Lo L

P

1\

o LN A D

Structural differentiation of skeletal muscle fibers
in the absence of innervation in humans
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The relative importance of muscle activity versus neurotrophic
factors in the maintenance of muscle differentiation has been
greatly debated. Muscle biopsies from spinal cord injury patients,
who were trained with an innovative protocol of functional elec-
trical stimulation (FES) for prolonged periods (2.4-9.3 years), of-
fered the unique opportunity of studying the structural recovery
of denervated fibers from severe atrophy under the sole influence
of muscle activity. FES stimulation induced surprising recovery of
muscle structure, mass, and force even in patients whose muscles
had been denervated for prolonged periods before the beginning
of FES training (up to 2 years) and had almost completely lost
muscle-specific internal organization. Ninety percent (or more) of
the fibers analyzed by electron microscopy showed a striking
recovery of the ultrastructural organization of myofibrils and
Ca?*-handling membrane systems. This functional/structural res-
toration follows a pattern that mimics some aspects of normal
muscle differentiation. Most importantly, the recovery occurs in
the complete absence of motor and sensory innervation and of
nerve-derived trophic factors, that is, solely under the influence of
muscle activity induced by electrical stimulation.
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B idirectional communication between muscle fibers and mo-
tor neurons is extremely important for the development and
maintenance of the entire neuromuscular apparatus (1). The
interdependence of the two systems becomes obvious when this
communication is interrupted, that is, in neuropathological
conditions or as a result of traumatic events such as spinal cord
injuries (SCIs) or damage of peripheral nerves (2, 3).

In skeletal muscle, lack of innervation causes severe alter-
ations of fiber properties: general disarrangement of internal
structure accompanied by functional impairment and followed
by complete degeneration (4—6). Motor neurons regulate the
properties of muscles directly through trophic factors and indi-
rectly through activity. However, the relative importance of
neurotrophic factors vs. muscle activity in the maintenance of
muscle mass, contractile properties, and fiber-type characteris-
tics have been greatly debated. It has been proposed that, during
early development, fiber diversity is independent of innervation
(7, 8). Conversely, in the adult, specific properties, such as
differential expression of protein isoforms in different fiber
types, internal organization of membrane systems, and metabolic
machinery, are influenced by innervation. Cross-innervation
experiments of fast and slow muscles with motor neurons having
different firing patterns (tonic vs. fast) resulted in a reciprocal
transformation of some muscle fiber properties (9, 10). In all
these early experiments, it was not possible to separate the
relative importance of neurotrophic factors vs. contractile ac-
tivity. The effects of denervation cannot be reproduced just by
a reduced level of activity, that is, disuse or decreased use in the
presence of innervation, which suggests that neurotrophic fac-
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tors are of importance in controlling fiber properties (11).
However, in the absence of other markers of fiber-type speci-
ficity, this aspect needs further clarification.

There are several findings, however, supporting the idea that
activity represents an important cofactor in controlling muscle
characteristics. In fact, the effects of cross-innervation of fast
muscles with slow motor neurons can be approximated in
normally innervated muscle by a superimposed pattern of
chronic electrical stimulation with a tonic pattern of activity
(12-15). In addition, in dysgenic and dyspedic mice, two animal
models lacking the key protein of the excitation-contraction
(EC) coupling mechanism, which are normally innervated and
capable of action potentials, muscle fiber differentiation is
severely impaired, presumably because of the complete lack of
contractile activity (16, 17). Further evidence suggesting that
activity is indeed important was provided in tenotomized muscle.
Reduced muscle activity in rat soleus resulted in a slow-to-fast
shift of contractile properties (18) and the slow kinetics of
contraction on such tenotomized muscle could be maintained by
applying a slow pattern of stimulation (19). In the same vein, a
slow-to-fast transformation can be induced by chronic high-
frequency stimulation in denervated muscle (20). Finally, elec-
trical stimulation is somehow effective in limiting denervation-
induced atrophy and in improving muscle force and recovery
after reinnervation (21-23).

