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Abstract

Purpose of this study—To elucidate the origin of cell populations that contribute to rotator 

cuff healing, we developed a mouse surgical model where a full-thickness, central detachment is 

created in the supraspinatus.

Materials and Methods—Three different inducible Cre transgenic mice with Ai9-tdTomato 

reporter expression (PRG4-9, αSMA-9, and AGC-9) were used to label different cell populations 

in the shoulder. The defect was created surgically in the supraspinatus. The mice were injected 

with tamoxifen at surgery to label the cells and sacrificed at 1, 2, and 5 weeks post-operatively. 

Frozen sections were fluorescently imaged then stained with Toluidine Blue and re-imaged.

Results—Three notable changes were apparent post-operatively. 1) A long thin layer of tissue 

formed on the bursal side overlying the supraspinatus tendon. 2) The tendon proximal to the defect 

initially became hypercellular and disorganized. 3) The distal stump at the insertion underwent 

minimal remodeling. In the uninjured shoulder, tdTomato expression was seen in the tendon 

midsubstance and paratenon cell on the bursal side in PRG4-9, in paratenon, blood vessels, and 

periosteum of acromion in SMA-9, and in articular cartilage, unmineralized fibrocartilage of 

supraspinatus enthesis, and acromioclavicular joint in AGC-9 mice. In the injured PRG4-9 and 

SMA-9 mice, the healing tissues contained an abundant number of tdTomato+ cells, while 

minimal contribution of tdTomato+ cells was seen in AGC-9 mice.

Conclusions—The study supports the importance of the bursal side of the tendon to rotator cuff 

healing and PRG4 and αSMA may be markers for these progenitor cells.
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INTRODUCTION

Rotator cuff pathology is a common source of shoulder pain, estimated to account for over 

4.5 million clinician visits and 250,000 surgeries annually in the United States [1]. The 

burden will likely continue to increase with the aging population, as the incidence and 

prevalence of rotator cuff ailments increases with age [2].

Despite advances in imaging technology, operative technique, and surgical hardware, rotator 

cuff injuries are still challenging to treat. Partial-thickness tears are difficult to manage, often 

do not heal [3], and can progress to full-thickness tears. In addition, the appropriate timing 

and indications for surgical intervention are under debate [4]. Many patients with full-

thickness tears that fail conservative management undergo surgical repair, but retears are 

common, especially with large-sized tears [5,6].

To address these limitations, tissue engineering and biologic augmentations to improve 

rotator cuff healing have gained much interest [1,7,8]. It is generally thought the key to 

success of these tissue engineering strategies lies in utilizing and/or stimulating the 

appropriate target population of cells. In a successful biological augmentation, the tissue 

engineered construct should support and stimulate the surrounding resident cells to heal the 

rotator cuff tendons. However, surprisingly little is known about the types and sources of 

cells that have the potential to directly contribute to rotator cuff healing.

There is still debate regarding whether tendon healing is an intrinsic or extrinsic process 

[9,10]. The supraspinatus tendon has a number of surrounding tissues that could harbor cells 

that contribute to the healing response. These tissues include the joint capsule and synovial 

fluid on the articular side of the tendon and the overlying paratenon, sub-acromial bursa, 

deltoid muscle, and acromion on the bursal side of the tendon. The paratenon has been 

shown to be a source of cells that contributes to healing [11–13] as alpha smooth muscle 

actin (αSMA-CreERT2 x Rosa26-tdTomato) positive paratenon cells turn on Scleraxis 
(ScxGFP+) during patellar tendon healing [11]. However, the contribution of SMA+ cells to 

supraspinatus healing has not been demonstrated in this mouse model. The Proteoglycan 4 
(Prg4) gene, which encodes for lubricin among other proteins, may have a role in fascicle 

gliding [14] in tendon, but is also strongly expressed in the synovium of the joint capsule 

and in articular cartilage [15]. While lubricin expression has been shown during healing of 

the supraspinatus tendon [16], the contribution of Prg4-expressing cells to the healing 

