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IGH FORCE REACHING TASK INDUCES WIDESPREAD
NFLAMMATION, INCREASED SPINAL CORD NEUROCHEMICALS AND

EUROPATHIC PAIN
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bstract—Repetitive strain injuries (RSI), which include sev-
ral musculoskeletal disorders and nerve compression inju-
ies, are associated with performance of repetitive and force-
ul tasks. In this study, we examined in young, adult Sprague-
awley rats, the effects of performing a voluntary, moderate

epetition, high force (MRHF; nine reaches/min; 60% maxi-
um pulling force) task for 12 weeks on motor behavior and
erve function, inflammatory responses in forearm musculo-
keletal and nerve tissues and serum, and neurochemical
mmunoexpression in cervical spinal cord dorsal horns. We
bserved no change in reach rate, but reduced voluntary
articipation and grip strength in week 12, and increased
utaneous sensitivity in weeks 6 and 12, the latter indicative
f mechanical allodynia. Nerve conduction velocity (NCV)
ecreased 15% in the median nerve in week 12, indicative of

ow-grade nerve compression. ED-1 cells increased in distal
adius and ulna in week 12, and in the median nerve and
orearm muscles and tendons in weeks 6 and 12. Cytokines
L-1�, IL-1�, TNF-�, and IL-10 increased in distal forearm
ones in week 12, while IL-6 increased in tendon in week 12.
owever, serum analysis revealed only increased TNF-� in
eek 6 and macrophage inflammatory protein 3a (MIP3a) in
eeks 6 and 12. Lastly, Substance P and neurokinin-1 were
oth increased in weeks 6 and 12 in the dorsal horns of
ervical spinal cord segments. These results show that a
igh force, but moderate repetition task, induced declines in
otor and nerve function as well as peripheral and systemic

nflammatory responses (albeit the latter was mild). The pe-
ipheral inflammatory responses were associated with signs
f central sensitization (mechanical allodynia and increased
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emple University, 3307 North Broad Street, Philadelphia, PA 19140,
SA. Tel: �1-215-707-4896; fax: �1-215-707-7500.
-mail addresses: mary.barbe@temple.edu (M. F. Barbe), melanie.
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efferson.edu (A. E. Barr), brian.clark@drexelmed.edu (B. D. Clark),
amta@temple.edu (M. Amin), shreya1@temple.edu (S. Amin).
bbreviations: ED1�, ED1-positive activated macrophages; HRNF, high

epetition, negligible force; H&E, hematoxylin and eosin; IFN�, interferon
amma; IL-1, interleukin 1; LRNF, low repetition, negligible force; MIP2,
acrophage inflammatory protein 2; MIP3a, macrophage inflammatory
rotein 3a; MRHF, moderate repetition, high force; NC, normal control;
2
CV, nerve conduction velocity; RSI, repetitive strain injury; TC, trained
ontrol; TNF, tumor necrosis factor.
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eurochemicals in spinal cord dorsal horns). © 2009 IBRO.
ublished by Elsevier Ltd. All rights reserved.

ey words: spinal cord, macrophages, cytokines, musculo-
keletal disorder, nerve injury, repetitive strain injury.

epetitive strain injuries (RSIs) are associated with several
ommon pain conditions including back pain, arthritis and
usculoskeletal pain. The estimated cost of these disor-
ers is high ($61.2 billion annually) when considering the
ost of health care to treat these disorders and lost pro-
uctivity (Stewart et al., 2003). Epidemiological evidence
uggests that nerve compression injury of the upper ex-
remity is associated with the performance of repetitive and
orceful tasks (see Barr et al., 2004 for review). In fact,
epetitive motion such as typing and repeated grasping
as the exposure that resulted in the longest absences

rom work in 2005 and 2006 (BLS, 2007). One of the most
ommon compressive neuropathies affects the median
erve and is clinically referred to as carpel tunnel syn-
rome. In 2005 and 2006, carpel tunnel syndrome was

isted as one of the most severe of all disabling injuries and
llnesses having the highest median days away from work
BLS, 2006, 2007). Patients with this syndrome have
ymptoms such as pain in the hand and wrist that may
ravel into the forearm, elbow, and shoulder, as well as
aresthesias, numbness and weakness.

