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Abstract

Articular cartilage has obvious and fundamental roles in joint function and body movement. Much 

is known about its organization, extracellular matrix and phenotypic properties of its cells, but less 

is known about its developmental biology. Incipient articular cartilage in late embryos and 

neonates is a thin tissue with scanty matrix and small cells, while adult tissue is thick and zonal 

and contains large cells and abundant matrix. What remains unclear is not only how incipient 

articular cartilage forms, but how it then grows and matures into a functional, complex and 

multifaceted structure. This review focuses on recent and exciting discoveries on the 

developmental biology and growth of articular cartilage, frames them within the context of classic 

studies, and points to lingering questions and research goals. Advances in this research area will 

have significant relevance to basic science, and also considerable translational value to design 

superior cartilage repair and regeneration strategies.
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Introduction

Articular cartilage is a unique and multifaceted tissue, well adapted to bearing compressive 

loads and significant shear forces throughout a synovial joint’s range of motion. In adult 

joints, the tissue displays a complex multi-zonal organization consisting of surface, medial 

and deep zones, an intricate and abundant extracellular matrix made of numerous molecules 

and macromolecules, and a subchondral junction important for its physical stability and link 

to underlying bone [1,2]. The main matrix components are collagen II organized in fibrils 

providing tensile strength, and aggrecan organized in multimeric superstructures providing 

elasticity. Together, these macromolecules establish the basic and fundamental 

biomechanical property of articular cartilage: resilience. In addition, it has long been known 

that articular cartilage is susceptible to malfunction following acute injury or chronic 

diseases such as osteoarthritis (OA), mainly because the tissue has very poor intrinsic repair 

and regenerative capacity [3]. This is particularly perplexing given that the tissue, even in 

adults, has been found to contain a considerable number of progenitors [4–6] that, however, 

do not seem to be able to protect or regenerate the tissue when needed. Thus, much effort 

has been devoted to finding ways by which articular cartilage repair could be induced and 

enhanced. Surgical drilling techniques and other bioengineered treatment options developed 

over recent decades have led to several clinical treatment modalities for acutely injured or 

osteoarthritic joints [7]. While these treatments may improve joint function and reduce pain, 

they have been found to be only partially effective on the long run -- mainly because they 

fail to elicit regeneration of native articular cartilage with its distinct nature, architecture and 

multifaceted function [8–10].

One way to improve therapeutic efficacy would thus be to create novel strategies based on 

the developmental biology of articular cartilage, incorporating and exploiting the embryonic 

mechanisms that produce the tissue to begin with. This is a quite reasonable and very 

attractive goal, but remains elusive for now mainly because of current poor understanding of 

the developmental biology of articular cartilage. Thus, it is unclear how articular cartilage 

formation initiates in the embryo and how it is brought to completion and maturity 

postnatally [11]. Just prior to birth and at early neonatal stages, incipient articular cartilage is 

a compact, highly cellular and matrix-poor tissue with an isotropic distribution of cells [12]. 

With further postnatal time, articular cartilage grows significantly in thickness, the 

chondrocytes enlarge in size, the matrix accumulates and becomes abundant, and the tissue 

eventually acquires its zonal anisotropic organization. The surface zone is made of flat cells 

oriented along the main axis of movement and producing lubricating molecules, and the 

medial and deep zone are made of large round chondrocytes surrounded by typical cartilage 

matrix and arranged in vertical rows. These structural and organizational changes are 

thought to be required for articular cartilage to exert its mature, functional, biomechanical 

and long lasting roles in joint motion and lubrication through life [13–15]. How do all these 

intricate, sequential and highly orchestrated processes and steps come about and how are 

they regulated? What triggers the early postnatal explosive growth in incipient articular 

cartilage, how are the zones created and their distinct architecture formed? How does 

articular cartilage acquire its permanent status and last through life? These and many other 

questions do not have definitive answers at the moment, but progress has been made toward 
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addressing at least some of them. This review then focuses on such recent advances and 

provides a roadmap for future goals and questions of interest in this critical biomedical 

research area. It is certain that further consideration and understanding of mechanisms of 

articular cartilage development and growth will provide valuable insight into successful 

repair and regeneration strategies.

