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A B S T R A C T

Background: Although neuroregulation plays an important role in tissue healing, the key neuroregulatory path-
ways and related neurotransmitters involved in bone-tendon interface (BTI) healing are still unknown. It is re-
ported that sympathetic nerves can regulate cartilage and bone metabolism, which are the basic aspects of BTI
repair after injury, through the release of norepinephrine (NE). Thus, the purpose of this study was to explore the
effect of local sympatholysis (LS) on BTI healing in a murine rotator cuff repair model.
Methods: Specifically, C57BL/6 mice underwent unilateral supraspinatus tendon (SST) detachment and repair was
established on a total of 174 mature C57BL/6 mice (12 weeks old): 54 mice were used to examine the sympathetic
fibers and its neurotransmitter NE for the representation of sympathetic innervation of BTI, while the rest of them
were randomly allocated into (LS) group and control group to verify the effect of sympathetic denervation during
BTI healing. The LS group were intervened with fibrin sealant containing 10 ng/ml guanethidine, while the
control group received fibrin sealant only. Mice were euthanized at postoperative 2, 4 and 8 weeks for immu-
nofluorescent, qRT-PCR, ELISA, Micro-computed tomography (CT), histology and biomechanical evaluations.
Results: Immunofluorescence, qRT-PCR and ELISA evaluations indicated that there were the expression of tyrosine
hydroxylase (TH), NE and β2-adrenergic receptor (β2-AR) at the BTI site. All the above showed a trend of
increasing at the early postoperative stage and they started to decrease with the healing time after a significant
peak. Meanwhile, local sympathetic denervation of BTI was achieved after the use of guanethidine as shown in the
NE ELISA outcomes in two groups. QRT-PCR analysis revealed that the healing interface in the LS group expressed
more transcription factors, such as Runx2, Bmp2, Sox9, and Aggrecan, than the control group. Further, radio-
graphic data showed that the LS group significantly possessed higher bone volume fraction (BV/TV), trabecular
number (Tb.N), trabecular thickness (Tb.Th), and lower trabecular spacing (Tb.Sp) than the control group. Also,
histological test results showed that there was more fibrocartilage regenerated at the healing interface in the LS
group compared with the control group. Mechanical testing results demonstrated that the failure load, ultimate
strength and stiffness in the LS group were significantly higher at postoperative week 4 (P < 0.05), but not at
postoperative week 8 (P > 0.05), compared to the control group.
Conclusion: The regulation of sympathetic innervation was involved in the healing process of injured BTI, and
local sympathetic denervation by using guanethidine was beneficial for BTI healing outcomes.The translational
potential of this article: This is the first study to evaluate the expression and specific role of sympathetic innervation
during BTI healing. The findings of this study also imply that the antagonists of β2-AR could serve as a potential
therapeutic strategy for BTI healing. Also, we firstly successfully constructed a local sympathetic denervation
mouse model by using guanethidine loaded fibrin sealant, which provided a new effective methodology for future
neuroskeletal biology study.
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1. Introduction

Bone-tendon interface (BTI) is an important part of the locomotor
system, which is constituted by four continuous and functionally graded
zones: tendon, unmineralized fibrocartilage, mineralized fibrocartilage
and bone [1,2]. BTI connects soft tissue tendon/ligament and hard tissue
bone, and its unique and complex gradient structure can effectively
transfer mechanical load between tendon/ligament and bone, which is
necessary for joint stability and mobility [2]. Injuries of BTI are common
sports injuries in the field of orthopedics and sports medicine that leads
to joint dysfunction and recurrent pain, which could occur in many parts
of the body, such as rotator cuff, anterior cruciate ligament, Achilles
tendon, etc. Take rotator cuff injury as an example, it is reported that
more than 200,000 rotator cuff injuries require surgical reconstruction
every year in the United States, and direct health treatment costs up to
474 million dollars [3]. In people over 50 years old with rotator cuff tear,
the disability rate could reach as high as 30–50% [4]. How to promote
BTI healing has been a challenge of clinicians.

BTI injuries occur between two different tissues, soft tissue tendon/
ligament and hard tissue bone, with different mechanical properties and
are mainly characterized by the damage of fibrocartilage. Due to poor
blood supply and weak regeneration ability, BTI healing often results in
poor recovery of biomechanical properties, disorder of matrix composi-
tion and structure, and fibrous scar healing [5,6]. Moreover, because that
BTI is located at the site of stress concentration, palindromic raptures
after repair are hard to prevent. For example, although the surgical
techniques for rotator cuff tear have progressed during the past decades,
unfortunately, the postoperative retear rate observedwas still up to 20%–

90% [7]. Previous studies suggested that the regeneration of fibro-
cartilage is closely related to the healing quality of BTI, promoting the
expression of chondrogenic transcription factors Runx2 etc. can facilitate
BTI healing [8,9]. Therefore, promoting the regeneration of fibro-
cartilage layer is the key to realize the rapid and high-quality healing of
BTI.

