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Ultrastructural study of the fundamental elements of the bovine superficial digital flexor tendon

Rakuno Gakuen University Graduate School of Veterinary Medicine
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Laboratory of Veterinary Virology Naoki Takahashi

This study was performed to clarify the mechanical characteristics of each component of the
bovine superficial digital flexor tendon (SDFT): tenocytes, collagen fibrils, and the morphology of
glycosaminoglycan (GAG) chains of collagen fibrils, by macroscopic examination, and optical and
electron microscopy.

In Chapter 1, the bovine SDFT was divided into the musculotendinous junction, the mid-
metatarsal region, and the vicinity of the tendon—bone interface. The cross-sectional shape, cross-
sectional area, the number of tenocytes per unit area, the collagen fibril diameter, the morphological
characteristics of the fibrils, the collagen fibril index (CFI), and the water content were compared.
Then, the mechanical characteristics of each region were considered. Both the cross-sectional shape
and the cross-sectional area reflected the gross anatomical structure of each region. Collagen fibril
diameter, the numbers of tenocytes per unit area, and the water content increased from the
musculotendinous junction to the vicinity of the tendon-bone interface. In contrast, CFIl decreased
from the musculotendinous junction to the vicinity of the tendon—bone interface. These results suggest
that the number of tenocytes per unit area, CFl, and water content are related. All the parameters
measured, except the cross-sectional area, had intermediate values in the mid-metatarsal region. The
data suggest that the musculotendinous junction has a structure corresponding to the local tension and
that the vicinity of the tendon-bone interface has a structure corresponding to the local bending force.
Thus, the bovine SDFT has different mechanical characteristics in each of its regions.

In Chapter 2, the lengths and angles of the GAG chain attached to the D-band of the collagen
fibrils in each part of the bovine SDFT were measured by staining the GAG chains with cupromeronic
blue and examining them using transmission electron microscopy. The GAG chains were short at the
musculotendinous junction and became longer toward the vicinity of the tendon—bone interface. The
GAG chains were arranged obliquely to the collagen fibrils at the musculotendinous junction, but were

close to perpendicular to the collagen fibrils nearer the tendon-bone interface. The lengths and angles
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of the GAG chains in the mid-metatarsal region were intermediate between those at the
musculotendinous junction and the vicinity of the tendon-bone interface. This finding is consistent
with the mechanical properties of each region characterized in Chapter 1. Moreover, measurements of
the lengths and angles of the GAG chains in each region of the bovine SDFT suggest that the
mechanical characteristics of the regions may be more reliably determined using collagen fibril
diameter and CFI data.

In Chapter 3, three-dimensional construction of the collagen fibers at the bifurcation of the
bovine SDFT and the shape of the tenocytes that define the collagen fibers was performed using the
array tomography method. The three-dimensional structure showed that collagen fibers intersect
diagonally and that there are tenocytes with few cytoplasmic processes around them to regulate the
intersecting collagen fibers at the bifurcation. At the boundary between the collagen fibers that
intersect diagonally, collagen fibers of differing orientation were arranged in layers. The diameters of
the collagen fibrils comprising these collagen fibers were 20 to 40 nm. This finding suggests that the
bifurcation of the bovine SDFT flexibly responds to tension from multiple directions, and bending and
compression forces.

In Chapter 4, the three-dimensional structures of the collagen fibrils and GAG chains at the
intersections of collagen fibers, which were characterized in Chapter 3, were analyzed in more detail
using scanning transmission electron microscope tomography. The collagen fibrils at the intersection
of collagen fibers were knitted together, which suggests that the collagen fibrils link intersecting
collagen fibers at the tendon bifurcation in this way. GAG chains were attached to the D-bands of all
the collagen fibrils and connected the D-bands of collagen fibrils in differing orientations. Indeed, the
GAG chains appear to be attached to the D-bands of collagen fibrils, regardless of their orientation,
allowing them to respond flexibly to the “displacement” between collagen fibrils under tension. To our
knowledge, the ultra-fine morphological structure of collagen fibrils and GAG chains in tendons have
only been reported in regions where collagen fibrils are arranged in parallel. Thus, this was the first
analysis of the tenocytes, collagen fibers, collagen fibrils, and GAG chains at the tendon bifurcation.

In summary, this study has demonstrated that the regions of the bovine SDFT are
characterized by differing diameters and densities of collagen fibrils, and differing GAG chain
morphology. These findings imply that the bovine SDFT has differing mechanical characteristics in

each region. Moreover, this study has shown that collagen fibers intersect at the tendon bifurcation and
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that collagen fibrils knit together at the boundaries of collagen fibers. This knitting of the collagen
fibrils likely contributes to the resistance to tension exerted from multiple directions. Overall, the
identified structure suggests that the bovine SDFT flexibly responds to the passive forces applied to

open and close the third and fourth digits during walking.
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