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Article focus
 � We hypothesised that pre-microfracture 

systemic administration of granulocyte-
colony stimulating factor (G-cSF) will 
improve the quality of repaired tissue in 
full-thickness articular cartilage defects in 
a rabbit model.

Key messages
 � The in vitro administration of G-cSF 

resulted in proliferation of MScs.
 � The systemic administration of G-cSF 

promoted the repair of damaged areas 
with hyaline-like cartilage at four weeks 
in a rabbit model.

The effect of systemic administration of 
G-csF on a full-thickness cartilage defect 
in a rabbit model Msc proliferation as 
presumed mechanism

G-cSF For carTilaGe repair

Objectives
The aim of this study was to investigate the effect of granulocyte-colony stimulating factor 
(G-csF) on mesenchymal stem cell (Msc) proliferation in vitro and to determine whether pre-
microfracture systemic administration of G-csF (a bone marrow stimulant) could improve 
the quality of repaired tissue of a full-thickness cartilage defect in a rabbit model.

Methods
Mscs from rabbits were cultured in a control medium and medium with G-csF (low-dose: 
4 μg, high-dose: 40 μg). At one, three, and five days after culturing, cells were counted. 
 Differential potential of cultured cells were examined by stimulating them with a osteo-
genic, adipogenic and chondrogenic medium.

A total of 30 rabbits were divided into three groups. The low-dose group (n = 10) received 
10 μg/kg of G-csF daily, the high-dose group (n = 10) received 50 μg/kg daily by subcutane-
ous injection for three days prior to creating cartilage defects. The control group (n = 10) was 
administered saline for three days. At 48 hours after the first injection, a 5.2 mm diameter 
cylindrical osteochondral defect was created in the femoral trochlea. At four and 12 weeks 
post-operatively, repaired tissue was evaluated macroscopically and microscopically.

Results
The cell count in the low-dose G-csF medium was significantly higher than that in the control 
medium. The differentiation potential of Mscs was preserved after culturing them with G-csF.

Macroscopically, defects were filled and surfaces were smoother in the G-csF groups than 
in the control group at four weeks. At 12 weeks, the quality of repaired cartilage improved 
further, and defects were almost completely filled in all groups. Microscopically, at four 
weeks, defects were partially filled with hyaline-like cartilage in the G-csF groups. At 12 
weeks, defects were repaired with hyaline-like cartilage in all groups.

Conclusions
G-csF promoted proliferation of Mscs in vitro. The systemic administration of G-csF pro-
moted the repair of damaged cartilage possibly through increasing the number of Mscs in 
a rabbit model.

cite this article: Bone Joint Res 2017;6:123–131.

Keywords: G-cSF, cartilage defects, Microfracture

62.BJRBJr0010.1302/2046-3758.62.BJr-2016-0083
research-article2017

 � ReseARCh

doi: 10.1302/2046-3758.63.BJr-
2016-0083

Bone Joint Res 2017;6:123–131. 
Received: 26 March 2016;  
Accepted: 9 November 2016

T. sasaki,
R. Akagi,
Y. Akatsu,
T. Fukawa,
h. hoshi,
Y. Yamamoto,
T. enomoto,
Y. sato,
R. Nakagawa,
K. Takahashi,
s. Yamaguchi,
T. sasho

Graduate School 
of Medicine, Chiba 
University, Chiba, Japan

�� T. Sasaki, MD, 
�� r. akagi, MD, phD, 
�� Y. akatsu, MD, 
�� T. Fukawa, MD, 
�� h. hoshi, MD, 
�� Y. Yamamoto, MD, 
�� T. enomoto, MD, 
�� Y. Sato, MD, 
�� r. Nakagawa, MD, 
�� K. Takahashi, MD, phD, 
�� S. Yamaguchi, MD, phD, 

orthopaedic Surgeon, 
Department of orthopaedic 
Surgery, Graduate School of 
Medicine, chiba University, 1-8-1 
inohana, chuo-ku, chiba, 260-
8670, Japan.
�� T. Sasho, MD, phD, 

orthopaedic Surgeon, 
Department of orthopaedic 
Surgery, Graduate School of 
Medicine, and the center for 
preventive Medicine, chiba 
University, 1-8-1 inohana, chuo-
ku, chiba, 260-8670, Japan.

