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A rabbit femoral trochlear defect model for chondral and osteochondral regeneration
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Abstract

Articular cartilage degeneration represents one of the main features of osteoarthritis. Recently,
novel approaches based on biomaterials have been successfully applied to osteochondral
regeneration. Our study was carried out on rabbits to assess a model of articular cartilage
damage to test biomaterials for osteochondral regeneration. We created osteochondral defects
on the surface of the trochlear groove area of the femurs in 15 white male New Zealand rabbits
of the size of 3 mm x 3 mm (diameter x depth). Rabbits were then monitored and samples were
collected 2 weeks, 4 weeks, and 6 weeks after the operation. The reconstruction of defects
was assessed macroscopically according to the International Cartilage Repair Society (ICRS)
scale and radiography (X-ray). For microscopic evaluation, haematoxylin-eosin staining
and safranin O staining were used. The defects were repaired by regenerative tissue, and
the recovery results gradually increased after 2 weeks, 4 weeks, and 6 weeks, showing both
microscopically and macroscopically. However, the regenerative tissue was mainly fibrous
connective tissue, not cartilage or bone. This is a model of articular cartilage damage that is
suitable for early screening of preclinical studies related to osteochondral regeneration using
biomaterials.

Regenerative medicine, cartilage regeneration, bone regeneration, animal models, osteochondral
regeneration

Osteoarthritis is the most common form of arthritis, which involves mainly load-bearing
joints such as knees and hips, affecting millions of people worldwide. It is featured by the
degeneration and changes of the articular cartilage as well as the subchondral bone layer
(Wang et al. 2011). Because of the shortage of blood vessels, nerves, and lymphatics,
articular cartilage’s ability to self-renew and recover after an injury is very limited (Huey
et al. 2012). Treatment of osteoarthritis is often persistent and ineffective, mainly based
on symptomatic treatment with analgesics, anti-inflammatory drugs, and physical therapy.
Moreover, in severely affected patients total joint arthroplasty is needed, involving
higher sanitary costs as well as risks of complications after surgery (Kristjansson and
Honsawek 2014; Park et al. 2017). In recent years, methods for applying biomaterials in
osteochondral regeneration have been studied and shown to be effective. It is compulsory
to perform in vivo studies on animals to assess the safety, feasibility, and effectiveness
of new interventional treatments before clinical trials. For a study of applying biomaterials
in osteochondral regeneration, the selection of an experimental animal model is very
important and depends on many factors such as similarities in anatomical and physiological
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characteristics to humans, cost-effectiveness, care time, and medical ethics issues. The
animals that are often selected include mice, rabbits, dogs, goats, pigs, sheep, etc., of which
rabbits are very suitable subjects in short-term evaluation experiments (Chu et al. 2010;
Cook etal. 2014; Meng et al. 2020).

Our study was carried out to evaluate a model of articular cartilage damage in rabbits in
order to build an optimal model for osteochondral regeneration experiments in this species.

Materials and Methods
Animals
A total of 15 adult male white rabbits of the New Zealand breed, weighing 2.3-2.5 kg were used in our study
following the standardized procedure which was approved by the Animal Ethics Committee of the Hue University
(Certificate No. HUVNO0010). The animals were kept in separate cages and were given pellet feed and tap water.
They were divided into 5 groups: Control (n = 3); First day of defect induction (DO, n = 3); 2 weeks after inducing
defects (2W, n = 3); 4 weeks after inducing defects (4W, n = 3); and 6 weeks after inducing defects (6W, n = 3).

Study design
Surgical procedures

Anaesthesia was induced by an intramuscular injection of 40 mg/kg ketamine hydrochloride (Troy laboratories,
Sydney, Australia) and 5 mg/kg xylazine hydrochloride (Troy laboratories, Sydney, Australia). In sterile
conditions, a medial peripatellar incision was made in the knee of the right posterior limb of each rabbit, and the
patella was dislocated laterally. After that, an osteochondral defect with 3 mm in diameter and 3 mm in depth was
created on the trochlear groove of the femur by using a biopsy punch to navigate the site and the size, then a dental
stainless drill was used to induce the interest defect (Plate XVI, Fig. 1).

