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The rabbit supraspinatus is a useful translational model for rotator cuff (RC) repair because it recapitulates muscle atrophy and fat accumulation observed in humans after a chronic tear (the “first hit”). However, a timeline of RC tissue response after repair, especially with regard to recent evidence of muscle degeneration and lack of regeneration, is currently unavailable. Thus, the purpose of this study was to characterize the progression of muscle and fat changes over time after the repair of a chronic RC tear in the rabbit model. Two rounds of experiments were conducted in 2017–2018 and 2019–2020 with N = 18 and 16 skeletally mature New Zealand White rabbits, respectively. Animals underwent left supraspinatus tenotomy with repair 8 weeks later. The unoperated right shoulder served as control. The rabbits were sacrificed at 1-, 2-, 4-, and 8-weeks post-repair for histological and biochemical analysis. Atrophy, measured by fiber cross-sectional area and muscle mass, was greatest around 2 weeks after repair. Active muscle degeneration peaked at the same time, involving 8% of slide areas. There was no significant regeneration at any timepoint. Fat accumulation and fibrosis were significantly increased across all time points compared to contralateral. Statement of Clinical Significance: These results demonstrate model reproducibility and a “second hit” phenomenon of repair-induced muscle atrophy and degeneration which partially recovers after a short time, while increased fat and fibrosis persist.

Keywords: rotator cuff, shoulder, animal model, muscle physiology, muscle degeneration


INTRODUCTION

Rotator cuff (RC) repair is one of the most common orthopedic procedures, yet it suffers from a non-healing or retear rate of roughly 25% for chronic small-to-medium tears, (Cho and Rhee, 2009; McElvany et al., 2015; Kwon et al., 2019) and up to 90% in large or massive tears (Galatz et al., 2004). Studies have associated repair failure with a number of factors, including chronicity, patient characteristics, surgical technique, and/or the nature of the RC tear itself (Cho and Rhee, 2009; McElvany et al., 2015; Park et al., 2015; Kwon et al., 2019). Of these, tear size, retraction, and fatty infiltration are some of the most consistently observed risk factors for retear (Cho and Rhee, 2009; McElvany et al., 2015; Park et al., 2015; Kwon et al., 2019). These tissue changes after tear can be considered the “first hit” to the muscle and tendon. It has been shown that even successful repairs do not reverse muscle atrophy and fat accumulation, nor prevent disease progression (Gladstone et al., 2007; Cho and Rhee, 2009; Kwon et al., 2019). However, limited data are available to determine if RC repair surgery generates a similar, secondary injury – a “second hit.”

Rotator cuff tears and repairs have been simulated in a wide range of animal models, each with strengths and weaknesses. Large animal models, such as sheep, generate an injury phenotype with the greatest similarity to human disease (Gerber et al., 2004), but suffer from challenges in cost, complexity of management (Derwin et al., 2010), and limited biological tools. Small animals, such as mice and rats, are more accessible but do not replicate the muscle phenotype seen in human RC tears unless combined with denervation or other interventions unspecific to the typical chronic RC tear patient (Barton et al., 2005; Liu et al., 2011, 2012). Nerve injuries in particular have been associated with a relatively small percentage of human tears (Collin et al., 2014; Shi et al., 2014). The rabbit has emerged as a middle ground model for studying the mechanism and treatment of RC muscle pathology, because they do not require nerve injury to demonstrate fat accumulation after supraspinatus tenotomy, and do not suffer from the higher costs or management complexity (Fabis et al., 1998, 2000; Matsumoto et al., 2002; Uhthoff et al., 2003; Trudel et al., 2019). Furthermore, rabbit repair models have been utilized to study different RC surgical techniques (Ozbaydar et al., 2008; Li et al., 2018; Su et al., 2018; Sun et al., 2020), augmentation strategies (Chung et al., 2013), and biologic therapies (Honda et al., 2017; Kwon et al., 2018; Yoon et al., 2018), in the hopes of improving retear rates and/or reversing fat accumulation and atrophy.