correspondence should be sent 
to T. Sasho;  
email: sasho@faculty.chiba-u.jp



124 T. SaSaki, R. akagi, Y. akaTSu, T. Fukawa, H. HoSHi, Y. YamamoTo, T. EnomoTo, Y. SaTo, R. nakagawa, k. TakaHaSHi, S. YamagucHi, T. SaSHo

BonE & JoinT RESEaRcH

strengths and limitations
 � pre-operative systemic G-cSF administration is a mini-

mally invasive, technically simple and inexpensive 
technique that has important clinical potential.

 � The detailed mechanism of the cartilage repair from 
G-cSF administration is unclear, so further study is 
required.

Introduction
Spontaneous healing of articular cartilage defects rarely 
occurs because of its avascularity and low cellularity.1,2 
Several methods of treating cartilage damage in clinical 
practice have been reported, including microfracture,3 
mosaicplasty,4 autologous chondrocyte implantation 
(aci),5 and mesenchymal stem cell (MSc) implantation.6 
each has its merits and demerits, and a definitive thera-
peutic method is yet to be established.

Microfracture is widely used because of its simplicity 
and low invasiveness, although it has drawbacks in only 
being indicated for small defects, in the time required for 
tissue repair, and because the repair is mainly with fibrous 
cartilage.7

To compensate for these drawbacks, we devised a 
method of chemically stimulating the bone marrow 
with systemic drug administration of bone marrow 
stimulants. although several studies have been con-
ducted on the role of drugs in cartilage repair, we 
focused on the myelostimulant granulocyte-colony 
stimulating factor (G-cSF). The repair that occurs with 
microfractures is thought to be due to the action of the 
myelocytes; our idea was to promote the healing mech-
anism by stimulating the myelocytes before the microf-
racture occured.

G-cSF is a cytokine that serves as a growth factor for 
the haematopoietic stem cells. it acts on the bone mar-
row by increasing granulocyte production and promot-
ing the functions of the neutrophils. however, several 
recent reports have indicated that G-cSF also has non-
haematopoietic functions and promotes mobilisation of 
mesenchymal stem cells (MScs) to both bone marrow 
and peripheral blood.8

We hypothesised that pre-operative systemic G-cSF 
administration would lead to the proliferation of MScs in 
the bone marrow of a rabbit model, which would create 
a synergistic effect with the bone marrow stimulation 
resulting from microfracture. This method could be 
applicable to larger areas of cartilage damage, could 
shorten the time required for tissue repair, and create a 
repair with hyaline cartilage.

The aim of this study was to investigate the effect of 
G-cSF on MScs proliferation in vitro, and to determine 
whether systemic administration of G-cSF, a stimulant of 
the bone marrow, prior to microfracture, could improve 
the quality of repaired tissue using a full-thickness articu-
lar cartilage defect model in a rabbit.

Materials and Methods
Animals. a total of 35 male 12-week-old New Zealand 
rabbits were purchased from Japan Slc (hamamatsu, 
Japan). animal experiments were performed follow-
ing ethical and statutory approval in accordance with 
local policy. rabbits were kept in an approved animal-
care facility, with strict compliance to care and usage 
protocols.
effect of G-CsF on proliferation of MsCs in vitro. Bone mar-
row cells were harvested from five rabbits. The femurs 
were dissected and cleaned of the adherent soft tissues. 
The bone marrow was flushed using a 14-gauge needle 
with a 10 ml syringe loaded with complete medium 
(α-minimal essential medium; MeM; Nacalai Tesque, 
inc., Kyoto, Japan), supplemented with 10% fetal bovine 
serum (FBS; hyclone laboratories, inc., logan, Utah).8 
The nucleated cells were separated with lymphocyte 
separation solution (1.077 g/ml; Nacalai Tesque inc.), 
resuspended in complete medium, seeded in culture 
dishes, and incubated in air containing 5% co2 at 37°c. 
The non-adherent cells were removed by washing with 
phosphate-buffered saline (pBS) and the medium was 
changed after 72 hours. The medium was changed 
every three to four days thereafter. Upon reaching 80% 
to 90% confluence, the primary cells were trypsinised 
with 0.25% trypsin–ethylenediaminetetraacetic acid 
(eDTa; Nacalai Tesque inc.), resuspended in the culture 
medium, and seeded. cells in passage 3 (p3) were used 
for in vitro experiments.8,9

