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Abstract

Myologists working in Padua (Italy) were able to continue a half-century tradition of studies of
skeletal muscles, that started with a research on fever, specifically if and how skeletal muscle
contribute to it by burning bacterial toxin. Beside main publications in high-impact-factor
journals by Padua myologists, | hope to convince readers (and myself) of the relevance of the
editing Basic and Applied Myology (BAM), retitled from 2010 European Journal of
Translational Myology (EJTM), of the institution of the Interdepartmental Research Center of
Myology of the University of Padova (CIR-Myo), and of a long series of International
Conferences organized in Euganei Hills and Padova, that is, the PaduaMuscleDays. The
2018Spring PaduaMuscleDays (2018SpPMD), were held in Euganei Hills and Padua (Italy), in
March 14-17, and were dedicated to Giovanni Salviati. The main event of the “Giovanni Salviati
Memorial”, was held in the Aula Guariento, Accademia Galileiana di Scienze, Lettere ed Arti of
Padua to honor a beloved friend and excellent scientist 20 years after his premature passing.
Using the words of Prof. Nicola Rizzuto, we all share his believe that Giovanni “will be
remembered not only for his talent and originality as a biochemist, but also for his unassuming
and humanistic personality, a rare quality in highly successful people like Giovanni. The best
way to remember such a person is to gather pupils and colleagues, who shared with him the
same scientific interests and ask them to discuss recent advances in their own fields, just as
Giovanni have liked to do”. Since Giovanni’s friends sent many abstracts still influenced by their
previous collaboration with him, all the Sessions of the 2018SpPMD reflect both to the research
aims of Giovanni Salviati and the traditional topics of the PaduaMuscleDays, that is, basics and
applications of physical, molecular and cellular strategies to maintain or recover functions of
skeletal muscles. The translational researches summarized in the 2018SpPMD Abstracts are at
the appropriate high level to attract approval of Ethical Committees, the interest of International
Granting Agencies and approval for publication in top quality, international journals. The
abstracts of the March 16, 2018 Padua Muscle Day are listed in this chapter I11. All 2018SpPMD
Abstracts are indexed at the end of the Chapter IV.
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How the field of bioactive lipids was inspired by a
discovery in the Salviati laboratory
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Biologically active lipids are now recognized as
important mediators of critical physiologic and
pathological processes, including cancer, inflammation,
neurodegenerative diseases and dysfunctional fibrosis.
We now know that many bioactive lipids like
sphingosine-1-phosphate (S1P) and other sphingolipids
as well as lysolipids such as lysophosphatidic acid (LPA)
act as extracellular and intracellular mediators directly
modulating ion channels, GPCRs and purinergic
receptors in muscle, neurons, fibroblasts, vascular
endothelia cells and transformed cells. In the Salviati
laboratory in 1990, serendipity played a role in
discovering the role of sphingolipids as calcium channel
modulators in skeletal and cardiac muscle cells in skeletal
muscle fatigue and contributing to negative ionotropic
activity in the heart.®% The seminal finding in the
Salviati lab led us on a 25-year journey, resulting in the
creation of a biotechnology company, Lpath Inc, and the
development of clinical drug candidates, including
highly specific monoclonal antibodies (mAbs) against
S1P and LPA (Figure 14). The humanized form of the

anti-S1P mAb, sonepcizumab, is a potential first-in-class
therapeutic agent which functions as a “molecular
sponge” to target and neutralize the bioactive lipid target.
Sonepcizumab blocks the tumorigenic and angiogenic
effects of dysregulated S1P produced by cancer cells and
during pathological angiogenesis.®*® These efficacy
signals plus a strong safety profile in GLP toxicology
studies supported an IND and the initiation of clinical
trials. A Phase 1 safety trial demonstrated that systemic
formulation of sonepcizumab, ASONEP™, was well-
tolerated with no drug-related SAESs. A Phase 2a trial was
subsequently completed in renal cell carcinoma patients
using ASONEP™, while an ocular formulation of the
same mADb, iISONEP™, was used in recently completed
clinical trials for the treatment wet AMD patients. The
anti-LPA mAb, Lpathomab, was used in a successful
Phase 1 clinical trial in healthy volunteers. An IND is
open with the FDA to use this antibody in the treatment
of neuropathic pain and a second IND is anticipated using
Lpathomab in traumatic brain injury patients. None of
these endeavors would have been possible without the
inspiration of Giovanni Salviati and the excellent
collaborators he assembled at the University of Padova. |
will forever treasure Giovanni’s friendship.
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Fig 14. Lipidomics is a natural follow-on to genomics/proteomics.
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Weak by machines: Skeletal muscles as a target in
ICU Patients
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Intensive care and ICUs have undergone significant
development during the past 65 years due to
improvements in medical technology, progress in
therapeutics, and improved understanding of
pathophysiology and pathogenesis.  Furthermore,
evidence-based medicine has resulted in significant
changes in the treatment of critically ill ICU patients,
moving towards fewer and less invasive interventions
and more humane care. In parallel with lowered
mortalities, neuromuscular dysfunction induced by the
ICU-treatment has become increasingly apparent. The
most common and clinically important are the Critical
IlIness Myopathy (CIM) characterized by paralysis of all
limb and trunk muscles and the Ventilator Induced
Diaphragm Dysfunction (VIDD) resulting in delayed
weaning from the ventilator due to impaired diaphragm
function. Both CIM and VIDD are associated with
enormous negative consequences for patient quality of
life and health care costs. Today, critical care is one of
the fastest growing hospital disciplines. Because of the
growing need for critical care, ICUs have been predicted
to occupy one third of hospital beds by 2020. Two
decades ago, we diagnosed the first patient with CIM in
Scandinavia (Figure 15). Today, we diagnose ~1-2 ICU
patients per week with CIM at the Karolinska Hospital,
Stockholm by  combining  electrophysiological
measurements with quantification of myofibrillar protein