Despite this, no studies to our knowledge have established a time-specific baseline of the RC tissue response after repair in these animals. This is essential to further investigate whether a “second hit” to the tissue structure occurs after repair surgery. Earlier studies did show muscle atrophy and fatty infiltration after a chronic tear (Fabis et al., 1998, 2000; Valencia et al., 2018), which was not reversed by repair (Matsumoto et al., 2002; Uhthoff et al., 2003). However, recent work has provided additional evidence of active muscle degeneration, with absent or minimal regeneration, after rabbit supraspinatus tenotomy (Vargas-Vila et al., 2021). These findings have yet to be investigated in the context of repair. Furthermore, this new data provides a detailed exploration of the relationship between muscle degeneration and adjacent fat accumulation at the muscle fascicle level (Vargas-Vila et al., 2021). Again, the effect of repair on these changes has been unknown. Finally, previous studies focused primarily on the timing of repair (Matsumoto et al., 2002; Uhthoff et al., 2003, 2014a) not the timing of changes afterward. Examining the reproducibility of this animal model between different surgeons and studies would potentially provide more certainty that the observed differences between studies are due to repair timing alone.

Thus, the purpose of this study was to characterize the progression of muscle and fat changes over time after the repair of a chronic RC tear in a rabbit model. The hypotheses were: (a) an acute worsening of muscle atrophy will occur at 1–2 weeks post-repair, (b) followed by a lack of regeneration and (c) later, stable or gradual progression of muscle atrophy, degeneration, and fatty infiltration. A secondary purpose was to investigate the robustness of this rabbit chronic RC tear model through a second series of experiments performed by different surgeons.



MATERIALS AND METHODS


Animals

All protocols were approved by the UC San Diego Institutional Animal Care and Use Committee (protocol # S11246) prior to commencement of the study. The animal subjects were skeletally mature (6-month-old) female New Zealand White rabbits (oryctolagus cuniculus). All rabbits were planned to undergo surgical tenotomy of the left supraspinatus, followed by RC repair 8 weeks later. The right shoulder remained unoperated. Then the animals were sacrificed at 1, 2, 4, or 8 weeks after repair.

During both rounds of experimentation, rabbits were single housed in cages. They were provided food and water ad lib, environmental and food enrichment, and visual access to other animals. Assigned identification numbers were randomized using Microsoft Excel to the timepoints. Researchers were aware of the group allocation during the surgeries and tissue harvest. Specimens were labeled with ID numbers only. Criteria for humane endpoints established at the beginning of the study 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.

The first round of experiments was conducted in 2017–2018 (hereafter referred to as the “2018” group) with 18 rabbits. There were initially four rabbits in the 1- and 8-week post-repair groups, and five rabbits in the 2- and 4-week groups. One rabbit in the 4-week group was sacrificed before repair due to lack of appetite and weight loss, leaving N = 4 at every timepoint except 2 weeks (N = 5).

A second round of identical experiments was performed in 2019–2020 (hereafter referred to as the “2020” group) with another 16 rabbits (N = 4 per group). In 2020, one rabbit in the 2-week group chewed through the endotracheal tube in recovery and underwent humane euthanasia, leaving N = 4 at every timepoint except 2 weeks (N = 3).



Surgical Procedures

The surgeries were performed by different authors in the different rounds of experimentation. In 2018, MG, AS, and DF performed the tenotomies while MG, JL, and DF did the repairs. In 2020, DF and AS performed the tenotomies and JL and SH performed the repairs. Rabbits underwent general anesthesia induction using a subcutaneous injection of ketamine and xylazine, followed by intubation. Anesthesia was maintained using 2–4% isoflurane vapor. The left supraspinatus muscle served as the experimental side in all animals, with the right shoulder as an unoperated control, as described previously (Vargas-Vila et al., 2021). In brief, an open anterior approach was performed on the left shoulder, followed by sharp transection of the left supraspinatus tendon from its footprint on the greater tuberosity of the humerus. The surrounding soft tissues were bluntly dissected to allow unhindered retraction of the tendon stump and distal muscle. After securing a Penrose drain to the tendon stump to prevent scar formation between the tendon and surrounding soft tissue, the incision was closed in layers.

