
Regulatory Role of Collagen V in Establishing Mechanical 
Properties of Tendons and Ligaments is Tissue-Dependent

Brianne K. Connizzo1, Benjamin R. Freedman1, Joanna H. Fried1, Mei Sun2, David E. Birk2, 
and Louis J. Soslowsky+,1

1McKay Orthopaedic Research Laboratory, University of Pennsylvania, 424 Stemmler Hall, 36th 

and Hamilton Walk, Philadelphia, PA, 19104-6081

2Department of Molecular Pharmacology & Physiology, Morsani College of Medicine, University 
of South Florida, Tampa, FL 33612

Abstract

Patients with classic (type I) Ehlers-Danlos Syndrome (EDS), characterized by heterozygous 

mutations in the Col5a1 and Col5a2 genes, exhibit connective tissue hyperelasticity and recurrent 

joint dislocations, indicating a potential regulatory role for collagen V in joint stabilizing soft 

tissues. This study asked whether the contribution of collagen V to the establishment of 

mechanical properties is tissue-dependent. We mechanically tested four different tissues from wild 

type and targeted collagen V-null mice: the flexor digitorum longus tendon (FDL), Achilles 

tendon (ACH), the anterior cruciate ligament (ACL) and the supraspinatus tendon (SST). Area 

was significantly reduced in the Col5a1ΔTen/ΔTen group in the FDL, ACH, and SST. Maximum 

load and stiffness were reduced in the Col5a1ΔTen/ΔTen group for all tissues. However, insertion 

site and midsubstance modulus were reduced only for the ACL and SST. This study provides 

evidence that the regulatory role of collagen V in extracellular matrix assembly is tissue-

dependent and that joint instability in classic EDS may be caused in part by insufficient 

mechanical properties of the tendons and ligaments surrounding each joint.
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1 Introduction

Tendons and ligaments have a complex and unique hierarchical structure that is finely tuned 

to enable them to withstand high forces when transferring loads between tissues. They are 

primarily composed of collagen I with collagen molecules assembled as fibrils, which then 
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bundle to form fibers, fascicles and then full tendon proper.1; 2 Surrounding the collagen 

fibrils is mainly water, proteoglycans with associated glycosaminoglycans (GAGs), as well 

as other small proteins. Although the mechanical roles of proteoglycans and their GAGs is 

debated,3-9 it is well established that the collagen fibrils and their structural hierarchy is the 

primary load-bearing component of tendon and it is able to perform this task by exhibiting 

many complex dynamic responses to load such as re-alignment, uncrimping, sliding, and 

deformation of the collagen fibrils and fibers.10-13 This intricate structure is formed during 

development in a process called fibrillogenesis, in which collagen molecules line up in a 

staggered pattern to form fibrils and fibrils grow in both length and width; and fibrils are 

organized to form the higher scale structures.2; 14; 15 This process is highly regulated by a 

number of molecules, specifically proteoglycans and quantitatively minor collagens, such as 

collagen V.16-19

Collagen V, although a quantitatively minor component (∼2%) in mature tendon and 

ligament composition, is a major regulator of fibrillogenesis. Collagen V plays a critical role 

during the early process of fibril nucleation and reduction of collagen V expression during 

this process results in fewer collagen I fibrils with increased diameters in tendons, ligaments, 

dermis and cornea.20-24 In addition, these changes persist past development, resulting in 

altered biomechanics of mature flexor digitorum longus tendon with reduced area and 

stiffness.22 Removal of collagen V altogether results in an overall lack of fibril formation in 

a number of embryonic tissues,23 resulting in embryonic lethality. However, the effects of 

collagen V in mature tissue can be studied using recently developed conditional mouse 

model.25 Given the importance of the collagen I structure to tendon function, changes in the 

structure and/or composition of the matrix via regulation with collagen V may have dramatic 

effects on tendon/ligament mechanical properties.

