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Abtract 

The effccts of exces thyroid hormone (T3) on uI vivo and h vi&ornuscle regcneration in control and 

muscles wcrt cxamincd Tht & mouse is a gcnctic mode1 of Ducherne muscular dystrophy (DMD), 

but unliLe DMD, the course OC thedegencrative ùïsease in this rodent stabilizes after most of its muscle tissue 

is s u d u l l y  r tplacd with new muscle. The regenerative capabilities of control and mdx muscles were 

d e d  using & vivo histology and morphonx%ric analyses, and io I&O celi cycle analyses. lit vivo 

experiments showai that mdx muscle maintains a hger rcgencrative capacity than oontrol m u d e  under 

hypcrthyroid 00nditions~ T3 dflérentiaily affected mude =pair and was dektaious only to controls. 'H- 

thymidine incorporation and propidium iodide (PX) shidics (h &O) mealeci that T3 primarily affécted the 

control and & ctllcycles during the GdG, and S-phatm- More & myo biasts were obsmed in GJG, wi t h 

T3 atatment comparai to untrcated pda myoblasts. Rcsults suggest that the large regenerative capabili ty 

of m y o b h  may bc a d t  of ~érent iaf  regdation of c d  cycling. Distinct mponses wcre obsemed 

in control and &fibroblasts with T3 treatment, and it was evident that myoblast and fibroblast interactions 

did occur h ttk~O Bromodeoxyuridine (BrdUj and PI double-labelhg experiments and MyoD staining 

showed ~ércnccsincyclingactivity betweai convol andmdxmyoblast cultures as they developed over t h e .  

Controlmyoblasts cyclcd ltss uniformly t h a n a  myoblasts- The proportions of myoblasts in early and late 

S-phases were hi* in cultumi comparai to control cultures and mdx oclls appeared to cycle €aster- 

T3 treatmcnt only alterai the cycling of control myoblasts, suggesting that these myoblasts may be more 

sensitive to the Car- of T3 bcforc MyoD expression during myogtnic progression. Overall results suggest 

that T3 afkcts wntrol mudc rcgaeration by ducing the growth of ncw rnyotubts h vivo, and that 

teduction in growth is a d k t  result of the effkcts of T3 on cycling bebavior of control myoblasts and 

fibrobkts as shown h Surprizingly, thh oegative &kct of T3 was not observai in mdx muscie, and 

has kd us to question further the molecular machanisms of thh suOCeSSful. muscle regeneratîon. 
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Geacral iatroduction 

The &mouse, a genetic mode1 of Duchenne musculardystrophy @MI)), suffers from an X- 

iinked muscle diseasc (Bulficld et aL, 1984) as do patients with DMD, and the gcne product dystro phin 

is abeent fiam their skeletai andcardiac muscles (Koenig et ai., 1987). The importana of the cytoskeletal 

proteins, specif~cally dystrophin and othcr associated protcias, in maintaining the integrity of muscle 

fibers is now d ~ t a b l i s û d  

The suCrw?.ful rcawcry from dysuophy by compensatory regmeration in m a  muscie is in 

xnarked cuntrast to the deterioration and fiberdcath in muscle tissue in Dm. This contrast may be due 

to an dtered control of myoncn#;s (developmcnt of muscle prccursor 41s (mpcs), their prolifetation, 

fusion, aad ci.-tiation iato myotubcs), as was f h t  susuggtstcd by autoradiographic studies in & 

regcnerating mu& (Anderson et al., 1987)- Additiody, the action of a key mitogen, basic fibroblast 

growth faictor (bFGE Gospodarowia et al., 1987) which is prtscnt in large amounts in but not 

DMD or most othcr hitma ncuromuscular diacase biopsy sampk (Anderson et al.. 1991,1993) is iikely 

imporîant. 

The influeace of thyroid hormone, criticai for the s u ~ i  dcvelopment of normal muscle 

(Ianuzzo ct ai., 19W, h o  et ai ,  1986; Butler-Browne ct aL, 1990), on muscle disease and on muscle 

regencration is ltss wdi undcrstd. An exocss of thycoid hormone Ilr vivo reduçes the contrast between 

DMD andm&pbcaotypcs: &dys&ophy is worsened, inconœrt with iower kveis of bFGF (Anderson 

et al., 1994a). Futthcr study of thyroid homone'seff'ccts on-and controlmyoblast (activatd satellite 

aii) prolifkation and fitsioa during rqgmaation both rii vivo and h w-tn> may reveals0113~ of the 

machanism(s) that facilitate the unique regmeration from dystropbic and Mposed injury in i mus ci es. 

These investigations arc the subjcct of this thcsis. 



Chapler 1 - A Revicw of the Litcratart 

1-0 Murck Rcgemcratio~ Introduction and Bnef History 

The fcgeneration of muscle tissue has been invcstigated since the second half of the 18th çentury 

and can now bc charactctized by the following kcy cvcnts: rcvascularization, œilular idlitration, 

phagocytosis of nacrotic damaged tissue, prolireration of mpcs (activated satcilite cells) and their fusion 

(either into or with muitinucleated myotubes or with tûe ends of Anmnged fibers), and reinnervation 

(Grounds, 1991). 

Myogcr#sis is characterizcd by the following cytologid events: (1) the mitotic expansion of a 

population ofmononuclcatmpc, tumaimyoblasts, capable offusion, (2) the fusion ofmyoblasts to f o m  

multinucleate myotubes and (3) growth of the c y t o p k  of myotubes and synthesis of proteins and 

organelles characteristic of manirit skektal musck fibers (Partridge, 1982). It appears that the 

rqpcration of muscle follows a ?oimilar, although not identicai pattern to that seen with the formation 

of embryonic muscle tissue, However, the outcome of regenetauon rarely leads to a histologicdy 

"normalw muscle(as indicated by centronucleation OP fibers) sinœ the environment is unlite that of fetal 

myogaiesis (!khmaIbmch, 1986). Fetal m u d e  fibers dcvclop togcther with the comective tissue and 

capillary systems of muscle, wherais cqpcmting fiben must adapt to a pre-existing cndomysial 

fmmauork (Schrnaibmch, 1986)- Diakentia1 regdation of muscle regdatory factors (MRFs) between 

devcloping mu& and rcjpcrating muscle has also tacently suggestcd (Megeney et ai., 1996, Anderson 

et al., 1997a, submittai). 

The diseovery of satellite d b  ia mature mus& fiben (Mauro, 1961) led to the original 

postula tion tha t qmi r  processes may follow the namt cytolo&ai program as clllbryological myogencsis. 

S i n a  the nucki of myofiben arc normally VrevCTSibly pst-mitotic they do not participate in the 

formation of nsw m u d e  fibers. Tissue culturc studies in which individual muscle fiben were placed in 
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culture and allowcd to bccome accrotic, ccvtaled that the sateUitc œlb on those fiben survived, 

prolifaatcd and fused (Bischoff, 1975)- Following injuv that kads to myofibcr necrosis, satellite œlls 

on the dying fibcrs b m t  "activated" fiom their rclativciy dormant state to proHerate, fuse and fonn 

ncw muscle fibcrs (Schultz, 1989). No ncw substantial evidence agaimt the satellite cell concept (discussed 

more in section 1.4) has baai prtscnted during the most mumt ycars, and it scems that satellite ce& are 

the rescme population which provide myonuckidurïng the cegeneration of muscle (Schrnalbmch, 1986). 

Howcvcr, one m o t  nilc out the possibility that other locally derivai ceils might also give rise to rnpc 

h tivo (mkwaî  by Grounds, 1991). or that thymic myoid œlis (which express dystrophin, MyoD, 

troponin and awtykholine reccptorsamong othcr proteins) may be involved since they appear to respond 

to mude  injury (Wong et aL, submittcd). 

Impairad muacle regffieration and a progressive repiaœmcnt by fat and connective tissue are 

faturcs of myopathies such as Duchenne muacdar dystrophy (DMD). This outcomc of tissue repair is 

actudy inadequate regeacration ofmuacle, and bas ban describai as a failure of rnpc (activated sateîiite 

ocll) prolifération ( r w b d  by Grounds and Yablonka-Reuveni, 1993)- Patients with DMD laclc an 

important cytoskektal protein calleddystropbin, duc to one ofmany mutations which disrupt the reading 

ftamt of the gcnc on the short arm of chromosome Xp21 (Hofnnan et al., 1987)- This results in the 

brcakdown of the plasmalemma of the muscle fiber and absequent necrosis of mu& tissue. The attempt 

at regencration (prolifération of mpc and th& fimion into new myotubcs) cannot kecp paœ with the 

wntinud brcakdown ordcgcncration and dtimatcly kads to the logf ofskektal, diaphragm, and cardiac 

muscle f i b .  

The mAx mouse, a -tic makl of DMD, is unique in that despite having the same gcne 

mutation (HofFmaa et ai., 1987; Koenig et al., 1987; BuUield ct al., 1984). its limb muscles arc capable 

of continuai rnpc profiferation in rcsponst to dystrophy and the discase is not kthaf. However, more 
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similar to DMD muscles in humans, there is progressive degeneration of m& rnousc diaphragrn muscles 

which are extensively replirmrl by fibrous tissue by one year of agt (Stedman et ai-, 1991) or earlier 

(Dupont-Verstacgdcn and McCartct, 1992; Andcnon et al,, 1997a, submittcd) in this spccies. Most 

importantly, the mdx mouse docs not appcar to d e r  any respiratory distress despite the obvious 

bistopathological appearana of its diaphragm, which suggcsts that use of the mutant for modelling 

DMD pathology, mcchaaisms or trcatmcnt must bt catcfully intcrprcted. 

It will bc important in future studies (fiom the stand point of dcsigning trcatmait for DMD) to 

detenn.int the mdmnism(s) that aUow for the continuai mpc activation and s u d i d  regmeration of 

rpda muscle. 

1-1 Summary of Slrekîal M u d e  ~ 1 o p n c n t  

1-1-0 Early Strya  - R o W ' o n  a d  haion 

The earliest events of musck development include the formation of -hymai d s  

(un~erc~ltiatcâ pceumor &), which can difFtc1ic11tiatc into a varicty of xœsdcmdy-derivai tissues, 

such as cartilage, blood, and comective tissue. These prccursor oclls undergo a restriction in th& ability 

to express the total content of gcnctic information and cvcntually may bccomt determincd (set section 

1.3) towards the mulPetc-fotming lint o f d i s  te- myobbts (mviewed in Carlson and Faulkner, 1983) 

wbich arc spindk-shapcd mononucIcar oeHs. 

The nut  phase in the dcvelopaient of the muscle œil lincage of cells is the proliferation and 

fusioa ofindividual myoblasts. 'This oacurs provided that properrcgdatory factors, primarily within the 

local environment, arc presait. Myoblasts fuse with and into elongated multinuckatcd structures calkd 

myotubcs (White and Esset, 1989) and bacorne involvai extcnsïvcly in the synüresis and m b l y  of 

contractde prote* into regufar1y-arrangcd m y o ~ n t o u s  stmctum (Fischman. 1970). 

Myo tu be formation ody occun during fc ta1 devclopmcn t or after muscle damage, such that the 



increase in the size of muscles after b i i  is due to hypertrophy rather than increased fiber number. in 

rnamrnais, such as rats and da, myogenesis and myotubc formation occurs in two distinct phases: (1) 

primary myotubes are formecl by the end-twnd fusion of myoblasts and (2) after a period of 

devdoparcnt in which no ntw myotubcs arc produad, secondary myotubes form, by the fusion of 

myoblasts, ou the sides of primary myotubes (rcvicwcd in McLennan, l m )  (sec bdow). 