Rabbits were then allowed individual cage activity with routine post-operative care. A fentanyl patch was placed on the back for pain control for 3 days, and the animals were monitored daily for 2 weeks post-operatively. At 8 weeks post-tenotomy, all animals underwent an open repair of the torn tendon. The repair was performed using a modified locking suture with anterior and posterior bone tunnels to restore the tendon footprint to the humeral head. The anesthesia, surgical approach and closure, and post-operative protocols were the same as above. Finally, four rabbits were euthanized at each timepoint (1-, 2-, 4-, and 8-weeks post-repair). Repair integrity was assessed by visual inspection, and any re-tears or unusual findings were recorded and reported. The bilateral shoulders were resected en bloc, and the bilateral supraspinatus muscles were harvested from each fossa.



Tissue Analysis

The mass of each supraspinatus muscle was recorded to the nearest hundredth of a gram (Ohaus Ranger digital scale). The muscle was subdivided into four regions: anterior lateral (A1), anterior medial (A2), posterior lateral (P1), and posterior medial (P2), with the central tendon dividing the anterior versus posterior regions. These sections were pinned at in vivo length, snap-frozen in liquid nitrogen-cooled isopentane, and then stored at -80°C. After being embedded in OCT, the frozen muscle was sectioned in a cryostat to generate axial and longitudinal sections.

Muscle atrophy, degeneration, and regeneration were quantified using histology. Muscle fiber cross-sectional area (CSA) was used as a marker of atrophy, while the percentage of centrally nucleated fibers (% CN) was used to represent regeneration. Sections were stained with wheat germ agglutinin (WGA) and 4’,6-diamidino-2-phenylindole (Vector Vectashield with DAPI). CSA and % CN were then measured with a custom ImageJ macro. Muscle degeneration was evaluated on hematoxylin and eosin-stained (H&E) slides with an overlaid 500 μm2 grid. Each grid section was marked positive or negative for signs of muscle fiber degeneration, as described previous (Gibbons et al., 2017; Vargas-Vila et al., 2021).

Myosin heavy chain (MHC) isoform composition was analyzed using sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), similar to previous studies (Talmadge and Roy, 1993; Vargas-Vila et al., 2021). In brief, samples were prepared from muscle sections and loaded into lanes on the gel. The control lanes were loaded with homogenized adult rat soleus muscle standard containing type I, IIa, IIb, and IIx MHC isoforms. After the gels were run and silver-stained, MHC sample bands were compared to the rat standard for identification. The percent composition of each MHC isoform was calculated according to the relative intensity of each band (GS-800, BioRad).

Fatty infiltration was assessed as the percentage of total CSA which stained red for lipid on Oil Red O (ORO) staining (Phillips et al., 1996) using a semi-automated thresholding protocol in Metamorph. A secondary method of fat quantification was performed using the H&E-stained slides and grading each grid element positive or negative for lipid deposits. Fibrosis was also analyzed using two separate methods: histology and bulk hydroxyproline assay. Slides underwent trichrome staining (PolyScience Masson’s Trichrome Kit) followed by Metamorph manual threshold analysis to determine the percentage of total CSA that stained blue for collagen. The bulk hydroxyproline assay was performed using established methods (Edwards and O’Brien, 1980; Zhou and Moore, 2017) and then hydroxyproline content was converted to collagen content (Rowshan et al., 2010), similar to previous studies (Vargas-Vila et al., 2021).



Statistical Analysis

The first set of analyses was conducted to determine if there were differences between the two rounds of experimentation (2018 and 2020) at each timepoint (1-, 2-, 4-, or 8-weeks post-repair) within each group (repair or control). Data were compared for each timepoint and supraspinatus muscle region (A1, A2, P1, and P2) between years using unpaired t-tests. Each dependent variable for each rabbit was then averaged across all muscle regions and compared at each timepoint between years using unpaired t-tests (see Supplementary Figures). This analytical approach maximized the probability of identifying differences between cohort of animals. Finally, one-way ANOVAs were used to compare the differences between 2018 and 2020 for each variable (muscle mass, fiber CSA, % degeneration, % central nuclei, % fat on ORO, % fat on H&E, collagen content using OHP, collagen content on trichrome staining).

