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Abstract Tendon composition changes according to differ-
entiation, mechanical load, and aging. In this study, we
attempted to identify, localize, and quantify type VI collagen
in bovine tendons. Type VI collagen was identified by the
electrophoretic behavior of the alpha chains and Western
blotting, and by rotary shadowing. Type VI collagen was
extracted from powdered tendon with three sequential 24-h
extractions with 4 M guanidine-HCI. The amount of type VI
collagen was determined by enzyme-linked immunosorbent
assay for purely tensional areas and for the compressive
fibrocartilage regions of the deep flexor tendon of the digits,
for the corresponding fetal and calf tendons, and for the
extensor digital tendon. The distal fibrocartilaginous region
of the adult tendon was richer in type VI collagen than the
tensional area, reaching as much as 3.3 mg/g (0.33%) of the
wet weight. Calf tendons showed an accumulation of type VI
at the fibrocartilage site. Immunocytochemistry demonstra-
ted that type VI collagen was evenly distributed in the
tensional areas of tendons but was highly concentrated
around the fibrochondrocytes in the fibrocartilages. The
results demonstrate that tendons are variable with regard to
the presence and distribution of type VI collagen. The early
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accumulation of type VI collagen in the region of calf tendon
that will become fibrocartilage in the adult suggests that it is
a good marker of fibrocartilage differentiation. Furthermore,
the distribution of type VI collagen in tendon fibrocartilage
indicates that it organizes the pericellular environment and
may represent a survival factor for these cells.

Keywords Compressive load - Tendon -
Tendon fibrocartilage - Type VI collagen - Bovine

Introduction

One variant of the basic tendon structure is found within the
classical tendons of various species in areas subjected to
compressive load (Gillard et al. 1979; Merrilees and Flint
1980; Okuda et al. 1987; Vogel and Koob 1989; Rufai et al.
1992; Carvalho and Vidal 1994a,b; Covizi et al. 2001). All
these tendons exhibit, in their compressed regions, composi-
tional and structural characteristics of fibrocartilages,
including increased content of glycosaminoglycans/pro-
teoglycans, some type II collagen, basket-weave-like
arrangements of collagen fibers, and fibrochondrocytes or
fibrochondrocyte-like cells. The bovine deep flexor tendon
(DFT) has long been used as a model of tendon response to
compressive load (Evanko and Vogel 1990), as it develops a
fibrocartilaginous pad in the area in which it wraps around a
joint. Many aspects of the structure and composition of this
area have been described (Vogel and Koob 1989), as have
important features of its metabolism (Evanko and Vogel
1990, 1993; Koob et al. 1992; Robbins and Vogel 1994;
Vogel 1996). The bulk of the results show a coherent
response to compressive load with compositional changes
toward the fibrocartilage phenotype.

Type VI collagen has a ubiquitous distribution in tissues
(Timpl and Chu 1994), being early described in tendons
and in the secreted medium of fibroblasts. Given its
morphology and distribution in tendons, it has been
attributed an integrative function, organizing collagen
fibers and linking them to the cells (Bruns et al. 1986).
Type VI collagen has been found in the osseous attachment
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to the myotendinous junction of the masseter tendon
(Senga et al. 1995), and spatial interactions of type VI
collagen, small proteoglycans, and collagen fibrils have
been observed in tendons (Watanabe et al. 1997).
Nurminskaya and Birk (1998) have shown that type VI
collagen is expressed after the fibrillogenesis phase. This
pattern of deposition is consistent with the exclusion of
type VI collagen from the tendon mid-substance but its
accumulation around the cells (Felisbino and Carvalho
1999).

Type VI collagen has been previously described in the
tensile area of the bovine DFT (Vogel and Meyers 1999)
and in tendon fibrocartilage (Vogel and Peters 2005). In the
current study, we identify, isolate, and compare the amount
of type VI collagen in various tendon regions, aiming at
establishing correlations with different mechanical loads.
In addition, we have investigated the variations in content
and distribution during the development of the bovine
tendon fibrocartilage. To accomplish this task, we have
used a combination of biochemical, immunochemical, and
microscopic analyses. The results obtained here demon-
strate (1) the presence of type VI collagen in various bovine
tendons and tendon regions of bovines, (2) the progressive
increase in the amount of type VI collagen with respect to
tendon maturation, (3) the accumulation of type VI
collagen in the fibrocartilaginous areas, and (4) the
concentrated location of type VI collagen in the pericellular
matrix of fibrochondrocytes.

