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Introduction

There are many causes of cartilage injury. Small defects 
can be the result of direct blunt trauma, unexpected and 
sudden joint loading, and torsional injuries.1-3 In one study, 
20% of knees with acute hemarthrosis had a chondral injury 
on arthroscopy.4 Partial-thickness chondral injuries result 
in a poor healing response. Blood vessels, marrow mesen-
chymal cells, and macrophages are unable to gain access to 
chondral injuries through intact subchondral bone.1,2,5-7 In 
damaged articular cartilage, a transient increase in matrix 
production and clonal proliferation of chondrocytes has 
been described,8 but chondrocytes are not thought to play 
an effective role in the repair of partial-thickness articular 
cartilage injuries.1-3,7 Indeed, an absence of chondrocytes in 
the area surrounding defects has been noted.9 In an in vitro 
model, bovine cartilage explants were wounded with a tre-
phine. Only approximately 20% of the chondrocytes within 
200 μm of the wound were necrotic/apoptotic as deter-
mined by the TUNEL assay.10

When surrounded by the pericellular matrix, the chon-
drocyte exhibits a rounded morphology, appears stationary, 
and has little if any mitotic activity.8 However, Bush et al. 
examined osteochondral explants and observed chondro-
cyte cell processes in articular cartilage extending up to 
30 μm in length.11 These processes tended to be aligned 
with collagen fibrils and were hypothesized to be either sec-
ondary to microdamage to the surrounding matrix or a result 
of pericellular matrix degradation. When chondrons, which 
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Abstract

Background: Our goal was to set up an ex vivo culture system to assess whether cartilage wounding (partial-thickness defects) 
can induce morphological changes in neighboring chondrocytes and whether these cells can translocate to the surface of 
the defect. Methods: Two-millimeter partial-depth defects were created in human osteochondral explants followed by 
culture for up to 4 weeks. Frozen sections of defects and defect-free regions were labeled using immunofluorescence for 
a plasma membrane protein, CD44, and actin with TRITC-phalloidin. Viable nuclei were detected with Hoechst 33342. 
Differential interference contrast (DIC), confocal, and transmission electron microscopy (TEM) were used to examine 
process extension. Results: Significant changes in cell morphology occurred in response to wounding in the superficial 
and deep cartilage zones. These included cell flattening, polarization of the actin cytoskeleton, extension of pseudopods 
projecting towards the edge of the defect, and interactions of these filopodia with collagen fibers. Cell density decreased 
progressively in the 300-μm zone adjacent to the defect to an average of approximately 25% to 35% after 3 weeks. 
Concomitant increases in cell density in the defect margin were observed. By contrast, minimal changes were seen in the 
middle cartilage zone. Conclusions: These novel observations strongly suggest active cartilage cell responses and movements 
in response to wounding. It is proposed that cartilage cells use contact guidance on fibrillated collagen to move into and 
populate defect areas in the superficial and deep zones.
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are chondrocytes with their native pericellular matrix, are 
grown in monolayer, the cells extend pseudopodia that con-
tain actin and shed their pericellular matrix (Lee, unpub-
lished observations). Also, when chondrocytes grown in 
monolayer are exposed to type II collagen fibrils, adhesions 
via β

1
 integrins occur between the collagen fibrils and the 

chondrocytes’ pseudopodia. The contractile force exerted 
through this contact is sufficient to bend type II collagen 
fibrils.12 Further, translocation of cultured chondrocytes 
into devitalized cartilage has been observed,13 and chondro-
cyte migration has also been reported in monolayer cul-
ture.14,15 Chondrocytes migrate on 2-dimensional fibronectin 
substrata without dedifferentiating to produce collagen I and 
maintain expression of collagen II.15

In the superficial zone of articular cartilage, collagen 
fibrils are oriented largely parallel to the joint surface. In 
the middle and deep zones, collagen fibrils are arranged 
perpendicular to the joint surface.16,17 Therefore, in a 
partial-thickness defect, collagen fibrils are predicted to be 
mostly perpendicular to the defect surface in the superficial 
zone, parallel in the middle zone, and perpendicular again 
in the deep zone (Fig. 1). We used osteochondral explants 
with partial-thickness defects to better characterize the 
response of chondrocytes in articular cartilage to acute 
matrix injury. We predicted that injury would create fibril-
lated areas in cartilage containing exposed large type II 
collagen fibrils and that this might stimulate more process 
formation and adhesion of cell processes to the free colla-
gen. We proposed that chondrocytes would respond to 
local matrix damage by forming processes and eventually 
migrating. A secondary hypothesis was that the direction 
of cell migration would be dependent on the orientation of 
the collagen fibrils.