cultured cells (2 × 105) were seeded into dishes with 
three types of media: control (n = 5), complete medium 
10 ml; low-dose (n = 5), complete medium 10 ml with 
4 μg G-cSF (GraN; Kyowa hakko Kirin, Tokyo, Japan); 
and high-dose (n = 5), complete medium 10 ml with 
40 μg G-cSF. cells were counted after one, three, and 
five days, by using hematocytometer.
Assessment of multi-lineage differentiation potential. p3 
cells that proliferated in the normal medium and p4 cells 
that proliferated in the medium with G-cSF were seeded 
into three types of differentiation media.

osteogenic differentiation was examined according to 
the protocol provided by the manufacturer (osteoblast-
inducer reagent, Takara, Japan). Briefly the cells were 
seeded into a dish with roswell park Memorial institute 
(rpMi) medium (Nacalai Tesque inc., Kyoto, Japan) sup-
plemented with ascorbic acid (1%), hydrocortisone 
(0.2%), and β-glycerophosphate (2%) (osteoblast-
inducer reagent, Takara, Japan) for three weeks. alizarin 
red staining was subsequently performed to observe 
matrix mineralisation, and microscopically observed at a 
magnification of 200.

adipocyte differentiation was examined according to 
the protocol provided by the manufacturer (adipoinducer 
reagent, Takara, Japan). The cells were seeded into a dish 
with Dulbecco's modified eagle's (DMeM) medium 
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(Nacalai Tesque inc., Kyoto, Japan) and supplemented 
with insulin (1%), dexamethasone (2.5 μM), and 
 3-isobutyl-1-methylxanthine (0.5 mM) (adipoinducer 
reagent, Takara, Japan) for 48 hours. Maintenance 
medium (DMeM supplemented with insulin 1%) was 
then substituted. Three weeks later, the cells were stained 
with oil red o for fat droplets, and microscopically 
observed at a magnification of 200.

For chondrogenic differentiation, by referencing to the 
previous study,9 2 × 105 cells were pelleted in a 15 ml 
polypropylene conical tube at 500 g for ten minutes, and 
placed in DMeM medium supplemented with insulin-
transferrin-selenium (iTS) (50 mg, Nacalai Tesque inc., 
Kyoto, Japan), dexamethasone (10−7 M, Sigma-aldrich, 
corp., St. louis, Missouri), and transforming growth 
factor-β3 (TGF-β3) (10 ng/ml, peproTech, inc., rocky hill, 
New Jersey). Thereafter, the medium was changed every 
three to four days. Three weeks later, the pellet was exam-
ined immunohistochemically for collagen type ii staining. 
The sections were incubated with a mouse monoclonal 
antibody against human type ii collagen (dilution of 
1:250, #F-57, Kyowa pharma chemical, Tokyo, Japan) for 
50 minutes at room temperature. antibody binding was 
visualised by using diaminobenzidine. The sections were 
counterstained with haematoxylin. They were microscop-
ically observed at a magnification of 400.
effect of systemic administration of G-CsF on a full- 
thickness cartilage defect in a rabbit. all procedures were 
performed under anesthesia induced by intramuscular 
infection of 25 mg/kg ketamine hydrochloride.6 animal 
care was observed in accordance with the guidance of 
our institute’s animal committee.

a total of 30 12-week-old male New Zealand White 
rabbits were divided into three groups (control, low dose 
and high dose).

