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Adams L., Carlson B.M., Henderson L., and Goldman D. (1995) Adaptation of nicotinic 
acetylcholine receptor, myogenin, and MRF4 gene expression to long-term muscle 
denervation. J. Cell Biol. 131, 1341-1349. 
Abstract: Muscle activity alters the expression of functionally distinct nicotinic 
acetylcholine receptors (nAChR) via regulation of subunit gene expression. 
Denervation increases the expression of all subunit genes and promotes the 
expression of embryonic-type (alpha 2 beta delta gamma) nAChRs, while electrical 
stimulation of denervated muscle prevents this induction. We have discovered that 
the denervation- induced increases in alpha, beta, gamma, and delta subunit gene 
expression do not persist in muscles that have been denervated for periods 
extending beyond a couple of months. However, expression of RNA encoding the 
epsilon-subunit remains elevated suggesting a return to expression of predominantly 
adult-type (alpha 2 beta delta epsilon) nAChR in long-term denervated muscles; a 
finding confirmed by single channel patch-clamp analysis. Since the nAChR subunit 
genes are regulated by the MyoD family of muscle regulatory factors, and the genes 
encoding these factors are also induced following short-term muscle denervation, we 
determined their level of expression in long- term denervated muscle. Although 
MyoD and myf-5 RNA levels remained elevated, myogenin and MRF4 RNAs were 
induced only transiently by muscle denervation. Surprisingly, Id-1, a negative 
regulator of transcription, was gradually induced in denervated muscle with RNA 
levels peaking about two months after denervation. It is likely that this maintained 
level of increased Id expression, in conjunction with the returning levels of myogenin 
and MRF4 expression, account for the reduced level of embryonic receptors in long-
term denervated muscle. These changing patterns of gene expression may have 
important consequences for the ability of muscle to recover function after 
denervation 

Akeson W.H., Woo S.L.Y., Amiel D., et al (1974) Biomechanical and Biochemical 
Changes in the Periarticular Connective Tissue During Contracture in the 
Immobilized Rabbit Knee. Conn Tiss Res 2, 315-323. 

al Amood W.S., Lewis D.M., and Schmalbruch H. (1991) Effects of chronic electrical 
stimulation on contractile properties of long-term denervated rat skeletal muscle. J. 
Physiol 441, 243-256. 
Abstract: 1. The contractile properties of fast-twitch (extensor digitorum longus or 
EDL) and slow-twitch (soleus) muscles in the rat were followed for periods of 
between 4 and 10 months after denervation. The effects of chronic electrical 
stimulation during the last 3-8 weeks of denervation were investigated. 2. The fall in 
tetanic tension that follows axotomy ended after about 4 months' denervation. The 
equilibrium tension was about 0.75% of control tension in EDL and 0.2-0.3% in 
soleus. 3. The low tension in soleus was due partly to the small diameter of the 
muscle fibres (atrophy) and partly to their necrosis that resulted in an 8-fold fall in 
specific tension (the force per unit cross-sectional area). Similar but less extreme 
changes occurred in EDL. 4. It is speculated that the final level of tension reached by 
unstimulated denervated muscles is an equilibrium between decrease in force due to 
atrophy and necrosis and increase due to regeneration. Differences between the 
final tension levels in soleus and EDL cannot be accounted for quantitatively by 



known differences in atrophy alone. Therefore, the rate of necrosis in soleus and of 
regeneration in EDL may be higher. 5. Chronic stimulation of long-term denervated 
muscle increased force generation by about 7-fold in EDL and between 20 and 55 
times in soleus. The final tension reached was between 4 and 5% of normal in both 
muscles. Specific tension of fibres was almost completely restored by stimulation 
and the number of fibres was normal. The failure to recover full tension was largely 
due to failure to reverse denervation atrophy completely. 6. Twitch contraction and 
relaxation times were identical in denervated-stimulated soleus and EDL. There was 
no evidence for dependence on duration of stimulation or tension of the muscle. The 
normalized maximum rate of rise of tetanic tension remained higher in EDL than 
soleus 

Amiel D., Woo S.L.Y., Harwood F.L., et al (1982) The Effect of Immobilization on 
Collagen Turnover in Connective Tissue: A Biochemical-Biomechanical Correlation. 
Acta Orthop Scand 53, 324-332. 

