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More than 30% of the population over age 60 will suffer from a rotator cuff tear. Progressive 

tears lead to atrophic and degenerative muscle changes that persist irrespective of therapeutic 

intervention, whether conservative or surgical. The degree of decreased muscle quality (retraction, 

atrophy, fibrosis, and fatty degeneration) serves as the strongest predictor of post-surgical functional 

outcomes, yet the quantitative effects on muscle physiology are poorly understood. The purpose of this 

work was to investigate the structural and functional implications of rotator cuff tear and repair in a rabbit 

model system. We first established a method to evaluate the structure-function relationship in healthy 

supraspinatus muscles. We then performed a detailed architectural analysis to relate the structural and 

physiological consequences of rotator cuff tear and repair. Finally, we evaluated the activation of 

mechanotransduction pathways in our model system to investigate a potential mechanism for persistent 

muscle loss. In summary, we characterized aspects of the altered structure-function relationship in both 

torn and surgically repaired rotator cuff muscles to better understand the physiological implications of 

disease and potential therapies. 
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Chapter 1. Introduction 

 
 

Rotator Cuff Disease 

Rotator cuff tendinopathy can cause pain, tendon degeneration, failure, and ultimately muscle 

retraction and atrophy, impairing shoulder function (29). These atrophic and degenerative changes 

associated with chronic rotator cuff (RC) tears (muscle retraction, atrophy, fibrosis, and fatty infiltration) 

are both difficult to treat clinically and associated with poor clinical outcomes (7, 8, 20, 25). Progressive 

tears are highly prevalent, impacting 30% of people over age 60 and resulting in more than 400,000 

surgeries annually (8, 9, 68). 

Though surgical tendon repair is common, outcomes are highly variable. Re-tear rates remain 

high—between 17-94%, and many patients are left with persistent functional deficits even after successful 

repairs (7, 28, 29). Numerous factors have been linked to postsurgical outcomes, including age, work 

history, tear characteristics (size and location), and muscle quality (atrophy, fibrosis, and fatty infiltration) 

(11, 55). More than anything else, loss of muscle quantity and quality is the strongest predictor of 

postsurgical shoulder function (25, 29, 35, 60). 

Surprisingly, even after a clinically successful repair, muscle atrophy and fatty infiltration 

progression is halted, but not reversed (20, 25). Consequently, a primary focus of contemporary research 

is preventing muscle quality loss and/or improving muscle quality (17, 19, 37, 38, 66), but little attention 

has been paid to the effects of muscle quality loss on muscle function. 

 

Structure-Function Relationship in Skeletal Muscle 
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Skeletal muscle has a hierarchical structure that is tightly linked with its function. Sarcomeres, the 

functional unit of muscle, are comprised of thin actin filaments and thick myosin filaments. The ability to 

generate force arises from thin and thick filament interactions, and force production is proportional to the 

amount of thick and thin filament overlap (27, 34). This is known as the length-tension relationship of 

sarcomeres, and it is central to muscle function. Sarcomeres are arranged in series to create myofilaments, 

which are arranged in parallel to create muscle fibers. Individual fibers are arranged in bundles, and 

multiple bundles come together to create whole muscles. 

Skeletal muscle architecture is defined as “the arrangement of muscle fibers relative to the axis of 

force generation” (41) and is the primary determinant of active muscle function at the whole muscle level. 

The physiological cross-sectional area (PCSA) of a muscle is the best predictor of a muscle’s maximum 

force generating capacity (4). Similarly, the normalized fiber length of a muscle (experimentally 

measured fiber length normalized to a ratio of optimal sarcomere length and measured sarcomere length) 

predicts a muscle’s maximum contractile velocity (52). Taken together, the architectural characteristics of 

muscle can be used to predict muscle function (6, 52, 67). 

 

Structural Changes after Rotator Cuff Tear 

Given this intimate structure-function relationship in skeletal muscle, decreased muscle quality 

likely impairs muscle function after RC tear. However, little attention has been paid to addressing the 

profound architectural changes to chronically torn RC muscles (22, 62), and the physiological 

consequences of these muscular changes are largely unknown. One study measured supraspinatus (SSP) 

contractile muscle force intraoperatively in human (20), one group reported infraspinatus contractile force 

in sheep (18, 47), and two groups reported SSP contractile force in rabbit (13, 63) after tenotomy. Of 

these studies, none have measured contractile force after repair. 
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 While decreased muscle cross sectional area (CSA) is clearly linked to decreased peak muscle 

force (20, 41, 47, 63), there are a number of cellular and structural changes in torn RC muscles that could 

also impact muscle physiology (10, 22, 23, 46). For example, a recent study in rabbit claimed that fatty 

infiltration was a better predictor of muscle weakness than atrophy (63). However, a variety of structural 

changes may impact function—shorter muscles and fiber lengths may indicate serial sarcomere loss (22, 

62), which may impair muscle operating range, increased pennation angles may be a compensatory 

mechanism to retain some force production after tear (42, 48, 56), secondary muscle injury from repair 

may result in loss of excitation-contraction coupling and more fibrosis (10), further impairing force 

production (22, 64). Overall, further studies in muscle architecture and physiology as a function of RC 

tear and repair may enhance our understanding of the clinical challenges in treating RC disease. 

 

Role of Exercise in Muscle Maintenance 

The regulation of muscle maintenance is achieved through balancing both hypertrophic and 

atrophic pathways to enable muscles to meet their functional demands (26, 58). In healthy muscle, 

exercise activates hypertrophic signaling pathways, while inhibiting atrophic signaling through several 

axes (26, 33, 58). The primary hypertrophic response is the expression and activation of mTOR, which 

can be activated by IGF-1/PI3K/AKT signaling or mechanosensing (32, 50), and has many downstream 

actors (such as 4E-BP-1 and p70s6k) (12, 39, 58). Mitogen activated protein kinases (MAPKs) have also 

been linked to the regulation of muscle hypertrophy, including c-Jun NH2-terminal kinase (JNK) (40). 

Increased phosphorylation of JNK and p38 mitogen activated protein kinase (MAPK) are robust markers 

of muscle “activation” in response to mechanical stress, and their phosphorylation increases in a tension-

dependent manner (3, 16, 40, 45, 61). Downstream effects of activation of this pathway has been linked to 

mRNA modulation of pro-hypertrophic genes (e.g. myostatin, mTOR, and p70s6k) (14, 31, 36, 40). 

Exercise has also been shown to suppress myostatin, a member of the TGFβ superfamily and negative 

regulator of muscle growth and myogenesis (49). 
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Muscle atrophy is an active process controlled by three primary proteolytic systems: calcium 

dependent calpains, lysosomal proteases, and the ubiquitin proteasome (MuRF1, MAFbx); all three have 

been implicated in RC disease (5, 58). MAFbx is primarily activated by inflammatory cytokines (TNF-α 

and IL-1α) via p38 activation (12, 58). Hyperplasia occurs through the activation of satellite cells for 

myogenesis, mediated by Pax7, MYRF4, MyoD, and myogenin expression (1, 12, 15, 21, 41, 59). Within 

one hour after exercise, activation of mTOR (49, 51), AKT (50, 57), p70s6k (50, 51), GSK-3β (57), p38 

(51, 71), and NF-kB (51) have been measured by protein abundance and phosphorylation; and early gene 

expression has been demonstrated after loading (2, 44, 49, 53, 65, 69, 70).  

Studies in RC disease have shown downregulation of hypertrophic and upregulation of atrophic, 

fibrotic, and adipogenic genes in humans (5, 21, 24), sheep (15, 54), and rodents (30, 43). However, it is 

unclear if the persistent loss in muscle quality is a result of insufficient muscle stresses and strains, or an 

inability of the muscle to undergo hypertrophy (7, 20, 25, 29, 60). Given the lack of hypertrophy in 

recovering RC disease patients, there may be a dysregulated response to exercise in diseased muscle. 

However, this remains untested in humans or a model system of RC disease. 
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Chapter 2. In Vivo Supraspinatus Muscle Contractility and Architecture in Rabbit 
 

Abstract 

The rotator cuff (RC) muscles are crucial in moving and stabilizing the glenohumeral joint, and 

tears can be functionally devastating. Chronic fatty and fibrotic muscle changes, which are non-

responsive to surgical tendon repair, are a focus of contemporary research. The rabbit model recapitulates 

key biological features of human RC tears, but function and physiology are poorly characterized—limited 

force and stress data are inconsistent with literature norms in other mammalian species. Here, we present 

an improved method to assess the physiology of the rabbit SSP, and report values for healthy SSP 

architecture and physiology. Using female New Zealand White Rabbits (n=6) under 2% isofluorane 

anesthesia, the SSP was surgically isolated and maximum isometric force measured at 4-6 muscle lengths. 

Architectural analysis was performed, and maximum isometric stress was computed. Whole muscle 

length-tension curves were generated using architectural measurements to compare experimental 

physiology to theoretical predictions. Maximum isometric force (80.87± 5.58N) was dramatically greater 

than previous reports (11.06 and 16.1N, p<0.05). Architectural measurement of fiber length (34.25 ± 

7.18mm), muscle mass (9.9 ± 0.93g), pennation angle (23.67 ± 8.32°), and PCSA (2.57 ± 0.20cm2) were 

consistent with prior literature. Isometric stress (30.5 ± 3.07N/cm2) was greater than previous reports of 

rabbit SSP (3.10 and 4.51 N/cm2), but similar to mammalian skeletal muscles (15.7-30.13 N/cm2). 

Previous studies underestimated peak force by ~90%, having profound implications for interpreting 

physiological changes as a function of disease state. Data presented here enable understanding the 

physiological implications of disease and repair in the RC of the rabbit. 

Key Words: Rotator cuff, muscle force, muscle stress, muscle physiology, architecture 

 

Introduction 
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Chronic rotator cuff (RC) tendon tears are a common source of shoulder pathology, with a 30% 

prevalence above age 60 (2). RC tears can cause pain, tendon degeneration, tendon failure, and ultimately 

muscle retraction and atrophy, impairing function (13). The long-term sequela of muscle unloading and 

retraction appears to be muscle atrophy and fat accumulation (8, 16, 33), which is largely non-responsive 

to rehabilitation (8, 39). While surgical tendon repair is common, decreased muscle quality (fibrosis, fatty 

infiltration, and atrophy) persists despite clinically successful repair and is correlated with poor functional 

outcomes (12). 

Given the progressive pathophysiology of RC tears and the invasive methods needed to study 

them, it is difficult to study mechanisms of muscle atrophy and recovery in humans. While there has been 

a recent resurgence of small animal (mouse and rat) models of RC tears, the muscle phenotypes have limited 

severity, calling into question their utility as reasonable models of human muscle degeneration (6, 21, 25, 

26). Some high quality studies have been performed in sheep which does recapitulate the persistent fatty 

atrophy seen in humans (8, 9). The rabbit model has emerged as an important animal model because, 

unlike rodent models, it recapitulates several important clinical characteristics of RC tear such as muscle 

retraction, muscle atrophy, fatty infiltration, and inflammation with tenotomy alone (as opposed to 

tenotomy and denervation required in rodent models) (5, 7, 28, 35, 41). Animal models have been used to 

describe tear progression in many ways (fiber size, fatty infiltration, atrophy, inflammation, etc.), and 

biological indicators of muscle function have been implicated in RC tears (membrane damage, fiber 

cytoskeletal disruption, extracellular matrix composition alteration, costamere structural disruption, 

altered fiber morphology, etc.) (3, 14, 36, 37, 47). 

