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Abstract
Anatomical and physiological changes were evaluated in the median nerves of rats trained to perform
repetitive reaching. Motor degradation was evident after 4 weeks. ED1-immunoreactive
macrophages were seen in the transcarpal region of the median nerve of both forelimbs by 5–6 weeks.
Fibrosis, characterized by increased immunoexpression of collagen type I by 8 weeks and connective
tissue growth factor by 12 weeks, was evident. The conduction velocity (NCV) within the carpal
tunnel showed a modest but significant decline after 9–12 weeks. The lowest NCV values were found
in animals that refused to participate in the task for the full time available. Thus, both anatomical
and physiological signs of progressive tissue damage were present in this model. These results,
together with other recent findings indicate that work-related carpal tunnel syndrome develops
through mechanisms that include injury, inflammation, fibrosis and subsequent nerve compression.
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INTRODUCTION
WORK-RELATED MUSCULOSKELETAL DISORDERS (MSD) are the result of prolonged repetitive, forceful, or
awkward movements. Repetitive work has been associated with discomfort in the wrist, hand,
or fingers (such as tendinitis or carpal tunnel syndrome; CTS). Increased exposure to physical
stressors has been linked to an increased risk of MSDs (Bernard, 1997; Crumpton-Young et
al., 2000; Latko et al., 1999; OSHA, 2000; Stock, 1991). Repetitive motion injuries such as
CTS pose a significant source of worker pain and discomfort as well as potential long term
disability and high economic toll. Injuries of the wrist and hand, the most commonly affected
regions in repetitive motion injuries, contribute significantly to worker disability and direct
medical costs.

CTS is a common form of MSD (Feuertein et al., 1998; Fogelman and Brogmus, 1995; Hagberg
et al., 1992). It is characterized by numbness and paraesthesia along the course of the median
nerve due to entrapment of the median nerve within the carpal tunnel (Kanaan and Sawaya,
2001). The entrapment may also include motor symptoms, notably weakness in thumb
abduction (D’Arcy and McGee, 2000). Functional deficits, such as clumsiness in fine motor
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skills, result from combined sensory and motor impairments (Jeng et al., 1994). Patients with
CTS typically exhibit slowed sensory and motor conduction of the median nerve at the wrist
(Kimura, 1979).

Although epidemiological and field studies have demonstrated an association between
repetitive tasks and the development of peripheral nerve injuries (Novak and Mackinnon,
1998), a clear relationship between exposure and tissue pathology has not been established.
Injuries to peripheral nerves often result in axonal degeneration and removal of their
surrounding myelin sheaths by hematogenous, ED1+ (immunoreactive) macrophages (Bruck,
1997; Perry et al., 1987), proliferation of Schwann cells (Siironen et al., 1994), increased
expression of collagen RNAs (Siironen et al., 1994, 1996), and eventually, per-ineurial and
epineurial thickening as a result of increased deposition of collagen and other extracellular
matrix components (Siironen et al., 1992, 1996). Many of the signals driving these processes
remain unknown.

To further investigate the pathophysiology associated with work-related MSD, we have
developed an animal model (Barbe et al., 2003; Barr and Barbe, 2002; Barr et al., 2000). Unlike
other animal models of nerve pathology, such as nerve ligation or compression (Mackinnon et
al., 1984, 1985; O’Brien et al., 1987), electrically stimulated contraction (Backman et al.,
1990) or the spontaneous compressions seen in aged guinea pigs (Fullerton and Gilliatt,
1967), our model involves animals (rats) trained to perform a voluntary repetitive reaching and
grasping task that reflects the postural and work pace demands derived from the
epidemiological literature, thus allowing us to link performance of a work-like task to
behavioral changes and tissue injury. We have previously shown that performance of this task
induces changes associated with inflammation (increases in ED1+ and ED2+ macrophages) in
muscle, tendon, loose areolar connective tissue, and synovial connective tissues throughout
the reach limb, as well as signs of tendon fray in the flexors of the distal reach limb (Barbe et
al., 2003). There was also evidence that the inflammation was widespread: compared to
controls, ED1+ macrophages were increased in regions not involved in performing the task,
such as the hind limb and nonreach forelimb. In addition, a pro-inflammatory cytokine,
interleukin 1–α (IL-α), was increased in serum. Performance of the task also led to behavioral
changes after 4–5 weeks, including increased refusal to participate, as well as the emergence
of inefficient scooping and raking behaviors, in which the digits failed to close on the food
pellet reward.

The goals of the present study are to characterize changes in the median nerve associated with
this task. Nerve conduction velocity (NCV) was measured by direct recording from the median
nerve across the carpal tunnel. The levels of macrophages in the nerves of both reach and
nonreach limbs were quantified histologically. In addition, we examined immunoexpression
of collagen type I, connective tissue growth factor (CTGF) (Igarashi et al., 1993, 1996), myelin
basic protein (MBP), and degraded MPB (Matsuo et al., 1998). Since intraneural fibrosis occurs
with chronic nerve compression (Mackinnon et al., 1984; O’Brien et al., 1987), we
hypothesized that proteins associated with fibrosis such as CTGF will be upregulated in
peripheral neural tissues in our model.

