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Abstract 

Background  Untreated acute ankle sprains often result in chronic ankle instability (CAI) and can ultimately lead 
to the development of post-traumatic osteoarthritis (PTOA). At present, a typical animal model of ankle instability 
in mice is established by transecting the ligaments around the ankle joint. This study aimed to establish a grade I 
acute ankle sprain animal model by rapid stretching of peri-ankle joint ligaments. Furthermore, we tried to explore 
the pathophysiological mechanism of ankle osteoarthritis.

Methods  In all, 18 male C57BL/6 J mice (7 weeks) were randomly divided into three groups: calcaneofibular liga-
ment (CFL) laxity group, deltoid ligament (DL) laxity group, and SHAM group. One week after the surgical procedure, 
all mice were trained to run in the mouse rotation fatigue machine daily. The mice were tested on the balance beam 
before surgery and three days, 4 weeks, 8 weeks, and 12 weeks after surgery. Footprint analyses were performed 
on each mouse before surgery and 12 weeks after surgery. Micro-CT scanning was then performed to evaluate 
the degeneration of ankle joints and histological staining was performed to analyze and evaluate PTOA caused 
by ankle joint instability.

Results  After surgery, the mice in the CFL and DL laxity groups took longer to cross the balance beam and slipped 
more often than those in the SHAM group (p < 0.05). The step length and width in the CFL and DL laxity groups were 
significantly shorter and smaller than those in the SHAM group 12 weeks after surgery (p < 0.05). There was a signifi-
cant increase in the bone volume fraction (BV/TV) in the CFL and DL laxity groups compared with the SHAM group 
(p < 0.05). Histological staining results suggested obvious signs of PTOA in the CFL and DL laxity groups.

Conclusions  Based on CFL and DL laxity in a mouse ankle instability model, this study suggests that grade I ankle 
sprain can contribute to chronic ankle instability, impair motor coordination and balance, and eventually lead to PTOA 
of ankle with significant degeneration of its adjacent joints.
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Background
Ankle sprain (AS) is one of the most common sports 
injuries in daily activities. After injury, clinical symp-
toms such as ecchymosis, hematoma, and tenderness 
on the lateral side of the hind foot often occur. It is esti-
mated that 10,000 individuals are injured every day in 
the United States [1], and sports-related injuries account 
for 15% to 45% of all injuries [2]. The medical costs for 
treating ankle sprains in the United States reach $4.2 
billion annually [3–5]. Furthermore, failure to detect 
ankle injuries can promptly cause chronic ankle insta-
bility (CAI), a common condition after ankle sprains, 
occurring in approximately 74% of ankle sprains [6]. The 
ultimate outcome of long-term CAI is pain, dysfunc-
tion, joint deformities, and post-traumatic osteoarthri-
tis (PTOA) [7–9], which can even affect adjacent joints 
in severe cases [10]. This not only seriously affects the 
personal quality of life of patients but also aggravates the 
economic burden on families and affects the economic 
development of the society and the country. Therefore, 
early diagnosis and treatment of ankle instability to pre-
vent its further escalation to irreversible PTOA is an 
urgent issue that needs to be addressed.

The ankle joint is a complex joint that is the core struc-
ture of the foot and plays a pivotal role in maintaining the 
body’s stability during daily activities [11]. Furthermore, 
the integrity of the ankle joint structure and its surround-
ing ligaments are the basis for its normal function. The 
lateral ligament of the ankle joint mainly comprises the 
anterior talofibular ligament (ATFL), calcaneofibular lig-
ament (CFL), and posterior talofibular ligament (PTFL) 
[12]. In epidemiological investigations, we have found 
that approximately 35% of all lateral ankle ligament inju-
ries caused by ankle sprains result in the CFL damage 
[13]. The medial ligament of the ankle joint is the deltoid 
ligament (DL), which consists of superficial and deep 
portions and extends from the inner ankle to the talus, 
calcaneus, and navicular bones [14, 15]. Under physio-
logical load, the DL is considered to be the primary static 
stabilizer of the ankle joint and can prevent external rota-
tion and lateral displacement of the talus. Studies have 
shown that complete rupture of the superficial and deep 
portions of the DL can cause instability of the ankle joint 
and abnormal movement of the talus [16–18].

To explore the mechanism of ankle joint cartilage 
degeneration, researchers have conducted extensive 
research including cadaver specimen experiments, 
finite element model analysis, and other experiments. 
However, given the ethical limitations and experimen-
tal conditions, it is often difficult to conduct long-
term in  vivo experiments on volunteers. Moreover, it 
is often difficult to determine a quantitative correla-
tion between the cartilage tissue stress and biological 

immunohistochemistry during pathological degenera-
tion without changing their physiological state. Pre-
clinical animal models can better meet this demanding 
requirement, and various detection methods have been 
used to assess the degree of osteoarticular cartilage 
damage and degeneration at macro, micro, and nano 
levels [19].