For the low-dose group (n = 10), 10 μg/kg of G-cSF 
was administered by subcutaneous injection three times, 
every 24 hours. likewise, for the high-dose group 
(n = 10), 50 μg/kg of G-cSF was administered three times, 
every 24 hours.10-13 For the control group (n = 10), saline 
was administered three times, every 24 hours.

immediately after the final injection, one knee joint, in 
alternate shifts, was opened through a medial parapatel-
lar approach under sterile conditions and the patella was 
dislocated laterally to expose the articular surface of the 

femoral trochlea. a 5.2 mm diameter cylindrical osteo-
chondral defect with 4 mm depth was created in the cen-
tre of the femoral trochlear groove using an electric 
drill.14-16 post-operatively, the rabbits were allowed to 
walk freely in the cage.

Five rabbits from each group were killed at four weeks 
and 12 weeks, respectively, after the operation. Then we 
evaluated the status of repaired tissue macroscopically 
and microscopically. Macroscopically, cartilage defects 
were observed for apparent filling volume and surface 
smoothness. Microscopically, the dissected distal femurs 
were then fixed in 4% paraformaldehyde solution at room 
temperature for two days, decalcified with 10% ethylene-
diamine tetraacetic acid (eDTa) for three weeks and then 
embedded in paraffin blocks. axial sections 5 µm thick 
were obtained from the centre of each defect and stained 
histologically with haematoxylin-eosin and safranin-o, 
and immunohistochemically. For immunohistochemical 
stain, a mouse monoclonal antibody against human type 
ii collagen (#F-57, Kyowa pharma chemical, Tokyo, 
Japan) was used. The sections were incubated with the 
antibody against typeii collagen (dilution 1:500) over-
night at 4°c. antibody binding was visualized by using 
diaminobenzidine. The sections were counterstained with 
hematoxylin. We observed at a magnification × 100 and 
evaluated repaired tissue using the Wakitani score.
statistical analysis. For cell counting, the mixed-effect 
model for repeated measurements was used. For histo-
logical assessment, the Kruskal-Wallis test was used. a 
p-value < 0.05 was considered to be significant.

Results
MsCs proliferation. in the low-dose G-cSF medium, pro-
liferation was vigorous, and reached 100% confluence 
after five days, while the control medium reached 70% to 
80% confluence after five days (Fig. 1). The cell count in 
the low-dose G-cSF medium was significantly higher than 
that in the control medium. The cell counts of the control 
medium and the low-dose G-cSF medium were: 2.94 × 105 
and 5.95 × 105 (p < 0.0001), respectively, after one day; 
6.31 × 105 and 14.82 × 105 (p = 0.0001), respectively, after 
three days; and 9.90 × 105 and 21.49 × 105 (p = 0.001), 
respectively, after five days (Table i). The proliferation 
speed in the high-dose G-cSF medium also tended to be 
faster than that in the control medium (Fig. 2).

Table I. proliferation of MScs with G-cSF

Day 1 Day 2 Day 3 

control (n = 5) 2.94 (0.35) × 105 6.31 (0.79) × 105 9.90 (2.63) × 105

low dose (n = 5) 5.95 (0.91) × 105* 14.82 (3.67) × 105* 21.49 (5.53) × 105*

high dose (n = 5) 4.21 (0.86) × 105† 11.26 (2.96) × 105 17.04 (5.53) × 105

*significant difference comparing with control group
†significant difference comparing with low dose group (p < 0.005)
cell count was expressed as mean and standard deviation (in brackets)
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Multi-lineage differentiation potential. p3 cells that pro-
liferated in the normal medium were confirmed to have 
differentiated into the skeletal tissue (alizarin red: posi-
tive), adipose tissue (oil red o: positive), and cartilage 
(collagen type ii: positive) (Figs 3a to 3c).

The p4 cells which proliferated in the G-cSF medium 
also showed the potential to differentiate into the three 
tissue types (Figs 3d to 3f).
Macroscopic findings of cartilage repair. at four weeks, 
only the bottom of the defect was filled in the control 
group, whereas newly formed tissue filled the defect 
almost entirely in the high-dose group. The low-dose 
group exhibited an intermediate level of filling. in the 
control group, the boundary between the defect and the 
surrounding normal cartilage was well defined, and the 
surface was rough. in contrast, the boundary was par-
tially ill-defined and the surface was partially smooth in 
the G-cSF groups (Fig. 4).

