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Tendon structure and response to changing mechanical load
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Introduction

Tendon is a soft connective tissue that usually experiences
purely longitudinal/tensile forces as it transmits the contrac-
tion of muscle to bone. However, in locations where the ten-
don changes direction as it wraps around bone, passes
through a pulley, experiences twisting, or the action involves
movement of independent subunits, the tissue experiences
transverse/compressive and shear forces in addition to ten-
sion. In many animal and human tendons a region of fibro-
cartilaginous tissue develops at this location'?. The composi-
tion, development and roles of this fibrocartilaginous tissue
is the focus of this summary.

Tendon structure and composition

Overall. The major constituents of tendon are water
(~55% of wet weight) and type I collagen (~85% of dry
weight). Triple-helical collagen molecules are assembled
into fibrils with a D-periodicity of about 67 nm. Fibrils are
assembled into fibers. Bundles of fibers are simply called
fiber bundles or, sometimes, fascicles. The fiber bundles are
delineated by a layer of endotenon. A whole tendon is com-
posed of several fiber bundles and is surrounded by the
epitenon. Some tendons (those not in a sheath or subjected
to gliding) have a loosely associated layer of fibrous materi-
al outside the epitenon; this is called a paratenon. The
paratenon may be quite vascular and is a source of the blood
supply to the tendon itself. Table I provides a summary of
the organization of Type I collagen molecules in tendon’.
Other collagen types found in tendon include type III, type
V, type VI, type XI and others.

The cells of tendon are fibroblasts. These elongated cells
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are found in the spaces between parallel bundles of collagen
fibrils. Fibroblasts are responsible for the production and
maintenance of tendon collagen and non-collagenous con-
stituents. Although tendon fibroblasts appear to be quite iso-
lated from each other, confocal microscopy has indicated
that extended cell processes of tendon fibroblasts are in
direct physical contact with one another through gap junc-
tions®. Cells are also present in the endotenon and epitenon.

Proteoglycans. Proteoglycans make up less than 1% of
the dry weight of most tensile tendons. The predominant
proteoglycan in tendon is a small molecule (small for a pro-
teoglycan, that is) named decorin. It is composed of a core
protein (MW ~45kDa) to which is attached one dermatan
sulfate chain near the N-terminus; the molecule migrates on
SDS/PAGE with a molecular weight ~ 100,000 Da. The core
protein of decorin belongs to a family of proteins that con-
tain many leucine-rich repeat structures. Other members of
this family are biglycan (having two dermatan sulfate chains)
and the karatan sulfate-containing molecules fibromodulin
and lumican. All of these proteoglycans are found in tendon.
These molecules are sometimes called by the irreverent nick-
name of SLRPs (small leucine-rich proteins). When decorin
is added to soluble type I collagen and fibrils are allowed to
form in vitro, the fibrils are significantly thinner than those
formed in the absence of decorin’. The tendon of the decorin
knock-out transgenic mouse showed morphological and
mechanical deficiencies in collagen-rich connective tissues
such as skin and tendon®.

Fibrocartilage. Fibrocartilage occurs in the tendon both
at its end (where tendon inserts into bone) and at a mid-sub-
stance location (at the point where tendon wraps under
bone). The distinguishing characteristics of this fibrocarti-
lage are 1) collagen fibers running at angles to one another,
not linear; 2) type II collagen as well as type I collagen; 3)
significant accumulation of the proteoglycan aggrecan; 4)
rounded cellular profile. In significant ways, this tendon tis-
sue takes on the characteristics of cartilage. It is the thesis of
this presentation that the occurrence of fibrocartilage in ten-
don is the result of experiencing mechanical forces other
than pure tension. This suggestion is supported by both in
vitro and in vivo experimental results. For example, applica-
tion of cyclic compressive load to segments of fetal bovine
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flexor tendon in vitro, as in normal fetal development, led to
increased synthesis of the large proteoglycans and increased
aggrecan mRNA levels”®. Elimination in vivo of compressive
loading to the fibrocartilage-rich zone of rabbit flexor digi-
torum profundus tendon resulted in rapid depletion of pro-
teoglycans from the fibrocartilage and changes in the
mechanical properties and microstructure of the tendon’.

