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Abstract 
Tissue or Cell Cardiac Bioassists (Cardiac-Bio-Assists) are biological approaches to rem-
edy to cardiac progressive insufficiency based on autologous tissue or cell transplantation. 
Some of the work-hypotheses are in pre-clinical evaluation (implants of embryonic myo-
cardiocytes or Skeletal Muscle Ventricle, SMV), others are under preliminary (Dynamic 
Aortomyoplasty, and heart implants of myoblasts derived from skeletal muscle satellite 
cells or potential cardiomyogenic stem cells from bone marrow) or advanced clinical test-
ing (Dynamic Cardiomyoplasty). 
When injected into myocardium satellite cell-derived myoblasts undergo cell death, but 
some proliferate, differentiate and fuse to myotubes, which then increase in size in spite of 
never being re-innervated by functional motoneurons. We will here discus data of long-
term viability of aneurally regenerated muscle in experimental animals and in humans. Fur-
thermore, we will provide new evidence that functional electrical stimulation (FES) allows 
growth of aneurally regenerated myofibers to almost normal values. 
If artificial synapses could be designed and developed (to restrict activation to satellite cell 
derived myofibers, and avoid potentially arrhythmogenic excitability of the surrounding 
myocardiocytes) FES of the myofibers could add systolic assistance to benefits of satellite 
cell cardiac bio-assists. 
Key words: aneural myogenesis, autologous tissue or cell transplants, Cardiac-Bio-Assists, 
cellular cardiomyoplasty, functional electrical stimulation, long-term denervation, muscle 
regeneration, myoblasts, skeletal muscle satellite cell. 
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Morbility and morbidity of congestive cardiac insuffi-
ciency, differently than others cardiac diseases, do not 
decrease, in spite of significant progress of pharmacol-
ogical treatments, due to increased longevity of the popu-
lation. Cardiac failure is the most frequent cause of death 
in Europe, with 500.000 new cases every year and 50% 
mortality after five years. Cardiac insufficiency heavily 
limits autonomy and social relations of the patients, 
which experience an early functional aging. Therefore, 
two are the goals of any therapy: improve quality of life 
and increase survival [15]. Alternatives to current phar-
macological treatments for advanced heart failure are 
mandatory due to clinical needs. 

Cardiac transplant is the therapy of election when car-
diac failure become pharmacologically intractable, but all 
over the developed world (nothing to say, the situation in 
the underdeveloped countries) the number of heart trans-
plants has reached a limit set by the availability of donor 
organs. Though admission to transplant list is more and 

more selective, 25% of patients still die while awaiting a 
heart. In the near or far future xenotransplants could solve 
this problem, but even being optimists on their develop-
ment and reliability, they would carry the risk of anthro-
pozoonotic viral infections [96]. 

Ventriculoplasty is attracting interest of many cardiac 
surgeons, but because it involves discarding up to 300 g 
of not necessarily diseased myocardium, it is difficult to 
view it as other than an extreme remedy to severely di-
lated Cardiomyopathies. It currently carries high preop-
erative mortality and an adequate assessment of its 
benefits awaits the outcome of properly conducted trials 
[8, 59]. Mechanical artificial hearts will continue to be 
used mainly as a bridge to transplant. Even if the prob-
lems of hemocompatibility and infection were solved, 
the need of an external power supply might pose an un-
acceptable psychological challenge to the patient over 
the longer time. As suggested in a recent overview, the 
way to long lasting clinical use of Mechanical Circula-
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tory Support is a long and winding road [58]. Against 
this background, Cardiac-Bio-Assists, surgical biologi-
cal alternatives to cardiac assists, based on use of 
autologous transplants of skeletal muscle tissue or myo-
genic cells onto or into myocardium remains an attrac-
tive goal, worth being pursued strenuously [80]. 

