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Summary

Tendons and ligaments are similar structures in
terms of their composition, organisation and me-
chanical properties. The distinction between them
stems from their anatomical location; tendons
form a link between muscle and bone while liga-
ments link bones to bones. A range of overlap-
ping functions can be assigned to tendon and lig-
aments and each structure has specific mechani-
cal properties which appear to be suited for par-
ticular in vivo function. The extracellular matrix in
tendon and ligament varies in accordance with
function, providing appropriate mechanical prop-
erties. The most useful framework in which to
consider extracellular matrix differences therefore
is that of function rather than anatomical location.
In this review we discuss what is known about the
relationship between functional requirements,
structural properties from molecular to gross lev-
el, cellular gene expression and matrix turnover.
The relevance of this information is considered
by reviewing clinical aspects of tendon and liga-
ment repair and reconstructive procedures.
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mechanics, extracellular matrix, collagen.
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Introduction

Tendons and ligaments are essential components of the
skeletal system and their precise mechanical properties
are required for efficient locomotion. Both structures are
examples of dense regular connective tissues and have
relatively similar structural and mechanical properties;
the distinction between tendons and ligaments is based
on anatomical location. Tendons lie between a muscle
belly and the target bone for muscle-generated force,
thereby providing a mechanical connection between mus-
cle and bone. Ligaments are situated between two bones
and serve to connect different parts of the bony skeleton.
Rather than focusing on anatomical differences, a more
useful framework to consider the precise composition
and organisation of matrix components in tendons and lig-
aments is to consider their functional requirements. In this
way it can be seen that there is a continuum of mechan-
ical properties, rather than tendons and ligaments form-
ing two discrete groups.

The demand to understand the relationship between in
vivo function, mechanical properties and the structural
composition and organisation to achieve specific me-
chanical properties in tendon and ligament has never
been greater. Epidemiological studies show that the in-
cidence of tendon and ligament injuries is increasing’: 2
and these frequently require surgical intervention. Surgery
can involve a direct repair of the damaged tendon or lig-
ament, where the torn ends of the damaged structure are
sutured or fixed together as closely as possible to allow
them to heal. Alternatively, surgery can involve a recon-
struction, where healthy tendon or ligament tissue from
another site or donor is harvested and transplanted to re-
place the damaged structures®. Synthetic materials have
also been used, with mixed results, whilst newer ap-
proaches using tissue engineering attempt to recreate
tendon or ligament-like tissue outside the body* to replace
the damaged natural structures there by avoiding donor
site morbidity. The expectation that full functional recov-
ery is achieved is increasing, especially as people are en-
couraged to maintain health by participating in sporting
activities into middle and old age. Understanding the sig-
nificance of specific tendon or ligament properties is es-
sential to meet the expectations of restoring former func-
tion, rather than the less ambitious goal of a return to a
sedentary lifestyle.

Function of tendons and ligaments

The principal function of tendons is to transmit the force
generated by skeletal muscle contraction to the bony
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skeleton, which usually results in movement of a joint.
Ligaments work in synergy with tendons by limiting joint
movement. Both tendons and ligaments however, have
additional more specialised functions.

Some tendons have a spring-like function and con-
tribute towards reducing the energetic cost of high
speed locomotion®. These energy-storing tendons are
stretched under load and then recoil, returning a large
proportion of the stored elastic energy and thereby re-
ducing the muscular effort needed to return the limb to
the starting position. The human Achilles tendon is a
good example of a tendon adapted for a spring-like
function. An in vivo study has shown that during one-
legged hopping the elastic recoil of the Achilles tendon
contributes 16% of the total average mechanical work
of the hop®. Calculation of total energy saving by the
Achilles tendon and plantar ligaments of the foot in run-
ning humans has been calculated at 50% per step’.
Another tendon showing a high degree of adaptation
for an energy storing role is the superficial digital flexor
tendon (SDFT) in the horse. Other tendons show what
might be considered to be a more specialised form of
energy storage which can be used to amplify muscle
power. This can be seen in a jumping frog when elastic
energy stored in tendon is rapidly released producing a
power that exceeds the initial muscle power outputé. A
similar function has been described for the elastic com-
ponents (tendinous tissue) of the biceps muscle in the
equine forelimb®. Under different conditions, which re-
sult in delayed recoil of the tendon, power attenuation
can result and the tendon therefore has a braking ef-
fect®. In addition tendons, as viscoelastic materials, ab-
sorb kinetic energy and act as a force dampener; a
property which may protect other skeletal tissues from
potentially damaging high peak forces.

While the restriction of joint movement is considered to
be the main role of ligament, their true role is in guiding
joint movement; allowing motion in specific planes while
restricting movement in others. Ligaments also have ad-
ditional functions similar to those of tendon in energy
storage and as mechanical dampeners. A further impor-
tant aspect of ligament function is in proprioception; pro-
viding feedback regarding joint position in space and
contributing to coordinated movement and joint stability.

