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Rehabilitation strategies from infrequent paraplegc
syndromes to common aging-related muscle
weaknesses

Helmut Kern

Ludwig Boltzmann Institute of Electrostimulation and
Physical Rehabilitation, Department of Physical Meus,
Wilhelminenspital Wien, Vienna, Austria. E-mail:
helmut.kern@wienkav.at

Human muscle in aging share with long-standing dexted
muscle similar impairments of the excitation codtian
(EC) apparatuses. On the other hand, long-term dateer
human muscles recover by FES even when at begitthéyg
hardly respond to electrical stimulation with twitc
contractions. We demonstrated that mid-term lowetom
neuron denervated muscles present less damaged EC-
Coupling apparatus, and respond with tetanic cotbrad¢o
direct electrical stimulation, while long-standiloyver motor
neuron denervated muscles need very long and mtens
impulses to perform twitch contractions, but everhie latter
case months of repeated daily training by twitchtcaction
restored tetanic contractility and improved synitheand
ultrastructural organization of myofibrils and CaRandling
membranes [1-3]. Experiments in a rat model of erent
denervation show by Electron Microscpy that the-EC
mechanisms are present and, in part, functiongpating
the hypothesis that, even in absence of ES-indegeztnal-
work (that is, visible contraction), ES-induced layal
Calcium concentration change may drive recovery haf t
long-term denervated muscles. Our aim is now tastede
these results in elderly to shorten recovery tirfter acast
immobilization and other muscle weakness.

[1] Kern H, Carraro U, Adami N, Biral D, Hofer C, $a
Loefler S, Vogelauer M, Mayr W, Rupp R, Zampieri S.
One Year of Home-based Functional Electrical
Stimulation (FES) in Complete Lower Motor Neuron
Paraplegia: Recovery of Tetanic Contractility Drivhe
Structural Improvements of Denervated Muscle.
Nerurological Research 2009, in press.

[2

—_—

Boncompagni S, Kern H, Rossini K, Mayr W, Carraip
Protasi F. Structural differentiation of skeletalsule
fibres in absence of innervation in humans. Pro¢ Na
Acad Sci USA 2007; 104: 19339-44.

[3] Kern H, Hofer C, Modlin M, Mayr W, Vindigni V,
Zampieri S, Boncompagni S, Protasi F, Carraro U.|8tab
muscle atrophy in long term paraplegics with corgple
upper motor neuron lesion from 3- to 20-year SCIn&lp
Cord 2008; 46(4): 293-304.
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April 27, 2009
Muscle design strategies
Clara Franzini-Armstrong

B1lAnatomy-Chemistry Bldg, Dept. of Cell and Dev.
Biology, University of Pennsylvania, Philadelphra, USA.
E-mail: armstroc@mail.med.upenn.edu

The lecture will cover all aspect of muscle struetand
function: from myofibril to molecules to membranasking
the question of how muscles have adapted to higluliable
functional demands through the animal kingdom.
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Sarcomeric myosin genes: evolution and
transcriptional control

Stefano Schiaffino

Department of Biomedical Sciences, University of e
Viale G. Colombo, 3 1-35121 Padova, Italy
E-mail: schiaffi@civ.bio.unipd.it

The first part of the lecture will focus on the mtiéication of
novel ancient myosins in mammalian striated muaclé on
evolutionary tinkering leading to functional diviication of
myosin genes. The second part deals with the méesrhan
that control the coordinated expression of myosinegs.
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Plasticity and adaptive change: lessons from a
paradigm shift

Stanley Salmons

Department of Human Anatomy & Cell Biology, Univeysit
of Liverpool, The Sherrington Buildings, Ashton Stre
Liverpool, UK

