
Dysfunctional Tendon Collagen Fibrillogenesis in Collagen VI
Null Mice*

Yayoi Izu1,^, Heather L. Ansorge2, Guiyun Zhang3, Louis J. Soslowsky2, Paolo Bonaldo4,
Mon-Li Chu5, and David E. Birk1,#

1Department of Pathology & Cell Biology, University of South Florida College of Medicine,
Tampa, FL
2McKay Orthopaedic Research Laboratory, University of Pennsylvania, Philadelphia, PA
3Department of Pathology, Anatomy & Cell Biology, Thomas Jefferson University, Philadelphia,
PA
4Department of Histology, Microbiology and Medical Biotechnology, University of Padova, Padova
5Departments of Dermatology and Cutaneous Biology, Thomas Jefferson University,
Philadelphia, PA

Abstract
Tendons are composed of fibroblasts and collagen fibrils. The fibrils are organized uniaxially and
grouped together into fibers. Collagen VI is a non-fibrillar collagen expressed in developing and
adult tendons. Human collagen VI mutations result in muscular dystrophy, joint hyperlaxity and
contractures. The purpose of this study is to determine the functional roles of collagen VI in
tendon matrix assembly. During tendon development, collagen VI was expressed throughout the
extracellular matrix, but enriched around fibroblasts and their processes. To analyze the functional
roles of collagen VI a mouse model with a targeted inactivation of Col6a1 gene was utilized.
Ultrastructural analysis of Col6a1−/− versus wild type tendons demonstrated disorganized
extracellular micro-domains and collagen fibers in the Col6a1−/− tendon. In the col6a1−/− tendon,
fibril structure and diameter distribution was abnormal compared to wild type controls. Col6a1−/−
fibrils had smaller diameters and the diameter distributions were shifted significantly toward the
smaller diameters. An analysis of fibril density (number/μm2) demonstrated an ~2.5 fold increase
in the Col6a1−/− versus wild type tendons. In addition, the fibril arrangement and structure was
aberrant in the peri-cellular regions of Col6a1−/− tendons with frequent very large fibrils and
twisted fibrils observed restricted to this region. The biomechanical properties were analyzed in
mature tendons. A significant decrease in cross sectional area was observed. The percent
relaxation, maximum load, maximum stress, stiffness and modulus were analyzed and Col6a1−/−
tendons demonstrated a significant reduction in maximum load and stiffness compared to wild
type tendons. An increase in matrix metalloproteinase activity was suggested in the absence of
collagen VI. This suggests alterations in tenocyte expression due to disruption of cell-matrix
interactions. The changes in expression may result in alterations in the peri-cellular environment.
In addition, the absence of collagen VI may alter the sequestering of regulatory molecules such as
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leucine rich proteoglycans. These changes would result in dysfunctional regulation of tendon
fibrillogenesis indirectly mediated by collagen VI.
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mouse

1. Introduction
Tendons are connective tissues that connect muscle to bone and transmit mechanical forces.
Tendons are composed of columns of fibroblasts (tenocytes) and the major structural
element is the collagen fibril. The fibrils are organized uniaxially and grouped together into
fibers. The fibers together with the tenocytes are organized into fascicles; and the fascicles
are bound together by connective tissue sheaths resulting in the mature, weight-bearing
tendon (Kastelic et al. 1978;Birk and Trelstad 1986;Birk and Mayne 1997;Zhang et al.
2005).

Collagen VI is ubiquitously distributed in extracellular matrices including tendons,
ligaments, muscles, skin, cornea and cartilage (Keene et al. 1988). The expression of
collagen VI is detected early in development and in the adult tendon. It is assembled into
several different tissue forms, including beaded microfibrils, broad banded structures and
hexagonal networks and is often enriched in peri-cellular regions (Furthmayr et al. 1983;von
der Mark et al. 1984;Bruns et al. 1986;Wiberg et al. 2002). In tendon, it is found as a
network of beaded filaments (Bruns et al. 1986). Collagen VI interacts with a large number
extracellular matrix molecules including: collagens I, II, IV, XIV, microfibril-associated
glycoprotein (MAGP-1), perlecan, decorin, biglycan, hyaluronan, heparin and fibronectin as
well as integrins and the cell-surface proteoglycan NG2. Based on the tissue-localization and
large number of potential interactions, collagen VI has been proposed to integrate different
components of the extracellular matrix, including cells (Kielty and Grant 2002). This
suggests roles in the development of tissue-specific extracellular matrix structure and
function.

