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Learning objectives
By reading this article, you should be able to:

e Discuss the key proteins involved in excitation
—contraction coupling.

e Explain resting calcium entry, excitation-coupled
calcium entry, and store-operated calcium entry.

e Describe how impairments in key skeletal muscle
proteins lead to diseases managed by anaesthe-
tists and intensivists.

Skeletal muscle is the largest mass of tissue in the body, ac-
counting for 50%—75% of total body proteins and approxi-
mately 40% of total body weight.! It plays key roles in motor
function, heat generation, substrate storage, and glucose
metabolism, perturbations of which leads to disease states.
The basics of skeletal muscle physiology have been previously
reviewed in this journal.? Some of the key concepts are
revisited in this review to help understand the recent ad-
vances in the field, together with their clinical importance.

Skeletal muscle physiology

Generation of an action potential

Muscle fibres, like neurones, are excitable cells with a resting
membrane potential of -70 to -90 mV. Their cell membrane,
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Key points

e Skeletal muscle accounts for up to 75% of body
proteins and is important in several physiological
processes.

e Excitation—contraction coupling is dependent on
sarcoplasmic reticulum (SR) calcium release
following key interactions between Ca,l.1 and
type 1 ryanodine receptor (RYR1).

e Novel extracellular calcium entry pathways play
a prominent role in skeletal muscle function.

e Oxidative phosphorylation is critical for skeletal
muscle adenosine triphosphate synthesis.

e Cellular derangements in muscle lead to diseases
such as malignant hyperthermia, critical illness
myopathy, and sarcopenia.

which is also known as the sarcolemma, contains the ion
channels, pumps, and voltage-gated ion channels that are
necessary to maintain this negative membrane potential and
for the generation of an action potential. The resting mem-
brane potential is a function of the net electrochemical gra-
dients of ions that a membrane is permeable to at that time. It
can be calculated using the Goldman—Hodgkin—Katz voltage
equation (Fig. 1), which is a modification of the Nernst equa-
tion that incorporates multiple ions. The plasma and cyto-
plasmic concentrations of several ions together with the
Nernst equation have been discussed previously.?

In vivo, the generation of a muscle action potential is
initiated by nerve impulses from the alpha motor neurone
that arrive at the neuromuscular junction and lead to the
release of acetylcholine (ACh) into the synapse. The binding of
ACh molecules to nicotinic ACh receptors on the post-
junctional sarcolemma induces motor endplate potentials,
which upon exceeding the threshold membrane potential
result in the activation of Nay1.4 voltage-gated sodium chan-
nels. The SCNA4 gene encodes the Nay1.4 channels which are
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Px [X]out+py [Y]o Pz [Z]out
Px [X]in+py [Y]in+pz [Z]in

V,=membrane potential (V)

py= membrane permeability to ion X (m s-1)
[X]out=extracellular concentration of X (mol m-3)
[X]i,=intracellular concentration of X (mol m-3)
R=universal gas constant (8.31 J K-1 mol-1)
T=absolute temperature (K)

F=Faraday constant (96,485 C mol-1)

Fig 1 The Goldman—Hodgkin—Katz voltage equation is used to calculate
the membrane potential in a multi-ion system and can help estimate the
sarcolemma membrane potential. It is a modification of the Nernst equa-
tion described previously and can be used to determine the effect on the
membrane potential of altering the intra- or extracellular concentrations of
several different ions.”

highly expressed in skeletal muscle, especially at the motor
endplate.? Their physiological importance is highlighted by
gain- or loss-of-function variants in the SCNA4 gene affecting
the channel gating properties that lead to skeletal muscle
disorders such as sodium channel myotonia and congenital
myopathy, respectively.®> Such conditions are referred to as
channelopathies because a dysfunction in the ion channel
leads to a disease.