expression in percutaneous muscle biopsies. CIM is
today recognized as the most common cause underlying
acquired muscle paralysis among ICU patients.®*%* In
addition to the partial or complete paralysis of limb
muscles, the major inspiratory muscle (the diaphragm) is
severely affected by long-term mechanical ventilation,
resulting in VIDD. There is a strong need for
experimental animal models mimicking the ICU
condition to permit analyses of the mechanisms
underlying CIM and VIDD due to the heterogeneity
among ICU patients, such as polypharmacy, underlying
disease, clinical history, etc.%®% During the past two
decades, we have used a porcine and a rat experimental
ICU model to improve our understanding of underlying
mechanisms and evaluating different interventions
strategies. In both CIM and VIDD, myosin is playing a
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Fig 15. Myofibrillar protein isoform composition A.
Chemically skinned single muscle cells from the
tibialis anterior muscle from a normal control
subject (a) and a patient with CIM (b) in
relaxing solution (Relax.) andduring maximum
activation (pCa 4.5). Scale bar, 50 um. B.
Electrophoretic separation of MyHC isoforms
by 6% SDS-PAGE. MyHCs were separated from
single tibialanterior fiber segments (1-5, 7-10),
bundles of 10 tibial anterior fibers (11, 12), and
from single 10 um cross-section of a vastus
lateralis muscle biopsy (6, 13) expressing three
MyHCs bands (types I, IIA and IIB (=11X)).
Lanes 9-12 are from a quadriplegic patient
(lane 10 corresponds to the fiber b above, A) and
the other lanes are from normal control
subjects. C. Electrophoretic separation of thick-
and thin-filament protein isoforms with 12%
SDS-PAGE. Fibers 1-3 are from the tibialis
anterior muscle of a patient with hemi-paresis
due to an upper motoneuron lesion. Lane 1 is
from the paretic side and lanes 2-3 from the non-
paretic normal side. Lanes 4 and 5 correspond
to the fiber bundles from the quadriplegic
patient, i.e. the same bundles as lanes 11 and 12
on the 6% SDS-PAGE (B)(2).
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pivotal role in the pathogenesis but the mechanisms are
different in CIM and VIDD. Specific intervention
strategies have been evaluated or are presently being
tested with the goal of translating these interventions to
the clinic.
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Since the seminal work of Luis Kunkle (1987)
identifying dystrophin as responsible for Becker and
Duchenne muscular dystrophy,®” large efforts were
devoted to reveal the critical physiological function of the
protein. Giovanni Salviati was soon involved in two
important studies revealing that dystrophin is localized at
the sarcolemma of muscle fibers.®8%° Later, he
demonstrated that dystrophin is phosphorylated by
endogenous protein kinases to regulate the interaction
with actin.’?%1%2Then, his attention was devoted to the
diverse components of the dystrophin-associated protein
(DAP) complex (Fig. 16,A). Along these studies, it was
discovered that one of the dystrophin-associated proteins,
a-sarcoglycan, is an ecto-ATPase, and its activity was
then well characterized.’®3%,  The role of this
extracellular enzymatic activity of a-sarcoglycan, of
sarcoglycan complex and, in the end of dystrophin
complex, remains still undefined. Anyway, the relevance
of sarcoglycans is evident by the fact that genetic defects
of one of the four sarcoglycans has severe consequences
on muscle function, causing limb-girdle muscular
dystrophy (sarcoglycanopathy). The majority of
sarcoglycanopathies are associated with missense
mutations that generate substitution of single residues
that could lead to a misfolded protein. Analysis of muscle
samples from o-sarcoglycan patients shows that these
mutations result in the almost complete absence of the
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Fig 16. A, simplified scheme of dystrophin-associated proteins complex. B, degradation pathway of sarcoglycan mutant
proteins. QC, quality control; ERAD, ER protein-associated degradation.
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protein from the cell membrane. Sarcoglycans are
transmembrane proteins that mature in the endoplasmic
reticulum, where they are severely scrutinized by an
efficient quality control (QC) system. Therefore,
misfolded proteins are identified and retrotranslocated to
the cytosol for proteasomal degradation through the ER-
associated protein degradation (ERAD) pathway (Fig.
16, B). Sequence analysis indicates that many a-
sarcoglycan missense mutations might not have
functional consequences. Nevertheless, often the mutant
protein is intercepted by the QC system and
eliminated.'% Recently, we demonstrated that preventing
proteasomal degradation increases the possibility of
mutant sarcoglycan to overcome the QC system and
move to the cell surface.’® Moreover, misfolded
"functional" sarcoglycans could be rescued to the cell
membrane by assisting them in the maturation process
along the ER secretory pathway.'® Finally, we
demonstrated the effectiveness of small molecules,
already used with the cystic fibrosis protein, in rescuing
a-sarcoglycan mutant proteins and the entire sarcoglycan
complex to the cell membrane. These results represent
the premise for future pharmacological treatment of
sarcoglycano-pathy,’® the final objective of the
pioneering work initiated by Giovanni Salviati.
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Mitochondrial Disorders: learning function from
dysfunction. Perturbed redox signaling exacerbates
the mitochondrial myopathy in a disease model by