Rabbits were injected with the antibiotic gentamicin 4 mg/kg (Hanvet Co., Ltd., Hung Yen, Vietnam),
subcutaneously for 3 consecutive days after surgery to avoid wound infection. The rabbits were nursed in separate
cages, checked, and assessed for the condition of the incision as well as the general condition daily.

Sample collection

At 2 weeks, 4 weeks, and 6 weeks after surgical operation, rabbits were sacrificed, and the distal ends of the femurs
containing defects were collected. For group D0, we created the defects and then collected samples on the same day
as for group 6W. For the control group, which was left without induction of defects, we collected samples on the
same day as for group 6W. All samples were assessed macroscopically, radiographed, and histologically analyzed.

Gross morphology

The distal parts of the femurs were excised, photographed, and graded for cartilaginous regeneration by the
International Cartilage Repair Society (ICRS) macroscopic assessment score (Table 1).

Radiography assessment

After 2, 4, and 6 weeks, distal parts of the femurs were collected and evaluated by the EZDent X-ray machine
(Vatech Co., Ltd., Gyeonggi-do, Korea). Root X-ray film was placed at the lateral position of the surgical defect
and recorded with a current of 65 kvp, 7.5 mA for 0.25 s. X-ray images were analyzed using EZDent biomedical
software (Vatech Co., Ltd., Gyeonggi-do, Korea).

Haematoxylin-eosin stain and safranin O

Each tissue sample was fixed in 10% neutral formol for 48 h and then immersed in 10% EDTA solution (Sigma-
Aldrich, Darmstadt, Germany) for 8 weeks to decalcify. After 8 weeks of decalcification, the tissue samples were
cut into small pieces of the size of 1.0 x 1.0 x 0.5 cm (length x width X thickness) each. The sample containing the
defect was taken for tissue processing, paraffin embedding, and sectioning into 3-um slices to stick on the slide.
These samples were stained with haematoxylin-eosin (Sigma-Aldrich) for the overall assessment of the tissue and
0.25% safranin O (Sigma-Aldrich) for histologic evaluation of cartilage tissue renewal.

Microscopic assessment

Cartilaginous regeneration was assessed histologically according to the scale of Wakitani (Wakitani et al.
1994). The evaluation categories include cell morphology, matrix-staining, surface regularity, thickness of the
cartilage and integration of the donor cartilage with the host adjacent cartilage (Table 2).

Statistical analysis

Results were analyzed using Predictive Analytics SoftWare (PASW) statistic 18 (SPSS Inc, Chicago, IL). All
data were reported as mean + standard deviation (SD). For evaluation of significant differences, the comparison
of means between two experimental groups was analyzed using nonparametric Mann-Whitney U test. Differences
were considered to be significant at P < 0.05.
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Table 1. Macroscopic assessment according to the Internal Cartilage Repair Society score

Category Score
Degree of defect repair
in level with surrounding cartilage 4
75% repair of defect depth 3
50% repair of defect depth 2
25% repair of defect depth 1
0% repair of defect depth 0
Integration to the border zone
complete integration with surrounding cartilage 4
demarcating border <1 mm 3
3/4 of graft integrated, 1/4 with a notable border >1 mm width 2
1/2 of graft integrated with surrounding cartilage, 1/2 with a notable border >1 mm 1
from no contact to 1/4 of graft integrated with surrounding cartilage 0
Macroscopic appearance
intact smooth surface 4
fibrillated surface 3
small, scattered fissures or cracks 2
several, small or few but large fissures 1
total degeneration of the grafted area 0
Overall repair assessment
Grade I: Normal 12
Grade II: Nearly normal 8-11
Grade III: abnormal 4-7
Grade IV: Severely abnormal 1-3

Results

Macroscopic assessment of osteochondral defect repair and ICRS score

The results of macroscopic observations are presented in Fig. 2a-e, and ICRS macroscopic
assessment scores are presented in Fig. 2f (Plate XVII). Two weeks after the operation, the
bottoms of the defects were filled with pinkish-white soft tissue, 2 mm from the mouth
of the defects, and their diameters were partially narrowed. After 4 weeks, the bottoms
of the defects were filled with pinkish-white soft tissue, their diameters were narrower
compared to the 2-week group. In the 6-week group, the defects were filled about 50%,
and the surfaces of the defects were relatively smooth. Evaluation results according to
the ICRS scale showed that cartilage defects were partially regenerated after 2, 4, and
6 weeks of induction. Normal articular cartilage is rated 12 points. The average ICRS score
at 4 weeks (3.67 + 0.58) was higher than that at 2 weeks (2.33 + 0.58), but this difference
was not significant. However, after 6 weeks, the average ICRS score became significant
compared to what was observed after 4 and 2 weeks (5.33 + 0.58) (Plate X VII, Fig. 2f).