response, particularly from the tendon fascicle or underlying synovium, remains largely 

unknown. In addition, rotator cuff tendon injuries typically occur near the fibrocartilage of 

the enthesis and the ability of these cells to contribute to the injury response has not been 

fully studied. Therefore, this study will utilize the inducible Cre mouse driven by the gene 

aggrecan [17] to label fibrocartilage cells within the enthesis. Thus, while the stages of 

tendon healing (inflammation, repair, remodeling) have been characterized in numerous pre-

clinical studies [18–21], the true origin of cells that contribute to the tendon healing response 

and the markers that define these cells are lacking because of limited fate-mapping models.

The purpose of the current study was to address this fundamental gap in knowledge by using 

lineage tracing models to identify the origin of cells that contribute to rotator cuff healing. 
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We developed a mouse surgical model where a central detachment is created in the 

supraspinatus, and the response of the different cell populations were studied after the 

surgery. To label distinct cell populations in the shoulder and trace their contribution to 

healing over time, we used three different inducible Cre transgenic mouse models that 

controlled CreERT2 expression from the gene regulatory elements Prg4, αSMA, and 

Aggrecan (Acan).

MATERIALS AND METHODS

Transgenic mice

This study was carried out in strict accordance with the recommendations in the Guide for 

the Care and Use of Laboratory Animals of the National Institutes of Health. An animal care 

protocol was approved by the Institutional Animal Care and Use Committee of the 

University of Connecticut Health Center. Cre recombinase fused to a modified estrogen 

receptor ligand binding domain (ERT2) allowed for temporal activation of the enzyme by 

tamoxifen injection [22]. The three CreERT2 transgenic mouse models used in this study 

used DNA transcriptional regulatory elements derived from the following genes: 1) PRG4-

CreERT2 (detailed description of this mouse is detailed in another manuscript currently 

under review), 2) αSMA-CreERT2 [11,23–25], and 3) Aggrecan (AGC)-CreERT2 [17]. The 

three Cre driver mice were crossed with Ai9 Rosa26-tdTomato reporter mice [26] to 

generate dual transgenic offspring (PRG4-9, SMA-9, and AGC-9, respectively) that would 

allow the activation of Cre reporter expression upon Tamoxifen injection to label cells 

tdTomato+ (tdTom+) at the time of surgery and then trace their contribution to tendon 

healing over time.

Experimental Design

The limbs from the Cre-Ai9 mice were harvested at 1, 2, and 5 weeks post-surgery similar to 

our previous studies carried out in the patellar tendon [11,18,27]. The limbs were assigned to 

groups based on transgenic strain, time point post-surgery, and surgical treatment and 

sectioned in either the coronal or sagittal plane (n=2–4 per group).

Supraspinatus central detachment

The Cre-Ai9 mice underwent surgery at 15.2±5.1 (mean±SD) weeks of age. The mice were 

anesthetized with isoflurane gas and received a single intraperitoneal injection of tamoxifen 

in corn oil (80 μg/g). The shoulder was shaved with clippers and prepped with alcohol and 

betadine. An anterolateral incision was made over the left shoulder followed by a small 

longitudinal incision in the lateral deltoid to expose the supraspinatus. A 29G needle was 

slid along the center of the supraspinatus insertion from lateral to medial to detach the 

central portion of the tendon (Fig. 1). The articular surface of the humeral head was 

visualized to confirm that a full-thickness detachment was created. The deltoid and the skin 

were closed with a 6–0 nylon suture. Half of the mice received a sham procedure on the 

contralateral shoulder where the supraspinatus was exposed through the deltoid but not 

injured while the remaining mice had intact contralateral shoulders.
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Histology

Mice were euthanized at 1, 2, or 5 weeks after surgery. The upper extremities were harvested 

and fixed in 10% formalin for 2 days at 4ºC and then placed in PBS with 30% sucrose 

overnight. The specimens were embedded in Cryomatrix (Thermo Scientific) and 7–8 μm 

tissue sections were created using a cryofilm technique [28–31]. Tissue sections were 

rehydrated with PBS and imaged on the Axio Scan.Z1 microscope (Zeiss) for tdTomato 

expression and tissue architecture via darkfield imaging. Following fluorescent imaging, 

cover slips were removed and tissue sections were washed in dH2O and stained with 0.025% 

toluidine blue O (Sigma Aldrich) in ddH2O for one minute. Then the same tissue sections 

were imaged a second time under brightfield optics using a Axio Scan.Z1 microscope.

