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ABSTRACT
The National Occupational Research Agenda stresses the importance of
identifying work-related musculoskeletal disorder (WMSD) risk factors, understanding
their exposure dependent nature, and identifying strategies to reduce their incidence and
severity. We first examined behavioral changes after exposure to a low repetition low
force (LRLF) reaching task for 12 weeks in young rats. We observed increased
movement reversals in LRLF - week 8, indicative of a decline in fine motor control, and a
small decrease in voluntary task participation in LRLF – week 12, compared to controls.
This decline was associated temporally with a low-grade increase of macrophages in
peripheral nerve and distal forelimb bones that correlated with nociceptive neurochemical
increases in the spinal cord. We next examined motor behavior changes in young rats
exposed to either a food retrieval high repetition negligible force (HRNF) task or a lever
pulling high repetition low force (HRLF) reaching task. We found that both tasks led to
motor declines, with more marked declines in fine motor control in the HRNF group.
Thus, repetition, rather than the difference in force magnitude between the 2 tasks,
appears to be the key factor in the induction of motor declines associated with repetitive
motion injuries (RMIs). Also, these findings indicate that activities involving negligible
force do not necessarily pose a lower risk than activities involving low force. Factors
such as fine motor coordination requirements may even pose greater risks. Also,
compared to the LRLF task, the high repetition tasks resulted in more motor performance
declines, thus confirming exposure-dependency in the context of RMI. We also explored
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the effects of HRNF and HRLF tasks on supraspinatus tendon of young adult rats in 6
and 12 weeks. We found a small but non-significant elevation of ED1+ macrophages in
6 weeks. The supraspinatus tendon does not appear to develop as many pathological
changes as forelimb flexor tendons (Barbe, et al., 2003) with task performance. Lastly,
we examined the effects of performing HRLF tasks in aged rats. We found that aged rats
demonstrate both declines in motor performance and pathological tissue changes over the
course of 12 weeks of exposure to the HRLF lever pulling task. The observed declines in
grip strength in aged trained control and HRLF rats over time suggest that both age and
cumulative exposure to the repetitive task are factors in the development of WMSDs.
Our findings suggest that additional study of exposure-dependency and risk factors is
warranted. Deeper understanding of the relative contributions of various risk factors can
help inform prophylactic programs and/or interventions for individuals who are at risk
for, or suffer from, WMSDs.
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CHAPTER 1
LITERATURE REVIEW
Introduction
This chapter will review current knowledge regarding the pathophysiological
mechanisms and behavioral effects of work-related musculoskeletal disorders (WMSDs)
with an emphasis on research that has been performed with animal models. It is
important for the clinician to appreciate the pathophysiology and behavioral effects of
WMSDs in order to develop effective interventions and prevention tactics. Performance
of repetitive, forceful, or awkward movements over time may lead to repetitive motion
injuries (RMIs), a type of WMSD. The National Occupational Research Agenda (Marras
et al., 2009) stresses the importance of identification of risk factors, understanding the
exposure dependent nature of WMSDs, and identification of strategies to reduce the
incidence and severity of WMSDs, as WMSDs are among the costliest health problems in
society today (National Research Council, 2001).
The U.S. Department of Labor defines WMSDs as injuries or disorders of
muscles, nerves, tendons, joints, cartilage, or spinal discs associated with exposure to risk
factors in the workplace (U. S. Department of Labor, 2007). Specific examples of
WMSDs include sprains, strains, tears, back pain, soreness, carpal tunnel syndrome, and
musculoskeletal or connective tissue diseases that develop in response to bending,
reaching, overexertion or repetitive movements (U. S. Department of Labor, 2007).
Upper extremity diagnoses commonly associated with WMSDs include tendinopathies,
nerve compression or entrapment syndromes, vascular disorders, muscular disorders,
joint disorders, and regional complaints of pain that cannot be attributed to a specific
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clinical diagnosis (Buckle & Devereux, 2002; Hales & Bertsche, 1992; Piligian et al.,
2000; Rempel et al., 1992). WMSDs account for a significant proportion of work injuries
and worker’s compensation claims in Western industrialized nations. In 2001, repetitive
trauma accounted for 65% of newly reported occupational illnesses (U.S. Department of
Labor, 2002). In 2004, WMSDs accounted for 2/3 of lost work time injuries and illnesses
in U.S. industry (U.S. Department of Labor, 2005). The societal and economic toll of
WMSDs is staggering. Direct and indirect costs for work related injuries were estimated
to be $54 billion annually for reported cases (National Research Council, 2001).
Documentation of the phenomenon of repetitive motion injury dates back to 1713,
when “writer’s cramp” symptoms among scribes and notaries were reported by
Ramazzini in his book titled De Morbis Artificum (Pope, 2004). Ramazzini wrote, “the
maladies that affect the clerks arise from three causes: first, constant sitting; secondly,
incessant movement of the hand and always in the same direction; and thirdly, the strain
on the mind...the incessant driving of the pen over paper causes intense fatigue of the
hand and the whole arm because of the continuous… strain on the muscles and tendons”
(Ramazzini, 1713/1964). Today, occupations involving repetitive fine motor skills such
as keyboarding, writing, manufacturing work, or playing a musical instrument are often
associated with the development of repetitive stress injury.
Contemporary reviews of epidemiological research found evidence that WMSDs
of the hand and wrist have been associated with performance of repetitive and forceful
tasks, performance of tasks in awkward, extreme, or fixed postures, cold temperatures,
and vibration (Barr & Barbe, 2002; Barr et al., 2004). However, clear exposure-response
induction of motor dysfunctions by repetitive tasks is still under investigation. The
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National Research Council and Institute of Medicine review of studies related to WMSDs
supported the association between both physical and psychosocial workplace exposures
and upper extremity WMSDs (National Research Council, 2001).
Work in certain industries increases the risk of developing a WMSD. In 2006,
occupations with the highest number of MSDs were nursing aides/orderlies/attendants,
laborers and freight/stock/material movers, and tractor-trailer drivers (U.S. Department of
Labor, 2007). A sizable percentage (18%) of WMSDs occurs in the manufacturing sector
(U.S. Department of Labor, 2007). Upper extremity WMSDs have been associated with
computer use, assembly, clothing and shoe industries, food processing, packaging, and
cashiering (Gerr et al., 2002; Hagberg et al., 2002; Leclerc et al., 2001). These
epidemiological trends clearly suggest that the task demands associated with certain jobs
are related to the incidence of WMSDs. In addition, specific ergonomic and job sector
risk factors, non-workplace factors such as individual predisposition and comorbidities
can play a role in the development of WMSDs. Workplace factors include repetition,
force, awkward, extreme, or fixed postures, cold temperatures, vibration, and job-related
psychosocial factors, while non-workplace factors include history of injury or disease
affecting musculoskeletal tissue(s), non-work activities and lifestyle factors, non-job
related psychosocial factors, advanced age, female gender (industry specific), and obesity
(Barbe & Barr, 2006; Barr et al., 2004; Islam et al., 2001; Leclerc et al., 2001; National
Research Council, 2001; Werner et al., 2005). For example, a sewing machine operator
with a history of fibromyalgia, degenerative joint disease, and heavy cigarette smoking,
would be at greater risk for developing a MSD compared to an otherwise healthy nonsmoker who performs that same job. The relative contributions of non-workplace risk
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factors are elusive and may vary greatly among individuals. Further study of the role of
non-workplace factors, such as aging, is needed.
The exposure-response relationships between repetitive tasks and MSDs in the
upper extremities have not been well defined (Barr & Barbe, 2002; Barr et al., 2004).
Scientific investigation in this area is ongoing. Multiple studies suggest a strong
relationship between the development of MSDs and the interactive effects of repetition
and force (Barr & Barbe, 2002; Barr et al., 2004). Silverstein et al. reported that
prevalence ratios for WMSDs were 3.6 for high repetition low force (HRLF) tasks, 4.9
for low repetition high force (LRHF) tasks, and 30.3 for high repetition high force
(HRHF) tasks (Silverstein et al., 1986). This suggests that force and repetition have a
more than additive effect in increasing the risk for development of MSDs.
A large number of studies using animal models (summarized in Tables 1-1
through 1-4) have illustrated the exposure-response relationship between repetitive tasks,
tissue injury and behavioral changes. For example, Barbe et al. (2008) reported exposuredependent differences in pro-inflammatory cytokines/chemokines, macrophages, and grip
strength based on exposure to low or high repetition (with negligible force) reaching in
rats. Using the same rat model, other studies from the same lab found declines in motor
performance were greater with high repetition negligible force (HRNF) reaching than
with low repetition negligible force (LRNF) reaching (Barbe et al., 2003; Clark et al.,
2003; Elliott et al., 2008; Fedorczyk et al., 2009). Fedorczyk et al. (2009) exposed rats to
HRHF reaching and grasping over 12 weeks and found increased ED1 macrophages and
inflammatory cytokines, as well as adverse morphological changes in forelimb flexor
digitorum tendon and peritendon. Clark et al. found that declines in median nerve
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conduction velocity and motor performance were greater after exposure to high force
repetitive reaching (HRHF: 17% decline) versus negligible force repetitive reaching
(HRNF: 9% decline) (Clark et al., 2004; Clark et al., 2003). Compared to Clark’s et al.’s
(2003) findings in rats that performed HRNF reaching, Elliott et al. (2008) found 17%
fewer macrophages in the median nerve and delayed macrophage infiltration into the
nerve in rats that performed a LRNF task. Elliott et al. (2008) also found fewer TNFα
positive cells in the LRNF rats than did Al-Shatti et al. (2005) in a study examining the
effect of HRNF on the median nerve. Nakama et al. (2007) found that adverse
microstructural changes were greater with a higher rate of repetition in rabbit flexor
digitorum profundus tendon. Findings such as these illustrate that the magnitude of
exposure is related to the severity of pathophysiological change.
With regard to tendon, it has also been proposed that both intrinsic and extrinsic
mechanisms play a role in rotator cuff injury (Carpenter et al., 1998). Intrinsic
mechanisms, such as degeneration, originate within a tendon. Extrinsic mechanisms are
defined as tendon compression against adjacent structures. Overuse can elicit pathology
through either or both mechanisms (Soslowsky et al., 2002). In addition to these
mechanisms, several recent studies have indicated that inflammation plays an important
role in the development of various tissue pathologies (including flexor muscles, tendons,
nerve and bone) associated with WMSDs (Barbe et al., 2003; Barbe et al., 2008; Barr &
Barbe, 2004; Barr et al., 2004; Barr et al., 2003; Clark et al., 2003; Clark et al. 2004). In
addition to evidence of inflammation, Barr & Barbe (2004) and Clark et al. (2004)
reported that repetition-induced injuries lead to cellular proliferation, increased
production of connective tissue matrix components, tendon degeneration, and myopathic
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changes. Adverse changes in peripheral nerves (Al-Shatti et al., 2005; Clark et al., 2003;
Clark et al., 2004; Elliott et al., 2008; Elliott et al., 2009b; Sommerich et al., 2007), the
central nervous system (CNS) (Bara-Jimenez et al., 1998; Byl et al., 1997; Byl et al.,
1996; Coq et al., 2009; Elliott et al., 2008; Elliott et al., 2009a,b; McKenzie et al., 2003),
and bone (Barbe et al., 2008; Barr et al., 2003; Bourrin et al., 1994; Elliott et al., 2008;
Foxwood & Parker, 1991; Mosekilde et al., 1994; Rani et al., 2009b; Revel et al., 1992;
Umemura et al., 2002) have also been reported in experiments involving repetitive
motion or stress. In addition to the cellular, chemical, tissue, and neurological changes
associated with repetitive stress injuries, behavioral decline and functional deficits have
been reported (Barbe et al., 2003; Barbe et al., 2008; Byl et al., 1997; Byl et al., 1996;
Clark et al., 2003; Clark et al., 2004; Coq et al., 2009; Elliott et al., 2008; Elliott et al.,
2009; Fedorczyk et al., 2009; Kietrys et al., 2008; Messner et al., 1999; Sommerich et al.,
2007; Topp & Byl, 1999). It has been proposed that such changes in behavior may be
explained by a multifactorial model driven by CNS reorganization, tissue injury or
compression, and tissue reorganization (Barbe & Barr, 2006). Any one of these pathways
may lead to pain, discomfort, and/or loss of function (Barbe & Barr, 2006; Barr et al.,
2004). A conceptual framework for the pathophysiological pathways related to the
development of MSDs will be discussed in more detail at the end of this chapter.
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Table 1-1. Summary of Animal Studies Exploring Soft Tissue Changes in Response to
Repetitive Motion
Reference
Archambault et al.
2001

Model / Tissue
Rabbit
Achilles tendon

Exposure
Electrically
induced kicking
2 hrs per day
3 days/week
11 weeks

Archambault et al.
2007

Rat Supraspinatus Decline treadmill
tendon
running
1 hr/day
5 days/week
1-4 weeks

2 and 4 weeks:
upregulation of multiple
cartilage specific genes;
downregulation of genes
normally associated with
tendon phenotype

Backman et al.
1990

Rabbit
Achilles tendon

Electrically
induced kicking
2 hr sessions
3 days/week
5-6 weeks

4 weeks: irregular
tendon thickening;
5-6 weeks: degeneration
and matrix;
reorganization in tendon;
paratendon fibrosis,
vascularity,
inflammatory cells, and
edema

Barbe et al.
2003

Rat
Forelimb and
palm
Tendon,
connective tissue,
and muscle;
serum

High rate
negligible force
reaching
2 hrs/day
3 days/week
3-8 weeks

3-8 week: increased
ED1-IR macrophages in
palm;
4-8 weeks: increased
ED1-IR macrophages in
forearm;
6 - 8 weeks: fraying of
tendon fibers and
increased ED2-IR
macrophages in forearm;
8 weeks: increased
serum IL-1α
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Key findings
11 weeks: increased
mRNA expression of
type III collagen and
matrix metalloproteinase

Barbe et al.
2008

Rat
Forelimb flexor
muscle, tendon
and loose
connective tissue
Serum

High repetition
negligible force or
low repetition
negligible force
reaching
2 hrs/day
3 days/week
6-8 weeks

Week 6: increased loose
connective tissue
macrophages with low
repetition;
Week 6 and 8; increased
serum IL-1α, IL-1β,
TNFα, MIP2, MIP3a
and RANTES with high
repetition; increased
serum MIP2 and MIP3a
with low repetition;
Week 8: increased tissue
IL-1α, IL-1β, TNFα and
IL-10 with high
repetition; increased IL10 with low repetition

Barr et al.
2000

Rat
Forelimb and
palm
Tendon and
muscle

3 weeks: increased HSP72-IR in lumbricals;
4 weeks: increased HSP72-IR in forelimb flexor
muscles and tendons

Carpenter et al.
1998

Rat
Supraspinatus
tendon

High rate
negligible force
reaching
2 hrs/day
3 days/week
2-9 weeks
Decline treadmill
running with or
without
experimental
alteration of tendon
17 min/day
1 hr/day
5 days/week
4-8 weeks

Coq et al.
2009

Rat
Forelimb flexor
muscle and
tendon

Moderate repetition
and negligible
force reaching and
grasping
2hrs/day
3 days/week
8 weeks

Increased IL- β and
TNF-α in week 8;
increased cells
expressing TNF-α in
flexor muscle, tendon,
and median nerve.
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4 and 8 weeks:
increased cellularity,
collagen disorganization,
and cross sectional areas
with greater increased in
altered tendons;
8 weeks: degradation of
material properties
(tissue modulus,
maximum stress)

Fedorczyk et al.
2009

Rat
Flexor digitorum
(forelimb)

High repetition and
high force reaching
and grasping
2hrs/day
3 days/week
12 weeks

Increased IL1- β in
peritendon in 3, 6, and
12 weeeks, in
endotendon in 12 weeks;
increased ED1
macrophages in weeks 6
and 12 in peritendon;
increased SP, CTGF and
PLF in week 12 in
peritendon; increased
cellularity and collagen
disorganization in week
12

Fritz et al.
1988

Rat
Soleus

Forced lengthening
5X10 repetitions

48 hrs post exercise:
increased unsulfated
chondroitin
proteoglycans 72 hrs
post exercise: decreased
chondroitin 6-sulfate;
increased concanavalin
A and heparin sulfate

Hesselink et al.
1996

Rat
Tibialis Anterior

Repeated isometric
or eccentric
contractions
20X/min
3-15 min

Eccentric: decreased
peak isometric torque
after 60 contractions;
fiber swelling,
centralization of nuclei,
infiltration of
mononuclear cells after
180 contractions
Isometric: decreased
peak isometric torque
after 60 contractions;
fiber swelling after 300
contractions

Jarvinen et al.
2003

Rat
Gastrocnemius
muscle-tendon
unit

Cast
immobilization X3
weeks followed by
treadmill running
3-11 weeks

Recovery of tenascin-C
after 8 weeks of running;
expression of tenascin-C
was exposure-dependent
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Messner et al.
1999

Rat
Triceps surae

Electrically
induced eccentric
contractions
1 hr sessions
3 days/week
7-11 weeks

5 weeks: fibrillation and
hypervascularization;
7 weeks:
hypervascularization,
decreased
proteoglycans;
7-11 weeks: increased
substance P and
calcitonin gene-related
peptide,
hypervascularization,
increased nerve
filaments

Nakama et al.
2005

Rabbit
Flexor Digitorum
Profundus tendon

Electrically
induced contraction
60 reps/min
2 hrs/day
3 days/week
14 weeks

14 weeks: increased
microstructural changes
(tear area, tear density
and mean tear size);
increased VEGF,
VEGFR-1, and CTGF
cell densities

Nakama et al.
2007

Rabbit
Flexor Digitorum
Profundus tendon

Electrically
induced contraction
10 reps/min
2 hrs/day
3 days/week

14 weeks: increased
microstructural changes
(tear area, tear density
and mean tear size) in
outer regions of tendon;
less than with higher
repetition rate in earlier
studies

Perry et al.
2005

Rat
Supraspinatus
tendon

Decline treadmill
running
1 hr/day
5 days/week
3 days-16 weeks

3 days-16 weeks:
increase in vascular
endothelial growth
factor and von
Willebrand factor;
3 days and 8 weeks:
increase in fivelipoxygenase activating
protein;
8 weeks: increase in
COX-2

Nakama et al.
2006
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Rani, et al.
2009a

Rat, muscle,
tendon and nerve
(forelimb)

High repetition
high force reaching
and grasping
2 hrs/day
3 days/ week
0-12 weeks

Increased PLF and
periostin in muscle and
tendon; increased
number of satellite cells
and myoblasts in flexor
digitorum in 3 - 12
weeks

Soslowsky et al.
2000

Rat /
supraspinatus
tendon (n=36)

Decline treadmill
running
1 hr/day
5 days/week
4-16 weeks

4, 8 and 16 weeks:
increased cellularity,
collagen disorganization,
increased cross sectional
area, degradation of
material properties

Soslowsky et al.
2002

Rat
Supraspinatus
tendon

Decline treadmill
running with or
without extrinsic
compression
1 hr/day
5 days/week
4-16 weeks

4, 8 and 16 weeks:
increased cellularity,
collagen disorganization,
increased cross sectional
area, degradation of
material properties

Stauber et al.
1996

Rat
Soleus muscle

Slow or fast forced
lengthening
3X/week
4-6 weeks

Slow stretch: increased
muscle mass, myofiber
area, collagen struts;
Fast stretch: increased
muscle mass; decreased
myofiber area; myofiber
splitting and increased
type A fibers; fibrosis

Stauber et al.
2000

Rat
Soleus muscle

Forced lengthening
50 strains/day
5X/week
6 weeks

Hypervascularity;
decreased muscle mass
and myofiber area;
increased noncontractile
tissue and collagen
content

Szomor et al.
2006

Rat
Supraspinatus
tendon

Decline treadmill
running
1 hr/day
5 days/week

4 weeks: increased
mRNA expression of
inducible and
endothelial nitric oxide
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Topp and Byl
1999

Monkey
Digit flexor
tendon

4 weeks

synthase

Repetitive reaching
/ grasping
1.5 hours/day
24 weeks

1 of 3 animals with
increased tenocytes
density, disorganized
collagen and large areas
of pink-stained
glycosaminoglycans

Table 1-1. List of Abbreviations: mRNA, messenger RNA; ED1-IR, infiltrating
immunoreactive macrophages; ED2-IR, resident immunoreactive macrophages; IL-1α,
interleukin-1α; IL-1β, interleukin-1β; TNFα, tumor necrosis factor-α; MIP2, macrophage
inflammatory protein 2; MIP3a, macrophage inflammatory protein 3; RANTES, Normal
T-cell Expressed and Secreted; IL-10, interleukin-10; NMDAr1, n-methy-d-aspartate;
CGRP, calcitonin gene-related peptide; HSP-72-IR, heat shock protein-71-IR; PLF,
periostin like factor; VEGF, vascular endothelial growth factor; VEGFR-1, vascular
endothelial growth factor receptor 1; CTGF, connective tissue growth factor; COX-2,
cyclooxygenase-2.

12

Table 1-2. Summary of Animal Studies Exploring Peripheral Nerve and Spinal Cord
Changes in Response to Repetitive Motion or Compression
Reference
Model / Tissue
Al-Shatti et al. Rat
2005
Median Nerve

Exposure
High repetitionnegligible force
reaching and
grasping
2hr/day
3 days/week
3-8 weeks

Key findings
Week 3: increased IL-6;
Week 5: increased IL-6, IL1α, IL-1β, TNF-α, and IL10;
(All returned to control
levels by week 8)

Clark et al.
2003

Rat
Median Nerve

High repetitionnegligible force
repetitive reaching
and grasping
2hr/day
3 days/week
3-12 weeks

4 weeks: motor degradation
5-6 weeks: increased ED1+
macrophages;
8 weeks: increased collagen
(fibrosis);
9-12 weeks: 9% decline in
NCV;
12 weeks: increased
connective tissue growth
factor; degraded myelin
basic protein

Clark et al.
2004

Rat
Median Nerve

High repetition-high
force repetitive
reaching and
grasping
2 hrs/day
3 days/week
12 weeks

Declines in motor
performance over 12 weeks
12 weeks: increased ED1+
macrophages; increased
type I collagen and
connective tissue growth
factor; declines in grip
strength; 17% decline in
NCV; increase in sensory
threshold

Elliott et al.
2008

Rat
Median Nerve
Spinal Cord

Low repetitionnegligible force
reaching and
grasping
2 hrs/day
3 days/week
12 weeks

Week 8: increased
substance P and neurokinin1 in spinal cord dorsal horn;
Week 12: increased ED1+
macrophages and TNFα in
distal nerve and increased
neurokinin-1 in spinal cord
dorsal horn
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Elliott et al.
2009a

Rat
Spinal Cord

High repetitionnegligible force
reaching and
grasping
2 hrs/day
3 days/week
6-10 weeks

Increased SP and NK-1 in
weeks 6 and 10 in spinal
cord dorsal horn

Elliott et al.
2009b

Rat
Median Nerve
Spinal Cord

Moderate repetitionhigh force reaching
and grasping
2 hrs/day
3 days/week
6-12 weeks

Increased SP and NK-1 in
weeks 6 and 12 in spinal
cord dorsal horn;
Increased cutaneous
sensitivity in weeks 6 and
12;
decreased NCV in week 12

Mackinnon et
al.
1984

Rat
Sciatic Nerve

Silastic tubingDemyelination and
induced compression degeneration/regeneration;
1-6 months
hypervascularity;
intraneural fibrosis,
decreased nerve conduction
velocity

Mackinnon &
Dellon
1986

Primate
Median Nerve

Induced compression Demyelination; decreased
4-12 months
neural tissue in fascicles;
intraneural fibrosis

Sommerich et
al.
2007

Primate
Median Nerve

Moderate force
repetitive reaching
8 hrs/day
5 days/week
3-4 months

Declines in nerve
conduction velocity in 3 of
4 working hands;
enlargement of nerves;
recovery of NCV after
termination of task
exposure

Table 1-2 List of Abbreviations: IL-6, interleukin 6; IL-1α, interleukin-1α; IL-1β,
interleukin-1β; TNFα, tumor necrosis factor-α; IL-10, interleukin-10; ED1+,
immunoreactive; NCV, nerve conduction velocity; SP, substance P; NK-1, neurokinin-1
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Table 1-3. Summary of Animal Studies Exploring the Effects of Repetitive Motion on
Behavior
Reference(s)
Barbe et al.
2003
Clark et al.
2003

Model
Rat

Exposure
High repetitionnegligible force
reaching and grasping
2 hrs/day
3 days/week
3-11 weeks

Key findings
Decline in reach rate in
weeks 5 and 6; decline
in task duration in week
5; increased “scooping”
and “raking” behavior
at week 5 (observed in
all animals by week 78);
“Scooping” behavior
returned to baseline
during this period; all
animals demonstrated
“raking” by week 11;
decrease in reach rate in
weeks 9-11

Barbe et al.
2008

Rat
Forelimb flexor
muscle, tendon
and loose
connective tissue
Serum

High repetition
negligible force or
low repetition
negligible force
reaching and grasping
2 hrs/day
3 days/week
6-8 weeks

Decreased grip strength
in weeks 6 and 8 in the
high repetition group,
and in week 6 in the
low repetition group

Byl et al.
1996

Monkey

Opening / closing of
hand
1-2 hours/day
12-25 weeks

Difficulty removing
hand from handpiece (1
animal in 5 weeks and 1
in 8 weeks)
Difficulty with grip
contact (both animals)
late in training period
Reduced grip accuracy
in 1 animal late in
training period
Decreased grip force in
weeks 5 and 8
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Byl et al.
1997

Monkey

Repetitive closure of
handpiece
300-400 trials/day
20 weeks

60% decline in task
performance speed and
decreased food retrival
efficiency in 1 of 2
animals

Coq et al.
2009

Rat

Moderate repetition
and negligible force
reaching and grasping
2hrs/day
3 days/week
8 weeks

Declines in reach
performance, grip
strength and agility
concurrent with
emergence of
inefficient food
retrieval pattern.

Elliott et al.
2008

Rat

Low repetition and
low force reaching
and grasping
2hrs/day
3 days/week
12 weeks

Increased movement
reversals in week 8;
trend for reduced task
duration in week 12

Elliott et al.
2009a

Rat

High repetitionnegligible force
reaching and grasping
2 hrs/day
3 days/week
6-10 weeks

Declines in grip
strength in weeks 6 and
10

Elliott et al.
2009b

Rat

Moderate repetitionhigh force reaching
and grasping
2 hrs/day
3 days/week
12 weeks

Decline in grip strength
in week 12;
decline in task duration
in week 12
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Elliott et al.
submitted

Aged Rat

High repetition and
low force reaching
and grasping
2hrs/day
3 days/week
6-12 weeks

Decreased social
exploration in weeks 39; increased aggression
weeks 1-12; reduced
voluntary task
participation weeks 1-9;
increased mechanical
hypersensitivity and
decreased nerve
conduction velocity in
week 12. Psychosocial
declines corresponded
with increased in serum
pro-inflammatory
cytokines.

Fedorczyk et al.
2009

Rat

High repetition and
high force reaching
and grasping
2hrs/day
3 days/week
12 weeks

Reduced grip strength
in 3, 6 and 12 weeks.

