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Abstract

The structure and composition of the native enthesis is not recapitulated following tendon-to-bone
repair. Indian Hedgehog (IHH) signaling has recently been shown to be important in enthesis
development in a mouse model but no studies have evaluated IHH signaling in a healing model.
Fourteen adult male rats underwent ACL reconstruction using a flexor tendon graft. Rats were
assigned to two groups based on whether or not they received ON or 10N of pre-tension of the
graft. Specimens were evaluated at 3 and 6 weeks post-operatively using immunohistochemistry
for three different protein markers of IHH signaling. Quantitative analysis of staining area and
intensity using custom software demonstrated that IHH signaling was active in interface tissue
formed at the healing tendon-bone interface. We also found increased staining area and intensity of
IHH signaling proteins at 3 weeks in animals that received a pre-tensioned tendon graft. No
significant differences were seen between the 3-week and 6-week time points. Our data suggests
that the IHH signaling pathway is active during the tendon-bone healing process and appears to be
mechanosensitive, as pre-tensioning of the graft at the time of surgery resulted in increased IHH
signaling at three weeks.
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Reconstruction of the anterior cruciate ligament (ACL) using a tendon graft is a commonly
performed surgical procedure. Soft tissue autografts (such as semitendonosis and/or gracilis)
or allografts (such as semitendonosis, tibialis tendon) require secure healing between the
tendon and the bone tunnel. Anterior cruciate ligament graft function is dependent upon
secure healing of the tendon graft in the bone tunnels. Repeated cyclical loading leads to an
element of graft-tunnel motion, which may impair or delay healing and lead to recurrent
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joint laxity. Excessive strain loading of an ACL graft can result in lengthening of the bone-
graft-bone construct; the majority of that lengthening occurs in the bone tunnels (not in the
joint cavity) and can result in an increase in anterior knee laxity and affect the stability of the
reconstructed knee, which may result in knee instability, poor patient satisfaction and
ultimately, graft failure.

Numerous factors affect healing between soft tissue and bone, including biologic (cytokines,
pluripotent cells, etc.) and mechanical factors. Previous studies demonstrate that the
complex structure and composition of the native enthesis tissue connecting tendon to bone is
not regenerated.? Instead of formation of the mineralized fibrocartilage zone of the native
tendon (or ligament) enthesis, a fibrovascular scar tissue interface forms at the healing
attachment site. This scar tissue lacks the biomechanical properties of the native enthesis
tissue.3 Understanding the cellular and molecular mechanisms involved in
mechanotransduction at the healing tendon-bone interface can ultimately provide insights
into ways to improve graft-to-bone healing.

Our laboratory has been investigating the effect of mechanical load on healing of a tendon
graft in a bone tunnel.#=% The mechanical environment at the healing tendon-bone interface
is affected by several different variables, including the amount of initial graft tension, the
position of the bone tunnels, physical properties of the graft, and positioning of the knee at
time of fixation.”~19 The optimal level of initial graft tension and its effect on the biologic
events of healing is unknown.1 Excessive graft tension may adversely affect graft
revascularization and remodeling.12 It is also known that excess initial tension can cause
deterioration of the graft-bone connective tissue interface.13 On the other hand, lack of graft
tension leads to stress deprivation of the graft and resultant matrix degradation due to matrix
metalloproteinase expression.14

Indian hedgehog (IHH) is a signaling protein in the hedgehog (Hh) family, which has
recently drawn interest for its role in tendon-bone development.2>-17 |HH signaling by
chondrocytes has been shown to be stimulated by mechanical strain in vitro.18-20 |HH
expression has also been shown to be responsible for stimulatory effects on chondrocyte
proliferation, differentiation and repair.18:20-24 Furthermore, recent studies in transgenic
embryonic mouse models have linked IHH signaling to the development of the
fibrocartilagenous attachment tissue at the tibial insertion site of the patellar tendon.1® In
addition, IHH signaling knockout mice demonstrate significant histological, biomechanical,
and gene expression changes at tendon insertion sites when compared to age-matched
controls.25

