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Abstract

Overgrowth of limbs and spinal deformities are typical clinical manifestations of Marfan syndrome (MFS) and

congenital contractural arachnodactyly (CCA), caused by mutations of the genes encoding fibrillin-1 (FBN1) and

fibrillin-2 (FBN2), respectively. FBN1 mutations are also associated with acromicric (AD) and geleophysic dysplasias

(GD), and with Weill–Marchesani syndrome (WMS), which is characterised by short stature. The mechanisms

leading to such abnormal skeletal growth and the involvement of the fibrillins are not understood. Postnatal

longitudinal bone growth mainly occurs in the epiphyseal growth plate. Here we investigated the organisation of

fibrillin microfibrils in the growth plate of the long bone and vertebra immunohistochemically. Fibrillin-1 was

dual-immunostained with elastin, with fibrillin-2 or with collagen X. We report that fibrillin microfibrils are

distributed throughout all regions of the growth plate, and that fibrillin-1 and fibrillin-2 were differentially

organised. Fibrillin-1 was more abundant in the extracellular matrix of the resting and proliferative zones of the

growth plate than in the hypertrophic zone. More fibrillin-2 was found in the calcified region than in the other

regions. No elastin fibres were observed in either the proliferative or hypertrophic zones. This study indicates that,

as fibrillin microfibrils are involved in growth factor binding and may play a mechanical role, they could be

directly involved in regulating bone growth. Hence, mutations of the fibrillins could affect their functional role in

growth and lead to the growth disorders seen in patients with MFS, CCA, AD, GD and WMS.
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Introduction

Human postnatal long bone growth occurs in the epiphy-

seal growth plate located between the epiphysis and diaph-

ysis of the long bones (reviewed by Kronenberg, 2003;

Mackie et al. 2011); the mechanism of vertebral body

growth in height is similar to that in long bones (Haas,

1939; Dickson & Deacon, 1987), but less well studied. During

endochondral growth, cells undergo a differentiation cycle,

progressing from resting cells through a proliferating stage

to a final stage of hypertrophy terminating in apoptotic cell

death (Wilsman et al. 1996). Three distinct zones in the

epiphyseal growth plate, defined as resting (RZ), prolifera-

tion (PZ) and hypertrophic (HZ), can be distinguished by dif-

ferences in cell morphology, matrix composition and cell

metabolism (Hunziker et al. 1987; Farnum, 1994). Cellular

activities in the different zones are closely regulated by

complex interactions between several systems, including

the endocrine system (Nilsson et al. 2005; Shao et al. 2006),

locally produced growth factors (Kronenberg, 2003) and

mechanical signalling (Stokes et al. 2006, 2007; Foolen et al.

2011). The composition and organisation of extracellular

matrix (ECM) proteins (Byers et al. 1992; Yamasaki et al.

2001; Melrose et al. 2003) also appears important in growth

regulation with mutations in a number of different ECM

components, such as cartilage oligomeric protein and colla-

gen IX leading to multiple epiphyseal dysplasia and pseud-

oachondroplasia and other growth disorders (Bateman

et al. 2009).

The role of the fibrillins has, however, been little

explored. Fibrillin-1 has been found in other cartilages

(Keene et al. 1997; Yu & Urban, 2010), but the presence of

fibrillins in the growth plate has not been documented

to date, even though mutations of the genes encoding

fibrillin-1 and fibrillin-2 lead to growth disturbances. Over-

growth of limbs and scoliosis are characteristics of patients

with Marfan syndrome (MFS; OMIM: 154700) or congenital

contractural arachnodactyly (CCA; OMIM: 121050), arising

from mutations of FBN1 and FBN2, respectively (Gupta

et al. 2002; Judge & Dietz, 2005; Al Kaissi et al. 2013). Muta-

tions in the FBN1 gene have also been found in patients
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with the opposite phenotype to those of patients with MFS,

such as patients with geleophysic dysplasia (GD; OMIM:

231050) and acromicric dysplasia (AD; OMIM: 102370), and

with Weill–Marchesani syndrome (WMS; OMIM: 608328;

Faivre et al. 2003; Le Goff et al. 2011; Sengle et al. 2012), all

characterised by severely short stature. How fibrillins and

their mutations influence long bone growth is, however,

poorly understood.