Cardiac-Bio-Assists 
To date the clinical use of skeletal muscle assistance 

has been confined to cardiomyoplasty and aortomyo-
plasty. In these procedures the LD muscle is wrapped 
around existing structures, the ventricles of the heart in 
cardiomyoplasty, or the ascending or descending aorta in 
aortomyoplasty. Experience with aortomyoplasty is lim-
ited as yet in terms of the number of patients (still less 
than 20 worldwide) and the duration of follow-up [11]. 
Cardiomyoplasty, on the other hand, has been carried out 
in over 1000 patients worldwide since its introduction in 
1985, and there is now a substantial body of follow-up 
data [26]. Procedures like cardiomyoplasty and aorto-
myoplasty have the considerable advantage that they do 
not place new nonendothelial surfaces in contact with the 
circulating blood. However, they suffer from the limita-
tion that the geometry of the pump is dictated by the size 
and shape of the existing organs. A grossly hypertrophied 
heart may be too large to be wrapped effectively by the 
patient's LD muscle. The branching of major vessels 
makes it difficult to wrap an appreciable length of the as-
cending aorta. The small lumen of the descending aorta 
restricts the stroke volume that can be achieved by com-
pressing it. However, just as important as these anatomi-
cal considerations are the loading conditions imposed on 
the muscle wrap. In such a situation, the muscle is con-
strained to operate far from the peak of its power curve. 
The power available for assisting the heart can be har-
nessed much more effectively if the grafted muscle is 
formed into a separate auxiliary pump or skeletal muscle 
ventricle. The skeletal muscle ventricle is not constrained 
by existing geometry but is limited only by the size, 
shape, and fiber orientation of the muscle that is avail-
able. Subject only to these limitations, cavity volume, 
wall thickness, and direction of wrap can, in principle, be 
optimized to provide the maximum pumping perform-
ance. Set against this functional potential is the need to 
ensure that the introduction of such a device into the pa-
tient's circulation does not cause thrombus formation with 
the risks of obstruction of flow through the device and 
embolism to vital organs [80]. 

Other Options are Related to Cellular Cardiac 
Bioassistance 

Cellular cardiac bioassistance 
Cell-Cardiac-Bio-Assist (CCBA) is a biological ap-

proach to remedy to cardiac failure based on autologous 
or heterologous cell transplantation. 

When confronted with the problem of heart damage 
after infarction, replacement of myocytes is the ideal 

scenario [76]. Cardiomyocyte replacement could be 
achieved by stimulating proliferation of endogenous 
mature cardiomyocytes or stem cells, or by implanting 
exogenous donor cardiomyocytes possibly derived 
from stem cells [3, 47, 50, 66]. 

The enhancement of cardiomyocyte proliferation after 
damage must be rapid if the subject is to survive any 
acute insult that disrupts heart function. In case of 
chronic damage, the proliferation might need to be sus-
tained slowly but continually to replace myocytes dur-
ing the course of the disease. A concurrent revasculari-
zation must also keep pace to secure repair and preven-
tion of major scar tissue formation. The new myocar-
dium must integrate into the surviving myocardial wall 
if it could function as the tissue it replaces. Even small 
areas of imperfectly integrated tissues are likely to se-
verely alter electrical conduction and syncytial contrac-
tion of the heart, with long-term life-threatening conse-
quences. All of this must occur while the heart contin-
ues to supply blood throughout the organism. Because 
traditionally mature cardiomyocytes are considered to 
be incapable of cell replication, the donor cardiomyo-
cytes to date have largely been of embryonic/fetal ori-
gin. Some experiments in animal models report success-
ful engraftment and maturation of embryonic cardio-
myocytes in normal and injured hearts [56]. Other stud-
ies show that most of the donor cardiomyocytes (en-
grafted into mature rat hearts after infarction) retained 
their embryonic phenotype and did not form junctions 
with mature heart cells by 4 weeks. 

Although neonatal donor cells could form junctions 
with host myocardium, there was massive initial death 
of donor cells and at later times the grafts were often 
isolated by scar tissue. This problem is a direct result 
of the inflammation and scarring after infarction. Car-
diomyocyte transplantation therapy could be more ef-
fectively developed to address functional improvement 
in myopathic heart diseases [99]. Alternatively, possi-
ble engineering of cardiac grafts within three-
dimensional scaffolds or aggregates might provide a 
superior source of donor cells for repopulation of the 
infarcted heart. A more attractive approach is the use 
of donor cardiomyocytes, but mixed results have been 
obtained with donor fetal/embryonic/neonatal cardio-
myocytes and the use of such donor cells in humans 
raises major ethical issues. The use of skeletal muscle 
cells to repair damaged heart muscle has had some 
success, and experiments are ongoing. 

