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Histological scoring system for
subchondral bone changes in
murine models of joint aging and
osteoarthritis
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To establish a histopathological scoring system for changes in subchondral bone in murine models

of knee osteoarthritis (OA), three key parameters, subchondral bone plate (Subcho.BP) consisting

of the combination of Subcho.BP.thickness (Subcho.BP.Th) and angiogenesis, bone volume (BV/

TV) and osteophytes, were selected. The new grading system was tested in two mouse OA models,
(1) senescence accelerated mouse (SAM)-prone 8 (SAMP8) as spontaneous OA model with SAM-
resistant 1 (SAMR1) as control; (2) destabilization of the medial meniscus in C57BL/6 mice as surgical
OA model. Results of the spontaneous OA model showed that Subcho.BP.Th was significantly wider,
angiogenesis was greater, and BV/TV was higher in SAMP8 than SAMRL1. Notably, subchondral bone
score was dramatically higher in SAMP8 at 6 weeks than SAMR1, while OARSI cartilage scores became
higher only at 14 weeks. In the surgical OA model, the results were similar to the spontaneous OA
model, but osteophytes appeared earlier. There were strong correlations both in Subcho.BP.Th and
BV/TV between this scoring system and uCT (r=0.89, 0.84, respectively). Inter-rater reliabilities for
each parameter using this system were more than 0.943. We conclude that this new histopathological
scoring system is readily applicable for evaluating the early changes in aging and OA-affected murine
subchondral bone.

Osteoarthritis (OA) is the most common form of joint diseases with joint pain and activity limitations'. OA devel-
ops with advancing age in individuals with a combination of risk factor such as obesity, malalignment, female sex
and gene polymorphisms®. Individuals with joint trauma are at risk for onset of OA at younger age’. Although
OA is a whole joint disease with changes in various joint tissues, including articular cartilage, subchondral bone,
synovium and ligaments, the major focus for OA research had remained primarily on the articular cartilage®.
However, the subchondral bone changes occur at an early phase of the OA process and are closely related to car-
tilage changes, indicating an important relationship between OA and subchondral bone®-'2.

Radin et al. proposed that increased bone mass and stiffening of the subchondral bone may be a primary event
in OA development!® and later reported that increases in stiffness of the underlying bone was associated with
cartilage degeneration'®. This was also supported by findings in the Hartley guinea pig where the subchondral
bone was mechanically fragile before the onset of cartilage degeneration'®. Furthermore, according to recent
studies, the changes in subchondral bone are considered important features in OA, even in the very early phases
of the disease as has been demonstrated in animal models>'®-*°. Thus, it has been suggested that bone-targeting
therapeutic agents such as bisphosphonates?', TGE@ signal inhibitor'®, calcitonin gene-related peptide (CGRP)
receptor antagonist'®, or small molecule inhibitor of the Wnt signal pathway?, have potential for OA treatment.
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Author Animal | System | Parameters Detail of each system
0: normal
Rudolphi, K. et al.®® | Mouse | 0-8 SB thickening 3: remodeling process
8: thickening, strong sclerosis
0: normal
Glasson, S.S. etal** | Mouse | 0-3 SB thickening 1: mild changes
2: severe changes
SB thickening,
Gerwin, N. et al.! Rat 0-5 marrow, tidemark, | 0-5: calcified cartilage and SB damage (for more information see ref. *1.)
calcified caltilage
—5: severe bone loss
Jeon, O. H. et al.* Mouse —5-5 Bone sclerosis* 0: no increase or decrease
5: severe bone sclerosis

Table 1. Comparison of previous histological scoring systems for subchondral bone (SB). *Medial tibial bone
sclerosis was scored by measuring the subchondral trabecular bone to marrow ratio.

Cartilage changes in murine model are typically assessed on histology with Mankin?® or Osteoarthritis
Research Society International (OARSI) scoring systems®!, which capture matrix damage and cellular changes.
High-resolution uCT is the most widely used tool to quantitatively capture subchondral bone changes in small
animal models**-?”. However, pCT has limitations in not being able to evaluate cartilage and subchondral bone
interaction and not being able to evaluate details such as angiogenesis in subchondral bone. The present study
is focused on histological scoring systems for subchondral bone. There were several previous attempts to use

histomorphometry to evaluate subchondral bone changes in human tissue samples

28-34

els''*5-* However, currently, there is no established scoring system that can detect early changes of subchondral
bone in murine models. Thus, the purpose of the present study was to develop and validate a semiquantitative
histological scoring system that can be applied to the same sections that are commonly used for the evaluation of
changes in cartilage or synovium in murine OA models.

Methods
Study design.

We performed literature review and found four publications about histopathological scor-

ing systems for subchondral bone changes in animal OA models***~*2. A summary of those scoring systems is
provided in Table 1. In three out of four of those systems, subchondral bone changes were included with carti-
lage changes in OA scores. All four papers about subchondral bone scoring recommend Safranin O/fast green
(Safranin O) stain. In Jeon’s paper*’, medial tibial bone sclerosis was scored by measuring the subchondral tra-
becular bone to marrow ratio. They also measured osteophyte thickness, but this was not scored. Some features
in Gerwin’s system*! are semi-quantified, but the others are not quantified. In the human OA knee, Aho’s system
focuses on subchondral bone changes in much more detail than in animals, but grades are divided into only 0-3,
and not applied to a semi-quantified system**. Most importantly, the parameters of subchondral bone in OA to be
evaluated are not standardized in any of the four systems.

To develop a new system, we first defined the tissue compartments in subchondral bone. Then we reviewed
histology and uCT literature about mouse models for OA to select the most commonly analyzed subchondral
bone parameters that change in OA and can be detected by histology.

For each parameter except for osteophytes, we defined ranges of values that are used to capture OA-related
changes. The original values are then converted to a score. In comparison of Subcho.BP.Th, the inclusion of con-
trol groups is essential. To test new histological scoring system, we used two OA animal models, 1) senescence
accelerated mouse (SAM)-prone 8 (SAMP8)*~*¢ as spontaneous OA model with SAM-resistant 1 (SAMR1) as
the control of SAMPS. 2) destabilization of the medial meniscus (DMM)* in C57BL/6 mice as surgical OA model
with sham surgery and no surgery as controls. In addition, to validate the histological scoring system, we applied
PCT analysis and performed statistical analysis to determine correlations between the systems.

Definition of tissue compartments and histopathological features.

For developing a subchondral

bone scoring system, we defined the compartments within the osteochondral unit in histology, including articular

cartilage (AC), subchondral bone plate (Subcho.BP),

dral bone plate of growth plate (Subcho.BP.GP) (Fig.

cancellous bone (Cn.B), cortical bone (Ct.B) and subchon-
1A). Cn.B included trabecular bone (Tb.B) and bone mar-

row (BM). Components of subchondral bone, which encompasses the epiphysis include Subcho.BP, Cn.B, Ct.B,

Subcho.BP.GP.

Definition of subchondral bone plate (Subcho.