The Nay1.4-triggered muscle action potential spreads as a
wave over the sarcolemma and is rapidly propagated deep
into the skeletal muscle fibres via sarcolemmal invaginations
called transverse (t)-tubules (Fig. 2, inset). The t-tubule
structures allow for the sarcolemma to closely appose the
intracellular calcium (Ca?*) stores of the sarcoplasmic retic-
ulum (SR) forming a triadic ultrastructure which consists of a
t-tubule sandwiched between two terminal cisternae of the SR
membrane. Junctophilins and Synaptophysin like 2 (also
known as mitsugumin 29) proteins mediate the formation of
the triad which provides a nanodomain for numerous protein
interactions that are important for skeletal muscle function.*

The neuronal-mediated activation of skeletal muscle is
exploited by neuromuscular monitors commonly used to
identify the degree of skeletal muscle block following the
use of neuromuscular blocking drugs. However, skeletal
muscle action potentials can also be triggered directly using
electricity (as seen during electrocution), or by chemical
depolarisation using compounds such as potassium chlo-
ride. The Goldman—Hodgkin—Katz voltage equation (Fig. 1)
reveals that increasing the extracellular potassium con-
centration leads to a membrane depolarisation. Conse-
quently, in vitro and in vivo studies investigating skeletal
muscle physiology use either potassium chloride or elec-
trical stimulation to activate skeletal muscle tissue in their
experiments.

Advances in skeletal muscle physiology

Excitation—contraction coupling

Excitation—contraction coupling (ECC) describes the rapid,
highly organised process whereby the sarcolemmal action
potential leads to the activation of SR Ca?*, muscle contrac-
tion followed by restoration of pre-contractile cytoplasmic
Ca?" concentrations. The muscle action potential generated
by Na,1.4 is sensed by the voltage-gated calcium channel
(Cayl.1 complex) found within the t-tubular membrane; this
then proceeds to activate the release of stored intracellular
Ca?*. The Cay1.1 complex was classically known as dihy-
dropyridine receptors because of their amino acid sequence
homology with other L-type voltage-gated Ca?* channels.
However, in skeletal muscle the Cayl.1 complex primarily
functions as a voltage sensor and not as a Ca?" channel
because permeability through the Ca,1.1 complex is not
required for ECC, or for routine skeletal muscle activity.” This
contrasts with ECC in cardiac muscle, whereby the Ca?* influx
through Cay1.2 (the cardiac analogue of Cay1.1) is necessary to
activate SR Ca?" release.

The Cayl.1 complex consists of a pore forming Cayl.1
protein (previously known as the als subunit) which is enco-
ded by the CACNA1S gene, plus the auxiliary subunits %23, B,
and y that are involved in modulating the membrane traf-
ficking plus gating properties of the channel (Fig. 2).° The t-
tubule action potential induces a conformational change in
Cay1.1, whereby the cytoplasmic loop between the second and
third transmembrane domains (II-III loop) of this channel is
projected deeper into the cytoplasm, providing a physical
interaction that activates the type 1 ryanodine receptor (RYR1;
Fig. 2). The triadic ultrastructure allows Cay1.1 complex tet-
rads on the sarcolemma to appose RYR1 tetramers on the SR,
thus facilitating the ability of the t-tubule membrane depo-
larisation to rapidly activate the RYR1-mediated release of
intracellular Ca?* stores. This Ca,1.1-RYR1 coupling is bidi-
rectional, the classical orthograde (forward) signalling is what
leads to SR Ca?" release. However, studies have now revealed
that a retrograde signal from RYR1 affects the Cay1.1 channel
expression and modulates its function; the loss of this regu-
lation is implicated in malignant hyperthermia (MH).”