E-mail: s.salmons@liverpool.ac.uk

“Plasticity is the capacity of fully differentiatedells to
undergo, in response to a stimulus, a long-lastimgnge in
phenotype that modifies their properties or respamess to
the same or other stimuli.” [1]. | proposed thidiniéon of
plasticity in an attempt to discourage its use &bmost
everything, including regulation, modulation, aningle
cause-and-effect. “Plasticity” it seems, has becdneenew
fashion word of physiology. The scenario was veffecent
fifty years ago, when the notion of a terminallffelientiated
cell undergoing further change was by no means qfatte
general thinking. Even when Buller and his colleague
demonstrated the effects of cross-reinnervatingdad slow
muscle, the changes were thought of as a quandtati
response to some unidentified “trophic” factor e tmotor



nerves. The notion that muscle genes could actumlye-
expressed was sufficiently new to be strongly tedisin
many quarters. Various arguments were put forward t
explain the observations in terms of the existirgagigm.
But paradigms shift; attention has now moved frore th
phenomenon to the mechanism, with interest focumed
unravelling the intracellular signalling pathwahst underlie
the re-expression of muscle genes. All the samis, itorth
revisiting some of the old counter-arguments, faythave a
bearing on the experiments that we do today.
[1] Salmons S: What do we mean by plasticity? Rilggy
News 2002; No. 47: 7.
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Muscle transcriptional pathways with electrical
stimulation

Lauren M. Fisher, Andrew G. Fisher, Judy A. Coulson
(1), Jonathan C. Jarvis

Departments of Human Anatomy & Cell Biology and (1)
Physiology, School of Biomedical Sciences, The Ursig

of Liverpool, L69 3GE, UK

E-mail: jcj@liverpool.ac.uk

A large number of transcriptional pathways have nbee
implicated in the response of muscle to an altexetivity
pattern. This is not surprising in the sense thatsaie
plasticity involves changes in gene transcriptiond a
translation for multiple sub-cellular systems. The
transformation of muscle form a fast fatiguableetyp a
slower more fatigue-resistant type is a paradigmwtiich the
time course and sensitivity to stimulus can be stigated in

a systematic manner: by means of an implantableudting
device the activity dose can be closely controlldte are
searching for thresholds of activity that cause steanges in
transcription. The existence of such thresholds lévou
correspond with the observation that muscle fitfadlsnto a
number of classes rather than showing a continuenge of
phenotype in vertebrate muscles. We have measwyreg- b
RTPCR the transcript levels in rat muscle after perioél
muscle stimulation having designed QPCR primer pairs
monitor the expression of key transcripts invohiedthe
adaptive response. These include primers for thesmy
heavy chains 1, 2A and 2B, IGF-1, MGF, FOXO1A,
myostatin, PPARdelta and PGC1lalpha. Our first caiatu
is that transcript levels for transcription factdrange more
consistently after 3 hours of changed activity th@amscript
levels for contractile proteins. After one weekstimulation
however, the changes in transcript levels for e
proteins are also changed consistently. We wilkatigate
the time course of these responses within the fuestk to
identify the earliest time point at which a new béta
transcriptional state is achieved and at which duld be
appropriate to perform a comparative study of thadgd
effect on transcription of graded activity patterns
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Malignant Hyperthermia (MH) and
Exertional/environmental Heat Stroke (EHS) in
mice lacking Calsequestrin-1

Marco Dainese (1,2), Marco Quarta (1,3), Cecilia Rab
(1,2), Marta Canato (1,3), Carlo Reggiani (1,3), E&ino
Protasi (1,2)

(1) IIM Interuniversity Institute of Myology; (2) C8.I. —
Dept. of Basic and Applied Medical Sciences, UniirgrS.
d’Annunzio, Chieti ltaly; (3) Dept. of Anatomy and
Physiology, University of Padova, Italy.

