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ARTICLEINFO ABSTRACT
Article history: Performance of high repetition tasks with or without force is associated with peripheral
Accepted 3 April 2008 tissue inflammation, decreased nerve function and motor dysfunction. Here, we examined
Available online 23 April 2008 whether a low repetition task with negligible force (LRNF) produces fewer tissue and
behavioral pathologies than previously observed with high repetition tasks using our rat
Keywords: model of repetitive motion injury (RMI). Thirty-seven rats were randomized into control or
Neurochemicals LRNF groups, the latter reaching and grasping a 45 mg food pellet at a rate of 3 reaches/min.
Spinal cord This task was performed in 4, 0.5 5 h sessions with 1.5 5 h rest periods for 3 days/week for
Repetitive task up to 12 weeks. Examination of distal median nerve, forelimb flexor tendons and bones for
WMSD ED1-positive cells (macrophages and osteoclasts) revealed increases in nerve and bone in
Repetitive motion injury week 12. The nerve also contained increased TNF-a expressing cells in week 12.
RSI Examination of spinal cord dorsal horns revealed increased immunoexpression of

Substance P in week 8 and neurokinin-1 in weeks 8 and 12 in the superficial lamina.
Motor behavioral analyses showed no changes in reach rate across weeks, slightly reduced
task duration (a measurement of voluntary task participation) in week 12, but significantly
increased extra arm movement reversals during reaching in week 8. These extra
movement reversals were corrections for missed food pellets during a reach. Thus,
performance of even a low repetition, negligible force upper extremity task for 3 months
can induce mild peripheral tissue inflammation, neurochemical increases in spinal cord
dorsal horns, and declines in fine motor control.
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1. Introduction

Performance of repetitive, forceful, or awkward movements
over time may lead to repetitive motion injuries (RMIs), also
known as overuse injuries and work-related musculoskeletal
disorders. These disorders include sprains and strains, back
pain, carpel tunnel syndrome, and diseases/disorders of the
musculoskeletal, neural or connective tissues that develop in
response to bending, reaching, overexertion or repetitive
movements (Bureau of Labor Statistics, 2005). More than 5 h
a week of productive time are lost in workers due to common
pain conditions such as back pain, arthritis, and musculoske-
letal pain, costing an estimated $61.2 billion annually (Stewart
et al., 2003). Epidemiological evidence confirms the close
relationship between exposures to repetitive and/or forceful
motion and the prevalence and incidence of these disorders
(Bernard, 1997; National Research Council, 2001). Several
researchers have attempted to establish criteria for maximum
acceptable forces and movements for work tasks based on
psychosocial outcomes (see Barr et al., 2002 for review).
Silverstein et al. (1986) performed job analyses of industrial
workers and defined high repetition rate as less than 30 s/cycle
and low repetition rate as greater than 30 s/cycle. Using these
criteria, several animal models have been developed to
simulate RMI (Soslowsky et al., 1996; Nakama et al., 2005;
Williams and Stauber, 1999; Sommerich et al., 2007).

Our laboratory has developed a rat model of RMI that leads
to exposure-dependent pathophysiological and behavioral
changes similar to chronic median nerve compression or
carpel tunnel syndrome after performance of a voluntary,
highly repetitive upper extremity task with negligible or high
force (Clark et al 2003, 2004). Nerve fibrosis and motor
dysfunction resulting from performing high repetition, high
force tasks were clearly greater than responses to a high
repetition task with negligible force (Clark et al., 2004). In
addition, our model induces inflammatory responses in
forearm nerve and musculoskeletal tissues (Barbe et al.,
2003; Barr et al., 2004; Clark et al., 2003, 2004; Al-Shatti et al.,
2005; Barbe et al., in press). For example, performance of a high
repetition, negligible force task (HRNF) resulted in increased
ED1 positive macrophages and cells immunopositive for pro-
inflammatory cytokines (IL1-a, IL1-B, TNF-q, and IL6) in the
median nerve (Clark et al., 2003; Al-Shatti et al., 2005). We have
yet to study the effects of performing a low repetition,
negligible force (LRNF) task on peripheral nerves using our
model. A number of other investigations have found histo-
pathological changes following repetitive motion tasks,
including necrotic muscle fibers with inflammatory cell
infiltrates and tendinopathy (Baker et al., 2007; Geronilla
et al., 2003; Nakama et al., 2005; Perry et al., 2005; Stauber
and Willems, 2002). For example, using a 16-week overuse
injury model, Soslowsky and colleagues showed temporal
fluctuations of inflammatory markers in tendon (Perry et al,,
2005). At 8 weeks of intensive treadmill running by rats, there
was a significant but transient increase in tendon cycloox-
ygenase-2 (Perry et al., 2005). However, there are no studies of
RMIs examining whether these peripheral tissue injury and
inflammatory changes are associated with altered neuro-
chemical changes in the spinal cord.