Fibrillin microfibrils are associated with the elastic fibre

network, which in general consists of an elastin core sur-

rounded by a network of fibrillin microfibrils. An extensive

elastic network is distributed in the ECM of many tissues

(Ramirez et al. 2004; Olivieri et al. 2010), such as skin, lung

and blood vessels. In some tissues, such as the eye ciliary

zonule (Streeten & Licari, 1983; Sherratt et al. 2003), only

the microfibrillar proteins are present. Until relatively

recently, the major role of the fibrillin microfibrils together

with elastin as the elastic fibre network was thought to be

mechanical, providing resilience and promoting tissue

recovery from deformation (Kielty et al. 2002). However,

recently microfibrils have been shown to sequester growth

factors, particularly those of the transforming growth factor

TGF-beta superfamily, and appear important in regulating

the activity of bone morphogenetic proteins (BMPs) and

TGF-beta, which both play a role in bone growth

(Charbonneau et al. 2004; Al Kaissi et al. 2013).

FBN1 mutations leading to the short-stature found in GD,

AD and WMS result in disturbances in microfibril formation,

and are also all located in regions of the gene associated

with TGF-beta binding (Faivre et al. 2003; Le Goff et al.

2011). Hence, we suggest that if present in the growth

plate, the microfibril system could influence bone growth

by regulating mechanical forces and/or by sequestering

growth factors. The aim of this study is thus to investigate

the distribution of fibrillin-1 and fibrillin-2 and the associ-

ated elastin network in the growth plate, and thus to fur-

ther understanding of whether fibrillin microfibrils might

play a role in normal and pathological bone growth.

Materials and methods

Tissue preparation

Five fresh metacarpal–phalangeal joints and tails from 7-day-old

calves were collected from a local abattoir. The metacarpal and ver-

tebral joints were dissected (Fig. 1) and immediately stored at

�80 °C till used. The joints were then defrosted at room tempera-

ture, further sagittally dissected (Fig. 1) and specimens then snap

frozen. Cryostat sections, 20 lm thickness, were cut and mounted

on super-frosted slides and stored at �20 °C till further analysed.

Figure 1 illustrates the specimen preparation.

H&E staining

Conventional H&E staining (http://protocolsonline.com/histology/

haematoxylin-eosin-he-staining/) was used to study general tissue

structure and cell organisation.
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Fig. 1 Specimen preparation. (A-C) Metacarpal joint. (A) Calf metacarpal-phalangeal joint. Red dashed lines indicate where specimen was sagit-

tally dissected. (B) Sagittally dissected specimen, green arrow highlights the growth plate separating the primary (1st) and secondary (2nd) ossifica-

tion centres. Green square highlights growth plate specimen dissected out for histology. (C) H&E stained micrograph of the metacarpal growth

plate. (D-F) Vertebral joint. (D) Calf tail joints. The vertebral joint was dissected through the white dashed lines, then sagittally dissected along the

yellow dashed line. Red arrows indicate the intervertebral discs. (E) A mid-sagittal dissected specimen, illustrating the general structure of a verteb-

ral joint composed of the disc nucleus pulposus (NP) in the centre surrounded laterally by the disc annulus fibrosus (AF), longitudinally by cartilages

which directly attached to the vertebral bone (white arrows) though the growth plate (green arrows). Green square highlights growth plate speci-

men dissected out for histology. (F) H&E stained micrograph of the vertebral growth plate. RZ, resting zone; PZ, proliferative zone; HZ, hyper-

trophic zone; CZ, calcified region of the hypertrophic zone.
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Immunofluorescence staining

The elastic fibre network is better visualised immunohistologically

after treating tissue sections with hyaluronidase or collagenase

(Yu et al. 2002, 2007) to partially remove themasking effect of tissue

matrix proteins. Here we investigated various predigestionmethods,

including hyaluronidase pre-treatment for 2 h or overnight (15 h) at

37 °C or collagenase pre-treatment for 30 min at 37 °C, and com-

pared results with no pre-treatment (not shown). Pre-treating

defrosted specimens with hyaluronidase (Sigma H6254, concentra-

tion of 4800 U mL�1) at 37 °C overnight before immunostaining was

found to be sufficient and was mainly used for this study.

Unfixed sections were then dual-immunostained with fibrillin-1

together with elastin, collagen X or fibrillin-2. Table 1 lists the pri-

mary and secondary antibodies used.

