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Abstract

Objective: Recombinant inbred (RI) mouse strains generated from a LG/J and SM/J intercross 

offer a unique resource to study complex genetic traits such as osteoarthritis (OA). We determined 

the susceptibility of 14 strains to various phenotypes characteristic of post-traumatic OA (PTOA). 

We hypothesize that phenotypic variability is associated with genetic variability.

Methods: 10-week old male mice underwent destabilization of the medial meniscus (DMM) to 

induce PTOA. Mice were sacrificed at 8-week post-surgery and knee joints were processed for 

histology to score cartilage degeneration and synovitis. Micro-CT was used to analyze trabecular 

bone parameters including subchondral bone plate thickness and synovial ectopic calcification. 

Gene expression in the knees was assessed by QuantiGene Plex assay.
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Results: Broad-sense heritability ranged from 0.18–0.58 suggesting that the surgical responses 

are moderately heritable. LGXSM-33, LGXSM-5, LGXSM-46, and SM/J were highly susceptible 

to OA while LGXSM-131b, LGXSM-163, LGXSM-35, LGXSM-128a, and LG/J were relatively 

OA resistant. Our study allows, for the first time, the measurement of genetic correlations of 

phenotypes that are characteristic of PTOA: cartilage degeneration was significantly positively 

associated with synovitis (r = 0.83–0.91) and subchondral bone plate thickness was negatively 

correlated with ectopic calcification (r = −0.59). Moreover, we show that 40 of the 78 genes tested 

were significantly correlated with various (OA) phenotypes. Unlike the OA phenotypes, there was 

no evidence for genetic variation in differences in gene expression levels in DMM and SHAM 

knees.

Conclusion: For these mouse strains, various characteristics of PTOA varied with genetic 

composition demonstrating a genetic basis for PTOA susceptibility. The heritability of PTOA was 

established. Phenotypes exhibited various degrees of correlations: (1) cartilage degeneration is 

positively correlated with synovitis, but (2) not with the formation of ectopic calcification. Further 

investigation of the regions of genome containing genes implicated in OA and expression data will 

be useful for studying mechanisms of OA and identifying therapeutic targets.
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Osteoarthritis (OA) is a complex genetic disease with poorly defined etiopathogenesis. As a 

complex polygenic disease, OA has a considerable hereditary component, with a genetic 

contribution accounting for 39–78% of OA variation (1). Numerous other risk factors, such 

as aging, obesity, female sex and joint trauma influence OA development and progression 

(2). At least 12% of the overall prevalence of OA is attributable to post-traumatic OA 

(PTOA) (3) that stems from intra-articular injuries such as cartilage damage and ligament 

and meniscus tears over a time-course of 10–15 years (4). Clinical evidence suggests that 

50% of individuals with ligament and/or meniscus tears are protected from developing 

PTOA while 50% are susceptible to it (5). This suggests that genetics is one of possible 

variations in susceptibility to PTOA as there could also be other presently unknown 

variables at the time of or subsequent to joint injury such as intra-articular bleeding and 

inflammation etc.

Major difficulties affect genetic studies of OA in human populations. First, OA is a complex 

disease affected by many genes of small effect so that large numbers of participants are 

required for genome-wide association studies (GWAS) with sufficient power to detect 

significant effects. Second, OA patients are not often compared to a similar number of 

control, non-OA patients, thus protective alleles may be missed. Third, the history of trauma 

is unreliable, therefore patients with prior trauma are included with patients without trauma. 

Recent progress has been made using large databases to identify genetic loci for high body 

mass index as potentially causal for OA (6). However, in spite of the progress and 

availability of genome screening tools, specific genetic polymorphisms causing and/or 

protecting individuals from OA remain elusive (1). Therefore, we began to elucidate alleles 

that are involved in PTOA susceptibility by turning to a population genetics approach in 

recombinant inbred (RI) mouse crosses.
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Individual mice within RI strains are genetically identical but each strain is a different 

recombination of the parental genotypes, therefore any between-strain phenotypic 

differences would indicate potentially mappable genetic differences. The within-strain 

variation is “environmental”. However, it is random, unspecified environment that is 

responsible for that variation and it is not possible to state what environmental factors 

affecting phenotypic variations are involved. Thus, unraveling the genetic contribution to the 

susceptibility or protection from OA in mice may improve our understanding of OA 

pathogenesis and help identify patients who are at risk for developing OA as well as provide 

personalized treatment options. While mice are not the same as humans, they provide an 

excellent and much used experimental system, especially for obtaining data not available in 

humans. While specific murine and human populations are not likely to segregate at all the 

same loci, if a gene affects traumatic OA response in humans, it will also likely do so in 

mice. Murine studies can be used to identify genes participating in the human disease 

process, even if that gene is not a cause of disease in any specific human population.

