer well wall by running a 

sterile scalpel along the plate wall to release the gel to facilitate subsequent contraction. 

Concurrently, 5 ng/ml TGF-β1-supplemented media (recombinant human TGF-β1, R&D 

Systems, Minneapolis, MN) were also prepared for future use. Gels were treated with 5 

ng/mL TGF-β1 or vehicle media. Briefly, 2 ml of media without TGF-β1 supplementation 

was added to two dishes of each cell-seeded collagen gel sample set, and 2 ml of 5 ng/ml 

TGF-β1-supplemented media were added to an additional two dishes of each cell-seeded 

collagen gel sample set. Gels were incubated at 37°C in a 5% CO2 humidified incubator 

with media changed every other day.

Quantification and Mechanical Testing of Gel Contraction

Gel contraction was assessed through measurement of the gel surface area in each dish every 

4 hours for 3 days. Dishes containing gels were placed on a transilluminator (UVP, Upland, 

CA) along with a metric scale and photographed with a digital camera (DSC-TX9, Sony 

Corp., Tokyo, Japan) at a resolution of 2560 × 1920 pixels (Figure 2). Gel surface area was 

calculated from the digital images with a custom automatic and quantitative measurement 

program.30 Gel surface area was expressed as a percentage of the initial surface area, and 

temporal changes in the quantity were used to assess gel contraction rate. Contraction was 

defined as complete when the gel contracted to 5% of the initial surface area.

Area data from the first reading to the point of complete contraction were modeled with 

linear regression and optimization to fit an exponential decay function of time, t, (Equ. 1), 

where in this model A0 is the initial area (t = 0); B is the decay time constant; and C is the 
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non-zero asymptote as t→∞. The decay time constant, B, is directly proportional to the 

contraction rate of the gel.

(Equ. 1)

Since Equ.1 cannot be directly linearized for regression analysis, a linear, but parametric, 

system of equations was created to solve for the constants A0, B, and C (Equ. 2). The system 

of equations was solved iteratively by varying the value of the non-zero asymptote, C, by 

increments of 0.01% of the total area with the best fit identified when the squared error 

between the data and the regression model was minimized.

(Equ. 2)

At the end of the contraction period (3rd day), the collagen ring was removed from the 

culture dish. The stiffness and tensile strength of the contracted gel rings were determined 

by uniaxial tensile testing to failure under displacement control at a distraction rate of 0.5 

mm/sec. A custom-built mechanical system (Figure 3) was used to perform the tests. The 

test system was composed of a 150-g load cell (GSO-150, Transducer Techniques, 

Temecula, CA) and a stepper-motor-powered linear actuator driven by a microcontroller/

driver (ACE-SDE, Arcus Technology, Livermore, CA). The collagen ring was carefully 

looped over two 0.6-mm-diameter hooks mounted on the testing machine. During testing, 

the specimen was immersed in a room-temperature buffer solution, phosphate buffered 

saline (PBS) (GIBCO), to retain moisture. Force and displacement data were recorded at a 

sample rate of 10 Hz.

Statistical Considerations

Each of the four groups (CTS patient cells and normal control cells treated with 

unsupplemented media, CTS patient cells and normal control cells treated with TGF-β1-

supplemented media) included 3 samples (n=3), with duplicate gel contraction tests per 

group. The measured outcomes were the decay time constant, tensile strength and stiffness. 

All measurements were expressed as a mean and standard deviation (SD). Separate analyses 

were performed for each outcome. The analyses were conducted using two-factor analysis of 

variance in a generalized linear model utilizing generalized estimating equations (GEE) to 

account for the within-sample correlation (since each CTS patient or control contributed 4 

samples - two to TGF-β1 and two to unsupplemented media). No significant interaction was 

observed between cell type and TGF-β1 treatment type for any of the outcomes; therefore, 

the two factors included in the final model for each outcome were cell type (patient group 

vs. control group), and TGF-β1 treatment type (treatment with TGF-β1 vs. treatment without 

TGF-β1). In addition, the student’s t-test was performed to evaluate differences between the 

four groups. P-values ≤ 0.05 indicated a significant test result. All statistical analyses were 

performed using SAS version 9.2 (SAS Institute, Inc. Cary, NC).
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RESULTS

The majority of the cell-seeded collagen gels contracted completely within 2 days, as can be 

observed in Figure 4. Initial gels were typically translucent and covered the culture plate 

evenly. Gels condensed radially and became less translucent with time. By the third day, the 

gel had condensed tightly around the cloning ring, resembling a small rubber band.

The outcomes organized by group and by factors are shown in Table 1 and Table 2, 

respectively. Both cell type and treatment type had significant effects on the decay time 

constant. The mean decay time constant was higher in gels seeded with CTS patient cells 

than those seeded with normal control cells (3.8 days−1 vs. 2.6 days−1, p<0.001). The mean 

decay time constant was also higher for cells treated with TGF-β1-supplemented media than 

for those treated with the media lacking TGF-β1 (4.3 days−1 vs. 2.3 days−1, p<0.001).

