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To analyze the genetic and biomolecular mechanisms underlying cartilage repair, an optimized mouse model
of osteochondral repair is required. Although several models of articular cartilage injury in mice have
recently been established, the articular surface in adult C57B1/6 mice heals poorly. Since C57Bl/6 mice are
the most popular strain of genetically manipulated mice, an articular cartilage repair model using C57B1/6
mice would be helpful for analysis of the mechanisms of cartilage repair. The purpose of this study was to
establish a cartilage repair model in C57Bl/6 mice using immature animals. To achieve this goal, full-
thickness injuries were generated in 3-week-old (young), 4-week-old (juvenile), and 8-week-old (adult)
C57B1/6 mice. To investigate the reproducibility and consistency of full-thickness injuries, mice were sac-
rificed immediately after operation, and cartilage thickness at the patellar groove, depth of the cartilage
injury, cross-sectional width, and cross-sectional area were compared among the three age groups. The depth
of cartilage injury/cartilage thickness ratio (%depth) and the coefficient of variation (CV) for each parameter
were also calculated. At 8 weeks postoperatively, articular cartilage repair was assessed using a histological
scoring system. With respect to the reproducibility and consistency of full-thickness injuries, cartilage
thickness, depth of cartilage injury, and cross-sectional area were significantly larger in young and juvenile
mice than in adult mice, whereas cross-sectional width and %depth were almost equal among the three age
groups. CVs of %depths were less than 10% in all groups. With respect to articular cartilage repair, young
and juvenile mice showed superior results. In conclusion, we established a novel cartilage repair model in
C57B1/6 mice. This model will be valuable in achieving mechanistic insights into the healing process of the
joint surface, as it will facilitate the use of genetically modified mice, which are most commonly developed
on a C57Bl1/6 background.

Introduction

ARTICULAR CARTILAGE INJURIES are common, especially
in the working population.'™ Such injuries may result
in osteoarthritis (OA) and cause joint pain and limitations to
daily activities, working capabilities, and sports and can thus
impact the quality of life of patients.* Since articular carti-
lage injuries are known to have a poor capacity for repair,”
previous studies of articular cartilage injury have mainly
focused on surgical interventions such as osteochondral
grafts or cartilage tissue engineering. Recently, molecular
cartilage research has reported that molecules promoting the
selective differentiation of multipotent mesenchymal stem
cells into chondrocytes may stimulate the repair of damaged
cartilage.”This report showed the possibility that enhance-
ment of self-regeneration can prevent joint degeneration,
and therefore, the repair process of osteochondral tissue is

attracting attention. Elucidation of the cartilage repair pro-
cess is essential to ensure efficient manipulation of the po-
tential for cartilage healing. However, analysis of the repair
process has not been described previously.

To better understand the cartilage repair process, an opti-
mized animal model of an osteochondral repair process is
needed. In particular, genetically modified animals offer pow-
erful tools to investigate the biological mechanisms of carti-
lage repair. Although full-thickness cartilage injury models
have already been established in dogs, rabbits, and horses,®'°
genetic modification is relatively difficult in such animals. The
biological analysis of articular cartilage repair using such an-
imals is thus limited due to the lack of appropriate articular
cartilage repair models with genetic modification.''"'

The capacity of articular cartilage repair in mice is known
to differ among strains. Although cartilage repair models in
mice have been recently established in a limited number of
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strains, superior cartilage repair is not obtained in other

strains, including C57B1/6 mice. Since C57B1/6 mice are the
most popular strain as a background for genetic manipula-
tion in mice, an articular cartilage repair model in C57B1/6
mice would be extremely helpful in the analysis of the
mechanisms underlying cartilage repair. Establishment of a
cartilage repair model in C57Bl/6 mice is thus required.

Immature individuals or embryos are available for the
purpose of analyzing repair processes in tissues with poor
healing potential.'"*'” To overcome the poor cartilage
healing potential of C57B1/6 mice, younger mice were used
to establish an articular cartilage repair model. The purpose
of this study was to establish a novel articular cartilage re-
pair model in C57B1/6 mice that would clarify the biological
processes of cartilage repair in genetically manipulated mice
in the future.