The best characterized form of collagen VI is a heterotrimer composed of α1(VI), α2(VI)
and α3(VI) chains (Chu ML et al. 1987;Bonaldo et al. 1990;Chu et al. 1990;Kielty and
Grant 2002).The monomer has a 105 nm triple helical domain with flanking N- and C-
terminal globular domains. The molecular mass of the N–terminal domain is mainly derived
from the α3(VI) chain and is approximately twice that of the C-terminal domain. The
α3(VI) chain can be processed extracellularly and the α3(VI) N–terminal domain has
alternatively spliced domains. Three additional α chains have been described, α4(VI),
α5(VI), α6(VI) (Fitzgerald et al. 2008;Gara et al. 2008). These chains have high homology
with the α3(VI) chain and may form additional isoforms.

Collagen VI mutations in humans are the cause of Ullrich’s congenital muscular dystrophy
and Bethlem myopathy. These diseases are characterized not only by muscular dystrophy,
but also by joint hyperlaxity and contractures (Lampe and Bushby 2005). A mouse model
with a targeted inactivation of Col6a1 gene has been generated (Bonaldo et al. 1998). This
model is null for all forms of collagen VI since all isoforms contain an α1(VI) chain. These
mice develop an early onset myopathic phenotype, as well as spontaneous apoptosis and
ultrastructural defects of mitochondria and sarcoplasmic reticulum in myogenic cells (Irwin
et al. 2003). In addition, there are alterations in the peri-cellular environment of
chondrocytes and development of osteoarthritis that may be associated with joint laxity
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(Alexopoulos et al. 2009). An increase of α1(VI) mRNA expression during the collagen
fibril growth period in tendon development suggested a role for collagen VI in tendon
extracellular matrix assembly (Nurminskaya and Birk 1996). Therefore, this mouse model
was utilized to elucidate the functional roles of collagen VI in the tendon.

In the present study, we have demonstrated abnormal tendon fibrillogenesis in collagen VI
null mice. Collagen VI was enriched in the peri-cellular region of tendon fibroblasts during
normal tendon development, growth and maturation. In the collagen VI null tendons there
was a disruption in cellular organization, fiber assembly and fibril formation associated with
decreased mechanical properties. In addition, an alteration in fibroblast expression of matrix
metalloproteinases was observed. Therefore, we hypothesized that collagen VI maintains
fibroblast shape, organization which mediates expression. In addition, collagen VI regulates
the availability of regulatory matrix molecules which is crucial for regulation of collagen
fibrillogenesis in the tendon.

2. Materials and methods
2.1. Animals

The Col6a1 deficient mice have been described (Bonaldo et al. 1998). The mice were
rederived and backcrossed into a CD1 background. All animal studies were performed in
compliance with IACUC approved animal protocols.

2.2. Immuno-localization
Flexor digitorum longus (FDL) tendons were dissected from Col6a1−/− and Col6a1+/+ mice
at P1, P7, P16 and P30. Tissues were embedded in OCT medium, quick frozen in liquid
nitrogen and stored at −80°C. Immunofluorescence localization was performed as
previously described (Zhang et al. 2009). Rabbit anti-human type VI collagen polyclonal
antibody was used (Tillet et al. 1994). The secondary antibody was an Alexa Fluor 568-
conjugated goat anti-rabbit IgG (Molecular Probes, Eugene, OR). Vectashield mounting
solution with DAPI (Vector Laboratories, Inc., Burlingame, CA) was used as a nuclear
marker. Negative control samples were incubated identically; except the primary antibody
was excluded. Images were captured using a Leica DM5500 fluorescence microscope.
Identical conditions and set integration times were used to facilitate comparisons between
samples.

2.3 Transmission electron microscopy
FDL samples from Col6a1−/− and wild-type mice between P1 and P30 were analyzed by
transmission electron microscopy. Briefly, tendons were dissected and fixed in 4%
paraformaldehyde, 2.5% glutaraldehyde, 0.1 M sodium cacodylate, pH 7.4, with 8.0 mM
CaCl2 at 4°C for 2 hours (Birk and Trelstad 1986). This was followed by post-fixation with
1% osmium tetroxide, dehydration in an ethanol series, followed by propylene oxide and the
tissue samples were infiltrated and embedded in a mixture of EMbed 812, nadic methyl
anhydride, dodecenylsuccinic anhydride, and DMP-30 (Electron Microscopy Sciences,
Hatfield, PA). Thin sections were post-stained with 2% aqueous uranyl acetate and 1%
phosphotungstic acid, pH 3.2. Cross sections of FDL were examined at 80 kV using a
Tecnai 12 transmission electron microscope equipped with a Gatan Ultrascan US100 2K
digital camera.