A reduction in collagen V is also clinically relevant in classic (type I) Ehlers-Danlos 

Syndrome (EDS), a rare genetic disease most commonly resulting from a functional loss of 

one Col5a1 allele.22; 26 Classic EDS patients exhibit connective tissue hyperelasticity and 

laxity in a variety of tissues, suggesting that collagen V has a role in assembling the 

hierarchical structure responsible for the adequate function of soft connective tissues. In 

addition to generalized tissue hyperelasticity, mutations in the collagen V gene have been 

linked to injury,27 performance deficiencies,28 Achilles tendinopathy,29 and anterior cruciate 

ligament (ACL) rupture.30 Furthermore, classic EDS also is associated with a prevalence of 

joint problems, with the highest incidence of joint dislocations and surgeries occurring at the 

shoulder and knee joints, respectively.31-33 This indicates a potential regulatory role for 

collagen V in specific tendons and ligaments that directly contribute to joint stability.

Therefore, the purpose of this study was to determine the contribution of collagen V to the 

establishment of mechanical properties in four different tissues: the flexor digitorum longus 

tendon (FDL), the Achilles tendon (ACH), the anterior cruciate ligament (ACL) and the 

supraspinatus tendon (SST). We hypothesized that the absence of collagen V would result in 

decreased mechanical properties in the the SST and ACL since these tissues contribute 

directly to joint stability, but not in the ACH or FDL.
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2 Methods

2.1 Animal model

A conditional tendon/ligament specific Col5a1ΔTen/ΔTen mouse model was created. 

Conditional Col5a1flox/flox mice were created as previously described.25 The scleraxis 

promoter was used to target Cre expression to tendons and ligaments. Scleraxis-Cre (Scx-

Cre) transgenic mice were cross-bred with conditional Col5a1flox/flox mice for two 

generations to create Scx-Cre+/Col5a1flox/flox (Col5a1ΔTen/ΔTen) mice as described.24

2.2 Sample Preparation

This study was approved by the University of Pennsylvania IACUC. Male mice from two 

genotypes, Col5a1+/+ (Wild Type, n = 7-9) and conditional mouse targeted to tendon/

ligament, ScxCre+/Col5a1-/- (Col5a1ΔTen/ΔTen, n = 8-13) were sacrificed at 60 days 

postnatal. Following euthanasia, the FDL, ACH, ACL, and SST were dissected and prepared 

for mechanical testing as previously described.17; 34; 35

2.2.1 Flexor Digitorum Longus Tendon (FDL)—FDL Tendons were removed from 

the ventral aspect of the mouse foot carefully and cleaned free of soft tissue. Verhoeff's stain 

lines were placed 2.5 mm apart within the mid-substance to track strain optically and the 

tendon cross-sectional area was then measured using a custom built optical device.36 The 

tendon was then secured with sandpaper and superglue in custom made grips with a gauge 

length of approximately 5mm for mechanical testing (Fig. 1A). These specimens also were 

used in the manuscript initially characterizing the mouse model and limited mechanical 

parameters were presented.24

2.2.2 Achilles Tendon (ACH)—Achilles tendons were carefully dissected out under a 

dissection scope and cleaned of excess tissue leaving only the calcaneus and tendon. 

Verhoeff's stain was applied along the tissue to separate the midsubstance and insertion site 

for strain analysis. Tendon cross-sectional area was then measured using the custom laser-

based device.36 The tendon was secured at a gauge length of approximately 5mm from the 

insertion site with sandpaper and both the tendon and calcaneus were then placed in custom 

grips for mechanical testing (Fig. 1B).

2.2.3 Anterior Crucial Ligament (ACL)—Hind limbs were detached from the animals 

and dissected free of soft tissue leaving only the knee joint intact. The medial and lateral 

collateral ligaments as well as menisci were then carefully cut away using microscissors to 

expose the cruciate ligaments. The posterior cruciate ligament was then carefully cut which 

was confirmed using a posterior drawer test. Soft tissue around the ACL was then carefully 

trimmed to leave only the femur-ACL-tibia complex intact. Under a dissection microscope, 

the knee was then imaged in the coronal and sagittal planes to obtain measures for length 

and width of the ligament. Cross-sectional area was then calculated by assuming an 

ellipsoidal shape with length and width measured in MIPAV (NIH CIT, Version 5.4.4) from 

the dissection images. Verhoeff's stain was then applied to the femoral and tibial insertion 

sites of the ACL for optical strain tracking of the midsubstance of the tissue, leaving a gauge 

length of approximately 1mm. The femur and tibia were affixed in custom-built testing 
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fixtures using polymethylmethacrylate (PMMA) pots such that the femur was vertical and 

the tibia was at approximately 60 degrees of flexion (Fig. 1C). Similar to the FDL, these 

specimens were used in the manuscript initially characterizing the mouse model.24

