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Effect80fstretchonmuscleregeneration

inthedamagedmousesoleuSmusclea鮎 reccentricexercise.

TakakoMatsubara,AkinoriMiki

Inthepresentstudy,effectsofstretchonmuscleregenerationweremorphologiCally

examinedinthesoleusmuscleinjul.edbydownhillrunming(eccentricexercise). Ⅰn

thisstudy,133adultmaleddYmiceweredividedintocontrol(C:n=39),running(R:

n=47)andstretchaftermnning(RS:n=47)groups,andat12hrs,1,2,3,5,7and14

daysa氏ertherunning,theseanimalsweresacrificed.ToinvestigateSarCOlemmal

permeability,Evensbluedye(EBD)wasbeforehandinjectedintotheperitonealcavity

of80memice.IntheRgroup,areaormuscle丘berswaslargerby1daya氏erthe

runnlng,andrecoveredtothecontrollevelafter5days.Incontrast,intheRSgroup,

theareawassmallerby1dayandrecoveredtothecontrollevelby2days.A氏erthe

runnlng,na∬OWbasophilicSareOplasmsappearedalongthemarginofthemuscle丘bers.

Electronmicroscopically,theseareascontainedseveralmitochondriaandribosomes,

suggestingthatthesemorphologiCalChangesareregenerativeratherthandegenerative

events. Theseareasbegantoappearearlierandmuscleregenerationcompleted

earlierintheRSgroupthantheRgroup.Ourfindingssuggestedthatstretchsoon

a洗ertheexercisecanreducedelayedonsetmusclesoreness(DOMS),andpromote

muscleregenerationafterthemuscleinjury.

Keyword8:stretch,muscledamage,muscleregeneration,eccentricexercise,DOMS

Introduction

Musclesorenessandsti]阻leSS,SOCalled

delayedonsetmlユSClesoreness(DOMS),

occurusually24･48hoursafterunusual

orinappropriateexercise1,2) Inmany

Faculty or Health seiences, Robe

UniversitySchoolorMedicine

cases,the DOMS naturauy vanishes

withinafew days,butinsomecases,

muSde sorenessand sti瓜IeSSpersist

longerthanseveraldays,ifthecarea洗er

the exercISe Was unsuitable.

Morphologically,itwasreported that

disruption of sarcolemma and

myofilaments, Z･band streaming,

degeneration and necrosisofmuscle

fibersoccurredintheskeletalmuscles
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a洗ertheextensiveeccentI･icexercise3･7)

Armstrongetal. 4)reportedthatthese

muscledamagesweremoreevidenta氏er

thedownhillrunning(eccentricexercise)

than the level or uphill running

(isometricexercise). SincetheDOMS

occursa氏ereccentricexercise,rather

than a洗er isometric exercise,it is

suggestedthatoneofthemaincausesof

theDOMS mightbethedamageof

muscle 丘bers induced by extensive

eccentricexercise.Adequatewarm･up18

customarilyrecommendedbeforeexercise

topreventmuscle,tendonandligament

injuries.Aftertheexercise,though rest

andicingarecustomarilyrecommended

topreventthe secondary Injury and

in鮎.mmation in the sportsmedicine,

adequateexerciseincludingmildstretch

isalsorecommended.

Ithasbeen said thatstretch,as

mechanicalsignal,promotesthenormal

developmentand adaptive growth of

muscle丘bersinvivoandinvitro,and

recovery from disusedmuscleatrophy

a洗er joint 丘Xation and muscle

immobilization 8) through additional

productionofconstrictionproteins9,10)

andnew sarcomeresll),Changingthe

musclephenotypell.13)andactivationof

satellitecells14). Sinceactivationof

satellite cells and production or

eomstrietion proteinsareesSential丘)r

musclerecoveryfromthemuscleinjury,

theSefindingssuggestthatstretchmight

beeffectivealsoformusclerecoveryafter

themuscleinjury.Inthepresentstudy,

therefore,influenceofst,retchonmuscle

regeneration was light and electron

microscopicallyexaminedinthedamaged

mollSemusclea洗ertheeccentricexercise.

MaterialSandMethods

lnthepresentstudy,133maleStd･ddY

mice(age:llweeks,bodyweight:40･45g

atthestartoftheexperiments)wereused.

Theywerehousedinstandardcagesina

temperature-controlled room with a

12:12h light･darkcycle,and丘)odand

waterwereprovidedadlibitum. All

experimentswereConductedaccordingto

the Guidelines for Animal

Experimentation at Robe University

SchoolorMedicine.