Assessment of subchondral bone formation by radiography

The radiographic evaluation of subchondral bone formation is presented in Fig. 3 (Plate
XVIII). The radiographic image of a normal rabbit femoral head is shown in Fig. 3b. The
defect model produces a well-defined bone resorption image. After 2 weeks, the borderline
is not clearly defined, suggesting the possibility of peripheral osteogenesis. After 4 and
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Table 2. Wakitani histological scale for cartilaginous regeneration (Wakitani et al. 1994).

Category Score
Cell morphology
hyaline cartilage 0
mostly hyaline cartilage 1
mostly fibrocartilage 2
mostly non-cartilage 3
non-cartilage only 4
Matrix staining (metachromasia)
normal (compared with host adjacent cartilage) 0
slightly reduced 1
markedly reduced 2
no metachromatic stain 3
Surface regularity
smooth (> 3/4) 0
moderate (> 1/2 - 3/4) 1
irregular (1/4 - 1/2) 2
severely irregular (< 1/4) 3
Thickness of cartilage
>2/3 0
1/3-2/3 1
<1/3 2
Integration of the donor cartilage with the host adjacent cartilage
both edges integrated 0
one edges integrated 1
neither edge integrated 2
Total maximum 14

6 weeks, the area of bone resorption gradually decreases and is replaced by cancellous
trabeculae. The bone density is still not normal, but there is a reconstructed trabecular
structure similar to the image of osteoporosis.

Histological assessment and Wakitani scale

The histological assessment results of the osteochondral defect regeneration are presented
in Figs 4 and 5. Samples from rabbits of the control group exhibited the typical structure
of the articular cartilage in the knee joint, including hyaline cartilage (HC), superficial zone
(8Z), middle zone (MZ), deep zone (DZ), calcified zone (CZ), subchondral bone (SB),
bone marrow cavity (BMC), chondrocytes (asterisk) and osteocytes (arrowhead). The
surgery created a hole from the outermost area of the hyaline cartilage to the subchondral
bone area. Two weeks post surgery, the defect was filled with fibrous connective tissue,
with fibroblast cells intermingled in the matrix at a relatively high density. After 4 weeks,
the fibrous connective tissue became thinner, the underlying layer showed a proliferation
of fat niches, and bone marrow cells were interspersed in the bone trabeculae. On the
surface of the defect near the site of normal tissue, chondrocytes and cartilage matrix
appeared. After 6 weeks, the remaining fibrous connective tissue was much thinner than in
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the 4-week group. The presence of renewal cartilage tissue and ossified bone was slightly
more apparent than in the 4-week group, although it was still scattered and discontinuous.
Below the surface layer, the fibrous connective tissue was replaced by fat niches and bone
marrow cells located in the bone trabeculae (Plate XIX, Fig. 4).

The staining of cartilage matrix with safranin O is shown in Fig. 5a-d (Plate XX). The
results showed that the cartilaginous tissue and the calcified zone were orange whereas the
subchondral bone was pink, and the connective tissue was red. After 2 weeks, the defect
area was mostly filled with fibrous connective tissue. After 4 and 6 weeks, cartilage tissue
began to form. Especially, after 6 weeks, cartilage tissue formed scattered in the middle
of the defect area.

According to the histological scale for cartilaginous regeneration of Wakitani et al.
(1994), the normal cartilage tissue is scored 0. After 2 weeks of surgery, the average score
of the lesion was high (11.33 + 1.15). After 4 and 6 weeks, the lesion’s score decreased
significantly (8.33 £ 0.58 and 6.67 + 0.58) (Plate XX, Fig. 5¢)

