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ABSTRACT 

 
Key clinical features of cumulative trauma disorders include pain, muscle weakness, 

and tissue fibrosis, although the etiology is still under investigation.  Therefore, we first 

sought to characterize the temporal pattern of altered sensorimotor behaviors and 

inflammatory and fibrogenic processes occurring in forearm muscles and serum of 

young adult, female rats performing an operant, high repetition high force (HRHF) 

reaching and grasping task for 6, 12, or 18 weeks.  Palmar mechanical sensitivity, cold 

temperature avoidance and spontaneous behavioral changes increased, while grip 

strength declined, in 18-week HRHF rats, compared to controls.  Flexor digitorum 

muscles had increased MCP-1 levels after training and increased TNFα in 6-week HRHF 

rats.  Serum had increased IL-1β, IL-10 and IP-10 after training.  Yet both muscle and 

serum inflammation resolved by week 18.  In contrast, IFNγ increased at week 18 in both 

muscle and serum.  Given the anti-fibrotic role of IFNγ, and to identify a mechanism for 

the continued grip strength losses and behavioral sensitivities, we evaluated the 

fibrogenic proteins CCN2, collagen type I and TGFß-1, as well as the 

nociceptive/fibrogenic peptide substance P.  Each increased in and around flexor 

digitorum muscles and extracellular matrix in the mid-forearm, and in nerves of the 

forepaw at 18 weeks.  CCN2 was also increased in serum at week 18.  At a time when 

inflammation had subsided, increases in fibrogenic proteins correlated with sensorimotor 

declines.  Thus, muscle and nerve fibrosis may be critical components of chronic work-

related musculoskeletal disorders. CCN2 and substance P may serve as potential 

targets for therapeutic intervention, and CCN2 as a serum biomarker of fibrosis 

progression.  
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TGFß-1 and CCN2 are important mediators of tissue fibrosis by their stimulatory 

effect on extracellular matrix deposition, with CCN2 functions as a downstream mediator 

of TGFß-1. Substance P (SubP), a nociceptor-related neuropeptide, has also been 

linked to tissue fibrosis, although little work has been done to understand whether SubP 

directly causes fibrotic responses in tenocytes. Therefore, we sought to determine if 

SubP induces fibroblast proliferation and collagen production via CCN2 signaling directly 

or through the TGFß-1/CCN2 signaling pathway. We hypothesized that SubP may act 

directly through CCN2, independently from the TGFß-1/CCN2 signaling pathway, to 

increase fibroblast proliferation and fibrogenic and extracellular matrix protein production 

in vitro. To examine this question, we assayed cell proliferation and production of CCN2, 

TGFB1 and collagen type 1 in vitro using primary tendon fibroblasts (tenocytes) isolated 

from flexor digitorum tendons, and using rat dermal fibroblasts (RDF). We observed that 

cells isolated from flexor digitorum tendons that express proteins characteristic of 

tenocytes (vimentin and tenomodulin) underwent increased proliferation in a dose 

dependent manner after TGFß-1 treatment, but not SubP treatment, as did RDF cells. 

TGFß-1 treatment increased CCN2 production in both tenocytes and RDF cells, while 

SubP induced CCN2 production only in rat tenocytes. Expectedly, TGFß-1 treatment 

increased collagen expression in each cell type, as did SubP treatment alone using In-

cell Western analysis. Interestingly, preliminary data that needs to be repeated showed 

that SubP treatment of each cell type enhanced TGFß-1 expression, assayed using In-

cell Western and traditional western blot analyses. Our findings suggest that both SubP 

and TGFß-1 have distinct fibrogenic actions on tenocytes and dermal fibroblast and that 

both may be involved in tendinosis observed in animal models and patients with fibrosis. 

Inflammatory pain, muscle weakness, and tissue fibrosis are key clinical features 

of work-related musculoskeletal disorders.  So, lastly, we evaluated the effects of 

therapeutic interventions on behavioral and cytokine changes in muscle, tendon and 
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serum of HRHF rats that performed the reaching and grasping task for 11 weeks.  We 

compared sensorimotor behavioral changes, and flexor digitorum tissue inflammation 

and fibrosis in rats receiving anti-TNFα therapy prophylactically during the initial training, 

or anti-TNFα therapy with or without rest as secondary interventions during the HRHF 

work task. Untreated or saline only treated animals at the end of the initial training period 

had decreased grip strength, increased mechanical sensitivity, and increased serum and 

tissue inflammatory cytokines (TNFα, IL-1ß, IL-6 and VEGF), changes prevented by 

prophylactic anti-TNFα treatment. Regarding the secondary interventions, four weeks of 

anti-TNFα therapy with or without rest, provided in HRHF task weeks 4-7, was more 

effective than rest alone for restoring grip strength; no treatments rescued forepaw 

mechanical sensitivity. Effectiveness of the 4-week anti-TNFα therapy extended to week 

11, despite no further drug treatment after week 7, for maintenance of grip strength. 

Tissue cytokine analysis in week 11 showed that HRHF rats treated with saline had 

increased IL-18 in serum, muscle and tendon, and trends for increased muscle CCN2. 

Each treatment, particularly anti-TNF with or without rest, decreased serum and tendon 

IL-18 and IL-1alpha. Rats receiving combined rest and anti-TNFα therapy also had 

increased serum IL-10. Thus, similar short-term anti-TNFα therapy may be a potential 

intervention in WMSDs. 

These results demonstrate that both Substance P and CCN2 play important roles 

in the development of fibrosis in muscle and tendon in WMSDs based on our model of 

repetition reaching and grasping.  Using in vitro methods, it was demonstrated that 

substance P is capable of inducing CCN2 in isolated tenocytes and rat dermal 

fibroblasts, independent of TGFß-1 signaling, a novel discovery that make suggest new 

treatments for fibrotic disorders.  Finally, anti-TNFalpha treatment successfully 

prevented behavioral declines and increases in IL-18 in serum and tissues in our rat 

model when provided during the course of HRHF task performance.    
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CHAPTER 1 

LITERATURE REVIEW 

Work-Related Musculoskeletal Disorders 

According to the National Research Center and Institute of Health, the economic 

burden of work-related musculoskeletal disorders (WMSDs) as measured by 

compensation costs, lost wages, and lost productivity, is between $45 and $54 billion 

annually (NRC&IOM, 2001).  Further, the Bureau of Labor Statistics reports that WMSDs 

account for the longest work absences, requiring longer time away from work than 

events such as slips & falls, fires and explosions, and transportation accidents (BLS).  

The development of WMSDs has been linked to multiple factors, including 

repetitive/prolonged activities, forceful exertion, awkward and/or static posture, vibration, 

localized mechanical stress, and cold temperatures (Gallagher & Heberger; G. Piligian et 

al.; G. J. Piligian & Gold).  Serum biomarkers of disease (Christian & Nussbaum; Main et 

al.), linking circulating cytokines such as TNFα, IL-1ß, and IL-6 to fatigue and tissue 

damage have also been identified, but their link to treatment has yet to be established.  

The effects of repetitive loading, traumas, and cytokines increases can be seen multiple 

tissues in both humans and in animal models, including muscles (Baker et al.; 

Beyreuther, Geis, Stohr, & Sommer; Cutlip, Baker, Geronilla, Kashon, & Wu; Geronilla et 

al.; Willems & Stauber), tendon (Fung et al.; Neviaser, Andarawis-Puri, & Flatow; Sun et 

al.), nerves (Gupta & Channual; Gupta et al.; Jablecki et al.), and bone (Hsieh & Turner; 

Raab, Smith, Crenshaw, & Thomas).  We have developed a unique operant model of 

repetitive reaching and grasping in which rats acquire many of the same dysfunctions in 

sensorimotor skills and pathology found in human upper WMSDs (Abdelmagid et al.; Al-

Shatti, Barr, Safadi, Amin, & Barbe; M. Barbe et al.; Barr et al.; Gao et al.; Rani, Barbe, 

Barr, & Litivn; Rani, Barbe, Barr, & Litvin).  The following sections will discuss this model, 
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the tissues associated with WMSDs in both human and animal models, and the 

inflammatory and fibrotic processes that regulate chronic WMSDs.   

Barbe-Barr Model of Work-Related Musculoskeletal Disorders 

In this model, rats are trained to pull a lever upon auditory stimulus under high 

repetition, high force conditions.  If the lever is pulled with sufficient force within 5 

seconds of the audible cue, a food reward is given in the form of a 45mg food pellet (see 

Figure 1.1).  The force with which the animal needs to pull the lever can be controlled, 

and to achieve sufficient force to achieve a reward, the animal must pull between 50% - 

70% of the maximum grip strength of control rats.  With regards to high repetition, rats 

are trained to pull the lever every 15 seconds for 30 minutes, 4 times per day, 3 days per 

week (Clark, Al-Shatti, Barr, Amin, & Barbe, 2004a).  This allows for 6 hours of work per 

week per animal, with an expectation of 1440 lever-pulling repetitions per week.   

 

Figure 1.1.  Illustration of rat performing a high-repetition, high-force task.  A)  The rat is 
placed into the chamber and awaits audible cue.  B) The rat uses one arm for support on 
the cage wall, and the other forelimb reaches through the opening where the force 
handle is located.  C)  A cartoon of the rat paw pulling the force lever attached to a force 
transducer.  Also visible is the tubing for the food reward.  D) The rat retrieves the food 
reward pellet from the food trough.   
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Measurements using this model include the number of repetitions within the work 

period over time and the force of each lever pull over time.   Further, a cutaneous 

sensation test is performed on these animals at the end of each task week (Figure 1.2).  

In this method, the filament width required for paw withdrawal is measured.   A rat is 

acclimated to a testing box with a wire mesh floor.  Von Frey filaments of increasing 

thickness are applied to the paw through the bottom of the cage.  The smallest force 

(thinnest filament) required to elicit a paw withdraw response was measured.  The 

sensitivity of each forelimb is measured 5 times, with a 5 minute interval separating the 

measurement of each limb (Clark et al., 2004a).   

    

Figure 1.2.  Cutaneous sensation test.  Paw withdrawal counts per 5 tests are made as 
von Frey filaments of increasing thickness are applied to the paw through the bottom of 
wire-mesh flooring.  A) von Frey filament image courtesy of danmicglobal.com B) The 
animal is placed on a wire-mesh floor and its paw-withdraw response is counted as 
filaments of increasing size are applied. 

 

Forearm grip strength in the rat can also be measured over time to parallel the 

information from the force lever.  A grasping test is performed that involves holding the 

rat by its tail, and allowing the rat to grasp a rigid bar (Figure 1.3).  The rat can be slowly 

pulled away from the rigid bar until the grip is overcome.  The rigid bar is attached to a 
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force transducer to measure reflexive grip strength (Clark, Al-Shatti, Barr, Amin, & 

Barbe, 2004b).   

 

Figure 1.3. Grip Strength Test.  The animal is held by its tail, allowing it to grasp a rigid 
bar. Next, the animal is slowly pulled upward until the grip is overcome. 

 

Additional ex vivo analyses can be performed as well.  Tissues can be examined 

by enzyme-linked immunosorbent assays (ELISA) for production of inflammatory factors, 

such as cytokines, chemokines, or neurochemicals.  Tissues can also be collected and 

evaluated for gross morphological changes by histology, as well as 

immunohistochemically stained for the presence of infiltrating cells, fibrosis, or the 

inflammatory factors mentioned above.  As expected, significant inflammatory and 

structural changes have been observed under the high repetition, high force model of 

WMSD.  Many of these findings have been discussed above, but include a decrease in 

voluntary session participation (Clark et al., 2004b), grip strength (Clark et al.; Coq et 

al.), paw sensitivity (Elliott, Barr, Clark, Wade, & Barbe), decreased carpal tunnel width 

as a consequence of fibrosis, and decreased median nerve conduction velocity (Clark et 

al., 2004b), tendon width (Fedorczyk et al.), macrophage influx (Clark et al., 2004b; 

Fedorczyk et al., 2010), fibrosis (Clark et al., 2004b; Fedorczyk et al., 2010), bone 
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remodeling (Rani et al., 2009b), and inflammatory cytokine production (Kietrys, Barr, & 

Barbe).     

WMSD Effects on Tissues 

WMSDs Effects on Muscle 

Chronic inflammation, fibrosis, and altered sensory response are key symptoms 

of CTS (Ozturk, Erin, & Tuzuner, 2010).  Progressive weakness of the hand is another 

common symptom (Felipe et al.), indicating effects on muscle tissue or tendon.  

Horiguchi et al (Horiguchi, Aoki, & Ito, 2011) report decreased contraction of both thenar 

and hypothenar muscles in the hands of patients affected by carpal tunnel syndrome 

(CTS), muscle groups innervated by the median nerve.  This group performed 

electromyographs on voluntary maximal muscle contraction between thumb and little 

finger on patients with early CTS versus healthy subjects with no history of CTS or 

related symptoms.  Davis et al (Davis, Gumucio, Sugg, Bedi, & Mendias) review how 

matrix metalloproteases (MMPs) are increased and likely dysregulated in muscle after 

chronic injury.    In addition to human data, the Barbe-Barr rat model of WMSDs also 

shows decreased grip strength, increased inflammatory cytokines, and increased MMP-

2 in flexor digitorum muscle (Abdelmagid et al.; M. Barbe et al.; Coq et al.; Gao et al.) 

(Figure 1.4).  Rats performing HRHF tasks also had increased fibrosis in muscle tissues 

after 9 weeks of task performance (Abdelmagid et al.), a finding also reported in the 

plantar flexor muscles of rats after repeated electrical field stimulation (Willems, Miller, 

Stauber, & Stauber).  Treatment of rats with systemic anti-inflammatory agents 

(ibuprofen or anti-TNFα antibody), was only able to partially attenuate cytokine changes 

and grip strength in muscle (Abdelmagid et al.; Kietrys et al.; Rani et al.), suggesting 

other factors are involved.   

.  



 6 

Table 1.1 Comparison of the Effects of High vs. Low Force Handle Pulling Tasks in Barbe-Barr Rat Model 

Reference Year Model / 
Tissue Exposure Key findings Low Force Studies

HRLF

2hrs/day

Training induces transient IL-1β, IL-6, 
and TNFα in tendon.  IL-1β and IL-6 
also transiently increased in tendon at 
12wk HRLF.  

3 days/week
6 or 12 weeks

HRLF
Decreased grip strength after training, 
and in weeks 0-24 wk in HRLF.

2hrs/day

3 days/week Increased IFNγ and MIP-2 in serum at 
6wk HRLF

12 weeks
HRLF

2hrs/day
3 days/week

18 or 24 weeks

Reference Year Model / 
Tissue Exposure Key findings High Force Studies

HRHF Declines in motor performance 
over 12 weeks

2 hrs/day
3 days/week

12 weeks

Gao et al 2013
tendon, 
muscle, 
serum

Grip strength declines in HRLF 
rats at weeks 18 and 24; 
increased but low grade 
inflammation (IL-1α, IL-1β, IL-10, 
IL-6 in tendon and muscle, TGFβ-
1, hydroxyproline and CCN2 in 
serum)

Clark et al. 2004 median 
nerve 12 weeks: increased ED1+ 

macrophages; increased type I 
collagen and connective tissue 

Xin et al 2011 serum

Aged vs young rats;  cytokine 
responses higher in serum in 
aged rats; grip strength affected 
in both aged and young

Kietrys et al 2012 tendon HRLF lead to increased TNFα, 
IL-6 and IL-1β in tendon
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Table 1.1, continued 

Reference Year Model / 
Tissue Exposure Key findings High Force Studies

HRHF
Increased PLF and periostin in 
muscle and tendon; increased 
number of satellite cells and 

2 hrs/day myoblasts in flexor digitorum in 
3 - 12 weeks

3 days/ week Increased ED1+ macrophages in 
nerve, tendon, bone at 12 weeks

Decreased grip strength by 6 weeks

HRHF
Increased type I collagen in median 
nerve & flexor digitorum tendon 
tissues by 12 weeks

2hrs/day

3 days/week Increased IL-1β at 3, 6, 12 weeks in 
tendon

Increased SubP, CCN2 and PLF in 
12week peritendon

HRHF

2 hrs/day

Decreased grip strength; 
increased paw sensitivity; 

Secondary intervention with anti-
TNFα for 2 weeks improved grip 
strength but not paw sensitivity

Increased collagen disorganization in 
tendon at 12week

3 days/ week

HRHF
2hrs/day

3 days/week
12 weeks

HRHF
2hrs/day

3 days/week
12 weeks

Driban et al 2011
cartilage, 

bone

Increased ED1+ cells in bone 
and synovium; increased IL-1α 
and TNFα in distal bones; IL-1α 
attenuated with daily ibuprofen 

Jain et al 2014 bone

Daily ibuprofen at 45mg/kg in 
weeks 4-12 prevents task-
related bone loss in animals 
performing HRHF task

Increased IL-1β in peritendon in 
3, 6, and 12 weeks, in 
endotendon in 12 weeks; 
increased ED1 macrophages in 
weeks 6 and 12 in peritendon; 
increased SubP, CCN2 and PLF 
in week 12 in peritendon;  
increased cellularity and 
collagen disorganization in week 

12 weeks

Rani, et al. 2010 bone

6 weeks

Rani, et al. 2009

muscle, 
tendon and 

nerve 
(forelimb)

0-12 weeks

Fedorczyk et al. 2010
Flexor 

digitorum 
(forelimb)
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Table 1.1, continued 

Reference Year Model / 
Tissue Exposure Key findings Low Force vs. High Force Studies

HRHF, LRNF
HRHF: decreased grip strength 
and increased IL-1ß, CCN2 and 
macrophages

2hrs/day LRNF showed no change HRHF had decreased grip strength 
comparatively to low force

3 days/week

3-12 weeks HRHF comparatively had higher 
cytokine responses

HRLF, LRHF, HRHF

2hrs/day Both groups had decreased palmar 
sensitivity

3 days/week

12 weeks
Bone losses were greater in HRHF vs. 
LRLF (*LRLF actually improved bone 
parameters)

HRNF, HRHF
2hrs/day

3 days/week
6 or 9 weeks

LRLF, HRLF, LRHF, HRHF
2hrs/day

3 days/week
12 weeks

HRHF, LRLF
2hrs/day

3 days/week
12 weeks

Barbe et al. 2015 bone

HRHF leads to distal bone loss; 
ergonomic intervention of 
conversion to LRLF task 
prevented bone loss

Reach rate and grip strength 
decreased over time; ibuprofen 
improved reach rate but not grip 
strength

Abdelmagid et al. 2012 muscle

Increased CCN2 and collagen in 
HRHF vs HRNF rats at 9 weeks; 
higher TGFB1 in 6 week HRHF 
vs HRNF; anti-TNFα and 

Barbe et al. 2013
muscle 

tendon bone 
serum nerve

Correlation of force, frequency 
and cytokine responses

Fedorczyk et al. 2010 tendon

Kietrys et al 2011 behavior & 
spinal cord
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Inflammation is not the only contributing factor to muscle declines in function.  

Multiple studies find that velocity and frequency of contraction affect the ability of muscle 

to repair properly (Baker et al.; D. E. Cutlip et al.; Geronilla et al.; Willems & Stauber).  

Similarly, we have reported that both the frequency and force required to perform the 

task affect the severity of muscle damage in our model (Abdelmagid et al.; M. Barbe et 

al.).  These studies support a fatigue hypothesis (Adeeb, Zec, Thornton, Frank, & Shrive; 

M. Barbe et al.), wherein reactions to tissues at low forces are elastic in nature, returning 

to normal shape and function after the force is removed.  But in muscles that are 

exposed to greater forces, tissues will become too distorted or have a greater failure rate 

after fewer cycles of contraction (M. Barbe et al.).   

 

 

 

Figure 1.4.  TNFα and IL-1ß Levels in Flexor Digitorum Muscle and Tendon in Rats 
Performing a LRLF, HRHF, LRHF, or HRHF task for 12 weeks.  TNFα levels detected by 
ELISA in tendon (A) or muscle (B) are shown.  IL-1β levels in task rats are shown for 
tendon (C) and muscle (D) as well.  ** = p < 0.01 compared to NC rats (indicated by the 
dashed line).  aa = p < 0.01 compared to LRLF rats; bb = p < 0.01 compared to HRLF 
rats; cc = p < 0.01 compared to LRHF rats. Modified with permission from (Barbe, 2013 
#156).   
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WMSD Effects in Tendon 

The same fatigue hypothesis described above for muscle is also relevant to 

tendon injuries (Adeeb et al.; Arampatzis, Karamanidis, Mademli, & Albracht; M. Barbe 

et al.).  Fung et al demonstrate that patellar tendons from rats subjected  to low, 

medium, or high forces demonstrated increased occurrence of kinked fiber deformations 

and upregulation of collagen mRNA (Fung et al.).  Repetition rate has also been shown 

to affect tendon microtears (Nakama, King, Abrahamsson, & Rempel) in a rabbit cyclical 

loading model.  In our rat model of WMSD, we also observed increased tendon 

pathology such as tendon fraying (M. F. Barbe et al.) related to the force and repetition 

of the task (M. Barbe et al.)(Figure 1.1) .  In fact, a large number of studies in humans 

have examined the fibrosis and shearing that occurs in various tendinopathies (Scott & 

Ashe), and these authors report that 30-50% of all sporting injuries occur from overuse, 

with elbow and rotator cuff injuries being the most prominent (Scott & Ashe).   

Coincidently, inflammation and fibrosis of the tendon is common in overused or 

injured tendon. Freeland et al (Freeland, Tucci, Barbieri, Angel, & Nick, 2002) report that 

most patients with idiopathic CTS have fibrous hypertrophy or non-inflammatory 

hyperplasia of the synovium of the flexor tendons, and degeneration of connective 

tissue.  Andersson et al have developed a rat model of tendinopathy and find that 

excessive exercise of the Achilles tendon led to tendon hypercellularity and vascularity in 

these animals (Andersson, Backman, et al.).  Multiple studies have found that the 

neurochemical substance P increases in tendons during overuse and that this change 

precedes a tendonosis-like phenotype (L. J. Backman, Andersson, Wennstig, Forsgren, 

& Danielson; Burssens et al.).  Similarly, in a rat model overuse, Fedorczyk et al 

(Fedorczyk et al., 2010) report an increased thickening of the peritendon in the Barbe-

Barr model as measured in longitudinal sections of flexor digitorum tendons at wrist 
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level.  Clearly tissue modification extends beyond muscle damage to include the tendon 

as well.   

WMSD Effects in Bone 

In addition to changes in muscle and tendon, Erselcan et al (Erselcan, Topalkara, 

Nacitarhan, Akyuz, & Dogan, 2001) have reported changes in bone in CTS patients.  In 

an x-ray study of bone mineral density in CTS patients, this group found that women with 

CTS had a 7% decrease in forearm bone mineral density, and 18% decrease in bone 

mass in metacarpal bones.  In addition, the authors found a correlation between duration 

of CTS with the amount of metacarpal bone loss.  The findings from this human study 

are supported by the findings in several animal models of work-related musculoskeletal 

disorders (WMSDs). Bourrin et al (Bourrin, Zerath, Vico, Milhaud, & Alexandre, 1992) 

studied bone changes in five rhesus monkeys that performed a five-month, one hour per 

day, rope-climbing exercise.  These authors found that monkeys performing this task 

had a significant decrease in bone volume, and a slight decrease in the number and 

thickness of trabeculae.  In the Barbe-Barr model of WMSD, skeletal changes were also 

observed, with degenerative changes in distal radial and cortical bone thickness (Rani et 

al., 2009b).  Morphological analysis on longitudinal sections of radius and ulna showed 

decreased cortical thickness at both 8 and 12 weeks in animals performing a high-

repetition, high-force task.   

WMSD Effects on Functional Outcomes 

Pain Behaviors in WMSD 

Changes in the nervous system have perhaps the most impact in terms of quality 

of life in these patients.  As mentioned, symptoms in CTS can involve numbness in the 

hand, but can also involve increased pain.  The effect on the median nerve is most 

obvious, given that compression and the loss of conduction velocity in this nerve are the 
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hallmarks of the syndrome.  However, significant changes in pain sensitivity have also 

been reported with CTS, suggesting changes in sensory nerves as well.  In fact, 

sometimes the pain associated with CTS is not coincident with the overuse activity, and 

can occur several hours later or at night.   

Pain symptoms may also indicate unobservable tissue damage.  For example, 

Fredericson et al (Fredericson, 1995; Fredericson, Bergman, Hoffman, & Dillingham, 

1995) noted that pain is common in runners before the appearance of a stress fracture.  

Similarly, Milgrom et al (Milgrom et al., 1984) observed three military recruits who 

reported tibial pain.  Bone scans initially showed no observable lesions.  However, after 

one month of continued stress, bone scans became positive.  The observation that pain 

occurs before observable injury led to two ideas:  first, that nerve changes may be 

important in overuse injuries distinct from sensory identification of injury, and second, 

that endogenous proteins and peptides involved in nociception may influence the 

progression of the disease.  Clearly pain is an early symptom in overuse disorders, and 

is followed by observable morphological changes.  These authors questioned whether 

neurochemicals involved in pain signaling might be responsible.   

We have noted changes in neurochemicals both peripherally and centrally in our 

model of repetitive reaching.  We have noted increased cutaneous mechanosensitivity, 

indicative of allodynia, as well as reductions in voluntary participation in multiple studies 

(Elliott, Barr, & Barbe; Elliott et al.; Elliott et al.).  These increases were paralleled with 

increases in SubP and neurokinin-1 (M. Barbe et al.; Elliott, Barr, et al.).  Closer 

examination of the potential role of neuropeptides in initiating the morphological changes 

in neuropathies such as CTS is warranted.  In addition to neurochemical increases in 

nerve tissue, macrophage influx and cytokine-driven inflammation likely also leads to 

pain in these animals.  An examination of the median nerve in rats performing a reaching 

an grasping task toward a food pellet found increased IL-1α, IL-1β, TNFα, IL-6 and IL-10 
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after 5 weeks of repetitive reaching.  ED1+ macrophage influx was also prominent (Al-

Shatti et al.; Elliott, Barr, et al.; Elliott, Barr, Clark, et al.; Elliott et al.; Rani et al.).   

Motor Dysfunction 

Tissue changes, inflammation, and especially pain symptoms also coincide with  

clear signs of motor dysfunction with overuse injuries.  In patients with CTS, there are 

clear signs of muscle weakness and numbness (Radovic, Lazovic, Nikolic, 

Radosavljevic, & Hrkovic) concurrent with the loss in median nerve velocity.  Topp et al 

found fumbling behaviors at in Owl monkeys that performed a hand squeezing task 

(Topp & Byl).  In an earlier model of food retrieval, we noted that fine motor control was 

decreased in rats performing a petitive reaching task (Elliott et al.), as indicated by 

increased reaches with decreased success in food pellet retrieval.   In our model of 

repetitive reaching and grasping a lever bar, we have noted decreased grip strength 

declines, postural changes, limb switching, and declines in task performance (Elliott, 

Barr, et al.; Elliott, Barr, Clark, et al.; Elliott et al.; Gao et al.).   We have also seen 

decreased median nerve velocity, where median nerve conduction velocity declined 23% 

bilaterally, in HRLF compared to normal controls (Elliott et al.).  The loss of grip strength 

in this study correlated with decreased nerve conduction velocity.  We have also noted 

central changes in SubP after HRHF task performance which could also contribute to 

these motor changes (M. Barbe et al.).  

Wound Healing & Muscle Repair 

 Upon injury, such as the chronic overuse in WMSDs, the affected tissues 

undergo a process of repair, a process that typically involves inflammation, cell migration 

and/or proliferation, and fibrosis.  However, in WMSDs, this repair process does not 

result in complete morphological tissue restoration, and it is the specific mechanisms 

leading to this aberrant tissue repair that we wish to study.  The follow section will give 
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an overview of the typical wound healing response and the potential mechanisms that 

may be responsible for an improper inflammation and fibrosis balance.   

Skeletal Muscle Regeneration After Injury 

The main difference between the embryonic myogenesis of muscle and skeletal 

muscle differentiation after injury is largely not within the muscle itself, but more 

importantly in the microenvironment in which the differentiation occurs (Tidball & Villalta), 

as well as mechanical forces acting on the impaired muscle (Hicks, Cao, Campbell, & 

Standley).   After injury, satellite cell activation occurs in an inflammatory environment 

packed with immune cells.  These immune cells produce a vast number of secreted 

proteins, including cytokines, neuropeptides, and enzymes.  Specific myeloid cell 

populations are the first to respond after injury (Figure 1.5). Neutrophils begin to appear 

at elevated numbers within 2 hours of muscle damage, peaking in concentration 

between 6 and 24 hours post-injury and then rapidly declining in numbers. Following the 

onset of neutrophil invasion, phagocytic macrophages begin to invade, reaching 

significantly elevated concentrations at about 24 hours post-injury and continue to 

increase in numbers until about 2 days post-injury. Their invasion precedes the elevation 

of a population of non-phagocytic macrophages that reaches peak concentrations in the 

muscle at about 4 days post-injury but these macrophages remain significantly elevated 

for many days (Figure 1.5).  As non-phagocytic macrophages invade, the Th2 immune 

response is initiated by these cells as well as helper T cells.   

Coincident with the initiation of a Th2 immune response is the myogenic 

response.  Skeletal muscle regeneration relies largely on the presence of a population of 

mononucleated, myogenic cells, called satellite cells that retain their ability to proliferate 

and then differentiate and fuse with either existing fibers or with other myogenic cells to 

generate new fibers.  IL-6 may be an essential cytokine in inducing this differentiation 
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(Hicks et al.).  Muscle regeneration consists of three major stages: 1) the proliferation 

stage involving the activation of quiescent satellite cells 2) the early differentiation stage, 

where muscle cell fusion occurs, and 3) the terminal differentiation stage, where the 

multinucleated muscle cell differentiates into a mature fiber (Tidball & Villalta).   

 
 
Figure 1.5 Time course of Immune Response and Myogenic Protein Expression in Acute 
Muscle Repair.  Neutrophils and Macrophages infiltrate damaged tissue first.  The 
subsequent transition from a Th1 (T helper) inflammatory response to a Th2 response 
coincides with a transition from the early proliferative stage of myogenesis to the early 
and terminal stages of myogenesis. PMN = polymorphonuclear neutrophils; M1 = 
phagocytic macrophages; M2 = reparative macrophages (Tidball & Villalta) 

 

An important difference in muscle repair may be how the initial trauma has 

occurred.  Hicks et al report that specific biomechanical strain patterns can alter 

myoblast differentiation (Hicks et al.).  Tidball and Villalta (Tidball & Villalta) report that 

the immune responses to acute versus chronic injury may be different (Figure 1.6).  The 
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authors note that the repair process initiates in the same way, with recruitment of 

neutrophils and phagocytic (M1) macrophages, but differ in the reparative (M2)  

 
Figure 1.6.  Muscle Repair in Acute versus Chronic Injury.  Both acute (A) and chronic 
(B) injury causes initial recruitment of neutrophils (PMNs) and M1 macrophages into 
muscle.  Neutrophils and M1 macrophages promote further damage through nitric oxide-
mediated processes. M1 macrophages also release cytokines that can promote satellite 
cell activation and proliferation. A) In acute injury, neutrophils and M1 macrophages are 
then replaced by M2 macrophages that then promote muscle repair, differentiation and 
growth. B) During chronic muscle injury, M2a macrophages invade concurrently with M1 
cells and inhibit nitric oxide-mediated lysis, promoting muscle fibrosis. The Th2 
inflammatory environment also increases IL-10-induced differentiation of M2c 
macrophages, which recruit eosinophils (EOS) and cytotoxic T lymphocytes (CTL) that 
increase muscle fibrosis through myelin basic protein (MBP)-dependent processes. 
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response.  The authors suggest that with chronic muscle injury, the M2 response occurs 

concurrently with the M1 response.  However, this overlap allows for inhibition of M1 lytic 

and phagocytic responses by M2 macrophages, promoting a fibrotic response.   Further 

studies on how mechanical strain, cytokines, and M1 and M2 cell responses interact to 

at different stages to affect muscle differentiation and repair are clearly needed, but all of 

these factors appear to play an important role.    

