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S U M M A R Y

Purpose: The purpose of our study was to introduce and validate a metal-free, reproducible and reliable mouse
model of anterior cruciate ligament (ACL) reconstruction (ACLR) surgery as an effective tool for a better un-
derstanding of molecular mechanisms of graft-tunnel healing after ACLR.
Methods: A total of 150 C57BL/6 mice were randomly allocated into five Groups: Group 1 (mice with intact ACL),
Group 2–4 (mice underwent modified ACLR surgery and sacrificed 1-, 2-, and 4-weeks after surgery), and Group 5
(mice underwent unmodified ACLR surgery and sacrificed 4 weeks after surgery). Micro-computed tomography
(CT), biomechanical histological as well as immunohistochemical (IHC) analyses were performed to characterize
the modified ACLR.
Results: Micro-CT analysis demonstrated there is a non-significant increase in BV/TV and BMD of the bone tunnel
during the tendon-to-bone healing following ACLR. Biomechanical tests showed that the mean load-to-failure
forces of Group 3 and 4 are equal to 31.7% and 46.0% of that in Group 1, while the stiffness was 33.1% and
57.2% of that of Group 1, respectively. And no obvious difference in biomechanical parameters was found be-
tween Group 4 and 5. Histological analysis demonstrated that formation of fibrovascular tissue in the tibial tunnel
and aperture in Groups 4 and 5 and direct junction appeared between tendon graft and tunnel both in Groups 4
and 5. IHC results showed that there are gradually enhanced expression of Patched1, Smoothened and Gli2
concomitant with decreased Gli3 protein in the tendon-bone interface during the tendon-bone healing process.
Conclusion: We introduced a metal-free, reproducible and reliable mouse model of ACLR compared to the un-
modified ACLR procedure, and characterized the expression pattern of key molecules in Ihh signaling during the
graft healing process.
The translational potential of this article: In the present study we introduced and validated, for the first time, a metal-
free, reproducible and reliable ACLR mouse model, which could be used to investigate the detailed molecular
mechanisms of graft-tunnel healing after ACLR. We also explored new strategies to promote the healing of tendon-
to-bone integration.
ACLR, ACL reconstruction; BMD, Bone mineral density; BV/TV, Bone volume/total volume; CT, Computed to-
ficant; Ihh, Indian hedgehog; Ptch1, Patched1; Smo, Smoothened; Gli1, Glioma-associated oncogene homologue 1;
i3, Glioma-associated oncogene homologue 3; CI, Confidence interval.
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Introduction

Anterior cruciate ligament (ACL) tear is one of the most prevalent
sports-related injuries, which can lead to devastating consequences.
Epidemiological studies showed that approximately 250, 000 patients
undergo this procedure annually in the United States with a lifetime cost
of US $ 8 billion [1,2]. In order to restore athletic ability before the injury
as much as possible, ACL reconstruction (ACLR) is the most commonly
performed ligamental replacement surgery [2–4]. However, this surgical
management results in more than 20% risk of structural and mechanical
failure at the surgical site [3,5,6]. Moreover, 40% of individuals
receiving the ACLR surgery exhibited reduced mobility and quality of life
[6–9]. Therefore, it is a great challenge to further improve postoperative
outcomes of ACLR surgery.

It is well known that a firm tendon graft-to-bone attachment is pivotal
to the functional substitutes of the graft. Both large animal and clinical
studies showed that low quality of fibrovascular tissue interface forms via
a scar-mediated process between tendon graft and bone tunnel [10–12].
And this slow and incomplete graft-tunnel healing process, which fails to
recapitulate the structure and corresponding function of the native lig-
ament, led to a prolonged period of rehabilitation and more vulnerable to
post-surgery complication such as graft laxity, tunnel widening [13]. This
dilemma urges us to uncover the enigma in physiology and molecular
mechanisms of graft healing, which may provide novel insights for
developing effective strategies to optimize and accelerate healing
progression.

Mouse models that mimic human diseases are important tools for
investigating the underlying mechanisms in various diseases and the
development of new therapeutic strategies for human pathology. Toward
this end, mice model of ACLR should be developed so that the role of
specific genes or cellular signaling on tendon-bone healing could be
applied to transgenic strain. The latest research by Deng et al [14]
developed a novel murine ACLR model using a clip for femoral suspen-
sory fixation and transosseous suture for tibial fixation. Based on their
murine model, we modified their murine model of ACLR in C57BL/6
background. The novelty of our model was that we provide a metal-free,
reproductive and liable method to reconstruct the ACL of mice.

