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Abstract  

To gain new insights into the underpinning mechanisms of movement disorders 
observed with both cerebral palsy and repetitive motion disorders, we have investigated 
the long-term effects of movement disuse or overuse on musculoskeletal tissues and 
topographical organization of the primary somatosensory and primary motor cortices, 
using two different rat models. We provide strong evidence that experience-dependent 
movements play a crucial role in shaping normal as well as aberrant movement abilities.
Cerebral palsy is a developmental neurological disorder characterized by spasticity of 
some muscles, but also disuse in other muscles, and motor abnormalities. Our data from a 
rat model of cerebral palsy shows that aberrant sensorimotor inputs during development 
resulting from prolonged disuse (i.e. hind limb immobilization during the first month of 
life) induces peripheral tissue changes, such as muscle atrophy and extracellular matrix 
changes, joint degeneration, and drastic topographical disorganization of primary 
somatosensory and motor cortical hind limb representations. These peripheral and central 
tissue changes were associated with increased muscular tone at rest and with active 
flexion and extension around movement-restricted joints that resulted in abnormal 
walking patterns. Observed tissue changes and movement disorders were worsened when 
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developmental disuse was combined with neonatal asphyxia. In contrast, repetitive 
motion disorders, such as carpal tunnel syndrome and focal hand dystonia, are a type of 
overuse associated with tasks that require prolonged, repetitive behaviors. Our data from 
a rat model of repetitive reaching and grasping shows that peripheral tissue changes are 
induced with cumulative task exposure, including myofiber fray, fibrotic nerve 
compression, and increased macrophages and inflammatory cytokines. These tissue 
changes were associated with declines in reach performance, grip strength and agility. 
The motor declines also correlated with disorganization of the forepaw representation in 
the primary somatosensory cortex, including the emergence of large receptive fields, and 
a drastic enlargement of the overall forepaw map area of the primary motor cortex, in 
which emerged the representation of joint movements specifically involved in the 
repetitive task. Peripheral inflammation correlated with signs of central sensitization 
(mechanical allodynia, myalgia, and increased neurochemicals and cytokines in the spinal 
cord), and with the reduced amount of current needed in the motor cortex to evoke 
forelimb movements. Our data from a rat model of repetitive motion injuries show that 
peripheral inflammation, spinal cord neuroplasticity and cortical neuroplasticity jointly 
contribute to the development of chronic repetitive motion disorders. In conclusion, both 
prolonged disuse and overuse lead to both peripheral and central changes that are 
interdependent to drive cerebral plasticity and altered motor output function. 
 
 

Introduction 
 
The changes in skeletal muscle physiology, gait, posture and brain adaptation to 

microgravity exposure has been a medical and physiological concern since the early 1960 and 
the human flight in space (more than 500 human beings have flown into space since 1961; 
Narici and De Boer, 2010). Many studies in animals and humans have been devoted to 
investigate peripheral and central changes in presumed models of disuse, such as spaceflight, 
bed rest, hind limb immobilization or suspension, tetrodotoxin (TTX), spinal cord transection 
or denervation, which are actually models of normal or decreased use, but appear to be 
interesting models of abnormal inputs to the brain. For instance, early sensory input 
deprivation has been shown to impact the development of brain cortical function and 
structure.  

An other line of work on disuse have been dedicated to study the impact of spontaneous 
movements on the development of gait, posture and adaptive motor behavior in both normal 
infants and children with cerebral palsy (Hadders-Algra, 2001, 2004, 2007, 2008; Heineman 
et al., 2010). Cerebral palsy (CP) describes a group of permanent disorders of the 
development of movement and posture, causing activity limitation, that are attributed to non-
progressive disturbances occurring in the developing fetal or infant brain. The motor 
disorders of CP are often accompanied by disturbances of sensation, perception, cognition, 
communication, behavior, by epilepsy and secondary musculoskeletal problems (Rosenbaum 
et al., 2007; Pakula et al., 2009). Normal infants produce a large and rich repertoire of 
spontaneous movements from early fetal life until the end of the first half of a year of life. In 
contrast, children with CP display scarce, monotonous and stereotypical patterns of cramped-
synchronized spontaneous movements that lack complexity, variation, and fluency (Prechtl, 
1997; Hadders-Algra, 2004; Einspieler and Prechtl, 2005; Hadders-Algra et al., 2010). 
Deficits in these spontaneous movements could account for musculoskeletal tissue changes 
found in these children. Indeed, varying degrees of atrophy and hypertrophy of muscle fibers 
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(Lindboe and Platou, 1982; Romanini et al., 1989; Rose et al., 1994; Marbini et al., 2002) and 
increased fat and connective tissue within muscles (Castle et al., 1979; Järvinen et al., 2002) 
have been reported in children with spastic CP. These muscle changes could be responsible 
for abnormal forces on bones and joints resulting in secondary bone malformations (Banks, 
1972; Gormley, 2001) and/or articular cartilage degenerative changes (Banks, 1972; Lundy et 
al., 1998). In previous studies, we hypothesized that peripheral changes have a deleterious 
impact on brain structure, physiology and function following abnormal inputs during 
development (Strata et al., 2004; Coq et al., 2008). Indeed, recent studies in humans have 
provided evidence of maladaptive somatosensory and cortex reorganization and of 
impairments in tactile and kinesthesic discrimination abilities in patients with CP (Clayton et 
al., 2003; Gordon et al., 2006; Hadders-Algra and Gramsbergen, 2007; Hadders-Algra, 2008; 
Burton et al., 2008, 2009; Wingert et al., 2008, 2009, 2010; Andiman et al., 2010). 

In contrast to the above disuse model, several types of overuse injuries are associated 
with performance of tasks that require prolonged, repetitive behaviors. These disorders are 
also known as repetitive motion injuries (RMIs) and musculoskeletal disorders (MSDs), and 
include peripheral neuropathies (e.g. carpal tunnel syndrome), tendinitis, tendinopathies, 
myalgias, myopathies and stress fractures (Forwood and Parker, 1991; Fredericson et al., 
1995; Ljung et al., 1999; Larsson et al., 2000; Freeland et al., 2002; Luime et al., 2004; Keir 
and Rempel, 2005; Szabo et al., 2006; see Barr et al., 2004 for further review). Focal hand 
dystonias can also develop in patients with performance of repetitive tasks, although they are 
thought to be the consequence of central nervous system changes rather than peripheral tissue 
changes (Byl et al., 2000; Byl, 2009). 

Overuse injuries of the upper extremity are painful, potentially disabling and costly. 
Work-related overuse injuries accounted for 30% of lost workday injuries and illnesses in US 
industry in 2006 (Bureau of Labor Statistics, 2007). Upper extremity overuse injuries have a 
high impact on lost workdays and cause substantial worker discomfort, disability and loss of 
productivity. For example, carpal tunnel syndrome and repetitive motion tasks (e.g. grasping 
tools) resulted in the longest work absences, with a median of 27 and 19 lost workdays, 
respectively. The most common musculoskeletal disorder in a study by Gerr et al. (2002) was 
somatic pain syndrome. Patients with upper extremity overuse injuries have increased 
frequency of local pain and tenderness, peripheral nerve irritation, weakness and increased 
frequency of symptoms such as pain and tenderness at multiple anatomical sites (Carp et al., 
2007). In this last study, patient symptoms interestingly correlated with increased serum 
inflammatory cytokines (Carp et al, 2007).  

However, in spite of numerous epidemiological studies demonstrating a positive 
relationship between exposure to repetitive and/or forceful motion and the prevalence of 
overuse injuries (Bernard, 1997), the mechanisms of pathophysiology are incompletely 
understood. In part, this is due to ethical constraints in obtaining tissue biopsies from healthy 
working populations in order to study the natural history of these disorders. Also, if there is a 
surgical intervention, the initiating injury stimulus is often long since past. It is thus hard to 
conclude which biochemical changes cause or follow the physiological mechanisms leading 
to a patient’s clinical presentation. Animal models provide an opportunity to examine such 
tissue effects at a much earlier time point and under experimental conditions in which 
exposure can be controlled. 

To gain new insights into the underlying mechanisms of movement disorders, we have 
investigated the long-term effects of movement disuse or overuse on musculoskeletal tissues 
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and topographical organization of the primary somatosensory and motor cortices. We provide 
evidence that experience-dependent movements, through physiological mechanisms of 
plasticity, play a crucial role in building normal or abnormal motor capabilities during 
development and in adulthood. 

 
 

I. Disuse During Development 
 

1. Our Animal Model of Sensorimotor Disuse 
 
We utilized hind limb immobilization during development as a means to produce limited 

and abnormal patterns of movements during maturation. We hypothesized that repetitive, 
reduced and abnormal movement would provide abnormal sensorimotor feedback to the 
primary somatosensory (S1) and motor (M1) cortices that would lead to S1 and M1 
deleterious reorganization. We also hypothesized that prolonged limb disuse would also 
induce deleterious changes in musculoskeletal tissues, which in turn would contribute to 
aberrant sensory inputs to the immature brain. The S1 and M1 deleterious reorganization in 
combination with hind limb tissue degradation should then result in degraded motor function. 

Sprague-Dawley rat pups from different litters were pseudo-randomly assigned to several 
experimental groups, one of which was hind limb immobilization from P1 to P28. A detailed 
description of the restriction procedures has been previously published (Strata et al., 2004; 
Coq et al., 2007, 2008; Delcour et al., 2009). Pups were restrained for 16 hours per day from 
P1 or P2 to P28. The feet of the pups were first gently bound together with medical tape. The 
feet were not taped so tight as to cause anoxia (changes in color) in peripheral tissues. The 
hind limbs were then immobilized in an extended position by firmly taping them to a cast 
(Figure 1), which allowed only limited movements around the hip joint. The cast made of 
hand-moldable epoxy putty stick was well tolerated by pups and mothers, and allowed the 
pups to urinate, defecate and to receive maternal cares necessary for good health conditions. 
After casting, pups were returned to their mother and unrestrained littermates. The restrained 
rats were allowed to move freely for 8 hours per day as the epoxy casts were removed for that 
period of time per day. The size of the casts was adapted to the growth of the rats from P1 to 
P28. We observed that body growth of restrained pups was significantly lower than that of 
unrestricted littermates (see Strata et al. 2004 for details). However, the differences in body 
growth between restricted and unrestrained rats decreased over time after the cessation of 
sensorimotor restriction (Strata et al., 2004). 

 
 

2. Motor Outputs Affected by Disuse: Open-Field Exploration, Locomotion 
and Motor Skills 

 
A. Open-Field Activity 

To our knowledge, no studies dealing with hind limb unloading have been devoted to 
open-field measurements.  
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Figure 1. Young rat experiencing sensorimotor restriction (SMR). The feet of the pup were first tied 
together with medical tape and then were firmly attached to a cast made of epoxy stick. The proximal 
part of the hind limbs was also taped to the cast. The sensorimotor restriction lasted for 16 hours a day 
every day from P1 to P28. The casting was well tolerated by pups and mothers. 

We examined spontaneous exploratory and locomotor activity of the rats by counting the 
number of square (10 x 10 cm) crossings, rearings, defecations and cleanings during 10 min 
in an empty arena. Sensorimotor-restrained (SMR) rats displayed fewer square crossings, 
rearings and cleanings than control rats (Coq et al., 2007).  

 
B. Posture and Gait 

We also explored posture and gait changes in order to assess gross motor function. 
Qualitative observation revealed that SMR rats exhibited irregular step cycles, difficulty in 
coordination between homolateral (fore vs. hind) limbs, elevated hindquarters, externally 
rotated feet, widened support base and some rats dragged their feet and/or toes behind, so the 
forelimbs propelled them (Strata et al., 2004).  

Gait was also assessed via treadmill walking. Using a treadmill speed of 0.23 m.s-1, 
preliminary data (Coq et al., 2007) on SMR rats at P30 showed that they displayed hind limb 
hyperextension, which was characterized by larger knee and ankle angles at the beginning of 
the stance (toe-contact on the belt) and swing (toe-off), and at the maximal height of the 
swing than control rats, while the angle of hip was comparable in each phase. While gait was 
degraded in restrained rats, with multiple drifting on the treadmill and little hopping capacity, 
the number of steps per second performed by SMR was similar to that performed by controls. 
The length of the swing was also shorter in SMR rats while duration was greater and the 
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height of the swing was shorter (Coq et al., 2007). In a study from a different laboratory using 
the same procedure and duration of hind limb immobilization as ours, Marcuzzo et al. (2008) 
also found an elevation of the hindquarters during posture and walking, which was caused by 
abnormal extension of both ankle and knee joints. They also showed a decrease in the stride 
length and wider foot angle at toe-contact, suggesting greater foot rigidity. In addition, their 
SMR rats underwent treadmill training once a day for 3 weeks, an intervention that improved 
stride length, but not the foot angle (Marcuzzo et al., 2008). 

Hind limb unloading (HU) in adulthood has provided interesting data on the effects of 
disuse on gait and posture. Canu et al. (2005) showed that HU rats exhibited increased stride 
length during treadmill locomotion, hyperextensions at the end of the stance, and a decrease 
in ankle angle during the remaining part of the stride compared to controls. The ankle 
remained overflexed from paw contact to the end of midstance, whereas ankle extension 
increased during push-off. During this overextension, rats appeared to walk on their toes 
although soleus muscle (ankle extensor) activity was not altered in HU rats (Canu et al., 
2005). In addition, HU slightly altered the patterns of neuromuscular activation during 
treadmill locomotion, suggesting alterations of peripheral afferent information that regulates 
gait (Canu and Falempin, 1997, 1998). In fictive rhythmic motor episodes elicited by 
electrical stimulation of the mesencephalic locomotor area, the overall motor pattern was not 
affected by HU, but extensor muscle nerves were frequently activated and their burst duration 
were increased relative to control rats (Canu et al., 2001). Consistent with SMR and HU, a 9-
day space flight induced overextension of the knee and ankle in rats during both stance and 
swing phases(Walton, 1998). In addition, it appears that a postnatal critical period (from P14 
to P30) exists for the development and maturation of some movement patterns, such as 
surface righting (Walton et al., 2005). 

 
C. Motor Skill Development 

More challenging situations than treadmill locomotion, such as walking on a narrow 
suspended bar (beam), ladder or rotarod, may allow one to detect additional deficits and to 
differentiate the involvement of spinal and supraspinal structures in locomotion (Beloozerova 
et al., 2003; Drew et al., 2008; Garnier et al., 2008). Our SMR rats were barely able to stay on 
the beam at P17, they often hung on the bar before falling off, and then gradually but slowly 
improved over time relative to controls (Strata et al., 2004). Using the same SMR methods, 
Marcuzzo et al. (2008) found comparable results with beam walking.  

Our SMR rats spent much less time than controls on the rotarod, and propelled their body 
using the forelimb rather than the hind limbs, along with their belly in contact with the 
rotarod (Strata et al., 2004).  

Using the ladder walking, Marcuzzo et al. (2008) showed that SMR rats made more 
stepping errors than controls with increasing numbers of errors over time. These authors also 
found that SMR delayed stability on an inclined plane (negative geotaxis) but accelerated the 
appearance of the proprioceptive placing reflex. During ladder walking, HU rats exhibited 
enhanced duration of step, stance and swing phases, increased ankle flexion during stance, 
hyperextension at the beginning of the swing (toe-off), and lower protraction during swing, 
with increased flexor and extensor burst duration in this challenging gait situation (Canu and 
Garnier, 2009). 
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3. Peripheral Musculoskeletal Changes Induced by Disuse 
 
Limb disuse can alter physiology and function of muscles and joints as well as bone 

structure mainly through degenerative processes, as explained further below. 
 