In recent years, more and more studies have suggested that the role of
nervous system in the healing process of musculoskeletal system cannot
be ignored. Neuroregulation is involved in growth, development and
function maintenance of the fibrocartilage, lacking of which will lead to
disorganized chondrogenesis and deformed fibrocartilage layer [10].
Although there is few studies and literature about the function of neu-
roregulation in BTI healing, neurostimulation techniques represented by
functional electrical stimulation, combined magnetic field and other
biophysical therapies have been confirmed could effectively promote the
regeneration of fibrocartilage and accelerate the recovery of motor
function in patients with injuries of BTI [5,11]. It has been proven that
CGRP, SP and NPY are an important component of BTI healing micro-
environment and participate in the healing process of BTI [12,13]. These
studies suggested that neuromodulation plays a crucial part in enthesis
regeneration. However, it is still necessary to further explore the key
neural regulatory pathways and related neurotransmitters involved in
BTI healing.

There are mainly autonomic, sensory and glutamic-energic neural
pathways involved in the healing process of musculoskeletal system,
among which the autonomic nervous system is considered critical for
maintaining regional homeostasis and regulating local metabolism [14,
15]. However, the relation between sympathetic nervous system and BTI
healing has not been investigated yet. Studies have shown that sympa-
thetic nerve fibers participate in a variety of physiological and patho-
logical processes, such as inflammation regulation [15], chondrocyte and
osteocyte metabolism [16,17], differentiation of mesenchymal stem cells
[18], etc., through the release of norepinephrine (NE). While these pro-
cesses are related to the BTI healing, we thus speculate that sympathetic
nerve fibers may also exert their effects during BTI healing. Therefore,
the purposes of the current study were to detect the sympathetic inner-
vation of BTI after injury and to verify the role it plays in BTI healing by
blocking NE release through the topical administration of guanethidine, a
2

neurotoxin which specifically target sympathetic nerve fibers to block the
release and reuptake of NE.

2. Materials and methods

All animal care and experimental procedures were approved by the
laboratory animal committee of Xiangya Hospital of Central South Uni-
versity (No. 2022020210).

2.1. Study design

A total of 174 male C57BL/6 mice (12 weeks old) were used for the
rotator cuff repair model, which was established on the left shoulder,
according to a previously reported method [19]. 54 mice were used to
examine the expression of tyrosine hydroxylase (TH), a marker of sym-
pathetic fibers, and neurotransmitter NE for the representation of sym-
pathetic innervation in the BTI healing site, then the rest were randomly
assigned to either the control group or the LS group with 60 mice in each
group. Mice in the LS group were intervened with fibrin sealant con-
taining 10 ng/ml guanethidine, which has functional sympathectomy
effect through the blockade of neural transmission, depletion of neuronal
NE stores, and blockade of reuptake of NE into the neurons [20], while
the control group received fibrin sealant only. Mice were euthanized
postoperatively to harvest bilateral supraspinatus tendon-humerus
(SSTH) complex for subsequent tests. In order to detect the sympa-
thetic innervation at the healing site, specimens were used for immu-
nofluorescence staining, quantitative reverse-transcription polymerase
chain reaction (qRT-PCR) and NE ELISA at postoperative 2, 4 and 8
weeks (Fig. 1A). Then, to evaluate the quality of the healing site after
blocking the release of NE, specimens from two groups were used for
qRT-PCR, Micro-computed tomography (Micro-CT), histological evalua-
tions and biomechanical tests (Fig. 1B).

2.2. Preparation of fibrin sealant carrier

To fabricate the fibrin sealant, fibrinogen solution (Sigma–Aldrich)
and thrombin solution (Sigma–Aldrich) were prepared according to the
manufacturer's manual. Guanethidine was added to the thrombin solu-
tion. The fibrin sealant was fabricated following a method reported
previously [21]. Then, two groups were formed: control group with fibrin
sealant alone and LS group with fibrin sealant containing 10 ng/ml
guanethidine.

