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Skeletal muscle is a plastic tissue that undergoes cellulaand metabolic adaptations
under conditions of increased contractile activity such agxercise. Using adult zebra sh
as an exercise model, we previously demonstrated that swiming training stimulates
hypertrophy and vascularization of fast muscle bers, conistent with the known muscle
growth-promoting effects of exercise and with the resultig increased aerobic capacity
of this tissue. Here we investigated the potential involveent of factors and signaling
mechanisms that could be responsible for exercise-inducedast muscle remodeling in
adult zebra sh. By subjecting zebra sh to swimming-induced exercise, we observed an
increase in the activity of mammalian target of rapamycin (fOR) and Mef2 protein levels
in fast muscle. We also observed an increase in the proteinvels of the mitotic marker
phosphorylated histone H3 that correlated with an increasen the protein expression
levels of Pax7, a satellite-like cell marker. Furthermorghe activity of AMP-activated
protein kinase (AMPK) was also increased by exercise, in patel with an increase in the
MRNA expression levels opgcl and also of pparda, a b-oxidation marker. Changes
in the mRNA expression levels of slow and fast myosin markerfsirther supported the
notion of an exercise-induced aerobic phenotype in zebra kb fast muscle. The mRNA
expression levels ofil6, il6r, apln, aplnra and aplnrb, sparc, decorin and igf1, myokines
known in mammals to be produced in response to exercise and tosignal through
MTOR/AMPK pathways, among others, were increased in fast macle of exercised
zebra sh. These results support the notion that exercise ioreases skeletal muscle
growth and myogenesis in adult zebra sh through the coordiated activation of the
MTOR-MEF2 and AMPK-PGCa signaling pathways. These results, coupled with altered
expression of markers for oxidative metabolism and fast-tslow ber-type switch, also
suggest improved aerobic capacity as a result of swimmingrAduced exercise. Finally, the
induction of myokine expression by swimming-induced exelise support the hypothesis
that these myokines may have been produced and secreted by th exercised zebra sh
muscle and acted on fast muscle cells to promote metabolic renodeling. These results
support the use of zebra sh as a suitable model for studies ormuscle remodeling in
vertebrates, including humans.
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Rovira et al. Zebra sh Muscle Responses to Swimming

INTRODUCTION conducted on the bene cial e ects of exercise, whether skélet
muscle plays a central role orchestrating the organismalese
In vertebrates, skeletal muscle is a plastic and dynamicgi$®t  to exercise is not completely understood. Exercise-induced
can be remodeled in response to di erent stimuli, such as egerc molecular mechanisms in skeletal muscle that promote health
or physical activity, and that contributes to maintain metéib  pene ts and adaptations may involve that production of muscle-
homeostasis. In response to exercise-induced contractidtyt,  secreted factors omyokines(Pedersen and Febbraio, 2012
skeletal muscle shows a remarkable adaptation that results MyokineS, such as inter|eukin_6, are expressed bythe th’(gac
changes in protein content and metabolic regulation that argkeletal muscle and have been suggested to act locally in the
evidenced by the induction or repression of exercise-speci gnuscle tissue or to function at a systemic level, in uencing
signaling pathways. In mammals, a frequent adaptation ifhe metabolism and function of several organs such as adipose
skeletal muscle following exercise is ber hypertrophiailey  tissue, liver and blood vesseBedersen and Febbraio, 2012
et al., 201y resulting from an increase in protein synthesisTherefore, identi cation of the mechanisms by which exsei
over a reduction in protein degradation that causes incréaseinduced contractile activity regulates myokine productioan
muscle mass and improved force generation. The mammaliajnprove our understanding of the potential local and systemic
target of rapamycin complex (mTORC), which integrates manyoles of myokines in the adaptive responses to exercise in
intracellular signals in order to regulate anabolic proesss vertebrates.
cell cycle progression and autophagy, is suggested to be thejn non-mammalian vertebrates, including teleost sh,
main signaling pathway enhancing protein synthesis and t@hysical activity linked to locomotion has also been shown to
promote skeletal muscle ber hypertrophy in response togreatly in uence the metabolic and contractile characticss
exercise in mammalsL@plante and Sabatini, 2012; Egan ancof skeletal muscle and, consequently, the performance of
Zierath, 2013; Hawley et al., 2Q1Moreover, exercise has beenthe organism in the face of migratory, predatory, behavioral
reported to increase the number of satellite cells, that isscte  and other challenges that aect survival. In teleost sh, in
progenitor cells that are considered to be essential duringete  particular, the physiological responses to swimming in terrhs o
maintenance and regeneration in response to injuRglaix and  skeletal muscle remodeling (e.g. muscle growth and metabolic
Zammit, 2013, both in young and old animalsShefer et al., adaptation) appear to be similar to those described in mammals
2010, 2013; Leiter et al., 2011; Lee et aI., 2012; Smith a(MCc|e||and’ 2012; Rodnick and P|ana5, m]@r examp|e’
Merry, 2013. Thus, the potential ability of exercise to induce systained swimming stimulates hypertrophy of fast muscle sber
satellite cell activation is an important matter of invesigon  in various sh speciesfugeon et al., 2003; Martin and Johnston,
with regard to muscle diseases and sarcopenia. In additionQos: |barz et al., 20).1Despite the parallel cellular response
exercised skeletal muscle develops an increased aerobitgapaof skeletal muscle to exercise-induced contractile agtimi sh
that has been associated with elevated mitochondrial biesis ang mammals, the arrangement of fast and slow muscle bers
and oxidative metabolism, changes in muscle ber type Okyithin the musculature is di erent between these two vertater
increased oxygen availability as a result of increased I®usGroups. In sh, skeletal muscle is spatially segregated andstsnsi
capillarization Egan and Zierath, 2013; Hawley et al., 2014 of deep fast muscle bers that represent approximately 90% of
One of the key intracellular factors involved in skeletalsole  the total muscle mass (also named white muscle) and that are
metabolic responses to exercise is the AMP-activated prOte.tfbvered by a thin super cial |ayer of slow muscle bers (a]so
kinase (AMPK). AMPK acts as an “energy sensing enzyme” tamed red muscle)Bone, 1978 In sh, these two types of
maintain energy homeostasis in the cells by stimulatingabelic  muscles also show functional di erences, given that the fast
adaptations to increase ATP generation processes such asglucmuscle is known to be a fast-contracting, anaerobic muscle
uptake and utilization or lipid oxidationKfardie et al., 2002In  that permits sudden bursts of motion, whereas the slow muscle
addition, AMPK modulates the activity of several factorstsas js a slow-contracting, aerobic muscle that permits sustained
peroxisome proliferator-activated receptor gamma coaaivat  |ocomotion (Bone, 1978 However, as indicated above, fast
alpha (PGC-2) and controls the transcription of genes encodingmuscle in sh is able to respond to sustained swimming by
proteins involved in oxidative metabolism and mitochondria increasing ber size and by adopting a more aerobic phenotype
biogenesis such as PPARs, NRF1, MEF2 and HDAGsd{e (Rodnick and Planas, 20)L&nd, consequently, shows plasticity.
et al., 201 In mammals, AMPK is activated in response toTherefore, in view of the potentially important contributiorf o
muscle contraction or endurance exercisgifder and Hardie, fast muscle to the known growth-promoting e ects of sustained
1996; Narkar et al., 2008; Nedachi et al., 20®&n intensity-and  swimming in sh (Davison and Herbert, 20)%&nd to the spatial
duration-dependent mannerBergeron et al., 2001; Egan et al. segregation of fast and slow musdio(ie, 197§ e orts devoted
2010Q. to investigate the physiological responses of fast muscle to
It is well known that regular exercise is associated wittswimming-induced exercise are important for our understenggd
important bene ts for human health that include protection of growth-regulatory mechanisms in sh and other
against the development of cardiovascular diseases, stiioml vertebrates.
of the immune system through its anti-in ammatory e ects  Given the evolutionarily conserved plasticity of skeletal
and maintenance of glucose homeostasis, among othéngg- muscle in response to contractile activity and given that
Luces et al., 2013; Hawley et al., 2014; Benatti and Pedersthe zebra sh DPanio rerig is a recognized teleost model for
2015. However, although a great deal of research has beerrtebrate research, this species is becoming an emerging
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model in exercise physiology. To date, the zebrash exercis‘éampling

model has been applied in studies on muscle growth ané&ish were sampled after the experiments and euthanized by
development, metabolism, neurobiology and agiRgléter et al., immersionin 0.25 mg/ml of bu ered MS-222 (Sigma). From each
2003; McClelland et al., 2006; LeMoine et al., 2010a; Palstsh, two fast muscle lets were dissected from the dorsal (égigx

et al., 2010, 2014; Gabriel et al., 2011; Fiaz et al., 20b&riGi musculature, taking care to avoid slow muscle contamination
et al., 2014; Severi et al., 2014; Hasumura and Meguro).201@sh frozen in liquid nitrogen and stored at 80 C until

