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Abstract

De=pite the ravages of long term denervation there 1z structural and ultrastructural evidence for
survival of mmscle fibers in mammals, with some fibers swrviving at least ten months in
rodents and 3-6 vears in lmmans. Further, m rodents there 1= evidence that muscle fibers may
regenerzte even after repeated damaze m the absence of the nerve, and that this potential 1=
mantamed for several months affer denervanon. While mm animal modsl: permanenthy
denervated muscle sooner or later loses the ability o contract, the muscles may maintam their
size and ability to funchon if electncally shmulated scon after denervaton. Whether m
mammals, humans meluded, this 15 a result of persistent de nove formation of muscle fibers 15
an open 1ssue we would hke to explore i this review. Duning the past decade, we have studied
muscle biopsies from the quadrniceps mmscle of Spmal Cord Injury (SCT) patients suffering
with Comus and Canda Equina syndrome, a condition that fully and ireversibly disconnects
skelatal mmsele fibers from ther damaped innervating motor peurons. We have demonstrated
that human denervated mmuscle fibers swrave years of denervation and can be rescued from
severe atrophy by bome-based Functhonal Electrical Stmulation (h-bFES). Us=ing
immmnohistochemistry with both non-stmmlated and the h-bFES stmulated human mwmscle
biopsies, we have observed the persistent presence of muscle fibers whuch are positive to
labeling by an amtbody which specifically recogmizes the embrvome myosin heavy cham
(MHCemb). Felative to the total mumber of fibers present, only a small percentage of these
MHCemb positive fibers are detected, suggesting that thev are regeperating mmscle fibers and
not pre-existing myofibers re-expressing embryonic 1soforms. Although embryome 1soforms
of acetylecholine receptors are known to be re-expressed and to spread from the end-plate to the
sarcolemma of muscle fibers i early phases of mmscle depervation, we suggest that the
MHCemb positrve mmscle fibers we observe result from the actvaton, prohiferaton and fusion
of satellite cells, the myogeme precursors present under the basal lamuna of the mmscle fibers.
Usmg morphological features and melecular biomarkers, we show that severely atrophic
mscle fibers, with a peculiar cluster reorganization of myonuclel, are present in rodent muscle



seven-months after neurectomy and 1n human muscles 30-months after complete Conus-Cauda
Equinz Syndrome and that these are structurally distnet from early myotubes. Beyond
reviewmg evidence from rodent and human studies, we add some ultrastructural evidence of
muscle fiber regeneration 1n long-term denervated human muscles and discuss the options to
substantially merease the regenerative potential of severely denervated human muscles not
having been treated with h-bFES. Some of the mandatory procedures, are ready to be
translated from ammal experiments to clinical studies to meet the needs of persons with long-
term nreversible muscle denervation. An Euwropean Project. the trial Rize4EU (Rise for You, a
personalized treatment for recovery of function of denervated muscle in long-term stable SCI)
will hopefully follow
Key Words: Human muscle, Comus-Cauda Equina syndrome, Spinal cord mjury, Permanent
muscle denervation, Severe atrophy and nuclear clumpings. Muscle fiber regeneration, Home-
based functional electrical shmmlation (h-b FES). Recovery of tetanic contractility, Myogenic
stem cells
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Skeletal muscle und goes a rapid loss of both mass endings.~ Because both the response of rat muscle to

and contractile force in response to loss of neural input
such as occurs in cases of sciatectomy in rats and with
spinal cord mjury (SCI) in humans. The atrophy
subsequent to SCI 15 especially severe when the lesion
mnvolves lower motor neurons (LMN) because, if
denervation 1 urevensble, the muscle fissue ultmately
undergoes both fibrosis and fat substtuton. thus
producing denervated degenerated muscle (DDM).
Unfortunately. long-term permanent denervation of
muscle tissue 15 an under-studied pathologic condition.
This situation may be attnbutable to the general belief
that muscle fibers will eventually disappear after weeks
or months of disconnection from the nervous system
and 1its provision of trophic factors (e.z.. those related
to acetylcholine, agrm, BDNF and other as yet
unknown chemical factors) released from axonal

Normal Adult Rat

permanent denervation (Figure 1) and the response of
human muscle to SCI is an extreme loss of mmscle
mass, there has been a good deal of skepticism aimed
at the efficacy of owr studies of home-based Functional
Electrical Stimulation (h-bFES) as a potential therapy
to Improve structure, appearance and tetanic
contractiity of permanently denervated buman
muscles.* Based upon the fact that at late stages of
denervation severely atrophic skeletal muscle does not
respond to electrical sthmmlation. many newolozists
believe that muscle degeneration iz ureversible and
thus therapy 15 not mented. Here, we respond to such
skepticism by discussing evidence to support the value
of our technique, namely the facts that: 1) myofibers
are indeed present m rat muscle one year after
denervation;’ 2) atrophied denervated human muscle
mamntams swviving and regenerating myofibers over

9-month Bilateral Sciatectomy

Fig1. Macroscopic aspects of rat posterior legs. In comparison to adult normal rat (4), the 9-month denervated
legs (B) appear to have completely lost their muscle mass.



