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Abstract Partial-thickness articular cartilage defects
(PTCDs) do not heal spontaneously and are thought to be
a predisposing factor for the development of osteoarthritis.
Younger and smaller animals have a better healing capacity
for many types of injuries including those to articular
cartilage. Our aim was to examine the longitudinal
histological changes of immature murine articular cartilage
after the creation of small PTCDs and to compare them to
PTCDs in mature cartilage. Single linear PTCDs were
created in 3-week-old and 16-week-old rats in the direction
of joint motion. At 6 and 12 weeks after PTCD creation,
histological changes were examined in the defect sites and
surrounding cartilage. Immature cartilage showed a higher
repair capability than mature cartilage. Although repaired
immature cartilage had fibrocartilage, it exhibited better
quality than any PTCD model, except for a fetus model and
comparable quality to full-thickness cartilage defects
(FTCD) after bone marrow stimulation. Elucidation of the
underlining mechanisms that immature cartilage possesses
for repairing PTCDs is necessary in order to aid the
prevention or develop treatment for osteoarthritis.
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Introduction

Osteoarthritis of the knee joint (KOA) is an increasingly
common occurrence in this aged society. Partial-thickness
cartilage defects (PTCDs) are thought to be a predisposing
factor for the later development of osteoarthritis (Mankin
1982; Hanie et al. 1992; Hunziker and Rosenberg 1996)
and are frequently seen in orthopedic surgery (Aregen et al.
2004). Small PTCDs created on the femur affect not only
the surrounding healthy articular cartilage of the femur but
also tibial cartilage and lead to degenerative changes of the
whole compartment in a canine model (Mastbergen et al.
2006). Therefore, the development of effective interventions
for PTCDs might have a large impact on the prevention of
KOA. Contrary to the potential clinical importance of
PTCDs, they have received relatively sparse attention in
terms of clinical and basic research compared with full-
thickness cartilage defects (FTCDs), which are extensively
studied. When the lesion has a limited size, FTCD
potentially heals by stimulating bone marrow. On the other
hand, because of the lack of bone marrow cell infiltration
into the lesions, PTCDs are thought to be incurable. Only
PTCDs in a fetal lamb model have been shown to heal
spontaneously (Namba et al. 1998). Elucidation of the
mechanisms leading to this spontaneous healing might reveal
new treatment options for PTCDs. However, a spontaneous
healing model of PTCDs that is easy to obtain and reproduce
is needed. For this purpose, younger and smaller postnatal
animals with a greater potential of spontaneous healing
would seem to be preferable.
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In this study, we have established a spontaneous healing
PTCD animal model by using infantile rats. A single linear
PTCD was created sagittally on the femoral condyle of
infantile rats and on mature animals and these were
histologically compared.

Materials and methods
Animals

Three-week-old male Sprague Dawley (SD) rats were
obtained as the immature group and 16-week-old male SD
rats were used as the mature group (Japan, Shizuoka,
Japan). The 3-week-old SD rats were the youngest in terms
of self-feeding. The 16-week-old rats were considered old,
because the bone growth of rats slows down greatly around
10 weeks of age (Ueda 1997). Fourteen rats were used for
each group and a defect was created on the right knee, with
a sham operation being performed on the left knee. Two
rats from each group were killed just after the operation to
examine the histological status of healthy cartilage at the
corresponding age and to determine the relevant status
immediately after the creation of the PTCDs. The remaining
12 rats were used for an examination of the longitudinal
histological change in articular cartilage. The demographics of
each group are shown in Table 1.

Operative procedure and creation of cartilage defects

Anesthesia was induced by intraperitoneal injection of
50 pg sodium pentobarbital per gram body weight.
Arthrotomy of the tibio-femoral articulation was performed
through a medial longitudinal parapatellar incision. The
patella was dislocated laterally to expose the medial
femoral condyle. We designed a chisel-type steel instrument
to create reproducible PTCDs; this tool had a steel blade
with a V-shaped projection (Fig. la). Drawing this tool
along the surface of the cartilage created a 5-mm-long, 250-
um-wide and 100-pum-deep defect (Fig. 1b). By using this
instrument, reproducible cartilage defects were created in
the weight-bearing part of the medial femoral condyle in

Table 1 Rat demographics

the right knee in the sagittal direction (PTCD knee). The
contralateral knee received an arthrotomy followed by a
lateral dislocation of the patella without creation of a defect
(sham-operated knee). Following irrigation with saline, the
patellae were relocated and the wounds were sutured in layers.
The rats were allowed unrestricted activities, were fed a
standard rat diet and were provided with water ad libitum.