In a previous study, we established the swimming econompgrocessing for RNA and protein isolation.

of adult zebra sh and determined its optimal swimming speed ] )

(Uopt) (Palstra et al., 20)0Under these sustained, aerobic RNA Extraction, cDNA Synthesis, and

exercise conditions, we also reported that swimming-induce Quantitative Real-Time PCR

exercise stimulated somatic growth and increased hypergrophTotal RNA from a single fast muscle let per individual
and capillarization of fast skeletal muscle bers that wagn D 10/group) was isolated by homogenizing the tissue
accompanied by the activation of transcriptional programswith a hand-held tissue homogenizer (ProScienti c) with 500
involved in muscle growth, myogenesis, oxidative metaboli m TriReagent (Ambion) and following the manufacturer's
and angiogenic processeBa(stra et al., 2010, 2014n the  specications. RNA concentrations were determined using a
present study we have aimed at further characterizing th@anodrop 2000 spectrophotometer (Thermo Scientic). One
temporal adaptive responses of fast skeletal muscle to swigiminmicrogram of RNA was treated with DNAse | Ampli cation
induced exercise in adult zebra sh by investigating theallng  Grade (Life Technologies) to remove any contaminating geico
pathways and cellular responses potentially involved in th®NA and reverse transcribed using the Transcriptor First Sdra
stimulatory e ects of exercise on fast muscle hypertrophy anéDNA Synthesis Kit (Roche) as speci ed by the manufacturer.
the transition toward a more aerobic phenotype. FurthermoreReactions were run in a CFX3%4 Real-Time System (Bio-
we have also investigated in adult zebra sh fast skeletaateu Rad) under the following thermal cycling conditions: 3 min at
the exercise-induced regulated expression of myokines knowgs C and 40 cycles of 10s at @5 30s at the corresponding
to be involved in the exercise response in mammals. Ouinnealing temperature and a nal melting curve of 81 cyclesir
results strongly support the notion that exercise increasess to 95C (0.5 C increase every 30s) to analyze the speci city
skeletal muscle growth and myogenesis, at least in pamf the reaction and absence of primer dimers. The reactions
through the coordinated activation of the mTOR-MEF2 and(5m) contained 2.57 of iQ SYBR Green Supermix (Bio-Rad),
AMPK  signaling pathways. Our results also suggest tha&00nM of forward and reverse primers andm of cDNA for

the observed exercise-induced responses in fast muscle mgach sample (diluted 1:5) and followed the requirements of the
have taken place in response to direct contractile events bWIQE guidelines. All PCR reactions were run in triplicate rReir
also indirectly through the local production and action of sequences were designed using Roche Universal Probe Library
myokines. Assay Design Center (Table S1) and e ciency was calculayed b
analyzing serial dilutions of cDNA samples and the expression
level of each gene was normalized to the three most stable
MATERIALS AND METHODS reference genes testags15 rpsli8,andrplll (M-value< 0.5)
Ethical Approval and quanti ed using CFX384 software (modi cation ¢ffa ,

All animal procedures described herein have been approved @)01).
the Ethical Committee of the University of Barcelona under\Nestern Blotting

protocol DAAM 7972 t0 JP. Frozen zebrash fast muscle lets from individual control

. . . and exercised zebra shn(D 10/group) were lysed in RIPA
Exercise Training and Experimental bu er (Sigma) in the presence of 1 mM phenylmethylsulfonyl
Conditions uoride (PMSF), 1X protease inhibitor cocktail (Sigma) and
Adult wild-type zebra sh were obtained from a local supplier and1X of phosphatase inhibitor cocktail 2 and 3 (Sigma) using a
grown to approximately 2.5—-3 cm in body length (BL). Exercisénand-held homogenizer (ProScienti c). The BCA kit (Thermo
training conditions were previously describeéa(stra et al., Scienti ¢) was used for total protein quanti cation. A miniom
2010. Brie y, exercised sh (E) were housed in a 30 L swimmingof 20 mg of protein lysates were loaded in a SDS-PAGE gel
tunnel (Loligo Systems, Denmark) and swam at thegpdof and transferred to a PVDF membrane (Millipore). Membranes
13 BL/s, for 6 h/day (10:00-16:00h) for 5 days/week over 2@ere blocked with blocking bu er (5% non-fat dry milk in
experimental days (over a 4-week period). Control sh (C) werelX PBS, 0.5% Tween, pH 7.4) for 1h at room temperature
housed under the same density. Similar water temperature arehd probed overnight at £ with the primary antibody. After
quality conditions for control and exercised sh were ensdiby several washes in PBS/0.01% Triton, membranes were iremlibat
a recirculation system. For the time-course experimentsshO for 2h at room temperature with an anti-rabbit or anti-
from each group were randomly removed at week 1 (5 days gfiouse HRP-conjugated secondary antibody (1:10,000, Jackso
swimming), week 2 (10 days of swimming), and week 4 (20 daysmmunoResearch). Membranes were stripped with Restore
of swimming) after the daily training. All sh were fed twice@ Western Blot Stripping Bu er (ThermoScienti c) following the
day, before and after each training session. manufacturer's indications to re-probe the membranes witb t
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corresponding loading control. E ectiveness of the strippingmounted in ProLong Gold Antifade mounting media (Life
procedure was checked everytime by incubating the membrarieechnologies). Quanti cation of epaxial fast muscle myoeucl
with the secondary antibody. Primary antibodies used weravas performed from duplicates of ten microscopic elds at
phospho-Histone 3 Serl0 (1:400, Millipore), phospho-mTORa magni cation of 40X on four dierent sections per sh
Ser2448 (1:100, Cell Signaling), mTOR (1:1,000, Cell 8ighal (nD 4).

phospho-p70 S6 Kinase Thr389 (1:200, Cell Signaling), phospho- .

4E-BP1 Thr37/46 (1:500, Cell Signaling), 4E-BP1 (1:500, cémaging

Signaling), Mef2 (1:500, Anaspec), phospho-p38 Thr180/Tyr1g2luorescent images were visualized by uorescence miopysc
(1:200, Cell Signaling), p38 (1:100, Santa Cruz), PAX7 ,(1:2@sing a Leitz DMIRB microscope and captured with a DFC360FX
developed by A. Kawakami from Developmental Studie§amera (Leica) and visualized using imageJ software (fttp://
Hybridoma Bank), phospho-ACC (1:250, Cell Signaling), ACgnfo.nih.gov/ij/).

(1:1,000, Cell Signaling), PG@1(1:100, Santa Cruz) and . .
g-tubulin as a loading control (1:2,000, Bethyl). Immunaislo Stat'$t|cal AnaIyS|s

were developed with the enhanced chemiluminescence methcatistical dierences between mean values of the two
using Amersham ECL Prime Western Blotting Detection ReagerfXP€rimental groups were analyzed by Studemiest or

(GE Healthcare). Immunoreactive bands were visualizeds_A he equivalent U-Mann-Whitney non-parametric test, when
3000; Fuji Im) and quanti ed with ImageJ software (http:&b. parametric assumptions were not met in the sample data. Results

info.nih.gov/ii/). Full-length blots are provided as Supplemtary ~ 2T€ €xpressed as meanstandard error of the mean (SEM) and
Material (Supplementary Figures S1-S5). considered to be signi cant @ < 0.05. Details on the number

of sh used in each experiment are indicated in each gure
AMPK Activity Determination legend. All statistical analyses were performed using GraphPad
AMPK activity from fast muscle lysates per individual Prism6.
(n D 7/group) was determined using the CycLex AMPK Kinase
Assay Kit (CycLex Co., Japan) following the manufacturerRESULTS

speci cations as previously describedViggnoni et al., . . L
2012, 201y Specic AMPK activity was calculated as theExerC|5e Training Causes Activation of

di erence between the absorbance measured in the absence B TOR and AMPK Signaling Pathways in

presence of 6-[4-(2-piperidin-1-ylethoxy)phenyl]-3-pyridih  Fast Muscle

ylpyrazolo[1,5a]pyrimidine (Compound C) at 450 and 550 nm.In a previous study, we demonstrated that swimming-induced
AMPK activity was measured in duplicate, normalized to totalkexercise increased the cross-sectional area of fastalkalescle
protein in the muscle lysates, and expressed as fold inductiopers (Palstra et al., 20)4 Here, we set out to investigate

with respect to the control group. the potential involvement in this process of known molecular

) . pathways and factors responsible in mammals for exercise-
In Vivo Labeling of Skeletal Muscle Cells induced muscle growth. In particular, we examined the attivi
and Immunohistochemistry of the mTOR protein synthesis pathway, comprising mTOR

