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ABSTRACT: We describe analysis of suspensory ligaments from horses with advanced degenerative suspensory ligament desmitis (DSLD)
to identify the major proteoglycans (PGs), ADAMTS-aggrecanases and inter-alpha-trypsin inhibitor (IaI) components associated with
ligament degeneration. Specific anatomical regions of suspensory ligaments from two normal horses and four diagnosed with DSLD were
analyzed byWestern blot and immunohistochemistry for the following: aggrecan, aggrecan fragments, decorin, ADAMTS4, ADAMTS5, and
IaI components.When compared to normal, DSLD ligaments showed about a 15-fold increase (P < 0.0014) in aggrecan levels andmarkedly
enhanced staining with Safranin O. The aggrecan was composed of two distinct high molecular weight core protein species. The largest
specieswas foundonly inDSLDsamplesand it co-migratedwithaggrecansynthesizedbyequinemesenchymal stemcells (MSC).Manyof the
DSLDsamples also containedabnormallyhigh concentrations of ADAMTS4,ADAMTS5, and IaI.Notably, theADAMTS5 inDSLDsamples,
but not normals, was present largely as a high molecular weight complex. We conclude that ligament degeneration in DSLD is associated
with matrix changes characteristic of an inflammatory nonhealing wound, specifically containing chondrogenic progenitor cells. Since
aggrecan accumulation is a major feature of incomplete healing in tendon and skin of the ADAMTS5 knockout mouse, we propose that
ligament failure in DSLD results from a process involving tissue inflammation and the complexation of ADAMTS5. � 2011 Orthopaedic
Research Society. Published by Wiley Periodicals, Inc. J Orthop Res 29:900–906, 2011
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Abnormally high levels of ligament proteoglycans (PGs),
such as occurs in equine degenerative suspensory liga-
ment desmitis (DSLD), result from changes in the nor-
mal homeostatic turnover process. Ligaments contain
the chondroitin sulfate (CS)–PGs, aggrecan1 and versi-
can,2 and the dermatan sulfate (DS)–PGs, decorin, and
biglycan.3 Information on the degradative pathways for
ligament PGs is very limited although the identification
of aggrecan fragments in human patellar tendon4 and
murine flexor digitorum longus5 shows that ADAMTS-
aggrecanases6 are primarily responsible. This con-
clusion is supported by immunohistochemistry of ovine
infraspinatus tendon7 and explant studies of bovine col-
lateral ligaments.8 A central role for aggrecanases in
human Achilles9 and ovine infraspinatus7 is also sup-
ported by gene expression of ADAMTS1, 4, and 5.

DSLD is a debilitating disorder affecting the suspen-
sory ligaments in horses of several breeds,10–13 character-
ized by collagen disruption, accumulation of interfibrillar

PGs and chondroid metaplasia. Similar pathologies,
including theaccumulationofPGs14–16havebeenreported
in diseased human tendons and ligaments. To gain
further insight into the intra-and extracellular pathways
associatedwith development and persistence of pathologi-
cal matrix changes in degenerate ligaments in general,
we (a) characterized aggrecan species in normal ligaments
and in ‘‘chondroid’’ deposits of DSLD affected tissue
(b) examined the abundance of ADAMTS-aggrecanases
in both normal, and diseased ligaments and (c) assayed
for IaI, a marker for chronic inflammation.

METHODS
Post-Mortem Tissue Procurement
Four Peruvian Paso horses (#3–#6), 3 females (10, 15, and 16
years old), and one male (7 years old), were diagnosed with
DSLD by clinical examination and ultrasonography.12 Three
horses (#3–#5) had involvement of the two rear limbs and all
four limbs were affected in #6. Other findings included gross
lameness, abnormal flexion tests, tenderness, and enlargement
of the suspensory branches on palpation in all affected limbs,
swelling, and hyperextension of the fetlocks in the rear limbs.
TwonormalQuarter horses (geldings, 15 and 11 years old)were
used as controls (#1,#2). They had normal flexion tests, no
lameness, no tenderness or enlargement of the suspensory
branches and normal fetlock angles. Ultrasonography was
not performed on horses #1 and #2.