Studies aiming to rescue function in denervated muscle by
using electrically evoked activity were encouraging (21-23).
However, these experiments were performed mostly in animal
models and after relatively short periods of denervation, when
atrophy and degeneration is minor. This leaves an open question:
can extreme muscle wasting due to prolonged periods of dener-
vation be reversed in the absence of innervation? A unique
opportunity to explore this question was offered by the avail-
ability of human muscle biopsies from paraplegic patients af-
fected by complete lesion of the conus cauda and subjected to
direct (functional) electrical stimulation (FES) for prolonged
periods (2.4-9.3 years) (24-27). Starting from a severe level of
atrophy and in complete absence of both motor and sensory
innervation, the electrically stimulated muscle fibers show a
surprising structural recovery that resembles some aspects of
normal embryonal and postnatal muscle differentiation.
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Fig. 1. Denervation-induced atrophy of muscle fibers is reversed by FES. (A and B) Denervation (den) causes progressive atrophy of muscle fibers and a relative
increase of connective and adipose tissues. (C) FES treatment greatly increases average diameter of muscle fibers and significantly reduces the relative content

of collagen and adipocyte accumulation.

Results

Prolonged Denervation Causes Severe Atrophy. The histological
analysis of muscle biopsies of untreated patients show features of
classical denervation atrophy (4-6), the severity of which de-
pends on the time elapsed from the injury (Fig. 1 4 and B; see
also ref. 25 for more detail). Fiber diameters decrease progres-
sively and, at 2 years after injury, most, but not all, fibers have
a small diameter [range, 9-27 um; Table 1 and supporting
information (SI) Fig. 5]. The percentage of cross-sectional area
in the biopsy occupied by muscle fibers is ~30% on the average
(range, 13-50%). The remaining percentage of cross-sectional
area (range, 50-87%) is filled with connective and adipose
tissue, which increases with lengthening periods elapsed from
injury (SI Fig. 5). However, because exact information on total
muscle mass was not available, it is not possible to tell whether
connective and adipose tissues actually increase in absolute
terms.

In electron micrographs, severely atrophic muscle fibers are
identifiable based on recognizable remnants of contractile ma-
terial (Fig. 2). The remaining myofibrils are reduced in size and
usually discontinuous and/or completely missing from extended
areas. Sarcomeres are often altered, with missing M lines and
widened and/or streaming Z lines, a feature common to a wide
variety of muscle diseases (5). The widened intermyofibrillar
spaces contain an amorphous cytoskeletal network with scarce,
often clustered, mitochondria (Fig. 24). The sarcoplasmic re-
ticulum (SR) is incomplete and vacuolated, and transverse (T)
tubules are hardly recognizable, except where they associate with
elements of the SR to form poorly shaped dyads and triads (Fig.
2D). In fibers where more structural elements are present, the

Table 1. SCI patients

Time intervals

disorganization is always more severe in the subsarcolemmal
regions (Fig. 24).

The longer the period after injury, the greater the degree of
ultrastructural disorganization of the fiber interior. Myofibrils
and/or sarcomeres, mitochondria, and T tubule/SR junctions,
even though disrupted, are still relatively frequent in patients
that have been denervated for shorter periods, but they are quite
rare after prolonged denervation. The frequency of the fibers
containing small areas of aligned cross-striation decreases pro-
gressively with increasing denervation periods (Table 1).

FES Induces a Striking Recovery of the Fiber Architecture. Histolog-
ical analysis of biopsies from FES-treated patients (Fig. 1C) show
a significant increase in the average fiber diameter (range, 27-48
wm), compared with untreated patients (range, 9-27 um) (com-
pare Tables 1 and 2). The size distribution of fiber diameters
indicates that most fibers present a larger diameter than dener-
vated samples (see SI Fig. 5). The increase in fiber size is
accompanied by a significant reduction in the relative content of
connective and adipose tissues (Fig. 1C): on the average, only
~5% (range, 1-26%) of the cross-sectional area (see SI Fig. 5).