A. Muscle Changes 
Disuse resulted in decreased individual myofiber diameters of the triceps surae muscle, a 

knee and ankle plantar flexor, whereas the myofiber diameters of the quadriceps muscle and 
the hamstrings, a knee extensor and a knee flexor, respectively, were unchanged (Coq et al., 
2008). We used bin frequency counts of myofiber diameters and found that the triceps surae 
of SMR rats exhibited greater numbers of myofibers with diameters ≤ 10 μm than controls 
and a loss of all myofibers with diameters over 60 μm. According to (Johnson and 
Kucukyalcin, 1978), myofiber diameters smaller than 10 μm represent an index of myofiber 
atrophy. These results are similar to those of Marcuzzo et al.’s (2008), in which they observed 
smaller myofiber areas in the soleus muscle, a foot plantar flexor, in SMR rats than in 
controls. They also observed a higher percentage of atrophied fibers (0-500 μm), with more 
rounded profile, and thus increased fiber density, as a consequence of the reduction in the 
mean fiber area. In their study, treadmill training for 3 weeks after restriction increased the 
myofiber area and decreased the percentage of atrophied fibers of the soleus (Marcuzzo et al., 
2008). 

It is now well admitted that hind limb unloading (HU), used as a chronic weightless 
bearing and movement disuse, have long lasting effects on muscle physiology and function, 
as well as denervation, tenotomy, spaceflight in both rats and humans or bed rest in the latter 
(see Booth, 1982; Talmadge et al., 1995; Ohira et al., 2002a; Narici and de Boer, 2010). 
Briefly, HU induces i) myofiber atrophy (i.e. a reduction in cross-sectional area), especially in 
predominant slow extensor muscles while fast muscles are almost unaffected (Booth, 1982; 
Stevens et al., 1990; Ohira et al., 2002b; Kawano et al., 2002; Deschenes et al., 2003; 
Vermaelen et al., 2005; Wang et al., 2006; Fujita et al., 2009; Schuenke et al., 2009; Narici 
and de Boer, 2010), ii) changes in fiber phenotypes, such as increases in the expression of fast 
myosin heavy chains in normally slow muscles (Talmadge et al., 1995; De-Doncker et al., 
2002; Kawano et al., 2002; Ohira et al., 2002a; Stevens et al., 2004; Giger et al., 2005, 2009; 
Yu et al., 2007; Narici and de Boer, 2010; see however Schuenke et al., 2009), iii) drastic 
reductions of EMG activity of muscles in immobilized limbs and neural drive (Booth, 1982; 
Ohira et al., 2002a; Westerga and Gramsbergen, 1993; Leterme and Falempin, 1998; Narici 
and de Boer, 2010), and iv) decreases in muscle glucose consumption and contraction 
dynamic performance, such as muscle strength, force and power (Booth, 1982; Shenkman et 
al., 2002; Stein et al., 2002; Stevenson et al., 2003; Kourtidou-Papadeli et al., 2004; Narici 
and de Boer, 2010).  

In our study on disuse, muscle atrophy was accompanied by intramuscular connective 
tissue changes in all hind limb muscles (Coq et al., 2008). Collagen type I showed a small 
increase in SMR rats, but connective tissue growth factor (CTGF) increased significantly 
after restriction compared to controls. CTGF is a cytokine and growth factor that induces 
fibroblast proliferation and matrix production, and it correlates with fibrotic tissue disorders 
(Hayashi et al., 2002). Many of the CTGF immunoreactive cells were small cells surrounding 
the myofibers in the perimysium and endomysium (Coq et al., 2008; Figure 2A,B). 
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Figure 2. Muscle and ankle histopathlogy in control and sensorimotor restricted (SMR) rats. A-B) 
Photomicrographs showing connective tissue growth factor (CTGF) immunoreactivity in hind limb 
muscles from a control rat and a SMR rat. Specifically, longitudinal sections of the triceps surae 
muscle, also known as gastrocnemius and soleus, are shown. A) Control muscle shows no CTGF 
immunostaining. B) SMR muscle shows increased CTGF-positive cells that appear to be fibroblasts by 
location (between muscle fibers primarily), size, and CTGF production. The myofibers themselves also 
have a low level increase of CTGF within their cytoplasm. Scale bars are 50 μm. C-D) Photos of ankle 
joints from control and SMR rats. C) Control joint showing healthy articular cartilage. D) SMR joint 
showing eburnations (small arrow) in the superficial cartilage layers, tidemark changes between the 
bone and cartilage, and fibrotic cartilage (large arrow). Inset shows a higher power of fibrotic area. 
Hematoxylin and eosin staining. Scale bars correspond to 100 μm. Figure modified with permission 
from Coq et al. (2008). 

Marcuzzo et al. (2008) also found significant increases in interstitial connective tissue, in 
their case in the soleus muscle of SMR rats. In that study, treadmill training attenuated the 
increase in connective tissue and also led to increased polygonal myofibers, instead of 
rounded fibers. As in SMR, HU also increased connective tissue and satellite cells in muscles 
(Wang et al., 2006; Kawano et al., 2008; Heinemeier et al., 2009). In regard to disuse-induced 
changes in muscle force and tension, HU decreased tendon stiffness, especially Achilles 
tendon, so that the extensibility of tendons increased to compensate some muscle changes 
(Heinemeier et al., 2009; Narici and de Boer, 2010). Proprioceptive information from muscle 
afferent fibers is crucial in contraction force regulation and HU has been showed to decrease 
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the dynamic peak but to increase the static sensitivity of Ib afferent fibers (Treffort et al., 
2005). 

 
B. Alterations of Joints and Bones 

Lastly, we observed articular cartilage degradation in the hind limbs as a result of disuse 
(Figure 2C,D). For example, medial menisci in the knee joints of SMR rats were undergoing 
the initial stages of calcification, changes not observed in control rats. The knee articular 
cartilage was only mildly affected after SMR, with increased condensations in upper cartilage 
layers in 50% of the rats, but no signs of eburnation or thinning. In contrast, articular 
cartilages of ankle joints of 62% of the SMR rats showed eburnations, tidemark changes, and 
fibrocartilage degenerative changes. These degenerative cartilage thickenings were 
immunoreactive for CTGF, indicative of fibrotic cartilage formation, a type of cartilage 
degeneration (Coq et al., 2008). The hip joint was not studied in these animals, although in 
several of the SMR rats, femoral internal rotation was observed (unpublished data), a finding 
reminiscent of femoral anteversion in children with cerebral palsy. In the same line, HU 
appears to weaken bone and cartilage structures, in relation to enhanced apoptosis of 
osteocytes and chondrocytes (Basso and Heersche, 2006; David et al., 2006; Pan et al., 2008; 
Shimano and Volpon, 2009). As a general physiological adaptation, HU increases 
sympathetic but reduces parasympathetic cardiac tone, and also induces anhedonia (Moffitt et 
al., 2008). 

 
 

4. Central Changes Related to Disuse 
 
To our knowledge, there are no studies dealing with the effects of disuse, such as SMR or 

HU, on spinal central pattern generators and other subcortical structures, whereas many 
studies have been devoted to cortical areas. 

 
A. Map Reorganization in the Primary Somatosensory Cortex (S1)  

Electrophysiological S1 maps of the hind limb skin representation were recorded in layer 
IIIb-IV and were located between -1 and +3 mm from bregma in the rostrocaudal axis and 
between 1 and 4 mm in the mediolateral direction and often overlapped with the M1 layer V 
representation of hind limb movements (see also Donoghue, 1995). Despite idiosyncratic 
differences, the S1 hind limb representation in controls presented common somatotopic 
features (Coq et al., 2008). The hind paw representation was usually located medial to the 
forepaw map and rostral to the tail and back/ventrum representations. From rostral to caudal, 
cortical sites progressed from the toes, plantar pads of the sole to the heel and leg. From 
lateral to medial in the rostral portion of the hind paw map, the toes were topographically 
represented from toe 1 (t1) to toe 5 (t5) (Figure 3A). The hairy representation of the toes was 
generally located medially (t1 to t3, innervated by the saphenous nerve) and laterally (t3 to t5, 
innervated by the sciatic nerve) to the glabrous representation of the toes (innervated by the 
sciatic nerve). 

The overall somatotopy of the foot maps was preserved in our SMR rats in which the 
representation of contiguous skin surfaces of the foot was partially disrupted (Figure 3B).  
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Figure 3. Effects of sensorimotor restriction (SMR) during development on the topographical 
organization of the hind limb maps in the primary somatosensory (S1) and motor (M1) cortices. A-B) 
Illustration of the S1 representation of the hind paw and receptive fields (RFs) located on the glabrous 
foot skin and leg. A) Example of the S1 hind limb map and RFs in a representative control rat (CONT). 
B) Representative S1 map and RFs of the hind limb in a rat that experienced developmental SMR. 
Relative to controls the organization of the S1 foot map was degraded in SMR rats and RFs were 
enlarged. More multiple RFs were recorded in SMR rats. In addition, we found the emergence of RFs 
that encompassed the two sides of the leg in SMR rats (RFs # 48 and #78), while none in CONT 
animals. C-D) Illustration of the movement representation of the hind limb joints in M1. C) 
Representative M1 hind limb map in a control rat (CONT). Note the absence of precise topographical 
organization of the movements of the joints. D) Developmental SMR induced a reduction in the overall 
size of the M1 hind limb maps while the relative areas devoted to the different joint representations 
were not significantly altered. Abbreviations: LD, large dorsum of hind paw; NCR, non cutaneous 
responses; NR, no response; t1-t5, toe1 to toe 5; >2 and >2 RFs, cortical zones whose RFs encompassed 
more than 2 distinct hind paw subdivision, i.e. toe or plantar pad. Figure modified with permission from 
Coq et al. (2007, 2008). 
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The total S1 area devoted to the foot representation was not statistically different from 
controls, but the proportions of cortical sites responding to both hind paw cutaneous 
stimulation and nail movements were about twice in SMR than in control rats (Coq et al., 
2008). These results show a change in neuronal selectivity between cutaneous and nail 
movement inputs and emphasize the sensorimotor restriction-induced alterations of the S1 
neuronal properties. Using the same SMR procedures, (Marcuzzo et al., 2010) found a 
reduction in neuronal counts in the layer V of S1 while the number of glial cells increased, 
suggesting gliosis and pathological conditions often related to stroke. 

The proportions of cortical sites with at least three disjunctive, multiple receptive fields 
(RFs) were more than 10 times greater in SMR rats than in controls, while the percentages of 
disjunctive, double RFs did not differ between both groups. As the numbers of multiple RFs 
increased with disuse the RF size also increased (Figure 3B). The sizes of all RFs were about 
twice as large in SMR as in controls. This enlargement led to a greater overlap between 
glabrous RFs, a coarser-grained representation of these surfaces and patchy representations of 
glabrous and hairy foot surfaces after SMR. To better understand the topographic disruption 
of the S1 foot maps, the proportions of RFs that encompass both glabrous and hairy foot 
surfaces were greater in SMR. As a consequence of larger and overlapping RFs, and 
numerous multiple RFs located on both sides of the foot, the delineation of toe and pad 
representation borders was difficult in our SMR rats, so that penetrations with at least three 
multiple RFs were pooled together in specific cortical sectors of the foot maps (Figure 3B).  

The proportions of RFs covering both sides of the leg were also greater after SMR since 
no such double-sided RFs were present in the control rats. The presence of abnormally large 
RFs covering both sides of either the foot or leg in restrained rats (Coq et al. 2007, 2008) 
seems in accordance with the level of spasticity reported in our previous studies. Indeed, 
Strata et al. (2004) reported that restrained rats displayed hind limb rigidity and hypertonicity, 
as well as increased velocity-dependent resistance to passive motion in all joints of the hind 
limbs, sign of disabling levels of spasticity, as defined by (Lance and McLeod, 1981). Co-
contractions of antagonist muscles of the leg may have induced synchronous activations of 
cutaneous mechanoreceptors, thus leading to very large RFs covering the entire leg by 
physiological mechanisms of plasticity (e.g. Wang et al., 1995; Byl et al., 1996, 1997). In the 
same line, hypertonicity and rigidity of toes and other joints found in SMR rats (Strata et al., 
2004) may have contributed to the increase in S1 nail movement representation and to the 
decrease in neuronal selectivity to afferent inputs in S1 (Coq et al., 2008). 

Thus, disuse induced the emergence of RFs located on both sides of the leg, as well as 
RFs on both glabrous and hairy sides of the foot. In addition, SMR also increased the cortical 
responsiveness to tactile stimulation. And disuse during development induced a topographical 
degradation of the S1 foot maps and alterations of the neuronal properties (Coq et al., 2008). 
Interestingly, Canu et al. recently found changes in cortical neuron properties, such as 
decreased intrinsic excitability (reduction in input membrane resistance and slow after 
hyperpolarization, increased rheobase, but unchanged resting membrane potential) of cortical 
cells in layer II to VI of the sensorimotor cortex in adult rats that experienced 2 weeks of HU 
(Canu et al., 2010).  

Previous studies based on disuse during adulthood partially confirm our results. Forepaw 
immobilization with a plaster cast for one or two weeks degraded the S1 topographic 
organization and drastically reduced the contralateral S1 map area, while the size of the 
corresponding RFs was unchanged (Coq and Xerri, 1999). Two weeks of HU also reduced the 
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S1 map but increased the proportion of large foot RFs (Langlet et al., 1999a, 1999b) and 
induced abnormal locomotor patterns, such as hind limb hyperextension (Canu and Falempin, 
1996). However, we cannot rule out possible effects of restraint-induced stress on S1 map 
reorganization (Canu et al., 2007), but we previously reported no increase in stress induced by 
forepaw immobilization in young adult rats and no significant impact of possible stress on the 
S1 map plasticity (Coq and Xerri, 1999). 

In a nice series of studies on the central effects of HU, Canu, Falempin and colleagues 
showed that the HU-induced S1 map reorganization was related to changes in reduced nerve 
velocity, and spinal and cortical responsiveness (Canu et al., 2003), neurotrophin expression 
such as NGF and BDNF (Dupont et al., 2005), cholinergic transmission (Dupont et al., 2002) 
and the balance between excitation and inhibition (Dupont et al., 2003; Canu et al., 2006; 
Treffort et al., 2006). More precisely, these authors reported that HU in adulthood increased 
the in vivo levels of both excitatory (glutamate and aspartate) and inhibitory (GABA and 
taurine) transmission in the L5 spinal cord (Treffort et al., 2006), while excitation levels did 
not change but GABA inhibition was reduced in the S1 cortex (Dupont et al., 2003; Canu et 
al., 2006). Thus, they showed the cortical S1 maps changes related to disuse in adulthood was 
mainly induced by reduced GABA inhibition but not by increased excitation. Likewise, 
whisker trimming, nerve transection or partial hind limb deafferentation led to a marked, but 
reversible reduction of GAD (gamma amino decarboxylase) immunostaining within layer IV 
of the cortical zone representing the deprived body part (Warren et al., 1989; Land et al., 
1995; Fuchs and Salazar, 1998). Relevant to our studies is the observation that reduction in 
GABAergic inhibition tends also to induce cutaneous RF enlargement, as found after SMR 
and HU. Such a RF enlargement has been found with micro-iontophoretic injections of 
bicuculline methiodide to antagonize GABA-mediated inhibition in the cat S1 cortex (Dykes 
et al., 1984; Alloway et al., 1989). 

 
B. Maps in the Primary Motor Cortex (M1) 

The movement representations of the hind limbs in rat are located in the primary motor 
cortex at the rostrocaudal level of bregma, and slightly lateral (+1 to +5) to it (Strata et al., 
2004; Coq et al., 2007). The representation of the hind limb joints is not topographically 
organized but distributed throughout the hind limb map. In control rats, the hip representation 
occupied in average 73.5 % of the M1 total hind limb area (3.92 ± 0.40 mm² in average), 
while 3.5 % was knee, 16 % the ankle, 1.5% the toes and 1.6 % was devoted to complex 
movements involving several joints (Coq et al., 2007; Figure 3C).  