Similar findings were observed for tensile strength. Gels seeded with CTS patient cells had a 

significantly higher mean tensile strength than the gels seeded with normal control cells, 

regardless of treatment type (10.0 mN vs. 8.1 mN, p=0.003). Likewise, cells treated with 

TGF-β1-supplemented media had a higher mean tensile strength than cells treated with 

unsupplemented media (12.1 mN vs. 6.1 mN, p<0.001).

Cell type and treatment type also had significant effects on stiffness. The mean stiffness 

value was significantly higher in gels seeded with CTS patient cells than in gels seeded with 

normal control cells across both treatments (3.2 mN/mm vs. 2.2 mN/mm, p<0.001). The 

mean stiffness value was also significantly higher in gels treated with TGF-β1-supplemented 

media than in those treated with unsupplemented media for both types of cells (3.8 mN/mm 

vs. 1.6 mN/mm, p<0.001).

Comparisons of significant changes between the four groups (CTS patient cells and normal 

control cells treated with unsupplemented media and CTS patient cells and normal control 

cells treated with TGF-β1-supplemented media) are shown in Figures 5, 6 and 7. The rate of 

contraction in patient cells was higher than that in normal control cells (p=0.0707), and this 

ability was significantly enhanced by TGF-β1 (p=0.0052) (Fig. 5). The tensile strength of 

gels with patient cells were significantly higher than that of gels with normal control cells 

(p=0.0059), and the addition of TGF-β1 significantly increased tensile strength in both cell 

types (p=0.0282) (Fig 6). The stiffness of gels with patient cells were substantially higher 

than that of gels with normal control cells (p=0.058) and TGF-β1 treatment significantly 

increased the stiffness in both cell types (p=0.0027) (Fig 7).

DISCUSSION

Hypertrophic collagen fibers, increased fibroblastic density, hypervascularization, and 

significant deposition of collagen types III and VI have been observed in the SSCT of CTS 

patients in several studies.14,31 In addition, evidence exists supporting the idea that a 

potential factor in the development of CTS is impairment of median nerve mobility, 

specifically restriction of the normal dorsal motion of the nerve during pinch and grip with 

the wrist flexed.17,21 This impairment can be correlated with the non-inflammatory fibrosis 

known to occur in the SSCT of CTS patients. Thus, a better understanding of the 
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mechanisms controlling SSCT fibrosis in CTS is important. If these mechanisms are better 

understood, then it may be possible to arrest or reverse them with medical treatment and 

avoid the need for surgery. Besides, the material properties of the SSCT have been shown to 

differ between normal individuals and CTS patients. One study revealed increased shear 

modulus and pull-out force32,33 at the tissue level in CTS-affected SSCT. Clearly, the 

changes in these material properties are driven by the action of the cells within the SSCT. A 

better understanding of the factors that regulate the ability of the SSCT cells to interact with 

the surrounding ECM is therefore a key step in devising treatments that might arrest or 

reverse these interactions and restore SSCT to a more normal state. This was one of our 

main objectives.

Type I collagen is the most abundant protein in the human body and is one of the main 

components of the extracellular matrix in the SSCT.34 Type I collagen is also the major 

structure in the extracellular matrix that provides the matrix with its tensile strength.35 

Therefore, we believe that the cell-seeded type I collagen was an appropriate matrix 

selection for this gel contraction study.

The contraction rate of the SSCT fibroblast-seeded gels in the present study was faster than 

that observed by Chen et al. in 2007,29 despite the use of nearly identical conditions, with 

1.0 × 106 cells/ml solution in a 0.5 mg/ml collagen/MEM solution. We attribute this 

difference to cell type. SSCT fibroblasts from CTS patients and human cadavers were used 

in this study, while Chen et al. used dog endotenon cells.

We observed that the rate of contraction was significantly faster in the patient group than in 

the control group. Our mechanical testing results, which also showed that the patient group 

was significantly stronger and stiffer than the control group, are compatible with the results 

of Osamura et al. and Ettema et al., who showed that the SSCT of CTS patients was stiffer 

and had denser collagen networks than unaffected SSCT.32,33 Furthermore, the rate of 

contraction, tensile strength and stiffness were all significantly intensified by treatment with 

TGF-β1 in both patient and control groups. These results are consistent with those from 

studies on the effect of TGF-β1 on cellular processes, including synthesis and remodeling. 