2.4. Fibril Diameter Distribution
Three tendons form 3 different animals for each genotype were analyzed at P30. Digital
images at a magnification of 65,000X were randomly selected from the area adjacent to the
surface of the tendon fibroblasts and from an area peripheral to the fibroblast near the center
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of the fiber. Three images of each area were analyzed for each animal. Fibril diameter was
measured using a RM Biometrics-Bioquant Image Analysis System (Nashville, TN). The
fibril diameters and fibril density were measured in a ROI with a constant area of 3μm2.
Means for the fibril diameters were calculated based on the mean values in each RO1, n=9.
There were between 1156 and 1122 fibrils in the wild type tendons versus 2776 and 2786
fibrils analyzed in the 2 mutant distributions.

2.5. Extraction of MMPs from Flexor digitorum longus tendons
To extract MMPs, FDL tendons were dissected from P30 Col6a1−/− and Col6a1+/+ mice.
The extraction of soluble proteins was described previously (Jung et al. 2009). Extracts were
analyzed using zymography and immuno-blotting for MMPs. Samples were normalized to
total protein. Protein concentration was determined using a BCA protein assay reagent
(Pierce, Rockford, USA).

2.6. Zymography
FDL tendon extracts were analyzed by zymography according to the manufacturer’s
instructions. Briefly, equal amount of tendon extracts, normalized for protein (10 μg), were
separated by electrophoresis under non-reducing conditions in 10% Zymogram Gels
containing 1% gelatin (Invitrogen). After electrophoresis, the gels were incubated in
Zymogram Developing Buffer (Invitrogen) at 37°C overnight. The gels were stained with
SimplyBlue Safestain (Invitrogen) an activity was visualized as unstained bands.

2.7. Immuno-blotting
Immuno-blotting analysis was performed using the FDL extracts obtained from P30
Col6a1−/− and Col6a1+/+ mice described above. According to the manufacture’s
instruction, the extract proteins were eluted in SDS sample buffer with heating at 70°C for
10 min, and then were electrophoresed in SDS–PAGE under non-reducing condition. Beta
actin detected by a mouse monoclonal antibody (Sigma) was used as a loading control.

2.8. Mechanical testing
Mechanical testing was performed on FDLs obtained from 6 Col6a1+/+ and 6 Col6a1−/−
P90 mice. Cross-sectional area of the P90 FDLs was measured using a custom built device
consisting of LVDTs, a CCD laser, and translation stages. Briefly, the specimen was
translated beneath the laser while displacement data was simultaneously acquired in two
directions from two LVDTs, as well as thickness data from a CCD laser displacement sensor
(Favata 2006). Each end of the FDL was glued (cyanoacylate) to sand paper 5mm apart.
Stain lines were placed 2.5mm apart within the mid-substance to track strain optically
(Derwin et al. 1994). Tendons were placed in custom grips and loaded in an Instron 5543
(Instron Corp., Canton, MA). Each FDL underwent the following protocol while immersed
in a 37°C PBS bath—preloaded to a nominal load, preconditioned for 10 cycles at a rate of
0.1%/s, and held for 300s. Immediately following, a stress relaxation experiment was
performed by elongating the tendon to a strain of 5% at a rate of 5%/s, followed by a
relaxation for 600s. Finally, a ramp to failure was applied at a rate of 0.1%/s. Percent
relaxation was calculated from the peak and equilibrium stresses during stress relaxation.
Maximum load and stress were determined and stiffness and modulus were calculated using
linear regression from the near-linear region of the curve.

2.9. Statistical analysis
Student’s t test was used to compare Col6a1+/+ and Col6a1−/− samples. The difference was
judged to be statistically significant for p<0.05 as represented by single asterisk and for
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p<0.01 by double asterisks. All the numeral data in the results were presented as means ± sd
unless otherwise indicated.