Among many commonly used experimental animals, 
horses, cows, and sheep have a hoof-walking gait, and 
cats and dogs have a toe-walking gait. In contrast, mice 
and humans both have a plantar-walking gait. Mice 
also have a highly similar hind limb skeletal system 
and cartilage structure to human lower limbs [20]. In 
the comparison of dynamics, the neuromuscular move-
ment of mice also has a relatively similar regulation 
mode to that of humans [21]. Furthermore, the ana-
tomical structure of ankle joint and the distribution of 
ligaments around the ankle joint are identical between 
both mice and humans [22]. An increasing number of 
scholars have recently attempted to use mice to estab-
lish the biomechanical animal model of ankle sprain 
instability. Chang et  al. successfully established three 
types of ankle osteoarthritis models with ligament 
transection by cutting the ligaments around the ankle 
joint in mice [20]. In the early stage, our research group 
[10] used the instability of the subtalar joint complex in 
mice to successfully establish a PTOA model by cutting 
ligaments such as the cervical ligament (CL), ATFL, 
and DL. However, in actual life, it is more common to 
encounter grade I sprains of the ankle joint, namely 
mild sprains, with visible ligament stretching and relax-
ation but not visible tears. Only grade II/III sprains of 
the ankle joint, i.e., moderate to severe sprains, cause 
locally visible ligament tears or ruptures [23]. Accord-
ingly, whether the instability of the ankle joint caused 
by mild sprains affects the foot and ankle biomechan-
ics, causing instability of the ankle joint and cartilage 
damage, is unclear.

Ankle sprains often occur acutely (within 40 ms) [24], 
and ligaments are typical biological tissues, with the most 
essential characteristic of viscoelasticity. This indicates 
that the stress response during an ankle sprain is time-
dependent [25]. In this study, we aimed to use the rapid 
ligament stretching method to simulate ankle sprains, 
resulting in ligament relaxation type damage, and investi-
gated whether grade I sprains also lead to CAI. We evalu-
ated the macroscopic behavioral stability of mice through 
the balance beam experiments and gait footprint analysis. 
Furthermore, tissue specimens were evaluated for ankle 
joint inflammation via micro-CT, Hematoxylin and Eosin 
(H&E) staining, Safranin O-Fast Green (SOFG) staining, 
Toluidine blue (TB) staining, and immunohistochemical 
(IHC) staining.
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Methods
Animals
In all, 18 male C57BL/6  J [age, 7 weeks; weight ranging 
from 18.5 to 22.3  g (mean body weight: 21.8  g)] were 
acquired from JOINN Laboratory [SCXK (Su) 2018–
0006, Suzhou, China] and were randomly assigned to six 
cages, with an average of three mice per cage. The mice 
were housed in a specific pathogen-free (SPF) environ-
ment, with a light/dark cycle of 12 h/12 h and constant 
temperature and humidity of 18–22  °C and 40%–70%. 
The mice moved freely in cages and received sufficient 
food and water. The padding in the cage was regularly 
checked and the health status of the mice was observed 
every day. In the first week, the mice were allowed to 
adapt to the new feeding environment and were trained 
to crawl through the balance beam and U-shaped pipes. 
Before initiating the official surgery, we randomly divided 
18 mice into three groups: the CFL laxity group (n = 6), 
the DL laxity group (n = 6), and the SHAM group (n = 6). 
The Animal Experiment Ethics Committee of Soochow 
University approved the use and handling of animals in 
this study.

Surgical procedures
At the age of 8 weeks, all mice were weighed and placed 
in a closed container containing isoflurane for anesthe-
sia by inhaling. When the mice were under deep anes-
thesia (corneal reflex and pain reflex were observed to 
determine the degree of anesthesia), a shaving machine 
was used to remove the hair on the right hind limb of the 
mice. The right hind limbs of the mice were disinfected 
with strict accordance with the principles of surgical 

disinfection. After disinfection, the mice were placed on 
the microsurgical table, and the anatomical structure of 
the right hind foot of the mice was observed under the 
microscope (Fig. 1A).

In the CFL laxity group, a 7-mm longitudinal incision 
was made on the skin outside the right ankle to separate 
the subcutaneous tissue, exposing the ankle and subta-
lar joints. The CFL connecting the fibula and calcaneus 
could be seen. Subsequently, the ligament was attached 
to a polishing hook. After preliminary study for mimick-
ing grade I acute ankle sprain by rapid stretching of DL or 
CFL, appropriate weight and height were chosen to cause 
visible ligament stretching and approximately 20% relax-
ation but no visible tears on microscope evaluation. A 
weight of 15 g rapidly pulled the ligament down by 20 cm 
(0.0297  kg·m/s impulse) to cause relaxation traction on 
the CFL. In the DL laxity group, a longitudinal incision of 
approximately 8 mm in length was made vertically down-
ward at the posterior medial skin of the right ankle in 
mice to isolate subcutaneous tissue and locate DL from 
the anterior medial malleolus to the scaphoid bone and 
talus. The middle of the ligament was then attached to a 
polishing hook. A weight of 5 g rapid pulled the ligament 
down by 15 cm (0.00855 kg·m/s impulse) to cause relax-
ation traction on the DL. In the SHAM group, the skin 
and fascia were dissected, but no ligament relaxation was 
performed (Fig. 1B).