No studies have evaluated IHH signaling during tendon-to-bone healing in the post-natal
animal. Thus, the purpose of our study was to test the hypothesis that the IHH signaling
pathway is active at the graft-bone interface during the healing process in a rat ACL
reconstruction model. Furthermore, we evaluated the effect of initial graft tension on IHH
signaling. To our knowledge, this is the first study to quantitatively evaluate IHH signaling
and its effect on healing in an ACL reconstruction model. We used immunohistochemical
staining to examine the spatial and temporal expression of IHH and two downstream
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proteins in the IHH signaling cascade, Patched 1 (PTCH1) and GLI1, which are up-
regulated by IHH signaling activity.26

All aspects of the experiments were approved by our Institutional Animal Care and Use
Committee (IACUC). Rats used in study were 12-week-old male Sprague Dawley rats
weighing between 300-350 g. Rats used for our positive control growth plate staining were
6-week-old Sprague Dawley rats weighing between 125-150 g. Using surgical techniques
developed during a previous study, we carried out ACL reconstruction using an autograft
taken from the flexor digitorum longus tendon. The animals were divided into two groups:
(i) ACL graft fixed with no tension (ON) and (ii) ACL graft fixed under 10N of tension
intraoperatively. An external fixator was placed on the operative knee to eliminate post-
operative joint motion and resultant ACL graft load. The rats were then allowed to return to
normal cage activity. Seven rats were sacrificed at 3 weeks (3 rats with ON pretension, 4 rats
with 10N pretension) and the remaining rats were sacrificed at 6 weeks post-operatively (4
rats with ON pretension, 3 rats with 10N of pretension). These time points correspond to a
previous study which showed significant differences between high and low graft pre-tension
in a similar rat ACL reconstruction model prior to 6 weeks.2” Following sacrifice, the tissues
were prepared for immunohistochemistry (IHC). Images were analyzed independently by
two observers using custom software (MATLAB, MathWorks Inc., Natick, MA) designed to
quantify staining using a color matching algorithm.

ACL Reconstruction

All 14 rats underwent right knee ACL reconstruction using a soft tissue autograft. The flexor
digitorum longus (FDL) tendon autograft was harvested from the ipsilateral limb through
small incisions on the posteromedial ankle and plantar foot. The FDL tendon was then
prepared with a 4-0 Ethibond locking Krackow stitch (Ethicon, Somerville, NJ) placed on
each end of the tendon autograft. Once the autograft was harvested, the knee was then
exposed via a medial parapatellar arthrotomy. Following the arthrotomy, the patella was
translated laterally, which provided the exposure to the intercondylar notch of the knee. The
ACL was then identified under loupe magnification and fully sectioned using a #11 surgical
blade. Once the ACL was transected, the femoral and tibial bone tunnels were drilled using a
1.4 mm k-wire. Care was taken to create the bone tunnels in a consistent location in all
animals, entering the joint at the ACL tibial footprint. The FDL tendon autograft was then
shuttled through both the tibial and femoral tunnels using the attached 4-0 sutures. The
femoral side was fixed first by passing a 3-0 surgical steel suture wire (Ethicon, Somerville,
NJ) through a transverse drill hole in the femoral metaphysis just above the tunnel exit. This
wire was then looped tightly around the graft adjacent to the exit from the femoral tunnel.
The knee was then brought to 30° of flexion and the graft was fixed on the tibial side with a
wire that had been passed through a drill hole at the level of the tibial tuberosity similar to
the femoral side after either ON or 10N pre-tensioning. One 0.9 mm threaded pin was then
placed into the femoral shaft and two 0.9 mm threaded pins into the tibial shaft, and a
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custom-designed metal external fixator was attached to the pins to immobilize the knee at
90° of flexion to eliminate joint motion and further ACL graft loading.

Tensioning of the Graft

The animals were allocated to a static pretension load of ON (non-tensioned) or 10N (over-
tensioned). For the 10N group, the graft was first fixed on the femoral side, and then a suture
attached to the tibial end of the graft was attached to a one kilogram free weight via a pulley
system in order to achieve 10N pretension force with the knee at 30° flexion. The wire was
then rigidly tightened over the graft at the tibial tunnel exit. For the ON group, a ON-
pretensioned graft was simply passed and secured in situ without any tension applied to
either end of the graft during fixation.

