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Repetitive, Negligible Force Reaching in Rats Induces Pathological
Overloading of Upper Extremity Bones*
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ABSTRACT

Work-related repetitive motion disorders are costly. Immunohistochemical changes in bones resulting from
repetitive reaching and grasping in 17 rats were examined. After 3—6 weeks, numbers of ED1* macrophages
and osteoclasts increased at periosteal surfaces of sites of muscle and interosseous membrane attachment and
metaphyses of reach and nonreach forelimbs. These findings indicate pathological overloading leading to
inflammation and subsequent bone resorption.

Introduction: Sixty-five percent of all occupational illnesses in U.S. private industry are attributed to musculoskel-
etal disorders arising from the performance of repeated motion, yet the precise mechanisms of tissue pathophysiology
have yet to be determined for work-related musculoskeletal disorders. This study investigates changes in upper
extremity bone tissues resulting from performance of a voluntary highly repetitive, negligible force reaching and
grasping task in rats.

Materials and Methods: Seventeen rats reached an average of 8.3 times/minute for 45-mg food pellets for 2 h/day,
3 days/week for up to 12 weeks. Seven rats served as normal or trained controls. Radius, ulna, humerus, and scapula
were collected bilaterally as follows: radius and ulna at 0, 3, 4, 5, 6, and 12 weeks and humerus and scapula at 0,
4, and 6 weeks. Bones were examined for ED1-immunoreactive mononuclear cells and osteoclasts. Double-labeling
immunohistochemistry was performed for ED1 (monocyte/macrophage lineage cell marker) and TRACP (osteoclast
marker) to confirm that ED1" multinucleated cells were osteoclasts. Differences in the number of ED17 cells over
time were analyzed by ANOVA.

Results: Between 3 and 6 weeks of task performance, the number of EDI' mononuclear cells and osteoclasts
increased significantly at the periosteal surfaces of the distal radius and ulna of the reach and nonreach limbs
compared with control rats. These cells also increased at periosteal surfaces of humerus and scapula of both forelimbs
by 4—6 weeks. These cellular increases were greatest at muscle attachments and metaphyseal regions, but they were
also present at some interosseous membrane attachments. The number of ED1™" cells decreased to control levels in
radius and ulna by 12 weeks.

Conclusions: Increases in ED1" mononuclear cells and osteoclasts indicate that highly repetitive, negligible force
reaching causes pathological overloading of bone leading to inflammation and osteolysis of periosteal bone tissues.
J Bone Miner Res 2003;18:2023-2032
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INTRODUCTION billion annually.® Epidemiologic and field studies suggest
a positive relationship between the severity of WMSD and
the performance of highly repetitive and/or forceful work
tasks for periods of months or years.®~> Diagnoses related
to WMSD include tendonitis, myositis, carpal tunnel syn-
.. 6.7
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ington, DC, December 11-15, 1999. repeated trauma include inflammation, tissue microdam-
9 and muscle atrophy and fiber type changes.'*~'?

WORK—RELATED MUSCULOSKELETAL DISORDERS (WMSD)
account for approximately 65% of all occupational
illnesses in U.S. private industry"” and cost from $20 to $55
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We have developed a rat model of repetitive reaching and
grasping that permits the examination of both tissue and
behavioral responses. Thus far, we have reported evidence
for localized inflammation of muscle, tendon, and connec-
tive tissues of the reach forelimb that peaks at 4—6 weeks of
performance of a highly repetitive, negligible force task.
This inflammatory response coincides with degradation of
motor behavior and task avoidance. We have also reported
evidence of a widespread and systemic inflammatory re-
sponse as noted by the presence of inflammatory macro-
phages in the nonreach forelimb and pro-inflammatory cy-
tokines in serum of animals at 6—8 weeks of task
performance.®” In the course of these experiments, we
noticed that areas of localized inflammation predominated
at bone-tendon interfaces of muscles participating in the
reaching task. We also found phagocytic cells in the peri-
osteum of such bony sites. This finding suggested to us a
reactive response of bone tissue to repetitive movements.
We were interested in further exploring this response.

