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Abstract

The triangular fibrocartilage complex (TFCC) transmits load from the wrist to the ulna and stabilizes the distal
radioulnar joint. Damage to it is a major cause of wrist pain. Although its basic structure is well established, little
is known of its molecular composition. We have analysed the immunohistochemical labelling pattern of the
extracellular matrix of the articular disc and the meniscal homologue of the TFCC in nine elderly individuals (age range
69-96 years), using a panel of monoclonal antibodies directed against collagens, glycosaminoglycans, proteoglycans
and cartilage oligomeric matrix protein (COMP). Although many of the molecules (types |, lll and VI collagen, chon-
droitin 4 sulphate, dermatan sulphate and keratan sulphate, the oversulphated epitope of chondroitin 6 sulphate,
versican and COMP) were found in all parts of the TFCC, aggrecan, link protein and type Il collagen were restricted
to the articular disc and to entheses. They were thus not a feature of the meniscal homologue. The shift in tissue
phenotype within the TFCC, from a fibrocartilaginous articular disc to a more fibrous meniscal homologue, correlates
with biomechanical data suggesting that the radial region is stiff and subject to considerable stress concentration.
The presence of aggrecan, link protein and type Il collagen in the articular disc could explain why the TFCC is
destroyed in rheumatoid arthritis, given that it has been suggested that autoimmunity to these antigens results in
the destruction of articular cartilage. The differential distribution of aggrecan within the TFCC is likely to be
reflected by regional differences in water content and mobility on the radial and ulnar side. This needs to be taken
into account in the design of improved MRI protocols for visualizing this ulnocarpal complex of the wrist.
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isolation of the ulna was necessary to create the rotational

Introduction ability needed for tree swinging or brachiation. The TFCC

The triangular fibrocartilage complex (TFCC) is a collection
of anatomically related structures which interconnect the
carpus and the distal ends of the radius and ulna. Schmidt
(2004) refers to it as the ‘ulnocarpal complex’ in his author-
itative account of the gross anatomy of the wrist and lists
its components as the triangular (ulnocarpal) disc itself, a
meniscal homologue, ligaments linking the ulna to the
radius and to several carpal bones, the prestyloid recess and
the tendon sheath of extensor carpi ulnaris. It is uniquely
a hominid feature which ensures that the lower end of the
ulna does not articulate directly with the carpal bones.
Drobner & Hausman (1992) have suggested that such an
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stabilizes the distal radioulnar joint and the ulnar side of
the carpus, and transmits load from the wrist to the ulna.
Its basic structure has been the subject of numerous studies
(e.g. Benjamin et al. 1990; Bednar et al. 1991; Nakamura
et al. 1996, 2001; Nakamura & Yabe, 2000) and its pathology
has attracted considerable attention from hand surgeons.
Damage to the TFCC is commonly reported, particularly in
elderly individuals (Lee et al. 2004), and the presence of
nociceptive fibres within the disc (Cavalcante et al. 2004)
suggests that it is implicated in wrist pain.

Despite the clinical significance of the disc, we know little
of its molecular composition. However, a better under-
standing of the distribution of extracellular matrix (ECM)
molecules that are typical of cartilaginous or fibrous tissues
would illuminate the relationship between the structure
in different parts of the TFCC, their mechanical properties
and their vulnerability to injury and/or degenerative change.
Here we present an immunohistochemical evaluation of
the articular disc and the meniscal homologue, using a
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wide spectrum of antibodies that have been employed in
previous studies to explore the spectrum of tissues that
are embraced by the term ‘fibrocartilage’ (for a review, see
Milz et al. 2005).

Materials and methods

Tissue preparation

The radioulnocarpal wrist complex was removed from one
limb in each of nine unembalmed cadavers within 48 h of
death. The cadavers ranged in age from 69 to 96 years,
and there were five males and four females. No history of
wrist pain or pathology was available. The tissue was fixed
for at least 2 days in 90% methanol at 4 °C and stored if
necessary at —20 °C. Institutional ethics committee approval
was not required for this study, as all tissue was obtained
from bodies donated to the Department of Anatomy at
Munich University for research purposes. After fixation,
the complete wrist complex was cut into three pieces
(palmar, central and dorsal — see Fig. 1) with a diamond
band saw. The tissue was decalcified for several days in 5%
EDTA, infiltrated overnight with 5% sucrose in phosphate-
buffered saline (PBS) and cryosectioned in the coronal
plane at 14 um.