However, surprisingly little attention has been paid to the physiological consequences of RC 

tears. Peak force and stress production are key variables, but muscle length-tension relationships are also 

important to muscle function because there is architectural evidence that retracted RC muscles experience 

serial sarcomere loss (11). This will have significant functional implications if the remaining sarcomeres 

are overstretched during surgical reattachment, and the reattached muscle is subsequently forced to 
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operate on unusual portions of the length-tension curve (47). Despite this, few studies have measured 

contractile force and no studies have reported stress or the shape of the length-tension relationships for 

RC muscles. One study measured supraspinatus (SSP) contractile muscle force intraoperatively in human 

(10), one study reported infraspinatus contractile force in sheep (30), and two groups reported SSP 

contractile force in rabbit (4, 42). Importantly, contractile stress (calculated by dividing force by 

physiological cross sectional area (PCSA) (27)) in these studies was low (3.10 and 4.51 N/cm2) (4, 42) 

compared to available literature of other mammalian skeletal muscle (15.7 to 30.13 N/cm2) (1, 34, 48). 

Given this large discrepancy, we believe the prior studies have underestimated the rabbit SSP maximum 

isometric force. Based on the reported value for SSP PCSA (2.8cm2) (27) and computing the average 

mammalian skeletal muscle specific tension from prior literature (22.8 + 3.87 N/cm2, n=80) (1, 34), we 

expected SSP isometric contractile force to be ~64N.  

The primary purpose of this paper is to describe the methods required to define maximum 

contractile force and stress values of rabbit SSP, and secondarily to quantify the length-tension 

relationship of the SSP in vivo. This should enable researchers assessing RC tear pathology to study 

functional outcomes and develop novel therapies. 

 

Materials & Methods 

Surgical procedure: All experimental procedures were approved by the Institutional Animal Care 

and Use Committee (IACUC) of the University of California, San Diego. Six skeletally mature female 

New Zealand White rabbits (6 months old, mean body weight: 4.3 kg + 0.3kg) were used to determine the 

length-tension relationship for the SSP. Animal preparation for contractile testing was performed as 

described previously (48). Briefly, rabbits were anesthetized with a subcutaneous injection of a ketamine-

xylazine cocktail (50 and 5 mg/kg body mass, respectively) and maintained on 2% isoflurane anesthesia. 

Heart rate and oxygen saturation were monitored (VetOx, Heska Co., Fort Collins, CO) throughout the 
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test duration. An incision was made along the scapular spine to expose the superficial shoulder muscles. 

The SSP was exposed by dividing the middle trapezius and deltoid muscles to access the vertebral border 

of the scapula. The suprascapular nerve was isolated by blunt dissection around the anterior aspect of the 

SSP (29), and a cuff electrode (Pulsar 6Bp Stimulator; FHC, Bowdoinham, ME) was placed around the 

nerve for direct stimulation (see Fig. 1 of Winters et al. 2009 for image of electrode in use, 48). Nerve 

isolation was confirmed by delivering twitch stimulations and visualizing supraspinatus contraction.  

Suture markers were placed at the distal and proximal muscle-tendon junctions to define muscle 

length in the neutral position (shoulder joint at 90°). This was chosen to recapitulate the in vivo 

configuration of the rabbit in quiet standing. Additional suture markers were placed to identify lateral, 

middle, and medial fascicles of the posterior aspect of the SSP (Fig. 2.1A). Sutures were used as fiducial 

markers to determine muscle and fascicle shortening during contraction. Intact muscle length 

measurements were recorded using digital calipers (Mitutoyo, accuracy of 0.01mm) at 4 joint angle 

positions (as determined by a goniometer): 60°, 90°, 120°, and 150°, representing the full range of 

glenohumeral flexion and extension. These measurements were used to correlate muscle length during 

contraction with the in vivo muscle operating range. 

The distal SSP tendon was transected, released from the superior joint capsule, and sutured with 

two pieces of 2-0 Fiberwire (Arthrex, Naples, FL) using an infinity stitch and a modified Kessler stitch, 

both implemented to prevent suture slippage and tendon rupture. The suture was attached to a servomotor 

(Cambridge Model 310B; Aurora Scientific, Aurora, ON, Canada) and aligned with the force-generating 

axis of the motor. Muscle temperature was maintained at 37°C with radiant heat, heated saline, and a 

servo-temperature controller (Model 73A; YSI, Yellow Springs, OH). A custom-built clamp was used to 

immobilize the scapula, placed from the vertebral border along the scapular spine on top of the 

infraspinatus fossa (details below). 
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Scapula clamp manufacturing: The custom clamp used to stabilize the scapula was 3D printed 

(Creality Ender-3 Pro, Shenzhen Creality 3D Technology, Shenzhen, China) using ABS (32), with a layer 

height of 0.15mm, a shell thickness of 1.2mm and 30% fill. They were reamed using a drill bits (3/8” for 

large holes, 3/16” for medium holes, and 1/16” for small). Size 0 hex nuts were pressed into the hex 

indentations on the underside of the bottom piece of the clamp using a soldering iron, and then fixed into 

place using ABS cement (Oatey). An 0-80 screw was kept in the nut at all times to ensure that the holes 

didn’t become obstructed. A two-inch piece of ABS rod stock (3/8” diameter) was threaded with a 5/16-

18 die, leaving about ¼” unthreaded. The unthreaded end was cemented into the 3/8” hole on the bottom 

piece of the clamp with ABS cement and press down until flush with the underside. A one-inch piece of 

ABS rod stock (3/16”) was also cemented into the 3/16” hole in the bottom piece of the clamp in a similar 

fashion, to stabilize the clamp while closed. The arm of the clamp was cemented to the top (flat) side of 

the top piece of the clamp, keeping the 3/8” holes aligned. When the cement was fully cured, the clamp 

was assembled by putting the rods from the lower piece through their respective holes on the upper piece. 

The two pieces were secured with a 5/16-18 wing nut. The large holes on the mounting block were tapped 

with 10-32 threads, and the smaller holes were tapped with 4-40 threads (Fig. 2.1B). One inch 10-32 

screws were screwed through the holes on the mounting block, and the block was attached to a custom 

machined adapter plate using 4-40 screws. The adapter plate was attached to an XZ axis rack and pinion 

stage (Edmund Optics, Barrington, NJ). The XZ stage was mounted onto an adjustable angle plate 

(ThorLabs, Newton, NJ) set at a 30° angle to ensure the supraspinatus was contracting in a 

physiologically accurate direction. Three 1” partially threaded 0-80 socket head screws were used to 

secure the nose of the clamp and ensure sufficient scapula stabilization. During the experiment, 20 gauge 

needles were used to create pilot holes through the infraspinous fossa of the scapula allowing screw 

placement through the bone. Figure 2.1C shows a rabbit scapula with soft tissue removed and needles 

inserted to illustrate the orientation. 
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Isometric length-tension protocol: The length-tension protocol consisted of a series of 100 Hz 

tetanic contractions (pulse width: 0.3 ms; amplitude: 10 V) over a 640 ms period. Two-minute rest 

intervals were imposed between contractions to minimize fatigue. The first contraction was performed 

with the muscle set to its neutral length (the muscle length measured at 90° joint angle). This was chosen 

as the starting length to ensure that the first contraction was performed at a relatively short muscle length, 

likely on the ascending limb of the length-tension curve (44). For each subsequent contraction, the 

servomotor position was advanced 5 mm to lengthen the muscle. Resting muscle length was measured 

between suture markers with calipers before each contraction during the resting interval (Fig. 2.1D), to 

ensure suture stretch was not included in the muscle length data for the length-tension curves. This 

process continued until muscle force dropped significantly, indicating that the muscle was operating on 

the descending limb of the length-tension curve, with a minimum of four contractions per animal. Force 

was acquired for each contraction using a data acquisition board (610E series; National Instruments, 

Austin, TX) and a custom-written LabView program (National Instruments) at 4 kHz per channel. Passive 

tension at each muscle length was obtained by measuring the baseline force. Net peak isometric force was 

defined as the difference between peak active tension during the plateau region (Fig. 2.1D) and passive 

tension. A typical experimental muscle force trace is shown in Fig. 2.1D. Note the rapid tension rise and 

constant peak force clearly indicates that the muscle is contracting nearly isometrically. 

 

Muscle and fascicle measurements: Videos of each contraction were taken at 1080p resolution 

and 30 fps and ImageJ software (38) was used to manually measure muscle and fascicle length in each 

frame. Activated muscle length was then computed from the measured muscle strain during the plateau 

region of each contraction (Fig. 2.1D). A representative plot of muscle length change during contraction 

is shown in Fig. 2.1D.  
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Muscle Architecture measurements: After animals were sacrificed, whole shoulders were fixed in 

10% formalin in approximately the same orientation of 90° flexion to represent a neutral shoulder 

position. All architectural measurements were performed as previously described (11, 44). The 

supraspinatus was exposed by removing the superficial muscles (trapezius and deltoid), and several 

fascicles were marked: three regions posterior and two regions anterior (Fig. 2.1E). Muscle length and 

pennation angles of the marked fascicles were measured with digital calipers) before carefully removing 

the supraspinatus from the scapula. Muscle mass was recorded from fixed muscles, and fascicles were 

removed from distinct regions and measured for raw fiber length (27, 45). Subsequent sarcomere length 

measurements were performed using laser diffraction, as previously described (24). Individual muscle 

fibers were dissected from fascicles and mounted on glass slides. Sarcomere length was recorded for three 

individual fibers and averaged for each fascicle. Sarcomere number was calculated by dividing fiber 

length by sarcomere length. Physiological cross sectional area (PCSA) was calculated using the formula: 

 

𝑃𝐶𝑆𝐴 = 	
𝑚𝑎𝑠𝑠
𝜌 ∗	𝐿!"

cos 𝜃	 

where density was assumed to be 1.056g/cm3 (45), Lfn is fiber length adjusted for sarcomere 

length, and θ is the average pennation angle for the muscle. One right side shoulder was damaged during 

sample preparation and discarded. 

 

Theoretical length-tension curve: To reconcile experimental data with theoretical expectations for 

length-tension behavior, a length-tension curve was modeled using previously described methods (48). 

Briefly, a sarcomere level length-tension curve for rabbit skeletal muscle was generated: peak force was 

predicted at optimal sarcomere length (2.5 µm); the ascending limb started with minimum sarcomere 

length of 1.27 µm and the zone of single overlap beginning at 1.70 µm (67.59% maximum force); the 
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descending limb spanned from optimal length to maximum sarcomere length of 4.02 µm. The model was 

scaled from sarcomere to fiber level by multiplying sarcomere length values by serial sarcomere numbers. 

Then the model was scaled to the whole muscle level using architectural measurements from harvested 

supraspinatus muscles. This established the relationship between normalized fiber length (34.22 mm) and 

normalized muscle length (75.87 mm) from the average pennation angle (23.67°). The resting in vivo 

operating range for the SSP was determined using the intact muscle length-joint angle measurements, 

where the muscle length measured at max extension and max flexion set the lower and upper 

physiological limits for the muscle length range. The activated in vivo operating range was defined by 

scaling the resting muscle lengths by the average muscle strain during contraction. 

 

Data analysis: Intact muscle length, strain, isometric tension, and isometric stress were analyzed 

using one-way ANOVA with post-hoc Tukey’s test. Paired t-tests were used to compare left vs. right side 

architectural measurements. Two-way ANOVA with post-hoc Tukey’s test was used to compare left vs. 

right differences, and Sidak’s test was used to compare regional differences for architecture. Linear 

regression was used to analyze the resting and activated muscle lengths. A one-sample T-test was used to 

compare peak force and stress values to individual literature values. Significance level was set at P < 

0.05, and data are presented as mean ± SD. 