Exercised and control sh were anesthetized by immersiorand its target 4EBP-1, and the transcription factor MEF2, a
in 0.168 mg/ml of MS-222. Twenty microliters of EdU (5- myogenic regulator of cell proliferation and di erentiatiqhlaya
ethynyl-#deoxyuridine, Click-iT kit, Life Technologies) at 1.25 and Olson, 199pthat is a down-stream target of mTOR. After
mg/ml diluted in sterile PBS were injected intraperitongall 4 weeks of swimming-induced exercise, a signi cant increase
using a Hamilton syringe at week 1 and 24 h before beingn the activity of mTOR P D 0.044) and in the protein levels
sacriced (week 2). After the 10 experimental days, shof Mef2 (P D 0.045) was detectedrigures 1A,B. The activity
were euthanized with an overdose of MS-222 (0.25 mg/mipf 4EBP-1, although higher in exercised over non-exercised
and tail trunks were collected, frozen in isopentane, cooledebra sh, was not signi cantly di erent D 0.066) between the
with liquid nitrogen, embedded in OCT compound (Tissue-two groups Figure 1B). These results suggest that an activation
Tek, Sakura Finetek), and stored at80 C until analysis. of the mTOR pathway and an increase in Mef2 content in fast
Ten micrometer serial transverse sections were cut using skeletal muscle were induced by swimming training in adult
Leica cryostat CM 3050S and the EdU Click-iT reaction wagebra sh, supporting the notion that exercise stimulates el
performed following the manufacturer's speci cations. 88d muscle growth in adult zebra sh through a mTOR-dependent
were washed twice for 3min each in 3% BSA/PBS anpathway. Furthermore, in view of the important role of AMPK
immunohistochemistry with anti-dystrophin MANDRAL (1:100, in skeletal muscle adaptation to exercise in mammilsi(nier
NovusBio) was performed overnight at @ after blocking et al., 2013 we measured AMPK activity after 1, 2, and 4
of non-specic binding for at least 1h in blocking buer. weeks of swimming-induced exercise in adult zebra sh fast
Slides were washed in PBS-0.1% Tween and incubated withuscle. AMPK activity was increased signi cantly after 4 keee
an anti-mouse secondary antibody AlexaFluor 555 (1:40@f swimming @ D 0.038;Figure 10. We next investigated the
Life Technologies) for 45min at room temperature. Nucleugegulation of PGC-&, a known down-stream target of AMPK
staining was performed with Hoechst 33342 (1:2,000, Thermand a main target of AMPK during the response to exercise in
Scienti ¢c) for 30min at room temperature and slides weremammals Correia et al., 20)5Interestingly, coinciding with the
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FIGURE 1 | Effects of swimming-induced exercise on mTOR and AMPK sigrimg pathways and markers for oxidative capacity in fast mude of adult zebra sh.
(A) Representative SDS-PAGE of mTOR, 4EBP-1, and Mef2 in fast rsule of exercised (E) and non-exercised (control, C) adulebra sh after 4 weeks of swimming
training. Arrowheads indicate the protein marker molecutaweight. (B) Quanti cation by densitometry of mMTOR and 4EBP-1 activity ad Mef2 protein content in fast
muscle from exercised (E) and non-exercised (control, C) att zebra sh after 4 weeks of swimming training. The ratio of posphorylated forms over total or Mef2 over
tubulin was analyzed. (nTORP D 0.044; 4EBP-1, P D 0.066; Mef2, P D 0.045) (E,n D 10; C, n D 10). (C) AMPK activity in fast muscle from exercised (E) and
non-exercised (control, C) adult zebra sh after 1, 2 and 4 weks of swimming training P D 0.036) (E,n D 7; C, n D 7). (D) mRNA expression levels opgcl in fast
muscle from exercised (E) and non-exercised (control, C) aitt zebra sh after 1, 2, and 4 weeks of swimming training® D 0.0003) (E,n D 10; C, n D 10).
(E) Representative SDS-PAGE of PGC-4 and Acetyl-CoA Carboxylase (ACC), downstream targets of ARK, after 4 weeks of swimming training. Arrowheads
indicate the protein marker molecular weight(F) Quanti cation by densitometry of PGC-1a protein content and ACC activity in fast muscle from exercied (E) and
non-exercised (control, C) adult zebra sh after 4 weeks of simming training. (En D 9; C, n D 9). The ratio of PGC-h and phospho-ACC over tubulin or total ACC,
respectively, was analyzed(G-I) mRNA expression levels of peroxisome proliferator-actived receptor delta pparda) (week 4,P D 0.009) and ppardb (G); slow
myosin heavy chain 1§myhcl) (week 2,P D 0.035) and myosin fast muscle speci ¢ polypeptide 2 fnyhz2) (week 4,P D 0.022) (H); mitochondrial twinkle protein
(twinkle), transcription factor A mitochondrialtfam) and polymerase RNA mitochondrialgolmrt) (1) in fast muscle from exercised (E) and non-exercised (contiaC)
adult zebra sh (E,n D 10; C, n D 10). Data are expressed as fold induction above the controlrgup, which was set to 1. Bars represent the mean SEM. *P < 0.05,
**p < 0.01, **P < 0.001.

timing of AMPK activation, we found a signi cant increase in Regulation of the Expression of Genes
the mMRNA expression levels p§cl after 4 weeks of swimming Encoding Proteins Involved in Oxidative

(Figure 1D), albeit without a corresponding signi cant change in Metabolism. Fiber Type and Mitochondrial
Pgch protein levelsfFigures 1E,F. No di erences in the activity . . . . .
Biogenesis by Exercise Training in Fast

of acetyl-CoA carboxylase (ACC), another down-streametog
AMPK, were observedHgures 1E,F. Therefore, we observed Skeletal Muscle

a temporal correlation of the induction of AMPK activity To investigate if the observed induction of AMPK and
and pgcl expression in zebra sh fast muscle in response t®gcl by swimming-induced exercise could be associated with
exercise. the improved aerobic phenotype of the exercised zebra sh
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fast muscle Relster et al., 2003; McClelland et al., 2006di erences in the percentage of E§Lhuclei in fast muscle were
LeMoine et al., 2010a; Palstra et al., 2014; Simmonds awobserved between exercised and non-exercised adult zébra s
Seebacher, 20),7we analyzed the temporal expression of(Figure 2G). In order to continue investigating possible e ects
genes encoding proteins involved in oxidative metabolisber  of exercise on satellite cell proliferation, we also measured
type and mitochondrial biogenesis. First, we measured ththe temporal expression levels of the satellite cell-like myark
MRNA expression levels of two zebra sh isoforms of PEAR Pax7. Although the temporal mRNA expression levels of the
as markers for lipid oxidation and observed a signi canttwo isoforms ofpax7in zebra sh, pax7aand pax7h were not
increase oppardamRNA expression levels only after 4 weeksaltered by exercise trainind-igure 3A), the protein expression

of exercise R D 0.009), consistent with the observed up-levels of Pax7 increased signi cantly during the entire péri
regulation of pgcl expression, whereappardb expression of exercise training, as early as after 1 week and continuing
was unalteredKigure 1G. Second, we measured the temporalafter 2 and 4 weekd={gures 3B,J. Therefore, our results on
changes in mRNA expression levels of markers for slow anthe increased protein levels of proliferation and satelligdl ¢
fast muscle bers in response to exercise. The mRNA levelsarkers suggest indirectly that satellite cell prolifenatiaight

of smyhcl a myosin heavy chain marker for slow bers, have been induced by swimming-induced exercise in adult
and myhz2 a myosin heavy chain marker for fast bers, zebra sh.

decreased signi cantly after week P O 0.035) and after

week 4 P D 0.029), respectively, in fast muscle of exerciseExercise Training Increases the mRNA

zebrash (Figure 1H). Third, we also analyzed the mRNA Expression of Genes Encoding Myokines in
expression levels of genes encoding mitochondrial proteifesit Fast Skeletal Muscle

muscle: the gene encoding mitochondrial transcriptiontiaifn), . .
In fast muscle, the mRNA expression levels of genes encoding

the major activator of mitochondrial transcription, the gen Ki K b tivated b S |
encoding T7-like mitochondrial DNA helicasexinkle or pao?, myokines known 1o be activaled by Exercise in mammals were
analyzed in fast skeletal muscle of adult zebra sh subjeated t

involved in mitochondrial DNA maintenance, and the gene1 5 d4 ks of swimmina-induced ise. Th RNA
encoding mitochondrial RNA polymerasedlmrt), responsible —* =’ an lvveel S Of ?]Nlmmlng-ln UCS. e>§ert'0|s|e. ki ('e|6m
for mitochondrial gene expression. The mRNA expression levefg<Pression levels of the gene encoding Interieukini .)’( .
of the three mitochondrial genes did not change at any timénvolved in muscle metabolism and satellite cell regulation in

during the exercise training period=igure 1l). The observed mamlmalds Mllmoit-Calnovesketfal., .ZQ)LWereosol(g)zl captl)l/ up-
temporal correlation of the increased expressiorpgtl and regulated only after 1 week of training® © 0.004), similar to

pparda,coupled with the decreased expressiomyhz2 suggest the gene encoding its receptdira (P D 0.009) Figure 4).