Andreose J.S., Xu R., Lomo T., Salpeter M.M., and Fumagalli G. (1993) Degradation of 
two AChR populations at rat neuromuscular junctions: regulation in vivo by electrical 
stimulation. J. Neurosci. 13, 3433-3438. 
Abstract: The effect of electrical stimulation on the stability of junctional ACh 
receptors (AChR) on soleus muscles of Wistar rats was compared to that of 
denervation and reinnervation. Denervation causes the degradation rate of the slowly 
degrading AChRs (Rs) at the neuromuscular junction to accelerate and be replaced 
by rapidly degrading AChRs (Rr), while reinnervation restabilizes the accelerated Rs. 
Electrical stimulation initiated at the time of denervation prevented the acceleration of 
the Rs. It could not, however, reverse the effect of denervation if initiated after the 
AChRs became destabilized, nor could it slow the degradation rate of the Rr. We 
conclude that electrical stimulation of denervated muscle downregulates the 
expression of the Rr and prevents the destabilization of Rs 

Askmark H. and Wistrand P.J. (1992) Leakage of carbonic anhydrase III from normal 
and denervated rat skeletal muscle following contractile activity. Muscle Nerve 15, 
643-647. 
Abstract: Skeletal muscle extracellular carbonic anhydrase III was investigated in 
anesthetized rats by a microdialysis technique. A small dialysis probe was inserted 
into the tibialis anterior (TA) muscle and perfused continuously. Perfusates were 
collected before and during muscle contraction, induced by electrical stimulation of 
the muscle or of the sciatic nerve. In the perfusate of resting normal and denervated 
muscle, the concentration of CA III was 10 to 12 ng/mL, as measured by a 
radioimmunosorbent technique. During contractile activity, the concentrations of CA 
III increased markedly in the normal and denervated muscle. A TA muscle 
suspended in physiological saline behaved similarly, even though the leakage before 
and during contraction was higher than in vivo. The results show that skeletal muscle 
leaks CA III both in vivo and in vitro, a leakage which was markedly increased by 
contractile activity. The microdialysis technique should also be useful in humans to 
study the efflux of various proteins from different kinds of diseased or fatigued 
muscles 

Carpenter S., Karpati G. (1982) Necrosis of Capillaries in Denervation Atrophy of Human 
Skeletal Muscle. Muscle & Nerve 5, 250-254. 



Carraro U., Libera L.D., Catani C., Danieli-Betto D. (1982) Chronic Denervation of Rat 
Diaphragm: Selective Maintenance of Adult Fast Myosin Heavy Chains. Muscle & 
Nerve 5, 515-524. 

Carraro U., Catani C., Saggin L., Zrunek M., Szabolcs M., Gruber H., Streinzer W., Mayr 
W., and Thoma H. (1988) Isomyosin changes after functional electrostimulation of 
denervated sheep muscle. Muscle Nerve 11, 1016-1028. 
Abstract: Isomyosin analyses by biochemical, immunochemical, and histochemical 
investigations have been carried out in five sheep following unilateral recurrent 
laryngeal nerve paralysis and direct functional electrostimulation of the denervated 
cricoarytenoid posterior muscle. Myosin light chains were identified by two-
dimensional gel electrophoresis. Myosin heavy chains were analyzed by one-
dimensional SDS-polyacrylamide gel electrophoresis. Slow myosin heavy chain was 
identified by orthogonal peptide mapping and immunochemistry. The stimulation 
effect at cellular level was determined using adenosine triphosphatase (ATPase) 
histochemistry. A dramatic increase of the type 1 fiber area (slow, fatigue-resistant 
fibers) could be seen after many weeks of an increasing regime of low-frequency 
direct electrical stimulation. Biochemically, the amount of slow myosin was always 
higher than in normal muscles. Some muscles were transformed almost completely 
to the slow type. At the time they were studied and with the methods employed, the 
expression of embryonic isomyosin was not observed. In conclusion, after numerous 
weeks of maintained functional activity, elicited by direct electrostimulation, the 
denervated muscle regionally showed areas of hypertrophy or at least lack of atrophy 
of slow myofibers without major signs of muscle damage 