We found that the microtrauma elicited by this highly repetitive task resulted in increased
numbers of infiltrating macrophages (ED1+ ), increased extracellular collagen type I
immumoreactivity and cellular CTGF immumoreactivity within the nerve, especially within
the extrafascicular epineurium. Median nerve NCV across the wrist showed a modest but
significant decrease. These changes in the median nerve demonstrate the utility of this animal
model in posing questions about the development of nerve pathology in human MSD.

CLARK et al. Page 2

J Neurotrauma. Author manuscript; available in PMC 2006 August 18.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



MATERIALS AND METHODS
Subjects

All studies were conducted in accordance with the National Research Council Guide for the
Care and Use of Laboratory Animals and the policies of the Temple University Institutional
Animal Care and Use Committee. A total of 78 female 12–14-week-old Sprague-Dawley rats
was used. Thirty-nine rats were trained to perform a highly repetitive forelimb feeding task in
which they retrieved food pellets from an elevated tube for periods of up to 12 weeks. The
remaining 39 animals were either normal (n = 33) or shaped-only (n = 6; trained to perform
the task but sacrificed after the shaping period) controls. The trained and shaped-only animals
were food-deprived to 90% body weight throughout training and task regimen periods.

Repetitive Movement Task
Forty-five rats were trained to perform a high-repetition, negligible-force task for periods of
3–12 weeks. The rats were placed in operant test chambers for rodents (Med. Associates, St.
Albans, VT) with a portal located in one end. The portal was fitted with a 1.5-cm-wide tube
that sloped downward 10° with respect to the chamber floor and was located at the animal’s
shoulder height. The tube was 2.5 cm in length so the elbow had to be fully extended in order
for the animal to reach pellets of food. Food pellets (45 mg; Biosource) were dispensed (pellet
dispenser, Med. Associates) every 15 sec during the reach task. An auditory indicator (stimulus
clicker, Med. Associates) provided a cue that a pellet had been dispensed, thereby cueing the
animal to attempt a reach.

The experimental (n = 39) and shaped-only control (n = 6) rats learned to reach for the food
during an initial 10–12-day shaping period. During this period, the rats were first encouraged
to reach through open bars for food pellets placed on an elevated platform for 5 min/day. When
they began to reach freely for the food, they were transferred to the test chamber until they
could reach into the tube dispenser with no specified reach rate for 10–20 min per day. When
they were able to perform the task consistently, the 39 experimental animals were begun on
the task regimen at the defined target rate of 4 reaches/min for 2 h/day, 3 days/week for 3–12
weeks. The daily task was divided into four, 0.5-h training sessions separated by 1.5 h. Rats
were allowed to use their preferred limb to reach, hereafter referred to as the “reach limb.” The
side used to reach was recorded in each session. There were 17 right-handed animals and 13
left-handed animals. Nine animals demonstrated ambidexterity either by using the non-
preferred limb only occasionally (usually if a pellet was missed on the first reach attempt, n =
5) or by switching to more frequent use of the non-preferred limb after several weeks of task
performance (n = 4). In these nine cases, reach rate and task duration data were used in this
analysis as a measure of overall task performance regardless of which limb the animals used
to reach. Because groups of animals were sacrificed at weekly endpoints for histological or
NCV analyses, the numbers of animals declined over the weeks of the task regimen, leaving
four animals in weeks 10–12.

Behavioral Analysis
Reach rate was determined by direct observation of reaches meeting preset criteria: the forepaw
was extended and then withdrawn beyond a line 0.5 cm inside the elevated tube. The total
number of actual reaches was recorded on a hand counter. Reach rate was defined as the average
number of reaches performed per minute on the last day of each task week. Because reaches
were often unsuccessful, animals made multiple attempts to retrieve a pellet, thus the observed
reach rate typically exceeded the rate at which pellets were dispensed. Task duration was
defined as the number of hours/day the rats participated in the task and was averaged over the
3 days within each task week. Gross movement patterns were also examined for deviations
from the normal movements comprising reaching in rats (Whishaw and Pellis, 1990). From
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previous studies (Barbe et al., 2003; Barr et al., 2000), two distinct alternative reach movement
patterns were defined. Scooping is a pattern in which the semi-open forepaw is placed over the
food pellet and the pellet is dragged along the bottom or side surface of the tube and “scooped”
into the mouth. Raking is an inefficient extreme of scooping in which repeated unsuccessful
attempts to contact the food pellet with the semi-open forepaw result in repeated back and forth
movements that resemble a raking motion. These behaviors were noted as present (>1/min) or
absent on the last day of each task week. A mixed model ANOVA for repeated measures was
used to analyze differences in reach rate and task duration by week. Generalized estimating
equations for binary longitudinal data were used to analyze the relationship between time
(weeks) and presence or absence of scooping and raking behavior.

