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"To kill an error is as good a service as, and sometimes even better than, the 
establishing of{!, new truth or fact." 

-CHARLES DARWIN (1809-1882) 

Obiectives 
On completion of this chapter, the student/practitioner will be able to: 
• Relate the structural anatomy of the peripheral nerve to the etiologies of injury. 
• Outline the role of cytokines in the inflammatory cascade of peripheral nerve injury. 
• Define spinal cord sensitization as it relates to peripheral nerve injury. 
• Define the local and systemic impact of peripheral nerve inflammation. 
• Define "fibrosis" as it relates to peripheral nerve injury. 
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Introduction 
Neuropathies can result from mechanical trauma, such 
as shear or compressive forces on the nerve, particularly 
if repeated, and have been linked to the following risk 
factors: jender (female), advanced age, and reduced 
fitness. 1 Patients with median nerve neuropathy 
report symptoms such as pain in the hands and wrists 
or fingers that may travel into the forearm, elbow, and 
shoulder; paresthesias; numbness; and weakness. 5 An 
objective diagnosis of median nerve dysfunction is 
typically based on electrophysiological evidence of 
slowed median nerve conduction localized to the 
wrist, although the combination of electrodiagnostic 
findings and symptom characteristics is reported to 
provide the most accurate diagnosis of carpal tunnel 
syndrome (CTS).2 

Peripheral Nerve Damage and 
Inflammation With Overuse 
Risk factors for the development of neuropathies 
include the performance of jobs characterized bl repet­
itiveness, forcefulness, or awkward postures. 1

•
3

•
6

• A rela­
tionship between advancing age and susceptibility to 
other risk factors for neuropathies has also been 
reported,3

•
5

•
6

·
8 albeit one longitudinal study suggested 

that slowing of conduction in the median nerve occurs 
naturally with increasing age.4 CTS has the highest 
incidence rate of all occupation-related peripheral neu­
ropathies, with 10,780 combined cases reported to the 
U.S. Occupational Safety and Health Administration 
in 2009 by private industry and state and local govern­
ment, resulting in a median of 21 lost workdays per case. 
The overall CTS incidence rate affects 1 in 10,000 
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workers. Among female workers, CTS affects 1.5 in li!iii Re~elilive Task Group Poromeler1 of the Barbe 
J0,000 workers, whereas ~m?ng men, CTS affects 0.7 and Borr Roi Model of Overuse 
111 10,000 workers. The ,nc,dence r,ue for CTS was 
highest among workers 45 to 64 years old (1.5 in 
10,000) compared with rares of 0.3 in 10,000 for 
workers 20 to 24 years old and 0.7 in 10,000 for workers 
25 co 34 years old.6 I n a 3-year prospective study of 
incidence i11 newly hired workers in computer-intensive 
jobs, computer operarors older than age 30 showed an 
increased risk of developing neck, shoulder, arm, and 
hand symptoms, such as pain, aching, b\lrning, numb­
ness,or tingling.8The mosr common disorder identified 
by rhe study relative to this popl11arion was somatic pain 
syndrome. Our laboratory has reported that patients 
with upper extremity overuse injuries have increased 
frequency oflocal signs of pain and tenderness, peri ph­
eral nerve irritation and weakness, and increased fre­
quency of these symptoms at multiple anatomical sites 
(mean age~ 45 years; age range, 19 to 74 years; 23 of 
31 subjects older than 30). 1hese findings correlated 
with increased scrum inflammatory cytokines.9•

10 

Effects of Overuse on Nerves 
in Human Subjects 
Human srudies examining tissue biopsy specimens in 
patients with long-term chronic overuse syndromes 
found evidence of nerve compression and injury, 
inflammation , fibrosis, and degeneration. Freeland ct 
al. 11 detected increased tenosynovium interleukin 
(IL)-6, an inflammatory cytokine, and increased serum 
malondialdehyde, a cell injury biomarker and a reactive 
oxygen species that initiates arachidonic acid metabo­
lism into products (e.g., prostaglandi,1 E,), in patients 
with CTS. As mentioned earlier, increased inflamma­
tory cytokines have also been detected in serum of 
patients with early onset of moderate to severe symp­
toms of upper limb overuse injury; presumably as a 
result of increased cytokincs in injured or inflamed 
tissues. However, despite numerous epidemiological 
sn,dies demonstrating a positive relationship between 
exposure to repetitive or forceful motion and the preva· 
lence of overuse injuries, 1 the mechanisms of patho­
physiology are incompletely understood. Animal 
models provide an oppornmity to examine such tissue 
effects at a much earlier time point and under experi­
mental conditions in which exposure can be controlled. 
In an effort to understand the underlying mechanisms 
of these disorders, we and numerous other authors have 
developed animal models of overuse injuries.i.,2-1, 