After the operation, the incision was rinsed with sterile 
saline, and the fascia and skin were sequentially sutured. 
Finally, the incision was sterilized with a cotton ball con-
taining Aner iodine. After waking up in the cage, the 
mice can move freely and consume food and water. The 

Fig. 1  Establishment of animal models. A Schematic diagram of the calcaneofibular ligament (CFL) and the deltoid ligament (DL). B Schematic 
diagram of establishing the grade I ankle sprain mouse model by rapid stretching ankle ligament with a weight
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incisions were disinfected twice a day for one week after 
surgery with cotton balls containing Aner iodine, and the 
postoperative conditions of mice were closely monitored. 
One week after operation, the mice were trained to run 
five times a week (30 min/day, 7.5 m/min) for 12 weeks 
using a Rotation fatigue machine.

Balance assessments
The motor coordination and balance in mice were 
assessed by measuring the ability of the mice to reach a 
safe platform through a beam tilted 15°. A round wooden 
beam of 1 m in length and 20 mm in diameter was used, 
with one end of the beam connected to a camera clip and 
the other end connected to the closed box. Before sur-
gery, the mice were trained for a week so that they could 
run skillfully from one end of the wooden beam to the 
other, ensuring that the mice could pass the wooden 
beam without interruption when the experiment was 
officially conducted. Before the experiment, the mice 
were placed at the starting point of the photographic 
bracket. While the mouse starts crawling, the timer was 
pressed to record the time it takes (in seconds) for the 
mice to crawl from the starting point to the endpoint 
without stopping and the camera recorded the number of 
times the right hind foot of each mouse slid (times). The 
mice were allowed to pass through the wooden beam for 
up to 60  s; the time the mice took to cross the wooden 
beam and the number of times the right back foot slipped 
off the wooden beam were the dependent variables 
[26, 27]. The balance beam experiment was conducted 
before the operation and three days, one week, 4 weeks, 
8  weeks, and 12  weeks after the operation. Each mouse 
was required to complete three tests during each experi-
ment, and the subsequent analysis was based on the aver-
age value of the three tests.

Footprint analysis
Before surgery and 12 weeks after surgery, the front and 
hind feet of all mice were coated with different pigments. 
The mice were placed on a U-shaped track with a length 
of 50 cm, a width of 10 cm, and a height of 10 cm, from 
which their footprints were obtained. In the analysis of 
footprints, the footprints of the first and last step left by 
mice on the gait paper were first excluded, and the three 
consecutive and clear steps in the middle were inter-
cepted for the measurement and statistics of step length 
and width.

Micro‑CT scanning
The mice were euthanized 12 weeks after surgery, and the 
right hind ankle joint was resected. The skin and some 
soft tissues of the ankle joint were removed with surgi-
cal forceps and fixed in a centrifuge tube containing 10% 

neutral formalin solution for 48 h. After fixation, the sam-
ples were placed in batches (4 samples at each time) in a 
specially designed sponge tank. They were scanned using 
a high-resolution microcomputer tomography (SkyScan 
1176, Aartselaar, Belgium) machine with the following 
scanning parameters:50  kV, 200  Ma, and 9  μm resolu-
tion. After scanning, the scanning images are processed 
and reconstructed using NRecon and DataView software. 
In CTAN software, the cartilage layer to subchondral 
bone layer of ankle joint and subtalar joint were selected 
as region of interest (ROI) for quantitative analysis in 10 
continuous layers, and then Mimics 15.0 software (Mate-
rialise, Belgium) was used for 3D reconstruction.