Methods

Using differential interference contrast (DIC), fluorescence 
(confocal and conventional), and transmission electron 
microscopy (TEM), we studied the formation of actin-
containing cell processes from chondrocytes in normal 
articular cartilage adjacent to defects and the time-related 
increase in length of these cell processes. We followed 
these injuries for 4 weeks.

Specimens and Culture
Osteochondral explants 2 to 3 cm in diameter were obtained 
from 10 patients at the time of total knee arthroplasty, total 
hip arthroplasty, or hip hemiarthroplasty. Mean patient age 
was 62 years (range = 18-92 years). There were 7 knees 
(5 osteoarthritic and 2 normal cartilage from tumor amputa-
tion) and 3 hips (2 from hip fractures and 1 from spastic hip 
dislocation with cerebral palsy). Explants were taken from 
grossly normal-appearing (nonarthritic) areas of the 
femoral condyles and femoral heads. There was no syno-
vial tissue with the explants. Explants were rinsed with 
phosphate-buffered saline (PBS) and twice in DMEM 
with gentamycin and kanamycin. Cultures were maintained 
in 15 mL Opti-MEM with GlutaMax1 (cat. # 51985-034, 
Life Technologies, Carlsbad, CA) medium with penicil-
lin/streptomycin, 2% FBS, 2.7 mM CaCl

2
, and 25 μg/mL 

L-ascorbic acid-2-monophosphate (Sigma, St. Louis, MO). 
Explant cultures were incubated at 37 °C, 5% CO

2
, in 50 mL 

sterile, conical polypropylene tubes. The media were 
changed every 2 to 3 days.

Creation and Harvest of Defects
Defects were created within 3 days of explant harvest using 
a Dremel Minimite drill (Racine, WI) and a 2.8-mm drill bit. 
Four to 6 defects were made in each specimen. Only defects 
that were determined to be partial thickness by gross exami-
nation were cultured. At 0 days, 3 days, and 1, 2, 3, and 
4 weeks, the explants were harvested. For immunofluo-
rescence, the explants were fixed and stored in 4:1 
methanol:DMSO at –20 °C.18 Prior to embedding in O.C.T. 
medium (Tissue-Tek, Sakura Finetek U.S.A.), explants were 
rehydrated in PBS for 30 minutes. For phalloidin labeling, 
explants were fixed in 3.7% formaldehyde in PBS for 30 
minutes, rinsed in PBS, and then embedded in O.C.T. 
Twenty-micrometer sections were cut using a cryostat 
(Frigocut 2800, Reichert-Jung, Leica Microsystems, Wetzlar, 
Germany). The sections were not allowed to dry.

Immunofluorescence
The sections were rinsed in PBS after mounting and blocked 
with 1% BSA in PBS. The primary antibodies used were 

Figure 1. Drawing depicting a partial-thickness cartilage injury 
and relative predicted average collagen orientation in 3 regions 
adjacent to the defect. In the superficial zone (top circle) and 
deep zone (bottom circle), the majority of collagen fibrils are 
perpendicular to the defect edge. In the middle zone, most fibrils 
are predicted to run parallel to the defect edge.
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H4C4 to CD44 (prepared by J.E.K. Hildreth and J.T. 
August, Developmental Studies Hybridoma Bank) and 
monoclonal antibody C4F6 to type II collagen (provided by 
Clinton Chichester). Both antibodies were specific.18-21 
TRITC-labeled phalloidin (Sigma) was used to stain sec-
tions for actin at each time point. Controls included omitting 
the primary antibody or TRITC-phalloidin from duplicate 
sections. The control sections were incubated in buffer + 1% 
BSA, while experimental sections were in solution with the 
primary antibody or phalloidin. For detection of viable 
chondrocytes, all sections were stained with Hoechst 33342 
(10 μg/mL, Molecular Probes, Eugene, OR). Sections were 
mounted with polyvinyl alcohol mounting medium22 con-
taining 1% n-propyl gallate and examined with a Leica 
confocal microscope (Wetzlar, Germany) using a 40x oil 
immersion objective or an Olympus IX70 fluorescence 
microscope equipped with a chilled CCD camera (Orca, 
Olympus, Tokyo, Japan). Confocal micrographs were pro-
duced by combining multiple focal levels from a single 
section.