Numerous studies have found that Substance P (SP) and its
receptor, neurokinin-1 (NK-1), are significantly elevated in the
spinal cord dorsal horns after peripheral nerve injuries, such as
nerve ligation and chronic compression, and in models of
peripheral inflammatory pain (Delander et al., 1997; Rothman
et al., 2005; Honore et al., 1999, 2000; McCarson, 1999; Abbadie
et al, 1996; Allen et al, 1999). Since the neurochemical
response of the spinal cord to peripheral neuroinflammation
has not been studied in a model of RMI, we have begun our
investigation using a low repetition task with negligible force
(LRNF) performed for 3 months. We hypothesize that this low
demand task will produce low grade, but significant, inflam-
matory changes in peripheral tissues towards the end of this
time period, changes that will correlate with increases in
spinal cord neurochemical production. Furthermore, we
hypothesize that these peripheral and central changes will be
associated with a small decline in motor function. To explore
these hypotheses, we examined the effects of performing the
LRNF task on macrophage infiltration of forearm nerve, tendon
and bone, and immunoexpression of SP and NK-1 in the dorsal
horns of the cervical spinal cord. We also examined three
variables of motor performance: reach rate (ability or will-
ingness to maintain task pace), task duration (ability or
willingness to participate), and number of extra forearm
movement reversals during a reach in order to successfully
retrieve a food pellet (examines accuracy of fine motor skills).

2. Results

There were no significant differences (p>0.05) between the
number of ED1-macrophages in the median nerves of normal
control rats compared to trained control rats, therefore these
data were combined for subsequent comparisons with rats
performing a LRNF task. Also, there were no significant
differences (p>0.05) between the percent area immunoexpres-
sion of SP or NK-1 in the normal control rats compared to
trained control rats, therefore these data were also combined
for subsequent comparisons with LRNF rats.

ED1 positive macrophages increased in the median nerves
of the reach limbs in weeks 8 and 12 of the LRNF task (Figs. 1B, C
and insets), compared to trained control rat nerves (Fig. 1A).
ED1 macrophages were visible in the epineurium and within
nerve associated blood vessels in week 8 (Fig. 1B and inset). By
week 12, ED1 macrophages were also associated directly with
nerve axons (Fig. 1C and inset). Similar increases of ED1
positive osteoclasts and mononucleated cells were seen at the
periosteal-bone interface of the distal radius and ulna bones of
12 week LRNF rats (Fig. 1G), compared to control rats (Fig. 1F).
ANOVA showed significant differences in ED1 positive macro-
phages in the median nerve (p=0.04) and ED1 positive
mononucleated cells in the distal radius and ulna (p=0.02)
with task performance. Bonferroni post-hoc analysis indicated
that there were more ED1 positive mononucleated cells in
nerve and bone in week 12 LRNF rats than in control rats
(p<0.05 each; Figs. 2A and C). There were no significant
increases in ED1 macrophages in the flexor digitorum tendon
or sheath with task performance (p=0.16; Fig. 2B), or in ED1
positive osteoclasts (which are multinucleated) in forelimb
bones (p=0.13; Fig. 2C).
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Fig. 1-Micrographs of ED1 and TNF-a immunoreactive cells (stained brown with diaminobenzidene (DAB) in forelimb nerve,
tendon sheaths and bone. (A) No ED1 macrophages are visible in a median nerve (N) of a trained control rat. (B) The median
nerve (N) from the reach limb of an 8 week LRNF rat showing infiltrating ED1 positive macrophages in the epineurium (short
arrow) and blood vessels (BV, long arrow). (C) Several ED1 macrophages (arrows) are visible within the median nerve of a

12 week LRNF rat. (D) No TNF-a cells are visible in the median nerve of a trained control rat. (E) Several TNF-a positive cells
(arrows) are localized to the epineurium and within the median nerve (N) of a 12 week LRNF rat. (F) The distal radius of a trained
control rat contains a single ED1 positive osteoclast (Oc) at the periosteal (P) and cortical bone (B) interface. (G) The distal radius of
a 12 week LRNF rat contains several ED1 positive osteoclasts (Oc) and small mononucleated cells (long arrows). Bar=50 pm,
except in insert of C in which bar=10 pm. Eosin counterstain for A-D, hematoxylin counterstain for E and F.

