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Abstract: Work-related musculoskeletal disorders associated with intense repetitive tasks are

highly prevalent. Painful symptoms associated with such disorders can be attributed to neuropathy.

In this study, we characterized the neuronal discharge from the median nerve in rats trained to per-

form an operant repetitive task. After 3-weeks of the task, rats developed pain behaviors and a

decline in grip strength. Ongoing activity developed in 17.7% of slowly conducting neurons at 3-

weeks, similar to neuritis. At 12-weeks, an irregular high frequency neuronal discharge was prevalent

in >88.4% of slow and fast conducting neurons. At this time point, 8.3% of slow and 21.2% of fast

conducting neurons developed a bursting discharge, which, combined with a reduction in fast-con-

ducting neurons with receptive fields (38.4%), is consistent with marked neuropathology. Taken

together, we have shown that an operant repetitive task leads to an active and progressive neuropa-

thy that is characterized by marked neuropathology following 12-weeks task that mainly affects fast

conducting neurons. Such aberrant neuronal activity may underlie painful symptoms in patients with

work-related musculoskeletal disorders.

Perspective: Aberrant neuronal activity, similar that reported in this study, may contribute to

upper limb pain and dysfunction in patients with work-related musculoskeletal disorders. In addition,

profiles of instantaneous frequencies may provide an effective way of stratifying patients with pain-

ful neuropathies.

© 2021 The Author(s). Published by Elsevier Inc. on behalf of United States Association for the Study of

Pain, Inc. This is an open access article under the CC BY-NC-ND license
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W
ork related musculoskeletal disorders
(WRMDs), also referred to as repetitive
motion and overuse disorders, remain a sub-

stantial healthcare challenge. Such disorders are seen in
assembly line workers, healthcare professionals, musi-
cians, and office workers,39,45,50,52 and are the result of
repeated trauma to soft tissues. Pathologies often arise
where structures such as nerves and tendons pass
through fibro-osseous tunnels (eg, the carpal tunnel);
anatomical constraints can lead to deformation and irri-
tation of these structures during repetitive limb move-
ments. It is perhaps not surprising that upper limb
WRMDs arise insidiously, and consistent with carpal tun-
nel syndrome (ie, median nerve injury) being the most
common diagnostic category,49 are often diagnosed as
neuropathy.51
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In 2003, Barbe and Barr first published their novel
operant model of WRMDs in rats.6 The unique feature
of this model is that rats are trained to reach and pull a
lever for a food reward, a task that was designed to
emulate key features of repetitive tasks performed by
workers at risk of developing WRMDs. When the task is
performed over weeks, the rats develop progressive
behavioral and performance declines, but also cutane-
ous hypersensitivities, which are coupled with widespread
inflammation, tissue damage, and neurochemical changes
within the dorsal horn and other parts of the central ner-
vous system.1,2,6,7,11,23,29,30,33,41,57 Many of these pathologi-
cal changes resemble those reported and observed in
humans with WRMDs.5,46 A primary mechanism for the
panoply of pathologies seen in this group of disorders
seems to be the development of post-inflammatory
fibrosis,1,11,16,18,32,38 with a consistent and perhaps key
finding being diffuse nerve inflammation (also termed
neuritis2). Experimental neuritis causes profound
changes in affected axons, which includes the develop-
ment of ongoing activity, and ectopic mechanical and
chemical sensitivities in nociceptor axons.19,35,36 Such
aberrant activity may provide the neural substrate for
the spontaneous and radiating limb pain, and cutane-
ous hypersensitivities, that are often reported in
WRMD.14,15,21 Although ongoing activity induced by a
volitional repetitive task has been reported from slowly
conducting afferent neurons at an early outcome
point,16 an extensive electrophysiological assessment of
this neuronal activity has yet to be performed.
In this study, we sought to more fully characterize the

neuronal activity associated with a task-induced neu-
ropathy. We found clear evidence of pathological pri-
mary afferent neuronal discharge, consistent with
neuropathy of the median nerve.
Methods

Animals
The Temple University and the University of New Eng-

land (previous institution for GMB) Institutional Animal
Care and Use Committees approved these experiments in
compliance with NIH guidelines for the care and use of
laboratory animals. Thirty-nine rats were used in this
study. Animals were housed in separate cages with a 12-
hour light:dark cycle, free access to water, and environ-
mental enrichment in their home cages. All rats were
gently handled extensively for 1 week prior to onset of
experiments, and then 5 days/week thereafter. Young
adult female Sprague-Dawley rats (3 months of age at
onset of experiments) from Charles River (Wilmington,
MA) were used. Female rats were used to allow compari-
son to our past studies on female rats using this same
model and related treatment.13,16,18 Each rat was
inspected weekly and again post-mortem for presence of
illness to reduce potential confounders (none were
observed), and as previously reported,9,18 the animals had
no negative health signs (such as, weight changes). To fur-
ther reduce illness-related confounders, additional
sentinel rats were examined for presence of illnesses as
part of regular veterinary care (none were detected).

Rats at the University of New England were fed ad
libitum. The rats at Temple University were food
restricted to within 5% of their naÿve weights to help
motivation towards task performance. Rats randomized
to the experimental group (n = 10) went through an ini-
tial training period of approximately 5 weeks, in which
they were trained to perform a reaching and lever pull-
ing task, before going on to perform a repetitive task,
as described further below. Twenty rats were not
trained and did not perform the operant repetitive task
but served as control (food restricted) rats. All rats were
weighed at least weekly throughout the experiment
and their food volume adjusted accordingly. In addition
to food pellet rewards, all rats received Purina rat chow
daily to allow continued gain in weight over
time.12,40,48 The control rats received daily allotments of
food pellets and rat chow at matched levels as rats that
performed the repetitive task. Once the task rats were
transferred to the University of New England, they were
fed ad libitum.
Behavioral Task
The behavioral apparatus was as previously described

and depicted.48 Briefly, custom-designed force appara-
tuses were used (Custom Medical Research Equipment,
Glendora, NJ) that were integrated into an operant
behavioral training system (Med Associates, Georgia, VT
with Force Lever software, version 3.5.0.0). A portal was
located in the wall of the operant conditioning chamber
at shoulder height (3.5 cm), so the shoulder had to be
fully elevated and the elbow fully extended for the ani-
mal to reach through the portal to isometrically pull a
custom-designed force handle attached to a force trans-
ducer located 1.5 cm away from the portal entrance,
outside the chamber wall. An auditory indicator cued
the animals to reach in the correct time frame (>1 reach-
es/minute and <4 reaches/minute, considered a high
reach rate).8

Rats had to grasp the force handle and exert an iso-
metric pull toward the chamber wall with a graded
force effort that fell between a minimum force criterion
(47% of maximum voluntary pulling force, determined
on the last day of training using Force Lever software;
142 cN) and a maximum force criterion of 301 cN, for at
least 90 ms. If these force and time criteria were met
within a 5 second cueing period, an indicator light was
turned on and a 45 mg purified formula food pellet (a
mix of banana flavored and grain-based chocolate fla-
vored, F0024 and F0165, respectively, Bio-Serv, Fleming-
ton, NJ) was dispensed into a trough located at floor
height of the chamber in the wall panel adjacent to the
aperture. To obtain the food reward, the animal had to
release the handle, withdraw the forepaw from the
aperture, and move to the trough to lick up the pellet.

