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Abstract

We investigated the distribution of fibrillin-2 and LTBP-2 (latent TGF-f binding protein-2) in the intervertebral
disc of the adult bovine tail. The association of fibrillin-2 and of LTBP-2 with fibrillin-1 was examined by dual
immunofluorescence staining. Both fibrillin-2 and LTBP-2 were found extensively distributed in all regions of
the disc with the organisation of the network varying significantly region to region. In the outer annulus fibro-
sus (OAF) both fibrillin-2 and LTBP-2 co-localised with fibrillin-1 forming fibres running parallel to the collagen
fibres of the lamellae with the microfibrillar network staining densely in between the adjacent lamellae and
also at the boundaries of the collagen bundle compartments. In the inner annulus fibrosus (IAF) and nucleus
pulposus (NP), co-localised fibrillin-1,2 and LTBP-2 formed a chondron-like structure around the cell. By contrast,
the inter-territorial matrix of the IAF and NP contained a dense network of fibrillin-2 but only sparse/filamen-
tous fibres of fibrillin-1 and LTBP-2. Dual immunostaining revealed that in this region, fibrillin-2 was highly
colocalised with elastin. The LTBP-2 network co-localised well with that of fibrillin-1 in all regions and indeed is
reported to bind strongly to fibrillin-1. However, interestingly LTBP-2 but not fibrillin-1 or fibrillin-2 was
removed by hyaluronidase but not collagenase pre-digestion. Our results suggest that fibrillin-2 and LTBP-2

could play an important role in disc function.
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Introduction

The intervertebral disc plays an important biomechanical
role, providing the spine with flexibility and carrying load.
Morphologically, the disc is composed of a central region,
the nucleus pulposus (NP), surrounded laterally by the
annulus fibrosus (AF) and longitudinally by the cartilagi-
nous endplates, which lie between the disc and the verte-
bral bodies (White & Panjabi, 1978). The biomechanical
behaviour of the disc ultimately depends on the composi-
tion and organisation of its macromolecular constituents.
The major constituents are fibrillar collagens and the large
aggregating proteoglycan aggrecan; their role in the bio-
mechanical responses of disc has long been of interest (Eyre
et al. 2002; Roughley et al. 2002; Urban & Roberts, 2003).
Minor constituents also play important roles in maintaining
disc integrity and function; of these, the distribution and
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organisation of the network of elastic fibres has recently
attracted attention (Yu et al. 2002, 2005; Smith & Fazzalari,
2006; Hayes et al. 2011).

Elastic fibres in general consist of a central core of elastin
surrounded by microfibrils, of which fibrillins are the main
constituent (Greenlee et al. 1966; Sakai et al. 1986; Montes,
1996). Three types exist in human tissues (fibrillin 1-3) with
fibrillin-1 most widely distributed and extensively investi-
gated (Ramirez et al. 2004; Hubmacher et al. 2006; Ramirez
& Sakai, 2010). In the disc, the organisation of the elastic
network, shown by immunostaining elastin and fibrillin-1,
varies with region; in the annulus fibrosus, elastic fibres are
aligned with collagen fibres within the lamellae and encir-
cle collagen bundles (Yu et al. 2002), whereas in the NP,
fibrillin-1 is concentrated around the cells with elastin
fibres, seen mainly in the interterritorial matrix (Yu
et al.2007). There is no information on the distribution of
fibrillin-2 in the post-natal disc. Indeed, fibrillin-2 and
fibrillin-3 are thought to be mainly involved in the early
stage of microfibril formation during embryonic develop-
ment, fibrillin-1 being the main component of microfibrils
in a mature tissue (Zhang et al. 1994, 1995; Corson et al.
2004). However, fibrillin-2 has recently been reported to be
present in post-natal tissues (Cain et al. 2006; Charbonneau
et al. 2010).
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Microfibrils are also associated with many other matrix
proteins, including latent transforming growth factor
binding proteins (LTBPs). There are four forms of LTBPs,
LTBP1-4 (Annes et al. 2003; Hyytiainen et al. 2004), all of
which, apart from LTBP-2, can bind covalently to transform-
ing growth factor (TGF)-f (Rifkin, 2005). LTBP-2 is reported
to co-localise with fibrillin-1 in human embryonic lung
fibroblasts and aorta (Vehvilainen etal. 2009) and in
human foetal disc (Hayes et al. 2011). Its distribution in
adult disc is unknown.