The düTércntiaaon of myotubcs into mature skektal mus& fibers involves changes at many 

di0rcnat kvds. The nuclei of a myotubc are long and contain prominent nucleoli, as would be expected 

of d s  aigagai in RNA d protein synthcsis (Carlaon et ai, 1979). Oncc synthcsized, contractile 

proteins of the myotube undergo a proccm of seif--bly into myofibriflaf units, stattirig at the edges 

of the myotube (rtvicwled in Carlson and Fau.ik.net, 1983). As the myotube matures, grcater proportions 

of its volume baclnne -pied by conaactilt protek, the nucki bacorne more compact, the nucbli  ]ose 

th& promincnœ, and the n u a i  movt from thtir central location to the pcriphcry. Th- inhcrent 

changes, c o m b ' i  with influcnccs of hormones and innervation givc r k  to a mature muscle fiber (White 

and Esscr, 1989). 

1.1.1 Rimary a d  b n d a r y  Myotube Formaiion 

During primary myogcncsis, muscles consist of independent myotubts or smait numbers of ce11 

aggrcgatcs which contain betwœn one and 9 t v d  myotubes and some UnAincfcntiated cch- Myotubes 

within thme dustem arc often irreguiac in shape with long thin cytoplasmic processes, contain high ltvels 

of glpgcn and arc ofsimilarsïzc and state of difTkmntiation ( rev i ed  in McLcnuan, 1994). During the 

pcrid primary and sooondary myogumb, primary rnyotubes elongate and the clusters of 

primary myotubes undergo W g a t i o n  (Onteil and Kozcka, 19û4a,b; Ontell et al., 1988a.b). 

The production of sumndary myotubes diftérs from that of the f m t - f o d  myotubes. 

Myoblasts (and probably satellite ab) proliferate on the surf- of the primary myotubes and thcn fuse 
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to form secondary myotubes (reviewcd in B i o f f ,  1994). This generates .rniall clusters of rnyotu bes 

consisting of a largecentrai prïmary myotube surroundcd by unditrercntiated celis and smaliiiersecondary 

myotubcs in various stages of d e d o p e n t  (rcviewcd in McLcnnan, 1994)- Secondacy myotubes are 

initially short and are wnaccted to th& associatcd primary myotubcs by long pscudopod-like processes 

that interiaminate dœp into the primary myotube- Frimary and seandary myotubts are also ekcaicaliy 

coupkd through gap junctions. The secondary myotubes then elongate and becorne independent fibers 

as gap junctions disappear (Ontell, 1978; Ontd and Kozcka, 19-b; Ross et al,, 1987; Ont& et al,, 

1988a,b). In fact, gap junction communication W a ncœssary requirement fordcvelopmcnt (Bdogh et al,, 

1993; Proulx et al.. 1997, in press), 

It is important to note that the muscles in the above studics were d and derivai from the 

limbs of small iaboratory animais It has kai showa that th- are qualitative and quantitative 

mcrcpots bctwœn the formation of smnll and large muscles @racger et al,, 1987). and between fast and 

slow muscle fiber formation (Ontcll and Kozeka, 1984a,b; OUM et ai, 1988a.b) 

1-2 Skektaï M d  Myosin 

1-2.0 Myoain hoforma in Skcktal M u d e  

My& is the major conaadile protein found in an ditrermtiatd muscle ceils and is present in 

most non-muacle d s  as well. The moleculat structure of most myoains W vuy similar, cunsisting of 2 

giobular hcads attachai to an a-helicai rd-lilre cail- The subunit structure of myosin consiscs of 2 heavy 

ch& (MHC) of molecularwnight 22ûkDa and 4 molecules (2 pairs) of light chains (MLC) of molccular 

wcight 17 and 23- lir Mvo, m y d  -bks into bipolar w t s  by interacting with the r d .  In 

vertebrate striatad muscie, th- m b l i e s  arc part of a highiy o d e r d  stable structure, calkd the 

myofibril ( r c v i d  in SchWi.1110 and Rcegiani. 1994). 

Our understanding of the cornplex nature of myosin divcrsity and of the functional importance 
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of MHC and MLC Uoforms has progressai rapidly. Major advanœs in the study of rnammaiian skeletai 

mus& myosins indu& the recognition of a ncw fast MHC isoforrn that is widely distributeci in most 

sktktal muscles, As wcll, the characterization of the devclopmental MHC transitions that iead to the 

ancrgcnœ of the adult myosh w f o n n  profile and the danoasvation that both MHCs and MLCs 

influence the vdocity of musde sho-g is teMewcd in Schiaffino and Reggiani, 1994. 

Muscle fibcn in the mouse and most mammals can bc divideci into 4 typa: one 1 slow type O 

and 3 fast types (Ira, IIx, and IIb) which wae charactcriz#l accordhg to the enzymatic and 

Mmunochemical chatacteristics of their rnyoain isoforms (Brook and Kaiser, 197Q reviewed in 

Schiafllino and Rtggiani, 1994). A mosaic of ~~t fiber types contributes to most skeletal muscles in 

the body. Aaoga a broad spactni~ii  of verkbratc spaciea, siow and fast skcletal muscles each contain 

multiple isofoans of myosin (D'Albi et al,, 1985). T&is divcnity isdue to the polymorphic expression 

of MHC and MLC subunits that makc up the myosio mokcuk (D'Albii et al., 1979). For cxample, adult 

sktktal muscle fiben arc compod of at kast 4 d i a t i t  MHCs ( the slow or DMHC and 3 fast isoforms 

IIa-, IIx-, and flb-MHC) and 3 MLC isoforms (the slow MLCls and the 2 fast MLClf and MLC3f) 

(rcvicwai in iCchiafFio and Rtggiani, lm). 

Saroomeric MHCs and MLCs are the product of 3 multigene familics. They a m  aii presumably 

dcrivad from a single ancestral gcne- nie distribution of the various MHC and MLC isofotms is not 

dways rigidly corifmd to smc muscie f i h  or spdic  stages of devclopment. For example, the 

embryonic and namatal MHCs pcrsist in adult uttraocular muscks and in intrafusal nuclcar chah fibers 

(within muscle spinâks). Embryonic and nconatal MHO and cmbryonic MLCl are also tt-cxprcssed 

in regenerating a d  bervatad m u d e  (Scbianiao et a)., 1988; rwicwad in Schiaffmo and Reggiani, 

lm). 
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1-2-1 Neurod and H o r m o d  Iaflllcp~ on Myorin Composition of Skektal Musck 

Multiple nirchani.pmp, including myoblast ptadetermination, neuronal influences, and thyroid 

hormone are known to rcgulate muscle fiber divctsity and myosin gene expression during development 

(rcviCWiCC1 in Gunning and Hardeman, 1991). It has h c k a r l y  shown that the typc of motor innervation 

a muscle raaivca is a dctcrmining factor in difl'tiation of fiber type and MHC isofonn expression, 

A great dcal of supporthg cvidcna Gom cross-innervation studics -y and Close, 1971; Buller et 

ai., 1960) and chronic c*ctricPI stimulation (SrCtcr et PL, 1973) has bccn pr-ted in the last 30 ycars. 

Cross-innervating a fast-twitch mude  with a neme that origïdîy innervateci a slow mu&, causes the 

fast-twitch muscle to change its physiological, biochemicai and ulttastnictural propcrties to resemble 

those of slow muscles (Bairany and Close, 1971). Crop~s~innervation expcriments in which a slow muscle 

was reinncrvataî with a fast motor nave have yielded lcss ckar cut results. It appears that fast myosin 

cornponents cm be induœd, but slow myoshcontinues to bccxpressedduring ncrve-induoed slow-to-fast 

switches (Eagust et al-, 1981). 

Somc early studics suggcsted that innemation îs the controllùig stimulus during normal 

developnxnt (rCMcwcd in Bandman, 1985). Musck fibers in most ncwborn mammals arc polyinnervated 

(Le. supplieci by more than 1 motor newon), and it is only duRng the fmt few weeks that most muscle 

f i b  bacoxne innematad by a sin& neuron and attain th& adult characttristics. Howcvcr, the 

denmtion of n e n i  rat fast-twitch mude &hys but docs not block the appearanœ of adult fast 

my& (Butler-Browne et al., 1982). Thus, innervation per se does not appcar to bc an absolute 

requiFcment for the my& isoqmc transitions charactcrWtic of fast-twitch fibers. In conuast, 

innervation quira i  for the maturation of slow-twitch m d e s  (miewcd in Bandman, 1985). If the 

rat soieus is dcncrvatad at b i ,  slow myosin synthcsis progrwaively daclines, slow isozymes are no longer 

detactabk a f k  25 âays and the fibers eventudy contain only aâult fast myosins (Gambke et al., 1983). 
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Tbyroid hormone is known to be a kcy factor in normal mu& development- Studies in humans 

and in the nconatc mouse rwcalcd that hypcnhyroidism significantly aitered the MHC transition 

( d t i n g  in a premâous accumulation of addt  MHC and maturation of the mude), These studies 

suggcst that thcm may bc a spaQal rok for thyroid hormones in directly rtgulatiag the appearance of 

adult types of myoains, and in modulating M y  or indircctly the disappearanœ of the anbryonic and 

neonatal types of myosins (D'Albis et al., 1987)- 

The cxpression of myoain gma cari be f ' r  moddted in the advlf stages by a variety of 

factors, such as innervation (sat above), thyroid hormone, ckctrical stimulation, and mechanicd factors. 

For cxampk, IIx-MHC can bt induccâ in the rat s o h ,  a muscle in which this isoform is normally 

atxicnt, by cithcr thyroid honnone trcatment or ckctrïcal stimulation at high frcqueacy. The MHC 

transitions appeat to reflect an obligatory pathway of MHC gene expression in the order 

1-fla-Ih-ffb (Schiafllino et al., 1990). Changes in the pattcrn of activïty or in thyroid hormone 

kv& can cause the transformation of the fi& phcnotypc to be pushcd to the right or to the kft dong 

this scqucnœ- This hdpa to explain the finding (IPuno et ai., 1986) that the Ira-MHC gcne is u preguJated 

by thyroid hormone in the soleus muscle, which contains a majority of type 1 fibers, but is down- 

ricguiatcd in the cxtawor digitorum longus mude, which is composeci almost txciusivdy of type IT fibers 

(rcvïCIlVdd in Schiaario and Rcggiani, 1994). 

1-2.2Rt@atory D N A S c q o ~  Tramscription Factors, a ~ d  Fibtr Type-S9ccific Myosin Gcnc 

Exprei.ion 

Tt has bœn suggcsted (Hugtresct d, 1 W3; Voytitr et al-, 1993) that the m u d e  -tory factors 

(MRFs)  MyoD and myogcnin (dWcusaed in detail in section 1.3). which play an important rok in muscle 

c d  differentiation d u ~ g  dcvclopmcnt (rcvicwcd in Weintraub et al., 1991). may bc implicatd in 

changing muscle gcne utpmsion during dürcrcatiation. Hughes et al. (1993) suggcst that M yoD mRN As 
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are more abundant in type 11 m u d e  fibers, w h m  myogenin mRNAs are more abundant in type 1 

fibers- It Y also reportcd that transformation of fiber types induccd by thyroid hormone or by cross- 

reinnervation is accompanicd by a corrcspnding alteration in the MyoD and myogenin mRNA levels 

in a m d e t  Th- resdts suggcst that MRFs may havc distinct roks in adult muscle [aithough O thers do 

not report MRF g«ie expression in normal adult or mature muscle (Grounds et al., 1992; Garrett and 

Anderson, L995)], At prescnt thetc is no âirect cvidcna of a specific role for MyoD and myogeain in the 

diffcrtntial tegulation of myosin gena in addt skcletai mu& fiùers (reviewed in Scbiaffmo aod 

Rcpmani, 1994). 

