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Cell and tissue stimulation

Introduction

Cartilage lesions in the knee joint are common, can alternate 
joint mechanics, and might cause knee pain.1-3 Although 
accurate assessment of the true prevalence of cartilage 
lesions is difficult because they are often asymptomatic and 
unreported,3 arthroscopic case series reported the incidence 
of lesions as 57% to 63%.4-7 Often, the cases were chronic 
with a relatively higher frequency of partial cartilage 
defects, where treatment tended to lead to unfavorable 
results compared to fresh cases.8-10 Contrary to the clinical 
situation, most animal studies have dealt with fresh full-
thickness cartilage defects and osteochondral defects,11-17 
and there are only few reports on chronic partial-thickness 
cartilage defects (PTCDs).

The treatment option for cartilage lesions includes bone 
marrow stimulation (BMS),18 mosaic plasty,19 and autolo-
gous chondrocyte implantation.20 Among these, BMS is the 
most simple and minimally invasive treatment. The surgical 

procedure of BMS involves perforating a small hole through 
the subchondral bone and bleeding from the cancellous bone. 
The blood clots fill the cartilage defect and provide bone 
marrow mesenchymal stem cells (MSCs), which are believed 
to play an important role in cartilage repair. However, its 
indications are limited to small defects, and the resultant 
tissue is mainly composed of fibrous cartilage.21,22 To 
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Abstract
Objective. Cartilage lesions in the knee joint can lead to joint mechanics changes and cause knee pain. Bone marrow stimulation 
(BMS) promotes cartilage regeneration by perforating the subchondral bone just below the injury and inducing bone marrow 
cells. This study aimed to investigate whether systemic administration of granulocyte colony-stimulating factor (G-CSF) with 
BMS improves repair of chronic partial-thickness cartilage defects (PTCDs). Design. Eighteen 6-month-old New Zealand white 
rabbits were divided into 3 groups: control (C, n = 6), BMS alone (n = 6), and BMS + G-CSF (n = 6). Partial cartilage defects 
with 5 mm diameter were created in the trochlear region of both knees; after 4 weeks, the BMS alone and BMS + G-CSF 
groups underwent BMS; G-CSF (50 µg/kg) or saline was administered subcutaneously for 5 days starting from 3 days before 
BMS. At 8 and 16 weeks after cartilage defect creation, the area of cartilage defects was macroscopically and histologically 
evaluated. Results. International Cartilage Repair Society (ICRS) grades for macroscopic assessment were 0, 0.7, and 0.7 at 8 
weeks and 0, 1.2, and 1.3 at 16 weeks in the C, BMS, and BMS + G-CSF groups, respectively. Wakitani scores for histological 
assessment were 9.8, 8.7, and 8.2 at 8 weeks and 9.5, 9, and 8.2 at 16 weeks in the C, BMS, and BMS + G-CSF groups, 
respectively. The BMS + G-CSF group showed significantly more repair than the C group, but there was no difference from 
the BMS group. Conclusions. The effect of BMS and G-CSF on chronic PTCDs in mature rabbit knees was limited.
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compensate for these shortcomings, systemic administration 
of bone marrow stimulants has been reported as a way to 
increase the efficacy of BMS in cartilage repair by increasing 
the outflow of MSCs from the bone marrow.23,24 Granulocyte 
colony-stimulating factor (G-CSF) is one of them, and Okano 
reported enhanced repair in freshly created osteochondral 
lesion in rats.24 We also reported the potential of accelerated 
healing with G-CSF administration combined with BMS on 
fresh osteochondral defects in rabbit knee joints.25

Considering clinical situations and the potential of 
G-CSF, the effect of G-CSF on chronic partial cartilage 
defect should be elucidated. This study aimed to investigate 
the effects of BMS and systemic administration of G-CSF 
on chronic PTCD.

Methods

Animals

A total of 18 male New Zealand white rabbits aged 24 to 26 
weeks, weighing 2.8 to 3.6 kg, were used for the experiments. 
All animals were housed at the Laboratory Animal Center at the 
Graduate School of Medicine, Chiba University. All protocols 
for animal procedures were approved by the Ethics Committee 
of the Graduate School of Medicine, Chiba University, and fol-
lowed the National Institutes of Health guidelines for the care 
and use of laboratory animals. The rabbits were randomly 
divided into 3 groups: control, BMS (PTCD + BMS), and 
BMS + G-CSF group (PTCD + BMS + G-CSF).

