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Abstract

On 19-21 November 2020, the meeting of the 30 years of the Padova Muscle Days was virtually
held while the SARS-CoV-2 epidemic was hitting the world after a seemingly quiet summer.
During the 2020-2021 winter, the epidemic is still active, despite the start of vaccinations. The
organizers hope to hold the 2021 Padua Days on Myology and Mobility Medicine in a semi-
virtual form (2021 S-V PDM3) from May 26 to May 29 at the Thermae of Euganean Hills,
Padova, Italy. Here the program and the Collection of Abstracts are presented. Despite numerous
world problems, the number of submitted/selected presentations (lectures and oral presentations)
has increased, prompting the organizers to extend the program to four dense days.

Key Words: Padua Muscle Days; skeletal muscle; COVID-19; Translational Myology and
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Meetings on muscle biology, physiology, medicine and Program of Sessions and the Collection of Abstracts

rehabilitation, the Padua Muscle Days (PMDs), started
more than 30 years ago to provide expert advices on
Translational Myology and Mobility Medicine.!® The
aims were on prevention, managing and rehabilitation of
mobility disorders. Last year the organizers programmed
for March 2020 an intense 3-day program to be held
either at Padova University or at the Hotel Augustus,
Thermae of Euganean Hills (Padova), Italy.* Abruptly, in
January 2020 the SARS CoV-2 outbreak changed the
world perspectives. In Italy the virus was first detected in
Lombardy and Veneto. Within a week, the COVID-2019
affected the first Italian victims in an area south of Milan
and in a village of the Euganean Hills (Vo Euganeo,
Padova). The village was immediately quarantined, but it
was too late. The virus was spreading through the area.
Thus, the PMDs were postponed and successfully held as
Virtual ZOOM Series of Presentations from 19 to 21
November, 2020. Luckily, chairs, speakers and attendees
accepted the decisions.®

In 2021 COVID-19 epidemic is still active, despite
vaccinations. The organizers hope to hold the 2021 Padua
Days on Myology & Mobility Medicine (PDM3) semi-
virtually form May 26 to May 29 at the Thermae of
Euganean Hills, Padova, Italy. Here a preliminary

follow. Despite the debilitating problems, the number of
selected presentations (lectures and oral presentations)
has increased to fill in an extend program of four dense
days. Beside the traditional sessions, the Program
presents several new topics: Extracellular Matrix,
Fasciae & Tendons; Muscle and Sarcomeres in vivo;
High density EMG and motor control in health and
disease; Mechanisms of Skeletal Muscle Impairment in
Aging and Disease; Muscle Atrophy, Sarcopenia,
Cachexia: Physical, Nutritional, and Pharmacological
Interventions; Light and Electron Microscopy Muscle
Imaging; Satellite Cells and Muscle Regeneration:
Biology & Pathology; Therapy of Genetic Muscle
Dystrophies; Muscle Rehabilitation: Balneology &
Balneotherapy; Muscle Rehabilitation: Clinical Aims &
Case Reports; Muscle Rehabilitation: Roles of
Mitochondria & Excitation-Contraction Coupling.

We hope 2021PDM3 will be as successful as the events
of the previous 30 years. The Speakers will be double the
usual, imposing an extension to four days. It is hoped that
all Lectures, Speakers and Attendees will patiently wait
for the next difficult step: reschedule the time slots to
allow the interactive presence of people who will
participate from time zones distributed over 24 hours.

It will be a difficult task, but we will succeed.
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TRANSLATIONAL RESEARCH ON MYOLOGY & MOBILITY MEDICINE
May 26 - 29, 2021 — Thermae of Euganean Hills (Padova), Italy

WEDNESDAY May 26, 2021

9:30 AM Openings
10:00 AM Session I: Extracellular Matrix, Fasciae & Tendons

3:00 PM Session Il: Muscle & Sarcomeres in vivo

5:20 PM Session lll:  High density EMG applied to motor control in health & disease
THURSDAY May 27, 2021

9:00 AM Session IV: Poster Presentations

11:00 AM Session V: Muscle Atrophy, Sarcopenia, Cachexia: Physical, Nutritional &
Pharmacological Interventions

3:00 PM Session VI:  Mechanisms of Skeletal Muscle Impairment in Aging & Disease
5:20 PM Session VII:  Light & Ultrastructural Muscle Imaging

FRIDAY May 28, 2021
9:00 AM Session VIIl: Poster Presentations

10:30 AM Session IX:  Satellite Cells & Muscle Regeneration: Biology & Pathology
3:00 PM Session X: Satellite Cells & Muscle Regeneration: Biology & Pathology
5:20 PM Session XI:  Therapy of Genetic Muscle Dystrophies

SATURDAY May 29, 2021
9:00 AM Session Xll:  Muscle Rehabilitation: Balneology & Balneotherapy
11:30 AM Session Xlll: Muscle Rehabilitation: Clinical Aims & Case Reports
3:00 PM Session XIV: Muscle Rehabilitation: Roles of Mitochondria & E-C Coupling

5:00 PM GENERAL DISCUSSION OF THE CENTER FOR ACTIVE AGING GROUP
7:30 PM Ugo Carraro: See you to the 2022 PDM3, March, 2022-Thermae of Euganean Hills & Padova, Italy

Translational Research on Myology & Mobility Medicine

Call for EJTM COMMUNICATIONS - EJTM 31 (2), 2021 - Deadline May 31, 2021
(2500 words, 150-word Abstract, 5 keywords, 4 Figures/Tables, 30 Refs).
EJTM is indexed in PUBMED, ESCI and SCOPUS - CiteScoreTracker 2020 = 2.00

Submit to: pagepressjournals.org/index.php/bam/about/submissions
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Collection of Abstracts

#1. May 26, 2021

Invited Lecture: Physical exercise and adaptation of
connective tissue in tendon and muscle

Michael Kjaer

(1) Institute of Sports Medicine, Dept. Orthopedic
Surgery, Copenhagen University Hospital — Bispebjerg,
and Center for Healthy Aging, Faculty of Health and
Medical Sciences, University of Copenhagen, Denmark

Michael Kjaer: michaelkjaer@sund.ku.dk

The overall turnover of the tendon and cartilage in
humans seems to be taking place primarily within the
first 13-17 years of life (markedly lower than turnover of
contractile protein in muscle), indicating that the major
basic structure remains relatively unchanged through
adult life. Nevertheless, mechanical loading of adult
human tendon (and intramuscular connective tissue)
results in tendon cell responses by producing anabolic
growth factors and loading-induced increase in tendon
collagen synthesis. Comparing tissue turnover in
different tissues simultaneously suggests that a
combination of a more basic structure that remains
relatively unchanged through adult life, and a smaller
pool of collagen that is more quickly turned over and can
be influenced by mechanical loading. Conversely,
physical inactivity down regulates collagen synthesis and
phenotypic tendon characteristics. Adjustment of the
tendon mechanical properties in the form of increased
stiffness and modulus after strength training, and the
reverse after period of immobilization occurs relatively
faster than macroscopic morphological changes of
tendon. Age related changes in tendon connective tissue
with reduced stiffness is largely explained by a reduction
in overall physical activity and can thus be at least partly
counteracted by regular training.

Keywords: Physical exercise; adaptation; connective
tissue; tendon; muscle.
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Effect of aging on tendon mechanical properties and
adaptability to chronic loading
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Tendons play a fundamental role in transmitting forces
generated by skeletal muscle and in acting as springs
during locomotion. Because of their anatomical
arrangement, the mechanical properties of tendons affect
those of skeletal muscle, above all, the length-force
relation.? With ageing, human tendon mechanical
properties (stiffness, Young’s modulus and hysteresis)
seem to deteriorate,>® although reports of no changes also
exist.” These alterations potentially contribute to the loss
of muscle force with ageing.® However, tendons retain
considerable plasticity in response to chronic loading in
old age since their mechanical properties can be
substantially improved by high-intensity resistance
exercise training (RET). Indeed, after 14 weeks of RET
in septuagenarian males, patellar tendon stiffness and
Young’s modulus and hysteresis were found to improve
by 65% and 69% respectively, restoring tendon
properties to values comparable to those of young
adults.®1® These improvements were mostly due to
changes in tendon tissue material properties rather than
to tendon hypertrophy. Also, the increase in tendon
stiffness was associated with a faster rate of force
development, a finding of particular relevance for falls
prevention. While traditional RET consists of both
concentric (CON) and eccentric (ECC) contractions,
ECC contractions are metabolically less demanding and
therefore may be more suitable for an older population.
Thus, we investigated the tendon adaptations and time
course, to 8-week, 3 times/week, submaximal (60%
1RM) CON only or ECC only RET in 20 healthy young
(24.5+5.1yrs) and 17 older males (68.1+2.4yrs). Patellar
tendon (PT) Young's modulus and stiffness were
assessed every 2 weeks. Changes in PT Young's modulus
were observed after only 4 weeks in all groups.
Importantly, both CON and ECC resulted in similar
changes of PT Young's modulus at week 8, in both young
and older males indicating that tendons are ‘blind’ to the
direction of muscle loading (11). Notably, changes in
tendon tissue seemed to occur in a coordinated fashion
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with those of skeletal muscle; presumably in an effort to
maintain the efficacy of the muscle-tendon unit. These
findings demonstrate that despite the effects of aging,
tendons retain considerable adaptability to chronic
loading, recovering material properties comparable to
those of young healthy adults.

Keywords: tendon; skeletal muscle; training; aging.
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Muscle spindle (MS), as a stretching receptor, plays a
crucial role in proprioception and locomotor coordination
in musculoskeletal system.! They are very sensitive to
stretch, feeling a tension of few grams. For that reason,
the elasticity and viscosity of the extracellular matrix
(ECM) where MSs are placed could play a key role to
define their sensitivity to movements.? It is well known
that their sensitivity decreases with aging, causing
postural sway and gait stability deterioration,®* but the
relationships, between the extracellular ECM where MSs
are placed and aging, are unclear. Therefore, the aim of
this study was to investigate whether the contents of
ECM where MSs are placed change with aging, to better
understand if age-related physiological changes of
muscle spindles could be due also to an alteration of the
environment where they are located, and not only to
neurodegeneration. Hematoxylin Eosin, Picrosirius-red,
collagen type 1 (COLI) and 111 (COLIII) antibodies, and
biotinylated hyaluronan binding protein (HABP)
immunohistochemistry staining were used to evaluate
alterations in intramuscular connective tissue (ICT)
around the MS and of the ECM of MS itself in 6-weeks
puberty (group A), 8-months middle age (group B) and 2
years old (group C) C57BL/6J male mice hind limb
muscles. All the MS capsules are continuous with the
perimysium of the skeletal muscle. The outer layer of
capsule becomes thicker with aging, passing from3.02
+0.26pum in group A to 3.64 +0.31um in group B and
5.81 +0.85 pum in group C. The capsules of the MSs and
the ICT mainly comprise COLI and COLIIIl. The
collagen content in whole muscle and inside MS was
significantly higher in the group C, whereas there were
no significantly differences of these parameters between
group A and group B. The average optical density (AOD)
of COLI in the MS was significantly increased with aging
(P<0.05), whereas there were no significant differences
of COLIII among the three groups (P>0.05). In addition,
HA is present in the ICT and fills the capsule of MS. The
AOD of the HABP immunohistochemistry staining of the
MS highlights a decreasing of HA in group C compared
to group A (P=0.022), whereas, there were no significant
difference between group A and group B and between
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group B and group C (P>0.05). The accumulation of
collagen content and decreased HA in ECM where MSs
are placed could change the adaptability of ICT to stretch
and movements, reducing the sensitivity of MS to
dynamic and static lengthening. These alterations of
ECM where MSs are placed could help to explain the
peripheral mechanisms of the decline of age-related
proprioception and locomotor coordination.

Keywords: aging, extracellular matrix, muscle spindle,
collagen, collagen type I, collagen type Ill, hyaluronan,
connective tissue.
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An experimentally-based finite element model for
estimating the loss of force due to impaired lateral
force transmission in older humans
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The age-related loss of joint mobility (LIM) sets
limitations to independent life and increases the risk of
falls and hospitalization, with a strong impact on life
conditions and social costs®. One of the major causes of
LIJM is muscle weakness, which is associated to
functional impairment and loss of independence and is
recognized as an independent risk factor for increased
mortality of older people. In this respect, a striking
phenomenon is that the decrease of muscle mass with
aging (sarcopenia) is accompanied by a much greater

decline in muscle strength (dynapenia). Several studies
suggest that the greater decline of muscle force compared
to muscle mass is associated with a decreased ability to
laterally transmit the force generated by muscle fibers?.
This effect, which reduces the efficiency force
transmission at the macroscopic level, is generated, at
least partially, by alterations of the extra-cellular matrix
(ECM) with aging. ECM is a hierarchical structure that
surrounds single fibers (endomysium), fascicles
(perimysium) and the whole muscle (epimysium).
Therefore, to quantitatively assess the role of this
alteration at any level, multiscale finite element
modelling is a powerful tool. However, experimental
data collection is a crucial step to implement modeling
and achieve reliable predictions. To this aim we
compared, in a recent work3, the relative contribution of
the ECM to passive tension and stiffness in small bundles
in young healthy (Y: 21 years) and older (E: 67 years)
males. We showed that the resting passive tension is
significantly higher in the bundles of the older compared
to those of the younger males, while no significant
difference was found in single fibers. The difference was
then attributed to the ECM present between the fibers
composing the bundle. However, our data suggested that
the larger amount of collagen present in older males
(3.3% in the younger and 8.2% in older males) can fully
account for the observed difference in total tension, and
that the intrinsic stiffness of the connective material was
almost unchanged or even more compliant in older
individuals. ECM Young’s modulus was 580 kPa for the
older males and 809kPa for the younger males. To assess
how the active force development is affected by the age-
dependent changes observed in resting conditions, we
developed a micromechanical multiscale finite element
(FE) model. The model simulates a muscle bundle
formed by a few fibers connected through the ECM.
Importantly, the model uses separated meshes for the
connective tissue and the contractile material and specific
assumptions for the links between the meshes at the
border between ECM and muscle fibers. Using our
experimentally-based parameters, we can quantitatively
assess the influence of ECM age-related modifications on
lateral force transmission. In detail, we reproduced three
classical experimental evidences*® supporting the
contribution of lateral force transmission during
contraction, and analyzed the results using the parameters
for both younger and older men. The data obtained
provide clear evidence of the contribution of changes of
ECM to the loss of contractile force with aging.

Keywords: aging; skeletal muscle; resting force; active
force; extracellular matrix; finite element model.
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Testing soft tissue radiodensity parameters interplay
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from a mid-thigh CT-scan
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Nonlinear trimodal regression analysis (NTRA) is a
recent methodology for modelling the radiodensitometric
distributions of x-ray computed tomography (CT) scans,
producing 11 patient-specific features which characterize
qualitatively and quantitatively the lean muscle, fat, and
loose connective tissues. In this paper, the association of

these 11 NTRA features with age and physical activity is
investigated in the population-based AGES-I dataset (n =
3,157 elderly volunteers). First, univariate statistical
analyses were performed through IBM SPSS (version 25)
using Kruskal Wallis and post-hoc tests, where subjects
were grouped by age and self-reported past (youth and
mild-life) and present (within 12 months of the survey)
physical activity to ascertain which parameters were
most influent on the grouping variables. Then, machine
learning (ML) analyses were conducted through Knime
Analytics Platform (version 4.1.1) to classify patients
employing NTRA parameters as input features for three
decision tree based ML algorithms (random forests,
gradient  boosting, and  ADA-boosting).  This
classification analysis yielded poor results (accuracies
did not overcome 60%), and regression analyses were not
particularly reliable or robust. However, univariate
statistical models suggested that NTRA parameters may
be strongly sensitive to age and differences between past
and present physical activity levels. Moreover, for both
age and physical activity, lean muscle parameters
expressed greater variation, compared with fat and
connective tissues. This paper consists in further
evidence that radiodensitometric distribution values are
sensitive to changes in physiological parameters.

Keywords: Machine learning; CT; soft tissues.
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Extracellular matrix (ECM) of intramuscular connective
tissue (IMCT) play critical role not only in maintaining
integrity of muscle,! but also in providing mechanical
properties and local signals to modulate muscle cell
fusion and regeneration. It is known that the muscles
present many degenerative processes with aging.?®
However, the effects of aging in the ECM of IMCT are
unclear. Therefore, the aim of this project was to
investigate whether the contents of ECM of IMCT
change with aging, to better understand the possible
effects of age-related ECM alterations of IMCT in the
peripheral neuro-pathophysiological mechanisms of
locomotor ability deficits. Age-related changes of ECM
in human quadriceps femoris were compared in 10 young
men (37.5+9.0y), 12 elderly men (79.0+12.4y) and 16
elderly women (80.6+11.4y) patients with traumatic
fracture (Studio 3027P/AO/13). Age-related ECM
alterations in mice hind limb were compared in 6-weeks
puberty (group A); 8-months middle age (group B) and
2-years old (group C) C57BL/6J male mice. Hematoxylin
Eosin, Picrosirius-red, the collagen type 1 (COLI), Il
(COLII) antibody, and biotinylated hyaluronan binding
protein (HABP) immunohistochemistry staining were
used to evaluate the morphology, collagen content,
COLI, COLII and HA both in human and mice muscle
cross-section. Alcian Blue, Weigert Van Gieson staining
were used to evaluate the glycosaminoglycans, elastic
fiber, in human male specimens. Age-related alterations
of HA concentrations were evaluated both in human and
mice specimens using Purple-Jelley HA assay. Muscle
loss and fat infiltration were present in most elderly
samples, especially in the subjects over 70 years old. The
area percentage of collagen contents were significantly
elevated in the elderly group compared to young men
group (P<0.01). While, there was no significantly
difference between the elderly men and women group in
collagen content. The collagen contents in IMCT were
significantly increased in mice with aging. To better
understand which subtype collagen was more suffered
with aging. The following experiments were performed
in the male human and mice specimen due to the possible
effects of gender (female). The accumulation of the
collagen content was mainly due to an increase in COLI
both in the human and mice specimens, while there were
no significantly differences in COLIII. In addition, the
area percentage of elastic fibers in perimysium was
significantly lower (P<0.01) in the elderly men group.
The HA was mainly localized at endomysium,
perimysium and epimysium. The HA content was
significantly decreased in the elderly man compare to the
young men (P=0.04), while, there was no significantly
difference between the elderly men and women group in
HA. In addition, the amount of HA in mouse hind limb
muscle was significantly decreased with health aging
(group A vs group B: P<0.05; group A vs group C:
P<0.01). The accumulation of collagen content and
decreased HA in ECM of IMCT, the decreased relative
elastic fibers in perimysium may cause the IMCT stiffer

and reduce its’ adaptability, changing gliding of the
IMCT and influence the function of muscle fibers. These
alterations of ECM in IMCT properly can partly explain
the peripheral mechanisms of the decline of age-related
locomotor ability.

Keywords: aging, extracellular matrix, collagen, elastic
fiber, collagen type 1, collagen type IlI, hyaluronan,
intramuscular connective tissue
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Passive skeletal muscle mechanical properties are not as
well understood as their active contractile properties.
Both the structural basis for passive mechanical
properties and the properties themselves are challenging
to determine because it is not clear which structures
within muscle actually bear passive loads and the best
way to make mechanical measurements. Early studies
showed the clear and important role of titin as a muscle
fiber load bearing structure,® but studies comparing
single muscle fibers to small fiber bundles suggest that
much more load is borne extracellularly.?* Recently, we
have performed more high resolution structural and
functional studies of the ECM using three different
approaches:  confocal microscopy on muscle fiber
segments,® three-dimensional reconstruction of electron
micrographs,® and traditional stereology.® These studies
reveal the presence of perimysial cables that generally
extend parallel to muscle fibers. Studies using the desmin
knockout mouse model of fibrosis,”® also demonstrate
that the number of cables as well as their size appear to
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be regulated. Finally, the cellular basis of fibrosis in the
ECM was investigated using a transgenic mouse model
in which Type | collagen producing cells were labeled
with GFP.® These studies revealed that muscle satellite
cells, fibroblasts and fibroadipogenic progenitor cells all
appear to participate in the fibrotic response. We suggest
that new high resolution methods are needed at larger
scales as well as a standardized set of rules for the
reporting of passive mechanics to allow cross-study
comparisons.  Such studies are required to develop
therapies to treat disorders in which passive muscle
properties are altered in conditions such as muscular
dystrophy, traumatic laceration, and contracture due to
upper motor neuron lesion as seen in spinal cord injury,
stroke and cerebral palsy.