Tissue Sampling
The body and both branches of suspensory ligaments from both
hind limbs were harvested, and cross-sectional portions
(10 mm � 10 mm) were cut for histological and biochemical
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analyses (Fig. S-1). The proximal 2 mm (dotted line) was
fixed in 10% neutral-buffered formaldehyde and processed
for histology or immunohistochemistry.17 The remaining
portions were flash-frozen and stored at �808C. Before bio-
chemical analysis, tissues were thawed in cold PBS containing
proteinase inhibitors and themacroscopic appearance recorded
(Fig. S-2a). The ligamentous core of each sample (dotted circles,
Fig. S-2a) was dissected and 1.2–2.0 g wet weight was
recovered.

Histology and Immunohistochemistry (IHC)
Fixed sections were stained with either Safranin-O or hema-
toxylin and eosin. Other sections were stained with antibodies
to aggrecan and ADAMTS5, heavy chains (HC1/HC2) and
bikunin.18

Isolation and Western Analysis of Proteoglycans, ADAMTS4,
ADAMTS5, and IaI Components
Western protocols and the source, specificity, characterization,
and use of the antibodies for aggrecan (aNITEGE, aDLS,
aKEEE), decorin (6D6), aADAMTS4, aADAMTS5, aHC1,
aHC2, and abikunin have been described.17–25 Briefly, 100 mg
wet wt. portionswere frozen in liquid nitrogen and shredded in a
tissue pulverizer. Extraction buffer (1 ml of 4 M guanidine HCl,
50 mM Na acetate pH 6.8, with PIs) was added and samples
placed at 48C on a rotator for 18 h. After centrifugation, and
washing the tissue residue with 2 ml of water, the combined
extractant andwashingwas dialyzed againstwater andadjusted
to 7 Murea, 50 mMTris, pH8.0 andPGspurified byDE52anion
exchange.26,27ForWesternblots ofPGs, theDE52-bound fraction
wasusedand forADAMTS4,5,HC1/2, bikuninandG1-NITEGE,
equal proportions of the DE52-bound and DE52-unbound frac-
tionswere combined.Quantifiable signalswere obtained on load-
ing material from �5 mg wet wt. of ligament per lane (see
legends for details). Abundance of any one antigen in different
tissue extracts was compared by loading equal mg wet wt. por-
tions, developing the films under a set of standardized conditions
and determination of chemiluminescent signal intensities with
ImageJ (as integrated pixel density).

Aggrecan Analysis on Equine BMSCs and Articular Chondrocytes
Mature equine bone marrow stem cells and chondrocytes were
maintained in a self-assembling peptide hydrogel (KLD12) for
21 days and aggrecan was isolated from the gels as described.19

For Western analysis, aggrecan samples were treated with
chondroitinase ABC as described.17

Statistical Analysis
Data were analyzed using SPSS statistical software
(version16).One-way ANOVA (with post hoc Dunnett’s test)
was used for the data shown in Figure 2.P < 0.05was accepted
as statistically significant.

RESULTS

Macroscopic and Histological Images
A diagram describing the anatomical locations and
the two-letter abbreviations used for ligament samples
analyzed is given in Fig. S-1. The typical appearance of
ligaments from normal horses, (#1-LB, #2-LB, Fig. S-2a)
showed an irregular, whitish perifascicular pattern. This
was enlarged in DSLD ligaments (#3-LB, #6-LB) which
also showed enhanced vascularization and fibrotic

deposits within the ligament. Histological assessment
(Fig. S-2b), showed a disorganized collagen network inter-
spersed with Safranin-O positive deposits in DSLD tissue
(#3-LB, #5-LB, #6-LB), whereas control tissues (#1-LB,
#2-LB) contained linear collagen bundles with minimal
Safranin-O staining. Tissue sampled from control horse#2
(Fig. S-2b, #2-LB) exhibited strong Safranin-O staining in
the cell-associated matrix but did not show the typical
DSLD collagen fiber disorganization.