The second set of analyses was conducted to determine if there were differences between the repair and control groups at each timepoint. One-way ANOVA was used for the rabbit body mass over time. Whole muscle data were again calculated as the mean of measurements across all regions of the same muscle, and two-way ANOVAs were used to compare different independent variables between sides over time. All analyses were conducted using GraphPad Prism (version 8; San Diego, CA, United States) with a level of significance set to α = 0.05 for ANOVAs, and family wise for post hoc pairwise comparisons. To qualitatively compare changes from the time of repair, the mean 8-week post-tenotomy data (n = 6) from a similar prior study (Vargas-Vila et al., 2021) are illustrated in Figures 1–4. Statistical comparisons were not performed between the current study and the previous one, as a sham surgery was performed on the control side in the historical cohort.
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FIGURE 1. Overall animal mass increased significantly over time (A). Mean supraspinatus mass remained stable on the control side, but the repaired side decreased significantly in mass compared to control at 2 and 4 weeks post-repair (B). Muscle fiber cross-sectional area (CSA) was decreased compared to control at every timepoint, but increased from 1–2 weeks to 4–8 weeks, while the control fiber CSA remained similar throughout (C). Data presented as mean ± SD for bar graph, or minimum and maximum for box plot, N = 8 per timepoint. Significant comparisons (p < 0.05) within timepoint or within treatment group are indicated by horizontal line. Dotted line represents historical control data from previous study (Vargas-Vila et al., 2021) at 8 weeks after tenotomy (time of repair).
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FIGURE 2. Representative H&E images of repaired and unoperated control supraspinatus muscle at various timepoints (A). Significant active muscle degeneration was seen at 2 weeks post-repair, compared to contralateral, which decreased at 4 weeks (B). No significant regeneration, represented by percentage of centralized nuclei, was observed (C). Data presented as mean ± SD for bar graph, or minimum and maximum for box plot, N = 8 per timepoint. Significant comparisons (p < 0.05) within timepoint or within treatment group are indicated by horizontal line. Dotted line represents historical control data from previous study (Vargas-Vila et al., 2021) at 8 weeks after tenotomy (time of repair).
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FIGURE 3. Fat accumulation was significantly increased on the repair side compared to control for every timepoint on H&E staining (A). Similarly, for ORO, the main effect of treatment was significant but pairwise comparisons were not (B). Collagen content as a marker of fibrosis was increased after repair as well on trichrome staining (C) and hydroxyproline assay (D). Data presented as mean ± SD for bar graph, or minimum and maximum for box plot, N = 8 per timepoint. Significant comparisons (p < 0.05) within timepoint or within treatment group are indicated by horizontal line. Dotted line represents historical control data from previous study (Vargas-Vila et al., 2021) at 8 weeks after tenotomy (time of repair).



[image: image]

FIGURE 4. Myosin heavy chain isoform averaged across all regions (A). Percentage of MHC type I decreased at 1-week post-repair (B), but type IIa (C), IIx (D), and IIb (E) remained unchanged. Data presented as mean ± SEM for bar graph, or minimum and maximum for box plot, N = 8 per timepoint. Significant comparisons (p < 0.05) within timepoint or within treatment group are indicated by horizontal line. Dotted line represents historical control data from previous study (Vargas-Vila et al., 2021) at 8 weeks after tenotomy (time of repair).





RESULTS

At the time of euthanasia, all operated shoulders were examined for evidence of re-tear or unusual findings. No re-tears occurred in the 2018 groups. One rabbit in the 2-week group suffered a clavicle fracture, swelling, and a local hematoma after surgery. In the 2020 cohort, there was one with medial migration of the sutures and some qualitative appearance of retraction. However, neither of these animals were outliers in any dependent variable, so they were retained in the analysis. An additional three rabbits showed evidence of a firm nodule close to or at the repair site which seemed fibrocartilaginous in nature, but again these observations did not relate to dependent variable changes. The univariate ANOVAs showed that, of all variables tested, only the percentage of centralized nuclei was significantly different between groups (0.7 ± 0.4% in 2018 vs. 2.4 ± 1.7% in 2020) (p < 0.001). Therefore, the 2018 and 2020 cohorts were combined.


