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Summary

Since muscle mass makes up such a high proportion of generally suggested. Muscle phenotypic plasticity is
total body mass, there must have been considerable reasonably well characterized on a structural and
selective pressure to minimize the cost of maintenance and functional basis, but we still know little about the signals
to maximize the functionality of muscle tissue for all that cause the changes in gene expression necessary for
species. Phenotypic plasticity of muscle tissue allows the phenotypic changes in muscle. The molecular responses of
species blueprint of muscle tissue to be modified to human m. vastus lateralis to endurance exercise indicate
accommodate specific demands experienced by animals that a single bout of exercise causes specific transient
over their lifetime. In this review, we report the scaling of  transcriptional adaptations that may gradually
muscle structural compartments in a set of mammals accumulate after their translation into the (structural)
spanning five orders of magnitude (17g woodmice to modifications seen with phenotypic plasticity. Metabolic
450kg horses and steers). Muscle mass, muscleand mechanical factors are recognized candidate factors

myofibrillar volume and sarcoplasmic space were found to
represent similar relative quantities in all species studies
(scaling factor close to unity). Mitochondrial volumes were
found to be systematically smaller in larger animals
(scaling factor 0.91) and closely related to the scaling of
Vo,max (0.92) and were tracked by the scaling of total

for the control of exercise-induced gene transcription in
muscle. Distinct protein kinases and transcription factors
emerge as possible interfaces that integrate the mechanical
(MAPKs and jun/fos) and metabolic (AMPK, HIF-1a and
PPARa) stimuli into enhanced gene transcription in
skeletal muscle.

capillary length (0.95). In this set of species, we therefore
found that maximal metabolic rate and supporting Key words: scaling,
structures did not scale to the 0.75 power of body mass as phenotype, plasticity.

morphometry, MRNAVo,max muscle,

Introduction

Locomotion is essential for acquiring food and to escaperedicted that maximum power output would increase not as
predation and is, thus, a key ability of most animals. Nobody mass Nlp) but as some lower power of body mass
surprisingly, we find that skeletal muscle tissue is the singléhe proposedMp-79. He further predicted that animals,
most abundant tissue in an animal, representing up to 50 % iofespective of body size, should be able to move at the same
body mass in some athletic species such as the dog and thaximum speeds, the advantage for larger animals being that
horse (Gunn, 1989). The specific condition under whichhey should be able to cover proportionately longer distances.
skeletal muscle tissue functions in a species impacts on tlie further noted that the rates of enzyme reactions would also
structural design of muscle tissue. A dominant mechanicdlave to be adjusted to body size, with smaller species requiring
constraint for the function of muscle tissue is animal sizethe metabolic machinery of their muscle cells to run faster.
Thompson (1942) noted that, as animals increase in length,As several of Hill's (1950) predictions appeared to be
muscle force should increase with the square of the lengtholated by experimental observations, McMahon (1975)
change while animal mass should increase with the cube of thefined the modelling approach and showed that animals
length change. Hill (1950) refined Thompson’s arguments andppeared to be built such that their structures are similarly
made specific predictions as to how animal size could constraihreatened by elastic failure under their own mass (elastic
muscle design and impact on animal performance. Asimilarity). He found that elastic similarity predicted observed
important consideration in all modelling efforts is theanimal locomotor performance characteristics (such as stride
assumption that force per unit muscle cross-sectional arealength, stride frequency and the metabolic power required for
the same for animals of all sizes (Close, 1972). Hill (1950junning) better than the geometrical similarity models explored
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by Thompson (1942) and Hill (1950). However, the model ofvhich an extant muscle structure is modified to accommodate
elastic similarity has not remained uncontested (Heusnedjfferences in load characteristics experienced by an individual
1982; Christiansen, 1999; see also Feldman and McMahoduring its lifetime. The second part of this review reports the
1983). state of knowledge on the molecular mechanisms that are at