Fig 2. Long tevm denervation atrophy of the TA muscle in bilaterally sciatectomized rats. H-E stain. A, Normal
muscle; B, I-month, C, 2-month, D, 4-month; E, 8-month; F, 12-month post denervation. Innervated TA
muscles are characterized by large, well packed myaofiber profiles and minimal imtermyofiber spaces. The
[first stage of TA denervation iz characterized by progressive reduction in muscle fiber diameter. In the mid-
denervation stage there is a further reduction up to 4-months denervation, in which muscls fiber size is about
10% of normal. Then, the fiber size does not change significantly at least up to I-year qfter denervation by

bilateral sciatectomy.

time:* 3) immunochemical evidence of embryonic
myosin and evidence of biomarkers of myogenic
processes In rodents suggest that myogenesis may
occur in denervated muscles; and 4) h-bFES improves
ultrastructure, macro-structure. mass and contractlity
of permanently denervated human muscle. Indeed,
denervated human muscle tissue responds to h-bFES
treatment by recoverng surviving myofibers and.
possibly, also those recently regenerated muscle fibers
which are more responsive to electrical stimulation.**

Long term survival of permanently denervated
muscle fiber: in mammals

In support of the possibility of muscle recovery, first,
we argue that muscle fibers are recogmizable, even at
the light microscope level, in the Tibiahs Antenor
(TA) muscle of sciatectomuzed rats for up to l-year
post denervation (Fig. 2). Addtionally, we point out
that electron microscopic analysez of the tfissue
remaining in long term denervated rat leg muscles™’
show that the deterioration which occurs m response to
denervation 15 ameliorated by electrical sumulation,



Anecurally regenerated muscle

Fig 3. Semithin sections, toluidine blue stain. Note
in A the gradient of size of muscle fibers and
the presence of central nuclei in myafibers of
demervated and regenerated rat soleus
muscle 30 days qfter bilateral sciatectomy
and unilateral marcaine-induced muscle
damage. Spontanecous regeneration is also
present in 30 days denervated contralateral
muscle as suggested by the central nucleus in
one npyofiber (arvow in B). 40x.

supporting ow belief that long-term permanently
denervated muscle may be restored stuctwrally (and
eventually to functional behavior) mn particular if this
anti-atrophy/recovery process (re.. h-bFES) 15 started
before mmuscular atrophy becomes severe’* Rodent
models of muscle denervation. m particular after free
muscle transplantation.” have demonstrated that lasting
pertods (1 to 6 months post denervation) of myofiber
“atrophy” elapse before the detection of muscle
degeneration and also report the formation of very
small myofibers that may constitute up to 25% of the
total muscle fibers in denervated leg muscles of rats.*’
Further. Borisov et al.® thoroughly characterized
severely atrophic rat muscle fibers at the ultrastructural

100 im

Fig 4. Marcaine induced muscle fiber damage

and regeneration in denervated rat
muscle, qgfter bilateral sciatectomy and
unilateral ~ marcaine-induced  muscle
damage. Time course of MHCemb
expression in aneurally regenerated rat
muscle. A, 5 days, B, 7 days, C, 10 days
after Marcaine muscle damage. Note that
the muscle fibers increase in size during
the first two weeks, but that the signal
begins to fade at tem days of muscle
regeneration



Aneurally regenerated muscle

Marcaine induced muscle fiber regene-ration in
denervated rat soleus 30 days qfter bilateral
sciatectomy and unmilateral marcaine-induced
muscle damage . Double exposure anti MHC
emb (green)/Hoechst (blue staining of nuclei). A,
The 30 days anewrally regemerated muscle
shows only some mpofibers positive for
MHCemb, while the majority is negative. B, 30
days contralateral demervated muscle presenmts
only one MHCemb positive npyofiber with
central nucleus (regenerated muscle fiber). Note
that all other myafibers are negative.
Magnification, 40x.

level and revealed that they contam a contractile
system. although poorly developed and with many
degenerated elements. The authors suzgested that these
“incompletely differentiated” muscle fibers anse from
satellite cells that have detached from thewr parent
myofibers and may represent an “abortive™ attempt at
myogenesis.® Schmalbruch and colleagues have
described simlar myofibers in rat mmscle denervated

for 6-10 months ' The majonity of these muscle cells
were so smzll down to | um in diameter. that they
could not be identified by routine hight microscopy.
Schmalbruch and colleagues further noted that some of
the smaller fibers were completely devoid of
myofilaments. Accordingly, they concluded that these
fibers are the result of repeated cycles of necrosiz and
regeneration occumng in the chromically denervated
skeletal muscle, based on their reporting of
unequivocally necrotic muscle fibers.’” Camaro and
colleagues found smilar featurers m rat hemu-
diaphragm denervated for 12-16 months *