No significant increase of TNF-a was found in median
nerves of rats performing the LRNF task for 3, 6 or 8 weeks
compared to control rats using ELISA despite pooling of this
small nerve by week of task performance in an effort to
increase protein levels in the nerve lysates (data not shown).
However, immunohistochemical probing of nerve sections
showed an increase in TNF-a immunoreactive cells in the
epineurium (Fig. 1E, short arrows) and intra-neurally (Fig. 1E,
long arrow) in week 12 LRNF rats, but an absence of TNF-« cells
in control rat nerves (Fig. 1D). ANOVA showed a significant

difference in TNF-« immunoreactive cells in the median nerve
with task performance (p=0.001). Bonferroni post-hoc analysis
indicated that the greatest increase was in week 12 compared
to control nerves (p<0.001; Fig. 3).

Examination of the dorsal horns of the spinal cord revealed
increased SP and NK-1 immunoexpression in the superficial
lamina of mid to lower cervical segments (C4-C8) after the
LRNF (Figs. 4B and D), compared to trained controls (Figs. 4A
and C). ANOVA showed a significant difference in percent
immunoexpression of SP and NK-1 with task performance
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Fig. 2-Quantification of the number of ED1-DAB-positive
cells in forearm nerve, tendon and bones in normal and
trained controls rats (NC/TC) and in rats performing a LRNF
task for up to 12 weeks. (A) ED1 positive macrophages in the
median nerve at the level of the wrist are significantly
increased in 12 week LRNF rats compared to NC/TC rats.

(B) There were no significant increases in ED1 positive
macrophages in the distal tendon and associated synovial
sheaths of the flexor digitorum in LRNF rats compared to
control rats. (C) ED1 positive mononucleated cells
(progenitors of osteoclasts and macrophages), but not
osteoclasts, increased significantly in the distal radius and
ulna in 12 week LRNF rats compared to NC/TC rats. *: p<0.05.
Mean number of cells per mm? mm?+SEM is shown. The
number of animals quantified per group: Controls (n=9),

3 week (n=3), 6 week (n=4), 8 week (n=4), and 12 week (n=3).

(p=0.002 and p=0.02, respectively). Bonferroni post-hoc ana-
lysis indicated that by week 8 LRNF, both SP and NK-1
immunoexpression were significantly increased, p<0.001
and p<0.01, respectively, compared to control rat levels
(Fig. 5). NK-1 immunoexpression remained significantly
elevated in week 12 (p<0.01; Fig. 5B), while SP levels returned
to baseline levels (Fig. 5A).

NK-1 immunoexpression levels in the cervical spinal cord
were positively correlated with the number of ED1+ cells in the
median nerve (r=0.54, p=0.03), as well as the number of TNF-«a
cells in the nerve (r=0.65, p=0.005). SP in the spinal cord did
not correlate with nerve TNF-a cells (r=0.17, p=0.45), buthad a
trend towards significant correlation with nerve ED-1 cells
(r=0.42, p=0.07). SP immunoexpression levels in the spinal
cord were positively correlated with ED1+ mononucleated
cells in the radius and ulna periosteal-bone interface (r=0.53,
p=0.03), as was NK-1 immunoexpression (r=0.55, p=0.04).

Reach rate was unchanged for the entire 12 week duration
of LRNF task (Fig. 6A). Mean reach rates+SEM for 1, 6, 8 and
12 weeks were 3.3+0.3, 3.3+0.2, 3.6+0.2, and 3.2+0.4 reaches
per minute, making this a fairly low reach rate task based on
definitions by Silverstein et al. (1986) that low repetition is
greater than 30s/cycle. Task duration was slightly decreased at
12 weeks although statistical significance was not reached in
this repeated measures ANOVA possibly due to a smaller
number of animals at the 12 week end point (Fig. 6B). Total
reaches, an index of the cumulative work performed by each
group, measured from the start of the LRNF task regimen until
the day of euthanasia was 2263 +385.4 for week 6 rats, 3178.8+
78.1 for 8 week rats, and 4543.2+377.7 for 12 week rats.

Using video motion analysis, we examined the number of
extra movement reversals made by rats in an effort to
successfully retrieve a food pellet during a reach (Figs. 6C-E).
A normal reach will include just one movement reversal,
whereas, extra movement reversals are considered abnormal.
Fig. 6C shows a representative reach movement sequence in a
rat performing the LRNF task in week 1. The entire reach
sequence took approximately 1.2 2 s, and the food retrieval
period was only 0.4 4 s. The rat made one extra elbow
movement reversal during the food retrieval period of this
reach sequence. Fig. 6D shows a representative reach of the
same rat performing the task in week 8. This reach sequence
took approximately 2 2 s to complete, with the food pellet
retrieval period taking approximately 1.4 4 s (1 1 s longer than
in week 1). In week 8, this rat made 5 extra movement reversal
corrections before retrieving the food pellet (Fig. 6D, arrows).
ANOVA showed a significant increase in the number of extra
movement reversals per reach in week 8 (p<0.01; Fig. 6E).