E-mail: fprotasi@unich.it

Malignant hyperthermia (MH) and exertional/enviramtal
heat stroke (EHS) in humans present as similar life
threatening crises triggered by volatile anestketand
strenuous exercise and/or high temperature, raspbct
Many families (70-80%) diagnosed with MH suscetitypi
(MHS), and a few with EHS, are linked to mutationshe
ryanodine receptor type-1 gene (RYR1), the Ca2+ releas
channel of the sarcoplasmic reticulum (SR) of slktlet
muscle and key protein in excitation-contractionC)JE
coupling. However, mutations in the RYR1 gene are not
found in all MH families, suggesting that altermatigenes
remain to be identified. In our laboratory we hageently
characterized a novel knockout model lacking skélmuscle
calsequestrin (CASQ1), a SR Ca2+-binding protein that
modulates RYR1 function, and investigated whethesehe
mice present a MH/EHS-like phenotype. Ablation &S©Q1
results in remodelling of the EC coupling apparatunsl
functional changes, which in male mice causes ikirsgr
increase in the rate of spontaneous mortality and
susceptibility to trigger MH-like lethal episodeas iiesponse

to halothane- and heat-stress. The demonstratia t
ablation of CASQ1 result in MH- and EHS-like lethal
episodes validates CASQ1 as a viable candidate fmne
linkage analysis in MH and EHS families where miotat in
RYR1 are excluded.
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Histological characteristics of cultured human
muscle tissue: Light- and electron microscopy

Istvan Géti (1), Olaf Danielsson (1), T. Betmark (1
K. Ollinger (2) , N. Dizdar (1)

(1) Neuromuscular Unit, Department of Neurology,) (2
Department of Molecular and Clinical Medicine/Clirlica
Immunology/Experimental Pathology, Linkdping Unisigy,
Linkdping, Sweden. E-mailstvan.Gati@lio.se

Morphological characteristics of muscle tissue waralyzed
by light — and electron microscopy, when culturegpamary
muscle tissue culture. Primary muscle tissue cedtuvere
established from diagnostic muscle biopsies. Thaliss
were performed on samples, where the routine loigyotlid



not discover pathological alterations. After onenthoculture
period, the histological investigations were catrigut on
paraffin -, frozen sections, and electron microgcbpe
cultured muscle tissues formed spheroid-like stmest. The
samples demonstrated myofiber destruction, whick mvare
pronounced in the centre of the spheroids. The ridagéng
fibers showed ragged-red like alterations, wheinsth by
Gomori-trichrom staining. Cell proliferation was fodiin the
outer layers of the spheroids. The proliferatingjscevere
able to grow and differentiate into myofibers, whiould be
demonstrated by immunological markers. The new ihgo$
formed ring like structures around the originalgeleerating
fibers. The ultrastructural investigation demortsiiadamage
of the sarcolemma, disarrangement of the myoféorill
structure, alterations of the mitochondria, as waslldividing
cells and growing new myofibers around the origifilaérs.
Conclusion: The small, 1-2 mm sized muscle tisswezqs
form spheroids in vitro, and survive. The physicalamaged
and denervated muscle fibers degenerate in thigerays
which degeneration is accompanied by regeneratiaages.
The pathomechanism of the morphological changastiser
discussed. These experiments demonstrate thapissible
to generate morphological changes in cultured mauscl
spheroids that are commonly found in diagnostigsies,
and could help us to understand the pathomechanism
muscle disorders.

MYH16: the masticatory myosin unveiled
Carlo Reggiani

University of Padova, Department of Anatomy and
Physiology , University of Padova, Italy.
E-mail: carlo.reggiani@unipd.it

In human genome, 16 distinct genes code for clasgdsin
heavy chain subunit (Berg et al . Molecular Biolodyttze
Cell Vol. 12, 780-794, April 2001). Among such gene
MYH16 has been identified as the gene coding for t
masticatory or M MyHC (Desjasrdins et al Mol. Biolvdt
19(4):375-393. 2002) and subsequently found tréretibut
not translated in human masseter and temporalisclesis
(Stedman et al Nature 428, 415-418, 2004). In séver
mammalian species, and among them in carnivoresgehe

is transcribed and translated in jaw closer muselbsre
myosin containing M-MyHC represents the most abuahda
isoform (Qin et al. J Mol Evol 55, 544-552, 2008)nce only
sparse information was available on the contraptitgerties
of muscle fibers expressing M-MyHC (M fibers), wecidked