Origin of articular cartilage

Classic studies showed decades ago that in the early embryonic limbs, the skeletal template 

is made of a continuous and uninterrupted cartilaginous anlaga lacking joints [16,17]. The 

first overt sign of onset of joint formation was found to be the appearance of compacted and 

flat mesenchymal cells at each prospective joint site. Because the cells interrupted the 

cartilaginous anlagen at each joint site, they were named the “interzone,” and classic 

embryological studies found that their microsurgical removal from developing chick embryo 

prospective elbow sites resulted in failure of joint formation over time [16]. Since cells 

within the interzone emerge at sites previously occupied by chondrocytes, it was proposed 

that they are direct descendants of de-differentiated chondrocytes [18,19]. More recently, 

Hyde and collaborators performed genetic cell lineage tracing studies using 

Col2a1Cre;R26R reporter mice and found that joint site-associated cells within the anlagen 

did cease expression of the cartilage marker Col2a1 as they gave rise to the mesenchymal 

interzone, which in turn gave rise to articular cartilage [20]. Such chondrocyte-to-interzone 

cell relationship and lineage continuity have been substantiated by other genetic cell lineage 

tracing studies on Sox9 and Dcx cell progenies [21,22].

One of the earliest gene markers of interzone cells is growth and differentiation factor-5 

(Gdf-5), whose expression becomes strong at each presumptive synovial joint limb site [23]. 

Interestingly, its transcripts are present not only on the histologically recognizable interzone 

(Fig. 1A) within the confines of the cartilaginous anlaga (Fig. 1A, blue dashed lines), but 

also in cells immediately surrounding the joint site (Fig 1A, arrows). To determine if the 

Gdf5-expressing cells participate in development of joint tissues, we and our collaborators 

performed genetic cell lineage tracing experiments using compound Gdf5-Cre;R26R (LacZ) 

reporter mice [24,25]. These studies showed that joint progenitor cells with a Gdf-5 lineage, 

including those within and surrounding the histological interzone, gave rise to multiple joint 

tissues over time, including the articular cartilage, synovial lining and intrajoint ligaments 

(Fig. 1D) that persisted in adults. Because Gdf-5 expression characterizes the histological 

interzone and surrounding cells, and because Gdf5-lineage cells give rise to diverse tissues, 

there have been long-standing questions as to whether the cells share a common ancestry 

and whether they are developmentally homogenous or contain sub-populations. To address 

the first issue, we carried out Gdf5-Cre;R26R cell lineage tracing experiments in Indian 

hedgehog (Ihh)-null mice. Ihh is produced by prehypertrophic chondrocytes in growth plate 

and interestingly, its ablation not only causes limb skeletal growth retardation, but also 

prevents formation of joints [26]. Because the mutants have no joints, they should have no 

Gdf5-lineage cells at prospective joint sites. Surprisingly, limb cartilaginous anlagen in 

mutant Gdf5-Cre;R26R;Ihh−/ − embryos did display Gdf-5-lineage cells [27]. The cells were 

located outside of, and closely flanked, each prospective joint site and expressed other 

typical interzone markers including Erg [28]. Therefore, it appears that Gdf-5-lineage cells 
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at the joint site comprise de-differentiated chondrocytes from within the cartilaginous anlaga 

plus a seemingly independent population of progenitors flanking the joint site and recruited 

into the Gdf-5-lineage. At this regard, Spagnoli and collaborators recently used TGFβ type II 

receptor (Tgfbr2) expression and lineage tracing strategies to characterize origin and fate of 

interzone and interzone-associated cells [29]. By monitoring Tgfbr2-expressing cells in 

developing digit joints over time, they found that Tgfbr2-βGal-positive cells were initially 

limited to dorsal and ventral regions of E13.5 joints and were not detected within the central/

histological interzone. With time, these cells were maintained within those localized niches, 

and later gave rise to the synovial lining, meniscal surface, outer ligaments and groove of 

Ranvier. These data lead to the tantalizing possibility that these progenitors represent a 

subset of joint site-associated cells with specific developmental roles and fate, and could be 

related to the joint site-flanking progenitors we observed in the Ihh-null limbs. These ideas 

are in line with other studies indicating that cells from outside of the original Col2a1 

positive anlagen may give rise to joint tissues such as the meniscus [20].

