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Abstract
Background Delayed union of most tibial fractures due to their special anatomical structures.So an
effective animal model is very important to study the mechanism and method of fracture
healing.However, due to the small tibia of mice, the operation is di�cult, and the surgical model requires
high surgical skills. The construction of the �xation model of intramedullary nail for this fracture has
improved and simpli�ed the traditional �xation model of intramedullary nail, which not only achieves the
purpose of constructing the fracture model, but also makes it more simple and effective.Therefore, the
aim of the current study was to develop a new mouse model to study fracture healing of tibia.

Methods We chose a combination between an open osteotomy and intramedullary stabilization. The 22G
needle was inserted into the fracture end in a closed manner by using an open approach for osteotomy at
the middle and lower 1/3 level of the tibia.Fractured tibia were analyzed using microcomputed
tomography and histology at days 7,14,21and 28after surgery. All animals displayed normal limb loading
and a physio-logical gait pattern within the �rst three days after fracture. No animals were lost due to
surgery or anesthesia.

Results  X-ray con�rmed that the fracture types obtained by the fracture modeling method were
transverse fractures. X-ray, Micro-CT, immunohistochemistry, histological staining and Real-time PCR
showed that the fracture healing of mice was typical endochondral ossi�cation, with high repeatability.

Conclusion  The mouse tibial fracture model established by intramedullary nailing is safe, rapid and
simple. Its fracture healing is a typical intrachondral ossi�cation with high repeatability, which can be
better used for the study of molecular mechanism and clinical transformation of fracture healing and
bone metabolism.

1 Background
Bone is one of the organs of the human body, which is composed of bone, periosteum, bone marrow,
nerves and blood vessels. Bone includes cortical bone and cancellous bone. Fractures are called when
the integrity of the bone is destroyed or its continuity is interrupted. Tibial fracture is a common lower
limb fracture in clinic. Due to its anatomical characteristics, about 1/3 of the tibia is located under the
skin. The blood supply of the tibia is worse than that of other muscles wrapped bones. Open fractures of
the tibia are common and soft tissue damage is more serious, which brings more di�culties to clinical
treatment. Infection, delayed healing and nonunion are common complications.While these injuries are
important from a clinical standpoint, adequate small animal models to study them are lacking[1].
Therefore, an effective and reproducible animal model is necessary for us to study the fracture healing
mechanism and clinical treatment.For this purpose, mouse models to study metaphyseal fracture healing
are desirable because of the large number of available knock‐out, knock‐ in, and transgenic mouse
strains[2].Indeed, due to the small size, orthopedic surgery is challenging, and most fracture healing
studies are conducted in mice.As an appropriate experimental animal, the understanding of the local
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anatomy of the tibia in mice can be more conducive to the analysis of its correlation with the local
anatomy of the human tibia, and the understanding of the local anatomy can be more conducive to the
construction of the surgical model. However, due to the small tibia in mice, it is di�cult to operate, and
the surgical model requires higher surgical skills. The construction of this fracture intramedullary nail
�xation model improved and simpli�ed the traditional intramedullary nail �xation model, which not only
achieved the purpose of fracture model construction, but also made it more simple and effective.

2 Methods

2.1 Animals and experimental design
Thirty 6-8-week-old C57BL / 6 mice weighing 18-25 g were purchased from Liaoning Changsheng
Biotechnology Co., Ltd. [ SCXK ( Liao ) 2020- 0001 ].  The experimental unit is the SPF animal room [
SYXK ( Ji ) 2018-0014 ] of the Experimental Animal Center of Changchun University of Traditional
Chinese Medicine. The feeding conditions are ( 22 ± 2 ) °C, lighting every half of the day and night, free to
eat and drink water, and the experiment begins after 7 days of feeding.  The experimental procedures
were strictly in accordance with the guiding principles of the Animal Ethics Committee of Changchun
University of Traditional Chinese Medicine ( number : ccucm-2017-0015 ).In this study, young mice were
selected to determine the feasibility of new surgical techniques and investigate the physiological healing
process of tibia.  Mice are placed in groups of up to �ve animals and are free to eat and drink standard
mice.Anesthesia with intraperitoneal injection of pentobarbital sodium ( 60 mg / Kg ) in mice.Mice were
allowed to move freely after operation.   Monitor animals daily to study non-physiological or
physiological body load and gait patterns.After 7,14,21,28 days, the mice were sacri�ced by cervical
dislocation.Fractured tibia were harvested and �xed in 4% paraformaldehyde.Afterward, implant material
was removed and fractured tibia were subjected to microcomputed tomography (µCT) scans and
decalci�ed histology. 

