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Abstract

Manipulations in cell culture and mouse models have demonstrated that reduction of collagen V
results in altered fibril structure and matrix assembly. A tissue-dependent role for collagen V in
determining mechanical function was recently established, but its role in determining regional
properties has not been addressed. The objective of this study was to define the role(s) of collagen
V expression on establishing the site-specific properties in the supraspinatus tendon. The insertion
and midsubstance of tendons from wild type, heterozygous and tendon/ligament-specific null mice
were assessed for crimp morphology, fibril morphology, cell morphology, as well as total collagen
and pyridinoline crosslink (PYD) content. Fibril morphology was altered at the midsubstance of
both groups with larger, but fewer, fibrils and no change in cell morphology or collagen compared
to the wild type controls. In contrast, a significant disruption of fibril assembly was observed at the
insertion site of the null group with the presence of structurally aberrant fibrils. Alterations were
also present in cell density and PYD content. Altogether, these results demonstrate that collagen V
plays a crucial role in determining region-specific differences in mouse supraspinatus tendon
structure.
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1. Introduction

Classic Ehlers-Danlos Syndrome (EDS) is an inheritable disease that affects approximately
1 in 20-40,000 people worldwide. Clinical manifestations of the disease include joint
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hypermobility, skin hyperextensibility, and poor wound healing.! These functional
deficiencies can often lead to recurrent joint dislocations, particularly at the knee and
shoulder,k: 2 as well as to injury. The major disease-causing mechanism of classic EDS is
reduced availability of collagen V, with collagen V mutations identified in over 90% of
patients3 4 and approximately half are null-allele mutations resulting in COL5A1
haploinsufficiency.3 5 6 Collagen V is a fibril-forming collagen found as heterotypic fibrils
with collagens I, 11, and 111.7: 8 Although it is a minor component of mature tendon
composition quantitatively, collagen V plays a critical role in fibrillogenesis, specifically by
nucleating fibril formation. Manipulation of these collagens both in cell culture and mouse
models have demonstrated that reduction of collagen V results in decreased fibril assembly
and increased fibril diameters in a number of tissues, including skin, cornea, anterior
cruciate ligament, and flexor digitorum longus tendon.’-11

Due to the strong role of collagen suprastructure in determining mechanical properties,
alterations in fibril structure, number and higher order organization resulting from reduced
collagen V expression are thought to be responsible for the functional deficiencies in the
EDS patient population. Recent mechanical evaluations have confirmed this hypothesis with
collagen V deficient mouse tendons exhibiting as much as 80% reduction in tissue
modulus.8 10 12 However, these changes were tissue-dependent, with the strong changes
found in the knee and rotator cuff.12 It’s still unclear whether the role of collagen V in
determining tendon structure and composition is also tissue-dependent since some previous
tissues, specifically tendons, that have been characterized are highly organized and
homogeneous. Characterization of a more complex tendon, such as the supraspinatus
tendon, could provide insight into what factors contribute to the differential regulation of
fibril assembly by collagen V.

Therefore, the objective of this study was to determine the differential roles of collagen V in
determining regional differences, i.e., midsubstance versus insertion, in the mouse
supraspinatus tendons, specifically focused on parameters that are thought to contribute to
mechanical function. We accomplished this using our established traditional heterozygous
collagen V and tendon/ligament specific collagen V-null mouse models. We hypothesized
that reduction of collagen V expression would result in altered fibril morphology (increased
fibril diameters and decreased fibril density) with no additional alterations in cell
morphology, fiber morphology or extracellular matrix (ECM) composition.

2. Experimental Procedures

2.1 Animals and Sample Collection

A total of 144 mice from three genotypes were used in this study: C57BL/6 control (WT),
Col5a1%/~ (HET), and a tendon/ligament specific collagen V-null model, Co/5a14tenAten
(NULL).% 10 Animal use was approved by The University of Pennsylvania and University of
South Florida’s Institutional Animal Care and Use Committees. All mice were bred to 120
days of age by the authors at the University of South Florida and shipped to the University
of Pennsylvania following sacrifice and tissue harvest.
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2.2 Collagen Fiber Crimp Morphology

Tendons designated for assessment of crimp morphology were prepared for mechanical
testing as described and preconditioned for 10 cycles between 0.02 and 0.04N.13: 14
Following a 1 minute hold after preconditioning, tendons were immediately flash

frozen,14: 15 detached from mechanical testing setup and embedded in tissue freezing
medium for frozen histology. Samples were sectioned at 20 um and stained with Picrosirius
Red and Hematoxylin. At least two images at each region (insertion, midsubstance) were
taken under polarized light per sample. Images were analyzed using custom quantitative
software (Matlab, Natick, MA) to calculate crimp frequency and amplitude as determined by
pixel fluctuations along the length of a collagen fiber.1% 16 Vialues from multiple images
were averaged within a specimen.