Results
3.1. Collagen VI is enriched in the peri-cellular region of tendon fibroblasts

During normal tendon development, collagen VI was expressed throughout the developing
extracellular matrix. Collagen VI was immuno-localized in wild type FDL tendons at day
P1, P7, P16 and P30 of development (Fig.1 and data not shown). Collagen VI reactivity was
enriched in the peri-cellular region of tendon fibroblasts. In high magnification micrographs,
collagen VI was localized around tendon fibroblasts and extended along with the processes
of tendon fibroblasts. Similar expression patterns of collagen VI were detected at all the
ages. This suggests that collagen VI has a function associated with fibroblast-matrix
interface during tendon development.

3.2. Collagen VI deficiency results in altered tendon fibroblast shape and fiber organization
The morphological phenotypes of Col6a1−/− and wild type control (Col6a1+/+) developing
tendons were analyzed using transmission electron microscopy of FDL tendons at P1 and
P30. At an early stage of tendon development (P1) wild type tendon fibroblasts were well
organized with well defined fibers. Adjacent tendon fibroblasts were connected via extended
processes, which formed micro-domains containing collagen fibers (Fig. 2). In contrast, this
organization was disrupted in P1 Col6a1−/− tendons. Col6a1−/− tendon fibroblasts had less
regular cell shapes and organization. In addition, their processes had numerous thin
branches. In addition, the adjacent fibroblasts were sometimes more closely localized than in
the wild type tendons. Overall, this resulted is a disorganized micro-domain and fiber
structure in the Col6a1−/− tendons.

As tendon development progressed (P30), fibroblast organization, micro-domain structure
and fiber organization in Col6a1−/− tendons remained aberrant compared to the wild type
control tendons (Fig. 2). Col6a1−/− tendons demonstrated a severe disruption of fibroblast
organization compared to wild type controls. In the collagen VI null tendons, the fibroblasts
and their processes were less attenuated and the microdomains were smaller and less
organized compared to wild type tendons. This was associated with the development of
smaller, less organized fibers in the Col6a1−/− tendons. These results suggest that collagen
VI has crucial roles for maintaining the cell shape, micro-domain structure and fiber
organization during tendon development that may be associated with fibrils formation,
assembly and growth.

3.3. Collagen VI null tendons have altered fibril formation in the peri-cellular region and
increased numbers of small diameter

Collagen fibril assembly in Col6a1−/− and wild type control tendons was analyzed using
transmission electron microscopy. At P1, wild type and Col6a1−/− tendon collagen fibrils
both were of uniform size with normal circular cross-sectional profiles throughout the
tendon extracellular matrix (data not shown). In contrast, P30 wild type and Col6a1−/−
tendons had distinctly different fibril phenotypes (Fig. 3). Fibril arrangement and structure
was aberrant in the peri-cellular regions of Col6a1−/− tendons. The fibrils were structurally
abnormal with irregular cross-sectional profiles. In addition, there were frequent very large
fibrils and twisted fibrils detected in the peri-cellular region. However, this alteration in
fibril structure and organization was restricted to the pericellular regions and not observed in
areas displaced from the fibroblast surface in the center of fibers. The wild type tendon
contained fibrils with normal circular cross sectional profiles throughout the tendon.
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Fibril structure and diameter distribution was analyzed in the peri-cellular region and
regions peripheral to the cell in the center of the fiber in wild type and Col6a1−/− mice. The
wild type tendon contained a heterogeneous distribution of large diameter collagen fibrils in
both regions and the fibril diameter distribution was comparable throughout the wild type
tendon. In contrast, in Col6a1−/− tendons, fibril structure and diameter distribution were
distinctly different from that observed in the wild type controls. Fibrils in the Col6a1−/−
tendons had smaller diameters than the wild type tendons. In the pericellular region the
mean fibril diameter was significantly smaller than in the wild type tendon, 72nm ± 4 (9)
versus 123nm ± 15(9) [mean ± sd(n)] respectively (p<0.001). Likewise, mean diameters
were significantly decreased in the central region as well. The respective diameters were
82nm ± 11(9) versus 124nm ± 14(9), p<0.001.

