
Abstract
SUZUKI,T.,HISAMITSU,R.andMIYATA,H.,EffectsofIn-

creasedActivityonNeuromuscularJunctioninAgedRatDia-
phragms.Adv.Exerc.SportsPhysiol.,Vol.14,No.2pp.31-36,
2008.Toexaminetheage-relatedfunctionalandmorphological
changesinneuromuscularjunction,maleadultratsweredivided
intoyoung(3-month;n＝14),adult(1-year;n＝14)andold(2-
year;n＝14)groups.Sevenratsineachgroupweresubjectedto
unilateralphrenicotomytoinducecompensatoryincreasedactiv-
ityonintacthemidiaphragm.Neuromusculartransmissionfailure
(NF)after2minrepetitivecontractionwasevaluatedbyacom-
parisonofforcesgeneratedbythephrenicnerveandmuscle
stimulations.Theendplateareawasanalyzedbyimmunohisto-
chemicalstainingprocedureandconfocalimaging.Therelative
NFtomusclefatiguewassignificantlylowerintheoldgroup
thantheyoungandadultgroups,indicatingafunctionalimprove-
mentofneuromusculartransmissionwithaging.Thecompensa-
toryactivateddiaphragmindicatedsignificantlylargerendplate
areaandlowertransmissionfailurethanthoseinage-matched
controlgroupsintheyoungandadultgroups,butnotintheold
group.Theseresultsindicatedthatfunctionalandmorphological
plasticityoftheneuromuscularjunctiondecreasedinolddia-
phragmmuscle.
Keywords:aging,diaphragm,transmissionfailure,endplatearea

Introduction
Ithasbeenwelldocumentedthathumanmuscular

strengthdecreaseswithaging,especiallyfromthesixth
decadeoflife.Thedecreaseinstrengthisexplainedbythe
reductioninmusclemass(9).Thedeclineinmusclemass
ismediatedbyareductioninthesizeandnumberofmus-
clefibers,especiallytypeIImusclefibers(19),although
theextentofthemusclemasslossvariesamongmuscles.
Furthermore,theintensityofdailyphysicalactivitiesis
knowntoinfluencethedegreeofmusclemasswasting(8).
Thediaphragmmuscleisaspecialgroupofskeletal

musclethatisrarelyinactivesinceitisamajorinspiratory

musclewithadutycycle,definedastheratioofactiveto
totaltimes,of40%(23),whereasthedutycycleoftheex-
tensordigitorummuscleis2%(15).Ithasbeenreported
thatdespitethisremarkableactivationhistory,age-related
changesinthediaphragmmusclesstilloccur.Forexample,
themaximum isometricforceproductiondecreasedby
13%inoldratsascomparedtoyoungones(5).Furthermo-
re,Gosselinetal.(13)demonstratedthattheage-relatedde-
clineindiaphragm musclespecificforceiscausedby
intrinsicfactorsotherthanchangesinmyosinheavychain
composition.Itisthoughtthattheimpairednormalcycling
ofdenervation-reinnervationandconsequentincreasedpro-
portionofhybridfibersmaybetheunderlyingmechanism
inthedecreasedstrengthandspeedofmusclecontraction
(25).Therefore,theneuromuscularjunction(NMJ)iscon-
sideredoneofthemostimportantsitesintheagingproc-
ess.Todate,however,littleinformationhasbeenpublished
describingtheage-relatedchangesinNMJfunctionandits
adaptationtoincreasedactivity.
ForfunctionalpropertiesofNMJ,Miyataetal.(22)

showedneuromusculartransmissionimprovementofthe
youngdiaphragmmuscletowhichactivitylevelincreased
by50%,inducedbycontralateralphrenicotomy.Thisim-
provementwasaccomplishedwithoutanychangesinfunc-
tionalpropertiesofphrenicmotoneuron(24).Itshould,
therefore,beofinteresttoexaminetowhatextentaged
NMJofthediaphragmmusclecanadapttoincreasedactiv-
ity.Thepurposeofthepresentstudywastoexamine
whetheragedNMJcanadapttoacompensatoryincreased
activation(CAC)ofthediaphragmmuscle.