Genetic variability in response to injury and PTOA has been described in a number of mouse 

strains. MRL/MpJ, a super-healer mouse, along with its close relative LG/J possesses 

remarkable ability to regenerate a wide range of body tissues (7–9). In contrast, C57BL/6J 

and SM/J mouse strains bear much less healing potential. An RI cross generated from LG/J 

(healer) and SM/J (non-healer) strains shows variation in a number of phenotypes (ear 

wound, cartilage healing, and OA) depending on the genetic contribution derived from the 

parental strains (10–13). Unlike unrelated mouse strains, RI strains can be utilized to 

measure and map the genetic variations that confer OA resistance such as in the MRL/MpJ 

and LG/J mouse strains. Based on early findings on non-related strains and two RI strains, 

we expanded our research using a population genetics approach to screen additional RI 

strains for their susceptibility to PTOA by investigating a number of phenotypes often 

associated with the development of OA, including cartilage degeneration, synovitis and bone 

changes.

MATERIALS AND METHODS

Mice

Washington University Animal Care and Use Committee approved this study. Parent (LG/J, 

SM/J) and their intercross mice were housed in individually ventilated cages under 

pathogen-free conditions with ad libitum access to standard mouse chow and water and a 

12:12 hour light:dark cycle. All mice were housed in groups in cages (5 mice/cage). As 

some sexual dimorphism has been reported for these strains (10), only male mice were used. 

In total, we included 3–10 mice from each strain as shown in Supplemental Table 1.

DMM surgery

PTOA was induced in 10-wk old mice by destabilization of the medial meniscus (DMM 

surgery) as described previously (13, 14). Briefly, mice were anesthetized using an intra-

peritoneal injection of ketamine (100 mg/kg), xylazine (20 mg/kg), and acepromazine (10 

mg/kg). No other medication was given to the mice during DMM surgery. The joint capsule 

immediately medial to the patellar tendon was opened and the anterior attachment of medial 
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meniscotibial ligament (MMTL) was transected with micro-surgical tools. Joints were 

closed with 6–0 absorbable polypropylene sutures and skin was closed by Vetclose skin-

glue. The left knee−in which capsular incision was made but MMTL was left intact−served 

as a SHAM. Mice were sacrificed 8-wk after surgery by CO2 asphyxiation. Mice from each 

strain were evaluated at the same time over the course of the experiments and all surgeries 

were done by the same person. Although factors such as time or season may influence the 

potential variation on PTOA, it was difficult to completely match these conditions because 

our RI strains were obtained by repeated brother-sister mating. Therefore, all surgeries were 

performed in the well-controlled animal room to keep the same conditions during surgery 

and all mice were housed in an animal facility with controlled lighting hours and 

temperature before and after surgery, we think we could exclude such seasonal factors 

successfully.

Knee joints were decalcified using 12% formic acid and then embedded in paraffin. Eight 

coronal sections (5 µm thick) were taken from each joint at eight levels separated by 80 µm 

intervals. From each level we stained three sections with toluidine blue to perform scoring 

for cartilage degeneration and synovitis (15). In each mouse, the same number and depth of 

sections were evaluated. Briefly, slides were immersed for 5 min in 0.04% toluidine blue 

solution prepared in 0.1 M sodium acetate (pH 4.0). Following three-time washing with 

running tap water, twice with absolute ethanol, and twice with xylene, slides were cover-

slipped. Cartilage damage was scored using the Osteoarthritis Research Society International 

(OARSI) scoring system (16, 17) to semi-quantitatively evaluate cartilage damage. Cartilage 

damage score was measured in all four quadrants of the joint (lateral and medial femoral 

condyles and lateral and medial tibial plateaus) at all sectioned levels (16). Summed OARSI 

scores representing whole joint changes and maximum OARSI scores representing the 

highest score within all sectioned levels of the knee (13, 15, 16) were recorded. Synovial 

pathology (synovitis) was measured from all four quadrants by examining the enlargement 

of the synovial lining cell layer and density of the cells using a previously established 

scoring system (15, 18). Two scorers blinded to sample identity scored all sections from all 

strains independently and sections from different RI strains were randomized to make sure 

differences in PTOA were not due systematic interobserver differences in scoring.

Micro-CT

Prior to decalcification, joints were scanned using a vivaCT 40 in vivo micro-CT scanner 

(SCANCO Medical) to analyze the 3-dimensional structure of bone using several parameters 

as reported previously (13, 15, 19, 20). The following ASBMR morphometric parameters of 

the tibial bone were assessed for trabecular compartments: bone volume fraction (BV/TV), 

trabecular number (Tb.N), thickness (Tb.Th), and separation (Tb.Sp), structure model index 

(SMI), and connectivity density index (CDI). Subchondral bone plate thickness was outlined 

separately from trabecular bone at the tibial side using contouring methods on the cortical 

regions as described elsewhere (15).