Tendon Repair After Injury 

Tendons serve as the interface between bone and muscle to transmit muscle 

force to the bone to create joint movement.  The tendon originates at the 

musculotendinous junction where tendon fibers bind to muscle cells. Tendon inserts into 

bone with the point of attachment called the enthesis (Towers, Russ, & Golla, 2003).  

The composition of tendon is primarily collagen, ground substance, and tenocytes.  An 

aggregate of collagen fibrils form a collagen fiber which is the basic unit of a tendon 

(Figure 1.7).  A network of thin reticular connective tissue known as the endotendon 

binds collagen fibers together to form the primary (subfascicle), secondary (fascicle), 

and tertiary bundles that compose the tendon (Figure 1.3).   
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Figure 1.7. Tendon Structure. The collagen fibril is the smallest unit of tendon.  An 
aggregate of collagen fibrils form a collagen fiber.  Collagen fibers are bound together by 
the endotendon to form the primary, secondary, and tertiary bundles.  (image courtesy of 
vearlemedicalart.com) 
 

Tendon repair also occurs in three overlapping stages, though given the high 

collagen content of tendon, the stages are quite different from muscle.  In the 

inflammatory stage, which typically spans a few days, the wound site is infiltrated by 

immune cells and platelets, releasing growth factors and endothelial chemoattractants. 

Macrophages digest necrotic debris, and tenocytes are recruited to the wounded area 

and stimulated to proliferate, particularly in the epitendon.  The second stage, known as 

the proliferative or repair stage, begins roughly two days into the injury response. This 

phase of healing is characterized by profuse protein synthesis and is directed by 

macrophages and tenocytes. Macrophages shift from phagocytic (M1) to reparative (M2) 

a few days after injury, releasing growth factors and directing cell recruitment. 

Meanwhile, tenocytes deposit a temporary matrix composed mostly of collagen III.  In 
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the third and final stage, known as the remodeling phase, collagen I synthesis begins. In 

human tendon repair, this phase begins 1–2 months after injury and can last more than 

a year. The repaired tissue generally maintains a scar-like appearance and never 

completely regains the biomechanical properties it had prior to injury (Voleti, Buckley, & 

Soslowsky, 2012). 

 Several studies have indicated that tenocyte proliferation and ECM deposition 

can be altered using several secreted molecules, including TNFα, IL-1ß, IGF-1, TGFß, 

and substance P (see Table 1.2) (Abrahamsson, Lundborg, & Lohmander; Fong et al.; 

Seher et al.).  TNFα stimulated tenocytes produce further pro- and anti-inflammatory 

cytokines such as IL-1β, TNFα, IL-6 and IL-10 and matrix degradative enzymes such as 

MMP1 (Schulze-Tanzil et al., 2011).  The expression of these cytokines have been 

found to be increased in overuse injuries in both humans and animal models (Freeland 

et al., 2002 Barr et al. 2003, Nakama, King et al. 2006, Smith, Stauber et al. 2007, 

Barbe, Elliott et al. 2008, Riley 2008, Kjaer, Langberg et al. 2009, Fedorczyk, Barr et al. 

2010, Andersson, Backman et al. 2011, Backman, Andersson et al. 2011, Schulze-

Tanzil, Al-Sadi et al. 2011, Abdelmagid, Barr et al. 2012, Barbe, Gallagher et al. 2013, 

Chikenji, Gingery et al. 2014, Fisher, Zhao et al. 2015).  
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Table 1.2 Pro-Fibrotic Evidence for Proteins Associated with WMSDs 

Authors Cell type Summary
Eickelberg et al. lung fibroblasts Interferon γ inhibits TGFβ-1 induced fibrosis in lung fibroblasts

Kim et al. human dermal fibroblasts TGFβ-1 increases collagen in HDF

Koon et al. human colonic CCD-18Co 
fibroblasts

SubP modulates colitis-associated fibrosis

Shah et al. in vivo Neutralizing antibody to TGFβ-1  reduces cutaneous scarring in 
adult rodents

Sobral et al. Fibroblast cultures from 
normal gingiva

TGFβ-1 increases CCN2 in fibroblast cultures from normal gingiva 

Zhong et al. ligamentum flavum (LF) cells CCN2 increases collagen I in cultured LF cells 

Species Cell type Summary

rat osteoblasts CCN2 siRNA prevents TGFβ-1 induced collagen I and fibronectin 
production in osteoblasts 

rat osteoblasts

Authors used specific Smad siRNAs to block Smad expression 
and demonstrate that Smads 3 and 4, but not Smad 2, are 
required for TGFβ-1 induced CCN2 promoter activity and 
expression in osteoblasts.
TGFβ-1 regulates T-cell neurokinin-1 receptor
internalization and function

mouse T cells Interleukin-12 and interleukin-23 induced SubP synthesis in 
murine T Cells and macrophages is regulated by TGFβ-1

mouse C2C12
In cultured myoblasts CCN2 causes transdifferentiation into 
myofibroblasts by upregulating the expression of fibrosis marker 
proteins α-smooth muscle actin and transgelin

Blum et al. 2008

Bruno et al. 2015

Arnott et al. 2008

Beinborn et al. 2010 mouse T cells

2011 human
TGFβ1 Publications

Authors Year

Arnott et al. 2007

2010 human

1994 rat

2007 human 

Collagen Publications
Year Species
2001 human 
2014 human
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Table 1.2, continued 

 

human lung biopsies Both IGF-1 and TGFb are found in IPF patient epithelium

human in vivo TGFβ-1 is increased in the subconnective synovial tissue of 
patients with CTS

mouse in vivo Anti-TGFβ-1 decreased TNFα, IL-1β, and hydroxyproline in lung 
fibrosis model

human lung fibroblasts Interferon γ inhibits TGFβ-1 induced fibrosis in lung fibroblasts
In a mouse laceration model, the area of
fibrosis decreased when IFNγ was injected at either 1 or 2 weeks 
after injury

mouse fibroblasts TGFβ-1 increases fibroblast proliferation

human human proximal tubular 
epithelial cells

Stat3 and Erk-1/2 activation are required for interferon-γ inhibition 
of TGFβ-1 

human Keloid fibroblasts
In contrast to normal dermal fibroblasts, IFN-g did not inhibit 
TGFβ-1-induced type I collagen production, contractile activity, 
and a-SMA expression in keloid-derived dermal  fibroblasts.

rat RDF TGFβ-1 treatment of RDF decreases MMP2
human ex vivo TGFβ-1 increased in traumatic muscle injury

rat in vivo SubP enhances wound healing in rats

mouse
P815 mast cell line, 3T3 

fibroblast

Substance P induces proliferation of 3T3.  Mast cell supernatants 
can also stimulate 3T3, and this effect is blocked using NK1 
inhibitors.

human human dermal fibroblasts TGFβ-1 increases collagen in HDF
human human tendon TGFβ-1 increases after mechanical loading

human human colonic CCD-18Co 
fibroblasts

SP modulates colitis-associated fibrosis

rat fibroblasts from the 
granulation tissues

SP increased TGFβ-1 gene expression in rat fibroblasts

mouse in vivo anti-TGFβ-1 in mouse model of scleroderma shows anti-fibrotic 
effect

Lai et al. 2003

McCormick et al. 1999

Kim et al. 2014
Kjær et al. 2009

Koon et al. 2010

Jackson et al. 2011
Kant et al. 2013

Katayama et al. 1997

Giannopoulou et al. 2006

Hasegawa et al. 2003

Howard et al. 2012

Foster et al. 2003 mouse C2C12, fibroblasts

Fukushima et al. 2001

Chikenji et al. 2013

Denis et al. 1994

Eickelberg et al. 2001

Cao et al. 2000
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Table 1.2, continued 

 

rat
NRK rat fibroblast cell line or 
early passage human dermal 

fibroblasts

TGF causes marked increase of either proline or leucine 
incorporation into collagen in either an NRK rat fibroblast cell line 
or early passage human dermal fibroblasts

rat in vivo Neutralizing antibody to TGFß-1 reduces cutaneous scarring in 
adult rodents

Fibroblast cultures from 
normal gingiva and 

myofibroblast

TGFß-1 increases CCN2 in fibroblast cultures from normal gingiva 
and myofibroblast

cells from HGF were included 
in this study.

cells from HGF were included in this study.

human U4A cell line IFN-g inhibits the TGFβ-1-induced phosphorylation of Smad3 and 
the activation of TGFβ-1-responsive genes 

human BEAS and A549 cells Substance P Potentiates TGFβ-1 Production in Lung Epithelial 
Cell Lines

Species Cell type Summary

rat osteoblasts
Connective Tissue Growth Factor (CCN2) Is a Downstream 
Mediator for TGFβ-1-Induced Extracellular Matrix Production in 
Osteoblasts 

rat osteoblasts Smads 3 and 4, but not Smad 2, are required for TGFβ-1 induced 
CCN2 promoter activity and expression in osteoblasts.

mouse C2C12
CCN2 causes cultured myoblast transdifferentiation into 
myofibroblasts by upregulating the expression of fibrosis marker 
proteins α-smooth muscle actin and transgelin

human in vivo TGFβ-1 is increased in the synovial connective tissue of patients 
with CTS

rat Normal rat kidney (NRK) 
fibroblasts

CCN2 induces kidney fibroblast proliferation

rabbit in vivo CCN2 is increased in tendons under loading 

Grotendorst et al. 2005

Nakama et al. 2006

Arnott et al. 2008

Bruno et al. 2015

Chikenji et al. 2013

Yaraee et al. 2009

CCN2 Publications
Authors Year

Arnott et al. 2007

Shah et al. 1994

Sobral et al. 2007 human 

Ulloa et al. 1999

Roberts et al. 1986
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Table 1.2, continued 

 

mouse C2C12
Recombinant CCN2 promoted proliferation and MyoD production 
in C2C12 cells.  The protein production of CCN2 was increased in 
C2C12 myoblasts treated with TNFα

mice in vivo Loss of PTEN expression by mouse fibroblasts results in lung 
fibrosis through a CCN2-dependent mechanism 

human Fibroblast cultures from 
normal gingiva 

TGFβ-1 increases CCN2 in fibroblast cultures from normal gingiva

human ligamentum flavum cells
CCN2 increases collagen I in cultured LF cells; the increased 
expression of CCN2 is associated with hypertrophy of the LF in 
patients with LSS.

Species Cell type Summary

rabbit in vivo
Rabbits Achilles tendon overuse for 1 week, in conjunction with 
SubP injections in the paratendon.  Paratendinous inflammation 
was more pronounced in the SubP-injected group

human tenocytes SubP production and the expression of NK-1R by human 
tenocytes

rabbit in vivo

Achilles tendon SubP-levels are elevated already after 1 week of 
loading. Increased SubP production precedes tendinosis, as 
tendinosis-like changes occur only after a minimum of 3 weeks of 
exercise

mouse T cells TGFβ-1 regulates T-cell neurokinin-1 receptor internalization and 
function 

mouse T cells Interleukin-12 and IL-23 induced SubP synthesis in murine T cells 
and macrophages is regulated by TGFβ-1

rat in vivo Substance P acting via the neurokinin-1 receptor regulates 
adverse myocardial remodeling in a rat model of hypertension

Dehlin et al. 2013

Backman et al. 2011

Beinborn et al. 2010

Blum et al. 2008

Substance P Publications
Author Year

Andersson et al. 2011

Backman et al. 2011

Parapuram et al. 2015

Sobral et al. 2007

Zhong et al. 2011

Nishida et al. 2014
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Table 1.2, continued 

 

human tenocytes Substance P enhances collagen remodeling and MMP-3 
expression in human tenocytes 

rat in vivo Topical SubP enhances wound healing in rats

mouse P815 mast cell line, 3T3 
fibroblast

SubP increases TGFβ-1-induced 3T3 fibroblast proliferation in 
vitro

human
human colonic CCD-18Co 

fibroblasts

Treatment with an NK-1R antagonist in a mouse colitis model 
lead to decreased inflammation, collagen, and fibroblast 
accumulation.

rat fibroblasts from the 
granulation tissues

TGFβ-1 gene expression was induced by SubP in fibroblasts

human BEAS and A549 cells Substance P increases TGFβ-1 production  human lung epithelial 
and carcinoma cell lines

Species Cell type Summary
human lung biopsies Both IGF-1 and TGFβ-1 are found in IPF patient epithelium

human human colonic CCD-18Co 
fibroblasts

Treatment with an NK-1R antagonist in a mouse colitis model 
lead to decreased inflammation, collagen, and fibroblast 
accumulation.  IGF-1 levels were decreased with NK-1R 
treatment.

human tenocytes IGF-1 treatment enhances collagen production in tenocytes

Species Cell type Summary

rat in vivo SubP acting via the neurokinin-1 receptor regulates adverse 
myocardial remodeling in a rat model of hypertension

human tenocytes SubP increases collagen remodeling and MMP-3 expression in 
human tenocytes 

Dehlin et al. 2013

Fong et al. 2013

Koon et al. 2010

Lippiello et al. 2006
MMP Publications

Author Year

Yaraee et al. 2009

IGF-1 Publications
Authors Year

Cao et al. 2000

Katayama et al. 1997

Koon et al. 2010

Lai et al. 2003

Fong et al. 2013

Kant et al. 2013
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Cytokines 

The exploration of the cytokines involved in regulating the migration, proliferation, 

differentiation, and repair of muscle and tendon tissue could shed significant light on how 

these processes are regulated.  The following section will examine some of the proteins 

involved in the inflammatory (TNFα) and fibrotic process (TGFß-1 and CTGF/CCN2) of 

WMSDs. 

Inflammatory Cytokine Tumor Necrosis Factor Alpha (TNFα) 

TNFα was, as the name indicates, originally discovered because of its ability to 

kill tumor cells.  TNF is primarily produced as a type II transmembrane protein arranged 

in stable homotrimers.  From this membrane-integrated form the soluble homotrimeric 

cytokine (sTNF) is released via proteolytic cleavage by the metalloprotease TNF alpha 

converting enzyme (S. Henderson, Stacey, & Dohan; Wajant, Pfizenmaier, & Scheurich).  

The soluble 51kDa trimeric protein can bind to one of two receptors, a p60 type I 

receptor (TNF-RI) that is expressed on nearly all cell types, and a p80 type II receptor 

(TNF-RII) that is expressed mainly on immune and endothelial cells (Aggarwal, 

Gollapudi, Yel, Gupta, & Gupta).   TNF is mainly produced by macrophages, but also by 

abroad variety of other cell types including lymphoid cells, mast cells, endothelial cells, 

fibroblasts and neuronal tissue.  In general, TNF may be considered to represent a 

major pro-inflammatory cytokine, with an limited ability to induce apoptosis (Wajant et 

al.).  Overexpression of TNF in animal models can lead to cachexia and symptoms of 

arthritis and colitis (Kontoyiannis, Pasparakis, Pizarro, Cominelli, & Kollias).  The 

signaling of TNF is complex however, in that high levels of TNF induce a cachexia 

response, but Li et al found that TNFα at low concentration induced proliferation of 
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satellite cells in muscles in vitro, indicating a role for TNFα in myogenesis.  However, at 

concentrations higher than 6ng/mL, the effect on proliferation was diminished (Y. P. Li).   

Other studies have examined the effect of TNFα on muscle regeneration.  

Peterson et al (Peterson, Feeback, Baas, & Pizza) administered TNFα chronically in 

mice for 7 days.  These authors found that 100ug/kg/day of recombinant murine TNFα 

increased influx of macrophages and neutrophils into the extensor digitorum longus and 

soleus muscles. Bunn et al developed a crush injury model in rodents to demonstrate 

the inflammation, cell influx, proliferation, and fibrosis present at various stages of 

muscle repair.  In muscles impacted with a small crush injury, the authors detected a 

sizeable influx of TNFα-producing inflammatory cells by day 4 after crush injury, but a 

scarcity of immune cells at day 24.  However, fibrous scarring was clearly evident at the 

later time point.  An evaluation of TNFα in these muscles shows that TNFα peaks at day 

4 post-injury and is largely absent by day 8 post-injury in this single-impact small injury 

model. Imposing a larger impact crush injury was able to prolong the TNFα response.  

TNFα was present during the inflammatory stage leading up to a fibrotic response.  The 

authors suggest that TNFα signaling may have led to the fibrotic response (Bunn et al.).  

Similarly, Warren et al used Taqman analysis of tibialus anterior muscles after muscle 

freeze injury to follow the expression of TNFα after injury.  They found that uninjured 

muscle expressed low constitutive levels of TNFα mRNA. However, after injury, an 

increase in TNFα expression occurred within 5 h after injury and was observed to be 

maximally increased at 24 h after injury, returning to control levels by day 13 (Warren et 

al.).   

The Barbe-Barr model likely most resembles a lower impact model of injury, with 

a more chronic and cumulative type of injury. Similar to the crush injury model discussed 

above (Bunn et al.), we observed a similar trend of significantly increased TNFα at early 

time points, though measured in weeks (not days), followed by tissue fibrosis after 
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resolution of this inflammatory phase.  In rats performing a high repetition high force 

task, TNFα levels in flexor digitorum muscle were high at 6 weeks (Fisher et al.; Gao et 

al.; Rani et al.), but not significant different from controls at 12 and 18 weeks (Fisher et 

al., 2015).  In parallel to increases in TNFα in muscle tissue, we observed a decrease in 

grip strength in those same animals.  Other studies have had similar findings with 

regards to grip strength and TNFα.  Schafers et al show that TNFα injection into the 

gastrocnemius or biceps brachii muscles induces changes in grip strength and 

withdrawn responses to pressure up to 24 hours after injection (Schafers, Sorkin, & 

Sommer).   

Anti-TNFα Therapy 

 The pro-inflammatory nature of TNFα is supported by observations that 

administration of anti-TNF neutralizing antibody has beneficial effects on an 

experimental arthritis animal model (Shealy et al.), as well as in human rheumatoid 

arthritis (D'Souza, Meissner, Tang, McKenzie, & Piech) (Saika et al.) and Crohn’s 

disease (Cornillie et al.).  Given the role of TNFα in the inflammatory process, several 

studies have examined the role of TNFα inhibition in muscle injury and repair.  Rice et al 

examined the role of anti-TNF therapy in acute exercise-induced muscle pain and 

weakness.  These authors found that anti-TNF therapy did not affect acute (24-72 hours) 

muscle pain after exercise, but that muscle strength returned at 72 hours back to pre-

exercise levels after anti-TNF therapy in a larger proportion of subjects than in placebo 

controls (Rice, Chantler, & Loram).  Anti-TNF therapy has also been shown to decrease 

muscle necrosis (Nemoto et al.) and cachexia (Steffen, Lees, & Booth), as well as 

contractile dysfunction in rodent models (Piers et al.).  We have recently shown that anti-

rat TNFα during the early stages of inflammation attenuates repetitive task-induced 
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increases of periostin-like factor, a matricellular molecule that increases with tissue 

loading in musculoskeletal tissues (Rani et al.).   

A potential role for TNFα in advancing fibrosis is also been demonstrated in 

animal models.  Pulmonary fibrosis induced by adenoviral overexpression of active 

TGFß-1 is augmented by loss of the TNF receptor (J. Y. Liu & Brody).  Blocking tumor 

necrosis factor alpha (TNFα) with antibodies has been used to successfully reduce 

inflammation-induced kidney and liver fibrosis, with subsequent improvement in 

symptoms (Bahcecioglu et al.; Khan et al.).  It has been reported that CCN2 production 

is regulated by TNFα (Cooker et al.; Laug et al.), although the regulation of CCN2 by 

TNFα in muscles undergoing an overuse injury has yet to be investigated.   Exploration 

of the link between these matricellular proteins and TNFα could give insight into the 

mechanisms driving fibrosis in tissue repair and wound healing. 

Fibrogenic Cytokines 

Transforming Growth Factor Beta (TGFß-1)  

Transforming Growth Factor beta 1 (TGFβ-1) is 25kDa dimeric protein belonging 

to the large superfamily of the TGF proteins (Barnard, Lyons, & Moses). TGFβ-1 plays 

an active role in many cell types, and has multiple functions, including roles in cell 

proliferation, wound healing (O'Kane & Ferguson), and extracellular protein production 

(Hocevar & Howe). Although TGFß-1 plays an important role in tissue repair, 

overexpression of this protein can lead to aberrant cell proliferation and extracellular 

matrix deposition, leading to fibrosis. It has been shown that TGFβ-1 strongly contributes 

to fibrotic disorders such as diabetic nephropathy, rheumatoid arthritis, myocarditis and 

tendinopathies (L. J. Backman, Fong, Andersson, Scott, & Danielson; M. H. Chen, 

Huang, Sun, Chao, & Chen; Jiang, Shao, Wang, & Dong; MacDonald & Cohn).  Data 

from our model also shows increased TGFß-1 in conjugation with tendon and muscle 
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fibrosis (Fisher et al., 2015; Gao et al., 2013). TGFß-1 is also an inducer of 

myofibroblasts differentiation from tenocytes (MacDonald & Cohn).  In fact, a mechanism 

was proposed by this group (Figure 1.8) wherein TGFβ-1 inhibits the microRNA miR-29.  

This inhibition allows for the activation of histone deacetylase 4 (HDAC4) activity in 

myoblasts, preventing expression of MEF2 and driving myoblasts toward the pro-fibrotic 

myofibroblast phenotype (MacDonald & Cohn). Given the role of TGFß-1 in multiple 

fibrotic disorders, it has become a popular target for several potential anti-fibrotic 

therapies. 

 

 
Figure 1.8.  Potential Mechanism for TGFβ-1 in Muscle Fibrosis.  MicroRNA-29 (miR-29) 
promotes myogenesis in muscle precursor cells by inhibiting the histone deacetylase 
HDAC4. TGFβ-1 signaling inhibits the maturation process of miR-29 and thus increases 
HDAC4 activity.  The increase in HDAC4 prevents the expression of MEF2 and induces 
transdifferentiation of myoblasts to myofibroblasts.  These myofibroblasts are believed to 
produce the extracellular matrix proteins, like collagen I, that lead to fibrosis 
(MacDonald, 2012 #91).  Reproduced with permission from the Copyright Clearance 
Center.   
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Connective Tissue Growth Factor (CTGF/CCN2) 

CCN family protein 2, also known as connective tissue growth factor 

(CTGF/CCN2) is a 38kDa, cysteine-rich, matricellular protein.  It belongs to the CCN 

(Cyr61, CCN2, Nov, WISP1, WISP2 and WISP3) protein family. CCN2 is a secreted 

protein with major roles in angiogenesis (Hall-Glenn et al.; Whitson, Lucia, & Lambert), 

chondrogenesis (Pala et al.), osteogenesis (Arnott et al.; Hendesi, Barbe, Safadi, 

Monroy, & Popoff; Lambi et al.; Mundy, Gannon, & Popoff), cutaneous tissue repair (Shi-

Wen, Leask, & Abraham), and fibrosis (Y. Liu et al.; Mason; Parapuram et al.).  CCN2 

accomplishes these multiple roles in part because it is a multi-domain protein that binds 

to multiple receptors (Figure 1.9).   CCN2 contains four functional domains, insulin-like 

growth factor binding protein and a von Willebrand factor C domain that bind aggrecan, 

and the thrombospondin and cysteine knot (c-terminal) domains that bind integrins (Hall-

Glenn et al.).  An important function of CCN2 is as a downstream mediator for TGFβ -1-

induced cell proliferation, migration, adhesion and extracellular matrix production on 

fibroblasts (Duncan et al.) (Perbal), believed to occur through TGFβ-1 binding to the von 

Willebrand domain (Hall-Glenn et al.). When increased, CCN2 induces fibroblast 

proliferation and extracellular matrix (ECM) production. TGFβ-1 and CCN2 are 

overexpressed in a synergistic fashion in an animal model of wound repair, suggesting 

that TGFß-1-induced CCN2 expression is involved in wound healing (Igarashi, Okochi, 

Bradham, & Grotendorst).   

We are most concerned with the role CCN2 may play in fibrosis in our rat model 

of repetitive reaching and grasping.  Studies have shown that CCN2 is upregulated in 

different human kidney diseases and contributes to renal fibrosis (Mason).  Studies in 

experimental liver fibrosis found inhibition of CCN2 expression by antisense mRNA or by 

CCN2-binding antibodies prevents increased collagen synthesis in fibroblasts exposed 

to TGFβ-1, indicating that CCN2 is essential for the fibrotic response to TGFβ-1(Uchio, 
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Graham, Dean, Rosenbaum, & Desmouliere).  From our studies, we have found that 

tendon and muscle tissues from rats performing the repetitive reaching and grasping 

task showed increased expression of CCN2 (Abdelmagid et al.; Fedorczyk et al.; Rani et 

al.).   Results from our lab also show that CCN2 is increased in serum of rats that 

concurrently develop tissue fibrosis (Gao et al.).   

 

 

Figure 1.9.  Functional Domains of CCN Proteins and Common Receptors.  CCN 
proteins contain four conserved functional domains.  The insulin-like factor binding 
protein domain (IGFBP) and the von Willebrand (vWC) bind aggrecan, while the 
thrombospondin (TSP) and cysteine knot domains bind to integrins.  Also pictured are 
non-receptor proteins that bind to CCN proteins, such as bone morphogenic protein 
(BMP), transforming growth factor (TGFβ), and vascular endothelial growth factor 
(VEGF) (Hall-Glenn, 2012 #95).   
 
 

Substance P and NK-1R 

Substance P is an 11 amino acid neurotransmitter involved in nociception in both 

the peripheral (PNS) and central (CNS) nervous systems.   Substance P was originally 

identified in 1931, but it was not until the early 1980s that SubP was proposed as a 
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neurotransmitter (Nicoll, Schenker, & Leeman, 1980), with excitatory functions on both 

the CNS and PNS.  SubP is a member of the tachykinin family, which has five family 

members (SubP, neurokinin A, neurokinin B, neuropeptide K, and neuropeptide γ).  

SubP is synthesized predominantly by type B cells in dorsal root ganglia (DRG), and 

released in response to stimulation of unmyelinated C-fiber nerve endings.  Substance P 

is widely distributed in the body, in both the central (CNS) and peripheral nervous 

systems (PNS).  There are three known receptor subtypes in the tachykinin family, 

neurokinin receptors -1, -2, and 3.  SubP preferentially binds to neurokinin-1 receptor, 

NK1-R (Lambrecht et al., 1999), and has multiple functions, though it is most commonly 

associated with nociception.  However, it has also been shown to play roles in 

vasodilatation, immune function and inflammation, sensitization of sensory nerve 

endings, fibrosis, bone homeostasis (Germonpre et al., 1999; Lambrecht et al., 1999), 

and more recently fibrosis (Burssens et al.; Fong et al.; Koon et al.). 

Role of Substance P in the CNS & PNS 

Within the CNS, substance P and NK-1R are highly concentrated in the 

superficial regions of the dorsal horn.  The dorsal horn acts a relay station for primary 

afferent signals bringing information to the brain.  Primary nociceptive fibers terminate in 

this region and therefore are essential for processing of sensory information.  An 

estimated 40% of contacts with nociceptive nerve fibers contain SubP-related terminals.  

SubP appears to cause a prolonged excitation in the dorsal horn, most likely by 

sensitizing neurons to the actions of other neurotransmitters (DeVane).   In addition to 

the spinal cord, SubP and NK-1R play a role in other areas of the CNS.  SubP is present 

in the limbic system, which is associated with emotional behavior and stress.  Areas 

where SubP is found include the hypothalamus and the amygdala.  NK-1R is also highly 

expressed in the hypothalamus, the pituitary gland, and the amygdala.  In fact, 



 33 

stimulation of the amygdala in response to stress has been linked to SUBP release 

(DeVane).  Within the PNS, SubP, released upon stresses such as compression or 

inflammation, acts directly on nociceptor fibers, directly stimulating nociceptor nerve 

endings through activation of Gq/11 and phospholipase C (Figure 1.10) (Ueda). 

 

Figure 1.10. Proposed Model of SubP Signaling in Pain Transmission.  Adapted from 
(Takasusuki, 2011 #1394) with copyright permission from the Copyright Clearance 
Center.  NK-1R activation leads to Gq11 and phospholipase C (PLC) activity (Ueda, 
1999 #1).   
 

SubP in Immunity and Inflammation 

SubP has been identified in fibroblasts and immune cells such as mast cells 

(Toyoda, Makino, Kagoura, & Morohashi, 2000 Barbe et al. 2009), macrophages (Clark 

et al.; Fedorczyk et al.), dendritic cells (Lambrecht et al.), and T lymphocytes (Lambrecht 

et al.).  Similar to its ligand, NK1-R is also widely distributed.  NK1-R has been found on 

neuronal cells, immune cells, and peripheral tissues such as intestinal epithelia 

(Hockerfelt, Franzen, & Forsgren, 2001), chondrocytes (Im et al., 2008), uterine tissue 

(Schmidt, Lobos, & Spanel-Borowski, 2003), cardiac tissue (Ejaz, LoGerfo, Khabbaz, & 
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Pradhan, 2011), and bone cells (Goto et al., 2007).  Functional importance for SubP and 

its receptor have also been demonstrated.  SubP can activate mast cells (Erin & 

Clawson, 2004), causing the release of histamine and nociceptive transmitters.  This 

release can cause inflammation and increased sensitivity of nerve endings. Lambrecht 

et al (Lambrecht et al., 1999) found that SubP is produced by dendritic cells and T cells, 

and that SubP can have an autocrine function or paracrine function, via dendritic cells, 

on T cell proliferation in vitro.  This effect on T cell proliferation was abrogated with 

addition of NK1-R antagonists.    

Given the production of SubP by immune cells, it is not surprising that SubP can 

play a role in vasodilatation and inflammation.  Levels of SubP are increased in several 

inflammation studies, including traumatic brain injury (Vink & van den Heuvel), gut 

inflammation (Karagiannides et al.; Koon et al.), and rheumatoid arthritis (Green).  

Further, SubP signaling has been linked to increased hindpaw warmth and edema in a 

rat model of tibial fracture (Wei et al., 2009).  In this model, fracture increased gene 

expression of SubP both in the serum, and in the sciatic nerve.  Further, NK1-R 

expression increased in the ispilateral hindpaw skin after injury.  Intravenous 

administration of SubP also increased vasodilatation.   