Histomorphometry analysis
After high-resolution microcomputer tomography, 
all specimens were placed in a centrifuge tube con-
taining 10% EDTA decalcification solution (PH = 7.4) 
for 4  weeks, excess soft tissue on the specimens was 
removed, and the specimens were dehydrated in con-
centration gradient alcohol. Subsequently, all specimens 
were placed in n-butanol for 8 h and soaked in paraffin 
for 6 h. Finally, the paraffin block was cut into 6-micron-
thick coronal sections with using a rotary paraffin slicer. 
The obtained sections were stained by H&E, SOFG, TB, 
and IHC. Quantitative analysis of articular cartilage dam-
age of ankle joint and subtalar joint in mice was then 
carried out using the modified MANKIN score and the 
OA cartilage histopathological evaluation system of the 
Osteoarthritis Research Society International (OARSI) 
[28, 29]. Histological scores were performed by two inde-
pendent senior readers on the tibialis and talus articu-
lar cartilage of the ankle, and on the talus and calcaneal 
articular cartilage of the subtalar joint. Five slides were 
used for each sample. The reliabilities of parameters 
obtained by the two researchers were calculated using 
the intraclass correlation coefficients (ICC). The modified 
MANKIN score and OARSI score showed good–excel-
lent reliability (Modified Mankin scores for the ankle 
joints ICC(2,1) = 0.955; Modified Mankin scores for the 
subtalar joints ICC(2,1) = 0.977; OARSI scores for the 
ankle joints ICC(2,1) = 0.839; OARSI scores for the subta-
lar joints ICC(2,1) = 0.973). Finally, the histological scores 
were analyzed statistically.

Immunohistochemistry
Endogenous peroxidase was first blocked by incuba-
tion with 3% H2O2. Subsequently, enzymatic diges-
tion was performed with 0.25% trypsin at 37  °C for 
1 h for antigenic epitope repair. The reaction was then 
blocked by 10% goat serum for 1  h at room tempera-
ture. The sections were then incubated with primary 
antibody (anti-Collagen II; Abcam, Cambridge, MA) 
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overnight at 4  °C. Finally, the sections were incubated 
with HRP-conjugated secondary antibody, followed by 
color development with the DAB horseradish peroxi-
dase chromogenic kit. The sections were washed and 
stained with hematoxylin. Finally, the area positive 
for type II collagen was analyzed with using ImageJ 
software.

Statistical analysis
SPSS v23.0 (SPSS Inc., Chicago, IL, USA) and GraphPad 
Prism 8.0 (GraphPad Software, La Jolla, CA, USA) were 
used for statistical analysis. With reference to Turner’s 
previous study [30]  and considering the sample size of 
our study, a two- way ANOVA (group x time) was used 
to determine the significance of the differences between 
the three groups included in the balance beam study. In 
this experiment, three comparisons were performed: 1. 
the SHAM group compared to the CFL laxity group; 2. 
the CFL laxity group compared to the DL laxity group; 
3. the DL laxity group compared to the SHAM group. 
The Student’s t-test was used to interpret statistical dif-
ferences, and Bonferroni post hoc comparisons were per-
formed between the each two groups. An alpha level of 
P < 0.05 was used to determine significant effects for each 
analysis. For other experimental data, the normality of 
distribution and homogeneity of variance of each group 
of data were tested first. One-way ANOVA analysis was 
conducted on each set of data, as it conformed to normal 
distribution and homogeneity of variance, and Tukey’s 
HSD for post hoc testing was used. Data are expressed 
as means ± standard deviation (SD). Furthermore, p < 0.05 
was considered to be statistically significant [10].

Results
Balance assessments
Each mouse was tested three times in the balance assess-
ment at each stage, and the data of the three tests were 
recorded; the average values were used for subsequent 
statistical analysis.

The time required for mice to cross the balance beam 
was statistically analyzed at the same stage between 
groups. No statistically significant difference was 
observed in the time taken by the mice to pass the bal-
ance beam between the three groups before operation 
(p = 0.599, 0.660, 0.902, and > 0.05). The time required 
for CFL laxity group and DL laxity group mice to pass 
through the balance beam at three days, one week, 
4  weeks, 8  weeks, and 12  weeks after surgery was sig-
nificantly increased compared with that for the SHAM 
group (p < 0.05), whereas the time required for the CFL 
laxity group and DL laxity group mice to pass through 
the balance beam did not significantly differ (p > 0.05) 
(Fig. 2A).

Statistical analysis of the number of right hind foot 
slips of mice between groups at the same stage showed 
that there was no statistically significant difference in the 
number of slips from the balance beam between the three 
groups before operation (p = 0.988, 0.856, 0.830, > 0.05). 
On the third day after operation, the number of right 
hind foot slips from the balance beam in CFL laxity 
group and DL laxity group were higher than those in the 
SHAM group, and the difference was statistically signifi-
cant (p = 0.013, 0.024, < 0.05). In contrast, the difference 
in number of right hind foot slips from the balance beam 
between the CFL laxity group and DL laxity group was 
not statistically significant (p = 0.112). The difference 
in the number of right hind foot slips of mice from the 

Fig. 2  Balance assessments of mice (means ± standard deviations). A Time required for mice to cross the balance beam. B Number of slips 
of the right hindfoot when traversing the balance beam
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balance beam between groups was not significant one 
week after the operation (p = 0.093, 0.728, 0.155, > 0.05). 
At 4  weeks, 8  weeks, and 12  weeks after the operation, 
the number of slips in the CFL laxity group and DL lax-
ity group was significantly higher than that in the SHAM 
group, and the difference was statistically significant 
(p < 0.05); However, there was no significant difference 
in the number of slips between the CFL laxity group 
and the DL laxity group, except at 12 weeks after opera-
tion (p = 0.024). There was no significant difference in 
the data at 4 and 8 weeks after the operation (p = 0.221, 
0.309, > 0.05) (Fig. 2B).

