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Abstract

The establishment of a complex collagen network is critical for the architecture and mechanical properties of 
cartilage and bone. However, when and how the key collagens in cartilage and bone develop has not been 
characterised in detail. The study provides a detailed qualitative characterisation of the spatial localisations of 
collagens I-III, V-VI and IX-XI in the mouse and their regional architecture variation over three developmentally 
significant time points: when the rudiment starts to form at E13.5 [Theiler stage (TS) 22], when mineralisation 
is present at E16.5 (TS25) and during the latest prenatal stage at E18.5 (TS27). Dynamic changes in collagen 
distribution between stages with the progression of the growth plate and mineralisation (particularly collagens 
I, II, V, X and XI) and dramatic changes in collagen structural organisation and complexity with maturation, 
especially for collagens II and XI, were observed. The future articular cartilage region was demarcated by 
pronounced collagens II and VI expression at TS27 and the emergence of collagens I, III, V, IX and XI in the 
tendon and its insertion site was observed. The present study revealed, for the first time, the emergence and 
maturation of key cartilage and bone collagens, in high resolution, at multiple locations across the entire 
rudiment, including the joint regions, at three of the most developmentally significant stages of skeletogenesis, 
furthering the understanding of disease and regeneration of skeletal tissues.
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Introduction

The extracellular matrix (ECM) provides tissues 
with their specific biochemical and mechanical 
properties. Resident cells synthesise and maintain 
the ECM and the ECM, in turn, regulates the cells’ 
functions (Gelse et al., 2003). Cell-matrix interactions 
through specific receptor-ligand binding play critical 
roles in cell signalling, defining tissue boundaries 
and regulating both cell and tissue morphogenesis 
(Rozario and DeSimone, 2010). The cartilage ECM 
is composed of two main components that define 
its biochemical and mechano-physical properties: a 
collagen network, responsible for tensile strength, 
and proteoglycans, responsible for osmotic swelling 
and elastic properties (Gentili and Cancedda, 2009). 
The ECM is a key regulator of bone mechanical 
properties. Bone ECM is composed largely of calcium 
phosphate in the form of hydroxyapatite, with 
extensive collagen-I-rich organic matrix (Alford et 
al., 2015). Collagen fibrils appear first in the ECM of 

rudimentary cartilage, bone, tendons and ligaments 
soon after mesenchymal condensation (Kadler et 
al., 2008). During foetal and postnatal development, 
the fibrils change in dimensions and increase in 
abundance until they become the most abundant 
structural component of the adult skeletal tissues. As 
the tissues mature, the molecular organisation and the 
width as well as the orientation of the collagen fibrils 
change depending on the external forces experienced 
during load bearing (Blaschke et al., 2000).
	 Collagen II is the main matrix component in 
cartilage, but the minor collagens III, VI, IX, X and 
XI also contribute to the mature matrix (Eyre, 2002). 
Bone collagens mainly consist of collagens I and 
V (Niyibizi and Eyre, 1989). Abnormal amounts 
of all these collagens have been shown to have 
effects on cartilage or bone development (Rozario 
and DeSimone, 2010). For example, in humans, a 
mutation in the collagen I gene (which encodes the 
chains of type I procollagen) leads to osteogenesis 
imperfecta (von Der Mark, 2006), with a reduction 
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in bone mass as well as an increase in bone fragility 
and multiple fractures (Forlino et al., 2011). Studies 
on Col2a1 null mice have shown that collagen II 
is required for the proper formation of articular 
cartilage, epiphyseal growth plate, endochondral 
bone and intervertebral discs (Aszodi et al., 1998; Li 
et al., 1995a). Mice with a mutation in Col2a1 develop 
a phenotype resembling human chondrodysplasias 
and tend to develop osteoarthritis (OA) in old age 
(Garofalo et al., 1991; Vandenberg et al., 1991). An 
OA-like phenotype can also be induced in mice 
by upregulating Col2a1 activity, with disruption 
of the collagen II fibril assembly (Garofalo et al., 
1993). Moreover, targeted inactivation of Col2a1 
prevents endochondral bone formation in mice 
(Li et al., 1995a). In humans, mutations of COL2A1 
can contribute to osteochondrodysplasias and/or 
OA (Helminen et al., 2002). Disruptions in Col11a1 
and Col11a2 have very different effects on murine 
susceptibility to OA. Premature termination of 
α1(XI)-chain mRNA translation in heterozygous 
cho/+ mice leads to OA-like changes (Olsen, 1995)
whereas mice with targeted disruption of Col11a2 
do not show any OA phenotype. However, in these 
latter mice, changes in growth plate morphology can 
be observed histologically (Li et al., 1995b). In mice, 
a deficiency in the major collagen V chain is fatal in 
early embryogenesis and is linked to an absence of 
collagen fibrils (Wenstrup et al., 2004). The number 
of collagen fibrils and collagen fibril diameter have 
been shown to be directly related to the collagen V 
gene dose (Beighton et al., 1998; Birk, 2001; Glimcher 
et al., 1980; Niyibizi and Eyre, 1989). Mice lacking 
collagen VI have delayed secondary ossification and 
reduced bone mineral density (Alexopoulos et al., 
2009; Christensen et al., 2012). Col9a1 knockout mice 
have disrupted growth plates (Blumbach et al., 2009) 
and mice lacking collagen X have severe impairment 
of haematopoiesis, indicating that collagen X 
contributes to the establishment of the haematopoietic 
niche at the osteochondral junction (Sweeney et al., 
2010). Damaged collagen fibrils are the first sign of 
overt cartilage degeneration characteristic of OA 
(Billinghurst et al., 2001; Poole et al., 2002; Stoop et al., 
1999). Focal deposition of collagen III in the territorial 
matrix is significantly increased in OA cartilage 
when compared to normal cartilage (Hosseininia 
et al., 2016) and collagen X expression is elevated in 
human and mouse osteoarthritic cartilage, due to 
chondrocyte hypertrophy and cartilage calcification 
(Kamekura et al., 2005; Walker et al., 1995). Mice in 
which the function of collagens VI, IX or XI has been 
compromised show accelerated development of OA 
(Alexopoulos et al., 2009; Holyoak et al., 2018; Parsons 
et al., 2011).
	 A small number of studies have described collagen 
localisation patterns during skeletal rudiment 
development. Archer et al. (1994) described the 
spatiotemporal distribution of collagens I and II 
within the developing joint of the embryonic chick. 
Prior to cavitation, collagen I immunopositivity 