BP) and bone volume (BV/TV).  Subcho.BP represents

only part of the subchondral bone. The Subcho.BP was defined in histology as the region between the osteochondral
junction and the BM cavity (Fig. 1A). This area was measured by Image J, the mean of Subcho.BP.Th was calculated
by dividing the area of Subcho.BP by the length of the bottom according to same methods of a previous report'®. A
reasonable measure in the histological section is to be able to know the relative three dimensional analysis from two
dimensional section, using an indirect method of bone histomorphometry*®. The indirect method is also reported
less laborious and less subject to sampling bias*®. As BV/TV reflects evaluation of Cn.B calculated by the ratio of
Tb.B and BM, we did not include the Subcho.BP, Subcho.BP.GP and Ct.B for the evaluation of BV/TV. Therefore, we
defined the calculation method of BV/TV as follows: Bone volume (BV/TV, %) = (Cn.B region — BM regions)*/
Cn.B region x 100, (*Cn.B region — BM regions = Tb.B regions) (Fig. 1A). We calculated Subcho.BP thickness
(Subcho.BP.Th) and BV/TV by using Image ] with bone histomorphometry method*#.
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Figure 1. Summary of the subchondral bone scoring system. (A) Definition of tissue compartments and
histopathological features in the subchondral bone. We distinguished specific regions in the subchondral bone,
which encompasses the epiphysis. Black square dotted line; subchondral bone plate (Subcho.BP), White single
line; cancellous bone (Cn.B), Black round dotted line; bone marrow, White square dotted line; Subcho.BP of
growth plate (Subcho.BP.GP), Black double line; cortical bone (Ct.B). The region of Subcho.BP is defined as
the region between the osteochondral junction and the BM cavity. The mean of Subcho.BP.thickness (Subcho.
BP.Th) was calculated by dividing the area of Subcho.BP by the length of the bottom. Cn.B includes BM and
trabecular bone (Tb.B). Since bone volume (BV/TV) reflects evaluation of Cn.B, the regions of Subcho.BP,
Subcho.BP.GP and Ct.B were not included for the evaluation of BV/TV. We defined the calculation method

of BV/TV as follows: Bone volume (BV/TV, %) = (Cn.B region - BM regions)*/Cn.B region x 100, * Cn.B
region - BM regions = Tb.B regions. (B) Sample Images for each parameter of subchondral bone scoring
system. Sample images for each parameter of subchondral bone scoring system and two examples which were
used to calculate Subcho.BP.Th and BV/TV by using Image ] with bone histomorphometry method. a) Subcho.
BP: Black square dotted line shows the region of Subcho.BP. b) Angiogenesis: We identified two or more red
blood cells in the luminal structure lined with endothelial cells in Subcho.BP as angiogenesis. c) BV/TV; BV/TV
means the ratio of Tb.B in Cn.B. White single line shows the lesion of Cn.B. Black round dotted line shows the
region of BM. d) Osteophyte; Black single line shows the osteophyte as grade 3. e) Case 1; Black square dotted
line shows the region of Subcho.BP. White single line shows the region of Cn.B. We calculated as Subcho.BP.Th
= 26.1um, BV/TV =64%. ) Case 2; We calculated as Subcho.BP.Th = 39.1 um, BV/TV =86%.

Subchondral bone scoring system and sample images of each parameter. Parameters
were selected based on a review of publications that evaluated subchondral bone changes in animal OA
models®1>17:18:36-3941,50-54 Tn QA progression, Subcho.BP.Th usually becomes thicker!®!82%30, and BV/TV
increases'®!”*. Angiogenesis has been reported to play an important role in the onset and progression of OA*!%52,
Osteophytes are a main structural and early-stage OA feature®. Histologically, osteophytes are composed of the
cartilage and bone®*. Thus, we can detect and evaluate osteophytes at earlier phase of OA than by uCT. As men-
tioned above, the subchondral bone scoring system described here has three parameters, Subcho.BP consisting
of the combination of Subcho.BP.Th and angiogenesis, BV/T'V, and osteophytes (Fig. 1B). After quantifying each
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A. Subchondral bone plate (0-6) thickness compared to control
0 | Same as control

1 | No increase in thickness but bone-cartilage interface undulates lesser than 110%*

2 | Slight increase in thickness without angiogenesis 111-125%

3 | Slight increase in thickness with a few angiogenesis 111-125%

4 | Moderate increase in thickness with several angiogenesis 126-150%

5 | Marked increase in thickness with several angiogenesis 151-175%

6 | Major increase in thickness with several angiogenesis greater than 176%

B. Bone volume (BV/TV) (0-3)

0 | No change

—_

Mild increase (BV/TV; 61-70%)

2 | Moderate increase (BV/TV; 71-85%)

3 | Marked increase (BV/TV; greater than 86%)
C. Osteophyte (0-3)

0 | None

Formation of cartilage-like tissue

1
2 | Increased in cartilaginous matrix
3

Endochondral ossification

Table 2. Summary of Semi-quantitative Subchondral Bone Scoring System. Minimum score is zero, maximum
score is 12.

parameter except for osteophytes, they were graded on a scale of Subcho.BP 0-6; BV/TV 0-3; osteophyte 0-3
(Table 2). Minimum score is zero points, and maximal score is 12. This scoring system was established by using
coronal sections stained with Safranin O. These parameters were scored in the medial tibial plateau. Angiogenesis
was defined as two or more red blood cells in the luminal structure lined with endothelial cells in Subcho.BP. We
consider angiogenesis is derived from bone as previous paper reported that osteoclasts infiltrate and neovascu-
larization occurs from the bone up to cartilage’. For evaluation of osteophytes, we used Kamekura’s osteophyte
score®. Two examples are shown in Fig. 1(B-e,f).

Histopathological assessments. All knee joints were embedded intact in paraffin after fixation in 4%
Paraformaldehyde Phosphate Buffer Solution and decalcification in 10% EDTA. Knee joints were sectioned (4.5
pm) in the coronal plane through the central weight-bearing region of the anterior and posterior femorotibial
joint®. The sections were stained with Safranin O. We analyzed three sections per mouse knee that represent
the central weight bearing area of the medial and lateral femoral joints where cartilage changes occur early and
become most severe. The average of the quantified parameter of the three sections was calculated. Articular car-
tilage was scored using the OARSI scoring system for histological assessments of OA in the mouse?*. Osteophyte
formation was evaluated according to a previously described histopathological classification system™. Three indi-
viduals familiar with histopathological grading of joint tissues quantified each parameter by using image J. Three
sets of scores were used to assess the interclass reliability of the histological scoring system. In addition, one
grader scored the same collection of sections twice (three weeks apart) to assess the intraclass reproducibility of
the grading system®.

Mouse models. All animal experiments were performed according to protocols approved by the institutional
Animal Care and Use Committees at Hiroshima University and Scripps Research.

We evaluated the subchondral bone changes using two different OA models in mice; 1) senescence accelerated
mouse (SAM)-prone 8 (SAMP8)*-%6 as spontaneous OA model with SAM-resistant 1 (SAMR1) as the control.
2) destabilization of the medial meniscus (DMM)* in C57BL/6 mice as surgical OA model. SAMP8 and SAMR1
were obtained from Japan SLC (Shizuoka, Japan), and only male mice were used in this study. Knee joints were
harvested at 4, 6, 9 and 14 weeks of age to monitor spontaneous age-related OA (n = 6/group). The weight of
SAMP8 mice was lower than SAMRI mice at 14 weeks of age (Supplementary figure 1).

Experimental OA was induced in 10-week-old male C57BL/6] mice (N = 6/group) by transection of the
medial meniscotibial ligament (MMTL) in the right knees as described*”. The left (contra-lateral) knee was sub-
jected to sham surgery for control. We also included mice that had no surgery as controls (n=3). Mice were
sacrificed 2 (n=6), 7 (n=+6), and 56 days (n = 5) after surgery, and the knee joints were collected for analysis.