Taken together, the above examples provide
morphological evidence that very small myofibers may
not only represent extreme examples of severely
atrophited muscle fibers swviving  long-term
denervation (see below). but may also occur as the
result of myofiber regeneration followed by atrophy m
chronic denervation® Indeed, Mussini et al’ have
shown that marcaine damage of permanently
denervated rat muscles produces unequivocal
morphological featwres of muscle damage and
regeneration and that repeated marcame mfusion of the
anewral regenerated rat muscle was followed by a
second round of muscle damage and regeneration,
demonstrating that the regenerative process 1is
accompained by survival and/or prohferation of
myogenic cells with stuctwral and functional
charactenistics of satellite cells (or. m other words.
“stem cells™).” Conclusive evidence of aneural satellite
cell activation, proliferation. fusion and progression to
small muscle fibers was obtammed by gel
electrophoresis which revealed the transient presence
of the embryonic 1soforms of the myosmm light and
heavy chains (MLCemb. MHCemb. respectively) in
regenerating rat muscles.'” and by immunolabeling
anewrally regenerating muscle cryosections (Figz. 3)
with an antibody that recognizes epitopes of the
MHCemb (Figs. 4 and 5)."""" Note that in Fig. 4 the
size of the regenerated muscle fibers increases up to 10
days (Fiz. 4, A-C), at least, but that the immunostain
starts to fade in several muscle fibers at this ime of
regeneration (Fiz. 4. C). At 30 day: of regeneraion m
aneural muscles (Fiz. 3, A), mdeed, the majonty of the
muscle fibers are negative for MHCemb protemn and
only some small myofibers are positive (Fiz. 5, A). It1s
Interesting to note that in rat muscle denervated for 20
days (Fig. 3, B) only one small round muscle fiber with
a central nucleus 15 stamned (Fig. 5. B) with the anti-
MHCemb antibody that we are using for our studies in
rodents and human muscles."” while all other larger
denervated muscle cells. with subsarcolemmal nucler,
are negative (Fiz. 5, B). In our opimon, the anfi-body
we are using recognizes epitopes of the embryomc
myosin heavy chains that are not re-expressed m adult
muscle fibers dunng the first month of denervation, at
least in the rat muscles.”” The same result was observed
when the marcaine damage and the myogenic response



occurred in rat muscles permanently denervated for 4
to 6 months.” Further evidence of mmscle fiber
regeneration 15 the detection of myvogemn and MEF4
gene expression In response to long-term mmscle
denervation,"" in spite of the down-repulation of
activity-dependent genes 1n long-term denervated rat
muscle™ In conclusion, we are confident that
expression of the MHCemb 15 the result of a cellalar
process of muscle regeneration.

It 15 also worth noting that the long term denervated
omscle fibers of rats are able to retam a funchenal
excitation-contraction couphing (ECC) apparatus that
responds in vitre to electical stmulation for several
months, despite lost contractility.' This provides a
potential mechanmism for the muscle recovery that
occurs m response  to rehabibtabon  shategmes
developed on the basis of empimeal climical
observations." To define the time course and potential
effects of electncal stmulaton on  permanently
denervated mmscle, we evaluated excitabion-confraction
couphng of rat leg muscles duning thewr progressive
response to long-term denervation'® by determining:
1} ultrastuctuwral amalyas; 2) specific bmding to
dihydropyridine receptors, ryanodine receptors, Ca™
channels and extusion Ca™ pumps; 3) gene
transeription and translation of Ca™ -handling proteins;
and 4) in wire mechameal properties and
electrophy=iological analyvses of sarcolemmal paszive
properties and L-tvpe Ca” curent paremeters. We
found that in response to long-term demervation: 1)
isolated muscle that i1s unable to twitch in witre by
slecimeal stimulation has very small myofibers but may
show a slow caffeine contracture; 2} only roughly half
of the muscle fibers with "voltage-dependent Ca™
channel activity” are able to comtract; 3) the ECC
mechamisms are shll present and | in part, finchonal; 4}
ECC-related gene expreszion is upregulated; amd 5) at
any tome point, there are mmscle fibers that are more
resistant than others to denervation atrophy amnd
disorganization of the ECC apparatus.' These results
support the bypothesis that prolonged "restmg” [Ca™ 1
may ditve progression of mumscle atrophy  to
degeneration and that electneal stmmlafion-induced
[Ca™ 1 modulation may mumic the lost perve mfluence,
plaving 2 key role in modifyaing the gene expression of
denervated muscle.'” Hence, these datz provide a
potential molecular explanafon for the muscle
recovery that ocowrs In response fo rehabiliation
strategies developed on the basis of empineal clinical
observations.?