Skeletal Myoblasts 
Attempts to use autologous skeletal muscle to repair 

damaged hearts has been attempted by relocating wraps 
of whole sheets of the latissimus dorsi muscle to supple-
ment myocardial function [65]. This process, called car-
diomyoplasty, was pioneered in the 1980s [87] and has 
been applied clinically with varied success. Alternatively, 
transplantation of isolated cultured myoblasts has been 
used to try to restore muscle function in hearts both ex-
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perimentally and in the clinical situation [45]. This re-
quires the myoblasts to be extracted from skeletal muscle, 
expanded in tissue culture, and then usually injected into 
the heart muscle. Delivery via the circulation is an alter-
native to convey donor myoblasts to the whole heart. In 
all cases one of the critical goals [75, 90], electrome-
chanical coupling through gap junction communication 
between the engrafted skeletal myoblasts (or the derived 
myotube/myofiber) and the surrounding cardiac myo-
cytes, is out of discussion when properly tested [74]. Re-
cent studies have improved the survival of transplanted 
myoblasts by heat shock pretreatment, modified their 
immunoprotection, and confirmed that the benefits of 
skeletal myoblast transfer are additive with those of con-
ventional therapies, such as angiotensin-converting en-
zyme inhibition [27, 71]. Autologous myoblast transplan-
tation is reported in human patients, with promising im-
provements in cardiac function [92]. Bioheart, Inc. an-
nounced in September 2002 FDA authorization to initiate 
clinical studies of its investigational product, Myo-
Cell(TM), for heart muscle repair in the United States. 
The Myocell(TM) and MyoCath(TM) products are cur-
rently part of clinical trials on going in Europe. In May 
2001, Bioheart, Inc. initiated the first and only clinical 
trial in the world for catheter-based delivery of cultured 
autologous myoblasts, MyoCell(TM), intended as a ther-
apy for regenerating damaged muscle in heart failure pa-
tients. In May 2002 investigators announced that one-
year results from the first MyoCell(TM) treated patient 
revealed a left ventricular ejection fraction (LVEF) in-
crease from a baseline of 39% in May 2001 to 56%. Bio-
heart has received authorization from European authori-
ties to enroll 10 additional patients in the Bioheart spon-
sored multi-center European MyoCell(TM) trial. Bioheart 
has received authorization from the Food and Drug Ad-
ministration (FDA) to enroll 15 MyoCell(TM) patients in 
the United States in a Phase I study adjunct to bypass 
(Scott R. Bromley, personal communication). 

When injected in myocardium the majority of satellite 
cell-derived myoblasts undergoes cell death, but some 
proliferate, differentiate and fuse to myotubes, which 
then increase in size in spite of never being re-
innervated by functional motoneurons. 

We will here discus data of long-term viability of 
aneurally regenerated muscle in experimental animals 
and in humans. Furthermore, we will provide new evi-
dence that functional electrical stimulation (FES) allows 
growth of aneurally regenerated myofibers to almost 
normal values. If artificial synapses could be designed 
and developed (to restrict activation to satellite cell de-
rived myofibers, and avoid potentially arrhythmogenic 
excitability of the surrounding myocardiocytes) FES of 
the myofibers could add systolic assistance to benefits 
of satellite cell cardiac bio-assists. 

Effects of long-term permanent denervation on skele-
tal muscle 

Let me first define long-term muscle denervation and 
its effects. We will use the term long-term denervation to 
identify a long-lasting period of post denervation muscle 
atrophy accompanied by degeneration (lipodystrophy and 
fibrosis) and non-compensatory reactions (myofiber gen-
eration and regeneration) of muscle tissue. In the time 
scale of rodent life (3–4 years), these events start one 
month after permanent denervation and last all animal 
life. There are large interspecies differences in rate of at-
rophy, extent of myogenic reactions and tissue degenera-
tion, which are known in part, being possibly related to 
metabolic and life span diversity (see below). 