SubP in CTS and WMSDs 

Inflammation and swelling are important aspects of CTS that lead to decreased 

carpal tunnel diameter.  Given the role of SubP in inflammation and edema, it was 

important to discover if SubP was specifically increased in models of overuse injury, 

such as tennis elbow, hip injury, and CTS.  Ljung et al (Ljung, Alfredson, & Forsgren, 

2004) studied the tendons of patients with tennis elbow and found that SubP and its 

receptor NK1-R were increased in this region.  Saxler et al (Saxler, Loer, von Knoch, von 

Knoch, & Hanesch, 2005) reported the detection of NK1-R in the hip joint of human 
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subjects, and found that NK1-R expression is higher in painful hips than in the 

contralateral asymptomatic hip of patients.  Lastly, Ozturk et al (Ozturk et al., 2010) 

examined biopsy samples from patients undergoing surgery for CTS.  Increases in SubP 

were found in both neuronal and nonneuronal tissues.  SubP levels were increased in 

the transverse carpal ligament and synovial connective tissue of the middle flexor 

digitorum superficialis tendon.   Therefore, whether produced by sensory nerve endings 

or through an immune response, SubP is higher in tissues associated with overuse 

disorders, including tendons. 

Animal model data also supports a role for SubP during repetitive tasks.  Several 

investigators have discovered increased SubP levels in tendon and peritendon after 

loading.  Backman et al (C. Backman, Boquist, Friden, Lorentzon, & Toolanen, 1990) 

found that in a rabbit tendinopathy model, SubP was increased as early as 1 week after 

exercise, and remained significantly high for the duration of the 6-week study.  

Furthermoer, this group demonstrated that NK1-R is found on tenocytes, suggesting that 

SubP precedes tendinosis and SubP could be a regulator of disease progression.  A 

similar study by the same group (Andersson, Backman, et al., 2011)  found that 

exogenously-introduced SubP in the same model of Achilles tendon overuse led to an 

increase in vascularization and para-tendon inflammation.  

In studies using the Barbe-Barr rodent model of WMSD, SubP is increased at 12 

weeks in the peritendon (Fedorczyk et al.) of flexor digitorum tendons.  The sources of 

SubP in the tendon environment after strain injury appear to be multi-factorial.  We 

observed SubP in neuronal processes in the peritendon, as well as from fibroblasts and 

mast cells within the tendon itself.  In this model, rats were trained to perform a high 

repetition, high force (HRHF) handle-pulling task (12 reaches/min at 60 ± 5% maximum 

pulling force) for 2 hours/day in 30 minute sessions, 3 days/week.  After 12 weeks, 

increased median nerve fibrosis, indicated by increased type I collagen deposition and 
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CTGF-positive fibroblasts, along with reduced nerve conduction velocity were observed 

(Clark et al.).  Grip strength significantly decreased as early as 3 weeks, lasting at least 

until 12 weeks during task performance (Fedorczyk et al.; Kietrys et al., 2011).  

Substance P has several roles including facilitating histamine release from mast cells 

and thus enhancing vasodilation.  In fact, swelling in the peritendon region was observed 

in these rats (Fedorczyk et al.).   Substance P has also been implicated in the induction 

of CTGF and proliferation of fibroblasts (L. J. Backman, Andersson, et al.; L. J. 

Backman, Fong, et al.).   This would explain the temporal match in Substance P and 

peritendon fibrotic tissue changes, as well as the intra-tendon fibrosis.  Further, central 

changes in SubP may be a contributing factor to changes in grip strength and 

mechanical sensorimotor changes.  Elliot et al (Elliott, Barr, et al.; Elliott et al.; Elliott et 

al.) found an increase in spinal SubP after high repetition reaching, even with negligible 

force.  These studies highlight the importance of substance P both peripherally and 

centrally in pain, inflammation, and fibrosis.   

 

Gaps in the literature 

Little work has been done to differentiate the effects of inflammation versus 

fibrosis in WMSDs.  Further, proteins and peptides that have been shown to induce 

fibrosis, such as CCN2 and substance P, have not been fully explored in WMSDs.  Our 

lab has developed an operant model of repetition reaching where rats receive a food 

pellet reward upon completion of a handle pulling and grasping task.  We have noted 

both inflammation and fibrosis in this model, but have just recently initiated studies to 

differentiate the effects of inflammation versus fibrosis in rats that performed this task 

with high repetition and high force.  We hope to use this model to evaluate the effects of 

inflammation and fibrosis in rats that have performed this task long term.   
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Research Aims 

 
Aim 1. To examine the effects of performing a high repetition high force (HRHF) handle-

pulling upper extremity reaching and grasping task for up to 18 weeks on sensorimotor 

behaviors, and inflammatory and fibrotic responses in involved forearm tissues.  

We hypothesized that inflammatory cytokine responses would resolve early, that 

fibrotic/nociceptor tissue responses (CCN2, TGFß-1, collagen I, and SubP) would 

increase significantly in flexor digitorum muscles, nerves and extracellular matrix (ECM).  

with prolonged performance of a high demand repetitive task, in association with 

persistent sensorimotor declines (forearm grip strength and pain-related behaviors). We 

further hypothesized that tissue increases in CCN2 would be matched by serum 

increases, supportive of it serving as a potential biomarker of fibrosis and therapeutic 

target to prevent the fibrosis and reduced function occurring a consequence of repeated 

overuse. 

 

Aim 2. To determine if SubP induces fibroblast proliferation and collagen production via 

CCN2 signaling directly or independently from the TGFß-1/CCN2 signaling pathway.  

Previous studies in our lab have noted increased SubP, TGFβ-1, and collagen in 

tendons of rats that have performed the HRHF task (Abdelmagid et al.; M. Barbe et al.; 

Fedorczyk et al.).  We used primary tenocytes (obtained from flexor digitorum tendons of 

normal young adult female rats) and a cell line of primary rat dermal fibroblasts (RDF 

cells) in in vitro studies for this purpose, stimulating them with SubP, TGFß-1, or both 

combined. We hypothesized that SubP either acts directly through CCN2, independently 

from the TGFß-1/CCN2 signaling pathway, to increase fibroblast proliferation and 

extracellular matrix production in vitro.  
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Aim 3.  To determine if neutralization of TNFalpha, task cessation, or both combined, 

when provided in weeks 4 through 7 of an 11 week high repetition high force (HRHF) 

upper extremity reaching and grasping task, reduces tissue inflammation, fibrosis and 

sensorimotor declines.   

We first hypothesized that anti-TNFα treatment provided prophylactically during 

the initial training phase in which animals learn to perform the task would prevent the 

development of inflammation and behavioral declines. We next hypothesized that anti-

TNFα therapy with or without rest, provided as secondary interventions, would allow 

effective “return to work” by decreasing task-induced inflammatory and fibrotic 

responses in flexor digitorum muscles and tendons, and would alleviate task-induced 

declines in sensorimotor behaviors. 
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CHAPTER 2 

INCREASED CCN2, SUBSTANCE P AND TISSUE FIBROSIS ARE ASSOCIATED 

WITH SENSORIMOTOR DECLINES IN A RAT MODEL OF REPETITIVE OVERUSE 

INJURY* 

 
*Extracted from previously published work in which Fisher PW was first author and 
provided assistance with behavior data acquisition and performed cytokine analysis and 
western blot densitometry.  Fisher PW, Zhao Y, Rico MC, Massicotte VS, Wade CK, 
Litvin J, Bove GM, Popoff SN, Barbe MF.  Increased CCN2, substance P and tissue 
fibrosis are associated with sensorimotor declines in a rat model of repetitive overuse 
injury. J Cell Commun Signal (2015) 9(1):37-54 
 

Overview 

Key clinical features of cumulative trauma disorders include pain, muscle weakness, and 

tissue fibrosis, although the etiology is still under investigation.  Therefore, we sought to 

characterize the temporal pattern of altered sensorimotor behaviors and inflammatory 

and fibrogenic processes occurring in forearm muscles and serum of young adult, 

female rats performing an operant, high repetition high force (HRHF) reaching and 

grasping task for 6, 12, or 18 weeks.  Palmar mechanical sensitivity, cold temperature 

avoidance and spontaneous behavioral changes increased, while grip strength declined, 

in 18-week HRHF rats, compared to controls.  Flexor digitorum muscles had increased 

MCP-1 levels after training and increased TNFα in 6-week HRHF rats.  Serum had 

increased IL-1β, IL-10 and IP-10 after training.  Yet both muscle and serum inflammation 

resolved by week 18.  In contrast, IFNγ increased at week 18 in both muscle and serum.  

Given the anti-fibrotic role of IFNγ, and to identify a mechanism for the continued grip 

strength losses and behavioral sensitivities, we evaluated the fibrogenic proteins CCN2, 

collagen type I and TGFß-1, as well as the nociceptive/fibrogenic peptide substance P.  
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Each increased in and around flexor digitorum muscles and extracellular matrix in the 

mid-forearm, and in nerves of the forepaw at 18 weeks.  CCN2 was also increased in 

serum at week 18.  At a time when inflammation had subsided, increases in fibrogenic 

proteins correlated with sensorimotor declines.  Thus, muscle and nerve fibrosis may be 

critical components of chronic work-related musculoskeletal disorders. CCN2 and 

substance P may serve as potential targets for therapeutic intervention, and CCN2 as a 

serum biomarker of fibrosis progression. 

Introduction 

The United States Occupational Safety and Health Administration (OSHA) estimates 

that work-related musculoskeletal disorders (WMSDs) account for over 600,000 injuries 

and illnesses (OSHA). These disorders are estimated at $20 billion a year in direct costs, 

and up to five times more in indirect costs for MSD-related workers' compensation, in 

addition to the substantial toll on affected workers who develop significant difficulties in 

performing simple upper extremity tasks (OSHA). The incidence rate of occupation-

related arm, wrist and hand injuries is 23% of all workplace injuries/illnesses and 

requires a median of 12 days away from work (BLS).  Studies in humans with upper 

extremity WMSDs find evidence of inflammation, fibrosis and degeneration in tissues, 

changes thought to cause the concurrent sensorimotor dysfunction (Carp, Barbe, Winter, 

Amin, & Barr; Chikenji et al.; Ettema, Amadio, Zhao, Wold, & An; M. Rechardt et al.; D. 

M. Rempel & Diao; Riondino, La Farina, Martini, Guadagni, & Ferroni). However, 

underlying pathophysiological responses are incompletely understood, particularly those 

associated with chronic fibrotic pathologies.  

Several studies have detected serum biomarkers of inflammation in patients with 

short-term (<3 months) upper extremity WMSDs, including tumor necrosis factor alpha 

(TNFα) and interleukin 1 (IL-1) family members (Carp et al.; M. Rechardt et al.; Riondino 



 41 

et al.). These serum biomarkers of inflammation correlated with severity of patients’ 

symptoms of pain and motor dysfunction.  Patients with chronic (>3 months) WMSDs 

show continued symptoms of pain and motor dysfunction, yet an absence of 

inflammatory markers. Instead, these latter patients have increased tissue fibrosis and 

fibrogenic markers, such as transforming growth factor beta 1 (TGFß-1) (Chikenji et al.; 

Ettema et al.; Freeland et al.; Hirata et al.), although serum biomarkers of fibrosis in 

relationship to WMSDs are still under investigation. 

CCN2 (also known as connective tissue growth factor or CTGF) is a sensitive serum 

biomarker of cardiac fibroblast proliferation (Lipson, Wong, Teng, & Spong) and 

idiopathic pulmonary fibrosis, as is interferon gamma (IFNγ) (Tzortzaki et al.). CCN2 is 

produced by multiple cell types and is a downstream mediator of transforming growth 

factor beta 1 (TGFß-1) (Grotendorst; J. J. Song et al.). When increased, CCN2 induces 

fibroblast proliferation and extracellular matrix (ECM) deposition (Grotendorst; Stratton et 

al.). This is of interest since tissue CCN2 increases under conditions of muscle and 

tendon overload and/or injury (Heinemeier et al.; Kjaer; Smith, Stauber, Waters, Alway, 

& Stauber), and has been linked to the pathogenesis of fibrosis (Hawinkels & Ten Dijke; 

Ihm; Tzortzaki et al.), (Seher et al.).  Since CCN2 is normally low or undetectable in sera 

of healthy individuals, it may serve as a predictive biomarker for patients in the fibrotic 

stage of WMSDs after exclusion of other possible health disorders, as shown recently in 

a study from our laboratory examining tendon fibrosis using a rat model of overuse (Gao 

et al.).  

The neuropeptide substance P has also been linked to tissue fibrosis.  Substance P 

(SubP) is an 11 amino acid neurotransmitter known to be involved in nociception in the 

peripheral and central nervous systems, yet has multiple effects on immune cells, 

endothelial cells, and fibroblasts.  SubP has been reported to work in concert with TGFß-

1 in inflammation (Beinborn et al.) and fibrotic responses (Dehlin, Manteufel, Monroe, 
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Reimer, & Levick; Koon et al.) in various tissues, and is increased in ligaments and 

tendons of patients with carpal tunnel syndrome (Ozturk et al.).  In models of overloading 

in vitro and in vivo, increased SubP has been linked to increased tenocyte proliferation 

and tendinosis, respectively (Andersson, Backman, et al.; L. J. Backman, Fong, et al.; 

Fedorczyk et al.), muscle derangement and myositis in a unilateral model of 

experimentally-induced muscle overuse (Y. Song, Stal, Yu, & Forsgren), and increased 

collagen type I expression by dermal fibroblasts during wound healing (Cheret et al.).  

The importance of subP in scar formation is also well documented (L. Chen et al.; J. 

Henderson, Ferguson, & Terenghi; Jing, Jia-Han, & Hong-Xing; Scott & Ashe), indicating 

a link between increased SubP and fibroblast proliferation and collagen production 

during wound healing.  To our knowledge, no study has examined concomitant 

increases in SubP and CCN2. 

We have developed a unique rodent model of operant repetitive reaching and 

grasping in which the performance of a reaching and handle-pulling task causes injury 

and inflammation, followed by tissue fibrosis (Abdelmagid et al.; Clark et al.; Fedorczyk 

et al.; Gao et al.). We observed exposure-dependent declines in sensorimotor function 

after short-term performance (≤3 months) of these tasks, with a high repetition high force 

(HRHF) task inducing the greatest dysfunction (2013; M. F. Barbe et al.). Short-term 

sensorimotor declines were associated with duration- and force-dependent increases in 

tissue inflammation and fibrosis (Abdelmagid et al., 2012; M. Barbe et al., 2013; M. F. 

Barbe et al., 2008; Elliott, Barr, & Barbe, 2009a; Elliott, Barr, Clark, et al., 2009; 

Fedorczyk et al., 2010; Gao et al., 2013; Kietrys et al., 2011; Kietrys et al., 2012). 

Unfortunately, we were not able to tease out if tissue inflammation or fibrosis (or both) 

were contributing to functional declines in these past studies of ≤ 3 months, due to 

concurrent inflammatory and fibrotic tissue responses.  

Therefore, our goal here was to examine the effects of performing a high repetition 
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high force (HRHF) handle-pulling task for up to 18 weeks on forearm grip strength, pain-

related behaviors, inflammation, and fibrotic responses in forearm muscles, nerves and 

surrounding ECM. We hypothesized that inflammatory cytokine responses would resolve 

early, that fibrotic/nociceptor tissue responses (CCN2, TGFß-1, collagen I, and SubP) 

would increase significantly in flexor digitorum muscles, nerves and ECM with prolonged 

performance of a high demand repetitive task, in association with persistent 

sensorimotor declines. We further hypothesized that tissue increases in CCN2 would be 

matched by serum increases, supportive of it serving as a potential biomarker of fibrosis 

and therapeutic target to prevent the fibrosis and reduced function occurring a 

consequence of repeated overuse. 

Methods 

Subjects 

The Temple University Institutional Animal Care and Use Committee approved all 

experiments in compliance with NIH guidelines for the care and use of laboratory 

animals. Ninety-five young adult, female Sprague-Dawley rats (3 mo of age at onset of 

experiments) were used. Adult female rats were used in this study because: (1) Human 

females have a higher incidence of work-related musculoskeletal disorders than males 

(Gerr et al., 2002); and (2) for comparison to data from our past studies on female rats 

using this model. 

Rats were randomly divided into 4 groups: age-matched normal controls (NC, n=15): 

age- and weight-matched food restricted controls (FRC, n=23); age-matched trained-

only rats that underwent an initial training (trained to high-force, TRHF, n=15) and then 

euthanized after training; and age-matched rats that were trained before performing the 

high-repetition, high-force task (HRHF) task for 3 weeks (n=6), 6 weeks (n=8), 12 weeks 

(n=12) or 18 weeks (n=16) before euthanasia (total number of HRHF rats = 42). Rats 
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were housed in a central animal facility in separate cages with a 12-hour light:dark cycle 

and free access to water.  Rats were weighed weekly and their food adjusted to maintain 

± 95% body weight of age-matched controls to avoid catabolic tissue changes that might 

occur with greater weight loss, and to avoid confounds of obesity (rats tend to work hard 

for the banana-flavored food pellets used as food reward). All rats were inspected 

weekly and again post-mortem for presence of illness or tumors to reduce confounders 

for serum cytokine increases (none were observed). To further reduce illness-related 

confounders, additional sentinel rats were examined for presence of viral infections or 

other illnesses as part of regular veterinary care (none were detected).  

Behavioral Apparatuses, Training and Task Regimen 

Sixteen custom-designed behavioral apparatuses were used for these experiments, 

as previously described and depicted (M. Barbe et al., 2013). Briefly, animals reached 

through a shoulder height portal and isometrically pulled a force handle attached to a 

force transducer with a load cell (Futek Advanced Sensor Technology, Irvine, CA) 

located outside the chamber wall. The load cell was interfaced with custom Force-Lever 

software (version 1.03.02, Med Associates, St. Albans, VT). Auditory and light indicators 

cued the reaching rate (defined below). If reach and force criteria (defined below) were 

met within a 5 second cueing period, a 45 mg food pellet was dispensed into a food 

trough.  

The trained-only (TRHF) and HRHF rats underwent an initial training period for 5 

weeks in which they learned the task, as previously described (M. F. Barbe, Gallagher, & 

Popoff, 2013 Gallagher et al. 2013; Elliott et al., 2010 Gallagher et al. 2013). Briefly, all 

but NC rats were initially food-restricted for 7 days to no more than 10-15% less than 

their naive weight, and the weight of age-matched rats with free access to food, to 

initiate interest in food reward pellets. After that week, they were given extra rat chow to 
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gain weight quickly back to only 5% less than age-matched normal control rats. Rats 

were weighed weekly, and allowed to gain weight during the study as they were young 

adult rats (Jain, Barr-Gillespie, Clark, Kietrys, wade, litivn, et al., 2014). The food-

restricted rats trained to learn the HRHF reaching and handle-pulling tasks during a 5-

week period of 10 min/day, 5 days/wk, in which they ramped upwards from naive 

towards the HRHF task level (see below). Trained rats reached the HRHF level only 

during their last week of training. After training, rats were randomly divided into TRHF 

and HRHF rats. TRHF rats were euthanized at this point to determine the effect of 

training.  The remaining trained rats went on to perform the HRHF task.  

After the initial training period, a point equal to week 0 of the HRHF task, 30 rats 

began the HRHF task regimen for 2 hrs/day, 3 days/wk for up to 18 weeks. The task was 

divided into 4, 0.5-hr sessions separated by 1.5 hrs in order to avoid satiation. HRHF 

rats were cued to reach at a rate of 8 reaches/min and to grasp the force handle at a 

target force effort of 55% ± 5% (which equals 120 to 128 grams, and 1.02 to 1.12 

Newtons). HRHF rats had to grasp the force handle and exert an isometric pull at the 

target level for at least 50 ms to receive a food reward, as described previously (M. 

Barbe et al., 2013). Rats were allowed to use their preferred limb to reach (the ‘‘reach’’ 

limb), and data from this limb only is reported. 

Behavioral Assays 

Spontaneous pain behaviors during reaching 

Trained observers tracked changes in behaviors occurring during each period of task 

performance (30 min/task period; 4 times/day; 3 days/week). Data from the last day of 

task weeks 1, 6, 12 and 18 are reported. Bilateral pulling of the lever bar was recorded 

upon occurrence, as was incidence of a rat switching the forearm used to pull on the 

lever bar from their typical “preferred” reach limb to the contralateral limb.  On occasion, 
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a rat would twist its forelimb into a supinated position when pulling on the lever rather 

than the typical pronated pull; this was recorded as a “Supinated Pull”.  Fumbling, 

guarding, or pulling with one digit rather than the typical four-digit grasp were recorded 

upon occurrence, as was refusal to participate (typically sitting in the corner of the 

chamber, and thus termed “sits in corner”). Spontaneous pain behavioral data is 

reported for HRHF rats only, since only this group performed the task. 

Temperature Sensitivity 

Two choice temperature preference/aversion assays were used to determine hot or 

cold thermal thresholds, using methods similar to those previously described (Balayssac 

et al.; Mishra & Hoon; Noel et al., 2009).  Rats were placed in an apparatus with two 

adjacent plates enclosed in a single chamber by plexiglass: a reference plate at 22oC 

(room temperature) and a test plate that was adjusted to specific temperatures of 

interest between 12°C and 45°C  (T2CT, BioSeb, France). Rats were allowed to 

habituate to the chamber for 3 minutes, with each plate at room temperature. The 

variable temperature plate was then increased slowly or decreased slowly, with 3 

minutes at each temperature. During this time period, the rats were free to choose their 

preferred position (comfort zone) on the two plates while their movement in three zones 

was recorded with a video tracking system: a zone that included only the room 

temperature plate, a zone that included only the varied temperature test plate, and a 

middle zone in which the rat had a portion of its body on each plate rather than just one.  

The number of crossings between the two plates was tracked by a motion sensitive 

camera and percent time spent in each zone calculated; data from the middle zone was 

not used. To ensure data were collected from trials in which rats were exposed to both 

test temperatures, only assays in which rats traveled between both plates in the 

acclimation period were counted.  Preference/aversion to increasing temperature (22 - 
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45oC) versus decreasing temperature (22 - 12oC) were assayed on separate days. 

Temperature sensitivity was assayed at naïve, and after 18 weeks of HRHF task 

performance, and in age-matched FRC rats at matching the 18 week time point.  

Forepaw mechanical sensitivity 

Mechanical sensitivity was assayed as forepaw withdrawal behaviors to stimulation 

with calibrated von Frey filaments, at baseline (the naïve time point) and after 18 weeks 

of HRHF task performance. Aged-matched food restricted control rats (FRC) were tested 

at similar time points. Filaments were applied 10 times in the order of increasing 

stiffness, perpendicular to the plantar surface of the forepaw and pressed until they bent 

(5 filaments were used: sized 0.16g, 0.4g, 1.0g, 6g and 26g); the number of forelimb 

withdrawal responses to each was recorded.  

Motor function assay 

Reflexive grip strength (Elliott et al., 2010) of the forelimbs was measured in all 

animals, bilaterally, at baseline (the naïve time point), after training (the 0 week time 

point of the HRHF task), and every 6 weeks thereafter, using a rat grip strength 

recording unit (Stoelting, Wood Dale, IL). These assays were performed by an examiner 

naïve to group assignment. The test was repeated 3-5 times/limb/trial, and the maximum 

grip strength per trial is reported. 

Biochemical Assays 

Serum biomarker assays 

Following euthanasia (sodium pentobarbital, 120 mg/kg body weight), 36 hours after 

completion of the final task session (to avoid exercise-induced serum cytokine changes), 

blood was collected by cardiac puncture using a 23-gauge needle and centrifuged 

immediately at 1000 x g for 20 min at 4oC. Serum was collected from: NC (n=9), FRC 
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(n=7), TRHF (n=4), and HRHF rats that had performed the task for 18 weeks (n=6).  

Serum was collected and stored at -80oC until analyzed using customized multiplex 

bead-based analysis (Millipore Corporation, Billerica, Massachusetts) for 13 cytokines 

and chemokines, including: 7 inflammatory cytokines and chemokines (interleukin-1 

alpha (IL-1α), IL-1β, IL-6, IL-18, interferon gamma-induced protein 10 (IP-10/CXCL10), 

macrophage inflammatory protein 1 alpha (MIP-1a/CCL3), and MIP-2/CXCL2), a key 

anti-inflammatory protein (IL-10), an anti-fibrogenic cytokine that also increases 

lysosomal activity of macrophages (IFNγ), an angiogenesis-related cytokine (vascular 

endothelial growth factor (VEGF)), and 3 chemotactic chemokines (eotaxin, growth-

related protein/keratinocyte chemoattractant (GRO/KC, also known as CXCL1), and 

monocyte chemoattractant protein 1 (MCP-1/CCL2)).  Serum from FRC (n=14), TRHF 

(n=15), and HRHF rats that had performed the task for 6 (n=7), 12 (n=8), and 18 weeks 

(n=6) was also assessed for tumor necrosis factor-alpha (TNFα) using singleplex ELISA 

(DY510, R&D Systems, Minneapolis, MN, as well as ThermoFisher Scientific Pierce 

Searchlight, Waltham, MA), CCN2 (22202, BioMedical Assay, Beijing, China), IL-10 

(KRC0102, Invitrogen Biosource, as well as ThermoFisher Scientific Pierce Searchlight), 

and IFNγ (ThermoFisher Scientific Pierce Searchlight). 

Tissue biochemical assays 

Following euthanasia and after serum collection, flexor digitorum muscles and 

tendons were collected from the distal forearm region of the preferred reach limb. 

Muscles were homogenized as previously described (M. F. Barbe et al., 2008) from: NC 

(n=4), FRC (n=8), TRHF (n=4), and HRHF rats that performed the task for 6 (n=4), 12 

(n=3) or 18 weeks (n=8). Tendons were homogenized similarly for NC (n=3) and 18 

week HRHF rats (n=5). Muscle and tendon homogenates were assayed by multiplex 

analysis using a LincoPlex rat 23-plex kit (Millipore Corporation, Billerica, MA) for 
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cytokines and chemokines: 13 inflammatory cytokines and chemokines (IL-1α, IL-1β, IL-

2, IL-4, IL-5, IL-6, IL-12, IL-13, IL-17, IL-18, interleukin 12 protein 70 (IL-12p70), MIP-1a, 

and TNFα), a key anti-inflammatory cytokine (IL-10), 7 chemotactic proteins (eotaxin, 

granulocyte-macrophage colony stimulating factor (GM-CSF), granulocyte colony 

stimulating factor (G-CSF), GRO/KC, IP-10, MCP-1, and regulated on activation, normal 

T cell expressed and secreted (RANTES/CCL5)), an anti-fibrogenic and inflammatory 

cytokine (IFNγ), a adipocyte-derived cytokine involved in fatty acid metabolism in resting 

rodent skeletal muscle  (leptin), and an angiogenesis-related cytokine (VEGF). Muscle 

homogenates were also assayed for CCN2 by ELISA (22202, BioMedical Assay, Beijing, 

China) and TGFß-1 by ELISA (Aushon Biosystems). Results from tissue ELISAs were 

normalized to total protein concentration as measured by BCA assay (Pierce 

Biotechnology, Rockford, IL).  

Muscle homogenates were also assayed via Western Blot for CCN2 (sc-14939, 

1:400 dilution, Santa Cruz Biotechnology, Santa Cruz, CA), collagen type I (C2456, 

1:500 dilution, Sigma-Aldrich, St. Louis, MO), TGFß-1 (MAB240, 1:500, R&D Systems, 

Minneapolis, MN), and IFNγ (PA1-24782, 1:500, Thermo Scientific).  Densitometry was 

performed using myImageAnalysis version 1.1 (Thermo Fisher Scientific).   GAPDH or 

beta actin were used as a loading control (glyceraldehyde-3-phosphate dehydrogenase; 

AM4300, Invitrogen).  Western blots were repeated at least three times for each analyte 

examined.  

Immunohistochemical and Histological Analyses 

Forelimb tissues that were not homogenized for biochemical analysis were used for 

histological analysis from: FRC (n=12) and HRHF rats that performed the task for 3 

(n=6), 6 (n=4), 12 (n=4) or 18 weeks (n=8).  Following euthanasia and after serum 

collection, animals were perfused transcardially with 4% buffered paraformaldehyde. 
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Forearm musculotendinous tissues were collected and sectioned longitudinally, as 

described previously (M. F. Barbe et al.; Fedorczyk et al.). Sections were immunostained 

in batched sets by the same individual for CCN2, collagen type I, IFNγ, protein gene 

product 9.5, smooth muscle alpha actin, subP, and TGFß-1, using previously described 

methods (Abdelmagid et al.; Fedorczyk et al.), and the following antibodies: goat 

polyclonal anti-CCN2 at 1:400 dilution (sc-14939, Santa Cruz Biotechnology, Santa 

Cruz, CA); mouse monoclonal anti-Collagen type I at 1:500 dilution (C2456, Sigma, St. 

Louis, MO); goat polyclonal anti-IFNγ at 1:100 dilution (PA1-24782, Thermo Fisher 

Pierce, Rockford, IL); rabbit monoclonal anti- smooth muscle alpha actin at 1:1000 

dilution (SMA; MABT381, Millipore, Billerica, Massachusetts); mouse monoclonal anti-

protein gene product 9.5 (pgp9.5, a pan neuronal marker) at 1:250 dilution (ab8189; 

abcam, Cambridge, MA); rabbit polyclonal anti-subP at 1:100 dilution (AB1566, 

Millipore), and mouse monoclonal anti-TGFß-1 at 1:500 dilution (MAB240, R&D 

Systems, Minneapolis, MN). Briefly, after a 0.5% pepsin antigen retrieval step for 15 

minutes at room temperature, sections were incubated for 20 minutes in the appropriate 

blocking serum for each antibody, and then were incubated with the primary antibody at 

the listed dilution for overnight at 4°C. This was followed by incubation with appropriate 

secondary antibodies that were AffiniPure F(ab')2 fragments, preabsorbed to reduce 

non-specific cross-reactivity with rat antigens, and conjugated to green or red fluorescent 

cyanine dyes (Cy2, DyLight 488, Cy3, or DyLight 594) (Jackson ImmunoResearch, West 

Grove, PA) at a dilution of 1:100 each for 2 hours at room temperature.  

The specificity of the TGFß-1, collagen type I, CCN2 and IFNγ antibodies are shown 

in western blots that are part of this study. Preabsorption controls were also performed 

to demonstrate if the antibodies bound specifically to the antigen of interest using: CCN2 

human recombinant protein produced in HEK293 cells (CXT-687, Prospec, East 
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Brunswick, NJ), Collagen type 1 purified rat protein (C7661, Sigma), IFNγ rat 

recombinant protein (1857812, Thermo Scientific), TGFß-1 human recombinant protein 

(GF111, Millipore), and SubP full length 11 amino acid peptide (CAS 33507-63-0, 

catalog # 1156, Tocris Bioscience, R&D). A two to ten-fold excess of purified protein or 

peptide was pre-incubated with the matching antibody overnight at 4oC, the mixture 

centrifuged, and then the pre-absorbed antibody supernatant was incubated with the 

tissues (after pepsin and goat serum treatment) similarly to that described above before 

washing and incubation with secondary antibodies. No labeling was observed in the 

tissues for any pre-absorbed antibody, as shown in Figure 2.1. We also performed no 

primary antibody controls in which serum was substituted for the primary antibody, 

followed by secondary antibodies; no labeling was observed as a result of incubation of 

tissues with serum and then secondary antibodies alone (Figure 2.2). 
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Figure 2.1. Pre-absorption control staining demonstrating antibody specificity in flexor 
digitorum muscle (M), tendon (T) or extracellular matrix tissues from HRHF rats. DAPI 
(blue) used as nuclear stain. (A1, B1) CCN2 antibody staining after preabsorption with 
CCN2 recombinant protein. (A2,B2) DAPI staining in same sections. (C1, D1) COL1 
antibody staining after preabsorption with Collagen type 1 purified rat protein. (C2,D2) 
DAPI staining in same sections. (E1, F1) IFNγ antibody staining after preabsorption with 
IFNγ rat recombinant protein. (E2,F2) DAPI staining in same sections. (G1, H1) TGFß-1 
antibody staining after preabsorption with TGFß-1 rat recombinant protein. (G2,H2) 
DAPI staining in same sections. (I1, J1) Substance P (SubP) antibody staining after 
preabsorption with full length SubP peptide. (I2,J2) DAPI staining in same sections. 
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Figure 2.2.  No Antibody Control Staining.  No primary antibody control staining in which 
serum was substituted for the primary antibody, showing no staining with donkey anti-
goat Cy3 or donkey anti-mouse secondary antibodies alone in the same section of a 
flexor digitorum muscle from an 18 week HRHF rat. DAPI (blue) used as nuclear stain. 
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The percent area of immunostaining for IFNγ, TGFß-1, CCN2, collagen 1 and subP 

was quantified in batched sets by the same individual (MB) in the epimysium region and 

in the ECM adjacent to the flexor digitorum muscles using an image analysis system 

(BioQuant Osteo, BioQuant, Nashville, TN), using previously described methods (Al-

Shatti et al.; Fedorczyk et al.; Gao et al.). Adjacent sections of the NC, FRC and 18-

week HRHF rat muscles were stained with hematoxylin and eosin (H&E), and with 

CD11b (a macrophage marker), using previously described methods (Fedorczyk et al.; 

Gao et al.). These sections were examined for the presence of neutrophils, lymphocytes 

or macrophages.  