Pooled Experimental Data

Though animals were skeletally mature at the beginning of the study, their body masses did grow significantly by 12.6 ± 0.03% from week 1 to week 8 (overall effect, p = 0.0058) (Figure 1). Supraspinatus muscle mass at 1 week after repair was statistically similar to the contralateral shoulder. Then it decreased to a 26 ± 6% and 26 ± 7% difference (repair vs. control) at 2 and 4 weeks respectively, before returning to a similar mass (effect of treatment, p < 0.0001) (Figure 1). The post-repair shoulders showed persistent muscle atrophy, as quantified by the muscle fiber CSA, at every timepoint compared to the control side (all p < 0.05) (Figure 1). Although muscle fiber CSA increased on the repair side from 2 weeks to 4 weeks, the absolute size of muscle fibers remained lower than the control side. There were no significant changes between timepoints on the control side (effect of treatment, p < 0.0001; effect of time, p = 0.0357; no interaction). The percentage difference in fiber CSA between repair and control muscles was greatest at 2 weeks post-repair (54 ± 7%) followed by 1-week post-repair (51 ± 8%) but recovered to 35 ± 6% and 35 ± 6% at 4 and 8 weeks, respectively.

Signs of active muscle degeneration significantly increased at 2 weeks post-repair, involving approximately 8 ± 5% of the areas delineated by an overlaid grid (Figure 2). This increase in degeneration decreased by 4 weeks to a level similar to the control side (effect of time, p = 0.0190; no interaction). Mean degeneration on the control side did not increase above 1% at any timepoint (overall effect of treatment, p < 0.0001). The percentage of centralized nuclei, as a marker of muscle regeneration, did not change after repair or over time (Figure 2).

Fat accumulation on H&E staining increased significantly after repair at all timepoints compared to the contralateral side (Figure 3). Similarly, using ORO staining, the repaired muscle demonstrated significant elevations in fat content (main effect of treatment p < 0.0001), but the pair-wise within-timepoint comparisons did not reach significance (Figure 3). Fibrosis was increased significantly in the repair versus control muscles using trichrome (effect of treatment, p < 0.0001; effect of time, p = 0.0381; no interaction) or OHP (effect of treatment, p < 0.0001; effect of time, p = n.s.; interaction, p = 0.0241). Pairwise comparisons within each technique suggested significant increases at 1, 2, and 8 weeks using trichrome, and at 4 weeks using OHP (Figure 3).

Myosin heavy chain isoform composition showed limited changes after repair (Figure 4). The percentage of MHC type I decreased in week 1 on the repair side compared to control (p = 0.0012), but otherwise there were no significant differences. The main effect of treatment was significant for type I (p < 0.0001) and type IIb (p = 0.0003), while type IIx showed a significant effect of time (p = 0.0308).



2018 vs. 2020 Experiments

The results from the two rounds of experimentation (2018 versus 2020) were analyzed for differences, comparing the same timepoint (1-, 2-, 4-, or 8-weeks post-repair) and experimental condition (right-sided control, left-sided repair). There were no differences in the average mass of the rabbits at each timepoint (Supplementary Figure 1). The mean mass of the supraspinatus muscle at time of sacrifice showed a significant difference between cohorts only at 1-week post-repair (Supplementary Figure 2). Muscle fiber CSA, another marker of muscle atrophy, also demonstrated no differences between study years (Supplementary Figure 2).

Signs of muscle degeneration were present in a similar percentage of grid areas with the exception of 1-week post-repair animals (Supplementary Figure 3). Muscle regeneration, quantified as the percentage of muscle fibers with centralized nuclei, was significantly higher in the 2018 study for the 2- and 4-week control and the 4-week repair animals, but remained below 4% in all measurements (Supplementary Figure 3).