Cayl.1, RYR1 together with several other proteins,
including calsequestrin, triadin, junctin, junctophilin, and
mitsugumin 29, were known to form the calcium release units
(CRUs) involved in physiological ECC.* Recently, the SH3 and
cysteine-rich domain 3 (STAC3) protein encoded by the STAC3
gene has been discovered to also play a key role in ECC.2
STAC3 is specific to skeletal muscle where it helps chap-
erone Cayl.1 to the t-tubule sarcolemma, then stabilises the
coupling between the Cay1.1 and RYR1 proteins through
interacting with the aforementioned II-III loop of Cayl.1.
STAC3 is also involved in muscle differentiation and therefore
is important in skeletal muscle development.’ The clinical
importance of this protein is demonstrated by the finding that
a pathogenic variant in STAC3 results in an autosomal reces-
sive myopathy known as STAC3 disorder which is charac-
terised by congenital muscle weakness, delayed motor
development, multiple joint plus skeletal muscle abnormal-
ities, distinctive facies, and susceptibility to MH.’

In ECC, RYR1 activation permits SR Ca®" release down its
concentration gradient into the sarcoplasm to allow skeletal
muscle contraction. In skeletal muscle the SR is the primary
intracellular Ca?* store that contains a total Ca?* concentra-
tion of around 11 mM; the majority of this bound to calse-
questrin, a Ca’?"-binding protein, with a free SR Ca?*
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Fig 2 Key structures involved in excitation—contraction coupling and store-operated Ca®* entry (SOCE). A change in the t-tubular membrane potential induces a
conformational change in the Ca,1.1 subunit of the Ca,1.1 complex whereby the II-III loop directly interacts and activates the type 1 ryanodine receptor (RYR1);
this subsequently releases sarcoplasmic reticulum (SR) Ca®*, thus permitting muscle contraction. The SR contains approximately 1 mM of free Ca*" with further
releasable Ca*! stores bound within calsequestrin. Any excess cytosolic Ca®" is actively pumped back into the SR by the sarco/endoplasmic reticulum Ca**-
ATPase (SERCA) pump. This together with RYR1 deactivation allows muscle relaxation. SH3 and cysteine-rich domain 3 (STAC3) helps chaperone Cay1.1 to the
sarcolemma membrane and stabilises the Ca,1.1-RYR1 coupling. The STIM1-ORAI interaction facilitates SOCE—other proteins such as TRPC3/6 may also
contribute to SOCE, Ca*" entry at rest (Rcag), or both. STIM1 functions as the SR Ca" sensor with ORAI forming a complex that permits extracellular Ca" into the
cell. Inset: A skeletal muscle triad consists of a t-tubule sandwiched between two SR terminal cisternae; this ensures the proteins involved in EC coupling are
closely apposed, thereby allowing the rapid transduction of the electrical signal into mechanical contraction (adapted from OpenStax, Skeletal Muscle, used under
CC-BY-4.0). STIM1, stromal-interacting molecule 1; TRPC, transient receptor potential canonical.

concentration [Ca?*]sg of approximately 1 mM available for
immediate release into the cytosol. RYR1 activation leads to
an increase in the basal cytosolic Ca?* concentration ([Ca?'];)
from approximately 100 nM to the high nanomolar/low
millimolar range. The excess Ca?" is able to bind to troponin C
and induce a conformational change in the troponin complex
which subsequently exposes the myosin-binding sites on the
actin chains within the thin filaments. The myosin heads
present within the thick filaments bind and actively pull on
the actin chains to cause a shortening of the sarcomere and
therefore muscle contraction. This actin—myosin interaction
is dependent on the presence of adenosine triphosphate (ATP)
to provide the energy for sarcomeric shortening as well as
sufficiently high concentrations of cytoplasmic Ca?*.