is mildly detectable in the joint interzone, which 
then becomes restricted to the developing joint 
capsule and articular surfaces after cavitation. In 
contrast, collagen II is present in the interzone 
prior to cavitation and its presence in the interzone 
diminishes with the progression of cavitation. 
Following complete cavitation, collagen II is restricted 
only to the epiphyseal cartilage. Morrison et al. (1996) 
described the tissue distribution patterns of collagens 
I, II, III, VI and X in the developing knee joint cartilage 
of a marsupial model system. Similar to Archer et al. 
(1994), they found that collagen I localisation in the 
epiphyseal cartilage weakens with development. 
Collagen II is found throughout the cartilage while 
collagen III is only present at the insertion sites 
of major ligaments and tendons and within the 
perichondrium/periosteum. Collagen VI is seen 
throughout the cartilage, restricted to the pericellular 
matrix. Collagen X is confined to the hypertrophic 
chondrocytes and its expression precedes the start of 
endochondral bone formation (Morrison et al., 1996). 
A later study by Shobam et al. (2016) further described 
the collagen I deposition pattern with respect to 
vascular patterning and bone morphology. Collagen 
I deposition initiates with the formation of the bone 
collar and, as the bone collar expands radially, newly 
deposited collagen I is found in its outer layer. Müller-
Glauser et al. (1986) showed that both collagen II 
and IX are found in the cartilaginous, but not in the 
mineralised, regions of 17-d-old chick long bones. 
Studies of cultured chondrocytes in vitro have shown 
that chondrocytes of the developing human femoral 
head synthesise collagen III (Treilleux et al., 1992). 
Finally, Foolen et al. (2008) showed that collagen fibre 
orientation in the developing chick periosteum and 
perichondrium aligns preferentially in the direction 
of the tissue growth. These studies are currently the 
best data available on the emergence of collagens 
during skeletogenesis. However, they do not describe 
the structural organisation of all key cartilage and 
bone collagens across the various regions of the 
rudiment or across the entire range of the rudiment 
development. This was the gap addressed in the 
present study.
	 The present study provides a comprehensive 
description of how the structural organisations and 
tissue distributions of collagens type I, II, III, V, VI, 
IX, X and XI emerge and change in the humerus 
during prenatal development of the mouse, at Theiler 
stages (TS) 22, TS25 and TS27 (typically embryonic 
days 13.5, 16.5 and 18.5, respectively). These eight 
collagens were chosen because cartilage and/or 
bone abnormalities result when their distribution 
and structure are altered in human pathologies or 
in animal models (Rozario and DeSimone, 2010). 
Understanding the emergence of composition and 
architecture of collagens during cartilage and bone 
development will advance the understanding of 
the development, maturation and degradation of 
cartilage and bone and open avenues towards novel 
regenerative medicine strategies for diseased cartilage 
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and bone, through recapitulation of developmental 
processes.

Materials and Methods

Tissue collection
All experiments were performed in accordance 
with European legislation (Directive 2010/63/EU). 
Mouse embryos (C57BL/6 strain) were harvested 
and staged according to Theiler stages TS22, TS25 
and TS27 (typically embryonic day 13.5, 16.5 and 
18.5, respectively). Forelimbs were dissected and 
processed for cryosectioning. Each collagen type was 
characterised in three distinct embryos. In the results, 
one representative sample is shown for each collagen 
but the results described were consistent for all the 
three individual replicates studied.

Histology and collagen detection by 
immunofluorescence
Forelimbs were processed in a sucrose gradient 
(15 % and 30 % sucrose) and embedded in a medium 
containing 50 % sucrose and 50 % optimal cutting 
temperature (OCT) embedding matrix (Agar 
Scientific, Stansted, UK). 12 μm-thick tissue sections 
were cut using a cryostat and fixed for 10  min at 
room temperature in 4 % (w/v) paraformaldehyde, 
while agitating. For histology, sections were stained 
with toluidine blue (Sigma-Aldrich) for 10  s and 
washed in water. Following air-drying, sections were 
imaged by transmitted illumination using a light 
microscope (Yenway EX30; Life Sciences Microscope, 
Glasgow, UK). Images were used to identify the 
regions of interest. For immunofluorescence, tissues 
were permeabilised with 0.1  % Tween 20 (Sigma-
Aldrich)/1  % dimethyl suphoxide (DMSO; Sigma-
Aldrich) in phosphate-buffered saline (PBS), blocked 
with 5 % (v/v) normal goat serum (Sigma-Aldrich) 
and incubated overnight at 4  °C with a primary 
antibody against the specific collagen type (1  :  50 
dilution; antibody details provided in Table 1). The 
next day, tissues were washed and incubated for 

2 h at room temperature with secondary antibody 
(1 : 200 dilutions) (antibody details provided in Table 
1) and 4′,6-diamidino-2-phenylindole (DAPI, Sigma-
Aldrich) (1 : 1,000 dilution). Rabbit anti-mouse (Alexa 
Fluor® 488) was used for collagen II and goat anti-
rabbit (Cy3®) was used for all other collagens. Initially, 
experiments for all collagens were performed without 
digesting the tissue sections with hyaluronidase 
(HA). As no signal was detected for collagens III, IX 
and XI, the experimental protocol was optimised for 
these collagens by digesting the tissue sections with 
10 mg/mL bovine testicular HA (Sigma-Aldrich) for 
1 h prior to incubation with the primary antibody. 
Following this digestion step, collagen IX expression 
was only detected in the perinuclear region. Then, 
another digestion protocol using 10 mg/mL HA in 
sodium acetate buffer [10 mM sodium acetate (Sigma-
Aldrich), 10  mM ethylenediaminetetraacetic acid 
(EDTA; Sigma-Aldrich), pH  6.0] for an alternative 
collagen IX antibody (see Table 1) was tested.

