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Introduction

The tendon is a uniaxial connective tissue which connects
muscle to bone and serves to transmit force. Tendons are
composed of highly aligned collagen fibrils organized as
fibers. Fibers together with the tendon fibroblasts are organ-
ized into fascicles, and fascicles are bound together by con-
nective tissue sheaths to form a tendon1-4. The development
and maintenance of this hierarchy is a multistep process5,6.
Development of the mechanical integrity and function of the
tendon is dependent on the regulated progression through

these steps during development.
In tendon, collagen fibrillogenesis results in the assembly of

mature collagen fibrils with a tissue-specific structure and
function5,6. During tendon development, there are at least
three distinct steps in fibrillogenesis (Figure 1). In the first
step, collagen molecules assemble extracellularly in close
association with the fibroblast surface to form immature fibril
intermediates. This step can be influenced at a number of
points including: during packaging for secretion, vectorial
secretion into the extracellular space, procollagen processing,
heterotypic collagen interactions and other molecular interac-
tions. All these factors could influence the nucleation and
growth of the fibril intermediate. In the second step, linear fib-
ril growth, the pre-formed fibril intermediates assemble end-
to-end to form longer fibrils consistent with mature, mechan-
ically functional fibrils. This linear growth from intermediates
suggests a regional change in the ends of the fibril intermedi-
ate at specific developmental stages. In the third step, lateral
fibril growth, the fibrils associate laterally to generate large
diameter fibrils. This lateral growth step, coupled with linear
growth, generates the long, large diameter fibrils characteris-
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tic of the mature tendon. Tissue-specific fibrillogenesis would
involve the independent regulation of each step.

Tendon fibrils are heteropolymeric structures assembled
from two or more different fibril-forming collagens interact-
ing with fibril-associated collagens as well as fibril-associated
proteoglycans. These combinations have been described and
are likely to be involved in the regulation of fibrillogenesis and
matrix assembly. The tendon is composed of type I collagen
with quantitatively minor amounts of types III and V collagen.
The D-periodic fibrils are predominantly type I collagen with
varying amounts of collagen type V and III3. Collagen types
XII and XIV have different expression patterns during tendon
development. These collagens are found on the surface of stri-
ated collagen fibrils. Because of their fibril-associated nature,
these macromolecules may be involved both in the regulation
of fibril formation and in modifying the interaction(s) among

fibrils required for the assembly of tissue-specific extracellular
matrices7,8. In addition, members of the leucine-rich repeat
family of proteoglycans/glycoproteins are associated with ten-
don fibrils1,9. Interactions between collagen fibrils and mem-
bers of this family of proteoglycans/glycoproteins have been
implicated in the regulation of fibrillogenesis9,11-13.
Interactions between the fibrils and their surrounding mole-
cules also play a significant role in tendon mechanics.

Although the exact mechanisms by which mechanical stim-
uli are translated into deformations of the tendon have yet to
be fully elucidated, a model is emerging as the result of recent
research into this phenomenon. At very small strains (up to
approximately 2%), stretching of the fibril-forming collagen
molecules appears primarily responsible. Beyond this,
increases in the D-period are a result of molecular and fibril-
lar slippage14. Although the exact point at which molecular
deformation becomes small compared to molecular and fib-
rillar slippage is strain rate- and tissue-dependent, it is clear
that the structure of the various matrix components and the
interactions between them are an important aspect of tendon
function. Thus, it follows that the development of the mature
mechanical properties is dependent on the assembly of a ten-
don-specific extracellular matrix. This assembly process must
progress through multiple steps producing the final mature
structure where tendon fibroblasts and collagen fibrils organ-
ized as fibers are integrated into a functional tissue. Each step
in this assembly process must be regulated, thereby directing
the tendon-specific, stepwise assembly of a structurally and
functionally mature tissue.

Extracellular compartments

In tendon, fibrillogenesis occurs in a series of extracellular
compartments defined by the fibroblasts2,4,5,15,16. These com-
partments extend the cell's domain into the extracellular
space. The first level of compartmentalization consists of a
series of narrow channels containing single or sometimes,
small groups of fibrils. The narrow channels originate deep
within the cytoplasm often in a perinuclear position associat-
ed with the Golgi region and distally are open to the extracel-
lular space (Figure 2). This first extracellular compartment is
formed as the secretory vacuoles, containing collagen, fuse
with the plasma membrane in tandem. Within this first com-
partment, initial assembly into fibrils occurs. The initial initia-
tion of fibrillogenesis is mediated through macromolecular
interactions dependent on the composition of the compart-
ment. In addition, receptor-mediated interactions, with mem-
brane receptors, such as integrins, would be expected to have
an influence on the initial events. These channels add their
contents to a second fibroblast delimited compartment where
fibers form. The second level of extracellular compartmental-
ization consists of fibrils grouped as fibers in close association
with the cell surface. These compartments are defined by a
single fibroblast or sometimes by adjacent fibroblasts. As the
tendon becomes more mature, a third level of compartmen-
talization is present. These compartments are defined by the
apposition of two to three adjacent fibroblasts. The very large
fibers characteristic of the tendon that form in this compart-

Figure 1. Tendon fibrillogenesis. (A) Molecular assembly of type I
and III and/or V collagens generates the fibril intermediate. We
hypothesize that heterotypic interactions are a mechanism regulat-
ing this assembly step. (B) In the linear growth step, the interme-
diates in (A) grow by end-to-end growth to generate longer fibrils.
Alterations in molecular interactions, at the · and ‚ ends of the
intermediate, initiate and control this growth. (C) In the lateral
growth step, there is a lateral association and growth of the devel-
oping fibrils. Alterations in interactions mediated by fibril-associ-
ated molecules (ovals) along the main fibril shaft regulate this step.
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ment by coalescence of fibers are partially surrounded by
interdigitating processes. A model for the extracellular com-
partmentalization of collagenous matrix assembly during ten-
don development has been proposed4. Elongate secretory vac-
uoles containing procollagen in a laterally aggregated config-
uration fuse in a tandem fashion, similar to compound exocy-
tosis in other tissues. This forms the long, narrow channels
where the initial steps in fibril formation occur. The channels
deposit the immature fibrils into a second convoluted com-
partment where they are integrated into developing fibers.
These fiber-forming compartments laterally aggregate, as the
tissue matures, with the intervening cytoplasm being retract-

ed. Within this last compartment, fibrils mature within fibers
and fibers coalesce to form large fibers characteristic of the
mature tendon. This hierarchical compartmentalization
affords the fibroblast with exquisite control over the stepwise
process of fibril formation and matrix assembly.

Structural steps in the growth of mature collagen
fibrils

During development short, immature fibril intermediates
are assembled and deposited into the matrix17,4. As develop-
ment progresses, fibril intermediates are replaced by long fib-
rils characteristic of the mature tissue18,19. Our data and that
from other laboratories indicate that mature fibrils are the
result of fibril growth from pre-formed intermediates2,15,18-20.
The first appreciation that fibrils were assembled as imma-
ture fibrils of discrete length came from detailed studies of
the fibril-cell relationship2,4,17,18. The three-dimensional
course of a fibril within a narrow channel was shown to
extend from the perinuclear Golgi region to an opening at
the cell surface. The proximal end of the fibril terminates
deep within the channel while the distal ends of fibrils ter-
minated close to or at the site of fusion with the plasma
membrane defining a fiber-forming compartment or they
were observed as part of the fiber for one or more microme-
ters before terminating. This finding of both ends of a fibril

Figure 2. Compartmentalization of the extracellular matrix during
tendon development. Extracellular compartmentalization of the
different levels of matrix assembly is seen in the developing chicken
tendon. (A,C) Sections cut perpendicular to the tendon axis of a 14-
day chicken embryo show the fibril-forming channels (arrowheads)
and the fiber-forming spaces (labeled B). The macroaggregate-
forming spaces form as the cytoplasmic processes that define the
fiber-forming compartments retract (curved arrow) allowing fibers
(fibril bundles) to coalesce into macroaggregates. Bar 1:Ìm. (B) A
section cut parallel to the axis of 14-day chicken embryo tendon
illustrates a narrow extracytoplasmic channel containing a collagen
fibril (intermediate). The channel has periodic indentations (open
arrows) indicative of its formation by fusion of elongate secretory
vacuoles. Bar 500nm. (Reproduced from Birk and Linsenmayer6).