Immunohistochemical labelling

Details of the immunohistochemical procedures are similar
to those used in our previous studies (e.g. Milz et al. 2006).
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Fig. 1 Diagrammatic representation of the articular disc (AD) and
meniscal homologue (MH), seen from the carpal side. This shows the
location of the sections taken from the palmar (a), central (b) and dorsal
(c) regions of the TFCC for immunohistochemistry. Note that the disc and
meniscal homologue cover the lower end of the ulna. D, dorsal aspect;
P, palmar aspect; R, radius.

Briefly, sections were labelled with a panel of monoclonal
antibodies (Table 1) or stained with toluidine blue for gen-
eral histological examination. The antibodies were directed
against collagens (types I, 1I, Ill, VI), glycosaminoglycans
(chondroitin 4 and 6 sulphates, dermatan sulphate and
keratan sulphate), proteoglycans (aggrecan, link protein,
versican and tenascin) and cartilage oligomeric matrix
protein (COMP). Sections which were immunolabelled for
aggrecan or link protein were treated with 10 mwm dithio-
threitol in 50 mm Tris-HCl, 200 mm sodium chloride, pH 7.4, for
2 h at 37 °C and then alkylated with 40 mm iodoacetamide
in PBS for 1 h at 37 °C. The sections were subsequently
incubated with chondroitinase AC (0.25 U mL™", 37 °C;

Table 1 Primary monoclonal antibodies used for immunohistochemistry

Antigen Clone Dilution  Pre-treatment Source Reference

Collagen | Col | 1:2000 Hyal (1.51UmL™") & Sigma-Aldrich  none
ChABC (0.25 IU mL™")

Collagen I [d][«] 1:6 Hyal (1.5 IU mL™") & DSHB Holmdahl et al. (1986)
ChABC (0.25 IU mL™)

Collagen IlI FH7A 1:4000 Hyal (1.51UmL™") & Sigma-Aldrich  Olsen et al. (1993)
ChABC (0.25 IU mL™")

Collagen VI 5C6 1:10 Hyal (1.5 IU mL™") & DSHB Hessle & Engvall (1984)
ChABC (0.25 IU mL™)

Keratan sulphate 5D4 1:1500 none B. Caterson Caterson et al. (1983)

Chondroitin 4 sulphate 2B6 1:1500 ChAC (0.251U mL™) B. Caterson Caterson et al. (1985)

Chondroitin-4- & Dermatan-sulphate 2B6 1:1500 ChABC (0.251U mL™) B. Caterson Caterson et al. (1985)

Chondroitin-6-sulphate 3B3 1:150 ChABC (0.25 IU mL™) B. Caterson Caterson et al. (1985)

Chondroitin-6-sulphate (oversulphated) 7D4 1:350 none B. Caterson Caterson et al. (1990)

Cartilage oligomeric matrix protein HC484D1 1:20 none Serotec none

(COMP) (rat)

Link protein 9/30/8A4 1:10 Reduction and alkylation  B. Caterson Calabro et al. (1992)
then ChAC (0.25 IU mL™)

Aggrecan 12/21/1C6  1:10 Reduction and alkylation  B. Caterson Calabro et al. (1992)
then ChAC (0.25 IU mL™)

Versican 12C5 1:10 ChAC (0.25 IU mL™") DSHB Asher et al. (1991, 1995)

Tenascin T2H5 1:100 ChAC (0.25 U mL™) Serotec Verstraeten et al. (1992)