Footprint analysis
The stride length and width of each mouse before 
and 12  weeks after the operation were measured and 
recorded for further statistical analysis. In the analysis, 

we found that the stride length and width of mice 
increased with an increase in age, but the CFL laxity 
group and DL laxity group also showed a shortened 
stride length and width. There was no statistically sig-
nificant difference in the stride length and width of the 
right hind foot among the three groups of mice before 
the operation (p > 0.05). At 12  weeks after the opera-
tion, the stride length and width of the right hind foot 
in the CFL laxity group and DL laxity group mice were 
significantly shorter than those of the right hind foot in 
the SHAM group, and the difference was statistically 
significant (p < 0.05). However, there was no statistically 
significant difference in the stride length and width of 
the right hind foot between the CFL laxity group and 
the DL laxity group at 12  weeks after the operation 
(p > 0.05) (Fig. 3).

Fig. 3  Footprint analysis of mice (means ± standard deviations). A Stride length analysis of the right hind foot of mice in each group 
before and 12 weeks after surgery. B Stride width analysis of the right hind foot of mice in each group before and 12 weeks after surgery. (Note: 
*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; ns indicated that the difference was not statistically significant)



Page 7 of 13Du et al. Arthritis Research & Therapy          (2024) 26:168 	

Micro‑CT scanning
At 12  weeks after the operation, micro-CT scanning 
was performed on the cartilage layer of the ankle joint 
surface and the subtalar joint surface of the right hind 
limb of mice to quantitatively evaluate the subchondral 
bone. Three-dimensional reconstruction of CT images 
suggested that the ankle articular surface and subtalar 
articular surface of the CFL laxity group and DL laxity 
group were rough, worn, and defective, accompanied 

by the formation of osteophytes. This suggested that 
degenerative changes had occurred in the ankle and 
subtalar articular surface (Fig.  4A). In addition, the 
bone volume fraction (BV/TV) of the CFL laxity group 
and DL laxity group were significantly increased com-
pared with that of the SHAM group (p < 0.05) (Fig. 4B). 
This indicated that the subchondral bone mass and 
bone density of the ankle and subtalar joints both 
increased, presenting an overall state of "ossification."

Fig. 4  Micro-CT analysis of mouse right feet. A Three-dimensional reconstruction of the ankle and the subtalar joint in mice (lateral view, medial 
view, and anterior view) (the surfaces of the joints in the CFL relaxation and the DL relaxation groups were rough: the black arrow points; Wear 
defects on the surface of the joint: the part indicated by the green arrow; Osteophyte formation on the surface of the joint: the area indicated 
by the red arrow). B Quantitative analysis of bone volume fraction (BV/TV) of the ankle joint and subtalar in mice. (Note: *P < 0.05; **P < 0.01; 
***P < 0.001; ****P < 0.0001; ns indicated that the difference was not statistically significant)
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Histomorphometry analysis
To further demonstrate that ankle instability can lead to 
osteoarthritis and damage the cartilage layer of the ankle 
and subtalar joints, we performed H&E staining, SOFG 
staining, TB staining, and IHC staining.

On observing the typical SOFG staining images of each 
group, the cartilage layer of the ankle joint and subtalar 
joint in the SHAM group was intact, with intact mor-
phology, normal cell matrix structure, and intact cell 
morphology. In the CFL laxity group, the subtalar artic-
ular cartilage layer was defective, with more than one-
third defect area, resulting in the local loss of safranin-O 
staining. The surface of the ankle joint cartilage layer 
was discontinuous, and the local cartilage layer became 
thinner. In the DL laxity group, the ankle cartilage layer 
surface was discontinuous, chondrocytes and cell matrix 
were significantly reduced, the coloration of safranin-
O was weakened, and the degenerative pairs of subtalar 
joints were less severe (Fig. 5A). Further, on observing the 
typical H&E staining images of each group, the cartilage 
surface of the ankle joint and subtalar joint in the SHAM 
group was intact, with normal morphology, uniform dis-
tribution of chondrocytes, and normal staining of the cell 
matrix. However, in the CFL laxity group, the subtalar 
articular surface cartilage layer was obviously missing, 
the intrastromal coloration was reduced, the distribution 
of chondrocytes in the articular surface cartilage layer of 
the ankle was uneven, and the degeneration of cartilage 
was relatively mild. The number of chondrocytes in the 
ankle joint and the subtalar joint cartilage layer in the DL 
laxity group was reduced and unevenly distributed, and 
cell matrix staining was reduced, but the degeneration of 
cartilage was relatively milder than that observed in the 
CFL laxity group (Fig. 5B). On observing the typical TB 
staining images in each group, the cartilage layer of the 
ankle joint and subtalar joint in the SHAM group was 
intact, with normal morphology and complete cell mor-
phology. However, in the CFL laxity group, the cartilage 
tissue of the subtalar articular surface was incomplete, 
with approximately one-third cartilage loss; the cartilage 
layer of the ankle was thinner, and the colored area was 
reduced. The DL laxity group had defects of the subtalar 