The distribution of microfibrils is of interest as their role is
not only biomechanical but biological in that they regulate
the signaling of growth factors, particularly TGF-$ (Ramirez
et al. 2004). The main aim of the current study is to investi-
gate the distribution of fibrillin-2 and LTBP-2 in adult disc
tissue, with the ultimate aim to understand their roles in
disc function.

Materials and Methods

Specimen preparation

Fresh bovine tails were obtained from three adult steers (18—
24 months) from a local abattoir within 3 h of slaughter. Differ-
ent regions of the disc were dissected out and immediately
snap-frozen and stored at —80 °C until used. For the central
region, the nucleus pulposus (NP), frozen sections were cut
transversely at a thickness of 20 um. The annulus fibrosus (AF) is
formed from concentric collagen lamellae encircling the NP. The
lamellae are formed from bundles of collagen fibres extending
obliquely from one vertebral body to the next with their angle
to the axis of the spine alternating between adjacent lamellae.
To reflect the organisation of this structure adequately, frozen
AF tissue sections at 20 um thickness were cut obliquely at
about 45° to the axis of the disc using a cryostat microtome;

Table 1 List of antibodies used*.
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each section thus showed cross-sectional and ‘in-plane’ views of
adjacent lamellae. Figure 1 illustrates specimen preparation. The
sections were mounted on microscope slides (VWR International
Ltd, UK) and stored at —20 °C for further use.

Dual immunofluorescence staining

Disc AF tissue is densely packed with matrix proteins, particu-
larly collagen and proteoglycans, which can prevent antibody
penetration. Therefore AF sections were pre-treated with
hyaluronidase (Sigma H6254) or collagenase (Sigma C5138) as
previously described (Yu et al. 2007).

Unfixed sections were dual immunostained either with fibril-
lin-2 together with fibrillin-1 or with LTBP-2 together with fibril-
lin-1 or with fibrillin-2 together with elastin. Table 1 lists the
primary and secondary antibodies used.

All the procedures were performed at room temperature.
Phosphate-buffered saline (PBS) was used for washing (three -
times, 3 min each time) between each incubation unless other-
wise indicated. After washing, 6-10% normal donkey serum
(NDS) in Tris buffer (50 mm Tris—HCl plus 10 mm calcium acetate)
was used to block sections for 30 min. The sections were then

NP (transverse section)
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Fig. 1 Schematic showing orientation of specimens from the different
disc regions. NP, nucleus pulposus; AF, annulus fibrosus; IAF, inner
annulus fibrosus; OAF, outer annulus fibrosus.

Fibrillin-1

Fibrillin-2

LTBP-2

Elastin

1st antibody

2nd antibody

Mice anti-bovine fibrillin-1
from Abcam UK Ltd, UK,
Cat. no: ab3090

Dilution: 1 : 50 Buffer:

50 mm Tris—HCI plus 10 mm

calcium acetate

Cy3-conjugated donkey
anti-mouse 1gG
(Red)

Stratech Scientific Ltd, UK,
Product code:
715-165-151
Dilution: 1: 100

Rabbit anti-human
fibrillin-2 antibody
(cross-reacted with
bovine) from Elastin
Products Company,
USA, Cat. no: PR225

Dilution: 1: 50

DyLight-488- conjugated
donkey anti- rabbit IgG

(Green)

Stratech Scientific Ltd,
Product code:
712-485-153
Dilution: 1 : 100

Rabbit anti-bovine LTBP-2
from Elastin Products
Company, USA, Cat. no:

PR410

Dilution: 1: 50

DyLight-488- conjugated
donkey anti- rabbit IgG

(Green)

Stratech Scientific Ltd,
Product code:
712-485-153
Dilution: 1: 100

Mice anti-bovine elastin
from Abcam UK Ltd, UK,
Cat. No: ab9519

Dilution: 1:5

Cy3-conjugated donkey
anti-mouse 1gG

(Red)

Stratech Scientific Ltd, UK,
Product code:
715-165-151
Dilution: 1 : 100

*Dilution with PBS unless otherwise indicated.

