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Abstract
Goals—To review the literature on chondrocyte movements and to develop plausible hypothesis
for further work.

Design—Chondrocyte movements are herein defined as translocations of the cell body. To set the
stage for a discussion of chondrocyte moves, a brief overview of cell migration in other cell types is
presented, including a discussion of the challenges that cells find when moving within tissues. Reports
of isolated chondrocyte migration in vitro (isolated cell systems) and ex vivo (cartilage organ cultures)
are then summarized, followed by a discussion of recent studies that infer chondrocyte movements
in vivo.

Results—Investigators from different laboratories have observed chondrocyte motility in vitro. I
became interested in the question of whether articular chondrocytes retained their phenotype during
their migratory excursions. We devised a simple method to separate migratory and stationary
chondrocytes and then showed that migratory chondrocytes synthesized collagen II but not I—
consistent with a differentiated phenotype. Our time-lapse video microscopy studies showed that the
cells displayed appropriate movement kinetics, albeit with low speed and directionality. Similarly,
others have presented data consistent with slow movement of chondrocytes out of cartilage explants.
It is important to decipher whether these in vitro movements reflect physiological states and if so,
which events are simulated. Examples of in vivo studies that have inferred chondrocyte movements
include those describing rotational or gliding movements of chondrocytes in the proliferative zone
of the growth plate and its importance in the growth process; and the notion that chondrocytes move
from the cartilage endplates to the nucleus pulposus in the spine of rabbits and rats during
development. Such studies are consistent with the hypothesis that chondrocytes exhibit highly
controlled and specialized movements during tissue growth and remodeling in vivo. On the other
hand, the cartilage explant studies elicit interest in the possibility that matrix injuries resulting in
disruption of the collagen network of adult cartilages provide a permissive environment for
chondrocyte motility.

Conclusions—The case for in vivo chondrocyte motility remains to be proven. However, the in
vitro and in vivo data on chondrocyte movements present an argument for further thought and studies
in this area.
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Design
The overall aim of this review is to describe representative findings in the relatively unexplored
area of chondrocyte movements. I start by presenting an overview of knowledge in the
fascinating and rapidly evolving area of cell migration to provide a general context for
discussion of chondrocyte moves. The problem posed by the concept of chondrocyte
movements within their tissue environment is then presented, followed by a presentation of
selected papers reporting on chondrocyte movements in various experimental systems. A
general criterion used for the inclusion of papers for discussion was the evidence for central
cell body displacement (movement of the cell center from point A to B). Examples of the
elaboration of chondrocytic pseudopods or extensions are also presented since the deployment
of cell extensions is a critical aspect of cell motility.

Introduction
Cell Migration Overview

Cell motility is a fascinating multistep process, which underlies a variety of physiological
processes. Indeed, it has been noted that cell migration accompanies us from conception
through life. Examples include the modeling of new tissues in the embryo, as well as
angiogenesis, immune responses, and wound repair in the adult. On the other hand, deregulated
cell migration drives the progression of mental retardation, atherosclerosis, and tumor
metastasis. Excellent reviews covering multiple topics on cell migration are available1-4 (the
reader may also enjoy visiting the cell migration consortium web site to view up to date
information: www.cellmigration.org). The exact mechanisms that a particular cell uses to
initiate and maintain motility are governed by the cell's genetic machinery and the sum of
external stimuli. Both the extracellular matrix and the growth factor milieu provide motility
signals, which the cells coordinate through associations of their signaling receptors, and by
coupling of downstream intracellular effectors5-8. Major signaling pathways, including the
phosphoinositol 3 phosphate (PI3K), mitogen activated protein kinase (MAPK) and
phospholipase Cλ can be selectively used by cells-- along with a myriad of allied signaling
intermediates-- to feed into central relay systems that promote physicochemical changes in the
cell. For example, activation of myosin II (a central molecular event) can occur downstream
of PI3K via the Rho kinase or as a result of ERK activation and downstream activation of the
myosin light chain kinase. Activation of myosin governs cell contractility via the actinomyosin
skeleton 3,4,9,10. The classic model of cell migration on planar surfaces describes various
physicochemical events, including: (1) Polarization of the cell body in direction of the stimulus
(this means that the molecular processes at the front and back of a moving cell are different);
(2) Protrusion formation: Cells typically elaborate a dominant lamellipodia at the leading edge
to sense the environment and anchor to the substratum while associated lamellae help to pull
it forward, and multiple filopodia sense, grip and bend the surrounding matrix; (3) Regulation
of adhesion to the substratum: Cells form focal complexes to stabilize the lamellipodia, to serve
as traction sites over which the cell moves, and to act as mechanosensors that help to regulate
cytoskeletal dynamics; (4) Contractility of the cell body: this transmits force to the adhesive
complexes and supports cell deformation and; (5) Detachment of the rear to pull the cell
forward. Cell migration is indeed complex; it requires that events such as those described above
and other allied functions be highly coordinated in time and space to keep the cell moving
forward.