 

Results 

Intact joint angle-muscle length: The supraspinatus muscle length shortened (76.03 to 66.30 mm) 

as the glenohumeral joint moved from 60°-150° in flexion/extension (Fig. 2.2)—the dominant 

physiological plane and range limit in the rabbit. Muscle length at 60° and 90° was significantly longer (p 

< 0.05) than at 150° (full flexion). This length range represented the resting in vivo operating range for the 

muscle. 
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Muscle and fascicle strain: Strain for the whole muscle and three fascicles was measured during 

each contraction (from the resting length to the activated length during the plateau region of each 

contraction). A strong linear correlation (r2 = 0.93) was observed between resting pre-contraction length 

and the activated length (Fig. 2.3A). Average muscle, lateral fascicle, mid fascicle, and medial fascicle 

strains were measured over all contractions (6.8%, 20.95%, 20.7%, 21.31%). Strains among fascicles 

were not significantly different (Fig. 2.3B) and were overall larger than whole muscle strain (p < 0.05). 

This is consistent with the behavior of a pennate muscle where small muscle strain corresponds to large 

fascicle strain. 

 

Muscle architecture: Paired t-tests were used to compare the left and right sides, with a total of 5 

pairs of shoulders used, since one right side was lost during sample preparation. No significant 

differences were found between the left (experimental) and right (control) sides for normalized fiber 

length, sarcomere number, muscle mass, pennation angle, or PCSA (Fig. 2.4). Raw fiber length and 

sarcomere lengths between left and right were significantly different (p = 0.0453, p = 0.0005, 

respectively), which was expected since the supraspinatus had been tenotomized immediately prior to 

physiology testing, causing mechanical unloading and subsequent muscle retraction.  

 Regionally, differences between left and right sides were the result of the transection of the 

tendon for performing the experiment (Fig. 2.5): the pennation angle was greater and raw fiber length 

nearest the myotendinous junction (P1) were shortened, and all sarcomere lengths except the A2 region 

were significantly shortened due to muscle recoil. Between regions, fiber lengths are significantly larger 

from lateral to medial (P1 vs P3 and A1 vs A2), while sarcomere lengths are not different. Pennation 

angles are smaller from lateral to medial as the longer fibers align more closely with the force generating 
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axis of the muscle. Statistical significance was determined from post hoc Tukey’s or Sidak’s tests with p 

< 0.05. 

 

Theoretical length-tension curve: Experimental whole muscle length-tension curves are typically 

shaped as inverted parabolas (Fig. 2.6). Resting muscle length (Fig. 2.6A) is shifted right compared to 

activated muscle length (Fig. 2.6B) because the muscle shortens during contraction (22, 23, 40, 49). 

Activated muscle length is computed from the real-time muscle strain measurements during contraction. 

The in vivo operating range (shown as the solid line on both plots) encompasses the shallow ascending 

limb for the resting length (Fig. 2.6A) but includes both ascending limbs for the activated length (Fig. 

2.6B). This corresponds to a contractile force variation of ~30% at the resting muscle length and ~40% at 

the activated muscle length. 

 

Maximum isometric force and stress: Experimentally measured maximum isometric force SSP 

production (80.87 ± 5.58N) (Fig. 2.7A) was significantly greater compared to prior reports (11.06 ± 

1.62N and 16.1 ± 1.7N, p<0.05) (4, 43). Maximum stress (30.5 ± 3.07N/cm2) (Fig. 2.7B) was, therefore, 

significantly greater than SSP stress values we calculated from the previously reported force 

measurements (3.01 and 4.51 N/cm2, p<0.05) (4, 43). However, measured stress was within the range of 

other mammalian skeletal muscles (range 15.7 to 30.13 N/cm2 ) (1, 34). 
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Discussion 

The purpose of this study was to determine the maximum contractile force and stress and, 

secondarily to understand the normal length-tension behavior for the rabbit SSP. We predicted the peak 

isometric tension using methods and architecture previously described (27, 48) to benchmark our 

experimental expectations. We measured maximum isometric force, which was significantly higher than 

previously described (4, 42). After performing a detailed architectural assessment of the SSP, we 

generated a theoretical length-tension curve to attempt to explain our experimental data based on classic 

muscle physiology (1). Using intact resting muscle length values and whole muscle contraction strain, we 

determined the in vivo operating range of the SSP. The activated muscle length-tension curve was 

computed by scaling resting muscle length by the strain decrease measured during contraction and is 

shifted left compared to the resting muscle length-tension curve, as it incorporates muscle shortening with 

tendon elongation during contraction.  

This is the first study to calculate the stress in rabbit SSP during maximal isometric contraction. 

Our predictions were based on the specific tension of mammalian skeletal muscle, 22.8N/cm2 (1, 34), 

since this was previously shown to correlate strongly with PCSA in rabbit hindlimb muscles (48). 

Although our stress value (30.5 ± 3.07N/cm2) was slightly higher than expected, it fell within the range 

reported in the literature (15.7 to 30.13N/cm2).  

Architecturally, we report similar pennation angle and muscle lengths to prior studies, but longer 

fiber lengths and larger muscle mass (27). Consequently, PCSA values were lower in our study compared 

to prior literature. The increased muscle mass and animal size could explain the longer fiber lengths in our 

study, but these scaling relationships are not well understood. Architecturally the gross anatomy and 

substructure is similar to the human SSP, as the regions of the muscle were subdivided according to prior 

work in human SSP architecture (44).  
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The predicted length-tension curve was fairly consistent with the resting muscle lengths, which 

are the typical muscle length measurements used (42, 48); but was improved when using the activated 

muscle length, as the curve shifts to the left (Fig. 2.6). The rabbit SSP is highly pennate, contains a robust 

internal tendon, and has heterogeneous fiber lengths; all three factors of which complicate whole muscle 

modeling (15, 17, 20, 23, 31). However, the primary function of the model in this case was to determine 

the testing range for muscle lengths and provide a reasonable estimate of maximum contractile force, 

making it sufficient for the scope of this study.  

The leftward shift for the activated muscle lengths is largely explained by the series compliance 

in the muscle-tendon unit and muscle strain during contraction (22, 23, 40, 49). While the muscle-tendon 

unit maintains a fixed length, the muscle shortens and tendon lengthens (22, 49). This is crucially 

important, as the resting muscle length cannot reliably be used to estimate contractile force generation in 

a muscle-tendon unit with a long and/or compliant tendon (46). If resting muscle length is used to predict 

optimal muscle length in this system, when the muscle strains early during contraction, the muscle will 

shorten against the lengthening tendon. As a result, the active tension measured with a resting muscle 

starting length would be a sub-maximal contraction (Fig. 2.1D). This is illustrated clearly over the 

ascending limbs of the length-tension curve: as the muscle shortens, force decreases. Given the average 

whole muscle strain of 6.8% during contraction, corresponding to a discrepancy in predicted force 

production of ~30-40%.  

The force generation we report is significantly higher than previously described (4, 42). There are 

several potential contributing factors to this discrepancy: Primarily, in previous studies, tetanic tension 

was recorded only at the muscle length that yielded the greatest twitch tension. However, due to the 

significant muscle strain during contraction, this would yield a sub-maximal tetanic tension because of the 

high series compliance in this system and the relatively brief “active state” of the twitch itself (18). 

Additionally, firmly fixing both ends of the system (the scapula and the released tendon) is challenging, 

and any movement in the system decreases the recorded force due to the drop in force that occurs as the 
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muscle shortens (19). This leads to why the resting muscle length is insufficient to measure maximal 

tension since the relationship between resting length and optimal length varies based on muscle and 

connective tissue anatomy in a muscle-specific and species-specific manner (1, 20, 22, 23, 40, 46). This is 

also the reason that we generated the entire length-tension curve so as not to assume the relationship 

between the two parameters for this muscle. Finally, isolating and reliably stimulating the suprascapular 

nerve can also prove challenging. The current study used female NZW rabbits with a mean body weight 

of 4.3 kg, whereas the previous studies used slightly smaller rabbits (Fabis et al. used 3-4 kg "mixed race" 

males and Valencia et al. used 2.3 kg NZW and did not indicate gender). Despite these differences, to our 

knowledge there are no difference in contractility based on gender for 6 month old rabbits, and no 

available published data regarding the growth curve for body weight vs. SSP size. However, even if body 

weight and SSP size scale linearly, a 50% difference in body mass would correlate with a 50% difference 

in supraspinatus mass. With a 50% smaller muscle we would expect roughly 50% lower force production, 

not the much greater 90% difference that we observed.  

This study has several limitations. First, interference from the infraspinatus (ISP), which is also 

innervated by the suprascapular nerve could theoretically increase our force recordings. We aimed to 

isolate the SSP by releasing the tendon lateral to medial (approximately 1 cm) from the ISP tendon, but 

we did not surgically separate the muscle bellies of SSP and ISP. However, the scapular spine serves as a 

bony separation between SSP and ISP muscles, making direct force transmission from the ISP unlikely. 

Additionally, stress values are similar to the vast majority of other mammalian skeletal muscle reports (1, 

34, 48). Taken together, we believe our values represent the SSP and not interference by the ISP. Because 

we believe we have completely separated the distal tendons, and lateral force transmission is negligible 

because of the scapular spine, if release differences were contributing to measured force differences 

among the various studies, then other studies would have been reporting higher, not lower forces. 

However, if we test the muscles at a short resting length, we get similar results to the other studies. This is 

why testing at multiple muscle lengths (especially longer lengths) is important to ensure the maximum 
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isometric forces are captured. This is uniquely important in the rabbit SSP system because significant 

shortening strains are observed in the muscle-tendon unit, even when the bones are adequately secured. 

Second, we assume that our maximum recorded force is on the plateau of the length-tension curve for 

each rabbit, which could produce a shift the curve. Third, we did not measure real-time changes in 

sarcomere length during contractions, and thus we can only make indirect correlations to the physiologic 

operating range of the SSP through intact muscle length-joint angle relationships and measured muscle 

strain during contraction. Lastly, the modeling strategy we employed was developed for hindlimb 

muscles, not highly pennate muscles with high series elasticity, potentially influencing the accuracy of the 

model. 

In summary, this study describes the methods to isolate the rabbit supraspinatus, immobilize the 

scapula, and perform physiology testing to assess its length-tension relationship. We report the maximum 

contractile force generation for the muscle and a detailed architectural analysis, allowing for computation 

of muscle stress. These methods will be useful for future investigations into the physiological effects of 

rotator cuff tear and subsequent repair in animal systems, which is clinically valuable (9, 10, 16, 43). 
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 Figures 
	

 

Figure 2.1 Experimental setup (A) showing in vivo preparation of the scapula immobilized with the clamp 
attached, exposed SSP, and distal tendon attached with suture to the servomotor. Care was taken to ensure 
proper alignment of the tendon with axis of the motor. The cuff electrode is attached to the suprascapular 

nerve on the superior anterior aspect of the SSP. Dotted lines connect the suture markers indicating 
muscle length (Lm), lateral fascicle length (Lfl), mid fascicle length (Lfm), and medial fascicle length (Lfe). 

CAD image of custom made scapula clamp (B) illustrating the components required for assembly. 
Isolated scapula with clamp attached (C) to illustrate the position of scapula and clamp for 

experimentation. Representative traces (D) of force, and muscle strain during the nerve stimulation 
interval. The resting interval (RI) prior to contraction indicates when the resting muscle length is 

measured, and the plateau indicates where the peak isometric force and muscle strain are measured.  
Superior-inferior view of formalin fixed SSP muscle, indicating the regions used for architectural analysis 

(E). 
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Figure 2.2 Intact Joint Angle-Muscle Length measurements throughout full shoulder joint 
flexion/extension (n=6 female rabbits)). Muscle length was significantly shorter from 60° and 90° to 150° 
(p < 0.05 analyzed with ANOVA with post hoc Tukey’s test). Significance shown with horizontal lines. 

Points represent mean ± SD. 
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Figure 2.3 Linear regression of Activated vs. Resting muscle length (A) (R2 = 0.93) with a line of identity 
(dashed), and each point representing one contraction (n = 31 contractions from 6 female rabbits). 