Kietrys et al.
2006

Rat

High or low
repetition- negligible
force reaching and
grasping
2 hrs/day
3 days/week
6 -9 weeks

Decline in reach rate in
weeks 6 and 9;
increased number of
reach reversals and
total reach time in week
9 in both high and low
repetition groups

Kietrys et al.
2008

Rat

Low repetitionnegligible force; high
repetition-negligible
force; high repetitionhigh force reaching
and grasping
2 hrs/day
3 days/week
6 weeks

Reach rate declined in
both high repetition
groups in week 6
Task duration declined
in week 3 in both high
repetition groups, and
persisted in week 6 in
the high repetition-high
force group
Movement reversals,
reach time and grasp
time increased in the
high repetition-high
force group in week 6
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Messner et al.
1999

Rat

Electrically induced
eccentric contractions
1 hr sessions
3 days/week
7-11 weeks

Adverse gait changes in
2 rats in 3 and 4 weeks;
limping in 1 rat in 3
weeks

Sommerich et al.
2007

Primate
Median Nerve

Moderate force
repetitive reaching
8 hrs/day
5 days/week
3-4 months

Declines in attempts
and successes in 2 of 4
animals; decline in
successful trials per day
in 2 of 4 animals around
the time of diagnosis of
carpal tunnel syndrome

Topp and Byl
1999

Monkey

Repetitive reaching /
grasping
1.5 hours/day
24 weeks

Difficulty gripping and
reduced ability to flex
digits in 1 animal in 5
weeks and the other
animal in 24 weeks
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Soft Tissue Pathophysiology
Injuries to muscles and/or tendons can result from performance of repetitive
and/or forceful tasks due to over-stretch, compression, friction, ischemia, and
overexertion (Barbe et al., 2008). Table 1-1 summarizes key animal studies concerning
soft tissue markers of inflammation and/or injury in response to repetitive movement or
loading. The studies in Table 1-1 have utilized a variety of models, both in terms of
species and exposure, and have used a number of different markers to detect
inflammation in soft tissue. For example, the presence of certain cell types, such as
macrophages, suggests that injury has elicited an inflammatory response. Macrophages
are specialized leukocytes that are attracted to areas of injury via chemotaxis, which is
induced through byproducts of tissue injury such as collagen fragments, cellular debris,
release of free radicals by phagocytic cells, and upregulation of proinflammatory
cytokines and chemokines. Following injury, macrophages’ main function is
phagocytosis of cellular debris and secretion of substances related to the immune
response and inflammation (Ross & Pawlina, 2006). Macrophages, as well as injured
tissues, endothelial cells, and other resident cells produce various cytokines such as
interleukin-1α (IL-1α), interleukin-1 β (IL-1β) and tumor necrosis factor-α (TNFα),
chemokines such as receptor-activated normal T cell expressed and secreted (RANTES),
and growth factors such as connective tissue growth factor (CTGF) and vascular
endothelial growth factor (VEGF), all of which indicate that an injury has induced an
inflammatory response. Thus, such molecules have been used as dependent variables in a
number of studies. These signaling molecules regulate the inflammatory process. Certain
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cytokines, via interactions with cells, are chemotactic and play a role in mobilizing
subpopulations of leukocytes to an inflamed area (Remick & Friedland, 1997). Growth
factors are involved in regeneration of tissue via activation of fibroblasts or osteoclasts or
angiogenesis. The complex milieu of positive and negative molecular signaling normally
mediates a predictable progression of healing. However, ongoing microtrauma or reinjury
can result in the propagation of chronic inflammation and/or ineffective tissue healing.
With MSDs, continued exposure can result in persistent or chronic inflammation which,
via immune cell activity, eventually leads to secondary tissue injury. The continued
exposure can also lead to degenerative tissue changes such as fibrosis, collagen
disorganization, and/or degradation of material properties. Logically, a compromised
mechanical system becomes increasingly vulnerable to exacerbation or re-injury,
potentially creating a vicious cycle of injury, ineffective healing or chronic injury
response, and disability. Figure 1-1 illustrates this concept of reduced tissue tolerance
when exposure persists over time. A reduction in tissue tolerance is conducive to reinjury and a self-propagating vicious cycle of re-injury, inflammation, degenerative
changes and progression of disability.
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Figure 1.1. Conceptual model of hypothetical long-term effects of repeated tissue
inflammation on tissue tolerance. Tissue exposure below a critical threshold (uppermost
curve) results in repeated bouts of inflammation that are successful in resolving tissue
disruption and restoring normal tissue tolerance through healing. When tissue exposure
exceeds a critical threshold due to overuse or overexertion, incomplete tissue healing may
result with subsequent reduction in tissue tolerance (lower 2 curves). Depending on the
degree of exertion, this decline in tissue tolerance may be gradual or precipitous. In
addition to the overall decline in tissue tolerance, inflammatory episodes will result in
transient periods of even lower tissue tolerance, resulting in fluctuations in the tolerance
as depicted. The modification of tissue exposure level during these transient tissue
tolerance minima may have an important impact on the maximization of tissue tolerance.
LRNF, low repetition negligible force; HRNF, high repetition negligible force; HRHF,
high repetition high force. [from Barr & Barbe, (2004) Inflammation reduces
physiological tissue tolerance in the development of work-related musculoskeletal
disorders. Journal of Electromyography and Kinesiology 14:77-85. © Elsevier Inc. All
rights reserved.]
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Models of exposure in animal studies have varied, and include decline treadmill
running(Archambault et al., 2007; Carpenter et al., 1998; Perry et al., 2005; Soslowsky et
al., 2002; Soslowsky et al., 2000; Szomor et al., 2006), electrically induced
motions/contractions(Backman et al., 1990; Messner et al., 1999; Nakama et al., 2005;
Nakama et al., 2006; Nakama et al., 2007), forced lengthening (Fritz & Stauber, 1988;
Stauber et al., 1996; Stauber et al., 2000), and repetitive reaching and grasping (Barbe et
al., 2003; Barbe et al., 2008; Barr & Barbe, 2002; Clark et al., 2003; Clark et al., 2004;
Coq et al., 2009; Elliott et al., 2008; Elliott et al., 2009a,b; Fedorczyk et al., 2009; Rani et
al., 2009a,b). Despite the differences in models of exposure, the findings consistently
suggest that both markers of injury/inflammation and signs of degeneration or fibrosis are
elicited after exposure to repetitive tasks or loads. In studies of treadmill running on a
decline in a rat model of rotator cuff injury, findings have included changes in gene
expression of specific inflammatory and angiogenic markers (Perry et al., 2005),
increased cellularity (Carpenter et al., 1998; Soslowsky et al., 2002; Soslowsky et al.,
2000), changes in gene expression of genes associated with tendon and cartilage
(Archambault et al., 2007), collagen disorganization (Carpenter et al., 1998; Soslowsky
et al., 2002; Soslowsky et al., 2000), and degradation of material properties in tendon
(Carpenter et al., 1998; Soslowsky et al., 2002; Soslowsky et al., 2000). In rat and
primate models of repetitive reaching and grasping, findings have included increased
molecular/chemical markers of injury and inflammation (Barbe et al., 2003; Barbe et al.,
2008; Barr & Barbe, 2002; Carp et al., Barr, 2007; Coq et al., 2009; Elliott et al., 2008;
Fedorczyk et al., 2009; Topp & Byl, 1999), increased cellularity (Barbe et al. 2003;
Barbe et al. 2008; Barr & Barbe, 2002; Fedorczyk et al., 2009; Topp & Byl, 1999), and
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collagen disorganization (Barbe et al., 2003; Clark et al., 2004; Clark et al., 2003;
Fedorczyk et al., 2009; Topp & Byl, 1999). The Barbe and Barr model has focused
heavily on forelimb tissue changes with only one prior study examining soft tissue
changes in other limb regions (Barbe et al., 2003). Other exposure models, such as a hind
limb kicking model, have also found indicators of injury, inflammation, degeneration,
and fibrosis (Archambault et al., 2001; Backman et al., 1990; Fritz & Stauber, 1988;
Hesselink et al., 1996; Jarvinen et al., 2003; Messner et al., 1999; Nakama et al., 2005;
Nakama et al., 2006; Stauber et al., 1996; Stauber et al., 2000).
Adverse effects of exposure have been noted at time points as early as 48 hours
after exposure (Fritz & Stauber, 1988) and lasting up to 24 weeks (Topp & Byl, 1999).
The results of studies summarized in Table 1-1 provide an abundance of evidence that
both inflammatory and degenerative changes (such as fibrosis) can occur in soft tissues as
a result of exposure to repetitive motions or loading. The evidence suggests that
musculotendinous injury first leads to an inflammatory response. When continued task
performance is superimposed on injured or inflamed tissue over the course of weeks or
months, a vicious cycle of re-injury, inflammation, fibrosis, and in some cases, tissue
breakdown, may occur (Barbe & Barr, 2006).
A number of studies have found evidence of adverse tissue changes in biopsied
tissues of humans with MSDs such as Achilles’ tendinosis (Astrom et al., 1996; Fenwick
et al., 2001), lateral epicondylitis (Alfredson et al., 2000; Ljung et al., 1999), carpal
tunnel syndrome (Ettema et al., 2004; Freeland et al., 2002; Hirata et al., 2004; Hirata et
al., 2005), trapezius myalgia (Kadi et al., 1998a,b; Larsson et al., 2001), and chronic
hand overuse syndrome (Dennett & Fry, 1988). These studies have reported a wide range
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of tissue abnormalities including tendon fiber disorganization (Astrom et al., 1996;
Fenwick et al., 2001), synovial fibrosis (Hirata et al., 2005), hypercellularity (Ettema et
al., 2004; Fenwick et al., 2001), hypervascularity/angiogenesis (Alfredson et al., 2000;
Ettema et al., 2004; Fenwick et al., 2001), muscle necrosis/degeneration and fiber type
changes (Dennett & Fry, 1988; Kadi et al., 1998a,b; Larsson et al., 2001; Ljung et al.,
1999), increased glutamate (a pain mediator) (Alfredson et al., 2000), and upregulated
growth factors and/or cytokines (Fenwick et al., 2001; Freeland et al., 2002; Hirata et al.,
2004; Hirata et al., 2005). Typically, human tissues are not biopsied until the chronicity
of the WMSD is well established. Thus, a cursory review of human studies alone may
mislead one to conclude that WMSDs are primarily degenerative in nature. However, the
evidence of an inflammatory process in several human studies (Dennett & Fry, 1988;
Freeland et al., 2002; Hirata et al., 2004; Hirata et al., 2005) suggests that the
pathomechanisms underlying MSDs in humans involves an inflammatory component.
For example, Hirata et al. found increased prostaglandin E2 (PGE2) and VEGF in
tenosynovial tissues of patients with carpal tunnel syndrome of 4-7 months duration
(Hirata et al., 2004). Both of these factors are associated with an inflammatory response.
Freeland et al. also reported increased levels of PGE2 as well as interleukin-6 (IL-6) in
tenosynovial tissues of patients with carpal tunnel syndrome (Freeland et al., 2002).
While IL-6 has both inflammatory and anti-inflammatory properties, it is not detectable
in the absence of trauma, infection, or cellular stress.
The results of both human studies and animal models of WMSD provide us with
compelling evidence that inflammation likely precedes the fibrotic, degenerative and
adverse functional changes often seen in individuals with chronic MSD. Although local
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tissue inflammation may resolve with time, signs of chronic injury, such as those noted in
many of the human biopsy studies, persist in individuals with chronic MSDs. Both
animal and human studies of MSD provide evidence that chronic MSDs produce adverse
effects such as muscle fiber type changes and degeneration, connective tissue
degeneration and fibrosis, and vascular changes. In addition, a number of studies have
found serum increased pro-inflammatory cytokines in response to repetitive motion
(Barbe et al., 2003; Barbe et al., 2008; Elliott et al., 2009b; Elliott et al., submitted). The
presence of such cytokines circulating throughout the body can help explain the
emergence of sickness behaviors and declines in psychosocial behavior. For example,
Elliott et al. (submitted) have found increased serum cytokines that are associated
temporally with reduced social interaction, increased aggression, reduced task duration,
and increased mechanical sensitivity in aged rats (18 months of age) exposed to high
repetition low force (HRLF) reaching and grasping over 12 weeks.
In summary, both human and animal studies provide evidence that inflammation
in musculoskeletal tendinous tissues and serum is a key component in the development of
WMSDs. This inflammation is a key step in a pathway that eventually leads to fibrosis,
pain, loss of function, and disability. Most of the studies using the Barr-Barbe model
focused on forelimb tissues, such as the flexor digitorum tendon. Since the supraspinatus
tendon is also a site of repetitive strain injury (Soslowsky et al., 2000; Soslowsky et al.,
2002), possible induction of inflammation and/or degeneration of this tendon by a
repetitive reaching and grasping task still needs to be examined. Also, the addition of
another risk factor, such as advance age, should be investigated.
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Bone Tissue Changes
A number of animal studies have reported changes in bone in response to
repetitive tasks. Findings from these studies (summarized in Table 1-4) further illustrate
the exposure-dependent nature of the response to repetitive movement. A number of
studies have shown favorable adaptations in bone after treadmill training (Bourrin et al.,
1994; Mosekilde et al., 1994) or a program of repetitive jumping (Umemura et al., 2002),
while other studies have shown maladaptive or adverse effects (Barbe et al., 2008; Barr et
al., 2003; Bourrin et al., 1995; Forwood & Parker, 1991; Revel et al., 1992) For example,
Bourrin et al. found adverse bone changes in rat tibia after 11 weeks of intense treadmill
training (Bourrin et al., 1995), but also found adaptive changes after training of moderate
intensity (Bourrin et al., 1994). These findings are supportive of the exposure-dependent
effects of mechanical stresses to tissue.
Only a few studies have explored effects of repetitive reaching on upper limb
bones (Barbe et al., 2008; Barr et al., 2003; Elliott et al., 2008; Rani et al., 2009b). Using
a protocol of high repetition, negligible force reaching for up to 12 weeks, Barr et al.
found increased immunoreactive (ED1+) mononuclear cells and osteoclasts on the
periosteal surfaces of multiple upper limb bones between 3 and 6 weeks (Barr et al.,
2003). Barbe et al. reported increased in IL-1α, IL-1β, IL-10 and TNFα in distal upper
limb bones in week 8 (Barbe et al., 2008). The presence of mononuclear cells and bone
resorption-inducing cytokines is indicative of inflammation and osteolysis of periosteal
bone tissue, and suggests that pathological overloading with insufficient recovery periods
may lead to biomechanical incompetence of bone. Two studies by Rani et al., using the
same model of repetitive reaching, found increased periostin like factor and periostin not
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only in distal forelimb bones and cartilage, but also in distal forelimb muscle and tendon
(Rani et al., 2009a,b). Rani et al. (2009b) also reported reduced epiphyseal plate total
height and reduced cortical thickness in the distal radius and ulna.
A small number of studies have reported the effects of repetitive mechanical loading on
bone (Mosley & Lanyon, 1998; Turner et al., 1994). Turner et al. exposed rat tibias to
low repetition excessive loading, with or without bending for 12 days and found
increased woven bone at periosteal surfaces. At loads greater than 40 N of bending force,
adaptations included increased lamellar bone formation (Turner et al., 1994). Mosley and
Lanyon exposed rat ulnas to axial loads over 2 weeks, and found bone remodeling,
reduced ulna length and increased new bone volume (Mosley & Lanyon, 1998).
In summary, repetitive task performance or repetitive mechanical loading of bone
leads to a complex osteogenic response. Depending on the magnitude of exposure, the
response may be adaptive or pathological. Further study is needed in animal models and
in humans with MSDs to clarify the pathophysiological changes in bone. In particular,
the exposure threshold for determining whether bone changes are adaptive or
pathological needs to be elucidated.
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Table 1-4. Summary of Animal Studies Exploring Bone Changes in Response to
Repetitive Motion
Reference
Barbe et al.
2008

Model / Tissue
Rat
Forelimb flexor
muscle, tendon
and loose
connective tissue
Serum

Exposure
High repetition
negligible force or
low repetition
negligible force
reaching and
grasping
2 hrs/day
3 days/week
6-8 weeks

Key findings
Week 8: high repetition
group with increased IL1α, IL-1β, IL-10, and
TNFα in distal forelimb
bones

Barr et al.
2003

Rat
Radius, ulna,
humerus, scapula

High repetition
negligible force
reaching and
grasping
2 hrs/day
3 days/ week
0-12 weeks

3-6 weeks: increased
immunoreactive (ED1+)
mononuclear cells and
osteoclasts on periosteal
surfaces of distal radius
and ulna;
4-6 weeks: increased
ED1+ mononuclear cells
and osteoclasts on
periosteal surfaces of
humerus and scapula

Bourrin et al.
1994

Rat
Tibia

Treadmill running
105 min/day @ 80%
VO2 max
11 weeks

Trabecular bone
adaptation; decreased
bone volume, bone
mineral density, osteoid
thickness, and
longitudinal tibial growth

Bourrin et al.
1995

Rat
Tibia

Treadmill running
90 min/day @ 60%
VO2 max
3-5 weeks

3-4 weeks: decreased
serum calcium, decreased
bone resorption,
trabecular bone
adaptation
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Elliott et al.
2008

Rat

Low repetitionnegligible force
reaching and
grasping
2hrs/day
3 days/week
12 weeks

12 weeks: increased
ED1+ macrophages and
mononucleated cells on
periosteal-bone interface
of distal radius and ulna

Forwood &
Parker
1991

Rat
Tibia

Treadmill running
2.3 hrs/day
5 or 10 days

Decreased stiffness,
increased twist angle,
changes in appositional
growth

Mosekilde et al.
1994

Rat
Femur, vertebrae

Treadmill training
2km/day
5 days/week
4-10 months

Increased femoral crosssectional area, decreased
bone resorption, site
specific increases in bone
mass and strength

Rani et al.
2009b

Rat, distal radius
and ulna

High repetition high
force reaching and
grasping
2 hrs/day
3 days/ week
0-12 weeks

Increased PLF in
diaphysis periosteum in
3-8 weeks; increased
PLF in radial and ulnar
metaphyses in 3-8 weeks,
increased PLF in ulnar
articular cartilage in 3
and 6 weeks; increased
PLF in radial articular
cartilage in 3-8 weeks;
increased serum
osteocalcin in 6 weeks,
increased periostin in
periosteum, osteoblasts
and osteocytes at all time
points, reduced
epiphyseal plate total
height in weeks 8 and 12
in radius, week 12 in
ulna; decreased cortical
thickness in weeks 8 and
12 in radius and weeks 3,
8 and 12 in ulna.
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Revel et al.
1992

Rat
Vertebral end
plates

Repetitive passive
motion of the tail
2 hrs/day
2 months

Increased incidence of
disc protrusions into end
plates, end plate axial
bulges, increased
chondrocytes in adjacent
articular cartilage,
uneven growth plate
thickness

Umemura et al.
2002

Rat
Tibia, femur

Repetitive jumping
8 weeks

Increased bone mass,
cortical area, and
maximum breaking force

Table 1-4. List of Abbreviations: IL-1α, interleukin-1α; IL-1β, interleukin-1β; IL-10,
interleukin 10; TNFα, tumor necrosis factor-α; PLF, periostin like factor.

Nerve Pathophysiology
Patients with chronic MSDs often report residual impairments and symptoms after
apparent resolution of localized problems such as tendonitis or muscle strain. Although
part of the explanation for this may be attributed to widespread or systemic inflammation
(Carp et al., 2007; Carp et al., 2008; Elliott et al., 2008; Elliott et al., 2009b Elliott et al.,
submitted), another factor may be the changes in both peripheral nerves and the central
nervous system (CNS) that occur in response to repetitive loading, repetitive motion or
repeated nerve constriction.
A small number of animal studies have explored CNS adaptations to repetitive
movement. Elliott et al. found upregulated Substance P (SP) and its receptor, neurokinin1, in rat spinal cord dorsal horn superficial lamina after 8- 12 weeks of exposure to either
LRLF or HRNF reaching (Elliott et al., 2008; Elliott et al., 2009a). SP is a
neurotransmitter involved in the afferent transmission of pain. An increase of pain
behaviors such as decreased grip strength correlated significantly with levels of SP in
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these studies. Another study by Elliott et al. (2009b) found that exposure to moderate
repetition high force repetitive reaching led to reduced median nerve conduction velocity
in week 12, and increased SP and neurokinin-1 in weeks 6 and 12 in the dorsal horns of
cervical spinal cord segments. Again, increased SP correlated with increased pain
behaviors and nerve injury in this study. Other studies have also identified SP in spinal
cord dorsal horns after peripheral nerve injuries and in models of inflammatory pain
(Abbadie et al., 1996; Allen et al., 1999; Delander et al., 1997; Honor et al., 1999;
McCarson, 1999; Rothman et al., 2005).
Coq et al. (2009) reported that rats exposed to moderate repetition negligible force
reaching and grasping for 8 weeks had a dramatic disorganization of topographical
forepaw representation in the S1 somatosensory cortex, the emergence of large receptive
fields, alterations of neuronal properties, and drastic enlargement of overall forepaw map
area in the M1 primary motor cortex. Byl et al. found altered representation of hand
surfaces in cortical area 3b in owl monkeys after 12 or 20 weeks of repetitive reaching
and gripping (Byl et al., 1997; Byl et al., 1996). The exposed monkeys also had
significantly larger cortical receptive fields, with poor differentiation between locations
of digit receptive fields that are normally separated. These studies illustrate that CNS
plasticity, in the form of degradation of sensory feedback to the cerebral cortex and motor
cortex changes, can occur after exposure to repetitive tasks. The effects of cortical
changes on fine motor ability needs to be investigated in a model of repetitive reaching.
Nudo et al. found changes in intracortical mapping of the distal forelimb zone M1
in squirrel monkeys after exposure to 2 different repetitive upper limb tasks (Nudo et al.,
1996). Remple et al. found changes in the proportions of motor cortex associated with
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upper limb segments after rats were exposed to a repetitive upper limb activity that
involved strength training over 30 days (Remple et al., 2001). While the changes
reported by Nudo et al. and Remple et al. were not considered pathological, they do
illustrate the phenomenon of CNS plasticity in response to repetitive tasks.
Focal hand dystonia is a disorder of voluntary movement that interferes with fine
motor skill performance, especially during rapid, repetitive, or skilled movements
(McKenzie et al., 2003). In a study of humans with this disorder, McKenzie et al found
abnormal somatosensory representations on magnetoencephalography (McKenzie et al.,
2003). The subjects also demonstrated deficits in sensorimotor function of the hand. Byl
et al. have confirmed such somatosensory dedifferentiation in human subjects suffering
from focal hand dystonia (Byl et al., 2000; Byl et al., 2002).
A number of studies have reported the effects of repetitive motion or
compression on peripheral nerves. These studies are summarized in Table 1-3. Repetitive
tasks may create cyclic or sustained compression of peripheral nerves. In sciatic nerves of
rats and median nerves of monkeys, Mackinnon et al. found demyelination, nerve
degeneration/regeneration, degradation of the blood-nerve barrier, intraneural fibrosis and
reduced nerve conduction velocity after the nerves were mechanically compressed with
silastic tubing (Mackinnon & Dellon, 1986; Mackinnon et al., 1984). The findings of
Mackinnon et al. strongly suggest that the prolonged compression of peripheral nerves in
both rat and primate models leads to unfavorable consequences. This is clinically
relevant because WMSDs are often associated with repeated tasks or postures that may
produce cyclic or prolonged compression of peripheral nerves.
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Other studies summarized in Table 1-2 have explored the effect of repetitive
reaching on median nerve tissue and nerve conduction velocity (NCV). Two studies
using HRNF reaching in a rat model found early (5 week) increases in inflammatory
cytokines and macrophages, and later (week 10) increases of connective tissue growth
factor (CTGF), degraded myelin basic protein and reduced NCV (9% declince) in the
median nerve in the region of the carpal tunnel (Al-Shatti et al., 2005; Clark et al., 2003).
The findings suggest that early inflammation may lead to subsequent fibrosis and reduced
conduction capabilities of the median nerve. Another study from the same lab found that
HRHF reaching also resulted in reduced grip strength, reduced NCV (bilaterally) (17%
decline), cutaneous hyper and then hyposensitivity, and degraded motor performance
velocity in 12 weeks (Clark et al., 2004; Barr et al., 2004). Median nerves at the level of
the wrist showed increases in macrophages, collagen, and CTGF. A third study showed
that performance of a moderate repetition high force (MRHF) task resulted in increased
tissue macrophages, serum pro-inflammatory cytokines and cutaneous hypersensitivity
by week 6, followed by greater increases in tissue macrophages and tissue cytokines by
week 12. These latter changes were accompanied by a 15% decline in NCV and reduced
grip strength (Elliott et al., 2009b). These studies suggest that a pathway leading to the
development of carpal tunnel syndrome is exposure dependent and is related to
inflammation, which causes extraneural edema, thus compressing the nerve and leading
to fibrosis. The presence of ED1+ cells in the median nerve may have degraded myelin
and contributed to decreased NCV, although the increase in collagen deposition around
the nerve no doubt also contributed to the decreased NCV. It should be noted that
markers of inflammation and behavioral changes (to be described later) were present
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before slowing of NCV was detected. Thus, nerve injury in individuals may be present
before such injuries are detected with NCV. The illusion of normality offered by a NCV
within normal ranges may be misleading and may have unfortunate consequences if the
NCV findings prompt the worker to continue the repetitive tasks that drive inflammatory
and fibrotic processes.
In addition to establishing a causal relationship between repetitive task
performance and carpal tunnel syndrome, these studies also illustrate the exposuredependent nature of WMSDs. For example, a high force reaching task resulted in greater
declines in nerve conduction velocity and motor performance than did the negligible
force task. The clinical significance of these findings is that decreases in force without
changes in repetition may reduce the extent of median nerve injury that occurs with
repetitive tasks. Reductions in repetition might provide an additional protective benefit.
Sommerich et al. studied the effects of performance of a voluntary, moderately
forceful, repetitive pinching task in nonhuman primates (Sommerich et al., 2007). These
authors found significantly decreased median NCV in 3 out of 4 working hands after 1420 weeks, with concurrent enlargement of the affected nerves (observed via magnetic
resonance imaging). The overall decline in NCV was 25%-31% from baseline. Motor
behavioral declines were also observed. Several weeks after termination of the task, NCV
rebounded to close to baseline. The findings of this study illustrate the temporal
relationship between repetitive task exposure and pathological changes in median nerve
function, and help establish a causal relationship between manual work and the
development of carpal tunnel syndrome in humans.
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Involvement of Contralateral and Distant Sites
An intriguing finding in several of the aforementioned studies is that pathological
changes have also been found in tissues of the limb contralateral to that used for the
repetitive task, or at distant sites. The key clinical implication of these findings is that
symptoms at sites distal to the primary site of involvement in an individual with a
WMSD should be carefully evaluated. In addition, evidence of contralateral effects
provides us with a rationale to perform bilateral examinations on patients who present
with unilateral signs or symptoms of WMSDs.
In a series of studies using the repetitive reaching model, bilateral forelimb
inflammatory changes were observed, as were inflammatory changes in sites distant from
the actual grasping forepaw. These contralateral and distant site inflammatory changes
were exposure dependent in nature.
In rats performing a HRNF task, although greater increases of macrophages were
observed in median nerve, muscles, tendons and bones of the reach limb, significantly
increased numbers of macrophages were observed in these same tissues in the non-reach
forelimb (Barbe et al., 2003; Clark et al., 2003; Barr et al., 2003). Similar bilateral
increases of pro-inflammatory cytokines were also observed in forelimb muscles,
tendons, and bones in rats performing the HRNF task (Barbe et al., 2008; Coq et al.,
2009). However, inflammatory cytokine levels were higher in reach forelimb muscles
than non-reach forelimb, but higher the non-reach forelimb tendons than reach forelimb
tendons (Barbe et al., 2008; Coq et al., 2009). In contrast to the HRNF task, no significant
cytokines increases were observed in tissues of rats performing a lower demand low
repetition negligible force (LRNF) task (Barbe et al., 2008). A recent study of rats

36

performing a HRHF task shows a figure indicating that the contralateral nonreach limb is
used as a support limb during performance of these tasks (Fedorczyk et al., 2009). By
week 12 in rats performing the HRHF task, inflammatory cytokines and cells are equally
elevated bilaterally in forelimb tendons and nerves (Fedorczyk et al., 2009; Clark et al.,
2004). Combined, these results indicate bilateral use of limbs in performance of this
repetitive task, with greater responses in tissues collected from animals performing higher
demand tasks than lower demand tasks. As to changes in tissues at distant sites from the
grasping or supporting forelimbs, two studies to date using this model show increased
macrophages and activated osteoclasts in forelimb extensor, brachial, shoulder, and
hindlimb musculoskeletal tissues (Barbe et al., 2003; Barr et al., 2003). The observed
macrophage/osteoclast increases were greater at distal sites than proximal upper
extremity sites, suggestive of a greater macrophage response at sites of higher
involvement. However, there are several studies/cases in humans and animals indicating
that the supraspinatus tendon undergoes degenerative changes with or without pain with
repetitive tasks (Archambault et al., 2007; Carpenter et al., 1998; Cohen & Williams,
1998; Kelly et al., 2004; Perry et al., 1996; Rizio & Uribe, 2001; Soslowsky et al., 2000;
Soslowsky et al., 2002). Based on this, a closer examination of supraspinatus tendons in
this model is warranted since it may be a site with nearly equal involvement as several
distant forelimb regions.
The increased number of macrophages in hindlimb musculoskeletal tissues is a bit
baffling since they are not used to perform an upper extremity task. One possibility is that
the hindlimbs are also used for postural support in these repetitive tasks. Examination of
serum for inflammatory cytokines has been performed in several studies using this

