Original article

zio
na
li

Tendon’s ultrastructure

1

In
te

Department of Clinical Sciences and Translational
Medicine, University of Rome Tor Vergata, Rome,
Italy
2 Department of Orthopaedics and Traumatology, University of Rome Tor Vergata, School of Medicine,
Rome, Italy
3 Department of Experimental Medicine, “Sapienza”
University of Rome, Rome, Italy

Indeed, ECM furnishes mechanical and biochemical
signals that cooperate in the integrated control of cell
proliferation, survival, migration, and differentiation1-3.
ECM components belong to four major types of macromolecules: the collagens, elastin, proteoglycans, and
noncollagenous glycoproteins. The most copious proteins in the ECM are members of the collagen family.
The collagens are involved in the formation of ECM fibrillar and microfibrillar networks and play a key role in
determining tissue-specific mechanical properties. Collagens can be categorized into fibril forming collagens
(types I, II, III, V, XI), fibril-associated collagens (FACITs; types IX, XII, XIV, XIX, XX, XXI), hexagonal network-forming collagens (types VIII and X), microfibrilforming collagen (type VI), basement membrane collagen (type IV), anchoring fibril-forming collagen (type
VII), transmembrane collagens (types XIII and XVII),
and other collagens with peculiar functions (types XV,
XVI, XVIII)4-6. Other ECM components that affects tissue mechanical properties are elastin, which is the
main constituent of ECM elastic fibers, and the proteoglycans which are composed of a protein core linked to
glycosaminoglycan (GAG) side chains 7. A different
group of ECM components is represented by ECM glycoproteins including laminins and entactin/nidogen
which are the major glycoprotein components of the
basement membrane1,8, fibronectin which is found as a
soluble dimer in plasma and as an insoluble fibrillar
polymer of interstitial ECM and basement membranes1,8 and tenascins, which has adhesive and antiadhesive effects on cell-matrix interactions1,9.
It has been supposed that collagens have a significant
role in the evolution of metazoans. Indeed, the fibrilforming collagens may correspond to the most ancient
type of collagen in the metazoan and the variety of
these fibrils has enhanced during the development of
the chordates10.
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The structure of a tendon is an important example
of complexity of ECM three-dimensional organization. The extracellular matrix (ECM) is a macromolecular network with both structural and regulatory
functions. ECM components belong to four major
types of macromolecules: the collagens, elastin,
proteoglycans, and noncollagenous glycoproteins.
Tendons are made by a fibrous, compact connective tissue that connect muscle to bone designed to
transmit forces and withstand tension during muscle contraction. Here we show the ultrastructural
features of tendon’s components.
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Introduction
The extracellular matrix (ECM) is a macromolecular
network with both structural and regulatory functions.
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Tendon’s ultrastructure and ECM
The structure of a tendon is an important example of
complexity of ECM three-dimensional organization. Tendons are made by a fibrous, compact connective tissue
that connect muscle to bone designed to transmit forces
and withstand tension during muscle contraction11,12.
The apparently simple tendonʼs structure and composition provide both rigidity and flexibility. This ability is
based on tendon non-linear, viscous-elastic, anisotropic
and heterogeneous mechanical properties11-13.
Similarly to other tissues there is a clear relationship
between structure and function of the tendon13. Indeed,
different tissue microenvironments provide specific
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rils. The ratio of collagen fibril sizes in human tendon is
variable from 1,750 to 600 and 100 A diameter13,17.
However, it is difficult to link the size of collagen fibrils
with different zone of the tendon17. The collagen type III
plays a key role in regulating fibrillogenesis and extensibility of the tendon and its production slowly decreases in the development to reappear in appreciable
amount after injury in the healing process14-16.
Collagen type V and XI are associated to collagen type I
and II, respectively and they determine their quantity
and quality1,2,4,14. It must be stressed that collagen type
V exists in the form of heterotrimers sequestered in the
fibrils of abundant collagen type I and in the form of homodimers as thin filament which can act in the ECM as
a molecular linker between collagen fibrils or macromolecules depending on their respective distribution in different tissues18,19. The location of collagen type V in the
perivascular tissues have made it as a “sequestered
antigen” which might be recognized by the immune system in a variety of inflammatory processes and therefore
might induce autoimmune diseases3,20 (Fig. 2).
Type XII and XIV collagens are fibril-associated collagens with interrupted triple helices (FACIT)4-6. Tendons
in additions to collagen contain proteoglycans, glycosaminoglycans and glycoproteins including fibronectin, trombospondin and tenascin-C immersed in
different composition of ECM lying cellular elements
represented (90/95%) by tenoblasts and tenocytes13
(Fig. 3). The tenoblasts show a prominent rough endoplasmic reticulum, as well as a developed Golgi complex. The remaining 5-10% of the cells consists of
chondrocytes, synovial and vascular cells13.
Tendons are responsible for the connection between
bone and muscle at their ends. The junction is called enthesis, which can be divided in fibrous enthesis and fibrocartilaginous enthesis. In tendons, the fibrocartilage is
arranged in region compressed against bony or fibrous
pulleys21. Fibrocartilage is an avascular tissue whose
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characteristics to the different three-dimensional organization of the ECM since embryogenesis1,3.
The organization of the ECM in the tendon is peculiar
as well as within different tendons. The process of tendonʼs embryonic structural development differs by location and type of tendon14. In the first stage, for example, tendon progenitor cells originate from the primary
germ layer compartments along with progenitors for
cartilage and muscle14. This process is different for
longer limb tendons as opposed to short trunk tendons14. The dialogues between different cells (fibroblasts, muscle and cartilage cells) or better the dialects
between different cells mediated by various signaling
cascades dependent on FGFs and TGF-beta are used
at decisive stages of development to make specific the
phases of induction, organization, aggregation or differentiation of cells14. The structure of the tendon is so
complex that it is very difficult to maintain its function in
the healing since this process is reparative rather than
regenerative in the adult15,16. A tendon consists of 70%
of water and 30% of dry mass, which is composed by
60-80% of type I collagen and 2% of elastin. Among
collagens, the most abundant component is collagen
type I (95%), while type III and type V collagens represent the remaining 5% of the total collagens16. Tendonʼs collagenʼs is organized in multi-hierarchical structures including fibrils, fibers (primary bundles), fascicles
(secondary boundless)15,16 (Fig. 1). The fibrillogenesis
in the form of small diameter fibrils begins in embryogenesis and continues after birth with the assembly of collagen type I molecules, followed by linear and lateral
growth and collagen interactions with proteins such as
other collagens and proteoglycans14. In particular, the
linear and lateral growth is determined by a variety of
molecules including other collagens (type III, V, XI, XII
and XIV) which are expressed in a variable manner.
Electron microscopy of longitudinally oriented tendon
specimen shows a parallel arrangement of collagen fib-

