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Summary maturation. Interestinglya sibset of muscle precursor cells
expressing Pax7 (called satellite cellg)l fto differentiate,

~ 1. In adult mammals, sfetal muscle mass is p remain associated with thevdoping muscle fibres and
maintained through a precise balance of protein synthegis. peliged to be esponsible for the remarkable

and protein dgradation, while during delopment cellular regeneratie cpacity of adult skeletal musde.The

(not protein) turnwer predominates. Wheprotein balance processes of skeletal myogenesis and skeletal muscle
is shifted tevards synthesis, sketal muscle ypertrophy yegeneration are precisely regulated through the actions of
ensues, whereas increased proteigraation leads t0 ;merous growthakctors, cytokines and myokin&3. We
skeletal muscle atroph Insulin-like gowth factorl (IGF- 456 meviously identified the B-adrenegic signalling

1) is among the best documented of the\{\gmfact_ors that pathvay as a potential wel regulator of skeletal muscle
regulate skeletal muscle mass, by increasing protejggeneratiortS In addition, we and others v postulated a

synthesis and decreasing proteigrelation. Hwever, & (gje for B-adrenoceptors in skeletal muscle wgiid® and
IGF-l-independent growth pathway has been 'de”t'f'e@e\/elopment?

which involves the actiation of B-adrenoceptors and Much of our knewledge reading the effects of
subsequent skeletal muscle growth,veligoment and g aqrenegic signalling in skletal muscle comes from the
hypertroply. multitude of studies irestigating the therapeutic potential

2. While the importance ¢3-adrenegic signalling in - of synthetic B-adrenoceptor  agonist B{agonist)
the heart has been well documented and continues jd@ministration to prent or reverse skeletal muscle
receve sgnificant attention, it is only more recently that weeakness and asting®® The aim of this réiew is not to
have begun to appreciate the importance of this signallingysmine  the therapeutic potential  of-adrenergic
pathway in skeletal muscle structure and functi®tudies gtimuylation. it rather to summarize endogenous

have identified an important role oB-adrenoceptors in g aqrenegic signalling in skletal muscle, and then discuss
myogenesis and work from our laboratory identified eeho 4 potential role for this signalling patiay in both skletal

role for B-adrenoceptors in regulating skeletal musc'%yogenesis and regeneration following injury.
regeneration after myotoxic injuryln addition, nev data

suggest thafi-adrenoceptors are upndated dramatically B-Adrenergic signalling in skeletal muscle

during differentiation of C2C12 cells. . .
3. It is nov clear that B-adrenoceptors play an In adult mammals getal muscle mass is maintained

important role in regulating skeletal muscle structure arfjrough a precise balance of protein synthesis and protein
function. Importantly a dearer understanding of the dégradatio, whereas during delopment cellular (not
pathways regulating skeletal muscle mass may lead to tRECtein) turneer predominates. Whethe protein balance
identification of nwel therapeutic targets for the treatmentS Shifted twards synthesis, sketal muscle ypertrophy
of muscle wasting disorders including sarcopenia, cancgfSues and during times of increased protegragation,

cachexia, and the muscular dystrophies. skeletal muscle will atroph Insulin-like goowth factor-I
(IGF-1) is among the best documented growth factors that
Introduction regulate skeletal muscle mass, by increasing protein

synthesis and decreasing proteingreation?*® While
Vertebrate  skeletal muscle \dopment, Or |GF.| has long been considered the master regulator of
myogenesis, wolves the proliferation and subsequenpotein kinase B (Akt) aatition with resultant denstream
specification of mesodermal cells (ded from the signalling, a second IGF-l-independent wtlo pathvay
somites) to the myogenic lineage. These muscle precur§Qiolving the actvation of B-adrenoceptors and subsequent
cells (termed myoblasts) under further rounds of Ak actvation has been proposéd. Since we hee
proliferation, and then i the cell cycle to undgo prejiously described a role fg-adrenegic signalling in

termipal diferentiqtion and fusion to form  maturey,o rggulation of protein synthesis andgiadatiorf only a
myofibres}? The paired homeobox proteins Pax3 aad® brief overview will be presented.