Figure 3. Collagen fibril intermediates: three-dimensional com-
puter reconstruction of fibril intermediates. Fibril profiles were
reconstructed from 55 consecutive 150 nm thick sections. For pres-
entation, not all of the fibrils seen in the micrographs are present
in this reconstruction, therefore this series of fibrils appears some-
what more open than is the case in the actual fiber. The beginning
and end of a fibril intermediate (#1, red) is shown in relationship
to other fibrils. Also shown is the termination of one neighboring
fibril (#6, cyan) and the beginning of another adjacent fibril (#9,
green) within this fiber. In (A) the relationship of the ten different
fibrils is shown to scale. In (B) the reconstruction from (A) is pre-
sented with the Z scale being 10% of actual, all 10 fibrils are pres-
ent. In the reconstructions presented in B-C this compressed Z
scale and same orientation is maintained. In (C) only the 3 fibrils
with ends in this data set are shown. (Modified from Birk et al.17).
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demonstrated that a fibril intermediate is initially assembled
by the fibroblast.

In immature, rapidly growing tendons, the fibril interme-
diates are D-periodic structures with tapered ends. They are
incorporated into fibers and maintained as discrete units,
~10-30Ìm in length (Figure 3). They are not straight, rigid
structures, rather they are semi-flexible undulating through
the tissue. This semi-rigid property allows the considerable
change in the position of these structures along the length of
the tissue with respect to nearest neighbors. In addition, the
thin tapered ends are relatively flexible and not as well ori-
ented as the major portion of the fibril intermediate4,17. In the
later stages of tendon development the fibrils were consider-
ably longer than those seen earlier in development (Figure 4)17.
As tendon development proceeds a linear and lateral fusion
of fibril intermediates to form mature, continuous fibrils was
observed. In the more mature tendon the ends of fibrils were
readily identified both within fibril-forming channels as well
as within fibers19. Measurements of fibril intermediates with-
in channels indicated that a length similar to that in earlier
stages of development was being assembled. The presence of
fibril ends within the fibers indicates that at this relatively
mature stage of development the fibrils are not all continu-
ous, i.e., from tendon origin to insertion. The ends were iden-
tified based on their significantly smaller diameters and con-
firmed by their disappearance in the serial data set. These
data demonstrated that fibrils from the more mature tendon
were significantly longer than in the immature tendon. The
data supports a post-depositional maturation of fibril inter-
mediates yielding longer and larger diameter fibrils involving
a linear and lateral fusion of fibril intermediates to form
mature, more continuous fibrils.

The process of fibril growth from pre-formed intermediates
has been further characterized using fibrils isolated from dif-
ferent stages in tendon development. Immature fibrils (inter-
mediates) were isolated by swelling the tissue in physiological
buffers with protease inhibitors followed by shear. The non-
disrupted tissue was removed and the isolated fibrils in the sus-
pension were analyzed5,18,21-24. The structure of the initial fibril
intermediate was characterized and was consistent with the in
situ data. The fibril intermediates were short, i.e., generally less
than 30~Ìm. There was an asymmetry with respect to the
ends, i.e., long (·) and short (‚) tapered ends. In addition,
there was a population that was centrosymmetric with carboxyl
to amino polarity at both ends. Similar structures have been
isolated from echinoderms25,26. All of these studies indicate
that a fibril intermediate is formed during tendon development
and that mature fibrils are assembled from these intermedi-
ates. When fibrils were isolated from immature tendons, dis-
crete fibril intermediates were obtained. With development
the intermediates incrementally increased in mean length, due
to the addition of a population of longer fibril intermediates.
During the period when the limb became active, the fibril
intermediates increased significantly in length. However,
abruptly at 17 days of chicken metatarsal tendon development
practically no intact fibrils were isolated. Only three intact fib-
ril intermediates were analyzed in this study and these had
lengths of –89, 117 and 170Ìm. A number of long intermedi-

Figure 4. Three-dimensional reconstruction of 18-day tendon fib-
rils. This figure presents computer generated reconstructions of
representative fibrils. The colors are used consistently throughout
this figure to indicate a single fibril. The blue fibril is present at full
diameter throughout these reconstructions (A,D). In (A) portions
of 5 fibrils are presented to show their complex relationships, while
in (B) only the 3 that end are shown. The green fibril terminates as
a ‚ end while the purple and cyan fibrils terminate as · ends with
opposite orientations. In (D), the blue, yellow and red fibrils are
continued from (A). The yellow and red fibrils both terminate as ·
ends. In (C) an electron micrograph from the level of the arrows in
(A,B) is presented. The green fibril is a ‚ end and is 8 sections from
the end. In (E) an electron micrograph from the level of the arrow
in (D) is presented. The yellow and red fibrils are both · ends and
are 8 and 29 sections, respectively, from the termination. Compare
the differences in diameter between · and ‚ ends the same dis-
tance from the fibril ends (yellow vs. green in (E) and (C), respec-
tively). The section numbers are indicated in (A and D). For pres-
entation, not all the fibrils seen in this group are present in this
reconstruction and the Z-axis was compressed. Bars 100nm, x,y
axes. (Reproduced from Birk et al.19).
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ates with broken ends also were observed that had lengths in
this range. The data indicate that most of the fibrils were now
considerably longer than the newly formed intermediates seen
in the immature tendons18,21. These observations were entirely
consistent with the in situ observations. Morphological analysis
of intermediates in situ and in tissue extracts during early
stages of tendon development demonstrated linear growth
through lateral associations of adjacent tapered ends. This type
of interaction would yield longer fibril intermediates with a
minimum increase in fibril diameter. The abrupt increase in
length and diameter observed in later stages of tendon devel-
opment is associated with extensive lateral associations of
intermediates (Figure 5). These lateral associations (fusions)
involved long stretches of the fibril (intermediate) length and
were not restricted to the tapered ends. This type of interaction
yields longer and larger diameter fibrils15,16,18.