Cell Migration on 3D Surfaces
To operate in vivo, cells require the ability to move in 3-dimensional environments. The vast
majority of cell migration studies have been conducted by following movements of cells and/
or cell lines on planar surfaces. These investigations have provided an impressive and rapidly
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growing literature. There is evidence11,12 that the information emanating from these studies
can shed light into regulatory mechanisms of cell movement within model 3D and in vivo
environments. For example, in the study of Wang et al12, green fluorescent protein (GFP)-
labeled carcinoma cells were collected from tumors growing under rat mammary fat pads. Cell
harvesting involved the use of microinjection needles that delivered a chemoattractant while
migratory cells were monitored via multiphoton microscopy. In this manner invasive cells
could be aspirated by microneedles and separated from the general tumor cell populations.
Strong differential upregulation of genes coding for the “minimum motility machine” was
observed in the invasive cells. The biochemistry and organization of the proteins of the
“minimum motility machine” had been deciphered using simpler in vitro models of
motility13-15 and it was known that this molecular set regulates β-actin polymerization at the
leading edge. Thus, the simpler models aided interpretation of the results of the carcinoma
study. On the other hand, as intuitively sound, important differences have been noted between
2D and 3D systems12,16. Indeed, cell movement within dense connective tissues requires
mechanisms to allow the cells to overcome the barriers imposed by the tightly woven collagen
networks, which often have orifices considerably smaller than a cell diameter. In this review,
I will use the terms cell movement, motility or migration to signify cell displacement on any
surface while invasiveness will be used to selectively indicate movement through model 3D
matrices or tissue barriers. In their amazing adaptability and flexibility, cells have evolved at
least 2 strategies for tissue invasion: proteolytic removal of barriers and amoeboid locomotion.
These are described below with the aid of examples.

The refined involvement of proteolytic enzymes in the process of cell migration is well
documented (for review, please refer to 17). Importantly, there is good evidence that in a
number of cases, proteases involved in cell movement and matrix invasion are membrane-
bound and polarized to leading edges18-22. Studies of the invasion of a fibronectin-gelatin
substratum23 by melanoma cells give us an impressive example of the importance of
polarization. The locomotion of these cells involves the localization of MT1-MMP (a
membrane-bound member of the metalloproteinase family) to invasive leading edges
(“invadopodia”). The importance of this segregation is shown in the study by treatment of the
cells with concanavelin A, which localizes the protease on the cell membrane without targeting
it to the invadopodia. This results in a proteolytically active MT1-MMP, but the cells become
non-invasive.

Interestingly, cells appear to have evolved protease-independent mechanisms to overcome
tissue barriers. In fact, it is worth noting that while the extracellular matrix can present a
formidable barrier to cell movements, the other side of the coin is that --within certain
permissive environments—cell migration is aided by “contact guidance” and directionality
provided by collagen fibers24,25. Further, the tensile strength of collagen provides a relatively
nondistensible surface that allows the cells to get a “good grip”24-26. Studies using fluorescent
confocal microscopy to monitor differentially tagged cells (neutrophils) and matrix
(chorioallantoic membrane) provide a very clear visualization of neutrophil-matrix interactions
during locomotion27. The majority of cells are seen migrating along the length of collagen
fibers, changing from one fiber to the other now and then. Occasionally they are seen “grabbing
and pulling” on the collagen, promoting some movement of the fibers. Extension of lateral
pseudopods and their insertions into “footholds” in the matrix appear to help to pull the cells
forward towards the constrictions. Strikingly, the neutrophils can squeeze and crawl through
narrow openings aided by constriction of their cell bodies. Clearly, this dynamic depends not
only on the cell type but also on the nature of the matrix: recent quantitative studies of cell
migration on model 3D matrices directly relate speed of locomotion to matrix stiffness when
other parameters are held constant16.
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The flexibility of some cells in their selection of locomotive “style” is directly demonstrated
by observations of fibrosarcoma cells (transfected with MT1-MMP) and of carcinoma cell lines
moving through collagen lattices28. Normally, these cells move in a typical protease-aided
fashion, displaying elongated (fibroblast-like) morphology, integrin clustering, and integrin/
MT1-MMP co-localization at the leading edge. Surprisingly, in the presence of a mix of
protease inhibitors, the “protease-challenged” cells resort to a more rounded morphology, use
deformation of their cell bodies to enter restricted tissue spaces and display propulsive
“amoeboid”-type movements28,29. These studies and others11,12 suggest that certain cells
are able select their mobile “equipment” in response to their make up or environment: a
thoroughly sensible strategy.