Materials and methods
Animals and tissue sampling

Bovine tendons were obtained from a slaughterhouse near
Albuquerque, N.M., USA or from the Veterinary School-
UNESP in Botucatu SP, Brazil. Samples were obtained
within 3 h after death. Some specimens were frozen
at —20°C prior to use. Those destined for immunocyto-
chemistry or transmission electron microscopy were either
immediately frozen in liquid nitrogen or fixed according to
the specific protocol. Animals were divided into three age
groups: fetal animals corresponded to animals from the 7th
month of pregnancy to term; calves were animals up to
6 months old; adult animals were between 1 and 2 years old.

The flexor digitorum profundus (DFT) of the hind leg of
each animal was taken and divided into two regions:
proximal (purely tensile loads) and distal (subjected to
compressive loads). In adult tendons, the surface region
receiving direct loading as the tissue passes under the bone
was used, as described by Vogel et al. (1986). The adult
digital extensor tendon was included in some of the
analyses for comparison, because it receives lower and
purely tensile loading. The tissue was frozen in liquid
nitrogen, powdered, and stored at —70°C.

Identification of type VI collagen

Type VI collagen was extracted from the distal region of
adult bovine DFT. Powered tendon (1 g) was extracted for
24 h with gentle stirring in 25 volumes of 4 M guanidine-
HCL (Gn-HCI) in 50 mM acetate buffer, pH 5.8, containing
protease inhibitors, at 4°C. The extract was cleared by
centrifugation, and 100 pl were precipitated with 9 volumes
of cold ethanol. The dried precipitate was dissolved in
sample buffer in the presence or absence of dithiothreitol
and subjected to SDS-polyacrylamide gel electrophoresis
(SDS-PAGE) in 4%-20% acrylamide gradient gels. After
electrophoresis, the proteins were transferred to nitrocellu-
lose membranes and assayed by Western blotting with two
polyclonal antibodies against the «3(VI) subunit (antibody
nos. 279 and 521), kindly provided by Dr. E. Engvall (La
Jolla Calif., USA).

Extraction and identification of type VI collagen
in tendons

Most of the type VI collagen was extracted from the
various tendons after three rounds of a 24-h extraction in
cold Gn-HCL. Treatment with dithiothreitol has been
shown to extract a residual fraction of type VI collagen
from the tensile region of bovine tendons (Vogel and
Meyers 1999), but this corresponds to less then 5% of the
amount obtained with the Gn-HCIl extraction; this type of
extraction was thus omitted in the present case. Extracts
were prepared from the proximal and distal regions of the
fetal, calf, and adult flexor tendons. The adult extensor
digital tendon was also assessed.

Isolation of tendon type VI collagen

The Gn-HCL extract was cleared by centrifugation and
concentrated by ultrafiltration, under nitrogen pressure, in
an Amicon unit. The concentrated extract was loaded onto a
Sepharose CL4B column (2.5%x100 cm) equilibrated in 4 M
Gn-HCI. The column was then eluted with 4 M Gn-HCI,
and 10 ml fractions were assessed for protein content
(absorbance at 280 nm) and for sulfated glycosaminogly-
cans by the dimethylmethylene blue (DMMB) method
(Farndale et al. 1986). The void volume fractions were
pooled and dialysed against 2 M urea in 50 mM TRIS/HCI,
pH 8.3 (lower pH values resulted in aggregate formation
even in the presence of 7 M urea). The sample was then
applied to a DEAE-Sephacel column (2x10 c¢cm) to separate
type VI collagen from large proteoglycans. Type VI
collagen was eluted from the column with low salt (0.2 M
NaCl), whereas the large proteoglycans required higher
molarity (0.8—1.0 M NaCl) to be eluted. The material eluted
with low salt was pooled and analysed by SDS-PAGE and



rotary shadowing, as described by Morris et al. (1986). The
material was then lyophilized and weighed to be used as a
standard for the enzyme-linked immunosorbent assay
(ELISA).