that Pgca could be involved in the exercise-induced metabolic_In contrast, the mRNA expression levels of the genes encoding

and ber remodeling leading to improved aerobic phenotype 01mterleukin 15 {I15) and its receptor remained unchanged over
the 4-week exercise periodrigure 4. The mRNA expression

fast muscle. levels of the genes encoding apelaplf) and its two receptors
(aplnra and aplnrb) were up-regulated in response to exercise,
Exercise Affects the Expression of Markers with distinct expression patterns between ligand and receptor
of Fast Skeletal Muscle Fiber Proliferation apln was signi cantly increased after 2 week8 D 0.029)
and Satellite-Like Cells and aplnraand aplnrb signi cantly increased after oneaplnra,

The observed increase in hypertrophy of fast muscle ber?< 0.0001aplnrb, PD 0.0003) anq fqura(plnra, PD 0.0004;
in exercised zebra shRalstra et al., 20)4prompted us to apinrb PD 0.011) weeks of exercisEidgure 4). Furthermore,

investigate if skeletal muscle cell proliferation may haeerb the “_“RNA expression levels .Of the genes gncod!ng S.ecreted
a ected by swimming-induced exercise. Fast muscle samplt? otein acidic and ”Ch n cystelns_par_(), decor_lnand insulin-

from non-exercised and exercised zebra sh after 1, 2, and 4 growth factor 1 .(qfl) were signi cantly increased only .
weeks of training were analyzed for protein content Ievel?,fte.r L wee.k of EXEICISE, sh.owmg an early response to exercise
of phosphorylated histone H3 (H3-P), a marker of cells'm'lar_ to "6_ and_ ll6ra (F|gure4)_. In contrast, the gene
proliferation, and activity of p38-MAPK, a marker for muscle encoding brain _denved neu_rotrophlc factabgnf) decreased _|ts_

cell di erentiation (Lluis et al., 20G@~igures 2A-D). The protein mRNA expression levels sighi cantly after 2 weeks of training
levels of H3-P were signicantly increased in fast skeletal" fast mUSd_e of exercised zebrast @ 0.006) but no -
muscle of exercised sh after week B D 0.010) and week e (_act of exercise was observed after 1 or 4 weeks of training
4 (P D 0.017) of training, but not after week Figure 2B). (Figure 4).

The activity of p38-MAPK, although lower in fast muscle of

exercised than in non-exercised sh, did not signi cantlyange DISCUSSION

in response to swimming-induced exercisgégure 2D). In view

of these results, we next analyzed proliferation of myoriucldn teleost sh, skeletal muscle adaptations to swimming-
by EdU labeling at week 2 of training (i.e., after 10 daysnduced exercise include the potentiation of muscle mass
of training), the time point at which the protein expression and the increase of the oxidative characteristics of muscle
levels of the mitotic marker H3-P were rst signicantly bers (Johnston et al., 2011; McClelland, 2012; Rodnick and
induced by exerciseF{gures 2E-G. However, no signicant Planas, 2006 In adult zebra sh, an emerging physiological
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FIGURE 2 | Effects of swimming-induced exercise on the expression andctivity of proliferation and differentiation markers iraét muscle of adult zebra sh.

(A) Representative SDS-PAGE of the cell cycle marker Histone ghosphorylated (H3-P) in fast muscle of exercised (E) and neexercised (control, C) adult zebra sh
after 1, 2, and 4 weeks of swimming training. Arrowheads indate the protein marker molecular weight(B) Quanti cation by densitometry of H3-P at week 1, week 2
(P D 0.010), and week 4 £ D 0.017) using tubulin as loading control (En D 10; C, n D 10). (C) Representative SDS-PAGE of the p38-MAPK muscle differeation
marker in fast muscle of exercised (E) and non-exercised (otrol, C) adult zebra sh after 1, 2, and 4 weeks of swimming traing. Arrowheads indicate the protein
marker molecular weight.(D) Quanti cation by densitometry of p38-MAPK in fast muscle of &ercised (E) and non-exercised (control, C) adult zebra shfter 1, 2, and
4 weeks of swimming training (En D 10; C, n D 10). (E) Schematic representation where adult zebra sh trunk cryosetions were performed (dashed line). Two fast
epaxial muscle sides were analyzed (see section Materialsid Methods). Dashed circle shows one-side fast epaxial mude area of a 10mm section (up, dorsal;
bottom, and ventral). Scale bar represents 500rm. (F) EdU labeling and immuno uorescence. Anti-dystrophin (red)EdU (green), and hoescht (blue). White arrows
indicate EAU° nuclei. Scale bar represents 200mm. (G) Quanti cation of EdUC nuclei in fast muscle of exercised (E) and non-exercised (otrol, C) adult zebra sh
after 2 weeks of swimming training (En D 4; C, n D 4). *P < 0.05. Bars represent the mean SEM.

exercise model, we previously demonstrated that sustaingmhthways)and myo brilogenesi®@lstra et al., 20)4Activation
swimming potentiates somatic growth by increasing fast berof mTOR signaling, a key pathway for the stimulation of
hypertrophy @alstra et al., 20)4as con rmed by other studies protein synthesis, occurs concomitantly to exercise-induce
(Hasumura and Meguro, 20)6Furthermore, by conducting skeletal muscle hypertrophy in mammalBadine, 2006; Egan
transcriptome pro ling of the exercised fast muscle in adultand Zierath, 2013 Interestingly, the mechanism by which
zebrash we previously identi ed signi cant changes in the mTOR controls protein synthesis and muscle mass was recently
expression of canonical pathways important for the regulatiorelucidated using a zebra sh muscle inactivity model whereby
of protein metabolism (i.e., IGF-1/PI3K/Akt/mTOR signadin muscle inactivity results in decreased abundance of Mef2, a
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FIGURE 3 | Effects of swimming-induced exercise on the expression ote satellite cell-like marker PAX7(A) mRNA expression levels of the two zebra sh isoforms
pax7a and pax7b in fast muscle of exercised (E) and non-exercised (contrdl) adult zebra sh after 1, 2, and 4 weeks of swimming training&, n D 10; C, n D 10).

(B) Representative SDS-PAGE of PAX7 in fast muscle of exercis€ft) and non-exercised (control, C) adult zebra sh after 1, 22nd 4 weeks of swimming training.
Arrowheads indicate the protein marker molecular weight(C) Quanti cation by densitometry of PAX7 in fast muscle of exeiised (E) and non-exercised (control, C)
adult zebra sh after 1 ° D 0.026), 2 (P D 0.025), and 4 weeks P D 0.025) of swimming training (En D 10; C, n D 10). *P < 0.05. Data is expressed as fold induction
above the control group, which was set to 1. Bars represent tB mean SEM.

transcription factor essential for normal ber growth, due t protein expression levels of Pax7, a transcriptional regutéiat
the inability of mMTOR to repress the inhibitory e ects of the is a well-established marker for satellite cells, increaapdly
eukaryotic initiation factor 4E binding protein AEBP3L pref2ca (after 1 week) in fast muscle in response to swimming-induced
translation (Yogev et al., 20)31In the present study, using exercise, despite the lack of change in the mRNA expression
a muscle activity model (i.e., swimming-induced exercise) levels ofpax7aand pax7h the two zebra shpax7 isoforms,
demonstrate that sustained swimming results in the adtivedf ~ possibly due to post-transcriptional modi cations, as reporied
mTOR and in an increase in the protein abundance of Mef2, amammals Chen J.-F. et al., 20).(Pax7-expressing satellite-like
important down-stream target of mTOR. Therefore, our resultscells have recently been shown to be activated and to prdifera
strongly suggest that the hypertrophic response of adult zebra during muscle repair in adult zebra siBerberoglu et al., 20).7
fast skeletal muscle bers to swimming-induced exercisey maln addition, satellite cells in isolated zebra sh muscle bere
be the result of the observed increase in mTOR activity andlso activated and proliferate in response to mechanicalctret
Mef2 protein levels and support the notion that activity-inddce (Zhang and Anderson, 20)4These studies indicate that adult
muscle mass in adult zebra sh is dependent on mTOR activatiozebra sh satellite cells have the ability to become acti/ated
of Mef2. to proliferate in response to injury or mechanical forces, such
In parallel to mTOR-mediated increased protein synthesis ands during muscle contraction. In support of the possibility of a
Mef2-induced myo brilogenesis, the addition of new myoneicl satellite cell proliferative response to swimming-inducedeizse
to existing muscle bers is another process that can contélin  in the zebra sh fast muscle, our results also show that the
the hypertrophic growth of muscle bers. A number of studiesprotein expression levels of H3-P, a mitotic marker, signntg
in mammals suggest that exercise is an endogenous stirhatis t increased, whereas the protein expression levels of p38-MAPK,
causes satellite cell activation and these ndings are @aleily a muscle cell dierentiation marker, showed a trend toward
relevant for investigating the causes and potential treatnoé  an early decrease in abundance in fast muscle of exercised
muscle diseases such as sarcopeviiafert et al., 2011; Shefer adult zebra sh. These results provide support to the notion
et al., 2013 However, to the best of our knowledge, the potentiathat swimming-induced exercise may induce proliferation of
contribution of satellite-like cells in exercise-induceauscle myonuclei in the zebra sh skeletal muscle, as also supported
growth or remodeling has not been explored in zebra sh. In theby previously reported increases in the expression of the
present study, we provide evidence supporting the hypothespgoliferation marker PCNA in exercised muscle in zebra sfau
that exercise may have activated satellite cells. Most hotdie  der Meulen et al., 20Q6Unfortunately, our results on thia vivo