Microcomputed tomography (uCT). In this study, uCT was used only for validation of this histological
system because our main purpose was to develop a tool that can be applied to the histological sections stained
Safranin O which is most widely used in the analysis of murine OA study.

To analyze mouse tibias, images were captured under the conditions of 80kV (tube voltage) and 100 uA (tube
current) and at the resolution of 4.848 um/voxel by a ScanXmate-D090S105 scanner (Comscantechno, Yokohama,
Japan). Regions of interest were defined to measure Subcho.BP.Th and BV/TV in the medial tibial plateau cor-
responding to the region of interest in the histological analyses. Three-dimensional microstructural (3D-pCT)
image data were reconstructed, and structural parameters were calculated using a TRI/3D-BON software (Ratoc
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System Engineering, Tokyo, Japan)®. Bone mineral density was estimated by means of phantoms with known
density of hydroxyapatite, and it was shown by pseudo color images.

Statistical analyses. Actual measurement value data are presented as mean + standard deviation of the
mean. These data were compared between SAMP8 and SAMRI groups, and the DMM and contra-lateral groups
at every time point by using Welch’s t test as a result of the normality test (Shapiro-Wilk test, p 20.05). Multiple
comparisons among groups were performed using Dunnett’s test after-measures by one-way analysis of variance
(ANOVA). Scored data are presented as median and range. These data were compared between the OA and
control groups using Mann-Whitney U test for non-parametric analysis. We used Spearman’ rank correlation
coeflicient to analyze the correlation between the data of bone scoring system and the data of uCT measurements.
The intra-rater and inter-rater reliability of Cronbach’s alpha for each parameter were tested by initials KN and
KN, HK, YI. P-values less than 0.05 were considered significant. SPSS Statistics software version 21 (SPSS Inc.,
Chicago, IL, USA) was used for the all analyses except for Cronbach’s alpha test version 25 was used.

Ethics approval. All animal experiments were performed according to protocols approved by the institu-
tional Animal Care and Use Committees at Hiroshima University and Scripps Research.

Results

SAMPS8 as spontaneous OAmodel. To investigate histopathological subchondral bone changes in a spon-
taneous OA model, the knee joints from SAMP8 and SAMRI mice were evaluated at 4, 6, 9, and 14 weeks of age
by histology (Fig. 2A). From 4 to 9 weeks of age, SAMP8 and SAMR1 had intact articular cartilage and similar
proteoglycan staining. At 14 weeks of age, OA severity in SAMP8 ranged from minimal changes, such as reduc-
tion of proteoglycan to cartilage fibrillation or partial defects which were not present in SAMR1. We obtained
uCT images from some of the same SAMP8 and SAMR1 mice (N = 5/group) that were analyzed by the subchon-
dral bone histology scoring system (Fig. 2B). We also obtained uCT images in the anteroposterior direction to
visualize changes in Tb.B using the knee joints before decalcification (Fig. 2C). Images represent views of the
entire cancellous bone region at the medial epiphysis of the tibia. Statistically significant differences were already
detected in both Subcho.BP.Th and BV/TV at 6 weeks of age between SAMP8 and SAMRI1 (p =0.002 in both
Subcho.BP.Th and BV/TV). In addition, Subcho.BP.Th was getting dramatically thicker from 4 weeks to 6 and 9
weeks of age among SAM'8 groups, and BV/TV was also increasing significantly with aging (Fig. 2D).

In histology, several changes in subchondral bone could be detected in SAMP8 at 6 weeks of age, but not in
SAMRI. At 6 weeks of age in SAMP8, Subcho.BP was thicker, angiogenesis and BV/TV were increased signifi-
cantly in medial tibial plateau compared to SAMR1 (p < 0.001, 0.001, 0.001, respectively) (Fig. 3A). Subchondral
bone score using this system was already dramatically higher at 6 weeks of age in SAMP8 than in SAMRI1
(p=0.002) and increased further from 6 to 14 weeks of age in SAMP8 (Fig. 3B).

Surgical OA model. To investigate histopathological subchondral bone changes in a surgically induced OA
model, we performed DMM in the right knee (DMM knee) and sham surgery in the contra-lateral knee (Sham
knee) of 10 weeks old C57BL/6 mice and evaluated post-surgery days 2, 7 and 56 (N = 6 post-surgery day 2 and 7,
N =5 post-surgery day 56) (Fig. 4A). We obtained uCT images of bilateral knees from some of the same C57BL/6
mice that were analyzed by the bone histology scoring system (N = 3/group) (Figs. 4B, 4C). There were signif-
icant differences in both Subcho.BP.Th and BV/TV post-surgery day 7 between DMM knees and Sham knees
(p=0.029 in Subcho.BP.Th, p=0.016 in BV/TYV, respectively). In DMM knees, the Subcho.BP.Th was getting
dramatically thicker until post-surgery day 2 and BV/TV was increasing significantly until post-surgery day 7
(Fig. 4D).

In histology, several changes in subchondral bone could be also detected in DMM knees on post-surgery
day 7, but not in Sham knees. In DMM knees, Subcho.BP were thicker, angiogenesis and BV/TV were increased
significantly in medial tibial plateau post-surgery day 7 compared to Sham knees (p =0.003, 0.002, 0.004, respec-
tively). In addition, osteophytes (grade 1 or 2) had already appeared in all mice by day 7, but none in Sham knees
(Fig. 5A). Notably, subchondral bone score using this system was already dramatically higher in DMM knees
than Sham knees post-surgery day 2 (p =0.009) and the differences increased further on post-surgery day 7
(p=0.002) (Fig. 5B).

Comparison of bone and cartilage scoring systems.  Tables 3 and 4 shows the comparison of subchon-
dral bone score using this system and OARSI cartilage score. In the spontaneous OA model in SAMP8 mice,
there was already a significant difference in the subchondral bone scores compared to SAMRI at 6 weeks of age
(p=0.002). However, at 6 weeks of age, there were no differences in OARSI cartilage total scores which became
higher at 14 weeks of age. In the surgical OA model, there were already significant differences in subchondral
bone scores post-DMM day 2 (p =0.009). However, cartilage damage in tibia was not evident until post-surgery
day 7. The OARSI total score was only modestly elevated post-DMM day 7 with greater increase on post-DMM
day 56.

Validation of bone scoring system. In this histological scoring system, the intra-rater reliabilities of
Cronbach alpha for each parameter were more than 0.906, the inter-rater reliabilities were 0.943 (Supplementary
table 1, 2). Furthermore, we obtained uCT images from the same SAMP8 and SAMRI mouse strains that were
analyzed by the bone histological scoring system. Data from the histological scoring system for Subcho.BP.Th
and BV/TV were quite similar to those of pCT (Fig. 6A). Subcho.BP.Th and BV/TV at 6 and 9 weeks of age in
SAMPS were significantly higher than those of SAMRI in both bone scoring system and uCT. There was a strong
correlation both of Subcho.BP.Th and BV/TV between this histological scoring system and uCT (R=0.89, 0.84,
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Figure 2. Senescence accelerated mouse (SAM)-prone 8 (SAMP8) as spontaneous OA model. (A) Histology
(Coronal section, Safranin O stain); SAM-resistant 1 (SAMR1) is the control of SAMP8. We evaluated mice
at4, 6,9, and 14 weeks of age. Bone changes already occurred in SAMP8 at 6 weeks of age, but not in SAMRI.
In SAMPS, cartilage damage and osteophyte formation occurred by 14 weeks of age. (N =6 each group in
histology. N =5 each group in uCT). (B) Images of uCT (1): We obtained pCT images from the same SAMP8
and SAMRI1 mouse strains that were analyzed by the bone histology scoring system (N = 5/group). We