Thesemicewererandomlydividedinto

control(C:n=39),rllnning(R:n=47)and

stretch(RS:n=47)groups.Themiceof

the C group were notimposed any

exerciseorstretch.Theanimalsofthe氏

andRSgroupswereimposedanintense

eccentricexerciseonsoleusmusclewith

running on a treadmill (MAT-2100,

FukudaDenshi,Tokyo,Japan)downa16

degreesat500mnlfor90min4,5). In

bothRandRSgroup,theseanimalswere

anestheti21ed with an intraperitoneal

injection of sodium penbbarbital

(Nembutal,50mg/kgbodyweight)at30

mina氏ertherunnlng.Themiceofthe

RSgroupwerereceivedapassivestretch
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for30minundertheanesthesia,while

theseOftheRgroupwerenot.IntheRS

group,thebilateralankleswere丘Ⅹedin

maximallydorsiflexionwithnon･elastic

tapeundertheanesthesiaaccordingto

Okitaetal.8). Withthismethod,the

soleusmuscleswerecompletelystretched.

At12h∫s,1,2,3,5,7and14daysa洗er

therunning,themice(5animalsateach

period)oftheR,RSandCgroupsatthe

correspondingageweresacrificedunder

the anesthesia,and bilateralsoleus

muscleswereextracted.

MorphologiCalexamination

The right soleus muscles were

immediatelyfrozeninacetonecooledby

dry ice. Forlightmicroscopy,cross

serialsections5pminthicknesswerecut

withacryostat(5030Microtome,Bright

instruments,Japan)at-20℃,mounted

onglassSlides,stainedwithCaraz2:i's

hematoxylinandeosin(H･Estain),and

古xamined under an ordinary light

microscope(BX50F4,Olympus,Tokyo,

Japan).

The le氏 Soleus muscles were

immediatelycutintosmallpieceswith

razorblade,fixedwithamixtureof4%

paraformaldehyde and 2.5%

glutaraldehyde dissolved in Mimonig'S

phosphatebuffer(pH7.4)for24hrsat

4℃,washedfor2hrsinthesamebuffer,

andpostfixedinl% osmium tetroxide

dissolvedinthesamebufferfor2hrsat

4℃ . These mate】･ials were then

dehydratedingradesalcohols,Cleared

withpropylenoxideandembeddedinan

epoxyresinmixture(Queto1812,Nissin

EM, Tokyo, Japan) as usual.

Longitudinalsections1pminthickness

wereseriallycutwithadiamondknife,

stainedwithl%toluidinebluesolution

andexaminedunderthelightmicroscope.

For electron microscopy,longitudinal

ulrathinsectionswerecutseriallywitha

diamondknife,contrastedwithuranyl

acetateandleadcitrateandexaminedin

a transmission electron microscope

(JEM･1200,JEOL,Tokyo,Japan)at80

kv.

1b examine the sarcoplasmic

permeabilityin thedamagedskeletal

musclefiberS,1%Evansbluedye(EBD,

Sigma,StLouis,USA)dissolved in

phosphatebufferedsaline(PBS,pH7.5)

wasinjectedintotheperitonealcavityof

somemiceofeachgroup(C:n=1,R:n=3

andRS:n=3)at24hrSbeforethesacrifice

15,16),andtheanimalswerekilledat12

hrs,1,2and3daysa洗ertherunning.

Bilateral soleus muscles from the

EBD･injectedanimalswel.eremovedand

frozen in acetonecooled by dry ice.

Crossseetions5pm thick werecut

seriallywiththecryostat,andexamined

undera nuorescentlightmicroscope

(Fluoview, FV300, Olympus, Tokyo,

Japan). Some next sections were

stainedwithH･Eforcomparisonwiththe

EBDstain.
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3)onedaya洗ertherunning

By light microscopy, narrow

basophilicsarcoplasmicareasincreased

intheRSgroups(Fig.3B,D),andinthe

Rgroup,thesesarcoplasmicareaswere

Brstfoundatthistime(Fig.3A,C).

Inflammatorycellssuchasmacrophages

orneutropbiliegranulocyteswerenot

obseⅣedanywhereinthesoleusmuscles.

Theactivatedsatellitecellwasnotfound

inanyareainanyslide.

4)Twotofivedaysaftertherunning

lntheRSgroup,narrow basophilic

sacroplasmseenalongthemarglnOfthe

muscle丘bersincreasedby3daysa氏er

therunning,andtherea氏er,decreasedin

number. WhileintheR group,these

areasgraduallyincreasedinnumberby5

daysa洗ertherunning.

