Myonucleardynamicsin muscle plasticity and the transcriptional
regulation of resistance training induced hypertrophy.

Mark Robert Viggars

Thesissubmitted in partial fulfilment of the requirements of
Liverpool John Moores Universitipr the degreeof DOCTOR OF
PHILOSOPHY

September2021



Student:

Mark Viggars (BSc HomdPhil, AFHEA),

Research Institute for Sport and Exercise Sciences (RISES),
Liverpool John Moores University,

Liverpool,

L3 3AF,

United Kingdom

Director of Studies:

Jonathan Jarvis BSc PhD DIC ARCS FHEA

Professor of Sport and Exercise Science

Research Institute for pt & Exercise Sciences (RISES),
Liverpool John Moores University,

Liverpool,

L3 3AF

United Kingdom



Declaration

| Mark Viggars declare that all work presented here in this thesis was written by me and is my

own. No portion of the workeferred to in this thesis has been submitted in support of an

application for another degree or qualification at Liverpool John Moores University, any other

university or other institute of learning.



contents

ACKNOWIEAGEIMENTS. ... e et e e e emra e e e e e e e e et e e e e e e e eaneaaeeas 10
(0] o] [Tor=1 1 o] o F- TP PP 11
ADbDreviations and ACIONYMS......ccoi it nr e e 12
IS A0 T U PRSP 20
IS A0 N = 1 o] =PSRRI 24
Y 0111 - Vo PSR 25
(@ aF=T o] (= g I [ 11 Yo L1110 o PP 26

1.1 Skeletal Muscle Structure and FUNCHQN...........uuuuieiiiiiiiiieereeee e 27

1.2 Relationship Between Muscle Activity and Myosin Heavy Chain Isoform

EXPIESSION ...ttt e e e e e e e ns 32
1.3 Relationship Between Muscle Activity & Mitochondria..........cccccceeeeeinnnnnn. 39
1.4 Unloading and Muscle Atrophy & The Ubiquitin Proteasome Pathway......45
1.5 Loading and Muscle Hypertrophy............oooooo i 8 49
1.6 Models Of HYPEIIOPNY........uuueeiiiiiiiic e 59

1.7 HyperplasigVuscle Fibre Splitting & Changes in Fiber Length Following

Mechanical Loading & Functional Overlaad.............cccooiiiiiiiiiiiiid 63
1.8 Skeletal Muscle During Development...........cceeveiiiiiiiiiiiiiieee e 67
1.9 Satellite Cells & Adult MyOgENESIS..........uuuiiiiiiiiiiiiiiiie e 70
1.10 Thesis AIMS & ODJECHIVES........couuuiiiii i 74
Chapter 2: Materials and Methodology..........cooeviiiiiiiiiiii e 76
CellCulture
2.1 InVItro Cell CURUIE......oooiiiiiee e eeee e e o]
2.2 C2C12 & Human Primary Myoblast/Myotube Cell Culture..............c..oou..... 77
2.3 Routine Culture of C2C12 Myoblast and Myotubes in Monolayetr.............Z7



2.4 Routine Culture of Human Skeletal Muscle Derived Myoblasts and Myotubes in

1Y/ L0] g T0] F= 1= U PPUSPPRRPTRR 78
2.5 Immunofluorescent labelling of cells..........cooooei 78
2.6 Fluorescent microscopy Of CellS..........uuuiiiiiiiiiiiiiie e 80

In-vivo Ekectrical Stimulation Experiments

2.7 Electrical Stimulation of The Tibialis Anterior Muscle Via Implantable Pulse

Generators to Produce Loaded & Unloaded Contractions in Rodents............ 80
2.8 Ethics & ANIMAIS USEA.......uuiiiiiiiiiiiiiiiii e 81
2.9 Miniature Implantable Stimulators for RatS............oevvvvvviiiiiieiiiiiiiiiiiiiiiinnnns 84
2.10 IMPIANt ProCEAUIE. ...t 84
2.11 Electrode Configuration................coooiiiiiiiiiiiiieeeeeeeeeeeeeeeee s 85
2.12 StMUIAtIoN PrOtOCOIS........eviiiiiiiiiiiee e 85
2.13 Deuterium delivery for dynamic proteomic profiling..........ccccceeeeeiiiieennnnn. 36

2.14 Terminal Procedure and Tissue Preparation for Regional Investigations86
In-vivo NerveBlockExperiments

2. 15 BACKGIOUNG. .....ceeiiiiiiiieiiiii et r e e e e e e e 388

2.16 Nerve Blockade of The Common Peroneal Nerve (CPN) Using A Nerve Cuff to

Produce Atrophy in The Tibialis Anterior Muscle in Rats...........cccccevvvvvvvevinnnns 38
2.17 Implant Contents & Implant ProCedure...........ccvvveiviiieeeeiniiiiee e 89
2.18 Nerve BIOCK ProtOCOL...........ceeiiiiiiiiiiiiiiiieeeee e 89
2.19 TerminaProcedure and Tissue Preparation............cccceeeeeeiveviiiinieeeneeennnns 90

In-vivo FunctionalOverload Experiments

2.20 Mechanical Overload of The Plantaris Via Synergist Ablation #TYypkdand
[@D! BKNY O H.@AQS e, 90

2.21 Background to Lamin A Mutations & Surgical Procedurte........................ 90

5



2.22 Procedure ahTiSSUE Preparation..................ueevuerrummenmemennnnnsssseesseeeens 92
Single Fiber Preparation and Analysis

2.23Background to human biopsy sample access and eccentric damaging protocol

induced by electrical StMUIALION. ...........cooiiiiii e 93
2.24 Single Muscle Fibre ANalYSIS..........covvviiiiiiiiiiieiiiiirse e 94
2.25 Preparation and EXIractiQn........ccccoeeiiiiiiiiiiieee e 94
2.26 IMMUNOSTAINING. ....cevirieeiiiiiieiiie e e e e e e e e e e e e e aaaaaaaaaaeaaaeeaees 94
2.27 Fluorescent microscopy imaging and analysis of single muscle.fibers.....94

Histology and Immunohistochemistry
2.28 Histological Analysis of Frozen Cryosections of Muscle Tissue............... a5
2.2 TISSUE SECHONING......uveeiiiiieeeeieiiiitti e e e e e e e r e e e e e e e s s eeeeeeas 95
2.30Hematoxylin and Eosin& for Fibre Morphology & Damage AssessmenB6

2.31 Nicotinamide Adenine Dinucleotide (NADH) Staining for Assessment of Muscle

MiItoChoNArial CONTENL. ... .o e 97

2.32 Adenosine triphosphatase (ATPase) Staining for Assessment of Muscle Myosin

Heavy Chain CONENL. ... 97
2.33 IMMUNONISTOCNEMISIIY.....eeiiiiiiieeiieee e 98
2.3 Fluorescent microscopy and tile scanning............ccoevvvvviiieeeeeivceiiiiieeeenn, Q8
2.35 Myovision 2.0 Development and ANalYSIS...........coovuviiiiiiiiiiiiiiiiiee e, a8
RTgPCRAnalyses
2.36 Tissue Homogenisation and RNA Extraction (TRIzol Methad)............... 103
2.37 RNA Concentration & Purity Analysis fOFPTCR.........ccoovviiiiiiiiiiiieeeeeenn. 104
2.38 RNA Sample DilULION ......uuvviiiiiiiieeeiee i 104
2.39 Design of Primers for Polymerase Chain Reaction (PCR).............cc...e... 104



240 QiAgility Automated Sample Preparatiton RFqQPCR...............coovvvvrieenee, 105
241 Rotor GeneQ Real Time Cycler for-BPCR...........ovvviiiiviiiiiiciicieeeeen, 105

2.42 Quantification of Relative Gene Expression usingRIR Using thefk / ¢
Method for Fold Change CalculatiQns..............coooeiiiiiiiiiiiiiiiiieceeeee e 107

Next-Generation RNA Sequencing

2.43 MRNA Library Preparation.........cccccooiioiiiiiiieee e eee e een e 108
2.44 Prealignment QA/QC... ... ——————- 110
2.45 Read TrimminNg......ccooeeeiii it 112

2.46 STAR Alignment 4.4.1d Rattus NorvegicydRnor_6.0 genome assemhly.113
2.47 Postalignment QA/QC ... . e it 114

2.48 Quantification to Ensembl transcriptome annotation mo8eitus Norvegicus

[ L0 S T O PRSPPI 117
2.49 Normalisation Background and DESeg2 median of ratios..................... 120
250 Differential Gene Expression AnalySis............ccccoevvvevvveeeiieeeeeeeeiiiininnnnns 121
2.51Principal Component ANALYSIS.........cocuuiiiiiiiiieeee e 121
2.52 KEGG Pathway ANAIYSIS........cuuiiiiieiiiiiiiiiiiieeee e 121
2.53 SeltOrganising Map (SOM) ANalYSIS........cccuuiiiiiiiieeiiiiiieeeee e 122
2.54Venn Diagram ANAIYSIS.........uueeiiiiiiiiiiiiiiiiiiieee e 122
2.55 Comparative Transcriptome ANAlYSIS........ccueueeiiiiiiiieiiiiiiiee e 122

Chapter3: Computational Analysis of Skeletal Muscle Immunohistochemistry to Assess

Myonuclear Turnover with Changes in Activity, Loading &lthding of Rodent Hindlimb

MIUS C S ettt ettt et et e ree e e e e e e e et e e et e e e e raaas 123
N N 0 1) £ - o3 AU OP PP 124
IV 10110 o U] 1 o) o T TE TSR 124



BLBMEINOUS. ... e 127

BB RESUILS. ..o 136
OIS B I o U ETo (o] o FH TR TPR 154
3.0 CONCIUSION. e e e 161

3.7 Future technical considerations/observations from assessing changes in muscle

mass and fiber typeharacteristics in response to spillover training................ 162

Chapter4: A pilot investigation into the longterm effects of longterm resistance training,

long term detraining following detraining and longerm recovery from severe disuse

oL £0] o] )Y/ TSP 168
O A 0 1o 1 - (o F TR 169
A 2 INETOAUCTION. ..t e e rreaens 170
A BIMEINOUS. . ... 172
A AREBSUIS. ..o e e 175
A S DS CUSSION. ..o 192
4.6 CONCIUSION. - e e 195

................................................................................................................................... 197
5.1 ADSIFACL. ...ttt 198
S.2INrOAUCTION .....e et e e e e e 200
S.3METNOUS...... e 202
S A RESUIES. ..o 207
5.5 DISCUSSION. ....ceiieeeiiiitt ettt ettt e e e e e e e e e e e e e e e 256
5.6 CONCIUSION. ...ttt e e e 265

Chapter6: InvestigatingPericentriolar Materiatl (PCM1) as a marker for skeletal muscle

myonuclei: A crosspecies and models approach.........cccccovveiii 267



B. L A ST AICK ..o 268

6.2 INErOAUCTION.....ceiiiiiiiiie et e e 269
B.3MELNOUS. ...t 272
B.4ARESUILS. ... 278
6.5 DISCUSSION. ...ttt e e e e e e e e e e e e n e e e e e eeas 292
6.6 CONCIUSION. ......oiiiiiiiiiiie e e e 296
TRESIS CONCIUSION......ciiiiiiiie e 298
RETEIEINCES...... e e e e e e e e e e e 300
Y o] o= g o [To =SSR 338



Acknowledgements

| would like to expresaspecial thanks and gratitude for all of those who have made it possible

to complete my PhD journeygomething | never thought | would achieverstly, | would like

to express a special thanks to mpSand mentor, Professor Jonathan Jarwghout whichl

would not have the love for skeletal muscle biology that | have today. Jonathan has been a
fountain of knowledge throughout my PhD for things both inside and outside of my research

area. Our thoughtful conversations and your willingness to give me dreedith research
LINP2SOGa KIFIa Ffft26SR YS (G2 RS@St2L) Y& AYyRSI
LIAOGdzZNBEQd L K2LIS (2 O2ydAydzS (2 LINPAwhud FNRY
like to say aspecial thank to co-supervisorProfessor Clee Stewart who | started my

research journey with during my undergraduate programme. You have always had time for
everyone and anyone and have an unbelievable work ethic of which | am envious. Your ability

G2 LXIre RSOAf QA | R@2 Ofic tiger akdlhas aR&/@Rushad d&Ro Y& 3
produce the best quality science that | can. To Dr. Daniel Owens, | would like to thank him for

his invaluable experience and friendship both inside and outside the lab, your contributions

have accelerated my develomnt towards being a thoughtful, independent scientist. | must

thank Dr. Hazel Sutherlanidr your friendship, passing on your immense practical expertise

and organisation without which none of my work would have been possible. | also give my
thanks to Steve Broadfootand therest of the LSSU stafor their time, dedication and

flexibility when performing animal interventions. | would link to thdnk Yuan Wefrom the

University of Kentucky for his expertise and willingness to openly collaborate, wittfoak

a large part of my analyses would not have been possible. | also give thamfew gost

graduate researcher®r. Steffen Eickhoff, Dr. Dan Sadler, Dr. Alex Brown, Dr. Daniel Turner

and Andy Nolan) who assisted in my development through thougbtfcussion both inside

and outside the lab, and virtually during the confinement of a worldwide pandemic. | also give
thanks to my amazing friends in and outside of cricket, for giving me much needed relief
outside of work Finally,and most importantly| would like to thank myamily (John, Linda &

Michael) andmy best friend andgirlfriend Ruby for their endless and selfless support
throughout my educatiomnd lifed L g2 dzZ Ry Qi 06S ¢ KSNXindness, Y y 2 4
and encouragement through® OKI f £ Sy3S8a LQ@S SELISNASYOSR A

10



Publications(By Date)

1 Seaborne, R.AViggars, M.and Sharples, A.P., (2019). How Long Does Muscle
Memory Last? The Rotd EpigeneticsJournal Of Applied Physiology27(6), 1819
18109.

1 Owens, D.J., Messéant, J., MoogV#ygars, M, Ferry, A., Mamchaoui, K., Lacéne, E.,
Roméro, N., Brull, A., Bonne, G. and BdHeswne, G.,(2021). Laminrelated
congenital muscular dystrophy alters mechanical signaling and skeletal muscle
growth. International journal of molecular scienc@2(1), p.306.

1 Hughes, D.C., Turner, D.C., Baehr, L.M., SeaborneyRgars, M.,Jarvis, J.C., Gorski,
P.R, Stewart, C.E., Owens, D.J., Bodine, S.C. and Sharple202F..Knockdown of
the E3 Ubiquitin ligase UBR5 and its role in skeletal muscle anabdéliserican
Journal of Physiolog@ell Physiologyd20(1), pp.C4&56.

1 Turner, D.C., Gorski, P.P., ls@ae, R.AViggars, M.Murphy, M., Jarvis, J.C., Martin,
N.R., Stewart, C.E. and Sharples, A2021). Mechanical loading of bioengineered
skeletal muscle in vitro recapitulates gene expression signatures of resistance exercise
in vivo.Journal of Céllar Physiology.

1 Viggars, M. Wen, Y., Peterson, C., and Jarvis, J.C..2J2Q2itical assessment of
automated crosssectional analysis of trained, severely atrophied and recovering
whole rat skeletal muscle using MyoVision Z@urnal of Applied Physogy.

w Viggars, M.,Owens, D.J.Stewart C.E., Coirault, C., Mackey, A.L., and Jarvis, J.C.,
(2022). PCM1 labelling reveals myonuclear and nuclear dynamics in skeletal muscle

across speciedJnder Review.

11



Abbreviations & Acronyms

Abra
ACSM
Actn2
Actn3
Actr
Akt

Alk
Amdl
AMP
Ampd1l
AMPK
Angpt12
Ankrdl
Ankrd2
Anxa2
Apoe
Arfgap3
Arfip2
Arntll
Arrdc3
Asb5
Atf3
ATP
Bcat2
Bcl2111
Bgn
Bmall
BMP
bp
BSA
Btg2
C10B
Calm2
Camk
CD14
CD4
CD68
Cl
Ckap4
CLFS
CLOCK
Cnn2
Collal

ActinBinding Rho Activating Protein
American College of Sports Medicine
Actinin Alpha 2

Actinin Alpha 3

Activinin Receptor

Protein kinase B

Activinin Receptotike kinase
Adenosylmethionine Decarboxylase 1
Adenosine monophosphate

Adenosine monophosphate deaminase 1
Adenosine monophosphate kinase
Angiopoietinlike 2

Ankyrin Repeat Domain 1

Ankyrin Repeat Domain 2

Annexin A2

Apolipoprotein E

ADPRIibosylation Factor GTPase Activating Protein 3
Adenosine monophosphate ribosylation Factor Interacting Protein 2
Aryl Hydrocarbon Receptor Nuclear Translocator Like 1
Arrestin Domain Containing 3

Ankyrin Repeat And SOB&x Containing 5
Activating Transcription Factor 3
Adenosine 5triphosphate
Branchedchainamino-acid aminotransferase
Bcl2-like protein 11/BIM

Biglycan

Brain and Muscle Arntl Like Factor 1
BoneMorphogenetic Protein

basepairs

Bovine Serum Albumin

BTG AntProliferation Factor 2
Complement C1q B Chain

Calmodulin 2

Calmodulindependent kinase

Cluster of differentiation 14

Cluster ofdifferentiation 4

Cluster of differentiation 68

Confidence Interval

Cytoskeleton Associated Protein 4
Chronic Low Frequency Stimulation
Circadian Locomotor Output Cycles Kaput
Calponin 2

Collagen TypeAlpha 1 Chain

12



Coll8al
Col3al
Coldal
Col4a2
Col5a2
Col6al
Col6a2
Corolc
Cotll
Cox
Cox6al
Cox7al
Cox7a2l
CPM
CPN
Creb
Cryab
CSA
Csfrl
Csrnpl
Csrp3
Cryl

cT

Cv

Cyb
Dach?2
DAP
DAPI
Dbp
Dbt
Ddit3
DEG
DEPTOR
Dgkz
Dhrs4
Dhrs7c
DM
DMEM
Dnaja4
Dnajbl
dNTP
DPX
dsDNA
DSHB
Ecml

Collagen Type XVIII Alpha 1 Chain

Collagen Type lll Alpha 1 Chain

Collagen Type IV Alpha 1 Chain

Collagen Type IV Alpha 2 Chain

Collagen Type V Alpha 2 Chain

Collagen Type VI Alpha 1 Chain

Collagen Type VI Alpha 2 Chain

Coronin 1c

Coactosin Like-KActin Binding Protein 1
Cyclooxygenase

Cytochrome C Oxidase Subunit 6A1
Cytochrome C Oxidase Subunit 7A1
Cytochrome C Oxidase Subunit 7A2I

Counts per million

Common Peroneal Nerve

cAMPRresponse element binding protein
Crystallin Alpha B

CrossSectional Area

Colony Stimulating Factor 1 Receptor
Cysteine And Serine Rich Nuclear Protein 1
CYSTEINEICH PROTEIN 3/ MLP/ Muscle LIM Protein
Cryptochrome Circadian Regulator 1

cycle Threshold

Coefficientof Variation

Cytochrome B

Dachshund Family Transcription Factor 2
Death Associated Protein

n -daenidino2-phenylindole

D-Box Binding PAR BZIP Transcription Factor
Dihydrolipoamide Branched Chain Transacylase E2
DNA Damage Inducible Transcript 3
Differentially Expressed Genes

DEP Domain Containing MT@eracting Protein
Diacylglycerol Kinase Zeta
Dehydrogenase/Reductase 4
Dehydrogenase/Reductase 7C

Differentiation Media

Dulbecco's Modified Eagle Medium

DnaJ Heat Shock Protein Family (Hsp40) Member A4
DnaJ Heat Shock Protein Family (Hsp40) Member B1
Deoxynucleotideriphosphate

DiN-Butyl phthalate in xylene

Double Stranded Deoxyribonucleic Acid
Developmental Studies Hybridoma Bank
Extracellular Matrix Protein 1

13



EDL Extensor digitorum longus

Efnal Ephrin Al

Egrl Early Growth Response 1

Ehd4 Bps15 Homologypomain Containing 4

eiF3F Eukaryotic Translation Initiation Factor 3 Subunit F
eiF4E Eukaryotic Translation Initiation Factor 4 Subunit E
Eif4e3 Eukaryotic Translation Initiation Factor 4 Subunit E3
Elk1 ETS domain like proteih

Em Emission

Empl Epithelial Membrane Protein 1

Enah ENAH Actin Regulator

ERK Extracellularsignatregulated kinase/ MAPK1

Ex Excitation

Fabp5 Fatty AcidBinding Protein 5

Fam78a Family With Sequence Similarity 78 Member A
FAP Fibroadipogenic Progenitor Cell

FAK Focal Adhesion Kinase/ PTk2 Protigirosine kinase 2
FBXO32 Fbox only protein 32, also known as MAfbx and Atragin
Fhil Four And A HalfIM Domains 1

FInc Filamin C

FO Functional Overload

Fos Fos ProteOncogene, AR Transcription Factor Subunit
Foxo Class O of forkhead box transcription factors FOXO
GAST Gastrocnemius

GDF8 Growth DifferentiationFactor 8 (Myostatin)

Gfpt2 GlutamineFructose6-Phosphate Transaminase 2
Glmp Glycosylated Lysosomal Membrane Protein

GM Growth Media

Gpmmb Glycoprotein Nmb

Gpx1 Glutathione Peroxidase 1

Gramdlb GRAM Domain Containing 1B

GSA Gene Sefnalysis

Gsn Gelsolin

Gstm7 Glutathione Sransferase

H&E Hematoxylin and Eosin

Habp4 Hyaluronan Binding Protein 4

Hbegf Heparinbinding EGfiike growth factor

HDAC Histone Deacetylase

Hect Homologous to the EAP Carboxyl Terminus

hiFBS Heatlnactivated Fetal Bovine Serum

HIT High intensity interval training

Hjv Hemojuvelin

Hk2 Hexokinase2

Hmox1 Heme Oxygenase 1

Hras Harvey rat sarcoma viral oncogene homolog, PiOtecogene, GTPase

14



Hsc70 Heat Shock cognate 71 kDa protein

Hsplab Heat Shock 70kDa protein 1B

Hsp40 Heat Shock Protein 40

Hspb6 Heat Shock Protein Family B (Small) Member 6
Hspb7 Heat Shock Protein Family B (Small) Member 7
IB Immunobuffer

Id4 Inhibitor Of DNA Binding 4, HLH Protein

lerS Immediateearly response 5

IGF1 Insulin Growth Factor 1

IPG Implantable Pulse Generator

Ifrd1 Interferon Related Developmental Regulator 1
Irs2 Insulin Receptor Substrate 2

Itgab Integrin Subunit Alpha 5

Jun Jun ProteOncogene, AR Transcription Factor Subunit
Junb Jun ProteOncogene, AR Transcription Factor Subunit b
Kank2 KN Motif And Ankyrin Repeat Domains 2

kb kilobases

KEGG Kyoto Encyclopedia of Genes and Genomes
KIf5 Kruppel Like Factor 5

Klhl40 Kelch Like FamiMember 40

Ky Kyphoscoliosis Peptidase

LARP1 Larelated protein 1

Lgals3 Galectin3

Lipg Lipase G

LKB1 Serine/threonine kinase 11

LMNA Gene encoding nuclear envelope lamins A and C
LMNACMD  Lamin A Congenital Muscular Dystrophy
Lmodl Leiomodin 1

Lox Lysyl Oxidase

LoxI1 Lysyl Oxidase Like 1

Lrrc30 Leucine Rich Repeat Containing 30

LSM Low Serum Media

Lum Lumican

Mafbx Muscle Atrophy fox gene. Also known as FBXO32 and Atribgin
Maff MAF BZIP Transcription Factor F

Mapla Microtubule Associated Protein 1A

MAPK Mitogen Activated Protein Kinase

Maspl MBL Associated Serine Protease 1

MCAM Melanoma Cell Adhesion Molecule

Mel Malic Enzyme 1

MEF2 Myocyte enhancer factor 2

Mfap4 Microfibril Associated Protein 4

mg Milligram

Mgp Matrix Gla Protein

MyHC Myosin Heavy Chain

15



Midn
Mitr
MLC
mLST8
Mmp9
MO25
MoTrPAC
MSIN1
Msn
MtDNA
MTJ
mTOR
MTORC1
MURF1
Mustnl
Myc
Myh
Mylk2
NADH
NAFLD
NFAT
NGRNASeq
NMJ
Nrdal
Nr4a3
NRF

nt
Nuprl
N-WASP
OCT
OlfmI3
Otudl
P4htm
p70s6k
PA
Pax7
PBS
PCA
PCM1
PCR
PDK1
PDK4
Perl/2
PGGwm d
Phkgl

Midnolin

MEF2interacting transcription repressor (HDAC9)
Myaosin Light Chain

MTOR Associated Protein, LST8 Homolog

Matrix metallopeptidase 9

Mouse bindingorotein 25/calcium binding protein 39
Molecular Transducers of Physical Activity Consortium
mammalian stress activated protein kinase interacting protein 1
Moesin

Mitochondrial deoxyribonucleic acid

Myotendinous Junction

Mechanistic/mammalian target of rapamycin
Mechanistic/mammalian target of rapamycin complex 1
Muscle RIN@inger proteinl, also known as Trim63
Musculoskeletal, Embryonic Nuclear Protein 1
Myelocytomatosis Prot@ncogene, BHLH Transcription Factor
Myosin Heavy Chain

Myosin Light Chain Kinase 2

Nicotinamide adenine dinucleotide

Non-alcoholic fatty liver disease

Nuclear factor of activated-Gells

Next Generation Ribonucleic Acid Sequencing
Neuromuscular Junction

Nuclear Receptor Subfamily 4 Group A Member 1
Nuclear Receptor Subfamily 4 Group A Member 3
Nuclear Respiratory Factor

Neural tube

Nuclear Protein 1, Transcriptional Regulator

Neural WiskottAldrich syndrome protein

Optimal Cutting Temperature

Olfactomedin Like 3

OTU Deubiquitinase 1

(Prolyl 4Hydroxylase, Transmembrane
Ribosomaprotein S6 kinase beta 1

Phosphatidic acid

Paired box protein 7

Phosphate Buffer Saline

Principal Component Analysis

Pericentriolar Materiall

Polymerase Chain Reaction

Pyruvate Dehydrogenase Kinase 1

Pyruvate Dehydrogenase Kinase 4

Period 1/2

Peroxisome proliferatoactivated receptolgamma coactivator alpha
Phosphorylase Kinase Catalytic Subunit Gamma 1

16



Phidal
Pi3k
PIC
PIP2/3
Pkb
PLD
PLN
Pmp22
Pnrcl
Pol

Ppie
Ppplr27
Ppplr36
PRAS40
Pvalb
Pygm
QA/QC
R3hdm2
Rab7b
Raptor
Rbm3
Rcanl
Reepl
Rheb
Rhoc
Rictor
RIN
RNA
Rnf115
Ror
Rplp0
Rplp2
Rps2
Rps6
Rrad
RT1T244
Rtn4
RTqPCR
Sarlb
SC
Scd2
SD
Selll3
Serpinel
Sfrp4

Pleckstrin Homology Like Domain Family A Member 1
Phosphoinositide &inase

Preinitiation complex

Prolactin Induced Protein

Protein kinase B (Akt)

Phospholipase D

Plantaris

Peripheral Myelin Protein 22

Proline Rich Nuclear Receptor Coactivator 1
Polymerase

Peptidylprolyl Isomerase E

Protein Phosphatase 1 Regulatory Subunit 27
Protein Phosphatase 1 Regulatory Subunit 36
Prolinerich AKT1 substrate 1

Parvalbumin

Glycogen Phsphorylase Muscléssociated
Quality assurance/ quality control

R3H Domain Containing 2

RAB7B, Member RAS Oncogene Family
Regulatory associated protein of mMTOR
RNA Binding Motif Protein 3

Regulator Of Calcineurin 1

Receptor expressieanhancing protein 1

Ras Homolog, MTORC1 Binding

Ras Homolog Family Member C
Rapamycifinsensitive companion of mTOR
RNA Integrity Number

Ribonucleic Acid

Ring Finger Protein 115

RARrelated orphan receptor alpha
Ribosomal Protein Lateral Stalk Subunit PO
Ribosomal Protein Lateral Stalk Subunit P2
Ribosomal Protein S2

Ribosomal Protein S6

Ras Related Glycolysis Inhibitor And Calcium Ch&wewllator

RT1 class I, locus T24, gene 4

Reticulon 4

Real Time Quantitative Polymerase Chain Reaction
Secretion Associated Ras Related GTPase 1B
Satellite Cell

StearoylCoA desaturasg

StandardDeviation

SEL1L Family Member 3

Serpin Family E Member 1

Secreted Frizzled Related Protein 4

17



Sh3gll
Slc20al
Slc9a2
Slfn2
SMAD
Snai3
snRNAseq
SOL
SOM
Sorbs3
Spl
Sparc
Srbdl
SSRNA
STK11
STRAD
TA
Tab2
Taf9
Tcap
Tcea3
TFAM

¢ DCi
Thbsl
Thyl
TIF1B
Timm10
Tinagll
Tm
Tmem140
Tmem233
TMM
Tnf
Tnfrsfl2a
Trim63
Tscl/2
Tsp
TTX
Tubalc
Tubadb
Tuba8
Tubb4b
Tyrobp
Uaplll
Ubcl

SH3 Domain Containing GRB2 Like 1, Endophilin A2
Solute Carrier Family 20 Member 1
Solute Carrier FamilyMember A2
Schlafen 2

W{YFff 62N¥Q Y2iKSNE&
Snail Family Transcriptional Repressor 3
Single nuclei ribonucleic acid sequencing
Soleus

Selforganising mapping

Sorbin And SHBomain Containing 3
Specificity protein 1

Secreted Protein Acidic and Cysteine Rich
S1 RNA Binding Domain 1

Single strand ribonucleic acid
Serine/Threonine Kinase 11 (LKB1)
STE28elated kinase adapteprotein alpha
Tibialis Anterior

TGFBeta Activated Kinase 1 (MAP3K7) Binding Protein 2
TATABoXx Binding Protein Associated Factor 9
Titin-cap (Telethonin)

Transcription Elongation Factor A3

Transcription Factor Alitochondrial

Transforming growth factor beta

Thrombospondin 1

Thy1 Cell Surface Antigen (CD90)

Transcription intermediary factor-tieta (TRIM28)
Translocase Of Inner Mitochondrial Membrane 10
Tubulointerstitial Nephritis Antigen Like 1
Temperature Melt

Transmembrane Protein 140

Transmembrane Protein 233

Trimmed mean of M values

Tumor necrosis factor

TNF Receptor Superfamily Member 12A

Tripartite Motif Containing 63. Also known as MURF1.
Tuberous Sclerosis 1/2

Thrombospondin 1

Tetrodotoxin

Tubulin Alpha 1c

Tubulin Alpha 4b

Tubulin Alpha 8

Tubulin Beta 4B Class Vb

Transmembrane Immune Signaling Adaptor
UDRN-Acetylglucosamine Pyrophosphorylase 1 Like 1
Ubiquitin Conjugating Enzyme 1

I AYE

18

RS«



UBF
UBR5
UCP3
ULK1
Usp2
Vatl
Vegfa
Voppl
Vps34
WT
Xirpl
Zfand2a
Zfp622

Upstream Binding Transcription Factor

E3 ubiquitinprotein ligase UBR5
Uncoupling Protein 3

Unc51 Like Autophagy Activating Kinase 1
Ubiquitin carboxyterminal hydrolase 2
Vesicle Amine Transport 1

Vascular Endothelial Growth Factor Alpha
VOPPWW Domain Binding Protein
ATG1l4icontaining vacuolar protein sorting 34
Wildtype

Xin Actin Binding Repeat Containing 1
Zinc Finger ANType Containing 2A

Zinc finger protein 622

19



List of Fiqures

Figure 1.1The skeletal musclearcomere and sliding filament theary.......................... 28
Figure 1.2: Crodsridge cycle force generation hypothesis..............ccccciiiiiiiiiiiieenene. 30

Figure 1.3Graphical representation of Rattus Norvegicus Myosin Heavy Chain isoforms and

their general contraction VEIOCILY............iiiiiiiiiiii e 33
Figure 1.4IGF1/mTOR/p &bk signalling pathway regulating muscle mass................. 53

Figure 1.5Activin A/Myostatin/TGF signalling pathway regulating muscle mass........ 57

Figure 1.6: Skeletal myogenesis from the embryo to the adult...............ccccceeeeeeeis 69
Figure 2.1Schematic representation IPG and electrode phaests..............cccceeeeeeennnnne 80
Figure2.2 Implantable Pulse Generators (IPG)..........eueeiiiieiiiiiiiiiiiiiiieeeee e 84
Figure2.3: Preparation of MUSCIE SIICES.........coiiiiiiiiiiiiiiieeee e 87
Figure2.4: TTX Osmotic Pump Placement and Nerve Cuff Placement....................... 88
Figure2.5: Cryostat Set Up and SeCtioNiNg...........coooeeiiiiiiiiiieeeeeeeeeeeeeeeeeeeeeeaaaaes 96
Figure2.6. Regional Differences in Fiber Size Following Regeneration...................... 99

Figure2.7: RNAseq pe-alignment average Phred quality score (base quality) as a percentage

of total reads and base quality score per position across all samples...................... 112

Figure2.8: RNAseqvisualisation of total reads per sample and percentage trimmed reads

based on Phred quality score for each sample.............ccooooiiiiii e, 112
Figure 2.9: RN&eq coverage and Alignment SUMMALY..........cooovviiiiiiiieieeeeeeeennnnnnne 116
Figure 2.10: RNAeq quantification repOIt..........ccuuuurriiiiieeeiieeeiiiiiieeee e 119

Figure 3.1:Schematicrepresentation of electrical stimulation experimental time courses

studied and timepoints of euthanasia.............cccooooviiiiiiiii e 127

Figure 3.2:Schematic representation off TX experimental time courses studied and

timepoints of @UtNANASIA.........ccoiee e 129

Figure 3.3: Morphology and phenotypé64 tibialis anterior muscles from control rat4 38

20



Figure 3.4: Response to 7 days continuous low frequency stimulation (20Hz)......... 141
Figure 3.5: Timecourse response to loaded & unloaded resistance training............ 146
Figure 3.6Timecourse response to T-iN{luced atrophy and recovery.................c....... 148

Figure 3.7: Correlations between adaptive responses to electrical stimulation induced
resistance training. Correlations between adaptive responses teindilXed atrophy and

SUDSEQUENT FECOVEIY.....ciiiiieiieeeeeeeeieeeteaetaaaae s ee s s e e e e e e e e e e e e e e e aaaaaaaaaaaaaaeeeees 153

Figure 3.8 Timecourse ofpillover resistance training, muscle mass responses in the EDL,

soleus, plantaris and gastrOCNEMIUS...........ccooeeiiiiiiiiee e 163

Figure 3.9Myosin heavy chain expression at the proximal, 4védly and distal part of the

tibialis anterior via REPCR.........oooi e 166

Figure 4.1 Experimentétimecourse for long term training, detraining and recovery pilot

Lo (01T 1 L= 1 172
Figure 4.2Long term TTxXecovery nerve health..................c.. 173

Figure 4.3Long term, training, detraining and recovery from TTX changes in muscle mass

Figure 4.4Long term tréning and detraining changes in fiber CSA, myonuclei perditoss

section and myonuclear dOMain SIZE........cccceeeiieiiiiiiieee e 177

Figure 4.5Long term training and detraining changes in fiber type composition and fiber type

RS O LST ot 1o {1 o= = T Y= L 180

Figure 4.6:Long term traimg and detraining changes in fiber type specific myonuclear

CONTENT AN JOMAUIN SIZBS. . ettt et e e e e e e e e e e e e e e e e e e renaeen 183

Figure 4.7Long term recovery from Tiikduced atrophy changes fiber CSA, myonuclei per

fiber-crosssection and myonuclear domain SIZES.........ccovvvviviiiiieeeieeiiiie e, 185

Figure 4.8Long term recovery from THiXduced atrophy changas fiber type composition

and fiber type specific fiber areas...........cccccoiiiiiiiiii 188

21



Figure 4.9:.Long term recovery from TiiXduced atrophy changem fiber type specific

myonuclear content and dOMAIN SIZES........cooiiiiiiiiiiiiiiie e 191

Figure 5.1: Resistance training timecourse transcriptional analysis study design, muscle mass,
body mass, fiber area, mitochondrial content, fikgpe specific analysignitochondrial

encoded gene expression, adult myosin heavy chain gene expression................... 207

Figure 5.2: Principal component analysis, gene set analysis timecourse hierarchical cluster

analysis and selfrganising map profiling...........cccccoooiiiiiiiiiei e, 216

Figure 5.3: Electively chosgenes regulating mass and identified genes that show a more

accurate representation of the hypertrophiC reSpoNnse............ccccvvivieviiiie e 222

CAIdz2NE poenY +£Syy S5AFIAINIY !ylfeara NBGSIH T A
wSalLRyasSQ 3ASySa. Ly R.LILAKGALEA e, 226

Figure 5.5:Ribosomal response to a timecourse of spillover resistance training and

CA3IdzNBE podcY ¢KS GAYSO2dzNES NBALRY.AS..23 (GKS

CAIdzNBE pPdTY ¢KS GAYSO2dzNES NBaLkRyasS 2F GKS

CAIdzNE podyY ¢KS GAYSO2dzNES NBALRY.AS..23 (GKS
CAIdzNE podpY ¢KS GAYSO2dzNES NBalLRyasS.2% GKS

Figure 5.10: Venn Diagram analysis of differentially expressed genes following synergist
ablation, voluntary mouse weightlifting, spillover training and 2 human resistance training

meta-analyses containing the acute and chroniC reSPONSES........ccccevvviviiiiieeeeeeeeeeenn. 242

Figure 511: A timecourse transcriptional assessment into the contralateral effects of

unilateral training and SOM Profiling.........ccoovuuiiii e 251

Figure 5.12: Transcriptional assessment reveals circadian disruption in unexercised muscles

22

Y9

4

4



Figure 6.2PCM1 localisation in human musderived primary myoblasts/myotubes shows

a very similar progression to the C2C12 CURULES ........uuuuurrimiiiiiiiiiee e 280
Figure 6.3: PCML1 localisation and Pax7+ counts on single rat fibetsghosig ............. 281
Figure 6.4PCML1 localisation in human transverse crssstions and single fibers....... 283

Figure 6.5: Number of Pax7, PCM1+ satellite cells following a timecourse of recovery from

severe eccentric damage iN NUMANS.......ccooiiiiiiiiiiii e 284

Figure 6.6PCML1 localisatn on transverse muscle cressctions and cdocalisation with

CDB8 MACIOPNAYES.......cceieeeieeeeeeee et e s e e e e e s 285
Figure 6.7PCM1 localisation on necrotic human muscle fibers......................eee. 286
Figure 6.8: PCM1 localisation 30 days post eccentric damage in human.fibers....... 287

Figure 6.9: PCM1 locadison on single fibersn WT and LMNRX " ‘duse fibers before and

following functional OVerload..............cuuviiiiiiiiiiie e 289

Figure 6.10Morphology of WT and LMNA " 'nidluse plantaris musclen transverse cross

sections before and following functional overload................cccvvviiiiiiiiiiicieeeeeeeeee 291

23



List of Tables

Table 2.1: Antibodies & Fluorescent Conjugates for immunofluorescent labelling of cells,

single muscle fibers and transverse CFEBSLIONS............eeviiieeeeiiiiiiiiiiiiieeeeeeeeeeseeeeee d 9
Table2.2: RAt USAQE......cco oo 81
Table 2.3Mouse Usage (Experiments performadwens et al. (202))...........ceeeeeeen.n. a1
Table 2.4Primer Sequences designed and Used..............ccceeeeeeeeeeiiiiiceeeeeee 105
Table 2.5: Pralignment QA/QC.........coo oo 111
Table 2.6: Individual Sample Read Trimming SUMMALY...............evvvvvuemermmennnnnnnnnnnnn. 113
Table 2.7: STAR Alignment 4.4.1d Rattus Norvegicus Rnor 6.0 Run Settings........ 114
Table 2.8: Summary report of post alignment QB&Y ...........oovvviveiieiiiiiiiieiiins 115
Table 2.9: Summary report of post alignment count quantification report................ 118

24



Thesis Abstract

Skeletal muscle is highly responsiveclanges in mechanical load or activity and can adjust
its morphologicalmetabolic,and contractile properties accordingli/he remodeling of these
characteristics is controlled by the reprogramming of tinenscriptional output of the
myonuclei along thdength of the muscle fiberTo meetthe transcriptional demand®f
growth and increased activitynyonuclei can be added to thexistingcytoplasmthrough the
fusion of satellite cellsto support synthetic activity This project utilises improved
methodobgies including automatedhighthroughput immunohistochemical analysisnd
bulk RNAsequencingof skeletd muscle With these techniques, we define the temporal
patterns of myonuclear dynamics and how they corresponiibter-type specifiadaptations

in response toloading, unloading, reloadingand changes in activity and how the acute
transcriptional response istated, dependent on the training status of the musde.induce
these modalities of activity or inactivitwe utilisedin-vivomodels from our lab includingl)
programmedexercisedelivered throughminiature implanted pulse generatorsPG3 to
inducemuscle hypertrophyr metabolic adaptatiomnd(2) disuse by means tdtrodotoxin-
induced nerve silencintg induce muscle atrophyVe report that the genes that most closely
track with changes in muscle mass are controlled centrally bybtmachelix-loop-helix
transcription factor Myg that functions to bind to Ebox containing DNA sequences. In
addition, we identify 10 other genes that appear as important regulators across species and
modalities of exercise that warrant further investigation. Lastlg,imvestigate a promising
marker forspecificallyidentifying myonuclei, pericentriolar materidl (PCM1), which would
allow for deconvolution of MRNA signals from bulk skeletal muscle mRNA analysis, allowing
for identification of myogenic and nemyogenictranscriptional changedn summary, our
aim is to provide key mechanistic insights into myonuclear dynamics anchtaptationof

skeletal muscle is regulated at the transcriptional level.
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Chapter 1: Introduction
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1.1 SkeletalMuscle Structure and Function

Muscle appears in the mammalian body in two distinct forms; smooth muscle found in vessels
which contracts slowly, and striated muscle found in cardiac and skeletal muscle. Skeletal
muscle ilfmostcases is voluntarily contrelll, except for thosenusclesnvolved in breathing
(primarily thediaphragm), which are instead ordinarily controlled by the autonomic nervous
system. Skeletal muscle is capable of contraction within a limited range, therefore, to produce
gross bodily mouwments, multiple muscles work together as lever systems to move the

skeleton.

Skeletal muscle is mainly made up of many individual multinucleated cells known as muscle
fibres or myofibres amongst other cells that support the structure and functioskefetal

muscle such as satellite cells (SC), fibroadipogenic cells (FAPS), macrophages, vascular
endothelial cells and pericytes. Skeletal muscle fibres consis2@fprotein (contractile,
regulatory, cytoskeletal) andl-10%fat and the remaiimg ~75%vater content. Also known

as myofibers, they vary considerably in length (fom) depenént on function but vary less

so in width (1670um) across mammalian species due to a ceibffgct where it is
metabolically advantageous tarlit diffusion distances of oxygen delivered via capillaries to

the muscle mitochondriandthe successive diffusion of produced ATP to cellular ATPases.

Skeletal muscles are encased in fascia called the epimysium and can be further broken down
into interconnected fascicles sheathed by the perimysjiRowe (181). Myofibres within

these bundles are themselves encased in loose, areolar connective tissue called the
endomysium which also contains capillaries and ner&skamoto (1996)An individual
myofibre is composed of many myofibrils, which are cylindrical strustofearound 1um in
diameter. These myofibrils are mainly composed of thick (myosin) and thin (actin) filaments
which overlap each other duringhysiological lengthsThese filaments are attached in series
along the length of the myofibril and make up thenttional contractile apparatus of muscle

andgive it the characteristic striated appearance.

The contractile apparatus of striated muscle consists of thick (Myosin) filaments and thin
(Actin) filaments Actincontairs active or binding sites for myosire&ds to attach. Myosin is
a heterohexamer with a molecular weight of 520 kDa and consists of two myosin heavy

chains. All myosins contain two domains, the first an amt@rminal motor/head domain and
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the second a carboxterminal tail domain which togethgJ

3342 OA I G Shelitag T 2 NY
coiledO 2 A f NP2 R

2 SidhiaHiMe2addh Reggiani, [(1894)E amino portions of the
myosin heavy chaindAyHQ are separated to form two extended, globular domains known

as myosin heads. At the hedall junction eachiMyHCassociates with two myosin light chains
(MLC), one of which belongs to the MLC1 family and one to the regulatory MLC2 family also
known as theegulatory Plight chain. In vertebrates, the light chains do not bind*@ad are

therefore do not modulate the activity of the ATPase head directly but instead structurally

support contractile activity during the phosphorylation of the S1 fragment.
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Figure 11: The skeletal muscle sarcomere and sliding filament theory

The sarcomere consists of thick myosin filaments and thin actin filaments. Myosin heads
interact with actin filaments through molecular crdssdges causing actin filaments to slide
towards each other shortening the | band (distance between thin actin filaments) and H zone
(contains only thick myosin filaments). Theigks defines the boundaries of an individual
sarcomere of which the centre is labelled as thdind. Titin is a longlastic protein the

largest known (containing ~27,000 to ~35,000 amino acids depending on the splice variant),
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that functions as a molecular spring, connecting thdisk to the Mline. The arrangement of
myosin and actin proteins gives skeletal musclstitated appearance which is visible under

polarised transmitted light as dark and light bands (thick and thin filaments).

Activity of skeletal muscle is controlled through one or more motor nerves which consists of

large, myelinated axons, delivering efigcal impulses from the brain or spinal cord to the
YdzaOf S A0aStFod ¢KSaAS SBHFITERBWaloy SKMB Passess 2 T Sy
conduction velocities of 30.1 £ 2.8 m/s in 1080-g and 55.0 = 6.9 m/s in 45D0g rats

Stanley, (1981)

Nerves follow the connective tissue of skeletal musblanchingthrough the epimysium,
perimysium before entering the endomysial tissue surrounding individual myofibers. Upon
NBFOKAYy3a GKS YdzaOf S G A aadzS-matdr @@ forins intckKeS (G S NIy
specialised synapse (psynaptic structure usually vislised with
synaptophysin/neurofilament) to increase sarcolemmal permeability and conductance,

known as the neuromuscular juncti®eschenes et al., (2011), R Deschenes, (20hE)axon

terminal formsinto multiple short branches extending elliptically around the fiber into a

pretzel like shape known as the motor end plate. When an action potential reaches the motor

end plate, acetylcholine is released via exocytosis from synaptic vesicles into tp&cytedt

(synapse) that separates the nerve ending and the myofiber sarcolemma. The acetylcholine

in the synaptic cleft is then bound to nicotinic acetylcholine receptors on the sarcolemma
GKAOK O2y 0l Ay p &dzodzy A (a o ratofsurrosndingia Eenttaly R ¢
pore. When acetylcholine binds to this complex, permeability and therefore conductance
AYONBI aSa Ay GKS Ll2alaeyl Libungarotoxdnausidggrew 0 2 TG S
action potential in the muscle fibre membrang@ropagated along the length of the
sarcolemma and into its interior alongubules, depolarising the inner portion of the muscle

fiber. The depolarisation activates dihydropyridine receptors, also knowrtgselvoltage

depencent calcium channels in thetuibule membranes. These activated voltaggted

calcium channels physically interact with the calcitelease channels (also known as
ryanodine receptors), which are in turn activated themselves allowing for release of calcium

from the sarcoplasmic reti¢um.
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The calcium ions released from the sarcoplasmic reticulum bind to iopamolecules,

causing theropomyosin moleculgo shift and expose the myosin binding site on the actin
filament. Myosin heads can then attach to actin forming an actyosin cossbridge. The

myosin head then flexes causing the actin filament to slide past the myosin filament, resulting

Ay aK2NISyAy3a FyR F2NOS 3ISYSNI A2y -bAdy Y (KS
OO0t Ay3aQ YR (UKS WLR ¢S bdeadiodBdatSlReRABRD HAND2L Y
molecules across the length of the myofibre, a larger force can be produced resulting in the
overall muscle to shorten, to produce the desired muscle adksinley et al., (2007b), Ashley

et al., (2007a)ATPases hydrolyse ATdising detachment of the myosin head from the actin
molecule allowing for repeated reattachment at a further binding site. Upon cessation of
nervous stimulation and calcium ion active transport, tropomyosin again blocks the actin
filament binding site redting in muscle to passively lengthen to a resting state. Whilst all
mammalian cellganproduce forces, the unique structure of the sarcomere and their actin

myosin interactions allow these cells to produce much greater forces tharmatle cells.

In humans, dependnt on fiber type, it is estimated that muscle fibers can generate forces of

~540 pNKrivickas et al., (2@), with each myosin head contributing ~6pgNazzesi et al.,

(2007)
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— e o Ca*
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Figurel.2: Crossbridge cycle force generation hypothesis
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The force produced by skeletal muscle is transmitted through the myotendinous junction into
dense connective tissue known as tendon which consist of millions of collagen fibrils that
constitute thousands of collagen fibers that make up the entire tendoadifionally it was
thought that force produced by sarcomeres was transmitted to bone via tendon longitudinally
through the myotendinous junction only, but more recently the idea of forces transmitting
laterally across costameres has been supported thraeglotomy of individual and multiple
distal heads of the EDL muscle (a dorsiflexor muscle that connects to the digits of toes 2, 3, 4
and 5). When performing tenotomy on each of these heads individually, force production did
not reduce which would be thease if all force was transmitted longitudinally, but instead
remained the same dependant on the number and individual tendons tenotomised, providing
evidence of lateral force transmission to neighbouring intact distal insertituipng et al.,
(1998) Additionally, Westman et al., (2019klegantly performed insitu and insilico
measurements on the pennate latissimus dorsi nkeigt the rat to determine how the site of
volumetric muscle injury affects force transmission through the myotendinous junction. Their
results illustrated that the site of injury can impair or increase lateral force production
dependant on the amount of re-to-end (tendon to tendon) myofibres damaged. The
amount of endto-end myofibres damaged was negatively correlated to force production
which then resulted in more lateral force transmission. Historically, the arrangement of
sarcomeres was proposed to le an endto-end formation in series, along the length of a
muscle fiber into tubular like myofibrils with separate parallel myofibrils. More recently,
Willingham et al.,, (2020demonstrated through focused ion beaseanning electron
microscopy that striated muscles in fact form a continuous myofibrillar matrix, with
sarcomeres frequently branahgy out into adjacent sarcomeres to produce a continuous
mesh. This phenomenon is most prevalent in postnatal development and is also higher in
slowtwitch fibers in comparison to fagwitch and may suggest that lateral force
transmission iproducedby the continuous sarcomeric matrix, generating force as a singular

network rather than many individual parallel myofibrils.