Fiber assembly in tendon morphogenesis

The assembly, deposition and organization of collagen
fibers and the composite fibrils were studied during mor-
phogenesis of the chicken embryo tendon27. The 14-day
chicken embryo is a stage when tendon micro- and macro-
architecture are being established and rapid changes in
mechanical properties occur. Tendon ultimate tensile
strength was shown to increase from 2.05 MPa at 14 days
post-fertilization to 58.05 at 2 days post-hatching. Strain to
failure was 13% at 14 days post-fertilization, 22% at 16 days
and 29% thereafter28. The fibroblast-fiber relationship in the
14-day embryo tendon is complex. Collagen fibers branch to
form a fiber network within and among fascicles. Fibers were
followed in serial high voltage electron micrographs of thick
sections cut perpendicular to the tendon axis and the rela-
tionship of fibers to one another and to the fibroblasts with-
in a fascicle were studied using computer assisted three-
dimensional reconstructions. Branching of fibers within a
tendon fascicle was observed. Fibers were followed as they
separated from one large bundle/fiber to join a different one.
The fibrils within these branching fibers are discontinuous at
14 days of development. The fibrils terminated at different
levels and the fibers rotated ~180o over a 10-12Ìm distance
relative to internal markers. This may contribute to the sta-
bilization of a structure composed of discrete fibril interme-
diates. The mechanical properties of a developing tendon
composed of discrete fibril intermediates requires that these
discrete units be stabilized in some manner. The organiza-
tion of fibril intermediates into discontinuous fibers where
the components could interact with the interfibrillar matrix
and with adjacent fibrils through this interfibrillar matrix
would contribute to the stabilization of this structure. The
gradual rotation of the fibers would serve to stabilize the
immature fibers through the physical twining of the compos-
ite components. In addition, the extensive branching of the
fibers observed at 14 days of development and their intimate
association with the cellular elements would provide a high-
er order of structure stabilization. At points of contact with

Figure 5. Collagen fibrils in tendon development. Fibril intermedi-
ates were extracted from 14-day chicken embryo tendons. The sus-
pension was negatively stained and observed by transmission elec-
tron microscopy. (A) Intact fibrils of discrete lengths (intermedi-
ates) were observed. Bar, 1Ìm. (B,C) The ends of extracted fibril
intermediates were asymmetric as described in situ, with ·, long
(B) and ‚, short (C) tapers. Bar, 250nm. Collagen fibrils grow by
linear and lateral associations of fibril intermediates (D,E).
Transmission electron microscopy of fibrils from cryosectioned
tendons illustrating linear growth of fibril intermediates (D). The
association involves the tapered ends of the intermediates. This
mechanism produces fibrils of increasing length without signifi-
cantly altering fibril diameter. Lateral fibril growth is illustrated in
(E). The extensive lateral association/fusion of fibril intermediates
would produce fibrils of increasing length and larger diameter.
Bars 100nm. (Modified from Birk and Linsenmayer6).
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cells, fibrils would be subjected to cytoskeletal forces that
could aid in their alignment. Increased fibrillar alignment
would lead to increased interactions between fibrils and thus
improved tensile strength14.

Regulation of tendon fibrillogenesis

The regulation of each of the steps described above is
important in the development of a structurally and therefore
functionally mature tendon. The independent regulation of
each step via macromolecular interactions would provide
structural diversity and controlled growth during develop-
ment. Below, regulation at different steps in tendon fibrillo-
genesis is presented.

Regulation of fibril intermediate assembly by
heterotypic type I/III interactions

Heterotypic type I/III collagen fibrils are present early in
tendon development3. The heterotypic interaction between
two different fibrillar collagen types is important in the reg-
ulation of initial fibril assembly. Type III collagen is present
in numerous developing type I collagen-containing connec-
tive tissues and is first seen in tendon at approximately the

time it differentiates29. We determined the expression pat-
terns of type III collagen in the developing tendon in rela-
tion to steps in fibrillogenesis. Days 14, 17 of development
and hatching were chosen as representative of the period of
intermediate assembly, the beginning of linear growth and as
representative of a period of rapid lateral growth, respec-
tively. Our hypothesis predicts a differential expression pat-
tern, with type III collagen expression highest during periods
of molecular assembly of intermediates. Strong immuno-
chemical reactivity for type III collagen was present through-
out the tendon at 14 days of development. At 17 days of ten-
don development, there was a significant decrease in the
type III collagen reactivity in the tendon proper, but the
sheaths were still strongly positive. At hatching, the tendon
proper was virtually negative, however, the outer sheath
remained positive for type III collagen (Figure 6). In con-
trast, the reactivity for type I collagen was constant through-
out this period, as expected. The immunoelectron
microscopy data also indicated that there was less type III
collagen present in the fibrils of 17-day than 14-day chicken
tendons and that the type III collagen content continued to
decrease to hatching. The amount found in the endotendini-
um was relatively constant from 14-17 days, but then
decreased as the fibril diameters increased in this region. At
hatching, type III was confined to the outer sheath that con-

Figure 6. Type III collagen expression in developing chicken tendon. (A-C) Immunofluorescent localization of collagen type III at 14
and 17 days of development and hatching. Type III collagen reactivity is high at 14 days. At 17 days to hatching, reactivity becomes
sequestered in the sheath. (D,E) Immunoelectron microscopic localization of type III collagen at 14 and 17 days of development. The
type III reactivity is fibril-associated on the tendon fibrils. However, there is a significant decrease in reactivity from 14 to 17 days.
(Modified from Birk and Mayne3).
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tained numerous small diameter fibrils. The expression of
type III collagen showed a complete overlap with regions of
the developing tendon containing small diameter fibrils
(Figure 7). Biochemical analyses of type III collagen indicate
a reduction in amount with development. The decreased
reactivity observed here is clearly partially related to the
overall decrease in type III collagen in the developing ten-
don. However, the complete loss of reactivity may be due to
epitope masking by the addition of type I collagen to the
immature fibrils. Turnover may also be involved. However,
accessible type III collagen helical epitopes are clearly asso-
ciated with small diameter, immature fibrils. As expected,
the type V collagen was not labeled in the untreated tendon,

but there is a small, constant amount in tissues where fibril
structure was disrupted.

Presumably, the regulatory properties of type III collagen
are similar to those described for type V collagen30-32. The
amino terminal domain of type V collagen is not completely
processed while the amino propeptide of type III collagen is
cleaved slowly33,34. In either case, the presence of a non-col-
lagenous amino-terminal domain on the surface of newly
forming fibrils could alter the properties of heterotypic fib-
rils and influence the molecular assembly of collagen into
fibril intermediates. The differential processing of propep-
tides also may regulate other interactions involved in the sta-
bilization of the developing matrix. For example, the gap

Figure 7. Fibril structure during chicken tendon development. Transmission electron micrographs of different stages of chicken tendon
development. In the tendon proper, fibril diameters increase from 14 days of development to hatching. This is associated with a loss of reac-
tivity for type III collagen (Figure 6). The fibrils in the sheaths also increase in diameter as type III collagen reactivity is lost. Bars 5Ìm (fas-
cicle), 100nm (tendon), 500nm (sheath). (A) 14 days, (B) 17 days (C) hatching. (Reproduced from Birk and Mayne3).
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region of the fibril may inhibit interactions with fibril-associ-
ated collagens or proteoglycans. In addition, we can specu-
late that the presence of the propeptide may alter cross-link-
ing. Collagen molecules within fibrils undergo covalent
intra- and intermolecular cross-linking mediated by lysyl oxi-
dase that increases with development35,36. In contrast to the
molecular stability observed in fully cross-linked mature fib-
rils, the liquid crystal structure of the fibrils present in early
development allows for the molecular rearrangements that
are necessary for fibril growth37.

Fibril-associated collagens in tendon development

Type XII and XIV collagens are fibril-associated or
FACIT collagens found in tendon. We hypothesize that
interactions between this class of collagens and developing
fibrils can regulate steps in fibrillogenesis and higher order
matrix assembly. The expression patterns for the two colla-
gens indicate different functions. Type XIV collagen is a
good candidate to be involved in linear fibril growth while
type XII collagen may function to integrate adjacent extra-
cellular matrices. Types XII and XIV collagen are localized
to the surface of fibrils8,38,39. However, little is known about
their effects on fibril assembly or their roles during develop-
ment. FACIT collagens are an expanding family with mem-
bers that include collagen types IX, XII, XIV, XVI, XIX,
and XX41,40,42. Both types XII and XIV collagen are
expressed in a wide variety of tissues including the develop-
ing avian tendon7,43-46. Types XII and XIV collagen are struc-
turally similar homotrimers, composed of two collagenous
domains (COL1-COL2) and three non-collagenous domains
(NC1-NC3)47. These multi-domain collagens can interact
with more than one extracellular component simultaneously,
allowing integration of developing matrices. For example,
type XII collagen has been shown to bind to both decorin
and fibromodulin48. In addition, the two carboxy terminal
domains, NC1 and COL1, of type XII collagen are believed
to interact with the type I collagen fibrils. In contrast, the
large, globular, NC3 domain on the amino terminus projects
into the matrix and is hypothesized to interact with other
matrix components and may bridge adjacent fibrils, which
would likely stabilize the structure47.