Rats chosen randomly to perform the repetitive task
underwent an initial training period for 5 − 6 weeks in
which they learned the task, a training method
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described previously.8 All rats were initially food-
restricted for 7 days to no more than 10 to 15% less
than their naive weight to initiate interest in food
reward pellets, which was the motivation for perform-
ing the repetitive task. After that week, they were given
extra rat chow to gain weight. Rats chosen to perform
the repetitive task were trained to perform the reaching
and handle-pulling tasks during a 5-week period of
10 minute/day, 5 days/week, in which they ramped
upwards from naive towards the high force task level,
which they reached during their last week of training.
At the end of the training period, all trained rats

began working towards the target reach rate and force
requirement (4 reaches/minute target; 47% maximum
voluntary pulling force on the lever bar for 90 to 500
msec in duration) for 2 hours/day, 3 days/week for 3
weeks (n = 5) or 12 weeks (n = 5). The task was divided
into 4, 0.5-hour sessions separated by 1.5 hours in order
to avoid satiation. A food reward was not given unless
they met the force criterion within a 5 second window
initiated every 15 seconds. Rats were allowed to use
their preferred limb to reach, and their contralateral
limb as a support limb, as needed. The side used to reach
was recorded in each session.
We have previously shown that rats perform the

repetitive task develop discomfort from the task and
switch limbs or use both limbs simultaneously to pull on
the lever bar in their attempts to garner a food reward,
beginning in weeks 2 and 3.41 Therefore, data from the
task are reported without reference to upper limb pref-
erence, as there was none from weeks 2 − 3 to the end
of the experiment at week 12.
Sensorimotor Behavioral Testing
Testing procedures were conducted after 3- or 12-

weeks of the repetitive task, or for controls, at the paral-
lel time. Tests were performed at the same times per day
to minimize effects related to diurnal factors, and the
technicians carrying out these behavioral tests were
naÿve to the group assignment and expected outcome.
Reflexive grip strength was measured using a rodent

grip strength meter (1027SR-D58, Grip Strength Meter
with single sensor and a standard pull bar; Columbus
Instruments, Columbus, Ohio). The test was repeated
five times on each forepaw, and the maximum grip
strength per limb was reported, as previously
described.11,16 Maximum grip strength was defined as
the value of the peak force recorded from the trans-
ducer at the moment at which each animal released its
grip from the handle of the grip strength meter.
Forepaw sensitivity to mechanical stimulation was

determined using nylon monofilaments (4 filaments
were used: sized 0.16g, 0.4g, 1.0g and 4.0g; Semmes-
Weinstein monofilaments, Stoelting, USA) using previ-
ously described methods.16 Briefly, each filament was
applied 10 times to the rat glabrous forepaw on each
side, and the mean number of limb withdrawal
responses out of 10 was reported for each monofila-
ment used.
Cold sensitivity was determined using a two-choice
temperature preference/aversion assay as previously
described.10,32 Briefly, the temperature testing appara-
tus (T2CT, Bioseb, France) consisted of two plates. One
plate was a reference plate at 22oC while the test plate
was adjusted from 22 − 12°C. Rats were timed for how
long they preferred to stand on the reference plate, as
opposed to the second plate of decreasing temperature,
in 2°C steps (3 minutes per step).
Electrophysiology
The 3-week and 12-week task animals were sent to

the University of New England for electrophysiological
studies as separate groups, separated by 1year. Animals
that were shipped were acclimated as per institutional
guidelines and used within ten days of arrival to mini-
mize possible recovery due to time. Nine naÿve control
rats were studied using the same methods as described
and depicted previously,48 and performed in batches
prior to the task animals. Rats were anesthetized using
isoflurane in pure oxygen and maintained in an are-
flexic state for the duration of the experiment. The rat
was placed supine on a feedback-controlled heating
pad (FHC-Inc, USA), and a water circulating heating pad
was wrapped around the torso (Gaymar, USA), to main-
tain a core temperature of 37oC.
The fur on the axilla and posterior forearm was

shaved. The abducted arm was then glued to a small
metal platform for stability while also allowing full
movement of the wrist. After incising the skin on the
medial arm, the median nerve was carefully dissected
free of all other structures from the cubital fossa to its
intersection with the ulnar nerve near the axilla
(Fig 2A). The skin was glued to a metal ring using cyano-
acrylate, forming a pool for recording, and the pool was
filled with warmed light mineral oil. The median nerve
was cut as proximally as possible and draped over a
bipolar tungsten stimulating electrode positioned in
the cubital fossa, also immersed in the oil. The proximal
part of the nerve was placed on a small glass plate used
for recording. The epi-perineurium was removed from
the proximal 1 mm of the nerve. Fine filaments (8 − 12
mm) were teased from the nerve and draped over fine
gold bipolar electrodes. The distance between the stim-
ulating and recording electrodes was measured using
dividers (typically 11 − 13 mm); this length is sufficient
for the identification of C- and Ad- axons using electric
stimulation. The nerve was electrically stimulated near
the cubital tunnel using an isolated constant voltage
stimulator (Grass, USA), at intensities appropriate to
elicit action potentials from these types of axons (up to
0.2ms and 40V). Only neurons with clearly identifiable
waveforms, based on shape, amplitude, and duration,
were examined; usually one per filament. Action poten-
tials were amplified, band-pass filtered (10 − 5,000 Hz),
and monitored with an oscilloscope. Neuronal activity
was digitized, monitored, and recorded with Spike 2
software (Cambridge Electronic Designs, Cambridge,
United Kingdom).
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Neurons were classified as having either C- or Ad- fiber
axons by their conduction velocity, which was deter-
mined by dividing the conduction distance by the
response latency of individual neurons. Due to the lim-
ited length of available nerve (10 − 12 mm), it was not
possible to calculate the conduction velocities of Aab-
fiber axons with conduction velocities faster than
15 m/s. However, these nerve fibers could usually be
evaluated using their responses to innocuous mechani-
cal stimulation and by the very different characteristics
of their action potentials (shorter time base and much
greater signal to noise ratio).
Mechanical responsiveness was evaluated using only

innocuous stimulation, to avoid any possibility of sensi-
tization of the receptive fields of the neurons under
study as well as subsequent neurons.17 This included
gentle flexion and extension of the wrist, and light
touching of the hand and forearm with fingers and
blunt probes. The presence or absence of a mechanical
response was recorded. Although neurons that inner-
vate muscle spindles were identified, they were
excluded from the analysis. Twelve or fewer slowly con-
ducting neurons were recorded per arm. It was not pos-
sible to record from neurons with conduction speeds
faster than could be detected, no ongoing activity, and
no mechanically sensitive receptive field. Because rats
show symptoms on both arms regardless of their pre-
ferred reaching limb, neurons innervating both arms
were recorded in each experiment.
After identification, the neuron was recorded for up

to three minutes for ongoing (spontaneous) activity;
the rate of faster and regular discharge was capturable
in shorter epochs. A secondary analysis of high-rate
erratic and bursting discharge was performed as
described below.
Secondary Analysis of High-Rate Erratic
and Bursting Discharge
Instantaneous frequencies (IF) were determined using