Frontiers in Physiology | www.frontiersin.org 8 December 2017 | Volume 8 | Article 1063



Rovira et al. Zebra sh Muscle Responses to Swimming

FIGURE 4 | Effects of swimming-induced exercise on the mRNA expressiolevels of myokines. mRNA expression levels of interleuk(il6), interleukin-6 receptor
(il6r), interleukin-15 {(15), interleukin-15 receptor i{15r), apelin &pln), apelin receptor a &plnra), apelin receptor b &plinrb), brain derived neurotrophic factortfdnf),
secreted protein acidic and rich in cysteinegparc), decorin and insulin-like growth factor 1igf1) in exercised over non-exercised adult zebra sh at 1, 2, and 4veeks
of exercise training. Signi cant differences are indicatedy *P < 0.05, **P < 0.01, ***P < 0.001, **** < 0.0001. Data is expressed as fold induction above the contrb
group, which was set to 1. Bars represent the mean SEM (E,n D 10; C, n D 10).

proliferation by EdU labeling did not show signi cant di erazes  hypothesis that fast muscle cells (possibly satellite cells@ wer
between exercised and non-exercised fast muscle andfdhere induced to proliferate in response to swimming-induced exsci
we are not able to demonstrate an increase in proliferatingn adult zebra sh and that this process may have contributed
myonuclei in response to a 2-week exercise training period b the observed exercise-induced hypertrophy of fast muscle
using an alternate method. We can speculate that the reason fders in zebra sh. Obviously, additional studies will be eded
this may be that the time point chosen to evaluate myonucleio determine whether swimming-induced exercise can aect
proliferation (i.e., at week 2 of training), selected basadle satellite cell proliferation in sh.

temporal induction of H3-P protein expression, may have been An important result from this study is the demonstration that
too early by using this method and that later time points (ia. the activity of AMPK, an important energy sensing molecule and
week 4 of training) may have been more appropriate for detecting key regulator of metabolic pathways under energy-demandin
possible increases in the number of myonuclei undergoingonditions Hardie et al., 201)2 was signi cantly increased in
DNA synthesis and division in response to swimming-inducedfast muscle of exercised zebra sh. Interestingly, coimgjdvith
exercise. Overall, our results provide only partial supportf@ the induction of AMPK activity, we observed an increase in
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the expression of Pgal a known target of AMPK and an myonuclear accretionSerrano et al., 200@&nd its circulating or
important mediator of some of the metabolic actions of AMPKexpression levels in muscle are related with training adaptén
in mammals Correia et al., 2005 The temporal correlation of humans Fischer, 2006 A similar early response to swimming-
AMPK activation and the increased expressiopgfl aswellas induced exercise was observed with the increased mRNA
of some of its targets, such ppardaand myosins (wittrsmyhcl expression levels of the genes encoding the myokapzsc
being up-regulated anchyhz2being downregulated at week 4), and decorinand the growth factoigfl in fast muscle of adult
indicative of increased oxidative metabolism and of a Igpe  zebra sh. These three myokines are known to participate in the
switch toward a more aerobic phenotypeu@uet, 2003; Wang regulation of muscle function in mammals. SPARC is expressed
et al., 200} suggests that exercise-induced AMPK may have satellite cells under exercise or regenerating conditeoms is
increased Pga@lexpression. In support for the hypothesis thatsuspected to have a role in the maintenance of muscle function
swimming-induced exercise may increase the expression arftflousavi and Jasmin, 2006; Jgrgensen et al., 2009; Matthews
activity of Pgca as a result of AMPK activation, previous studieset al., 200Q Decorin induces muscle hypertrophy by modulating
from our laboratory have shown that AMPK activity in fast and the activity of members of TGB-family (Yamaguchi et al.,
slow muscles from trout subjected to aerobic swimming timgn  1990; Miura et al., 20061In addition, IGF-1 is a key growth
increases concomitantly with the mRNA expression levels dhctor that stimulates protein synthesis and muscle hypertyoph
pgcl and of known markers of mitochondrial activity and through the mTOR pathwaySchia no et al., 2013. Therefore,
lipid metabolism {(lagnoni et al., 2014 Furthermore, AMPK  our results on the parallel early increase in the mRNA expressio
activation by either pharmacological (e.g., AICAR) or elieelr levels ofil6, spar¢ decorinand igfl in exercised zebra sh fast
stimulation of cultured trout myotubes results in incredggcl muscle suggest that these myokines, known to be secretdutby t
mMRNA expression levels and in the up-regulation of the uptakezontractile muscle in mammals’¢€dersen and Febbraio, 20,12
transport and utilization of glucose for ATP generatidiiggnoni  may represent extracellular signals that could promote metaboli
et al., 2012, 20)40verall, these observations strongly supportadaptive mechanisms in zebra sh muscle cells. Another relevant
the notion that in sh, as in mammals, AMPK may constitute myokine-encoding gene that was temporally up-regulatedsh fa
a key player orchestrating some of the metabolic adaptatiomsuscle of exercised zebra sh and that could also contribute to
induced by exercise in skeletal muscle, likely throughvatitn  metabolic adaptation iapelin a myokine that when induced by
of Pgch. In the present study, however, the mRNA expressiorexercise improves insulin sensitivity in insulin resistanobese
levels of markers of mitochondrial biogenesis were not aect conditions in mammals Besse-Patin et al., 2014; Yang et al.,
by exercise, in agreement with other reports claiming thatleg 2015 and that stimulates muscle mitochondrial biogenesis and
may not be a regulator of mitochondrial biogenesis in sh,vascularization when overexpressed in miganjamoto et al.,
in contrast to mammals LieMoine et al., 2008, 2010s8ome 201). In support of the hypothesis that these myokines may have
authors have even argued against the possibility that &#gcbeen produced and secreted by fast muscle of exercised zebra sh
could be directly regulated by AMPK in zebra sh based onand acted on fast muscle cells to promote metabolic remodeling
(1) the lack of conservation in the zebra sh Pgcéequence and fast muscle ber hypertrophy, the two key intracellular
of one of two residues that are phosphorylated by AMPKsignaling pathways induced by exercise that lead to adaptive
in mammals and (2) the inability of mammalian AMPK to metabolic responses in the adult zebra sh fast muscle, narhely t
phosphorylate a short peptide corresponding to the RgclmTOR and AMPK pathways, are pathways activated in mammals
zebra sh sequence that contains the non-conserved mammaliaby IGF-1 and by IL6, SPARC, apelin and decorin, among other
AMPK-sensitive residue (TAf?) (LeMoine et al., 2010b; Bremer myokines, respectivel@rey etal., 2006; Dray et al., 2008; Glund
et al., 201p Clearly, further studies are required to elucidateet al., 2009; Kelly et al., 2009; Matthews et al., 2009; Chen Y.
whether exercise- or pharmacologically-induced activeash et al., 2010; Song et al., 2010; Attané et al., 2012; Das et al.
AMPK can phosphorylate and activate zebra sh Pgcl 2012; Goyal et al., 2014; Huh et al., 2014; Lee H. J. et al;, 2015
A large body of evidence indicates that that the mammaliaee K. et al., 20)5The presence and observed up-regulation
skeletal muscle produces and secretes factors (i.e., mggkinof the mRNA expression levels of genes encoding receptors for
in response to exercise that can act on the same tissue in &6 (ilér) and apl (aplnraand apinrb) in fast muscle of exercised
autocrine, paracrine or endocrine fashion and that are imedl  zebra sh further supports the hypothesis of local e ects forsae
in metabolic adaptationfedersen and Febbraio, 201l sh,  two myokines. These results clearly show that exercise-gdiuc
no information is available on the ability of skeletal m@&séd contractile activity in zebra sh enhances the mRNA expreassio
express or produce myokines in response to swimming-inducedf genes encoding myokines in skeletal muscle as it occurs in
muscle contraction. Here, we report the temporal regulatibn omammals, suggesting a potential link between exercise-ituce
the expression of genes encoding myokines in fast skeletstienu myokine production and fast muscle remodeling in zebra sh.
of adult zebra sh subjected to swimming-induced exerc@ee  Future studies are needed to demonstrate the ability of the
of the most relevant ndings is that swimming resulted in zebra sh skeletal muscle to secrete and respond to exercise-
increased mMRNA expression levels of IL6, known as the prototypaduced myokines and to decipher their potential role in the
myokine in mammals Redersen and Febbraio, 20),lih the  metabolic adaptation mechanisms involved in the response to
adult zebra sh skeletal muscle. Functionally, IL6 is knoven t swimming-induced exercise in sh.
participate in the regulation of myogenesis and muscle grawth In conclusion, the results from the present study strongly
mammals through the regulation of satellite cell prolifeoatand  suggest that the hypertrophic response of the zebrash fast
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muscle to exercise may be due to, at least in part, to aACKNOWLEDGMENTS