1.23 Myosin b f o r r n  Transitions in Rcgcncratïng M u d e  

Rcguxmting mudes in adult vatcbratcs transicntly express embryonic and nanatal forms of 

MHC (Matsuda et al., 1983). Muscle œilculturc apaimeats arc oommonly used to m d  regeneration, 

sinœ the myogcnic program during myogcncsis b is nimilnt to that ia vivo- T ï u e  c u i t .  studks 

have shown that embryonic isoforms are initidiy syntheskd foliowing fusion of myoblasts derived from 

embryonic muscle tissue (Whakn et al., 1979). In the chicken rB ~hvmodcl ,  the cmbryonic phenotype 

continues to be cxptessad (as in many othcr specics), and no eviâeaœ of any MHC transitions is obstrved 

for up to 6 months in culture (Badmaa et al., 1982). Thedort, th- arc diEfercnccs betw#n b ~f foand  

ia vr'vo myogenesW which &pend on speeies, ce11 line and the p& questions under investigation. 

It is cWndt to draw any conclusions from ail culture as to what factors might be involvcd in 

rcgulating m y d  isoymc transitions. It is ckar, howwer, that both b wvo and h ~&o, newly for& 

myonibcs initially express only unbryonic myosins. The inability of muscle ce11 cultures to continue the 

normal aequcna ofmyosin tnuisitioasduringmyogencsis SU-~ fhat isoform transitions are not simply 

part of a rigid myogenic program. Rather the transitions may depcnd on cxtcrnal stimuli coming from 

fibroblasts, satellite alls, or  nervcs in the h vivo sequena of myogenesis (reviewed in Bandman et al., 



L 985)- 

1.3 Myogcaic Cd Lïnerytr and M d  Regdatory Factors @URFI) in MyogcnCas 

1.3 .O Tbc Concept of L i n w t  

A nurnbcr of studies have investigatcd the theory of a myogenic œil Iineage in higher vertebrate 

devdopment. These studies highligbt thcembryonic origins of myogenic pmcursorafls, the mechanisms 

of f i k  type divecsity and pattaoiag, the distinction among myobksW during myogenesis, and how a 

varkty of fp~tors both intrinsic and cxtrinsic to the myoblist determine the ultimate phenotype of a 

m d e  fiber (revkwcd in Stockdalt, 1992). 

1.3.1 c b m & a b h n  of the M u d e  Regdatory Factofa -8) 

Sk&talmuJclcalldcvdoptmait p r o d  through several stages: cornmitment, which destines 

a c d  to dcvclop into a myoblast, prolif~ation to a defincd number of gencrations, withdrawal from the 

œil cycle, and tcnninal diETetentiation, in which t h c d  bccomts able to pdonn its specdhd  fundons 

(Kelly, 1983). As each stage p r d ,  groupa of gcneti are activatexi to fcgulate and detamine c d  

function (Hastings and Emrson, 1982). Rcmntly, a f d y  of genes was identifieci which e n d e  skeletal 

mude-specitic tmmmiption factors, the aptession of which is cach capable of converthg mesodermal 

ails io nnh to stable myoblastts which uitnnatcty can fona myotubcs ( r c v i d  in Buckingham, 1992; 

Emerson, 1990; Obon, 1990; Weintraub et al., 1991; Rudaicki and Jaenisch, 1995). The gcnc family 

encodes four m y o w  d e k  ' . &ion factors which iaclude MyoD @avis et al., 1987; Tapscott et al-, 

1988). myogcnin ( E d m o h n  and Obon, 1989; Wnght et al., 1989), M+S (Braun et aL, 1990) and 

M R F 4 m e M y f 4  (Rhodes and Koniuzny, 1989; Minor and Wold, 1990; Braun et al., 1990). The 

MRFs rt~reacnt four manbm of a gcnc family that show conservation in two structural motifs, the 

hclix-loophelu (HLH) domain involvai in protcin binding with othcr HLH proteins, and a basic c-myc- 

like binding do& presumably involved in DNA bmding (revicwcd in Sassoon, 1992). Except for one 
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pubJished report (Grounds et al., lm), and one work in preparation from this lab (Wong et al,), the 

MRFs, myogenin in parti&, are oniy and always exprcssed as spccific muscle tissue markets. 

Andysb ofdevclo pingcmbryos using RT-PCRand in situ hy bndization have shown that MRFs 

are sequcntiaily txprcssed in murine sornites and limb buds (Bober et al, 199 1; fiinterberger et al,, 199 1 ; 

Ott et al,, 1991; Hannon et al,, 1992). but theu specific roles in normal myogenesis in the developing 

animal are not explicitiy defmed as yet (Smith et al., 1994). Myf-5 mRNA is fvst detected in the 8day 

=mite and is down-rcgulated aRer day 14 (Ott et al-, 1991)- Myogenin mRNA appears on day 8.5 and 

is arpricssad throughout fctal development (Sasaoon et al., 1989). MRF4 mRNA appears transiently on 

days 10 and 11, and is re-exptcssed at day 16 to becorne most abundant after K i  (Boôer et al., 1991). 

FilPally, MyoD mRNA appcars around day 10.5, and is c x p d  from then on through development 

(Sasmon et al., 1989). In the devdoping h b  bud, Myf3 mRNAis expresseci transiently betwœn days 

10 and 12, myogerrin and MyoD mRNAs are CO-expressai aRtr &y 10.5 (Ott et al., 1991; Sassoon et al., 

1989). and MRF4 mRNA is expresscd after day 16 (Eobcr ct aL, 1991). T i e  culture expcrimcnts 

support the idea that myogcnin acts downstream of MyoD and Myf-S. Most myoblasts in culture express 

MyoD or Myf-5, but t u m  on myogenh only when induced to differentiate by removing growth- 

promothg zemm from the merlium(reMcwed in Wcinaaub, 1993; Yablonka-Reuveni and Rivera, 1994). 

In culturt, MyoD can activate its own transcription as well as that of myogenin; myogenin can activate 

i t d f  as well as MyoD; and Myf-5 can activate i t d f  dong with MyoD and myogcnin (ftvieweû in 

Weintraub, 1993). It is important to rcmnnbcrthat thcabove autoregulatory loops d e c t  what ~apoccur 

in culture, and not nacessarily what dpp oacur h vivo. 

Surprisin&, mict with homozygous gcne-targctcd mutations in cither MyoD or Myf-5 

expression (but not both) can producc fbirly n a d  amounts of muscle (Rudnicki et al., 1992; Braun et 

al.. 1992). so thcr~ is some functional redundancy in the MRF gcnt family. This data bcgs one to ask 
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whether the MRFs arc always a distinct requiranent for n o d  muscle development. How are they 

" turncd onn to rcsult in production of normal amounts of functional muscle? A paradox exists here and 

irnplies that the MRFs are critical and muscle speciftc on one hand, but are redundant on the other! 

This paradox has becn rcsolved by 3 groupa of experiments (reviewed in Weinmub, 1993; 

Megeney et al-, 1996). In one, a genetic cross has shown that in the doubie homozygous mutants, lacking 

both MyoD and M+5, no m u d e  formation oocurs, no muscle markers arc prescnt, and no myogenin 

is transcribed (Rudnicki et al,, 1993). This study indicates that MyoD and Myf-5 share a redundant 

fmction which W itsclf absolutcly rcquited for generathg or rnaintaining muscle œli identity and 

açtivating myogenia A second study rev- that miœ lacking MyoD showed marked deficits in 

sa- te œii fimction during mu& regcncration (Megcney ct aJ., 19%). Sktktd muscle regenera tion in 

these MyoD(4) mice was impairad foiiowing an Mnposui injury to the tib'ïs anterior muscle. Although 

closer examination of thest muscles mcaled that the sateHite œiis prescnt were morphologicaily normal, 

the number of iayoblasts from primary cuItures derived from the Myoly-/-) mice was elevated, and 

paradoxically displayal d u d  rates of proliferation once thcy becamt cornmitteci to the myogtnic 

program and began expressing desmin (Megeoey et aL, 1996). A new report (Mchtosh et al., 1997, 

submittcd) confïnns that idca sina proWeration by myogcnin-positivemyoblasts but not Myf-5-positive 

myoblasts in musclc rcgencration is a l t d  by the la& of MyoD expression- These studies conclude that 

MyoD plays a unique and novcl rok in ttgulating satellite ceil responscs, and that Myf-5 does not 

subtitute for MyoD in satcIlitc alls (Mcgm~cy et al., 1996). 

ni- latter obeetvations help to c o d Ï  that MyoD is not ody  important for differtntiation 

but also for prolifctation, cspacially in adult skclctal muscle stem alls (satellite œlls). In the third set of 

studics (Hristy et al., 1993; Nabcshîma et al., 1993). m i a  with a homozygous targtted mutation of 

myogcnin contain myoblasts sina thest embryos p r d u a  aonnal amounts of MyoD mRNA. However, 
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the myoblasts in the myogenin mutant mict fd to difTerentiate fuiiy, which indicates chat myogenin has 

a unique function that is required for the transition from a determined myoblast to a fully differentiated 

It is now ckar that the MRFs can promo te the transcription of a number ofmuscle-speciflcgenes 

such as the cteatinc khasc and myosin gencs (Buskin and Hauschka, 1989; Wentworth et al., 1991 ; 

Hughes et A, 1993). They can also initiate transcription of their own genes and other MRF genes (Blau 

and Baltimore, 1991). The MRFs are belitved to be negativdy rcgulatai by the Id (inhibitor of 

diffkcntiation) HLH prottins, which lack a basic DNA binding domain (rcviewed in Rudnicki and 

Jaeaisch, 1995). These Id proteins inhibit MRF advity by heterodimerizing with ES-5 products (other 

HLH-containhg proteins that form heterdmers with MyoD family members), aod prevent their 

hetcroàimerization with M R F s  and subscquent activation of &&ta1 muscle-sptaflc gents (rcvicwed in 

Rudoicki and Jacnisch, 1995). 

1-3.2 M R F s  in Skektal Mu& Regcllcmtion 

Littk is known about the role of muscle-inducing genes like MyoD and myogenin during 

regencration, and how the expression of these genes in regeaerating muscle compares to th& expression 

in embryonic dGvelopment and h (Fkhtbautr and Westphal, 1992)- These two M R F s  have been 

found to be e x p r d  in "activatedm saicliitc d s  b Mvo aRct an injury (Grounds ct al., 1992; 

Fûchtbauer and Westphal, 1992). Smith et al. (1993) have dtscribed the presenœ of ail four MRFs in 

culturad myogenic d s  fsom ncwborn mie -  Whether such rnyogcnic d s ,  as Smith et al. uscd, are 

cmbryonidnconntal myoblasts or activated "sateUite alhm is not ckar, and it is not rcsolved whether it 

would d e  a d ü T î a .  