2.3. Animal model and LS treatment

All mice underwent unilateral supraspinatus tendon (SST) detach-
ment and repair in the left shoulder after anesthetized with an intra-
peritoneal injection of 0.3% pentobarbital sodium (0.6 mL/20 g;
Sigma–Aldrich) following a previously reported protocol [22]. All pro-
cedures were performed under sterile technique using a surgical micro-
scope. In brief, a longitudinal skin incision was made on the left shoulder
after mice were placed in a right lateral decubitus position. Then, the
deltoid muscle was revealed, which was split with a transverse cut to
expose the SST. Using a customized retractor to pull away the acromion
to improve visualization. The SST was then fixed with No. 6–0 PDS suture
(Ethicon, Somerville, NJ) in an “8” figure pattern, the SST was transected
at its insertion site on the humeral head, and the cartilage layer at the
insertion site was gently removed with a scalpel to expose the bellowing
spongy bone. One 1-mm diameter transosseous tunnel was created
transversely within the humeral head, and the PDS suture was crossed
through the bone tunnel. At this point, 10 μL fibrin sealant was placed
between the SST and bone, the animals were assigned to two groups:
Control group (fibrin sealant alone), LS group (fibrin sealant containing
10 ng/ml guanethidine). Then, the SST was tied to its original insertion
site after tightening the two sutured limbs. Finally, the deltoid and skin
were sutured. All mice were allowed free cage activity after surgery.
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Antibiotic injections (penicillin G) were administrated once a day for 3
days after surgery.

2.4. Immunofluorescence analysis

Immunofluorescence was used to detect the expression of TH, a
marker of sympathetic nerve fibers, and β2-adrenergic receptor (β2-AR)
in the BTI healing site. Briefly, the supraspinatus tendon-humerus (SSTH)
specimens were harvested at postoperative weeks 2, 4 and 8, then fixed
with 4% paraformaldehyde (PFA) for 24 h. After decalcification, dehy-
dration and embedded in OCT, the SSTH specimens were longitudinally
sectioned with 10 μm thickness. For immunofluorescent staining, the
sectioned slices were washed with PBS and then blocked with 5% bovine
serum albumin (BSA) for 1 h. Then, primary antibodies anti-TH (AB152;
Millipore) and anti-β2-AR (DF3512; Affinity) were applied respectively
at 4 �C overnight, the sections were incubated with secondary antibodies
anti-rabbit Alexa Fluor 488 (ab150073; Abcam) or Alexa Fluor 594
(ab150064; Abcam) for 1 h subsequently. Finally, the slices were coun-
terstained with 4’, 6-diamidino-2-phenylindole (Invitrogen, Carlsbad) to
observe the tissue morphology and distinguish the BTI site. All images
were observed and captured using a Zeiss Axio Imager. M2 microscope
(Zeiss, Solms, Germany) equipped with an Apotome. 2 System. To
analyze the positive signals of TH and β2-AR, a region of interest (ROI)
was defined at the BTI site according to a similar study reported previ-
ously [23]. At last, using the Image J software to measure the integrated
optical density (OD) of positive areas. The assessors were blinded to the
groups during image analysis.

2.5. Gene expression analysis

The mRNA expression levels of relevant factors (TH, ARs, Runx2,
Bmp2, Sox9 and Aggrecan) at the BTI healing site were measured by real-
time quantitative reverse transcription polymerase chain reaction (qRT-
PCR). The regenerated BTI tissues for qRT-PCR analysis were collected
using a microscope according to a previous protocol [19]. Briefly, after
the SSTH specimens were harvested and frozen in liquid nitrogen, we
removed the muscle belly and kept the tendon (one millimeter in length)
and the portion of the humeral head proximal to the growth plate near
the tendon attachment. The weight of each sample was adjusted to be
around 20 mg. Total RNA was extracted from the tissue using the TRIzol
reagent (Invitrogen), and cDNA was synthesized using 1 mg of total RNA
with a GoScript™ Reverse Transcription System (Promega) following the
manufacturer's instructions. Then, the qRT-PCR reactions were per-
formed on ABI PRISM® 7900HT System (Applied Biosystems) with
GoTaq® qPCR Master Mix (Promega). Glyceraldehyde 3-phosphate de-
hydrogenase (GAPDH) was used as a reference gene for normalization
and the 2�ΔΔCt method was used to analyze the relative expression. The
primers used for the qRT-PCR assay in the current study are provided in
Table 1
The primers used for qRT-PCR.

Gene Name NCBI Reference Forwar

GAPDH NM_008084 AACGA
TH NM_009377 GTCTC
ADRA1A NM_013461 CTAAG
ADRA1B NM_007416 GCAGC
ADRA1D NM_013460 AGTGG
ADRA2A NM_007417 GGTGA
ADRA2B NM_009633 TCTTCA
ADRA2C NM_007418 CTGTG
ADRB1 NM_007419 CTCAT
ADRB2 NM_007420 GGGAA
ADRB3 NM_013462 GGCCC
Runx2 NM_001146038 GACTG
Sox9 NM_011448 AGTAC
Aggrecan NM_007424 GTGGA
Bmp2 NM_007553 GGGAC

3

Table 1.