Analysis by ELISA

An ELISA method for the quantification of type VI
collagen in bovine tendons was developed. To cover the
96-well plates, it was necessary to dilute the samples,
especially the first Gn-HCI extract, which had a high
protein content that masked the amount of type VI. We
prepared serial dilutions from these extracts to determine
the optimal concentration of the extract that would result in
the best determination of type VI collagen. Dilutions varied
from 1:4 to 1:24. Purified type VI collagen was included as
a standard. Type I collagen and aggrecan purified from the
distal region of the bovine flexor tendon were used as
controls in this assay.

The wells were covered with optimally diluted Gn-HCI
extracts overnight and sequentially assayed for the amount
of type VI collagen by using the no. 279 antibody diluted
1:5,000, a peroxidase-conjugated goat anti-rabbit Igs
(Sigma, Saint Louis, Mo., USA) and orthophenylene
diamine as the peroxidase substrate. Measurements were
made in triplicate, and the experiments were repeated three
times for the adult tendons and twice for the fetal and calf
tendons. The results are presented as the total amount of
type VI collagen in all three sequential extractions of each
sample. One-way analysis of variance (ANOVA) was used
to compare the measurements obtained after each treatment
with those of the controls.

Immunocytochemistry

Tendons were fixed in 4% paraformaldehyde in phosphate-
buffered saline (PBS) for 12 h. Frozen sections (5 pm
thick) were cut, allowed to dry, fixed with acetone for
10 min, air-dried once again, rehydrated in PBS, and
subjected to immunocytochemistry by using an antibody
against the type VI collagen o chain (no. 279). Better
results were obtained when the sections were first treated
with 1% bovine testis hyaluronidase in PBS for 30 min at
room temperature. After enzyme digestion, sections were
treated with 3% hydrogen peroxide in water for blocking
endogenous peroxidases and with 3% bovine serum
albumen in PBS to block non-specific protein interactions.

En bloc ATP treatment and transmission electron
microscopy

Tissue fragments were incubated in 20 mM ATP in PBS for
1 h at 37°C (Bruns et al. 1986; Felisbino and Carvalho
1999). Controls were incubated in PBS without ATP. ATP-
treated samples and controls were fixed in 4% glutaralde-
hyde and 0.25% tannic acid in Millonig’s buffer, post-fixed
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in osmium tetroxide, and embedded in Epon 812, after
being dehydrated in a graded acetone series. Ultrathin
sections were stained with uranyl acetate and lead citrate
and examined by using a Philips CM100 -electron
microscope.

Results
Identification of type VI in bovine tendons

The putative « chains of type VI collagen were identified
by their electrophoretic behavior under reducing condi-
tions, by their apparent molecular mass (Fig. 1a), and by
Western blotting. The two antisera (nos. 279 and 521) were

Gn-HCI
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140 kDa, corresponding to the
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reactive with the o3 chains (Fig. 1b). The presence of type
VI collagen in the various tendons was assessed by SDS-
PAGE of the two first Gn-HCl extracts. Reducing
conditions led to the appearance of the bands correspond-
ing to the a1(VI) and o2(VI) chains (Fig. 2). We were able
to verify that type VI collagen was present in the DFT at the
fetal, calf, and adult stages (in both the proximal and distal
regions) and in the adult extensor digital tendon.

Purification of type VI collagen from the adult DFT

Type VI collagen was purified from the adult DFT by a
combination of sieve and ion exchange chromatography.
Figure 3 depicts two sequential steps in type VI
purification. The elution pattern of the concentrated Gn-
HCI extract after chromatography on a Sepharose CL4B
column is shown in Fig. 3a. Type VI collagen appeared in
many different fractions, as checked by SDS-PAGE under
reducing conditions (Fig. 3b). The fractions containing
type VI collagen were pooled, dialyzed against 7 M urea in
50 mM TRIS-HCI pH 8.3, and then subjected to anion-
exchange chromatography on a DEAE-cellulose column.
Lower pHs were tested but resulted in the aggregation of
the components present in the pool. The bound material
was eluted with three batches of increasing concentrations
of NaCl. Type VI collagen was eluted from the column
with low salt (0.2 M; Fig. 3c) whereas the large
proteoglycans required higher salt concentrations. The
purity of the type VI collagen preparation was checked by
SDS-PAGE (Fig. 3d).