Discussion

Small animals, such as rats, mice, guinea pigs, and rabbits represent the commonly
employed animal models to study cartilage regeneration (77%). These animals have the
advantages of low cost, easy experimental procedures, as well as care and monitoring.
However, they have their limitations, such as small joint size, thin cartilage layer
(it ranges within 0.03—-0.4 mm and 0.2—-0.7 mm in mice and rabbits, respectively, whereas
in humans it ranges within 2.2-2.5 mm), and the spontaneous healing ability (Chu et al.
2010; McCoy 2015; Meng et al. 2020). These small animals are suitable for pathogenesis
experiments and preclinical trials for new therapies. Other animal models for the study
of cartilage regeneration include large animals, such as goats, dogs, pigs, sheeps, and
horses. The advantage of these species is that the anatomical structure of the joint (alveolar
size, cartilage thickness) and clinical lesions are similar to those of humans. However,
the disadvantages of these large animal models are the high cost, problems in performing
experiments, in care, and the high ethical concerns (Chu et al. 2010; McCoy 2015; Meng
et al. 2020). They are often used in studies to test new therapies, especially materials for
the treatment of osteochondral regeneration.

Osteoarthritis is a common chronic degenerative joint disease involving mainly load-
bearing joints such as the knees and hips. In studies on animal models, the knee joint is
often chosen to do experiments on, as it is easier to manage than the hip joint. There are
several methods to create an articular cartilage damage model, including the injection of
a cytotoxic agent, destabilization of the joint, and inducing osteochondral defects as the
most common method (Table 3).

Bove etal. (2003) studied the effects of load-bearing changes in osteoarthritis progression
and the effect of anti-inflammatory agents in its treatment in rats by injecting 1 mg
of mono-iodoacetate (MIA) into the knee joint. Histopathological results (haematoxylin-
eosin and toluidin blue staining) showed that after 7 days, there was a loss of chondrocytes
with degeneration of proteoglycan (cartilage matrix). After 14 days, the chondrocytes
and proteoglycan matrix in the deeper part also disappeared and the lesion spread to 2/3
of the tibial plateau (Bove et al. 2003). In 2007, Ivanavicius et al. (2007) set up
a similar model of joint damage while studying the mechanism of peripheral nerve damage
in osteoarthritis. Microscopic results (haematoxylin-eosin staining) showed that after
8 days of MIA injection, the structure of both articular cartilage layer and subchondral bone
degeneration was induced. The damage was more evident after 12, 14, 21 days and after
28 days: the cartilage tissue, as well as subchondral bone disappeared and the cancellous
bone underneath was also remodeled (Ivanavicius et al. 2007). Other researchers applied
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Table 3. Studies of creating cartilage defects on animal models.

Defect size

Authors Species Location .

(diameter % depth)
Dahlin et al. (2014) Rat The trochlear groove of the femur 2 mm X 2 mm
Huade et al. (2009) Rat The trochlear groove of the femur 1.5 mm x 2 mm
Schlichting et al. (2008) Sheep The femoral condyles 7.3 mm x 10 mm
Kazemi et al. (2017) Dog The medial femoral condyles 6 mm X 5 mm
Kon etal. (2015) Goat The medial femoral condyles 6 mm x 10 mm
McCarrel et al. (2017) Horse The lateral femoral condyles 10 mm % 10 mm
Katayama et al. (2004) Rabbit The trochlear groove of the femur 4 mm X 4 mm
Liao etal. (2015) Rabbit The trochlear groove of the femur 4 mm % 3 mm
Frenkel et al. (2005) Rabbit The medial femoral condyles 3 mm x 2.8 mm
Zhu etal. (2017) Rabbit The medial femoral condyles 4.5 mm X 4.5 mm
This study Rabbit The trochlear groove of the femur 3 mm X 3 mm

the same method to rats or mice (Clements et al. 2009; Pitcher et al. 2016). These
studies showed that MIA injection in rat knee joints caused articular cartilage damage with
histopathological features similar to osteoarthritis in humans. However, the time to induce
damage was quite long. This model was commonly used to determine the pathogenesis and
evaluate the effects of pharmacological agents in protecting the cartilage structure.