Hedgehog (Hh) signaling pathway is an evolutionarily conserved
developmental cassette from Drosophila to humans, participating in
development, homeostasis and skeletal repair [16]. The Hh ligands
consist of Indian hedgehog (Ihh), Sonic hedgehog (Shh), and Desert
hedgehog (Dhh). In the absence of Hh ligands, patched 1 (Ptch1) receptor
represses smoothened (Smo) activity, and the Gli transcription factors
(Gli2 and Gli3) are proteolytically cleaved into repressors to suppress
downstream genes [16]. Binding of Hh ligands to Ptch1 relieves its in-
hibition of Smo, which activates Gli-dependent downstream targets. Gli2
generally acts as an activator rather than a repressor of GLI-mediated
transcription, while Gli3 mainly presents as the repressor form [16].
Previous studies have revealed that the Ihh is the main Hh ligand in
growth plate and required for endochondral bone formation. Hh
signaling pathway also plays a critical role in enthesis growth, fibro-
cartilage differentiation, and calcified cartilaginous mineralization [17,
18]. Another work on scarring and regeneration of murine skin would
healing confirmed that dermal activation of Hh pathway reinstalls a
regenerative dermal niche, making wound healing be redirected to pro-
mote hair follicle regeneration instead of fibrotic repair [19]. However, it
has been given much less attention to the effects of key proteins in Hh
signaling on scar-mediated fibrovascular formation in murine
tendon-bone healing.

Hence, the main purpose of the present work was to develop a
modified ACLR model applied to mice, which has comparable biological
and biomechanical changes to those of the previous murine ACLR model
established by Deng et al [14]. Moreover, we further characterized key
proteins in Hh signaling during the process of graft-tunnel healing.
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Materials and methods

Animals

Eight-week-old male C57BL/6J mice were provided by the Experi-
mental Animal Research Center of Zhejiang Chinese Medical University.
All mice were fed in specific pathogen-free animal facilities and free
access to water and lab chow. The room was maintained at a controlled
temperature (23 � 2�C) and humidity (40 � 5%). All procedures were
approved by the Animal Experimentation Ethics Committee of Zhejiang
Chinese Medical University (ZSLL-2018-40). Both the ARRIVE (Animals
in Research: Reporting In Vivo Experiments) guidelines for reporting
animal research [20] and Guide for the Care and Use of Laboratory An-
imal (1996) [21] were carried out.

Experimental design

A total of 150 mice were randomly allocated into five Groups: Group
1 (mice with intact ACL), Group 2–5 (mice underwent primary ACLR or
modified ACLR surgery). The mice in Group 2, 3 and 4 underwent a
modified ACLR surgery with a soft-tissue sling fixation on the femoral
side and sacrificed respectively at 1, 2 and 4 weeks after surgery, while
the mice in Group 5 underwent the primary ACLR surgery described by
Deng et al [14] and sacrificed at 4 weeks after surgery. Histology,
immunohistochemistry (IHC) analysis, micro-CT analysis and biome-
chanical tests were further performed according to the experimental flow
shown in Fig. 1.

Surgical procedure of modified ACLR and primary ALCR

All surgeries were performed by an orthopedic surgeon engaged in
arthroscopy and sports medicine. After proper anesthesia (0.5% pento-
barbital sodium, 0.15 mL/10 g body weight) and sterilization, mice were
maintained in the supine position. Ahead of bone tunnel drilling, femoral
footprint targeting was performed via simulation to identify the very
orientation of the drilling needle. Before native ACL was cut off, the
femoral tunnel was drilled using a 25-gauge needle (diameter ¼ 0.5 mm)
from ACL femoral footprint to the lateral aspect of the femoral condyle,
while the tibial tunnel was drilled under direct vision from the medial tibia
outside the footprint of ACL tibial insertion with a 25G needle (Fig. 2A and
B). Following two small longitudinal incisions on themedial ankle and sole
of foot, the flexor digitorum longus was identified and separated (Fig. 2C
and D). With a high tense suture (Ethicon 7-0) placed at its distal end, the
tendons were harvested and preserved in PBS. Utilizing a 1-cm skin inci-
sion over the ipsilateral front knee and lateral parapatellar approach, the
patella was subluxated medially and the tibial insertion of the ACL was
exposed with the knee flexed. Under the traction of the attached suture,
the tendon graft was pulled through the tibial and femoral tunnels in turn
(Fig. 2E). A needle was used to probe the lateral head of gastrocnemius
from the posterior aspect of the lateral collateral ligament (Fig. 2F). Sub-
sequently, the proximal end of the graft was tied around the lateral head of
gastrocnemius (Fig. 2G andH). The lateral head of gastrocnemius was used
as a suspensory point for the femoral sling fixation of the graft (Fig. 2I).
Finally, with the knee extended, tibial fixation was achieved with sutures
(Ethicon 6-0) tied over the anterior bridge of tibia under manual tension
and the incision was closed. In Group 5, mice underwent the same ALCR
surgical procedures except for a tiny clip fixation but not suture fixation on
the femoral side (Fig. 2J) as previously described by Deng et al [14].