Average strains during contraction (B) for all contractions (n = 31 from 6 female rabbits) show that 
strains between fascicles are not significantly different, and fascicle strains are larger than whole muscle 

strain (p < 0.05, one-way ANOVA with post hoc Tukey’s test). Bars represent mean ± SD. 
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Figure 2.4 Average architectural values for the left (n=6 female rabbits) and right (n=5 female rabbits) 
side supraspinatus muscles. Raw fiber length (A) and sarcomere length (C) were significantly shorter on 

the left side (p = 0.0453, p = 0.0005). Normalized fiber length (B), sarcomere number, muscle mass, 
pennation angle, PCSA, and normalized muscle length (D-H) were similar between left and right sides. 

Analyzed with Paired t-test. Bars represent mean ± SD. 
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Figure 2.5 Regional Architectural measurements for rabbit SSP. Left (black, n=6 female rabbits) and right 
(gray, n=5 female rabbits) sides are shown for each muscle region (P1, P2, P3, A1, and A2). Two-way 
ANOVA with post hoc Tukey’s test and Sidak’s test was used to analyze left vs right side and regional 

differences, respectively. Lines represent inter-region differences (black lines for left side and gray lines 
for right side), and asterisks represent intra-region differences between left and right side. Raw fiber 
length (A), Normalized fiber length (B), and Sarcomere number (D), all show increases in the medial 

regions (P3 and A2) compared to the lateral regions (P1 and A1). The left side P1 region raw fiber length 
(A) was significantly shorter than right side, but after normalization (B) is not different. Sarcomere 

lengths were significantly different between sides in the P1, P2, P3, and A1 regions. Pennation angle (E) 
was significantly greater on left P1 region compared to right, and decreased moving from lateral to 
medial. These data are consistent with what is expected after the muscle is released at its tendinous 

insertion to the greater tubercle. Bars represent mean ± SD. *p < 0.05. 

  

P1 P2 P3 A1 A2
0

20

40

60

R
aw

 F
ib

er
 L

en
gt

h 
(m

m
)

*

P1 P2 P3 A1 A2
0

20

40

60

P
en

at
io

n 
A

ng
le

 (d
eg

)

*

P1 P2 P3 A1 A2
0

2.0

2.5

3.0

S
ar

co
m

er
e 

Le
ng

th
 (µ

m
) * * **

P1 P2 P3 A1 A2
0

5000

10000

15000

20000

25000

S
ar

co
m

er
e 

#

P1 P2 P3 A1 A2
0

20

40

60

N
or

m
al

iz
ed

 F
ib

er
 L

en
gt

h 
(m

m
)

A B

C D

E



	

 34 

 

 

Figure 2.6 Predicted length-tension curves (dashed line) normalized to % of maximal isometric tension 
(P0) for each rabbit. In vivo operating range shown as solid line. Resting muscle lengths were 

experimentally measured prior to each muscle contraction (A), while activated muscle lengths were 
computed using the measured muscle strain during the contraction plateau (B). The leftward shift of the 
activated muscle lengths highlights the importance of measuring the muscle length during contraction 
(activated) as opposed to prior to contraction (resting). Each point represents one contraction (n = 31), 

with different symbols used for each animal (n = 6 female rabbits). 
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Figure 2.7 Peak Isometric tension (A) and stress (B) for our study (n=6 female rabbits). Bars represent 
mean ± SD. Gray bands represent the range of prior studies for muscle stress and corresponding predicted 

muscle force in mammalian skeletal muscle. 
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Chapter 3. Supraspinatus Muscle Architecture and Physiology in a Rabbit Model 

of Tenotomy and Repair 
 

Abstract 

Chronic rotator cuff tendon tears can cause severe functional deficits. Addressing the reversal of 

chronic fatty and fibrotic muscle changes is of high clinical interest; however, the architectural and 

physiological consequences of chronic tear and repair are poorly characterized. Here, we present a 

detailed architectural and physiological analysis of chronic tear (over 8 and 16 weeks) and repair (over 8 

and 16 weeks) compared to age-matched control rabbit supraspinatus (SSP) muscles. Using female New 

Zealand White Rabbits (N=30, n=6/group) under 2% isofluorane anesthesia, the SSP was surgically 

isolated and maximum isometric force measured at 4-6 muscle lengths. Architectural analysis was 

performed, and maximum isometric stress was computed. Whole muscle length-tension curves were 

generated using architectural measurements to compare experimental physiology to theoretical 

predictions. Architectural measures are consistent with persistent radial and longitudinal atrophy over 

time in tenotomy that fail to fully recover after surgical repair. Maximum isometric force was 

significantly decreased after 16 wks of tenotomy and not significantly improved after repair. Values for 

peak isometric force are greater than prior reports of rabbit SSP force production after tenotomy. Peak 

stress values were not significantly different between groups and consistent with prior literature of SSP 

stress. Muscle strain during contraction was significantly decreased after 8 wks of tenotomy and repair, 

indicating profound effects of tear and repair on muscle function. The experimental length-tension data 

was overlaid with predicted curves for each experimental group (generated from structural data), 

highlighting the altered structure-function relationship for tenotomy and repair over time. Data presented 

here enable understanding the physiological implications of disease and repair in the RC of the rabbit. 
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Introduction 

Chronic rotator cuff (RC) tendon tears cause progressively decreased muscle quality (atrophy, 

fatty infiltration, and fibrosis) that persists despite clinically successful repair (1, 13). These changes to 

the muscles are not only painful and functionally devastating to the patient, but are also predictive of 

negative surgical outcomes (7, 12, 15, 26, 30). While the focus of some contemporary research has been 

on halting or reversing the fibrosis, fatty infiltration, and atrophy (5, 6, 36), little attention has been paid 

to addressing the profound architectural changes to chronically torn RC muscles (10, 31). Both decreased 

muscle quality and changes in muscle architecture are likely to effect muscle function, yet the 

physiological consequences of these muscular changes after RC tear and repair are largely unknown. One 

study measured supraspinatus (SSP) contractile muscle force intraoperatively in human (9), one group 

reported infraspinatus contractile force in sheep (7, 24), and two groups reported SSP contractile force in 

rabbit (3, 33) after tenotomy. Of these studies, none have measured contractile force after repair. 

 While decreased muscle cross sectional area (CSA) has a clear link to decreased peak muscle 

force (9, 17, 24, 33), there are a number of cellular and structural changes in torn RC muscles that could 

impact muscle physiology (2, 10, 11, 23). For example, a recent study in rabbit claimed that fatty 

infiltration was a better predictor of muscle weakness than atrophy (33). However, a variety of structural 

changes may impact function - shorter muscles and fiber lengths may indicate serial sarcomere loss (10, 

31), which may impair muscle operating range, increased pennation angles may be a compensatory 

mechanism to retain some force production after tear (18, 25, 28), secondary muscle injury from repair 

may result in loss of E-C coupling and more fibrosis (2), further impairing force production (10, 34). 

However, no in-depth evaluation of the architectural changes that occur after tear and repair have been 

performed in an animal model. 

 Therefore, the objective of this study is to measure the architectural changes and physiological 

consequences of rotator cuff tenotomy and repair. To reasonably recapitulate several important clinical 

characteristics of RC tear (muscle retraction, muscle atrophy, fatty infiltration, and inflammation), we 
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used a rabbit model (4, 6, 21, 27, 32). We hypothesize that architectural features will demonstrate radial 

and longitudinal atrophy, tenotomy and repair will cause more strain during contraction, and muscle 

function will be impaired (measured by peak isometric force and narrow length-tension curves). This 

should enable researchers assessing RC tear pathology to benchmark functional outcomes and test the 

functional consequences of novel therapies. 

 

 
Materials & Methods 

Animals: All experimental procedures were approved by the Institutional Animal Care and Use 

Committee (IACUC) of the University of California, San Diego. Thirty Skeletally mature female New 

Zealand White Rabbits (n=6/group) were used for this study. The animals used for intervention groups 

(both 8 and 16 wk tenotomy, and 8 and 16 wk repair) were 6 months old at the beginning of the study. To 

account for animal growth over the course of the study, control rabbits were age-matched to the final age 

of the intervention group rabbits, roughly 1 year old (Fig. 3.1A). Mean body weight at sacrifice was 

4.36kg, 4.05kg, 4.30kg, 4.57kg, 4.24kg for the age-matched control, 8 wk tenotomy, 16 wk tenotomy, 8 

wk repair, and 16 wk repair groups, respectively.  

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 by ID 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.  
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Surgical Procedures: For all surgical procedures, rabbits were anesthetized with a subcutaneous 

injection of a ketamine-xylazine cocktail (50 and 5 mg/kg body mass, respectively) and maintained on 2% 

isoflurane anesthesia. Heart rate and oxygen saturation were monitored (VetOx, Heska Co., Fort Collins, 

CO) throughout the test duration. The left supraspinatus (SSP) muscle served as the experimental side in 

all animals, with the contralateral shoulder as an unoperated internal control. 

All intervention groups underwent the following tenotomy procedure. An open anterior approach 

was performed on the left shoulder, followed by sharp transection of the left SSP 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. 

Buprenorphine SR (0.1mg/kg) was used for analgesia, and the animals were monitored daily for 2 weeks 

post-operatively. 

The two repair groups underwent a SSP repair procedure 8 weeks after tenotomy. Using the same 

anesthesia and anterior approach as the tenotomy, the repair was performed using a modified locking 

suture with anterior and posterior bone tunnels to restore the tendon footprint to the humeral head. 

Fibrous adhesions and any remaining tendon stump on the greater tubercle of the humerus was scraped 

away to allow for tendon-to-bone healing after SSP repair. Closure and post-operative protocols were the 

same as above. 

All animals underwent the following procedure to test the length-tension relationship in the SSP 

using methods previously described (16). Briefly, under anesthesia, an open approach was used to expose 

the SSP by dividing the middle trapezius and deltoid muscles. The suprascapular nerve was isolated by 

blunt dissection around the anterior aspect of the SSP (22), and a cuff electrode (Pulsar 6Bp Stimulator; 
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FHC, Bowdoinham, ME) was placed around the nerve for direct stimulation. Nerve isolation was 

confirmed by delivering twitch stimulations and visualizing supraspinatus contraction. The distal SSP 

tendon was transected, released from the superior joint capsule, sutured to a servomotor (Cambridge 

Model 310B; Aurora Scientific, Aurora, ON, Canada), and aligned with the force-generating axis of the 

motor (Fig. 3.1B, C, and D for representative images of control, tenotomy, and repair animals in the 

experimental configuration). Muscle temperature was maintained at 37°C with radiant heat, heated saline, 

and a servo-temperature controller (Model 73A; YSI, Yellow Springs, OH). A custom-built clamp was 

used to immobilize the scapula, placed from the vertebral border along the scapular spine on top of the 

infraspinatus fossa. 

 

Isometric length-tension protocol: The length-tension protocol was performed as previously 

described (16). Briefly, a series of 100 Hz tetanic contractions (pulse width: 0.3 ms; amplitude: 10 V) 

over a 640 ms period were delivered every two minutes. The first contraction was performed with the 

muscle set to its neutral length (the muscle length measured at 90° joint angle). For each subsequent 

contraction, the servomotor position was advanced 5 mm to lengthen the muscle. This was repeated until 

the muscle was operating on the descending limb of the length-tension curve, with a minimum of four 

contractions per animal.  