and the myogenic regulatory factors Myf5, MyoD, B-Adrenoceptors are members of the G-protein

myogenin and MRF4 precisely regulate these processescghmed receptor (GPCR) supriily; a class of receptors
specification, proliferation, differentiation, fusion andyefined by their selest cupling to a heterotrimeric G-
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Figure 1. p-Adrenergic signalling irvaves the binding of g3adrenoceptor agonist, whicin turn results in the associa-
tion of a heterotrimeric G-protein with the third intracellular loop of thgadrenoceptor. This association results in a
conformational bange in the heteotrimeric protein sub that both thea- and gy~sulunits can activate downstream signal-
ing targets. Canonicalg-adrenegic signalling involves the &mediated activation of adenylate cyclase and subsequent
production of cAMP Binding of cAMP to PKA allows for the activation of numerous dowasirtagets. Innon-canoni-

cal g-adrenegic signalling the @y protein dimer is believed to activate the PI3K/Akt signalling pathwagsphorylation

of Akt has numerous downstream effects, including: the phosphorylation and subsequent inhibitiongpteS3iva-

tion of MMORC1via phosphorylation of TSC2; and the phosphorylation and subsequent nuclear exclusion of BoxO1 tr
scription factos. Theend esult of both the @and Gsymediated signalling pathways is an increase in protein synthesis
and a decrease in protein degradatfon.