Striking is the restoration of the fiber’s internal architecture at
the electron microscopy analysis. In FES-treated muscles, the
cross-striation covers the large majority of fiber areas visible in
thin sections. Myofibrils are quite well aligned with one another
(Fig. 34), sarcomeres have visible Z and M lines and exhibit an
ordered double-hexagonal array of thin and thick filaments in
cross-section (Fig. 3B). Myofibril restoration, though, is not
always complete throughout the cross-section. In some fibers,
peripherally located, reorganized regions coexist with central
areas in which myofibrils are not completely reassembled (Fig.

between SCl and Mean fiber diameter Fibers Severely atrophic Atrophic fibers with some
Patients muscle biopsy, yr =+ SD, mm (n) analyzed, n fibers, n (%) cross-striated areas, n (%)
SCl 1 0.9 27 = 8(210) 38 30 (79) 8(21)
SCl 2 1.3 16 = 10 (208) 41 41 (100) 0(0)
SCl 3 1.8 24 + 18 (250) 47 45 (96) 2 (4)
SCl 4 1.9 11 + 8(218) 38 33 (87) 5(13)
SCI5 4.0 9+ 11(217) 49 49 (100) 0(0)

All fibers in SCl patients are severely compromised and atrophic. The mean fiber diameter decreases significantly during the first year
of denervation and progresses with increasing times. All the fibers analyzed show evidentsigns of internal disorganization even if a small
percentage of the fibers, which decreases with longer denervation times, do have small islands of aligned myofibrils forming a

cross-striation.
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Fig.2. Effects of long-term denervation on skeletal fibers ultrastructure. (A and B) Disarrangement of the internal structure of fibers starts from the periphery
and results in complete disruption of the internal organization. (C) Shown is an area with misoriented contractile filaments. (D) Shown is an abnormal SR/T tubule
junction. Filled stars, extracellular space; open arrows, mitochondria grouping; small filled arrows, fragmented SR; large filled arrows, Z lines; SM, surface

membrane.

3C). Because of the limited availability of tissue we could not
determine directly the fiber-type compositions of the regener-
ating muscles. However, the Z line width is a structural feature
that may discriminates between fiber types (28, 29). Considering
this parameter, the fibers fall into two separate categories: one
with the thinner Z lines (65-75 nm) and the other with wider Z
lines (84-97 nm) in both normal and FES-rescued muscles (SI
Table 3). Representative images of fibers with thinner and wider
Z lines are shown in SI Fig. 6. Interestingly, the number of fibers
with a wider Z line, which presumably are more resistant to
fatigue, is higher in muscles that have been stimulated for longer
periods (FES 4 and 5).

Semiquantitative Evaluation of Structural Recovery. An estimate of
the extent of structural recovery induced by FES was obtained
by classifying the muscle fibers according to structural param-
eters indicative of either a deep level of atrophy or of various
degrees of recovery. We define as severely atrophic those fibers
that have a highly disorganized contractile apparatus, with null,
or almost completely missing, striation (Fig. 2). Partially recov-
ered are fibers that present extensive areas of well differentiated
myofibrils, but show one or more remaining disorganized regions

Table 2. FES-trained patients

along the observed length (Fig. 3C). Finally, fully recovered fibers
are those fibers presenting well aligned cross-striation through-
out the entire sectioned segment (Fig. 34). Severely atrophic
fibers are the large majority in the untreated patients, but they
constitute a minor percentage in the FES patients (Tables 1 and
2). Partially recovered fibers constitute a minor percentage of
the fibers in FES patients (Table 2), suggesting that most of the
fibers are a long way toward full structural recovery by the time
the biopsies are taken. Interestingly, the percentage of partially
recovered fibers, although small, decreases with increasing time
of FES treatment (Table 2), indicating either that more fibers are
fully recovered with the longer treatment, or that the fully
recovered peripheral ring occupies a larger percentage of the
total fiber volume. Finally, fully recovered fibers are the large
majority in FES-trained patients.