 

Muscle and fascicle measurements: Suture markers were placed to define muscle and fascicle 

length, as done previously (16). Videos of each contraction were taken at 1080p resolution and 30 fps and 

ImageJ software (29) was used to manually measure muscle and fascicle length in each frame. Activated 

muscle length was then computed from the measured muscle strain during the plateau region of each 

contraction.  
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Muscle Architecture measurements: After animals were sacrificed, whole shoulders were fixed in 

10% formalin in approximately the same orientation of 90° flexion to represent a neutral shoulder 

position. All architectural measurements were performed as previously described (10, 16, 34). The 

supraspinatus was exposed by removing the superficial muscles (trapezius and deltoid), and several 

fascicles were marked: three regions posterior and two regions anterior. Muscle length and pennation 

angles of the marked fascicles were measured with digital calipers before carefully removing the 

supraspinatus from the scapula. Muscle mass was recorded from fixed muscles, and fascicles were 

removed from distinct regions and measured for raw fiber length (20, 35). Subsequent sarcomere length 

measurements were performed using laser diffraction, as previously described (19). Individual muscle 

fibers were dissected from fascicles and mounted on glass slides. Sarcomere length was recorded for three 

individual fibers and averaged for each fascicle. Sarcomere number was calculated by dividing fiber 

length by sarcomere length. Physiological cross sectional area (PCSA) was calculated using the formula: 

 

𝑃𝐶𝑆𝐴 = 	
𝑚𝑎𝑠𝑠
𝜌 ∗	𝐿!"

cos 𝜃	 

 

where density was assumed to be 1.056g/cm3 (35), Lfn is fiber length adjusted for sarcomere 

length, and θ is the average pennation angle for the muscle. Values averaged over all regions of the 

muscle are reported here, and individual regional data is included in the supplemental material (Fig. 

3.1S). One pair of shoulders for the 8 wk repair group was damaged during sample preparation and 

discarded. 
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Theoretical length-tension curve: To incorporate the structural data with anticipated physiological 

effects, a length-tension curve was modeled for each experimental group using previously described 

methods (37). Briefly, a sarcomere level length-tension curve for rabbit skeletal muscle was generated: 

peak force was predicted at optimal sarcomere length (2.5 µm); the ascending limb started with minimum 

sarcomere length of 1.27 µm and the zone of single overlap beginning at 1.70 µm (67.59% maximum 

force); the descending limb spanned from optimal length to maximum sarcomere length of 4.02 µm. The 

model was scaled from sarcomere to fiber level by multiplying sarcomere length values by serial 

sarcomere numbers. Then the model was scaled to the whole muscle level using architectural 

measurements from harvested supraspinatus muscles (Table 1). The following relationship was derived 

for determining the predicted muscle lengths: 

 

𝐿# = 𝐿#" + 2𝐿!31 − 6
𝐿!"sin 𝜃"

𝐿!
9
$

− :𝐿!" cos(𝜃")=> 

 

where Lm is muscle length, Lmn is optimal muscle length, Lf is fiber length, Lfn is optimal fiber 

length (determined from measured sarcomere length and raw fiber length), θn is the average pennation 

angle. The resting in vivo operating range for the SSP was determined using the intact muscle length-joint 

angle measurements, where the muscle length measured at max extension and max flexion set the lower 

and upper physiological limits for the muscle length range. The activated in vivo operating range was 

defined by scaling the resting muscle lengths by the average muscle strain during contraction. 

 



	

 43 

Data analysis: Two-way ANOVA was used to compare architectural differences. Post-hoc 

Sidak’s test was used to compare groups, and Fischer’s LSD test was used to compare experimental vs. 

contralateral side differences. Muscle strain, isometric tension, and isometric stress were analyzed using 

one-way ANOVA to compare the main effect of intervention and with post-hoc Tukey’s test for between 

group comparisons. Two-way ANOVA with post-hoc Sidak’s tests were used to compare full width at 

half maximum (FWHM), peak force, and optimal muscle length between experimental and predicted 

length-tension curves and intervention groups. Significance level was set at P < 0.05 for all tests, and data 

are presented as mean ± SD. 

 

Results 

Muscle Architectural Changes: Supraspinatus muscle mass was significantly decreased in every 

intervention group (8 and 16 wk tenotomy, and 8 and 16 wk repair) compared to the unoperated side 

(p=0.0043, p<0.0001, p=0.0017, and p=0.0005, respectively). Both the 8 and 16 wk tenotomy groups had 

significantly decreased muscle mass compared with control animals, while neither of the repair groups 

were significantly lower than controls (Fig 3.2A). Raw muscle length was significantly shorter after both 

8 and 16 wk tenotomy, and 8 wk repair (Fig 3.2B), increasing slightly from 9% shorter in the 8 wk 

tenotomy group to 4% shorter at 8 weeks after repair. However, no differences were noted with respect to 

age-matched controls. Raw fiber length decreased across all intervention groups in comparison to the 

contralateral side and age-matched controls (Fig 3.2C), except the 8 wk tenotomy group showed no 

difference from age-matched controls. However, the 8 wk tenotomy group had significantly longer fibers 

than 8 wk repair (p=0.0256). 

Mean sarcomere length significantly increased to 2.40 µm at 8 weeks after repair, compared to 

2.14 µm (age-matched controls) and 2.18 (16 wk repair), as well as compared with 2.20 µm on the 

contralateral side (p=0.0076, p=0.0211, and p=0.0054, respectively) (Fig 3.2D). At the same timepoint, 
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mean sarcomere number was 9864, significantly lower than both age-matched controls (12219), 8 wk 

tenotomy (11788), and its contralateral side (12156) (p=0.0119, p=0.013, and p<0.0001 respectively) (Fig 

3.2E). After 16 weeks of tenotomy, serial sarcomere number decreased compared with its contralateral 

side, despite sarcomere length remaining unchanged, indicative of serial sarcomere deletion (Fig 3.2D and 

E). The normalized fiber length remained shorter than the contralateral side only for the 8 wk repair group 

(p=0.0003), and it was also significantly shorter than both age-matched controls and 8 wk tenotomy 

(p=0.0119 and p=0.0131, respectively) (Fig 3.2F). 

Pennation angle showed the most differences between experimental conditions. All intervention 

groups showed significantly higher angles than the contralateral side (Fig 3.2G), with the largest mean 

pennation angle of 36.56 ° at 8 wk post-repair compared to 22.23 in control animals, a difference of 40%. 

Only the 8 wk tenotomy group did not show a significant increase compared to age-matched controls. 

Both 8 and 16 wk tenotomy had a significantly lower mean pennation angle than 8 wk repair, but there 

was no difference in angles between 8 and 16 wk repair. 

Finally, the calculated physiological cross-sectional area was 29% lower at 8 weeks after 

tenotomy compared to age-matched controls (p=0.0056). Both 8 and 16 wk tenotomy, and 16 wk repair 

had a lower PCSA than the contralateral side (p=0.0005, =<0.0001, and p=0.0085, respectively) (Fig 

3.2H). 

 

Peak Isometric Force and Stress: Peak isometric force was significantly decreased (p < 0.05) 

after 16 wk tenotomy, compared to the control group (Fig. 3.3A). While not statistically significant, peak 

isometric force decreased by 22.4% after 8 wk tenotomy (Fig. 3.3A). After 8 wk repair, force 10% 

increased over 16 wk tenotomy, but is still 25.13% lower than the control. Peak force production not 

different between repair groups (67.00N and 69.70 N, 8 and 16 wk repair, respectively). 8 wk tenotomy is 



	

 45 

very similar to both 8 wk and 16 wk repair (69.46 vs. 67.00 and 69.70 N, respectively). Peak stress is not 

significantly different between groups (Fig. 3.3B). 

 

Muscle strain: The whole muscle strain during contraction was averaged for each animal (Fig. 

3.4). Interestingly, both the 8 wk tenotomy and 8 wk repair groups showed the lowest mean muscle strain 

(4.06 and 4.54%, respectively). Compared to the control animals (7.86% strain), significant differences 

were noted between 8 wk tenotomy, and 8 and 16 wk repair. Muscle strain was significantly increased 

between 8 and 16 wk tenotomy, and 8 wk tenotomy compared to 16 wk repair. 8 wk repair was 

significantly lower than control, 16 wk tenotomy, and 16 wk repair.  

 

Predicted L-T Curves: The predicted curves (Fig 3.5) were generated for each group from the 

architecture data from each group (Table 3.1). After 8 wk tenotomy, the curve is shifted left to shorter 

muscle lengths, the curve is wider because of the increased pennation angle (despite shorter fibers), and 

peak tension is lower because of the PCSA. After 16 wk tenotomy, the curve is narrower and taller than 8 

wk tenotomy, but still has a lower predicted peak than control. After 8 wk repair, the curve is similar in 

width and position to 8 wk tenotomy, with increased peak tension due to PCSA increase. Comparing 16 

wk repair to 8 wk repair, the curve is shifted right due to increased muscle length, narrower due to 

decrease in pennation angle, and peak is similar due to unchanged PCSA. The predicted curve for 16 wk 

repair is most similar to the control curve. The predicted curves were statistically compared using three 

parameters: curve width (described by Full Width at Half Max (FWHM)), curve height (described by 

Peak Isometric Force), and the length of peak force (described by Optimal Muscle Length) with a one-

way ANOVA and post-hoc Tukey’s test. No significant differences were measured. 
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Table 3.1 Model parameters and values used for the predicted L-T curves 

 
Control 8 wk Ten 16 wk Ten 8 wk Rep 16 wk Rep 

Muscle Length (mm) 80.71 74.79 77.27 75.78 79.45 

Sarcomere Number (#) 12219 11788 10814 9864 10721 

Pennation Angle (deg) 22.23 28.73 29.4 36.56 30.2 

PCSA (cm2) 3.86 2.77 3.09 3.6 3.46 
 

Experimental Physiology: Experimental whole muscle length-tension curves were approximated 

as inverted parabolas (Fig. 3.6). Activated muscle length was computed from the real-time muscle strain 

measurements during contraction, as was previously shown to better describe the length-tension behavior 

of the SSP than resting muscle length (16). The control and 8 wk tenotomy animals (Fig. 3.6A and B) 

most closely match the ascending limb and plateau of the predicted curve. 16 wk tenotomy (Fig. 3.6C) is 

shifted left from the predicted curve. 8 wk repair (Fig. 6D) was the most disordered group studied. 16 wk 

repair (Fig. 3.6E) is shifted right compared to the predicted curve, but the peak force is aligned with the 

prediction. 

As above, the experimental and predicted curves were statistically compared using three 

parameters: curve width (described by FWHM), curve height (described by Peak Isometric Force), and 

the length of peak force (described by Optimal Muscle Length) with a one-way ANOVA and post-hoc 

Sidak’s test. FWHM (Table 3.1S) was significantly different between the experimental and predicted 

curves for each group except for 8 wk repair (p = 0.4125). There were no significant differences between 

experimental and predicted curve height (Table 3.2S) or optimal muscle length (Table 3.3S) for any 

group. 

 

Discussion 
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The purpose of this study was to determine the structural and physiological consequences of 

rotator cuff tear and surgical repair over time through measuring muscle architecture and the length-

tension relationship. Our hypotheses that architectural changes would demonstrate radial and longitudinal 

atrophy after tear and persist through repair, and that peak force would be decreased after tenotomy and 

repair, were supported. Muscle strain was lower after 8 wk tenotomy and repair, and similar to normal at 

16 wk tenotomy and repair, refuting our hypothesis. Our hypothesis that length-tension curves would be 

narrower after tenotomy and repair was supported only after 16 wk repair, and it seemed that the length-

tension curves varied for each intervention group in different ways.  

 The architectural consequences of tenotomy indicate that muscle retraction and prolonged 

mechanical unloading lead to serial sarcomere loss, consistent with prior literature (11, 31). Despite the 

shorter fibers, the increased pennation angle seemed to overall maintain the width of the length-tension 

curve, which is consistent with Gerber et al.’s hypothesis that pennation angle increase is a compensatory 

mechanism to increase the force output and muscle excursion in the shortened, atrophied muscle (25). By 

16 weeks after tenotomy (Fig. 3.2), there is significant muscle loss, indicating sarcomere loss both in 

parallel (by muscle mass and PCSA decrease), and in series (by sarcomere number decrease). 

 After repair, sarcomere lengths are dramatically lengthened at 8 weeks, indicating that the serial 

sarcomere loss persists in the initial stage after repair. The increased pennation angle at 8 weeks suggests 

a lengthening of the tendon (as opposed to muscle), in order to reattach the muscle-tendon unit to the 

footprint. By 16 weeks, some muscle mass and length are covered, as well as sarcomere number and 

sarcomere length, indicating some functional recovery of the muscle.  