2.2 Tibial anatomy of mice
The lower leg of C57BL / 6 mice is also composed of tibia and �bula. The upper end of the tibia is
triangular in the middle and lower 1 / 3 level, and it is round-like and fused with the �bula. At the same
time, the skin in front of the tibia is thin and there is little muscle attachment, which is very similar to the
anatomical characteristics of human tibia(Figure 1). Therefore, it is very reasonable to use the tibia
fracture of C57BL / 6 mice as an animal model to simulate the fracture of human tibia.

2.3  Surgical procedure



Page 5/13

The mice were intraperitoneally injected with 5 % chloral hydrate at a dose of 10 mg / kg. After deep
anesthesia, the right leg of the mice was prepared for skin disinfection. A 0.5 cm incision was made in
front of the right leg, and the tibia was completely exposed. During the process, attention was paid to the
protection of important nerve, blood vessels and muscles. The microstructure was sheared horizontally at
the middle and lower 1 / 3 level of the tibia. The 0.37 mm stainless steel metal needle was inserted into
the proximal medullary cavity of the fracture end, and it was punctured in front of the proximal tibia. Then
the metal needle was reversely inserted into the distal medullary cavity of the fracture.  The metal needle
was retained in the medullary cavity to �x the fracture end, showing good alignment and alignment of the
fracture end and good stability(Figure 2).  After recovery, the mice were reared in cages, and 80 U
penicillin was injected intraperitoneally for 3 consecutive days. The mice were free to move, eat and drink.

2.4 X-ray �lming
The mice were �xed in supine position, so that their bilateral lower limbs were extended outward, and the
tibia and fracture ends of the mice were exposed in position as far as possible, and placed in the center
of the �eld of vision. X-ray images were used to con�rm that the metal �xative was retained in the tibial
bone marrow cavity and the fracture ends were �xed, so as to prove the success of the mouse fracture
model construction. At the same time, the X-ray situation was checked according to the schedule, so as to
check the fracture healing.

2.5 Micro-CT analysis
Mice were euthanized at days 14, 21,28 for further tests. X-ray radiographic detection were performed
�rstly to detect the situation of fracture healing. After scrupulous dissection and removal of the
in[1]tramedullary pins in fractured tibiae, Micro-CT was used to scan the fracture specimens at the
different time points. Callus total volume (TV) ,callus bone volume (BV),bone surface(BS),Tb.Th and
Tb.Sp were collected for quantitative analysis of bony callus.

2.6 Histological analysis
After fracture bone tissues were harvested at days14,21,28, 4 %paraformaldehyde was used to �x for 2
days. After that, samples were soaked in 14 % EDTA solution for decalci�cation for fortnight and were
embedded in para�n subsequently. 3-μm thick sections at the fracture site were cut sagittally for Saffron
O �xation green staining. Afterwards, histomorphometric analysis (n =3) was performed. 

2.7 Immunohistochemical stainings
After fracture bone tissues were harvested at days14,28, 4 %paraformaldehyde was used to �x for 2 days.
After that, samples were soaked in 14 % EDTA solution for decalci�cation for fortnight and were
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embedded in para�n subsequently.Para�n-embedded 7-µm longitudinal sections were prepared for
immunohistochemical staining, the following antibodies were used: rabbit anti‐mouse collagen (14695-
1-AP, dilution 1:200), rabbit anti‐mouse collagen (28459-1-AP, dilution 1:200) and horse[1]radish
peroxidase-conjugated streptavidin (Zytomed Systems). Quanti�cation of the positively stained regions
was performed using the image analysis software. 

2.8 Quantitative real time PCR analysis (qRT-PCR)  
The expression levels of identi�ed DEGs were further validated by quantitative real-time PCR (qRT-PCR).
Brie�y, total RNA was converted to cDNA using the iScript cDNA Synthesis Kit (Bio-Rad, USA) and
ampli�ed using SsoAdvanced Universal SYBR® Green Supermix (Bio-Rad, USA) on a CFX Connect Real-
Time PCR Detection System (Bio-Rad, USA) under the following ampli�cation conditions: 95°C for 3 min,
followed by 39 cycles at 95°C for 10 sec, 60°C for 30 sec and 72°C for 10 sec, and then a �nal extensional
step from 65°C to 95°C with increment of 0.5 °C for 5 sec. Relative gene expression level was normalized
to the rat glyceraldehyde 3-phosphate dehydrogenase gene (Gapdh) following the 2-ΔΔCT method . The
sequence of primers is shown in  Table 1.

