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3Department of Orthopaedic Surgery, Nagoya City University, Nagoya, Japan
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Abstract

Rotator cuff (RC) tears present a treatment challenge due to muscle atrophy and degeneration, 

fatty infiltration, and fibrosis. The purpose of this study was to generate a high time-resolution 

model of RC tear in rabbits, and to characterize the progression of architectural and histological 

changes. Thirty-five female New Zealand White rabbits (age: 6 months) underwent left 

supraspinatus tenotomy. Five rabbits were used to evaluate immediate muscle architectural 

changes. The remaining 30 rabbits underwent right shoulder sham surgeryand sacrifice at 1, 2, 

4, 8, or 16 weeks. Histology was used to quantify muscle fiber cross-sectional area (CSA), muscle 

degeneration and regeneration, and fat localized to inter- versus intra-fascicular regions.Muscle 

fiber CSAdecreased by 26.5% compared toshamat 16 weeks (effect of treatment, p < 0.0001). 

Muscle degenerationincreased after tenotomy (effect of treatment, p = 0.0006) without any change 

in regeneration. Collagen and fat content increased by 4 weeks and persisted through 16 weeks. 

Inter-fascicular fat was increased at all time points, but intra-fascicular fat was increased onlyat 
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1, 4, and 16 weeks post-tenotomy. Intra-fascicular fat adjacent to degenerating muscle fibers 

increased as well (effect of treatment, p < 0.0001; effect of time, p = 0.0102).

Key Terms:

Shoulder; rotator cuff; Muscle injuries; Muscle physiology

Introduction

The prevalence of rotator cuff (RC) tears in the general population, and particularly in 

the aged population1, represents a substantial burden to the healthcare system and patient 

quality of life2. Despite advances in surgical techniques and technology, rotator cuff 

tears remain one of the most difficult orthopedic injuries to treat. Surgical intervention is 

generally successful at reducing pain and improving function3. However, reversing negative 

changes in the muscle, avoiding re-tear, and restoring function remain significant clinical 

challenges, particularly in patients with chronic, massive tears3–5. Contemporary research 

is now attempting to identify the cellular and molecular mechanisms that drive muscle 

loss and fat accumulation in human RC muscles. To this end, several animal models, 

including mouse6; 7, rat6; 8, rabbit9; 10, and sheep11; 12, have been developed to study 

pathophysiological mechanisms of RC disease, and a growingnumber of studies have 

evaluated potential therapeutic approaches in these models13–17.

As our clinical understanding of RC disease evolves, the ideal animal model should reflect 

the aspects of disease progression that continue to present treatment challenges. Recent 

evidence suggests that not just muscle atrophy and pericellular fat deposition, but muscle 

degeneration18; 19—in which muscle fibers are damaged20 and possibly replaced by fat18

—is a key feature of the most intractable cases of RC tear18. The degenerative state is 

distinguishable fromload- or demand-mediated atrophy by high degrees of inflammatory 

cells, connective tissue, and altered vascularization18; 19. Additionally, “fatty atrophy” 

and “fatty infiltration” are widely discussed in the RC literature,but evidence suggesting 

direct“fatty replacement” of muscle by lipid within a preserved muscle matrix architecture 

has only emerged very recently18. To date, these phenomena have not been explicitly 

described in any animal model. Based on existing studies, the mouse and rat models do not 

seem to develop the degree of muscle atrophy, degeneration, or cell-level fat replacement 

found in humans, even with the controversial addition of a nerve injury6–8. At the other 

end of the spectrum, the sheep does seem to lose muscle and accumulate fat similarly to 

humans11; 21, but the size of the sheep and its associated costs limit its widespread use. 

Therefore, the rabbit is an attractive alternative at an intermediate size and cost, provided it 

adequately recapitulates the pathological phenotype found in human disease.

Indeed, a limited number of rabbit models of RC disease have been developed and deployed 

for both basic science9; 10 and translational14; 16 purposes. These studies have demonstrated 

robust muscle atrophy and accumulation of fat in rabbit RC9; 10; 22; 23, but the development 

of muscle degeneration/regeneration and the relative localization of accumulated adipocytes 

in the rabbit RC has yet to be explored in detail.Only one recent study has attempted to 
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isolate and quantify inter- versus intra-fascicular fat at 6 and 12 weeks post-tenotomy24. 