Another method of creating articular cartilage damage is causing destabilization
of the joint. In 2003, Murphy et al. (2003) performed experiments on goats by completely
removing the medial meniscus along with resecting the anterior cruciate ligament
of the knee joint, then injecting autologous stem cells to evaluate the effectiveness of cell
therapy in osteoarthritis. The results showed that this method generated typical lesions in
osteoarthritis including erosive damage to articular cartilage in the ends of the femur and
the tibial plateau; production of osteophytes, and changes in the subchondral trabecular
structure, appearing 6 weeks after surgery (Murphy et al. 2003). In 2004, Batiste et al.
(2004) used a similar method in rabbits. After 4, 8, and 12 weeks, erosive articular cartilage
lesions appeared at both the tibia plateau and the end of the femur, progressing worse
over experiment time. The slow progression of articular cartilage lesions produced by this
method is suitable for pharmaceutical studies (Samvelyan et al. 2020).

In 2007, Glasson et al. (2007) used the method of resecting the middle meniscus
ligament causing instability of the meniscus in the knee joint of transgenic mice 129/SvEv.
After 8 weeks of surgery, cartilage erosion occurred in both femoral condyles and the
tibial plateau (Glasson et al. 2007). Ma et al. (2007) also used the same method to create
amodel of articular cartilage damage in 129S6/SvEv transgenic mice, aiming at evaluating
the role of sex hormones in cartilage degeneration and progression of osteoarthritis (Ma
et al. 2007). This model has been used for targeted validation research using transgenic
animals to evaluate the pathophysiological roles of different molecules and enzymes in
osteoarthritis (Samvelyan et al. 2020).

The method of creating articular cartilage defects is the most common, simulating the
damage that occurs after a severe collision, sports injury, or physical disease leading to
joint pain, destruction, and loss of joint function (Deng et al. 2019). This method is applied
to many different animal species, from small-sized species to large-sized species. Cartilage
defect models are widely used in preclinical studies of new treatments, especially cartilage-
regenerating materials, thanks to the faster creation of cartilage damage, and the chance
to test materials directly into the lesion. The selection of animals to perform the cartilage
defect model should take into account the joint size, cartilage thickness, depth and diameter
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of the defect, age of skeletal maturity, cost, and the possibility of care and follow-up in the
animals (Cook et al. 2014; McCoy et al. 2015; Meng et al. 2020).

In our study, we used the New Zealand white rabbit, being the most suitable subject for
our implementation conditions with the following advantages: acceptable cost, surgical
conditions not complicated, easy to care for, follow up after surgery, and do not face major
ethical issues like other large animals.

Osteochondral defects of the knee joint can be created on the trochlear groove or femoral
condyles (Table 3). The joints of experimental animals are often subjected to maximum
weight-bearing as normal immediately after surgery, and therefore the trochlear groove was
chosen for a better protection of the grafting materials since it is less weight-bearing than
the femoral condyles (Ahern et al. 2009). In addition, results of several studies showed that
the healing of defects of the trochlear groove was better than that of the femoral condyles
(Evans et al. 2009; Chen et al. 2013).

It is very important to consider the “critical diameter” of the defect. This is the size
necessary to limit the natural regenerative capability of the cartilage, which can lead to an
unbiased assessment of the effectiveness of the grafting materials (Table 3) (Colman et al.
1999; Malda et al. 2013; Moran et al. 2016; Meng et al. 2020). We created defects on
the trochlear groove of the rabbit knee joint of the size of 3 mm in diameter and 3 mm in
depth. According to previous studies, 3 mm is the critical diameter of the cartilage defect
in the experimental rabbit model (Table 4).

Table 4. Differences in skeletal maturity, cartilage feature, and defect size in model animals (Colman et al. 1999;
Malda et al. 2013; Moran et al. 2016).

Species  Skeletal maturity (age) Cartilage thickness Critical diameter of defects ~ Depth of defects
Rat 7 months 0.10 mm 1.4 mm 1.0-2.0 mm
Rabbit 9 months 0.30 mm 3.0 mm 3.0-5.0 mm
Dog 12-24 months 0.95 mm 4.0 mm 10-12 mm
Pig 18 months 1.50 mm 6.3 mm 8-10 mm
Sheep 2-3 years 0.45 mm 7.0 mm 6—13 mm
Goat 2-3 years 1.10 mm 6.0 mm 6—12 mm
Horse 24 years 1.75 mm 4.0 mm/9 mm 10 mm
Human 18 — 22 years 2.35 mm - -