Six rats from each age group were killed at 6 and
12 weeks after surgery with an overdose of sodium
pentobarbital. The hind limb was amputated immediately
and the knee joint was freed of all soft tissues for
histological evaluation.

Macroscopic and microscopic analysis

Macroscopic observation was performed on the cartilage of
PTCD knees and sham-operated knees. They were classi-
fied macroscopically in terms of the level of repair tissue
and surface roughness according to the classification
employed by Wei and Messner (1999). For histological
analysis, condyles were fixed in 20% formalin solution for
1 day. Samples were then decalcified in 18% EDTA
solution for 2 weeks, dehydrated in a series of increasing
concentrations of ethanol and embedded in paraffin.
Sections of 6 um in thickness were cut along the coronal
plane with a microtome and stained with hematoxylin-eosin
(H&E) or Safranin-O/fast green.

The histological status of repaired cartilage was analyzed
by using the Wakitani scoring system (Wakitani et al.
1994) and any osteoarthritic changes of the adjacent
cartilage was evaluated by the Mankin score (Mankin et
al. 1971).

Data were analyzed with a two-tailed Mann-Whitney U-
test and P-values less than 0.05 were considered significant.

Results
Macroscopic observations

Five out of six PTCDs from both immature and mature rats
had similar repair levels to the sham control and one was

Group Age in weeks Number of rats Weight in grams® Number of knees

Sham Defect

6 weeks 12 weeks 6 weeks 12 weeks
Immature 3 12 79.8 (8.6) 6
Mature 16 12 461.5 (25.1) 6

#Values are expressed as the mean, with standard deviations in parentheses
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Fig. 1 Partial-thickness cartilage defect (PTCD). A chisel-type steel
instrument was designed to create reproducible PTCDs, which had a
steel blade with a V-shaped projection (a). Sixteen-week-old rats were
killed just after the creation of a PTCD on the femoral condyle and

elevated in terms of the level of repair of the tissue by
6 weeks post-operatively (Table 2). In immature rats at
12 weeks, four PTCDs were similar to the sham control,
one had a decreased level of repair and one had an elevated
repair level. However, in mature rats, five PTCDs had a
decreased level of repair compared with the sham controls
and only one had a similar repair level (Table 2).

Reparative tissue of PTCDs
Immature group

At 6 weeks after surgery, the defects of the immature group
were filled with regenerated tissue in all six knees. The
regenerated cartilage was composed of a cylindrical
structure but was hypercellular compared with the sur-
rounding cartilage and sham-operated knee (Fig. 2a, e). In
four of the six knees, normal Safranin-O staining was
maintained throughout the full-thickness of the cartilage
(Fig. 2f) but decreased staining was observed in the
superficial layer of one knee and decreased staining was
found in the full-thickness cartilage in the other knee.

prepared for histological examination for the size of PTCD and status
of surrounding cartilage. A 5-mm-long, 250-um-wide and 100-pm-
deep defect was created (b)

At 12 weeks after surgery, the PTCDs of the immature
group were filled with regenerated tissue in five of the six
knees and cylindrical structures partially remained but were
disrupted with hypercellularity in the superficial layer
(Fig. 2g). Safranin-O staining was slightly diminished in
the superficial layer in these five knees (Fig. 2h). The
superficial layer was lost in one knee (cartilage erosion).

Mature group

At 6 weeks after surgery, the PTCDs of the mature group
were filled in five of the six knees, but one knee had a
fissure deep into the calcified layer and was only partially
filled. No cylindrical structures were observed, and cells in
repaired tissue were fibroblastic (Fig. 2i). Among the five
knees with regenerated cartilage, Safranin-O staining was
lower than that for full-thickness cartilage in four knees and
was detected only in the superficial layer in one knee
(Fig. 2j).

At 12 weeks after surgery, fibrous tissue partially
remained in the PTCDs of two of the six knees of the
mature group with fissures deep into the calcified layers

Table 2 Macroscopic observa-

tions (numbers of partial- Classification of repair tissue 6 weeks 12 weeks
thickness cartilage defects)
Immature Mature Immature Mature
Sham  Defect Sham  Defect Sham  Defect Sham  Defect
Level of repair tissue
Decreased 0 0 1 0 5
Normal 5 6 6 4 6 1
Elevated 1 1 1 0
Surface of repair tissue
Rough 2 1 2 0 5
Smooth 5 4 6 1
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Fig. 2 Histological examination
after the creation of PTCD.
Sham-operated cartilage 6
weeks after creation of a PTCD
(a H&E staining, b Safranin-O
staining) and at 12 weeks

(¢ H&E staining, d Safranin-O
staining). Immature cartilage

6 weeks after the creation

of a PTCD (e H&E staining,

f Safranin-O staining) and at

12 weeks (g H&E staining,

h Safranin-O staining). Mature
cartilage 6 weeks after the crea-
tion of a PTCD (i H&E staining,
j Safranin-O staining) and at

12 weeks (k H&E staining,

1 Safranin-O staining). The
border of the PTCD and
remaining adjacent cartilage

are indicated by arrows
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(Fig. 2k). In these two knees, reparative tissues were
fibrous and poorly stained with Safranin-O (Fig. 2I). In
the remaining four knees, total defects were observed.