Rotary shadowing analysis

Rotary shadowing (Fig. 3e) indicated the predominance of
type VI collagen. Although the SDS-PAGE revealed high
purity, the rotary shadowing analysis indicated low
contamination with pro-lI or pro-IIl collagen. Rotary
shadowing also revealed that type VI aggregates were
short, up to 7 or 8 tetramers. These microfibrils were
significantly shorter than those obtained from fetal tissues
by sequential treatment with collagenase followed by gel
sieve chromatography as used by others (Kielty et al.
1991), presumably because the denaturing conditions used

Fetal
proximal

Adult
proximal

Adult
distal

here are known to disrupt the interactions that hold the
tetramers together in microfibrils (Vogel and Meyers 1999).

Amount of type VI collagen in bovine tendons

The amount of type VI collagen in the various tendons and
tendon regions with respect to animal age was determined
by ELISA. The results were based in a standard curve
prepared with purified type VI collagen. Linearity in the
reaction product for type VI collagen was noted up to
2.5 ug/ml (Fig. 4a). As a control, we checked the reaction
with purified type I collagen and aggrecan. Within the same
concentration range, there was no reaction product, indi-
cating no interference of these major components of the
DFT in the experiment. The quantitative data obtained for
the various samples is shown in Fig. 4b. A progressive
accumulation of type VI collagen with age and a preferred
accumulation in the distal region can be seen. The adult
tensile region has a 5-fold accumulation of type VI
compared with the corresponding region in the immature
tendon. The distal fibrocartilaginous region accumulated a
6.5-fold greater amount of this collagen than the corre-
sponding region of the immature tendon and contained
60% more type VI collagen than the proximal region at the
adult stage. Both proximal and distal regions of the DFT
contained significantly higher amounts of type VI collagen
than did the adult extensor digital tendon.

Extractability

As we used a sequential extraction protocol, we could
determine the extractability of type VI collagen from the
various samples (Fig. 5). The first Gn-HCI extract brought
about 96% of type VI collagen out of the proximal region
of the adult DFT, ~87% from the adult distal region, and
~65% from the adult extensor digital. The remaining type
VI collagen was extracted with the two subsequent rinses.
The fetal and calf tendons were more resistant to the
extraction of type VI collagen, with 40%-55% being
extracted with the first Gn-HCI extraction (Fig. 5).

Calf
distal

Calf
proximal

Fetal
distal

Digital
extensor

al.o2 (V)
ol (1)
o2 () —

Fig. 2 Eletrophoretic pattern of the «l/x2 chains of type VI
collagen in the various tendons and tendon regions after SDS-PAGE
under reducing conditions and staining with Coomassie blue. Only
the band corresponding to the «1/x2 chains of type VI collagen is
shown, together with the bands for «l and «2 of type I collagen.
The two lanes (left, right) shown for each tendon/region correspond

Whaw —~ ey - Sy

to the first and second Gn-HCI extracts, respectively (the third
extract was omitted from this gel). Note that the extractability of
type I collagen from the DFT is increased in older animals. This is
not seen for the adult extensor digital tendon, which shows an
intermediate amount of soluble type I collagen
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Fig. 3 Purification steps and characterization of type VI collagen
from distal region of the adult DFT. a Distribution of proteins
(optical density; OD 280, circles) and sulfated glycosaminoglycans
(DMMB reaction, squares), in the fractions obtained by gel filtration
chromatography of Gn-HCl extract of the distal region of adult DFT
on a Sepharose CL4B column (2.5%x100 cm). Fractions of the peak
at the void volume (Pool I) were used in the subsequent purification.
b SDS-PAGE analysis of fractions of the Sepharose CL4B
chromatography, under reducing conditions. The migration positions
of al/2 (V1) and 3 (V1) chains are indicated. ¢ DEAE-cellulose

Distribution of type VI collagen in bovine DFT
by immunohistochemistry

Type VI collagen was located by faint staining at the
surface of collagen fibers in the tensile areas of the DFT
(Fig. 6a,c,e). The epitenon and blood vessels showed
stronger staining than the tendon mid-substance. Fetal, calf
and adult tensile tendon showed this same staining pattern.
The adult distal region showed more intense staining, with
the reaction being observed at the surface of collagen fibers
and also around the rounded fibrochondrocytes. Aligned
fibrochondrocytes in lacunae and grouped cells (in niches)
were both surrounded by a marked deposition of type VI
collagen. At these latter structures, the staining for type VI
was much stronger, extending over relatively wide areas