affecting mitochondrial biogenesis
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Mutations in a vast array of genes encoded by either the
nuclear or mitochondrial DNA (mtDNA) impair the
activity of the respiratory chain and lead to primary
mitochondrial ~ diseases.  Several interconnected
mechanisms account for the cellular consequences of
OXPHOS defects, including reduced ATP synthesis,
increased production of reactive oxygen species (ROS),
altered ion trafficking, or abnormalities in mitochondrial-
related execution pathways such as apoptosis and
autophagy. In particular, ROS are by-products of normal
respiration, but can increase when the respiratory chain
is impaired. ROS are in fact deemed to play a “hormetic”
double role: in physiological conditions, low levels of
ROS act as signaling molecules regulating homeostatic
pathways related to mitochondrial bioenergetics, whereas
at high levels they act as toxic agents damaging cellular
components, including nucleic acids, proteins and lipids
(Figure 17).297 ROS are generated at different sites along
the respiratory chain, with CI, CIl and CIII playing the
main role.%® Alternative oxidases (AOX) are membrane-
bound, single-protein mitochondrial enzymes evolved in
plants and lower eukaryotes to maintain electron flow
when the respiratory chain is inhibited. AOX acts by
directly transferring electrons from CoQ to O2, thus
bypassing CIlI and CIV, and preventing over-reduction
of the CoQ pool. Notably, AOX activity is not associated
to proton pumping across the inner mitochondrial
membrane and does not contribute directly to the
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Fig 17. Schematic depiction of ROS related pathways in COX-defective mitochondrial myopathy, and the hypothesized

effect of AOX.

formation of AP and ATP synthesis. However, in the
presence of CllI or CIV defects, the increase in proton
pumping at CI, due to the re-activation of the electron
flow, may sustain the formation of the electrochemical
gradient, and ATP production. The ability of AOX to
limit excessive generation of ROS and maintain redox
homeostasis has been exploited to improve the phenotype
of cellular and fly models carrying Clll and CIV
defects,'%® whereas its use in mammalian models has not
been explored so far. Here, we report the in vivo effects
of AOX expressed in a muscle specific knockout (KO)
mouse for Cox15 (Cox15sm/sm), encoding the terminal
enzyme of the biosynthetic pathway of heme a, an
essential prosthetic group of CIV (cytochrome c oxidase
[COX]). We tested the efficacy of AOX expression in a
mammalian in vivo organism, by crossing Cox15sm/sm
mice (KO), with an AOX transgenic mouse. Surprisingly,
the double KO-AOX mutants had an exacerbated
phenotype compared to naive KO mice, characterized by
decreased lifespan, body weight and spontaneous
movements, and a staggering worsening of the
myopathy, including decrease of COX activity and
myofiber cross-sectional areaCitrate synthase activity,
mtDNA copy number, and TFAM levels were also
reduced in KO-AOX vs. KO muscles, suggesting
impaired mitochondrial biogenesis. Accordingly, PGC-
1o and phosphorylated AMP levels were decreased in
KO-AOX vs. KO mice. KO-AOX mice showed
decreased ROS production, increased aconitase activity
and decreased ROS detoxifying enzymes. We propose
that reverse electron transfer at Complex | generates
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ROS-dependent signals, which trigger a
mitochondriogenic pathway that helps mitigate the

biochemical, morphological and clinical signs of
mitochondrial myopathy. Our findings warrant a critical
reappraisal of the pathogenic mechanisms and

