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Abstract

Aims and Objectives The purpose of this study was to compare the potential effects of pedunculated and free synovial grafts
in the repair of full-thickness articular cartilage defects on an animal model with histological and immunohistochemical
analysis.

Materials and Methods A comparative study in an animal model was performed with 24 rabbits, divided into two groups.
Full-thickness cartilage defects were created bilaterally on the knees of all rabbits. Pedunculated and free synovial grafts were
applied to the right knees of Group 1 and Group 2, respectively. Left knees were left as the control group. Six rabbits from
each group were randomly selected for euthanasia 4 and 8 weeks postoperatively. All samples were examined histologically
with a cartilage scoring system. For immunohistochemical analysis, the degree of collagen 2 staining was determined using a
staging system. All data were statistically compared between the study groups with Student’s ¢-test or Mann—Whitney U-test.
The correlations between categorical variables were analyzed with Fisher’s exact test and Chi-square test.

Results In Group 1, the mean defect size had significantly decreased at 8 weeks postsurgery. It was also significantly smaller
than that of Group 2. Both pedunculated and free synovial grafts had significantly better histological and immunohistochemi-
cal outcomes compared with the controls. Contrastingly, the results of comparison between the study groups (Group 1 vs. 2)
at the 4th and 8th week were not statistically significant with regard to histological scores and immunohistochemical staining.
Conclusion Synovial tissue, whether pedunculated or free, provided much better cartilage recovery compared with the con-
trol. It can be used as a mesenchymal stem cell (MSC) source, and synovium-derived MSCs have the chondrogenic potential
for the in vivo treatment of full-thickness cartilage defects.
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Introduction

It is well documented that early and effective treatment of
hyaline cartilage damage prevents osteoarthritis (OA) pro-
gression [1]. Although there is a range of different methods
for the treatment of hyaline cartilage damage, the gold stand-
ard method still remains controversial [2, 3].
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Various studies in the last decade have found positive
outcomes associated with the use of synovial tissue in the
treatment of full-thickness articular cartilage defects. This
has provided new hope in the treatment and prevention
of OA [4]. Although there have been various clinical and
experimental studies in the literature analyzing the use of
synovial tissue for the treatment of articular cartilage inju-
ries, the data for its application are still scarce and incon-
clusive because of the heterogeneous methodologies and
incomparable outcome measures [3—6]. The effectiveness
of the pedunculated synovial graft for the treatment of full-
thickness cartilage defects in an animal model was previ-
ously reported in the literature by the senior author of this
study and proved to be an efficient method for treating focal
cartilage defects [4]. Contrastingly, previous studies almost
always use free synovial grafts for experimental purposes.
For this reason, we hypothesized that the synovial tissue in
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its pedunculated form has better potential as a mesenchymal
stem cell (MSC) source and hence has a greater effect in the
treatment of full-thickness cartilage defects compared with
the free form. To our knowledge, there is no in vivo study
comparing the efficacy of pedunculated versus free synovial
grafts for the treatment of cartilage defects. Therefore, to
understand the real potential effect of synovial tissue in the
treatment of articular cartilage defect, we have designed a
comparative study in an animal model.

The aims and main objectives of this study are (i) to
compare the potential effect of pedunculated and free syno-
vial grafts for the repair of full-thickness articular cartilage
defects on an animal model with histological and immuno-
histochemical analysis and (ii) to determine the best pos-
sible methodology for the application of synovial tissue to
chondral defects.

Materials and Methods
Study design

An experimental animal model was conducted at our Univer-
sity Animal Research Laboratory with minimum 1-year-old
New Zealand White rabbits which had an average weight
of 3850.5 g (range 2900-4300 g). A priori power analysis
was done to determine the minimum number of rabbits for
statistical significance. From this analysis, 24 rabbits were
assigned to the study. The rabbits were provided with tap
water and food (at least 15% crude protein and around 10%
digestible protein, 50 g per 1 kg of body weight daily) ad
libitum. They were kept in separate cages and allowed to
move freely within these. The animals were acclimatized for
3 weeks and weighed and handled daily for 4 days preopera-
tively. No animals were excluded from the study during this
preoperative acclimatization period. The animal experiments
and the study protocol have been approved by The Ethical
Institutional Review Board (DA 14/21) of Baskent Univer-
sity, Ankara, Turkey.