There has been much recent interest in deriving scaling lavise basis of the phenotypic malleability of muscle tissue.
from intrinsic properties of fractal networks of connectivity
(blood vessels, bronchial tree; West et al., 1997). Using this
approach, the 0.75 scaling power of metabolic rate observednimal size and the composition of skeletal muscle tissue
by Kleiber (1932) is seen as a consequence of minimizing For terrestrial mammals with body masses ranging from 17 g
transport times and distances of internally branchindEuropean woodmouseApodemus sylvaticusto 450kg
hierarchical networks in systems maximized for metabolichorse Equus caballus steer Bos tauruy maximal
capacity (West et al., 1999). In a more general sense, tla@robic performance capacity¥olmay and skeletal muscle
observed scaling properties of metabolic rate in animals armaorphology have been studied systematically (for reviews, see
seen to be general properties of efficient transportatiokVeibel et al., 1992; Hoppeler and Weibel, 1998). In both these
networks relating size and flow rates in networks with locateviews, data relevant to oxygen transfer from the lungs to
connectivity in animals and plants and even in inanimatskeletal muscle mitochondria for a broad size range of
systems such as the drainage system of river basins (Banavaammalian species were presented. All data were obtained
et al.,, 1999). As steady-state locomotor performance ddccording to a standard experimental protocol. From all
animals could be constrained by the availability of oxygen tc
skeletal muscle mitochondria (Vock et al., 1996b), these rece
scaling considerations would lead us to expect that bot Mm=0.43VI099
maximal aerobic metabolic rate and muscle oxidative capaci 10004 r2=099
would scale close to the 0.75 power of body mass.

In addition to animal size, we expect muscle structure t 100 Steers®
reflect typical functional needs related to the ‘lifestyle’ of an
animal. Lifestyle is variable throughout the life of an
individual, so we would expect muscle to be malleable. Th
design of the muscle machinery should be ‘optimized’ sucl
that a cheetah should be able to produce enormous pow
over a very short period while a gazelle should be able t
cruise efficiently at high speed but with less capacity tc
accelerate (Hill, 1950). To characterize economic desigr
Taylor and Weibel (1981) coined the term ‘symmorphosis’.
They postulated that, by a process of regulate(
morphogenesis, structural elements should be designed 0.0 o
satisfy but not to exceed functional requirements. In thi:
sense, the structural design of the muscular system of
species is seen as the consequence of selective press 0.00L 1 T T T
during evolution. Symmorphosis also encompasses the ne
for phenotypic plasticity of skeletal muscle tissue. The
environmental conditions to which animals are exposed at
not constant, so the demands that muscle tissue has to sati
can vary over the lifetime of an animal. To respond tc
changing demands, skeletal muscle tissue must be able
adapt. Over the last 10 years, we have learned that,
response to environmental (or internal) cues, normal skelet
muscle tissue can alter its gene expression and thus mod
its structural composition or the functional properties of
its structural components. We consider this epigeneti
malleability to be an important feature of the ‘economic
design’ of skeletal muscle tissue. Under given constraints 0.101 Ofl 1.10 1'0
only what is needed must be provided because structures c
be modified when constraints change.

We will first review the impact of the fundamental variablerig. 1. Allometric plot of muscle mass (A) and fibre cross-sectional
body mass on the structure of skeletal muscle tissuarea (B) for the species reported in Tabla(f), mean fibre cross-
(essentially of mammals) and then discuss the mechanisms sectional areaylh, body massMm, muscle mass.
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indication that active animals have larger fibre sizes thato the inclusion of ‘athletic’ species (foxes, dogs and horses)
inactive ones. in the larger size classes. If the regression for the current data