Severe atrophy and nuclear clumps mark human
musele fibers surviving long-term denervation (2
to § vears after SCI)

In rodents, three to seven months after denervation,
pmscle fibers underge a stage of slow progressive
atrophy that result= in a consistent reduction (up to
50%) of the mmscle volume. At this late stage, the

denervated mmscle shll confains numerous seversly
atrophlic muscle fibers, some of which have lost all the
contractile proteins and the spial dismbution of
myomneler that have agzregated in the center of the
mmscle fiber (muclear regroupings or clumps). At the
same fime, adipocytes and collagen sheets fill some of
the empty spaces of the mmscle tissue and finally
fibrosis prevails 317

The permanent mmjury of LMMs in humans causes rapid
denervation atrophy of skeletal mmscle fibers that
manly occurs dunng the fivst fewr weeks post trauma.
In biopsies of quadriceps mmuscle harvested from
Immans who have expenenced complete LMMN lesion
({complete Comuz-Canda Eguina Syndrome), we have
observed events smular to those occwrmg o rats, but
over a more extended penod of fime (1 to & vears).
Mild atrophy (that comresponds to an approxmmate 30%
decrease in muscle fiber size) appears wathin a few
weeks '* It progresses during the first two vears of
denervation, while severe atrophy (a stage in which
mmscle fiber size decreaszes to 10% of normal vahies)
appears after two to three years, accompanied by a
progressive degeneration of the muscle tissue. ™' This
mmscle fime-course 1s not umgque to bumans, but 15 also
a common feature 1n mammals larger than rodents
{rabbits, zuinea pigs, sheep). ™ After the second year
of persistent LMN depervation, human musele tissue 1s
progressively enriched with severely atrophic fibers
which are depleted of myvofibnllar apparat and, in
longitudinal section, present with aggregations of tens
of nuelel (muclear clumps) separated by stretches of
empty myoplasm. In transverse sections, thess severely
atropluc muscle fibers show three or more centrally
located puclei and typically no conractile struchures.!
We analvzed the time-cowrse of events m severely
atrophic buman mmscle fibers presenfing wath nuclear
clumps n complete LMW denervated quadriceps
mmscle biopsies harvested from one to ten years after
lumbar-ischiatic SCI.7 We noted that ouelear elumps
are commeon 1n the severely atrophic musele fibers of
I MN denervated burnan muscle from three to six vears
post mjury (Fig. 6 A). Specifically, m the muscle
sections from bropaies barvested from one to two vears
after complete denervation, we observed myvonuclear
clumps m 2 = 5% of fibres (mean + 50)). In biopsies
harvested three to five vears after SCI, the percentage
of fibres with mvenuclear clumps abruptly and
sigmficantly increased to 27 = %% (p < 0.001);
however, the value significantly decreased in biopsies
harvested more than six vears from SClto 4 £ 4% (p =
0,001 v three-z1x years of denervation).

Fig 6, B and Fig. 7 show cryosechons from 4.0-vear
and 5.4-vear LM denervated buman muscle biopsies,

respectively, after staming {in green) with an anh-

MHCslow antibody. In Fig. 7 the white arrows poant to
slow-type (zeen) atrophic mpmscle fibers wath
confralized nucler labeled 1n blue by Hoechst 33238,
The black amowheads indicate two less atrophuc fast



Fig 6. . A, Four-year LMN denervated quadriceps
muscle. H&E stain. Some of the severely
atrophic mycfibers have remmants of the
contractile machinery, while others are empty
of any sarcomeric structures.

B, Immunohistochemistry of the 4 years LMN
denervated human muscle. Several atrophic
slow npe myofibers are stained in green by
the anti-MHCslow antibody.

C. 4 years LMN dsnervated human muscle. A
few muscle fibers ars staimed in gresn by the
anti-MHCemb. Nuclei are stained by Hoechst
33258. Scale bar: 100 fom.

type muscle fibers (not stained by the anti-MHCslow
antibody). which contain several centralized nuclei
The immunohistochemical analyses presented in panel
B of Fiz. 6 and m Fig 7 show that both fast and slow
muscle fibers undergo severe atrophy and nuclear

Fig 7. Four-year LMN human denervated quadriceps
muscle. Immunohistochemical staining with
anti-MHCslow shows that both the green-
labeled slow npe muscle fibers (white arrows)
and the fast (larger, not stained muscle fibers
noted by black arrowheads) presemt several
central nuclei. Scale bar: 100 .