Fig 1

Microscopic findings (×100). Top row: control group; middle row: low-dose group; bottom row: high-dose group. From left to right are microscopic findings 
from the start of the culture and after 1, 3, and 5 days.
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Graph showing cell count. The mixed-effect model for repeated measure-
ments was used for statistical analyses. p< 0.005 was considered significant. 
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at 12 weeks, the quality of repaired cartilage improved 
further and the defects were almost completely filled 
with hyaline-like cartilage in all groups (Fig. 4).
Microscopic findings of cartilage repair. at four weeks, 
the regenerated tissue was thinner in the control group 
than in the G-cSF groups: the repaired tissues were par-
tially positive for safranin o and collagen type ii stain-
ing, and the repair of the subchondral bone was also 
observed (Fig. 5). Wakitani scores (Fig. 6) were higher in 
the G-cSF groups, and the high-dose group score (11.8, 
sd 2.04) was significantly higher than the control group 
score (7.2, sd 0.75) (one-way analysis of variance Tukey 
test, p = 0.009).

at 12 weeks, the defects were repaired with hyaline-
like cartilage, which was positive for safranin o and col-
lagen type ii staining, and the repair of the subchondral 
bone was observed in all groups (Fig. 7). Wakitani scores 
(Fig. 6) improved further in all groups, and differences 
between groups were not detected (Kruskal-Wallis test, 
p = 0.93).

Discussion
We evaluated the effect of combining chemical bone 
marrow stimulation via systemic administration of G-cSF 
with physical bone marrow stimulation to treat the carti-
lage damage in a full-thickness cartilage defect in a rabbit 
model. prior to our study, a single paper reported the 
effect of systemic administration of G-cSF on cartilage 
damage using lewis rats.17 The authors reported that 
G-cSF could act as a promoting agent in the repair of 
osteochondral defects, presumably by increasing the 
number of peripheral blood nucleated cells, but that 

underlying mechanisms were unclear. in the present 
study we confirmed the proliferation of MScs in response 
to G-cSF administration in vitro and maintenance of 
pluripotent phenotype. although we could only exhibit 
indirect evidence, we speculated that an increase in MScs 
at the damaged site accelerated the repair of osteochon-
dral defects.

among several options for cartilage repair, microfrac-
ture is widely used due to its simplicity.3,18-22 although 
many good clinical results were reported, histology 
revealed that the repaired cartilage was fibrous to 
 hyaline-like.1,18 and the mechanism of cartilage repair has 
been well demonstrated. Stimulation from microfracture 
causes a haematoma to be released from the bone mar-
row, covering the area of cartilage defect. This haema-
toma is rich in myeloid tissue that contains the MScs, 
which have the potential to differentiate into the carti-
lage, thus forming the basis for cartilage regeneration 
and repair.23,24

We sought to promote the proliferation of MScs by 
stimulating the bone marrow via a different mechanism – 
systemic drug administration – to expect a synergistic 
effect with the mechanism of microfracture. We antici-
pated that this would compensate for the drawbacks of 
microfracture.

previous studies have combined microfracture with the 
administration of various cells and drugs in situ.2,15,16,25-31 
Dorotka et al25 reported that the combination of microfrac-
ture and collagen matrices seeded with the MScs or chon-
drocytes facilitated the regeneration of hyaline-like 
cartilage. Both Kuo et al2 and Yang et al26 reported that the 
combination of microfracture and bone morphogenetic 

 Fig 3d Fig 3e Fig 3f

Multilineage differentiation potential of p3 cells that proliferated in normal medium (a to c) and p4 cells that proliferated in medium with low-dose G-cSF (d to f). 
osteogenesis is detected by the deposition of calcium mineralisation using alizarin red staining (a, d, ×200). adipogenesis is indicated by the accumulation of lipid 
vacuoles using oil red o staining (b, e, ×200). chondrogenesis is indicated by the cartilage-specific matrix using collagen type ii staining (c, f, ×400).