Muscle contraction can be further classified into three types in relation to the action it is
performing. A dynamic concentric muscletiao (often referred to as isotonic) results in
shortening of the muscle during contraction as the muscleoactrings the origin and

insertion of the muscle closer together. A static or isometric contraction is characterised by
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the production of force ithe absence of movemeniyhenthe resistancéalancegshe force
generated by the muscle. A dynamic eccentric contraction results in lengthening of the muscle
as the origin and insertion move further apart from each othdren the external force is

higher than the force generated by the muscle

1.2 Relationship Between Muscle Activity and Myosin Heavy
Chain Isoform Expression

The complement oMyHCisoformsdeterminesthe structural and functional capabilities of

the muscle iber as this is the subunit in which the enzymatic and motor function is produced.
BothMyH® & FyR a[/ Q& SEA&lG Ay @FNA2dza Aaz2F2N¥a&
various muscle fibre types but are generally highly conserved between sigalimens and

Sreter, (1976)In the Wistar RatRattus Norvegicysthe primary animal studied throughout

this thesis, there areseveralMHC isoforms present which help to constitute the unique
properties of differentmuscle actions. These genes are located on two of the 21 pairs of
chromosomes irRattus NorvegicuQ) K N2 Y242YSa mMn YR mMp® ¢KS W7
genes are all found on chromosome 10. Myh3 (embryonic) and Myh8 (neonatal) are
predominantly found dung muscle development but are also expressed following
regeneration and formation of new muscle fibers in adulthood following injury or damaging
exercise. Upon maturity and innervation, these myosins are replaced with My @IA),

Myhl MyHGQIX) and Mgd MyH@. L . 0 X (G SNXY SR gNiRQESQ LYB@IOKBINS WA G
and Kaiser, (1970), Schiaffino and Reggiani, (1996), Schiaffino(£989)

Myh13 is also found in specialised skeletal muscles such as the laramgkeaextraocular

muscles which have differential developmental programmes than the above deddirhb

muscles that developmentally originate from myotomes whereas the extraocular muscles
originate from theparaxial portion of the head mesoder@hal and Pourquié, (201 Due to

the extreme specialisations of tee muscles they are often referred to as a superfast myosin

Briggs and Schachat, ()0 KS a& Kt 3ISyS> Y2NBE 0O02YY2yfé& NBT
0 ¢ A isfoudinstead on chromosome 15 along with MyMyHGh 0 g KA OK T2 NX)a

heavy chain subunit of cardiac myosin, found primarily in atrial tidgsokn et al., (2011)
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Figurel.3: Graphical representation of Rattus Norvegicugpbin Heavy Chaisoforms and

their general contraction velocity

Type | muscle fibers primarily produce ATP through aerobic metabolism and are often
referred to as oxidative muscle fibres. The myosin hieasl a relativelyow ATPase enzyme
activity and thus the croskridge cycling rates are also low. As a result, theesl of
contraction is slow but is sustainable over long periods of activity. Type | fibers are highly
abundant in both mitochondria, the ATP producing centres and myoglobin, agamaining
protein which aids in shuttling oxygen from the vascular syste the mitochondria to
maintain energy production for muscle contraction. Myoglobin also gives oxidative muscle its
characteristic red appearance, in contrast to its fast counterpart which contains less
myoglobin and therefore has a white appearance sTikifurther supported by the greater
number of capillaries surrounding type | fibresprovide a constant supply of oxygen and
removal of ly-products of energy metabolism, which may act to inhibit muscle contraction
inside the muscle fiber. Type | fibease activated under low thresholds for firing, with

impulses from the motor neurone at a rate of-20Hz and have low conduction velocities.

Type Il muscle fibers as discussed briefly above can be separated into threatsgbries,
each of which has stown ATPase enzyme activity. Type IIA fibers use both aerobic and
anaerobic metabolic pathways to generate ATP and have a greater ATPase activity than Type

| fibers. Type IIA and 1IB fibers have greater speeds of contraction but are more reliant on
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anaerdic pathways of energy production and are less resistant to fatigue. This increasing
susceptibility to fatigue along the spectrum of 1A to 11X to IIB fibers is due to a decreasing
number of resident mitochondria and capillary content surrounding the fitetegories.
ATPase activity shows an inverse relationstith mitochondrial contentlIB fibershavethe
highest ATPase activity and thus the highest speed of contraction. These fibers are innervated
by axons with larger diameters than Type | fibers awhrequire higher threshold$or
activation. The unique combinations of ATPase activity and mitochondrial content across fiber
typesalso influences thie force-velocity relationshigcharacteristicsPowergeneration is not

only dependant on the overlap d¢fiick myosin and thin actin filaments, but also the velocity

at which the muscle lengthens or shortens. Generally, as velocity of muscle shortening
increases, the force produced by the muscle decreasil it reaches a velocity at which
force can no loger be sustained, known as the maximum velocity of unloaded shortening
(Vmax). In contrast, when additive force or external load is placed upon a muscle, the velocity
of shortening decreases. In Type Il muscle fibers, ATP production through anaerobic
metabolism occurs at a high rate, allowing for a faster cimsdge cycling rate. Conversely,

in Type | fibers, crogwzridge cycling rates are low and therefore the rate of ATP hydrolysis for
energy production is also low meaning that Vmax is substantiallgrlowl'ype | muscle fibers.

This relationship between force and velocity shows that the high forces cannot be exerted in
very rapid movements and the highest velocities are achieved during usdoaahtractions
Changes in activity and loading have showattmuscle fiber phenotype can be altered
through shifting ofMyHCisoform expression and thus the foreelocity curve can also be

shifted to meet their functional demands.

Muscle fibers were originaliyhoughtto contain only one myosin isoform until tltkscovery

of hybrid fibre types which express more than digHCisoformandwhich are proposed to
show greater ability to transform their phenotype in response to changes in activity and
loadingTermin et al., (1989b), Termin et al., (1989&)ese combinations d¥lyHG within

one myofiber allow for greater diversity in ATPase activity and therefore muscle function.
Whilst changes itMyHC protein levelshave been extensively studied following electrical
stimulation by our grougsutherland et al., (1998), Jarvis et al., (1996b), Salmons and Sreter,
(1976) less is known about the transcriptional control BlyHC genes that precedes

adaptations at the protein level. Studies that have measured mRNWybfG Bodine and
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Pierotti, (1996), BhkNN et al., (1997)in models of denervation or immobilization which
produce a slow to fast transformation, have shown that acute changedlyHC gene
expression do correspond to changesNtyHC at the protein level at later timepoints.
Traditionally, these studies measure gene transcript levels from isolated mRNA from a muscle
homogenate which may contain several fiber types. This provides information on changes in
MyHCexpression at the transiptional level which may indicate gradual changes in protein
abundance and musclainctionality but provides minimal information about how this is
regulated between the multinucleated syncytium of the myofiber, whose transcriptional
activity is controlledby hundreds of myonuclei spread across the length of the sarcolemma.
In healthy myofibers, myonuclei are dispersed equally along the sarcolddnmesgaard et

al., (2006)apart from at specialised regions such as the myotendinous junction (MTJ) where
myonuclei appear centralisedbkobsen et al., (201,8)r the neuromuscular junction (NMJ)
where myonuclei appear in a slter adjacent to the underneath of the synapdastings et

al., (2020), Roman and Gomes, (20Myonuclei often appear in the centre of muscle fibers

in severaldisease states including myopathies such as centronuclear myopathy and muscular
dystrophy which are characterised by rpistent degeneration, regeneration, and muscle

atrophyRoman and Gomes, (2018), Owens et al., (2021)

More recently, advancements in technologies to visualise localisation of specific gene
transcript localisation in fixed tissues through fluorescensim hybridization targeting
ribonucleic acid molecules (RMAL { | 0 2FGSy NBTSNMBeRutuigduel & whb!
to the commercial development of the technique has allowed us to gain an understanding
into transcriptional control oMyHCin muscle fiberd&Kann andKrauss, (2019Development

of transcriptomic screening technologies has recently brought rise to single cell sequencing,
as well as singlaucleus RNA&equencing (snRNgeq) which has recently been applied to
myonuclei as well as other cell types resitlin skeletal muscle tissue across development,
denervation, regeneration and diseaBes Santos et al., (2020), Kim et al., (2020), Petrany et
al., (2020a) Previous work has established that myonuclei localised to the NMJ exhibit
functional specialist transcriptional programmes to form and maintain the synaptic junction,
such as for the production of acetylcholinesterase and acetylcholine receftmes and
Lichtman, (2001), Hippenmeyer et al., (2007), Burden et al., (2018), Li et al., (2018b), Li et al.,
(2018a)
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Specific cabrdinated transcriptomic programmes in myonuclei near the MTJ are also known
to produce specific tissue junction proteins such as CollagenJ&kdbsen et al., (2021a),
Jakobsen et al.,, (2021b), Koch &t, (2004), Dos Santos et al., (202®egionalised
specialisation of specific transcripts and their protein translation rather than protein transport
would perhaps also be less energetically costly to the cell. Whilst the transcriptomic profile of
these small suipopulatiors that account for ~6% of myonuclBos Santos et al., (20213)
generally understood, less is known about the large remainder of myonuclei within the
myofiber, eferred to as body myonuclei and how they contrMlyHC expression.
Heterogeneity in nuclear protein import has previously been repo@etler et al., (2018)s

well as stochastic gene expression along the myofiber, otherwise described as transcriptional
burstingNewlands et al., (1998)vhich could potentially cause heterogenous gene expression
at a given gene locus between myonuclei across the mgnfRecent drosophila studies have
shown that these mRNA pulses allow nuclei to adjust their position along the myofiber, as

well as their size and synthetic activityindner et al., (2019)

Through snRNA&eq and RNAISHDos Santos et al., (2028)d Petrany et al., (20204)ave
shown that the majority of myonuclei in healthy, but unexercised EDL express orjybi@
isoform in the mouse and that on rare occasions (~5%) myonuclei would simultaneously co
express Myh7 and MyhMyHQ/11A) or Myh1 and Myh4 (11X/1IByHQ or Myh1 and Myh2
(HA/MXMyHO). The expression of multiple fastyHG was reported to occur both monro
allelically and ballelically and that occasionally two faddlyHG were transcribed
concurrently on the same locus. In the soleus;egpression of o MyH®Q a 61 & Y2 NB
common than in the EDL (~45%), with Myh1l and Myh2 (lIA/lIl>éxpression occurring in
~25% of myonuclei. As discussed previously slow twitch myofibers contain more
mitochondria than fast twitch myofibers and thus rely on different metiab pathways for

ATP production. snRNgeq also confirmed that the myonuclei that expressed specific fast
MyHC genes also ctranscribed specific metabolic genes related to glucose uptake,
glycolysis, TCA cycle enzymes such as Pfkfb3, Thcldl, Aldoledddhzillustrating that
MyHCisoform and metabolic gene expression is highkpatinatedDos Santos et al., (2020)
When studying cerdination of MyHC expresgon across all myonuclei within single

myofibers of the EDL it was found thdiyHCexpression was highly eardinated, although in
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contrast the soleus showethany uncoordinated myofibers that expressed multigiéyHC
isoforms across the length of the myadib TheMyHCmRNAS were also shown to remain
near the myonuclei that produced them, demonstrating that diffusiodMgHCmMRNAS was

confined to their local domaibos Santos et al., (2020)

Transgenic models anthe use of transfection of promotesreporter constructs have
uncovered thatMyHC transcript expression is controlled by transcription factors such as
myocyte enhancing factor 2 (MEF2) and nuclear factor of activatael§ (NFATEhin et al.,
(1998), Wu et al., (2000), Baldwin et al., (1972), Spangenburg and Booth). (BB@Z&ctivity

of these transcription factors is modulated by signalling pathviafigsenced by theC&* flux
induced by the motor activity of the muscle, as well ade®els, hormones, and nutrient
availability. Slow motoneuron firing commonly seen in endurance exercise leads to sustained
low-level elevation of calcium concentrations withimetmyofiber which are able to activate
calcineurin and C&dcalmodulindependant protein kinases (CaMK), whilst fast motoneuron
firing leads to brief high concentrations within the myofiber that do not activate calcineurin
Rao et al., (1997), Naya et 4dR000) The activation of calcineurin and CaMK increase the
activity of MEF2 and NFAT which subsequently increases Myh7 gene expression and can
induce a shift to a slower phenoty@akakibara et al., (2016), Sakakibara et al., (2014), Sharlo
et al., (2019) Together with increases in Myh7 gene expression, ineseasmuscle activity

and CaMK signalling activate transcription factors PGCla and PPARIR which in turn modulate
the increase iimyofiber mitochondrial content and proteins involved in oxidative metabolism
which will aid the requirementor the typically moe continuous requirement for AT&f
slowerMyHG. Specific skeletal muscle knockout of PGC1la has no effect on muscle fiber type
in the mouse but does reduce oxidative capa&iywe et al., (2013)whilst skeletal muscle
specific deletion of PPA&Rcontrastingly leads to an increased number of fast fibers with
reduced oxidative capacitschuler et al.,, (2006)Conversely, less is known about the
regulation of fast typeMyHCgenes which are controlled by histone deacetylases (HDACS),
Sox6, LindMyh, MyoD, Six1 homeoprotein and Eya¥actor Grifone et al., (2004), Hagiwara

et al.,(2007), Potthoff et al., (2007), An et al., (2011), Quiat et al., (2011), Sakakibara et al.,
(2014), Sakakibara et al., (201®erhaps most strikingly, in adult skeletal muscle, Six1
homeoprotein accumulates in the myonuclei of adult fagie muscles to a greater extent

than in adult slowtype muscles in mice, an enrichitehat happens during perinatal growth.
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The wildtype mouse soleus muscle comprisefs45%MyHGIA myofibers and 55%1yHQ
myofibers at 12 weeks of age, but undskeletalmuscle specific, inducible Six1 knockout the
fast specialisation in the soleus isngpletely lost and the soleus muscle shifts to consist of
100% MyHQ myofibers with no detection oMyHGIA by qPCR. This completely slow
phenotype of the Six1 knockout mouse was found to be concomitant with the removal of the
expression of several genesaaing glycolytic enzymes and fdagpe intracellular calcium
homeostasis, as well as the lack of Sox6, a key repressor of slow sarcomeriGgtmeset

al., (2004), Sakakibara et al., (202@)ork on the VL muscles in drosophila o revealed

that nuclear scaling, arrangement, and transcriptional activity is also tightly controlled by

motoneuronactivity Windner et al., (2019)

With calcineurin activity clearly a main contributor to control of transcription factors and
MyHC isoform expression, the removal of motoneuron activity via denervation severely
affects the ceordination ofMyHCexpression. Following one week of denervatioioth the

EDL and soleus, snRiNé&g and RNAISH reveal that the highly organisedardination of
MyHCgene expression is lost, as shown through an increase in hybrid fibres and myonuclei
co-expressingMyHCisoforms and a shift to a slow phenotype iretBDL (Control: 80% Myh4,
~10% Myh4+Myh1, ~10% Myh1l vs. Denervation ~40% Myh4, ~25% Myh4+Myh1l, ~5% Myh1,
~25% Myh1+Myh2, ~2% Myh2, ~8% Myh4+Myhl+MyB@pverselywhilst ceordination is

still lost following one week of denervation in the soleus, the neuststead shifts to a faster
phenotype (Control: ~10% Myhl, ~45% Myh1+Myh2, ~5% Myh2, ~40%/dy+b6% Myhl,
~40% Myhl+Myh2, ~20% Myh2, ~40% Mylshowing again that there is an absolute
requirement for motoneuron input to controMyHC gene expressionbut that the co
ordination ofMyHCexpression through calcineurin signalling may play a larger role in specific
musclesDos Santos et al., (2020)he slow to fastransformation of predominately fast
muscles and fast to slow transformations of predominately slow muscles is well reported in a
number of models that involve partial or fully transected models of denervation which can be
reversed, and atrophy partiallprevented with the use of functional electrical stimulation
Salmons an&reter, (1976), Gorza et al., (1988), Ashley et al., (2007a)

38



1.3 Relationship Between Muscle Activity & Mitocimdria
W2 Ky | 2tf2al &HalaszyA(FO87as thé firsstd shibw that exercise can bring

about transformation of muscle phetype through an increase in mitochondrial biogenesis
or mitochondrial mass, which allows for greater glucose usage and ATP production. The
original study showed that progressive endurance exercise training in rats significantly
improved exercise time toxdaustion (186 mins for trained vs 29 mins for untrained) and that
this was concomitant with striking changes in the colour of the trained gastrocnemius
muscles, which were a darker red colour than their pink, untrained counterparts. The
apparent changesnimuscle colour were attributed to doubling of cytochromes (proteins
containing a haem molecule) and myoglobin content present in muBaltengale and
Holloszy, (1967)Furthermore, the activity of mitochondrial respiratory chain enzymes,
capacity to oxidize pyruvate and total mitochondrial protein were all increased following the
training periodHolloszy, (1967)increases in mitochondrial biogenesis (size and number) in
rodents and human skeletal muscle have been shown multiple times followingisser
training Gollnick et al., (1972), Gollnick et al., (19@8) is known to occur in all fiber types
Baldwin et al., (1972)

Mitochondria are double membrane bound organelles that are prancipd source of
chemical energy/ATP production in all cells. The system of membranes and intermembrane
spaces are of great significance to their function. The outer membrane comtaimgintegral
proteins, known as porins which are voltadependant anion channels which allow for small
molecules <5 KDa to diffuse freely across the membrane. The outer membrane is also smooth
and often attached to other organelles such as microtubules. @wely, the inner
mitochondrial membrane is ion impermeable and is continually folded to form tubular
invaginations known as cristae, to provide a large surface area. Mitochondria range from 0.5
10uM in diameter and their size, shape, and locallativeto the basement membrane vary
depending on the energy requirements of the tisdtefai and Mootha, (2013nd in skeletal
muscle, the training status of the individudblloszy, (2011Mitochondria are Bo unique in

the respect that they contain their own mitochondrial DNA (mtDNA), which contains 37 genes

that code for 2 rRNA, 22 tRNA and 13 proteins which are essential for mitochondrial
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maintenance and performance as they encode the protein componehtheorespiratory
chain responsible for ATP production which will be introduced and explored within the thesis
Hock and Kralli, (2009)

Mitochondrial volumeincreasessignificantly after just 1.5veeks of continuous chronic
electrical stimulation in rabbit€Eisenberg and Salmons, (198This elevated volume
remained for 27 weeksof continuous activitybefore declining. It was suggested by the
authors that this initial large increase in mitochondria acted as a super compensatory
mechanism as the phenotype and content of myosin heavy chain isoforms shifts from that of

a predominatelyfast muscle to predominately expressing slow myosin heavy chain protein
Eisenberg and Salmons, (198Bpth continuous and intermittentlectrical stimulation have

been shown to cause increases in mitochondrial biogenesis and mitochondrial enzyme
activity through the assessment of succinate dehydrogenase, citrate synthase and
nicotinamide adenine dinucleotide phosphatetrazolium reductasewhich are generally

higher in slow myofibers and in exercised myofibers independent of fiberfggahashi and

Hood, (1993)Whilst the time carse of mitochondrial enzyme changiesvell documented

following continuous and intermittent electrical stimulation, the transcriptional regulation of
important mitochondrial transcription factors and mitochondrial respiratory complexes is less
understood Whilst Fisher, (2010)investigated the time and activity dependence of
transcriptional changes to continuously stimulateat skeletal muscle, even less is known
Fo2dzi GKS GNIYAONARLIGIA2YLEFE NBIdzA FGAZ2Yy 2F YAl
induced by electrical stimulation. The study of transcriptional regulation of mitochondria is
made even more complicated as theemodelling and biogenesis requires the expression of
3SySa F2dzyR Ay 020K Yd&s5b! IyR GKS 5b! F2dzyR

The first discovery of a mitochondrial transcription factor was that of nuclear respiratory
factor 1 (NRF1), NRF2 ancesiicity protein 1 (SPI1Bvans and Scarpulla, (1989), Evans and
Scarpulla, (1990), Virbasius and Scarpulla, (1994), Virbasius et al.,, ({i883) together
regulate transcription of the cytochrome ¢ gene amongst other proteins involved in the
electron transport chain. These genes also regulate mitochondrial transcription factor A
(TFAM), a nucleagncoded transcription factor which transloest to mitochondria to
regulate the transcription and replication of mtDN/Abasius and Scarpulla, (1994), Scarpulla,

(2008), Zaid et al., (199%s a result, both NRF1 and TFAM are ofteadwss transcriptional
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indicators of mitochondrial biogenesis. Mitochondrial uncoupling protein 3 (UCP3) is also
implicated in mitochondrial biogenesis, primarily in skeletal muscle, and mygertantly in
fastthan inslow twitch fibersZaid et al., (1999)The role of UCP3 is believed to be to create
proton leaks across the inner mitochondrial membrane, therefore uncoupling oxidative
phosphorylation, resulting in production of heat without ATP production. Additionallyngur
energy metabolism when fatty acid supplies to mitochondria exceed maximal oxidation
capacity, UCP3 enables the export of fatty acids to protect againstiigicted oxidative

stress. As fast twitch muscle fibers contain less mitochondria, the inaleaggression of

UCP3 may protect against excessive reactive oxygen species build up. This is primarily
supported through the muscles of mice lacking UCP3 showing evidence of oxidative damage

and increased reactive oxygen species producti@atPuig et al., (2000)

Furthermore, Puigserver et al., (1998yere the first group to report the importance of
peroxisome proliferatoactivated receptor gammeoactivatorm - 2 § KSNB A & S- 1 y26Y
1 02 GMihA MG NI KA OK 6| a4 Thantdd teinpekafudicauseitozR & A y
induction of thermogenesis in brown adipose tissue. Spiegelman and colleagues found that
PGauh LINRPGSAY & Zdzy®RK AGCRK tatdeova S1j dzSy Gt & | OdA @I
amongst other key mitochondrial genes such a®clgtome ¢ oxidase subunit [I (COXV)

etal, (1999)PGauh gl & KAIKie& SELINBEASR F2ff2gAay3a O2
and was described as thermogenic coactivd&argserver et al., (1998further work revealed

that PGamh gk a 1S& Ay (K SiorN&@rdzhdt iedulatgd micEhondial y a O NJ
encoding genes and was thus a key driver of mitochondrial biogenesis, and was later found

to interact with other transcription factors relating to myosin heavy chain isoform expression

and the expression of specifioetabolic enzyme®aar et al., (2002), Puigserver, (2005)
Overexpression of PQEN Ay Y@ 2 (i da 5eld al. A(3999)0aizliad mpsdiehman

et al., (2000 and mouse skeletal muscWende et al., (2007)esults in robust increases in
mitochondria. Additionally, PGEh RSFAOASYy Ul YAOS KI @S | f24SN

decreased expression of mitochondrial gehe®ne et al., (2005)

As well as increasing mitochondrial biogenesis, overexpressinguPGC Ichude® an
increase in GLUT4 expression (a keplinregulated glucose transporter found in higher
abundances in type 1 oxidative fibefeng et al., (1994)by binding to GLUT4 traasption

factors at their NH2 terminal domain, thereby activating them which allows for chromatin

41



remodelling and RNA processing via its COOH terminal dolmansalveet al., (2000),
Michael et al., (2001), Wende et al., (200Pjolonged over expression even leads to a-fast

to slow conversion of myosin heavy chain isoforms, concomitant with expression of slow
spedfic proteins such as myoglobin, resulting in a darker, more red coloured muscle; much
like the transformation that occurs following chronic low frequency electrical stimulation

et al., (2005), Lin ail., (2002)

As previously outlined, as well as chronic endurance training, there are a multitude of studies

that demonstrate that just one bout of exercise or electrically stimulated muscle contractions

results in increases in P@C (i NJ vy Ba@ N dl){(20@)/ Fisher, (2010), Goto et al.,

(2000), Norrbom et al., (2004), Pilegaard et al., (2003), Russell et al., (2005), Short et al.,
(2003, Terada et al., (2002nd resultant PG@& h  LINE (i S A yBaabdi BINBGDAA 2 v
Russell et al(2003), Russell et al., (2005), Terada et al., (200%)lst it is often considered

that the acute increase in transcription of P&& A &4 Yy SOSaal NB (2 dzLINB3
biogenesis and GLUT4 expression, time course studies post exercise have revealed that
mitochondrial proteins withboth very short and long Y2, such as citrate synthase and
cytochrome c were increased at both the mRNA and protein level long before an increase in
PGawuh LINPGSAY SELINBaarzysr ¢sKSy &aG§dzRASR AYYSR
Wright et al., (2007)At thistimepoint, there was an increase in binding of NRF1 and NRF2 to

both cytochrome ¢ and COXIV protein and translocation of-RGC LINRP G SAY FNR\
cytoplasm into the nucleus. This suggests that the acute stage of mitochondrial biogenesis is
regulated by PG&P Ywb! X gKAOK Aa Y2ad FodzyRIYyd G b
Fisher, (2010), Kuang et al., (202@hereas the latter stages are regulated by increases in

PGGwh  LINWright %etyal., (2007) which peaks around 184 hours post exercise
dependant on species and exercise stimuli and slowlyrnstto basal levels due to its shaort

Y%Wright et al., (2007), Kuang et al., (202BG@uh  LINPGSAY AGaStF Aa | O
mitogen activated kinase (MAPK) which phospthates and, in the process, removes the
repressor protein, p160 myBkimoto et al., (2008), Akimoto et al., (2004), Fan et al., (2004),

Knutti et al., (2001)allowing for translocation from the cytoplasm into the nucleus. Once in

the nucleus PG&h Oy O6AYR (G2 YR FTOUGAGIGS GNIyaONRL
suchas TFAMandP&C® A G&aSt Fd 9ESNDAAS A& ¢RAPKandy 26y |

extracellular signal regulated kinase (ERK) pathway through changes in in intracellular calcium
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levels, hormonal and mechanically activated phosphorylation eveaset al.(2004), Knutti

et al., (2001), Puigserver et al., (200}vitro myotube overexpression of MAPK 6 and 3

which activate p38 MAPK, also increases®3C LINR Y 2 (i S NJ FaOdét Al.2A0A)E RA NB
Knutti et al., (2001) This also occurs indirectly through p38 MAPK phosphorylation and
subsequent activation of the AT protein, a cyclic AMP response element binding protein

(CREB) family member that can also bind to and activate theMPGxomoter region

(Akimotoet al. 2008). This is supported by work in mouse skeletal muscle in which they added

a luciferase reporter moleculetothe P& LINP G SAYy (G2 RAaLIX & Ada |
contraction Akimoto et al., (2004)which was subsequently lost when MEFand CREB

proteins weredeliberately mutated to prevent the ATFand MER transcription factors

from binding to the recognition sites on the P@® LINP Y2 i SNJ NBIA2y > (K

transcription.

PGawh Aa | faz2 NB3Idz I § SR KNP dzakatdd Rriejh Ridagey S Y2 y
(AMPK)Suwaet al., (2006) AMPK protein is a seriie KNE 2y Ay S { Ayl aS gKAO
and! adzodzyAlG&d® ¢KNRdzZAK2dzi G(KS SESNOA&ES |yR Y€
OSft  dzf I NJ SCAfnyEN Haidgy(E089NIVinder and Hardie9g).9and is highly

conserval in all eukaryotes. AMPK signalling is regulated by responses to the AMP to ATP

ratio in periods of energy deprivation or exercise. Changes result in signalling cascades to
conserve ATP levels by inhibiting anabolic pathways that require ATP such a prote
synthesis, fatty acid synthesis and gluconeogenesis whilst stimulating catabolic processes that
generate ATP such as fatty acid oxidatioreyer et al., (2006)increases in AMP activates

AMPK signalling through multiple ways including the diredibigpof AMP to AMPK, resulting

in decreased protein phosphatase binding and increased substrate activity with kinase
complexes serine threonine kinase 11 (STK11) also known as liver kinase B1 (LKB1), STE20
related kinase adapter protein alpha (STRAD), radoisding protein 25/calcium binding

protein 39 MO25)Hawley et al., (2003)ncreases in AMP also lead to allosteric activation of

GKS [ Y. ™M (dzvy2dzNJ adzZLILINBS&aa2NE {¢w! 5h ki |yR ahH
generated through AMP triggered conformag y I £ OKl y3Sa Ay (KS 1+ adzo
a threonine 172 binding site allowing for subsequent phosphorylation and activation of AMPK
Hawley ¢ al., (1996) Following the induction of exercise where there is an initial fall in cellular

energy levels (ATP), AMPK phosphorylates a€&yl carboxylase, blocking its activity and
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thus preventing conversion of acetZloA to malonyCoA. The lack ahalonytCoA results in
increased carnitine parmitoyltranferask activity, a key enzyme in the active transport of
fatty acids into the mitochondria for oxidation and ATP production during exeseika et al.,
(2000) AMPK can also phosphorylate glycogen synthase, again blocking its aatifity
consequently turning on another catabolic process, the breakdown of giycGgrling ad

Hardie, (1989), Nielsen and Wojtaszewski, (2004)

Chroniccontinuouselectrical stimulation of skeletal muscle is a potent stimulus to activate
AMPK signallingyhereasprevious evidence has shown that a resistatike pattern of high

frequency stimulation, with rest periods between each set doesactivate AMPK signalling
cascades to the same extent, potentially due to recovery of ATP during the rest periods
Atherton et al., (2005)Whilst AMPK activation is considered to induce catabolic signalling
cascads, it poses the question as to how contractile activity from resistance exercise results

in increases in protein synthesis and hypertrophy after prolonged periods of training, if AMPK
signalling inhibits any anabolic pathways. Howelreyer et al., (200a&displayed that both

during, immediately after and-hour postacute resistance exercise in humans caused an

St SOlLiA2y AYy latYhu FOOGAGAGE RdzS G2 (0KS KA3IK
to calculate fractional synthesis rates, they fauthat during exercise, muscle fractional
synthetic rate was significantly decreased, along with reduced phosphorylation of the
eukaryotic translation initiation factor 4E (elF4d#)ding protein 1 (4BP1), but was
significantly increased both 1 and 2 hiepost exercise. The increases in fractional synthetic

rates were corroborated by an increase in abundance and phosphorylation activity of protein
kinase B/Akt (PKB), mTOR and S6K1 with a reduction in eEF2 phosphorylation, all of which
increases proteinygithesis through controlling translational rate and efficiency of proteins.
Furthermore, PG&h Kl a | f a2 0SSy AYLXAOFGSR Ay GKS |
induced hypertrophy. Whilst it is most commonly known to regulate the expression of
mitochondrial and oxidative phosphorylation encoding proteins, more recent work has
demonstrated that alternative promoter usage and splicing of RGC> -vhDwv NB & dzf G &
induction of the IGF1 growth pathway whilst downregulating myostRliras et al., (2012)
Overexpression both #itro and inrvivo resulted in robust hypertrophy and provided

protection of muscle mass wasting in response to cancer cacRexda et al., (2012)

44



1.4 Unloading Muscle Atrophyand The Uliquitin Proteasome
Pathway

The plasticity of skeletal muscle can be attributed toocdinated changes in protein
synthesis and protein degradation which allow muscles to hypertrophy following increases in
mechanical load and atrophy during mechanical adiog and catabolic periods where
energy availability is low. Skeletal muscle atrophy is a common feature of disuse caused by
physical inactivity or forced bed rest, as wellreageing where it is termed sarcopenia. During

this atrophy, protein degradain rates exceed synthetic rates which reduces muscle fiber
diameter, as well as its sarcomeric and cytoplasmic contents in the absence of degeneration,

necrosis, or loss of muscle fibers themselves.

Proteolytic pathways involved in muscle protein degraokatmainly involve the ubiquitin
proteasome pathway. The ubiquitin proteasome and associated ubiquitin enzymes have been
well characterised in the progression of muscle atrophy across multiple mSdeldri et &,
(2004), Bodine and Baehr, (201®biquitin is highly conserved amongst all living organisms
and is a small #éesidue proteinHershko and Ciechanover, (1998piquitin itself functions

as a postranslational lysine modification on proteins which subsequently affects their
stability, localisation, or ability to perform a function aother target proteinHershko and

Ciechanover, (1998), Sun and Chen, (2004)

The coeordination of the enzymes E1, E2 and E3, often called ubiquitin ligases facilitate the
binding of the eerminal glycine of t& dzo A |j dzA ( A Yy -amIN®gib&profjthe fydne G K S
on the target protein which will then be deemed ubiquitinated. Ubiquitin and ubiglilkie
proteins are activated by an E1 ligase. Upon activation, the ubiquitin is transferred to the
activesite cyseine of an E2 ligase. An E2 ligase thioester then interacts with an E3 ubiquitin
ligase which allows transfer of ubiquitin from the E2 ligase to a lysine residue of a substrate.
Proteins with one ubiquitin protein (monoubiquitinated) can either dissocfaten the E3
ligase or can acquire further ubiquitin modifications on the ubiquitin protein itself which has
a total of seven lysines, resulting in polyubiquitinatigldidge and O'brien, (2010Most
studiedis the ubiquitination of lysine 48 (K4®ked polyubiquitination which functions to
target the substrate protein to the 26S proteasome system for degradation into short

oligopeptides, releasing free ubiquitisandri et al., (2004), Eddins et al., (2011)
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Specific substrate recognition and targetingda® A lj dzA G Ay (G2 | LI NI A Odz |
controlled by an E3 ligase, of which there reportedly over B88haies and Joazeiro, (2009)

¢CKS g2 YIAYy OfraasSa 2F 90 dzoAljdzAGAyYy ATl &Sz
(Homologous to the EBP Carboxyl Terminus). In skeletal muscle atrophy, the main E3 ligases
implicated are Trim63, also known as MuRF1 and Fbxo32, also known as MAFbx orlAtrogin
Bodine et al., (2001b), Sandri et #2004), Clarke et al., (2007), Eddins et al., (2011), Bodine

and Baehr, (2014)nvitro studies in muscle cells first showed that Trim63 was essential for
degradation oMyHG and MLCs and showed that there was a physical interaction between

the Trim63 and théVlyHCsubstrate through cammunoprecipitation. When skeletal muscle

myotubes invitro are treated with dexamethasone (a cachectic glucocorticoid), the normal
response iftrophic and concomitant with a loss MyHCprotein, but with siRNAnediated

depletion of Trim63 the loss dflyHCis blockedClarke et al., (2007), Fisher, (201Bhis was

further replicated invivo byClarke et al., (200%Who found that Trim63 knockout mice spared
MyHCproteins in response to dexamethasone in comparison to WT mice. Other work has
shown that Trim63 is an important regulator of protein synthesis through the degradation of
particular substrates such as the eukaryotic translation initiation factor 3 subuitA3f),

which is a regulatory subunit important in the IGF/mTOR/p70s6K pathway that when
upregulated leads to an increase in protein synthesis and muscle hyperti@pdipe etal.,

(2001a), Rommel et al., (2001)

Transcription factors are proteins that can both initiate and control the rate of transcription
of a particular gene or subet of genes. Myogenin and Foxo are transcriptioctdes that

have been implicated in skeletal muscle atrophy. Myogenin whilst involved in muscle
development and adult myogenesis, has also been identified as a potent regolfdtoro32

and Trim63 when transcriptionally upregulated through the indirecticactof histone
RSIFOSGetlrasSa o151 /&a0vd |51 /a a GKSANI ylIYS ad
on proteins such as histones and can be classified into five classes @epend their
sequence identity and domain organisation (I, lla, Ilb, llIl&¥hénd have been implicated in
skeletal muscle atrophy. Histones are proteins that function to package DNA into structural
units called nucleosomes and determine how tightly packed DNA winds. Acetylation of
histones decreases their affinity with DNA, uktg in conformational changes that increase

the accessibility of chromatin to transcription factors. Assessment of gefvoiche chromatin
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accessibility is becoming a powerful tool in understanding the molecular biology of skeletal
muscle adaptation andanscriptional regulatioibos Santos et al., (2020yith the current
Y2430 L2LIz I N GSOXKSINQAzS | vBay I ! ¢ Aéedssible F2 NI ¢
Chromatinusing sequencing. Histone deacetylation is the removal of the acetyl group from
0KS KAaluz2ySz 2F0GSy LISNF2NX¥SR o6& 2yS 2F (KS
change of the chromatin landscape and therefore on most occasions reducing traiesaipt
activity through inhibiting transcription factor binding to its target subst@asar, (2010)The

role of myogeninin muscle atrophy specifically involves Hdac4 and Hdac5 which both belong
G2 Of I aaludetal., (2019dHHa43and Hdac5 repress dachshund homolog 2 (Dach?2)
and MEF2interacting transcription repressqiMitr) which are both negative regulators of
myogenin. Therefore, when Hdac4 and Hdac5 are active, myogenin expression increases,
which promotes expression of Fbxo32 and Trim63. Deletion of myogenin from adult mice
reduces expression of MuRF1 and atreginluring neurogenic atrophy and can preserve
muscle mas®8elova et al., (2020Moresi et al., (2010)Furthermore, deletion of Hdac4 and
Hdac5 prevents myogenin upregulation and therefore also preserves muscle mass following
denervationMoresi et al., (2010)Forcedexpression of myogenin in Hdac4/Hdac5 deplete
mice after denervatiofinduced atrophy restores the usual muscle atrophy response showing
that myogenin is essential for neurogenic muscle atrophy. Conversely, when myogenin is
overexpressed in WT mice, its egpsion is not sufficient to induce muscle atrophy, showing
that neurogenic muscle atrophy follows a specific pathway for muscle wastongsi et al.,

(2010)

Despite their names, HDACs rastly modify the acetyl molecules on histones but can also
deacetylate cytosolic proteins and ndristone nuclear proteins. Class Il HDACs (HDACs 4, 5,

6, 7, 9 and 10) are able to translocate in and out of the nucleus degmgnoh their
phosphorylation stat Belova et al., (2020), Moresi al., (2010}o achieve both histone and

cytosolic deacetylation. Recentlyuo et al., (2019ajisplayed that following denervation

induced atrophy, HDAC4 wable to deacetylatdMlyHG, peroxisome proliferateactivated

receptor gamma cactivator talpha (PG@h 0> | yR KSIFd &akKkz201 023yl
(Hsc70) which leads to both loss of contractile proteins and mitochondria. The use of specific

class lla or HD2¢ inhibitors were sufficient in rescuiddyHG PGa@uh Yy R | a0t n | |

47



protein level therefore preventing muscle atrophy and maintaining mitochondrial biogenesis

Luoet al., (2019a)

Forkhead Box Class O (Foxo) transcription factors were first characterised in the Drosophila
and are characterised by a shared 100 amino acid-DMAY RAY 3 Y20 AFI GSNX¥SR
R 2 Y I TkivioR et al., (2011Whilst there areseveralFoxo genes conserved across basic and
complex eukaryotes, FoxpEoxo3 and Foxo4 are all expressed in skeletal muscle and have
been implicated in skeletal muscle atrop&gndri et al., (2004Mechanistic studies involving
dexamethasone treatmnt of muscle cells itro to produce atrophy have shown that
Fbxo32 and Trim63 are upregulated at the transcriptional level-tr&ament of
dexamethasone with IGE prevented this upregulation of Fbxo32 and Trim63 through
downstream IGH signalling.G&F1 binds to its receptor phosphatidylinositolkihase (P13K)
which in turn phosphorylates protein kinase B (Akt). When phosphorylated Akt, can
phosphorylate Foxo transcription factors which then associate witfB-384sequestered
proteins within the cytplasm and remain inactive. During conditions of atrophy, IGF1
remains inactive, meaning that PI3K cannot phosphorylate Akt. As a consequence of Akt
inactivity, Foxo remains unphosphorylated causing it to dissociate witB-34roteins,
allowing it to trarslocate to the nucleus where it can activate transcription of Trimé3 and
Fbxo32Sandri et al., (2004)nvivo, transgenic oveexpression of Foxol results in severe
muscle atrophy and muscle functidtamei et al., (2003)Atrophy has also been inhibited
(~40%) irvivo during Indlimb suspension, through electroporation and expression of a
dominantnegative Foxo3a protein in rat which contains only the DNA binding domain, which
lacks full functionalitysenf et al., (2010)

Contrastingly, whilst the ubiquitiproteasome pathway is at the centre of muscle atrophy, it
has also recently been deemed important in the adapfvecess of hypertrophy. Recent
work by our group has identified the HECT domain E3 ligase ubiquitin protein ligase E3
component nrecognin 5 (UBRS5, also termed EDD1) to be significantly altered at the DNA
methylation and mRNA level in human skeletal muilewing mechanical loadingeaborne

et al., (2018a), Seaborne et al., (20188)llowing Wveeks of resistance exercise, UBR5 mMRNA
expression increased whilst DNA methylation decreased (hypomethylation). These increases
in gene expression and hypomethylation were augmented following 7 weeks of further

resistance exercise after a period of detiaig. These changes were highly correlated with
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changes in skeletal muscle mass, suggesting that UBR5, whilst a HECT domain E3 ligase is
involved in hypertrophy as opposed to the atrophy associated E3 ligases MairFMAFbxX.

These changes have been comied in a number of mechanical loading models including

I OdziS f2FRAY3a Ay 0A2SY3aAYSSNBR Y@2FAOSNAEI 4&e
during recovery of muscle mass following TTX induced atrophy and hindlimb suspension
without changes in MRF1 and MAFbx expressioBeaborne et al., (2019aMechanical

loading in human myotubestro which had siRNA silencing of UBR&sable to recover

UBRS5 expressiomggesting that its expression is downstream of a mechanical sensor. When
UBRS5 was silenced in mouse tibialis anterior vialoaiged RNAi and electroporation, skeletal
muscle fiber size was significantly reduced after 30 days along with total RNA proguction
global protein synthesis and ERK1/2 phosphorylation suggesting that UBRS5 acts as a positive
modulator of muscle maddughes et al., (2020), Turner et al., (20Ed warrants further

investigation.

1.5 Loading and Muscle Hypertrophy

Resistance exercise training provides both a mechanical and metabolic stress within skeletal
muscle to stimulate hypertrophy and increase force generating capacitiesingen and

Kirby, (2021), Wackerhage et al., (20IB)e increase in skeletal muscle fiber crssstional
areaisthe resultof accretion of myofibrillar contractile proteins and other organelles that are
densely packed within the cytosol. Decades of research have revealed that mechanical
overloadinduced hypertrophy occurdecause ofprolonged net increases in giein
synthesis, to increase the amount of myofibrillar protein present in muscle fiGéass,

(2005), Bodine et al., (2001b), Chaillou et al., (2015), Chaillou et al., (ZDii) is
orchestrated throughhe reprogramming of the muscle transcriptome to positively regulate

cell growth and translational capacity, whilst supressing negative regulators of cell growth
Schiaffino et al., (2020)These signals themselves come from within the muscle fiber
WY e 2y dzOf SA QS A abSafeNth dells ds\welf as oS distal orgaaOrket al.,

(2021) The anabolic process is reported to be centrally controlled by the makskdi growth

factor (IGF1)/ protein kinase B (Akt)/ mechanistic target of rapamycin corip{exTORC1)
signalling pathway and its upstream regulators and downstream effe@aes and Esser,
(1999a), Sartori et al., (2021), Ogasawara et al., (2017), Ogasawara et al., (2016), Hornberger,
(2011), Youetal., (201®) | 2 6 SOSNE Al A& AYLRNIUIYyG G2 y2aS
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synthesis of individual proteins may undergo temporal patterns and sHifisketh et al.,

(2016), Hesketh et al., (2020bdhat simultaneously occur alongside activation of the
autophagylysosome system and ubiquitin proteasome degradation syStammati et al.,

(2011), Cui et al., (2020)An example of this is that amino acids released by the
lysosome/proteasome folloimg protein degradation themselves can directly stimulate mTOR

Liu and Sabatini, (202@Gnd therefore may increase protein syntheditis can be explained

by the need ¢ synthesise and degrade proteins constantly to maintain protein quality, so that

the process of growth or atrophy is a modulation of ongoing processes that are also

influenced by nutritional supply.

Insulin (synthesised in the pancreas) and IGF1 (predaelinsynthesised in the liver under

the action of growth hormone produced in the pituitary gland) act as anabolic factors that
stimulate muscle growth through binding to the insulin receptor and IGF1 receptor,
subsequently activating a cascade of phosptaiion events that both positively and
negatively regulate the activity and translocation of proteins, enzymes and transcription
factors Schiaffino et al., (2020Muscle specific overexpression of IGF1 is well known for
producing increases in muscle mass and strength and alleviatingekeged loss of muscle
massMusaro et al., (2001)The IGF1 gene which contains six exons is highly conserved across
species and can be transcribed into heterogeneous mRNA transcripts and subsequently
translated into different IGR polypeptides through the combination of muyillte
transcription initiation sites and alternative splicing. The biological action of each isoform and
their ability to bind to cell membrane receptors is mediated through differeftefsinal

signal peptides (Class 1 or 2) or through the removal of taelioxyterminal Epeptides (Ea,

Eb, commonly known as mechagoowth factor MGF, E®hilippou et al., (2014), Matheny

Jr et al., (2010)Of these isoforms, IGHa seems to be the most potent at increasing muscle

mass independent of age in miéescenzi et al., (2019)

The action of IGF1 and insulin itself are mostketwn for activating the mitogeactivated
protein kinase/extracellular signal regulated kinase (MAPK/ERK)Paondphoinositide 3
kinases (PISKAkt-mTOR)pathways that are ubiquitously responsible for regulating cell
growth and death in mammalian cells. Interestingly, a number of these pathway components

have been selectively overexpressed in skeletal muscle via electroporation and transfection
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with plasmds Bodine et al., (2001b), Pallafacchina et al., (20@2ptein kinase B/Akt
overexpression has bedound to both prevent atrophy during disuse and produce robust
hypertrophy without mechanical overloaBodine et al., (2001b), Pallafacchirteag, (2002)
Similar results have been reported using musspecific transgenic mice which increased
skeletal muscle mass and strength without satellite cell activationfasidn Blaauw et al.,
(2009) The proposed central hub of the latter pathway, mTOR, a 289 kDa serine/threonine
kinaseSabers et al., (199% respnsible for integrating multiple signals such as cytokines,
nutrients, energy availability and communicating to the translational machinery via p70s6k, a
mitogenactivated Serine/Threonine protein kinase, which subsequently induces the
components requiredor protein synthesis, ribosomal protein s6 (Rps6) and factor 4E binding
protein 1 (4EBP1), the latter of which negatively regulates the ribosomal eukaryotic
translation initiator factor 4Eiu and Sabatini, (2020)s well as positively regulating synthetic
components, mTOR can also inhibit protein breakdown by blocking autophagy via
phosphorylationdependent inhibition ofUnc51 like autophagy activating kinaggLK1)Call

et al., (2017), Fuqua et al., (202@nder mTOR inhibition or amino acid withdrawal, ULK1
phosphorylates Becl#t which promotes the activity of the autophagy related proteins.
Specifically, the ATGI14bntaining vacuolar protein sorting 34 (Vps34) complex for
autophagy inductiorRussell et al., (2013InTOR itself can interact with several proteins to
form different protein complexes, mMTORC1 and mTORE&R et al., (2002), Loewith et al.,
(2002) The rapamycin sensitive TORGInplex contains the regulatory associated protein of
MTOR (RAPTOHRIra et al., (2002), Kim et al., (2002), Kim et al., (20063OR associated
protein LST8 homolog (mLSTBIGKim et al., (2003Dishevelled, E€l0 and PleckstrifDEP)
domain containing mTQHRteracting protein (DEPTOPterson et al., (200@nd proline rich

Akt substrate of 40 kDa (PRASE&cak et al., (2007), Vander Haar et al., (2806@)has been
linked to promoting protein synthesis and preventing muscle atr@gdine et al., (2001b),
Rommel et al., (2001), Solsona et al., (2021)

There is also a rapamyeinsensitive TORC2 complex which contains the proRMTOR
Independent Companion GhTORComplex 2(Rictor) Loewith et al., (2002)mLST8/GL,
DEPTOR and mammalian stress activated protein kinase interacting protein 1 (GB&N1)

et al., (2018) Here, we concentrate on mTORC1 activity as mTORC2 has less of an anabolic

effect and mediates glucose and lipid homeostdsis and Sabatini, (2020Furthermore,
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Rictor knockout in mice do not show an adverse muscle phenotype whereas Rapt&®/mTO
knockout mice (MTORC1 complex) show reduced muscle size and growth due to a large
reduction in fast fiber are®entzinger et al., (2008), Risson et al., (2008grestingly, slow

fibers do not seem to be affected during pesital growth in thesenTORCL1 deficient mice.

MTORCL1 deficient mice also develop a progressive muscular atrophy/dystrophy phenotype.