NCV Analysis
Median nerve NCV was measured in 32 control limbs (six shaped-only, 26 normal controls)
and in both the reach and nonreach limbs of eight rats that had performed the task for 9–12
weeks. In order to test focal slowing of conduction (Kimura, 1979; Walters and Murray,
2001) NCV was determined for the segment of the median nerve that passes beneath the
transcarpal ligament. Under halothane anesthesia, the median nerve was dissected free from
the surrounding fascia in the forearm, and a 12-mm-long cuff of polyethylene tubing supporting
four silver wire leads (diameter 0.13 mm) was carefully positionedunder the median nerve as
it spanned through the forearm into the palm. The entire forelimb was immersed in a mineral
oil bath (36–38°C). The distal and proximal stimulating monopolar electrodes (fixed 3.3 mm
from each other) were positioned under the span of the median nerve that crosses the carpal
tunnel. The recording electrodes were mounted into the cuff near the elbow. Stimuli (20-μsec
pulses, −5 to −10 V; 1.1–1.2 × threshold) were delivered alternately via the proximal and distal
electrodes at 0.8 Hz. For each rat, at least six sets of averaged compound action potentials
elicited from proximal and distal stimulation were digitized (12 bits; 500,000/sec), with eight
sweeps per average. Stimulus artifacts and changing shape of the compound action potentials
precluded latency estimation based on onset or peak of the wave form. Therefore, conduction
latencies were calculated based on the steepest portion of the rising phase of depolarization,
which was estimated from the zero-crossings of smoothed second derivatives (Usui and
Amidror, 1982) of the recordings. NCV was calculated from the ratio of inter-electrode distance
to the difference in conduction latencies elicited with proximal and distal stimuli. A single
factor ANOVA was used to compare reach, nonreach and control limbs. Comparison of reach
and nonreach limb NCV to controls was performed using the Bonferroni method.

Immunohistochemistry
Immunohistochemical analysis was performed on five normal control, three shaped-only
control and 20 experimental rats (the latter studied in groups of three to seven after 3–12 weeks
of task performance). Following euthanasia, animals were perfused transcardially with 4%
paraformaldehyde. The flexor forelimb mass was equilibrized in 30% sucrose, frozen en
bloc, sectioned into 16-μm longitudinal slices, and mounted onto coated slides (Ultrastick;
Corning). Tissue sections were treated with 3% H2O2 in methanol for 30 min (omitted for
fluorescent staining), washed, treated with 0.05% pepsin in 0.01 N HCl for 20 min at room
temperature and then blocked with goat serum (4%) for 30 min at room temperature. Sections
were incubated for 48 h at 4°C with the following primary antibodies diluted with 4% goat
serum/PBS/anti-ED1 (1:250, Chemicon), anti-CTGF antibody clone 91 (anti-CTGF antibody
was custom made against amino acids 243–254, Cambridge Research Biochemicals,
Stocktonon Tees, U.K.) (6 μg/mL), anti-collagen type I (1:500, Sigma), neurofilament 200 kD
(1:100, Chemicon), and anti-S100β (1:200, Sigma), a Schwann cell marker (Cocchia et al.,
1981; Takahashi et al., 1984). After washing, all sections were incubated in the appropriate
secondary antibodies conjugated to HRP, Cy2, Cy3, or AMCA (Jackson Immuno) diluted
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1:100 for 2 h at room temperature. HRP, when used as the conjugate, was visualized using
enzymatic FAST Sigma di-aminobenzidene (DAB) with cobalt enhancement.

Double-immunostaining with anti-MBP (Oncogene #CP32 antibody, which recognizes a
highly conserved MBP localized to the myelin cytoplasm) and anti-degraded MBP (Chemicon
AB5864 antibody, made against amino acids 69–86 of the guinea pig MBP, which recognizes
degenerated Schwann cells in lesioned peripheral nerve) was performed. Sections mounted on
slides were blocked with 4% Carnation Milk in PBS for 20 min, then incubated in anti-degraded
MBP (1:500) and anti-neurofilament 200kD (1:100, Chemicon) for 72 h at 4oC. The sections
were washed, incubated with anti-rabbit IgG conjugated to Cy3 (red) and anti-mouse IgG
conjugated to AMCA (blue) as described above, washed again, and incubated for 5 min in 4%
paraformaldehyde. Following another wash, sections were incubated with 0.3% triton X-100
in 4% goat serum for 20 min, and then with anti-MBP (1:500) in 0.3% triton/4% serum for 14
h at room temperature. After washing, sections were incubated with anti-mouse IgG-Cy2
(green) as described earlier.

Histological Analysis
The numbers of ED1+ macrophages in the median nerve at the level of the carpal tunnel as
well as immediately distal or proximal to the carpal ligament were quantified bilaterally using
a microscope interfaced with a bioquantitation system (Bioquant TCW 98). Cells with a defined
threshold of peroxidase staining were counted within the boundaries of the sectioned nerve
and surrounding epineurium using a ×40 objective. Three fields were measured per wrist.
Group means and standard deviations (n = 3–7/group) were plotted against week of task
performance and are expressed as the mean number of ED1+ cells/mm2.

To determine the changes in CTGF and collagen type I immunoreactive product with task
performance, immunofluorescent stained slides were analyzed using the videocount area and
field mode options of Bioquant TCW 98. Videocount area is the number of pixels in a field
that meet a user defined criterion multiplied by the area of a pixel at the selected magnification
(×40 in our analyses). The mean area fraction of immunoreactive product in a 0.0768 mm2

field (e.g., white boxes in Fig. 5 below) was determined by dividing the videocount area of
pixels above background thresholds by the videocount area of the entire field. This
determination was made at three locations along the median nerve immediately proximal,
distal, and within the carpal tunnel. Both the reach and the nonreach limbs were analyzed.
Group means and standard deviations of area fraction (n = 3–4/group) were plotted against
week of task performance.