When exposed to dynamic, cyclical loading in vivo, bone
may respond along a continuum ranging from anabolism,
with low magnitude, brief cyclical strains, ">~ to catabo-
lism and even microfracture, with high magnitude, cyclical
strains of long duration.'®™'® Sites of osteogenesis in cy-
clically loaded bone have been related to areas of high strain
gradients or strain rates,”" > increasing loading frequency,"'¥
and increasing peak strains.*" Studies of rats running on
treadmills®>** and performing repetitive jumping®® have
shown that increasing the intensity of weight-bearing exer-
cise is associated with diminishing returns in biomechanical
competence, mass, and bone morphology of vertebral and
limb bones. More intensive treadmill running in rats re-
sulted in decreased mechanical competence and apposi-
tional bone formation of the tibia, while the femur exhibited
increased appositional bone formation.*> Periosteal and
marrow edema as well as tibial stress fractures have been
reported in runner athletes with shin splints.?® Clearly,
there are limits to the adaptability of bone to applied loads
that are well below a magnitude required for traumatic
injury when such loads are persistently applied. In addition,
the response of bone to repetitive loading in vivo is site-
specific. Yet unclear are the load exposure thresholds and
the mechanism(s) of pathophysiological bone responses.
One study suggests that stress fracture results from bone
weakening caused by the simultaneous occurrence of adap-
tive remodeling and continued cyclical loading."® Another
possibility is the suppression of osteogenesis, which has
been shown in bone tissue cultures under static loads,*”
high force resistance training,”® and strenuous run-
ning."'®?> In the majority of in vivo models, cyclical bone
loading is accomplished through repetitive weight-bearing
activities. This makes it impossible to distinguish between
bones’ responses to externally applied loads versus those
applied by muscle contraction. Our model in the rat of
highly repetitive reaching permits the observation of tissues
that have been exposed to non—weight-bearing muscular
loads known to produce soft tissue and systemic inflamma-
tion consistent with WMSD.® This model provides an
opportunity to study the effects of both non—-weight-bearing
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repetitive loading and mechanisms of naturally occurring
inflammation on upper limb bone tissues in vivo.

During inflammation, pro-inflammatory cytokines, such
as interleukin-1 (IL-1), are released by injured cells and
inflammatory cells, such as macrophages. Studies have
shown that IL-1 is a potent stimulator of bone resorption
through osteoclast stimulation.?*=*" The presence of IL-1—
producing tissue macrophages and IL-1 in blood serum in
our model of WMSD may also be associated with bone
resorption.® We hypothesize that any adaptive remodeling
of bone tissue undergoing repetitive loading in our model
would be modulated, and possibly counteracted, by the
superimposed inflammatory response.

The purpose of this study was to determine the effects of
a highly repetitive, negligible force reaching and grasping
task on the magnitude and morphology of the response of
forelimb bone tissue in a rat model of WMSD. We used
immunohistochemical techniques to identify cells involved
in inflammatory and resorptive processes in bone (macro-
phages, osteoclasts, and their precursors). We analyzed re-
gions of bone adjacent to inflamed musculotendinous at-
tachments of the forearm, humerus, and scapula as well as
regions of these bones at some distance from locally in-
flamed musculotendinous tissues.

MATERIALS AND METHODS
Description of subjects

Twenty-four adult female Sprague-Dawley rats (age
12-14 weeks at onset of experiment) were used. Seventeen
rats were trained to perform a highly repetitive forelimb
reaching and grasping task with negligible force for up to 12
weeks. Four rats served as shaped-only controls to rule out
the effects of training and were killed after the initial train-
ing period. Three rats served as age-matched, normal con-
trols (no shaping). The experimental and shaped-only ani-
mals were food deprived so that they maintained 80-90% of
full body weight as defined by weights of age-matched,
normal controls. Experiments were approved by the Temple
University IACUC in compliance with National Institutes of
Health Guidelines for the Humane Care and Use of Labo-
ratory Animals.

Task regimen

Rats performed a repetitive reaching and grasping food
retrieval task as described fully in Barbe et al.®® Briefly, the
rats were placed in operant test chambers for rodents (MED
Associates Inc., Georgia, VT, USA) 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 for
the animal to reach pellets of food. Food pellets (45 mg;
Bioserv, Frenchtown, NJ, USA) were dispensed (pellet dis-
penser; MED Associates Inc.) every 15 s during the reach
task. An auditory indicator (stimulus clicker; MED Associ-
ates Inc.) provided a cue that a pellet had been dispensed,
thereby cueing the animal to attempt a reach.