Possible Sequence of Changes During Intermediate Stages of FES-
Induced Recovery. Partially recovered fibers, that is, containing
areas where myofibrils are not completely restored, offered the
opportunity of identifying some of the steps leading to sarco-
mere assembly and restoration of the contractile apparatus (Fig.
3 C and D). Well restored regions are mostly located at the fiber’s

Time intervals between, yr Severely Partially
Mean fiber atrophic recovered Recovered
SCl and FES and SCl and muscle diameter = SD, Fibers fibers, fibers, fibers,
Patients FES biopsy biopsy mm (n) analyzed, n n (%) n (%) n (%)
FES 1 1.2 2.4 3.6 27 = 25(152) 27 4 (15) 9 (39) 14 (46)
FES 2 1.7 2.3 4.0 43 + 19 (216) 22 0 (0) 8 (36) 14 (64)
FES 3 2.0 4.3 6.3 46 + 18 (140) 25 1(4) 3(12) 21 (84)
FES 4 1.9 7.7 9.6 39 + 23 (176) 33 3(9) 5(17) 25 (74)
FES 5 1.3 9.3 10.6 48 + 12 (107) 24 1(4) 2(9) 21 (87)

Most fibers in FES-trained patients are recovered/recovering. FES treatment leads to a significant increase in the average diameter of fibers and in a drastic
reduction of severely atrophic ones. Most fibers present a restored contractile apparatus in the large majority of their interior, whereas there is still a percentage
of recovering fibers (39% to 9%), presenting areas in which the myofibrils are not completely reorganized.
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Fig. 3.

periphery, whereas disordered domains are central (Fig. 3C) and
their frequency decreases with increasing periods of FES (Table
2). This suggests that myofibrillogenesis starts at the fiber’s
periphery and proceeds centrally. Incomplete sarcomeres have
thick filaments that are parallel, but misaligned so that the edges
of the A band are not well defined (Fig. 3D). At this stage, the
M lines are missing, and discontinuous Z bodies are located in
the Z line region of the sarcomere. An increase in the order of
thin and thick filaments, appearance of an M line, and of
continuous, transversely aligned Z lines complete the assembly
of the mature sarcomere (Fig. 3D).

Also the membrane systems involved in the EC coupling
mechanism are progressively restored by the FES stimulation of
denervated muscles (Fig. 4). The differentiation of a mature T
tubule network (see SI Fig. 7 for more detail) is accompanied by
the maturation of the SR and by the formation of well differ-
entiated triads, that is, junctions between the SR and the T
tubules. The reorganization of the sarcotubular system closely
follows the reorganization of the myofibrils: SR/T tubule junc-
tions are more numerous in regions that present well differen-
tiated myofibrils than in areas where myofibrils are incomplete
(Fig. 4A4). The transversal positioning of triads at the edge of the
A bands is likely preceded by a longitudinal/oblique orientation,
as it occurs during normal differentiation (Fig. 4B).

Discussion

This study provides a unique opportunity to gain new under-
standing of the relationship between activity and differentiation/
maintenance of muscle fiber in the complete absence of nerve
input. Although a significant influence of mechanical activity on
muscle properties has long been established (12-15, 18, 19),
here, we provide the information that the direct electrical
stimulation of human denervated muscle can reverse muscle
atrophy, even after extended denervation and inactivity. Starting
from a severely degenerated state, the muscles from FES-treated
patients studied in the present work achieved an almost complete
structural differentiation. These results are of interest both from

19342 | www.pnas.org/cgi/doi/10.1073/pnas.0709061104

FES-induced ultrastructural restoration of myofibrils. (A and B) Rescued fibers present a transversal dark—pale striation (A) and a regular hexagonal
pattern of thick and thin filaments (B). (C) In partially recovered fibers, myofibrils are better organized at the fiber periphery (arrowhead). (D) The formation
of new myofibrils resembles myofibrillogenesis in normal embryonal differentiation: alignment of filaments (open arrows), preassembly of A bands, appearance
of Mlines, and formation of Z lines (see Results for more details). Black arrows, Z lines; white arrows, M lines; arrowhead, surface membrane; open arrows, aligned
myofilaments, which are not yet assembled into sarcomeres.

a basic biological perspective, because this recovery occurs in the
total absence of any neural trophic influence, and from a clinical
point of view, because the difficulty with poor recovery of
long-term denervated muscle has been a long-standing problem
(30, 31).