© 2011 The Authors

Journal of Anatomy © 2011 Anatomical Society

165



166 Distribution of fibrillin-2 and LTBP-2 in bovine tail disc, B. Li et al.

incubated with fibrillin-1 antibody (1 : 50 dilution with Tris buf-
fer) or elastin antibody (1 : 50 dilution with PBS) overnight at
4 °C. After washing, the specimen was incubated with fluores-
cent Cy3-conjugated donkey anti-mouse 1gG (Stratech Scientific
Ltd, UK, Product code: 715-165-151, 1 : 100 dilution) for 30 min
at room temperature. After washing, sections were blocked
with NDS for 30 min and then incubated with fibrillin-2 anti-
body or LTBP-2 antibody (1 : 50 dilution with the PBS) overnight
at 4 °C. After washing, the sections were incubated with donkey
anti-rabbit 1gG conjugated with fluorescent DyLight-488
(Stratech Scientific Ltd, UK: Product code: 712-485-153, 1: 100
dilution). Finally, the specimens were washed again and mounted
using hardset mounting medium containing 4’,6-diamidino-2-
phenylindole (DAPI; Vector Laboratory, Cat. no: H-1500) to stain
cell nuclei. Negative controls were incubated with normal mouse
IgG and normal rabbit serum instead of the primary antibodies:
no cross-reactivity was found.

Microscopy and image processing

A conventional fluorescence microscope (Leica DMRB) with
three different filters was used to detect the three different
dyes of fluorescent signals: blue fluorochrome filters for DAPI,
green and violet fluorochrome filters (filter cubes from Chroma
Technology Corp, USA, Cat. nos 31014 WB and 41001 HQ) for
Cy-3 (orange) and DyLight-488 (green), respectively. Multiple
images of the same site were taken manually without moving
the section, either by changing the focus to track the fibres

under same fluorescent filters or by switching the filters gently
to investigate co-localisation.

Image processing and merges were performed by Apose pHOTO-
shop. The colour balance control function of pHoTosHor was used
to change the colour of Cy3 to red to strengthen the contrast
with green. Pictures taken from exactly the same specimen site
were merged when appropriate.

Results

The outer annulus fibrosus (OAF)

Collagen is the principle structural component in the OAF
region of the disc. Its network organisation has been
described recently in detail in several studies (Pezowicz
et al. 2005, 2006; Schollum et al. 2008), which described
parallel collagen fibres organised in bundles constructed as
individual compartments/subcompartments in the lamella.
We found the organisation of fibrillin-1,2 and LTBP-2
is strongly related to the main structure of collagen
organisation.

Fibrillin-2/fibrillin-1

Figure 2 shows the typical images of dual immunostained
fibrillin-2 (Fig. 2A,B) and fibrillin-1 (Fig. 2C) in the OAF.
Extensive fibrillin-2 staining of parallel fibres was seen
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Fig. 2 Dual immunostained fibrillin-2 and fibrillin-1 in the outer annulus fibrosus of the bovine disc. (A) Parallel fibrillin-2 fibres (green) in an
inplane lamella (IP) with the red arrow highlighting a long fibrillin-2 fibre (longer than 170 um). (B-D) Typical dual immunostaining of a section,
with (B) showing organisation of fibrillin-2 (green), (C) fibrillin-1 organisation (red), and (D) the merged image of (B) and (C). The figures indicate
that fibrillin-2 is highly co-localised with fibrillin-1; together, they are densely organised at the interlamellae (white arrows) and at the boundaries
of collagen bundles (yellow arrows). CS, cross-sectioned lamella; nCS, nearly cross-sectioned lamella; IP, inplane lamella; nIP, nearly inplane