Determination of Cartilage Cellularity
After Hoechst staining, viable nuclei were detected with 
fluorescence microscopy.18 Using a stage micrometer, the 
40x dry objective and the 1.5x magnifier with an Olympus 
IX70 microscope, it was determined that one high power 
field was approximately 300 μm in diameter. High power 
fields touching the edge of the defect were defined as adja-
cent fields, and high power fields greater than 300 μm away 
from the defect edge were defined as distal. Using a hand-
held counter, intact nuclei were counted per high power 
field in superficial, middle, and deep zones adjacent and 
distal to the defect edge. Sections from 3 separate explants 
from the same patient were used to compile the data. 
Sections were examined from osteochondral explants 3 days 
and 1, 2, 3, and 4 weeks after defect creation.

TEM
TEM was used to evaluate cell processes near the fibrillated 
border. Explants containing defects 4 weeks old were fixed 
overnight in 2% paraformaldehyde/2.5% glutaraldehyde in 
0.1 M sodium cacodylate buffer, pH 7.4, at 4 °C. Following 
several buffer washes, the samples were decalcified in 0.1 
M sodium EDTA in 0.1 M sodium cacodylate, pH 7.4, until 
the underlying bone softened. After decalcification, the 
cartilage pieces were postfixed in a mixture of 1% osmium 
tetroxide and 1.25% potassium ferrocyanide buffered with 
0.1 M sodium cacodylate, pH 7.4, for 2 hours. The speci-
mens were dehydrated with increasing concentrations of 
ethanol, transferred to propylene oxide, and gradually infil-
trated with Spurr’s resin (Ted Pella Inc., Redding, CA). 

Following polymerization, the blocks were ultrathin sectioned 
at 70 nm perpendicular to the articular surface. Grid-
mounted sections were double stained with 4% aqueous 
acetate and 4% lead citrate and observed on a LEO EM-910 
transmission electron microscope (LEO Electron Microscopy 
Inc., Thornwood, NY) at an accelerating voltage of 80 kV.

Results
Overall Observations

In human articular cartilage, adjacent to the experimentally 
produced partial-thickness defects, we were able to demon-
strate the formation of actin-containing cell processes from 
chondrocytes. We also found a time-related increase in 
length of these cell processes. Figure 1 is a sketch of a 
defect that illustrates the direction of the collagen fibers in 
relation to the defect. Over 4 weeks, fibrillation developed 
and appeared to increase in the deep and superficial zones 
of cartilage. We found this fibrillation difficult to quantify. 
In those areas where fibrillation was seen, cell polarization 
and process formation were greatest. There was also a time-
related hypocellularity that developed in the matrix adja-
cent to the defects, and after 4 weeks, many cells could be 
clearly seen lining the surface of the defect. Frequently, 
vacated lacunae could be seen below these lining cells. 
Figures 2 to 9 strongly support these observations, as 
detailed below.

Cells Extend Processes
The analysis of sections from sequential time points 
revealed a time-related progression of cell process forma-
tion. At day 0 after defect creation, cells adjacent to the 
defect edge remained rounded, as exemplified in Figure 2A. 
At day 3 after defect creation, early cell process formation 
was detected in some of the cells by CD44 immunolabeling 
(Fig. 2B and 2D), particularly along the superficial and 
deep aspects of the defect. The length of the processes var-
ied and appeared to increase over the first 3 weeks. Figure 2C 
shows cells close to the edge of the defect at 4 weeks and 
clearly demonstrates that the cells have elongated and that 
their long axes are directed towards the wound site. At this 
time, the number of cells directly adjacent to and lining the 
defect edge had also increased.