Given ongoing investigation into the role of intra-fascicular lipid accumulation in the 

development and progression of human RC pathology18–20; 25, understanding the expected 

progression of these changes is critical in this pre-clinical model. Additionally, the 

timecourse has not been explored in sufficient detail to identify the correct timing to explore 

mechanisms of muscle degeneration or fat accumulation, or to test the ability of adjuvant 

therapies to reverse these processes.Earlier studies sacrificed or testedanimals starting at 6 

weeks9; 10; 23; 24; 26, but more recent data suggests that muscle and fat changes at 2–4 weeks 

may better represent a repairable, Goutallier stage 2 tear model27.As such, the purpose of 

this study was to generate a high time-resolution, repeatable tenotomy model of RC tear in 

the rabbit, and to characterize the time course of atrophy, degeneration, fat accumulation, 

and fibrosis. The short-term goal is to implement this model for the biological exploration of 

muscle cell degeneration and testing of therapeutic interventions.

Methods

Animals

A total of 35 female New Zealand White rabbits were used for this study: 5 to characterize 

muscle architecture immediately after tenotomy, and 30to evaluate post-tenotomy changes 

over time. All protocols were approved by theUniversity of California, San Diego 

Institutional Animal Care and Use Committee (protocol #S11246), and all animals were 

approximately 6 months of age at the start of the study. Cage locations were assigned upon 

arrival, each rabbit was given a number ID, and then randomized to one of the study groups. 

Researchers were aware of the allocation during the surgeries and tissue harvest, but the 

specimens were identified byID number only. Animals were single-housed with food and 

water ad lib, environmental and food enrichment, and visual access to other animals. There 

were no adverse events in this study and no animals met the criteria for humane endpoints. 

These criteria included: displaying clinical signs of disease, loss of appetite, weight below 

15% of what is expected for the animal, and/or signs of distress, such as self-mutilation.

Surgical Procedures

For surgical procedures, anesthesia was induced with a subcutaneous injection of ketamine 

and xylazine, rabbits were intubated, and anesthesia was maintained with a 2–4% isoflurane 

vapor. Tenotomy of the supraspinatus was performed unilaterally by sharp transection of 

the supraspinatus tendon at its footprint on the greater tubercle of the humerus, followed 

by blunt dissection of surrounding soft tissue connectionsto allow unhindered retraction of 

the tendon stump and distal pole of the muscle.For the 5 “muscle architecture” rabbits, 

the contralateral shoulder remained an unoperated internal control, and euthanasia was 

performed immediately following tenotomy via intravenous pentobarbital (Beuthanasia) 

overdose. In the remaining 30“time series” animals, a Penrose drain was secured to the 

tendon stump to prevent scar formation between the tendon and surrounding soft tissue, 

while a sham operation was performed on the contralateral side. Postoperatively, a fentanyl 

patch was placed on the back of the animal to help alleviate pain for 3 days. A behavioral 

assessment for pain was performed daily for 2 weeks postoperatively. The “time series” 
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animals were euthanized at 1, 2, 4, 8, or 16 weeks (n=6per time point) to study the time 

course of pathological changes in the RC muscle following tenotomy.

ArchitectureAnimals

Immediately after tenotomy and sacrifice,the humerus was transected and the scapula with 

associated musculature was removeden bloc, in order to preserve the muscle architecture 

and native configuration of the glenohumeral joint at a 90° angle.Then retraction distance 

was measured as the distance from the footprint of the supraspinatus tendon on the greater 

tubercle of the humerus to the tendon stump. Pennation angle was measured for each of 

four regions:anterior lateral (A1), anterior medial (A2), posterior lateral (P1), and posterior 

medial (P2), where the central tendon was used to demarcate the muscle midline and the 

division between anterior and posterior regions. The joint was pinned with the humerus 

at a 90° angle to the scapular spine and submersion fixed in 10% formalin for one week. 

The supraspinatus muscle was then harvested from scapula, and fascicles were dissected 

from each regionof the muscle as a proxy for fiber length. Fiber bundles were dissociated 

from these fascicles and sarcomere length was measured using established laser diffraction 

techniques28.