Spike 2 software. Normalized (percent) histograms of
the IF were plotted (in 5Hz bins) for each unit, and a
moving average (over 15 Hz) was overlaid on each
graph. Histograms of neurons with a bursting discharge
typically had a bimodal or polymodal distribution,
whereas neurons without this bursting pattern of activ-
ity had a unimodal distribution (Fig. 4A and C). From
the moving average, the IF at each peak was deter-
mined. For neurons with a bursting discharge, the recip-
rocal of the slowest IF peak value corresponded to the
interval between bursts; the reciprocal of the faster IF
peak value corresponded to the interspike interval dur-
ing the bursting discharge. From these parameters, the
duration of the burst was determined using the follow-
ing formula:

Duration of burst ðmsÞ ¼ m ¢n
ð100�m ¢nÞ=p

where m = interspike interval during the bursting dis-
charge (ms), n = mean ongoing activity rate (Hz) and
P = interval between bursts (ms).
Statistical Analyses
GraphPad PRISM version 8.4.3 was used for the statis-

tical analyses and figure design. Exact P values are
reported for all data with a minimum of 0.05 being con-
sidered statistically significant. The average number of
reaches per minute per week for each animal were com-
pared using paired t-tests. Grip strengths were com-
pared using a Mann-Whitney t-test. Forepaw
mechanical sensitivity and temperature sensitivity were
compared using a two-way analysis of variance
(ANOVA). The teased nerve electrophysiological data
are presented qualitatively and quantitatively; ongoing
activity rates were compared using Chi-square tests, and
conduction velocities were compared using Kruskal-
Wallis tests followed by Dunn's tests (for three groups)
or Mann-Whitney tests (for two groups). A linear regres-
sion analysis was performed between discharge charac-
teristics.
Results

Behavioral Signs of Neuropathy
From 3-weeks after commencing the operant repeti-

tive task, rats showed signs of a neuropathy (n = 5 at 3-
and 12-weeks; n =10 control animals; Fig. 1A andH). The
number of reaches per minute declined significantly at
3-weeks (P <.05 [3-weeks], P>.01 [12-week], Paired t-
test; Fig. 1A andB). Reflexive grip strength also declined
at 12-weeks in both forelimbs compared to the control
animals (P = .27 [3-weeks], P <.0001 [12-weeks], Mann-
Whitney test; Fig. 1C andD). These rats also developed
hypersensitivity to mechanical stimuli applied to their
forepaws from 3-weeks (F(1, 112) = 34.79, P <.0001 [3-
weeks], F(1, 112) = 25.47, P <.0001 [12-weeks], main
effect for group; two-way ANOVA; Fig. 1E andF), as well
as hypersensitivity to cold temperatures (F(1, 78) = 5.39,
P <.05 [3-weeks], F(1, 78) = 11.40, P <.01 [12-weeks],
main effect for group; two-way ANOVA; Fig. 1G andH).
Median Nerve Electrophysiology

Slow Conducting Neurons

Recordings were made from 95 slowly conducting
neurons in control rats (18 forelimbs; 9 animals), 79 neu-
rons in rats that performed the repetitive task for 3-
weeks (7 forelimbs; 5 animals), and 40 neurons in rats
that performed the task for 12 weeks (10 forelimbs; 5
animals; data from the 3-week task rats were reported
previously16). The conduction velocities were higher for
the recordings from the 3-week (median 2.17 ms [IQR
2.71]) and 12-week groups (2.10 ms [IQR 1.54]) com-
pared to those from controls (median 1.30 ms [IQR
1.60]; P < .001; Kruskal-Wallis test; Fig 2B).

Ongoing activity was only observed in 3% (3/95) of
neurons from control rats (Fig 2C). In contrast, ongoing
activity was more prevalent following 3-weeks of the
repetitive task (17.7%; 14/79) and highly prevalent in
the 12-week group (90%; 36/40 neurons; P <.0001, Chi
Square Test; Fig 2C). The ongoing activity rates were



Figure 1. Behavioral signs of neuropathy. (A,B) Reaches per minutes, (C,D) Reflexive grip strength, (E,F) mechanical and (G,H) cold
sensitivity in 3- and 12-week task-performing and control groups. n = 5 3-week and 5 12-week task performing rats compared to 10
control rats. Individual values are shown (from both limbs in C-F). In A to D, mean§ SEM (A and B) and median§ interquartile range
(C and D) are also given. In A and B, *P <.05, **P <.01 (paired t-tests). In D, ****P < .0001 (Mann-Whitney test). In E-H, P < .0001 (E
and F), P <.5 (G), P <.01 (H); main effect for group; two-way ANOVA).
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significantly higher in recordings from the 12-week
group (median 21.8 Hz [IQR 39.8]) than from the 3-week
task-performing group (1.3 Hz [IQR 3.8]; P < .0001; Krus-
kal-Wallis test; Fig 2D). Sample recordings of ongoing
activity from control, 3-week and 12-week groups are
provided in Fig. 2E and I. The pattern of firing was irreg-
ular for most neurons, although three of the neurons
(8.3%) from the 12-week group exhibited bursting dis-
charge (Fig. 2I and J), not observed in neurons from 3-
week or control rats that exhibited ongoing activity.
The conduction velocities of the three neurons with a
bursting discharge were 2.12, 2.50, and 3.24 m/s. The
rate of ongoing activity was significantly higher in A-
fiber neurons (n = 36; median 21.75 Hz [IQR 40.79]) com-
pared to C-fiber neurons (ie, neurons with conduction
velocities ≤ 1.3m/s; n = 14; median 0.94 [IQR 7.6]) in the
3- and 12-week task rats (P < .001, Mann-Whitney test);
segregation based on previously reported classifica-
tion58).
The proportion of slowly conducting neurons with

receptive fields that responded to innocuous mechani-
cal stimuli were comparable between control (16.8%
[16/95]), 3-week (19.0% [15/79]) and 12-week (15% [6/
40]) task-performing rats (P = .85, Chi Square Test;
Fig 2K). Two additional slowly conducting neurons in
the control group were identified with deep receptive
fields that responded to joint movement. The propor-
tion of neurons with characterized receptive fields that
had ongoing activity was 6.3% (1/16), 20% (3/15) and
83.3% (5/6) in control, 3-week and 12-week groups
respectively. None of the neurons that exhibited a burst-
ing discharge had receptive fields that responded to
innocuous mechanical stimuli.
Fast Conducting Neurons

Single fiber recordings were obtained from 72 neu-
rons in control rats and 32 and 112 neurons from rats
that had performed the repetitive task for 3 and 12
weeks respectively (data were collected during the same
experiments as the slow fiber recordings).
Ongoing activity was more prevalent in the record-

ings from the 12-week group (88.4%; 99/112) than from
the 3-week group (0%; [0/32]) and control rats (15.3%;
11/72; P <.0001, Chi Square Test Fig 3A). The ongoing
activity rates were higher in the task-performing rats
(median 26.8 Hz [IQR 38.1]) than in the control rats
(median 11.3 Hz [IQR 32.8], P <.05, Mann Whitney Test;
Fig 3B). Fig 3C is a representative recording from a con-
trol neuron, and Fig. 3D and G are representative
recordings from three neurons from the 12-week group.