37

reaching and grasping model. In each, one or more pro-inflammatory cytokines increase
in serum in an exposure dependent manner, with HRHF > HRNF > MRHF > LFLF
(Barbe et al., 2008; Barr et al., 2003; Elliott et al., 2009b; HRHF data unpublished to
date, personal communication from Drs. Barbe and Barr). These results are suggestive of
a widespread systemic inflammatory response induced by repetitive injury and the
chronicity of task performance. However, only examination of tail tissues, a body region
not used to perform the task or for postural support will fully elucidate the hindlimb
tissue inflammatory response as systemic or postural in nature.
Thus, pathophysiological findings at contralateral and distal sites may be related
to incidental overuse of the contralateral limb or widespread /systemic inflammation or
both. In human studies, increases in serum markers of cell stress or inflammation in
patients with carpal tunnel syndrome or upper extremity MSDs have been reported
(Barbe & Barr, 2006; Carp et al., 2008; Freeland et al., 2002). Clays et al. found elevated
plasma fibrinogen in subjects with low levels of job control, thus linking perceived job
stress with chronic inflammation (Clays et al., 2005). Recently, increases in circulating
inflammatory cytokines in the serum of subjects with MSDs due to overuse have been
reported (Carp et al., 2007). Carp et al. also found that upregulated levels of serum
TNFα, IL-1β and IL-6, and C-reactive protein (CRP) correlated with the severity of
upper extremity MSDs of 12 weeks or less duration (Carp et al., 2007). This study
provides evidence that inflammation exists in humans with MSDs of relatively recent
onset. As described earlier, several animal studies have also identified upregulation of
pro-inflammatory cytokines after exposure to repetitive tasks. (Barbe et al. 2003; Barbe et
al. 2008; Elliott et al., submitted). Because the inflammatory cytokines were found in
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serum, it suggests that the inflammation associated with WMSDs may be widespread or
systemic. This may help explain the phenomenon of “sick worker syndrome”, in which
individuals with MSDs may report bilateral or multi-region symptoms, including fever,
weakness, listlessness, hyperalgesia, allodynia, decreased social interaction, somnolence,
decreased sexual activity, and anorexia (Capuron & Dantzer, 2003; Dantzer, 2004;
Wieseler-Frank et al., 2005). Circulating cytokines may also be involved in the etiology
of depression and other mood disorders (Capuron & Dantzer, 2003; Dantzer et al., 2002).
Elliott et al. (submitted) have found multiple indicators of psychosocial behavioral
decline along with the presence of pro-inflammatory serum cytokines in rats exposed to
repetitive reaching and grasping. The possible depressive effect of circulating proinflammatory cytokines has implications for the clinical management of patients with
chronic WMSDs.
Motor Behavior Changes
A summary of animal studies exploring the effects of repetitive motion on
behavior and motor performance is provided in Table 1-4. One study (Messner et al.,
1999) reported changes in gait while several others (Barbe et al., 2003; Barbe et al.,
2008; Byl et al., 1997; Byl et al., 1996; Clark et al., 2004; Clark et al., 2003; Coq et al.,
2009; Elliott et al., 2008; Fedorczyk et al., 2009; Kietrys et al., 2008; Messner et al.,
1999; Sommerich et al., 2007; Topp & Byl, 1999) have noted changes in upper limb
motor patterns, function, or grip strength. Degradation of movement and/or impaired
function can stem from CNS reorganization, injury, or tissue reorganization via pathways
that will be described in greater detail in the following section of this chapter.
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Two studies that found central neuroplasticity (described in the previous section)
also reported behavioral changes in monkeys exposed to repetitive hand tasks (Byl et al.,
1997; Byl, et al., 1996). In one study (Byl et al., 1996), monkeys’ performance accuracy
declined and they demonstrated difficulty removing their hands from the hand-piece used
for the gripping activity. One monkey demonstrated reluctance to grip and attended to its
hand via licking or thumb sucking, suggesting that a tendonitis had developed. After a
week of rest, the monkey reduced its attention to the hand and resumed the gripping task,
albeit at a reduced rate. The other monkey also demonstrated difficulty with grip contact
toward the end of the training period. One monkey shifted to use of its non-dominant
hand when retrieving food or small objects. Both monkeys showed a decline in
performance efficiency with food retrieval tasks at the end of training. Degradations in
somatosensory cortex representations or pain may have played a role in the emergence of
the observed motor changes.
In related work (Byl et al., 1997), monkeys trained to perform repetitive gripping
over 20 weeks demonstrated behavioral changes. One monkey consistently utilized a
highly articulated hand squeezing strategy, while the other switched to a proximal armpulling strategy. The monkey that utilized a hand squeezing strategy demonstrated a 60%
decline in speed of task performance and a significant decline in food-retrieval efficiency.
Primary sensory cortex degradation was observed in the animal that used a hand
squeezing strategy, while only mild degradation was observed in the animal that used an
arm-pulling strategy. It is possible that the arm-pulling strategy might lead to decrements
in behavior if continued over a longer period of time. Adverse changes in the
somatosensory cortex are believed to influence motor behavior via projections to
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supplemental cortical areas, premotor cortex, and the subcortical putamen (Byl et al.,
1997). Such cortical changes help explain why symptoms of dystonia persist in some
individuals even after resolution of pain or after the repetitive motion is stopped (Byl et
al., 1997).
Topp and Byl reported movement dysfunction in 2 monkeys who trained with a
repetitive motor task (Topp & Byl, 1999). One exhibited difficulty gripping after 5 weeks
of training, the other after 24 weeks. Both demonstrated significantly decreased
efficiency and quality of movement. The monkey that demonstrated movement
dysfunction after only 5 weeks of training was found to have structural differences and
histological abnormalities in the flexor sublimis tendons. This suggests that
biomechanical restrictions may be an additional risk factor for the development of focal
dystonia. Such abnormalities may lead to compensatory movement patterns that may
further contribute to loss of efficiency and adverse muscle tension (Topp & Byl, 1999).
Barbe et al. found that HRNF reaching in rats leads to impaired motor
performance (Barbe et al., 2003). The emergence of declines in reach rate and task
duration represented avoidance of the reaching activity. “Scooping” (an abnormal
movement pattern) was observed to occur with greatest frequency in week 5. Another
abnormal movement pattern, “raking”, continued to increase after week 5. This behavior
was observed in all animals by weeks 7 and 8, indicating a persistent loss of motor
control. Tissue injury, inflammation and/or pain may have contributed to the motor
degradation. The tissue changes reported in this study are described earlier in this
chapter. Clark et al. elaborated on the motor degradation previously reported by Barbe et
al., for weeks 8-11 (Clark et al., 2003). All animals continued to demonstrate raking
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behavior through week 11. This increase in raking may explain the decline in reach rate
in weeks 9-11. Subsequent work in the same lab exposed rats to high repetition, high
force tasks over 12 weeks (Clark et al., 2004). Compared to earlier work with high
repetition, negligible force, the high repetition, high force task led to greater declines in
task duration and reach rate. Thus, addition of the risk factor of high force led to more
marked adverse changes, supporting the concept of exposure-dependency. These studies
support a causal relationship between repetitive motion and the onset of motor behavioral
deficits and carpal tunnel syndrome in a rat model. However, the full extent of motor
behavior declines was not examined in these studies, and is a key focus of this
dissertation.
In humans, workplace exposure to vibration has been associated with reduced grip
force (Farkkila,1978) and difficulty in performance of daily activities (Cederlund et al.,
2001). Sande et al. found decreased maximum prehension strength in female industrial
workers who had upper limb musculoskeletal disorders (Sande et al., 2001). Fry et al.
found incoordination and decreased motor control in pianists with painful overuse
syndrome compared to skill-matched pianists with no history of overuse (Fry et al.,
1998). The authors suggest that abnormal afferent input, including pain, might have
influenced motor commands at the level of the spinal cord and brain. In addition, muscle
histological changes might have existed in these individuals and could have contributed
to difficulty in controlling fine movements of the hand. In another human study, subjects
diagnosed with writer’s cramp were found to have impaired force regulation ability
during precision grip tasks (Odergren et al., 1996). A study by Byl et al. compared
healthy controls, healthy musicians, and aged-matched musicians with tendinitis or focal

42

hand dystonia (Byl et al., 1996). The musicians with tendinitis performed worse on a test
of kinesthesia, while the musicians with focal hand dystonia performed worse on
graphesthesia and manual form perception. Sensorimotor deficits were also found in
patients with focal hand dystonia by McKenzie et al. (2003).
In summary, WMSD related behavioral changes have been observed in both
animal models and humans. Animal study findings have shown that sensorimotor
behavioral changes correspond to injury, inflammation and tissue degeneration in an
exposure-dependent manner. Progressive degradation of tissues and thus motor function
may occur when the threshold of exposure exceeds a certain level. Global declines in
function suggest an inflammation mediated sickness response (related to circulating
cytokines) or CNS reorganization has occurred. However, there are still gaps in the
literature. It is yet unknown if declines in motor function and agility are linked to
peripheral tissue injury, to CNS reorganization, or both. The effects of adding additional
risk factors into the equation, such as advanced age, are also topics of current
investigation and controversy.

Conceptual Framework of WMSDs
Figure 1-2 is a schematic diagram showing the 3 primary pathways that lead to
MSDs. A growing body of literature, reviewed in prior sections of this chapter, provides
evidence in support of the pathways illustrated in Figure 1-2. Through these
pathophysiologic pathways, which may occur simultaneously, the performance of
repetitive and/or forceful tasks can lead to chronic symptoms, functional loss, and
disability. Appreciation of these pathways can help the clinician understand the complex
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nature of chronic WMSDs. Clearly, if effective intervention strategies are not
implemented at appropriate time points, chronic symptoms and long-term disability can
emerge in patients diagnosed with a WMSD.
A description of each of the 3 pathways is provided with Figure 1-2. As
illustrated by the numerous connecting arrows, many interrelationships between
components of this framework exist. For example, musculoskeletal tissue injury may be
directly caused by microtrauma, or by the tissue reorganization or CNS reorganization
that occurs with repetitive tasks. Once the tissue injury stimulates inflammatory
pathways, fibrosis or degeneration can result if the exposure to microtraumatic events is
continued. Fibrotic tissue or degenerated tissue may not adequately meet the functional
demands of the musculoskeletal system, and thus additional musculoskeletal injuries may
develop. The subsequent exacerbation of acute, chronic and/or systemic inflammation
then creates a vicious cycle between musculoskeletal tissue injury, fibrosis, and
degenerative changes. Chronic and systemic inflammation can also influence CNS
organization which may contribute to sickness behavior or widespread symptoms
including chronic pain. Thus, the pain associated with chronic MSDs may be poorly
localized and not clearly associated with a specific musculoskeletal tissue. Further
scientific exploration and discussion of the interrelationships of the variables in this
model of MSD will continue to help inform the conceptual framework.
Sensorimotor behavioral declines, loss of function and disability seen in patients
with chronic MSD can be attributed to one or more of the 3 interconnected pathways
described above. The circulating cytokines associated with systemic inflammation can
also lead to sickness behavior, depression and anxiety, any of which can further
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compound the disability associated with chronic MSD. Once disability is established, it
may drive further behavioral decline, particularly if psychosocial or socioeconomic
forces are a factor. The acknowledgement of these pathways and their interrelationships
is important in the understanding of chronic symptoms and disability in some patients
with MSD. Too often, repetitive motion injuries and their symptoms are attributed only to
acute and local inflammation, which is expected to resolve in a matter of weeks. Thus,
when a patient continues to present with symptoms and disability after the expected
healing time for an acute soft tissue injury, providers without a full understanding of
pathophysiological mechanisms may inappropriately classify the patient as a symptom
magnifier or malingerer, or may misinterpret the persistent or unusual signs and
symptoms. For example, systemic inflammation and CNS reorganization may lead to
symptoms or impairments in body areas not directly associated with the repetitive
motion, or in multiple body systems. Providers should be cautious not to dismiss
nonspecific pain syndromes or widespread symptoms that are sometimes present in
patients with chronic MSDs.
Whether or not work-related tasks trigger any of the described pathways in Figure
1-2 is in part determined by exposure factors. Most studies incorporating repetitive tasks
as the independent variable have used exposure frequencies of 3-5 times per week with
various adverse effects described in earlier sections of this paper. Further study of
exposure factors and further elucidation of the exposure-response is needed to develop
sound ergonomic recommendations for jobs involving repetitive and/or forceful
movements or postures.
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Figure 1-2. Conceptual Model of Three Primary Pathways Hypothesized to Lead to
Work-related Musculoskeletal Disorders Caused by Repetitive and/or Forceful Tasks.
Tissue Injury Pathway. Frequent exposure to repetitive and/or forceful tasks can lead to
cumulative microtrauma and/or overexertion and subsequent tissue injury. Injury leads to
activation of an acute inflammatory response. Normally, the inflammatory response is the
first step in the process of healing. However, overuse, or the continued performance of
repetitive and/or forceful tasks, hinders the normal healing process and causes
inflammation to become chronic. The immune cell activity associated with chronic
inflammation can cause secondary tissue injury, ultimately leading to scarring or fibrosis.
Fibrosis leads to reduced tissue tolerance and biomechanical compromise. Fibrotic or
biomechanically compromised tissue can lead to persistence of chronic pain, loss of
function, and disability. Pathological tissue is more vulnerable to reinjury; it may have
inadequate structure and function to withstand otherwise tolerable loads and forces.
Tissue Reorganization Pathway. The task itself, or the injury that results, can lead to
tissue reorganization, which may involve soft tissues (muscle, tendon, connective tissue),
peripheral nerve, and bone. Multiple examples of such tissue reorganization are reviewed
in this chapter. Tissue reorganization may be adaptive if the task threshold, above which
injury occurs, is not exceeded. If the tasks exceed the threshold of tolerable levels of
repetition and/or force, or if injury occurs, pathological remodeling is likely to follow,
especially if the repetitive task is continued after the initial inflammatory response. Such
pathologic remodeling reduces the biomechanical tolerance of the tissue, subsequently
increasing its susceptibility to further injury, inflammation, and/or further pathological
remodeling.
CNS Reorganization Pathway. Brain and spinal cord neurons can be reorganized by the
task itself, the resulting injury, or chronic or systemic inflammation. Alterations in
46

sensory-motor pathways can be maladaptive and contribute to weakness, clumsiness,
dystonia, and sensory impairments. Adverse changes in the somatosensory cortex are
believed to influence motor behavior via projections to supplemental cortical areas,
premotor cortex, and the subcortical putamen. The sensory and motor impairments can
contribute to functional limitations and disability. Inefficient or abnormal movement
patterns may predispose the worker to exacerbation of the injury or new injuries. In
patients with chronic MSD, activation of this pathway may help explain why some
patients do not respond quickly to interventions that are delivered to local tissue such as a
specific muscle or tendon. CNS plasticity, an established factor in the pathogenesis of
MSD, also helps explain why some patients demonstrate persisting movement disorders
after apparent resolution of acute inflammation and pain. In the context of MSD, it
appears that cortical degradation has adverse neurobehavioral consequences.
Interrelationships between the 3 pathways are discussed in the text of this chapter.
[adapted from Barbe & Barr. Inflammation and the pathophysiology of work-related
musculoskeletal disorders. Brain, Behavior, and Immunity 2006;20:423-429. © Elsevier
Inc. All rights reserved.]

Summary and Specific Aims
47

Understanding of the pathophysiology of MSDs is an area of ongoing study.
There is abundant evidence that forceful and/or repetitive tasks can lead to tissue injury,
tissue reorganization, and/or CNS reorganization. Any of these pathways can lead to
chronic disability if causal factors are perpetuated or if appropriate interventions are not
implemented. Repeated microtrauma to previously injured tissues prevents normal
healing and reconstitution of structure and physiology.
There is also abundant evidence of an exposure response relationship between
workplace risk factors (such as force and repetition) and the severity of MSDs, with
higher levels of exposure leading to greater pathology. Tissue injury and/or
reorganization can occur in multiple tissues including muscle, tendon, loose connective
tissue, peripheral nerve, and/or bone. Tissue injury elicits an inflammatory response,
which may be acute, chronic and/or systemic. Systemic inflammation can cause
widespread symptoms.Studies using animal models or biopsies from patients with
WMSDs show that tissue reorganization is typically pathophysiological (e.g.
degenerative). Compromised tissues have reduced tolerance for exposure to repetitive
and/or forceful tasks and maybe more vulnerable to re-injury, thus perpetuating a vicious
cycle of injury, pain, and disability.
Awareness of the pathophysiological processes involved with WMSDs can
facilitate development of effective intervention and prevention strategies. The chapters to
follow describe new studies that have been conducted to help further elucidate the
pathophysiological mechanisms and behavioral effects of exposure to repetitive motion.
In Chapter 2, the specific aim was to examine if declines in motor function are
induced in young adult rats performing of a LRLF task. We hypothesized that
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performance of even a low demand repetitive task for an extended length of time would
be associated with declines in motor function, especially in light of low but significantly
increased macrophages in forelimb tissue of LRNF rats (Barbe et al., 2008).
In Chapter 3, there were 2 specific aims. The first aim was to examine the
induction of reach performance changes over time in the upper limbs of young adult rats
with performance of either a high repetition, low force handle pulling task (HRLF) at
15% maximum pulling force (MPF) or a high repetition, negligible force pellet retrieval
task (HRNF; <5% MPF) over 9 weeks of exposure. We hypothesized that over time, rats
exposed to either task would demonstrate similar reach performance behavioral declines.
Specifically, we examined rats for declines in task duration, reach rate, reach phase time,
grasp phase time, movement reversals and percent success, each of which are voluntary
motor outcomes. The second aim was to examine the induction of reflexive grip strength
declines in young adult rats performing the HRLF handle pulling task or the HRNF food
retrieval task over 9 weeks of exposure, compared to controls. We hypothesized that rats
exposed to either task would demonstrate similar declines in reflexive grip strength
compared to controls.
In Chapter 4, the specific aim was to examine the induction of inflammation,
injury, and degenerative changes in young adult rat supraspinatus tendon with
performance of the HRLF task over 12 weeks, compared to controls. Since supraspinatus
tendons are known to show degenerative changes in human and animals with overuse
(Archambault et al., 2007; Carpenter et al., 1998; Cohen & Williams, 1998; Kelly et al.,
2004; Perry et al., 1996; Rizio & Uribe, 2001; Soslowsky et al., 2000; Soslowsky et al.,
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2002), we hypothesized that exposed rat supraspinatus tendon would have increased
macrophages and signs of injury and degeneration, compared to controls.
In Chapter 5, there were 3 specific aims, each related to examining the effect of
advanced age on RMIs. The first aim was to examine the induction of injury and
inflammation with performance of a HRLF task in aged rat (15 months of age at onset of
experiments) supraspinatus tendons and forelimb flexor tendons over 12 weeks of
exposure, compared to age-matched controls. We hypothesized that the supraspinatus
tendons and flexor digitorum tendons of aged HRLF rats will have increased
macrophages and pro-inflammatory cytokines compared to age-matched controls as well
as increased signs of injury / degeneration (as evidenced by cellularity, tenocyte
shape/size, vascularity, and collagen organization). The second aim was to examine the
induction of reach performance changes over time in these same aged rats. We
hypothesized that over time, aged HRLF rats would demonstrate progressive declines in
reach performance variables including task duration, reach rate, grasp time, and percent
success. Our third aim was to examine the induction of reflexive grip strength changes in
these same rats. We hypothesized that aged HRLF rats will demonstrate greater declines
in grip strength compared to age-matched controls.
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CHAPTER 2
DECLINES IN FINE MOTOR CONTROL ARE INDUCED IN A
MODEL OF REPETITIVE MOTION INJURY WITH
LOW REPETITION AND LOW FORCE EXPOSURE*
*Extracted from previously published work in which Kietrys DM contributed behavioral
data: Elliott, M.B., Barr, A.E., Kietrys, D.M., Al-Shatti, T., Amin, M., & Barbe, M.F.
(2008) Peripheral neuritis and increased spinal cord neurochemicals are induced in a
model of repetitive motion injury with low force and repetition exposure. Brain Research
1218; 103-133.
Introduction
Performance of repetitive, forceful, or awkward movements over time may lead to
repetitive motion injuries (RMIs), also known as overuse injuries and work-related
musculoskeletal disorders. These disorders include sprains and strains, back pain, carpal
tunnel syndrome, and diseases/disorders of the musculoskeletal, neural or connective
tissues that develop in response to bending, reaching, overexertion or repetitive
movements (U.S. Department of Labor, 2005). The National Occupational Research
Agenda (Marraset al., 2009) stresses the importance of identification of risk factors,
understanding the exposure dependent nature of work-related musculoskeletal disorders
(MSDs), and identification of strategies to reduce the incidence and severity of MSDs, as
MSDs are among the costliest health problems in society today (National Research
Council, 2001).
More than 5 hours a week of productive time are lost in workers due to common
pain conditions such as back pain, arthritis, and musculoskeletal pain, costing an
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estimated $61.2 billion annually (Stewart et al., 2003). Epidemiological evidence
confirms the close relationship between exposures to repetitive and/or forceful motion
and the prevalence and incidence of these disorders (Bernard, 1997; National Research
Council, 2001). Several researchers have attempted to establish criteria for maximum
acceptable forces and movements for work tasks based on psychosocial outcomes (Barr
& Barbe, 2002). Silverstein et al. (1986) performed job analyses of industrial workers
and defined high repetition rate as less than 30s/cycle and low repetition rate as greater
than 30s/cycle. Using these criteria, several animal models have been developed to
simulate RMI (Nakama et al., 2005; Sommerich et al., 2007; Soslowsky et al., 1996;
Willems & Stauber, 1999).
Our laboratory has developed a rat model of RMI that leads to exposuredependent pathophysiological and motor behavioral changes similar to chronic median
nerve compression or carpal tunnel syndrome after performance of a voluntary, highly
repetitive upper extremity task with negligible or high force (Clark et al., 2003; Clark et
al., 2004). Nerve fibrosis and motor dysfunction resulting from performing high
repetition, high force tasks were clearly greater than responses to a high repetition task
with negligible force (Clark et al., 2004). In addition, our model induces inflammatory
responses in forearm nerve and musculoskeletal tissues (Al-Shatti, et al., 2005; Barbe et
al., 2003; Barbe et al., 2008; Barr & Barbe, 2004; Clark et al., 2004; Clark et al., 2003).
For example, performance of a high repetition, negligible force task (HRNF) resulted in
increased ED1 positive macrophages and cells immunopositive for pro-inflammatory
cytokines (IL1-α, IL1-β, TNF-α, and IL6) in the median nerve (Al-Shatti et al., 2005;
Clark et al., 2003). Performance of a high repetition high force (HRHF) task led to
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increased levels of inflammatory cytokines and an influx of macrophages and
neutrophils, as well as fibrotic histopathological changes (Fedorczyk et al., 2009). A
number of other investigations have found pathological changes following repetitive
motion tasks, including necrotic muscle fibers with inflammatory cell infiltrates and
tendinopathy (Baker et al., 2007; Geronilla et al., 2003; Nakama et al., 2005; Nakama et
al., 2007; Perry et al., 2005; Stauber & Willems, 2002). For example, using a 16-week
overuse injury model, Soslowsky and colleagues showed temporal fluctuations of
inflammatory markers in tendon (Perry et al., 2005). After 8 weeks of intensive treadmill
running by rats, there was a significant but transient increase in tendon cyclooxygenase-2
(Perry et al., 2005). No studies of RMIs prior to Elliott et al. (2008) have examined
whether these peripheral tissue injury and inflammatory changes are associated with
altered neurochemical changes in the spinal cord.
Numerous studies have found that Substance P (SP) and its receptor, neurokinin-1
(NK-1), are significantly elevated in the spinal cord dorsal horns after peripheral nerve
injuries, such as nerve ligation and chronic compression, and in models of peripheral
inflammatory pain (Abbadie et al., 1996; Allen et al., 1999; Delander et al., 1997; Honor
et al., 1999; Honore et al., 2000; McCarson, 1999; Rothman et al., 2005). Since the
neurochemical response of the spinal cord to peripheral neuroinflammation has not been
studied in a model of RMI, Elliott et al. (2008) studied the effects of a low repetition task
with negligible force (LRNF) performed for 3 months. Results showed that continued
performance of a low demand repetitive task produced a mild peripheral nerve and bone
inflammatory response, and increased immunoexpression of spinal cord neurochemicals
involved in nociception. Collectively, these changes occurred in the later weeks of task

53

performance. The increase in nerve and distal bone inflammation correlated with
increased NK-1 expression in the superficial lamina of spinal cord dorsal horns, as did
TNF-α positive cells in the median nerve. Substance P (SP) increases in the dorsal horn
superficial lamina correlated only with bone inflammatory cell increases. The timing of
both SP and NK-1 in the spinal cord was also associated with the ability of rats to
accurately and efficiently retrieve food pellets during a reach. Compared to previous
studies from our laboratory examining the effects of performing a high repetition
negligible force (HRNF) task in which rats had a mean reach rate of 8 reaches/minute, the
LRNF rats in Elliott et al. (2008) had a lower mean reach rate, by experimental design, of
only 3.3 reaches/minute. As a result of this lower reach rate, the LRNF rats examined
here have 17% fewer inflammatory cells in the median nerve in week 12 than rats
performing a HRNF task (Clark et al., 2003), and a 2 week delay of macrophage
infiltration into the nerve, which peaked in week 8 in HRNF rats. The number of TNF-α
positive cells in LRNF rat median nerves was also fewer and later than in HRNF rats (AlShatti et al., 2005). The LRNF task did not induce macrophage infiltration of tendons, in
contrast to our previous findings in HRNF rats (Barbe et al., 2003). In Barbe et al.
(2003), ED1 macrophage infiltration of tendon and tendon sheaths increased significantly
after 3 weeks of the HRNF task (1.4 fold increase compared to this study), an increase
that persisted for the length of that study (8 weeks). Lastly, the increase in ED1 positive
mononucleated cells was lower and later in distal forelimb bones with the LRNF task
than the HRNF task (Barr et al., 2003). Thus, the findings of Elliott et al. (2008) show a
cellular inflammatory response in peripheral tissues of LRNF rats that is lower overall
than that induced by a HRNF task, and at a later time point, supporting the hypothesis of

54

exposure dependent tissue changes. Prior studies of HRNF rats have shown that potential
cellular sources of increased production of several pro-inflammatory cytokines include
intraneural ED1 positive macrophages, nerve fibroblasts, and Schwann cells (Al-Shatti et
al., 2005). While Elliott et al. (2008) did not use co-localization techniques in this study
to determine if the intraneural TNF-α expressing cells are macrophages, they observed
associated increases of both in week 12. The significant findings from Elliott et al.’s
study (2008) of repetitive motion injury are that spinal cord neurochemical changes were
associated with increased peripheral nerve and bone phagocytic cell and inflammatory
cytokine increases. These findings support the collective works by Woolf, which have
shown that peripheral inflammation leads to increased membrane excitability and
synaptic efficiency in the spinal cord dorsal horn (Woolf & Salter, 2000). In agreement,
several other investigators have shown that spinal cord levels of SP and NK-1 are
significantly increased using various models of peripheral inflammation (Abbadie et al.,
1996; Allen et al., 1999; Honor et al., 1999; McCarson, 1999). However, Elliott et al.
(2008) was the first to show an association between peripheral nerve inflammatory
markers and neurochemical changes in the spinal cord in a model of repetitive motion
injury. In Elliott et al. (2008), the increase of SP in the spinal cord superficial lamina in
week 8 preceded significant increases in inflammatory/phagocytic cells and TNF-α in
nerve and bone in week 12. There may be other inflammatory markers or
neuromodulators that are associated with the week 8 increase in SP. However, Elliott et
al.’s observed peripheral inflammatory increases matched temporally with elevated spinal
cord superficial laminae levels of NK-1. The prolonged increase in NK-1 is suggestive of
a long-lasting neuronal plasticity in the spinal cord that persists despite the decrease in SP
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by week 12. Substance P and its receptor, NK-1, have been proposed to contribute to
central sensitization (Abbadie et al., 1996; Ji et al., 2003). Past research on central
sensitization has shown changes to occur in the spinal cord and brain following noxious
stimuli, peripheral inflammation, and nerve injury in which changes in neurotransmitter
release and action are an integral part of this phenomenon (Woolf, 2007).
In additional to these inflammatory and neurochemical responses, Elliott et al.
(2008) also explored the effects of the task on motor function. The motor components of
Elliott et al. (2008) will be presented in this chapter. We hypothesized that the observed
peripheral and central changes (described above) would be associated with a small
decline in motor function. To quantify motor function, we examined three variables of
motor performance: reach rate (ability or willingness to maintain task pace), task duration
(ability or willingness to participate), and number of extra forearm movement reversals
during a reach in order to successfully retrieve a food pellet (examines accuracy of fine
motor skills or agility).
Methods
Adult female Sprague-Dawley rats (3.5 months of age at onset of experiments) were
obtained from ACE, PA. The animals were housed in the Central Animal Facility on the
Health Sciences Campus at Temple University. Animal care and use was monitored by
the University Animal Care and Use Committee to assure compliance with the provisions
of Federal Regulations and the NIH Guide for the Care and Use of Laboratory Animals.
Repetitive Movement Task
The low repetition negligible force (LRNF) experimental rats (n=24) underwent
an initial training (shaping) in which they learned to reach for a food pellet over a 7-10
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day period as previously described in Barbe et al. (2003) and Clark et al. (2003), although
the target reach rate in this study was reduced to half that of high repetition negligible
force rats examined in those earlier studies. Experimental rats exposed to the LRNF task
(n=24) were used for behavioral data. Rats were allowed to use their preferred limb to
reach, hereafter this limb is referred to as “preferred limb”. The side used to reach was
recorded in each session using a video camera. Estrous cycles were not controlled in the
female rats in order to maintain the random selection process for designated groups by
weeks.
Rats were placed in operant test chambers for rodents (Med. Associates, VT) with
a portal located in one end (see Figure 2-1), as described in our previous studies (Barbe et
al., 2003; Barr et al., 2003; Clark et al., 2003). The task rats performed a low demand,
repetitive reaching and grasping task for a food pellet for 2 hours/day, 3 days/week for 3
(n=7), 6 (n=7), 8 (n=7) or 12 (n=3) weeks. The defined target rate of this LRNF task was
2 reaches/minute, although the rats reached above this target maintaining an average,
actual reach rate of 3.3 reaches/minute. This target reach rate was half that for HRNF rats
(target of 4 reaches/min; actual 8 reaches/min) used in our previously described high
repetition task studies (see Barbe et al., 2003; Clark et al., 2003). The daily task was
divided into four 0.5-hour training sessions separated by 1.5 hours.
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Figure 2-1. Food Retrieval Chamber. Rats reached though a portal in the
wall in order to grasp and retrieve a food pellet. Inset shows a rat’s paw
entering the portal on route to the food pellet.