Micro-CT analysis

The knees were dissected frommice, fixed in 4% paraformaldehyde at
room temperature for 24 h and stored in 70% ethanol. After wrapped and
fixed on the platform, the specimens were scanned using Skyscan 1176



Fig. 1. Diagram of animal treatment and study design of the project.
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Fig. 2. Murine modified ACLR procedures.
(A) Following the exposure of the lateral
capsule and ACL of the right knee joint. (B) a
bone tunnel is created in the anterior portion
of the proximal tibia and lateral femoral
condyle using a 25-gauge needle. (C, D) A
flexor digitorum longus tendon graft is har-
vested through a small incision in the leg and
the plantar aspect of the foot, respectively.
(E) The tendon graft was pulled through the
tibial and femoral tunnels in turn. (F) After
the exposure of the lateral head of gastroc-
nemius, (G) the proximal end of the graft
passed through the femoral tunnel (H) were
further tied around the lateral head of
gastrocnemius, while the distal end of the
graft was fixed in the tibial side by trans-
osseous suture. (I) Hand drawing illustrates
the specific fixation method of graft in the
femoral side. (J) Illustration of the primary
ALCR model as previously described.
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micro-CT machine (Bruker micro-CT N.V., Kontich, Belgium) with
following parameters: an isotropic voxel size of 9 μm, a resolution of
4000 � 2672 pixels, 0.2 mm Al, 786 ms, 45 kV, 555 μA, and 0.3 rotation
step. Images of each specimen were reconstructed with NRecon software
(Skyscan) and the mean distances between several anatomical landmarks
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were evaluated in DataViewer V.1.4.3 software (SkyScan). To assess the
volume and density of newly formed mineralized tissue inside the bone
tunnel, the mean bone volume/total volume fraction (BV/TV) and bone
mineral density (BMD) of a circular 0.5-mm region of interest within the
full-length bone tunnel were analyzed.
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Biomechanical tests

The femur-ACL-tibia complex of the knee joint was dissected and all
soft tissues were stripped off so that the ACL is the only element con-
necting the femur and the tibia. Samples were washed clean in
phosphate-buffered solution and blotted with filter paper to remove
water, followed by coated with bone cement at the proximal and distal
end for ease of griping and to prevent the femur and the tibia from
damaging by a clamp. With the direction of distraction along the long
axis of the ACL graft, a load-to-failure protocol was performed at a strain
rate of 10 mm/min on the tensile testing machine (Instron5569, Nor-
wood, MA, USA). The maximal load at failure or pullout (N), stiffness (N/
mm), and the site of failure at 2 weeks and 4 weeks post-surgery were
well documented.

Histologic staining

Knee joints were harvested and fixed in 4% paraformaldehyde for
24 h. After decalcified with 14% ethylenediaminetetraacetic acid solu-
tion for 2 weeks, the specimens were dehydrated through a graded
ethanol series and embedded in paraffin, sectioned at 4 μm thickness
parallels to the longitudinal axis of the bone tunnel. Hematoxylin and
eosin (H&E) and Safranin O staining were performed to analyze changes
in histologic structure.