After developmental SMR, we found no change in the size of the overall M1 hind limb 
maps, although the proportion of hip movements increased while that of the knee decreased 
(Strata et al., 2004). More recently, we found slightly different results after developmental 
SMR. It decreased the overall size of M1 hind limb maps, although the relative areas devoted 
to the different joint representations were not significantly altered, except for a decrease in 
hip movement representations (Coq et al., 2007; Figure 3D). To our knowledge, there are no 
data on the effects of HU or other comparable types of disuse on M1 maps. However, 
neonatal amputation of the forearm induced a loss of the motor representation of this limb in 
the adult rat. The deafferented cortical territory was then devoted to represent movements of 
the trunk, shoulder and whiskers, whose cortical representation increased (Donoghue and 
Sanes, 1988; Donoghue et al., 1990). In contrast, whisker sensory denervation did not alter 
the motor representation of these whiskers, but increased the stimulation threshold (Franchi, 
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2000, 2001). In our study, disuse during development induced a partial deafferentation of 
sensory inputs, which reduces the motor representation but did not alter the muscular 
activation threshold. Recently, we showed that unilateral cervical spinal hemisection in adult 
rat drastically reduced the size of M1 forepaw movement representations and that the absence 
or drastic reduction of afferent inputs from S1 did not seem to be the main cause of such a 
large M1 forelimb map remodeling in adulthood (Martinez et al., 2010), as found after 
sensory facial nerve section in adult rats (Franchi, 2001; Franchi and Veronesi, 2006; see 
however, Liepert et al., 2003). In contrast, small and large scale changes in the M1 maps have 
been shown to depend mainly upon intracortical horizontal connections, synaptogenesis, and 
alterations of LTP/LTD and excitation-inhibition balance, all of which may lead to masking 
or unmasking of connections in relation to the neuronal activity within M1 cortex (Rioult-
Pedotti et al., 2000; Kleim et al., 2002; see Sanes and Donoghue, 2000; Raineteau and 
Schwab, 2001; Teskey et al., 2008 for reviews). 

In developmental disuse, although the overall M1 maps of the hind limb either decreased 
(Coq et al., 2007) or were not altered (Strata et al., 2004), the average thresholds (i.e. minimal 
amount current to evoke movements) did not differ from controls. These results differ from 
those of studies in which neonatal motor nerve section or limb amputation led to enlarged M1 
representation of intact muscles concomitant with decreased stimulation thresholds in the 
newly occupied cortical territories (Donoghue and Sanes, 1987, 1988). Along the same line, 
sensory vibrissal pad denervation in adult rats has been found to increase the thresholds 
required to evoke movements of the whiskers, whereas those to produce other types of 
movements were similar between control and input-deprived rats (Franchi, 2001; Franchi and 
Veronesi, 2006). Decreased or similar thresholds seem to correspond to unmasking of pre-
existing horizontal connections, whereas increased stimulation thresholds suggest high-
threshold representation may be unmasked (Donoghue and Sanes, 1987; 1988; Franchi, 2001; 
see Sanes and Donoghue, 2000 for review). 

 
 

5. Conclusion for the Disuse Model 
 
Our studies on developmental disuse confirm and emphasize the preponderant role of 

individual experience in shaping the body and brain during maturation. Indeed, we have 
shown that abnormal inputs, through disuse, during development induced some of the motor 
dysfunctions (Strata et al., 2004) and hind limb histopathologies (Coq et al., 2008) which 
recapitulate those observed in patients with cerebral palsy (CP; Booth et al., 2001; Liptak and 
Accardo, 2004; Foran et al., 2005). In addition, the presence of abnormal sensorimotor 
experience has been shown in infants with CP (Prechtl, 1997; Hadders-Algra, 2004; 
Einspieler and Prechtl, 2005; Hadders-Algra et al., 2010), with its possible deleterious impact 
on musculoskeletal tissues (Lieber, 1986; Foran et al., 2005) and cortical reorganization in 
humans (Clayton et al., 2003; Hadders-Algra and Gramsbergen, 2007; Hadders-Algra, 2008; 
Burton et al., 2008, 2009; Wingert et al., 2008, 2009; Andiman et al., 2010). In other studies, 
we also showed that the combination of disuse during development with either neonatal 
asphyxia or prenatal ischemia increased the deleterious impact of disuse on peripheral 
histopathology as well as on cortical M1 and S1 reorganization (Strata et al., 2004; Coq et al., 
2007, 2008; Delcour et al., 2009). It is possible that perinatal asphyxia or ischemia impinges 
physiological mechanisms of plasticity (see Vannucci et al., 1999; Vannucci and Vannucci, 
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2005 for reviews), which could even worsen the already deleterious effects of disuse during 
development. Thus, abnormal and limited movements, through hind limb immobilization, 
may account for the musculoskeletal tissue changes, which in turn contribute to provide 
repetitive, aberrant sensory inputs to the immature brain. These aberrant inputs induce 
abnormal sensory feedback leading to degradation of the topographic maps in S1 and M1 and 
consequently to degraded motor function.  

 
 

II. Overuse Model 
 

1. Our Animal Model of Overuse Injury 
 
In an effort to understand the underlying mechanisms of these disorders, Barbe and Barr 

and a number of other labs have developed animal models of overuse injuries (Topp and Byl, 
1999; Remple et al., 2001; Barbe et al., 2003; Diao et al., 2005; Sommerich et al., 2007; ; 
Dourte et al., 2010; Hollander et al., 2010; Willems et al., 2010). Our model is a unique rat 
model of voluntary repetitive reaching in which rats can be trained to perform an upper limb 
repetitive hand and wrist-intensive task at ranges of reach rates and force levels derived from 
clinical and epidemiological evidence for risk exposure in humans (See Barr and Barbe, 2002 
for a review). Investigations of industrial workers by Silverstein and colleagues (Silverstein et 
al., 1986, 1998) 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 it is above 50% 
MVC. In our model, rats are trained to perform one of several levels of paced reaching and 
grasping tasks, as shown in Table 1. Whishaw has quantified the similarities between rats and 
humans in targeted reach submovements of the upper extremity (Whishaw et al., 1992). In 
our model, the repetition and force parameters in the rat were scaled to resemble occupational 
tasks in humans, as explained further in Barr and Barbe (2002). Viikari-Juntura and 
colleagues state that laboratory studies of animals examining the effect of repetitive loading 
on tissue function may be extrapolated to human exposures and responses (Viikari-Juntura, 
1997; Viikari-Juntura and Silverstein, 1999). Therefore, our rat model of a paced reaching 
and grasping task may be generalized to humans in terms of both behavioral and tissue 
responses for some types of physically constrained and paced occupational tasks. 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 this model, rats are placed into operant test chambers for rodents with a portal located 
in one wall, as described previously (Barbe et al., 2003; Clark et al., 2004; Rani et al., 2009a, 
2009b; Elliott et al., 2009, 2009). They 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, which is attached to force transducer, until a predetermined 
force threshold is reached and held for at least 50 ms. Upon successful achievement of reach 
force and time criteria, the rat releases the handle and retrieves a food pellet reward by mouth 
from a food trough. Using this apparatus, the short-term effects (3-12 weeks) of a voluntary 
low force task performed at low, moderate or high reach rates, with force requirements of low 
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or high (see details in Table 1), on sensorimotor behavior, forelimb musculoskeletal and 
nerve tissues, spinal cord and brain have been determined.  

 
Table 1. Repetitive task group parameters of the Barbe and Barr rat model of overuse 

 
Group Target Reach Rate 

(reaches/min) 
Actual Reach Rate 
(reaches/min) 

Reach Force 
(% of Maximum Pull 
Force) 

HRHF 8 12 60 ± 5  
MRHF 4 9.4 60 ± 5  
HRLF 8 12 15 ± 5 
HRNF = MRNF 4 8 <5a 
LRNF 2 3.3 <5a 
HRHF = high repetition high force; MRHF = moderate repetition high force; HRLF = high repetition 

low force; HRNF = high repetition negligible force, redefined as MRNF based on the repetition 
rate; LRNF = Low repetition negligible force. a The negligible force rats retrieved a 45 mg food 
pellet, which was estimated to be < 5% maximum pulling force. 
 
Specifically, the short-term effects of repetitive and/or forceful tasks on tissue 

pathophysiology have been characterized, focusing on injury, inflammation, inflammation-
induced catabolic changes, and fibrotic changes, that might contribute to peripheral tissue 
degeneration or sensorimotor behavior declines. Inflammation-induced central nervous 
system changes that might contribute to sensorimotor behavior changes, such as the 
development of pain behaviors, have also been investigated. 

 
 

2. Sensorimotor Behavioral Changes with Overuse 
 
Only a few investigative teams are studying degradation of movement and associated 

tissue changes in animal models of overuse injuries. The Barbe and Barr’s, Sommerich’s and 
Byl’s models are the only models of repetitive motion induced overuse injuries at this time 
that utilize voluntary tasks in which pathophysiological tissue responses and behavioral 
responses, indicative of sensorimotor function, can be determined simultaneously. Voluntary 
movement paradigms allow the linking of tissue pathology with outward physical signs of 
dysfunction. The behavioral changes are discussed in this section, while possible links to 
peripheral and central tissue changes are discussed in a subsequent section. 

 
a. Gross Motor Function  

In the Barbe and Barr rat model, several indicators offer insight into the behavioral 
consequences of repetitive task performance and induced tissue changes. Reach rate 
(reaches/minute) is an indicator of the animals’ ability to maintain task pace, and undergoes 
exposure-dependent declines in this model. Across weeks of task performance, rats 
performing a low repetition negligible force (LRNF) task showed no decrease in reach rate 
(Elliott et al., 2008). Rats performing a high repetition negligible force (HRNF) task had 
significant but transient declines in reach rate (Barbe et al., 2003; Clark et al., 2003; Coq et 
al., 2009), while rats performing a high repetition high force (HRHF) task demonstrate a 
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fluctuating and continual decline in reach rate over weeks of task performance (Barr et al., 
2004; Clark et al., 2004). Grip strength is a sign of muscle integrity and mass, and declines in 
grip strength can result from muscle injury, neuropathic injury or muscle inflammation 
(described further later). In rats performing a LRNF food retrieval task, grip strength had a 
small but transient decline in week 6, while rats performing a HRNF food retrieval task had 
progressive declines in grip strength, with a 35% decline by week 6 and a 60% decline by 
week 8 (Barbe et al., 2008). Rats performing a MRHF handle-pulling task showed no decline 
in until week 12 (a 35% decline; Elliott et al., 2009a), suggesting that the handle-pulling task 
was easier to perform than the food retrieval task. New studies in our lab confirm that the 
food retrieval task required more fine motor skills to manipulate the food out of a pellet 
dispenser than performing an isometric pull on a fixed lever (unpublished data). In contrast, 
rats performing a HRHF task had progressive declines in grip strength to 53% in week 12 
(Fedorczyk et al., 2010; Rani et al., 2010). Thus, gross motor function is preserved with lower 
demand tasks, but is more compromised with higher demand tasks, such as high repetition 
with high force, or tasks requiring very fine motor skills. 

Task duration (number of hours/day the rats participated in this voluntary task) is an 
indicator of overall animal comfort. Similar to reach rate, animals exhibited exposure-
dependent task avoidance with continued task performance. This was exhibited as decreased 
duration of performance of this voluntary task, and was likely due to discomfort from tissue 
inflammation, as discussed further below. LRNF rats showed no declines in task duration, 
HRNF/MRNF (moderate repetition negligible force task; see Table 1) rats declined 
transiently in week 3, MRHF rats declined only in week 12, while task duration declined 
progressively in HRHF rats from week 3 through 12 weeks (Barbe et al., 2003; Coq et al., 
2009; Clark et al., 2004; Elliott et al., 2008; 2009a). 

 
b. Fine Motor Skills  

Movement pattern changes that are associated with chronic repetitive paw closing tasks, 
with or without force, have been demonstrated in both non-human primate and rodent models 
of repetitive motion disorder (Byl et al., 1996, 1997; Topp and Byl, 1999; Barbe et al., 2003; 
Sommerich et al., 2007; Elliott et al., 2008). In the Barbe and Barr model, a gradual increase 
in two distinct alternative reach movement patterns for food pellet retrieval was observed 
(Barbe et al., 2003; Coq et al., 2009). Scooping is a pattern in which the semi-open forepaw is 
placed over the food pellet and the pellet is dragged along the bottom or side surface of the 
tube and scooped into the mouth. Scooping peaked in week 5 in 47% of animals and then 
declined. Raking is an inefficient extreme of scooping in which repeated unsuccessful 
attempts to contact the food pellet with the semi-open forepaw result in repeated back and 
forth movements that resemble a raking motion. The raking pattern continued to increase 
beyond week 5 and was observed in 100% of animals by weeks 7 and 8. The “raking” reach 
pattern also included poor forepaw and digit closure and, thus, poor grasp control changes 
that are reminiscent of focal dystonia from somatosensory cortical map changes, as described 
by Byl et al. (1996, 1997) in an owl monkey model.  

Another movement pattern degradation was increased extraneous movement reversals 
during the grasp phase of reach (Figure 4). All MRNF animals developed progressively 
increased extraneous movement reversals during the grasp phase of reach (Coq et al., 2009), 
while only 60% of LRNF animals developed increased extraneous movement reversals, 
although only transiently (Elliott et al., 2008).  
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Figure. 4. Motor performance data in rats performing either a low repetition negligible force task 
(LRNF) or a high repetition negligible force task (HRNF) from baseline (week 1) to week 8. This task 
consisted of a reaching, grasping and food pellet retrieval. A-D) Representative reach sequences of 
LRNF and HRNF rats analyzed from video tape segments collected in weeks 1 or 8. Thick black lines 
indicate beginning and end time points of one entire reach, as indicated in panel B as Begin Reach and 
End Reach, respectively. This also defines the Total Reach Time. The thin grey lines indicate the point 
when the elbow enters the tube (Into Tube) and when it is withdrawn (Out of Tube). A food pellet is 
grasped and retrieved during this period (Grasp Time). X-axis indicates time required to perform these 
movements (in sec). Y-axis indicates fore-aft movement (in cm) of elbow from floor of behavior 
chamber, through the portal to retrieve the food, and back. Dashed lines indicate movement of elbow 
tracked using this 2D system. Key: f, forward movement of elbow; b, backward movement of elbow; 
arrows, extra movement reversals during grasp time. A-D) Not only do both LRNF and HRNF rats 
have more movement reversals (fore-aft displacements of elbow) in weeks 8 than weeks 1, but graph 
times are longer in weeks 8 than 1. (E) Mean number of extra movement reversals per reach is 
significantly increased in week 8 of both tasks compared to week 1, indicating more errors and thus a 
decline in fine motor abilities. *: p < 0.05, **: p < 0.01 compared to week 1. Mean per week ± SEM is 
shown. Number of animals per group: Week 1 (n = 15), LRNF 8 week (n = 7), HRNF week 8 (n = 8). 
F) Photo of rat showing placement of marker on elbow during analysis of video tape segments. Figure 
modified with permission from Elliott et al. (2008). 
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This latter movement pattern change was interpreted as decreased fine motor dexterity 
associated with declines in sensorimotor abilities, because these extra movement reversals 
occurring during a reach sequence are corrections for missed food pellets. These increases in 
arm movement reversals may be due to discomfort, changes in afferent or efferent nerve 
function, or both. Thus, fine motor control, like gross motor control, is preserved with lower 
demand tasks, but is more compromised with higher demand tasks (Elliott et al., 2008; Coq et 
al., 2009).  

Using a voluntary repetitive pinching task in a monkey model, Sommerich and 
colleagues (2007) reported decreased performance as force level and pinch hold time 
increased. In one monkey, there was also a substantial reduction from a previously high work 
rate, as well as complete task cessation that lasted for days. The authors suggest that the 
animal was self-limiting the work rate. This suggestion may also explain the declines in task 
duration in our rat model.  

Byl’s primate model (1996, 1997) also used a voluntary task in which nonhuman 
primates were trained to perform stressful repetitive hand tasks of either: a) opening and 
closing a hand piece, or b) trying to meticulously place the thumb and the index finger on two 
points. Five of seven primates were trained until they could no longer perform the task. They 
began to have difficulty either closing or opening the hand on the target task. In addition, their 
training rate declined, as did their accuracy. As mentioned above, their poor grasp control 
changes were reminiscent of focal dystonia seen in patients. While some clinicians consider 
focal hand dystonia (occupational hand cramps) to be idiopathic, individuals performing tasks 
requiring intensive repetitive movements (e.g. working at computer, playing an instrument, 
pitching a ball, screwing nails, playing golf) appear to be at high risk.  