The Problem: Movement Within Cartilage
Despite the amazing cellular feats described above, we need to ask how chondrocytes could
move within the apparently impenetrable cartilage matrix at any time during their life cycle.
It is well known that when we get a cut in the skin, neighboring cells divide and move towards
the wound site to lay down repair tissue. On the other hand, post-natal articular cartilage does
not heal partial depth defects effectively (i.e. defects that do not penetrate the underlying bone),
likely due to lack of sufficient reparative cells at the defect site. Except for the thin superficial
zone of articular cartilage, adult chondrocytes usually maintain a spheroid shape throughout
the depth of the tissue30. Within these vast areas, the chondrocytes are surrounded by the
proteoglycan-rich pericellular matrix and by the territorial (or capsular) basket-like matrix
characterized by the presence of a network of fibrillar collagen (chondrons). The interterritorial
matrix, also enriched in collagens and proteoglycans, comprises vast expanses of the tissue.
Furthermore, the cartilage matrix contains the large proteoglycan aggrecan, which binds to
long chains of hyaluronan creating enormous polyanionic complexes. Aggrecans exist within
cartilage in a partially compressed state because of their entrapment within the interstices of
the highly tensile collagen network31,32; this state of partial compression imposed by collagen
is opposed by the swelling tendency of the polyanionic aggrecans resulting in a highly
pressurized matrix. Thus, the problem of chondrocyte migration is an extremely challenging
one, which requires an explanation as to how the cells could overcome the density and pressure
of the surrounding matrix to migrate to other sites. Also, it is intriguing whether cells could
accomplish this under non-pathological conditions, i.e. without adversely affecting tissue
structure and function.

Chondrocyte Extensions and Movements Observed In Vitro
Chondrocyte Processes

The in vitro work of Lee and Loeser33 gave provocative insights into the relationship between
chondrocytes and their fibrillar environment. Video-enhanced differential interference contrast
(DIC) microscopy showed that isolated chondrocytes could interact with a surrounding
collagen II lattice and “wrap” the collagen fibrils around their bodies. Further, sharp bending
of the collagen fibrils in close proximity to the cells was well documented; in one dramatic
capture, a cell extended two cell processes to contact a collagen fibril that was subsequently
moved and bent. Interestingly, rounded cells were fully capable of interacting with collagen
in this manner. Vautier et al34 explored the effect of substratum charge on pseudopod
formation. These authors coated titanium beads with negatively or positively charged films
and seeded cells from a human-chondrosarcoma derived cell line (HCS-2/8) on the beads. It
was noted that the negatively charged beads encouraged pseudopod formation and that these
processes contained actin and tubulin. This paper also included impressive capture of cell
dynamics: for example, cells located on adjacent beads could be seen projecting pseudopods
towards one another. In other photos, long processes (100-160 μm) breached the space between
beads and connected cell-to-cell or cell-to-bead (consider that the cell lengths ranged between
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10-17 μm). The influence of the sarcoma nature of the cell line on protrusion formation is not
known. In fact, these in vitro studies may lead some to ask if either type of cell extension--
capable of sensing the distant environment34 or of bending stiff collagen fibers33 -- is an
artifact of cell culture. However, as discussed in the next section, long cell processes have also
been observed in intact cartilage in vivo35 suggesting that the in vitro observations may well
simulate or reflect aspects of physiology.