Cell Processes Contain Actin
Labeling with TRITC-phalloidin was used to detect actin 
in cellular processes near the defect. The presence of actin 
provided further support that the processes observed with 
CD44 immunolabeling were cell extensions. The timing 
and direction of process formation detected by phalloidin 



Lyman et al.	 61

(Fig. 3) appeared quite similar to those detected by CD44 
immunofluorescence (Fig. 2). Immediately following the 
formation of the defect, cells near the edge of the defect 
appeared round (Fig. 3B). After several days, these cells 

began to extend actin-containing processes toward the edge 
of the defect, and over time, these extensions increased in 
length (Fig. 3B, 3D, 3F, and 3H). At lower magnification, 
the increase over time in cells with extensions is evident 

Figure 2. Chondrocytes extend cell processes toward the edge of the defect. The red fluorescence is CD44 labeling of plasma 
membranes, and the green is Hoechst staining of nuclei (images are pseudocolor). (A) Confocal microscope image of a defect edge in 
the middle zone on the day of defect creation. Chondrocytes were rounded and found in abundance adjacent to the defect edge. Bar = 10 μm.  
(B) Confocal image of a defect edge in the deep zone at 3 days. A cell process extends from the chondrocyte to the fibrillated edge of 
the defect. Bar = 10 μm. (C) Confocal image at 4 weeks demonstrating multiple cells with extensions toward the defect and cells on 
the edge of the defect. Bar = 10 μm. (D) DIC image of defect edge in the deep zone at 3 days (corresponding to Fig. 2B). A small cleft 
extends from the chondrocyte to the fibrillated edge of the defect (arrows). Bar = 10 μm.
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Figure 3. Cell processes contain actin as demonstrated by phalloidin labeling. Images show the increasing length over time of actin-
containing cellular extensions toward the defect in the superficial zone. Images were obtained on day 0 (A, B), 3 (C, D), 7 (E, F), 14 
(G, H), and 28 (I, J). Note in D that the cell process, as seen in this section, is approximately equal in length to the cell body after  
3 days of culture, while the pseudopods shown in F and H are 2 to 4 times the observed body length at 7 to 14 days. Arrows indicate 
edges of defects in the DIC images. Bar = 10 μm.
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Figure 4. Low magnification images of the superficial zone of defect edges demonstrating the orientation and number of cellular 
extensions with time. Phalloidin labeling for actin at day 0 (A, B), 7 (C, D), 14 (E, F), and 28 (G, H) shows the adjacent chondrocytes 
extending cell processes toward the edge of the defect over time. By 4 weeks, resurfacing of the defect edge has occurred. Bar = 30 μm.
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(Fig. 4). At 2 weeks, there was significant variability in the 
number of cells with extensions per section. In some sec-
tions, multiple cells with extensions were observed (Fig. 4E 
and 4F), but other sections showed chondrocytes with 
minimal changes in cell morphology. This may reflect a 
natural variability in the response of cartilage from differ-
ent donors during a time frame when critical changes in cell 
translocation start to take place. After 4 weeks, each section 
showed consistent changes in cell morphology, and by this 
time, empty lacunae could be clearly seen in some sections 
(Fig. 4G and 4H).

Direction of Process Extension 
along the Direction of Collagen Fibers
Process extension was roughly parallel to predicted colla-
gen bundle orientation. Areas around defects that exhibited 
the most fibrillation were the deep and superficial zones, 
and these findings are consistent with the observed process 
formation. The predicted collagen fibril orientation is per-
pendicular to the defect surface (Fig. 1) in these zones. The 
predicted collagen fibril orientation for the middle zone is 
parallel to the cut edge, and less fibrillation was observed 
in these areas. Immediately following the formation of the 
defect and during the first 2 weeks in culture, a fibrillated 
border was not evident in the superficial and deep zones. 
After 4 weeks, the fibrillation was observed in these zones. 
Using confocal microscopy, fibrillated defect edges demon-
strated exposed type II collagen fibrils in sheets (Fig. 5). 
Further from the defect, the matrix appeared denser with 
proteoglycans and other matrix proteins interspersed 
throughout the collagen infrastructure.