(Fig. of).

chromatography of the material contained in the fractions indicated
by Pool I in a. Type VI collagen was eluted from the column with
0.2 M NacCl. d SDS-PAGE under reducing conditions of the purified
type VI collagen, after Coomassie blue staining. e Rotary shadowing
analysis of the material eluted from the DEAE-column with 0.2 M
NaCl, showing a predominance of type VI collagen aggregates, with
the typical beaded string pattern with two or three tetramers. Longer
(7-8) tetramers were present, but rare. Occasional pro-I or pro-III
collagen (arrowhead) could be seen. Bar 100 nm

Ultrastructure of the pericellular matrix
and distribution of type VI collagen aggregates
in adult DFT

Examination of the distal region of the DFT by transmis-
sion electron microscopy revealed large cells with dense
cytoplasm rich in glycogen granules and lipid droplets. The
cell outline was usually irregular, tending to a rounded
format (Fig. 7a).

The pericellular matrix contained many different struc-
tural elements (Fig. 7b). Thin filaments connecting dense
granules were seen and correlated with hyaluronan and
aggregated proteoglycans. Thin microfibrils with a uniform
diameter were seen in the middle of the hyaluronan/
proteoglycan-rich region and probably consisted of type VI
collagen, the banded appearance of which was often
blurred in routine transmission electron microscopy
preparations. Isolated and relatively thin collagen fibrils
were scattered in the pericellular matrix. Deeper in the
extracellular matrix, the collagen fibrils became thicker and
more aggregated.
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Fig. 4 ELISA for type VI collagen in bovine tendons. a Control
experiment showing the linear response to increasing amount of type
VI collagen up to 2.5 ug/ml. The reactions for type I collagen and
aggrecan are also presented and showed no reaction with the
antibody employed in the experiment, appearing superimposed at
the baseline. b Amount of type VI collagen in the various tendon
samples (mean + standard error). The indicated P-values (above the
horizontal lines) represent the level of significance of the differences
between the mean content in each sample (F fetal, C calf, 4 adult,
P proximal, D distal, ED extensor digital, N.S. non-significant)

Fig. 5 Extractability of type VI 100 -

collagen from the various ten-
don samples. The amount of
type VI collagen in each of the
three Gn-HCl extracts (/-3) was
plotted as a fraction of the total
amount of type VI collagen.
Most of type VI collagen was
readly extracted from the adult
DFT tendons (~90% or more)
with the first extraction round.
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extractability, whereas type VI
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ATP treatment resulted in the aggregation of type VI
collagen and revealed the typical ladder-like structure with
110-nm periodicity. The aggregates formed a continuous
layer around the rounded cells of the distal region (Fig. 7c).
Detailed observation of its distribution revealed that the
type VI collagen network extended from the pericellular
layer into the spaces between adjacent collagen fibrils,
firmly connecting both structures (Fig. 7d). We also noted
that type VI collagen and fibrillin-based microfibrils lay
side-by-side in regions in which elastin deposition occurred
(Fig. 7e). The ATP treatment revealed the exclusion or
scarcity of type VI collagen among densely packed
collagen fibril in the proximal region of the DFT. However,
immunocytochemistry at the electron microscopy level
should be performed to ascertain type VI exclusion from
the fibrous areas, as the ATP treatment may require a
minimum concentration of type VI collagen to produce
aggregates.

Discussion

In spite of the ubiquitous distribution of type VI collagen in
tissues, its importance in muscles is more evident, since it
has been firmly correlated with at least two types of muscular
disorders: Betlhem muscular dystrophy and Ullrich muscu-
lar dystrophy. In both cases, mutations in the type VI
collagen alpha chain genes result in either the absence or
malformation of the microfibrils and, in each case, produce
weak muscles, the diaphragm being the most commonly
affected (Bonaldo et al. 1998; Camacho-Vanegas et al. 2001;
Scacheri et al. 2002; Mercuri et al. 2002). The reason that
muscles are the main tissues affected by type VI collagen
deficiency is not clear. However, the lack of type VI collagen
has been suggested to result in the weak interaction of the
muscle fiber basal lamina with the adjacent connective tissue
(Ishikawa et al. 2002). Although this hypothesis cannot be
ruled out at present, more recently, a type VI collagen
deficiency has been demonstrated to result in mitochondrial
dysfunction and apoptosis (Irwin et al. 2003). In this case,
seeding cells in a type VI substratum restores mitochondrial
function and cell survival and treatment with cyclosporin A,
an inhibitor of the mitochondrial permeability transition
pore, also has a beneficial effect on cell survival (Irwin et al.