Behavioral Analysis
The effects of the task on motor performance were evaluated using variables that
included reach rate (reaches/min) and task duration (hours/day) as described previously
(Barbe et al., 2003; Clark et al., 2003). Total reaches were also reported to clarify the
differences in cumulative workload for 6, 8 and 12 week groups. Total reaches were
defined as the sum of the number of reaches per week (product of reach rate, task
duration, and number of days/week) across weeks of task performance.
We also used quantitative movement pattern analysis to examine for extra arm
movement reversals made during reaching in an effort to successfully retrieve a food
pellet. A JVC CCD video camera (Model TK-C1380, 60 Hz) was used to record the
reach limb from a lateral view. A landmark on the forelimb was digitized and then
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tracked at 60Hz (X and Y coordinates). A graphic display of this landmark coordinate
was visually assessed to determine if (and how many) additional arm movement reversals
occurred during a reach sequence (See Figure 2-1C-D). Rats were videotaped for 15
minutes at the end of weeks 1, 6, 9 and 12. Each 15 minute videotape was divided into 5
equal (3 minute) segments, and the first reach sequence in each 3 minute segment that
satisfied the criteria described below was digitized using video motion analysis (VMA)
(Vicon Motus v.8.0, Vicon, Centennial, CO). The 5 representative videotaped reaches
were selected for each weekly endpoint using a systematic procedure. First, a
representative reach was defined as a reach sequence beginning with the reach paw in a
fixed position and the snout in the tube opening and ending with the consumption of a
food pellet. The start of the reach sequence was the first frame in which the forepaw
began its ascent toward the tube opening (called Begin Reach in Figure 2-1C-D). The end
of the reach sequence was the first frame in which the head moved away from the
forepaws following consumption of the food pellet (called End Reach in Figure 2-1C-D).
The pellet retrieval period was defined as the first frame in which the reach forepaw
entered the tube opening (called In Tube in Figure 2-1C-D), until the first frame in which
the reach forepaw exited the tube opening with the food pellet (called Out of Tube in
Figure 2-1C-D). The point on the forearm chosen for digitization was on the proximal
forearm segment just below the elbow joint, as this was easily visualized on the videotape
throughout the reach sequence. The number of extra elbow movement reversals (fore-aft
movements of the forelimb) made during the digitized reaches was used as an indicator of
motor dysfunction (e.g. diminished fine motor coordination) and/or discomfort.
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Statistical analyses
A mixed model ANOVA with repeated measures was used to analyze differences in
reach rate, task duration, and movement reversals by week (PRISM, GraphPad Software,
Inc., San Diego, CA).
Results
Reach rate was unchanged for the entire 12 week period of the LRNF task (Figure
2-2A). Mean reach rate (±SEM ) for weeks 1, 6, 8 and 12 was 3.3±0.3, 3.3±0.2, 3.6±0.2,
and 3.2±0.4 reaches per minute, making this a fairly low reach rate task based on the
definition by Silverstein et al. (1986) that low repetition is greater than 30 seconds/cycle.
Task duration was slightly decreased in 12 weeks although statistical significance was not
reached in this repeated measures ANOVA possibly due to a smaller number of animals
at the week 12 endpoint (n=3 at week 12) (Figure 2-2B). Total reaches, an index of the
cumulative work performed by each group, measured from the start of the LRNF task
regimen until the day of euthanasia was 2263±385.4 for week 6 rats, 3178±78.1 for 8
week rats, and 4543.2±377.7 for 12 week rats.
Using video motion analysis, we examined the number of extra movement
reversals made by rats in an effort to successfully retrieve a food pellet during a reach
(Figure 2-2C-E). A normal reach includes just one movement reversal, whereas, extra
movement reversals are considered abnormal. Figure 2-2C shows a representative reach
movement sequence in a rat performing the LRNF task in week 1. The entire reach
sequence took approximately 1.2 seconds, and the food pellet retrieval period was only
0.4 second. The rat made one extra elbow movement reversal during the food retrieval
period of this reach sequence. Figure 2-2D shows a representative reach of the same rat
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performing the task in week 8. This reach sequence took approximately 2 seconds to
complete, with the food pellet retrieval period taking approximately 1.4 seconds (1
second longer than in week 1). In week 8, this rat made 5 extra movement reversal
corrections before retrieving the food pellet (Figure 2-2D, arrows). ANOVA showed a
significant increase in the number of extra movement reversals per reach in week 8
(p<0.01; Figure 2-2E) compared to controls.
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Figure 2-2. Motor performance data in rats exposed to a LRNF reaching task for 12
weeks. A and B illustrate no significant changes in reach rate or duration over 12 weeks.
C illustrates a week 1 sample reach with 1 extra movement reversal (arrow). In week 8,
the number of movement reversals increased as seen in the sample tracing from that week
(D). Movement reversals (graph E) increased significantly in week 8 (**p<0.01)
compared to week 1. Mean per week + SEM is shown. Number of animals quantified per
group: controls (n=9), week 3 (n=7), week 6 (n=7), week 8 (n=7), and week 12 (n=3).
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Discussion
The observed increase in movement reversals in week 8 suggests a decline in fine
motor control, because these extra movement reversals occurring during a reach sequence
are corrections for missed food pellets. These increases in arm movement reversals may
be due to discomfort, changes in afferent or efferent nerve function, or both. The small
decline in voluntary task participation, measured as task duration, in week 12 is also
suggestive of discomfort. These behavioral changes occurred at similar time points as
many of the cellular and neurochemical changes reported by Elliott et al. (2008) in
experiments performed on the same animals. Experimental animals had increased ED1
macrophages in the median nerves of reach limbs in week 12. ED1 positive osteoclasts
and mononucleated cells were seen at the periostial-bone interface of the distal radius and
ulna bones in 12 weeks. TNF-α immunoreactive cells increased in the median nerve
epineurium and intra-neurally in 12 weeks. SP and NK-1 immunoexpression in the
superficial lamina of mid to lower cervical segments was increased in 8 weeks, and
upregulated NK1 levels persisted in 12 weeks. Interestingly, we observed a significant
increase in movement reversals in week 8, somewhat earlier than many of the cellular
and neurochemical changes. However, the elevation of SP in the spinal cord dorsal horn
in week 8 suggests that some combination of injury, inflammation and/or pain may help
explain the decline in motor efficiency and control in week 8. In the current study, the
experiments did not extend past 12 weeks, a time when the inflammatory, neurochemical,
and behavioral changes are just initiating. It is uncertain whether longer periods of this
LRNF task would induce greater motor deficits, increased tissue inflammation or chronic
pain.
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Conclusion
We found that persistent repetitive motion even under low force and repetition
demands induced a transient decline in motor accuracy. This decline was associated
temporally with low-grade local inflammatory cell invasion of peripheral nerve and distal
bone that correlated with nociceptive neurochemical increases in the spinal cord, as
reported by Elliott et al. (2008). As reported by Elliott et al. (2008), the increased NK-1
expression persisted even after the increased SP immunoexpression had resolved,
suggestive of a central sensitization of spinal cord neurons. Although peripheral
inflammatory responses were apparent, they were much lower in this low demand task
than in our previous studies examining the effects of high repetition tasks. This in
combination with the preservation of reach rate suggests that this low task exposure level
may allow for adequate tissue recovery and prevention of functional losses.
Understanding the role of inflammation as a mechanism of nociceptive sensitization is an
important step toward developing treatment interventions (pharmacological and
ergonomic) for chronic pain and reduced motor control experienced by some patients
with RMI, as well as the development of ergonomic preventive strategies.
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CHAPTER 3
HIGH REPETITION TASKS WITH NEGLIGIBLE OR LOW FORCE INDUCE
MOTOR BEHAVIOR DECLINES IN AN ANIMAL MODEL OF
WORK-RELATED MUSCULOSKELETAL DISORDERS

Introduction
Repetitive motion injuries (RMI) can be caused by performance of repetitive,
forceful and/or awkward movements over time. Such disorders are also referred to as
overuse injuries or work-related musculoskeletal disorders (WMSD). The U.S.
Department of Labor defines WMSDs as injuries or disorders of muscles, nerves,
tendons, joints, cartilage, or spinal discs associated with exposure to risk factors in the
workplace (U. S. Department of Labor, 2007). Sprains, strains, tears, back pain, soreness,
carpal tunnel syndrome, and other musculoskeletal diseases are examples of WMSDs
(U. S. Department of Labor, 2007). WMSDs often involve the upper extremity and
include diagnoses such as tendinopathies, nerve compression or entrapment syndromes,
vascular disorders, muscular disorders, and joint disorders, as well as regional complaints
of pain that cannot be attributed to a specific clinical diagnosis (Buckle & Devereux,
2002; Hales & Bertsche, 1992; Piligian et al., 2000; Remple et al., 2001).
Risk factors include repetition, force, awkward postures, and static postures
(Barbe & Barr, 2006; Barr, 2006; Barr & Barbe, 2002). Other known risk factors include
task organization and psychosocial factors. The relative contributions of risk factors is
known to vary depending on the nature of the MSD and the anatomical region involved
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(Rempel et al., 1992). The National Occupational Research Agenda (Marras et al., 2009)
stresses the importance of the identification of risk factors, understanding the exposure
dependent nature of WMSDs, and identification of strategies to reduce the incidence and
severity of WMSDs. WMSDs are among the costliest health problems in society today
(National Research Council, 2001). The economic toll of WMSDs is staggering, with
direct and indirect costs for work related injuries estimated at $54 billion annually for
reported cases (National Research Council, 2001).
Although some individuals or interest groups may misconstrue WMSDs as a
contemporary phenomenon, documentation of these disorders dates back to 1713, when
Ramazzini described “writer’s cramp” symptoms among scribes and notaries (Pope,
2004). Recent reviews of epidemiological research found evidence that WMSDs of the
hand and wrist have been associated with performance of repetitive and/or forceful tasks,
performance of tasks in awkward, extreme, or fixed postures, cold temperatures, and
vibration (Barr & Barbe, 2002). However, the exposure-response relationship between
repetitive tasks and WMSDs in the upper extremities has not been well defined (Barr &
Barbe, 2002; Barr, et al., 2004), and thus is an area of ongoing study. Multiple studies
suggest a strong relationship between the development of WMSDs and the interactive
effects of repetition and force (Barr & Barbe, 2002; Barr et al., 2004). Studies using
animal models have found a exposure-response relationship between injury and the force,
frequency, and duration associated with repetitive tasks (Barr et al., 2004).
Emerging evidence suggests several factors play a role in the pathophysiology of
WMSDs. Studies reviewed by Barr et al. (2004) found evidence that repetition-induced
injuries can lead to inflammation, cellular proliferation, increased production of
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connective tissue matrix components, tendon degeneration, and myopathic changes. In
addition, adverse changes in peripheral nerve and the central nervous system (CNS) have
been observed. Central neuroplasticity has been reported in monkey models of repetitive
behavioral task (Byl et al., 1997; Byl et al., 1996). In rats, Coq et al. (2009) have found
cortical disorganization of topographic forepaw representation and enlargement of
cortical map areas associated with the forepaw, as well as peripheral increases in IL-1β
and TNF-α in forearm flexor muscles and tendons. Elliot et al. (2008; 2009a,b) have
reported neurochemical changes in spinal cord tissue in rat models of repetitive motion.
Several recent studies have provided additional evidence of pathophysiological
changes in peripheral tissues. Perry et al. (2005) reported adverse changes in
supraspinatus tendon in rats after exposure to a repetitive treadmill activity of up to 16
weeks. These changes included time-specific upregulation or decline of gene expression
of specific inflammatory and angiogenic markers, suggesting a relationship between
angiogenesis and inflammation in response to rotator cuff overuse. In a similar study,
Szomor et al. (2006) reported that nitric oxide synthases isoforms were upregulated in
rotator cuff tendons after exposure to repetitive stress. Nakama et al. (2005; 2007)
reported the formation of microtears in rabbit flexor digitorum tendon, the severity of
which was dependent on the rate of repetition. Barbe et al. (2003) found widespread
tissue responses in rats exposed to voluntary forelimb reaching and grasping that
involved high repetition and negligible force (8 reaches/min at <5% maximum pulling
force) for up to 8 weeks. Morphological alterations were found at the myofiber-tendon
junction by 5 weeks. ED1-IR and ED2-IR macrophages in the palm and distal forearm
tendon, muscle, and loose connective tissue increased significantly across weeks, varied
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by tissue and limb, and showed with greatest peaks in ED1-IR macrophages in weeks 5-6
and ED2-IR macrophages in weeks 6-8. An increase in serum IL-1α in week 8 was
indicative of a systemic inflammatory response. The same exposure model (HRNF) was
found to lead to increased inflammatory cytokines and chemokines in tissues and serum
(Barbe et al., 2008). Performance of this HRNF task also induced increased ED1+
macrophages in the median nerve and related connective tissues at the level of the carpal
tunnel, myelin degeneration, increased type I collagen immunoreactivity and connective
tissue growth factor (CTGF), and increased pro-inflammatory cytokines (Al-Shatti et al.,
2005; Clark et al., 2003), as well as pathological changes in bone (Barr et al., 2003; Rani
et al., 2009b). Barr et al. (2003) found increases in ED1+ mononuclear cells and
osteoclasts in upper extremity bones after 3-6 weeks of repetitive task performance in a
rat model. Using a rat model of high repetition high force reaching and grasping over 12
weeks, Rani et al. (2009b) reported increases in periostin-like-factor in distal bones sites
in weeks 3 and 6, and increases in periostin that persisted between weeks 3 and 12. The
presence of these molecules does not occur except in the presence of chronic overload,
injury, stress or pathology. Two studies by Clark et al. (2003; 2004) found decreased
nerve conduction velocity in the median nerve after exposure to repetitive reaching in a
rat model. Immunohistochemical changes in bone resulting from repetitive reaching and
grasping were reported by Barr et al. (2003) and Rani et al. (2009b). In summary, there
is a growing amount of evidence to support the theory that peripheral injury and
inflammation, systemic inflammation, and CNS reorganization jointly contribute to the
development of chronic MSDs.
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In addition to many tissue pathophysiologcial changes, behavioral declines and
functional deficits have been reported in several studies of repetitive motion (Barbe et al.,
2003; Barr et al., 2003; Byl et al., 1997; Byl et al., 1996; Clark et al., 2004; Clark et al.,
2003; Elliott et al., 2008; Elliott et al., 2009b; Sommerich et al., 2007; Topp & Byl,
1999). Three studies (Byl et al., 1997; Byl et al., 1996; Topp & Byl, 1999) reported
disordered movement, reduced task efficiency and reduced accuracy in monkeys
following performance of a repetitive hand gripping activity for several months.
Sommerich et al. (2007) reported decreased performance as task demands increased in a
monkey model of voluntary repetitive pinching. Barbe et al. (2003; 2008) found impaired
motor performance in rats that performing the HRNF task for 8 weeks. They found
decreases in performance variables such as reach rate and task duration, both of which
reflected avoidance of activity. Abnormal movement patterns and decreased grip strength
were also observed. In related work, Clark et al. (2003) reported that reductions in reach
rate but not duration persist through 11 weeks of exposure in rats performing the HRNF
task. In a study that exposed rats to a similar reaching task with high force requirements
(HRHF), Clark et al. (2004) found that the addition of escalated force resulted in greater
declines in task duration and reach rate than found with a negligible force task (Clark et
al., 2003). Another study from the same lab (Coq et al., 2009) found that cumulative task
exposure to negligible force repetitive reaching led to declines in markers of reach
performance, grip strength and agility, and the emergence of inefficient food pellet
retrieval patterns over 8 weeks of task performance. In contrast, Elliott et al. (2008)
reported only modest declines in motor performance after 12 weeks of (LRLF) repetitive
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reaching, thus supporting the exposure-dependent nature of motor behavioral declines in
response to WMSDs.
It is likely that such changes in behavior and function may be explained by a
multifactorial model, driven by CNS reorganization, tissue injury or compression, and
tissue reorganization. Any of these pathways may lead to pain, discomfort, and/or loss of
function (Barr et al., 2004). The loss of movement skill and efficiency would contribute
to further increases in movement-induced tissue injury, thus propagating a vicious cycle
that leads to chronic disability (Barbe & Barr, 2006; Barr & Barbe, 2002). Coq et al.’s
study (2009) provided strong evidence that both peripheral inflammation and cortical
neuroplasticity concurrently contribute to the development of chronic MSDs.
The purpose of this study was to describe the motor behavior changes in response
to two different repetitive reaching tasks using our rat model of MSD, and to further
elucidate the exposure dependent nature of adverse changes that occur following
exposure to repetitive motion tasks. The repetitive upper extremity tasks required either
negligible force or low force reaching and grasping. This study used Barr and Barbe’s in
vivo, voluntary model of repetitive motion injury that simulates reaching and grasping,
with repetition and force conditions that reflect work pace demands derived from
epidemiological studies (Barr & Barbe, 2002). Our first aim was to examine changes in
several performance outcomes over time in the upper limbs of young adult rats with
performance of either a high repetition, low force lever pulling task (HRLF) at 15%
maximum pulling force (MPF) or a high repetition, negligible force pellet retrieval task
(HRNF; <5% MPF) over 9 weeks of exposure. Our null hypothesis was that over time,
rats exposed to either task will demonstrate similar reach performance behavioral
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declines, including task duration, reach rate, reach phase time, grasp phase time,
movement reversals and percent success. Reflexive grip strength changes were also
examined in the HRLF and HRNF rats. Our null hypothesis was that rats exposed to
either task will demonstrate similar declines in grip strength compared to controls.

Methods
All experiments were approved by the Temple University Institutional Animal
Care and Use Committee and were in compliance with NIH guidelines for humane care
and use of laboratory animals. Female Sprague-Dawley rats were used for this study.
The rats were housed in a central animal facility in separate cages with a 12 hour
light:dark cycle and free access to water. Animals were weighed weekly and their food
was adjusted to maintain 95% body weight of age matched controls. Estrous cycles were
not controlled in the female rats in order to maintain the random selection process for
designated groups.
Subjects
A total of 107 female 14-16 week old Sprague-Dawley rats were used in this
study. Figure 3-1 describes the numbers of subjects by group.
Negligible Force Task
Twenty-six rats completed a 7-10 day training (shaping) period for the negligible
force activity. Of these, 19 experimental rats performed the high repetition negligible
force (HRNF) reaching task over 9 weeks. Seven rats did not continue the activity after
the shaping period, and were classified as HRNF trained controls (TC). Of the 19 HRNF
rats, grip (strength) data were obtained on 15 rats, and reach behavior data were obtained
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on 16 rats. Grip data were obtained on an additional 28 age-matched normal control (NC)
rats that were chronologically matched to the HRNF animals. Grip data were also
obtained for the 7 HRNF-TC rats.
Low Force Task
Thirty-two rats completed a 4 week training (shaping) period for the low force
activity. Of these, 26 experimental rats continued to perform the high repetition low force
(HRLF) reaching task over 9 weeks. Six rats did not continue the activity after the
shaping period, and were classified as HRLF-TC. Of the 26 HRLF rats, grip (strength)
data were obtained on all 26 rats, and reach behavior data were obtained on 8 rats. Grip
data were obtained on an additional 21 aged-matched NC rats that were chronologically
matched to the HRLF animals. Grip data were also obtained for the 6 HRLF-TC rats.
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Figure 3-1. Number of Subjects per Test. Because the chronological time of the
application of the protocols varied, different groups of normal control animals, matched
chronologically to the shaped animals, were used.
Behavioral Apparatus for the High Repetition Negligible Force Task
Prior to the beginning of the experimental phase, HRNF and TC rats were trained
(shaped) to reach for food over a 7-10 day period. During this time period, rats were food
restricted for no longer than one week to no lower than 80% full body weight (as
compared to NC rats with free access to food). Once the rats began to reach freely for
food, their diet was adjusted with rat chow to maintain them within ±5% of full body
weight. When they were able to perform the negligible force reaching task (described in
detail below) consistently at no specified rate for 10-20 minutes/day, experimental rats
were begun on the HRNF task regimen at a target rate of 4 reaches/min for 2 hrs/day, 3
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days/week, for 9 weeks. The actual reach rate for animals in this group was 6.2
reaches/min, which was slightly higher than the target rate of 4 reaches/min HRNF rats
were placed in customized operant test chambers for rodents (Med. Associates,VT) with
a portal and tube located in one wall (Figure 3-2). The portal was fitted with a tube that
was 1.5 cm wide and 2.5 cm. in length, and sloped downward at a 10° angle. The
apparatus required the animal to fully elevate the shoulder and extend the elbow in order
to reach the pellet of food, as previously described (Barbe et al 03; Barr et al 03; Clark et
al 03). Purified formula food pellets (45mg; Bioserve, Frenchtown, NJ) were dispensed
(Pellet dispenser, Med. Associates) every 15 seconds during the task period. The target
rate of 4 reaches per minute was derived from Silverstein et al. (1986), who analyzed
industrial workers’ job cycles and defined high repetition as less than 30 seconds/cycle.
An auditory indicator (Stimulus clicked, Med. Associates) signaled that a pellet had been
dispensed, thereby cuing the animal to attempt a reach. The required force to retrieve the
45 mg food pellet was estimated to be <5% of maximum pulling force (MPF). After
grasping the pellet, the animal withdrew the forelimb and pellet from the tube while
simultaneously manipulating the pellet, and moved the pellet to its mouth. The task was
divided into 3 half-hour sessions separated by 1.5 hour rest periods to avoid satiation.
Rats were allowed to reach with their preferred limb, and the reach limb was recorded.
The other limb is referred to as the support limb. Most rats demonstrated a clear limb
preference. For rats that alternated or switched reach limb over the study period, the limb
that the animal used to reach most often was coded as the preferred limb. The task was
voluntary and animals self-regulated their participation. TC rats did not continue the
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HRNF task beyond the shaping period (i.e., ceased working in week 0). NC rats did not
participate in any shaping or training.

Figure 3-2 High Repetition Negligible Force (HRNF) Food Retrieval
Chamber. Rats reached into the portal to retrieve a food pellet. Inset shows
close up of rat’s paw entering the portal on route to the food pellet.

Determination of Motor Behaviors for HRNF Animals
An observer with a hand-operated counter logged the number of reaches, defined
as a movement of the forepaw beyond a line drawn 0.5 cm within the tube. Reach rate
was defined as the average number of reaches performed per minute and was calculated
on the last day of the week. Percent success (%S) was defined as the reaches resulting in
pellet retrieval divided by the total number of reaches. Task duration was defined as the
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number of hours per day the rats participated in the task and was averaged over 3 days
within each week. At the end of weeks 1 and 9, lateral view recordings at 60 Hz were
collected with a JVC Model TK-C1380 interfaced with Panasonic Desktop editor Proline,
Model AG-1980, and 5 successful representative reaches for each experimental rat at
each weekly endpoint were digitized to create 2D for-aft Cartesian trajectories of the
distal forelimb (Peak-Motus Version 8.2, Vicon-Peak). A successful representative reach
was defined as a reach sequence beginning with the reach paw in a fixed position and the
snout in the tube opening, and ending with the consumption of a food pellet. The start of
the reach sequence was the first frame in which the forepaw began its ascent toward the
tube opening. The end of the reach sequence was the first frame in which the head moved
away from the forepaws following consumption of the food pellet. This period of time
defined the variable known as reach phase time (RPT). Grasp phase time (GPT) was the
period from when the forepaw entered the tube to when it exited the tube. The time of
the RPT and GPT was recorded for the 5 representative reaches for each week and
averaged. Digitization of the distal forelimb or elbow (Figure 3-3, green marker) (easily
visualized on the videotape throughout the reach sequence) was used to trace and record
the number of extra fore-aft movements of the forelimb during the reach. This variable
was named movement reversals (MR), and was used to indicate fine motor coordination
and/or discomfort (Figure 3-4). A maximally efficient or normal reach had zero extra
movement reversals.
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Figure 3-3. Digitization of Landmarks. In this lateral view video image, the
elbow was digitized (green marker) during each frame of the reach sequence.

Figure 3-4. Movement Reversals. Plots of elbow marker trajectories for a HRNF
animal in 1 and 9 weeks. Plots show anterior-posterior displacement during the
reach sequence. Note the increases in reach phase time (from “begin reach” to
“end reach”), grasp phase time (from “in tube” to “out of tube”) and movement
reversals (indicated by arrows) in week 9 compared to week 1.
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Behavioral Apparatus for the High Repetition Low Force Task
Experimental and trained control animals in the HRLF groups underwent a
training (shaping) protocol for a period of 4 weeks on average, with the goal of learning a
task that involved low force grasping and pulling on a lever, as described in detail below.
When rats were able to perform the HRLF task at no specified rate for 10-20 minutes a
day, experimental rats were placed in operant test chambers for rodents (Med.
Associates,VT) with a portal as described above. The apparatus for the low force task did
not have a tube attached to the portal. Instead, animals reached through the portal toward
a force apparatus that was custom designed (by Dr. Ann Barr and Custom Medical
Research Equipment, Glendora, NJ), as previously described (Clark et al., 2004; Elliott et
al., 2009b; Rani et al., 2009) (Figure 3-5). The force apparatus consisted of a miniature
load cell (Futek Advanced Sensor Technology, Irvine, CA) connected to a 1.5 mm bar
positioned 2.5 cm outside of the chamber. To obtain a food pellet reward, the animal
reached through the shoulder height portal, grasped the bar, and pulled it with a specified
force for a specified time. The bar was oriented at a 45 degree angle from vertical in the
direction of pronation and was adjusted based on the preferred limb of the animal. The
load cell was interfaced with a signal conditioner (Futek) which amplified and filtered the
signal before it was sampled digitally at 100 Hz with Force-Lever software (version
1.03.02, Med Associates, St. Albans, VT). As with the HRNF task, an auditory indicator
cued the HRLF animals to reach every 15 seconds, i.e. a target rate of 4 reaches/min. The
actual reach rate for animals in this low force group was 17.7 reaches/min, which was
more than quadruple the target rate. These animals reached more frequently than the
auditory prompts, suggesting that they did not rely on the auditory prompts to initiate a
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pull of the lever, and did not effectively learn that a maximum of 4 rewards per minute
could be obtained despite more frequent pulling of the lever. The animals were trained to
grasp and pull the force lever at 15% of the MPF of control rats, for at least 50
milliseconds. If the specific force and time criteria were met within a 5 second period, a
reward light was activated. The light signaled the arrival of a 45 mg food pellet (BioServe, Frenchtown, NJ) in a floor-height trough. To obtain the pellet, the animal
withdrew the limb and moved its snout toward the trough in order to lick the pellet.

Figure 3-5. High Repetition Low Force (HRLF) Lever Pull Chamber. Rat
pictured at the beginning of a reach (3-5A), while pulling a lever located within
the portal (3-5B), and retrieving the food pellet from the reward trough (3-5D).
(3-5C) shows a close up of the lever and the pellet release apparatus.
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Determination of Reach Performance Behaviors for HRLF Animals
Because of the differences in the apparatus, the operational definitions and/or data
acquisition methods for reach performance variables (with the exception of MR and
GPT) were different for the HRLF activity as compared to the HRNF activity. The
difference in the operational definition for RPT prevented between-group comparisons of
this variable.
For the HRLF animals, reach rate (RR) and duration (D) were derived from force
lever data via an automated script (MatLab; Mathworks, Natick, MA). Operational
definitions for these two variables were the same as the operational definitions for the
HRNF group. Percent success in the HRLF group (%S) was also obtained from the force
lever via automated script and was defined as the number of pellet retrievals divided by
the total number of reaches.
For the variables of RPT, GPT, and MR in the HRLF group, the data acquisition
methods were the same as for the HRNF group (i.e. videotape inspection and
digitization); MR and GPT also had the same operational definition. However, the
operational definition of RPT was different in the HRLF group. RPT in the HRLF group
was defined as the period of time from the first frame in which the forepaw began its
ascent toward the tube opening and when the animal’s reach paw touched the chamber
floor after exit from the portal, on route to the reward trough. Because this difference in
operational definition of reach phase time could clearly have an effect of the
measurement of this variable, between group comparisons were not feasible for RPT.
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Determination of Grip Strength
Grip strength was measured bilaterally following the method described by Bertelli
and Mira (1995). The grip strength test involved holding the animal by its tail, allowing it
to grasp a rigid bar, and slowly pulling the animal upward until the grip was overcome
(Figure 3-6). The bar was mounted to a force transducer connected to a digital display
and recording unit (Stoelting, Wood Dale, IL). The test was repeated 3-7 times on each
forelimb. Maximum grip strength was defined as the peak force recorded from the
transducer. All grip strength values from normal control animals (for each group) were
analyzed to determine the mean and standard deviation. The sum of the mean plus 2
standard deviations was used as an upper limit cut-off for grip data. This was done to
eliminate excessive high grip values (outliers) that might have been attributed to testing
errors such as attempts by the animal to grip with both forepaws. The cut off values were
calculated to be 537g for the HRNF group and 613g for the HRLF group. Once the grip
strength values that exceeded the cut off value were eliminated from the data, the highest
3 maximum grip strength values were selected. For NC animals, the highest values not
exceeding the cut off value from either limb in any week were recorded. For TC animals,
the highest 3 grip values (from either limb) not exceeding the cut off were recorded in
weekly endpoints 1 and 9. For HRNF or HRLF animals, the highest 3 grip values not
exceeding the cut off were recorded for both the preferred and support limbs in weeks 1
and 9. The preferred limb was the limb that the animal used to reach and pull the
majority of the time. The operational definitions of grip strength and the method to
acquire grip strength data were identical between the HRNF and HLRF groups.
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Figure 3-6. Grip Strength Test. The animal was held by its tail, allowing it
to grasp a rigid bar. Next, the animal was slowly pulled upward until the
grip was overcome.

Data Analysis
Paired t-tests were used for within-group (weeks 1 and 9) comparisons of reach
phase time. All other reach behaviors and grip strength were compared within and
between groups with a 2-way ANOVA (factors: week and group) with Bonferroni posthoc tests of significance for pre-planned within group and between group pairings. Data
analysis was performed with PRISM software (GraphPad Software, Inc., San Diego,
CA), with a significance level for all tests set a priori at p<0.05.
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Results
Grip Strength
Grip strength findings are summarized in Figure 3-7. There were no significant
differences in grip strength between the preferred and support limb in either the HRNF or
HRLF groups. However, declines in grip strength in HRNF and HRLF animals,
compared to NC, were observed bilaterally. There were no significant between-group
differences and no significant interaction of the factors week and group.
In the HRNF group, there was no difference in grip strength between NC and
HRLF-TC in Week 1 or in Week 9. This finding suggests that the 7-10 day shaping
period for the HRNF task did not have a significant effect on grip strength (i.e. no
significant training effect), compared to NC. Although we did observe lower mean grip
strength in the HRNF-TC compared to NC in week 1 or in week 9, it was not significant.
This observed difference might have been due to a subtle effect (non-significant) of the
shaping procedure for the HRNF force task.
In the HRNF task rats, preferred limb grip strength was significantly lower in
week 1 (p<0.01) and week 9 (p<0.001) compared to NC rats. Support limb grip strength
was also significantly lower in week 1 (p<0.001) and week 9 (p<0.001) compared to the
NCs. In week 9, there was significantly lower grip strength (p<0.05) in the preferred
limb compared to week 9 HRNF-TC. Figure 3-7 illustrates observed decreases in grip
strength in the HRNF task rats (both preferred and support limbs) compared to the
HRNF-TC in both weeks, but the decrease was significant only for preferred limb in
week 9.
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In contrast, in the HRLF group, there was significantly lower grip strength in the
HRLF-TC compared to NCs in both week 1 (p<0.01) and week 9 (p<0.05), suggesting
that the 4 week shaping (training) period for the HRLF task had an adverse effect on grip
strength. In the HRLF task rats, for both the preferred and support limb, grip strength was
significantly lower (p<0.001) in week 1and week 9 compared to NCs. As mentioned
earlier, there were significant differences between HRLF-TC and NCs in both weeks, but
the significance level was greater for the task rats vs. NCs, suggesting that the exposure
to the HRLF task for several weeks led to more significant declines than the shaping for
the low force task. There were no significant differences between HRLF-TC and HRLF
task animals in either week. However, the graph illustrates a modest decrease in grip
strength in the HRLF animals (both preferred and support limbs) compared to the TCs in
both weeks.
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Figure 3-7. Grip Strength. In the high repetition negligible force group (HRNF),
there was significantly lower grip strength in preferred and support limbs
compared to normal controls (NC) in week 1(W1) and week 9 (W9) (**p<0.01;
***p<0.001). Preferred limb grip strength in the HRNF group was lower in W9
compared to W9 trained controls (TC) (&p<0.05). In the high repetition low force
group (HRLF), there was significantly lower grip strength in preferred and
support limbs compared to NC (***p<0.001) in both W1 and W9. TC grip
strength was lower than NC grip strength in W1 (**p<0.01) and W9 (*p<0.05).

