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ly. At 4 and 8 weeks after the operation, histological comparison between bMSCs and the control
group was carried out.
Results/Conclusions: even in our present ACL reconstruction model without a tibial bone tunnel,
integration via chondroid tissue was seen at part
of the tendon-bone interface. However, there were
no appreciable differences between the groups.
In ACL reconstruction, to enhance the tendonbone integration without a bone tunnel would
lead to save the graft length and prevent from
bone tunnel complications (ex. Bone-tunnel enlargement after surgery).
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Background: after anterior cruciate ligament
(ACL) reconstruction, it is necessary to integrate
free tendon graft biologically to the bone. In the
present study, to verify whether a structure identical to the normal ligament-bone insertion could
be regenerated at the tendon-bone interface without bone tunnel, we designed ACL reconstruction
model without a tibial bone tunnel. Moreover, to
enhance the integration process in this model,
bone marrow-derived mesenchymal stem cells
(bMSCs) were transplanted, and histological
changes investigated.
Our first hypothesis was that the grafted tendon
would be anchored at part of the tendon-bone interface even if a bone tunnel was not created.
Second hypothesis was that application of bMSCs
at the tendon-bone interface would yield results
histologically superior to those in controls.
Methods: bilateral ACL reconstruction using our
originally designed method was performed. Autologous bMSCs with the carrier were transplanted
between the bottom of the grafted tendon and the
bone pit of the tibia in the experimental limb,
whereas the control limb received the carrier onMuscles, Ligaments and Tendons Journal 2014; 4 (2): 201-206

To obtain a successful outcome after anterior cruciate
ligament (ACL) reconstruction, a free tendon graft requires to be anchored securely and biologically to the
bone. However, the histological structure at the tendon-bone interface is totally different from the highly
specialized normal ligament-bone insertion1, 2.
On the other hands, tunnel enlargement within the
bone tunnel has been reported after ACL reconstruction, and it causes various clinical complications3, 4.
Tunnel enlargement within the bone tunnel obviously
has the risk of the graft failure, furthermore, the bone
loss could be also the interruption of the revision
surgery. Previous studies have been shown that the
grafted tendon is initially integrated via fibrous tissue
within the bone tunnel wall to resist shear stress. This
fibrous interface tissue contains characteristic anchoring fibres known as Sharpey-like fibres which
have been shown to be correlated with pull-out
strength5, 6. The amount of these fibres gradually increases, and their major constituent changes from
type III to type I collagen7. However, they are not uniformly present at all sites in the bone tunnel until the
final stage8. Thereafter, integration at the entrance of
the bone tunnel occurs partly at compressive sites via
chondroid tissue, but mostly occurs via fibrous tissue 9, 10 . Once the graft is immobilized at the entrance, myxoid degeneration occurs within the bone
tunnel graft, due to stress shielding7, 10.
These phenomena have two possible interpretations.
Although temporary anchoring within the bone tunnel
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MSC preparation

na
zi
on

al
i

The rabbits were anesthetized, and 5 to 10 ml of
bone marrow was aspirated from the posterior iliac
crest under sterile conditions. The anti-coagulated
bone marrow was diluted with twice the volume of
Hank’s Balanced Salt Solution. The nucleated cell
layer was obtained by Ficoll-Paque density gradient
centrifugation (Sigma Chemical, St. Louis, MO) at
500 x g for 20 min. The nucleated cells were resuspended in STK-1 (DS Pharma Biomedical, Osaka,
Japan) containing penicillin 100U/mL and, streptomycin 100 U/mL. The number of nucleated cells
was determined using a hemocytometer, and the
volume of the suspension was adjusted. The cells
were plated out at a density of 2.0x10 5/cm 2 in a 6well plate and grown at 37 oC, under a 5% CO2 in a
humidified tissue-culture incubator. The medium
was changed every 2 days. After 10 days, the cells
were detached and transferred to 6-well plates with
STK-2 (DS Pharma Biomedical, Osaka, Japan).
About 10 million cells were obtained for use in each
model.
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would be necessary initially, it would no longer be required once integration at the entrance has been established. If compressive force is applied at the entrance, chondroid formation would be promoted.
Therefore, we hypothesize that the grafted tendon
would become anchored via chondroid tissue when
the graft was press-fitted to the bone surface, even if
a bone tunnel was not created. Additionally, the tendon-bone integration without the bone tunnel would
lead to save the graft length and prevent from these
bone tunnel complications.
In the present study, therefore, to verify whether a
structure identical to the normal ligament-bone insertion could be regenerated at the tendon-bone interface without a bone tunnel, we designed an original
ACL reconstruction model without a tibial bone tunnel
and investigated the histological changes between
the bottom of the grafted tendon and the tibial bone.
However, it is thought that the biomechanical strength
of the tendon bone interface is obviously weaker than
the conventional bone tunnel model, and then some
kind of biological approach is necessary in addition to
a suitable structural or mechanical environment, to
re-create the histological structure near the native insertion site without the formation of fibrous tissue.
Previous studies have shown that bone marrow-derived mesenchymal stem cells (bMSCs) have promising ability to augment tendon graft healing in a bone
tunnel11, 12. bMSCs are multipotent cells that can differentiate into multiple mesenchymal tissues 13 .
Therefore, to enhance the integration process in our
model, we transplanted bMSCs between the bottom
of the grafted tendon and the tibial bone.
Our first hypothesis was that the grafted tendon
would be anchored via chondroid tissue at part of the
tendon-bone interface even if a bone tunnel was not
created. Our second hypothesis was that application
of bMSCs at the tendon-bone interface would yield
results histologically superior to those in controls
without bMSCs.