MaterialandMethod
Animaltreatment
Allexperimentalandanimalcareprocedureswereap-

provedbytheCommitteeonAnimalCareandUseinYa-
maguchi University and followed the American
PhysiologicalSocietyAnimalCareGuidelines.
Experimentswereperformedon14maleWistarrats

inyoung(2-month;281±34g),adult(11-month;588±41g)
andold(23-month;620±99g)groups.Eachgroupwasthen
dividedintocontrol(CTL)andcompensatoryactivation
(CAC)groups.Surgicalprocedureswereperformedonthe

31

Effects of Increased Activity on Neuromuscular
JunctioninAgedRatDiaphragms

ToshimiSUZUKI1,RyokoHISAMITSU2andHirofumiMIYATA1

1DepartmentofBiologicalSciences,GraduateSchoolofMedicine,YamaguchiUniversity
2DepartmentofPhysiology,GraduateSchoolofMedicine,KyushuUniversity

Addressforcorrespondence:HirofumiMIYATA,DepartmentofBiologi-
calScience,GraduateSchoolofMedicine,YamaguchiUniversity,
Yoshida1677-1,Yamaguchi753-8515,Japan
Phone:(+81)83933-5866
Fax:(+81)83933-5820
E-mail:hiro@yamaguchi-u.ac.jp

Adv.Exerc.SportsPhysiol.,Vol.14,No.2pp.31-36,2008.



CACgroupwhileanimalswereanesthetizedwithpentobar-
bitalsodium(50mg/kg)byIP.Underanoperatingmicro-
scope,therightphrenicnervewasexposed.Bytransecting
onecentimeteroftherightphrenicnerve,theleftsideof
thediaphragmactivitylevelwasaugmented.Thesamepro-
cedurewasperformedonshamcontrols,onlyomittingthe
nervesection.Thewoundofmuscleandskinweresutured
separatelyafterconfirmingabsenceofhemorrhageatthe
surgicalsite.Afteronemonth(3-month,1-yearand2-year
age),therewerenosignificantdifferencesinbodyweight
betweenCTL(366±28g,599±53and615±93g,respective-
ly)andage-matchedCACgroups(355±31g,601±42g,
620±103g,respectively).Theanimalswerere-anesthetized
withpentobarbitalsodium,andthediaphragmmusclewas
excised.Musclesegments5mmwideweresectionedina
paralleldirectionwiththemusclefiberfromthemid-costal
regionofthediaphragmmuscle.Onemusclesegmentwas
dissectedwithonecentimeterofphrenicnerveattachedto
itandusedforinvitrotransmissionfailureassessmentat
NMJ.Afterassessment,themusclesegmentwasstretched
tooptimallengthandrapidlyfrozenuntilassayformyo-
fibrillarATPase.

Assessmentofneuromusculartransmissionfailure
Amusclesegmentwithphrenicnervewasmounted

verticallyinaglasschamberinwhichRingersolutionwas
oxygenatedat95%O2,5%CO2andmaintainedatpH7.4
and25±1℃.Themusclewasattachedatoneendtoaforce
transducerandattheotherendwasfixedtobeimmobile.
Musclefiberlengthwasadjustedwheremaximalisometric
twitchresponseswereobtained(optimallength).Intensity
wassetat125%ofthisvaluewheremaximalintensitycan
beobtained.Thephrenicnerveanddiaphragm muscle
werestimulatedthroughasuctionandplateelectrodes,re-
spectively.First,initialforcesgeneratedbythephrenic
nerveandmusclestimulationwerecompared.According
totheprocedureofBurkeetal.(4),thephrenicnervewas
stimulatedrepetitivelyat40Hzin330msduration,and
continuedfora2-minperiod.Then,directmusclestimula-
tionwasperformedtwotimes.
AccordingtothemethoddescribedbyAldrichetal.

(1),thedifferencebetweentheforcegeneratedbynerve
anddirectmusclestimulationwasusedtoestimatetheneu-
romusculartransmissionfailuretomusclefatigue,using
thefollowingformula:(F–MF)/(1–MF)
WhereFisthepercentdecrementinforceduringre-

petitivenervestimulationandMFisthepercentforcedec-
rementduringdirectmusclestimulation.

Histochemistryforendplateandmuscle
Themusclesegmentswerewashedandimmersion

fixedin2% paraformaldehyde.Thefixedsampleswere
blockedfornonspecificstainingbyusing10%donkeyse-
rumin0.1M Tris-bufferedsalinecontaining1% Triton.