Inhibition of MTORCL1 through pharmacological treatment with rapamycin (sirolimus)
treatment prevents muscle growth following anabolic stimBallafacchina et al., (2002)
Pioneering work from the Hornberger lab and others has shown that inducible knockdown of
Raptor specifically in skeletal muscle does inhibit hypertrophy but does not affect protein
synthesis following synergist ablation induced mechanical overload as measured through
puromycin incorporationYou et al., (2019)Other genetic ablation stués in rodents have
resulted of Raptor or other mMTORC1 components have led to decreased mRNA translation or
a serious myopathic phenotype. Furthermore, conditional deletion of mMTOR with transfection
of catalytically inactive mTOR resulted in reduced mug@evth rate after just 1 week of age
Bentzinger et al., (2008 both of these models, muscles still grow but to a lesser extent and
devebp myopathic phenotypes that are prone to muscle degeneration suggesting that mTOR
may be involved in not only growth but other psarrvival pathway$chiaffino et al., (2020)
Additionally, despite inhibition of the mTORC1 complex in these models, autophagy is not
hyperactivated but is conversely hindered which results in the degenerative/myopathic
phenotype observed in thesanimalsCastets et al., (2013), Zhang et al., (20E)rther
evidence supporting this phenomenon comes from transgenic mice with hyperactivation of
MTORCL1, caused by inhibitionTCComplex Subunit {TSC1astets et al., (2013yho

have reduced autophagy activity and thus develop a myopathic phpeoty

Skeletal muscle hypertrophy induced through mechanical load is also controlled through
MTORCL1 activity, as first suggested by the Ess&daband Esser, (199915jigh resistance
eccentric contractions throughctivation ofthe sciatic nerve resulted in phosphorylation of

the mTOR target 70kDa ribosomal S6 kinase (p70s6k) six hours after the resistance training
bout, which further showed a near perfect correlation after 6 weeks with increases in muscle
size. The Esser lab have also shown that early activation of mMTORC1 signalling occurs
independently of the PI3K/Akt signalling through mitogen activated protegiade (MAFK)

and extracellular signaklated kinase (ERK), which occurs through phosphorylation of TSC2
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instead of PI3K and AKtiyazaki et al., (2011 ERK1/2 pathways also help control muscle
homeostasis and growth through the inhibition of TSC1/TSC2 activity and promotion of key
transcription fators, MyelocytomatosisProto-Oncogene, BHLH Transcription Fadidyc),

Jun Proto-Oncogene, AR Transcription Factor Subunidun),Fos ProteOncogene, AR
Transcription Factor Subur(ifos) and ETS domain like prot&igElk1)Davis, (1993), Guan,
(1994)
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Figurel.4: Both insulin and IGF1 bind to specific receptors on the plasma membrane of muscle
cells, namely the insulin receptor and IGF1 receptor. Binding results in activation of a cascade
of protein phosphorylatioractivity, resulting in promotion of protein synthetic machinery
whilst inhibiting protein breakdown through autophagy and the ubiquitin proteasome system.

In brief, once activated, IRS1 stimulates production of phosphatidylir@sitél
triphosphates (PI®, 4, 5) at the plasma membrane through the recruitment of F*B¥k can

then phosphorylate phosphatidylinositol diphosphate (PIP2), which then generates
phosphatidylinositol triphosphate (PIP3) which can activate kinase phosphoinositide
dependant kinasd (PDK1Jolsona et al., (2021pPDK1 can then phosphorylaA&T thus
activating it and promoting the inactivation of tuberous sclerosis complex 1/2 (TSC1/2). mTOR
can then be activated through the Ras homolog enriched in brain GTPaseAiRkeé) al.,

(1994), Myers et al., (1994), KADOWAKI et al., (1996), Sarah Eckstein et al., (2017), Garami et
al., (2003), Tomasoni and Mondino, (2011), Toker and Dibble, (2018), Alessi et al., (1997),
Stokoe et al., (1997), Castro et al., (2008pki et al., (2003)This can also occur through
MTORC2 complex activity, whereby mTORC2 phosphorylates Akt o 38rallewing for

PDK1 binding and phosphorylation on the threonine siteSa@8ssov et al., (2005)
Ultimately Akt positively regulatesthe mTORC1 complex for protein synthesigst inhibiting

Fox@-3 protein signalling for protein breakdown. Interestipngthere are several feedback

loops involving mMTORCL1 including mTORC1 blocking of IRS1 via S6K1, consequently inhibiting
AKT activity. AMPK, which upregulated during endurance exercise/energy stress is also
known to block mTORC1 activity and activatec@asystems and autophagys well as
mechanical stimuli, mMTOR can also be activated directly through branch chain amino acids
that promote mTOR to the lysosomal surface where mTOR is activated by Rheb GTPase.
Recent evidence also suggests that mTOR catireetly stimulated through diacylglycerol
kinase zetag D Y and phosphatidic acid (PApbley et al., (2015), Joy et al., (2014), You et

al., (2018), You et al., (2014), Goodman &winberger, (2014), Hornberger et al., (2006),
Hornberger, (2011), Jacobs et al., (20Ihospholipase D (PLD) synthesises PA and DGK
which can bind directly to mTOR, activating it through its FKBP rapamycin binding domain.
Taken with permissions froi8artori et al., (2021), Solsona et al., (2021nder Creative

Commons Attribution 4.0 International License

Myostatin requlation of sketal muscle growth
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Myostatin (often referred to as growth differentiation factor 8 (G&F a member of the
transforming growth factor (TGF) superfamily is one of the most studied ligands involved
in inhibiting muscle growth. Knockdown of myostatin iff Wiice results in extreme muscular
hypertrophy McPherron et al., (1997) and stronger, more muscular muscles in
mdxmyostatin knockdown mice in comparison to mdx knockdown mice, as well as reduced

fibrosis and negative fibradipogenic remodellingvVagner et al., (2002)his function seems

to be observed across specieQifi dzZRA Yy 3 OF GGt S 0 2 Fid&yO EHEFRINNS R

et al., (1997), Grobet et al., (1998), Kambadur et al., (199&jurally occurring loss of
function mutations in the myostatin g in humans also result in robust hypertrophy without
abnormalities in cardiac structure or functioBchuelke et al., (2004)jndependent of
increased levels of testosteroner dGF1Schuelke et al., (2004)Conversely, persistent
systemic overexpression of myostatin leads to progressive muscle wastimygers et al.,
(2002) Interestingly, myostatin also appes to inhibit the activity and fusion of satellite cells
which may add to negative regulation of muscle miseCroskery et al., (2003 reatment

for Duchenne muscular dystrophy through myostatin inhibition therapy has gained large
attention in recent decades but has since failed to translate fromgtirecal investigations
Rybalka et al., (2020)

The activin A/Myostatin/TGFsignalling poteins bind to activin type IIA/B receptors and
TGF receptors associated with the plasma membrane to recruitment and activation of the
activinreceptosf A 1S (1AylasSa o!'[ YO !'[YnZ !'[Yp YR
g 2N Q Y2 i KS N@gentdplggic hgmalog (FRMBD) Iproteins SMAD2 and SMAD3, to
promote heterotrimeric protein complex formation with SMAB4rtori et al., (2021 )which

has recently been identified as a central regulator of the transcriptomic exercise response
through metaanalysis of multiple transcriptomic exercise data sAtear et al., (2021)
Although, genetic ablation of SMAD4 in muscles of mice did not produce hypertrophy but
resulted in muscle atrophy and decreased strgn§artori et al., (2013)Once these SMAD
protein complexes are formed, the complex can translocate into the nucleus where they act
as transcription factors. Inhibiting SMAD2/3 is sufficient to promote muscle grBatori et

al., (2009), Winbanks et al., (201#pking these transcription factors to targets positively
regulating protein synthesis or decreasing ubiquitination and protein degradation. mTOR

signalling is a prime candidate for shcrosstalk, with experiments in mice showing that
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rapamycin treatment or knockdown of mTOR revert the hypertrophic effects of follistatin

blockade of myostatiWinbanks et al., (2012)

Bone morphogenetic proteins (BMPs) and growth differentiation factors (GDFs) which are
also controlled through extracellular cytokines such as noggin or follistatin, also converge on
this pathwaySartori et al., (2013), Traore et al., (201BMP/GDF ligands preferentially bind

to type Il cell surfee receptors on the plasma membrane including BMP type Il receptor
(BMPRII), activin receptor IIA and IIB (ActRIIA/B), but can also bind to type | receptors such as
ALK2 (ACVR1), ALK3 (BMPRIA) and ALK6 (BIGBR1BY) et al., (2016), Brazil et al., (2015)
Again, these ligandeceptor complexes promote the phosphorylation of
SMAD1/SMAD5/SMADS, allowing for trimerization with SMAD4, allowing for translocation
into the nucleus and altering transcription. Modulation of this pathway is also controlled
downstream of its receptors within the cytosol by SMAD6 and SMALChywteventreceptor
mediated activity of SMADSMAD5SMADS8 and SMAEEMADS3 protein complexes with
SMAD4 Winbanks et al., (2013)Evidence suggesting that both BMP signglliand
activin/myostatin pathways control epistagithe action of one gene upon anothenjithin
skeletal muscle is evident through the overexpression of noggin, a cytokine that acts
antagonistically to BMP, which can remove the hypertrophic phenotype rabdein
myostatin  knockout mice. Furthermore, hypertrophy induced through follistatin
administration both blocks myostatin/activin signalling and stimulates SMAD1, SMAD5 and
SMADS activatio®artori et al., (2021), Davey et al., (2016), Winbanks et all 3{2resulting

in decreased leus of activity/phosphorylation of SMAD2 and SMAD3, allowing for SMADA4 to
interact with phosphorylated SMABEMADSSMADS protein complexes to increase growth

or prevent muscle wastin§artori et al., (2009), Sartori et al., (2021), Sartori et al., (2013)
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binding to cell surface receptors which induces phosphorylation of and SMAD4 protein
complexes capable of translocating to the nucleus. SMADADSSMADSSMAD4 protein
complexes positively regulate transcription with the function of increasing protethesys

and opposingly SMABEMAD3SMAD4 protein complexes promote protein degradation.
Dashed lines indicate pathway interactions that have not yet been fully defined. Taken with
permissions fronsartori et al., (2021)nder Creative Commons Attribution 4.0 International

License.

Ribosomal Biogassis& Translational Control

Muscle hypertrophy and protein synthesis is not only reliant on the tnapison of positively
regulating genes and the activity of their protein products but also on the abundance and
translational capacity and of the ribosomes themselWsn et al., (2016), Figueiredo et al.,
(2021), Figueiredo and McCarthy, (201®ibosomes assemble amino acid sequences
according to the delivered mRNA to create polypeptide chains. The process of ribosomal
biogenesis starts with ribosomal RNA (rRNA) ttapson by RNA polymerase | (Pol I) as a
47S prerRNA. This mRNA transcript is then cleaved into 28S, 18S and 5.8S and assembled
with ribonuclear proteins to make large and small subuiisbert et al., (2018) DNA

polymerase | therefore acts as a primary regulatory mechanism of ribosomal biogenesis,

57



forming a preinitiation complex (PIC) with activity of the transcription initiation fad®KTIF

1B) and the upstream binding factor (UBFjt and Grummt, (2001), Moss and Stefanovsky,
(1995), Geiss et al.,427) This rRNA pool makes up approximately 80% of the total RNA pool
Lodish and Zipursky, (200m)TOR regulates ribosomal biogenesis including through mTORC1
activation of TIFLA for preribosomal RNA synthesis through the activity of Pdidhels et

al., (2010), Shor et al., (201MTOR can also phosphorylate the MAF1 homolog, inhibiting its
function as a epressor of RNA polymerase Il transcriptid@ading to transfer oRNA
synthesisMichels et al., (2010), Shor et al., (201A83ditionally, mTOR interaction with-La
related protein 1 (LARP1), regulates production of ribosomal proteins as well as initiation and
elongation factorsSolsona et al., (2021), Berman et al., (2021), Schiaffino et al., (2013),
Schiaffino et al., (2020), Fonseca et al., (200H)ORC1 also regulates the transcription factor
c-Myc during aronic resistance trainin@gasawara et al., (2017), Ogasawara et(2016),

Mori et al., (2020) an oncogene that acts as a transcription factor to coordinate protein
synthesis though upregulation of numerous genes related to processing rRNA and ribosomal
proteins themselves. -®lyc also regulates genes associated with the initiation of mMRNA
translation and nuclear export of ribosomal subunrfan Riggelen et al., (2010)hese genes
include UBF, THEA, TIFLB, DNA polymerase |, Il andMén Riggelen et al., (2010), Campbell
and White, (2014), Brook et al., (2019), Jin and Zhou, (2Gt&hdori et al., (2005)

During hypertrophy protein synthesis rates increase but it is still disputed as to whether
ribosomal density (translational capacity) or efficiency (rate of translation of mMRNA) are the
main limiting factors that could be inhibiting maximal levels of protein synthesisciEae
induced hypertrophy increases both total RNA and rRNA cor@ast et al., (2016), Mobley

et al., (2018), Figueiredo et al., (2021), Figueiredo et al., (2016), Figueiredo and McCarthy,
(2019), Figueiredo et al., (2015), von Walden et al., (2@i2dies in humans and mice have
revealed that ribosomal DNA (rDNA) copy toemis positively correlated with ribosomal
biogenesis in response to an acute bout of resistance exercise and that the acute bout also
alters rDNA methylation patterns in enhancer and intergenic regions associated-iic c
bindingvon Walden et al., (2020), Figueiredo et al., (202his may be indicative of the
ribosomal biogenesi response being predictive of the chronic hypertrophy response

following resistance training. Blocking ribosomal productiowiiro also negatively affects
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hypertrophy of myotubesStec et al (2016) providing further evidence that ribosomal
number and activity are key drivers of the hypertrophic prod&es et al., (2016)

Mechanotransductiorthrough the myonucleus

As well as mechanosensitive biochemical signalling events occurring following resistance
exercise, therés evidence emerginguggestinghat the nucleus/myonucleus itself can act as

a mechanosensitive element, translating mechanical forces in cellular cascades that promote
muscle growth through nuclear envelope stretching, modification of nuclear envelope
proteins, histone modifications and chromatin accessibility, transcription factor localisation
and subsequent gene expressidragh et al., (2021), van Ingen and Kirby, (2021), Kirby and
Lammerding, (2018), Lomakin et al., (2020), Venturini et al., (2020), Enyedi and Niethammer,
(2016), Aureille etlg (2019), Stephens et al., (2019a), Stephens et al., (2019b), Guilluy et al.,
(2014), Guilluy and Burridge, (2015), Le et al., (2016), Nava et al., (2020), EAotalgust

al., (2017), Cosgrove et al., (202Despite some evidence linking nuclear envelope proteins
mutations to reduced muscle function, ability to hypertrophynda severe
laminopathies/myopathies/dystrophiesOwens et al., (2021), Owens et al.,, (2020a),
Puckelwartz et al., (2010), Zhou et al., (2017), Piekarowicz et al., (2019), Bonne et al,, (1999)
it remains to be elucidated how these mechanical signasraegrated with the biochemical
signals that are much better documented in muscle growth due to difficulties in decoupling
the biochemical cellular responses from that of the mechanosensitive respgeugiely and
Burridge, (2015), Guilluy et al., (2014), van Ingen and Kirby, (2021)

1.6 Models of Hypertrophy

Understanding the mechanisms behind the plasticity of muscle mass in response to loading
requires models of mechanical loading that replicate resistance training like stimuli in
humans. Tools to manipulate mice genetically or pharmacologically, or ratghr
electroporation and transfection, have allowed the field to start to understand how the gain
or loss of a gene/or part of a gene affects the functional significameeso. Combining an
appropriate model of resistance training with these genetic $oulill enable a greater
understanding of loagnduced hypertrophy andallow the design ofinterventions/
therapeutics to increase and maintain muscle mass and quislapy models have been used

to mechanically load/overload muscle to produce hypertrophbydre often not transferrable
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to human muscle hypertrophy, due to the rapid rate and magnitude of muscle growth which

can exceed increases of 40% in a matter of wédlsach et al., (2020a)

The most commonly used method of mechanical overload induced hypertrophy is synergist
or synergistic ablation which involves the removal of a large muscle or multiple muscles to
produce compensatory growth in a smaller muscle that performs the same fundtiong
weight bearing orambulatory activity. This model whilst adopted by many, could be
considered the least translatable to human resistance exercise and has a number of pitfalls
that include invasiveness of surgery, extensive danmage initial satic overload phase
degeneration and regeneration, muscle fiber splitting, rate and magnitude of growth,
systemic and local profiles of inflammation and metaboliSharach et al., (2020a)This
method of overload is also nemversible and occurs continuously so has limited
translatability. It also remains to be answered wheth@stmethod of hypertrophy is induced

by stretch, tension or both so mechanistic studies are often hindered (discussed in greater
detailin section 1.1 @ LISNLIX I &A= adza Of S )OANs wellBitsdffedts A (0 G A y =
on muscle, synergist ablat also produces extensive and rapid new tendon gro@aimucio

et al., (2014)

Progressive weighted wheel running has shown promise in producing hypertrophy in rats (15
25% dependnt on fiber type after 8 weeks)shihara et al., (1998)n this model, weight is
progressively added to a wheel to provide resistance whilst running andftrerprovides

both a highload and highvolume stimulus, similar to resistive cycle training or concurrent
training in humans which causes an improvement in both power and fatigue resistance
Murach and Bagley, (2016), Murach et al., (2016), Fry et al., (2014a), Fry et db).(R@bults
therefore cannot necessarily be extrapolated to resistance traininggeerRodents and
especially mice are innately driven to run long periods throughout the night, so do not require
operant conditioning to perform exercise, therefore allowing for minimal invasiveness and
the ability to measure workload. Whilst workload igasurable, it is not yet controllable with
reports that female mice will run between 2km per night with males slightly less and aged
mice around half of the volumBlurach et al., (2020b), Englund et al., (2020), Dungan et al.,
(2019) Ideally, an automatic lock to control or limit volume could prove useful for reducing
training volume, with a greater resistance applied for a shorter peridowever this is

dependent on the willingness of the individual égercise at a range of intensities: several
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labs have reported a reduction in compliance when resistance is tooCatjret al., (2010),
Ishihara et al., (1998), Konhilas et al., (2005), Roemers et al., (2018), Soffe et al., (2016)
Additionally, monitoring of training load can only be performed succdgsulsinglenhoused

mice whichchallenges recommended husbandmjowever, progressive weighted wheel
running isarguablythe most minimally invasive approach and allows for the study of training,
de-training, and retrainingDungan et al., (2019hich is highly translatable to humans and

their natural training tendencies, as well as distle®ugh injury and bed rest.

In terms of muscle hypertrophy, itssill a matter of debatevhether unloaded wheel running
can produce hypertrophgllen et al., (2001), Brooks et al., (2018), Li et al., (2@0&ough
evidence for hypertrophy across muscle groups emd fibertype specific manner is strong

in PoWeR, also known as progressive weighted wheel runDumggan et al., (2019)
Specifically, the plantaris, soleus and gastrocnemius both grow betwe80%5n wet mass
and individual fiber crossectional aredungan et al., (2019), Murach et al., (2019cinust

also be noted thabecause ohigh volume of training, muscleshiowa glycolytic to oxidative
fiber type shift which may also complicate extrapolation of load mediated adaptations whilst

other metabolic changes are occurring.

Graber et al. (2019)sed a similar custom progressive wheel running approach but instead
fitted mice with alterable weighted vests to improve muscle power output in both adult and
aged mice Agal mice showedh positive but impaired hypertrophic response in comparison
to their younger counterparts. One benefit of this approach is that exercise is administered in
multiple, short ~Iminute sets to failure and is therefore controllable in terms aidaand
frequency. Whilst the model requires specialised equipment, it may be adopted by other

groups in the future.

Other running models include hightensity incline treadmill running protocols, recently
developed by two independent lalisoh et &, (2019), Seldeen et al., (2018), Seldeen et al.,
(2019) inducing hypertrophy in both the dorsi and plantar flexors of the lower hindlimb.
Again, these models are progressive, increasing both speed and gradient of the treadmill
across a period of-86 weeks, with 3 sessions peeek. Whilst exercise volume, frequency
and intensity can be monitored, the model requires some level of operant conditioning by

means of an electric shock gtmlachieve thenigher running intensities. Like other concurrent
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models, weeks of training relis in a shift to an endurance phenotype in conjunction with

hypertrophy.

A multitude of other models have also been described which require operant conditioning in
the form of starvation and the need to seek foodawoid nociceptive stimulatioto initiate
movementKlitgaard, (1988), Wirth et al., (2003)ften intensive periods and handling is
required prior to experimental traininfpr the animals to perform the task as the researcher
intends. These models include weighted squat exerdideslewa et al., (2014), Ho et al.,
(1980), Klitgaard, (1988), Lowe and Alway, (2002), Tamaki et al., (1992), Cui et alarid020)
various ladder climbing protocols with weights added to tails to provide additional load
Duncan et al., (1998), dihberger Jr and Farrar, (2004), Yarasheski et al., (199t%)
magnitude of hypertrophy across these models varies greatly and research is often
contradictory, with sane groups finding hypertrophy in certain muscle groups but others
reporting no changes, which questions the efficacy and complete reproducibility of load and
technique in such models. Otheoncernsnclude the study of extremely small muscles such
as theflexor hallucis longus which the hypertrophy may not be completely transferable to
larger muscle groups, with larger motor functigndornberger Jr and Farrar, (2004)
Furthermore, models that require food restriction as a motivating factor to initiate exercise
may produce different signalling cascades and hypertrophic respotaggsNeves et al.,
(2018) More recently,Cui et al., (2020Jeveloped a novel weightlifting cage design for mice,
whereby ndividually housed mice perform a sqtidte exercise whilst wearing a metal
neck collar in order to push against a weipaded (150% bodyweight)Jer plate in
order to access food. Voluntary weightliftingad several beneficial effects on
transcriptional output, contractile adaptations,and metabolic adaptationspecifically
through the mTOR signaling pathway whilst concurrently regulating autopimatye
gastrocnemius which increased its massl BYoafter 8 weeks of training. Again, this model
falls short in replicating human resistance exercise by being a high repetition rwdel

generate hypertrophyeliciting on averagd19+ 82 lifts in 12 hows of the active dark cycle.

Highfrequency electrical stimulationsing electrodes connected to an external stimulator
has been employed for a number of decades to induce muscle hypertrophy with both
internally applied load (produced by-contraction of he plantarflexors and dorsiflexoBaar

and Esser, (1999aand with an external weight to apply load to the contracting muscle
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Eftestal et al., (2016), Wong and Booth, (1988 main advantage of this model is the ability

to have complete control over extensive trainipg@rameters which include load, sets,
repetitions, rest, and time of day, much like resistance training in humans. However, this
approach requires some level of expertise and can be labour intensive in the respect that
animals need to be anaesthetised for every session, legs shaven and electrodes inserted
through the skinnearthe common peroneal or tibial nerve. Alternatively, this can be done
transcutaneously but offers less specificity in targeting a particular muscle group and often
leads to stimulation of untargeted muscles. The issue of repeated anaestrasiprecision

of electrode placementan be avoided through the use of programmed exercise of the
dorsi/plantarflexors in free living rodents delivered by implantable pulse generators as
published by our grougchmoll et al., (2018nd explored throughout this thesifirect

nerve does not replicate the gdual activation of motor units as performed in voluntary
resistance exerciséut can easily be arranged to eliminate the variability of recruitment in
voluntary exerciseWhilst highly controllable, the invasiveness of surgery and the appropriate
recovely must be considered when planning experimettswever, we believe this current
model is the best rodent model available that replicates the standard sets araitieps

method of human weightlifting.

1.7 HyperplasiaMuscle Fibre Splittinge Changes in Filve
Length Following Mechanical Loading & Functional
Overload

The use of supraphysiological loading models to produce muscle hypertrophy in rodents often
show discrepancies between increases in wet muscle mass and increases in individual muscle
fiber crosssectional areaGollnick et al., (1981), Taylor and Wilkinson, (1986), Timson et al.,
(1985) Whilst skeletal muscle hypertrophy is generally considered as the growth of individual
muscle fibers, extreme loading or volume of training dcaduce the appearance of newly
F2NXYSR Ydza Of S ¥ AToeSaplkarapcd.bf el 8kelStalidisdle dibdaseCrabl

in histological sectionsan be attributed to the formation of new muscle fibers (hyperplasia)
formed by the fusion of multiple satellite cells, the longitudinal branching or splitting of
existing muscle fibers, or as an artefact as a result of changes in pennation angle and

inconsistencies in histological sampling of the muscle-b&tly Murach et al., (2019c)rhe
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change intotal number ofmuscle fibers per crossection in animal models has often been

neglected due to theequired to make a reliable estimate.

Suchextrememodels of hypertrophy such as the avian stretatlargement of the accessory
muscles, performed by permanentgdding a weight to the birds wings can induce rapid
hypertrophy of between ~110% and ~320% after 12 days and 4 weeks respectively,
concomitant with drastic increases in muscle fiber number per esestion (~82%) and
histological evidence of degeneratiand regeneratiorAntonio and Gonyea, (1993), Antonio

and Gonyea, (1994As well as the addition of é®ovo fibers through the proliferation and
fusion of satellite cells, stretebnlargement in birds also induces longitudinal branching or
FNI AYSyYyGFrdAzy 2F YdzaOftS FAOSNE 2F0iSy NBETFSNNI
the same extent of growth and fibesplitting Alway et al., (1989), Kennedy al., (1988),
McCormick and Schultz, (1992), Winchester and Gonyea, (1S@2jar models of persistent
functional overload of a muscle have been used in mammals but produce less severe

phenotypes, such as the synergist ablation model.

As descried earlier, synergist ablation functional overload has been extensively used in
rodents to study skeletal muscle hypertrophy and the role of satellite cells in hypertrophy due
to the simplicity of the surgical approag&irby et al., (2016b), Kirby et al., (2016a), McCarthy
et al., (2011) The surgery involves the removal of a primargver muscle in the hindlimb of

the rodent and can be performed unilaterally or bilaterally. The removal of function of the
primary mover muscle, can be achieved either through the literal removal of the muscle or
tenotomy of the tendon which is then sutured into the muscle belly so that the shortening of
the muscle cannot produce force at the joint. The removal of this muscleesau
compensation to occur in the smaller synergistic muscles through normal ambulatory cage
behaviour and therefore hypertrophy. Whilst this can be done following slightly different
methods, the most common form of surgery involves the removal of the gas¢émius and
soleus to overload the plantaris muscles (Peterson Lab) or the removal of the tibialis anterior
to overload theextensor digitorum longus (Gundersen Lab). Exact methods to produce more
relevant amounts of hypertrophy without degeneration areheneration have been argued

due to the effects on blood supply and hypoxia which may exacerbate a degenerative

response which accompanies hypertrogbgner et al., (2017), McCarthy et al., (2017)
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Typically, synergist ablation overload following partial removal of the gastrocnemius/soleus
complex esults in robust, doubling of muscle mass withi#2 Wveeks and an increase in
muscle fiber crossectional area by 35% over a longer perMdrach et al., (2019c)Again,

this model of hypertrophy substantially exceeds the rate of growth observed in humans and
in the early adaptation to constant overload is characterised by degeneration and
regeneration for up to 2 weeks pastrgery, as well as expression of developmental myosin,
central myonuclei and small dade fibers. Even at this early stage of hypertrophy, the number

of muscle fibers per muscle cressction is elevated. As well as-devo muscle fibers, it has
been postulated that changes in pennation angle which occur during the hypertrophic process
may explain the increases in muscle fiber per cgEsgionJorgenson and Hornberger, (2019),

Murach et al., (2019c)

Previous studies have reported plantaris pennatiomgla changes from F4to 16°. If
pennation angle is altered but histology is taken from the same muscle position perpendicular
to the long axis of the muscle, it maytefactuallyproduce the appearance of more muscle
fibersMurach et al., (2019c)As the adaptive hypertrophic process between muscle groups
and muscles with more severe or multiple pennatiorgl@s is so different, this level of

artefact may differ significantly.

Whilstnumerous animal models such as strettiargement in the avian flight muscles and
synergist ablation in cats and rodents has shown to induce fiber branching or sittiogio

and Gonyea, (1993), Antonio and Gonyea, (199d)t al., (1980), Roy and Edgerton, (1995)
the mecltanisms and exact stimulus resulting in this are yet to be elucidated. There are a
number of hypotheses put forward yurach et al., (2019¢ps to how an increase in muscle
fibers per crossectional area can occur independent of addition ofndeo muscle fibers or

changes in pennation angle.

Defective regeneration is one proposed phenomenon which gaindeege from the
O2yaraidsSyd FLWLSENIyOS 2F OSyidNIf Yeéz2ydzOf SA
constant overload during the regeneratitegeneration process causes sarcolemmal
damage whilst the basal lamina remains intstackey and Kjaer, (2017ajhe muscle fiber

is then degraded, and satellite cells are activated to initiate regeneration. As myonuclei are
mispositioned in the center of the muscle fiber rather than the periphery during the
regengation of the basal lamina, the basal lamina becomes branched which is followed by
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regeneration of the sarcolemma into a branched muscle fibkrrach et al., (2019c)
However, data from synergist ablation performed in R&®I7A mice, in which tamoxifen
treatment activates diphtheria toxin A specifically in satellite cells resulting in ~90% depletion
still showthe appearance of split muscle fibers and increhsriscle fiber number on cross
sections. Robust hypertrophy still occurs after ~2 weeks of overload despite the muscle not

being able to regenerate effectivelurach et al., (2019c), McCarthy et al., (2011)

A second hypothesis involves the grafting of a myocyte onto an existing fiber to produce a
branched appearance. As the sarcolemma is damaged in the hypertrophic process, satellite
cells activate, fuse, and form a niybe which then grafts onto the existing muscle fiber
during the renewal of the basal lamina and sarcolemma resulting in a bramsbede fiber
Murach et al., (2019c)An alternative view is that the muscle fibers split themselvesugho

an unknown mechanism when they become too large to efficiently transport oxygen (oxygen
diffusion capacity) to the deepest parts of its cytoplasm, and upon reaching this point the
fiber splits either partially or fully to function most efficiently. &mce for this final
hypothesis was presented bpungan et al., (2019vho showed that #er 8 weeks of
weighted resisted running in mice muscle fibers significantly increased in size. However, after
12 weeks the loss of largest muscle fibers was concurrent with an increase in muscle fibers

per fiber crosssection, despite the same increasasnuscle mass.

Whilst there is limited evidence of this phenomena occurring in healthy, untrained human
skeletal muscle and following prolonged resistance exercise, the appearance of split or
branching of myofibers or myotubes is highly prevalent in steugers. Whilst some evidence
suggests that these are a consequence of the extreme loading and volume bodybuilding
steroid users often perform in comparison to neteroid resistance trained individuals
Murach et al., (2019¢)treatment of mouse myotubes with selective androgen receptor
modulators or testosterone Hvitro results in consistent branching ofywtubes as opposed

to single elongated structure without any load or applied tension (Ovetrad. Unpublished

observations).

Jorgenson and Hornberger (201810 put forward the claim that increases in fiber length
following mechanical loathduced growth are also important factors resulting in increases in
muscle fibers per crossection. As changes in pennation angle typically occur over longer
periods (~maths), compared to changes in fiber length (~weeks) this may be a more
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important measureRoy and Edgerton (1995)eported a 13% increase in muscle fiber length
following a two weeks of synergist ablation overload, which occurred alongside a doubling in
muscle weightJorgenson and Hornberger (2018port that with just a small increase of 13%

in fiber length without muscle fiber hypertrophy or fiber splitting would lead to a 52% increase
in both whole muscle crossectional area and the number of muscle fibers per fiber eross
section when measured at the mizklly. See Figure 1 & 2 dbrgenson and Hornberger,
(2019)for calculationsTo date, very few studies measure fiber length due to the difficulty in
performing measurements meaning that its role in overload induced hypertrophy is yet to be

understood and is likglsignificantly undervalued at present in the field.

1.8 Skeletal Muscle During Development

Formation of skeletal muscle in the vertebrate embryo involves highly regulated molecular
mechanisms and expression of myogenic regulatory factors that drive limberfosaiation

and growth. As the embryo develops, mesodermal cells leave the primitive streak, also known

as the blastopore and migrate both anteriorly and laterally to the lateral and dorsal positions,
adjacent to the notochord and neural tube. From the mwésrm, different paths of cell
RAFFSNBYGAFGAZ2Y fSIFR (2 GKS LI NI¥ EA IChatand y (i S NXY
Pourquié, (2017)Whilst the heart and various other vital reproductive and digestive organs
FNA&S FTNRBY GKS AYyOGSNXYSRAFGS yR fFG0SNFE LI I
well as their associated bones, ligaments, tendons, and cartilage form from somites. In
contrast, skeletal muscles of the head and neck are derived from the anteaxial

mesoderm itselChal and Pourquié, (2017)

Deriving from the paraxial mesoderm, somites are formed after extensive proliferation-of pre
somitic progenitor cells and differentiation into anterior presomiti@erehomyotomal
progenitors. After formation, somites become compartmentalised along the dorsoventral axis
into the dermomyotome which gives rise to skeletal muscle, brown fat and dermal tissue of
the back and the ventral mesenchymal sclerotome which gigesto the axial skeleton and
tendonsChal and Pourqui€, (2017he dermomyotome can then be further classified as the
central dermomyotome, dorsomedial lip and ventrolateral lip. From the dermomyotome,
myotomes are fomed beneath the four lips of the dermomyotome dorsally and the

sclerotome ventrallyOrdahl and Le Douarin, (1992), Ordahl, (199B3)is formation of
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myotomes is then driven by cell delamination from the ventrolateral lip which gives rise to
skeletal muscle progenitors, commonly known as myoblasts which characteristiqalfss

the paired box transcription factor, Pax3 and tyrosine receptddet. Developmental studies

in mice which genetically ablated these genes have shown that their removal prevents
delamination of cells from the ventrolateral lip and consequentlyjmb muscles are formed
Bladt et al., (1995), Tajbakhsh et al., (199¥ljgrating skeletal muscle progenitors are
directed towards myogenic lineage by the expression of basic-le@p<helix transcription
factors, Myf5 and MyoBober et al., (1994 ommitment and terminal differentiation of
myoblasts into postnitotic myocytes is regulated by myogenic regulatory factors, myogenin
and MRF8uckingham et al., (2003), Hasty et al., (1993), Nabeshima et al., (1993), Venuti et
al., (1995)

Myogenesis and the fusion of myocytes during development occurs in two distinct phases
classified as an early embryonic/primary phase (E10.5 to E12.5 in mice) and a later
fetal/secondary phase (E141%.5 in miceBiressi et al., (A07), Stockdale, (1992The first
fusion that occurs of primary myofibers forms the early myotomes and limb muscles. These
primary myofibers provide a scaffold for adult muscles to be built as outlined in Figire
taken fromChal and Pourquié, (2017Jhese primary myofibers express Myh7 and myosin
light chain 1 (Myl1Kelly et al., (1997)During the scond stage of myogenesis, a subset of
Pax3+ progenitorbeginto express Pax7 whilst downregulating Pax3. These Pax7+ cells when
activated can either fuse together themselves to producendeo fetal myofibers or fuse to
existing primary myofibers to aish muscle growth. However, growth of muscle fibers is
primarily attributed to the fusion of Pax7+ progenitors into the myofiber to add new
myonuclei, whilst proliferation of Pax7+ progenitors is maintained to continually produce a
pool of new progenitor dés. At this stage of secondary myogenesis where the muscle
becomes fully innervated and the basal lamina forms around fibers, some fibers will start to
express fast myosin heavy chain isofoikedly et al., (1997), Fougerousseal., (2002), Keller

et al., (1992), Messina et al., (2010), Van Horn and Crow, (1888)ibset of Pax7+ cells
remaindormant in the cell cycle and form a pool of adult muscle stem cells, known as satellite
cells, to aid in adult skeletal myogenesis and refalowing damage and exerciseduced
damage. This pool of adult stem cells was initially discovered by Alexander Mauro and given

its name for its unique satellite positioning located between the sarcolemma and the basal

68



laminaMauro, (1961) Satellite cells are small, densely packed cells with very little cytoplasm.
During the fetal and perinatal growth periods where increases in muscle mass are at the most
rapid, the pool of satellite cell progenitors actively divide and constitute 30%hef t
mononucleated cells in the mous&llbrook et al., (1971), Hellmuth and Allbrook, (1971)
Shortly after birth, the number of resident satellite cells is severely reduced to only a few
percentof mononucleated cells in adult muscle and even less of the total nailtlebok et

al., (1971), Cardasis and Cooper, (1975), Schmalbruch and Helna(hév7)
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Figurel.6: Skeletal myogenesis From the embryo to the adult takdnpermissiorirom Chal

and Pourquié, (2017)yeproduced through permissions from Copyright Clearance CéAjer

In the early stages, the myotome (yellow) is composed of primary myocytes which align along
the anteroposterior axis of thdermomyotome and traverse each somite adjacent to the
neural tube (nt) and notochord (n). During primary myogenesis, Pax3+ progenitor cells (yellow
cytoplasm with green nuclei) delaminate from the dorsal section of the dermomyotome and
contribute to the @ision and formation of primary myofibers (yellow). Whilst most fuse, some
Pax3+ progenitors migrate to the ventral lip to occupy the body wall and limb buds, also known
as the hypaxial domain. Secondanyogenesigonsists of a shift from Pax3+ progenittrsa
population of Pax7+ progenitors (red cytoplasm with brown nuclei) that fuse and contribute
to secondary fiber formation whilst utilizing the primary myofibers as a scaffold to grow the
fetal skeletal muscles. As well as contributing to growth anaifusf new myofibers, some
satellite cell precursors (purple cytoplasm with brown nucleipcalise to underneath the
basal lamina (dotted line) of the existing myofibers to provide a pool of regenerative cells for
adult myogenesis. During this fetal ped, innervation occurs with the formation of a
neuromuscular junction and muscles are attached to bones through the formation of a tendon
and myotendinous unit. In the neonate, myofibers begin to express their adult myosin heavy
chain isoforms and satehi cell niches are formed ready for adult myogenesis in response to
injury or exercise. (B) During muscle development, differentiation of somitic progenitors occurs
toward skeletal muscles and adult satellite cells. Whilst differentiation takes placetgrior
fetal myogenesis, a pool of progenitor cell is maintained which in adult skeletal muscle, appear
in a unigue niche between the basal lamina and the sarcolemma of the muscle fiber. For each
stage of muscle development, associated protein markers foromareated cells and

multinucleated myofibers are presented and colour coded as above in relation to their lineage.

1.9 Satellite Cells & Adult Myogenesis

Despite constituting such a small fraction of the total mononucleated cells in skeletal muscle,
recombindion-based technologies have uncovered that satellite cells (Pax7+) are essential
for muscle regeneration in adulthoddepper et al., (2011), McCarthy et al., (2011), Murphy
et al., (2011), Sambasivan et al., (2QHBspite evidence of other Paxfiuscle resident stem

cells being able to folle a myogenic lineagRelaix and Zammit, (2012)ariousmethods to

induce muscle regeneration includingxins and venoms have been well established and
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applied inthe field such as cardiotoxin, barium chloride and notexin as well as other non
chemical models such as freezing, crushing, burning and volumetric removal of muscle. Whilst
these models have great reproducibility in causing necrosis and degenerationizsetsent
regeneration of skeletal muscle tissue, they #&mest suited for the study of pathological
muscular conditions and enhancing muscle regeneration. The harshness of these models
means that satellite cell behaviour and communication cannot be dyrécihslated to the
important role of satellite cells in response to mechanical loading and subsequent
hypertrophy, which field is growing extensively. For example, most notably during
regeneration satellite cells are known to divide through symmetricsaim, whereas their
division during growth and homeostatic aging in the absence of regeneration occurs through

asymmetric divisioTierney et al., (2018), Morgan and Partridge, (2020)

As earlier described, the primary adult muscle stem cell populasoesident beneath the
basal lamina which surrounds the muscle fiber and is comynidentified through the
expression of the paired box protein Pa&&ale et al., (2000), Seale and Rudnicki, (2009)
well as fusing to produce new muscle fibers, during paghl development and adulthood,
these cells can fuse to growing fibers and contribute new myonuclei to the multinucleated
syncytiaWhite et al., (2010)When Pax7+ satellite cells are depleted through genetic ablation
in pre-pubertal mice, muscle fibers are sificantly smaller by adulthoo®achman et al.,
(2018)and fail to hypertrophy in response to mechanical overload by synergist abdioar

et al., (2016), Egner et al., (2017), Murach et al., (2017), McCarthy et al.,.(Bliv@ver,
when genetically ablated during adulthood (>4 months), muscle can however sustain-a short
term period of hypertrophy (~2 weeks) in the absence of satellite Egji€t al., (2014a), Fry

et al., (2017), Kirby et al., (2016b), Kirby et al., (2016a), McCarthy et al.,,(@diddgh over

a longer period of mechanical overload (~8 weeks), hypertrophy is attentatghlind et al.,
(2020), Fry et al., (2014a), Fry et al., (201S9me evidence suggests that myonuclear
accretion is a determinant of exerciggduced remodeling and that myonuclei are added
prior to the initiation of growth itselBruusgaard et al., (2010), Goh et al., (204 that

their addition is dependent on the amount of load applied during training and is not limited
to resistance training but also endurance exercis@id with transcriptional outputs Q| dzf & (i
et al., (2020), Masschelein et al., (2020), Eftestal et al., (20a&erms of hypertrophy,

satellite cells are only required beyond a set threshold of myofiber growth in order to govern
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a larger area of cytoplasmften referred to as the myonuclear domafbonceicao et al.,
(2018), Petrella et al., (2006), Petrella et al., (20@8) the maximal area in which a
myonucleus can transcriptionally control. Other evidence suggests that these adaptations
may be also dependent on species, age, muscle, exercise modality, and may be fiber type
specificConceicao et al., (2018), Damas et al., (2018a), Fry et al., (2014a), Fry et al., (2014b),
Gundersen, (2016), Karlsenal., (2015), Karlsen et al., (2019), Kirby et al., (2016a), Mackey
et al., (2014), Moro et al., (2020), Murach et al., (2018a), Murach et al., (2018b), Snijders et
al., (2014), Snijders et al., (2016), Snijders et al., (2019), Snijders et al., (3DZda)s et al.,
(2020b), Winje et al., (2018), Psilander et al., (2019), Bass et al.,.(2021)

Aside from the role of satellite cells in myonuclear amiitto support muscle fiber
hypertrophy or exercise induced remodeling, recent evidence has linked satellite cells and
other resident mononucleated cells such as fibroblasts and stromal/capillary nuclei to
additional supportive roles. There is mounting dence that satellite cells support
hypertrophy and muscle remodeling through crosstalk between other mononucleated cells
such as fibroblasts to control extracellular matrix formation and collagen orientation/
deposition during hypertrophy, at least in pally microRNA delivery which regulate
transcription in resident muscle fibroblasts via extracellular vesicles early during continuous
mechanical loading to support long term growghy et al., (2014a), Fry et al., (2017), Mackey
and Kjaer, (2017a), Mackey et al., (2017), Murphy et al., (20I1ig¢se experiments have
included ceculture of different cell types vitro as well as #vivo transgenic experiments
allowing for the tracking of crosstalk molecul&atellite cell macrophage crosstalk hsoa
been highlighted during adaptation to mechanical overldddckey and Kjaer(2017a),
Mackey et al., (2017), Patsalos et al., (20h8jvell as the communication between satellite
cells adl the vascular niche to maintain satellite cékbrma et al., (2018)The first data to
illustrate satellite cell to myofiber crosstalk through extracellular vesicle delivery of
YAONRwb! Q& satslliieicéll lcdmSwunitatidn is pivotal for long term hypertrophy
through microRNA repression of matrix metalloproteinase 9 (Mn@jach et al., (2018b)
Further experiments showed that a robust letegm hypertrophic response was still possible,
even when blocking myonuclear accretion through the satellite cell specific genetic deletion
of Neural WiskottAldrich Syndrome protein @WASP), an essential protein in actin

polymerization and myoblast fusiodurach et al., (2020c), Yabloneuveni and Lepper,
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(2020) Targeting the satellite cell secreted factors that control the transcription within the
myonuclei and myofiber warrant further interestiine pursuit oftherapeutics to preserve or

increase musclenass and quality.
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1.10 Thesis Aims & Objectives

The overarching aim of the present thesis wasbuaild on, improve and exploihon-

suprgphysiological models in the rat to study the effects of loading, changes in activity and

unloading on skeletal muscle. Once established, we could investigate the timeanfurse

changes to muscle mass, fiber cresgstional area, mitochondrial content, myaotiaar

content and the changes to the transcriptome during these periddierefore, a series of

experiments were conducted to achieve these aims:

1

In the first experimental chaptewe aimed toimprove an existing automated image
analysis program tmbjectively quantify immunofluorescent microscopy images for
muscle fiber shapesize, fiber type and myonuclear content inirelier manner. The
efficacy of our rodent models could then be appropriately assessed to estdabésh
timecourse of adaptationsn respnse toloading, unloading and changes in muscle
activity. We identified numerous load and activity dependant changes in fibre type and
size. We also identified that myonuclear accretion and loss was both load and activity

dependant.

In Chapter4, after dentifyingthe timecourse of changes in fiber size, fiber type and
myonuclear content in response to relatively short periods of loading, unloading and
changes in activity (less than ~1 montivge aimed to assess whether longer intervention

6 du pz B Ffespan) Wauld Bave further effects to muscle phenotype. This was
accomplished by trainingletraining,and allowing severely atrophied muscle to recover
for long periods to establish the likely lasting effects of our modElgs pilot data
provided ewdence that added myonuclei are not always permanent and that their

permanence may be related to the mechanism underpinning their original fusion.

Following the success of our resistance trainindguced hypertrophytimecourse
experimentswe aimed tocharacterise the acute transcriphal responseéhrough NG
RNAS:quencingand bioinformatic analyset® a single dailyesistance training session
in exercise naive ratand rats that had undgonetrainingfor 2, 10, 20 or 30 dayJhis
would allow usto determine different gene regulatory networks that are always

responsive to resistance exerciard those that are involved in the early aadapted
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response to exercis@dditionally wemade a critical comparison betweeuir carefully
controlled timecourseand previously publishedranscriptomic arrag NG-RNASeq
datasets fromrodent supraphysiologicalmodels of resistance exercisand meta
analyses fromhuman resistance exercis® identify areas of correspondence and

difference.

Finally, as ouRNAsequencing method relied on bulk extractionrneRNAs from skeletal

muscle tissue the resultant signals likely contain gene signatures and patterns belonging

to cell types other than muscle fibers such as endothelial cells, satellile aed
macrophage populations. While cell deconvolution computational analysis &m

estimat the proportions of differentRNA signals to specifiell types the efficacy of

such techniques is not established in adult skeletal muscle tiSSusrefore we aimed

to independently validate a recently published marker, that was claimed to specifically

label myonuclei in different species, Pericentriolar Matetiag{fPCM1).If we could

confirm that this was the case, future work in our lab could extractrpF&A and DNA

FNRY GKS Wyez2ydzOf SAQ aLISOA T anQdgénic &hangegs RS S
with resistance trainingThis was accomplished by assessing PCM1 immunolabelling on
aAAYy3AtS YdzaOtS FAOSNE FyR KAadztz23araext aly
mutated mice before and after functional overload, and human biopsies before and

after an extensive damaging protocol. Our analysis showed that PCM1 was not specific

to myonuclei and was also found in nearby satellite cells, interstdells, and

macmophages.
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Chapter 2: Materials & Methods
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Note: All the methods used in experimental chapters are
collected here for reference. However, relevant methods are
also included in each results chapter.

Cell Culture
2.1 In-vitro Cell Culture

Thestudyof immature muscles througmyotube formation, growth, repair and lossas old

field, with the first work cited in the 1830s to 1860s, long before the discovery of adult muscle
stem celldVauro, (1961)Briefly, as early as 18¥thwann, (1839jhe concept of muscleell
fusion was proposednd the idea that muscle could regenerate itselfhis knowledge
continued to expand, with scientists providing the first evidenda eftromyotube formation
early in the 20 centuryLewis and Lewis, (1917he concept thamature myonucleifound
within muscle fibersre incapable of replication was first reported in the late 19b@sh et

al., (1957) suggesting that skeletal muscle fibres, are terminally differentiated and are also
incapable of replicatiorScharner and Zammit, (2011for this thesis, C2C12 myoblasts
originally obtained through serial passagiemyoblasts cultured from the thigh muscle of a
2-month-old C3H mice after a crush injuaffe and Saxel, (197Were used for protein

localisation experiments.

2.2 C2C12 & Human Primary Myoblast/Myotube Cell Dué

Both rodent and human primary myoblasts were studiegitro for the change in localisation
of PCM1 in mononucleated cells and as they terminally differentiate and fuse into

multinucleated myotubes.

2.3 Routine Culture of C2C12 Myoblast and Myotubes in
Monolayer

C2C12 murine skeletal myoblataffe and Saxel, (1977), Blau et@l985) purchased from
ATCC®, (Virginia, United States), were incubated on gelatin (0.2%) coated plastic cover slips
placed into 12 welplates in a humidified 5% G&mosphere at 37°C in 1ml growth medium

(GM) containing DMEM, 10 % foetal bovine $8yl10% newborn calf serum, 19glutamine

(2mM final) and 1% penicillgstreptomycin solution. Upon reaching confluence, cells were

either fixed with 0.5% PBS/BSA containing 2% paraformaldehyde or, to produce
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multinucleated myotubes, myoblasts were diffeteated by washing with PBS and
transferring to low serum media (LSM; DMEM with 2% horse serumgl¥tamine and 1%
penicillingstreptomycin). C2C12 cells spontaneously differentiate under these conditions
without the addition of additional growth factorBlau et al., (1985)Media was topped up

every 2 days. Following 2 and 7 days in LSM, cultures were washed and fixed with 0.5%
PBS/BSA containing 2% paraformaldehyde for 1 hour. The fixative solution was then removed
and washed with immunobuffedB): PBS (10mM phosphate pH 7.4, 150mM NacCl), 50mM
glycine (Merck 1.02401_1000), 0.25% BSA, 0.03% saponin (Sigma/200y, 8.05% sodium

azide.