also obtained colored 3D-uCT images using calcium phosphate. (C) Images of uCT (2): Figures show the
3-dimensional image looking up at the entire cancellous bone region at the medial epiphysis of the tibia. The
change of the trabecular bone in medial tibial plateau is evident. (D) uCT data of subchondral bone thickness
(Subcho.BP.Th) and bone volume (BV/TV): There were significant differences in both Subcho.BP.Th and BV/TV
at 6 and 9 weeks of age between SAMP8 and SAMR1 (Welch’s t test). In addition, there were significant increase
of Subcho.BP.Th and BV/TV among SAMP8 groups with aging (Dunnett’s test). * All data were presented as
mean = standard deviation of the mean. P < 0.05 was statistically significant.
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Figure 3. Quantification of each subchondral bone parameter at 6 weeks old and time course of subchondral
bone score in spontaneous OA model. (A) Senescence accelerated mouse (SAM)-prone 8 and SAM-resistant

1 (SAMRI1) at 6 weeks of age (n = 6). There were significant differences in the thickness of subchondral bone
plate (Subcho.BP), articular cartilage (AC), and in bone volume (BV/TV) and angiogenesis in medial tibial
plateau between SAMP8 and SAMRI1 (Welch’s t test). There were no osteophytes in both groups. All data were
presented as mean =+ standard deviation of the mean. P < 0.05 was statistically significant. (B) Time course of
subchondral bone changes in spontaneous OA model. (C) The subchondral bone score was already significantly
higher at 6 weeks of age in senescence accelerated mouse SAMP8 than in its control SAMR1 (Mann-Whitney

U test). The subchondral bone score increased further from 6 to 14 weeks of age in SAMPS. *All data were
presented as mean. P < 0.05 was statistically significant.

respectively, P < 0.001) (Fig. 6B). In the surgical OA model, the results were similar to the spontaneous OA model
with good correlations between histological scoring and uCT (R=0.85, 0.81). Thus, this system could be a useful
tool for evaluating the subchondral bone changes in murine OA models.

Discussion

Here we developed a histopathological subchondral bone scoring system, which can evaluate the major early
changes in subchondral bone in murine models of knee OA. We selected three important and widely used param-
eters; 1) Subcho.BP consisting of the combination of Subcho.BP.Th and angiogenesis, 2) BV/TV, 3) osteophytes.
Among them, Subcho.BP.Th, angiogenesis, and BV/TV are semi-quantified and scored. Subcho.BP changes start
first as undulations at the bone and cartilage interface as previously reported!*, then, Subcho.BP.Th increases,
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Figure 4. Destabilization of the medial meniscus (DMM) in C57BL/6 mice as surgical OA model. (A)
Histology (Coronal section, Safranin O stain): We performed DMM in the right knee and sham surgery in

the contra-lateral knee (Sham knee) of 10 weeks old C57BL/6 mice and evaluated post-surgery days 2, 7, and

56 (N =6 post-surgery day 2 and 7, N =5 post-surgery day 56). In the DMM knees, a marked difference in
subchondral bone was recognized by post-surgery day 7. At the same time, chondrophytes had already appeared
in all mice. There were significant differences between DMM knees (right) and Sham knees post-surgery day

7. (B) Images of uCT (1): We obtained pCT images of bilateral knee from the same C57BL/6 mouse strains

that were analyzed by the bone histology scoring system (N = 3/group). (C) Images of uCT (2): The change in
the trabecular bone in the medial tibial plateau is evident. (D) uCT data of subchondral bone plate thickness
(Subcho.BP.Th) and bone volume (BV/TV); There were significant differences in both Subcho.BP.Th and BV/TV
on post-surgery day 7 between DMM knees and Sham knees (Welch’s t test). In DMM knees, the Subcho.BP.Th
was getting thicker until post-surgery day 2 and BV/TV was increasing in until post-surgery day 7 (Dunnett’s
test) * All data were presented as mean = standard deviation of the mean. P < 0.05 was statistically significant.
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Figure 5. Quantification of each subchondral bone parameter on post-surgery day 7 and time course of
subchondral bone scores in surgical OA model. (A) Destabilization of the medial meniscus (DMM) and contra-
lateral (Sham) knees post-surgery day 7 (n = 6). While there was no significant difference between DMM and
Sham knees in the thickness of the articular cartilage (AC) of medial tibial plateau yet, but there were already
significant differences in the subchondral bone plate (Subcho.BP). Bone volume (BV/TV) and angiogenesis
were also increased significantly in DMM knees compared to Sham knees (Welch’s t test). In addition,
osteophytes had already appeared in all DMM knees on day 7, but none in Sham knees (Mann-Whitney U test).
*All data except for osteophyte score were presented as mean =+ standard deviation of the mean, osteophyte
score was presented as only mean. P < 0.05 was statistically significant. (B) Time course of subchondral bone
changes in the surgical OA model. Subchondral bone score was already higher in the DMM knees compared

to the Sham knees on post-surgery day 2 (p =0.009). Furthermore, the differences increased further on post-
surgery day 7 (p =0.002). * All data were presented as mean. P < 0.05 was statistically significant.

and angiogenesis becomes apparent. BV/TV also increases gradually during early phase of OA. Subsequently,
osteophyte score increased. When we used our semi-quantitative subchondral bone scoring system, subchondral
bone scores in both OA models were significantly increased already at early phase. In addition, subchondral bone
scores were increased much earlier than OARSI cartilage scores in both OA models. In this regard, we were able
to evaluate details of how subchondral bone changes developed at the very early phase of OA by using this histo-
pathological scoring system in two murine OA models. Further, our histological evaluation system was validated
and not to inferior to pCT.

Injury-induced mouse models of OA** are widely used. However, there are few spontaneous mouse models
of OA®. SAM strains have been successfully developed by selective inbreeding of the AKR/J strain of mice*>4.
They are divided into P type (prone) showing accelerated aging/short life span and R type (resistant) showing
normal aging. Among of SAMP, SAMPS is a mouse model developing aging-related diseases such as neurode-
generative disorder accompanied by deteriorations of memory and learning ability with aging**. Knee joints from
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Spontaneous OA study 44w 6w 9w 14w
SAMR1™ 0(0-1) 1.0 (1) 1.0 (0.5-1) |0(0)
. median (range)
OARSI cartilage score (0-12) SAMP8™3 0(0-1) 1.0 (1) 1.0 (0.5-2) | 4.5(0-7)
p value 1.000 1.000 0.731 0.065
SAMRI 0 (0) 0(0-2) 20(1-3) | 3.0(2-4)
median (range)
Subchondral bone score (0-12) SAMP8 0.5(0-3) 8.0 (7-8) 7.0 (4-9) 10.0 (8-12)
p value 1.000 0.002 0.002 0.002

Table 3. Comparison of bone grades and OARSI™! cartilage score in spontaneous OA model. Scored date were
presented as median and range. We compared the data between the right knee of SAMP8 and SAMRI using
Mann-Whitney U test. N =6, all time points both of SAMP8 and SAMRI. *1: Osteoarthritis research society
international, *2: senescence accelerated mouse (SAM)-prone 8, *3: SAM-resistant 1.