mTOR- and Mef2- mediated increase in protein synthesis and

myo bri|ogene5i5_ In addition, our results also Sugges{ttt‘he We would like to thank Dr. Pura Mufioz-Canoves (Universitat
metabolic adaptation of the zebra sh fast muscle to exentiag ~Pompeu Fabra, Barcelona) and members of her group for their
be orchestrated by AMPK and Pg}:lThe observed exercise- kind h6|p in hiStO'OgiCE\' procedures and Pablo Bou for the
induced increase in the expression of genes encoding myskingebra sh photographs. This study was funded by grants from the
in the zebrash fast muscle leads us to propose a testabfepanish Ministerio de Economia y Competitividad (CSD2007-
working model in which secreted myokines may contribute t007006, AGL2012-40031-C02-01) to JP. Part of the results of
the muscle remodeling response to exercise in adult zebra sHis study were included in the Ph.D. thesis of MR from the
by directly promoting metabolic adaptive responses througi/niversity of BarcelonaRovira i Berger, 20)@hat is available
activation of the mTOR and AMPK Signa”ng pathways thaton”ne (http://WWW.teSisenred.net/hand'e/10803/402ﬁm6'

may underlie the hypertrophic response to swimming-inducechttribute=es).

exercise.

AUTHOR CONTRIBUTIONS

MR and JP designed the study; MR and GA conducted thenline at:

experiments; MR and JP wrote the manuscript.

REFERENCES

Attané, C., Foussal, C., Le Gonidec, S., Benani, A., DaviaudWanecq,
E., et al. (2012). Apelin treatment increases complete fatty acicateid
mitochondrial oxidative capacity, and biogenesis in muscle silin-resistant
mice.Diabete$1, 310-320. doi: 10.2337/db11-0100

Benatti, F. B., and Pedersen, B. K. (2015). Exercise asidn antmatory therapy
for rheumatic diseases-myokine regulatidsat. Rev. Rheumatol1, 86-97.
doi: 10.1038/nrrheum.2014.193

Berberoglu, M. A., Gallagher, T. L., Morrow, Z. T., Talbot, J. C., Hrogiow
K. J., Tenente, I. M., et al. (2017). Satellite-like cells coniliat pax7 -
dependent skeletal muscle repair in adult zebra Blev. Biol 424, 162—180.
doi: 10.1016/j.ydbio.2017.03.004

Bergeron, R., Ren, J. M., Cadman, K. S., Moore, |. K., Perret, PaeRy
M., et al. (2001). Chronic activation of AMP kinase results in NRF
activation and mitochondrial biogenesim. J. Physiol. Endocrinol. Met&81,
E1340-E1346. doi: 10.1152/ajpendo0.2001.281.6.E1340

Besse-Patin, A., Montastier, E., Vinel, C., Castan-Laurell,duche, K., Dray,
C., et al. (2014). E ect of endurance training on skeletal muscle kimgo
expression in obese men: identi cation of apelin as a novel myoHinte J.
Obes38, 707—713. doi: 10.1038/ij0.2013.158

Bodine, S. C. (2006).
to resistance exercise.Med. Sci. Sport.
doi: 10.1249/01.mss.0000233797.24035.35

Bone, Q. (1978). “Locomotor muscle,’fissh Physiologgds W. S. Hoar, and D. J.
Randall (New York, NY: Academic Press), 361-424.

Bremer, K., Kocha, K. M., Snider, T., and Moyes, C. D. (2016)sifg and
responding to energetic stress: the role of the AMPK-P&RIRF1 axis in

Exerc 38, 1950-1957.

control of mitochondrial biogenesis in sfComp. Biochem. Physiol. B Biochem.

Mol. Biol 199, 4-12. doi: 10.1016/j.cbpb.2015.09.005

Bugeon, J., Lefevre, F., and Fauconneau, B. (2003). Filleré¢eahd muscle
structure in brown trout Salmo truttg subjected to long-term exercisgguac.
Res34, 1287-1295. doi: 10.1046/j.1365-2109.2003.00938.x

Carey, A. L., Steinberg, G. R., Macaulay, S. L., Thomas, W. G., klohné.,
Ramm, G., et al. (2006). Interleukin-6 increases insulin-stimulatiedose
disposal in humans and glucose uptake and fatty acid oxidatiovitro via

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
https://www.frontiersin.org/articles/10.38gphys.
2017.01063/full#supplementary-material

pathway in skeletal muscle cellat. J. Biochem. Cell Bio#2, 2072-2081.
doi: 10.1016/j.biocel.2010.09.017

Correia, J. C., Ferreira, D. M. S., and Ruas, J. L. (2015). Intéacellcal and
systemic actions of skeletal muscle PGCTrends Endocrinol. Metal26,
305-314. doi: 10.1016/j.tem.2015.03.010

Das, A. K., Yang, Q.-Y., Fu, X,, Liang, J.-F., Duarte, M. S., MJ., et al. (2012).
AMP-activated protein kinase stimulates myostatin expression2@ 12 cells.
Biochem. Biophys. Res. Commi&v, 36—40. doi: 10.1016/j.bbrc.2012.08.138

Davison, W., and Herbert, N. A. (2013). “Swimming-enhanced ghgwin
Swimming Physiology of Fisads A. P. Palstra, and J. V. Planas (Berlin;
Heidelberg: Springer-Verlag), 177-202.

Dray, C., Knauf, C., Daviaud, D., Waget, A., Boucher, J., Buldo, et al. (2008).
Apelin stimulates glucose utilization in normal and obese insuliristast
mice.Cell Metab 8, 437-445. doi: 10.1016/j.cmet.2008.10.003

Egan, B., Carson, B. P., Garcia-Roves, P. M., Chibalin, ASafs eld, F. M.,
Barron, N., et al. (2010). Exercise intensity-dependent regulati peroxisome
proliferator-activated recepta coactivator-& mMRNA abundance is associated
with di erential activation of upstream signalling kinases inrhan skeletal
muscleJ. Physiol588, 1779-1790. doi: 10.1113/jphysiol.2010.188011

Egan, B., and Zierath, J. R. (2013). Exercise metabolism andnthecular
regulation of skeletal muscle adaptatiorCell Metab 17, 162-184.

mTOR Signaling and the molecular adaptation doi: 10.1016/j.cmet.2012.12.012

Fiaz, A. W., Léon-Kloosterziel, K. M., van Leeuwen, J. L., anchdftdarg, S.
(2014). Exploring the e ect of exercise on the transcriptome of zehrarvae
(Danio rerig. J. Appl. Ichthyol30, 728-739. doi: 10.1111/jai.12509

Fischer, C. P. (2006). Interleukin-6 in acute exercise anadhitrgi what is the
biological relevance2xerc. Immunol. Ret2, 6-33.