Chondrocyte migration in model in vitro systems
A number of pioneering studies have shown that isolated chondrocytes are able to migrate
under the direction of different stimuli on or within various planar and 3D matrices. For
example, it has been reported that chondrocytes move in response to bone morphogenetic
factors36, hepatocyte scatter factor37, urokinase plaminogen activator38, insulin-like growth
factor-139, transforming growth factor-β39, platelet derived growth factor40, and fibroblast
growth factor41,42. Further, the cells can move towards hyaluronic acid or on sulfated
hyaluronic acid42,43, fibronectin38,39, fibrin44, collagen I38, and even polarize and move
towards cathodic electrical fields45. Perhaps more importantly, various investigators have
observed chondrocyte movement through 3D collagen I gels36,46 (also Morales, 2005,
unpublished) or polymer scaffolds (ε-caprolactone-co-lactide)46. Most of these studies used
primary chondrocytes and did not report on the phenotype of the cells. In 2003, we39 developed
a straightforward method to phenotype migratory chondrocytes. The cells were attached on
the fibronectin-coated porous membrane of a Boyden chamber and stimulated by a
chemoattractant (IGF-I) in the lower chamber to migrate and squeeze through the 8 μm pores
of the membrane to the underside. The stationary cells on top of the membrane were then
removed and the migrated cells on the underside collected for analysis. The migrated cells
synthesized collagen II but not collagen I, demonstrating for the first time that chondrocytes
can move without loss of their differentiated collagen II phenotype. We also observed
chondrocyte dynamics by time-lapse video microscopy on fibronectin-coated plates (Figure
1) in the presence of 10 ng/ml IGF-I. Under the experimental conditions, only ∼1/3 of the cells
looked well attached the substratum and 20 fields enriched in well attached cells were selected
for monitoring. Approximately 25-35% of the cells in these fields displayed significant
movements. The speed (‘rate’ at which a cell moves) and directional persistence (measure of
the average time between ‘significant’ (60°) changes in direction) were used to define motility
as >1 μm/h or >1h respectively. Figures 1A and 1B show examples of a stationary and motile
cell (representative of nearly 200 tracked cells): The former cells were rounded and showed
few, very short cell protrusions, while the migratory cells were well spread, polarized and
elaborated typical lamellipoida and filopodia. Within the population of motile cells, about half
moved faster than 5μm/h, but only occasional cells moved faster than 50μm/h. These
parameters indicate that under the experimental conditions, chondrocytes were slow compared
to other cell types (movement speeds in the range of 20-720 μm/h have been recorded by others
for various mammalian cells39). On the other hand, the majority of the migratory cells (∼2/3)
exhibited directional persistence of 1-10 h, while the remaining one third showed persistence
> 10 h. Path lengths (speed x directional persistence) for chondrocytes were found to mainly
fall within 30-50 μm, i.e. on the average, the cells can move 30-50 μm before changing
direction. Note that the cell path does not establish which direction the cells move in. In these
experiments, the IGF-I stimulant was dissolved in the medium bathing the cells, i.e. it was not
provided as a chemotactic stimulus. The later may be expected to help establish the orientation
of the cells in the direction of the stimulus. Maniwa et al42 reported speeds of chondrocyte
movement within the same range as we did. In their studies, chondrocytes were stimulated with
10 ng/ml basic fibroblast growth factor (bFGF) and displayed mean speeds of ∼10 μm/h; when
stimulated by both bFGF and hyaluronan (1mg/ml) their speed increased to ∼15 μm/h. It is
worth noting that while movement kinetics on planar substrates can provide insight into the
abilities of a particular cell type, the kinetics of cell movement on complex 3D matrices can
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be expected to differ. Additional regulatory elements come into play, both positive and
negative. For example, collagen fibers may improve directionality24,25. Also, recent modeling
of 3D motility indicates a strong dependency of cell speed and directionality on matrix pore
size, as well as on the ability of cells to deform their cell bodies and to deploy MMPs47.

Independent of migration kinetics, we now know that chondrocytes are able to deploy and
organize the complex machinery required for locomotion. Given the energy and spatiotemporal
“finesse” required for cell movement, it is not likely that the chondrocyte would acquire this
capability de novo as a culture artifact under a variety of conditions36-46 and maintain it in
their differentiated state39. The possibility that the movements observed in vitro reflect-- at
least to some extent-- aspects of incompletely defined vivo functions needs to be considered.