5)Sevendaysa氏ertherunning

lntheRSgroup,thenarrowbasophilie

sarcoplasmicareaswerealmostnolonger

obseⅣed. Wavy contour was still

observedin80memuSCle丘berS,Cross

striationsbecameclearagain,andmuscle

fibersreformedsmallbundles,asseenin

thenormalsoleusmuscle. IntheR

group,however,severalmusclefibers

exhibited llighly waved conbull and

arrangementofcrossstriationswasstill

disturbed.

6)Fourteendaysaftertherunning.

Ⅰn the RS group, morphological

appearanceinthesoleusmusclewas

almost normal as seen in the

correspondingcontrolgroup(Fig.4B,D).

IntheR group,however,thoughthe

arrangementofcrossstriationsbecame

nom al,thereweresomemuscle丘bers

Stillexhibitingwavycontour,andfascicle

formationwasnotyetcompleted(Fig.4A,

C).

7)Evansbluestain

When themousewastreatedwith

Evensbluedye (EBD)1day before

Sacrifice, muScle fibers whose

sarcolemmawasdisruptedwereStained

byEBD. Muscle丘bersstainedwith

EBD werefoundeveninthenormal

mouse,butonlyoccasionally(Fig.5A).In

thepresentstudy,musclefibersstained

withEBDwerefoundonlyoccasionallyin

theR(Fig.5B)andRSgroups.

QuantitativeanalySiS

Comparisonofmuscle丘berarea(Fig.

6)At1daya氏ertherunning,themean

士SDormuscle丘bersintheR(1804.7土

562.3pm2)wassigni丘cantlylargerthan

theC (1749.8士 556.1pm2) andRS

(1702.3士579.6pm2)groups,butat3

days a氏er the runnlng,Slgni丘cantly

smaller(R:1545.2土 529.Opm2)thanthe

C(1716.3士540.6pm2)andRS(1733.6土

503.611m2),andrecoveredtothecontrol

levelby5daysaftertherunning.

Incontrast,themusclefiberareainthe

RSgroupwasslightlysmallerthantheC
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Fig.6Comparisonofmusc一efiberarea
lntheRgroup,muscLefiberareawaslargerbyldaya托ertheexercise,but
sma"erat3daysthantheothergroupsandrecoveredtotheleveloftheCgroup

at5days.lntheRSgroup.itwassmaLJerthantheothergroupsbyldayand
recoveredtotheC9rOuPat2由ys.
*:p<0.05Cvs.Rgroup
T:p<0.05Cvs.RSgroup
Ⅰ:p<0.05Rvs.RS9rOUP

Scare
(numberofnecroticfiber)

4(>20)

3(11-20)

2(4･10)

1(1･3)

0(0)

12hrS 1day 2day$ 3day9 5day$ 7dayS 14days

FigT7Comparisonofnecroticfibers

Necroticfiberswereveryfewineachgroup一丁herewerenorelativedifferences
innumberofnecroticfjbersamongthethreegroupsateachperiodbutat5days
a允ertheexercise.

*:p<0.05Cvs.Rgroup

groupat1dayaftertherunning,and Degeneratingornecroticmuscle丘bers

recoveredtothecontrollevelby2days werefoundveryrarelyinC,RandRS

a氏ertherunning. groups. Only at 5 days a洗er the

running,itappearedthatnecrotic丘bers

Incidenceofnecroticfibers(Fig.7) wereslightlymoreo氏enfoundintheR

9
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groupthantheCgroup,therewereno

slgnificantdifferencesintheincidenceof

necroticflbersamongthese3groupsat

anyperiod examined in thepresent

study.

DISCUSSION

Musclesorenesso洗enoccursl･2days

afterunusualorinappropriateexercise.

This delayed onset muscle soreness

(DOMS)occursa洗ertheeccentricrather

thanisometricexercise,downhillrunning

usedinthepresentStudyhasbeenwidely

appliedasanimalexperimentalmodelto

studythemuscleinjuryandDOMS4･5)