In recent years “muscle plasticity” concept was used 
to stress that myofibers modulate gene expression to ac-
commodate their profile of structural and enzymatic 
protein isoforms to changing functional demands [2, 39, 
69, 82, 91]. In the life of myofibers denervation is a ma-
jor event, which imposes a larger series of consequences 
than recognized in the “old good times” [7, 42]. There-
fore I extend the concept to cover all the muscle reac-
tions to denervation, as outlined in Table 1. 

Atrophy. Denervation of myofibers early induces 
muscle atrophy, which is a reduction of tissue mass 
(usually expressed as wet weight) that could be attained 
by reduction of each myofiber (pure atrophy that could 
be better indicated as hypotrophy) and/or loss of myofi-
bers by cell death (hypoplasia). We would use “severe 
atrophy”, when hypotrophy reaches 90% reduction in 
myofiber size (cross section myofiber area or minimum 
diameter). It is accompanied by disarray of the sar-
comeres up to disappearance. Chains of myonuclei mark 
severe atrophy, but hypernucleosis is also present in 
early new myofibers (myotubes). To distinguish be-
tween these two events an anti-embryonic myosin stain 
is necessary and sufficient. Myonuclear loss and myofi-
ber death could be early events following denervation 
(see below), while long anucleated longitudinal sections 
with several clumped myonuclei along the myofiber are 
markers of long-lasting severe atrophy [95]. Disruption 
of molecular mechanisms tethering nuclei to actin cy-
toskeleton [77, 88] are possibly responsible of these nu-
clear clumpings, beside to lead to Emery-Dreifuss mus-
cular dystrophy [6, 14]. On the other hand, muscle 
clumps remind nuclei of the synaptic endplate. Instead 
of being evidence of myofibers degeneration, myonuclei 
clumps may be due to overexpression of gene programs 
related to the long-lasting ability of myofibers to survive 
being ready to be reinnervated even far from their origi-
nal end-plate. 

Myofiber death 
Cell death and its mechanisms in rat skeletal muscle 

undergoing post-denervation atrophy are now known 
in details [12]. Clear morphological manifestations of 
muscle cell death, with ultrastructural characteristics 
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very similar if not identical to those considered as nu-
clear and cytoplasmic markers of apoptosis are found. 
With increasing time of denervation, progressive de-
stabilization of the differentiated phenotype of muscle 
cells is observed: spatial disorganization of myofibrils 
and formation of myofibril-free zones. These changes 
initially appears in subsarcolemmal areas near myonu-
clei, and by 4-month denervation they are spread 
throughout the sarcoplasm. Dead muscle fibers are 
usually surrounded by a folded intact basal lamina; 
they have an intact sarcolemma and highly condensed 
chromatin and sarcoplasm. Folds of the basal lamina 
around the dead cells result from significant shrinkage 
of cell volume. Macrophages are occasionally found in 
close proximity to dead myocytes. 

Manifestations of inflammation are absent in the dener-
vated tissue. A search for molecular markers of apoptosis, 
nuclear DNA fragmentation by the TUNEL method, re-
veals the presence of multiple DNA fragments in cell nu-
clei in only a very small number of cell nuclei in 2- and 
4-month denervated muscle and to less extent in 7-month 
denervated muscle. The numbers of nuclei of abnormal 
morphology containing condensed and/or irregular pat-
terns of chromatin distribution, as revealed by DNA 
staining and electron microscopy, exceed by 30-40 times 
the numbers of nuclei positive for the TUNEL reaction. 
In contrast to previous results [60, 93], a high discrepancy 
between frequency of morphological markers of apop-
tosis and DNA fragmentation seems a peculiar trait of 
myofiber death in rat denervated muscle. 