Western Analyses for Aggrecan
Analyses of purified samples from the hind lateral and
medial brancheswith aDLS (Fig. 1a) showed that immu-
noreactivity was low in all normal (#1, #2) and high in all
DSLD samples (#3–#6). Lower exposure times of
Westerns from DSLD samples #6 showed that the anti-
body reacted with two aggrecan core protein bands of
about equal abundance (Fig. 1b, #6). To investigate the
cellular source of these species, we did a comparative
analysis of aggrecan from adult equine mesenchymal
stem cells (MSC) and articular chondrocytes (AC) main-
tained in peptide hydrogels. These data clearly showed
that DLSD-accumulated aggrecan was identical to that
from MSCs, but the AC synthesized only the faster
migrating species. The ligament body samples (proximal
and distal) for both normal and affected horses (Fig. 1c)
contained less aggrecan than the branches, and only the
distal body of DSLD horses #5 and #6 had elevated
aggrecan contents. The samples shown inFigure 1awere
also analyzed for decorin core (Fig. 1d). Normal and
DSLD samples had a similar content, suggesting inde-
pendent metabolism of the two PGs in DSLD pathology.
To provide quantitation of the aggrecan content of

Figure 1. Western analyses for aggrecan and decorin in liga-
ments and aggrecan synthesized by adult equine mesenchymal
stemcells andarticular chondrocytes.Westernanalysis of aggrecan
in: (a) ligament branches [LB,MB]horses #1–6; (b) shorter exposure
Western for horse #6, and extracts of adult equine mesenchymal
stem cells (MSC) and articular chondrocytes (AC); (c) ligaments
bodies [BP,BD] horses #1–6; (d) Western analyses of decorin for
samples shown in panel (a). 1 mg wet wt. equivalent of tissue was
loaded per lane.

LIGAMENT DEGENERATION AND AGGRECANOLYSIS 901

JOURNAL OF ORTHOPAEDIC RESEARCH JUNE 2011



normal versus DSLD branch ligaments, total PGs were
purified from six �50 m wet wt. portions of both
branches from the left hind limb of all horses. The
Western blots with antibody aDLS were quantitated
with ImageJ (Fig. 2). The aggrecan content of both lat-
eral and medial branches was �10–15-fold higher in all
DLSD samples (horses #3–6) than normals (horses #1,2)
(P ¼ 0.0014). Ligament from all DSLD horses showed
similar levels of aggrecan, and in each case there was no
marked difference between lateral andmedial branches.

Western Analysis for Aggrecanase-Generated
KEEE-Reactive and NITEGE-Reactive Fragments
Both ADAMTS4 and ADAMTS5 can cleave aggrecan at
siteswithin theCS-attachment region and the interglob-
ular domain that generate reactivity with the neo-epit-
ope antibodies, aKEEE and aNITEGE, respectively.
Analysis with aKEEE (Fig. 3a) of 10 of the 12 samples
analyzed for aggrecan (see Fig. 1a), showed that at least
one of the branches in all DSLD horses (#3–#6) was
highly reactive. The three normal samples (horses #1,
#2) showed some reactive product at�100 kDa, but little
evidence for the presence of the 250 kDa species (see
black arrow) which was highly abundant in DLSD
samples. Therefore, the abundance of both full length
aggrecan (Fig. 1a), and aKEEE-reactive products (Fig.
3a) was generally correlated with the presence of DSLD
pathology. Analysis of the same normal and DLSD
samples for aggrecan G1-NITEGE (Fig. 3b) showed a
double-band of immunoreactivity at �70 kDa (black
arrows) that is typical of this product in human21 and
murine28 tissue extracts.While the abundance profile for
G1-NITEGE was quite variable, the highest reactivity
was in extracts from DSLD horses #3,#5, and #6. IHC
with a-DLS and aNITEGE in representative tissue sec-
tions from the lateral branches of horse #1, #2, andDSLD
horse #6, are shown in Figure 4. Staining for aggrecan
(Fig. 4a) and aggrecan G1-NITEGE (Fig. 4b) confirmed
the biochemical analyses. Both species were present
abundantly in both cell-associated and matrix pools of
DSLD ligaments, but were barely detectable in the nor-
mal ligament.