The released Ca®" is primarily actively pumped back into
the SR by the sarco/endoplasmic reticulum Ca’"-ATPase
(SERCA) pumps to help re-establish and maintain the low
basal [Ca?*]; of approximately 100 nM. However, other pumps
such as the sodium—calcium exchanger (NCX) found on the
sarcolemma (and to a lesser degree mitochondria) and the
plasma membrane Ca?-ATPase also participate in removing
excess cytosolic Ca?t.'® When the Ca?* removal from the
cytoplasm exceeds the SR Ca?' released into it, muscle
relaxation is initiated because the lower [Ca?*]; facilitates the
dissociation of Ca?* from troponin C. Subsequently, the
myosin heads are then unable to bind to actin; therefore, the
sarcomeres passively recoil to their resting length. The need
for a normal arrangement and function of the sarcomeric
proteins is evident through the findings that genetic variants
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that affect these proteins lead to myopathies with various
patterns of weakness and dysfunction.’’ The anaesthetic
management of patients with neuromuscular disorders has
been described previously in this journal.*?

Energy utilisation

Both muscle contraction and relaxation require energy derived
from ATP to be instantaneously available for rapid and repeated
activity. However, the instability of ATP means that it is only
available to maintain contractions for less than 1 s.* Therefore,
skeletal muscle uses creatine phosphate as an energy reservoir
that can provide energy for a further 5-8 s of skeletal muscle
activity.! This is achieved by utilising the cytosolic form of cre-
atine kinase to catalyse the release of the high-energy phos-
phate bond from creatine phosphate in the presence of
adenosine diphosphate (ADP), to produce creatinine and ATP.
Where skeletal muscle activity is more prolonged, intermediary
metabolism in the mitochondria is used to generate an ongoing
source of ATP by aerobic and anaerobic respiration.

Aerobic metabolism is much more efficient at generating
ATP by providing 19-fold more ATP (up to 38 moles) from 1 mole
of glucose, compared with only 2 moles of ATP generated by
anaerobic metabolism. Nevertheless, anaerobic metabolism
provides ATP that is more readily available and is independent
of oxygen,; the latter is critical during periods of strenuous ex-
ercise where the oxygen supply is inadequate despite
maximum oxygen delivery. However, persistent high-intensity
muscle activity becomes limited during anaerobic metabolism
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because of increasing oxygen debt and muscle fatigue. It was
conventionally believed that this fatigue was a consequence of
the accumulation of lactate, a strong acid that is a by-product of
anaerobic metabolism, although evidence now suggests that
both the acidosis and the accumulation of inorganic phosphate
(P;) synergistically contribute to muscle fatigue.'®

The importance of aerobic metabolism in meeting the
skeletal muscle energy demands becomes apparent in mito-
chondrial disorders such as the metabolic myopathies which
commonly display skeletal muscle phenotypes. These genetic
disorders involve inborn errors of metabolism encompassing
glycogen storage, fatty acid oxidation, or mitochondrial dis-
orders, which lead to impaired ATP production.'* Their skel-
etal muscle presentation can vary from neonatal hypotonia to
patients exhibiting myalgia, cramps, or rhabdomyolysis dur-
ing exercise as seen in carnitine deficiency or carnitine pal-
mitoyl transferase deficiency.'* A disruption in skeletal
muscle utilisation of fats in intermediary metabolism may
underlie the metabolic acidosis, rhabdomyolysis, and hyper-
thermia found in propofol infusion syndrome.

In the mitochondrial myopathies, impairments in oxida-
tive phosphorylation causes ATP deficits that result in a group
of progressive muscle conditions characterised by muscle
fatigue, weakness, and exercise intolerance.'* For example in
Barth syndrome, mutations in the TAFAZZIN gene leads to
impairments in the mitochondrial membrane protein car-
diolipin. Normal functioning of cardiolipin is necessary for the
electron transport chain, with abnormalities leading to a
skeletal muscle myopathy, cardiomyopathy, and growth
delay.’® The rarity of many of the mitochondrial conditions
renders it difficult to provide evidence-based recommenda-
tions for the perioperative care of for each individual syn-
drome. Therefore, it would be wise to use the general
principles of anaesthesia that have been suggested in the
management of patients with mitochondrial diseases and
individualise these to the patient.?”