Figure 2. Electrophysiology of slowly conducting axons passing within the median nerve. (A) Diagram of methods used. In anes-
thetized rats, the median nerve was exposed from the cubital fossa to the axilla, where it was disconnected and placed upon a small
platform for recording. (B) Conduction velocities of neurons in the control group and after the 3- and 12-week repetitive task (**P <
.01, ***P = .001; Kruskal-Wallis with Dunn's tests). One data point was outside of the x-axis and its value noted. Blue symbols indi-
cate those neurons with ongoing activity. (C) Numbers of neurons with ongoing activity in each group (p <.0001, Chi Square Test).
(D) Ongoing activity rates in each group (*P < .05, ***P < .001; Kruskal-Wallis with Dunn's tests). One data point was outside of the
range of the x-axis and its value noted. E. Representative recording from a control neuron with ongoing activity (0.3 Hz). (F) Repre-
sentative recording from a neuron after 3 weeks of the repetitive task (4 Hz). (G-I). Representative recordings from three neurons
after 12 weeks of the repetitive task (3 Hz, 26 Hz and 58 Hz, respectively). (J) Detail of the neuron in I, showing firing in triplets. (K).
Numbers of neurons with and without receptive fields (RF) that responded to innocuous mechanical stimuli in control, 3-week and
12-week animals (P = .85; Chi Square Test). n = 5 3-week and 5 12-week task performing animals; n = 9 control animals.
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The pattern of firing was irregular for most neurons. In
addition, twenty-one neurons (21.2%) from the 12-
week group exhibited bursting discharge, not observed
in neurons from control rats that exhibited ongoing
activity (Fig. 3F and G).
The number of fast conducting neurons recorded with

receptive fields was significantly higher in control rats
(87.5% [63/72]) and 3-week rats (100%; [32/32]) com-
pared to that rats that performed the repetitive task for
12 weeks (38.4% [43/112], P < .0001, Chi Square Test;
Fig 3H). The proportion of neurons with receptive fields
that had ongoing activity was 9.5% (6/63), in control
and 74.4% (32/43) in the 12-week group (P < .0001, Fish-
er’s Exact Test). Only one of the neurons that exhibited



Figure 3. Electrophysiology of fast-conducting axons passing within the median nerve in control and working rats. (A) Numbers of
neurons with ongoing activity in each group. (B) Ongoing activity rates in each group (*P < .05; Mann-Whitney test). (C) Representa-
tive recording from a control neuron (14 Hz). D-G. Representative recordings from four neurons after 12 weeks of the repetitive task
with increasing rates of ongoing activity (15 Hz, 49 Hz, 72 Hz, and 90 Hz, respectively). Neurons in F and G had a bursting pattern of
firing. H. Number of neurons with and without receptive fields (RF) in control, 3-week and 12-week animals. n = 5 3-week and 5 12-
week task performing animals; n = 9 control animals (same animals as Fig 2).
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a bursting discharge had a receptive field that could be
detected.
Secondary Analysis of High-Rate Erratic
and Bursting Discharge

We performed a secondary analysis of those neu-
rons with a bursting pattern of ongoing activity.
Example traces of bursting activity and normalized
histograms of the instantaneous frequency (IF) are
shown in Fig. 4A and C. Discharge characteristics
were determined from histogram profiles of the
instantaneous frequencies (refer to Fig 4). For most
units, the duration of each burst was short
(median = 13.6 ms (11.3 IQR); Fig 4D), although a
small number of fast conducting units had a pro-
longed activity period (eg, Fig 4B). A significant fea-
ture was the high rate of activity during the
bursting discharge for all units (mean = 290 Hz; 83.6
SD; Fig 4E). The median number of action potentials
within each burst was 3.24 (2.27 IQR; Fig 4F), and
the median interval between bursts was 28.7 ms
(34.2 IQR; Fig 4G). As the data show, discharge pat-
terns are comparable between fast and slow con-
ducting neurons. A regression analysis of the
combined data for fast and slow conducting neurons
is summarized in (Table 1). There were significant
positive correlations between the duration of the
burst, number of action potentials in the burst, and
the interval between bursts.
Discussion
In this study, rats that performed an operant repeti-

tive task that emulates work performed by humans
developed marked pathological afferent discharge
from neurons of the median nerve, which significantly
progressed from 3- to 12-weeks. Such pathological



Figure 4. Analysis of the bursting discharge. (A-C). Examples traces of bursting activity from fast (A − B) and slow (C) conducting
neurons. In both A and C, a second neuron is present that does not display a similar erratic discharge pattern (taller unit in A and
shorter unit in C). Normalized histograms of the instantaneous frequency (IF) for each of these neurons are shown. A1, B1 and C1
correspond to those neurons with a bursting discharge pattern, whereas A2 and C2 correspond to the neurons with a more regular
firing pattern. Note the different IF histogram profiles. Histograms of neurons with bursting activity have a bimodal or polymodal
distribution. The reciprocal of the slower IF peak value (*) corresponds to the interval between each burst, whereas the reciprocal
of the faster IF peak value (y) corresponds to the interspike interval during the burst. Histograms of neurons without this bursting
pattern of activity typically have a unimodal distribution. The reciprocal of the peak value (yy) for these neurons corresponds to the
interspike interval. (D-G). Discharge characteristics for each neuron with bursting discharge, calculated from the histogram profiles
(see methods). Vertical lines correspond to the median duration of burst, number of spikes within the burst and interval between
bursts, and the mean frequency during the burst. Data for both fast and slow conducting neurons were combined. Empty
circles = fast conducting neurons (n = 22); filled circles = slow conducting neurons (n = 3). There is no clear difference in bursting
characteristics between fast or slow conducting neurons. Bin size = 5 ms. Line on histograms = moving average (over 15 Hz).
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discharge, together with widespread neuroinflamma-
tory changes reported in this model,22,30 is consistent
with a progressive, degenerative neuropathy. The pain
behaviors observed in these animals have been
Table 1. Summary of a Regression Analysis Between