Keywords: fibrosis, modulus, collagen, perimysium,
extracellular matrix
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In old age, there appears to be elevated passive tension
for a given muscle lengthl. Aging muscles undergo
structural remodeling, whereby muscle fascicle lengths
become shorter in old as compared with young?3. Thus,
the fascicles and sarcomeres of muscles in older adults
may experience greater relative length changes for a
given displacement or joint angular rotation, resulting in
increased passive tension as compared with young. The
purpose of this study was to compare the medial
gastrocnemius of young and old rats to determine
differences in fascicle length, serial sarcomere numbers
and the sarcomere length at which peak force is obtained
(optimal reference length; RL), and record passive
tension from short to long muscle lengths. Two groups of
Fisher344x BN rats were used in this experiment, a
young cohort (=9 months ~20 human years) and old
cohort (~32 months; ~75-80 human years). The MG from
the right leg was surgically isolated, attached to a custom
made muscle puller and force transducer. Passive force
was recorded at nine muscle lengths relative to the length
producing optimal active force. Following passive force
and length measurements, the animals were sacrificed
and the hind limb was fixed in formalin at the muscle
length corresponding to optimal force. The muscles were
then dissected into four lengthwise sections medial and
lateral of the center and sarcomere length measurements*
were obtained. A reduction in muscle fascicle length of
~14% was observed in the old rats when compared to
young (p<0.05) and the old rats had ~10% fewer
sarcomeres in series when compared to young rats
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(p<0.05). There was no difference in sarcomere length at
optimal length for force production (p>0.05). While
there was no difference in passive tension at short muscle
lengths between groups, old rats experienced up to
~125% greater passive tension at long muscle lengths as
compared with young (p<0.05). We show the age-
associated reduction in muscle fascicle length is
primarily owing to fewer sarcomeres arranged in series,
without a significant difference in sarcomere length.
Additionally, passive force was greater in muscles from
the old rats as compared with young at long muscle
lengths. It was expected that shorter fascicles and fewer
serial sarcomeres in muscles from old experienced
greater relative length changes for a given displacement,
resulting in increased passive tension at long muscle
lengths as compared with young. However, the ~4%
shorter sarcomere lengths in muscles from old, as
compared with young may have dampened the effects of
shorter fascicles in old minimizing any ‘overstretching’
at long lengths. For the absolute length change, on
average, fascicles from young were stretched ~30%
while old were stretched ~36%, meaning muscles from
both young and old were stretched to an average
sarcomere length of ~3.01um. Therefore, in the present
study, differences in sarcomere length at the long muscle
length are likely not the explanation for the age-related
differences in passive force. Funding by NSERC is
acknowledged.
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It is canonically thought that muscle adaptations to
loading and unloading are governed by the addition and
subtraction of sarcomeres, respectively, both placed in
parallel or in series. If we consider muscle fiber
hypertrophy, fiber radial growth is mainly governed by
an addition of in-parallel material, whereas longitudinal
fiber growth is dependent on new sarcomeres added in-
series. For these reasons, serial sarcomerogenesis has
been studied since the 1960s to gain insight into the
mechanisms that regulate muscle plasticity and
adaptations to different mechanical stimuli. Interestingly,
a majority of the early reports (work of Goldspink,
Williams, Tabary and Tardieu, etc, in the 70’s and 80°s)
were obtained in animal models after/during
immobilization (long vs. short muscle lengths), indeed
showing distinct adaptations in serial sarcomere length
and number.2? Specifically, it seems that when adult
animals are exposed to immobilization stimulus at
shorter muscle lengths, a loss of serial sarcomere number
occurs. Conversely, when immobilization is performed at
stretched muscle lengths, an addition of sarcomeres in
series is observed. However, no study investigating
sarcomerogenesis has been currently performed on
humans apart from a single case study (Vastus Lateralis
distraction after femur reconstruction)® and animal
studies are somehow contradictory, as they present data
of presence or absence of sarcomerogenesis but in
different species, muscles, conditions, intervention
duration.*® The purpose of this talk will be to present an
overview of the main evidence of structural adaptations
at whole muscle and sarcomere level to use and disuse.
In addition, evidence of the use of novel techniques to
gain insight into human sarcomeres in-vivo will be
discussed.®’

Keywords: sarcomere; plasticity; loading; unloading;
sarcomerogenesis.
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The regulation of sarcomere length during stretch-
shortening cycle (SSC) activities performed in variable
gravity is unknown. Drop-jumping (DJ), a common SSC
activity, involves three phases: pre-activation of
antigravity muscles, landing and push-off (PO) to
perform a vertical jump. The ability to absorb ground
impact and generate propulsive forces depends on tendon
strain and fascicle length (Lf). Hence, the region of
operation of sarcomeres along the muscle length-tension
(L-T) relation is a determinant factor for DJ performance.
This study investigated changes in Lf and sarcomere
operational length throughout the phases of DJs
performed in normo-gravity (1g), hyper-gravity (Hg) and
hypo-gravity (hg). Fifteen volunteers performed repeated
DJs in 1g, hg (0 to 1g), and Hg (1 to 2g) during a
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parabolic  flight. Gastrocnemius medialis (GM)
electromyographic (EMG) activity and Lf were measured
at rest (bipedal standing), jump-off (JO, with the foot
raised before jumping down), ground contact (GC),
minimum ankle joint (MAJ, end of landing) and PO. GM
sarcomere number (Sn) was estimated by dividing Lf
measured by ultrasound at rest by sarcomere length (SL),
measured in-vivo at the same joint angle (3.16 pm).
Changes in SL were estimated by dividing Lf in each
jump phase by Sn calculated individually (Figure 1.). The
sarcomere force-generating capacity was estimated from
the sarcomere L-T relation described by Walker and
Schrodt.? At JO in 1g, SL was 2.55um, close to the L-T
relation plateau. At GC and MAJ, SL shifted to the left,
down the ascending limb of the L-T curve. Fascicles and
sarcomeres shortened from JO to GC (pre-activation) and
behaved quasi-isometrically from GC to MAJ, enabling
tendon elongation and storage of elastic energy.
Surprisingly, at PO, SL was extremely short (1.49um), a
length at which only 40% of maximum sarcomere force
is expected to be produced. Notably, this condition is
reached with the ankle in full plantarflexion, causing
maximum tendon stretch. From MAJ to PO, a marked
EMG decrease seemed to confirm that most of the energy
needed for the PO is provided by the tendon recoil. Lf at
JO was shorter in hg and Hg than in 1g, reflecting a
downward shift of SL along the L-T relationship (range
1.96-2.11um Hg and 2.23-2.33um hg). During pre-
activation, less SL shortening occurred in Hg and hg than
in 1g, followed by lengthening of Lf and sarcomeres
between GC and MAJ. Remarkably, at MAJ, Lf reached
values similar to those of 1g, enabling sarcomeres to
produce about 70% of maximum force. In the last phase,
from MAJ to PO, a strong contraction markedly reduced
SL to values of 1.44-1.53 pm. In conclusion, regardless
of the gravity level, muscle activation appears finely
regulated to enable fascicles to operate in the ascending
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Fig 1. SL in the 4 different DJ phases (JO, GC,
MAJ, PO) in 1g (red dots), hypo-gravity
(blue dots) and hyper-gravity (green dots).
The L-T relationship of hypo- and hyper-
gravity has been shifted on the x axis to the
left and right, respectively, to allow for dots
visualisation.
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portion of the L-T relation. Such neuromuscular
mechanism seems to limit fascicle elongation during the
breaking phase, enabling sarcomeres to reach, at MAJ,
lengths similar to 1 g. This seems a useful mechanism for
anchoring the tendon, enabling storage of elastic energy
and its release in the subsequent PO phase.

Keywords: sarcomere length, sarcomere operating
length, drop-jump, fascicle length, muscle biomechanics,
hyper-gravity, hypo-gravity
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Skeletal muscle is a highly plastic tissue, responding both
to level of use and amount of neural input. After cerebral
palsy (CP) altered neural input can result in muscle
contractures. We have studied the mechanics and biology
of muscle from children with wrist flexion contractures
secondary to CP. Dramatic architectural changes are
observed in these children whereby sarcomere lengths
are dramatically altered relative to patients without upper
motor neuron lesions.! This suggests dramatic alterations
in the regulation of muscle growth in these children.
Biomechanical studies of isolated single muscle cells
reveal an increased passive modulus and decreased
resting sarcomere length suggesting alterations in the
cellular cytoskeleton.?® Gene expression profiling
reveals a number of “conflicting” biological pathways in
spastic muscle. Specifically, this muscle adapts by
altering processes related to extracellular matrix
production, fiber type determination, fiber hypertrophy
and myogenesis.*® These transcriptional adaptations are
not characteristic of muscle adaptations observed in
Duchenne muscular dystrophy or limb immobilization.
Superimposed upon the dramatic biological and
structural adaptations is a loss in the number of satellite
cells that are located throughout the muscle.®” Even the
remaining satellite cells have epigenetic changes that can
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dramatically influence our ability to rehabilitate these
muscles.® Recently, we showed that several anti-cancer
drugs are able to reverse these epigenetic changes, thus
“rescuing” the satellite cells and promoting myogenesis.
Finally, based on the highly unusual transcriptional
profile and neural input that these contractures have, we
show that blockage of the neuromuscular junction using
neurotoxins can actually assist these muscles in growing.
Taken together, these results support the notion that,
while contracture formation is multifactorial and neural
in origin, significant structural alterations in muscle also
occur. An understanding of the specific changes that
occur in the muscle and extracellular matrix may
facilitate the development of new conservative or
surgical therapies for this devastating problem.

Keywords: satellite cell, cerebral palsy, contracture,
extracellular matrix

References

1. Lieber RL, Fridén J. Spasticity causes a fundamental
rearrangement of muscle-joint interaction. Muscle &
Nerve. 2002;25:265-70.

2. Lieber RL, Runesson E, Einarsson F, Fridén J.
Inferior mechanical properties of spastic muscle
bundles due to hypertrophic but compromised
extracellular matrix material. Muscle & Nerve.
2003;28:464-71.

3. Fridén J, Lieber RL. Spastic muscle cells are shorter
and stiffer than normal cells. Muscle Nerve.
2003;27(2):157-64. Epub  2003/01/28. doi:
10.1002/mus.10247. PubMed PMID: 12548522,

4. Smith LR, Ponten E, Hedstrom Y, Ward SR, Chambers
HG, Subramaniam S, Lieber RL. Novel transcriptional
profile in wrist muscles from cerebral palsy patients.
BMC Med Genomics. 2009;2:44. Epub 2009/07/16.
doi: 10.1186/1755-8794-2-44. PubMed PMID:
19602279; PMCID: PMC2722667.

5. Smith LR, Chambers HG, Subramaniam S, Lieber RL.
Transcriptional abnormalities of hamstring muscle
contractures in children with cerebral palsy. PLoS
One. 2012;7(8):e40686. doi: 10.1371/journal.pone.
0040686. PubMed PMID: 22956992; PMCID:
3431909.

6. Smith LR, Chambers HG, Lieber RL. Reduced satellite
cell population may lead to contractures in children
with cerebral palsy. Dev Med Child Neurol.
2013;55(3):264-70. doi: 10.1111/dmcn.12027.
PubMed PMID: 23210987.

7. Dayanidhi S, Dykstra PB, Lyubasyuk V, McKay BR,
Chambers HG, Lieber RL. Reduced satellite cell
number in situ in muscular contractures from children
with cerebral palsy. J Orthop Res. 2015;33(7):1039-
45. doi: 10.1002/jor.22860. PubMed PMID: 25732238.

8. Domenighetti AA, Mathewson MA, Pichika R, Sibley
LA, Zhao L, Chambers HG, Lieber RL. Loss of
myogenic potential and fusion capacity of muscle stem
cells isolated from contractured muscle in children
with cerebral palsy. Am J Physiol Cell Physiol.


mailto:rlieber@sralab.org

2021 PDM3 Program and Abstracts, May 26 - 29, 2021
Eur J Trans| Myol 2021; 31 (1): 9743. doi: 10.4081/ejtm.2021.9743

2018;315(2):C247-C57.  Epub  2018/04/26.
10.1152/ajpcell.00351.2017.  PubMed
29694232; PMCID: PMC6139501

*kkkk

doi:
PMID:

#12. May 26, 2021
3D Fiber aligned strain and strain rate measurements

Shantanu Sinha

Dept. of Radiology, Muscle Imaging and Modeling Lab,
University of California at San Diego, School of
Medicine, San Diego, CA, USA

* Shantanu Sinha: shsinha@ucsd.edu

We have established velocity encoded MRI as a powerful
non-invasive imaging technique to monitor skeletal
muscle motion.23 One of the limitations of this technique
is that it requires of the order of 70 consistent
contractions cycles in order to image muscle motion.
Recently, we implemented a ‘compressed sensing’
acquisition,* that enables a reduction in acquisition time
by factors of 4 enabling us to extend the scope of our
dynamic studies: e.g., imaging multiple slices, different
and higher %MVCs and ankle positions as well
accommodate senior and frail subjects. The
implementation of this ‘fast’ technique allowed us to
study muscle kinematics in 3D (3 spatial and 3 velocity
directions) and at three %MVCs in the calf muscle in
young and old subjects. This latter study included
diffusion tensor imaging in order to extract the fiber
direction at each voxel. The principal strains and strain
rates were rotated to the fiber basis at each voxel using
the diffusion tensor information at each voxel. The fiber
aligned strain and strain rates were not significantly
different between the young and old age groups even
though significant differences were found between the
two age groups in the strain/ SR indices extracted in the
principal basis. The Euler angles between the principal
and fiber basis were calculated (represents the rotation of
the strain tensor from the muscle fiber) and we compared
it with the rotation angles derived from multiscale
computational modeling. The multiscale modeling
provides insight into the physiological mechanism
responsible for the deviation of the strain from the fiber
axis. Initial results indicate that the rotation of the
principal strain from the fiber may arise from shear in the
endomysium. The implications of these findings with
respect to muscle force loss with age will be discussed.

Keywords: Aging muscle; dynamic MRI; compressed
sensing; 3D strain imaging; fiber aligned strains.
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Age related structural changes in calf muscle using
Quantitative Magnetic Resonance Imaging
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Structural and functional changes occur in skeletal
muscle with age and with disuse resulting in a loss of
muscle force!2. Contributors to the loss of muscle
force with age include decrease in muscle mass,
structural changes in the extracellular matrix and
increase in fat and fibrotic tissue. The extracellular
matrix as well as fibrotic tissue contain a relatively
large fraction of macromolecules. Magnetic
Resonance Imaging (MRI) provides a way to map free
protons in tissue while protons bound to
macromolecules (e.g., collagen) are not visible on
routine MRI due to their ultra-short T2 values.
Magnetization transfer contrast (MTC) enables an
indirect evaluation of the macromolecular content by
selective saturation of bound protons. It is
hypothesized that collagen is the primary
macromolecular pool responsible for the MTC effect
in skeletal muscle. Collagen content in muscle
increases with aging and thus, a non-invasive marker
of collagen in muscle tissue has the potential to
identify aging differences. Further, inflammatory
changes are also known to occur in aging muscle and T1
mapping may be able to track these changes. Here, we
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measured MTs,® (a semi-quantitative index of MTC) and
T1 to explore age related changes in calf muscle. We also
explored the effects of different fat suppression methods
on the observed T1 values to identify the effects of
incidental magnetization transfer on the measured T1
values. A cohort of 10 healthy young subjects (24.5+3
years) and eight healthy senior subjects (658 years)
were imaged in a 3T scanner. T1 derived from the fat
saturated sequence was significantly lower compared to
T1 derived from the other three sequences (no fat
suppression, water excitation -fast and normal). The
decreased T1 values from the fat saturated sequence is
attributed to the magnetization transfer effects of the off-
resonance fat saturation pulse. Significant differences
were found between young and old subjects in T1 derived
from the sequences with fat suppression; in all cases T1
increased with age in fat suppressed sequences®.
Significant differences in MTss were found between the
young and old cohorts with MT, decreasing with age.
The increase in T1 values with age is hypothesized to
reflect inflammatory changes in skeletal muscle and
could potentially be an imaging biomarker. That T1
values from the fat unsuppressed sequence did not show
age related changes is attributed to the opposing effects
of increased fat infiltration (shorter T1) and increasing
inflammation (longer T1), emphasizing the need for
efficient fat suppression in skeletal muscle quantitative
imaging. MTs. decreased significantly with age and this
decrease cannot be explained by our hypothesis of
increase in collagen with age. The decrease in M T may
arise from decreases in muscle fibers (atrophy); the
muscle fibers may themselves be the source of the
macromolecular pool. In conclusion, fat suppressed T1
and MT.s values were significantly different with age in
skeletal muscle though the direction of the change in
MTss: cannot be explained due to a lack of knowledge
about the macromolecular pool responsible for the MTC
effect in skeletal muscle.

Keywords: Aging Muscle, macromolecular fraction
content, T1 mapping
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Neural control of movement
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The study of the interactions between the brain, spinal
cord and muscles during volitional movements is key to
understand the neural basis for motor control. While very
important advances are being achieved regarding how
brain's regions and neural populations change their
activity to produce movements, we still know very little
regarding how motor commands are transmitted through
descending pathways to the muscles. When this problem
is addressed in animal research, evoked potentials are
used to study connectivity in corticospinal tracts. The
limitation of this approach is that electrical stimulation of
neurons provides biased information as the largest cells
dominate the responses measured. Moreover, evoked
potentials are not directly associated to behaviour. We
have recently shown that having access to the neural code
driving muscles in combination with brain signals can
provide us with a unique framework to study the
properties of corticomuscular transmission in terms of
the expected populations of cells in the spinal cord that
contribute to the neural information that reaches the
muscles. This approach consists in decoding high-density
EMG (HDEMG) signals into the activity of individual
spinal motoneurons,® and estimating the sources of
synaptic inputs that the motoneurons receive with
coherence techniques. Using this framework, we have
been able to show that oscillatory activity in the brain
successfully travels to the muscles using the most
straightforward and fast routes available.? This simple
finding provides a strong rationale towards using
simplified models of the corticospinal system to
understand key questions about motor control and also
regarding the mechanisms of actions of different
neuromodulation techniques used in the field of neural
rehabilitation. The talk will focus on the use of HDEMG
for assessing the output of the spinal cord and for
identifying neural connectivity between the brain and the
spinal cord. These methods will be discussed in relation
to their applications in neurorehabilitation technologies.


mailto:d.farina@imperial.ac.uk

2021 PDM3 Program and Abstracts, May 26 - 29, 2021
Eur J Trans| Myol 2021; 31 (1): 9743. doi: 10.4081/ejtm.2021.9743

Keywords: HDEMG, motoneuron, motor unit, neural
connectivity, corticomuscular coherence.

References

1. Vecchio AD, Farina D. Interfacing the neural output
of the spinal cord: robust and reliable longitudinal
identification of motor neurons in humans. J Neural
Eng. 2019 Dec 5;17(1):016003. doi: 10.1088/1741-
2552/ab4d05.

Ibafiez J, A. Del Vecchio, J. C. Rothwell, S. N. Baker,
D. Farina.

**k*k*k*k

#15. May 26, 2021

High Density EMG as a tool to investigate muscle in
health and disease: state of the art
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In recent years, the introduction of the high-density
electromyography technique (HD-emg) has created new
perspectives for the in vivo study of individual motor
units and motor control.! The technigque which makes use
of matrices containing multiple electrodes presents
numerous advantages over traditional surface or needle
electromyography. First it is not invasive, second it
allows the study of the MU in vivo even during
contractions of moderate/high intensity (50-80% of the
maximum voluntary contraction). The use of multiple
electrodes matrices, combined with the possibility of
recording over a broader range of contraction intensities,
consents the assessment of a higher number of MUs than
with the needle technique. Moreover, recent studies have
shown that HD-emg allows not only to identify and
characterize a specific MU but to follow it over time even
after several days (weeks).? The analysis of the MU
activity in vivo, therefore, opens a window directly on the
neural control of the drive directed to the muscles.
Important parameters such as MU firing rate, recruitment
threshold and conduction velocity can be directly
assessed using the HD-emg. In particular, this technique
could be applied to follow the effects of a treatment,
deconditoning (disuse; bed rest studies), athletic
conditioning or protein supplementation in both healthy
and diseasead individuals. With aging for instance, there
is denervation with loss of MUs and muscle fibers, which
is partially compensated by re-innervation phenomena
that can manifest themselves in the formation of large
MU where previously denervated muscle fibers (usually
fast twitch) are re-innervated by slow MU.> HD-emg
combined with dynamometry and posturography would
allow to study the consequences of these modifications in
vivo, for example during motor control tests (accuracy in
maintaining muscle strength) and postural balance
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assessment. Defects in signal transmission between nerve
endings and the muscle membrane (NMJ) are present not
only in aging but also in various other pathophysiological
conditions including amyotrophic lateral sclerosis
(ALS;%. Recently the HD-emg has been used to
characterize the daytime variability of fasciculation firing
in people suffering from ALS.® It is obvious that this
technique opens many research opportunities and
therefore in my presentation.