2.4 Routine Culture of Human Skeletal Muscle Derived
Myoblasts and Myotubes in Monolayer

Human muscle derivedells from a healthy, young male were donated by the Sharples lab,
(originally obtained under ethical approval granted by NHS West Midlands Black Country, UK,
Research Ethics Committee (NREC approval no. 16/WM/0103) and cultured in monolayer

onto gelatin(0.2%) coated plastic sixSt t LJX F 6§S&a Ay HYf 2F KdzYly
nutrient mix supplemented with 10%-NCS, 10% {H#BS, 100U iflLISY A OA t £ Xy =2 wmnn
& G NB LJG 2 Y & ChagiphoteriépBsai 5iN-glutamine until confluent. GM was then
ISY20SRX yR OStfta é6lFaKSR o GAYSa Ay t.{ 0S7¥2
F10 nutrient mix supplemented with 2% hiFBS, 100 WISy A OAf £t A¥X  wmnn:
& G NB LI 2 Y & ChayiphoterichnpBail 5 Mil+glutamine). Following 3 days and 7 days

in LSM, myoblast/multinucleated myofibres were washed and fixed as above.

2.5 Immunofluorescent labelling of cells

Following fixation as described above, immunobuffer (B added to 12 well plates
(C2C12s) or 6 well plates (Human). Primary antibodies were diluted as peltalnelB +

plus 0.2% TritorxX100 (Sigm&ldrich) overnight and then washed 3 x 10 minutes in IB.
Secondary antibodies were diluted psr Table 2.1 in IB fd2 hours, 6llowed by 3 x 10
minutes in IB. Following incubation with primary and secondary antilsotiemmunolabel
C2C12 cells, the plastic coverslips were removed, blotted dry and placed on glass slides in

mounting medium (Vectashield® Antifade Mounting Mediumi i 5! t L omM®dp>13
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Burlinghame, CA, USA)) before cell imaging. Human cells were imaged directly in the 6 well

plate in which they were culturefibllowing the addition of DAPI

Table 2.1: Antibodies & Fluorescent Conjugates for immunofluorescent labellihgells

single muscle fibers and transverse sgsections

Primary Ab Secondary Ab Reference

Pax7 Goat AntiMouse IgG H&L (Alexa Fluorf Mackey

DSHB Supernatant 1:100 488 (ab150113) and Kjaer,
or (AlexaFluor 594) preadsorbed (2017a)

(ab150120)

Anti-PCM1
HPAO023370 Sigma Aldrich (Merck)
1:1000

Goat AntiRabbit IgG H&L (Alexa Fluor
594) preadsorbed (ab150088) or (Alex
Fluor® 488 (ab150077) or Alexa Fluor
donkey antirabbit 568, (ab175693)

Winje et
al., (2018)

MANDYS8(8H1DSHB Supernatant Goat antimouse IgG H&L (AlexaFluor§ Mackey
1:100 Morris, G.E. (DSHB Hybridoma | 594) preadsorbed ab150120 and Kjaer,
Product (2017a)
Anti-Collagen IV AB769 Alexa Fluor® donkey asgoat 680, (A | Mackey
Merck Millipore, Darmstadt, Germany. | 21084) and Kjaer,
1:500 (2017a)
Anti-CD68 (MO718) Alexa Fluor® donkey astiouse 488, Mackey
Dako, Denmark1:500 (ab150109) and Kjaer,
(2017a)
PhalloidinrFITGSigma, P5282) or Alexa /
Fluor® 568 Phalloidin (ThermoFisher
Scientific, A12380) 1:500
Dystrophin Polyclonal AntibodZatalog | Goat antiRabbit IgG (H+L) Cress Winje et
#PA532388. (ThermofisheBcientific) Adsorbed Secondary Antibody, Alexa | al., (2018)
Fluor 633.
BADS5 (anti type | myosin)SHB Goat antiMouse IgG2b Croskdsorbed | See
Supernatant. Schiaffino, S. Secondary Antibody, Alexa Fluor 488.| MyoVision
(DSHB Hybridoma Product) chapter
SC71 (anti type IIA myosit)SHB Goat antiMouse IgG1 Cros&dsorbed | See
Supernatant. Schiaffino, S. Secondary Antibody. MyoVision
(DSHB Hybridoma Product) chapter
6H1 (anti type 11X myosiDSHB Goat antiMouse IgM Crosédsorbed See
Supernatant. Secondary Antibody. MyoVision
Lucas, C. chapter
(DSHB Hybridoma Product)
BFF3 (anti type 1B myosiR)SHB Goat antiMouse IgM CrosAdsorbed See
Supernatant. Schiaffino, S. Secondary Antibody. MyoVision
(DSHB Hybridom®&roduct) chapter

*All antibodies used in this thesis have well established protocols and confirmed antigen

specificity across mouse, rats, and humans. References are provided@ionegocols.
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2.6 Fluorescent microscopy of cells
Myoblasts/myotubeswere imaged under 20x magnification using a widefield fluorescent
microscope (Leica DMB 6000, Wetzlar, Germatwy)determine PCM1 presence and
localisation. An A4 filter was used to image DAPI (EX38@0EM: 458190), L5 filter to image

FITC andlexa Fluor® 48&X: 466600, EM: 51542) and an RHO filter to imadéexa Fluor®

568 and 594EX: 541551, EM: 56505). Images were taken with a monochrome DFC365 FX
camera (Leica, Wetzlar, Germany) and fluorescent channels overlayed to determine PCM1

andlocalisation.

In-vivo ElectricalStimulation Experiments
2.7 Electrical Stimulationof The Tibialis Anterior Muscle i

Implantable Pulse Generatott® Produce Loaded & Unloaded

Contractionsin Rodents

_ Sciatic nerve
Sciaticnerve -

3\
| Sural
/, nerve

i Sural
nerve

¢ Tibial @
\ nerve
~Common

peroneal
nerve

/A
l.-',a’T|b|a\ |()

\\nerve //
“~—Common
peroneal
nery

Spillover In-Situ
Electrode Configuration

Concentric/Chronic LFS In-Situ
Electrode Configuration

Figure 21 Schematic representation IPG and electrode placements. For electrical stimulation
experiments, an implantable pulse generator (IPG) was placed within the abdomen with

electrodes leading subcutaneously to the left hindlimb with two possible electrode
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placanents. Either with the anode placed under the tibial nerve with the cathode under the
common peroneal nerve (CPN) to produce Spillover (loaded) resistance training or by placing
both electrodes under the CPN to elicit concentric (unloaded) resistancisexgrmontinuous

low frequency stimulation (CLFS) mimicking endurance training.
2.8 Ethics & Animals Used

Animal experiments were conducted under the provisions of the Animals (Scientific
Procedures) Act 1986 and approved by the British Home Office (PPL3@}D/82ale Wistar

rats were groughoused with 23 per cage maintaining an alternating 12 h light 12 h dark
cycle.Welfare of experimental rats was monitored daily by dedicated animal welfare staff

and by the research team.

Table 22 RatUsage

Rat Ar_1ima| Treatment Co_ntrol TA Experimental TA| % Chan_ge in
No. | Weight (g) Weight (ng) Weight (ng) TA Weight
1673 404 740 372 -50
1674 373 694 368 -47
1675 445 686 347 -49
1676 394 729 364 -50
1677 434 14 Days Atrophy 819 365 -55
1678 393 772 366 -53
279 360 687 549 -20
280 381 743 697 -6
281 362 805 681 -15
1680 409 737 513 -30
1681 392 772 575 -26
1688 411 810 529 -35
1689 422 847 547 -35
1742 438 754 580 -23
1744 428 7 Days Atrophy 889 664 -28
276 344 744 731 -2
277 355 779 748 -4
278 339 689 655 -5
161 301 574 444 -23
168 335 619 412 -33
1745 460 870 805 -8
1746 485 3 Days Atrophy 888 830 -7
1747 401 781 723 -7
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1750 | 449 792 701 12
1751 | 457 836 798 5
1752 | 460 851 813 5
1764 | 412 748 476 36
1768 | 421 771 634 18
1769 384 14 Days Atrophy+ 7 808 639 21
1770 392 DaysRecovery 802 645 -20
1772 | 419 759 481 37
1773 | 413 767 648 16
285 502 990 1002 1
586 456 14 Days Atrophy+ 12( 811 841 2
Days Recovery
287 527 927 925 0
1758 | 413 712 589 17
1759 | 425 658 578 12
1760 416 20 HzStimulation 7 771 652 -15
1761 | 387 Days 711 604 15
1762 | 367 704 679 4
1763 | 391 664 582 12
1721 | 201 857 861 1
1722 | 473 946 956 1
1723 | 458 887 850 4
1724 | 477 TTX Sham 7 Days 875 879 1
1725 | 466 890 919 3
1753 | 548 902 897 1
188 540 839 859 2
189 523 992 1024 3
193 382 645 681 6
229 519 846 863 2
190 394 _ 657 726 11
101 370 2 Days ‘Spillover 654 714 9
192 390 667 723 8
257 460 789 800 1
258 544 885 916 3
259 479 870 965 11
145 400 752 915 22
146 340 622 654 5
147 397 740 898 21
148 400 791 901 14
G18 | 411 o 994 1077 8
215 381 10 Days ‘Spillover 809 906 12
216 382 686 815 19
217 421 849 941 11
218 356 685 756 10
260 509 935 1047 12
261 493 949 1122 18
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262 489 988 1073 9
272 512 797 904 13
149 466 885 1005 19
150 442 844 978 16
151 405 740 886 20
152 366 685 847 24
221 416 847 738 -13
222 442 20 Days 'Spillover 959 1103 15
223 400 793 876 11
224 394 847 960 13
263 539 957 1089 14
264 563 901 1002 11
265 677 1103 1317 19
157 503 944 1136 20
158 425 879 965 10
159 605 Taken for MicreCT

160 492 990 1110 12
153 494 1010 1187 18
154 432 888 955 8
155 598 . 1042 1262 21
156 424 30 Days ‘Spillover 775 979 26
226 487 920 1043 13
227 448 827 954 15
228 421 842 972 15
268 553 973 1243 28
267 630 1000 1161 16
275 632 1084 1297 20
269 601 Continuous 120 Days 935 986 5
270 600 ‘Spillover 1123 1299 16
271 643 30 Days 'Spillover' witt 1043 1131 8

I

273 777 120 E’)ay getraining 1039 1152 11
274 618 963 1117 16
169 337 581 546 -6
170 323 Sham Surgery with 4 593 554 -7
171 361 Day Recovery 688 648 -6
172 372 608 571 -6
219 456 961 933 -3
220 396 Sham Surgery witB- 776 721 -7
213 373 weeks Recovery 695 672 -3
214 352 640 659 3
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2.9 Miniature Implantable Stimulators for Rats

For loaded and unloaded contraction experimemésliofrequencycontrolled IPGs MiniVStim

12B, (Competence Team for Implanted Devices, Center for Medical Physics and Biomedical
Engineering, Medical University Vienna, Austria) were used which could be switched on, off,
and sessions programmed via a bluetooth tablee $Shimulator is able to deliver monophasic
(charge balanced), rectangular waveforms (Max. stimulation current: 2mA, Max. Output
Voltage: 3V, Max. pulse width: 1ms, Volume: 1.5cm (diameter) x 0.7; 3.28timulators

were encapsulated in a coating of biagpatible silicone rubber (3140 RTV Coating, Non
Corrosive Flowable Silicone Rubber, Dow Coinblg a A OKA 3l y ! {1 0 gAGK
extending from the silicone rubber to facilitate suturingvino. ElectrodegCooner Sales
Company, Chatsworth, California3JA.)were PV@nsulated and made from mulstranded
stainless steel. The ends were uninsulated and contained loops which could be sutured to the

underlying muscle close to the nerve of interest.

saaaaanapanaid
llIlllIllIIll‘

Figure2.2 Left to RightPrinted circuit board (froback). Printed circuit boards soldered to cell
battery. Printed circuit board and battery are encapsulated in biocompatible silicone with electrodes
protruding Polyester mesh extesdrom inside the silicone allamng for suturing invivoto keep the

implant in place in the abdominal cavity.
2.10 Implant Procedure

Animals were anaesthetised during implant procedures by inhalation of a gaseous mixture of
isoflurane in oxygen at approximately 3% for induction ar2?d for maintenance. Once

anaesthetised, aubcutaneous injection oEnrofloxacin5mg/kg* body mass (Baytril®) and
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an intramuscular injection of Buprenorphine (0.05mglkgody mass) (Temgesic, Indivior,
Slough, UK) into the right quadriceps was administered with strict asepsis maintained
throughaut the procedure. Silicone encapsulated radio frequency controlled implanted pulse
generators (IPGs) (MinivStim 12B, Competence Team for Implanted Devices, Center for
Medical Physics and Biomedical Engineering, Medical University Vienna, Austria) were used
to deliver impulses. The devices were implanted into the abdominal cavity accessed by a
lateral incision through the skin and peritoneum, between the rib cage and pelvis on the left
side of the animal. A polyester mesh attached to the IPG was incorponatiedhe suture

line closing the peritoneum, securing the device against the abdominal wall. Two PVC
insulated stainlessteel electrode leads (Cooner Sales Company, Chatsworth, California,
U.S.A.) with terminal conductive loops, were fed through the tpegal incision and
tunnelled under the skin to the lateral side of the upper left hlmdb. A second incision was
made through the skin and biceps femoris muscle to give access to the CPN under which the

cathode was placed (to stimulate the dorsiflexors)
2.11 Electrode Configuration

The anode was either placed alongside the cathode to stimulate the CPN alone and thus to
produce unresisted (concentric) contractions or placed in the muscular tissue deep to the
tibial nerve about 5mm distal to its bifurdgah from the sciatic nerve to allow Spillover
stimulationSchmoll et al., (2018)p produce additional partiactivation of the plantarflexors

to resist the contraction of the dorsiflexorBlectrodes were passed underneath the nerves

of interest using a 2fauge needle and sutured in close proximity without being in physical
contact to the nerveAll incisions wee closed in layers andBdays were allowed for recovery

from surgery before the start of the training protocol.
2.12 Stimulation Protocols

As previously reported (Schmoll et al., 2018), SpillOver stimulation consisted of one daily
training session whitconsisted of a pattern to accommodate the animal (F = 4Hz, PhW =258
ps, I = 1 mA) for 10 seconds. This was followed by So$stsong tetanic contractionswith
10 contractions per set of 2 s stimulatiah 100HZfollowed by 2 s rest, with a further 2.

minutes between sets. The stimulation was conducted in the left-himt only, providing
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the right hindlimb as an unstimulated contralateral control. Anesthesia administration was

not necessary during the period of training as the stimulation was atéer very well by all

animals (regular observations during daily training across the time course revealed no adverse
effectsinbehaviourt KA a ¢l a Ffa2 LISNF2NYSR dzaAy3d GKS v
produce unresisted contractionsThis stimuléion pattern was performed for periods

between 2 and 120 days without adverse effects.

Additionally, chronic lowirequency stimulation (CLFS) was perfornigd A y 3 (G KS w02y O
electrode placements. This model has been well characterised on the darssfiexprevious

work from our labJarvis et al., (1996a), Fisher et al., (2017), Jarvis and Salmons, (1991), Jarvis,
(1993), Lexell et al., (1993riefly, ankle dorsiflexomsere mntinuously stimulated (24 h per

day), at 20Hz for 7 days. This pattern has previously been shown to induce a transformation

from the control fast phenotype towards a slower phenotype in the TA
2.13 Deuterium delivery for dynamic proteomic profiling

Whilg the results from dynamic proteomic profiling are not reported or discussed in this
thesis,most ofour experiments involved the incorporation of stable isotope tracers in order
to measure the abundance and rates of synthesis and degradation of indiyichialns for
other collaborators. Briefly, when reported in the experimental chaptaterium oxide
(2H20; Sigm&ldrich, St. Louis, MO) administration was initiated by an intraperitoneal
loading injection of 16> /fj 99% 2H2&&aline, and then, maintaireby administration of 5%
(v/v) 2H20 in the drinking water available to the rats, as described previbdesketh et al.,
(2016), Hesketh et al., (2020b)

2.14 TerminalProcedure and Tissue Preparation for Regional

Investigations

Upon completion of the animals training period, animals wieuenanely killedusing rising
concentrations of carbon dioxide, confirmed by cervical dislocation. The resting length of the
TA and EDlvere measured irsitu from insertion to origin using digital calipers. TA, EDL, PLN,
SOL and GAST muscles from both lower limbs were harvested, excess connective tissue
removed and immediately weighed. The TA and EDL were then pinned to cork cutting board

at resting length and were cut transversely using a specially made cutter which comprised 13
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razor bladeseparatedby 2mm thick plastic perspex pieces which were held together tightly
with two screws that ran through prdrilled holes in the perspex. Eproduced 135 2mm
thick musclesections (Figur@.3). Theindividual sections were then individually blotted dry,
individually weighed, and then imaged proximally to distally next to their associated
contralateral control section, alongside a graticulging a dual 12MP widangle camera

(Apple Inc., California, United States).

Muscle slices designated for histology were frozen and fixed onto cork discs in OCTF (Tissue
Tek® O.C.T. Compound, Sakura® Finetek, USA), using isopentacmlgatein liquid
nitrogen. Designated slices for RNA/Protein samples were placed into Eppéndesfand

frozen straight in liquid nitrogen and later transferred te88°Cfreezer.

A B

1- Proximal Protein/RNA
2- Proximal Histology

3- Proximal Protein/RNA
4- Mid-Belly Protein/RNA
5- Mid-Belly Protein/RNA
6- Mid-Belly Histology

7- Mid-Belly Protein/RNA
8- Mid-Belly Protein/RNA
9- Distal Protein/RNA

10- Distal Histology

11- Distal Protein/RNA
12- Distal Protein/RNA
13-Tendon

Figure 23 (A): Preparation of muscle slices following cutting witlkesignation to
biochemicahistologicalanalysis and muscle region. Figure 2. BJample of muscle slices
post cutting.Stimulated vs unstimulated muscles (20 Days) laid out from proximal (top) to
distal (bottom). Note larger slice cressctional area & contralateral control anthcrease in

redness (marker of oxidative capacitfor all conditions, see append)x
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In-vivo NerveBlock Experiments

2.15 Background

Classically, cessation of nerve activitaghievedoy complete or partial nerve transectian

by hindlimb suspension to reduce motor activity. We employ tetrodotoxin (TT}htent
neurotoxinthat blocks voltageyated sodium channels and therefore iact potentials. Our
group has previously demonstrated theg application to the common peroneal nerve results
in atrophy without damage to the nerve and musélisher, (2010), Fisher, (2012), Fisher et
al., (2017) Its name derives fronTetreodontiformes an order that includes pufferfish,

porcupinefish, ocean sunfish, and triggerfish
2.16 Nerve Blockadeof The Common Peroneal Nerve (CPN)
Using A Nerve Cutb Produce Atrophyin The Tibialis Anterior

Musclein Rats

Sciatic
nerve

Sural

nerve
Tibial\‘

nerve
Common
peroneal nerve
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Figure2.4: Anoverview of the irsitu placement of the osmotic pump loaded with a-pre
determined volume of tetrodotoxin (TTX), placed in the scapula region with silicone tubing
leading to the left hindimb and the silicone cuff that encircled the common peroneal nerve

(CPN) to selectively block the ankle dorsiflexors, while maintaining normal plantarflexion.
2.17 Implant Contents & Implant Procedure

Animals were anaesthetised as previously described for the implantable stimulator surgeries.

A miniosmotic pump (Mini Osntic Pump 2002; Alzet, Cupertino, CA, USA) implanted
subcutaneously in the scapular region. Silicone tubing was tunnelled under the skin to the site

of the CPN. A second incision was made laterally through the skin, just proximal to the knee
joint and bicepfemoris muscle (posterior compartment of the thigh) in order to give access

to the CPN responsible for action of the dorsiflexors. A silicone cuff extending from the
silicone tubing was placed around the nerve. All incisions were closed in layers. The
miniosmotic pump (Mini Osmotic Pump 2002; Alzet, Cupertino, CA,Wk&A)laced between

the scapulae andielivered TTX, a sodium channel blocker that prevents generation and
propagation of action potentials at the CPN of the left Rimob. The osmotic pump
s0zO0SaaFdzZ t e RStEADBSNBR ndp>f wrdthasey-continoopsly Y 3 k Y §
blocked ankle dorsiflexion, whilst maintaining normal voluntary plantarflexion via the tibial
nerve. Disuse of the dorsiflexors by this means produces progressvehy Fisher et al.,

(2017) The welfare and mobility of the rats was checked daily by animal welfare staff. There
gra tAGGES RAAGAZINDI YOS (2 Y2o0AfAdés odzi az2yYsS
characterised by dropping of the forefoot due to the inhibition of ddegibn.

2.18 Nerve Block Protocol

Osmotic pumps were appropriately loadeal silence the common peroneal nerve for set
periodsof 3, 7and14 daygo induce atrophy by means of disugairtherexperimental groups
underwent 14 days of nerve silencing feled by subsequent recovery periods ofand 120

days of recovery. The primary researcher checked for return of motor activity through means

of observation.
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2.19 Terminal Procedure and Tissue Preparation

As previously describedpon completion of theaniY | fatto@hy or atrophy with recovery
period, animals werehumanely killedusing rising concentrations of carbon dioxide,
confirmed by cervical dislocatiomA, EDL, PLN, SOL and GAST muscles from both lower limbs
were harvested, excess connective tissue removed and immediately weighssttion was

then removed from the miebelly for histologyand frozen and fixed onto cork discs in OCT
(TissueTek® O.C.To@pound, Sakura® Finetek, USA), using isopentaneqgmied in liquid
nitrogen. The remainder of the muscle wa¢aced intoan Eppendorf and frozen straight in

liquid nitrogen and later transferred to-80°C.

In-vivo Functional Overload Experiments

2.20Mechanical Overloadf The Plantaris Via Synergist Ablation
inWild-¢c @ LJS YR [ab! bknpYon aiAOS

Mechanical overload by means of synergist ablation was performed on the plantaris of both
hind-limbs by tenotomy of the soleus and gastrocnemius mustiethe Coirault Lab at
INSERMMore details on mechanical overload induced hypertrophy can be found in Chapter
1.6.We would like to thank Dr. Daniel Owearsd his supervisor Dr. Catherinei@alt for the

use of these tissue®r investigating PCM1 logsation in a model of hypertrophy in healthy
and mice with hypertrophic/regenerative defed@vens et al., (2021)

2.21 Background to Lamin A Mutatior& Surgical Procedure

All animal experiments wergerformedin accordance with the European Guidelines for the

Care and Use of Laboratory Animals and were approved by the institutional ethics committee
(APAFIS#2622015110616046978, 9 May 2016t INSERM)] YY I bkk YoH F YR
C57BI/6_129/6J littermates were 3 months @lfdthe beginning of the experimentall mice
usedweremald, YY I bkk YoHYAOS Ay | béackgrountl weceyenerapxd { oW 3
by homologous recombination as described previouBlgrtrand et al., (2014)The
heterozygous[ YY | bk k YoHY2dzaS o6+ a OK2aSy 2@SNJ K2Y21
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mutation seen iILMNACMD patiens. Data from these tissues has been previously reported

Owens et al., (2020b)

Mice underwenteither asham operation or functional overlog&O) of theplantaris muscles,
induced through the tenotomy afoleus and gastrocnemiwsuscles, in both hind limbs
Serrano et al., (2008)The cudistal tendons were folded proximally and sutured to the
proximalmusculotendinous region leaving the plantaris intact with strict asepsis maintained
throughout. Animals recoveredithin 1-2 hours following the end dhe procedure and were
then monitoreddaily following surgery for signs of discomfort and infection.r Fo
painmanagement, Buprenorphine was administered prior to and following surgery

(Vetergesic€0.3 mg/ml, SC: 0.1g/kg).

Table 23 Mouse UsageHExperiments performed by Dr. Daniel Owens at INSEBWMens et
al., (2021)

Mice from Paris (INSERM)
455 Histology
536 Histology
534 Histology
535 WT Control 1 Week Histology
599 Single Fibre
603 Single Fibre
594 Single Fibre
523 Histology
524 WT Control 4 Weeks Histology
461 Histology
462 Histology
450 Histology
448 WT Overload 1 Week Histology
598 Single Fibre
602 Single Fibre
591 Single Fibre
542 Histology
546 WT Overload 4 Week Histology
515 Histology
459 Histology
520 Histology
igg | SGSNEBIT & 32 @&CoptmatbWeskk N1 Y ﬂ:ztg:ggz
625 Single Fibre
627 Single Fibre
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633 Single Fibre
634 Single Fibre
528 Histology
2;‘15 | $GSNBT & 32 d@&ColftraldbWebk n Y ﬂ:::g:ggz
525 Histology
640 Single Fibre
642 Single Fibre
650 Single Fibre
655 Single Fibre
;2 | $GSNBT & 32 ®AOvpradil!\Weekn Y 2:28:2 E:E:g
453 Histology
454 Histology
457 Histology
456 Histology
514 Histology
543 Histology
541 Az oA N Histology
545 | SUSNERI e 32 BAOverladst! Weekn Y Histology
547 Histology
540 Histology

2.22Procedue and Tissue Preparation

After 1 weekor 4 weeksof functional overload by synergist ablation sham surgery, animals
were humanely killedby cervical dislocation, plantansuscles were dissected, and visible fat
and connectivaissue removed. Isolated plantaris muschesre snap frozen in isopentane
pre-cooled by liquid nitrogen for histological analysis or fixed% paraformaldehyde at
room temperature for one hour for analysis of single muscle fibres. After fixgtiantaris
muscles were placed on ice and sucrose solution was added in increasiagtynfsbm
0.5mM, 1mM, 1.5mM and then frozen aB80°C in 2mM sucrose. When ready to isolate,
sucrose frozen fibres were placed on ice and sequentially changed into decreasing molarity
sucrose into immunobuffer (IBPBS (10mM phosphate pH 7.4, 150mM N&DM glycine

(Merk 1.02401_1000), 0.25% BSA, 0.03% saponin (Sigma-I0808)S0.05% sodium azide.

92



Single Fiber Preparation and Analysis

2.23 Background to human biopsy sample access and eccentric

damaging protocol induced by electrical stirfation

We would like to thank Dr. Abigail Mackey from the University of Copenhagen for use of
biopsy material fronprevious experiments in her laldackey and Kjaer, (2017dyring an

exchange visitypMark Viggars to the Institute of Sports Medicine, University of Copenhagen.

The Regional Scientific Ethical Committees of Copenhagen in Denmark approved this study
(Ref: HE2008074) and all procedures conformed to the Declaration of Helsiéung,
healthy malesr=2), age; 20.5 0.5years, height; 1.7& 0.02 cm, body mass; 76451.5kg)

gave informed consent on inclusion and underwent a muscle injury protocol which consisted
of 200 forced lengthening contractions with the use of electratathulation to activate the

target muscle during each contraction, as described in défi@itkey et al., (2016)The
protocol was performed on theastus lateralis muscles of one leg, leaving the other as an
internal control. The muscle biopsies analysed in this study are a subset of samples from
previous studieselectedfrom participants in whom extensive muscle damage was observed

Mackey et al., (2016), Mackey and Kjaer, (2017a)

Muscle biopsies were collected from the vastus lateralis muscle immediately before the
damaging exercise from both legs and 2, 7 and 30 days the damaged leg thereafter.
Biopsies were taken under local anaesthetic (1% lidocaine: Amgros /S, Copenhagen,
Denmark), using the percutaneous needle biopsy technique of Berg&sigstrom, (1975)

with 5¢6-mm-diameter biopsy needles and manuakson.

On extraction, biopsies were prepared for both histology and single fibre analysis. Parts of the
biopsy suited for histology were aligned in parallel, embedded in THEsludSakura Finetek
Europe, Zoeterwoude, The Netherlands), frozen in isopenpeeooled by liquid nitrogen

YR aG2NBR 4 bync/ dzydAft Fylfeéearao LT GKS
were prepared for single fibre analydergstrom, (1975)Fibre bundles were pinned to
maintain fibre length and covered idrebsHenseleit bicarbonate buffer (containing 0.1%
procaine) for 2 minutes, followed by Zamboni fixative (2% formaldehyde, 0.15% picric acid)

for 30 min. Fibres were then transferred into fresh Zamboni fixative and placed in the fridge
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for approximatelyd hours. Zamboni fixative was then replaced with 50% glycerol in PBS and

moved to-20°C on the following day until extraction, staining and observation.
2.24 Single Muscle Fib Analysis

Single muscle fiber preparation, immunolabelling and analysis wdsrped on samples
from rat, mouse and human biopsies. The following sections introduce the method learnt

whilst in the Mackey lab and then applied to all tissue types.
2.25 Preparation and Extraction

Rat and humarbiopsies were placed into a petri dish ¢aming IBprior to single fibre
extraction Single fibres were mechanically teased from fibre bundles from all species with
the aid of a stereomicroscop&or mouse muscles frozen ascending grades of sucrose,
when ready to isolate, sucrose frozen fibres were placed on ice and sequentially changed into
decreasing molarity sucrose intB.Due to the reduced size and sensitivity to handling of WT
and LMNA ¥ I Mduse fibres both with and without overload, they weenstead extracted in

small bundles of fibres to avoid breaking.

2.26 Immunostaining

Primary antibodies were diluted as per taldd in IB + plus 0.2% Tritofil00 (Sigm&ldrich)

overnight and then washed 3 x 10 minutes in IB. Secondary antibodiesdieted as per

table2.1 in IB for 2 hours, followed by 3 x 10 minutes in IB. Following incubation with primary

and secondary antibodies, single fibres were mounted in DAPI (Vectashield® Antifade
az2dzyUAy3a aSRAdzY gAGK 5!t L oomeglassEhdastandTover dzNI A y
slips added and stored a20°C until imaging.

2.27 Fluorescent microscopy imaging and analysis of single

muscle fibers

ae2FAONBA 6SNB AYIISR dzy REWNI O &E NMINARAWDESBI GA 2
using a widefield florescent microscope (Leica DMB 6000, Wetzlar, Germany) to determine
PCM1 presence and localisation. An A4 filter was used to image DAPI (BR0O3EM: 450

490), L5 filter to image FITC aAtexa Fluor® 48@EX: 466600, EM: 51542) and an RHO
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filter to imageAlexa Fluor® 568 and 56&X: 545651, EM: 56505). Images were taken with
a monochrome DFC365 FX camera (Leica, Wetzlar, Germany) and fluorescent channels
overlayed to determine PCM1 and Pax7 localisafidre percentage of Pax7+ cells that also

displayed PCML1 positivity were studied on single myofibres across all models.

Histology and Immunohistochemistry

2.28 Histological Analysis of Frozen Cryosections of Muscle

Tissue

Histological analysis is widely used across muscle physiology for assessment of muscle fiber
morphology, damage, connective tissue content amongst other pathological assessments.
Muscle sampledaken from rodents or biopsy material from humacan be laidout
perpendicular tathe surface they are attached to faransverse sectioning or in parallel for
longitudinal sectioningThe most common method as previously discussed is snap freezing in
isopentane, precooled in liquid nitrogen prior to being storet-80°C.Freezing muscle tissue

in this manner, allows tissue to be preserved quickly without damaging muscle morphology,

whilst also preventing the actions of proteases that may degrade proteins of interest.

2.29 Tissue Sectioning

When ready for sectiong, musclesvere moved from-80°C and left to equilibrate aR0°C in

a cryostat OTF5000, Bright Instruments Ltd, Luton, United Kingdpmnoy to sectioning.

Histological analysis is often performed at a tissue thicknessiddurh in the literature.

Throughout this thesis, sectioning is performed gum. Histological sections with a thickness

of 10um were cut from either the midbelly or for regional studiegrom the proximal, mid

belly and distalend together with stimulated aml unstimulated muscle crossections
collectedon the samet K SN2 { OASYGAFAOu { dzZLISNCNRA&G t f dza
Scientific Inc, Waltham, USAjaving multiple sections along the long axis of the tibialis

anterior muscle allows for identifici&in of regional damage caused by surgery or by the

stimulation itself.Slides were stored aB0°C until further use.
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Figure 2.5: Cryostat set wyith example of proximal, mitelly and distal muscle slices prior

to collection.

2.30 Hematoxylin and Eosin Stain for fiber morphology &

damage assessment

Hematoxylin and eosin (H&E) staining was used to assess the general morphology of muscle
fibers and to investigate signs of muscle damage, necrosis, fibrosis, denervation, and

regeneratio following stimulation and TTX nerve block.

Eosin stains muscle fibers to appear pink (binding -swecifically to proteins) and
hematoxylin nuclei to appear blue. Before staining, sections were removed fronr8%i€
freezer and left for 30 minutes to adjust to room temperature. Sections were thigped in

tap water to rehydrate. Sections were then placed in Hematoxylin solution for 3 minutes
before washing in warm, running tap water for 3 minutes. To remove excess hematoxylin,

sections were dipped in 1% hydrochloric acid for 10 seconds. Therseutere then placed
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in eosin for 2 minutes before being dipped in running tap water for 10 seconds. The sections
were then dehydrated through ascending grades of alcohol (50%, 70%, 90% and 100%),

cleared in xylene twice and finally mounted irNBButyl phthalate in xylene (DPX).

2.31 Nicotinamide Adenine Dinucleotide (NADH) Stainihoy

Assessmenbf Muscle Mitochondrial ©ntent

NADH tetrazolium reductase staining was performed to assess mitochondrial content (NADH
dehydrogenase activity), using tetrazohusalt as an electron acceptor for the site of
dehydrogenase enzyme. 1mg of NADH was added to a 5ml tetrazolium solution (0.2M Tris
Buffer, pH 7.4, 1mg/ml of Nitroblue tetrazolium). The solution was pipetted onto thawed
sections and incubated for 30 mingeat RT. Sections were then dehydrated through

ascending grades of alcohol to xylene as above and mounted in DPX.

2.32 Adenosine triphosphatease (ATPase) Stainingfor

Assessmenbf Muscle Myosin Heavy Chain Conten

Skeletal muscle can be histochemicalparated into itsMyHCsub-classificationsMiyHCI,

[IA and 1IX/1IB) using the calcium dependant ATPase reacdumell and Hart, (1977)
Cryosections wer@reincubated at 2%C for 7.5 minutes in a 0.1M glyci3e/% aqueous
formaldehydel% CaGkolution at pH 7.25, followed by 3x5 minute washes in distilled water.
Sections were then incubated at 7 in ATPase medium at pH 9.4 for 50 min#skley et

al., (2007b), Ashley et al., (20074}l reagents were madeesh,and pH checked before use.

Glycine and formaldehyde work in a synergistic manner to distinguish between fibre types 2A
and 2X. The enzyme ATPase, present in muscle fibres at different activities, removes the
phosphate group from ATP and forms calcium phosphate which is insoluble in alkaline
conditions. This is then rendered visible by substitution of cobalt for calcium and of sulphide
for phosphate. Type IIX/IIB fibres are stained intermediately, type Itasfidark and type |
fibres pale. Unfortunately, this technique does not allow for differentiation between 11X and
[IB fibers due to similar levels of ATPaBkerefore, for quantitative analysis antigen specific
immunolabelling was performed with antibodispecific to the four adult myosin heavy chain

isoforms.
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2.33 Immunohistochemistry

Precut 10umsections were removed fromg80°Cstorage and thawed to room temperature,
before being circled im hydrophobic pen to keep IB containing antibodies on the tissue
sectionsPrimary antibodies were diluted as per talé in IB + plus 0.2% Tritofl.00 (Sigma
Aldrich) overnight and then vehed 3 x 10 minutes in IB. Secondary antibodies were diluted
as per table2.1 in IB for 2 hour®r overnight for easefollowed by 3 x 10 minutes in IB.
Following incubation with primary and secondary antibodies, single fibres were mounted in
DAPI (VectashSt Rt ! yGATFI RS az2dzyiAy3d aSRAdzY gAGK

onto glass slides and cover slips added and stored&C until imaging.
2.34 Fluorescent microscopy and tile scanning

Muscle crossections were imaged under 20x magnificatiogsing a widefield fluorescent
microscope (Leica DMB 6000, Wetzlar, Germany). For whole muscleseoti&ss multiple
images were taken anstitched together using the tilescan feature in Leica Application Suite
X Leica Microsystems GmbWetzlar, GermanyExtracted .tif files were converted to .PNG

files for MyoVision 2.0 Analysis.
2.35 MyoVision 2.0 Development and Analysis

As already discussed, key challenges in understanding the turnover of myonuclei following
changes in activity and load within the sule can be attributed to the processing and
interpretation of immunohistochemical muscle cressctions. Historically, rodent muscle
hypertrophy and myonuclear domain studies have only analysed a select number of
myofibres from certain fields of view diie the inability to manually quantify skeletal muscle
fibre size and their associated myonuclei per fibre cigmstion. More recent work has shown

that this type of analyis is not sufficient to be representative of the entire muscle average
CSADesgeorges et al., (201€howed that there was a large potential for fibre creestional

area measurement error in 3@ay post cardiotoxin injured mouse tibialis anterior muscle,
ranging from-26.8% to + 55.7% in random fields of view compared to analysis of the entire

muscle cosssection (Figure.6).
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Figure2.6: mmunaolabelledlaminin in thetibialis anterior muscle30-days post cardiotoxin
injury reveals the heterogeneity of muscle fibre size across a whole muscisamtoss which
would produce large bias dependant chosen images. Fibres on the periphery appear
considerably larger in comparison to the centre of the muscle that is still regenerating. Taken
with permission from Figure 3 of Desgeorges et al. (20t€ative Commons Attribution 4.0

International License

This is partially due to regeneration post cardiotoxin injury being a centripetal process,
whereby fibres in the periphery recover quicker than those in the centre, most likely due to
the larger vascularisation in these regions. We also report the samteipetal regeneration

AY [ KIFLIISNI ¢ A ymic &7 days ppsa syhetgist jaiMadion of the plantaris.
Heterogeneity of muscle fibre size is also present in the tibialis anterior of the rat, where the
small proportion of smaller type I fibres appeanly in the proximatleep region and to some
extent at the midbelly butare completely absent in the distal and superficial regions of the
muscle Changes in fibre pennation angle are also likely to cause changes in fiber cross
sectional area measurements minimum feret diameter is not used to correct for the area,

as more pennate/longitudinal fibres in a transverse section would likely present larger areas.
Jorgenson and Hornberger, (20d&€)ort that changes in fibre number (fibre splitting), fibre
length and simultaneous changes in pennation angle following chronic mechanical overload

via synergist ablation may change ttember of fibres in an anatomical muscle crgsstion
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when histology is taken at the migklly and may subsequently affect fibre area
measurements. The multitude of these factors combined during muscle adaptation to loading
may explain some differencestween the amount of hypertrophy of myofibres reported
using the same or similar models of overload between different research groups when

measured through histology.

Factors such as changes in pennation angle are also likely to affect manual identifafatio
the number of myonuclei per fibre crosgction, even if effort is taken to study the histology
of muscles at the same anatomical region. This is made more challenging as myonuclei appear
near both satellite cells and interstitial nuclei. The myonwsecan be demarcated from
others inproximity by labelling cryosections with laminin or dystrophin, showing their- sub
sarcolemmal positioning. Most interstitial nuclei and myonuclei tend to partially overlap
these boundaries making manual identificatiorope to falsepositive and falsaeegatives.
This process is extremely tirm@nsuming and can only be performed on a small proportion
of the skeletal muscle crosection. Researchers are left with the dilemma of performing
myonuclear analyses on a few fidlolated single myofibres which is considerably more
accurate than crossectionalanalysis ostudying a snapshot of the muscle in a single whole
transverse crossection, which may be more representative of the whole muscle as
myonuclei are reported to be evenly distributed across the myofibre in healthy skeletal

myofibres.

In more recent yearsudomated, computational analyses of whole anatomical cresstions

of skeletal muscle has been made possible with fluorescent labelling and computational
segmentation and measurements of muscle fibre cresstions. Wen et al., (2018b)
published a publicly available software Myovision v1.0, allowing for automated detection of
fibre-type specific crossectional area using immurastochemical labelled dystrophin or
laminin frozen muscle crossections, withan accuracy of >94% when compared with manual
measurementsThat is, nyonuclear counting accuracy is estimated to be 3197% relative

to manual counts. Whilst Myovision v1.0ttps://www.uky.educhs/muscle/myovisiol

(https://www.myoanalytics.com/index.htm)] has been heavily used by the muscle
community with over60 citations and works considerably well with mouse muscle eross
sections and human skeletal muscle biopsies which may contain $&uedred fibres, larger

muscle crossections require more extreme computing power. Due to the sizmiofmuscle
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of interest, therat tibialis anterioiwhich has arosssectionof (~1-2cn?, containing ~3000 to
12,000 fibres depending on the region obss section), gaining representative data of muscle
fibre size changes and myonuclei per fibre is particularly challenging and open to regional
bias. Until nowobjective analysi®f a large data set of large whole muscle crssstions

havenot been posdile.

Due to the issues with MyoVision v1.0 and otkeftwarestruggling to cope with such large
images, a collaboration was made with the primary author Dr. Yuan Wen in order to have pre
public access to MyoVision v2xhich we were able to pilot test on our own samples in
Chaptes4 and 5This following datanalyses would not have been possible without the input
from Dr. Yuan Wen and Dr. Charlotte Peterson from the Center of Muscle Biology, University
of Kentucky The following myonuclear domain assessment workflow has been described in
detailWen et al., (2018@nd has been compared in depth with other publicly available,peer
reviewed automatic techniques to measure muscle fibore B&fmaster et al., (2016), Smith

and Barton, (2014)Briefly, MyoVision v1.0 woulthke muscle cryosections fluorescently
labelled with DAPI to visualise all nuclei and an antibody against the protein
dystrophinlaminin, to delineate the subsarcolemmal pdeiting of myonuclei and the
myofibre border. The myofiber border(dystrophinlaminin) channel is first filtered and
enhanced for line and edge structures using standard median filter and multiscale frangi
enhancement The enhanced image is then segregaiatb membrane and cytoplasmic
regions using #neans Binarization (Euclidian Distancé&ans clustering) and the edge
detection flipped with the background. Each cytoplasmic region is therckadsified into

seed regions belonging to multiple connectedisea single cell or interstitial space using the
AKI LIS RSEAONALIIZNE W!I NBI QS W{2tARAGEQZ Q9EI
interstitial/extracellular regionsire removed. Seed regions more likely to be connected cells
were then identifiel and selected for watershed separation. The watershed separated fibres
and single cells were then combined to produce finalised seed regions which were adjusted
using splineevolution until convergence. Contour evolution was performed using the Chan
Veseg Vector Field Convolutiomhe completed fibre outlingdin yellowisthen used as a mask
overlay for nuclei localisation. Myonuclei were then defined as nuclei with their centroid or
more than 50% of their area inside the sarcolemmata can then be expted for further

analyses.
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MyoVisionv2.0 introduced major upgrades to the original MyoVision software, but the
fundamental workflow including fiber detection, fiber type classification, and myonuclear
counting remained essentially the same as describedipusliyWen et al., (2018b)~or fiber

detection, the software uses the single channel intensity image of dystrophin labelling as an

input as well as the pixel scalenf/pixel) to allow for calculation of mean fiber cressctional

area in units of square micrometres. Following fiber detection, a single channel intensity
image of immundabelled myosin heavy chain or nuclei can be provided to the software to
classify filer type or quantify myonuclei number. For each myofiber cytoplasmic region
excluding the periphery, the mean myosin heavy chain immunofluorescence inteasitye

guantified on a scale of 0 to 1, with 1 being maximum signal for the section. Only filtlers wi

mean myosin heavy chain intensity greater than 0.5 were classified as true for that particular

fiber type. When analysing multiple fiber types, the image corresponding to each fiber type

gl a Iylrfe@adaSR AYRSLISYRSy(f @& o wduK dzgrésent falsg foro S NJ Of
Fff FAOSNI GelLlSa AyOfdzRSR Ay GKS lFylfeara oK
expression of at least two different myosin heavy chain isoforms within the same fiber. The
criteria for myonuclear classification remahe same as in the previous version; specifically,

a nuclear region with its centroid inside the fiber dystrophin border and at least 50% of its

total area within the fiber cytoplasm is counted as a myonucleus.

A major upgrade to the software is the irephentation of neural networks in fiber detection

and fiber type classification stepllultiple steps in the previous MyoVision algorithm have
been replaced with thet modelsRonnebergr et al., (2015)which demonstrated superior
performance in the segmentation of grayscale intensity based images of cells. The models
were trained using annotated images of 256 by 256 pixels. Briefly, images of whole cross
sections were labelled asue for foregroundi(e., fiber boundary) and false for background
(i.e., non-specific signals or staining artefacts). These images along with their ground truth
label were separated into 256x256 pixel regions. The same image and ground truth label were
then reduced by twefold in size sequentially, and 256X256 pixel regions were extracted from
the smaller images in a similar fashion as the original image. Reducing the image size allows
for the model to learn at different image resolutions and different mégations. Images
representing 1x, 0.5x, and 0.25x along with their ground truth labels were used to train the

weights of a khet model for up to 100 epochs at 300 steps per epoch using Keras (v2.2.4)
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and Tensorflow (v1.13.1). Models were similarly trairfer each step in the algorithm to
replace the corresponding steps in the previous version of the software (Supplementary
Figure 2). Of note, the previous software included the active contour algorithm by default,
which expands the fiber contour as clo&e the inner edge of the dystrophin border as
possible to allow for myonuclear counting. This step had been relocated to the nuclear
counting analysis exclusively due to its resource intensiveness and the fact that general fiber
detection does not requirsuch stringent delineation of the inner edge of the sarcolemma.
This modification led to slightly smaller fiber cregstional area values (~5%) compared to
the previous version of the software. This modification was favorable not only from a
computationd resource perspective, but also resulted in values more in line with various
other approaches in the literature that do not include any myonuclear analysis. The software
will be made freely available to the research community and additional documenttion

the current version can be found eamvw.myoanalytics.com/myovision2

In addition, users now have control over circularity, solidity and eccentricity parameters for
identifying fibers for analysis b different muscle phenotypes and extreme atrophic
conditions. Other functionalities introduced in this upgrade include robust detection of whole
crosssections, batch processing of images for large projects, export of representative images
from the softwae, exporting images from Olympus microscopes, adjusting images to control

for background noise, and output of multiple shape descriptors for each. fibe

RTgPCR Analyses

2.36 Tissue Homogenisation and RNA Extraction (TRIzol Method)

Frozen musclesamples (approx. 300mg) were added to 2ml MagNA Lyser Green Bead screw
capped tubes, prefilled with 1-m (diameter) ceramic beads (PN:03358941001, Roche,
Germany) and 1ml of TrizoTljermo Fisher Scientific Inc, Waltham, USA). Samples were
homogenised uag a MagNA Lyser (Roche Diagnostics, Germang)for 8 SO&a G ¢ Yk 2
being placed back on ice. This was repeated 5 times to ensure complete disruption of the
muscle sample. RNA was extracted using the standareRélagent procedure with

chloroform/isopropanol for phase separation and precipitation of RNA, with further washing
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with 75% ethanol. RNA pellets were resuspended in 61 2 Ftredietl tvdter (Thermo
Fisher Scientific Inc, Waltham, USA).

2.37 RNA Concentration Analysis & RNA Purity Analf@mRTF
gPCR

For each sample, 1l of the RNA containing Diegdfed water was suspended and measured

in the Nanodrop 2000 spectrophotomet#r(Thermo Fisher Scientific Inc, Waltham, UfeA)

RNA quality and quantity. As the absorbance of proteins, RNAHAdDwell known this can

be used to assess the contents of each sample. Briefly, one the sample is positiofesck s

tension is used to hold samples in place between two optical fibers and ultraviolet (UV) light

is passed through the sample. The resnitaatio of absorbance maximum at 260nm to

280nm (protein) was used to determine the purity of the sample in relation to a potential
LINEGOSAY O2y il YAYFdA2yd ! NIYXGA2 2F nwodn o6l a Ay

2.38 RNA Sample Dilution

Once dlsamples were assessed for RNA quantity, they were dilmt&EPGreated water
(Thermo Fisher Scientific Inc, Waltham, USA)jormalise concentrations between samples.