Thetissuewaswashedandincubatedin5ug/mLα-
bungarotoxin-tetramethylrhodamine(SIGMA,Tokyo).In
eachanimal,atleast25endplatesweresampled.Intotal,
morethan200imagesineachgroupwereanalyzed.Im-
ageswereobtainedusingalaser-scanningconfocalsystem
(C1,Nikon,Tokyo)mountedonamicroscope(E600,Nik-
on,Tokyo)andequippedwithaHeNe-Greenlaser(543nm
excitationwavelength).Setsofopticalsectionsweretrans-
ferredtoacomprehensiveimage-manipulationand-analy-
sis software package (3D-Doctor,Solution System,
Tokyo).Two-dimensional(2D)stackimagesforeachla-
beledendplatewerereconstructedandtheareaswere
measured.
Thefrozenmusclesegmentwascutusingafrozenmi-

crotome(CM510,Leica,Tokyo)intotwotransversesec-
tionsof10µmthickness.Thesectionswerehistochemically
stainedtodetectmyofibrillarATPaseafterpriorincubation
atpH4.6and10.3,basedonthetechniqueofBrookeand
Kaiser(3).Onthebasisofhistochemicalstainingimageex-
amination,musclefiberswereclassifiedastypeI,IIAand
IIBfibers.Tocalculatetherelativecontributionofeachfi-
bertypetototalcrosssectionalarea(CSA),fibertype
population(%)andtype-specificCSAweremeasured.

Statistics
Theresultsobtainedinthisstudywereanalyzedby

two-wayANOVAforalldatawithexperimentalgroups
(CTLorCAC)andagegroups(young,adultorold)as
groupingvariables.Post-hocanalysiswasperformedusing
aT-testwiththeBonferroniadjustmentmethod.Inallcas-
es,statisticalsignificancewassetatp＜0.05.Allvalues
arereportedasthemean±standarddeviation.

Results
Neuromusculartransmissionfailure(NF)
Typicalforcedeclinebyrepetitivestimulationof

youngandoldcontrol(CTL)areshowninFig.1.Thera-
tiosofforcegeneratedbynervetoforcegeneratedbymus-
clestimulationatthebeginningoftheexperimentwere
96.8±2.0% inyoungCTL,97.0±1.7% inyoungCAC,
96.3±0.7% inadultCTL,97.2±1.1% inadultCAC,
95.8±0.9%inoldCTL,96.6±1.3%inoldCACgroups,in-
dicatingthatnodamagewasinducedbysettingupmuscle
specimensontotheexperimentalsystem.Meanvalueof
NFwas67.8±4.0%inyoungCTL,60.1±3.8%inyoung
CAC,64.7±5.2%inadultCTL,51.1±8.4%inadultCAC,
41.8±7.2% inoldCTL,36.3±5.2% inoldCACgroups
(Fig.2).InCTLgroupcomparison,NFinoldgroupwas
lessthanthoseobservedinbothyoungandadultgroups,
whereastherewasnodifferencebetweenyoungandadult
groups.TheNFinCACgroupwaslessthanthoseob-
servedinage-matchedCTLgroupsinbothyoungand
adultgroups,whereastherewasnodifferenceintheold
group.
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Contributionofeachmusclefibertypetototalcrosssec-
tionalarea(CSA)

Relativecontributionsofeachmusclefibertypetoto-
talCSA(relativearea)areshowninFig.3.InCTLgroups,
therelativeareaoftypeI,IIA,andIIB fiberswere
24.9±3.0,31.5±3.3%and43.6±4.1%inyoung,24.1±3.4%,
27.1±4.7% and48.8±7.5% inadult,and33.7±6.1%,
29.8±6.8%and36.5±7.1%inoldgroups,respectively.In
CACgroups,therelativeareaoftypeI,IIAandIIBfibers
were30.1±7.1%,32.5±9.4% and37.4±9.8% inyoung,

25.4±3.5%,28.1±7.5% and46.5±6.9% inadult,and
27.0±5.1%,24.9±7.6%and48.1±9.9%inoldgroups,re-
spectively.InCTLgroups,ascomparedtoyoungand
adult,thereweresignificantlyhighervaluesoftypeIfiber
andconcomitantlowervaluesoftypeIIBfiberinold
groups.AscomparedtotheoldCTLgroup,significantly
highervalueintypeIIBfiberwasobservedwithconcomi-
tantlowervaluesoftypeIfiberintheoldCACgroup.