In the knee, the mesenchymal interzone initially appears homogenous and compacted, but 

soon after, the joint site becomes occupied by, and is histologically distinguishable into, a 

dense “intermediate” compartment and two flanking “outer” compartments with more 

loosely arranged cells [20]. Jenner and collaborators recently asked whether cells in those 

compartments have distinct phenotypes and fates, and performed transcriptional profiling of 

the cells in mouse embryo knee joints just prior to cavitation [30]. They found that genes 

associated with joint formation were more evident in cells from the intermediate 

compartment, while genes associated with cartilage maturation and hypertrophy were over-

represented in outer compartment cells. They concluded that intermediate compartment cells 

gave to articular cartilage –thus likely representing initial interzone cells-, while cells in 

outer compartments were destined for endochondral ossification and thus part of the 

secondary ossification center formation. Recently, Ray and collaborators analyzed the 

phenotype of interzone cells and those flanking them proximally and distally in mouse and 

chick embryo limbs [31]. They found that the interzone cells were mitotically quiescent 

whereas the flanking cells were mitotically active, leading them to suggest that the interzone 

cells are not sufficient to sustain embryonic articular cartilage formation and that the 

underlying proliferative cells would be recruited into the process. Because no long-term 

genetic tracing approaches were used, the conclusions need further testing. Taken together, 

these and other studies [32,33] have provided new insights into the origin and fate of joint 

progenitor cells, pointing to the possibility that joint formation involves subsets of 

progenitor cells with distinct origin, developmental fate and roles.

Classic studies showed long ago that joint formation is hampered when the limbs are 

paralyzed pharmacologically or microsurgically and may even be prevented altogether 

[34,35]. It has remained an open question of how muscle activity and movement in 

embryogenesis influence joint formation. Studies on the joint lubricating molecule 

hyaluronan (HA) have indicated that expression of its synthesizing enzymes and cell surface 

receptors negatively influenced by limb paralysis [36,37], indicating that a key role of 

movement in joint formation would be to sustain cavitation and creation of synovial fluid. 

This issue has been further examined in recent studies in which muscle development and 
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function were blocked genetically [38]. The authors found that ablation of such muscle 

master genes as Myf5 and MyoD in mice not only prevent limb muscle development, but 

also disrupted joint formation. Closer analysis indicated that the joint defects arose from 

substandard activation of β-catenin that is required for interzone and joint formation [39], 

suggested that muscle-dependent movement would act at a stage earlier than cavitation. 

Interestingly, several limb joints were affected in the muscle-less mutants but some were 

not, indicating that not all joints obey and depend on the same set of systemic influences and 

mechanisms.

Postnatal articular cartilage growth and expansion

Postnatally, the skeleton undergoes tremendous growth, modeling and remodeling. For 

example, the long bones increase in length and their epiphyses expand and enlarge markedly 

to accommodate the joints and provide adequate biomechanical function for the growing 

body [11]. Likewise, incipient articular cartilage at birth is highly cellular and as pointed out 

above, is made of scanty matrix and small cells, but becomes thick and matrix rich over 

postnatal time and expands laterally to cover the expanding and growing epiphyses (Fig. 

1E–G). How does articular cartilage undergo such growth and modeling changes? Mankin 

was among the first to suggest that a region of proliferating cells “subjacent to the gliding 

surface of the joint” was responsible for interstitial growth of articular cartilage and 

increasing thickness of the articular surface [40]. At later stages of postnatal growth, Mankin 

and collaborators found that proliferation had ceased within the sub-superficial zone, but 

persisted within a deeper region adjacent to the calcified cartilage. Studies evaluating 

tritiated thymidine incorporation into articular cartilage of immature rabbits confirmed the 

existence of these two proliferative cell regions [40,41]. Archer and collaborators did not 

identify a proliferative region within the deeper zones, but confirmed the presence of 

proliferative cells in the superficial zone, and suggested that this region was primarily 

responsible for growth and thickening of postnatal articular cartilage by an appositional 

process [42,43]. Later, Hunziker and collaborators used bromodeoxyuridine (BrdU) labeling 

and identified a population of slow-cycle cells in the superficial zone; using concurrent 

administration of 3H-thymidine, they identified rapidly proliferating chondrocytes in the 

deeper zones [11]. These authors hypothesized that proliferation of cells within the 

superficial zone led to lateral expansion of articular surface, also giving rise to daughter cells 

in a more rapidly proliferating cell population in the deeper zones presumably responsible 

for vertical tissue growth.