Image acquisition by confocal laser scanning 
microscopy and analysis
The humerus was the focus of the study, with five 
regions chosen for detailed inspection; namely, the 
humeral head, the proliferative and hypertrophic 
regions of the growth plate, the mineralised region 
and the humeral condyles (Fig. 1). Since no discernible 
growth plate region was present at TS22 (Fig. 1), 
only the humeral head, mid-diaphysis (primary 
ossification centre) and humeral condyles were 
assessed at this stage. Direct fluorescence acquisition 
of labelled tissue sections was performed using 
a Zeiss LSM 510 inverted confocal laser scanning 
microscope equipped with blue-diode 405 nm, argon 
458-514 nm, helium and neon 543 nm and helium-
neon 633 nm lasers. An overall image of the entire 
humerus was acquired with a ×10 objective (Plan-
Neofluar 10×/0.30) and higher magnification images 
of the specific regions were acquired using a ×63 oil 
objective (Plan-Apochromat 63×/1.4). The argon and 
helium-neon laser multi-track protocol was used 
(Eltawil et al., 2018). This protocol allowed alternate 

Antibody Supplier Catalogue number
Collagen I Abcam ab34710
Collagen II Sigma-Aldrich MAB8887
Collagen III Abcam ab7778
Collagen V Abcam ab7046
Collagen VI Abcam ab6588
Collagen IX Abcam ab134568
Collagen IX Thermo Fisher Scientific PA5-38886
Collagen X Abcam ab58632
Collagen XI Invitrogen PA5-77258

Goat anti-rabbit (Cy3®) Abcam ab6939
Rabbit anti-mouse (Alexa Fluor® 488) Abcam ab150125

Table 1. List of antibodies used and their product details.
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Fig. 1. Representative histological sections of the murine forelimb at TS22, TS25 and TS27. Sections were 
stained with toluidine blue. At TS22, the humeral head and the humeral condyles were still continuous, 
with the scapula and radius/ulna providing no evidence of cavitation. At this stage, three regions within 
the humerus were chosen for detailed assessment: (a) humeral head, (b) mid-diaphysis and (c) humeral 
condyles (red boxes). At TS25 and TS27, five regions within the humerus were chosen for detailed 
assessment: (d,i) humeral head, (e,j) proliferative and (f,k) hypertrophic regions of the growth plate, (g,l) 
mineralised region and (h,m) humeral condyles. Red dotted lines indicate the approximate boundaries 
between the regions examined. Scale bars: 100 μm.

excitation of DAPI (λex  =  358  nm, λem  =  461  nm  
and secondary antibody fluorophores such as Cy3 
(λex  =  550  nm, λem  =  570  nm) and, thereby, dual 
visualisation of the nuclei and collagen molecules 
within individual optical sections. The optimal gain 
of the fluorescence photomultiplier was manually 
adjusted before acquiring an image to avoid pixel 
saturation and obtain optimal imaging of each optical 
section. The diameter of the pinhole was set to 1 Airy 
unit (diameter which allowed rejection of out-of-focus 
light) for detection of both fluorophores. Using these 
parameters, the humerus of the prenatal forelimb 
was imaged in multiple optical sections. Where no 
obvious differences in collagen distribution were 
observed across the rudiment, only the humeral 
head was imaged at higher magnification. Within 
each region, confocal images were taken based on 
optimal visibility of prominent collagen architecture 
and in order to include perichondrial or periosteal 
immunolocalisation, where appropriate. Optical 
sections were reconstructed using Fiji (Image J) 
(Paletzki and Gerfen, 2015) to produce confocal 
projections. The “smooth” filter was applied to some 
of the fluorescent images in order to reduce the 
intensity variation between a pixel and the next one 
and reduce the noise in the images. This was done by 
replacing each pixel with the average of its immediate 
neighbours. Where it was not possible to capture the 
entire rudiment in one image using the ×10 objective, 
individual images were taken, processed using Fiji 
(ImageJ) and stitched using Inkscape (Yuan et al., 
2016).

Results

Collagen I
At TS22, collagen I was present at the proximal and 
distal ends of the rudiment with more pronounced 
expression at the proximal end (Fig. 2i). It was 
prominent in the perichondrium, with more marked 
expression proximally and at the mid-diaphyseal 
perichondrium (Fig. 2i). Perichondrial cells were 
embedded in the collagen I matrix (Fig. 2a). Mild 
immunopositivity was detected in some regions of 
the cartilage (Fig. 2i, filled arrows). By TS25, strong 
immunopositivity was detected in the mineralised 
regions (Fig. 2ii) with thick collagen I bundles (Fig. 
2b). Staining intensity was diminished in the rest 
of the cartilage when compared to TS22 and mild 
immunopositivity was detected in the perichondrium 
(Fig. 2ii). At TS27, collagen I was detected throughout 
the mineralised region and was more pronounced 
in the perichondrium when compared to TS25 
rudiments (Fig. 2iii). At this stage (TS27), collagen I 
bundles in the mineralised regions had two different 
organisations: (1) a lattice-like organisation towards 
the core (Fig. 2c) and (2) randomly oriented thicker 
bundles closer to the surface (Fig. 2d), with increased 
spacing between individual bundles when compared 
to TS25.

Collagen II
At TS22, collagen II was detected throughout the 
ECM of the developing rudiment, with milder 
immunolocalisation in the proximal and distal 
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Fig. 2. Collagen I was primarily present in the perichondrium and the mineralising cartilage. (i) Filled 
arrows indicate mild immunopositivity for collagen I in the cartilage. (a) Perichondrial cells were embedded 
in the collagen I matrix at TS22. (b) Thick collagen I bundles were detected in the mineralised regions of 
the rudiments at TS25. (c,d) Two different collagen bundle organisations were observed at TS27. White 
dotted boxes represent the specific areas where the higher magnification images were taken. Scale bars: 
100 μm for i-iii and 10 μm for a-d.

ends and mid-diaphysis (Fig. 3i). With maturation 
(TS25 and TS27), collagen II was retained only in the 
non-mineralised cartilage and perichondrium with 
a progressive reduction in collagen II expression 
nearest the advancing marrow cavity region of the 
growth plate (Fig. 3ii,iii). At higher magnification, 
striking differences in collagen II structure and 
organisation became apparent, both between regions 
and between stages. At TS22, collagen II staining 
was observed throughout the ECM (Fig. 3a) but 
the strongest staining was detected as either fine 