therapeutic options of mitochondrial diseases.
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Mitochondria as therapeutic targets in muscle
diseases
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Mitochondrial dysfunction as a general mechanism for
cell death in muscle diseases has been proposed more
than 40 years ago.'® The key events of the proposed
pathogenetic sequence (cytosolic Ca2+ overload, excess
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mitochondrial Ca2+ uptake, functional and then
structural damage of mitochondria, energy shortage,
worsened elevation of cytosolic Ca2+ levels,
hypercontracture, fiber necrosis) (Figure 18) have been
confirmed in detail by subsequent work in a variety of
models. The implication of the hypothesis was that it may
provide the basis for a more rational treatment for some
conditions even before their primary causes are
known.® This prediction is being fulfilled, and the full
potential of mitochondria as drug targets in muscle
diseases may become a reality, particularly through
inhibition of the mitochondrial permeability transition
pore (PTP) and its regulator cyclophilin D.''! The PTP is
a high-conductance channel whose opening requires
matrix Ca2+ and additional factors including oxidative
stress. While short openings may be involved in Ca2+
homeostasis, providing a Ca2+ release pathway
preventing matrix Ca2+ overload, long openings may
cause matrix swelling and cytochrome c release leading
to cell demise.’'! Convincing data are available to
support the idea that PTP opening is a causal event in
muscle diseases including collagen VI myopathies,*?
and dystrophin-related disease models.*315  PTP
inhibitors thus represent promising therapeutic agents for
these and possibly other human muscle diseases. | will
illustrate how our work (which merged mitochondrial
pathophysiology and muscle function) developed over
the years; and how Giovanni Salviati encouraged me and
supported the earlier stages of my career.
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Coenzime Q deficiency and skeletal muscle
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Coenzyme Q (CoQ) is a small lipid which plays a crucial
role in cellular metabolism. It is comprised of a quinone
group and of a polyisoprenoid tail of different length in
different species: 6 units in yeast, 8 in C. elegans, 9 and
10 units in mice, and 10 units in humans (CoQ10). CoQ
has multiple functions: it is an electron carrier in the
mitochondrial respiratory chain (it shuttles electrons
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from complexes | and 11 to complex I11), it is a cofactor
of several other mitochondrial dehydrogenases (such as
ETFDH, involved in beta oxidation, and DHODH
required for pyrimidine biosynthesis) and of uncoupling
proteins, it is a major antioxidant, and it is a modulator of
the permeability transition pore. CoQ is produced by a
complex (and not yet completely understood) series of
reactions which occur in the cytosol and within
mitochondria. The quinone group is synthesized starting
from tyrosine, while the isoprenoid tail share its initial
steps with cholesterol biosynthesis. The terminal
reactions occur within mitochondria and involve a set of
enzymes organized into a multiprotein complex, which
catalyze the modifications of the quinone group. At least
15 different proteins are involved in the biosynthetic
pathway. Mutations in 9 of them have been associated to
primary CoQ deficiency, a clinically and genetically
heterogeneous group of disorders. A peculiar
manifestation of CoQ deficiency is renal glomerular
involvement manifesting as steroid-resistant nephrotic
syndrome (SRNS). SRNS is rarely observed in
mitochondrial ~ disorders (only MELAS patients
occasionally display this feature) which are usually
associated with tubular dysfunction. Clinical phenotypes
associated with CoQ deficiency range from fatal neonatal
multiorgan failure to adult-onset encephalopathy.
Specific genetic defects can be classified into three broad
groups: those associated with SRNS (PDSS1, PDSS2,
COQ2, COQ6, and COQ8B), those associated with
encephalomyopathy but not with SRNS (COQ4, COQ?7,
and COQ9) and those associated with cerebellar ataxia
(COQ8A).16 CoQ deficiency can also be secondary to
defects in genes unrelated to CoQ biosynthesis such as
other respiratory chain defects, APTX, BRAF, and
ETFDH among the most common, and also to non-
genetic causes. There are no patients with genetically
primary deficiency presenting with isolated myopathy.
Nevertheless muscle involvement is usual.??”1% Muscle
biopsies display unspecific morphological features. Lipid
accumulation on oil-red-O staining is evident in most
patients; some display increased subsarcolemmal SDH
staining, but Ragged —Red Fibers are usually absent.
Conversely, a reduction of the combined activities of
complexes I1+I11 and I1+111 with normal activities of the
isolated complexes is pathognomonic of CoQ deficiency.
The diagnosis can be confirmed by direct measurements
of CoQ content in muscle (even though a distinction
between primary and secondary forms can be achieved
only by genetic testing). Indeed, most patients with
reduced Coenzyme Q in muscle have a secondary defect.
In these cases the clinical and morphological features
depend on the underlying defect. Both types of patients
benefit from high dose, oral CoQ supplementation (in
fact, primary CoQ deficiency is one of the few treatable
mitochondrial disorders). Unfortunately, CoQ has a low
bioavailability and not all patients respond to treatment.
Recently, novel therapeutic approaches have been
proposed based on analogues of the precursor of the
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quinone ring, which can bypass specific defect such as
COQ6 and COQ7, and have a general stimulatory effect
on the expression of COQ proteins. We have data
showing how these treatments are superior to classical
CoQ supplementation.?
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All tissues and organs are heterogeneous in terms of cell
composition, due to the presence of tissue-specific cells,
such as muscle fibers in skeletal muscle or hepatocytes in
liver, and a variety of other cell types present in all
tissues, such as fibroblasts and endothelial cells. A
further layer of cellular heterogeneity is due to the
existence of differences among the tissue-specific cells
themselves. Skeletal muscles contain different types of
muscle fibers, which are variously distributed in body
muscles, and liver contains different types of
hepatocytes, those located in centrolobular areas
differing from those present in peripheral regions close to
the portal triads. The differences between individual cells
are masked in bulk analyses of tissue homogenates,
which are commonly used for biochemical and molecular
biology analyses, including epigenome, transcriptome
and proteome analyses, thus current studies can only
provide a rough, average view of the structural and
metabolic profiles of the cells present in each tissue
(Figure 19). Recent developments in single cell analysis,
based on high-throughput methods for fluorescence-
activated cell sorting and microfluidics combined with
powerful next generation sequencing approaches, allow
to isolate single cells and define their epigenome and
transcriptome profile. However, single cell proteomics is
not yet possible, with the exception of skeletal muscle.
The technique for single muscle fiber isolation after
chemical skinning was introduced to Padova by Giovanni
Salviati, who used this approach to identify three myosin
heavy chain (MYH) bands in human skeletal muscle
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(Biral et al, 1988),'!8 and analyzed the effect of aging on
the human MYH profile in collaboration with the group
of Bengt Saltin (Klitgaard et al, 1990).}° Roberto
Bottinelli and Carlo Reggiani used skinned muscle fibers
to correlate the MYH isoform composition with the
shortening velocity of the four fiber types present in rat
skeletal muscle, using specific monoclonal anti-MYH
antibodies developed in Padova for fiber typing
(Bottinelli et al, 1991).*%° Cytosolic soluble proteins are
lost by chemical skinning, thus single muscle fibers
manually dissected from freshly isolated muscles are
required to resolve the metabolic profile of fiber types.
Marta Murgia, working in the laboratory of Matthias
Mann in Muenchen, has taken advantage of a highly
sensitive proteomics workflow developed in Mann’s lab
to obtain the proteome of single muscle fibers. Using this
approach, the mitochondrial proteome of mouse slow
type 1 fibers was found to differ from that of
mitochondria-rich fast 2A and 2X fibers, thus validating
the notion of mitochondrial specialization in different
types of skeletal muscle fibers (Murgia et al, 2015;
Schiaffino et al, 2015).12122 The single-fiber proteomic
approach has recently been used to investigate human
muscle aging (Murgia et al, 2017).%2% A striking result of
this study has been the demonstration that glycolysis and