Type XIV collagen has a developmental expression pat-
tern in tendon consistent with a role in linear fibril growth8.
In the chicken metatarsal tendon, immunolocalization,
Western analyses and gene expression studies all demon-
strate consistent, dramatic changes between 14 days of ten-
don development and hatching. Immunofluorescent studies
showed high reactivity for type XIV collagen at 14 to 19 days
of tendon development. This was followed by a dramatic
decrease in the reactivity for type XIV collagen at hatching.
Immunoelectron microscopy demonstrated that type XIV
collagen was fibril-associated and decreased fibril-associated
reactivity for type XIV collagen was seen at hatching, indi-
cating a removal of collagen XIV from the fibril surface
(Figure 8C). Western analysis was consistent and demon-

Figure 8. Type XIV collagen expression during tendon development.
(A) Semi-quantitative RT-PCR of the collagen XIV splice variants
at different stages of tendon development. This autoradiogram
shows PCR product bands for both long and short NC1 splice vari-
ants and co-amplified 18S product. Three developmental stages
were analyzed, 14 days, 19 days and hatching. Each PCR contained
32P dCTP in addition to the cold nucleotide triphosphate mix. To
amplify the NC1 variants, a pair of primers spanning the ·1(XIV)
NC1 splice site was used, yielding a 367 bp product for the long
variant, and a 275 bp product for the short variant. In addition,
each PCR contains the 18S RNA primer pair in combination with
the competimer pair, in a ratio of 1:9. (B) Western blot analyses of
type XIV collagen levels in developing tendons. At embryonic day
14 (14D) and 19 (19D) the ·1(XIV) chain is more abundant than
in hatchling tendon (H). The graph presents the normalized data
from at least 4 Western blots for each developmental stage. This
shows a 4-6 fold decrease in type XIV collagen content expression
from 14/19 day to hatching. The ·1(XIV) chain migrated at
approximately 200 KDa. (C) These immunoelectron micrographs
of tendons illustrate a decrease in immunoreactivity for type XIV
collagen from embryonic day 14 to hatching. Antibodies against
type XIV collagen localize to the striated fibril (arrows). Bar
300nm. (Modified from Young et al.8).
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strated that type XIV collagen content was high between
days 14-19, decreasing sharply at hatching (Figure 8B). Our
studies of type XIV gene expression using semi-quantitative
PCR demonstrated that type XIV collagen mRNA
decreased significantly from day 14 to hatching. However,
here the decrease was from 14 day to 19 days (Figure 8A).
Our interpretation of these data is that there is decreased
expression of type XIV collagen associated with the begin-
ning of the linear growth of tendon fibrils. However, this
decreased expression results in a gradual decrease in type
XIV collagen in the tendon between day 19 and hatching.
There may be differences in the spatial interactions of fibril-
associated components along fibril intermediates. With or
without the spatial differences, a gradual turnover of fibril-
associated type XIV collagen could mediate a controlled lin-
ear growth phase during tendon fibrillogenesis. The virtual
absence of type XIV collagen at hatching also coincides with
the beginning of rapid lateral growth and therefore a role at
this point cannot be excluded. 

Type XII collagen is expressed throughout tendon devel-
opment in the chicken embryo7,43,45,46. Expression of type XII
collagen mRNA is observed during tendon development with
a significant reduction in expression in the adult (Figure 9).
The spatial pattern of type XII collagen expression was stud-
ied using immunofluorescence microscopy (Figure 9). The
earliest time point studied, embryonic day 14, represents an
immature tendon. The intermediate stages, day 17-19 are
periods of rapid fibrillogenesis and assembly. The hatchling
tendon represents a mature, weight-bearing tendon. At day
14, the immature tendon fascicles were beginning to develop
and the endotendinium was not yet distinguishable. Type XII
collagen was detected throughout the developing tendon with
strong reactivity. At the early intermediate time point day 17,
the tendon fascicles were clearly defined. Again, type XII col-
lagen was detected throughout the developing tendon. But
the fascicles showed significant reactivity in the endotendini-
um and the signal in tendon proper was weaker. At day 19,
there was a continued decrease in reactivity in the tendon
proper with an associated enrichment in the endotendinium
surrounding the fascicles. After hatching, the expression of
type XII collagen was predominately in the endotendinium
around the fascicles. Within the tendon fascicles, reactivity
appeared to be associated with processes of the tendon
fibroblasts between collagen fibers while the fibers were neg-

Figure 9. Type XII collagen expression in the developing tendon. Semi-quantitative RT-PCR of the type XII collagen at different stages
of tendon development. (A) Representative ethidium bromide stained gel showing PCR product bands of both the long and short splice
variant of type XII collagen and co-amplified 18S bands. Graphic analysis of the data demonstrates relatively constant expression of both
splice variants throughout the fibril assembly and growth period. There is a significant decrease in both variants in the adult tendon. (B-D)
Immunofluorescence staining of Type XII collagen on chicken tendon at developmental stages day 14, 17 and hatching. Developing chick-
en tendons were reacted with antibodies against type XII collagen. (B) Reactivity with antibodies against type XII collagen was present with
strong and homogenous signal at day 14 in the tendon proper. (C) A localization of type XII collagen reactivity was observed beginning at
day 17, in the matrix surrounding the growing fascicles (arrows). (D) In hatchling tendons, the reactivity was preferentially localized and
sequestered to the connective tissue sheaths between the fascicles (endotendinium) (arrows) and cytoplasmic processes that separate bun-
dle-forming compartments (arrowheads). OS=Outer Sheath. Bar 10Ìm. (Modified from Zhang et al.7).
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ative. This pattern remained stable in the adult, i.e., 2 months
post-hatching. Throughout development, type XII collagen
was detected in the outer sheath of the tendon. This dramat-
ic shift in spatial expression of type XII collagen implicates it
in the integration of the developing fascicles to form a mature
mechanically stable tendon.

Leucine-rich repeat proteoglycans/glycoproteins
in regulation of tendon fibrillogenesis

Fibromodulin is a keratan sulfate proteoglycan found in a
variety of tissues including tendon49. Lumican is a major ker-
atan sulfate proteoglycan of the corneal stroma, but is present
in other collagenous extracellular matrices in a glycoprotein
form50. Decorin, a chondroitin sulfate proteoglycan, is widely
expressed including during tendon development18. These
leucine-rich repeat proteins all bind to fibrillar collagens12,51,52.
In vitro, it has been shown that fibromodulin and lumican
compete for the same binding site53 and that this site is sepa-
rate from the decorin binding site54,55. In addition, fibromod-
ulin, lumican and decorin all interact with striated fibrils18,56-58

and can modulate collagen fibril formation and inhibit the lat-
eral growth of fibrils in vitro12,51,55. Also, the abnormal lateral
growth of isolated fibrils was prevented by this class of pro-
teoglycans21. Gene-targeting studies of decorin, lumican and
fibromodulin indicate that these leucine-rich repeat proteo-
glycans/proteins are involved in the determination of the

mature collagen fibril structural phenotype in vivo59-62. The
absence of lumican affects the mature fibril architecture of
connective tissues such as cornea and skin. Null mutations in
fibromodulin and decorin produce abnormal fibril structures
in tendons and skin. In addition, the decorin and lumican
models demonstrated reduced dermal tensile strength associ-
ated with the mature fibril defects, indicating important func-
tions of these proteins in connective tissue maturation.
Investigations using fibromodulin knockout mice have shown
that this proteoglycan contributes significantly to tendon
strength as well63. However, the analysis of the fibromodulin-
deficient mouse is complicated by the increased deposition of
lumican into the matrix, suggesting a coordinate regulation of
these closely related members of the same subfamily62.