circular bands (Fig. 3a, hollow arrows) or close to 
the chondrocytes (Fig 3a, asterisks). In the TS22 
mid-diaphysis (Fig. 3b) and humeral condyles (Fig. 
3c), collagen II was present only at the edges of the 
nuclei with a stronger signal in the humeral condyles 
than in the mid-diaphysis. In the TS25 humeral 
head, the collagen II bundles started to form an 
oriented meshwork, where the chondrocytes were 
embedded in the mesh (Fig. 3d). A similar, although 
less pronounced, architecture was present in the 
proliferative region of the growth plate (Fig. 3e) and 
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F i g .  3 .  C o l l a g e n  I I 
immunopositivity was detected 
throughout the rudiment except 
in the mineralising cartilage at 
all stages with a progressive 
reduct ion  in  col lagen I I 
expression near the advancing 
marrow cavi ty  region of 
the growth plate. A fibrillar 
framework was present in the 
TS25 and TS27 (d,j) humeral 
head and (h,n) condyles. (k-
l) At TS27, collagen II matrix 
structural organisation was also 
well-defined in the growth plate 
regions. White dotted boxes in 
i-iii represent the specific areas 
where higher magnification 
images were taken. (a) Hollow 
arrows: fine circular bands of 
collagen II; asterisks: dense 
collagen II matrix distributed 
in the perinuclear regions. (f) 
Squares: dense fibres in the 
growth plate. (k) Filled arrows: 
longitudinal septa distribution; 
plus signs: transverse septa 
distribution. (l) Circles: thick 
bundles in the longitudinal septa 
of the hypertrophic region of 
growth plate; single-edged bars: 
expression in transverse septa of 
hypertrophic region of growth 
plate. Scale bars: 100 μm for i-iii 
and 10 μm for a-n. 
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in the humeral condyle (Fig. 3h). Dense fibres (Fig. 3f, 
squares) were seen in the hypertrophic region of the 
growth plate. In the TS27 humeral head and condyles, 
the collagen II bundles were more prominent than 
in previous stages and highly organised forming a 
fibrillar network (Fig. 3j,n). In the proliferative region 
of the TS27 growth plate, collagen II was present 
both in the longitudinal [matrix between individual 
chondrocyte columns (Fig. 3k, filled arrows)] and 
transverse septa [matrix between the cells of a column 
(Fig. 3k, plus signs)]. In the hypertrophic region, the 
collagen II bundles were more pronounced in the 
longitudinal septa (Fig. 3l, circles), compared to the 
transverse septa (Fig. 3l, single-edged bars).

Collagen III
Collagen III was detected throughout the rudiment, 
including the perichondrium and periosteum, at 
all three stages (Fig. 4i-iii). At TS22, the strongest 
immunopositivity was observed at the proximal and 
distal ends of the rudiment but this did not persist 
across development. At TS22, collagen III was only 
present surrounding individual chondrocyte nuclei 
without any obvious difference in distribution pattern 
between the three regions that were assessed (Fig. 
4a-c). At TS25 and TS27, collagen III was primarily 
present in the pericellular matrix with cristae-like 
structures (folding in the inner membrane) visible 
within each chondron (Fig. 4d-f,h-l, hollow arrows). 
At TS25, in the proliferative and hypertrophic regions 
of the growth plate, collagen III was present in the 
longitudinal septa (Fig. 4e,f, asterisks), while by TS27, 
this immunopositivity in the longitudinal septa was 
weakened (Fig. 4l, filled arrow). Collagen III was 
randomly oriented and striated in the mineralised 
regions (Fig. 4g,m).

Collagen V
At TS22, collagen V was expressed throughout the 
diaphysis of the developing rudiment and was absent 
from the epiphysis and the perichondrium (Fig. 5i). 
At both TS25 and TS27, collagen V immunopositivity 
was detected in the mineralised region of the 
rudiment including the bone collar and was also 
present in the perichondrium (Fig. 5ii,iii). At TS22, 
collagen V appeared to be present in the pericellular 
matrix surrounding individual chondrocytes (Fig. 
5a). At TS25, the collagen V pericellular matrix started 
to become connected to form a dense network (Fig. 
5b) and this fibrillar network of collagen V persisted 
at TS27, without any pronounced orientation (Fig. 5c).

Collagen VI
Collagen VI was detected throughout the rudiment 
and perichondrium at all three stages, with the 
strongest immunopositivity observed at the proximal 
and distal ends of the rudiment (Fig. 6i-iii). Among 
the three stages studied, proximal and distal end 
immunolocalisation was stronger at TS22 (Fig. 6i, 
black arrows). At TS22, collagen VI staining was 
detected in the ECM (Fig. 6a) but the strongest 

staining was observed in the pericellular matrix 
of the chondrocytes in all three regions (Fig. 6a-
c). In the TS25 humeral head, collagen VI was 
present in the pericellular matrix surrounding 
individual chondrocytes (Fig. 6d), with a dense, 
layered appearance within each chondron (Fig 
6d, hollow arrows). In the proliferative region of 
the growth plate, collagen VI was present in the 
pericellular matrix between chondrocyte columns, 
exhibiting a cristae-like structure (Fig 6e, asterisks). 
In the hypertrophic region, regions of collagen VI 
expression in the chondrons were enlarged and dense 
(Fig. 6f). In the TS25 mineralised region, collagen VI 
bundles were less pronounced, appeared fibrillar 
with a dominant orientation in the proximo-distal 
axis of the rudiment (Fig. 6g). In the humeral condyle, 
collagen VI formed a dense cylindrical ring around 
individual chondrocytes (Fig 6h, squares). At TS27, 
the collagen VI matrix of the humeral head was dense 
and compact surrounding individual chondrocytes 
and had cristae-like structures (Fig 6j, filled arrows). 
All the other regions had similar collagen VI 
distribution patterns to what was observed at TS25 
(Fig. 6j-n).

Collagen IX
Collagen IX distribution was examined using three 
different protocols:
•	 addition of collagen IX primary antibody 

(ab134568) without HA digestion of tissue 
sections;

•	 addition of primary antibody (ab134568) following 
tissue digestion with HA (10 mg/mL);

•	 addition of primary antibody (PA5-38886) 
following tissue digestion with HA (10 mg/mL) 
in sodium acetate buffer.

No collagen IX expression was seen with the first 
protocol. Using the second protocol, collagen IX 
expression was observed throughout the rudiment, 
including the perichondrium, at all three stages (Fig. 
7i-iii). Stronger immunopositivity was observed at 
the proximal and distal ends of the TS22 rudiment 
(Fig. 7i, black arrow), but this did not persist 
across development. At higher magnification, 
collagen IX was observed as a dense matrix around 
individual chondrocyte nuclei. There were no 
obvious differences in collagen IX matrix distribution 
at higher magnification either between the regions or 
the stages (Fig. 7a-c). When collagen IX expression 
was examined using the third protocol (PA5-38886), 
the same expression pattern as with ab134568 was 
observed (data not shown).