Table 1 

Primer sequence

Gene name   5' - 3'

Gapdh Forward primer     CCTGCACCACCAACTGCTTA

  Reverse primer GGCCATCCACAGTCTTCTGAG

Runx2 Forward primer CTGGCCTTCCACTCTCAGTAA

  Reverse primer ACTGGCGGGGTGTAAGTAAAG

Col1a1 Forward primer GTGGCGGTTATGACTTCAGC

  Reverse primer TCACGAACCACGTTAGCATC

Col2a1 Forward primer ACATAGGGCCTGTCTGCTTCTTGT

  Reverse primer TGACTGCGGTTGGAAAGTGTTTGG

Sox9 Forward primer TCCACGAAGGGTCTCTTCTC

  Reverse primer AGGAAGCTGGCAGACCAGTA

2.9  Statistical analysis
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Most data sets were normally distributed. Therefore,results are presented as dot plots with mean ±
standard deviation.Statistical analysis was done by Student's t test (GraphPad Prism ).The level of
signi�cance was set at P < 0.05. The group size was three.

3 Results
No animals were lost due to surgery or anesthesia. After anesthesia, the mice were able to move freely in
the cage, diet and defecation were good, and claudication was still observed within 1 week after
operation, and then gradually recovered. After 2 weeks, the mice gradually returned to normal walking,
and the incision healed well.   At the third week after operation, the suture of the incision in mice fell off
spontaneously, and the incision healed well. The mice could jump freely and recover the same activity as
before operation.

All mice were taken X-ray immediately after operation, and the fracture types were distinguished
according to Marturano standard[4] . The transverse tibial fracture of mice in this experiment was
determined as a successful fracture model to determine whether the modeling was successful or not.
Randomly selected experimental mice, in postoperative 7, 14, 28 d review X-ray, observe fracture healing
process.  According to the postoperative X-ray results can be seen, fracture alignment, alignment is good,
good internal �xation position.  Seven days after operation, the internal �xation position was good, the
fracture alignment and alignment were good, and the fracture end had slight bone resorption. 14 days
after operation, a small amount of callus formed at the fracture end, and the fracture alignment and
alignment were good. On the 21st day after operation, a large amount of callus was formed at the
fracture end, forming a bone bridge, and the fracture line was blurred. The fracture area almost
completely healed after 28 days.

Micro-CT analysis showed successful osteotomy in all animals at 1 / 3 tibial level.Between day 14 ( d14 )
and day 28 ( d21 ), new trabecular bone gradually increased in callus area.  BV / TV ratio and BS / TV
ratio increased signi�cantly between d14 and d21.  Tb.Th gradually increased between day 14 ( d14 ) and
day 28 ( d21 ).  Tb. Sp gradually decreased between day 14 ( d14 ) and day 28 ( d28).(Figure 3)

Histomorphometric analysis of safranin O‐stained sections from the fractured tibia revealed that all
fractured healed via endochondral ossi�cation . Whole callus area decreased signi�cantly between d14
and d28. The relative amount of cartilage decreasedand the relative amount of bone increased between
d14 and d28 All fracture calluses at d28 displayed less than 10% of cartilage tissue, indicating a
successful cartilage‐to‐bone transition between d14 and d28. (Figure 4)

Immunohistochemical staining for the chondrocyte marker collagen  revealed the collagen  positive
area in the whole fracture callus decreased signi�cantly from d14 to d28.Immunohistochemicalstaining
for the osteogenic marker collagen  revealed high expression in hypertrophic chondrocytes at the
cartilage‐to‐bone transition zone and in osteoblasts throughout the bony callus at d14 to d28. collagen
positive area in the whole fracture callus increased signi�cantly from d14 to d28. (Figure 5)
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The expression of marker genes in the fracture healing process was detected by qRT-PCR. The callus
tissues of the fracture site on the 7th, 14th, 21st and 28th days after operation were taken, and the mRNA
was extracted. The marker genes related to the fracture healing process were detected by real-time
quantitative qPCR, and the tibial samples without fracture were used as the control. The results showed
that the key driver gene Sox9 of chondrocyte differentiation and the marker Col2a1 of chondrocyte were
signi�cantly increased, and the difference was statistically signi�cant, indicating that mesenchymal stem
cells began to differentiate into cartilage lineage after fracture and started the process of fracture repair.
The change trend of these marker genes suggests the role of chondrocytes in the process of fracture
repair [5– 8]. The expression of Col1a1 and Runx2 increased signi�cantly, which was consistent with
osteoblasts transforming cartilage into woven bone. It indicated that the fracture healing mode of this
model was intrachondral  ossi�cation.(Figure 6)