relocation and that this relocation of muclel precedes
the disappearance of all the contractile proteins. On the
other hand, only a few (1% of the muscle fibers we
were able to count) small muscle fibers from the longer
term denervated muscles stam in green with an anh-
MHCemb anti-body (Fig 7, C). These morphological
aspects suggest that severe atrophy with consequent
mclear redistribution 15 the result of the mcremental
disorganization of the sarcomenc structures of the
denervated muscle fibers. which meantime lose the
normal coil distnbution of subzarcolemmal myonucle:
Whatever the mechamsms of their rearrangement, the
muscle nuclel are for many months (or years)
regrouped into clusters of tens that fill the severely
atrophic muscle fibers and are ted by long
stretches of amyofibrillar myoplasm ©** The size of
muclear clumps 15 better evaluated 1n 1 um semu-thin
longitudinally sectioned myofibers (Fig. 8). Here,
stretches of amyofibnllar sarcoplasm (15-20 pm wide
and 50-100 pm long) alternate with groups of tens of
muclel that fill 20-30 pm long portions of the fibers.
These two 0.3 mm long portions of severely atrophic
muscle fiber contain 10-30 myonuclel, suggesting that
loss of nucler 15 substantial at these late stages of
muscle atrophy (in normal muscle there are 1000-2000
muclei per mm of myofiber). ”**

These features are m sharp contrast to the stable
mmscle atrophy we have desenbed in long-term
paraplezics with complete upper motor neuron lesion
from three to twenty years after SCI at the thoracic
level 7 Most interestingly, we have never observed
muclear clumps in that type of disuse atrophy.



Fig 8. Four-year LMN human denervated quadriceps muscle. Longitudinal semithin section of severely atrophic
myaofibers. Arrowheads point to nuclear clumps that altermate with longer stretches of anucleated.
amyafibrillar sarcoplasm. Toludine blue stain. Scale bar: 50 tam.

The only practical way to perform a quantitative
analyz1s of nuclear clumps was to count them on
muscle cross sections and then to extrapolate the data
to the whole muscle. Taking into account that, after the
third vear of denervation, approximately 30% of
atrophic myofibers show nuclear clumps, and that the
clumps of nucler are separated by longer stretches of
amyofibnllar cytoplasm (Fig. 8). we calculate that
almost all the severely atrophic myofibers seen in
muscle biopsies from three to five years after complete.
permanent LMN mnjury present with relocation of thewr
nuclel from the spual subsarcolemmal pattern of
normal muscle fibers to nuclear clumps.

Up to now. nuclear groupings have been seldom
described in muscle biopsies from patients affected
with neurodegenerative disorders, hike amyotrophic
lateral sclerosts and spinal muscular atrophy.”* That is
not swpnsing because in neurodegenerative disorders
the incompleteness of denervaton allows for
remnervation and thus for reorgamzation of larger
muscle units *

All together., our observations confirm that human
muscle fibers surmive complete and permanent
denervation much longer than generally accepted.
Nuclear clumps should be considered markers of the
long-lasting ability of human muscle fibers to survive

mn the absence of innervation (see Fiz. 6 A and the
following chapter). These results. together with those
presented m the next two chapters. provide the
rationale to plan research aimed at recovery of these
severely atrophic myofibers. Specifically. we contend
that further research should mclude the combination of
molecular and cellular approaches wath the functional
electrical stimulation that our previous studies have
shown to restore muscle structure and mass in human
long-term denervated and degenerated muscle *'****

Sustained myogenesis in human long-term
denervated muscles

Immunohistochemical evidence

Muscle issue harvested 9 months to 19 years post SCI
from patients of the EU Project RISE (Contract no.
QLG5-CT-2001-02191) were shown to contain the
above descnibed severely atrophic. muclear-clumped
muscle fibers (1e. fibers swviving years of
denervation) and also immature thin fibers, which are
mterpreted to be recently regenerating mn natwre. These
fibers (Fig. 9A) have a central nucleus, a thmn
cytoplasmic nm containing a few myofilaments and
also express MHCemb.** They represent about 1% of
the total myofiber population m the muscle biopsies.”’
Indeed. morphologic charactenstics of the long-term

Fig 9. 2.9-year Human Denervation. MHCemb positive (green) muscle fibers are regenerated myofibers. Note in
panel A the centrally located small green muscle fiber prezenting a central nucleus. Bar=100 tm.