Western Analysis for ADAMTS4 and ADAMTS5
Extracts were also analyzed for ADAMTS4 and
ADAMTS5 (Fig. 5a,b, respectively). The most abundant
ADAMTS4 species migrated at�75 and�50 kDa, in both
normal and DSLD samples. Analysis of ADAMTS5 (Fig.
5b) showed a variability in both normal and DSLD
samples, much as for ADAMTS4. Most significant was
the finding that those DSLD samples with the highest
content of ADAMTS5 (#3-LB, #4-MB, #5LB, #5-MB�,
#6-LB), showeda complexed formof the enzymemigrating
between�120 and�250 kDa (see bracket). This complex,
particularly abundant in #5-LB,didnot enter the gelwith-
out chondroitinase digestion (data not shown) showing
that it is bound to glycosaminoglycan. In contrast, the only
normal sample (#2-LB�) with a high ADAMTS5 content
showed discrete species between�40 kDa and�11 5 kDa
without any complexed form. The presence of a complexed
formofADAMTS5 inDSLDbutnotnormal ligaments,was
consistent with the immunostaining appearance of
ADAMTS5 on confocal analyses. In a representative
region of a normal ligament branch (Fig. 5c, #1-LB) the
ADAMTS5 was confined to the pericellular matrix along
the longitudinalaxis of ligamentfibroblasts. Incontrast, in
DSLD (Fig. 5c, #6-LB) themany ‘‘chondroid’’ areas showed
intense staining for ADAMTS5, where it was associated
with cells and the adjacent matrix.

Western and IHC Analysis for HC1/2 and Bikunin
Analysis of a portion of the samples shown in Figure 3
with antibodies to HC1 and HC2 (Fig. 6a) also showed a

Figure 2. Quantitative Western analysis of aggrecan in branch
samples from all horses. The mean and standard deviation values
for total aggrecan core abundance (integrated pixel density from
ImageJ) in 5 mg wet wt. samples from the lateral and medial
branches of all horses are shown.

Figure 3. Western analyses for ADAMTS-generated aggrecan
fragments in normal and DSLD ligaments. Western blots of
DE52-bound fractions with (a) aKEEE and (b) aNITEGE. (�)
denotes samples from right hind legs. Note that sample 2-LB�
was prepared from an affected region of the ligament from the
normal horse #2. Five mg of wet wt. equivalents of tissue were
loaded per lane.
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variable content in both normal and DSLD ligaments.
Some samples showed a species at �100 kDa, the
expected size for a single intact heavy chain of IaI.29

The nature of the multiple species between �120 and
�200 kDa is unknown, but the band at�55 kDaappears
to be the degradative product previously identified in
cartilage extracts.18 Immunohistochemistry of HCs in
sections of the samples #1-LB, #2-LB�, and #6-LB
(Fig. 6b) confirmed the relative abundance shown on
Western analysis and also showed that the HCs are
largely cell-associated, consistent with their synthesis
within theDSLD ligament.Western analysis of the same
samples for bikunin (Fig. 6c) showed an abundance pro-
file similar to that for HCs, consistent with the structure
of IaI, which contains two HCs per bikunin core protein.
The two bikunin species at �25 kDa (major) and
�30 kDa (minor) represent different glycoforms and
truncated products.25 IHC of bikunin in the same
samples used for HCs (Fig. 6d), again confirmed the
relative abundance shown on Western, but unlike the
HCs, which were cell-associated, the bikunin was found
to be distributed throughout the tissue.

