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Temporal and spatial modulation of chondrogenic foci in subchondral microdrill
holes by chitosan-glycerol phosphate/blood implants
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Objective: Subchondral drilling initiates a cartilage repair response involving formation of chondrogenic
foci in the subchondral compartment. The purpose of this study was to structurally characterize these
sites of chondrogenesis and to investigate the effects of chitosan-glycerol phosphate (GP)/blood implants
on their formation.
Method: Thirty-two New Zealand White rabbits received bilateral cartilage defects bearing four sub-
chondral drill holes. One knee per rabbit was treated by solidifying a chitosan-GP/blood implant over the
defect. After 1e56 days of repair, chondrogenic foci were characterized by histostaining and immu-
nostaining. Collagen fiber orientation was characterized by polarized light microscopy.
Results: Glycosaminoglycan and collagen type II were present throughout the foci while the upper zone
expressed collagen type I and the lower zone collagen type X. Large chondrogenic foci had a stratified
structure with flatter cells closer to the articular surface, and round or hypertrophic chondrocytes deeper
in the drill holes that showed signs of calcification after 3 weeks of repair in control defects. Markers for
pre-hypertrophic chondrocytes (Patched) and for proliferation (Ki-67) were detected within foci. Some
cells displayed a columnar arrangement where collagen was vertically oriented. For treated defects,
chondrogenic foci appeared 1e3 weeks later, foci were nascent and mature rather than resorbing, and
foci developed closer to the articular surface.
Conclusions: Chondrogenic foci bear some similarities to growth cartilage and can give rise to a repair
tissue that has similar zonal stratification as articular cartilage. The temporal and spatial formation of
chondrogenic foci can be modulated by cartilage repair therapies.

� 2010 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
Introduction

Marrow-stimulation techniques such as abrasion arthroplasty1,
drilling2 and microfracture3 are clinically used treatments that take
advantage of a natural repair response initiated by bone marrow-
derived blood and cells. These methods aim to recruit and amplify
bone marrow-derived mesenchymal stem cells (BMSCs) in the
cartilage lesion4. Subsequently BMSCs must differentiate into
chondrocytes in order to synthesize a cartilaginous repair tissue4. It
is well established that in vitro, BMSC micromass cultures develop
a cartilage matrix in chondrogenic media5, through processes that
partly recapitulate BMSC condensation and chondrogenesis in the
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embryonic limb bud6. Similarly, condensations of chondrocytes,
referred to as “chondrogenic foci” in the remainder of this text, can
be observed at intermediate stages of repair inside subchondral
bone drill holes following marrow-stimulation treatments in
animal models7e17.

The induction of chondrogenic foci is not well documented or
understood in the context of cartilage repair. Using a rabbit model of
marrow stimulation, we hypothesized that the chondrogenic foci
that form insubchondral drill holesdisplayendochondral ossification
characteristics. In the growth plate, the endochondral ossification
processes of cell proliferation, enlargement, matrix synthesis fol-
lowed by calcification, vascular invasion and synthesis of primary
bone trabeculae all contribute to bone growth18e21. A similar endo-
chondral growth process occurs at the surface of the developing
epiphysis where immature articular cartilage functions as an artic-
ular-epiphyseal growth cartilage22e24. Fracture healing is yet another
process that recapitulates certain aspects of skeletal development
and growth19,25,26, often proceeding through endochondral
ublished by Elsevier Ltd. All rights reserved.
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Table I
Number of animals evaluated in each group at each time point

Group Cartilage repair* Unoperatedy
Age 8e15 months 3 months
Average weight 4.8 kg 1.9 kg
Sacrifice at day 0 e 3 females
Sacrifice at day 1 2 Males, 3 females e