Gross structural properties of tendons
and ligaments

Mechanical properties

Tendons and ligaments are viscoelastic materials,
evolved to resist predominantly tensile forces. As they are
primarily mechanical instruments, it is not surprising that
the mechanical properties of these structures have been
the subject of many studies and the characteristic force
elongation relationship was described many years ago'°.
Initial application of load results in a relatively large elon-
gation of the tissue (Fig. 1A) followed by a gradual transi-
tion into a linear response to increases in load. As further
load is applied the structure begins to yield giving rise to a
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sigmoidal shaped curve, before the structure finally fails
completely. There is a number of properties that can be
deduced from the force elongation curve and used to de-
scribe the particular structure being studied.

The force at which the tendon or ligament fails (ultimate
load) is obviously an important property, although this
is largely related to the size of the structure. Large ten-
dons and ligaments such as the equine deep digital
flexor tendon (DDFT) and suspensory ligament (SL) are
capable of supporting a mass of up to 2 tonnes before
failure. The human Achilles tendon (AT) has an ulti-
mate tensile strength of approximately 4 kN while the
anterior tibialis tendon (ATT) fails at about 1.5 kN''. A
more interesting comparison is that of material strength
(ultimate stress) and studies suggest that this is gener-
ally lower for ligaments than for tendons (SL - 91 = 19
MPa; SDFT - 131 + 27 MPa) and lower in tendons de-
signed to store and release elastic energy (SDFT) than
in positional tendons such as the equine common digi-
tal extensor tendon (CDET - 189 + 37 MPa)'2. This may
be as a consequence of other adaptations which pro-
vide more physiologically important specialisation of
mechanical properties.

The differences that may be considered to be of more
physiological relevance with regard to normal activity
relate to stiffness, ultimate strain, fatigue properties and
hysteresis. Positional tendons such as the human ATT
and the CDET in the horse are required to be relatively
inextensible when subjected to physiological loads. Ex-
cessive stretching in these positional tendons would
decrease efficiency as movement of the joint would be
reduced and furthermore control of precise movements
would be problematic. Concurrent with this, in vivo
measurements of strain in the human ATT have record-
ed maximum values of only 3.1%'3; likewise the equine
CDET experiences maximum strains in vivo of approxi-
mately 3%, based on muscle architectural measure-
ments'!. Energy storing tendons, such as the AT and
equine SDFT are required to undergo large strains in
response to physiological loads to allow storage and re-
turn of energy at an appropriate usable rate. In vivo
measurements in the human AT have recorded strains
of up to 10.3% during one-legged hopping® and strains
of up to 16.6% have been recorded for the equine
SDFT in vivo at gallop'. Ligaments tend to be more
similar to energy storing tendons in this respect, as
stretching is required to allow joint movement to take
place. These requirements are demonstrated by signifi-
cant differences in material stiffness (Fig. 1B) with the
SDFT, CDET and SL having elastic moduli of 1165 +
178 MPa, 1510 + 291 MPa and 643 + 130 MPa respec-
tively12,

Energy storing tendons also require fatigue resistance
as they may be subjected to a large number of loading
and unloading cycles at relatively high strains during lo-
comotion. Not all ligaments that are adapted for lower
stiffness and high strains (like energy storing tendons)
however require high fatigue resistance as they are not
necessarily subjected to repetitive loading and unload-
ing cycles if not associated with running type activities
(for example human spinal ligaments). While fatigue re-
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Figure 1. Graph showing characteristic relationship be-
tween applied force and elongation of tendon and liga-
ments (A) and an example of data collected for the equine
SDFT and SL (B).

sistance at low strains is important for positional ten-
dons involved in locomotion, a more challenging prob-
lem is to provide fatigue resistance at the high strains
experienced by energy storing tendons. Our recent work
suggests that recovery of structure after application and
removal of high strain is greater in the SDFT than the
CDET indicating that the energy storing tendon may in-
deed be more fatigue resistant'5. A low level of hystere-
sis is another property which is intuitively more impor-
tant for energy storing tendons, both in terms of efficien-
cy by reducing the energetic cost of locomotion, and to
reduce heat generation due to energy loss. Again, a low
level of hysteresis is not necessarily a requirement for
ligaments with high extensibility. Our recent work has
demonstrated that bundles of fibres from the SDFT have
significantly lower hysteresis at 4 and 8% strain than
bundles of fibres from the CDET when tested in vitro'®.
As illustrated above, to allow for specific functions in
tendons and ligaments precise mechanical properties
are required. To understand how these differences are
achieved at whole structure level it is necessary to
have an understanding of the sub-structure of tendon
and ligaments.
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Architectural properties