DISCUSSION
It is generally agreed that equine DSLD is accompanied
by an increase in ligament granulation tissue and differ-
entiating chondroid cell clusters, along with a general
disorganization of the collagen fibrillar structure, loss of
fascicular boundaries and tissue swelling. However,
knowledge of these disease-associated tissue features,
in DSLD and human pathology, has not yet led to an
understanding of the intracellular or extracellular path-
ways which initiate or exacerbate the attendant loss of
ligament tensile properties.30,31 One favored hypothe-
sis10 is that the accumulated PGs, particularly decorin,
may interfere with collagen fibril assembly and turn-
over32 and so directly result in disorganization and loss
of ligament tensile properties.33

In the present study, we have generated quantitative
data (Fig. 2)which shows thatDSLD is accompanied by a
�15-fold increase in the aggrecan content (per mg -
wet wt.) of affected ligaments, and this was supported

Figure 4. IHC of aggrecan and
ADAMTS-generated G1-NITEGE
in normal and DSLD ligament.
Sections from specimens #1-LB, #2-
LB� and #6-LB were stained (a) with
aDLS and (b) aNITEGE. Nonimmune
rabbit IgG controls (NI) for #1-LB and
#6-LB are shown as inserts.

Figure 5. Western and IHC analyses of ADAMTS4 and
ADAMTS5 in normal and DSLD ligaments. Portions of samples
shown in Figure 3 were analyzed with (a) a-ADAMTS4 and
(b) a-ADAMTS5 (complexes see bracket). Five milligrams of wet
wt. equivalents of tissue were loaded per lane (�denotes samples
from right hind legs); (c) confocal localization of ADAMTS5 in
normal (1-LB) and DSLD ligament (6-LB) �40 magnification.
ADAMTS5 ¼ AlexaFluor598 Red fluorescence; Nuclei ¼ Sytox
Green fluorescence.
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by IHC (Fig. 4). Aggrecan staining was not only in the
pericellular space, as seen for normal ligaments (Fig. 3,
#1-LB. #2-LB), but also throughout the disorganized
collagenous matrix. The increase in aggrecan content
of DSLD ligaments might be caused by a stimulated rate
of synthesis, or inhibition of the rate of aggrecan degra-
dation and loss. Since this study did not include analyses
of synthetic rates for aggrecan, we can only draw con-
clusions from analysis of the degradative pathway. The
analysis with aNITEGE (Fig. 3b) is a measure of the
extent of cleavage in the interglobular domain whereas
the analysis with aKEEE (Fig. 3a) is a measure of cleav-
age within the CS-substituted region of aggrecan.34 The
data indicate that therewas nomajor difference between
normal and DSLD ligaments in the degree of interglob-
ular domain cleavagewhereas cleavage at theKEEE site

appeared to be more pronounced in DSLD samples. The
increased abundance of KEEE-reactive species is con-
sistent with an abnormally high rate of aggrecanase-
mediated cleavage of aggrecan in DSLD ligaments, how-
ever, it should be noted that theWestern data represents
only a single ‘‘snapshot’’ of what is likely to be a complex
in vivo turnover process. The correlation between the
abundance of aggrecanase-generated fragments in tis-
sue extracts (Fig. 3) andprotein levels forADAMTS4and
5 (Fig. 5), suggests that one or both of these enzymes is
responsible for product generation. However, evaluation
of the molecular forms of the enzymes in these samples
indicates that ADAMTS4 is the predominant protease
involved. Thus, it has been reported that the most active
forms of ADAMTS4 have molecular weights of 70,35 60,
and 50 kDa.23 Based on this, active ADAMTS4 would be