During an initial 7- to 10-day shaping period, experimen-
tal and shaped-only control rats were first encouraged to
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FIG. 1. EDI-immunoreactive cells in the periosteum of the distal
radius in reach and nonreach limbs of trained rats. (A) Control rat. (B)
Reach limb of a 6-week trained rat. (C) Nonreach limb of a 6-week
trained rat. Sections are counterstained with hematoxylin. B, bone; Oc,
osteoclast (also indicated by arrows); Ps, periosteum. Arrowheads
indicate ED1* mononuclear cells (macrophages or precursors to mac-
rophages or osteoclasts).

reach through open bars for food pellets placed on an
elevated platform for 5 minutes/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 minutes per day. When
they were able to perform the task consistently, experimen-
tal rats (n = 17) were begun on the task regimen at the
defined target rate of 4 reaches/minute for 2 h/day, 3 days/
week for 3-12 weeks. The side used to reach and the
number of reaches performed per minute were recorded in
each session. Tissues of ambidextrous animals were not
included in this study. Seventeen experimental animals ini-
tiated the task regimen, but beyond 3 weeks, groups of
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FIG. 2. Large multinucleated ED17 cells in the periosteum of the
distal radius also express TRACP. (A) ED1* multinucleated cells
labeled with Cy3-conjugated anti-mouse secondary antibody (green).
(B) TRACP immunoreactivity of the same cells as shown in A labeled
with Cy2-conjugated anti-mouse secondary antibody (red). (C) Co-
localization of ED1 and TRACP (yellow), indicating that the multinu-
cleated ED17 cells are osteoclasts.

animals were periodically killed for histological tissue anal-
ysis. Shaped-only control rats were killed immediately after
the shaping period.

Histological analyses

The numbers of rats whose tissues were examined for
histological changes at various time-points were as follows:
n = 4 for week 3; n = 3 each for weeks 4, 5, and 6; n = 4
for week 12; n = 4 for shaped-only controls; and n = 3 for
normal controls. The latter two control groups were com-
bined and considered to be exposed to the task regimen for
0 weeks because their tissues were histologically and im-
munochemically indistinguishable. After death by lethal
overdose (Nembutol; 120 mg/kg body weight), animals
were perfused transcardially with 4% paraformaldehyde in
0.1 M phosphate buffer (pH 7.4) and postfixed for 2 h in
situ. Bones were collected, decalcified, and paraffin embed-
ded. Five-micrometer sections of longitudinally cut bones
on coated slides (Fisher plus) were de-paraffinized and
hydrated.

Two primary antibodies were used in this study. Mouse
anti-rat monocyte/macrophage monoclonal antibody (cata-
log no. MAB1435, clone ED1; Chemicon, Temecula, CA,
USA) was used as a marker of monocyte lineage cells
including tissue macrophages, osteoclasts, and their
precursors.®>* Anti-ED1 recognizes a single chain gly-
coprotein of 90—-100 kDa expressed on lysosomal mem-
branes of myeloid cells. Weak cell surface expression may
also occur with anti-ED1. Monoclonal mouse anti-TRACP
(Clone Zy-9C5; Zymed Laboratories Inc., South San Fran-
cisco, CA, USA) was used as another marker of osteoclasts
and macrophages.®>>® Anti-TRACP reacts specifically
with the 16-kDa subunit of human TRACP.

Tissue sections (on slides) were treated with 0.3% H,0,
in methanol for 30 minutes (omitted for immunofluores-
cence), washed, treated with 1% pepsin in 0.01N HCL for
20 minutes, washed, and blocked with 4% goat serum for 20
minutes. Monoclonal antibody staining for ED1 was per-
formed as described in Barbe et al."® Sections were coun-
terstained with hematoxylin, unless used for differential
interference contrast microscopy, and mounted with DPX
mountant (BDH Laboratory Supplies, Poole, UK). Negative
immunocontrols were provided by slides to which primary
antibody had not been added.
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Double-labeling immunohistochemistry was performed
sequentially with anti-ED1 and secondary antibody conju-
gated to Cy2 (Jackson ImmunoResearch Laboratories, West
Grove, PA, USA) steps first, and anti-TRACP second. Tis-
sues stained for TRACP were processed with a modification
of the procedure recommended for the Zymed Histostain-
TRACP Kit. Briefly, sections were incubated with undiluted
TRACP antibody overnight at 4°C and incubated with Cy3-
conjugated secondary antibody (Jackson ImmunoResearch
Laboratories) for 2 h at room temperature. Fluorescent-
stained sections were coverslipped with 80% glycerol-PBS.
Negative immunocontrols were provided by slides to which
neither primary antibody had been added.

