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MUSCLE	
  

Key	
  Concepts	
  

• there	
  is	
  an	
  ordered	
  sequence	
  of	
  events	
  involved	
  in	
  skeletal	
  muscle
contraction	
  during	
  exercise	
  from	
  motor	
  cortical	
  activation	
  to	
  excitation-­‐
contraction	
  coupling	
  and	
  the	
  generation	
  of	
  force	
  and	
  power

• there	
  are	
  several	
  energy	
  dependent	
  processes	
  involved	
  in	
  muscle
contraction	
  and	
  this	
  energy	
  is	
  provided	
  directly	
  by	
  ATP

• ATP	
  levels	
  within	
  skeletal	
  muscle	
  are	
  relatively	
  low	
  and	
  their	
  rate	
  of
utilization	
  is	
  directly	
  related	
  to	
  exercise	
  intensity

• ATP	
  is	
  generated	
  within	
  metabolic	
  pathways	
  (“energy	
  systems”)	
  that
involve	
  both	
  substrate	
  level	
  and	
  oxidative	
  phosphorylation

• these	
  energy	
  systems	
  are	
  creatine	
  phosphate	
  degradation,	
  “anaerobic”
glycolysis	
  (glucose	
  è	
  lactate)	
  and	
  the	
  oxidative	
  metabolism	
  of
carbohydrate	
  (CHO)	
  and	
  lipid/fat,	
  with	
  a	
  small	
  contribution	
  from	
  protein

• the	
  motor	
  unit	
  comprises	
  the	
  α-­‐motoneuron	
  and	
  all	
  the	
  muscle	
  fibres	
  that
it	
  innervates	
  –	
  the	
  nerve	
  has	
  a	
  major	
  influence	
  on	
  the	
  characteristics	
  of
the	
  muscle	
  fibres	
  via	
  its	
  firing	
  frequency	
  and	
  released	
  trophic	
  factors

• human	
  skeletal	
  muscles	
  are	
  composed	
  of	
  two	
  main	
  types	
  of	
  motor
units/muscle	
  fibres	
  –	
  type	
  I	
  (slow)	
  and	
  type	
  II	
  (fast),	
  that	
  differ	
  in	
  their
contractile,	
  biochemical	
  and	
  morphological	
  characteristics

• motor	
  units	
  are	
  recruited	
  in	
  proportion	
  to	
  the	
  force/intensity	
  of
contraction	
  and	
  from	
  smallest	
  (slow)	
  to	
  largest	
  (fast)	
  –	
  Henneman’s	
  “size
principle”

• muscle	
  fibre	
  type	
  distribution	
  differs	
  between	
  athletes	
  specialized	
  for
strength/power	
  and	
  endurance	
  sports	
  –	
  this	
  reflects	
  the	
  interaction
between	
  genetic	
  and	
  environmental	
  (mainly	
  training)	
  factors

• muscles	
  undergo	
  specific	
  adaptations	
  to	
  acute	
  and	
  chronic,	
  depending	
  on
the	
  mode,	
  intensity	
  and	
  duration	
  of	
  exercise	
  –	
  traditionally,	
  endurance,
sprint	
  and	
  resistance	
  exercise	
  training	
  programs	
  have	
  been	
  considered	
  to
result	
  in	
  quite	
  different	
  adaptations,	
  although	
  in	
  recent	
  years	
  it	
  has	
  been
recognized	
  that	
  there	
  is	
  greater	
  overlap	
  between	
  these	
  modes

• various	
  stimuli	
  during	
  muscle	
  contraction	
  are	
  detected	
  by	
  specific
proteins/kinases	
  resulting	
  in	
  recruitment	
  and	
  activation	
  of	
  various
processes	
  that	
  affect	
  gene	
  transcription,	
  translation	
  and	
  protein	
  synthesis
– ultimately,	
  changes	
  in	
  the	
  expression	
  and/or	
  activity	
  of	
  key	
  proteins
affects	
  the	
  size	
  and	
  functional	
  properties	
  of	
  skeletal	
  muscle
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Muscle	
  Contraction	
  &	
  Energetics	
  