Myofibrils constitute the major compartment in muscle cellsset is calculated without these speciésmax scales tdvip0-86
comprising 73.2 % of muscle fibre volume in horses to 83.3% Overall, the present data confirm the observationVihatax
of muscle fibre volume in goats. Total myofibrillar volume isclosely tracks total mitochondrial volum¥(mt). For V(mt),
directly proportional to muscle mass (scaling factor 0.98)we find a scaling factor of 0.91 for all species (0.86 for
Skeletal muscle sarcomeres are built very similarly in althe ‘sedentary’ subset). If we subdivide the mitochondrial
mammalian species, so the total number of cross-bridges thabpulation into central and subsarcolemmal mitochondria, we
the myosin heads can form with actin is directly proportionafind that subsarcolemmal mitochondria represent between 16
to muscle mass. Deviations of the ATP demand for muscland 35% of the total mitochondrial population, with no
contraction from direct proportionality to body mass mustapparent systematic relationship to the activity level of the
therefore depend mainly on size-dependent differences species. The volumes of both subsarcolemmal and central
cross-bridge cycling rates. mitochondria and total mitochondrial volume scale similarly to

body mass. Capillary lengtl(c) can be calculated from
Structural and functional variables related to oxidative  capillary density [Na(c,f); Table 1)] using the formula
metabolism published previously with a tortuosity factor of 1.24 (Conley

We have reported the scaling of structures determiningt al., 1987)J(c) scales aM-95for all species and ad0-92
muscle oxygen demand (mitochondria) and muscle oxygefor the sedentary subset. These scaling factors are very
supply (capillaries) with body mass and on the relationshiglose to values reported previously for individual muscles
between these structures avisimax (Hoppeler et al., 1981). (diaphragm, semitendinosus, longissimus dorsi and vastus
With the current set of data and considering all species, waedialis) in 21 wild and domestic species (Hoppeler et al.,
observe thaVo,max Scales tavir?-92 as previously reported for 1981). The difference in capillary length between athletic and
a similar set of animals (Fig. 2; Hoppeler and Weibel, 1998)sedentary species is smaller than that observed for the volume
This is greater than the scaling exponent of 0.809 reported fof mitochondria because oxygen supply is helped in athletic
22 wild and domestic mammalian species reported by Tayl@pecies by the greater haemoglobin concentration in their
and Weibel (1981). This difference in scaling is probably dueirculation (Conley et al., 1987). The current data set supports
the hypothesis of an extremely close match between
oxidative capacity and capillary supply from a scaling
perspective (Hoppeler and Kayar, 1988).

We observe that maximal aerobic capacity and the
guantities of muscle structural elements determining this
function (mitochondria and capillaries) scale with scaling
factors larger than 0.75, as predicted by recent theoretical
considerations (West et al., 1997). In view of the proposed
generality of scaling laws, this seems surprising. The
number and selection of species considered in this review
and the size range may be too limited and might skew the

Vozmax=23OMb°'92
r’=0.97
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relationship between body mass and the investigated
variables. However, alternative explanations for scaling

factors differing from 0.75 have been proposed and may
have to be considered in this context. On the basis of
metabolic control theory, one would expect scaling of

metabolic rate to depend on multiple-site control and to

show different exponents depending on whether basal or
maximal metabolic rate is considered (Darveau et al.,

2002). Bejan (2000) showed that a scaling factor of close
to 0.875 would be expected for a bioengineering approach
to scaling of metabolic rate encompassing both the fractal
transportation network concept (West et al., 1997) and heat
transfer considerations.

Intramyocellular lipid stores
Morphometry lends itself well to determining

V(mt), for the species reported in Table\I(mt) was calculated by intramyocellular lipid Conqent"aﬁons in.the f(?rm of Iipid
multiplying the muscle mass by the volume density of mitochondria ardroplets (IMCLs) found in contact with mitochondria
the density of muscle tissue (1.06 giilMp, body mass.