Reach Performance Behaviors
Figures 3-8 through 3-14 describe the reach behavior findings in weeks 1 and 9.
For D, there was no significant interaction of the factors weeks and group, but there was a
significant difference by group. In both the HRNF and the HRLF groups, there were no
significant changes in D over weeks, but slight declines were observed in week 9.
Between groups, there was significantly lower D in the HRLF group in week 1 (p<0.05)
and week 9 (p<0.001) when compared to the HRNF group.
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For RR, there was a significant interaction of the factors weeks and group
(p=0.0094) and significant differences for each factor (group and week). In the HRNF
group, there was no significant change in RR over weeks, but a slight decline was noted
in week 9. In the HRLF group, there was a significant decrease in RR in week 9
compared to week 1 (p<0.01). Between groups, there was significantly greater RR in the
HRLF group in week 1 (p<0.001) and week 9 (p<0.001) when compared to the HRNF
group.
For %S, there was no significant interaction between the factors week and group,
but there were significant differences for each factor separately. In the HRNF group,
there was a significant increase in %S in week 9 compared to week 1 (p<0.01). Between
groups, there was significantly lower %S in the HRLF group in week 1 (p<0.001) and
week 9 (p<0.001) when compared to the HRNF group.
For GPT, there was no significant interaction of the factors week and group and
no significant difference of each factor alone. Within groups, there was no change in GPT
over weeks. There were no between group differences in GPT.
For MR, there was a significant interaction (p=0.0066) of the factors (week and
group) and a significant difference for the group factor (p<0.001). In the HRNF group,
there was a significant increase in MR in week 9 compared to week 1 (p<0.001). In the
HRLF group, no within group change was found. Between groups, there were
significantly more MR in the HRNF group compared to the HRLF group in week 9
(p<0.001) .
For RPT, between group comparisons were not feasible due to the differences in
the operational definition of reach phase time between the 2 groups. In the HRNF group,
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there was a significant increase in RPT in week 9 compared to week 1 (p<0.01). There
was no change in RPT in the HRLF group over weeks.
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Figure 3-8. Task Duration (D). Between groups, there was significantly lower D
in the HRLF group in both week 1 (&:p<0.05) and week 9 (###:p<0.001)
compared to the HRNF group in those same weeks. There were no within group
differences.
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Figure 3-9. Reach Rate (RR). In the HRLF group, there was a significant decrease
in RR (**:p<0.01) in week 9 compared to week 1. Between groups, there were
significantly higher RR in the HRLF group in both weeks 1 (&&&:p<0.001) and
9 (###:p<0.001) compared the the HRNF group in those same weeks.
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Figure 3-10. Percent Success (%S). In the HRNF group, there was a significant
increase in %S (**:p<0.01) in week 9 compared to week 1. Between groups, there
was significantly lower %S in the HRLF groups in both weeks 1 (&&&:p<0.001)
and week 9 (###:p<0.001) compared to the HRNF group.
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Figure 3-11. Grasp Phase Time (GPT). There were no significant differences in
GPT.
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Figure 3-12. Movement Reversals (MR). In the HRNF group, there was a
significant increase in the number of MR (***:p<0.001) in week 9 compared to
week 1. Between groups, there were significantly more MR in the HRNF group
compared to the HRLF group in week 9 (###:p<0.001).
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Figure 3-13. Reach Phase Time (RPT) in HRLF Group. There was no difference
between weeks.
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Figure 3-14. Reach Phase Time (RPT) in the HRNF Group. There was a
significant increase in RPT (**:p<0.01) in week 9 compared to week 1.

Discussion
Both groups experienced declines in grip strength in week 1 and week 9
compared to age-matched normal controls. This suggests that both the HRNF and the
HRLF tasks have a detrimental effect on motor performance during these time periods.
There were no significant between group differences in grip strength, although we did
observe a more pronounced decline in grip strength between week 1 and week 9 in the
HRNF group, suggesting that the food retrieval task may have a more pronounced
detrimental effect on grip strength over 9 weeks of exposure than the lever pulling HRLF
task. Clearly, either task induces declines in grip strength compared to normal controls.
There was significantly lower grip strength in the HRLF-TC compared to NC but
not in the HRNF-TC compared NC. This is explained by the difference in the shaping
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procedures. The HRNF shaping required less time (approximately 14 days) because
pellet retrieval is akin to an innate prey catching task and therefore can be learned
quickly. The HRLF shaping took much longer (average 4 weeks) because the rat needed
to learn to grade the amount of force used to pull on the lever. The longer time required
for shaping, combined with the fact that the force requirements were greater, may explain
why the HRLF-TC had lower grip compared to NC, while the HRNF-TC did not.
It is interesting to note that several of the reach performance behavior variables
(RPT and MR) showed a significant decline in week 9 in the HRNF group. This suggests
a decline in fine motor control in this group. The increase in RPT indicates that the
retrieval of the pellet took a long period of time. This is at least in part explained by the
increase in MR, as additional reversals will increase the time required for both GPT and
RPT. The increase in MR suggests that the animals had increasing difficulty in
manipulating the pellet from the tube to the mouth; the movement patterns became less
efficient and required more energy expenditure.
In the HRLF group, there were significant declines in D and RR in week 9
compared to week 1. The HRLF group demonstrated less D than the HRNF group,
suggesting that there might have been more fatigue or lower tolerance for continuation of
the activity in the HRLF group over weeks and in comparison to the HRNF task. The
higher RR in the HRLF group (compared to the HRNF group) may also help explain why
D was less in the HRLF group. The HRLF animals also had a considerably lower %S,
thus reached more frequently as a compensatory strategy, and apparently fatigued sooner
and could not participate in the task for as long.
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The large discrepancy in RR between groups might be partly explained by the
differences in data acquisition for this variable. In the HRNF group, direct observation
was used, whereas in the HRLF group every pull of the lever >5% MPF was recorded as
a reach. Multiple lever pulls might have occurred during a single grasp phase, thus
skewing the RR to be higher in the HRLF group.
These findings suggest that depending on which variable is being considered,
either task can lead to declines in motor behavior over time. These findings support our
original hypotheses that exposure to either task would induce declines in motor behavior
(both grip strength and reaching behavior).
Clearly, the HRLF task required greater external forces, and RR was much
higher compared to the HRNF task. While the decrease in D in the HRLF group suggests
greater fatique and/or diminished tolerance for continuation of the activity, other
variables (RPT and MR) showed greater decline in the HRNF group. Grip strength
declines were similar between groups. These findings suggest that the negligible force
task, although requiring less external force, may in fact be comparably stressful on the
various tissues that are involved with motor control, behavior, and function. Although
the actual force was clearly less (<5% MPF in the negligible force group compared to
15% MPF in the low force group), other differences in the task might help explain why it
led to declines in motor behavior. One reason might be that although the negligible force
task had a low external force requirement (<5% MPF), the internal force requirements in
muscles and tendons and across joints might have been greater. Although this argument
is speculative, it is certainly feasible that grasping a 45 mg pellet, balancing it, and
manipulating it out of the tube and to the mouth requires greater internal forces in several
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tissues than a brief 50 ms pull of a force lever at 15% MPF. If we assume that the animal
had the food pellet in its hand for about 50% of the reach phase time (about 0.9 sec in
week 1 and about 1.3sec in week 9), it becomes clear that the HRNF animals were
working with the <5% MPF force pellet for a much greater period of time than the 50 ms
lever pull required of the HRLF animals. The HRNF activity involving the food pellet
might have required greater coordination and skill, since the path of the food pellet was
not externally guided and the animal needed to use fine motor control to both secure and
guide an inherently unstable object (the pellet) toward its mouth. These factors may have
contributed to making the HRNF activity globally “more difficult” compared to the
HRLF activity. If in fact the internal force requirements and/or fine motor coordination
needs were greater in the HRNF activity, it might have led to greater levels of internal
tissue fatigue, friction, compression and/or shearing, which in turn led to declines in
motor behavior via tissue injury, fibrosis, or CNS reorganization pathways. The effects
of the HRLF task on tissues would have to be ascertained to understand this fully.
However, it is clear that since both tasks explored in this study led to declines in motor
behaviors, it appears that the key determinant to pathological changes is repetition, as
opposed to the differences in external force requirements for the HRNF and the HRLF
tasks.
A number of similar studies have reported motor and reach performance changes
in response to repetitive reaching and grasping in this model. Clark et al. (2004) reported
significant decreases in grip strength in 12 weeks (compared to baseline) in rats that
performed a repetitive HRHF task. Clark et al. (2004) also reported significant declines
in D in 3, 6 and 12 weeks and significant declines in RR in weeks 3 and 6. Fedorczyk et
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al. (2009) reported significant decreases in grip strength in 3, 6, and 12 weeks in rats that
performed a HRHF task, compared to controls. Fedorczyk (2009) also reported
significant declines in grip strength in animals performing a low repetition low force
(LRLF) task, but those declines were not as pronounced as the decline in the HRHF
group, indicative of an exposure-response effect. These findings offered support to the
construct of exposure-dependency with regard to repetitive tasks. Although Clark et al.’s
(2004) and Fedorczyk et al.’s (2009) findings were obtained at different time points and
with differences in exposure parameters than those reported in this paper, it is clear that
the repetitive tasks led to motor performance (grip strength) and reach performance
declines over time.
Other studies from our lab have used the same model of HRNF and the same
dependent variables in endpoints other than 9 weeks. Barbe et al. (2003) reported the
effects in 1 through 8 weeks. They found significant declines in reach rate in weeks 5 and
6 and significant declines in task duration in week 5. There was some recovery in these
variables by week 8. In addition, the emergence of raking, an abnormal movement
pattern, was observed in all animals by week 8. The presence of ED1 immunoreactive
macrophages peaked in limb musculotendinous tissues in 5-6 weeks, while serum levels
of IL1-α peaked in week 8. The presence of these markers of injury and inflammation
help explain the behavioral declines. Interestingly, our study found behavioral decline in
some variables in 9 weeks. Because the design of our study differed in that we only
compared weeks 9 and 1, we cannot draw any conclusions about what occurred in these
animals during weeks 2 through 8. However, comparison of the mean reach rates and
durations from Barbe et al. (2003) in week 8 and this study in week 9 suggests that there
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might be some decline from week 8 to week 9. Barbe reported a reach rate in week 8 of
approximately 7 reaches per minute, while we found a rate of approximately 5 reaches
per minutes in week 9. The behavioral declines we observed in week 9 may be explained
by any combination of tissue or systemic inflammation, fibrosis, and CNS reorganization.
Although elucidation of the pathophysiological mechanisms related to the
impairments was not the aim of this study, findings in other studies that used similar or
identical models have found evidence of inflammation and injury at similar time points.
Such evidence helps explain, on a pathophysiological level, why we observed the
declines in motor behaviors. Barbe et al. (2008) found increases in inflammatory serum
cytokines (IL-1α, IL1-β, TNF-α, MIP2, MIP3a and RANTES) in weeks 6 and 8 in rats
exposed to a HRNF task. In 8 weeks, IL-1 α, IL-1β, TNF-α, and IL-10 increased in distal
upper limb bones, IL-1α and IL-1β increased in muscle, and TNF-α increased in tendons.
A moderate but significant negative correlation between grip strength and serum cytokine
levels of TNF-α, MIP2 and MIP3 was found.

Coq et al. (2009) also reported increased

IL-1β and TNF-α in forearm flexor muscles and tendons after 8 weeks of exposure to a
MRNF task. These changes also correlated negatively with grip strength, suggesting that
an increase of such inflammatory cytokines is related to the declines in motor
performance. Using the same HRNF model of repetitive reaching, Clark et al. (2003)
reported changes in the median nerve including increased ED1 macrophages in 8 and 12
weeks, increased collagen type I immunoreactivitiy in 8 and 12 weeks, and increased
connective tissue growth factor (CTGF) immunoreactivity in 12 weeks. Nerve
conduction velocity was decreased in the median nerve at the level of the carpal tunnel
after 9-12 weeks of task performance. Each of these findings suggest injury and
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inflammatory changes in the median nerve that also help explain our observed declines in
motor behaviors.
In previously published work, (Coq et al., 2009) we used the same model of
repetitive reaching in rats for 8 weeks and found declined reach performance, grip
strength, and agility in 8 weeks, consistent with the findings of this study. We (Coq et
al., 2009) reported significant decreases in reach rate in weeks 2, 4, 6 and 8, and
increases in reach phase time, grasp phase time, and movement reversals in week 8
compared to week 1. These findings are indicative of motor decline. This study found
similar changes in reach phase time and movement reversals in week 9, suggesting an
ongoing pathophysiological process that extends beyond week 8. In Coq et al. (2009),
we also found dramatic disorganization of the topographic forepaw representation in S1
cortex of the rats. In M1 cortex, there was an enlargement of overall forepaw map area
and of the cortex devoted to digit, arm-digits and elbow-wrist responses. The central
nervous system organizational changes found in 8 weeks would likely persist or perhaps
worsen by 9 weeks. Thus, maladaptive central nervous system plasticity found by Coq et
al. (2009) may further help explain our observed declines in motor behavior.
Previosly, we reported the effects of HRLF reaching and grasping in 1, 3, and 6
weeks (Kietrys et al., 2008). Compared to week 1, we found significant decreases in
reach rate in week 6 and significant decreases in task duration in week 3, indicating that
these behavioral variables are affected in weekly endpoints other than the 9 week
endpoint considered in this study.
Although the findings of animal models of MSD cannot be directly generalized to
human workers, the findings of such studies, including those involving negligible force
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parameters, provide strong evidence of a complex pathophysiological process that
involves multiple systems and tissues and leads to grip strength and reach performance
decline. In humans, Carp et al. (2007) found that inflammatory biomarkers (C-reactive
protein and tumor necrosis factor-α) in serum increase with severity of upper extremity
overuse disorders. Combined with animal studies that have shown local tissue injury and
inflammatory responses are linked to declines in motor behaviors (Barbe et al., 2008;
Coq et al., 2009; Kietrys et al., 2008), it becomes clear that a low-grade inflammatory
process is induced by overuse that affects motor function.
An important limitation of this study was the low number of animals available for
reach behavior analysis in the HRLF group (n=8). Pilot work on rats exposed to HRLF
repetitive reaching (Kietrys et al., 2008) determined that a sample size of 14 is needed to
achieve 80% power for reach behavior variables such as MR. Thus, one possible
explanation as to why we did not observe declines in movement reversals in the low force
group could be a Type II error. A Type II error in the HRLF group would distort the
apparent differences in the variables that described reach performance. The study was
adequately powered for the grip strength variable in both groups, and that variable clearly
showed significant declines in grip strength in both groups. Significant declines in other
reach performance behaviors were observed in both groups. Thus, despite the less than
desired number of subjects for MR in the HRLF group, the findings support the position
that repetitive exposure in either task led to declines in motor performance.
Another limitation of the study was the fact that the differences in the HLRF task
and the HRNF tasks themselves, and the behavioral apparatus required for these tasks,
created subtle differences in the operational definitions for several of the reach behavior

97

variables. Furthermore, there were differences in data acquisition procedures for some of
the reach behavior variables. As a result of the marked differences in the operational
definition of reach phase time, between group comparisons were not feasible for that
variable. For other reach behavior variables, between group comparisons were made, but
it is possible that the differences in operational definitions and/or data acquisition
methods might have affected the data. If both the HRNF and HRLF activities had
involved an identical lever pull task, the results of between group comparisons for reach
performance behaviors would have been more robust, and we would have been able to
describe differences in outcomes based solely on the difference in force requirements for
identical tasks. However, such an experimental procedure would not allow us to contrast
the two different types of tasks (i.e., pellet retrieval and lever pull) as we were able to do
in this study. Regarding grip, the results of the between group comparison were valid,
because the grip strength testing protocol was identical for all subjects.
This study looked at outcomes only in week 1 and week 9. We did not report on
other time points such as 3, 6, or 12 weeks, or long term outcomes. Although this is a
limitation, our findings nonetheless indicate that changes did occur in weeks 1 and 9.
Understanding these changes in relation to the effects at other weeks over an extended
period of time will require additional study.
Conclusions
The findings of this study provide evidence that both HRNF and HRLF tasks
performed over 9 weeks lead to motor behavior declines. Depending on the nature of the
task, activities involving HRNF do not necessarily pose a lower risk than activities
involving HRLF. We found that the HRNF task used in this study produced more marked
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declines in some variables than the HRLF task. Therefore, factors other than external
force requirements, such as internal force requirements and fine motor coordination
requirements, may help explain why repetitive tasks of even negligible force can lead to
RMIs, and may even pose greater risks than repetitive low force tasks that involve less
fine motor coordination and skill. Clinically, patients presenting with signs and
symptoms of RMI should be carefully evaluated and treated accordingly, even if their
occupation involved repetitive tasks of only negligible force. The findings of this study
provided strong evidence that repetitive reaching and grasping tasks with negligible force
(<5% MPF) or low force (15% MPF) can lead to widespread motor performance
declines over 9 weeks.
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CHAPTER 4
SUPRASPINATUS TENDON IS NOT AFFECTED BY LOW FORCE
REPETITIVE REACHING IN A RAT MODEL OF
WORK-RELATED MUSCULOSKELETAL DISORDERS

Introduction
The U.S. Department of Labor defines work-related musculoskeletal disorders
(WMSD) as injuries or disorders of muscles, nerves, tendons, joints, cartilage, or spinal
discs associated with exposure to risk factors in the workplace (U. S. Department of
Labor, 2007). Repetitive motion injuries (RMI) can be caused by performance of
repetitive, forceful and/or awkward movements over time. Risk factors include repetition,
force, awkward postures, and static postures (Barbe & Barr, 2006; Barr, 2006; Barr &
Barbe, 2002). Other known risk factors include task organization and psychosocial
factors. The relative contributions of risk factors is known to vary depending on the
nature of the WMSD and the anatomical region involved (Rempel et al., 1992). The
National Occupational Research Agenda (Marras et al., 2009) stresses the importance of
identification of risk factors, understanding the exposure dependent nature of WMSDs,
and identification of strategies to reduce the incidence and severity of WMSDs. WMSDs
are among the costliest health problems in society today (National Research Council,
2001).
The pathophysiological mechanisms involved with RMI are complex and involve
both peripheral tissues and the central nervous system. Work in our lab as well as others’
has found adverse changes in peripheral nerve function and effects on musculoskeletal
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tissue including inflammatory cell infiltrates, tendinopathy, degenerative changes, and
tissue necrosis (Baker et al., 2007; Barbe et al., 2003; Barr et al., 2003; Clark et al. 2004;
Clark et al., 2003; Diao et al., 2005; Elliot et al., 2008; Elliott et al., 2009; Geronilla et al.,
2003; Nakama et al., 2005; Perry et al., 2005; Sommerich et al., 2007; Soslowsky et al.,
1996; Willems & Stauber, 1999). Studies from our lab have reported neurochemical
changes in spinal cord tissue in rat models of repetitive motion (Elliott et al., 2008; Elliott
et al., 2009a,b). Coq et al. (2009) have found cortical disorganization of topographic
forepaw representation and enlargement of cortical map areas associated with the
forepaw in rats exposed to repetitive reaching. Other studies have confirmed central
neuroplasticity in monkey models of repetitive behavioral task (Blake et al., 2002; Byl et
al., 1997; Byl et al., 1996). There is growing evidence to support the theory that
peripheral tissue injury and inflammation (both neural and musculoskeletal), systemic
inflammation, and central nervous system reorganization jointly contribute to the
development of chronic WMSDs. Movement dysfunction and motor performance
declines associated with repetitive motion in animal models confirm that repetition and
force are factors in the development of these disorders (Barbe et al., 2003; Barr & Barbe,
2004; Barr et al., 2004; Byl et al., 1997; Byl et al., 1996; Clark et al., 2004; Clark et al.,
2003; Coq et al., 2009; Elliott et al., 2008; Sommerich et al., 2007; Topp & Byl, 1999).
The exposure response relationship between repetitive motion and WMSDs is an area of
ongoing study, as is description of the pathological processes in a variety of tissues either
directly or indirectly involved with repetitive tasks.
Tendons are dense connective tissue structures that originate at the
musculotendinous junction and serve as an interface between muscle and bone to transmit
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forces for the purpose of creating joint movement and/or stability. Tendons are strongly
anchored to bone via transition of tendon to fibrocartilage and then bone, and by the
presence of Sharpey’s fibers (Towers et al., 2003). Tendons are composed primarily of
collagen fibers, ground substance, and tenocytes. The collagen fibers are organized into
subfascicles, fascicles, and bundles via connective tissues known as endotenon. Tendons
are surrounded by additional connective tissue layers known as epitenon and paratenon.
Together, the epitenon and paratenon layers are referred to as the peritendon. Most
tendons are further supported by a fibrous sheath at points of friction such as the carpal
tunnel. Tendon sheaths have two layers: an outer fibrous layer and an inner synovial
layer. Fluid, similar to synovial fluid of a joint, is present in the synovial layer and
functions to lubricate the tendon and reduce friction. Repetitive motion injuries can
affect multiple tissues including tendon. Tendon pathologies, known as tendinopathies,
increase with exposure to repetitive forceful movements and with age. The
histopathology of rotator cuff tendinopathies includes mucoid degeneration,
fibrocartilage metaplasia, cellular distortion and necrosis, fibrosis, hyalinization,
fibrillation, and microtears (Khan1999). Tendon degeneration occurring without clinical
or histological signs of inflammation is referred to as tendinosis (Khan et al., 1999).
Paratenonitis is associated with inflammation of the outer layer (peritenon) of the tendon
(Khan et al., 1999).
Impingement syndrome and/or rotator cuff disease may occur as a result of
repetitive motion. These disorders are one of the most common causes of shoulder pain
(Ludewig & Cook, 2000). Clinically, subacromial impingement is a painful compression
of rotator cuff tendons and subacromial bursa between the undersurface of the
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coracoacromial arch and superior aspect of the humeral head. The supraspinatus tendon
is particularly vulnerable to compression in this area. Impingment syndrome is associated
with a spectrum of rotattor cuff pathologies ranging from tendinitis or tendinosis to full
thickness tears (Almekinders, 2001).
While it is known that anatomical variance (such as shape of the acromion
process), preexisting rotator cuff pathology and age are risk factors in the development of
impingement syndrome (Neer & Poppen, 1987; Ogata, 1990), the role of repetitive
motions in the development of rotator cuff pathology has yet to be completely elucidated
(Cohen & Williams, 1998). As with other WMSDs, multiple factors such as repetition
and force of work tasks, environmental factors, and patient related factors may play a
concurrent role in the development of impingement syndrome (Cohen & Williams,
1998).
With repetitive motions involving arm elevation, there is a tendency for superior
translation of the humeral head between 60 and 90º of elevation (Flatow et al., 1994;
Soslowsky et al., 2000). Tasks involving arm elevation also bring the supraspinatus
tendon closer to the subacromial bursa and undersurface of the coracoacromial arch
(Flatow et al., 1994; Soslowsky et al., 2000). Fatigue of the scapular muscles during
repetitive overhead activity may have an adverse effect on the biomechanics of scapular
motion and thus contribute to the development of impingement (Warner, 1992). When
combined with work demands such as repetition and force, and patient factors such as
aging, these factors help explain the incidence of rotator cuff pathology in workers.
Additionally, athletes may develop rotator cuff pathology due to overuse (Almekinders,
2001). For example, involvement of the rotator cuff is a common injury in baseball
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because of repetitive throwing motions which may lead to primary impingement,
instability, and/or tensile overload (Rizio & Uribe, 2001). Tennis players are also
vulnerable to rotator cuff injuries because repetitive motions such as serving and groundstrokes require high speed shoulder muscle activation, often at anatomical angles that
increase the risk of impingement (Marx et al., 2001). In national football league
quarterbacks, most shoulder injuries occur due to trauma, but overuse injuries are
responsible for 14% (Kelly et al., 2004). Of the overuse injuries, rotator cuff tendintitis is
the most common pathology (Kelly et al., 2004).
Several animal studies have found signs of overuse injury in the supraspinatus
tendon. Soslowsky et al. (2002) suggested that the rat model is ideal for studies of rotator
cuff pathology since the rat is the only non-primate to satisfy a checklist of human to
animal features that are relevant to the rotator cuff. In general, animal models must utilize
species for which anatomy is well described and sufficiently similar to humans.
Carpenter et al (1998) exposed rats to repetitive downhill treadmill running over 4 or 8
weeks. At both time points, the authors reported increased cellularity and greater collagen
disorganization in the supraspinatus tendon. Soslowsky et al. (2000; 2002) observed
increased cellularity and disordered collagen alignment in rat supraspinatus tendon after
4, 8, or 16 weeks of repetitive decline treadmill walking. The addition of external
compression on the tendon led to more pronounced adverse changes, providing evidence
that adverse changes in the rotator cuff are greater with overuse plus external
compression compared to either factor alone. Using specific markers of inflammation
(FLAP and COX-2) and angiogenesis (VEGF and VWF), Perry et al. (2005) found more
signs of inflammation in the supraspinatus tendon in 8 weeks, followed by a decline in 16
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weeks. Markers of angiogenesis generally remained at increased levels over the course
of the study. Using a similar decline treadmill protocol, Szomor et al. (2006) found
increased nitric oxide synthases isoform mRNA expression in the rotator cuff after 4
weeks. Nitric oxide is a free radical, and its pathways are induced by mechanical
overload in tissues. Archambault et al. (2007) found increased expression of cartilage
genes including col2a1, aggrecan, and sox9 in rat supraspinatus tendon after exposure of
to up to 4 weeks of repetitive decline treadmill running. These findings suggested that the
tendons were converting to a fibrocartilagenous phenotype due to the repetitive loading
and compression underneath the coracoacromial arch. Millar et al. (2008) reported
upregulation of heat shock protein (HSP) as well as apoptitic genes in supraspinatus
tendons of rats exposed to daily treadmill running for 4 weeks. HSPs are typically
upreglated following oxidative and other forms of tissue stress, and are capable of
producing proinflammatory cytokines and are an important component of tissue response
to injury. The stresses associated with tendinopathy activate enzymes that mediate
apoptosis (programmed cell death). Millar’s study also identified upregulated HSPs and
apoptotic genes in pathologic (torn) rotator cuff tendons of humans. In related work
using the same model, Millar et al. (2009) reported upregulated pro-inflammatory
cytokine genes in rat supraspinatus tendon as well as in pathologic (torn) rotator cuff
tendons of humans, suggesting that pro-inflammatory cytokines play a role in
tendinopathy.
Prior work in our lab has found increased macrophages in forelimb tendon as well as
in muscle and loose connective tissue after exposure to 8 weeks of high repetition
negligible force reaching and grasping in rats (Barbe et al., 2003). ED1 macrophage
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increases were greatest in loose connective tissue, and were greater in the reach limb vs.
the support limb. Increased levels of macrophages were also found in the rotator cuff
tendons of the shoulder in week 5-6. Overall, the greatest peaks in ED1-IR macrophages
occurred in weeks 5-6, with a decrease toward baseline in week 8. These indicators of an
inflammatory response coincided with the degradation of motor behavior. This study
also found increased ED2-IR macrophages in weeks 6 and 8 and increased serum IL-1α
in week 8. The elevation of serum IL-1α suggested a systemic inflammatory response. A
growing body of literature has continued to elucidate the mechanisms of injury and
inflammation in tendon following exposure to repetitive motion.
The purpose of this study was to determine the effects of a high repetition low force
reaching and grasping activity on the supraspinatus tendon of young adult rats, using a
unique rat model of WMSD. Prior work in our lab has described the effects of this
activity on other tissues such as distal forearm tendon, bone and nerve (Barbe et al., 2003;
Barbe et al., 2008; Barr et al., 2003; Clark et al., 2003). Other researchers have described
changes in the supraspinatus tendon with models of repetitive treadmill activity
(Carpenter et al., 1998; Perry et al., 2005; Soslowsky et al., 2002; Soslowsky et al.,
2000). Barbe et al. (2003) reported signs of inflammation in combined rotator cuff
tendons. This is the first study to determine the effects of a repetitive reaching and
grasping task on the supraspinatus tendon of young adult rats.
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Methods
Subjects
All experiments were approved by the Temple University Institutional Animal
Care and Use Committee and were in compliance with NIH guidelines for humane care
and use of laboratory animals. Female Sprague-Dawley rats were used for this study.
The rats were housed in a central animal facility in separate cages with a 12 hour
light:dark cycle and free access to water. Animals were weighed weekly and their food
was adjusted to maintain 95% body weight of age matched controls. Estrous cycles were
not controlled in the female rats in order to maintain the random selection process for
designated groups.
A total of 22 young adult (12-14 months) female Sprague-Dawley rats were used
in this study. Experimental animals were exposed to a high repetition reaching and
grasping task with negligible force (NF) (<5% MPF) or low force (LF) (15% MPF).
Data from the NF subgroup and the LF subgroup was combined and classified as
experimental “low force” in order to achieve an adequate number of subjects for
comparison to control.
For histomorphology, data from 16 rats was used, yielding control data on 5
animals, week 6 experimental data on 6 animals (3 NF + 3 LF), and week 12
experimental data on 5 animals (2 NF + 3 LF). The immunohistochemistry, data from
14 rats was used, yielding NC data from 5 animals (each limb from 3 of these counted as
a separate control, thus yielding a total of n=8 NC), week 6 data on 4 task animals (3NF
+ 1 LF), and week 12 data on 5 task rats (2NF + 3LF). Not all experimental animals
yielded data for both the preferred and support limbs. The experimental numbers by side
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and week were as follows: week 6 preferred n=4; week 6 support n=3; week 12 preferred
n=1; week 12 support n=4.
Behavioral Apparatus for the High Repetition Negligible Force Task
Prior to the beginning of the experimental phase, the experimental animals
exposed to the negligible force task were trained (shaped) to reach for food for
approximately 7 days. During this period, rats were food restricted for no longer than one
week to no lower than 80% full body weight (as compared to control rats with free access
to food). Once the rats began to reach freely for food, their diet was adjusted with rat
chow to maintain them within ±5% of their full body weight. When they were able to
perform the negligible force reaching task (described in detail below) consistently at no
specified rate for 10-20 minutes/day, experimental rats were begun on the high repetition
negligible force (HRNF) task regimen at a target rate of 4 reaches/min for 2 hrs/day, 3
days/week, for 6 or 12 weeks. Experimental rats in the HRNF group were placed in
customized operant test chambers for rodents (Med. Associates,VT) with a portal and
tube located in one wall (Figure 4-1). The portal was fitted with a tube that was 1.5 cm
wide and 2.5 cm. in length, and sloped downward at a 10 degree angle. The apparatus
required the animal to fully elevate the shoulder and extend the elbow in order to reach
the pellet of food, as previously described (Barbe et al., 2003; Barr et al., 2003; Clark et
al., 2003). Purified formula food pellets (45mg; Bioserve, Frenchtown, NJ) were
dispensed (Pellet dispenser, Med. Associates) every 15 seconds during the task period.
The target rate of 4 reaches/min was derived from Silverstein, Fine, and Armstrong
(1986), who analyzed industrial workers’ job cycles and defined high repetition as less
than 30 seconds/cycle. An auditory indicator (Stimulus clicked, Med. Associates)

108

signaled that a pellet had been dispensed, thereby cueing the animal to attempt a reach.
The required force to retrieve the 45 mg food pellet was estimated to be <5% of
maximum isometric grasp force. After grasping the pellet, the animal withdrew the
forelimb and pellet from the tube while simultaneously manipulating the pellet, and
moved the pellet to its mouth. The task was divided into 4 half-hour sessions separated by
1.5 hour rest periods to avoid satiation. Rats were allowed to reach with their preferred
limb, and the reach limb was recorded. Most rats demonstrated a clear limb preference.
For rats that alternated or switched reach limb over the study period, the limb that the
animal used to reach most often was coded as the preferred limb. The task was voluntary
and animals self-regulated their participation.