Chondrocyte Extensions and Inferred Movements in 3D
In vivo cell processes

The existence of a primary cilium in chondrocytes and other finger-like processes in
chondrocytes within native cartilage has been well established30,48,49. Normally, these are
relatively small (5 μm or less) and confined inside the chondron. The primary cilium—
presumably involved in mechanotransduction-- is the best characterized chondrocyte process,
with recent data indicating that this cell extension expresses α2, α5 and β1 integrin receptors
while apparently excluding other receptors detected in the cell body (annexin V and CD44)
49. Interestingly, a recent study shows that the presence of cilia in mesenchyme cells is critical
for endochondral formation during limb development50. It is unknown if or how cilia of any
type could aid chondrocyte motility. Other types of cell extensions have also been described
in cartilage. Bush and Hall35 reported on intriguing microscopy data capturing extremely long
processes in vivo. These investigators carried out confocal scanning laser microscopy to
determine the morphology of living, fluorescently labeled chondrocytes in situ within non-
eroded and degenerate cartilage from human tibial plateaus. This technique revealed fine
cytoplasmic processes extending from the cell body of a large proportion of chondrocytes of
all OA grades. Indeed processes were present within cells of all zones and for cartilage of all
grades from normal to severely degenerated in a relatively large proportion of the total cells:
31-41%. The authors noted that the processes were of variable length and that in some cases
(<8 μm) they probably remained within the chondron while in other cases (>8 μm) they could
transverse their fibrous confines. Indeed, in extreme cases, processes as long as 80 μm were
observed. Neither the composition nor the functions of these cell processes are known, but it
may be instructive to examine their possible dedication to cell movements and/or matrix
remodeling51. It is interesting that very long cell processes have also been observed in the
chondrocyte-like cells of the nucleus pulposus and inner annulus of the intervertebral disc, as
well as in the fibroblastic cells of the outer annulus52.

Human Cartilage Organ Cultures
Lyman et al (Abstract53) prepared osteochondral disks from hip or knee arthroplasties and
made central partial depth defects prior to culture. During the culture period, the authors noted
that some of the cells in the vicinity of the wound polarized and extended processes, sometimes
long enough (∼50 μm) to contact the wounded margin. Process extension was observed by
DIC, confocal and transmission electron microscopy (TEM). These investigators quantified
the number of cells in the vicinity (350 μm) of the wound edge at different time points in culture
and showed that cells were slowly and progressively depleted from the superficial zone and
from the floor of the defect. After 2 weeks, only ∼ 10% of the original cell density remained
in these zones relative to areas more distal from the wound. By contrast, ∼60% of the cells
remained in the area adjacent to the wound in the middle cartilage zone. After several weeks
in culture, cells could be seen lining the defect site. The investigators noted that the apparent
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cell translocation took place predominantly in areas where the collagen fibril orientation led
into the wound. Fibrillation of collagen in these areas may have released the cells from their
matrix entrapment and enabled them to use the collagen fibers for traction and directionality.
Possibly, the culture conditions contributed to the activation & polarization of chondrocytes.
Nonetheless, this study provides interesting insights that may help to understand some aspects
of the poor repair response of articular cartilage usually seen in vivo: (1) the lack of
effectiveness of cells to polarize and move towards the wound site in areas where the collagen
fibers are parallel to the edge of the wound (i.e. most of the cartilage depth); and (2) their
inferred slow movements even in sites with the appropriate collagen architecture.

Other studies have likewise shown outgrowth of cells from human cartilage explants in
culture54, 55. The above cited studies have in common the finding that disruption of the
collagen network- by extensive cutting54, collagenase digestion55 or defect drilling53-is
accompanied by chondrocyte outgrowth. It is unclear whether in some cases, the exit of
chondrocytes from the cartilage is solely due to a robust proliferative response of cells close
to or on the edge of the wounds56 followed by their attachment to outer planar surfaces and
subsequent migration. However, the electron microscopy of Lyman et al53 indicates that in
their experimental model (partial depth defects in human articular cartilage in culture) cells
polarize and elaborate extensions while still within cartilage, a finding consistent with a motile
phenotype.