Cole B.G. and Gardiner P.F. (1984) Does electrical stimulation of denervated muscle, 
continued after reinnervation, influence recovery of contractile function? Exp. Neurol. 
85, 52-62. 
Abstract: The study was conducted to determine if daily electrical stimulation of 
denervated muscle, initiated the day following crush denervation and continued for 8 
weeks (i.e., 5 weeks after presumptive reinnervation), would influence denervation-
associated alterations in muscle size and in situ contractile properties of rat 
gastrocnemius. A stimulation protocol of brief, strong, isometric contractions was 
designed to maximize the beneficial effects as described by previous authors. By 8 
weeks after crush, unstimulated muscles were still significantly lighter in wet weight, 
were tetanically weaker, and showed slower isometric contractile responses in situ 
than controls. Denervated muscles which had been stimulated daily were heavier 
and tetanically stronger (the latter not different from controls) than those in the 
nonstimulated group. Muscle weights from groups of animals killed at 2 or 4 weeks 
after nerve crush indicated the major benefit of stimulation occurred during this initial 
4-week period. In situ fatigue properties were unaffected by denervation or 
stimulation. A protocol of electrical stimulation-evoked strong contractions, initiated 
soon after denervation and continued after reinnervation, was effective in attenuating 
the strength-related, but not speed-related, changes in neuromuscular function 
resulting from denervation. These latter changes are presumably the result of loss of 
"neurotrophic influence" and/or continuous low-tension muscle activity lost as a result 
of denervation 

Dasse K.A., Chase D., Burke D., et al. (1981) Mechanical Properties of Tenotomized 
and Denervated-tenotomized Muscles. Am J Physiol 241C, 150-153. 



David E., Jayasree V., Ramakrishna O., Govindappa S., and Reddanna P. (1983) Effect 
of in vivo electrical stimulation on the carbohydrate metabolism of control and 
denervation atrophied muscle of dog, Canis domesticus. Indian J. Physiol 
Pharmacol. 27, 289-297. 
Abstract: The standardized programme of electrical stimulation was applied to the 
control and denervation atrophied muscle of dog, Canis domesticus and the pattern 
of changes in the carbohydrate metabolism was analysed in the control (C), 
denervated control (DC), control stimulated (CS) and denervated stimulated (DS) 
gastrocnemius muscles. The programme of electrical stimulation of the control 
muscle has elevated glycogenolysis, glycolysis and increased the level of operation 
of TCA cycle with decreased mobilization of carbohydrates into hexose 
monophosphate pathway, indicating the setting in of trained condition. Sciatectomy, 
on the other hand, lowered the level of operation of glycogenolysis and decreased 
the utilization of carbohydrates through hexose-mono and di-phosphate pathways 
and TCA cycle. The programme of electrical stimulation applied to the denervated 
muscle has restored the utilization of carbohydrates through hexose mono and 
diphosphate pathways and oxidative metabolism indicating the applicability of this 
programme of electrical stimulation in the treatment of muscular atrophy 

Davis H.L. (1983) Is electrostimulation beneficial to denervated muscle? A review of 
results from basic research. Physiother Can 35, 306-312. 

Doupe J. (1943) Studies in Denervation: The Effect of Electrical Stimulation on the 
Circulation and Recovery of Denervated Muscle. J Neurol, Neurosurg and Psychiat 
6, 136. 

Eberstein A. and Pachter B.R. (1986) The effect of electrical stimulation on reinnervation 
of rat muscle: contractile properties and endplate morphometry. Brain Res. 384, 304-
310. 
Abstract: Denervated extensor digitorum longus muscles of Wistar rats were 
electrically stimulated in vivo for 4 days (2h per day) after peroneal nerve crush 1 cm 
from the muscle. Isometric contractile properties and endplate ultrastructure were 
measured on days 11 and 18. On day 11, the time to peak (116% of control) and 1/2-
relaxation time (136% of control) for the twitch tensions of stimulated muscles 
measured in vivo were significantly less than those (127% and 157% of controls, 
respectively) of non-stimulated muscles. Peak twitch and tetanic tensions were not 
significantly different. The postsynaptic area of endplates for stimulated muscles 
were closer in size to controls than those for the non-stimulated ones. On day 18, no 
difference was found in the contractile responses between stimulated and non-
stimulated groups. Similarly, the postsynaptic areas were the same for both groups. 
These results demonstrate that denervated muscle stimulated electrically for 4 days 
prior to reinnervation can preserve the structure of the endplate as well as accelerate 
recovery of normal function in reinnervated muscle fibers after 11 days of 
denervation 