Time SeriesAnimals

At each time point from 1 to 16 weeks post-tenotomy, both the operated and sham shoulders 

were resected, and the retraction distance (with the joint in a similar 90° position) was 

recorded for the tenotomized muscle. Both supraspinatus muscles wereharvested, and a 

full-muscle thickness segment was dissected from each of the regions described above, 

combined accounting for approximately 60–75% of the total muscle. These segments were 

then pinned to in vivolength, and snap frozen in liquid nitrogen-cooled isopentane before 

being stored at −80° C. Frozen muscle segments were then embedded in OCT and sectioned 

in a cryostat to obtain both axial and longitudinal sections.

Myosin Heavy Chain Isoforms

Myosin heavy chain (MHC) content was analyzed from whole muscle sections that were 

frozen for histology by using sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

(SDS-PAGE), as described previously29. Samples were homogenized and normalized to 

0.125 μg/μL protein (BCA protein assay, Pierce, Rockford, IL, USA) in a 2X SDS-PAGE 

sample buffer. Samples were boiled for 2 minutes and then stored at −80°C. Protein was 

further diluted 1:15 in 1X sample buffer before loading 10 μL of each sample into each lane. 

Two additional lanes were loaded with homogenized adult rat soleus muscle standard, which 

contains the four adult skeletal muscle myosin isoforms (types I, IIa, IIb and IIx)30; 31. Total 

acrylamide concentration was 4% and 8% in the stacking and resolving gels, respectively 

(bisacrylamide, 1:50). Gels (16 cm × 22 cm × 0.75 mm thick) were run at a constant current 

of 10 mA for 1 h, followed by a constant voltage of 275 V for 22 h at 4°C. Gels were silver 

stained according to the Silver Stain Plus procedure (BioRad, Hercules, CA). MHC sample 

bands were identified by comparing position against the rat standard. Relative band intensity 

was quantified (GS-800, BioRad) and used to compute percent composition of each MHC 

isoform.
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Histology

To evaluate muscle fiber cross-sectional area (CSA) and the percentage of centralized 

nuclei (CN) as measures of atrophy and regeneration, respectively, sections were stained 

with wheat germ agglutinin (Invitrogen, Alexa Fluor 594, 1:2000) and coverslipped with 

mounting medium with 4’,6-diamidino-2-phenylindole (Vectashield Antifade mounting 

medium with DAPI, VectorLabs). CSA and CN were then quantified using a custom 

ImageJ macro32. The frequency of muscle fiber degeneration was quantified by overlaying 

a 500μm2 grid over an entire Hematoxylin and Eosin-stained (H & E) section and scoring 

each grid element as either positive or negative for signs of muscle fiber degeneration. Signs 

of muscle degeneration were defined as: hypercellularity (i.e. myophagocytic fibers with 

multiple non-peripheral nuclei), disrupted muscle fiber membranes, or split muscle fibers18.

Fat accumulation was quantified using two methods, one to approximate total fat content, 

and a second to determine the localization of fat relative to fascicular structures. The overall 

fat fraction of each region was quantified as the percentage of the entire muscle segment 

staining positive for Oil Red-O, as determined by a semi-automated thresholding protocol 

(Metamorph). Localization of fat was quantified using a similar strategy as used to quantify 

muscle fiber degeneration, reported as a percentage of grid elements containing either 

intra-fascicular or peri-fascicular fat. As a potential marker of more ‘terminal’ degeneration, 

the incidence of intra-fascicular fat adjacent to degenerating muscle fibers (i.e. contained 

within the same grid element) was determined. Fibrosis was quantified using a bulk tissue, 

hydroxyproline assay as well as histology. Hydroxyproline content was calculated and 

converted to bulk collagen content using established methods37while a semi-automated 

thresholding algorithm was used to quantify the percentage of each muscle section occupied 

by connective tissue as determined by Gomori trichrome staining.

Statistical Analysis

Architectural changes immediately after tenotomy (n=5 animals) were first compared 

across regions between tenotomy and the unoperated contralateral side using two-way, 

repeated measures analyses of variance (ANOVA). To examine the effects of time × 

treatment (tenotomy versus sham surgery) on each histological parameter, each region 

wasanalyzed individually using two-way ANOVA. Multiple comparisons were performed 

between timepoints using Sidak’spost-hoc testing.