 Whole muscle strain is vastly different between experimental groups. After 8 weeks of tenotomy, 

muscle strain is decreased by nearly 50%, which is not explained by structural changes (sarcomere length 

and sarcomere # are unchanged after 8 wk tenotomy compared to the contralateral side or control animals, 

Fig. 3.2). However, fibrosis is known to inhibit muscle strain, and could be largely responsible for this 



	

 48 

decrease  (14, 23). This appears to be similar after 8 weeks of repair, which has been shown to induce an 

acute muscle injury itself, increasing muscle fibrosis (23). However, it is unlikely that this fibrosis 

predominates the physiological changes 8 weeks post repair. After 16 weeks of either tenotomy or repair, 

muscle strain increases closer to the control animals.  Many biological changes occurring to the muscle 

(fibrosis, muscle degeneration, fatty infiltration, etc.) which are not explored here, may be competing to 

influence muscle function (4, 21, 27).  

Peak isometric tension was only significantly lowered after 16 weeks of tenotomy and stress was 

not significantly different between any groups. However, we believe these are likely under-powered 

results, as there are large percentage changes (~20-30%) between groups. A post-hoc power analysis 

shows an n=12 is required to detect statistical differences between these experimental groups. These data 

are consistent with our prior study in normal rabbits (16), but higher than previously reported by other 

groups in rabbit (3, 33). Despite larger animal masses used here, we believe the primary difference is due 

to the determination of optimal muscle length through twitch tensions, rather than maximal tetanic 

contractions at multiple muscle lengths. This is due to the muscle shortening during contraction, leading 

the optimal muscle length to be longer at rest than the twitch tensions would suggest. Peak muscle stress 

in this study is slightly lower than our previous study in normal rabbit SSP, but within the range of 

normal literature.  

 The physiological consequences of tear and repair are seen in the experimental length-tension 

curves. The control animals are tightly clustered along the ascending limb and plateau of the length-

tension curves. However, all of the intervention groups differ from their predicted curves in different 

ways (Fig. 3.6). Curve height is highly variable for 8 wk tenotomy, 16 wk tenotomy, and 8 wk repair, but 

less variable in 16 wk repair. Optimal muscle length is fairly well predicted in 8 wk tenotomy, but not 16 

wk tenotomy or 8 wk repair. Curve width also matches the predicted curve for 8 wk tenotomy, but not the 

other three intervention groups. This could be due to the varying levels of fiber shortening, muscle 

fibrosis (therefore stiffening), and fatty degeneration that are occurring in the muscles (11, 18, 37). 
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Ultimately, the numerous changes occurring to the muscle after tenotomy (atrophy, degeneration, fibrosis, 

fatty infiltration, etc.) are dynamic processes which occur simultaneously, and they all contribute to 

physiological performance. From this study, we show that measures of PCSA are able to predict peak 

muscle force fairly well, which has high clinical value for estimating muscle function (8, 9, 15, 33).  

This study has several limitations. First, the high experimental variability in groups and relatively 

low sample sizes make statistical comparisons difficult, and the study would benefit from greater sample 

size. Second, we assume that our maximum recorded force is on the plateau of the length-tension curve 

for each rabbit, which could produce a shift in the curve. Third, our model utilizes averages across the 

entire muscle, rather than incorporating regional heterogeneity into account, which could impact model 

accuracy.  

In summary, this study provides a detailed picture of the structural and physiological changes that 

occur in the rabbit SSP after tenotomy and repair over time. We modeled a predicted length-tension curve 

based on these architectural data to reconcile structure with physiology. Through performing physiology 

testing, we assessed the length-tension relationship of each animal in each group, and we compare it with 

the predicted models. We report important physiological parameters, including the muscle strain, peak 

force, and peak stress in the muscle for each group.  These findings elucidate key structural and 

physiological muscular changes after tenotomy and repair, which will allow researchers to better assess 

functional aspects of potential therapies for RC tear (8, 9, 15, 33). 
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Figures 

 

 

Figure 3.1 Experimental design. Timeline for generating each experimental group (A). Representative 
images during the physiology experiment for each experimental group (B-D).  The age matched control 

animals show healthy muscle tissue (B); tenotomy showing atrophy, fat accumulation, and muscle 
retraction at the myotendinous (MT) junction (C, MT junction indicated by *); and repair showing fat (*) 

and shortened muscle fibers (dotted region) at the myotendinous junction (D). 
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Figure 3.2 Architectural changes following tenotomy and repair. Average mass and raw muscle length (A 
and B), raw fiber length and sarcomere length (C and D), sarcomere number and normalized fiber length 
(E and F), pennation angle and PCSA (G and H) for rabbit SSP shown for each group. The experimental 

side (filled bars) and contralateral internal control (open bars) are shown (n=6/group for control, 8 wk 
tenotomy, 16 wk tenotomy, and 16 wk repair; n=5 for 8 wk repair). Bars indicate mean ± SD. Data was 
analyzed with two-way ANOVA (p < 0.05), using post-hoc Sidak’s test to compare intervention groups, 

and Fischer’s LSD test to compare contralateral vs. experimental side differences. 
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Figure 3.3 Peak isometric force (A) and stress (B) per animal (N=30, n=6 rabbits per group except 8 wk 
repair Peak Stress, which has n=5). Dotted line shows values from previously published study on 6-month 

old NZ white rabbit SSP (16). Peak isometric force is significantly decreased after 16 wk tenotomy, 
compared to controls. Each point represents one animal, and bars are shown as mean ± SD. Data analyzed 

with one-way ANOVA and post-hoc Tukey’s test (p < 0.05). 
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Figure 3.4 Whole muscle strain per animal (N=30, n=6 rabbits per group). Compared to controls, muscle 
strain was significantly lower after 8 wk tenotomy, 8 wk repair, and 16 wk repair. 8 wk tenotomy was 

significantly lower than 16 wk tenotomy and 16 wk repair. 16 wk tenotomy was significantly higher than 
8 wk repair. 8 wk repair was significantly lower than 16 wk repair. Significance shown with horizontal 
lines. Each point represents one animal, and bars are shown as mean ± SD. Data analyzed with one-way 

ANOVA and post-hoc Tukey’s test (p < 0.05). 
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Figure 3.5 Predicted Length-Tension Curves for each experimental group. 
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Figure 3.6 Predicted length-tension curves (dashed line) and individual data points fitted with second 
order polynomial regressions for each rabbit in each experimental group. Each point represents one 

contraction with different symbols used for each animal (N = 30, n = 6 female rabbits/group). 
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Supplemental Material 

 

 

Figure 3.7S Regional differences in normalized fiber length. The experimental side is shown (n=6/group 
for control, 8 wk tenotomy, 16 wk tenotomy, and 16 wk repair; n=5 for 8 wk repair). Bars indicate mean 

± SD. 

 

Table 3.2S Comparison of experimental vs. predicted curve width 

 Curve Width (Full Width at Half Max, mm) 
 Control 8 wk Tenotomy 16 wk Tenotomy 8 wk Repair 16 wk Repair 

 Exp. Pred. Exp. Pred. Exp. Pred. Exp. Pred. Exp. Pred. 
Mean 13.79 29.77 17.81 27.67 16.15 25.73 21.19 25.09 13.17 26.02 
Std. dev 1.02 1.14 1.60 1.05 3.11 1.32 5.75 3.05 2.15 2.68 
p <0.0001 0.0003 0.0003 0.4125 <0.0001 

 

Table 3.3S Comparison of experimental vs. predicted curve height 

 Curve Height (Peak Force, N) 
 Control 8 wk Tenotomy 16 wk Tenotomy 8 wk Repair 16 wk Repair 

 Exp. Pred. Exp. Pred. Exp. Pred. Exp. Pred. Exp. Pred. 
Mean 89.49 86.89 69.46 62.25 59.55 69.71 67.00 67.46 69.70 77.85 
Std. dev 5.40 11.22 11.27 5.92 19.73 8.46 17.37 31.38 9.61 12.97 
p 0.9996 0.9533 0.8285 >0.9999 0.9236 
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Table 3.4S Comparison of experimental vs. predicted optimal muscle length 

 Optimal muscle length (mm) 
 Control 8 wk Tenotomy 16 wk Tenotomy 8 wk Repair 16 wk Repair 

 Exp. Pred. Exp. Pred. Exp. Pred. Exp. Pred. Exp. Pred. 
Mean 78.67 80.71 75.81 74.80 69.63 77.28 81.23 75.78 78.48 79.45 
Std. dev 1.94 4.90 1.47 4.39 1.74 3.39 8.07 9.38 1.68 3.98 
p 0.9643 0.9986 0.0569 0.4540 0.9988 
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Chapter 4. Exercise-related Signaling Is not Impacted by Supraspinatus Tear or 

Repair in Rabbit 
 

Abstract 

Atrophic muscle changes related to chronic rotator cuff (RC) tear are both difficult to treat 

clinically and associated with poor clinical outcomes. Decreased muscle quality (atrophy, retraction, 

fibrosis, and fatty infiltration) persists even after successful surgical repair; consequently, current 

therapies are focused on slowing progression of atrophy and fatty infiltration rather than reversal of these 

pathologic processes. With the lack of hypertrophic response during recovery after surgery, 

mechanotransduction pathways may be implicated, as a loss in sensitivity to mechanical stimulus could 

explain the lack of muscle recovery after repair. We utilized a New Zealand white rabbit model of 

supraspinatus tenotomy and repair (N=18, n=6 control, 16 wk tenotomy, 16 wk repair). Under 2% 

isofluorane anesthesia, we generated isometric contractions (first, a length-tension experiment, followed 

by two series of 10 contractions) and assessed the activation of JNK and p38 MAPKs at two timepoints 

following the exercise bout. Despite the structural changes in the muscle after tear and repair, muscle 

stress was not different between groups. This allowed us to compare the basal levels of phosphorylated 

JNK and p38, fold changes in phosphorylation of JNK and p38, and changes in total JNK and p38 after 

the contractions. There was a significant increase in pJNK and p-p38 fold-change across all groups, but 

no differences in fold change of pJNK or p-p38 between groups were observed. Overall, these findings 

indicate that acute activation of JNK and p38 MAPKs are not inhibited in a chronic tenotomy or repair 

model of RC disease. 

 

Introduction 

Chronic rotator cuff (RC) disease results in decreased muscle quality, characterized by muscle 

atrophy, fibrosis, and fatty infiltration (5, 12). These gross muscle changes are accompanied by 
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downregulation of hypertrophic and upregulation of atrophic, fibrotic, and adipogenic genes in humans 

(3, 10, 11), sheep (7, 27), and rodents (16, 23). Decreased muscle quality persists despite surgical 

intervention and physical therapy, leading to significant clinical problems (5, 9, 12, 15, 29).  

 In healthy muscle, exercise activates hypertrophic signaling pathways, while inhibiting atrophic 

signaling through several axes (13, 18, 28).  For example, increased phosphorylation of c-Jun NH2-

terminal kinase (JNK) and p38 mitogen activated protein kinase (MAPK) are robust markers of muscle 

“activation” in response to mechanical stress, and their phosphorylation increases in a tension-dependent 

manner (2, 8, 22, 24, 30). Downstream effects of activation of this pathway has been linked to mRNA 

modulation of pro-hypertrophic genes (e.g. mTOR, myostatin, and p70s6k) (6, 17, 21, 22). The inhibition 

of p38 MAPK signaling at the time of repair reduced muscle atrophy in a rat model, suggesting an 

important role in RC disease progression (33). While no studies have explicitly explored JNK’s role in the 

decrease of RC muscle quality, it plays a key role in responding to skeletal muscle stress (8, 22). Because 

of the persistent muscle loss and fatty infiltration that occurs in RC disease (5, 14), even in response to 

physical therapy after successful surgical repair (12), we hypothesized that p38 MAPK and JNK 

signaling, and hypertrophy-related mRNA expression, in response to a mechanical stress would be 

highest in normal, lowest in chronically torn, and slightly improved in the surgically repaired muscles. To 

test this hypothesis, we utilized a rabbit model of RC tear and repair, as well as a validated muscle 

physiology experimental preparation (19), to investigate p38 and JNK signaling in normal, chronically 

torn, and surgically repaired RC muscles acutely after a contractile stimulus (referred to as the exercise 

bout).  