Degeneration. Muscle degeneration (or dystrophy, as 
for genetic diseases) is a later effect of denervation: a 
significant portion of the muscle mass is substituted by 
different cells, mainly adipocytes (fat degeneration or 

lipodystrophy) and/or fibroblasts and collagen sheets 
around myofibers (endomysial fibrosis). 

Generation and regeneration of myofibers 
Mature mammalian skeletal muscle fibers maintain a 

relatively finite, fiber type-specific relationship between 
the size of the myofiber (e.g., myofiber length, cross-
sectional area, or cytoplasmic volume) and the number of 
myonuclei present in a given myofiber [2, 29, 40]. The 
concept that there is a finite myonuclear domain size as-
sociated with myofibers predicts that hypertrophying 
myofibers must increase their myonuclear number to ac-
commodate the enlargement process. However, shortly 
after birth, mammalian myofibers are permanently differ-
entiated and thus cannot undergo mitotic division or di-
rectly increase their myonuclear number (i.e., by myonu-
clear division) [28]. Therefore, myofibers undergoing hy-
pertrophy appear to require an external source of new nu-
clei to maintain or reestablish a relatively constant 
myonucleus-to-fiber size ratio [28, 29, 97]. There is a 
significant body of evidence to suggest that satellite cells 
are the source of new myonuclei in mature mammalian 
skeletal muscles. There is also some compelling evidence 
indicating that satellite cell proliferation is required to 
support the process of compensatory hypertrophy in 
mammalian skeletal muscle: when radiation is used to 
prevent satellite cell proliferation before initiation of 
skeletal muscle functional overloading the hypertrophy 
response is absent (2, 70, 79, 81]. 

Light and electron microscopy shows that the long 
term denervated muscle maintains a steady-state severe 
atrophy for the animal's life span, some morphological 
and molecular features indicating that events of aneural 
regeneration occur continuously [20, 22, 64]. In con-
trasts with older reports, permanently denervated mus-
cle of rodents shows spontaneous regenerative myo-
genesis [22]. Formation of new muscle fibers is present 
as early as one month after surgery and reaches its 
maximum between 2 and 4 months following denerva-
tion. Then myogenesis gradually decreases with pro-
gressive post-denervation atrophy and degeneration. 

The myogenic response is biphasic and includes two 
distinct processes. The first process resembles the for-
mation of secondary and tertiary generations of myo-
tubes during normal muscle development and dominates 
during the first two months of denervation. The activa-
tion of this type of myogenic response (myofiber gen-
eration, which increases the number of myofibers pre-
sent in an anatomically defined muscle, hyperplasia) 
does not depend on cell death and degenerative proc-
esses per se [13]. 

A second type of myogenesis is a typical regenerative 
reaction that occurs mainly within the spaces sur-
rounded by the basal lamina of dead muscle fibers [13, 
22]. Myofibers of different sizes are susceptible to de-
generation and death, which indicates that cell death in 
denervated muscle does not correlate with levels of 
muscle cell atrophy [13]. These regenerative processes 

Table 1. Long-term denervation muscle plasticity.

MUSCLE PLASTICITY 

FIBER TYPING 
(ISOGENES’ SWITCHING) 

FAST FIBERS SLOW 
FIBERS 

TROPHISM & DEGENERATION 

HYPOTROPHY EUTROPHY HYPERTROPHY 

SEVERE ATROPHY  HYPERPLASIA 
MYOFIBER DEATH 
LIPO/FIBRO/DYSTROPHY 

MYOFIBER DEATH AND REGENERATION 

Increased (?) Function  GENERATIVE MYOGENESIS 

Cell Death REGENERATIVE MYOGENESIS 
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frequently result in development of abnormal muscle 
cells that branch or form small clusters surrounded by 
two layers of basal lamina (the old and the new one, 
which is secreted by the new myofibers) [13, 22, 64]. 
Spontaneous myofiber regeneration in long-term dener-
vation has been quantified and shown to be non-
compensatory and to result in reduction of satellite cell 
pools [10, 13, 30, 46, 52, 53, 78, 84, 102]. The turnover 
of myonuclei (but not necessarily of regenerating myo-
fibers) studied by means of continuous infusion of 5-
bromo-2-deoxyuridine (BRDU) is at most 1 to 2% per 
week in adult rats [78, 85]. Evidence of satellite cell de-
pletion in denervated muscle rise some problems on 
long-term potential of regenerative myogenesis [30, 46]. 
On the other hand myotoxic-induced myogenesis speaks 
in favor of a long lasting potential (see below). 