to characterized M fibers isolated from the jaw seio
muscles (temporalis and masseter) of two specidsmestic
carnivores, the cat and the dog, in comparison withers
expressing slow or fast (2A, 2X and 2B) isoformstrimk
and limb skeletal muscles. In each fiber, during<imally
calcium-activated contractions at 12°C, we deterthine
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isometric specific tension (Po), unloaded shortgnialocity
(Vo) with the slack test protocol and the rate ¢ant of
tension redevelopment (KTR) after a fast shortening-
relengthening cycle. At the end of the mechanical
experiment, we identified MyHC isoform compositiori o
each fiber with gel electrophoresis. Electropharatigration
rate of M-MyHC was similar in both species. We fouhdt

in both species the kinetic parameters Vo and kTRViof
fibers were similar to those of 2A fibers, wher@as values
were significantly greater than in any other filhgpes. The
similarity between 2A and M fibers and the grea@rsion
development of M fibers were confirmed also in n@dbal
experiments performed at 24°C. Myosin concentrati@s
determined in single fibers and found not differémtM
fibers compared to slow and fast fibers, suggestiag the
higher tension developed by M fibers does not fed
explanation in a greater number of force generatbte
specific mechanical characteristics of M fibers whgen
attributed to a diversity in cross bridge kinetibstial study

on actin-myosin interaction kinetics showed tha thte of
ADP release which is a determinant of maximum smong
velocity (Vo), is a biphasic process with a fastagh
comparable to that of fast myosin and a slow phase
comparable to that of slow and cardiac myosin. sThi
suggests that ADP release might be strain deperahehthis
could in turn explain the high tension developmeand the
intermediate kinetics parameters observed in sifilgges.
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Some features of the adaptation of man to hypoxia:
from the integrative to the molecular level

Paolo Cerretelli

Istituto di Bioimmagini e Fisiologia Molecolare d€LN.R.,
Segrate (Mi), Italy. E-mailpaolo.cerretelli@unimi.it

Over the last century, studies on humans exposed to
hypobaric hypoxia have been centered mainly on the
adjustments necessary to assure homeostasis otl®2ry,
both at rest and at high levels of energy turnofsra result,

a large body of information was collected on blood,
respiratory gas exchange, cardiovascular paramstets as
heart rate and cardiac output and, more recentiynascle
efficiency and maximum power. The available dataniga
refer to lowlanders (including second generatiotituale
populations) undergoing acute (from seconds to djour
subacute (up to a few days), subchronic (up toraéweeks)
and chronic (over years) low PO2 exposure, as alto
natives, mainly Himalayan and Andeans, born anihdiv
permanently at altitude or commuting to higher anttdwer
elevations. Such data appear to be often affecyed large
variability that is not justified by the characttits of the
research protocols and “state of the art” measuring
procedures. The appearance of a new player, the-geme
transcription protein Hypoxia Inducible Factor (HLF;, i.e.



the master regulator of cell hypoxic signaling aoé

hundreds of other genes whose products play a fargder
of metabolic and transport functions, opens a segnario
for an updated interpretation of earlier resultst thave been
often overlooked. Among the latter, the large scatif the

percentage loss of maximum aerobic power as aitmaif

altitude, the increase in metabolic efficiencyafdmotion in

chronic hypoxia, the origin and significance of swcalled
“lactate paradox” and the functional significancé the

muscle mitochondrial mass reduction in both al@tunhtives
and acclimatized lowlanders. This has been donedas

work on cell hypoxic signaling by Semenza’s grounal @n

metabolic players recently identified by muscle tpoone

analysis.
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Electrophysiological evaluation of denervated
skeletal muscle fibres

Fabio Francini, Roberta Squecco

Department of Physiological Sciences,
Florence, Italy. E-mailfabio.francini@unifi.it

University of

Skeletal muscle inactivity as a consequence of hausc
unloading, ageing or denervation, determines arpssive
muscle atrophy characterized by reduced i) fibearditer, ii)
T-tubule surface area, iii) plasma-membrane sti$nev)
expression of protein involved in the excitatiomtraction
coupling process, v) Ca2+ endingly and vi) loss lo¢ t
sarcomeric proteins. In isolated single fibres #teophic
state related to above points i-v can be evalubiedsing
microelectrodes and recording ionic current in entr and
voltage-clamp condition. In current-clamp conditidn is
possible to evaluate a) the resting membrane paténtex

of increased plasma-membrane leak current, b) the
excitability of the fibre as evaluated by the vghahreshold
of the action potential (AP) and c) the conductietocity of
the AP. In voltage-clamp condition it is possibieevaluate