3. Discussion

Results from the present study show that continued perfor-
mance of a low demand repetitive task produced a mild
peripheral nerve and bone inflammatory response, increased
immunoexpression of spinal cord neurochemicals involved
in nociception, and slight declines in motor function.
Collectively, these changes occurred in the later weeks of
task performance. The increase in nerve and distal bone
inflammation correlated with increased NK-1 expression in
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Fig. 3-Quantification of TNF-a. DAB positive cells in the
median nerve at the level of the wrist. TNF-a immunopositive
cells increased in rats performing a LRNF task for 12 weeks
compared to normal control rats (C). **: p<0.01. Mean number
of cells per mm? mm?+ SEM is shown. The number of animals
quantified per group: Controls (n=9), 3 week (n=3), 6 week
(n=4), 8 week (n=4), and 12 week (n=3).

the superficial lamina of spinal cord dorsal horns, as did
TNF-a positive cells in the median nerve. SP increases in the
dorsal horn superficial lamina correlated only with bone

ventral

inflammatory cell increases. The timing of both SP and NK-1
in the spinal cord was also associated with the ability of rats
to accurately and efficiently retrieve food pellets during a
reach.

Compared to previous studies from our laboratory exam-
ining the effects of performing a high repetition negligible
force (HRNF) task in which rats had a mean reach rate of
8 reaches/min, the LRNF rats in this study had a lower mean
reach rate, by experimental design, of only 3.3 reaches/min. As
a result of this lower reach rate, the LRNF rats examined here
have 17% fewer inflammatory cells in the median nerve in
week 12 than rats performing a HRNF task (see Clark et al,,
2003), and a 2 week delay of macrophage infiltration into the
nerve, which peaked in week 8 in HRNF rats. The number of
TNF-a positive cells in LRNF rat median nerves was also fewer
and later than in HRNF rats (see Al-Shatti et al., 2005). The
LRNF task did not induce macrophage infiltration of tendons,
in contrast to our previous findings in HRNF rats (see Barbe
et al.,, 2003). In that study, ED1 macrophage infiltration of
tendon and tendon sheaths increased significantly after
3 weeks of the HRNF task (1.4 fold more than in this study),
an increase that persisted for the length of that study
(8 weeks). Lastly, the increase in ED1 positive mononucleated
cells was lower and later in distal forelimb bones with the
LRNF task than the HRNF task (see Barr et al., 2003). Thus,
these findings show a cellular inflammatory response in

B

Fig. 4-Micrographs of rat spinal cord dorsal horns showing Substance P and NK-1 immunostaining in the superficial lamina.
(A) Dorsal horns of control rats have low levels of NK-1 immunofluorescence staining observed in the dorsal horn
superficial lamina. One region of interest (white eclipse) is shown. Inset in panel A shows a C7 spinal cord cross-section
at low power. Medial (med) and lateral (lat) regions of the superficial lamina are indicated. (B) Dorsal horns of week 8
LRNF rats have NK-1 immunofluorescence (red) staining on plasma membranes and dendrites with some endosome
swellings that spans the entire zone of the superficial lamina in which increased expression is observed more medially.
(C) Dorsal horns of control rats have low levels of SP immunofluorescence staining in the superficial lamina. (D) Dorsal
horns of week 8 LRNF rats have SP visualized as punctuate immunofluorescence (green) staining that is consistently
distributed across the entire zone, medial to lateral, of the superficial lamina. Bar=50 pm.
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Fig. 5-Quantification of Substance P (SP) and neurokinin-1
(NK-1) immunofluorescence in superficial lamina of the
spinal cord dorsal horns. (A) SP expression is significantly
increased in week 8 compared to normal control and trained
control rats (NC/TC). **: p<0.001. (B) NK-1 expression is
significantly increased in weeks 8 and 12 compared to
normal control and trained control rats (NG/TC).": p<0.01.
Mean percent immunostaining + SEM is shown. The number
of animals quantified per group: Controls (n=9), 3 week (n=3),
6 week (n=4), 8 week (n=4), and 12 week (n=3).

peripheral tissues of LRNF rats that is lower overall than that
induced by a HRNF task, and at a later time point, supporting
our hypothesis of exposure dependent tissue changes.
Because the bone cell increases resolved by 12 weeks in
HRNF rats, we presume that the increase in bone ED1 cells in
these LRNF rats will also resolve, although longer duration
studies must be performed to confirm this hypothesis.