Keywords: motor unit; high density electromyography;
aging; neuromuscualr junction; recruitment threshold:;
firing rate.
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Neuromechanical determinants of rate of force
development: evidence, assumptions, and constraints
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There is a large variability in the maximal rate of force
development across human individuals. It might be
intuitively assumed - and it has been done for the past
decades - that the muscle, with its intrinsic properties,
would be the main determinant of the maximal rate of
force development. Although this speculation might
seem intuitively correct since the muscle represents the
mechanical amplifier of the neural commands, there is
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evidence suggesting that the variability in rate of force
development is mainly attributed to neural factors.*
Computational motor unit models and in-vivo estimates
of motoneuron behavior during fast feedforward
movements are indicating that it is possible to predict the
rate of force development of a human individual from the
neural input received by the muscle before the generation
of any observable force. These studies report strong
associations between rate of force development and
motor unit recruitment patterns. We will discuss novel
results obtained with the decomposition of high-density
EMG signals during fast feedforward movements,
including results obtained by measuring the spike
frequency adaptation, principal component analysis
applied during fast feedforward movements and also
motoneuron behavior during fast kicking actions in
human neonates.*

Keywords: Motor Units; Contractile Speed; Neural
Drive; EMG; Decomposition.
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HDSEMG meets neuromechanics: transferring motor
unit activity into function,

Francesco Negro
University of Brescia, Italy
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The talk will focus on the neuromechanical evaluation of
human movement using high-density surface EMG
(HDSEMG) technologies. After a brief discussion on the
limitations of the use of surface EMG to describe neural
control of movement, recent results on the decomposition
of HDSEMG signals during dynamic contractions at
different velocities will be presented.! Techniques for
tracking motor units across movements performed at
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increasing velocities will be described.?) As previously
demonstrated in  isometric  contractions,®*  the
identification of the same motor units active at different
speeds will show the advance in the use of HD-SEMG to
investigate the neural drive to muscles in dynamic
contractions. The results suggest that motor unit rate
coding rather than recruitment is responsible for the
control of muscle shortening and lengthening
contractions at increasing velocities against a constant
load. Additionally, the combination of these motor unit
tracking methods with ultrasound transparent HDSEMG
arrays,® will show the real potential of closing the current
gap in the study of the neuromechanics of human
movement.

Keywords: dynamic contractions; HDSEMG
decomposition; ultrasound.
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Adaptive Force — a novel concept of neuromuscular
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In motor science a specific neuromuscular function
seemed to be neglected so far. The Adaptive Force (AF)
reflects the capacity of adapting adequately to external
forces with the intention to maintain a desired position or
movement. Thereby, the external forces can be constant
or varying in size. In distinction to conventional pushing
isometric activity, a holding isometric action (as part of
the AF) requires a more complex motor control, because
it has to adapt adequately to the varying impact. To
stabilize a given limb position, during a continuous
external force increase an ongoing forward control
mechanism is necessary in order to implement
anticipatory adjustments. It is hypothesized that in this
process the ability of the cerebellum to predict connected
motoric events in cooperation with the inferior olivary
nucleus (ION) is utilized.%? Possibly because of its
greater complexity the holding isometric function
appears to be an independent neuromuscular capability.
This is, inter alia, indicated by the finding that a
submaximal holding isometric action (80% of MVIC)
can only be maintained over a substantial and significant
shorter time compared with the same intensity by the
same muscle in a pushing manner of isometric action.®
Moreover, during measurements of AF (two different
time points) the maximum holding isometric force
(AFisomax) revealed substantial and significant lower
amounts relatively to the MVIC (maximum pushing
isometric force) of the same muscles (76.88 and 72.92%;
p=.001 and .002, respectively). Consequently, AFisOmax
can be discriminated from other maximal forces and
should be discussed as an independent kind of muscle
function. So far, there was no suitable device to detect
AF. For this purpose, novel technological solutions were
invented and developed. An innovative device utilizing a
pneumatic principle meets the needed functionality for
objective measuring of AF. During one single
measurement AFisOmax but also AFmax can be detected.
Regarding reliability of all forces between two points of
time, the SEM of all torques were 1.29-5.68Nm and the
ICCs(3.1) 0.945-0.996. AFiSOmax and AFmax correlated
highly (r>0.85). In addition, for manual examination
under clinical conditions a wireless handheld device was
developed. The accuracy of the device was proofed in
mechanical reliability measurements without subject
(<1%). Because the force during the manual test is not
generated by a technical device but a human, the course
of the applied force depends on his/her skills. The
ICCs(3.1) of the applied maximum force over 10
consecutive tests ranges from averagely 0.956 +0.046 +
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in a group of beginners and to averagely 0.984 + 0.02 in
experts. The mean Euclidean distance between the 10
curves generated by the same person revealed a
significant better reproducibility in well skilled experts
compared to slightly trained examiners and also to
beginners (padj = 0.047, r = 0.585 and padj = 0.015, r =
0.612, respectively).! The quick and flexible use of an
objective handheld device opens up many new
approaches for practice and research. A first attempt
regarding the influence of different smells on the AF will
be presented.

Keywords: Adaptive Force, holding isometric muscle
function, motor control, olfaction
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High-fat diet increases the risk of environmental
heatstroke in mice
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Heat-stroke (HS) is a life-threatening response to heat or
physical exertion characterized by an abnormal increase
in body temperature (>40°C) that causes dysfunction of
organs, central nervous system and may end in death.!
Both exertional and environmental heat-stroke (EHS),
often triggered by a hot and humid environment or by
strenuous exercise performed in challenging conditions,
are caused by excessive heat production in muscle, which
in turn is the result of oxidative stress and abnormal Ca?*
leak from the sarcoplasmic reticulum (SR).? As high fat
diet is known to increase oxidative stress,® the objective
of the present study was to investigate the effects of high-
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fat diet in the heat-stroke susceptibility of C57bl/6 wild
type (WT) mice of 4 months of age (adult). Our results
show that, in comparison with mice fed with a control
diet, mice after 3 months of high-fat diet dispaly: a)
increased heat generation and energy expenditure
(assessed by indirect calorimetry) during heat stress; b)
elevated oxidative stress in both EDL and Soleus
muscles; and c) enhanced sensitivity to caffeine and
temperature of isolated EDL and Soleus muscles during
in vitro contracture test (IVCT, the gold standard
procedure to test in-vitro EHS susceptibility). Our data
suggest that high-fat diet predispose mice to EHS,
possibly as a result of increased oxidative stress and
excessive release of Ca?* from SR. This study may have
important implications for guidelines regarding food
habits during periods of intense environmental heat.

Keywords: high-fat diet, heat-stroke, oxidative stress
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Changed patterns of muscular oscillations during a
bilateral isometric motor task in Parkinson patients
without tremor compared to healthy controls
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Parkinson’s disease (PD) is mostly diagnosed by clinical
examinations of the cardinal symptoms rigor,
bradycardia and tremor. An objective diagnostic tool in
clinical routine does currently not exist.! The motor
symptoms are mainly explained by a loss of more than
50% of the dopaminergic cells in the substantia nigra.3
The present study is based on the hypothesis that
neuromuscular parameters might show altered patterns
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already before that substantial degree of cell loss. Studies
examining PD patients without tremor scarcely exist. The
aim of the present study was to investigate the oscillatory
behavior of the mechanical muscle oscillations in PD
patients (PD) without tremor compared to healthy
controls (Con). The mechanical muscle oscillations
(MMG), force and acceleration (ACC) of 18 PD patients
without tremor (in medication off state) and of 20 healthy
controls (Con) were measured during a specific bilateral
isometric motor task.* The MMGs of the biceps brachii,
the brachioradialis and of the pectoralis major muscles
were recorded using a piezo-based measurement system.
Five trials at 60% of the maximal voluntary isometric
contraction (MVIC) were performed. The frequency, a
specific power frequency ratio in low frequency ranges
of 3 to 12 Hz as well as the variation and the slope of
amplitude maxima were evaluated and compared
between PD and Con. PD patients showed a significantly
lower power frequency ratio and amplitude variation of
ACC and MMGs compared to Con (power frequency
ratio: p < 0.001 — 0.004; effect size r = 0.441 — 0.579;
amplitude variation: p <0.001,r=0.37 - 0.67). The 95%
confidence intervals were clearly disjoint. The ACC
showed, furthermore, a significant difference concerning
the mean frequency (p = 0.009, r = 0.43). No significant
differences were present concerning the slope of
amplitude maxima. The power frequency ratio as well as
the amplitude variation as parameters of the mechanical
motor output showed clear differences between PD
patients without tremor and healthy controls during this
novel bilateral assessment. The bilateral setting seems to
enhance the effects, which were less clear during a
unilateral motor task.® If those results will be supported
by further studies an innovative biomarker for PD
patients might be developed. For this propose it has to be
investigated, if the results are reproducible and specific
for PD. It is supposed that those mechanical muscle
oscillations reflect neurodegenerative changes, which are
probably especially visible during the bilateral motor
task.

Keywords: Parkinson’s disease, mechanomyography,
bilateral motor task.
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Triggered regulation of the venous capillary
hemoglobin amount in superficial muscle tissue
during fatiguing isometric muscle actions

Silas Dech,* Frank Bittmann, Laura V Schaefer

Division for Regulative Physiology and Prevention,
Department of Sports and Health Sciences, University
of Potsdam, Germany

* Silas Dech: dech@uni-potsdam.de

A high intramuscular pressure during submaximal
isometric muscle actions might restrict the blood flow.1
Thus, the oxygenation and the relative hemoglobin
amount (rHb), which indicates the blood filling of venous
capillaries, should be altered. Recently, two behavioral
types were described during a fatiguing holding isometric
muscle action (HIMA).® Type I: rHb decreases and levels
off into a steady state, nearly parallel to the capillary-
venous oxygen saturation (SvO2). Type Il: rHb decreases
until a reversal point (RP) and increases before leveling
off into a steady state, whereby the SvO2 decreases
further on and its steady state sets in at a lower level
compared to type I. The aim of the present study was to
examine an explanation of these two patterns. 12 subjects
(29.75 + 11.14 years) performed a fatiguing HIMA with
60% of the maximal voluntary isometric contraction in a
90° elbow flexion on each arm. Six subjects additionally
pulled on an immovable resistance (fatiguing pulling
isometric muscle action, PIMA) with the same intensity
once per arm. The rHb and SvO2 were recorded by the
spectrophotometric O2C-device. In type 1l behaviors (n
= 26), the RP was found at an average SvO2-level of
58.75 £ 2.14%. The SvO2 in type | behaviors (n = 10)
never reached that specific value. The level of
deoxygenation could explain the two patterns. It is
suggested a threshold ~59% triggers the increase of rHb.
A possible approach regarding the compatibility of an
rHb-increase with a theoretical blood flow restriction is
given.
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Invited Lecture: Role of iron in muscle sarcopenia
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* Christiaan Leeuwenburgh: cleeuwen@ufl.edu

Mitochondrial dysfunction and iron (Fe) dyshomeostasis
have been identified among the mechanisms contributing
to muscle aging possibly via a detrimental mitochondrial-
iron feed-forward loop. This loop might be partly
reflected by an altered expression of mitoferrin and
frataxin, larger labile iron pool and greater mitochondrial
DNA damage in skeletal muscle of older adults. We
quantified the labile Fe pool, Fe isotopes, and the
expression of mitochondrial Fe handling proteins in
muscle biopsies obtained from young and older adults.
The expression of key proteins of mitochondrial quality
control (MQC) and the abundance of the mitochondrial
DNA common deletion (mtDNA4977) were also
assessed. An inverse association was found between total
Fe and Fe isotope ratio, indicating an increase in labile
Fe abundance in cells with greater Fe content. The
highest levels of labile Fe were detected in older
participants with a Short Physical Performance Battery
(SPPB) score <7 (low-functioning, LF). Protein levels of
mitoferrin and frataxin were, respectively, higher and
lower in the LF group relative to young participants and
older adults with SPPB scores >11 (high-functioning,
HF). The mtDNA4977 relative abundance was greater in
older than in younger participants regardless of SPPB
category. Higher protein levels of Pink1 were detected in
LF older adults compared to young and HF older adults.
Finally, the ratio between lipidated and non-lipidated
LC3B, as well as p62 protein expression, was lower in
older participants regardless of SPPB scores. Our
findings indicate that cellular and mitochondrial Fe
homeostasis is perturbed in the aged muscle (especially
in LF older adults) as reflected by altered levels of
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mitoferrin and frataxin, which together with MQC
derangements might contribute to loss of MtDNA
stability.

Keywords: endurance, exercise, health, epigenetics
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Molecular mechanisms of cancer-induced skeletal
muscle pathology

Andy Judge,* Sarah Judge

Department of Physical Therapy, University of

Florida, Gainesville FL, USA

* Andy Judge: arjudge@phhp.ufl.edu

Recent work from our lab identified that the transcription
factor Forkhead boxP1 (FoxP1) is significantly increased
in the skeletal muscle of tumor bearing hosts exhibiting
cachexial?. FoxP1l is a negative regulator of gene
transcription, which has strong relevance to cancer
cachexia given that gene repression is the predominant
direction of change of differentially expressed genes in
the skeletal muscle of cachectic cancer patients®. This
talk will focus on our recently published, and
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unpublished, findings which demonstrate that myofiber-
specific FoxP1 upregulation is sufficient to induce
several features of cachexia, including loss of body
weight, muscle atrophy and muscle fiber atrophy, muscle
damage and expansion of the extracellular matrix, muscle
weakness, and identify the gene networks associated with
these outcomes; and that myofiber-specific FoxP1 is
required for the normal atrophy phenotype that occurs in
tumor bearing hosts.
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Understanding tumor-mediated muscle damage
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Cachexia is a wasting syndrome that occurs in patients
with many illnesses and is characterized by pronounced
loss of skeletal muscle and adipose tissue. In cancer
patients, cachexia associates with increased morbidity
and mortality and decreased treatment tolerance.
Although advances have been made in understanding
mechanisms of tumor-induced muscle loss, we lack an
approved pharmacological intervention in both the
United States and Europe. While animal models of
cancer cachexia have suggested that activation of the
ubiquitin proteasome system is crucial to muscle wasting,
there is less evidence of significant increases in
proteolysis in humans with cancer cachexia.
Dysfunctional muscle regeneration has also been
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identified as a cause of muscle wasting in people and
animals with cancer.>* Cancer appears to damage
skeletal muscle, leading to activation of satellite cells.
However, these muscle progenitor cells appear to be
unable to fuse into and repair existing skeletal muscle
fibers, leading to muscle atrophy.® A component of this
muscle damage appears to be disruption of the existing
extracellular matrix surrounding skeletal muscle fibers.
We propose that the tumor-induced disorganization of
the extracellular matrix creates an environment that is not
suitable for functional muscle regeneration, thereby
contributing to muscle wasting in cancer.
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Moderate load eccentric exercise training
rehabilitation

in

Hans Hoppeler

Department of Anatomy, University of Bern, Bern,
Switzerland

* Hans Hoppeler: hoppeler@ana.unibe.ch

In concentric contractions, muscles shorten and perform
positive work leading to acceleration or to gain in
potential energy. During eccentric contractions, activated
muscles undergo lengthening and perform negative work
i.e. they are used to decelerate. The physiological
properties between concentric and eccentric contractions
differ markedly. At similar angular velocities, the torque
that muscles produce during eccentric contractions is
several times higher than during concentric contractions.
This is because the developed tension is remaining
constant with increasing (negative) angular velocity.
Muscle tissue thus suffers much higher stress during
eccentric than during concentric contractions, eventually
leading to muscle damage and delayed onset muscle
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soreness (DOMS;).! The metabolic energy requirements
are typically some four fold lower for performing a
similar amount of negative (eccentric) than positive
(concentric) work.2 Additionally, the same authors also
showed that the integrated EMG activity for producing
negative torque is only half that necessary to produce a
similar amount of positive torque. This means that it is
more difficult to control eccentric contractions. We have
used moderate load (50-350 Watt) eccentric exercise on
a recumbent eccentric ergometer to increase strength and
muscle mass in subjects with coronary artery disease.® By
carefully ramping up the training loads from very low
loads, delayed muscle soreness and muscle damage was
circumvented. We now use controlled moderate load
eccentric exercise mainly in a number of rehabilitative
settings of the lower extremity. These comprise general
deconditioning in particular in old age sarcopenia,
reconditioning after repair of the anterior cruciate
ligament as well as rehabilitation after total knee
arthroplasty. Our findings are in line with studies for
these conditions that show better effects of using
protocols including eccentric loads.*® Using an eccentric
recumbent ergometer allows for precise control of the
training conditions. Patients work in a closed muscle
chain at angular velocities similar to those experienced
during normal cycling or walking. We start eccentric
conditioning with 2-3 sessions per week. Each session
consists of 4 bouts of 5 minutes of eccentric exercise
separated by 2 minutes of rest. Initial loads are typically
25 Watt with a cadence of 40 RPM. We then increase
load up to 100 Watts and cadence up to 60 RPM without
provoking muscle soreness. We can prevent
deconditioning with 1 training session per week.

Keywords: eccentric exercise, rehabilitation exercise
training, strength
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SRF-mediated mechanotransduction is essential for
the response to exercise in cancer patients and animal
models
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Exercise training is used as an anti-cachexia treatment in
clinical trials, due to its capacity to regulate both the
metabolic disturbances and the severe muscle wasting
which characterize cachexia®?. Most of the molecular
mechanisms underlying exercise beneficial effects are
still unknown. Serum Response Factor (SRF) is a
transcription factor of pivotal importance for muscle
homeostasis, acting as a mechanosensor depending on
muscle contraction®. We show that cancer patients have
reduced SRF activity associated to cachexia, but exercise
increases SRF expression even in this condition, likely
favoring the rescue of SRF transcriptional activity. To
address this issue, we exploited a pre-clinical model of
cancer cachexia (C26-bearing mice), with a subset of the
mice exercised by wheel running. We found that exercise
rescues SRF expression in a dose-dependent manner,
while also counteracting cachexia. Furthermore, exercise
has no longer effect in SRF-KO mice showing that SRF
is necessary for exercise effectiveness. SRF
transcriptional activity promotes the expression of
several target genes, including pro-myogenic factors as
well as IL-6 and IL-4. The latter is sufficient to counteract
the negative effects of tumor-derived factors on muscle
cells*. We also show that exercise promotes the
downregulation of Pax7 and, thus, the incorporation of
nuclei in muscle fibers. Finally, we show in vitro that the
purely mechanical stimulation of myotubes mimics
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exercise (including SRF activation, IL-4 secretion and
myoblast incorporation into myotubes) being sufficient
to counteract the negative effects of tumor-derived
factors. Our findings highlight a model whereby the
mechanical stimulation of the musculature, through the
essential activation of the SRF-dependent pathway, has
paracrine/endocrine effects, consisting of IL-6 and IL-4
secretion by the muscle itself. These two cytokines have
multiple, positive effects on both the muscle fibers (or
myotubes, in vitro) and the activated myoblasts: indeed,
protein degradation is diminished in the muscle fibers,
whilst myoblast are recruited to the muscle fibers
contributing to maintain muscle homeostasis in the
presence of cachectic factors. We propose the importance
of the mechanical stimulation, induced by exercise or
other means, for the regulation of muscle homeostasis
and we propose that IL-4 treatment may mimic the
beneficial effects of exercise.