Rat Model of Overuse Injury 
Whishaw18

•
19 quantified the similarities between rars 

and humans in targeted reach submovements of the 
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upper extremity. Also, Viikari-Junmra20·11 stated that 
laboratory srudies of animals examining the effects of 
repetitive loading on tiss\le foncrion may be extrapo­
lated to human exposures and responses. V./e developed 
a unique rat model of voluntary repetitive reaching in 
which rats can be rrained to perform an upper limb 
repetitive hand and wrist-intensive task. Reach mce 
and force levels used in our model, which are shown in 
Table 3-1, were derived from investigations of indus· 
trial workers by Silverstein et al.22.l.l They defined risk 
levels for repetitiveness to be high when reaching and 
grasping motions are performed faster than 30 sec/ 
cycle. Force is considered negligible to low if less than 
15% of maximum voluntary contraction (MVC) is 
required and high if ir is greater than 50% of MVC. 
Our rat model of a paced reaching and grasping task 
may be generalized to humans in terms of both behav­
ioral and cissue responses for some types of physically 
constrained and paced occupational casks, as explained 
nirthcr clsewhcrc.2'·25 An example of such a paced task 
would be packing, in which a worker repeatedly places 
small objects presented on a conveyor belt into a 
package crate. 

In our model, rats are placed into operant test ch.im· 
bers for rodents with a portal located in one wall, as 
described previously.2""l'1Tuey are trained to perform a 
repetitive reaching task in which they reach through 
the portal to grasp and retrieve a food pellet or to grasp 
and isometrically pull a force handle that is :mached 
to a force transducer, until a predetermined force 
threshold is reached and held for at least 50 msec. On 
successfu l achievement of reach force and ti.me criteria, 
the rat releases the handle and retrieves a food pellet 
reward by mouth from a food trough. Using this appa· 
ran,s, the short-term effocts (3 to 12 weeks) of a vol­
untary low force task performed at low, moderate, or 
high reach rates, with force requirements oflow or high 

(see details in T.ible 3- 1), on sensorimotor behavior, 
forelimb musculoskcletal and nerve tissues, spinal cord, 
and brain have been determined.2

~
1 With regard to 

the peripheral nerve, the short-term effects of repeti­
tive or forceful tasks on nerve pathophysiology have 
been characterized, focusing on injury, inflammation, 
inflammation- induced catabolic changes, and fibrotic 
changes that migh t contribute to peripheral nerve 
injury and degeneration. Inflammation- induced central 
nervous system changes that might contribute to sen­
sorimotor behavior changes, such as the development 
of pain behaviors as a result of spinal cord sensitization 
or the development of reduced fine motor control as a 
result of sensory and motor cortex reorganization, have 
also been investigated in our model. 

Nerve Injwy, Injlammatio11, aucl Fibrosis 
l1i cl11cecl by Overuse 
A peripheral nerve injury mechanism has been identi­
fied in our overuse model. We have observed 
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demyelination and focal axonal swcUing in the median 
nerve at the level of the wrist, suggestive of focal nerve 
injw-y, in combination with increased extraneural con­
nective tissue and fibroblasts, suggestive of nen,e fibro­
sis (Fig. 3-lA-D).27•28•35.36 These tissue changes were 
accompanied by a decrease in nerve conduction veloc­
ity (Fig. 3-lE) as well as changes in forepaw sensation 
and a decrease in grip strength, both signifi~ntly cor­
relating with the declines in nerve conducrion velocity 
(Fig. 3-2). This correlation strongly iJ1dicates that nerve 
compression injury is contributing to these behavioral 
declines. 1he declines in median nerve conduction 
were exposure-dependent with reductions ranging 
from 9% to 23% depe,1ding 011 rhe level of task inten­
sity and the age of the rat, with greater losses with high 
repetition high force tasks and in aged rats. Chronic 
inflammatory responses were also induced by task 
performance, such as persistently increased macro­
phages and proinflammatory cytokines in nerves and 
serum (Fig. 3- 1 F). l6-lS.Jo.3uo.,l ... u Increased fibrotic 