In agreement with our findings of increased macrophages
in the peripheral tissues, a number of other investigations
found inflammatory cell infiltrates in muscle and tendon
following repetitive motion injuries (Baker et al.,, 2007;
Geronila et al,, 2003; Nakama et al., 2005; Perry et al., 2005;
Stauber and Willems, 2002). Wagner et al. (1998) has also
reported increased ED1 positive macrophage infiltration and
TNF-a expression in the sciatic nerve following chronic nerve
constriction injury. We have previously shown in HRNF rats
that potential cellular sources of increased production of
several pro-inflammatory cytokines include intraneural ED1
positive macrophages, nerve fibroblasts and Schwann cells
(Al-Shatti et al., 2005). While we did not use co-localization
techniques in this study to determine if the intraneural TNF-«
expressing cells are macrophages, we observed associated
increases of both in week 12.

Significant findings from this study of repetitive motion
injury are that spinal cord neurochemical changes were
associated with increased peripheral nerve and bone phago-
cytic cell and inflammatory cytokine increases. Our findings
support the collective works by Woolf, which have shown that
peripheral inflammation leads to increased membrane excit-
ability and synaptic efficiency in the spinal cord dorsal horn
(Woolf and Salter, 2000). In agreement, several other investi-
gators have shown that spinal cord levels of SP and NK-1 are
significantly increased using various models of peripheral
inflammation (Honore et al., 1999, 2000; McCarson, 1999; Allen
et al., 1999; Abbadie et al., 1996). For example, Honore et al.
(2000) found significantly increased SP and SP receptors in the
spinal cord combined with hindpaw edema, the latter
indicative of a peripheral inflammatory response after injec-
tion of Freund’s adjuvant. However, the present study is the
first to show an association between peripheral nerve
inflammatory markers and neurochemical changes in the
spinal cord in a model of repetitive motion injury. In this
current study, the increase of SP in the spinal cord superficial
lamina in week 8 preceded significant increases in inflamma-
tory/phagocytic cells and TNF-« in nerve and bone in week 12.
There may be other inflammatory markers or neuromodula-
tors that are associated with the week 8 increase in SP.
However, our observed peripheral inflammatory increases
matched temporally with elevated spinal cord superficial
laminae levels of NK-1. The prolonged increase in NK-1 is
suggestive of a long-lasting neuronal plasticity in the spinal
cord that persists despite the decrease in SP by week 12.
Substance P and its receptor, NK-1, have been proposed to
contribute to central sensitization (Ji et al., 2003; Abbadie et al.,
1996). Past research on central sensitization has shown
changes to occur in the spinal cord and brain following
noxious stimuli, peripheral inflammation, and nerve injury in
which changes in neurotransmitter release and action are an
integral part of this phenomenon (Woolf, 2007).

Lastly, our observed increase in movement reversals
during a reach sequence suggests a decline in fine motor
control, because these extra movement reversals occurring
during a reach sequence are corrections for missed food
pellets. These increases in arm movement reversals may be
due to discomfort, changes in afferent or efferent nerve
function, or both. The small decline in voluntary task
participation, measured as task duration, in week 12 is also
suggestive of discomfort. Using a voluntary repetitive pinch-
ing task in a monkey (Sommerich et al., 2007), Sommerich and
colleagues reported decreased performance as force level and
pinch hold time increased. In one monkey, there was a
substantial reduction from a previously high work rate, as
well as complete task cessation that lasted for days. Sommer-
ich et al. suggest that the animal was self-limiting the work
rate. In our current study, because these experiments did not
extend past 12 weeks, a time when the inflammatory,
neurochemical, and behavioral changes are just initiating, it
is uncertain whether longer periods of this LRNF task would
induce greater motor deficits, increased tissue inflammation
and chronic pain.

In conclusion, we found that persistent repetitive motion
even under low force and repetition demands induced a low-
grade local inflammatory cell invasion of peripheral nerve and
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Fig. 6—Motor performance data in rats performing the LRNF task from baseline (week 1) to week 12. (A) Reach rate and (B) task
duration show no change. (G, D) Representative reach sequence of a LRNF rat analyzed from video tape segments collected
in week 1(C) and week 8 (D). The black lines indicate the beginning and the end time points of one entire reach, at which point
a foot pellet is eaten. The red lines indicate the point at which the elbow enters the tube (In Tube) and the point at which it
is withdrawn (Out of Tube); a food pellet is retrieved during this time period. Key: f=forward movement of the elbow;
b=backward movement of the elbow; arrows indicate an extra movement reversal during the reach sequence in which the
rat was retrieving a food pellet. (E) The mean number of extra movement reversals per reach is significantly increased in
week 8 of LRNF task indicating more errors and thus a decline in fine motor abilities. **:p <0.01. Mean per week + SEM is shown.
The number of animals quantified per group: Controls (n=9), 3 week (n=7), 6 week (n=7), 8 week (n=7), and 12 week (n=3).