2.3 Fibril Morphology

Tendons designated for fibril morphology analysis (n=20/group) were prepared as described
previously.1” The samples were fixed for 2h at 4°C in 4% paraformaldehyde, 2.5%
glutaraldehyde, 0.1 M sodium cacodylate and 8 mM CaCl2, pH 7.4. Tendons were then
rinsed with cacodylate buffer and post-fixed for 1 h with 1% osmium tetroxide. This was
followed by dehydration in an ethanol series followed by 100% propylene oxide, infiltrated
and embedded in a mixture of Embed 812, nadic methyl anhydride, dodecenylsuccinic
anhydride and DMP-30 (EM Sciences, Fort Washington, PA) and polymerized over-night at
60 °C.18: 19 prior to embedding, tendons were separated into the insertion site and
midsubstance for analysis. Ultra-thin cross-sections (~90 nm) were prepared using a Leica
UCT ultramicrotome and post-stained with 2% aqueous uranyl acetate and 1%
phosphotungstic acid, pH 3.2. The sections were examined and imaged at 80 kV using a
JEOL 1400 transmission electron microscope (JEOL Ltd., Tokyo, Japan) equipped with a
Gatan Orius widefield side mount CC Digital camera (Gatan Inc., Pleasanton, CA).

Ten digital images from each tendon were taken from non-overlapping areas at x60,000.
Images were randomized and masked before fibril diameters were measured using a RM
Biometrics-Bioquant Image Analysis System (Nashville, TN). A region of interest (ROI) of
appropriate size was determined within the image so that a minimum of 80 fibrils were
measured from each image. All fibrils in the region of interest were measured and multiple
regions of interest were used if necessary to collect at least 80 fibril diameter measurements
per image. Fibril diameters were measured along the minor axis of the fibril cross-section.
Fibril density was obtained as the fibril number per unit area. A measure of fibril roundness,
fibril irregularity factor (FIF), was defined as the ratio of the radius as determined from a
circle with the fibril’s perimeter to the radius as determined from a circle with the fibril’s
area, where increasing values would define an increasing number of folds along the surface
of the fibril.

2.4 Cell Morphology

For assessment of cell morphology, supraspinatus tendons (n=8/group) were grossly
harvested from the shoulder, leaving the muscle and bony insertions intact. Specimens were
immediately fixed, decalcified, and processed for paraffin-embedding using standard
techniques. Coronal sections were cut to 7um thickness and stained with hematoxylin and
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eosin (H&E). The insertion site and midsubstance of each sample was then imaged at 20x
and evaluated using BioQuant software (Bioquant Image Analysis Corporation, Nashville,
TN) for cellularity and cell shape.1”: 20 In this study, only tendon proper, and not the
surrounding sheaths, was analyzed for changes in cellularity and cell shape. Cellularity was
calculated as a cell density per area of region analyzed. Cell shape was measured as the
average aspect ratio of nuclei in a region of interest on a scale from 0 to 1, where 1
represented a perfect circular shape.

2.5 Biochemistry

Tendons designated for biochemistry were dissected for location-dependent analysis as
described previously.21 All tendons were removed with muscle intact from the insertion site.
The muscle was then removed with a scalpel blade to leave only the tendon portion. A
consistent piece of the insertion and the midsubstance was taken from each tendon by
splitting the tissue into two even 1-mm regions. Biochemical analysis was performed on
intact regional tendon samples, including tendon proper and all associated sheaths. Samples
were then digested with Proteinase K (5 mg/ml) and ammonium acetate buffer, pH 7.0
overnight at 37°C. The digest was then hydrolyzed with hydrochloric acid, resuspended in
assay buffer and used to quantify total collagen (COL) using a hydroxyproline (OHP)
assay22: 23 and pyridinoline crosslinks (PYD) using the MicroVue PYD EIA kit (Quidel
Corp., San Diego, CA), which has been used previously to measure pyridinoline crosslinks
in engineered tissues, annulus fibrosis, and urine.24-26 This procedure is capable of
measuring a high range of concentrations (15-750 nmol concentrations) with a very high
precision (3-11% error between runs) and is designed to work with the typically low
concentrations found in human urine, making it well suited for measurements in mouse
tissue. PYD content was normalized to total OHP content.