Wakitani score

Wakitani scores were higher in PTCD knees compared with
sham-operated knees in both immature and mature groups
at 6 and 12 weeks after surgery (Fig. 3). No statistically
significant changes were observed between 6 and 12 weeks
in the immature defect group versus sham-operated knees
but an obvious difference was seen between 6 and 12 weeks
in the mature group (Fig. 3). Among the five criteria of the
Wakitani score, cell morphology was different between the
sham and defect groups in both immature and mature
cartilages at each time point. The matrix-staining, surface
irregularity and integration score were the same in the
immature sham group versus the defect group at both 6 and
12 weeks, whereas it differed significantly in the mature
group at both 6 and 12 weeks (Table 3).

Histological changes of adjacent cartilage (Mankin score)

Mankin scores of the sham-operated group were statistically
different from all the PTCD groups (Fig. 4). In immature
PTCDs, the score increased from 2.8 at 6 weeks after surgery
to 3.7 by 12 weeks but this was not significantly different
(P=0.730). Thus, in the immature defect group, the degen-
eration of the area surrounding the PTCD did not progress
from 6 to 12 weeks. On the other hand, in the mature PTCDs
group, the score increased significantly in the first 6 weeks
followed by another increase from 6 weeks to 12 weeks
(P=0.032) indicating that degeneration of the area surround-
ing the defect had advanced significantly. The scores of the

mature PTCD group differed significantly from the immature
PTCD group at both 6 and 12 weeks after surgery (both
P=0.004). In the immature sham-operated group and the
mature sham-operated group, the scores at 12 weeks after
surgery had increased from 6 weeks but the increase
was not significantly different (immature: P=0.127, mature:
P=0.360).

Among the four criteria of the Mankin score, the
structure and cellular abnormality were different between
the sham-operated and defect groups in both immature and
mature rats at each time point. However, matrix staining
was only different in the mature group (Table 4).

Discussion
Limitation of PTCD repair

The present report has compared the difference in cartilage
repair in infantile and mature rats after the creation of a
single linear PTCD. A higher repair capability of immature
articular cartilage with a PTCD is seen compared with
mature cartilage. Previous reports have described PTCDs
that would not heal spontancously, even in young or
immature animals (Jansen et al. 2008). Lack of bone
marrow cell infiltration into the PTCD lesion is a major
disadvantage of PTCDs but synovial recruitment and
chondrocyte migration promote cartilage repair (Hunziker
and Rosenberg 1996). A population of mesenchymal stem
cells (MSCs) has been detected in the synovium and in the
the articular cartilage especially in the surface zone (Kurth
et al. 2011; Dowthwaite et al. 2004). Therefore, PTCDs
potentially heal spontaneously. The present study has
shown the spontaneous healing potential of immature

Fig. 3 Longitudinal changes of Wakitani score
the Wakitani score (histological (POil’ltS) 2
changes of the PTCD site). 14 f > !
Wakitani score at 6 weeks and —
12 weeks after the creation 12 ; * 1
of a PTCD (open square 10 —
sham-operated knee, black 8 P
square PTCD group). *P<0.05 6 —
4
2] am . W
0-
6 12 6 12weeks
Immature Mature
O sham m defect
Immature 6 weeks 0.0 (0.0) 1.3(0.8)
12 weeks 0.2 (0.4) 22(1.3)
Mature 6 weeks 0.0 (0.0) 72(1.2)
12 weeks 0.5(0.8) 10.3(2.2)
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Table 3 Wakitani scores