Selected advances in skeletal muscle calcium
physiology

Classically it was thought that in contrast to cardiac muscle,
extracellular calcium entry does not play an important role in
skeletal muscle physiology. Research over the last two de-
cades suggests this is not accurate, with growing evidence
supporting that extracellular Ca?* entry through different
mechanisms has a significant impact on skeletal muscle
function. It is important to appreciate that although the
skeletal muscle SR is the major intracellular store of Ca*, the
extracellular fluid also contains a significant readily
exchangeable pool of Ca?* of approximately 30 mmol, with an
ionised Ca?* concentration of 1 mM.

Store-operated calcium entry

Store-operated calcium entry (SOCE) is a process that was first
described in salivary gland cells and has since been found to be
a key pathway for the entry of extracellular Ca?* influx in non-
excitable cells. SOCE provides cells with a mechanism that
permits an uptake of extracellular Ca?" during times when
intracellular stores of Ca’* are depleted.'®' It classically relies
on the interaction of two major proteins, stromal-interacting
molecule 1 (STIM1) and ORAI calcium release-activated cal-
cium modulator 1 (ORAI1, encoded by the ORAI1 gene). The
former is the Ca?* sensor in the endo/sarcoplasmic reticulum,
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whereas the latter is a plasma membrane Ca’" channel that
consequently permits the entry of extracellular Ca?* (Fig. 2).*°
SOCE has now been shown to also play an important role in
skeletal muscle, where it acts to maintain the SR Ca’" fibre
content both for ECC and for muscle-specific gene expression.'®
In skeletal muscle other cationic channels such as transient
receptor potential canonical (TRPC) channels are also thought
to facilitate SOCE either directly or indirectly. It is also
becoming evident that SOCE plays an important role in muscle
development and its ability to maintain contractile force during
periods of prolonged activity or high-frequency stimulation.
The former is partly illustrated by a loss of ORAI1 function and
consequently SOCE causing an alteration in skeletal muscle
fibre composition towards a predominance of type 1 fibres
(slower oxidative fibres with a long twitch).’® Interestingly, the
activation of SOCE in skeletal muscle is much more rapid than
that seen in other cell types, which is consistent with the need
to quickly replenish intracellular Ca?* to maintain the rapid
repetitive activity seen in faster fibre types (e.g. type 2A and
type 2X). Mouse models have shown that a loss of STIM1 or
ORAI1 expression results in a phenotype consisting of a
reduced muscle mass and early lethality.?°

Excitation-coupled calcium entry

Excitation-coupled calcium entry (ECCE) is a pathway for the
entry of extracellular Ca?" that was identified as playing an
important part in sustaining the amplitude of the Ca?* tran-
sients following repetitive or prolonged depolarisations of the
sarcolemma.’’ Although the exact channels involved in ECCE
have not been conclusively identified, it appears to require
both Cay1.1 and RYR1 function; however, the former does not
need to conduct extracellular Ca?* for ECCE to function.” The
ECCE pathway is distinct from SOCE because it is independent
of the SR Ca?* content and only mediates a small influx of
extracellular Ca?* during normal physiological activity.??
Instead, ECCE appears to gather a more prominent role in
pathological states such as MH (discussed later).

Resting calcium entry

As mentioned previously, skeletal muscle myoplasmic [Ca?*];
is approximately 100 nM, which at rest is a consequence of the
equilibrium established between the fluxes of Ca’" that are
present on the sarcolemma, and across the membranes of
intracellular organelles, in particular, the SR and mitochon-
dria. RYR1 has been shown to account for more than one-half
of the resting [Ca?"]; in skeletal muscle through two mecha-
nisms that are mediated by the bidirectional communication
between Cay1.1 and RYR1. The first is a direct result of a basal
leak of Ca%* through RYR1, whereas the second is through
RYR1 potentiating a basal sarcolemmal Ca?* influx called the
resting calcium entry (Rcag). Pathogenic variants in RYR1
enhance both these processes and thus lead to an elevated
[Ca?*];, but it is not known which channels mediate the
elevated [Ca”]i. So far, both the sarcolemmal NCX and TRPC
channels have been implicated.?