glycogen metabolism are downregulated in fast but
upregulated in slow muscle fibers with aging.
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Hippo signalling and its role in skeletal muscle

|Fig 19. Sections of muscle biopsies from young (left) and elderly (right) individuals stained to reveal the presence of
different myosin heavy chains with specific monoclonal antibodies. Three fiber types can be identified:
slow/typel (anti-MYH7, blue), fast 2A (anti-MYH2, green), and fast 2X fibers (anti-MYH1, red). These samples
are part of a study involving biopsies from eight donors representing two age groups, younger (22—-27) and older
(65-75), which were used for single muscle fiber proteomics (see Murgia et al, Cell Rep 2017).1%4
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The Hippo signal transduction network was discovered
through several strands of research (Figure 20,A): 1)
Hippo pathway: Screening for tumour suppressors in the
fly led to the discovery of the Hippo pathway genes that
include two Kkinases, termed Mst1/2 and Lats1/2 in
mammals. 2) Hippo transcriptional regulators: Research
into transcriptional regulation in muscle and elsewhere
led to the discovery of the transcriptional co-factors Yap
(gene Yapl) and Taz (gene Wwitrl) that activate Teadl-
4 transcription factors. 3) Link between Hippo pathway
and transcription: The Hippo pathway inhibits Yap/Taz-
Teadl-4-dependent gene expression through
phosphorylation of serine residues on Yap and Taz. 4)
Hippo cross-talk: That the Hippo pathway is only one of
many signaling modules that regulate Yap/Taz-Tead1-4-
dependent gene expression. Other Yap/Taz-Tead-
regulating signalling modules include Ampk, hypoxia,
G-protein coupled receptors, mechanotransduction, and

Wnt signaling. Genes that encode Hippo signal
transduction pathway members as well as Yap, Taz, and
Teadl-4 are all expressed in skeletal muscle (Figure 20,
B). Yap is active in myoblasts and activated satellite cells
where it promotes proliferation but inhibits
differentiation (Judson et al., 2012).124 Persistent Yap
hyperactivity in activated satellite cells is sufficient to
cause embryonal rhabdomyosarcomas (ERMS) in mice
(Tremblay et al., 2014)'%and YAP is abundant and often
nuclear in human ERMS. In muscle fibres, inducing the
MCK promoter-driven expression of constitutively
active YAP1 S127A in adult muscle fibres causes
myopathy (Judson et al., 2013).1% In contrast, two other
groups have shown that Y AP expression in muscle fibres
through other methods causes muscle fibre hypertrophy
that is independent of mTOR. More recently, we have
explored the regulation and function of the Vgll1-4
protein in muscle as they can bind Teadl-4 at the same
site where Yap binds. We also identified Yap and Taz
binding partners in myoblasts and myotubes and have
compared the gene targets of Yap and Taz.