2.6. Enzyme-linked immunosorbent assay (ELISA)

To evaluate the levels of NE in the BTI healing site, the regenerated
BTI tissues were harvested at postoperative weeks 2, 4 and 8 respectively.
Using ELISA methods to detect the expression of NE in the enthesis ac-
cording to the instructions of the NE ELISA kit (E-EL-0047c; Elabscience
Biotechnology). Then, the absorbance was measured at 450 nm using an
enzyme-labelled meter (Multiskan Mk3; Thermo Fisher Scientific). Each
sample was repeated in triplicate and measure the average value.

2.7. Radiological analysis

Micro-CT (viva CT 80; Scanco Medical, Brüttisellen, Switzerland) was
performed in this study to evaluate the formation of subchondral bone at
the SST attachment site. After SSTH specimens were harvested from each
group, the samples were fixed in 4% PFA at 4 �C for 24 h and then washed
with 0.9% saline to remove the residual PFA. After that, the samples were
placed in a tube with their long axes in the vertical position and scanned
with Micro-CT following these conditions: 10.4 μm voxel size, 55 KVp,
0.36� rotation step (180� angular range), and a 400 ms exposure per
view. Scanning data of each specimen were processed with a 3-dimen-
sional Gaussian filter and a global threshold to distinguish the bone
voxels from the surrounding soft tissues and bone marrow. The region of
interest (ROI) was selected under the footprint at the center of the 2
suture bone holes in the image according to a previously reported
method [24]. Then, morphological parameters of the newly formed bone
including bone volume fraction (BV/TV), trabecular number (Tb.N),
trabecular thickness (Tb.Th), and trabecular spacing (Tb.Sp) were
measured.

2.8. Histological analysis

After micro-CT analysis, the SSTH specimens were decalcified with
10% ethylenediaminetetraacetic acid (EDTA) at room temperature for 14
days. After dehydrated in grade ethanol and embedded in paraffin, the
specimens were cut into 6 μm–thick sections in the coronal plane through
the greater tuberosity and SST by use of a microtome (Leica RM2125;
Reichert-Jung GmbH). Then, the sections were stained with hematoxylin
and eosin (H&E) or toluidine blue& fast green (TB&FG) (Sigma–Aldrich)
after deparaffinized and rehydrated. Using light microscopy (CX31,
Olympus, Germany) to observe histologic sections under the same con-
dition. The H&E stained sections were used for the histological descrip-
tion of BTI healing and semi-quantitative analysis for fibrocartilage area.
Toluidine blue/fast green stained sections were used for semi-
quantitative analysis of the integrated optical density (IOD) of proteo-
glycan using the ImageJ software (National Institutes of Health,
d (50-30) Reverse (50-30)

CCCCTTCATTGACCTC ACTGTGCCGTTGAATTTGCC
AGAGCAGGATACCAAGC CTCTCCTCGAATACCACAGCC
GCCATTCTACTTGGGGT CGAGTGCAGATGCCGATGA
GGTTGATGTCCTGT AGTATCGCACCCCAATGTAGC
GTGTCTTCCTAGCC GCCTAGAACCTCCATAGTGGC
CACTGACGCTGGTTT ACTGGTGAACACCGCGATAATA
CCATTTTCGGCAATGC AGAGTAGCCACTAGGATGTCG

GTGGGTTTCCTCATCG ACTTGCCCGAAGTACCAGTAG
CGTGGTGGGTAACGTG ACACACAGCACATCTACCGAA
CGACAGCGACTTCTT GCCAGGACGATAACCGACAT
TCTCTAGTTCCCAG TAGCCATCAAACCTGTTGAGC
TGGTTACCGTCATGGC ACTTGGTTTTTCATAACAGCGGA
CCGCATCTGCACAAC ACGAAGGGTCTCTTCTCGCT
GCCGTGTTTCCAAG AGATGCTGTTGACTCGAACCT
CCGCTGTCTTCTAGT TCAACTCAAATTCGCTGAGGAC
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Bethesda, MD, USA) [25]. The histological images were
semi-quantitatively analyzed by two blinded observers.

2.9. Biomechanical testing

Biomechanical testing is an important indicator of the quality of BTI
healing. The failure load, ultimate strength and stiffness of the SSTH
specimens were detected with a biomechanical testing system (model
5942; Instron) according to a previously reported method [26]. Before
the test, all the samples were thawed for 4 h at 4 �C and then 1 h at room
temperature. The width and thickness of the enthesis were measured
with a caliper under the same tensile load (0.1 N) and then the cross--
sectional area was calculated. After that, the humerus was firmly clam-
ped with a vise grip, while the SST was fixed in a clamp with sandpaper.
The SSTH specimens was placed into the testing system machine for
uniaxial tension following the SST's approximate anatomic position. The
samples were preconditioned with a load of 0.1 N and then loaded to
failure at a rate of 0.03 mm/s, and the ultimate failure load and distance
at max load were recorded. The stiffness was calculated from the curve of
the load to deformation. Data were excluded if the tendon slipped out of
the grip or did not fail at the SST attachment site.

