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Abstract

Likewise in rodents, after complete spinal cord injury (SCI) the lower motor neuron (LMN)
denervated human muscle fibers lose completely the myofibrillar apparatus and the coil
distribution of myonuclei that are relocated in groups (nuclear clumps) in the center of
severely atrophic muscle fibers. Up to two years of LMN denervation the muscle fibers with
nuclear clumps are very seldom, but in this cohort of patients the severely atrophic muscle
fibers are frequent in muscle biopsies harvested three to six years after SCI. Indeed, the
percentage increased to 27 + 9% (p< 0.001), and then abruptly decreased from the 6th year
onward, when fibrosis takes over to neurogenic muscle atrophy. Immunohistochemical
analyses shown that nuclear misplacements occurred in both fast and slow muscle fibers. In
conclusion, human muscle fibers survive permanent denervation much longer than generally

accepted and relocation of nuclei is a general behavior in long term denervated muscle fibers.
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Nuclear positioning: Mechanisms and functional
significance

The nucleus is the largest organelle in the cells and its
position is dynamically controlled in space and time.! In
the special case of adult skeletal muscle fibres of
mammal muscles, there are hundreds or thousands of
myonuclei that are typically distributed immediately
under the plasmalemma and are spaced out along the
fiber, except for a small cluster of specialized nuclei at
the neuromuscular junction.?

During development and differentiation the nuclei
migrate from the center of the new muscle fiber to the
periphery and many are the genetic diseases that present
centrally nucleated myofibers. All these aspects are
explained in terms of events that interrupt the normal
migration of the nuclei from the center to the periphery
of the muscle fibers.®

The nuclear movements are mediated by the
cytoskeleton which transmits pushing or pulling forces
onto the nuclear envelope. While microtubules have
been known for a long time to be key players in nuclear
positioning, the actin and cytoplasmic intermediate
filament cytoskeletons have been recently implicated in
this functions. How the nuclei attain their positions along
the fiber is not fully understood. Nuclei are preferentially
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localized near blood vessels (BV), particularly in slow-
twitch, oxidative fibers. Thus, in rat soleus muscle
fibers, 80% of the nuclei appear next to BV. Lack of
desmin markedly perturbs the distribution of nuclei
along the fibers but does not prevent their close
association with BV. Consistent with a role for desmin
in the spacing of nuclei, denervation affects the
organization of desmin filaments as well as the
distribution of nuclei. During chronic stimulation of
denervated muscles, new BV form, along which
muscle nuclei align themselves. The positioning of
nuclei along muscle fibers is plastic and BV and
desmin intermediate filaments each play a distinct role
in control of this positioning.®

Genetic Centronuclear Myopathy

Centronuclear Myopathy (CNM) is a congenital
myopathy characterized by prominence of central
nuclei on muscle biopsy. CNM has been associated
with mutations in MTM1, DNM2, and BIN1 but many
cases remain genetically unresolved. RYR1 encodes
the principal sarcoplasmic reticulum calcium release
channel and has been implicated in various congenital
myopathies. RYR1 mutations cause CNM. In addition
to central nuclei, prominent histopathological findings
included (often multiple) internalized nuclei and type 1
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fiber predominance and hypotrophy with relative type 2
hypertrophy. Although cores were not typically seen on
oxidative stains, electron microscopy revealed subtle
abnormalities in most cases. These findings expand the
range of RYR1-related phenotypes and suggest RYR1
mutations as a common cause of congenital myopathies
with central nuclei. Corresponding to recent observations
in X-linked CNM, these findings indicate disturbed
assembly and/or malfunction of the excitation-
contraction machinery as a key mechanism in CNM and
related myopathies.*®

Denervation per se as a cause of nuclear
misplacement

On the other hand denervation per se is an important
cause of nuclear misplacement. Indeed during permanent
denervation in both rodents and humans up to the 90 %
of severely atrophic muscle fiber present a
reorganization of the nuclear distribution. The permanent
injury of lower motor neurons causes atrophy of skeletal
muscle fibers that mainly occurs during the first few
weeks/months. In rodents three to seven months after
denervation, muscle fibers undergo a stage of slow
progressive atrophy that result in a consistent reduction
(up to 90%) of the muscle tissue. At this late stage, the
denervated muscle contains still numerous severely
atrophic muscle fibers, some of which had lost all the
contractile proteins and the coil distribution of
myonuclei, which are aggregated in the center of the
muscle fiber (nuclear clumps). At the same time,
adipocytes and collagen sheets fill some of the empty
spaces of the muscle and finally fibrosis prevails.®®