Investigations of peripheral nerve compressive injury
nduced by repetitive motion report reduced nerve conduc-
ion velocity (NCV), decreased grip strength, performance
eclines, inflammation and fibrosis as a result of task
erformance (Clark et al., 2003, 2004; Sommerich et al.,
007). There are also laboratories studying nerve com-
ression using invasive, surgically induced injuries to the
ciatic nerve (Winkelstein et al., 2001a; Gupta and Stew-
rd, 2003; Pitcher and Henry, 2004; Hu et al., 2007) and
edian nerve (Diao et al., 2005). These latter studies have

ound tactile allodynia, reduced NCV, endoneurial macro-
hage infiltration, spinal cord neuroplasticity and augmented
euronal excitation, as well as spinal cord inflammatory re-
ponses after peripheral nerve injury. In addition to the effects
n peripheral nerve, several laboratories, including our own,
ave documented the effects of repetitive motion on muscu-

oskeletal tissues, including inflammatory cell infiltrates, ten-
inopathy, degenerative changes and tissue necrosis
Soslowsky et al., 1996; Willems and Stauber, 1999; Barbe et
l., 2003; Barr et al., 2003; Geronilla et al., 2003; Diao et al.,
005; Nakama et al., 2005; Perry et al., 2005; Baker et al.,

007; Sommerich et al., 2007).
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Our laboratory has developed a rat model of RSI in
hich rats perform a voluntary, repetitive, upper extremity

ask. We have examined the effects of a high repetition,
egligible force (HRNF) task and found that performance
f this task for 8–12 weeks induces motor declines, local
nd systemic inflammatory responses in forearm nerve
nd musculoskeletal tissues, fibrotic compression of the
edian nerve and a modest, yet significant, 9% decline in
CV (Barbe et al., 2003, 2008; Clark et al., 2003; Barr et
l., 2004; Al-Shatti et al., 2005; Elliott et al., 2008). The

nflammatory response began in week 3, peaked between
and 8 weeks, and included increased macrophages and

roinflammatory cytokines in the involved nerves, mus-
les, tendons, bones, and synovial tissues (Barbe et al.,
003, 2008; Barr et al., 2003; Al-Shatti et al., 2005). We
lso observed increased levels of pro-inflammatory cyto-
ines and chemokines in serum (Barbe et al., 2003, 2008).
nvestigation of an HRHF task by our laboratory found
otor deficits, cutaneous hyposensitivity, a 17% decline in
CV, and inflammatory and fibrotic changes in the median
erve by 12 weeks (Clark et al., 2004). We recently exam-

ned the performance of a low repetition, negligible force
LRNF) task and found that performance of this low de-
and task induced mild tissue inflammation in nerve and
one, increased neurochemicals (substance P and neuro-
inin-1) in spinal cord dorsal horns and declines in fine
otor control but no declines in gross motor function (El-

iott et al., 2008).
Our finding of a neurochemical response in the spinal

ord after performance of a low demand task prompted us
o explore the relationship between pain behaviors and
pinal cord neurochemical changes in animals with higher
evels of task-induced inflammation, since Woolf and
alter (2000) proposed a mechanism of inflammation-in-
uced sensitization that drives plasticity of sensory affer-
nts and spinal cord neurons. Only recently has evidence
or involvement of the spinal cord in the pathology associ-
ted with peripheral nerve compression injuries and pain
een provided (Pitcher and Henry, 2004; Hubbard and
inkelstein, 2005; Rothman et al., 2005; Chao et al.,

008). The purpose of the present study was to examine
hether pain behaviors and declines in motor function are
ssociated temporally with peripheral inflammation and
pinal cord neuroplasticity in rats performing a moderate
epetition, high force (MRHF) task, a task exposure that we
ave not yet explored. Specifically, mechanical hypersen-
itivity, grip strength and other motor behaviors, NCV,
eripheral tissue (forelimb muscle, tendon, distal bone,
nd nerve) and systemic inflammation, and spinal cord
eurochemicals were examined.

EXPERIMENTAL PROCEDURES

ubjects

prague–Dawley rats (adult females, 3.5 months of age at onset
f experiments) were obtained from ACE, Boyertown, PA, USA.
he rats were housed in the Central Animal Facility on the Health
ciences Campus at Temple University. Animal care and use
ere in compliance with the provisions of federal regulations and
he NIH “Guide for the Care and Use of Laboratory Animals” i
onitored by the University Animal Care and Use Committee
IACUC). Rats were allowed free access to water. The lowest
umber of animals were used that were needed to reach statistical
ower of 80%. Any possible animal discomfort was kept to a
inimum in accordance with NIH and IACUC guidelines. Experi-
ental and trained control (TC) rats learned to reach for the food
uring an initial 7–10 day shaping period in which access to food
as restricted in order to motivate them to learn the task. Some
nimals may have undergone a short period (no more than 7
ays) of weight reduction to 80% of the weights of the age-
atched control group that did not undergo food restriction. Once

he animals learned the task, they rapidly gained weight and were
aintained at �5% of age-matched control rats’ weights. Rats
ere weighed twice weekly and food adjusted accordingly.