2.10. Statistical analysis

All statistical analyses were performed using SPSS 25.0 software
(SPSS Inc). All quantitative data were presented as mean � SD (standard
deviation) and were analyzed statistically using a 2-way analysis of
variance (ANOVA) with the Bonferroni post hoc test to detect differences
between two groups. Statistical significance was set at P < 0.05.

3. Results

3.1. Distribution of TH-positive nerve fibers in BTI healing site

A peak in TH immunoreactivity was observed at postoperative week 4
in the SST zone surrounding the enthesis, whereas few nerve fibers were
found on the native enthesis. These nerve fibers were seen as new sym-
pathetic nerve fibers sprouting into the SST from the surrounding
structures. At postoperative week 8, during the enthesis healing, most of
the TH-positive fibers retracted from the healing site (Fig. 2A). Further-
more, there was a statistically significant increase in the mRNA expres-
sion levels of TH at the healing site at postoperative weeks 2, 4 and 8 as
Figure 1. Study design (A) To detect the sympathetic innervation in BTI healing site
quantitative reverse-transcription polymerase chain reaction. LS: local sympatholysis

4

compared to native enthesis (P < 0.05 for all) (Fig. 2B).

3.2. AR profile in BTI healing site

The normal BTI expressed mRNA for various subtypes of α- and β-AR,
which also expressed in the BTI sites of SSTH specimens with different
postoperative times. A high level of β2-AR mRNA was detected in BTI
healing site, while a weak expression of β3-AR was observed (Fig. 3A).
Protein expression and localization of β2-AR were determined in cryostat
sections of SSTH samples. Immunofluorescence for β2-AR revealed a
positive signal in the fibrocartilage zone (Fig. 3B). There were significant
increases of the number of β2-ARþ cells/HPF (high power field) at
postoperative weeks 2 and 4 compared with native enthesis and 8 weeks
of healing (Fig. 3D), which consistent with the mRNA expression level of
β2-AR in the BTI healing site (Fig. 3C). At postoperative week 4, the
expression of β2-AR was at peak, then decreased along with the healing
time.

3.3. NE levels in serum and BTI healing site

NE levels of BTI healing site, but not serum NE levels, significantly
changed at different times after surgery. NE levels of BTI healing site at
postoperative weeks 2 and 4 were significantly higher than native
enthesis and 8 weeks of healing (P < 0.05) (Fig. 4A), while serum NE
levels at different times after surgery were not significantly different from
each other (P > 0.05) (Fig. 4B).

In mice subjected to guanethidine treatment, the decrease of NE
content in BTI healing site observed after operation was indicative of the
success of local sympathetic denervation. Significantly decreased NE
levels of BTI healing site observed in the LS group at postoperative weeks
2 and 4 when compared to the control group (P < 0.05) (Fig. 4C).

3.4. The expression of growth factors in enthesis

The qRT-PCR results (Fig. 5) showed that the mRNA expression level
of transcription factors (Runx2, Bmp2, Sox9, and Aggrecan) was higher in
the LS group as compared to those in the control group. Among the
transcription factors, the expression of runx2 was significantly higher at
postoperative week 4 in the LS group than in the control group (P <

0.001), but there were no significant differences between them at weeks
2 and 8 (P > 0.05 for both). At postoperative week 2, the expression of
sox9 and aggrecan were at peak, then decreased along with the healing
(B) To verify the role of sympathetic innervation during BTI healing. qRT-PCR:
.



Figure 2. (A) Immunofluorescence staining of TH at different times during BTI healing. The regions marked by dashed line in the 10x pictures are amplified in
corresponding 20x pictures. Scale bars indicate 100 μm. The white arrow marks the new sprouting sympathetic nerve fibers (B) The mRNA expression levels of TH at
different times during BTI healing. dpi: days post injury. SB: subchondral bone; ST: supraspinatus tendon; *P < 0.05, **P < 0.01, ***P < 0.005, ****P < 0.001.
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time in both groups. Sox9 and aggrecan levels were significantly higher
in the LS group than the control group at week 2 postoperatively (P <

0.001 for both), while the expression of bmp2 in the LS group was higher
than that in the control group at weeks 2, 4 and 8 postoperatively (P <