Tendons and ligaments are composite materials com-
posed of collagen and non-collagenous proteins. The
collagenous component of tendon and ligaments has a
complex hierarchical arrangement which follows the
same basic pattern in both structures. This has been
described and depicted diagrammatically by a number
of authors'6-18 to illustrate the arrangement of the colla-
gen component (Fig. 2). The predominant collagen type
is the fibril-forming type | collagen. Collagen molecules
align in a highly ordered parallel arrangement with each
molecule staggered relative the neighbouring molecule
giving rise to overlap and gap zones to form pentamer
microfibrils with a characteristic banded pattern repeat-
ing every 67 nm. Microfibrils group together to form col-
lagen fibrils with diameters of 40-300 nm, which can be
viewed under an electron microscope in transverse and
longitudinal sections of tissue. Many studies have de-
scribed the populations of collagen fibrils in different
tendons and ligaments from various species. The colla-
gen fibrils then group together to form fibres which are
visible under light microscopy, fibres form sub-fascicles
and finally fascicles group together to form the whole
structure. A thin connective tissue membrane known as
the epitenon surrounds the whole tendon and extends
into the tendon separating fascicles where it is known
as the endotenon or interfascicular matrix. It is the com-
bination of mechanical properties at each of these sub-
structural levels that result in the overall mechanical be-
haviour of the tendon or ligament.

Tendon and ligament sub-structure
Collagen molecules

Collagen is the major protein in both tendons and liga-
ments, accounting for approximately 75% of the dry
weight. The remainder of the weight is composed of
other non-collagenous matrix proteoglycans and glyco-
proteins, the fibrous protein elastin and cellular pro-
teins. Evidence suggests that the ratio of collagen to
non-collagenous components differs between different
structures. Our work'® has shown that the collagen
content of the equine SDFT and DDFT is 75.8% + 1.5
and 76.9% =+ 2.1 respectively and is significantly higher
than that of the suspensory ligament (65.1% + 1.6). The
positional CDET has significantly higher collagen con-
tent (80.4% =+ 1.3) than the energy storing SDFT. Previ-
ous work on tendon and ligament tissue from the sheep
knee joint demonstrated a similar pattern, with the cru-
ciate ligaments showing a lower collagen content (57%)
than the tendons studied (lateral digital extensor tendon
(73.2%); SDFT (78.8%); patellar tendon (73.7%). Inter-
estingly the collateral ligaments had a higher collagen
content (70%) than the cruciate ligaments, demonstrat-
ing inter-ligament variation?0. Although type | collagen
is the predominant collagen in both tendon and liga-
ment small amounts of other collagen types are pre-
sent, the second most abundant collagen type is type
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Figure 2. Hierarchical
structure of tendon

’ ’

Tenocytes

’ ks !
Intra-fascicular Nerves and /
/ /
,; blood vessefs
'

Diameter | 1 5nm 10nm 10-350nm 1-20um 50-300um | 16mm | and Iigament (repro-
Collagen | Fibril Collagen Fibril | Collagen Fibre | Fascicle Whole Tendon ‘ duced from Thorpe et
Molecule | Subunit 49

Inter- al., 2010%9).
) fascicular
Crimp Tenocytes
64nm banding
R

oot
A
S8

’

,"Endotenon Epitenon

Il collagen; another fibril-forming collagen. Structures
requiring greater compliance, such as skin and blood
vessels have a higher type Il collagen content?!. In ac-
cordance, we have found that type Il collagen levels
are higher in the energy storing SDFT and SL in the
horse than in the DDFT and CDET (unpublished data).
Higher levels of type Ill collagen have also been ob-
served in cruciate and collateral ligament from the rab-
bit knee joint compared to the patellar and Achilles ten-
don?2,

The mechanical properties of single collagen molecules
have been calculated using atomistic modelling giving
values of 11.2 GPa for break stress, which occurs at
50% strain, and an elastic modulus of 7 GPa23. These
computed predictions compare well with experimental
results obtained using X-ray diffraction* and Brillouin
light scattering®® to measure stretching of tropocollagen
molecules.

Type | collagen molecules are formed of three polypep-
tide chains (o chains) wrapped around each other to
form a right-handed super-helix. Each polypeptide
chain has a primary sequence of repeating triplets of
amino acids formed of glycine and two other amino
acids, most commonly proline followed by hydroxypro-
line, giving rise to the helical domain of the molecule
which is flanked at the N- and C-termini by non-helical
domains known as telopeptides. The hydroxylation of
proline residues is a post-translational modification; the
initial gene product undergoes extensive post-transla-

Muscles, Ligaments and Tendons Journal 2013; 3 (1): 12-22

tional modification prior to formation of the triple helix.
As a result, differences may exist in type | collagen mol-
ecules in different tissues despite an identical gene
product, due to differences in the extent and nature of
post-translational modifications.

The extent of proline hydroxylation determines the sta-
bility of the collagen molecule. An increase in hydroxy-
lation increases stability, as demonstrated by an in-
crease in the thermal denaturation temperature6. Dif-
ferences in proline hydroxylation levels have been ob-
served in disease conditions where there is a delay in
triple helix formation resulting in over-modification??.
There is no evidence however to suggest that hydroxy-
lation levels differ between tendons and ligaments. In
addition to hydroxylation of proline residues, lysine
residues are also hydroxylated by a family of lysyl hy-
droxylase enzymes. Lysine and hydroxylysine residues
take part in crosslink formation between collagen mole-
cules and therefore have an important influence on me-
chanical properties of the collagen fibril.