The diameter distributions in both the peri-cellular and central regions of the Col6a1−/−
tendon were shifted toward the smaller diameters compared to the wild type tendon. The
median fibril diameter and intra-quartile ranges (Q3-Q1) for Col6a1−/− and wild type
distributions were 121nm (59nm) versus 65nm (42nm) for the peri-cellular region and
124nm (59nm) versus 76nm (47nm) for the central region. An analysis of fibril density
(number/μm2) demonstrated a ~2.5 fold increase in both peri-cellular and central areas of
Col6a1−/− tendons compared to wild type controls. The increased number is consistent with
the decreased diameters compared to wild type tendons. These results indicate that collagen
VI deficiency results in abnormal regulation of initial fibril assembly in peri-cellular region
and regulation of normal lateral fibril growth is altered resulting in maintenance of smaller
diameter fibrils.

3.4. Collagen VI null tendons display reduced biomechanical strength and stiffness
The biomechanical properties of Col6a1−/− and wild type control tendons were analyzed in
mature tendons (P90) (Fig. 4). Cross-sectional area was determined and the collagen VI null
tendons were significantly smaller than the wild type control tendons. The percent
relaxation, maximum load, maximum stress, stiffness and modulus were analyzed. The
Col6a1−/− tendons demonstrated a significant reduction in maximum load and stiffness
compared to wild type tendons. However, percent relaxation (data not shown), maximum
stress and modulus were comparable in both genotypes. This demonstrates decreased tensile
strength and stiffness associated with abnormal tendon structure in the null mice.

3.4. Collagen VI null tendons have increased MMP2 activity
To address the regulatory roles of collagen VI in the peri-cellular region of tendon
fibroblasts, the expression and activity of matrix metalloprotease-2 (MMP-2) was examined
in P30 wild type and Col6a1−/− FDL tendons using zymography and immunoblots (Fig. 5).
A consistent small increase in both proMMP-2 and MMP-2 activity was observed in
Col6a1−/− tendons compared to wild type controls. Immuno-blots confirmed that the
activity was due to proMMP-2/MMP-2 and demonstrated a modest increase in Col6a1−/−
compared to control tendons. The observed increases were consistent, but not statistically
significant. This data support the hypothesis that the absence of collagen VI alters tenocyte
expression due to disruption of cell-matrix interactions.

3. Discussion
The current study demonstrates a dysfunctional regulation of tendon fibrillogenesis in the
collagen VI null mouse model. In wild type tendons collagen VI was localized to the peri-
cellular region surrounding tendon fibroblasts, indicating an important role(s) for this cell-
matrix interface in tendon fibril formation. A disruption of cell and extracellular micro-
domain organization was demonstrated in the absence of collagen VI. This was associated
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with abnormal fiber formation within the micro-domains. Finally, in the absence of collagen
VI there was abnormal fibril assembly in the peri-cellular region and an assembly of
abnormally small diameter fibrils throughout the tendon. The abnormal structure of the
tendon fibrillar matrix in the absence of collagen VI was associated with altered function,
i.e., decreased tensile strength and stiffness.

The assembly and deposition of collagen fibrils with tendon-specific structures involves a
series of events that occur in both intracellular and extracellular compartments.
Extracellularly, the relationship between the extracellular domain structure and the assembly
of collagen fibrils and fibers has been extensively studied in the developing tendon (Birk et
al. 1989a;Birk and Linsenmayer 1994;Canty and Kadler 2002;Zhang et al. 2005). In
developing tendon, fibril assembly begins in deep recesses or channels defined by the
fibroblast surface (Trelstad and Hayashi 1979;Birk and Trelstad 1986;Canty et al.
2004;Canty and Kadler 2005). In these micro-domains, precursor suprastructures, the
protofibrils, are assembled (Birk and Trelstad 1986;Birk et al. 1989b). Once the protofibrils
are deposited into the extracellular matrix there is an additional level of
compartmentalization where fibrils are organized into fibers. The extracellular micro-
domains provide a mechanism for the fibroblast to exert control over the extracellular steps
of fibrillogenesis.

Our data demonstrated a disruption of the micro-domain structure in Col6a1−/− tendons.
This coupled with the normal peri-cellular localization of collagen VI in the wild type
tendon suggest a disruption in fibroblast-substrate interactions. We suggest that the
establishment of micro-domains and their organization is compromised by the altered cell-
substrate interactions in the absence of collagen VI. This abnormal cell behavior would be
analogous to the altered interaction of myocytes with their substrates seen in Ullrich
congenital muscular dystrophy and Bethlem myopathy with altered collagen VI expression
(Lampe and Bushby 2005). The altered tendon micro-domain structure then results in
dysfunctional fiber formation observed in the mutant tendons.