1-3.3 MRFI and Thyroid Hormone 

Triiodothyronine (T3) treatment promotes terminal muscle diffctentiation and results in 
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increascd MyoD gcnt vanscription in myogcnic ceIl lines; also MyoD and fast MHC gene expression are 

activatcd in slow-twitch muscle fiben (Canrac et aL, 1992; Hughes et al., 1993). Hughes et al- (1993) 

obscrved in rat hindlimb, the 9cIcctive accumulation of MyoD and myogcnin in fast and slow muscles 

respeçtively. nier3 treatment studies suggest a possible rok for the diflrereat MRFs in thedetennination 

of fast-versus-slow-fi ber types- However, adult mice lacking MyoD do no t exibi t gros de ficiencies in fast 

muscle, suggcsting that MyM can aJso substitutc for MyoD in this regard (Rudnicki et al., 1992). 

Muscat ct ai. (1994) suggcst a molecularmbchanism for the effêcts of T3 on myogenesis ia ~&o, 

the activation of MyoD gcne expression in the siow-twitch fibers, and the cascade of myo~cnic events 

regulated by thyroid hormone. They identify a thyroid response element (TRE) in the mouse MyoD gene 

that directly interacts with the thyroid honnone-tehoid-X-receptor (RXR) heterodimer. The effécts of 

thyroid hormones arc meûiaîed by the intradular thyroid hormone rcceptors (TR), that are encodeci 

by 2 distinct gcmcs, c-erb Aa and clcrb AI3 (discussad in more detail in section 1-8-2.2). TRs bind to 

msponse ekmerits contsiining tandom direct (and âegencrate) repcats, of the AGGTCANfiGGTCA 

motif with spacings of 3 or 4 nucltotides and activate gene transcription (Kliewer et al., 1992; 

Mangelsdofi et ai., 199 1; Naar et al., 1991). TRs require aooessory/auxiliary factors for high affinity 

binding to thcircognate sequcnœs (Darling et al,, 1991; Glass et A, 1990; Murray and Towle, 1989). The 

RXR family is one of th= -cy proteins and is activateci by 9 4 s  retinoic acid. The RXRs 

hetcrodimerize with TRs and function to stlectivcly targct the high d h i t y  binding of the reoeptors to 

th& cognate elcm#its (MangeIsdorfct al., 1991; Yu et ai., 1991; Zhang et al., 1992; Leid et al., 1992). 

The scquenœs and motif5 in the TRE that am naxssary for an efficient DNA-receptor interaction were 

a b  chatacteriad. The rcsults showed chat T3 diractly controls the expression of the myogcnic-specific 

HLH (MRF gcnc) proteins, and thtrtforcoutlinai a ~ s m f o r  the changes in thecontractik protcin 

isoform profile obecrvd in adult rodents cxposbd to T3. This information furthtr supports the idea that 
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MRF gene expression is ncccssary for maintaining adult muscle characteristics (and adaptability) in 

addition to inducing merentiation in developing or  regenerating muscle, 

1.4 The Satellite Cell 

1-4-0 Characterization of the Satellite C d  

In addition to cmbryonicmyoblasts, the proccss ofmyogcacsis givcs r k  to ano thermononuclear 

œii, the satellite ail, which is located outside of the muscle fiber piasma membrane but within the 

e x t d  (basal) lamina, thus dcfining the satellite position, In contrast, the m e  myonudei are locaced 

inside the m u d e  f i k  plasina membrane (samolemma). The satellite cell is characterized by an oval 

heterochfomatic nucleus, dativdy littic cytoplapm- the usual organdb (Mauro, 1961) but iacks cell 

swfaot cavcolae or p h m a k r m d  vesicles (rcviewcd in Schultz, 1976) and myofibrils (reviewed in 

Bischoff, 1994). Clear detezîion of satciüte cclls on myofibers, t y p i d y  tbought o d y  to be made 

accurately using an electron microscope, can now be ma& ushg a light or a confocal microscope and 

commercially avaifable antibodies to delineate the extemal lamina and plasmalemma of fibers (Zhang 

and McLcnnan, 1994). 

Satellite oells are located in a depression in the myofiber, so the contour of the basal lamina 

covcrhg both ails remains oontinuous. The gap between the plaznnalcmmae of the two cells is 15nm 

Despite this sma.îl gap, no specializcd junctional complexes of any type have beeo reported to occur 

betwœn satellitecells in adult myofibers (revicwd in Bischoff, 1994). which suggests that this contact is 

spCCiafj7lrl in a unique manncr yet to bc dctermined. 

Satellite d h  have b#n found in an vatcbrate muscles cxamhed. The frc~uency of these alls 

varies widdy dcpcnding upon location. muscle type, age, and specics- In studies of rat sateIlite cells, it has 

bcen shown that in fiut-twitch muscle of adults, satellite d l s  comprise one to four pcrœnt of nuclei 

withia the basal lamina, wtrik slow-twitch musclecontains three to four timesas many satellitecells. The 
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frequency and development of satellite œlls appcars to vary with fiber type. Therefore, it is possible that 

these œlls can carry information specif~ed by fiber type and chat this may be passed on to myotubes 

formcd ia n'tro (rcviewcd in Bischoff, 1994). 

It has been shoum using chicken and quail œlls, that sateIlite œlls are not uniform. but can be 

subdivided into populations which M e r  in th& wmmitrnat to the types (fast or  slow) of muscle fibers 

they form. In çontfast, cultured rat satellite alls from fmt or slow muscle make uniform myosin heavy 

and light chahs as judgcd by biochunical and irnmunochuxücai analysis. These d t s  indicatc that there 

are dinaences bctwœn satellite oclls of  diattrtat ongin in the absence of extemal influences (reviewed 

in Bischoff, 1994). 

Sattllitc d s  are most abundant during early postnatal development, when thcy wnuibute to 

mude  growth. Their n u m k  Arclines thercanCr, relative to the number of myonuçki, True myonuclei 

(in myofibers) are incapable of mitosis soon afîer birth. It is the satellite oell chat then supplies a normally 

growing postnatal fiber with additional nuclei (Moss and Leblond, 1971). During early development, 

satellite ctils proliférate, withdraw from the c d  cyclc and becorne quiescent, In skele ta1 muscles of adults, 

sateNi te cclls rcmain mitot idy quiescent. Howevcr, sateIlite ceils becornt active in response to mitogens 

rekascd whcn fibers arc damagai (Bischoff, 1%; DiMario and Strohmnn, 1988; Bischoff, 1990; Grounds 

et al., 1992). 

Once Wolateâ from adult muscle and placed in culture, satellite cclls arc gcnttally no longer 

tcnaad "satellite", but arc callod myoblasts or mpcs sine they are no longer in the "satciiite position". 

Th- œlls ean bc rcJtased from adult m u d e  with the aid of enzymes, such as trypsin or pronase, whkh 

dissolve the basal lamina or by machanical dissociation (as used for this study)- Primary cultutcs are 

gcnerally initiated in mcdium containin8 scrum (and chi& unbryo uttract (CEE) in somt cases) to begin 
' -.p. 

growth and later may bc switched to snun-frœ medium (or suippcd xnun) *hile testkig the effécts or 
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various gtowth factors, steroids, or hormones. Because serum and CEE wntain a varîety of hormones 

and unspccif~cd growth fitors, the conditions neaicd to activatc proliferation of isolatcd satellite œlls 

ia ~ & o  arc artavely unknown (mvicwnd in Bischoff, 1994). and there is some disagrecment about 

whether it is possible to prepare adult mpcs for culture that are not already "activated" by the isolation 

procedure. Clearly chat depends on the worlUag definition of "activated". 

1-4-1 Satellite CJls and Growth Factors 

Many growth factors are d proteins of fewnt rhan 200 amino acids and arc active at very 

d amccntrations. They appear to act focafly within tissu= foliowing production by the target cells 

thunseives (intracrint and autocrinestimulaaon) or by neighboringQclls(paracrine stimulation). Growth 

façtor signals are d a t e c i  by s p d c  œll surface receptors, These ractptors are tyrosine kinases that 

phosphorylate manu intraœiiular substrates to pass on the growth factor signal to the nucleus or 0th- 

w t  substrates (revicwed in Biioff, LM). 

Satellite d s  ate thought to bc activatcd and in£iumCdd by at least 2 différent types of stimuli 

More they bcgin to proliferate: (1) the d must becorne induced to enter the G, phase of the celJ cycle 

by "compctenœ factorsn and then (2) stimulatecl to progress through the temainder of the ceil cyde and 

uridcigo mitosis by mprogrcssion factors" (rcviewlcd in Bischoff, 1994; Reddy, 1994). It bas been reporteci 

that in cc11 types other than satenite ab, cornpetence factors are needed on& whife the œll passes a 

critical point in G, (restriction point). On the other hand, progression factors are aœdcd continuously 

to sustain proHeration, Two growth factors, fibrobbt growth factor (FGF) and insulin-like growth 

factor I (IGF-I), have bœn tcsted on satcIfite d cultures and fouad to bc good candidates for a 

campetena Factor and a progression factor respcctivcly (rwiewed in Bischoff, 1994)- 

1.4- 1.1 Fibroblut Growth FIctom 

FGFs arc considerd to be structurally-celateci, monomecïc proteins (approximately 150 amho 



19 

acids in hgth)  that are enccxiai by at k t  6 separate genes. Thcrt are acidic and basic ciasses due to 

d i f f i c u  in isodectnc points. AU FGFs stimulate the proliferation of fibroblasts, and a 1  bind to 

heparin (rtvictmd in Bihchoff, 1994). Gospodatowicz (1975) and Gcupodarowicz et ai., (1975) fmt 

isolatcd FGF from the brain and pituitary. It is also prescnt in CEE (Kimura ct al-, 1989) which can be 

uscd in addition to serum to promott îht proliferation of satellite cclls (as in this study). 

FGF stimulates the proliferation of culturcci myoblasts from a varïety of species and can inhibit 

th& diffitiation. FGF also has the abiüity to stimulate the proliferation of myoblasts in serum-free 

mdium, whik rat myoblasts produa th& own FGF in d ture-  Receptors for FGF have been detected 

onmyobbsts of severai m y ~ g c n i c d ~ ( O I w i n a n d  Hauschka, 1988), but adult saLtIlite ceils have not 

becn tcstcd for FGF m p t o r s  ( t c v i d  in Bischoff, 1994). 

FGFdoes not appear to have a signal sequena; it is not sacrctcd fromœlh by dcfincd exocytotic 

routes and its mrr.hnnism of rckase W unknown, Howcvcr, cvidenœ cxists that FGF is bound to heparin 

sulfate proteoglycan components in the extracellular spaot, and FGF may be able to enter that space 

foîlowing dl injury. Disruption of heparin d a t e  ~ t a b o w  in myoblasts appears to interfece with the 

action of FGF. This disniptcd mctabolism may prcvcnt the bindiag of FGF to its receptor (Rapraeger 

et aL, 199 1). Satellite =Ils on sina isolatcd myofibtrs runain quiescent whcn grown in serum-containing 

d u m .  It has k shown that FGF is the ody M i e d  substance that will induce th& proliferation 

( r e v i d  in Bischoff, 11994). Raccntiy, hepatocyte gcowth factor was demonstrated to stimulate 

proliferation as d (Akn, -MI communicatioa). 