distal bone that correlated with nociceptive neurochemical
increases in the spinal cord, and that was associated
temporally with a transient decline in motor accuracy.
Furthermore, the increased NK-1 expression persisted even
after the increased SP immunoexpression had resolved,
suggestive of a central sensitization of spinal cord neurons.
Although peripheral inflammatory responses were apparent,

they were much lower in this low demand task than in our
previous studies examining the effects of high repetition
tasks. This in combination with the preservation of reach rate
suggests that this low task exposure level may allow for
adequate tissue recovery and prevention of functional losses.
Understanding the role of inflammation as a mechanism
of nociceptive sensitization is an important step toward
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developing treatment interventions (pharmacological and
ergonomic) for chronic pain and reduced motor control
experienced by some patients with RMI, as well as the
development of ergonomic preventive strategies.

4. Experimental procedures

Adult female Sprague-Dawley rats (3.5 months of age at onset
of experiments) were obtained from ACE, PA. The animals
were housed in the Central Animal Facility on the Health
Sciences Campus at Temple University. Animal care and use
was monitored by the University Animal Care and Use
Committee to assure compliance with the provisions of
Federal Regulations and the NIH “Guide for the Care and Use
of Laboratory Animals”.

4.1. Repetitive movement task

Thirty-seven rats were randomized into one of three groups: a
low repetition negligible force group (LRNF; n=24), a normal
control group (NC; n=9) or a trained only control group (TC;
n=4). The LRNF rats and the trained control rats, which
underwent the initial training (shaping) only, learned to reach
for a food pellet during an initial 12-14 day shaping period as
described earlier in Barbe et al. (2003) and Clark et al., 2003,
although the target reach rate in this study was reduced to half
that of high repetition negligible force rats examined in those
earlier studies (see below). 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
using a video camera. Estrous cycles were not controlled in the
female rats in order to maintain the random selection process
for designated groups by weeks.

Rats were placed in operant test chambers for rodents
(Med. Associates, VT) with a portal located in one end, a
testing chamber described in our previous studies (Barbe et al.,,
2003; Clark et al., 2003; Barr et al., 2003). The task rats per-
formed a low demand, repetitive reaching and grasping task
for a food pellet for 2 h/day, 3 days/week for 3 (n=7), 6 (n=7), 8
(n=7) or 12 (n=3) weeks. The defined target rate of this LRNF
task was 2 reaches/min, although the rats reached above this
target maintaining an average, actual reach rate of
3.3 reaches/min. This target reach rate was half that for
HRNF rats (target of 4 reaches/min; actual 8 reaches/min) used
in our previously described high repetition task studies (see
Barbe et al., 2003; Clark et al., 2003). The daily task was divided
into 4, 0.5-h training sessions separated by 1.5 h.

4.2. Behavioral analysis

The effects of the task on motor performance were evaluated
using variables that included reach rate (reaches/min) and
task duration (h/day) as described previously (Barbe et al.,
2003; Clark et al., 2003). Total reaches were also reported to
clarify the differences in cumulative workload for 6, 8 and
12 week groups. Total reaches were defined as the sum of the
number of reaches per week (product of reach rate, task
duration, and number of days/week) across weeks of task
performance.

We also used quantitative movement pattern analysis to
examine for extra arm movement reversals made during
reaching in an effort to successfully retrieve a food pellet. A
JVC CCD video camera (Model TK-C1380, 60 Hz) was used to
record the reach limb from a lateral view. A landmark on the
forelimb was digitized and then tracked at 60 Hz (X and Y
coordinates) and a graphic display of this landmark coordinate
was visually assessed to determine if (and how many)
additional arm movement reversals occurred during a reach
sequence (See Figs. 6C and D). Rats were video taped for 15 min
at the end of weeks 1, 6, 9 and 12. Each 15 min videotape was
divided into 5 equal (3 min) segments, and the first reach
sequence in each 3 min segment that satisfied the criteria
described below was digitized using video motion analysis
(VMA) (Vicon Motus v.8.0, Vicon, Centennial, CO). The five
representative videotaped reaches were selected for each
weekly endpoint using a systematic procedure. First, a
representative reach was defined as a reach sequence begin-
ning with the reach paw in a fixed position and the snout in
the tube opening and ending with the consumption of a food
pellet. The start of the reach sequence was the first frame in
which the forepaw began its ascent toward the tube opening
(called Begin Reach in Figs. 6C and D). The end of the reach
sequence was the first frame in which the head moved away
from the forepaws following consumption of the food pellet
(called End Reach in Figs. 6C and D). The pellet retrieval period
was defined as the first frame in which the reach forepaw
entered the tube opening (called In Tube in Figs. 6C and D),
until the first frame in which the reach forepaw exited the
tube opening with the food pellet (called Out of Tube in Figs. 6C
and D). The point on the forearm chosen for digitization was
on the proximal forearm segment just below the elbow joint,
as this was easily visualized on the videotape throughout the
reach sequence. The number of extra elbow movement
reversals (fore-aft movements of the forelimb) made during
the digitized reaches was used as an indicator of motor
dysfunction (e.g. diminished fine motor coordination) and/or
discomfort.