The subjects were split evenly between two groups (12
rabbits in each group):

e Group 1: The “pedunculated” synovial graft group for
knees of the right rear limb (left knees of the rear limbs
were left as controls)

e Group 2: The “free” synovial graft group for knees of the
right rear limb (left knees of the rear limbs were left as
controls).

All right knees of the rear limbs were assigned randomly
to one study group, and either a pedunculated (Group 1) or
free synovial graft (Group 2) was performed to treat focal

cartilage defects. The same cartilage defect was also created
in the left knee of all rabbits’ rear limbs.

All were left untreated as “Control Groups 1 and 2” for
pedunculated and free synovial grafts, respectively. Six rab-
bits from each group were randomly selected 4 and 8 weeks
postoperatively. These rabbits were euthanized, and both
knees were harvested for gross and histological evaluation.

Surgical procedure for the study groups

This in vivo rabbit experiment was performed by two inves-
tigators experienced in animal models. It was carried out in
an affiliated animal laboratory under the supervision of the
Department of Orthopaedics. The same surgical approach
was used for both knees in all rabbits. Once they were anes-
thetized, the knees of the rabbits were surgically scrubbed
and draped. The approach to the stifle was through a midline
incision, with a longitudinal incision over the patellar region.
After a medial parapatellar arthrotomy, the patella was dis-
located laterally and the femoral condylar region exposed
with trochlea. When adequate exposure had been achieved,
a full-thickness cartilage defect of minimum 5 mm was cre-
ated on the medial trochlear region of the knee joint with a
1.2-mm drill [Figure 1]. Then, for the rabbits in Group 1,
the medial pedunculated synovial tissue (still integrated with
the medial trochlear region) [Figure 2a] was freed from the
medial trochlear peridefect region of the femur and used as
a graft to cover the cartilage defect [Figure 2b]. The same
surgical procedure was also performed for Group 2, but this
time the synovial graft was completely freed (completely
dissected) from the medial trochlear region [Figure 3]. To
stabilize the synovial grafts, a 0.75-mm diameter microdrill
was used to create two holes for the sutures to pass through.
A 5-0 nonabsorbable monofilament suture was used to attach

Fig.1 The full-thickness cartilage defect on the medial trochlear
region of the rabbit right knees
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Fig.2 The intraoperative view of Group 1. Note that the peduncu-
lated synovial graft was freed from the medial trochlear region (a)
and sutured over the chondral defect (b)
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Fig.3 The intraoperative view of Group 2. Note that the chondral
lesion was covered with free synovial graft and sutured

the graft onto the cartilage defect. In the control knees (left
knee of each rabbits’ rear limb), the full-thickness cartilage
defects were left untreated. After the procedure, the incision
site was closed. On recovery, the rabbits were allowed to
move around freely in clean cages. Antibiotic prophylaxis
was administered through intramuscular injections of 50 mg/
kg amikacin twice a day for 5 days.

Histological and immunohistochemical analysis

Following euthanasia, bilateral en bloc knee samples were
fixed in 10% formaldehyde and transferred to 20% formic
acid for decalcification. The specimens were embedded
in paraffin and sections of 5-p thickness were prepared on
slides. After deparaffinization, the sections were stained with
hematoxylin and eosin and safranin O stains. The quality
of the newly formed hyaline cartilage was scored with a
histological scoring system previously used in the literature
[7, 8]. In this scoring system, chondral recovery on different
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categories for each knee (including the control group) was
evaluated and scored ranged between 0 and 31 (O for best
recovery, 31 for worst recovery).