FGF is p-t ia w'v4 and its levd varies with physiological changes in the musde (-cd 

in Bischoff, 1994). fmmunohistochcmistry studics r c v d  that FGF is localized to the basal lamina of 

normal adult mouse muscle. and the amount is clcvated in dystrophie mouse muscle (in myoblasts. 

fibroblasts, and ncw myotuk), in which th= is active ongoing regeneration (DiMario et al., 1989; 
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Yamada et al,. 1989; Anderson et al., 199 1,1993,1995). FGF mRNA is expresseci in many mononuclear 

myogcnic precurson and also in new myo tu bes h vivo in tegeneratïng muscle, so it is no t accura te 

to say that FGF inhibits differentiation per se (Garrett and Anderson, 1995)- Basic FGF (bFGF) is 

exptessed in dividing, MRF-psitive (myogenic) œiis ia vivoas well (Anderson ct al., 1997a, su bmi ttd)- 

1-4.1-2 FGF and Thyroid Hormone Interaction 

Studics that examincd the rok of thyroid hormone in rtgulértiag bFGF Icvels in the hean (Liu 

et al-, 1993) indicatd that ekvatcd Icvels of bFGF wuld be obscrvcd in cardiac ventricles in cither 

physiological orcxpcrimcntally induced hypothyroidism. These d t s  kd to the conclusion that thyroid 

hormone may, M y  or indincctly, dowa-regdate accumulation of higher m o ~ a r  mass forms of 

bFGF in the kart (Liu et al., 1993). Another study (Anderson ct al., 1994a) showal a general rcduction 

in bFGF immunostainhg in skcktal muscle iindct hyperthyroid conditions. Both of thest studies 

cltarly indicate that interactions betwaai hormone and growth factor pathways do occur. 

1.4.1.3 bulin-like Growth Factors 

IGFs arc highiy conserveci proteins (about 70 amino acids in length) and are rtlated to insulin- 

IGFs arc sd~cted by many tissues and are carnad in the circulation by smc bindiag proteins that 

competc with œliular IGF rcotptors and thus d u l a t e  growth factor activity. IGFs stimulatc the 

proliferation of culturd satefite ails in jcnim-fi d ~ m a n d  &O promote th& ~ ~ t i a t i o n .  The 

mitogcnic cffécts of IGFs are much kss pronounad than is the enhancement of différentiation. Hi& 

kvcls of prolifération are only obtained with a m .  of KGF and FGF (LWICWdd in Bischoff, 

lm). 

IGF action is d a t a i  by 2 differcnt œil SUrfaot ~ p t o n :  (1) the type 1 raocptor is a multi-uni t 

stmctutc ciostly d a t a i  to the insulin raxptor, whik (2) the type II rcceptor is a monomcnc protein 

identical to the mannose-6-phosphate receptor. In rodent satellite ceIl cultures, the effécts of IGFs are 
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mediateci by the type 1 teccptor in both mpcs (activaîd satellite &) and myotubes. Quiescent satellite 

cclls on singk myofibcm u3 vr'~ado not proliferate in rcsponsc to IGF or high wncentrations of insulin, 

but sateIlite œiJs can be activatai by exposurit to muscle growth factor or FGF (as mentioned above). 

Houmer, tbese sattllitc ctlls arc dcpeadcnt upon serum for cont;nuad prolifuation, and that scrtm 

requirtment cari bc ceplad by IGF. IC apptars chat IGF stimulates satate aii proliferation, but only 

if the oclis have already been activami (rcviewed in Bischoff, 1994). 

S u d h l  tcgeouation rtquinca a numbcr of pr- (sce section 1.0) and it would ccttainly 

bt advantagtous (from the stand point of designing utatmcnts to incrase myogcncsis) for a single 

mdtüùnctional mokcule, such as FGF, to regdate some of these events. There is evidenœ chat growth 

fadom are made by activatcd satellite cells th-=, and this may provide an a u t h e  &anism for 

mapifjhg thediact of injury (mkwed in Bischoff, 1994). Howevu, to date no sin& growth factor can 

erwure & d v t  mua& qpcrat ion,  and the bcst treatment will b l y  be cornplex, 

1.5 Tae a Cyck 

1-5.0 Cefl Cyck Dynamics aad Ploidy 

The following tcxt on tbcœii cyck is paraphrascd from a book by Longobatdi-Givan, 1992, io.- 

New efametry, Chaptcr 7. The amount of DNA in the nuckus of a dl, called the 2N or diploid 

amowt of DNA, W @es spacific (for cxampk, human oclls contain about 6pg of DNA ptr nucleus). 

With 2 major exceptions, aü n o d  ails within a givcn organism contain the same amount of DNA. 

Th- 2 exocptiotw are: (1) & that have undergont mtiosis in pteparation for sacual reproduction and 

thctetorc contain the LN or haploid amowt of DNA and (2) ctlls that are synthesiPng DNA in 

pqmation for mitosis and thercfore contain bctwiacn the 2N amowt of DNA and tw ia  that amount, 

4N or tctraploid (Longobardi-Givan, 1992). 

The cell cyck has baen dividai into phases 1.1 - note that al1 figures and tabks dWcusscd 
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in a particular chapter can be found at the end of that chapter). Gilsdesignated as king in the G, phase 

arc not cycüng or arc quicsctnt. Cells in G, are cithcl just rccoveting from division or preparing for entry 

into S-ph=. CeEls arc said to be in S phase whai they a& actualiy in the process of DNA replication. 

Ceils in the G, phase arc those that have finished DNA synthesis and thcrefore posscss twia the normal 

amount of DNA Cells in M phase are undergoing chromosome condensation and karyolanesis which 

accus imrnediately pnor to cytokinesisesis Normal division results in the formation of two daughter cells, 

cach with the 2N amount of DNA (hngobardi-Givcn, 1992). 

r.s.1 CGU cycle ~ n r l y h  

Tht distribution of ails throughout the cc11 cycle may be determined by staining the ccUs of 

interest with a £luorescent dye which binds to DNA on a stoichiometric basis. One dye which is 

commonly used for this purpose is propidium iodidc (PI). Following stnining, the ce& are analyzed by 

flow cytometry and the relative Quo- (DNA content) of each œii is detcrmined. Figure 1.2A 

presents a thcoretid histogram expecied from a population of n o d y  cy&g &. The distribution 

of diffkrent kiads of nucki p-t at a particuiar moment can bcshowa, Ifthe DNAcontent of alls that 

arc dividing is d e d ,  th- wiii be some cclls with the 2N amount of DNA (either G, or G, cells), 

othcr oelb with the 4N amount of DNA (G, or M ah), and finaliy somc d s  with diffmnt amounts 

ofDNA that spaa the range bctween thnie 2N and4N populations. Figurc 1.2B illustrates a typical DNA 

œli cyck histogram obtaiad €rom the analysis of stimulated lymphocytes (Legobardi-Givcn, 1992). 

Typidy,  5,000 - 10,000 ceils arc analysai, Cornputer algorithms are readily availabk to 

compartmmtalk and calculate the percentage of ab in cach phase of the dl cyck. 

The traditional mtthod for analyzing cclldivision involves mcasuring the amount of DNA king 

synthdzd in a culture by wunting the radioactivity incorporateci h to  DNA during exposure to a pulse 

with %-thymidine. A DNA histogram rcsulting from flow cytomeuic analysis is a p o d u l  alternative 
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to this technique, sinœœlls with the ZN, 4N, and amouats of DNA in between 2N and 4N (synthesizing 

DNA) can bc calculami. Cclls in S-phase, Le. those distributeci between the 2 @ regions should in 

somc way correlate with the d u c s  obtainaî for DNA synthcsis b a d  on the uptakc  of'^-thymidine. 

nit values are not dVectly wnvcrtibk one to the othcr, the radioactive mcthod rncasum the cotai 

amount of DNA king synthesizsd and will give higher values when more cek are present, whereas the 

flow methoci tbe pcrocntage of ctlls chat m in the proccss of makhg DNA and that 

distribution is not dependent on the total numbcr of œlls analyzd. Kt should bt noted that the 

radioactive method will give highcr v a h a  if therie is a s i sn i f i t  amount of DNA repair OOC\UtiCIg. The 

flow method d l  give highcr values ifa proportion of cells are blocked in S phase (Lagobardi-Given, 

1992). 

The use of bromOdcOxyuridiae (BrdU) and flow cytometry provides a morc direct way to 

mcawc DNA synthesis. This mcthoâ is simüor to the methoci of mcasuring the hcorporation of %- 

thymidine, but with BrdU seiving as a thymidine analogue. Whai c d s  are pulsad with B W ,  this 

analogue will bt incorporataci into the cellular DNA in the p h  of thymidine- Followiug limiteci DNA 

denaturation to ex- the BrdU within thedoubk helix, FïïC-conjugatod anti-BrdU antiôody is added- 

Cells that have incorporatesi BrdU during the p h  will h m e  FITC-positive. The resulting flow 

cytomtric analysis of œlls stained with this protocol is a twoudor contour plot (Fig. 1 .SC) in which the 

red Q u o r ~ j ~ ~ ~ l a  of PI (proportional to total DNA content) is plottcd vcrsus the green Eioufcscc~~a of the 

FTïC antibody. Aa ex-, the celis in the mtttlc region of the PI distribution have ali hcorporated 

BtdU, as tmn as the œ h  at citherend of the PI distribution (tatly and late S). Operationally, this methoci 

pennits a morc difinitive quantification of the alls in S-phasc whcn cornparcd to that obtaind with PI 

staining by itsclt (longobardi-Givca, 192). 

Additionally, BrdU c m  provide information about the kinctics of the cc11 cyck. In alls pulsed 
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briefly with a Jmaii amount of BrdU, killed immediately and stained with both PI and ami-BrdU 

antibody, the FITC label should stain cquaily in all cciis in S phast If the= is a lag bctwœn labclling and 

killing the alls (and if the BrdU has bcen used up very quickiy), then the ails that have incorporateci 

BrdU (ail the ceils that were in S phase at the time of the pulse) will have synîhcsizcd more DNA and 

somt of those a4ls wiü have progressai into the G, or M phase of the ccll cyck (or evcn cycled back to 

G,)- Some new d s  will have started to make DNA aftcr the BrdU had been used up, and these cdls will 

now bc in S phar but wili have DNA that did oot iworporate B&. Thus, the rate ofmovement of the 

BrdU-containing cells through S p b  and into the G2 peak can bc estimami by assukg that they are 

evenly distributad throughout S phase at the time of puisïng and that they each incorporate BrdU at the 

same rate. Thcn the sampks are stained at one subscquait timt. n i e  rate of in- in PI intcnsity of 

the FE-positive nucki is equivalcnt to the rate of DNAsynthcsis, and thcrcfore provides idormation 

about the cycle time of activdy dividing oells (Longobardi-Given, 1992). 