A recent genetic cell lineage study has tackled the issue of postnatal articular cartilage 

growth by focusing on the proteoglycan 4 gene [44]. Prg4 encodes diverse products 

including lubricin/superficial zone protein (SZP) that is secreted by articular cartilage 

surface zone cells and synovial cells and is thought to be an essential joint lubricant [45]. 

Prg4 expression conspicuously starts in the developing joints in late embryogenesis and 

continues postnatally [24]. The authors created a new inducible Prg4CreER knock-in mouse 

line and evaluated phenotype and fate of Prg4-LacZ lineage cells over time [44]. They found 

that tamoxifen injection in Prg4CreER/LacZ mice at E17.5 resulted in reporter expression in 

a single layer of cells present at the very surface of incipient articular cartilage at P0. By one 

month of age, the labeled cells and/or their progeny were found throughout the thickness of 
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articular cartilage, leading the authors to conclude that the early Prg4-expressing superficial 

cell population served as progenitors of the entire articular cartilage and did so by 

appositional growth. Though potentially interesting, these data are somewhat unexpected. 

Previous studies had shown that endogenous Prg4 mRNA expression characterizes the 

entire incipient articular cartilage at late embryonic and neonatal stages [24,46,47], and so it 

is surprising that only cells in a single surface layer were labeled by P0. Thus, it is possible 

that the observed patterns of reporter activation and cell progeny behavior may have been 

influenced by: insufficient recombination; the Prg4 heterozygous-null status of the knock-in 

transgenic mice; or other reasons [48]. If the data are verified however, they would lead to 

the intriguing idea that postnatal articular cartilage is made from scratch by Prg4-lineage 

cells, leaving open the question of what would have been the fate of embryonic articular 

cells with a Sox9, Gdf5 and Dcx lineage [21,22,24]. An additional issue not considered in all 

the studies above is that postnatal articular cartilage growth and thickening do not 

necessarily need to rely only on cell proliferation and/or apposition, but could include major 

contributions by the substantial increases in cell size of resident cells and substantial 

accumulation of matrix. In this regard, it is worth remembering that the main factor in 

skeletal elongation by the growth plate is not chondrocyte proliferation, but chondrocyte 

hypertrophy and matrix accumulation [49–52].

Articular cartilage zone organization

As postnatal growth proceeds, articular cartilage will eventually acquire a mature zonal 

organization thought to be very important for its long lasting and biomechanical function 

[53] (Fig. 1G). In such mature articular cartilage, the surface zone consists of elongated 

small cells within a dense extracellular matrix that are oriented along the main axis of 

motion, produce lubricants and provide the tissue with the important ability of resisting 

shear stress. In the middle or transitional zone, the chondrocytes are very large and round, 

and most are organized into column-like stacks perpendicular to the tissue synovial surface. 

Chondrocytes within this middle zone produce, deposit and maintain all the typical cartilage 

matrix molecules, including collagen II and aggrecan, and thus confer the tissue with key 

biomechanical resilience. The chondrocytes in the bottom zone tend to be even larger in 

size, are also active in matrix production, and are likely to be responsible for interactions 

and interplays with the underlying subchondral bone. The mechanisms by which articular 

cartilage is able to elicit its transformation into a mature and organizationally complex tissue 

over postnatal life remain largely unclear.

To gain insights into these questions, gene array studies were conducted in several species 

and at different stages. Mienaltowski et al. studied the gene expression patterns in equine 

articular cartilage and found that neonatal tissue displayed a character consistent with tissue 

growth and expansion, while mature cartilage’s profile indicated a functional transition to 

withstanding shear and weight-bearing stresses [15]. Using laser capture microdissection on 

sections of 1 week-old mouse proximal tibia epiphysis, Lui and collaborators isolated the 

most superficial 2–3 tissue layers abutting the join cavity, the next adjacent 4–5 layers, and 

several deeper (but not adjacent) layers [54]. The three samples were termed surface, middle 

and deep zones of articular cartilage though the boundary between genuine articular 

cartilage and underlying secondary ossification center was not determined. Comparison of 
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superficial and deep zone samples revealed that nearly 2000 genes were differentially 

expressed in the two regions. At that stage of postnatal development, the middle zone was 

found to represent a transitional area between the superficial and deep regions rather than a 

functionally distinct zone. Interestingly but surprisingly, comparison with spatial gene 

expression patterns in growth plate cartilage suggested that the superficial zone was similar 