Neurofilaments RT97 1:10 none DSHB none

ChAC, chondroitinase AC; ChABC, chondroitinase ABC; Hyal, hyaluronidase; DSHB, Developmental Studies Hybridoma Bank, University of lowa (USA).
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Fig. 2 Macroscopic view of a coronal section
through the wrist to show the position and
components of the TFCC. The section passes
through the central portion (‘b’ in Fig. 1) of the
articular disc (AD). Note the presence of hyaline
cartilage at the radial enthesis (RE) of the disc
and the continuity of the disc with the meniscal
homologue (MH) on the ulnar side. DRUJ, distal
radioulnar joint; ECU, tendon sheath of
extensor carpi ulnaris; L, lunate; PSR, prestyloid
recess; R, radius; SP, styloid process of the ulna;
T, triquetral; U, ulna; UE, ulnar enthesis of the
articular disc. Scale bar =5 mm. Inset: the
fibrocartilaginous character of the articular
disc. FC, fibrocartilage cells. Scale bar = 50 um.
Both sections are stained with toluidine blue.

Sigma-Aldrich). Non-specific binding of the secondary
antibody was reduced by blocking the sections with horse
serum for 60 min. For control sections, the articular disc
component of the TFCC alone was examined in sections
where the primary antibody was either omitted or was
replaced with an antibody against neurofilament protein.
Antibody binding was detected using a Vectastain ABC ‘Elite’
avidin/biotin/peroxidase kit (Vector Laboratories) and the
sections counterstained with Mayer’s haematoxylin.

Results

The position of the articular disc and the meniscal homo-
logue are shown in Fig. 2 and the results of the immuno-
histochemical survey summarized in Table 2. There was no
sharp boundary between the disc and the homologue,
which merged imperceptibly with each other. However,
only the articular disc was characterized by fibrocartilage
cells, which were most evident on its radial side (Fig. 2,
inset). The central region of the disc (i.e. section ‘b’ in Fig. 1)
attached to hyaline cartilage at the edge of the radius (Fig. 2),
but the disc had a typical fibrocartilaginous enthesis in its
dorsal and palmar regions (see Fig. 4d). In four of the nine
specimens, there were central perforations in the disc.

Immunohistochemistry

Collagens

Types |, lll and VI collagen were found throughout both
the disc and the meniscal homologue (Fig. 3a—c), but type
Il collagen was restricted to the disc itself, and to all entheses
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examined (Fig. 3e,f). Labelling for type Il collagen was not
a feature of the meniscal homologue (Fig. 3d,e). It was
also absent around blood vessels that were occasionally
seen invading the articular disc from its dorsal aspect near
its radial enthesis (Fig. 3f).

Glycosaminoglycans

Chondroitin 4 sulphate, dermatan sulphate and keratan
sulphate and the oversulphated epitope of chondroitin 6
sulphate (recognized by antibody 7D4) were found in all
regions of the disc and meniscal homologue (Fig. 3g-i).
Labelling for the oversulphated epitope was especially
prominent in the radial part of the articular disc (Fig. 3h).
Although labelling for chondroitin 6 sulphate was strong
in the disc (Fig. 3g), it was reduced to a speckled distribu-
tion in the meniscal homologue. Indeed, in one specimen,
labelling was totally absent.

Proteoglycans

Aggrecan was restricted to the radial portions of the disc
and to entheses and was not a feature of the meniscal
homologue (Fig. 4a—c). As with type Il collagen, labelling for
aggrecan was locally absent around invading blood vessels
in the radial part of the articular disc. Link protein showed
more or less the same labelling pattern as aggrecan,
although there was weak, spot-like labelling in the dorsal
region of the meniscal homologue in four specimens. In
contrast to aggrecan, versican labelling was detected in all
regions of the disc (Fig. 4d). However, in cadavers with
markedly fibrocartilaginous entheses, labelling for versican
(and also type | collagen) was locally absent at the hard/soft
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Table 2 A summary of the immunohistochemical labelling patterns in the different parts of the TFCC