1-5.2 Cyctinr, Cyciïn-Dependent Kïnaacs (Cdks), and Ce11 Cycle Progmuion 

The foiiowing background Ci this section and in section 1.5.4) on ccll cyck progression is 

paraphtased from chaptcr 17 of A l b ,  Bray, Lewis, M, Roberts and Watson, 1994 h Aloku/kr 

Biology of rbe W, 3rd adition (Murray et ai. as contributors). The "al1 cycle control system" consists 

of rnany interacting proteins that inauence and coordinate the domistream events that duplicate and 

dinde the d ' s  contents- In the ceIl cyck, this control system is regdateci by "brakes" that can stop the 

cyck at sWc achackpoin~n (aœ d o n  1.5.3). At th- points, faodback signa& from downstream 

p r m  can infhienct the control system itself, so as to prievent it from involring the next downsttcam 

procem beforc the prwious one hzw finished- The cbacicpoint brakcs also anow the control systcm to bc 

mgdateci by signais from the enviro~~n~nt.  Such signais gencrally act on the convol system at cither of 

two major checkpoints in its cyck: (1) in G,, just before entry into S phase and (2) in G2, at the entry to 
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mitosis. In highcreukaryoticds, si& that amst thccyck uwally act at the G, check point (Murray 

et al,, LM). 

The "control systcm" W basai on two key families of protcins: (1) the cyclindcpcndent protein 

Irina-.w (Cdks), which stimulate downstnam processes by phosphorylating parti& proteins on serines 

and thrconines, and (2) the cyclins, spccialized activating pro teins chat bind CO Gik molecules and contrai 

th& ability to phosphocyiate the correct target pro teins. Thc cyciïcassunbly, activation and dkassembly 

of cyclin-cdk complexes arc fimiamenta1 cvcnts drivhg the di cyck. G, cyciins bind to Cdk molecuIes 

during G, and are r e q M  for entq into S phase. Mitotic cyciïns biad to Cdk molecuks during G, and 

are rquired for entry into m i t d  (Murray et al,, 1994). 

In budding ycast, G, cyclias (CLN1, CLN2, and CLN3) drive d s  through G, by activating the 

kirme CDC2û (a homolog of fWaion yeast cdc2). Distinctcyciins also promote S pbast (CLBS and CLB6) 

and m i h s  (CLB 1 and C W )  (revicwcd in King et al,, 1996). H i e r  animaJs also have muitiple cyciins: 

at h t  six types have bacn found, narncly cyclins A, B, C, D, E, a d  F (Murray ct al., 1994)- The c y d h  

with known roks in d cycle amtrol include: A-, 8-, D, and E-types dong with th& kinase partners 

Cdkl, Cdk2, Cdk4, or Cdk6. The D-type cyclins in complcxcs with Cdk4 or Cdk6 regdate progression 

through the G, p b  of the all cyck, while cyclin E-CdU rcgulates cntry into S phase. Cyclin A-Cdk2 

regdates progression through S phase, whilccyciïns A and B in association with Cdkl rcgulateentry into 

M phase (mricwui in Edgar and Lchncr, 1996). 

1.5.3 Cell Cycle Checkpointa 

The controhg events of the otll cyck of most orgmisms appear to be orderai into dependent 

pa thways in which the initiation of late mats W dependen t on the completion ofcatlic r tvcn ts (rcvicwcd 

in Hartwdi and Weincrt, 1989). New reports propose that thh intctdcpndenœ may bc cstablishai by 

positive or negative regdatory cücuits. The rcgulatory ckuitsarc tcfcrrad to as survcüianamechanisns 
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that check forçomplction of  critical œ U  cycle evcnts and permit further ceIl cycle transitions- One circuit 

acts in tach ail cyclc to ordcr cvcnts, while anothct circuit acts only when a dtfcct is found. Loss of these 

circuits can lcad to the reduœû proficicncy of riclls to dctcct mors in a l 1  cyclc events such as 

chromosomcdupficationand segregation. Checkpoint is the tenngivcn to thescsurvcitlaoct circuits, Tbis 

term should only be used to refcr to the biochemicaî pgthways that amtrol movement into and out of 

phases of the oeJl cycle, and should not bc used synonymously with the term transition, To give an 

examplc: the DNAdamage checkpoint is the mcchanism chat detects damaged DNA and gcnerates a 

signal that amsts cclb in the G, phaae of the d cycle, slows d o m  S phase, amsts Qells in G, phase, and 

induoes the tmmxiption of ~~ ( r c v ï d  in EIkdge, 1996). 

In mnmmat?9, o d y  the G, DNAdamage checkpoint is undcrstood in any detail. Thcre is also a 

spinde asacmbly checkpoint and a DNA-replication checkpoint. Tbret gcnes control the DNA damage: 

ATM (mutatcd in ataxia tchngirrrs.Pia), pS3, and p21. Ataxia tclangicctasia W a disorder werc oells do 

not show a in the rate of DNA synthesis and dclay of mitosis in rcsponse to damagai DNA. pS3 

is a turnor supprcssor gene (jet d o n  1.6.3.2 for more on pS3) and ~11codcs a aanscription factor that 

is activatai in fcsponse to DNA damage- Cells that do not have a operative pS3 gcnt a n n o t  arrest in G, 

in rcsponse to +-irradiation and show d e d  apopcosis. pS3 m t s  œlis in G, by the activation of p2 f 

transcription. p21 is an inhibitor of cyclin depcndent kinases (Cdks) that control entry into S phase 

( T C V i d  in Ekdw, 1996). Whcn trcated with DNAdamaging dmgs, oells lacking p21 appcar to 

undergo repcatal S phases ( m k w d  in Sherr, 1996). 

To suapiiatize this d o n ,  thcm Y a distinction betwaen di cyck ph- transitions and the 

abovc surveillance mechanism. Most importantly, the rok of checkpoints is to stop the cclJ cyck whcn 

the an's DNA becurnes stressai or damagcd. 
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1-5-4The G, Stace, Early aud Latc Rcsponse Gmcs, and an Introduction to the Rctinoblastoma 

chne 

Proliferating dls, specifically cclls already in S-phase, that are transfered to culture medium that 

does not antain scntm will stop growing and only pass through the next œil cycle phase (Gm to reach 

the GJG, phase- Upon rcaching GJG,, they wiU ranain in a quicsœnt non-proiiférative statc termed the 

Go testing state, in which the rate of protein synthesis is taducad to as lit& as 20% of its value in 

prolifaating d s .  The absence of appropriate growth factors such as FGFs in scnun4cfiucnt d u m  

sench d s  into a statc where the œll cyck control system inhibits progression past the G, checkpoint. Go 

cclls axe scvercly dcpktcd in one or more types of Cdk protcin and in al1 of the G, cyclins. Thedore, the 

Go œlls have suspendad th& d cyck control system. Aftcr saum is addcd to the medium thete is a lag 

of several hours during which the Cdk and G, cyciins are rctumed to their normal cycling levels. This 

e x p b  the dclay obscrved bcfort the otlls rcsumt th& n o d  cyciing bchavior (Murray et al., 1994). 

Two cl- of genes that growth factors indua arc the carly-responst genes (such as c-jun and 

c-fos) and the rtclaycd-response genes. Early-response genes are inducd within 15 minutes of growth 

factor trcatmcnt and theu induction does not rcquire protein synthesis- Delayed-response genes arc not 

induocd until at lcast 1 hour a f k  growth factor trcatmait and this induction requircs p r o t ~  synthesis. 

Iklayd-mponse gencs are also induocd by the products of the early-rcponst gaes  and art not made 

in Go (Murray et al., 1994). 

TL# prducts of the delayd-response geae~ includc Cdlr protuos and several cyclins. &cause 

of the timing of their expression, they are suspectal to be involved with Cdk protcins in driving alls past 

the G, &&point and in initiating S phase. In ordtr for the expression of these carly and delayed- 

rcsporwe geam and the production of th& protein producw to takc pl-, spacifk inhibi tory dcviœs must 

bc ovctcomc. These devices ensurc that the œll dotsn't proliferate in the absence of a positive signal to 
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proliferate. One of these inhibitory devices is the tumor supressor gene ter& the retinoblastoma (Rb) 

gene (Murray ct al,, 1994). 

Mutations ia the Rb gcm causes a rare canar that occun in the eyes of childrcn. Loss of both 

copies of the gtne kads to i n c r e d  prolXkration of œîis in the immature rcllna, suggcsting chat Rb 

normaiiy kœps prolifcration in check. Rb protein binds to many othcr protcins, and its bindiag depends 

on its state of phosphorylation, Wbai Rb is dephosphoryiatd, it binds a set of regdatory proteins that 

favour c d  prolifération. Phosphoryiation of Rb maka it rckasc those protans, allowing thcm to act (see 

section 1.6.3.1). Rb is prcstnt in ail normal cclls and whcthcr the d s  art in Go or cycling, only its state 

of phosphorylation changes. M e n  oells are in Go they contain httk arnounts of phosphate and this 

appean to p m m t  the Uanscnption of the early-nsponse gents that are rcquited for proliferation. 

Growth factors can alleviatc the inhibition exertai by Rb by causing the proteiu to becorne 

phosphoryiatcd on multipk Jerint anâ k n i e t  radci- Tht crlls can then express Cdk protcin and 

p a s  the G, checkpoint (Murray et al.. 1994) (sec section 1-6 for more about Rb fmction during the G,S 

phase transition). 

1.6 The G, to S Pbn# Transition 

1.6-0 Control of the G, to S Pholt Triruition by the E2F Ge~e Famiiy 

The E2F g a c  f a d y  can control nral and œiiular gcnc expression, and is also thought to play 

a rok in growth regdatory proasses such as the G, to S phase transition. In 1986 a cellular-protein 

activity was identifieci that was rcquircd for the uaazractivation of the adenovinis E2 promotcr by the 

E1A onCoprotein. this alluhr D N A - b i g  activity was tcrmed E2F. Furthcr shidics indiMIrA that 

tranaaiptional activation by ElA rcnilts from the cekaac of E2F from complexes with 0 t h  oellular 

protek. Frœ E2F then interacts with the viral E4 protein which d a t e s  cuopuative protein biiding 

at two E2F sites in the E2 promotet. Many viniscs can break up E2F-protcin complexes. The same parts 
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of the virai oncoproteb that b d  down EîF  complexes also triggcr Wal transformation- Thus, 

incrcasing the amount of €tee EîF in the œll is thought to bc essential for neoplastic transformation by 

Viniscs such as adenovinis, papilloma virus, and simian virus 40 (SV40) (revïcwcd in Slaasky and 

Farnham, 19%). 

Information on how disrupuon of E2F complares lcads to the formation of tumours was 

provided by studies with the Rb tumor suppressor protcin. Rb negatively rcguiates d l  growth (see 

section L 5.4) and, is s u w t o d  to be a target o h m e  viral 01100gtaes (rcvicwed by S k n s k y  and Farnham, 

1996). Rb was diri.lrvamî to bt one of s c v d  proteins that is bound by the adenoviral E1A protein. Since 

it was known that E1A teltascs E2F from protein complexes, it was hypothesized that E2F-mediated 

trariscription was advatcd through the tanoval of Rb by ELA Evidcnœ came in 1991 when 

invcstigators s h o d  that Rb, when bound to a column, cou4d associate with d u l a r  protcins that 

intcract4d with an E 2 F - b i g  site- The association of Rb with E2F was confinneci by gel mobility shift 

assays. Rb negatively regdates progression through G, into S. It is now belicved that when viral 

oncoprotcins disrupt E2FIRb interactions, E2F îs. rckasui to activate gcnu that are essential for 

progression througb G, into S phase. (reMcwed in Shn'pky and Faniham, 1996). 