to the hypertrophic zone of growth plate, while the deep zone was similar to the resting zone 

of growth plate. In a related study, Amanatullah and collaborators found that gene 

expression patterns in top, middle and deep zones of adult bovine articular cartilage are 

functionally distinct, with a dramatic difference in expression of extracellular matrix genes 

between the superficial and underlying zones, while the middle and deep zones were more 

similar [55]. These studies have reaffirmed the idea that articular cartilage becomes a 

phenotypically complex tissue at maturity, including the possibility raised in the latter study 

that there is a greater rate of matrix turnover within the middle zone and a more stable 

matrix in the superficial zone. It appears also that changes in gene expression throughout 

articular cartilage depth become appreciable prior to the appearance of histologically distinct 

zones.

Articular cartilage permanent status

A defining trait of articular cartilage is that it is a permanent structure and persists and 

remains functional through life at least under normal healthy circumstances. Thus, it differs 

from transient cartilage that constitutes the embryonic skeleton and the growth plates in 

which the chondrocytes undergo proliferation, maturation and hypertrophy, and the tissue is 

eventually replaced by endochondral bone. It has long remained unclear in what manner 

permanent and transient chondrocytes differ and how they undertake these divergent 

developmental and functional paths during embryogenesis and postnatal life [56]. This 

question is of broader interest and significance because articular chondrocytes can actually 

acquire growth plate-like traits during OA and most notably a hypertrophic phenotype and 

expression of associated catabolic mechanisms, thus contributing to articular cartilage 

demise [57,58]. To tackle this important issue, several studies have focused on what may 

help articular chondrocytes to resist OA-associated changes and maintain their phenotype 

and function. For example, ablation of Adamts5 or a reduction in hedgehog signaling were 

found to render mouse joints more resistant to surgically-induced OA involving joint 

destabilization, indicating that these mechanisms are pathogenic and could be therapeutic 

targets [59,60]. In a related fashion, endogenous parathyroid hormone-related protein 

(PTHrP) expression, systemic treatment with parathyroid hormone or virally-driven over-

expression of Prg4 were found to elicit protection against experimental OA [61–63], 

indicating that these could all be therapeutics. Another step ahead in this field has been 

made by our own studies on the transcription factor Erg, a member of the large Ets family 

[64]. As pointed above, Erg is expressed in incipient embryonic limb joints along with Gdf5 

and Wnt9a, and expression decreases over time and persists in superficial cells [24,46]. To 

determine Erg function, we created transgenic mouse embryos overexpressing it throughout 

the developing skeleton under control of cartilage collagen II regulatory sequences. We 

found that the entire skeleton remained cartilaginous, the chondrocytes failed to undergo 

hypertrophy, and the cartilaginous skeleton did not undergo endochondral ossification and 
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replacement by bone, indicating that Erg over-expression had imposed a permanent-like 

quality onto the entire chondrocyte population [46]. We followed up these findings in a just 

published study in which we conditionally ablated Erg in developing mouse joints using 

Gdf5-Cre mice [65]. Limb joints did form in the mutant embryos and appeared normal in 

juvenile mice as well, likely due to redundancy by Fli-1, a closely-related Ets member also 

expressed in developing joints. However, juvenile mutant mice were more sensitive to 

surgically-induced OA than control littermates and also displayed spontaneous onset of OA-

like changes starting around 6 to 7 months of age. It appears then that while dispensable 

from joint formation, Erg is needed for articular cartilage endurance and resistance to 

experimental and age-related OA.

Conclusions

This brief synopsis makes it clear that much has been learned about articular cartilage 

development and growth, but much remains to be uncovered as well. The genetic lineage 

tracing studies have certainly advanced our understanding of interzone cell origin and fate. 

Taken in aggregate they point to the notion that incipient joint progenitors originate from de-

differentiated chondrocytes as well as surrounding cells external to the cartilaginous anlaga 

and recruited into the Gdf5-lineage. It is possible but not firmly established yet that the fate 

and function of these various cells may be distinct, with the externally-recruited cells 

contributing to synovial lining, capsule and groove of Ranvier and with the centrally-located 

progenitors contributing to articular cartilage and intrajoint ligaments. Confirmation or 

confutation of such conclusions will need to wait until more specific inducible genetic tools 

are available to trace and track progenitors at distinct spatio-temporal locations. It is also 

clear, and has been for a long time, that incipient articular cartilage in neonates is not yet 