For immunohistochemical analysis, deparaffinized sec-
tions were prepared and primary antibodies for collagen 2
were stained with avidin-biotin-peroxidase (Vectastain Elite
ABC kit; Vector Laboratories, Peterborough, UK). After
the staining process, collagen type 2 staining stages were
evaluated with a scoring system defined in previous studies
[4]. Accordingly, pale and focal staining pattern compared
with the adjacent cartilage tissue was defined as stage 1, and
similar staining pattern compared with the adjacent normal
cartilage tissue was defined as stage 3.

Sections were evaluated with a light microscope (Olym-
pus BX51) after histological and immunohistochemical
staining, and images were recorded with a digital camera
(Olympus DP72).

Statistical analysis

Statistical analyses were performed using SPSS for Win-
dows (Version 17, Chicago, IL, USA). Defining statistics
for categorical and continuous variables were given in this
study (mean, standard deviation, median, range, and per-
centile). The “Shapiro—Wilk” test was used to quantify the
normal distribution of the data within each study group,
and Levene’s test was used to assess similarities in the vari-
ance of each test group. The difference between two study
groups was compared using Student’s z-test or Mann—Whit-
ney U-test. The correlations between categorical variables
were analyzed with Fisher’s exact test and Chi-square test.
The criterion for statistical significance was P < 0.05.

Results

All surgeries were performed without any intraoperative
complications, and there were no anesthesia-related prob-
lems. In addition, there were no complications or loss of
rabbits during the postoperative followup period.

Analysis of defect sizes

Full-thickness defect sizes at the 4™ and 8™ weeks postop-
eratively for Groups 1 and 2 and their statistical compari-
son results are summarized in Table 1. Although there was
no significant difference in Group 2 with regard to defect
sizes at the 4™ and 8" weeks postoperatively (P = 0.093), in
Group 1, the mean defect size was significantly decreased at
8 weeks postoperatively (P = 0.015). Statistical comparison
between the study groups at 4 and 8 weeks postoperatively
revealed that the defect size for Group 2 was significantly
larger than Group 1 at the 8-week followup only (P = 0.018).
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Table 1 Mean values and statistical comparison results of osteochon-
dral defect sizes for the study groups

Table3 Mean total histological scores and statistical comparison
results of the study groups

Study groups Defect size (mm) (minimum-maximum)

Study groups Total score (minimum-maximum)

4™ week 8™ week P (4™ vs.8th) 4™ week 8™ week P (4" vs. 8
1 3.92 (2-4.5) 1.83 (1-4) 0.015* 1 16 (9-21) 11.5 (6-17) 0.132
2 2.83 (2-3.5) 3.83 (3-5) 0.093 2 12.17 (8-17) 12.67 (9-17) 0.937
P(1vs.2) 0.042* 0.018* N/A P(1vs.2) 0.132 0.589 N/A
N/A Not applicable N/A Not applicable

*Statistically significant P < 0.05

Histological and immunohistochemical results

For all study groups, the mean histological analysis scores
for every subparameter of the scoring system with minimum
and maximum values are summarized in Table 2.

The total histological scores and immunohistochemical
analysis (the stages of collagen 2 staining) for the study
groups without controls are summarized in Tables 3 and
4, respectively. There was no statistically significant differ-
ence with regard to total histological scores and collagen 2
staining between or within the study groups at 4 and 8 weeks
postoperatively.

The mean values of the histological scores for the study
groups with the controls and the statistical comparison out-
comes are summarized in Table 5. The total histological
scores of Groups 1 and 2 were statistically lower than those
of the controls at 4 weeks postoperatively (P = 0.026 and
0.027, respectively). This means that there was significantly
better cartilage recovery in the study groups compared with
the controls after 4 weeks of followup Conversely, there
was no statistically significant difference between the study
groups and controls with regard to total histological scores
at 8 weeks postoperatively (P = 0.093 and 0.5, respectively)
[Figure 4]. The statistical comparison outcomes for the col-
lagen 2 staining between the study groups and controls
revealed that the study groups had more collagen 2 staining
compared with the controls at both 4 and 8 weeks of fol-
lowup (P < 0.05).