To evaluate the cartilage regeneration of the defects, we used the International Society of
Cartilage Regeneration (ICRS) macroscopic scale and the microscopic scale of Wakitani
(based on the histological images stained with haematoxylin-eosin and safranin O)
(Wakitani etal. 1994). These are common methods used in studies involving cartilaginous
regeneration in experimental animal models. In addition, we also used x-ray to evaluate
the subchondral bone formation during this regenerative process. The results demonstrated
that the defects were repaired by regenerative tissue, and the recovery results gradually
increased after 2, 4, and 6 weeks, demonstrated both microscopically and macroscopically.
However, the regenerative tissue was mainly fibrous connective tissue; cartilage tissue and
ossified bone were formed scattered after 4 and 6 weeks. This result proves that the size
of the defects in our study was appropriate, limiting the ability of spontaneous regeneration
of osteochondral tissue of experimental rabbits.

However, our model still exhibits limitations. Recent studies recommend a larger
diameter of 4-5 mm to completely exclude the self-healing ability of rabbits, in order to
increase the accuracy of evaluating the effectiveness of grafting materials (Katayama
et al. 2004; McCoy et al. 2015; Zhu et al. 2017). However, in our study, the diameter
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of the defect was 3 mm, being the “optimal diameter” in the experimental rabbit model.
Another limitation of our study is the duration. Our study lasted 6 weeks, which is quite
short compared to other studies. The follow-up time for articular cartilage regeneration in
many studies on experimental rabbit models lasted 8 to 12 weeks, or longer (24 weeks)
(Katayama etal. 2004; Liao etal. 2015; Zhu et al. 2017). The experimental time in these
studies was longer partly due to the larger defect size (diameter of 4—4.5 mm), which took
longer to recover.

In conclusion, our study established a model of articular cartilage damage in rabbits
with the following advantages: low cost, uncomplicated surgical conditions, easy care,
easy follow-up after surgery, and no major ethical issues. Besides, this model has some
issues to be improved such as increasing the size of the defect and prolonging the time
of the experiment. This model is suitable for studies to initially evaluate the effectiveness
of interventional therapies for articular cartilage lesions, especially implantable materials.
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Plate XVI
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Fig. 1. Surgical procedure for the osteochondral defect in rabbits

a: A longitudinal (parallel to the patellar tendon) incision was made to the skin and sublayers; the patella was
dislocated to expose the femoral trochlea; a 3 mm biopsy punch was used to mark the site and the size of the
defect on the trochlear groove; b: A dental drill was used to make the defect, the drill site was irrigated with saline;
c: A defect of 3 mm in diameter and 3 mm in depth was induced; d: The incision was closed in the order of the
joint capsule, muscles, and skin.



Plate XVII
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Fig. 2. Macroscopic assessment of the regeneration of osteochondral defects and ICRS score

a: Normal articular cartilage of the rabbit’s knee joint; b: The osteochondral defect on the trochlear groove in
rabbit knee; c—e: Osteochondral defect repair after 2, 4, and 6 weeks; f: Macroscopic assessment of the repair
of osteochondral defects after 2, 4, and 6 weeks according to ICRS scale; NS - non-significant, ICRS - International

Cartilage Repair Society.



Plate XVIII

Fig. 3. Assessment of subchondral bone formation by radiography

a: Lateral radiography of normal rabbit femoral head; b: Lateral radiography of the distal end of the rabbit’s
femur after creating the cleft; c—e: Lateral radiography of the distal end of the rabbit’s femur after 2, 4, and
6 weeks of defect induction.



Plate XIX

H&E staining

Normal Knee

Defect model

Fig. 4. Histological assessment of osteochondral defect with H&E stain

H&E histological staining images at x 40, 100, and 400 magnification of normal rabbit knee joint tissue, defect
model, and reconstruction process after 2, 4, and 6 weeks of surgery. HC - hyaline cartilage; SZ - superficial zone;
MZ - middle zone; DZ - deep zone; CZ - calcified zone; SB - subchondral bone; BMC - bone marrow cavity;

chondrocytes (asterisk); osteocytes (arrowhead)
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Fig. 5. Histological assessment of osteochondral defect with H&E stain and Wakitani scale
a—d: Safranin O staining of normal rabbit knee cartilage tissue and 2, 4, and 6 weeks after surgery; e: Evaluation
of osteochondral regeneration after 2, 4, and 6 weeks of surgery according to Wakitani scale.