—o— Adult proximal
—=— Adult distal
—a— Extensor digital
—o— Calf proximal
—eo— Calf distal
—e— Fetal proximal
—a— Fetal distal

was slowly extracted from the 0
fetal and calf tendons
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Fig. 6 Immunocytochemistry for type VI collagen in tendon
samples. Frozen sections of fetal (a, b), calf (¢, d), and adult (e, f)
tendons were subjected to immunocytochemistry with a polyclonal
antibody against type VI collagen. Type VI collagen was found in
the proximal tensional regions (a, ¢, e) only at the surface of
collagen fibers, at the external layers of the tendons, or around blood
vessels. The immunocytochemical reaction was weak regardless of
the age of the animal. The distal region showed a more intense
accumulation of type VI. In the fetal tendon (b), type VI was more

2003). The association between the extracellular microfibrils
and the mitochondrion remains unknown. An examination
of the signaling pathways downstream of the type VI
collagen receptors, such as the of3; and o3, integrins
(Timpl and Chu 1994; Loeser et al. 2000) and NG2
proteoglycan (Doane et al. 1998) would therefore be of
interest.

Of note, type VI collagen may have tissue-specific
functions, since Tanaka et al. (2003) have demonstrated a
linkage between the COL6A1 gene on chromosome 21 and
the ossification of the posterior ligament of the spine, a disease
with high incidence in Japanese and other Asian populations.
Furthermore, a possible association of type VI collagen
overexpression with cardiac defects observed in Down
syndrome patients has been suggested, given the location of
the genes coding for both o (VI) and o(VI) chains in
chromosome 21 (Barlow et al. 2001; Gittenberger-de Groot et
al. 2003).

This work presents data on the presence, content, and
distribution of type VI collagen in bovine tendons, together
with protocols that result in the high purity of type VI
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evident at the surface of the fibrils than in the proximal region
(arrows). The calf tendon (d) demonstrated a non-uniform arrange-
ment of the collagen fibers and an increased deposition of type VI
collagen in the interfiber spaces and in some specific regions not
occupied by collagen fibers (white asterisks). In the adult (f), type
VI collagen accumulated around the rounded fibrochondrocytes
either in lacunae (arrowheads) or in nests (N). It was also more
evident in the interfiber spaces (arrows). Bars 50 um

collagen preparations and the accurate determination of its
amount in tendons. Type VI collagen may constitute as
much as 0.33% of the wet weight of the fibrocartilaginous
region of the adult DFT. This is a considerable amount and
is significantly higher than that in the proximal tensile
region. The analysis of fetal and calf tendons has revealed a
progressive accumulation of type VI collagen in tendons
with age. The calf tendon shows a significantly higher
amount of type VI collagen in the distal compressed region
compared with that in the proximal tensile region. We have,
however, observed a high variability in the content of type
VI collagen in adult tendon, so that restriction of the age
window for sampling is essential for consistency of
quantitative data.

In the context of the present investigation, type VI
collagen expression takes place after the fibrillogenesis
stage in chicken tendons (Nurminskaya and Birk 1998)
and, as mentioned before (Felisbino and Carvalho 1999),
this is consistent with the interfibrillar and pericellular
distribution of type VI collagen in tendons. Whether the
temporal expression pattern described for the chicken
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Fig. 7 Ultrastructural analysis of the tendon matrix and the
identification of type VI collagen by ATP treatment in the adult
DFT. a Micrograph of a cell in the distal region of the tendon. The
cell has an irregular contour and rounded nucleus and exhibits both
glycogen granules and a large lipid droplet (L). The organelles are
mostly mitochondria and rough endoplasmic reticulum. The extra-
cellular matrix presents collagen fibers and a relatively well-defined
pericellular matrix. b Detail of the pericellular matrix in the distal
region of the adult DFT. A net of thin filaments (arrowheads)
connecting electron-dense granules of various sizes (possibly
hyaluronan and collapsed proteoglycans) is observed throughout,
radiating from the cell surface deep into the extracellular matrix.
Close to the cell, a group of microfibrils (black arrows) can be
oberved insterpersed with thin disperse collagen fibers. Deeper in
the extracellular matrix, the collagen fibrils become thicker and

tendon applies to the bovine tendon and/or similar tendons
in other species remains to be determined.