Fig. 5  Safranin O-Fast green and Hematoxylin and eosin (H&E) 
and toluidine blue staining and analysis of the ankle and subtalar 
joints. A Safranin O-Fast green staining of the ankle and subtalar 
joints in mice. B H&E staining of the ankle and subtalar joint 
in mice. C Toluidine blue staining of the ankle and subtalar joints 
in mice. D Modified Mankin scores for the ankle and subtalar joints 
in mice. E OARSI scores for the ankle and subtalar joints in mice. 
A ankle joint, B subtalar joint. Scale bar = 100 μm (Note: *P < 0.05; 
**P < 0.01; ***P < 0.001; ****P < 0.0001; ns indicated that the difference 
was not statistically significant)

◂



Page 9 of 13Du et al. Arthritis Research & Therapy          (2024) 26:168 	

articular surface cartilage layer, incomplete cartilage sur-
face, and significantly reduced colored area. In contrast, 
the ankle articular cartilage layer became thinner, and the 
colored area decreased (Fig. 5C). The modified MANKIN 
score and OARSI score in the CFL laxity group and DL 
laxity group were significantly higher than those in the 
SHAM group and the difference was statistically signifi-
cant (p < 0.05) (Fig. 5D, E).

In the IHC staining of typical type II collagen in each 
group, it could be seen that the content of type II collagen 
was uniform in the cartilage layer of the ankle joint and 
subtalar joint in the SHAM group. However, in the CFL 
laxity group, the content of type II collagen in the subta-
lar articular cartilage layer was significantly reduced and 
defective and that in the ankle articular cartilage layer 
was also reduced. In the DL laxity group, the area con-
taining type II collagen in the cartilage layer of the ankle 
joint and subtalar joint was also significantly reduced 
(Fig. 6A). The ImageJ software was used to calculate the 
ratio of type II collagen-positive area to total visual field 
area in each visual field. It was found that the expression 
of type II collagen in the ankle and subtalar articular car-
tilage in the CFL laxity group and DL laxity group was 
significantly lower than that in the SHAM group, and the 
difference was statistically significant (p < 0.001) (Fig. 6B).

Discussion
Ankle sprain (AS) is one of the most common injuries in 
the process of sports. A sprain can lead to the relaxation 
or fracture of ligaments around the ankle joint, which 
causes a change in the mechanical properties of the ankle 
joint or the adjacent joints and further causes instability 
of the ankle joint or adjacent joints [31–33]. The current 
mouse models of ankle instability are established by cut-
ting the ligaments that maintain the stability of the ankle 
joint [10, 20, 34, 35]. However, in actual clinical practice, 
most ankle instability patients do not have broken liga-
ments around the ankle joint, but rather the ligaments 
are in a relaxed state [36]. Therefore, we established a 
mouse model of ankle instability with ankle osteoarthritis 
with the help of relaxation of CFL and DL caused by the 
rapid descent of weights. Balance assessments and foot-
print analysis were performed to evaluate whether the 
motor level and balance ability of mice were impaired. 
In contrast, micro-CT scanning and histomorphometry 
analysis were performed to evaluate whether long-term 
ankle instability causes PTOA.

In this study, it was found that ligament laxity would 
lead to the degeneration of articular cartilage and then 
develop into osteoarthritis, which was similar to the 
results of osteoarthritis caused by transverse ligament 
dissection. Compared with previous studies, it was found 
that within 8 weeks, the time of passing the balance beam 

was similar between the ligamentous relaxation group 
and the ligamentous transverse section group [10]. At 
the 12th week, the time for the ligament laxity group to 
pass the balance beam was shorter than that for the liga-
ment transverse section group. However, different mold-
ing methods did not affect the number of slides [10, 34]. 
By comparing the OARSI score and the modified Mankin 
score of the ankle and subtalar joints after ligament tran-
section and ligament relaxation, the score was higher 
after ligament transection, indicating that the degenera-
tive changes of articular cartilage were more significant 
after ligament transection [10]. However, different mold-
ing methods had no significant effect on the expression 
of type II collagen. In addition, different molding meth-
ods have different effects on the bone volume fraction of 
ankle joint and subtalar joint. The results showed that the 
bone volume fraction of the transverse ligament group 
was similar to that of the CFL laxity relaxation group, but 
the bone volume fraction increased significantly com-
pared with that of the DL ligament relaxation group [37]. 
In general, ligament relaxation can lead to ankle instabil-
ity, and then develop osteoarthritis, but its severity is not 
as severe as the transverse ligament model.