Articular disc

Radial enthesis Ulnar enthesis

Central portion Meniscal homologue

p C d p C d p C d p C d
Collagen | + + + + + + + + + + + +
Collagen Il + + + + + + + + + 0 0 0
Collagen llI + + + + + + + + + + + +
Collagen VI + + + + + + + + + + + +
KS + 90 + + 90 + + 90 + + 90 +
C-4-S + + + + + + + + + + + +
C-4-S + DS + + + + + + + + + + + +
C-6-S + + + + + + + + + + 920 +
7D4 70 80 50 70 80 70 80 60 70 30 30 40
COmMP + + + + + + + + + 20
Link protein + + + + + + 80 + + 10 20 40
Aggrecan 920 + + 920 + + 80 + + 10 30 30
Versican + + + + + + + + + + + +
Tenascin 80 90 80 80 90 90 90 90 90 90 90 80

The percentage of positively labelled regions [i.e. the dorsal (d), central (c) and palmar (p)] in the different cadavers is stated, as an indication
of the generality of the findings between different individuals. A + sign indicates 100% labelling (i.e. it was seen in every cadaver in which
that region of the TFCC was sectioned), but all other percentage values are stated as figures. The results indicate the agreed consensus
of two of the authors. C-4-S, chondoitin 4 sulphate; C-6-S, chondoitin 6 sulphate; DS, dermatan sulphate; KS, keratan sulphate.

tissue interface (Fig. 4d). Tenascin labelling in the disc
(Fig. 4e) was similar to that of versican, although there was
inconsistent labelling in the meniscal homologue. COMP
was present in the disc, the meniscal homologue and the
superficial zone of neighbouring hyaline articular carti-
lage (Fig. 4f-h). The ECM around blood vessels invading
the dorsal aspect of the disc was also positively labelled
(Fig. 4h).

No labelling was detected in any control sections, either
those in which the primary antibody was omitted or sections
incubated with an antibody against an antigen (neurofila-
ment proteins) not characteristic of cartilage (Fig. 4i).

Discussion

Although as its name suggests, the TFCC is commonly
viewed as a fibrocartilaginous structure, our results show
that it is an inhomogenous structure in which there is a
shift in the tissue phenotype from its radial to its ulnar
side. On the ulnar side of the TFCC, the meniscal homo-
logue is fibrous, but on the radial side, the articular disc
is fibrocartilaginous. It is thus the disc, rather than the
meniscal homologue, which labels for type Il collagen and
aggrecan - typical markers of a cartilaginous phenotype
(for a review, see Milz et al. 2005). The fibrocartilaginous
character of a healthy disc and its avascularity are both
functional requirements of the compression to which the
disc is subject and this is probably why the disc heals poorly
after injury or degenerative rupture (Thiru-Pathi et al.
1986; Bednar et al. 1991).

The articular disc of the TFCC is a stiff structure, the
shape and position of which is relatively constant during
pronation and supination (Pfirrmann et al. 2001; Makita
et al. 2003). A high load is needed to tear it in vitro (Adams
et al. 1996). We suggest that these mechanical character-
istics stem in part from its aggrecan content. Aggrecan is
a large, aggregating proteoglycan that is responsible for
attracting large quantities of water into a tissue (e.qg. artic-
ular cartilage and intervertebral discs), thus allowing it to
resist compression (Roughley et al. 2006). The presence of
this and other proteoglycans also relates to the finding of
7D4 labelling in the disc — an epitope of chondroitin 6
sulphate which has previously been linked to degenerative
changes in articular cartilage (Caterson et al. 1990; Lin et al.
2004). It is thus pertinent to note that four of the nine
TFCCs we examined had perforated discs.

The presence of aggrecan, type Il collagen and other
molecules typical of the cartilage phenotype could have a
bearing on the involvement of the TFCC in rheumatoid
arthritis (RA). There is now considerable evidence to
suggest that an autoimmune response to these and
other antigens in articular cartilage may contribute to the
pathogenesis of this disease (Ronnelid et al. 1994; Kim
et al. 1999; Li et al. 2000; Myers et al. 2001). This raises the
possibility that one or more of the molecules that we have
detected in the region of the articular disc are antigenic
targets for autoimmunity in RA within the TFCC. Although
we lack data on molecular changes in the articular disc of
patients with RA, it is known that the wrist joint is one of
the earliest joints to be affected by the disease (Hdmalainen