Growth Plates
The growth plate is a specialized region of cartilage that sustains the longitudinal growth of
bones during development. In the normal growth plates, the resting cell zone contains
chondrocytes dispersed in the matrix without an apparently ordered organization. This
reservoir zone maintains the continuous expansion of the proliferative zone, which is
comprised of longitudinal columns of cells. At the lower end of the growth plate, the
proliferative cells hypertrophy. The hypertrophic cells are eventually replaced by bone. As
early as 1930, Doods57 suggested that chondrocytes must undergo extensive movements to
arrange in longitudinal columns. Aszodi et al.58 recently presented elegant data that suggest
to us that chondrocytes in the growth plate may indeed be capable of such mobility. These
investigators show that mice carrying a cartilage-specific deletion of the β1 integrin gene
present with a severe chondrodysplasia and a high rate of perinatal lethality. In the few
survivors, the pathology progresses after birth and is characterized by distorted growth plates.
To understand the abnormality in the mutants, it is important to consider the model for mitotic
and post mitotic events in the normal growth plate. In the proliferative zone, the mitotic figures
are aligned perpendicular to the long axis of the underlying bone. The daughter cells are
semicircular and initially lie side by side in the lacuna but then they become discoid and
presumably undertake a gliding movement with one cell moving on top of the other (Figure
2). The cells then pull away from each other to give rise to the typical columnar arrangement
of the proliferative zone. In the mutant mice, the daughter cells fail to change shape following
division and to glide on top of one another, as judged by lack of formation of columns and by
the presence of a disorganized, broader plate with reduced longitudinal growth. Consistent with
their inability to move in vivo, when the mutant cells are excised from the growth plates, they
show reduced attachment on collagen II, fibronectin and laminin as well as a reduced number
of focal adhesions and disorganized cytoskeletal organization. These changes are consistent
with impaired locomotive ability, although cell migration in the isolated cells was not directly
assessed. It is tempting to speculate that the abnormalities exhibited by the MT1-MMP null
mouse59 are related in part to the process of cell “gliding or rotation” in the proliferative cell
zone. In the MT1-MMP mutants59, growth plate abnormalities included decreased cell
proliferation and loss of the normal columnar arrangement of the cells in the proliferative zone.
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Clearly, the “gliding” movements that have been ascribed to proliferative cells appear to take
place over relatively short distances and may include highly coordinated interactions between
daughter cells. In this respect, the cell translocations may be fairly unique and further studies
could reveal novel mechanisms. On the other hand, the apparent dependence of cell
translocation on cell-matrix adhesion, cytoskeletal organization, and possibly MMP activity
suggest that some of the underlying mechanisms may-at least in part-be shared with those of
active cell movement28,47.

Osteoarthritic Cartilage
Clusters or clones of proliferating cells surrounded by newly synthesized matrix molecules
constitute one of the histological hallmarks of the chondrocytic response to the degeneration
of cartilage during osteoarthritis (OA) 60,61. On the other hand, it is also possible that cells
initially dispersed within the matrix can move towards one another, clustering together and
contributing to the clinical picture. This was suggested in an early study by Kouri et al62. These
authors carried out an ultra structural study of human cartilage chondrocytes in samples from
normal and OA subjects. The number of chondrocytes per lacunae as well as the total cells per
unit area of OA cartilage in fibrillated and non-fibrillated regions was assessed in a careful
morphometric study. The findings revealed that the fibrillated areas contained the highest
percentage of cell clusters Vs single cells. Interestingly, the total number of cells per unit area
in these fibrillated, highly cloned regions were not statistically different from that of cells in
non-fibrillated regions. In addition, the authors made the observation that many of the cells
displayed changes in cytoskeletal arrangement, presence of abundant filopodia and a primary
cilium. These observations lead the authors to suggest “the possibility that chondrocytes form
aggregates by active cell migration needs to be considered”.

Intervertebral Dics
Kim et al63 carried out a histologic investigation of 125 rabbit intervertebral discs (IVDs) to
investigate the mechanisms whereby the nucleus pulposus (NP) makes a transition from a
vacuolated, notochordal tissue to a fibrocartilage during development. They noted that
fibrocartilage fibers and lamellae progressively invaded the nucleus pulposus from the superior
and inferior cartilage endplates (CEs) and traced the origin of the collagen fibers to the deep
regions of the endplates. These lamellae were studded with chondrocytes, some of which
appeared elongated and polarized in the direction of the NP (Figure 3). Consistent with the
concept of chondrocyte migration from the CE, the formation of a fibrocartilaginous NP was
reportedly accompanied by loss of cells from the CE and thinning of the later. The authors
commented that this loss of CE structure was seen in areas neighboring the fibrocartilaginous
growth in the NP, but not in more central areas. Precise quantitation of these seemingly
correlated cell changes would provide further evidence for these interesting observations. In a
second study, rat IVDs were maintained in organ culture64. Based on previous observations
with the rabbit, a set of the IVDs was fractured to accelerate the invasion of the chondrocytes
into the NP. IHC of the “invading” chondrocytes showed positive staining in many of the cells
for MT1-MMP, suggesting that this enzyme could be responsible for burrowing a trail in the
matrix of the CE to allow cell exodus and colonization of the NP. In addition, many cells
expressed the Ki-67 protein marker indicative of cell proliferation and importantly, were
surrounded by collagen II. The authors concluded that resting chondrocytes in the endplate are
activated to migrate towards the NP. It is possible that mechanical pressures may have initially
activated chondrocytes and/or that they moved due to their release by micro fractures of the
collagen; elucidation of the exact nature of the initiating stimulus will be of great interest. While
histology is insufficient to prove the case for active motility in any system, the results of the
intervertebral disc studies are interesting and raise potentially important questions that invite
further thought and experimentation.
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In vivo meniscal repair in Canine Model
In an in vivo study of meniscus repair in a canine model65, the authors monitored changes in
the wounded cartilage up to a year. In this model, plugs were excised from the avascular zone
of the meniscus, freeze thawed to kill cells and then re-inserted in the wound site to provide a
scaffold for repair activities. A new zone of matrix containing cells was seen to develop on the
margins of the wounded meniscal cartilage after a week. Interestingly, these cells were positive
for α smooth muscle actin as early as 3 weeks post-injury. By contrast, the uninjured cartilage
areas had positive cells only in the superficial zone, suggesting-but certainly not proving-that
superficial cells close to the wound may have moved downwards to line the defect margins.
After a year, the freeze-thawed plug re-inserted into the wound site had been recolonized by
live cells. While their origin could not be determined, many of the resident cells were also
positive for the α smooth muscle protein marker. A subpopulation of chondrocytes expressing
the α smooth muscle marker has also been noted in articular cartilages66. A canine model with
an articular cartilage injury to the level of the tidemark showed some reparative activity and
both chondrocytic and fibroblastic cells staining for the SMA marker were noted in the repair
tissue. These findings suggest that the contractile α-smooth muscle actin positive chondrocytes
should be further studied for their motile and reparative potential. The authors of these studies
did not conclude that there was active chondrocyte motility in their models. This is certainly
appropriate. However, it may be considered that in future studies, co-localization of SMA with
molecular markers of the chondrocyte and/or fibroblast phenotypes in reparative cells at
various stages of healing may be instructive.