Sacrifice at day 3 3 Males, 2 females e

Sacrifice at day 7 2 Males, 3 females e

Sacrifice at day 14 4 Males, 4 females e

Sacrifice at day 21 2 Males, 1 females e

Sacrifice at day 35 1 Males, 2 females e

Sacrifice at day 56 2 Males, 1 females e

Total 32 3

* All femurs in this group were processed for cryosectioning.
y Two femurs in this group were processed for paraffin sectioning, the rest were

cryosectioned.
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ossification. Indian hedgehog (Ihh) is one signaling molecule that
regulates endochondral ossification19 in the growth plate and
developing articular surface27 through a negative feedback loopwith
parathyroid hormone-related peptide (PTHrP) to control prolifera-
tion and maturation of the chondrocytes. Patched is one of many
effectors of Ihh signaling in growth plate chondrocytes, acting as
a receptor28,29. Since repair and regeneration can recapitulate certain
developmental events, a detailed characterization of chondrogenic
foci could improve understanding and development of new tissue
engineering concepts for cartilage repair.

We have previously shown in a rabbit model that treating drilled
cartilage defects with chitosan-glycerol phosphate (GP)/blood
implants increases recruitment of host inflammatory and stromal
cells as well as subchondral vascularization, bone remodeling and
improves cartilage repair14e17. Chondrogenic foci formed at 2e5
weeks post-operative in the subchondral space appeared to be the
origin of cartilaginous repair tissues in animal models of marrow
stimulation14e17 but they have only been partly characterized to
date. Therefore, the purpose of this study was to characterize
chondrogenic foci that are induced in the subchondral granulation
tissue followingmarrow-stimulation procedures, with and without
treatment with chitosan-GP/blood implants. We tested the
hypotheses that chondrogenic foci would contain stratified layers of
cells expressing proliferation and chondrogenesis markers in
distinct zones, and that their appearance would be modified both
spatially and temporally by the treatment. Using a previously
developed rabbit model14,16,17, bilateral trochlear cartilage defects
were drilled, and one defect was further treatedwith a chitosan-GP/
blood implant. Animals were left to heal for time points ranging
from 1 to 56 days post-surgery. Chondrogenic foci were categorized
as nascent, mature or resorbing based on global morphology, while
the timing of foci appearance and foci position relative to the
articular surface were recorded. Chondrogenic foci were also char-
acterized using glycosaminoglycan (GAG) histostaining, collagens
type II, I, and X immunostaining and collagen structure through
polarized light microscopy (PLM). Patched immunostaining was
used to identify pre-hypertrophic chondrocytes and Ki-67 immu-
nostaining was used to identify proliferating cells.

Materials and methods

Rabbit cartilage repair model

Skeletally mature New Zealand White (NZW) rabbits (Charles
River, St. Constant, QC, Canada) housed individually in cages were
used for this trochlear cartilage repair study (Table I). The housing,
care and study protocol were approved by the Animal Care
Committee of the University of Montreal. The animals were
randomized according to sex and weight for distribution to treat-
ment group and to each time point. The treated knee (left or right)
was also randomized. Trochlear full-thickness chondral defects of
3.5 mm� 4.5 mm were created by using 1.5 mm and 2.75 mm flat
blades (10035-05 and 10035-10, Fine Science Tools, North Van-
couver, BC, Canada) and an arthrotomy technique. Four drill holes
of w4 mm depth were then perforated into the subchondral bone
in each of the four corners of the defect using a high-speed micro-
drill (18000-17, Fine Science Tools, North Vancouver, BC, Canada)
and a 0.9 mm-diameter drill bit (19007-21, Fine Science Tools,
North Vancouver, BC, Canada). Continuous irrigation with cooled
phosphate buffered saline (PBS) was used to limit thermal
necrosis30. No antibiotics were administered at any time and all
animals were allowed unrestricted ambulation post-surgery.
Additionally, intact tibial growth plates and trochlear articular
cartilage were collected from three young (3 months old) New
Zealand White (NZW) rabbits (Table I).
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Preparation and application of chitosan-GP/blood implants