Cell quantification

Overlay images of the two rounds of scans were created using Photoshop CS2 (Adobe). The 

areas with healing tissue were determined using toluidine blue images. The areas were 

measured and the number of total cells in each area was counted from the DAPI image using 

the particle analyzer in Fiji image analysis software [32]. The percentage of tdTomato+ 

positive nuclei was determined based on equivalent minimum thresholds. The percentage of 

tdTom+ cells in the healing tissue was compared between the PRG4-9, SMA-9, and AGC-9 

mice at 2 weeks post-surgery.

Statistical analysis

Image quantification results were evaluated via one way ANOVA with mouse strain as the 

fixed factor. Tukey’s HSD post-hoc comparisons were made between groups. The 

significance level was set to p < 0.05.

RESULTS

Healing response to full-thickness, central-width supraspinatus detachment

Three notable changes were consistently observed in the mouse shoulder post-operatively. 

First, a long thin layer of tissue formed on the bursal side overlying the supraspinatus tendon 

(Fig. 2A–B). This continuous structure was adhered to the surface of the humerus distal to 

the enthesis (Fig. 2A1), to the surface of the acromion (Fig. 2A3), and to the proximal 

surface of the tendon and/or epimysium of the supraspinatus (arrow in Fig. 2B3). The tissue 

had a joint capsule-like appearance as well. Second, the tendinous region proximal to the 

detachment underwent structural changes, becoming disrupted and even hypocellular at 1 

week post-surgery (Fig. 2A4) then transitioning to highly disorganized and cellular at 2 

weeks (arrow in Fig. 2B4). These structural changes were often associated with a thickened 

paratenon (arrows in Fig. 2A4 and 3B). Finally, the remaining tendon stump at the 

supraspinatus insertion site was mostly unchanged during the healing process with little 

remodeling of the fibrocartilage tissue (arrows in Fig. 2A2,B2).

Cell types labeled in the shoulder joint by Prg4, aSMA, and AGC inducible Cre models

PRG4-9, SMA-9 and AGC-9 models labeled overlapping and distinct cell types in the 

shoulder joint during the 5-week period. Time post-injection had no effect on the type or 
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number of cells labeled (p > 0.05). PRG4-9 mice showed tdTomato (tdTom) expression in 

cells in the tendon midsubstance (yellow arrow) and in the paratenon cells (white arrow) on 

the bursal side of the supraspinatus (Fig. 4A). tdTom+ cells were also evident in the articular 

cartilage of the humerus and joint capsule (green arrows in Fig. 4A). SMA-9 mice showed 

tdTom+ cells in the paratenon (white arrow), blood vessels (yellow arrow), and periosteum 

(red arrow) surrounding the clavicle/acromion (Fig. 4B). In the AGC-9 mice, showed tdTom 

expression in cells in the articular cartilage of the humerus (green arrow), in unmineralized 

fibrocartilage at the supraspinatus tendon enthesis (yellow arrow), and in fibrocartilage cells 

of the acromioclavicular (AC) joint (white arrow). However, no tdTom+ cells were seen 

elsewhere in the tendon midsubstance, myotendinous junction, or paratenon (Fig. 2C).

Contribution of different Cre-Ai9+ populations to the healing tissues

In the PRG4-9 and SMA-9 mice, the overlying layer of capsule-like tissue that forms in 

response to the tendon injury contained an abundant number of tdTom+ cells (green arrows 

in Fig. 5A–B), indicating that progeny of these cell populations contributed to this tissue. 