In biopsies of quadriceps muscle harvested from human
subjects who have experienced complete lower motor
neuron (LMN) lesion (Conus and Cauda Syndrome) we
observed similar events, but in a more extended period
of time.® Mild atrophy (that corresponds approximately
to a decrease in muscle fiber size of the 50%) appears in
few weeks. It progresses during the first two years of
denervation, while severe atrophy (a stage in which
muscle fiber size decreases to 20-10% with respect to
normal values) appears after two- three years,
accompanied by a progressive degeneration of the
muscle tissue.>* This behavior is not unique to humans,
but it is a common feature of mammals larger than
rodents.*"*?

Materials and Methods
Patients

We collected muscle biopsies from quadriceps muscles
of twenty-four patients who had experienced since one to
ten years, traumatic spinal cord injury that caused
complete lesion of the lumbar-ischiatic lower motor
neurons (complete Conus and Cauda Syndrome).
Demographic and clinical data of the patients are
described in Kern H, et al. 2009.* All subjects enrolled
in the study were volunteers who received and signed a
detailed informed consent. Clinical and functional
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assessments, as well as follow-up and muscle biopsies,
were performed at the Wilhelminenspital, Vienna
(Austria). Complete denervation of quadriceps muscle
was assessed by electrophysiological testing, i.e. by
test electrical stimulation, needle electromyography,
brain motor control assessment, transcranial and
lumbosacral magnetic stimulation.** All applicable
rules concerning the ethical use of human volunteers
were followed during this study (Approval of Ethical
Committee, Vienna, Austria: EK-02-068-0702).

Hystological Analyses

Light microscopy and morphometry of muscle biopsies
were performed at the Interdepartmental Research
Center of Myology, University of Padova (Italy), as
described in Rossini et al. 2002.* In brief, after either
freezing or fixing and embedding the specimens,
cryosections (10 um thickened) or thin section (1 pm
thickened), were collected on glass slides and stained
with hematoxylin-eosin (H&E) or toluidine blue,
respectively, using conventional techniques. All
images were collected using a Zeiss microscope
connected to a Leica DC 300F camera under the same
conditions that were used to acquire a reference ruler.
Data were expressed as mean + SD. To detect
significant differences between groups, we performed
the two-tailed Student’s t-test for unpaired
observations. The significance level was set to p =
0.05.

Immunohistochemical Analyses

Unfixed muscle sections were labeled for 1 hour at
room temperature using mouse monoclonal antibody
directed against slow-type myosin heavy chain
(MHCs) (Novocastra, Newcastle-upon-Tyne, U.K),
1:20 diluted in Tris-buffered saline (TBS). Sections
were rinsed 3x5 min in TBS, and then incubated for 1
hour at room temperature with FITC labeled
conjugates directed against mouse IgG (Sigma-
Aldrich, St. Louis, USA) 1:200 diluted in 10% goat
serum/TBS. Negative controls were performed by
omitting the primary antibodies on samples. After
washes, nuclei were counterstained for 5 min at room
temperature with Hoechst 33258 (Sigma-Aldrich, St.
Louis, USA), sections were coverslipped using
mounting medium (Dako, Glostrup, Denmark) and
observed under a Zeiss microscope.™*