(Vock et al., 1996a; Howald et al., 2002). We find the
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scaling of IMCLs (Fig. 3) to be very similar to the scaling ofas a model organism (Yang and Somero, 1996; Burness et al.,
Vo,max and of mitochondrial volume. There seems to be d4999), an approach that allows large intraspecific size
strong tendency for athletic species to have largedifferences to be included. The scarce data on fish show a
intramyocellular (lipid) substrate reserves, as was previouslgomplex pattern in which not only size but also age and growth

noted by Vock et al. (1996a). rate seem to influence DNA and mRNA concentrations
_ _ _ (Burness et al., 1999), with translational regulation being
Allometric scaling of RNA and DNA concentrations implicated in the regulation of the concentration of glycolytic

We have so far discussed the size-dependent structurahzymes (Yang and Somero, 1996). The molecular mechanisms
design of mammalian skeletal muscle tissue and havey which basic levels of protein concentrations are established
expanded this discussion to the compartments that camd controlled in muscle thus remain largely unexplained
efficiently be quantified by electron microscopic
morphometry. For oxidative enzymes such as citrate synthase,
it has been shown that activity decreases per gram muscle Basis of molecular plasticity of skeletal muscle tissue
tissue in accordance with the morphometric data on As indicated in the Introduction, we perceive malleability to
mitochondria (Emmett and Hochachka, 1981; Hochachka dte a fundamental design feature of skeletal muscle tissue. The
al., 1988). In contrast, the activities of enzymes associated wittapacity to adapt muscle tissue phenotypically to specific
anaerobic metabolism, such as lactate dehydrogenase asitesses is superimposed on a standard building plan of muscle
pyruvate kinase, increase with increasing body mass (Sometissue for a species, this building plan being determined mainly
and Childress, 1980; Emmett and Hochachka, 1981). For thebg body size and athletic prowess (related to the lifestyle of a
enzymes, there is no established structural correlate. Tiespecies). To respond to specific challenges in the environment,
opposite scaling of aerobic and anaerobic enzymeuscle tissue rapidly and specifically adapts to variables such
concentrations cannot be explained by overall regulation ais exercise, temperature and nutritional conditions. As a
protein synthesis or degradation (Yang and Somero, 1996)onsequence of muscle malleability, muscle structural and
Explanations must therefore be sought at the transcriptional éunctional modifications are reversible: the modifications are
translational level. maintained as long as the stimulus persists. The most studied

Little is known as to the allometric scaling of RNA and DNA muscle modifications are probably those related to exercise
concentrations and, hence, whether and how the observed sig@ining.
dependencies of protein concentrations (ultimately estimated Different forms of exercise such as ‘high repetitive, low
morphometrically as structural quantities) are achieved at tHead’ (endurance) exercise and ‘low repetitive, high load’
molecular level. This problem has been addressed by using figstrength or resistance) exercise induce specific and distinct
structural and functional modifications in muscle fibres.
Classical endurance training interventions of 6—8 weeks
duration in previously untrained human subjects can lead
to an elevation of mitochondrial volume density of up to
Horses @ 40 %, while capillary density may be increased by close
to 30% (Hoppeler et al., 1985). In response to strength
training of similar duration, myofibrillar volume
selectively increases by as much as 20% (Luethi et al.,
1986). These training responses involve changes in gene
expression. The set of MRNAs expressed provides a basic
instruction for the palette of translated proteins that is
finally manifest as a characteristic structural adaptation to
exercise training. Endurance training influences gene
expression in skeletal muscle within a matter of 30 min to
some hours (regulatory genes) or as a consequence of
weeks of systematic training (structural genes). In
’Guineapigs contrast, little is known about transcriptional adaptations
0.1 in response to resistance exercise (Kadi and Thornell,
2000; Booth et al., 1998).