4.3. Collection of tissues for immunohistochemical
analyses

All animals were euthanized by lethal overdose (Nembutal,
120 mg/kg body weight) and perfused transcardially with 4%
paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). These
methods are consistent with the recommendations of the
Panel on Euthanasia of the American Veterinary Medical
Association. Rats performing the LRNF task were euthanized
at 3 (n=3), 6 (n=4), 8 (n=4) or 12 (n=3) weeks, as were normal
control (NC; n=5) and trained only control (TC; n=4) rats.
Forelimbs from the preferred reach limbs were collected.
Tissues were then postfixed “en bloc” by immersion overnight.
The flexor forelimb mass with the median nerve and flexor
digitorum tendon was dissected out, incubated for 3 days in
30% sucrose, cryosectioned en bloc into 16 um longitudinal
slices, and mounted onto coated slides (Ultrastick; Corning).
Forearm radius and ulna bones were also collected, paraffin
embedded, and sectioned as described in Barr et al., 2003.
Cervical and upper thoracic spinal cord segments were
removed and the dorsal roots marked with an indelible
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marker for segmental identification later (in combination with
cresyl violet morphological differences to distinguish lower
cervical from upper cervical and thoracic spinal cord seg-
ments). The spinal cord was then incubated for 3 days in 30%
sucrose (at 4 °C) before being cryosectioned into 16 um cross
sections.

4.4. Immunohistochemistry and quantification

For the flexor forelimb mass, every seventh section through
the median nerve, the nerve being approximately 1.5 mm in
height, was stained immunohistochemically for ED1 using a
HRP tagged secondary antibody and DAB for visualization. For
bone, every fourth section through the longitudinal center of
the radius and ulna was stained for ED1 using a HRP tagged
secondary antibody and DAB for visualization. Sections on
slides were treated with 3% H,0O, in methanol for 30 min,
washed, treated with 0.05% pepsin in 0.01 N HCI 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 an antibody directed against ED1 (activated
macrophage marker; 1:250, catalog no. MAB1435, Chemicon)
diluted with 4% goat serum/PBS. Sections with nerves were
also probed with an antibody directed against TNF-«a (Chemi-
con, catalog no. AB1837P, 1:300) diluted with 4% goat serum/
PBS for 48 h at 4 °C. After washing, sections were incubated
with an appropriate secondary antibody (Jackson Immuno)
conjugated to HRP, diluted 1:100 for 2 h at room temperature.
HRP was visualized using enzymatic FAST Sigma diamino-
benzidene (DAB). DAB treated sections were counterstained
with eosin (nerve and tendon) or hematoxylin (bone), dehy-
drated, coverslipped with DPX, and then examined using
bright field microscopy. Negative control staining for DAB-
stained sections was performed by omitting the primary
antibodies or by omitting the secondary antibody.

To quantify ED1 staining in nerves, tendons, and bones
sections were chosen using a random start method, and were
then systematically measured thereafter. The number of ED1
positive macrophages or TNF-«a positive cells (each visualized
with a HRP tagged secondary antibody and DAB) in median
nerves was quantified bilaterally using a microscope interfaced
with an image analysis system (Bioquant II) using methods
previously described in Clark et al., 2003, 2004. The region of the
median nerve chosen for quantification was the level of the
carpal tunnel as well as immediately distal or proximal to the
carpal ligament. ED1 cells in the flexor digitorum tendon and
distal radius and ulna was quantified (also after visualization
with HRP-DAB) using methods previously described in Barbe
et al., 2003 and Barr et al., 2003. Three sections were measured
using a 40x objective, at a magnification factor of 700, per nerve,
tendon or bone for a total of 3 field counts per tissue; inter-
section interval was 112 um. For the nerve and flexor digitorum
tendon, theirregular region of interest tool in Bioquant was used
so that only the nerve or tendon was measured in the image
field, as described in Al-Shatti et al., 2005. Group means and
standard error of the mean (n=3-9/group) were plotted against
week of task performance and are expressed as the mean
number of ED1 positive cells/mm?.