The	
  sequence	
  of	
  events	
  in	
  muscle	
  contraction:	
  
• motor	
  cortical	
  activation
• descending	
  motor	
  activation	
  and	
  α-­‐motoneuron	
  excitation
• neuromuscular	
  transmission
• sarcolemma	
  and	
  t-­‐tubule	
  excitation
• excitation-­‐contraction	
  coupling	
  –	
  SR	
  Ca2+	
  release
• contractile	
  activation	
  –	
  actin-­‐myosin	
  cross-­‐bridge	
  cycling
• ATP	
  utilization	
  at	
  various	
  steps

ATP-­‐dependent	
  process	
  in	
  skeletal	
  muscle:	
  
cross-­‐bridge	
  cycling	
  (myosin	
  ATPase)	
  
sarcolemmal	
  excitability	
  (Na+/K+	
  ATPase)	
  
calcium	
  pumping	
  into	
  sarcoplasmic	
  reticulum	
  (SERCA	
  –	
  Ca2+	
  ATPase)	
  

Skeletal	
  muscle	
  ATP	
  generation	
  during	
  exercise:	
  
Substrate	
  level	
  phosphorylation	
  

• ATP/CP
• “anaerobic”	
  glycolysis

Oxidative	
  phosphorylation	
  
• CHO	
  and	
  lipid/fat	
  (small	
  contribution	
  from	
  protein)
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Muscle	
  Fibre	
  Types	
  

Human	
  skeletal	
  muscles	
  are	
  composed	
  of	
  two	
  main	
  types	
  of	
  motor	
  units/muscle	
  
fibres	
  –	
  type	
  I	
  (slow)	
  and	
  type	
  II	
  (fast),	
  that	
  differ	
  in	
  their	
  contractile,	
  
biochemical	
  and	
  morphological	
  characteristics.	
  	
  Traditionally,	
  muscle	
  fibre	
  type	
  
distribution	
  was	
  determined	
  histochemically	
  by	
  staining	
  cut,	
  frozen	
  sections	
  of	
  
muscle	
  biopsy	
  samples	
  for	
  myosin	
  ATPase	
  after	
  either	
  acidic	
  or	
  alkaline	
  
preincubation.	
  	
  More	
  recently,	
  muscle	
  samples	
  can	
  be	
  analysed	
  by	
  
immunoblotting	
  with	
  specific	
  antibodies	
  for	
  different	
  isoforms	
  of	
  the	
  myosin	
  
heavy	
  chain	
  proteins.	
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MUSCLE FIBRE TYPES!

Human muscle tissue sampling using the 
percutaneous needle biopsy technique 
(Images courtesy of Prof. David Costill)

Human muscle fibre type classification!
- histochemistry!

pH 4.6! pH 9.4!

Myosin ATPase staining in serial sections after either acidic 
or alkaline pre-incubation.  Type 1 fibres stain dark after 

acidic, and type II dark after alkaline, pre-incubation. 
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stimulus, it was possible to readily determine whether carnosine
modified the responsiveness of the RyRs to CICR. After each release
of Ca2! in the 8 mM caffeine solution (15-s exposure), the SR was
totally depleted of any remaining releasable Ca2! by exposing the
fiber to the full release solution. The cycle was then repeated with, and
then again without, 8 mM carnosine present in both the wash (i.e.,
preequilibration, 30 s) and the 8 mM caffeine solutions.

Contractile apparatus experiments. After the Ca2!-handling prop-
erties of the fiber had been examined, the effects of 8 and 16 mM
carnosine on the contractile apparatus were examined by directly
activating the contractile apparatus with a series of heavily Ca2!-
buffered solutions of different known pCa with and without carnosine
present. The range of progressively higher free [Ca2!] in solutions
(0.1–20 "M) was produced by mixing appropriate mixtures of the 50
mM EGTA and the 50 mM CaEGTA solutions. This sequence of
solutions elicited force responses resembling a staircase (see Fig. 2).
When a given carnosine concentration was added to a sequence of test
solutions, an equivalent volume of the standard K-HDTA solution was
added to the matching control solutions (i.e., no carnosine). Thus, for
the cases with 8 mM carnosine, all solutions (both control and
carnosine) contained 45 mM EGTA-CaEGTA and 5 mM HDTA.
Fibers were preequilibrated in carnosine for 2 min in relaxing solution
before examining its effects on Ca2! activation.