IHC analysis

After deparaffinized, sections were treated with 0.3% hydrogen
peroxide to reduce endogenous peroxidase activity. Then antigen
retrieval was performed with the sections incubated at 60�C with
0.1 mol/L citrate buffer overnight. Normal goat serum (diluted 1:20)
(Invitrogen, MD, USA) was added for 30 min at room temperature to
block non-specific staining. Subsequently, the sections were treated with
primary antibodies, including Gli2 (1:100), Gli3 (1:100), Smo (1:100),
Ptch1 (1:100), Ihh (1:100) (Abcam, MA, USA) and further incubated
overnight at 4�C. Secondary biotinylated goat anti-mouse antibody
(diluted 1:1000) (Invitrogen, MD, USA) was subsequently added for
30 min incubation the following day. Diaminobenzidine solution (Invi-
trogen, MD, USA) and followed by counterstaining with hematoxylin was
used to detect positive staining of sections. The H-score ranged from 0 to
300 was used for semiquantitative assessment of IHC images according to
both the intensity of staining and the percentage of cells stained.

Statistical analysis

All the data are represented as Mean � SD. Student's t-test and one-
way ANOVA with Tukey's test was used for pairwise comparisons and
multi-Group comparison, respectively. The micro-CT data of the femoral
and tibial tunnels and H-scores was compared by Wilcoxon signed-rank
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test. Statistical analysis was performed with SPSS for Windows, version
19 (SPSS, Inc., Chicago, IL, USA) and GraphPad Prism software (Graph-
Pad Software Inc., La Jolla, CA). p < 0.05 was considered to be
significant.

Results

All animals tolerated the ACLR procedure without any perioperative
complications. They all survived well until they sacrificed.

Micro CT analysis

To investigate whether new bone formation occurs at the tendon-
bone interface along with the bone tunnel healing. Micro CT analysis
of bone tunnel was performed in Group 3–5, and results showed that no
obvious new bone formation was observed at the graft-tunnel interface
(Fig. 3A). The bone morphological parameters (BV/TV and BMD) of CT
slices were further analyzed by CT An v1.15 software in SkyScan. The
median of BV/TV in femoral and tibial tunnels in the Group 3 was
0.035% and 0.033%, respectively, which became 0.063% and 0.059% in
the Group 4 and 0.059% and 0.064% in the Group 5 (Fig. 3B). The me-
dian of BMD in femoral and tibial tunnels in Group 3 was 0.42 and
0.28 g/cm3, which became 0.65 and 0.57 g/cm3 in the Group 4 and 0.62
and 0.49 g/cm3 in the Group 5 (Fig. 3C). There was a non-significant
increase in BV/TV and BMD of the femoral and tibial in Group 4,
compared with Group 3 (n ¼ 5, p > 0.05 for both). And no significant
difference in BV/TV and BMD of the femoral and tibial was observed
between Group 4 and 5 (n ¼ 5, p > 0.05 for both).

Biomechanical tests

To determine the changes in the mechanical strength of femur-ACL-
tibia complex, load-to-failure tests were performed (Fig. 4A). The mean
load-to-failure force in Group 3 and 4 decreased to 31.7% and 46.0% of
that in Group 1 (1.82 � 0.71 N and 2.64 � 1.20 N vs 5.74 � 1.22 N),
respectively. And the mean load-to-failure force in Group 5 was
2.69 N � 0.90 N (Fig. 4B). Compared with Group 1, significant decreases
were observed in Group 3 (mean difference, 3.92 N; 95% CI,
2.73–5.11 N; p < 0.001), and 4 (mean difference, 3.10 N; 95% CI,
1.91–4.29 N; p < 0.001). Compared with Group 4, no significant differ-
ence was observed in Group 3 (mean difference, 0.82 N; 95%CI,�0.37 to
2.01 N; p > 0.05), and 5 (mean difference, 0.05 N; 95% CI, �1.30 to
1.20 N; p > 0.05).