	

Materials and Methods 

Animals: All experimental procedures were approved by the Institutional Animal Care and Use 

Committee (IACUC) of the University of California, San Diego. Eighteen skeletally mature female New 

Zealand white rabbits (n=6/group) were used for this study. The animals used for intervention groups (16 
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wk tenotomy and 16 wk repair) were 6 months old at the beginning of the study. To account for animal 

growth over the course of the study, control rabbits were age-matched to the final age of the intervention 

group rabbits, roughly 1 year old (Fig. 4.1A). Mean body weight at sacrifice was 4.36±0.50 kg, 4.30±0.17 

kg, and 4.24±0.34 kg for the age-matched control, 16 wk tenotomy, and 16 wk repair groups, 

respectively.  

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 by ID 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 all surgical procedures, rabbits were anesthetized with a subcutaneous 

injection of a ketamine-xylazine cocktail (50 and 5 mg/kg body mass, respectively) and maintained on 2% 

isoflurane anesthesia. Heart rate and oxygen saturation were monitored (VetOx, Heska Co., Fort Collins, 

CO) throughout the test duration. The left supraspinatus (SSP) muscle served as the experimental side in 

all animals, with the contralateral shoulder as an unoperated internal control. 

All intervention groups underwent the following tenotomy procedure. An open anterior approach 

was performed on the left shoulder, followed by sharp transection of the left SSP 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.  
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The repair group underwent the following SSP repair procedure 8 weeks after tenotomy. Using 

the same anesthesia and anterior approach as the tenotomy, the repair was performed using a modified 

locking suture with anterior and posterior bone tunnels to restore the tendon footprint to the humeral head. 

Fibrous adhesions and any remaining tendon stump on the greater tubercle of the humerus was scraped 

away to allow for tendon-to-bone healing after SSP repair. Closure and post-operative protocols were the 

same as above. Rabbits were then allowed individual cage activity with routine post-operative care. 

Buprenorphine SR was used for analgesia, and the animals were monitored daily for 2 weeks post-

operatively. 

All animals underwent the following procedure to test the length-tension relationship in the SSP 

using methods previously described (19). Briefly, under anesthesia, an open approach was used to expose 

the SSP by dividing the middle trapezius and deltoid muscles. The suprascapular nerve was isolated by 

blunt dissection around the anterior aspect of the SSP (25), and a cuff electrode (Pulsar 6Bp Stimulator; 

FHC, Bowdoinham, ME) was placed around the nerve for direct stimulation. The distal SSP tendon was 

transected, released from the superior joint capsule, sutured to a servomotor (Cambridge Model 310B; 

Aurora Scientific, Aurora, ON, Canada), and aligned with the force-generating axis of the motor. Muscle 

temperature was maintained at 37°C with radiant heat, heated saline, and a servo-temperature controller 

(Model 73A; YSI, Yellow Springs, OH). A custom-built clamp was used to immobilize the scapula, 

placed from the vertebral border along the scapular spine on top of the infraspinatus fossa. 

 

Exercise protocol: First, the length-tension protocol (Fig. 4.1B) was performed as previously 

described (19). Briefly, a series of 100 Hz tetanic contractions (pulse width: 0.3 ms; amplitude: 10 V) 

over a 640 ms period were delivered every two minutes. The first contraction was performed with the 

muscle set to its neutral length (the muscle length measured at 90° joint angle). For each subsequent 

contraction, the servomotor position was advanced 5 mm to lengthen the muscle. This was repeated until 
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the muscle was operating on the descending limb of the length-tension curve, with a minimum of four 

contractions per animal. 

 After this was performed, muscle length was set to optimal length (the recorded length that 

yielded maximal contraction), and two series of ten tetanic contractions (pulse width: 0.3 ms; amplitude: 

7 V) were delivered. Each contraction was 30sec apart, and each series was two minutes apart. Two 

rabbits in the Control group did not undergo these two sets of 10 contractions, and they were omitted 

from the analysis of the exercise bout. 

 

Muscle Biopsies: Muscle biopsies were taken (~20mg each; 6 biopsies total: two muscle regions 

at three time points) over the course of the experiment (Fig. 4.1B). Muscle fascicles were carefully 

dissected to minimize mechanical stress (compression and stretch) on the fibers for biopsy selection. 

Biopsies were immediately snap-frozen in liquid nitrogen and later transferred to a -80C freezer for later 

sample preparation. The first biopsy (Pre) was taken as soon as the SSP was surgically exposed. 

Immediately after the second series of “exercise” contractions were performed, the Post 0 biopsy was 

taken. Following a 30-minute period where the animal was kept under anesthesia before euthanasia, the 

Post 30 biopsy was taken. The two rabbits that did not undergo the two sets of 10 contractions were not 

included in the Post 0 and Post 30 analysis. 

 

Homogenization and Sample Preparation: Frozen SSP biopsies were powdered using a 

Cellcrusher tissue pulverizer on dry ice and homogenized in 10-fold mass ice-cold lysis buffer [50 mM 

Tris, 1 mM EDTA, 1 mM EGTA, 50 mM NaF, 5 mM Na4P2O7-10H2O, 270 mM sucrose, 1 M Triton-X, 

25 mM β-glycerophosphate, 1 μM trichostatin A, 10 mM nicotinamide, 1 mM 1,4-dithiothreitol, 1% 

phosphatase inhibitor cocktail 2 (Sigma-Aldrich), 1% phosphatase inhibitor cocktail 3 (Sigma-Aldrich), 
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4.8% cOmplete mini protease inhibitor cocktail (Roche Applied Science)]. Samples were then rotated end 

over end for 2 h, centrifuged at 4°C for 10 min at 8,000 g and the supernatant was collected. Supernatant 

protein concentrations were quantified via bicinchoninic acid method (Pierce BCA Protein Assay Reagent 

A #23223, Reagent B #23224, 660nm Protein Assay Reagent #22660) and then samples were prepped at 

the same protein concentration (0.8 mg/mL) in 1 × Laemmli sample buffer. 

 

Immunoblotting: After boiling for 5 min at 100oC, equal amounts of protein (20 μg) were 

separated on XT criterion precast gels (3-8% Tris-Acetate, 18 well gels, Bio-Rad Laboratories) under 

reducing conditions and were then transferred to Amersham Protran nitrocellulose membranes (Millipore 

Sigma). The nitrocellulose membranes were stained with ponceau S solution (0.1% [wt/vol] ponceau S in 

5% acetic acid), imaged (ChemiDoc XRS+, Bio-Rad Laboratories) and washed with 1X TBST. Next, the 

membranes were blocked with 5% milk in TBST for 1 hour at room temperature. The membranes were 

then incubated with primary antibodies overnight in 4°C. The following primary antibodies from Cell 

Signaling Technology were diluted 1:1000 in 5% BSA: p38 MAPK (CS 9212), phospho-p38 MAPK 

(Thr180/Tyr182)  (p-p38; CS 9211), JNK/SAPK (CS 9252), phospho-JNK/SAPK (T183/Y185) (pJNK; 

CS 9251), and eukaryotic elongation factor 2 (eEF2; CS 2332). Following the overnight primary antibody 

incubation, membranes were incubated in appropriate secondary antibodies (diluted 1:10,000 in 5% milk 

in TBST) for 1 hour. The blots were developed and imaged (ChemiDoc XRS+, Bio-Rad Laboratories) 

utilizing a chemiluminescent substrate to detect horseradish peroxidase. Densitometric analysis of 

immunoblots was performed using Image Lab Software 6.1 (Bio-Rad Laboratories). Total protein was 

normalized to eEF2, and phosphorylated protein was normalized to total abundance.  

 

Data Analysis: One sample t-tests were used to compare the fold changes in phosphorylation/total 

protein levels for JNK and p38 across all groups immediately after (post 0) and 30 minutes after (post 30) 
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the exercise bout (hypothetical mean = 1, p < 0.05). One-way ANOVA with post-hoc Tukey’s tests were 

used to compare physiological parameters between groups. Two-way repeated measures ANOVA and 

post-hoc Tukey’s tests were used to compare cell signaling data for main effects (time) and simple effects 

between groups and within groups. One-way ANOVA with post-hoc Tukey’s test was used to compare 

the basal ratios of phosphor/total protein relative to the control group. Linear regressions were used to 

correlate cell signaling response (fold change in phosphor/total protein immediately after exercise bout) to 

physiological parameters. Significance for all analyses was set at p < 0.05, and data are presented as mean 

± SD.  

 

Results  

Force production was impaired after tenotomy. Peak isometric tension (Fig. 4.2A) was 

significantly decreased after tenotomy (59.6±19.70 N vs. 89.4±5.40 N), and it was not significantly 

improved after repair (69.7±9.61 N). The coefficient of variation for force production in the tenotomy 

group was highest (33%). Muscle stress (Fig. 4.2B) was not statistically different between groups, 

although there were two animals in the tenotomy group with low peak stress (~11N/cm2). Whole muscle 

strain (Fig. 4.2C) is significantly lower after repair compared to controls (6.1% vs. 7.9%), but not 

significant after tenotomy (6.8%).  

 

Exercise stimulus was consistent between groups. There was a 25% decrease in average peak 

tension (Fig. 4.3A) after tenotomy that did not recover after repair, but this did not achieve statistical 

significance (p = 0.25 and 0.27, respectively). The number of contractions (Fig. 4.3B) between groups 

was not significantly different. There was downward trend of 33% in the sum of the force time integral 

(Fig. 4.3C) after tenotomy (p = 0.08) that did not significantly increase after repair (1003±244, 673±230, 

717±180 N s for control, tenotomy, and repair, respectively). Statistical power for comparing the average 
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peak tension and force time integral were 0.43 and 0.73, respectively. Two rabbits in the Control group 

did not undergo these two sets of 10 contractions, and they were omitted from the analysis of the exercise 

bout. 

 

Acute signaling response to contractile stimulus (exercise bout). Signaling results were quantified 

from the gels (Fig. 4.4). There were significant differences in the fold change of phosphorylated/total JNK 

and p38 (p = 0.018, p = 0.020, respectively) immediately after the exercise bout (Fig. 4.5A and B). 30 

minutes after the contractions, fold change in phospho/total JNK and p38 are not significantly increased 

over pre-contraction. 

There were no differences in basal levels of phosphorylated JNK or p38, regardless of group (Fig. 

4.6A and D, respectively). Immediately after the contractions, there was a 2.04±1.90, 1.51±0.38, and 

2.06±1.51 fold change in JNK phosphorylation for control, tenotomy, and repair groups, respectively 

(Fig. 4.6B), and these changes were not different between groups. Fold change in JNK phosphorylation 

was significantly increased for the tenotomy group compared to pre-contractions (p = 0.049) (Fig. 4.6B). 

After 30 min of rest, pJNK/tota lJNK was 2.06±2.50, 2.53±2.81, and 1.28±0.99 fold increased from pre-

contraction levels (Fig. 4.6B), but this did not achieve statistical significance. 