Keywords: muscle wasting, cancer cachexia, SRF,
exercise, mechanotransduction
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Ghrelin in Cancer Cachexia and Aging-Related
Sarcopenia

Jose M. Garcia

University of Washington School of Medicine and
GRECC Puget Sound VA HCS, Seattle, USA

* Jose M. Garcia: Jg77@uw.edu

Muscle mass and function loss are key components of
both cancer cachexia and age-related sarcopenia. Other
features such as changes in food intake, energy
expenditure, inflammation and fat mass and metabolism
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are differentially modulated in these syndromes. In fact,
the co-occurrence of obesity in age-related sarcopenia
worsens its prognosis; whereas, higher body weight is
known to have a protective effect in cancer-related
cachexia. Ghrelin is a potent growth hormone (GH)
secretagogue known to increase muscle and fat by
increasing food intake and possibly by decreasing
inflammation and energy expenditure.! Hence, activation
of the ghrelin receptor GHSR1a by ghrelin or ghrelin
receptor agonists has been proposed as a potential
therapeutic target for cancer-related cachexia,?? and age-
related sarcopenia.* This talk will focus on the
differential effects and molecular mechanisms of action
of ghrelin in rodent models of sarcopenic obesity and
tumor-induced cachexia, and the potential therapeutic
implications of these recent research findings.

Keywords: GHSR-1a, muscle wasting; tumor; growth
hormone secretagogues.
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Exercise and chemotherapy-related muscle weakness
Ashley J. Smuder

Department of Applied Physiology and Kinesiology,
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* Ashley J. Smuder: asmuder@ufl.edu

Chemotherapy diminishes strength and promotes
muscular fatigue in cancer patients. Musculoskeletal
complications of cancer chemotherapy include lower-
extremity weakness, dyspnea, loss of functional
performance and muscle wasting. Growing evidence
supports the notion that participation in regular bouts of
physical activity improves muscular strength, reduces
fatigue and enhances quality of life in cancer survivors.
However, while exercise training in patients receiving
chemotherapy may mitigate the negative consequences
of cancer treatment on physical function, debate remains
regarding the optimal exercise prescription for patients
and complications such as age, co-morbidities and
treatment related side effects limit its use. Alternatively,
exercise is an effective tool that can be used to develop
therapeutic countermeasures designed to reproduce the
beneficial effects of increased muscular activity. In a
preclinical model of anthracycline myotoxicity, we have
shown that exercise training in combination with
doxorubicin reduces chemotherapy-associated weakness
and atrophy in both respiratory and hind limb muscles.
Our data suggests that exercise training can improve
mitochondrial iron homeostasis, resulting in a reduction
in mitochondrial reactive oxygen species production and
preservation of mitochondrial respiratory capacity when
performed prior to doxorubicin treatment. Further, this
study identifies novel exercise-induced adaptations to
skeletal muscle protein transporters with the potential to
alter doxorubicin muscular localization and iron
homeostasis.
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Mitochondrial Permeability Transition as Novel
Mechanism of Skeletal Muscle Atrophy
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Mitochondria are implicated in atrophy of aging skeletal
muscle, yet the link between specific changes in
mitochondrial function and muscle atrophy has not been
established. Prior studies have identified key roles for
mitochondrial reactive oxygen species (ROS) and
activation of caspase 3 in driving atrogene expression and
proteolytic cleavage of actomyosin, respectively.
Notably, mitochondrial permeability transition (MPT),
an event which involves the formation of a non-specific
pore across the mitochondrial inner membrane, results in
a large burst of ROS and release of a variety of
mitochondrial proteins, including cytochrome ¢ which
activates caspase 3. Despite this, the role of MPT as an
upstream event driving mitochondrial ROS- and caspase
3-mediated atrophy signaling has not been considered.
To address this gap, in a muscle cell culture system,
induction of MPT wusing doxorubicin (Dox) was
coincident with AIF translocation to myotube nuclei and
a large burst in ROS. Furthermore, Dox-induced MPT
caused muscle atrophy that was blocked using inhibitors
of MPT (cyclosporin A, bonkrekic acid, isoxazole 63),
inhibiting mitochondrial ROS (using MitoTempo), or
knocking down caspase 3 (using ShRNA). Furthermore,
maintaining single mouse flexor digitorum brevis (FDB)
muscle fibers in culture caused muscle fiber atrophy that
was blocked by the MPT inhibition. Together, these
results identify MPT as a novel mechanism of skeletal
muscle atrophy that depends upon both mitochondrial
ROS and caspase 3.
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Skeletal muscle adaptations to cancer and
chemotherapeutics in patients and the protective
effects of exercise
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Cancer and its treatment can profoundly affect skeletal
muscle, causing atrophy, impaired contractility and
mitochondrial dysfunction. These maladaptations are
best characterized in late-stage patients, where tumor-
and treatment-related factors likely contribute to muscle
deficits. Muscle atrophy and dysfunction, however, are
observed in patients with early-stage disease, who
comprise a large proportion of the cancer survivor
population and will bear the burdens of muscle atrophy
and dysfunction throughout their disease-free lifetime.
Cancer treatments represent a likely mediator of skeletal
muscle maladaptations in early-stage patients and
considerable evidence has accumulated from pre-clinical
work showing how a variety of chemotherapeutics
promote muscle atrophy and dysfunction. At present, no
therapeutics that specifically target skeletal muscle
maladaptations with cancer and its treatment have been
proven effective. Physical exercise, however, has been
shown to mitigate numerous symptoms and side effects
of cancer and its treatment and has been proven safe. This
presentation will review skeletal muscle phenotypes in
human cancer patients receiving chemotherapy with and
without tumor burden, potential mechanisms underlying
the effects of chemotherapeutics on skeletal muscle and
the potential protective effects of exercise.
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Physiological networks of training outcomes in
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A steady decline in the variety of the interconnected
physiological patterns occurs throughout ageing.
Network science approaches in ageing research represent
a recent advancement of the field, with interesting
perspectives both for predict adverse outcomes and
evaluate interventions. To provide a piece of evidence,
we analyzed a dataset obtained from the project named
“A.M.A. la terza eta” (2007-2019), consisting herein of
24 participants (11 F and 13 M, 71.2 £ 4.2 years) who
performed endurance training (ET) and 45 (15 F and 32
M, 69.6 £ 4.2 vyears) who were trained with
neuromuscular electrical stimulation (NMES). Four
networks were constructed resulting from data the two
protocols, before and after a 12-week training period. The
variables as nodes consisted of isometric strength of
quadriceps, handgrip strength, five times sit-to-stand test,
timed up-and-go test, body mass index, and estimated fat
mass. Edges consisted of partial correlation coefficients.
Graphical lasso regularization technique and extended

Bayesian  information criterion  (y=0.25) were
implemented. The stability of edge-weights and the
bootstrapped  significant difference of centrality

measures were evaluated; density of edges, Jaccard
Similarity Index (JSI), and weighted JSI were computed

=24 -

to compare the networks. Among the results, in both
protocols a reduction in network density after the training
period occurred. The ET group underwent a more marked
alteration of physiological interconnections after the
training period than NMES group. We suggest strength
may be considered the most accurate centrality measure
in case of low sample size, and comparisons of weighted
networks should be conducted by evaluating different
metrics, i.e., local, global, weight-related, sign-related.
The disentanglement of motor performances and
metabolic indexes should represent a threat to be
combated. A cross-sectional baseline evaluation of
networked parameters may add novel insights for
defining group homogeneity. The effectiveness of
physical exercise may be evaluated in terms of local and
global properties of physiological networks, ranking the
variables in terms of their centrality, computing emergent
properties of graphs, and applying adequate network
comparison methods.
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Novel mechanisms of uremic myopathy in chronic
kidney disease
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It is well known that chronic kidney disease (CKD) leads
to a progressive and debilitating myopathy characterized
by muscle weakness, fatigue, and atrophy/wasting that
negatively impact functional independence and quality of
life. Over the past several decades, numerous catabolic
pathways have been identified as being upregulated in
CKD contributing to the loss of muscle mass and
function. Given the diversity of these pathways, a major
gap in knowledge stems from our limited understanding
of the systemic events that stimulate these catabolic
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pathways in CKD, and thus there are no readily available
treatments for successfully preventing myopathy in
CKD. To this end, impaired renal function results in
elevation of many uremic toxins that negatively impact
muscle. Several established uremic toxins are derived
from tryptophan catabolism via kynurenine and indole
pathways. The most widely studied of the tryptophan
metabolites, indoxyl sulfate and kynurenines, causes
muscle atrophy and mitochondrial dysfunction in mice
with normal kidney function, although the underlying
mechanisms are unknown. This presentation will focus
on emerging data demonstrating molecular pathways that
link uremic toxins to skeletal muscle pathology,
including activation of proteolytic pathways and
mitochondrial dysfunction.

Keywords: Novel mechanisms; uremic myopathy;
chronic kidney disease.

References

1. Khattri RB, Thome T, Ryan TE. Tissue-Specific 1H-

NMR Metabolomic Profiling in Mice with Adenine-
Induced Chronic Kidney Disease. Metabolites. 2021
Jan 10;11(1):45. doi: 10.3390/metab011010045.
Thome T, Kumar RA, Burke SK, Khattri RB, Salyers
ZR, Kelley RC, Coleman MD, Christou DD, Hepple
RT, Scali ST, Ferreira LF, Ryan TE. Impaired muscle
mitochondrial energetics is associated with uremic
metabolite accumulation in chronic kidney disease.
JCI Insight. 2021;6(1):e139826. 2021. doi: 10.1172/
jci.insight.139826.

Thome T, Salyers ZR, Kumar RA, Hahn D, Berru FN,
Ferreira LF, Scali ST, Ryan TE. Uremic metabolites
impair skeletal muscle mitochondrial energetics
through disruption of the electron transport system
and matrix dehydrogenase activity. Am J Physiol Cell
Physiol. 2019 Oct 1;317(4):C701-C713. doi:
10.1152/ajpcell.00098.2019. Epub 2019 Jul 10.

*kkkk

#33. May 27, 2021
Sarcopenia and loss of muscle quality
Marco Narici

CIR-Myo Myology Centre, Neuromuscular Physiology
Laboratory, Department of Biomedical Sciences,
University of Padova,, Italy

* Marco Narici: marco.narici@unipd.it

Sarcopenia, the age-related loss of muscle mass and
strength, affects &gt;50% of the population aged 75 yr
and over and is a main cause of impaired physical
performance and reduced mobility.! Amongst the several
factors contributing to sarcopenia neurodegenerative
changes are regarded as primary drivers of this
condition,? and responsible for a-motoneurons and
neuromuscular junction (NMJ) degeneration, for muscle
fibre denervation,? which, also fuelled by mitochondrial
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dysfunction and oxidative damage,® lead to loss of motor
units and muscle weakness. One of the major functional
characteristics of sarcopenia is the disproportionate
decrease of muscle strength, known as loss of ‘muscle
quality’: at the age of 80 yrs, the loss of muscle strength
is about 4-fold greater than that of muscle size.* This
intrinsic muscle weakness, also known as a deterioration
in “‘muscle quality’ has traditionally been attributed to a
decrease in fibre specific tension, reduced excitation-
contraction coupling, reduced neural drive, accumulation
of non-contractile tissue,> and changes in muscle
architecture and tendon properties.> However, new
evidence suggests that this disproportionate loss of force
may also arises from changes in the extracellular matrix
(ECM) and of associated proteins, leading to a decrease
in lateral force transmission,® which in young muscle
normally contributes to >50% of muscle force output,’
and more that 3-fold of the force measured in fibre
bundles as opposed to the same number of fibres
deprived of ECM.8 Indeed, in rat muscle, lateral force
transmission is markedly reduced in old animals (-20%)
and even more in very old ones (-44%).° This suggests
that muscle weakness associated with sarcopenia may not
only originate from muscular changes but also from
alterations affecting the ECM leading to a decrease in
lateral force transmission. Recent work suggests that
estimations of lateral force transmission in humans may
be obtained from shear strain measured in vivo from MRI
strain tensor during graded muscle contractions.® This
experimental approach seems particularly promising
since fibre shear during contraction is assumed to be
related to lateral force transmission.

Keywords: Muscle strength; aging; muscle quality tissue;
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Exploring the TGFB network to identify novel
regulators of skeletal muscle adaptation

Paul Gregorevic
The University of Melbourne, Australia

* Paul Gregorevic: pgre@unimelb.edu.au

The Transforming Growth Factor-f (TGFp) signaling
network is an important regulator of skeletal muscle mass
and function and, thus, is an attractive therapeutic target
for muscle disease and sarcopenia. We have observed
that follistatin-based interventions (which modulate
TGF-B network activity) can promote muscle
hypertrophy that ameliorates aging-associated muscle
wasting. However, the muscles of old sarcopenic mice
demonstrate reduced response to follistatin compared
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with the muscles of young-adult mice. Using quantitative
transcriptomic and proteomic methods to examine the
mechanisms by which the TGFB network regulates
muscle adaptation, we identified that the E3 ubiquitin
ligase, ankyrin repeat and SOCS box protein 2 (ASB2) is
reduced in young-adult muscles in response to follistatin
treatment, but not in similarly-treated old sarcopenic
muscles. Preventing repression of ASB2 in young-adult
muscles  diminished  follistatin-induced  muscle
hypertrophy. Furthermore, ASB2 overexpression in
mouse muscles caused muscle atrophy and impairment of
force-producing capacity, while ASB2 knockdown
induced muscle hypertrophy, thereby demonstrating that
ASB2 is a TGFp network-responsive negative regulator
of muscle mass. Using mass spectrometry to investigate
ASB2-mediated changes to the muscle proteome, we
found that ASB2-induced muscle atrophy and
dysfunction were associated with the downregulation of
mitochondrial and contractile protein abundance, and the
upregulation of proteins involved in proteasome-
mediated proteolysis, protein synthesis, and the
cytoskeleton/sarcomere. Increased ASB2 also resulted in
altered proteome ubiquitination, however, there was no
simple relationship between changes in ubiquitination
status and protein abundance. Using label-free
proteomics to identify proteins interacting with wild-type
ASB2 and a mutant ASB2 lacking the C-terminal SOCS
box domain (dSOCS), we found that ASB2 interacted
with a range of cytoskeletal and nuclear proteins.
Combined, the findings provide insight into the
transcription and translation events governing follistatin-
mediated skeletal muscle adaptation, identify ASB2 as a
regulator of muscle mass implicated in the potential
adaptive dysfunction of old muscles, and highlight the
complex proteome and ubiquitinome changes that occur
during ASB2-mediated muscle atrophy and dysfunction.

Keywords: TGFp, Follistatin, muscle hypertrophy,
transcriptomics, ASB2, E3 ubiquitin ligase, muscle
atrophy, proteomics
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Invited Lecture: Calcium Entry Units: focus on the
alternative door for calcium ions in skeletal muscle
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Store-operated Ca?* entry (SOCE) is a ubiquitous cellular
Ca?* influx mechanism, first described in non-excitable
cells, that is triggered by depletion of intracellular Ca?*
stores (endoplasmic reticulum, ER). A major
breakthrough in the field was the identification of the two
essential molecular players in SOCE: STIM1, a Ca®*
sensor in the ER, and Orail, a Ca?* permeable channel in
the plasma membrane. SOCE is also well-documented in
skeletal muscle where it limits muscle fatigue during
repetitive stimulation. Also in muscle SOCE is mediated
by interactions between STIM1 and Orail channels.!
However, the precise subcellular location of STIM1-
Orail complexes in skeletal muscle is still debated. We
discovered that exercise in mice drives formation of new
junctions between stacks of sarcoplasmic reticulum (SR)
cisternae and transverse-tubules (TTs) containing
respectively STIM1 and Orail. We proposed that these
previously unidentified SR-TT junctions function as
Ca?* Entry Units (CEUs), providing a preferential
pathway for rapid reuptake of Ca?* into the SR during
repetitive muscle activity.? We also discovered that
CEUs are dynamic, as they increase in number and size
during exercise, while reduce following recovery.®

For many years the role of extracellular Ca?* for skeletal
muscle function was ignored. Our recent work represents
a pioneer study that identified exercise-driven dynamic
formation of new intracellular structures, a mechanism
potentially quite important for the delay of muscle
fatigue. As altered SOCE activity contributes to muscle
dysfunction in ageing and various myopathies, our
findings may also have implications for the
understanding of mechanisms involved in muscular
dysfunction.

Keywords: Ca?* entry unit (CEU); sarcoplasmic
reticulum (SR); store-operated Ca?* entry (SOCE).
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Stereology in a narrow sense is defined as a body of
methods that allow for extraction of quantitative 3-
dimensional information from 2-dimensional planar
sections of tissue or materials. Stereology uses principles
of statistics and of stochastic geometry and, if properly
executed, provides unbiased quantitative data with regard
to volume, length, surface, number and distribution of
structures of interest. Modern stereological techniques
are “design-based” and work without any assumptions
about the shape, size, orientation or distribution of the
objects under scrutiny. The estimated quantities of
interest are thus free of bias. Skeletal muscle poses a
significant challenge to stereological analysis because of
the extremely anisotropic organization of the tissue
elements. Muscle fibers are essentially unidirectional
arranged cylinders with all tissue elements surrounding
muscle fibers or laying within muscle fibers similarly
oriented to a varying degree with regard to the
longitudinal axis of the muscle fibers. In order to obtain
an unbiased estimate of any structural quantity of interest
it is essential that muscle tissue be sectioned with an IUR
(independent uniform random) procedure, which
guarantees that sections for analysis are random in all
three planes.? This approach is appropriate and efficient
for estimating volumes and surfaces such as
mitochondrial volumes and membrane surfaces.
However, for measuring aspects of capillarity the ITUR
approach has serious drawbacks. Due to capillary
anisotropy parameter estimates may have unfeasibly
large coefficients of variation. It may therefore be of
advantage to use a 3-dimensional approach such as
microangioCT of muscle tissue volumes.? To estimate
numbers of “particles” in muscle tissue such as cell
nuclei or satellite cells is a particular challenge. It is
necessary to adhere to rigorous counting methods using
appropriate counting frames, and to do that on two
consecutive sections of a known distance to obtain an
unbiased estimate of the particle of interest.

Keywords: Skeletal muscle; stereology; IUR; dissector;
sampling.
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Exertional/Environmental Heat Strokes (EHSs) are
hyperthermic crises triggered by strenuous physical
exercise and/or exposure to environmental heat, which
are caused by an altered intracellular Ca?* homeostasis in
muscle.l:2 We recently demonstrated that a single bout of
exercise on treadmill leads to formation of Calcium Entry
Units (CEUs), intracellular junctions that promote
interaction between STIM1 and Orail, the two proteins
that mediate Store-Operated Ca®* Entry (SOCE). SOCE
is a mechanism that is activated during muscle fatigue
and that allows recovery of extracellular Ca®* during
prolonged activity.>* The hypothesis underlying this
project is that assembly of CEUs during prolonged
exercise may predispose to Exertional Heat Stroke
(EHS), when exercise is performed in challenging
environmental conditions. To test this hypothesis, we
used different groups of mice: pre-exercised wild type
(WT) mice, in which assembly of CEUs was induced by
an incremental running protocol (as in ref. 3) and two
genetically modified mice which are known to be
hypersensitive to heat (RyR1- G2435R and CASQ1-null
mice).The animals were subjected to an exertional stress
(ES) protocol consisting of an incremental 45min
treadmill run at 34°C and 40% humidity (for CASQZ1-null
mice the protocol was reduced to 30 min to avoid
lethality). In all 3 groups of mice we tested the internal
temperature reached at the end of the ES protocol was
higher (RyR1-G2435R: 39.1°C + 0.85; CASQ1-null:
38.4°C + 0.07; WT pre-exercised: 38.8°C + 0.48)
compared to WT control that were not pre-exercised
(37.9°C £ 0.17). We then analyzed muscles by electron
microscopy (EM) and verified that: a) the number/area of
CEUs is higher in pre-exercised WT mice vs. control
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(Control: 2,0 £ 0,6; Exercised 1h: 9,7 £ 1,0); b) in RyR1-
G2435R and CASQ1-null mice CEUs are constitutively
present. The data collected indicates that presence of
CEUs correlates with a greater increase in body
temperature and could in principle predispose to EHS
when exercise is performed in challenging environmental
conditions.