Eberstein A. and Eberstein S. (1996) Electrical stimulation of denervated muscle: is it 
worthwhile? Med. Sci. Sports Exerc. 28, 1463-1469. 
Abstract: Research conducted over the past 25 years has demonstrated that muscle 
activity, not neurotrophic substances, is the most important factor in the regulation of 
specific physiological and biochemical properties of muscle fibers. Application of this 
knowledge has led to considerable experimentation with chronic electrical stimulation 



as a possible clinical tool for the treatment of denervated muscles. Evidence 
accumulated from animal studies has indicated that direct electrical stimulation of 
denervated muscles can to a large extent substitute for innervation and preserve or 
restore the normal properties of the muscles. Appropriate stimulation parameters 
were critical for a successful intervention, and the best results were obtained when 
the stimulation pattern resembled the firing pattern of the normal motoneuron. Thus, 
fast muscles required intermittent, brief, high frequency stimulation and slow muscles 
needed continuous, low frequency stimulation. For human denervated muscles, 
critical questions still remain to be resolved before electrical stimulation will yield the 
optimum benefit. Research must be performed in human subjects to define the 
appropriate stimulation parameters the stimulation current, and the type and 
placement of electrodes 

Eken T., Gundersen K. (1988) Electrical Stimulation Resembling Normal Motor-Unit 
Activity: Effects on Denervated Fast and Slow Rat Muscles. J Physiol 402,651-669. 

Elliott D.R., Thomson J.D. (1963) Dynamic properties of denervated rat muscle treated 
with electrotherapy. Am. J. Physiol. 205:173-176. 

Etgen G.J., Jr., Farrar R.P., and Ivy J.L. (1993) Effect of chronic electrical stimulation on 
GLUT-4 protein content in fast-twitch muscle. Am. J. Physiol 264, R816-R819. 
Abstract: Ins 

Finol H.J., Lewis D.M., Owens R. (1981) The Effects of Denervation on Contractile 
Properties of Rat Skeletal Muscle. J Physiol 319, 81-92. 

Fisher E., Guttmann L. (1942) Effect of Electrotherapy on Denervated Muscle. Lancet 1, 
169. 

Goldberg A.L., Etlinger J.D., Goldspink D.F., and Jablecki C. (1975) Mechanism of work-
induced hypertrophy of skeletal muscle. Med. Sci. Sports 7, 185-198. 
Abstract: Skeletal muscle can undergo rapid growth in response to a sudden 
increase in work load. For example, the rat soleus muscle increases in weight by 
40% within six days after the tendon of the synergistic gastrocnemius is sectioned. 
Such growth of the overworked muscle involves an enlargement of muscle fibers and 
occasional longitudinal splitting. Hypertrophy leads to greater maximal tension 
development, although decreased contraction time and reduced contractility have 
also been reported. Unlike normal developmental growth, work-induced hypertrophy 
can be induced in hypophysectomized or diabetic animals. This process thus 
appears independent of growth hormone and insulin as well as testosterone and 
thyroid hormones. Hypertrophy of the soleus can also be induced in fasting animals, 
in which there is a generalized muscle wasting. Thus muscular activity takes 
precedence over endocrine influences on muscle size. The increase in muscle 
weight reflects an increase in protein, especially sarcoplasmic protein, and results 
from greater protein synthesis and reduced protein breakdown. Within several hours 
after operation, the hypertrophying soleus shows more rapid uptake of certain amino 
acids and synthesis of phosphatidyl-inositol. By 8 hours, protein synthesis is 
enhanced. RNA synthesis also increases, and hypertrophy can be prevented with 
actinomycin D. Nuclear DNA synthesis also increases on the second day after 
operation and leads to a greater DNA content. The significance of the increased 
RNA and DNA synthesis is not clear, since most of it occurs in interstitial and satellite 



cells. The proliferation of the non-muscle cells seems linked to the growth of the 
muscle fibers; in addition, factors causing muscle atrophy (e.g. denervation) 
decrease DNA synthesis by such cells. In order to define more precisely the early 
events in hypertrophy, the effects of contractile activity were studied in rat muscles in 
vitro. Electrical stimulation enhanced active transport of certain amino acids within an 
hour, and the magnitude of this effect depended on the amount of contractile activity. 
Stimulation or passive stretch of the soleus or diaphragm also retarded protein 
degradation. Presumably these effects of mechanical activity contribute to the 
changes occuring during hypertrophy in vivo. However, under the same conditions, 
or even after more prolonged stimulation, no change in rates of protein synthesis 
was detected. These findings with passive tension in vitro are particularly interesting, 
since passive stretch has been reported to retard atrophy or to induce hypertrophy of 
denervated muscle in vivo. It is suggested that increased tension development 
(either passive or active) is the critical event in initiating compensatory growth 

Gorza L., Gundersen K., Lomo T., Schiaffino S., Westgaard R.H. (1988) Slow-to-Fast 
Transformation of Denervated Soleus Muscles by Chronic High-Frequency 
Stimulation in the Rat.J Physiol 402, 627-649. 