epetitive movement task

ifty-one rats were randomized into one of three groups: moderate
epetition, high force group (MRHF; n�20), a normal control group
NC; n�21) and a trained control group (TC; n�10). The MRHF
ats and the TC rats (the latter undergoing the initial training
shaping) only), learned to reach for a food pellet (45 mg purified
ormula pellet, Bioserve, Frenchtown, NJ, USA) for a 2–3 week
haping period, as described earlier in Barbe et al., 2003; Elliott et
l., 2008; Clark et al., 2003, 2004. Rats were allowed to use their
referred limb to reach, hereafter referred to as the “preferred

imb.”
The task rats then performed an MRHF reaching and grasp-

ng task for a food pellet for 2 h/day, 3 days/week for 6 (n�4) or
2 (n�16) weeks using operant test chambers for rodents (Med.
ssociates, Albans, VT, USA) and a custom designed handle
ulling apparatus (Custom Medical Equipment, Glendora, NJ,
SA), as described in Clark et al., 2004. The daily task was
ivided into 4, 0.5-h training sessions separated by 1.5 h. The
efined target rate was four reaches/min, although the rats
eached above this target maintaining an average, actual reach
ate of 9.4 reaches/min. Pull force for this study was set at 60�5%
f maximum voluntary pulling force. Maximum pulling force was
etermined on the last day of the initial training period during a 5
in session in which the force criterion for a food reward was
radually increased. Animals were observed carefully for their
aximum force generating ability during this 5 min session, and
aximum voluntary pulling force of the force lever handle was

elected as the highest force resulting in a successful reach (i.e.
ood pellet reward) that could be repeated three times. Force
hreshold criteria established a window in which force was main-
ained for at least 50 ms for animals to obtain a food reward.

ensorimotor behavioral testing

he effects of the task on motor performance were evaluated in
xperimental rats (n�20), NCs (n�21) and TCs (n�10) by examin-

ng task duration (minutes/day), reach rate (reaches/min), mechani-
al cutaneous sensation of the forepaws using the Von Frey test
Chaplan et al., 1994) and median grip strength as described previ-
usly (Barbe et al., 2003; Clark et al., 2003, 2004). Mechanical
utaneous sensation and grip strength are reported as mean maxi-
um force in grams and standard error of the mean (S.E.M.) for
referred limbs.

CV

n order to test focal slowing of conduction (Kimura, 1979; Walters
nd Murray, 2001), NCV was determined for the segment of the
edian nerve that passes beneath the transcarpal ligament. NCV
as measured in terminal surgical experiments in 10 NC rats (20

imbs) and in eight rats that had performed the MRLF task for 12
eeks. The method for measurement of NCV of the median nerve
n rats is as described previously in Clark et al. (2003, 2004). All
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uthanasia methods are consistent with the recommendations of
he Panel on Euthanasia of the American Veterinary Medical
ssociation. Euthanasia was implemented using a lethal overdose

Nembutal, 120 mg/kg body weight). Tissues or serum were not
ollected from rats that underwent the NCV testing to avoid con-
ounding interpretation of results by changes induced by this
urgical procedure.

mmunohistochemistry and quantification
f ED1-positive (ED1�) macrophages
nd neurochemicals

issues were examined immunohistochemically in NC rats (n�4),
C rats (n�4), and in the preferred limbs of rats performing the
RHF task for 6 (n�4), or 12 (n�4) weeks. Rats were euthanized
ith an overdose of sodium pentobarbital (Nembutal; 120 mg/kg
ody weight), serum was collected, and then the rats received
ranscardial perfusion with 4% paraformaldehyde in 0.1 M phos-
hate buffer (pH 7.4). Forelimb tissues from the preferred limbs
ere collected and postfixed “en bloc” by immersion overnight,
ectioned and immunostained for ED1� (an activated macro-
hage marker) cells as described previously (Barbe et al., 2003;
arr et al., 2003; Elliott et al., 2008). Numbers of ED1� macro-
hages were quantified in the median nerve, forearm muscles and
endons using methods described previously (Barbe et al., 2003;
lark et al., 2003; Elliott et al., 2008). Numbers of ED1� cells in
ones (osteoclasts, macrophages and their progenitors) were
uantified in forearm bones using methods described previously
Barr et al., 2003; Elliott et al., 2008). Group means and S.E.M.
ere plotted against week of task performance and are expressed
s the mean number of ED1� cells/mm2. Additional sections were
tained with hematoxylin and eosin (H&E) and examined for other
athological changes such as increased collagen deposition in
xperimental rats.