Chitosan powder with 77e83% degree of deacetylation was
obtained from Piramal Healthcare (Canada), Montreal, QC
Canada (formely BioSyntech Inc). Sterile chitosan-GP solutions
were prepared as previously described14, with 1.5% or 1.7% (w/v)
chitosan, 135 mM disodium b-glycerophosphate, 59 mM HCl (pH
6.75e6.82 and osmolality 444e520 mOsm/kg) flash-frozen,
stored in sterile glass vials at �80�C, and thawed the day of
surgery. 3.5 ml of autologous blood was aseptically withdrawn
from the rabbit ear artery and added to the vial containing
1.18 ml sterile chitosan-GP solution. The vial contained six sterile
surgical stainless steel beads (0.39 g each, #9736, Salem
Specialty Ball Co, Canton, CT, USA) and was shaken vigorously by
hand for 10 s for mixing. A 3 cc syringe equipped with an 18
gauge needle was used to withdraw approximately 3 ml of the
chitosan-GP/blood solution and one hanging drop of this solu-
tion was applied to the drilled cartilage defect. Coagulation was
allowed for 5e8 min before closing the knee.
Histostaining, histomorphometry and PLM

Following decalcification, femurs were processed for cry-
osectioning as previously described31 or for paraffin embedding and
sectioning (Table I). All reagents were obtained from SigmaeAldrich
(Oakville, ON, Canada) unless otherwise specified. Sections taken
from the middle of the proximal holes and of the distal holes were
sequentially immersed in Weigert iron hematoxylin (HT-1079),
0.04% (w/v) Fast Green (F-7252) and 0.1% (w/v) Safranin O (S-2255)
in water. Safranin O/Fast Green-stained sections were digitized at
40� magnification using a Nanozoomer RS slide scanner (Olympus,
Markham, ON, Canada). The maturity of each chondrogenic foci
within the subchondral soft repair tissue in the proximal and distal
holes was established using the following criteria: Nascent foci were
small (<0.1 mm2) with a relatively homogenous cell population and
matrix. Mature foci were larger and displayed a more stratified
structure with flatter cells towards the articular surface and round,
polygonal or hypertrophic cells underneath. Resorbing foci were
identified by extensive vascular invasion and endochondral ossifi-
cation from the bottom up. With the Safranin O-Fast Green-stained
sections, the area (mm2) of each foci was obtained by manually
tracing around the Safranin Oþ foci using NDPview software
(Olympus, Markham, ON, Canada). The location of foci was charac-
terized using line tracing in NDPview software to measure the
distance (mm) between the top of a drill hole and the top of each foci.
PLM observations were performed by adding a polarizer and Zeiss
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453685 analyzer filter to a Zeiss Axiolab microscope equipped with
a digital Hitachi HV-F22F camera.

Collagen immunostaining

Sections were subjected to antigen retrieval by heating in
10 mM Tris pH 10. Enzymatic treatment was with 0.25% (w/v)
trypsin (EC 3.4.21.4) (Sigma Product No. T-8802) or 0.1% (w/v)
pronase (EC 3.4.24.31) (P-8811) and 2.5% (w/v) hyaluronidase (EC
3.2.1.35) (H-3506). Sections were blocked with 20% (v/v) goat
serum (G-9023) in PBS with 0.1% Triton X-100 (T-8532) for 60 min
at room temperature and incubated with the primary antibody of
interest diluted with 10% goat serum/PBS/0.1% triton X-100 for
60 min at room temperature or overnight at 4�C. Primary anti-
bodies included monoclonal anti-collagen type I clone COL-1
(C-2456), monoclonal anti-collagen type I clone I-8H5 (631701, MP
Biomedicals, Montreal, QC, Canada), monoclonal anti-collagen type
II (II-II6B3, DSHB, Iowa, USA) and monoclonal anti-collagen type X
clone COL-10 (C-7974). Sections were incubated with biotinylated
goat anti-mouse IgG (Fab specific) (B-7151) diluted with 10% goat
serum in PBS with 0.1% triton X-100 for 60 min at room tempera-
ture. Histochemical detection was performed with the Vectastain
ABC-Alkaline Phosphatase (AP) system and AP Red Substrate kit
(AK-5000 and SK-5100, Vector Laboratories Inc, Burlington, ON,
Canada).
Fig. 1. Safranin O/Fast Green-stained sections from repairing cartilage defects at 14 (A&D), 21
control drill holes from 14 days on. Treatment with the chitosan-GP/blood implant (I in D
Vascular invasion and endochondral ossification were observed at later times (EO in C&F).
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Patched and Ki-67 immunostaining