Ectopic calcification

We have recently shown that mice develop ectopic calcifications (i.e. calcified nodules in 

and around the synovium) after DMM (21) or mechanical loading (18, 22). Here, we 
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quantified these nodules after joints were scanned by micro-CT scanner as described before 

(22). Briefly, after visualization by generating 3-dimensional images in OsiriX imaging 

software v.7 (OsiriX), these nodules were counted by including all mineralized areas in and 

around the joint space except for patella, anterior horns of the menisci and sesamoid bones.

Gene expression

We examined the expression pattern of 78 genes (Panel #21545; Supplemental Table 2) 

considered candidates because of previous QTL mapping of OA phenotypes in the LGXSM 

advanced intercross. Gene expression in the formalin-fixed paraffin-embedded sections was 

measured as described previously using an Affymetrix QuantiGene Plex assay (21, 23). 

Briefly, tissue homogenates were prepared by macro-dissecting the whole joint area 

(subchondral bone, cartilage, meniscus, growth plate, joint capsule, and synovium) using the 

Affymetrix QuantiGene Plex sample processing kit (Panomics Inc.). We used 25 sections per 

knee from 3–5 mice per strain. The mRNA expression level of each candidate gene in the 

sample of mouse strains was normalized by regressing log-transformed raw mRNA values 

against those of the Gapdh and Hprt1 housekeeping genes as independent variables to 

control for variation in tissue amounts. Residuals from the regression were averaged for each 

individual mouse’s pair of knees. For each mouse, the residual expression level of the 

SHAM knee was then subtracted from that of the DMM-operated knee to obtain a relative 

mRNA expression level reflecting response to medial meniscus destabilization. Details for 

generating gene expression data are in Rai et al.(21).

Statistical analyses.—Data are presented as mean ± 95% confidence interval unless 

indicated otherwise. With the design that we have used, we can detect effects of 0.865 

within-group standard deviations at 80% power and most of our tests were significant, so 

this sample size proved sufficient.

Analysis of phenotypes: Each individual was scored for a DMM-operated knee and a 

contralateral SHAM-operated knee. Hence, the basic unit of analysis is the individual, for 

each individual and trait we analyze (DMM minus SHAM). By pairing the SHAM and 

DMM knees from the same individuals we realize increased statistical power to detect the 

effects of DMM surgery and the effect of genotype (RI strain) on response to DMM surgery. 

There were 14 strains included in the analysis represented by approximately 4 individuals 

each. Univariate tests utilized the F-statistic while multivariate tests utilized the F-statistic 

associated with Wilk’s λ.

We first assessed the effects of DMM surgery by testing whether the (DMM-SHAM) 

difference is significantly greater or less than zero. The direction of the one-tailed test was 

based on expectations for the effects of DMM surgery. We expected positive values for 

maximum OARSI, summed OARSI, and synovitis scores, subchondral bone plate thickness, 

and number of ectopic calcifications. Trabecular architecture traits should show decreased 

bone in the DMM knees, with negative differences for BV/TV, CDI, Tb.N, and Tb.Th and 

positive differences for structural model index (SMI) and Tb.Sp. ANOVA and paired t-tests 

assume that the data is normally distributed. We tested for normality with the Lillefors test. 

All pairwise differences between SHAM and DMM knees fit a normal distribution except 
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for summed OARSI and synovitis scores, which were slightly skewed left. For these two 

traits, we also tested for statistical significance with non-parametric rank order tests, Mann-

Whitney U tests for differences in means and Kruskal-Wallis for ANOVA. In all instances, 

differences reported as significant using the parametric paired t-tests and ANOVA were 

confirmed at the 0.05 level with the appropriate non-parametric test.

The effects of genotype were tested with a series of MANOVAs or ANOVAs where 

appropriate with the difference between DMM and SHAM surgeries as the dependent 

variable and RI strain as the independent variable. RI strain is a random effect so we 

estimated the genetic variance [V(G); between strains], the environmental variance [V(E); 

residual variance within strains], and broad-sense Heritability (H2) [V(G)/(V(G) + V(E))]. 

The genetic variance is the magnitude of differences between mice due to differences in their 

genes. The environmental variance is the magnitude of differences between mice due to all 

other causes of differences between animals. Furthermore, within-strain variance is the 

residual variance in the analysis so it includes all kinds of factors, such as measurement 

error, variations in the surgical preps, etc. If we had a measured environment, it could be 

included. RI strains are especially good for measuring specific environmental effects as we 

get identical genotypes expressed under different conditions (25, 28). The broad-sense 

heritability is the proportion of all differences between animals attributed to differences in 

their genes. It is standardized, varying between 0.0 and 1.0 to compare between traits and 

populations with different variances. A higher heritability indicates that most of the 

differences between animals in the trait specified are due to genetic differences than for traits 

with lower heritability. These estimates are specific to the LGXSM cross population (cross 

different substrains of B6 from JAX (C57BL/6J) and NIH (C57BL/6N) and one would be 

likely to observe much lower heritabilities because the substrains have many, many fewer 

genetic polymorphisms but the same amount of “environmental” differences). They are also 

affected by differences in environments between labs. When data from multiple labs are 

combined, the greater environmental variation leads to lower heritability. For heritability, 

Type 1 error was controlled by using multivariate tests (MANOVA) of the null hypothesis. 