Mechanisms underlying skeletal muscle
diseases

Malignant hyperthermia

This hypermetabolic disorder of skeletal muscle Ca?* regula-
tion occurs in genetically susceptible individuals upon
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exposure to volatile anaesthetic agents and/or the depolarising
muscle relaxant succinylcholine. The RYR1 gene is the principal
geneimplicated in MH; however, variants in genes encoding the
Cay1.1 and STAC3 proteins are also known to confer suscepti-
bility to MH.?* Patients reported to have an MH-associated
variant or variants of unknown significance in these genes
should be managed as described by Gupta and colleagues.”
Multiple lines of evidence suggest that in patients susceptible
to MH, RYR1is ‘leakier’ in the non-triggered skeletal muscle and
results in an elevated myoplasmic Ca%*.?* The downstream
effects of the increased Ca?" includes an enhanced Rcag,
increased production of both reactive oxygen species (ROS) and
reactive nitrogen species, and altered mitochondrial activity.?*
The latter includes increased mitochondrial Ca?" content,
elevated basal metabolism, and upregulation of fatty acid
metabolism but a reduced oxidative capacity.’* ?° Conse-
quently, the skeletal muscle is primed for an MH reaction which
is activated following exposure to the triggering anaesthetic
agents. However, it is still not understood why an MH reaction
is not always initiated despite exposure to a triggering anaes-
thetic; further research into this is ongoing.?®

ECCE is postulated to be one contributory mechanism in
the triggering of an MH reaction given myotubes containing
different MH-related RYR1 variants displayed an increase in
ECCE. Consistent with this, dantrolene, the treatment for MH,
has also been found to inhibit ECCE. These findings have led to
the hypothesis that ECCE could be a particular mechanism by
which suxamethonium may potentiate the triggering of an
MH reaction in susceptible individuals. Further research is
required to substantiate the role of ECCE in MH and identify
the channel(s) mediating this mechanism of Ca?* influx.

The triggering of an MH reaction causes an uncontrolled
release of SR Ca?* through persistently open RYR1 channels,
which in turn depletes SR Ca?" stores. The SR stores are
insufficient to sustain an MH reaction, thus triggering the
activation of SOCE. SOCE permits the relatively large extra-
cellular Ca®" content to propagate myoplasmic Ca?* accu-
mulation; this leads to metabolic stimulation, muscle
contractures, heat generation, and rhabdomyolysis that are
seen during an MH reaction.

Treatments targeting these pathways have been shown to
be successful in both in vitro and in vivo studies using human
skeletal muscle and MH mouse models. Dantrolene is clini-
cally used to stop an MH reaction. Although not conclusive,
dantrolene is thought to primarily function by binding and
stabilising the constitutively open RYR1 channels in a
magnesium-dependent process; thus inhibiting the dysregu-
lated Ca?* release. The equipotent dantrolene analogue azu-
molene has been shown to inhibit SOCE in skeletal muscle, as
has the use of an STIM1-blocking antibody.”’” Inhibiting
sarcolemmal TRPC3/6 channels with compounds such as
SAR7334, or the SR RYR1 leak with tetracaine, causes a
reduced Rege and attenuates the MH reaction.?»?8

Recent investigations have revealed that the perturbed
myoplasmic Ca?" seen in mouse models and human MH
does not only result in a predisposition to an MH reaction,
but also results in altered glucose homeostasis and hyper-
glycaemia.?’ Enhanced myoplasmic Ca%" leads to increased
phosphorylation of glycogen phosphorylase and glycogen
synthase by a Ca?*-dependent kinase. This shifts cellular
metabolism towards glycogenolysis which leads to hyper-
glycaemia.”’ These novel mechanisms and drugs provide
new avenues of research into future therapies for MH and
hyperglycaemia.
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Intensive care unit—acquired weakness