BURST DURATION

Burst frequency 0.07 ns

Number of action potentials in burst 0.92****

Interval between bursts 0.85****

ns = not significant. Fast and slow conducting neurons were combined for the analys
****P <.0001.
previously reported,10,16 and are consistent with the
mechanical and cold allodynia often described by
humans with peripheral neuropathies and
WRMDs.26,27,60
Discharge Characteristics

BURST FREQUENCY NUMBER OF ACTION POTENTIALS IN BURST

0.12 ns

0.13 ns 0.97****

is. Correlation coefficients, r, are shown.
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Slow Fibers
Although only neurons that responded to innocuous

mechanical stimulation were characterized, it is likely
that many of the slow conducting neurons were noci-
ceptors. In response to inflammation, the normally quiet
nociceptors present erratic discharge to the CNS, similar
to the pattern of activity reported here. In the current
results, the discharge patterns of the slowly conducting
neurons at 3 weeks are consistent with an active neuritis
causing ectopic ongoing activity in intact nociceptor
axons (this phenomenon occurs in the absence of axonal
injury / axonotmesis17,19,55). However, at 12 weeks, the
increased rate of ongoing activity, and bursting dis-
charge in a small proportion, are more consistent with
demyelination or degeneration (see below). Based on
the neuritis model, and evidence of neuroinflammation
within the median nerve in this model,22,30 axons could
generate ectopic activity in response to the repetitive
task along much of their length. This is also supported
by previous studies where a proximal nerve injury,
which induces Wallerian degeneration, leads to ongo-
ing activity and mechanical sensitivity in intact
nociceptors.28,59

The increased and erratic discharge recorded from the
slowly conducting neurons (ie, neurons with C- and Ad-
fiber velocities), represents a substantial increase in
nociceptive input into the spinal cord. Such activity, if
present in humans with work-related musculoskeletal
disorders, may underlie spontaneous pain or drive spinal
mechanisms that lead to central sensitization.43 Evi-
dence of central sensitization was reported following
localized neuritis,54 and is consistent with the develop-
ment of mechanical and cold cutaneous hypersensitiv-
ities in our animals.
Fast Fibers
We have previously shown that neuritis without axo-

nal damage does not evoke ongoing activity in faster
fibers, nor does it cause bursting discharge.19,28,55 As
such, the large number of fast conducting neurons with
high frequency bursting discharge following 12-weeks
of the repetitive task indicates a more marked neuropa-
thology. Since the faster conducting neurons repre-
sented many sensory modalities and probably included
motor neurons, the possible effect of their ectopic dis-
charge is complicated to predict. The erratic discharge
of neurons with mechanically responsive receptive fields
seems consistent with the sensation of "pins and nee-
dles" so often reported by patients with work-related
disorders. It is likely that our sampling included axons
that transmit information about position. High fre-
quency and erratic ectopic discharge in position-encod-
ing neurons would be expected to give rise to poor
judgements of arm position and reduced coordination.
This would be consistent with the alteration of the fine
motor skills that are required for obtaining the food
rewards that are reported in this model, which changes
to include less efficient strategies.24
Demyelination and Degeneration
A similar pattern of high frequency bursting discharge

was reported in a model of chemically-induced demye-
lination.20 Since myelin disruption is a feature of our
model,10,16 the fast conducting neurons with such activ-
ity may be myelinated axons that are undergoing demy-
elination. Furthermore, the increase in the mean
conduction velocity of the slowly conducting axons at 3-
and 12-weeks could also reflect demyelination.
Although this seems incongruous, the increase in con-
duction velocity is likely to reflect the presence of
demyelinated nerve fibers with conduction velocities
that are slowed to enough to be included in our record-
ing window. Furthermore, we encountered two neu-
rons with slow conduction velocities that responded like
muscle spindles, and were likely demyelinated.
A similar pattern of bursting discharge was reported

in models of acute neuromata.37,56 In such models, the
number of neurons displaying high frequency bursting
discharge decreases sharply after 2 weeks.37 This sug-
gests that if axons are damaged due to the repetitive
task, they are being damaged as an ongoing process. In
our data, the reduction in the proportion of fast con-
ducting neurons with identifiable receptive fields at 12-
weeks, and an absence of identifiable receptive fields in
neurons with bursting discharge, is consistent with axo-
nal damage. Further evidence for axonal damage is the
report of axonal swelling, which is considered to pre-
cede axonal degeneration,44 in axons within the median
nerve following 12-weeks of the repetitive task.31

Taken together, our findings suggest that 12-weeks of
repetitive task performance leads to a neuropathy that
is associated with significant damage to fast conducting
axons, whereas the slow conducting axons are relatively
spared, despite abnormal firing patterns. We have pre-
viously reported an increase in the expression of activat-
ing transcription factor-3, a marker of neuronal stress
and injury, in neuronal nuclei within the cervical ventral
horn but not the cervical dorsal root ganglia,10 suggest-
ing that fast-conducting motor neurons may be differ-
entially targeted. The observed reduction in grip
strength is consistent with a partial loss of motor axons.
The relative sparing of slowly conducting axons is also
emulated by the similarities in the proportion of sensory
neurons that responded to innocuous mechanical stimu-
lation in each group, ie, this population was intact after
12-weeks.
Discharge Characteristics
In this study we used histogram profiles of the instan-

taneous frequencies to identify and quantify the dis-
charge characteristics of the bursting activity. Whereas
non-bursting irregular firing neurons had a unimodal
distribution, neurons with a bursting pattern of activity
had a bimodal or polymodal distribution. A notable
finding from this analysis was the high rate of activity
during the burst. Similar rates were not observed from
those neurons that had a continuous irregular pattern
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of firing. This high rate of activity is reported to be trig-
gered by enhanced sinusoidal oscillations in the mem-
brane potential of axotomized neurons, sufficient to
cause depolarization,3 and maintained by depolarizing
afterpotentials.4 Termination of each burst may be the
result of a reduction in amplitude of these afterpoten-
tials. Based on this mechanism, the positive correlation
between the duration of the burst (as well as number of
action potentials during the burst) and length of the
interval between bursts is probably the result of a lon-
ger recovery of the membrane potential following pro-
longed high frequency activity, and subsequent delayed
development of the sinusoidal oscillations.
Histogram profiles of the instantaneous frequencies

may be a useful tool for characterizing ongoing activity
in other models. The presence of a bimodal or polymo-
dal distribution could provide a ‘fingerprint’ for identi-
fying a more progressive painful neuropathy. Since
microneurography can be used to record ongoing activ-
ity from peripheral nerves in humans,42 such profiling
could potentially be used to stratify patients with pain-
ful WRMDs.
Limitations
The electrophysiology method we used allows char-