Fatty infiltration quantified with ORO staining showed no significant differences at any timepoint between study years (Supplementary Figure 4). Fibrosis was measured using two methods of quantifying collagen content: hydroxyproline assay and trichrome staining. Both demonstrated control-side differences only (at week 2 for hydroxyproline assay and weeks 1, 2, and 8 for trichrome staining; Supplementary Figure 5).

Power analysis was performed to determine minimum sample size requirements for future repair experiments based on these data. The mean and standard deviation of muscle fiber CSA were used to determine the effect size between control and repair groups. A sample size of N = 6 per group (1:1 ratio between groups) would be required to achieve a power level > 0.8 with α = 0.05. Calculations were performed in G*Power (version 3; Dusseldorf, Germany) (Faul et al., 2007).




DISCUSSION

This study provides a detailed timeline of gross and histological changes in the rabbit supraspinatus model of chronic tear repair, which successfully replicates several key aspects of human RC repair. Acute worsening of muscle atrophy did occur at 1–2 weeks post-repair, confirming our first hypothesis. However, the accompanying peak in muscle degeneration at 2 weeks was not predicted. Our second hypothesis was supported by a lack of regeneration across all timepoints. Finally, our third hypothesis was disproven for atrophy and degeneration, and only partially true for fatty infiltration. Both fat accumulation and fibrosis were consistently increased after repair across all timepoints. Overall, these results mirror the clinical finding that repair induces a “second-hit” phenomenon with regard to muscle atrophy, while fat accumulation and fibrosis are persistent. A unique contribution of the present study was to verify the reproducibility of this model, with different surgeons in separate years generating similar results. These data can inform future translational studies that seek to use an animal model which accurately and reliably recapitulates the clinical course of RC repair. It also provides a series of reference points for time-specific comparisons.

Changes in muscle atrophy and degeneration appeared more time-limited than the changes in fat. Muscle mass decreased 26 ± 6% at 2 weeks post-repair, correlating with the largest percentage difference (54 ± 7%) in muscle fiber CSA. By 8 weeks post-repair (16 weeks post-tenotomy), mass was not statistically different and fiber CSA difference improved to 35 ± 6%. For comparison, our previous study found a 26.5% reduction in muscle fiber CSA at 16 weeks post-tenotomy without repair (Vargas-Vila et al., 2021). However, that study used contralateral sham surgery as the control, so it is unknown whether the fiber atrophy would have been the same or greater compared to uninjured tissue. In sheep, a similar pattern of muscle atrophy is seen after repair. The infraspinatus area on CT was around 28% less than the contralateral side at 40 weeks post-tenotomy, when repair was performed (Gerber et al., 2004). It decreased significantly to roughly 36% at 6 weeks after repair, partly recovered at 12 weeks, and remained approximately 22% smaller than the other side at 35 weeks after repair (Gerber et al., 2004). The current study provides evidence that this short-term spike in muscle atrophy after repair can be replicated in a smaller scale animal model.

Evidence of acute worsening of muscle atrophy after repair in this rabbit model is notable as prior work has shown conflicting results when the rabbits are sacrificed at later timepoints. When Fabis et al. (2016) performed repair at 12 weeks and sacrifice 24 weeks later, they found that atrophy had reversed, because there was no difference in type I or type II muscle fiber diameter between the repaired muscles and unoperated controls. However, reversal of atrophy has not been observed in other studies that examined muscle tissue and muscle belly volume, which showed decreases on the repair side compared to control at similar 12 and 24 week timepoints (Matsumoto et al., 2002; Uhthoff et al., 2003, 2014a). The present study offers a clearer understanding of changes in muscle atrophy across different timepoints at both the whole muscle and fiber level. A similar pattern has previously been seen when the tenotomy and repair are combined in the same event. After decreasing significantly at 1 and 2 weeks after immediate repair, muscle mass recovers to control level by 6 weeks, but fat continues to accumulate progressively over time (Uhthoff et al., 2014b).