denervated muscle m animals and humans suggest that
some ongmnal fibers are lost and some of those
remaning are the result of repeated cycles of muscle
fiber death and regeneration. Cryosections of these
tissues show atrophic or severely atrophic myofibers
dispersed among adipocytes and connective fissue.
Monoclonal antibody for MHCemb stains 1 to 3 % of
the atrophic muscle fibers from 1- to 37-years post-
SCI. In contrast to this, after 2- to 10-years of h-bFES-
traming. the muscle biopsies present with mainly large
round myofibers. In the h-bFES-tramned mmuscles the
regenerative events are present. but at a lower rate than
i the long-term denervated muscles not receiving h-
bFES (MHCemb positive myofiber per mm’ of
cryosection area: 0.8+/-1.3 with h-bFES vs. 2.3+/-23
vs wathout h-bFES biopsies, mean+/-SEM. p = 0.011).
In our opmuon. this 15 sound additionzl evidence for the
positive effectiveness of the electical stimulation
protocol for h-bFES of DDM. In any case, the overall
results demonstrate that h-bFES-traiming is safe; that 15,
it does not induce more myofiber necrozis followed by
regeneration than denervation alone '

In ow opinion the myofibers stamed by the antbody
recogmzing MHCemb had regenerated dunng the last
few weeks before biopsy, whatever the time from SCIL.
This mterpretation 15 based upon the fact that

—

MHCemb: 1) is expressed m myotubes and young
myofibers and 2) represent: the soundest molecular
marker of early myogenic events m both developmg
and adult muscles because, in the absence of
imervation, the embryonic 1soforms are completely
replaced by a2 default programm of fast-type MHC
expression after two-three weeks of anewal
development.'®*"* The round. green areas seen in Fig.
9 represent cross sections of myofibers staining
positively in response to ant-MHCemb antibody. They
are, in our opmion. newly regenerated myofibers,
which developed duning the last few weeks before
bropsy n the long term denervated muscles of patients
suffering with complete Conus-Cauda Eguina
Syndrome They are not likely to be =mply
reprogrammed atrophic cells. Their paucity speaks
agamst the interpretation that they are the product of a
molecular switch in myosin expression occwming in the
long term denervated muscle fibers, in spite of eventual
short term re-expression of embryonic protem 1soforms
soon after denervation.'”

Doppler et al.* found similar features in randomly
chosen neurogenic muscle biopsies that did not fulfill
the criterton for long-term denervation (1e., mability to
respond to elecmcal shmulation), because they were
from patients with amyotrophic lateral sclerosis or

Fig 10. Electron microscopy of a transverse section of a regenerating myotube in long term (four years) denervated
human muscle: two layers of basal lamina (old and new, black and white arvows, respectively) delimit a small,
round fiber presenting few thick filaments, mitochondria, and triads (black arrowheads). Scale bar: 1.0 pm.



polynewopathy. In both diseases, denervated
myofibers tend to be severely atrophic and angular,
resulting in an end stage of “nuclear clumps™. with

little cytoplasm left * In a cobort of 66 patients, bioptic
mmscle sections were immunolabeled wath monoclonal
antibodies against NCAM and neonatal myosin heavy
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Figure 11. 1. 4-year Human Denervation. Ultrastructural features of a muscle fibsr undergoing amrophy due to lack of
innervation. 4) The double-layered basal membrane (black and white arrows) argues in favor of these being a
regenerated muscle fiber. The fact that the basement membrane itself is folded (Fig. 11 A) suggests that this fiber is
undergoing atrophy and degeneration due to lack of innervation. B) Within the fiber interior co-exist areas in which
the sarcomeric organization of the striated muscle is slightly better preserved (black arrows pointing at the Z lines)

and areas presenting clear disarrangement of the contractile elements (dotted oval). more typical of muscle
undergoing atrophy/degeneration. C and D) Closer to the fiber periphery, where sarcomeres are better preserved
with visible Z and M lines (black and white large arrows) the EC coupling units, normally kmown as triads (pointed
by small black arvows). and the mitochondria (M) are better positioned. On the contrary in areas in which

contractile elements are degenerating, the EC coupling system is missing and/or replaced by small vesicles (arrow).

Mitochondria may be found clustered, aften in proximity of accumulations of glycogen granules (arrowhead).



cham (MHCneo), two protems that are newrallv and
developmentally regulated. Of the biopsy specimens,
T3% contamed small myofibers that showed a thin
perinuclear cytoplasoee mm. Small fibers expressing
MHCneo were found i all of these biop=mies (100%:)
and NCAM-positive fibers were detected m 8% of the
biop=ies. The percentape of NCAM =mall fibers was
sigmficantly lower than that of MHCpeo fibers. The
authors conclude that myogenesiz appears to be a
frequent finding in human pewogemc muscle
atrophy.® Similar observations of mmscle fiber
regeneration were obtained 1n human muscle biopsies
harvested from free transplanted musecle flaps that were
not reinnervated *

O observations, thus, suggest that the MHCemb
posifive regemerated muscle fibers are not previous
myofibers re-expressing embryome 1soforms (as 15 the
case for acetylcholme receptors spreading from the
end-plate to all the sarcolemmz of recently denervated
mmscle fibers)®, but are the result of activation
proliferation and fusion of satellite cells, the mvogemc
precursers located under the basal laminz of the muscle
fibers. *