Bioguantification

The number of ED17 cells was counted in both reach and
nonreach forelimbs using a bioquantification system (Bio-
quant TCW 98; R & M Biometrics, Nashville, TN, USA)
attached to a Nikon microscope. Cells with a defined thresh-
old of peroxidase staining were counted in a 0.0643-mm?
area using a 40X objective or in a 0.3173-mm? area using a
20X objective. For each site analyzed, ED1* mononuclear
cells and ED1™ osteoclasts cells were counted separately
using Bioquant data filters that limited the size of cells
counted (one set of counts excluded the larger, multinucle-
ated osteoclasts; the other set excluded smaller, mononu-
clear cells). Three adjacent fields were measured per site
analyzed. Four bones were examined in the upper extrem-
ities: radius, ulna, humerus, and scapula. Cell counts were
obtained at the periosteum-bone interface of the radius and
ulna in rats that had performed the task for either 0, 3, 4, 5,
6, or 12 weeks as follows: in both the reach and nonreach
forelimbs, in proximal and distal regions, in two sites (sites
of muscle attachment on the lateral radius and medial ulna
and sites of interosseous membrane attachment on the me-
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FIG. 3. Differential interference contrast mi-
croscopy (20X magnification) showing ED1"
cells and periosteal-bone matrix organization of
the distal radius. (A) Control, (B) reach limb of
a 3-week trained rat, (C) reach limb of a 6-week
trained rat, and (D) reach limb of a 12-week
trained rat. B, bone; Oc, osteoclast (also indi-
cated by arrows); Ps, periosteum. Arrowheads
indicate areas of closely packed osteocytes.

dial radius and lateral ulna), and by cell type (ED1" mono-
nuclear cells and ED17 osteoclasts). Cell counts were ob-
tained at the metaphyseal region of the radius and ulna in
rats that had performed the task for either 0, 3, 4, 5, 6, or 12
weeks in both forelimbs and by cell type. Cell counts were
obtained at the periosteum-bone interface of the humerus in
rats that had performed the task for either 0, 4, or 6 weeks
as follows: in both the reach and nonreach limbs, in three
regions (distal, middle, and proximal), and by cell type. Cell
counts were obtained at the periosteum-bone interface of the
scapula in rats that had performed the task for either 0, 4, or
6 weeks as follows: in both the reach and nonreach fore-
limbs, in three regions (glenoid cavity and adjacent sites of
muscular attachments, spine, and the body of the scapula),
and by cell type. TRACP immunostaining was used in
combination with morphological characteristics to confirm
that the large, multinucleated ED17 cells were osteoclasts.

Data analysis

For all statistical analyses, microscopic field (three fields/
tissue) was used as a blocking factor, and p = 0.05 was
considered significant. Post hoc analyses were carried out
using the Bonferroni method for multiple comparisons, and
adjusted p values are reported.

Counts from radius and ulna were combined for statistical
analysis. For the periosteal-bone interface of the radius and
ulna, differences in the number of ED1" cells were ana-
lyzed using a four-way ANOVA with the factors week (0, 3,
4,5, 6, and 12), limb (reach and nonreach), region (proximal
and distal), and site (attachments of muscle and of interosse-
ous membrane). For the metaphyseal regions of the distal
radius and ulna, differences in the number of ED1" cells
were analyzed using a three-way ANOVA with the factors
week (0, 3,4, 5, 6, and 12), limb, and cell type. Counts from
the different regions analyzed in the scapula and the hu-
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merus were combined for statistical analysis. For the scap-
ula and humerus, differences in the number of ED1V cells
were analyzed using three-way ANOVAs with the factors
week (0, 4, and 6), limb, and cell type. We chose fewer time
points to analyze for the humerus and scapula to increase
statistical power while capturing the peak response indi-
cated at the muscle attachment sites of the distal forearm
bones.