The density of tdTom+ cells in this tissue in the PRG4-9 and SMA-9 mice was significantly 

higher than in the AGC mice (p < 0.05), while the total cell density was not different 

between the groups (p > 0.05). The percentage of tdTom+ cells in this capsule-like tissue 

was also significantly higher in the PRG4-9 and SMA-9 mice compared to the AGC-9 mice 

(55.7±14.0% (mean±SD), 43.5±10.9%, and 1.0±0.4% of total healing cells, respectively; p < 

0.05). Time post-surgery did not affect the percentage of tdTom+ cells in this tissue (p > 

0.05).

In addition, the number of tdTom+ cells in the supraspinatus tendon proximal to the 

detachment site increased after surgery in both the PRG4-9 (84.5±19.2% vs 35.8±23.0%) 

and SMA-9 (41.0±22.0% vs 3.7±3.9%) mice (blue arrows in Fig. 5A–B) compared to 

normal controls. In contrast, the tdTom+ cell population in AGC-9 mice showed no 

expansion after the surgery and minimal contribution to the proximal tendon (0.6±1.0% vs 

0.03±0.13%). Finally, the percentage of tdTom+ cells in the detached tendon was 

significantly higher in the PRG4-9 than SMA-9 mice (p < 0.05). However, there were 

significantly more tdTom+ cells in the normal PRG4-9 tendons compared to the SMA-9 

tendons (p < 0.05), likely contributing to the increase seen in the injured tendon.

Sham procedure elicited a modest response in the deltoid muscle

Because an injury was created to the deltoid muscle to expose the supraspinatus tendon prior 

to creating the detachment, we also conducted a sham procedure to determine the healing 

response of the deltoid injury alone. There was a modest reaction in the shoulder to the sham 

procedure. The inferior epimysium of the deltoid was thickened in the sham limbs (arrows in 

Fig. 6). The cells in this tissue were tdTom+ in both the PRG4-9 and SMA-9 mice (Fig. 6A–

B) but not in the AGC-9 mice (Fig. 6C). tdTom+ muscle fibers were also seen in the SMA-9 

mice because this model is known to label a satellite cell population [25]. While the 

epimysium thickened in response to the sham procedure, there was no evidence of the 

capsule-like healing tissue in the subacromial space as seen in the limbs that underwent 

supraspinatus detachment (Fig. 2).
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DISCUSSION

There was a consistent healing response in these transgenic mice following full-thickness, 

partial-width supraspinatus detachment injury (Figs. 2–3). A long, thin layer of capsule-like 

tissue formed on the bursal side of the supraspinatus tendon. This tissue formed adhesions to 

the proximal humerus just distal to the supraspinatus tendon insertion, to the proximal 

supraspinatus tendon and epimysium, and to the undersurfaces of the acromion and deltoid 

muscle. A gap was usually seen between this layer of tissue and the torn supraspinatus 

tendon. This capsule-like structure likely formed because the glenohumeral joint space was 

compromised via the supraspinatus detachment. Therefore, synovial fluid likely filled the 

subacromial space and the cells responded by creating a new joint capsule in this region. 

Secondly, the midsubstance of the supraspinatus tendon proximal to the detachment became 

hypercellular and disorganized. These changes may have reflected the altered loading from 

the injury as well as partial retraction of the injured tendon. Thirdly, the tendon stump 

leftover at the enthesis distal to the detachment was largely unchanged during the healing 

period with minimal remodeling of the fibrocartilage at the enthesis.

Most rotator cuff tears occur as chronic degenerative tears, which may or may not be 

symptomatic. Our animal model was dissimilar to the typical degenerative rotator cuff in 

that it was a surgically induced acute injury, which may not model the biology and 

pathogenesis of rotator cuff tendinosis. However, the model had several advantages. First, 

the detachment was a consistent size (29G needle) through the full thickness of the tendon. 