lamella.
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within a lamella (Fig. 2A,B). In addition, fibrillin-2 stained
densely in-between adjacent lamellae (white arrows in
Fig. 2B) and at the boundaries of collagen bundles (yellow
arrows in Fig. 2B). This organisation of fibrillin-2 resembles
that of elastin and fibrillin-1 described previously (Yu et al.
2007). Indeed, our dual immunostaining confirmed that
fibrillin-2 was highly co-localised with fibrillin-1 (Fig. 2D)
within a lamella; there was relatively less co-localisation
between adjacent lamellae (white arrows) and also at the
boundaries (yellow arrows) of collagen bundles.

LTBP-2/fibrillin-1

Figure 3 shows the typical images of dual immunostained
LTBP-2 (Fig. 3A,B) and fibrillin-1 (Fig. 3C). The organisa-
tion of LTBP-2 (Fig. 3A,B) appears very similar to that of
both fibrillin-2 (Fig. 2A,B), and fibrillin-1 (Figs 2C and 3C),
i.e. extensive, parallel fibres aligned in the direction of
collagen fibres (Yu et al. 2007) in a lamella, and densely
organised in-between adjacent lamellae (white arrows in
Fig. 3B) and also at the boundaries (yellow arrows in
Fig. 3B) of collagen bundles. LTBP-2 staining, unlike that
of fibrillin-1 and fibrillin-2, was removed by hyaluronidase
predigestion (Fig. 3E,F), but not by collagenase pre-
digestion.

The inner annulus fibrosus (IAF)

Fibrillin-2/Fibrillin-1

Figure 4 shows typical dual immunostained fibrillin-2
(Fig. 4A) and fibrillin-1 (Fig. 4B) in the IAF. In comparison
with fibrillin-1, fibrillin-2 was organised not only around
the cells (white arrow in Fig. 4A) but also in the inter-
territorial matrix (yellow arrows in Fig. 4A,C), where little
fibrillin-1 was present. These differences in distribution
were more apparent in the NP region (data below). How-
ever, fibrillin-2 and fibrillin-1 were highly co-localised in the
pericellular matrix, where they formed a chondron-like
structure (Fig. 4D).

LTBP-2/fibrillin-1

The pattern of immunostaining of LTBP-2 was similar to
that of fibrillin-1 (data not shown), i.e. filamentous in the
inter-territorial matrix, but mostly distributed around cells.
Details of LTBP-2 and fibrillin-1 organisation around the
cells are shown in Fig. 5. These fibers appear well anchored
into the cell membrane (white arrows) and connected with
inter-territorial matrix (yellow arrow). In addition, LTBP-2 in
IAF (and in NP) also appears to be removed by hyaluroni-
dase predigestion (not shown).

The nucleus pulposus

Fibrillin-2/fibrillin-1/elastin
Figure 6 shows typical dual immunostained fibrillin-2
(Fig. 6A) and fibrillin-1 (Fig. 6B) in the NP. As seen also in

© 2011 The Authors
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the IAF (Fig. 4), long fibrillin-2 fibres were evident in the
inter-territorial matrix (yellow arrows in Fig. 6A), where
little fibrillin-1 was present (Fig. 6B). This distribution
resembled findings on the distribution of elastin fibres and
fibrillin-1 in this region (Yu et al. 2007). Dual immunostain-
ing of fibrillin-2 and elastin confirm that fibrillin-2 is highly
co-localised with elastin in the inter-territorial matrix
(Fig. 7). In the pericellular matrix, co-localised fibrillin-1 and
fibrillin-2 encircle the cell (Fig. 6D).

LTBP-2/fibrillin-1

Figure 8 shows typical dual immunostained LTBP-2
(Fig. 8A,D) and fibrillin-1 (Fig. 8B,E) in the NP. The organisa-
tion of LTBP-2 highly resembles that of fibrillin-1, i.e. den-
sely encircling the cells with only sparse filamentous fibres
seen in the inter-territorial matrix. At a higher magnifica-
tion, co-localised LTBP-2 and fibrillin-1 forming a chondron-
like structure encircling the cells (Fig. 8D-F).