RESULTS

After 4—6 weeks of task performance, ED1* mononu-
clear cells and osteoclasts were apparent in the reach limb
along the periosteal-bone interface (Fig. 1B), particularly at
sites of muscle attachment, compared with controls (Fig.
1A). Increased numbers of ED17" cells were also visible in
similar sites in the nonreach forelimb bones (Fig. 1C). The
large, multinucleated cells that were ED1" and associated
with resorptive lacunae (Figs. 1B and 1C) were also immu-
nopositive for TRACP (Fig. 2), indicating that these cells
were osteoclasts. The bone matrix of the distal radius
showed signs of progressive reorganization (Fig. 3) over
time. At 3 weeks (Fig. 3B), the periosteum contained nu-
merous ED1* mononuclear cells compared with control
tissue (Fig. 3A). The collagen fibers of the periosteum had
begun to lose their closely packed, parallel alignment,
which continued to worsen through week 6 (Fig. 3C). By 6
weeks, the bone matrix showed increased lamellar disorga-
nization and the presence of ED17 cells (osteoclasts, mac-
rophages, and their precursors) in large lacunae that invaded
the cortical bone (Fig. 3C). Osteocytes were also more
numerous and closely packed at 6 and 12 weeks (Figs. 3C
and 3D), and collagen fibers were more randomly arranged
in reach limb bone compared with the control bone (Fig.
3A). The collagen fibers of the periosteum had begun to
regain their closely packed, parallel alignment at 12 weeks
(Fig. 3D), and there were fewer ED17 cells at this time-
point. However, even at 12 weeks, the bone matrix was
hypercellular and did not appear to be as well-organized and
lamellar as control bone.

The ANOVAs yielded numerous significant main effects
and interactions. Figures 4-7 illustrate the significant
ANOVA results.

Figure 4 shows that the mean number of ED1™ mononu-
clear cells and osteoclasts in the distal radius and ulna at
sites of muscle attachment (Figs. 4A and 4C) increased
significantly above controls in weeks 4—6 in both the reach
and nonreach limbs. At sites of interosseous membrane
attachments in the distal radius and ulna (Figs. 4B and 4D),
the number of ED1* mononuclear cells increased signifi-
cantly above controls in the reach limb and in week 4 only.
By week 12, the number of ED17" cells at the periosteal-
bone interface had returned to control levels despite contin-
ued task performance. Figure 5 shows that the cell counts
for the proximal radius and ulna at muscle (Figs. SA and
5B) and interosseous membrane (Figs. SC and 5D) attach-
ments did not increase significantly above controls.

Figure 6A shows that the number of ED1" mononuclear
cells increased significantly above controls in the distal
forearm metaphyses of the reach limb in weeks 3-5 and of
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FIG. 4. Bioquantitation of ED1-expressing cells in the distal radius
and ulna at the bone-periosteal border shows an increase in ED1°*
mononuclear cells and osteoclasts in the reach and nonreach limbs by
4-6 weeks of task performance. ED1" mononuclear cells and oste-
oclasts in the distal radius and ulna at sites of muscle (MM) attach-
ments of the (A) reach and (C) nonreach limbs. ED1* mononuclear
cells and osteoclasts in the distal radius and ulna at sites of attachment
of the interosseous membrane (IOM) of the (B) reach and (D) nonreach
limbs. Data are expressed as mean cell number = SE. “p < 0.05
compared with 0-week controls.

the nonreach limb in weeks 3 and 4. Figure 6B shows that
the number of EDI" osteoclasts increased significantly
above controls in the distal forearm metaphyses of the reach
limb in weeks 4 and 5 and of the nonreach limb in weeks 3
and 5. In weeks 6 and 12, the number of ED17™ cells in the
distal forearm metaphyses had returned to control levels
despite continued task performance.

Figure 7A shows that the mean number of ED1* mono-
nuclear cells increased significantly above controls in the
scapula of the reach limb in weeks 4 and 6 and of the
nonreach limb in week 6. Figure 7B shows that the number
of ED17 osteoclasts increased significantly above controls
in the scapula of the reach limb in week 6 only. Figure 7C
shows that the number of ED1" mononuclear cells in-
creased significantly above controls in the humerus of the
reach and nonreach limbs in weeks 4 and 6. The number of
EDI1™" osteoclasts (Fig. 7D) increased significantly above
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controls in the humerus of the reach limb in week 4 only and
returned to control levels by week 6.