Histological Analysis

Imaging

Rats were sacrificed using CO, asphyxiation at 3 and 6 weeks post-surgery. Rat hindlimbs
were removed and fixed in 10% formalin solution followed by decalcification for 3 days
(Immunocal, Decal Chemical Corp, Tallman, NY). The tissues were then trimmed,
embedded in paraffin wax, and serial 4 mm sections were made using a microtome.
Following sectioning, 4 mm specimens were placed on slides and serial sections were
blocked with 1% serum for 10 min at room temperature; antigen retrieval was performed
incubating sections in trypsin for 15 min at 37°C, Next, sections were incubated with each of
the primary antibodies (IHH-1:500 Ab52919, Abcam Cambridge, MA; PTCH-1:1,000
Ab53715, Abcam Cambridge, MA; GLI 1-1:500 Ab151796, Abcam Cambridge, MA;
PCNA-1:400 13-3,900, Life Technologies Grand Island, NY) for 1 h at room temperature
An undiluted LSAB2 system-HRP was used (LSAB2 System-HRP K0609 Dako
Carpinteria, CA). Finally, Liquid DAB + Substrate Chromogen system (Dako K3468
Carpinteria, CA) was applied. Negative controls were performed in exactly the same fashion
with the exception of the primary antibody.

All slides were imaged using a Nikon Eclipse Ni-E (Nikon Instruments Melville, NY).
Images were taken at 10x magnification, and the entire graft-bone interface for each rat
specimen was imaged.

Image Quantification

Using commercially available Adobe Photoshop software (Adobe Corporation), all images
were compiled together using the “photomerge” function and a composite image of each
sample was created for all three antibody stains as well as the negative control such that the
entire tendon bone interface could be visualized on one image. Next, 5 Red Green Blue
(RGB) values corresponding to true positive staining were identified for each specimen
stained against IHH. Values were averaged to determine one RGB value which was input
into the computer to be used to analyze all three stains as well as the negative control for
each specimen. Two independent and blinded observers then isolated the entire tendon bone
interface from the composite image. These composite images containing the entire isolated
tendon-bone interface from each rat specimen and each immunohistochemical stain were
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then input into our software along with RGB values corresponding to true positive staining.
The software performed a quantitative evaluation of the images from each of the observers
according to a color matching algorithm and results were averaged. The program calculated
area in pixels as well as the intensity of the IHC staining. These values were standardized
against the total area in pixels of each composite image in order to normalize for
comparison. Representative sample images demonst rating our image analysis technique can
be seen in Figure 1.

Statistical Analysis

RESULTS

Kruskal-Wallis one-way analysis of variance (Statistics Toolbox, MATLAB, MathWorks,
Natick, MA) was used to compare the immunohistochemical staining data between
pretension groups and different post-operative time points. Significance was set at p < 0.05.

Histologic Analysis

A low power H&E image is shown in Figure 2 which demonstrates the orientation of the
tendon graft in the tibial tunnel. Only bone-graft interfaces from the tibial tunnel were
analyzed. Qualitative analysis of all three stains demonstrated that IHH signaling is active in
interface tissue formed at the healing tendon-bone interface. Figure 3 shows staining of an
age-matched native rat ACL enthesis for IHH signaling proteins for comparison. Staining
was not uniformly distributed along the tendon-bone interface. There tended to be increased
tissue organization, more complete graft integration into the surrounding bone, and a wider
and more regularly shaped graft-bone interface on one side of the graft-bone interface than
the other. More cells staining positive for IHH signaling were located in areas where there
was a more organized graft-bone interface. A representative image demonstrating
differences between the two sides can be seen in Figure 4. There were some areas in the
bone tunnel where the tendon appeared to have very little contact with the adjacent bone. In
these areas, there tended to be a narrower, more irregular adjacent bone interface with less
staining for hedgehog proteins. Figure 5 demonstrates a representative image from a
negative control section compared to the same area of tendon-bone interface on a serial
section from the same rat stained against PTCH1.

Quantitative Histologic Analysis

IHH Signaling—Computerized image analysis confirmed that IHH signaling is active at
the tendon-bone interface, with positive staining demonstrated for all markers (GLI1,
PTCHL1, and IHH) (Fig. 6). A list of all raw data along with standard deviations can be seen
in Table 1. One sample from the negative control group was eliminated due to improper
antibody exposure time.