Figure 4.1. High Repetition Negligible Force, Food Retrieval Chamber.
Rats reached into the portal to retrieve a food pellet. Inset shows close up
of rat’s paw entering the portal on route to the food pellet.
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Behavioral Apparatus for the High Repetition Low Force Task
Experimental animals exposed to the low force task underwent a training
(shaping) protocol for a period of approximately 4 weeks, during which they learned to
reach for, grasp, and pull a handle. During the shaping period, access to food was
restricted in order to motivate animals to learn the task. The animals were trained to grasp
and pull the force handle at 15% (± 2.5%) of the maximum pulling force (MPF) of
control rats, for at least 50 milliseconds. Once animals learned the task, they rapidly
gained weight and were maintained as close as possible to ±5% of an individual rat’s
naïve weight (before food restriction and shaping) and to age-matched normal control
rats’ weights. When rats were able to perform the low force task at no specified rate for
10-20 min/day, experimental rats were placed in an operant test chambers for rodents
(Med. Associates,VT) with a portal located in one wall (Figure 4-2). The animals
reached through the portal toward a force apparatus that was custom designed (by Dr.
Ann Barr and Custom Medical Research Equipment, Glendora, NJ), as previously
described (Clark, et al., 2004; Rani, Barbe, Barr, et al., 2009) (Figure 4-2). The force
apparatus consisted of a miniature load cell (Futek Advanced Sensor Technology, Irvine,
CA) connected to a 1.5 mm bar positioned 2.5 cm outside of the chamber. To obtain a
food pellet reward, the animal reached through the shoulder height portal, grasped the
bar, and pulled it with a specified force for a specified time. The bar was oriented at a 45
degree angle from vertical in the direction of pronation and was adjusted based on the
preferred limb of the animal. The load cell was interfaced with a strain-gauge amplifier
(Model CSG100, Futek). The amplified signal was low pass filtered at 50Hz (to prevent
signal aliasing) before it was sampled digitally at 100Hz using Force Lever Software
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(version 1.03.02, Med Associates, St. Albans, VT). An auditory indicator cued the
animals to reach every 15 seconds, i.e. a target rate of 4 reaches/min. If the animal met
the force (15% ±2.5%MVC) and time (50 ms) criteria within a 5 second period of the
indicator sound, a reward light was activated. The light signaled the arrival of a 45 mg
food pellet (Bio-Serve, Frenchtown, NJ) in a floor-height trough. To obtain the pellet, the
animal withdrew the limb and moved its snout toward the trough in order to lick the
pellet. Experimental animals were exposed to this high repetition low force reaching,
grasping, and pulling task for 2 hours, 3 days/week for either 6 or 12 weeks. The 2 hour
activity was divided into 4 30-minute periods separated by 1.5 hour rest periods to
prevent satiation.

Figure 4-2. High Repetition Low Force, Lever Pull Chamber. Rat pictured at the
beginning of a reach (4-2A), while pulling a handle located within the portal (42B), and retrieving the food pellet from the reward trough (4-2D). 4-2C shows a
close up of the handle and the pellet release apparatus.
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Tissue Collection and Immunohistochemistry
Supraspinatus tissues were examined histologically for control and experimental
animals in weeks 6 and 12. Animals were euthanized by pentobarbital overdose
(Nembutol; 120 mg/kg body weight) and perfused pericardially with 4%
paraformaldehyde in PO4 buffer (pH 7.4). Tissues were collected from all limbs en bloc,
equilibrated in 30% sucrose in PBS, and cut into longitudinal sections (16µm) using a
cryostat. For immunoperoxidase staining, sections were blocked with 3% H2O2 in
methanol for 30 min, then with 10% goat serum in PBS. The sections were incubated
overnight at room temperature with primary antibody ED1 diluted in PBS, 1:250
(Millipore, MA). Sections were enzyme digested for 10 min using 0.5% pepsin in 0.01 N
HCl prior to blocking with serum. Following incubation with primary antibodies, the
sections were incubated for 2 hours with appropriate secondary antibodies tagged with
peroxidase (Jackson ImmunoResearch Laboratories, Inc., West Grove, PA). The
peroxidase-conjugated secondary antibodies were visualized using DAB (Sigma-Aldrich,
St Louis, MO) and the sections were dehydrated and mounted with DPX media (EMS,
Hatfield, PA).
The numbers of ED1-IR macrophages were quantified bilaterally using a
bioquantification system (Bioquant TCW 98). Cells with a defined threshold of staining
were counted in a custom area using a 40X objective for the distal supraspinatus tendon.
Three adjacent fields were measured for each tissue per region.
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Supraspinatus Histomorphology
Supraspinatus tendons of the preferred limb were stained with hemotoxylin and
eosin (H&E) and examined using a light microscope at 20 and 40X magnification for
histopathological changes. Tendons were scored in a blinded manner using the tendon
pathology scoring system described in Table 4-1, which was adapted from the modified
Bonar scale (Cook et al., 2004; Soslowsky, et al., 2002). This system included
assessment of the presence of tenocytes, the organization of collagen, and the presence of
vascularity. For each of these three categories, normal appearing tendon was assigned a
score of zero. Pathological changes were scored from 1 to 3, with 3 representing the
worst possible score and indicating advanced pathological changes. Whenever possible,
tendon sections were scored in 2 different locations: the distal end of the tendon near the
point of attachment to the greater tuberosity, and the midsubstance of the tendon
approximately 1-2 mm proximal to the distal end.
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Table 4-1. Tendon Pathology Scoring System.
Score
0

Tenocytes
Collagen
Elongated spindle shaped nuclei Tight, cohesive, well
No cytoplasm
demarcated bundles

Vascularity
Inconspicuous blood
vessels coursing between
bundles

1

Greater roundness
Nuclei more ovoid to round
No conspicuous cytoplasm

Separation of individual
fibers with maintenance of
demarcated bundles

1 cluster of capillaries per
5 20X fields or 10 40X
fields (midsubstance), or 3
20X fields or 6 40X fields
(distal tendon)

2

Greater roundness and size
Nuclei round and enlarged
Small amount of cytoplasm
visible

Bundle changes;
separation of fibers with
loss of demarcation of
bundles

2 clusters of capillaries
per 5 20X fields or 10
40X fields
(midsubstance), or 3 20X
fields or 6 40X fields
(distal tendon)

3

Nuclei round and large
Abundant cytoplasm
+ lacuna (chondroidal changes)

Marked separation of fibers >2 clusters of capillaries
per 5 20X fields or 10
with complete loss of
40X fields
architecture
(midsubstance), or 3 20X
fields or 6 40X fields
(distal tendon)

Note: Adapted from Cook et al. (2004) and Soslowsky (2002)

Data Analysis
All statistical tests were performed using PRISM (GraphPad Software, Inc., San
Diego, CA). For the immunohistochemistry component of the study, ED1-IR counts in
supraspinatus tendon were analyzed with two-way ANOVA with the factors “week” and
“limb”. This was followed with post hoc Bonferroni multiple comparison tests for pre-
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planned comparisons. The control was compared to the experimental group (both
preferred and support limbs) in weeks 6 and 12.
Supraspinatus histomorphology scores for both distal and midsubstance tendon of
the preferred limb were analyzed with 1-way ANOVA and Tukey’s tests for post hoc
comparisons between the control groups and experimental groups in weeks 6 and 12.

Results
Supraspinatus Histomorphology
No significant findings were noted in either the midsubstance or distal aspects of
supraspinatus tendons of the preferred limbs. Histomorphology scores are illustrated in
Figure 4-3. Tissue examples are illustrated in Figure 4-4.
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Figure 4-3. Supraspinatus Morphology Scores. No differences were observed in
tenocyte, vascularity, or collagen organization scores in weeks 6 or 12 compared
to normal controls.
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Figure 4-4. Supraspinatus Tendon Morphology. There were no visible differences
in normal controls (4-4A) compared to rats exposed to the HRLF task (4-4B).
Immunohistochemistry: ED1-IR Counts
ED1-IR counts are illustrated in Figures 4-5 and 4-6. Two-way ANOVA with
factors of week and limb showed a significant difference (p<0.5) by week but not by
limb. There was no significant interaction. Post-hoc Bonferroni tests determined there
were no significant increases in ED1-IR macrophages in either limb in either week in
comparison to normal controls, however a non-significant increase ED1-IR cells was
noted in week 6. The observed increase in both limbs in week 6 did not achieve
statistical significance, most likely because of the high SEM for week 6 data. Week 12
data for the preferred limb was only available on one animal.
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Figure 4-5. ED1-IR Macrophages in the Supraspinatus Tendon. There was no
significant change in ED1-IR macrophages/mm2 in either limb in either week 6 or
12, but there was an observed increase in macrophages in week 6. The large SEM
confounded a statistically significant change.

Figure 4-6. ED1-IR Cells in the Supraspinatus Tendon. (4-6A) There were few to
no ED1+ macrophages in normal control supraspinatus tendons (T). (4-6B) In
contrast, many ED1+ macrophages (arrows) were located in connective tissue
sheaths (CT) surrounding the supraspinatus tendon (shown) or in the epitendon
(not shown) in a HRNF animal in week 6. M = muscle.
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Discussion
The observation of increased ED1-IR cells (albeit non-significant), coupled with
the absence of any morphological changes in either week 6 or 12 suggests a transient
inflammatory response in the supraspinatus tendon. With the exposure model used in this
study, there did not appear to be any structural changes or degeneration in the
supraspinatus tendon. Thus, the supraspinatus tendon did not appear to undergo any
permanent injury or degeneration after 12 weeks of exposure to high repetition low force
reaching and grasping. In this case, transient inflammation in 6 weeks may be considered
a “warning sign” that more prolonged exposure or exposure with greater force
requirements may lead to more marked inflammation and injury, and perhaps
degeneration in the supraspinatus tendon. Our observed elevations in ED1-IR cells in the
supraspinatus tendon are in agreement with the observed increases in ED1
immunoreactive macrophages in combined rotator cuff tendons as reported by Barbe et
al. (2003). In that study, Barbe et al. (2003) found an increase in week 5/6 after exposure
to a high repetition negligible force task.
The repetitive reaching and grasping task used in this experiment required motion
and force generation across all upper extremity joints, as seen in Figures 4-1 and 4-2.
Although many of the motions and force requirements involve more distal segments of
the limb, there was adequate participation of the shoulder girdle to elicit an increase
(albeit non-significant) of inflammatory cells in the supraspinatus tendon, because the
task required nearly full elevation of the shoulder in order for the animals’ paw to reach
the height of the portal.
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The clinical relevance of this finding is that workers who perform repeated upper
extremity tasks may be at risk for inflammation and/or injury in the proximal shoulder
girdle tissues even when the main task requirements emphasize forearm or hand
movement. In many cases, the participation of the shoulder is obvious. An example of
this would be painting a high wall or ceiling with a paintbrush; both gripping of the
paintbrush and sustained elevation of the upper limb via the shoulder girdle is required.
However, the shoulder tissues may be vulnerable with repeated upper limb activities that
involve less obvious shoulder joint motion, such as typing on a keyboard. Generally, this
involves movement and forces across the fingers and wrists, but if the keyboard is
positioned on an awkwardly high surface, the individual may need to generate sustained
forces across the glenohumeral joint in order to position the limb to access the keyboard.
Repetitive motions of the upper extremities may affect tissues in both proximal and distal
aspects of the limb, and patients with WMSDs related to repetitive upper limb tasks may
develop symptoms of impairments in variable regions throughout the upper limb.
Prior work in our lab has identified pathological changes in tissues other than
supraspinatus in response to negligible force repetitive tasks at similar time points. Barbe
et al. (2003) found fraying in tendon fibrils in the mid-forelimb after 6 weeks. Increased
levels of resident macrophages were found in the reach limb in 6 and 8 weeks. Coq et al.
(2009) found increased IL-1β and TNF-α in forelimb flexor muscle and tendon. Clark et
al. (2003) reported increased macrophages in the transcarpal region of the median nerve
of both forelimbs after 5-6 weeks of a repetitive negligible force activity. Fibrosis was
identified in the median nerve by weeks 8 and 12. Impaired nerve conduction velocity
was found in weeks 9-12. Al-Shatti et al. (2005) found increased levels of pro-
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inflammatory cytokines in median nerves of rats exposed to the same task in weeks 3-5.
Barbe et al. (2008) found elevated pro-inflammatory cytokines in serum in weeks 6-8,
and in distal bones, muscles and tendons in week 8. In that study, tissue and serum
cytokines/chemokines were found to correlate with the presence of infiltrating
macrophages and reduced grip strength. Barr et al. (2003) found increased ED1+
macrophages and osteoclasts on periosteal bone surfaces in both reach and non-reach
forelimbs. These findings complement the findings of this study and provided evidence
that signs of injury and cellular/tissue responses associated with injury occur at multiple
sites and in multiple tissues in the upper limb in response to repetitive reaching and
grasping.
Work in other labs has identified pathological changes in supraspinatus tendon
following exposure to repetitive treadmill training (Archambault et al., 2007; Carpenter et
al., 1998; Millar et al., 2008; Millar et al., 2009; Nakama et al., 2006, 2007; Perry et al.,
2005; Soslowsky et al., 2002; Soslowsky et al., 2000; Szomor et al., 2006). Although the
treadmill tasks used in these studies was markedly different than the repetitive reaching
and grasping task used in this study, the findings of these authors confirm that repetitive
motions of the upper limbs can lead to injury, inflammation, and degeneration in the
supraspinatus tendon. Compared to our repetitive reaching task, treadmill running may
pose a greater risk of injury to the supraspinatus because of the repetitive impact across
the shoulder due to ground reaction forces associated with weight bearing during the
running cycle. During the running cycle, the forelimb impact occurs with the shoulder in
an elevated position (albeit less upper limb elevation compared to the reaching and
grasping task used in this study). Because of the repeated impact and weight bearing
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requirements associated with treadmill running, the exposure led to more extensive
pathological changes than those observed in our model of repetitive reaching.
There are several limitations in this study. First, histomorphology was assessed
only in the preferred reach limb, based on the observed greater elevation on the preferred
limb during a reach. In hindsight, both the preferred and support limb should have been
analyzed. However, it is unlikely that we would have seen any histomorphological
changes in the support limb since we did not see any in the preferred limb, and it was the
preferred limb that showed non-significant elevated levels of EDI- macrophages. In
addition, the inclusion of overall cellularity scores would have further enhanced the
histomorphological data.
To achieve an adequate n for most comparisons, we combined rats exposed to two
different protocols, i.e., some experimental rats performed a low force activity while
others performed a negligible force activity. Although when combined it is accurate to
label the whole group as “low force”, it would have been a better design had we been
able to use only negligible force or low force exposure groups. For ED1 counts in the
preferred limb in 12 weeks, data were obtained from only 1 animal, thus creating the
potential for a Type II error in the results. Only one marker of inflammation was used in
this study. Further research should explore the presence of other cells (such as ED-R) and
other cytokines/chemokines or neurochemicals that play a role in the process of
inflammation and repair. We obtained data for this study in only 6 and 12 weeks.
Because we saw a non-significant increase in ED1-IR cells in 6 weeks in the
supraspinatus, it would be interesting to ascertain the levels of such cells in weeks 3 and
9, in order to illustrate a more comprehensive description of the signs of inflammation in
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the supraspinatus over time. It would be surprising if we were to find any signs of
inflammation in 3 weeks, as studies of other tissues using the same task model generally
noted signs of inflammation only after week 5.
In related work (see Chapter 5), we have found increased macrophages in
supraspinatus of aged rats exposed to 9 weeks of high repetition low force reaching.
Further study in both young adult and aged rats should continue to assess the effects of
repetitive reaching tasks on the supraspinatus. In particular, the effects of high force
activities or studies extended over longer time periods, such as 18 and 24 weeks, should
be considered. A more comprehensive assessment of the many potential markers of
injury and inflammation is warranted. In addition to study of soft tissue such as
supraspinatus tendon, future studies should consider boney structures associated with the
glenohumeral joint and coracoacromial arch.
Conclusions
Exposure to a low force repetitive reaching and grasping task results in
nonsignificant elevation of inflammation (ED1-IR cells) in the supraspinatus tendon in 6
weeks. It appears that the presence of these cells declines back toward base line in 12
weeks. Despite the observe nonsignificant increase in ED1-IR cells in 6 weeks, we did
not observe any histomorphological changes in the supraspinatus tendon, suggesting that
the exposure used in this study may have elicited a transient inflammatory response, but
did not lead to visible changes in tendon structure / degeneration.
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CHAPTER 5
REPETITIVE REACHING AND GRASPING LEADS TO
MOTOR DECLINES AND INFLAMMATION IN
UPPER EXTREMITY TENDONS OF AGED RATS
Introduction
The U.S. Department of Labor defines work-related musculoskeletal disorders
(WMSDs) as injuries or disorders of muscles, nerves, tendons, joints, cartilage, or spinal
discs associated with exposure to risk factors in the workplace (U.S. Department of
Labor, 2007). Risk factors include repetition, force, awkward postures, and static postures
(Barbe & Barr, 2006; Barr, 2006; Barr & Barbe, 2002). Repetitive motion injuries
(RMIs) can be caused by performance of repetitive, forceful and/or awkward movements
over time. In humans, WMSDs have been associated with jobs involving manual
handling, repetitive motion, force, static postures, vibration, and poor psychosocial
conditions (Kilbom et al., 1996). The National Institute for Occupational Health and
Safety (NIOSH) describes WMSD risk factors in 4 categories: physical and mechanical
factors, work organizational factors, psychosocial factors, and individual predisposing
factors (Bernard, 1997). The individual predisposing factors described by NIOSH include
general health status, physical attributes, and avocational activities (Bernard, 1997).
Other factors that may play a role in the development of WMSDs include demographic
factors such as gender and age, as well as lifestyle related factors such as nutrition,
socialization, and use of tobacco or alcohol.
Treatment of these disorders and lost work productivity costs had been estimated
to cost over $60 billion dollars annually (Stewart et al., 2003). Repetitive motion (such
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as typing and repeated grasping) was the type of work exposure that resulted in the
longest absences from work in 2005-2006 (U.S. Department of Labor, 2007). Carpal
tunnel syndrome, a common WMSD, is usually associated with repetitive motion (Clark
et al., 2004; Clark et al., 2003; Sommerich et al., 2007). Carpal tunnel syndrome is one of
the most severe WMSDs, resulting in the highest median days away from work (U.S.
Department of Labor, 2007). Many consider repetitive motion injuries to be a problem of
modern society, related to industrial and office automation. However, repetitive motion
injuries have been documented for centuries. In 1713, Ramazzini described “writer’s
cramp” symptoms among scribes and notaries (Pope, 2004). He associated this disorder
with “incessant motion as one of the causes of such maladies (Ramazzini, 1713/1964).
Movement dysfunction and motor performance declines associated with repetitive
motion in animal models confirm that repetition and force are factors in the development
of these disorders (Barbe et al., 2003; Barr & Barbe, 2004; Barr et al., 2004; Byl et al.,
1997; Byl et al., 1996; Clark et al., 2004; Clark et al., 2003; Coq et al., 2009; Elliott et al.,
2008; Sommerich et al., 2007; Topp & Byl, 1999). The exposure response relationship
between WMSDs and repetitive motion is an area of ongoing study. Disordered
movement along with reduced task efficiency and accuracy were observed in monkeys
following performance of a repetitive hand gripping activity for several months (Byl et
al., 1997; Byl et al., 1996; Topp & Byl, 1999). Decreased performance was associated
with an increase in task demands in a monkey model of voluntary repetitive pinching
(Sommerich et al., 2007). Barbe et al. (2003) and Coq et al. (2009) found impaired motor
performance and emergence of abnormal movement patterns in rats that performed high
repetition negligible force repetitive reaching for 8 weeks. Barbe et al. (2003) reported
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declines in reach rate in weeks 5 and 6, decreased task duration in week 6, and a
progressive emergence of abnormal raking movement patterns over 8 weeks. Coq et al.
(2009) found a decline in fine motor control in week 8 as evidenced by increased reach
phase time, grasp phase time, and movement reversals, as well as a decrease in forehead
sticker removal time. In addition, a decline in grip strength was noted in week 8 (Coq et
al., 2009). Using this same model, Clark et al. (2003) reported that several markers of
behavioral decline persisted after 11 weeks of exposure. When a similar reaching task
demand was escalated via high force requirements, Clark et al. (2004) found greater
declines in task duration and reach rate than found with a negligible force task (Clark et
al., 2003). In an experiment using a low repetition rate and low force model, Elliott et al.
(2008) reported only modest decline behavior declines in response to RMIs.
The pathophysiological mechanisms underlying the changes in motor
performance and behavior are complex and involve both peripheral tissues and the central
nervous system. Work in our lab as well as other labs have found adverse changes in
peripheral nerve function and musculoskeletal tissues including inflammatory cell
infiltrates, tendinopathy, degenerative changes and tissue necrosis (Baker et al., 2007;
Barbe et al., 2003; Barr et al., 2003; Clark et al., 2004; Clark et al., 2003; Fedorczyk et
al., 2009; Geronilla et al., 2003; Nakama et al., 2005; Perry et al., 2005; Sommerich et al.,
2007; Soslowsky et al., 1996; Willems & Stauber, 1999). Elliott et al. reported
neurochemical changes in spinal cord tissue of rats exposed to repetitive motion (Elliott
et al., 2009a,b; Elliott et al., 2008). Coq et al. (2009) reported cortical disorganization of
topographic forepaw representation and enlargement of primary sensory and motor
cortical map areas associated with the forepaw representation in rats exposed to repetitive
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reaching. Other studies have confirmed central neuroplasticity in monkey models of
repetitive behavioral task (Blake et al., 2002; Byl et al., 1997; Byl et al., 1996). Thus,
there is a growing amount of evidence to support the theory that peripheral tissue (both
neural and musculoskeletal) injury and inflammation, systemic inflammation, and central
nervous system reorganization contribute to the development of motor declines
associated with repetitive motion injuries.
Evidence of the pathological processes in WMSD includes the presence of infiltrating
macrophages (ED1-IR) in musculoskeletal tissues, indicative of local tissue
inflammation. These macrophages also produce proinflammatory cytokines. Increased
ED1-IR cells have been found in tendons, muscles, bone, and peripheral nerves, as well
as their associated synovial sheathes or periosteum, in response to repetitive motion
injury (Barbe et al., 2003; Barr & Barbe, 2004; Clark et al., 2004; Clark et al., 2003;
Elliott et al., 2008; Fedorczyk et al., 2009).
Tendons are dense connective tissue structures that originate at the musculotendinous
junction and serve as an interface between muscle and bone to transmit forces for the
purpose of creating joint movement and/or stability. Tendons are strongly anchored to
bone via transition of tendon to fibrocartilage and then bone, and by the presence of
Sharpey’s fibers (Towers et al., 2003). Tendons are composed primarily of collagen
fibers, ground substance, and tenocytes. The collagen fibers are organized into
subfascicles, fascicles, and bundles via connective tissues known as endotenon. Tendons
are surrounded by additional connective tissue layers known as epitenon and paratenon.
Together, the epitenon and paratenon layers are referred to as the peritendon. Most
tendons are further supported by a fibrous sheath at points of friction such as the carpal
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tunnel. Tendon sheaths have 2 layers: an outer fibrous layer and an inner synovial layer.
Fluid, similar to synovial fluid of a joint, is present in the synovial layer and helps
lubricate the tendon and reduce friction. Repetitive motion injuries can affect multiple
tissues including tendon. Tendon pathologies, known as tendinopathies, increase with
exposure to repetitive forceful movements and with age. Tendinopathies of wrist flexor
tendons (flexor carpi radialis and flexor carpi ulnaris), though less prevalent than other
upper extremity tendinopathies, have been associated with repetitive activity or direct
trauma (Bishop et al., 1994; Budoff et al., 2005; Soejima,p et al., 2002; Thorsen & Szabo,
1992). Tendinopathies secondary to repetitive use occur not only in workers, but also in
athletes (Almekinders & Temple, 1998; Fulcher et al., 1998) and wheelchair users
(Silfverskiold, 1991). Prevalence of chronic wrist and/or shoulder pain in wheelchairs
users has been reported to be 72.7% (Subbarao et al., 1995). The symptoms in wheelchair
users are associated with the repetitive use of the upper extremities for wheelchair
propulsion and transfers.
In animal models, several studies have identified increased presence of
macrophages, as well as other markers of injury and inflammation, in tendons after
exposure to repetitive motion. To date, most of these studies have been performed on
young adult animals. Backman et al. (1990) found tendon degeneration, matrix
reorganization, and increased fibrosis, vascularity, inflammatory cells and edema in
rabbit Achilles tendon after 5-6 weeks or repetitive kicking. In a similar study with a
lower frequency of kicking in a rabbit model, Archambault et al. (2001), found no
evidence of injury or degeneration, but noted increased mRNA expression of type III
collagen and matrix metalloproteinase after 11 weeks. Several studies have found signs
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of overuse injury in the supraspinatus tendon. Carpenter et al. (1998) exposed rats to
repetitive downhill treadmill running over 4 or 8 weeks. At both time points, the authors
reported increased cellularity and greater collagen disorganization in the supraspinatus
tendon. Soslowsky et al. (2000; 2002) observed increased cellularity and disordered
collagen alignment in rat supraspinatus after 4, 8, or 16 weeks of repetitive treadmill
walking on a 10º decline. The addition of external compression on the tendon led to more
pronounced adverse changes, providing evidence that adverse changes in the rotator cuff
are greater with overuse plus external compression compared to either factor alone.
Using , specific markers of inflammation (FLAP and COX-2) and angiogenesis (VEGF
and VWF), Perry et al. (2005) found more signs of inflammation in the supraspinatus in
8 weeks, followed by a decline in 16 weeks. Markers of angiogenesis generally remained
at increased levels over the course of the study. Nakama et al. (2006) found increased
VEGF, VEGFR-1, and CTGF cell densities in rabbit flexor digitorum tendon after 14
weeks of electrically induced repetitive loading. The presence of these factors is felt to
play a role in vascular changes associated with the development of tendinosis. In related
work these authors reported that the formation of microtears in flexor digitorum
profundus tendons was greater in conditions involving higher repetition (Nakama et al.,
2005; Nakama et al., 2007). Higher repetition loading also resulted in microtearing in
more extensive regions of the tendon, while lower repetition loading resulted only in
changes in the outer regions of the tendon. Using a protocol of treadmill walking on a
decline, Szomor et al. (2006) found increased nitric oxide synthases isoform mRNA
expression in the rotator cuff after 4 weeks. Nitric oxide is a free radical, pathways of
which are induced by mechanical overload in tissues. Archambault et al. (2007) found
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increased expression of cartilage genes including col2a1, aggrecan, and sox9 in rat
supraspinatus tendon after exposure to up to 4 weeks of repetitive decline treadmill
running, suggesting that the tendons were converting to a fibrocartilagenous phenotype
due to the repetitive loading and compression underneath the coracoacromial arch. Millar
et al. (2008), using a similar model of induced overuse via decline treadmill running for 4
weeks, reported substantial upregulation of heat shock proteins (hsp) and apoptotic
regulatory genes in rat supraspinatus tendon. Upregulated hsp70 is associated with
oxidative and other forms of stress, and in Millar et al.’s study (2008), the upregulation
was likely due its central role in caspase dependent apoptotoic cell signaling that is
known to be associated with torn or mechanically loaded tendon cells. In related work,
Millar et al. (2009) also identified upregulation of pro-inflammatory cytokines including
IL-18, IL-15, IL-6, and MIF. Such cytokines are important contributors to tendon
pathology and play a role in oxidative stress induced cellular apoptosis (Lee et al., 2002;
Millar et al., 2009; Voloshin et al., 2005).
Prior work in our lab has found increased macrophages in forelimb tendon as well
as in muscle and loose connective tissue after exposure to 8 weeks of high repetition
negligible force reaching and grasping in rats (Barbe et al., 2003). ED1 macrophages
increases were found in palmar and anterior forelimb tissues (loose connective tissue,
muscle, and tendon) in weeks 3, 4, 5, 6, and 8. Increases were noted bilaterally, but were
generally greater in the reach limb vs. the non-reach limb. Overall, the greatest peaks in
ED1-IR macrophages occurred in weeks 5-6 of a HRNF task, with a decrease toward
baseline in week 8. Elevated numbers of ED1-IR macrophages were also found in
extensor regions, brachial regions, shoulder regions, hind limb region, and back tissues in
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weeks 5/6. The increases in limbs were bilaterally. ED2-IR (resident) macrophages were
elevated in connective tissue, the musculotendinous junction, and tendon in weeks 6 and
8 in the forelimb region of the reach limb. In addition, serum IL1-alpha (a proinflammatory cytokine released by ED1-IR macrophages as well as other cells) was
elevated in week 8. A non-significant increase in this cytokine was also noted in week 6.
These indicators of an inflammatory response coincided with the degradation of motor
behavior (described earlier). Coq et al. (2009) also found increased IL-1β and TNF-α in
forelimb flexor digitorum muscle and tendon in 8 weeks after exposure to a HRLF task
compared to controls. These increases negatively correlated with grip strength.
Age is known to induce degenerative changes and impair regenerative capacity of
most tissues, including tendon (Nielsen et al., 1998). In addition, aging is associated with
an inevitable decline in skeletal muscle mass (sarcopenia) (Cutlip et al., 2009). With
regard to the shoulder, age related changes have been reported in the supraspinatus
tendon and other tissues in the subacromial region (Brewer, 1979; Hsu et al., 2003; Panni
et al., 1996). Presumably, this is due to wear and tear on the tendon over time,
compounded by reduced regenerative or healing capacities of aged tissue. Aging has been
associated with increased risk of neck and shoulder musculoskeletal disorders in
computer operators (Gerr et al., 2002). For RMIs in general, aging has an effect on
missed work days. The median number of days away from work due to injury and illness
doubled from 6 to 12 when comparing workers aged 25-34 years to those aged 55-64
years (U.S. Department of Labor, 2009). Incidence of lost workday injuries and illnesses
due to RMI is 1.6 times greater in workers aged 55 - 64 compared to those aged 25 – 34
(U.S. Department of Labor, 2009). de Zwart et al. (1997) reported that musculoskeletal
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complaints among workers with physically demanding jobs increased with age.
Controversy exists regarding the relative contributions of age and work demands in the
development of these disorders (de Zwart et al., 1997; Frost et al., 1998). None the less,
numerous epidemiological studies have demonstrated a positive relationship between
advancing age and susceptibility to risk factors for RMI. The workforce in the United
States is experiencing an increase in the proportion of aged individuals; approximately
20% of the workforce is comprised of workers over 55 years old (National Research
Council, 2001).
Earlier work from our lab explored various combinations of repetition and force
in young adult rats (Barbe et al., 2003; Barbe,p et al., 2008; Barr,p et al., 2003; Clark et
al., 2003; Clark et al., 2004; Coq et al., 2009; Elliott et al., 2009a,b; Elliott et al., 2008;
Fedorczyk et al., 2009; Kietrys et al., 2008; Rani et al., 2009a,b). In this study, we
examine the effects of chronic repetitive reaching and grasping for the first time in aged
rats. The first aim was to examine the induction of inflammation with performance of a
high repetition low force (HRLF) task in aged rats’ (15 months of age at onset of
experiments) supraspinatus tendon and forelimb flexor digitorum tendon over 12 weeks
of exposure, compared to age-matched normal control (NC) rats and age-matched trained
control (TC) rats. We hypothesized that the supraspinatus tendons and flexor digitorum
tendons of aged HRLF rats will have increased macrophages and inflammatory cytokines
levels and increased signs of degeneration (as evidenced by cellularity, tenocyte
shape/size, vascularity, and collagen organization) compared to age matched NC and agematched TC rats. The second aim was to examine the induction of motor declines over
time in the upper extremities of aged rats with performance of a HRLF task over 12
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weeks of exposure. We hypothesized that over time, aged HRLF rats will demonstrate
declines in reach performance variables including task duration, reach rate, grasp time,
and percent success, as well as grip strength declines.