Materials and Methods
Experimental animals

All procedures were approved by the Institutional Animal
Care and Use Committee of our institution. C57Bl/6 mice
were purchased from Japan SLC (Shizuoka, Japan). Mice
were used after 7-day acclimatization following transpor-
tation.'® All purchased mice recovered normal behavior
within 24 h after transportation. Mice were housed in a
temperature- and humidity-controlled environment under
12-h light/12-h dark conditions and fed a standard rodent
diet in accordance with our institutional guidelines for the
care and use of laboratory animals.

Operative procedure for full-thickness injuries in mice

Full-thickness injuries were generated in 3-week-old
C57B1/6 (young) mice, 4-week-old C57BI1/6 (juvenile) mice,
and 8-week-old C57Bl/6 (adult) mice. These articular car-
tilage injuries were made in one knee, with a sham operation
performed in the other knee. A modified version of a pre-
viously reported full-thickness injury model in mice was
applied in this study.'' The two ends of 21G needles were
cut as an outer cylinder adjusted to be approximately
300 um shorter than a 27G needle, and this device was used
to create the injury (Fig. 1A). We measured cartilage
thicknesses in young mice before starting our study, show-
ing that thickness was less than 300 pm. We therefore chose
a fixed depth of 300 um for this study. Under general an-
esthesia, the hind limbs were disinfected. A medial para-
patellar skin incision slightly less than 1cm in length was
then made using a microsurgical scalpel. The joint capsule
was opened, and the patella was dislocated laterally to ex-
pose the articular surface of the trochlear groove. With the
femoral epicondyles gently fixed by surgical tweezers, a
longitudinal full-thickness injury was made in the patellar
groove using the ends of the needles of the device described
above (Fig. 1B). These microsurgical procedures were per-
formed under a surgical microscope (SZX16; Olympus,
Tokyo, Japan). Penetration to the subchondral bone was
confirmed by bleeding from the cartilage injury site. After
irrigation with normal saline to remove the debris, the knee
dislocation was reduced. The joint capsule and skin were
sutured in separate layers. Postoperatively, the mice were
warmed until they recovered from anesthesia.
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Tissue processing and histology

At each time point, the knee joints were disarticulated and
fixed in 10% formalin (Wako, Tokyo, Japan) and then
decalcified with ethylenediaminetetraacetic acid. When the
sections were embedded in paraffin, the femoral axis was
carefully adjusted to be upright against the surface embed-
ding, and serial sections were then created at 5-pm intervals.
Histological sections were created as previously reported.'!
Briefly, axial sections were made at three points per knee
joint (A—C). The first section (A) was 100 mm proximal to
the intercondylar notch, the second (B) another 100 mm
proximal to Section A, and the third (C) was 100 mm
proximal to Section B. During the tissue-processing proce-
dure, true vertical was carefully confirmed against the joint
surface to ensure that growth plates in four points per sec-
tion were kept as landmarks. Sections at each of the points
A-C were used for histomorphometry and scoring. In the
same manner, the other sections within the (A—C) interval
were used for immunochemical analysis. All slides were
analyzed using an Olympus DP72 camera and DP2-BSW
software (Olympus).

Histomorphometry and scoring for articular
cartilage repair

Each section (A-C) was stained using hematoxylin and
eosin (HE) and Safranin-O staining. To assess the reproduc-
ibility and consistency of the full-thickness injury, cartilage
thickness of the patellar groove, the depth of cartilage injury,
the cross-sectional width of cartilage injury, and the cross-
sectional area of the cartilage injury site on the day of opera-
tion were measured using ImagelJ software (National Institutes
of Health, Bethesda, MD). The depth of the cartilage injury/
cartilage thickness ratio (%depth) and the coefficient of vari-
ation (CV) for each parameter were also calculated. The his-
tological score for joint surface repair in each section was
evaluated as previously reported (Supplementary Table S1;
Supplementary Data are available online at www.liebertpub
.com/tec)." 1% Measuring and scoring were performed in-
dependently by two blinded observers. All data are presented
as mean * standard deviation (SD).