DISCUSSION

We have previously shown that this high repetition, neg-
ligible force task is associated with decrements in motor
performance across time.”® In addition, inflammation of
loose connective tissues, muscle, and tendon is observed to
peak by 4—6 weeks of task performance in the reach and
nonreach limbs. This soft tissue inflammatory response is
accompanied by the elevation of IL-1« above control levels
in serum. In the present study, ED1-expressing mononu-
clear cells and osteoclasts also increased dramatically by
3—6 weeks of task performance in the distal radius and ulna
of both the reach and nonreach limbs and in the humerus
and scapula.

In this study, we used a monoclonal antibody (ED1) that
recognizes a lysosomal and cell surface membrane protein
present in monocytes in peripheral blood, subsets of mac-
rophages, osteoclasts, and precursors of macrophages and
osteoclasts.*>** The ED1" mononuclear cells observed in
the periosteum and metaphyseal bone are most likely exu-
date macrophages engaged in bone resorption and remod-
eling®>*” or osteoclast precursors.?***% The EDI™"
multinucleated cells located in resorptive lacunae had the
morphological features of osteoclasts and also stained pos-
itive for TRACP reactivity. TRACP expression has been
shown to be restricted to bone-resorbing osteoclasts, spe-
cific subsets of activated macrophages, and their precursors
in skeletal tissues.?>3®

1 membrane (IOM) of the (B) reach and (D) non-
12 reach limbs. Data are expressed as mean cell
number * SE.

This increase of macrophages, osteoclasts, and their pre-
cursors in bone suggests a mechanism whereby bone re-
sorption is induced by task-related inflammation of the soft
tissues, such as tendon, adjacent to the bone matrix micro-
environment. The infiltration of macrophages and subse-
quent upregulation of proinflammatory mediators, such as
IL-1a, may have stimulated osteoclastic activity through
paracrine mechanisms.?° 3"

A second possible mechanism underlying bone remodel-
ing in our model is the tensile overloading of the bone at the
attachments of tendons and ligaments. Turner et al.“*" re-
ported the presence of woven bone at the periosteal surface
of rat tibia subjected to mechanical peak bending moments
of 40N at a frequency of 2 Hz for 18 s/day in only 12 days.
Interestingly, when sham-loaded controls were exposed to
the same peak loading force in the absence of bending
moments, periosteal woven bone formation was also ob-
served. The authors concluded that the woven bone forma-
tion was a response to direct trauma by the loading appa-
ratus on the periosteal and more superficial tissues and was,
therefore, a pathological rather than an adaptive response.
This same observation has been made in subsequent
studies.**~*» The disorganized appearance of our periosteal
bone tissues by 6 weeks of task performance is consistent
with that of woven, or immature, bone.“*>

The location of woven bone formation in our specimens
was at sites of musculotendinous, and to a lesser extent,
ligamentous attachments. It seems likely, therefore, that the
observed reactive response was to tensile loads resulting
from muscle contraction and from ligament stretching with
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FIG. 6. Bioquantitation of ED1-expressing cells in metaphyseal bone
of the distal radius and ulna shows an increase in ED1" mononuclear
cells and osteoclasts in the reach and nonreach limbs by 3-5 weeks of
task performance. (A) ED1" mononuclear cells and (B) ED1" oste-
oclasts in distal radius and ulna metaphyseal bone. Data are expressed
as mean cell number + SE. *p < 0.01 compared with 0-week controls.

extreme joint range of motion (e.g., full forearm pronation
would cause tension to develop in the interosseous mem-
brane). The presence of inflammatory and bone resorbing
cells at the disorganized periosteal-bone junction is also
consistent with stress fracture®> and the subsequent forma-
tion of woven bone.”"” Therefore, our results are strongly
suggestive of pathological overloading whereby insufficient
recovery between task exposures does not allow healing,
thereby compromising the biomechanical competence of the
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bone with regard to the task demands. The area in which we
observe woven bone formation is also consistent with the
development of WMSD.