2.2.4 Supraspinatus Tendon (SST)—All soft tissue was removed from around the 

tendon, leaving the supraspinatus tendon attached to the humerus. Verhoeff's stain lines 

were placed on the tendons denoting the insertion site and tendon midsubstance for regions 

of strain analysis. Tendon cross-sectional area was then measured using a custom laser-

based device.36 The humerus was then embedded in a 1-inch diameter acrylic tube piece 

with the use of PMMA. A second coating of PMMA was applied to prevent failure at the 

growth plate. The proximal end of the tendon was glued between two pieces of sandpaper 

with an initial gauge length of approximately 3mm and both the tendon and the acrylic pot 

were placed in custom grips for tensile testing (Fig. 1D).

2.3 Mechanical Testing and Analysis

Samples were placed in a room temperature phosphate buffered saline bath and loaded in a 

tensile testing system (model 5543, Instron, Norwood, MA). To determine biomechanical 

properties, tensile testing along the long axis of the tendon was performed with the 

following protocol, as previously described:37 preload to 0.02N, followed by 

preconditioning (10 cycles between 0.02 N and 0.04 N), a 300 second hold followed by 

stress-relaxation to 5% strain at a rate of 5%/sec for 600 seconds, a return to zero-

displacement, 60 second hold, and ramp to failure at 0.1%/second. A 10 N load cell was 

used for all tests with a resolution of 0.01 N. During testing, images were obtained with a 

digital camera (Basler, Exton, PA) every 5 seconds for optical strain analysis.

Maximum stress was calculated as the maximum force divided by initial area. A custom 

Matlab program (Matlab, Natick, MA) was used to optically track strain lines to quantify 

regional stiffness and modulus in the linear region of the mechanical test.38 The FDL and 

ACL had only one region of analysis, the midsubstance, while the ACH and SST were 

analyzed for both insertion site and midsubstance properties. Shapiro-Wilk tests for 

normality showed some non-normal group distributions. As such, Mann-Whitney tests were 

used to determine statistical significance between the control and Col5a1ΔTen/ΔTen groups to 

test our study hypotheses.

3 Results

Structural measurements of gauge length and cross-sectional area as well as sample size are 

reported in Table 1. Cross-sectional area was significantly reduced in the Col5a1ΔTen/ΔTen 

FDL, ACH, and SST, but not in the ACL (Fig. 2A). However, percent relaxation was not 

affected by absence of collagen V in any tissue (Fig. 2B). Maximum load was reduced in the 

Col5a1ΔTen/ΔTen group in all tissues except the FDL tendon (Fig. 2C). However, maximum 

stress was severely reduced only in the ACL and SST of the Col5a1ΔTen/ΔTen group (Fig. 

2D). There was no difference in maximum stress between groups in the ACH or FDL. 

Stiffness was significantly reduced in the Col5a1ΔTen/ΔTen group for all tissues and all 

regions (Fig. 3). Finally, both insertion site and midsubstance modulus were reduced in the 

Col5a1ΔTen/ΔTen group only for the ACL and SST (Fig. 4).
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4 Discussion

This study found that Col5a1ΔTen/ΔTen tendons were significantly smaller than their wild 

type counterparts. As collagen V is a major regulator of fibrillogenesis and specifically of 

fibril nucleation, this was an expected finding. Removal of fibril nucleation sites results in 

fewer fibrils being formed in the tissue25 and thus should form smaller tendons/ligaments 

overall. This finding was not present in the ACLs. However, ligaments have been proposed 

to be more metabolically active than tendons and contain more cells, which could result in 

the production of more collagen during development and thus lead to compensation for this 

change.39 Alternatively, due to the small size of the mouse ACL, it is also possible that 

small changes may have been present which were not large enough to detect using this 

method of area measurement.