This test accounts for inter-trait correlations. There were three such tests so the Bonferroni 

correction places the 5% significance level at 0.016. The probabilities of all three tests are 

lower than this threshold.

Genetic correlations were calculated from the between-strain and within-strain variance/

covariance matrices for trait sets analyzed as MANOVAs (maximum OARSI, summed 

OARSI, and synovitis scores), (BV/TV, CDI, SMI, Tb.N, Tb.Th, Tb.Sp), and (subchondral 

bone plate thickness, number of ectopic calcifications). For the 11 paired t-tests the 

Bonferroni 5% significance level is 0.0045. All significant differences reported here are 

lower than the threshold. Genetic correlations between these sets were calculated as 

correlations of strain means. The number of dependent variables included in the MANOVA 

is limited to five by the sample sizes. Correlations between strain means within these sets are 

very similar to those obtained through MANOVA with a slight negative bias for the 

correlations of strain means. Significance tests were congruent between the two methods.

Analysis of gene expression: Gene expression level differences between DMM and 

SHAM knees (DMM-SHAM) were analyzed as for the phenotypes except that a 2-tailed 
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probability was obtained as we did not have a priori expectations for the direction of 

differences between the DMM and SHAM knees. Heritabilities were also calculated as 

above but none of the differences in gene expression between paired DMM and SHAM 

knees were significantly heritable. Sample sizes for these tests were 45. It was not possible 

to obtain reliable estimates of genetic correlations between differences in gene expression 

levels and phenotypes from either MANOVA or by correlating strain means because of the 

lack of heritability for the differences in gene expression levels. Therefore, phenotypic 

correlations were analyzed. Because of missing data for some of the phenotypes for animals 

in which gene expression was analyzed, the sample size for these correlations was 39.

The 78 genes provided a −33 degree-of-freedom in a multivariate test. There were too many 

genes for our sample size but this is almost universal for gene expression studies. The fact is 

that heritability is low for gene expression traits, lower than for the skeletal phenotypes. We 

had sufficient power for the skeletal traits but not enough for low heritability traits (e.g. gene 

expression traits). Heritabilities had to be greater than 20% to be statistically significant 

given our design. These heritability estimates for gene expression levels are low, whether 

they are statistically significant or not. If the heritability is that low, genetic differences make 

only a minor contribution to differences between individuals.

RESULTS

Genetic variation in the response to surgery

DMM-operated knees had increased cartilage degeneration (as evidenced by loss of staining, 

cartilage fibrillation etc.) than SHAM-operated knees, with changes mainly confined to 

medial compartment (Fig. 1A-C). Synovitis was measured from all four quadrants of the 

knee joint (Fig. 1D). We observed increased synovitis in DMM-operated knees compared to 

SHAM-operated knees. Representative images of synovitis are shown in Fig. 1E. Synovial 

ectopic calcification was present in DMM-operated knees and less so in the SHAM-operated 

knees (Fig. 1F-G).

Nearly all traits tested were significantly different from zero in the expected direction and 

survived Bonferroni correction (threshold = 0.05/11 = 0.004). Cartilage damage, synovitis, 

and trabecular bone measures varied in the expected directions. Only trabecular thickness 

(Tb.Th) and subchondral bone plate thickness failed to show a significant difference between 

DMM and SHAM surgeries (Supplemental Table 3).

We observed that RI strains LGXSM-33, LGXSM-5, LGXSM-46, and SM/J were all highly 

susceptible to OA as a result of DMM surgery while LGXSM-131b, LGXSM-163, 

LGXSM-35, LGXSM-128a, and LG/J were relatively OA resistant (Fig. 2A-B). The two 

parent strains had opposite responses to DMM surgery; however, there was transgressive 

segregation in that the most extreme susceptible and resistant strains are more extreme than 

the parent strains. This suggests that each parent strain contains a mixture of susceptible and 

resistant alleles. The parent strains did not differ in synovitis scores in response to DMM 

surgery but LGXSM-46 and LGXSM-5 were relatively susceptible while LGXSM-131b and 

LGXSM-163 were relatively resistant to synovitis in response to DMM surgery (Fig. 2C). 

For subchondral bone plate thickness, LGXSM-33 and LGXSM-122b were relatively 
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susceptible to DMM surgery while LGXSM-6 and LGXSM-19 were resistant to these 

effects (Fig. 2D). With regard to the amount of trabecular bone, RI strains LGXSM-5, 

LGXSM-6, LGXSM-19, and LGXSM-128a were relatively resistant to bone loss while 

LGXSM-135, LGXSM-131, LGXSM-46 and SM/J were relatively sensitive to bone loss due 

to the DMM surgery.