Subsequently, we calculated the stiffness of graft from the
load–deformation curves, and results showed that the graft stiffness of
Group 3 and 4 significantly decreased to 33.1% and 57.2% of that in
Group 1 (1.66 � 0.83 N/mm and 2.87 � 1.55 N/mm vs 5.01 � 1.98 N/
mm), respectively. And the mean graft stiffness of Group 5 was
2.93 � 1.19 N/mm (Fig. 4C). Compared with Group 1, significant
Fig. 3. Micro-CT analysis results. (A)
Representative transverse, sagittal and coro-
nal aspects of micro-CT slices of bone tunnel
following ACLR. The yellow circle with a
diameter of 0.5 mm is equal to the diameter
of the needle used to drill the tunnel. (B) Box
plots show BV/TV and (C) BMD of newly
formed bone in full-length of the femoral and
tibial tunnels of mice in Group 3, 4 and 5.
The horizontal line is the median, the box
represents the first quartile and third quar-
tile, and the bars represent the minimum and
maximum. BV/TV, bone volume/total vol-
ume fraction; BMD, bone mineral density.
(For interpretation of the references to color/
colour in this figure legend, the reader is
referred to the Web version of this article.)
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decreases were observed in Group 3 (mean difference, 2.97 N; 95%CI,
1.38–4.55 N; p < 0.001) and 4 (mean difference, 1.75 N; 95% CI,
0.17–3.34 N; p< 0.05). Comparedwith Group 4, no significant difference
was observed in Group 3 (mean difference, 1.21 N; 95% CI, 0.38–2.81 N;
p > 0.05) and Group 5 (mean difference, 0.05 N; 95% CI, �1.70 to
1.60 N; p > 0.05).

The site of graft failure (femoral tunnel, midsubstance, or tibial tun-
nel) in this study was recorded and we found that all the native ACLs in
Group 1 break at the midsubstance during load-to-failure tests, whereas 6
and 4 of the 10 grafts failed at the tibial and the femoral side for the
Fig. 5. Histological staining results. (A–J) Safranin O staining results of transverse s
bone in tibia (A, F). There is no junction observed between graft and tunnel of mice i
Group 3 (C, H). And direct junction appeared between tendon graft and the tunnel of m
of graft to bone tunnel. Boxed area in A-E is shown at high magnification in F-J, respe
IF: interface. (For interpretation of the references to color/colour in this figure legen
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Group 2 as well as 7 and 3 of the 10 grafts failed at the tibial and the
femoral side for both the Group 3 and 5, respectively. For Group 4, 8 of
the 10 grafts failed at the tibial side, 2 failed at the femoral side in Group
(Fig. 4D).
Histologic staining

To evaluate the effect of modified ALCR on the fibrovascular for-
mation in the tibia tunnel, Safranin O staining was conducted with
transverse sections of the tibial tunnel in each Group. As shown in
ections of tibial tunnels in each Group. Normal transverse section of trabecular
n Group 2 (B, G). No obvious junction forms between graft and tunnel of mice in
ice in Group 4 (D, I) and 5 (E, J). Red arrows in I and J indicate a direct junction
ctively. Scale bars ¼ 200 μm in A-E; Scale bars ¼ 50 μm in F-J. B: bone; G: graft;
d, the reader is referred to the Web version of this article.)
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Fig. 5A–J, normal trabecular bone was observed in the proximal of tibia
(Fig. 5A, F) and a clear boundary between tendon graft and tunnel in
the tibial tunnel near growth plate began to be observed at Group 2
(Fig. 5B, G) and Group 3 (Fig. 5C, H) (initiated 2 weeks after ACLR
surgery), and direct junction interfaces were observed in Group 4
(Fig. 5D, I) and Group 5 (Fig. 5E, J) (4 weeks after ALCR surgery),
suggesting fibrous connections appeared between tendon graft and
tunnel in Group 4 and Group 5.

Similar with the above results from Safranin O staining, H&E staining
of normal ACL enthesis showed continuous collagen fibers from ACL to
tibial bone in Group 1 (Fig. 6A, F), whereas H&E staining of the tibia
tunnel in Group 2–5 also confirmed that formation of disorganized
fibrovascular scar-tissues initiates 2 weeks after ALCR surgery, and well-
organized graft-tunnel interfaces were observed in Group 4 and 5
(Fig. 6A–J). No significant alterations were observed between Group 4
and 5, which were structurally different from normal ACL enthesis in
Group 1 (Fig. 6D and E, I–J). In order to eliminate the possibility that the
fibrovascular formation resulted from the activation of growth plate, we
further detected the healing status around the aperture of the tibial
tunnel. The H&E results showed that similar to the healing occurred in
inner of the tibia tunnel, formation of disorganized fibrovascular scar-
tissues in the aperture of the tibia tunnel emerged at 2 weeks after
ALCR surgery (Fig. 6M, R), and huge amounts of fibrovascular scar-
tissues around the aperture of the tibial tunnel were observed at 4
weeks after ALCR surgery Group 4 and 5 (Fig. 6N and O, S and T). No
significant alterations were also observed between Group 4 and 5 at the
interface in the aperture of the tibia tunnel. The above demonstrated that
natural process after ACL reconstruction couldn't achieve the structure of
normal ACL enthesis.
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IHC analysis