Additionally, for simplicity and in order to compare these data to previously published 

work (where information on the muscle region evaluated is often omitted), the meanof all 

four regions is reported as the “wholemuscle” average for each parameter.In the immediate 

architecture group, the mean “whole muscle” data was compared between tenotomy and 

contralateral using t-tests. For the time series animals (n=6 per time point), the mean “whole 

muscle” data was analyzed for time × treatment using two-way ANOVA. Analysis was 

performed in GraphPad Prism version 8 with level of significance set toα = 0.05.
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Results

In the 5 animals sacrificed immediately following tenotomy, architectural changes confirmed 

a robust mechanical unloading of the supraspinatus muscle as the total muscle length was 

significantly retracted to an average distance of 7.3 millimeters (p = 0.0006) (Fig1A). Fiber 

lengthalso decreased significantly (p = 0.0016) (Fig 1B).Significant sarcomere shortening 

was also observed with tenotomy, as expected, with a mean shortening of 0.45 microns (p 

= 0.0011) (Fig 1C). Pennation angle showed no differences between sham and tenotomy 

within one region, although differences between regions were observed (Fig 1D).

In the time series group (n = 30 rabbits), retraction distance increased over time to a 

maximum mean retraction of 14.5 mm at 16 weeks, with statistically significant changes 

beginning at 4 weeks (effect of time, p < 0.0001)(Fig 2A).By 2 weeks post-tenotomy, 

muscle mass was significantly reduced compared to the sham side, with persistent mass 

reduction of 25% at 16 weeks(effect of treatment, p < 0.0001) (Fig 2B).Muscle mass also 

decreased over time from week 1 to weeks 4 and 8 (effect of time, p = 0.0063; interaction, 

p = 0.0238).Muscle fiber cross-sectional area was significantly decreased at4 and 16 weeks 

post-tenotomy,measuring 26.5% smaller than the contralateral side at 16 weeks (effect of 

treatment, p<0.0001) (Fig 2C).

The myosin heavy chain isoform profile of the supraspinatus in the timeseries data showed 

a significant effect of treatmentin decreasing the MHC type I slow isoform content (p = 

0.0246)(Fig 3, Supp Fig 1A).There was a corresponding increase in the MHC type IIa fast 

oxidative isoform as well as the MHC type IIb and IIx fast glycolytic isoforms(Supp Fig 

1B–D). These changes showed significant effects of treatment for each isoform (p = 0.0281 

for IIa; p = 0.0336 for IIb; p = 0.0166 for IIx). Type IIa and type IIb MHC increased 

significantly as an effect of time (p = 0.0003 and p = 0.0006, respectively) as well.

Muscle degeneration was significantly increased with tenotomy compared to sham surgery 

(p = 0.0006), but there was no significant effect of time (Fig 4A–B). The percentage 

of regions demonstrating signs of degeneration remained below 1%on the control side, 

excluding the 1-week timepoint, while ranging from approximately 1–3% in the post-

tenotomy specimens.Additionally, there was no increase in regeneration—as measured 

by the percentage of centralized nuclei—in the tenotomized muscle compared to the 

contralateral side (Fig 4C–D), though there was a significant effect of time (p = 0.0008).

Along with muscular changes, fat and fibrosis are key characteristics of RC muscle 

pathology. There was an increase in collagen content in the tenotomized shoulders that 

appeared at 4 weeks and persisted through 16 weeks (effect of treatment, p = 0.0010; 

effect of time, p = 0.0048; interaction, p = n.s.) (Fig 5A). The highest collagen content 

was observed at 4 weeks post-tenotomy with mean 16 μg collagen / mg tissue, while the 

largest difference in fibrosis occurred at 8 weeks. Overall fat accumulation, as measured by 

whole-cross section Oil Red-O staining, was significantly higher at 16 weeks post-tenotomy 

compared to sham or any other tenotomy time point except 4 weeks (effect of treatment, 

p < 0.0001; effect of time, p = 0.0007; interaction, p = 0.0031) (Fig 5B). At 16 weeks, 
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fat content comprised 7.4% of CSA, nearly tripled compared to 2.5% in the contralateral 

control.