124. Judson RN, Tremblay AM, Knopp, P, et al. The Hippo
pathway member Yap plays a key role in influencing
fate decisions in muscle satellite cells. J cell sci

2012:125:6009-19.
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Fig 20. Schematic depiction of the Hippo signal transduction network. A The Hippo kinases MST1/2 and LATS1/2
(SAV1 and MOB1 are auxiliary proteins) regulate YAP/TAZ through serine phosphorylation.
Unphosphorylated YAP/TAZ is typically nuclear and activates TEAD1-4 transcription factors. B In
myoblasts (activated satellite cells) YAP drives proliferation but inhibits proliferation. Persistent YAP
hyperactivityis sufficient to cause ERMS. In differentiated muscle fibres physiological Yap activity causes
hypertrophy but pathological Yap hyperactivity can cause atrophy and myopathy.
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Caffeine is a well known activator of calcium release
from sarcoplasmic reticulum (SR) via a specific
interaction with the calcium channel ryanodine receptor
(RyR). The recent discovery of the RyR atomic structure
has shown that caffeine binds to a site encompassing the
S2-S3 linker and CTD, contacting residues RyR1-

Trp4716 and RyR1- 1164996, respectively (des Georges
et al., 2016).12" At variance of ryanodine which locks
RyR in an open state and removes the physiological
regulation by Ca2+, Mg2+ and ATP, caffeine increases
the channel open probability without significantly
affecting single-channel conductance (Rousseau et al.,
1988)28 and without loosing the sensitivity to regulation
by Ca?*, Mg?* and ATP. In 1988 Salviati and Volpe
proposed to adopt caffeine as a tool to study calcium
release from SR of single rabbit fibers to investigate the
diversity among slow and fast fibers.!® In a
permeabilized fiber, the administration of suitable dose
of caffeine triggers calcium release which is followed by
a transient increase, or a wave, of free calcium
concentration in the cytosol (Figure 21). The release of
calcium is measured by tension development, thus using
troponin C and myofibrillar proteins as calcium sensor.
The protocol was then modified by Lamb and coworkers
(2001)**® who studied calcium release induced by
caffeine in rat single muscle fibers after mechanical
skinning, i.e. mechanical removal of the sarcolemma
leaving SR intact. A compartmental model was designed
to reconstruct the release of calcium taking into account
diffusion and buffering in the cytosol and re-uptake to SR
(Makabe et al 1996, Uttenweiler et al 1998).131132 In our
lab a modification of the method was first applied in
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Fig 21. Experimental protocol to analyze calcium uptake and release by sarcoplasmic reticulum.
1)Sequence of steps composing a cycle of uptake (SR loading) and release induced with caffeine. Calcium
release was detected from the contractile response which was normalized to a maximal contraction induced
with high calcium concentration (pCa=4.3). B)Typical example of contraction wave following calcium
release induced by caffeine (1) and maximal contraction used as a reference (2). C) Dose-response curve to
increasing caffeine concentrations. The area of contraction wave induced by caffeine, normalized to maximal
force is used to quantify calcium release. Data are interpolated with a Hill sigmoidal equation, characterized
by a maximal value, a EC50% parameter (i.e. concentration to induce 50% of the maximal response) and a

Hill coefficient expressing cooperativity.
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murine single muscle fibers to investigate the impact of
RyR3 genetic ablation (Rossi 2001).%* Saponin was
introduced as a tool to permeabilize sarcolemma
preserving the integrity of SR membrane and thus its
ability to take up, store and release calcium. The amount
of calcium release was monitored from tension
generation after caffeine administration, and was
quantified either by measuring the rate of tension
development or the area under the tension curve. A
sygmoidal dose-response curve was obtained and the
EC50% values were in the range 0.1-1 mM caffeine. The
amplitude of the response was expressed with reference
to tension developed during a maximal activation
(pCa=4.6) in the same conditions of sarcomere length
and temperature. More recently we started to apply that
protocol with some slight modifications to single fibers
from human biopsy samples. Under the conditions of 5
mM ATP, 1 mM Mg? and pCa=7 in the perfusing
medium and with the SR fully replenished after a long
incubation (5 min) in the presence of 5 mM ATP and
pCa=6.6, the EC50% was about 1-2 mM caffeine. There
was a difference, as expected according to previous work
(Lamb et al 2001)°, between slow and fast fibers, with
slow fibers being more responsive (EC50% =1.5 mM)
than fast fibers (EC50% = 2.5 mM). The method was
applied to muscle fibers from patients carrying various
mutations of the intraluminal calcium buffer
calsequestrin (Rossi et al 2014, Barone et al 2016)34135
and proved to be able to discriminate not only between
wild type and mutated fibers but also between different
mutations.
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Standard electron microscopy (EM) provides the
structural basis at the nanoscale level for unraveling cell
functions and defining the basis for pathological
alterations. For a period of time electron microscopy
went out of fashion and often it has been considered
simply too descriptive to be worthy of publication.
However, the increased frequency of electron
micrographs that accompany most recent publications
involving normal and pathological cell biology are an
indication that a need for such ultrastructural level
substantiation of results has made a comeback.
Unfortunately, very little attention is often paid to the
quality of the material presented, mostly because data
collection has been trusted to quickly and often facility
employees who may not have sufficient knowledge on
the tissue of interest. Striated muscles are specifically
prone to misinterpretations due to alterations produced
by incorrect preservation procedures and or poorly
selected areas of interest. Empty fascination for numbers,
lack of adequate background knowledge and the
unfortunate rush to print have often resulted in the
publication of faulty and/or useless data. Using examples
from our extensive archive of micrographs and from
published data we illustrate on the one hand how poor
technique results in incomplete and/or faulty data and on
the other hand how well done electron micrographs are
extensive sources of information. From a well performed
EM analysis and pictures we can deduce a lot. Indeed just
to quote an old instance: the mechanisms of muscle
contraction (A. Huxley), of excitation-contraction
coupling and of calcium homeostasis could not have been
elucidated without the structural foundation revealed by
EM.1% More recently,”®” we have been able to
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Fig 22. What images tell if you look closely