To explore the roles of Hh signaling in graft healing, the expression
patterns of key proteins in Hh signaling during the scar-mediated
fibrovascular formation were examined by IHC analysis. IHC results
of Ihh and its receptor (Ptch1) showed that strong positive expressions
of Ihh and Ptch1 were relatively restricted in the graft-tunnel interface
in Group 2–4, compared with surrounding tissues. According to the
comparison among the Groups, the expression of IHH on the tendon-
bone interface gradually decreased with the extension of healing
time (Fig. 7A, F). IHC results of Smo and transcription factor Gli2/3
demonstrated that all of them highly expressed at various parts of the
tissue. As expected, both Smo and Gli2 on the tendon-bone interface
were remarkably increased during the process of graft-tunnel healing
(from 1 to 4 weeks after ACLR surgery) (Fig. 7C, D, F). However, Gli3
firstly expressed at various parts of the tissue at Group 1 (1 week after
ALCR surgery) and significantly decreased with the extension of
healing time (Fig. 7E and F). All these data suggest that Ihh mediated
Hh signaling is activated on the tendon-bone interface and may be
involved in the process of graft healing after ACLR surgery by
increasing Gli2 and reducing Gli3.

IHC results showed no significant difference in the expression of key
proteins in Hh signaling between Group 4 and 5 (Fig. 7F). It indicates that
our modified surgical model of mice ACLR is successful. In addition, IHC
of native ACL enthesis showed positive staining of Ihh, Ptch1, Smo and
Gli3 but not Gli2 in Group 1. It explained why scar-mediated natural
process after ACLR failed to recover enthesis-like structure. Inconsistent
expression patterns of Hh signaling in Groups 4 and 5 compared with ACL
enthesis in Group 1 suggest that Hh signaling may be a regulator to
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Fig. 7. IHC results of key proteins in Ihh signaling at the tendon-bone interface in Group 1–5 mice. (A–E) Expression of Ihh, Ptch1, Smo, Gli2, Gli3 proteins at the
tendon-bone interface. (F) IHC semi-quantitative expression results of key proteins in Ihh signaling using H-score at the tendon-bone interface in Group 1–5 mice. The
H-score ranged from 0 to 300 was used for semi-quantitative assessment of IHC images according to both the intensity of staining and the percentage of cells stained.
The intensity was considered 0 for absent expression, 1þ for weak staining, 2þ for moderate staining, and 3þ for strong staining. The H-score was calculated as the
formula: H-score ¼ 1 � percentage of 1þ cells þ2 � percentage of 2þ cells þ3 � percentage of 3þ cells. Scale bars ¼ 50 μm. Data are expressed as the Mean � S.D.
*p < 0.05; **p < 0.01; n.s. indicates no significant difference.
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change the phenotype of scar-mediated fibrovascular formation at
tendon-bone interface.

Discussion

ACLR mouse model is an important tool that will enable us to
explore the detailed biological processes and molecular events on
tendon-bone healing, with hopes of establishing new strategies for
promoting healing and putting into clinical practice. In this study, we
established and validated a simple, metal-free and reproducible mouse
ACLR in the C57BL/6 background. Comparative study on results from
micro-CT, biomechanical and histological analysis demonstrated that
no significant difference was found between our modified ACLR model
and the previous one. We found that the phenotype of a scar-mediated
fibrovascular tissue interface emerges between the graft and bone
tunnels in our model, which had been reported by previous studies in
larger animal models [10,12] and clinical research [11]. Moreover, a
large amount of fibrovascular granulation tissue also formed near the
aperture of the tibial tunnel, which indicated that the microenviron-
ment in the tibial aperture may be beneficial to graft-tunnel healing. In
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addition, our data suggested that the activation of Hh signaling on the
tendon-bone interface may be involved in the process of graft healing
after ACLR surgery by regulating the transcription factors Gli2 and
Gli3.