Interspecies differences rise additional doubts, since 
there are large differenced in post-denervation effects, 
even in the case of rate of atrophy [42, 51, 89]. In man 
denervation atrophy progresses at relatively slow rate 
in comparison to rat, but our observation that the myo-
genic reactions to denervation of the human muscle are 
very similar to those well described in rat, is hearten-
ing as to the potential application in patients’ rehabili-
tation (see below). 

Isogenes’ switching (fiber typing) 
After the fully differentiated pattern of fast and slow 

myosins has been established in normal adult skeletal 
muscles, acute denervation is of very little influence on 
the type of contractile proteins synthesized in early atro-
phying muscle fibers. Preferential atrophy of fast fibers 
followed by atrophy of slow fibers appears to be the typi-
cal feature of the early phases of denervation, producing 
only a small unbalance in fiber typing (reviewed in [69, 
91, 99]). However during several months of permanent 
denervation there is an almost complete transformation of 
rat mixed muscles into almost pure fast muscles [17, 18, 
21], the residual slow myosin being present with fast my-
osin in single myofibers [20, 91]. Analyses of denervated 
and aneurally regenerated muscles suggest that in long-
term denervation of rat soleus the slow-to-fast transfor-
mation is mainly the consequence of repeated cycles of 
cell death and regeneration [52, 84]. 

Induced regenerative myogenesis in long-term den-
ervation 

Beside spontaneous events, regeneration of muscle fi-
bers is studied after induction of muscle damage and 
regeneration by autografting or by myotoxins’ treat-
ment. Permanent denervation does not prevent induced 
muscle regeneration [64] and a long-term retention after 
denervation of this capability has been demonstrated: 
Bupivacaine induce in few days massive and synchro-
nous myofiber regeneration of four-month denervated 
fast and slow rat muscles [19, 24]. Autografting of 
seven-month denervated rat muscles is followed by sub-
stitution of old fibers by new fibers five-day after sur-

gery when the denervated muscles are treated with mar-
caine or notexin [10, 38, 46, 55]. 

The aneurally regenerated myofibers grow in two 
weeks up to one fourth of their normal adult fiber sizes 
[19, 23, 24, 64], then they undergo to denervation atro-
phy, which reach a steady-state at less than one tent of 
the normal fiber size. 

When a series of injections of notexin was made in 
mouse muscles, leaving time for regeneration to occur 
between each injection, new muscle fibers were formed 
after up to four notexin treatments. This provides evi-
dence that some of the myoblasts reenter an undifferen-
tiated, stem cell-like state and are capable of myogene-
sis after further injuries to the muscle [34]. 

Short-term denervated muscles recover well after rein-
nervation, but after longer periods of denervation, vari-
ously estimated at 6 to 18 months in humans [4, 7], and 4 
to 7 months in rats, denervated muscles do not become 
completely restored even when motor nerves regenerate 
into the muscles. The functional recovery of the long-
term denervated muscles is significantly improved when 
the myofibers are induced to regenerate with a myotoxic 
anesthetic. Seven-month after denervation the rat EDL 
treated with marcaine not only regenerate, but opposite to 
the denervated degenerated (fibrotic) control is reinner-
vated by implantation of nerve. The finding that dener-
vated muscles are capable of being restored to a signifi-
cant level by inducing regeneration may be useful in the 
clinical treatment of denervated muscles [10]. 

Satellite cell proliferation and myofiber regeneration 
is enhanced in long-term denervated muscles subjected 
to electrical stimulation [5, 35, 36, 63, 72]. 

Electrical Stimulation of Denervated Muscles 

Early after denervation 
Many independent experiments have shown that when 

applied early after denervation electrical stimulation with 
different pattern of impulses modulates trophism and con-
tractile characteristics to almost full conversion from fast-
to-slow types or viceversa (for review see [39]). 