Keywords: calcium entry unit (CEU), heat-stroke, store-
operated Ca2+ entry (SOCE).
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confocal, structured illumination and electron
microscopy analyses
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Limb girdle muscular dystrophy D2 (previously
LGMD1F) is a rare neuromuscular disease due to a
heterozygous mutation in the TNPO3 gene coding for
Transportin 3 (TNPO3). TNPO3 is an importin that
shuttles, from the cytoplasm to the nucleus, the
serine/arginine-rich proteins (SR-proteins) among which
the splicing factor SRSF1. The SR family includes
proteins involved in mRNA metabolism and essential
splicing factors that, regulating alternative splicing,
contribute to post transcriptional gene regulation. In this
way they affect the proteomic diversity in muscle,
contributing to the control of satellite cell fate during
muscle differentiation and helping the maintenance of
healthy muscle. Since the strict interaction between
SRSF1 and TNPO3, a mutation in TNPO3 could
downstream dysregulate SRSF1 function, affecting
splicing and causing abnormalities in fibers that
contribute to LGMD D2 pathogenesis. We analyzed if
myogenic differentiation could be modulated by
interactions between SRSF1 and TNPO3. The different
steps of myogenesis have been monitored in C2C12 cells
and TNPO3 expression have been investigated by
confocal and electron microscopy, showing that it
increases in nuclei of differentiated myotubes. The
interactions of TNPO3 and SRSF1 have been
quantitatively evaluated by a structured illumination
microscope: SRSF1 remains localized in the nucleus,
while TNPO3 decreases in the cytoplasm appearing
strongly clustered in the nucleus of myotubes, suggesting
that it could act in the proteomic network necessary
during myogenesis. These data stress the role of TNPO3
as a carrier of SRSF1 in crucial steps of myogenic
differentiation and could help to clarify the pathogenic
mechanisms of LGMD D2.

Keywords: TNPO3; SRSF1; Myogenesis.
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Exploiting live imaging to track nuclei during
myoblast differentiation and fusion in wild type and
dystrophic mouse models
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Skeletal muscle differentiation is a highly dynamic
process and correct nuclear positioning within myofibers
is essential for proper muscle regeneration and function.?
Hence, the mobility of myoblasts and of their nuclei
appears to be a critical parameter to evaluate myofiber
formation, but this highly dynamical process cannot be
analyzed by the standard procedure that relies on fixed
cells analyzed by immunofluorescence. We developed a
method to record myoblast differentiation and myotube
formation by time-lapse microscopy and we used a
software to perform quantitative analyses from the
automatic tracking of myoblast nuclei.? Our current
objective is to exploit this method to compare nuclear and
cell dynamics of myoblasts, isolated from wild type and
dystrophic mice, during differentiation. To extract
information on nuclei/cell movements data from the live
cell imaging experiments, we are performing
measurement of multiple parameters for each tracked
nucleus (e.g. velocity, trajectory length). Our aim is to
give new insights into the dynamics of myofibers
formation and into the pathogenesis of muscular
dystrophies.

Keywords: nuclear positioning; myofibers; live imaging;
cell tracking; muscular dystrophy.
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Regeneration of aged human muscle
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It is widely speculated that age related muscle atrophy is
a result of failure to maintain of muscle in the face of loss
by damage during day-to-day interaction with the
environment. This failure is, in turn, associated with a
loss of regenerative capacity by the satellite cell. To
examine this idea, we used a previously established
model in which fragments of human muscle regenerate
when grafted into immunodeficient mouse hosts.! Grafts
were obtained during autopsy of cadavers of individuals
of a range of ages at death. We found strong regeneration
of muscle fragments across the entire range of ages up to
91, suggesting that there was little evidence of a decline
of regenerative vigor with age.

Keywords: regeneration; aging; human; muscle;
immunodeficient mouse hosts.
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Nuclear misplacement and muscle regeneration in
long-term denervated human muscles before and
after FES
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After a complete spinal cord injury that damage soma and
axons of the lower motor neuron (LMN), the permanent
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 then severely
atrophic muscle fibers are frequent in muscle biopsies
harvested three to six years after permanent denervation.
Indeed, the percentage increased to 27 + 9% (p< 0.001),
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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, while seldom tough continuous events of
myofibers regeneration occurred presenting central
nuclei and embryonic myosin heavy chain positive
staining. Those events were present at lower level in
muscle biopsies harvested after two years of Functional
Electrical Stimulation.>® In conclusion, human muscle
fibers survive permanent denervation much longer than

Fig 1. Left Panel: Nuclear clumps are predominant
after many years of denervation in human
muscle fibers.! A, Normal muscle; B, 0.8- year
denervated muscle characterized by atrophy of
myofibers and seldom central nuclei; C, 4.1-
year denervated muscle showing severely
atrophic myofibers in which contractile
apparatus is almost absent and three or more
clumped nuclei can be identified in oblique
muscle sections. Scale bars: A, B, C =20 pm.
Right panel: Regenerative events in long-term
denervated human muscle without (A and B)
and after (D and E) several years of home-
based Functional Electrical Stimulation
(hbFES). Note the extent of recovery of
myofiber after years of hboFES.>¢ A and B, 0.7
and 8.7 years of denervation; C, Electron
micrograph of a regenerating myotube in long-
term denervated muscle, that is surrounded by
two layers of basal lamina; D, 2-year
denervation followed by 4.3 years of hbFES
training; E, 23.3-year denervation followed by
2.7-year hbFES training. Recently regenerated
myofibers are stained in green with an
antibody anti-embryonic myosin heavy chain.
Bars: AAB=100pum; C=20pm:D,E=
50 pum.
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generally accepted and relocation of myonuclei is a
general behavior in long term denervated muscle fibers.

Keywords: Nuclear misplacement; muscle regeneration;
long-term denervated human muscles; Functional
Electrical Stimulation.
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Sertoli cell-secreted factors have promyogenic and
antifibrotic properties on human DMD myoblasts
with different mutations
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Duchenne muscular dystrophy (DMD) is a recessive X-
linked lethal disease affecting one over 5,000 live male
births in which mutations in the dystrophin gene (DMD)
lead to lack of a functional protein resulting in
susceptibility of myofibers to rupture during contraction.
Muscles of DMD patients or experimental models of
DMD show progressive necrosis of the myofibers,
chronic inflammation and reactive regeneration, which
lead to exhaustion of muscle precursor cell pool and
replacement of myofibers with fibrous and fatty tissues.!
Although multiple therapeutic approaches have been
explored in the last decades and are still under
investigation, the standard therapy to DMD remains the
use of glucocorticoids despite their limited efficacy and
undesired side effects.2 We set up a preclinical approach
based on the peculiar properties of Sertoli cells (SeC)** a
cell type of the seminiferous tubules of the testis in which
they favor the maturation of developing germ cells and
protect them against the host immune system. Besides
creating a physical barrier (the blood-testis barrier), SeC
secrete a plethora of trophic and immunomodulatory
factors that confer to these cells the ability to survive long
time after engraftment, and protect allo- and xenogenic
engraftments of tissues and organs.® SeC isolated from
specific pathogens free (SPF) pre-pubertal pigs were
encapsulated in highly biocompatible alginate-based
microcapsules (MC-SeC) and injected into the peritoneal
cavity of mdx mice, an experimental model of DMD, in
the absence of pharmacological immunosuppression.®# A
single i.p. injection of MC-SeC resulted in amelioration
of muscle morphology and performance as a
consequence of the secretion by SeC of anti-
inflammatory factors and heregulin 1, an inducer of the
dystrophin paralogue, utrophin, opening new routes in
the treatment of DMD. However, information is lacking
about  possible direct effects of SeC on
myoblasts/myotubes. Here, we show that SeC secrete
factors able to stimulate cell proliferation in the early
phase of the myogenic differentiation process in murine
C2C12 and human (healthy and DMD) myoblasts. In
DMD myoblasts, SeC-derived factors delayed the
expression of the muscle-specific terminal differentiation
markers, myogenin and myosin heavy chain (MyHC)-II
in the early phase (24h) of the differentiation process;
nevertheless, SeC stimulated terminal differentiation (6
days) in these cells, suggesting that the promitogenic
activity of SeC does not affect the myogenic potential.
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Moreover, SeC inhibit the expression of the
myofibroblast transdifferentiation markers, COL1AL,
FN1 and CTGF/CCN2 in DMD myaoblasts, suggesting an
antifibrotic effect of the SeC-derived factors. Finally,
SeC induced utrophin expression in preformed DMD
myotubes regardless of the mutation, with the same
mechanism reported in dystrophic mice. Altogether,
these results further support the use of MC-SeC or SeC-
derived factors in the treatment of DMD patients, and
suggest that SeC-based approaches might be useful also
in improving the early phase of muscle regeneration,
during which myoblasts have to proliferate in order to
reach the critical amount required to replace the damaged
muscle mass.

Keywords: Duchenne muscular dystrophy; Sertoli cell;
muscle differentiation; fibrosis.
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Invited Lecture: The skeletal muscle satellite cell: still
young and fascinating at 60

Zipora Yablonka-Reuveni
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The skeletal muscle satellite cell was first described in
1961 based on its anatomical location between the
myofiber plasma and basement membranes. Soon after
the two 1961 independent reports by Alexander Mauro
and Bernard Katz, the satellite cells acquired candidacy
as the source of myogenic cells needed for myofiber
growth and repair throughout life. Cultures of isolated
myofibers, and subsequently, transplantation of single
myofibers, indeed have demonstrated that satellite cells
were  myogenic  progenitors.  ldentification  of
distinctively expressed molecular markers, in particular
Pax7, has facilitated detection of satellite cells using light
microscopy. With time, the satellite cells have also
gained the status of “myogenic stem cells” being capable

O Quiescent satellite cell, Pax7*

Activated satellite cell, Pax7*/MyoD*

Proliferative cell, Pax7*/MyoD*

@ Differentiating cell, Myogenin*/MyoD*
Reserve cell, Pax7*

Fig 1. Identification of distinctively expressed
molecular markers, in particular Pax7, has
facilitated detection of satellite cells and
their proliferating and differentiating
progeny in the muscle tissue, in isolated
myofibers, and in cultures derived from
satellite cells. The satellite cells have also
gained the status of “myogenic stem cells,”
being capable of self-renewal in addition to

producing differentiated progeny.
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of self-renewal in addition to producing differentiated
progeny. Despite the remarkable progress made since the
discovery of satellite cells, researchers have looked for
alternative cells with myogenic capacity that could
potentially be utilized for whole body cell-based therapy
of skeletal muscle. Yet, advances made with genetic
mouse models that permit inducible ablation of satellite
cells, have certainly reaffirmed the satellite cell’s
indispensable role in muscle repair. Genetic lineage
tracing has also helped in establishing that the satellite
cells strictly provide myogenic cells, but other cell
lineages may act in concert with satellite cells in
supporting muscle health. Despite much research, the
extent of contribution of satellite cells to muscle
maintenance in adult and old ages and during muscle
hypertrophy and atrophy, has still not been fully resolved.
Likewise, the molecular mechanisms of satellite cell
recruitment and the proliferation-differentiation-renewal
interplay awaits further studies. Another, yet to be
resolved aspect, encompasses the satellite cell
embryological origin in different muscles and the
molecular regulation of the cell’s progression to the
satellite cell phenotype. Thus, on the 60" anniversary
since its discovery, the satellite cell continues inspiring
us to unmask its fascinating secrets. In my talk, I will
present some of the historical milestones in the satellite
cell field and discuss some published and not-published
aspects of my years in myogenesis.

Keywords: satellite cell; pericyte; fibro/adipocyte;
diaphragm; extraocular muscle; Pax3/7.
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Are the mechanisms of muscle growth and
regeneration mutually compatible?
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Growth and regeneration of muscle both entail
successive proliferation, differentiation and fusion of
satellite cells, overseen by an orderly sequence of
expression of Myogenic Regulatory Factors. However,
detailed investigations of myogenesis muscle growth and
regeneration reveal fundamentally different dynamics
between the two,! bringing into question the issue of
whether they can efficiently operate contemporaneously
within the same tissue. Measurement of myonuclear
increase in fibers of the EDL muscle during the burst of
postnatal growth in the mouse corresponds closely to the
model of serial asymmetric divisions of associated
satellite cells,?® with one daughter cell from each division
entering myogenesis, the other remaining proliferative.
This process is identical in the mdx mouse and its wild-
type equivalent. In contrast, pulse-chase experiments
reveal that each episode of muscle degeneration,
provokes a rapid 2-3 day burst of proliferation of satellite
cells to repair the damaged muscle, of a size that can only
be achieved by a series of predominantly symmetric
divisions of myoblasts committed to myogenic
differentiation. Two such disparate processes of
myogenic dynamics must involve radically different
overall regulatory processes of control of satellite cell
proliferation that if operating within the same tissue are
likely to interfere with one another. In the mdx mouse,
the main phase of myogenic growth largely precedes the
onset of myopathic disease whereas in DMD boys, the
two processes co-exist for 18 years, perhaps accounting
for the milder clinical course in the mdx mouse by
comparison with the progressively severe disease seen in
DMD boys.

Keywords: symmetric/asymmetric cell division; stem
cell proliferation; muscle growth; muscle regeneration.
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Novel roles for satellite cells in muscle adaptation and
aging Novel roles for satellite cells in muscle
adaptation and aging
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Satellite cells are activated to proliferate and regenerate
damaged myofibers and contribute nuclei to growing
myofibers in response to hypertrophic stimuli. We
showed that activated satellite cells/myogenic progenitor
cells (MPCs) may also regulate remodeling of the
extracellular matrix during hypertrophic growth through
interaction with fibroblasts. We showed that in vitro,
MPC-derived extracellular vesicles (EVs) down-regulate
fibroblast collagen expression and depletion of MPC EV-
derived microRNAs, particularly miR-206, eliminates
this effect. Muscle atrophy occurs with age (sarcopenia),
and both muscle regeneration and the hypertrophic
response are blunted in old age, associated with a decline
in satellite cell abundance. However, whereas depleting
satellite cells in mouse muscle throughout adulthood
does not exacerbate sarcopenia, it does reduce muscle
adaptability to lifelong exercise. Senescent cells
accumulate in young adult and aged muscle in response
to both injury and a hypertrophic stimulus (mechanical
overload), which persist in aged muscle. Senolytics
preferentially improve muscle regeneration and
hypertrophy, and increase satellite cell abundance in old
muscle, whereas senolytics may have detrimental effects
in young muscle. Additional molecular and cellular
adaptations to senolytics in old muscle will be presented.
Acknowledgements: This work was supported by grants
from NIA and NIAMS.
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Tetraspanins are a family of proteins known to assemble
protein complexes at the cell membrane. They are
thought to play diverse cellular functions in tissues by
modifying protein-binding partners, thus bringing
complexity and diversity in their regulatory networks.
Previously, we identified the tetraspanin KAI/CD82 as a
prospective marker for human muscle stem cells. CD82
expression appeared decreased in human Duchenne
muscular dystrophy (DMD) muscle, suggesting a
functional link to muscular dystrophy, yet whether this
decrease is a consequence of dystrophic pathology or a
compensatory mechanism in an attempt to rescue muscle
from degeneration is currently unknown. We studied the
consequences of loss of CD82 expression in normal and
dystrophic  skeletal muscle and examined the
dysregulation of downstream functions in mice aged up
to 1 year. Expression of CD82 is important to sustain
satellite cell activation, as in its absence there is
decreased cell proliferation and less efficient repair of
injured muscle. Loss of CD82 in dystrophic muscle leads
to a worsened phenotype compared to control dystrophic
mice, with decreased pulmonary function, myofiber size,
and muscle strength. Mechanistically, decreased
myofiber size in CD827 dystrophic mice is not due to
altered PTEN/AKT signaling, although increased
phosphorylation of mMTOR at Ser2448 was observed.
Basal CD82 expression is important to dystrophic
muscle, as its loss leads to significantly weakened
myofibers and impaired muscle function, accompanied
by decreased satellite cell activity that is unable to protect
and repair myofiber damage.
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Skeletal muscle stem cells, i.e. satellite cells, are the
essential source of new myonuclei for regeneration of
skeletal muscle tissue following acute injury or in chronic
degenerative myopathies. Both satellite cell number and
regenerative capacity diminish during ageing. Yet, the
molecular regulators that govern the sizing of the initial
satellite cell pool are currently unknown, and little data
exist for satellite cell population homeostasis in the adult.
Here, we show that transgenic TEADZI-expressing
skeletal muscle features a dramatic satellite cell
hyperplasia but surprisingly without affecting muscle
tissue size. Such super-numeral satellite cells attain a
‘normal’ quiescent state, accelerate regeneration, and
maintain regenerative capacity over several injury-
induced regeneration bouts. In dystrophic muscle, the
TEADLI transgene also ameliorated the pathology. We
further demonstrate that hyperplastic satellite cells
accumulate non-cell-autonomously via signal(s) from the
TEAD1-expressing myofibers, suggesting that myofiber-
specific TEAD1 overexpression activates a physiological
signaling pathway(s) that determine initial and
homeostatic satellite cell pool size. Applying differential
gene expression analysis to the TEAD1 transgenic mouse
model, we have identified several candidate molecules
for scaling of the satellite cell pool. We are initially
focusing our studies on a paracrine signaling ligand, i.e.
FGF®6, for its muscle-specific expression pattern during
development and current lack of data on potential
contributions from FGF6 to satellite cell pool scaling
during early postnatal development. We are currently
investigating SC pool formation in FGF6 germline
mutant mice and will discuss our findings. We propose
that TEAD1 and its downstream effectors are medically
relevant targets for enhancing muscle regeneration.
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Skeletal muscle stem cells, i.e. satellite cells (SCs),
engage in apical contacts with the sarcolemma and basal
contacts with the surrounding basement membrane.
Protein components that regulate cell polarity or mediate
these contacts are known to contribute to SC’s
quiescence, activation, proliferation, renewal, as well as
differentiation.)® Our understanding of how these
components mediate multiple aspects of SC biology
remains incomplete. We have previously shown that a
tight-junction-like  complex (including membrane
palmitoylated protein 7, i.e. Mpp7, and Angiomotin®* at
the apical contact and the Bl-integrin at the basal
contact,! mediate multiple aspects of SC function.
Extending these lines of investigation, we focus on
events downstream of integrins and Mpp7. We will
report phenotypes for SC-specific conditional knockouts
(SC-cKO) of integrin linked kinase (l11k), focal adhesion
kinase (Fak),> Mpp7, and Angiomotin in the mouse. For
example, single SC-cKOs of Ilk and Fak, two main
downstream effectors of integrins, do not phenocopy the
SC quiescence-breaking defect reported for B1-integrin
SC-cKO, but do display defects in subsequent myogenic
progression. On the other hand, single SC-cKOs of
Mpp7 and Angiomotin show SC proliferation and
renewal defects, resulting in severe deficits in
regeneration. Further characterization using cell
biological, molecular and biochemical approaches is
underway to decipher how these components operate in
select myo-regenerative steps. Our eventual goal is to
reach a comprehensive understanding of the cross-talk
between apical and basal components in the SC to
orchestrate the step-wise regenerative process of the
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skeletal muscle in normal, pathological and aging
contexts.
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Satellite cells are adult stem cells that are required for
adult skeletal muscle regeneration, and contribute to a
self-renewed, quiescent reserve population. Somite-
derived satellite cell populations that reside in
anatomically and functionally distinct skeletal muscles
differ in their abilities to self-renew, and this process also
varies with age. We use the nestin-GFP transgenic mouse
model for sorting and tracking of both satellite cell
populations and their respective reserve progeny based
on GFP reporter expression. Compared to hind limb
muscle, sorted GFP+ satellite cell populations isolated
from diaphragm produced greater than 3-fold the
abundance of nestin-GFP+ reserve cells. Reserve cell
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generation was less impacted by age based on clonal
analysis of resident satellite cells from the diaphragm.
Quantitative expression analysis revealed ~16-fold
higher Pax3 transcript levels in diaphragm satellite cells
compared to limb. These higher relative Pax3 levels were
maintained in cultured progeny of diaphragm satellite
cells and in sorted reserve cells in primary culture.
Alternatively spliced Pax3 mRNAs were also detected in
diaphragm satellite cells and reserve progeny, but Pax3
protein was not detectable within diaphragm in vivo or in
primary myogenic cultures established from diaphragm.
These molecular attributes indicate that satellite cells
retain their identity within their muscle origin, but share
convergent myogenic programs. Nestin-GFP reporter as
an expressed marker of reserve cell development in
myogenic culture presents opportunities to investigate
mechanistically the influences of cis and trans regulatory
elements, epigenetic control and aging using single cell
genomics approaches. The unique expression of the
reporter in quiescent cells also allows investigation of the
local signals in the myogenic niche that maintain or
release satellite cells and reserve progeny from the
quiescent state in vivo and in co-culture models.
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Muscle stem cells are heterogeneous in properties,
largely resulting from their anatomical location; those in
the head are molecularly and functionally distinct from
those in the body. Therefore, the modular design that
establishes muscles during development might explain
why only subsets of muscles exhibit pathology in
different myopathies, whereas others escape the disease
process. The regulation of skeletal muscle stem cells
during homeostasis and regeneration involves an
interplay between extrinsic and intrinsic cues. Multiple
pathways have been identified that modulate muscle stem
cell quiescence and properties. Notably, the proliferation
and differentiation properties of extraocular and limb
muscles are distinct. To address the underlying
mechanisms of this diversity, we performed
transcriptional profiling and functional assays of satellite
cells isolated from cranial and limb muscles and
identified core gene regulatory networks that are
common and unique to each population. How
extracellular signaling impinges on intracellular
decisions to differentially regulate proliferation and
differentiation in vivo and ex vivo will be discussed.
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While myogenic differentiation is known to be driven by
the coordinated expression of myogenic regulatory
factors (MRFs) how these factors are regulated
throughout myogenesis is not well understood. Using
human rhabdomyosarcoma cancer cells as an unlikely
model system, we discovered that myogenic
differentiation is regulated by histone deacetylase
(HDAC) epigenetic reprogramming that suppresses
myogenic gene expression. Rhabdomyosarcoma is a
pediatric cancer that is characterized by a sustained
myoblast-like proliferative state. Disruption of the
oncogenic drivers of diverse rhabdomyosarcoma cancer
cells leads to largescale myogenic differentiation
suggesting that the cancer cells retain their myogenic
capacity. Using a CRISPR arrayed screening approach
to investigate the function of all HDAC Class | genes in
rhabdomyosarcoma, HDAC3 was identified as a major
repressor of myogenesis in these cancer cells. Structure-
function studies revealed that HDAC3 works within the
nuclear receptor corepressor complex (NCOR) to prevent
the activation of myogenesis. Targeted ablation of
members of the HDAC3/NCOR complex resulted in
complete myogenic differentiation of the cancer cells,
which can be rescued through overexpression of
functional genes. We have established a working model
for the potential role of the HDAC3/NCOR complex in
regulating MRF function during myogenesis.
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Facioscapulohumeral muscular dystrophy (FSHD) is a
prevalent autosomal-dominant myopathy, characterized
by a slowly progressive skeletal muscle weakness and
wasting. We recently found that a regenerative response
is elicited in FSHD muscle (Banerji et al., 2020). Muscle
biopsies from FSHD patients have a transcriptomic
signature characteristic of muscle regeneration, with an
average of 0.5% regenerating myofibers per quadriceps
biopsy, rising to 1.7% for tibialis anterior. Muscle
regeneration in FSHD is correlated with pathology, as
marked by central nucleation of muscle fibers, fibrosis
and necrosis. To investigate regenerative myogenesis in
FSHD, we have performed extensive analysis of RNA-
Seq data. We found that FSHD is characterised by
suppression of PAX7 target genes (Banerji et al., 2017)2
and identified several pathways that are perturbed (e.g.
Banerji et al., 2019).2 Here, | will update on our progress
in understanding regenerative myogenesis in FSHD.
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Heterotopic ossification (HO), the formation of bone in
skeletal muscles and associated soft tissues, is manifested
in its most extreme form in the rare genetic disease,
fibrodysplasia ossificans progressiva (FOP), which is
caused by a gain-of-function mutation in the BMP type |
receptor, ACVR1 [ACVR1(R206H)]. FOP patients
suffer progressive and life-long severe disability as a
cumulative consequence of broadly distributed HO,
which interferes with skeletal muscle function, and
results in joint ankylosis and other complications that
dramatically decrease quality of life and life expectancy.
We have shown that fibro/adipogenic progenitors (FAPS)
are a major contributor to HO in an accurate genetic
mouse model of FOP. Using conditional mutagenesis and
receptor  over-expression, we show that the
stoichiometric balance of wild type (WT) to mutant
ACVR1 receptors is a key determinant of disease
severity, consistent with a model in which WT and
mutant ACVR1 compete for limiting ligand or type Il
receptor dimerization partners. We have undertaken
transcriptome analyses of FAPs during critical early
stages of disease progression to better understand
molecular  underpinnings of  their  pathogenic
commitment to skeletogenic fates resulting from
dysregulated signaling through ACVR1(R206H). Key
regulators of chondrogenesis and osteogenesis, including
Sox9, Runx2, and Osterix, were expressed by 3 days
post-injury, 2 to 3 days prior to the histological
appearance of cartilage, and 4 to 7 days prior to detection
of bone by microCT and histology. Other gene
expression changes will be discussed. Previous studies
have identified activin A as an essential ligand for
ACVR1(R206H)-dependent HO in FOP mice. We show
that treatment of FOP mice with an anti-activin A
antibody normalizes the FAP transcriptome at early post-
injury time points, indicating that activin A-dependent
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pathogenic processes include pre-skeletal stages,
consistent with the requirement for activin A in the early
expansion of FOP FAPs in a transplantation model.
These studies implicate FAPs as a central therapeutic
target for the treatment of FOP.
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Vertebrate skeletal muscle is composed of post-mitotic,
multinucleate myofibers. In response to injury, skeletal
has a remarkable capacity to regenerate. A population of
dedicated stem cells, the satellite cells, is responsible for
regenerating the myofibers. In the absence of injury,
satellite cells are quiescent and reside in a niche between
the plasmalemma and the basement of the mature
myofibers. However, injury stimulates satellite cells to
activate, proliferate, migrate, fuse, and differentiate and
regenerate damaged myofibers. Interactions between
myogenic cells, macrophages and endothelial cells are
also critical to the regenerative process. There have been
limited efforts to visualize the in vivo cellular response
to injury largely due to the difficulty of imaging skeletal
muscle in three dimensions. We use novel techniques to
image muscle regeneration in whole-mount, in
combination with genetic lineage to label and track the
fate of satellite cells and immunofluorescence to label
endothelial cells and macrophages. Our studies provide
critical new insights into the cellular dynamics and