Chronic PTCD Creation and BMS Procedure

After general anesthesia, both lower extremities were disin-
fected with povidone iodine and draped under sterile condi-
tions. A medial parapatellar approach was performed in 
each knee, and the skin incision was 30 mm longitudinally. 
The patella was laterally dislocated to allow full exposure 
of the articular surface, and a PTCD of 5 mm in diameter 
was created on the trochlea of the femur. A 5-mm-diameter 
rim was initially made using a standard skin biopsy punch, 
and a PTCD was prepared using a ring curette (Smith & 
Nephew, Andover, MA, USA) with careful removal of focal 
cartilage to reach at the depth of the calcified layer. No 
bleeding was observed from the defect. The knee was closed 
in sutured layers. A second surgery was performed 4 weeks 
after the initial surgery. After identifying original lesions, a 
ring curette (Smith & Nephew, Andover, MA, USA) was 
used to debride the calcified layer and repair tissues without 
damaging the subchondral bone plate in all the three groups. 
To perform BMS, 3 subchondral perforations were created 
using a 1.0-mm-diameter pin vice drill (Kaneko Mfg 
Corporation, Niigata, Japan). After confirming bleeding 
from perforation sites (Fig. 1), the wound was closed in lay-
ers. G-CSF (GRAN; Kyowa Hakko Kirin, Tokyo, Japan) or 
saline was injected subcutaneously at a dose of 50 µg/kg 

(0.5 mL for saline) at a fixed time every day, starting 2 days 
before BMS. BMS was performed after the injection on day 
3. Injection of G-CSF or saline was continued until day 5. 
All procedures were performed by a single surgeon (Y.O.). 
All rabbits were separately caged after surgery and walked 
without restrictions.

Measurement of Peripheral Blood

The number of leukocytes in the peripheral blood was 
measured at 3 points: immediately before G-CSF adminis-
tration, on the day of BMS, and 1 week after G-CSF 
administration. Two rabbits from each group were evalu-
ated using an automatic blood cell counter (ADVIA 2120i, 
Siemens Diagnostics, Tarrytown, NY, USA).

Macroscopic Evaluation

Three rabbits from each group were euthanized 8 and 16 
weeks after the initial surgery, and bilateral knees were 
harvested from each rabbit. Macroscopic evaluation was 
performed by 2 blinded graders (Y.O. and S.W.). The 
International Cartilage Repair Society (ICRS) macro-
scopic cartilage evaluation score and grading (grade 1, 
normal, 12 points; grade 2, nearly normal, 8-11 points; 
grade 3, abnormal, 4-7 points; grade 4, severely abnormal, 
0-3 points) were used to assess all cartilage repairs.26

Histological Evaluation

After macroscopic scoring, the dissected distal femurs 
were fixed with 4% paraformaldehyde solution for 2 days 
at room temperature, decalcified with 10% ethylenedi-
amine tetraacetic acid for 3 weeks, and then processed and 
embedded in paraffin blocks for histological evaluation. A 
5-μm-thick section was prepared from the center of each 
defect using a microtome. Histological assessment was 
done with a single sagittal slice that passed through the 
circle center of cartilage injury as well as a BMS hole. 
Sections were histologically stained with hematoxylin-
eosin and safranin-O and were blindly scored by 2 
researchers (Y.O. and S.W.) using the Wakitani score. This 
score is composed of 4 items, cell morphology and matrix 
staining (metachromasia), surface regularity, thickness of 
cartilage, and integration of donor with host, with 0 point 
being normal and 14 points being no repair (cell morphol-
ogy, 0-4 points; matrix staining, 0-3 points; surface regu-
larity, 0-3 points; thickness of cartilage, 0-2 points; 
integration of donor with host, 0-2 points).27

For immunohistochemical staining, a mouse monoclonal 
antibody against human type II collagen (#F-57, Kyowa 
Pharmaceuticals, Tokyo, Japan) was used. Before staining, 
specimens were deparaffinized in an enzyme solution of 
hyaluronidase (H3506; Sigma-Aldrich Corporation, St. 
Louis, MO, USA) dissolved to 0.05% in 100 mM acetate 
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buffer (pH 5.0) at 37 °C, and pretreatment was performed 
by soaking for 60 minutes. The primary antibody was anti-
COL2 mouse monoclonal (clone, II-4C11) antibody (F-57; 
Kyowa Pharma Chemical Co., Ltd., Takaoka, Toyama, 
Japan) diluted 500-fold and used as a primary antibody in 
an overnight reaction. As a secondary antibody, anti-mouse 
IgG goat polyclonal antibody (Histofine #424134; Nichirei 
Corporation, Tokyo, Japan) labeled with horse radish per-
oxidase was used and reacted with the specimens for 30 
minutes at room temperature. Positive sites were visualized 
as brownish brown using 3,3′-diaminobenzidine tetrahydro-
chloride (K3468, DAKO, Glostrup, Denmark) as a chromo-
genic substrate; then, the nuclei were contrast-stained to a 
light purple color using hematoxylin.