A comparison between the cell count results for the distal
and proximal regions of the forelimb further supports this
load-induced inflammation mechanism. Most muscles that
control wrist and forepaw flexion and extension insert over
small areas of the distal radius and ulna, whereas they
originate on the distal humerus. In addition, more proximal
muscle attachments on the humerus and the scapula control
the elbow flexion and extension and glenohumeral elevation
required for the reaching task. Tension at the attachment
sites of these muscles would induce the highest localized
increases in bone strain at the distal forearm, along the
entire humerus and at the scapular sites examined. These
localized increases in bone strain could have stimulated an
inflammatory reaction. In the case of the metaphyseal bone
in the distal radius and ulna, the inflammatory response that
was observed to occur earlier at 3 weeks may have resulted
from increased compressive loads generated across the me-
taphyses by the combined contraction of both wrist and
forepaw flexors and extensors. The combined effects of
these muscles would expose these bone regions to even
higher localized bone strains, which explains the relatively
high response magnitude observed in the distal forearm
metaphyses.

The increase in ED17 cells in the nonreach limb is also
consistent with a load-induced inflammation mechanism.
We noted that during task performance, rats typically placed
the open forepaw of the nonreach limb on the chamber wall
along side the portal while the reach limb was inserted into
the food dispensing tube. The resulting elevation, pronation,
and wrist extension of the nonreach upper limb seems to
have produced forces and postures extreme enough to affect
both musculotendinous attachment sites and distal forearm
metaphyses.

We did not look for increases in bone apposition in our
bone specimens, but such adaptive bone remodeling may
occur with repetitive reaching. Recent studies examining
adaptive bone formation suggest that brief daily periods of
physiological loads can be strongly osteogenic.'**® Fur-
thermore, this anabolic effect is enhanced when load cycles
are separated by rest periods of 10—14 s.">** In our pro-
tocol, animals reached at a rate of 8.3 reaches/minute, or 1
reach every 7-8 s.® We would expect these regular rest
periods to favor bone apposition, which would eventually
improve the fitness of the bone tissues to withstand the loads
needed to perform the repetitive task. Such adaptive bone
formation was reported in rats that performed a repetitive
tower climbing exercise for distances of 0.12—0.16 m in 30
minutes/day for 4 or 8 weeks.“” Our observed decrease of
ED1™ cells by 12 weeks of task performance may indicate
an adaptation to the task leading to a resolution of both
inflammation and bone resorption. We hope to explore this
possibility in future studies.

Although we did not explore the role of systemic
inflammation is this study, we suspect that the serum
increases in IL-1a seen in our earlier study® helped to
drive the osteolytic response. However, further research
is needed to elucidate this hypothesized systemic inflam-
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FIG. 7. Bioquantitation of EDI-expressing cells in the scapula and humerus at the bone-periosteal border shows an increase in ED1°*
mononuclear cells and osteoclasts in the reach and nonreach limbs by 4—6 weeks of task performance. (A) ED1" mononuclear cells and (B) ED17
osteoclasts in the scapula at sites of muscle attachments. (C) ED1" mononuclear cells and (D) ED1™" osteoclasts in the humerus at sites of muscle
attachments. Data are expressed as mean cell number = SE. ?p < 0.01 compared with 0-week controls.

matory response. One possible approach to testing this
hypothesis is to examine bones, such as frontal or parietal
bones of the calvaria, that are not directly involved in
task performance.

In conclusion, this study suggests two possible mecha-
nisms for reactive bone remodeling resulting from the per-
formance of a highly repetitive, negligible force reaching
and grasping task in a rat model: (1) paracrine stimulation of
osteoclast activity by inflamed soft tissues near the injury
site and (2) pathological overloading leading to inflamma-
tion and subsequent autocrine stimulation of osteoclast ac-
tivity by inflamed periosteal bone tissues at the injury site.
Regardless of the mechanism(s) involved, this response
peaked by 3-6 weeks of task performance and was ob-
served at sites of musculotendinous and ligamentous attach-

ments as well as distal forearm metaphyses. Thus, even
negligible force tasks, when performed at a high rate, can
cause at least temporary periods in which newly remodeled
bone may lack the maturity and biomechanical competence
to withstand task demands. The findings of other investiga-
tors regarding such reactive bone responses to repetitive
loading indicate that the response can be modified or pre-
vented by controlling both load magnitude as well as load-
ing frequency such that adaptive remodeling is eventually
favored over chronic and disabling tissue damage. Such an
approach is in keeping with current ergonomic principles of
work modification to prevent WMSD. Future experiments
with animal models such as ours need to be conducted to
help to define acceptable parameters for repetitive occupa-
tional tasks.
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