The cervical and upper thoracic spinal cord tissues were also
ollected and postfixed en bloc by immersion overnight in fixative

ig. 1. Means (�S.E.M.) for behavioral parameters over weeks of tas
2 weeks of MRHF task performance. (C) Cutaneous sensitivity (with

nd 12 weeks of task performance. Significant declines from week 1 or control
f animals quantified per group: controls (n�39), week 1 (n�11), week 6 (n�1
rom NC rats (n�4), TC rats (n�4), and rats performing the MRHF
ask for 6 (n�4), or 12 (n�4) weeks. Spinal cord tissues were
repared and stained for presence of substance P and neuroki-
in-1, as described previously (Elliott et al., 2008). Group means
nd S.E.M. were plotted against week of task performance and
re expressed as mean percent area immunoreactivity. All as-
essments and image analyses for all experiments were carried
ut in a blinded fashion.

easurement of musculoskeletal tissue cytokines

ats were euthanized with an overdose of sodium pentobarbital
Nembutal; 120 mg/kg body weight). After collection of serum, fore-
rm bones and flexor muscles and tendons were collected bilaterally
rom NCs (n�5) and rats that had performed the MRHF task for 12
n�5) weeks. Distal forearm bones consisted of radial and ulnar
etaphyses and epiphyses and first row of carpal bones. Tissues
ere flash-frozen and stored at �80 °C until homogenization, and

hen prepared for ELISA protein analysis as described previously
Barbe et al., 2008). Total protein was determined using BCA-200
rotein assays (bicinchoninic acid, Pierce). Tissue lysates were an-
lyzed for IL-1�, IL-1�, IL-6, IL-10 and TNF-�, using commercially
vailable ELISA kits according to manufacturer’s protocols (Bio-
ourceTM, Invitrogen Life Sciences, Carlsbad, CA). Each sample
as run in duplicate. ELISA assay data (pg cytokine protein) were
ormalized to �g total protein. Group means and S.E.M. are reported
or each tissue type and preferred limbs are plotted against week of
ask performance and expressed as pg of cytokine per �g total
rotein.

easurement of serum cytokines and chemokines

erum was collected from NC rats (n�11), TC rats (n�10), and rats
erforming the MRHF task for 6 (n�4) or 12 weeks (n�4). Following
uthanasia (Nembutal, 120 mg/kg body weight), 18–36 h after com-
letion of the final task session, blood was collected by cardiac
uncture using a 23-gauge needle and centrifuged immediately at

ance. (A) Task duration and (B) reach rate after 1 (baseline), 6 and
reshold) and (D) grip strength are shown for controls (C) and after 6
k perform
drawal th
levels are denoted by symbols (* P�0.01, ** P�0.001). The number
7) and week 12 (n�13).
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000�g for 20 min at 4 °C. Serum was collected, flash-frozen, and
tored at �80 °C until analyzed. The following cytokines and che-
okines were analyzed in serum using a customized multiplexed

andwich ELISA system (Thermo-Fisher Scientific SearchLight,
ierce, Woburn, MA): IL-1�, IL-1-�, IL-6, IL-10, TNF�, interferon
amma (IFN�), macrophage inflammatory protein 2 (MIP2), and
acrophage inflammatory protein 3a (MIP3a). All samples were
nalyzed in duplicate in a blinded fashion, and batched to reduce
otential inter-assay variability. Search Light protein assays have

ower detection limits of 1.5 mg/ml for IL-1�, 6.2 pg/ml for IL-1�, 6.3
g/ml for IL-6, 8 mg/ml for IL-10; 3.1 pg/ml for TNF�, 6.2 pg/ml for

FN�, 0.2 pg/ml for MIP2, and 1.6 pg/ml for MIP3a. Group means and
.E.M. were plotted against week of task performance and are
xpressed as pg/ml serum.