In terms of localization, fat was more often found between fascicles (inter-fascicular) 

than within fascicles (intra-fascicular) in both the tenotomizedand contralateral muscle 

(Fig 6A). Inter-fascicular fat was seen in 35% of regions one week after tenotomy 

versus 23% contralaterally, which gradually decreased to 25% versus 16% at 16 weeks 

(tenotomy and contralateral, respectively) (Fig 6B). Tenotomy significantly increased the 

proportion ofinter-fascicular fat compared to sham surgery (effect of treatment, p < 0.0001; 

effect of time, p = 0.0108; interaction, p = n.s.), with the 1-week time point showing a 

significant difference between treatments. In contrast, the incidence of intra-fascicular fat 

was significantly increased by tenotomy at 1, 4, and 16 weeks post-tenotomy(all p < 0.05) 

(Fig 6C).The percentage of regions demonstrating intra-fascicular fat remained below 3% 

in the sham surgery group but ranged from 9–16% in the post-tenotomy shoulders (effect 

of treatment, p < 0.0001). Fat localization was then further analyzed for the appearance of 

intra-fascicular fat contained within the same grid element as degenerating muscle fibers, 

as a potential marker terminal degeneration.While there was virtually no incidence of intra-

fascicular fat adjacent to degenerating muscle fibers in contralateral muscles, tenotomized 

muscles showed a significant increase in this feature (effect of treatment, p < 0.0001; effect 

of time, p = 0.0102; interaction, p = n.s.). The highest proportion of affected regions was 

observed at 16 weeks,accounting for 3.0% of post-tenotomy regions and 0.6% on the sham 

side (p = 0.0123).

Discussion

The present study is the first, to our knowledge, to demonstrate increased muscle 

degeneration in a rabbit tenotomy model as a separate and distinct finding from muscle 

atrophy. It is also the first to quantify immediate architectural changes, lack of muscle 

regeneration, and the shift from slow to fast myosin heavy chain isoforms in the tenotomized 

supraspinatus over time. These muscle changes are accompanied by two other key clinical 

markers of disease progression: significant and progressive fatty infiltration, and apparent 

fibrosis. Finally, though the incidence is lower than in chronic human tears, a progressive 

increase in degenerating muscle fibers adjacent to intra-fascicular fat was observed. This 

is another previously undescribed finding. These resultsshowthat the rabbit supraspinatus is 

a clinically relevant, cost-effective animal model of RC disease. Furthermore, findings of 

muscle atrophy and fat accumulation are consistently reproducible across different teams 

of investigators, and the current study expands upon a well-delineated timeline of tissue 

changes for evaluating future interventions.

Immediately after tenotomy, muscle length, fiber length, and sarcomere length were all 

significantly reduced compared to the unoperated side. These are not unexpected findings 

but serve to establish the extent to which the muscle releases from surrounding softtissue 

structures, retracts, and mechanically unloads. Importantly, thetenotomized supraspinatus 

muscle also continued to retract over the time course investigated here.This suggests that the 

muscle does not scar down and become reloaded with the effective use of a Penrose drain in 

this model.
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Tenotomy producedearly radial muscle atrophy, as measured by muscle mass and fiber 

cross-sectional area loss, which went on to be stable over the 16-week time course. The 

lack of statistical differences in muscle fiber CSA noted at 8 weekscan be explained by 

fluctuations on the sham side rather than variation in the tenotomized muscle response, 

but the source of these changes on the control side are elusive despite re-sampling. One 

possible explanation for the decrease in CSA at 1–2 weeks on the right side is post-surgical 

changes from the sham operation, suggesting a potential benefit of using an unoperated 

control. The early timing of radial atrophy did correspond with macroscopic changes at 2 

and 4 weeks in muscle mass and retraction, respectively.These findings are similar to the 

previous literature, but prior studies used 6 weeks as the earliest timepoint9; 10.However, 

a recent study by Abdou et al27 that graded the degree of muscle atrophy by histological 

characteristics (angular versus round muscle fiber shape, decreased fiber size, and decreased 

distance between myonuclei and centralized myonuclei) found that atrophy increases from 

mild-to-moderate at 2 and 4 weeks to moderateby 6 weeks. At 8 and 12 weeks, the mean 

grade of muscle atrophy was closer to their definition of severe, advanced disease.The 

advantage here is that the atrophy is quantified. In humans, muscle atrophy following RC 

tear25; 33likely happens more gradually due to an insidious onset and progression of tendon 

tear34, but the course of these changes is important to understand with high time-resolution 

in a preclinical model of disease.