EndplateMorphology
Immunohistochemically labeled NMJimagesare

showninFig.4.Thelabeledendplatesinyoungdia-
phragmswereuniforminshape,butthiswasnotobserved
inolddiaphragms.Inpooleddataanalysis,theendplate
areadistributioninoldCTLvariedmoreextensivelybe-
tween200to2000µm2,whereasthevariationinyoung
CTLwasonlybetween200to700µm2(Fig.5).These
findingsindicatethattheendplatetendstobediversified
withaging.Inaddition,thereweremanyendplateswithab-
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Fig.2 Comparisonofmeanvaluesinneuromusculartransmission
failuretomusclefatiguebetweencontrol(CTL)andcompen-
satoryactivation(CAC)animalsineachagegroup
*;significantdifferencebetweentheoldgroupandtheother
twogroupsinCTLanimals
+;significantdifferencebetweenCTLandCACanimalsin
eachagegroup

Fig.1 Typicalforcegenerations(N/cm2)byrepetitivestimulationof
young(lower)andold(upper)groupsincontrolanimals
Beforeandafternervestimulationfor2min,twodirectstimu-
lationsfordiaphragmmusclesegmentwereperformed.Basi-
cally,thedifferencebetweentheforcegeneratedbylastnerve
stimulationandfollowingmusclestimulationrepresentstrans-
missionfailureinneuromuscularjunction.

Fig.3 Comparisonofmeanvaluesinrelativecontributionsofeach
musclefibertypetototalcrosssectionalarea(relativearea)
*;significantdifferencebetweentheoldgroupandtheother
twogroupsinCTLanimals
+;significantdifferencebetweenCTLandCACanimalsin
oldgroup

Fig.4 Labeledendplateswithα-bungarotoxin-tetramethylrhodamine
inyoung(a),adult(b)andold(c)diaphragmmuscle
Two-dimensionalstackimagesforeachlabeledendplatewere
reconstructedatthesamemagnification.Barindicates20µm



normalshapeintheoldgroup,butnotintheyoungand
adultgroups.Meanendplateareasof7animalsineach
groupwere406±40µm2inyoungCTL,491±29µm2in
youngCAC,614±34µm2inadultCTL,656±34µm2in
adultCAC,648±103µm2inoldCTL,692±81µm2inold
CACgroups(Fig.6).Incomparisonamongagegroups,
endplateareawassignificantlysmallerintheyounggroup
thantheothertwogroupsinbothCTLandCACgroups.In
youngandadultanimals,theendplatesweresignificantly
largerinCACascomparedtoage-matchedCTL,butnot
intheoldgroup.

Discussion
Age-relatedchangesinneuromuscularjunction
Inthisstudy,themusclefibertypewasdeterminedby

histochemicalanalysisformyofibrillarATPase.Therefore,

asdemonstratedinapreviousstudyusinghistochemical
andelectrophoreticmethods(29),itshouldbementioned
thatthetypeIIBfibersinthisstudycontainedalarge
amountoftypeIID/Xfibers.
Thepresentdatashowedthattheimprovementinneu-

romusculartransmissionwithagingisattributedtothe
changesinrelativeareaofeachmusclefibertypeandits
endplatearea.Themostremarkableage-relatedchangesin
musclefiberwasthedecreaseintherelativeareaoftype
IIBfiberswithconcomitantincreaseinthatoftypeIfi-
bers.Previousstudies(17)ontype-specificneuromuscular
transmissionindicatedthatNFinslow-twitchfibersis
modestcomparedtofast-twitchmusclefibers.Inaddition,
arecentstudydemonstratedthatsynapticvesicledensity
wasgreaterattypeI/IIAthanIIX/IIBfibersinratdia-
phragminanelectron-microscopicobservation(21).There-
fore,significanthigherrelativeareaoftypeIfiberand
lowerrelativeareaoftypeIIBfiberwasconsideredtobea
mainreasonforreducedNFinoldCTLgroup.Although
age-relatedfibertyperemodelingwasnotsignificantinold
CACgroup,reducedNFwasstillfound.Wespeculatethat
endplatestructuralchangemayhaveacloserrelationship
toneuromusculartransmissionthanfibertypemodifica-
tion.PrakashandSieck(26)demonstratedasignificantex-
pansioninendplateareaontypeIIXandIIBfibersinrat
diaphragmwithaging.Theseadaptationswereappropriate
forsecuringthesafetyfactorbecausewhennerveterminal
andendplateenlargementoccurs,thesubsequentincrease
inAChreleaseandanincreaseinnumberofitsreceptors
mayresult.Theage-relatedmodificationintheabilityto
supplyacetylcholineandacetylcholinesteraseactivitylead-
ingtoincreasedsafetyfactorresultedinlessNFtocontinu-
ousstimuli.
Inthisstudy,widedistributionofendplateareaand