Details of the dual-immunostaining methods used have been

described previously (Yu et al. 2007). Briefly, fresh and pre-treated

sections were washed with Tris buffer (50 mM Tris-HCl + 10 mM cal-

cium acetate, pH 7.2) and blocked with 10% normal donkey serum

(in Tris buffer). Sections were then incubated with primary anti-

bovine fibrillin-1 mouse monoclonal antibody at 4 °C overnight.

After washing with phosphate-buffered saline (PBS), sections were

then incubated with the donkey anti-mouse antibody conjugated

with Cy3 at room temperature for 45 min. After washing again with

PBS, sections were then blocked with 10% normal donkey serum,

then incubated with either primary anti-elastin or anti-collagen X

or anti-fibrillin-2 rabbit polyclonal antibody at 4 °C overnight. The

sections were then washed with PBS, and then incubated with don-

key anti-rabbit antibody conjugated with dylight-488 at room tem-

perature for 45 min. Sections were then washed and mounted with

mounting medium (Vector Laboratory, Cat No: H1500).

Microscopy and image processing

All sections were examined using a conventional fluorescence

microscope (Leica DMRB) combined with a phase contrast filter.

Several sequential images of the same site were taken manually

without moving the slides, either by changing the focus to track

the fibres or by switching to different filters keeping the same

focus. Images were then processed with ADOBE PHOTOSHOP CS5.

In order to improve contrast of the dual-immunostained fluores-

cent dyes, images of Cy3-labelled fibrillin-1 were changed to red

using the same software. Multiple images from the same speci-

men site were merged together (layers option) using the same

software.

Results

General structure and morphology

Metacarpal–phalangeal joint and growth plate

The second ossification centre was well developed in all

metacarpal bones examined (Fig. 1B). The different zones

of the metacarpal growth plate (Fig. 1C) based on the cell

organisation and appearance were evident, i.e. RZ, PZ, HZ,

and the calcified region of the hypertrophic zone (CZ).

A vertebral joint and growth plate

In the calf tail used, the second ossification centre was only

seen in the first three proximal joints along the axis of the

calf tail. Before the formation of its second ossification cen-

tre, a young vertebral joint in the more distal region of the

tail, (Fig. 1E) is composed of the intervertebral disc flanked

longitudinally by cartilages that are connected to the adja-

cent vertebral bodies (white arrows) through the growth

plate (green arrows). As in the growth plate of a long bone,

the growth plate of the developing vertebra appeared com-

posed by distinct zones, defined by their appearance and

by cell organisation (Fig. 1F), viz. the RZ, the PZ, HZ and CZ.

Table 1 List of antibodies used.*

Primary antibody Secondary antibody

Fibrillin-1 Mouse anti-bovine fibrillin-1 from Abcam UK Ltd, UK, Cat. No: ab3090

Dilution: 1 : 50

Buffer: 50 mM Tris-HCl plus 10 mM calcium acetate

Cy3-conjugated donkey anti-mouse IgG from

Stratech Scientific Ltd, UK,

(Red)

Cat. No: 715-165-151

Dilution: 1 : 100

Elastin Rabbit anti-human a-elastin antibody (cross-reacting with bovine) from

AbDserotec, UK,

Cat. No: 4060-1054, Batch No: 20092751

Dilution: 1 : 50

Dylight-488 conjugated donkey anti-rabbit IgG

from Stratech Scientific Ltd, UK

(Green)

Cat. No: 712-485-153

Dilution: 1 : 100

Fibrillin-2 Rabbit anti-human fibrillin-2 antibody

(cross-reacting with bovine) from Elastin Products Company, USA,

Cat. No: PR225

Dilution: 1 : 50

As above

Collagen X Rabbit anti-rat collagen X antibody

(cross-reacting with bovine) from Abcam UK,

Cat. No: ab58632

Dilution: 1 : 50

As above

*Antibodies are diluted with PBS, unless otherwise indicated.
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The cell columns of the HZ and PZ of the vertebral growth

plates were, however, typically shorter than those of the

metacarpal growth plates.

Organisation of fibrillin microfibrils in the

metacarpal growth plate

Typical images of a metacarpal growth plate immuno-

stained for fibrillin-1 are shown in Fig. 2; the microfibrils

could be visualised in all the regions of the growth plate.