Gurney M.E. (1984) Suppression of sprouting at the neuromuscular junction by immune 
sera. Nature 307, 546-548. 
Abstract: Injury of afferent motor axons or pathological loss of motoneurones from 
the spinal cord causes the remaining axons within a muscle to sprout and to 
reinnervate the denervated muscle fibres. Sprouting occurs at two sites along 
intramuscular axons, at nodes of Ranvier (nodal sprouting) and at the neuromuscular 
junction (terminal sprouting). Terminal sprouting is also produced by treatment with 
botulinum toxin and by other agents that render muscle inactive. The muscle 
probably provides a signal for terminal sprouting as restoration of muscle activity by 
direct electrical stimulation prevents sprouting. Such a signal might be a local change 
on the muscle fibre surface or a 'soluble' sprouting factor, although the failure to 
induce terminal sprouting in one muscle by denervating adjacent muscles argues 
against the latter hypothesis. I now report that rabbit antisera against a 56,000 (56K)-
molecular weight protein secreted by denervated rat muscle suppress botulinum 
toxin-induced terminal sprouting in the mouse gluteus muscle. An immune response 
against this protein has also been detected in serum of patients with amyotrophic 
lateral sclerosis (ALS), a disease in which loss of motoneurones from the spinal cord 
is not accompanied by the degree of sprouting and reinnervation seen in other 
motoneurone diseases 

Gutmann E. [Ed] (1962) The Denervated Muscle. Prague, Publishing House of 
Czechoslovak Academy of Sciences. 

Gutmann E., Gutmann L. (1945) The Effect of Galvanic Exercise on Denervated and Re-
innervated Muscles in the Rabbit. J Neurol, Neurosurg & Psychiat 7, 7. 

Gutmann E., Jakoubek B. (1963) Effect of increased motor activity on regeneration of 
the peripheral nerve in young rats. Physiol. Bohem. 12:463-468. 

Haggmark T., Eriksson E., Jansson E. (1986) Muscle fiber type changes in human 
skeletal muscle after injuries and immobilization.  Orthopaedics 9, 181-185. 



Harada Y. (1983) Experimental study of denervated rat muscle. Part II: The effects of 
electrical stimulation on the denervated rat muscles. Nippon Seikeigeka Gakkai 
Zasshi 57, 859-867. 
Abstract: Electrical stimulation has been widely employed for the treatment of 
peripheral nerve lesion, however, its effects are not well known. Effects of electrical 
stimulation on denervated muscles were studied by measuring the weight of anterior 
crural muscles and the diameter of muscle fibers of the extensor digitorum longus 
muscle of the rat. The muscle fibers were classified by myofibrillar ATPase reaction. 
The denervated muscle showed loss of weight, a marked decrease in diameter of 
type 1 fibers and a small increase in diameter of type 2 fibers. Electrical stimulation 
suppressed weight loss of the denervated muscles. Electrical stimulation with high 
frequency cycle, like phasic motoneuron discharges, significantly suppressed the 
increase in diameter of type 2 muscle fibers. Electrical stimulation with low frequency 
cycle, like tonic motoneuron discharge, significantly suppressed the decrease in 
diameter of type 1 muscle fibers 