A disruption of the peri-cellular environment can also lead to altered fibroblast expression.
The absence of a matricellular protein in thrombospondin 2-null mouse results in an
abnormal increase in MMP-2 activity. This altered expression pattern is associated with
abnormal collagen fibril structure in the developing tendon (Bornstein et al. 2000;Yang et al.
2001;Bornstein et al. 2004). The fibrils have larger diameters and irregular contours
(Kyriakides et al. 1998). This is comparable to the abnormal fibrils we observe in the peri-
cellular region of Col6a1−/− tendons. Our data, also suggest an abnormal up-regulation of
MMP-2 by the collagen VI null tendon fibroblasts. We suggest that altered expression of
matrix degrading enzymes could disrupt the regulatory interactions of matrix molecules with
the fibril surface during the initial stages in fibril assembly. This would lead to structurally
aberrant fibrils like the large diameter fibrils with cauliflower profiles as well as the twisted
fibrils observed in the peri-cellular region.

Structurally aberrant fibrils are also observed in the dermis of patients deficient in collagen
VI with Ullrich’s myopathy (Kirschner et al. 2005). Fibrils with cauliflower cross-sectional
profiles were observed in some patients. In addition, alterations in fibril structure and
organization were demonstrated comparable to the tendon data presented here; dermal fibrils
were disorganized with smaller and variable diameters. This general fibril phenotype is seen
in some forms of Ehlers Danlos Syndrome and suggests common pathophysiological
pathways in a range of connective tissue disorders.

Our data indicate that collagen VI influences tendon fibrillogenesis. We suggest that this is
the result of cell-matrix interactions directing fibroblast behavior and expression. Collagen

Izu et al. Page 7

Matrix Biol. Author manuscript; available in PMC 2013 September 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



VI interacts with a large number of extracellular molecules including small leucine rich
proteoglycans (SLRPs) and collagen XIV (Kielty and Grant 2002). Collagen XIV (Ansorge
et al. 2009) and SLRPs are involved in the normal regulation of the later stages in tendon
fibrillogenesis (Ezura et al. 2000;Ameye and Young 2002;Ameye et al. 2002;Zhang et al.
2005;Zhang et al. 2006). In mouse models with targeted deletions in SLRPs, often there is a
disruption in fibril growth generating resulting in larger diameter and structurally abnormal
fibrils as well as altered tendon function (Danielson et al. 1997;Ezura et al. 2000;Ameye et
al. 2002;Zhang et al. 2005;Zhang et al. 2006). In contrast, our data demonstrated an
abnormal maintenance of small diameter fibrils in the Col6a1−/− tendon relative to the wild
type control. One explanation for this is that collagen VI normally binds SLRPs and in the
absence of collagen VI the equilibrium is disrupted with higher SLRP concentrations and
more is bound to the fibril surface, therefore preventing normal lateral fibril growth. These
fibril-associated regulators turnover regularly and the collagen VI network may serve as a
reservoir within the fiber. In contrast, in the peri-cellular region, an increase in MMP-2
activity or membrane type matrix metalloproteinases may increase the turnover of SLRPs
resulting in a focal dysfunctional fibril assembly. Together, the altered fibril and fiber
structure would explain the functional defects seen in the biomechanical analysis. Similar
biomechanical changes are observed when fibril-associated regulators are disrupted
(Robinson et al. 2005;Zhang et al. 2005;Ansorge et al. 2009).