Sections were subjected to enzymatic digestion with 0.25 U/ml
chondroitinase ABC (EC 4.2.2.4) (C-2905), then antigen retrieval by
heating in 10 mM sodium citrate pH 6.1. Endogenous peroxidase
was blocked by incubating in 3% H2O2 (5155-01, JT Baker, Phil-
lipsburg, NJ, USA). Blocking was with 3% bovine serum albumin
(BSA) (A-7888) and 5% milk powder in PBS for 60 min at room
temperature. Primary antibodies diluted in 1% BSA/PBS were
incubated overnight at 4�C with: monoclonal anti-Ki-67 Clone
MIB-1 (M7240, Dako, Mississauga, ON, Canada) or monoclonal
anti-Patched (Apa-1, DSHB, Iowa, USA). Sections were incubated
with biotinylated goat anti-mouse IgG (Fab specific) (B-7151)
diluted with 1% BSA in PBS for 60 min at room temperature.
Histochemical detection was performed with the Vectastain ABC-
peroxidase system (PK-6200, Vector Laboratories Inc, Burlington,
ON, Canada) and DAB substrate kit (00-2020, Zymed, Burlington,
ON, Canada).

Statistical analyses

The General Linear Model and analysis of variance (ANOVA)
(Statistica version 6.1, Statsoft Inc, Tulsa, OK, USA) were used to
analyze the effect of treatment on foci categorization (nascent,
mature or resorbing) using day as co-variate. The two-tailed t-test
(B&E) and 35 (C&F) days post-surgery. Chondrogenic foci (CF in AeC) were observed in
&E) delayed the appearance of chondrogenic foci to 21 days post-treatment (CF in E).
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was used to test whether treatment displaced chondrogenic foci
towards the articular surface. P< 0.05 was considered significant.

Results

Chitosan-GP/blood implants delay chondrogenic foci formation to 21
days post-treatment vs 14 days for controls

In the control drill holes, blood clot formation was followed by
inflammatory and marrow-derived stromal cell migration,
synthesis of granulation tissue and chondrogenic foci formation,
starting at 2 weeks post-operative (Fig. 1). Chondrogenic foci were
observed in 38% of control drill holes at 14 days and in 83% of
control drill holes at 21 days [CF in Fig. 1(A&B)]. At 35 days, chon-
drogenic foci were present in 92% of control drill holes. Chondro-
genic foci were growing above the tidemark in flanking cartilage to
become cartilaginous repair tissues and most were being resorbed
from below by the endochondral ossification process [CF and EO in
Fig. 1(C)].

In the treated drill holes, the chitosan-GP/blood implant [I in Fig.1
(D&E)] was histologically detectable until 21 days post-treatment. As
previously described14, chitosan-GP/blood implants increased
recruitment of inflammatory cells and marrow-derived stromal cells
during this period, and induced angiogenesis and bone remodeling
under treated defects. Chitosan-GP/blood implants also delayed
chondrogenic foci formation during the 14e21 day post-treatment
period as only 2% of treated drill holes contained chondrogenic foci at
these time points [CF in Fig. 1(E)]. In contrast, at 35 days, 83% of
treateddrill holeshad chondrogenic foci,with fewer foci compared to
control being resorbed from below through endochondral ossifica-
tion [CF and EO in Fig. 1(F)].

Chondrogenic foci display different morphologies

Chondrogenic foci displayed distinct morphologies that we
classified as nascent, mature or resorbing, as described in the
Methods section. Cartilage differentiation was initiated in close
Fig. 2. Small nascent foci (black arrows) first occurred at day 14 in controls (AeD) and day 21
expressed GAG (A&E) and collagen type II (B&F) throughout. Collagen type I was also presen
to the chondrocyte lineage and pre-hypertrophic as shown by Patched immunostaining (D
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proximity with bone as nearly all nascent foci were found at the
edges of the drill holes (Fig. 2). The matrix of the small nascent foci
(days 14e21 in control and days 21e35 in treated drill holes)
contained a relatively homogenous cell population, GAG and
collagen type II throughout [Fig. 2(A&B, E&F)]. Collagen type I also
was present throughout the matrix in 12 out of 14 nascent foci
[Fig. 2(C)].