ON versus 10N Graft Pre-Tension—Significant differences were seen between the ON
and 10N groups at 3 weeks in terms of the area of the graft-bone interface stained.
Specifically, differences were seen in PTCHL1 (p < 0.04) and GLI1 (p < 0.04) which showed
increased staining in rats whose grafts were fixed under 10N of tension as compared to those
whose grafts were fixed with ON of tension (Fig. 5). There were also statistically significant
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differences in staining intensity for PTCH1 (p < .04) and GLI1 (p < .04), with greater
staining in the 10N group at 3 weeks (Fig. 5). There were no significant differences between
ON and 10N groups in area of the graft-bone interface stained or staining intensity for
PTCH1 and GLI1 at 6 weeks (Fig. 5). There were no statistically significant differences in
IHH protein staining between any of the experimental groups (3 week ON vs 10N, p= 0.64;
6 week ON vs. 10N, p=0.64).

Three-vs. Six-Weeks—No statistically significant differences were seen between the 3
and 6 week time points when controlling for initial graft tension. However, when comparing
the ON group between 3 weeks and 6 weeks, we found that there was a trend toward
increased intensity and area of staining in the 6 week ON group compared to the 3 week ON
group for both PTCH (p =0.114) and GLI1 (p =0.057). This trend was not seen when
comparing the 10N groups across time. Raw data can be seen in Table 1.

PCNA Staining—PCNA staining performed on 3 and 6 week samples demonstrates active
cellular proliferation at the tendon-bone interface. This staining appeared to be more intense
in our 3 week group than our 6 week group. There also appeared to be proliferation
occurring in the tendon mid-substance, albeit to a much lesser extent than that occurring at
the tendon-bone interface. Representative images from our 3 and 6 week samples are seen in
Figure 7 as well as control from the articular cartilage of a 6 week old rat femur.

DISCUSSION

Our data suggests that the IHH pathway is active during the tendon-bone healing process.
While a role for IHH signaling has been reported in insertion site formation in the
developing embryo, no studies have examined its role during post-natal healing. Given the
role of IHH signaling in bone and cartilage formation, it is reasonable to conclude that this
factor plays an important role in insertion site healing. The positive localization of IHH as
well as PTCH1 and GLI1 (two downstream proteins in the IHH signaling cascade) provides
strong evidence that IHH plays a role in tendon-to-bone healing.

The stimulation of chondrocyte proliferation and mineralization appears to be a necessary
step in the regeneration of native fibrocartilagenous enthesis tissue, which consists of two
layers of fibrocartilage between tendon and bone, one mineralized and one honmineralized.
28 previous studies have shown that IHH expression is partially regulated by mechanical
stretch, with increasing strain demonstrating higher levels of chondrocyte proliferation.
18-20,29,30 Qur findings also suggest that mechanical load at the healing interface may affect
IHH signaling as there was increased IHH signaling with higher initial graft tension.
However, these effects were lost by the 6-week time point, suggesting that whatever role
graft tension plays in IHH signaling may only be demonstrated early in the repair process.
This finding is similar to a recent study in a rat ACL reconstruction model that showed that
pre-tensioning of the ACL graft at 5% and 10% (2N and 4N) of ultimate graft strength
resulted in significantly increased graft ultimate failure load at 2 weeks in addition to
showing decreased joint laxity.2” The 10% group demonstrated significantly better results in
both categories compared to the 5% group.2’ Histologically, the 10% group also
demonstrated enhanced graft incorporation into the bone tunnel. Similar to our findings,
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these differences between the 5% and 10% groups were not seen at the 6-week time point.
We hypothesize that initial mechanical strain on the ACL graft results in up-regulation of the
IHH signaling pathway, and that this increased activity could be partially responsible for
improvements in the biologic healing process.

Further support for a potential effect of mechanical loading on IHH signaling comes from
the finding that the amount of positive immunostaining was higher in areas with greater
tendon-bone contact and a more organized tissue interface. We believe that the difference in
the morphology of the healing interface on one side of the tunnel versus the other is due to
different mechanical environments. Knee motion likely leads to a complex loading
environment, with tension, compression, and shear on the graft-bone tunnel interface.
Further study is required to understand how mechanical factors at the healing graft-bone
interface affect important signaling mechanisms.