acterization of individual neurons but comes with
limitations that must be considered for proper inter-
pretation of the results. Our primary goal was to
look at the neural response to nerve inflammation
and degeneration, and thus we focused on recording
ongoing activity. As we have previously described,
nociceptors respond to noxious stimulation by devel-
oping increasing ongoing activity that correlates to
both the development of inflammation and the time
frame of these experiments.17,53 Therefore, while the
methods can allow more comprehensive characteriza-
tion of the neurons in terms of receptive fields,
doing so would have inflamed the preparation and
sensitized other nociceptors, thus confounding the
results. Alternately, we could have recorded from
one nociceptor per experiment, which would have
reduced the yield dramatically. While this is possible,
we must consider that each rat who completed 12
weeks of task performance was a product of 200 −
250 person-hours of effort, and as such were valu-
able. Further, we were not able to determine
whether faster conducting neurons without receptive
fields were sensory or motor neurons. To address this
possibility, we attempted to record from the cervical
dorsal and ventral roots, but the methods proved
unfeasible.
Only female rats were included in this study, which is
in part because there is a higher incidence of work-
related musculoskeletal disorders in females compared
to males,25,34 but also because the force transducer sen-
sitivity of the model is tailored to a pulling strength of
female rats. The inclusion of male rats would have made
the interpretation of findings substantially more diffi-
cult.
Summary
We have shown that an operant repetitive task per-

formed by rats can have profound effects on neurons
within the median nerve. Our observations of erratic
discharge in neurons after only 3-weeks of a repetitive
task, with more intense high frequency bursting activity
following 12-weeks, is consistent with an active and pro-
gressive neuropathy. As the neuritis develops, and fibro-
sis progresses, nerve fibers undergo demyelination and
degeneration, which most likely results in the develop-
ment of a neuroma in continuity by 12-weeks. Further-
more, the present data indicates a neuropathy that is
associated with marked neuropathology affecting fast
conducting neurons. The increase in erratic discharge
from sensory neurons will undoubtedly contribute to
the development of more severe painful symptoms.
Since the behaviors parallel those observed in humans,47

these results give substantial insight into the pathophys-
iology of humans suffering similar conditions. Impor-
tantly, this study has highlighted the importance of
ongoing activity in the pathophysiology of repetitive
motion disorders. Treatments that diminish10 or pre-
vent16 the neuropathy in this rat model may provide
effective therapies in patients with repetitive motion
disorders.
Author’s Contributions
G.M. Bove and M.F. Barbe designed the research, per-

formed experiments, analyzed data, and wrote the
paper. A. Dilley designed and contributed analytical
tools, analyzed data, and wrote the paper. M. Harris
contributed to the development of the model, as well as
analysis of the work task behavioral data.
Data and Materials Availability
Detailed methods, protocols, and raw data are avail-

able without restriction through direct contact of G.M.
Bove or M.F. Barbe.
References

1. Abdelmagid SM, Barr AE, Rico M, Amin M, Litvin J, Pop-
off SN, Safadi FF, Barbe MF: Performance of repetitive tasks
induces decreased grip strength and increased fibrogenic
proteins in skeletal muscle: role of force and inflammation.
PLoS One 7:e38359, 2012
2. Al-Shatti T, Barr AE, Safadi FF, Amin M, Barbe MF:
Increase in inflammatory cytokines in median nerves in a
rat model of repetitive motion injury. J Neuroimmunol
167:13-22, 2005

3. Amir R, Michaelis M, Devor M: Membrane potential oscilla-
tions in dorsal root ganglion neurons: Role in normal electro-
genesis and neuropathic pain. J Neurosci 19:8589-8596, 1999

http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0001
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0001
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0001
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0001
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0001
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0002
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0002
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0002
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0002
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0003
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0003
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0003


ARTICLE IN PRESS

Dilley et al The Journal of Pain 11
4. Amir R, Michaelis M, Devor M: Burst discharge in primary
sensory neurons: Triggered by subthreshold oscillations,
maintained by depolarizing afterpotentials. J Neurosci
22:1187-1198, 2002

5. Aptel M, Aublet-Cuvelier A, Cnockaert JC: Work-related
musculoskeletal disorders of the upper limb. Joint Bone
Spine 69:546-555, 2002

6. Barbe MF, Barr AE, Gorzelany I, Amin M, Gaughan JP,
Safadi FF: Chronic repetitive reaching and grasping results
in decreased motor performance and widespread tissue
responses in a rat model of MSD. J Orthop Res 21:167-176,
2003

7. Barbe MF, Elliott MB, Abdelmagid SM, Amin M, Popoff
SN, Safadi FF, Barr AE: Serum and tissue cytokines and che-
mokines increase with repetitive upper extremity tasks. J
Orthop Res 26:1320-1326, 2008

8. Barbe MF, Gallagher S, Massicotte VS, Tytell M, Popoff SN,
Barr-Gillespie AE: The interaction of force and repetition on
musculoskeletal and neural tissue responses and sensorimo-
tor behavior in a rat model of work-related musculoskeletal
disorders. BMCMusculoskelet Disord 14:303, 2013

9. Barbe MF, Harris MY, Cruz GE, Amin M, Billett NM, Doro-
tan JT, Day EP, Kim SY, Bove GM: Key indicators of repeti-
tive overuse-induced neuromuscular inflammation and
fibrosis are prevented by manual therapy in a rat model.
BMCMusculoskelet Disord 22:417, 2021

10. Barbe MF, Hilliard BA, Amin M, Harris MY, Hobson LJ,
Cruz GE, Dorotan JT, Paul RW, Klyne DM, Popoff SN: Block-
ing CTGF/CCN2 reverses neural fibrosis and sensorimotor
declines in a rat model of overuse-induced median mono-
neuropathy. J Orthop Res 38:2396-2408, 2020

11. Barbe MF, Hilliard BA, Amin M, Harris MY, Hobson LJ,
Cruz GE, Popoff SN: Blocking CTGF/CCN2 reduces estab-
lished skeletal muscle fibrosis in a rat model of overuse
injury. Faseb J 34:6554-6569, 2020

12. Barbe MF, Hilliard BA, Delany SP, Iannarone VJ, Harris
MY, Amin M, Cruz GE, Barreto-Cruz Y, Tran N, Day EP, Hob-
son LJ, Assari S, Popoff SN: Blocking CCN2 reduces progres-
sion of sensorimotor declines and fibrosis in a rat model of
chronic repetitive overuse. J Orthop Res 37:2004-2018, 2019

13. Barbe MF, White AR, Hilliard BA, Salvadeo DM, Amin M,
Harris MY, Cruz GE, Hobson L, Popoff SN: Comparing effects
of rest with or without a NK1RA on fibrosis and sensorimotor
declines induced by a voluntary moderate demand task. J
Musculoskelet Neuronal Interact 19:396-411, 2019

14. Barr AE, Barbe MF, Clark BD: Work-related musculo-
skeletal disorders of the hand and wrist: Epidemiology,
pathophysiology, and sensorimotor changes. J Orthop
Sports Phys Ther 34:610-627, 2004

15. Bepko J, Mansalis K: Common occupational disorders:
Asthma, COPD, dermatitis, and musculoskeletal disorders.
Am Fam Physician 93:1000-1006, 2016