For each given condition, the isometric force responses elicited at
each pCa were expressed as a percentage of the corresponding
maximum Ca2!-activated force (max) plotted against the pCa value
and a Hill curve fitted using GraphPad Prism 4 (GraphPad Software,
San Diego, CA).

Western analysis. After the physiological study, each fiber exam-
ined was placed in an Eppendorf tube containing 10 "l of relaxing
solution (50 mM EGTA pCa of #9 described above) with 2:1 vol/vol
of 3$ solubilizing buffer, which contained 0.125 M Tris·HCl, 10%
glycerol, 4% SDS, 4 M urea, 10% mercaptoethanol, and 0.001%
bromophenol blue, pH 6.8. Fibers were stored at %80°C until ana-
lyzed. Western blots were performed to determine the myosin heavy
chain (MHC) and troponin C (TnC) isoforms present, as described
previously (35). Both fast and slow TnC isoforms are detected with
the same antibody, and they are distinguished by their differing
mobilities on SDS-PAGE gels, with the fast TnC isoform travelling
more slowly (i.e., at a larger molecular weight) than the slow TnC
isoform (see Fig. 1). Total denatured protein from individual fiber
segments was separated on 4–15% Criterion TGX Stain Free gels

(Bio-Rad, Hercules, CA; and see Ref. 35) and then transferred to
nitrocellulose. Membranes were exposed to mouse primary antibodies
diluted in 1% BSA in PBST [anti-MHC I: 0.19 "g/ml, mouse
monoclonal IgM, clone A4.840; anti-MHC II: 0.15 "g/ml, mouse
monoclonal IgG, clone A4.74; both purchased from Developmental
Studies Hybridoma Bank (DSHB), University of Iowa; and anti-TnC:
0.2 "g/ml, rabbit polyclonal, sc-20642, Santa Cruz, CA], following
which the appropriate secondary antibody (i.e., either goat anti-mouse
or goat anti-rabbit) conjugated with horseradish peroxidase was added
to the membranes. Bands were visualized using West Femto chemi-
luminescent substrate (ThermoScientific), and images were captured
using Quantity One software (Bio-Rad).

Statistics. All values are presented as means & SE, with n denoting
the number of individual fibers examined. Statistical significance (P '
0.05) was determined using paired Student’s one or two-tailed t-tests
where appropriate.

RESULTS

In this study, the following experiments were carried out in
the indicated order on each individual skinned muscle fiber:
1) the endogenous SR Ca2! content was estimated in relative
terms by emptying the SR of all its releasable Ca2! and then
reloading to that level, or above or below, as desired; 2) the
effects of carnosine on RyR sensitivity to a submaximal caf-
feine stimulus was tested at various levels of SR Ca2! content;
3) the effects of carnosine on the Ca2! sensitivity of the
contractile apparatus was examined using heavily Ca2!-buff-
ered solutions, and also the Sr2! sensitivity was examined as
an indicator of fiber type; and 4) the MHC and TnC isoforms
present in the given fiber segment were determined by Western
blotting.