Figure 3· I Development of pathology in median nerve in a mt model of repetitive re•ching and grasping. Rats 
performed a high repetition low force (liRLF) task for 12 weeks. A, Median nerve of a normal control rat. 
B, Median nerve from 12-week HRLF rat showing an increase in connective tissue (CT), indicacive of nerve fibrosis. 
C, Median nerve from 12-week HRLF rat showing increased inAammatory cells (arrows) within the median nerve. 
D, Median nerve from 12-week HRLF rot showing presence of axonal swelling (arrow), indicative of nerve injury. Scale 
bars= 5 µm. E, Bar graph showing decreased nerve conduction velocity (NCV) in median nerve of 12 week HRLF rats 
compared with normal conrrol rars (NC) and rncs that undcnvem the initial training only (TR).' P < 0.05 compared 
with NC., .. P < 0.001 compared with NC. F, Median nerve of 12-week HRLF rac showing presence of rumor necrosis 
factor (TNF)-cx, a key proinAammacory cytokine. {Used hy per111iJ1ion from E//iolf MB, Bttrr AE, Clnrk BD. l#idc CK, 
Barbe i\1/F. Pe,formn11ce of a repetitive task by aged rats /endJ lo median uturopnthy nud spinal tord injlammatifm with 
nssodntcd stnsorimotor dedines. N,urouimu. 2010;170:929-941.) 
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Figure 3·2 Development of grip strength declioes and cumneous hypersensitivity in the reach forelimbs of 
rats performfog a high repetition low force (HRLF) task for 12 weeks. A, Grip scrength declines from naive 
levels with continued rnsk performance. B, Cutaneous hypersensitivity develops, shown as a reduction in 
Von Frey hair size (threshold) needed to induce a forelimb withdrawal response with continued task 
performance. C, Scatterplot showing positive correlation between median nerve conduction velocity (NCV) 
and grip strength by Spearman's r test. D, Scatterplot showing positive correlation between median nerve 
conduction velocity (NCV) and withdrawal threshold by Spearman's r test.• P < 0.05 compared with NC. 
"P < 0.01 compared with NC. (Uud by permission f'om Elliott MB, Barr /IE, Clark BD, /#Ide CK, Barbt 
MF. Pe1formauce of n repetili-ve tasR by aged mis !tads to median neuropnthy mu/ spinal cord i11ftammnlio11 •with 
auod111,d umorimolor tl,din,s. Ne11rouie1ue. 2010;170:929-941.) 

tissue changes were observed in the synovial sheaths of 
adjacent flexor digitorum tendons,3• which likely also 
contributed to compression of the median nerve. 

Spinal Cord Neuroplastic Changes Induced 
by Peripheral Nerve Inflammation 
Several studjes have found phenotypic changes in 
do,:sal root ganglion neurons in which the expression 
of proteins, receptors, neurotransmitters, and neuro­
trophic factors was altered.'5·'6 For example, substance 
P increases in spinal cord dorsal horns following 
chronic co11srriction injury from partial ne,·ve lifltion, 
peripheral nerve injury, or inflammation.'6·' Thfa 
increase may be due to inflammation-induced increases 
in afferent synaptic input to the spinal cord through 
an increased rate of discharge, increased peptide pro­
duction by the dorsal root ganglion, or afferent fiber 

pheno~e alterations that favor subslllnce P expres­
sion.'9· 9 Schaible et al.50 described this type of afferent 
influx of excitatory transmitters into the spinal cord 
dorsal horn after injury as the presynaptic component 
of central sensitizatjon. An increase in neurokinin 1, a 
key receptor for substance P, occurs in the postsynaptjc 
spinal cord neurons and most likely occurs as a response 
to the increased release of substance P from nociceptive 
afferent terminals.'9 

It was not a surprise to see increased substance P 
and neurokinin 1 in dorsal horns in cervical spinal cord 
regions with performance oflow and moderate repeti­
tive tasks with or without high force (Fig. 3-3).3.i-;