They were not only apparent in the ECM of the RZ of the

cartilage, as reported previously (Keene et al. 1997), but we

observed an extensive network of fibrillin-1 microfibrils also

in the ECM of the PZ and HZ where they appeared to form

columns encircling the cells (white arrows in Fig. 2B). This

fibrillin-1 network seems stained more intensely in the PZ

region than in the HZ region. In order to clarify differences

in zonal distribution, dual-immunostaining of fibrillin-1

with collagen X was carried out; typical results are shown in

Fig. 3. Collagen X is mainly expressed in the HZ (Schmid &

Linsenmayer, 1985), therefore it can be used as a marker for

the HZ region. If Fig. 3B is compared with Fig. 3C, it can be

seen that fibrillin-1 stained more intensely in the PZ region

than that in the HZ region. The merged image (3D) further

confirmed the finding.

As mentioned above, mutations in the genes encoding

fibrillin-1 or fibrillin-2 lead to MFS or CCA, respectively.

Both syndromes share some similar features, viz. elongated

fingers and limbs, and also scoliosis. Therefore, dual-immu-

nostaining of fibrillin-1 and fibrillin-2 was carried out, typi-

cal results are shown in Fig. 4. Relatively little fibrillin-2

staining was visible in the PZ and HZ regions (Fig. 4B), and

also little was apparent in the RZ (not shown). Fibrillin-2,

however, was more evident in the calcified zone, where

fibrillin-1 was also seen (compare Fig. 4B with Fig. 4C).

Organisation of fibrillin microfibrils in the vertebral

growth plate

Figure 5 shows typical results of immunostaining fibrillin-1

in the growth plate of the calf tail. As seen in the metacar-

pal growth plate (Fig. 2), immunostained fibrillin-1 was

apparent in all regions of the vertebral growth plate, with

stronger staining in the ECM of the RZ and PZ (Fig. 5B,E),

and relatively less staining in the HZ and CZ regions. As

above, in order to clarify the zonal distribution, dual-

A B C

Fig. 2 Typical distribution of microfibrils immunostained with fibrillin-1 (F1) (red) in the metacarpal growth plate. (A-B) Micrographs from same

site; dashed white and yellow lines separates the HZ from the PZ and the PZ from the RZ. (A) Phase contrast image, yellow and white arrows indi-

cate typical hypertrophic and proliferative cell columns respectively. (B) Microfibrils immunostained with F1, visible in all zones of the growth plate,

with relatively intense staining in the RZ and PZ regions and less staining in the HZ region. At the PZ and HZ, microfibrils appear encircling cell col-

umns (highlighted with white arrows). (C) Merged image of A and B. RZ, resting zone; PZ, proliferative zone; HZ, hypertrophic zone.

© 2013 Anatomical Society

Fibrillin microfibrils in the calf growth plate, J. Yu and J. Urban644



immunostaining of collagen X with fibrillin-1 was carried

out. The results confirmed that fibrillin-1 was present in the

HZ region, but that staining was less intense there than in

other zones (Fig. 6). Dual-immunostaining of fibrillin-1 and

fibrillin-2 showed stronger staining of fibrillin-2 (Fig. 7C,H)

than seen in the metacarpal growth plate (Fig. 4B), with rel-

atively more fibrillin-2 distributed in the HZ, and less in the

PZ and RZ compared with fibrillin-1, the two highly coloca-

A B

C D

Fig. 3 Typical dual-immunostained collagen X (Col X; green) and fibrillin-1 (F1; red) in the metacarpal growth plate. (A-C) Micrographs from

same site, white dashed line separates the HZ and PZ regions. (A) Phase contrast image. (B) Immunostained collagen X (Col X) showing strong

staining for Col X in the HZ region. (C) Immunostained F1 showing relatively more F1 in the PZ than in HZ regions. (D) Merged image of A, B and

C. RZ, resting zone; PZ, proliferative zone; HZ, hypertrophic zone.

A B

C D

Fig. 4 Typical dual-immunostained fibrillin-1

(F1; red) and fibrillin-2 (F2; green) in the

metacarpal growth plate (pre-treatment

condition: hyaluronidase 2hrs at 37�C; longer
incubation in hyaluronidase can lead to

loosening and loss of the calcified tissue).