As has been discussed above, in the avian metatarsal ten-
dons specific developmental periods are associated with dis-
tinct steps in collagen fibril assembly and growth6,18.
Analogous periods of development were defined for the
mouse flexor tendons. Fibrils were analyzed in tendons from
2 days postnatal to 7.5 months in wild type mice. This analy-
sis of mouse tendons identified stages representative of dif-
ferent steps in fibrillogenesis (Figure 10). These are defined
as the initial assembly of immature fibril intermediates (4
days); the transition from fibril assembly to growth (10 days);
and fibril growth to maturation (1-3 months). The 3-month
tendon is characteristic of a mature tendon that has complet-
ed growth. In the early postnatal period, characterized by the

Figure 10. Collagen fibril structure during development in mouse tendons. Transmission electron micrographs of transverse sections from
mouse flexor tendons and the diameter distributions at each developmental stage from normal mice (a-d). Bar 300nm. (Reproduced from
Ezura et al.64).
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4 day tendon, the collagen fibrils all had a normal distribution
of relatively small diameters (64 ± 12 nm, mean ± sd). By 10
days postnatal, the fibril diameters were heterogenous, with
larger diameter fibrils present, in addition to smaller diame-
ter fibrils characteristic of 4 days. By 1 month, there was a
broad distribution of fibril diameters with large diameter fib-
rils being characteristic of this stage. From 1 to 3 months, the
fibril diameters changed only modestly with the largest diam-
eter fibrils being more prominent in the oldest tendons.

The temporal expression patterns of lumican and fibro-
modulin were analyzed during tendon development64.
Analysis demonstrated that each proteoglycan had peak gene
expression during early stages from 2 days to 14 days (Figure
11A). Lumican expression peaked earliest at around 8 days
and then decreased dramatically. Fibromodulin expression
peaked at 14 days and decreased slightly to 1 month postnatal
followed by a dramatic decrease in the adult expression levels.
The amount of lumican and fibromodulin core protein pres-
ent during normal development was also analyzed with the
fibromodulin core protein increased by approximately 70%
from 4 day to 1 month while lumican decreased by approxi-
mately 80% during the same period (Figure 11B). The lumi-
can and fibromodulin core proteins were present throughout
the tendon matrix at 4, 10 and 30 days postnatal, however,
lumican reactivity was decreased in the 1 month matrix con-
sistent with the mRNA expression. The co-distribution of
lumican and fibromodulin with collagen fibrils is consistent
with the regulation of fibrillogenesis. These data suggest that
lumican functions during early stages in fibrillogenesis while
fibromodulin would function throughout this period with a
more prominent role in regulation of the later stages.

The formation of collagen fibrils during tendon develop-
ment in mice deficient in lumican, fibromodulin or both was
analyzed64. The fibrils from lumican-, fibromodulin- and
double lumican/fibromodulin-deficient mice showed abnor-
malities during development relative to the wild type con-
trols. Structurally, three distinct abnormalities were
observed. First was the premature presence of fibril diame-
ter heterogeneity in the 4-day double-deficient tendon rela-
tive to the wild type controls (Figure 12). Secondly, there was
an abnormally large number of small diameter fibrils present
in the later stages of development, best seen at 3 months, in
the fibromodulin- and double-deficient mice (Figure 13).

Figure 11. Expression of lumican and fibromodulin during normal mouse tendon development. (A) Lumican and fibromodulin mRNA
expression were analyzed using semi-quantitative RT-PCR. Representative ethidium bromide stained gels showing PCR product bands for
lumican, fibromodulin and co-amplified GAPDH bands. Three or four different batches of PCR products generated from independently
prepared total RNA between postnatal day 4 and 16 or day 16 and 3 months were applied to a single gel. Band density was determined den-
sitometrically and relative density was obtained by using both band density and the PCR product size ratio, lumican 656 bp, fibromodulin
418 bp and GAPDH 289 bp. The relative density was normalized using GAPDH and plotted for lumican and fibromodulin. (B) Lumican
and fibromodulin core protein content during normal tendon development. A representative semi-quantitative Western analysis of lumican
and fibromodulin core protein during development in the normal mouse tendon is presented. Tendons were extracted in 4M guanidine-HCl
at 4 days, 10 days and 1 month. 20, 40, 80Ìg of total protein were loaded onto the gel. The core proteins were transferred, reacted with anti-
lumican or anti-fibromodulin antisera followed by radiolabeled goat anti-rabbit IgG and quantitated using phosphoimaging. The relative
lumican and fibromodulin content in the tendons at 4 days, 10 days and 1 month postnatal was plotted as a function of development. The
values for both lumican and fibromodulin were set to 100 at 4 days. (Modified from Ezura et al.64).
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Finally, all three deficient conditions had fibrils with irregu-
lar profiles, indicative of abnormal lateral association or a
defect in molecular rearrangement after fusion. The 1 to 3
month fibromodulin- and double-deficient tendons had
large numbers of very abnormal "cauliflower" fibrils, with the
double-deficient tendons showing the most severe pheno-
type. In contrast, the lumican-deficient tendons contained
fibrils only slightly irregular in profile at 1 to 3 months.

To characterize the diameter distributions, all the fibril
diameters measured were plotted in a single histogram for
each group at each developmental point. At 4 days postnatal
the lumican- and fibromodulin-deficient tendons had fibril
diameter distributions that were similar to that observed
from wild type tendon with a mean diameter of 64 nm.

However, the diameter distributions for lumican- and fibro-
modulin-deficient mice were shifted to larger diameters, i.e.,
72 nm and 71 nm, respectively. The double-deficient tendons
had a broader diameter distribution and there was a shift to
even larger diameter fibrils, i.e. 87 nm (Figure 12). Significant
differences between the wild type distribution and the dif-
ferent deficient distributions were shown using a
Kolmogorov-Smirnov test. This demonstrated that the effect
of the single mutations was additive during this period of fib-
rillogenesis and that this class of leucine-rich repeat proteins
influenced the assembly of immature fibril intermediates.

The three-month postnatal lumican-deficient tendons had
a fibril diameter distribution comparable to the wild type
tendon. In contrast, the fibromodulin- and double-deficient

Figure 12. Collagen fibril structure at 4 days postnatal in normal wild type, lumican-, fibromodulin- and double lumican/ fibromodulin-
deficient mice. Transmission electron micrographs of transverse sections from mouse flexor tendons from normal mice (a) and mutant mice
(c,e,g). Arrows indicate fibrils with diameters of ~64nm, the diameter seen in normal 4 day postnatal tendons. The fibril diameter distri-
butions are presented in (b,d,f,h). (Modified from Ezura et al.64).
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tendon fibrils had diameter distributions distinctly different
from the normal tendon (Figure 13). At three months these
mutant tendons demonstrated a significant increase in the
number of small diameter fibrils, i.e., 65nm. The double-
deficient and fibromodulin-deficient distributions were quite
similar. Fibromodulin expression appeared to be required
for the progression through fibril growth associated with the
later stages of tendon development. A statistical analysis
indicated that after 3 months of development the distribu-
tion of fibril diameters in the wild type tendon was signifi-
cantly different from the distribution of fibril diameters in
the fibromodulin- and double lumican/fibromodulin-defi-
cient tendons. No significant difference between the wild
type and lumican-deficient tendons at 3 months was found64.