equipped with typical phenotypic and organizational traits of mature functional cartilage, but 

acquires them between birth and early adulthood, including a characteristic thickness, 

abundant and resilient matrix, surface lubricants, zonal organization and chondrocyte 

columnar arrangement. Much work will be needed to understand how this remarkable series 

of changes is initiated, orchestrated, accomplished and maintained long term. There is a role 

for cell proliferation in articular cartilage growth, and there is a clear and unequivocal role 

for the surface zone with its critical production of lubricants. There is also compelling 

transcriptome evidence that cells in different zones are endowed with significantly distinct 

phenotypic traits. However, other possible major contributors to cartilage growth and 

thickening -including increases in cell diameter and matrix amounts- will need to be taken in 

full consideration and examined. Likewise, the process of chondrocyte columnar 

organization may depend on appositional growth as several groups have proposed 

[11,43,44], but this would require considerable cell turnover in postnatal articular cartilage 

which, however, remains to be demonstrated. The initial discovery of progenitors in adult 

articular cartilage including slow-cycle progenitors in the surface zone [5] led to much initial 

interest and hope since the cells could be potential targets of therapeutics to induce or 

enhance the notoriously poor repair and regenerative capacity of articular cartilage. 

However, it still remains unclear the extent to which these cells can be mobilized and 

activated to elicit more effective repair and/or regeneration of tissues with native traits. 

Hence, there continues to be much interest in finding bioengineering strategies by which 
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progenitors isolated from other sources including marrow and fat could be coaxed into 

repairing articular cartilage or other joint tissues after transplantation [66,67]. As pointed out 

in recent reviews, these approaches have achieved some measure of success, but are far from 

ideal and effective [9,68]. Also, these strategies have not yet relied on genetic 

reprogramming of progenitors prior to transplantation as it is being done in other areas of 

translational medicine and by which the progenitors are given tissue specific repair 

instructions [69,70]. Whether combinations of Erg, Gdf5, Wnt9a, Dcx or other interzone-

expressed genes may be able to reprogram generic progenitors in joint-forming cells remains 

untested. Given the persisting challenges in the cartilage repair field, there continues to be 

much interest also in finding pharmacologic ways by which the endogenous protective 

capacity of articular cartilage -and joint cells in general- could be enhanced, making the 

tissues more resistant to daily mechanical use and abuse or to acute and chronic joint 

disease. In this vein, recent studies showing that Kartogenin, virally-encoded lubricin or 

parathyroid hormone given intrajoint can reduce articular cartilage defects in mouse surgery 

models of OA, bring much hope to the field [71]. Our own study [72] showing that 

Kartogenin stimulates chondrogenic cell differentiation and expression of joint beneficial 

genes including Prg4[63] and PthrP [62–63] make this drug particularly attractive as an 

encompassing and multi-acting agent for maintaining or boosting articular cartilage 

endurance as well as repair capacity.
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Figure 1. 
Prenatal and postnatal analyses of developing and growing mouse limb joints. (A–C) In situ 

hybridization showing that at E13.5 Gdf-5 is expressed in interzone cells as well as cells 

immediately surrounding the joint site and outside the cartilaginous anlagen (dashed vertical 

lines) (A), and becomes more restricted to the developing joint by E14.5 and E15.5 (B–C). 

Hybridization signal is pseudo-colored in green. (D) Genetic cell lineage tracing with 

Gdf5Cre/ROSAmTmG mice reveals that Gdf-5-lineage cells (green) give rise to multiple 

joint tissues, including the articular cartilage (AC), synovial lining (SL) and capsule tissue. 

It should be noted that majority of cells within these tissues are reporter-positive. (E–G) 

Images of proximal tibia articular cartilage sections from neonatal to juvenile mice stained 

with Safranin O-Fast green. (E) At P0, the incipient articular cartilage (AC) is thin, matrix-

poor and made of small flat cells. At this stage, the tissue is molecularly defined by 

expression of genes including Prg4 and tenascin-C and lack of expression of matrillin-1 and 

Ucma and is made entirely of Gdf5-lineage cells (see text). (F) By P14, articular cartilage is 

much thicker and contains abundant matrix and large cells many of which are scattered 

isotropically through the tissue. (G) By 6 weeks of age, the tissue exhibits a mature 

organization with distinct zones and a columnar organization of the chondrocytes.
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