The association of cell processes with collagen fibrils 
was evident in transmission electron micrographs at 4 weeks 
after wounding. These pseudopodia were not visualized in 
continuity because TEM sections were only 70 nm thick. In 
Figure 6A, a cell process has extended through the pericel-
lular matrix and is attached to a collagen fibril. In a different 
cell, several smaller pseudopodia are seen adhering to col-
lagen fibrils in the interterritorial region of the matrix 
(Fig. 6B). Smaller pseudopodia adhering to collagen fibrils 
may direct larger cell extensions along collagen bundles. 
Processes contain large amounts of rough endoplasmic 
reticulum and Golgi apparatus and are consistent with an 
increase in matrix production after matrix injury (Fig. 6B).

Process Formation  
Precedes Cell Translocations
By day 3, process formations were identified; however, an 
increase in the number of chondrocyte nuclei adjacent to 
matrix defects was not observed until 3 weeks following 
defect formation. Because each image represents a point in 
time, actual migration could not be observed directly. 
Chondrocyte migration was inferred based on cell mor-
phology (polarization towards the surface edge, process 
formation), position of nuclei outside of lacunae, and the 
hypocellularity (and empty lacunae) of matrix adjacent to 
defects. Importantly, the topography of the cell decrease in 
areas adjacent to the defect coincided with increases in cel-
lularity along the defect edge (see below).

Resurfacing of Matrix Defects
In the majority of samples, apparent cellular migration 
resulted in a lining of the defect edge with chondrocytes. 
This was usually evident by 3 to 4 weeks (Fig. 7A). Many 
of these cells seemed to retain their processes, which were 
seen within the cut edge of the defect (Fig. 7B and 7C). 
Zones of hypocellularity were seen deep to all defect 
regions lined by chondrocytes, suggesting a pattern of 
migration. This was observed in both superficial and deep 
zones, but not usually in the middle zone, where areas 
devoid of lining cells and underlying hypocellularity were 
noted (Fig. 8).

Changes in the Cellularity of  
the Superficial, Middle, and Deep Zones
Regions of hypocellularity with empty lacunae containing 
remnants of cell processes were seen in many sections 
adjacent to the superficial and deep zones of cartilage 
defects but not in the middle zone of the defects (Fig. 4G 
and 4H show examples of empty lacunae after 4 weeks 
close to the edge of the defect in the superficial zone). In 
order to quantify the amount of chondrocyte attrition near 
defects, chondrocyte counts were performed in explants 

Figure 5. Orientation of collagen fibrils adjacent to defect edges 
at 4 weeks. The image was centered on the deep zone of the 
defect, with the defect edge located superiorly. Confocal image of 
a defect edge labeled with C4F6 for type II collagen.
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from 3 different donor sites. The cell counting area 
extended 300 μm from the defect edge and included viable 
cells within the cartilage but not cells located on the defect 
edge. In this area adjacent to the defects, superficial zone 
cellularity decreased during the first 2 weeks and seemed 
to stabilize approximately 10% to 25% of initial cell den-
sity between 2 and 4 weeks (Fig. 9A). By marked contrast, 

the cellularity of the cells more distal from the defect 
remained relatively stable (decreased to ~85% of initial 
density by 4 weeks). In the middle zone, there was an ini-
tial very small decrease (~20%) in the cellularity adjacent 
to the defect. The cellularity then did not appreciably 
change over the following 4 weeks (Fig. 9B). In the deep 
zone (Fig. 9C), there was a rapid decrease in the number 

Figure 6. Transmission electron micrographs showing chondrocyte processes adjacent to defects at 4 weeks after wounding. (A) A 
process has extended through the pericellular matrix and attached to collagen fibrils. (B) A different cell shows a larger process with 
smaller filipodia adhering directly to a collagen fibril.
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of viable cells similar to that seen in the superficial zone 
during the first 2 weeks to approximately 20% of initial 
cell density, and then an apparent partial recovery was 
observed in the last 2 weeks.

It is important to note that in all zones, the cellularity of 
the area extending from 300 to 600 μm from the defect edge 
(distal) remained constant over the entire 4-week period, 
showing that neither migration nor cell death was caused by 
explant harvesting or culture conditions.