Surgical OA study Pre-ope Day 2 Day 7 Day 56
Sham?*! 0(0) 1.0 (0-1) 0.5(0-1)
- median (range) 0(0)
OARSI cartilage score (0-12) DMM™ 0(0) 1.5(1-3) 3.0 (2.5-5)
p value — 1.000 0.009 0.008
Sham 20(1-4) | 1.0(0-3) |1.0(0-3)
median (range) 0.5 (0-1)
Subchondral bone score (0-12) DMM 6.5 (4-8) 7.5(5-11) | 9(8-11)
p value — 0.009 0.002 0.008

Table 4. Comparison of bone grades and OARSI™ cartilage score in the surgical OA model. Scored data were
presented as median and range. We compared the data between DMM knees (right) and Sham knees (contra-
lateral) using Mann-Whitney U test. N =6 at pre-DMM, post-DMM day 2, and day7. N =5 at post-DMM
Day56. *1: Osteoarthritis research society international, *2: destabilization of the medial meniscus, #1: sham
surgery in the contra-lateral knee.

14-week-old SAMP8 mice showed reduced Safranin O staining which indicates proteoglycan loss, and rough-
ening and fibrillation of articular surface, especially in medial tibial plateaus. At 23 weeks of age, SAMP8 mice
showed severe OA with partial-thickness defects on the medial tibial plateau, and these changes were significantly
more severe with aging (Miyaki S et al.: unpublished observations). Thus, these results indicate that subchondral
bone changes in SAMP8 occur before the onset of cartilage degeneration.

Injury-induced mouse models of OA such as DMM is widely used as secondary OA model. In this model,
lesions are primarily located on the central weight bearing areas of tibial plateau and femoral condyles and lesion
severity increases as a function of time?**7#”. Our recent report'® and the present study showed that the subchon-
dral bone mass significantly increased at day 7 after DMM by pCT analysis. However, our new scoring system
detected significant histological differences with increased subchondral bone scores between DMM knees and
control knees at post-surgery day 2 by only evaluating specimens stained were stained with Safranin O. Thus, this
quantitative scoring system is also very sensitive for evaluating the early subchondral bone changes in the DMM
model and can be applicable readily.

It has been reported that angiogenesis is an important process in OA progression”!8°%61-63 Vascular ingrowth
into the cartilage occurs via the pores in subchondral bone, subsequently, osteoblasts infiltrate and start to deposit
bone, resulting in sclerosis’. Zhen et al. reported TGF-31 is activated in the subchondral bone in response to
abnormal mechanical loading and stimulate increases in the number of MSCs, and osteoprogenitors in the bone
marrow, which lead to aberrant bone formation and angiogenesis, promoting for OA progression'®. This study
used CT-based microangiography of the tibia subchondral bone and quantification of subchondral bone vessel
volume and vessel number!®. However, due to it is high cost, it is not practical to use microangiography for all
studies focusing on subchondral bone in OA. In this regard, our scoring system is feasible because only Safranin
O stained sections are needed. Furthermore, we were able to evaluate subchondral bone and BV/TV by using
already established bone morphometric methods with Image J soft and this method was not inferior to uCT. This
scoring system is not only readily applicable but also useful to accurately evaluate subchondral bone changes.

Recently, the concept of crosstalk of cartilage-bone has received much attention!®. Subchondral bone changes
before the onset of cartilage degeneration in the present study suggest that subchondral bone play an important
role in OA pathogenesis. Therefore, the development of agents for OA treatments and prevention require an
understanding of the condition of subchondral bone, before and after intervention. In addition, it may be even
more important to determine the timing of the intervention depending on the condition of the joint tissues
including subchondral bone. This scoring system for histopathological assessment provided a standardized and
easily applicable technique to analyze bone changes in murine models of OA without the need for special equip-
ment such as uCT. The information on bone changes can be collected from the same sections that are prepared
to assess cartilage changes. We expect that this scoring system will be used further validated by other laboratories
and will improve the quality and scope of studies including the effect due to therapeutic agents using murine
models of OA. The study has the following limitations. We evaluated subchondral bone only using decalcified
sections. Non-decalcified sections may be better for evaluation of subchondral bone. However, since decalcified
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Figure 6. Validation of bone scoring system by pCT. (A) Comparison of histological bone scoring system

and uCT measurements in senescence accelerated mouse (SAM) model. Quantified data of subchondral bone
thickness (Subcho.BP.Th) and bone volume (BV/TV) in bone scoring system were quite similar to those of uCT.
Subcho.BP.Th and BV/TV of SAM-prone 8 (SAMP8) at 6 and 9 weeks were significantly higher than in SAM-
resistant 1 (SAMRI) in both bone scoring system and pCT (Welch’s t test). (B) Correlation between histological
bone scoring system and pCT measurements. There was a strong correlation in both Subcho.BP.Th and BV/

TV between the histological bone scoring system and uCT (rs =0.89 in Subcho.BP.Th, rs =0.84 in BV/TV,

P <0.001, n=26, Spearman’ rank correlation coefficient).

sections stained with Safranin O are commonly used and specifically useful for detecting cartilage changes, we
chose three parameters that could be evaluated. Finnila et al. compared human decalcified histological sections
with Subcho.BP.Th on uCT. Since uCT includes calcified cartilage, the value was higher than that of histology, but
the correlation was good*®. We analyzed three sections per mouse knee that represent the central weight bearing
area of the medial and lateral femoral joints using indirect methods of bone histomorphometry. Our results were
similar to the previous results* and correlation was also good.

In some mouse OA models, there is subchondral bone loss during early phases. In our scoring system this can
be captured by the calculation of Subcho.BP.Th and/or BV/TV. In both OA models in our study, Subcho.BP.Th
in the MTP was increased compared to respective control groups. We infer this difference occurred because the
region of Subcho.BP was strictly defined, and the measurement was accurate.

SCIENTIFIC REPORTS |

(2020) 10:10077 | https://doi.org/10.1038/s41598-020-66979-7


https://doi.org/10.1038/s41598-020-66979-7

www.nature.com/scientificreports/

Conclusions

A new semi-quantitative histological scoring system is readily applicable for evaluating the early changes in aging
and OA-affected murine subchondral bone. This system may be a useful tool for further studies of subchondral
bone in murine OA models.

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author on
reasonable request.

Received: 4 September 2019; Accepted: 1 June 2020;
Published online: 22 June 2020

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Mesci, N., Mesci, E. & Kulcu, D. G. Association of neuropathic pain with ultrasonographic measurements of femoral cartilage
thickness and clinical parameters in patients with knee osteoarthritis. Journal of physical therapy science 28, 2190-2195, https://doi.
org/10.1589/jpts.28.2190 (2016).

. Hashimoto, H. et al. Soluble Fas ligand in the joints of patients with rheumatoid arthritis and osteoarthritis. Arthritis and rheumatism

41, 657-662, doi:10.1002/1529-0131(199804)41:4<657::aid-art12>>3.0.co;2-n (1998).

. Mototani, H. et al. A functional single nucleotide polymorphism in the core promoter region of CALM1 is associated with hip

osteoarthritis in Japanese. Human molecular genetics 14, 1009-1017, https://doi.org/10.1093/hmg/ddi093 (2005).

. Miyamoto, Y. et al. A functional polymorphism in the 5> UTR of GDF5 is associated with susceptibility to osteoarthritis. Nature

genetics 39, 529-533, https://doi.org/10.1038/2005 (2007).