interactions governing satellite cell-mediated
regeneration.

Keywords: muscle regeneration; satellite cells;
macrophages; endothelial cells.
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Satellite cells are a population of muscle stem cells that
are crucial for supplying additional myonuclei to muscle
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fibers during post-natal growth and for repair post-injury.
Insulin-like Growth Factor-1 (IGF-I) expedites skeletal
muscle growth and regeneration by amplifying satellite
cell ~ proliferation and  accelerating  myoblast
differentiation. It has been postulated that IGF-I diffuses
into the satellite cell niche, however, it remains unclear if
satellite cells rely on an autocrine source of IGF-I for
their actions, or a paracrine source of IGF-I from the
myofibers or other cell types. Thus, we sought to
determine the critical sources of IGF-1 for muscle growth
and regeneration. We generated novel mouse models
with inducible tissue- and cell-specific ablation of IGF-I:
MID (Muscle IGF-I Deficient)! SID (Satellite cell IGF-I
Deficient), SMID (Satellite cell and Muscle 1GF-I
Deficient) and CTRL (control mice lacking the floxed
exon 4 of Igfl), to test the hypothesis that satellite cells
require an autocrine source of IGF-1 for muscle
regeneration. To assess the efficiency of muscle
regeneration, mice (n=4/sex/timepoint/genotype) were
treated with Tamoxifen (TAM) and/or Doxycycline
(DOX) to induce IGF-I deletion prior to unilateral
Cardiotoxin (CTX) injection, targeting the tibialis
anterior (TA) as previously described.? The mass of TA
muscles from all groups at days 3-7 post-CTX were
significantly lower (p<0.05) than contralateral non-
damaged muscles. All groups were able to recover to
non-damaged mass levels at day 14 post-CTX except SID
animals. Importantly, muscles from SID and SMID mice
displayed ~36% decreases in fiber sizes compared to
CTRL and MID at day 7 post-CTX using SMASH
analysis,® suggesting the importance of IGF-1 from
satellite cells for muscle regeneration. Surprisingly,
SMID mice were able to recover to CTRL levels in fiber
area, indicating a potential compensatory IGF-I supply
from non-muscle sources. Next, we tested the hypothesis
that satellite cell IGF-I is also critical for muscle
development. Pups at post-natal day 3 (P3) were treated
with TAM and/or DOX for 5 days to induce 1gf1 deletion,
and muscles were harvested at P28. Additional vehicle
(VEH) treated pups were used as littermate controls. We
observed a 25% and 30% decrease in quadriceps mass of
SID and SMID animals, respectively, when compared to
CTRLs. This points to the importance of muscle 1GF-I
content for muscle development. In conclusion, IGF-I
generated by satellite cells is critical for efficient skeletal
muscle regeneration, while both satellite cells and
myofibers provide integral sources of IGF-I for muscle
development.

Keywords: Satellite cells; IGF-1; regeneration; autocrine
signaling.
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Skeletal muscle regeneration is a crucial mechanism to
repair and maintain muscle mass and function throughout
life. Skeletal muscle regeneration primarily requires the
participation of myogenic progenitors, termed muscle
stem cells (MuSCs). In a number of pathological
conditions that lack effective therapeutic interventions,
such as sarcopenia, muscular dystrophies, or cachexia,
skeletal muscles show a decline in MuSCs function and
a reduced repair ability.** MuSC function has also been
associated with muscle adaptation to every day physical
activity, playing a role in muscle adaptation in response
to exercise.>” Muscle stem cell function and regeneration
can be promoted/accelerated both in healthy and diseased
conditions to enhance muscle repair and maintain muscle
function. Therapeutic modulation of MuSC function has
mainly been investigated using pharmacologic drugs but
interest for nutritional interventions has been recently
growing.®%0 In an effort to identify natural bioactive that
could promote MuSC regenerative capacity, we have
developed and performed an in vitro high content
screening assay. Out of this screen, we selected few front-
runners that we have tested in an in vivo model of muscle
regeneration. These preclinical studies have successfully
demonstrated the ability of these compounds to promote
MuSC activity and muscle repair.
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Duchenne muscular dystrophy (DMD) is a caused by loss
of the force transmitting and membrane complex
organizing protein, dystrophin, and is characterized by
progressive skeletal muscle deterioration with failed
regeneration and replacement with a fatty-fibrous
matrix1. The disease affects both cardiac and skeletal
muscles, with the heart undergoing a dilated
cardiomyopathy2. Death is due to a combination of
respiratory and cardiac muscle failure. Micro-dystrophin
gene therapy has entered clinical trials and is now poised
to be a transformative therapy for the disease. However,
the impact of this gene therapy in humans is unknown,
and most of the animal studies with these vectors have
been performed in the mdx mouse on the C57/BI10
background, suffers from being a mild phenotype. We
used a severe mouse model of DMD, the mdx mouse on
the DBA background (D2.mdx mouse), which has
heightened inflammation and fibrosis as compared to the
more widely utilized mdx mouse on the C57/BI10
background. We administered AAV micro-dystrophin
gene therapy, using micro-dystrophins that are similar to
those currently in clinical trials, at one month or three
months of age. At 6 months of age (sedentary), skeletal
muscles demonstrated functional rescue, with greatly
diminished fibrosis. However, by 12 months of age, there
was significant disease progression. Thus it appears that
the micro-dystrophins can modify disease progression in
skeletal muscle, but that they do no stop progression. We
are currently examining combination therapies with
micro-dystrophin to attempt to further block disease
progression and to delineate the deficits of the micro-
dystrophin constructs in clinical trials.
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Oculopharyngeal muscular dystrophy (OPMD) is a rare
and slow-progressing, late-onset, autosomal dominant
inherited neuromuscular disorder that starts from midlife
onwards and progresses with age. It is characterized by
progressive ptosis, dysphagia and proximal limb
weakness. Despite the weakness associated with the other
muscle groups, it is the complications of dysphagia
(choking, regurgitation, aspiration pneumonia, poor
nutrition) that most often requires serious intervention in
order to preserve life. OPMD is caused by a short
(GCN)1-8 expansion in the gene encoding polyadenylate
RNA binding protein nuclear 1 (PABPN1).! The
mutation results in an expanded N-terminal polyalanine
tract and the misfolded protein (expPABPN1) forms
nuclear insoluble ribonucleoproteic aggregates in muscle
fibers.2® Although the physiopathological mechanisms
involved in OPMD are still under investigations,
therapeutic strategies are being developed in parallel,
since the mutation is known and restricted muscles are
affected. Currently OPMD patients can only be referred
to surgeons for cricopharyngeal myotomy or corrective
surgery to extraocular muscles to ease ptosis. Over the
last years we have been working on pharmacological,
cell-based and gene-based therapies for OPMD.
Pharmacological approach consists in testing anti-
aggregation drugs to remove intranuclear PABPN1
aggregates.*®  Cell-based  therapy  consists in
transplanting autologous myoblasts to improve affected
pharyngeal muscle function.® Gene therapy approach
consists in using adeno-associated viral vector (AAV)
since the size of PABPNL1 allows it: the approach is based
on a local AAV delivery in the pharyngeal muscles to
both silence mutated PABPN1 and bring back a modified
but functional PABPN1 protein in muscle fibers.*> An
overview and update on these strategies will be given.

Keywords: Oculopharyngeal Muscular Dystrophy;
aggregation; PABPNL1; cell therapy; AAV; gene therapy;
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Duchenne Muscular Dystrophy (DMD) is a lethal muscle
disease detected in approximately 1:5000 male births.
DMD is caused by mutations in the DMD gene, encoding
a critical protein that link the cytoskeleton and the
extracellular matrix in skeletal and cardiac muscles. The
primary consequence of the disrupted link between the
extracellular matrix and the myofiber actin cytoskeleton
is involved sarcolemma destabilization, perturbation of
Ca2+ homeostasis, activation of proteases, mitochondrial
damage and tissue degeneration. A recently emphasized
secondary aspect of the dystrophic process is a
progressive metabolic change of the dystrophic tissue;
however, the mechanism and nature of the metabolic
dysregulation are yet poorly understood. In the present
study,! we characterized a molecular mechanism of
metabolic perturbation in DMD. We sequenced plasma
miRNA in a DMD cohort, comprising of 54 DMD
patients treated or not by glucocorticoid, compared to 27
healthy controls, in three age groups. We identified 96
dysregulated miRNAs, of which 74 were up- and 22
down-regulated in DMD. We confirmed the
dysregulation in DMD of the Dystro-miRs, Cardio-miRs
and a large number of the DLK1-DIO3 miRNAs.>* We
also identified numerous dysregulated miRNAs, yet
unreported in DMD. We then developed an original
bioinformatic approach, which is based on miRNASs’
both target and host genes, for the biological
interpretation of mIRNA  dysregulation.  This
bioinformatic analysis predicted that lipid metabolism is
highly dysregulated in DMD. Investigation of skeletal
muscles of the mdx mouse model revealed dysregulation
of transcription factors of cholesterol and fatty acid
metabolism (SREBP1 and SREBP2), perturbation of the
mevalonate pathway, and accumulation of cholesterol in
skeletal muscles. Elevated cholesterol level was also
found in muscle biopsies of DMD patients. Treatment of
mdx mice with Simvastatin normalized these
perturbations and partially restored some dystrophic
parameters. This investigation supports that cholesterol
metabolism and the mevalonate pathway are therapeutic
targets in DMD.
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AR4-R23/ACT  micro-dystrophin  (uDys) is a
miniaturized version of dystrophin currently evaluated in
a Duchenne muscular dystrophy (DMD) gene therapy
trial to treat skeletal and cardiac muscle disease. In pre-
clinical studies, pDys efficiently rescues cardiac

- 44 -

histopathology, but only partially normalizes cardiac
function.2 To gain insights into factors that may impact
the cardiac therapeutic efficacy of uDys, we compared
the composition of purified dystrophin and uDys protein
complexes in the mouse heart using a proteomics-based
approach we previously optimized.> We report that
compared to dystrophin, uDys has altered associations
with al- and B2-syntrophins, as well as cavins, a group
of caveolae-associated signalling proteins.* In particular,
we found that membrane localization of cavins -1 and -4
in cardiomyocytes requires dystrophin and is profoundly
disrupted in the heart of mdx®>" mice, a model of DMD.
Under cardiac stress conditions, membrane-associated
cavin-4 is known to recruit the signalling molecule ERK
to caveolae, which activates key cardio-protective
responses.> Evaluation of ERK signalling revealed a
profound inhibition, below physiological baseline, in the
mdx®® mouse heart. Expression of uDys in mdx®® mice
prevented the development of cardiac histopathology but
did not rescue membrane localization of cavins nor did it
normalize ERK signalling. Our study provides the first
comparative analysis of purified protein complexes
assembled in vivo by full-length dystrophin and a
therapeutic micro-dystrophin  construct. This has
revealed disruptions in cavins and ERK signalling, that
suggest an impaired cardio-protective response in DMD.
This new knowledge is relevant to ongoing efforts to
prevent and treat heart disease in DMD patients.

Keywords: Duchenne muscular
cardiomyopathy; micro-dystrophin;
signaling; proteomic analysis.
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Elevation of cardiomyocyte 2-deoxy-ATP via gene
therapy reduces cardiac dysfunction in Duchenne’s
Muscular Dystrophy mice
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Duchenne muscular dystrophy (DMD) is one of the most
frequent forms of muscular dystrophy and is due to
mutations in the dystrophin gene. DMD patients
typically die due to cardiac and respiratory muscle
failure. Thus maintenance of adequate function in both
cardiac and skeletal muscle is critical for optimal DMD
therapy. Administration of recombinant adeno-
associated viral (rAAV)-mediated micro-dystrophin
(uDys) constructs in mdx mice preceding the onset of
cardiomyopathy is cardioprotective, however at a late
stage of cardiomyopathy, a full rescue of the dysfunction
is not achieved. We have developed a gene therapy
approach that improve cardiac contractile function by
over-expression of the enzyme ribonucleotide reductase
(RNR). RNR converts ADP to 2-deoxy-ADP, which is
rapidly converted to 2-deoxy-ATP (dATP) in cells. We
have reported that AAV6-RNR increases cardiac
function in normal and infarcted rodent and porcine
heart, increasing systolic pressure development and the
rate of pressure increase and decline (4,5) We have
shown that dATP is a myosin activator can replace ATP
as the contractile substrate for myosin, inducing
structural changes that increase its proximity to actin,
binding to actin and acto-myosin crossbridge cycling (2,
3). Here (1) we compared the relative therapeutic effect
of CK8-driven uDys vs cardiac troponin T (¢TnT)-driven
RNR in an advanced-age, DMD cardiomyopathy mouse
model. We show a restoration of myocardial workload
(via Langendorff perfusion), as indicated by rate pressure
product (RPP) for baseline function in mdx(4cv) mice of
27 months of age. Although pDys appeared to normalize
LV developed pressure in mdx mice, this did not result in
a significant increase in RPP. The pressure-volume
relationship with increased preload was improved by
either treatment. However, only RNR treatment resulted
in significant improvements in diastolic functional
parameters, returning them to values that were similar to
wild-type hearts. Both treatments improved systolic
function with high workload challenge, without
compromising cardiac reserve. These results suggest that
targeted expression of RNR to myocardium can
significantly improve contractile performance in an
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advanced-age DMD cardiomyopathy model, and may
have therapeutic implications for DMD patients.