1-6-1 How the DifITcrcnt E2F and DP F a d y  Membcn wcre Discovcrod 

Based on the hypothesis tbat E2F and Rb iatcractéd dircctiy, Rb protein was uscd to probe 

humau cDNAcxprcgaion libmrk S c v d  investigations proposai the aistena of more than one famil y 

-ber a d  the fimt cione was namai E2F1. Two aâdïtional E2F mcmben wme isolatcd by d n g  

human cDNA librarics with an E2F1 probe and wcre cnltA E2F2 and E2F3 ( r e v i d  in SlnnsLy and 

Farnham, 1996). 

Diffemt oellular complexes can b i  to E2F sites. This indicated ba t  protcins similar to, but 

âistinct from, Rb couki also intcract with E2F (reviewed in Cobrinik, 1996). p107, a cellular protein that 
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has homology to Rb, was observeci in E2F-specifk gel shüt complexes. Ab, an E2F pro tein distinct from 

E S 1  was irnrnunop~pitaed ushg pl07-s-c antibodies. Knowing this information allowed others 

to scraen cDNA expression iibrafits using p107, instcad of Rb, as a probe and this d t a i  in the 

isolation of -4. E2F5, which bids spccificdly to anothcr Rb-rclated protein, p13û, has also bew 

cloncd (fcviewcd in Slarwky and Fardun, 1996). 

In studia of the E2 promoter, it was discovcrcd that an activity that binds to E2F sites was 

abundPnt in F9 embryonal carcinoma &, but only alter the eclls were inducd to tcrminally 

ditrkentiatc. The activity was namai diarctcntiation-tcgulatcd transcription factor 1 (DRTFI). Protein 

sequenots obrnincrt Eiom purifid DRTFl led to the cloning of a partiai cDNA with some homology CO 

the human E2F1 DNA-ôiigdomain, and the cncoded protein could bind to E2F sites. However, the 

cDNA was Ncrcnt  from other E2Fs and was d DPI (DRTF protein 1)- An antibody spe&c to 

DPl sugctshifted themajority of the protein @es that bound to an E2F site, suwting that most E2F 

cellular complexes aisi, contain DP 1. Usiag the probe, human DP 1 and a highly relateci protein, DP2, 

were obtained (rieviewcd in SIansky and Farnham. 19%). 

To smmmuk, the protein scquaioes of four difl't iian E2Fs and two cütkent 

mammahn DPs have baen reportai. At k t  ont othcr " E2F gene, E2F5, bas been cloned. 

E2F activity has bata idcntif~cd in other spccics that includc: Dwopbila (Ohtani and Nevins, 1994), S. 

œm~jiat(Mai and Lipp, 1993). S pm& (Mahotra et al., 1993) and Xaopus (Philpott and Friend, 

1994). 

1.6.2 E2F uid Celldac Prornoterr 

Senral vinises have evolved ways to incrcasc EîF activity, but only aâenovinis conrnins E2F- 

rcgulatd promoten, suggesting that the kcy targets of E2F transcription factors may be aiiular 

promoters. Reports in 1989 showed that E2F sites were important for the activity of two allular 
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promoters, dihydrofolate reductast (dhfr) and c-myc- E2F sites in these promoters arc also required for 

activation by viral oncogcnes- We now lmow that cellular promoters whose E2F sites contribute to 

transcriptional regdation inciudemany gencs rc~uired for DNAsyntbcsis (dhfr, thymidine W, DNA 

polymerase,a), uaascnptional rcgulaton of œii growth (N-myc, Rb, cdc2, ELFL, and b-myb), and 

growth factors (IGF-1) (tcnewcd in Slansky and Farnham, 1996). 

Thacfore, E2F sites appcar to be neoesrwry, but they arc not the onIy factors important for 

growth mgdation. Otha transcription factors work togethet with E2F to sapulate growih-rcguiated 

tr 'ption (Spl and CCAAT factors) (tcvicwed in Slansky and Faniham, 1996)- 

1-6-3 E2F Mdtipotein Complexes 

The binding of DNA tumor virus oncoproteins to Rb ovcrcomes Rb's tumour suppmsing 

abiiity causing oefb to bacorne t r d o a m d  The iaability oCDNA tumour virus oncoproteins to bind to 

mutant inactive forms of Rb in retinoblastoma or othcr tumour d s  suggests that these oncaproteins 

bind to a region of Rb, tcrmed a pockct, that is critical to Rb's growth-inhibithg capabiity- It was 

proposcd that to ov~fcome Rb's growth-inhibition, growth-promoting proteins had to be removed from 

the Rb pockct. It is now realized that EFs, when removed from the pocket regions of Rb as w d i  as Rb- 

relatai protcirw, dbmpts d growth (revitwdd in Cobriaik, 1996). 

1-6.3-1 Ccll Cyck De-t Regdation of the RbS2F Compler 

Rb is phoaphorylated in a c d  cyck dependent mnnncr, becornes hypcrphosphorylatcd as d s  

pas  from G, into S phase and later bacomcs dcphosphorylatcd to a basal state as dls  kavc mitosis. Rb 

W phosphorylakd at amino acid residucs that fa11 within concensus targct sites for the Cdk f a d y  and 

evideacc su-ts that Rb is phosphorylatal by at kast one and possibly by a series of th- kinases. 

Currently, the best Rb kinase candidates are cydn W W 4  and cyclin EICdk2 (rcviewtd in Cobrinik, 

1996) (Fig 1.3). 
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E2F bids oaly to the hypopbosphorylarad form of Rb, and fret E2F can be released from 

Rb:E2Fcomplcxuupon Rb phoaphotyiation by thccyclin E/CdkZ or  thecyclinD/Cdk4 kinases in vitro. 

Thcse observations s u m t  that hyperphosphorylation of Rb by cyclindepeadent kinases ritleases free 

E2F from the complu, just as  d s  commit themselws to enter into the late G, and early S phases of the 

œll cycle- Phosphotyiation of E2FL on specific serine residues has also been reporteci to prevent the 

interaction of E2F 1 with Rb (tcviewcd in Cobrinik, 19%). 

How do the frat E2F and cych  E bacorne inactivateci whcn most E2F-dependent genes are shu t 

off as the d cntcn S p h u ?  The rapid turnover of cyciïn E is d a t d  by ubiquitindcpcndent 

protcolysis. Phosphorylation by its own cataiytic partncr, CdU, sipals cyclin E destruction (rcviewed 

in Sherr, 1996). The= art maay proteolytic processes inside and outside of c d s ,  but the oncs known to 

be important for 4 cyck prugricssion rcly on the assembly of a ubiquitin chah on the substrate, which 

tarets it for degradation by the 26s proteosorne (mkral in King et ai., 1996). h wbv, cyclin A/Cdkl 

phosphorylation of DPl aboliahes DNA biiding by E2F-DP1 hetcrodimers and stops E2F-dcpendent 

tramactivation, These same events may occur b nvo. DP1 is phosphorylated in S phase, at the time of 

the activation ofcyclin A/Cdk2 kkmc niest findings suggest that E2F 1 acts as a go-between in directhg 

the cyclia A kinaac to phosphorylate DP1 and cause E2F1-DPl heterodimers to bc released from their 

promotet DNA binâing sites in S phase. E2F2 and 3 are probably shut OR in the same way. The E2F 1 

cyclia A-big region is oolwtlyad in EZF2 d 3, and thuc E2Fs also stably assaciatc with cydn 

A/rAlr2 (rcvicud in Cobrinik, 1996). 

1.6.3-2 Cûk inhibition 

Cyclin D-, Es and Adcgtndcnt kinases am ncgatively regulated by Cdlc inhibitors that indude 

at krwt thri# p r o t e k  p21, p27, and 057 (rcvkud in Shcrr, 1996). An int«esting feature in relation to 

caner is the induubility of the p21 gcnt by pS3 (sec section 1.5.3). These genes also respond to many 
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other types of stimuli d u ~ g  terminal dfleteatiation (sa ~cction 1-7-0). pS3 can induœ apoptosis when 

it is o v e r u p d ,  and initiaihg this program does not dcpead on p21- p53 may k t l y  activate death 

genes, such as BAX, or dowu-reguiatt survival gencs, such as BCL-2. Thus, G, arrest and apoptosis 

appear to bc altanative p53-induced outcomcs.(rcvicwed in Shar, 1996). 

To suriPnatiac, E2Fs appcar to promote c d  cyck progression through their activation of 

growth-promoting gents, whik the b i g  of Rb ta E2F rcpr#ses the cxprtssion of such gcncs. The 

phosphorylaaon of Rb by Cdks rcpntseats a criticai iînk betwecn the central œii cyck wntrol machinery 

and the cxpresîon ofE2F-raponsive gares involvd in ctllcyck progression. Rb is not the ody such link 

though, sina E2Fs are also bound and are appatcntly regiiJated by other manbers of the pRb family 

(p 107 and p 13û) (rcvkwcd in Cobrinik, 1996). 

Interutin&, the pbmotypc o f ~ b ~ ~ ~ d ~  not support the hypothesis that Rb mediates œil 

cyck exit. ThGse mict die young, but most of their #lis proMerate and arrcst normatly. Rb' œlIs also 

contribute normdy to mnny tissues in chimaic mice (anima)s partialiy composeci of Rb-defiaent cells, 

but not heterozy80us for the Rb mutation). These miœ bave cataracts, hyperplasia of the adrenal 

d u l l a ,  and cnlslrgcd œiis in the œrcbtllum and Evcr (WiUiams et al., 1994). These chimeras also get 

tumeurs of the intamediate lobeof the pituitary a d  d b i t  an i o d  rate of pituicary tumourigenesis 

( W i i i i  ct al-, lm)- Howcver, the la& of major prolifcration ddects in R b - d s  h vivo muid result 

€rom fimaional ovcriap with othcr nraibers of this gcne family. Many mouse knock-out txpcriments 

.nan consistent with the paradigms generatad ha d r ~ ,  but tpcait reports describing the phcnotypts of 

E2F-1 mutants hm rieveabd problem4 ia M y i n g  mdts when using h UI  ad^ modela It was 

cxpectcd that mict wouki Jack twaucs bacause it was pmsumai that thcre would ûc no a i l  

prolifcration- In fact, thcsc micc devclop n o d y ,  only to sufFcr a wiâe r a n ~  of tumors latcr on in Iife 

( r c v i d  in E d w  and Lchncr, 1996). These experimcnts demonstrate once again how important i t is 
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1-7 MyobtPrt Ceil Cyde Progcrrion 

Roliferatiag myoblasts do not express the différentiateci phenotype. In response to 

diffctc~lbation sipnab, they pctmancntly withdraw from thedcycle. fuse h to  multinuckateâ myotu bes 

and express md-spccif ic  gene products (Martefi et aL, 1994). MyoD is a MRF involved in the 

cornplex control of myogenesU, Ncgative regdation of MyoD funçtion by growth signatls oçcurs in 

prolifcrating myobiasts, w&ik withdrawal of arogcnous growth factors tnggets MyoD to arrest œll 

growth and initiate the düTc~ic~~tiation program (Martclli et al-, 1994)- 

It is thought that growth factors rcptess MyoD function by. (1) induchg phosphorylation of the 

MRFs (Li et aL, 1992a). and(2) by stimulatingexpression ofearly-responscgenes which have been shown 

to rcpcem MyoD trarwacrivation (Li et al., L992b; Ben@ et aL, 1992). In addition to activating 

myogenesis, MyoD induœs growîh inhibition during G, in the cd cyck (Martclli et ai-, 1994). 