Univariate ANOVAs were used to determine whether week of task performance or limb (reach
vs. nonreach) had any effect on the number of ED1+ cells, area fraction of CTGF
immunoreactive product and area fraction of collagen type I immumoreactivity in the median
nerve at the wrist. The differences in the number of ED1+ macrophages were analyzed by week
(4 levels) and by limb (reach and nonreach). A p value of <0.05 was considered significant for
all analyses. Microscopic field (3 observations/nerve) was used as a blocking factor in the
analyses. Post hoc analyses were carried out by the Bonferroni method for multiple
comparisons, and adjusted p values are reported. Post hoc analyses compared the number of
macrophages in control tissues (week 0) to those in subsequent weeks (3/4, 5/6, 8, and 12),
and also compared reach to nonreach limbs. CTGF immunoreactivity and collagen type I
immumoreactivity area fraction were analyzed similarly.
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RESULTS
Behavioral Changes

The present observations include and extend results previously reported by Barbe et al.
(2003). Over the period of task performance, the motor performance of rats declined, as shown
by decreases in reach rate and task duration (Fig. 1). Reach rate was significantly different
across weeks (p < 0.05). Post hoc analysis showed a significant decrease in reach rate in weeks
5 and 6 (p < 0.05) as compared to week 1. There was a rebound toward baseline reach rate by
week 8 (p > 0.05), followed by an apparent decline in weeks 9–11 (not significant, possibly a
result of diminishing numbers of subjects over time). Task duration was significantly different
across weeks (p < 0.05). Post hoc analysis showed that task duration declined in weeks 3 and
5 (p < 0.05) as compared to week 1. Duration returned toward the baseline level thereafter (p
> 0.05), although the fluctuations in duration are inconclusive, possibly due to diminishing
numbers of subjects over time.

As described in Barbe et al. (2003), animals developed scooping and raking movement patterns
over time. There was not a significant relationship between time and the occurrence of scooping
behavior (p = 0.7930), although there was a trend for this behavior to emerge earliest, peak in
47% of animals in week 5 and return toward baseline in weeks 6–11. The relationship between
time and the occurrence of raking behavior was highly significant (p < 0.0001). The odds ratio
for raking behavior was 1.99 (95% confidence limits: 1.67–2.39), which is an estimate of the
change of raking behavior per week. From weeks 1–7, there was a monotonic increase in the
proportion of animals that raked (from 18% to 100%), and all animals exhibited raking from
weeks 7 to 11. This increase in raking could explain the apparent decline of reach rate in weeks
9–11, as the individual raking motions were not scored as separate reaches (i.e., the forelimb
was not withdrawn far enough to meet the criterion for the end of a reach sequence).

The behavioral parameters described above were also measured separately for the subset of
eight animals subjected to NCV study. This subset exhibited changes in all behavioral measures
(reach rate, duration, movement pattern) that were similar to the complete sample (data not
shown). Comparison of behavior with NCV changes of this subset is described below.

Increase in Infiltrating Macrophages
Few if any ED1+ macrophages (activated macrophages) were present in the median nerves of
control rats (Figs. 2A and 3A). ED1+ macrophages infiltrated the section of median nerve
located within the carpal tunnel region with task performance (Fig. 2B). Increases in ED1+
macrophages were also visible in smaller palmar branches of the median nerve and surrounding
connective tissues by week 6 of task performance (Fig. 2C). Those increases were observed in
epineurial and per-ineurial connective tissues, as well as adjacent to axons of the nerve (Fig.
2B,C). Quantification of the recruited and resident macrophages supports this observation.
There was a significant difference in the number of ED1+ macrophages across weeks (p <
0.0001) and between limbs (p < 0.0001). The week × limb interaction was also significant (p
= 0.0119). Post hoc analysis revealed that the numbers of ED1+ macrophages were
significantly above control levels (week 0) in weeks 5/6 (p = 0.0020), week 8 (p < 0.0001) and
week 12 (p = 0.0016) (Fig. 3A). In addition, the overall number of ED1+ macrophages was
greater in the reach limb than in the nonreach limb (p = 0.0003).

Evidence of Myelin Degradation
Many structures within the median nerves were immunoreactive for degraded MBP at the wrist
(Fig. 2F,G) but not in the proximal forearm (Fig. 2D,F) in all four rats that had performed the
task for 12 weeks. Qualitative examination of the whole MBP in these nerves showed little
difference in MBP immunoreactivity along the length of the median nerve (Fig. 2E,F,H,I).
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Evidence of Fibrosis
Fibrosis was occasionally evident on a macroscopic level; the NCV of the reach limb of one
of the 10 week animals could not be measured due to a connective tissue nodule surrounding
the nerve within the carpal tunnel (Fig. 4B). Collagen type I immunoreactivity increased in the
extrafascicular epineurium of median nerves of the reach limbs in rats that had performed the
task for 8 and 12 weeks (Figs. 3B and 5B) compared to the limbs of control (week 0) rats. This
increase was particularly prominent in the epineurium at the wrist and immediately distal to
the carpal ligament. Quantification of the area fraction of collagen type I immumoreactivity
supports this observation. From the ANOVA, we determined that week had a significant effect
on the area fraction of collagen type I immunoreactivity (p < 0.0001), as did limb (p < 0.0001)
and week × limb interaction (p = 0.0297). Post hoc analysis showed that the area fraction of
collagen type I immunoreactivity was significantly above control levels in week 8 (p < 0.0001)
and week 12 (p < 0.0001) (Fig 3B). In addition, the overall area fraction of collagen type I
immunoreactivity was greater in the reach limb than in the nonreach limb (p = 0.0001).