The structural differences suggested alterations in the
mechanical properties of the tendons deficient in fibromod-
ulin, lumican or both. Biomechanical testing of the flexor dig-
itorus longus tendon revealed remarkable loss of tendon stiff-
ness, in the double nulls, causing joint hypermobility.
Fibromodulin deficiency alone causes significant reduction in
tendon stiffness in the Lum+/+Fmod-/- mice, with further loss
in stiffness in the Lum+/-Fmod-/- in a lumican gene dose-
dependent way (Figure 14)63. When compared with wild type,
Lum+/+Fmod-/-, Lum+/-Fmod-/- and Lum-/-Fmod-/- tendons
exhibit a decrease in stiffness of 25%, 45% and 61%, respec-
tively. Tensile modulus was also reduced by 29% and 49% in
Lum+/-Fmod-/- and Lum-/-Fmod-/-, respectively, relative to wild
type controls. These results establish fibromodulin as a key

Figure 13. Mature collagen fibril structure in 3 month normal wild type, lumican-, fibromodulin- and double lumican/fibromodulin-defi-
cient mice. Transmission electron micrographs of transverse sections from mouse flexor tendons from normal mice (a) and mutant mice
(c,e,g). Arrows indicate fibrils with diameters of ~64nm, the diameter seen in normal 4 day postnatal tendons. Arrowheads indicate irreg-
ular fibril profiles. Bar 300nm. The fibril diameter distributions are presented in (b,d,f,h). (Modified from Ezura et al.64).
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regulator of tendon strength and lumican as a modulator of
this function, and confirm that loss of these proteoglycans
alters the mechanical properties of the tissue. A dispropor-
tionate increase in small diameter, immature collagen fibrils
and a lack of progression to mature, large diameter fibrils in
the fibromodulin-deficient background may be the underly-
ing cause of tendon weakness and suggests that fibromodulin
aids fibril maturation. To determine if the functional differ-
ence between Lum+/+Fmod-/- and Lum+/-Fmod-/- is directly
related to quantitative differences in the lumican gene prod-
uct, levels of lumican protein and RNA in the different geno-
types were examined63. The Lum+/+Fmod-/- tendons contain
about twice as much lumican protein as the Lum+/-Fmod-/-

tendons. Moreover, excess protein appears to down regulate
transcription of lumican in the fibromodulin-deficient mouse
tendon; the immunoblotting data indicate excess lumican
protein while the real-time RT-PCR data indicate a down
regulation of the lumican message. Svensson and co-workers
also have noted a 4-fold increase in lumican protein and a
decrease in its message in the tail tendons of Fmod-/- mice62.
These findings suggest that the leucine-rich repeat proteogly-
cans/proteins regulate their mutual levels in tissues. The over
expression of lumican in the Fmod-null background may
compensate for fibromodulin-deficiency and prevent further
loss in tendon strength in the Lum+/+Fmod-/- genotype.

Decorin and biglycan are two additional, closely related
members of the leucine-rich repeat proteoglycan family9,65.
Mice deficient in one or both have alterations in fibril struc-
ture in a variety of connective tissues, including tendon. A
synergistic interaction between biglycan and both decorin

and fibromodulin has been reported65-67.
Studies conducted using decorin-deficient knockout mice

suggest a critical role for this proteoglycan during tendon devel-
opment as well. Decorin is regularly and specifically associated
with the surface of type I collagen in extracellular matrices68 and
it has been hypothesized that decorin limits collagen fibril diam-
eter by inhibiting the lateral fusion of fibrils18,59,69-71. In addition
to its influence on fibril diameter, decorin also induces alter-
ations in collagen orientation. In the absence of decorin, fibrils
in the periodontal ligament display a random, rather than paral-
lel, arrangement (Figure 15)72. The tendons of decorin knockout
mice undergo a larger and faster stress relaxation than their wild
type counterparts, indicating more rapid dissipation of their vis-
coelastic properties73. It has also been proposed that decorin can
act as a bridge between two adjacent collagen molecules, there-
by helping to stabilize and align fibrils during fibrillogenesis14.
Considering that the shear stiffness of proteoglycan aggregates
has been estimated to be only on the order of 10-5 MPa74, it is
improbable that the presence of leucine-rich repeat proteogly-
cans/proteins in the matrix of a tendon directly affects its func-
tion. However, their influence on fibril morphology and their
role in the interactions between collagen molecules and fibrils
likely have a profound impact, as evidenced by the effect of fib-
ril defects on mechanical properties.

Conclusions

During tendon development, collagen fibrillogenesis gen-
erates a tendon-specific extracellular matrix that determines
the functional properties of the tissue. During development

Figure 14. Tendon function is dependent on fibromodulin and modulated by lumican expression. Relationship between whole tendon
stiffness and body weight. Whole tendon stiffness was determined from tension tests of FDL tendons and plotted against body weight
Lum+/+Fmod+/+, Lum+/-Fmod+/+, Lum-/-Fmod+/+, and Lum+/-Fmod+/- (shown as solid symbols) clustered along a similar linear regression
indicating that tendon stiffness was similarly adapted to body weight for these four fibromodulin expressing genotypes. The three Fmod-/-

genotypes (open symbols) clustered separately revealing that tendon stiffness was dramatically reduced relative to their body size. (Modified
from Jepsen et al.63).
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and growth, collagen fibril intermediates are assembled and
undergo linear and lateral growth within immature fibers.
This allows intercalation of fibrils necessary for growth and
generates mature fibrils and fibers necessary for mechanical
integrity. These steps occur within a hierarchy of extracellu-
lar compartments defined by the tendon fibroblasts and are
regulated by macromolecular interactions within the fibrob-
last controlled extracellular domains. The interactions of 2
or more fibril-forming collagens, and interactions with fibril-
associated collagens and proteoglycans have all been impli-
cated in the regulated development of tendon structure and
therefore its functional properties. 

Acknowledgments

We would like to acknowledge the expert technical assistance of Mar-
guarita Schmid, Biao Zuo, Jessie Feng, Kaitlin Petrella, Emanuel Zycband
and Joanne Babiarz. This work was supported by a grant from the Nation-
al Institutes of Health, NIAMSD AR44745.

References

1. Kastelic J, Galeski A, Baer E. The multicomposite
structure of tendon. Connect Tissue Res 1978; 6:11-23.

2. Birk DE, Trelstad RL. Extracellular compartments in
tendon morphogenesis: collagen fibril, bundle, and
macroaggregate formation. J Cell Biol 1986; 103:231-240.

3. Birk DE, Mayne R. Localization of collagen types I, III
and V during tendon development. Changes in collagen
types I and III are correlated with changes in fibril
diameter. Eur J Cell Biol 1997; 72:352-361.

4. Birk DE, Zycband EI, Winkelmann DA, Trelstad RL.
Collagen fibrillogenesis in situ. Discontinuous segmen-
tal assembly in extracellular compartments. Ann NY
Acad Sci 1990; 580:176-194.

5. Birk DE, Silver FH, Trelstad RL. Matrix assembly. In:
Hay ED (ed) Cell Biology of the Extracellular Matrix,
2nd Edition. Plenum Press, New York; 1991:221-254.

6. Birk DE, Linsenmayer TF. Collagen fibril assembly,
deposition, and organization into tissue-specific matri-
ces. In: Yurchenco PD, Birk DE, Mecham RP (eds)
Extracellular Matrix Assembly and Structure.
Academic Press, New York; 1994:91-128.