The mechanisms by which the ultrastructure of myofibrils is
rescued and the EC coupling machinery is reassembled, in many
aspects, recapitulates the normal development. The spread of
myofibrillogenesis from periphery to center, the intermediate
steps in sarcomere assembly, and the coordinated interplay of
the membrane systems with the myofibrils are all steps that have
been described as intermediate stages of fiber differentiation in
vivo and in vitro (32, 33). Quantitative analysis also detected
trends in the data, which are possibly significant. First, the level
of recovery improves with increasing times of FES training in
terms of how many fibers are rescued and of how complete the
recovery is. Second, the presence of fibers with different Z line
widths (see SI Table 3 and SI Fig. 6) would indicate that at least
one of the fiber-type-specific parameters is exhibited by these
muscles. The appearance of a heterogeneous population of fibers
in the absence of neurotrophic influence supports the existence
of intrinsic myogenic factors in fiber differentiation (7, 8).

One important issue should be discussed, though, to validate
our findings: are the small biopsies collected from such a large
muscle representative? Biopsies were specifically collected from
the central/front area of the thigh area because it was expected
to receive the most effective stimulation from the superficially
placed electrodes (24, 26). It is possible that, within other areas
of the thigh, fibers were not as well rescued as they are in the
collected specimens. However, despite the fact that the biopsies
are intrinsically somewhat heterogeneous from one patient to
another, and are likely not to be representative of the entire thigh
muscle, the main findings of this study are still significant. In fact,
the recovery of fiber structure is striking (this study) and muscle
fibers can produce tension and force when stimulated with FES
devices (27).

Boncompagni et al.
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An important question that still needs to be addressed is
whether the structural rescue observed here is caused by de novo
formation of fibers or by reactivation of the myogenic program
in the preexisting atrophic fibers. The parallel increase in the
number of recovering and decrease in number of atrophic fibers
in FES-trained patients, as well as the presence of fibers that
show a regenerating periphery in concert with an atrophic core,
would argue for a restoration of muscle structure and function
in preexisting atrophic fibers, even if the possibility of de novo
formation cannot be excluded. The role of satellite cells, if any,
in rescuing of the atrophic fibers remains to be established.
Current literature shows that the number of satellite cells is
drastically reduced after prolonged denervation (34). Unfortu-
nately, because of limitations in availability of bioptic material,
we could not directly address this question in the present work.

In these patients the first mechanical responses in FES-trained
muscles can be detected functionally only after a few months of
stimulation (24-27), and the force output of these muscles never
reaches normal levels (27). This slow recovery is in sharp
contrast to the very rapid changes in functional and structural
properties occurring in animal experiments with a superimposed
pattern of activity or with cross-innervation (35). This time
course difference could be explained, in part, by differences in
the stimulation programs: in these patients, in fact, daily stim-
ulation was very limited (=30 min) relative to the conditions
usually used in animal experiments (15). Furthermore, in the
absence of peripheral nerves, the electrical stimulation is not
very effective in activation of muscle fibers.

FES (36, 37) is currently not used to treat paraplegic patients
affected by complete lesion of the conus cauda, because standard
stimulating devices are not effective in promoting activity in

Boncompagni et al.