Surgical protocol
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Our originally designed ACL reconstruction procedure was performed bilaterally under general anesthesia. A midline skin incision was made and subcutaneous tissues were divided. The semitendinosus
tendon was harvested and folded in half. A suture
was passed through free end of the graft using
Krackow fashion. For the loop end of the graft, a suture was passed through the graft 2 mm from the
loop end and turned twice around the graft, then securely tied with a double surgeon's knot. Then, one
end of the suture was passed again through the graft
to the reverse side of the knot. A medial parapatellar
arthrotomy was used to expose the knee joint, and
the native ACL was excised. Using a 4-mm bit
grinder, a bone pit (4 mm in diameter, 2 mm in
depth) was created at the tibial footprint of the ACL,
and a small hole (less than 2 mm in diameter) for
pull-out was created in the center of the bone pit. At
the femoral footprint, a bone tunnel was created using 4-mm-bit drill. Once the graft had been drawn into the femoral bone tunnel from the Krackow stitch
side, the suture near the loop end of the graft was
pulled out to the tibial hole and firmly secured to a
metal button on the anterior cortex of the tibia so that
a 2-mm margin of the loop end would be retained in
the bone pit under a suitable pressure. At this point,
collagen sponge or fibrin sealant containing bMSCs
was transplanted between the tibial bone pit and the
grafted tendon in the experimental group (Fig. 1).
The control group received a transplant of the carrier
only. Finally, a suture at the free end of the graft was
secured to a metal button on the femoral cortex under slight tension. The wound was then closed in layers. The animals were allowed to move freely in their
cages after the operation.

Material and methods
Experimental design
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14 skeletally mature Japanese white rabbits (weighing 2.5 to 3.0 kg) were used. All animals were ethically conducted according to the international standards14. Ethical approval was obtained from the Animal Care Center of Kurume University. Autologous
bMSCs were harvested from the bone marrow of the
rabbits 2 weeks before surgery. For bilateral ACL reconstruction using our originally designed method described later, bMSCs in collagen sponge or a fibrin
sealant carrier were transplanted between the bottom
of the grafted tendon and the bone pit of the tibia in
the experimental limb, whereas the control limb received the carrier only. The animals were euthanatized at 4 and 8 weeks after the operation, and 7 rabbits at each time point were used for histological
analysis.
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for the Envision method, an anti-mouse enzyme marker dextran polymer (DAKO, K4000) for the monoclonal
antibody was allowed to react for 30 min at room temperature. As a chromogenic substrate, DAB (3,3’-diaminobenzidine tetrahydrochloride) was used for coloration. After antibody staining, the sections were
stained with hematoxylin, dehydrated, and cleared. In
each process, the cleaning solution used was 0.1%
Tween 20 and, 0.3 mol/L NaCl in 0.05 mol/L Tris-HCl
buffer. The resulting sections were observed using an
optical microscope. Normal mouse IgG1 (DAKO,
X0931), adjusted to the concentration of the primary
antibody, was used as a negative control.

Histological evaluation

In
te
r

The tendon-bone interface in each specimen was divided into anterior and posterior parts, and histological comparison between bMSCs and the control
group was carried out. Differences in the frequencies
of chondroid cell layer formation in each group were
investigated.

Results

Histology

At 4 weeks, in the control group, poorly organized fibrovascular tissue consisting of type III collagen was
evident between the grafted tendon and the bone
(Fig. 2 a,c). On the other hand, in the bMSCs group,
active chondroid cells had appeared from the wall of
the bone pit, and showed gradual maturation into
bone in a few cases (Fig. 2 b,d).
At 8 weeks, in the control group, the interface was
less cellular and had become progressively organized
in comparison with the situation at 4 weeks (Fig. 3
a,b,c). However, few active chondroid layers consisting of type II collagen and staining reddish purple
with safranin-O was seen. In contrast, in the bMSCs
group, partial integration was seen between the grafted tendon and the bone, and this integration was
more evident at the posterior than at the anterior interface. Moreover, an active chondroid cell layer was
observed throughout the area between the grafted
tendon and the bone in one case (Fig. 3 d,e,f).