Balance assessments
With regard to the time required to pass the balance 
beam, the CFL laxity group and DL laxity group required 
significantly longer time than the SHAM group at three 
days and one week after surgery. This phenomenon may 
be because of the obvious edema and pain in the right 
hind foot ankle joint of mice in the early stage after sur-
gery. This resulted in the slowing down of the mouse 
crawling on the balance beam owing to pain feedback 
and relatively increased the time taken. This suggests that 
physical activity levels should be reduced early after an 
acute ankle injury, as the Hubbard-Turner study reported 
that rest after a severe ankle sprain is essential to restore 
physical activity levels throughout the life cycle [38]. 
At postoperative 4  weeks, the time difference between 
the CFL and DL laxity groups and the SHAM group for 
crossing the balance beam was minimal. At this time, the 
surgical incision at the right hind foot ankle joint was 
completely healed, and the soft tissue swelling had com-
pletely subsided. At the later stage of the study (8 weeks 
after surgery), mice in the CFL and DL laxity groups 
took longer to traverse the balance beam than those in 
the SHAM group, which is consistent with what was 
observed after the transection of the ligaments around 
the ankle [10, 30, 34, 39]. At this time, the right hind foot 
ankle joint of mice was significantly deformed, and the 
stiffness of the joint caused instability in the right hind 
foot, possibly reducing the speed of the mice while cross-
ing the balance beam.
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With regard to the number of slips from the balance 
beam, the number of slips of the right hind foot in the 
CFL laxity group and DL laxity group were significantly 
higher than those in the SHAM group at 3 days, 4 weeks, 
8  weeks, and 12  weeks after surgery.However, there 
was no significant difference between the two groups at 
1  week after surgery. The reason for this phenomenon 
may be that the ankle joint edema of mice decreased 
1 week after surgery, and the number of slips decreased 

owing to the slow speed because of pain when crawling 
across the balance beam. At 12 weeks after surgery, the 
number of slips of the right hind foot in the CFL laxity 
group mice was 3.45 times that observed before surgery, 
and the number of slips of the right hind foot in the DL 
laxity group mice was 1.99 times that observed before 
surgery. The number of slips of the right hind foot in 
the CFL laxity group mice was 1.58 times that observed 
in the DL laxity group mice. These results are similar 

Fig. 6  Type II collagen immunohistochemical staining and analysis of the ankle and subtalar joints. A Type II collagen immunohistochemical 
staining of the subtalar joints in mice. B Collagen II ( +) area ratio percentage for the subtalar joints in mice. A ankle joint, B subtalar joint. Scale 
bar = 100 μm (Note: *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; ns indicated that the difference was not statistically significant)
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to the experimental results observed by the Hubbard 
Turner research group by cutting the ligaments around 
the ankle joint [30, 39]. At this point, the mouse may have 
progressed from long-term chronic ankle instability to 
PTOA. Previous studies have shown that individuals with 
PTOA have balance disorders and changes in movement 
patterns, which are consistent with our experimental 
results [40, 41]. In the whole postoperative balance beam 
experiment, the right hind foot of mice in the CFL laxity 
group slipped slightly more than that of mice in the DL 
laxity group, and the difference was statistically signifi-
cant 12 weeks after surgery. This also reflected that CFL, 
as the only ligament connecting the tibiotalar joint and 
subtalar joint at the same time, plays an important role in 
maintaining the stability of both ankle and subtalar joints 
[10, 42, 43].

Footprint analysis
The stride length and stride width data measured at 
12  weeks in the SHAM group were greater than those 
observed before surgery. During the study period, the 
mice continued to grow, leading to individual enlarge-
ment and corresponding increases in stride length and 
width. However, although the mice in the CFL laxity 
group and DL laxity group grew larger, the stride length 
and stride width did not show an increase but rather 
decreased compared with those before surgery. They 
were significantly shortened compared with the stride 
length and width in the SHAM group in the same period. 
The research results suggest that CFL and DL relaxation 
can cause ankle instability, thereby affecting the normal 
gait of mice, similar to the results reported by the Hub-
bard Turner research team wherein the gait of mice was 
damaged by cutting the lateral ligament of the ankle [39].