RNA Samples were then retested to confirm concentration similarity between samples.
2.39 Design of Primers for Polymerase Chain Reaction (PCR)

Forward and reverse primers were designed to amplify genes ofestteébllowing strict

guidelines as follows; Primer Length:-28bp, Temperature Melt (Tm): 52°C to ensure

optimal annealing temperatures, GC Content 5D% GC Content, 3 or more GC bases were

I 2ARSR Ay GKS ftFad p o0 lmplBdn Ldngih: Liess $handB3@bpSy R 2
General Considerations: Primers should span an-@xmon boundary were possible. Primers

were all seldesigned using reference mRNA sequencesRfattus norvegicyswvhich were

accessed throughttps://www.ncbi.nlm.nih.gov/ mMRNA sequences were then transferred to

PrimerBlast, a National Center for Biotechnology Information resource

https://www.ncbi.nim.nih.gov/tmls/primer-blast/ to check for possible multiple isoforms

(multiple transcript variants) of genes or genes not of interest. In these cases, multiple isoform

sequences were analysed using Clustal Ometas(//www.ebi.ac.uk/Tools/msa/clustalg/
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a multiple sequence alignment tool to find a section of mMRNA that is present in all isoforms
of the gene of interestPrimers were synthesised by Sigma Aldrich (MergK).stock
(desalted) primers wersuspended in TE buffer (pH 8.0, Ambion®, Invitrogen, California, USA)
G2 I O2yOSYyiGNYGA2Y 2F wmnn >ad

Table 24: Primer Sequencedesigned and used

Product
Target Entrez . . Reference Seq.
Primer Sequence (5'-3") Length
Gene Gene ID Number
(bp)
Rat_18S rRNA p4728 £ | TTGACGGAAGGGCACCACCAG X01117 a1
Rat 18S rRNA R: | GCACCACCACCCACGGAATCG
Rat_MyHCI 26557 g | CTACCCAACCCTAAGGATG NM 017240 s
Rat MyHCI R: | TTGTGTTTCTGCCTAAGGTGC
. | CCTCAGGCTTCAAGATTTGGTGG
Rat_MyHClla 691644 F: L13606 265
Rat_MyHClla R: | TTGTGCCTCTCTTCGGTCATTC
. | TACAAGAGACAAGCAGAGGAGG
Rat_MyHCIIb 360543 F: NM_019325 15
Rat MyHCIlb R: | TGAACCTCTCGGCTCTTCACC
Rat_MyHClIx 287408 F: | TTACCAAACTGAGGAAGACCGC | NM _001135158.1 279
Rat MyHCIIx R: | GTCACTTTCCTGCTTTGGATCG

2.40QiAgility Automated Sample Preparation for RJPCR

For improved throughput and accuracy, all PCR reactions and samples were automatically
pipetted using the QiAgility AutomateSample System (Qiagen, UKip a Rotor Disd 00

plate (Qiagen, Crawley, UK) and sealed using seating film and RoteDisc Heat Sealer

(Qiagen, Crawley, UKReactions were performed using ti@uantiFastM SYBRGreen RT

PCR onstep kit Each reactiotube was setwassetupd F2ff 26aT ddp >f SEL
OpdPHc y3IAk>t G20FftfAy3I pn y3I LISNI NBFOGA2Yy O |
3SyS 2F AyiSNBad omnn >avI anodnH >f 2F vdzad YyGAC
QuantFast SYBR Green-RCR Master Mix (Qiagen, Manchester).UK

2.41 Rotor Gen&) Real Time Cycler for RPCR

Rotor discs were transferred and locked into tRER thermal cycler (Rot@ene 3000Q,

Qiagen, UK Reverse transcriptiowas initiated with ahold 4G pn ¢/ FT2NJ mMmn YA
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synthesis), followed by a-$Ay dziS K2t R 4 dp c/ 60N yaONRI
RSYlFGdz2NF GA2y 0> 0STF2NB nn t/w OedtSa 2FT dp c
on a480a o6lyySIHtftAy3a IyR SEGSyarzyoo

The folbwing outlines the reaction that occurs during-§HCR Following isolation of mMRNA

from muscle tissue, the single stranded RNA (ssRNA) must be reverse transcribed forming
complimentary DNA (cDNA) before the target sequence is amplified for quantitative
measurementForthe reverse transcription (RT) processowcur, oligonucleotides (ANTPs)

are added to ssRNA using the enzyme reverse transcriptase which synthesizes cDNA from the
0Q (2 pQ SYR 2F GKS Ywb! Y2tSOdz S® ¢KS o0oQ |
ddzal NBE o0 0O102yS |fta2INXYS3PYyCcKS pQ ONANFSY2KI g
FddF OKSR | yR {KS -OdlXgrodplwhigh Bives the dikegtidridRytofttie DNA
molecule. Once synthesized, DNA is amplified through 3 steps which constitute 1 cycle of a

PCR reaction which is repeattmt 30-40 cycles to produce over 1 billion copies of the target
sequence. Firstly, double stranded DNA (dsDNA) is denatured through exposure to high
temperatures (9% 0 KA OK &ASLI NI 0Sa (GKS 5b! Aydaz2 (g2
DNA. The temperate is then lowered to allow for annealing of primers to enable binding of

short sequence (1:80bp) primers to the DNA strands. LastRINApolymerase binds to

primers and synthesizes the cormapientary strand using freedeoxyribonucleotide
triphosphate (INTPs). With each PCR cycle, a fluorescent dye or probe (in our cResvk

{..wu DNBSY t /Therma Fishér SdightiicAre, Waltham, Y8ikds to each

Ra5b! Y2tSOdzZ S FFIOSNI LINAYSNE yySrkf (G2 0G4KS o
from the fluorescent moleculeanLINE @A RiSA YUENS YIS A dzNBEYSy G 2F 5b!
the amount of light measured by the fluorometer within the PCR thermocycler instrument is
directly proportional to the amount of targeted DNA produced. This can be diexht

according to thenumber of cycles required to exceed the fluorescence cycle threshald (C

defined as the point at which the fluorescent signal reaches an intensity above those of
background signals (which changes dependant on the initial abund#rasDNA. Thus, the

lower the G value, the higher the expression levels as the fluorescanebeing detected at

an earlier point. Additionally,7@alues of the target gene must be compared to a housekeeper

or reference gendn our investigation we use18SrRNA as a stable housekeeper for electrical

stimulation experiments as evidenced in previous work from the Haher, (20Q). The
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expression of this gene should remain consistent across all experimental conditions, to
RSGSNNAYS [0&a2tdziS 2N NSt GADS ljdzZydAadAaASa 27F

Melt curve analysis was also performed of the product forrdedng RTIgPCR using each
primer set. The melt curve is a plot of the total fluorescence recorded as a function of
temperature.-d (RFU)/AT is the rate of change of fluorescence in the PCR reaction and a
significant change in fluorescence accompanies thadting of the doublestranded PCR
products. Thereforetiwas confirmed that each primer set showed a single peak. Multiple
peaks would indicate lack of primer specificity, potentially forming several peaks that would

represent different products of the extion.

2.42 Quantification of Relative Gene Expression using-d®PICR
Using the2< ¥ 'Method for Fold Change Calculations

Sample efficiencies wereutinely checkedo ensure doubling efficiency of product per cycle

An efficiency value of 2 represents @a2d increase (100% which is derived from dividing the
efficiency value by 2 and multiplying by 100) of amplicon with each PCR cycle. To obtain the
raw CT values for each sample, a threshold line wasadpistedon the amplification curve
according to where an exponential rise is fluorescence occurred. The CT values from duplicate
or triplicate assays were used to quantify relative gene expression using the comparative
5Stal 5SSt 0F / ¢Schaniigerd and LivaK] (008pkidsy a reference gene

(18SrRNAand a control sample from the contralateral limb/contralateral muscle region.

5StdF 5StaGlF /¢ odnp/¢0 9ljdzr GA2YY

MO np/ ¢ T/ ¢-Co@drgetFESasouseSegpsr)

HO nnp/ ¢ T ple-podel NBGYINRYLI SY LI Sk/ 2y G NI £ F G4SN
2nn/ ¢ OYy2NXNIf A&ESR SELINB&&aA2Y NI GAZ2O0

2 KSNBE FLILINBLINKRIFGS np/ ¢ gl a 230 GNFXryaF2NX¥SR
LY FTRRAGAZ2Y (G2 GKA&a np/ ¢ @FfdzSa 6SNBE addzRASIH

whether rates of transcription were higher in different regsoaof the tibialis anterior.

107



Next-Generation RNA Sequencing

The transcriptomic profile of a cell is a key determinant in its function and its ability to adapt
to external challenges. Next generation sequencing of the RNA frozen within a cell at a
particular point in time gives an incredible amount of detail into the RNA landscape. RNA
sequencing does not require species or transcript specific probes like microarrays. This non
targeted approach allows for determination of new genes, previously unknown get a
stimulus as well as novel gene transcripts, transcript variants (alleles), gene fusions, single
nucleotide variations within a gene and small insertions and deletions within a gene. The
interest in employing such techniques in exercise physiologyspadifically a timecourse of
adaptation to resistance training is increasing as scientists seek to map the effects of exercise

type, duration and training status on multiple tissues and different clinical populations.
2.43 mRNA Library Preparation

Frozen nuscle samples (approx. 300mg) were added to 2ml MagNA Lyser Green Bead screw
capped tubes, prefilled with 1-m (diameter) ceramic beads (PN:03358941001, Roche,
Germany) and 1ml of TrizoTtiermo Fisher Scientific Inc, Waltham, USA). Samples were
homogensed using a MagNA Lyser (Roche Diagnostics, Germamyyifora SO&a i ¢ Yk 2
being placed back on ice. This was repeated 5 times to ensure complete disruption of the
muscle sample. RNA was extracted using the standardRéagent procedure with
chloroform/isopropanol for phase separation and precipitation of RNA, with further washing

with 75% ethanol. RNA pellets were resuspended in 61 2 Ftreddetl tvdter (Thermo

Fisher Scientific Inc, Waltham, USA).

For next generation RNA sequencing, samples weaysedand nextgeneration libraries
generated at the Genome Centre, Blizard Institute, Barts and the London School of Medicine
and Dentistry, Queen Mary University of Lond@ee Appendix 2)ull lab potocols and
processing is available in supplementary informatiBriefly, RNA quality and quantity was
assessed using a cHyased, capillary electrophoresmsicrofluidicsbasedplatform, Agilent

2100 Bioanalyzer250320 ES (Agilent Technologies, SantaaCIlaA, USA). RNA integrity
number (RIN) scores >3 deemed high quality for subsequent fragmentation. RIN scores
were 8.5 + 0.3p= 24.
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| AAK ljdzr €t AG& Ywb! fAONINASE 6gSNBE LINBLI NBR dza
Prep with Sample Purificatn Beads kit, #E7765S (New England Biolabs, MA, USA) as per
manufacturers guidelines. 100ng of RNA was used for mRNA isolation. NEBNext Magnetic
Oligo d(T) beads were covalently coupled to the poly(A) region of mMRNA molecules in a sealed
PCR plate placed ia thermal cycler at 65°C for 5 minutes to denature RNA and facilitate
binding of the mRNA poli tail to the magnetic beads. Purified mRNA was then fragmented,
primed and first strand cDNA synthesis performed using First Strand Enzyme Master mix by
combhning NEBNext Strand Specificity Reagent and NEBNext First Strand Synthesis Enzyme
Mix in a thermal cycler (25°C for 10 mins, 42°C for 50 mins, 70°C for 15 mins, 4°C Hold). Second
strand cDNA Synthesis was then performed using Second Strand Master main(iognt
nuclease free water, NEBNext Second Strand Synthesis Buffer, NEBNext Second Strand
Synthesis Enzyme Mix) in a thermal cycler at 16°C for 1 hour. Double stranded cDNA was then
purified using 1.8X AMPure XP Beads (Beckman Coulter, IN, USA). PDNifedvas added

to Endprep master mix(NEBNext Ultra Il End Prep Reaction Buffer and NEBNext Il End Prep
Enzyme Mix) and placed in a thermal cycler for (20°C for 30 minutes, 65°C for 30 minutes
followed by 4°C Hold).

Adaptor ligation was then performed uginNEBNext Adaptor in adaptor diluted buffer,
freshly mixed with ligatiomaster mixcontaining (NEBNext Ligation Enhancer and NEBNext
Ultra Il Ligation master Mix) with a thermal cycler at 20°C for 15 minutes. USER Enzyme was
then added to the solution andubjected to 37°C in the thermal cycler for a further 15
minutes. Purification of the ligation reaction was then performed using AMPure XP beads to
enrich libraries for sequences between 3080bp long and the resultant DNA target eluted

in 0.1X TE buffer

PCR library enrichment was performed by adding NEBNext Q5 Hot Start Hifi PCR Master Mix
to the eluted DNA target with NEBNext Multiplex Oligos for lllumina (96 Index Primers).
Samples were ram a thermal cycler for the following amplification programi@3°C for 30
seconds, 98°C 10 seconds, 65°C 75 seconds with x13 cycles followed by 65°C for 5 mins, and
4°C Hold). The subsequent PCR product was purified using Agencourt AMPure XP beads and
later resuspended in 0.1X TE Buffer. The resultant librariese wprantified (stock
concentrations measured), performed using the Qubit HS dsDNA kit on 1000bp ScreenTape.

Briefly, Qubit DNA standards were made up based on manufacturers guidelines
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(Thermofisher Scientific, UK) with ppeepared calf thymus DNA to Qubitorking solution

and ran on the Qubit 2.0 Fluorometer Thermofisher Scientific, UK). 1ul of experimental
sample was added to 199ul of the Qubit working solution and stock concentrations
calculated. Quality control was performed using the Agilent 4200 TapieBStsystem (CA,
USA) as previously describ&hstscriptnalysis was performed to confirm high quality mRNA
libraries with a peak around 3e460bp and low PCR duplicate rate <10% and libraries with

molarities 45nM.

Prior to lllumina loading, librariesere denatured by combining an equal volume of library
and 0.2N NaOH in a 1.5ml LoBind microcentrifuge tube. After vortexing and briefly
centrifuging, the tubes were kept at room temperature for 5 minutes. 200mMH@swas

then added to the same volumas the library volume to neutralise the NaOH (Example
standard starting molarities are available in the supplementary NGS workflow). Samples were
vortexed and centrifuged briefly, before HT1 buffer was added with 1.2ul of 20pM PhiX to
bring the total volune to 1.3ml. Samples were then vortexed and centrifuged briefly before
being placed on ice prior to loading into the sequencing cartridge. Sequencing cartridges were
prepared by inverting the thawed cartridge 10 times to mix reagents. The total volume of
denatured library was then added to sequencing cartridges and then sequenced on an
lllumina NextSeq. The NextSeq sequences libraries on a single flow cell with 4 lanes, allowing

for pairedend sequencing.
2.44 Prealignment QA/QC

Raw FastQ files were impoddo Partek-lowSoftware (Partek Incorporated, Missouri, USA)

for pipeline processing. Firstly, samples were assessed fealjgrement QA/QC on all reads

for a measure of total reads, read length, average read quality, % N and % GC content (Table
2.5). Phred score a measure of read quality refers to the probability of an incorrect base call.
For example, a Phred quality score of 10 has a 1in 10 probability of an incorrect base call (90%
accuracy). A Phred score of 30 has a 1 in 1000 probability of amancbase call (99.9%
accuracy). A Phred score of 40 has a 1 in 10,000 probability of an incorrect base call (99.99%

accuracy).
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Table2.5: Prealignment QA/QC.

Sample| Condition| Timepoint| Total Read | Avg. % N % GC
name reads length | read
quality

257L | 2Days |2 Days 13339864 37 34.327 | 0.028087| 50.5728
257R | Control | 2 Days 12709717| 37 34.3258| 0.02826 | 50.4687
258L | 2 Days |2 Days 12620387| 37 34.3502| 0.02882 | 50.584
258R | Control | 2 Days 12171400| 37 34.2213| 0.028391| 50.0114
259L | 2 Days |2 Days 12738062| 37 34.3336| 0.028056| 50.2158
259R | Control | 2 Days 13275818| 37 34.3837| 0.02846 | 50.218
260L | 10 Days | 10 Days |12352118| 37 34.363 | 0.027688| 50.3693
260R | Control | 10 Days |14173615| 37 34.4009| 0.028352| 49.5336
261L | 10 Days | 10 Days | 12325676| 37 34.3397| 0.028024| 50.9436
261R | Control | 10 Days | 12606773| 37 34.3789| 0.028018| 50.3545
262L | 10 Days | 10 Days | 12615800 37 34.3734| 0.028431| 50.4567
262R | Control | 10 Days | 12568659| 37 34.3381| 0.028243| 50.615
263L | 20 Days | 20 Days | 11697225| 37 34.3802| 0.027987| 49.8634
263R | Control | 20 Days | 12584383| 37 34.3875| 0.027797| 50.4781
264L | 20 Days | 20 Days | 12825013 37 34.349 | 0.028171| 50.8898
264R | Control | 20 Days |12373301| 37 34.3542| 0.028091| 50.4678
265L | 20 Days | 20 Days | 12095193 37 34.3716| 0.028022| 49.0895
265R | Control | 20 Days |11627649| 37 34.3634| 0.028472| 49.7111
267L | 30 Days | 30 Days | 11777034 37 34.3802| 0.028578| 49.3673
267R | Control | 30 Days |11249306| 37 34.3769| 0.028272| 49.0829
268L | 30 Days | 30 Days | 12453530 37 34.4059| 0.028976| 48.6869
268R | Control | 30 Days | 8284797 |37 34.3935| 0.028995| 49.4586
275L | 30 Days | 30 Days |11767146| 37 34.4014| 0.028399| 48.4951
275R | Control | 30 Days |12886417| 37 34.1814| 0.028883| 50.4885
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Figure2.7: Prealignment average Phred quality score (base quality) as a percentage of total

readsand baseguality score per position across all samples.

2.45 Read Trimming

t 22NJ ljdzZl t AGe@ NBIFIR& 6SNBE GNAYYSR FNRYeKS pQ
the specified Phred quality score (20). All bases previous to this position were trimmed (from
GKS €tSTh AT GKS pQ SyRzZ 2N FNRY (GKS NRIKG AT
2 and Figure 2.

Total reads Trimming reads

25 25 25 25 25 - 275R
7R 8L 8 ol oR LR 2L B 5L s 5L Samples

W Total reads W Unri reads W | |

Figure2.8: Visualisation of total reds per sample and percentage trimmed reads based on

Phred quality score for each sample.
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Table2.6: Individual Sample Read Trimming Summary

Sample - Total Reads % Reads| Reads | % Reads Average P.r e P(.)St
Name Condition reads trimmed trimmed | removed | removed b ases "'“? tnm
trimmed | quality | quality
257L 2 Days 13339864| 1370715 10.27| 9335.00 0.07 1.39 34.42 34.45
257R Control 12709717| 1304157 10.26 | 8668.00 0.07 1.39| 34.43| 34.47
258L 2 Days 12620387| 1270129 10.06| 9892.00 0.08 1.41 34.45 34.48
258R Control 12171400| 1353128 11.11| 9248.00 0.08 1.41 34.47 34.50
259L 2 Days 12738062| 1300114 10.20| 8630.00 0.07 1.40 34.43 34.46
259R Control 13275818| 1296118 9.76 | 8683.00 0.07 1.39| 34.46| 34.49
260L 10 Days | 12352118| 1229402 9.95| 8634.00 0.07 1.39 34.47 34.50
260R Control 14173615| 1354809 9.56 | 9769.00 0.07 140| 34.48| 3451
261L 10 Days | 12325676| 1254383 10.17| 9132.00 0.07 1.40 34.44 34.48
261R Control 12606773| 1236796 9.81 | 8802.00 0.07 1.39| 34.46| 34.49
262L 10 Days | 12615800| 1239866 9.82 | 9035.00 0.07 140 | 34.45| 34.49
262R Control 12568659 1274757 10.14| 8444.00 0.07 1.39 34.43 34.47
263L 20 Days | 11697225| 1142693 9.77 | 8092.00 0.07 140 | 34.47| 3450
263R Control 12584383| 1224584 9.73| 8813.00 0.07 1.39| 34.43| 34.46
264L 20 Days | 12825013| 1292271 10.07| 9166.00 0.07 1.41 34.44 34.48
264R Control 12373301| 1240101 10.02| 8699.00 0.07 1.39| 34.44| 34.47
265L 20 Days | 12095193| 1184235 9.79 | 8645.00 0.07 140 | 34.46| 34.49
265R Control 11627649| 1153815 9.92 | 7958.00 0.07 1.39 34.46 34.49
267L 30 Days | 11777034| 1150210 9.76 | 8321.00 0.07 1.39| 34.48| 3451
267R Control 11249306| 1097891 9.76 | 7876.00 0.07 1.39 34.48 34.51
268L 30 Days | 12453530| 1179151 9.46 | 8791.00 0.07 1.39| 3451| 3454
268R Control 8284797 | 796284 9.61| 5658.00 0.07 1.39 34.48 34.51
275L 30 Days | 11767146| 1120154 9.52 | 8797.00 0.07 1.39 34.49 34.52
275R Control 12886417| 1465551 11.37| 8751.00 0.07 1.41 34.46 34.49

2.46 STAR Alignment 4.4.1d tRattus NorvegicusRnor_6.0

genome assmbly

Trimmed reads were then aligned using STAR alignment 4.4.1d tRé&ttas Norvegicys
Rnor_6.0 genome assembly. Alignment was performed under the following default settings
(Table2.7).
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Table2.7: STAR Alignment 4.4.1d Rattus Norvegicus Rnor 6.0 Run Settings

Input parameters

Option Value

Generate unaligned reads TRUE Non-canonical gap open penalty -8
Name, sequence, and quality lengths NotEqual GC/AG gap open penalty -4
Max junctions 1000000AT/AC gap open penalty -8
Type of filtering Normal Extra score -0.25
Multimap score range 1 Deletion open penalty -2
Max read mapping 10 Deletion extension penalty per base -2
Max mismatches 10 Insertion open penalty -2
Mismatch mapped ratio 0.3 Insertion extension penalty per base -2
Mismatch read ratio 1 Max score reduction 1
Min score 0 Search start point 50
Normalized min score 0.66 Normalized search start point 1
Min matched bases 0 Max seed length /
Normalized min matched bases 0.66 Max mapping for stitching 1000C
Filter alignment using their motifs None Max seeds per read 1000
Collapsed splice junctions reads All Max seeds per window 50
Max junction gap 50000 10(Max one seed loci per window 10
Non-canonical motifs TRUE Min intron size 21
Min overhang length for splice junctions 30 Max intron size /

Min unigue map read count per junction 3 Max gap between two mates /

Min total read count per junction 3 Min spliced alignment overhang 5
Min distance to other junctions' donor/acceptor 10 Min annotated spliced alignment overhang 3
GT/AG motif TRUE Spliced mate min read length 0
Min overhang length for splice junctions 12 Normalized spliced mate min read length 0.66
Min unique map read count per junction 1 Max windows per read 1000C
Min total read count per junction 1 Max transcripts per window 100
Min distance to other junctions' donor/acceptor 0 Max hits 1000C
GC/AG motif TRUE Read ends alignment type Local
Min overhang length for splice junctions 12 Soft-clip past reference end Yes

Min unique map read count per junction 1 Max loci anchors 50
Min total read count per junction 1 Bin size for windows/clustering 16
Min distance to other junctions' donor/acceptor 5 Max bins between two anchors 9
AT/AC motif TRUE Left and right flanking region size 4
Min overhang length for splice junctions 12 Chimeric alignment (Default:
Min unigue map read count per junction 1 Two pass mapping None
Min total read count per junction 1 Cufflinks-like strand field flag intronMot
Min distance to other junctions' donor/acceptor 10 SAM attributes All

Extra alignment score 2 Add to quality score 0
Gap open penalty 0 WASP filtering (Default:

2.47 Post alignment QA/QC

Post alignment QA/QC was performed to evaluate total reads, total alignments, % reads
aligned, unique singleton, unique paired, coverage, average coverage depth, average length,
average quality and % GC content. Visual integdreh of Table2.8can be observed in Figure

2.9.
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Table2.8: Summary report of post alignment QA/QC.

Sample
name

257L
257R
258L
258R
259L
259R
260L
260R
261L
261R
262L
262R
263L
263R
264L
264R
265L
265R
267L
267R
268L
268R
275L
275R

Sample
name

257L
257R
258L
258R
250L
259R
260L
260R
261L
261R
262L
262R
263L
263R
264L
264R
265L
265R
267L
267R
268L
268R
275L
275R

Condition

2 Days
Control
2 Days
Control
2 Days
Control
10 Days
Control
10 Days
Control
10 Days
Control
20 Days
Control
20 Days
Control
20 Days
Control
30 Days
Control
30 Days
Control
30 Days
Control

Total
alignmen
ts
13330529 30286996 95.52418
12701049 28606780 95.35683
12610495 28579924  95.6423
12162152 27307672 95.0777
12729432 28805410 95.69359
1326713% 29954146 95.65814
12343484 28081926 95.7429
14163846 32050110 95.42367
12316544 27789646 95.56359
1259797:. 28463894 95.53101.
12606765 28744230 95.60127
12560215 28437158 95.39089
11689133 26603164 95.5582
12575570 28366578 95.57274
12815847 29037654 95.45002.
12364602 27790636 95.47944
12086548 27536168 95.74502
1161969:. 26283424 95.65087
11768713 27063034 95.79198
11241430 25785266 95.74593
12444739 28656438 95.8038
8279139 18869516 95.6202
11758349 27160308 95.80234
12877666 28989846 95.03996

Total
eads

Aligned

%

Total non

Condition unique

2 Days
Control
2 Days
Control
2 Days
Control
10 Days
Control
10 Days
Control
10 Days
Control
20 Days
Control
20 Days
Control
20 Days
Control
30 Days
Control
30 Days
Control
30 Days
Control

paired
1303668
1200719
1215984
1184476
1239896
1296935
1245746
1404457
1165089
1208592
1287177
1221703
1219056
1215740
1289191
1185259
1288505
1157596
1321744
1255440
1406262,
858505
1364245
1261305

Non-

Total
unaligne
d
596651
589731
549528
598658
548182
576041
525475
648184
546413
563002
554537
578914
519208
556753
583118
558949
514280
505356
495230
478218
522206
362610
493576
638737

Avg.

unique Coverage coverage

paired
9.779567
9.453699
9.642635
9.739033
9.740387
9.775547
10.09234
9.915788
9.459545
9.593545
10.21021.
9.726768
10.42897
9.667474
10.05935
9.585905
10.66065
9.962365
11.231
11.16797
11.3000%
10.3695
11.60235
9.794516

1.91875
1.94552
1.95429
1.83393
1.86542
1.9139%
1.98522
1.92428
1.81922
1.86878
2.05426
1.92698
1.66184

1.8662
1.87133
1.93969
2.05431
1.79364
1.80399
1.59051
1.69774
1.51204
1.72901.

1.8674

depth
20.6765
19.2625
19.1705
19.5135
20.2443
20.5061.
18.537
21.8391
20.0124
19.9446
18.3302
19.3236
20.9806
19.9063
20.3336
18.7671.
17.5787
19.197
19.6754
21.2578
22.1471.
16.3572
20.6063
20.3271.
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d %

4.475824 11430210 85.74461
4.643168 10910599 85.9031:
4.357704 10844983 85.9996¢
4.922303 10379018 85.3386¢
4.306414 10941354 85.9537
4.341864 11394159 85.8825¢
4.257104 10572263 85.6505¢
4.576328 12111205 85.5078¢
4.436415 10605042 86.10404
4.468989 10826377 85.9374
4.398726 10765052 85.3910i
4.609109 10759598 85.6641:
4.441801. 9950869 85.1292:
4.427259 10803077 85.9052
4.549976 10943538 85.3906
4.520558 10620394 85.89354
4.254978 10283763 85.0843:

4.349135
4.208022
4.254067
4.196199
4.379803
4.197664
4.960037

9956739
9951739
9507772

1051627..

7058024
9900528

85.688¢
84.5609¢
84.5779¢
84.5037¢
85.2507
84.1999¢

10977624 85.2454¢

Avg.
length

36.9376
36.9376
36.9384
36.9329
36.9377
36.9408
36.9393
36.9419
36.9379
36.9405
36.9402
36.9382
36.9406
36.9405
36.9387
36.9391.
36.9405
36.9397
36.9405
36.9406
36.9423
36.9415
36.9423
36.9308

Avg.
quality

34.449
34.4482
34.4706
34.3646
34.4539
34.4976
34.4775%

34.517
34.4608
34.4914
34.4919
34.4582.
34.4952
34.4986
34.4743

34.473
34.4918
34.4781.
34.4927
34.4911
34.5162
34.5081.

34.515
34.3295

%GC

50.5457

50.42¢
50.566¢
49.946:
50.160z
50.125¢
50.343¢
49.4851
50.892¢
50.279:
50.4311
50.564¢
49.816¢
50.388¢
50.8401
50.389¢
49.035¢5
49.6391
49.315¢
48.960¢

48.61¢
49.374¢
48.458¢
50.409¢
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Figure 2.9: Reading left to right, top to bottom. (a) Summary report of read coverage,

describing the average number of reads that align to, or "cover,” known reference bases in
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each library sequenced. (b) Percent of on target (green) vs off target (red) read$ivimuial
samples. (c) Postlignment average Phred quality score (base quality) as a percentage of total
reads. (d) Average poslignment average base quality score per position. (e) Genomic
coverage in each individual sample. Coverage in sequencirg tefthe number of unique

reads that include a given nucleotide in the reconstructed sequence of which are samples show
high coverage. (f) Average read depth for each sample. The mean mapped read depth is the
sum of the mapped read depths at each refeeebase position, divided by the number of
known bases in the reference sequence. The mean read depth metric indicates how many
reads, on average, are likely to be aligned at a given reference base position. A mean read
depth of 20 is considered above adetpifor murine genomes. (g) Average alignments per

read for each individual sample. (h) Breakdown of the aligned reads and unaligned reads.

2.48Quantification to Ensembl transcriptome annotation

model Rattus NorvegicusRnor_6.0

Aligned reads were then uantified to the Ensembl transcriptome annotation model
associated withRattus Norvegicu&nor 6.0. A quantification report was also produced to
illustrate the characteristics of the aligned reads/gene counts and their coverage @.8ble

Figure2.10).
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Table2.9: Summary report of post alignmenbunt quantification report.

Sample
name

257L
257R
258L
258R
250L
259R
260L
260R
261L
261R
2621
262R
263L
263R
264L
264R
265L
265R
267L
267R
268L
268R
275L
275R

Condition

2 Days
Control
2 Days
Control
2 Days
Control
10 Days
Control
10 Days
Control
10 Days
Control
20 Days
Control
20 Days
Control
20 Days
Control
30 Days
Control
30 Days
Control
30 Days
Control

Average N/A

Timepoint

2 Days
2 Days
2 Days
2 Days
2 Days
2 Days
10 Days
10 Days
10 Days
10 Days
10 Days
10 Days
20 Days
20 Days
20 Days
20 Days
20 Days
20 Days
30 Days
30 Days
30 Days
30 Days
30 Days
30 Days
N/A

Total reads

12733878
12111318
12060967
11563494
12181250
12691094
11818009
13515662
1177013
12034969
12052228
1198130
11169925
12018817
12232729
11805653
11572268
11114335
11273483
10763212
11922533

7916529
11264773
12238929
11741979

Fully within

n exon

71.90%
70.99%
73.16%
72.01%
73.20%
71.91%
71.66%
72.24%
72.43%
71.67%
71.63%
71.35%
73.54%
71.93%
72.96%
71.40%
71.97%
71.94%
73.84%
74.26%
74.33%
72.69%
73.76%
71.68%
72.41%

Partly

within an

exon
1.35%
1.41%
1.30%
1.36%
1.29%
1.35%
1.33%
1.30%
1.37%
1.36%
1.33%
1.36%
1.22%
1.31%
1.32%
1.37%
1.26%
1.30%
1.19%
1.13%
1.12%
1.24%
1.13%
1.35%
1.30%
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Fully within
an intron

2.76%
2.7%
2.76%
2.76%
2.73%
2.61%
3.00%
2.79%
2.63%
2.65%
3.06%
2.70%
2.36%
2.46%
2.50%
2.78%
3.42%
2.69%
2.50%
2.06%
2.43%
2.46%
2.53%
2.55%
2.67%

Fully
intergenic

8.38%
9.11%
7.78%
8.63%
7.76%
8.73%
8.89%
8.71%
8.27%
8.73%
8.63%
8.91%
8.07%
8.84%
7.91%
8.89%
8.70%
8.70%
7.60%
7.7%%
7.77%
8.64%
7.98%
8.87%
8.43%

Incompatibl
e paired

end
15.61%
15.69%
15.00%
15.24%
15.01%
15.41%
15.13%
14.97%
15.30%
15.59%
15.36%
15.68%
14.81%
15.46%
15.32%
15.57%
14.66%
15.37%
14.87%
14.81%
14.34%
14.97%
14.61%
15.55%

Compatible
junctions

1029414
980027
926264
864677
930773

1000008
938141

1053644
937474
980454
949347
981010
835720
983229
917297
945686
822066
873359
797795
769815
79910¢
612004
770192
985440

15.19% 903456.1.

Total

junctions

125743(
120660<
111833¢
1057372
112626z
122552¢
113857¢
128675¢
113676
1199701
115602¢
120294
1016107
1203917
1118151
116178
1000631
106899¢

971467

944322

97487¢

748365

94205¢
120853¢
110297¢



Distribution of raw counts
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Figure 2.10 Quantification Report. (a) Frequency distribution of read counts per gene
identified shows a normal distribution. (b) Box plots indicating the average count per gene for
each individual sample. (c) Number of genes plotted against their mean expresabn le
(counts associated with the gene). (d) Coverage breakdown of all reads per sample as a
percentage fully within an exon, partly within an exon, fully within an intron, fully intergenic

and incompatiblgaired ends
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2.49 NormalisatiorBackground andESeq2 median of ratios

Following alignment and quantitation to an annotation model, gene set analysis can nearly
be performed. Prior to differential gene/transcript expression analysis and unsupervised
clustering analyses, it is necessary to normalise raunts/reads to make accurate
comparisons between samples and between groups. The counts of mapped reads from the
sequencingare both proportional to the expression of the RNA, as well as other factors such
as sequencing depth, gene length and RNA composition. Normalisation can be performed in
a number of ways to remove the effects of the additional factors listed above, so thageb

in counts directly correspond to changes in the mRNA of interest and not as a result of other

variables.

Sequencing depth (often referred to as read depth) describes the number of reads associated
with a given nucleotide in a particular sequence ofjene. For example, in a biological
replicate, if the total read time of sequencing is different, the subsequent total reads between
samples will be different and therefore will need to be normalised to avoid samples with more

reads conveying higher abunagee of genes.

Gene length normalisation is important for comparing expression between different genes
within the same biological sample. For example, if gene A is double the length of gene B, it is
likely that gene A would have more overall reads mappeiio> ¢ KA OK R2Say Qi

gene is in fact more abundant

RNA composition refers to normalising reads based on large changes in a few highly
differentially expressed genes between samples and is essential for differential expression
analysis. For exapte, in the transcriptome of a fast twitch skeletal muscle, 10% of all reads
may be mapped to the fast myosin genes. If between conditions there is a complete
transcriptional switch off of fast myosins there would be 10% more availability in total reads,
allowing for more of the overall reads to be mapped to lower abundance genes. An increase
in counts in this instance would be as a result of increased read availability rather than an

actual increase in abundance of a gene/transcript.

Counts per million (QW) is the total amount of counts scaled by the total number of reads

and therefore accounts for sequencing depth but neglects the consideration of gene length
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and RNA composition and can therefore only be used for gene count comparisons between
replicatesof the same group rather than between groups. Transcripts per kilobase million

(TPM) refers to the counts per length of the gene transcript (kb), per million reads mapped so
therefore accounts for both sequencing depth and gene lendgdmilarly, to TPM,
RPKM/FPKM (reads/fragments per kilobase of exon per million reads/fragments mapped)
considers sequencing depth and gene length but does not consider RNA composition of the
samples. There are currently two methods that consider RNA composition in the count

N2 NXYFfAAFIGAZ2Y LINRG202tf AyOfdzZRAY3I 59{Sl[uHQa YS
uses counts divided by specific size factors determined by the median ratio of gene/transcript
counts, as a relative proportion of the geometric mean per gene. Furth®\B@ 9 RISwQ3
trimmed mean of M values (TMM), also considers gene length by normalising by using a
weighted trimmed mean of the log expression ratios between samples (Robinson & Oshlack,
2010), enabling normalisation by all factors (gene length, sequencapghdand RNA

composition).
2.50 Differential Gene Expression Analysis

C2NJ 2dzNJ ylfeasSa ¢S dzaSR tINIS] Cft26Qa 26y
algorithm from R to normalise our read counts. Priat{Pomponent Analysis was performed

on samplesssigned to groups, control limhs=(12), 2, 10, 20 and 3(h=3 per group days of

spillover stimulation based on 2principal components from data that was not log
transformed. Gene set analysis was performed using Partek Flow Software (Partek
Incorporated, Missouri, USAand to identify differentially expressed genes between the

control group and the 2, 10, 20, 30 days of training timepointsn the 20,027 gene

transcripts identified
2.51 PrincipalComponent Analysis

Partek Flow Software (Partékcorporated, Missouri, USAyas used to perform a principal

component analysis oa default number of 24 principal components.

2.52 KEGG Pathway Analysis

121



Partek Flow Software (Partek Incorporated, Missouri, U8#9 used to perform KEGG

pathway analysisn selected filtered lists of genes.
2.53 SeHOrganising Map (SOM) Analysis

In order to plot/visualise temporal changesgyane expressioacross the timecoursestudied,
we implemented Self Organising Map (SOM) profiling of the change in gezenexpresion

within each condition usingartek Genomics Suite V.7.0 (Partek Inc. Missouri,.USA)
2.54 Venn Diagram Analysis

Venn Diagram Analysis was performed udtagtek® Flow@nd using the VIB/UGent Venn

online tool, http://bicinformatics.psb.ugent.be/webtools/VVenn/

2.55 Comparative Transcriptome Analysis

In order to identify common genes that are differentially expressed in responssistance
exercise, we accessed and selected genes based on their ords#groficancefrom the
following publicly availablestudiesdatasetsChaillou et al., (2013), Chaillou et al., (2015), Cui
et al., (2020), Pillon et al., (2020), Turner et al., (2019)
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Chapter3: Computational Analysief Skeletal Muscle
Immunohistochemistryto Assess Myonuclear Turnovevrith
Changesn Activity, Loading & Unloadingf Rodent Hindlimb

Muscles
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3.1 Abstract:

The number of myonuclei within a muscle fiber is an important factor in muscle growth, but

its regulation during muscle adaptation is not well understood. We aimed to elucidate the
timecourse of myonuclear dynamics during endurance training, loaded/untbagsistance
training, and nerve silenciAgduced atrophy with subsequent recovery. Thus, we modulated
tibialis anterior muscle activity in frelevzing rats with implantable pulse generators delivering
electrical stimulation and with implantable osmotiamps delivering tetrodotoxin (TTX) to
silence the motor nerve without transection. We used the updated, automated software
MyoVision to measure fiber typspecific responses on whole tibialis anterior cresstions

(each ~8000 fibers). Seven days of awmius low frequency stimulation (CLFS) reduced
muscle mass-12%), increased slower myosin isoforms and reduced [IX/3B%) and
substantially increased myonuclei especially in [IX/IIB fibers (55.5%). High load resistance
training (Spillover), producedrgpter hypertrophy (~16%) in muscle mass and fiber eross
sectional area (CSA) than low load resistance training (concentric) (~6%) and was associated
with myonuclear addition in a fiber typ@dependent manner (386%). TTaduced nerve
silencing resultedh progressive loss in muscle mass, fiber CSA, and myonuclei per fiber cross
section peaking after 14 days50.7%,-53.7%, -40.7%, respectively). Myonuclear loss
occurred in a fiber typendependent manner, but subsequent recovery during voluntary
habitual activity suggested that type IIX/lIB fibers contained more new myonuclei during
recovery from severe atrophy. This study demonstrates the power and accuracy provided by
the updated MyoVisionsoftware andintroduces new models for studying myonuclear

dynamics in response to training, detraining, retraining, repealisdseand recovery.

3.2 Introduction:

Skeletal muscle is highly responsive to changes in mechanical forces, with added load being a
key reguator of muscle hypertrophy, and muscle unloading being a trigger for muscle atrophy
Schiaffino et al., @L3) There are several potential adaptive mechanisms that may allow
trained muscle to recover faster than untrained muscle from periods of catabolism including
epigenetic modificationSharples et al., (2016), Seaborne et al., (2048djor miRNA levels

and myonuclear shap&lurach et al., (2020b)Myonuclear number itself has also been

suggested as a potentially stable indicator of previous episodes of hypert@phgersen,
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(2016) Myonucleicanalter their transcriptional activity in response to mechanical cues, such
as those caused by exercise, as well as to internal factors such as proximity to other myonuclei
Joplin et al., (1987), Cramer et al., (2020), Kirby et al., (2016b), Windner et al., (0dHse

in synthetic activity following exercise probably reflects a shift in mMRNA expression to
reprogram cellular phenotype in response to the demands imposed on the muscle fiber, as
well as increasing rRNA expression to increase translational efficiency and g&mddgpink

et al., (1995), Joplin et al., (1987), Nader et al., (2005)

To support transcriptional demands during muscle remodelling, it may be necessary to
increase the number of myonuclei per unit cell volume. Since muscle fibers arenfiost,

this is achieved through muscle stem cells (satellite cells), which can proliferate and then fuse
to myofibers adding new myonuclei. The presence of satellite cells is not completely
obligatory for short term loadnduced hypertrophyMcCarthy et al., (2011)r androgen
induced hypertrophyenglund et al., (2019phowever, in adult skeletal musdidurach et al.,
(2017) their depletion alters the myonuclear transcriptome and blunts adaptation to
exercise, proprioception and exercise capacigh et al., (2019), Engldret al., (2020),
Englund et al., (2021 5atellite cells also play an important role in muscle homeostasis by
communicating with endothelial and fibroadipogenic progenitor cells in skeletal muscle, as
well as with the myonuclei themselvé&rma et al., (2018), Madaro et al., (2019), Murach et
al., (2020c), Murach et al., (202However, whether all nuclei or newly added myonuclei are
permanent and able to act as a cellular mem@uynderen, (2016) or whether they can be

lost through caspase dependent and caspasipendent (Endonuclease G) mechanisms is

yet to be fully confirmedupontVersteegden et al., (2006)

CNIAYAY3d F2f{f26SR o0& &adzoaSljdsSSyd WRSGNI AYyAy3
show a varief of responses. Six months of detraining, after 2 months of progressive weighted

wheel running (PoWeR) revealed that the fiber type shifts, fiber hypertrophy and increases in
myonuclear number caused by training were reversed after detraining in the gastnaus

and plantariDungan et al., (2019), Murach et al., (202@y contrast, the soleus muscle did

not lose PoWeR adaptations following detraining; however, type | fibers showed higher
myonuclear content with no increase in fiber size. Clearly, the Iossldition of myonuclei

following training and detraining is a complicated phenomenon with findings suggesting that

there are large differences between responses according to models used, species, age, muscle
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group and muscle fiber typ&nijders et al., (2020aHow muscle disuse compares with
detraining and whether recovery from disuse atrophy anparable to trainingnduced
hypertrophy in terms of myonuclear dynamics are currently unknown. The requirement for
new myonuclei and whether those nuclei are retained may be controlled by a combination of

motor activity, oxidative capacity and tonic dich.

Currently, the most direct and accurate methods to assess myonuclei number are myonuclear
counts in single extracted myofibers, iotravital imaging of the small number of myonuclei
visible in superficial fibeBruusgaard and Gundersen, (2008), Stewart et al., (2009), Hastings
et al., (2020), Cramer et al., (2020), Hansson et al., (26@0)ever, these methods are labor
intensive and may not represent the population of myonuclei withimuscle that may have
thousands to tens of thousands of fibers with complex architectural properties, different
resting/working lengths and differing activation patterns. Thus, assessing entire whole muscle
crosssections via immunohistochemical labefjias we have done here remains the most

accessible and unbiased approach if performed by automatic, high throughput image analysis.

In this investigation, we combined the improved capabilities of MyoVision automated
histological analysis software to chatarize adaptive changes in myonuclei number per fiber
on whole crosssections of tibialis anterior, each containing between 6000 and 10,000 fibers,
in 3 adaptive conditions: 1) A time course of programmed daily resistance exercise (high load,
Spillover) 8. (unloaded contractions (concentric) to induce hypertrophy, 2) continuous low
frequency stimulation (CLFS) to induce an endurdreieed phenotype and 3) disuse
atrophy by means of reversible nerve silencing with subsequent recévehgr et al., (2017),
Schmoll et al., (2018We hypothesized that following our exercise training protocols, as all
muscle fibers are activated synchronously, the extent of growth and myonuclear accretion
may reflect the total activity time/loading similarly in &lber types. Furthermore, as our
atrophy model prevents propagation of action potentials in all muscle fibers, myonuclei may
be lost in a fiber typendependent manner, but the recovery by habitual voluntary activity
might produce myonuclear accretion aeding to the normal graded recruitment of muscle

fibers.
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3.3 Methods:

Disclaimer

The computational methods used in this chapter, specifidajlgVision 2.Gutomated image
analysis softwarevas developed by Dr. Yuan Wen at the University of Kentudikyown
contributions to the development of the new version of the software included extensive pilot
testing as an independent laboratopn the samples generated in this thesibe data of
which is provided in this chapteandViggars et al., (Z2).

Experimental Design

The animal experiments were conducted under the provisions of the Animals (Scientific
Procedures) Act 1986 and approved by the British Home Office (PPL 40/3280). Male Wistar
rats were groughoused with 23 per cage maintainingn alternating 12 h light 12 h dark

cycle. The mean weight of animals used was#38g, with a mean age of 18 weeks when

euthanised.
Electrical Stimulation Experiments
¥ Euthanasia Following Daily 'Spillover’ Training
¥ Euthanasia Following Daily Concentric Training
¥ Euthanasia Following 20Hz Chronic Stimulation
v
1 1Y 1 Y Y
L} T 5 T T L]
e‘)\)& %‘?{‘- 10 20
& o Days Common
Q‘O o peroneal
b‘\\ ((Q)\,b nerv
h o
\6&' & Spillover In-Situ Concentric/Chronic LFS In-Situ

Electrode Configuration Electrode Configuration

Figure 3.1: Schematic representation of electrical stimulation experimental time courses
studied andimepoints of euthanasia. For electrical stimulation experiments, an implantable
pulse generator (IPG) was placed within the abdomen with electrodes leading subcutaneously
to the left hindlimb with two possible electrode placements. Either with the antzieg

under the tibial nerve with the cathode under the common peroneal nerve (CPN) to produce
Spillover (loaded) resistance training or by placing both electrodes under the CPN to elicit
concentric (unloaded) resistance exercise or continuous low fregstimoulation (CLFS)

mimicking endurance training.

Resistance Training Protocols & Pattern
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Animals received 1 session per day of high (Spillover) or low load (concentric) resistance
training in the left hindimb via stimulation from an implanted pulse gaator (IPG) as
previously described&schmoll et al., (2@), for 2, 10, 20 or 30 days or underwent sham
surgery. Briefly, for high load (Spillover) exercise to elicit slight stretch under load, the
dorsiflexor muscles, tibialis anterior (TA) and extensor digitorum longus (EDL), received
supramaximal activatiovia a cathode placed underneath the common peroneal nerve (CPN),
while the anode was positioned underneath the tibial nerve and the stimulation current was
adjusted by remote programming, to recruit enough of the gastrocnemius, plantaris and
soleus (platarflexor muscles) to provide resistance against the contraction of the
dorsiflexors. In an additional group, animals received 1 session per day of unresisted
(concentric) contractions of the dorsiflexors for 30 days by placing both electrodes under the
CRN during implantation so there was no activation of the plantarflexor muscles, and the

dorsiflexors contracted against a low load.

Daily training was delivered automatically by the IPG and consisted of an initial 10 seconds of
preparatory stimulation at dow frequency (F = 4Hz, phase width =288 current =
approximately 1 mA), followed by 5 sets of 10 tetanic contractions at 100 Hz. Each contraction
lasted for 2s with 2s rest between contractions and 2.5 minutes of rest between sets. The
stimulation wasdelivered only in the left hinrdimb, so muscles of the right hidanb act as
unstimulated contralateral controls. Stimulation with these settings and the amplitude
chosen to balance dorsiflexion and plantarflexion described above wagohathted by all
animals without further anaesthesia or sedation. Regular observations during daily training

across the time course revealed no adverse behavioural signs.

Continuous Low Frequency Stimulation (CLFS)

As previously describetarvis and Salmons, (1991), Fisher et al., (288 ankle dorsiflexors
of the left hindlimb were continuously stimulated (24 h per day), at 20Hz for 7 days. This
pattern has previously been shown toduce a transformation from the control fast

phenotype towards a slower phenotype in the Ja&vis, (1993)

Electrical Stimulation Surgical Procedure

Animals were anaesthetised during implant procedures by inhalati@ngaseous mixture of

isoflurane in oxygen at approximately 3% for induction ar2Pd for maintenance. Once
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anaesthetised, a subcutaneous injectionefrofloxacin5mg/kg! body mass (Baytril®) and

an intramuscular injection of Buprenorphine (0.05mgfkgody mass) (Temgesic, Indivior,
Slough, UK) into the right quadriceps was administered with strict asepsis maintained
throughout the procedure. Silicone encapsulated radio frequency controlled implanted pulse
generators (IPGs) (MinivStim 12B, Competeeam for Implanted Devices, Center for
Medical Physics and Biomedical Engineering, Medical University Vienna, Austria) were used
to deliver impulses. The devices were implanted into the abdominal cavity accessed by a
lateral incision through the skin anmeritoneum, between the rib cage and pelvis on the left
side of the animal. A polyester mesh attached to the IPG was incorporated into the suture
line closing the peritoneum, securing the device against the abdominal wall. Two PVC
insulated stainlessteel electrode leads (Cooner Sales Company, Chatsworth, California,
U.S.A) with terminal conductive loops, were fed through the peritoneal incision and
tunnelled under the skin to the lateral side of the upper left hlmdb. A second incision was
made throudp the skin and biceps femoris muscle to give access to the CPN under which the
cathode was placed (to stimulate the dorsiflexors). The anode was either placed alongside
the cathode to stimulate the CPN alone and thus to produce unresisted (concentric)
contractions or placed in the muscular tissue deep to the tibial nerve about 5mm distal to its
bifurcation from the sciatic nerve to allow Spillover stimulation to produce additional partial
activation of the plantarflexors to resist the contraction of the sifiexors. All incisions were
closed in layers and-B days were allowed for recovery from surgery before the start of the

training protocol.

Nerve Silencinthduced Disuse by Tetrodotoxin & Recovery Protocols

Nerve Silencing Experiments

V¥ Euthanasia Following TTX Nerve Block
V¥ Euthanasia Following TTX Nerve Block with Recovery

TTX Cessation

N L 47DaysRecovery

Sciatic
nerve
Sural

— 1Y Y
Implant & 3 7 14 nerve
Nerve Block Initiation T\'b\'a\\‘
(Constant TTX Delivery of 0.5ul/hour) Days nerve

Common
peroneal nerve

Figure3.2: An overview of the iaitu placenent of the osmotic pump loaded with a pre

determined volume of tetrodotoxin (TTX), placed in the scapula region with silicone tubing
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leading to the left hindimb and the silicone cuff that encircled the common peroneal nerve

(CPN) to selectively blockethnkle dorsiflexors, while maintaining normal plantarflexion.

The CPN, the motor nerve responsible for contraction of the TA and EDL, was silenced for pre
set periods of 3 days, 7 days, or 14 days. Atrophy of the dorsiflexors was produced without
signs ofiber necrosis or denervation assessed by H&E staining. A separate group was used to
assess recovery after 14 days of tetrodotoxin (TTX) treatment. Osmotic pumps were
appropriately loaded so that the TTX infusion was exhausted aftdag4.and nerve aavity

could resume during 7 days of muscle recovery via habitual physical activity. Pumps were
weighed before implantation and again after explant to confirm that the expected volume of
TTX had been delivered over the time course of the experinMusclemass data from these

groups has previously been reporté&isher et al., (2017)

Tetrodotoxin Administration Surgical Procedure

Animals were anaesthetised as previously described for the implantable stimulator surgeries.