16. Bove GM, Delany SP, Hobson L, Cruz GE, Harris MY,
Amin M, Chapelle SL, Barbe MF: Manual therapy prevents
onset of nociceptor activity, sensorimotor dysfunction, and
neural fibrosis induced by a volitional repetitive task. Pain
160:632-644, 2019

17. Bove GM, Dilley A: The conundrum of sensitization
when recording from nociceptors. J Neurosci Methods
188:213-218, 2010
18. Bove GM, Harris MY, Zhao H, Barbe MF: Manual ther-
apy as an effective treatment for fibrosis in a rat model of
upper extremity overuse injury. J Neurol Sci 361:168-180,
2016

19. Bove GM, Ransil BJ, Lin HC, Leem JG: Inflammation
induces ectopic mechanical sensitivity in axons of nocicep-
tors innervating deep tissues. J. Neurophysiol 90:1949-1955,
2003

20. Calvin WH, Devor M, Howe JF: Can neuralgias arise
from minor demyelination? Spontaneous firing, mechano-
sensitivity, and afterdischarge from conducting axons. Exp
Neurol 75:755-763, 1982

21. Carp SJ, Barbe MF, Winter KA, Amin M, Barr AE: Inflam-
matory biomarkers increase with severity of upper-extrem-
ity overuse disorders. Clin Sci (Lond) 112:305-314, 2007

22. Clark BD, Al Shatti TA, Barr AE, Amin M, Barbe MF: Per-
formance of a high-repetition, high-force task induces car-
pal tunnel syndrome in rats. J OrthopSports PhysTher
34:244-253, 2004

23. Clark BD, Barr AE, Safadi FF, Beitman L, Al Shatti T,
Amin M, Gaughan JP, Barbe MF: Median nerve trauma in a
rat model of work-related musculoskeletal disorder. J Neu-
rotrauma 20:681-695, 2003

24. Coq JO, Barr AE, Strata F, Russier M, Kietrys DM, Merze-
nich MM, Byl NN, Barbe MF: Peripheral and central changes
combine to induce motor behavioral deficits in a moderate
repetition task. Exp Neurol 220:234-245, 2009

25. Cote JN: A critical review on physical factors and func-
tional characteristics that may explain a sex/gender differ-
ence in work-related neck/shoulder disorders. Ergonomics
55:173-182, 2012

26. de la Llave-Rinc�on AI, Fern�andez-de-las-Pe~nas C,
Fern�andez-Carnero J, Padua L, Arendt-Nielsen L, Pareja JA:
Bilateral hand/wrist heat and cold hyperalgesia, but not
hypoesthesia, in unilateral carpal tunnel syndrome. Exp
Brain Res 198:455-463, 2009

27. de la Llave-Rinc�on AI, Fern�andez-de-las-Pe~nas C,
Laguarta-Val S, Alonso-Blanco C, Mart�ınez-Perez A, Arendt-
Nielsen L, Pareja JA: Increased pain sensitivity is not associ-
ated with electrodiagnostic findings in women with carpal
tunnel syndrome. Clin J Pain 27:747-754, 2011

28. Dilley A, Bove GM: Resolution of inflammation-induced
axonal mechanical sensitivity and conduction slowing in C-
fiber nociceptors. J Pain 9:185-192, 2008

29. Driban JB, Barr AE, Amin M, Sitler MR, Barbe MF: Joint
inflammation and early degeneration induced by high-
force reaching are attenuated by ibuprofen in an animal
model of work-related musculoskeletal disorder. J Biomed
Biotechnol 2011:691412, 2011

30. Elliott MB, Barr AE, Clark BD, Amin M, Amin S, Barbe
MF: High force reaching task induces widespread inflamma-
tion, increased spinal cord neurochemicals and neuropathic
pain. Neuroscience 158:922-931, 2009

31. Elliott MB, Barr AE, BD Clark, Wade CK, Barbe MF: Per-
formance of a repetitive task by aged rats leads to median
neuropathy and spinal cord inflammation with associated
sensorimotor declines. Neuroscience 170:929-941, 2010

32. Fisher PW, Zhao Y, Rico MC, Massicotte VS, Wade CK,
Litvin J, Bove GM, Popoff SN, Barbe MF: Increased CCN2,

http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0004
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0004
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0004
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0004
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0005
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0005
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0005
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0006
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0006
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0006
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0006
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0006
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0007
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0007
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0007
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0007
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0008
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0008
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0008
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0008
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0008
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0009
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0009
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0009
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0009
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0009
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0010
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0010
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0010
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0010
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0010
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0011
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0011
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0011
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0011
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0012
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0012
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0012
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0012
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0012
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0013
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0013
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0013
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0013
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0013
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0014
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0014
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0014
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0014
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0015
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0015
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0015
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0016
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0016
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0016
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0016
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0016
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0017
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0017
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0017
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0018
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0018
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0018
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0018
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0019
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0019
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0019
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0019
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0020
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0020
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0020
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0020
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0021
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0021
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0021
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0022
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0022
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0022
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0022
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0023
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0023
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0023
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0023
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0024
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0024
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0024
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0024
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0025
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0025
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0025
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0025
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0026
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0026
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0026
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0026
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0026
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0026
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0026
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0026
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0026
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0027
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0027
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0027
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0027
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0027
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0027
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0027
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0027
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0027
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0028
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0028
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0028
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0029
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0029
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0029
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0029
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0029
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0030
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0030
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0030
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0030
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0031
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0031
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0031
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0031
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0032
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0032


ARTICLE IN PRESS

12 The Journal of Pain Neuropathy in Rat Work-Related Overuse Syndrome
substance P and tissue fibrosis are associated with sensori-
motor declines in a rat model of repetitive overuse injury. J
Cell Commun Signal 9:37-54, 2015

33. Gao HG, Fisher PW, Lambi AG, Wade CK, Barr-Gillespie
AE, Popoff SN, Barbe MF: Increased serum and musculoten-
dinous fibrogenic proteins following persistent low-grade
inflammation in a rat model of long-term upper extremity
overuse. PLoS One 8:e71875, 2013

34. Gerr F, Marcus M, Ensor C, Kleinbaum D, Cohen S,
Edwards A, Gentry E, Ortiz DJ, Monteilh C: A prospective
study of computer users: I. Study design and incidence of
musculoskeletal symptoms and disorders. Am J Ind Med
41:221-235, 2002

35. Goodwin G, Bove GM, Dayment B, Dilley A: Character-
izing the mechanical properties of ectopic axonal receptive
fields in inflamed nerves and following axonal transport
disruption. Neuroscience 429:10-22, 2020

36. Govea RM, Barbe MF, Bove GM: Group IV nociceptors
develop axonal chemical sensitivity during neuritis and fol-
lowing treatment of the sciatic nerve with vinblastine. J
Neurophysiol 118:2103-2109, 2017

37. Govrin-Lippmann R, Devor M: Ongoing activity in sev-
ered nerves: source and variation with time. Brain Res
159:406-410, 1978