© 2007 The Authors
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Fig. 3 Immunohistochemical labelling for collagens and glycosaminoglycans. All figures except ‘i’ were from central sections through the disc (i.e. plane
‘b’ in Fig. 1). (a) Prominent labelling for type | collagen in the articular disc. Scale bar = 100 um. (b) Prominent labelling for type | collagen in the meniscal
homologue. PSR, prestyloid recess; SP, styloid process of the ulna. Scale bar = 1 mm. (c) Type VI collagen in the articular disc. Scale bar = 100 pm.
(d) Absence of type Il collagen in the meniscal homologue. BV, blood vessels. Scale bar = 200 um. (e) Type Il collagen in the articular disc in the region
adjacent to the meniscal homologue. Note that labelling is present on the radial side (RS) of the disc, but absent on the ulnar side (US), i.e. towards
the meniscal homologue. Scale bar = 200 um. (f) Positive labelling for type Il collagen at the radial enthesis of the articular disc. R, radius. Scale

bar = 200 um. (g,h) Labelling for chondroitin 6 sulphate (g) and its oversulphated epitope (h) from comparable regions of the articular disc. Scale bar
for g = 100 um and for h = 50 um. (i) Labelling for chondroitin 4 sulphate at the ulnar enthesis of the articular disc, in a section which passes through

its dorsal side (i.e. ‘c’ in Fig. 1). Scale bar = 50 pm.

et al. 1992) and that the TFCC is often destroyed (llan &
Rettig, 2003).

Finally, diagnosing tears in vivo in the articular disc is
challenging and many clinicians favour arthroscopy over
magnetic resonance imaging (MRI) because of the low
sensitivity of MRI machines for detecting smaller tears.
However, as the quality of MRI machines in hospitals
improves, MRI is likely to be increasingly favoured for
diagnosing TFCC damage because of the invasive nature
of arthroscopy. Because the signal intensity in MRIs

© 2007 The Authors

reflects the proton content of the tissue, it may be useful
for radiologists to be aware of regional differences in the
water content and mobility (i.e. the chemical environ-
ment) of the TFCC. This is likely to relate to variations in
the distribution of aggrecan that we have demonstrated
here in different parts of the complex. Benjamin & Bydder
(2007) have recently shown how the use of ultrashort TE
(UTE) pulse sequences can enable radiologists to recognize
fibrocartilage within ligamentous structures elsewhere in
the body.
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Fig. 4 Immunohistochemical labelling for proteoglycans in the articular disc, its radial and ulnar entheses and in the meniscal homologue. (a—c) Strong
labelling for aggrecan in (a) the palmar region of the disc — scale bar = 100 um; (b) the radial enthesis from the central part of the disc — scale

bar = 100 um; (c) the ulnar enthesis (UE) from the palmar region of the disc — scale bar = 200 um. (d) Versican labelling in the dorsal region of the
radial enthesis (RE) of the disc. Note the absence of labelling (*) in the soft tissue immediately adjacent to the tidemark (TM). Scale bar = 100 um.
(e) Tenascin labelling in the central region of the radial enthesis of the disc. HC, hyaline cartilage. Scale bar = 100 um. (f) COMP labelling in the meniscal
homologue. Scale bar = 100 um. (g) Strong labelling for COMP at the ulnar enthesis (UE) in the central region of the disc. Note the prominent
fibrocartilage cells (FC). Scale bar = 20 um. (h) COMP in the dorsal region of the articular disc, near the radial enthesis. Note the strong labelling in the
immediate vicinity of blood vessels (BV). Scale bar = 40 um. (i) A control section from the palmar side of the radial enthesis of the articular disc,
incubated with antibody RT97. No staining was seen at the enthesis. Scale bar = 100 pum.

Note that a limitation of the present study is a lack of
any detailed history of wrist pathology in the cadavers we
used. Nevertheless, the study does provide the first
detailed analysis of the molecular composition of the
extracellular matrix of the TFCC. We have shown that
regional variations in the distribution of molecules can be
related to the mechanical function of the disc and have
highlighted the presence of aggrecan and type Il collagen,
which could relate to the involvement of the TFCC in RA.
Our study provides the foundation for future work directed

at understanding the nature of the pathological processes
affecting the TFCC.
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