Methods
Subjects
All experiments were approved by the Temple University Institutional Animal
Care and Use Committee and were in compliance with NIH guidelines for humane care
and use of laboratory animals. Female Sprague-Dawley rats were used for this study.
The rats were housed in a central animal facility in separate cages with a 12 hour
light:dark cycle and free access to water. Animals were weighed weekly and their food
was adjusted to maintain 95% body weight of age matched controls.
A total of 124 aged (15-18 months) female Sprague-Dawley rats were used in
this study. Forty-nine aged rats were food restricted to within ± 5% of NC weight,
trained to perform a high repetition, low force (HRLF) reaching and handle pulling task,
and then performed this task for 2 hrs/day, in 30 min sessions, separated by 1.5 hour
breaks, 3 days/wk for 3 weeks (n=8), 6 weeks (n=8), 9 weeks (n=17), or 12 weeks
(n=16). Thirty-one aged rats served as age- and weight-matched trained controls (TC)
that went through the initial training steps but did not proceed past week 0 to the task
regimen. The TC rats were euthanized at time points matched to HRLF rats, i.e., TC rats
were euthanized at 3 weeks (n=6), 6 weeks (n=8), 9 weeks (n=8), or 12 weeks (n=9) past
cessation of training. Eighteen more rats served as age-matched normal controls (NC)
with free access to food. The NC rats did not undergo training or task performance. An
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additional 8 aged rats were eliminated from the study due to age-related health issues,
such as renal failure, presence of tumors or mortality.

Behavioral Apparatus and Task
HRLF task and TC rats were placed in custom-designed force apparati with a
portal in one wall (designed by Dr. Ann Barr and Custom Medical Research Equipment,
Glendora, NJ) integrated into am operant behavioral training system (Med Associates,
Georgia, VT) . The animals reached through the portal toward a force apparatus that was
custom designed (by Dr. Ann Barr and Custom Medical Research Equipment, Glendora,
NJ), as previously described (Clark et al., 2004; Rani et al., 2009) (Figure 5-1). The force
apparatus consisted of a miniature load cell (Omega Engineering, Stamford, CT)
connected to a 1.5 mm bar positioned 2.5 cm outside of the chamber. To obtain a food
pellet reward, the animal reached through the shoulder height portal, grasped the bar, and
pulled it with a specified force for a specified time. The bar was oriented at a 45 degree
angle from vertical in the direction of pronation and was adjusted based on the preferred
limb of the animal. The load cell was interfaced with a signal conditioner (Analog
Devices, Norwood, MA) which amplified and filtered the signal before it was sampled
digitally at 100 Hz with Force-Lever software (Med Associates, St. Albans, VT). An
auditory indicator cued the animals to reach every 15 seconds, i.e. a target rate of 4
reaches/min. If the animal met the required force (15%±2.5%MVC) and time (50 ms)
criteria within a 5 second period of the indicator sound, a reward light came on. The light
signaled the arrival of a 45 mg food pellet (Bio-Serve, Frenchtown, NJ) in a floor-height
trough. To obtain the pellet, the animal withdrew the limb and moved its snout toward the
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trough in order to lick the pellet. HRLF animals were exposed to this HRLF, grasping,
and pulling task for 2 hours, 3 days per week. The 2 hour activity was divided into 4 30minute periods separated by 1.5 hour rest periods to prevent satiation.
Prior to the initiation of the experiments, all rats were handled for 10 min/day for 2
weeks. HRLF and TC rats then learned to perform this task in the operant behavior
chambers during an initial 4-5 week training period in which access to food was restricted
in order to motivate them to learn the task. Some rats underwent a short period (no more
than 7 days) of a 5-15% weight reduction compared to their naive weight. However, once
the animals learned the task, they rapidly gained weight and were maintained as closely
as possible to within ± 5% of an individual rat’s naïve weight (before food restriction and
training) and to age-matched NC rats’ weights for the remaining 3-4 weeks of the training
period and throughout the task period of up to 12 weeks. All rats were weighed at least
once weekly throughout the duration of the experiment and food adjusted accordingly. In
addition to food pellet rewards, rats received Purina rat chow daily in the bottom of the
cage to decrease the need for foraging and to increase ease of access to the food. TC and
NC rats received similar daily allotments of food pellets and rat chow as the HRLF rats.
The animals were trained to grasp and pull the force handle at 15% (± 2.5%) of the
maximum voluntary isometric grip strength of the control rats, for at least 50
milliseconds. When the HRLF rats were able to perform the task consistently at the
specified reach rate and force requirement for 10 - 20 min/day, they began on the HRLF
task regimen at the target reach rate and force requirement for 2 hrs/day, 3 days/wk for 12
wks. The task was divided into 4, 0.5-hr sessions separated by 1.5 hrs in order to avoid
satiation. Rats were allowed to use their preferred limb to reach as well as their
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contralateral limb as a support limb as needed. The side used to reach was recorded in
each session. Thus, the animals were allowed to self-regulate their participation in task
performance, making this a voluntary task.

Figure 5.1 High Repetition Low Force, Lever Pull Chamber. Rats performed a
high repetition low force task in an operant test chamber. Figure 5.1A shows the
rat at the beginning of a reach. In Figure 5.1B, the animal is reaching into the
portal to pull the handle with the preferred limb; the support limb is providing a
counterforce against the wall. Figure 5.1C illustrates the food pellet dispenser. In
Figure 5.1D, the animal is seen retrieving and consuming the food pellet in the
reward trough.
Determination of Reach Performance Behaviors
For reach performance variables, force lever data were obtained for 17 animals
(weeks 1-9), and 8 animals through week 12. Duration (D), reach rate (RR), percent
success (%S), and grasp phase time (GPT) were derived from force lever data via an
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automated script (MatLab; Mathworks, Natick, MA). Force lever data were obtained
over the 4 30-minute training periods of the last day of the weekly interval of interest.
Duration was operationally defined as the total time that the animal was engaged in the
activity on a test day, and was obtained on the last day of each task week. Thus, the
durations from each of the 4 30-minute training periods were summed. The maximum
possible duration was 120 minutes. Task duration is presented as percent of full task
participation (which is 120 min/day) and SEM. The force lever program provided RR,
%S, and GPT data for each of the 4 training periods. The data from each of the 4 30minute periods was averaged to provide a mean RR, %S and GPT for the test day. Reach
rate was defined as the number of reach attempts (as indicated by force applied to the
handle) per minute. Percent success was operationally defined and the percentage of
pulls on the handle that fell within the range of force (15% ± 2.5% MVC) required to
provide a reward. Grasp phase time was defined at the average amount of time that the
animal’s paw exerted a force on the handle during pull attempts, as described previously
(Elliott, et al., 2008).
Determination of Grip Strength
Grip strength data were obtained from 99 animals. NC grip data were obtained
from 44 rats, TC data were collected from 30 rats in 1 week (n=20), 3 weeks (n=24), 6
weeks (n=23), 9 weeks (n=17) and 12 weeks (n=9) after cessation of training. HRLF data
were collected from 49 rats in 1 week (n=49), 3 weeks (n=49), 6 weeks (n=43), 9 weeks
(n=34) and 12 weeks (n=16) after cessation of training. Some rats overlapped between
these groups. For example, naive grip data were objected for use as control data before
any shaping or exposure, after which the rat may have been randomly chosen to become a
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NC, TC or HRLF rat. Thus, the number of rats available for TC or HRLF grip data
became smaller as weekly testing endpoints as the study progressed.
Grip strength was measured bilaterally following the method described by Bertelli
and Mira (Bertelli & Mira, 1995). The grip strength test was performed by holding the
animal by its tail, allowing it to grasp a rigid bar, and then slowly pulling the animal
upward until the grip was overcome (Figure 5.2). The bar was mounted to a force
transducer connected to a digital display and recording unit (Stoelting, Wood Dale, IL).
The test was repeated 3-7 times on each forelimb. Maximum grip strength was defined as
the peak force recorded from the transducer. All grip strength values from control
animals were analyzed to determine the mean and standard deviation. The sum of the
mean plus 2 standard deviations was used as an upper limit cut-off for grip data. This was
done to eliminate excessive high grip values (outliers) that might have been attributed to
testing errors such as attempts by the animal to grip with both forepaws. The cut off value
was calculated to be 600g. Once the grip strength values that exceeded the cut off value
were eliminated from the data, the highest 3 maximum grip strength values were selected.
For NC, the highest values not exceeding the cut off value from either limb in any week
were recorded. TC animals, the highest 3 grip values (from either limb) not exceeding the
cut off were recorded at weekly endpoints 1, 3, 6, 9, and 12. For HRLF animals, the
highest 3 grip values not exceeding the cut off were recorded for both the preferred and
support limbsin weeks 1, 3, 6, 9, and 12. The preferred limb was the limb that the animal
used the majority of the time to reach and pull on the rigid bar. The support limb was
used to support the body against the side of the chamber shown in Fig 5-1B.
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Figure 5.2 Grip Strength Test. The animal is observed gripping a rigid bar
that is attached to a force transducer. The animal was slowly pulled in an
upward direction until its grip was overcome.
Tissue Collection and Immunohistochemistry
Supraspinatus and forelimb flexor digitorum peritendon tissues were collected
and examined histologically and immunohistochemically from 21 aged HRLF rats in 6
(n=4), 9 (n=10) or 12 (n=4) weeks after HRLF task onset. Tissues were also collected
from 11 aged-matched TC ratat 6 (n=4), 9 (n=3) or 12 (n=4) weeks after cessation of
training (i.e. after the HRLF task began in week 0), and from age-matched 6 NC rats.
Week 3 data were not available. Animals were euthanized by pentobarbital overdose
(Nembutol; 120 mg/kg of body weight) and perfused pericardially with 4%
paraformaldehyde in PO4 buffer (pH 7.4). Tissues were collected from all limbs en bloc,
equilibrated in 30% sucrose in PBS, and cut into longitudinal sections (16µm) using a
cryostat. For immunoperoxidase staining, sections were blocked with 3% H2O2 in
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methanol for 30 min, then with 10% goat serum in PBS. The sections were incubated
overnight at room temperature with primary antibody ED1 diluted in PBS, 1:250
(Millipore, MA). Sections were enzyme digested for 10 min using 0.5% pepsin in 0.01 N
HCl prior to blocking with serum. Following incubation with primary antibodies, the
sections were incubated for 2 hours with appropriate secondary antibodies tagged with
peroxidase (Jackson ImmunoResearch Laboratories, Inc., West Grove, PA). The
peroxidase-conjugated secondary antibodies were visualized using DAB (Sigma-Aldrich,
St Louis, MO) and the sections were dehydrated and mounted with DPX media (EMS,
Hatfield, PA).
The numbers of ED1-IR macrophages were quantified bilaterally using a
bioquantification system (Bioquant TCW 98). Cells with a defined threshold of staining
were counted in a custom area using a 40X objective for the distal supraspinatus tendon
and the forelimb flexor digitorum tendon in the region of the transverse carpal ligament.
Three adjacent fields were measured for each tissue per region.
Histomorphology
Adjacent sections of supraspinatus and forelimb flexor digitorum tendons
immunostained above were stained with hemotoxylin and eosin (H&E) and examined
using a light microscope at 20 and 40X magnification for histopathological changes,
bilaterally (both preferred and reach limb examined). Tendons were scored in a blinded
manner using the tendon pathology scoring system described in Table 5-1, which was
adapted from the modified Bonar scale (Cook et al., 2004; Soslowsky et al., 2002). This
system included assessment of the shape and size of tenocytes, overall cellularity, the
organization of collagen, and vascularity. For each of these 4 categories, a normal
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appearing tendon was assigned a score of 0. Pathological changes were scored from 1 to
3, with 3 representing the worst possible score, indicative of advanced pathological
changes. For supraspinatus tendon, sections were scored in 2 different locations: the
distal end of the tendon near the point of attachment to the greater tuberosity, and the
midsubstance of the tendon approximately 1-2 mm proximal to the distal end. For the
forelimb flexor digitorum, the tendon and peritendon was inspected at the level of the
carpal tunnel.
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Table 5-1. Tendon Pathology Scoring System.
Category
0
1
Tenocytes
Elongated
Greater
spindle shaped
roundness
nuclei
Nuclei more
ovoid to round
No cytoplasm
No conspicuous
cytoplasm

2
Greater
roundness and
size
Nuclei round
and enlarged
Small amount
of cytoplasm
visible

3
Nuclei round
and large
Abundant
cytoplasm
+ lacuna
(chondroidal
changes)

Cellularity

Sparse
tenocytes
visible; no other
cells

Minimal
increase in
number and
variety of cells

Moderate
increase in
number and
variety of cells

Large increase
in number and
variety of cells

Collagen

Tight, cohesive,
well
demarcated
bundles

Separation of
individual fibers
with
maintenance of
demarcated
bundles

Bundle
changes;
separation of
fibers with loss
of demarcation
of bundles

2 clusters of
capillaries per 5
20X fields or 10
40X fields
(midsubstance),
or 3 20X fields
or 6 40X fields
(distal tendon)

Vascularity

Inconspicuous
blood vessels
coursing
between
bundles

1 cluster of
capillaries per 5
20X fields or 10
40X fields
(midsubstance),
or 3 20X fields
or 6 40X fields
(distal tendon)

Marked
separation of
fibers with
complete loss
of architecture

>2 clusters of
capillaries per 5
20X fields or 10
40X fields
(midsubstance),
or 3 20X fields
or 6 40X fields
(distal tendon)

Note: Adapted from Cook et al. (2004) and Soslowsky et al. (2002)
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Cytokine Analysis
Rats were euthanized with an overdose of sodium pentobarbital (Nembutal; 120
mg/kg body weight). Forelimb flexor digitorum digitorum tendons were collected from
15 experimental HRLF rats at 6 (n=4), 9 (n=7) or 12 (n=4) weeks after HRLF task onset.
Tissues were also collected from 13 aged-matched TC rats at 6 (n=4), 9 (n=5) or 12 (n=4)
weeks after cessation of training (i.e. after the HRLF task began in week 0), and from
age-matched 6 NC rats. The tissues were flash frozen and stored at -80ºC until
homogenization. All tissue samples were homogenized unpooled with 0.5 to 1.0 mL
RIPA buffer (NaCl, KCl, NaH2PO4, KH2PO4, and DDH2O + NaOH) plus EDTA free
complete protease inhibitor cocktail tablets (Roche Diagnostics, GMPH, Germany) using
a PowerGen 125 Homogenizer. Tissue homogenates were centrifuged at 14,000 rpm for
15 min at 4ºC. Total protein was determined using BCA-200 protein assays (Bicin
Choninic Acid; Pierce). Tissue lysates were analyzed for IL-alpha, IL-β, IL-6, IL-10, and
TNF-alpha using commercially available ELISA kits according to manufacturer’s
protocols (BioSource International). Each sample was run in duplicate and data (pg
cytokine protein) normalized to µg total protein.
Data Analysis
All statistical tests were performed using PRISM (GraphPad Software, Inc., San
Diego, CA). Grip strength was analyzed with two-way ANOVA with the factors “week”
and “limb”. This was followed with post hoc Bonferroni multiple comparison tests for
pre-planned comparisons. For grip strength, post hoc tests compared normal (naïve)
controls to all groups (trained control and HRLF groups) in weeks 0, 3, 6, 9 and 12, and
trained control groups to HRLF groups matched weekly endpoints.

143

Reach performance behavioral data obtained from the force lever custom program
was analyzed with repeated measures ANOVA in weeks 1, 3, 6, and 9 weeks for 17
animals and in weeks 1, 3, 6, 9, and 12 for 8 of these same animals that continued in the
experiment to the 12 week endpoint. For reach behavioral data, week 1 was compared to
all later weekly endpoints with post hoc Bonferroni multiple comparison tests.
Supraspinatus histomorphology scores for both distal and midsubstance tendon
(preferred limb) were analyzed with one-way ANOVA and Bonferroni tests for post hoc
comparisons between normal controls or age-matched trained controls and high repetition
low force groups in weeks 6, 9, and 12. For forelimb flexor digitorum tendon,
morphology data from both preferred limb and support limb was obtained; a 2-way
ANOVA with factors of week and limb showed no differences between limbs and no
interaction. Therefore, data from the preferred and support limb was combined, and the
variables were further analyzed with one-way ANOVA and Bonferroni tests for post hoc
comparisons between normal controls or age-matched trained controls and high repetition
low force groups in week 6, 9, and 12.
ED1-IR counts in supraspinatus tendon and forelimb flexor digitorum peritendon
were analyzed with two-way ANOVA with the factors “week” and “limb”. This was
followed with post hoc Bonferroni multiple comparison tests for pre-planned
comparisons. For ED1-IR counts in the supraspinatus tendons and forelimb flexor
digitorum peritendons, post hoc tests compared normal (naïve) control to all groups
(trained control and HRLF groups) in weeks 6, 9, and 12, and trained control groups to
HRLF groups at matched weekly endpoints of 6, 9, and 12 weeks. ED1-IR data in week
3 was not available.
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Cytokines in the flexor digitorum tendon were analyzed with two-way ANOVA
with factors “limb” and “week”, with post hoc Bonferroni tests for planned comparisons.
Tail tendon cytokines were analyzed with one-way ANOVA with Dunnett’s multiple
comparisons tests for planned comparisons.

Results
Grip Strength
Grip strength results are summarized in Figure 5-3. Two-way ANOVA results
showed a difference by week (p<0.001) but not by limb. Post hoc comparisons showed
significant decreases in grip strength in all HRLF weekly endpoints (weeks 1-12) for
both the preferred and support limbs compared to the control group. In weekly endpoints
1, 3, 6, and 9, there was a significant decrease in grip in both the preferred and support
limbs compared the trained control groups that were matched to those weekly endpoints.
No significant differences were noted between the preferred and support limbs in any
weekly endpoint. There was no significant difference between control and trained
controls in any weekly endpoint except for week 12, which had significantly lower grip
strength in the trained control group vs. the control group. Over weeks, we observed a
gradual modest decline in grip strength in the preferred limb.
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Figure 5-3. Grip Strength. This figure illustrates changes in grip strength over 12 weeks.
Significant difference between normal controls (NC) and high repetition low force
(HRLF) animals are indicated by an asterisk (*). Significant differences between agematched trained controls (TC) and HRLF animals are indicated by an ampersand (&).
The lighter blue bar indicates preferred limb. The darker blue bar indicates support limb
* or &=p<0.05; ** or &&=p<0.01; *** or &&&=p<0.001
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Reach Performance Behaviors
Duration, reach rate, percent success, and grasp phase time (derived from the
force lever custom program) is illustrated in Figures 5-4 to 5-7. Duration is expressed as
a percentage of full participation (percentage of 120 minutes). There was a significantly
decreased duration in weeks 1, 3, 6, and 9 compared to week 12. No significant changes
in other reach behavior variables were found. We observed for a non-significant decrease
in reach rate in week 6 (15.3 reaches/min) with apparent recovery in weeks 9 and 12.

Figure 5-4. Voluntary Task Duration. Task duration was lower in weeks 1,
3, 6, and 9 compared to week 12 (**p<0.01; ***p<0.001). The mean
duration in week 12 was 109.3 minutes, which approached the target of
constant participation (120 min).
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Figure 5-5. Reach Rate. No significant changes occurred, but a decline in
week 6 followed by increases in weeks 9 and 12 was observed. The
highest mean RR occurred in week 12.

Figure 5-6. Percent Success. This variable fluctuated over weeks with the
lowest value observed in week 12. There were no significant changes.
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Figure 5-7. Grasp Phase Time. No significant changes occurred. Grasp
phase time fluctuated by small amounts but was relatively stable over the
weeks.
Histomorphology of the Supraspinatus Tendon
In week 12, there was a significant increase in tenocytes score in HRLF animals
compared to age-matched trained controls in the mid-tendon. Distal tendon cellularity
scores were increased in weeks 9 and 12 in HRLF animals. In midsubstance of tendon,
cellularity scores were increased in weeks 6, 9 and 12 in HRLF animals. No significant
findings in collagen scores or vascularity scores were noted in either the midsubstance or
distal aspects of supraspinatus tendons of the preferred limbs. With the exception of
HRLF week 9 (midsubstance) and trained control week 12 (midsubstance), all collagen
scores were zero. Supraspinatus histomorphology is illustrated in Figures 5-8 and 5-9.
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Figure 5-8. Histomorphology Scores of the Supraspinatus Tendon. There was a
significant increase in tenocyte score (mid-tendon) in HRLF animals in week 12
compared to age-matched trained controls. Distal tendon cellularity scores were
increased in weeks 9 and 12 in HRLF animals. In midsubstance of tendon, cellularity
scores were increased in weeks 6, 9, and 12 in HRLF animals. No differences were
observed in vascularity scores in any week. Collagen scores (zero) are not shown.
(*p<0.05; **p<0.01; ***p<0.001 compared to NC) (&p<0.05; &&p<0.01 compared to
age-matched TC)
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Figure 5-9. Supraspinatus Tendon Histomorphology. 5-9A is a normal control
animal and illustrates normal tendon (T) appearance. 5-9B is a 12 week HRLF
animal; there is an increase in overall cellularity as well as increased rounding of
some tenocytes. Scale bar = 50µm, 20X magnification. Inset shows close-up of
area indicated by *.
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Histomorphology of the Forelimb Flexor Digitorum Tendon
In weeks 9 and 12 there were significant increases in overall cellularity and
tenocyte scores. Changes were more pronounced in week 9. In week 9, cellularity was
increased in comparison to both normal controls and age-matched trained controls, while
week 12, it was increased only in comparison to normal controls. Tenocytes scores were
higher (indicative of greater pathology) in comparison to both normal controls and
trained controls in weeks 9 and 12. Forelimb flexor digitorum morphology is illustrated
in figures 5-10 and 5-11.

Cellularity
3

Tenocytes
3

TC
HRLF

2

**,&&

1

0

Score

Score

2

0
6

9

0

12

Week

0
NC

0 0
6

*,&

0
9

k
e
e
W

0
NC

*

**,&&&

1

12

Figure 5-10. Histomorphology Scores of the Forelimb Flexor Digitorum Tendon. There
was a significant increase in tenocyte score in HRLF animals in weeks 9 and 12
compared to normal controls and age-matched trained controls. Cellularity scores were
increased in week 9. HRLF animals in comparison to normal controls and age-matched
trained controls. In week 12, cellularity scores were increased in HRLF animals in
comparison to normal controls. Collagen scores and vascularity score (zero) are not
shown.
(*p<0.05; **p<0.01 compared to NC) (&p<0.05; &&p<0.01; &&&p<0.001 compared to
age-matched TC)
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Figure 5-11. Forelimb Flexor Digitorum Tendon Histomorphology. 5-11A is a
age-matched trained control animal and illustrates normal tendon (T) appearance.
5-11B is a 9 week HRLF animal; there is an increase in overall cellularity as well
as increased rounding of some tenocytes. Scale bar = 50µm; 40X magnification.
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Presence of ED1-IR Macrophages
ED1-IR cell findings in the supraspinatus tendon are illustrated in Figures 5-12
and 5-13. Two-way ANOVA showed a difference by week but not by limb, and no
interaction between week and limb. Post hoc comparisons showed significantly greater
ED1-IR in the support limb in week 9 compared to the age-matched trained control group
(p<0.05) or compared to the normal controls (p<0.001). There were increased ED1-IR in
the preferred limb in week 9 in comparison to normal controls (p<0.05).
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Figure 5-12. ED1-IR Presence in Supraspinatus Tendon. In week 9, there was a
significant increase in ED1-IR cells in supraspinatus tendon of both limbs when
compared to normal controls (NC) (*p<0.05; ***p<0.001). In the support limb,
the was a significant increase compared to age-matched trained controls (TC)
(&p<0.05).
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Figure 5-13. Supraspinatus Tendon Stained for ED-1+ cells. 5-13A is a normal
control animal; no ED1+ stained cells are observed. Scale bar = 50µm; 40X
magnification. 5-13B is an age-matched trained control animal in 9 weeks. The
black arrows point to ED1+ stained cells. 5-13C is a HRLF animal in 9 weeks;
greater numbers of ED1+ cells are observed.
ED1-IR cell findings in the forelimb flexor digitorum tendon are illustrated in
Figures 5-14 and 5-15. Two-way ANOVA results showed a difference by week but not
by limb. In 9 weeks, there was a significant increase in ED1-IR cells/mm2 in the tendon
of the forelimb flexor digitorums in both the preferred and support limb, when compared
to either the normal control group or the aged-matched trained control group (p<0.001).
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Figure 5-14. ED1-IR Presence in Forelimb flexor digitorum Tendon. In week 9,
there was a significant increase in ED1-IR cells in forelimb flexor digitorum
tendon/ peritendon of either limb when compared to normal control (NC)
(***p<0.001) or age-matched trained controls (TC) (&&&p<0.001).