Statistical Analyses 

GraphPad PRISM v.6.02 was used for the statistical analyses. All data are 

expressed as mean ± SEM. P values of < 0.05 were considered significant for all 

comparisons. Behaviors were analyzed using two-way ANOVAs. Overall incidence of 

spontaneous behaviors occurring during the task was analyzed by two-way repeated 

measures ANOVA with the factors: observed behavior and week of task performance. 

Temperature sensitivity was analyzed using the factors: group and temperature; 

mechanical sensitivity was analyzed using the factors: group and filament size; grip 

strength was analyzed using the factors: group and week of task performance. One-way 

ANOVA was used to compare results from the muscle and serum multiplex cytokine 

analysis, and histology quantification.  When only 18-week HRHF and TRHF or FRC rat 

tissues were analyzed for a particular cytokine (singleplex ELISAs, CCN2 western blot 

and immunohistochemical analyses), the results were compared using the Student’s t-

test. During the post-hoc ANOVA analyses for between group differences, the Bonferroni 

correction method was used to reduce the chances of obtaining false-positive results 

(type I errors) when multiple pair wise tests are performed on a single set of data. In 
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accordance with this method, an adjustment was made to p values by the analysis 

program used (GraphPad PRISM) by dividing the critical p value (α = 0.05) by the 

number of comparisons made, thus increasing the stringency of the analysis. Pearson’s 

correlation analyses (two-tailed) were used to determine if behavioral values correlated 

with serum or tissue protein levels, and if serum cytokines levels correlated with tissue 

cytokines levels, with r values greater than 0.75 defined as indicating good to excellent 

correlation and those between 0.5 and 0.75 as moderate correlation.  For succinctness, 

except for Figure 2.1, specifics of ANOVA and significant posthoc findings are reported 

in the figure panels.  

Results 

Behavioral findings 

Spontaneous Behavior Changes with HRHF task performance 

Two-way repeated measures ANOVA showed a significant (p<0.05) interaction 

between incidence of a particular behavior and week of task performance (Fig. 2.3A). 

Specifically, incidence of bilateral pulling (rather than with one limb) and switching limb 

used to pull the lever (from the preferred reach limb, as determined during training) 

increased significantly in HRHF task weeks 6, 12 and 18, compared to week 0 (onset of 

task performance). Incidence of sitting in the corner of task chamber rather than 

participating increased in task week 18, compared to week 0. Although observed, there 

was no significant increase in supinated pulls (rather than the typical pronated pulls; Fig 

2.3A), fumbling, guarding, or pulling with one digit only were not observed across weeks 

of task performance, compared to week 0.  



 56 

Forepaw cold temperature aversion and mechanical sensitivity increased with HRHF 

task 

Two-way ANOVA showed significant changes by both group (p=0.008) and 

temperature (p=0.001; Fig. 2.3B). Specifically, an aversion to cold temperatures was 

increased significantly in 18-week HRHF rats, compared to their naïve data and to age-

matched FRC rats. The greatest aversion was observed at 12oC, 14oC and 16oC 

temperatures, compared to the room temperature plate set at 22 oC.  Two-way ANOVA 

showed a significant interaction between group and von Frey filament size (p<0.0001; 

Fig. 2.3C). Specifically, the number of forelimb withdrawals increased significantly in 18-

week HRHF rats, compared to age-matched FRC rats, in response to mid-palmar 

forepaw probing with filaments with bending forces of 4 grams or less.  

Grip strength declines with HRHF task performance 

Two-way ANOVA showed significant changes by both group (p<0.001) and week 

(p<0.001) (Fig. 2.3D). Specifically, forearm grip strength was decreased significantly in 

preferred reach limbs immediately after training (HRHF week 0), compared to naïve 

levels, and in HRHF rats at 6, 12 and 18 weeks, compared to age-matched FRC rats 

(Fig. 2.3D).  No significant differences were detected between NC and FRC control 

groups (data not shown).  
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Figure 2.3. Sensorimotor behavioral changes in food restricted control rats (FRC) and in 
high repetition high force task (HRHF) rats. (A) Incidence of spontaneous pain behaviors 
in HRHF rats during task performance, from week 0 through week 18: bilateral pulling of 
lever bar (rather than with preferred reach limb), switching limb used to pull, supinated 
pulls (rather than typical pronated pull), and sitting in corner (rather than participating).  *: 
p<0.05 and **: p<0.01, compared to week 0. (B) Temperature aversion compared to 
room temperature of 22oC, assayed using cold and hot temperature place preference 
instrument in FRC rats, and HRHF rats at naïve and after 18 weeks of task. (C) Palmar 
mechanical sensitivity in age-matched FRC and 18-week HRHF rats, assayed using von 
Frey filaments of sizes indicated on x-axis. Number of responses out of 10 are reported. 
(D) Maximum grip strength in grams (g) in FRC and HRHF rats at naïve time point and 
across weeks of experiment. Symbols of panels B-D: *: p<0.05 and **: p<0.01, 
compared to naïve timepoint of HRHF rats; &:p<0.05 and &&: p<0.01, compared to age-
matched FRC rats. Two-way ANOVA values are reported in individual panels. 
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Inflammatory versus fibrogenic findings 

Muscle inflammatory cytokines increase early yet transiently, while muscle TGFB1 

increases in week 12 an dCCN2 increases in week 18 of HRHF task  

Using multiplex ELISA, significant transient increases were observed in TRHF rat 

muscles for MCP-1 levels compared to NC, and 6-, 12- and 18-week HRHF rats (Fig. 

2.4A), and for IL-18 levels, compared to all other groups (Fig. 2.4B). In 6-week HRHF rat 

muscles, TNFα levels were increased compared to NC and 18-week HRHF rats (Fig. 

2.4C). TGFß-1 increased significantly in 12-week HRHF rat muscles, while CCN2 levels 

increased significantly in 18-week HRHF rat muscles, compared to NC (Fig. 2.4D,E). 

Leptin levels showed a transient but non-significant increase in TRHF rat muscles, yet a 

significant decrease in 18-week HRHF rat muscles, compared to TRHF (Fig. 2.4F). 

RANTES levels showed a transient but non-significant increase in 6-week HRHF rat  

muscles, yet a significant decrease in 18-week HRHF rats, compared to 6-week HRHF 

(Fig. 2.4G). Muscle levels of the remaining cytokines tested (eotaxin, GM-CSF, 

GRO/KC, IL-1β, IL-2, IL-4, IL-10 and VEGF) did not differ significantly between groups 

(data not shown).   

There were also no significant increases in inflammatory cytokines or chemokines in 

flexor digitorum tendons of 18-week HRHF rats, compared to FRC rats (data not shown).  

CCN2 was not tested using ELISA in tendons. 

No inflammatory cells were observed in 18-week HRHF rat muscles or tendons 

H&E and anti-CD11b stained sections of muscles and tendons collected for 

histomorphometry from NC, FRC and 18-week HRHF rats were examined for presence 

of neutrophils or macrophages. No inflammatory cells were observed in NC, FRC or 18- 

week HRHF rat muscles or tendons (data not shown). We have previously reported 

increased presence of inflammatory cells in the TRHF, 6- and 12-week HRHF rat 
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muscles, concomitant with increased inflammatory cytokine levels (M. Barbe et al., 2013; 

Fedorczyk et al., 2010). 

 

Figure 2.4.  Cytokines in flexor digitorum muscles, analyzed using ELISA.  Data is 
shown for (A) MCP-1, (B) IL-18, (C) TNFα, (D) CCN2, (E) TGFß-1, (F) Leptin, and (G) 
RANTES in normal control (NC), food-restricted controls (FRC), trained only (TRHF), 
and 6-, 12-, and 18-week high repetition high force (HRHF) rats. ANOVA values shown 
in individual panels. *:p<0.05 compared to NC; &:p<0.05 compared to FRC; #: p<0.05 
compared to TRHF rats; ϕ: p<0.05 compared to 6-week HRHF rats.  

 

These data combined indicate an early inflammatory response in muscle tissues that 

peaks after training and through week 6 of task performance, and then resolves. 
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Continued performance of the HRHF task is associated with increased fibrogenic 

cytokines. 

Serum inflammatory cytokines increase early yet transiently, while serum CCN2 and 

IFNγ  increase in week 18 of HRHF task  

To verify that inflammatory cytokine responses were resolved systemically, and not 

just in flexor digitorum muscles, we analyzed serum using multiplex and singleplex 

ELISAs (Table 2.1). Serum levels of IL-1β, IL-10 and IP-10 were elevated in TRHF rats, 

compared to FRC and NC rats, yet at baseline levels in 18-week HRHF rats. GRO/KC 

was not significantly increased in TRHF rat serum, yet significantly decreased in 18-

week HRHF, compared to TRHF rats. IFNγ and CCN2 were the only tested cytokines 

increased in serum of 18-week HRHF rats, compared to control rats. Serum levels of 

eotaxin, IL-1α, IL-6, IL-18, MIP-2, MCP-1, and VEGF did not differ significantly between 

groups (data not shown).   

 

 

Table 2.1. Serum Cytokines significant findings (ELISA; Mean ± SEM) 
Serum Analyte NC rats 

(n=9) 

FRC rats 

(n=7) 

TRHF rats  

(n=4) 

18 wk HRHF rats 
(n=6) 

IL-1β 4.84 ± 1.55 3.44 ± 0.80 101.7 ± 52.75** 5.02 ± 1.075&& 

IL-10  6.34 ± 0.0a 6.34 ± 0.0a 91.93 ± 53.01* 6.34 ± 0.0a,& 

IP-10  184.6 ± 16.21 183.4 ± 10.43 345.8 ± 65.80** 148.1 ± 7.102&& 

Gro-KC  95.24 ± 19.96 156.8 ± 27.32 143.6 ± 30.11 50.12 ± 4.193* 

IFN-gamma  34.95 ± 10.74 31.07 ±  9.02 14.60 ± 0.0a 98.68 ± 19.93**,&& 

CCN2 1.73 ±  0.93 n.t. n.t. 5.47 ± 1.48* 

* and **: p<0.05 and p<0.01, compared to NC/FRC rats; & and &&: p<0.05 and p<0.01, compared 
to TRHF rats; n.t. = not tested; aUndetectable values listed at LLOQ for statistical analysis. 
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Fibrogenic proteins CCN2, collagen type I, IFNγ and TGFß-1 increase in tissues with 

long-term HRHF task   

Western blot analysis followed by densitometry showed significantly increased CCN2 

protein in 12- and 18-week HRHF rat muscles, compared to TRHF rats (Fig. 2.5A,B).  

Western blot analysis followed by densitometry also showed presence of pro-collagen 

type I (approximately 150kDa) in all groups with greater increases in 12-week HRHF rat 

muscles (Fig. 2.5C; densitometry not shown), and significantly increased mature 

collagen I (75kDa) in 12-week and 18-week HRHF rat muscles, compared to TRHF rats 

(Fig. 2.5C,D).    

Using cross-sections of mid-belly flexor digitorum muscles for immunohistochemistry, 

FRC and TRHF rats showed a thin epimysium with low CCN2 immunostaining, and low 

CCN2 immunostaining in the endomysium and surrounding extracellular matrix (FRC 

only shown in Fig. 2.6A,D,G,I; Fig. 2.5A; TRHF reported previously (Abdelmagid, Barr et 

al. 2012)).  The epimysium was increased in thickness in 18-week HRHF rat muscles 

(Fig. 2.6B double arrows). CCN2 immunostaining was increased in the epimyseum (Fig. 

2.6B), in extracellular spaces of the endomysium (Fig. 2.6E; Fig. 2.7B), as well as in 

small cells on the perimeter of myofibers (Fig 2.6B and J; Fig. 2.7B), endothelium and 

surrounding extracellular matrix tissues (Fig. 2.6H), and in Schwann cells (Fig. 2.6H). 

Some of the small CCN2-positive cells were double-labeled with smooth muscle actin 

(SMA; Fig.2.6J), indicating that this subset were myofibroblasts. Others were endothelial 

and Schwann cells. Image analysis quantification confirmed a significant increase of 

CCN2 immunostaining in the epimysium and endomysium of 12- and 18-week HRHF 

rats, compared to FRC rats (Fig. 2.6C and Table 2). A fibrous muscle repair site is 

shown outlined in Figure 2.6F, and also shows increased CCN2 and collagen type 1 

deposition. 
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Table 2.2. Quantification of Immunofluorescence (% area with immunostaining; 
Mean ± SEM) 

Analyte FRC rats 
(n=3-13) 

3 wk HRHF 
rats (n=4) 

6 wk HRHF 
rats (n=4) 

12 wk HRHF 
rats (n=4) 

18 wk HRHF 
rats (n=3-8) 

Flexor Digitorum Muscle -  Endomysium 

CCN2  0.18 ± 0.13 2.32 ± 0.48 12.42 ± 1.49 33.05 ± 14.71** 14.16 ± 3.70* 

Collagen I  0.35 ± 0.18 0.96 ± 0.36 4.48 ± 1.37 8.83 ± 1.99** 12.68 ± 1.93** 

IFN-
gamma 

0.75 ± 0.48 n.t. n.t.  n.t. 25.50 ± 8.15* 

TGFß-1  1.04 ± 0.33 2.21 ±0.71 6.28 ± 0.92 21.79 ± 1.59** 16.38 ± 2.71** 

Substance 
P 

0.62 ± 0.26 4.19 ± 2.02 9.49 ± 1.24** 10.31 ± 2.00** 9.49 ± 3.21** 

Dermis of Mid-Forepaw – Extracellular Matrix 

CCN2  0.47 ± 0.19 0.92 ± 0.62 18.80 ± 9.15* 22.89 ± 2.90** 10.97 ± 3.46 

Collagen I  1.14 ± 0.46 5.42 ± 1.72 25.28 ± 10.77** 25.28 ± 2.97** 30.34 ± 4.81** 

TGFß-1  0.70 ± 0.29 n.t. n.t.  n.t. 4.81 ± 0.25** 

Substance 
P   

1.80 ± 0.59 n.t. n.t.  n.t. 6.75 ± 0.48** 

* and **: p<0.05 and p<0.01, compared to FRC rats; n.t. = not tested. 

 

Collagen type I immunostaining was also increased in small cells on the perimeter of 

myofibers, endomysium and subsets of myofibers of 18-week HRHF rats (Fig. 2.6B, E, 

F; Fig. 2.8E). Fibrous bands immunostained immunostained with collagen type I were 

observed in the extracellular matrix around flexor digitorum muscles of 18-week HRHF 

rats (Fig. 2.6H; Fig 2.8B), but not in FRC rats (Fig. 2.6G; Fig 2.8A). Image analysis 

quantification confirmed a significant increase of collagen type I immunostaining in the 

endomysium of 12-  and 18-week HRHF rat muscles, compared to FRC rats (Table 2.2).  

Immunohistochemistry was used to determine if flexor digitorum muscles were one 

source of the serum IFNγ (Fig. 2.7A,B). IFNγ immunostaining was not evident in FRC rat 

muscles (Fig. 2.7A), yet was increased in small cells on the perimeter of myofibers in 18-
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week HRHF rats (Fig. 2.7B). Image analysis quantification confirmed this increase in 18-

week HRHF rats, compared to FRC rats (Table 2.2). 

TGFß-1 was increased in small cells on the perimeter of myofibers and in flexor 

digitorum tenocytes of 18-week HRHF rats, compared to FRC rats (Fig. 2.7D and F, 

versus Fig. 2.7C and E). This endomysium differences were confirmed by quantification 

of TGFß-1 staining (Table 2.2).   

 

Figure 2.5. Western Blot analysis of CCN2 and collagen type I protein in flexor digitorum 
muscles.   (A) A representative Western blot of muscle homogenates from trained only 
(TRHF), 12- and 18-week HRHF rats, probed with anti-CCN2 (at 37 kDa). GAPDH used 
as a loading control (at 40.2 kDa). (B) Densitometric analysis of three replicate Western 
Blots, showing ratio of CCN2 bands normalized GAPDH levels. (C) A representative 
Western blot of muscle homogenates from TRHF, 12-, and 18-week HRHF rats, probed 
with anti-collagen type I, showing increased procollagen band (top procollagen band is 
approximately 150 kDa) in 12 week HRHF rats, and increased mature collage collagen 
type I band (75kDa) in 12- and 18-week HRHF rats. (D) Densitometric analysis of three 
replicate Western blots, showing the ratio of mature collagen type I (75kDa), normalized 
to GAPDH protein. # p<0.05 and ## p<0.01, compared to TRHF rats.  
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Substance P Increases in Tissues with Long-Term HRHF task   

We used immunohistochemistry to determine if SubP immunostaining increased in 

reach forelimb tissues of 18-week HRHF rats. We observed increased SubP 

immunostained axons (determined by double-labeling with pgp9.5, a pan neuronal 

marker) in extracellular matrix tissues, and between or on the perimeter of myofibers of 

18-week HRHF rats, compared to FRC rats (Fig. 2.8B-C versus 8A, and 2.8E-G versus 

2.8D, respectively). Mast cells that were SubP immunoreactive were also observed in 

the extracellular matrix.  Since HRHF rats showed increased forepaw sensitivity, we 

examined SubP immunostaining in the mid-palmar skin of reach limb forepaws. We 

observed increased SubP immunoreactive axons (double-labeled with pgp9.5) in the 

dermis and epidermis of 18-week HRHF rats, compared to FRC rats (Fig. 2.6I-K versus 

8H). These differences were confirmed by quantification of SubP immunostaining in 

forearm muscles and dermis of forepaw regions (Table 2.2). These increases were 

accompanied by increased collagen type I (Fig. 2.6I versus H), CCN2 and TGFß-1 

immunostaining (Table 2.2).  

Correlations Between Behavioral Values and Fibrogenic Proteins, and Between 

Collagen Type I and other Fibrogenic  Proteins 

As shown in Table 2.3, grip strength declines in the reach limbs correlated with 

increased CCN2, collagen type I, IFNγ and TGFß-1 immunostaining, as well as CCN2 

ELISA and collagen type I western blot findings in flexor digitorum muscle from these 

same limbs. The withdrawal response to stimulation of the reach limb’s forepaw with a 

1g von Frey filament correlated with increased collagen type I, TGFß-1 and SubP 

immunostaining in the mid-palmar dermis. An aversion reaction to standing on a 16oC 

plate correlated with increased CCN2 and SubP immunostaining in the mid-palmar 
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dermis.   Lastly, collagen type I immunostaining correlated with IFNγ immunostaining in 

flexor digitorum muscles, and with CCN2, TGFß-1 and SubP immunostaining in flexor 

digitorum muscles and mid-palmar dermis (Table 2.3).  

 

 

Figure 2.6. CCN2 and Collagen type i expression in muscles and extracellular matrix. 
(Jing et al.) CCN2 (red) and collagen type I (Green), and (I-J) CCN2 (red) and smooth 
muscle actin (Green; Howard et al.) immunostaining in mid-region of flexor digitorum 
muscles (epimysium, myofibers, endomysium, and surrounding extracellular matrix 
regions) of FRC and 18 week HRHF rats. Muscle cross-sections are from mid-muscle 
region. (A,B) CCN2 and collagen type I immunostaining in FRC and 18 week HRHF rats, 
with double-headed arrows indicating in epimysium (epim) thickness. Asterisks indicate 
myofibers shown magnified in insets. (C) Quantification of percent area with CCN2 
immunostaining in epimysium. (D-F) CCN2 and collagen type I immunostaining in 
myofibers, perimysium (perim) and endomysium region of FRC (D) and 18-week HRHF 
rats (E,F). Asterisks indicate myofibers shown enlarged in insets. (F) A fibrous scar-type 
region in the mid-muscle is outlined. (G,H) CCN2 and collagen type I immunostaining in 
extracellular matrix (ECM) around flexor digitorum muscle of FRC and 18week HRHF 
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rats. (I,J) CCN2 and SMA immunostaining in myofibers of FRC and 18-week HRHF rats, 
showing double-labeling of small cells surrounding subsets of myofibers, indicating 
subsets of small CCN2 stained cells are myofibroblats. Art = artery, cap = capillary, ct = 
connective tissue, M = muscle, N = nerve. *:p<0.05, compared to NC. Scale bar = 50 
micrometers.  
 

 

Figure 2.7.  IFNγ, CCN2, and TGFß-1 immunostaining in flexor digitorum muscles and 
tendons of FRC and 18-week task rats. DAPI (blue) used as nuclear stain. (A,B) IFNγ 
(red) and CCN2 (Green) immunostaining in muscle of FRC and 18 week HRHF rats. 
Inset in B: IFNγ immunostaining in small cells on myofiber perimeter.  Arrows indicate 
examples of IFNγ stained cells; arrowheads indicate CCN2 deposition around myofiber 
perimeter. (C,D) TGFß-1 (Green) immunostaining in muscle of FRC and 18 week HRHF 
rats. (E,F) TGFß-1 in tenocytes of FRC and 18 week HRHF rat tendons (inset shows 
enlargement of area indicated with arrow). The Western blots for IFNγ and TGFß-1 show 
the bands recognized by the antibodies used for IHC.  Scale bar = 50 micrometers. 
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Figure 2.8. Substance P (SubP; red) and either collagen type 1 (COL1) or pgp9.5 (a pan 
neuronal marker) green immunostaining in FRC and 18 week HRHF tissues. DAPI (blue) 
used as nuclear stain in panels A,B and D. (A,B) SubP and COL1 immunostaining in 
extracellular matrix surrounding mid-forearm region of flexor digitorum muscle showing 
increased SubP axon profiles and COL1 in extracellular matrix of 18 week HRHF rat, 
compared to FRC rat. (C) SubP and pgp9.5 double-labeled axons (arrows) in 
extracellular matrix (ECM) and nerve bundle (N). (D,E) SubP (red) and COL1 (Green) 
immunostaining in flexor digitorum muscle of FRC and 18 week HRHF rats. Arrow in 
panel E indicates longitudinal profile of a SubP immunostained axon between myofibers. 
(F) Arrows indicate SubP immunostained axons around myofibers at myofiber tendinous 
(T) junction. (G) SubP and pgp9.5 double-labeled axon in muscle. (H,I) SubP and COL1 
immunostaining in epidermis and dermis of mid-palmar forepaw of FRC and 18 week 
HRHF rat. Arrows indicate SubP immunostained axon profiles. Profiles indicated by 
arrow and asterisk are enlarged in inset in I. (J,K) SubP and pgp9.5 double-labeled 
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axons in dermis (arrows indicate same axon regions that are double-labeled or pgp9.5 
labeled). Scale bar = 50 micrometers. 

 

Discussion 

Our hypotheses were upheld in that tissue inflammatory cytokine responses resolved 

early, and fibrotic tissue proteins (CCN2, TGFß-1, collagen I, and subP) increased 

significantly in and around flexor digitorum muscles, extracellular matrix and nerves with 

prolonged performance of a HRHF task, and that the fibrotic tissue responses correlated 

with persistent sensorimotor declines. The observed increased serum CCN2 is 

supportive of it serving as a potential biomarker and therapeutic target to prevent the 

tissue fibrosis and reduced function that occurs as a consequence of overuse, once 

other potential sources of CCN2 are ruled out. 

This is our first study examining sensorimotor declines in rats performing HRHF 

tasks for more than 12 weeks. The increased incidence of bilateral pulling, switching 

limb used to pull the lever, and sitting in the corner rather than participating in HRHF 

task rats are indicative of increased discomfort with continued task performance. The 

increased cold aversion and withdrawal response to mechanical stimulation are 

consistent with peripheral and/or central sensitization (Chaplan, Bach, Pogrel, Chung, & 

Yaksh; Choi, Yoon, Na, Kim, & Chung, 1994; Elliott, Barr, et al.; Elliott et al.; Jorum, 

Warncke, & Stubhaug; Q. P. Ma & Woolf; Ren), secondary to neuropathies previously 

documented in this model (e.g. axonal inflammation and degeneration) (M. F. Barbe et 

al., 2008; Clark et al., 2004a; Clark et al., 2003; Elliott, Barr, et al., 2009b; Elliott et al., 

2010). The grip strength declines match findings in our past studies examining 6- to 12-

week HRHF rats (Abdelmagid et al., 2012; M. Barbe et al., 2013; Fedorczyk et al., 

2010).  In these shorter studies, forearm grip strength declines and other pain behaviors 

were linked to inflammation (M. F. Barbe et al., 2008; Elliott, Barr, et al., 2009b; Elliott et 
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al., 2010; Fedorczyk et al., 2010). Others have reported inflammation-induced declines 

in forelimb grip force following intramuscular injection of carrageenan, an agent used to 

stimulate cutaneous 

Table 2.3. Significant Pearson’s Correlations. Only significant correlations 
(p < 0.05) with a correlation coefficient > 0.5 are reported. 

Correlations of Grip Strength to forearm Flexor Digitorum Muscle findings 

CCN2 IH 

CCN2 ELISA 

r = -0.69; p<0.05 

r = -0.82, p<0.05 

Collagen type I IH r= -0.63; p<0.05 

Collagen type I western blot assay r= -0.78; p<0.05 

IFN-gamma IH r= -0.79; p<0.05 

TGFß-1 IH r= -0.70; p<0.01 

TGFß-1 ELISA r= -0.63; p<0.05 

Substance P IH n.s. 

Correlations of withdrawal response to 1g filament to Mid-Palmar Dermis findings 

CCN2 IH n.s. 

Collagen type I IH r=0.94; p<0.01 

TGFß-1 IH r=0. 0.98, p<0.01 

Substance P IH r= 0.82; p<0.01 

Correlations with aversion to 16oC temperature with Mid-Palmar Dermis findings 

CCN2 IH r= -0.70; p<0.05 

Collagen type I IH n.s. 

TGFß-1 IH n.s.  

Substance P IH r= -0.76; p<0.05 

Correlations of Collagen Type I immunostaining to fibrogenic protein immunostaining 

 Flexor Digitorum Muscle Mid-Palmar Dermis 

IFN-gamma r= 0.71; p<0.05 n.t 

CCN2 r= 0.52; p<0.01 r= 0.59; p<0.01 

TGFß-1 r= 0.76; p<0.001 r= 0.94; p<0.01 
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Substance P r= 0.65; p<0.01 r= 0.72; p<0.01 

IH  = immunohistochemistry quantification; n.s. = not significant; n.t. = not tested. 
 
 

inflammation and activate muscle nociceptors (Kehl & Fairbanks), and declines in 

isometric force production after increased force loading (Baker et al., 2007). Our findings 

of persistent functional declines despite resolution of inflammation and concomitant with 

fibrotic responses, match findings from patients with chronic (>3 months) WMSDs in 

which fibrotic responses are increased and inflammatory responses are not detected 

(Ettema et al., 2004; Freeland et al., 2002; Hirata et al., 2004). Driscoll and Blyum 

postulated that fibrosis in and around muscles, tendons and nerves may distort dynamic 

biomechanical properties and increase tissue strain due to adherence to adjacent 

structures, reducing dynamic tissue function (Driscoll, Aubin, Moreau, & Parent). Fibrosis 

in the connective tissue “container” surrounding nerves has been linked to chronic nerve 

compression (Bove, Weissner, & Barbe, 2009; O'Brien et al., 1987), which is known to 

increase pain behaviors (as a consequence of compressive nerve irritation) and 

decrease grip strength (due to reduced nerve conduction). Similarly, we observed 

increased collagen deposition around myofibers, muscles and nerve processes, 

indicative of an increased fibrotic “container” with overuse. Our behavioral and 

correlative findings here support these hypotheses that fibrotic tissue changes are 

contributing to the observed sensorimotor behavioral declines. 

We observed increases of several fibrogenic related proteins, including CCN2, 

TGFß-1 and collagen type I in extracellular matrix, muscles and dermis of the forepaw at 

18 weeks of task performance. Many CCN2-immunopositive cells appeared to be 

fibroblasts, although they may also be stem cells. Some of the small CCN2-

immunopositive cells were smooth muscle actin immunopositive myofibroblasts, which is 

interesting since TGFß-1 is an upstream modulator of CCN2 and collagen production in 
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myofibroblasts (Cunningham, Tsolakis, Jacobson, & Janson, 2010; Garrett et al., 2004; 

Sonnylal et al., 2010). CNN2 was also expressed in Schwann cells (which we have 

previously confirmed using S100-beta double-labeling of cells surrounding nerve axons 

(Clark, Barr et al. 2003)) and endothelial cells (Brigstock; Guney et al., 2011)). We 

observed a small number of sites of fibrotic repair, with increased collagen type I and 

CCN2, within the muscles, suggestive of sites of focal muscle injury. TGFß-1 

immunostained cells in muscles were likely also fibroblasts, while those in tendons were 

tenocytes. Other groups have shown that fibrogenic proteins increase in fibroblasts and 

tenocytes under conditions of tissue overload or injury (Best et al., 2001; Heinemeier et 

al., 2007; Kjaer; Nakama, King, Abrahamsson, & Rempel, 2006; Smith et al., 2007). 

Increased CCN2 has been linked to the pathogenesis of tissue fibrosis (Y. Liu et al., 

2013; Seher et al., 2011; Sonnylal et al., 2010; Sonnylal et al., 2013; Tzortzaki et al., 

2007).  It is the downstream mediator of TGFß-1 (Clark et al., 2003; Grotendorst; J. J. 

Song et al., 2007), and TGFß-1-induced CCN2 expression leads to fibroblast 

proliferation and extracellular matrix deposition (Grotendorst).  With regard to repeated 

overloading, CCN2 immunopositive tenocytes increase in tendons in a rabbit model of 

cyclical loading (Nakama et al., 2006). Clinically, CCN2 is increased in tenosynovium 

and subsynovial connective tissue of carpal tunnel syndrome patients (Pierce, Tucci, 

Lindley, Freeland, & Benghuzzi, 2009) (Chikenji, Gingery, Zhao, Passe, et al., 2014; 

Chikenji, Gingery, Zhao, Vanhees, et al., 2014), as is TGFß-1 (Chikenji, Gingery, Zhao, 

Passe, et al., 2014; Chikenji, Gingery, Zhao, Vanhees, et al., 2014). CCN2 has been 

suggested as a suitable target for prevention of fibrotic disorders (Daniels et al., 2003; 

van Nieuwenhoven, Jensen, Flyvbjerg, & Goldschmeding, 2005).  