The typical width of the supraspinatus tendon of our mice was between 0.7 and 0.8mm, so 

the detachment was slightly less than 50% of the tendon width, which corresponds to the 

size of a moderate full-thickness tear seen clinically. Second, limiting the detachment to the 

central portion of the tendon prevented the supraspinatus from completely retracting. Similar 

to humans, a large rotator cuff tear in mice is known to lead to retraction and muscle atrophy 

[33]. While such a model may be useful for studying chronic changes after massive rotator 

cuff tear, the cuff tear is unlikely to heal. With our model, the detachment did not propagate 

leading to full retraction of the tendon. Third, care was taken during the procedure to avoid 

compromising the cortex of the humerus during surgery. In clinical practice, the cortex is 

typically compromised during surgical repair when inserting suture anchors or creating bone 

tunnels. Many surgeons actually debride the bone to create a bleeding surface to improve 

tendon-to-bone healing. However, the purpose of this model was to understand the 

autologous healing response to rotator cuff tears, not surgically-repaired rotator cuff. 

Therefore, the cortex was not compromised in this study.

To delineate the origin of cells, we used three different inducible Cre transgenic mice that 

labeled three different, yet overlapping, populations. To our knowledge, this is the first study 

to trace the contributions of cells from both the bursal and articular surfaces to healing of the 

supraspinatus tendon. Both SMA-9 and PRG4-9 mice, which labeled tdTom+ cells on the 

bursal side of the supraspinatus underneath the acromion in the normal shoulder, showed 

robust expansion of the tdTom+ population following injury (Fig. 5A–B). In contrast, 

AGC-9 mice, which labeled tdTom+ cells in the enthesis and articular cartilage in the normal 

shoulder, showed essentially no expansion of tdTom+ cells, suggesting minimal healing 

contribution from the enthesis and adjacent articular cartilage (Fig. 5C).

Yoshida et al. Page 6

Connect Tissue Res. Author manuscript; available in PMC 2017 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A limitation of our study was that the Cre-Ai9 mice used in the study were not cell-type-

specific. Because each transgenic mouse labeled tdTom+ cells in several different cell 

populations, we could not isolate a single cell population responsible for the healing 

response. For example, the PRG4-9 mice labeled cells within the joint capsule, tendon 

midsubstance, and even a small proportion of the paratenon in the normal shoulder. Ideally, 

there would be a transgenic mouse and an injection protocol that would allow us, for 

example, to label only the cells in the subacromial bursa to determine the contribution from 

that specific population. Therefore, we can only conclude that the healing cells are derived 

from the bursal side of the rotator cuff tendon, likely from the paratenon, the bursa, and the 

overlying muscle. To further delineate the origin of healing cells, a more specific labeling 

system will be necessary.

Another potential limitation was that a single dose of tamoxifen was given at the time of 

surgery via IP injection in corn oil, which may lead to labeling of cells that turn on these 

genes in response to the injury. Previous work demonstrated that plasma levels of 4-

hydroxytamoxifen were down to baseline levels by 72 hours following a single IP injection 

of tamoxifen in corn oil (0.8 mg in 8–15 week old mice) [34] and activation of CreERT2-

responsive cells implanted one week following a 3 mg IP dose of tamoxifen was minimal 

[22]. Therefore, we injected a subset of PRG4-9 and SMA-9 mice (n=2 per mouse model) 

with tamoxifen (80 μg/g) one week prior to injury. The contribution of tdTom+ cells in these 

mice were comparable to mice injected at the time of surgery with similar contribution from 

both PRG4-9+ and SMA-9+ cells (Fig. S1).