2.7 Statistical Analysis

3. Results

All data was analyzed using a one-way ANOVA with post-hoc Bonferroni-corrected t-tests.
Comparisons were only made between the genotypes and not between the insertion site and
midsubstance in order to test the specific hypotheses of the study. Statistical significance
was set at p<0.05 and a trend was noted at p<0.10.

3.1 Fiber Morphology

Reduction in collagen V had differential effects on crimp morphology in different regions of
the SST. No differences between groups were detected in crimp frequency or amplitude in
the midsubstance. However, collagen fibers in null tendons exhibited altered crimp
morphology at the insertion site, with decreased crimp frequency and amplitude compared to
wild type controls (Fig. 1). The heterozygous group also displayed decreased crimp
amplitude at the insertion site, but crimp frequency was unchanged.

3.2 Fibril Morphology

Collagen fibril assembly in wild type, heterozygous and null tendons was analyzed using
transmission electron microscopy at the insertion site and midsubstance. Wild type,
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heterozygous and null tendon collagen fibrils at the midsubstance were all exhibited normal
circular cross-sectional profiles throughout the tendon extracellular matrix (Fig. 2). Fibril
diameters were larger in the heterozygous and null tendons compared to the wild type group.
In contrast, null tendons at the insertion site exhibited altered fibril structure and cross-
sectional profiles. Increased numbers of large and small diameter fibrils were present in this
region with altered fibril arrangement. In addition, null tendons fibrils were structurally
abnormal, exhibiting irregular cross-sectional profiles. These irregular fibrils appeared to
have a large center with smaller round protrusions surrounding it, rather than the
traditionally irregular ‘cauliflower-shaped’ fibrils seen in other studies.8: 27: 28

Wild type tendons exhibited a distribution of collagen fibril diameters in the tendon
midsubstance with the median diameter at approximately 70nm (Fig. 3). At the insertion
site, the wild type fibril distribution was shifted towards smaller diameter fibrils compared to
the midsubstance (median 65nm). In the heterozygous tendons, there was an increase in
large diameter fibrils at both the insertion (median 66nm) and the midsubstance compared to
the wild type group (median 80nm). At the midsubstance of the null group, there was also a
shift with increased large diameter fibrils, with diameters greater than both the wild type and
heterozygous group (median 88nm). However, the insertion site exhibited an increase in
both large and small diameter fibrils and the distribution was visibly more asymmetric than
the other groups with the peak shifted to the left, towards smaller diameter fibrils (right-
skewed).

Quantitatively, mean fibril diameters were larger in the heterozygous group than the wild
type group at both the insertion site and midsubstance (Fig. 4). The null group had larger
fibril diameters than the wild type, but only at the midsubstance. Fibril density was
decreased in both experimental groups in both regions. Furthermore, the differences in fibril
diameter and fibril density from the wild type to collagen V heterozygous and null groups
were not proportional in this study, suggesting an overall change in overall collagen fibril
packing. Interestingly, the null tendons also exhibited fibrils with irregular fibril structure
(not round), which was not found in any of the other groups or region (Fig. 4C). When fibril
irregularity at the insertion site was quantified, the null group had more irregularly shaped
fibrils than both the wild type and heterozygous tendons.

3.3 Cell Morphology

Cell density was slightly decreased (trend) in the tendon proper at the insertion site of the
null tendons, but there were no differences in any of the genotypes at the midsubstance (Fig.
5). Similarly, there were no differences in cell shape between groups at either the insertion
site or midsubstance, although cell shape was always rounder at the insertion site than in the
midsubstance. Examination of histological sections demonstrated small pockets of
hypercellular tissue between collagen fibers of the tendon proper in the null groups (not
shown). These pockets were not present in either the heterozygous or wild type groups.

3.4 Regional Collagen and Crosslink Content

No differences in total collagen content were found between groups at the midsubstance or
insertion site of the tissue (Fig. 6). However, pyridinoline, a mature collagen cross-link, was
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increased in the heterozygous group at the insertion site and in the null group at both regions
(Fig. 7).

4. Discussion

This study investigated regional collagen structure and extracellular matrix composition at
multiple hierarchical scales in mouse supraspinatus tendons as a function of collagen V
content. Fiber morphology and structure at the microstructural level was disrupted in both
the heterozygous and null tendons. Reduced crimp amplitude and crimp frequency in the
experimental groups could be due to alterations in fibril size or distribution.29: 30
Alternatively, alterations in crimp structure have been attributed to changes in ECM content
as well as changes in actin cytoskeleton tensioning.31-34 Functionally, decreased crimp
morphology indicates that the period of uncrimping is shorter, thus putting strain on the
fibers and subsequently the fibrils earlier. This could ultimately lead to earlier damage of the
tendon structure.