(A-C) Micrographs from the same site, yellow

and white dashed lines separating the CZ

from the HZ and the HZ from the PZ regions

respectively. (A) Phase contrast image, white

and yellow arrows indicate typical

proliferative and hypertrophic cell columns

respectively. (B-C) Immunostained F2 and F1

respectively, showing little F2 staining is

visible in the HZ and PZ regions but strong

staining for F2 is apparent in the CZ where

F1 is also apparent. (D) Merged images of A-

C. RZ, resting zone; PZ, proliferative zone; HZ,

hypertrophic zone; CZ, calcified region of the

hypertrophic zone.
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A B C

D E F

Fig. 5 Typical fibrillin-1 (F1) microfibril organisation in the vertebral growth plate. A,B and D,E are micrographs took from the same sites respec-

tively. (A,D) Phase contrast images showing the organisation of cells in the vertebral growth plate; hypertrophic and proliferative zone cells are

highlighted with yellow and white arrows respectively. (B,E) Immunostained fibrillin-1 images from the identical areas of A and D respectively,

showing extensive fibrillin-1 staining in the resting zone (RZ) and relatively more F1 staining in the proliferative zone (PZ) than that in the hyper-

trophic zone (HZ). CZ, calcified region of the hypertrophic zone.

A B

C D
Fig. 6 Typical dual-immunostained Collagen

X (Col X; green) and fibrillin-1 (F1; red) in the

vertebral growth plate. (A-C) Images are

micrographs from the same site. (A) Phase

contrast image. (B) Immunostained collagen X

(ColX), mainly visible in the HZ as previously

reported. (C) Immunostained fibrillin-1,

showing fibrillin-1 microfibrils more apparent

in the PZ than the HZ as seen in Fig 5. (D)

Merged image of B and C. (E) Merged image

of A-C. PZ, proliferative zone; HZ,

hypertrophic zone.
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lised otherwise (Fig. 7D,I). As in the metacarpal growth

plate (Fig. 4), fibrillin-2 staining was most intense in the cal-

cified zone (not shown).

Elastin was not observed in the PZ and HZ of either the

metacarpal–phalangeal or vertebral growth plates. Exten-

sive staining for elastin was, however, observed in the RZ of

A B

C

E

G

I J

H

F

D

Fig. 7 Typical dual-immunostained fibrillin-1

(F1; red) and fibrillin-2 (F2; green) in the

vertebral growth plate. A to C, E to G are

micrographs are took from the same site of a

section respectively. (A,E) Under phase

contrast, white and yellow arrows indicating

the typical proliferating and hypertrophy cells

respectively. B,C and F,G are the micrographs

of dual-immunostained fibrillin-1 and fibrillin-

2 respectively, showing F2 apparent in all

three zones of the growth plate, highlighted

with yellow arrows in C and G. (D,H) Merged

image of B,C and F,G respectively showing

relatively more fibrillin-2 in the HZ, and less in

the PZ and RZ compared to fibrillin-1, the

two highly colocalised otherwise. RZ, resting

zone; PZ, proliferative zone; HZ, hypertrophic

zone.
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vertebral growth plate (not shown), but not in the metacar-

pal–phalangeal growth plate.

Discussion

Here we report that fibrillin microfibrils are distributed

throughout all the regions of the 7-days calf metacarpal

and vertebral growth plates.

An extensive network of fibrillin-1 was seen in the ECM

of the RZ and PZ of the vertebral and metacarpal growth

plates (Figs 2B, 3C, 5B,E, 6C,7B,G), but fibrillin-1 was rela-

tively sparsely distributed in the HZ. Dual-immunostaining

of collagen X with fibrillin-1 further confirmed zonal

fibrillin-1 distribution (Figs 3 and 6). By contrast, staining of

the fibrillin-2 network was most intense in the calcified

zone (Fig. 4), with relatively more fibrillin-2 found in the HZ

of the vertebral growth plate than fibrillin-1 (Fig. 7). No

elastin fibres were seen in the PZ and HZ.

The extensive organisation of fibrillin microfibrils in dif-

ferent regions of the growth plate suggests the network of

microfibrils could play a functional role in the long bone

and spinal growth. Microfibrils, as part of the elastic fibre

system, are commonly thought to play a mechanical role.