Broad-sense heritabilities

Broad-sense H2 ranged from 0.18 to 0.58 suggesting that surgical responses are moderately 

heritable. Only CDI and the number of ectopic calcifications failed to be statistically 

significantly heritable at the 5% level, although both traits did show marginally significant 

results (P < 0.10). These results showed that there are genetic differences segregating in the 

LG/J by SM/J cross that affect response to PTOA (Table 1).

Genetic and phenotypic correlation

Genetic correlations between phenotypes are strong and nearly universally significant within 

groups analyzed by MANOVA. The average R2 within the OARSI and synovitis group is 

0.83, within the trabecular architecture group it is 0.69, and between subchondral bone plate 

thickness and the number of ectopic calcifications it is 0.35. Only one of these correlations, 

between Tb.Th and SMI, is not significant at the 5% level. In sharp contrast, the average R2 

for all of the between group values is 0.10 with only the correlations between subchondral 

bone plate thickness and CDI and between number of ectopic calcifications and SMI are 

significantly different from zero at the 5% level. Raw correlation coefficients are shown in 

Table 2. In the description above, we used average R-squared values, rather than average raw 

correlation values, to prevent natural positive correlations, like BV/TV with CDI, and 

negative relationships, like BV/TV with SMI, from cancelling out when calculating a group 

mean.

Gene expression analysis

In order to examine strain-specific gene expression in response to DMM surgery, we used 

material from the histology slides to probe a panel of 78 candidate genes compiled 

previously for our work on cartilage repair (23) and ectopic calcification (21). The list of 

candidate genes is in Supplemental Table 2. Seventeen of the 78 gene expression traits were 

significantly different between paired DMM and SHAM knees (Table 3). Sixteen of these 

showed higher expression levels in the DMM surgically altered knees (Copz2, Col2a1, 
Col1a1, Timp3, Acan, Wnt16, Igf1, Tgfb2, Comp, Sgce, Bcl3, Ank, Bmp2, Postn, Myo1e, 

and Aff3) while one gene, Pcna, showed significantly lower expression levels in DMM 

knees. Only one gene, Comp, was significantly different between DMM and SHAM knees at 

the Bonferroni-corrected 5% level (P<0.000641) but the 17 genes significant at the 

pointwise 0.05 level were much higher than the number expected by chance (N=4).

Heritabilities were calculated for all 78 gene expression difference traits. Heritability 

estimates varied from 0.00 to 0.24 and none were significantly different from zero. Unlike 

the OA phenotypes, there was no evidence for genetic variation in differences in gene 

expression levels in DMM and SHAM knees.
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Correlation between gene expression and phenotypes

Since there was no heritability for gene expression differences between DMM and SHAM 

knees, it was not possible to estimate genetic correlations between PTOA phenotypes and 

gene expression level differences. However, we can present phenotypic correlations with 

gene expression. Table 4 lists gene expression level differences significantly correlated with 

differences in OA phenotypes. We would expect to see 4 statistically significant correlations 

between DMM-SHAM differences for each PTOA phenotype and the 78 gene expression 

level differences at the 5% level even when there is actually no such association. PTOA 

phenotype differences in Tb.N, Tb.Sp, and subchondral bone plate thickness showed four or 

fewer significant correlations with gene expression differences, as expected when there are 

truly no associations. Maximum OARSI (11), Summed OARSI (20), Synovitis score (27), 

BV/TV (20), CDI (9), Tb.Th (19), and Number of Ectopic Calcifications (8) all have at least 

double the number of significant associations expected under the null hypothesis of no 

associations. For most significant gene level differences, the DMM surgery increases gene 

expression levels relative to SHAM surgeries. Genes overexpressed in DMM-induced OA 

include Copz2, Rasl11b, Col1a1, Wnt16, Igf1, Tgfb2, Sgce, Cd5rap3, Gpatch2, Postn, 
Myo1e, Aff3, and Uaca. Genes where OA development leads to lower expression include 

Pcna, G0s2, and Xrcc2. The number of ectopic calcifications is positively associated with 

Col2a1, Col1a1, Timp3, Acan, Wnt16, Comp, and Ank and negatively associated with 

Stab2. Note that many of these same genes showed differences in expression between DMM 

and SHAM knees.