Statistical Analysis

All statistical analyses were conducted using JMP 15 (SAS 
Institute Inc., Cary, NC, USA). Descriptive statistics were 
first calculated. The Wilcoxon rank-sum test was used to 
assess differences in the number of white blood cells in the 
peripheral blood at each time point, and the Kruskal-Wallis 
test was used to test for differences between various treat-
ment groups postoperatively. A P value of <0.05 was 
regarded as significant.

Results

White Blood Cell Count in Peripheral Blood

There was a significant increase in the white blood cell 
count 3 days after the start of G-CSF treatment (on the 

day of BMS), and a downward trend was observed 1 
week after the start of treatment. There was no signifi-
cant increase in white blood cell count at any blood col-
lection point in the group that did not receive G-CSF 
(saline injection) (Fig. 2).

Macroscopic Findings

The macroscopic findings when performing BMS 4 weeks 
after the creation of the PTCD showed no white repair tis-
sue in the chronic defect. At 8 weeks, the PTCD area was 

Figure 1.  Macroscopic appearance of bone marrow stimulation (BMS). After debridement 3 subchondral perforations were made 
(left) and fulfillment of cartilage defect with enough bleeding was confirmed prior to closure (right).

Figure 2. T iming of granulocyte colony-stimulating factor 
(G-CSF) injection and white blood cell count. Injections were 
given once a day from day 1 to day 5. Values are presented as 
mean ± SD. *P < 0.05, **P < 0.01.
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Figure 4. I CRS macroscopic scores at 8 and 16 weeks. Values 
are presented as mean ± SD. *P < 0.05, **P < 0.01. ICRS, 
International Cartilage Repair Society; BMS, bone marrow 
stimulation; G-CSF, granulocyte colony-stimulating factor.

Figure 3.  Macroscopic appearance of reparative tissue. A to C are 8 weeks after the creation of the partial-thickness chondral 
defect. D to F are 16 weeks after the creation of the partial-thickness chondral defect. Dotted yellow circles and red arrowheads 
indicate the defect area and BMS holes, respectively. BMS, bone marrow stimulation; G-CSF, granulocyte colony-stimulating factor.

mostly left unchanged, and a small area adjacent to BMS 
holes was just filled with white tissue. At 16 weeks was 
nearly the same as that at 8 weeks. There was only a slight 
increase in covered area surrounding the bone holes (Fig. 3). 
A significant difference in the ICRS score was observed 
between the BMS + G-CSF and control groups, but not 
between the BMS + G-CSF and BMS groups. Like the 
ICRS score at 8 weeks, a significant difference was found 
between the BMS + G-CSF and control groups, but not 
between the BMS + G-CSF and BMS groups (control 
group vs. BMS group [at 8 weeks]: 0 ± 0 vs. 0.67 ± 0.52, 
P = 0.047; control group vs. BMS + G-CSF group [at 8 
weeks]: 0 ± 0 vs. 0.67 ± 0.52, P = 0.047; control group 
vs. BMS + G-CSF group [at 16 weeks]: 0 ± 0 vs. 1.3 ± 
0.82; P = 0.003) (Fig. 4).

Histological Findings

Histological images at 8 weeks after the creation of the ini-
tial cartilage injury are shown in Figures 5 and 6. There was 
no apparent regeneration of the cartilage in all the 3 groups. 