The full set of the above characteristics were examined in
each of 11 vastus lateralis muscle fibers from four human
subjects. Figure 1 shows the MHC and TnC isoforms detected
in five of the fibers examined (from two different subjects). Of
the total fiber set examined, six fibers contained only the MHCI
isoform, and the other five contained only the MHCII isoform,
and accordingly they were classified as type I and type II fibers,
respectively. In every case, the TnC isoforms present were in
accord with the MHC isoform, being almost exclusively the
slow isoform of TnC in the type I fibers and the fast isoform in
the type II fibers (see Fig. 1, bottom). Both type I and type II
fibers were obtained from all three of the male subjects, but
type II fibers only were obtained from the female subject. The
two type II fibers obtained from the female subject were not
noticeably different from the type II fibers obtained from the
three male subjects in regard to the effects of carnosine on both
the response to caffeine and the properties of the contractile
apparatus. All of the type I fibers examined here had broadly
similar SR loading and Ca2! release properties, which differed
appreciably from those of the type II fibers examined (see later
for details); there was no apparent difference in these measures
between the type I fibers obtained from different subjects, nor
between the type II fibers obtained from different subjects.

Effect of carnosine on contractile apparatus properties in
human vastus lateralis muscle fibers. The properties of the
contractile apparatus in each fiber were determined by directly
activating the contractile apparatus in the skinned segment with
heavily-buffered high [Ca2!] solutions (see MATERIALS AND

METHODS). As shown in Fig. 2A, each fiber was exposed to the
pCa 4.7 solution (i.e., 20 "M free Ca2!) to ascertain maximum
Ca2!-activated force (max.) and then exposed to a Sr2!-

Fig. 1. Fiber-typing of vastus lateralis muscle fibers by Western blotting.
Western blots for myosin heavy chain isoforms (MHCI and MHCII) and for
troponin C (TnC) in a single segment of each of five vastus lateralis fibers
(lanes 1–5) following completion of the physiological measurements on each
segment. Top: MHC band imaged on stain-free gel before transfer of proteins
to the membrane (band density indicative of amount of fiber loaded in each
lane); membrane probed first for troponin C and then reprobed for MHCI and
then MHCII.

730 EFFECTS OF CARNOSINE ON Ca2! RELEASE AND CONTRACTILITY
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Human muscle fibre type classification!
- immunoblotting!

T. Dutka et al. J.Appl. Physiol. 112: 728-736, 2012 
(with permission,American Physiological Society)

Human muscle fibre type characteristics!

Properties*! I! IIa! IIx!
!

Alternative names! SO, ST! FOG, FTa! FG, FTb!

Myosin heavy chain isoform! MHC1! MHC2A! MHC2X!

Time to peak tension (msec)! 80! 30!

Force/power output! +! ++! +++!

Endurance capacity! +++! ++! +!

Distribution in whole muscle (%)! 50-55! 30-35! 10-20!

Mitochondrial density! +++! ++! +!

Capillary density (cap/fibre)! 4.2! 4.0! 3.2!

Fibre area (μm2)! 5310! 6000! 5600!

* Data are from vastus lateralis in untrained men
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Muscle	
  fibre	
  recruitment	
  during	
  exercise	
  is	
  determined	
  by	
  the	
  force/intensity	
  
and	
  duration	
  of	
  exercise	
  and	
  occurs	
  from	
  small	
  (type	
  I)	
  to	
  larger	
  (type	
  II)	
  motor	
  
units,	
  according	
  to	
  Henneman’s	
  “size	
  principle”.	
  

The	
  muscle	
  fibre	
  type	
  distribution	
  differs	
  between	
  athletes	
  specialized	
  for	
  
strength/power	
  and	
  endurance	
  sports	
  –	
  this	
  reflects	
  the	
  interaction	
  between	
  
genetic	
  and	
  environmental	
  (mainly	
  training)	
  factors	
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Muscle fibre recruitment during exercise!

(Image courtesy of Prof. David Costill) 

GLYCOGEN, MUSCLE FIBRES AND DYNAMIC WORK 51
exercise, 37 % of the ST fibres were rated as moderately stained as com-
pared to 14 % of the FT fibres. The remaining fibres of both types remained
PAS dark. After 40 min of exercise some ST fibres were PAS negative but
none was still rated as PAS dark. By contrast, 17 % of the FT fibres were
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Text-fig. 4. Mean values for the glycogen depletion (in glucose units) from
the lateral portion of the quadriceps femoris muscle having performed the
two supramaximal workloads.

lightly stained, 24 % darkly stained and the remaining 41 % were
moderately stained. At exhaustion (60 min of exercise) 56 % of the ST
fibres were PAS negative and the rest were lightly stained. By contrast,
15 % of the FT fibres were rated as PAS dark and only 3 % were negative.