Figure 5-15. Forelimb Flexor Digitorum Tendon (T) Stained for ED-1+ Cells. 515A is a normal control animal; no ED1+ stained cells are observed. Scale bar =
50µm; 40X magnification. 5-15B is from the support limb of a HRLF animal in 9
weeks. The black arrows point to ED1+ stained cells. Cells were observed more
frequently in the peritendon than in the tendon itself.

Cytokine Levels in Flexor Digitorum Tendon
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Cytokine levels in the flexor digitorum tendon are illustrated in Figure 5-16. IL1α was elevated (p<0.05) in the support limb of HRLF animals (compared to normal
controls) in week 9. IL1-β was elevated (p<0.01) in preferred limb of HRLF animals
(compared to normal controls) in week 12. The increases in these 2 cytokines was due to
induced local inflammation. Interestingly, TNF-alpha was elevated (p<0.05) in the
preferred limb of trained controls (compared to controls), but not in HRLF animals, in
week 12. However, inspection of Figure 5-16 shows a trend for increased TNF-α in
HRLF animals as well, suggesting that elevated TNF-α was related to both aging and
local inflammation. IL-6 was elevated (p<0.05 or 0.01 depending on limb) bilaterally
(both preferred and support limbs) in TC animals and HRLF animals in week 12. The
increased level of IL-6 in TC in week 12 was due to aging, while the increase in HRLF
animals was related to both aging and induced local inflammation.
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Figure 5-16. Cytokine Levels in Forelimb flexor digitorum Tendon. IL1-α was
elevated in the support limb of HRLF animals in week 9. IL1-β was elevated in
preferred limb of HRLF animals in week 12. TNF-α was elevated in the preferred
limb in week 12. IL-6 was elevated bilaterally in TC animals and HRLF animals
in week 12. (*p<0.05; **p<0.01)

158

*

Cytokine Levels in Tail Tendon
Cytokines levels in tail tendon are illustrated in Figure 5-17. IL1-β was elevated
in TC (P<0.01) and HRLF animals (p<0.05) in week 12. In TC animals, this increase was
due to aging, while in HRLF animals, it was due a combined effect of aging and systemic
inflammation. TNF-α was elevated in week 9 in HRLF animals (p<0.05) and week 12
TC and HRLF animals (both p<0.05). The increase in week 9 in HRLF animals was due
solely to induced systemic inflammation. In week 12, increased TNF-α levels were due
to aging in TC animals and a combined effect of aging and systemic inflammation in
HRLF animals.
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Figure 5-17. Cytokines Levels in Tail Tendon. IL1-β was elevated in age-matched
trained controls (TC) and high repetition low force (HRLF) animals (p<0.05) in
week 12, compared to normal controls (NC). TNF-α was elevated in week 9 in
HRLF animals and week 12 TC and HRLF animal, compared to NC. (*p<0.05;
**p<0.01)
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Discussion
The significant decreases in grip strength on both the preferred and support limbs
in all weeks compared to normal controls suggest that exposure to a repetitive low force
task for time periods even as brief as 1 week leads to impaired motor performance in
aged rats. This observation is further reinforced by the significant decreases in grip
strength in both preferred and support limbs in week 1, 3, 6, and 9 when compared to
trained controls that were matched to those same weekly endpoints. Although grip
strength in HRLF limbs was at its lowest in 12 weeks, there was no significant difference
between trained controls and HRLF animals in week 12 because grip strength in the
trained controls also declined in week 12, presumably due to aging, since each group
declined. The declines in grip strength in week 9 are explained by increased markers of
inflammation in that week (ED-I IR cells and cytokines). We also found increases in
some pro-inflammatory cytokines that helps explain the grip declines in week 12. Our
observations of declined grip in week 6 may be also partly explained by increased serum
TNF-α in week 6, and declined grip in week 3 may be partly explained by increased
serum IL-6 in week 3 (Elliott et al., submitted). Other studies of high repetition tasks in
young animals found increased levels of serum cytokines in week 6 as well as increased
macrophages and inflammatory cytokines in forelimb flexor digitorum tendons in weeks
3-8 (Barbe et al., 03; Barbe et al., 08). Thus, complex changes in levels of markers of
inflammation induced by the task provide one explanation for the observed declines in
grip strength. The reason for the observed decline in grip strength in week 1 is more
elusive as we did not measure tissue inflammatory cytokines or presence of macrophages
in that week.
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In most weeks, there was a progressive decline in grip strength in trained controls,
preferred limb, and support limb over the course of the weeks from week 1 to week 12. In
the trained controls, there was a non-significant decrease in grip strength in trained
control groups in weeks 0, 3, 6 and 9 compared to controls, and a significant (p<0.05)
difference in week 12. Although the potential influence of both aging and task exposure
prevented comparison of grip values across weeks, the observed declines may suggest
that motor performance in the HRLF limbs may continue to decline due to cumulative
exposure to the task. However, as evidenced by the decline (most pronounced in week
12) in the trained controls, the decline cannot be due to cumulative exposure alone. If this
had been the case, we would have expected to see stability in grip strength in the trained
controls over the weeks with simultaneous decreases in HRLF limbs. This finding is
most likely explained by the fact that the animals (already aged 15 months at baseline)
continued to age to 18 months over the course of the study. In other words, progressive
aging alone appeared to have an adverse effect on grip strength. It is likely that the
progressive aging of the animals explains the decline in grip strength in the trained
controls, and contributed to the progressive declines in most weeks in the HRLF limbs,
thus reinforcing the importance of matching trained control groups to the HRLF groups
in the study design. The findings of this study suggest that aging may be a contributing
factor to the progression of decline in motor performance that has been associated with
RMIs. In humans with RMI, it may be that aging is a factor that contributes to or
exacerbates the behavioral changes associated with the sickness response in WMSDs.
Thus, the importance of early detection and effective interventions is heightened for older
workers with WMSDs.
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There was no significant difference in grip strength between the HRLF preferred
and support limbs in any week, suggesting that both limbs are comparably affected by the
task. Although it is easy to visualize the involvement of the preferred limb during the
task, the support limb also participated in the task by supporting the body weight and
pushing against the portal wall or floor while the preferred limb moves to pull the handle.
Thus, the task exposes both the preferred and the support limbs to repetitive forces, and
the cumulative effects of these forces are experienced in both upper limbs.
Task duration was decreased in weeks 1, 3, 6 and 9. Week 12 was the only point
when task duration approached the maximal target of 120 minutes. Task duration was
lowest in week 6, as was reach rate (15.28 reaches/min). The highest mean reach rate was
recorded in 12 weeks (25.7 reaches/min). The greater task duration and observed
increase in reach rate in week 12 might be explained by the fact that percent success was
at an all time low in 12 weeks (9.94%). Perhaps, the animals were having a more
difficulty obtaining a reward related to the concurrent low grip strength in week 12. Grip
strength in HRLF animals was also lowest in 12 weeks. With grip and percent success
concurrently lower than in earlier weeks, the animals’ ability to obtain rewards was less
efficient. Thus, the observed increase in duration and reach rate in week 12 may have
been a compensation for the decreases in grip and percent success, although not a
successful compensation. This explanation is strengthened by other work in our lab
(Elliot et al., submitted) that found a significant decrease in median nerve conduction
velocity in both preferred and support limbs at the level of the carpal tunnel in aged rats
after 12 weeks of exposure to the HRLF task. The impaired function of the median nerve
in week 12 would certainly play a role in the impairment of grip strength.
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However, an alternative explanation for the increases in D and RR in week 12
may be provided by consideration of changes in levels of cytokines and neurochemicals
that we have observed with exposure to this HRLF task over 12 weeks (Elliott et al.,
submitted). Elliott et al. (submitted) found serum increases in 3 pro-inflammatory
cytokines (IL-1α, TNFα, and INFγ) and 3 pro-inflammatory chemokines (CINC2a, MIP2,
MIP3a) occurring after 6 and/or 9 weeks of the HRLF task. By week 12, serum levels of
pro-inflammatory cytokines and chemokines reverted toward baseline values, while
serum levels of the anti-inflammatory cytokine IL-10 showed a significant increase.
Overall, this dampening of systemic inflammation and psychosocial sickness behaviors
by week 12 may have facilitated the animals’ ability to work at a faster rate and for a
longer duration, assuming that the lower levels of systemic inflammation were associated
with lower levels of the pain, discomfort, and/or sickness behavior that is typically
associated with systemic inflammation.
It is certainly feasible that both of the explanations for the increases in D and RR
were occurring simultaneously, i.e. by week 12, there was less systemic inflammation
(and less pain or discomfort and/or sickness behavior), as well as the emergence of
median nerve injury as evidenced by impaired nerve conduction velocity and decreased
grip strength (leading to reduced efficiency of movement) in 12 weeks. Although this
seems paradoxical, the improvement in inflammation combined with a possible
compensatory strategy to deal with the worsening of grip strength and NCV might have
both contributed the significantly higher D and observed increase in RR in week 12.
Although serum levels on pro-inflammatory cytokines (Elliott et al.,submitted) declined
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in week 12, we found elevated IL-1β and TNF-α in tail tendon in week 12, which
suggests that some amount of systemic inflammation still existed at that time.
Additionally, we found increased pro-inflammatory cytokines in forelimb flexor
digitorum tendon in week 12, indicating that a local induced inflammation in that tissue
was occurring at that time. This local inflammation helps explain the observed decreases
in grip strength in week 12.
Grasp phase time fluctuated over the 12 weeks in an inconsistent pattern. The
seemingly random and small fluctuations suggest that it does not change significantly
after exposure to the task used in this study, and may not be a useful variable in
describing the animals’ behavior. Grasp phase time was a small value (with means across
weeks ranging from 0.31 to 0.38 seconds) in part due to the design of the handle pulling
task. If an animal exhibited sickness behavior, it may be more likely to affect percent
success, duration or reach rate rather than cause a change in grasp phase time.
In addition to cytokine changes, we also observed increased cellularity in
supraspinatus tendon and forelimb flexor digitorum tendon justified our decision to count
macrophages (ED1-IR cells). We found increased ED1-IR cells in forelimb flexor
digitorum tendon, particularly in the peritendon (bilaterally), and supraspinatus tendon in
week 9. The presence of these cells suggested that the task had provoked an injury and
repair process in the supraspinatus tendon of the support limb and in the forelimb flexor
digitorum tendon. Interestingly, increased overall cellularity was observed in these
tissues in 12 weeks. Evidently, cells other than macrophages must account for the
observed increase in cellularity in 12 weeks. These cells may include fibroblasts as seen
in Fedorczyk et al. (2009).
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Regarding the supraspinatus tendon, we observed an increase in ED1-IR cells,
although nonsignificant, in the preferred limb’s supraspinatus tendon in week 9. In the
preferred limb, elevation of the glenohumeral joint may have caused increased friction or
fatigue of the tendon due the repeated lifting close to end range elevation of the
glenohumeral joint. The support limb had increased demands of weight bearing and
stabilization of the trunk and head. Other studies examining the effects of decline
treadmill training on rat supraspinatus tendon have found increased cellularity in 4, 8, and
16 weeks (Carpenter et al., 1998; Soslowsky et al., 2002; Soslowsky et al., 2000).
Decline treadmill walking is a different task than the task used in this study, but findings
from these studies also provide evidence that repetitive activities involving the forelimbs
can lead to signs of injury and inflammation in the rotator cuff (Carpenter et al., 1998;
Soslowsky et al., 2002; Soslowsky et al., 2000). We found a decrease in ED1-IR counts
in week 12 in both the supraspinatus and forelimb flexor digitorum tendons, suggesting
that the inflammatory process in these tissues was resolving by that point in time. No
significant pathological changes were noted for collagen alignment or vascularity of the
midsubstance or distal aspects of the supraspinatus tendons or forelimb flexor digitorum
tendons. This finding suggests that although inflammatory cells (ED1-IR) were present in
HRLF week 9 tendons, the injury or degeneration of tendons was not extensive enough to
cause any histomorphological changes in collagen alignment or vascularity by week 12.
We initially suspected that because the repeated reaching activity involved nearly full
glenohumeral elevation as well as grasping, we might see pathological collagen
disorganization in preferred limb supraspinatus and forelimb flexor digitorum tendons.
Surprisingly, these tissues appeared essentially normal in terms of appearance of collagen
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organization and vascularity. Thus, it does not appear that the repetitive task used in this
study created enough adverse demand on the supraspinatus or forelimb flexor digitorum
tendons to cause any significant degenerative changes.
As mentioned above, a significant increase in ED1-IR was noted in 9 weeks in the
peritendon of the forelimb flexor digitorum tissue. The increase was noted in both the
preferred and the support limb in comparison to either normal controls or the agematched trained control group. This finding suggests that both forelimbs are comparably
affected by the task. While the preferred limb reached forward to grasp and pull the
handle, the support forelimb participated in limb and trunk stabilization. Although a
statistical comparison between tissues was not part of the study design, we did observe
that the mean value (in 9 weeks) of ED1-IR cells/mm2 in the forelimb flexor digitorum
tendon far exceeded the mean value in the supraspinatus tendon at the same time point.
For example, the week 9 mean value in the preferred forelimb flexor digitorum was 318.6
ED1-IR cells/mm2, while the mean value in the preferred supraspinatus was 141.1 ED1IR cells/mm2 at the same time point. In the support limb, the 9 week mean value in the
forelimb flexor digitorum peritendon was 293.3 ED1-IR cells/mm2, while in the
supraspinatus tendon the value was 202.4 ED1-IR cells/mm2. This large discrepancy in
the magnitude of ED1-IR mean counts suggests that the forelimb flexor digitorum tendon
is undergoing a more reactive inflammatory process than the supraspinatus tendon in 9
weeks. Thus, it appears that the effects of the task are region specific within the upper
limb, and the data in this study suggests that distal tissues are more effected than more
proximal shoulder girdle tissues. This point is made cautiously, as we only obtained data
from 2 different tissues in the limb. However, it does make intuitive sense that the task
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would be more stressful on forelimb flexor digitorums than on rotator cuff tendons, due
to the task requirements of grasping and pulling with the forepaw.
Prior work in our lab found evidence of elevated ED1-IR levels in forelimb flexor
digitorum tissues after exposure to repetitive reaching with negligible (5%MVC) force in
young rats. Barbe et al. (2003) found ED1-IR peaks in distal forelimb regions in 5-6
weeks. In 8 weeks, elevation of ED1-IR was still significant, but showed a decline toward
the baseline. This is in contrast to the present study that showed a peak in 9 weeks. One
explanation for this could be a difference in the timing of the inflammatory response in
young vs. aged rats. Another explanation could be the difference in the task (negligible
force vs. low force) between the 2 studies. Fedorczyk et al. (2009) found significant
increases in ED1 macrophages in the forelimb peritendon of young rats exposed to a high
repetition high force task. The increases were significant in weeks 6 and 12. Again,
Fedorczyk et al. differed from the current study in terms of force and age of rats.
Nonetheless, the combined results of this study along with Barbe et al. (2003) and
Fedorczyk et al. (2009) provide strong evidence that continued performance of repetitive
reaching tasks elicits an inflammatory response in the forelimb. The peaks of such
inflammation may vary depending on the age of the animals and the parameters (such as
force requirements) of the task.
The observed increases in ED1-IR cells in week 9 can be explained in part by the
concurrent increases in IL1-α (support limb) and TNF-α (tail) in week 9. The increased
presence of ED1 macrophages in the supraspinatus tendon and forelimb flexor digitorum
peritendon in this study also corresponds with the serum increases in pro-inflammatory
cytokines found by Elliott et al. (submitted) in the same model of low force repetitive
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reaching in aged rats. As stated earlier, Elliott et al. (submitted) found serum increases in
pro-inflammatory cytokines and chemokines occurring after 6 and/or 9 weeks of the
HRLF task, followed by a decline toward baseline values in week 12, while serum levels
of the anti-inflammatory cytokine IL-10 showed a significant increase. It appears that the
serum increases in pro-inflammatory cytokines and chemokines precedes the increases in
ED-IR cells. However, serum levels of pro-inflammatory cytokines and chemokines
remained elevated in 9 week, at which time we found elevated levels of ED1-IR cells in
the supraspinatus tendon and forelimb flexor digitorum peritendon. Elevated levels of
pro-inflammatory cytokines and chemokines may also help explain our findings of
changes in the support limb. Barbe et al. (2003) found widespread tissue responses after
exposure to high repetition negligible force reaching that may be explained by changes in
circulating serum cytokines and chemokines (Barbe et al., 2003; Barbe et al., 2008).
The HRLF task used in this study did not result in significant collagen
organization or vascular changes in supraspinatus tendon or distal forelimb flexor
digitorum tendon. However, changes in cellularity were noted in both of these tissues in
weeks 9 and 12, and tenocyte scores were increased in week 12 in the forelimb flexor
digitorum. Barbe et al. (2003) found morphological changes at the musculotendinous
junction in forelimb in young rats exposed to a HRNF task. That specific location of
tissue was not explored in this study. Fedorczyk et al. (2009) found morphological
changes in tendon after 12 weeks in young rats, but that study involved repetitive
exposure to a high force task. Fedorczyk et al.’s morphology findings (2009) contribute
to the evidence of exposure dependency in the context of repetitive motion injuries. In
summary, we did not find significant morphological changes in this study, but it is
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possible that more extensive exploration of other regions such as the musculotendinous
junction of forelimb tissues would yield different results.
Limitations of this study included lack of morphological analysis of the
supraspinatus tendon of the non-preferred limb. During the time period of morphological
analysis of the supraspinatus tendon, we assumed greater potential involvement of the
preferred limb and therefore did not quantify morphological changes in the non-preferred
limb. Further study can explore the supraspinatus tendon morphology in the support limb,
since we did find increased ED-IR cells in the support limb in week 9. However, it is
unlikely that we would see any substantial morphological changes in the support limbs’
collagen alignment, tenocyte size/shape, or vascularity, because these tissues had
minimal or zero pathological changes in these variables in 6, 9, and 12 weeks.
In addition, we utilized a limited set of immunohistochemical markers on
inflammation in this study, but concurrent work in our lab (Elliott et al., submitted; Barbe
et al., 2008) has explored a wide array of serum cytokines and chemokines. Further study
of forelimb flexor digitorum and other upper limb tissues (such as bone and nerve) can
consider additional markers of injury and inflammation such as IL-1β, Substance P,
connective tissue growth factor (CTGF) or periostin like factor (PLF). The effects of
high force repetitive tasks in aged rats should also be explored. In our model of WMSD
in rats, ongoing studies are being conducted to determine the effects of interventions such
as anti-inflammatory drugs or ergonomic enhancements in young adult rats. If found to
be effective in young adult rats, these interventions will need to be explored in aged rats.
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Conclusion
Performance of a high repetition low force repetitive reaching task by aged rats
over 12 weeks leads to impaired motor performance (grip strength) in 1, 3, 6, 9, and 12
weeks, and reduced task duration in 1, 3, 6, and 9 weeks. Cumulative exposure to the task
and progressive aging may both be factors that contribute to the decline in grip strength.
These changes are associated with signs of soft tissue injury and inflammation. Signs of
inflammation appear to be more pronounced in distal forelimb flexor digitorum tissue
than the more proximal supraspinatus tendon. Limb involvement occurs bilaterally.
Further study is needed to further describe and quantify the effects of repetitive tasks on
aged animals, and to further understand the pathophysiological mechanisms associated
with motor performance and behavioral decline.
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CHAPTER 6
SUMMARY
The National Occupational Research Agenda (Marras et al., 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 (National Research Council, 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 motor behavior. The second broad
objective was to explore age as a risk factor in the development of WMSDs. Numerous
epidemiological studies have demonstrated a positive relationship between advanced age
and susceptibility to risk factors for repetitive motion injury (RMI). The data presented
heretofore achieved these broad objectives and helped develop ideas for future research.
In Chapter 2, we reported behavioral changes after exposure to a low repetition
low force reaching task in young rats. These changes included an increase in movement
reversals in week 8, indicative of a decline in fine motor control, and a small decrease in
voluntary task participation in week 12. This decline was associated temporally with lowgrade local inflammatory cell invasion of peripheral nerve and distal bone that correlated
with nociceptive neurochemical increases in the spinal cord and a likely central
sensitization of spinal cord neurons (Elliott et al., 2008).
Behavioral changes in young rats exposed to either high repetition negligible
force or high repetition low force reaching were presented in Chapter 3. We found that
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both the negligible force task and the low force task led to declines in motor behavior,
with more marked declines in fine motor control in the negligible force group. Thus,
repetition, rather than the difference in force magnitude between the 2 tasks, appears to
be the key factor in the induction of behavioral changes associated with these particular
repetitive motion injuries. The findings in Chapter 3 indicate that activities involving
negligible force do not necessarily pose a lower risk than activities involving low force.
Factors such as fine motor coordination requirements may help explain why repetitive
tasks of even negligible force can lead to RMIs. Clinically, patients presenting with signs
and symptoms of RMI should be carefully evaluated and treated accordingly, even if their
occupation involves repetitive tasks of only negligible force. However, other studies
from our lab indicate that as the magnitude of force escalates to high levels, the
pathological effects, including those related to motor behavior, would be more
pronounced.
Compared to the low repetition low force task (as described in Chapter 2), the
high repetition tasks used in Chapter 3 resulted in more widespread motor performance
declines. Thus, exposure to a high repetition task compared to a low repetition task leads
to more pronounced declines in motor behaviors. This finding helps confirm exposuredependency in the context of RMI.
In Chapter 4, we explored the effects of high repetition low force reaching and
grasping tasks on supraspinatus tendon of young adult rats in 6 and 12 weeks. The
findings were limited to a non-significant elevation of inflammation (ED1-IR cells) in 6
weeks. However, prior work from our lab had identified pathological changes in other
tissues and serum after exposure to tasks of similar parameters (Al-Shatti et al., 2005;
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Barbe et al., 2003; Barbe et al., 2008; Barr et al., 2003; Clark et al., 2003; Coq et al.,
2009; Elliott et al., 2009; Elliott et al., 2008). Thus, as one would logically suspect, there
are regional differences as well as a wide range of tissue types involved after exposure to
repetitive reaching. The supraspinatus tendon does not appear to develop as many
pathological changes as forelimb flexor tendon. Further study is needed to determine the
effects of high repetition low force repetitive reaching on the supraspinatus tendon over
longer periods such as 18 and 24 weeks. It is possible that more prolonged exposures
would have an adverse effect on the structural integrity of the tendon, and more marked
changes in indicators of injury and/or inflammation may emerge.
In Chapter 5, we implemented our model of work-related musculoskeletal
disorders in aged rats. Concurrent with another manuscript that has been submitted
(Elliott et al., submitted), these were the first studies to explore the effects of repetitive
motion in aged rats. Because aged musculoskeletal tissues have reduced regenerative and
healing capacities, it is important to study the effects of repetitive motion on aged tissues,
in order to ascertain the relevance of aging as an additional risk factor in the development
of WMSDs. As presented in Chapter 5, we found that aged rats demonstrate both declines
in motor performance and pathological tissue changes over the course of 12 weeks of
exposure to a high repetition low force reaching and grasping task. The observed
declines in grip strength in trained controls and HRLF rats over time suggest that both
age and cumulative exposure to the repetitive task are factors in the development of
WMSDs. Our tissue findings, combined with previous findings from other work
performed in our lab, help explain the mechanisms behind the observed declines in motor
performance. For the first time in an animal model, we have identified aging as a risk
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factor in the development of WMSD. Further study is needed to directly compare the
effects of repetitive tasks on young and aged rats, in order to further describe the relative
contribution of aging to the development of WMSDs.
A modified version of the conceptual framework for the development of WMSDs,
originally published by Barbe and Barr (2006) is presented in Figure 6-1. Through 3 main
pathophysiologic pathways, the performance of repetitive tasks can lead to chronic
WMSDs and disability. These pathways include tissue injury, tissue reorganization, and
CNS reorganization. Frequent exposure to repetitive tasks can lead to microtrauma.
Either the task itself, or the microtrauma that may result, leads to tissue reorganization
and CNS reorganization. Microtrauma can lead to injury of musculoskeletal or
peripheral nerve tissues injury that stimulates inflammatory pathways, resulting in acute
or chronic inflammation. Chronic or systemic inflammation can result from ongoing
exposure to repetitive motion tasks. These inflammatory processes ultimately lead to
scarring or fibrosis. A number of factors in the framework contribute to the behavioral
decline that has been observed in animal model of WMSD.
Some of the pathways have been further validated by the findings in this
dissertation. In particular, the works presented heretofore provide additional evidence
that repetitive tasks lead to tissue injury, inflammation and behavioral decline. In Figure
6-2, these pathways are illustrated.
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Figure 6-1.Conceptual Model of Three Primary Pathways Hypothesized to Lead to Workrelated Musculoskeletal Disorders Caused by Repetitive and/or Forceful Tasks.
Tissue Injury Pathway. Frequent exposure to repetitive and/or forceful tasks can lead to
cumulative microtrauma and/or overexertion and subsequent tissue injury. Injury leads to
activation of an acute inflammatory response. Normally, the inflammatory response is the
first step in the process of healing. However, overuse, or the continued performance of
repetitive and/or forceful tasks, hinders the normal healing process and causes
inflammation to become chronic. The immune cell activity associated with chronic
inflammation can cause secondary tissue injury, ultimately leading to scarring or fibrosis.
Fibrosis leads to reduced tissue tolerance and biomechanical compromise. Fibrotic or
biomechanically compromised tissue can lead to persistence of chronic pain, loss of
function, and disability. Pathological tissue is more vulnerable to reinjury; it may have
inadequate structure and function to withstand otherwise tolerable loads and forces.
Tissue Reorganization Pathway. The task itself, or the injury that results, can lead to
tissue reorganization, which may involve soft tissues (muscle, tendon, connective tissue),
peripheral nerve, and bone. Multiple examples of such tissue reorganization are reviewed
in this chapter. Tissue reorganization may be adaptive if the task threshold, above which
injury occurs, is not exceeded. If the tasks exceed the threshold of tolerable levels of
repetition and/or force, or if injury occurs, pathological remodeling is likely to follow,
especially if the repetitive task is continued after the initial inflammatory response. Such
pathologic remodeling reduces the biomechanical tolerance of the tissue, subsequently
increasing its susceptibility to further injury, inflammation, and/or further pathological
remodeling.
CNS Reorganization Pathway. Brain and spinal cord neurons can be reorganized by the
task itself, the resulting injury, or chronic or systemic inflammation. Alterations in
sensory-motor pathways can be maladaptive and contribute to weakness, clumsiness,
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dystonia, and sensory impairments. Adverse changes in the somatosensory cortex are
believed to influence motor behavior via projections to supplemental cortical areas,
premotor cortex, and the subcortical putamen. The sensory and motor impairments can
contribute to functional limitations and disability. Inefficient or abnormal movement
patterns may predispose the worker to exacerbation of the injury or new injuries. In
patients with chronic WMSD, activation of this pathway may help explain why some
patients do not respond quickly to interventions that are delivered to local tissue such as a
specific muscle or tendon. CNS plasticity, an established factor in the pathogenesis of
WMSD, also helps explain why some patients demonstrate persisting movement
disorders after apparent resolution of acute inflammation and pain. In the context of
WMSD, it appears that cortical degradation has adverse neurobehavioral consequences.
Interrelationships between the 3 pathways are discussed in the text of this chapter.
[adapted from Barbe MF, Barr AE: Inflammation and the pathophysiology of workrelated musculoskeletal disorders. Brain, Behavior, and Immunity 2006;20:423-429. ©
Elsevier Inc. All rights reserved.]
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Figure 6-2. Elements of Conceptual Framework Explored in Chapters 3-5. The
experiments reported in Chapters 3, 4, and 5 further validate the pathways illustrated.
Declines in motor behavior may be related to pain, impaired tissue intregrity
(reorganization), or CNS reorganization. Abnormal or compromised movement patterns
may place even greater than normal stresses on already compromised tissues, thus
creating a vicious cycle of re-injury and further behavioral decline.
Ongoing work in our lab continues to utilize this unique model of WMSD. Future
studies will address the preventative and therapeutic effects of pharmacological
interventions and ergonomic interventions for WMSD. Further study is needed to
determine if intervention strategies such as medications or ergonomic changes have
similar effects in young and aged rats. It is possible that successful interventions for
WMSDs in an aged population may require difference dosages or different therapies.
The studies presented in this dissertation suggest that additional study of
exposure-dependency and risk factors is warranted. A more thorough understanding of
exposure dependency can contribute to the evolution of ergonomic modifications used to
prevent injury. Risk factors other than aging, such as gender, body mass index, and
comorbidity need to be considered. Deeper understanding of the relative contributions of
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various risk factors can help inform prophylactic programs and/or interventions for
individuals who are at risk for, or suffer from, WMSDs.
There is a wide array of markers of inflammation and injury that have been
explored in the literature published to date. Many cell types, chemokines, cytokines, gene
expressions, and neurochemicals have been found to be upregulated in models of RMI.
Many tissues have been explored for morphological changes. The relationships between
these indicators in terms of signaling and the temporal cascade of events needs to be
further elucidated. Such information is critical in the future development of novel
interventions such as specific cytokine inhibitors and future refinement of interventions
already in use, such as anti-inflammatory agents or rest.
As the science related to exposure dependence, risk factors, prevention, and
therapeutic interventions for WMSDs continues to evolve, we will be able to understand
and effectively manage this epidemic problem. This will lead to a reduction in human
suffering, reduced direct and indirect health care costs, and improved work productivity
and satisfaction.
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