Immediately after the contractions, there were 2.07±.0.92, 5.31±5.55, 2.40±1.71 fold changes in 

p38 phosphorylation for control, tenotomy, and repair groups, respectively (Fig. 4.6E), and there were no 

significant differences between groups. 30 minutes after the contractions, p-p38 was significantly lower 

than immediately post-exercise for the control animals (Fig. 4.6E).  After 30 min of rest, p-p38/total p38 

was 1.03±1.02, 2.56±2.29, and 1.24±1.29 fold increased from pre-contraction levels (Fig. 4.6B), but this 

did not achieve statistical significance. 
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There was a significant decrease in total JNK/eEF2 from post 0 to post 30 across groups (p = 

0.049) (Fig. 4.6C). There was also a significant difference in total p38/eEF2 over time (p < 0.05), but 

multiple comparisons showed no significant differences between timepoints (Fig. 4.6F).  

 

Relationship between cell signaling response and exercise. No significant correlations were found 

between the fold change in phospho/total JNK or p38 immediately post exercise with respect to average 

tension (Fig. 4.7A and D), number of contractions (Fig. 4.7B and E), or the total force time integral for 

each animal (Fig. 4.7C and F).  

 

Discussion 

The objective of this study was to determine if chronic tenotomy and/or repair influences the 

SSP’s cell signaling response to a contractile stimulus. Our hypothesis that there would be lower 

phosphorylation of JNK and p38 in the tenotomized and repaired muscles compared to control muscles 

was refuted, as there was a similar fold change increase in phosphorylation after contraction regardless of 

group. Despite the 33% lower peak force production for tenotomy and 25% reduced force production for 

repair (Fig. 4.2A), peak muscle stresses are not significantly different. Similarly, there was a 25% 

reduction in average tension and 33% reduction in force-time integral after tenotomy (Fig. 4.3), that did 

not improve after repair. Since the muscles in the tenotomy and repair groups are achieving similar 

muscle stresses as the control rabbits, the effective “duty cycle” for each group is roughly the same, as the 

atrophied muscles in tenotomy and repair are able to achieve normal stress levels even though their 

overall force output is lower. We found increased phosphorylation of JNK and p38 across groups (Fig. 

4.5), but there were no significant differences in basal levels of pJNK or p38 (Fig. 4.6B and E), and no 

significant differences in total JNK or p38 between groups (Fig. 4.6C and F). Taken together, this 
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indicates that the muscles are still behaving relatively normal in terms of MAPK mechanotransduction (4, 

26) 

Previously, a correlation has been established between JNK phosphorylation with increasing 

tension (8, 24), which was not explicitly supported here. However, Martineau and Gardinier (24) 

performed 300 isometric contractions over 5 minutes in in a rat plantaris muscles, as opposed to our ~25 

contractions over 20 minutes. They observed ~10 fold changes in JNK phosphorylation, where we 

observed ~2-3. Considering the order of magnitude larger number of contractions, an order of magnitude 

increase in fold change would be consistent with their finding that phosphorylation scales with tension. 

While performing 300 contractions of the rabbit SSP likely would have yielded a larger fold change in 

phosphorylation of JNK and p38, it is not clinically relevant as a rehabilitation exercise regime (20, 31). 

Additionally, the risk of muscle failure (through suture pullout or myotendinous junction tear) is 

nontrivial, as two of the control animals failed before the exercise bout had begun. 

The muscles after tenotomy and repair have a ~25-35% reduction in force production, but 

physiologically behave as their structure would predict (determined by peak muscle stress being 

consistent with prior literature) (4, 19, 26), so they are not acting “sick” physiologically. As such, it is 

reasonable that the MAPK pathway would be activated proportionally to force production similarly 

between groups. Although this study does not directly address the role of MAPKs in regulation of muscle 

hypertrophy, the activation of both JNK and p38 here are consistent with the hypothesis that MAPKs 

could relay pro-hypertrophic stimuli (1, 22, 24). Due to this link, the implication of JNK and p38 in RC 

disease (32, 33), and the apparent inability for RC disease muscles to recover from atrophy (5, 9, 12, 29), 

we wanted to test if muscle activation in response to a contractile stimulus was impaired after chronic 

tenotomy and repair RC. It was not impaired. 

This study has several limitations. First, the high experimental variability within groups and 

relatively low sample sizes make statistical comparisons difficult, and the study would benefit from 
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greater sample size. Second, the temporal resolution for analyzing the signaling response was limited by 

maintaining anesthesia for the rabbits, which narrows our data acquisition to at most 30 minutes after 

exercise. 

In summary, this study demonstrates that chronically torn and repaired SSP muscles are activated 

to similar levels as controls using a clinically relevant exercise regime. These findings indicate that while 

muscles undergo structural changes after tenotomy and repair, they perform physiologically similar to one 

another, and the activation of the MAPK pathway by JNK and p38 are not altered by tear or repair. These 

data will be useful for researchers investigating why muscle loss persists even after successful surgical 

RC repair and rehabilitation. 
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Figures 

 

Figure 4.1. Experimental design (A) showing timeline for generating experimental groups. Flowchart for 
performing the physiology testing followed by the exercise bout and biopsy collection (B). 
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Figure 4.2. Physiological comparisons. Peak isometric force (A), stress (B), and whole muscle strain (C) 
are shown for each experimental group. Bars are mean ± SD. Data analyzed with one-way ANOVA and 

post-hoc Tukey’s test (significance set at p < 0.05 and shown with lines). 
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Figure 4.3. Characterization of exercise bout. Average tension for each animal (A), total number of 
contractions for each animal (B), and the sum of the force time integral for each animal (C) are shown for 

each experimental group. Bars are mean ± SD. Data analyzed with one-way ANOVA and post-hoc 
Tukey’s test (significance set at p < 0.05). 
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Figure 4.4 Representative immunoblots for each experimental group. 
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Figure 4.5. Fold changes in phosphorylation of JNK (A) and p38 (B) relative to pre-contraction over all 
groups (N=16; n=4 control, n=6 tenotomy, n=6 repair). Bars are mean ± SD. One-sample t tests were used 

to compare the fold changes in phosphorylation at Post 0 and Post 30 to Pre contraction compared to a 
hypothetical mean of 1. Significance was set at p < 0.05 and is shown with asterisks. 
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Figure 4.6. Immunoblotting results for total JNK, pJNK, total p38, and p-p38 for all groups (N=16; n=4 
control, n=6 tenotomy, n=6 repair). Top row shows pJNK/totalJNK normalized to the mean of the control 

group’s Pre (A), normalized to each animal’s Pre biopsy (B), and total JNK normalized to eEF2 (C). 
Bottom row shows p-p38/total p38 normalized to the mean of the control group’s Pre (D), normalized to 

each animal’s Pre biopsy (E), and total p38 normalized to eEF2 (F). Bars are mean ± SD. One-way 
ANOVA with post-hoc Tukey’s test was used to compare each group’s Pre levels to the Control Pre (A 

and D). Two-way ANOVAs and post-hoc Tukey’s tests were used to compare the main effect of 
contraction, simple effects of group, and simple effects of contraction within groups. All significance was 

set at p < 0.05. 
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Figure 4.7. Linear regressions of fold change in phosphorylation/total JNK (top row) and p38 (bottom 
row) immediately after the exercise bout vs. average peak tension (A and D), number of contractions (B 
and E), and total force time integral (C and F). Regressions were pooled across all groups (N=16; n=4 

control, n=6 tenotomy, n=6 repair). 
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Chapter 5. Discussion 
	

The purpose of Aim 1 was to determine the maximum contractile force and stress and, 

secondarily to understand the normal length-tension behavior for the rabbit SSP. We predicted the peak 

isometric tension using methods and architecture previously described (7, 12) to benchmark our 

experimental expectations. We measured maximum isometric force, which was significantly higher than 

previously described (2, 11). After performing a detailed architectural assessment of the SSP, we 

generated a theoretical length-tension curve to attempt to explain our experimental data based on classic 

muscle physiology (1). Using intact resting muscle length values and whole muscle contraction strain, we 

determined the in vivo operating range of the SSP. The activated muscle length-tension curve was 

computed by scaling resting muscle length by the strain decrease measured during contraction and is 

shifted left compared to the resting muscle length-tension curve, as it incorporates muscle shortening with 

tendon elongation during contraction.  

The purpose of Aim 2 was to determine the structural and physiological consequences of rotator 

cuff tear and surgical repair over time through measuring muscle architecture and the length-tension 

relationship. Our hypotheses that architectural changes would demonstrate radial and longitudinal atrophy 

after tear and persist through repair, and that peak force would be decreased after tenotomy and repair, 

were supported. Muscle strain was lower after 8 wk tenotomy and repair, and similar to normal at 16 wk 

tenotomy and repair, refuting our hypothesis. Our hypothesis that length-tension curves would be 

narrower after tenotomy and repair was supported only after 16 wk repair, and it seemed that the length-

tension curves varied for each intervention group in different ways. The architectural consequences of 

tenotomy indicate that muscle retraction and prolonged mechanical unloading lead to serial sarcomere 

loss, consistent with prior literature (3, 10). In summary, this study provided a detailed picture of the 

structural and physiological changes that occur in the rabbit SSP after tenotomy and repair over time.  
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The objective of Aim 3 was to determine if chronic tenotomy and/or repair influences the SSP’s 

cell signaling response to a contractile stimulus. Our hypothesis that there would be lower 

phosphorylation of JNK and p38 in the tenotomized and repaired muscles compared to control muscles 

was refuted, as there was a similar fold change increase in phosphorylation after contraction regardless of 

group. Despite the 33% lower peak force production for tenotomy and 25% reduced force production for 

repair, peak muscle stresses are not significantly different. Similarly, there was a 25% reduction in 

average tension and 33% reduction in force-time integral after tenotomy, that did not improve after repair. 

Since the muscles in the tenotomy and repair groups are achieving similar muscle stresses as the control 

rabbits, the effective “duty cycle” for each group is roughly the same, as the atrophied muscles in 

tenotomy and repair are able to achieve normal stress levels even though their overall force output is 

lower. We found increased phosphorylation of JNK and p38 across groups, but there were no significant 

differences in basal levels of pJNK or p38, and no significant differences in total JNK or p38 between 

groups. Taken together, this indicates that the muscles are still behaving relatively normal in terms of 

MAPK mechanotransduction (1, 8) 

While we were able to reach important conclusions in this work, there are also several limitations. 

First, the rabbit model of rotator cuff tear and repair offers many benefits in a lab setting, but is not able to 

fully recapitulate the severe clinical phenotype observed in humans (4). Chronic RC tears in humans 

develop over multiple years, as opposed to our acute rabbit injury model which develops for 8 or 16 

weeks. As a result, we see large degrees of fatty infiltration close to the myotendinous junction, but less 

throughout the medial aspects of the muscle (unpublished data). Second, the “exercise” experiment 

performed here would be impossible in a clinical setting, as maximal intensity contractions via direct 

nerve stimulation have several differences over volitional activation by a patient. Similarly, the protocol 

we employed is an order of magnitude less severe than what is used in rats, so the magnitude of signaling 

response we could achieve was lower than previously reported (6). However, this contraction protocol 



	

 84 

was more clinically relevant, as recovering RC tear patients likely are unable to rapidly perform several 

hundred contractions (5, 9) 

In summary, this dissertation provided a detailed method to measure whole muscle physiology, 

and extensive structural and physiological analysis of rabbit RC muscles in healthy and pathological 

states. Active length-tension curves were predicted using a relatively simple model for the rabbit 

supraspinatus (SSP). Under normal conditions, active function relied heavily on architectural parameters. 

However, after chronic tenotomy and surgical repair, architectural parameters alone could predict peak 

muscle force, but are not sufficient to predict other physiological characteristics in the muscle. Activation 

of MAPKs after an exercise bout, which are known to be mechanosensing, were not decreased after 

tenotomy or repair, indicating relatively normal muscle activation in response to mechanical stress. 

Overall, this work sheds new light onto the physiological consequences of chronic rotator cuff tear and 

repair, offering new methods to test potential therapies and opening new avenues for understanding their 

clinical impact based on functional metrics.  
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