All of the larger and more mature chondrogenic foci (days
14e35 in control and day 35 in treated drill holes) displayed a more
evident stratified zonal structure with spatially dependent cell
morphologies and matrix composition. In top regions closest to the
articular surface, cells with flat, polygonal or round morphology
were surrounded by a matrix containing GAG, collagen type II and
collagen type I (region 1 in Fig. 3). At the bottom of the foci facing
the subchondral bone, the cells were round, the matrix was rich in
GAG and collagen type II, and some chondrocytes were undergoing
hypertrophy coincident with collagen type X immunostaining
(region 2 in Fig. 3). Chondrogenic foci were disorganized compared
to the stratified organization of the growth plate and developing
cartilage20e24, where distinct regions of pre-hypertrophic chon-
drocytes (Patchedþ) were observed above hypertrophic chon-
drocytes (collagen type Xþ) at the surface of the developing
epiphysis and in the growth plate (results not shown).

Extensive vascular invasion and endochondral ossification were
visible at the bottom of resorbing foci (days 21e35 in control and
day 35 in treated drill holes) (Fig. 4). In all resorbing foci, GAG and
collagen type II co-localized [Fig. 4(A&B, E&F)] and some cells were
undergoing hypertrophy as indicated by the expression of collagen
type X [Fig. 4(D&H)]. There was a layer of collagen type I positive
tissue directly above the GAG-rich tissue in 14 out of 15 resorbing
foci [Fig. 4(C&G)].
The timing and location of chondrogenic foci are modulated by
chitosan-GP/blood implants

Treatment with chitosan-GP/blood implants delayed the
appearance of the nascent chondrogenic foci to 21 days compared
in treated drill holes (EeH) and contained a relatively homogenous cell population and
t throughout in 12 nascent foci out of 14 (C). Some cells in nascent foci were committed
&H).

odulation of chondrogenic foci in subchondral microdrill holes by...,



Fig. 4. Resorbing chondrogenic foci in control (AeD, day 35) and treated drill holes (EeH, day 35) stained for GAG (A&E) and collagen type II (B&F). Extensive vascular invasion and
endochondral ossification were observed at the bottom of the foci (A&E). Some cells were undergoing hypertrophy as shown by collagen type X immunostaining (black arrows in
D&H). A layer of collagen type I immunopositive tissue was observed above the foci (black arrowheads in C&G).

Fig. 3. The more mature foci first occurred at day 14 in controls (AeF) and day 35 in treated drill holes (GeL) and were arranged in two distinct zones. In the upper region closest to
the articular surface (1), cells were flat, polygonal or round and were surrounded by a matrix containing GAG, collagen type II and collagen type I. At the bottom of the foci facing the
subchondral bone (2), the cells were round and the matrix was rich in GAG and collagen type II. Several chondrocytes within the lower region showed signs of hypertrophy
coincident with collagen type X immunostaining (arrows in D&J) while others were at an earlier differentiation stage as indicated by Patched immunostaining (arrowheads in E&K).
Proliferating cells were identified by Ki-67 immunostaining within the foci (F&L).
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Fig. 5. Incidence of foci formation in the drill holes at different time points. Data is
presented as the % of holes containing foci at day 14 for eight animals (32 holes per
treatment) and at days 21 and 35 for three animals (12 holes per treatment). Chitosan-
GP/blood implants delayed the appearance of nascent chondrogenic foci to 21 days in
treated drill holes (B) vs 14 days in control drill holes (A). Mature chondrogenic foci
mainly appeared at 35 days in treated drill holes (B) vs at 21 days in control drill holes
(A). * Treatment led to a significant switch from resorbing foci in controls to nascent
and mature foci in treated defects using the General Linear Model with day as
co-variate (P¼ 0.0064) as well as with ANOVA on day 35 alone (P¼ 0.040).