. Pennock, A. T., Robertson, C. M., Emmerson, B. C., Harwood, E. L. & Amiel, D. Role of apoptotic and matrix-degrading genes in

articular cartilage and meniscus of mature and aged rabbits during development of osteoarthritis. Arthritis and rheumatism 56,
1529-1536, https://doi.org/10.1002/art.22523 (2007).

. Messier, S. P. Obesity and osteoarthritis: disease genesis and nonpharmacologic weight management. Rheumatic diseases clinics of

North America 34, 713-729, https://doi.org/10.1016/j.rdc.2008.04.007 (2008).

. Lee, J. H,, Fitzgerald, J. B., Dimicco, M. A. & Grodzinsky, A. J. Mechanical injury of cartilage explants causes specific time-dependent

changes in chondrocyte gene expression. Arthritis and rheumatism 52, 2386-2395, https://doi.org/10.1002/art.21215 (2005).

. Yamada, K., Healey, R., Amiel, D., Lotz, M. & Coutts, R. Subchondral bone of the human knee joint in aging and osteoarthritis.

Osteoarthritis Cartilage 10, 360-369, https://doi.org/10.1053/joca.2002.0525 (2002).

. Weinans, H. et al. Pathophysiology of peri-articular bone changes in osteoarthritis. Bone 51, 190-196, https://doi.org/10.1016/j.

bone.2012.02.002 (2012).

Goldring, S. R. & Goldring, M. B. Changes in the osteochondral unit during osteoarthritis: structure, function and cartilage-bone
crosstalk. Nature reviews. Rheumatology 12, 632-644, https://doi.org/10.1038/nrrheum.2016.148 (2016).

Tu, M. et al. Inhibition of cyclooxygenase-2 activity in subchondral bone modifies a subtype of osteoarthritis. Bone research 7, 29,
https://doi.org/10.1038/s41413-019-0071-x (2019).

Waung, J. A., Bassett, . H. & Williams, G. R. Adult mice lacking the type 2 iodothyronine deiodinase have increased subchondral
bone but normal articular cartilage. Thyroid: official journal of the American Thyroid Association 25, 269-277, https://doi.
org/10.1089/thy.2014.0476 (2015).

Radin, E. L., Abernethy, P. J., Townsend, P. M. & Rose, R. M. The role of bone changes in the degeneration of articular cartilage in
osteoarthrosis. Acta orthopaedica Belgica 44, 55-63 (1978).

Radin, E. L. & Rose, R. M. Role of subchondral bone in the initiation and progression of cartilage damage. Clinical orthopaedics and
related research, 34-40 (1986).

Muraoka, T., Hagino, H., Okano, T., Enokida, M. & Teshima, R. Role of subchondral bone in osteoarthritis development: a
comparative study of two strains of guinea pigs with and without spontaneously occurring osteoarthritis. Arthritis and rheumatism
56, 3366-3374, https://doi.org/10.1002/art.22921 (2007).

Nakasa, T., Ishikawa, M., Takada, T., Miyaki, S. & Ochi, M. Attenuation of cartilage degeneration by calcitonin gene-related paptide
receptor antagonist via inhibition of subchondral bone sclerosis in osteoarthritis mice. Journal of orthopaedic research: official
publication of the Orthopaedic Research Society 34, 1177-1184, https://doi.org/10.1002/jor.23132 (2016).

Bagi, C. M., Berryman, E., Zakur, D. E., Wilkie, D. & Andresen, C. J. Effect of antiresorptive and anabolic bone therapy on
development of osteoarthritis in a posttraumatic rat model of OA. Arthritis Res Ther 17, 315, https://doi.org/10.1186/s13075-015-
0829-5 (2015).

Zhen, G. et al. Inhibition of TGF-beta signaling in mesenchymal stem cells of subchondral bone attenuates osteoarthritis. Nature
medicine 19, 704-712, https://doi.org/10.1038/nm.3143 (2013).

Ko, E C. et al. In vivo cyclic compression causes cartilage degeneration and subchondral bone changes in mouse tibiae. Arthritis and
rheumatism 65, 1569-1578, https://doi.org/10.1002/art.37906 (2013).

Huang, H., Skelly, J. D., Ayers, D. C. & Song, J. Age-dependent Changes in the Articular Cartilage and Subchondral Bone of C57BL/6
Mice after Surgical Destabilization of Medial Meniscus. Scientific reports 7, 42294, https://doi.org/10.1038/srep42294 (2017).

Lane, N. E. Osteoarthritis: Bisphosphonates and OA - is there a bone and joint connection? Nature reviews. Rheumatology 14,
185-186, https://doi.org/10.1038/nrrheum.2018.18 (2018).

Deshmukh, V. et al. A small-molecule inhibitor of the Wnt pathway (SM04690) as a potential disease modifying agent for the
treatment of osteoarthritis of the knee. Osteoarthritis Cartilage 26, 18-27, https://doi.org/10.1016/j.joca.2017.08.015 (2018).
Mankin, H. J., Dorfman, H., Lippiello, L. & Zarins, A. Biochemical and metabolic abnormalities in articular cartilage from osteo-
arthritic human hips. II. Correlation of morphology with biochemical and metabolic data. The Journal of bone and joint surgery.
American volume 53, 523-537 (1971).

Glasson, S. S., Chambers, M. G., Van Den Berg, W. B. & Little, C. B. The OARSI histopathology initiative - recommendations for
histological assessments of osteoarthritis in the mouse. Osteoarthritis Cartilage 18(Suppl 3), S17-23, https://doi.org/10.1016/j.
joca.2010.05.025 (2010).

Wachsmuth, L. & Engelke, K. High-resolution imaging of osteoarthritis using microcomputed tomography. Methods in molecular
medicine 101, 231-248, https://doi.org/10.1385/1-59259-821-8:231 (2004).

Botter, S. M. et al. Quantification of subchondral bone changes in a murine osteoarthritis model using micro-CT. Biorheology 43,
379-388 (2006).

Sniekers, Y. H., Weinans, H., van Osch, G. ]. & van Leeuwen, J. P. Oestrogen is important for maintenance of cartilage and
subchondral bone in a murine model of knee osteoarthritis. Arthritis Res Ther 12, R182, https://doi.org/10.1186/ar3148 (2010).
Bobinac, D., Spanjol, J., Zoricic, S. & Maric, I. Changes in articular cartilage and subchondral bone histomorphometry in
osteoarthritic knee joints in humans. Bone 32, 284-290 (2003).