tatistical analyses

o test for differences in ED1� cells, serum or tissue cytokines/
hemokines between the two control groups (NC and TC), a two-
ailed, unpaired, Student’s t-test was used. Since there were no
ignificant differences between the two control groups (see Results
ection below), all control rats were combined into one group for the
ubsequent comparisons to experimental rats. For the reach rate and
ask duration, repeated measures analyses of variance (ANOVAs)
ere used to compare baseline (week 1) with weeks 6 and 12. For
utaneous sensitivity and grip strength, mixed model univariate
NOVAs were used to determine if week of task performance (6 or
2 week) had any effect compared with NCs. For NCV data, a
wo-tailed, unpaired, Student’s t-test was used to determine differ-
nces between controls and MRHF 12-week rats. For numbers of
D1 positive cells in tissues, two-way ANOVAs were used with the

actors week (control, 6 or 12 week) and tissue type (nerve, muscle,
endon, distal bone), with microscopic field (five to six observations
er rat) used as a blocking factor. For levels of tissue cytokines,
wo-way ANOVAs were used with the factors week (control or 12
eek) and tissue type (nerve, muscle, tendon, distal bone). For
erum levels of cytokines and chemokines, univariate ANOVAs were
sed to determine if week of task performance (control, 6 or 12 week)
ad any effect. For analysis of the percent area of immunoreactivity
f substance P and neurokinin-1 in the spinal cord, univariate ANO-
As were used to determine if week of task performance (control, 6
r 12 week) had any effect, with microscopic field (three to six
bservations per dorsal horn) used as a blocking factor. Post hoc
nalyses were carried out by the Bonferroni method for multiple
omparisons, with results compared with baseline (week 1) or control

evels, and adjusted P values reported. A P value of �0.05 was
onsidered significant for all analyses.

RESULTS

e first examined behavioral results for changes in sen-
orimotor function. Task duration, an indicator of task par-

able 1. Repetitive task group parameters

roup Target reach
rate
(reaches/min)

Actual reach
rate
(reaches/min)

Reach force (%
of maximum pull
force)

RHF 8 12 60�5
RHF 4 9.4 60�5
RNF; MRLF 4 8 �5a

RNF 2 3.3 �5a

The negligible force (NF) rats retrieved a 45 mg food pellet, estimated to be
5% maximum pulling force. HRHF�high repetition high force. We will be

alling the HRNF group moderate repetition low force (MRLF) in future
 (
ptudies based on the repetition rate. LRNF � low repetition negligible force.
icipation, was significantly decreased in MRHF rats in
eek 12 compared with baseline (week 1) (P�0.0001; Fig.
A). In contrast, reach rate was maintained over the 12
eeks of task performance at an overall mean of 9.4�0.5

eaches per minute (Fig. 1B, Table 1). Mechanical cuta-
eous sensitivity was increased (reduced withdraw thresh-
ld) in weeks 6 and 12 (P�0.001 each), while grip strength
as significantly decreased in MRHF rats compared with
ontrols in week 12 (P�0.0002; Fig. 1C, D). NCV was
ignificantly decreased in the reach limbs of MRHF rats at
2 weeks compared with controls (P�0.0001; Fig. 2).

We next compared numbers of ED1� cells and levels of
ytokines in tissues and serum in the two control groups
age-matched NCs, and age- and weight-matched TCs). We
ound no significant differences in numbers of ED1� cells,
evels of tissue cytokines, or levels of serum cytokines or
hemokines in TCs compared with NCs (P�0.05 for each).
herefore, controls were combined where we had both and

ermed “C” hereafter.
We then examined forearm tissues of control and task

ats for evidence of inflammation. Numbers of infiltrating
D1� cells (macrophages) were examined in the median

ig. 2. Mean (�S.E.M.) for NCV after 12 weeks of MRHF task per-
ormance compared with NCs (C). The significant difference from
ontrols are denoted by a symbol (** P�0.001). The number of ani-
als quantified per group: controls (n�20) and week 12 (n�8).

ig. 3. Mean (�S.E.M.) number of ED1� cells (a marker of macro-
hages, osteoclasts (OC) or their progenitors (Prog)) was examined in
istal radius and ulna bones, median nerves, forelimb flexor muscles
r forelimb flexor tendons. NCs (C, n�4) and rats that had performed

he MRHF task for 6 weeks (n�4) or 12 weeks (n�4) were evaluated.
ignificant increases from control levels are denoted by symbols