Figure 6. Western and IHC analyses for IaI components in normal and DSLD ligaments (a) Portions of samples shown in Figure 3 were
analyzedbyWesternwithaHC1/HC2and5 mgofwetwt. equivalents of tissuewere loadedper lane, (�denotes samples fromright hind legs);
(b) IHCof tissue sections from#1-LB,#2-LBand6-LBwithaHC1/HC2; (c)Westerns of samples in (a)withabikunin; (d) IHCof tissue sections
from #1-LB,#2-LB and #6-LB with abikunin.
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most abundant in samples #2-LB�, #3-LB, #5-LB, #5-
MB�, and #6-LB. Inspection of the KEEE and
NITEGE product abundance (Fig. 3) shows that all of
these five samples also have abundant degradation prod-
ucts, in keeping with high ADAMTS4-mediated aggre-
canolysis. Moreover, three samples with little or no
active ADAMTS4 protein species (#1-LB, 2-LB, and 4-
LB) also have little or no product, again consistentwith a
primary role for ADAMTS4. A similar analysis of
ADAMTS5 (active forms at 60 and 40 kDa35) showed
that of the five samples containing no active
ADAMTS5 protein (#1-LB, #2-LB, #3-LB, #3-LB�, and
#4LB) three (#1-LB, #3-LB, #3-LB�) have abundant
products which therefore cannot be generated by
ADAMTS5. All DSLD ligaments also exhibited charac-
teristics of chronic inflammation as shown by the pro-
duction andaccumulation of IaI components,HC1/2, and
bikunin (Fig. 6). In this regard, it is important to note
that tissue accumulation of these IaI components is also
found in inflammatory arthritis,36 uremia, endocarditis,
and trauma.29While IaI is synthesized by hepatocytes in
response to a range of inflammatory diseases,37,38 IHC
analyses shown here (Fig. 6b,d) suggests its local syn-
thesis by cells in injured tissues, as described for super-
ficial zone chondrocytes.18 ‘‘It is clear that most of the
analyses presented in this paper show quite a high var-
iability both within and between normal and DSLD
groups. However, the study suggests that there are
two robust diagnostic features of DSLD ligaments. The
first is the excessive accumulation of a mesenchymal-
typeaggrecan speciesand the second is theappearanceof
ADAMTS5 ‘‘complexes’’ in the interfibrillar space of the
collagen network.’’

Aggrecan accumulated in DSLD ligaments is com-
posed of two distinct core protein species migrating
in the region above 250 kDa (Fig. 1b). This is identical
to aggrecan produced by equine MSC, but, distinct from
the single species synthesized by AC (Fig. 1b). We pro-
pose that mesenchymal aggrecan is a high affinity sub-
strate for ADAMTS5, but due to enzyme complexation/
inactivation in DSLD ligaments (Fig. 5b), cleavage is
prevented. The likelihood that ADAMTS5 aggrecanase
activity has a critical function in maintaining tendon/
ligament material properties, is indeed supported by
our recent work in ADAMTS5 knockout mice,5,39 where
(a) FDL tendons exhibit a loss of material properties and
alterations in collagen fibril dimensions and (b) Achilles
tendons fail under tensile loading, at an aggrecan-
enriched bony insertion site. Further support for a role
of the enzyme in fibrogenic homeostasis and repair is
provided by our finding that ADAMTS5 knockout
mice exhibit impaired contraction and collagen depo-
sition during dermal wound healing, and further
that wound sites remain highly enriched in aggrecan
with mesenchymal-type core proteins (Velasco, Sandy,
Plaas, personal communication).41 Thus, a description of
the regulatory network that controls ADAMTS5-
mediated cleavage of this mesenchymal aggrecan pool
in ligaments, will be needed to understand the precise

role of ADAMTS5 in ligament homeostasis. Moreover,
delineating the cell signaling responses to such pericel-
lular aggrecanolysis will be required to understand
how the proteolytic processing of PGs is translated
into reparative collagen secretion and fibril organization
following ligament injury. Answers to these questions
should motivate novel diagnostic and therapeutic
approaches to both equine31 and human ligament
pathologies.40
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