PCNA staining demonstrated enhanced cellular proliferation at the tendon-bone interface.
Avreas of enhanced cellular proliferation were consistent with the same areas which
demonstrated high levels of IHH signaling. This finding is compatible with previous
literature which has shown IHH signaling to be responsible for the stimulation of
chondrocyte proliferation, differentiation, and mineralization,18:21-24.31-34 and crycial for
the proper development of mature tendon-bone attachment tissue.2

We were also able to appreciate a small but noticeable qualitative difference in PCNA
staining between our 3 and 6 week groups, with our 3 week group demonstrating slightly
more PCNA staining than the 6 week animals. Our data demonstrates that IHH signaling is
persistently active 6 weeks post-ACL reconstruction at or above levels seen in our 3 week
groups. We hypothesize that the role of IHH signaling in the tissue repair process is more
complex than as a simple growth factor. It is possible that through the interactions with other
related pathways, IHH signaling’s role in the repair process may change depending on the
concentration of different cytokines in the surrounding microenvironment. It appears likely
that IHH signaling alone is insufficient to maintain cellular proliferation, but that it may
interact with other growth factors early in the healing process to stimulate cellular
proliferation at the interface. In later stages of repair, IHH signaling may interact with
different growth factors to direct other cellular processes such as mineralization of the
chondrocyte-like cells. Further study analyzing the temporal expression of relevant growth
factors at the tendon-bone interface, as well as analyzing the repair process in IHH signaling
knock-out animals are needed. Such studies would help to explain why even though cellular
proliferation of chondrocyte-like cells is occurring along with the activation of pathways
responsible for chondrocyte mineralization, regeneration of the highly organized mineralized
fibrocartilagenous layer of attachment tissue, seen in the native fibrocartilaginous entheses,
still does not occur.

Improving the strength of the tissue connecting the graft to the bone tunnel may help to
improve the biomechanical performance of the graft by minimizing graft lengthening,
micro-motion, and joint laxity. By understanding the potential relationship between IHH
signaling and its effects on graft-bone healing, we may be able to optimize the healing
response and improve patient outcomes.
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An important limitation of this study is the relatively small number of animals that were
evaluated (n7=14). However, robust and specific immunostaining with all three markers
verifies the activity of the IHH signaling pathway. Examination of both earlier and later time
points will shed further light on the spatial and temporal aspects of IHH signaling. Further
studies may use biomechanical testing to correlate IHH signaling with structural and
material properties of the healing insertion site. Lastly, given the possibility that IHH
signaling is affected by biomechanical loading, control of post-operative knee motion and
animal activity will provide insight into how IHH activity is affected by mechanical load,
which would have implications for post-operative rehabilitation protocols in patients.

In conclusion, this study is the first to demonstrate that IHH signaling is active during
tendon-bone healing in an adult animal model, and suggests that biomechanical stress on the
healing tissue affects signaling. In addition we have shown that there is a spatial relationship
between areas of cellular proliferation and IHH signaling as demonstrated by PCNA
staining. Since the IHH pathway plays an important role in bone, cartilage, and enthesis
formation in embryogenesis, it is plausible that this signaling pathway plays an important
role in those tissues during repair as well. The translational aspect of this work lies in the
identification of factors that may eventually serve as therapeutic targets for intervention.
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A

Figure 1.
Image demonstrating quantitative analysis technique. (A) An example of a composite image.

Scale bar: 1 mm (B) The same composite image after isolating the tendon-bone interface
tissue. (C) Higher magnification image of the tendon-bone interface from selected
composite. Red dotted line shows selected area of interest excluding areas of bone marrow.
(D) Image demonstrates areas of staining as identified by our computer program. Green
areas are considered positive; all other areas are considered negative. Note areas outside
designated area of interest which contain positive staining are excluded from computer
analysis. (E) Computer generated image in which each pixel considered negatively stained is
converted to black while each pixel considered positively stained is converted to white. Scale
bar: 100 um.
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Figure 2.
Low power H&E image showing the entire tendon graft in the tibial tunnel. Scale Bar: 1

mm.