Fiuza-Luces, C., Garatachea, N., Berger, N. A., and Lucfa0A3). Exercise is the
real polypill.Physiolog28, 330-358. doi: 10.1152/physiol.00019.2013

Gabriel, J. P., Ausborn, J., Ampatzis, K., Mahmood, R., EkI6f-igterg E., and
El Manira, A. (2011). Principles governing recruitment of motoneurdngng
swimming in zebra shNat. Neuroscil4, 93-99. doi: 10.1038/nn.2704

Gilbert, M. J., Zerulla, T. C., and Tierney, K. B. (2014). ZebraBhr(io rerig as
a model for the study of aging and exercise: physical ability taaidability
decrease with ageExp. Gerontol 50, 106-113. doi: 10.1016/j.exger.2013.
11.013

AMP-activated protein kinas®iabete$5, 2688-2697. doi: 10.2337/db05-1404Glund, S., Treebak, J. T., Long, Y. C., Barres, R., Viollet, B. a#¢ajtvski, J. F.,

Chen, J.-F., Tao, Y., Li, J., Deng, Z., Yan, Z., Xiao, X., et ai0§2

microRNA-1 and microRNA-206 regulate skeletal muscle satellite cell

proliferation and di erentiation by repressing PaxZ..Cell Bial190, 867-879.
doi: 10.1083/jcb.200911036

Chen, Y., Ye, J., Cao, L., Zhang, Y. Xia, W., and Zhu, D. (2010)

Myostatin regulates glucose metabolism via the AMP-activatedepréinase

et al. (2009). Role of adenosinérBonophosphate-activated protein kinase in
interleukin-6 release from isolated mouse skeletal mugsielocrinologyl50,
600-606. doi: 10.1210/en.2008-1204

Goyal, A., Neill, T., Owens, R. T., Schaefer, L., and lozzo, RR014). Decorin
activates AMPK, an energy sensor kinase, to induce autopinagrydothelial
cells.Matrix Biol. 34, 46-54. doi: 10.1016/j.matbio.2013.12.011

Frontiers in Physiology | www.frontiersin.org 11

December 2017 | Volume 8 | Article 1063



Rovira et al.

Zebra sh Muscle Responses to Swimming

Hardie, D. G., Ross, F. A, and Hawley, S. A. (2012). AMPK: aenitand energy
sensor that maintains energy homeostdsat. Rev. Mol. Cell Biol 3, 251-262.
doi: 10.1038/nrm3311

Hasumura, T., and Meguro, S. (2016). Exercise quantity-dependriscle
hypertrophy in adult zebra shiDanio rerig. J. Comp. Physiol. B36, 603—-614.
doi: 10.1007/s00360-016-0977-1

Hawley, J. A., Hargreaves, M., Joyner, M. J., and Zierath, 20R4); Integrative
biology of exerciseCell159, 738-749. doi: 10.1016/j.cell.2014.10.029

Huh, J. Y., Mougios, V., Kabasakalis, A., Fatouros, I., SiopiPbéuroudos, I.
I., et al. (2014). Exercise-induced irisin secretion is indejean of age or
tness level and increased irisin may directly modulate muscle metaholis
through AMPK activation.J. Clin. Endocrinol. Metab99, E2154-E2161.
doi: 10.1210/jc.2014-1437

Ibarz, A., Felip, O., Fernandez-Borras, J., Martin-Pérez, M., Blakcaand

Markert, C. D., Ambrosio, F., Call, J. A., and Grange, R. W. (201 Excise and
duchenne muscular dystrophy: toward evidence-based exerciseriptis.
Muscle Nervd3, 464—-478. doi: 10.1002/mus.21987

Martin, C. I., and Johnston, I. A. (2005). The role of myostatid &me calcineurin-
signaling pathway in regulating muscle mass in response to exerdis@dra
the rainbow troutOncorhynchus mykis¥galbaum.J. Exp. Biol208, 2083—2090.
doi: 10.1242/jeb.01605

Matthews, V. B., Astrom, M.-B., Chan, M. H. S., Bruce, C. R., Kralbes.,
Prelovsek, O., et al. (2009). Brain-derived neurotrophic factor islpeed by
skeletal muscle cells in response to contraction and enhances fitiaxi
via activation of AMP-activated protein kinasPiabetologiab2, 1409-1418.
doi: 10.1007/s00125-009-1364-1

McClelland, G. B. (2012). Muscle remodeling and the exercise phgyiolo sh.
Exerc. Sport Sci. Re\d, 165-173. doi: 10.1097/JES.0b013e3182571e2c

Torrella, J. R. (2011). Sustained swimming improves muscle growth anMicClelland, G.B., Craig, P. M., Dhekney, K., and Dipardo, S. (20@®perature-

cellularity in gilthead sea bream]. Comp. Physiol. .B181, 209-217.
doi: 10.1007/s00360-010-0516-4

Johnston, I. A., Bower, N. I., and Macqueen, D. J. (2011). @reand the
regulation of myotomal muscle mass in teleost ShExp. Biol214, 1617-1628.
doi: 10.1242/jeb.038620

Jorgensen, L. H., Petersson, S. J., Sellathurai, J., Andersé€h, Dhayssen,
S., Sant, D. J., et al. (2009). Secreted protein acidic and riclysiice
(SPARC) in human skeletal muscld. Histochem. Cytocherb7, 29-39.
doi: 10.1369/jhc.2008.951954

Kelly, M., Gauthier, M.-S., Saha, A. K., and Ruderman, N. B. (2@0Qivation
of AMP-activated protein kinase by interleukin-6 in rat skeletal sole:
association with changes in cAMP, energy state, and endageriuel
mobilization.Diabete$8, 1953-1960. doi: 10.2337/db08-1293

Laplante, M., and Sabatini, D. M. (2012). mTOR signaling in ghoedntrol and
diseaseCell149, 274-293. doi: 10.1016/j.cell.2012.03.017

Lee, H.J., Lee, J. O., Kim, N., Kim, J. K., Kim, H. |, Lee, Y. W., @&5). Irisin,
a novel myokine, regulates glucose uptake in skeletal muscle celld\g&A
Mol. Endocrinal29, 873-881. doi: 10.1210/me.2014-1353

Lee, K., Ochi, E., Song, H., and Nakazato, K. (2015). Aativatif AMP-
activated protein kinase induce expression of FoxO1, FoxO3hngstatin
after exercise-induced muscle damaBmchem. Biophys. Res. Commi6,
289-294. doi: 10.1016/j.bbrc.2015.08.126

Lee, S.-J., Huynh, T. V., Lee, Y.-S., Sebald, S. M., Wilcox-Ade8nA., Iwamori,
N., et al. (2012). Role of satellite cells versus myo bers in musclertigpby
induced by inhibition of the myostatin/activin signaling patay.Proc. Natl.
Acad. Sci. U.S.A09, E2353—-E2360. doi: 10.1073/pnas.1206410109

Leiter, J. R., Peeler, J., and Anderson, J. E. (2011). Exerdicced muscle
growth is muscle-specic and age-dependeituscle Nervet3, 828-838.
doi: 10.1002/mus.21965

LeMoine, C. M., Craig, P. M., Dhekney, K., Kim, J. J., and McCleJl& B.
(2010a). Temporal and spatial patterns of gene expression in skelesales
in response to swim training in adult zebra siénio rerig. J. Comp. Physiol.
B. 180, 151-160. doi: 10.1007/s00360-009-0398-5

LeMoine, C. M., Genge, C. E., and Moyes, C. D. (2008). Role 5f@C-1 family in
the metabolic adaptation of gold sh to diet and temperatuieExp. Biol211,
1448-1455. doi: 10.1242/jeb.014951

LeMoine, C. M. R., Lougheed, S. C., and Moyes, C. D. (2010bgubdr
Evolution of PGC-h in Vertebrates. J. Mol. Eval 70, 492-505.
doi: 10.1007/s00239-010-9347-x

Lluis, F., Perdiguero, E., Nebreda, A. R., and Mufioz-Canoveq2006).
Regulation of skeletal muscle gene expression by p38 MAP kifasesls Cell
Biol. 16, 36—44. doi: 10.1016/j.tch.2005.11.002

Luquet, S. (2003). Peroxisome proliferator-activated receptor traisn
muscle development and oxydative capabili§ASEB J 17, 2299-2301.
doi: 10.1096/fj.03-0269fje

Magnoni, L. J., Palstra, A. P., and Planas, J. V (2014). Fuegrentine: induction
of AMP-activated protein kinase in trout skeletal muscle by swimmihdexp.
Biol. 217, 1649-1652. doi: 10.1242/jeb.099192

Magnoni, L. J., Vraskou, Y., Palstra, A. P., and Planas, J. V2)26MP-
activated protein kinase plays an important evolutionary conservéel iro
the regulation of glucose metabolism in sh skeletal muscle celleS ONE
7:€31219. doi: 10.1371/journal.pone.0031219

and exercise-induced gene expression and metabolic enzyme eshang
skeletal muscle of adult zebra stDénio rerig. J. Physiol 577, 739-751.
doi: 10.1113/jphysiol.2006.119032

Miura, T., Kishioka, Y., Wakamatsu, J., Hattori, A., Hennebry, Berry, C. J.,
etal. (2006). Decorin binds myostatin and modulates its actteitpuscle cells.
Biochem. Biophys. Res. Comn40, 675-680. doi: 10.1016/j.bbrc.2005.12.060

Mounier, R., Théret, M., Lantier, L., Foretz, M., and Viollet(B)15). Expanding
roles for AMPK in skeletal muscle plasticityrends Endocrinol. Metal26,
275-286. doi: 10.1016/j.tem.2015.02.009