These processes involve the enhancement of concentration and contractile machinery of 

fibroblasts as well as consequential force generation and transmission by ECM cytoskeletal 

protein synthesis and integrin expression.22,24,25,36,37

This study has some limitations. First, the sample size was small. Although small, there was 

a gender and age match of patient and control cells and data was normally distributed, 

providing confidence in our statistical comparisons. Second, this work focused only on 

mechanical changes in our cell-seeded contraction model. Third, we did not assess the 

fibrotic phenotype of our cells after passage. However, in a parallel project38 we have shown 

that a fibrotic phenotype is maintained after up to five passages in the CTS derived cells. 

Future work will explore biological mechanisms of action evaluating differences in gene 

expression, matrix organization and interaction with cells and matrix degradation. This will 

enable researchers to investigate and understand the collagen reorganization and regulation 

in the ECM, which may provide insight into the mechanism of SSCT pathology and 

treatment.
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In summary, since patient cells contracted more quickly and increased tensile strength and 

stiffness in the collagen matrix, a clear difference in the mechanical behavior between SSCT 

fibroblasts from CTS patients and normal control cells was found in this model. This 

phenomenon reflects the fact that CTS cells created a more tightly bound collagen matrix in 

this model, which is also observed in living subjects stricken with this disease. In addition, 

cells were treated with TGF-β1, a cytokine found over-expressed in CTS, to reproduce the 

condition that was upregulated in patient SSCT. This treatment was found to affect and 

exacerbate this response in both cell types. So we believe that this cell-seeded collagen gel 

model may be a useful testing platform for screening treatments that might limit 

pathological contraction of the SSCT that occurs during SSCT fibrosis in patients with CTS 

and for assessing the cellular mechanisms of SSCT cell-matrix interaction.
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Figure 1. 
Petri dish with central cloning ring and gelated cell-seeded collagen gel.
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Figure 2. 
Experimental set-up for digital image capture of contracted gel surface area.
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Figure 3. 
Configuration of custom-built mechanical test system for mechanical testing of gel ring. The 

gel ring was looped onto two hooks mounted on the test system.
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Figure 4. 
Contraction behavior of cell-seeded collagen gels for different treatment groups. The mean 

decay time constant was significantly higher in gels seeded with CTS patient cells than in 

gels seeded with normal control cells. Moreover, TGF-β1 significantly enhanced those 

results. (C, control group; P, patient group; C + TGF, control group with TGF-β1 treatment; 

P + TGF, patient group with TGF-β1 treatment). Bars represent standard deviation, SD.
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Figure 5. 
Interaction diagram showing the differences in mean decay time constant by group. There 

were significant differences between TGF-β1 treated CTS patient and control cells (*, 

p<0.05) but not between cell type and TGF-β1 treatment type.
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Figure 6. 
Interaction diagram showing the differences in mean tensile strength by group. Values for 

gels seeded with normal control cells and CTS patient cells were significantly different 

within the TGF-β1 treatment group and within the untreated group (*, p<0.05), but not 

between cell type and TGF-β1 treatment type.
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Figure 7. 
Interaction diagram showing the differences in mean stiffness by group. Values for gels 

seeded with normal control cells and CTS patient cells were significantly different within 

the TGF-β1 treatment group (*, p<0.05), but not between cell type and TGF-β1 treatment 

type.
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Table 1

Summary outcomes of analysis of cell type and treatment type, by group.

Outcome Group Mean (SD) p-value

Decay time constant (days−1) Control without TGF-β1 1.9 (0.5) 0.0707

CTS patient without TGF-β1 2.6 (0.6)

Control with TGF-β1 3.3 (0.8) 0.0052

CTS patient with TGF-β1 5.1 (0.9)

Tensile strength (mN) Control without TGF-β1 5.1 (0.8) 0.0059

CTS patient without TGF-β1 7.0 (1.0)

Control with TGF-β1 11.1 (1.5) 0.0282

CTS patient with TGF-β1 13.0 (1.1)

Stiffness (mN/mm) Control without TGF-β1 1.4 (0.4) 0.0580

CTS patient without TGF-β1 1.8 (0.4)

Control with TGF-β1 3.1 (0.6) 0.0027

CTS patient with TGF-β1 4.5 (0.6)
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Table 2

Summary outcomes of analysis of cell type and treatment type, by factor.

Outcome Factor Level Mean (SD) p-value

Decay time constant (days−1) Cell type CTS patient 3.8 (1.5) <0.001

Control 2.6 (1.0)

Treatment type TGF-β1 4.2 (1.2) <0.001

No TGF-β1 2.3 (0.6)

Tensile strength (mN) Cell type CTS patient 10.0 (3.3) 0.003

Control 8.1 (3.3)

Treatment type TGF-β1 12.1 (1.6) <0.001

No TGF-β1 6.1 (1.4)

Stiffness (mN/mm) Cell type CTS patient 3.2 (1.5) <0.001

Control 2.2 (1.0)

Treatment type TGF-β1 3.8 (0.9) <0.001

No TGF-β1 1.6 (0.4)
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