Discussion

Here we describe the organisation of microfibrillar compo-
nents of the elastic network in different regions of the
intervertebral disc. We investigated the distribution of
fibrillin-2 and LTBP-2 and their co-localisation with fibrillin-
1 using dual immunostaining of fibrillin-2 with fibrillin-1 or
LTBP-2 with fibrillin-1. Overall, both fibrillin-2 and LTBP-2
were evident in all disc regions. In terms of colocalisation
with fibrillin-1, both fibrillin-2 and LTBP-2 were highly
co-localised with fibrillin-1, especially in the lamellae of the
OAF and in a chondron-like structure around the cell in the
IAF and the NP. However, in the IAF and NP, surprisingly,
fibrillin-2 was much more densely distributed in the inter-
territorial matrix compared with fibrillin-1 and co-localised
with elastin. LTBP-2 appeared highly co-localised with
fibrillin-1 in all regions and, interestingly, was removed by
hyaluronidase pretreatment.

Table 2 presents a summary of our findings.

In the OAF, both fibrillin-2 and LTBP-2 appear as thick
and long fibres aligned parallel to the collagen fibers in the
in-plane lamellae (Figs 2A and 3A). In addition, they were
both highly co-localised with fibrillin-1 (Figs 2 and 3), as
shown previously for elastin (Yu et al. 2005, 2007). Further-
more, all fibrillins-1 and -2 and LTBP-2 were densely organ-
ised at the inter-lamellae junctions and at the boundaries
of collagen bundle compartments. However, interestingly,
they appear less co-localised in this region. Taken together,
the results suggest a close functional relationship between
the elastic fibre, microfibrils, LTBP-2 and collagen fibres in
the OAF lamellae. Recent studies have demonstrated that
disc inter-lamellae and adjacent collagen bundle compart-
ment junctions play a complicated role in cohesion of the
lamellae (Pezowicz et al. 2005, 2006; Schollum et al. 2008).
Our data suggest that all these microfibrillar components
could be involved in this cohesion.
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Fig. 3 Dual immunostained LTBP-2 and fibrillin-1 in the outer annulus fibrosus. (A) Parallel LTBP-2 fibres (green) in the inplane (IP) lamella. (B-D)
Typical dual immunostaining of a section with (B) showing LTBP-2 (green), (C) fibrillin-1(red) and (D) the merged image of (D) and (E). LTBP-2
appears highly co-localised with fibrillin-1; together they are densely organised in the interlamellae spaces (white arrows) and also at the
boundaries of collagen bundles (yellow arrows). (E-F) Hyaluronidase overnight pre-digestion removed LTBP-2 (green in E), but not collagen
structure (F), with white arrows indicating interlamellae. CS, cross-sectioned lamella; nCS, nearly cross-sectioned lamella; IP, inplane lamella; niP,
nearly inplane lamella.

Fig. 4 Dual immunostained fibrillin-2 (A) and fibrillin-1 (B) in the inner annulus fibrosus. The figure shows typical dual staining of a section, with
(A) showing fibrillin-2 (green) distribution, (B) fibrillin-1 (red) distribution and (C) a merged image of (A) and (B) where the cells are stained with
DAPI (blue). The figures show more fibrillin-2 in the inter-territorial matrix (A: yellow arrows) where little fibrillin-1 is present (B). White arrow in
(A) shows that fibrillin-2 is also concentrated around cells. (D) A higher magnification of a merged image showing a network of fibrillin-1 and -2
forming a chondron-like structure encircling the cell and connecting with the fibres at the inter-territorial matrix (white arrows).

© 2011 The Authors
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Fig. 5 Dual immunostained LTBP-2 and fibrillin-1 around a cell of the inner annulus fibrosus region. The figures show a typical dual
immunostained image of the same area: (A) LBPT-2 (green), (B) fibrillin-1 (red), (C) merged image of (A) and (B) with DAPI staining of the cell
nucleus (blue). These images show the co-localised network anchored to the cell membrane (white arrows) and also connecting to the inter-

territorial matrix (yellow arrow).