Contractile phenotype of muscle fibres is under con-
trol of hormones, stretch and influences from the moto-
neurons. Motoneurons can affect muscle fibres by re-
leasing neurotrophic substances and by evoking electri-
cal activity in the muscle. For regulating contractile 
properties such as speed, strength and endurance it has 
been demonstrated that the signal to change is coded in 
the pattern of electrical activity [39, 82]. Thus, high 
amounts of activity lead to slow shortening velocity and 
myosin heavy chains, while low amounts of activity 
lead to a fast phenotype. Even slow myosin heavy 
chains could be expressed in denervated fast myofibers 
by slow-like continuous electrostimulation [18, 57, 98]. 
For regulation of twitch duration frequency also plays a 
role, and for preventing atrophy in denervated muscles 
high frequency seems to be beneficial, particularly in 
fast muscles. Recent evidence shows that trophism and 
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fiber type are regulated independently through different 
transduction signaling pathways [44, 67, 86]. The role 
of putative neurotrophic substances remains unclear, 
with the exception of release of neuronal agrin, which is 
relevant in modulation of neuromuscular junctions [9]. 

Though still criticized by several members of the medi-
cal community (due to their naiveness in approaches and 
inexperience in the proper methodology), electrical 
stimulation applied early after nerve injury maintains eu-
tropy and function of denervated muscle [41, 62, 94]. 

Late after denervation 
Few interesting publications concern restorative ef-

fects of electrical stimulation of long-term denervated 
muscles [1, 54, 83]. Intermittent electrical stimulation at 
100 Hz (one train of 60 pulses every minute) either 
maintains or restores in two months the force output to 
nearly normal values when stimulation starts at two, 
four or even nine months after sciatectomy. Long-term 
stimulation causes similar increases in muscle fiber 

cross sectional area in fast and slow muscles, and 
changes are identical when innervated muscles are 
stimulated in the same way [54]. 

Functional Electrical Stimulation (FES) of Long-
Term Denervated Human Muscles 

Over the last 30 years there has been a good deal of in-
terest in the use of FES to restore movement of the limbs 
of patients immobilized by spinal-cord injury (upper mo-
tor neuron lesion, spastic paralysis) [68]. There is, how-
ever, another group of patients whose problems are more 
difficult to treat due to marked atrophy of denervated 
muscles and the associated loss of bone mass and skin 
atrophy causing severe secondary medical problems. In 
these patients injury also resulted in irreversible loss of 
the nerve supply to some or all of the affected limbs 
(flaccid paralysis due to lower motor neuron lesion). It is 
technically more difficult to treat these patients because 
direct stimulation of muscles requires more electrical en-
ergy than commercially available stimulation devices can 
deliver. The absence of functional nerve fibers makes it 
more difficult to recruit a sufficient population of myofi-
bers to regain functional movements at an acceptable 
force level by surface electrodes. Despite these difficul-
ties pilot studies on functional clinical application of FES 
on denervated muscles have been published. One has 

 
Figure 1. Myofiber regeneration in four-year denervated 

human muscle two-year after FES. About 3% of 
myofibers are stained by anti-embryonic myosin 
antibody (stars in Fig. 1 A). A few myofibers have 
central nuclei, a feature suggesting they are no 
more than 10-day old (arrow in Fig. 1, A and B). 