#
* P�0.01 and ** P�0.001 compared with controls; P�0.001 com-
ared with bone osteoclasts, muscle or tendon).
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erve at the level of the wrist and in forelimb flexor muscles
nd tendons. Also, numbers of ED1� osteoclasts (multinu-
leated) and progenitors (mononucleated) were examined
n distal radius and ulna at the periosteal-bone interface. A
wo-way ANOVA revealed a significant difference in ED1�
ells by week (P�0.001), tissue type (P�0.0002), and
heir interaction (P�0.0001). Fig. 3 shows the results of the
ost hoc analysis. Significant increases of ED1� oste-
clasts were seen in distal radius and ulna in week 12
P�0.04), in the median nerve at the wrist in weeks 6 and
2 (P�0.01 and P�0.001, respectively), in flexor forelimb
uscles in weeks 6 and 12 (P�0.001 and P�0.01, respec-

ig. 4. Mean (�S.E.M.) for cytokine levels in forelimb flexor muscles,
nd first row of carpal bones). Controls (white bars; n�6, which include

n�4) or 12 weeks (n�4) were tested using ELISA. IL-6 was not tested in dista
ymbols (** P�0.001).
ively), and in flexor forelimb tendons in weeks 6 and 12
P�0.04 for each), compared with control rats. The great-
st increases were seen in distal radius and ulna (ED1�
rogenitors) and median nerve (ED1� macrophages)
ompared with the other tissues (Fig. 3). Adjacent H&E-
tained sections were examined for increased collagen in
r around the median nerve, which would be suggestive of
brosis. No increases over control amounts were observed
data not shown).

To further examine tissues for evidence of inflamma-
ion, cytokine levels were examined in musculoskeletal
issues using single plex ELISA. As shown in Fig. 4,

flexor tendons, and distal bone (which included distal radius and ulna,
Cs and three TCs) and rats that had performed the MRHF for 6 weeks
forelimb
d three N
l bone (N/A). Significant increases from control levels are denoted by
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NF-�, IL-1�, IL-1�, and IL-10 were significantly increased
n 12 week MRHF rats in distal bone (distal radius and
lna, and first row of carpal bones) compared with NCs
P�0.001 for each; Fig. 4A, B, D, E). IL-6 was not tested in
istal forelimb bones, but was significantly elevated in
exor forelimb tendons in 12-week MRHF rats compared
ith NCs (P�0.01; Fig. 4C). For each ANOVA, there were
ignificant differences by tissue type (P�0.0001). There were
lso significant differences by week of task performance and
he interaction of week and tissue type: TNF�: week
�0.0031, interaction P�0.0003; IL-1�: week P�0.0320,

nteraction P�0.04; IL-1�: week P�0.0019, interaction
�0.0003; IL-10: week P�0.0001; interaction P�0.0001.
owever, for IL-6, only the factor week was significant

P�0.001).
To examine for evidence of systemic inflammation,

ight cytokine and chemokine levels were tested in serum
sing multiplex ELISA. As shown in Fig. 5, significant

ncreases of TNF-� were observed in week 6 (ANOVA:
�0.0038; post hoc for week 6: P�0.01) and for MIP3a in
eeks 6 and 12 (ANOVA: P�0.001; post hoc for each:
�0.001), compared with controls. No significant increases

ig. 5. Mean (�S.E.M.) level of (A) TNF-alpha or (B) MIP3a in serum.
Cs and TCs (C, n�21, 11 of which were NCs) and rats that had
erformed the MRHF task for 6 weeks (n�4) or 12 weeks (n�4) were
p
valuated. Significant increases from control levels are denoted by
ymbols (* P�0.01 and ** P�0.001 compared with controls).
ere observed for serum IL-1�, IL-1-�, IL-6, IL-10, IFN�, or
IP2 (data not shown).

Lastly, we determined if the peripheral inflammatory
hanges were associated with central spinal cord neuro-
hemical responses. We observed increased immunoex-
ression of substance P and neurokinin-1 in weeks 6 and
2. Substance P expression was significantly increased at
weeks (P�0.001) and 12 weeks (P�0.01) of MRHF task
erformance (Fig. 6A, E) compared with controls (ANOVA
�0.0001) (Fig. 6B, E). Neurokinin-1 expression was also
ignificantly increased at 6 weeks (P�0.001) and 12
eeks (P�0.01) of MRHF task performance (Fig. 6C, F)
ompared with controls (ANOVA P�0.0001) (Fig. 6D, F).