Clinically, trials are underway using a fully human IgG1 monoclonal antibody that 

recognizes domain 2 of human and rodent CCN2 (this monoclonal is called FG-3019 

and was developed by Fibrogen, Inc., South San Francisco, CA) as a novel therapy to 
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treat patients with pancreatic cancer, idiopathic pulmonary fibrosis, kidney disease 

(Adler et al., 2010; Gunther, Markart, Eickelberg, & Seeger, 2006; Neesse et al., 2013), 

and liver fibrosis due to chronic hepatitis B infection (Fibrogen, 2012).  FG-3019 has also 

been used as a therapy in a mouse model of Duchenne muscular dystrophy, where it 

reversed muscle fibrosis and even improved motor function (Morales et al., 2013). These 

studies combined with our current and recent (Gao et al., 2013) findings of increased 

CCN2 in tissues and serum support the use of CCN2 as a biomarker of fibrosis in 

patients with WMSDs.  The aggregate findings further suggest anti-CCN2 treatments be 

explored as potential therapeutics to reverse fibrosis and functional declines occurring 

as a consequence of overuse. 

We also observed increased collagen immunostaining within subsets of myofibers. 

Increased collagen abundance within myofibers have been reported in a prior study 

using our model (Abdelmagid et al., 2012), in a rat model prenatal ischemia and 

immobilization in which muscles were affected negatively (Coq et al., 2009), in muscles 

collected from insulin resistant patients (Berria et al., 2006), and in myofibers undergoing 

repair (Alexakis, Partridge, & Bou-Gharios, 2007). While we don’t fully understand the 

reason for this increase, its occurrence only in muscles after prolonged performance of a 

HRHF task and the absence of this type of staining in normal control or food restricted 

control animals, and after preabsorption control staining supports further investigation. 

The anti-fibrotic agent, IFNγ (Diaz et al., 2012; Foster, Li, Usas, Somogyi, & Huard, 

2003; Ziesche, Hofbauer, Wittmann, Petkov, & Block, 1999), was increased in serum 

and muscles at 18 weeks of HRHF task performance. IFNγ is an anti-fibrotic cytokine 

known to inhibit TGFß-1 signaling (Leask & Abraham). Foster et al showed that the anti-

fibrotic agents decorin and IFNγ can decrease fibrotic deposits in a mouse laceration 

injury model, and that IFNγ administration can improve muscle function (Foster et al., 
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2003; Fukushima et al., 2001).  We suggest that the increased IFNγ was an attempt by 

HRHF rats to control a fibrotic tissue response.   

SubP labeled axons and even mast cells increased in extracellular matrix, muscles, 

and forepaw dermis and epidermis at 18 weeks of task performance, and correlated with 

enhanced mechanical and thermal sensitivity.  Past findings demonstrate increased 

nerve fibers in tissues as a consequence of repetitive tasks (Fedorczyk et al., 2010; Kadi 

et al., 1998; Lian et al., 2006). SubP is a nociceptor-related neuropeptide (Henry; 

Jessell) that increases in several painful conditions, including painful tendinopathies, 

rotator cuff tears, and arthritis (Dean, Franklin, & Carr, 2013; Gotoh, Hamada, 

Yamakawa, Inoue, & Fukuda, 1998; Lui, Chan, Fu, & Chan, 2010; Munoz & Covenas; 

Witonski, Wagrowska-Danilewicz, & Raczynska-Witonska, 2005). SubP participates in 

enhanced temperature hypersensitivity in dermatitis and nerve injury, mechanical 

hyperalgesia after persistent inflammation, and painful peripheral neuropathy induced by 

paclitaxel (Murota et al., 2012; Rogoz, Andersen, Kullander, & Lagerstrom, 2014; 

Tatsushima et al., 2011; Teodoro et al., 2013; Uematsu, Sakai, Ito, & Suzuki, 2011). 

However, SubP is produced not only by neurons but also by mast cells, endothelial cells, 

fibroblasts and tenocytes (Andersson, Backman, et al., 2011; L. J. Backman, Fong, et 

al., 2011; Fedorczyk et al., 2010; Katayama & Nishioka), and stimulates fibroblast and 

tenocyte proliferation and collagen remodeling in vitro (Andersson, Backman, et al., 

2011; Andersson, Forsgren, et al., 2011; Fong et al., 2013; Katayama & Nishioka). For 

example, SubP, produced by tenocytes in vitro in response to mechanical loading, 

appears to regulate tenocyte proliferation through an autocrine loop involving its 

receptor, neurokinin 1 receptor (NK-1R) (Andersson, Backman, et al., 2011). 

Exogenously administered SubP accelerates tenocyte proliferation in the Achilles tendon 

during tendinosis development in a rabbit model (Andersson, Backman, et al., 2011). At 

the systems level, Ozturk et al found that patients with carpal tunnel syndrome have 
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increased SubP in the transverse carpal ligament and thickened synovial connective 

tissue of the flexor digitorum tendon (Ozturk et al., 2010). A link has been demonstrated 

between SubP and dermal fibroblast proliferation and increased collagen type I during 

cutaneous wound healing (Cheret et al., 2014). Lastly, WT mice treated with the NK-1R 

antagonist as well as NK-1R knockout mice have reduced colonic fibrosis, fibroblast 

accumulation, and expression of fibrogenic factors in the colonic mucosa, and in vitro 

experiments with colonic fibroblasts show that SubP stimulates fibroblast migration and, 

in the presence of TGFß-1 and IGF-1, increases collagen synthesis (Koon et al., 2010). 

These findings combined with our current findings suggest that SubP plays a role in both 

increased pain sensitivity and fibrotic processes, although further studies in which SubP 

signaling is blocked are needed to confirm this hypothesis. 

Conclusion 

In conclusion, these findings show that high demand tasks can induce tissue fibrotic 

changes if the work is performed for long periods of time.  The temporal association of 

sensorimotor behavioral declines with increased tissue fibrotic proteins suggests that 

fibrosis contributes to functional declines occurring with overuse. The increased subP 

during the fibrotic process supports and extends findings from other groups linking its 

increase to morphological changes in tendons with overuse (Andersson, Backman, et 

al., 2011; L. J. Backman, Fong, et al., 2011). These findings combined with similar 

finding in patients with chronic WMSDs (Ettema et al., 2004; Freeland et al., 2002; Hirata 

et al., 2004) indicate that therapies that prevent or treat fibrosis may be useful in 

preventing long-term functional motor declines occurring with long-term repetitive motion 

injuries. CCN2 may serve as a serum biomarker of fibrosis, while both CCN2 and SubP 

deserve further exploration as targets for therapeutic intervention in fibrotic disorders 

with increased pain symptoms. 
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CHAPTER 3 

SUBSTANCE P INCREASES CCN2 INDEPENDENT OF TGFß-1 IN RAT TENOCYTES 

AND DERMAL FIBROBLASTS IN VITRO 

Overview 

  TGFß-1 and CCN2 are important mediators of tissue fibrosis by their stimulatory 

effect on extracellular matrix deposition, with CCN2 functions as a downstream mediator 

of TGFß-1. Substance P (SubP), a nociceptor-related neuropeptide, has also been 

linked to tissue fibrosis, although little work has been done to understand whether SubP 

directly causes fibrotic responses in tenocytes. We sought to determine if SubP induces 

fibroblast proliferation and collagen production via CCN2 signaling directly or though the 

TGFß-1/CCN2 signaling pathway. We hypothesized that SubP may act directly through 

CCN2, independently from the TGFß-1/CCN2 signaling pathway, to increase fibroblast 

proliferation and fibrogenic and extracellular matrix protein production in vitro. To 

examine this question, we assayed cell proliferation and production of CCN2, TGFB1 

and collagen type 1 in vitro using primary tendon fibroblasts (tenocytes) isolated from 

flexor digitorum tendons, and using rat dermal fibroblasts (RDF). We observed that cells 

isolated from flexor digitorum tendons that express proteins characteristic of tenocytes 

(vimentin and tenomodulin) underwent increased proliferation in a dose dependent 

manner after TGFß-1treatment, but not SubP treatment, as did RDF cells. TGFß-1 

treatment increased CCN2 production in both tenocytes and RDF cells, while SubP 

induced CCN2 production only in rat tenocytes. Expectedly, TGFß-1 treatment increased 

collagen expression in each cell type, as did SubP treatment alone using In-cell Western 

analysis. Interestingly, preliminary data that needs to be repeated showed that SubP 

treatment of each cell type enhanced TGFß-1 expression, assayed using In-cell Western 
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and traditional western blot analyses. Our findings suggest that both SubP and TGFß-1 

have distinct fibrogenic actions on tenocytes and dermal fibroblast and that both may be 

involved in tendinosis observed in animal models and patients with fibrosis. 

Introduction  

Tendinosis is a chronic condition observed in patients with various 

musculoskeletal disorders and it is also one of the biggest outcomes of work-related 

musculoskeletal diseases (WMSDs)(BLS, 2013).  The mechanisms behind tendinosis 

are incompletely understood, although changes in fibrosis and collagen reorganization 

are hallmark features of this condition.  Several studies have identified proteins involved 

in fibrosis in human tendons and tenocytes, including transforming growth factor beta 

(TGFß-1), CCN2 (also known as connective tissue growth factor, or CTGF), and 

substance P (SubP) (L. J. Backman, Fong, et al., 2011; M. H. Chen et al., 2015; 

Chikenji, Gingery, Zhao, Vanhees, et al., 2014; Fong et al., 2013; Kjaer et al., 2009), as 

well as in muscle and tendon tissues from animal models of overuse-MSDs, including 

our own rat model of repetitive reaching and grasping (Abdelmagid et al., 2012; 

Andersson, Backman, et al., 2011; L. J. Backman, Andersson, et al., 2011; Fedorczyk et 

al., 2010; Fisher et al., 2015; Fong et al., 2013; Gao et al., 2013; Nakama et al., 2006).  

In this study, we sought to understand the interplay of these three pro-fibrotic 

molecules, TGFß-1, CCN2 and SubP in fibroblasts.  Several studies report that CCN2 is 

a downstream mediator of TGFß-1 signaling in osteoblasts, dermal fibroblasts, and 

myoblasts (Arnott et al., 2007; Arnott et al., 2008; Leask, 2004; Leask & Abraham, 2004; 

Sobral, Montan, Martelli-Junior, Graner, & Coletta, 2007). TGFß-1 and SubP have also 

been reported to work in concert, either by TGFß-1 mediated SubP receptor regulation 

(Beinborn et al., 2010), transcriptional modulation of each other (Kant et al., 2013; Lai, 

Wang, Zhu, & Wang, 2003; Yaraee & Ghazanfari, 2009), or through cooperative 
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signaling of these two molecules leading to enhanced fibroblast proliferation or collagen 

production (Katayama & Nishioka, 1997; Koon et al., 2010). 

The importance of neurochemical modulators such as SubP in fibrosis has only 

emerged in the last decade.  SubP is primarily known as a neuropeptide involved in pain 

transmission.  More recently however, SubP has been shown to be involved in both 

inflammation via its production by macrophages, eosinophils, mast cells, lymphocytes, 

and dendritic cells, and in fibrotic disorders of various tissue types such as lung and 

intestines (Koon et al., 2010; Yaraee & Ghazanfari, 2009), reviewed in (O'Connor, 

Marshall, & Massy-Westropp, 2003; Steinhoff, von Mentzer, Geppetti, Pothoulakis, & 

Bunnett, 2014).  In terms of WMSDs, SubP has been implicated in the pathogenesis of 

tendinosis in patients (Riley, 2008), as well as in in vivo Achilles loading models in rats 

and rabbits (L. J. Backman, Andersson, et al., 2011; L. J. Backman, Fong, et al., 2011; 

Messner, Wei, Andersson, Gillquist, & Rasanen, 1999).   In our own in vivo rat model of 

repetitive reaching and grasping, we have identified increased SubP, along with 

collagen, TGFß-1, and CCN2, in the flexor digitorum tendons of rats (Fedorczyk et al., 

2010; Fisher et al., 2015; Gao et al., 2013). It is still unclear from our studies and those 

of others whether SubP directly causes fibrotic responses in tenocytes (CCN2 

production, cell proliferation, and collagen deposition), or whether these fibrotic 

responses require TGFß-1 as an intermediate or co-signaling molecule.  We 

hypothesize that SubP may act directly through CCN2 to increase fibroblast proliferation 

and extracellular matrix production. It is also possible that SubP and TGFß-1 may act in 

an additive or synergistic fashion to promote fibroblast proliferation and collagen 

production.   

Thus, our goal here was to determine if SubP induces fibroblast proliferation and 

collagen production via CCN2 signaling directly or independently from the TGFß-

1/CCN2 signaling pathway using primary tenocytes and rat dermal fibroblasts (RDF). 
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Our use of tenocytes from the flexor digitorum tendon derives from our observations of 

increased fibrosis in this tissue after repetitive reaching in our model, as mentioned 

above.  In addition to primary tenocytes, RDF cells were used in these experiments 

since these cells are known to produce collagen in response to TGFß-1 (Howard et al., 

2012), and could thus serve as a positive controls.  Specifically, these studies were 

intended to demonstrate if: 1) SubP treatment induces cell proliferation in our tenocyte or 

RDF cultures; 2) if SubP treatment alone induces markers of fibrosis, namely CCN2 and 

collagen I; and 3) if SubP treatment induces TGFß-1 release in primary rat flexor 

digitorum tenocytes and RDF.   Since both SubP and CCN2 have been shown to 

stimulate fibrotic responses in fibroblasts, we hypothesized that SubP may act directly 

through CCN2 to increase fibroblast proliferation and fibrogenic and extracellular matrix 

protein production. We also sought to determine if SubP and TGFß-1 act in an additive 

or synergistic fashion to promote fibroblast proliferation and collagen production in 

cultured tenocytes and/or RDF cells under unloaded conditions. These studies are 

expected to address whether CCN2 acts as an essential mediator of the pro-fibrotic 

effects of SubP, and whether successful anti-fibrotic therapies for WMSDs need to block 

multiple pathways to achieve the most efficacious outcome. 

Methods 

Tissue Collection and Culture Methods 

Samples of rat flexor digitorum tendon tissue were obtained under sterile conditions 

from normal young adult female Sprague-Dawley rats. The Temple University 

Institutional Animal Care and Use Committee approved all experiments in compliance 

with NIH guidelines for the care and use of laboratory animals. 
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Isolation and Culture of Primary Tenocytes From Rat Flexor Digitorum Tendons 

The tendon cell culture was performed as previously reported by Backman et al, in 

which tenocytes were collected from human Achilles tendons of healthy donors (L. J. 

Backman, Andersson, et al., 2011).  In our study, rat flexor digitorum tendon tissue was 

washed with sterile Hank’s Balanced Salt Solution (HBSS; Invitrogen; 14170) and 

carefully dissected and minced using scissors in HBSS. The minced fragments were 

enzymatically digested at 37°C using collagenase (2mg/mL, Clostridopeptidase A, C-

0130, Sigma, Saint Louis, MO) diluted in D-MEM (Dulbecco's Modified Eagle Medium, 

10-013-CV, Corning, Manassas, VA). The digested product was then centrifuged at 800 

x g for 5 min, the supernatant was discarded, and the pellet was re-suspended and 

cultured in D-MEM supplemented with 10% fetal bovine serum (FBS; S11150, Atlanta 

Biologicals, Lawrenceville, GA), 1% penicillin/streptomycin and 2% L-Glutamine (25-005-

CI, Sigma corning, Saint Louis, MO) at 37°C in a humidified atmosphere of 5% CO2. The 

media was changed every third day. Cells at 90% confluence were harvested using 

0.05% trypsin with EDTA and subcultured at a 1:3 ratio. These cultures were expanded 

and cells from passage 2, which were used in two experiments in this study, or from 

passages 3 to 6, which were used for the remaining experiments. In all experiments, the 

concentration of serum was reduced from 10% to 1% for 24hrs prior to cell treatment to 

eliminate any unwanted effects of serum. The serum-deprived cells appeared healthy 

and intact. 

Rat Dermal Fibroblast Cultures 

Rat dermal fibroblasts (RDF) were purchased from Cell Applications and initially 

cultured in the provided fibroblast growth medium (Cell Applications, Inc; R115-500).  

After passaging, the cells were maintained in D-MEM (Corning; 10-013-CV) 

supplemented with 10% fetal bovine serum (FBS; Atlanta Biologicals), 1% 
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penicillin/streptomycin and 2% L-Glutamine (Sigma Corning; 25-005-CI) at 37°C in a 

humidified atmosphere of 5% CO2.  In all experiments, the concentration of serum was 

reduced from 10% to 1% for 24hrs prior to cell treatment to eliminate any unwanted 

effects of serum.  The serum-deprived cells appeared healthy and intact. 

Characterization of Isolated Tenocytes 

Passage 6 tenocytes were characterized by seeding 10,000 cells per well on 8-well 

chamber slides (177445, Lab-Tek™) in growth media overnight to allow for cell 

adherence before being processed for vimentin and tenomodulin.  After overnight 

incubation, media was removed and cells were washed PBS.  Cells were then fixed in 

4% paraformaldehyde for 10 min followed by 4 x 3 min washes in PBS.  0.1% Triton-X in 

PBS was applied for 15 min to ensure cell permeabilization.  A mouse monoclonal anti-

vimentin antibody (1:100; M0725, Dako, Glostrup, Denmark) and a goat polyclonal anti-

tenomodulin antibody (1:100; sc-49325, Santa Cruz, CA) were used on fixed cell 

cultures. After blocking with 5% donkey normal serum for 15 min, the chamber slides 

were incubated with the primary antibody for 60 min at 37°C. After additional washing 

and blocking in 5% donkey serum for 15 min, the secondary antibody, TRITC donkey 

anti-mouse (1:2000; 610-709-124, Rockland Immunochemicals, Limerick, PA) or FITC 

donkey anti-goat (1:2000; 605-702-002, Rockland Immunochemicals, Limerick, PA) was 

incubated 30 min at 37°C before washing and mounting in SlowFade Diamond with 

DAPI (S36968, Life Technologies, Grand Island, NY) for fluorescence imaging.  

SubP and TGFß-1 Treatment of Cultured Tenocyte and Fibroblast Cells 

RDF or isolated tenocyte cells were serum deprived in 1% FBS for 24hrs.  The next 

day, cells were treated with a dose titration of TGFß-1 (GF111, EMD Millipore, 

Temecula, CA) alone or SubP (1156, Tocris), starting at 10ng/mL and 100nM 

respectively.  For collagen deposition assessment, cells were treated in the presence of 
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ascorbic acid (20 µg/mL). For proliferation and CCN2 expression experiments, further 

1:4 dilutions were made in the reconstitution buffer (PBS + 1% BSA) to evaluate a dose 

response. Unit concentrations of TGFß-1 (ng/mL) or SubP (Wajant et al.) were reported 

as in previous publications (Arnott et al., 2007; L. J. Backman, Fong, et al., 2011; 

Beinborn et al., 2010). Cells were also treated with TGFß-1 and SubP in combination as 

indicated in the figures and legends, to explore possible additive effects of these 

agonists. During the treatment period of up to 72hrs, media was changed and cells were 

treated every 24 hours. Also during the treatment period of up to 72hrs, cells were 

monitored visually for effects of serum deprivation in 1% FBS on cell viability; the cells 

continued to appear healthy and intact. 

Cell Proliferation Assays 

CyQUANT Assay Method  

Cell proliferation was determined using the CyQUANT NF Cell Proliferation Assay Kit 

(Molecular Probes, Eugene, OR) according to the manufacturer’s protocol. Briefly, cells 

were plated at 2,000 cells/well in a 96 well plate (Falcon) in D-MEM/10% FBS and 

allowed to attach overnight.  The following day, cells were serum deprived in 1% FBS for 

24hrs and then treated with a dose titration of SubP (Tocris; 1156) alone, TGFß-1(EMD 

Millipore; GF111) alone, or their combination as reported above, and in the figures.  

Fibroblast growth factor-2 (FGF-2; 10ng/mL; Sigma, SRP 4038) was used as a positive 

control. A control without treatment was also included.  After 72 hours, the media was 

aspirated and replaced with DNA binding dye solution according to the manufacturer’s 

protocol.  Cells were incubated at 37°C for 30 min and samples were measured using a 

Wallac 1420 fluorimeter.  Proliferation data was normalized using the GraphPad PRISM 

6.02 software to compare data across experiments, with 100% set to 10ng/mL of FGF-2 

and 0% defined as vehicle control (cells treated with PBS + 1% BSA).  Each set of 
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CyQuant experiments were repeated three times, in duplicate wells for each 

experimental condition. 

BrdU incorporation and Alamar Blue Methods 

CyQuant proliferation was also verified one time each with the bromodeoxyuridine 

(BrdU) incorporation and Alamar Blue methods.  For each, RDF or tenocytes were 

seeded at 2,000 cells/well in 96 well plates in DMEM + 10% FBS and incubated 

overnight at 37°C to allow for cell adherence.  The following day, the media was 

changed to 1% FBS and cells were treated with a dose range of SubP, TGFβ-1, the 

combination of SubP + TGFβ-1, or FGF-2 (as a positive control) at the concentrations 

indicated in the figures.  The cells were incubated for ~72hrs for each assay.  For BrdU 

incorporation, the assay was performed according to the manufacturer's instructions 

(11647229001, Roche Diagnostics, Indianapolis, IN).  Briefly, BrdU was added to the 

cells for 6hrs prior to the 72hr endpoint, and the cells were incubated at 37°C to allow for 

DNA incorporation of the BrdU.  After this period, the media was removed and the cells 

were fixed with the provided fixation buffer.  Anti-BrdU-peroxidase antibody was used to 

detect incorporated BrdU as a relative indicator of cell division.  Absorbance was 

measured at 450nm after incubation with peroxidase substrate.   

For Alamar blue measurement, Alamar blue (BUF012B, Bio-Rad AbD Serotec, 

Raleigh, NC) was added to the cells in culture for 4hrs prior to the 72hr endpoint and the 

plate were re-incubated at 37°C to allow for Alamar blue conversion.   The color change 

in Alamar blue dye was measured at absorbance 570nm.   

Immunocytochemistry and Quantitative Analyses of CCN2 in Cultured Tenocyte and 

Fibroblast Cells 

For immunocytochemical analysis for CCN2 in tenocytes or RDF cells, 2,000 cells 

per well were seeded on 8-well chamber slides (177445, Lab-Tek™) overnight and then 
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serum deprived for 24hrs prior to treatment. Cells were treated with a standard 

concentration of 100 nM of SubP (1156, Tocris) alone, 10 ng/mL of TGFß-1 (GF111, 

EMD Millipore) alone, or their combination for a 48hr period. Fixation of cells was 

performed with 4% paraformaldehyde for 20 min and thereafter washed with phosphate 

buffered saline (PBS) and blocked with 3% bovine serum albumin (BSA; Fisher 

Scientific, BP1605-100) for 30 min at room temperature. The cells were then incubated 

with a CCN2 goat antibody (1:50 dilution, Santa Cruz, sc-14939) at 4°C overnight.  The 

following day, cells were washed and incubated with Cy2-labeled donkey anti-goat 

antibody (1:500 dilution, Jackson ImmunoResearch, West Grove, PA) for 60 min at room 

temperature. Nuclei counterstaining was performed with DAPI for 5 min at room 

temperature. Cells were washed with PBS + 0.05% Tween 20. Results represent three 

independent experiments. 

To quantify the changes in CCN2 immunoexpression per cell, chamber slides were 

analyzed using a microscope (Nikon) interfaced with an analog camera and an image 

analysis system (BioQuant Osteo, BioQuant, Nashville, TN). All assessments and image 

analyses were carried out in a blinded fashion. The microscope’s light intensity was 

maintained at a constant level to ensure the background values were similar for each 

acquired image. Likewise, the F-stop for the camera was maintained at a constant level 

for each acquired image.  Measurements were made only within the cytoplasm of each 

cell using the circle Region of Interest Option (ROI) of the BioQuant software. The circle 

was 3.85×10-9 m2 in size. The Videocount Area Array option of the BioQuant software 

was also utilized for these measurements. Videocount area is defined as the number of 

pixels in a field that meet a user-defined color threshold of green immunofluorescence 

staining multiplied by the area of a pixel at the selected magnification (300x in our 

analyses).  The CCN2 green staining threshold values were saved in a subprogram 

created in BioQuant for this set of analyses, and then applied for each experiment for 
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consistent auto-measurement of the immunostained chamber slides. Gain and exposure 

were standardized to allow for the cleanest image with fast, short exposure times. The 

number of pixels at or above the defined threshold within the circled area (3.85×10-9 m2) 

is reported. A total number of 200 cells/group collected from three separate experiments 

were counted. Group means plus standard error of the mean (SEM) were plotted. 

Biochemical Analyses 

ELISAs 

Tenocytes or RDF cells were seeded in 96-well plates at a density of 10,000 

cells/well overnight and then serum deprived in 1% FBS for 24hrs prior to treatment. 

Cells were treated with a standard concentration of 100, 10, 0.1, and 0 nM of SubP 

(1156, Tocris). After 24 hrs, the supernatants of the cultured cells were collected and 

used to measure inflammatory cytokine and chemokine release by multiplex analysis 

using two different multiplex kits (RECYTMAG-65K, Millipore Corporation, Billerica, MA 

an d 171-K1002M, Bio-Rad Laboratories, 1000 Alfred Nobel Drive Hercules, CA) for 20 

different cytokines and chemokines: 13 inflammatory cytokines and chemokines (IL-1α, 

IL-1β, IL-2, IL-4, IL-5, IL-6, IL-13, IL-18, interleukin 12 protein 70 (IL-12p70), MIP-1a, and 

TNFα), a key anti-inflammatory cytokine (IL-10), 7 chemotactic proteins (granulocyte-

macrophage colony stimulating factor (GM-CSF), granulocyte colony stimulating factor 

(G-CSF), GRO/KC, IP-10, and MCP-1, and an anti-fibrogenic and inflammatory cytokine 

(IFNγ).  Results were normalized to total protein concentration as measured by BCA 

assay (Pierce Biotechnology, Rockford, IL). 

Supernatants and lysates were also assayed for TGFß-1 levels after SubP 

stimulation.  For this, after 24hrs, the supernatants and lysates of cultured cells from 

passage 2, and from passage 4-6, were collected separately, and used to measure total 

TGFß-1 concentrations using three distinct commercial ELISA kits. Passage 2 RDF cells 
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were assayed were assayed using an Invitrogen kit (KAC1688, Invitrogen, sensitivity 

level of 15.6 pg/mL, Camarillo, CA). Passage 4-6 RDF and tenocytes cells were 

analyzed with all three kits:  Invitrogen (KAC1688, sensitivity level of 15.6 pg/mL, 

Camarillo, CA); Enzo, (ADI-900-155, sensitivity level of 3.3 pg/ml, Farmingdale, NY); and 

eBioscience (BMS623, sensitivity level of 12 pg/ml, Austria), according to manufacturers’ 

instructions.  Two to three independent experiments were performed, as indicated in the 

results section, and each sample was run in duplicate. 

In-Cell Westerns for CCN and Collagen type 1 

Rat tenocytes or dermal fibroblasts were seeded at 10,000 cells/well and stimulated 

with dose titrations of SubP, TGFß-1, or their combination.  Media was changed at 

24hrs, the cells were re-treated, and CCN2 or collagen 1 analysis was performed at 48 

hours.  For protein analysis, cells were washed three times with PBS and fixed in 95% 

ethanol for 20 minutes at room temperature.  Plates were blocked with Odyssey 

Blocking buffer (LI-COR Biosciences, Lincoln, Nebraska) for 1hr at room temperature.  

Anti-CCN2 antibody (SC-14939, Santa Cruz Biotechnology, Santa Cruz, CA) was added 

at 1:2000 dilution and the plate was incubated at room temperature for 2hrs with gentle 

shaking.  After two hours, the plate was washed four times with PBS plus 0.05% Tween-

20.  Anti-goat IRDye800 (LI-COR, diluted 1:800 in Odyssey blocking buffer) was added 

to each well. CellTag 700 was added at the same time as the secondary antibody for cell 

normalization (diluted 1:500).  The plate(s) were incubated for 1hr at room temperature, 

washed four times with PBS plus 0.05% Tween-20, and detection was performed using 

the Odyssey Imager. For collagen type 1 analysis, the method was similar, except that 

an anti-Collagen type 1 antibody was used (AB6308, Abcam) at 1:2000 dilution. Anti-

goat IRDye800 (anti-mouse IRDye800, diluted 1:800 in Odyssey blocking buffer) was 

added to each well for the detection steps. 



 86 

Western Blotting for CCN2, TGFß-1, or Collagen type 1 

Cells were lysed at 4°C in protein extraction buffer (RIPA buffer, N653, AMRESCO 

Inc, Solon, OH) freshly supplemented with a protease inhibitor cocktail at a dilution of 

1:100 (P8340, Sigma, St. Louis, MO). Protein concentration was determined by using 

Pierce™ BCA Protein Assay Kit (23225, Thermo Scientific, Rockford, lL) according to 

manufacturer’s instructions. Total protein (50µg) from each sample was diluted in 

Laemmli sample buffer (Bio-Rad; 161-0747) and boiled for 5 min before resolving by 

10% SDS–PAGE. Protein samples were electroblotted to a nitrocellulose membrane at 

100 V for 75 min. After membranes were blocked in 5% non-fat dry milk in Tris-buffered 

saline (TBS) with 0.1% Tween-20 (TBS-T) for 1hr, blots were incubated overnight at 4°C 

with a primary antibody against CCN2 (1:100, SC-14939, Santa Cruz Biotechnology, 

Santa Cruz, CA ), TGFß-1 (1:200, sc-146, Santa Cruz Biotechnology, Santa Cruz, CA), 

or Collagen type 1 antibody was used (1:200, AB6308, Abcam). After three washes of 

the membrane in TBS-T for 5 minutes, donkey anti-goat-IRDye® 680 (1:5000; #926-

32224, Li-Cor) or donkey anti-mouse-IRDye680LT (1:5000; #926-32212, Li-Cor) was 

incubated for 60 min at room temperature. The membrane was washed as before and 

bands were detected using the Li-Cor Odyssey Infrared Imaging System.  Blots were 

concurrently probed with ß actin antibody (1:1000; A2066, Sigma, Saint Louis, MO) or 

GAPDH antibody (gluceraldehyde-3-phosphate dehydrogenase; 1:500, sc-32233, Santa 

Cruz Biotechnology, Santa Cruz, CA), with donkey anti-rabbit-IRDye800CW (1:5000; 

925-32213, Li-Cor) or goat anti-mouse- IRDye680LT (1:5000; #926-68020, Li-Cor) 

detection antibody, for use as a loading control. Western blots were repeated at least 

three times each. Densitometry was performed using myImageAnalysis version 1.1 

(Thermo Fisher Scientific), and expression of protein of interest is presented as a ratio of 

the loading control.    
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Hydroxyproline Assays 

Quantification of hydroxyproline content in cell samples was performed using the 

method of Reddy and Enwemeka (Reddy, 1996 #1393)(Blissett et al., 2009). For each 

specimen, cell samples were prepared in triplicate, with the addition of ascorbic acid, in 

order to quantify the amount of fibrillar collagen matrix present in the samples. The cells 

were seeded in cell culture plates (Corning®; 430167) at a density of 300,000 cells/plate 

and incubated overnight.  After serum deprivation for 24hrs, cells were treated with 

ascorbic acid (20µg/mL) for to aid in collagen synthesis, plus SubP (100 nM; Tocris, 

1156) alone, TGFß-1(10 ng/mL; EMD Millipore, GF111) alone, or in combination.  A 

control without treatment was also included. After 72hrs, hydroxyproline analysis was 

performed as follows.  The supernatant was removed and contents within the plates 

were scraped, transferred into individual 1.5mL Eppendorf tubes (Fisher Scientific, 05-

408-129), and pelleted by centrifugation.  All samples were then brought to a final 

volume of 200µl with a final concentration of 6N HCl and then hydrolyzed at 120°C for 

3hrs. 50µL of the supernatant was then transferred to a 96-well plate.  All wells were 

evaporated to dryness in a 60°C oven, after which 100µL of chloromine T reagent was 

added to each sample and standard well, and the plate was re-incubated at room 

temperature for 20 min.  100µL of Enrlich’s reagent was added to each sample and 

standard well and incubated at 60°C for 90 min. Finally the absorbance of each sample 

was read at 560nm using a spectrophotometer. The amount of hydroxyproline in each 

sample was determined according to a standard curve of hydroxyproline, obtained using 

hydroxyproline from 0 to 1.0 µg/well.  Hydroxyproline assay data (pg hydroxyproline) 

was normalized to µg of total protein, determined using a bicinchoninic acid protein 

assay kit (Thermo Scientific, Pierce, #23225).  Collagen content was estimated by 

considering that hydroxyproline comprises 12.5% of collagen fibers (Reddy, 1996 

#1393). 
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Statistical Analyses 

 GraphPad PRISM v.6.02 was used for all statistical analyses. All data are expressed 

as mean ± SEM.  p values of < 0.05 were considered significant for all comparisons.  