Like muscle atrophy, degeneration also peaked at 2 weeks post-repair, with signs of active degeneration found in roughly 8 ± 5% of grid areas. Qualitatively, Gerber (Gerber et al., 2004) observed similar signs in sheep at 6 weeks post-repair, reporting “additional evidence of fiber degeneration with a lack of homogeneity of diameter and distribution. Some fibers were degenerated, and others showed signs, such as central nuclei, of reorganization.” This present study in rabbits was able to quantify not only degeneration, but the lack of significant regeneration. The slight rise in regeneration at 2 weeks appeared similar to the contralateral side, and neither treatment nor time had a significant effect. Similar lack of regeneration has been shown after chronic tenotomy in rabbits (Valencia et al., 2018; Vargas-Vila et al., 2021), but to our knowledge this is the first report after repair. In humans with end-stage RC disease undergoing shoulder arthroplasty, the percentage of centrally nucleated fibers was as high as 11.3%, but the prevalence of degenerated fibers was also 90% (Gibbons et al., 2017).

Previous rabbit studies have suggested that timing of “early” versus “delayed” tendon repair does not prevent significant fat accumulation (Matsumoto et al., 2002; Uhthoff et al., 2003, 2014a). Those authors postulated that fat accumulation could be induced by the trauma of a second surgery, or by the temporary reduction in activity of rabbits post-operatively. In the current study, fat accumulation was significantly increased in the repair shoulders throughout the study period, with no significant changes over time. Similarly, in sheep, a slight increase in fatty infiltration between the time of repair and 6 weeks after did not reach significance, nor did the slight decrease between 6 weeks and 12 weeks after repair (Gerber et al., 2004). Like in this study, the differences between the repair side and control were significant across all post-repair timepoints (Gerber et al., 2004). Again, this demonstrates that the rabbit model is able to accurately replicate the injury patterns seen in larger-scale animal models of RC disease. It also provides clarity on the relative effect of repair on muscle atrophy versus fat accumulation, with the latter not demonstrating significant worsening after repair. In terms of fibrosis, both OHP assay and trichrome showed that repaired tissue is significantly more fibrotic than uninjured control. Elevated fibrosis is compatible with the measured increase in active muscle degeneration, as well as inflammatory changes qualitatively observed on H&E-stained slides. By characterizing acute tissue responses to chronic tear repair, these results further our understanding of potential mechanisms to target with future therapies and provide time-specific benchmarks against which to measure their effects. For example, an intervention targeting muscle degeneration is likely best applied within the first 2 weeks after repair.

Based on the data in this study, N = 6 rabbits per group should be used for future experiments to achieve a power level > 0.8 with α = 0.05. Duplication of the experiments demonstrated strong reliability of this model even with different surgeons in non-overlapping years, though some of the histology and other analyses were carried out by the same personnel. There were minimal differences in most experimental measurements, with only muscle regeneration (% central nuclei) showing a significant difference in the ANOVA. This likely reflects a noisier measurement due to the low incidence of muscle regeneration (less than 4%) seen across all specimens. Another possible explanation is the use of the grid-based grading system, as fat percentage determined by H&E-stained grid areas also differed in the same 2- and 4-week control shoulders. In contrast, fat accumulation by ORO staining showed no changes between rounds of experimentation and may be a more reliable method of quantification. This information may help guide future researchers in the selection of tools for measuring tissue changes in the rabbit RC model.

There are a few limitations to consider when interpreting the results of this study. The control arm consisted of unoperated contralateral shoulders, rather than tenotomy only, sham surgery, or a separate group of animals. However, the results do demonstrate consistency of the model, and a previous set of tenotomy + sham surgery experiments has been performed in our lab as a historical control (Vargas-Vila et al., 2021). Secondly, all repairs were performed at a single timepoint after tenotomy (8 weeks), whereas other authors have examined differential results from repairs performed immediately or at various times. Conversely, a strength of this study was the use of multiple timepoints for sacrifice to show the changes in tissue over time.



CONCLUSION

Repair of a chronically torn supraspinatus in rabbits leads to a short-term increase in muscle degeneration and atrophy that peaks at 2 weeks post-repair. Fibrosis and fatty infiltration did not change as a function of time in the period studied here, but both remained significantly elevated compared to the uninjured side. Finally, the two rounds of experimentation yielded similar results overall, demonstrating the reproducibility of this pre-clinical RC model.
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