Table 4 Mean scores and statistical comparison results of immuno-
histochemical collagen 2 staining for the study groups

Study groups Collagen 2 (minimum-maximum)

4™ week 8" week P (4™ vs. 8™
1 25(1-3) 0.75 (1-3) 0.49
2 25 (1-3) 2.83 (2-3) 0.589
P (1vs.2) 0.999 0.083 N/A
N/A Not applicable

Table 5 Mean scores and statistical comparison results of immuno-
histochemical collagen 2 staining for the study groups

Study groups Collagen 2 (minimum-maximum)

4™ week 8™ week P (4™ ys. 8M)
1 2.5(1-3) 0.75 (1-3) 0.49
2 2.5(1-3) 2.83 (2-3) 0.589
P(1vs.2) 0.999 0.083 N/A
N/A Not applicable

In addition, the mean value of the total histological scores
for Groups 1 and 2 together was found to be 13.08 (6-21).
This score was 20.33 (0-27) for the control group. There
was a statistically significant difference between these two
parameters (P < 0.001), i.e., the synovial graft whether
pedunculated or free had a positive healing effect for the
osteochondral lesion compared with the control group.

Table 2 Mean histological
analysis scores of the study

groups with minimum and
maximum values for every
microscopic parameter

Histological analysis Control Group 1 Group 2

Filling of defect relative to surface of original cartilage 0.72 (0-2)  0.16 (0-1) 0.5 (0-1)
Integration of repair tissue with surrounding articular cartilage 2 (1-3) 1.5 (0-3) 1.5 (0-3)
Safranin O fast green staining of cartilage above original tidemark 3(1-4) 2.3(0-3) 1.16(0-3)
Cellular morphology of cartilage above original tidemark 4.63 (1-5) 291(1-5) 1.66(1-4)
Architecture within entire defect 3.18(0-4) 1.41(0-4) 1.25(0-4)
Architecture of surface 2.5(1-3) 1.75(-3) 1.75(1-3)
Percentage replacement of subchondral bone 3.22 (0-4) 1.5(0-3) 2.58 (0-4)
Reformation of tidemark 34(2-4) 2.16(1-4) 2 (1-4)
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Fig.4 The histological sections of Group 1 (a) and Group 2 (b) (H
and E, x40). (a) The full-thickness cartilage defect in the control
group. Note that a complete defect, unfilled yet at the 4th week (black
arrow) next to the intact joint cartilage (white arrow); (b) The chon-
dral defect filled with newly formed cartilage tissue at the 4th week,
in Group 1. Note that there is a section of the surgical suture material
in the healing tissue (arrow); (c) The osteochondral defect filled with
fibroblastic and chondroblastic proliferation, at week 4, in Group 2.
Free synovial graft over the healing tissue (white arrow). Note that
tidemark formations (black arrows) are on the osteochondral line;
(d) The deeper osteochondral defect filled with exaggerated healing
tissue at the 8th week, in Group 2. Two sections of surgical suture
(black arrows) that surrounded by fibroblastic and chondroblastic pro-
liferation and ossification. The formation of tidemark (white arrow)
in the bottom of the defect and free synovial graft (white triangle) on
the upper

Discussion

This is one of the first studies to compare free and pedun-
culated synovial tissue in an animal model as a new method
in the treatment of focal cartilage defects. Although vari-
ous methods have been described in the literature, to date,
the gold standard treatment of focal cartilage defects is still
under dispute [5, 9—14]. In the last decade, treatment meth-
ods using MSCs from various sources such as adipose tissue,
bone marrow, or periosteum have gained popularity. It has
also been proven that synovial tissue is a valuable source of
MSC [12].