Proliferation, cytokine assays, and in-cell Western results were analyzed using two-way 

ANOVAs with the parameters of treatment and concentration.  For Western blot data, an 

un-paired t-test was used (two-tailed) to test for differences in CCN2 expression. One-

way ANOVA was used to compare results from other experiments.  The Turkey post-hoc 

correction method was used for ANOVA analyses for comparison between groups.  The 

Turkey correction method was chosen to reduce the chances of obtaining false-positive 

results (type I errors).  

Results 

Confirmation of Phenotype of Tenocytes  

The vast majority of cultured tenocytes (plated and cultured overnight) showed a 

clear elongated fibroblastic appearance under the microscope (Fig. 3.1 A-C), also 

evident by bright field visualization (data not shown).  All of the imaged tenocytes were 

immunopositive for the tenocyte markers tenomodulin and vimentin in the passages and 

serum concentrations used for experiments, thereby indicating a tenocyte phenotype. 

The expression of these markers in RDF cells was considered lower by 

immunocytochemistry (Fig. 3.1 D-F), but detectable versus the secondary only control 

(not shown). 



 89 

 
Figure 3.1 Vimentin and Tenomodulin Expression in Primary Cultures of Rat Flexor 
Digitorum Tendon Cells and Rat Dermal Fibroblasts (RDF). Cells were plated and 
cultured overnight prior to this staining. Nuclei are stained with 4,6-diamidino-2-
phenylindole (DAPI; blue). Most tendon cells are positive for vimentin as shown in (A) 
(red, tetramethylrhodamine isothiocyanate [TRITC]). (B) Cells showing immunoreaction 
for tenomodulin (green, fluorescein isothiocyanate [FITC]), a glycoprotein predominantly 
expressed in tendons and ligaments.  RDF cells showed weaker but modest staining for 
both vimentin (D) and tenomodulin (E) under the same imaging conditions. An overlay of 
the fluorescence is shown in (C, F). Cells shown at 100x magnification.  Insets show 
magnified individual cells to allow for better visualization of staining. 
 

 

Effects of SubP and TGFß-1 Treatment on Proliferation in Primary RDF and Tenocyte 

Cultures 

We evaluated proliferation on RDF cells or tenocytes incubated with either SubP or 

TGFß-1 at various concentrations for 72 hours, under serum-deprived conditions (1% 

FBS).  RDF cells were only tested using the CyQuant proliferation method, but no 

proliferation was seen with SubP or TGFβ-1 under the serum-deprived conditions tested.  
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TGFß-1 treatment significantly stimulated tenocyte proliferation in a dose-dependent 

manner with the highest concentration (10ng/mL) inducing the most effect, compared to 

the vehicle control (Fig. 3.2). This effect was not enhanced by the addition of SubP, and 

there was no significant effect of SubP alone on tenocyte proliferation, compared to the 

untreated group. Similar results were achieved by BrdU Incorporation assay and 

AlamarBlue® Cell Viability assays (Fig. 3.3), although these experiments were 

performed only once to confirm the CyQuant proliferation findings.  The BrdU assay 

showed a statistically significant increase with 10ng/mL of TGFß-1, and with the 

combined treatment of both SubP (100nM) plus TGFß-1 (10ng/mL).  Alamar Blue 

proliferation results confirmed the induction of proliferation by TGFß-1 (but not SubP), as 

TGFß-1 dose-dependently increased tenocyte proliferation at both 1 and 10ng/mL 

TGFß-1.  The combination of 10ng/mL TGFß-1 plus 100nM SubP, and 1ng/mL TGFß-1 

plus 10nM SubP, also showed a significant increase in proliferation, as measured by 

Alamar Blue, at these concentrations.  It is important to note that the combination of 

TGFß-1 plus SubP was not significant, compared to TGFß-1 treatment alone, with any 

proliferation assay tested.  Like the CyQuant proliferation assay, there was no significant 

effect of SubP alone on tenocyte proliferation, compared to the untreated group using 

BrdU Incorporation or AlamarBlue® Cell Viability assays. 



 91 

 

Fig. 3.2. Effects of SubP or TGFß-1 on Tenocyte Proliferation. Tenocytes were cultured 
with SubP, TGFß-1 or their combination for 72 hours, under serum-deprived conditions 
(1%). The proliferation was evaluated by CyQUANT® NF Cell Proliferation Assay. 
Results shown are the mean of three experiments ± SEM, which were performed in 
duplicate for each experimental condition. Results were normalized to percentage 
positive control (10ng/mL FGF-2). * p < 0.05 and **p<0.01 compared to untreated group 
(n=3), 2-way ANOVA with a Tukey post-test.  
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Fig. 3.3. Effects of SubP or TGFß-1 on Tenocyte Proliferation. Cell proliferation induced 
by SubP or TGFß-1 was confirmed by BrdU Incorporation assay (A) and AlamarBlue® 
Cell Viability assay (B). Results for each experiment condition shown are the mean ± 
SEM, which were performed in duplicate. * p < 0.05 and **p<0.01 compared to untreated 
group, 2-way ANOVA with a Tukey post-test.  
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Cytokine Analysis on Tenocyte and Rat Dermal Fibroblast Supernatants 

Only four cytokines (IL-6, IP-10, MCP-1, and KC/GRO) were modulated by treatment 

with either TGFß-1 or SubP from the panel of cytokines tested in tenocytes or RDF cells 

(Figures 3.4 and 3.5).  Multiplex analysis on tenocytes indicated no effect with regards to 

cytokine release by SubP on tenocytes (Fig. 3.5 A-D).  However, TGFß-1 dose-

dependently increased MCP-1 and IL-6 production in these cells (Fig. 3.4 B,D). In 

contrast, IP-10 and GRO/KC were both dose-dependently decreased by TGFß-1 

treatment of tenocytes (Fig 3.4 A,C).   The combination of SubP plus TGFß-1 treatment 

did not induce any cytokine production above the effect of TGFß-1 alone.  Regarding the 

RDF cells, SubP did not affect IP-10, MCP-1 or IL-6 levels, similar to the tenocytes (Fig. 

3.5A,B,D).  TGFß-1 treatment increased MCP-1 release in RDF cells, as did the 10 nM 

SubP plus 1ng.ml TGFB combined dose (Fig. 3.5B).  Similar to the tenocytes, TGFB1 

treatment decreased RDF cell expression of IP-10 (Fig. 3.5A). GRO/KC levels increased 

with TGFß-1 treatment, contrary to the results seen in tenocytes (Fig. 3.5C versus Fig 

3.4C). IL-6 release appeared to increase in tenocytes after TGFß-1 treatment, but this 

result was not statistically significant (Fig. 3.5D).  
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Fig. 3.4. Effects of SubP or TGFß-1 on Cytokine Expression. Rat tenocytes were serum 
deprived for 24hrs and treated with SubP or TGFß-1 or the combination.  Supernatant 
was collected after 24hrs and cytokine release was measured by multiplex analysis 
analysis for IP-10 (A), MCP-1 (B), GRO/KC (C), or IL-6 (D). Results shown are the mean 
of 3 experiments ± SEM, which were performed in duplicate wells for each experimental 
condition. * = p < 0.05, compared to vehicle control group.  
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Fig. 3.5. Effects of SubP or TGFß-1 on Cytokine Expression. RDF cells were serum 
deprived for 24hrs and treated with SubP or TGFß-1 or the combination.  Supernatant 
was collected after 24hrs and cytokine release was measured by multiplex analysis for 
IP-10 (A), MCP-1 (B), GRO/KC (C), or IL-6 (D). Results shown are the mean of 3 
experiments ± SEM, which were performed in duplicate wells for each experimental 
condition. * = p < 0.05, compared to vehicle control group.  

 

Effects of SubP and TGFß-1 Treatment on CCN2 Expression in Primary Tenocytes and 

Rat Dermal Fibroblasts Cultures 

We next examined CCN2 expression in tenocytes and RDF cells stimulated with 

either SubP or TGFß-1 at various concentrations for 48 hours using in-cell Western 

analysis. CCN2 expression was significantly increased after 48 hours in tenocytes after 

incubation with SubP (100nM), TGFß-1 (10ng/mL), or the combination of SubP (100nM) 

plus TGFß-1 (10ng/mL) (Fig. 3.6 upper panel). The combined treatment of 25 nM SubP 
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plus 2.5 ng.ml TGFB induced higher expression levels of CCN2, than either treatment 

alone (p<0.05) (Fig. 3.6 upper panel). 

CCN2 expression in RDF cells was significantly increased after treatment with 

TGFß-1 (10ng/ml) alone, or SubP (100 or 25 nm) plus TGFß-1 (10 or 2.5 ng/ml) in 

combination, for 48 hours (Fig. 3.6 lower panel), compared to control wells (p<0.01 

each).   These two combined doses of SubP and TGFB also induced higher CCN2 

expression, than SubP treatment alone (p<0.01 each). SubP (100nM) alone trended 

higher than control wells, but did not reach statistical significance. 

In the next series of experiments, we confirmed the ability of SubP (100nM) and 

TGFß-1 (10ng/mL) to up-regulate CCN2 expression in primary tenocytes and RDF cell 

cultures using Western blotting. Western blot analysis followed by densitometry revealed 

that treatment of tenocytes with SubP (100nM) alone, TGFß-1 (10ng/mL) alone, or in 

combination, induced increases in CCN2 protein expression levels in tenocytes, 

compared to control (untreated) cultures (Fig. 3.7A,B).  The combined treatment did not 

increase CCN2 expression higher than SubP or TGFß-1 treatments alone. RDF cells 

showed similar increases in CCN2 expression with TGFß-1 and the combination 

treatment (Fig. 3.7C, D).   However, no significant increase was seen in SubP (100nM) 

treatment group, compared to the untreated group.  
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Fig. 3.6. Effects of SubP or TGFß-1 on CCN2 expression. Rat tenocytes (A) or RDF 
cells (B) were serum deprived (24 h) and treated with SubP or TGFß-1 or combination at 
various concentrations to evaluate a dose response, under continued serum deprivation 
condition (1%). CCN2 expression was assessed by in-cell Western analysis at 48 hours 
after incubation. Results shown are the mean of 3 experiments ± SEM, which were 
performed in duplicate for each experimental condition. **p< 0.01 compared to vehicle 
control group. && p<0.01 compared to SubP treatment. #p<0.05 compared to TGFß-1 
(10ng/mL) treatment. 2-way ANOVA with a Tukey post-test. 
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Fig. 3.7.  SubP or TGFß-1 Increase CCN2 Expression in Fibroblasts. (A) Representative 
Western blot of lysates collected from tenocytes stimulated with SubP (100nM), TGFß-1 
(10 ng/ml) or their combination for 48hr, probed with anti-CCN2 (at 37 kDa). ß actin was 
used as a loading control (at 42 kDa). (B) Densitometric analysis of three replicate 
Western Blots, showing ratio of CCN2 bands normalized with ß actin levels. (C) A 
representative Western blot of RDF cells stimulated with SubP (100nM) or TGFß-1 (10 
ng/ml) or combination for 48hr, probed with anti-CCN2 (at 37 kDa) and anti-ß actin (at 42 
kDa). (D) Densitometric analysis of four replicate Western blots, showing ratio of CCN2 
bands normalized to ß actin levels. The results are presented as the mean density of 3 
to 4 experiments ± SEM. * = p< 0.05, **p< 0.01 compared to untreated group, 1-way 
ANOVA with a Tukey post-test. 

 

The ability of SubP and TGFß-1 to upregulate CCN2 expression in primary tenocytes 

cultures or RDF cells was also confirmed using immunohistochemical staining of cells 

grown in chamber slides, under serum deprived conditions (1% FBS) beginning 24 hours 

prior to the onset of treatments.  For tenocytes, the untreated group showed low CCN2 
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immunostaining in the cells (Fig. 3.8A). Image analysis quantification confirmed that 

CCN2 immunostaining in tenocytes was increased after 48 hour treatments with either 

SubP (100nM) alone, TGFß-1 (10ng/mL) alone, or combined (Fig. 3.8A, B). The effect of 

TGFß-1 (10ng/mL) alone on CCN2 expression was greater than SubP (100nM) alone, 

and this effect of TGFß-1 was significantly improved by addition of SubP (100nM) (Fig. 

3.8A, B). 

RDF cells showed similar results (Fig. 3.8C,D). Immunostaining and image analysis 

quantification showed that CCN2 immunoexpression was minimal in the untreated group 

(Fig. 3.8C), yet increased in RDF cells treated for 48 hours with TGFß-1 (10ng/mL), or 

SubP (100nM) abd TGFß-1 (10ng/mL) in combination (Fig. 3.8C,D). The effect of the 

combination treatment on CCN2 expression per cell was greater than the treatment of 

SubP (100nM) alone (Fig. 3.8D). 

 

The Effect of SubP and TGFß-1 on Collagen Production in Primary Tenocyte Cultures 

To determine if SubP has an effect on collagen production in our primary tenocytes 

culture system, we used the hydroxyproline assay to approximate the amount of 

collagen deposition in cultured cells after 72 hours of treatment.  As shown in Fig. 3.9A, 

collagen was significantly increased in tenocytes with TGFß-1 treatment and the 

combination treatment, compared to untreated control cells (p < 0.01), and compared to 

SubP treatment alone (p < 0.01). No significant difference was detected in tenocytes 

treated with SubP alone using the hydroxyproline assay method. Furthermore, increased 

pro-collagen type 1 production was observed using Western blot assay of supernatants 

collected from RDF cells after 72 hour treatment with 5 ng/ml of TGFB1 (Fig. 3.9B). 

Similar results for increased collagen 1 production after treatment with 5 ng/ml of TGFB1 

was observed in RDF and tenocytes lysates (data not shown). 



 100 

 

Fig. 3.8.  SubP and TGFß-1 Increase CCN2 Expression in Tenocytes and Dermal 
Fibroblasts. (A, C) Representative CCN2 immunostaining in primary tenocytes (A) or 
RDF cells (C) treated with SubP (100nM) or TGFß-1 (10 ng/mL) or combination for 
48hrs. (B, D) Quantification of CCN2 immunostaining per cell in tenocytes (B) or RDF 
cells (D). The results are presented as the mean density of three separate experiments ± 
SEM. **p<0.01 compared to untreated group. &&p<0.01 compared to SubP (100nM) 
treatment. ##p<0.01 compared to TGFß-1 (10ng/mL) treatment.  
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Fig. 3.9. Effects of SubP or TGFß-1 on Collagen Deposition in Tenocytes. (A) Primary 
tenocytes were serum deprived (1% for 24hrs) and treated with SubP (100nM) or TGFß-
1 (10 ng/mL) or combination for 72hrs, with continued serum-deprived conditions (1% 
FBS). Collagen deposition was assessed by hydroxyproline assay. Bar graphs represent 
data from measured values. The results are presented as the mean density of 3 
experiments ± SEM. **p<0.01 compared to untreated group. &&p<0.01 compared to 
SubP (100nM) treatment.  (B) RDF cells were serum deprived (1% for 24hrs) and 
treated with TGFß-1 (5 ng/mL) or combination for 72hrs, with continued serum-deprived 
conditions (1% FBS). Supernatants were collected and probed for collagen type 1 levels 
using Western blot assay. A representative blot is shown. 
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Fig. 3.10. Effects of Substance P (SP) or TGFß-1 on Collagen Deposition in Tenocytes 
using In-Cell Western assay. Primary tenocytes were serum deprived (1% for 24hrs) and 
treated with SubP, TGFß-1, the combination of SubP and TGFß-1 for 48hrs (A), or with 
IL-1β (B), at the concentrations shown, under continued serum-deprived conditions (1% 
FBS). Collagen deposition was assessed by In-Cell Western. Bar graphs represent data 
from measured values. The results are presented as the mean density of two individual 
experiments ± SEM. **p<0.01 compared to untreated group.  

 

Preliminary data with two replications (with some variations in dosing and treatment 

per replication) and using the using in-cell Western method, shows contrasting results 

concerning SubP from that shown in Figure 3.9. Collagen 1 expression in tenocytes and 

RDF cells after stimulation with either SubP, TGFß-1, both, or with IL-1β was examined 
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after 48 hours of treatment. In tenocytes, collagen 1 expression was significantly 

increased after 48 hours after incubation with SubP (0.2nM, 0.10 nM and 0.39 nM 

doses), but not after TGFß-1 alone or combined treatment (Fig. 3.10 A). In RDF cells, 

collagen 1 expression increased after 48 hours incubation with SubP (39 ng/ml) and 

TGFß-1 (2 ng/ml) (Fig. 3.10 B). IL-1β treatment did not have a significant effect on 

collagen 1 expression (Fig. 310 B). These experiments will be continued in the future, 

repeating this 48 hour time period and extending the experiments to 72 hours of 

treatment.  

 

The Effect of SubP on TGFß-1 production in Primary Tenocytes and Rat Dermal 

Fibroblasts Cultures 

We next examined TGFß-1 expression in tenocytes and RDF cells stimulated with 

SubP alone at various concentrations for 24 hours using ELISA. We used three different 

ELISA kits with varying levels of sensitivity to determine if SubP stimulation tenocytes or 

RDF cells would cause TGFß-1 release into the supernatant.  One company’s kit 

(ebioscience) had poor standards, producing a faulty standard curve, and the data was 

unusable. Investigation using an Invitrogen kit (with 15.6 pg/ml sensitivity) suggests a 

difference may exist between passage 2 RDF cells and passage 6 RDF cells (Fig. 311 A 

versus B). ELISA revealed that treatment with SubP (20 and 78nM) induced increases in 

TGFß-1 protein expression levels in RDF cell supernatants, compared to control cultures 

(Fig. 3.11 A). Tenocyte cell supernatants showed similar increases in TGFß-1 

expression with SubP treatment at the 10 nM ose, but not with the 100 nM dose (Fig. 

3.11 B). This work will be repeated to further examine this potential response difference 

between passage 2 and passage 5-6 RDF cells, and to examine if tenocytes show the 

same differential response.  
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Fig. 3.11. Effects of SubP on TGFß-1 Expression in Supernatant from Passage 2 versus 
Passage 6 cells using an Invitrogen ELISA Detection Kit (with 15.6 pg/ml sensitivity). Rat 
tenocytes or RDF cells were serum deprived (1% FBS) and TGFß-1 expression was 
assessed by ELISA at 24 hours after onset of SubP treatment. (A) RDF cells collected at 
passage 2. (B) RDF and primary rat tenocytes collected at passage 6. Results shown 
are the mean of 2 experiments ± SEM, which were performed in duplicate for each 
experimental condition. *p< 0.05, compared to vehicle control group.  

 

Lysates from RDF and tenocyte cells, collected from passages 5-6, were further 

examined with a second vendor’s ELISA kit (Enzo, with 3.3 pg/ml sensitivity).  The 

results from three experiments were combined for the tenocyte cultures and showed a 

small yet significant increase in TGFß-1 expression after a 24 hour treatment with 100 

nM of SubP, but unclear results in RDF cells (Fig. 3.12 A). These experiments will be 

repeated prior to publication of this work using similar SubP treatment doses for each 
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replicate of the experiment, using in the cell western method as well as ELISA (since the 

former was used for the CCN2 studies), and examining both 24 and 48 hour treatments 

(since the 48 hour treatment period was used for the CCN2 studies).  

 

Fig. 3.12. Effects of SubP on TGFß-1 Expression in Supernatants from Passage 5-6 
cells using an Enzo ELISA detection kit (with 3.3 pg/mL sensitivity). Rat tenocytes or 
RDF cells were serum deprived for 24 hours (1% FBS) and then TGFß-1 expression 
was assessed by ELISA at 24 hours after onset of SubP treatment. (A) Tenocyte results 
shown are the mean of 3 experiments ± SEM, which were performed in duplicate for 
each experimental condition.  (C-D) RDF results presented separately for the three 
different replications of the experiment. *p< 0.05, compared to vehicle control group.  

 

We also examined TGFß-1 expression in cell lysates after a 24 hour treatment with 

several different doses of SubP treatment using Western blot assay. Densitometry of two 

of four Western blots from 4 different experiments, showed a potential for induction of 
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TGFB1 expression with increasing concentrations of SubP (Fig. 3.13). Therefore, future 

experiments in the lab will continue to explore this novel and yet unpublished interaction 

between TGFB1 and Substance P.  

 

Fig. 3.13. Effects of SubP on TGFß-1 Expression in Lysates from Passage 5-6 cells 
using Western Blot Analysis.  Rat tenocytes or RDF cells were serum deprived for 24 
hours (1% FBS) and then TGFß-1 expression was assessed by western blot at 24 hours 
after onset of SubP treatment at the concentrations shown. Plots above show ratio of 
TGFß-1 bands (12 kDa, 25 kDa and 50 kDa), normalized to GAPDH (used as a loading 
control). Individual results from two of four Western blots are shown from four separate 
experiments. These experiments will be repeated prior to statistical analysis. 



 107 

 

Discussion 

This study establishes primary rat flexor digitorum tendon cells as a valid model 

for studying the effects of the fibrosis-related mediators SubP and TGFß-1. Other groups 

have successfully grown primary human or rat Achilles tendon cells in culture (L. J. 

Backman, Fong, et al., 2011; Luo et al., 2009).  However, this is the first attempt, to our 

knowledge, to isolate tenocytes from the flexor digitorum tendon to determine the effects 

of fibrotic mediators.  The majority of cultured cells showed characteristics of a 

fibroblastic elongated phenotype and expressed vimentin and tenomodulin (tenocyte 

markers), that were retained after multiple passages, confirming that our cultures 

consisted almost entirely of tenocytes, consistent with Backman et al (L. J. Backman, 

Fong, et al., 2011).  However, it should be noted that other cell types could also be 

present, such as chondrocytes, endothelial cells (Kleiner, 1998), and nerve cells 

(Danielson, Alfredson, & Forsgren, 2006).  

After verification of our tenocyte phenotype, we sought to determine if treatment 

of these cells with SubP or TGFß-1, or the combination of SubP plus TGFß-1, could 

induce changes in proliferation, inflammatory cytokine release, or fibrogenic protein 

production.  TGFB1 has long been known to induce collagenous and fibrogenic 

responses (MacDonald & Cohn).  Information around SubP is much more limited.  The 

neuropeptide SubP increases in several inflammatory conditions, including painful 

tendinopathies, rotator cuff tears, and arthritis (O'Connor et al., 2003; Riley, 2008; 

Steinhoff et al., 2014)).  SubP participates in many inflammatory and fibrotic processes 

and is produced not only in neurons, but also by tenocytes (L. J. Backman, Fong, et al., 

2011) and immune cells such as mast cells (Toyoda et al., 2000), macrophages (Clark et 

al., 2004a; Fedorczyk et al., 2010; Germonpre et al., 1999), dendritic cells (Lambrecht et 
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al., 1999), and T lymphocytes (Lambrecht et al., 1999).   The release of SubP is believed 

to have both autocrine and paracrine effects, including cytokine release from multiple 

tissue types. In this study we attempted to confirm the report that SubP could alter 

proliferation, inflammatory, or fibrotic responses in primary fibroblasts in vitro, similar to 

published reports (L. J. Backman, Fong, et al.).   

We first evaluated the effects of SubP and TGFB1 on proliferation in our primary 

cell systems.  Using two methods of relative DNA quantification (CyQuant and BrdU), 

and one method of relative mitochondrial respiration (Alamar Blue), we determined that 

TGFß-1, but not SubP, was able to induce proliferation in both tenocytes and RDF cells.  

The combination of TGFß-1 and SubP was also able to induce proliferation, but not to an 

extent greater than TGFß-1 alone.  SubP was unable to induce proliferation of either cell 

type under the conditions tested.  Our results with SubP and proliferation are not 

completely in disagreement with published literature.  Backman et al (2011) indicated 

that SubP, produced by human tenocytes in response to mechanical loading, may 

regulate tenocyte proliferation through an autocrine loop involving its receptor, 

neurokinin 1 receptor (NK-1R) (L. J. Backman, Fong, et al., 2011).  We did not 

mechanically load the cells in our system and do not know if this autocrine production 

exists in our model.  Andersson et al have reported exogenously administered SubP 

accelerated hypercellularity in tendon tissue and enhanced paratendinitis in response to 

Achilles tendon overuse in a rat tendinopathy model (Andersson, Forsgren, et al., 2011).  

As was the case with mechanical loading, the multicellular environment present in this in 

vivo study was not present in our monoculture system.  Lastly, as is suggested with 

collagen production (Koon et al.), a co-stimulatory factor may be required for SubP to 

have a proliferative effect in our in vitro system, such as an inflammatory cytokine.    

Therefore, we next explored two questions through examination of the 

supernatants in our fibroblast cultures by multiplex analysis for inflammatory and 
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chemotactic cytokines.  First, whether the effect of SubP and TGFß-1 was pro-

inflammatory as well as potentially profibrotic, and second, whether any of the known 

modulators of CCN2 and collagen were induced by of SubP and TGFß-1 for potential 

synergistic effects. Cytokines are drivers of inflammation, chemotaxis, and can alter cell 

viability, differentiation, and protein production.  Therefore, it is possible that SubP or 

TGFß-1 drive cell proliferation and fibrotic protein production through indirect 

mechanisms via cytokine release.  Growth factors, cytokines, and hormones, including 

bone morphogenetic protein (BMP)-2, angiotensin II, glucocorticoids, monocyte 

chemotactic protein (MCP)-1 , TNFα and interferon (IFN)-γ are all known to influence 

CCN2 expression (Gu et al., 2012; Kubota & Takigawa, 2015; Laug et al., 2012).  While 

we could not test for all of these factors within the same panel, we did test for a panel of 

20 inflammatory cytokines and chemokines.  We found that the majority of cytokines 

were unchanged after these treatments in this cell culture model.  In fact, SubP 

produced no measureable changes in release of any of the cytokines or chemokines 

tested.  Of the 20 cytokines tested, 4 cytokines were altered by TGFß-1 treatment: MCP-

1, IL-6, IP-10, and GRO/KC.  Interestingly, we found that MCP-1 was dose-dependently 

increased in both tenocytes and dermal fibroblasts by TGFß-1, a cytokine that has been 

linked to skin fibrosis via recruitment of macrophages (Arai et al., 2013).  Also, IL-6 was 

increased in tenocytes by TGFß-1 (but not in dermal fibroblast), while the 

chemoattractant GRO/KC was increased in dermal fibroblasts yet decreased in 

tenocytes by TGFß-1 treatment.  Laslty, the chemoattractant IP-10 was decreased in 

both cell types by TGFß-1 treatment. 

 Given the lack of proliferative or cytokine responses to substance P, we next 

examined whether SubP and TGFß-1 could directly stimulate CCN2 or collagen 

production.  As expected, TGFß-1 was able to induce both collagen and CCN2 

production in both flexor digitorum tenocytes and rat dermal fibroblasts.  Interestingly, 
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while SubP altered collagen production in preliminary studies using In-cell western 

analysis (but not hydroxyproline analysis), it was clearly able to induce CCN2 production 

in tenocytes cultures. This novel finding was confirmed by multiple methods (In-cell 

Western analysis, Western blot analysis and  immunocytostaning of tenocytes).  As 

mentioned above, it is possible that co-stimulatory signals are needed for SubP-induced 

collagen production.  In vitro experiments with colonic fibroblasts show that SubP, in the 

presence of TGFß-1 and IGF-1, stimulates collagen synthesis, while SubP alone does 

not (Koon et al., 2010).  

After confirming the effects of SubP and TGFß-1 on extracellular matrix 

production and cell proliferation by tenocytes, we attempted to determine if the effects 

seen with SubP were caused by SubP induction of TGFß-1 production in tenocytes.  

Although SubP is able to modulate cytokine production in various conditions, there are 

only a few reports examining the effect of SubP on TGFß-1 production.  Yaraee et al 

(2009) reported that SubP can directly modulate the release of TGFß-1 from a human 

bronchial epithelial cell line (Yaraee & Ghazanfari, 2009).  Hu et al. (2002) found that 

dermal fibroblasts derived from human normal skin cultured with 25 ng/mL of SubP had 

more TGFß-1 mRNA expression compared to the control group (Hu et al., 2002).  Koon 

et al (2010) showed that SubP plays a significant role in the pathogenesis of intestinal 

fibrosis via its stimulatory effect on stimulating TGFß-1 production. We observed in 

preliminary data that needs to be repeated, that primary tenocytes stimulated only with 

SubP may induce TGFß-1 in a dose dependent manner using ELISA and Western blot 

methodologies.  Species differences in cytokine response profiles, culture conditions, 

and the detection systems used may account for our difficultly in repeating this result (M. 

F. Barbe et al., 2008).  Also, in this study, the tenocytes were collected from forelimb 

rather than hindlimb tendons, differing from Backman’s human Achilles tenocytes culture 

(L. J. Backman, Fong, et al., 2011), and importantly, the tenocytes used in this study 
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were never loaded.  Analysis of CCN2 production after SubP treatment under loading 

conditions, with co-stimulatory factors, could help address this question.   

Many studies show that mechanical loading or stretch is needed to induce matrix 

changes in fibroblasts/tenocytes. For example, Archambault et al reported that either 

stretch, mechanical loading, and/or cytokine exposure are needed to induce changes in 

matrix proteins expression in tenocytes, and that combination was synergistic 

(Archambault, 2003). This finding suggests that the potentially matrix damaging effect of 

combining mechanical loading with pre-existing inflammatory conditions may have 

significant implications in fibrosis.  However, neither stretch nor loading was present in 

our fibroblasts/tenocytes culture system. In the future, SubP stimulation on tenocytes 

collected from flexor digitorum tendons of young adult female rats that are performed 

with high repetition high force hand pulling tasks for 18 weeks, and then examine TGFß-

1 or collagen production again could help to address whether previous strain on 

tenocytes would aid in TGFß-1 production.   