FES induced restoration of the EC coupling apparatus. (4) Triads are more frequent and better oriented in regions presenting well differentiated
myofibrils (black arrows). (B) The transversal positioning of triads at the edge of the A bands (black arrows) is likely preceded by a longitudinal/oblique orientation
(white arrows).

denervated muscles that have undergone severe atrophy. Com-
plete inactivity and immobilization of the limbs, in fact, causes
poor blood supply to the denervated areas and a series of
secondary complications (osteoporosis, pressure sores, decubital
ulcers, etc.), which are determinants of decreases in life expect-
ancy (38, 39). In our patients, restoration of muscle structure and
mass is very encouraging. In 4 of 5 patients, muscle force
production of the lower extremities under electrical stimulation
was sufficiently restored to allow for supported standing up,
standing, and even for taking a few steps (see SI Fig. 8 and SI
Movies 1 and 2 for more details). The reduction of secondary
problems caused by prolonged inactivity, improvement of the
patient’s quality of life, and possibly their life expectancy, require
further investigation.

Materials and Methods

Patient Characteristics. The 10 subjects (all males) had experi-
enced complete traumatic conus cauda lesion (SCI). All patients
were carefully tested to confirm a complete lack of sensory and
motor innervation of the quadricep muscles before and after the
FES training phase. A detailed description of the functional
testing performed (Chronaxie measurements, needle EMG,
brain motor control assessment, transcranial and lumbosacral
magnetic stimulation) can be found in Modlin et al. (27). Only
the patients completely denervated and with no sign of reinner-
vation were included in the present study. The five control
patients (27-37 years of age) had suffered SCI 11 months to 4
years before the biopsy and had not undergone FES treatment
(see Table 1). The five FES-treated patients (30-58 years of age)
had been denervated for 3.6 years or longer (up to 10.6 years);
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the FES treatment was for variable periods of time (see Table 2),
starting 1.2 to 2.0 years after the injury.

Stimulation Parameters and Functional Response. Details of the FES
regimen are published elsewhere (24, 26, 27). In short, this
involves stimulation by surface electrodes, starting with long
biphasic stimuli (150- to 300-ms duration, +/—250 mA ampli-
tude, 2 Hz) to elicit muscle twitches in the first phase of training.
Later on during training, pulse duration and the interpulse
interval are shortened and frequencies of 17-25 Hz are achiev-
able, resulting in fused tetanic contractions.

Hystological and Morphometrical Analysis. Needle muscle biopsies
(1-2 mm diameter, 2-3 mm long, 10-15 mg) were harvested
from both right and left vastus lateralis muscles at a single time
point for each patient. Cryosections (10 um thick) were stained
as in Kern et al. (25). Morphometric analysis (see SI Fig. 54 and
B) was performed with Scion Image for Windows version Beta
4.0.2 (by 2000 Scion Corporation, Frederick, MD), free software
downloaded from the web site (www.scioncorp.com). In the
biopsies from SCI patients, 208-250 fibers were measured,
whereas in the biopsies from FES-trained patients, 107-216
fibers were measured (Table 1 and 2).

Electron Microscopy. Needle muscle biopsies (0.5-1 mm diameter,
1-1,5 mm long, 2-5 mg) were harvested from both right and left
vastus lateralis muscles at a single time point for each patient.
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Times elapsed from injury to the biopsy procedure are reported
in Tables 1 and 2. Samples for electron microscopy were
prepared, sectioned and examined as in Boncompagni et al. (40).

Classification of Muscle Fibers and Measurement of Z Line Width.
Muscle fibers were examined in longitudinal sections, and each
muscle fiber was monitored for as long as possible in the section.
In the FES-treated patients fibers could be followed for large
distances (100-300 wm), whereas in nontreated patients fibers
could be usually monitored for shorter distances (usually <100
pm). The fibers were classified according to the level of struc-
tural integrity, as described in the Results. Z line width (see SI
Fig. 6 and SI Table 3) was measured by using the Soft Imaging
System program in micrographs taken at high magnification
(X71,000). For each specimen five micrographs were randomly
collected from five different fibers. At five random locations
along each Z line, Z line width was measured and averaged.
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