This second part of this article will briefly review the
./Woodnice most striking transcriptional adaptations seen in exercised
0.01 0?1 1f0 1'0 160 1000 skeletal muscle.and providle a model aimed at Iinking these

events to physiological signals induced by exercise. A
Body mass(kg) . . o .
particular focus will be on transcriptional adaptations to
Fig. 3. Allometric plot of the total volume of lipid(li) in skeletal muscle ~endurance-type exercise in human skeletal muscle since
for the species reported in TableMy, body mass. these have been best characterized.
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Table 2.Transcriptional changes in human m. vastus lateralis in response to exercise I
Time of Stimulus §
Response Change Protocol (maximum) response Mechanical Metabolic Referanc
Second messengers 2
JNK phosphorylation Eightfold 30 min treadmill, 5 mr_nr}llactate 4-30 min post exercise con/ecc Lactate 5 %
JNK kinase activity 5.9-fold 60 min ergometer, 70/%max <10 min post-exercise con 2 o
JNK kinase activity 3.5-to 15.4-fold  Maximal knee extension, 10 sets, 10 repetitions <10 min post-exercise ecc>con K
ERK phosphorylation Eightfold 60 min ergometer, marathon <10 min post-exercise con 1, ].4.'
p38 phosphorylation 4.4-fold Marathon 3-4.5h con/ecc 14 =
02-AMPK kinase activity 3-4-fold 60 min ergometer, 70Mmax <10 min post-exercise Lactate 13 %
Immediate early genes
c-fos, fosB, fra-1, c-jun, junB, 3- to 20-fold 30 min treadmill, at aerobic threshold, 4-30 min post-exercise con/ecc Lactate 9
junD mMRNA 5mmolt?!lactate
c-jun mRNA 1.8-fold 60 min ergometer, 70Wmax <10 min post-exercise con Lactate 2
HSP-70 mRNA Fourfold 30 min treadmill, aerobic threshold 4 min to 3 h post-exercise con/ecc Lactate 8
VEGF mRNA 2.1-fold 45 min knee extensor 30 min post-exercise con Lactate 4
VEGF mRNA 7- to 17-fold 5 min warm-up, max. test (50 % max. work rate) 1 h post-exercise con NoPxoexia/l0
Late genes
LPL, PDK4, HKII, UCP-3, 2- to 4-fold 4 h ergometer, 50-60/%max 1-2h post-exercise con 6
HO-1 transcription
LPL, CPTI, HKII, GYS, PDK4, 2-to 5-fold 60—-90 min ergometer, 70% 2 min maxt, fifth day >1 h mRNA post-exercise con 6
UCP-3, HO-1mRNA of training
LPL mRNA 1.3-fold 60—90 min ergometer, 55-70 % peak oxygen, 4 h post-exercise con 11
Chronic events fifth day of training
CPT | mRNA Twofold 60—-90 min ergometer per day for 4 days, con 6
70 % 2 min maxr
MCAD mRNA 1.5-fold 5« per week 30 min ergometer at 67 % relatiVigax con 12
PFK, HSP-70, COX4 mRNA 1.5-to 2.5-fold  xPper week 30 min ergometer at 67 % relatM@ax con Lactate 12
VEGF mRNA 1.5-fold & per week 30 min ergometer at 58 % relatiVigax con Lactate®co, 12
HIF-1a mRNA 1.8-fold 5« per week 30 min ergometer at 52 % relatiVigax con Pco, 12
COX1, COX4, NADHS6, 16S, 1.5- to 1.9-fold Years of systematic endurance training 7