Discussion
The natural history of partial-thickness cartilage injuries in 
humans is a topic of debate. While it is clear that large 
partial-thickness lesions have no ability to heal,1,2,5,23-25 
many authors feel that small partial-thickness injuries may 
resolve without symptomatic sequelae.2,5,6 Proposed mech-
anisms for the resolution of small partial-thickness injuries 
have included the contribution of synovial cells,23 short-
term clonal proliferation and increased matrix production 
by chondrocytes,1,2,5 and “fluid flow” of the matrix.6 Our 
study suggests the novel concept that chondrocyte migra-
tion contributes to the resurfacing of cartilage lesions in 
vitro.

These results suggest a previously undescribed response 
of chondrocytes to partial-thickness cartilage injuries, 
including formation of actin-rich processes and orientation 
of chondrocytes with their long axes projecting towards the 
defect site as well as the appearance of cells on the edge of 
the defect coincident with loss of cells in the adjacent bor-
der. These responses occurred largely in the deep and super-
ficial zones and were not evident in the middle zones. The 
cell processes are adherent to collagen fibrils, and the asso-
ciation between the orientation of the collagen fibrils and 
the direction of process extension suggests that the collagen 
infrastructure directs process formation and/or alignment. 
Our observations are consistent with the possibility that fol-
lowing injury and fibrillation of the collagen network, 
chondrocytes align towards and slowly migrate to the edge 
of the defect using contact guidance on the exposed colla-
gen fibers. The phenomenon of process formation by 
chondrocytes has been described previously,12 but their 
elaboration following injury, their association with collagen 
fibers, and their projection into wounded sites are all novel 
observations. Process extension in cartilage is consistent 
with the behavior of chondrocytes in monolayer as well as 
chondrocytes cultured in the presence of type II collagen 
(Lee, unpublished data).12

The loss of cells adjacent to defect edges has been 
described5,24 and attributed to apoptosis and necrosis.10 
However, it is noteworthy that in an in vitro model using 
adult bovine cartilage, only 20% of the chondrocytes adja-
cent to the defect were positive with the TUNEL assay, 
indicating that while cell death occurred, the majority of the 

Figure 7. Resurfacing of defect edges after 4 weeks. (A) Sections 
were stained with Hoechst to identify viable nuclei. Viable 
chondrocytes have lined a fibrillated edge along the deep zone of 
a defect. Note the relatively hypocellular matrix adjacent to the 
defect. Bar = 30 μm. (B) Collection of confocal images of different 
sections after CD44 immunolabeling for plasma membranes 
showing the chondrocytes extending across the surface of the 
defect. Bar = 30 μm. (C) Higher magnification of another section 
shows CD44-labeled chondrocytes spread over the defect edge. 
Bright spots in the center of the chondrocytes are nuclei (Hoechst 
stain). Bar = 10 μm.
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chondrocytes survived.10 We counted viable cells to quan-
tify decreases in cellularity over time. Areas that showed 
cells lining the defect edge were always associated with an 
adjacent region of hypocellularity.

Cell migration is a dynamic process that was not fully 
captured in our study. Nonetheless, the changes in chondro-
cyte morphology (polarization, process extension, orienta-
tion towards the defect) and the loss of cells in areas 
immediately below those populated by lining cells are most 
consistent with chondrocyte migration. This concept is 
strengthened by previous observations that chondrocytes 
are able to migrate slowly on 2-dimensional surfaces.14,15 In 
the present 3-dimensional model, the injury and fibrillation 
of the matrix expose planar surfaces on which the chondro-
cyte may attach and locomote. Further, the translocation 
of cells across 300 μm of the cartilage surface within the 
4-week period is consistent with the measured low speed 
range of chondrocyte movement (assuming directed migration 
over the full period, the average speed would be 0.52 μm/h).