Mechanical roles for proteoglycan in tendon

Compressive Stiffness. Fibrocartilage develops in the
tendon at the point where the tendon bends around a bone
or pulley. Aggrecan is the predominant proteoglycan in the
extracellular matrix of cartilage. When aggregated with
hyaluronic acid, it forms a huge complex that cannot diffuse
from the tissue. It has many glycosaminoglycan chains that
carry negative charge and thus hold counter ions and water
in the tissue. The collagen matrix with interfibriller aggre-
gates of aggrecan is believed to be the basis for compressive
stiffness in cartilage and, by extension, in the fibrocartilage
of tendon. Others have suggested that in tendon, compres-
sion is ultimately transferred to the collagen fibers resulting
in an initial distension (loss of crimp). The proteoglycans
have the function of providing a viscous environment, allow-
ing the collagen fibers to stretch and dissipate the force of
sudden loads.

Independent movement of fiber bundles. The supraspina-
tus tendon of the human rotator cuff is an interesting tendon
because it is made up of structurally independent fascicles.
Loading of the fascicles depends upon the joint angle. This
means there are times when some fascicles are loaded and
others are not''. We have found large bands of proteoglycan
accumulated in the supraspinatus tendon and suggest these
are serving the role of lubrication when units slide relative to
one another'?. The regions of bovine deep flexor tendon
located on the outer curvature of the tissue as it bends resem-
ble tendon from tensile regions. That is, the collagen fibers
are organized in linear rows. However, there is a key differ-
ence. Located between the collagen bundles are layers of a
looser matrix that is stained with Alcian blue (indicating high
glycosaminoglycan content). This material may be important
in allowing slip planes between the fascicles as the tissue
bends.

Protection of vascular elements. Transverse sections of
adult bovine deep flexor tendon show an Alcian blue-stained
structure of looser matrix at the point where several collagen
bundles come together. This structure was only seen in the

K.G. Vogel: Tendon structure

compressed region of the tendon, and only at the outer cur-
vature of the bending tendon. This structure often appeared
to surround vascular elements, possibly to protect them from
twisting and shear damage.

References

1.  Benjamin M, Qin S, Ralphs JR. Fibrocartilage associat-
ed with human tendons and their pulleys. J Anat 1995;
187:625-633.

2. Vogel KG, Koob TJ. Structural specialization in ten-
dons under compression. Int Rev Cytol 1989; 115:267-
293.

3. Blevins FT, Djurasovic M, Flatow EL, Vogel KG.
Biology of the rotator cuff tendon, In: Flatow EL (ed)
Orthopedic Clinics of North America, The Rotator
Cuff, Part I 1997; 28:1-16.

4. McNeilly CM, Banes AJ, Benjamin M, Ralphs JR.
Tendon cells in vivo form a three-dimensional network
of cell processes linked by gap junctions. J Anat 1996;
189:593-600.

5. Vogel KG, Trotter JA. The effect of proteoglycans on
the morphology of collagen fibrils formed in vitro.
Collagen Relat Res 1987; 7:105-114.

6. Danielson KG, Baribault H, Holmes DF, Graham H,
Kadler KE, Iozzo RV. Targeted disruption of decorin
leads to abnormal collagen fibril morphology and skin
fragility. J Cell Biol 1997; 136:729-743.

7. Evanko SP, Vogel KG. Proteoglycan synthesis in fetal
tendon is differentially regulated by cyclic compression
in vitro. Arch Biochem Biophys 1993; 307:153-164.

8. Perez-Castro AV, Vogel KG. In situ expression of col-
lagen and proteoglycan genes during develoment of
fibrocartilage in bovine deep flexor tendon. J Orthop
Res 1999; 17:139-148.

9. Malaviya P, Butler DL, Boivin GP, Smith FNL, Barry
FP, Murphy JM, Vogel KG. An in vivo model for load-
modulated remodeling in the rabbit flexor tendon. J
Orthop Res 2000; 18:116-125.

10. Carvalho HF. Understanding the biomechanics of ten-
don fibrocartilages. J. Theor Biol 1995; 172:293-297.

11. Fallon J, Blevins FT, Vogel K, Trotter J. Functional
morphology of the supraspinatus tendon. J Orthop Res
2002; 20:920-926.

12. Berenson MC, Blevins FT, Plaas AHK, Vogel KG.
Proteoglycans of human rotator cuff tendons. J Orthop
Res 1996; 14:518-525.

325