SDH, fumarase mRNA

1, Aronson et al. (1997); 2, Aronson et al. (1998); 3, Boppart et al. (1999); 4, Gustafsson et al. (1999); 5, Heided®t &l. Pll@gaard et al. (2000); 7, Puntschart et al. (1995); 8,
Puntschart et al. (1996); 9, Puntschart et al. (1998); 10, Richardson et al. (1999); 11, Seip et al. (1997); 12, VOgiL§t E8, ®/ojtaszewski et al. (2000); 14, Yu et al. (2001);
con, concentric exercise; ecc, eccentric exerlibgx maximal poweryVo,max maximal rate of oxygen uptake; maxr, maximal resistaPee;, cellular oxygen partial pressure.
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The transcriptional response of a variety of genes to a singlateralis (Aronson et al., 1997, 1998; Yu et al., 2001; Boppart
bout of exercise is transient (Seip et al., 1997; Pilegaard et akt al., 1999; Widegren et al., 2001). Activation of these kinases
2000). Depending on the time course of appearance of thig known to affect transcription factors of the jun/fos and
maximal response to a single bout of exercise, thes&TF/CREB family (Hunter and Karin, 1992), which bind to
transcriptional events can be grouped into early and latdne promoter of many genes, e.g. c-jun, c-fos and the gene for
responses, i.e. occurring within 0.1-1h and within 1-4 hgytochromec, that are affected synchronously by exercise
respectively (see Table 2). Many of the genes induced ear{yfood, 2001). In situ studies have demonstrated that
correspond to the classically defined immediate early genesechanical factors, i.e. the degree of tension in rat muscle
involved in transcriptional and hormonal cell regulation. Thefibres, control JNK and ERKZ1/2 differently and directly
later-responding genes mostly have particular functions ifMartineau and Gardiner, 2001). In contrast, the p38 pathway
cellular metabolism. For example, 30 min of treadmill runningin skeletal muscle is responsive only when mechanical stress
and ergometer training above the aerobic threshold inducéstretch, exercise) is applidd vivo (Boppart et al., 2001),
expression of the jun/fos family of transcription factors inindicating that p38 is presumably indirectly (possibly
human m. vastus lateralis (Puntschart et al., 1998; Aronson ehdocrinally) controlled by mechanical factors. Furthermore,
al., 1998). Furthermore, 45min of knee-extensor ergometexctivation of p70S6 kinase may relate to the indirect effects of
exercise increases the mRNA level of the angiogenic factonechanical or metabolic stimuli that are responsible for muscle
VEGF (Richardson et al., 1999; Gustafsson et al., 1999hypertrophy by influencing translation factors (Nader and
Ergometer training of more than 60min near the aerobi&sser, 2001). Mechanically induced release of growth factors
threshold induces expression of the metabolic genes LPIIMGF, IL-6) has been recognized as another signalling route
CPTI, PDK4, GYS and UCP-3 in human m. vastus lateralign exercised skeletal muscle and may represent an important
(Pilegaard et al., 2000; see Table 2). link between contracting skeletal muscles and exercise-related

An increase in muscle activity causes acute perturbations afetabolic changes (Goldspink, 1999; Pedersen et al., 2001).
the physical environment and the chemical constitution oActivation of all these mechano-transduction events is
skeletal muscle fibres, suggesting that metabolic (lactatpotentially linked to mechano-sensatimia integrins and
oxygen, disturbances in ATP turnover) and mechanical factomssociated kinases (Gordon et al., 2001; Carson and Wei, 2000;
are the signals sensed and integrated into the transcriptior@hiquet and Flick, 2001).
adaptations seen in exercised skeletal muscle. This concept idt is not clear which factors sense and integrate the metabolic
supported by the observation that increasing the contributiogsignals to skeletal muscle. Candidate factors that are
of metabolic and of mechanical factors to the physiologicapotentially activated by metabolic factors such as reduced
stimuli modulates the transcriptional response. For exampl&MP, oxygen or fatty acids includé-BMP-activated protein
VEGF mRNA is induced concomitant with (but is not kinase (AMPK), transcription factors such as hypoxia-
correlated to) reduced oxygen tension (Richardson et ainducible factor 1 alpha (HIFel) and peroxisome-proliferator-
1999). In addition, the VEGF response is reported to bactivated receptor-alpha (PP&R Ergometer exercise has
proportional to the increase in plasma lactate level incurredeen demonstrated to activat2-AMPK, but not thex1 form,
during exercise (Gustafsson et al.,, 1999). The role aoh human m. vastus lateralis in an intensity-dependent manner
mechanical factors is best supported by animal model studi¢¥/ojtaszewski et al., 2000). The AMPK complex is involved
demonstrating that mechanical factors (stretch) modulatie the regulation of skeletal muscle metabolism during exercise
transcriptional induction of the c-jun and c-fos genes within 1 fland was recently implicated in the control of transcription of
(Dawes et al., 1996)n situ hybridization experiments with the glucose transporter glut-4 in mouse skeletal muscle (Zheng
human m. vastus lateralis show an increase in levels of c-fet al.,, 2001). HIF-& and PPAR are known to promote
and c-jun mRNA after running exercise in a patchy expressiomanscription of genes involved in carbohydrate metabolism,
pattern, indicating that factors other than metabolic productsxygen delivery and fatty acid oxidation through binding to
related to fibre recruitment contribute to increased c-fospecific promoter regions (Escher and Wabhli, 2000; Semenza,
gene transcription (Puntschart et al., 1998). Overall, thes2001). Both these transcription factors are largely controlled
observations emphasize that metabolic and mechanical factdrg post-translational events.
together influence the steady-state level of mMRNA, possibly by In many tissues, reduced oxygen tension (tissue hypoxia)
modulating the rate of gene transcription as well as througimstantaneously stabilizes the normally degraded HiF-1
pathways of RNA degradation. (Jewell et al., 2001) by a process involving reduced