Summary
There is growing evidence that in several in vitro models chondrocytes are able to migrate
under the stimulation of various chemoattractants and on and within several matrices. It will
be important in future work to extend such observations by careful phenotyping of the cells in
question. It may also be interesting and instructive to explore the possibility that early-
differentiated chondrocytes could contribute to some of the observations of cartilage cell
motility, given the findings that chondroprogenitor cells are present in cartilage67, 68. Early
studies of mesenchymal stem cell differentiation along the chondrocyte lineage indicated that
there is an early stage (lasting about 6 days in pellet cultures) where cells express some
chondrocyte matrix components (e.g. COMP, fibromodulin and aggrecan core protein) but not
collagen II69. It is presently unknown if and how the progenitors in cartilage differentiate to
mature chondrocytes or if they can move within the tissue. In our previous study on planar
models, the migratory chondrocytes expressed collagen II and not collagen I indicating that
fully differentiated chondrocytes are motile39, but it is not possible at this time to rule out the
presence of a small number of cells in our migrated cell populations that do not express collagen
II (or detectable collagen I). It is also possible that different conditions are required to mobilize
immature chondrocytes. In addition, while movements have not been directly visualized (nor
proven) in vivo, descriptive yet provocative evidence suggests critical chondrocyte movements
during development and/or pathology. Taken together, the in vitro and in vivo data invite further
investigations of chondrocyte movements and of their underlying mechanisms.

Working Models for 3D Moves in Cartilage
The aforementioned studies of chondrocyte movements in vivo raise the important technical
question of how the case for active cell movement within cartilage can be directly proven and
captured. Another intriguing question is how the cells could move at all. A major roadblock
to their movement is undoubtedly the stiff cartilage matrix closely surrounding and entrapping
the cell. As discussed in the introduction, these problems are not insurmountable if the cells
are able to express proteases, a possibility well within the chondrocyte purview. Indeed, a
precedent establishing that chondrocytes are probably able to rapidly and effectively remodel
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the matrix around them was set by studies of hypertrophic chondrocytes 70,71. Consider that
in the growing rat, hypertrophic cells are removed from the growth plate every 3 hours and to
maintain steady state new ones must replace them every 3 hours. In this situation, there is a
10-fold increase in mean cell volume as the cell transitions between a proliferative and
hypertropic stage. This process is accompanied by an increase in matrix synthesis rates, likely
reflecting extensive remodeling. It is striking that during this time there is maintenance of the
highly ordered histological structure of the various compartments (pericellular, territorial and
inter-territorial). Clearly, the hypertrophic cell data does not establish the same dynamic for
proliferative or other chondrocyte types, or for moving cells, but supports the plausibility of
rapid matrix remodeling even within a complex cartilage matrix.