demonstrate that the main morphological alteration in a
mouse model of Central Core Disease is the presence of
contracture regions that eventualy evolve into cores
lacking mitochondria. The evidence was based on
accurately determining the actual frequency of
supercontracted areas within different samples. These
regions where similar to those described several years
ago by Podolsky and Costantin in which they studied the
response in a small portion of a skinned fiber to a droplet
of Calcium solution (Figure 22, upper panels).**® In the
2012,'* we published a paper illustrating how the
contributions of Triadin and Junctin in the organization
of Calsequestrin within the junctional sarcoplasmic
reticulum (jSR) were simply deduced by a nanoscale
description of the triad ultrastructure in the presence and
absence of triadin/junction (Figure 22, lower panel).
E.M. has been able to reveal a possibile contribution of
Triadin and Junctin in the organization of Calsequestrin
within the junctional sarcoplasmic reticulum (jSR) and
on jSR architecture of skeletal muscle.
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This work will show the development and the utility of
patient specific muscles and bone assessment from single
and multimodal measurements. The work presented
outline methods and applications of threshold-based
techniques, gait analysis and EMG to assess in vivo
muscle and bone tissue distribution in normal and
pathological conditions using computed tomography
(CT) imaging and movement analysis technologies.
These technologies and techniques are used to study bone
mechanical proprieties, analyze and quantify muscle
morphology, visualize changes with 3D models, develop
subject specific numerical profiles, and assess muscle
and bone changes during clinical treatments (Figure 23).
Applications of these methodologies are employed: to
simulate bone mechanics under particular stressful
situation, to depict subject specific muscle profiling
associated with age and pathology, to illustrate and
quantify muscle degeneration and its partial reversal via
Functional Electrical Stimulation (FES),**%%4 and to
highlight recovery following total hip arthroplasty
(THA).1%
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a Control Subject b

Fig 23. Segmented soft tissues and compositions within the Tibialis anterioris from each subject’s 3D upper leg
volumes. Tissue types are as follows: fat (yellow), connective tissue (cyan), and muscle (red). a, The control
subject’s composition is primarily muscle, but b, the elderly subject had markedly more fat and connective
tissue, to the detriment of muscle. ¢, However, the pathological subject’s healthy leg composition was
analogous to those of the elderly subject, but the pathological leg comprised of nearly all fat and connective

tissue, 133

Elderly Subject
—

C Pathological Subject
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Fig 24.

Neural network pipeline: From raw image to histogram display of morphometric data with graphical user
interface (GUI) for manual refinement of automated segmentation to train the neural network.

We aim to introduce a new tool to ease the analysis and
quantification of muscle specific parameters from
histological sections by automatically segmenting
digitized haematoxylin-eosin (H&E) stained slides. H&E
staining is a standardized and cheap procedure in most
laboratories worldwide. In contrast to existing time
consuming, cost- and labour-intensive methods e.g.
multiple immunofluorescence labelling,**® this new
approach could accelerate the analysis and evaluation of
histological sections by providing an automated
calculation of morphometric information. Evaluating the
effects of FES (functional electrical stimulation) in aged
muscles is a possible application.'*” Standard H&E
stained sections were digitized and loaded onto our new
analysis software tool programmed by our partners from
the Graz University of Technology, which automatically
extracts morphometric information about the size of cells
in a rapid and accurate way. For this purpose, the images
were fully automatically normalized depending on their
intensities and segmented to identify individual muscle
cells and their margins. In a postprocessing step
quantitative statistical information, as well as a histogram
display are created (Figure 24). Machine-learning
algorithms (Deep Neural Networks) have been
implemented, as they proved to be very powerful
methods for automatic image segmentation, especially in
the field of histological analyses.'*® A simple user
interface was created to manage image data handling and
to refine the segmentation manually, which enables an
expert to train the neural network and thus to improve the
automated results. As a result of developing this new
software, specific outcome parameters can be obtained
quickly and efficiently and are comparable to those
obtained with the more time consuming and cost-
intensive method of immunofluorescence labelling.
Artefacts on the digitized H&E slides originating from
freezing, cutting or staining are automatically
suppressed.'4°1% However, muscle fiber types cannot be
distinguished by using this method. Our automated
segmentation approach is a promising new way to
efficiently assess cell specific parameters based on H&E
stained slides with full potential to be extended to other
light and electron microscopy muscle imaging
approaches.

44

146. Tulloch L, Perkins J, Piercy R. Multiple
immunofluorescence labelling enables simultaneous
identification of all mature fibre types in a single equine
skeletal muscle cryosection. Equine veterinary journal
2011;43:500-3.