Fig. 6 Dual immunostained fibrillin-2 and fibrillin-1 in the NP. Typical dual immunostained image of a section showing organisation of fibrillin-2
(green: A), fibrillin-1 (red: B), and the merged image (C) with DAPI staining of the nucleus (blue). The images show that fibrillin-2 is organised not
only around the cells (white arrows in A) but also is extensively distributed in the inter-territorial matrix (yellow arrows in A) where
little/filamentous fibrillin-1 is present. (D) Merged image of fibrillin-1 and -2 at a higher magnification, showing a network of fibrillin-1, and -2

forming a chondron-like structure around the cell.

In the IAF and NP, fibrillin-2 and LTBP-2 co-localised with
fibrillin-1 in the pericellular region but rarely in the inter-
territorial matrix. In the pericellular matrix, the co-localised
network enclosed the cells (Figs 4D, 5C, 6D and 8C,F), form-
ing a structure similar to the ‘chondron’ described around
cells of articular cartilage (Poole et al. 1991, 1992) and also
described around disc NP cells (Roberts et al. 1991; Cao et al.
2007). We found that the microfibrils appear anchored to
the cell membrane and also connected to the fibres of the
inter-territorial matrix (white arrows in Figs 4D and 5C), sup-

© 2011 The Authors
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porting the suggestion that the cell ‘chondron’ could play an
important role in transducing signals between the cells and
the inter-territorial matrix (Hing et al. 2002). Recently,
several studies have reported that fibrillin microfibrils can
regulate TGF-§ activities (Ramirez et al. 2004; Choi et al.
2007). These chondron-like structures may thus also be
involved in the biological regulation of cellular behaviour.
However, in the inter-territorial matrix of the IAF and NP,
although there is an extensive fibrillin-2 fibre network
(yellow arrows, Figs 4A,C and 6A), only a few fibrillin-1

169



170 Distribution of fibrillin-2 and LTBP-2 in bovine tail disc, B. Li et al.

Fig. 7 Typical dual immunostained fibrillin-2 and elastin in the NP. A typical dual immunostained section showing fibrillin-2 (green: A) and elastin
(red: B). Fibrillin-2 appears organised not only around the cells (yellow arrows in A) but also in the inter-territorial matrix, whereas (B) elastin is
distributed mainly in the inter-territorial matrix, (C) is a merged image of (A) and (B) plus DAPI stained cell nuclei, indicating that fibrillin-2 is highly

co-localised with elastin in the inter-territorial matrix.

Fig. 8 Dual immunostained LTBP-2 and fibrillin-1 in the NP. A typical dual stained image at low magnification (A—C) and higher magnification (D-
F) showing LTBP-2 (green: A and D) and fibrillin-1 (red: B and E). (C, F) Merged images of (A) and (B), and (D) and (E), respectively, with cell nuclei
(blue) stained with DAPI. (A—C) LTBP-2 appears highly co-localised with fibrillin-1 and together they are distributed densely around the cells. (D-F)

At a higher magnification, co-localised LTBP-2 and fibrillin-1 clearly encircle cells.

(Figs 4B and 6B) and LTBP-2 (Fig. 8) fibres are present.
Such differences in organisation between fibrillin-2 and
fibrillin-1 resemble the differences between the organisation
of elastin and fibrillin-1 fibres in the IAF and NP (Yu et al.
2007). Indeed, we have confirmed that fibrillin-2 rather
than fibrillin-1 is co-localised with elastin in the inter-
territorial matrix of the NP (Fig. 7). Our results are in
agreement with those of a recent study on ligaments
(Smith et al. 2011), which also found that fibrillin-2 but
not fibrillin-1 co-localised with elastin in some regions of
the tissue. It is possible that the regional differences in
distribution between fibrillin-1 and fibrillin-2 arise because
they play different roles in the disc matrix; the NP with its
fibrillin-2/elastin network experiences mostly compressive
loads, whereas the co-localised fibrillins, LTBP-2, elastin
and collagen fibres in the OAF act to restrain the pressur-