7. Zhang G, Young BB, Birk DE. Differential expression
of type XII collagen in developing chicken metatarsal
tendons. J Anat 2003; 202:411-420.

8. Young BB, Gordon MK, Birk DE. Expression of type
XIV collagen in developing chicken tendons: associa-
tion with assembly and growth of collagen fibrils. Dev
Dyn 2000; 217:430-439.

9. Iozzo RV. The biology of the small leucine-rich proteo-
glycans. Functional network of interactive proteins. J
Biol Chem 1999; 274:18843-18846.

10. Iozzo RV. Matrix proteoglycans: from molecular design
to cellular function. Annu Rev Biochem 1998; 67:609-652.

11. Birk DE, Lande MA. Corneal and scleral collagen fiber for-
mation in vitro. Biochim Biophys Acta 1981; 670:362-369.

12. Rada JA, Schrecengost PK, Hassell JR. Regulation of
corneal collagen fibrillogenesis in vitro by corneal pro-
teoglycan (lumican and decorin) core protein. Exp Eye
Res 1993; 56:635-648.

13. Pogany G, Vogel KG. The interaction of decorin core
protein fragments with type I collagen. Biochem
Biophys Res Comm 1992; 189:165-172.

14. Pins GD, Christiansen DL, Patel R, Silver FH. Self-
assembly of collagen fibers. Influence of fibrillar align-
ment and decorin on mechanical properties. Biophys J
1997; 73:2164-2172.

15. Birk DE, Zycband E. Assembly of the collagenous
extracellular matrix during tendon development in the
chicken limb. Prog Clin Biol Res 1993; 383B:523-532.

16. Birk DE, Zycband E. Assembly of the tendon extracellu-
lar matrix during development. J Anat 1994; 184:457-463.

17. Birk DE, Zycband EI, Winkelmann DA, Trelstad RL.
Collagen fibrillogenesis in situ: fibril segments are inter-

Figure 15. Decorin-deficient mice have alteration in fibril struc-
ture and organization. (A,D) Scanning electron micrographs of
collagen fibrils in the wild type (A) and decorin-deficient mouse
(D) molar periodontal ligament. In the decorin -/- mouse, collagen
fibrils are larger in diameter and more randomly arranged com-
pared with the wild type mouse. (B,E) Transmission electron
micrographs of collagen fibrils in the wild type (B) and decorin-
deficient mouse (E) periodontal ligament. In the decorin -/-
mouse, collagen fibrils are more randomly arranged and irregular-
ly shaped, and show more heterogeneity in cross-sectional size
compared with the wild type mouse. In the decorin -/- mouse peri-
odontal ligament, there are very large diameter collagen fibrils
(long arrows) and also many small diameter collagen fibrils sepa-
rated from the larger collagen fibrils (short arrows). PDL,
Periodontal ligament; T, tooth. (A,D) Bar 0.2Ìm; (B,E) Bar 0.1Ìm.
(Reproduced from Hakkinen et al.72).



G. Zhang et al.: Tendon development

20

mediates in matrix assembly. Proc Natl Acad Sci USA
1989; 86:4549-4553.

18. Birk DE, Nurminskaya MV, Zycband EI. Collagen fibril-
logenesis in situ: fibril segments undergo post-deposi-
tional modifications resulting in linear and lateral growth
during matrix development. Dev Dyn 1995; 202:229-243.

19. Birk DE, Zycband EI, Woodruff S, Winkelmann DA,
Trelstad RL. Collagen fibrillogenesis in situ: fibril seg-
ments become long fibrils as the developing tendon
matures. Dev Dyn 1997; 208:291-298.

20. Graham HK, Holmes DF, Watson RB, Kadler KE.
Identification of collagen fibril fusion during vertebrate
tendon morphogenesis. The process relies on unipolar
fibrils and is regulated by collagen-proteoglycan inter-
action. J Mol Biol 2000; 295:891-902.

21. Birk DE, Hahn RA, Linsenmayer CY, Zycband ZI.
Characterization of fibril segments from chicken
embryo cornea, dermis and tendon. Matrix Biol 1996;
15:111-118.

22. Holmes DF, Watson RB, Kadler KE. On the regulation
of collagen-fibril shape and form. Biochem Soc Trans
1991; 19:808-811.

23. Holmes DF, Lowe MP, Chapman JA. Vertebrate
(chick) collagen fibrils formed in vivo can exhibit a rever-
sal in molecular polarity. J Mol Biol 1994; 235:80-83.

24. Kadler KE, Holmes DF, Trotter JA, Chapman JA.
Collagen fibril formation. Biochem J 1996; 316:1-11.

25. Thurmond FA, Trotter JA. Native collagen fibrils from
echinoderms are molecularly bipolar. J Mol Biol 1994;
235:73-79.

26. Trotter JA, Thurmond FA, Koob TJ. Molecular struc-
ture and functional morphology of echinoderm collagen
fibrils. Cell Tissue Res 1994; 275:451-458.

27. Birk DE, Southern JF, Zycband EI, Fallon JT, Trelstad
RL. Collagen fibril bundles: a branching assembly unit in
tendon morphogenesis. Development 1989; 107:437-443.

28. McBride DJ, Trelstad RL, Silver FH. Structural and
mechanical assessment of developing chick tendon. Int
J Biol Macromol 1988; 10:194-200.

29. Ros MA, Rivero FB, Hinchliffe JR, Hurle JM.
Immunohistological and ultrastructural study of the
developing tendons of the avian foot. Anat Embryol
(Berl) 1995; 192:483-496.

30. Birk DE. Type V collagen: heterotypic type I/V colla-
gen interactions in the regulation of fibril assembly.
Micron 2001; 32:223-237.

31. Fichard A, Kleman J-P, Ruggiero F. Another look at col-
lagen V and XI molecules. Matrix Biol 1994; 14:515-531.

32. Linsenmayer TF, Gibney E, Igoe F, Gordon MK, Fitch
JM, Fessler LI, Birk DE. Type V collagen: molecular
structure and fibrillar organization of the chicken alpha
1(V) NH2-terminal domain, a putative regulator of
corneal fibrillogenesis. J Cell Biol 1993; 121:1181-1189.

33. Romanic AM, Adachi E, Kadler KE, Hojima Y,
Prockop DJ. Copolymerization of pNcollagen III and
collagen I. pNcollagen III decreases the rate of incor-

poration of collagen I into fibrils, the amount of colla-
gen I incorporated, and the diameter of the fibrils
formed. J Biol Chem 1991; 266:12703-12709.

34. Peltonen L, Halila R, Ryhanen L. Enzymes converting
procollagens to collagens. J Cell Biochem 1985; 28:15-21.

35. Siegel RC. Biosynthesis of collagen crosslinks: increased
activity of purified lysyl oxidase with reconstituted fib-
rils. Proc Natl Acad Sci USA 1974; 71:4826-4830.

36. Yamauchi M, Mechanic G. Cross-linking of collagen.
In: Nimi ME (ed) Collagen. CRC Press, Boca Raton,
FL; 1988:157-172.

37. Chapman JA. The regulation of size and form in the
assembly of collagen fibrils in vivo. Biopolymers 1989;
28:1367-1382.

38. Keene DR, Lunstrum GP, Morris NP, Stoddard DW,
Burgeson RE. Two type XII-like collagens localize to
the surface of banded collagen fibrils. J Cell Biol 1991;
113:971-978.

39. Schuppan D, Cantaluppi MC, Becker J, Veit A, Bunte
T, Troyer D, Schuppan F, Schmid M, Ackermann R,
Hahn EG. Undulin, an extracellular matrix glycopro-
tein associated with collagen fibrils. J Biol Chem 1990;
265:8823-8832.