The proposal that mechanical factors are involved in thaydroxylation of particular residues (Wenger and Bauer,
regulation of the mRNA concentration in response to exercise001). The resulting increase in HIB-levels promotes the
training is supported by observations in mechanically stressdchnscription of VEGF and glycolytic genes (Semenza, 2001).
skeletal muscle. These observations indicate that mechanisifise reduced oxygen tension in response to a single bout
known to contribute to pre-transcriptional control are affecte@f exercise (Richardson et al., 1999) suggests that the
concomitantly with transcription of downstream target genesconcomitant increase in levels of mRNA for HIE-1
In particular, exercise can induce all three limbs of the MAPdependent VEGF and glycolytic genes in exercised m. vastus
kinase pathways (ERK1/2, JNK and p38) in human m. vastuateralis (Pilegaard et al., 2000; Richardson et al., 1999) may
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be brought about by a hypoxic stabilization of Hide-Support  fumarase) in trained human m. vastus lateralis (Vogt et al.,
for a sensitivity to exercise of HIFalin skeletal muscle is 2001; Pilegaard et al., 2000; Puntschart et al., 1995) indicate
provided by the increase in HIF*¥InRNA levels in m. vastus that transcriptional changes are responsible for the typical
lateralis in response to repeated bouts of exercise in hypoxsructural changes observed in response to endurance-type
(Vogt et al., 2001). Similarly, the abundance of PleAdhd  exercise.
the transcript levels of genes whose transcription is known to The distinct pattern of changes in the steady-state mRNA
be regulated by PPAR were concomitantly increased in level of genes involved in carbohydrate and fatty acid
trained human m. vastus lateralis (Horowitz et al., 2000). metabolism in response to exercise training demonstrates that
Unsaturated long-chain fatty acids which are released frorexpressional changes are specific for the pattern of
adipose tissue during exercise serve as ligands for BPARphysiological stimuli applied. For example, increases in
and stimulate PPA®R activated gene transcription (Kliewer mRNA levels for medium-chain acyl-CoA dehydrogenase,
et al., 1997). Recently, we observed an increase in BPARwhich is involved in oxidative metabolism, in m. vastus
mMRNA levels in response to training in human m. tibialislateralis are seen only in response to exercise at low intensity
anterior, indicating that this factor is also controlled by(Vogt et al., 2001), when oxidation of fatty acids predominates
transcriptional events (B. Schmitt, J. Décombaz, M. Fluclover that of carbohydrates (Brooks and Mercier, 1994). In
and H. Hoppeler, unpublished observations). There isontrast, phosphofructokinase mRNA levels were found to
evidence that contractile-exercise-induced transcription ahcrease only in response to high-intensity training, while HIF-
mitochondrial transcription factor A (Tfam) and nuclearla mRNA levels were found to increase under conditions of
respiratory factor-1 (NRF-1) is involved in the coordinatedhypoxia (Vogt et al., 2001). Furthermore, the differences in the
expression of the nuclear and mitochondrial genomes anmésponse of VEGF and CPTlI mRNA levels in m. vastus
may be a link to mitochondrial biogenesis as a result ofateralis to a single bout of training indicate that endurance
enhanced metabolic flux (Hood, 2001; Bengtsson et altraining modulates the sensitivity of expressional responses to
2001). Thus, distinct protein kinases and transcription factorsxercise stimuli (Richardson et al., 1999; Pilegaard et al.,