The transient expression of lammin 1soforms peculiar
to early myogenesis during muscle regenerzhnon 15 also
well established *** Further, we and others have
shown that the regenerating muscle fbers,
differentiating 1n an ameural mmscle, grow up to one
fourth the size of a normal adult muscle fiber, and then
undergo atrophy, degeneration, and death (typecally by
apoptotic processes) 474

Ulrrastructural evidencs

Electron mucroscopic analyvses of mmscle hopsies from
the EUJ RISE smdy conmbute some exidence for
myvofiber regeneration, 1e. the presence of double-
layered basement membranes that delimit myotubes
(Fig. 10) and more developed mmscle fibers (Fiz. 11
We and others *** mterpreted these structures to
indicate that the external membrane layver belonzs to a
muscle fibre that mayv have previously degenerated,
while the infernal membrane represents a new basal
lapwna that 15 being built on the swrface of a
regenerating myctube within the old boundary.
Contrary to generzl e )cﬁrem:mun, but supported by
rodent experiments' ™ and apalyses of buman
muscle harvested from penpheral neuwromuscular
disorders,™ myofiber regeperation bhas  been
persistently observed (even if at a low rate) m long-
term depervated human muscles, where presumably
differentiating cells ether posifrve to anh-MHCemb
antbody or with some contractile filaments and a
double layer of basal lamuna are wisible (Fig. 10} A
few thick myvofilaments with Z hnes are present and
mnportantly, some tmads (amowheads m Fig. 100, that
iz, the Ca™ -release umif= respomnsible for excrtation-
coniraction coupling.

The thousands of muscle cultores that bezn
spontanecus confraction every day in myolegy labs
worldwide are the strongest evidence that early
myogenesis occurs in the absence of the nerve and its
secreted factors, though they mever attam full
differentiation unless coinnervated. In truth, muscls
fibers with 3 double-lavered basal lamuna are sparse
observations 1n our senes of demervated muscles, m
agreement with the fact that anh-MHCemb antbodies
stam only 1% of the myofibers in the same senes of
long-term denervated buman muscle bropsies.

The presence of a double-layered baszal membrane
(Fig, 11, A black and white amrows) argues m favor of
a fiber being likely regenerated during the month
before biopsy. The fiber is, however, undergoing
atrophy and depeneration, presumably due to the lack
of muervation as shown by extensive folding of the
basement membrane. Interestingly, withim the fber
infertor areas with a befter sarcomseric orgamzation
(Fig. 11, Panel B, black arrows pointng at the Z lmes)
coexist with others showing disamrangement of the
contrachle elements (Fig. 11, Panel B, dotted oval),
whach 1= more typical of muscle undergoing atrophy
and degeneration The discrgamzed areas (such as the
one marked by the dazhed oval in Fiz. 11B) are usually
found m the center of the fibers contrary to what
happens m the long-term denervated fibers where the
degeneration usually begins at the periphery.'™ *™" In
addition, even in better preserved areas, myofibnls are
often wavy and the sarcomeres are qute shortened.
This indicates local vanability in actrvation resulting in
lack of proper ahgnment of confractle element=. The
vanability in the stucturzl imtegnty of the contractile
apparatus alse affects the excitation-contraction (EC)
coupling elements and the posthoning of mutochondna,
whach are already qute stuctwally altered. Closzer to
the fiber pernpherv, where sarcomeres are better
presarved with visible Z and M lines (Fig. 11 C, black
and white large amows), the EC couphng umis
(pormally known as tnads; noted by small black
arrows) apd the putochondria (M) are  better
postioned. On the contrary, in areas where contractile
elements are disamranged, the EC couphng system 15
mussing and’or replaced by small vesicles, representing
remans of sarcoplazmic rebeulum (SE) membranes
(Fig. 11 D, amow). Mitochondna may be clustered,
often in procimuty to accummulations of glycogen
gramules (Fig. 11 Panel D, amrowhead).

Human long term denervated mmsele recovers
mass and sustained contractility during the firse
vear of h-bFES

To counteract the progressive changes that transform
mmscle into an unexcitzble tissue, over the years we
have developed 2z novel therapeutic concept for
paraplegic patients with bulateral and complete LMN
denervation of the lower extrermity due to m:umplem
lesion of the comus and cauda eguing.™ """ The pew



Fig 12. Immunohistochemistry suggests the presence of regenerative events in long-term demervated human
muscles without and with h-bFES. A, 3.3-year denervation without h-bFES; B, 1 2-year denervation plus
additional 2.4-year of h-bFES; C, 1.9-year denervation plus 7.7-year h-bFES. Early regenedated myofibers
stained with antibody to embryonic myosin are in green. Double exposure anti- MHCemb/Hoechst 33238
shows that some blue nuclei are cenmrally located. Note that in the right panels (muscle biopsies from h-
bFES subjects, even qfter many more years of demervation) the myofibers are much larger than in
unstimulated denervated muscles seen in A and that they have size comparable with all the other unstained

muscle fibers. Scale bars: = 100 um.