SCIENTIFIC REPORTS |

(2020) 10:10077 | https://doi.org/10.1038/s41598-020-66979-7


https://doi.org/10.1038/s41598-020-66979-7
https://doi.org/10.1589/jpts.28.2190
https://doi.org/10.1589/jpts.28.2190
https://doi.org/10.1093/hmg/ddi093
https://doi.org/10.1038/2005
https://doi.org/10.1002/art.22523
https://doi.org/10.1016/j.rdc.2008.04.007
https://doi.org/10.1002/art.21215
https://doi.org/10.1053/joca.2002.0525
https://doi.org/10.1016/j.bone.2012.02.002
https://doi.org/10.1016/j.bone.2012.02.002
https://doi.org/10.1038/nrrheum.2016.148
https://doi.org/10.1038/s41413-019-0071-x
https://doi.org/10.1089/thy.2014.0476
https://doi.org/10.1089/thy.2014.0476
https://doi.org/10.1002/art.22921
https://doi.org/10.1002/jor.23132
https://doi.org/10.1186/s13075-015-0829-5
https://doi.org/10.1186/s13075-015-0829-5
https://doi.org/10.1038/nm.3143
https://doi.org/10.1002/art.37906
https://doi.org/10.1038/srep42294
https://doi.org/10.1038/nrrheum.2018.18
https://doi.org/10.1016/j.joca.2017.08.015
https://doi.org/10.1016/j.joca.2010.05.025
https://doi.org/10.1016/j.joca.2010.05.025
https://doi.org/10.1385/1-59259-821-8:231
https://doi.org/10.1186/ar3148

www.nature.com/scientificreports/

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.
50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Bobinac, D. et al. Microstructural alterations of femoral head articular cartilage and subchondral bone in osteoarthritis and
osteoporosis. Osteoarthritis Cartilage 21, 1724-1730, https://doi.org/10.1016/j.joca.2013.06.030 (2013).

Finnila, M. A. J. et al. Association between subchondral bone structure and osteoarthritis histopathological grade. Journal of
orthopaedic research: official publication of the Orthopaedic Research Society 35, 785-792, https://doi.org/10.1002/jor.23312 (2017).
Grynpas, M. D., Alpert, B., Katz, I, Lieberman, I. & Pritzker, K. P. Subchondral bone in osteoarthritis. Calcified tissue international
49,20-26 (1991).

MacKay, J. W. et al. Subchondral bone in osteoarthritis: association between MRI texture analysis and histomorphometry.
Osteoarthritis Cartilage 25, 700-707, https://doi.org/10.1016/j.joca.2016.12.011 (2017).

Pritzker, K. P. H. et al. Osteoarthritis cartilage histopathology: grading and staging. Osteoarthritis and Cartilage 14, 13-29, https://
doi.org/10.1016/j.joca.2005.07.014 (2006).

Aso, K. et al. Associations of Symptomatic Knee Osteoarthritis With Histopathologic Features in Subchondral Bone. Arthritis &
rheumatology (Hoboken, N.J.) 71, 916-924, https://doi.org/10.1002/art.40820 (2019).

Kloefkorn, H. E. & Allen, K. D. Quantitative histological grading methods to assess subchondral bone and synovium changes
subsequent to medial meniscus transection in the rat. Connective tissue research 58, 373-385, https://doi.org/10.1080/03008207.20
16.1251425 (2017).

Kuroki, K., Cook, C. R. & Cook;, J. L. Subchondral bone changes in three different canine models of osteoarthritis. Osteoarthritis
Cartilage 19, 1142-1149, https://doi.org/10.1016/j.joca.2011.06.007 (2011).

Botter, S. M. et al. ADAMTS5-/- mice have less subchondral bone changes after induction of osteoarthritis through surgical
instability: implications for a link between cartilage and subchondral bone changes. Osteoarthritis Cartilage 17, 636-645, https://doi.
org/10.1016/j.joca.2008.09.018 (2009).

Botter, S. M. et al. Osteoarthritis induction leads to early and temporal subchondral plate porosity in the tibial plateau of mice: an in
vivo microfocal computed tomography study. Arthritis and rheumatism 63, 26902699, https://doi.org/10.1002/art.30307 (2011).
Fell, N. L. A. et al. The role of subchondral bone, and its histomorphology, on the dynamic viscoelasticity of cartilage, bone and
osteochondral cores. Osteoarthritis Cartilage, https://doi.org/10.1016/j.joca.2018.12.006 (2018).

Rudolphi, K., Gerwin, N., Verzijl, N., van der Kraan, P. & van den Berg, W. Pralnacasan, an inhibitor of interleukin-13 converting
enzyme, reduces joint damage in two murine models of osteoarthritis. Osteoarthritis and Cartilage 11, 738-746, https://doi.
org/10.1016/s1063-4584(03)00153-5 (2003).

Gerwin, N., Bendele, A. M., Glasson, S. & Carlson, C. S. The OARSI histopathology initiative - recommendations for histological
assessments of osteoarthritis in the rat. Osteoarthritis Cartilage 18(Suppl 3), $24-34, https://doi.org/10.1016/j.joca.2010.05.030
(2010).

Jeon, O. H. et al. Local clearance of senescent cells attenuates the development of post-traumatic osteoarthritis and creates a pro-
regenerative environment. Nature medicine 23, 775-781, https://doi.org/10.1038/nm.4324 (2017).

Aho, O. M., Finnila, M., Thevenot, J., Saarakkala, S. & Lehenkari, P. Subchondral bone histology and grading in osteoarthritis. PloS
one 12, e0173726, https://doi.org/10.1371/journal.pone.0173726 (2017).

Yagi, H. et al. Spontaneous and artificial lesions of magnocellular reticular formation of brainstem deteriorate avoidance learning in
senescence-accelerated mouse SAM. Brain research 791, 90-98 (1998).

Takeda, T. Senescence-accelerated mouse (SAM): a biogerontological resource in aging research. Neurobiology of aging 20, 105-110
(1999).

Takeda, T. Senescence-accelerated mouse (SAM) with special references to neurodegeneration models, SAMP8 and SAMP10 mice.
Neurochemical research 34, 639-659, https://doi.org/10.1007/s11064-009-9922-y (2009).

Glasson, S. S., Blanchet, T. J. & Morris, E. A. The surgical destabilization of the medial meniscus (DMM) model of osteoarthritis in
the 129/SvEv mouse. Osteoarthritis Cartilage 15, 1061-1069, https://doi.org/10.1016/j.joca.2007.03.006 (2007).

Dempster, D. W. et al. Standardized nomenclature, symbols, and units for bone histomorphometry: a 2012 update of the report of
the ASBMR Histomorphometry Nomenclature Committee. ] Bone Miner Res 28, 2-17, https://doi.org/10.1002/jbmr.1805 (2013).
Vidal, B. et al. Bone histomorphometry revisited. Acta Reumatol Port 37,294-300 (2012).

Bellido, M. et al. Improving subchondral bone integrity reduces progression of cartilage damage in experimental osteoarthritis
preceded by osteoporosis. Osteoarthritis Cartilage 19, 1228-1236, https://doi.org/10.1016/j.joca.2011.07.003 (2011).

Chan, B. Y. et al. Increased chondrocyte sclerostin may protect against cartilage degradation in osteoarthritis. Osteoarthritis
Cartilage 19, 874-885, https://doi.org/10.1016/j.joca.2011.04.014 (2011).

Ashraf, S., Mapp, P. I. & Walsh, D. A. Contributions of angiogenesis to inflammation, joint damage, and pain in a rat model of
osteoarthritis. Arthritis and rheumatism 63, 2700-2710, https://doi.org/10.1002/art.30422 (2011).

Kamekura, S. et al. Osteoarthritis development in novel experimental mouse models induced by knee joint instability. Osteoarthritis
Cartilage 13, 632-641, https://doi.org/10.1016/j.joca.2005.03.004 (2005).

Kaneko, H. et al. Synovial perlecan is required for osteophyte formation in knee osteoarthritis. Matrix biology: journal of the
International Society for. Matrix Biology 32, 178-187, https://doi.org/10.1016/j.matbio.2013.01.004 (2013).

Hada, S. et al. Association of medial meniscal extrusion with medial tibial osteophyte distance detected by T2 mapping MRI in
patients with early-stage knee osteoarthritis. Arthritis Res Ther 19, 201, https://doi.org/10.1186/s13075-017-1411-0 (2017).