ised NP and therefore are mainly under tension (Nerurkar
et al. 2010) Indeed, although they share some similarities,
there are differences in skeletal manifestations of patients
with Marfan syndrome (fibrillin-1 gene mutation; Lebreiro
et al. 2010) and Beals syndrome (fibrillin-2 gene mutation;
Tuncbilek & Alanay, 2006), with patients with Beals
syndrome generally having more severe skeletal disorders.
Our data, together the differences in clinical manifestations,
and the results of Smith et al. (2011) suggest that fibrillin-2
plays a different role to fibrillin-1 in the skeletal system.
Unlike the region-specific association between fibrillin-2
and fibrillin-1, LTBP-2 consistently co-localised with fibrillin-
1 in all regions. LTBP-2, which was firstly identified as an
independent protein of LTBPs (Moren et al. 1994), has been
shown to bind to fibrillin-1 but not to fibrillin-2 at the
molecular level (Hirani et al. 2007), as confirmed in a study

© 2011 The Authors
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Table 2 Summary of the results*.
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Fibrillin-2

Fibrillin-1

Association
Disc between fibrillin-2
region Appearance Staining density Appearance  Staining density  and fibrillin-1
OAF Parallel fibres within +++ As fibrillin-2  +++ Highly co-localised within
lamellae, also dense in the lamellae, Less co-localised
interlamellar space and in-between adjacent
encircling collagen bundles lamellae and boundaries
of collagen bundles
IAF PM  Encircling cells +++ As fibrillin-2  +++ Co-localised
IM Fibres +++ Filamentous + Few co-localised
NP PM  Encircling cells +++ As fibrillin-2  +++ Co-localised
IM  Fibres ++ Filamentous +/— Few co-localised

PM, pericellular matrix; IM, inter-territorial matrix.

*LTBP-2 organisation resembles that of fibrillin-1 (not included in the Table).

+++ thick fibres, extensive and dense.
++ thick fibres, disperse.

+ thin fibres, less dense.

+/- thin fibres, very spare.

of different human cultured cell lines (Vehvilainen et al.
2009). Recently, a study of foetal human intervertebral disc
also demonstrated the co-localisation of fibrillin-1 and
LTBP-2 in the OAF (Hayes et al. 2011). Our data confirm
these findings and provide additional information of LTBP-
2 distribution in IAF and NP in adult disc. Surprisingly, we
found that LTBP-2 is removed by hyaluronidase but not by
collagenase pre-digestion. Of the elastic fibre proteins, such
a characteristic appears unique to LTBP-2, as fibrillins-1 and
-2, and elastin cannot be removed by hyaluronidase or
collagenase pre-digestion. This result suggests that hyal-
uronidase cleaves the bonds between LTBP-2 and other
matrix components. LTBP-2 is reported to bind strongly to
heparin and has been reported to bind strongly to fibrillin-
1 through its heparin-binding sites (Hirani et al. 2007) and
also binds strongly to heparin-sulphate proteoglycans
(HSPG; Parsi et al. 2010) such as perlecan, also found in the
pericellular region of disc cells (Smith et al. 2009). If LTBP-2
bonds to fibrillin-1 or HSPG such as perlecan in disc tissue,
hyaluronidase should not remove it, as it has been reported
that both heparin and HSPG resist hyaluronidase digestion
(Kanwar & Farquhar, 1979). However, hyaluronidase can
digest hyaluronic acid, chondroitin and chondroitin-
sulphate (Lindahl, 1970), and therefore the nature of bind-
ing of LTBP-2 to the disc matrix remains unclear.

In summary, we have demonstrated that fibrillin-2 and
LTBP-2 are extensively organised in all regions of adult
bovine disc. Their network organisation and degree of
co-localisation with fibrillin-1 varies significantly in the
different disc regions. Our results suggest that these
proteins may play different but important functional roles
which are as yet unidentified.

© 2011 The Authors
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