protein (QGxfy). Threeisoforms of B-adrenoceptors ke activators, including glycogen synthase kinafe(GSK33),
been identifiedp, -, B,- and B,-adrenoceptors, with sletal  tuberous sclerosis comple2 (TSC2, leading to the
muscle containing a population of predominanthsubsequent aetition of mammalian target of rapamycin
B,-adrenoceptors, with approximately 7-10%complex1, mTORC1)}*>and members of the forkhead box
B,-adrenoceptors also preséftd To date, no study has O (FoxO) family of transcription factors (Figure 117
clearly delineated roles for each of the receptor isoforms in A role for B-adrenoceptors in the gelation of
skeletal muscle. Therefore, for the remainder of thismTORCL1 signalling s first proposed by Sneddon and
review, we will discuss B-adrenegic signalling without colleagues (2001), who found that 5 dayg-@fdrenoceptor
specific reference to individugtadrenoceptor isoforms. stimulation using thg-agonist, clenbuterol, was $iefent
Upon actvation, theB-adrenoceptor has traditionally to increase the phosphorylation ofotwf the best described
been thought to couple with the stimulatoryt Gubunit targets of mMDRC1, 4EBP1 (elF4E binding protein 1) and
(Gay which allows binding to adenylate cyclaseQ)A S6K (p70 ribosomal protein S6 kinasel) inelskal
resulting in the corersion of ATP to cyclic AMP (CAMP) muscle!® The mTORC1 mediated phosphorylation of S6K
and the subsequent aetion of protein kinase A (PKA). is known to promote translation, while phosphorylation of
Activation of this pathway has been ligdk to the inhibition 4EBP1 prgents the inhibition of elF4E and allows the
of proteolytic pathways, and possibly to increased proteirprogression of cap-dependent n/RNanslatior?® A direct
synthesis (Figure B). role for B-adrenoceptor gaulation of mMTORC1 has been
In addition to canonical €&-AC-cAMP-PKA confirmed by Kline and colleagues (2007) who found that
signaling,-adrenoceptors la keen found to signaliathe activation of the [(-adrenoceptor signalling pathy
GBy sulunits of the G-protein to agtite the well described phosphorylates Akt and results in the subsequentatoti
phosphoinositol 3-kinase (PI3K)-Akt signaling patyw of mTORC1!!
(Figure 1)} In this pathway PI3K is beled to In addition to suggesting a role f@radrenoceptors
phosphorylate the membrane phospholipith regulating mTORC1, Kline and colleagues (2007)
phosphatidylinositol-4,5-bisphosphate  (BIP generating identified a B-adrenoceptor mediated decrease in the
phosphatidylinositol-3,4,5-trisphosphate (BIP and expression of the te E3 wWiquitin ligases MuRF1 (muscle
initiating the phosphorylation and subsequentvatitin of ring fingerl protein) and MAFbx (muscle atrgpR-box
the serine/threonine kinase Ak®Bkt activation, in turn, protein)!* These tw ubiquitin ligases hee keen termed
results in the phosphorylation of numerouswvdstream ‘atrogenes’, since their upregulation is associated with
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numerous forms of muscle atroph?2 Transcription of fusion of the myoblasts into myotubes, and maturation of
MuRF and MAFbx is regulated via the FoxO family of myotubes into muscle fibres. Althoughwfestudies hae
transcription &ctorst®1”and Akt phosphorylation is km;n  examined the role of-adrenoceptors during this process
to result in the phosphorylation, and subsequent nucledirectly, both arms of the3-adrenegic signalling pathay
exclusion of X0 proteins, pmenting its actvation of have been demonstrated to play important roles in
MuRF and MAFbx. It is interesting to note that while Akt myogenesis — the cAMP/PKA pathway is bed to be
mediated phosphorylation of FoxO1 has been found tovolved in the early stages of the myogenic pro®e&8s
reduce transcription of MuRF and MAFbx, phosphorylatiomhile mTOR s iwolved in the later stages of fdifentiation
of FoxO3a appears only to reduce MAFbxand maturation of myotub&s3!
transcriptiont®1” While FoxO1 and &xO3a remain the To determine whetherf-adrenoceptor iels are
best characterised regulators of MURF and MAFlmx@4 regulated during the processes of proliferation and
has been identified to induce transcription of MAFbx (imlifferentiation, we used JRPCR to examine the mRN
response to TN in an Akt independent mannétFurther expression leels of Adrbl and Adrb2 (B, and
research is required to determine whetfeadrenoceptor [,-adrenegic receptor genes) in proliferating C2C12
signalling can also inhibit FoxO4 mediated watton of myoblasts at 50% and 100% confluence, arferdifitiating
MAFbxX. myotubes incubated for 1, 2, 3, or 4 days ifiedéntiating
Thus it appears thaf-adrenoceptor stimulation, media. V& found that the expression Afirb2 and Adrbl
through actration of Akt and/or PKA signalling pathays, were increased dramatically atawlays post-diierentiation
can increase protein synthesis and inhibit proteifFigure 2). These results support previous microarray data
degradation. collected from proliferating and differentiating C2C12
While much research has focused on the role @klls3?33 and suggest thaB-adrenoceptors may play an
B-adreneggic signalling in adult sidetal muscle, less is important role in the latter stages of myogenesis, including
known about the potential role of this signalling pastyw differentiation, fusion and maturation.Interestingly,

during the process of skeletal myogenesis. microarray studies wealed an upmgulation of gclin
o o ) dependent kinase inhibitop21, in mouse skeletal muscle
B-adrenergic signalling in myogenesis following B-adrenegic stimulation®* As p21 is known to

The process of skeletal myogenesis has be?ﬁomote terminal differentiation, these results vide
u

described in detail pweouslyl2324 Briefly, the paraxial irther _ supportfor a role forf-adrenoceptors in
mesoderm of the embryowilles into somites, with the differentiation.

dorsal portion of the somite forming the dermomyotome

and giving rise to all muscles of the body and limbse 3 5 *

epaxial dermomyotome (the portion closest to the neu oAbl

cord) forms the muscles of the deep back and trunk, wt
the typaxial dermomyotome (furthest from the neural con
gives rise to the limb muscles. Myogenic precursor cel *
delaminate from the dermomyotome and migrate to eitt 1 *
the myotome (to become trunk muscles) or the limtsh
where thg undego a period of intense proliferatiomfter
the period of proliferation, the myogenic precursor ce
(termed myoblasts) exit the cellyate and begin to 14
differentiate and fuse together to form multinucleats
myotubes. Whilemyotubes express some muscle-speci
proteins é.g.myosin) theg still lack mary of the specialised
structures of mature muscle fibredyotubes then undgo

a period of maturation which primarily volves
organisation of the cellular architecture.g.formation of t-