Our biomechanical findings were consistent with the previous report
[14], in which a 23-gauge needle (diameter ¼ 0.64 mm) was used for
bone tunnel drilling, a tiny surgical clip for suspensory fixation on the
femoral side and transosseous suture fixation on the tibial side. They
reported a mean failure force of 1.29 � 0.47 N and 1.79 � 0.40 N at 2
weeks and 4 weeks after surgery, respectively, whereas we found higher
load-to-failure of the native tendon (5.43 � 0.79 N). This discrepancy
could be due to measuring error of different biomechanical devices.
Similar to previous studies, load to failure tests showed that a majority of
specimens in the ACLR Groups were pulled out from the tibial tunnel,
indicating that the tendon-bone interface is the weakest site on the whole
femur-ACL-tibia complex [22–24]. Most of the specimens break in the
tibial side may demonstrate that the healing quality of the tendon to bone
attachment in the femoral side is prior to that in the tibial side. This is
consistent with our histological findings and others' reports that they
noted poor healing in the tibia after ACLR [25,26].
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Previous studies had found new bone formation at the tendon-bone
interface along the bone tunnel by micro-CT analysis [14,25]. In this
study, we didn't find any noticeable new bone formation at the
graft-tunnel interface on micro-CT slices and no difference was found on
the increased BV/TV and BMD. This is probably due to the smaller
diameter of the needle we use to drill the bone tunnel and the shorter
duration of research. Our results indicated that a larger diameter of the
bone tunnel might be beneficial to accommodate more newly formed
bone.

The Ihh signaling pathway plays a critical role in enthesis develop-
ment. Previous gain- and loss-of-function studies have indicated hedge-
hog signaling as a key regulator of ligamental enthesis growth,
fibrocartilage differentiation, and calcified cartilaginous mineralization
[17,18,27]. In this study, we identified the activation of hedgehog
signaling in the tendon-bone interface and significantly increased
expression of Ptch1, Smo and Gli2 and decrease expression of Gli3. This
finding is similar to a study in a rat ACLR model [27] that Ihh as well as
Ptch1 and Gli1, the downstream proteins of Ihh signaling cascade, were
positively located at the tendon-bone interface. In addition, the study
performed by Zong [28] showed high Gli1, Ptch1 expression and high
numbers of Ihhþ cells at the enthesis in a rat rotator cuff repair model,
which also provided strong evidence that Ihh signaling pathway plays a
role in tendon-to-bone healing. Our findings suggested that Ihh signaling
pathway might be a key regulator for fibrovascular interface formation
after ACLR. According to the expression pattern of Gli2 and Gli3 in the
interface of tendon-bone, we speculated that activation of hedgehog
signaling in graft-tunnel integration is mediated by increasing activator
form of Gli2 cooperates with decreasing repressor form of Gli3. Further
studies such as genetic modification of genes (Smo, Gli2 and Gli3) in Ihh
signaling can further confirm the role of Ihh signaling in graft-to-tunnel
healing.

Compared with the previously ACLR murine model [14,15], the
advantage of our modified ACLR model is that no metal fixation device
was utilized. Given the narrow space of mouse knee joint, it's difficult
to accommodate any tiny metal fixation device. Besides, a soft-tissue
sling fixation provides a safer and more reliable fixation on the
femoral side than a clip-like device. Furthermore, it's easy to find the
physiological space of the lateral head of gastrocnemius which is
behind the lateral collateral ligament. However, there were several
limitations. First, the small size of the mouse knee makes it uneasy to
do a surgical model of ACLR. The operator requires not only experi-
ence on human ACLR and microsurgical skills but also familiar to the
anatomy of mouse knees. Second, it is unclear whether the femoral
technique for graft fixation has any impact on the motion of the ipsi-
lateral lower limb of mice. Due to the influence factor of flexor dig-
itorum longus harvest exists, we have not performed a gait analysis. To
answer this question, further studies are maybe required to do gait
analysis on a mouse model of allograft ACLR. Third, we observed only
three time-points and did not assess graft remodeling and reviving,
because our purpose was to detect the initial signaling pathway
involved in tendon-bone integration.

Conclusions

Collectively, we introduced and validated a metal-free and easy-
reproducible mouse model of ACLR that could be utilized to study
pathophysiology and molecular mechanisms of graft-tunnel healing. The
purpose of this study was to introduce and validate a simple, metal-free
and reproducible mouse ACLR model as an effective tool for raising our
understanding of the physiology of tendon-bone healing.
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