Altogether, the in vitro and in vivo data on cartilage raises the possibility that chondrocytes
may display regulated movements during growth and remodeling, i.e. times of high energetic
states when the remodeling machinery of the cell is revved up sufficiently to temporally and
spatially reduce the matrix density and stiffness to allow cell passage. In addition, high
synthetic rates may aid repair of any damage inflicted on the matrix during cell transit. This
may be optimal during fetal life when the cartilage matrix is relatively soft. This was suggested
by the observation that fetal lambs were able to fully repair defects inflicted on cartilage in
utero72, as judged by the finding that repair matrix was morphologically identical to the
surrounding matrix. It is premature to present detailed mechanistic hypothesis for the apparent
movements that have been reported in different in vivo cartilages. The spirit of this review is
to invite thought-not to present foregone conclusions. In this spirit, I will limit this initial
discussion to a presentation of a plausible general working hypothesis, as follows.
Chondrocytes may translocate in vivo by active migration. For example, they may respond to
motility cues by weakening their attachment to the surrounding matrix and polarizing their
catabolic machinery in order to “open” a way through the thick matrix ahead. The cells may
then propel their bodies forward by use of cell extensions to “grip” and pull on the collagen
fibers and use their contractile actinomyosin skeleton to generate force for detachment and/or
deformation. The in vitro findings described in this review are consistent with this hypothesis,
e.g. that chondrocyte can use their extensions to bend collagen fibers33 and that they display
active, measurable motility39,42. Highly synchronized secretion of matrix primarily at the rear
of the moving cell (or by a partner cell) could theoretically repair the damaged matrix. Another
view that has been put forward to explain chondrocyte movements is that the putative secretion
of a pressurized proteoglycan matrix in the rear of the moving cell may help to propel the cell
body forward73. It seems reasonable to think that this mechanism would also require some
form of regulated proteolysis of matrix. In any event, it is not presently clear that the forces
required for effecting cell displacement could be generated exclusively in this manner. For
example, it is worth considering that many cell types, even primitive cells such as amoeba and
parasites that use rudimentary cell gliding movements reportedly rely on active myosin
motors74-76.

It is possible to speculate that motility may become dormant in mature articular chondrocytes
as they become encased within chondrons and/or engage in matrix maintenance. However,
mechanical and/or other injury to the matrix such as may occur during normal wear and tear,
injury and inflammation, and/or osteoarthritis can be expected to change the matrix “pore size”
and density and present a more permissive environment for cell movements. Additionally cell
injury could generate chemoattractants to mobilize neighboring cells. Various cartilage explant
studies and one of the in vivo studies discussed in this review are consonant with this
view53,54,55, 62.

Clearly, the general models discussed above are hypothetical and will require much
experimental scrutiny. Information in the area of cartilage cell movements may open avenues
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for design of protocols to engineer chondrocyte mobility in lieu of cartilage repair and/or to
correct cartilage pathologies.
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Figure 1. Individual Chondrocyte Videotracking
Example of a non-motile (panel A) and a motile cell (panel B). The cell images were captured
at the times indicated. At each time, the shape of the cell is outlined. The cell at time 0 shows
the superimposed outlines of the cell during subsequent movement captured from the individual
frames shown in the different panels. The arrows show the direction of movement, and the
inset on the lower right of each panel shows the cell trajectories. Copied from Chang C.,
Lauffenburger DA and Morales, T.I., OA and C, 2003.
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Figure 2. Simplified Diagram of Proposed Proliferative Chondrocyte Movements in the Growth
Plate
This diagram was prepared by the author (T.I.M.) with the aid of the MGH photolab from
information the video 1 and discussion of the paper by Aszodi A, Hunziker EB, Brakebusch
C and Fassler R, Genes and Development 2003, 17:2465-2479, after consultation with Drs
Aszodi and Hunziker.
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Figure 3. Simplified Diagram of Hypothetical Chondrocyte Movements in the Intervertebral Disc
The diagram was prepared by the author (T.I.M.) with the aid of the MGH photolab from
information in the papers from Kim K-W, Lim T-H, Kim JG, Jeong S-T, Masuda K et al,
Spine 2003 and Kim K-W, Ha k-Y, Park J-B, Woo Y-K, Chung H-N et al, Spine 2005
following consultation with Dr. An. NP=nucleus pulposus; CE=cartilage endplate; E=
epiphysis; GP=growth plate. Note that the rabbit CE differed from what is reported for human
CE. In the human, both the articular region and the growth plate are continuous in the CE.
However, in rabbits, the articular region is separated gradually from the growth plate with the
development of a secondary ossification center, an epiphysis62. Please see ref. 77 for an up to
date review on the human intervertebral disc.
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