The type of crosslink formed depends on the degree
of lysine hydroxylation and whether this occurs in the
helical part of the molecule or the non-helical telopep-
tide region (for a review of collagen cross-linking see
Bailey et al. 199828). Lysine and hydroxylysine
residues are converted into aldehydes by the extra-
cellular enzyme lysyl oxidase; if hydroxylation is ex-
tensive in the telopeptide region more hydroxylysine
aldehyde will be formed. A spontaneous reaction then
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takes place between the lysine or hydroxylysine alde-
hydes and a lysine or hydroxylysine residue in the he-
lical region of neighbouring molecules to form the im-
mature bivalent cross-links. Immature cross-links un-
dergo further spontaneous reactions to form mature
trivalent pyridinoline and pyrrole cross-links. Exten-
sive hydroxylation of lysine residues throughout the
collagen molecule results in the formation of hydrox-
ylysyl-pyridinoline (HL-Pyr). In tissues where less hy-
droxylation of the helical or telopeptide lysine
residues occurs, the mature cross-links lysyl-pyridino-
line (L-Pyr) and pyrrole form respectively. A further
mature crosslink, histidino-hydroxy lysinonorleucine
(HHL), found predominantly in skin but also present
in some tendons, can form from the interaction be-
tween an immature cross-link and histidine residue.
Little is known about variation in post-translational ly-
sine hydroxylation between tendon and ligaments or
tendons with different functions however the collagen
crosslink pattern is quite different (see below) sug-
gesting that these must be considerable.

Collagen fibrils

Collagen fibrils form by a highly ordered aggregation of
collagen molecules into microfibrils and then fibrils. The
modelling work of Buehler (2006) shows a ‘softening’ of
mechanical properties from collagen molecule to fibril.
These studies suggest an elastic fibril strength of 0.3
GPa with failure at 0.5 GPa and a Young’s modulus of
5 GPa. Experimental work using a microelectro-
mechanical systems device?® or atomic force mi-
croscopy?3? for measuring mechanical properties of col-
lagen fibrils directly suggests somewhat lower values
for Young’s modulus of around 0.2 - 0.8 GPa. The
presence of crosslinks between collagen molecules in-
creases the range of elastic fibril deformation with
much higher yield stresses occurring with high crosslink
densities®!. Although all mature tendons and ligaments
appear to have high crosslink densities, our work has
shown that the crosslink profile differs significantly be-
tween different tendons and ligaments. The predomi-
nant mature crosslink detected in the SDFT, DDFT and
SL was HL-Pyr, with much lower levels in the CDET;
the main crosslink found here being histidinohydrox-
ymesodesmosine (HHMD). The SDFT and SL had simi-
lar levels of HL-Pyr (SDFT — 0.47 + 0.06 moles/mole
collagen; SL - 0.46 + 0.05 moles/mole collagen) which
were significantly higher than those found in the DDFT
(0.35 + 0.05 moles/mole collagen) and the CDET (0.04
+ 0.01 moles/mole collagen). HHMD was detected in
high amounts in the CDET samples (1.24 + 0.15
moles/mole collagen) and at trace levels in the DDFT
but not in the SDFT or SL. HHL was detected in all the
CDET samples (0.069 + 0.005 moles/mole collagen)
and some of the DDFT samples at trace levels but not
in the SDFT or SL. The divalent immature aldimine
crosslink dehydro-hydroxy lysinonorleucine (dehydro-
HLNL) was detected in the CDET (0.04 + 0.01
moles/mole collagen) but none of the other struc-
tures''. In the rabbit the cruciate and collateral liga-
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ments from the knee joint differ from the patellar and
Achilles tendon in terms of reducible crosslink levels
suggesting levels of mature crosslinks are also differ-
ent?2. The consequence of these differences in the
crosslink profiles between tendon and ligaments is not
known at present but is likely to impact on the mechani-
cal properties of the matrix tissue.