Keywords: Duchenne muscular dystrophy; gene therapy;
myosin activator; systolic function; 2-deoxy-ATP.
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Duchenne Muscular Dystrophy (DMD) is a severe
degenerative muscle disease with early onset caused by
mutations in the dystrophin gene. Dystrophin is mainly
expressed in skeletal and cardiac muscle fibers, where it
is localized under the sarcolemma in association with
proteins of the dystroglycan complex to form the
dystrophin-associated protein complex. Lack of
dystrophin increases the susceptibility to formation of
micro-tears and fragmentation, which is followed by
fiber death and regeneration but also by inflammation
and repair. The latter process results in fibrosis, which
eventually predominates as the regeneration potential
decreases. Deregulation of Ca?* homeostasis leading to
increased levels of intracellular Ca?* is generally
accepted as an initiating event! that can contribute to
activation of calpains and degradation of muscle proteins
with an effect that is synergistic with oxidative and
nitrosative stress. Mitochondrial dysfunction appears
early with decreased respiration and ATP production
affecting both relaxation and repair of sarcolemmal
injury and decreased ability to buffer Ca?*. The long-term
effect appears to be a vicious cycle of mitochondrial Ca?*
overload and ATP depletion eventually leading to muscle
fiber death.? In a variety of muscle diseases, including
DMD, Ca?*-dependent mitochondrial dysfunction is
linked to the permeability transition pore (PTP), an inner
membrane channel the opening of which requires matrix
Ca?* and is favored by oxidants, while it is antagonized
by Mg?*, adenine nucleotides, reducing agents and acidic
pH3. In vertebrates, mitochondrial cyclophilin (CyP) D
is a key regulator that favors PTP opening. Pore
desensitization by CyPD inhibition has been the basis for
the use of cyclosporin (Cs) A in a variety of PTP-
dependent diseases.® Encouraging results have been
obtained in various disease models but efficacy of CsA
may be more limited in the long term, possibly due to the
untoward effects of calcineurin inhibition on fiber switch
to the more resistant oxidative type. Non-
immunosuppressive derivatives of CsA like NIM811 and
Debio 025 (alisporivir), which lack the ability to inhibit
calcineurin - but maintain the PTP-desensitizing
properties, are quite effective in muscle disease models.?
A caveat is in order with this strategy as well, however,
because at least sixteen CyP isoforms are known in
mammals and all will be affected by this class of
inhibitors. We have therefore developed novel PTP
inhibitors that do not act through CyPD are a very
promising treatment for experimental models of Collagen
VI myopathy and DMD.*® | will provide an update on the
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pharmacological inhibition of the PTP in models of
muscular dystrophy as well as in cells and muscle fibers
derived from patients.
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deregulation; muscular dystrophy; fiber death.
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Pompe Disease also known as glycogenosis type 2 is due
to deficiency in lysosomal alpha-glucosidase,a lysosomal
hydrolase and presents infantile and late onset variants
(LOPD). The myopathy in LOPD can be reversed by
ERT, but also by a high protein and aerobic exercise
therapy. From 65 Late onset Pompe cases, we were able
to obtain a self-reported evaluation from 58, most of
them gave a positive efficacy evaluation of Enzyme
Replacement Therapy (ERT) and they were classified by
a self administered scale as Responders (R) or non
Responders (NR).By a cooperative clinical group age,
sex, BMI, GMW scale and 6MWT were monitored,
however the only clinical parameters that were
significantly associated with a Responder category were
the use of regular diet , exercise or both. The present
study, shows that in LOPD the condition can be reversed
by ERT, but also benefits from concomitant diet and
aerobic exercise therapy.
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In vivo recovery of a-sarcoglycan mutants by protein
folding correctors
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Sarcoglycanopathies are rare genetic diseases in which
the disruption of the sarcoglycan complex results in
sarcolemma  fragility and  progressive  muscle
degeneration. Most of the reported cases are due to
missense mutations originating a folding-defective
sarcoglycan (SG) eliminated by the cells’ quality control
system, although potentially functional.! The molecular
mechanism of these diseases has been recently elucidated
allowing to envisage novel therapeutic possibilities. To
recover the mutants and avoid complex disruption, we
exploited the use of protein folding correctors belonging
to the CFTR modulators family. The effective rescue of
different SG-mutants has been proved for a few of such
molecules by using cell models and, importantly,
myogenic cells from sarcoglycanopathy patients.>® To
validate the pharmacological strategy in vivo we have
been forced to generate novel animal models of the
disease expressing a folding-defective SG, overcoming
the unsuitability of the available mouse models.*® To this
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intent, we transduced with AAV-SGCA hind-limbs of a-
SG null mouse pups resulting in transiently “humanized
hind-limbs”. Indeed, the adeno associated viral
transduction resulted in hind-limbs expressing the
endogenous -, y-, 8-SG, and the human o-SG (wild type
or mutated) carried by the virus. By this way, we met the
need of generating more than one model of the disease,
and we had the possibility to control the amount of the
mutated a-SG expressed by the virus. No major effects
on survival, body weight and general behavior have been
observed in transduced animals. Histological and
molecular characterization of the hind-limb muscles from
2 months old mice evidenced the recovery of the
dystrophic phenotype when the wild-type sequence of the
human a-SG was transduced, while the presence of a
mutated o-SG resulted in pathologic features. Mice with
“humanized hind-limbs” were then chronically treated
with the most promising CFTR corrector, by intra
peritoneal injection. The molecular and histological
analyses of samples revealed an increase of the a-SG
content, a reduction of the signs of myopathy and the re-
localization of the SG-complex at the sarcolemma in
comparison to the vehicle treated animals. No sign of
toxicity was observed during treatment. Even though a
great variability is present, this is the first in vivo
evidence of the efficacy of CFTR correctors in
sarcoglycanopathy.
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Duchenne muscular dystrophy is the most common
neuromuscular disorder of early childhood and
characterized by multi-systemic complications that are
caused by a primary abnormality in the X-chromosomal
DMD gene. In order to identify novel biomarker
candidates of the diverse pathophysiological aspects of
dystrophinopathy, our laboratories have initiated the
systematic survey of body-wide alterations in muscular
dystrophy. Mass spectrometry-based proteomics of the
established mdx-4cv mouse model of Duchenne
muscular dystrophy forms the basis of our analytical
approach. Data sets from comparative proteomic
investigations are routinely analyzed by systems
bioinformatics to determine potential dystrophinopathy-
related changes at the level of protein families,
biochemical pathways and protein-protein interaction
patterns. Proteomic changes in components of special
interest are verified by independent methodology,
including comparative immunoblotting, immuno-
fluorescence microscopy and enzyme assays. Our
systematic analysis has focused on the proteomic
analysis of various skeletal muscles (diaphragm, various
predominantly fast-twitching versus slow-twitching limb
muscles, extraocular muscle), cardiac muscle and smooth
muscle, as well as the brain, liver, kidney, spleen and
pancreas. In addition, the biofluid proteome of serum,
saliva and urine were investigated for disease-specific
changes in protein constituents. This bioanalytical
strategy has identified a large number of muscle-related
biomarker candidates involved in fiber contraction, the
physiological regulation of the excitation-contraction-
relaxation cycle, ion homeostasis, fiber metabolism,
cytoskeletal organization, adaptations of the extracellular
matrix and the cellular stress response. Importantly,
many indirect changes were identified to occur in the
liver, kidney and spleen that correlate well with body-
wide alterations in energy metabolism, physiological
regulation and the immune response. Novel biomarkers
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will now be tested for improving diagnostic and therapy-
monitoring approaches.
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Muscular Dystrophies (MDs) are a group of genetic
diseases characterized by progressive muscle wasting
associated to oxidative stress and  persistent
inflammation. It is essential to deepen our knowledge on
the mechanism connecting these two processes because
current treatments for MDs have still limited efficacy
and/or are associated with side effects. Here, we
identified the alarmin High Mobility Group Box 1
(HMGB1) as a functional link between oxidative stress
and inflammation in MDs. We previously demonstrated
that the oxidation of HMGB1 cysteines switches its
extracellular activities from the orchestration of tissue
regeneration to the exacerbation of inflammation.>? We
now found that the balance between HMGB1 redox
isoforms dictates whether skeletal muscle is in an
inflamed or regenerating state, and we propose the
rebalancing of HMGBJ1 redox isoforms expression as a
possible therapeutic approach to counteract the
progression of the dystrophic phenotypeKeywords:
inflammation; oxidative stress; muscular dystrophies;
HMGBL.
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a/B-hydrolase domain-containing protein 5 (ABHDS5) is
a lipid droplet-associated protein that promotes the
hydrolysis of triacylglycerols (TAGs) by activating
adipose triglyceride lipase (ATGL). ATGL is a lipase
which catalyzes the initial and rate-limiting step in
lipolysis by removing the first fatty acid from TAGs!.
ABHD5 gene mutations lead to Chanarin—Dorfman
syndrome (CDS), a rare condition in which TAGSs
accumulate in various tissues, including skin, liver and
muscle?. To date, 147 CDS patients have been described.
In these subjects, systemic involvement may manifest as
ichthyosis, hepatosplenomegaly and/or liver steatosis,
muscle weakness, hypotonia or muscle cramps,
nystagmus, cataracts and/or strabismus, deafness, and
mental retardation®4. Here we describe two novel
patients from two unrelated Turkey families. Both
subjects are males presenting widespread ichthyosis,
grade | hepatosteatosis and myopathy. Mutation analysis
reveals a frameshift mutation of ABHD5 gene, in
homozygous status, causing the production of a truncated
protein (p.N209*) which loses the putative interacting
domain required for ATGL activation. p.N209* is the
most common ABHD5 mutation, in particular in Turkish
patients (26/39)°. Since it is difficult to interpreter
ABHDS5 genetic variants in CDS patients, the description
of novel CDS cases might contribute to clarify genotype-
phenotype correlation.

Keywords:  Lipid  disorder;  Chanarin-Dorfman
Syndrome; ichthyosis; liver involvement; myopathy.
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Duchenne Muscular Dystrophy (DMD) is a lethal X-
linked disease that determines high oxidative stress
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levels, persistent inflammation, myogenic defects and
increasing fibrosis and fat deposition within muscles.
In this scenario, dysregulation of cellular crosstalk
among cell populations involved in muscle
regeneration results crucial.? Specifically, stem cell
niche of satellite cells (SCs), muscle stem cells, is fine-
tuned by immune cells, mainly represented by
macrophages (M®s) and interstitial cells, like fibro-
adipogenic progenitors (FAPs).>* The experimental
design took advantage of a dystrophic mouse model of
transient and inducible M® depletion recently
generated in our laboratory (mdxTGAM-DTR) = The
research plan also included a transcriptomic approach
based on genome-wide expression profiles of whole
muscle and muscle resident cells.> We analyzed the
effect of modulation of inflammatory environment on
muscle regeneration, focusing on the impact on
function of SCs and FAPs. Our data suggest that the
modulation of M®s in dystrophic muscles exerts a
deep impact on regeneration leading to an exacerbated
phenotype (5). Moreover, we revealed a direct
involvement of M®s in preserving SC and FAP
number and identity counteracting, in turn, muscle
degeneration. We also identified a novel cell
population, referred to as a7Scal, in M®-depleted
muscles of mdx!T6AM-DTR mice. Considering that, the
characterization of the role of macrophages will
provide crucial information to design and fine-tune
therapeutic approaches targeting inflammatory
component in dystrophic muscles.

Keywords: Crosstalk between M®s; resident cells;
dystrophic mouse model of M® depletion.
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Balneotherapy is a traditional therapeutic modality that
exploits natural methods for the treatment and the
prevention of several conditions. During the centuries, it
has been extensively applied and its effects have been
studied in detail. Balneotherapy is frequently used in
patients with musculoskeletal disorders (MSDs). In these
patients balneotherapy interventions such as mud baths,
mineral-rich water immersions, in-water exercises, etc.
have been widely used for years. Our purpose is to
explore recent evidence concerning balneotherapy
interventions in MSDs in order to define if they can
represent appropriate strategies to treat these patients. We
screen PubMed, MEDLINE and Google Scholar
databases using as keywords: balneotherapy, balneology,
spa therapy, Health resort medicine, peloidotherapy, and
musculoskeletal disorders. The results demonstrate the
beneficial effects of balneotherapy on musculoskeletal
function, inflammatory parameters, pain perception, and
Quality of Life in patients with MSDs. Balneotherapy,
especially if combined with rehabilitation interventions
and strategies for health education, can significantly
improve MSDs symptoms, pro-inflammatory substrate,
and psychological concerns of patients with chronic
MSDs. Combining the specific chemical effects of
mineral-rich waters and the well-known physical
properties, in addition to the effects on mental wellbeing,
peculiar to the surrounding natural environment,
balneotherapy interventions can be used to improve the
health status of patients affected by MSDs, representing
an effective alternative to in-hospital rehabilitative
interventions.
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Health resort medicine; peloidotherapy; musculoskeletal
disorders.
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The Euganean Thermal District (Italy) represents the
oldest and largest thermal district in Europe and its
therapeutic mud is considered a unique product whose
beneficial effects are documented since Ancient Romans
times. Mud properties are ascribed to heat and
electrolytes of the thermal water as well as on anti-
inflammatory molecules produced by its biotic
component. The therapeutic muds are in fact obtained
from natural clays applying a traditional maturation
process that leads to the growth of a green microbial
biofilm with Cyanobacteria as fundamental components.
The investigation of the healing effects of compounds
produced by these Cyanobacteria is an important goal for
scientific validation of Euganean mud therapies and in
general for the discovering of new health beneficial
biomolecules. So far, it has been demonstrated that
Phormidium sp. ETS-05, the most abundant
cyanobacterium of the mature muds, produce lipids such
as monogalactosyldiacylglycerol (MGDG), that showed
anti-inflammatory activity in vitro and in vivo (mouse).12
For this reason, Phormidium sp. ETS-05 is considered the
target species of the mud maturation process and the
effectiveness of its principles led to obtain a European
Patent of the mud therapeutic efficacy.® More recently,
we also investigated the therapeutic potential of
exopolysaccharides (EPS) produced by Phormidium sp.
ETS05, finding that they have anti-inflammatory and
pro-resolution activities in vivo (zebrafish), confirming
the high value of Euganean mud treatments for chronic
inflammatory  diseases recovery.* Moreover, we
performed an in-depth study on the microbiota
colonizing the Euganean thermal muds.> We analyzed 53
mature muds from 29 sites (Spas) using a polyphasic
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approach, finding a microbiota stable and peculiar of the
area with a Cyanobacteria population composition
dominated by Phormidium sp. ETS-05. We also obtained
the complete genome sequence of this target species
using a mixed sequencing approach based on Illumina
and Nanopore sequencing. This will be the base for future
studies to understand how mud maturation operating
parameters could influence the production of the active
therapeutic molecules (lipids and polysaccharides).

Keywords: Euganean Thermal District; Cyanobacteria;
anti-inflammatory  bioactive  molecules;  mono-
galactosyldiacylglycerols; exopolysaccharides.
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Question: does mud application produce histological
modification in muscle tissue? Thirty five in-patients
underwent twelve days of peloidotherapy in Techirghiol
during the year 2005. The study was approved by the
bioethics commission of the university and inclusion and
exclusion criteria and informed consent were applied.
The cropping was made from the left deltoid area and
fragments were histologic classical worked, examined
with a Nikon E-600 microscope and acquired with a
Sony video camera. The images were processed using the
LUCIA® G soft of image analysis. The general aspect of
muscle tissue shows an increased number of open
capillaries, congestion of blood vessels and presence of
neoangiogenesis  vessels. Patients who received
peloidotherapy presented an increased number of blood
vessels on the microscopic field, statistically significant
P(t) < 0,01. These result on muscle study after
peloidotherapy were never previously communicated or
published. In conclusion, neoangiogenesis vessels are the
evidence of histological modification induced by
peloidotherapy. The increased number of open capillaries
at the end of balneal treatment illustrates the fact that heat
exchange stimulates the thermoregulation and vascular
function and thus produces, beside functional hyperemia,
new vessels.

Keywords: histological study; deltoid muscle; mud
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North American Balneology has largely been focused on
wellness and recreation for the past 75 years. Academic
research and medical applications are largely absent from
the contemporary field. The Balheology Association of
North America (BANA) is working with thermal health
centers, natural spring managers, and potential patients
throughout North America to educate and grow the
understanding of the benefits of Balneology. Focusing on
convalescent care in a post-COVID world, and the
recategorization of thermal mineral waters as a
therapeutic agent, BANA aims to see North America
rejoin the international community standards for the
research and application of Balneology.
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The Gemeinnttzige Stiftung Zurzacher Kuranlagen was
set up at the instigation of Dr. Walter Edelmann and his
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wife in 1957. The establishment of this charitable
foundation was prompted by the discovery during
drilling operations of a hot spring at a depth of more than
400m. Specifically, this turned out to be an alkaline
Glauber's salt thermal spring whose waters, with a
temperature of 40 degrees, have excellent healing
properties. The foundation's aim and purpose was to
cover future developments in the field of medicine.
Ultimately, this led to today's foundation group, the
multi-site expansion, the current name and the objective
of encouraging health promotion in the areas of
prevention + rehabilitation and spa + wellness. The
Rheumatism and Rehabilitation Clinic  (today's
RehaClinic) in Bad Zurzach is the foundation's greatest
achievement. Alongside conventional Western medicine,
its focus now increasingly lies on the inclusion of
complementary treatment methods. Traditional Chinese
Medicine (TCM) Ming Dao is also a member of the
foundation group. Together with the RehaClinic, it
adopts an approach that marries conventional Western
medicine with traditional Chinese medicine. The
RehaClinic in Bad Zurzach was the first of its kind to
incorporate TCM into its therapies by making it an
established part of the inpatient rehabilitation process in
1995. Following 10 years of successful collaboration
between conventional medicine and TCM in treating
inpatients, this tried-and-tested concept was also rolled
out to a number of outpatient centers. Using a
combination of TCM and conventional medicine allows
patients to receive therapeutic support for a wide variety
of conditions. One of the hallmarks of TCM is its ability
to treat more than 90 different diseases. These include
strokes, dizziness, sleep problems, facial palsy, colds,
rheumatic conditions, pain syndromes, sciatica, shoulder
problems, pain in general, menstrual and fertility
problems, depression, hay fever, tinnitus and sore throats.
The combination of meridian acupuncture, acupressure,
cupping, warm wraps and herbal remedies, along with
mobilizing methods such as tai chi, gigong, kung fu or
the five elements nutrition theory, successfully produces
a long-term therapeutic effect at both the physical and
mental level. The healing waters of the thermal springs
also play a key role in the area of prevention and
rehabilitation. The alkaline Glauber's salt has both a
preventive and pain-relieving effect. The Bad Zurzach
Glauber's salt spring is used in the treatment of
musculoskeletal — disorders  (rheumatoid  arthritis),
neurological disorders (stroke, paralysis, Parkinson's),
vascular disease brought on by cancer and tumor diseases
as well as chronic pain. Various exercise baths with
different water temperatures and a spacious outdoor pool
underscore the importance of the Glauber's salt spring in
the recovery process. It alleviates rheumatic complaints,
especially wear and tear of the spine, the joints and soft
tissues. In addition, bathing has a positive effect on
movement and circulatory disorders, as well as on
residual paralysis of the central and peripheral nervous
system. The water is also suitable for drinking to treat
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gallbladder, liver and stomach ailments. That is why its
effect, and especially its preventive effect, when used in
thermal bath treatments is also the subject of ongoing
research within TCM prevention. The foundation
continually invests in education and research in order to
safeguard and integrate the benefits and effects of
complementary medicine.

Keywords: prevention and rehabilitation;
complementary medicine; TCM; conventional Western
medicine; alkaline Glauber's salt.
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Severe tooth wear, crowding, loss of masticatory units
and oncologic surgical resections are the most common
situations that require restoration of patient dental
occlusion.** Any dental work that changes the occlusal
surfaces and/or the tooth position could potentially
modify oral proprioception. Several study demonstrate
how the interdental perception threshold in healthy
subjects is less than 2 hundredths of a millimeter. Dental
treatments involving occlusal surfaces could change oral
proprioception  sometimes forcing neuromuscular
patterns to develop functional adaptations. Dental
afferents play a role in the masticatory muscles
recruitment than occlusal modifications could change
masticatory muscles global contraction intensity but also
their functional relationship. Indeed muscle imbalances
may originate from several factors including a higher
number of contacts, interference in the working or
balancing side and loss of posterior vertical support.* It
has been also demonstrated how proprioceptive dental
alterations may require also neck muscles functional
adaptations.®> Great number of subjects fortunately has a
wide functional adaptability indeed the relationship
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between abnormal muscle recruitment and symptoms
such as pain or signs of dysfunction like movement
limitation does not appear linear. The absence of clinical
symptoms (mainly pain) following an occlusal
intervention does not means a procedure free from
imperfections and/or anomalies. The muscles and
nervous tissue adaptability to new oral conditions
(without causing symptoms such as pain) could “mask”
changes in other structures, for example, teeth, bones and
joints.® Surface electromyography (SEMG) is a low-cost,
non-invasive method usable in research and in dental
clinical practice for the quantitative and qualitative
analysis of head and neck muscles.” Standardized SEMG
indexes allow to evaluate  occlusal-induced
proprioceptive mediated muscular recruitment in a
reliable way than merging biomechanical concepts with
SEMG standardized indexes, occlusal devices and
prosthesis adapting procedures could be clinically
performed in order to reduce the muscular adaption to the
new occlusal conditions or to re-establish physiological
muscular ~ coordination.®  Standardized  surface
electromyography  (sSEMG) protocols for static
(clenching) and dynamic (chewing and swallowing)
evaluation in the general dentistry practice and cranio-
mandibular-dysfunction will be discussed.