 
C. Forepaw Sensation  

Responses to sensory stimulation have also been examined in the Barbe and Barr rat 
model, and also appear to be exposure dependent. For example, no changes in withdrawal 
responses to mechanical stimulation was observed in LRNF rats across 12 weeks of task 
performance (unpublished observation), while MRHF rats exhibited forepaw hypersensitivity 
to mechanical stimuli in weeks 6 and 12 (Elliott et al., 2009a), as did HRHF rats in weeks 2-4 
prior to their development of hyposensitivity to mechanical stimuli (Clark et al., 2004; Barr et 
al., 2004; Rani et al., 2010). The development of forepaw hypersensitivity is suggestive of an 
irritative nerve lesion or increased presence of nociceptive sensitization chemicals in and 
around peripheral nerve terminals. In contrast, the development of forepaw hyposensitivity is 
suggestive of a destructive nerve lesion, such as that produced by nerve compression. The 
presence or absence of these underlying tissue mechanisms is further discussed below. 

 
 

3. Peripheral Changes with Overuse 
 

A. Human Findings 
Human studies examining tissue biopsies in patients with long-term chronic overuse 

syndromes find evidence of nerve compression and musculoskeletal and nerve injury, 
inflammation, fibrosis, degeneration and even necrosis (Ljung et al., 1999; Larsson et al., 
2000; Kuiper et al., 2004; Rempel et al., 1999; Rempel and Diao, 2004; Diao et al., 2005; for 
more review see Barr et al., 2004). Imaging studies of patients show cortical stress fractures 
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(Forwood and Parker, 1991; Fredericson et al., 1995), and histological studies of articular 
cartilage examined after joint replacement in patients with osteoarthritis, a disorder with 
overuse etiology, show thinning, erosions and osteophytes. Freeland and colleagues (2002) 
detected increased tenosynovium IL-6, an inflammatory cytokine, and increased serum 
malondialdehyde, a cell injury biomarker and a reactive oxygen species that initiates 
arachidonic acid metabolism into products (e.g. PGE2) in patients with carpal tunnel 
syndrome (CTS). As mentioned earlier, increased inflammatory cytokines have also been 
detected in serum of patients with early onset of moderate to severe symptoms of upper limb 
overuse injury (Carp et al., 2007), presumably as a result of increased cytokines in injured or 
inflamed tissues. 

 
B. Findings in Animal Models of Overuse 

Recent work in animal models suggests that performance of repetitive tasks with or 
without force, induces injury, persistent inflammation, and damage in several tissues, 
including nerve, muscle, tendon and bone (Diao et al., 2005; Perry et al., 2005; Sommerich et 
al., 2007; Dourte et al., 2010; Hollander et al., 2010; Willems et al., 2010; for more review 
see Barr et al., 2004). In the Barbe and Barr rat model, repetitive reaching and grasping tasks 
induced nerve and musculoskeletal injury as well as inflammatory and degenerative 
responses. Specifically, observed signs of tissue injury included myofiber fray, the presence 
of moth eaten myofibers in forelimb muscles, declines in median nerve conduction velocity, 
degraded myelin and axonal swelling in the median nerve, and pathological bone morphology 
(Barbe et al., 2003; Clark et al., 2003, 2004; Rani et al., 2009a, 2009b; Elliott et al., 2010). 
The declines in median nerve conduction were exposure-dependent, ranging in reductions of 
9-17% depending on the level of task intensity (Clark et al., 2003, 2004; Elliott et al., 2009b). 
Chronic task induced inflammatory responses were also induced, such as persistently 
increased macrophages and inflammatory cytokines in musculoskeletal tissues, nerves and 
serum (Barbe et al., 2003, Barr et al., 2003, Clark et al., 2003, Clark et al., 2004, Al-Shatti et 
al., 2005, Elliott et al., 2009b, Fedorczyk et al., 2010; Rani et al., 2010; Figure 5A,B). Task-
induced degenerative changes also developed, including increased collagen deposition in and 
around the median nerve and tendon sheaths within the carpal tunnel, tendon disorganization, 
pathological woven bone formation as well as bone resorption (Barr et al., 2003; Fedorczyk et 
al., 2010; Rani et al., 2009ab, 2010). The degenerative changes, such as tendon 
disorganization and bone resorption, appeared to be linked at least partially to the 
inflammatory responses. The declines in nerve conduction velocity, nerve fibrosis, myelin 
degradation, axonal swelling also indicate the presence of a chronic nerve compression injury 
mechanism in this model, especially when high repetition is combined with high force. 

 
 

4. Central Nervous System Changes with Overuse 
 
Previous studies using animal models of repetitive motion have correlated cortical 

neuroplastic changes or peripheral tissue inflammation with changes in either gross or fine 
motor performance. However, the possibility that both peripheral inflammatory and central 
cortical neuroplastic changes mechanisms coexist with altered motor performance has only 
recently been studied (Coq et al., 2009).  
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Figure 5. Task exposure dependent (i.e. dependent on weeks of task performance and demands of task) 
increases serum cytokines and bone osteoclasts, and correlation of grip with serum cytokines. A) Serum 
TNFα, a key pro-inflammatory cytokine, in all task groups at control (0), 6 or 12 weeks of task 
performance, tested via ELISA. Although serum TNFα was significant higher in MRLF and MRHF rats 
at 6 weeks compared to controls when 1 way ANOVAs were performed individually by task (see Barbe 
et al, 2008 and Elliott et al, 2009a), when HRHF serum data is included in a 2 way ANOVA (with 
factors weeks and tasks), highest serum TNFα is clearly in HRHF rats at 12 weeks. **: p < 0.01 
compared to controls. B) Osteoclasts also increase in a dose dependent manner in distal radius and ulna 
with task performance, with greatest numbers (N.Oc/mm2) in HRHF rats at 12 weeks. *: p < 0.05 
compared to controls. Osteoclasts are known to increase bone resorptive activity in presence of 
increased TNFα. C) Graph showing Pearson’s correlations of grip strength with 5 serum cytokines. 
Serum TNFα, MIP2 and MIP3 levels correlated negatively with grip strength. Reductions in grip 
strength also reduces loading on bone, contributing to decreased bone. Thus, increased serum cytokines 
can have detrimental effects on both motor function and bone integrity. See also Barr et al. (2004); 
Barbe et al. (2008); Elliott et al. (2008, 2009a) for more explanation. 

We have also performed a series of studies examining peripheral inflammatory responses 
in combination with spinal cord neuroplastic changes (Elliott et al., 2008, 2009ab, 2010).  

 
A. Spinal Cord Neuroplasticity 

Several studies using chronic nerve compression injuries have found phenotypic changes 
in dorsal root ganglion neurons in which the expression of proteins, receptors, 
neurotransmitters, and neurotrophic factors were altered (Wallin and Schött, 2002; Hammond 
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et al., 2004; Chao et al., 2008). For example, Substance P increases in spinal cord dorsal 
horns following chronic constriction injury from partial nerve ligation, peripheral nerve injury 
or inflammation (Abbadie et al., 1996; Delander et al., 1997; Allen et al., 1999; McCarson, 
1999; Cruce et al., 2001; Rothman et al., 2005). This increase may be due to inflammation-
induced increases in afferent synaptic input to the spinal cord through an increased rate of 
discharge, increased peptide production by the dorsal root ganglion, and/or afferent fiber 
phenotype alterations that favor Substance P expression (Pitcher and Henry, 2004). Schaible 
and colleagues described this type of afferent influx of excitatory transmitters into the spinal 
cord dorsal horn after injury as the presynaptic component of central sensitization (Schaible et 
al., 2002). An increase in neurokinin-1, a key receptor for Substance P, occur in the post-
synaptic spinal cord neurons, and most likely occurs as a response to the increased release of 
Substance P from nociceptive afferent terminals (Pitcher and Henry, 2004).  

Thus, it was not a surprise to us to see increased Substance P and neurokinin 1 in dorsal 
horns in cervical spinal cord regions with performance low and moderate repetitive tasks with 
or without high force (Elliott et al 2008, 2009ab, 2010). In each of these studies, the 
neurochemical response was associated temporally with a peripheral tissue macrophage or 
inflammatory cytokine response. This supports a hypothesis that task induced peripheral 
tissue injury and inflammation drives a spinal cord neurochemical response from nociceptive 
afferent terminals. Such increases in Substance P and neurokinin 1 are temporally associated 
with mechanical hypersensitivity (Sweitzer et al., 2001; Winkelstein et al., 2001; Rothman et 
al., 2005). These studies combined provide evidence that spinal cord plasticity under injury 
and inflammatory conditions may well be contributing to chronic pain conditions, such as 
mechanical hypersensitivity, in animal models and patients with overuse injury. 

There are also an abundance of studies showing spinal cord inflammatory responses after 
unilateral peripheral nerve injury, e.g. increased activated microglia and increased pro-
inflammatory cytokines production by spinal cord neuron and/or glia (DeLeo et al., 1997; 
Hunt et al., 2001; Shubayev and Myers, 2002; Schäfers et al., 2003a; Ohtori et al., 2004; 
Hubbard and Winkelstein, 2005; Hatashita et al., 2008). In a recent study, we observed 
increased IL-1  and TNF  immunoexpression in neurons within the dorsal horn superficial 
lamina in aged rats that had performed a moderate demand task (HRLF) for 12 weeks, 
compared to normal controls (Elliott et al., 2010). We have observed that the production of 
cytokines in the spinal cord in our rat model includes neurons. That said, the production of 
cytokines by glial cells is also plausible and still needs to be investigated in our model for 
understanding of the central changes induced by performance of repetitive tasks. 

 
B. Overuse-Induced Remodeling of Somatosensory and Motor Cortical Maps  

With regard to the cortical changes, we examined primary somatosensory cortical (S1) 
and primary motor cortical (M1) changes in rats performing a reaching and grasping task with 
moderate repetition and negligible force demands (MRNF task) for 2 hrs/day, 3 days/wk for 8 
weeks (Coq et al., 2009).  

In S1, the repetitive behavioral task did not alter the overall size of the S1 forepaw map, 
but that overall size was positively correlated with the ratio of grip strength in week 1 versus 
8. The MRNF changed the neuronal selectivity between cutaneous and nail movement inputs, 
as the proportion of cortical sites responding to both forepaw cutaneous stimulation and nail 
movements was greater in MRNF rats than in control rats. We found other examples of 
MRNF-induced degradation of S1 neuronal properties, such as more RFs encompassing 
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several forepaw subdivisions (i.e. several digits and/or palmar pads), more cortical sites 
exhibiting RFs located on both glabrous and hairy surfaces, and increased cortical 
responsiveness to light tactile stimulation. In addition, the RFs located on the glabrous 
forepaw were 1.5 times larger in MRNF rats than in controls and glabrous RFs overlapped 
much more (Figure 6A,B,D,E). The larger the glabrous RFs on the forepaw, the lower the 
mean percent of successful reaches. As a consequence, the forepaw representation appeared 
to be patchy and the S1 map topography was disrupted in MRNF rats relative to controls. For 
example, disruptions in the continuity of the S1 representation of contiguous skin surfaces of 
the forepaw and discontinuous representations of several single forepaw subdivisions into 
distinct cortical zones within the S1 forepaw map (see the patchy representation of digits 1 
and 2 in Figure 6D), features not seen in untrained S1 maps. Another conspicuous feature in 
the S1 forepaw maps of trained rats was the higher proportion of RFs located on either palmer 
pads and digits or dorsal forepaw and wrist/forearm after the behavioral training (Figure 6E). 
These large RFs located on the forepaw and forearm correlated negatively with the 
percentage of successful reaches, positively correlated with percentage of rats using the 
inefficient food retrieval pattern of raking, and positively correlated with the reach phase time 
ratio of week 1 to week 8 (Coq et al. 2009). These data confirm and extend those found in 
primates in which repetitive, rewarded hand grasp led to a de-differentiation of the finger 3b 
maps, characterized by enlarged, overlapping RFs, the emergence of multidigit and hairy-
glabrous RFs, as well as abnormal somatosensory maps in the thalamus (Byl et al., 1996, 
1997; Blake et al., 2002). In previous studies, it has also been shown that abnormal 
sensorimotor experience (disuse) can result in a degradation of both the topographic 
organization of somatosensory maps and S1 neuronal properties (Coq and Xerri, 1999; Coq et 
al., 2008). A concordant degradation of the S1 forepaw map features has been correlated with 
poor tactile discrimination performance in rats (Xerri et al., 2005).  

In the motor cortex, the MRNF reaching task drastically increased the total area of the 
forepaw movement representation (1.6 times larger) compared to controls. The areas 
occupied by the shoulder (6% of the total map area), elbow (41%), wrist (23%), digits (1%) 
and arm (3%) were not significantly affected by the behavioral training, but the cortical area 
devoted to multi-joint movements drastically increased in MRNF rats (Figure 6C,F). Indeed, 
the movement representation area of the elbow-wrist multi-joint responses tripled and the 
arm-digits multi-joint areal extent was 17 times larger than in untrained rats. Interestingly, the 
cortical increase in the multi-joint movement representation for elbow-wrist, arm and arm-
digits correlated strongly with the increased prevalence of the raking strategy, as well as the 
elbow movement representation. The overall threshold (i.e. minimal current to evoke a 
movement) of neuronal M1 responses did not differ between groups nor did the threshold for 
most forelimb joints, except for digits (digits only and digit-arm), which were 2 times lower 
after behavioral training. Out of the motor forepaw map, the average thresholds required to 
evoke whisker and hind paw movements did not differ between both groups, so that the 
MRNF task specifically altered the M1 digit representation.  

Thus, the MRNF task drastically increased the size of the M1 forepaw maps, especially 
the movement representation of the digits, digit-arm and elbow-wrist specifically involved in 
the behavioral task, and also decreased specifically the amount of current required to evoke 
movements of the digits. To a certain extent, the motor cortical reorganization induced by the 
prolonged performance of repetitive reaching in our model seems more adaptive than 
deleterious.  
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Figure 6. Primary somatosensory (S1) and motor (M1) cortical maps of the forepaw in control (CONT) 
and trained rats performing a moderate repetition, negligible force (MRNF) task. A) Representative S1 
map devoted to the forepaw skin in a normal control rat. B) Typical glabrous receptive fields (RFs) in 
the same normal control rat showing single RFs encompassing mainly one or two forepaw subdivisions. 
C) Cortical map of the movement representation of the forepaw joints in a normal control rat. D) 
Representative map in an 8 week MRNF rat showing disruptions in the continuity of the S1 
representation of contiguous forepaw skin surfaces and patchy representations of single forepaw 
subdivisions (e.g. digits 1 or 2; examples indicated by arrows) into distinct cortical zones. E) Glabrous 
RFs in the same MRNF rat showing many large RFs encompassing several forepaw subdivisions and 
even larger RFs located on both plantar pads or digits and wrist/forearm (examples indicated by thick 
RFs). Note the greater overlap of glabrous RFs in MRNF rats (E) than in CONT (B). F) Typical map in 
an 8 week MRNF rat showing a drastic enlargement of the M1 forelimb cortical map and the task-
induced increase in the cortical area devoted to digit, arm-digit and multi-joint movements (multi-joint 
responses are highlighted by arrows). Abbreviations: d1-d5, digit 1 to digit 5; LD, large dorsum of 
forepaw; NCR, non cutaneous responses; NR, no response; Pa, palmar pads; Sho., shoulder. Figure 
modified with permission from Coq et al. (2009). 
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Several studies examined the effects of motor repetition related to any motor training 
experience on the M1 map organization. Extensive repetition of digit movements without 
motor learning in primate or unskilled pellet reaching in rats did not significantly alter the M1 
forelimb map, while motor skill learning was associated with an expansion of the 
representation of distal forelimb movements (Kleim et al., 1998; Plautz et al., 2000). The M1 
skill-related expansion has been shown to depend upon functional synaptogenesis (Kleim et 
al., 2002, 2004), long-term potentiation (Rioult-Pedotti et al., 2000), excitation-inhibition 
balance (see Teskey et al., 2008 for a review), synchronous firing (Schieber, 2002), tuning 
and signal-to-noise changes of M1 cells (Kargo and Nitz, 2003, 2004). In rats that reached for 
bundles of pasta strands, skilled reaching with targeting and grasping components requires 
coordinated forelimb joint movements (Remple et al., 2001). We also observed increases in 
elbow-wrist and in digit representations in our overuse model that are consistent with such 
increased skill. These findings support the learning hypothesis for the etiology of repetitive 
motion disorders (Byl and Melnick, 1997; Blake et al., 2005, 2006). 