Collagen fibrils diameters have been measured in sev-
eral studies and these show considerable morphologi-
cal variation between tendon and ligament types. In
mature tendon and ligament a bimodal distribution of
collagen fibril diameters is seen. Ligaments tend to
have a greater proportion of smaller diameter fibrils
than tendons. The mass average diameter, a measure
that takes into account the fact that large fibrils occupy
more area than the same number of smaller fibrils, was
shown to be higher in the sheep SDFT (240 + 6 nm)
than the lateral collateral ligament (126 + 17 nm), medi-
al collateral ligament (157 + 22 nm) and anterior cruci-
ate ligament (181 + 14 nm)2°. In our studies on equine
tissue we have also shown differences in the fibril di-
ameter distribution between functionally distinct ten-
dons and between tendons and ligaments. The SDFT
(169 nm = 19) had a significantly lower mass average
fibril diameter than the CDET (229 nm = 36) suggesting
that larger fibril diameters might be responsible for a
stiffer matrix in the CDET'2. In keeping with this, the
suspensory ligament; an energy storing structure with a
significantly lower elastic modulus than both the SDFT
and CDET had the lowest mass average fibril diameter
(122 nm + 14). Smaller diameter fibrils in tendons and
ligaments subjected to high strains support the idea
suggested by Parry et al.32 that this may be an adapta-
tion to withstand creep as a greater number of smaller
fibrils increases the potential for inter-fibrillar crosslinks.
A further feature that becomes evident at the fibril level
is a sudden change in direction along the length of the
fibril. Scanning electron microscopy studies have
shown that collagen fibrils in tendon show ‘knots’ or fib-
rillar crimps. These ‘knots’ are formed as the fibrils first
twist leftwards, changing their plane of running, and
then bend sharply also changing the direction of cours-
ing33. The fibrillar crimp functions as a biological hinge,
opening when tensional load is applied and recoiling
when load is removed33. It is not clear why crimps form
or what controls the angle and frequency of such
crimps however it is clear that differences exist be-
tween different tissues.

Collagen fibres

Collagen fibres in tendon and ligament have a diameter
of approximately 10 ym. The crimps originating at the
fibril level align, resulting in the waveform seen in longi-
tudinal histologic sections of tendon and ligament at the
fibre level. Measurements of crimp morphology suggest
that structures with an energy storing function are more
crimped, having large crimp angles and a small crimp
base length. For example, the work of Franchi et al. on
rat tissues3* found that the vastus intermedius tendon,
which plays a role during quadriceps extension and re-
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quires greater elastic recoil, has larger crimp angles
than the positional rectus femoris and patellar tendon.
Our own data support this finding as the SL and SDFT
have greater crimp angles than the DDFT and CDET
and shorter crimp lengths than the CDET (unpublished
data).

Collagen fibre mechanical properties have been investi-
gated in a number of studies using confocal mi-
croscopy. The cells, which lie between collagen fibres
in tendon, have been stained using fluorescent dyes
and used as markers to track movement between colla-
gen fibres®5. Using this technique, it has been found
that fibre extension is less than the applied strain indi-
cating that fibre sliding is the main mechanism for ten-
don fascicle extension in rat tail tendon and bovine ex-
tensor tendon3® 36, More recently an alternative tech-
nique has been used to study fibre response to load.
This technique involves staining the collagen and then
photo bleaching a grid into the dye. The deformation of
the grid can then be quantified, allowing direct assess-
ment of the matrix response to applied strain®’. Using
this technique it has been shown that fibre extension is
considerably less than applied strain and does not dif-
fer significantly between the high strain equine SDFT
and low strain CDET tendon fascicles'®.

Collagen fascicles

Collagen fibres group together to form fascicles; these
fascicles are surrounded by inter-fascicular matrix and
are visible to the naked eye. Fascicles can be dissect-
ed free from tendons and studied as independent units.
Recent work has shown that fascicles dissected from
the equine SDFT are significantly smaller in cross sec-
tional area (0.12 + 0.006 mm?) than fascicles obtained
from the CDET (0.16 + 0.09 mm?)38, In both tendon
types the fascicles have an irregular shape; fascicles in
the CDET appear to be more tightly packed than those
in the SDFT38, Micromechanical testing of these isolat-
ed fascicles gives surprising results; despite the lower
ultimate stress and elastic modulus of the whole SDFT,
fascicles from this tendon did not differ significantly in
these properties compared to fascicles from the CDET.
Furthermore, despite the SDFT withstanding higher
strains before failure, fascicles from this tendon failed
at a lower strain than those from the CDET38. Charac-
terisation of the interfascicular matrix explains this ap-
parent contradiction; at physiological loads the interfas-
cicular matrix is much more easily deformed in the
SDFT than the CDET and thus the greater extension in
the SDFT appears to stem from sliding between fasci-
cles®8, a mechanism which may protect high strain ten-
dons and ligaments from damage.

Fascicle extension mechanisms have been investigat-
ed in functionally distinct tendons using the technique
mentioned above, staining the collagen fibres with a flu-
orescent dye and photo bleaching a grid into the stain
to allow quantification of fibore movement. Recent work
has shown that the amount of fibre stretch for SDFT
and CDET fascicles was low compared to the applied
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strain but did not differ; the mechanism to achieve the
overall fascicle extension was however different be-
tween tendon types. In the CDET fibre sliding was the
dominant mechanism while in the SDFT rotation of the
grid suggests an unwinding of a helical substructures.
These experiments also demonstrated that the SDFT
fascicles have a greater ability to recover following ap-
plied strain and experience significantly lower levels of
energy loss (hysteresis) following loading and unload-
ing'5; both properties which are desirable for energy
storing structures.