Histologic analysis
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Figure 1. ACL reconstruction without a tibial bone tunnel.
After the graft had been passed through the bone tunnel in
the femur, the carrier containing bMSCs was transplanted
between the tibial bone pit and the grafted tendon under
tensioning (white arrow).
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After removal of the graft-tibia complex, the specimens were fixed in 10% buffered formalin. Decalcification was performed using 30% formic acid. The
samples were embedded in paraffin and cut into 5-μm
thick sections longitudinal to the grafted tendon and
the tibial bone. The slides were stained using hematoxylin and eosin and, safranin-O, and also stained
immunohistochemically for collagen type I, II, and III.

Immunohistological protocol
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Immunostaining was performed with monoclonal antibodies against collagen type I, II, and III (Daiichi,
Toyama, Japan) according to the Envision method.
After deparaffinization of the tissue sections, activation of antigens was conducted using 3% bovine
serum albumin for 30 min at room temperature. Blocking of endogenous peroxidase was then conducted by
incubation with methanol containing 3% H2O2 for 30
min at room temperature. The primary antibody was
diluted to an appropriate concentration with Anti-Diluent Buffer (DAKO, S3022), and each reaction was
performed overnight at 4°C. As a secondary antibody

Muscles, Ligaments and Tendons Journal 2014; 4 (2): 201-206

Chondroid cell layer formation
At 4 weeks, in the bMSCs group, a chondroid cell layer stained with safranin-O and showing immunoreactivity for type II collagen was observed at the posterior interface in two of seven specimens, compared
with only one of seven specimens from the control
side. No chondroid cell layer was observed at the anterior interface in either group. In one of seven control
specimens, a chondroid cell layer was observed at
the posterior interface. No chondroid cell layer was
observed at the anterior interface.
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Figure 2 A-D. Histological sections at 4
weeks (x40). Poorly organized fibrovascular tissue was evident between the
grafted tendon and the bone in the control group. On the other hands, in the
bMSCs group, chondroid cells appeared
from the wall of the bone pit, and gradually maturing into the bone. (A) Control
group, HE staining, (B) bMSCs group,
HE staining, (C) Control group, safraninO staining, (D) bMSCs group, safranin-O
staining. T=grafted tendon, B=bone,
IF=interfibrous tissue, A=anterior, P=posterior.
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Figure 3 A-F. Histological sections at 8 weeks. The tendon-bone interface was less cellular and had become progressively
organized in comparison with the situation at 4 weeks. (A) Control group, HE staining (x40), (B) Control group, HE staining
(x100), (C) Control group, safranin-O staining (x40), (D) bMSCs group, HE staining (x40), (E) bMSCs group, safranin-O
staining (x40), (F) bMSCs group, type II collagen immunostaining (x40).