Wakitani parameter Immature Mature
6 weeks 12 weeks 6 weeks 12 weeks
Sham Defect Sham Defect Sham Defect Sham Defect
Cell morphology 0.0 (0.0) 1.0(0.0) 0.0(0.0) 1.0(0.0) 0.0(0.0) 2.0(0.0) 0.0(0.0) 2.8(0.4)
Matrix staining 0.0(0.0) 0.2(0.4) 0.0(0.0) 0.5(0.5) 0.0(0.0) 1.8(0.4) 0.2(0.4) 1.8(0.4)
I—*I I—*I
Surface regularity 0.0(0.0) 0.2(0.4) 0.2(0.4) 0.5(0.5) 0.0(0.0) 2.5(0.5) 0.3(0.5) 2.8(0.4)
I—*I I—*I
Thickness of cartilage 0.0(0.0) 0.0(0.0) 0.0(0.0) 0.0(0.0) 0.0(0.0) 0.0(0.0) 0.0(0.0) 1.0(0.6)
I—*I
Integration of donor 0.0(0.0) 0.0(0.0) 0.0(0.0) 0.2(0.4) 0.0(0.0) 0.8(0.4) 0.0(0.0) 1.8(0.4)
e — |
Host tissue with . * , *

adjacent cartilage

*Values are expressed as the mean, with standard deviations in parentheses

*= gignificant at p<0.05

cartilage; this appears promising but imperfect. Safranin-O
staining of repaired tissue in immature cartilage is similar to
that of sham-operated knees but certain abnormalities have
been observed, especially in terms of cellularity and cell
morphology. This is different from the results of Namba et
al. (1998), who have demonstrated the complete recovery

Fig. 4 Longitudinal changes of
the Mankin score (histological (Points)
changes of surrounding carti- 14

of PTCDs created in a fetal lamb model. Their model is the
only example that shows normal recovery from PTCDs and
is indicative of the higher innate repair potential of
embryonic cartilage. Unfortunately, no follow-up studies
have been published, possibly because of the laborious
work involved with the use of in vivo embryonic cartilage.

Mankin score

lage). Mankin score at 6 weeks 12 * —
and 12 weeks after the creation 10
of a PTCD (open square sham- 8 &
operated knee, black square 6 —*— 1
PTCD group). *P<0.05) 4
2 . .
6 12 6 12 weeks
Immature Mature
O sham H defect
Immature 6 weeks 0.5 (0.8) 2.8(1.2)
12 weeks 1.5 (1.4) 3.7 (2.4)
Mature 6 weeks 1.5(1.0) 8.2 (1.5)
12 weeks 2.3 (1.5) 10.0 (0.9)
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Table 4 Mankin scores

Mankin parameter Immature Mature
6 weeks 12 weeks 6 weeks 12 weeks
Sham Defect Sham Defect Sham Defect Sham Defect
Structure 0.0(0.0) 1.2(0.4) 0.2(0.4) 1.3(0.8) 0.0(0.0)0 4.2(0.4) 0.3(0.5) 4.7(0.5)
Cellular abnormality 0.0(0.0) 1.0(0.0) 0.2(0.4) 1.2(0.4) 0.2(0.4) 1.8(0.8) 0.2(0.4) 2.7(0.5)
Matrix staining 0.3(0.5) 0.5(0.8) 0.5(0.5) 0.8(1.0) 0.8(0.4) 1.8(0.4) 1.2(0.4) 2.0(0.0)
I—*I I—*I

Tidemark integrity 0.2 (0.4) 0.2(0.4)

0.7 (0.5) 0.3 (0.5)

0.5(0.5) 0.3(0.5) 0.7 (0.5) 0.7(0.5)

*Values are expressed as the mean, with standard deviations in parentheses

*= significant at p<0.05

Factors affecting PTCD repair

Younger and smaller animals generally have a greater
potential with respect to tissue repair including that of
articular cartilage (Wei and Messner 1999; Wei et al. 1997)
but even 3-week-old rats do not show complete healing. We
have chosen 3 weeks as the youngest age because the rats
are independent in terms of feeding. Younger than 3 weeks
might show better repair but from a practical point of view,
they have not been used. Previous studies have employed a
variety of instruments or a variety of animals for the
creation of PTCDs and so simple comparisons with our
study are difficult (Hembry et al. 2001; Milentijevic et al.
2005). The size or number of defects is an important factor
to determine the fate of cartilage. Multiple PTCDs would
probably not heal. The creation of a roughened area of
approximately 2 cm? with a 100-pum depth on the femoral
condyle of sheep with a rasp has shown that cartilage
degenerates over time without exhibiting a repair response
(Lu et al. 2006). Moreover, ten linear cartilage defects of
0.5 mm in depth created on the femoral condyle of a dog
led to consecutive cartilage degeneration (Mastbergen et al.
2006). Even with a single linear defect, adult rabbit
cartilage cannot heal spontaneously (Hunziker and Rosenberg
1996). Of note, the PTCDs created by Namba et al. (1998)
appear to be the smallest (an incisional of a 100-pm-depth
linear defect that corresponds to 25% thickness of articular

cartilage), which might be one factor that contributes to good
healing. Not only size but also the direction of the linear
defects might affect outcome. Yoshioka et al. (1998) have
described that linear cartilage defects created on rat patella
heal better when they occur in the direction of the joint
motion compared with those created perpendicular to joint
motion. In the present study, linear PTCDs have been created
in the direction of joint motion, so that cartilage repair is
promoted.