Another parallel to human patients was the MHC isoform composition, which has not 

been studied before in the rabbit supraspinatus tenotomy model. When all isoforms are 

considered separately, human supraspinatus muscle contains the most type I MHC fibers, 

previously estimated as 36.72%35and 54%36using different techniques and mean cadaver 

ages (76.135 and 65±1236 years, respectively). However, when combined, the fast type II 

isoforms comprise the majority, reflecting the muscle’s role in active shoulder motion as 

well. Patients undergoing arthroscopy with full-thickness RC tears possess significantly 

lower type I MHC content compared to partial-thickness tears, but similar amounts of type 

II MHC and smaller fiber sizes of both33.Similarly, supraspinatus tenotomy in these rabbits 

led to a shift from slow type I MHC isoforms to fast type IIb and IIx MHC isoforms as 

a significant effect of treatment and time. This potentially reflects tear-inducedweakening/

disuse of slow muscle fiber functions such as glenohumeral stabilization or resistance to 

fatigue. In contrast, a rabbit RC model using the subscapularis muscle found no difference 

in MHC isoform composition after partial or complete tear creation, nor after denervation37. 

Furthermore, intact rat RC muscles are composed of <10% type I MHC, emphasizing 

that the shoulder musculature in this rodent model has a nearly completely fast twitch 

functionality that differs from human subjects38.

Our evolving understanding of human RC pathophysiologyalso promptedinvestigation of 

muscle degeneration as a separate finding from muscle atrophy. Whereas atrophy induced 

by unloading or inactivity can be nearly reversible with reloading39–42, muscle degeneration 

in the context of chronic human RC disease is a process of irreversible muscle damage 

and cell death18; 19. Similarly, this rabbit model showeda significant increase in muscle 

degeneration after tenotomy, as well as degeneration adjacent to intra-fascicular fat. The 

latter finding has been used as a measure of advanced disease in humans, where it may 

indicate irreversibly degenerated muscle fibers and an area of existing or impending terminal 
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“fatty replacement”18. The present study is the first to report this phenomenon in the rabbit 

RC, further demonstrating the suitability of this model to address questions of mechanism or 

adjuvant therapy. Future directions could include extracting transcriptional or proteomic data 

from the rabbit model in lieu of human samples, with correlation to the timeline of tissue 

changes described here. The currentstudy also found no difference in muscle regeneration 

after tenotomy versus sham surgery. From a model perspective, this is not necessarily 

detrimental, as diminished regenerative capacity is thought to be a feature of irreversible 

muscle loss in humans19; 33. Again, these are important structural changes to investigate over 

time, serving as reference points for more in-depth transcriptional study in the future.

Beyond muscle loss, the development of fatty infiltration and fibrosis are important from a 

clinical perspective. Not only is fat accumulation a potential contributor to the irreversibility 

of muscle loss18; 19, it is also an important clinical diagnostic feature43; 44. Existing mouse 

and rat models have demonstrated minimal fatty infiltration, unless combined with nerve 

transection or in cases of nerve transection alone7; 8. In rabbits, however, the present 

study confirmsa recent finding by Valencia et al24that apreponderance of fat accumulation 

occurs in the inter-fascicular space.Yet the presence of intra-fascicular fat, especially 

alongside degenerating muscle fibers, may represent a more biologically significant fat 

depot.Compared to other studies, the current investigation examined fat accumulation at 

earlier and more frequent time points. Inter-fascicular fat was significantly increased as early 

as one week after tenotomy, while intra-fascicular fat content fluctuated with peaks at 1, 

4, and 16 weeks.Interestingly, this pattern is the inverse of inflammatory cell infiltration, 

which appears to have bimodal peaks at 2 and 6–8 weeks in this model27. Overall, inter- 

or intra-fascicular fat quantification appears to be more sensitive to early changes than 

fat percentage of CSA, which did not reach a statistically significant increase within time 

point groups until 16 weeks.Collagen content, as a metric of fibrosis,also showed a modest 

increase beginning at four weeks.However, as the hydroxyproline assay determines collagen 

on a per-weight basis, it is unclear to what degree this result is a function of de novo 
collagen synthesis versus a relative increase due to a reduction in muscle content. In future 

experiments, fraction synthetic rates of collagen should be examined.

On the basis of the data presented here and in other recent work9, the rabbit is a strong 

preclinical model for both basic science and translational research related to RC disease. 