Micro‑CT scanning
Under normal physiological conditions, osteoclast bone 
resorption and osteoblast bone formation maintain the 
dynamic balance of the bone state. Micro-CT quantita-
tive analysis showed that the ankle bone volume frac-
tion in the CFL laxity group and DL laxity group was 
6.71% and 4.23% higher than that in the SHAM group, 
respectively. These results indicated that the relaxation 
of the ligament around the right hind foot ankle joint 
in mice broke the stable bone balance, resulting in the 
abnormal activity of osteoblasts, increased bone den-
sity, bone hyperplasia, subchondral bone hardening and 
thickening, and degenerative changes at the joint site. 
This result is similar to the CT analysis results of Chang 
et al. [20], who established the ankle osteoarthritis model 
through surgery. In addition, in the process of CT image 
reconstruction and analysis, degenerative changes also 
occurred in the subtalar joint of mice. The bone volume 

fractions of the subtalar joint in the CFL laxity group 
and DL laxity group were 9.39% and 4.37% higher than 
those of the subtalar joint in the SHAM group, respec-
tively. This result is consistent with the results of previous 
studies showing that severe foot instability can lead to 
the degeneration of adjacent ankle joints, suggesting that 
ankle joint instability in the animal model in this study is 
more serious [10, 44].

Histomorphometry analysis
In typical H&E staining, SOFG staining, and TB stain-
ing, obvious discontinuity was observed on the ankle 
surface in the CFL laxity group and DL laxity group. The 
number of chondrocytes on the joint surface was lower 
or chondrocytes had completely disappeared, and there 
were empty nucleated chondrocytes, suggesting that 
ligament relaxation could lead to ankle instability. Ankle 
instability without effective treatment can lead to PTOA. 
The results are similar to those obtained by cutting the 
ligaments around the ankle in mice to construct animal 
models of ankle instability and ankle osteoarthritis [10, 
20]. In addition, large defects were also observed on the 
surface of subtalar joints in the CFL laxity group. In con-
trast, damage to subtalar joints in the DL laxity group 
was less than that in the CFL laxity group. This phenome-
non may be caused by the fact that CFL connects the tib-
ial talar joint and the subtalar joint at the same time [10, 
42, 43], and its relaxation not only causes ankle injury 
but also damages the subtalar joint to some extent. In 
fact, the ankle joint and the subtalar joint are two insepa-
rable structures, which can be called the ankle-subtalar 
joint complex. Hence, the subtalar joint surface in the DL 
laxity group also had certain injuries, which was similar 
to the results reported by Liu et  al. [10] In typical type 
II collagen immunohistochemical staining, the type II 
collagen-positive area in the ankle joint and subtalar 
articular cartilage layer in the CFL laxity group and DL 
laxity group was significantly reduced compared with 
that in the SHAM group. This difference may be caused 
by the destruction of some articular chondrocytes, which 
fail to normally produce type II collagen. Type II colla-
gen is a type of high molecular weight protein produced 
by articular chondrocytes, which can produce certain 
mechanical strength to maintain the normal physiologi-
cal function of articular cartilage. When articular chon-
drocytes are destroyed, the production of type II collagen 
also decreases. This result was consistent with the results 
of the abovementioned three staining methods and with 
the results of Liang et  al. [45], who constructed a rat 
model of post-traumatic osteoarthritis through ankle 
fracture.

In this study, the effects of chronic ankle instability 
after grade I ankle sprain on post-traumatic osteoarthritis 
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were described from macroscopic and microscopic levels. 
From a macro perspective, we found through behavioral 
experiments, including balance beam experiment and 
gait analysis, that the balance ability of mice decreased 
after ligament relaxation led to chronic ankle instabil-
ity. On the micro level, we found that ankle sprain would 
lead to chronic ankle instability and further develop into 
degenerative changes of the joint, specifically manifested 
as the reduction of chondrocytes and the reduction of 
type II collagen positive area. In addition, Micro-CT 
results also indicated increased bone density and subtalar 
bone ossification in the ankle and subchondral joints. The 
macro instability of the mouse ankle joint leads to the 
abnormal stress stimulation of the mouse ankle, which 
results in the degeneration of the joint and the ossifica-
tion of the cartilage at the micro level.

Limitations
There are some limitations to the study. First, the animal 
used in the experiment is mice. Although the structure 
of the hind foot and ankle joint of mice is similar to that 
of humans, it should be noted that mice are quadruped, 
while humans are biped. Thus, the consistency of move-
ment patterns and behavior needs to be further verified 
and studied. Second, this study needs to further elucidate 
the signaling pathway and molecular mechanisms of joint 
degeneration at a cellular level. More in-depth studies 
and more reasonable animal models should be developed 
in future studies.

Conclusions
The results of this study showed that chronic ankle insta-
bility induced by grade I ankle sprain impairs motor 
coordination and balance in mice, and eventually can 
induce PTOA of the ankle and its adjacent joints. This 
model could provide a new understanding of how grade 
I ankle sprains develops into chronic articular cartilage 
degeneration and paves the way for the related research 
on subtalar osteoarthritis in the future.
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