Collagen X
Collagen X immunopositivity was detected in the 
mid-diaphysis at TS22 (Fig. 8i) and in the growth 
plates at TS25 (Fig. 8ii) and TS27 (Fig. 8iii). At higher 
magnification, a hexagonal lattice-like framework was 
observed at TS22 (Fig. 8a). At TS25, collagen X matrix 
surrounded enlarged hypertrophic chondrocytes 
and was localised in the capsule or membrane-like 
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Fig. 4. Collagen III was present 
throughout the rudiment and 
perichondrium at all three stages, 
localised primarily in the pericellular 
matrix, with distinct cristae-like 
s tructures  within individual 
chondrons. White dotted boxes 
represent the specific areas where 
the higher magnification images 
were taken. (d-f; h-l) Hollow arrows: 
cristae-like structure (folding in 
the inner membrane) visible within 
each chondron. (e ,f) Asterisks: 
distribution in the longitudinal 
septa. (l) Filled arrows: weakening of 
immunopositivity in the longitudinal 
septa. Scale bars: 100 μm for i-iii and 
5 μm for a-n. 
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configuration around each cell (asterisks, Fig. 8b). At 
TS27, collagen X matrix had a columnar arrangement 
in the pre-hypertrophic zone (Fig 8c, upper half, 
hollow arrows) and a convex arrangement in the 
hypertrophic region of the growth plate (Fig 8c, lower 
half, filled arrows).

Collagen XI
Collagen XI was present throughout the rudiment 
at all three stages (Fig. 9i-iii), with less pronounced 
staining in the mineralising cartilage. At TS22, collagen 
XI bundles were organised in a fibrillar network and 
there was no difference in their organisation between 
the regions (Fig. 9a-c). This network organisation 
was retained in the humeral head and condyles at 
both TS25 (Fig. 9d,h) and TS27 (Fig. 9j,n). In the 
proliferative region of the TS25 growth plate, collagen 
XI was present in both the transverse (Fig 9e,10c,d, 
hollow arrows) and longitudinal (Fig. 9e,10c,d, filled 

arrows) septa. Each longitudinal septum contained 
long (Fig. 9e, 10c,d, filled arrows) and short (Fig. 9e, 
asterisks) collagen XI fibres, oriented parallel to each 
other, with small inter-fibre spaces. The characteristic 
shorter fibres were present in the TS25 hypertrophic 
region (Fig. 9f, asterisks) and in the TS27 growth plate 
regions (Fig. 9k,l,10e,f, asterisks). No obvious matrix 
organisation was present in the mineralised regions 
(Fig. 9g,m). At TS27, in the growth plate proliferative 
region, collagen XI organisation in both types of septa 
was more pronounced (Fig 9k, square, 10e,f filled and 
hollow arrows) when compared to TS25.

Collagen distribution at the developing humero-
ulnar joint
Collagen distribution was also assessed at the 
developing humero-ulnar joint (Fig. 11). Prior to 
cavitation (TS22), collagen I was present throughout 
the matrix of the epiphyseal cartilage (Fig. 11a, solid 

Fig. 5. Collagen V was present in the diaphysis at TS22 and in the perichondrium and mineralised 
regions at TS25 and TS27, with a fibrillar organisation in the mineralised regions. White dotted boxes 
represent the specific areas where the higher magnification images were taken. Scale bars: 100 μm for i-iii 
and 10 μm for a-c.
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Fig. 6. Collagen VI was only present in 
the perichondrium and pericellular 
matrix of the foetal humerus at all 
three stages, localised primarily 
to the pericellular matrix. (a-c) 
Chondron initiation was observed at 
TS22. Full chondrons encapsulating 
individual chondrocytes were 
observed at  (d -h )  TS25  with 
increased chondron complexity 
at (j-n) TS27. White dotted boxes 
represent the specific areas where 
the higher magnification images 
were taken. (i) Filled black arrows: 
strong collagen VI immunopositivity 
in the proximal and distal ends 
of the TS22 rudiment. (d) Hollow 
arrows: dense layered appearance of 
collagen VI in the pericellular matrix 
of the humeral head. (e) Asterisks: 
individual chondrons exhibiting 
cristae-like structure. (h) Squares: 
dense cylindrical rings of collagen VI 
around individual chondrocytes. (j) 
Filled arrows: cristae-like structures 
in the TS27 chondrons. Scale bars: 
100 μm for i-iii and 5 μm for a-n.
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arrows) but became confined to the perichondrium 
post-cavitation [TS25 (Fig. 11b, solid arrows) and 
TS27 (Fig. 11c, solid arrows)]. At TS22 and TS25, 
collagen II was present throughout the epiphyseal 
cartilage but no signal for this collagen was detected 
at the future articular cartilage region (Fig. 11d,e, 
hollow arrows). At TS27, collagen II was expressed 
both in the future articular cartilage region and the 
epiphysis (Fig. 11f, solid arrows), clearly demarcating 
the future articular cartilage region. Collagens III (Fig. 
11g-i, solid arrows), VI (Fig. 11m-o, solid arrows) 
and XI (Fig. 11v-x, solid arrows) were consistently 
expressed in both the future articular cartilage region 
and the epiphyseal cartilage. Collagen IX (Fig. 11p-
r, solid arrows) was consistently expressed in the 
epiphyseal cartilage. Collagen V was not expressed 
in the joint region at TS22 (Fig. 11j, hollow arrows) 
but was strongly expressed in the perichondrium 
at TS25 (Fig. 11k, solid arrows) and TS27 (Fig. 11l, 
solid arrows), clearly demarcating the rudiment 
boundaries. Collagen X was not expressed in the joint 
region (Fig. 11s-u, hollow arrows).

Collagen localisation in the tendon
At TS22, collagens I (Fig. 11a, arrowhead) and VI 
(Fig. 11m, arrowhead) were strongly expressed in the 
tendon, while collagen III (Fig. 11g, arrowhead), IX 
(Fig. 11p, arrowhead) and XI (Fig. 11v, arrowhead) 
were most prominently expressed at the insertion 
site. These expression patterns persisted at TS25 
(Fig. 11h,q,w, arrowhead) and TS27 (Fig. 11i,r,x, 
arrowhead). Collagen V was not present in the tendon 
at TS22 (Fig. 11j), with expression increasing starting 
from TS25 (Fig. 11k,l, arrowhead).