At 8 weeks, in the bMSCs group, a chondroid cell layer was more obvious at the posterior interface in five
of seven specimens, compared with the situation at 4
weeks. In addition, a chondroid cell layer was evident
at both the anterior and posterior interfaces in only
one specimen. Two of seven control specimens
showed a chondroid cell layer at the posterior interface, but no such layer was evident at the anterior interface in any of the specimens. A summary of the
histological analysis of chondroid cell layer formation
is shown in Table 1.
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Discussion
Even in our present ACL reconstruction model without
a tibial bone tunnel, integration via chondroid tissue
was seen at part of the tendon-bone interface, and
furthermore, the integration was more localized at the
posterior than at the anterior interface. Our first hypothesis that the bone tunnel was not an essential
factor for tendon-to-bone integration was thus verified.
For integration of a grafted tendon with bone, the mechanical environment at the tendon-bone interface is
Muscles, Ligaments and Tendons Journal 2014; 4 (2): 201-206
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ever, our second hypothesis was disproved, at least
under the specific conditions used for this study. Although many previous researchers have verified tendon-to-bone integration utilizing MSCs11, 12, 19, 20 the
properties of MSCs in vivo still remain unknown. Lim
et al. reported that coating of tendon grafts with
MSCs resulted in healing through formation of an intervening chondroid layer resembling the chondralenthesis of normal ACL insertions, rather than collagen
fibers and scar tissue, yielding a performance significantly better than controls in biomechanical testing11.
In contrast, Gulotta et al. reported that the addition of
MSCs alone to the healing rotator cuff insertion site
did not improve the structure, composition, or
strength of the healing tendon attachment site, and
speculated that cell-based strategies may require the
use of appropriate growth and differentiation factors19. In the present study, we performed autologous
transplantation unlike some previous studies 19, 21 ,
and used about 10 million cells, which was a greater
number than those used in previous studies11, 12. As
autologous transplantation is obviously superior to allogenic transplantation, and a sufficient number of
bMSCs were transplanted, we believe that the quantity and quality of the MSCs used in our study were
more appropriate than in previous studies 11, 12, 19, 21.
Nevertheless, an active chondroid cell layer between
the grafted tendon and the bone was not observed,
except in only one case. We might have failed to control the differentiation of the transplanted cells and
capacitate them sufficiently in vivo. However, the potential utility of bMSCs could not be ruled out, since
at least only one of it was proved. In order to accelerate tendon-to-bone integration or to regenerate the
histological structure at the ligament-bone insertion
utilizing MSCs, further studies will be required to determine not only the applicability of MSCs alone, but
also whether their proliferation/differentiation can be
controlled with either growth or differentiation factors.
In addition, many previous researchers have attemped to enhance/accelerate tendon-to-bone healing
using various materials22, 23, but few have analyzed
the structure and development at the normal insertion1, 2, 24, 25. Consequently, details of the normal ultrastructure at the ligament/tendon-bone insertion still
remain unclear. To regenerate the normal insertion, it
will also be necessary to clarify in more detail the normal ligament/tendon-to-bone structure and its biological development.
There were several limitations to this study. First, the
findings obtained using a rabbit model would differ appreciably from the situation in humans. Second, we examined the treated animals only up to 8 weeks because the grafted tendon is known to fail at the tendonbone junction at an early time point, particularly within 8
weeks22. However, if we had extended our observation
period, some beneficial effects on tendon-to-bone healing might have become evident. Finally, the results obtained were mainly qualitative, and no biomechanical
tests or quantitative evaluations were performed.
In conclusion, in this ACL reconstruction model without the use of a bone tunnel, integration via chon-
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one of the major contributory factors. Previous studies have also shown that the contact area between
soft tissue and bone is a major determinant of healing 15-17. In the present study, the contact area between the grafted tendon and the bone was smaller
than that in a conventional bone tunnel model. Therefore, the initial mechanical strength in the absence of
a bone tunnel would obviously have been weaker
than that in the conventional bone tunnel model.
However, in an analysis of the relationship between
mechanical stress and tendon-to-bone healing, Yamakado et al. noted that tensile stress enhances tendon-bone healing, compressive stress promotes
chondroid formation, and shear load has little or no
effect on regeneration of the tendon-bone junction10.
In the present study, we did not create a tibial bone
tunnel, and retained the graft end in bone pit under a
suitable pressure. Therefore it was expected that the
grafted tendon-bone interface would be exposed to
compressive force in the static phase and to tensile
force in the dynamic phase. On the other hand, in the
conventional bone tunnel model, it is thought that the
bone tunnel would be exposed to shear stress. Additionally, the histological changes including the types
of collagen revealed by immunostaining were almost
the same as those observed in previous reports 18.
These factors indicate that if rigid fixation to prevent
failure of the grafted tendon is achieved at an early
stage, then the mechanical environment created in
the absence of a bone tunnel might be superior to
that in the conventional bone tunnel model.
It is known that the initial histological change on the
tendon-to-bone healing via Sharpey-like fibres was
approximately converged until 8 weeks 6, 18. In this
study, the initial histological change after bMSCs
transplant needed to be investigated, therefore time
points of the evaluation were set out at 4 and 8
weeks.
There are several possible explanations for why the
integration was more localized at the posterior interface than at the anterior interface. Other studies have
noted that compressive stress promotes chondroid
formation9, 10. In a natural state, rabbits hold the knee
highly flexed, and therefore, the posterior interface is
thought to be more exposed to compressive stress,
thus promoting chondroid layer formation.
On the other hand, there were no appreciable differences between the groups. Initially, we hypothesized
that application of bMSCs would increase the amount
of fibrocartilage formation, or provide fibrous tissue
anchorage between the bottom of the grafted tendon
and the bone, and furthermore, might promote regeneration like the native ligament-bone structure. How-
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Table 1. A summary of the histological analysis of
chondroid cell layer formation.
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droid tissue was seen in part of the tendon-bone interface, indicating that the bone tunnel was not an essential factor for tendon-to-bone integration. However, the application of bMSCs alone was unable to improve tendon-to-bone healing to a sufficient extent.
Further studies will be required to determine how best
to control the differentiation of bMSCs, and to clarify
details of the structure and biological development of
the normal ligament/tendon-bone interface to facilitate its effective regeneration.
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