Immunohistochemistry

Sections of the mouse knee were deparaffinized, and
endogenous peroxidase activity was quenched. After treat-
ment with an N-Histofine MOUSESTAIN KIT (Nichirei,
Tokyo, Japan), type II collagen was identified using rabbit
polyclonal antibodies against rat type II collagen (Daiichi
Fine Chemical, Toyama, Japan).

Statistical analyses

Mean values immediately postoperation and mean histo-
logical scores were statistically compared among the three
generations by analysis of variance (ANOVA). If ANOVA
indicated significance, subsequent multiple comparisons
were performed using Tukey’s honestly significant differ-
ence (Tukey’s HSD) post hoc testing to evaluate differences
between pairs of groups. Significance was accepted for
values of p<0.05. All statistical analyses were performed
using JMP Pro version 10.0 statistical software (SAS In-
stitute, Cary, NC).
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(A) Schematic illustration of a full-thickness cartilage injury. The patellar groove (P) is scratched using a 27G

needle covered with a 21G needle as a sheath. The dashed arrow shows the track of the full-thickness cartilage injury. (B)
Representative histology of the injured patellar groove in young mice. Black triangles show the position of the osteo-
cartilage injury. Scale bar, 100 pm. (C-E) Measurements of osteocartilage injury in young, juvenile, and adult mice
immediately postoperation (n=10). Cartilage thickness, depth of cartilage injury, cross-sectional width (C), cross-sectional
area of the cartilage injury site (D), and %depth (E). *p <0.0001. All values are expressed as mean=*SD.

Results

Reproducibility and consistency of full-thickness
injuries

To investigate the reproducibility and consistency of our
experimental full-thickness injuries, mice in each age group
were sacrificed immediately after operation (males, n=5;
females, n=5), and cartilage thickness of the patellar groove,
depth of the cartilage injury, cross-sectional width of the
cartilage injury, and cross-sectional area of the cartilage in-
jury site were compared among the three age groups. Carti-
lage thickness, depth of the cartilage injury, and cross-
sectional area were significantly larger in young and juvenile
mice than in adult mice, whereas cross-sectional width and
%depth were almost equal among the three age groups

Young
A Repair score
14 - +
P=0.0011
*
2
T F [7]
[4]
=
o~ | O
£
[ =
bl
E
©
0 »

Young Juvenie Adult

FIG. 2.

(Table 1 and Fig. 1C-E). All injuries at each section reached
the subchondral bone. Although the CVs of cartilage thick-
ness, depth of cartilage injury, and cross-sectional width were
over 10%, CVs of %depth were all less than 10%.

Outcome of articular cartilage repairs

We evaluated the outcome of articular cartilage repair at 2
and 8 weeks postoperatively. Although the defects had al-
ready filled with repair tissues in all age groups by 2 weeks
postoperatively, repair tissue in young mice differed quali-
tatively from that in juvenile and adult mice. The defect in
young mice was filled with hyaline cartilage-like tissues,
whereas that in juvenile and young mice was filled with
fibrous tissue (Fig. 2). Young and juvenile mice showed

Adult

Juvenile

(A) Articular cartilage repair scores at 2 weeks postoperation (n=10). (B—G) Representative histology of full

cartilage repair at 2 weeks postoperation. Specimens from young mice (B, C), juvenile mice (D, E), and adult mice (F, G)
are stained with hematoxylin and eosin and Safranin-O stains. Scale bar, 100 um. *p <0.0001.
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TABLE 1. HISTOLOGICAL EVALUATIONS

Cartilage thickness (um) Depth (um) Width (um) Area ( ,umz) Y0Depth (%)