7 

Tu;s neurochemical response was a.ssociated temporally 
with a peripheral tissue macrophage or inAammacory 
cytokine response. This association supports the 
hypothesis that task-induced peripheral tissue injury 
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Figure 3-3 Increased substance P, a nociceptor-related neurotransmitter, in the upper laminae of the dorsal 
horn of cervical spinal cord segments in a rat model of repetitive reaching and grasping. Rats performed 
a high repetition low force (HRLF) task for 12 weeks. A, The dorsal horn of the u111rained side (i.e., 
the support limb side), showing only a small amount of substance P immunorcactivity (d:uk staining; 
HRP-DAB reaction product) in the brncketed area. 8, 1l1e dorsal horn of the trained side (i.e., the reach 
limb side), showing an increase of substance P immunoreaccivity in the bracketed area. 

and inflammation drives a spinal cord neurochcmical 
response from nociceptivc afferent term inals. Such 
increases in substance P and ncurokinin 1 are temro· 
rally associated with mechanical hypersensitivity rn 
and behavioral changes (see Fig. 3-2). These studies 
combined provide evidence that spinal cord sensitiza­
tion associated with injury and inAammatory condi­
tions may contribute to chronic pain cond itions in 
patients with ovenise injury. 

Numerous studies show spinal cord inflammatory 
responses after unilateral peripheral nerve injury as 
well. For example, peripheral nerve crush or ligation 
leads to an increase in activated microglia and increased 
production of proinflammatory cytokines in neurons 
and glial cells in spinal cord segments innervating that 
nerve.s,-ss We observed increased interleukin (IL)-1~ 
and tumor necrosis factor (TNF)·O: immu11oexpression 
in neurons within the dorsal horn superficial lamina in 
aged rats that had performed a moderate demand tllsk 
(HRLF) for 12 weeks compared with normal control 
rats (Fig. 3-4A).36 

Co1tical Brain Neuroplastic 
Changes Induced by Repetitive 
Strain Injmy 
The possibUiry that both peripheral inflammatory and 
central cortical neuroplastic change mechanisms coexist 
with altered motor performance has been sn,died only 
more recently.32 We examined primary somatoscnsory 
cortical (Sl) and primary motor cortical (Ml) changes 
in rats performing a reaching and grasping task with 

moderate repetition and negligible force demands for 
2 hours per day, 3 days per week for 8 weeks. We found 
repetitive task-induced degradation of Sl neuronal 
properties, such as increased cortical receptive fields 
that represented several forepaw subdivisions (i.e., 
several digits or palmar pads rather than a single digit 
or pad), increased receptive fields that represented both 
g labrous and hairy surfaces, and increased cortical 
responsiveness to light tactile stimulation. In addition, 
rhe receptive fields located on the glabrous forepaw 
were significantly larger in rats performing repetitive 
tasks than in control rats. Also, the forepaw representa­
tion in the Sl cortical map was patchy and disrupted 
in rats performing repetitive tasks relarive to control 
rats. In rhe aforementioned srudy, the enlargement of 
S1 receptive fields and the emergence oflarge receptive 
fields that encompassed the whole forepaw (digits and 
palmar pads) or dorsal hand and wrist or forearm cor­
related s tatistically with a reduction in successful 
reaches, an increase in the i ncfficient raking food 
retrieval pattern, and an increase in reach time. These 
findings support our hypothesis that ambiguous inter­
pretation of tactile cues results in reduced motor per­
formance, particularly with fine motor skills. These data 
confirm and extend data found in primates in which 
repetitive, rewarded hand grasp led to a dcdifferentia­
tion of the finger maps in the Sl cortex, characterized 
by enlarged, overlapping receptive fields; the emer­
gence of multidigit and hairy-g:labrous receptive fields; 
and abnormal somatosensory maps in the thalamus.56-5