Intensive care unit (ICU)-acquired weakness is a syndrome of
generalised muscle weakness detected in critically ill patients
for which there is no alternative plausible aetiology other than
critical illness.>® ICU-acquired weakness can be subclassified
into three conditions: critical illness myopathy (CIM), critical
illness polyneuropathy, and critical illness neuromyopathy.*
ICU-acquired weakness has been previously discussed in this
journal; therefore, we will focus on CIM, which is characterised
by limb and respiratory muscle weakness with retained sen-
sory function.® In CIM there is a greater loss of type 2 over type
1 fibres, and the preferential loss of myosin and myosin-related
proteins relative to actin; the latter is a feature that is unique to
CIM compared with other acquired causes (e.g. acute poly-
neuropathy or pure sepsis) of muscle weakness in critically ill
patients.?? Other features observed in CIM are reduced mem-
brane excitability with an associated disturbed ECC, increased
proteolysis involving the ubiquitin proteasome, calpain and
caspase pathways, and altered cellular autophagy (a normal
housekeeping process that enzymatically degrades intracel-
lular protein aggregates and damaged structures including or-
ganelles).’>3>%3 These proteolysis and autophagy pathways
normalise following ICU discharge; however, the muscle atro-
phy persists because of impaired muscle regrowth, which is
thought to caused by a decrease in the capacity for either hy-
pertrophy or muscle regeneration.>* A rat CIM model revealed
that the poor ECC was attributable to a reduction in the
expression of RYR1, a disruption in the distribution of both
sodium channels and Cay1.1 in the sarcolemma, and direct
effects of pro-inflammatory cytokines such as interleukin-lo
on RYR1 Ca®" release. Mitochondria have also been implicated
in the aetiology of CIM. Their ultrastructure and metabolism
are disrupted in CIM which then leads to increased ROS pro-
duction and cellular ATP depletion.>**? Overall, the molecular
mechanisms underlying CIM are still incompletely understood.
Thus, this necessitates further research to advance the devel-
opment of therapies that prevent this myopathy.

Skeletal muscle fatigue

Muscle fatigue is a reversible progressive decline in perfor-
mance following activity. Increased muscle fatigue is seen in
patients with exacerbated chronic inflammatory conditions,
critical care patients, and in sarcopenia.®*

The pathogenesis of muscle fatigue is complex involving
either reductions in the supply of energy or the failure of the
neuromuscular unit. The former is illustrated by the rapid
onset of fatigue seen in patients with myophosphorylase
deficiency who are unable to catabolise glycogen. With
respect to the neuromuscular unit, evidence suggests that
muscle fatigue can be caused by a failure to transmit action
potentials, the inability of the t-tubule to spread the excitation
wave, dysregulations in the Cay1.1 voltage sensing, decreased
RYR1 Ca?" release, decreased SR Ca?" reuptake, increased P;,
and modifications in the Ca?' handling and sensitivity of
myofibrillar proteins.>® Failure of SOCE may contribute to fa-
tigue given that an absence of SOCE in young and aged mice
led to reduced force generation and increased susceptibility to
fatigue during periods of intense activity.*®

Sarcopenia

Sarcopenia is a progressive and generalised skeletal muscle
disorder that is associated with adverse outcomes ranging



from increased risk of falls and fractures to impaired ability to
perform activities of daily living, and increased mortality.>’-*
This disease of ‘muscle failure’ presents with low muscle
strength, low muscle quantity or quality, and if severe, low
physical performance.?’ *° Sarcopenia occurs with normal
ageing but is not limited to aged individuals, as it can develop
earlier because of inactivity, or secondary to chronic illnesses
including cardiovascular disease.* It differs from malnutri-
tion, which is characterised by an imbalance between energy
intake and expenditure, and the quality of nutrient intake.*®
In addition, it is distinct from cachexia, which features a
more pronounced inflammatory component and relies on the
loss of weight, muscle, and fat tissue for diagnosis.38'40 Both
sarcopenia and cachexia can be present in patients with
cancer where they lead to a poorer physical performance and
prognosis.*’ The prevalence of sarcopenia in critically ill pa-
tients is reported to be 43%, with the patients having an
associated increased mortality, longer duration of mechanical
ventilation, length of ICU plus hospital stay following me-
chanical ventilation.** However, a problem with such critical
care studies is that sarcopenia is commonly diagnosed based
on radiological investigations only; this ignores the key
functional criteria in the diagnosis.