The increase in collagen type I deposition was paralleled by increases in the immunoreactivity
of CTGF. CTGF+/S100β- cells and profiles were observed in the epineurium and surrounding
loose connective tissues by 6 weeks of task performance (Fig. 5B,C). There were also several
CTGF+ cells in blood vessels surrounding the median nerve in the reach limb (Fig. 5B). By
12 weeks, CTGF immunoreactivity was clearly evident in Schwann cells (S100β+ ) within the
nerve bundle (Fig. 5C,D). CTGF immunoreactivity was also observed in epineurial fibroblasts,
which are S100β- (Fig. 5C,D). Quantification of the area fraction of CTGF immunoreactivity
supports this observation. From the ANOVA, we determined that week had a significant effect
on the area fraction of CTGF immunoreactivity (p < 0.0001) as did limb (p = 0.0484). Figure
3C illustrates that CTGF immumoreactivity was greater in the reach limb than the nonreach
limb after 6 weeks of task performance. The week × limb interaction was not significant (p =
0.5687). Post hoc analysis showed that the area fraction of CTGF immunoreactivity was
significantly above control levels in week 12 (p < 0.0001; Fig. 3C).

Nerve Conduction Velocity
The mean NCV of the median nerve within the carpal tunnel of control limbs was 52.4 ± 4.3
m/sec (SD) (Fig. 6A). For one of the eight reach limbs, NCV could not be measured due to a
nodule of connective tissue that surrounded the nerve (Fig. 4). For the remaining seven reach
limbs, the mean NCV was 47.7 ± 3.8 m/sec, and for seven nonreach limbs it was 50.3 ± 4.2
m/sec. The single factor ANOVA comparing these means was significant (p = 0.034). The
Bonferroni analysis showed that the mean reach limb NCV was significantly different from
control, while the nonreach limb NCV was not.

The extent of the decline in NCV in reach limbs had a behavioral correlate (Fig. 6B); there was
an association between reach limb NCV and the amount of time the animal was willing to
participate in the task at the end of the last week before testing. Of the eight animals tested, the
three with the lowest NCV (44.8 ± 0.4 m/sec), and the one unmeasured animal (due to a nodule
surrounding the nerve) were also the subjects that declined to perform the task for the full 120
min, despite continuing availability of a food reward. The four animals with the highest NCV
(49.8 ± 3.3 m/sec) all participated for 120 min/day in the final week of the task regimen. The
association between low NCV (<45 m/sec) and reduced task duration (<120 min) was
significant (Fisher’s exact test; p = 0.029). In contrast, neither reach rate nor movement pattern
discriminated between higher and lower NCV values among these 8 animals.
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DISCUSSION
The present results extend those of Barbe et al. (2003). As we reported previously, rats trained
in this high repetition, negligible force task exhibit behavioral changes, including alterations
in reach rate and duration of performance, as well as the emergence of inefficient scooping and
raking movements. Adding to our previous report on task-induced changes in muscle, tendon
and connective tissue, we have demonstrated that the median nerves in trained rats showed
numerous changes over 3–12 weeks of task performance: increased numbers of ED1+
macrophages in both limbs, as well as signs of fibrosis and a slight but significant slowing of
NCV in the reach limb.

Macrophage Infiltration
Our results reveal that continued performance of a highly repetitive task elicited continued
increases in the number of ED1+ macrophages in portions of the median nerve located within
and adjacent to the carpal tunnel. We observed increases in these cells in both the per-ineurial
and epineurial layers and in association with axons. These findings are consistent with many
other studies that have shown that after nerve injury, a large number of nonresident ED1+
macrophages enters from the circulation at the site of injury and distally (Perry et al., 1987;
Stoll et al., 1989). The numbers of ED1+ macrophages observed in the present study (~1000/
mm2 within the carpal tunnel at 5–6 weeks) are comparable to those reported by Leskovar et
al. (2000) for sciatic nerve following nerve crush and during subsequent Wallerian
degeneration. The signals leading to recruitment of these macrophages are not yet fully defined
but include axonal breakdown and rejected myelin sheaths (Beuche and Friede, 1984; Bruck,
1997; Bruck et al., 1995).

It is noteworthy that there was a small increase in numbers of ED1+ macrophages without
NCV changes in the nonreach limb of trained animals. This observation is consistent with our
previous findings of widespread and cellular systemic inflammatory responses in this model
(Barbe et al., 2003). Possible mechanisms leading to this finding are considered below.

Infiltration of ED1+ cells appears to be finely graded to the degree of injury, with the recruited
macrophages selectively localizing to degenerating nerve fibers and myelin (Beuche and
Friede, 1984; Griffin et al., 1992; Stoll et al., 1989). ED1+ cells have also been found in the
perineurium following nerve injury (Griffin et al., 1992). The ED1+ macrophages are the main
effectors in Wallerian degeneration (Bruck, 1997; Coffey et al., 1990; Perry et al., 1987). They
increase in number within 24 h to 3 days after injury and continue to increase over a 14-day
period (Avellino et al., 1995). Post-phagocytic macrophages (ED1−), which are filled with
myelin, persist for long periods after myelin clearance is completed (Griffin et al., 1992), but
are no longer phagocytic. The continued presence of ED1+ cells intraneurally in our 12-week
study indicates the continued need for myelin clearance in the median nerve at the wrist with
chronic performance of this task.