However, there are some notable limitations to the present study. In the time course studied 

here, there was a low incidence of muscle degeneration and no signs of regeneration 

compared to late-stage disease in humans18. The present construct and time frame may 

be less well-suited for modelling a chronic tear with near-complete loss of muscle and 

replacement by fat/connective tissue, without allowing for a longer period of muscle 

retraction and degeneration. Yet this should not preclude the rabbit from being used as a 

suitable model for the intermediate stages of RC disease that are clinically relevant to target 

and treat. Additionally, performing a sham surgery on the control shoulder may have led to a 

smaller effect size than using a native unoperated shoulder as the control.

The challenges of studying RC disease in humansnecessitate an animal model that faithfully 

recapitulates the muscle phenotype found in humans. In this study, we demonstrate 

thattenotomy leads to significant acute muscle retraction which progresses through 16 
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weeks. Similar to human RC, both atrophic and degenerative mechanisms of muscle loss 

are present in the rabbit following RC tear. Furthermore, fat accumulates in both inter- and 

intra-fascicular spaces, suggesting that the rabbit is a suitable model for studying both bulk 

fatty infiltration as well as the potentially more terminal process of fat replacing muscle 

fibers within the fascicular structure. On this basis, we believe the rabbit is an appropriate 

preclinical model for studying biological questions as well as evaluating new regenerative 

therapies aimed toward restoring RC function.
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Statement of Clinical Relevance:

Rabbit supraspinatus tenotomy recapitulates key features of the pathophysiology of 

human RC tears, including muscle atrophy and degeneration, lack of regeneration, fat 

accumulation, and fibrosis.
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Fig 1. 
Changes in muscle architecture immediately following supraspinatus tenotomy in rabbits 

(n=5). Comparison of muscle length (Fig 1A), fiber length (Fig 1B), sarcomere length (Fig 

1C), and pennation angle by region (Fig 1D) to the unoperated contralateral side. Means 

with standard error shown; horizontal bar denotes p < 0.05 within time point or within 

treatment group.
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Fig 2. 
Post-tenotomy changes over time in supraspinatus retraction distance (Fig 2A). Comparison 

of post-tenotomy muscle mass (Fig 2B) and fiber cross-sectional area (Fig 2C) to sham 

surgery on the contralateral side. N=6 rabbits at each time point. Means with standard error 

shown; horizontal bar denotes p < 0.05 within time point or within treatment group.
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Fig 3. 
Distribution of myosin heavy chain (MHC) isoforms over time after tenotomy versus 

contralateral sham surgery in the whole muscle. S, sham; T, tenotomy. Means shown; 

horizontal bar denotes p < 0.05 within time point or within treatment group. Error bars 

excluded for visual clarity (see Supp Fig 1).
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Fig 4. 
Representative H & E slide at 10X magnification demonstrating signs of muscle 

fiber degeneration such as hypercellularity (i.e. myophagocytic fibers with multiple non-

peripheral nuclei), disrupted muscle fiber membranes, or split muscle fibers18 (arrows) (Fig 

4A). Comparison of muscle degeneration (% of regions showing signs of degeneration) 
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after tenotomy versus contralateral sham surgery over time (Fig 4B). Wheat germ agglutinin 

(WGA)-DAPI stain used for quantifying central nucleation (blue dot indicated by white 

arrow, Fig 4C). Comparison of % muscle fibers with central nuclei in the tenotomy versus 

contralateral sham surgery groups over time (Fig 4D). Means with standard error shown; 

horizontal bar denotes p < 0.05 within time point or within treatment group.
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Fig 5. 
Increased collagen (Fig 5A) and fat (Fig 5B) content over time in rabbits post-tenotomy, 

with significant increase in both components compared to contralateral sham surgery. N=6 
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rabbits at each time point. Means with standard error shown; horizontal bar denotes p < 0.05 

within time point or within treatment group.
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Fig 6. 
Representative H & E slide at 10X magnification demonstrating inter- (green arrow) and 

intra-fascicular (blue arrow) fat (Fig 6A). Comparison of inter- (Fig 6B) and intra-fascicular 

(Fig 6C) fat content at different time points after tenotomy versus contralateral sham surgery. 

N=6 rabbits at each time point. Means with standard error shown; horizontal bar denotes p < 

0.05 within time point or within treatment group.
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