For the spinal cord, every tenth section of spinal cord
segments C5 through C7 was utilized for SP and NK-1

immunochemistry using fluorescent tags for visualization
and double-labeling techniques. Sections were incubated for
24 h at 4 °C with antibodies directed against SP (1:250,
Chemicon, catalog no. AB1566) and NK-1 (1:1000, Chemicon,
catalog no. AB5060) diluted with 4% goat serum/PBS. Sections
were washed, then incubated with appropriate secondary
antibodies (Jackson Immuno) conjugated to either Cy2 or Cy3,
diluted 1:100 for 2 h at room temperature. Slides of sections
treated with fluorescent antibodies were coverslipped with
70% glycerol/PBS and examined using an epifluorescent
microscope. Negative control staining for fluorescent stained
sections was performed by omitting the primary antibodies or
by omitting the secondary antibody.

To quantify changes in SP and NK-1 immunoexpression in
the spinal cord with task performance, immunofluorescent
stained slides were analyzed using an image analysis system
(Bioquant II) using similar videocount thresholding methods
as described previously (Al-Shatti et al., 2005). Briefly, video
count area is the number of pixels in an image field that meet
a user defined criterion multiplied by the area of a pixel at the
selected magnification (20x objective and 350 magnification
factor for this analysis). The mean area fraction of thresholded
immunofluorescent reactive product in a selected region of
interest, which included the superficial lamina of the dorsal
horns only, was determined by dividing the videocount area of
pixels above background thresholds by the total number of
pixels in the entire chosen image field. An EXFO X-Cite 120
Fluorescent illuminator (EXFO America, Richardson, TX) and a
Retiga EXI cooled camera (QImaging, Surrey, BC) were utilized
to maintain consistent illumination throughout the project.
Gain and exposure were standardized to allow for the cleanest
image with fast, short exposure times and remained constant
for the entire fluorescent quantification. We used a fixed size
eclipse-shaped field (40x60 pixels on the computer screen
using a 20x objective) for each measurement. Three to 6 fields
were measured in 3 spinal cord sections per rat (inter-section
interval was 150 pm). Spinal cord segments (C5-C7) were
analyzed bilaterally because previous studies from our lab
showed both limbs were affected by the task (Barbe et al., 2003;
Barr et al., 2004). Group means and standard error of the mean
(n=3-9/group) were plotted against week of task performance
and are expressed as mean percent area immunoreactivity. All
assessments and image analyses were carried out in a blinded
fashion.

4.5. ELISA analysis of median nerves

Rats were euthanized with an overdose of sodium pentobar-
bital (Nembutal; 120 mg/kg body weight) and the mid-forearm
to palmar section of the median nerve was collected from the
reach limbs. Reach limb median nerves were pooled since
previous attempts to analyze individual median nerves using
ELISA failed to give detectable levels of cytokines due to the
minute size of rat median nerves (unpublished data). Thus
median nerves were pooled by week of task performance as
follows: 4 reach limb nerves for week 3, 3 reach limb nerves for
week 6 and 3 reach limb nerves for week 8. Eight median
nerves from 4 control rats were also pooled into two batches
(n=4nerves for each pool of control nerves). The pooled nerves
were then flash-frozen, stored at -80 °C, homogenized and
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tested for TNF- a according to manufacturer’s protocol for
ELISA kits (BioSource International, CA). Each sample was run
in duplicate. ELISA assay data (pg cytokine protein) was
normalized to micrograms of total protein (determined by
bicinchoninic acid assay according to manufacturer’s direc-
tions; Pierce).

4.6. Statistical analyses

Mixed model univariate ANOVAs (Prism) were used to
determine whether week of task performance had any effect
on the percent area of immunoreactivity for SP and NK-1 in
the spinal cord. A p value of <0.05 was considered significant
for all analyses. Microscopic field (3-6 observations/dorsal
horn) was used as a blocking factor in the analyses. Post-hoc
analyses were carried out using the Bonferroni method for
multiple comparisons, and adjusted p values reported. Post
hoc analyses compared the percent area of immunostaining
for SP and NK-1 in control rat tissues to those in subsequent
weeks (3, 6, 8 and 12). The number of ED1 and TNF-« positive
cells was analyzed similarly with 3 microscope fields per
tissue used as a blocking factor. A two-tailed Spearman rank
correlation analysis with Gaussian approximation was used
to assess the relationship between ED1 positive macro-
phages in the median nerve and percent area immunoex-
pression of SP or NK-1 in the spinal cord. A mixed model
ANOVA with repeated measures was used to analyze dif-
ferences in reach rate, task duration, and movement rever-
sals by week.
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