Fig. 6. The average distance between the top of the drill holes and the top of the
chondrogenic foci in control vs treated drill holes. Data is presented as the mean with
error bars representing the 95% confidence intervals. n¼ 10, 15, 10 and 4, 3, 5 for
nascent, mature and resorbing foci in control and treated drill holes respectively. At 35
days, a total of 11 foci were observed in both control and treated drill holes. Treatment
delayed and displaced chondrogenic foci towards the articular surface. *P¼ 0.029 for
nascent foci and **P¼ 0.01 for mature foci comparing control vs treated with two-
tailed t-test.
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to 14 days in the control drill holes (compare A and B in Fig. 5).
Furthermore, mature foci formation was delayed to 35 days in the
treated drill holes compared to 14 days in the controls (Fig. 5). By 35
days, most foci (9 out of 11) in the control drill holes were resorbing
[Fig. 5(A)]. In treated drill holes at day 35, only 5 of 11 were
resorbing [Fig. 5(B)]. Foci maturation and ossification were signif-
icantly delayed by treatment (P¼ 0.0064), and significantly more
nascent and mature foci were present in treated drill holes at day
35 (P¼ 0.040). Treatment also moved nascent and mature chon-
drogenic foci towards the articular surface according to measured
distances at the different time points. Overall, the average distance
between the top of the drill holes and the top of nascent and
mature chondrogenic foci was greater in control drill holes when
compared to treated drill holes (P¼ 0.029 for nascent foci and
P¼ 0.01 for mature foci) (Fig. 6). The distance from the surface for
resorbing foci was not significantly different between treated and
control drill holes (Fig. 6).
Chondrogenesis and cell proliferation markers are detected in foci

Nascent [Fig. 2(D&H)], mature [Fig. 3(E&K)] and resorbing foci
all contained Patchedþ cells throughout the foci, except in two
mature foci from the control group, where Patchedþ cells were
found strictly above a layer of hypertrophic cells expressing
collagen type X, in a manner similar to that observed in the growth
plate (results not shown). All mature [Fig. 3(F&L)] and resorbing foci
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contained Ki-67þ proliferating cells, throughout the foci, in
contrast to growth plate cartilages which have a restricted prolif-
erative zone20,21. By 35 days post-treatment, all mature and
resorbing foci were growing above the tidemark in flanking carti-
lage and the cartilaginous repair tissue in the chondral zone
contained Patched and Ki-67 immunopositive cells.

Columnar cell organization and collagen fiber alignment are
observed in the foci

PLM showed that collagen was oriented either vertically, hori-
zontally or oblique to the surface of the drill hole in 10 nascent foci
while four nascent foci had no discernable collagen orientation. In
the deeper region of 15 out of 18 mature foci, some cells were
aligned in short vertical columns of 2e9 cells surrounded by
a matrix with vertically oriented collagen fibers [black arrows in
Fig. 7(B&D)]. These structures were strikingly similar to the deep
zone (DZ) of articular cartilage with columnar cells and vertically
organized fibers that are essential to anchor the cartilage layer to
subchondral bone. At the top of 8 out of 18mature foci, closer to the
articular surface, collagen fibers were parallel to the articular
surface and contained flattened cells [white arrows in Fig. 7(B&D)].
Altogether, these data suggest that during a 3-week repair period
(2e5 weeks), chondrogenic foci had the propensity to develop an
appropriately stratified collagen network with horizontal fibers at
the articular surface arcading to vertical fibrils in deeper zones.

Discussion

The objective of this studywas to characterize chondrogenic foci
that occur in subchondral tissues following bone marrow-stimu-
lation procedures. Our results revealed that chondrogenic foci have
the propensity to develop a stratified zonal structure similar to
growth plate and developing articular cartilage, but that expression
of chondrogenesis markers and cell proliferation occurs in a less
organizedmanner. Treatment with chitosan-GP/blood implants did
not appear to significantly alter the structural organization of
chondrogenic foci, but rather changed their timing, maturation and
position relative to the articular surface.