traming strategy became possible because of the
development of a new generation of stmmulation
equipment specifically designed for h-bFES. These
new shmulators and the large swrface electrodes
necessary to cover the demervated muscles were
developed by the Center of Biomedical Engmeenng
and Physics at the Medical University of Viennz and
by the Wilhelminenspital. Vienna (Austia).'®"**
The equpment was designed to reverse long-standing
and severe atrophy by delivenng high-intensity and
long-duration 1mpulses that can directly elicit
contraction of denervated skeletal muscle fibers, even
after they have lost the ability to respond to other
commercial electrical stimulators.'™ """ Twenty out
of 25 patients enrolled in the EU RISE tmal completed
the 2-year h-bFES program. which resulted in: 1) a
35% cross-sectional mcrease in area of the quadriceps
muscle: 2) 2 75% increase in mean diameter of muscle
fibers: 3) mmprovements in the ultrashuctural
organization of contractile material: and 4) a 1187%
increase in force oufput dunng electrical shmulation.
The recovery of quadnceps force was sufficient to
allow 25% of the subjects to perform FES-assisted
stand-up exercises and step-training in place " It is
interesting to note that mn the post h-bFES muscle
cryosections stained with the anti-MHCemb antibody
(Fiz. 12). the muscle fibers m the process of

regeneration (that 15, the green MHCemb positive
muscle fibers) have the size and round aspects sumlar
to all other muscle fibers (Figz. 12, B and C), suggesthng
that h-bFES stimulation allowed regenerating fibers to
avold the otherwise mevitable regeneranon/atrophy
cycle typical of denervated muscles. Indeed, dunng
two years of h-bFES the fibers increased in size to
level: well over that of regenerated muscle fibers
differentiating into aneural muscles.*'*"’

On the basis of this evidence, we are translating these
rehabilitaion management strategies from long term
muscle depervation cases to other cases of mobility
impairments, e.g., those related to aging. ™"

Conclusions and perspectives

We have demonstrated that human denervated muscle
fibers survive years of denervation and can be rescued
from severe atrophy by h-bFES. We have observed the
persistent presence of MHCemb positive muscle fibers
(most likely regenerating muscle fibers) in both the
non-stimulated and the h-bFES stmulated muscle
biopsies of paraplegics with persistent. complete
denervation of the quadnceps mmscle. Further, we have
shown that the peculiar severely atrophic fibers present
n both rodent muscle (seven months after neurectomy)
and in human muscle (30-months after SCT in complete
Conus-Cauda Equina Syndrome) are distingwshable



from sarky myotubes using morpholomical features and
molecular  biomarkers. Beyond rewiewing  past
evidence from rodent and human studies, here we list
the ophions to substanfially increase the regenerative
potential of skeletal muscle mn those patients who have
expenenced denervation of mmscles “too-late-to-be
recovered by h-bFES”, that 1=, they present with very
severely denmervated muscles. Indeed the needed
mandatory procedures are ready to be translated from
ammal expermments to the needs of 5CI persons wath
lonz-term ureversible mmscle demervation, that 13: 1)
induction and separation of autelogous myogeme cells,
either 1) by im wve marcamme infilieton of am
expendable mmscle tsswe (Latizzimus Dorsi) and
grown in vire:™ or i) derived from autologous
adipose tissue by in viro mduction and ecell-seorting
salection of myvogenic stem cells zble to rephcate in
vive:™ ) mmltiple injections of the autologous
myvogeme stem cells, followed by thewr proliferation,
fusion and differentiation into adult-hke mmscle fibers;
and, finally, 3} thewr tetame contractons mduced by
:;'u:rmfi]ce elertrodes and an external nevromodulator, ™
Why should we not try to apply h-bFES to encourage
the zrowth of regenerated muscle fibers, adding (to
those accummlatmg by spontaneous activaton of
satellite cells) mmscle fibers denved from mxvogenic
stemn cells harvested from autelogous adipose hissue?
We are confident that the evidence presented here will
convince  ethical committees to  allow  amimal
expenments to develop the safest possible procedures
for tramslation to those many patents whe, having
puzzed an early commencement of h-bFES, have lost
muscle fibers as a consequence of the inevitable
progresston of denervation-induced muscle fissue
degeneration that ocows m lopg-termn Comns and
Cauda Eguina 5Syndrome and other taumate
peripheral neuropathies. Based on the evidence and
concepts presented here, an Ewropean Project, the tral
RizedEUT (Rise for Yow a personalized treatment
protocol for functional recovery of denervated muscle
post long-term stable SCI), wall hopefully be
implemented soon.
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