A miniosmotic pump (Mini Osmotic Pump 2002; Alzet, Cupertino, CA, USA) was implanted
subcutaneously in the scapular region. Silicone tubing was tunnelled undskith® the site

of the CPN. A second incision was made laterally through the skin, just proximal to the knee

joint and bicep femoris muscle (posterior compartment of the thigh) in order to give access

to the CPN responsible for action of the dorsiflexohssilicone cuff extending from the

silicone tubing was placed around the nerve. All incisions were closed in layers. The
miniosmotic pump (Mini Osmotic Pump 2002; Alzet, Cupertino, CA, USA) delivered TTX, a
sodium channel blocker that prevents generatanmd propagation of action potentials at the
CPNofthelefthind A YO ® ¢KS 2aY20AO LlzYL) adzOO0SaaTdzA f &
sterile 0.9% saline), by continuously blocking ankle dorsiflexion, whilst maintaining normal
voluntary plantarflexion i the tibial nerve. Disuse of the dorsiflexors by this means produces
progressive atrophyrisher et al., (2017)The welfare and mobility of the rats was checked

daily by animal welfare staff. There was little disturbancert@ 6 A f A &> odzi &2YS
RNRLIQ g1 ad 20aSNBSRE | 3IFAG Foy2NXIfAGe OKIF NY

inhibition of dorsiflexion.

Rat muscle sampling and preservation
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Animalswere humanely sacrificed using rising concentrations db@ardioxide, followed by
cervical dislocation.TA muscles from bothind limbswere immediately harvested, cleaned
of excess connective tissue and weighed. Thelmity of the TA was cut out, placed on cork
for transverse sectioning and frozen in meltisppentane above liquid nitrogen for later

immunohistochemical analysis.

Immunohistochemistry

adzaOf S al YL Sa ¢SNB aSOGA2YySR |4 mn>Y dzaAy3
2yG2 C¢CKSNXY2 {OASYGATAOx { dzLJSNX NERSziéntifit lhogdza 1 | R
Waltham, USA). Muscle cressctions were labelled with primary antibodies against
dystrophin (MANDYS8H11 or a polyclonal dystrophin antibody) to demarcate the inside of

the sarcolemma for all the experimental samples. Fiber type analygssperformed on TA

muscles within the 30 days Spillover resistance training, 30 days concentric resistance
training, 7 days 20Hz CLFS, 14 days atrophy and 14 days atrophy with 7 days recovery groups,
through labelling of dystrophin, as well as-BA (ant myosin type I) and STl (anti myosin

type 11A) hybridoma supernatants, diluted in immunobuffer (IB) overnight and then washed 3

x 10 minutes in IB. Unstained muscle fibers were later measured as 11X/IIB fibers. Appropriate
secondary antibodies with spiic Ig fragments were diluted in IB for 2 hours, followed by 3

X 10 minutes in IB. IB consists of 50mM glycine (Merk 1.02401_1000), 0.25% BSA, 0.03%
saponin (Sigma 100g7900), and 0.05% sodium azide in phosphate buffered saline (PBS,
10mM phosphate pH.4, 150mM NacCl).

For all crossections, following incubation with primary and secondary antibodies (Rabje

nuclei were labelled with DAPI (D1306, Thermofisher Scientific) at a concentration of 30nM
diluted in PBS for 30 minutes, prior to 3 s»mihute washes in PBS. Coverslips were then
mounted onto crossections with VECTASHIELD® Antifade Mounting Medium (Vector
[F62NF G2NASaT 'YOd | SYlFLG2EetAy YR 92aAy 61 9
& S Nsedtidn€within-10-60um, to check foevidence of damage, deggenerationand fiber

loss by independent researchers.

While SD$ I 3S A& 3ISYSNIftfte O2yaARSINERIHIAAIDSD2 YR |
myosin heavy chain content, performing reproducible blots can be l|alensive.

Immunohistochemistry is now more widely used in the field due to it being relatively

131



inexpensive, reproducible, and accurate determination of fiber type. Antibodies generated by
5N { OKA Il TFAYy 2084petMIgi2bl ST1-tIAtyReIEVIgGL,.BF3type IIB
aL3auvs FyR 5N | 2 KQallxNIgM), ark gimost &lRaySused bycthem
muscle community after they were deposited to the Developmental Studies Hybridoma Bank
(DSHB) for extremely cheap redistribution and have been shown to aeexss a wide range

of species (Bovine, Canine, Fish, Goat, Guinea Pig, Horse, Human, Lamb, Llama, Mouse,
Porcine, Rabbit, Rat, Zebrafish) due to the conservation of the native myosin heavy chain
protein. Of note the SE1 antibody is specific to IlA indents, whereas it recognises IIA and

[IX in humansand canines. Due to the wide use of these monoclonal antibodies by our
collaborators at the University of Kentucky, we did not need to perform optimisation of
antibody concentration on unfixed réissue See the following from collaborators and other

labs that have utilised the same antibody cocktdlistke et al., (2021), Eftestgl et al., (2016),
Hettinger et al., (2021), Lucas et al., (2000), Mortreux et al., (2021), Murach et al., (2019b),
Muracd et al., (2020b), Roberts et al., (2020), Schiaffino, (2018), Viggars et al., (2022), Wen et
al., (2018a)

Imaging

Once labelled, whole muscle cressctions were imaged using a widefield fluorescent
microscope (Leica DMB 6000, Wetzlar, Germany) with a 10x objective. Multiple images were

automatically stitched together using the tilescan feature in the Leica Application Suite.

MyoVision2.0 Analysis:

MyoVision 2.0 introduced major upgrades to the original MyoVision software, but the
fundamental workflow including fiber detection, fiber type classification, and myonuclear
counting remained essentially the same as described previduslyet al., (2018b)~or fiber
detection, the software uses the single channel intensity image of dystrophin labelling as an
input as well as the pixel scajeni/pixel) to allow for calculation of mean fiber cressctional

area in units of square micrometres. Following fiber detection, a single channel intensity
image of immunédabelled myosin heavy chain or nuclei can be provided to the software to
classify fiber type or quantify myonuclei number. For each myofiber cytoptasagion
excluding the periphery, the mean myosin heavy chain immunofluorescence intensity was

guantified on a scale of 0 to 1, with 1 being maximum signal for the section. Only fibers with
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mean myosin heavy chain intensity greater than 0.5 were cladsifidrue for that fiber type

being measuredWhen analysing multiple fiber types, the image corresponding to each fiber
GeLS ¢la FyrfteaSR AYRSLISYRSyl(Gfed ¢KdzaAZ | FAO
for all fiber types included inthe andlyhA &8 ¢ KSNBIF & || GK@ONARE- Of I a4&.
expression of at least two different myosin heavy chain isoforms within the same fiber. The
criteria for myonuclear classification remain the same as in the previous version; specifically,

a nuclear egion with its centroid inside the fiber dystrophin border and at least 50% of its

total area within the fiber cytoplasm is counted as a myonucleus.

A major upgrade to the software is the implementation of neural networks in fiber detection
and fiber typeclassification steps. As summarized Appendix 3 multiple steps in the
previous MyoVision algorithm have been replaced witimdl modelsRonneberger et al.,
(2015) which demongtated superior performance in the segmentation of grayscale intensity
based images of cells. The models were trained using annotated images of 256 by 256 pixels.
Briefly, images of whole crosections were labelled as true for foregrounide( fiber
boundary) and false for backgrounde(, non-specific signals or staining artefacts). These
images along with their ground truth label were separated into 256x256 pixel regions. The
same image and ground truth label were then reduced by-tald in size sequdially, and
256X256 pixel regions were extracted from the smaller images in a similar fashion as the
original image. Reducing the image size allows for the model to learn at different image
resolutions and different magnifications. Images representindd %, and 0.25x along with

their ground truth labels were used to train the weights of-aél model for up to 100 epochs

at 300 steps per epoch using Keras (v2.2.4) and Tensorflow (v1.13.1). Models were similarly
trained for each step in the algorithm t@place the corresponding steps in the previous
version of the software Appendix 3. Of note, the previous software included the active
contour algorithm by default, which expands the fiber contour as close to the inner edge of
the dystrophin border as gssible to allow for myonuclear counting. This step had been
relocated to the nuclear counting analysis exclusively due to its resource intensiveness and
the fact that general fiber detection does not require such stringent delineation of the inner
edge ofthe sarcolemma. This modification led to slightly smaller fiber esestional area
values (~5%) compared to the previous version of the software. This modification was

favorable not only from a computational resource perspective, but also resultedlues/a
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more in line with various other approaches in the literature that do not include any
myonuclear analysis. The software will be made freely available to the research community
and additional documentation for the current version can be found on

www.myoanalytics.com/myovision2

In addition, users now have control over circularity, solidity and eccentricity parameters for
identifying fibers Appendix 4, for analysis of different muscle phenotypes aextreme
atrophic conditions. Other functionalities introduced in this upgrade include robust detection
of whole crosssections, batch processing of images for large projects, export of
representative images from the software, exporting images from Olympigsoscopes,
adjusting images to control for background noise, and output of multiple shape descriptors

for each fiber.

A total of 166 complete crossections of rat TA were generated by tile scanning and
reconstructing to generate single image files &ach muscle. These were analyzed in the
process of beta testing of the new software taking an average of 20887 minutes per
crosssection for detection and analysis of fiber CSA, three fiber types and myonuclear
YdzYOSNI 2y | t/ {LISOAIFfAAlG f I LBIBKIEPU Z.H0ENAILIS R
processor and 64GB of RAM.

Further information on the use of My@fon 2.0 software can be found appendices &.

Manual Quantification versus Myovision 2.0 for assessing severely atrophied muscle fibers

Hematoxylin and Eosin (H&E) stained cresstions were used for manual quantification of
fiber number, which was performed on 5 se#lected fields of view containing (~4500)
muscle fibers with the most severe atrophy after 14 days of TTX treatmsintg the multi

point tool inImagePro Plus 5.1 software (Media Cybernetics, MD, Ufg#%&), number was
counted and then compared with analysis by Myovision of the serial immunohistochemically
labelled field of view, identified by means of landmarks suglblaod vessels or distinctive

connective tissues.
Statistics

Data are presented as the % change between the left experimentatliniidand right

internal contralateral control hindimb for overall muscle mass (mg/kg bodyweight), fiber
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CSA, myonuclei pefiber crosssection and myonuclear domain across all experimental
models, that is, the absolute difference (positive or negative) expressed as a percentage of
the control value. The resultant percentage changes were then compared viavayne
ANOVA, folloB R 06 & ¢ dzho8 @nAlysis thJRoafiim differences between groups. For
fiber type-specific analysis, absolute values of fiber number, fiber type proportion, fiber CSA,
myonuclei per fiber crossection and myonuclear domain were compared between groups
using oneg I & ! bh+! Qas F2f f shacSRalyss do confirh SliFefeacesLI? a
between groups. Simple linear regression was also performed on % changes between muscle
mass, fiber CSA, myonuclei per fiber cresstion and myonuclear domain size. Fbe
recovery group from TTX, -@fficient of variation was performed on values produced by
expressing the 14 days TTX witdayrecovery muscle values, as a percentage change from
the meanl4-day TTX treatment values to show the extent of myonuclear aollibs a %
increase, rather than a % decrease from baseline. Significance was Bet @t05 for all
statistical analyses, performed in GraphPad Prism 9.0 software. All data are presented as

meanz standard deviation (SD).

Furthermore, in order for ongvay ANOVAs to be performed on percentage change data, it
was confirmed that there were no significant differences between any of the colmtnol
measurementsvhich may bias or influence the dadiggars et al., (2022¢ported that there

were no significant differences in body weight (Table 1) betweeno&rlye control groups.
Further analysis revealed no significant differences between any of the groups when the raw
TA muscle weight of the contralateral control limb was compared via axayeANOVA with

¢dzl SeQa vYdzZ GALX S O2 YL djostadPyalue. FS #is Feason2weI Sy SN
continued with presenting statistical analysis on the percentage changes between the left and
right limbs for muscle mass and CSA. Despite there being no significant differences between
groups, we note that there was a trend taewds significance between and 7days atrophy

in the contralateral muscle weight® € 0.0932) with a mean difference of 0.0515 grams. In
the spillover resistance training dataset, there was a trend for a significant difference between
the sham contralagral muscle weights and 30 days spillover training contralateral muscle
weights, P=0.0636), with a mean difference of 0.1205 grams between these muscle groups.

As the variance in the individual data points is shared within the figures for fiber typéispe
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measurements, we do not believe this will affect the interpretation of the findifideese

differences can be visualisedAppendix 7.

3.4 Results:

Tibialis anterior (TA) fiber type, number, size and myonuclear characteristics in control hind

limbs

We first sought to assess the fiber type composition, fiber eeessional area (CSA) and
myonucleasrelated characteristics of the rat TA muscle in 32 untreated control-himbs
acrossall our experimental conditions. Despite the TA being a predotelgafasttwitch
muscle, we pay particular attention to the slower, more oxidative myosin isefmmtaining
muscle fibers as they still make up about 25% of all muscle fibers at thbettyd Our data
(Figure3.3A) confirms previous measurements of filgpe percentages in rat TA with [IX/IIB
fibers (75.7+ 8.4%)epresenting a significantly higher population than all other measured
fiber types P<0.00001). While 1lA fibers represented a significantly lower proportion of the
TA muscle (21.297.1%), they represented a significantly higher proportion than type I/lIA
hybrids (3.0% 2.4%, P= <0.0001) or pure type | fibers (2.684.1%P= <0.0001)respectively.
There was no significant difference between the proportion of type | and type I/lIA hybrid
fibers,P= 0.859. As well as being the predominant fiber types in the TA, type IIX/1IB fibers also
possess significantly higher mean fiber CSA (28827um?) than all other fiber types
measured (Figure3.3B), P <0.00001. Type IIA mean fiber CSA (139912um?), was
significantly larger than both type I/lIA hybrid fiber CSA (3388 im?, P= 0.0010) and type

| fiber CSA (1188 229 um?, P =0.0053).Furthermore, there was no significant difference
between type I/lIA hybrids and type | fiber CSA. Interestingly, there was no significant
difference between any of the fiber types for the number of myonuclei per fiber esesson
(Figure3.3C), with typd, I/lIA hybrids, 1l1A, and 11X/11Bs containing G952, 1.01 £ 0.22, 1.09

+ 0.22, 1.03 + 0.23 myonuclei per cra@extion, respectively. As a result, myonuclear domain
size was significantly larger in type 1IX/IIB fibers (2564 + IWd2han all otherfiber types
measuredP<0.0001 (Figur8.3D). There was no significant difference between type | (1417
+ 620um?), type I/IA hybrids (1483 727um?) and type lIA (1362 544um?) myonuclear

domain sizes. The mean total fiber number detected acrosoattol TAs{=32) was 806&
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1078 per TA (Figurg3E). Despite a large sample sizegfficient of variation (CV) was still
13.38% for total fiber number, demonstrating the need for an internal contralateral control
measurement. The CV of the differenicefiber number between left and right hiddmbs is
only 5.04% from 63 pairs of TAs in this stuithytal fiber number was not significantly different
between any group or between the left experimental TA and right internal contralateral
control TA afterany treatment P>0.05) (Figur&.3E). Some variation was present between
left and right hindlimbs in the same animal which we believe is a combination of natural fiber

number variation between contralateral limbs.
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Hematoxylinand eosin staining of TA mizklly crosssedion following 14 days of TTX
treatment for assessment of damage, degeneration and denervation. (H) Serial
immunofluorescence section of G, depicting the deep oxidative portion toward the top right

of the transverse section (More green and red fibers).gééa = Dystrophin, Blue = Nuclei,

Green = Type 1, Red = Type llA, Black Fibers = Type IIX/lIB). Scale bar = 2000um. (I) Higher

magnification of muscle fiber staining from deep oxidative portion. Scale bar = 40um.

Continuous low frequency stimulation (OL&Sthe TA induced a reduction in fiber CSA, an

increase in myonuclear content and changes in myosin heavy chain isoform composition.

To check that surgical intervention alone did not alter muscle mass, fiber CSA or myonuclear
characteristics, sham IPGsdaelectrodes were implanted in the left hidunb, and animals

given 7 days to recover before euthanasia and muscle assessment. There were no significant
differences in any characteristics studied between the operated and contralateral control TA
in thissham group (Figurd.4A-D). By contrast, 7 days of 24 hour per day 20Hz stimulation
caused a significant decrease in muscle mak3.q + 4.86%,P = 0.0026) (Figur8.4A) in
comparison to the unoperated control TA, concomitant with a similar decreasesnolenfiber
CSA-8.59+11.41 %P = 0.024), Figur8.4B). Despite the loss in mass and fiber CSA, there
was a highly variable yet significant increase in myonuclei per fiber (5344487 %P =

0.0328, Figure3.4C) when assessed across the entire nmaistbsssection, resulting in a

significantly lower myonuclear domain sizB§.08+27.87 %P = 0.0097, Figurd.4D).

When assessing fiber tygpecific changes, there was a shift in fiber type proportion (Figure
3.4EH) with a significant reduction itX/II1B fibers from 80.%8.4% to 62:11.3%P= 0.0003
after 7 days of CLFS. The percentage of type | 2108% vs. 4.9%2.95% P = 0.99) and IIA
fibers (15.65+ 6.75% vs. 15.53 £ 2.9%+= 0.99)did not alter significantly between control
and CLFS limbs respectively, although there was a substantial increase in Type I/lIIA hybrids
following CLFS (1.781.8% to 17.52 8.2%,P = 0.0032) suggesting that 11X/IIB fibers had
shifted to I1A and existonllA fibers had shifted to a type I/lIA hybrid phenotype. Interestingly,
there were no significant differences in fiber CSA (Type | Control, A22Bm? vs. Type |
CLFS, 1252 + 10@8, P= 0.99. Type I/lIA hybrid control 1201 + 3@vs. Type I/lIA Hyil
CLFS 1061 + 160@ P = 0.97. Type IIA Control 1370 + 14%wvs. Type IIA CLFS 1316 +
157pm?, P=0.99. Type lIX/IIB control 2253 + 3idfvs. Type IIX/IIB CLFS 1954 + 342
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= 0.45 Figure3.4l-L), despite the overall significant decrease in mufibler CSA-18.59+
11.41%P= 0.024). Therefore, the transformation of 11X/IIB to [IA myosin isoforms is probably
the combined effect of insignificant decreases in fiber size, as well as a shift in fiber type

proportion (Figure8.4EH).

To further elualate the significant increase in myonuclei per fiber across the entire muscle
crosssection following CLFS, we analysed myonuclei per fiber-sext®on for each fiber
type. While there were trends suggesting addition of myonuclei in Type [ {@8% \s. 1.06
+0.16,P = 0.83, Figur&.4M), Type I/lIA hybrid (0.940.06 vs. 1.} 0.16,P = 0.85, Figure
3.40), and Type IIA (0.90.19 vs. 1.26 0.23,P=0.14, Figur8.4N) fibers, the increase only
reached significance in 11X/IIB fibers (0#88.23 vs. 1.32 0.31,P= 0.0044, Figur8.4M-P).

This was further reflected in the sizes of the myonuclear domain, with no significant
differences between control and CLFS ineTy(1825+ 441um? vs. 1177 294um?,P= 0.95,
Figure3.4Q), Type I/lIA hybrid (1608948 m?vs.932+ 262um?, P= 0.94, Figur8.4R), and
Type IIA (1634 468um? vs. 893+ 304um?, P= 0.90, Figuré.4S) fibers, but a significantly
lower in 1IX/IIB myonclear domain size (3996 2554um? vs. 1232+ 394 um?, P = 0.0007,
Figure3.4T).
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Figure3.4: (A) Percentage change in muscle mass between the left experimental tibialis

anterior (TA) and right contralateral control TA, following 7 daysoatinuous 24our low

frequency stimulation (CLFS) and 7 days post sham surgéy RiBer CSA, myonuclei per

fiber crosssection and myonuclear domain size assessed across all muscle fibers, expressed

as percentage change between left experimental i reght contralateral control TA. ()

Fiber type proportions in control, 30 days Spillover training and 30 days concentric training.

(I-L) Fiber typespecific fiber CSA. (M) Fiber type specific myonuclei per fiber ceesgion
measurements. (Q)FiIE NJ 18 LIS &ALISOAFAO Yeée2ydzOf SI NJ R2YI A

FFFt X nodnnm® FFrFt X nodnnnanmd aSly 5

Spillover resistance training produces a greater hypertrophic and myonuclear response than

concentric resistance training.

Spillover resistance training (loaded contractions) produced at3l3%% change in muscle
mass after just 2 days of stimulatiod=£ 0.1) and reached statistical significance after 10 days
(13.6 + 5.89= < 0.0001), 20 days (16.7 + 4.4%,<0.0001) amh 30 days (15.9 + 5.6R= <
0.0001), in comparison to both sham surgeR/<( 0.001) and their contralateral internal
controls P< 0.001) (Figur85A). There were no significant differences between 10, 20 and
30 days of Spillover stimulation, illustragy that muscle mass had plateaued between 10 and

20 days and thus, further daily training did not increase muscle mass. Thirty days of training
with the identical daily activation but no active resistance from the plantar flexors produced

a significant incase in muscle mass (6.2 = 4.9, 0.05), but was significantly lower than

with 10, 20 or 30 days of Spillover stimulatiédh=(0.0493P = 0.0036 andP= 0.0037, Figure
3.5A). Analysing overall changes in muscle fiber CSA revealed a delayed incnegeseddo
muscle mass (Figu@5B), with a trend suggesting an increase in fiber CSA after 20 days vs
the sham control group (7.61 + 1.58P6; 0.316), which reached significance after 30 days vs.
the sham control group (17.55 £ 8.56P6; <0.0001). Conadric resistance training did not
cause a significant increase in fiber CSA vs the sham control group (5.19 +R2=2B%8),
meaning that 30 days Spillover training showed significantly higher increases in CSA than 30
days of concentric training®?(= 0.0M19). Part of the early increases in mass may be due to
muscle swelling, and the lack of a plateau in the CSA data suggests that fiber hypertrophy is

ongoing even after 30 days of Spillover training. Similarly, myonuclei per fibersgctisn
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did not inaease after 28.8 £ 14.5%4=0.97), or 10 days (1.42 + 10.994,0.99) and showed

a trend for increase after 20 days (35.29 + 21.18%,0.1948, Figur&.5C).Myonuclear
accretion eventuallyeached significance after 30 days of Spillover trainingo®4 42.64%,
P=0.0041), which was significantly higher than theda§ concentric training group (11.89
10.06%pP= 0.0255, Figurd.5C). The concentric training group was not significantly different
from the sham control groud?= 0.983). Furtherma, there were no significant differences
from the sham operated group in myonuclear domain size after 2 days (11.53 + 1®.55%,
0.7548), 10 days (0.96 + 15.839%; 0.9998), 20 daysl0.04 + 11.2%= 0.3012), or 30 days
of Spillover training-21.15 +2.42% P = 0.14), nor with 30 days of concentric training. 33

+ 10.22P=0.966) vs. the control groudl(16 + 4.54%, FiguB5D). However, due to a slight
increase in myonuclear domain size after 2 days of Spillover, there was a significant reduction
in the percentage change between theddy Spillover training group and both tBé-day (P

= 0.0306) an®@0-day(P=0.0111) Spillker training groups.

After identifying significant increases in both muscle mass, fiber CSA and myonuclei per fiber
crosssection after 30 days of Spillover training, but no significant changes in anything but
muscle mass after 30 days of concentric tiagn we sought to identify any potential fiber
type-specific adaptations at 30 days. Type | fibers showed no significant shifts in overall
proportion between the control group (2.54 + 1.05%) and both 30 days of Spillover training
(6.57 £ 4.96%R = 0.94),and 30 days of concentric training (5.01 + 2.36960.99), (Figure
3.5E). Similarly, there were no significant differences between the control (2.79 + 1.5%), 30
day Spillover (5.16 £ 2.99%),3fFday concentric groups (5.86 + 1.52%) for type I/1IA hybrid
fiber proportions P>0.9), (Figur8.5F), and between control (21.02 + 6.98%)d3§ Spillover
(17.81 £ 8.39%) @0-dayconcentric (25.29 + 3.04%) groups for type IIA fiber proportiéns (
>0.51), (Figur8.5G). There were no significant differencediloer proportion in type 11X/11B
fibers between the control (73.64 = 7.87%) and 30 days Spillover group (70.47 + 13:98%.
0.995), (Figure3.5H). As there were no clear alterations in fiber type proportions, we
investigated fiber typespecific CSA to detmine the cause of the increase in muscle mass
and average fiber CSA. 30 days of Spillover training produced a significant increase in type |
fiber CSA above the control group (1507 + 263us1 1105 + 241ufmP= 0.0031), whereas

30 days of concentricaining was not significantly different between the control andday

Spillover training group. (1273 + 73.94®> 0.907), (Figurd.5l). While fiber CSA seemed to
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be observably higher in some animals, large variation in the training groups revealed no
significant differences between Type I/IIA hybrid fibers between control (1149 + 19&nd

both 30 days of Spillover (1359 + 307u= 0.558), or 30 days of concentric training (1302

+ 95un?, P = 0.9474, Figure3.5J). Although modest trends appeared, s@nificant
differences were detected in Type llIA fibers between control fiber CSA (1392 +3)54nch

both 30 days of Spillover (1650 + 2651=0.236), or 30 days of concentric training (1522

+ 135unt, P=0.984), (Figurd.5K). By contrast, @bust increase in Type IIX/1IB fiber CSA was
observed between the control and 30 days of Spillover training (2481 + 222 vs. 2969 +
268un¥, P <0.0001), which was not observed after 30 days of concentric training (2673 +
176un?, P= 0.795, Figur.5L).

Myonuclei per fiber crossection was significantly higher across all fiber types studied after
30 days of Spillover training vs control: Type | (1.43 £ 0.26 vs. 1.023 P9.0®078, Figure
3.5M); Type I/lIA hybrids (1.28 = 0.35 vs. 0.93 + (P4 0023 Figure3.5N); Type lIA (1.5 £
0.31vs. 1.047 + 0.1P= 0.0015, Figur8.50); and Type IIX/IIB (1.448 + 0.36 vs. 1.062 +0.24,
P=0.0161, Figur8.5P). By contrast, with unloaded training (concentric) we only observed
modest trends suggesting that miyoclei were added after 30 days but none reached
significance (Type |, 1.23 + 0.56; 0.823. Type I/llIA Hybrids, 1.28 + 0.R&,0.11. Type lIA,
1.31 £ 0.22P= 0.46. Type IIX/IIB, 1.39 + 0.PL 0.18), (Figur8.5M-P). Despite this, there
were no ggnificant differences between myonuclei per fiber after 30 days Spillover and 30
days concentric training (TypeR= 0.89. Type I/lIA HybridB= 0.98 Type 1A= 0.93. Type
[IX/11B, P =0.98) (Figure3.5M-P). Furthermore, there were no significant fdiences in
myonuclear domain size across any of the fiber types investigated between the control and
both loaded (Spillover) and unloaded (concentric)d2y training groups (Figu@5Q-T), so

on average myonuclei were added in proportion to the incraadéer CSA.

Using simple linear regression analysis to assess the relationships between measured
variables across our timecourse of resistance training, we found significant positive
correlations between percent changes in muscle mass and percent ebaméjber CSA {R
0.2324,P = <0.007) and myonuclei per fiber cresction (R= 0.1568,P = 0.0303, Figure
3.7A-B). The ceefficient of variation between percent changes in muscle mass and percent

change in myonuclear domain size was sighificant, (R= 0.08682P= 0.114, Figur8.7C).
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Percent change in fiber CSA had a significant positive correlation with percent change in
myonuclei per fiber crossection (R= 0.3826 = 0.0003) and had a positive trend toward
significance with theercent change in myonuclear domain siz€ £F.1214,P = 0.0592,
Figure3.7D-E). As expected, the edficient of variation for percent change in myonuclear
domain size and percent change in myonuclei per fiber eseston reached significance?(R

=08137,P=<0.0001, Figura.7F).

145



Time course response to loaded & unloaded resistance training
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Figure3.5: (A) Percentage change in muscle mass between the left experimental tibialis
anterior (TA) and right contralateral control TA, over a time course of Spillover training and
following concentric training. (B) Fiber CSA, myonuclei per fiber csesdion and
myonuclear domain size assessed across all muscle fibers, expressed as percentage change
between left experimental TA and right contralateral control TAd)Eiber type proportions

in control, 30 dayslover training and 30 days concentric trainingLXIFiber type specific

fiber CSA. (MP) Fiber type specific myonuclei per fiber ceestion measurements. {Q)

Fiber typeda LISOAFA O Yeé2ydzOf SI NJ R2YIFAYy &A1 S&adK pt XK
0.0001. Mean * Standard Deviation.

TTXinduced skeletal muscle disuse atrophy causes a lossyohuclei,and subseguent

recovery of muscle mass is associated with substantial myonuclear addition.
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Time course response to TTX-induced atrophy and recovery
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Figure4.6: (A) Percentage change in muscle mass between the left experimental tibialis
anterior (TA) and right contralateral control TA, over a time course of tetrodotoxin- (TTX)
induced nerve silencing atrophy and subsequent recovery through habitual acthXy{iBer

CSA, myonuclei per fiber cragstion and myonuclear domain size assessed across all muscle
fibers, expressed as percentage change between left experimental TA and right contralateral
control TA. (HH) Fiber type proportions in control, followihg days atrophy and following 14

days of atrophy with 7 days of subsequent recovetly) Hiber typespecific fiber CSA. (R

Fiber typespecific myonuclei per fiber cressction measurements. {Q Fiber typespecific

Y@ 2y dzOf SI NJ R2 YIpAd FafAti S, dn paM DK Frpdiat XK ndnnamd

Standard Deviation.

As previously reporteéfisher et al., (2017gxposure to TTX produced a progressive loss in TA
muscle mass 06.98 + 2.5% at 3 day9.4 + 5% at 7al/s and-50.7 = 2.9% after 14 days.

The changes were significant at all time points vs. the sham operated gfb0p,+ 2.5P<
0.0001), (Figure3.6A). After 14 days of TTX exposure, followed by 7 days of recovery by
habitual activity, muscle masgynificantly recovered by 51.7% vs. 14 days of TTX exp&sure (

< 0.001). Seven days of recovery did not completely restore muscle mass, as muscle mass was
still significantly lower than the sham group € 0.001), although muscle mass was not
significanty different to the 7 days of TTX administration groBp=(0.56)which suggests that

the rate of loss over 7 days is similar to the rate of recovery. We made a completely new
immunohistochemical analysis for this paper, cutting new sections from the $eomen
muscles for analysis of whole muscle cresstions with the updated MyoVision softwar.

trend was observed, suggesting a loss in detected fibers after 14 days atrojil®yaf 7.8%,
(P=0.052). However, when fiber number was manually countedHematoxylinand eosin
(H&E) stained tissue sections frald-day TTX treatment, looking specifically at the most
severely atrophied fibers, there was good agreement with the automatic detection in the
most challenging fields of view, (8&#4.3%, where ~B% of the fibers had become too small

or squashed to be successfully identified by MyoVision as a muscle fiber as opposed to
interstitial tissue. With MyoVision 2.0, we added a feature for users to change the myofiber
identification parameters in relatiorio circularity, solidity and eccentricity to allow for
adjustment to muscle phenotypes where cresectioned fibers become less round (more

pennate architecture and may be not identified based on default parameters. However, for
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our analyses we kept the frult parameters the same for consistency across experimental

groups (0.6 circularity, 0.85 solidity, 0.95 eccentricity).

H&E staining showed no evidence of fiber loss, splitting or newly formed fibers in any of our
multiple endpoints as previously repodd-isher et al., (2017), Schmoll et al., (20M)scle

fiber CSA progressively declined vs. the sham operated group, reaching significance at 7 days
(-33.7 £ 9.2%< 0.0001) and further declining at 14 days3(7 + 10.8% H< 0.0001)After
cessation of TTX delivery and 7 days recovery, muscle fiber CSA was still significantly lower
than the sham operated groufP€& 0.012), despite significantly increasirg(4 + 11.1%) vs.

the 14day atrophy timepoint. Much like muscle mass, fibeA@Gsses were not significantly
different to the 7 days atrophy timepoinPE 0.293), suggesting CSA recovered at the same
rate as CSA loss (Fig®éB).

Measurements of myonuclei per fiber cressctional area revealed a trend suggesting
myonuclei werebeing progressively lost after only 7 days of atropi2 2 + 21%P = 0.45),
later reaching significance after 14 days of atropd0(72 + 21%P = 0.0489). From the
substantial loss of myonuclei per fiber cresection observed after 14 days of atropl40.72

+ 21%), 7 days of recovery allowed for myonuclei per fiber egesgon to significantly
increase by 38.67 + 33.08 % vs. their internal contralateral contal9.049). This suggests
that myonuclei are added in substantial numbers above baselalues in order to aid in the
regrowth of muscle following atrophy, (Figue&C). Myonuclear domain size % changes did
not differ significantly between any of the time points, (Figl8éD). There was high
variability between animals, although a trendasvobserved for a decreased myonuclear

domain size in the Xday atrophy with7-dayrecovery groupsH= 0.12).

To identify whether the changes in myonuclear content varied between fiber types, we
conducted further analyses on the -tlay atrophy group and4-day atrophy with 7 days
recovery group. Analysis of fiber type proportionsath timepoints revealed no significant
differences in overall fiber type percentage, though a trend was observed for an increase in
type IIA fibers after 14 days of atropfB2.72 + 8.07% = 0.357) and 14 days of atrophy with

7 days recovery (34 £ 12.04%+ 0.118) vs. the control limbs (24.43 + 6.12%), (Figee

H). This was concomitant with trends suggesting a reduction in type 11X/1IB fibers after 14 days
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atrophy (6086 * 10.14% = 0.2153), and following subsequent recovery (59.04 + 13.R4%,
= 0.0575) versus the control group (70.01 = 6.19%) (FB)GF.

With no clear shifts in fiber type, we assessed fiber CSA to determine whether atrophy was
similar across ffier types. The shape of the bar charts looks similar for each fiber type, but
significant differences were only noted in type IIA and 1IX/B fibers. In comparison to the
control type | fibers (1179 + 178 14 days of TTX treatment did not caussignificant
decrease in fiber CSA (796 + 17GuR= 0.14), nor a significant change in the recovery group
(988 + 155urf), from either the control®= 0.94), or atrophied muscleB£ 0.98, Figur8.6l).
Similarly, type I/11A hybrids (1148 + 130f)rehowel no significant decline following atrophy
(796 + 125urfy, P= 0.24), or recovery from atrophy (1009 + 7Zu= 0.957, Figur8.6J).
However, there was a significant decrease in type IIA fiber CSA after 14 days (1423 % 298um
vs. 968 + 89urh P= 0.035)which had recovered back to the mean control CSA after recovery
(1368 + 77ury, P = 0.99, Figu6K). By contrast, while type 11X/IIB fiber CSA was reduced by
56.6% in the atrophy group (2325 + 394{as. 1010 + 228uMmP<0.0001), fiber CSA was not
ableto recover completely to the level of the control muscle after 7 days of recovery (1746 +
601un?, P = 0.0016), although this was significantly higher than the 14 days of atrophy
timepoint (P= <0.0001, Figurd.6L).

Assessment of myonuclei per fiber cse®ction in type | fibers revealed no differences
between the control TA (0.93 + 0.25) and thedayatrophy group (1.11 £ 0.2&#=0.96), or

the 14-day atrophy with 7 days of recovery group (0.86 + 0.P9 0.99), (Figur&.6M).
Myonuclei per fiber avsssection in type I/lIA hybrid fibers revealed a significant reduction in
myonuclei (1.16 + 0.24 vs. 0.71 + 0.R% 0.0219), but recovered back to control levels after
just 7 days (1.23 £ 0.3B, = 0.99), and was significantly higher than théday atrophy
timepoint (P= 0.0239) for this fiber type (FiguBstN). A similar trend was observed in type
lIA fibers which lost myonuclei after 14 days of atrophy (1.2 £ 0.26 vs. 0.68 £86.26)046),

but recovered after 7 days (1.16 = OBz 0.05) to the extent that there was no significant
difference from the ontrol group P = 0.99), (Figur&8.60). While myonuclei number in the
type IIX/IIB fiber was significantly reduced after the atrophy period compared to the control
group (1.09 £ 0.18 vs. 0.61 = 0.08= 0.01), myonuclei number per fiber cressction
signficantly increased in the recovery group (1.68 + 0.34), both above the 14 days atrophy
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group @ = <0.0001) and surprisingly further beyond the control grdap 0.0005), (Figure
3.6P). We then assessed whether the myonuclear domain size was therefmeddivllowing
substantial atrophy and found no significant differences in typ&Q(3), type I/lIA hybridR
>0.98), or type IIAR>0.90) fibers, between the control, atrophy and atrophy with recovery
groups, (Figur8.6Q-S). However, a trend was deted in type 1IX/1IB fibers, suggesting a
decrease in domain size between the control anddd§ atrophy group (2232 + 731jirus.
1664 + 310urh P = 0.285). A significantly lower myonuclear domain size was detected
between the control TAs and the Ly atophy with #day recovery group (970 + 241gm
P<0.0001), (Figurd.6T).

Linear regression analysis revealed a significant positive correlation between percent change
in muscle mass and percent change in fiber C3A QRB589P = <0.0001), percent chge in
myonuclei per fiber crossection (R= 0.8589P= <0.0001) and percent change in myonuclear
domain size (R= 0.4550,P = 0.0008,Figure3.7G). There were also significant positive
correlations between percent change in fiber CSA and both pedteange in myonuclei per

fiber crosssection (R= 0.8079P = <0.0001) and percent change in myonuclear domain size
(= 0.5439P=0.00013.73K). The cefficient of variation between the percent change in
myonuclei per fibercrosssection and percent change in myonuclear domain size was also

significant (R= 0.2468P= 0.022 Figure3.7L).
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Correlations between adaptive responses to electrical stimulation-induced resistance training
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Correlations between adaptive responses to TTX induced atrophy and subsequentrecovery
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Figure3.7: (AF) Correlations between percentage changes in muscle mass, muscle fiber CSA,
myonuclei per fiber crossection and myonuclear domain size following a time course of
loaded and unloaded resistance training:L(JGCorrelations between percentage chasgn

muscle mass, muscle fiber CSA, myonuclei per fibersgossn and myonuclear domain size
following a time course of TAiXduced atrophy. The subsequéhtiay recovery following 14

days of TTX induced atrophy is expressed as the difference betfveearean 14 days TTX

value versus the individu@ldayrecovery values.

3.5 Discussion:

In both developing and adult mammalian skeletal muscle, myonuclei number, often referred
to as DNA content, varies with muscle fiber size although this relationship is not completely
linear, nor is it fully understood in all contexts of muscle plastiCitgmer et al., (2020),
Karlsen et al., (2015), Snijders et al., (202Qsjng higkcontent microscopy, we studied the
relationships between fiber size and myonuclear content in response to various programmed
exercise protocols in free livimgts andfollowing disuse atrophy and subsequent recovery.
Quantification of higkcontent images has traditionally been slow due to the requirement for
well-trained human analysts. The semitomatic program, SMASH, was the first to be made
freely available to the mscle research community and improved analysis time considerably
Smith and Barton, (2014We developed MyoVision as the first unbiased, fully automatic
software that is freely aailable to the muscle research community, and since then, there has
been significant interest in such analytical packages for muscle -seacti®ns Mayeuf
Louchart et al., (2018), EncarnaciBivera et al (2020), Lau et al., (2018), Waisman et al.,
(2021), Kastenschmidt et al., (2019), Sertel et al., (20DEspite the overall interest,
MyoVision remains one of only two freely available software that includes myonuclear
guantification and the only one for which this function is validated. A major limitation of
MyoVision was its computational inefficiencyattprecluded analysis of large cressctions,

such as the rat TA, taken at high magnification. Additionally, MyoVision analysis was sensitive
to background noise, which increased the requirement on microscope image quality. In order
to address these sharbmings, we have updated MyoVision and optimized the software to
allow for rapid and unsupervised quantification of hundreds of thousands of individual

myofibers and millions of nuclei on histological cresstions
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(www.myoanalytics.com/myovision2Using this improved software, we critically assessed

myofiber morphometry, including myonuclear content and myonuclear domain, in exercise

trained, severely atrophied, and recovering whole rat skeletal heusc

Continuous low frequency (20Hz) stimulation (CLFS) for 7 days caused a significant reduction
in both mean muscle massl@.6+4.9%,P= 0.0026) and mean fiber CSA3.6+11.4 %P =
0.024). These reductions occurred without histological evidencalashage and were
consistent with a shift in myosin heavy chain fiber content from predominately glycolytic to
smaller, more oxidative fibers (type IIX/IIB fibers fell from 81% to 62%) and are therefore
deemed as functional adaptations rather than degenemtiThere were no changes in fiber
CSA for any fiber type (FiguBetl-L). This suggests that the larger 11X/IIB fibers that shifted
myosin heavy chain content also reduced their fiber area which may be an adaptation to
reduce the diffusion distance to ailv increased respiratory gas exchange associated with a
shift to oxidative metabolisrBrown et al., (1976), Egginton and Hudlicka, (1999), Hudlicka et
al., (1977), Hudlicka et al., (1982), Hudlicka et al., (1988)

Myonuclear addition is generally considered to be a feature of resistance exerdiseed
hypertrophy, as a mechanism to support both repair of damaged miibeles unaccustomed

to exerciseMackey and Kjae(2017a), Murach et al., (2020Bhd to support transcription
across a larger area of cytoplasfarisen et al., (2015), Karlsen et al., (2020), Snijders et al.,
(2020b) However, we found significant increases in myonuclei per fiber s®ctHON
especially in type IIX/1IB glycolytic fibers in response to Ad-&ean fiber area did not
change, IIX/IIB myofiber cytoplasm was hypernucleated per fiber-sexgson and thus had

a significant reduction in myonuclear domain siz#9%6,P= 0.0007), which was closer to its
oxidative counterparts at control level. Agarather than a damage response, we propose
that this myonuclear accretion is probably an adaptation to support additional protein
synthetic demands in response to stimulation, as they initially have a significantly larger
myonuclear domain size. Whilste cannot completely exclude the potential that early
damagehad occurredwe presume that there would be some histological remnants. CLFS has
revealed barely any evidence of degeneration or damage with similar activation in rabbit
tibialis anterior muscléexell et al., (1993), Sutherland et al., (1928) none in rafarvis et

al., (1996b)

155


http://www.myoanalytics.com/myovision2

We then studied the use of highrefjuency stimulation with (Spillover) and without
(concentric) synchronous resistance from the antagonistic muscle group. As higher frequency
stimulation (similar to higher load resistance exercise) is often associated with more damage
and myonuclear acct®n to support regeneration and hypertrophy, we sought to test how
these parameters changed during a timoeurse of loaded (Spillover) and unloaded
(concentric) resistance exercise and whether there would be a variation between fiber types
in hypertrophyand myonuclear accretion. Our model avoids the complication of variable
recruitment among fiber types during the exercise intervention. Muscle mass was
substantially greater after just 10 days of Spillover stimulation (Fig&®) andplateaued
between 20and 30 days of daily training. Most interestingly, fiber CSA only increased
significantly after 30 days in line with a significant increase in myonuclei per fiber, both of
which were trending to increase after 20 days of Spillover stimulation (F&bBeC), which
probably reflects the time course including early muscle swelling and, muscle fiber
hypertrophy during adaptation. Recent unpublished findings from our group also reveal an
increase in Pax7+ satellite cell activity through the change in lotahzaf PCM1 on single
muscle fibers after just 10 days of Spillover training, however this does not seem to result in
fusion until at least 20 days of training. Damas and colleaBa@sas et al., (2018apserved

that early satellite cell activity and proliferation in humans following resistance exercise does
not correlate with increases in myonuclear number in the early stages of hypertrophy,
suggesting a role for satellitelts in signalling and repair before a later involvement in fusion
to aid in transcriptional requirements. These differential requirements during exercise have
also been recently shown using conditional knockdown of Myomaker in satellite cells,
preventingfusion of satellite cells to existing muscle fib&sh et al., (2019Knockout at the
initiation of high intensity interval training (HIIT) produced intolerance to exercise and a
fibrotic phenotype, whereas knockout after 4 weeksegércisemaintainedexercise volume

but blunted the hyertrophic effect showing the nuanced distinction between altering the
functionality of satellite cells versus removing them altogether. Furthermore, complete
ablation of the Pax7+ cell pool seems to allow for some hypertrophic adaptation without
fibrosis, although there is evidence to suggest that the blunting of hypertrophy varies in

extent between muscleEnglund et a).(2020), Englund et al., (2021), Murach et al., (2021)
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Thirty days of Spillover training caused significantly larger increases in muscle massAiber CS
and myonuclear accretion than 30 days of concentric training. Several independent models
of resistance training and concurrent exercise in rodents have found a similar strong positive
relationship between load and myonuclear accretion. Eftestal and agplles used a nen
surgical model to exercise rat dorsiflexor muscles using transcutaneous electrical stimulation
with external load added through the use of a resisting footpEtiestel et al., (2016)They
reported that higher load was associated with greater fiber hypertrophy and greater
myonuclear accretion but did not assess fiber type specific effects. They also reported fiber
type shifts in tle EDL from IIB to 11X independent of load. Whilst we found no significant
evidence of fiber type shift across the TA, the similarity in the models suggests that there may
have been a shift from 1IB to 1IB/IIX hybrids, and increased number of pure 11X fitech

we did not identify specifically in our analyses. Interestingly, concurrent training using a
voluntary high load resistance wheel, produced myonuclear accretion in a load dependent
manner in the plantarflexor muscles of mice, although the addibbmyonuclei occurred
similarly across all fiber typedasschelein et al., (2020l contrast, progressive weighted
wheel running (PoWeR) in mice results in both fiber tgpecific and fiber typéandependent
adaptations that differ based on the muscle studigdirach et al., (2020b)This probably
reflects differences in activation and load during voluntary exercise, as well as early damage
related fusion of satellite cells which has previously been reporteédr afnaccustomed
exerciseSmith et al., (2001), Crameri et al., (2007), Mackey and Kjaer, (20Gagurrent
training in humans also produces greater increases in myonuclei per fiber, ribosomal
biogenesis, and capillary content than resistance training alone which may be a result of
increased total motor actity Lundberg et al., (2020)t has previously been argued that
slower fibers are more susceptible to exereisduced damage but this can often be
explained by their greater actitian in voluntary movement, being recruited to a larger
extent than fast oxidative and fast glycolytic fib®figayan et al., (1998), Vijayan et al., (2001)

As our models of stimulation recruit all motor units at once rathti®n in a progressive
manner with voluntary exercise, the total volume of activation can be excluded as a factor for
differences between fiber type in terms of exercise induced myonuclear accretion.
Interestingly, after 30 days of Spillover training, filzea increased significantly in type |
fibers by a mean of 36% (FiguB&l) and by a mean of only 19% in type 11X/1IB fibers (Figure

3.5L). Whilst this increase is somewhat larger in the slow muscle fibers, the relatively small
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proportion of type | fibes (<6%) and large proportion of IIX/IIB fibers result in [IX/1IB
contributing more to whole muscle fiber hypertrophy. However, this is an interesting
observation of the potential functional significance of hypertrophy of small populations of
slow fibers m a predominantly fast twitch muscle during hypertrophy. Furthermore,
myonuclear accretion seemingly occurred to the same extent across all fiber types (Figure
3.5M-P), suggesting that the accretion of myonuclei is strongly associated with load and

activity in this instance.