Reduction in collagen V expression in the supraspinatus tendon caused changes in fibril
morphology in both regions. In the wild type tendons, the distribution of fibril diameters was
shifted towards smaller diameters at the insertion site compared to the midsubstance.
Previous studies have shown that fibril diameter distributions can differ from the bone-
tendon junction to the myotendinous junction in superficial digital flexor tendons.35: 36
Small diameter fibrils provide less overall surface area on which frictional forces can act,
thus possibly allowing for more dynamic motion (re-alignment, fibril deformation, sliding,
etc.), which has been recently reported in these tendons.3” With the reduction of collagen V
expression, the midsubstance fibril diameter became larger and fibrils were less dense in
both groups, which is consistent with previous literature in tendons and ligaments from other
mouse studies as well as with tendons from human studies.”: 10: 38:39 A Jarger, but less
dense fibril population stems from a decrease in fibril nucleation sites due to the lack of
collagen V during fibrillogenesis.8: 11 This is also present at the insertion site of the
heterozygous tendons. Interestingly, the fibril distribution at the insertion site of the null
tendons includes an increase in large diameter fibrils, but also an increase in small diameter
fibrils. An increase in small diameter fibrils has been observed in collagen V heterozygous
tendons in the past,® and could indicate increased dynamic motion during movement as
discussed above. However, with repeated or increased magnitude of movement, smaller
diameter fibrils will not be able to withstand the same amount of loading and will likely
suffer early damage, resulting in lower stiffness tendons as seen in previous mechanical
studies.37-39

Fibril irregularity was also present in the groups with reduced collagen V expression,
particularly at the insertion site of the null tendons. Fibrils with abnormal shapes were
present in many specimens and these fibrils also appeared to be less dense, perhaps due to
their irregular shapes. "Cauliflower-like’ fibrils have been seen previously in approximately
5% of fibrils visualized in classic EDS patient skin?’ and tendon biopsies,38: 39 as well as in
mouse skin,28 collagen V and collagen XI heterozygous mouse tendons,® as well as other
animal models with genetic manipulation of matrix proteins.8 40 Regulation of collagen
fibrillogenesis involves a sequence of regulatory interactions and therefore disruption of any
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step would be expected to share some phenotypic endpoints. However, the irregular fibrils in
our study appeared to have a large center with smaller round protrusions surrounding it, as if
a large fibril had fused with several small diameter fibrils around it. This was distinctively
different from previously described fibrils with abnormal morphology and the severity of
fibril irregularity was directly related to the amount of collagen V expression in this study.
Irregular fibril shapes indicate that fibril assembly is either disrupted or unregulated due to
the lack of collagen V expression. The particular phenotype found in this study suggests
additionally that there may be fusion of small and large diameter fibrils during maturation in
groups without collagen V expression, which has not been observed with the deletion of
other regulators of fibril assembly. Irregular fibrils could have an abnormal relationship with
the interfibrillar matrix (increased friction, altered ECM production), thus disrupting
important dynamic re-organizations during movement.*1-43 Additionally, aberrant assembly
at the fibril level likely also causes disruption of assembly at higher orders, such as the fiber
and fascicle level.

Although fiber and fibril morphology was disrupted in the null group, no large differences in
cell morphology were found in the tendon proper, except for a slight decrease in cell density.
Since it’s likely that these tendons are experiencing the same magnitude of loading during
normal cage activity, this suggests that the number or morphology of cells is not directly
related to ECM composition or structure alone. Pockets of hypercellular tissue were
observed in histological sections in the null group, particularly in between the tendon fibers
(data not shown). An increase in cells, particularly those residing in the tendon sheaths,
could be a response to injury or trauma, as a compensatory mechanism to facilitate quick
repair due to repeated sub-failure damage that is occurring during everyday activities.*4: 4
However, without further analysis of specific cell types present or their origins, it’s still
unclear whether the ECM composition was altered prior to or as a result of the recruitment
of these cells. Future studies should be aimed at addressing these questions as the presence
of these cells could alter not only the active mechanical response, but also future ECM
remodeling in response to various mechanical and biological stimuli.