Figure 1. Ultrastructure features of ECM in tendon. A: Collagen I is the mainly constituent of tendons and creates highly
aligned fibrils organized as fibers oriented longitudinally, transversally and also crossing each others, thus conferring a great
resistance to different forces (O.M. x7900). B: Collagen I fibrils are in contact to thin fibrils of collagen V and to proteoglycans and glycoproteins (O.M. x12500).
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Figure 2. Immunolocalization of type V collagen
in different tissues. Immunostaining with a specific monoclonal antibody
against collagen type V
and colloidal gold conjugated goat anti-mouse
(O.M. x 11500, x7900,
x18000, x 45000 respectively). A: desmoplasia in
breast carcinoma; B: fibroblasts tissue culture;
C-D: Degenerative tendon scar
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Figure 3. Ultrastructure
features of tenocytes
and tenoblasts. The cellular population of tendon is mainly represented by tenocytes: tenocytes are very elongated cells with ovoid and
very long nuclei, occupying the entire length
of the cell, with a high
nucleus-to-cytoplasm
ratio. The cellular
process are long and
thin and in direct contact
with extracellular matrix
components (A). In the
cytoplasm of tenoblasts
is often visible a well developed rough endoplasmic reticulum with
dilated cisternae (B),
few mitochondria, primary and secondary
lysosomes, vacuoles,
phagosomes and glycogen (C) (O.M. x 3900,
x7900, x3900).
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ticular tenascin-C by mechanical strain. The tendons is
covered by the epitenon, a delicate, loose connective-tissue sheath containing blood and lymphatic vessels, and
nerves. The epitenon expands deeply between the tertiary bundles as the endotenon, made by connective tissue surroyunding each fiber13 (Figs. 4 and 5).
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cells resemble, at the ultrastructural examination, chondrocytes with a prominent rough endoplasmic reticulum,
glycogen granules and lipid droplets and intermediate filaments21. The cells synthesize collagens (type I, II, III, V,
XII, XII), proteoglycans (aggrecan, versican, decorin,
biglycan, lumican, fibromodulin), glycoprotein and in par-

Figure 5. Ultrastructure
features of nerves in the
epitenon. Unmyelinated
(A-B) and myelinated
(C) fibers surrounded by
cytoplasmic elongation
of Schwann cell (O.M.
x3900, x5500, x7500).
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Figure 4. Ultrastructure features of epitenon. Epitenon is a delicate, loose connective-tissue sheath containing blood and
lymphatic vessels. A-B: Endothelial cells show cell membrane protrusion and several granules and pinocytic vesicles in the
cytoplasm. Endothelial cells are surrounded by pericytes and show a well constituted basal membrane (O.M. x4900, x3900).
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