Osteochondral explants are an excellent system for study-
ing chondrocyte behavior. Explants contain no synovium, 
and therefore, the possibility of cells coming from vascular 
or synovial elements is eliminated. The subchondral bone is 
intact, providing the full thickness of the articular surface 
and serving as a buttress to facilitate the creation of partial-
thickness defects. Chondrocytes in the cartilage remained 
viable and did not change in density in fields greater than 
300 μm away from the created defect. However, there are 

several limitations to generalizing from osteochondral 
explants to the in vivo situation. The explants did not receive 
any mechanical stimulation. In addition, the culture medium 
differs significantly from synovial fluid. In monolayer cul-
ture, it has been shown that chondrocytes can gradually 
dedifferentiate in serum-containing medium.26 Future 
research directions will include investigation of the differ-
entiation state of the polarized cells within fibrillated matrix 
and on the defect edges. Koeling et al.27 recently showed 
that in advanced osteoarthritic cartilage, the tidemark is 
breached, and a cell population with progenitor characteris-
tics penetrates the cartilage. While we avoided areas of 
gross degeneration in our study, it is not possible to rule out 
that progenitor cells resident in cartilage28,29 contribute to 
the migration patterns. Progenitor cell populations are an 
integral part of the superficial zone of normal cartilages,28,29 
and less well-characterized cells expressing markers associ-
ated with progenitor cells are found in deeper zones of nor-
mal and osteoarthritic cartilage.30 The issue of potential 
progenitor cell migrations in cartilage requires a detailed 
evaluation and will be addressed in separate investigations.

In addition, exposed cells in the bone portion of the 
explant may release factors affecting the behavior of chon-
drocytes. Conceivably, a few osteocytes may have migrated 
and contributed to the observations, and/or a few cells 
released into the medium could have adhered to fibrillated 
sites on the explants. Thus, ectopic cell contamination can-
not be fully ruled out, but the potential contributions of 

Figure 8. Nuclei are shown in the middle cartilage zone in a region corresponding to the circle pointed by the arrow in the diagram.
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Figure 9. Graphs comparing the change of cartilage cellularity 
adjacent and distal to the defect edges in 3 different zones of 
the explants. Cells were counted in fields of 300 μm diameter, 
and the graph shows the total number of cells counted per field 
for each of the 3 cartilage zones at different times. To provide a 
semiquantitative estimate of cells per unit area, we calculated the 
initial cell numbers for the superficial, middle, and deep zones of 
the area adjacent to the defect, and these were 5.6, 2.8, and 2.8 
cells per 100 μm2 (not shown). (A) The changes in cellularity of 
the superficial zone adjacent to the defect (diamond) and distal to 
the defect (square) are compared. Over 300 μm from the defect, 
the cellularity of the cartilage did not change significantly, while 
within 300 μm, the cellularity dramatically decreased during the 
first 2 weeks after the defect was created. (B) Small changes in the 
middle zone are seen. Again, greater than 300 μm from the defect, 
the cellularity was not affected dramatically by culture conditions. 
The cellularity adjacent to the defects was also unchanged. (C) 
Changes in the deep zone are demonstrated. These included a 
gradual decrease in the cellularity in the deep zone over the first 
2 weeks. The cellularity of the deep zone distal to the defects, like 
that of the middle and superficial zones, remained relatively stable 
throughout the 4 weeks. In the area adjacent to the defect, the 
cellularity increased during the last 2 weeks (n = 3 for all points; 
mean ± SD is shown).

these cells do not adequately explain all of our observations. 
The following findings are most compatible with outward 
migration of cartilage cells: 1) cartilage cells near the defects 
polarized in the direction of the wound and attached to col-
lagen within the cartilage matrix, and further, they did so 
selectively within the superficial and deep zones but not the 
vast middle zone; 2) the cells in these areas were lost, while 
cells appeared on the outside cut edges, adjacent only to the 
select cartilage areas where cells had previously polarized.

We propose a model for cartilage cell response to partial-
thickness cartilage injury. Matrix injury promotes a gradual 
process of collagen fibrillation in the superficial and deep 
zones. This may serve to expose more collagen fibrils and 
stimulate migration. Processes extend along collagen fibrils, 
chondrocytes elongate, and migration is initiated. As 
migrating chondrocytes reach the surface of a defect, they 
flatten out along the edge, resurface the defect, and may 
help to prevent further fibrillation and matrix injury. It is 
clear that not every partial-thickness injury is resurfaced 
successfully in vivo, but it is possible that many injuries 
resolve uneventfully without further symptoms. Further 
studies in this area are needed to determine the significance 
of the migration of cartilage cells.
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