Heathcote R.D. (1989) Acetylcholine-gated and chloride conductance channel 
expression in rat muscle membrane. J. Physiol 414, 473-497. 
Abstract: 1. During the differentiation of skeletal muscle, there is a synchronized 
expression of a number of muscle-specific proteins including the acetylcholine-gated 
ion channel (AChR). Another muscle- specific ion channel, responsible for chloride 
conductance, was shown to be expressed in an anticoordinate fashion to AChR. An 
organ culture system for rat lumbrical muscles was developed to manipulate the 
expression of these two ion channels. 2. Denervation induced a change in 
expression of both channels that was mimicked in culture and reversed by direct 
electrical stimulation. 3. The time course of the disappearance of both channels was 
similar and started immediately after denervation (chloride conductance) or 
stimulation (AChR). The time course of the appearance of AChR was delayed 
several days after denervation and culture but chloride conductance increased 
immediately upon stimulation. 4. The loss of chloride conductance in muscle cultured 
in cycloheximide exhibited first-order kinetics, providing an estimate of the half-life 
(2.3 days) for the chloride conductance channel. This resembled the disappearance 
of chloride conductance in normal medium, suggesting that synthesis of this channel 
ceases following denervation. The decrease in chloride conductance characteristic of 
denervated muscle was not halted by cycloheximide. 5. Changes in chloride 
conductance presumably alter the intracellular concentration of chloride. The 
possibility that chloride might regulate the expression of AChRs in skeletal muscle 
was tested by altering the intracellular concentration of chloride in muscles 
maintained in organ culture. 6. Denervated muscles, whose intracellular 
concentration of chloride is elevated, were cultured in medium containing 9 mM-
chloride (low-Cl- medium). AChR expression was reduced by either low-Cl- medium 
or electrical stimulation. Together, low-Cl- medium and electrical stimulation reduced 
expression more than either treatment alone. 7. The loss of AChRs in low-Cl- 
medium was blocked when muscle fibrillation was halted by TTX. 8. When chloride 
conductance was blocked by 9AC (9- anthracene carboxylic acid) intracellular 
chloride was elevated to the levels seen in denervated muscle. The elevated levels 
of chloride did not prevent the reduction in AChR expression induced by electrical 
stimulation. 9. The uncoupling of AChR expression and the intracellular 
concentration of chloride showed that they were not rigidly linked. Chloride affects 
the expression of AChR indirectly, by altering the activity of muscle cells 



Herbison G.J., Teng C., Reyes T., and Reyes O. (1971) Effect of electrical stimulation on 
denervated muscle of rat. Arch. Phys. Med. Rehabil. 52, 516-522. 
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401-404. 

Herbison G.J., Jaweed M.M., and Ditunno J.F., Jr. (1983) Exercise therapies in 
peripheral neuropathies. Arch. Phys. Med. Rehabil. 64, 201-205. 
Abstract: The treatment of peripheral neuropathies should be aimed at maintaining 
the range of motion of the joints, re-educating the patient in skilled activities and 
optimizing the recovery of strength. Many techniques have been described to 
substitute for, to strengthen and to improve the function of residual innervated 
muscle; however, not all of these techniques are of unquestioned value. Specifically, 
electrical stimulation does not appear to enhance reinnervation of totally denervated 
muscle. Similarly, overstretching weakened muscle may impair the use of paretic 
muscle. Because overwork may damage partially denervated muscle, brief isometric 
or isotonic contractions may be more beneficial for increasing strength than a 
program of habitual exhausting activities 
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in Rats After Partial Denervation of Soleus Muscle. Arch Phys Med Rehabil 67, 79-
83. 