Nevertheless, the study supports the importance of the bursal side of the tendon to rotator 

cuff healing, which is supported by previous work [13,35]. While these cells were unable to 

fully heal this moderately sized full-thickness tear, there was significant expansion of this 

cell population. There have also been several studies that highlight the importance of 

subacromial bursa for robust scar tissue formation [36,37]. In fact, many surgeons perform a 

wide bursectomy and debridement when repairing the rotator cuff to obtain good 

visualization of the rotator cuff tear, but also to potentially reduce pain. However, this 

debridement may remove a cell population that could improve rotator cuff repairs. Further 

study is needed to identify analogous αSMA and Prg4 populations in patients and determine 

whether these cell populations can be stimulated to improve healing of these injuries.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Full-thickness, central width supraspinatus tendon detachment procedure
A) The lateral deltoid was identified after opening the skin. B) The deltoid was split (green 

line in A) to expose the supraspinatus tendon (dotted line indicates tendon border). C) A 29-

gauge needle was inserted in a lateral-to-medial motion to create the full-thickness, central-

width detachment (D, dotted line indicates defect border).
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Figure 2. The injured shoulder displayed three notable changes
(A) 1 week post-surgery and (B) 2 weeks post-surgery compared to uninjured control (C). 1) 

A thin layer of connective tissue formed between the bursal surface of the tendon and the 

inferior surface of the deltoid and acromion (A1, B1, B3). 2) The region of the supraspinatus 

tendon proximal to the detachment became disorganized and hyper-cellular (arrow in B4) 

and the paratenon on the bursal surface of the tendon was thickened (arrow in A4). 4) The 

remaining tendon tissue near the enthesis was largely unchanged with minimal remodeling 

(arrows in A2, B2). All images are from coronal sections in the central region of the tendon 

where the tendon was detached. Scale bars = 200μm.
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Figure 3. The healing tissue extends beyond the surface of the supraspinatus tendon
The shoulders were also sectioned in the sagittal plane to assess whether the healing tissue 

extended over to adjacent rotator cuff tendons. Indeed, the healing tissue on the bursal side 

of the tendon extended over to the surface of the infraspinatus tendon (IFT) (arrows in B). 

Panel A is the normal shoulder displaying the IFT, supraspinatus tendon (*), and AC joint 

(AC). Panel B is the injured shoulder at 2 weeks post-surgery. Scale bars = 200μm.
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Figure 4. tdTom+ cells in the normal shoulder of the PRG4-9, SMA-9, and AGC-9 mice
A) PRG4-9 mice: tdTom+ cells were evident in the tendon midsubstance, the underlying 

articular cartilage and synovium as well as the overlying paratenon and deltoid epimysium. 

B) SMA-9 mice: tdTom+ cells were evident in the overlying paratenon, blood vessels, and 

deltoid epimysium. C) AGC-9: tdTom+ cells were evident in the supraspinatus tendon (ST) 

enthesis, acromioclavicular joint, and underlying articular cartilage. Panels A–C are 

composite images of tdTom fluorescence and darkfield. Panels A′, B′, and C′ are toluidine 

blue images from the same section as panels A–C. Scale bars = 200μm.
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Figure 5. PRG4-9+ and SMA-9+ cells were significant contributors to the healing tissue following 
supraspinatus detachment
The healing tissue, which was predominately located on the bursal side of the tendon, was 

created largely by progeny of PRG4-9+ and SMA-9+ cells (A–B). In contrast, the AGC-9+ 

cells showed minimal expansion following injury (C). All images are from two weeks post-

surgery. Panels A–C are composite images of tdTom fluorescence and darkfield. Panels A′, 

B′, and C′ are toluidine blue images from the same section as panels A–C. Scale bars = 

200μm.
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Figure 6. PRG4-9+ and SMA-9+ cells contributed to a thickened deltoid epimysium following the 
sham procedure
The epimysium lining over the undersurface of the deltoid muscle became thickened in 

response to the sham procedure. The thickened epimysium was predominantly composed of 

PRG4-9+ (A) and SMA-9+ (B) cells (see arrows) but had minimal AGC-9+ (C) cells. The 

images are from two weeks post-surgery. Panels A–C are composite images of tdTom 

fluorescence and darkfield. Panels A′, B′, and C′ are toluidine blue images from the same 

section as panels A–C. Scale bars = 200μm.
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