Non-collagenous components

Water constitutes the main component of the wet
weight of tendon and ligament tissue and has a signifi-
cant relationship with tendon tissue stiffness. Tendons
with a lower elastic modulus have higher water con-
tents as illustrated by a comparison of equine tendons.
The energy storing SDFT and SL had the highest water
contents (SDFT — 64.2% + 0.8; SL — 67.5% + 1.2) fol-
lowed by the DDFT (61.6% =+ 1.2), with the lowest water
content in the positional CDET (57.1% + 0.9) (11). A
similar pattern is seen in the sheep where the cruciate
and collateral ligament of the knee joint has significant-
ly higher water contents than the tendons studied?°.
Although collagen is the major constituent of tendon
and ligament and provides the essential tensile proper-
ties, other non-collagenous proteins play an important
role in organising the collagen component and provid-
ing adhesion between the collagen subunits. The small
leucine-rich proteoglycans such as decorin, fibromod-
ulin and biglycan are the most abundant in tendon and
ligament. Proteoglycans are composed of a protein
core and glycosaminoglycan (GAG) sidechain and
therefore a measure of the GAG content gives an indi-
cation of the levels of proteoglycan present. Studies in
the rabbit?® have shown that ligaments (collateral and
cruciate) have higher levels of GAG than tendons
(patellar and Achilles) in agreement with the finding for
ligaments and tendons around the sheep knee joint20.
In our studies we found that the levels of sulphated
GAG were significantly lower in the CDET (2.5 pyg/mg
dry weight tissue = 0.4) than the SDFT (9.1 pyg/mg +
1.5), DDFT (10.6 pg/mg + 3.0) and SL (13.2 yg/mg +
1.6) while the levels of sulphated GAG in the SDFT
were significantly lower than those in the SL but not
significantly different to the DDFT (11). These differ-
ences in sulphated GAG levels indicate variations in
the type and amount of proteoglycan in the tendon ma-
trix in functionally distinct tendons. As proteoglycans
play a role in regulating collagen fibril diameters and in-
teractions between collagen subunits throughout the
tendon hierarchy, differences are important contributors
to mechanical specialisation.

Another matrix molecule which has received consider-
able attention in tendon and ligament studies is colla-
gen oligomeric matrix protein (COMP). COMP binds to
fibrillar collagens; each COMP molecule can bind to
five collagen molecules, possibly for assembly into a
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collagen fibril. Recent studies have shown that COMP
can accelerate collagen fibrillogenesis in vitro and it
has been suggested that COMP has an organizational
rather than in a structural role3®. The levels of COMP
appear to be much higher in structures subjected to
high strains. In our work on equine tissues, levels of
COMP were much higher in the SDFT (22.1 + 6.1
Hg/mg) than the CDET (1.9 + 0.6 yg/mg) with highest
levels present in the SL (32.1 + 6.0 pyg/mg) (unpub-
lished data).

Cellular specialization
Cell density

Given the marked variation in matrix composition, it
would appear intuitive that gene expression differs be-
tween functionally distinct tendons and ligaments. Our
work is indeed consistent with this, and in fact, even the
density of the cells within the matrix shows a consistent
variation. Those structures which experience high
strains in vivo appear to be most cellular as demon-
strated by higher DNA contents. In our analysis of
equine tissue the SL had the highest levels of DNA
(2.27 £ 0.29 ug DNA/mg dry weight tissue) followed by
the SDFT (1.51 + 0.16 pg/mg) then the DDFT (0.80 +
0.15 pg/mg) while the CDET (0.47 + 0.18 pg/mg) had
the lowest levels''. These differences are also appar-
ent on histology sections of tendons and ligaments
(Fig. 3 A, B).

Expression of matrix proteins
Studies of the expression of collagen genes in equine
SDFT, DDFT, CDET and SL showed that type | (Col 1

A2), type lll (Col 3 A1), type V (Col 5 A1) and type X11
(Col 12 A1) collagens are all synthesised by cells from

18

these structures™. As expected, the type | collagen
gene was most highly expressed in all tendons with lev-
els approximately two fold greater than those for the
type Ill collagen gene and 4 fold greater than the type
XIl gene expression levels. Type V collagen gene ex-
pression levels were the lowest with levels approxi-
mately 20 fold less than those for expression of the
type | collagen gene. The expression of type | collagen
gene did not differ between tendon types when consid-
ered relative to tissue weight however, due to a lower
cellularity in the CDET, expression was significantly
higher per cell (Fig. 4). Furthermore, using Western blot
analysis, our studies found that the levels of type | pro-
collagen that could be extracted from the tendon tissue
were significantly higher in the CDET (4.6 times) than
the SDFT providing further evidence for higher levels of
collagen synthesis in the positional CDET'®.

In our studies, genes for aggrecan, biglycan, decorin, fi-
bromodulin and lumican proteoglycans were expressed
in all the equine tendons and ligament studied'®. The
expression of decorin was greater than expression of
other proteoglycans in all tendons in keeping with the
levels of proteoglycan present in the tissue. The large
aggregating proteoglycan aggrecan was expressed at
the lowest level in all tendons compared to the other
proteoglycans studied. Comparison of the different
structures showed that the positional CDET had signifi-
cantly lower levels of expression than the SDFT for all
of the measured proteoglycans. Levels of decorin ex-
pression were also lower in the DDFT than the SDFT
but showed no difference between the SDFT and SL.
Perhaps more interesting is consideration of the ratio of
the predominant collagen type (type 1) to the predomi-
nant proteoglycan (decorin) for each structure. This ra-
tio for the SDFT is significantly lower than that for the
CDET and DDFT but not significantly different to the SL
(Fig. 5), reflecting the higher proteoglycan content in
high strain structures.