Inthepresentstudy,disorganizationof

Crossstriationsdue todismption of

myo丘brilsand Z-band wereobserved

a洗ertheeccentricexercise,asreported

byArmstrongetal.2,4,5,18)andFridenet

al.6,19,20)inhumanandratskeletal

muSdes. Besidesthesemorphological

alterations, it was reported that

disruption of sarcolemma and

degenerationofmuscle丘bersoccurred

a洗ertheextensiveeccentricexercise19,21･

24) Ifthe sarcolemmaldisruption

occurred,Ca2+enteredthemuscle丘bers

atthedisruptedportionsfrom outside,

andmuscle丘bersbegandegeneration

soona氏ertheinjury 18,25.27). These

degeneratingmusclefiberswerestained

byEvansbluedye(EBD)15･16),whenthe

EBDwaslq-ectedintoperitonealcavity

onedaybeforesacri丘ce.Ⅰnthepresent

Study,however,musclefibersstained

withEBDordegeneratingmuSCle丘bers

intheH-Estainsectionswereveryrare

inthemousesoleusmusclea氏eI･the

downhillrunning.Itwasalsoreported

thatneithernecrosisofmusclefibersnor

sarcolemmaldisruptionoccurredinthe

muscle丘bersa洗ereccentriccontraction

28.30) These 五mdingSincludingours

suggestthatmuscleinjuryoccurreda氏er

the eccentric exercise might be

microlnJurylimitedonlyinthemuscle

丘bers.

CllaraCteristicalterationseeninthe

injuredmusclefibersafterthedownhill

running is appearance of narrow

sarcoplaSmicareasalongtilemarglnOf

muSCle丘bers.TheseareaswereStained

basophilic in H･E stain sections.

Electron microseopically, these

sarcoplasmic areas contained Several

mitochondria and ribosomeS. Since

thesebasophiliCareaswerenotfound

anywhere in the normalornecrotic

muscle flberS, these morphological

featurescanberegardedasregenerative

rather tllan degenerative reactions.

Inflammatorycellssuchasmacrophages

orneutrophilicgranulocyteswerenot

observedanywhereinthesoleusmuscle

a洗erthedownhillrunnlng. Satellite

cells31)locatingalongthebasallaminaof

muscle丘berswerelongspindleinshape

and had adark nucleusand scanty

cytoplasm in normal, injured and

10
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regenerating muscle. TlleSe 丘ndings

suggestthatmuscleregenerationinthe

Injured muscle after the eccentric

exercisemightbeintracellularevent,and

inflammatorycells0rSatellitecells32-34)

mightnottakepartintherepalrand

regenerationoccurringonlywithinthe

muSClefibers.

Stretcha洗ertheexerciseiscommonly

recommendedandpracticedascool･down

for inhibition of muscle tension,

increaslng 且exibility, and repair Of

fatigue35). Ontheotherhand,restis

also recommended to minimi2:e the

reinjuryandcicatrisation.Jarvinenet

al.36)suggestedthatearlymobilizaton

shouldbebeguna洗ersufficientperiods,

e.g.3-5daysa洗ertheinjury.Lundetal.

37)andHighetal.38)reportedthatstretcll

beforeorafterexercisewasnoteffective

forprevention ofmuscle sorenessor

damage. Clinically,musclesorenessis

chronologically related with muscle

swellingandstiffness.Thus,ithasbeen

saidthatoneofthemaincauseofDOMS

mightbemuscleswellingduetomuscle

lquryinducedbyunusualexel.ciSe3,19,

39-41) InthepresentStudy,by1day

a洗erthedownhillrunning(R group),

areaofmusclefiberswasslgni丘Cantly

largerthanthenormalmuscle丘bers,

smauerat3daysa洗ertllerunningand

recoveredtothenormallevelat5days

a氏erthe running. In contrast,by

stretcha氏ertherunning(RSgroup),area

ofmuscle丘berswassmallerby1day,and

recoveredtothecontrollevelat2days

after the running. These findings

suggestthat stretch soon a氏er the

exercisecanpreventmuscleswelling.

Thus,itispossiblethatstretchmight

reducetheDOMS.

IntheRSgroup,narrow basophilic

sarcoplasmbegantoappearearlierthan

in the R group,and morphological

appearance ofmuscle 丘bers became

almostnormalby 7 days a洗erthe

rtlnning.Ontheotherhand,intheR

group,regeneratingfeatureswerestill

observedat14daysa氏ertherunnlng.

It was reported that mechanical

stimulation,suchaspassivestretchand

contraction induce secretion of

insulin･likegrowthfactori(IGF･Ⅰ)10-13,42･

43),whichisconsidertostimulatenotonly

growthbutalsorepalr,maintenanceand

remodelingoftissues. Thus,Bamman

etal.44)sug嘗eStedthatIGF-Isystemin

the muscle might modulate muscle

regeneration after lnJury. These

findingstaken togethersuggestthat

stretchsoona洗ertheexercisemightnot

onlyreducemusclesorenessbutalso

promotemusclerepalrandregeneration

intheinjuredmusclefibers.
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