Young 244.47+39.95 302.40+50.82 18.96+3.15 5726.66+1842.03 123.86+8.83
CV=16.34% CV=16.80% CV=16.59% CV=32.17% CV="7.13%

Juvenile 190.62 +34.86 238.49+40.46 18.52+3.50 3936.24+1247.41 125.68+£9.44
CV=18.29% CV=16.97% CV=18.93% CV=31.69% CV=751%

Adult 90.17+13.30 109.88 +16.20 18.04+3.67 1896.91 +658.36 122.12+8.59
CV=14.75% CV=14.74% CV=20.36% CV=3471% CV=7.04%

All values are expressed as mean+ SD.
CV, coefficient of variation.

superior articular cartilage repair at 8 weeks postoperatively,
whereas adult mice responded inadequately (Fig. 3A-C, F—
H, K-M). Immunohistochemistry of young and juvenile
mice for type II collagen showed superior staining, whereas
that of adult mice showed poor staining at the injury site
(Fig. 3C, H, M). Although the thickness of articular cartilage
decreased with advancing age in the sham knee, no signif-
icant difference between the operated and age-matched
sham knees was seen (Fig. 3D, E, I, J, N, O).

Scores for the articular joint surface were significantly
higher in young and juvenile mice than in adult mice at 8
weeks postoperatively (mean+SD; 12.17+4.51 in young

Young

HE

FIG. 3. (A-I) Re-
presentative histology from
injured (A-C, F-H, K-M)
and sham-operated (D, E, I,
J, N, O) joints at 8 weeks
postoperation. Specimens
from young mice (A-E),
juvenile mice (F-J), and
adult mice (K-O) are stained
with hematoxylin and eosin,
Safranin-O, and type 2
collagen stains. Scale bar,
100 pm.
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mice versus 3.7713.50 in adult mice [p<0.0001] and
8.03+4.30 in juvenile mice versus 3.77 +3.50 in adult mice
[p<0.0001]) (males, n=5; females, n=5) (Fig. 4A). CVs
for the joint surface score were 10.69% in young mice,
14.3% in juvenile mice, and 7.86% in adult mice. When
individual parameters of the histological score were exam-
ined, young and juvenile mice clearly showed better cell
morphology scores than adult mice. Young mice showed
hyaline cartilage repair (3.50+£0.73 on cell morphology),
juvenile mice showed fibrocartilage repair (2.40+1.16 on
cell morphology), and adult mice showed noncartilage re-
pair (1.33£0.55 on cell morphology) (Fig. 4B).

Juvenile Adult
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(A) Articular cartilage repair scores at 8 weeks postoperation (n=10). (B) Individual parameters for histological

score at 8 weeks postoperation. All values are expressed as mean= SD. *p <0.0001.

Discussion

Reproducibility of the suréical procedure is crucial for es-
tablishing an animal model.>*? To assess the reproducibility
and consistency of our full-thickness injury model, the sections
were investigated on the day of the operation. Although the CVs
of cartilage thickness, depth of cartilage injury, and cross-
sectional width were more than 10%, CVs of %depth were all
less than 10%. Cartilage thickness differs among individuals,
and the section angle does not always represent the true verti-
cal compared to the joint surface. Cartilage depth and depth of
cartilage injury were thus affected by these factors. To eliminate
these biases, %depth was calculated to normalize the depth of
the cartilage injury to cartilage thickness. We consider %depth
as a standardized value and, therefore, the most important for
assessing reproducibility and consistency in this model.

The repair tissue in young mice differed from that of
juvenile and adult mice, suggesting that the difference in
cartilage repair among age groups started from immediately
after injury creation and resulted in the different outcomes
of articular cartilage repair among age groups.