 
 

5. Links between Behavioral Changes and Peripheral and/Or Central 
Changes 

 
A. Peripheral Sensitization 

 
In our model, several peripheral tissue changes are associated temporally and correlate 

statistically with declines in reach performance, grip strength, agility and mechanical 
hypersensation. These changes include widespread musculoskeletal and peripheral nerve 
inflammation, nerve pathology, and perhaps musculoskeletal tissue injury. With regards to 
inflammation, we have observed that reach rate correlates negatively with changes in nerve 
and musculoskeletal inflammatory cytokines and macrophages (Barbe et al., 2003; Clark et 
al., 2003, 2004; Elliott et al., 2008, 2009a), as did grip strength (Barbe et al., 2008; Elliott et 
al., 2009ab; Fedorczyk et al., 2010; Rani et al., 2010). This latter finding is supportive of 
other work in which forelimb grip strength declines occurred after intramuscular injections of 
TNF  (Schäfers et al., 2003b; Beyreuther et al., 2007), suggesting that reduced grip strength 
can be a sign of muscle inflammation (also called muscle hyperalgesia). In a recent study 
from our lab, a two-week regimen of an anti-TNFα drug decreased repetitive task-induced 
increases of TNFα in flexor forelimb muscles and attenuated declines in grip strength (Rani et 
al., 2010). Grip strength was not entirely restored due to the presence of increased Substance 
P and neurokinin 1 in the spinal cord of these same rats (unpublished data), suggesting a 
central sensitization mechanism was also present that 2 week regimen of anti-TNFα could not 
ameliorate. Our observed degraded forelimb movement patterns, such as scooping and raking, 
was also concomitant with forelimb musculoskeletal and nerve inflammation (Barbe et al., 
2003; Elliott et al., 2008; Coq et al., 2009).  

Lastly, heightened pain sensitivity is a known consequence of increased inflammatory 
mediators, particularly TNFα Pro-inflammatory cytokines activate and sensitize peripheral 
terminals of nociceptors both directly (such as within the nerve) and indirectly (such as in 
surrounding tissues) leading to hypersensitivity (Moalem and Tracey, 2006; Schäfers and 
Sorkin, 2008). We have recently reported a correlation between increased inflammatory 
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cytokines in the median nerve and forepaw mechanical hypersensitivity (Elliott et al., 2010). 
Alternatively, a task-induced systemic cytokine response may also be associated with the 
widespread mechanical hypersensitivity found in the present study; we have previously 
observed a significant correlation between reduced grip strength and task-induced increases in 
serum inflammatory cytokines (Barbe et al., 2008; Elliott et al., 2009; Figure 5C). These 
findings combined suggest that inflammation-driven peripheral sensitization contributes to 
sensorimotor changes with performance of repetitive tasks.  

 
B. Peripheral Nerve Injury 

A peripheral nerve injury mechanism has also been identified in our overuse model. We 
have observed nerve demyelination, axonal swelling, fibrosis, with subsequent decreased 
nerve conduction velocity, forepaw sensation and grip strength, each suggestive of a nerve 
compression injury (Clark et al., 2003; 2004; Elliott et al., 2010). Declines in grip strength 
can also be a sign of neuropathic injury (Schäfers et al., 2003a; Beyreuther et al., 2007). The 
contribution of nerve injury to grip strength changes in our model is supported by positive 
correlations grip strength declines and reductions of median nerve conduction velocity (Elliott 
et al., 2009, 2010). In conclusion, our findings suggest that several sensorimotor behavior 
outcomes are affected by peripheral muscle and nerve inflammation, nerve compression 
injury, or both, with performance of repetitive tasks. 

 
B. Spinal Cord Central Sensitization  

The phenomenon of central sensitization is characterized by adaptations in neurons and 
glia cells, such as changes in neuronal structure, protein production, function, and survival 
within the CNS, that then contribute to abnormal pain behaviors (Woolf and Salter, 2000). 
For example, it has been proposed that spinal cytokines released in the dorsal horn nerve 
terminal region ipsilateral to the affected peripheral nerve spread to nearby spinal nerve 
terminals that then effect uninvolved peripheral nerves and central sensory processing 
(Chacur et al., 2001). These changes may then promote remote and contralateral sensitization 
effects (Chacur et al., 2001). We have observed forepaw hypersensitivity bilaterally in our 
model (Barr et al., 2004, Elliott et al., 2010). However, we have also shown that the non-
reach limb is used as a support limb in our model, as depicted in Fedorczyk et al. (2010). 
Thus, the bilateral hypersensitivity responses in our study are not a type of ‘mirror allodynia’, 
sometimes seen after unilateral nerve ligation, in which there is a contralateral spread of 
symptoms via spinal cord mechanisms (DeLeo et al., 1997; Chacur et al., 2001; Milligan et 
al., 2003; Kelly et al., 2007), but rather due to bilateral use of the forelimbs in performing the 
task, and then bilateral changes in the median nerves.  

However, we have also reported the presence of hind paw mechanical hypersensitivity in 
our model (Barr et al., 2004; Elliott et al., 2010), limbs not involved in performing an upper 
extremity repetitive task. We observed hind paw mechanical hypersensitivity in aged rats 
performing a HRLF task for 12 weeks (Elliott et al., 2010), and an early increase in hind paw 
sensitivity at 3 weeks in young rats performing a HRHF task (prior to the development of 
hyposensation in these latter rats). These findings are suggestive of an extraterritorial spread 
of symptoms via central sensitization mechanisms that may contribute to pain behaviors with 
overuse injuries. Studies showing mirror allodynia (mechanical hypersensitivity) or extra-
territorial hyperalgesia in cases of unilateral nerve injury provide evidence of nerve injury- 
induced mechanisms of central sensitization (Chacur et al., 2001; Gazda et al., 2001). We 
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suggest that the hypersensitivity in the uninvolved hind paws in our model may be due to 
increased pro-inflammatory cytokines in cervical spinal cord affecting cells or processing in 
distal spinal cord segments. Unfortunately, we did not collect lumbar spinal cord segments in 
these studies, and therefore are limited in our interpretation of these results. Nevertheless, the 
finding of mechanical hypersensitivity in body regions not involved in performing a task is 
highly suggestive of central mechanisms of sensitivity and is of potential interest to clinicians 
considering appropriate therapies for patients with overuse injuries. 

 
C. Does Sensitization Result from both Peripheral and Central Changes? 

Signs of injury and inflammation occurring in the median nerve in addition to the spinal 
cord inflammatory response prevent us from separating peripheral versus central mechanisms 
contributing to observed cutaneous sensation changes in forepaws. Pro-inflammatory 
cytokines have been shown to sensitize peripheral terminals of nociceptors both directly and 
indirectly, leading to hypersensitivity (Moalem and Tracey, 2006; Schäfers and Sorkin, 
2008). We have reported the presence of inflammatory cytokines in peripheral nerves, 
musculoskeletal tissues, and circulating widely in serum in our model (Al-Shatti et al., 2005; 
Barbe et al., 2008; Coq et al., 2009; Elliott et al., 2009, 2010). We have also reported 
statistical correlation between these cytokine increases, hypersensitivity and declines in grip 
strength in several studies, suggesting a link between increased peripheral cytokines and pain-
related behaviors with overuse injuries. 

Furthermore, nerve compression can be initially irritative to nerves, resulting in 
cutaneous hypersensitivity. Our findings of mechanical hypersensitivity in the presence of 
decreased nerve conduction velocity, and histological findings of increased extraneuronal 
connective tissue and axonal swelling in the median nerve, are suggestive of nerve 
compression with long-term repetitive task performance, particularly HRHF tasks. Hand and 
arm pain in the distribution of the median nerve is a common symptom in patients with 
electrophysiologically diagnosed carpal tunnel syndrome, particularly in those subjects 
involved in full time intensive manual work (Bonfiglioli et al., 2007).  

With regard to central sensitivity, we can only point to an abundance of other studies 
showing spinal cord inflammatory responses after unilateral peripheral nerve injury, e.g. 
increased spinal cord neuron- and glia-produced cytokines, increases that are temporally 
associated with mechanical hypersensitivity (DeLeo et al., 1997, Hunt et al., 2001, Shubayev 
and Myers, 2002, Schäfers et al., 2003b, Ohtori et al., 2004, Hubbard and Winkelstein, 2005, 
Hatashita et al., 2008). The contribution of central sensitization to repetition-induced 
hypersensitivity is also suggested by studies from our lab showing increased Substance P and 
neurokinin-1 receptor in spinal cord dorsal horns, changes described earlier (Elliott et al., 
2008, 2009ab). These increases in Substance P correlated statistically with declines in 
forelimb grip strength (Elliott et al., 2009b), and coincided with degraded forelimb movement 
patterns (Elliott et al., 2008). On the other hand, we have also observed increased Substance P 
in forelimb tendons with HRHF task performance, changes that correlated strongly with 
declines in grip strength (Fedorczyk et al., 2010), bringing us back to a potential peripheral 
sensitization mechanism. We hypothesize that both mechanisms are at work in our model and 
cases of overuse injury in which chronic pain is present. 

 



Peripheral and Central Effects of Disuse or Overuse 27 

D. Contribution of Cortical Map Changes to Sensorimotor Behavior Changes 
It is now well established that S1 map organization and neuronal properties are correlated 

with sensorimotor and tactile performances (Xerri et al., 2005; Duncan and Boynton, 2007; 
Bensmaia, 2008; Reed et al., 2008). The deterioration of the S1 map features and neuronal 
properties found in our model, described earlier, would likely result in ambiguous 
interpretation of tactile cues and undoubtedly contributed to a decline in grasp control, 
ultimately resulting in failed and repeated grasp attempts (i.e. the increased movement 
reversals observed in our model). Our observed “raking” reach pattern also includes poor 
forepaw and digit closure and, thus, poor grasp control changes that are reminiscent of focal 
dystonia as described by Byl et al. (1996, 1997) in an owl monkey model. In fact, in our Coq 
et al. (2009) study, the enlargement of S1 receptive fields and the emergence of large 
receptive fields that encompassed the whole forepaw (digits and palmar pads) or dorsal hand 
and wrist or forearm correlated statistically with a reduction in successful reaches, an increase 
in the inefficient raking food retrieval pattern, and an increase in reach time. These findings 
support our hypothesis that ambiguous interpretation of tactile cues result in reduced motor 
performance, particularly fine motor skills, as found in the monkey model of focal hand 
dystonia (Byl et al., 1996, 1997; Blake et al., 2002). 

Similar movement pattern changes have been attributed to degradation of the S1 paw 
representation in owl monkey (Byl et al., 1996, 1997; Topp and Byl, 1999). Using 
somatosensory evoked potential measurements, Byl et al. (2000, 2002) detected 
somatosensory disorganization consistent with somatotopic dedifferentiation in human 
subjects with severe and moderate focal hand dystonia. These observations have led to a 
learning hypothesis for the origin of focal hand dystonia, and possibly other repetitive motion 
disorders, whereby the reversibility of the somatosensory cortical degradation is exploited in 
treatment interventions to restore normal cortical representations (Byl and Melnick, 1997; Byl 
and McKenzie, 2000; Byl, 2003, 2007; Byl et al., 2003; Candia et al., 2003; McKenzie et al., 
2003).  

The motor declines also correlated with a dramatic enlargement of the overall forepaw 
map area of the primary motor cortex, in which emerged the representation of joint 
movements specifically involved in the repetitive task. In fact, the movement representation 
areas leading to multi-joint movements, such as elbow-wrist, arm and mainly wrist-digits, 
increased in repetitive task rats. Interestingly, this increase in cortical multi-joint movement 
representations correlated strongly with the increased prevalence of the raking strategy.  

Unexpectedly, but interesting to consider here, task-induced peripheral increases in 
inflammatory cytokines in muscles of repetitive task rats had a strong negative correlation 
with not only grip strength, but also with the amount of current required to evoke movements 
of the wrist, and elbow-wrist, and arm-digit multi-joints in the primary motor cortex. The 
higher the inflammation in flexor muscles specifically involved in the task, the lower the 
threshold required to elicit arm-digit movements, which was decreased in trained rats relative 
to controls.  

 
 

6. Conclusions for Overuse Injury Model 
 
Our data from a rat model of overuse injury show that peripheral nerve injury, peripheral 

inflammatory, spinal cord sensitization and central neuroplastic mechanisms co-exist. Each 
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appear to contribute to motor behavior declines and the development of pain related 
behaviors. What was previously unknown was if peripheral inflammation was primarily 
responsible for the movement performance deficits that emerge in these rats over time (Barbe 
and Barr, 2006) or whether cortical degradation was responsible for the movement defects 
(Byl et al 1997). It is clear from our studies that both sensorimotor cortical reorganization and 
peripheral inflammation/injury mechanisms contribute to movement performance declines 
and movement pattern changes in the progression of the overuse injury. 

 
 

Overall Conclusion 
 
In conclusion, both prolonged disuse and overuse lead to both peripheral and central 

changes that are interdependent to drive cerebral plasticity and altered output function. From 
the findings of these two models combined, we postulate that abnormal movements, whether 
limited through hind limb immobilization, or excessive as in highly repetitive tasks, can lead 
to pathological musculoskeletal tissue changes, which in turn contribute to provide aberrant 
sensory inputs to the brain. These repetitive, aberrant inputs result in abnormal sensory 
feedback leading to S1 and M1 topographic reorganization, which can be either adaptive or 
deleterious. Indeed, sensorimotor disuse, rewarded-training and overuse drive long-term 
potentiation and depression (LTP and LTD), spike-timing dependent plasticity (STDP), 
homeostatic synaptic and structural plasticity in both S1 and M1 cortices (see Adkins et al., 
2006; Moucha and Kilgard, 2006; Martin et al., 2007; Feldman, 2009; Wittenberg, 2010). 
Thus, disruptions in the S1 map topography and neuronal properties, as described in our 
models, suggest less ability to interpret inputs to selected parts of the body and the abnormal 
feedforward of somatosensory information to the motor cortex might be subsequently 
expressed in degraded motor functions, as found in patients with CP or focal hand dystonia 
(Byl, 2004; Gordon et al., 2006; Wingert et al., 2008, 2009, 2010; Burton et al., 2009; 
Hinkley et al., 2009). 

Therefore, our studies emphasize the crucial role of early sensorimotor experience and 
suggest the critical importance for early interventions and sustained activity in children and 
infants with CP to hopefully restore sensorimotor functions or at least prevent further 
degradations (Damiano, 2006, 2009; Hadders-Algra and Gramsbergen, 2007). Our studies 
also emphasize the need for early intervention in repetitive/overuse injuries to reduce central 
phenotypic changes in dorsal root ganglia, spinal cord and cortical cells, in which the 
expression of proteins, receptors, neurotransmitters, and neurotrophic factors have been 
altered as a consequence of either chronic nerve compression injuries, chronic inflammation 
(local, widespread or systemic) and subsequent aberrant sensory inputs (Latremoliere and 
Woolf, 2009; Sorkin and Yaksh, 2009). 