Synovium-derived MSCs are believed to possess superi-
ority in chondrogenesis with a greater proliferative ability
than other sources of MSCs. In a study by Hunziker and
Rosenberg, it was observed that partial-thickness defects in
the articular cartilage of rabbits were filled with a continuous
layer extending from the synovial membrane to contribute to
the repair of the cartilage [3]. Miyamoto et al. also reported
that synovial tissue had the capacity to fill the cartilage
defects in the transition zone between joint cartilage and
synovial membrane in rats [13]. Hence, in the current study,
synovial tissue in the pedunculated and free forms was used
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to treat full-thickness cartilage defects. In our clinical prac-
tice, synovial chondromatosis in which cartilage is formed
in the pathological synovial tissue is a common pathological
process. For these reasons, we believe that the synovium
has great potential as a source of MSCs for chondrogenesis.

To our knowledge, the largest cartilage defect size cre-
ated in a rabbit model was 3 mm. However, the defect sizes
of subchondral bone substantially differ between studies
[15-17]. Consequently, the outcomes of rabbit studies are
not comparable with respect to chondral defect size. In our
study, the average osteochondral defect size was approxi-
mately 3 mm, which is comparable with the literature. Other
studies using rabbit models have a large range of followup
periods postoperatively. The average followup period is 16
weeks [13, 18]. This highly complicates obtaining compara-
ble, long term results of treatment. In our study, the longest
followup period was 8 weeks, which is inconsistent with the
literature. We believe that 8 weeks of followup is sufficient.
Longer periods of followup result in higher costs and greater
animal losses.

It is accepted in the literature that the ideal treatment for
cartilage injury must result in complete integration of the
newly formed cartilage with the surrounding tissues, suf-
ficient mechanical stability, and complete refilling of the
defect. In addition, the regenerated cartilage should provide
joint contour and should be rough enough to bear weight to
be biologically acceptable. None of the techniques includ-
ing autologous chondrocyte implantation, microfracture, or
mosaicplasty could offer a treatment modality that would
result in ideal hyaline cartilage [5, 13, 19, 20]. In most
instances, newly formed tissue contains a variety of histo-
logicallymixed cartilage types (hyaline and fibrous). Hence,
we believe that analyzing the effect of synovium-derived
MSC:s on cartilage healing is of the utmost importance to
have a definitive treatment option which results in hyaline
cartilage repair.

MSCs integrate better to the surrounding tissue and can
withstand physiological mechanical weights longer. MSCs
also have the potential to differentiate into subchondral bone
[12]. They are multipotent and can regenerate easily in vivo.
Synovium-derived MSCs have higher chondrogenic poten-
tial than stem cells obtained from the bone marrow or peri-
osteum. Under proper in vivo conditions, they can migrate to
cartilage defects and chondrogenically differentiate.

Narayanan et al. stated that MSCs from various tissues
(synovium, periosteum, skeletal muscle, and fat) differ in
capacity and multipotent ability in cartilage tissue engi-
neering [21]. The literature has a general agreement that
synovium-derived MSCs show greater chondrogenic differ-
entiation ability and proliferative capability than other MSCs
both in vitro [6, 12, 21] and in vivo [19]. A recent study
by Ivirico et al. demonstrated that both fibrous synovium
and adipose synovium have higher chondrogenic potential
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than subcutaneous fat, and therefore, they are highly suitable
sources for cartilage regeneration [10].

There are some limitations to our study. First, the maxi-
mum followup period was 8 weeks. Longer followup periods
may provide better understanding of the long term effect of
the synovium on cartilage repair. Second, there is no three-
dimensional analysis of the defect size before and after sur-
gery. There is also no biomechanical analysis of the newly
formed repair tissue, so it is impossible for us to compare
the mechanical strength of the study groups.

In addition, the mobility/weightbearing status of the
rabbits and limping after surgery were not analyzed in this
study. Finally, a detailed immunohistochemical evaluation
other than collagen 2 staining and the quantity and quality
of the synovial tissue was not analyzed in our study. Hence,
it is not possible to prove that the MSCs recruited from the
synovial tissue.

Conclusion

Compared with the control group, synovium, whether
pedunculated or free, provided much better cartilage recov-
ery in both of our study groups. Although pedunculated
synovial grafts have better chondrogenic potential at 4 weeks
postoperatively than free synovium, after 8 weeks both have
the same chondrogenic effect.
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