1) the passive properties of the sarcolemma am#habrane
resistance, the overall surface area of the fisreell as that
of the T-tubule, 2) the active voltage-dependent
responsiveness of the fibre as the time coursevaitdge
dependence of intramembrane charge movement, aNd-of
and L-type Ca2+ channel, 3) the reciprocal contaiiveen
the orthograde action from L-type Ca2+ channel to Ry
the retrograde action from RyR to L-type Ca2+ charmel
blocking the ryanodine receptor with ruthenium red,
ryanodine or heptanol, 4) the stiffness and mechano
sensitivity of the plasma membrane can be evaluated
comparing the data related to points a-c and 1-Bwscle
stretched with muscle at resting length. The oleskeffects
on normal and denervated fibres could be usefevduated
the atrophic state of the fibre, and for theraphest use the
functional electrical stimulation and passive moeetof the
limbs to repair the damaged denervated human muscle
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The long-lasting denervated muscle: What we know
from experimental animal research?

Ugo Carraro

Laboratory of Translational Myology of the Univeysiof
Padova Interdepartmental Research Center of Myology,
Padova, Italy. E-mailugo.carraro@unipd.it

Human muscles that have undergone atrophy as & ofsu
persistent lower motor neuron lesion may experience
considerable restitution of excitability, force anhss from
home-based therapeutical electrical stimulation SJE
though initially they are unable to perform extérwark [1-

3]. For ethical reasons we studied time course adt-p
denervation effects on the Excitation-Contractionu@mg
(ECC), using a rat model as a substitute for humssudi
[Squecco R, Carraro U, Kern H, Pond A, Adami N, Bal
Vindigni V, Boncompagni S, Protasi F, Pietrange|dB®sco
G, Fand G, Marini M, Abruzzo PM, Germinario E, Dl
Betto D, Francini F, Zampieri S. Despite lost cociitiy, a
sub-population of rat muscle fibers maintains agessable
excitation-contraction coupling mechanism after glon
standing denervation. J Neuropath Exp Neurol 2009,
submitted.]. In this model, it is possible to demsinate that in
long term denervated muscle: i) muscle fibers hgvin
"voltage dependent Ca2+ channel activity" are twioese
able to contract, ii) isolated muscle, unable tatdiv by
electrical stimulation, presents slow caffeine cacture, iii)
the ECC mechanisms are still present and, in parttifunal;
and iv) ECC related gene expression is up-regulatéanig-
term denervated muscles. Importantly, we demoresthett at
any time-point there are muscle fibers that areemmesistant
than others to denervation atrophy and disorgapizaif the
ECC apparatuses. In summary, our experimental eséden
supports the hypothesis that, even in absence eatriglal
stimulation-induced external work, FES may indutteiinal
calcium concentration alterations in muscle fibtrat drive
the early recovery of the long-term denervated huma
muscle.

[1] Carraro U. Modulation of trophism and fiber type
expression of denervated muscle by different padterf
electrical stimulation. Basic Appl Myol 2002; 12: 26
272.

[2] Boncompagni S, Kern H, Rossini K, Hofer C, Mayr W,
Carraro U, Protasi F. Structural differentiations&€letal
muscle fibres in absence of innervation in hum#&rsc
Natl Acad Sci. USA 2007;104:19339-19344.

[3] Kern H, Carraro U, Adami N, Biral D, Hofer C, Liter
S, Vogelauer M, Mayr W, Rupp R, Zampieri S. One year
of home-based Functional Electrical Stimulation $ifh
complete lower motor neuron paraplegia: Recovery of
tetanic contractility drives the structural impravents of
denervated muscle. Nerurological Research 2009, in
press.
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