Created bone holes of BMS were filled with fibrous tissue 
with abundant cells partly stained with safranin-O staining 
both in the BMS and BMS + G-CSF groups, which was 
indicative of endochondral ossification (Fig. 6). Histological 
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images at 16 weeks after the creation of the cartilage injury 
are shown in Figures 7 and 8. There was no apparent regen-
eration of the cartilage injury in all the three groups. In 
some cases of BMS + G-CSF group reparative tissue was 
observed but amount of repair tissue was not consistent 
(Fig. 7I). In both the BMS and BMS+G-CSF groups, sub-
chondral bone repair at BMS bone holes progressed and 
bone tissue emerged. Comparing to incomplete surface 
recovery of created bone holes of BMS in the BMS group, 
complete filling with bone nearly creating level surface to 
adjacent bone in the BMS + G-CSF group (Fig. 8). Bone 
cyst formation was found only in 2 cases of BMS alone 
group at 16 weeks (data not shown as images). Wakitani 
scores are shown in Figure 9. There was no significant dif-
ference between the BMS and BMS + G-CSF groups at 
either 8 or 16 weeks, whereas there was a significant differ-
ence between the control and BMS + G-CSF groups (con-
trol group vs. BMS + G-CSF group [at 8 weeks]: 9.8 ± 
0.75 vs. 8.2 ± 0.41, P = 0.01; control group vs. BMS + 
G-CSF group [at 16 weeks]: 9.5 ± 0.84 vs. 8.2 ± 0.75, P = 

Figure 5.  Histological images in low magnification at 8 weeks. No apparent repair is observed in all the three groups. BMS holes are 
represented by red rectangles. (HE staining: A, C. Safranin-O staining: D, F. Collagen type II staining: G, I. Scale bars = 100 µm. HE, 
hematoxylin and eosin; Col II, collagen type II; BMS, bone marrow stimulation; G-CSF, granulocyte colony-stimulating factor).

0.003). Considering score of 0 being normal on Wakitani 
score, derived scores were far from normal cartilage.

Discussion

The present study showed that BMS combined with sys-
temic administration of G-CSF did not produce better carti-
lage repair for chronic PTCDs than BMS alone. Compared 
with the control group, the BMS alone and BMS + G-CSF 
groups resulted in significantly better macroscopic and his-
tological repair, but histologically, there was insufficient 
repair of the cartilage above the subchondral bone in either 
group. To the best of our knowledge, this is the first study to 
demonstrate that systemic administration of G-CSF has no 
obvious effect on chronic PTCD in vivo.

Contrary to the present study, Sasaki et al.25 reported that 
cartilage repair of a rabbit knee was promoted by BMS with 
systemic administration of G-CSF. The possible explana-
tion for this discrepancy is the timing of intervention, age of 
the rabbit, and depth of cartilage defect.25 Chronic PTCD 
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appeared as the prevailing type of injury in clinical practice, 
but none of previous animal studies have addressed this 
type of defects. Our model was the first to challenge this, 
but poor repair indicated the need for further modification 
to overcome this defect.

Age was another important factor. Mithoefer et  al.28 
reported that aging and chronic defects are factors that lead 
to poor performance of BMS and may have contributed to 
the occurrence of poor repair of cartilage defects in the cur-
rent study. We used 24- to 26-week-old rabbits that were 
sufficiently old to be skeletally mature compared with those 
in other studies, but Sasaki et al. used 12-week-old rabbits 
that were skeletally immature.25,29 Thus, the age difference 
might affect the effectiveness of G-CSF on cartilage defect 
repair.

Depth is another important factor in cartilage injury 
treatment. A previous study reported successful treatments 
for chronic osteochondral defects intervened with BMS and 
topical platelet-rich plasma (PRP),30 BMS and freeze-dried 
chitosan/PRP,31 and distraction and mesenchymal stem 
cells.32 Although partial cartilage defect and osteochondral 

defect have not been directly compared, osteochondral 
defect appeared to have a possible advantage in that they 
could introduce bone marrow cells into injured site just by 
creating them. Therefore, the present study mimicked a 
more challenging situation.

There are several options for the treatment of cartilage 
injuries, and BMS is a simple and widely used treatment. 
Cartilage repaired by BMS is known to be a fibrous to hya-
line-like tissue. MSCs play an important role in the process 
of cartilage repair.33-35 However, the small number of MSCs 
in the blood clots generated by BMS limits the effectiveness 
of BMS in clinical practice.36,37 In this study, we considered 
that G-CSF could recruit more MSCs by BMS. Because 
G-CSF has been shown to be a cytokine that promoted the 
mobilization of MSCs to both the bone marrow and periph-
eral blood,23 G-CSF was also reported to promote the pro-
liferation of MSCs in vivo.25 However, better repair was not 
achieved. Although we did not assess the emergence of 
MSCs on the injured site, insufficient effect of G-CSF to 
recruit MSCs might cause the difference in results. Because 
direct addition of MSCs into joints or injured site resulted 
in enhanced cartilage repair, the administration of bone 
marrow–derived MSCs intra-articularly or onto cartilage 
defects directly was more effective than BMS alone.32,38,39 
Systemic administration of several agents also resulted in 
better repair. Systemic administration of parathyroid hor-
mone,40 granulocyte macrophage CSF,39 and G-CSF,24,25 
and oral administration of losartan13 promote repair of 
osteochondral lesions in animal models.