DISCUSSION

hese results show that a MRHF task produces motor
eclines and mechanical allodynia as well as a small de-
line in NCV suggestive of a low level chronic constriction

njury of the median nerve. These behavioral changes
ere accompanied by local tissue (musculoskeletal and
eripheral nerve) and systemic inflammatory responses,
s well as increased neurochemicals in the cervical spinal
ord that receives input from the involved tissue regions.

otor behavior and nerve function

ask duration, an indicator of task participation, was sig-
ificantly reduced at the end of 12 weeks of the MRHF
ask. This reduction may have been due to discomfort
ccurring from tissue inflammation or from sensitization of
ociceptors (see below). This is consistent with our previ-
us findings that high repetition tasks result in transient
eductions in task duration at time points coinciding with
issue inflammation (Clark et al., 2004; Barbe et al., 2008).
owever, we did not observe a reduction in reach rate, in
ontrast to our previous HRHF study (Clark et al., 2004),
ut similar to our study on rats performing an LRNF task
Elliott et al., 2008). In the latter study, we found little to no
nflammatory response. We hypothesize that the ability to

aintain reach rate and task duration is dependent on the
evel of underlying developing tissue pathology produced
y the demands of a particular task. This hypothesis is
ubstantiated by a recent study using a pinching task in
rimates in which performance declined with increased
orce level and pinch hold time, findings that coincided with

diagnosis of carpel tunnel syndrome (Sommerich et al.,
007).

Reduced grip strength as was found in this study is a
ign of neuropathic injury, although it can also decline as a
esult of muscle inflammation (Kehl and Fairbanks, 2003).
ehl and Fairbanks reported reduced forelimb grip force fol-

owing i.m. injection of carrageenan, an agent used to stim-
late cutaneous inflammation and activate muscle nocicep-

ors. This chemically induced reduction in grip strength was
eversed using several drugs used for pain management.
aker et al. (2007) have also reported declines in isometric

orce production with inflammation and damage to myofibrils

ostulated as injury mechanisms.
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ig. 6. Substance P and neurokinin 1 immunostaining in the superficial lamina of dorsal horns in cervical spinal cord segments. (A) Dorsal horns of
eek 6 MRHF rats have punctuate substance P immunofluorescence (green) staining that is distributed across the entire zone, medial to lateral, of

he superficial lamina with increased expression more laterally. Medial (med) and lateral (lat) regions of the superficial lamina are indicated. Inset in
A) shows a C7 spinal cord cross-section at low power. (B) Dorsal horns of control rats have low levels of substance P immunofluorescence staining
n the superficial lamina. (C) Dorsal horns of week 6 MRHF rats have neurokinin 1 immunofluorescence (red) staining on plasma membranes and
endrites with some endosome swellings that span the entire zone of the superficial lamina in which increased expression is observed more medially.
D) Dorsal horns of control rats have low levels of neurokinin 1 immunofluorescence staining in the dorsal horn superficial lamina. Scale bar�10 �m.
D, E) Mean (�S.E.M.) percent immunofluorescent staining for substance P and neurokinin1 in the spinal cord dorsal horn superficial lamina. NCs and
Cs (C, n�4 each group for a total of eight control rats) and rats that had performed the MRHF task for 6 weeks (n�4) or 12 weeks (n�4) were
uantified. Significant increases from control levels are denoted by symbols (* P�0.01 and ** P�0.001 compared with controls). For interpretation of

he references to color in this figure legend, the reader is referred to the Web version of this article.
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The reduction in NCV induced by this MRHF task is
reater than results from our HRNF task (9%) (Clark et al.,
003), but less than that induced by an HRHF task (17%)
Clark et al., 2004). Significant impairments to nerve con-
uction have been documented in studies of median nerve
ompression injury (Diao et al., 2005; Sommerich et al.,
007). In the Sommerich et al. study, the significant decline

n NCV (25–31%) induced by their repetitive task recov-
red to normal levels after cessation of the task. In con-
rast, Gupta et al. (2003) found no recovery after a 65%
eduction in NCV even after 12 months of rest. We have
ot yet examined the effects of rest in our model.

eripheral inflammation and sensitization

eripheral inflammatory responses in the present study
re in line with our previous findings of widespread mus-
uloskeletal and neural macrophage infiltration and cyto-
ine increases after performance of a negligible force,
epetitive task (Barbe et al., 2003, 2008; Clark et al., 2003;
l-Shatti et al., 2005; Elliott et al., 2008). Increased endo-
eurial macrophage infiltration has been documented in
tudies of nerve constriction and ligation injuries (Wagner
t al., 1998; Ma and Eisenach, 2003; Gupta et al., 2006).
he presence of macrophages in tissues has been linked

o inflammation-induced mechanical sensitivity of axons
Bove et al., 2003; Twining et al., 2004). In this study, we
ound a temporal association between peripheral inflam-
ation and the presence of mechanical hypersensitivity, a
ovel finding for our model. Several studies using nerve or
erve root ligation or clamping to induce compression