DISCUSSION

This is the first study that reports screening of a large number of genetically related mouse 

strains for their susceptibility to PTOA. Specifically, 12 RI strains generated from LGXSM 

intercross were used in a population genetics approach to demonstrate that the phenotypic 

differences among them depend on their genetic composition. LG/J and SM/J strains and RI 

strains generated from their intercross, have been widely used to investigate the role of 

genetics in the pathogenesis of a number of conditions such as fatty liver disease (24), 

diabetes and obesity (25–27), and osteoporosis (27). In a prior study, we found that 

LGXSM-6 exhibited greater protection from PTOA compared to LGXSM-33 (12, 13). The 

current study establishes heritability for PTOA phenotypes, that is, these phenotypic traits 

show significant genetic variation between strains in the population of RI strains: cartilage 

degeneration (maximum and summed OARSI scores), synovitis and various bone 

parameters. Importantly, our study allows, for the first time, the measurement of genetic 

correlations of phenotypes that are characteristic of PTOA. For instance, cartilage 

degeneration was significantly positively associated with synovitis (r=0.83 with summed 

OARSI; r=0.91 with maximum OARSI) and subchondral bone plate thickness was 

negatively correlated with ectopic calcification (r=−0.59). Moreover, we show that 40 of the 

78 genes tested were significantly correlated with various (OA) phenotypes.

This study is a logical extension of our previous work, where we studied the susceptibility to 

cartilage degeneration using only two RI strains (13), which suggested genetic differences. 

Now using 14 strains and additional analyses such as synovitis, ectopic calcification and 
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gene expression, this study does provide new information: that is, while two of our strains 

suggested differences, using 14 strains statistically defines the genetic differences, and the 

correlation with other phenotypes, viz. synovitis and ectopic bone formation. Thus, we 

established the contribution of genetics to the variation in response to injury.

We did not map these strains because mapping only 14 strains could result in “ghost QTLs” 

(28), parts of the genome remote from the locus of the actual genetic effect making 

interpretation difficult by placing a single effect in multiple genetic locations usually on 

different chromosomes. Future studies using even more RI strains or advanced intercross 

strains could further explore underlying genetics.

We imply that these mouse strains could be used to map the genetic differences, as it is their 

relatedness that allows mapping. There are 4 times more recombination events in a RI strain 

set compared to a standard F2 intercross mapping population. However, this is still a fairly 

large level of linkage disequilibrium (LD) compared to human historically-based LD. There 

are certainly long stretches of LD across chromosomes (but less than in a F2). It is LD 

amongst unlinked loci that cause a problem in mapping. This is due to too few strains; not 

lack of recombination and we have used related strains to map and narrow causal loci (28).

For the first time, we report the degree of synovitis and its heritability in RI strains following 

DMM-surgery. Cartilage degeneration and synovitis were strongly coupled (29–31) across 

strains, although the correlations were not absolute. Clinically, it is reported that synovitis is 

related to the severity of pain in OA (2, 32). However, the severity of pain does not have a 

strong correlation with structural changes in the joint (33). In addition, we performed 

SHAM-surgery in the contra-lateral knee in all mice to match the condition between RI 

strains. Our results did not show strong inflammatory findings in SHAM-operated knees 

when compared to DMM-operated knees as reported elsewhere (34). It has been reported 

that about 40% of patients with severe radiographic changes in knee joints are symptom-free 

(35), indicating the mismatch between the severity of synovitis and degree of radiographic 

findings. Here, we found significant correlations of synovitis with summed and maximum 

OARSI scores, suggesting that significant variance is shared between cartilage degeneration 

and synovitis. In contrast, some clinical data show a weaker correlation between these two 

phenotypes (35). This similarity between the mouse and human data indicate that the mouse 

DMM-induced PTOA can serve generally, as a model for OA in humans.

We found variability in the development of synovial ectopic calcification. Previously, using 

an advanced intercross of LG/J and SM/J, we established QTLs for ectopic calcification that 

strongly implicate variants of genes such as Aff3 and Ank. Here, we confirmed variability in 

synovial ectopic calcification across RI strains, which strengthens our previous results. In 

humans, two other genes have been associated with calcifications, osteoprotegerin causes 

OA with chondrocalcinosis in two families with familial generalized OA (36) and the 

calcification inhibitor matrix GLA protein is associated with hand OA (37). A weak negative 

correlation between OARSI scores and ectopic calcification and between synovitis and 

ectopic calcification suggests that ectopic calcification occurs independently from severity of 

cartilage damage. The relationship between synovitis and chondrocalcinosis in humans has 
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recently been examined showing no differences in synovitis scores at baseline and at 4 years 

between the chondrocalcinosis and the control groups (38), suggesting their independence.