Myonuclear loss or maintenance during muscle disuse is of particular interest, since the
signals related to exercise and load are reduced. Previously, the relationship between muscle
loss during disuse in rodents has been performedngissupraphysiological models.
Denervation by complete transection of the sciatic nefghley et al., (2007a), Ashley et al.,
(2007b), Bruusgaard and Gundersen, (2008)y be morerepresentative of a peripheral
nerve injury than disusenduced atrophy or unloading/detraining. Another popular method

is hindlimb unloading which can consistently and rapidly induce muscle atr@aipont
Versteegden et al., (2006), Jackson et al., (2012), Seaborne et al., (20ttf@aigh this model

does not control for motor actity, which may even be increased in some instances, whilst
load is reducedMichel and Gardiner, (1990), Pierotti et al., (199D0e use of TTX &iudy
muscle atrophy has been less widely adoptédrmery et al., (2000), Salter et al., (2003),
Bruusgaard and Gundem, (2008), Fisher et al., (201 Hlowever, TTX nerve treatment
causes muscle atrophy through prevention of generation or propagation of action potentials
at the nerve, without axonal damage so disuse can be followed by a period of recovery.
Trophic factors dependent on axon integrity may continue to have influence on their
associated muscle fibers, while substantial sarcoplasm is lost within the musels fib

Martinov and Nja, (2005), Reid et al., (2003), Fisher et al., (2017)

As we have previously reporteisher et al., (2017)onset of TTX treatment causes a
progressive loss in muscle mass, reaching signdecafter 7 days and further declining at 14
days (Figur&.6A-B). We show here with data from a new analysis that the loss of mass was
strongly associated with decreased fiber CSA (Fige®), mainly attributed to significant
loss of CSA in type IIA and IIX/IIB fibers (Fi@Bk). No significant shifts in fiber type
occurred, although there appeared to be a trend suggesting a shift of slow fibers to fast

oxidative glycolytic and fast glylgtic to fast oxidative glycolytic (FiguB6EH). Similar
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changes have been reported in the soleus and medial gastrocnébaiusery et al., (2000)

A similar experiment in rats with TTX treatment of the entire sciatic nerve for 2 weeks found
that type I[IA muscle fibers appeared to atrophy less (29 + 10%) than type 1IB fiberg%#)3 +

in the TASalter et al.(2003) Sciatic nerve block also prevents activity of the plantarflexors;

it was observed that the lateral gastrocnemius IIB and IIA fibers showed less atrog26§2423

than the resident type | fibers (44%), but in the soleus, both fast and slow abreyshied to

the same extent (39% versus 43%). Differences in the rates and total extent of muscle atrophy
have been reported between different muscles and differiémer types which may be related

to oxidative capacity, protein synthetic/degradation ratand the angle at which the limb is
immobilizedBaehr et al., (2016), Baehr et al., (2017), Salter et al., (20®8)obilizing a
muscle at shorter lengths has been shown to induce more atrophy than muscles immobilized
at resting or a greater than resting lengthuggesting that passive tension and stretch
influence muscle atrophy, as well as lack of active contraction. It has been suggested that the
nuclei themselves may be able to sense tension within the muscle and that this signal acts to

stabilize resident myauclei in some muscle groups or mod8kilter et al., (2003)

Intriguingly, type | fibers did not atrophy significantly, although the mean was reduced, and
they maintained their myonuclei. In type I/IA hybrid fibers, myonuclei were lost without a
reduction in fiber CSA. The severttyfiber CSA atrophy increased along the continuum to
the fastest fibers so that the CSA of type IIA fibers reduced by 47% after 14 days of TTX
treatment and IIX/1IB fibers by 56%. This occurred with a reduction in myonuclei per fiber
crosssection in boh 1A and IIX/IIB fibers (43%). As fiber CSA loss and myonuclear loss
occurred simultaneously in IIA and 1IX/IIB fibers, myonuclear domain sizes remained
unchanged in all fiber types following 14 days of nerve silencing. Only one study to our
knowledge hasneasured myonuclei number in response to TTX treatment, although this was
performed in mie. Intravital imaging showed no decrease in myonuclei with intravital
imaging after 3 weeks in the EDL muscle, but considerable turnover in the nuclei of cells
between the muscle fiberBruusgaard and Gundersen, (2008his may be a species
difference (mouse/rat) or beasse the EDL crosses two joints (ankle and knee) and therefore

has a higher level of passive tension, enough to prevent loss of myonuclei.

Filling the osmotic pumps with a paetermined amount of TTX allows for motor activity to

return after 14 daysof n@S aAf SyOAy3ds &2 GKIG Ydzaoft S OFy
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After 14 days of TTX exposure followed by 7 days of cessation in the recovery group, muscle
mass significantly recovered by 51.7% versus 14 days of TTX exfposx€@1). Seven days

of recovery did not completely restore muscle mass, as muscle mass was still significantly
lower than control P< 0.001) and total muscle mass was similar to the values at 7 days of
TTX administration, which suggests that rates sklover 7 days are in line with rates of
recovery. At the fiber type level, after 7 days of recovery type | and type I/lIA hybrid fibers
were unchanged from control and atrophy conditions, although the loss of myonuclei in type
I/lIA hybrids had recoveredack to control levels. Subsequent recovery back to baseline fiber
CSA in type llA fibers occurred after just 7 days of recovery and was coupled with myonuclei
per fiber crosssection measurements in line with control levels. This recovery was not
matchedin the less oxidative type 11X/1IB fibers which had only partially recovered their CSA
from 14 days of nerve silencing%£ 0.003 andwere still significantly lower than control levels
(P=0.0016). Remarkably, myonuclei per fiber cresstion was highen comparison to both

the atrophied musclgP = <0.0001) and the control musclB £ 0.0005), suggesting that
myonuclear populations did not only recover back to the point of baseline, but were also
added past homeostatic levels in order to support théstantial recovery of muscle mass

and fiber CSA from severe atrophy, somewhat like resistance exercise induced myonuclear
accretion. This resulted in type 11X/IIB fibers to be hypernucleated, with a smaller myonuclear
domain size in comparison to contrgipte [IX/1IB fibers. We also observed this characteristic

in our 7 days of CLFS model, further supporting that due to type IIX/IIB fibers having larger
myonuclear domains than their slower, more oxidative counterparts, they may be more
dependent on myonuckr accretion to support the transcriptional demands of extreme
activity or periods of regrowth. Jackson and colleagieskson et al., (2012¢ported that
recovery from hindlimb suspension was not blunted by satellite cell depletion in adult mice,
and therefore myonuclei are not required for regrowth following atrophy. However, they
reported no loss of myonuclei during the 14 days of unloading suggestinghthaesident
myonuclei population were able to meet transcriptional demands of the hypertrophy by
habitual activity. The amount of fiber atrophy was also substantiely (~25% lo¥sversus
(~54% loss) in our study. Perhaps myonuclei are only lostgo#isteshold of myonuclear
domain size as evidenced by significant myonuclear loss only at 14 days when myofiber
atrophy was most severdt is of significant interest as to whether type 11X/IIB fibers retain

the extra myonuclei added during the recovergrfr TTXinduced atrophy and or whether
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support the rapid growth and also how this would affect subsequent periods of unloading.

3.6 Conclusion:

Future Considerations:

The use of IPGs allows for programming and control over both endurance and resistance
exercise with considerations for training duration, contraction modality, repetitions, sets, rest
and the timing of exercise within the circadieycle. IPGs can be easily programmed to switch
on or off allowing for periods of detraining and subsequent retraining with minimal
intervention or use of supraphysiological methods. Analogously, the careful planning and
loading of osmotic pumps to delivéi X to a motor nerve allows for periods of disuse induced
atrophy and subsequent recovery. The replacement of the osmotic pump or use of
programmable infusion pumps would also allow for continuous cycling of nerve block and
recovery to simulate repeated blerest in humans. Again, these methods require minimal
intervention postsurgical implantation. We also suggest that the TA and other dorsiflexors
may be more susceptible than plantarflexors to detrain both metabolically and at the

myonuclear level due tthe lack of habitual load and activity placed on dorsiflexors.

Further functionalities to the automated image analysis program, MyoVision, are continually

being added tavww.myoanalytics.com/myovision2ncluding guidance on supported image

file types and minimum recommended computer requirements.

We propose that the number of myonuclei is not fixed, reflects the biosynthetic requirements
of the muscle fiber, and does not necessarily correlate withr fiiee. The myonuclear domain
appears highly flexible and adaptations may differ by fiber type. High load resistance training
causes increased size associated with higher myonuclear content, wherea®albw
continuous stimulation causes increased myonublg reduced size. TTX results in atrophy
and myonuclear loss, but both can be restored with recovery. Overall, our models of high load
short duration and low load continuous stimulation, and recovery after disuse all resulted in
substantial increases imyonuclei without histological signs of muscle damage as assessed

by histology.
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3.7 Further technical consideratioriebservations from
assessing changes in mass and fiber type characteristics In
response to spillover training

CdzZNIKSNJ 12 GKS Ay@SadAadarirazya RA&aOdzaaSR 10620
muscles in the lower limb of the rat including the second largessiflexor (EDL), and three

ankle plantarflexors, the soleus, plantaris and gastrocnemius. As the tibialis anterior shows

the greatest growth responsgchmoll et al., (2018)ve chose to study this muscle in greatest

detail throughout this thesis.

Spillover resistance training produdsgertrophy in the EDbut not gastrocnemius, plantaris

or soleus muscles.

Here we present data from our timecourse ggillover training in muscles other than the
tibialis anterior,Figure3.8. In brief, sham surgery did not alter muscle mass to a large extent
in the EDL-8.8 = 3.2%). Following 2 days of training, trained EDL muscles did not differ from
EDL muscles whose limb had undergone sham surgery (0.328 +P1-5%49).However

there was a consistent significant increase in muscle mass after 10 (6.68 + 89420001),

20 (4.79 + 3.359%=0.002) and 30 (6.78 + 3.859% 0.0001) days of spillover training versus
sham surgeryWhy the EDL responds less than the tibialis anterioraleyislespite being fully
activated is out of the scope of this thesis, but we put forward the suggestion that the reduced
hypertrophy may be as a result of different architectural properties of the EDL and the fact

that it crosses both the ankle and kne®nt, so the degree of stretch may be different.

In the gastrocnemius, sham surgery also did not alter muscle mass (0.38 + 3.17%). However,
following 2 days of spillover training there was a significant decrease in muscle-hassH{
4.1%,P= 0.0053) grsus sham surgery. However, this loss in muscle mass seems to recover
by 10 days of training where there appears to be a small, hypertrophic effect of training,
despite the variance being high between individuals. Trends occurred suggesting an increase
in gastrocnemius muscle mass after 10 (5.33 + 38%94).07), 20 (4.79 = 3.36%+ 0.27) and

30 (5.27 + 3.66% = 0.07) days of spillover training. The plantaris did not differ significantly
after 2 2.6 £7.1%), 10 (1.17 £ 3.6%), 20 (0.76 + 4.1%) andl. 30 ¢ 5.55%) days of spillover
training versus sham surger(74+ 7.1%)P> 0.67. Similarly, the soleugdot significantly

differ from the sham surgery conditiord(2 + 7.4%P > 0.45), after 2-6 + 5.6%), 10 (0.08 +
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8.15%), 20 (1.3 £ 6.4%) and 30 days (2.5 + 7.2%) of spillover trdine¢arge variance in

changes in mass between the plantarflexor wias is unfortunately out of the scope of this

thesis, but we suggest that the recruitment may differ more in the plantarflexors as they are

only partially activated. We suggest that cage activity may provide more information on

whether changes in plantdexor mass are associated with changes in habitual loading

through the antigravity plantarflexors. We also predict that as thastrocnemius is more

complex (the medial and lateral heads insert behind the knee so it can be difficult to maintain

consisteng during dissection)the differences in muscle harvesting may result in variance

between left and right limbs which we try best to negate during dissection.
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Figure3.8: Percent banges in muscle magmg/g/body weigh} across the timecourse of

spillover training in extensor digitus longus, gastrocnepmplasntaris and soleus. t X n®dnp @
FFt X nonamd Ffrpfrpt X n dSendardDepigtipnf t X ndnnnanmd aS
Qualitative observations of changes in tibialis anterior muscle shape following spillover

training.
We note that the above observations of changes in fiber type are based on fiber size assessed

at the midbelly of the tibialianterior. However we note that upon muscle slicing prepare

the muscle (as seen in Figure 2.3 and 2.29) after 10, 20 and 30 days of spillover waining
observedchanges in muscle shape madiviouslyat the distal end of the tibialis anterior,
where the muscle is thinner and joins the distal tendon.-Po®id, our plan was to analyse
whole muscles of trained tibialis anterior to assess changes in regional morphology and fiber
pennation through iodineenhanced micro computerized tomography as previodskscribed

in collaborative experiments between the Jarvis lab and University of Liverpool in skeletal
muscle, cardiac muscle and boAslanidi et al., (2012), Jeffery et al., (2011), Ni et al., (2013),
Vickerton et al., (2013), Vickerton et al., (20143 we measured each individual slice, we note
that variably, that changes in muscle mass from the proximal to distal insertion were more
prominent between contralateral distal sections, sugtijgg more remodelling at the distal

end of the muscle where there are less muscle fibers and therefore more force/strain
transmitted. These adaptations can lepicted throughthe muscle slice images and
histograms preserd in Appendix 1.

As suggested pwiously different training modalities (concentric vs. eccentrighay cause
different architectural adaptationsn muscle Different muscle groups and muscle regions
also often showdiffering molecular responses due to differing levels of stretch aneatadin,

for example different phosphorylation states of key integrins and cytoskeletal proteins
involved in transmitting signals to growth pathwaysanchi et al., (2018), Zabalgtarta et

Ff ®> OHnHuANOI alyRAS SO It ®X 0 HnHUnfOrinatelyzy Ro S NI

studying regional molecular signalling and adaptations was out of the scope of this thesis.

Changes in myosin heavy chaiene expression across the length of the tibialis anterior as
assessed through RIPCR.

Following extensive immunostaining/ATPase of transverse @@s#ons throughout this

PhD project, we note the observation that in the tibialis anterior there weraifstgintly
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fewer and sometimes no slow, more oxidative fibers at the distal end of the muscle. However,
at the midbelly there were considerable oxidative fibers which increased in number as the
muscle was cut transversely toward the proximal origin ofrthescle. However, we could not
follow this up in detail due to time constraints lost through the COlApandemic.

Despite this, here we present pilot data from-HCR experiments on 16 control TA muscles
to investigate whether isolating mRNA from difet muscle regions would agree with our
observations that myosin heavy chain content differs across the length of the muscle. If
differences were found, it would suggest that due to the differing metabolic properties found
in slow vs fast muscle fibers atithe resultant transcription in response to exercise may differ
considerably. It would therefore be imperative to ensure that contralateral comparisons were
made onthe samemuscle region or on homogenous sples taken from the proximal, mid

belly and dstal regions together.

Relative to the proximal regiod)yHQ mRNA levels did not significantly differ with the mid
belly (0.32 £ 0.27 L8 C,P=0.77). There was considerably lowdyHQ mRNA in the distal
region ¢2.67 + 0.49 Lag-C) relative to both the proximal and rielly region P <0.0001).
Similarly, there were no differences MyHCIIA expression between the proximal and mid
belly regions{0.23 + 0.27 L&g-C,P =0.89). Again, the distal region contained significantly
lessMyHGIA mRNA relative to the proximal regio.45 + 0.49 Ldg-C,P<0.0001) and the
mid-belly P <0.0001). When studying the mRNA transcript levels from the fagig4QI1X
fibers, there was significantly higher levelsMyHGIX mRNA in the millelly relative to the
proximal region (0.45 + 0.2 L§C,P =0.047). Towards the distal end, significantly more
MyHQIX mRNA was measured relative to the proximal region (0.78 + 0.4%FCg®=005)
and reached significance between the nbdlly and distal ed (P =0.001). These changes
were more prominent when studyinglyHGQIB mRNA levels. The rielly of the TA
contained significantly higher levelsMfyHGIB mRNA (0.8 + 0.91 [2deCP=0.0089), relative

to the proximal region. The distal end showed significantly higher amoumyidf3IB mRNA
(1.93 + 0.83 L&g-C,P<0.0001) than the proximal end and was significantly higher than the
mid-belly region P=0.0072).
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Figure 3.9: RTqPCRdata showingn n / nlRNAexpression values légransformed fold
changes relative to the proximal muscle regieweal that the proximal end of the TA muscle
contains considerably more slowdyHCmMRNA which decreases toward the distal end, where
there is considerably more fdgtyHCmRNAWe note that mean, raw CT values were lowest

for MyHQIB (18 + 3 cycles) and increased progressiveligiQIX (21 + 3 cyclesylyHQIA
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(23 £5 cycles) andMyHQ (25 %7 cycles) which coincides with the immunofluorescent fiber
type measurements observed in Fig8r8. Melt curves are also provided for each primer set
illustrating the formation of one PCR prodyctt XX nodnp® fFfrt X ndamd F |
0.0001. Mean Standard Deviatioh 8 8 SA 34 SR (G KNRdzZaK ! b hppsthot yI f & &

analysis on individual contralateral fold changes

We also note that following these findings we ensured that in Chapter 6, that tibialis anterior
muscle was appropriately homogeeid with muscle sections taken equally from the
proximal, midbelly and distal regions prior to negeneration RNAequencing. Future
research shouldonsider investigating whether the molecular/transcriptional response to
exercise differs across the laghgof the muscle and in different fiber types some studies
have started to do through proteomiéxggers et al., (2021), Deshmukh et al., (2021), Hesketh
et d., (2020a)
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Chapter4: A pilot investigation into thelong-term effects of
long-term resistance training, long term detraining following
detraining andlong-term recovery from severe disuse atrophy
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4.1 Abstract;

Research from the previous chapter and amongst the exercise training field have noted that
increases in muscle fiber size often coincide with increases in myonuclei. The Gundersen lab
have for many years presented data suggesting that myonuclei are pentaaed not
subject toapoptosis and therefore the number of myonuclei in a muscle fiber reflects the
previous training history of that individual. However, much of this data has been dérorad
supraphysiological induction of hypertrophy through synistgablation or testosterone and
muscle loss produced through nerve transect®andersen et al., (2018)evertheless, this

has gatherd worldwide mediattention with potentialimplications for exercise prescription

at a young age ral potential ramifications for anabolic steroid users who may retam
advantage after a period of anabolic steroid ust#hrough myonuclei themselves and
epigenetic adaptations$sundersen, (2016), Gundersen et al., (2018), Fisher et al., (2017),
Seaborne et al., (2018b), Seaborne et al., (20194jh the development of our new
physiological and reversable modedf resistance exercisaduced hypertrophy and nerve
silencinginduced atrophy we planned to study the loteym effectsthat training, detraining

and longterm recovery from severe atrophy had on muscle mass, fiber size tfiper
specific adaptationsnd myonuclei. However, only a pilot experiment could be performed
due to the COVIRA9 pandemic and length of the proposed experiments that are detailed in
the methods section of this chaptddespite low numbers of animals in each grodata was
relatively tightly pooledgiving good promise for future investigatior@®ur data suggests that
long periods of detraiing do not allow muscle mass to return to normal in the TA, despite
measures of overall and fibaéype specific fiber area returning to baseliieterestingly the
substantialshift from IIB to 11X fiberfollowing trainingonly partiallyrevertsto baseline
following detraining Myonuclei gained during the hypertrophic process had also seemingly
been lost as myonuclei per fibarosssection measurements returned to basal levels.
Contrastingly in our TTXnduced atrophy model with long term recovery, muscle mass
returned to baseline, as did measures of fiber area and fiber type composition. Howeaver,
data suggested thathe myonuclei added during the early recovery phasetentially
remainedeven after long term recovery, meaning the tibialis anterior was titentially
hypernucleatecand requires further replicatesn conclusion, our two models of myonuclear

addition mayinvolve different mechanisms or may harbour differential genetic/epigenetic
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adaptations that mean that myonuclear density is maintainedewmertsto that of a control

muscle which warrants further investigation.

4.2 Introduction:

In this chapter, we outhie and present pilot data as a continuation of the work completed in
Chapter4. Whilst there is a wealth of literature on the timecourse of muscle growth/loss in
humans and rodents and associated changes in myonuclear co@teaitlou et al., (2015),
Chaillou et al.(2013), Loenneke et al., (2017), Seynnes et al., (2007), Narici et al., (1989),
Hakkinen et al., (2001), DeFreitas et al., (2011), Psilander et al., (2019), Stock et al., (2017),
Damas et al., (2018p}here is less of a focus on how quickly muscle loses its size and
metabolic adaptations when training cess or whether they retain biochemical adaptations
Mujika and Padilla, (2001), Ivey et al., (2000), Hakkinen et al., (1985), Psilander et al., (2019),
Snijders et al., (2020a), Beiter et al., (2020), Murach et al., (2019a), Wen(20a1), Murach

et al., (2020b), Dungan et al., (2019), Brownson et al., (1992), Bruusgaard et al., (2010)

As well as the number of myonuclei themselves potentially contributing to faster adaptation
during anabolic periods, there is growing interest in how eiserdraining alters the
epigenome of muscle nuclei. Specifically, how and WhA/histonemethylation changes

that occur may allow genes to be switched on easier (hypomethylation) or are harder to
transcribe (hypermethylation) that subsequently benefit tiieiscle by slowing wasting and
increasing the rate at which muscle can adapt to training or recovery from catabolic periods
Figueiredo et al., (2021), Fisher et al., I2f) Seaborne et al., (2019b), Seaborne et al.,
(2018b), Seaborne et al., (2019c), Sharples et al., (2016), Turner et al., (2019), Wen et al.,
(2021)

We aim to start elucidating thliong-term effects of spillover resistance training, long term
detraining after a period of resistance training and finally, long teecovery following 14
days of TThduced atrophy on the tibialis anterior. A wistar rat has a life expectancy of
around 1822 months. Four monthsor 120 days therefore reflects around-22% of theNd & Q &
lifespanAlvarado et al., (201450 was selected as a good timepoint to study the effects of
chronic resistance exercise on the tibialis anterior muscle, whether the muscle retained any

of the beneficial characteristics of a previous resistance exercigggrone after detraining
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and lastly, whether there were any lasting repercussions of severe atrophy induced by 2

weeks TTX nerve silencing.

We also extend our current knowledge of fiber type specific adaptations to 30 days spillover
resistance training, 4 days TTahduced atrophy and 14 days TiPduced atrophy with 7
days recovery by assaying for type I, llA, 11X, 1IB fibers, as opposed to our previous method

that assayed for type I, IIA and combined IIX/11B fibers.
For the 3 pilot experiments we hypothised the following

1 120 days of daily spillover stimulation would become less of a hypertrophic stimulus
and more of an endurance like stimulus awduld therefore induce a fasto-slow
transformation of the myosimeavy chainsoforms as previously seevith longterm
chronic low frequency stimulatioButherland et al., (1998)Ve also hypothesised that
the hypertrophy seen after 30 days of training may have reduxea result of an

overtraining response.

1 30 days of daily spillover stimulation followed by 120 days of detraining (no
stimulation) would result in the tibialis anterior returning to a phenotype close to its

untrained contralateral control due to the rermmal of changes in activity and load.

1 14 days of TFKduced atrophy followed by 120 days recovery would allow for the

muscle to completely recover back to contralateral control levels.
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4.3 Methods:

Surgeries for spillover stimulation and TFihHuced nerve silencing were performed as
outlined in the Chapter 2 and 5 and muscles harvested as previously described for histological

and immunohistochemical assessment.

B Nerve Silencing Experiments z
Electrical Stimulation Experiments % g
W Spillover Training & @
v Spillover Training 2 3
with Detraining 8 )
~ -
y v v
: : Y : : IY : ! Y Il 1 Il 1 1 1 1 1
Ll T T T T T T T T
@A 30 60 90 120 150 14 28 42 56 70 84 98 112 126
e Days & Days
«°°2~°° S ¥ @ o v
2 Bl NS ¥ TTX Administration
2 & o & ini
) Q% P\ N QQ ¥ TTX Administration with Recovery
\5\\0 &&Q t\e'é
&t
A

Figure4.1: Experimental timecourseff electrical stimulation (AB0- and 120daystraining)

and detraining experiments (30 days training with 120 days detraining). Animals36-tiay

group were used previously @apter 4. (B) Timecourse for nerve silencing (14 days) and
experiments vth subsequent recovery from nerve silencing (7 days and 120 days). Animals in
the 14 days TTX treatment and 14 days TTX treatment with subsequent recovery were used

previously irChapter>5.

For the120 days Spillover groyp=2), muscle stimulation washecked.and implants reset
every ~2 weeks to ensure successful stimulation. On the day prior to harvesting, implants
were switched off after the training session. On the day of harvest, stimulators were switched
back on for an acutespillover training session and harvested 1 hour post the end of the
training bout, for future assessment of the transcriptional response to exercise. Wistar rats in
the 30 days spillover training with 120 days detraining grm#®), had stimulators switbed

off after the animals 30 training session and switched on again for an acute training bout
after 120 days of no training. Muscles were harvested 1 hour post the end of the training
bout, for future assessment of the transcriptional response to egercOut of the 5
stimulators used in these two pilot experiments, 4 were successfully switched on the day of

harvest demonstrating the ability to use stimulators for long periods of training and detraining
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in future. During dissection and muscle harvestihgvas noted that both the implant device
and electrodes were still securely placed as they were during surgery. Both the tibial and
common peroneal nerve as well as surrounding tissues were also noted to be looking healthy

despite long term implantation

Wistar rats in thdong-term recovery from TTX group=3)were observed daily for foot drop
during the 14 days of treatment, confirming silencing of the common peroneal nerve and was
not present in the days shortly following TTX cessatidaring muscleharvesting and
dissection, it was noted that the nerve cuff was still secured around the common peroneal
nerve and both the nerve and surrounding tissue was healthy. We also confirmed that the
osmotic pump was still securely attached the silicone tubumgping to the nerve cuff, as seen

in Figure4.2.

A

Figure4.2: (A) illustrates the TTX cuff after being cut away from the common peroneal nerve

to reveal the healthy nerve after being in place for 134 days. (B) illustrates the common
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peroneal nerve further distally to the tibialis anterior showing a healthy whiteuco(C)
illustrates the osmotic pump still attached to the silicone tubing that runs subcutaneously to

the nerve cuff.

Following histological preparation and sectioning, seriglm@rosssections from the mid
belly of the tibialis anterior were labellaglith two different antibody mixtures to assess all 4
fiber types. Solution 1 consisted of antibodies against dystrophin, type [IB myodt3)RRd

type IIA myosin (ST1) in IB. Solution 2 consisted of antibodies against dystrophin, type 11X
myosin (6HLand type | myosin (BB5) in IB and were all later counterstained with DAPI for
myonuclear identification. Full crosections were imaged as previously described and ran
through Myovision 2.0 as previously described. Full details on primary and segondar

antibodies used are available in taldel

Statistical analysesere performed on the resultant muscle masses, fiber type percentages,
overall mean fiber CSA, fiber type specific mean CSA, overall mean myonuclei per fiber cross
section, fiber type spefic mean myonuclei per fiber crosgction, overall mean myonuclear
domain size, fiber type specific mean myonuclear domain size by between groupayne

l bh+! Qaszs T2t f 2 ¢-8de analysis 1 donfBnd dfferentd® &eiween groups.
Controls from dlstimulation/detraining experiments were pooled into one group, as were

the controls from all TTX/recovery experiments.
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4.4 Results:
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Figure4.3: Changes in tibialis anterior muscle mass as percentage change from the right

unoperated limb and left experimental limb in mg/g bodyweight. (A) Timecourse of Spillover
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Age and body mass data on the animals used for 30 days spillover training, 14 days TTX

treatment and 14 days TTX treatment with 7 days recovery are availallepter 4. Male

wistar rats (=2) in the 120 days of daily spillover training group had a mean bwabg of

529.5+ 3.5g and were 20 weeks of age when implanted. When harvested, the mean body

mass was 600.8 0.6g and animals were 39 weeks of afye outlined in chapter _, spillover

training produces a hypertrophgffect seen through measures of muscle mass and fiber CSA

that plateaus between 10 and 30 days of daily training. 120 days of spillover training caused

a significant increase in muscle mass versus sham control (20/58% P =0.004), which

did not signiicantly differ versus 10, 20 and 30 days of training respectively (13.6 £ 5.8%, 16.7

+ 4.4%, 15.9 + 5.6%). Male wistar rats3) in the 30 days spillover training with 120 days
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detraining had a mean body mass of 563 + 66.5g and were 20 weeks of agenyitemtéed.

When harvested, the mean body mass was 679 + 69.9 and animals were 43 weeks of age.
Interestingly, despite 120 days of no training after 30 days spillover training, muscle mass was
still significantly higher than the sham operated control (11#6.83%) and was not
significantly different to the 10, 20, 30 and 120 days of training groeps)05).

In a fresh analysis on new whole cregstions, there was a significant increase in the overall
average fiber CSA between control (1907 + 115uB0 days of spillover training (2147 +
68.3unt, P=0.004) and 120 days spillover training (2533 + 184%@m0.001) but was not
significantly different to the 30 days training with 120 days detraining group (1956 + 55.8um
P >0.05) showing that the musclead not returned to control levelgFigure4.3A). 120 days

of training was also significantly higher than tB@daytraining group P =0.03). Myonuclei

per fiber crosssection was significantly higher in the 30 days spillover training group (1.16 +
0.06,vs. 1.59 + 0.147<0.0001), but there was no additive affect after 120 days (1.66 + 0.03,
P=0.45). Interestingly myonuclei number was significantly lower after 120 days of detraining
(1.19 £ 0.09P= 0.001) when compared with 30 and 120 days of sgahdraining and did not
differ with the control group, suggesting thatehmyonucleiaddedduring hypertrophy are

not permanent(Figure4.4B) As a result, myonuclear domain size was significantly lower in
the 30 days training group (1689 + 170.4uvs. 1394 + 123uf P >0.05), suggesting an
addition of myonuclei prior to, or at a faster rate than an increase in fiber gesgsonal area.
There were no significant changes between the control group and either the 120 days
spillover group or detrainingroup respectively (1522 + 132@mnd 1636 + 109.7uf)
demonstrating that the detraining period was sufficient to return myonuclear domain size

back to basal levelg-igure4.4C)
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Fiber type specific shifts, changes in size, myonuclei per fiberseissh and myonuclear

domain sizes

Fiber type shifts were assessed and reveale changes in type | fiber composition between
control (3.23 + 1.325%), 30 days (3.92 + 1.36%), 120 days (3.95 * 0.63%) and 30 days with 120
days detraining (4.267 + 0.97%). Similarly, there was no change in type IIA fiber composition
between control (1735 + 4.8%), 30 days (17.17 + 3%), 120 days (17.5 + 2.1%) and 30 days
with 120 days detraining (18.35 %= 0.58%). More prominent effects of training and detraining
were evident with 11X fibers. There was a significant increase between control (20.09 + 6.3%)
and 30 days training (48 = 3.03P0.0001) and 120 days training (47.5 + 2.12%).0001).
Following 120 days detraining, there was a pastaft backto control levels P=0.0017 but

was significantly lower than th&0- and 120daygroup (35 + 39%4?=0.012). Inversely, the shift

to IIX after stimulation is attributed to a decrease in type IIB fibers from control levels (34.2 +
3.16%) which aralmost completely absenwith 30 (2.17 + 1.549%<0.0001) and 120 days
training (1.15 £+ 1.63%<0.0001). Hybrid fibers did not differ significantly between control
(25.36 + 4.94%), 30 days spillover (29 = 3.89%), 120 days spillover (30.5 + 6.36%) and 30 days
spillover with detraining (25.67 + 5.69%); 0.05 (Figured.5AD). We note that our methods

did not allow us to distinguish between the different hybrids on the ciEssions but that

we observed type I/lIA hybrids, as well as type IA/IIX, [IX/IIB and HHA/IIX/IIB hybrids. Whilst
not quantified from observations we believe there to be a shift from 1I1B/11X hybrids to [IX/IIA

hybrids, hence no change in the overall numbers of hybrid fi&iguret.5E)

Type | fiber CSA increased significantly from control (981.8+ 118)9pfter 30 days of
spillover training (1475 + 282.2)#P=0.0002), but did not reach significance after 120 days
of spillover training (1333 + 144.2j4nP =0.09). Following the detraining period, type | fiber
CSA had returned to that of control levels (101932.1un?) and was significantly smaller
than type | fiber CSA after 30 days of spillover trainiRg,@.0109). Type IIA control fiber CSA
(1318 + 190urd was significantly smaller than type IIA fiber CSA after 30 (1664 + 312.3um
P =0.029) and 120 daysiflover training (1962 + 57.9818nP =0.0065). There was no
significant difference between the IIA fiber size between 30 and 120 days of spillover training,
(P=0.3). After detraining, type IIA fiber CSA returned to basal control levels (1461 + 187.1um
P = >0.05). Type IIX fiber CSA showed a trend to increase from control (1965 + 1%J8.3um
after 30 days training (2189 + 204.84iR=0.1141), later reaching significance after 120 days
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spillover training (2610 + 254.6#mP =0.0013). Thel20-day group wa not significantly
greater than the30-daygroup, but showed a strong trend?€0.052), which likely would have
become significant with a larger sample size. 120 days of training was also significantly higher
than the detraining group (2058 21.69un¥, P =0.0195). Type IIB fiber CSA increased
significantly after 30 (2793 + 209.94®=0.0008), and 120 days of spillover training (2901 +
71.42un¥, P =0.0027, comparedwith control 1B CSA (2300 + 224.4yand returned to
control levels after te 120-day detraining period (2314 + 10116yP=0.1141). Interestingly,
hybrid fibers were the only fibers to show a progressive hypertrophic affect in fiber CSA,
increasing significantly after 30 days of spillover training (2009 + 184.8pm2793 +
209.um?, P=0.0008) and furthermore after 120 days of spillover training (2901+ 71.32um
vs. control P=0.0027) and 30 days of spillover training €0.049) Figure4.5FJ)
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Intriguingly, measurements of myonuclei per fiber crgsstion increased significantly in all
fiber types in response to training. In detail, myonuclei per fiber esession in type | fibers
increased significantly from control (0.995 + 0.116) and after both 30 (1.238 +®A48,
0.0158) and 120 days of spillover training (1.48 £ (PF380.00B). Whilst there was a trend
suggesting 120 days spillover training caused a greater increase in myonuclei per fiber cross
section compared with 30, this did not reach significance with our current sampleBize, (
0.17). Interestingly, detraining causadsignificant reduction in myonuclei from ti20-day
trained group (1.01 £ 0.1 = 0.0091), that did not differ significantly from the control type

| myonuclei per fiber crossection measurements. Similarly, type IIA measurements showed
a significantncrease in myonuclei per fiber cressction from control (1.06 + 0.17) and 30
days of training (1.457 + 0.3B= 0.0125), and 120 days spillover training (1.59 + (PG5,
0.0091). Again, data suggested that myonuclei were lost following detraireturning to
control levels (1.057 + 0.10P,>0.05). Myonuclei per fiber crosection in 11X fibers did not
differ between control (1.203 £ 0.129) and 30 days training with 120 days detraining (1.233 +
0.15,P=0.87), but both were significantly lower théme 30 days (1.603 + 0.1R< 0.0001)

and 120 days spillover training groups (1.655 + (2390.0008). This was recapitulated in 11B
fibers that showed a significant increase in myonuclei per fiber esesson from control
(1.236 + 0.06), in responge 30 (1.747 £ 0.18 < 0.0001) and 120 days spillover training
(1.75 £ 0.09P< 0.0001). This myonuclear addition was also reversed following the detraining
period (1.303 + 0.05), back to levels of the untreated controls. Hybrid fibers displayed a more
progressive trend to myonuclear accretion with 30 days spillover training significantly
increasing myonuclei per fiber cresection compared with control (1.134 + 0.112, vs. 1.483

+ 0.19P= 0.0004). Similarly, 120 days of spillover training caused ezase compared with
control (1.72 + 0.07R = 0.0002). There was a trend suggesting that further myonuclei were
added to the hybrid fibers after 120 days vs. 30 d&s (0.17), that may have reached
significance with a larger sample size. Agdetraining returned myonuclei per fiber cress

section measurements back tontrollevels, (1.193 + 0.0%= 0.892) (Figure4.6 AE)

There was no significant difference between type | myonuclear domain sizes between control
(997.6 + 165um?), 30 days (1215 + 322.6)%), 120 days spillover training (899.4 +
45.91um?), and 30 days training with 120 days detraining (1012 + 49m8p|Similarly no

changeswere found in myonuclear domain sizes in type IIA fibers (1283 + 3823177 +
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276.3um?, 1235 + 80.42m? and 1397 + 239.6m?). Myonuclear domain size decreased in
type 11X fibers from1644 + 166.4m?) to (1344 + 215m?, P= 0.0228) after 30 days training,
but did not significantly differ from the 120 days training grolipg4 +241.8m?) and the 30
days training with 120 detraining group694 + 141.4m?), suggesting that myonuclei were
added at a slightly faster rate than the increase in fiber CSA in this specific fibeT hgre.
were no significant differences between typ8 inyonuclear domain sizes between control
(1865 + 197.5m?), 30 days (1618 + 241.8)), 120 days spillover training (1693 + 54.8¥)
and 30 days training with 120 days detraining (1778 + 12622 Similarly, there were no
significant differences betweedmybrid fiber myonuclear domain sizes between control (1791
+ 255um?), 30 days (1749 + 14&y%), 120 days spillover training (1672 + 1486 and 30
days training with 120 days detraining (1714 + 183 (Figure4.6FJ) This data suggests
that apart fom 11X fibers, all other fiber types increase fiber CSA in line with increases in

myonuclei per fiber crossection
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Muscle mass, overall CSA, myonuclei per fiber sed®n and myonuclear domain sizes

following severe atrophy amnshort and longterm recovery.

Male wistar ratsr(=3) in the 14 days TTX with 120 days recovery group had a mean body mass
of 355 + 19g and were 18 weeks of age when implanted. When harvested, 120 days post
cessation of TTX delivery, mean body mass was 495 * 29.4g and animals were 37 weeks of
age. Body mass data for other groups in this timecourse can be found in chapter . As
previously highlighted, TTiXduced nerve silencing causes a significant decreaseustle

mass after 14 days50.7 + 2.92%) versus sham surgétry 0.00001) which partially recovers
after just 7 days recovery by ambulatory cage activ4.@46 + 9.49%). In our new pilot
experiment, 120 days of recovery following 2 weeks of-ii@iXe slencing allows muscle
mass to recover back to baseline values (1.56 + 1.98%) of its contralateral control limb. In a
new analysis of freshly cut 10um cres=ctions, MyoVision 2.0 analysis revealedgmificant
overall fiber crossectional area loss aft 14 days from control (1898 + 101r6fvs. 979.%
62.29,P < 0.0001). Fiber CS¥an partially recover after 7 days of recovery vs. 14 days of
atrophy P < 0.000) yetis still significantly lower than control fiber CSA (1480 + 6 hG6R

< 0.00001). With 120 days recovery, fiber CSA is back in line with overall fiber CSA of control
muscleg1910 + 22.14m?), (Figure4.7A) Measurements of overall myonuclei per fibeoss

section revealed a loss of myonucper fiber crosssectionafter 14 days TTX treatment in
comparison to the control group (1.14 + 0.48 0.70+ 0.09,P < 0.0001), which unlike fiber

CSA had already recovered in a super compensatory manneay 7 so that there were

more myonuclei than in the control muscles (1.423 + 0F220.002). After 120 days recovery,
myonuclei per fiber crossection measurements were not significantly differémm the 7-
dayrecovery group (1.34 = 0.02= 0.76), but drend was present suggesting they had more
than control musclesR= 0.15), that may have reached significance with a larger sample size
(Figured4.7B) As a result, myonuclear domain size did not differ between control and 14 days
TTX treatmengroups, (1694 + 271p? vs. 1500 267um?, P= 0.3756), suggesting that fiber
crosssectional area loss was in line with myonuclear losses. However, domain size did
significantly reduce in the 14 days TTX treatment + 7 days recovery group to (108,186

P = 0.0001 vs. control? = 0.0345 vs. 14 days TTX treatment). After 120 days recovery,
myonuclear domain size had returned to that of control levels (1421 +®30R= 0.31)
(Figured.7C)
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Fiber type specific shifts, changes in size, myonuclei per fiberseissh and myonuclear

domain sizes

Previous analyses in Chapterevealed that therevereno significant shifts in fiber type after
atrophy and recovery. However, feesh analysiof all fiber types revealed some shifts in
response to these treatments. The new analyses foa@crease in the percentage of type

| fibers after 14 days of atrophy fro3.18 + 1.21%s. 1.13+ 0.78%,P = 0.0029), whereas

only a trend was previously found in Chap#erThis reduction in type | fibers from control
levels was still prevalent aftét days recovery (1.75 £ 0.69P6: 0.049). However, 120 days

of recovery allows for reversal of the percentage of type | fibers back to basal levels (2.9 +
1.51%). Similarly, we previously only noted a trend suggesting an increase in A fibers, though
our new analyses showed a significant increase after 14 days of atrophy (32.17 + B:28%,
0.0008) and after 7 days recovery (34.5 £ 11.98%0.0001) versus control muscles (17.67

+ 2.96%). 120 days recovery returned the percentage of type IlIA fibersdacisal levels
(17.33 £ 3.22%). Type IIX fibers did not differ significantly between control (23.87 + 5.26%)
and 14 days TTX treatment (29.17 + 8.88%,0.33). After 7 days recovery, the percentage

of 11X fibers was reduced significantly to (11.17%¥.%,P = 0.0019) from the control group

and 14 days TTX treatment group< 0.0003). There was also a trend suggesting that after

120 days recovery, the percentage of type 11X fibers had not recovered fully to control levels

(17.33+7.579%=0.19). Thd Yy ONB I &S Ay (0e&LJS LL! Qa FyR LL-

be explained by the reduction in type IIB fibers from control levels (33.07 + &8426.35¢
2.97%,P < 0.0001). 7 days recovery following atrophy partially increased the percentage of
IIB fibers (24 + 6.75%= 0.0029), but this was still significantly lower than control muséles (

= 0.0209). However, 120 days of recovery allowed for IIB fibers tonra@tutheir basal
proportions (36 + 2%). Furthermore, there were no alterations in the percentage of hybrid
fibers between control, 14 days TTX treatment, atrophy with 7 days recovery and atrophy
with 120 days recovery respectively (22.33 = 4.92%, 27.1B%%4, 28.83 £ 12.73%, 26 *
6.24%) (Figure4.8AE).

Fiber type specific crossectional area measurements revealed a trend in type | fibers
atrophying from control level$999.1 + 168.2m? vs. 796 + 169.5pm? P = 0.0764) after 14
days of TX nerve silencing. There was no significant difference between the control and 14

days TTX treatment with subsequent 7 days (988.1 + 15#)7and 120 days recovery group
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(962.7 + 158m?). In contrast, IIB fiber crosectional area did decrease during thé-day
treatment from the control groug1253 + 128.7m? vs. 968 + 89.29m?, P < 0.0001). With
just 7 days recovery, llA fiber cressctional area significantly increased back to control
levels, (1368 + 77.39p¢, P < 0.000). As expected, control and 7ags recovery were not
significantly different to thel20-dayrecovery group (1262 + 58.8)%, P> 0.9. Type IIX fiber
CSA was significantly reduced after 14 days TTX treatn983 ¢ 203.4pm? vs. 939.3 +
101.2un?, P <0.0001), but significantly increased after 7 days recovery (1451 + 142.Bu
<0.0001), although this was still significantly less than control lei?et9.0001). Following
120 days recovery, type IIX fiber cressctional area had fully returned to ol levels (1916

+ 142.3m?). Type IIB fibers followed a similar pattern as 11X, significantly decreasing after 14
days TTX treatment202 + 162.9m? vs. 1084 + 196.1p? P <0.0001).Again, this
significantly increasedP(< 0.0001), after just 7 daysaevery (1708 + 151.6p) but was still
significantly lower than control levels?(<0.0001). There was no significant difference
between control and thel20-day recovery group (2255 + 111.84, P =0.98). Again, this
pattern was observed in hybrid fibers thsignificantly decreased fiber cresectional area
(2000 + 968.8m?vs. 976 + 92.2m?, P< 0.0001), after 14 days TTX treatment. 7 days recovery
partially rescued fiber crossectional area (1493 + 147.8¢, P < 0.0001), which was fully
restored to contol levels after 120 days recovery (1984 + 631 (Figured.8~J)
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Myonuclei per fiber crossection measurements revealed no significant alterations between
control (0.914 + 0.23), 14 days TTX treatment (1.11 + ©22).347), 7 days recovery (0.85 £
0.29,P=0.96) and 120 days recovery (0.96 + OFL4,0.99)type | ibers In type IIA fibers,
myonuclei per fiber crossection significantly reduced after 14 days TTX treatmgr@tl(+
0.17 vs. 0.69 = 0.2 = 0.0237)which significantly increased back to basal levels after just 7
days recoveryl(17 + 0.29,P = 0.0035). As expected, there was no significant differences
between the control/-dayrecovery group and20-dayrecovery groupX.17+ 0.07,P= 0.99).
Type 11X fiber myonuclei per fiber cressction measurements were significantly reduced
after 14 days TTX treatment (1.1 + 0.22 vs. 0.68 + (PE90.0053). After just 7 days recovery,
myonuclei per fiber crossection had significantly increased from both tteday period P

= <0.0001) and the control group (1.49 + OR37 0.0075). Interestingly, tr 120 days
recovery, myonuclei per fiber crosgction was still significantly elevated in comparison to
the 14-day TTX treatment group (1.47 = 0.17,= 0.0003), but did not reach significance
compared with the control, although there was a strong trgd= 0.0691) Again,type IIB
fibers lost myonuclei during the 14 days of TTX treatment from control lete?§K 0.12 vs.
0.87 + 0.14P = 0.0006). As with type IIX fibers, type IIB gained significant amounts of
myonuclei .63+ 0.31), in comparisoto both the control (P = 0.0012) and thdl4-day
atrophy group P < 0.0001). It is unclear whether the super compensation of additional
myonuclei fully remained after 120 days recovely36 + 0.05) as this did not significantly
differ to either the control(P = 0.61) orthe 7-day recovery group(P = 0.16). Hybrid fiber
myonuclei per fiber cross section measurements followed a similar pattern, with loss after 14
days TTX treatmentl(14+ 0.16 vs. 0.67 £ 0.1® < 0.0001), and significant recovery past
control levels at 7 daysl(52+ 0.25 P= 0.0007). Once more, following 120 days recovery,
myonuclei measurements did not differ between both control &@ndiayrecovery levelsl(35

+ 0.05) (Figured.9AE).

Myonuclear domain calculations showed significant differences between control (1164 +
413.8ym?), 14 days TTX treatmelff67 + 318.1m? P = 0.11), 7 days recovei216 +
251.6pym? P=0.87) and 120 days recove¢iy)09 + 148.4m? P= 0.65)m type | fibers. Similarly,
there were no significangffects in type IIA fibers from control levels (1270 + 20814
days TTX treatmen(tl592 + 649m?, P= 0.3), 7 days recove({266 + 434.6m?, P= 0.98),
and 120 days recover{l081 + 108.4m? P = 0.45). In type lIX fibers, there was a trend
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suggesing myonuclear domain size was reduced between control and 14 days of TTX induced
atrophy, (1893 + 583.5m? vs. 1437 + 286.8p? P = 0.2). This became significant after the
expansive addition of myonucleiuring the7 days recoverperiod, (1013 + 276m?, P =
0.003). After 120 days recovery, there was a trend showing that myonuclear domain size was
reduced in comparison with control (1313 + 151 P = 0.227), which suggests that
myofibers are still slightly hypernucleated. Type 1B myonuclear domairesiaeed after 14

days TTX treatmenfl755 + 212m? vs. 1278 + 374.5p% P = 0.0029) and remained
significantly lower than control after 7 days recovery (1079 + 23h24B< 0.0001). However,
following 120 days recovery, myonuclear domain size had sigmificincreasedR= 0.158)

back to basal levels (1657 + 134). In hybrid fibers, myonuclear domain size showed a trend
suggesting a decrease in siZ&@ 99 + 348.8m? vs. 1493 + 348m?, P = 0.18) between the
control and 14 days TTX treatment group. Taached significance during tifedayrecovery

period (993 + 115m?, P< 0.0001 vs. controR = 0.03 vs. 14 days TTX treatment). Following
120 days recovery, myonuclear domain size was not significantly different to control muscles,

(1476 + 90.12, P= 035), (Figure4.9RJ)
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4.5 Discussion:

Long term spillover training and subsequent detraining after reaching a hypertrophic plateau

For the first time we demonstrate the efacy of being able to perform Spillover resistance
training over long periods, that also probably represambse tothe maximumpredicted
battery life of these miniature implantBijak et al., (2020 he ability tosuccessfully perform
loading, unloading and redaling studies using this model is an exciting prosgdect
understanding myonuclear dynamics and transcriptional regulatibmuscle mass after
varying periods of training and untrainirigye demonstrate that there is a completdsence

of pure MyHQIBfibersafter just 30 days whichrobably transform into fibers containirthe
MyHQIX isoform.Contrary to our hypothesis, 120 days of daily training did not result in
further slowing of the tibialis anteriorThemyosin heavy chain isoform profileas simila
after both 30 and 120 days of trainin@ur lab has previously shown extreme slowing to
almostpuretypdY&@2aAya FFGSNI man Y2y (Ka therabbithifidiNe y A OQ
anterior Sutherland et al., (19982.5Hz and 5Hz stimulation for the same period resulted in
the maintenance of a pool oMyHGIA fibers. Clearly, the more infrequent and higher
frequency stimulation used in this model maintains the need for the kagtHQIX fibers,

without a complete slowing to type IIA or I.

Our model also supports the concept that satellite cell accretiomnigaly remodelling
characteristic of resistance training acdused bythe requirement to quickly increase DNA
content and transcriptional output for the muscle to adapt. Myonuclear codidsnot differ
between any muscle fiber type at 30 or 120 daydraining suggesting satellite cell fusion
had ceasedor that there was consistent turnover of myonuclei resulting in numbers not
increasing exponentiallyWe note that hybrid fibers were significantly larger after 120 days
in comparison to hybrids aftef@3days of training (Figu#e5F), which may represent different
myosin isoform fiber phenotypebetween these two groups with differing metabolic
properties and capabilitiesUnfortunately, there arefew comparisons to be made with
published data fromhigh frequency resisted contractions in rodents fiis length of time
with the longest period studied being 6 wedBaar and Esser, (1999a), Eftestgl et al., (2016)

versus our ~17 weeks of stimulation.
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Pilot investigations int@0 days ofpillover trainingwhere muscle mass plateaus)lowed

by 120 days of detraining yielded interesting results, with mass remaining elevated despite
fiber CSA returning to baseline in all fiber types. With no noticeabénge in connective
tissue present from H&E and immunohistochemical analysis, we suggest that this may be a
result of architectural changes in the muscle in the previously trained limb, or changes in its
shape towards its distal insertion, as fiber crgsstional area was compared only at the mid
belly. We speculate that the fibers at the proximal or distal region may have retained some
hypertrophic effect due to architectural adaptations earlier in training and may be a plausible
explanation for the maitained increase in muscle magsterestingly, thesubstantialshift

from IIB to IIX myosin heavy chain isoforms after 30 days of training had ngtyeted to

that of control levels. This agrees with previous suggestions that the recovery back to basal
myosin heavy chain profiles occurs at a slower rate than the change in response to stimulation
Brownson et al., (1992This phenomeon may be explaiad by lasting epigenetic alterations

or changes iraccessibilityo the myosin heavy chain isoform promoters causedatmpmatin

modifications an area of research that is growing in interBsis Santos et al., (2021)

In concurratly trained mice (PoWeR traininglrom the Peterson lab, 12 weeks of training
followed by8 weeks ofwheel removal (detrainingdesulted inmyosin heavy chain isoform
profiles in the plantaris to return to basal leveSimilar detraining was observed the
gastrocnemiusHowever, it could be argued that this model results in less extreme shifts in
myosin phenotype, therefore allowing for a quicker return to control muscle levels.
Interestingly, in the soleus muscle (which is considerably slower thampltmaris in the
mouse)fiber type composition was maintained following detraining, with retention of more
type | fibers and less type IIA fibers. This suggests that the slower, more oxidative soleus may
be more resistant to detraining, although increasasbody mass may have resulted in
continued loading of the angyravity plantarflexors during the detraining peri@ungan et

al., (2019), Murach et al., (2020herefore maintaining activation and load even after wheel

running had ceased.