Hill M.A. and Bennett M.R. (1986) Motoneurone survival activity in extracts of 
denervated muscle reduced by prior stimulation of the muscle. Brain Res. 389, 305-
308. 
Abstract: Inactivation of skeletal muscle by denervation increases motoneurone 
survival activity in extracts of skeletal muscle. The present investigation shows that 
electrical stimulation of denervated muscle decreases motoneurone survival activity 
in extracts of these muscles. The result suggests that motoneurone survival is 
dependent on a factor(s) in muscle whose synthesis and/or release is regulated by 
muscle contraction 
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Kallo J.R. and Steinhardt R.A. (1983) The regulation of extrajunctional acetylcholine 
receptors in the denervated rat diaphragm muscle in culture. J. Physiol 344, 433-
452. 
Abstract: The regulation of the number of extrajunctional acetylcholine (ACh) 
receptors was assayed by 125I-labelled alpha-bungarotoxin binding sites in 
denervated rat diaphragm muscle in culture. Sustained K depolarization does not 
eliminate extrajunctional ACh receptors. In fact, muscle cultured in high-K medium 
(normal Cl) for 3 days exhibits a greater binding capacity than controls. Under 
conditions in which the intracellular Cl concentration is unaltered (high-K-low-Cl 
medium) this effect of high-K medium on the number of extra-junctional ACh 
receptors is blocked. The number of extrajunctional receptors increases 24-48 h after 
exposure to high-K-normal Cl medium, similar to the time course of the initial 
appearance of extrajunctional receptors in the denervated diaphragm muscle in vivo 
or in organ culture in normal media. High-K-normal Cl medium did not alter the rate 
of receptor degradation. Electrical stimulation of denervated muscle strips cultured in 
low-Ca medium containing D-600 eliminated extrajunctional receptors as efficiently 
as stimulation of muscles in control medium. Electrical stimulation did not reduce the 
extrajunctional ACh receptor population in glycerol-treated uncoupled muscles to the 
same extent as in untreated muscles. The extrajunctional ACh receptor content of 
denervated muscle cultured for 3 days in 2 and 5 mM-caffeine was reduced by about 
half respectively. Denervated muscle cultured in 0.3 mM-caffeine did not differ from 
control denervated muscle. Other agents which may alter intracellular cyclic 
nucleotide levels: dibutyryl cyclic GMP, dibutyryl cyclic AMP, papaverine, and sodium 
nitroprusside, did not mimic the effect of caffeine or electrical stimulation in lowering 
the levels of extrajunctional ACh receptors. We conclude that intracellular Ca release 
from the sarcoplasmic reticulum is necessary for the elimination of extrajunctional 
ACh receptors in denervated muscle. The levels of intracellular Cl also influence the 
population of extrajunctional receptors. Conditions which lead to higher levels of 
intracellular Cl result in greater rates of synthesis of ACh receptors 
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suprasegmental denervation, peripheral nerve section and skeletal fixation. 
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with denervated muscles in humans using functional electrical stimulation. Artif. 
Organs 23, 447-452. 
Abstract: The use of electrical stimulation for denervated muscles is still considered 
to be a controversial issue by many rehabilitation facilities and medical professionals 
because prior clinical experience has shown that treating denervated muscle tissue 
using exponential current over a long time period constitutes an impossible task. 
Despite this fact, we managed to evoke tetanic contractions in denervated muscle 
using a long duration stimulation with anatomically shaped electrodes and sufficiently 
high amplitudes. The pulse amplitudes, which were being used for this purpose, 
exceeded by far the MED-GV and EC regulations (300 mJ/impulse). For this reason, 
an application has recently been submitted to have the EC regulations changed 
accordingly. It takes a tetanic contraction to achieve the desired muscle fiber tension, 
constituting a hypertrophic stimulus. It is also an appropriate means of exercise, 
which is capable of creating the metabolic and structural conditions needed (e.g, 
increased mitochondrial volume and capillary density) to obtain satisfactory muscle 
performance. With patients suffering from a complete spinal cord injury at level 



D12/L1, having motor and sensory loss in both lower extremities, we were able to 
train denervated muscle using long- duration stimulation, evoking single muscle 
contractions at first, soon followed by tetanic contractions against gravity. To 
increase the efficacy of this functional electrical stimulation (FES) strengthening 
program, we used ankle weights. With daily FES training over a period of 1-2 years, 
denervated muscle was exercised until it produced torques between 16 and 38 Nm 
in the m. quadriceps. With that muscle force, it is possible to stand up from a sitting 
position in parallel bars. Our results show that denervated muscle in humans is 
indeed trainable and can perform functional activities with FES. Furthermore, this 
method of stimulation can assist in decubitus prevention and significantly improve 
the mobility of paraplegics 
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Abstract: In recent years a number of studies have employed long pulse biphasic 
stimulation as a treatment for denervated muscle to improve tissue quality and in 
some cases to improve contractile capability sufficient to restore function. However, 
in the U.K., this treatment is yet to be widely adopted clinically. A 5 subject, case 
based pilot study of long pulse biphasic direct stimulation of peripheral limb 
denervated muscle is being conducted and its effect on the tissue evaluated by 
measurement of muscle bulk, limb blood flow, and skin temperature. In cases of 
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Abstract: Functional electrical stimulation (FES) of the posterior cricoarytenoid (PCA) 
muscle to produce vocal fold abduction offers an alternative approach to current 
surgical therapies for bilateral vocal fold paralysis. The purpose of this study was to 
characterize the application of FES to chronically denervated PCA muscles. Specific 
goals were to develop a stimulus delivery system for the PCA muscle, determine a 
practical means of implantation, and identify stimulus parameters effective in 
activating chronically denervated muscle. Seventeen dogs were implanted with 
planar electrode arrays 3 months after unilateral recurrent laryngeal nerve resection. 
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