8 

In the motor (Ml) cortex, performance of a moder­
ate repetitive task in our model drastically inc.reased the 
size of the Ml forepaw maps, especially the movemen t 
representation of the digits, digits-arm, and elbow­
wrist specifically involved in the behavioral task.32 The 
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Figure 3·4 lncrtascd proinRammatory cytokines in neurons scattered throughout the cervical spinal cord 
segments in a r,u model of repetitive reaching and grasping. Rats performed a high repetition low force 
(HRLF) task for 12 weeks. A, Low•powcr micrograph showing increased rumor necrosis factor (TNF')·<X 
(white staining), a key proinflammatory cytokine, in neuro11s throughout the spinal cord gray matter. B, 
Scatterplot showing negative correlation between incerleukin (IL)· l~ immunoreactivity in neurons and 
withdrawal threshold by Pearson's r test. C, Scauerplot showing negative correlation between TNF· <X 
immunoreactivity n ncw-ons and withdrawal threshold by Pearson's r rest. (From dntn geutmttdfar Ellioll MB, 
Barr AE, Clnrll BD, Wnt!e CK, Bnr/J, Mr~ P,rfarmn1tu of a rep,titiw lmk by aged rnts fends lo 111,din1t 1teuropntby 
1111d spinal cord i,iflnmmntiou with nssorinted umorimotor derliuts. Nt11roscie11re. 2010,·170:929- 941.) 

movement representation area of the elbow-wrist mul­
tijoint responses tripled, and the arm-digits multijoint 
areal extent was 17 times larger than in untrained rats. 
The cortical increase in the multijoint movement rep­
resentation for elbow-wrist, arm, and arm-digits cor­
related strongly with the increased prevalence of a 
degraded reaching and grasping strategy. Unexpect­
edly, but interesting to consider here as well, task· 
induced peripheral increases in inflammatory cytok.ines 
in muscles and nerves of rats performing repetitive 
tasks had a strong negative correlation with not only 
grip strength but also with the amount of current 
required to evoke movements of the wrist, e.lbow-wrist, 
and arm-digits multijoints in the primary motor cortex. 
The higher the inBammation in flexor muscles and 
nerves specifically involved in the task, the lower the 
threshold required to elicit arm-digits movements, 
which was decreased in trained rats relative to controls. 
This latter finding suggests that the peripheral inBam­
matory responses are altering the cortical maps nega­
tively and altering, in this indirect manner, the ability 
to perform fine motor tasks. 

Links Between Pain Behaviors 
and Pe1ipheral or Central 
Neural Changes 
Peripheral Nerve Se11sitizatio11 
Heightened pain sensitivity is a known consequence of 
increased inflammatory mediators, particularly TNF­
<X. Proinflammatory cytokines activate and sensitize 
peripheral terminals of nociceptors both directly (e.g., 
within the nerve) and indirectly (eJ, in surrounding 
tissues), leading to hypersensitivity.1 ·60 We reported a 
correlation between increased inflammatory cyrokines 
in the median nerve and forepaw mechanical hyper· 
sensitivity.36 Alternatively, a task-induced systemic 
cytokinc response may also be associated with the 
widespread mechanical hypersensitivity fouod in our 
rat model. We previously observed a significant cor­
relation between reduced grip strength and task­
induced increases in serum inRammatory cytokines30·36 

as well as a significant correlation between cutaneous 

hypersensitivity and task-induced increases in spinal 
cord inflammatory cytokincs (Fig. 3· 4B and C).3• 

These findings combined suggest that inflammation· 
driven peripheral sensitization contributes to senso· 
rimotor changes with performance of repetitive rasks. 

Spinal Corel Central Sensitization 
111c phenomenon of centra l sensitization is characrcr­
ized by adaptations in neurons and glial cells, such as 
changes in neuronal stnicn,re, protein production, 
function, and survival within the central nervous 
system, which contribute to abnormal pain behaviors.•1 

For example, it has been proposed that spin:il cyrokines 
released in the dorsal horn nerve terminal region ipsi­
lateral to tlte affected peripheral nerve spread to nearby 
spinal nerve terminrus and affect uninvolved peripheral 
nerves and central sensory pt0cessing.•2 1l1csc changes 
may elicit remote and conrralateral sensitization effects. 
We have observed forepaw hypersensitivity bilaterally 
in our model.i;.J• However, we also showed that the 
nonreach limb is used as a support limb in our model.,, 
111e bilateral hypersensitivity responses in our study are 
not a type of "mirror allodynia" sometimes seen after 
unilateral nerve ligation, in which there is a contralat­
eral sread of symptoms vio spinal cord mecha­
nisms, , ,.,_.3 but rather are due ro bilateral use of the 
forelimbs in performing the task and then bilateral 
changes in the median nerves. 