Other non-collagenous components play an important

Figure 3. H&E histologic
longitudinal sections
from the equine SDFT
(A) and SL (B) showing
the higher cellularity in
the SL and different
morphologies of teno-
cyte nuclei.
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Figure 4. Relative expression of COL1A2 per cell in equine
forelimb tendons and ligament. Data are shown as mean =+
SEM, n = 32. *Indicates significant difference relative to the
SDFT.

role in the matrix of tendon and ligaments. One such
component is COMP which represents the most abun-
dant glycoprotein in tendon and has a structure specific
distribution in equine tendon and ligament tissue (see
above). In our gene expression studies in equine tis-
sue, we found that the levels of COMP messenger
RNA were significantly higher in the high-strain SDFT
and SL than the DDFT and CDET'®. Scleraxis is a tran-
scription factor and consider to be a marker for a ten-
don and ligament phenotype. The equine SDFT, DDFT,
CDET and SL all expressed the scleraxis gene and lev-
els of expression were significantly higher in the SDFT
and SL'® suggesting that scleraxis may be a marker of
uniaxial strain.

Expression of matrix degrading enzymes and their
inhibitors

We have studied the expression of matrix metallopro-
teinases 1, 3, 9, 10, 13 and 23 at the mRNA level and
found expression of all enzymes in the SDFT, DDFT,
CDET and SL'. The collagenases (MMP 1 and MMP
13) and the gelatinase (MMP 9) were expressed at
higher levels in the CDET than in the SDFT. Higher ex-
pression of MMP13 was confirmed by a fluorogenic
substrate assay which showed more enzyme activity in
the CDET than the SDFT. The higher expression level
for MMP 9 in the CDET was confirmed at the protein
level using gelatin zymography. Levels of collagenase
and gelatinase expression did not differ significantly be-
tween the SDFT and SL. Expression levels for the stro-
molysins (MMP 3 and MMP10) were significantly lower
in the CDET than the SDFT perhaps reflecting the low-
er levels of substrate present in this tendon type al-
though stromolysin levels of expression were also sig-
nificantly lower in the SL than the SDFT even though
proteoglycan levels are high in this ligament. TIMP-3, a
naturally occurring inhibitor of the MMPs, showed a
lower level of expression in the DDFT and CDET com-
pared to the SDFT but no difference between the SDFT
and SL was observed.
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Figure 5. Ratio of Col1A2 to decorin expression in equine
forelimb tendons and ligament. Data are shown as mean +
SEM, n = 32. *Indicates significant difference relative to the
SDFT.

Matrix turnover rates

Despite a higher cellularity, recent work40: 41 suggests
that the SDFT has a lower collagen turnover rate than
the CDET. Aspartic acid racemisation was used to cal-
culate protein half life in tissue from the functionally dis-
tinct tendon types. A collagen half-life of 200 years for
the SDFT was significantly higher than that for the
CDET (34 years). However the half-life of non-collage-
nous protein was 2 years in the SDFT and was signifi-
cantly lower than the value of 3.5 years measured for
the CDET, in agreement with a more influential role of
the non-collagenous interfascicular matrix in the energy
storing tendon. A higher rate of collagen turnover in the
CDET was supported by the finding of higher levels of
collagenase generated neoepitope and cross-linked C-
terminal telopeptide of type | collagen (ICTP) in the
CDET tissue compared to the SDFT#!. The finding that
a tendon subjected to high stresses and strains has a
lower rate of collagen turnover than a low stressed ten-
don is unexpected, however, it may be that structures
that operate with low safety margins are protected from
remodelling which may weaken the structure.

Clinical aspects

The incidence of tendon and ligament disease and in-
jury is extremely large and represents a major health-
care burden. For example, rotator cuff tendon tears of
the shoulder are present in approximately a third of
people over 60 years of age and the incidence of ante-
rior cruciate and medial collateral ligament injury is esti-
mated at 2 per 1000 people per year. In addition,
Achilles tendon problems account for 10% of all run-
ning injuries, and tendinopathy is implicated in half of
all work-related maladies. Tendinopathy is a term used
to describe painful chronic tendon injury that is often
work or activity related. Although the exact mechanism
is still somewhat unclear, one hypothesis is that repeti-
tive microtrauma causes rupture of a small number of
collagen fibrils, thus increasing the load on the remain-
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der. This increased load may result in production of
matrix metalloproteinases, which degrade collagen and
cause degenerative changes*2. The uncertainty over
the hierarchical level at which over load damage occurs
illustrates the need to understand tendon and ligament
ultrastructure and response to load at all levels of the
hierarchy.