Our data revealed that 40 of the 78 genes tested were significantly correlated with various 

phenotypes. Postn was significantly correlated with OARSI score, synovitis and a couple of 

bone parameters (e.g. Tb.Sp). Postn influences matrix homeostasis, bone remodeling and 

OA development (39, 40). Wnt16 and Comp also showed similar correlations, which is in 

keeping with their known role in OA development (21, 23, 41–46). The Wnt-pathway is 

involved in bone and cartilage homeostasis and Wnt16 expression is high in OA cartilage 

and barely detectable in preserved cartilage (46). Comp is an essential component of the 

cartilage extracellular-matrix with roles in cellular proliferation and apoptosis in 

cartilaginous tissue (46, 47). TGFβs are well known to be associated with bone and cartilage 

homeostasis and are involved in OA development (48), and were also correlated here with 

OARSI score, synovitis, and several bone parameters. Previously, we reported that the 

expression of four genes that represent DNA repair (Xrcc2, Pcna) and Wnt signaling (Axin2, 

Wnt16) pathways were significantly correlated with both ear wound and cartilage healing, 

suggesting a common genetic basis for these two regenerative phenotypes. Continued 

genetic and molecular investigation with the wide variety of LGXSM mouse resources 

utilized here represent important tools for further revealing not only the mechanism of OA 

but also the mechanism of tissue regeneration in humans.

This study has some limitations. The mice used in this study were only 10 weeks of age at 

the time of DMM surgery, which is standard in the field. The differences among the strains 

in severity of cartilage damage (OARSI score) could have been due to differences in 

maturation. Although some authors consider age of skeletal maturity at 12 weeks or older 

(49), others have recommended that the minimum age for skeletal maturity in mice is 10 

weeks for preclinical modes of OA to obtain the most meaningful insights into human OA 

(50). Prior work examining long bone growth and trabecular architecture in these and other 

strains has been performed at 10 weeks, when epiphyses have fused with skeletal 

maturation. Although growth in length continues indefinitely even into 5 or 6 months (51, 

52), not all growth plates close completely. On the other hand, work by Zhang et al., (53) has 

demonstrated very early degenerative changes in the intervertebral disks of these mice. If we 

waited too long to operate on the animals they might also show lower variability in the 

presence of disease. Another limitation is the use of contralateral limb as SHAM-operated 

because this approach may question the interpretation of strain differences especially when 

RI strains have differences in pain-perception that might change load-bearing and pose 

issues such as gait modification and movement provoked pain. Yet another limitation was 

that only male mice were included in our study. Thus the similarity between the mouse and 

human data indicates that the mouse DMM-induced PTOA can serve generally, as a model 

for OA in at least 50% of humans. Lastly, we used only 3 mice for some strains, although 

this sample size appeared low, most of our tests were significant.

In conclusion, we identified a number of new mouse strains that are either protected or 

susceptible to OA and established the heritability of OA. Given the recombinant inbred 

nature of these strains, this variability in response to meniscus destabilization is caused by 

their genetic composition. Further investigation into the particular genomic regions that 
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orchestrate these changes combined with molecular mechanisms underlying these changes 

will help predict the individuals who are at risk for developing OA.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: 
Strain differences in cartilage degeneration, synovitis, and ectopic calcification. 

Representative images of the area we investigated show cartilage degeneration on the medial 

tibial plateau in both A) DMM-operated and B) SHAM-operated knees. Representative 

images (C) showing cartilage degeneration on the medial tibial plateau in various mouse 

strains (arrows show cartilage degeneration). (D) Synovitis was measured from all four 

quadrants in a blinded fashion by examining the enlargement of the synovial lining cell layer 

and density of the cells using previously established scoring system. (E) Representative 

images showing synovitis among RI strains (arrows show synovitis). Representative micro-

CT images of both DMM-operated and SHAM-operated knee joint (F) without ectopic 

calcification and with (G) ectopic calcification from anterior and posterior view are shown. 

Scale bar = 100 µm; MFC = medial femoral condyle; LFC = lateral femoral condyle; MTP = 

medial tibial plateau; LTP = lateral tibial plateau; LM = lateral meniscus; MM = medial 

meniscus.
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Figure 2: 
The strain mean values for maximum OARSI, summed OARSI, synovitis score, and 

subchondral bone plate thickness. RI strains LGXSM-33, LGXSM-5, LGXSM-46, and SM/J 

were all highly susceptible to OA as a result of DMM surgery while LGXSM-131b, 

LGXSM-163, LGXSM-35, LGXSM-128a, and LG/J are relatively OA resistant (A-B. LG/J 

and SM/J did not differ in synovitis score in response to DMM surgery but LGXSM-46 and 

LGXSM-5 were relatively susceptible while LGXSM-131b and LGXSM-163 were 

relatively resistant to synovitis in response to DMM surgery (C). For subchondral bone plate 

thickness, LGXSM-33 and LGXSM-122b were relatively susceptible to DMM surgery while 

LGXSM-6 and LGXSM-19 were resistant to these effects (D). Each bar represents a strain 

(x-axis) with mean and 95% confidence interval (y-axis).
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Table 3:

Gene expression differences between DMM and paired SHAM knees

Gene Mean 95% confidence
interval

2- tailed
P value

Gene Mean 95% confidence
interval

2-tailed P
value

Lower
limit

Upper
limit

Lower
limit

Upper
limit

Copz2 17.43 4.66 30.19 0.0104 Fam63b −13.73 −42.95 15.49 0.3622

Csmd1 0.06 −1.98 2.10 0.9562 Bcl3 15.70 1.82 29.58 0.0318

Axin2 −1.73 −20.20 16.74 0.8551 Fam81a 0.39 −1.48 2.26 0.6834

Kif26b 0.95 −1.04 2.95 0.3536 Ihh 0.16 −0.73 1.05 0.7310

Vegfa 28.68 0.05 57.32 0.0560 Htr1a −0.52 −2.16 1.12 0.5369

Rasl11b −0.85 −5.58 3.87 0.7253 Scfd2 1.28 −3.26 5.82 0.5826

Pnpo −56.31 −161.78 49.16 0.3011 Gmds 3.19 −0.34 6.72 0.0836

Snx11 −0.68 −4.97 3.62 0.7588 Fam105b 0.06 −7.39 7.51 0.9869

Col2a1 856.13 172.89 1539.38 0.0181 Lnx1 4.72 0.08 9.35 0.0523

Col1a1 2443.09 630.69 4255.49 0.0114 Casd1 2.07 −4.01 8.15 0.5078

Gdf5 0.65 −0.71 2.01 0.3554 Pon1 0.30 −0.85 1.45 0.6074

Rrp15 −0.86 −3.52 1.80 0.5279 Smyd3 0.18 −0.91 1.27 0.7490

Lrrc46 −0.63 −2.01 0.75 0.3734 Fip1l1 −1.03 −6.16 4.10 0.6949

Timp3 88.83 35.44 142.21 0.0021 Oxgr1 −7.30 −20.25 5.64 0.2748

Acan 52.50 21.19 83.81 0.0020 Scrn2 −0.16 −1.11 0.80 0.7473

Wnt16 3.17 0.66 5.68 0.0172 Il1r2 1.43 −6.87 9.73 0.7367

Spata17 0.30 −1.15 1.75 0.6897 Sp6 −1.48 −5.35 2.40 0.4584

G0s2 −11.25 −31.16 8.66 0.2740 Fam105a 5.10 −9.02 19.22 0.4831

Skap1 −0.53 −1.87 0.82 0.4470 Hs6st3 −0.14 −1.69 1.41 0.8611

Igf1 13.18 4.89 21.48 0.0032 Tle3 −0.39 −5.95 5.16 0.8901

D1pas1 −0.56 −1.78 0.66 0.3708 Ank 33.47 7.46 59.49 0.0153

Teddm1 −0.36 −6.54 5.83 0.9106 Cdk5rap3 3.77 −5.89 13.43 0.4486

Cbx1 −0.30 −9.71 9.11 0.9497 Zfp648 −0.39 −2.11 1.34 0.6617

Mrpl10 1.30 −3.64 6.24 0.6088 Gpatch2 3.97 −3.14 11.07 0.2799

Casp3 0.60 −14.62 15.83 0.9386 Map4k4 33.98 −22.75 90.72 0.2467

Grid2 0.14 −1.91 2.19 0.8945 Bmp2 11.34 2.82 19.87 0.0124

Trpm3 0.76 −1.16 2.68 0.4402 Tgfb1 0.54 −20.94 22.02 0.9611

Tbx21 −0.88 −1.89 0.14 0.0971 Il1rl2 0.79 −2.98 4.55 0.6844

Mtor 6.03 −0.77 12.83 0.0892 Sp2 −4.68 −13.39 4.02 0.2976

Nfe2l1 17.66 −4.78 40.10 0.1302 Postn 120.21 8.70 231.71 0.0403

Stab2 −10.92 −23.92 2.07 0.1067 Ppp1r9a −0.57 −2.15 1.01 0.4854

Hoxb9 0.51 −0.52 1.55 0.3380 Ulk1 −1.85 −5.40 1.71 0.3141

Pon2 −1.09 −6.76 4.58 0.7075 Sorcs1 −0.37 −2.53 1.78 0.7364

Tgfb2 12.04 4.29 19.80 0.0039 Xrcc2 −1.37 −4.49 1.75 0.3938

Syn3 0.00 −1.08 1.07 0.9942 Myo1e 11.51 2.86 20.16 0.0124

Comp 758.90 382.73 1135.06 0.0003 Aff3 5.76 1.94 9.58 0.0050

Pcna −91.91 −168.16 −15.66 0.0226 Tmem2 9.72 −0.69 20.12 0.0739
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Gene Mean 95% confidence
interval

2- tailed
P value

Gene Mean 95% confidence
interval

2-tailed P
value

Lower
limit

Upper
limit

Lower
limit

Upper
limit

Sgce 4.60 1.79 7.41 0.0025 Uaca 23.48 −3.95 50.92 0.1005

Gda −13.97 −52.99 25.04 0.4864 Adam10 −31.61 −71.11 7.88 0.1239

Statistically significant genes are in bold-face while borderline significant genes are italicized.
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