Karbiener M, Jarvis JC, Perkins JD, et al. Reversing Age
Related Changes of the Laryngeal Muscles by Chronic
Electrostimulation of the Recurrent Laryngeal Nerve.
PLoS One 2016;11: e0167367.

Ciresan DC, Giusti A, Gambardella LM, Schmidhuber J,
et al. Mitosis detection in breast cancer histology images
with deep neural networks. Med Image Comput Comput
Assist Interv 2013;16:411-8.

Chatterjee S. Artefacts in histopathology. J Oral
Maxillofac Pathol. 2014;18(Suppl 1):S111-S116. doi:
10.4103/0973-029X.141346.

Meng H, Janssen PML, Grange RW, et al. Tissue triage
and freezing for models of skeletal muscle disease.
Journal of visualized experiments: JoVE. 2014;89:51586.
doi: 10.3791/5586.

147.

148.

149.

150.

*kkkx

What FES rehabilitation of denervated muscles does
and does not: Clinical Imaging Evidence

Ugo Carraro (1,2), Helmut Kern (3), Paolo Gargiulo
(4), Amber Pond (5)

(1) CIR-Myo, University of Padova, Italy; (2) A&CM-C

Foundation for Translational Myology, Padova, Italy;

(3) Physiko- und Rheumatherapie, St. Poelten, Austria;

(4) Institute for Biomedical and Neural Engineering and

Biomedical Technology Centre Reykjavik University &
Landspitali, Iceland; (5)Anatomy Department ,
Southern Illinois University School of Medicine ,

Carbondale , IL, USA

E-mail: ugo.carraro@unipd.it

FES rehabilitation,
Quantitative ~ Muscle
Tomography (QMC-CT)

denervated muscles,
Color  Computed

Key words:

Skeletal muscle atrophy is the loss of muscle bulk and
strength that occurs with neural and skeletal muscle
injuries, prolonged bed rest, space flight, normal aging,
and cachectic diseases such as cancer, sepsis, diabetes,
nephropaties, etc. If unabated, skeletal muscle atrophy
can be extremely debilitating, increasing morbidity and
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Fig 25.

H-bFES of permanent denervated muscles in complete Conus and Cauda Syndrom, a particularly severe

SCI. Two years of training reverse pacompletely or partially muscle atrophy/degeneration. Compare panels
B-E with G-J, that are Muscle Color Computed Tomography imaging of the same leg before and after two
year of training. Notice that also the Hamstrings muscles recoverwhen the Quadriceps muscle was stimulated

by large surface electrodes.

mortality in affected people. Current strategies by clinical
imaging for diagnosis and evaluation of skeletal muscle
are not adequate to evaluate quantitatively these
conditions. Thus, proper diagnosis and treatment are
often delayed, resulting in unnecessary human
discomfort and down time. Quantitative Muscle Color
Computed Tomography (QMC-CT) is a highly sensitive
quantitative imaging analysis of one muscle or groups of
anatomically defined skeletal muscles introduced by our
group to monitor skeletal muscle tissue.*>52 Despite its
powerful potential, this technique is not widely
recognized. Therefore, one of our aims is to validate
QMC-CT as a superior Muscle Imaging technique to
quantitate skeletal muscle atrophy, degeneration and
dystrophy, extending its acceptance from continental
Europe to the rest of the world, in the first instance to
U.S. Army and Veterans Hospitals. Validation of QMC-
CT will provide physicians an improved tool to quantitate
skeletal muscle before and during rehabilitation
strategies so that therapy for mobility-impaired persons
can be better prescribed, evaluated and altered where
needed. A recent report from the U.S. Army describes
injuries as an “epidemic” which has become the “number
one health threat” to the U.S. military. It has been
reported that non-combat injuries have resulted in more
medical air evacuations from Iragq and Afghanistan than
combat injuries.’® These injuries result in physical
discomfort and potential mental duress in addition to
some degree of personnel down time. The more serious
injuries can result in life long issues, as is the case of
Spinal Cord Injuries (SCI). Of particular importance in
SCI is whether the connection between the muscle and
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the nerve is preserved or the muscle is denervated due to
complete peripheral nerve lesion. In the latter cases the
denervated muscle becomes unexcitable  with
commercial electrical stimulators and undergoes ultra
structural disorganization within a few months, while
severe atrophy with nuclear clumping and fibro-fatty
degeneration appears later on within 3 and 6
years, 151152154156 QMC-CT will provide medical
personnel with a superior technique for imaging skeletal
muscle and surrounding tissues, enhancing speed and
accuracy of patient evaluation, thus improving diagnosis,
treatment and patient morale. We here present the case of
the conus and cauda equina complete syndrome and the
results of maintained or discontinued Functional
Electrical Stimulation of the denervated thigh muscles
that may be observed using QMC-CT (Figure 25). In the
long term, the improved treatments will reduce patient
training time, personnel down time and enduring
negative injury-related issues. Because the imaging
technology could be used in both military and non-
military facilities, the method has the potential to
improve health care for soldiers, veterans and the
population at large.
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