Discussion

Assessing ECM composition and architecture 
using high-resolution confocal microscopy enabled 
elucidation of a highly resolved spatial distribution 
and regional variation in collagen architecture not 
previously reported for an entire rudiment. Previous 
immunofluorescence studies have localised collagens 
I, II, III, VI, IX and X in the embryonic limb (Archer 
et al., 1994; Castagnola et al., 1988; Duance et al., 1982; 
Evans et al., 1983; Foolen et al., 2008; Hartmann et al., 
1983; Hering et al., 2014; Irwin et al., 1985; Kong et 
al., 1993; Kwan et al., 1991; Lewis et al., 2012; LuValle 
et al., 1992; Mendler et al., 1989; Morrison et al., 1996; 
Muller-Glauser et al., 1986; Oshima et al., 1989; Poole 
et al., 1984; Ricard-Blum et al., 1982; Schmid and 
Linsenmayer, 1985; Shen, 2005; Shoham et al., 2016; 
Treilleux et al., 1992; Vornehm et al., 1996; Wilusz et 
al., 2012) but only a few studies (Shoham et al., 2016; 
Wilusz et al., 2012) have analysed some of these 
collagen structures using the improved resolution 
offered by confocal microscopy. The main novelty 
of the present study is that it revealed, for the first 
time, to the authors’ knowledge, the emergence and 
maturation of key cartilage and bone collagens, in 

high resolution, at key locations across the entire 
rudiment, including the joint regions, at three of 
the most developmentally significant stages of 
skeletogenesis.
	 Collagens I, II, III, V, VI, X and XI in the developing 
mouse humerus demonstrated dynamic spatial 
distribution and structural changes between the 
three stages studied, namely TS22, TS25 and TS27, 
as summarised graphically in Fig. 12. At TS22, 
collagen I was strongly present at the proximal end 
of the rudiment and in the perichondrium, while 
by TS25 and TS27 immunopositivity was mostly 
confined to the mineralised regions. Collagen V also 
spatially rearranged from the diaphyseal region 
at TS22 to the mineralised regions at TS25 and 
TS27, with changes in the structural organisation 
from pericellular localisation at TS22 to a fibrillar 
organisation at TS27. Collagen II was primarily 
present in the non-mineralised cartilage. There 
were striking differences in collagen II structure 
and organisation between regions and between 
stages, with highly organised fibrillar network of 
collagen II matrix present in the TS27 humeral head 
and condyles when compared to TS22 and TS25. 
The structural organisations of collagens III and VI 
changed from dense perinuclear localisation at TS22 
to a distinctive pericellular localisation with cristae-
like arrangements within individual chondrons by 
TS25. Strong immunopositivity for collagen X was 
detected in the mid-diaphysis of the TS22 rudiments 
with a hexagonal lattice-like framework. By TS25 and 
TS27, collagen X was restricted to the growth plate, 
still with a distinctive lattice-like pattern. At TS22, 
collagen XI formed a fibrillar network throughout 
the entire rudiment but this structure was only 
retained in the humeral head and the condyles at 
TS25 and TS27. In the growth plates at TS25 and TS27, 
collagen XI fibres were highly organised within the 
transverse and longitudinal septa. Collagens I, III, VI, 
IX and XI were localised to the tendon attachment 
sites throughout development. The future articular 
cartilage region was demarcated by pronounced 
collagens II and VI expression at TS27.
	 The only collagen that was relatively homogenous 
over the stages studied was collagen IX, which was 
consistently expressed close to the cells throughout 
the rudiment. The lack of collagen IX expression 
throughout the ECM was unexpected given that 
collagen IX copolymerises with collagen II and XI to 
form a heteropolymer. Several previous studies using 
collagen IX antibodies (and similar HA digestion 
protocols) have also reported immunolocalisation to 
the pericellular matrix of chondrocytes in epiphyseal 
cartilage of developing or adult skeletal tissues 
(Duance et al., 1982; Evans et al., 1983; Hartmann et 
al., 1983; Poole et al., 1984; Ricard-Blum et al., 1982). 
In contrast, one study did report extensive collagen 
IX staining throughout the cartilage matrix in the 
chick tibiotarsus (Irwin et al., 1985). Therefore, it is 
possible that the pericellular staining observed in the 
present and other studies could be due to staining 
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Fig .  8 .  Col lagen X 
w a s  l o c a l i s e d  i n 
a  m e m b r a n e - l i k e 
configuration around 
c h o n d r o c y t e s  w i t h 
increasing complexity 
in structure through 
development.  Green 
dotted boxes represent 
the specific areas where 
the higher magnification 
images were taken. (b) 
Aster isks :  capsular 
localisation of collagen 
X. (c) Hollow arrows: 
columnar arrangement 
in the pre-hypertrophic 
region of the growth 
plate; filled arrows: 
convex arrangement in 
the hypertrophic region 
of the growth plate. Scale 
bars: 100 μm for i-iii and 
25 μm for a-c.

Fig.  7.  Perinuclear 
expression of collagen 
IX did not exhibit 
pronounced dynamic 
changes  in  t i ssue 
d i s t r i b u t i o n  a n d 
structure during the 
developmental stages 
s tudied.  ( i )  F i l led 
black arrows indicate 
the strong collagen IX 
immunopositivity in 
the proximal and distal 
ends of the rudiment 
at TS22. White dotted 
boxes represent the 
specific areas where the 
higher magnification 
images were taken. 
Scale bars: 100  μm for 
i-iii and 10 μm for a-c.
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Fig. 9. Collagen XI immunopositivity 
was detected in the non-mineralised 
car t i lage  a t  a l l  s tages  wi th 
dramatic changes in the structural 
organisation between regions and 
stages. Collagen XI matrix had an 
interlacing conformation at (a-c) 
TS22 which persisted until (d,j) 
TS27 in the humeral head and (h,n) 
humeral condyles. In the TS25 and 
TS27 growth plates, collagen XI fibres 
were arranged in the longitudinal and 
transverse septa. Yellow dotted boxes 
represent the specific areas where the 
higher magnification images were 
taken. (e) Filled arrows: collagen XI 
fibres in the longitudinal septa were 
oriented parallel to each other with a 
small inter-fibre space between them; 
hollow arrows: collagen XI in the 
transverse septa. (e,f,k,l) Asterisks: 
characteristic short fibres. (k) Square: 
collagen XI matrix organisations in 
the transverse and longitudinal septa 
of the TS27 proliferative growth plate 
region. Scale bars: 100 μm for i-iii and 
50 μm for a-n.
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of only a fraction of the collagen IX structures which 
the antibody could penetrate and have access to. 
In addition, a proportion of the antigenic sites on 
individual molecules might be concealed by the 
collagen molecule orientation within a fibril and 
non-collagenous proteins could mask the collagen 
IX antigenic sites. Finally, given that collagen IX 
covalently binds the surface of collagen II molecules 
(Wu et al., 2010), analysing collagen interactions by 
attenuated total reflection-Fourier transform infrared 
(ATR-FTIR) spectroscopy might have resulted in a 
more complex pattern for collagens IX and II.
	 A key feature of the dynamic spatial rearrangement 
of the collagens was the segregation of the staining 
for collagen X from collagens II and IX with the 
progression of growth plate maturation. The 
progression of chondrocytes through hypertrophy 
involved strong collagen X expression and reduced 
collagens II and IX expression near the advancing 
marrow cavity region of the growth plate. Consistent 