In this study, we could not achieve better repair of carti-
lage repair than BMS alone with the addition of G-CSF, 
which might indicate the difficulties in the treatment of 
chronic PTCD. Studies dealing with this type of cartilage 
defects, especially in aged animals, should be performed 
more intensely. Jansen et al.41 reported that chronic carti-
lage injury leads to progressive cartilage deterioration and 
progression to osteoarthritis. With an aging population, 
osteoarthritis is a common and economically important 
disease that affects a large number of individuals.42,43 
Moreover, chronic cartilage defects were one of the major 
causes of osteoarthritis of the knee joints.1-3 Ideally, 
through less-invasive techniques such as systemic adminis-
tration of potential agents or multipotent cells, more effec-
tive methods should be sought. Mahmoud et al.44 reported 
that intravenous administration of pluripotent cells (Muse 
cells) for osteochondral defects resulted in better repair than 
that of MSCs.

This study has several limitations. First, in the statistical 
analysis, the 2 knees obtained from each rabbit were inde-
pendently treated. Generally, it is quite possible that there is 
a correlation between the treatment courses of the 2 knees 
obtained from a single rabbit. However, from an animal wel-
fare perspective, using both knees to minimize the number 
of rabbits used in the experiment was necessary. Second, we 

Figure 6.  Histological images in high magnification at 8 
weeks. The BMS hole in Figure 5 is magnified higher. Fillings 
of bone perforation with fibrous tissue with abundant cells 
were observed. Part of the tissue was stained with safranin-O 
and positive for type-II collagen. (HE staining: A, B. Safranin-O 
staining: C, D. Collagen type II staining: E, F. Scale bars = 
100 µm. HE, hematoxylin and eosin; Col II, collagen type II; 
BMS, bone marrow stimulation; G-CSF, granulocyte colony-
stimulating factor).
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Figure 7.  Histological images in low magnification at 16 weeks. No apparent repair is observed in all the 3 groups but nearly half 
thickness repair tissue was found on the surface of the lesion in BMS + G-CSF in the presented case. BMS holes are represented by 
red rectangles. (HE staining: A, C. Safranin-O staining: D, F. Collagen type II staining: G, I. Scale bars = 100 µm. HE, hematoxylin and 
eosin; Col II, collagen type II; BMS, bone marrow stimulation; G-CSF, granulocyte colony-stimulating factor).

have not measured cytokine levels in the joint or at the site 
of cartilage defect. It is unclear what cytokines are involved 
in the repair of the cartilage defect site. However, in the pres-
ent study, an increase in the number of leukocytes in the 
peripheral blood was observed after the administration of 
G-CSF, and Okano et al.24 also reported an increase in the 
number of leukocytes in the peripheral blood. Sasaki et al.25 
reported an increase in MSCs after systemic administration 
of G-CSF in vitro. Third, we do not optimize the BMS in 
terms of how many BMS holes should be drilled and what 
hole size is effective. Min et al.35 reported that the number 
of MSCs varied depending on the size and number of BMS 
holes. In addition, depth of debridement might not be 
enough to remove all the calcified layer. Frisbie et  al.45 
reported using horse knee that removal of calcified tissue 
was important to provide better environment for repair tis-
sue to attach. However, all the model in the present study 
were created by an experienced single surgeon with the use 
of reliable instruments so that 3 groups of models were 

consistent enough and we believed we could examine the 
effect of G-CSF added to BMS.

Last, we did not employ any scaffold that might enhance 
cartilage repair.

Preoperative systemic administration of G-CSF is not 
technically challenging, as it does not require preoperative 
cell collection, culture, or invasion of the joint.

In the future, intra-articular injection or systemic drug 
administration that does not even require BMS would be 
ideal. We would like to explore treatments that are effective 
in a setting more similar to clinical practice, such as chronic 
PTCDs in this study.

Conclusion

We evaluated the effect of BMS with systemic administra-
tion of G-CSF on chronic PTCDs in mature rabbit knees 
and found that the intervention was not superior to BMS 
alone.
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