) by guest on May 12, 2013jp.physoc.orgDownloaded from J Physiol (

P.D. Gollnick et al. J. Physiol. 241: 45-57, 1974 
(with permission,Wiley)

Muscle fibre recruitment during exercise!

4/07/13!

4!

Muscle fibre types in athletes!

(Image courtesy of Prof. David Costill) 

Muscle fibre type and athletes!

(Image courtesy of Prof. David Costill; data from 
D.L. Costill et al. J. Appl. Physiol. 40: 149-154, 1976)

4/07/13!

4!

Muscle fibre types in athletes!

(Image courtesy of Prof. David Costill)

Muscle fibre type and athletes!

(Image courtesy of Prof. David Costill; data from 
D.L. Costill et al.  J. Appl. Physiol. 40: 149-154, 1976) 
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Muscle	
  Adaptations	
  to	
  Exercise	
  

The	
  concept	
  of	
  “skeletal	
  muscle	
  plasticity”	
  is	
  well	
  established	
  in	
  exercise	
  
physiology,	
  based	
  on	
  observations	
  that	
  muscle	
  function	
  and	
  size	
  can	
  be	
  
enhanced	
  in	
  response	
  to	
  increased	
  loading,	
  and	
  reduced	
  in	
  response	
  to	
  
unloading	
  associated	
  with	
  inactivity.	
  	
  Traditional	
  views	
  are	
  that	
  endurance	
  
training	
  increases	
  the	
  ability	
  of	
  muscle	
  to	
  undertake	
  oxidative	
  metabolism	
  and	
  
resistance	
  training	
  increases	
  the	
  size	
  of	
  muscle.	
  	
  These	
  probably	
  represent	
  the	
  
extremes	
  of	
  a	
  continuum	
  in	
  which	
  there	
  are	
  multiple	
  adaptations	
  depending	
  on	
  
the	
  nature,	
  intensity	
  and	
  duration	
  of	
  the	
  exercise	
  stimulus.	
  

Factors	
  to	
  consider	
  in	
  understanding	
  muscle	
  adaptations	
  to	
  exercise:	
  
Stimuli	
  

• Ca2+,	
  energy	
  status,	
  redox	
  state,	
  tension,	
  temperature,	
  metabolites,
hormones?	
  

Signalling	
  
• CaMK,	
  AMPK,	
  MAPK,	
  mTOR

Gene/mRNA/protein	
  regulation	
  by	
  transcription	
  factors/coactivators	
  
• MEF2,	
  GEF,	
  MyoD,	
  NFAT,	
  PGC-­‐1α,	
  NRF-­‐1,	
  PPARδ?
• microRNAs

Muscle	
  adaptations	
  to	
  endurance	
  training:	
  
• increased	
  mitochondrial	
  density	
  and	
  oxidative	
  enzymes
• increased	
  capillary	
  density
• increased	
  GLUT4	
  and	
  enhanced	
  muscle	
  glycogen	
  storage
• increased	
  Na+/K+	
  ATPase	
  activity
• fibre	
  type	
  changes??
• reduced	
  CHO	
  oxidation	
  and	
  lactate	
  production	
  and	
  increased	
  fat	
  oxidation

during	
  exercise
• improved	
  insulin	
  action

Recently,	
  there	
  has	
  been	
  renewed	
  interest	
  in	
  the	
  potential	
  of	
  high	
  intensity	
  
training	
  (“sprint	
  training”)	
  to	
  elicit	
  many	
  of	
  these	
  adaptations	
  with	
  a	
  
considerably	
  smaller	
  time	
  investment.	
  