Fibrosis
Examination of median nerves showed increased collagen type I immunoreactivity in the
epineurium of the median nerve at the wrist in trained animals. Both experimental animal
models of nerve compression and examination of human specimens with known nerve
compression reveal progressive thickening of internal and external epineurium as well as
thickening of the per-ineurium (Mackinnon et al., 1984, 1986; Novak and Mackinnon, 1998;
O’Brien et al., 1987). Marked compression leads to profound electrophysiological and
histological changes. In contrast, minimal but prolonged compression results in some
histological changes, such as alterations of the blood nerve barrier and axonal degeneration
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(Mackinnon et al., 1984; O’Brien et al., 1987), but not changes in NCV (Mackinnon et al.,
1984).

Collagen and other connective tissue components have been shown to increase, especially in
the epineurium, after a variety of types of damage to peripheral nerves (Eather and Pollock,
1987; Novak and Mackinnon, 1998). A molecule known to upregulate the production of
extracellular matrix proteins such as collagen type I is CTGF (Duncan et al., 1999; Frazier et
al., 1996). CTGF regulates various cellular functions including adhesion, fibroblast
proliferation and matrix production (Moussad and Brigstock, 2000). Overproduction of the
CTGF mRNA and protein is significantly correlated with fibrotic diseases (Grotendorst
1997; Moussad and Brigstock, 2000) such as post-surgical scar formation (Igarashi et al.,
1993), in which there is an aberrant deposition of extracellular matrix (Igarashi et al., 1993,
1996; Kikuchi et al., 1995). Increased serum levels of CTGF are found in patients with systemic
fibrosis (Sato et al., 2000), explaining, perhaps, the increase in CTGF we observed in nonreach
limb nerve tissues by 12 weeks of task performance. CTGF may also be increased in our model
as a function of repair and regenerative processes, as studies of wound healing have shown
that CTGF is expressed and secreted by fibroblasts as part of an injury-induced growth factor
cascade in normal extracellular matrix remodeling (Igarashi et al., 1993; Moussad and
Brigstock, 2000).

To date, CTGF mRNA expression and/or protein production has been demonstrated in
endothelial cells (Shimo et al., 1998), fibroblasts (Igarashi et al., 1993; Ryseck et al., 1991),
chondrocytes (Nakanishi et al., 1997), vascular smooth muscle cells (Lin et al., 1998), and
osteoblasts (Xu et al., 2000). CTGF immunoreactivity has also been detected in a few cells of
the CNS, including astrocytes and ependymal cells (Kondo et al., 1999), particularly following
a cerebral infarction (Schwab et al., 2000). Additional studies support a possible role for CTGF
in glial scar formation in response to CNS injury (Hertel et al., 2000; Schwab et al., 2001). Our
study is the first showing increased CTGF expression in Schwann cells and peripheral nerve
fibroblasts. Figure 5C also suggests that CTGF may be present within axons, but our results
are inconclusive. We observed the increased CTGF immunoreactivity only after long term
performance of a repetitive task and in conjunction with intraneural fibrosis and decreased
NCV. Our results suggest that CTGF is involved in regulating the increased deposition of
intraneural matrix by fibroblasts and Schwann cells through both local and systemic
mechanisms (note the CTGF immunoreactivity in the nonreach limb at 12 weeks; Fig. 3C).
The increase in collagen type I in the median nerve of the nonreach limb may be a result of a
systemic increase in CTGF. Further investigation is needed to determine if CTGF expression
is associated with glial scar formation or repair and regeneration by these cells in the peripheral
nerve.

NCV
In contrast to the clear anatomical and behavioral responses, the median nerve NCV showed
a small, albeit significant decline. The decrement in mean NCV was 4.7 m/sec compared to
controls, for a decrease of 9.0%. The variation we observed in control NCV values was large
(coefficient of variation of 8.3%), but comparable to that reported by Walters and Murray
(2001) for transcarpal motor conduction velocity of normal human subjects (coefficient of
variation of 12.8%) and Fullerton and Gilliatt (1967) for median nerve motor NCV in young
guinea pigs (coefficient of variation of 8.2%).

The slight decrease in NCV seen in this study, despite substantial changes in collagen and ED1
+ macrophages, is consistent with other recent studies of nerve compression that show the onset
of histological changes prior to physiological ones. Mackinnon et al. (1984) found epineurial
fibrosis and other histological changes in rat sciatic nerves 4–6 months after banding them with
1.5-mm silastic tubing (minimal compression), yet the NCV of these nerves was normal. Using
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a similar procedure, Gupta et al. (2001) found that Schwann cells proliferated prior to the onset
of NCV decrements. Diao et al. (2001) suggest that rabbit median nerve compressed by a
balloon placed within the carpal tunnel shows loss of axons, thinning of myelin and increase
of phagocytic cells that precede changes in motor NCV. It appears that the high-repetition,
negligible-force task used in the present study was sufficient to cause nerve damage, but
insufficient to induce a large NCV decrement in the first 12 weeks of study. Further work is
needed to determine whether the NCV decrement would be more dramatic in this model after
either longer performance of this task or performance of a high repetition, high force task.