tubules) before becoming mature muscle fibres. i o .
The signalling proteins initiating specification to the':Igure 2. Quantitative real-ime PCR \as used to mea-

myogenic lineage differ between the epaxial apdalxial sure Adrbl and Adrb2 (f;- and ,-adrenoceptor genes,

dermomyotome — the epaxial dermomyotome seems to r£§§pectiely) MRNA lewels in C2C12 rr_1yob|asts at 50% and
controlled predominately by Wnt and SIXarfily 0% confluencyand myotubesdllowing 1, 2, 3 or 4 days

transcription factors, while the hypaxial dermomyotome ingcli\gferent!ation. Igterestitr)gl)lll bofE[hAS/;bZ dand .Adc;‘.?l
controlled by SIX and EX. Rejadless of the signalling m it Vas m(;:_rea:le_ 3 alca|1 y/f_l er .9[ azSOIBS I
pathway responsible for triggering specification, th entiation media. N = 3 samples/timepoint f< 0.05vs.

myogenic precursor cells begin topeess the muscle %O% confluence).

regulatory fictors Myf5 and MyoD, which in turn promote

the epression of myogenin and MRF4. Expression of the Further in vivo confirmation of the role of
MRFs promotes»ét from the cell cycle, differentiation and B-adrenegic  signalling in  embryonic gwth and

Adrb2

Arbitrary Units
*

50% 100% Day 1 Day 2 Day 3 Day 4
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development came from Auman and colleagues (2002) whegeneration.
demonstrated that during fetal and neonataldgpment, )
cardiacB-adrenoceptors were resistant to desensitization gPnclusions
decrease in receptor respaesiess following a period of
chro_nlc stlmulgtlonf?’ This finding, couple_d with PYEOUS 1 e therapeutic tayet for the treatment of skeletal muscle
studies showing increased catechola_mlneelske in the wasting and weakness due to its critical roles in the
neonate® suggests thgb-adrenoceptors in skeletal mUSCIemechanisms controlling protein synthesis angragatior?
may be responsible, at least in part, for the rapidrrand However, dinical applications hee © far been limited
development observed during the fetal and neonatal Stag?ﬁ'gely E)ecause of cardiescular side décts84647 One,
In support of this ypothesis is the finding that

d i imulati ; tal rats i exciting nev avenue of research that may \hate these
B-adrenoceptor  stimula |o7n In neonatal rats INCreasgy, qnied side-effects wolves the use of designer GPCRs,
skeletal muscle mass These results indicate

. that allv for tight spatiotemporal control of GPCR
B—adrenocep_tors are pre;ent in fetal and neonaebtak signalling®® This process wolves the deslopment of both
muscle _and likely wolved in muscle growth. a g/nthetic receptor and aettor (neither of which actates
, ;Méh. the - advent of B-adrenoceptor knock-out impairs endogenous GPCR signalling) and therefore
mice, it will be 'r.“p"”a”‘ o Eamine the $Ieta| limiting signalling to the tissue/gion of interest, a result
muscle deelopment in these mice to determine th

tributi q tors t . Shat current B-adrenoceptor agonists cannot achie
contribution of-adrenoceptors to myogenesis. However, for novel therapeutic stratpes such as this to be

B-adrenergic signalling in skeletal muscle regeneration ~ ffectve in skeletal muscle wasting and weakness, a better

understanding of the gelation of this pathway is required.
Skeletal muscle injury can occur as a result of direct A clearer picture of the importance Bfadrenergic

physical trauma such as contusion, laceration or crush, signalling in skeletal muscle is giening to emerge, and

from extreme changes in temperatures, angneas a the potential therapeutic application ¢Fadrenoceptor

consequence of certain types of contractiorie. ( stimulation cannot be ignoredt is our recommendation

lengthening or eccentric contractiondRegardless of the that future studies focus not solely @ragonist induced

initiating event, skeletal muscle injury canvaeely impair hypertroply, but rather on the mechanisms underlying these

mobility and quality of life, and is a significant health issueesponses.

that costs billions in health careveey year in most
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