J Orthop Res. Author manuscript; available in PMC 2019 January 24.



1duosnuey Joyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duoasnuepy Joyiny

Carbone et al.

. . GROWTH PLATE
Native ACL Enthesis (6 week Rat)

Tendon-Bone Interface
(ACLr)

Page 13

IHH Ptch1 Gli1

Figure 3.
Immunohistochemical staining for Hh signaling proteins. IHH (A), PTCH (B), and GLI1 (C)

staining of a proximal tibial growth plate in a 6 week old rat demonstrating positive Hh
signaling. IHH (D), PTCH1 (E), and GLI1 (F) staining of a native ACL enthesis in an age-
matched control rat. Representative stains of the tendon-bone interface stained with IHH (H)
PTCH1 (1) GLI1 (J) (T, tendon; IF, interface; and B, bone) Arrows identify areas of active
staining. Scale bars: 100 pm.
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Figure 4.
Low power section stained for GLI1 demonstrating greater tissue organization with

alignment of chondrocyte-like cells into columns, as well as a more regular and thicker
graft-bone interface (black arrows). On the other side a more irregular and disorganized
graft-tendon interface is seen (white arrows). Scale bar: 500 pm.
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Figure 5.
(A) A representative image of a negative control section demonstrating the absence of

staining. (B) A serial section from the same rat in the same region of the tendon bone
interface stained with antibody against PTCHZ1. Scale bar: 100 pm.
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Figure 6.

Quantitative analysis of GLI1 and PTCH1 signaling in terms of both area and intensity of
stain at the 3 and 6 week time point. *- denotes p-value < 0.05.
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Control 3 weeks 6 weeks

Figure 7.
PCNA staining from the articular cartilage of a 6 week old rat femur which was used as a

positive control (A). PCNA staining of the tendon-bone interface 3 (B), and 6 (C) weeks
post-ACL reconstruction.

J Orthop Res. Author manuscript; available in PMC 2019 January 24.



Page 18

Carbone et al.

0,°0¥0S5°0 T00°0> NOT M9 |013u0D faN
€0°0¥€0°0 T00°0> NO M9 |0u0D BeN
T0'0¥T00 T00°0> NOT ME [013u0D BN
90°0¥50°0 T00°0> NO ME |04uoD BeN
18°C¥eSY G20'0¥290°0 NOT M9 1119
S'¢¥89Y €€0°0¥890°0 NO M9 179
8T'€+66'S Z¢70°0F760°0 NOT ME 17D
9L'0¥T0'T TTO'0¥.T0°0 NOME 11O
00'6¥.G°CT 6TT'0F99T°0 NOT M9 TYdd
GLCF19'8 SV0'0FCET0 NO M9 TYd9d
96 EFVETT ¢S0°0+¢8T°0 NOT ME TYdd
o' T+VEY 8T0'0F0L0°0 NO ME TUd9d
T6'9+¥09°TT 8.0°0F09T1°0 NOT M9 HHI
68°CFL 'L 8€0°0¥¢CT0 NO M9 HHI
TS'v+56'8 820°0¥8¥T°0 NOT ME HHI
S9vFIY'8 EVT'0+19T°0 NO M€ HHI
as F ealy a1n)dld [e10] /ANSUsIUI UlRlS S F ealy ainidld [el0L /ealy paulels dnois

dnolo yoe3 1o} uoneinsg pJepuels pue anjeA uesiy syl Bulkejdsiq ueyd

‘TalqeL

Author Manuscript Author Manuscript

Author Manuscript

Author Manuscript

J Orthop Res. Author manuscript; available in PMC 2019 January 24.



	Abstract
	METHODS
	Overview
	ACL Reconstruction
	Tensioning of the Graft
	Histological Analysis
	Imaging
	Image Quantification
	Statistical Analysis

	RESULTS
	Histologic Analysis
	Quantitative Histologic Analysis
	IHH Signaling
	0N versus 10N Graft Pre-Tension
	Three-vs. Six-Weeks
	PCNA Staining


	DISCUSSION
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Figure 7.
	Table 1.