0.001 for all).
3.5. Microstructural analysis

After micro-CT scanning, the three-dimensional morphologic of the
SSTH was constructed, and the microstructural parameters of the sub-
chondral bone at the BTI healing site were analyzed (Fig. 6). From the 3D
visualization images of the SSTH, increases of subchondral bone forma-
tion at the enthesis healing site were observed with healing time
increasing from both groups (Fig. 6A). There was more bone mass at the
BTI site in the LS group as compared to the control group at postoperative
weeks 4 and 8 from the surface pictures. The microstructure data showed
that the healing interface of the LS group was shaped better than that of
the control group at postoperative weeks 4 and 8. The LS group had
significantly greater BV/TV (0.345 � 0.009), Tb.N (19.700 � 0.812
mm�1), and Tb.Th (0.021 � 0.0004 mm) at postoperative week 4 than
the control group (BV/TV: 0.304 � 0.016, P < 0.001; Tb.N: 17.060 �
0.463 mm�1, P < 0.001; Tb.Th: 0.019 � 0.0005 mm, P < 0.001), while
5

the Tb.Sp in the LS group (0.336 � 0.011 mm) were lower than that in
the control group (0.392� 0.011 mm, P< 0.001). At postoperative week
8, the bone morphological parameters including BV/TV, Tb.N, Tb.Th and
Tb.Sp were improved during enthesis healing in both groups. Also, the
BV/TV (0.507� 0.013), Tb.N (24.760� 0.531 mm�1), and Tb.Th (0.025
� 0.0005 mm) of the LS group were significantly higher than those of the
control group (BV/TV: 0.464 � 0.010, P < 0.001; Tb.N: 22.110 � 0.529
mm�1, P< 0.001; Tb.Th: 0.026� 0.0006 mm, P> 0.05), while the Tb.Sp
in the LS group (0.258 � 0.012 mm) were lower than that in the control
group (0.286� 0.009 mm, P< 0.01) at week 8 postoperatively (Fig. 6B).
3.6. Histological assessments

The representative images of H&E staining and TB&FG staining
showed a more mature tendon-to-bone attachment in the LS group
compared with the control group at postoperative weeks 4 and 8. The
H&E staining (Fig. 7A) showed that the regenerated interfaces were
visible between the SST and humerus at weeks 4 and 8 after surgery. It
also showed that the enthesis was gradually regenerated with time. At
postoperative week 4, tissue connecting tendon and bone was poorly
organized and highly cellular in two groups. The TB&FG staining
(Fig. 7B) showed some TB deposited at the attachment site, especially at



Figure 3. Expression of AR subtypes in
BTI healing site (A) The relative gene
expression of AR subtypes was analyzed
in the BTI healing site. Gapdh expres-
sion was used as a loading control (B)
Protein expression and localization of
β2-AR in enthesis were analyzed on
cryo-sections (C) The mRNA expression
level of β2-AR in the BTI healing site at
different time points after surgery (D)
The change of the number of ADRB2þ

cells/HPF during BTI healing. The re-
gions marked by dashed line indicate
the position of BTI. dpi: days post
injury. Scale bars indicate 100 μm *P <

0.05, **P < 0.01, ***P < 0.005, ****P
< 0.001.
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Figure 4. NE levels in serum (A) and BTI healing site (B–C) during enthesis healing examined. dpi: days post injury. *P < 0.05, **P < 0.01, ***P < 0.005, ****P
< 0.001.
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week 8 after surgery, which indicated the formation of fibrocartilage.
Quantitively, there were no significant differences in the area of the re-
generated fibrocartilage zone between two groups at postoperative
weeks 4 and 8 (P > 0.05 for both) (Fig. 7C). The integrated optical
density (IOD) of proteoglycan deposition at the BTI healing site in the LS
group was significantly higher than the control group at 4 and 8 weeks
after surgery (P < 0.05 for both) (Fig. 7D).

3.7. Biomechanical evaluation

The biomechanical testing results showed that healing of the BTI was
enhanced with time. The diagram of biomechanical testing are shown in
Fig. 8A. Although there were no significant difference in general
appearance between two groups (Fig. 8B), at postoperative week 4, the
LS group had a significantly higher failure load, ultimate strength and
stiffness as compared to those in the control group (failure load, 4.38 �
0.37 vs 3.72� 0.52 N, P< 0.05; ultimate strength, 3.79� 0.21 vs 3.13�
0.33 MPa, P < 0.01; stiffness, 3.68 � 0.17 vs 3.32 � 0.24 N/mm, P <