Takada, T. et al. Bach1 deficiency reduces severity of osteoarthritis through upregulation of heme oxygenase-1. Arthritis Res Ther 17,
285, https://doi.org/10.1186/s13075-015-0792-1 (2015).

Kwok, J. et al. Histopathological analyses of murine menisci: implications for joint aging and osteoarthritis. Osteoarthritis Cartilage
24,709-718, https://doi.org/10.1016/j.joca.2015.11.006 (2016).

Shinohara, M. et al. Class IA phosphatidylinositol 3-kinase regulates osteoclastic bone resorption through protein kinase B-mediated
vesicle transport. ] Bone Miner Res 27, 2464-2475, https://doi.org/10.1002/jbmr.1703 (2012).

Glasson, S. S. et al. Blotchy mice: a model of osteoarthritis associated with a metabolic defect. Osteoarthritis Cartilage 4, 209-212
(1996).

Mason, R. M. et al. The STR/ort mouse and its use as a model of osteoarthritis. Osteoarthritis Cartilage 9, 85-91, https://doi.
org/10.1053/j0ca.2000.0363 (2001).

Kisand, K., Tamm, A. E., Lintrop, M. & Tamm, A. O. New insights into the natural course of knee osteoarthritis: early regulation of
cytokines and growth factors, with emphasis on sex-dependent angiogenesis and tissue remodeling. A pilot study. Osteoarthritis
Cartilage 26, 1045-1054, https://doi.org/10.1016/j.joca.2018.05.009 (2018).

Lu, J. et al. Positive-Feedback Regulation of Subchondral H-Type Vessel Formation by Chondrocyte Promotes Osteoarthritis
Development in Mice. ] Bone Miner Res 33, 909-920, https://doi.org/10.1002/jbmr.3388 (2018).

Frohlich, L. FE Micrornas at the Interface between Osteogenesis and Angiogenesis as Targets for Bone Regeneration. Cells 8, https://
doi.org/10.3390/cells8020121 (2019).

Acknowledgements

We thank T. Miyata, E. Ueda, M. Olmer M. and Y. Takagi for excellent technical support. We also thank A. Ito
for her help comments and discussions about histological assessment (Ito Bone Histomorphometry Institute
Co, Ltd). A part of this work was carried out at the Analysis Center of Life Science, Natural Science Center for
Basic Research and Development, Hiroshima University. This research was supported by MEXT/JPS KAKENHI

SCIENTIFICREPORTS| (2020) 10:10077 | https://doi.org/10.1038/s41598-020-66979-7


https://doi.org/10.1038/s41598-020-66979-7
https://doi.org/10.1016/j.joca.2013.06.030
https://doi.org/10.1002/jor.23312
https://doi.org/10.1016/j.joca.2016.12.011
https://doi.org/10.1016/j.joca.2005.07.014
https://doi.org/10.1016/j.joca.2005.07.014
https://doi.org/10.1002/art.40820
https://doi.org/10.1080/03008207.2016.1251425
https://doi.org/10.1080/03008207.2016.1251425
https://doi.org/10.1016/j.joca.2011.06.007
https://doi.org/10.1016/j.joca.2008.09.018
https://doi.org/10.1016/j.joca.2008.09.018
https://doi.org/10.1002/art.30307
https://doi.org/10.1016/j.joca.2018.12.006
https://doi.org/10.1016/s1063-4584(03)00153-5
https://doi.org/10.1016/s1063-4584(03)00153-5
https://doi.org/10.1016/j.joca.2010.05.030
https://doi.org/10.1038/nm.4324
https://doi.org/10.1371/journal.pone.0173726
https://doi.org/10.1007/s11064-009-9922-y
https://doi.org/10.1016/j.joca.2007.03.006
https://doi.org/10.1002/jbmr.1805
https://doi.org/10.1016/j.joca.2011.07.003
https://doi.org/10.1016/j.joca.2011.04.014
https://doi.org/10.1002/art.30422
https://doi.org/10.1016/j.joca.2005.03.004
https://doi.org/10.1016/j.matbio.2013.01.004
https://doi.org/10.1186/s13075-017-1411-0
https://doi.org/10.1186/s13075-015-0792-1
https://doi.org/10.1016/j.joca.2015.11.006
https://doi.org/10.1002/jbmr.1703
https://doi.org/10.1053/joca.2000.0363
https://doi.org/10.1053/joca.2000.0363
https://doi.org/10.1016/j.joca.2018.05.009
https://doi.org/10.1002/jbmr.3388
https://doi.org/10.3390/cells8020121
https://doi.org/10.3390/cells8020121

www.nature.com/scientificreports/

for Grant-in-Aid for Scientific Research (B) Grant 15H04959 (SM), 18KT0018 (MS), the Promotion of Joint
International Research Grant 15KK0308 (SM), Suzuken Memorial Foundation (SM) and NIH grant AG-007996
(ML).

Author contributions

Nagira K., Miyaki S. and Lotz M. contributed to the conception and design of the study. Nagira K., Ikuta Y.,
Sanada Y. and Omoto T. performed the experiments. Nagira K., Ikuta Y., Kanaya H., Shinohara M., Nakasa T.,
Ishikawa M., Adachi N. and Miyaki S. contribute to the analysis and interpretation of data. Nagira K., Miyaki S.
and Lotz M. contributed to draft manuscript. All authors approved the submitted manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-66979-7.

Correspondence and requests for materials should be addressed to S.M. or M.L.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

M | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFIC REPORTS |

(2020) 10:10077 | https://doi.org/10.1038/s41598-020-66979-7


https://doi.org/10.1038/s41598-020-66979-7
https://doi.org/10.1038/s41598-020-66979-7
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Histological scoring system for subchondral bone changes in murine models of joint aging and osteoarthritis

	Methods

	Study design. 
	Definition of tissue compartments and histopathological features. 
	Definition of subchondral bone plate (Subcho.BP) and bone volume (BV/TV). 
	Subchondral bone scoring system and sample images of each parameter. 
	Histopathological assessments. 
	Mouse models. 
	Microcomputed tomography (µCT). 
	Statistical analyses. 
	Ethics approval. 

	Results

	SAMP8 as spontaneous OA model. 
	Surgical OA model. 
	Comparison of bone and cartilage scoring systems. 
	Validation of bone scoring system. 

	Discussion

	Conclusions

	Acknowledgements

	Figure 1 Summary of the subchondral bone scoring system.
	Figure 2 Senescence accelerated mouse (SAM)-prone 8 (SAMP8) as spontaneous OA model.
	Figure 3 Quantification of each subchondral bone parameter at 6 weeks old and time course of subchondral bone score in spontaneous OA model.
	Figure 4 Destabilization of the medial meniscus (DMM) in C57BL/6 mice as surgical OA model.
	Figure 5 Quantification of each subchondral bone parameter on post-surgery day 7 and time course of subchondral bone scores in surgical OA model.
	Figure 6 Validation of bone scoring system by µCT.
	Table 1 Comparison of previous histological scoring systems for subchondral bone (SB).
	Table 2 Summary of Semi-quantitative Subchondral Bone Scoring System.
	Table 3 Comparison of bone grades and OARSI*1 cartilage score in spontaneous OA model.
	Table 4 Comparison of bone grades and OARSI*1 cartilage score in the surgical OA model.