In coordination with theCol5a1ΔTen/ΔTen group being smaller than the wild type group, the 

Col5a1ΔTen/ΔTen group also had a reduced maximum load and stiffness than the control 

group in all tissues. This could be due either to the smaller size of the tissue or to a change in 

the material quality of the tissue. In the FDL and ACH, there were no differences in 

modulus at the insertion site (ACH only) or the midsubstance, confirming that the reduced 

maximum load and stiffness was likely due only to the smaller size of the Col5a1ΔTen/ΔTen 

tendons. Interestingly, the ACL and SST from the Col5a1ΔTen/ΔTen group did have a 

significantly decreased modulus at the insertion site (SST only) and the midsubstance, 

indicating that the quality, in addition to the size, is severely diminished in these tissues.

The severity of the result of collagen V deficiency across the tissues was varied (Table 2). In 

these bitransgenic models with Cre expression beginning during embryonic development it 

is unlikely that this could be due to inefficient removal of the collagen V gene. Previous 

studies have shown that this animal model results in the absence of collagen V expression in 

the FDL and ACL, as well as in cornea.24; 25 Mechanical changes in this study were larger 

in the ACL and the SST (Table 2), which contribute to joint stability as the knee and 

shoulder joints are primarily stabilized by soft tissues. This could imply that the response to 

load in joint stabilizing tendons and ligaments is fundamentally different from other tissues 

or that collagen V plays a larger regulatory role in joint stabilizing tendons and ligaments. 

Further supporting this concept, these animals exhibit increased joint flexibility as well as 

abnormal gait.24 While collagen V is known to mainly affect fibril structure, it is possible 

that the non-fibrillar extracellular matrix in these joint stabilizing tendons/ligaments is 

altered by the absence of collagen V as well, thus producing lower quality tissues unable to 

compensate for the structural changes.

This study is not without limitations. While this study utilized a conditional mouse model 

with a targeted deletion of collagen V in tendons and ligaments, classic EDS is associated 

with heterozygous mutations in collagen V. However, recent studies have shown similar 

mechanical changes in our lab in the heterozygous collagen V mouse, implying a dose-

dependent response, and future studies will employ this model to confirm these results in the 

other tissues.22 Additionally, this study investigated only the tendons and ligaments that 

stabilize joints, but did not measure the properties of any other stabilizing tissue, such as 

joint capsule or cartilage. Although the tissues investigated here stabilize joints primarily 
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surrounded by other tendons/ligaments (rotator cuff in the shoulder and other cruciate 

ligaments in the knee), detrimental changes in joint capsule or cartilage could also contribute 

significantly to joint instability. Finally, this study only measured the response to load at the 

macroscale, but there could be changes in the response to load at the fiber or fibril level that 

could lead to the macroscale mechanical deficiencies in the joint stabilizing tendons and 

ligaments. Future studies will examine the static and dynamic response to load at multiple 

hierarchical levels.

Despite these limitations, this study supports the conclusion that the effect of collagen V 

deficiency is tissue-specific. Subsequently, it is possible that insufficient mechanical 

properties of the tendons and ligaments surrounding joints contribute in part to joint 

instability in classic EDS patients, although the mechanism is still unknown. Furthermore, 

improving the mechanical integrity of surrounding tendons/ligaments of joints, such as the 

shoulder and knee, could be a potential therapeutic target for improving the quality of life in 

this patient population.
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Figure 1. 
(A) Flexor digitorum longus tendon, (B) Achilles tendon, (C) Anterior cruciate ligament, 

and (D) Supraspinatus tendon prepared for mechanical testing.
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Figure 2. 
(A) Cross-sectional area was decreased in the Col5a1ΔTen/ΔTen group compared to the wild 

type group in the FDL, ACH, and SST. (B) Percent relaxation was not altered with collagen 

V removal in any tissue. (C) Maximum load was decreased in the Col5a1ΔTen/ΔTen group in 

all tissues except the FDL. (D) Maximum stress was severely reduced in the ACL and SST, 

but there were no differences between groups in the ACH or FDL. Data presented as median 

± interquartile range.
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Figure 3. 
Stiffness was decreased in the Col5a1ΔTen/ΔTen group at the insertion site (A) for the ACH 

and SST and in the midsubstance (B) for all tissues. Data presented as median ± interquartile 

range.
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Figure 4. 
Modulus was decreased in the Col5a1ΔTen/ΔTen group at the insertion site (A) only for the 

SST and in the midsubstance (B) only for the ACL and the SST. Data presented as median ± 

interquartile range.
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