Even though elastin was not observed in the ECM surround-

ing the cell columns of the growth plate, microfibrils alone

could play a mechanical role as seen in the ocular zonules

(Streeten & Licari, 1983; Sherratt et al. 2003). The growth

rate and organisation of the growth plate is sensitive to

inappropriate external mechanical loading (Roaf, 1960;

Farnum & Wilsman, 1993; Stokes et al. 2005, 2006, 2007), to

tension imposed by the periosteum (Foolen et al. 2011) and

to disruptions of ECM organisation (Blumbach et al. 2008;

Plumb et al. 2011). The organisation of the fibrillins in the

growth plate suggests their networks could play a mechani-

cal role. There is further support for this suggestion from

observations of disturbed fibrillin organisation in disorders

arising from FBN1 mutations.

Over 600 mutations of FBN1 have been associated with

MFS (UMD-FBN1; http:/www.umd.be) leading to tall stature

and long limbs, even though genotype–phenotype correla-

tions have, in the main, been poorly established (Faivre

et al. 2003; Mizuguchi & Matsumoto, 2007). However, FBN1

mutations that abolish binding to ADAMTSLIKE (ADAMTSL)

proteins (Sengle et al. 2012) or mutations of TGF-beta

binding protein-like 5 domain in fibrillin-1 appear to lead to

GD, AD (Le Goff et al. 2011) or WMS (Faivre et al. 2003),

characterised by short stature. Interestingly, mutations in

ADAMTSL2 and ADAMTS10 were found to be associated

with GD (Le Goff et al. 2008) and a recessive form of WMS

(Dagoneau et al. 2004), respectively. Results suggest that a

complex formed from specific ADAMTS and ADAMTSL

proteins binds to FBN1, influences fibrillin-1 microfibril

formation and hence fibrillin-1 function (Le Goff et al. 2011;

Sengle et al. 2012). Microfibrils formed from cells of patients

with WMS, AD, GD and MFS are irregular and disorganised

in situ compared with controls (Hollister et al. 1990; Le Goff

et al. 2011; Sengle et al. 2012). Such differences in microfi-

bril formation could influence mechanotransduction in the

growth plate and hence bone growth (Sengle et al. 2012).

More recently, fibrillins have also been shown to regu-

late the bioavailability of TGF-betas and BMPs (reviewed

by Ramirez & Rifkin, 2009; Ramirez & Sakai, 2010). Growth

factors of the TGF-beta family are targeted to microfibrils

indirectly through the latent TGF-beta binding proteins

1,3,4 (LTBPs; Rifkin, 2005; Ramirez & Rifkin, 2009). These

LTBPs are able to bind to fibrillin-1 and fibrillin-2 in vitro,

and co-localise with microfibrils in vivo (Isogai et al. 2003).

BMPs can directly target to microfibrils (both fibrillin-1

and fibrillin-2) through their pro-domains (Gregory et al.

2005; Sengle et al. 2008, 2011). The TGF-beta and BMP-

family proteins, their associated receptors and their tran-

scription factors, the Smads, are expressed in all the

regions of the growth plate (Yazaki et al. 1998; Sakou

et al. 1999; Keller et al. 2011). The patterns of expression

of their transcription factors, the Smads, and studies on

transgenic mice indicate that TGF-betas and BMPs play

different temporal and spatial roles in regulating postna-

tal vertebral body growth, and that there is considerable

interaction between them (Bailon-Plaza et al. 1999; Dahia

et al. 2011; Keller et al. 2011). As TGF-beta and BMPs

appear to be modulated differentially by fibrillin-1 and

fibrillin-1 during bone formation in vitro (Nistala et al.

2010), the specific organisation of these microfibrils within

the growth plate may have a role in the differential regula-

tion of activity of these growth factors. FBN1 mutations

could also affect TGF-beta signalling (Neptune et al. 2003;

Le Goff et al. 2011; Sengle et al. 2012). Indeed, upregula-

tion of TGF-beta secretion has been shown in MFS (Neptune

et al. 2003; Habashi et al. 2006) and GD and AD (Habashi

et al. 2006; Le Goff et al. 2011), but not in WMS (Sengle

et al. 2012). How these changes in fibril organisation and

TGF-beta expression lead to the opposite skeletal pheno-

types seen in MFS, WMS, GD and AD is unknown at present.

In summary, this study reports that fibrillin microfibrils

form an extensive network in the ECM of the growth plate

indicating direct involvement of fibrillin-1 and fibrillin-2 in

bone growth.
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