njuries also report significant mechanical hypersensitivity
Hunt et al., 2001; Schafers et al., 2001; Hubbard and

inkelstein, 2005). There is a wealth of evidence showing
hat inflammatory mediators released as a result of tissue
njury contribute to increased afferent nociceptor sensitivity
nd excitability (Schafers et al., 2001; Sweitzer et al.,
001; Winkelstein et al., 2001a; Leem and Bove, 2002;
achs et al., 2002; Pitcher and Henry, 2004; Twining et al.,
004; Gupta et al., 2006; Chao et al., 2008). For example,
chafers et al. (2001) report increased endoneurial TNF-�
nd IL-1� expression accompanied by mechanical hyper-
ensitivity and thermal hyperalgesia following chronic con-
triction nerve injury. Mechanical hypersensitivity can be
meliorated by anti-inflammatory cytokine therapy, sug-
esting an inflammation-induced mechanism (Wagner et
l., 1998; Schafers et al., 2001). We believe it is the
idespread tissue and systemic inflammatory response to
ur repetitive task that contributes to sensitization of noci-
eptors as opposed to the response of a single tissue type
r system. This is the first study to document that inflam-
ation in multiple tissues including nerve is present simul-

aneously with hypersensitivity behaviors, findings that are
ndicative of neuropathic pain mechanisms with RSI.

entral neurochemicals and sensitization

his study extends our previous findings that injury-in-
uced inflammation in peripheral nerve invokes a central
europlastic response (Elliott et al., 2008). In the present

RHF study, increased substance P and neurokinin-1 i
xpression was observed in week 6 followed by a decline,
lthough levels remained well above baseline in week 12.
n the LRNF study, substance P immunoexpression levels
ropped toward baseline by week 12 (Elliott et al., 2008).
n addition, immunoexpression of substance P and neuro-
inin-1 occurred earlier with the MRHF task than the LRNF
ask (Elliott et al., 2008). These results further support our
ypothesis of tissue responses that match the level of
xposure to repetition and force. Likewise, the severity of

njury (i.e. ligation tightness) appears to influence the tim-
ng for spinal neuropeptide responses. Wallin and Schott
2002) found that substance P expression was increased
n spinal cord dorsal horns at 60 days, but not at 3 or 14
ays following partial ligation of the sciatic nerve. In an-
ther study, partial nerve ligation resulted in a cyclical
attern of elevated spinal substance P mRNA in which

evels were up at 1 and 2 days and down from 3 days to 3
eeks, followed by another increase at 4 weeks (Delander
t al., 1997). In a study of chronic constriction injury of the
ciatic nerve, neurokinin-1 immunoreactivity was increased
y 7 days followed by a steady increase over time until the
nd of the 40-day study (Cruce et al., 2001).

Numerous studies have documented central re-
ponses to peripheral nerve injury or inflammation. For
xample, substance P and neurokinin-1 are significantly
levated in the spinal cord dorsal horns after nerve ligation
nd chronic compression, and in models of peripheral

nflammatory pain (Abbadie et al., 1996; Delander et al.,
997; Allen et al., 1999; Honor et al., 1999; McCarson,
999; Cruce et al., 2001; Rothman et al., 2005). The

ncrease in neurokinin-1, a receptor for substance P, ap-
ears to occur as a result of increased release of sub-
tance P from nociceptive afferent terminals (Pitcher and
enry, 2004). There are also phenotypic changes in dorsal

oot ganglion neurons following chronic nerve compres-
ion or ligation injury in which neurons alter their expres-
ion of proteins, receptors, neurotransmitters, and neuro-
rophic factors (Hammond et al., 2004; Chao et al., 2008).
he afferent barrage of excitatory transmitters into the
pinal cord dorsal horn is considered to be the presynaptic
omponent of central sensitization (Schaible et al., 2002).
uch increases are temporally associated with hypersen-
itivities (Sweitzer et al., 2001; Winkelstein et al., 2001b;
othman et al., 2005). These studies provide evidence

hat spinal cord plasticity under injury and inflammatory
onditions is involved in central sensitization, in turn con-
ributing to chronic pain conditions, such as mechanical
ypersensitivity.

CONCLUSION

ur findings show that performance of a repetitive and
orceful task, in this case an MRHF, leads to pain behav-
ors and motor declines. These behavioral changes were
ssociated temporally with tissue inflammation and inflam-
ation-induced spinal cord neurochemical increases. Fur-

hermore, these results combined with our previous find-

ngs indicate that the level and timing of behavioral and
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issue responses vary depending on the exposure to rep-
tition and force.
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