 
 

Acknowledgements:  
 
The work described in this review paper from the laboratory of Dr. J-Olivier Coq was 

supported by CNRS, Ministère de l’Enseignement Supérieur et de la Recherche, l’Agence 
Nationale de la Recherche, la Région Provence-Alpes-Côte-d’Azur, NIH grant NS-10414, the 



Peripheral and Central Effects of Disuse or Overuse 29 

Cerebral Palsy Institute, la Fondation Motrice, Fondation NRJ – Institut de France and the 
Sandler Fundation. The work described in this review paper from the laboratory of Dr. Mary 
Barbe was supported by a grant from NIOSH grants UO1 OH 03970 and RO1 OH 8599, and 
NIAMS grants R01 AR056019 and R01 AR051212.  

 
 

References 
 

Abbadie C, Brown JL, Mantyh PW, Basbaum AI (1996) Spinal cord substance P receptor 
immunoreactivity increases in both inflammatory and nerve injury models of persistent 
pain. Neuroscience 70:201-209  

Adkins DL, Boychuk J, Remple MS, Kleim JA (2006) Motor training induces experience-
specific patterns of plasticity across motor cortex and spinal cord. J. Appl. Physiol. 
101:1776-1782  

Allen BJ, Li J, Menning PM, Rogers SD, Ghilardi J, Mantyh PW, Simone DA (1999) Primary 
afferent fibers that contribute to increased substance P receptor internalization in the 
spinal cord after injury. J. Neurophysiol. 81:1379-1390  

Alloway KD, Rosenthal P, Burton H (1989) Quantitative measurements of receptive field 
changes during antagonism of GABAergic transmission in primary somatosensory cortex 
of cats. Exp. Brain Res. 78:514-532  

Al-Shatti T, Barr AE, Safadi FF, Amin M, Barbe MF (2005) Increase in inflammatory 
cytokines in median nerves in a rat model of repetitive motion injury. J. Neuroimmunol. 
167:13-22  

Andiman SE, Haynes RL, Trachtenberg FL, Billiards SS, Folkerth RD, Volpe JJ, Kinney HC 
(2010) The Cerebral Cortex Overlying Periventricular Leukomalacia: Analysis of 
Pyramidal Neurons. Brain Pathol. 20:803-14 

Banks HH (1972) The knee and cerebral palsy. Orthop. Clin. North Am.. 3:113-129  
Barbe MF, Barr AE (2006) Inflammation and the pathophysiology of work-related 

musculoskeletal disorders. Brain Behav. Immun. .20:423-429  
Barbe MF, Barr AE, Gorzelany I, Amin M, Gaughan JP, Safadi FF (2003) 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  

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

Barr AE, Barbe MF (2002) Pathophysiological tissue changes associated with repetitive 
movement: a review of the evidence. Phys .Ther. 82:173-187  

Barr AE, Barbe MF, Clark BD (2004) Work-related musculoskeletal disorders of the hand 
and wrist: epidemiology, pathophysiology, and sensorimotor changes. J. Orthop. Sports 
Phys. Ther. 34:610-627  

Basso N, Heersche JNM (2006) Effects of hind limb unloading and reloading on nitric oxide 
synthase expression and apoptosis of osteocytes and chondrocytes. Bone 39:807-814  

Beloozerova IN, Sirota MG, Swadlow HA (2003) Activity of different classes of neurons of 
the motor cortex during locomotion. J. Neurosci. 23:1087-1097  

Bensmaia SJ (2008) Tactile intensity and population codes. Behav. Brain Res 190:165-173  



Jacques-Olivier Coq and Mary F Barbe 30 

Bernard B (1997) Musculoskeletal Disorders and Workplace Factors: A Critical Review of 
Epidemiologic Evidence for Work-Related Disorders of the Neck, Upper Extremities, 
and Low Back. National Institute of Occupational Safety and Health. 

Beyreuther BK, Geis C, Stöhr T, Sommer C (2007) Antihyperalgesic efficacy of lacosamide 
in a rat model for muscle pain induced by TNF. Neuropharmacology 52:1312-1317  

Blake DT, Byl NN, Merzenich MM (2002) Representation of the hand in the cerebral cortex. 
Behav. Brain Res. 135:179-184  

Blake DT, Heiser MA, Caywood M, Merzenich MM (2006) Experience-dependent adult 
cortical plasticity requires cognitive association between sensation and reward. Neuron 
52:371-381  

Blake DT, Strata F, Kempter R, Merzenich MM (2005) Experience-dependent plasticity in S1 
caused by noncoincident inputs. J. Neurophysiol. 94:2239-2250  

Bonfiglioli R, Mattioli S, Fiorentini C, Graziosi F, Curti S, Violante FS (2007) Relationship 
between repetitive work and the prevalence of carpal tunnel syndrome in part-time and 
full-time female supermarket cashiers: a quasi-experimental study. Int. Arch. Occup. 
Environ. Health 80:248-253  

Booth CM, Cortina-Borja MJ, Theologis TN (2001) Collagen accumulation in muscles of 
children with cerebral palsy and correlation with severity of spasticity. Dev. Med. Child 
Neurol. 43:314-320  

Booth FW (1982) Effect of limb immobilization on skeletal muscle. J. Appl .Physiol. 
52:1113-1118  

Bureau of Labor Statistics (2007) Nonfatal occupational injuries and illnesses requiring days 
away from work, 2006. United States Department of Labor News. 

Burton H, Dixit S, Litkowski P, Wingert JR (2009) Functional connectivity for 
somatosensory and motor cortex in spastic diplegia. Somatosens. Mot. Res. 26:90-104  

Burton H, Sinclair RJ, Wingert JR, Dierker DL (2008) Multiple parietal operculum 
subdivisions in humans: tactile activation maps. Somatosens Mot. Res. 25:149-162  

Byl NN (2003) What can we learn from animal models of focal hand dystonia? Rev. Neurol. 
(Paris) 159:857-873  

Byl NN, McKenzie A (2000) Treatment effectiveness for patients with a history of repetitive 
hand use and focal hand dystonia: a planned, prospective follow-up study. J. Hand Ther. 
13:289-301  

Byl NN, McKenzie A, Nagarajan SS (2000) Differences in somatosensory hand organization 
in a healthy flutist and a flutist with focal hand dystonia: a case report. J. Hand Ther. 
13:302-309  

Byl NN, Melnick M (1997) The neural consequences of repetition: clinical implications of a 
learning hypothesis. J. Hand Ther. 10:160-174  

Byl NN, Merzenich MM, Cheung S, Bedenbaugh P, Nagarajan SS, Jenkins WM (1997) A 
primate model for studying focal dystonia and repetitive strain injury: effects on the 
primary somatosensory cortex. Phys. Ther. 77:269-284  

Byl NN, Merzenich MM, Jenkins WM (1996) A primate genesis model of focal dystonia and 
repetitive strain injury: I. Learning-induced dedifferentiation of the representation of the 
hand in the primary somatosensory cortex in adult monkeys. Neurology 47:508-520  

Byl NN (2004) Focal hand dystonia may result from aberrant neuroplasticity. Adv. Neurol. 
94:19-28  



Peripheral and Central Effects of Disuse or Overuse 31 

Byl NN (2007) Learning-based animal models: task-specific focal hand dystonia. ILAR J. 
48:411-431  

Byl NN (2009) Focal hand dystonia: a historical perspective from a clinician scholar. J. Hand 
Ther. 22:105-108  

Byl NN, Nagajaran S, McKenzie AL (2003) Effect of sensory discrimination training on 
structure and function in patients with focal hand dystonia: a case series. Arch. Phys. 
Med. Rehabil. 84:1505-1514  

Byl NN, Nagarajan SS, Merzenich MM, Roberts T, McKenzie A (2002) Correlation of 
clinical neuromusculoskeletal and central somatosensory performance: variability in 
controls and patients with severe and mild focal hand dystonia. Neural Plast. 9:177-203  

Candia V, Wienbruch C, Elbert T, Rockstroh B, Ray W (2003) Effective behavioral treatment 
of focal hand dystonia in musicians alters somatosensory cortical organization. Proc. 
Natl. Acad. Sci. U.S.A. 100:7942-7946  

Canu MH, Darnaudéry M, Falempin M, Maccari S, Viltart O (2007) Effect of hindlimb 
unloading on motor activity in adult rats: impact of prenatal stress. Behav. Neurosci. 
121:177-185  

Canu MH, Falempin M (1996) Effect of hindlimb unloading on locomotor strategy during 
treadmill locomotion in the rat. Eur. J. Appl. Physiol. Occup. Physiol. 74:297-304  

Canu MH, Falempin M (1997) Effect of hindlimb unloading on two hindlimb muscles during 
treadmill locomotion in rats. Eur J Appl Physiol Occup Physiol 75:283-288  

Canu MH, Falempin M (1998) Effect of hindlimb unloading on interlimb coordination during 
treadmill locomotion in the rat. Eur. J. Appl. Physiol. Occup. Physiol. 78:509-515  

Canu MH, Falempin M, Orsal D (2001) Fictive motor activity in rat after 14 days of hindlimb 
unloading. Exp. Brain Res. 139:30-38  

Canu MH, Langlet C, Dupont E, Falempin M (2003) Effects of hypodynamia-hypokinesia on 
somatosensory evoked potentials in the rat. Brain Res. 978:162-168  

Canu M, Garnier C (2009) A 3D analysis of fore- and hindlimb motion during overground 
and ladder walking: comparison of control and unloaded rats. Exp. Neurol. 218:98-108  

Canu M, Garnier C, Lepoutre F, Falempin M (2005) A 3D analysis of hindlimb motion 
during treadmill locomotion in rats after a 14-day episode of simulated microgravity. 
Behav. Brain Res. 157:309-321  

Canu M, Picquet F, Bastide B, Falempin M (2010) Activity-dependent changes in the 
electrophysiological properties of regular spiking neurons in the sensorimotor cortex of 
the rat in vitro. Behav. Brain Res. 209:289-294  

Canu M, Treffort N, Picquet F, Dubreucq G, Guerardel Y, Falempin M (2006) Concentration 
of amino acid neurotransmitters in the somatosensory cortex of the rat after surgical or 
functional deafferentation. Exp. Brain Res. 173:623-628  

Carp SJ, Barbe MF, Winter KA, Amin M, Barr AE (2007) Inflammatory biomarkers increase 
with severity of upper-extremity overuse disorders. Clin. Sci 112:305-314  

Castle ME, Reyman TA, Schneider M (1979) Pathology of spastic muscle in cerebral palsy. 
Clin. Orthop. Relat. Res. 142:223-232  

Chacur M, Milligan ED, Gazda LS, Armstrong C, Wang H, Tracey KJ, Maier SF, Watkins 
LR (2001) A new model of sciatic inflammatory neuritis (SIN): induction of unilateral 
and bilateral mechanical allodynia following acute unilateral peri-sciatic immune 
activation in rats. Pain 94:231-244  



Jacques-Olivier Coq and Mary F Barbe 32 

Chao T, Pham K, Steward O, Gupta R (2008) Chronic nerve compression injury induces a 
phenotypic switch of neurons within the dorsal root ganglia. J. Comp. Neurol. 506:180-
193  

Clark BD, Al-Shatti TA, Barr AE, Amin M, Barbe MF (2004) Performance of a high-
repetition, high-force task induces carpal tunnel syndrome in rats. J. Orthop. Sports Phys. 
Ther. 34:244-253  

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

Clayton K, Fleming JM, Copley J (2003) Behavioral responses to tactile stimuli in children 
with cerebral palsy. Phys. Occup. Ther. Ped. 23:43–62  

Coq JO, Xerri C (1999) Tactile impoverishment and sensorimotor restriction deteriorate the 
forepaw cutaneous map in the primary somatosensory cortex of adult rats. Exp. Brain 
Res. 129:518-531  

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

Coq JO, Delcour M, Russier M, Olivier P, Fontaine R, Gestreau C, Baud O (2007) Prenatal 
ischemia and hind limb disuse induce locomotor deficits and S1 and M1 map 
degradation: what can we learn about cerebral palsy? In: From basic motor control to 
functional recovery – V, Sofia, Bulgaria: Gantchev N (Ed), pp 170-179 

Coq JO, Strata F, Russier M, Safadi FF, Merzenich MM, Byl NN, Barbe MF (2008) Impact 
of neonatal asphyxia and hind limb immobilization on musculoskeletal tissues and S1 
map organization: implications for cerebral palsy. Exp. Neurol .210:95-108  

Cruce WL, Lovell JA, Crisp T, Stuesse SL (2001) Effect of aging on the substance P receptor, 
NK-1, in the spinal cord of rats with peripheral nerve injury. Somatosens. Mot .Res. 
18:66-75  

Damiano DL (2006) Activity, activity, activity: rethinking our physical therapy approach to 
cerebral palsy. Phys. Ther. 86:1534  

Damiano DL (2009) Rehabilitative Therapies in Cerebral Palsy: The Good, the Not As Good, 
and the Possible. J. Child Neurol. 24:1200-1204  

David V, Lafage-Proust M, Laroche N, Christian A, Ruegsegger P, Vico L (2006) Two-week 
longitudinal survey of bone architecture alteration in the hindlimb-unloaded rat model of 
bone loss: sex differences. Am. J. Physiol. Endocrinol. Metab. 290:E440-447  

De-Doncker L, Picquet F, Browne GB, Falempin M (2002) Expression of myosin heavy 
chain isoforms along intrafusal fibers of rat soleus muscle spindles after 14 days of 
hindlimb unloading. J. Histochem. Cytochem. 50:1543-1554  

Delander GE, Schött E, Brodin E, Fredholm BB (1997) Temporal changes in spinal cord 
expression of mRNA for substance P, dynorphin and enkephalin in a model of chronic 
pain. Acta Physiol. Scand 161:509-516  

Delcour M, Olivier P, Chambon C, Russier M, Gestreau C, Alescio-Lautier B, Baud O, Coq 
JO (2009) Prenatal ischemia and sensorimotor disuse during development in rats: a 
promising new animal model of CP. Dev. Med. Child Neur. 51:S19  

DeLeo JA, Colburn RW, Rickman AJ (1997) Cytokine and growth factor 
immunohistochemical spinal profiles in two animal models of mononeuropathy. Brain 
Res. 759:50-57  



Peripheral and Central Effects of Disuse or Overuse 33 

Deschenes MR, Will KM, Booth FW, Gordon SE (2003) Unlike myofibers, neuromuscular 
junctions remain stable during prolonged muscle unloading. J. Neurol. Sci. 210:5-10  

Diao E, Shao F, Liebenberg E, Rempel D, Lotz JC (2005) Carpal tunnel pressure alters 
median nerve function in a dose-dependent manner: a rabbit model for carpal tunnel 
syndrome. J. Orthop. Res. 23:218-223  

Donoghue JP (1995) Plasticity of adult sensorimotor representations. Curr. Opin. Neurobiol. 
5:749-754  

Donoghue JP, Sanes JN (1987) Peripheral nerve injury in developing rats reorganizes 
representation pattern in motor cortex. Proc. Natl. Acad. Sci. U.S.A 84:1123-1126  

Donoghue JP, Sanes JN (1988) Organization of adult motor cortex representation patterns 
following neonatal forelimb nerve injury in rats. J. Neurosci. 8:3221-3232  

Donoghue JP, Suner S, Sanes JN (1990) Dynamic organization of primary motor cortex 
output to target muscles in adult rats. II. Rapid reorganization following motor nerve 
lesions. Exp. Brain Res. 79:492-503  

Dourte LM, Perry SM, Getz CL, Soslowsky LJ (2010) Tendon properties remain altered in a 
chronic rat rotator cuff model. Clin. Orthop. Relat. Res. 468:1485-1492  

Drew T, Andujar J, Lajoie K, Yakovenko S (2008) Cortical mechanisms involved in 
visuomotor coordination during precision walking. Brain Res. Rev. 57:199-211  

Duncan RO, Boynton GM (2007) Tactile hyperacuity thresholds correlate with finger maps in 
primary somatosensory cortex (S1). Cereb. Cortex 17:2878-2891  