Tendons and ligaments are mechano-responsive,
meaning that they alter their composition and mechani-
cal properties in response to the loads to which they
are subjected. A better understanding of the relation-
ship between composition and mechanical properties
may allow this response to be used to advantage. Cells
sense changes in their mechanical environment by a
process known as mechano-transduction and respond
by modulation of the biochemical mediators they pro-
duce. This can lead to a catabolic, homeostatic or ana-
bolic state, in which extracellular matrix production and
the material and structural properties can decrease, be
maintained or increased*3. Understanding these re-
sponses is crucial in developing appropriate injury pre-
vention and treatment strategies. For example, immobi-
lization of the knee after medial collateral ligament in-
jury has been shown to lead to decreased mechanical
properties of the ligament substance and a greater per-
centage of disorganized collagen fibrils. This knowl-
edge has led to a shift in clinical management from sur-
gical repair and immobilization to functional rehabilita-
tion with early knee motion“2.

The healing process of an acute tendon or ligament in-
jury can be divided into three phases; an initial inflam-
matory phase, with haematoma formation immediately
after injury, leading to the second, reparative phase of
fibroblastic proliferation and production of a proteogly-
can and collagen matrix that bridges the site of injury.
This process leads to the formation of scar tissue or
disorganized matrix of collagen fibres at the repair site
resulting in decreased mechanical properties compared
to the intact structure and so there is a risk of re-rup-
ture. The final phase is that of remodelling with align-
ment of collagen fibers and this collagen maturation
can last for several years. Another problem caused by
the healing process is the formation of adhesions and
scarring around the tendon sheath. This is especially
the case in injured digital flexor tendons in the hand,
where such adhesions can stop the smooth gliding of
the tendon and cause significantly reduced finger func-
tion. Early mobilization, rather than immobilization, has
been shown to be beneficial for healing flexor tendons
by increasing their tensile strength while also reducing
the formation of adhesions. It is therefore important that
when a surgical repair of flexor tendons is performed,
the repair method and materials used are strong
enough to allow such mobilization without the repair it-
self failing or coming apart#4.

In the shoulder, however, rotator cuff injuries usually in-
volve injury to the tendon at its site of insertion to the
bone, rather than its mid-substance, and so in contrast
to flexor tendon repair, surgical rotator cuff repair in-
volves reattachment of the torn end of the tendon back
onto the bone. Studies have suggested that immobiliza-
tion actually increases tendon-to-bone healing, with in-
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creased expression of aggrecan and collagen types Il
and XlI, decreased collagen type Ill associated with
scar formation, and improved collagen organization at
the repair site*4.

Anterior cruciate ligament (ACL) reconstruction has be-
come a common procedure for injuries of the ACL that
result in instability of the knee. The injured ACL is re-
placed by a graft that is fixed into tunnels in the distal
femur and tibia. Appropriate selection of graft tissue re-
lies, in part, on knowledge of the mechanical properties
required; patellar, hamstring and quadriceps tendon au-
tografts (i.e. harvested from the same patient), together
with Achilles tendon allograft (i.e. harvested from a
donor) have all been used successfully*s. A hamstring
graft needs to be composed of three or four strands to
achieve the necessary strength. The structure of the
native ACL and transplanted graft tissue differs signifi-
cantly. The tendon grafts therefore undergo a gradual
biological process of “ligamentization”, whereby they
gradually lose tendon-specific features and start ex-
hibiting more ligamentous-type histologic features4.
During the first two weeks after implantation there is ev-
idence for central necrosis and hypocellularity of the
graft, followed by a phase of vascularization and repop-
ulation. The biomechanical strength of the graft is sig-
nificantly poorer during this phase and gradually recov-
ers over four to six months as the graft continues to re-
model. A “mature” graft is one in which no further
changes are observed, and some studies report no dif-
ferences on light microscopy between native ACLs and
mature grafts. However, on an ultrastructural level,
every graft specimen showed depletion of large diame-
ter collagen fibrils and a unimodal collagen fibril distrib-
ution, in contrast to the bimodal distribution found in na-
tive ACLs*6 47,

The outcome of ACL reconstruction therefore depends
on two biological events — secure fixation and integra-
tion of the graft into the osseous tunnels, and matura-
tion of the graft, therefore the rehabilitation after
surgery needs to be tailored accordingly. Immobiliza-
tion has been shown to be beneficial in promoting inte-
gration of the tendon graft into the bone tunnels of the
tibia and femur but has a deleterious effect, resulting in
increased knee joint stiffness*®. Modern methods of
graft fixation have developed such as interference
screws or cortical buttons, and are strong enough to
hold the graft in place whilst allowing controlled joint
motion, while return to full sporting activities is not al-
lowed for several months until the graft recovers its
strength.

Advances in our understanding of the relationship be-
tween function and structure in tendon and ligaments,
and translation of knowledge into clinical applications
will enable more sophisticated procedures to be devel-
oped to improve functional outcome following injury.
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