with this, Irwin et al. (1985) found that chondrocyte 
hypertrophy involves both mRNA acquisition for 
collagen X and extensive diminution of collagen 
IX mRNA and protein expression. Two other prior 
studies have shown that collagen II distribution 
diminishes in the hypertrophic cartilage of juvenile 
chickens (Oshima et al., 1989) and in cultured 
chondrocytes (Castagnola et al., 1988). Given that 
collagen II is a suppressor of chondrocyte hypertrophy 
(Lian et al., 2019), such a reduction at the growth 
plate is logical. Presence of collagen X at the growth 
plate region was as expected given that collagen X 
assembly plays an important role in the modification 
of cartilage matrix for subsequent bone formation 
by endochondral ossification (Kwan et al., 1991). 
There is evidence for the importance of collagen X in 
matrix-vesicle-mediated calcification of hypertrophic 
cartilage and its contribution to the establishment 
of the haematopoietic niche at the chondro-osseous 
junction (Sweeney et al., 2010). Collagen X results 

Fig. 10. Distinctive collagen XI fibre organisation in the growth plates of the embryonic humerus 
during limb development. Yellow dotted boxes (left panels) represent the specific areas where the higher 
magnification images (right panels) swere taken. At TS22, collagen XI formed a fibrillar network. However, 
by TS25 and TS27, the initial interlacing arrangement and size of the fibrils became progressively more 
complex. Filled arrowheads: collagen XI fibres in the longitudinal septa were oriented parallel to each 
other with a small inter-fibre space between them; hollow arrowheads: collagen XI in the transverse septa; 
asterisks: short collagen XI fibres.



150 www.ecmjournal.org

S Ahmed et al.                                                                                     Collagen emergence during skeletal development

Fig. 11. Collagen distributions at the developing humero-ulnar joint of the mouse forelimb. Collagens 
I, III, VI, IX and XI were localised to the tendon attachment sites (arrow heads) throughout development. 
Collagens I and V were localised to the perichondrium but not within the humeral condyles. At TS27, 
collagens II, III, VI and XI were expressed both at the future articular cartilage region and in the epiphysis. 
Collagen X was not expressed either in the humeral condyles or at the future articular cartilage regions 
at any of the stages studied. Solid arrow heads: collagen localisation at the tendon-bone attachment sites. 
Solid arrows: collagen localisation in the future articular cartilage regions. Hollow arrows: lack of collagen 
localisation in the future articular cartilage regions. Scale bars: 100 µm.
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corroborate a previous study in mice showing 
initiation of collagen X gene expression at E13.5 and 
expression in the hypertrophic chondrocytes at E16.5 
(Kong et al., 1993). However, a novel finding from 
the present study was the expression of collagen X 
protein in the pre-hypertrophic region of the growth 
plate at TS27.
	 A second key observation was the segregation 
of the stainings for collagens I and V from collagens 
II and XI with the progression of ossification. 
Collagens I and V were strongly expressed in the 
mid-diaphysis of the TS22 rudiments preceding the 
onset of mineralisation, while only little staining, 
if any, was observed in this region for collagens II 
and XI. As mineralisation progressed, collagens I 
and V were localised exclusively in the mineralised 
cartilage while collagens II and XI were not retained 
in the mineralised regions. Localisations of all these 
collagens corroborate previous findings and are in 

agreement with the roles of these collagens in the 
mineralisation process. The results on collagen I 
immunolocalisation in the bone collar were also in 
agreement with previous reports (Shoham et al., 2016). 
Collagen I is necessary for guiding the organisation 
and growth of hydroxyapatite crystals during 
mineralisation, and mutations in collagen I severely 
impair formation, organisation and orientation of 
apatite crystals, leading to a significant increase in 
bone brittleness (Fratzl et al., 1996). Collagen V is 
important for controlling collagen I fibril diameter 
in bone (Glimcher et al., 1980; Niyibizi and Eyre, 
1989; Wenstrup et al., 2004). Finally, an in vitro study 
showed that higher levels of collagen II correlate with 
reduced mineralisation capacity (Jubeck et al., 2009), 
which may explain why collagen II is not retained in 
the mineralised cartilage.
	 Another key observation was the change in 
collagen structural organisation and complexity with 