Mousavi, K., and Jasmin, B. J. (2006). BDNF is expressed in alkalascle
satellite cells and inhibits myogenic di erentiatiod. Neurosc6, 5739-5749.
doi: 10.1523/JNEUROSCI.5398-05.2006

Mufioz-Cénoves, P., Scheele, C., Pedersen, B. K., and Serraho,(2013).
Interleukin-6 myokine signaling in skeletal muscle: a double-edg®drd?
FEBS.1280, 4131-4148. doi: 10.1111/febs.12338

Narkar, V. A., Downes, M., Yu, R. T., Embler, E., Wang, Y.-X., Bang., et al.
(2008). AMPK and PPA&agonists are exercise mimeti€ell 134, 405-415.
doi: 10.1016/j.cell.2008.06.051

Naya, F. J., and Olson, E. (1999). MEF2: a transcriptional tdogesignaling
pathways controlling skeletal muscle growth and di erentiati@urr. Opin.
Cell Biol 11, 683-688. doi: 10.1016/S0955-0674(99)00036-8

Nedachi, T., Fujita, H., and Kanzaki, M. (2008). Contractil€T2 myotube model
for studying exercise-inducible responses in skeletal muscte.J. Physiol.
Endocrinol. Metah295, E1191-E1204. doi: 10.1152/ajpendo.90280.2008

Palstra, A. P., Rovira, M., Rizo-Roca, D., Torrella, J., Spaink, Harkl,
Planas, J. V. (2014). Swimming-induced exercise promotes hypertramuthy
vascularization of fast skeletal muscle bres and activation of genic
and angiogenic transcriptional programs in adult zebra 8MC Genomics
15:1136. doi: 10.1186/1471-2164-15-1136

Palstra, A. P., Tudorache, C., Rovira, M., Brittijn, S. A., Burget, E., van den
Thillart, G. E., et al. (2010). Establishing zebra sh as a noveteemodel:
swimming economy, swimming-enhanced growth and muscle growth marker
gene expressioRLoS ONB:e14483. doi: 10.1371/journal.pone.0014483

Pedersen, B. K., and Febbraio, M. A. (2012). Muscles, exeanideobesity:
skeletal muscle as a secretory org&fat. Rev. Endocrinol8, 457—465.
doi: 10.1038/nrendo.2012.49

Pelster, B., Sanger, A. M., Siegele, M., and Schwerte, T. (2008nce of swim
training on cardiac activity, tissue capillarization, and mitontidal density in
muscle tissue of zebra sh larvaém. J. Physiol. Regul. Integr. Comp. Physiol
285, R339-R347. doi: 10.1152/ajpregu.00110.2003

Pfa, M. W. (2001). A new mathematical model for relative quantitan in
real-time RT-PCRNucleic Acids Re29:e45. doi: 10.1093/nar/29.9.e45

Relaix, F., and Zammit, P. S. (2012). Satellite cells are essengiléfetal muscle
regeneration: the cell on the edge returns centre st&gvelopmentl39,
2845-2856. doi: 10.1242/dev.069088

Rodnick, K. J., and Planas, J. V. (2016). “The stress and strégation e ects of
exercise: cardiovascular, metabolic, and skeletal muscle adptsthieBiology
of Stress in Fish Fish Physiolags C. B. Schreck, L. Tort, A. P. Farrell, and C.
J. Brauner (San Diego, CA: Academic Press), 251-294.

Rovira i Berger, M. (2016%keletal Muscle And Cardiac Adaptations to Swimming-
Induced Exercise in Adult Zebra sPh.D. Thesis, University of Barcelona,
Barcelona.

Frontiers in Physiology | www.frontiersin.org 12

December 2017 | Volume 8 | Article 1063



Rovira et al.

Zebra sh Muscle Responses to Swimming

Schiano, S., Dyar, K. A, Ciciliot, S., Blaauw, B., and Sandfi, (2013).
Mechanisms regulating skeletal muscle growth and atrogtyBS .J280,
4294-4314. doi: 10.1111/febs.12253

Serrano, A. L., Baeza-Raja, B., Perdiguero, E., Jardi, M., andzZMtdinoves, P.
(2008). Interleukin-6 is an essential regulator of satellite cethiated skeletal
muscle hypertrophyCell Metab 7, 33-44. doi: 10.1016/j.cmet.2007.11.011

Severi, K. E., Portugues, R., Marques, J. C., O'Malley, D. M.y,QuigeB., and
Engert, F. (2014). Neural control and modulation of swimming speethe
larval zebra shNeuron83, 692—707. doi: 10.1016/j.neuron.2014.06.032

Shefer, G., Rauner, G., Stuelsatz, P., Benayahu, D., andnk@ifteuveni,
Z. (2013). Moderate-intensity treadmill running promotes expansioh
the satellite cell pool in young and old micEEBS .J280, 4063-4073.
doi: 10.1111/febs.12228

Shefer, G., Rauner, G., Yablonka-Reuveni, Z., and Benaialfp10). Reduced
satellite cell numbers and myogenic capacity in aging can be abeviat

by endurance exercisd?LoS ONE5:e13307. doi: 10.1371/journal.pone.00

13307

Simmonds, A. I. M., and Seebacher, F. (2017). Histone deaeetglaivity
modulates exercise-induced skeletal muscle plasticity in zebré3dmio
rerio). Am. J. Physiol. Regul. Integr. Comp. Phys8il3, R35-R43.
doi: 10.1152/ajpregu.00378.2016

Smith, H. K., and Merry, T. L. (2012). Voluntary resistance wheekoise
during post-natal growth in rats enhances skeletal
cell and myonuclear content at adulthoodcta Physiol.204, 393-402.
doi: 10.1111/j.1748-1716.2011.02350.x

Song, H., Guan, Y., Zhang, L., Li, K., and Dong, C. (2010). EFARracts with
AMPK and regulates GLUT4 expressid@iochem. Biophys. Res. Comn&86,
961-966. doi: 10.1016/j.bbrc.2010.05.033

van der Meulen, T., Schipper, H., van den Boogaart, J. G. M., Huidihg
O., Kranenbarg, S., and van Leeuwen, J. L. (2006). Endurarereisex

running endurance by PPARRPL0S Biol2:€294. doi: 10.1371/journal.pbio.00
20294

Winder, W. W., and Hardie, D. G. (1996). Inactivation of ade®pA carboxylase
and activation of AMP-activated protein kinase in muscle durirgreise Am.
J. Physiol270, E299-E304.

Yamaguchi, Y., Mann, D. M., and Ruoslahti, E. (1990). Negatgellation of
transforming growth factor-beta by the proteoglycan decofitature 346,
281-284. doi: 10.1038/346281a0

Yamamoto, T., Habata, Y., Matsumoto, Y., Yasuhara, Y., Hashiriatélamajyo,
H., et al. (2011). Apelin-transgenic mice exhibit a resistancenagaiiet-
induced obesity by increasing vascular mass and mitochondr@jduiesis
in skeletal muscle.Biochim. Biophys. Acta Gen. Sulj810, 853-862.
doi: 10.1016/j.bbagen.2011.05.004

Yang, H., Zhao, L., Zhang, J., Tang, C.-S., Qi, Y.-F., and@hhn(2015). E ect
of treadmill running on apelin and APJ expression in adipose tissue and
skeletal muscle in rats fed a high-fat digtt. J. Sports Med36, 535-541.
doi: 10.1055/s-0034-1398653

Yogev, O., Williams, V. C., Hinits, Y., and Hughes, S. M. (2013j4EBP3L
acts as a gatekeeper of TORC1 in activity-dependent muscle grbwth
speci cally regulating Mef2ca translational initiatioRLoS Biol11:€1001679.
doi: 10.1371/journal.pbio.1001679

Zhang, H., and Anderson, J. E. (2014). Satellite cell activatadrpopulations on

muscle satellite single muscle- ber cultures from adult zebra sbénio rerig. J. Exp. Biol217,

1910-1917. doi: 10.1242/jeb.102210
Conict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or nancial relatips that could

be construed as a potential con ict of interest.

Copyright© 2017 Rovira, Arrey and Planas. This is an open-aciieledistributed

di erentially stimulates heart and axial muscle development in zebra shunder the terms of the Creative Commons Attribution Licé@€eBY). The use,

(Danio rerig. Am. J. Physiol. Regul. Integr. Comp. Phy281, R1040-R1048.
doi: 10.1152/ajpregu.00116.2006
Wang, Y.-X., Zhang, C.-L., Yu, R. T., Cho, H. K., Nelson, M. CyuBa-

distribution or reproduction in other forums is permittedoyided the original
author(s) or licensor are credited and that the originallipation in this journal
is cited, in accordance with accepted academic practicaséyalistribution or

Ocampo, C. R., et al. (2004). Regulation of muscle ber type andeproduction is permitted which does not comply with tiegsest

Frontiers in Physiology | www.frontiersin.org

13

December 2017 | Volume 8 | Article 1063