4 Conclusion

4.1 Improvement of fracture model in mice  
With the aging of the population, the risk of human fracture is increasing. Various methods and drugs to
promote fracture healing are constantly updated. Although clinical trials also provide a wealth of
technology and data, animal experiments are still essential for the analysis and study of fracture healing.
In particular, some fractures that are di�cult to heal and have special anatomical locations are
important for an effective animal model. The fracture healing process of small mammals such as mice
and rats is similar to that of human[9].With the drawing of mouse gene map, researchers can have the
opportunity to observe the role of a single gene in fracture healing, and mouse animal models are more
widely used.  Compared with rats, the animal model of mice has the advantages of lower purchase and
feeding costs and shorter fracture healing time. At the same time, it is more conducive to the study of
molecular mechanism of fracture healing and regeneration. Therefore, the mouse fracture model is
considered to be an ideal model for the study of bone healing and regeneration [7.9]. However, due
to the small volume of mouse tibia bone, the operation is di�cult, especially the open fracture model is
particularly complex. In this study, the mouse tibia was dissected to understand its structure, and
compared with human tibia. Because of its similar anatomical characteristics, it laid an anatomical
foundation for the establishment of mouse tibia fracture model.In this experiment, the improved metal
needle �xation technology was applied. Compared with the traditional intramedullary nail �xation, it
reduced the di�culty of operation, simpli�ed the operation process, and the internal �xation under direct
vision was accurate and accurate, which could more accurately re�ect the healing after fracture surgery,
and was more conducive to scienti�c research. The operation is more safe, fast and simple.

4.2 Fracture healing   
Fracture healing process is divided into intramembranous ossi�cation and intrachondral ossi�cation.
 Intramembrane ossi�cation is the direct differentiation of bone marrow stromal cells into osteoblasts.  
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Intrachondral ossi�cation refers to the differentiation of bone marrow stromal cells into chondrocytes,
which are differentiated, proliferated, mature, and hypertrophy, followed by calci�cation and gradual
degradation of cartilage matrix and replaced by bone tissue [11].   According to X-ray and histological
observation, the healing mode of tibial fractures in the mouse modeling method in this experiment was
endochondral ossi�cation. In this experiment, the fracture was �xed with metal needle. Although the
operation method and process were simple and effective, there were still the same characteristics as the
traditional intramedullary needle that the fracture end was aligned and aligned stably, but the fracture end
was prone to rotation and displacement. Chondrocytes in the process of intrachondral ossi�cation
undergo proliferation, maturation, hypertrophy and ossi�cation, so the mouse fracture model established
in this experiment can be applied to the study of fracture healing mechanism.

In summary, this study improved the traditional �xation method of intramedullary nail for tibial fractures
in mice during the operation, avoiding the need for repeated X-ray machine calibration in the �xation
process of intramedullary nail for tibial fractures in mice. At the same time, it was necessary to strictly
con�rm the nail entry point and the secondary damage of bone caused by repeated operation, which
greatly improved the success rate of modeling and was an effective mouse fracture model based on
intrachondral ossi�cation.
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Figures

Figure 1

Anatomical morphology of mouse tibia after complete removal.

Figure 2

Surgical procedure of intramedullary nailing for distal tibial fractures in mice.A:Design of surgical
incision.B:Exposed tibia.C:Treatment of fracture at 1 / 3 middle and lower tibia.D:Implant metal needle
from proximal fracture.E:Metal needle penetrating the distal medullary cavity of fracture.F:Suture the
incision.
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Figure 3

Microcomputed tomography analysis of fractured femurs at d14 ,d21 and d28 after fracture.A:X-ray
manifestations of tibial fracture healing in mice.B:Representative 3D images of fractured tibia.C:
Representative 3D section images of fractured tibia.D:3D image representing new bone trabeculae in
tibial fracture area.E:BV to tissue volume ration.F: Bone Surface to tissue volume ration.G:Trabecular
Thickness Tb.Th .H:.Trabecular Separation Tb.Sp .(*0.05 > P >0 .02; **0.02 > P > 0.01; ***0.01 > P >
.0001 n=3).

Figure 4

Histomorphometric analysis of fractured femurs at day d14,d21 and d28 after fracture. A  Representative
images of fractured femurs stained with Saffron O �xation green staining B Periosteal callus area C
relative cartilage area D  relative bone area in the periosteal fracture callus at d14,d21 and d28 after
fracture. (*0.05 > P >0 .02; **0.02 > P > 0.01; ***0.01 > P > .0001 n=3).

Figure 5

Immunohistochemical staining of fractured tibial at d14 and d21 after fracture. A Representative images
offractured femurs stained for collagen . B Representative images of fractured femurs stained for
collagen . C Quanti�cation of the positively stained area in the whole fracture callus for collagen . D
Quanti�cation of the positively stained area in the whole fracture callus for collagen .  (*0.05 > P >0 .02;
**0.02 > P > 0.01; ***0.01 > P > .0001 n=3).

Figure 6

Expression of marker genes during fracture healing.A:Expression level of Col1a1 ,Col2a1,Sox9 and Runx2
at d7; B:Expression level of Col1a1 ,Col2a1,Sox9 and Runx2 at d14; C:Expression level of Col1a1
,Col2a1,Sox9 and Runx2 at d21; D:Expression level of Col1a1 ,Col2a1,Sox9 and Runx2 at d28. (*0.05 > P
>0 .02; **0.02 > P > 0.01; ***0.01 > P > .0001 n=3)
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