 Fig 3a Fig 3b Fig 3c
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protein-7 (BMp-7) in a collagen sponge increased the 
quality and quantity of repair tissue. Fontana and de 
Girolamo27 reported that combination of microfracture 
and a resorbable collagen i/iii matrix improved mid-term 
outcomes which were maintained at a mean of five years 
post-operatively. While these studies achieved better 
results via a synergistic effect than microfracture alone, 
no procedure accomplished regeneration of hyaline car-
tilage. Thus, considering clinical application, a simple 
method such as systemic administration of G-cSF would 
be preferable.

among other drugs, the usefulness of fibroblast growth 
factor-2 (FGF-2) has been reported. FGF-2 promotes the 
mobilisation of the MScs from the bone marrow into chon-
dral defects, and induces regenerative repair of the articular 
cartilage in full-thickness defects. local administration of 
FGF-2 using a fibrin sealant16 and FGF-2 reflux 

administration by placing a tube in the joint15,31 achieved 
good results equivalent to ours, with successful chondro-
genic repair, but neither method can be considered supe-
rior in terms of technical factors or level of invasiveness.

recently, Koga et al6 reported that placing the syno-
vial-derived MScs in suspension on the cartilage defect 
for ten minutes promoted cartilage regeneration. This 
method was groundbreaking because it did not require a 
substrate, unlike the previous methods. This method is 
being applied in the clinic, but as a surgical approach is 
needed to collect and culture the MScs and then admin-
ister them locally, it is rather more complicated than sim-
ple microfracture plus systemic administration of G-cSF.

in the process of studying new interventions, we real-
ised that the major premise shared by these thera-
pies2,15,16,25-31 was that the MScs contributed greatly to 
cartilage repair. Therefore, instead of implanting the 

Fig 4

Macroscopic findings. Top row: at 4 weeks; bottom row: at 12 weeks. From left to right are macroscopic findings from the control group, the low-dose group, 
and the high-dose group.
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MScs, or using drugs to promote their differentiation into 
cartilage, we thought that administering G-cSF could be 
a means of increasing the proliferation of the MScs. Unlike 
previous methods requiring implanting autologous cells 
or some substrates,2,15,16,25-31 the major advantage of this 
technique is easy and minimally  invasive systemic admin-
istration via via subcutaneous injections.

G-cSF has been classically applied to mobilise the 
haematopoietic stem cells (hScs). The administration of 

G-cSF is known to mobilise the hScs from the bone mar-
row into the peripheral blood.32 Deng et al8 have indicated 
that G-cSF also has non-haematopoietic functions. They 
reported that G-cSF promotes mobilisation of the MScs to 
both bone marrow and peripheral blood. The authors per-
formed a colony-forming unit-fibroblast assay with the 
MScs from rats that received an injection of G-cSF (40 μg/
kg once a day for five consecutive days) via the vena cau-
dalis and found a significant increase in the mobilisation of 
MScs into the peripheral blood and bone marrow.

in the present study, we added G-cSF to the MSc cul-
ture media to evaluate the effect on MScs. The cell count 
in these media was significantly higher than that in the 
control group. This absolute rise in the number of MScs 
could be one contributing factor in the promotion of 
MSc mobilisation that has been reported previously.8 
Moreover, the MScs that proliferated due to G-cSF had 
the potential to differentiate into three tissue types, sug-
gesting that the cells stimulated by G-cSF could contrib-
ute to the repair of damaged cartilage.

at four weeks after damage in the present study, the 
control group showed insufficient repair, or repair by 
fibrous cartilage, while relatively good repair had pro-
gressed in the systemic G-cSF administration group, with 
some repair from hyaline-like cartilage. We surmise that 
stimulation of the bone marrow by systemic administra-
tion of G-cSF encouraged the proliferation of the MScs. 