Interestingly, pydrinoline, a mature collagen crosslink, was increased in the heterozygous
and null groups in both locations. This suggests that collagen processing could be altered
with the removal of collagen V expression. Collagen V at the tenocyte surface has been
shown to restrict early stages of fibril assembly to the cell surface domain where efficient
processing, including lysyl oxidase mediated crosslink formation, is expected to occur.4
Furthermore, lysyl oxidase activity has been linked recently with other regulators of
fibrillogenesis?’: 48 and alterations in lysyl oxidase activity in vitro led to structurally
abnormal collagen fibrils, similar to those seen in classic EDS phenotypes.4® An alternative
explanation for this finding is that crosslink density must be increased to handle stresses on
the tendon that cannot be otherwise reduced via dynamic re-organizations during loading,
similar to increased crosslinks found in aged tendons.>°

This study rigorously evaluated and defined regional changes in mouse supraspinatus

composition and structure, however, several limitations exist. Given the small amount of
tissue available, several semi-quantitative measures were made in this study which could
have benefited from quantitative metrics, such as ELISA or western blotting techniques.
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Furthermore, a commercially-available kit was used to quantify pyridinoline crosslinks as
opposed to the more standard optical quantification methods established previously.5% 52
While there are a number of studies that have shown the versatility and precision of the kit
used in this study,24-26 it is originally designed for quantification of crosslinks in urine and
has been adapted for mouse tissue in this study. Furthermore, this study was designed as a
basic measurement of only one particular collagen crosslink and supports the need for
additional work in this area. Additionally, fibril measurements were taken from two-
dimensional cross-sections to measure collagen fibril diameter, density and irregularity.
However, it would be useful to determine if there were any differences in connectivity
between fibrils or significant branching effects using three-dimensional fibril tracking. In
addition, this study determined regional dependence of collagen V’s role in establishing
regional differences, but it is unclear if these differences are present across other tendons
with similar structure, such as the Achilles tendon. Based on previous studies investigating
tendon-specific differences in mechanical function, we hypothesize that these structural
alterations would be much less exaggerated in those with less severe mechanical deficiencies
and that collagen V is likely a regulatory path that influences those differences. Future
studies will address these limitations and build upon this work.

Altogether, these results demonstrate that the role of collagen V in determining the structure
and composition of mouse supraspinatus tendons is location-dependent. Although there were
fibril morphology changes without any other compositional change at the midsubstance, the
insertion site displayed alterations in almost every parameter. This could be explained by the
increased functional requirements that are present at the insertion site compared to the
tendon midsubstance or by the presence of two tissues, bone and tendon, that are both
affected by reduced collagen V expression during development.53: 54 However, the cascade
of events that leads to the abnormal structure and composition in the null tendons is still
unclear as it’s difficult to specifically separate the effects that one might have on the other
and the timing of those effects. Future studies also will build upon this work by investigating
the effect of reduced collagen V expression on tendon injury in both a normal and abnormal
fibril structure, which could elucidate mechanisms for the development of altered structure
and composition. Furthermore, understanding the results of these mouse studies combined
with the current ongoing studies in human tendons will further aid in developing a
therapeutic target for classic EDS patients.
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Figurel.
(A) Crimp frequency was decreased in the null tendons compared to both other groups at the

insertion site. (B) Crimp amplitude was decreased in the heterozygous and null groups at the
insertion site. No differences between groups were detected in crimp frequency or amplitude
at the midsubstance.
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Figure 2.
Representative micrographs of fibrils from insertion site (top) and midsubstance (bottom) in

wild type (left), heterozygous (middle) and null (right) tendons.
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Figure 3.
TEM analysis of fibril diameter distribution
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(n = 20/genotype) for (A/B) wild type, (C/D)

heterozygous, and (E/F) null tendons for both insertion site (left column) and midsubstance

(right column).
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Figure 4.
Quantitative analysis confirmed that (A) fibril diameter was larger in the heterozygous

groups at both regions but only in the null group at the midsubstance. (B) Fibril density was
decreased in both groups at both regions. (C) Fibril irregularity was quantified and was
significantly increased in the null group at the insertion site.
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Figure5.
(A) Cell density in tendon proper was slightly decreased (trend) at the insertion site of the

null group compared to the wild type group. (B) There were no differences in cell shape
between groups in either region.
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Figure 6.
Biochemical analysis of tendon proper and associated sheaths showed no differences in

collagen content in either region.
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Pyridinoline Crosslinks
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Figure7.
Biochemical analysis of tendon proper and associated sheaths showed increased pyridinoline

crosslinks in the heterozygous group at the insertion site and in the null group at both
regions when compared to the wild type.
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