appear to be the interface that integrates mechanical (MAPKX00). A main issue for future research is to elucidate the
and jun/fos) and metabolic (AMPK, HIFaland PPAR) extent to which the specific structural and functional
stimuli into enhanced gene transcription. adaptations of skeletal muscle in response to defined external
The steady-state level of RNA is determined by the balancgtimuli, i.e. the combination of mechanical and metabolic
of gene transcription and RNA degradation (Booth andtimuli, is due to specific modifications in the gene profile.
Thomason, 1991). Contractile activity modulates the level of In conclusion, the present data support and complement
factors interacting with the cytochroreenRNA (Yan et al., previous reports on the scaling of the structural variables of
1996) in a region of the' Bntranslated region (3TR) known  skeletal muscle tissue with body mass. Muscle mass and
to determine the degradation of mMRNA (Sachs, 1993). Thesayofibrillar volume are found to represent constant fractions of
observations indicate that mRNA degradation is a mechanisbody mass, while structures related to the oxidative metabolic
effective in the control of transcript level in (human) skeletalcapacity of muscle tissue have scaling factors smaller than unity
muscle. The involvement of RNA degradation and chromatirfranging from 0.86 to 0.95). These values, however, seem to be
structure (Felsenfeld et al., 1996), controlling the recruitmentonsistently larger than the scaling factor of 0.75 proposed from
and assembly of transcription factors and polymerasgeneral considerations related to the design of fractal networks
complexes for individual gene promoter regions, inof connectivity such as circulatory systems. In the context of
determining exercise-modulated mRNA levels in humarthe basic design properties of skeletal muscle, malleability is
skeletal muscle is not understood. considered to be an important feature of the ‘economic design’
Changes in gene expression result in an incrementalff muscle tissue. Future research will therefore concentrate on
adaptation in protein level and activity determined by thehe molecular basis of the phenotypic plasticity of skeletal
spatial organization of the corresponding protein and itsnuscle tissue. There is evidence that transient transcriptional
biological half-life. The transient nature of transcriptionalregulations after exercise perturbations occur in response to
adaptation following a single bout of exercise indicates thatepetitive stimuli and eventually lead to specific modifications
detectable distinct structural (and functional) adaptations magf the transcriptome and eventually of the proteome. We
reflect the gradual accumulation of discrete post-transcriptiongropose that muscle tissue can sense and respond to both
micro-adaptations of the corresponding protein (Vogt et alimechanical and metabolic disturbances, with the two stimuli
2001). Evidence for such a scenario comes from the increaaeting through distinct signalling pathways.
in angiogenic VEGF mRNA level concomitant with an
increased capillary-to-fibre ratio and the concomitant This research was supported by Swiss National Science
modulation of RNAs coding for proteins involved in oxidative Foundation 3100-54045.98 to H.H. and funds from the
phosphorylation (Puntschart et al., 1995). The increasefederal Commission for Sports Sciences, Magglingen, and the
steady-state levels of VEGF, CPTI and mitochondriallyUniversity of Bern. The skilful assistance of L. Gfeller-
encoded RNAs (COX 1, NADH reductase subunit 6, 16SUscher in preparing this manuscript is gratefully
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