Severely atrophic muscle fibers with nuclear
clumps

Figure 1 show H&E stained cross sections of skeletal
muscle biopsies harvested from normal (A) and
denervated subjects at 0,8 (B), and 4,1 (C) years after
spinal cord injury. Normal muscle (A) is characterized
by well-packed myofibers of 58,3 + 11,6 mean fiber
diameter (um * SD). Minimal interstitial connective
tissue is present. One year after complete lower motor
neuron lesion (B), the muscle is still characterized by
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Fig 1. Severely atrophic muscle fibers with nuclear
clumps survive many years in permanently
denervated human muscle. Normal and LMN
denervated quadriceps muscle. Scale bar: 20
pm. H&E stain. (A) Normal muscle. (B) 0,8
year denervated muscle characterized by mild
atrophic myofibers, with connective tissue of
almost normal appareance. (C) 4,1 vyear
denervated muscle showing severely atrophic
myofibers in which the contractile apparatus is
almost absent and three or more clumped
nuclei (arrowheads) can be identified.
Reprinted from The Open Pathology Journal,
2009, 3, 106-110.%

variable mild atrophy with myofibers of 30,2 + 10,8
mean fiber diameter (um + SD). Noteworthy, nuclei are
still peripherally located.
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Fig 2. Immunohistochemical staining with anti-
MHCs shows that both fast (larger, not
stained muscle fibers pointed by black
arrowheads) and the green-labeled slow
type muscle fibers (white arrows) present
several central nuclei. Scale bar: 100 um.
Reprinted from The Open Pathology
Journal, 2009, 3, 106-110.%*

After four years from lower motor neuron injury (C),
muscle biopsy is characterized by numerous very
atrophic fibers (< 15 pm mean fiber diameter)
separated by increased fibrous tissue. Arrowheads
point to the severely atrophic myofibers in which the
contractile apparatus seems to be almost absent and
five or more nuclei fill the cross section of some of
them (nuclear clumps).

In muscle sections from biopsies harvested from one to
two years after complete denervation (n = 11), we
observed 2 + 5% of myonuclear clumps (mean + SD).
In biopsies harvested three to five years after spinal
cord injury (n = 7), the percentage abruptly and
significantly increased to 27 + 9% (p<0,001). The
value significantly decreased in biopsies (n = 6)
harvested more than six years from spinal cord injury
to 4 £ 4% (p< 0,001 vs three-six years of denervation).
Figure 2 shows a cryosection from a 5.4-year LMN
denervated human muscle biopsy after staining in
green with an anti-MHCs antibody. The white arrows
point to slow-type green atrophic muscle fibers with
centralized nuclei, labeled in blue by Hoechst 33258.
The black arrowheads indicates two less atrophic fast
type muscle fibers (not stained by the anti-MHCs
antibody), which contains several centralized nuclei.
These morphological aspects suggest that the severe
atrophy with nuclear redistribution is the results of the
progressive disorganization of the sarcomeric stuctures
of the denervated muscle fibers, which meantime lose
the normal coil distribution of myonuclei. Whatever
the mechanisms of their rearrangement, the muscle
nuclei are for many months (or years) grouped in
clusters of tens of nuclei that fill the severely atrophic
muscle fibers, being separated by long stretches of
amyofibrillar myoplasm.
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In biopsies harvested from patients affected with
complete  Conus and Cauda syndrome (that is,
complete and permanent lower motor neuron lesion at
lumbar-ischiatic level of spinal cord), the muscle tissue,
before undergoing adipose and fibrous tissue
substitution, progressively shows a severe atrophy of
muscle fibers that loses their myofibrillar apparatus and
relocates in clumps their nuclei.’ These features are in
sharp contrast with the stable muscle atrophy we
described in long-term paraplegics with complete upper
motor neuron lesion from three to twenty years of spinal
cord injury at thoracic level.™ Interestingly, we never
observed nuclear clumps in that type of disuse atrophy.

Up to now, nuclear groupings have been described in
muscle  biopsies from patients affected with
neurodegenerative disorders, like amyotrophic later
sclerosis and spinal muscular atrophy.***" In those cases,
nuclear clumps are rarely present in muscle fibers empty

of their  sarcomeric  structures, because in
neurodegenerative diseases the incompleteness of
denervation allows reinnervation and thus the

reorganization of larger muscle units."’

Our observations thus confirm that human muscle fibers
survive complete and permanent denervation much
longer than generally accepted. Nuclear clumps should
be considered markers of the long-lasting ability of
mammals muscle fibers to survive to the absence of the
nerve.® These results provide the rationale to plan
research aimed to recover these severely atrophic
myofibers, by combining molecular and cellular
approaches with functional electrical stimulation that our
previous studies shown to restore muscle structure and
mass in human long-term denervated and degenerated
muscle.'*2*
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