The delay in chondroinduction in treated drill holes may be
directly related to the previously reported increase in blood vessel
density under defects treatedwith chitosan-GP/blood implants14e17

during the 21 day period in which the implant is present. The
presence of a large number of blood vessels in the drill holesmay for
example delay chondroinduction in treated defects since low
odulation of chondrogenic foci in subchondral microdrill holes by...,



Fig. 7. Mature chondrogenic foci from control (AeB) and treated drill holes (CeD) stained with Safranin O-Fast Green and observed with PLM. Some cells from the deeper zones
were arranged in short vertical columns and their collagen structure was arranged in a vertical orientation (black arrows in B&D). In mature foci, some cells from the superficial
zones displayed a flattened morphology where some collagen fibers were also aligned parallel to the surface (white arrows in B&D).
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oxygen tension has been shown to induce chondrogenesis of
mesenchymal cells in vitro32. A major difference between cartilage
formation during development and cartilage formation in the
context of repair and regeneration is the significant role of inflam-
mation in the healing process.We have previously shown thatmore
neutrophils and alternatively activated macrophages populate the
drill hole granulation repair tissues below chitosan implants14,17.
These cells can secrete cytokines and growth factors that modulate
the healing sequence. Inflammation has been suggested to be
involved in the delay of callus formation in fracture repair
models33,34. In the context of skin wound healing, it has been
proposed35 that the rapid synthesis of connective tissue hinders
tissue regeneration and that slowing the repair process could allow
regeneration by progenitor cells rather than scar formation. The
effects of treatment observed here where chondrogenic foci occur
closer to the articular surface and are shifted from resorbing to
nascent and mature foci are expected to improve chondral resur-
facing. Induction of chondrogenic foci closer towards the articular
surface could reestablish a more durable and continuous layer of
columnar and hyaline chondral repair tissue which more closely
resembles articular cartilage, as we have previously shown in the
rabbit and in the sheep15e17.

As expected, we found that Patched and Ki-67 immunostaining
in the growth plate and developing articular cartilage was zone-
dependant. In contrast, in most mature chondrogenic foci, Patched,
Ki-67 and collagen type X expression was overlapping in the lower
region, indicating that foci were composed of a mixed cell pop-
ulation differentiated to different degrees. As is seen in fracture
callus36, the general fate of foci with ubiquitous collagen type
X distribution was to ossify in deeper zones. Although we have not
previously observed this in our rabbit and sheep models at 2 and 6
months of healing, bone overgrowth into the chondral compart-
ment is an important concern in marrow-stimulation proce-
dures37,38. Bone overgrowth following microfracture and
debridement could be the result of uncontrolled calcification of foci
that express collagen type X in the newly formed cartilaginous
layer. Treatments that induce foci with a stratified organization that
prevents induction of collagen type X in the superficial layer would
be expected to suppress the tendency for bone overgrowth and
could prove beneficial in the longer term in this respect. Chon-
drogenic foci do possess the ability to develop a stratified structure
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similar to growth cartilages: In two mature foci, a layer of pre-
hypertrophic Patchedþ cells was found strictly above hypertrophic
cells expressing collagen type X, however events that led to this
superior stratification are still unknown at this point. One limita-
tion of the current study was the limited number of defects avail-
able at day 35 and more defects should be generated around this
time point to better understand the frequency of stratified foci
induction due to treatment.

In summary, chondrogenic foci arising in cartilage repair from
subchondral bone marrow stimulation bear some structural simi-
larities to growth plate and developing articular cartilage in terms
of cell morphology, the patterning of collagens type I, II, X and the
signals that regulate chondrocyte differentiation, maturation and
proliferation, but they display a less stratified structure and lower
degree of organization. We have previously shown that applying
chitosan-GP/blood implants to marrow-stimulated cartilage
defects improves the hyaline quality of the cartilage repair
tissue15e17. Here we show that this improved outcome is partly
related to a delayed appearance of foci towards the articular surface
and a reduction of the appearance of resorbing foci. Cartilage repair
therapies that produce a coordinated induction of chondrogenic
foci and controlled appositional growth closer towards the articular
surface could improve functional outcomes.
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