Surprisingly, the adult extensor tendons show a sig-
nificantly reduced amount and low solubility of type VI
collagen in comparison to the calf DFT. We have also
observed a higher solubility of type I collagen from this
tendon compared with the adult DFT. These differences
may have important impacts in the biomechanics of the
tendon and should be considered in explanations of the

aggregate into fibers. ¢ En bloc ATP treatment results in aggregation
of type VI collagen in the typical ladder-like structures with 110-nm
periodicity. The aggregates form a continuous layer that lies around
the fibrochondrocytes (arrows) and that delineates the pericellular
matrix and extends into the adjacent spaces between collagen fibrils.
d Detail of the accumulation of type VI collagen, with typical 110-
nm banding, at the matrix between the pericellular space and the
grouped collagen fibers. e Type VI collagen aggregates are also
found away from the cells, among the collagen fibrils. They can also
be observed close to fibrillin-based microfibrils, associated with
elastin (E) deposition. f The tensional region is poor in type VI
collagen, and aggregates of type VI collagen are rare. Type VI
collagen is clearly excluded from the densely packed collagen fibrils
groups in this region. Bars 1 um

distinct properties of flexor and extensor tendons, in
addition to other characteristics, such as water and sulfated
glycosaminoglycan content (Batson et al. 2003). In addi-
tion, and more importantly, this difference in type VI
collagen content and extractability in flexor vs. extensor
tendons might reflect a special arrangement that would
result in contractures of the distal joints; this appears as one
of the main characteristic of type VI collagen disorders
(Ishikawa et al. 2002).



The accumulation and distribution of type VI collagen
around the fibrochondrocytes in the compressional areas of
the adult DFT is similar to that observed for tendons under
a similar biomechanical regimen in other species (Felisbino
and Carvalho 1999), demonstrating the conservation of this
pattern of extracellular matrix composition and organiza-
tion. This pattern differs greatly from that seen in the
tensional region, where type VI collagen is restricted to the
external paratenon, to the matrix around blood vessels, and,
to a certain extent, to the interfiber space. In the fibrocar-
tilage, type VI might help to organize the pericellular
matrix and may contribute to the ability of fibrochondro-
cytes to resist compressive forces in addition to tension.
The ultrastructural analysis performed here has revealed
that type VI collagen is present in a hyaluronan/proteo-
glycan-rich area in the distal region of the DFT. Moreover,
the demonstration that type VI collagen has physical
interactions with both type II collagen and aggrecan
through matrillin—1 and biglycan or decorin in cartilage
(Wiberg et al. 2003) reinforces the idea that it is important
for the establishment of the pericellular matrix. In the case
of the tendon fibrocartilages, type VI collagen might exert
this function in addition to or in place of fibrillin—2, which
has been suggested to organize the pericellular matrix in
other tendons (Ritty et al. 2003).

In our opinion, the accumulation of type VI collagen is a
good marker of fibrocartilage differentiation and may be
produced as a response to compressive load. We further
speculate that the function of type VI collagen in tendon
may be to organize the pericellular matrix and that it may
represent a survival factor for fibrochondrocytes. Further-
more, type VI collagen integrates the cellular environment
with the adjacent fibrous mid-substance. An analysis of the
tendons in type VI collagen-null mice or in muscular
dystrophy patients might help to confirm this speculation
and to reveal other possible functions of type VI collagen.

In conclusion, we have demonstrated that type VI
collagen is present in bovine tendons in a tendon-specific
and site-specific manner, that the fibrocartilage of the deep
flexor digital tendon accumulates a large amount of type VI
collagen during maturation and that it is concentrated
around the cells. Furthermore, the extensor digital tendon
has been shown to possess little type VI, and the type VI
collagen in this tendon is less extractable than that of the
corresponding flexors. The present results reinforce our
previous suggestion that type VI collagen has an important
function in organizing the pericellular environment for
fibrochondrocytes (Felisbino and Carvalho 1999), thereby
contributing to the differentiation and physiology of the
pressure-bearing areas.
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