abnormalendplateshapewereseenintheoldgroup,but
notintheyoungandadultgroups.Asmentionedinaprevi-
ousstudy(14),theage-relatedfragmentationoftheend-
platemightleadtoalossofmusclefiberandmotorunit
remodeling.Furtherstudiesareneededtoevaluatethe
functionalandbiochemicalpropertiesofenlargedand/or
fragmentedendplate.

Diaphragmmuscleplasticitytocompensatoryincreased
activity
Thesignificantimprovementinneuromusculartrans-

missionaftercompensatoryincreasedactivitywasob-
servedinyoungandadultrats,butnotinoldrats.We
consideredthatincreasedactivationcouldattenuateage-re-
latedselectiveatrophyoftypeIIfibers,thenthesignificant
increaseinrelativeareaoftypeIfiberwasnotfoundas
youngerrats.Furthermore,thesignificantenlargementof
endplatewasnotinducedinoldCACgroup,indicating
thatdifferentialadaptationstoCAC occurredbetween
youngandoldgroups.Theactivity-inducedeffectonNMJ
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Fig.6 ComparisonofmeanvaluesinendplateareabetweenCTL
andCACanimalsineachagegroup
*;significantdifferencebetweenyoungandtheothertwo
groupineachexperimentalgroup
+;significantdifferencebetweenCTLandCACanimalsin
eachagegroup

Fig.5 RelativefrequencyofendplateareaineachagegroupinCTL
animals



asmentionedbelowmaybenotinducedinoldagerats.
Inyoungrats,trainingeffectsatNMJhavebeenintro-

ducedpreviously,suchasincreasedsafetyfactorbyin-
creased neurotransmitter release when given active
trainingstimuli(7),nerveterminalenlargement(6,2,31),
andincreasedacetylcholinesteraseactivity(11,12,16).
Fromtheseobservations,itwasthoughtthatthenerveter-
minalenlargement,increasedacetylcholinerelease,andin-
creasedacetylcholinesteraseactivitywereattributedto
increasedactivitylevel.Asstatedearlier,thesefactorscon-
tributedtoincreasedsafetyfactorandtheninfluenced
neurotransmission.
However,therearesomestudiesequivocaltoour

speculationinregardtoacetylcholinesteraseinmuscle
groupschronicallyactivebynature.Washioetal.(30)
showedthatage-relatedhigheracetylcholinesteraseactiv-
ityatEDLwasobserved,butnotindiaphragmandsoleus
muscle,whichusuallyhavehigheractivity.Consistent
withthisstudy,Sketeljetal.(27,28)showedthattheace-
tylcholinesteraseactivityoffasttwitchmuscle(EDL)was
decreasedwhenthestimulipattern,likesoleusmuscle,
wasadministeredcontinuously,andconversely,inhibiting
slowtwitchfiberactivity,theacetylcholinesteraseactivity
wasincreased.
Althoughthemechanismsofactivity-inducedin-

creasedexpressionofacetylcholinereceptorandacetylcho-
linesteraseactivityarestillunclear,manystudiesindicate
thattheplasticityinmotoneuronandmusclefiberwerein-
fluencedbymotoneuronormusclederivedtrophicfactors.
Forexample,Keller-Pecketal.(18)hasreportedthatex-
cessiveexpressionofglialcellline-derivedneurotrophic
factor(GDNF)inducedmultipleneuralinnervationstoa
skeletalmuscle fiber.Alteration in endogenous
neurotrophin-4expressionthatoccurredwithchangingac-
tivitylevelhasbeenreported(10).Itispossibletoconsider
thatthechangesintheactivityleveltriggersalterationin
neuronormusclederivedtrophicfactors,andconcomitant
improvementinNMJ,leadingtoimprovementinneuro-
musculartransmission.Infact,Mantillaetal.(20)demon-
strateddirectevidencethatbrain-derivedneurotrophic
factor(BDNF),neurotrophin-4(NT-4),couldimprove
transmissionfunctioninadultratdiaphragm.Therefore,fu-
turestudyneedstofocusonage-relatedexpressionoftro-
phicfactors,alongwithalterationinagedNMJstructure.
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