Fig. 12. Composite images showing the overall changes in localisation patterns of collagens 
predominantly found in the cartilaginous and mineralising regions across three developmental stages. 
(a-c) Cartilage; TS22: mid-diaphysis, TS25 and TS27: growth plate. (d-f) Mineralising region. Prominent 
cartilage collagens: collagens II (red), III (green), VI (magenta), IX (yellow), X (orange) and XI (cyan). 
Prominent collagens in the mineralising regions: collagens I (red) and V (blue-green). Scale bars: 50 μm.
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maturation. At TS22, no obvious arrangement for 
collagen II was observed, whereas by TS27, collagen 
II formed a fibrillar network at both epiphyses and 
proximo-distal-oriented bundle in the growth plate. 
Similarly, no obvious demarcation was observed 
between a pericellular and extracellular expression 
of collagen VI at TS22. By TS25, distinctive chondrons 
encapsulating single chondrocytes were observed at 
all regions of the rudiment. At all stages, collagen X 
had a membrane-like configuration, although this 
configuration differed between the stages. At TS22, 
collagen X had a hexagonal lattice-like appearance, 
which changed to a more capsular configuration 
surrounding hypertrophic chondrocytes at TS25 
and TS27. At TS27, collagen X had a columnar 
arrangement in the pre-hypertrophic region and 
a convex arrangement in the hypertrophic region. 
However, the most radical changes were for collagen 
XI fibres at the growth plate regions. The formation 
of the collagen XI framework preceded the collagen 
II framework establishment and was in agreement 
with previous findings according to which collagen 
II polymerises on a template of collagen XI (Wu et 
al., 2010). At TS22, collagen XI fibres were organised 
in an interlacing network throughout the rudiment 
that persisted until TS27 in the humeral heads and 
condyles. However, at TS25 and TS27, in the growth 
plate, collagen XI fibres had three distinguishing 
organisations: (1) fibres in the transverse septa, (2) 
parallel-oriented fibres in the longitudinal septa 
with small inter-fibrillar space between the fibres, (3) 
highly oriented shorter fibres organised in parallel 
within the longitudinal septa. With maturation (going 
from TS25 to TS27), these fibre types became more 
pronounced especially along the longitudinal septa, 
with preferential orientation of these dense bundles 
along the proximodistal axis.
	 The study was not without its limitations. Since 
all analyses were performed on or prior to TS27, 
the spatiotemporal distribution of the key collagens 
after TS27 was not within the remit of the study. 
However, it would have been interesting to continue 
the investigation postnatally and characterise the 
collagen distribution patterns up until maturation 
of the long bone. Furthermore, the study focused 
on describing the structural organisation and 
tissue distribution patterns of the key collagens, 
but other aspects of collagen organisation, such 
as collagen cross-linking or interactions between 
collagens II, IX and XI, likely also change with tissue 
maturation. Perhaps analysis of the cross-linking or 
collagen interactions would have provided a better 
understanding of the collagen IX structure in the 
wider ECM. 12 μm-thick frozen sections were used to 
characterise the collagen organisations and, therefore, 
the 3D organisation of the different collagens was 
not characterised. Future studies will combine tissue 
clearing techniques for immunofluorescence with 
light sheet microscopy in order to characterise the 
collagen distributions through greater depths of the 
rudiment. The distribution of collagen IIB isoform 

was investigated, which was prominently localised 
throughout the cartilage matrix from TS22. Previous 
studies have proposed that collagen IIA is the main 
isoform produced at E12.5, with IIB being reported 
as being barely detectable (Hering et al., 2014; 
Lewis et al., 2012; McAlinden, 2014) at that stage. 
By E16.5, the IIA isoform is mainly localised to the 
resting zone of the cartilage whereas IIB is present 
throughout the cartilage including the growth plates. 
Collagen IIB results corroborated these findings, 
but it would have been interesting to compare the 
IIB localisation patterns with those of IIA. Finally, 
the changes in the relative amount of each collagen 
type across development or changes in the collagen 
bundle orientations were not quantified. Nonetheless, 
while recognising the limitations of the analysis, the 
present study addressed a key gap in knowledge 
describing the dynamic changes in collagen structural 
organisations across the various regions of the 
rudiment during skeletogenesis.
	 A major setback to the attempts to repair and 
regenerate the injured cartilage is the limited 
knowledge of the ECM architecture and mechanical 
properties; the incorporation of developmentally 
inspired constituents and properties will help to 
promote robust cartilage and bone regeneration. 
Indeed, collagen XI was very recently shown to be 
a potent positive regulator of chondrogenesis in 
vitro (Li et al., 2018). The present study provided 
a comprehensive characterisation of the tissue 
distribution and structural organisation of the key 
cartilage and bone collagens in various regions of 
the rudiment and across the key stages of prenatal 
skeletal development and included the lesser studied 
collagens III, V, IX and XI. The high-resolution 
localisation of the collagens presented enhances the 
understanding of the emergence and establishment 
of the ECM and of the contribution of individual 
matrix components to skeletal development, with 
important implications for understanding diseases 
and regeneration of skeletal tissues.
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Discussion with Reviewers

Audrey McAlinden: You stated that your findings 
have important implications for understanding 

skeletal disease and skeletal regeneration. Can you 
elaborate on this?
Authors: Recent advances in biomaterial design, 
such as 3D bio-printing, enable exquisite control 
over biomaterial composition and structure. One 
way in which the current study and its follow-on 
work could be leveraged is to incorporate collagens 
and other ECM constituents into developmentally 
inspired scaffolds, which may lead to a more 
effective healing and regeneration of cartilage or 
bone through recapitulation of developmental 
processes. Furthermore, a better understanding of the 
normal sequence of collagen establishment will also 
potentially lead to new insights into conditions such 
as OA and osteoporosis. There are certain mouse lines 
such as those with Col2a1 mutations that are known 
to be at higher risk of osteoporosis or OA; elucidating 
collagen development in such lines will reveal if such 
diseases could have a developmental origin and open 
avenues for novel treatments.

Audrey McAlinden: You commented that you 
have analysed three of the most developmentally 
significant stages of skeletogenesis. Why exactly are 
these stages in particular so important?
Authors: TS22 (E13.5) is the latest stage at which the 
rudiment is fully cartilaginous, while TS27 (E18.5) 
is the latest prenatal stage that can be reliably 
analysed. Characterising TS25 (E16.5) enabled the 
study of growth plate progression and early-stage 
mineralisation.

Audrey McAlinden: What experimental approach/
project would you pursue next to follow on the 
findings presented in the present manuscript?
Authors: Key future research directions include 
investigation of the 3D organisation of collagens over 
prenatal development, study of the non-collagenous 
ECM, including GAGs and proteoglycans, 
characterisation of the mechanical properties of 
developing cartilage (and their relationship with 
ECM composition) and determination of the role of 
mechanical forces in the emergence of the ECM.

Farshid Guilak: While the collagens are clearly 
important during development, have the authors 
examined other important matrix proteins and/or 
proteoglycans?
Authors: Non-collagenous proteins, such as 
proteoglycans , play a vital role in the function of 
adult cartilage and are likely to exhibit dynamic 
changes during development. We are excited to 
investigate the development of non-collagenous 
proteins (particularly proteoglycans) in future 
studies.

Editor’s note: The Scientific Editor responsible for 
this paper was Martin Stoddart.