 
Figure 2. Bioptic muscle from four-year denervated 

human subject two-year after FES: Semithin sec-
tion and frequency distribution spectrum of myo-
fibers according to their minimum diameter. 
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demonstrated gait correction via direct FES of the dener-
vated tibialis anterior muscle [94]. Two others, contrary 
to widely accepted opinion, have shown that electrical 
stimulation in such patients can restore muscle mass, 
force production and movement even after long-lasting 
complete denervation. Electrical stimulation reversed 
much of the deterioration undergone by the denervated 
tissues [48, 49, 99]. Muscle function in the lower ex-
tremities was restored sufficiently to support standing up, 
standing, and even a few steps [48, 49]. In addition to this 
functional restoration, improvements were observed in 
the condition of associated tissues (cartilage, tendons, 
bones, joints and skin). The associated stimulation 
equipment proofed to be effective for home-based train-
ing in a limited number of patients [43]. Recent analyses 
of biopsies from these patients confirm the presence of 
regenerating myofibers. In muscle biopsies of four-year 
denervated human subjects two-year after FES about 3% 
of myofibers are stained by anti-embryonic myosin anti-
body (stars in Fig. 1). A few myofibers have central nu-
clei, a feature suggesting they are no more than 10-day 
old (arrow in Fig. 1). Frequency distribution spectrum of 
myofibers according to their minimum diameter in 
semithin sections shows that about 50% are severely 
atrophic (minimum diameter smaller than 10 µm), but a 
large proportion of myofibers are eutrophic or hypertro-
phic, i.e. with a minimum diameter larger than 40 µm 
(Fig. 2). 

Perspectives of Functional Electrical Stimulation 
(FES) of Human Denervated Regenerated Myofi-
ber into Heart (Satellite Cell-Derived Cellular 
Cardiomyoplasty) 

In skeletal-myoblast-based Cellular Cardiomyoplasty 
autologous myoblasts are the product of satellite cells 
grown in vitro from muscle biopsy of patients. Differen-
tiation and fusion of proliferating myoblasts adminis-
tered into myocardium produces myotubes, which may 
grow up to young myofibers containing significant and 
functional amount of contractile proteins, but finally 
they undergo post-denervation atrophy (aneural muscle 
regeneration), which could be in principle counteracted 
by electrical stimulation. 

Evidence accumulated from animal studies has indi-
cated that direct electrical stimulation of denervated mus-
cles can to a large extent substitute for innervation and 
preserve or restore the normal properties of the muscles. 
Appropriate stimulation parameters are critical for 
successful interventions, and the best are obtained when 
the stimulation protocol resembles the firing pattern of 
the normal motoneurons (see for review [31]). In the 
patients electrical stimulation can restore muscle mass, 
force production and movement even after long-standing 
complete denervation. Electrical stimulation restores 
muscle function in the lower extremities sufficiently to 
support standing by reversing much of the deterioration 
undergone by the denervated tissues [48, 49]. 

Dynamic Cardiomyoplasty and related approaches 
demonstrated that sensing of heart cycle and synchro-
nized stimulation of myofibers are safe procedures 
based on implanted electronics and batteries, which 
proved to last longer than five years [80]. 

Electronic engineers and bioengineers confronted with 
the clinical problems of activating and controlling mo-
tion of denervated muscles were able to solve major if 
not all the problems [32]. Myologists and neurobiolo-
gists are strenously working on reinnervation issues [16, 
25, 33, 101]. No one tried the solution of artificial syn-
apses, i.e. of a pool of miniaturized electrodes, which 
contact each of the surviving or regenerated myofibers 
in a denervated or in an engineered muscle. Taking ad-
vantage of the powerful angiogenesis of any developing 
tissue (including engineered myofibers in Cellular Car-
diomyoplasty [47, 50, 61, 71, 73, 74, 90]) one may 
dream to use some of the new vascular branches to de-
liver sufficient current to new myofibers. 

If artificial synapses could be designed and developed 
(to restrict activation to skeletal myoblast-derived myo-
fibers, and avoid potentially arrhythmogenic excitability 
of the surrounding myocardiocytes) FES could preserve 
long-term healthful myofibers and add systolic assis-
tance to benefits of satellite cell cardiac bio-assists. 
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Note added in proofs 
Recently, Hagege et al. [38] shown that, at autopsy 

17.5 months after implantation of autologous skeletal 
myoblast in post-infarction scar, the derived myotube-
like skeletal muscle fibers are viable, and longitudinally 
co-aligned with the adjacent myocardium. The severely 
atrophic myofibers expressed either fast (35%) or slow 
(32%), or co-expressed both slow and fast (33%) my-
osin isoforms. 
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