Development of Nerve Lesions in MSD
The events leading to the task-induced changes we and others have observed may involve at
least three parallel and interrelated pathways. One pathway is suggested by the work of
Björklund et al. (2000), in which fatigue following low-intensity, repetitive arm movements
was shown to impair position sense in humans. Another is suggested by the work of Byl et al.
(1997), in which somatotopic dedifferentiation of the somatosensory cortex in owl monkeys
was found in association with repetitive grasping movements. Perhaps diminished
proprioceptive sense or cortical neuroplastic changes in our trained rats contributed to the
development of scooping and raking, behaviors which may result from a degradation of fine
motor control.

A third pathway is suggested by our previous reports (Barbe et al., 2003; Barr et al., 2000),
which present evidence that tissue injury as well as widespread and systemic production of
proinflammatory cytokines coincided with behavioral decrements in our model. Perhaps the
pain associated with inflammation led to hyperalgesia and/or allodynia (via release of substance
P; Dubner and Ruda, 1992; Urban and Gebhart, 1998), thereby contributing to decreases in
duration and/or reach rate. In the present study we have further elucidated this third pathway
by observing infiltration of ED1+ cells (cells known to produce inflammatory cytokines) into
the median nerves of both reach and nonreach limbs immediately following the peak
inflammatory response described in our previous studies. Inflammation includes extraneural
edema, which has been shown both to compress the median nerve in the carpal tunnel and to
lead to fibrosis (Lluch, 1992). In the central nervous system, glial fibrosis may also result from
traumatic or ischemic injury through upregulation of CTGF (Hertel et al., 2000; Schwab et al.,
2000). It is yet unknown whether glial fibrosis occurs through this mechanism in the peripheral
nervous system. In our model, intraneural fibrotic changes are seen in the median nerve of the
reach limb immediately following the peak inflammatory response in serum and
musculoskeletal tissues. Fibrosis, whether mediated by edema, compression or nerve trauma
may in turn lead to further nerve compression. In any case, the response of the median nerve
to compression is characterized in this study by the presence of non-immune, ED1+ cells in
the median nerve in the carpal tunnel region. These cells are known to be involved in
degradation of myelin in neural tissues. Loss of myelin can lead to decreased NCV and
subsequent loss of sensory and/or motor information that could contribute to further behavioral
degradation. The histological changes observed in the nonreach limb may presage NCV
decrements at that site as well. For example, a variety of cell types show increased CTGF
immunoreactivity in blood vessels and connective tissue surrounding the median nerve in the
nonreach limb (Fig. 5), which suggests that fibrosis is developing.

The association between NCV and duration of task performance shown in Figure 6B suggests
that the responses of rats to the task are variable. Even though all rats that performed the task
longer than 3 weeks developed changes at both histological and behavioral (raking) levels, the
relationship between NCV and task duration suggests that some of the trained rats experienced
significant discomfort, as well as more extreme nerve damage, while others were less affected.
It is unclear whether this difference among rats is associated with subtleties of reaching
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behavior that make pathology more or less likely, or with genetic variation that predisposes
only some individuals to develop a lesion within the first 12 weeks. Resolution of this question
may be significant for understanding the incidence of MSD in human workers.

Implications for Occupational Health and Safety
Although the number of cases new of MSD in U.S. private industry has declined from its peak
of 332,100 in 1994 to 242,000 in 2000, they continue to account for 4% of all reported injuries
and illnesses in U.S. private industry, according to the U.S. Bureau of Labor Statistics (BLS)
database (BLS, 2002). CTS is a prevalent and costly form of MSD. In a study of 5,844 federal
workers with a single-diagnosis upper extremity MSD workers’ compensation claim from 1993
to 1994, CTS accounted for 40% of claims, incurring average direct medical costs of $2,948
per case, average indemnity costs of $4,941 per case, and an average of 84 lost work days
during the study period (Feuerstein et al., 1998). Increased risk of developing CTS is associated
with repetitive and/or forceful job tasks (Hagberg et al., 1992; Latko et al., 1999; Silverstein
et al., 1987).