The findings presented herein stress the importance of TGFß-1 in fibrotic 

processes.  As mentioned, we observed an increase in TGFß-1-induced cell proliferation 

and extracellular matrix production (both CCN2 and collagen I) in tenocytes and RDF 

cells.  TGFß-1 and CCN2 have both been used as serum biomarkers of fibrogenic 

disease and recent information highlights the role of TGFß-1 and CCN2 in tissue repair 

responses that lead to matrix deposition and tissue remodeling (Abdelmagid et al., 2012; 

Abrahams et al., 2014; Fisher et al., 2015; Gao et al., 2013; Igarashi et al., 1993). CCN2 

is generally considered a downstream mediator of TGFß-1 and is produced by multiple 

cell types (Grotendorst, 1997; J. J. Song et al., 2007).  Studies in the murine 

mesenchymal stem cell line C3H10T1/2 showed that TGFß-1-induced CCN2 expression 

leads to fibroblast proliferation and extracellular matrix deposition (J. J. Song et al., 

2007). Overproduction of these proteins has been linked to excessive scar tissue 
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deposition in muscle and tendon in many chronic inflammation diseases (Leask & 

Abraham, 2004; G. Li et al., 2006; Lipson et al., 2012; Smith et al., 2007). Our results in 

both tenocytes and RDF cells confirm the importance of TGFß-1 in driving cell 

proliferation and extracellular matrix production.   

Limitations of this study include the need to perform additional studies examining 

responsiveness of passage 2 tenocytes and RDF cells, compared to latter passage 

(such as passage 5-6, used primarily in these studies). We also need to examine 

proliferation of RDF cells in response to TGFß-1 and SubP stimulation under conditions 

that favor RDF cell proliferation.  Lastly and most importantly, we need to further explore 

the link between collagen and TGFß-1 expression after SubP stimulation using similar 

dosing treatments in each experiment and expanding the time of examination of TGFß-1 

expression after onset of SubP stimulation to 48 and 72 hours of treatment (similar to the 

CCN2 and collagen type I studies, respectively). 

 

Conclusion 

In summary, we demonstrated that both substance P and TGFß-1 can induce 

CCN2 production in rat isolated flexor digitorum tenocytes, similar to studies of isolated 

Achilles tendon cells from rats and humans (L. J. Backman, Fong, et al., 2011; Fong et 

al., 2013; Luo et al., 2009).  This is the first report, to our knowledge, to demonstrate that 

SubP treatment of primary tenocytes directly induces CCN2 production.  Interestingly, 

the responsiveness of RDF cells differed from tenocytes, with little or no induction of 

CCN2 production after SubP treatment. We further demonstrated that unlike TGFß-1, 

SubP did not affect proliferation of tenocytes on its own.  Lastly, SubP and TGFß-1 did 

not act in a consistently additive or synergistic fashion to promote fibroblast proliferation 

and collagen production.  These data suggest that both SubP and TGFß-1 have distinct 
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fibrogenic actions on tenocytes and both may be involved in tendinosis observed in the 

animal models and patients, actions that need further examination as the outcome of 

such studies will determine whether successful anti-fibrotic therapies for WMSDs and 

other fibrotic disorders need to block multiple pathways to achieve the most efficacious 

outcome. 
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CHAPTER 4 
 

THE EFFECTIVENESS OF REST AND ANTI-TNFα THERAPY FOR WORK-RELATED 

MUSCULOSKELETAL DISORDERS  

Overview 

Inflammatory pain, muscle weakness, and tissue fibrosis are key clinical features 

of work-related musculoskeletal disorders.  We examined the effectiveness of anti-TNFα 

therapy with or without rest on these phenomena in a rat model of work-related 

musculoskeletal disorders. We compared sensorimotor behavioral changes, and flexor 

digitorum muscle and tendon inflammation and fibrosis, induced by performance of a 

high-repetition, high-force (HRHF) reaching and grasping task in rats receiving anti-

TNFα therapy prophylactically during the initial training, or anti-TNFα therapy and/or rest 

as secondary interventions during work (task performance). Untreated animals at the 

end of the initial training period (HRHF week 0) had decreased grip strength, increased 

mechanical sensitivity, and increased serum, muscle or tendon inflammatory cytokines 

(TNFα, IL-1ß, IL-6 and VEGF), changes prevented by prophylactic anti-TNFα treatment. 

Regarding the secondary intervention treatments, four weeks of anti-TNFα therapy 

provided in HRHF task weeks 4-7 was more effective than rest for restoring grip strength 

and ameliorating spontaneous behavioral changes suggestive of discomfort; no 

treatments rescued forepaw mechanical sensitivity. Effectiveness of the 4.week anti-

TNFα therapy extended to week 11, despite no further treatment after week 7, for 

maintenance of grip strength and amelioration of spontaneous behavioral changes.  

Rats receiving combined rest and anti-TNFα therapy also showed significant behavioral 

improvements. Tissue cytokine analysis in week 11, showed increased IL-18 in muscles 

of untreated and treated HRHF rats, compared to controls. Untreated 11-week HRHF 
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rats also showed increased IL-18 in serum and tendon, and trends for increased muscle 

CTGF, a fibrogenic protein. Rats receiving combined rest and anti-TNFα therapy also 

had increased serum IL-10. Thus, similar short-term anti-TNFα therapy may be a 

potential intervention in WMSDs.   

 

Introduction 

 
Musculoskeletal disorders are a leading cause of long-term pain and physical 

disability worldwide (Bureau of Labor Statistics, 2012; Horton, 2012; HSE, 2011; Woolf & 

Pfleger, 2003), with diagnoses including tendinopathies and muscle disorders (G. 

Piligian et al., 2000a; D. Rempel, 1992; van Rijn, Huisstede, Koes, & Burdorf, 2009). 

Musculoskeletal disorders are the second greatest cause of disability globally and have 

increased 45% worldwide, according to the 2010 Global Burden of Disease Study 

(Horton, 2012). In 2012, work-related musculoskeletal disorders accounted for 34% of all 

lost work time, workplace injuries and illnesses in the U.S., at a cost of over $100 billion 

annually (Bureau of Labor Statistics, 2012; NIOSH, 2013). The 2014 National 

Occupational Research Agenda emphasizes the need for research to develop effective 

preventions of work-related musculoskeletal disorders (WMSDs) (Harris-Adamson et al., 

2014). In particular, there is a need for effective secondary treatments that reduce the 

impact of injuries that have already occurred, and restore the worker to their original 

health and function ("What researchers mean by Primary, Secondary and Tertiary 

Prevention,"). 

There are several animal models of WMSDs that demonstrate reduction in motor 

function after overuse (Abdelmagid et al.; Al-Shatti et al.; Andersson, Backman, et al.; M. 

Barbe et al.; Mary F. Barbe & Barr; M. F. Barbe et al.; M. F. Barbe et al.; Byl; Clark et al.; 

Driban, Barr, Amin, Sitler, & Barbe; Kietrys et al.; Sommerich et al.; Topp & Byl, 1999).  
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For example, Stauber and colleagues have shown that repeated muscle strain resulted 

in fibrotic myopathy with increased collagen content, collagen cross-links and non-

contractile tissues, while repeated strains at low velocities did not (Stauber; Willems et 

al.).  Topp et al found that Owl monkeys that performed a repetitive hand-squeezing task 

developed motor control problems in as little as 5 weeks (Topp & Byl).  We have also 

developed a unique rodent model of operant repetitive reaching and grasping in which 

the performance of a reaching and handle-pulling task causes injury and inflammation, 

followed by tissue fibrosis (Abdelmagid et al., 2012; M. F. Barbe et al., 2008; Clark et al., 

2004b; Fedorczyk et al., 2010; Gao et al., 2013; Rani, Barbe, Barr, & Litivn).  We have 

observed both muscle tissue degradation, including moth-eaten muscle fibers (Rani, 

Barbe, Barr, & Litvin), as well as fibrotic tissue deposition and scarring (Abdelmagid et 

al.; Fisher et al.).  We also observed exposure-dependent declines in sensorimotor 

function after short-term performance (≤3 months) of these tasks, with a high-repetition, 

high-force (HRHF) task inducing the greatest dysfunction (M. Barbe et al., 2013; M. F. 

Barbe et al., 2008; Clark et al.; Fedorczyk et al., 2010; Rani et al.).   

Clinically, the treatment for WMSDs is typically approached conservatively.  

Methods such as simple resting of the injured area, pain management through non-

steroidal anti-inflammatory drugs, and immobilization through splints or braces are 

typically attempted before surgical interventions (Isaac, Okoro, Danial, & Wildin).  

However, the benefits of these interventions have not been carefully compared and 

studied, and there has been little exploration into additional medicinal therapies such as 

anti-TNFα for WMSDs.  We have previously published reports addressing secondary 

intervention with anti-TNFα in HRHF rats (treatment was provided in weeks 4-6 of a 6-

week HRHF work regime) (Abdelmagid et al., 2012; Rani et al.), and observed 

decreased inflammatory cytokines in tissues and serum, as well as decreased collagen 
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and CTGF deposition in flexor digitorum muscle at 6 weeks after treatment, compared to 

muscles from untreated HRHF animals.  

Here, we extended those studies to investigate the benefit of two interventions 

during a longer course (11 weeks) of WMSD development in our rat pulling and grasping 

model:  task cessation (Mishra, Tisel, Orestes, Bhangoo, & Hoon) and anti-TNFα 

therapy.  We studied the effects of these interventions on task-induced sensorimotor 

behavioral declines, and on muscle inflammation and fibrosis. We first hypothesized that 

anti-TNFα treatment provided prophylactically during the initial training phase in which 

animals learn to perform the task would prevent the development of inflammation and 

behavioral declines. We next hypothesized that anti-TNFα therapy with or without rest, 

provided as secondary interventions, would allow effective “return to work” by 

decreasing inflammatory and fibrotic responses in flexor digitorum muscles and tendons 

in rats performing this task. We further hypothesized that these treatments would 

alleviate declines in sensorimotor behaviors, compared to untreated rats engaged in an 

11 week HRHF work task. 

 

Methods 

Subjects 

All experiments were approved by the Temple University Institutional Animal Care 

and Use Committee (Temple University IACUC) in compliance with NIH guidelines for 

the humane care and use of laboratory animals.  Rats were housed individually in the 

central animal facility in transparent plastic cages in a 12 hour light: 12 hour dark cycle 

with free access to water.  Studies were conducted on 81 young adult (3.5–4 months of 

age at onset of experiments), female, Sprague-Dawley rats. Adult female rats were used 

in this study because: (1) Human females have a higher incidence of work-related 
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musculoskeletal disorders than males (Cote, 2012; Gerr et al., 2002; Ratzlaff, Gillies, & 

Koehoorn, 2007; Srilatha, Bhat, & Sathiakumar, 2011); and (2) for comparison to data 

from our past studies on same aged female rats using this model, such as those 

examining HRHF task-induced sensorimotor and tissue declines (Abdelmagid et al., 

2012; M. F. Barbe, S. Gallagher, V. S. Massicotte, et al., 2013; Clark et al., 2004a; 

Driban et al., 2011; Fedorczyk et al., 2010; Jain, Barr-Gillespie, Clark, Kietrys, Wade, 

Litvin, et al., 2014; Kietrys et al., 2011; Rani et al., 2010b; Rani et al., 2009a, 2009b), 

and the effectiveness of two- or 8 week ibuprofen or anti-TNFα therapies (provided in 

HRHF task weeks 5-6, or 5-12, respectively) in reducing these changes (Abdelmagid et 

al., 2012; Driban et al., 2011; Jain, Barr-Gillespie, Clark, Kietrys, Wade, Litvin, et al., 

2014; Kietrys et al., 2011; Rani et al., 2010b; Xin, Gustafsson, Bove, Barr-Gillespie, & 

Barbe, 2015 Submitted). 

Training, Behavioral Task And Treatment 

Behavioral apparatuses 

Sixteen custom-designed behavioral apparatuses were used for these experiments. 

The apparatus consisted of a open field box from Med Associates (St. Albans, VT) with 

plexiglas walls and top, and rounded bars on the bottom on which the rats stood, located 

2 mm above a solid plastic base. This box was placed into a sound proof chamber (Med 

Associates). The front of the box was outfitted with a customizable metal region with a 

portal located at the rats’ shoulder height (Med Associates). The rats reached through 

the shoulder height portal and isometrically pulled on a 1.5 mm in girth metal bar, termed 

a force lever, that was attached to a load cell (Futek Advanced Sensor Technology, 

Irvine, CA) positioned 2.5 cm outside of the chamber wall. The bar was oriented 

vertically. The load cell output was interfaced with a signal conditioner (Analog Devices, 

Norwood, MA), which amplified and filtered the signal before it was sampled digitally at 
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100 Hz with Force Lever software (Med Associates). The load cell was interfaced with 

custom written Force-Lever software that allowed us to choose a set force level before a 

food reward was provided (version 1.03.02, Med Associates). Every 15 seconds, a 

series of auditory indicators (Stimulus Clicker; Med Associates) lasting 5 seconds cued 

the animal to attempt a reach. Auditory and light indicators cued the reaching rate 

(defined below). During this period, the animal had to grasp the force lever bar and pull 

toward the chamber wall with a graded effort of a percentage of the maximum grip 

strength of control rats (rats not included in this study) for at least 50 milliseconds. If 

reach and force criteria (defined below) were met within a 5 second cueing period, a 45 

mg food pellet was dispensed into a trough located at floor height for the animal to lick 

up.  

Training to Learn the High Force Task.  

Prior to the initiation of the experiments, all rats were handled for 10 minutes/day for 

1 week to acclimate rats to the handlers. Then, all but normal control (NC) rats were 

initially food-restricted for 7 days, ensuring no more than 10-15% less than their naive 

weight, and also no less than 10-15% of the weight of age-matched NC rats with free 

access to food, to initiate interest in food reward pellets. After that week, they were given 

extra rat chow to gain weight quickly back to only 5% less than age-matched normal 

control rats. Next, all but control rats underwent an initial training period in which they 

learned the task, as diagramed in Figure 4.1. During the training period, the rats moved 

through several stages of training. First, in week 1 of training, they were placed in a 

plastic box outfitted with a piece of Plexiglas with a portal located at shoulder height 

connected to a small plastic trough. In this chamber, the rats were introduced to the 45 

mg food pellets that served as food reward (a 1:1 mix of grain-based and banana-

flavored food pellets).  Using calibrated force transducers, we estimate that retrieval of 
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the 45 mg food pellets required a negligible amount of force (< 5% of the rats’ maximum 

grasping force, i.e. <10 centinewtons, cN). When the rats learned to reach (without a 

specified reach rate) into a trough for the food pellets, a time period of typically 3 days, 

they were moved to the custom-designed operant conditioning chambers (Med 

Associates) described above. In the operant chambers, rats learned with the aid of 

auditory and light cueing to reach through a shoulder-height portal within the apparatus 

to isometrically pull the force lever attached to a force transducer. Using a magazine 

style training, in which the force lever started within the chamber for the remainder of 

week 1, the rats learned to grasp the force lever bar and exert an isometric pull at 

approximately 1% of their maximum voluntary force (4.9 centinewtons, cN), without any 

specified repetition rate for a food reward. In week 2, the force lever bar was moved to 

2.5 cm outside of the chamber and the rats were required to grasp the force lever and 

exert an isometric pull at approximately 5% of their maximum voluntary force (10.1 cN), 

without any specified repetition rate for a food reward. In week 3, they were required to 

pull at 15% of their maximum voluntary force (29.42 cN), without any specified repetition 

rate for a food reward, and in week 4, at 30% of their maximum voluntary force (58.83 

cN). By the end of the 5 week training period, the rats were able to perform the HRHF 

task of four reaches/min at 55% of their maximum voluntary force (107.87 cN). The 

group of trained only rats (TRHF rats) in Experiment 1, as described below, was 

euthanized at this point to determine the effect of training.  Other cohorts of trained rats 

went on to perform a high repetition high force task as described in Experiment 2. 

HRHF Task Regimen.  

HRHF rats were cued to reach at a rate of 8 reaches/min and to grasp the force 

handle at a target force effort of 45% ± 5% (with a mean target of 88.26 cN), for 2 

hrs/day, 3 days/week for up to 11 weeks. The task was divided into 4, 0.5-hr sessions 
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separated by 1.5 hours in order to avoid satiation. HRHF rats had to grasp the force 

handle and exert an isometric pull at the target level for at least 50 milliseconds to 

receive a food reward, as described previously (M. Barbe et al., 2013). Rats were 

allowed to use their preferred limb to reach (the ‘‘reach’’ limb), and data from this limb 

only is reported.   

Experiment 1: Prophylactic treatments during training. As shown in Figure 4.1, a 

set of rats underwent training only, with or without prophylactic TNFα or saline 

treatments: untreated trained only rats (TRHF, n=10); trained rats treated with two 

injections of anti-TNFα prophylactically during training (each i.p., 15 mg/kg body wt in 

0.25cc of saline), the first injection administered 3 days before the last week of training 

and the 2nd injection administered on day one of the last week of training (TRHF+anti-

TNFα, n=6); trained rats that received saline injections at similar time points (0.25cc 

each) (TRHF+Veh, n=6). Results were compared to similarly treated food restricted 

control rats that did not undergo training: untreated age-matched food restricted controls 

(FRC, n=10); FRC rats that received anti-TNFα injections at matched time points as 

TRHF rats (FRC+anti-TNF, n=6); and FRC rats that received saline injections at 

matched time points as TRHF rats (FRC+Veh, n=6), These rats were euthanized 

immediately after training to examine the effects of training and or treatment. 

Experiment 2: Secondary treatments during task regimen. Thirty-one rats 

performed the HRHF task for three weeks before being randomly divided into 4 groups. 

As diagramed in Figure 4.1, two groups continued to perform the HRHF task for 11 

weeks while receiving five intraperitoneal injections of 0.25 cc of saline (HRHF+Veh, 

n=8) across weeks 4-7, to parallel its partner group (HRHF+anti-TNF, n = 8) that 

received anti-rat-TNFα antibody (CNTO 1081; generously provided by Janssen R&D) as 

five injections across weeks 4-7. This drug was injected intraperitoneally (i.p., 15 mg/kg 

body wt. in saline, 0.25 cc each) into HRHF rats at 3 days before the beginning of task 
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week 4 (which is 1 day before end of task week 3), and at mid-task week for the next 4 

weeks (for a total of 5 injections over 4 weeks). Rats in the remaining two groups rested 

during weeks 4-7. One group (HRHF+Rest/Veh, n = 7) rested and received five 

intraperitoneal injections of saline, to parallel its partner group (HRHF+Rest/anti-TNF, n 

= 8) that received anti-rat-TNFα antibody treatments at the same dosing regimen as 

described for HRHF+anti-TNF rats. After this 4 week intervention period, the 

HRHF+Rest/Veh and HRHF+Rest/anti-TNFα groups performed the HRHF task for two 

sessions per day (i.e., a reduced ½ work-day) for two weeks, and then the HRHF task 

for four sessions per day (the full work load) for the remaining two weeks. All rats were 

euthanized at matched time points of HRHF week 11.  One animal in the HRHF+anti-

TNF group died approximately 10 min after the last anti-TNF injection and was removed 

from further analysis.   

Sixteen rats that were not trained and that did not perform the HRHF task 

regiment served as age-matched controls for this second experiment. Eight received 5 

injections of saline across 4 weeks (C+Veh, n=8), at the same time points as HRHF+Veh 

rat. The remaining 8 received 5 injections of anti-TNFα injections at the same doses and 

time points as HRHF+anti-TNF rats (C+anti-TNF, n=8).  

Behavioral Assays 

Motor function assay.  

Reflexive grip strength (Elliott et al., 2010) of the forelimbs was measured in all 

animals, bilaterally, at baseline (the naïve time point), after training (the 0 week time 

point of the HRHF task), and every 6 weeks thereafter, using a rat grip strength 

recording unit (Stoelting, Wood Dale, IL). These assays were performed by an examiner 

naïve to group assignment. The test was repeated 3-5 times/limb/trial, and the maximum 

grip strength per trial is reported. 
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Forepaw mechanical sensitivity.  

Mechanical sensitivity was assayed as forepaw withdrawal behaviors to 

stimulation with calibrated von Frey filaments, at baseline (the naïve time point) and after 

18 weeks of HRHF task performance. Aged-matched food restricted control rats (FRC) 

were tested at similar time points. Filaments were applied 10 times in the order of 

increasing stiffness, perpendicular to the plantar surface of the forepaw and pressed 

until they bent (5 filaments were used: sized 0.16g, 0.4g, 1.0g, 6g and 26g); the number 

of forelimb withdrawal responses to each was recorded.  

Biochemical Assays 

Serum biomarker assays 

Following euthanasia sodium pentobarbital, 120 mg/kg body weight), 36 hours after 

completion of the final task session (to avoid exercise-induced serum cytokine changes), 

blood was collected by cardiac puncture using a 23-gauge needle and centrifuged 

immediately at 1000 x g for 20 min at 4oC.  Serum was collected and stored at -80oC 

until analyzed using two, customized multiplex bead-based analysis kits (RECYTMAG-

65K, Millipore Corporation, Billerica, MA)(LXSARM, R&D Systems, Minneapolis, MN) for 

18 cytokines and chemokines, including: 10 inflammatory cytokines and chemokines 

(tumor necrosis factor alpha (TNFα), interleukin-1 alpha (IL-1α), IL-1β, IL-6, IL-18, 

interferon gamma-induced protein 10 (IP-10/CXCL10), granulocyte colony stimulating 

factor (G-CSF), granulocyte macrophage colony stimulating factor (GM-CSF), 

macrophage inflammatory protein 1 alpha (MIP-1a/CCL3), and MIP-2/CXCL2), a key 

anti-inflammatory protein (IL-10), an anti-fibrogenic cytokine that also increases 

lysosomal activity of macrophages (IFNγ), an angiogenesis-related cytokine (vascular 

endothelial growth factor (VEGF)), and 6 chemotactic chemokines (cytokine-induced 

neutrophil chemoattractants 2ab and 3 (CINC-2ab, CINC3), eotaxin, growth-related 
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protein/keratinocyte chemoattractant (GRO/KC, also known as CXCL1), monocyte 

chemoattractant protein 1 (MCP-1/CCL2), and LPS-induced CXC chemokine (LIX, also 

known as ENA-78 and CXCL5)).  Serum was also tested by ELISA for TNFα 

(MBS700574, MyBioSource, San Diego, CA), CCN2 (RC0570, NeoBioLab, Hamden, 

CT), and TGFB1 (BMS623/3, eBioscience, San Diego, CA).   

Tissue Biochemical Assays 

 Following euthanasia and after serum collection, flexor digitorum muscles and tendons 

were collected from the distal forearm region of the preferred reach limb. Muscles were 

homogenized as previously described (M. F. Barbe et al., 2008).  Muscle and tendon 

homogenates were assayed by multiplex analysis using the R&D Systems kit mentioned 

above for CINC-2ab, CINC-3, GM-CSF, IL-1α, IL-6, IL-18, VEGF, IFNg, IL-1ß, IL-10, and 

TNFα.  Tendon homogenates were further analyzed using the same multiplex kit from 

Millipore mentioned above for MCP-1, TNFα, G-CSF, IL-6, GRO/KC, GM-CSF, IL-18, IL-

10, IL-1a, IP-10, LIX, MIP-1a, MIP-2, and IFNg.  Muscle was also tested by ELISA for 

TNFα (MBS700574, MyBioSource, San Diego, CA), CCN2 (RC0570, NeoBioLab, 

Hamden, CT), and TGFB1 (BMS623/3, eBioscience, San Diego, CA).   

Immunohistochemical and Histological Analyses 

Forelimb tissues that were not homogenized for biochemical analysis were used 

for histological analysis.  Following euthanasia and after serum collection, animals were 

perfused transcardially with 4% buffered paraformaldehyde. Forearm musculotendinous 

tissues were collected and sectioned longitudinally, as described previously (M. F. Barbe 

et al., 2003a; Fedorczyk et al., 2010). Sections were immunostained in batched sets by 

the same individual for CCN2, collagen type I, and TNF-alpha using previously 

described methods (Abdelmagid et al., 2012; Fedorczyk et al., 2010), and the following 

antibodies: goat polyclonal anti-CCN2 at 1:400 dilution (sc-14939, Santa Cruz 
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Biotechnology, Santa Cruz, CA); mouse monoclonal anti-Collagen type I at 1:500 

dilution (C2456, Sigma, St. Louis, MO); and anti-TNFα at 1:300 dilution (AB1837P, 

Millipore). Briefly, after a 0.5% pepsin antigen retrieval step for 15 minutes at room 

temperature, sections were incubated for 20 minutes in the appropriate blocking serum 

for each antibody, and then were incubated with the primary antibody at the listed 

dilution for overnight at 4°C. This was followed by incubation with appropriate secondary 

antibodies that were AffiniPure F(ab')2 fragments, preabsorbed to reduce non-specific 

cross-reactivity with rat antigens, and conjugated to green or red fluorescent cyanine 

dyes (DyLight 488 or DyLight 594) (Jackson ImmunoResearch, West Grove, PA) at a 

dilution of 1:100 each for 2 hours at room temperature. The specificity of the collagen 

type I and CCN2 antibodies are shown in western blots, preabsorption control staining 

and no primary antibody control staining, as part of Chapter 2.  

The percent area of immunostaining for CCN2 was quantified in batched sets by 

the in the flexor digitorum muscles using an image analysis system (BioQuant Osteo, 

BioQuant, Nashville, TN), using previously described methods (Al-Shatti, Barr, Safadi, 

Amin, & Barbe, 2005b; Fedorczyk et al., 2010; Gao et al., 2013). Adjacent sections were 

stained with hematoxylin and eosin (H&E) and then examined for the presence of 

immune cells and possible tissue pathological changes using previously described 

methods (Fedorczyk et al., 2010; Gao et al., 2013; Kietrys et al., 2012).  

Statistical Analyses  

GraphPad PRISM v.6.02 was used for the statistical analyses. All data are 

expressed as mean ± SEM. P values of < 0.05 were considered significant for all 

comparisons. In Experiment 1, the prophylactic treatment of trained only rats, grip 

strength, forepaw mechanical sensitivity and serum TNF-alpha levels were analyzed 

using two-way ANOVA and the factors training group (FRC and TRHF) and treatment 
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(no treatment, vehicle which was saline, and anti-TNF therapy). Also in Experiment 1, 

one-way ANOVAs were used to compare results from the muscle and tendon multiplex 

cytokine analyses.  In Experiment 2, grip strength, forepaw mechanical sensitivity and 

serum TNF-alpha levels were analyzed using two-way ANOVA and the factors week and 

intervention type.   One-way ANOVA was used to compare results from the muscle and 

serum multiplex cytokine analysis. During the post-hoc ANOVA analyses for between 

group differences, the Bonferroni correction method was used to reduce the chances of 

obtaining false-positive results (type I errors) when multiple pair wise tests are performed 

on a single set of data.   
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Figure 4.1.  Experimental Design for Anti-TNFα Dosing.  A) Prophylactic Dosing:  Rats were 
food restricted to ± 95% body weight before study initiation as an inducement to task 
performance.  Over a 5 week period, the percentage of maximum pulling force required to pull a 
force lever for a food pellet reward was increased each week as indicated.  Rats were injected 
with either saline (the vehicle) or anti-TNFα antibody (15 mg/kg body weight, i.p.) twice, at 3 days 
before the last week of training, and on day 1 of week 5.  These trained only rats (TRHF rats) 
were euthanized at the end of training for determination of anti-TNFα effects.  B) Secondary 
Intervention Dosing:  After similar training as shown in A, another cohort of rats went on to 
perform a high-repetition, high-force (HRHF) task for 3 weeks. Then, animals were randomized 
into four intervention groups: 4 weeks of HRHF plus saline (vehicle) injections (i.p.; 5 times over 4 
weeks), 4wks HRHF plus anti-TNFα antibody (15 mg/kg body weight, i.p.; 5 times over 4 weeks), 
4 weeks of rest plus i.p. saline injection, 4 weeks rest plus anti-TNFα antibody injections.  After 
return to work, rest intervention rats performed the task for 2 sessions/day (1/2 day work) for 2 
weeks, followed by 2 weeks at full workload (4 sessions/day).  The other two groups performed 
the task at full workload in the last 4 weeks.  For both studies, serum and muscle tissue was 
collected from all rats at euthanasia and assayed using biochemical or histological methods.   
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Results 

Experiment 1: Prophylactic anti-TNF drug rescued behavioral declines and reduced 

tissue inflammatory cytokine response  

 Since we previously observed a significant negative training effect in rats that 

had trained for 10 min/day for 5 weeks to learn the high force task, compared to rats 

training to learn more moderate demand tasks (Abdelmagid et al., 2012; M. Barbe et al., 

2013), we first examined the effectiveness of anti-TNFα therapy provided 

prophylactically during the last week of training, when the rats began pulling at the high 

force level.  Both grip strength declines and increased forepaw mechanical sensitivity 

were evident in untreated TRHF and TRHF+Veh rats, compared to untreated FRC and 

FRC+Veh rats (p<0.05 or p<0.01, as shown in Figures 4.2A and 4.2B), but not in 

TRHF+anti-TNF rats (2-way ANOVA showed an interaction between training and 

treatment groups, p=0.04 and p=0.006, respectively). The anti-TNFα treatment was also 

effective at reducing TRHF-induced increases in serum TNFα levels, compared to the 

other groups (p=0.01 each; Fig. 4.2C).  

 TRHF muscles and tendons had significantly higher levels of TNF-alpha and IL-

1β (each p<0.01), increases not observed in TRHF+anti-TNF rats (Fig. 4.3A,B). 

Interestingly, both TRHF and TRHF+anti-TNF rat muscles had significantly higher levels 

of VEGF (p<0.05, respectively), compared to the C+Veh group (p<0.05 3qch; Fig. 4.C). 

Also, both TRHF and TRHF+anti-TNF rat tendons had significantly higher levels of IL-6, 

compared to the control groups (p<0.05 each; Fig. 4.3C). In contrast, no significant 

training-induced changes in muscles levels of IL-1alpha, IL-10 or IFNγ were observed 

(data not shown), nor were training-induced changes in tendon levels of IL-1alpha, GM-

CSF, IL-18, CIN2a or IFNγ were observed (data not shown).     
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Thus, select serum and tissue inflammatory responses as well as sensorimotor 

behavioral declines were evident at the end of the 5 week training period in untreated 

TRHF rats; these changes were ameliorated by the prophylactic anti-TNFα treatment.  

Grip Strength Declines with HRHF Task Performance 

Two-way ANOVA showed significant changes by both treatment group (p<0.001) 

and week of experiment (p<0.006) (Fig. 4.4).  Specifically, HRHF+Veh rats had 

significantly decreased grip strength in task weeks 3, 5, 9 and 11, compared to age-

matched C+Veh rats, and in week 11 compared to HRHF+anti-TNF treated rats (Fig. 

4.3A). In contrast, rats treated with the anti-rat-TNFα antibody in task weeks 4-7 

(beginning one day prior to the end of task week 3) maintained their grip strength at 

levels indistinguishable from age-matched C+Veh rats, except in week 9 in which grip 

strength was decreased from age-matched C+veh rat levels although not significantly 

(Fig 4.4A).  