We have :ilso reported the presence of hind paw 
mechanical hypersensitivity in our modeJ25.J6 in limbs 
not involved with performing an upper extremity 
repetitive task. We observed hind paw mechanical 
hypersensitivity in aged rats performing a HRLF task 
for 12 weeks36 and an early increase in hind paw sensi­
tivity at 3 weeks in young rats performing a high rep· 
etition high force (HR.HF) task (before the development 
ofhyposensation in these latter rats). These findings are 
suggestive of an extraterritorial spread of symptoms via 
central sensitization mechanisms that may contribute 
co pain behaviors with overuse injuries. Sn,dies showing 
mirror allodynia (mechanical hypersensitivity) or extra· 
territorial hyperalgesia in cases of unilateral nerve 
injul'y provide evidence of nerve injul'y- induced mecl1· 
anisms of central sensitization.1,,1 We suggest that the 
hypersensiriviry in the uninvolved hind paws in our 
model may be due to increased proinBammatory cyto­
kines in cervical spinal cord affecting cells or process­
ing in distal spinal cord segments (see Fig. 3-4). 

Does Sensitization Result 
From Both Peiipheral and 
Central Changes? 
Signs of injury and inflammation occurring in the 
median nerve in addition tothespinalcord inflammatory 
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response prevent us from separating peripheral versus 
central mechanisms contributing to observed cutane­
ous sensation changes in forepaws. Proinffammatory 
cytokines have been shown to sensitize peripheral 
terminals of nociceptors both directly and indirectly, 
leading to hypersensitivity."_.. We reported the pres­
ence of inflammatory cytokines in peripheral nerves, 
in musculoskeletal tissues, and widely circulating in 
serum in our model (sec Fig. 3-lF).25,2.,,0.33.Jll,<0 ... We 
also reported statis tical correlation between these cyto­
k.inc increases, hypersensitivity, and declines in grip 
strength in several studies, suggesting a link between 
increased peripheral cytokines and pain-related behav­
iors with overuse injuries. 

Nerve compression can be initially irritating to 
nerves, resulting in cutaneous hypersensitivity. Our 
findings of mecha11ical hypersensitivity in the presence 
of decreased nerve conduction velocity and histological 
findings of increased extraneuronal connective tissue 
and a.xonal swelling in the median nerve are suggestive 
of nerve compression with long-term repetitive task 
perfo,mance, particularly HRHF tasks. Hand and arm 
pain in the d istribution of the median nerve is a 
common symptom in patients with elcctrophysiologi­
cally diagnosed CTS, particularly in patients who 
engage in full-rime intensive manual work.6' 

With regard to central sensitivity, we can only point 
to numerous other studies showing spinal cord i,ulam­
matory responses after unilateral peripheral nerve 
injury (e.g., increased spinal cord cytokines produced 
by neurons and glia, increase.s that are tem~orally asso­
ciated with mechanical hypersensitivity). ,,u,6"''

9 The 
contribution of central sensitization to repetition­
induced hypersensitivity is also suggested by sn,dies 
from our laboratory showing increased substance P and 
neurokinin-1 receptors in spinal cord dorsal horns.J.<-J' 
These increases in substance P correlated statistically 
with declines iJ1 forelimb grip strength3

' and coincided 
with degraded forelimb movement patterns.37 We have 
also observed increased substance Pin forelimb tendons 
with HRH F task performance-<:hanges that correlate 
strongly with declines in grip strength.JS and bring us 
back to a potential peripheral sensitization mechanism. 
We hypothesize that both mechanisms are at work in 
our model as well as in cases of overuse injury in which 
chronic pain is present. 

Our data from a rat model of overuse injury show 
that peripheral nc.rve injury, peripheral inflammatory 
responses, spinal cord sensitization, and central neuro­
plastic mechanisms coexist. Each of tl1ese factors 
appears to contribute to motor behavior declines and 
the development of pain-related behaviors. W hat was 
previously unknown was whether peripheral inflam­
mation was primarily responsible for the movement 
performance deficits that emerge in these rats over 
time or whether cortical degradation was responsible 
for the movement dcfects.s• It is clear from our studies 
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that both sensorimotor cortical reorg,mization and 
peripheral inAammation and injury mechanisms con­
rributc ro declines in movement performance and 
changes in movement patterns in rhe progression of 
the overuse injury. 
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