A decrease in maximum load and stiffness was observed in the Col6a1−/− tendons. It is
interesting to note that a similar decrease in maximum load and stiffness has been observed
in other mouse models with targeted deletions in regulatory molecules. Both Col6a1−/− d
fibromodulin-null (with up-regulated lumican expression) mice have smaller tendon fibril
diameters as opposed to increased fibril diameters observed in decorin-, biglycan-, collagen
XIV- and compound fibromodulin/lumican-null mice (Svensson et al. 1999;Ezura et al.
2000;Ameye et al. 2002;Jepsen et al. 2002;Zhang et al. 2006;Ansorge et al. 2009). This
demonstrates that decreased strength can be associated with both increased and decreased
fibril diameters. Also, unlike collagen XIV- and decorin-null mice, Col6a1−/− FDLs did not
exhibit a significant decrease in the material properties maximum stress or modulus. This
indicates that decreased structural properties may be due to the decreased size of the mice
and therefore decreased cross-sectional area of the null tendons. Interestingly, the role of
collagen VI in the maintenance of myocyte/muscle function may have an impact on the
tendon. The small tendons with decreased structural mechanical properties could be due to
decreased loading from impaired musculature and not necessarily due to a dysfunction in the
tendon itself. In addition, the decreased stiffness demonstrated in the current study supports
using Col6a1−/− as a model for Bethlem myopathy and Ullrich congenital muscular
dystrophy which include joint laxity as a feature.
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Fig. 1. Collagen VI is enriched in the peri-cellular region of tendon fibroblasts
Collagen VI immuno-reactivity was localized throughout the tendon extracellular matrix in
P1 and P30 wild type mice (A,B). No reactivity was observed in the Col6a1−/− control mice
(C). At higher magnifications (B) reactivity was enriched in the peri-cellular regions around
tendon fibroblasts in both P1 and P30 mice (arrows). Nuclei were labeled with DAPI.
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Fig. 2. Altered tendon fibroblast, extracellular micro-domains and fiber organization in collagen
VI null tendons
Transmission electron micrographs of FDL tendons at P1 and P30 from Col6a1+/+ and
Col6a1−/− mice. (A) At P1, wild type tendon fibroblasts showed a well organized
arrangement with extended processes defining extracellular micro-domains containing small
collagen fibers (fibril bundles). (B) In contrast, Col6a1−/− tendon fibroblasts had altered cell
shape, and their processes had numerous thin branches resulting in disorganized micro-
domains and fibers. (C) At P30, the wild type tendon fibroblasts defined well organized
micro-domains and larger organized fibers. (D) In contrast, P30 Col6a1−/− tendon
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fibroblasts show altered shape, arrangement and organization with abnormal micro-domain
organization and disrupted fiber formation. Fibers (F); Fibroblast processes (arrows).
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Fig. 3. Dysfunctional tendon fibrillogenesis in collagen VI null mice
(A) Transmission electron micrographs of P30 FDL tendons form Col6a1+/+ and Col6a1−/−
mice. Wild type fibrils have normal circular cross sectional profiles and a broad
heterogeneous distribution of fibrils in both peri-cellular and central areas (labeled P and C).
In contrast, Col6a1−/− tendons have smaller diameter fibrils. In the peri-cellular area, very
large, structurally aberrant, twisted fibrils are frequently observed (arrows). In central area,
structurally aberrant fibrils are not observed. (B,C) Histograms of fibril number (density)
and fibril diameter distributions in the peri-cellular area and central area from P30 Col6a1+/
+ and Col6a1−/− mice. Fibril number is significantly increased in Col6a1−/− tendons in
both peri-cellular and central areas compared to wild type controls. The fibril diameter
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distributions were shifted toward smaller diameters in peri-cellular and central areas of
Col6a1−/− tendons compared to wild type controls with a significant difference in mean
fibril diameter in both regions (p<0.001).
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Fig. 4. Altered biomechanical properties of tendon in collagen VI null mice
Cross-sectional area, maximum load, maximum stress, stiffness and modulus were measured
in P30 FDL tendons from Col6a1+/+ and Col6a1−/− mice. Cross sectional areas are
significantly decreased in Col6a1−/− tendons compared to wild type control tendons. There
is a significant reduction in maximum load and stiffness in Col6a1−/− tendons compared to
wild type control tendons. However, maximum stress and modulus are comparable in both
genotypes. Asterisk; P<0.05.
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Fig. 5. Increased MMP-2 in collagen VI null tendons
Collagen VI deficiency tends to increase MMP2 activation. Tendon extracts of P30 FDL
tendons from Col6a1+/+ and Col6a1−/− mice were analyzed using zymography (A-C) and
western blotting (D-F). Tendon extracts from both genotypes contained proMMP-2 and
MMP-2 activity (A). The activity of proMMP-2 (B) and MMP-2 (C) tends to increase in
Col6a1−/− tendons compared to wild type controls. Western blotting analysis of the same
extracts used for zymography confirms the expression of proMMP-2 and MMP-2 (D). The
expression of proMMP-2 (E) and MMP-2 (F) tends to increase in Col6a1−/− tendon extracts
consistent with zymography data. The amount of extract loaded was normalized to β-actin.
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