40. Ricard-Blum S, Dublet B, van der Rest M.
Unconventional collagens types VI, VII, VIII, IX, X, XIV,
XVI and XIX. Oxford University Press, Oxford; 2000.

41. Prockop DJ, Kivirikko KI. Collagens: molecular biolo-
gy, diseases, and potentials for therapy. Annu Rev
Biochem 1995; 64:403-434.

42. Koch M, Foley JE, Hahn R, Zhou P, Burgeson RE,
Gerecke DR, Gordon MK. Alpha 1(XX) collagen, a
new member of the collagen subfamily, fibril-associated
collagens with interrupted triple helices. J Biol Chem
2001; 276:23120-23126.

43. Walchli C, Koch M, Chiquet M, Odermatt BF, Trueb B.
Tissue-specific expression of the fibril-associated colla-
gens XII and XIV. J Cell Sci 1994; 107:669-681.

44. Young BB, Zhang G, Koch M, Birk DE. The roles of
types XII and XIV collagen in fibrillogenesis and matrix
assembly in the developing cornea. J Cell Biochem
2002; 87:208-220.

45. Koch M, Bohrmann B, Matthison M, Hagios C, Trueb
B, Chiquet M. Large and small splice variants of colla-
gen XII: differential expression and ligand binding. J
Cell Biol 1995; 130:1-10.

46. Gordon MK, Foley JW, Linsenmayer TF, Fitch JM.
Temporal expression of types XII and XIV collagen
mRNA and protein during avian corneal development.
Dev Dyn 1996; 206:49-58.

47. Shaw LM, Olsen BR. FACIT collagens: diverse molec-
ular bridges in extracellular matrices. Trends Biochem
Sci 1991; 16:191-194.

48. Font B, Eichenberger D, Rosenberg LM, van der Rest
M. Characterization of the interactions of type XII col-
lagen with two small proteoglycans from bovine tendon.
Matrix Biol 1996; 15:341-348.



G. Zhang et al.: Tendon development

21

49. Oldberg A, Antonsson P, Lindblom K, Heinegard D. A
collagen-binding 59-kd protein (fibromodulin) is struc-
turally related to the small interstitial proteoglycans PG-
S1 and PG-S2 (decorin). EMBO J 1989; 8:2601-2604.

50. Funderburgh JL, Caterson B,Conrad GW. Distribution
of proteoglycans antigenically related to corneal ker-
atan sulfate proteoglycan. J Biol Chem 1987;
262:11634-11640.

51. Vogel KG, Paulsson M, Heinegard D. Specific inhibi-
tion of type I and type II collagen fibrillogenesis by small
proteoglycan of tendon. Biochem J 1984; 223:587-597.

52. Hedbom E, Heinegard D. Interaction of a 59-kDa con-
nective tissue matrix protein with collagen I and colla-
gen II. J Biol Chem 1989; 264:6898-6905.

53. Svensson L, Narlid I, Oldberg A. Fibromodulin and
lumican bind to the same region on collagen type I fib-
rils. FEBS Lett 2000; 470:178-182.

54. Neame PJ, Kay CJ, McQuillan DJ, Beales MP, Hassell JR.
Independent modulation of collagen fibrillogenesis by
decorin and lumican. Cell Mol Life Sci 2000; 57:859-863.

55. Hedbom E, Heinegard D. Binding of fibromodulin and
decorin to separate sites on fibrillar collagens. J Biol
Chem 1993; 268:27307-27312.

56. Pringle GA, Dodd CM. Immunoelectron microscopic
localization of the core protein of decorin near the d
and e bands of tendon collagen fibrils by use of mono-
clonal antibodies. J Histochem Cytochem 1990;
38:1405-1411.

57. Hedlund H, Mengarelli-Widholm S, Heinegard D,
Reinholt FP, Svensson O. Fibromodulin distribution and
association with collagen. Matrix Biol 1994; 14:227-232.

58. Scott JE. Proteoglycan-collagen interactions. Ciba
Found Symp 1986; 124:104-124.

59. 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.

60. Chakravarti S, Petroll M, Hassell J, Jester J, Lass JH,
Paul J, Birk DE. Corneal opacity in lumican-null mice:
defects in collagen fibril structure and packing in the
posterior stroma. Invest Ophthal Vis Sci 2000; 41:3365-
3373.

61. Chakravarti S, Magnuson T, Lass JH, Jepsen KJ,
LaMantia C, Carroll H. Lumican regulates collagen fib-
ril assembly: skin fragility and corneal opacity in the
absence of lumican. J Cell Biol 1998; 141:1277-1286.

62. Svensson L, Aszodi A, Reinholt FP, Fassler R,
Heinegård D, Oldberg Å. Fibromodulin-null mice have
abnormal collagen fibrils, tissue organization, and
altered lumican deposition in tendon. J Biol Chem

1999; 274:9636-9647.
63. Jepsen KJ, Wu F, Peragallo JH, Paul J, Roberts L,

Ezura Y, Oldberg A, Birk DE, Chakravarti S. A syn-
drome of joint laxity and impaired tendon integrity in
lumican- and fibromodulin-deficient mice. J Biol Chem
2002; 277:35532-35540.

64. Ezura Y, Chakravarti S, Oldberg A, Chervonea I, Birk
DE. Differential expression of lumican and fibromod-
ulin regulate collagen fibrillogenesis in developing
mouse tendons. J Cell Biol 2000; 151:779-787. 

65. Ameye L, Young MF. Mice deficient in small leucine-
rich proteoglycans: novel in vivo models for osteoporo-
sis, osteoarthritis, Ehlers-Danlos syndrome, muscular
dystrophy, and corneal diseases. Glycobiology 2002;
12:107R-116R.

66. Ameye L, Aria D, Jepsen K, Oldberg A, Xu T, Young
MF. Abnormal collagen fibrils in tendons of
biglycan/fibromodulin-deficient mice lead to gait
impairment, ectopic ossification, and osteoarthritis.
FASEB J 2002; 16:673-680.

67. Corsi A, Xu T, Chen XD, Boyde A, Liang J, Mankani
M, Sommer B, Iozzo RV, Eichstetter I, Robey PG,
Bianco P, Young MF. Phenotypic effects of biglycan
deficiency are linked to collagen fibril abnormalities,
are synergized by decorin deficiency, and mimic Ehlers-
Danlos-like changes in bone and other connective tis-
sues. J Bone Miner Res 2002; 17:1180-1189.

68. Scott JE. The periphery of the developing collagen fib-
ril. Biochem J 1984; 195:229-233.

69. Scott JE, Orford CR. Dermatan sulphate-rich proteo-
glycan associates with rat tail-tendon collagen at the d
band in the gap region. Biochem J 1981; 197:213-216.

70. Scott JE, Parry DA. Control of collagen fibril diameters
in tissues. Int J Biol Macromol 1992; 14:292-293.

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

72. Hakkinen L, Strassburger S, Kahari VM, Scott PG,
Eichstetter I, Lozzo RV, Larjava H. A role for decorin
in the structural organization of periodontal ligament.
Lab Invest 2000; 80:1869-1880.

73. Elliott DM, Robinson PS, Gimbel JA, Sarver JJ,
Abboud JA, Iozzo RV, Soslowsky LJ. Effect of altered
matrix proteins on quasilinear viscoelastic properties in
transgenic mouse tail tendons. Ann Biomed Eng 2003;
31:599-605.

74. Mow VC, Mak AF, Lai WM, Rosenberg LC, Tang LH.
Viscoelastic properties of proteoglycan subunits and
aggregates in varying solution concentrations. J
Biomechanics 1984; 17:325-338.