Our detraining model challenges the concept that muscle fibakseta memory of previous
hypertrophy Bruusgaard et al., (2010), Gundersen, (2016), Gundersen et al., (2848)
maintaining an eleated myonuclei number and smaller myonuclear domain our

experimentsmyonuclei number returned to basal levels after 120 days detraifiggin,we
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refer to concurrent training followed by detraining in mice as a comparison, where the
plantaris lost myauclei gained after a shorter period of 12 weeks of detrainingprestingly,

0KS LINB@GA2dzat e &dz233SaidSR WRSOUNIAYAYy3I NBaraadl
detraining The authors suggest that this may be related to natural increasesdy bass

with age which may have resulted in progressive loading of the muscle, resulting in enough
transcriptional activity to maintain the hyper nucleatioBur data in the tibialis anterior

potentially provides clearer evidence against muscle memoryutinanyonuclear retention,

Fa GKS R2NBATE SE2N RD&gEwelht loadBubiggrdeir@ining el | RR A
added nuclei in type | and type IIA fibers were still,ldgispite previous evidence suggesting
oxidative muscles may be less prone to atrgpHowever, further work is required to
understand the molecular and physiological underpinnings of atrophy resistant and atrophy
susceptible skeletal musckass et al., (2021), Dungan et al., (2019), Murach et al., (2020b)

We hope that @irther researchwill assess a timecourse of muscle detrainusgng this model

and potentialways of mitigating losses of functional adaptation gained thtougsistance

training.

Longterm recovery following severe atroplan interesting muscle growth paradigm?

In chapter 4, we demonstrated that T-induced nerve silencing disuse atrophy caused a
progressive loss in myonuclei per filmeosssection,and thesubsequenshort-term recovery
caused significant super compensatory myonuclear addition in the type 11X and type IIB
muscle fibersWe initially planned to follow a timecourse of muscle recovery through-next
generation RNAequencing to aid us in undesstding the transcriptional activity within
muscle as it recovered its size back to basal levels, how transcriptional activity may act as a
WAGgAGOKQ (2 a0G2L) YdzaOfS O2ydAydzZAy3a G2 3INRG
transcriptionally the muscle tained any signature of previous severe atrophy, even after a
long period of recovery. We hypothesised that muscle would have fully recovered back to
that of contralateral control levels 120 days after cessation of 14 -@ayé treatment.
However, his pild experiment perhaps generated the most controversial data on
myonuclear retentionalthough low sample numbers make the data hard to fully interpret

and require further attention.

While muscle mass, fiber type composition and fibgre specific measuremés of fiber area

had returned to that of control levelghere wassome evidence suggesting that the early
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super compensatory addition of myonuclei remained even after 120 days of recovery,
although with low group numbers we cannot confirm if this is gr &0 SecultivelyS ®

if they did remain, this response would differ from the resistance training induced myonuclear
addition which are lost through detraining. If the myonuclei added during the rapid recovery
from atrophy did remain, itwouldprovl S@A RSY OS F2NJ | WYe& 2y dzOf S| N
the fusion occurs following a supraphysiological means of hypertrophy such as testosterone
treatment or synergist ablation overloaGundersen, (2016), Gundersen et al., (20T8)is
would perhapsbe as a result of different signals acting on the muscles resident satellite cells
leading to differential division (symmetric vs asymmetric) and fusion which may lead to newly
added myonuclei having different epigenetic signatures/andusceptibility to removal
Sharples et al., (2016), Wen et al., (2021), Shinin et al., (2006), Cossylaidh3ta (2007),
Dumont et al., (2015), Zammit, (2008), Fukada et al., (2020% notion would alscupport

the need for appropriatepre-clinical physiological models of resistance training and
hypertrophy, such as spillover training in rodents that are more closely related to human

resistancedraining.

4.6 Conclusion:

Within these pilot experiments we have highlighted that myonuclear addition is important
for muscle growth, both in response to mechanical loading and in response to recovery from
severe atrophy wherenyonucleiare lostin this model of disuseHowever, the stability and
permanence of newly added or existing myonuclei seems to differ depending on the model
used to induce growtlas previously suggestdgfuusgaard et al., (2012), Bruusgaard et al.,
(2010) Following resistance training in healthy muscles, myonuclei added to support
hypertrophy seem to be vulnerable to removal following a detraining period. However,
myonuclei can be lost during severe atrophy and for muscle to recover, there is a
superompensation of added myonuclei to existing fibers whichpatentially protected and

do not undergo removal following long term recovery, despite muscle mass returningab bas
levels. However, this requires further investigation and experimental rep&htsexact cause

of myonuclear addition between these two models (resistance training vs. recovery from

severe atrophy) may be reliant on different mechanisms and be caused by differences in
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signalling and the requirements for satellite cell fusion (hyymgty vs. damage)r

symmetric vs asymmetric division of muscle progenitor progeny.
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Chapter5: Timecourse transcriptome analysis of programmed
resistance exercise in rats.
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5.1 Abstract

The objective of thistudy was to perform aetailedtranscriptomic analysis through RNA
sequencing on the acute respondeat is one hour following a bout oésistance exercise,
depencent on training status. We used a highly controllable resistance training model, termed
Spllover training, that uses implantable pulse generators in {remg rats to induce
hypertrophy in the tibialis anterior. We studied how the acute response toprogressive
training results in genomwide transcriptional changeghat are distinctly dferent
depencent on training status. Studying the temporelusters across our timecourse that
spans 2, 10, 20 and 30 days of training revealed 5 unique clusters of genes, 4 of which contain
genes that are upregulated in response to acute exercise anchreaak transcriptional
expression at different periods of trainingurtherVenn diagram analysis of the significantly
altered genesH= 0.01) was performed to establish upregulated and downregulated pathways
associated with the early response t@ining, always responsive pathways, and adapted
response pathways. The early response included genes related to the ribosome, proteasome,
and protein processing in the endoplasmic reticulum as well as genes associated with
inflammation/macrophages. Thespathways were significantly downregulated in the
adapted muscle, Hew control levels, whilst oxidative phosphorylation was upregulated.
Always responsivepregulatedpathways included focal adhesion, antigen processing and
PI13kAkt signallingwhilst the downregulated, always responsive pathways included valine,
leucine and isoleucine degradation suggesting a reduction in protein degradation.
GeneMANIA network association analysis found that the genes associated with the early
response to exercise, that ielieve are most likely involved with hypertrophy are controlled

by the transcription factor Myc, a wethown regulator of cell cycle, metabolism, growth,
wb! LRfte@YSNIasS FOGAGAGE YR NAO2az2dysfof 6A23S
training andits expression reduces ovéme in response to training status, suggesting that
this transcriptional regulator may be involved in the platefthe growth response.hile most
significant differentially expressed genes in response to spillover trainerg everlapped

with the most significant gendsund to respondo synergist ablation in the mouse, squat

like exercises in the mouse amtwo human metaanalyses containing data from both acute

and chronic resistance exercise. There wgasprisinglylittle overlap across models and

species with only 10 genes consistently upregulated across multiple models of resistance
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training and across different species. These genes include ATF3, Amd1, Ankrdl, Bgn, Collal,
Col3al, Ehd4, Hmox1, Lox and Mitese geneare largely understudied in skeletal muscle,

and we propose that it is likely important to further elucidate the function of these genes/
transcription factors and their involvement in muscle adaptation. The study of these genes

may lead to important thernaeutic findings for muscle plasticity.

We also show that this daily application of resistance exercise, while providing a potent
hypertrophic stimulus, also causes changes, such as a reduction in the fastest myosin
isoforms, that would be considered typicof endurance training. It may be that a reduction
Ay GKS FNBljdzSyde 2F (KS SESNDAAS o2dzia ¢ 2df
muscle phenotype.

Exercise is a potent trigger for the molecular muscle clbttCarthy et al., (2007)Our
investigation of the contralateral control muscles, that servemgxercisednternal contros
revealed dynamic changes in genes relateditoadian biology. Thishenomeron requires
further attention. In conclusionywe map out the behaviour of gene expression in response to
an acute training bout deperatht on training status in a physiological model in ratspwing

that genes have very distindime dependantpatterns of expressionduring hypertrophic
adaptation in a fast skeletal muscle eWWentified several pathways that atgregulatedor
downregulateddepencent on training statusas well as a cluster of genefose expression
seems to track with muscle growth and the plateau of mass, some of ahécbonsistently

expressed across multiple models of resistance training and across different species.
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5.2 Introduction:

Resistance exercise training provides both a mechanical and metabolic stress within skeletal
muscle to stimulate hypertrophy and increase force generating capacitiesingen and
Kirby, (2021), Wackerhage et al., (2Q1R)is well known that muscle mass, quality and
strength ae crucial factors in preventing metabolic diseases, premature mortality and
maintaining independent living in older litgéabriel and Zierath, (2019), tfer et al., (2015),

Liu et al., (2019), Baskin et al., (2015)

Decades of research have revealed that mechanical oveitaheted hypertrophy occurs
because ofprolonged net increases in protein synthesis, to increase the amount of
myofibrillar protin present in muscle fiberiSlass, (2005), Bodine et al., (2001b), Chaillou et
al., (D15), Chaillou et al., (2013This is orchestrated through the reprogramming of the
muscle transcriptome to positivelyegulate cell growth and translational capacity, whilst
supressing negative regulators of cell grov@thiaffino et al., (2020The anabolic process is
reported to be centrally controlled by the insuliike growth factor (IGF1)/ protein kinase B
(Akt)/ mechanistic target of rapamycin complgx(mTORC1) signalling pathway and its
upstream regulators and downstream effect@@aar and Esser, (1999a), Sartori et al., (2021),

Ogasawara et al., (2017), Ogasawara et al., (2016), Hornberger, (2011), You et al., (2019)

However, much of this knowledge has been gathered from sppseiological models of
overload such as surgical ablation of muscle syner@ktsllou et al., (2015), Chaillou et al.,
(2013), McCarthet al., (2011), Goodman et al., (201®hich can cause both damage and
inflammation, or models that require repeated anaesthesia/ handling to perform resistance
training sessionBaar and Esser, (1999a), Eftestal et al., (2016), Potts et al., (R&EcAntly,

a novel voluntary weighifting modelin mice which required mice to perform squdike
activities in order to feed has been developed which presents great promeviloping a
physiological animal model ahechanicaloverload induced hypertrophZui et al., (2020)
However, this differs greatly to the classical hunrasistance traininghrough sessions of
sets and repetitionslue to the long working pevds of activityCui et al., (2020)The search

for a physiological model of resistance exercise continues and this has recently been
highlighted by the current NIH fundedolecular Transducers of Physical Activity Consortium
(MoTrPACYanford et al., (2020)ho decided not to pursue a pidinical animal model of
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resistance exercise training in their goal of mapping the molecular responses to exéfeise.
present here evidence that our model in rats is reliable and practical for close investigations

of the response to resistance exercise.

While microarray and RNgequencing technologies have started to become widely used to
characterise the most influgial or differentially expressed gene transcripts across various
modalities of acute and chronic training datasets, across sex, and different training histories
Pillon et al., (2020), Damas et al., (2018b), Raue et al., (2012), Bonafiglia et al., (2019),
Lundberg et al., (2016), Dickinson et al., (2018), Chapman et al., (2020), Turner e1.4),, (2
none assessemporal changes in the transcriptome as muscle becomes adaptednto a
ongoing hypertrophic stimulus. Whilgecent studies have attempted to map the time
trajectories of the acute transcriptomic response to resistance exercise in blood and muscle
Amar et al., (2021), Amar et al., (201®yough metaanalyses of acute and long term
responses, very few studies tmr knowledge have characterised theecisetime course of
hypertrophic adaptation twepeatedacute resistance exercise bout as muscle becomes more
trained and accustome(n the sense that the acute response is reducéalthe resistance

exercise stimlusChaillou et al., (2015), Chaillou et al., (2013)

We usedour novel rodent model of resistance training in the rat tibialiseardr (TA) muscle
Schmoll et al., (2018}o investigée the acutetranscriptionalresponse one hour after a 20
minute resistance training session delivei@tte per dayver a period of 30 days. Such daily
resistance training results in significant hypertrophy of the TA muscle, but with ongoing daily
training this muscle growth plateaus at approximately 20 days. After that time even though
daily resistance training is continued, there is no further muscle growth. We presume, then,
that the stimulus for hypertrophy declines because of changes in the musdleeithace the

drive for a hypertrophic response despite ongoing daily training.

Through RNAequencing, we characterise the genesthwaysand networksassociated with

this timecourse of muscle hypertrophy which includé® exercise naive response, an
intermediate response, an adapted response as muscle mass plateaus in response to training
and finallya set of geneghat are commonly regulateih respase to the exercise bout
independent of training status. We hypothesise that genes or gene families whose response
to an acute exercise session is up/downregulated in the early sessions of training, but then
returns to near control levels over the @fay imecourse will include important regulators
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for inducing or suppressing muscle growtkVe identify MYC Prot®@ncogene, BHLH
Transcription Facto(Myc) as the master regulator of the transcriptional regulation of
hypertrophy and identify that its expressioim response to acute resistance exercise
dissipatesas muscle becomes accustomed to an exercise bout and therefore may provide a
basis of objectively designing progressive resistance exetoiseontinue to promote
ribosomal biogenesis and hypertrophi/e also notethat EH Domain Containing(Ehd4)is
consistently upregulated across species and models of resistance training and its function in

the adaptation warrants further investigation.

5.3 Methods

Experimental Design

The animalexperiments were conducted under the provisions of the Animals (Scientific
Procedures) Act 1986 and approved by the British Home Offf@o@022). 17 Male Wistar
rats were groughoused with 23 per cage maintaining an alternating 12 h light 12 h dark

cyde. Themean agevhen euthanised wag3 + 2 weeks.

Resistance Training Protocol & Pattern

Animals received 1 session per day of Spillover resistance training in the lefirhingia
stimulation from an implanted pulse generator (IPG) as previously tescEchmoll et al.,
(2018) for 2, 10, 20 or 30 days anderwent sham surgeryl.raining was conducted within

the first two hours of therelatively inactive light cycleof the rat Briefly, for high load
(Spillover) exercise to elicit slight stretch under load, the dorsiflexor muscles, tibialis anterior
(TA)and extensor digitorum longus (EDL), received supramaximal activation via a cathode
placed underneath the common peroneal nerve (CPN), while the anode was positioned
underneath the tibial nerve and the stimulation current was adjustetcessarypy remote
programming, to recruit enough of the gastrocnemius, plantaris and soleus (plantarflexor

muscles) to provide resistance against the contraction of the dorsiflexors.

Daily training was delivered automatically by the IPG and consisted of an initialdr@lsexf
preparatory stimulation at a low frequency (F = 4Hz, phase width 258current =
approximately 1 mA), followed by 5 sets of 10 tetanic contractions at 100 Hz. Each contraction

lasted for 2s with 2s rest between contractions and 2.5 minutes sif between sets. The
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stimulation was delivered only in the left hididnb, so muscles of the right hiddnb act as
unstimulated contralateral controls. Stimulation with these settings and the amplitude
chosen to balance dorsiflexion and plantarflexion aésed above was wetblerated by all
animals without further anaesthesia or sedation. Regular observations during daily training

across the time course revealed no adverse behavioural signs.

Whilst dynamic proteomic profiling results are not discussethis manuscript, deuterium
oxide (2H20; Sigmaldrich, St. Louis, MO) administration was initiated on the first day of
training by an intraperitoneal loading injection of X0/ 99% 2H2&aline, and then,
maintained by administration of 5% (v/v) 2H20 in the drinking water available to the rats, as

described previouslilesketh et al., (2016), Hesketh et §€2020b)

Electrical Stimulation Surgical Procedure

Animals were anaesthetised during implant procedures by inhalation of a gaseous mixture of
isoflurane in oxygen at approximately 3% for induction ar2Pd for maintenance. Once
anaesthetised, a subcameous injection of Enrofloxacin (5mgrkbody mass (Baytril®) and

an intramuscular injection of Buprenorphine (0.05mgfkgody mass) (Temgesic, Indivior,
Slough, UK) into the right quadriceps was administered with strict asepsis maintained
throughout the procedure. Silicone encapsulated radio frequency controlled implanted pulse
generators (IPGs) (MinivStim 12B, Competence Team for Implanted Devices, Center for
Medical Physics and Biomedical Engineering, Medical University Vienna, Austria) were used
to deliver impulses. The devices were implanted into the abdominal cavity accessed by a
lateral incision through the skin and peritoneum, between the rib cage and pelvis on the left
side of the animal. A polyester mesh attached to the IPG was incorporatedhmtsuture

line closing the peritoneum, securing the device against the abdominal wall. Two PVC
insulated stainlessteel electrode leads (Cooner Sales Company, Chatsworth, Califds#ja, U
with terminal conductive loops, were fed through the peritoneeision and tunnelled under

the skin to the lateral side of the upper left hitichb. A second incision was made through

the skin and biceps femoris muscle to give access to the CPN under which the cathode was
placed (to stimulate the dorsiflexors). Theoale was placed in the muscular tissue deep to

the tibial nerve about 5mm distal to its bifurcation from the sciatic nerve to allow Spillover

stimulation to produce additional partial activation of the plantarflexors to resist the
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contraction of the dorsiéixors. All incisions were closed in layers and 7 days were allowed for

recovery from surgery before the start of the training protocol.

Rat muscle samplin§ preservation

Animals were humanelkilled using rising concentrations of carbon dioxide, followed by
cervical dislocatiorl hour post their last exercise bautTA muscles from bothind limbs
were immediately harvested, cleaned of excess connective tissue and weighed. Tbellyid

of the TA wascut out, placed on cork for transverse sectioning and frozen in melting
isopentane above liquid nitrogen fdnstological analysis. The rest of the muscle was flash

frozen in liquid nitrogen for subsequent RNAtraction.

Muscle homogenisation

Part of thewhole muscle samples (approx. 200mg) were added to 2ml MagNA Lyser Green

Bead screwcapped tubes, prefilled witil.4mm (diameter) ceramic beadas supplied
(PN:03358941001, Roche, Germany) and 1ml of Thikelo Fisher Scientific Inc, Waltham,

USA). &nmples were homogenised using a MagNA Lyser (Roche Diagnostics, Germany) for

nn aS0a Id ¢ Yka 0ST2NBE o60SAy3a Liwth@Rutesl O1 2
on ice between each repead ensure complete disruption of the muscle sample. RNA was
extracted using the standard TReagent procedure with chloroform/isopropanol for phase
separation and precipitation of RNA, with further washing with 75% ethanol. RNA pellets were

resuspended in 54t 2 Fredied water(Thermo Fisher Scientific Inc, Waltham, USA).

RNASequencing

High quality mRNA libraries were constructed from 100ng of total®¥A y3 b9 . b SEG1T !
Il Directional RNA Library Prep with Sample Purification Beads kit, #£7765S (New England
Biolabs, MA, US) as per manufacturers guidelinéy,Bart's and the London Genome Centre

at Queen Mary, University f 2 Yy R2y ® ¢ KA A A0 SYNAOKSa FT2N Yw
resultant barcoded libraries were sequenced on an lllumina NextSeq which runs onea singl

flow cell that has four lanes, ran using pakead sequencing for a minimum of 12 million

reads per samplefastQ files were imported tBartek® Flow® Genomic Analysis Software

Partek Inc. Missouri, USKr pipeline processing. Piaignment QA/QC wagerformed on

all reads prior to read trimming below a Phred quality score oSa®R alignment 4.4.1x¢hs
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usedto align reads tahe Rattus Norvegicysknor_6.0 genome assemiidpbin et al., (2013)
Aligned reads were then quantified to thEnsembl transcriptomeannotation model
associated withRattus Norvegicufknor 6.0 release 99 v2 Transcript expression was
normalised usindESeganedian of ratiosLove et al., (2014and diferentially expressed
genes identified througlPartek® Flow@®ene Set Analysis (GSA functiorR&t0.01. Data is

presented as fold changeconfidence intervals or Lédpld changet confidence intervals.

Pathway Analysis, Sdlirganized MappingvennDiagram Analyse& GeneMANIAnultiple

association network analysis

Biological interpretation was performed iRartek® Flow® Genomic Analysis Software
identify associated KEGG pathways and GO enrichment anérsehisa and Goto, (2000)
Tovisualisegroups of genes with similéemporal changes igene expressioacross the time
coursestudied,we implemented Self Organising Map (SOM) profiling of the change in mean
gene expressiorwithin each condition usig Partek Genomics Suite V.7.0 (Partek Inc.
Missouri, USA)Venn Diagram Analysis was performed udfagtek® Flow@nd using the
VIB/UGent Venn online toohttp://bioinformatics.psb.ugent.be/webtools/Venn/Publicly

available data was taken for comparison from the following studibaillou et al., (2013),
Chaillou et al., (2015), Cui et al., (2020), Pillon et al., (2020), Turner et al., B8HhBMANIA
multiple association network analy$¥ostafavi et al., (2008), Warel€arley et al., (201@yas
performed in Cytoscape 3.8%hannon et al., (20038nd interaction networks selected based

from physical protein interactions, shared pathways and shared protein domains.

Imaging & MyoVision 2.0 Analysis

Once immunofluoescently labelled, whole muscle cressctions were imaged using a
widefield fluorescent microscope (Leica DMB 6000, Wetzlar, Germany) with a 20x objective.
Nicotinamide adenine dinucleotid® ADH stained muscle crossections were imaged using

a transmitted light filter. Multiple images were automatically stitched together using the
tilescan feature in the Leica Application Suite and transferred to the MyoVision 2.0
programme for myofiber detectio and subsequent morphological and fiblgpe

characterisation as described previouslggars et al., (2022)

Statistics
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Muscle mass ata are presented as the % change between the left experimentakihizl

and right internal contralateral control hinldmb for overall muscle mass (mg/kg
bodyweight), fiber CSAhat is, the absolute difference expressed as a percentage of the
control limb value. The resultant percentage changes were then compared viavage

l bh+! 3 F2ff 2 ¢ S{Roc amilysi¢ tirtdbfénDdiffer&dgesd between grouper

body mass anflber type-specific analysis, absolute valuddiber type proportion, fiber CSA,

were compared between groups using egd @ ! bhx! a3 F2ff 28R 08
analysis to confirm differences between groups. Significance was det<a0.05 for all
morphologicalstatistical analyses, performed in GraphPad Prism 9.0 software. All data are

presented as mean * standard deviation (SD).
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5.4 Results
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Daily pillover training resliis in progressive hypertrophincreases imitochondrial content

and a shift to a [IX phenotype.

As previously reporte¥iggars et al., (2022yaily spillover training results in a progressive
increase in muscle mass after 2 (529.05 %P= 0.223), 10 (11.3% 2.47 %P= 0.006), 20
(14.82+ 4.17 %P= 0.0009) and 30 days (21.24.94 %P< 0.0001), in comparison to sham
surgery {0.91+ 1.38 %) The increase in muscle mgdateaus between 20 and 30 days of
training @ = 0.31), (Figur®&.1D). Similarly, fiber CSA progressively increafies 2 (3.94+
1.71 %P= 0.207), 10 (8.5 2.73 %P= 0.002), 20 (11.# 2.33 %P= 0.0002) and 30 days (21.65
+ 2.66 %P < 0.0001), in comparison to sham surgery ©2.06 %), with fiber CSA being
significantly higher after 30 days in comparison vthdays trainingR= 0.001, (Figurb.1F).
Body mass did not significantly differ between any-poegical or post intervention measure

or between any conditionR> 0.4), (Figuré.1E).

Mitochondrial NADH grayscale intensity across all muscle regions also progressively increased
after 2 (7.5£ 5.7 %P= 0.85), 10 (27.3% 3.76 %P= 0.0382), 20 (56.06 15.08 %P< 0.0001)

and 30 days (78.24 12.42 %P < 0.0001), in comparison to shamrgery ¢2.92+ 14.04 %),

with no significant difference between 20 and 30 days = 0.2891), (Figure.1G).
Interestingly, the significant, near linear, increase in NARkHhingwas not concomitant with
changes iRNA values fdtey mitochondrial encodi enzyme<Lyclooxygenasg (COX1),
COX2, COX3, cytochrome b (Cyb), ATP Synthase Membrane Subunit 6, ATP Synthase
Membrane Subunit 8 and NADH dehydrogenase suburbtsCOXB, Cyb and ATP Synthase
Membrane subunit 8 were significantly downregulatdel 0.01, q <0.1) after 2 days of
training by a logfold change betweenr0.31 and-0.7. Following 10 days, COGX1Cyb and

NADH dehydrogenase subunitstlwere all significantly downregulated versus conti@l (
<0.01, g <0.05 with a log fold change betweer0.39 and-0.93. After 20 days, expression had
returned to control levels in all mitochondrial encoded genes apart from NADH
dehydrogenase subunit 5 which was significantly lower than all other timepel&l(log

fold changeP < 0.05 g = 0.1). Sigificant upregulation of these mitochondrial genes 1 hour
post exercise versus control only occurred after 30 days of training in all above genes (
<0.0001 g < 0.09, consisting of 08.75 log fold changes, except for NADH dehydrogenase
subunits 5P = 0.0688g = 0.38 and 6 P= 0.68 g = 0.79 that did not differ from control

levels, (Figur®&.1T).

210



Fiber type changes after 30 days of training were assessed immunohistochemically to
determine proportion and fibetype specific size and changeshie mRNA abundanaef the
characteristic myosin heavy chain isoformia RNAsequencing across the timecourse. Type

| (2.57+ 1.5% vs. 4.5 1.68%,P = 0.3357), type IIA (15.686.8% vs. 11.33 4.619%P =
0.6629) and hybrid (29.67#5.03% vs. 33.388.08%,P= 0.893) muscle fiber percentages did
not significantly differ between control and 30 days training respectively (FigudK).
However, we note that visually, the type of hybrids shifted from predominately 11B/11X hybrids
to [IB/IIX/IIA hybridsThe main changes occurred between the proportion of 11X fibers, which
significantly increased following 30 days of training£4859% vs. 5@ 4.1%,P< 0.0001) and
conversely there was a significant decline in the number of IIB fibers (2313B% vs 1.4+
1.22%,P < 0.0001) (Figur®.13S). At the gene expression levélyHGQ mRNA content
significantly decreased after 2 days of trainin@ 4 log fold changeP = 0.0005q = 0.03,
before returning to control levels for the remainder of the training periods studied, opposing
the increase in type | fibers observed in the immunohistochemical analysisMye@iA
expression there are 2 transcript variants in the rat genome asseusag to align reads.
MyHQIA-Myh4-201 remained unchanged in response to training at all time points, but
MyHQIA-Myh4-204 decreased progressively in relation to control muscles afted.21( log
FC,P=0.14 g = 0.33, 10 (4.41 log FC,P < 0.00001q < 0.0000}, 20 ¢(6.08 log FC,P <
0.00001 g < 0.0000), and 30 days training5.87 log FC,P < 0.00001 g < 0.0000}
respectively. FOMyHQIX, there are three transcript variants. InterestinglyHGIXMyh4-

206 was unchanged from control levels afferand 10 days of training but decreased in
abundance after 20-2.38 log FCP= 0.0003q = 0.0) and 30 days of training2.01 log FC,

P = 0.0001 g = 0.008. MyHQIXMyh4-202 (0.35 lo§FC,P= 0.QL, g = 0.05 and MyHQIX
Myh4-205 (0.45 logFC,P= 0.05 q = 0.09 increased after 2 days and remained elevated vs
control samples at 10, 20 and 30 dayB,<(0.0001 g < 0.003. There was no significant
difference in these specific transcripts between 2, 10, 20 and 30 days. In line with our
immunohistochemical analysislyHQIB-Myh4-203 transcript levels remained unaltered
after 2 days of training-0.61 log FC,P= 0.21) but then sharply declined after 1@.22 log
FC,P< 0.00001), 20-6.07 log FC,P < 0.00001) and 30 days of training.61 log FC,P <
0.00001). There was no significant difference in this specific transcript level between 20 and
30 days of training suggesting that the downregulation of this gene transcript had plateaued

at around ~5000 reads per million, (Fig&t&U).
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Emlryonic and neonatal myosin expression remained low at all time points (with less than 10
reads per million) despite embryonic myosin significantly increasing afte=2(004 ,q =

0.03) and 10 days of training?€ 0.0001q < 0.000), beforereturning to that of control levels.

As expected of the myogenic programme, increases in neonatal myosin heavy chain occurred
after embryonic expression, reaching significance afterP€ (.0001q < 0.000), 20 P=

0.0009 q = 0.09 and 30 daysH = 00008). However, despite significant fold changes
occurring, mMRNA reads for these gene transcripts were less than 10 per million which is likely
insignificant to the physiology of the muscle. This also highlipktick of regeneration/new

fibersnotedin this model, (Figur&.1U).

Fiber typespecific measurements of fiber area revealed that all fiber types hypertrophied,
type | (918.8t 69.7um? vs. 1514+ 134um2, P= 0.0022), type IIA (140544.9um? vs. 1883t
92.6um2, P= 0.0008), type I1X (2028171.61m2 vs. 2611+ 201.3um?, P = 0.0199), type IIB,
(2476+298um? vs. 2888t 115.81m?, P= 0.018) and hybrid fibers (215%237.6um?vs. 2684

+ 124.um?, P = 0.0237) in response to the 30 days training. Interestingly thegméage
change was highest in type | fibers that increased their area by 64% versus fast fibers that
increased between 284% (Figur®.10-S). Another observation is that as there was almost

a complete shift from 1IB to IIX myosin heavy chain isoforms assasd through
AYYdzy2 KAaAG2O0KSYAadNE a2 A0 O2dz R 6S I NHAzSR
extent as reported above. Briefly, untrained IIB fiber CSA (2206.3um?), was only slightly

lower than trained IIX fibers (261#1201.3um?, P=0.006), a 9.8% increase rather than a 29%
increase in fiber CS3uggesting that despite all being activated, slower fibers increase their

sizeto a greater extent.

Selforganising _mapping reveals 5 distinct temporal clusters of gene expression during

hypertrophy.

A principal componerst analysis (PCA) on all identified gene transcripts identified clear
clustering of gene transcript responses depenidon training itself and the length of training
(Figures.2A), with all contralateral control samples stering together independent of length

of training in the opposite limb. Trecute responses aftéxr and 10 days of training are similar,

yet there is distinct separation between 2 and 10 days versus 20 and 30 days, and further
divisionbetween 20 and 30alys across PC1 (66.43%), (Fig?&). We then performed GSA

on DeSeg2 normalised reads to identify differentially expressed genes with a cut Bffat (
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0.01) across the timecourse of adaptatidfor genes assessed in more detail, FDR q values
are preseted as the statistical analysis was performed with multiple compariséashown

in Figures.2B from the 20,027 gene transcripts identified across all tibialis anterior samples,
2398 were differentially expressedt the 2-day timepoint, with the majority being
upregulated (71.26%). A similar pattern was present after 10 days, with 71.28% of 2218
differentially expressed genes being upregulated. After 20 days, the number of differentially
expressed genes decreased to 1755, and only 54.41% were upregutagrdstingly, after

30 days of training, acute exercise upregulated only 484 genes (17.11%) and downregulated
2828 (82.89%) genes (Figww@B). Across all timepoints, we identified 519 gene transcripts
that were differentially expressed across all tirpeints (or always responsive), 66.47% of

which were upregulatedrFigures.2C

We then performed unsupervised hierarchical clustering of the top 500 statistically
differentially regulated genes across the timecourse versus control samples and found good
similarity between samples from the same condition and a temporal shift in differentially
regulated genes between 2, 10, 20 and 30 days but not in control samples (bigDje
Further analyses by SOM temporal analg$ithese 500 genesulted in 5 distict temporal
clusters identified through the inflection point of the minimum centroid distance between

clusters The 5 clustersontaired 74, 11597, 61, and 153 genes respectively.

In rank orderof significanceSOM1(peak at two days with early declinepntained the
following genes Ankrdl (Ankyrin Repeat Domain 1), Otudl (OTU Deubiquitinase 1),
LOC498675, Egrl (Early Growth Respdns&erpinel (Serpin Family E Member 1), Csrnpl
(Cysteine and Serine Rich Nuclear Protein 1), Mustnl (Musculoskeletalydfie Nuclear
Protein 1), Hbegf (Heparin Binding EGF Like Growth Factor), Csrp3 (GRsthirirotein
3/Muscle LIM Protein), Fos (Fos Pr@acogene, AR Transcription Factor Subunit), Xirpl

(Xin Actin Binding Repeat Containing 1), Hspb7 (Heat ShatekrPFamily B (Small) Member

7), Tnfrsfl2a (Tumor necrosis factor Receptor Superfamily Member 12A), Dnajbl (DnaJ Heat
Shock Protein Family (Hsp40) Member BIYCProto-Oncogene, BLH Transcription Factor),
KIhl40 (Kelch Like Family Member 40), ler5 (Iohiate Early Response 5), Cryab (Crystallin
Alpha B), Fhl1 (Four And A Half LIM Domains 1), HaEHAHActin Regulator), Thbsl
(Thrombospondin 1), Tubalc (Tubulin Alpha 1c), Asb5 (Ankyrin Repeat And SOCS Box
Containing 5) and FInc (Filamin C).
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In rank orde of significanceSOM2(Peak at 2 days and maintained at 10 before gradual
decline) contained the followinggenes: Atf3 (Activating transcription factor 3), Csrnpl
(Cysteine and Serine Rich Nuclear Protein 1), Hspalb (Heat shock 70kDa protein 1B), Maff
(MAF BZIP Transcription Factor F), LOC108348108 (heat shock 70 kDa protein 1A), Phldal
(Pleckstrin Homology Like Domain Family A Member 1), Rtn4 (Reticulon 4), Midn (Midnolin),
Irs2 (Insulin Receptor Substrate 2), Rcanl (Regulator of Calcineurin 1), Fhlan@rauhalf

LIM domains protein 1), Bcl2l11 (Eelike protein 11/BIM), Mapl&202 (Microtubule
Associated Protein 1A), LOC100909784 (leiomadike), Btg2 BTG AntProliferation Factor

2), Map1a201 Microtubule Associated Protein 1A), Nr4al (NuclBaceptor Subfamily 4
Group A Member 1), Itga5 (Integrin Subunit Alpha 5), Emp1 (Epithelial Membrane Protein 1),
LoxI1 (Lysyl Oxidase Like Ugals3 (Galectin 3), Cdlcluster of differentiation 14), Tyrobp
(TYRO protein tyrosine kinabending protein) Gfpt2 (GlutamineFructose6-Phosphate

Transaminase ZndMfap4 (Microfibril Associated Protein 4).

In rank orderof significanc&SOM3Peak at 10 days with shaspbsequentlecline)contained

the following genes: Bgn (Biglycan), Hspb6 (Heat Shock PFamiily B (Small) Member 6),
Hmox1 (Heme Oxygenase 1), Vatl (Vesicle Amine Transport 1), R&FBMember RAS
Oncogene Family), Gpx1l (Glutathione Peroxidase 1), Actn2 (Actinin Alpha 2), Habp4
(Hyaluronan Binding Protein 4), Tsp (Translocator ProteatdaC (Collagen type IV alpha 1),
LOC100364435 (thymosin, beta-like), AABRO7068316.1, Mgp (Matrix Gla Protein), Dnaja4
(DnaJ Heat Shock Protein Family (Hsp40) Member A4), Efnal (Ephrin ACpaeRddtion
Factor Il Thrombin Receptor), Voppl (Vesiculaerexpressed In Cancer, RBugvival Protein

1), Thyl (Tt Membrane Glycoprotein/CD90), Selll3 (Suppressor &fZ-irike Protein 3),
Coll8al (Collagen Type XVIII Alpha 1 Chain), Lipgsé G, Endothelial Type), Ecml
(Extracellular matriprotein 1), Col4a2 (Collagen Type IV Alpha 2 Chain), Ppfm@eit
Phosphatase 1 Regulatory Subunit 27) and KIf5 (Kruppel Like Factor 5).

In rank orderof significanceSOM4(Gradual increase with peak at 20 days before decline)
contained the following gnes: Slc20al (Sodiudependent phosphate transporter 1),
OlfmlI3, (Olfactomedin Like 3), Snai3 (Snail Family Transcriptional Repressor 3), Sparc
(Secreted Protein Acidic And Cysteine Rich), 1d4 (Inhibitor Of DNA Binding 4, HLH Protein),
Hk2 (Hexokinase 2N\r4a3 (Nuclear Receptor Subfamily 4 Group A Member 3), Nuprl
(Nuclear Protein 1, Transcriptional Regulator), Zfp622 (Zinc finger protein 622), Gpnmb
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(Glycoprotein Nmb), Cox7al (Cytochrome C Oxidase Subunit 7A1) Axmdedprotein E),

Scd?2 GtearoylCoAdesaturase?), LOC10036145adtin, gamma 1 propeptidéke), Corolc
(Coronin 1C), Gsn (Gelsolin), Tmem140 (Transmembrane Protein 140), Sorbs3 (Sorbin And
SH3 Domain Containing 3), Dap (Death Associated Protein), Ppp1r36 ((Protein Phosphatase 1
Regulatoy Subunit 36), JunlnB ProtéOncogene, AR Transcription Factor Subunit), Chn2
(Calponin 2), SIfn2 (Schlafen 2), Uaplll @BRetylglucosamine Pyrophosphorylase 1 Like

1) andVegfa Vascular Endothelial Growth Factor A)

In rank orderof significancesSOM5(Downregulated after 2 days and consistently over 10, 20

and 30 daysgontained the following genes: Dhrs7c (Dehydrogenase/Reductase 7C), Srbdl
(S1 RNA Binding Domain 1), Actn3 (AlabiEnin-3), Myh4203 (MyHCIIB), Myh4 [MyHCIIX),

Pvalb (Parvalbum), Fam78a (Family With Sequence Similarity 78 Member A), Dhrs4
(Dehydrogenase/ Reductase 4), Ampdl (AMP deaminase 1), Tcea3 (Transcription Elongation
Factor A3), R3hdm2 (R3H Domain Containing 2), Maspl (MBL Associated Serine Protease 1),
Mylk2 (Myosin Ight Chain Kinase 2), Reepl (receptor expressidrancing protein 1), Dbt
(Dihydrolipoamide Branched Chain Transacylase E2), Eif4e3 (Eukaryotic Translation Initiation
Factor 4E Family Member 3), Tab2 (‘BeE Activated Kinase 1 (MAP3K7) Binding Protein 2)
Bcat2 (Branched Chain Amino Acid Transaminase 2), Calm2 (Calmodulin 2), Slc9a2 (Solute
Carrier Family 9 Member A2), GstnGltathione Sransferase 7), Hjv (hemojuvelin), Mel

(Malic Enzymé), Sarlb (&retion Associated Ras Related GTPasarid)lmod1 (Leiomodin

1).

All genes presented in the SOM analysis reached an FDR cut off vadue0dd01, at two or more

timepoints compared to control levels.
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(F) Self Organizing Map (Cluster 1 Gene Transcripts)
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(J) Self Organizing Map (Cluster 5 Gene Transcripts)
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Figure5.2: (A) Principal componeanalysis (PCA) of control (blue), 2 days spillover stimulation (red), 10 days spillover stimulation (yellow), 20
days spillover stimulation (green), 30 days spillover stimulation (purple). Principal component 1 accounted for 19. A2%6anfdben the dta,

principal component 2 12.35% and principal component 3, 9.61% respectively. (B) A total of 20,027 different gene tvegrscigeatified

across all samples and were further filtered following differential gene set analysis between the conprghgti?) and each spillover resistance
training group (n=3) per training group. (C) Differentially expressed genes that are common (always responsive) at partt tfrteaining.

(D) Hierarchical heat map for analysis of all differentially expresseesdeetween 2lay, 16day, 20day, 30 day and the control group-&xis:
Blue=control, red=2 days spillover training, orange=10 days spillover training, green=20 days spillover training, pagdepddder training).

(E) The top 500 differentiallkpressed genes from Figse2D, were characterised into 5 distinct clusters following@glanising map (SOM)
temporal analysis. 5 were selected based on the inflection point of the minimum centroid distance between clusters, Inecpiinigat which
differences between additional clusters becomes negligible. SOM1= 74, SOM2=115, SOM3=97, SOM4=66, SOM5=174). (F)s&haf timecour
expression of the top 25 genes present in SOM1 ranked by order of significance. (G) The timecourse of expressionsoféinesqurésent in

SOM2 ranked by order of significance. (H) The timecourse of expression of the top 25 genes present in SOM3 rankedsignidickerasf. (1)

The timecourse of expression of the top 25 genes present in SOM4 ranked by order ofnsign{itd he timecourse of expressiotheftop 25

genes present in SOM5 ranked by order of significance. Data is presented as log? fold changes + confidence intervals.
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Expression levels of electively chosen common requlators of muscle mass show little

transcriptional changes and do not reflect the adjustment to training status.

In this section, we electively chose genes from our settéhat are commonly studied as
regulators of muscle mass, protein synthesis or are responsive to exercise and the imductio
of multiple pathwaygelated to regulation of growthOften these gene§Figure5.3A) have

very low expressiofmRNA abundanceand it is thought that their activity/phosphorylation

is potentiallymore important than changes in their getranscript abundanceHowever, we
report here that myostatin gene expression was significantly increased after 2 days of training
(1.7FCP=0.0039g = 0.@) before returning to basal levels at 10 days of training (1.2PEC,
0.22 g = 0.4). Whik decreased myostatin expression is associated with increases in muscle
mass, we report that after 20 and 30 days of training, myostatin becomes downreguated (
2.4 FCP<0.000019 < 0.0001and-2.6 FCP <0.00001 g < 0.000) respectively, despite us
reporting a plateau in muscle mass. Similarly, Myogenin is upregulated after 2 days of training
(3.5 FCP<0.00001,q < 0.000) before returning to levels similar to control muscles after 10
days (1.3 F® = 0.39 g = 0.59. Like myostatin, myogenin is thenwloregulated at 20 and

30 days compared with control levels but does not reach statistical signifi¢ah&eFCP =

0.12 g = 0.49 and1.6 FCP = 0.09 g =0.19 respectively Conversely Fbxo32 (Mafbx) is
significantly downregulated after 2 days of trainidg@.1 FCP <0.00001 g = 0.048 and
returned to baseline after 10-1{.1 FCP=0.78 q= 0.89, 20 (1.38 F(R=0.34q = 0.4 and

30 (1.31 F(R= 0.42 g = 0.5 days of spilloer training.Trim63 (MuRF1) was upregulated at

all timepoints versus control (2.3 FC, 2.1 FC, 2.0 FC, 14000001 q < 0.00). IGF1
remained unchanged after 2 days of training versus control levels, (1IB=RT11 q= 0.16),

but was significantly upregulated after 10 (1.8 P€0.001 g < 0.005 and 20 days (2.08 FC,
P<0.00001,qg= 0.0) before returning to that of control levels after 30 days of training (1.26
FC,P=0.71 ,q9 = 0.78. Interestingly, the IGF1 receptor wanly significantly upregulated
after 2 days of training (2.1 FE5 0.02 9= 0.069. IRS1 gene expression remained unchanged
in response to training at all time points¥(57 FCP= 0.15q=074), (1.03 F®=0.91q=
0.79,(-1.45 F®=0.239=0.46, (-1.63 F®=0.12 g = 0.3)). Aktl gene expression did not
change after 2 days of training (1.1 FZ= 013, g = 0.28 but was then significantly
upregulated following 10 (1.4 FE<0.0001 g < 0.00), 20 (1.4 F(2<0.0001g< 0.00} and

30 days of training (1.3 F@,<0.01 g < 0.]). Similarly, Akt2 expression was significantly
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upregulated at all timepoints (1.4 F®,< 0.0009 g < 0.09. Mapkl was significantly
downregulated after 2-0.3 FCP = 0.0004qg = 0.03, 10 (1.2 FCP=0.02) and 20 days of
training €1.2 FCP=0.007q< 0.1, before returning to levels like contrell(1 FCP=016,q

= 0.59 after 30 days Expression of the IGF1/2BP family was much more varied across the
timecourse of training likelgeflecting their different functions and binding properties. IGFbp4
was significantly increased versus control levels after 2KC.,P=0.0007, g < 0.00), 10 (2
FCP<0.0001q< 0.000), 20 (2.2 F32<0.0001 g < 0.000) and 30 days of spillover irang

(1.5 FCP = 0.0003q = 0.19. Similarly, IGFbp7 was significantly upregulated versus control
muscles after 2 (1.2 F€= 0.04 g = 0.08, 10 (1.9 F(? <0.0001 9 < 0.000), 20 (2.1 F®
<0.0001) and 30 days of spillover training (1.6 FF€,0.001). IGFbp6showed the largest
increases in gene expression of the family, increasing after 2 (2R<@.0006q < 0.00),

10 (3.7 FGP< 0.0001.q < 0.000), (3.4 FGP< 0.0001¢ < 0.000) and 30 (2.9 F®< 0.000]

g < 0.000) days. In contrast, IGFbp5 was significantly downregulated afte3.@ FCP <
0.0001, q < 0.000), 10 ¢1.9 FCP< 0.0001q= 0.09 and 20{1.4 FCP= 0.008q= 0.16 days

of training, but returned to control levels after 30 days of trainkigl2 FCP=0.86q= 0.49.

We also note that theGF2bpZXhowed an early upregulation after 2 days of training (2.2 FC,
P = 0.003 g = 0.04), before being downregulated at 261(8 FCP = 0.03 q = 0.1) and
returning to levels like control by 30 daystadining ¢€1.13 FCP=0.62q= 0.75.

We next looked at geneshose protein products fornor regulate mTORC1 activity. mTOR
and RAPTOR did not differ from control at any timepoiRtsQ.59 g < 0.87. However, Rheb
was significantly upregulated following 2 days (1.3A=C0.004q < 0.0), 20 (1.2 FG&3=0.04

g = 0.089, and 30 days of traing (1.3 FCP =0.0005 q = 0.39. There was no significant
difference between control and 10 dayd.02 FCP= 0.84 g =0.00). TSC2 was consistently
downregulated vs control TA muscles, reaching significance aftdr@ KCP = 0.009 q =
0.021) and10 days{1.4 FCP=0.04 q= 0.3, but did not reach significance after 20 (1.3 FC,
P=0.12 9= 0.45, and 30 days of training (1.3 B 0.06,g = 0.19. Downstream of mTOR,
we observed downregulation d@f4ebpl after 10{1.4 FCP=0.002q9= 0.0), 20 (1.3 FCP
=0.006 q = 0.094 and 30 days of daily spillover training.8 FCP= 0.0@9, g= 0.00). 2 days

of training did not change gene expressioradiebpl (1.1 F&2=0.55 q= 0.66 versus legls

in control muscles. Rps6kbl1 was also significantly downregulated after 2 (P2 B009, q

= 0.05, 10 ¢1.4 FCP=0.004 g = 0.13, 20 (1.6 FCP< 0.0001 g = 0.003 and 30 days of

220



training (1.4 FGR= 0.0002q < 0.003 in comparison to combl musclesThe only genes that
corresponded to our muscle mass changes that we electively chose were VenudliFalin
which have fundamental roles in integimediated cell adhesiorand linking the actin
cytoskeleton of muscle to the extracellular matrix. Vincalimd Talinincreased significantly
after just 2 days of training (3 FE< 0.0001q < 0.0001 2.3FC,P < 0.0001 q < 0.000)
respectively. This significant upregulation was maintained in both genes after 10 days of
training (2.8 FG?< 0.0001g< 0.0001 2.4 FCP< 0.0001 g < 0.000). At this point Vinculin
expression was significantly reducestsus2 and 10 daysP(=0.001 g = 0.03, but remained
significantly higher than control (2.1 A& 0.0001). Again, there was a significant reduction
from 2, 10 and 20 days of trainindg? € 0.001 g < 0.0), but remained significantly elevated
vs contrd (2 FC,P < 0.0001 q < 0.000). Talin followed the same trend, decreasing
significantly from its peak at 10 dayB< 0.001 g = 0.018 after 20 (1.8 F(2 < 0.0001q <
0.001vs. control) and 30 (1.7 Fe€,< 0.0001 vs. control) days of daily spillover training.
Interestingly FAK/PTK2 was downregulated after 2 days of trairliryRCP=0.029=0.19
and 30 days of trainingl.2 FCP= 0.01 g= 0.03 but did not differ from control after 10 and
20 days of trainingP>0.12 9> 0.9.

As the above gene transcriptwerallfailed to replicate the increase and plateau of muscle

mass with our training model, we filterédK S ISy Sa FTNRBY GKS G2L) pnn
0FaSR 2y GKSY IKITsTIR YRKNBY XK IYFGSNI H RIFe&a 27
GKSYy MWNWRd&NYy ySINI e oF0O] G2 olaStAayS 4 on RIg
OKIy3aS &G on.Welaitnhavith@his @nalgss yo ideid®@iff transcripts whagene
expression does follow the hypertrophresponse We hypothesised that genes whose
expression is changed in the early sessions of training but then returns near to control levels

of the 30day tmecourse include genes representing a signal for muscle grditfact that

their expression returns to near normal levels despite ongoing daily resistance training
suggest that the muscle adapts to this daily training so that signal for growth is gerlon
triggered by the daily session§he top 20 genes identified that followed the growth and
plateaucessation of growthof the tibialis anterior muscle mass included P4htm, Rhoc,
Pmepal, Arfgap3, Zfand2a, Rnf115, LOC680491, Usp28, Finc, Ckap4, H&pAp3aaGImp,

Ehd4, Anxa2, Asb5, Cotll, Ddit3, Tubalc and Cd44.
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(A) Classical genes associated with control of muscle mass
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