0.05), while the differences between them in two groups narrowed at
week 8 postoperatively (failure load, 5.27 � 1.11 vs 5.02 � 0.37 N; ul-
timate strength, 5.26� 0.96 vs 5.10� 0.19 MPa; stiffness, 3.74� 0.40 vs
3.43 � 0.28 N/mm, P > 0.05 for all). In addition, no significant differ-
ence was seen in cross-sectional area between the LS group and the
control group at postoperative week 4 (1.15 � 0.04 mm2 vs 1.19 � 0.05
mm2, P > 0.05) and week 8 (1.00 � 0.03 mm2 vs 0.98 � 0.04 mm2, P >

0.05) (Fig. 8C).
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4. Discussion

This study demonstrated the involvement of the sympathetic inner-
vation in BTI healing. QRT-PCR, immunofluorescence and ELISA results
showed that there were the expression of TH, NE and related adrenergic
receptors (ARs) at the healing site. We also found that there were sym-
pathetic nerve fibers sprouting into the SST during the healing process,
which emerged at the early stage of healing and returned to the level of
normal as time went on. Studies have shown that innervation of intact
healthy tendons mainly existed in the surrounding structures, such as
paratenon, endotenon and epitenon, whereas the innervation of tendon
proper was scarce. However, it is found that extensive nerve fibers could
ingrowth into the tendon proper after injury and during repair, then
different neuronal mediators began to emerge to regulate the tendon
regeneration. After the healing process finished, the newly grown nerve
fibers within the tendon proper would retract [27,28]. The process of
nerve fibers regeneration during BTI healing is consistent with the ob-
servations on bone [29], ligament [30] and skin [31] healing indicating
that nerve ingrowth and subsequent retraction are fundamental aspects
of tissue repair.

Nerve fibers can exert regulatory effect on target tissues through the
release of neurotransmitters. Evidences of neurotransmitters involved in
tissues regeneration after injury have been reported previously [32,33].
Also, neurotransmitters are important components of BTI healing
microenvironment and involved in the healing process of enthesis [12].
The sensory neuropeptides (CGRP and SP) and sympathetic neuropeptide
NPY were found in the enthesis, and the expression pattern of them were



Figure 5. The quantitative reverse transcription polymerase chain reaction analysis of Runx2, Bmp2, Sox9, and Aggrecan expression in BTI healing site in two groups
at postoperative weeks 2, 4 and 8. dpi: days post injury. *P < 0.05, **P < 0.01, ***P < 0.005, ****P < 0.001.
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similar, all increased at the early stage of healing then decreased till the
end of the healing process [12,13]. Our results showed that NE, the major
neurotransmitter of sympathetic nerve fibers, was participated in BTI
healing. Moreover, the content of NE at the healing site presented the
same regularity as the other neuropeptides above.

Most neurotransmitters work by binding to related receptors. ARs
mediate the effects of NE, the major sympathetic neurotransmitter, and
play an important role in various physiologic and pathologic processes
[34,35]. Nine AR subtypes have been identified and categorized into
three subfamilies. The α1-AR subfamily includes the subtypes α1a, α1b,
and α1d; the α2-AR subfamily includes the subtypes α2a, α2b, and α2c;
and the β-AR subfamily includes the subtypes β1, β2, and β3 [36]. J
Lorenz et al. [17] detected different AR subtypes in chondrocytes indi-
cating that chondrocytes could response to the stimulation of the sym-
pathetic nervous system. In the skeletal system, as is reported, β2-AR is
the major mediator of catecholamine activation in bone remodeling units
[37]. However, which ARs are expressed at the BTI has not been inves-
tigated so far. In the current study, we found that there were gene
expression of various ARs, especially β2-AR, in BTI healing site according
to the qRT-PCR results. Immunofluorescent staining further showed that
β2-ARþ cells existed in BTI site and the expression pattern of β2-AR was
similar to the TH and NE. Thus, we speculated that the sprouting sym-
pathetic nerve fibers in the SST surrounding enthesis might act on β2-AR,
by releasing NE and spreading to the healing site, to regulate the BTI
healing.

To investigate the role of the sympathetic innervation plays during
8

BTI healing. Guanethidine was utilized in this study to create local
chemical sympathectomy of rotator cuff. According to the NE ELISA re-
sults, the content of NE at the healing site subjected to the chemical
sympathectomy treatment was lower than the control group, indicating
that local functional sympathetic nervous system denervation of BTI was
achieved through the use of guanethidine. In recent years, a growing
body of research has shown that sympathetic upregulation exerts an
adverse effect on cartilage and bone regeneration [38–41], while pro-
moting the regeneration of cartilage and bone is beneficial to BTI healing
[8,9]. It has been reported that NE treatment dose-dependently inhibits
chondrogenic differentiation of mesenchymal stem cells (MSCs), while
the use of nadolol, a β2-AR antagonist, could reverse this inhibition
impact [38]. Hedderich J et al. [39] verified that the inhibition effect of
NE on MSCs was realized via β2-AR mediated ERK1/2 and PKA phos-
phorylation. NE released by sympathetic nerve fibers could stimulate the
β2-AR of osteoblasts and osteocytes, which leads to inhibited of bone
formation and promoted bone resorption, inducing bone loss [41]. K Jiao
et al. [42] found that NE caused condylar subchondral bone loss under
stress of chronic immobilization, which could be prevented by chemical
sympathectomy treatment. Hence, the sympathetic innervation might
exert a negative effect on BTI healing and our results confirmed this
viewpoint.