There is no current standard for prevention and management of work-related CTS or other
MSDs. Herbert et al. (1999) showed that patients with work-related CTS in New York State
from 1991 to 1994 underwent frequent challenges to their claims, leading to delays in treatment.
Such delays may lead to further nerve damage, particularly if a worker continues to perform
high-risk work tasks, and this may ultimately increase long-term disability. The resistance of
workers’ compensation insurance to cover claims of CTS stems from an incomplete
understanding of the extent to which job tasks are directly responsible for median nerve
compression. Our results demonstrate that a highly repetitive, negligible-force task induces
fibrotic and other changes indicative of injury in the median nerve, and it does this in the same
time range as behavioral changes, but prior to any substantial decrement in NCV. Thus, a
worker who continues to perform high-risk work tasks after initial symptoms develop may
exacerbate pathological neural changes that have already begun. A more complete
understanding of the role of repetitive motions in the etiology of CTS will not only elucidate
these issues, but will provide insight into preventive strategies aimed at reducing exposure to
work place risk factors to an “acceptable” level. The animal model of MSD we have developed
provides an important means of increasing that understanding.
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FIG. 1.
Behavioral outcomes at weekly endpoints from the first week of the task regimen (week 1)
through week 11, expressed as mean + SEM. (A) Observed reach rate versus week. There was
a significant decrease in reach rate in weeks 5 and 6 compared to week 1 (p < 0.05). There was
a rebound toward baseline (week 1) reach rate in week 8, followed by another decline in weeks
9–11 (not significant, possibly due to the decreasing numbers of subjects over time). (B) Task
duration versus week. There was a significant decline in task duration in weeks 3 and 4 (p <
0.05), with a return toward baseline thereafter. Again, the lack of statistical significance in later
weeks is possibly the result of decreasing numbers of subjects over time. *Significantly
different from week 1 (p < 0.05). Numbers (n) of animals: week 1, n = 39; week 2, n = 38;
week 3, n = 36; week 4, n = 33; week 5, n = 30; week 6, n = 27; week 7, n = 21; week 8, n =
19; week 9, n = 8; and weeks 10–11, n = 4.
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FIG. 2.
Increase in ED1+ macrophages and degraded MBP in median nerves after 12 weeks of the task
regimen. MBP and neurofilament 200-kD immunoreactivities are shown for comparison.
(A) Only a few ED1+ cells (arrow) are visible in the nerve at the level of the carpal ligament
at week 0. (B) Several ED1+ cells (arrows) are visible in the same region of the reach limb by
6 weeks. (C) In the same limb as B but more distal, many ED1+ cells (arrows) are present in
nerve branches and surrounding connective tissue. (D) At week 12, scant degraded MBP
immunoreactivity is visible in the nerve at the mid-forearm level. (E) Numerous whole MBP
+ profiles are visible in the same section as (D). (F) Same section showing double staining for
both anti-degraded MBP and anti-MBP. (G) At week 12, degraded MBP+ is greatly increased
in the median nerve at the level of the wrist. The large cell (arrowhead) containing degraded
MBP immunoreactivity may be a phagocytic macrophage. (H) Numerous whole MBP+
profiles are visible in the same section as G. The inset in H shows no overlap between MPB
and neurofilament (blue) immunoreactivity. (I) Same section showing double staining for anti-
degraded MBP and anti-MBP. There is only a small amount of staining overlap. N, nerve; CT,
connective tissue. Bar = 50 μm.
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FIG. 3.
Quantification of histological analyses, expressed as mean + SEM. (A) Quantification of the
mean numbers of ED1+ macrophages in the median nerve at the level of the wrist and
immediately proximal and distal to the carpal ligament. There are significantly more ED1+
macrophages in both the reach and nonreach limbs at 5/6, 8, and 12 weeks compared to week
0. The increases are greater in the reach than in the non-reach limbs. Numbers (n) of animals:
week 0, n = 7; week 3/4, n = 7; week 5/6, n = 5; week 8, n = 4; and week 12, n = 4. (B)
Quantification of area fraction containing collagen type I immunoreactivity in the same regions
described in A. The area fraction of collagen type I immunoreactivity is significantly greater
in both the reach and nonreach limbs at weeks 8 and 12 compared to week 0. Collagen type I
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immunoreactivity does not increase in the nonreach limbs until week 12; that increase is lower
than in the reach limbs. Numbers of animals: week 0, n = 3; week 3/4, n = 4; week 5/6, n = 3;
week 8, n = 3; and week 12, n = 4. (C) Quantification of area fraction containing CTGF
immunoreactivity in the same regions described in A. The area fraction of CTGF
immunoreactivity is significantly greater in both the reach and nonreach limbs at week 12 than
at week 0. This increase is greater in the reach than in the nonreach limbs. Numbers of animals
were the same as in B. **p < 0.001.
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FIG. 4.
Macroscopic photographs of the median nerve traversing the carpal region of a week 0 (A) and
a week 10 (B) rat. Note the connective tissue (CT) nodule surrounding the nerve in the reach
limb of a rat that performed the task for 10 weeks.
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FIG. 5.
Expression of collagen type I (A,B; green), and CTGF (A,B,C,D inset; red) increase in the
median nerve at the level of the wrist with task performance. Immunofluorescence co-
localization of CTGF and S100β (D,C inset; green) was used to detect cell-type specific
expression of CTGF. (A) Little or no deposition of collagen type I is seen in the epineurium
of the median nerve (N) at 0 weeks. (B) Increased collagen type I immunoreactivity is seen in
the epineurium (epi) of the median nerve in the reach limb of a 12-week rat. F, fibrotic
connective tissue with increased collagen type I staining. (C) CTGF is expressed by Schwann
cells (representative profiles indicated by arrows) located within the nerve fascicles of a median
nerve from the reach limb of 12-week rat. It may also be present in axons. Arrowheads indicate
CTGF+ (S100β-; D) cells that may be epineurial fibroblasts. (D) The same section as C showing
S100β expression by Schwann cells (representative profiles indicated by arrows) in the nerve
fascicles. The thickness (16 μm) of these longitudinal sections captures both cross-sectional
and surface profiles of Schwann cell cytoplasm. Inset shows no co-localization between
S100β and neurofilament (blue) immunoreactivity. bv, blood vessel; epi, epineurium; F,
fibrotic connective tissue; N, nerve, T, tendon. *The same cell in C, C inset, and D. Bar = 50
μm.
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FIG. 6.
Plots of transcarpal median nerve conduction velocity. (A) Frequency histogram of NCV in
median nerves of 30 control limbs (dotted outline) and the reach limbs of seven rats after 9–
12 weeks of task performance (gray, solid outline). (B) Relationship between duration of task
performance in the final week of the task regimen and NCV in the seven rats. The arrow
indicates the duration of performance of the animal shown in Figure 4, for which the NCV
could not be measured.
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