Fig 5

Microscopic findings at 4 weeks (×100). Top row: haematoxin and eosin staining; middle row: safranin o staining; bottom row: collagen type ii staining. From 
left to right are microscopic findings from the control group, the low-dose group, and the high-dose group.
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performing concurrent microfracture increased the MSc 
mobilisation into the site of the cartilage defect, which 
increased the extent of cartilage differentiation. The results 
obtained were sufficiently satisfactory, even when com-
pared with those obtained with aci or administration of 
various drugs. compared with the previously examined 
techniques, this intervention was simpler and less inva-
sive, with results obtainable after a few days of subcutane-
ous administration, making it an attractive option.

While the present study suggests that systemic G-cSF 
administration may speed up repair, natural repair had 
occurred in the control group at 12 weeks. Thus, we were 
unable to determine if this method can encourage repair in 
the defects for which natural repair is difficult. in past stud-
ies on full-thickness cartilage defects in rabbits, it was 
reported that chondrogenesis did not occur and defects 
were filled with fibrous tissue in larger defects (>5.0 mm in 
diameter).15,16,31 Therefore, we created 5.2 mm diameter 
defects. however, in contrast to the previous reports,15,16,31 
natural repair with hyaline-like cartilage also occurred in 
the control group after 12 weeks. This may have been due 
to the difference in age, i.e., the previous studies used ado-
lescent rabbits aged 15 to 16 weeks, or weighing 3.0 kg to 
3.4 kg. Meanwhile, in our study, we used 12 week-old rab-
bits weighing 2.1 kg to 2.7 kg. Therefore, they were 
younger and still may have had enough natural reparative 
ability. in the present study, we observed differences in the 

optimal dose for systemic administration, and for use in a 
culture medium. however, simple comparisons are not 
possible between the dose for rabbits and the dose for the 
cells, nor for the indirect route of systemic administration 
and the direct route of adding to a culture medium.

Future studies should investigate whether repair 
occurs in aged rabbits, in which the capability for self-
repair is decreased, serving as a model in which the natu-
ral repair is less likely to occur.

it is possible that post-operative G-cSF administration 
can prolong the period of chemical bone marrow stimu-
lation, and the optimal dose should be investigated. 
When clinically applied, we believe neither method will 
increase the burden on patients or on the level of inva-
siveness. Moreover, while aftercare can be difficult to 
control in rabbits, better results may be obtained by con-
trolling the environment inside a joint, such as lessening 
loads and increasing range of movement exercises.

There are some limitations to this study. animals were 
not allocated randomly. The macroscopic assessment of 
repair tissues was not blinded. The proliferation of the 
MScs was only confirmed in vitro, therefore, the dynam-
ics in vivo are unclear. it is unknown whether G-cSF 
affected the MScs directly, affected their precursor cells, 
or if there was a secondary effect from some other kind of 
cell. at the very least, the results suggest that G-cSF may 
affect the MScs themselves.

Fig 7

Microscopic findings at 12 weeks (×100). Top row: h&e staining; middle row: safranin o staining; bottom row: collagen type ii staining. From left are micro-
scopic findings from the control group, the low-dose group, and the high-dose group.
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The greatest limitation is that we did not evaluate 
whether the MScs actually proliferated at the site of the 
cartilage defect. accurate quantification of the MScs that 
mobilise at a defect site is technically difficult.

pre-operative systemic G-cSF administration does not 
require pre-operative cell collection or culture, or inva-
sion of the joint, and is not technically difficult. it is mini-
mally invasive, technically simple and inexpensive, 
making it a potentially ground-breaking therapy.

in the future, we would like to study the timing of drug 
administration, appropriate dosage, and the level of admin-
istration, with the goal of applying it in clinical practice.

in conclusion, we evaluated the effects of G-cSF on 
MSc proliferation in vitro as well as on a full-thickness 
cartilage defect in a rabbit model in vivo. G-cSF promoted 
proliferation of MScs in vitro. The systemic administra-
tion of G-cSF promoted the repair of damaged cartilage, 
possibly through increasing the number of MScs at the 
damaged site in a rabbit model. in order to clarify the 
mechanism underlying cartilage repair and MSc prolif-
eration, further study is required.
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