We firstly established a local sympathetic denervation mouse model
by using guanethidine loaded fibrin sealant, which have been proved
reliable, effective and repeatable through repetitive quantitative ELISA
tests. We believe that this is a methodology worth further researching



Figure 6. (A) Three-dimensional reconstruction images and sagittal sections of SST enthesis from LS and control groups at postoperative weeks 4 and 8. The red
dotted box is the selected area of the region of interest for further statistical analysis of the bone morphological parameters. Scale bar indicates 500 μm (B) The
morphological parameters of subchondral bone in each group at postoperative weeks 4 and 8. BV/TV, bone volume/total volume fraction; Tb.N, trabecular number;
Tb.Th, trabecular thickness; Tb.Sp, trabecular separation; dpi: days post injury. *P < 0.05, **P < 0.01, ***P < 0.005, ****P < 0.001. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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and extending. This study showed that the local sympathetic denervation
treatment might facilitate the enthesis healing, as evidenced by the
improved BV/TV, Tb.N, Tb.Th and the reduced Tb.Sp as compared to the
control group according to the micro-CT results. QRT-PCR results also
indicated that more osteogenic and chondrogenic transcription factors
9

were formed at the healing site in the LS group when compared to the
control group. Meanwhile, there were better maturity and more pro-
teoglycan, a component of the extracellular matrix of cartilage, at the
enthesis after local sympathetic denervation treatment shown in H&E
staining images and toluidine blue/fast green staining images



Figure 7. (A) Representative H&E images of BTI healing site at postoperative weeks 4 and 8 (B) Representative Toluidine blue/fast green images of BTI healing site at
postoperative weeks 4 and 8. Comparison of (C) the area of regenerated fibrocartilage-like tissue and (D) integrated optical density (IOD) of the proteoglycan between
the two groups at different time points. The regions marked by dashed line in the 10x pictures are amplified in corresponding 20x pictures. Scale bars indicate 200 μm
for 10x and 100 μm for 20x. SB: subchondral bone; ST: supraspinatus tendon; dpi: days post injury. *P < 0.05, **P < 0.01. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)
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respectively. The better healing of BTI in the LS group might account for
the improvement in biomechanical properties as shown by higher failure,
ultimate strength and stiffness at postoperative week 4 in biomechanical
testing. At postoperative week 8, however, the differences of biome-
chanical properties between two groups narrowed. Therefore, these an-
alyses demonstrated that the sympathetic innervation might have a
negative impact on BTI healing and blocking the release of NE through
local sympathetic denervation treatment could accelerate the enthesis
healing.

It is reported that estrogen is involved in subchondral bone and
cartilage matrix remodeling, which are the basic aspects of BTI healing.
Thus, we chose the malemice as the research object to avoid the effects of
10
estrogen on BTI healing [43]. There were some limitations in the present
study. First, the mouse model used for acute SST injury repair might not
be fully applicable to humans for the differences in anatomy and healing
capacity between mice and humans. Second, no reliable immobilization
of the injured shoulder was performed in our study, an additional
immobilization group would reinforce the experiment design. Finally,
although we found that the sympathetic innervation was involved in the
healing process of BTI, the molecular mechanisms by which the sympa-
thetic innervation regulated the enthesis healing required further
exploration.



Figure 8. (A) The diagram of the biomechanical testing (B) The appearance of the SSTH complex at postoperative weeks 4 and 8 in two groups (C) The biomechanical
properties of the SSTH complex. dpi: days post injury. *P < 0.05, **P < 0.01.
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5. Conclusion

In conclusion, the sympathetic innervation is involved in BTI healing,
which may play an inhibitory role by releasing NE. Through the use of
guanethidine, a sympathetic nerve agent, to inhibit the release of NE
seems to improve the healing quality of BTI. However, the underlying
mechanism of how the sympathetic innervation acts on the enthesis
healing needs to be further studied. The current study may provide a new
therapeutic method for the clinical treatment on BTI injuries. Also, we
firstly successfully constructed a local sympathetic denervation mouse
model by using guanethidine loaded fibrin sealant, which worth further
study and extending.
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