Dupont E, Canu M, Falempin M (2003) A 14-day period of hindpaw sensory deprivation 
enhances the responsiveness of rat cortical neurons. Neuroscience 121:433-439  

Dupont E, Canu M, Falempin M (2002) Atropine prevents the changes in the hindlimb 
cortical area induced by hypodynamia-hypokinesia. Brain Res. 926:51-57  

Dupont E, Canu M, Stevens L, Falempin M (2005) Effects of a 14-day period of hindpaw 
sensory restriction on mRNA and protein levels of NGF and BDNF in the hindpaw 
primary somatosensory cortex. Brain Res. Mol. 133:78-86  

Dykes RW, Landry P, Metherate R, Hicks TP (1984) Functional role of GABA in cat primary 
somatosensory cortex: shaping receptive fields of cortical neurons. J. Neurophysiol. 
52:1066-1093  

Einspieler C, Prechtl HFR (2005) Prechtl's assessment of general movements: a diagnostic 
tool for the functional assessment of the young nervous system. Ment. Retard Dev. 
Disabil. Res. Rev. 11:61-67  

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

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

Elliott MB, Barr AE, Barbe MF (2009) Spinal substance P and neurokinin-1 increase with 
high repetition reaching. Neurosci. Lett. 454:33-37  

Elliott MB, Barr AE, Kietrys DM, Al-Shatti T, Amin M, Barbe MF (2008) Peripheral neuritis 
and increased spinal cord neurochemicals are induced in a model of repetitive motion 
injury with low force and repetition exposure. Brain Res. 1218:103-113  

Fedorczyk JM, Barr AE, Rani S, Gao HG, Amin M, Amin S, Litvin J, Barbe MF (2010) 
Exposure-dependent increases in IL-1beta, substance P, CTGF, and tendinosis in flexor 



Jacques-Olivier Coq and Mary F Barbe 34 

digitorum tendons with upper extremity repetitive strain injury. J. Orthop. Res. 28:298-
307  

Feldman DE (2009) Synaptic mechanisms for plasticity in neocortex. Annu. Rev. Neurosci. 
32:33-55  

Foran JR, Steinman S, Barash I, Chambers HG, Lieber RL (2005) Structural and mechanical 
alterations in spastic skeletal muscle. Dev. Med. Child Neur. 47:713–717  

Forwood MR, Parker AW (1991) Repetitive loading, in vivo, of the tibiae and femora of rats: 
effects of repeated bouts of treadmill-running. Bone Miner. 13:35-46  

Franchi G (2000) Changes in motor representation related to facial nerve damage and 
regeneration in adult rats. Exp. Brain Res. 135:53-65  

Franchi G (2001) Persistence of vibrissal motor representation following vibrissal pad 
deafferentation in adult rats. Exp. Brain Res. 137:180-189  

Franchi G, Veronesi C (2006) Short-term reorganization of input-deprived motor vibrissae 
representation following motor disconnection in adult rats. J. Physiol. (Lond.) 574:457-
476  

Fredericson M, Bergman AG, Hoffman KL, Dillingham MS (1995) Tibial stress reaction in 
runners. Correlation of clinical symptoms and scintigraphy with a new magnetic 
resonance imaging grading system. Am. J. Sports Med. 23:472-481  

Freeland AE, Tucci MA, Barbieri RA, Angel MF, Nick TG (2002) Biochemical evaluation of 
serum and flexor tenosynovium in carpal tunnel syndrome. Microsurgery 22:378-385  

Fuchs JL, Salazar E (1998) Effects of whisker trimming on GABA(A) receptor binding in the 
barrel cortex of developing and adult rats. J. Comp. Neurol. 395:209-216  

Fujita N, Arakawa T, Matsubara T, Ando H, Miki A (2009) Influence of fixed muscle length 
and contractile properties on atrophy and subsequent recovery in the rat soleus and 
plantaris muscles. Arch. Histol. Cytol. 72:151-163  

Garnier C, Falempin M, Canu M (2008) A 3D analysis of fore- and hindlimb motion during 
locomotion: comparison of overground and ladder walking in rats. Behav. Brain Res. 
186:57-65  

Gazda LS, Milligan ED, Hansen MK, Twining CM, Poulos NM, Chacur M, O'Connor KA, 
Armstrong C, Maier SF, Watkins LR, Myers RR (2001) Sciatic inflammatory neuritis 
(SIN): behavioral allodynia is paralleled by peri-sciatic proinflammatory cytokine and 
superoxide production. J. Peripher. Nerv. Syst. 6:111-129  

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

Giger JM, Bodell PW, Zeng M, Baldwin KM, Haddad F (2009) Rapid muscle atrophy 
response to unloading: pretranslational processes involving MHC and actin. J. Appl. 
Physiol. 107:1204-1212  

Giger JM, Haddad F, Qin AX, Zeng M, Baldwin KM (2005) Effect of unloading on type I 
myosin heavy chain gene regulation in rat soleus muscle. J. Appl. Physiol. 98:1185-1194  

Gordon AM, Charles J, Steenbergen B (2006) Fingertip Force Planning During Grasp Is 
Disrupted by Impaired Sensorimotor Integration in Children With Hemiplegic Cerebral 
Palsy. Pediatric Research 60:587-591  

Gormley ME (2001) Treatment of neuromuscular and musculoskeletal problems in cerebral 
palsy. Pediatr. Rehabil. 4:5-16  



Peripheral and Central Effects of Disuse or Overuse 35 

Hadders-Algra M (2001) Early Brain Damage and the Development of Motor Behavior in 
Children: Clues Therapeutic Intel ention? Neural plasticity 8:31-49  

Hadders-Algra M (2004) General movements: a window for early identification of children at 
high risk for developmental disorders. J. Pediatrics 145:12–18  

Hadders-Algra M (2007) Putative neural substrate of normal and abnormal general 
movements. Neurosci Biobehav Rev 31:1181-1190  

Hadders-Algra M (2008) Reduced variability in motor behaviour: an indicator of impaired 
cerebral connectivity? Early Hum. Dev 84:787-789  

Hadders-Algra M, Gramsbergen A (2007) Discussion on the clinical relevance of activity-
dependent plasticity after an insult to the developing brain. Neurosci. Biobehav. Rev. 
31:1213-1219  

Hadders-Algra M, Heineman KR, Bos AF, Middelburg KJ (2010) The assessment of minor 
neurological dysfunction in infancy using the Touwen Infant Neurological Examination: 
strengths and limitations. Dev. Med. Child Neurol. 52:87-92 

Hammond DL, Ackerman L, Holdsworth R, Elzey B (2004) Effects of spinal nerve ligation 
on immunohistochemically identified neurons in the L4 and L5 dorsal root ganglia of the 
rat. J. Comp. Neurol. 475:575-589  

Hatashita S, Sekiguchi M, Kobayashi H, Konno S, Kikuchi S (2008) Contralateral 
neuropathic pain and neuropathology in dorsal root ganglion and spinal cord following 
hemilateral nerve injury in rats. Spine 33:1344-1351  

Hayashi N, Kakimuma T, Soma Y, Grotendorst GR, Tamaki K, Harada M, Igarashi A (2002) 
Connective tissue growth factor is directly related to liver fibrosis. 
Hepatogastroenterology 49:133-135  

Heineman KR, Middelburg KJ, Hadders-Algra M (2010) Development of adaptive motor 
behaviour in typically developing infants. Acta Paediatr. 99:618-624 

Heinemeier KM, Olesen JL, Haddad F, Schjerling P, Baldwin KM, Kjaer M (2009) Effect of 
unloading followed by reloading on expression of collagen and related growth factors in 
rat tendon and muscle. J. Appl. Physiol. 106:178-186  

Hinkley LBN, Webster RL, Byl NN, Nagarajan SS (2009) Neuroimaging characteristics of 
patients with focal hand dystonia. J. Hand Ther. 22:125-134; quiz 135  

Hollander MS, Baker BA, Ensey J, Kashon ML, Cutlip RG (2010) Effects of age and 
glutathione levels on oxidative stress in rats after chronic exposure to stretch-shortening 
contractions. Eur. J. Appl. Physiol. 108:589-597  

Hubbard RD, Winkelstein BA (2005) Transient cervical nerve root compression in the rat 
induces bilateral forepaw allodynia and spinal glial activation: mechanical factors in 
painful neck injuries. Spine 30:1924-1932  

Hunt JL, Winkelstein BA, Rutkowski MD, Weinstein JN, DeLeo JA (2001) Repeated injury 
to the lumbar nerve roots produces enhanced mechanical allodynia and persistent spinal 
neuroinflammation. Spine 26:2073-2079  

Järvinen TAH, Józsa L, Kannus P, Järvinen TLN, Järvinen M (2002) Organization and 
distribution of intramuscular connective tissue in normal and immobilized skeletal 
muscles. An immunohistochemical, polarization and scanning electron microscopic 
study. J. Muscle Res. Cell. Motil. 23:245-254  

Johnson MA, Kucukyalcin DK (1978) Patterns of abnormal histochemical fibre type 
differentitation in human muscle biopsies. J. Neurol. Sci. 37:159-178  



Jacques-Olivier Coq and Mary F Barbe 36 

Kargo WJ, Nitz DA (2003) Early skill learning is expressed through selection and tuning of 
cortically represented muscle synergies. J. Neurosci. 23:11255-11269  

Kargo WJ, Nitz DA (2004) Improvements in the signal-to-noise ratio of motor cortex cells 
distinguish early versus late phases of motor skill learning. J. Neurosci. 24:5560-5569  

Kawano F, Nomura T, Takeno Y, Nakano N, Ishihara A, Ohira Y (2002) Role of gravitational 
loading in the development of rat soleus muscle fibers. J. Gravit. Physiol. 9:P149-150  

Kawano F, Takeno Y, Nakai N, Higo Y, Terada M, Ohira T, Nonaka I, Ohira Y (2008) 
Essential role of satellite cells in the growth of rat soleus muscle fibers. Am. J. Physiol., 
Cell Physiol. 295:C458-467  

Keir PJ, Rempel DM (2005) Pathomechanics of peripheral nerve loading. Evidence in carpal 
tunnel syndrome. J. Hand Ther. 18:259-269  

Kelly S, Dunham JP, Donaldson LF (2007) Sensory nerves have altered function contralateral 
to a monoarthritis and may contribute to the symmetrical spread of inflammation. Eur. J. 
Neurosci. 26:935-942  

Kleim JA, Barbay S, Nudo RJ (1998) Functional reorganization of the rat motor cortex 
following motor skill learning. J. Neurophysiol. 80:3321-3325  

Kleim JA, Barbay S, Cooper NR, Hogg TM, Reidel CN, Remple MS, Nudo RJ (2002) Motor 
learning-dependent synaptogenesis is localized to functionally reorganized motor cortex. 
Neurobiol. Learn Mem. 77:63-77  

Kleim JA, Hogg TM, VandenBerg PM, Cooper NR, Bruneau R, Remple M (2004) Cortical 
synaptogenesis and motor map reorganization occur during late, but not early, phase of 
motor skill learning. J. Neurosci. 24:628-633  

Kourtidou-Papadeli C, Kyparos A, Albani M, Frossinis A, Papadelis CL, Bamidis P, Vivas A, 
Guiba-Tziampiri O (2004) Electrophysiological, histochemical, and hormonal adaptation 
of rat muscle after prolonged hindlimb suspension. Acta Astronaut. 54:737-747  

Kuiper JI, van Dieën JH, Everts V, Verbeek JHAM, Frings-Dresen MHW (2004) 
Associations between serum markers of collagen metabolism and spinal shrinkage. Clin. 
Biomech. (Bristol, Avon) 19:209-212  

Lance JW, McLeod JG (1981) A physiological approach to clinical neurology. Butterworths, 
London. 

Land PW, de Blas AL, Reddy N (1995) Immunocytochemical localization of GABAA 
receptors in rat somatosensory cortex and effects of tactile deprivation. Somatosens Mot. 
Res. 12:127-141  

Langlet C, Canu MH, Falempin M (1999a) Short-term reorganization of the rat 
somatosensory cortex following hypodynamia-hypokinesia. Neurosci. Lett. 266:145-148  

Langlet C, Canu MH, Picquet F, Falempin M (1999b) Short-term plasticity in primary 
somatosensory cortex of the rat after hindlimb suspension. J. Gravit. Physiol. 6:P59-60  

Larsson B, Björk J, Elert J, Gerdle B (2000) Mechanical performance and electromyography 
during repeated maximal isokinetic shoulder forward flexions in female cleaners with and 
without myalgia of the trapezius muscle and in healthy controls. Eur. J. Appl. Physiol. 
83:257-267  

Latremoliere A, Woolf CJ (2009) Central sensitization: a generator of pain hypersensitivity 
by central neural plasticity. J. Pain 10:895-926  

Leterme D, Falempin M (1998) EMG activity of three rat hindlimb muscles during 
microgravity and hypergravity phase of parabolic flight. Aviat Space Environ. Med. 
69:1065-1070  



Peripheral and Central Effects of Disuse or Overuse 37 

Lieber RL (1986) Skeletal muscle adaptability. I: Review of basic properties. Dev. Med.. 
Child Neurol. 28:390-397  

Liepert J, Gorsler A, van Eimeren T, Münchau A, Weiller C (2003) Motor excitability in a 
patient with a somatosensory cortex lesion. Clin. Neurophysiol. 114:1003-1008  

Lindboe CF, Platou CS (1982) Disuse atrophy of human skeletal muscle. An enzyme 
histochemical study. Acta Neuropathol. 56:241-244  

Liptak GS, Accardo PJ (2004) Health and social outcomes of children with cerebral palsy. J. 
Pediatrics 145:S36–S41  

Ljung BO, Lieber RL, Fridén J (1999) Wrist extensor muscle pathology in lateral 
epicondylitis. J. Hand Surg. Br. 24:177-183  

Luime JJ, Kuiper JI, Koes BW, Verhaar JAN, Miedema HS, Burdorf A (2004) Work-related 
risk factors for the incidence and recurrence of shoulder and neck complaints among 
nursing-home and elderly-care workers. Scand J. Work Environ. Health 30:279-286  

Lundy DW, Ganey TM, Ogden JA, Guidera KJ (1998) Pathologic morphology of the 
dislocated proximal femur in children with cerebral palsy. J. Pediatr. Orthop. 18:528-534  

Marbini A, Ferrari A, Cioni G, Bellanova MF, Fusco C, Gemignani F (2002) 
Immunohistochemical study of muscle biopsy in children with cerebral palsy. Brain Dev. 
24:63-66  

Marcuzzo S, Dutra MF, Stigger F, do Nascimento PS, Ilha J, Kalil-Gaspar PI, Achaval M 
(2008) Beneficial effects of treadmill training in a cerebral palsy-like rodent model: 
walking pattern and soleus quantitative histology. Brain Res. 1222:129-140  

Marcuzzo S, Dutra MF, Stigger F, do Nascimento PS, Ilha J, Kalil-Gaspar PI, Achaval M 
(2010) Different effects of anoxia and hind-limb immobilization on sensorimotor 
development and cell numbers in the somatosensory cortex in rats. Brain Dev. 32:323-
331  

Martin JH, Friel KM, Salimi I, Chakrabarty S (2007) Activity- and use-dependent plasticity 
of the developing corticospinal system. Neurosci. Biobehav. Rev. 31:1125-1135  

Martinez M, Delcour M, Russier M, Zennou-Azogui Y, Xerri C, Coq JO, Brezun JM (2010) 
Differential tactile and motor recovery and cortical map alteration after C4-C5 spinal 
hemisection. Exp. Neurol. 221:186-197  

McCarson KE (1999) Central and peripheral expression of neurokinin-1 and neurokinin-3 
receptor and substance P-encoding messenger RNAs: peripheral regulation during 
formalin-induced inflammation and lack of neurokinin receptor expression in primary 
afferent sensory neurons. Neuroscience 93:361-370  

McKenzie AL, Nagarajan SS, Roberts TPL, Merzenich MM, Byl NN (2003) Somatosensory 
representation of the digits and clinical performance in patients with focal hand dystonia. 
Am. J. Phys. Med. Rehabil. 82:737-749  