Keywords: masticatory ~ muscles;  instrumental
evaluation; dental practice.

References

1. Botelho AL, Gentil FH, Sforza C, da Silva MA.

Standardization of the electromyographic signal
through the maximum isometric  voluntary
contraction. Cranio. 2011 Jan;29(1):23-31. doi:
10.1179/crn.2011.005.

Benninger B, Lee BI. Clinical importance of
morphology and nomenclature of distal attachment of
temporalis tendon. J Oral Maxillofac Surg. 2012
Mar;70(3):557-61. doi: 10.1016/j.joms.2011.02.047.
Epub 2011 May 6.

Chang Y, Cantelmi D, Wisco JJ, Fattah A, Hannam
AG, Agur AM. Evidence for the functional
compartmentalization of the temporalis muscle: a 3-
dimensional study of innervation. J Oral Maxillofac
Surg. 2013 Jul;71(7):1170-7. doi: 10.1016/j.joms.
2013.04.005.

Trovato F, Orlando B, Bosco M. Occlusal features
and masticatory muscles activity. A review of
electromyographic studies. Stomatologija.
2009;11(1):26-31.

Ferrario VF, Sforza C, Dellavia C, Tartaglia GM.
Evidence of an influence of asymmetrical occlusal
interferences on  the  activity of  the
sternocleidomastoid muscle. J Oral Rehabil. 2003
Jan;30(1):34-40. doi: 10.1046/j.1365-2842.2003.
00986.x.

Le Bell Y, Jams& T, Korri S, Niemi PM, Alanen P.
Effect of artificial occlusal interferences depends on
previous  experience of  temporomandibular


mailto:IvanovaEP@nmicrk.ru

2021 PDM3 Program and Abstracts, May 26 - 29, 2021
Eur J Trans| Myol 2021; 31 (1): 9743. doi: 10.4081/ejtm.2021.9743

disorders. Acta Odontol Scand. 2002 Aug;60(4):219-
22. doi: 10.1080/000163502760147981.

Dong Y, Wang XM, Wang MQ, Widmalm SE.
Asymmetric muscle function in patients with
developmental mandibular asymmetry. J Oral
Rehabil. 2008 Jan;35(1):27-36. doi: 10.1111/j.1365-
2842.2007.01787.x.

Rosati R, Semelewa E, Satygo E, Ivanova EP, Rosati
F, Silin A, Ferrario VF. Standardized
electromyographic  indexes allow a reliable
measurement of masticatory muscles function. Stoma
Edu J. 2016;3(2):235-242.

*kkkk

#76. May 29, 2021

Modulation of respiratory function in a patient with
angina pectoris using transcutaneous auricular nerve
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Transcutaneous auricular nerve stimulation (tANS) is a
combined diagnostic and treatment technique, based on
normalizing the body's dysfunction through the
stimulation of the auricular branch of the vagus nerve at
specific sites on the external ear. tANS that potentially
influences afferent nerve activity can act directly on the
nerve fibers and thus alters the airway physiology. This
study aims to measure the effects of selective tANS at
predefined sites for both cymba concae (CC) on
respiratory function, assuming that it could be altered
with the tANS. The protocols were approved by the
National Medical Ethics Committee, Ministry of Health,
Republic of Slovenia (Unique Identifier No. 0120-
297/2018/6). Written, informed consent was obtained
from the 62-year-old male subject with angina pectoris.
The devices for the tANS are the plugs that contain four
platinum stimulating cathodes, a common anode
(AXELGAARD MANUFACTURING CO., LTD.,
Fallbrook, CA 92028, USA), and a microprocessor-
controlled stimulator with two independent outputs
(Shenzhen L-Domas Technology Ltd., Shenzhen,
Guangdong, China). The air-flow measuring system was
developed to assess the variations in the airflow, the
changes in the rhythm and the character of the respiration
produced by the selective tANS. This system comprised
a full-face mask and a ventilator flow sensor
(HAMILTON MEDICAL, Hamilton Medical AG,
Bonaduz, Switzerland) to measure the pressure
difference elicited by the bi-directional nasal airflow
using a modified transducer for invasive blood-pressure
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monitoring (Smiths Medical Deutschland GmbH,
Germany). The temporal parameters of the rectangular
current biphasic stimulating pulses were the following:
Frequency 45.5 Hz, Stimulating phase width 200 s,
Anodic phase width 200 s, Interphase delay 180 ps,
Pulse train duration 2.0 s and Time gap between
successive pulse trains 1.0 s. The intensity was pre-set
until the minimum discomfort at the site below the
deployed cathode was detected. The tANS trials were
conducted on a daily basis: one site on the left or right
CC a day. Each 20-minute trial started with the 5-minute
placebo, proceeded with the 10-minute tANS and ended
with the 5-minute placebo. The assessed signals fed to a
data-acquisition system (DEWESOFT d.0.0., Republic
of Slovenia) were gathered at 200 kHz and stored on a
portable computer (Lenovo, Beijing, China). To evaluate
the effect of tANS each of three segments within a
particular recording, were analysed manually. In an off-
line analysis, an average of the entities calculated within
the particular time period are the following: Breath length
calculated from readings during 10 breaths, Peak-to-peak
air flow calculated from readings during 10 breaths and
finally, Maximum slope of air flow calculated from
readings during 10 breaths. The study demonstrated that
the selective tANS had either a positive or negative effect
on the respiratory function in all the trials. The highest
positive and the lowest negative effects were observed in
the trial accomplished at the site indicated as left black,
while the lowest positive and highest negative effects
were observed in the trial accomplished at the site
indicated as left yellow. In other trials, these effects were
found to be between the above two results.

Keywords: Transcutaneous auricular-nerve stimulation;
external ear; respiratory function.
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Adjunctive Physiotherapy as a complement to
Balneology - A case report on the management and
effective treatment of Diabetic Neuropathic Foot
Ulcer using adjunctive physiotherapy

Marcus Coplin
Naturophatic Heaithcare, San Francisco, CA, USA

* Marcus Coplin: drmarcuscoplin@gmail.com

Balneology is a primarily physical therapeutic agent.
Physiotherapy must be considered as an adjunctive
medical service for long term health and rehabilitation to
be administered at Thermal Health Centers. A review of
adjunctive physiotherapy methods will be presented
along with a case report of the successful treatment of a
Diabetic Neuropathic Foot Ulcer scheduled for surgical
amputation, by therapeutically applying non-
balneological physical agents.

Keywords: lontophoresis; Pulsed-Shortwave Diathermy;
Galvanic Current; Physical Agents.
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mitophagy in muscle
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Mitochondria are dynamic organelles that are constantly
being synthesized and recycled. This “turnover”
promotes the maintenance of an optimally functioning
pool of mitochondria. In response to acute exercise,
signaling cascades are initiated to upregulate PGC-1a, as
well as other transcriptional regulators, which increase
the transcription of nuclear genes encoding
mitochondrial proteins. These gene products are
translated and incorporated into preexisting organelles,
which can then fuse with the mitochondrial reticulum.
When mitochondrial dysfunction arises, evident from the
loss of membrane potential and increased ROS emission,
these organelle segments undergo fission from the
functional network and are subject to mitophagy and
recycling, aided by the lysosome. The most common
pathway for mitochondrial degradation involves the
activation of Pinkl and Parkin. Mitochondria tagged by
this pathway are engulfed in autophagosomes and then
transported to lysosomes, where the two will fuse and the
contents of the autophagosome will be broken down by
lysosomal enzymes. Exercise is a stimulus for
mitochondrial targeting, lysosomal biogenesis, and
subsequent degradation of autophagosomes, and can
serve to repair mitochondrial dysfunction via this
pathway. This Seminar will focus on the regulation of
mitophagy with exercise, involving both PGC-1a. as well
as the Pink1-Parkin pathway.

Keywords: muscle; exercise; aging; PGC-la; Pinkl-
Parkin; mitochondrial adaptations.
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Parvalbumin knock out as a model of the
mitochondrial control of cytosolic calcium in skeletal
muscle fibers
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The mitochondrial calcium uniporter (MCU) complex
with its regulatory subunits provides mitochondria with a
highly specialized channel which allows a fast uptake of
calcium from the cytosol as soon as cytosolic calcium
concentration rises. It is widely accepted that, in skeletal
muscle fibers, calcium taken up by mitochondria plays a
significant regulatory role in a variety of processes from
metabolism regulation to muscle fiber trophism and to
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apoptosis (see for review, Raffaello et al. 2016).% In
contrast it is still debated whether MCU can contribute to
shape the cytosolic calcium transients in skeletal muscle
during excitation-contraction (E-C) coupling. The close
apposition of mitochondria to the calcium release units
(CRU) can be definitely instrumental to this function.
There are two factors playing against this possibility: 1)
the timing, i.e. whether the mitochondrial calcium uptake
is sufficiently fast to modify a calcium release-removal
cycle which lasts less than 100 ms and 2) the amount of
calcium which can be stored in the mitochondrial matrix,
as the mitochondria could store only a small fraction of
the hundreds of micromoles of calcium released by the
sarcoplasmic reticulum. Taken together these two factors
have supported the view that mitochondria are not
relevant for a quantitative regulation of intracellular
calcium dynamics (Cannell and Allen 1984,2 Baylor and
Hollingworth 2012%). There are, however, a few studies
showing that under specific conditions mitochondria can
contribute significantly. Gillis (1997)* showed that local
application of Ruthenium Red (50 uM) was able to slow
down the relaxation process in intact fibers of rabbit
masseter where mitochondria cover 16% of fiber volume
and in rat soleus muscle. More recently, Weiss and
coworkers (2010)° showed that FCCP application in rat
FDB induced not only delayed relaxation but also
increased the level of resting cytosolic calcium
concentration. Consistently, Yi and coworkers (2011)®
showed a prolongation of the cytosolic calcium transient
induced by voltage clamp in FDB fibers of a mouse
model of amyotrophic lateral sclerosis (ALS). Muscle
fibers of this murine strain show localized mitochondrial
defects involving loss of inner membrane potential linked
to an elevated and poorly controlled intracellular calcium
release activity. In the present study we aimed to assess
the contribution of mitochondria to control cytosolic
calcium transient in FDB muscle fibers of mice carrying
a null mutation of parvalbumin (PV) (Schwaller et al
1999) 7. PV is the major cytosolic calcium buffer, able to
bind an amount of calcium comparable to that bound by
C-troponin, although with a slower kinetics. Thus, PV
removal is expected to create a significant unbalance in
cytosolic calcium homeostasis. Our experimental results
showed that, in PV null fibers compared to WT fibers, no
changes in amplitude but only changes in kinetics of the
cytosolic calcium transients induced by electrical
stimulation were detectable. To assess the potential
contribution of mitochondria, we modified the
mitochondrial capacity to take up calcium by silencing
the MCU, along the line of previous studies (Mammucari
et al. 2015).8 In single muscle fiber of FDB MCU-
silenced PV null, but not in MCU-silenced WT fibers, we
observed a higher peak of cytosolic calcium following a
calcium release induced either by electrical stimulation
or by caffeine (10 mM) administration. Our results add
further evidence to the view that mitochondria are able to
contribute to cytosolic calcium regulation in skeletal
muscle fibers and, under suitable conditions, their
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contribution becomes a determinant of amplitude and
kinetics of calcium transients.

Keywords: Parvalbumin knock out mice; mitochondrial
control of cytosolic calcium; skeletal muscle fibers.
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After its commercial availability around the fifties and a
large use and application, for a period of time electron
microscopy (E.M.) went out of fashion and often it has
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been considered simply too descriptive to be worthy of
publication. However, standard electron E.M. often
provides the structural basis at the nanoscale level for
unraveling functions and defining mechanisms of the
cells. Because of his stereotyped striated architecture
skeletal muscle provides a convenient model to show the
utility of structure-function correlation. Indeed just to
quote an old instance: the mechanisms of muscle
contraction from the triggering of contraction to the
sliding filaments theory (A. F. Huxley),! excitation-
contraction coupling,>® and calcium homeostasis could
not have been elucidated without the structural
foundation revealed by E.M. muscle. More recently, our
laboratory provided evidence for mitochondria and
calcium release units (CRUSs) structural association,* and
described for the first time presence of new structural
organelles contributing to Ca?* influx during the Store
Operated Calcium Entry (SOCE) mechanism.> Using
examples from published data and my extensive archive
of micrographs, | illustrate how well performed E.M.
analysis and electron micrographs are extensive sources
of information in physiological or pathological
conditions still in our modern time.

Keywords: Electron Microscopy (E.M.); skeletal muscle;
ultrastructure.
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Proper skeletal muscle function is controlled by
intracellular Ca?* concentration and by efficient
production of energy (ATP), which in turn depend on: a)
release and re-uptake of Ca?* from intracellular stores
during excitation-contraction (EC) coupling, which
controls muscle contraction and relaxation; b) uptake of
Ca? into the mitochondrial matrix, which stimulates
aerobic ATP production; and finally c) entry of Ca?* from
the extracellular space via store-operated Ca?* entry
(SOCE), a mechanism important to limit muscle fatigue.
Abnormalities in Ca?* handling underlies many physio-
pathological conditions, including dysfunction in ageing.
In the last 15 years in different, but complementary,
projects we have collected the following results: a)
denervation of muscle fibers — an event that contributes
to some degree to sarcopenia - causes disarray of EC
coupling membranes (calcium release units, CRUs) and
of the mitochondrial network;' b) sedentary ageing
causes partial disarray of CRUs and calcium entry units
(CEUs, dynamic structures involved in SOCE), and
misplacement of mitochondria;? ¢) functional electrical
stimulation (FES) and exercise promotes
rescue/maintenance of the proper architecture of CRUSs,
CEUs, and mitochondria in denervation and ageing.®*
These data indicate that a) integrity and proper
disposition of intracellular organelles deputed to Ca?*
handling and aerobic generation of ATP is challenged by
inactivity or reduced activity; and b) disarranged
architecture of the intracellular membrane systems may
underline muscle dysfunction in ageing and sarcopenia.
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Ca?* release units (CRUs, also named triads), the sites of
excitation-contraction coupling (EC)* and mitochondria,
the organelles deputed to produce ATP during cellular
respiration,? in fast-twitch fibers from adult mice are
structurally linked by small strands, or tethers.® The
uptake of Ca® into the mitochondrial matrix is
influenced by triad-mitochondria proximity and
proposed to stimulate the respiratory chain.®* Aging
causes separation of a fraction of mitochondria from
CRUs and a cross-talk impairment between the two
organelles.> However, whether this uncoupling is the
result of ageing per-se or the consequence of reduced
muscle activity remains still unclear. In a paper published
in 2019,5 we tested if muscle activity maintains the
correct association of mitochondria and triads, in a)
extensor digitorum longus (EDL) muscles from 2 years
old mice, either sedentary or trained for 1 year in wheel
cages; and b) EDL muscles from denervated adult mice
and rats. We analyzed muscle samples using a
combination of structural, biochemical, and functional
experimental procedures. The results collected in
structural studies indicate that: a) ageing and denervation
result in partial uncoupling between CRUs and
mitochondria; b) exercise and re-innervation either
maintains (in old mice) or restores (in transiently
denervated rats and mice) the association between the
two organelles. Functional studies support the hypothesis
that CRU-mitochondria cross-talk is important for
mitochondrial Ca?* uptake. Taken together, our results
suggest that muscle activity is necessary to
maintain/improve the proper association between sites of
Ca®* release and mitochondria, which is important for
correct signaling between the two organelles and, likely,
for proper aerobic ATP production.

Keywords: excitation-contraction (EC) coupling; ageing;
denervation; exercise.
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The second messenger Ca?* regulates a broad repertoire
of cellular processes. Upon physiological stimuli,
skeletal muscle mitochondria rapidly and efficiently
accumulate Ca?* into their matrix via an electrogenic
pathway that relies on the driving force of a steep
electrochemical gradient. A large [Ca**]mt peak occurs
dynamically in parallel to agonist-induced [Ca®*]cyt
increases, thanks to the activity of the Mitochondrial
Calcium Uniporter (MCU), the highly selective channel
responsible for mitochondrial Ca?* accumulation.! MCU
positively regulates myofiber size in physiological
conditions, and counteracts pathological loss of muscle
mass.2 We have previously demonstrated that skeletal
muscle-specific  MCU deletion (MCU-/-) inhibits
myofiber mitochondrial Ca?* uptake, impairs muscle
force and exercise performance. Mitochondrial Calcium
uptake is required for effective glucose oxidation, as
demonstrated by the fact that in muscle-specific MCU-/-
myofibers oxidative metabolism is impaired and
glycolysis rate is increased. The decreased pyruvate
dehydrogenase activity is the main trigger of this
metabolic rewiring. Although defective, mitochondrial
activity is partially sustained by increased fatty acid (FA)
oxidation.> Here, we have investigated the role of
mitochondrial Ca?* uptake during skeletal muscle aging.
We show that mitochondrial Ca?* accumulation is
decreased in 24 months old mice and this condition is
accompanied by a decreased pyruvate dehydrogenase
activity. We demonstrate a rewiring of skeletal muscle



mailto:laura.pietrangelo@unich.it
mailto:gaia.gherardi88@gmail.com

2021 PDM3 Program and Abstracts, May 26 - 29, 2021
Eur J Trans| Myol 2021; 31 (1): 9743. doi: 10.4081/ejtm.2021.9743

metabolism where mitochondrial activity is sustained by
FA oxidation rather than glucose. Further studies are
needed to evaluate whether the restoration of glucose as
the main fuel for oxidative metabolism will be sufficient
to counteract sarcopenia.

Keywords: mitochondrial Ca?* uptake; ageing; skeletal
muscle; aerobic metabolism.
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Sarcoplasmic reticulum and mitochondria structural
relationship is altered in early stages of cancer-
induced cachexia
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Cancer cachexia is a complex multifactorial syndrome
characterized by involuntary and pathological weight
loss, mainly due to skeletal muscle wasting, and
frequently associated with a profound fatigue. These
effects are often blamed for decreasing patient’s quality
of life and survival. Statistics point to cachexia as a direct
cause of death for 20-25% of all cancer patients.!
Regarding the pathophysiology of the syndrome, most of
the data available in the literature is obtained through pre-
clinical studies, which are carried out with very different
experimental cancer models, most frequently at advanced
cachexia stages. The most studied and best described
models show decreasing in cross-sectional area of muscle
fibers, and this atrophy is more likely to affect type II
fibers. In addition, skeletal muscle ultrastructure appears
to be impaired. Several studies have suggested an
association between mitochondria dysfunction and
skeletal muscle atrophy through disturbances in its
dynamics, quality and function. These changes would
precede muscle loss, while mitophagy would be present
at later stages.? The oxidative stress, that is related to

- 60 -

myofibrils proteolysis and atrophy at different cachexia
stages,® is pointed out as mitochondrial modifications
responsibility.* In the last years, our group has dedicated
attention to investigate oxidative and ultrastructural
modifications in  mitochondria and sarcoplasmic
reticulum (SR), and correlate with muscle loss in
glycolytic and oxidative muscles in a precocious stage of
breast carcinosarcoma-induced cachexia.®> Recently
collected data, show that, in a very early stage of an
experimental model of cachexia: 1) glycolytic muscles
are already more prone to mass waste, but independently
of protein oxidation; 2) glycolytic fibers are already
sensitive to mitochondria, and SR structural alterations;
3) these parameters are straightly correlated to
membranes oxidative modifications; and 4) oxidative
muscles are not preserved from oxidative and structural
damage. We believe these new data bring to light an
useful tool to fight this devastating syndrome.

Keywords: Cancer cachexia; oxidative modifications;
skeletal muscle ultrastructure.
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