38. Greening J, Anantharaman K, Young R, Dilley A:
Evidence for increased MRI signal intensity and morpho-
logical changes in the brachial plexus and median
nerves of patients with chronic arm and neck pain fol-
lowing whiplash injury. J Orthop Sports Phys Ther 1-35,
2018

39. Greening J, Lynn B: Vibration sense in the upper limb in
patients with repetitive strain injury and a group of at-risk
office workers. Int Arch Occup Environ Health 71:29-34,
1998

40. Jain NX, Barr-Gillespie AE, Clark BD, Kietrys DM, Wade
CK, Litvin J, Popoff SN, Barbe MF: Bone loss from high repeti-
tive high force loading is prevented by ibuprofen treatment.
J Musculoskelet Neuronal Interact 14:78-94, 2014

41. Kietrys DM, Barr AE, Barbe MF: Exposure to repetitive
tasks induces motor changes related to skill acquisition and
inflammation in rats. J Mot Behav 43:465-476, 2011

42. Kleggetveit IP, Namer B, Schmidt R, Helas T, Ruckel M,
Orstavik K, Schmelz M, Jorum E: High spontaneous activity
of C-nociceptors in painful polyneuropathy. Pain 153:2040-
2047, 2012

43. Latremoliere A, Woolf CJ: Central sensitization: A gen-
erator of pain hypersensitivity by central neural plasticity. J
Pain 10:895-926, 2009

44. Lauria G, Morbin M, Lombardi R, Borgna M, Mazzoleni
G, Sghirlanzoni A, Pareyson D: Axonal swellings predict the
degeneration of epidermal nerve fibers in painful neuropa-
thies. Neurology 61:631-636, 2003

45. Lee HS, Park HY, Yoon JO, Kim JS, Chun JM, Aminata
IW, Cho WJ, Jeon IH: Musicians' medicine: musculoskeletal
problems in string players. Clin Orthop Surg 5:155-160, 2013
46. MacIver H, Smyth G, Bird HA: Occupational disorders:
non-specific forearm pain. Best Pract Res Clin Rheumatol
21:349-365, 2007

47. Mackinnon SE, Novak CB: Clinical commentary: patho-
genesis of cumulative trauma disorder. J Hand Surg Am
19:873-883, 1994

48. Massicotte VS, Frara N, Harris MY, Amin M, Wade CK,
Popoff SN, Barbe MF: Prolonged performance of a high
repetition low force task induces bone adaptation in young
adult rats, but loss in mature rats. Exp Gerontol 72:204-217,
2015

49. Miller TT, Reinus WR: Nerve entrapment syndromes of
the elbow, forearm, and wrist. AJR Am J Roentgenol
195:585-594, 2010

50. Muggleton JM, Allen R, Chappell PH: Hand and arm
injuries associated with repetitive manual work in industry:
A review of disorders, risk factors and preventive measures.
Ergonomics 42:714-739, 1999

51. Novak CB, Mackinnon SE: Nerve injury in repetitive
motion disorders. ClinOrthop 10-20, 1998

52. Occhionero V, Korpinen L, Gobba F: Upper limb muscu-
loskeletal disorders in healthcare personnel. Ergonomics
57:1166-1191, 2014

53. Richards N, Batty T, Dilley A: CCL2 has similar excitatory
effects to TNF-alpha in a subgroup of inflamed C-fiber
axons. J Neurophysiol 106:2838-2848, 2011

54. Satkeviciute I, Dilley A: Neuritis and vinblastine-
induced axonal transport disruption lead to signs of altered
dorsal horn excitability. Mol Pain 14:1744806918799581,
2018

55. Satkeviciute I, Goodwin G, Bove GM, Dilley A: The time
course of ongoing activity during neuritis and following
axonal transport disruption. J Neurophysiol 119:1993-2000,
2018

56. Scadding JW: Development of ongoing activity, mecha-
nosensitivity, and adrenaline sensitivity in severed periph-
eral nerve axons. Exp Neurol 73:345-364, 1981

57. Smith TTG, Barr-Gillespie AE, Klyne DM, Harris MY,
Amin M, Paul RW, Cruz GE, Zhao H, Gallagher S, Barbe MF:
Forced treadmill running reduces systemic inflammation
yet worsens upper limb discomfort in a rat model of work-
related musculoskeletal disorders. BMC Musculoskelet Dis-
ord 21:57, 2020

58. Waddell PJ, Lawson SN, McCarthy PW: Conduction
velocity changes along the processes of rat primary sensory
neurons. Neuroscience 30:577-584, 1989

59. Wu G, Ringkamp M, Murinson BB, Pogatzki EM, Hartke
TV, Weerahandi HM, Campbell JN, Griffin JW, Meyer RA:
Degeneration of myelinated efferent fibers induces sponta-
neous activity in uninjured C-fiber afferents. J Neurosci
22:7746-7753, 2002

60. Zanette G, Cacciatori C, Tamburin S: Central sensitiza-
tion in carpal tunnel syndrome with extraterritorial spread
of sensory symptoms. Pain 148:227-236, 2010

http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0032
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0032
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0032
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0033
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0033
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0033
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0033
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0033
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0034
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0034
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0034
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0034
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0034
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0035
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0035
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0035
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0035
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0036
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0036
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0036
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0036
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0037
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0037
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0037
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0038
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0038
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0038
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0038
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0038
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0038
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0039
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0039
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0039
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0039
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0040
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0040
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0040
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0040
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0041
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0041
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0041
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0042
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0042
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0042
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0042
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0043
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0043
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0043
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0044
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0044
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0044
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0044
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0045
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0045
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0045
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0046
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0046
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0046
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0047
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0047
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0047
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0048
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0048
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0048
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0048
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0048
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0049
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0049
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0049
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0050
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0050
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0050
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0050
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0051
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0051
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0052
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0052
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0052
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0053
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0053
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0053
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0054
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0054
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0054
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0054
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0055
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0055
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0055
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0055
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0056
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0056
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0056
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0057
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0057
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0057
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0057
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0057
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0057
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0058
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0058
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0058
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0059
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0059
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0059
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0059
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0059
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0060
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0060
http://refhub.elsevier.com/S1526-5900(21)00386-2/sbref0060

	Aberrant Neuronal Activity in a Model of Work-Related Upper Limb Pain and Dysfunction
	Methods
	Animals
	Behavioral Task
	Sensorimotor Behavioral Testing
	Electrophysiology
	Secondary Analysis of High-Rate Erratic and Bursting Discharge
	Statistical Analyses

	Results
	Behavioral Signs of Neuropathy
	Median Nerve Electrophysiology
	Slow Conducting Neurons
	Fast Conducting Neurons

	Secondary Analysis of High-Rate Erratic and Bursting Discharge

	Discussion
	Slow Fibers
	Fast Fibers
	Demyelination and Degeneration
	Discharge Characteristics
	Limitations
	Summary

	Author's Contributions
	Data and Materials Availability
	References