Muscle	
  adaptations	
  to	
  resistance	
  training:	
  
• increased	
  muscle	
  force	
  and	
  power	
  generating	
  capacity
• increased	
  neuromuscular	
  recruitment
• muscle	
  fibre	
  hypertrophy	
  and	
  increased	
  muscle	
  cross-­‐sectional	
  area
• some	
  studies	
  have	
  demonstrated	
  metabolic	
  adaptations	
  with	
  potential

health	
  benefits
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Zierath,	
  J.	
  and	
  J.A.	
  Hawley.	
  	
  Skeletal	
  muscle	
  fiber	
  type:	
  influence	
  on	
  contractile	
  
and	
  metabolic	
  properties.	
  	
  PLoS	
  Biol.	
  2(10):	
  e348,	
  2004	
  

http://www.plosbiology.org/article/info%3Adoi%2F10.1371%2Fjournal.pbio.0
020348	
  

Discussion	
  Topic	
  

“Sprinters	
  are	
  born,	
  but	
  marathoners	
  are	
  made”.	
  	
  Consider	
  this	
  statement	
  in	
  the	
  
context	
  of	
  potential	
  genetic	
  and	
  exercise	
  training	
  influences	
  on	
  skeletal	
  muscle	
  
fibre	
  type	
  distribution.	
  

Abbreviations	
  

AdipoR1 adiponectin receptor 1 
ADP adenosine diphosphate 
Akt serine/threonine-specific protein kinase also known as protein kinase B 
AMP adenosine monophosphate 
AMPK  AMP-activated protein kinase 
AS160 Akt substrate of 160 kDa 
ATP adenosine triphosphate 

BDNF brain-derived neurotrophic factor 

CaMKII calcium/calmodulin-dependent kinase II 
CAT carnitine acyltranferase 
CoA co-enzyme A 
CP (PCr) creatine phosphate (phosphocreatine) 
CPT carnitine palmitoyltransferase 
Cr creatine 
CSA cross-sectional area 
CXCL-1 chemokine (C-X-C motif) ligand 1 

EMG electromyogram 
ETC electron transport chain. 

FABPc  fatty acid binding protein (cytosolic) 
FAT/CD36 fatty acid transporter 
FFA free fatty acid 
FGF fibroblast growth factor 
FoxO forkhead box protein O 
FSR fractional synthetic rate (used in relation to protein synthesis) 
FT fast twitch fibre 

G-1-P glucose-1-phosphate 
G-6-P glucose-6-phosphate 
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GEF GLUT4 enhancer factor 
GLP-1 glucagon-like peptide-1 
GLUT4 glucose transporter 4 
Gly glycogen 

HAT histone acetyltranferase. 
HDAC5 histone deacetylase class II isoform 5 

IGF-1 insulin-like growth factor 1 
IL interleukin 
IM inner mitochondrial membrane 
IMTG intramyocellular triglyceride 
IRS insulin receptor substrate  

LAT1 L-type amino acid transporter 
LIF leukemia inhibitory factor 

MAPK  mitogen activated protein kinase 
MEF2A myocyte enhancer factor isoform 2A 
MHCI myosin heavy chain isoform I 
MHCII  myosin heavy chain isoform II 
mTOR mammalian target of rapamycin 
MVC maximal voluntary contraction 
MyoD a myogenic regulatory factor 

NAD oxidised nicotinamide adenine dinucleotide 
NADH  reduced nicotinamide adenine dinucleotide 
NFAT nuclear factor of activated T-cells 

OM outer mitochondrial membrane 

p38MAPK p38 mitogen-activated protein kinase 
PAS periodic acid-Schiff 

PGC-1α peroxisome proliferator-activated receptor-α coactivator-1 
PI3K phosphatydilinositide-3 kinase 
PM plasma membrane 
PPAR peroxisome proliferator-activated receptor 

ROS reactive oxygen species 

SIRT sirtuin 
SR sarcoplasmic reticulum 
ST slow twitch fibre 

TCA tricarboxylic acid 
TG triglyceride/triacylglycerol 
TnC troponin C. 

UCP-1 uncoupling protein 1 