The reproducibility of cartilage repair is also important
for establishing an animal model. To assess the reproduc-
ibility and consistency of the degree of cartilage repair,
sections were investigated at 8 weeks postoperatively. In the
current model, CVs for the articular repair score were less
than 15%. Although no previous reports have shown exact
CVs of repair outcomes, estimates based on the available
data were at least over 20%.""'> We thus considered the
14.34% in juvenile mice comparable to the CVs of repair
outcomes in previous reports. Based on the reproducibility
of the surgical procedure and the consistency of cartilage
repair, we believe that the current model is useful for ana-
lyzing the biological processes in articular cartilage repair.

Handling immature mice is technically difficult because of
their small bodies and fragile cartilage. To overcome these
problems, we choose thinner 27G needles in place of the 26G
needles selected by Eltawil er al.'' We combined these thinner
needles with 21G needles, because 27G needles are easily
flexible. This was done to provide an outer stiffener and to
maintain the reproducibility of the injury as a stopper or a
guide for the cartilage injury. These original devices could be
applied to both immature and adult mice. Our method allows
easy generation of cartilage injury with high reproducibility
without expensive devices or special techniques.

The healing potential of mice is known to differ among
strains.”** In particular, C57BI/6 mice show a poor ca-

pacity for cartilage repair.'""'? Although adult C57BI/6 mice
showed poor cartilage repair, as in previous reports, the
articular cartilage of young and juvenile mice showed su-
perior cartilage repair compared with that of adult mice. The
present results show that the articular cartilage of young and
juvenile C57B1/6 mice healed equivalently in comparison
with that of previously established strains such as MRL/MpJ
mice and DBA/I mice. Since the knee joint in young mice
was smaller than that in juvenile and adult mice, the defect
size was relatively larger in young mice that in juvenile and
adult mice. Regarding the relative defect size among age
groups, the ability to achieve cartilage repair in young mice
is much superior to that in juvenile and adult mice.

MRL/MpJ mice have been reported to have an impaired
inflammatory response.”> This strain shows super-healing
characteristics, not only of articular cartilage but also ear
punch wounds and neonatal digit amputation.?® Eltawil ef al.
reported that DBA/1 mice also showed high potential for
cartilage repair.'' DBA/1 mice have high sensitivity in in-
flammatory arthritis models such as type II collagen-induced
arthritis.”” The characteristics of the two strains indicate that
inflammatory mechanisms play an important role in articular
cartilage repair. Further studies will resolve the differences in
the articular healing potential among mouse strains.

Several limitations to this study must be considered when
interpreting the present results. First, the current repair
model is only applicable to immature mice, whereas patients
with articular cartilage injuries in common clinical situa-
tions are usually adults. Although the mechanisms of ar-
ticular cartilage repair may differ between younger and
adult individuals, clarification of the healing mechanisms
underlying articular cartilage in younger individuals is ex-
pected to provide important insights that will facilitate the
manipulation of cartilage healing in adult humans. Second,
this model includes a microsurgical procedure and requires
training to obtain sufficient reproducibility. However, the
accessibility of this model is acceptable, because the oper-
ation techniques are very simple and familiar to orthopedic
researchers and our original devices were created from
commercially available supplies. Third, we should take the
processes of articular cartilage maturation and degeneration
into consideration. Particularly in young individuals, carti-
lage maturation affects cartilage thickness. We created full-
thickness injuries in all age groups, meaning that all samples
had the same proportion (100%) of injury at the initial time
point. We therefore consider the effects of cartilage matu-
ration as minimal. Regarding adult mice, the effect of
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progressive degeneration should be considered in our re-
sults. However, distinguishing degradation from unrepaired
tissue was extremely difficult in this study.

In the current model, young mice showed hyaline carti-
lage repair, while juvenile mice showed fibrocartilage re-
pair. We are of the opinion that young mice offer an
appropriate model for investigating the mechanisms of
cartilage repair and juvenile mice are appropriate for phe-
notypic change. Studies using the current model for young
mice and juvenile mice are now underway.

In summary, we have established a model of articular
cartilage repair in C57Bl/6 mice. This model replicates ar-
ticular cartilage repair and should prove useful in analyzing
the biological mechanisms underlying osteochondral repair.
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