The pathophysiology of sarcopenia is complex, multifac-
torial, and incompletely understood. The fundamental cause
is believed to be an imbalance between anabolic and catabolic
muscle homeostasis in the presence/absence of neuronal
degeneration.®®*° There is increased muscle fat accumula-
tion, but a decline in the size and number of myofibres
particularly type II fibres, together with reduced muscle repair
and regeneration because of skeletal muscle stem cell
senescence.*®%? Although muscle atrophy contributes to sar-
copenia, the decline in muscle strength and increased sus-
ceptibility to fatigue precede the development of atrophy.
Both increased oxidative stress from muscle ROS over-
production and dysregulations in Ca?* handling are thought
to contribute to the functional impairments.*” An age-
dependent decline in intrinsic muscle force production in
human skeletal muscle fibres was shown to involve marked
reduction in Cayl.1 subunit expression, together with a
functional uncoupling of the Ca,1.1-RYR1 interaction,
resulting in reduced SR Ca?" release.*” Both human and mice
studies have shown ageing results in corresponding re-
ductions in CRUs, mitochondria, and CRU—mitochondrial
pairs, and these parallel declines in SR Ca’" release and
increased oxidative stress.*” Elevated oxidative stress causes
mitochondrial dysfunction which promotes further ROS pro-
duction. This then perturbs several intracellular signalling
pathways (including modifications of RYR1) that lead to
reduced muscle mass and strength.*>*> These changes could
be prevented in aged mice by long-term exercise.*’

Furthermore, there is a decrease in autophagy leading to
the persistence of damaged proteins and dysfunctional
mitochondria, setting off a detrimental cycle that ultimately
leads to the loss of myocytes.*> The failure in muscle anabo-
lism is primarily a result of increased resistance to hormones
such as insulin and testosterone which are potent activators
of muscle protein synthesis.*?

Treatment strategies for sarcopenia and cancer cachexia
have similar goals of (i) increasing muscle mass, (ii) improving
muscle and overall patient function, and (iii) enhancing
physical performance.*’ Exercise and physical activity can
attenuate inflammation, activate anabolic pathways, and
promote favourable metabolic adaptations.*® There is
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compelling evidence for the benefits of resistance exercise in
improving skeletal muscle mass and strength, with increasing
evidence for its benefit together with appropriate nutrition in
sarcopenia, but such evidence is still lacking in cachexia
secondary to cancer.’®* *° Exercise-based pre-habilitation
strategies have shown promise in improving aerobic fitness,
although their impact on key clinical outcomes remains un-
certain, with evidence being of generally poor quality.** Sub-
optimal study design also underlies the inconsistent evidence
for the benefits of exercise-based interventions following ICU
discharge in survivors of critical illness.** Consequently, well-
designed laboratory and clinical studies into sarcopenia in the
perioperative period are needed to help better inform the
clinical management of patients with sarcopenia.

Conclusions

Skeletal muscle constitutes 40% of body mass and plays a vital
part in maintaining the normal human physiology. It is now
becoming evident that novel pathways of extracellular cal-
cium entry have an important role in certain skeletal muscle
pathologies seen in the operating theatre and critical care.
These findings provide a greater understanding of these dis-
eases whilst revealing novel targets for future research and
therapies. A contemporary knowledge of skeletal muscle
physiology provides a strong foundation for clinical practice.
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