Animals allowed 4 weeks of rest plus saline treatment (HRHF+Rest/Veh) showed 

grip strength levels indistinguishable from C+Veh rats in week 5, but significant declines 

in grip strength by week 7 and thereafter (Fig. 4.4B).   In contrast, rats allowed 4 weeks 

of rest plus anti-rat-TNF treatment (HRHF+Rest/anti-TNF) did not exhibit significant grip 

strength declines until week 11 (Fig. 4.4B). 

 Thus, secondary anti-TNFα treatment, with or without rest, effectively ameliorated 

task-induced grip strength declines during the treatment period, and for 3-4 weeks post 

treatment. Rest alone prevented grip strength declines during the treatment period, 

although this effect was not prolonged after the return to work. 
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Figure 4.2.  Effectiveness of prophylactic anti-TNF therapy provided during training to 
food-restricted controls (FRC) or rats that had completed the training to the high force 
task level (TRHF), compared to untreated or vehicle (saline) treated rats. (A) Maximum 
reflexive grip strength. (B) Forepaw mechanical sensitivity reported as withdrawal 
threshold to von frey filament stimulation. Symbols: a and aa=p<0.05 and p<0.01, 
compared to untreated FRC rats; b and bb=p<0.05 and p<0.01, compared to 
FRC+vehicle rats; c and cc=p<0.05 and p<0.01, compared to untreated TRHF rats. 
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Figure 4.3.  Effectiveness of prophylactic anti-TNF therapy provided during training to 
food-restricted controls (FRC) or rats that had completed the training to the high force 
task level (TRHF), compared to untreated or vehicle (saline) treated rats. (A) Muscle 
TNFα levels. (B) Muscle VEGF levels. (C) Tendon IL-1β levels. (B) Tendon IL-6 levels. 
Symbols: a and aa=p<0.05 and p<0.01, compared to C rats; b and bb=p<0.05 and 
p<0.01, compared to C+Veh rats. 
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Figure 4.4.  Grip Strength Changes Across Weeks of Task Performance. (A) Maximum 
reflexive grip strength is shown for control rats (C+Veh and C+anti-TNF treated rats 
were combined, as there were no significant differences between these groups), HRHF 
rats that received saline (HRHF+Veh), and HRHF rats that received anti-TNF treatment 
(HRHF-anti-TNF). (B) Maximum reflexive grip strength is shown for control rats, HRHF 
rats treated with rest and saline (HRHF+Rest/Veh), or HRHF rats treated with combined 
treatments (HRHF+Rest/anti-TNF). Grip strength is reported at native (-6 weeks), post 
training (0 weeks), at end of task week 3 (which was 1 day after first anti-TNFα 
injection), after the treatments (task week 7), week 9 (end of ½ work days for rest 
groups) and week 11 (end of experiment).  *=p<0.05 and **=p<0.01, compared to 
C+Veh;  &=p<0.05 compared to HRHF+anti-TNF rats. 
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Mechanical Sensitivity Increased with HRHF task 

The number of forelimb withdrawals to mechanical probing of the forepaw 

increased significantly in HRHF rats, compared to age-matched control rats, in response 

to mid-palmar forepaw probing with the 0.4g filament in week 11 (p < 0.01) and with the 

1.0g filament at weeks 3, 7 and 11 (p < 0.05 in week 3, and p < 0.01 in weeks 7 and 11) 

(Fig. 4.5A and C).  Anti-TNF therapy did not alter the outcome.  Animals that received 4 

weeks of rest also had increased mechanical sensitivity to both sizes of filaments, with 

increased forelimb withdrawals at weeks 3, 7 and 11 (p < 0.05 or p<0.01, as shown in 

Fig. 4.5B and D). Again, anti-TNFα therapy did not alter the outcome.  

An increase in TNFα immunoreactivity was observed in the median nerve at the 

level of the wrist in all HRHF rats, with or without treatment, but not in the median nerves 

of control rats (Fig. 4.5C and D). This increase was less in HRHF+Rest/anti-TNFα rats 

(data not shown). Thus, one cause of the increased forelimb withdrawal thresholds to 

forepaw mechanical probing may have been increased TNFα in the median nerve that 

was not as responsive to the treatments as the grip strength outcome.  
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Figure 4.5.  Forelimb Withdrawal to Mechanical Probing Across Weeks of Task 
Performance.  (A&B) Forelimb withdrawal thresholds to the 0.4 gram (g) filament are 
shown for control rats (C+Veh and C+anti-TNF treated rats were combined, as there 
were no significant differences between these groups), HRHF rats that received saline 
(HRHF+Veh), HRHF rats that received anti-TNF treatment (HRHF-anti-TNF), HRHF rats 
treated with rest and saline (HRHF+Rest/Veh), and HRHF rats treated with combined 
treatments (HRHF+Rest/anti-TNF). (A) Response to probing of forepaw with 0.4 gram 
filament. (B) Response to probing of forepaw with 1 gram filament. Response is reported 
from naive (-6 weeks), post initial week of food restriction (FR at -5 weeks), post training 
(week 0), at end of task week 3 (which was 1 day after first anti-TNFα injection), after 
treatments (week 7), week 9 (end of ½ work days for rest groups), and week 11 (end of 
experiment). TNFα staining (red) in C+Veh (C) and HRHF+Veh (D) median nerves.  
DAPI (blue) is used as a nuclear stain in (D).  *=p<0.05 and **=p<0.01, compared to 
C+Veh.  
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Serum IL-18 and IL-10 levels increase differentially with treatment paradigm 

To examine for systemic cytokine changes, systemically, we analyzed serum 

using multiplex and singleplex ELISAs (Fig. 4.6 and Table 4.1). Serum levels of IL-18 

were elevated in HRHF+Veh rats, compared to control groups (Fig. 4.6A). in contrast, 

serum levels of IL-10 was elevated in HRHF+Rest/anti-TNF treated rats, compared to all 

other groups (Fig. 4.6B). Table 4.1 shows that a large number of other inflammatory, 

anti-inflammatory, fibrotic, or anti-fibrotic proteins were not affected by task or treatment 

protocols.   

 

Figure 4.6.  Effectiveness of Secondary Interventions on Serum Cytokines. (A) Serum 
levels of IL-18. (B) Serum levels of IL-10. (C) Serum levels of TGFB1. Symbols: 
*=p<0.05, compared to C+Veh; #=p<0.05, compared to C+anti-TNF;   &=p<0.05 
compared to HRHF+veh; $=p<0.05 compared to HRHF+anti-TNF. 
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Table 4.1.  Non-Significant Serum Cytokine Findings.  Serum was tested by either 
ELISA or multiplex ELISA for the presence of inflammatory, anti-inflammatory, fibrotic, 
or anti-fibrotic proteins.  If a cytokine was tested by various methods, it is indicated in 
parentheses after the cytokine name.  Animals are grouped by control or intervention, 
with the number of animal sera tested listed under the group.  Results are reported as 
mean pg/mL concentrations per group. “- -“ indicates that the cytokine was not 
detectable in the sera tested. 
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Muscle IL-18 levels increase in each HRHF group, regardless of treatment 

To examine for local cytokine changes, we analyzed flexor digitorum muscles 

from the reach limb using multiplex and singleplex ELISAs (Fig. 4.7 and Table 4.2). 

Muscle levels of IL-18 were elevated in each HRHF treatment group, compared to the 

control groups (Fig. 4.7A). In contrast, muscle levels of IL-10, TGFB and CTGF were not 

significantly increased, although CTGF showed a non-significant increase using this 

method in HRHF+Veh rats. Table 4.2 shows that a large number of other inflammatory, 

anti-inflammatory, fibrotic, or anti-fibrotic proteins were not affected by task or treatment 

protocols in this muscle.   

 

Figure 4.7.  Effectiveness of Secondary Interventions on Cytokine Levels in Flexor 
Digitorum Muscles. (A) Muscle levels of IL-18. (B) Muscle levels of IL-10. (C) Muscle 
levels of TGFB1. (A) Muscle levels of CCN2. Symbols: *=p<0.05, compared to C+Veh; 
#=p<0.05, compared to C+anti-TNF;   &=p<0.05 compared to HRHF+veh; $=p<0.05 
compared to HRHF+anti-TNF. 
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Table 4.2.  Non-Significant Muscle Cytokine Findings.  Muscle was homogenized in PBS 
+ protease inhibitors and tested by either ELISA or multiplex ELISA for the presence of 
inflammatory, anti-inflammatory, fibrotic, or anti-fibrotic proteins.  If a cytokine was tested 
by various methods, it is indicated in parentheses after the cytokine name.  Animals are 
grouped by control or intervention, with the number of muscle homogenates tested listed 
under the group.  Data was normalized by dividing cytokine results by the total protein 
concentration.  Results are reported as the mean of each group.  “- -“ indicates that the 
cytokine was not detectable in the tissues tested. 
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Muscle CCN2 immunoreactivity increases differentially post-training and task 

performance 

To further examine for local cytokine changes, we also analyzed flexor digitorum 

muscles from the reach limb using immunohistochemical methods (Fig. 4.8). CCN2 

immunoreactivity increased within individual myofibers and in small cells on their 

perimeter in HRHF+Veh rats, compared to the control groups (Fig. 4.7A through C). 

These increases were not evident in treated groups (Fig. 4.7A). We also observed 

increased numbers of CCN2-immunopostiive mast cells in untreated TRHF rats (Fig. 

4.8D and E), and in HRHF+Rest/Veh rats (Fig. 4.8D and F), compared to control rats.  

Thus, although ELISA detection of CCN2 showed only non-significant increases 

for CCN2, quantitative immunohistochemical analysis demonstrated small differences 

between groups for this cytokine. 

Tendon IL-18 levels increases are ameliorated by interventions  

To examine for local cytokine changes, we next analyzed flexor digitorum 

tendons from the reach limb using multiplex and singleplex ELISAs (Fig. 4.9 and Table 

4.2). Tendon levels of IL-18 was elevated in HRHF+Veh rats, compared to the control 

groups and the HRHF+anti-TNF treated rats (Fig. 4.9A). A trend towards an increase in 

tendon levels of IL-1alpha was also observed in HRHF+Veh rats (Fig. 4.9B). Table 4.3 

shows that a large number of other inflammatory, anti-inflammatory, fibrotic, or anti-

fibrotic proteins were not affected by task or treatment protocols in this tendon.   
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Figure 4.8.  Effectiveness of secondary interventions on CCN2 immunoreactivity in flexor 
digitorum muscles. CCN2 (red) immunostaining in mid-region of flexor digitorum muscles 
that were cut transaxially.  (A) Quantification of CCN2 immunoreactivity in the muscles of 
each task and treatment group. (B) CCN2 immunoreactivity in C+Veh rats. (C) CCN2 
immunoreactivity in HRHF+Veh rats. (D) Quantification of the number of CCN2 
immunopostiive mast cells in each task and treatment group. (D) CCN2 
immunoreactivity in untreated trained only rats (TRHF). (E) CCN2 immunoreactivity in 
HRHF+Rest/Veh rats. Symbols: *=p<0.05, compared to C+Veh; #=p<0.05, compared to 
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C+anti-TNF;   &=p<0.05 compared to HRHF+veh; $=p<0.05 compared to HRHF+anti-
TNF. Need to complete and need to change CTGF to CCN2. 
 
 
 
 
 
 

 
 
Figure 4.9.  Effectiveness of Secondary Interventions on Cytokine Levels in Flexor 
Digitorum Tendons. (A) Tendon levels of IL-18. (B) Tendon levels of IL-1alpha showing a 
trend for an increase in HRHF+Veh rats. Symbols: *=p<0.05, compared to C+Veh; 
#=p<0.05, compared to C+anti-TNF; $=p<0.05 compared to HRHF+anti-TNF rats. 
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C/Saline
n = 12

C/antiTNF
n = 6

Rest/Saline + HRHF
n = 6

Rest/antiTNF + HRHF
n = 7

HRHF/saline+HRHF
n = 7

HRHF/antiTNF+ HRHF
 n = 8

CINC-2ab 0.010 0.007 0.008 0.006 0.012 0.008
GM-CSF (R&D Systems) 0.009 0.006 0.005 0.003* 0.006 0.006
GM-CSF (Millipore) 0.026 0.019 0.007 0.005 0.032 0.010
IL-1a (R&D Systems) 0.035 0.032 0.041 0.031 0.038 0.025
IL-1a (Millipore) 0.066 0.047 0.055 0.049 0.107 0.079
IL-6 (R&D Systems) 0.200 0.146 0.185 0.089 0.134 0.178
IL-6 (Millipore) 0.227 0.177 0.065 0.047 0.306 0.314
IL-18 0.183 0.214 0.166 0.235 0.227 0.191
IL-18 (Millipore) 0.197 0.151 0.332 0.191 0.441 0.175
CINC-3 0.022 0.018 0.023 0.014 0.030 0.021
IL-1b 0.007 0.004 0.008 0.002 0.004 0.002
IL-10 (R&D Systems) -- -- -- -- -- --
IL-10 (Millipore) 0.020 0.017 0.029 0.024 0.023 0.029
TNFa (R&D Systems) -- -- -- -- -- --
VEGF 0.009 0.006 0.009 0.007 0.007 0.005
MCP-1 0.198 0.183 0.249 0.160 0.168 0.189
G-CSF -- -- -- -- -- --
GRO/KC 0.034 0.045 0.035 0.045 0.047 0.046
IP-10 0.051 0.035 0.048 0.034 0.051 0.043
LIX 0.022 0.018 0.018 0.014 0.029 0.024
MIP-1alpha -- -- -- -- -- --
MIP-2 0.011 0.010 0.013 0.010 0.016 0.011

C/Saline
n = 12

C/antiTNF
n = 6

Rest/Saline + HRHF
n = 6

Rest/antiTNF + HRHF
n = 7

HRHF/saline+HRHF
n = 7

HRHF/antiTNF+ HRHF
 n = 8

IFNg (R&D Systems) 0.089 0.076 0.094 0.059 0.116 0.080
IFNg (Millipore) 0.103 0.143 0.089 0.039 0.139 0.138

Fibrosis Associated Proteins
Mean Concentration (pg/mL)

Inflammation Associated Cytokines
Mean Concentration (pg/mL)

 

Table 4.3.  Non-Significant Tendon Cytokine Findings.  Tendon was homogenized in 
PBS + protease inhibitors and tested by either ELISA or multiplex ELISA for the 
presence of inflammatory, anti-inflammatory, fibrotic, or anti-fibrotic proteins.  If a 
cytokine was tested by various methods, it is indicated in parentheses after the cytokine 
name.  Animals are grouped by control or intervention, with the number of tendon 
homogenates tested listed under the group.  Data was normalized by dividing cytokine 
results by the total protein concentration.  Results are reported as the mean of each 
group.  “- -“ indicates that the cytokine was not detectable in the tissues tested. 

 

Low-grade collagen deposition and tissue degradation were observed in HRHF+Veh 

tissues 

Flexor digitorum muscles were examined immunohistochemically for increased 

collagen type 1 deposition and for other indices of degeneration or degeneration as a 

consequence of HRHF task performance. Sites of prior microtears and repairs were 

seen in muscles of each of the HRHF groups, and low grade increases in collagen type I 

deposition was observed in muscles of HRHF+Veh rats, but not in the other groups (data 

not shown). Longtitudinally cut tendons from HRHF+Veh and HRHF+Rest/Veh rats 

showed signs of epitendon fibroplasia (thickening), tenocyte proliferation and tenocyte 

rounding within the endotendon region, changes not observed in C+Veh rats (Fig. 4.10). 
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There were no histopathological findings in HRHF rats that had been treated with anti-

TNFα, rest or the combination, compared to control groups (Data not shown). This last 

finding suggests that the secondary anti-TNFα treatment prevented proliferation of 

tenocytes occurring as a consequence of the HRHF task. 

 

Figure 4.10.  Proliferative Changes Observed in Flexor Digitorum Tendons.  The 
tendons of rats treated with saline (Seher et al.), or rest and saline (Rest/Veh) were 
examined for proliferation changes. Tendons were cut longitudinally and stained with 
H&E. A distal region nearing the level of the wrist is shown. (A) C+Veh rat tendon. (B) 
HRHF+Veh rat tendon. (C) HRHF+Rest/Veh rat tendon. 

 

Discussion 

This study explored the effects of primary and secondary interventions on serum 

and tissue cytokine responses, fibrotic markers, and sensorimotor behaviors induced by 

performance of a high-repetition, high-force task performance in a rat model of repetitive 

reaching and grasping. Untreated animals at the end of the initial training period (HRHF 

week 0) had decreased grip strength, increased mechanical sensitivity, and increased 

serum and tissue inflammatory cytokines, changes prevented by prophylactic anti-TNFα 

treatment. Four weeks of secondary anti-TNFα therapy provided in HRHF task weeks 4-

7 was more effective than rest for restoring and maintaining grip strength and 
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ameliorating spontaneous behavioral changes suggestive of discomfort. Rats receiving 

combined rest and anti-TNFα therapy also showed significant behavioral improvements. 

However, no secondary treatments rescued forepaw mechanical sensitivity. Tissue 

cytokine analysis in HRHF week 11, showed increased IL-18 in muscles of untreated 

and treated HRHF rats, compared to controls. Untreated 11-week HRHF rats also 

showed increased IL-18 in serum and tendon, and trends for increased muscle CTGF. 

Rats receiving combined rest and anti-TNFα therapy also had increased serum IL-10. 

The secondary anti-TNFα therapy also prevented task induced pathological tenocyte 

proliferation in flexor digitorum tendons. Thus, similar short-term anti-TNFα therapy may 

be a potential intervention in WMSDs.   

We found that training (TRHF) induced increased TNFα in the serum and 

muscles of rats performing a reaching and grasping task, coincident with decreased grip 

strength and increased palmar sensitivity.  These results are in line with previous studies 

(Gao et al.; Rani et al.) where task performance induced local tissue levels of TNFα.  

Further, primary intervention using an anti-TNFα antibody was able to prevent grip 

strength losses and mechanical sensitivity in TRHF rats.  Studies of secondary 

interventions, where rats received anti-TNFα therapy, rest, or the combination of both 

demonstrated that anti-TNFα therapy, but not rest, was able to reverse grip strength 

declines.  However, unlike the primary intervention period, changes in palmar sensitivity 

were not reversed in these animals by secondary intervention during the 11 weeks of 

task performance.     

In addition to changes in TNFα, we found changes in other cytokines in our 

study.  During training, the angiogenic cytokine VEGF was increased in muscle, while 

the inflammatory cytokines IL-1β and IL-6 were increased in tendon.  These tendon 

changes have been identified previously in aged rats (Kietrys et al.).  The increases in 

IL-1β, IL-6, and VEGF were diminished, though non-significantly, in primary intervention 
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anti-TNFα groups compared to the TRHF group, and were not significantly different from 

control levels.  After 11 weeks of HRHF task performance, we also measured serum, 

muscle and tendon cytokine ± secondary interventions.   IL-1α was increased in tendon 

with task performance (HRHF+Veh).  There were also changes in IL-18 that will be 

discussed below.  However, the cytokine responses in sera and tissue homogenates in 

the intervention groups were particularly muted, as noted in Tables 1 and 2.  This was 

not completed unexpected given that the cytokine measurement was performed on the 

secondary intervention groups at the end of the study.  We have previously reported that 

cytokine responses in forelimb tissues peak within the first several weeks of task 

performance in rats performing HRHF tasks but diminish with continued task 

performance as fibrotic processes overtake the inflammatory response (Abdelmagid et 

al.; Elliott, Barr, et al.; Fisher et al.; Gao et al.).  A similar phenomenon was seen with 

inflammatory cells, specifically ED1+ macrophages in forelimb muscle and tendon as 

well (M. F. Barbe et al.).  A limitation of this study is that we did not examine these rats 

at a time point where inflammation might be highest, where the effects of anti-TNFα 

treatment may be most prominent.     

    IL-18 was increased in the muscle of all groups that had performed the HRHF 

task, regardless of intervention, as well as in the tendons of rats who performed the task 

for 11 weeks with no intervention (HRHF+Veh).  It was also found to be increased in the 

serum of the one group of rats that had performed the HRHF task continuously without 

intervention.  Interleukin-18 (IL-18) is a pro-inflammatory member of the IL-1 family and 

is associated with the early stages (symptoms < 1 month) of patients with WMSDs by 

serum analysis (Martti Rechardt et al., 2011).  It has also been shown to promote 

smooth muscle cell migration and angiogenesis (Amin et al.; Park et al.), and to play an 

important role in cutaneous wound healing (Kampfer, Kalina, Muhl, Pfeilschifter, & 

Frank).  It is a regulator of cell activation and cytokine release in Th1 cells, and a key 
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cytokine in the pathogenesis of inflammatory diseases such as rheumatoid arthritis 

(Gracie et al., 1999; Marotte et al., 2011).  IL-18 exists as a constitutively expressed pro-

IL-18 precursor protein that is cleaved by caspase 1 to produce the active form.  IL-18 is 

expressed primarily by multiple cell types, including macrophages, antigen presenting 

cells, chondrocytes, osteoblasts, and fibroblasts (Marotte et al., 2011).  The activity of IL-

18 is further regulated by a decoy “receptor” protein called IL-18 binding protein a (IL-

18BPa), which in turn is regulated by interferon gamma.  Interestingly, Marotte et al 

found that TNF can regulate the expression of IL-18, its inhibitor IL-18BPa, and caspase 

1 (Marotte, Ahmed, Ruth, & Koch) in rheumatoid arthritis synovial fibroblasts, and that 

the ratio of these proteins in inflammatory diseases deserves further study.  While the 

increase in IL-18 in our study was unexpected, its increased detection supports the role 

of IL-18 in repair processes.   

Limitations of this study include the limited number of tissue types examined in 

our study.  We limited our analysis to serum, tendon, and muscle homogenates for their 

relation to behavior changes.  Central nervous systems changes were not evaluated in 

this study, and the median nerve was only examined for TNFα expression.  We have 

previously shown that performance of a HRNF task for 6-10 weeks by rats increased 

substance P and NK-1 receptor immunoreactivity in spinal cord dorsal horns and that 

these changes correlated with TNFα-positive cells in muscle (Elliott, Barr, et al.).  We 

have also noted increased IL-1β in the spinal cords of HRHF rats (Kietrys et al.).   

Peripherally, previous studies of median nerves from our model have shown increased 

ED1+ macrophages (Al-Shatti et al.; Clark et al.), collagen (Clark et al.), decreased 

nerve conduction velocity (Clark et al.), and transiently increased cytokine levels (IL-1α, 

IL-1β, TNF-α, IL-6 and IL-10)(Al-Shatti et al., 2005a) and periostin-like factor (Rani et al., 

2009b) in rats.  Inflammatory or fibrotic changes in the median nerve or spinal cords of 

rats performing a HRHF task for 11 weeks could account for changes in grip strength as 
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well.  Changes in bone were also not accounted for in this study, although this question 

is currently under investigation in our group.   

Lastly, although we examined tendon and muscle in our studies, and performed 

a general evaluation histologically of the quality of the tendon and muscle from these 

animals, it is possible that there are still changes we did not detect through examination 

of a limited number of cytokines and gross examination of the tissues.  Coley et al report 

that deficiencies in AMP deaminase were linked to a non-inflammatory muscle 

weakness in a mouse model of myositis (Coley et al.).  While AMP deaminase deficiency 

is not a factor in our rats, it does suggest that certain myopathies can occur without 

obvious signs of inflammation.   So even though overt signs of inflammation are no 

longer present, it is still possible for underlying damage to occur, as shown in our grip 

strength data.  Likewise Miller et al suggest that gross changes in muscle structure may 

not be visibly detectable, but changes in myofilaments can affect skeletal muscle 

performance after disease, disuse, or aging (Miller, Callahan, & Toth).  

This study examined primary and secondary interventions in a rat model of 

repetitive reaching.  As expected, primary intervention appears to have been more 

effective using an anti-TNFα therapy than secondary intervention on mechanical 

sensitivity and cytokine changes, although cytokine changes were more pronounced in 

the primary intervention group.  Anti-TNFα therapy as a primary or secondary 

intervention appeared to be equally effective in preventing grip strength losses induced 

by task however.  The secondary intervention of rest was not effective at 11 weeks in 

preventing grip strength losses or preventing mechanical sensitivity changes at this end.  

This data suggest that therapeutic intervention can prevent short term changes in 

inflammation and sensorimotor deficiencies, but that longer term damage, such as seen 

with mechanical deficits, were not prevented with the anti-inflammatory using secondary 

intervention.  Simple task cessation was not an effective intervention, and this 

information should be considered when contemplating the treatment of WMSDs. 
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CHAPTER 5 

 

SUMMARY 

 

The National Occupational Research Agenda (Marras, Cutlip, Burt, & Waters, 

2009) stresses the importance of identifying work-related musculoskeletal disorder 

(WMSD) risk factors, understanding the exposure dependent nature of WMSDs, and the 

identification of strategies to reduce the incidence and severity of WMSDs, as WMSDs 

are among the costliest health problems in society today (NRC&IOM, 2001).  The broad 

objectives of the studies presented in this dissertation focused on 2 of these areas.   The 

first broad objective was to enhance understanding of the exposure dependent nature of 

WMSDs in the context of pathophysiology and behavioral changes in rats undergoing 

long term exposure.  The second broad objective was to explore strategies to reduce the 

severity of WMSDs via non-surgical interventions such as rest or anti-TNF antibody 

therapy.  The data presented herein have advanced these objectives and helped 

develop ideas for further research.   

 In Chapter 2, we focused on the goal of better understanding the 

pathophysiology of WMSD development.  Previous work in our lab had demonstrated 

that rats performing a HRHF task had diminished grip strength and palmar sensitivity 

(Abdelmagid et al.; Clark et al.; Elliott, Barr, Clark, et al.; Fedorczyk et al.; Rani et al.).  

Inflammation occurred in the early weeks of task performance, followed by fibrosis in 

muscle and tendon tissues.  In the study by Abdelmagid et al, 6 or 9 weeks of HRHF 

task performance lead to the presence of low grade inflammation in combination with the 

expression of profibrotic markers of collagen and CCN2(Abdelmagid et al.).  We wanted 

to extend these studies to 18 weeks, at a point where we hypothesized that inflammation 
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would have subsided and we could evaluate whether persistent behavioral changes 

might be due to fibrosis alone.  The results indicated that both grip strength declines, 

task-altering behaviors (e.g. switching limbs), and palmar sensitivities to cold and 

mechanical stimuli persisted at 18 weeks, in parallel to increases in CCN2, collagen, and 

substance P.  This work reinforces that inflammation is not the sole cause of the 

behavioral changes in this rat model of WMSDs, and that multiple pro-fibrotic mediators, 

such as CTGF and substance P, should be further investigated.  This work also 

suggests that anti-fibrotic intervention may be a viable treatment for WMSDs.   

 

Figure 5.1. Serum biomarkers in a rat model of upper extremity WMSDs.  The serum 
levels of TNFα, CCN2(CTGF), and IL-10 are reported for rats performing a high-
repetition, high-force reaching and pulling task over the course of 18 weeks.   
 

 In Chapter 3, we extended the understanding of the underlying causes of the 

fibrosis noted in the HRHF animals by using in vitro experiments to demonstrate that two 

agents found to be increased in our model, substance P (Rani et al.) and TGFß-1 

(Abdelmagid et al.; Fisher et al.), could both lead to generation of fibrotic proteins.  
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TGFß-1 has long been identified as a driver of fibrotic protein development (Barnard et 

al., 1990), and we have previously shown that TGFß-1 was increased in our rat model of 

repetitive reaching.  We used in vitro experiments to confirm that tenocytes isolated from 

the flexor digitorum tendon would respond to TGFß-1 for the production of both collagen 

I and CCN2.  To our knowledge, this was the first time that rat flexor digitorum tendons 

have been cultured and tested for their responsiveness to TGFß-1.  We also 

demonstrated that the neuropeptide substance P was able to drive CCN2 expression in 

isolated tenocytes cells in vitro, a novel finding that appears to be independent of TGFß-

1 production.   

 In Chapter 4 we addressed the other goal of decreasing of the severity of 

WMSDs through the interventional treatments of either rest, anti-TNFα antibody therapy, 

or the combination of both on HRHF task performance over an 11 week period.  Non-

surgical treatment of WMSDs are not well studied, and the effect of non-surgical 

therapeutically-administered interventions on the pathophysiological development of 

WMSDs even less so.  We measured grip strength, mechanical sensitivity, and 

inflammatory and pro-fibrotic cytokines in serum, muscle, and tendon.  We found that 

anti-TNF therapy was able to significantly prevent the loss of grip strength associated 

with our HRHF pulling and grasping task.  While rest was not effective in preventing grip 

strength losses at the end of the study, we found that 4 weeks of rest following the initial 

3 weeks of HRHF task performance delayed the onset of grip strength losses until week 

7, after the resumption of the HRHF task.  This importantly suggests that rest alone is 

insufficient to reverse WMSD development.  The cytokine responses found at 11 weeks 

in serum, muscle and tendon indicates a largely resolved inflammatory response.  This 

is expected based on previous studies from our lab, where inflammatory builds during 

the first weeks of task performance, but then resolves as fibrotic processes begin (Figure 

6.1).  We also found that 11 weeks may be too early to detect gross fibrotic changes in 
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tissues or serum and longer term studies may be needed to determine if anti-TNF or rest 

as therapies would decrease fibrotic markers, or if the fibrosis would still occur at later 

time points.   

 Overall, we have demonstrated that rats performing HRHF tasks for long periods 

(>4 months) have decreased grip strength and measurable fibrosis in muscle and 

tendons, at a time when inflammation has subsided.  Subsequent in vitro experiments 

have shown that markers increased in these HRHF rats, substance P and CCN2, are 

able induce fibrogenic protein production, and may be targets for possible therapeutic 

intervention.  Future studies should examine the inhibition of these proteins.  Lastly, 

early intervention in rats during a peak inflammatory period after HRHF task induction (3 

weeks) was able to protect these rats from task-related decreases in grip strength.  

Future studies could examine whether intervention at the inflammatory stage will also 

protect rats from fibrotic changes with continued task performance.   

FUTURE DIRECTIONS 

 Based on the cumulative results of the Barbe-Barr rat model of WMSDs, patient 

stratification may play an important role in treatment options.  It is clear from our model 

that inflammation and fibrosis can both lead to losses in grip strength and increased 

mechanical sensitivity that impede the ability to complete simple tasks.  It is also clear 

that inflammation precedes fibrotic events.  It will be important to determine whether 

inflammatory or fibrotic stages are occurring (perhaps by serum biomarkers as 

demonstrated in Figure 5.1) to better determine treatment.  Additional studies could also 

determine if elevated CTGF is an essential mediator of fibrotic events, likely by inhibition 

of this protein using an antibody or small molecule.  If so, one could envision CTGF as a 

potential therapeutic target to prevent fibrosis and reduced function, and as a serum 

biomarker of tissue fibrogenic changes occurring with WMSDs.  Also, as mentioned 
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above, anti-TNFα therapy proved effective in preventing grip strength losses.  As several 

small molecule inhibitors of TNFα are in development (Davis et al.; He et al.; C. Ma et 

al.), it would be important to test if these molecules could prevent long term development 

of WMSDs, and whether these molecules would prevent inflammation, or inflammatory 

and fibrotic responses.  The current cost of biologic treatment is likely cost-prohibitive in 

this space, but small molecules inhibitors could be provided at a significantly reduced 

cost, and could be a welcomed alternative to surgery.   
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