Interventions might facilitate better cartilage repair of
PTCDs. Autologous chondrocyte implantation, which is a
known treatment option for FTCDs, promotes PTCD repair
in equines (Nixon et al. 2011). MSC introduction into
PTCD lesions enhances cartilage repair (Mrugala et al.
2008). Moreover, the administration of transforming growth
factor-beta 1 enhances PTCD created in adult miniature
pigs (Hunziker and Rosenberg 1996). Use of other
cytokines might also enhance cartilage repair but their
utilization has not been fully assessed.

Surrounding area

The cartilage adjacent to the PTCD is healthier in immature
rats. Specifically, matrix staining indicated by the Mankin
score is improved, which suggests limited degenerative
changes of adjacent cartilage over 12 weeks. This result is
different from the degenerative changes, which are seen in
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mature cartilage during the first 6 weeks and which
progress until 12 weeks. Hunziker and Quinn (2003) have
reported that the creation of a PTCD in rabbit knee cartilage
leads to apoptotic cell death within a 100-mm vicinity.
Mastbergen et al. (2006) have described PTCDs that result
in degenerative changes of the surrounding cartilage and
that extend into a relatively broad area followed by
degenerative changes on the facing cartilage. A longer
period of observation will thus be necessary but our
findings are encouraging in that immature cartilage shows
resistance to the progression of degenerative changes.

Comparison with FTCD

In an adolescent rabbit FTCD model, cylindrical defects of
3 mm in diameter have been reported to heal spontaneously
(Mizuta et al. 2004, 20006); these are far bigger defects than
in our model. Although the animals used are different
species, the situation appears to be quite different between
FTCDs and PTCDs. Even in FTCDs, a larger 5-mm
cylindrical defect in rabbit cartilage does not heal (Mizuta
et al. 2004). In cases of FTCD defects, the filling is good
but the quality of the cartilage is not perfect, as fibrocar-
tilage has been observed, similar to that in our model.
Watrin-Pinzano et al. (2008) created a FTCD of 1.3 mm in
diameter in rat patella and reported that most of the repair
cartilage was fibrocartilage, as shown histologically and by
magnetic resonance imagaging (MRI). Dausse et al. (2003)
produced a 1.3-mm diameter FTCD in 5—6 week-old rats
and the cartilage of the spontancous healing group
improved over time up to 40 days but again, this was
found to be fibrocartilage when examined histologically.
FTCDs repaired better than the spontaneous healing group
when the defects were filled with alginate sponge with or
without hyaluronic acid and together with or without
cultured chondrocytes but the repaired cartilage was
different from naive cartilage (Dausse et al. 2003).
Consequently, the immature cartilage used in the present
study is repaired as adequately as in any other animal
experiments with respect to histology, except for fetus
cartilage and is comparable with FTCD cartilage treated
with marrow stimulation.

Clinical relevance of PTCDs

The clinical importance of PTCD has been implied with
regard to their high frequency and their role in osteoarthritis
(Curl et al. 1997; Alford and Cole 2005; Buckwalter 2002)
but only limited evidence is available. Cicuttini et al. (2005)
reported that, by using MRI, PTCDs (they referred to non-
full-thickness cartilage defects) were detected at high
frequency in asymptomatic healthy knees and that the
cartilage volume of subjects with PTCDs significantly
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decreased over time compared with those without cartilage
defects. PTCD develops into osteoarthritis in mature rats as
demonstrated in this study and in the mature canine
(Mastbergen et al. 2006). Considering the high burden that
KOA has on an aged society (Brooks 2006), PTCDs, which
are different from FTCDs, should be further studied in
detail. The natural course of repair after PTCDs should first
be examined; the repair differences between immature and
mature cartilage presented in this study presumably add
knowledge for future researchers. Elucidation of the
underlying mechanism between these differences might
lead to new treatments or the prevention of osteoarthritis.

Concluding remarks

Obvious histological differences have been observed
between immature and mature cartilage in terms of the
reparative response to PTCDs in a rat model. Degenerative
changes of the surrounding area observed after the creation
of PTCDs are also limited in immature cartilage compared
with mature cartilage.
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