Milligan ED, Twining C, Chacur M, Biedenkapp J, O'Connor K, Poole S, Tracey K, Martin 
D, Maier SF, Watkins LR (2003) Spinal glia and proinflammatory cytokines mediate 
mirror-image neuropathic pain in rats. J. Neurosci. 23:1026-1040  

Moalem G, Tracey DJ (2006) Immune and inflammatory mechanisms in neuropathic pain. 
Brain Res. Rev. 51:240-264  

Moffitt JA, Grippo AJ, Beltz TG, Johnson AK (2008) Hindlimb unloading elicits anhedonia 
and sympathovagal imbalance. J. Appl. Physiol. 105:1049-1059  

Moucha R, Kilgard MP (2006) Cortical plasticity and rehabilitation. Prog. Brain Res. 
157:111-122  



Jacques-Olivier Coq and Mary F Barbe 38 

Narici MV, de Boer MD (2010) Disuse of the musculo-skeletal system in space and on earth. 
Eur. J. Appl. Physiol., July 9 

Ohira Y, Yoshinaga T, Nomura T, Kawano F, Ishihara A, Nonaka I, Roy RR, Edgerton VR 
(2002a) Gravitational unloading effects on muscle fiber size, phenotype and myonuclear 
number. Adv. Space Res. 30:777-781  

Ohira Y, Kawano F, Ishihara A (2002b) Role of afferent input in muscle atrophy. Biol. Sci. 
Space 16:147-148  

Ohtori S, Takahashi K, Moriya H, Myers RR (2004) TNF-alpha and TNF-alpha receptor type 
1 upregulation in glia and neurons after peripheral nerve injury: studies in murine DRG 
and spinal cord. Spine 29:1082-1088  

Pakula AT, Van Naarden Braun K, Yeargin-Allsopp M (2009) Cerebral palsy: classification 
and epidemiology. Phys Med Rehabil Clin. N Am. 20:425-452  

Pan Z, Yang J, Guo C, Shi D, Shen D, Zheng Q, Chen R, Xu Y, Xi Y, Wang J (2008) Effects 
of hindlimb unloading on ex vivo growth and osteogenic/adipogenic potentials of bone 
marrow-derived mesenchymal stem cells in rats. Stem Cells Dev. 17:795-804  

Perry SM, McIlhenny SE, Hoffman MC, Soslowsky LJ (2005) Inflammatory and angiogenic 
mRNA levels are altered in a supraspinatus tendon overuse animal model. J. Shoulder 
Elbow Surg. 14:79S-83S  

Pitcher GM, Henry JL (2004) Nociceptive response to innocuous mechanical stimulation is 
mediated via myelinated afferents and NK-1 receptor activation in a rat model of 
neuropathic pain. Exp. Neurol. 186:173-197  

Plautz EJ, Milliken GW, Nudo RJ (2000) Effects of repetitive motor training on movement 
representations in adult squirrel monkeys: role of use versus learning. Neurobiol. Learn 
Mem. 74:27-55  

Prechtl HF (1997) State of the art of a new functional assessment of the young nervous 
system. An early predictor of cerebral palsy. Early Hum. Dev. 50:1-11  

Raineteau O, Schwab ME (2001) Plasticity of motor systems after incomplete spinal cord 
injury. Nat. Rev. Neurosci 2:263-273  

Rani S, Barbe MF, Barr AE, Litivn J (2010) Role of TNF alpha and PLF in bone remodeling 
in a rat model of repetitive reaching and grasping. J. Cell. Physiol. 225:152-167  

Rani S, Barbe MF, Barr AE, Litvin J (2009a) Periostin-like-factor and Periostin in an animal 
model of work-related musculoskeletal disorder. Bone 44:502-512  

Rani S, Barbe MF, Barr AE, Litvin J (2009b) Induction of periostin-like factor and periostin 
in forearm muscle, tendon, and nerve in an animal model of work-related musculoskeletal 
disorder. J. Histochem. Cytochem. 57:1061-1073  

Reed JL, Pouget P, Qi H, Zhou Z, Bernard MR, Burish MJ, Haitas J, Bonds AB, Kaas JH 
(2008) Widespread spatial integration in primary somatosensory cortex. Proc. Natl. Acad. 
Sci. U.S.A 105:10233-10237  

Rempel D, Dahlin L, Lundborg G (1999) Pathophysiology of nerve compression syndromes: 
response of peripheral nerves to loading. J. Bone Joint Surg. Am. 81:1600-1610  

Rempel DM, Diao E (2004) Entrapment neuropathies: pathophysiology and pathogenesis. J. 
Electromyogr. Kinesiol. 14:71-75  

Remple MS, Bruneau RM, VandenBerg PM, Goertzen C, Kleim JA (2001) Sensitivity of 
cortical movement representations to motor experience: evidence that skill learning but 
not strength training induces cortical reorganization. Behav. Brain Res. 123:133-141  



Peripheral and Central Effects of Disuse or Overuse 39 

Rioult-Pedotti MS, Friedman D, Donoghue JP (2000) Learning-induced LTP in neocortex. 
Science 290:533-536  

Romanini L, Villani C, Meloni C, Calvisi V (1989) Histological and morphological aspects of 
muscle in infantile cerebral palsy. Ital. J. Orthop. Traumatol. 15:87-93  

Rose J, Haskell WL, Gamble JG, Hamilton RL, Brown DA, Rinsky L (1994) Muscle 
pathology and clinical measures of disability in children with cerebral palsy. J. Orthop. 
Res. 12:758-768  

Rosenbaum P, Paneth N, Leviton A, Goldstein M, Bax M, Damiano D, Dan B, Jacobsson B 
(2007) A report: the definition and classification of cerebral palsy April 2006. Dev. Med. 
Child Neurol. Suppl. 109:8-14  

Rothman SM, Kreider RA, Winkelstein BA (2005) Spinal neuropeptide responses in 
persistent and transient pain following cervical nerve root injury. Spine 30:2491-2496  

Sanes JN, Donoghue JP (2000) Plasticity and primary motor cortex. Annu. Rev. Neurosci. 
23:393-415  

Schäfers M, Sorkin L (2008) Effect of cytokines on neuronal excitability. Neurosci. Lett. 
437:188-193  

Schäfers M, Sorkin LS, Sommer C (2003a) Intramuscular injection of tumor necrosis factor-
alpha induces muscle hyperalgesia in rats. Pain 104:579-588  

Schäfers M, Svensson CI, Sommer C, Sorkin LS (2003b) Tumor necrosis factor-alpha 
induces mechanical allodynia after spinal nerve ligation by activation of p38 MAPK in 
primary sensory neurons. J. Neurosci. 23:2517-2521  

Schaible H, Ebersberger A, Von Banchet GS (2002) Mechanisms of pain in arthritis. Ann. N. 
Y. Acad. Sci 966:343-354  

Schieber MH (2002) Training and synchrony in the motor system. J. Neurosci. 22:5277-5281  
Schuenke MD, Reed DW, Kraemer WJ, Staron RS, Volek JS, Hymer WC, Gordon S, Perry 

Koziris L (2009) Effects of 14 days of microgravity on fast hindlimb and diaphragm 
muscles of the rat. Eur. J. Appl. Physiol 106:885-892  

Shenkman BS, Nemirovskaya TL, Belozerova IN, Mazin MG, Matveeva OA (2002) 
Mitochondrial adaptations in skeletal muscle cells in mammals exposed to gravitational 
unloading. J. Gravit. Physiol. 9:P159-162  

Shimano MM, Volpon JB (2009) Biomechanics and structural adaptations of the rat femur 
after hindlimb suspension and treadmill running. Braz. J. Med. Biol. Res. 42:330-338  

Shubayev VI, Myers RR (2002) Anterograde TNF alpha transport from rat dorsal root 
ganglion to spinal cord and injured sciatic nerve. Neurosci. Lett. 320:99-101  

Silverstein B, Welp E, Nelson N, Kalat J (1998) Claims incidence of work-related disorders 
of the upper extremities: Washington state, 1987 through 1995. Am. J. Public Health 
88:1827-1833  

Silverstein BA, Fine LJ, Armstrong TJ (1986) Hand wrist cumulative trauma disorders in 
industry. Br. J. Ind. Med. 43:779-784  

Sommerich CM, Lavender SA, Buford JA, J Banks J, Korkmaz SV, Pease WS (2007) 
Towards development of a nonhuman primate model of carpal tunnel syndrome: 
performance of a voluntary, repetitive pinching task induces median mononeuropathy in 
Macaca fascicularis. J. Orthop. Res. 25:713-724  

Sorkin LS, Yaksh TL (2009) Behavioral models of pain states evoked by physical injury to 
the peripheral nerve. Neurotherapeutics 6:609-619  



Jacques-Olivier Coq and Mary F Barbe 40 

Stein T, Schluter M, Galante A, Soteropoulos P, Tolias P, Grindeland R, Moran M, Wang T, 
Polansky M, Wade C (2002) Energy metabolism pathways in rat muscle under conditions 
of simulated microgravity. J. Nutr. Biochem. 13:471  

Stevens L, Mounier Y, Holy X, Falempin M (1990) Contractile properties of rat soleus 
muscle after 15 days of hindlimb suspension. J. Appl. Physiol 68:334-340  

Stevens L, Bastide B, Bozzo C, Mounier Y (2004) Hybrid fibres under slow-to-fast 
transformations: expression is of myosin heavy and light chains in rat soleus muscle. 
Pflugers Arch. 448:507-514  

Stevenson EJ, Giresi PG, Koncarevic A, Kandarian SC (2003) Global analysis of gene 
expression patterns during disuse atrophy in rat skeletal muscle. J. Physiol. (Lond.) 
551:33-48  

Strata F, Coq JO, Byl N, Merzenich MM (2004) Effects of sensorimotor restriction and 
anoxia on gait and motor cortex organization: implications for a rodent model of cerebral 
palsy. Neuroscience 129:141-156  

Sweitzer SM, Schubert P, DeLeo JA (2001) Propentofylline, a glial modulating agent, 
exhibits antiallodynic properties in a rat model of neuropathic pain. J. Pharmacol. Exp. 
Ther 297:1210-1217  

Szabo SJ, Savoie FH, Field LD, Ramsey JR, Hosemann CD (2006) Tendinosis of the 
extensor carpi radialis brevis: an evaluation of three methods of operative treatment. J. 
Shoulder Elbow Surg. 15:721-727  

Talmadge RJ, Roy RR, Bodine-Fowler SC, Pierotti DJ, Edgerton VR (1995) Adaptations in 
myosin heavy chain profile in chronically unloaded muscles. Basic Appl. Myol 5:117-137  

Teskey GC, Monfils MH, Flynn C, Young NA, van Rooyen F, Henry LC, Ozen LJ, 
Henderson AK, Reid AY, Brown AR (2008) Motor maps, seizures, and behaviour. Can. 
J. Exp. Psychol. 62:132-139  

Topp KS, Byl NN (1999) Movement dysfunction following repetitive hand opening and 
closing: anatomical analysis in Owl monkeys. Mov. Disord. 14:295-306  

Treffort N, Dubreucq G, Canu MH, Guérardel Y, Falempin M, Picquet F (2006) Variations in 
amino acid neurotransmitters in the rat ventral spinal cord after hindlimb unloading. 
Neurosci. Lett. 403:147-150  

Treffort N, Picquet F, Petit J, Falempin M (2005) The structure and response properties of 
Golgi tendon organs in control and hypodynamia-hypokinesia rats. Exp. Neurol.195:313-
321  

Vannucci RC, Connor JR, Mauger DT, Palmer C, Smith MB, Towfighi J, Vannucci SJ (1999) 
Rat model of perinatal hypoxic-ischemic brain damage. J. Neurosci. Res. 55:158-163  

Vannucci RC, Vannucci SJ (2005) Perinatal Hypoxic-Ischemic Brain Damage: Evolution of 
an Animal Model. Dev. Neurosci. 27:81-86  

Vermaelen M, Marini J, Chopard A, Benyamin Y, Mercier J, Astier C (2005) Ubiquitin 
targeting of rat muscle proteins during short periods of unloading. Acta Physiol. Scand. 
185:33-40  

Viikari-Juntura E, Silverstein B (1999) Role of physical load factors in carpal tunnel 
syndrome. Scand. J. Work Environ. Health 25:163-185  

Viikari-Juntura ER (1997) The scientific basis for making guidelines and standards to prevent 
work-related musculoskeletal disorders. Ergonomics 40:1097-1117  

Wallin J, Schött E (2002) Substance P release in the spinal dorsal horn following peripheral 
nerve injury. Neuropeptides 36:252-256  



Peripheral and Central Effects of Disuse or Overuse 41 

Walton K (1998) Postnatal development under conditions of simulated weightlessness and 
space flight. Brain Res. Rev. 28:25-34  

Walton KD, Harding S, Anschel D, Harris YT, Llinás R (2005) The effects of microgravity 
on the development of surface righting in rats. J. Physiol. (Lond.) 565:593-608  

Wang X, Merzenich MM, Sameshima K, Jenkins WM (1995) Remodelling of hand 
representation in adult cortex determined by timing of tactile stimulation. Nature 378:71-
75  

Wang XD, Kawano F, Matsuoka Y, Fukunaga K, Terada M, Sudoh M, Ishihara A, Ohira Y 
(2006) Mechanical load-dependent regulation of satellite cell and fiber size in rat soleus 
muscle. Am. J. Physiol., Cell Physiol. 290:C981-989  

Warren R, Tremblay N, Dykes RW (1989) Quantitative study of glutamic acid 
decarboxylase-immunoreactive neurons and cytochrome oxidase activity in normal and 
partially deafferented rat hindlimb somatosensory cortex. J. Comp. Neurol. 288:583-592  

Westerga J, Gramsbergen A (1993) The effect of early movement restriction: an EMG study 
in the rat. Behav. Brain Res. 59:205-209  

Whishaw IQ, Pellis SM, Gorny BP (1992) Skilled reaching in rats and humans: evidence for 
parallel development or homology. Behav. Brain Res. 47:59-70  

Willems MET, Miller GR, Stauber FD, Stauber WT (2010) Effects of repeated lengthening 
contractions on skeletal muscle adaptations in female rats. J. Physiol. Sci. 60:143-150  

Wingert JR, Burton H, Sinclair RJ, Brunstrom JE, Damiano DL (2008) Tactile sensory 
abilities in cerebral palsy: deficits in roughness and object discrimination. Dev. Med. 
Child Neurol. 50:832-838  

Wingert JR, Burton H, Sinclair RJ, Brunstrom JE, Damiano DL (2009) Joint-position sense 
and kinesthesia in cerebral palsy. Arch, Phys, Med, Rehabil, 90:447-453  

Wingert JR, Sinclair RJ, Dixit S, Damiano DL, Burton H (2010) Somatosensory-evoked 
cortical activity in spastic diplegic cerebral palsy. Hum. Brain Mapp. 31:1772-1785 

Winkelstein BA, Rutkowski MD, Weinstein JN, DeLeo JA (2001) Quantification of neural 
tissue injury in a rat radiculopathy model: comparison of local deformation, behavioral 
outcomes, and spinal cytokine mRNA for two surgeons. J. Neurosci. Methods 111:49-57  

Wittenberg GF (2010) Experience, cortical remapping, and recovery in brain disease. 
Neurobiol. Dis 37:252-258  

Woolf CJ, Salter MW (2000) Neuronal plasticity: increasing the gain in pain. Science 
288:1765-1769  

Xerri C, Bourgeon S, Coq J (2005) Perceptual context-dependent remodeling of the forepaw 
map in the SI cortex of rats trained on tactile discrimination. Behav. Brain Res 162:207-
221  

Yu ZB, Gao F, Feng HZ, Jin J (2007) Differential regulation of myofilament protein isoforms 
underlying the contractility changes in skeletal muscle unloading. Am. J. Physiol., Cell 
Physiol 292:C1192-1203  
 

View publication statsView publication stats