The mdchaxÜsm(s) involved in the MyoD mediaid girowth arriest include fuactional interaction 

with di cycle regulatory proteins (MarteIli et al., 1994). MyoD can interact with the product of the Rb 

gene and this interaction may bt cequirad for the œll cycie arrest produced by MyoD (Gu et al., 1993) 

(Fig 1.3). 

As meationed ( d o n  1.5.4). the product of the Rb gcnt supprcscs au growth (-ch and 

Lee, 1993) and W a nucicar protein, the phosphorylation of which is rcgulatcd durkg the d l  cyck and 

duringœlldifficrentiation- Thegrowth-suppmsing eflicts of Rb art exertcd in the GJG, p b  of the ceIl 

cycle and are inactivatai by phosphorylation or by bmding viral oncopro teins such as (SV4O) (sœ section 

1.6). Ont intcrprctation of the above evidcnct W that the &ac~ of Rb on ail growth may bc mcdiated 

by its physical and frnctional intetaction with important oell cyck regulatory mokcuks (Martcili et al., 

1994). 
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Gu et ai. ( 1993) have demonstrateci that Rb piays an important role in the process of terminai 

merentiation of mudealls, and its function or the function of an Rb-related gent product is required 

for the myogenic activity of MyoD (Caruso ct al., 1993). MarteIli et al. (1994) have describai a novel 

regdatory intuaction bctween MyoD and Rbl, îhey demonstrate that MyoD induces high level Rb1 

gent expression in difTerentiathg C2 oelfs (a murine muscle cell line) by activaang the Rb1 gene 

promoter. They aise show that MyoD can activate the human Rb1 gene promoter in transient assays by 

a mcchanism- of direct binding to promotcr sequenccs. Another group (Halevy et al., 1995) 

reportcd a mdanisrn that Laepa Rb functionany active in muscle celis (sec bclow). Rb family members 

are fu~lctiody feguhtal by Cdks and th& associatecl cyclirw (Sherr, 1993). One way by which these 

moI& regdate the transition Gom the G, phase to the S-phase of the cell cycle is through the 

phqhorylation of Rb. This relievu rcprcsson of ocllular tramcxïption factor complutcs such as EX- 

DP, rcsuiting in activation ofgcncs important for the initiation of DNA synthesis (Nevins, 1992) (see 

section 1.6). 

1.7.0 Cdk Inbibitorr and MyoD 

Molecules that inhibit the activity of Cdks have becn identifid: p21 (El-Dei, 1993) and p27 

(Polyak et A, 1994) (~ae section 1.6.3.2). &cause Cûk inhibiton activate negative teguiators of Rb, these 

rnoleculcsmay positively rcgulate Rb function. Halcvy et al., (1995) proposcd that myogcnic factors (such 

as MyoD) mïght inditcdty rcgulatc Rb fmction by inducing the utpresson of Câk inhibitory proteins 

(such as p21) (Fig 1.3)- Thcy a b  propose that p21 activates a positive regulatory loop to kap MyoD 

functionally active in cüEémntiated myotubes in the prcsena of growth factors to ensure they rcmain 

tcrminally withdrawn from the au cyck. Th- studics wcre pdormad on cultured ails, and, although 

MyoD is sufficit~1t to armt  the a l 1  cyck and induoc muscle différcntiation, neither M y o D  nor myogenin 

is rcquirod for p21 regulation id w'vo. 
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Thus, in spite of the accumulating evidence, the link bctween p2L and terminal differcntiation 

is not tight, as scm by conflicting œil culture and ia vivo results. Lt is possible that Myf-5 takes over 

MyoD's rok h vivo (Parker et ai., 1995). although it has k n  show that My£-5 does no t substitute for 

MyoD in satellite otlls d u ~ g  proliferation (Megeney et al,, 1996). According to Mant, (1995) if p21 is 

tuçncd on as œlls mkrentiate, it does not naoctssarily mean that it plays the postulatad role in linLing 

diffcrclltiation to growth œssatiom Continueci work in thi5 amxi wüi lead to the rnechanisrns involved in 

rcgufating musde ocll passage through the cornplex a l1  cyck. 

1.8 Hormonal Regdation of SLtleM M u d e  Dcvelop=nt and Regcnmtion 

13.0 A R&ew of Thyroid Hormone C i t i o n  and Biorpthda 

The iodinatai thyroid honnoncs are mjor rcgulators of metabolic rate, food intake and the 

differentiation and maturation of numtrous œil types. Normal human addt b l d  contains 

approrimntcly 8000 (4tMû-11 ,oOO)n@d of thyroxine(T4) and 12û (80-180)ng/d of trïioâothyronine(T3). 

T4 bin& with highafltinity to plasma proteins with anestimated2ng/d (0,03?h) pment in the active form- 

T3 associates more loosely with plasma proteins, and 0.4ng/dl(0.3%) is readily available For entry into 

d s ,  Three types of plasma proteins function as rcsenroirs and buffets. Thcy proet  the hormones 

against rapid degradation and cxcretion, contribute to amtrol of tatgct ail uptake, and may failitate 

hormone trampon through the bloodjtrcam. 

Sevemty-fivc to scvc11ty-sevcp pcrœnt ofthccirculatuigT4isassoçiated withaeu~aicacid-nch 

a-glycoprotcins with molccularwcights of approxhnately 60,000. These proteins wcre at fmt coliactively 

known as thyroxine biadingglobubs. Thcy are now callai thymnint biudhgglobulins(TBGs) as it had 

been clunoustratad that there wiete interactions betwœn T3 and somc other T4 metabolites ( r i e v i d  in 

Martin, 1985). Each protein molecuk bcan one hormone attachmcnt site, but normally ody Wh of the 

sites are occupied. The total TBGconœntration is 1 -5-20mg/dl. Thyroxine binding prdbumins (TBPAS) 
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arc tcttameric proteins with molccular wcights ofaround 54,000 that bind an additional 15% of T4 but 

have Lttle afEnity €or T3. Usuaily more than Wh of the T4 attachmcnt sites remab unoocu pied and 

plasma concentrations arc approximatcly 30ndd.L Plasxna aibiimins arc proteins that bind T4 with low 

affini ty but high capsici ty duc to their abundance. Each molecule has several a t tachmen t sites for T4, one 

with much higher affinity than the others. The properties of the protein facilitate rapid association with 

the hormone when T4levds rise, but aJso rapid W i r  to taret  d s .  Albumbs havemoJecular wcights 

of ncar 69,000 and are ptcsent in 3SM-5500pghni conœntrations. They usually bind approximately 8% 

of the circuiating T4 (teviewl4d in Martin, 1985). 

Normal human thyroid giands -te approrimntdy 90pg of hormone daily, most of it as T4. 

Eighty perenit of the secretai T4 undergoes dciodinations that d t  in the formation of a variety of 

metabolites Two of these metabolites inch& T3 and reverse T3 (rT3). Thirry-üve pcrotnt of the total 

T4 W convatad to T3 and around 4û?? to rT3. The l ivu is the major site for dciodination and it releases 

a grcat quantity of the products to the bloodsttcam, Kidncys also deiodinate T4, but at a lower activity 

levcl than in the liver, and t h d o t e  they also contribute to the plasma T3 levels. Both T3 and rT3 

undergo s u d =  âeiodinations that lead to the formation of diiodo and monoiodothyronines and 

f d y  to thyronine ( r e v i 6  in Martin, 1985). 

1.8-1 Thyroid Hocmonc h p t o r r  and S i  Plrthwaya 

Thyroid hormones can bid  to: (1) the plasma membrane, (2) cytoplasmic proteirw, (3) the 

mitochondria, and (4) to the nucleus (rcMewad in Soboll, 1993). The function of nuclcar biding sites as 

nuckat tbocptors is wciiestablishd (Oppenbeimcr, 1979). whcreas the rolcs of the othcr K i n g  sites are 

kssclcar. 

Biiding proteins have becn characterizcd in rat livcr plasma membranes, rat Lidncy, rat 

thymocytcs, crythrocytcs, beef livcr and in mouse fibroblasts. High and low-affÎÎty types have ben 
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identifid Mdïtionally, evidcnce has been presented for the uptake of thyroid hormone into hepatocytes, 

mouse fibroblasts, rat adipocytcs and erythrocytesand hiiman reâceiighosts. Due to th& similarity with 

amho acids, it has o h  baai thtorizcd that thyroid hormones may bc taken up  by one of the amino-acid 

carriers in the plasma membrane (ccvicwed in Soboll, 1993). 

Intemstingly , in rat skeletal myoblasts T3 uptake is d e c d  in the presence of inhibitors oPœll 

integrity and endocytosis, such as vinblastine, cytochalasine, and cochicine, suggesting that endocytosis 

(as T3-protein cornplex) may bt a possibk uptake mcchanism for thyroid hormones. The presence of 

thyroid (thyronht) b'mding globulin ('IBG) in human brcast adipose tissue and semm pre-albumin in 

rat hcpatocytes, and the observation that thyroid hormones arc CO-transportcd with scnim protein are 

supportive of endocytotic uptake of TH (reviewed in Soboii, 1993)- 

The binding of T3 and T4 to cytosolic proteins (CïJ3Ps) is d d b c d  for liver, hart, btain, iung 

and Iridncy (&d in Soboil, 1993). The physiological function of CïBPs is not ciear. Ichikawa and 

Hashizumc (1991) suggcst that, bcsidc th& rok as a rtservoir for thyroid hormones, they may be 

quired for the iatraduiar transport of hormones to mitochondria and nuclei. From uptalre and 

intradular binding kinetics, Oppenheimer et al. (1972) concluded that Cïl3Ps function as transport 

proteins for T3 between the plasma nxmbrane and the nuckus. 

Mitochondrial binding sites for thyroid hormones have been demonstrated as early as 1975 

(Sterling and Milch, 1975). They wtre found to bc high-&ity binding sites, apparent in clectron- 

miaoscopic autoradiogcaphs 30 minutes aRcr adminirntion of l'?JI3 to hepatocytes (Sterling et al.. 

1984a) and localiaed to the inncrmitochondriat xnunbrapie(Stcr1ingct al., 1984b). although thespccificity 

of these binding sites has k e n  questioncd (Greifand Sloane, 1978). Spccific bbdiag sites for T3 wcrt also 

identifcd in the outer mitochondrial membrane (HaShinime et ai., 1984). î h c  physiological sisnif~cance 

of this outer mitochondrial membrane reÉtptor is unckar. 
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Nuclcar ceceptors are the longest known and bestsharacterïzsd cellular thyroid hormone 

ceceptors (rcvicwed in Soboll, 1993). Oppenheimcret al. (1972) discovercd h i & - S i t y  thyroid hormone 

biding proteins in the ceil nuckus of rat liver and kidney. IchiLawa and Hasizume (199 1) have cloned 

and purified the lablle ~bceptor protcin, The nuclear thyroid hormone -cor is an acidic non-histone 

protein with a molecular weight ot47-57 U)a, It binds tightly to chromatin, DNA and histones, and 

distributes ptcferably in transcriptionaily-active chromath The structure of the receptor is widely 

consemeci among spccies, It is most abundant in the pituitary gland, followed by Liver, kidney, heart, 

brain, spleen and testis. Mokular biology techniques rtv& that the nucIear thyroid hormone receptor 

belongs to the c d  A superfàmüy (rcviewdd in Soboll, 1993)- 

Thyroid hormone teccptors (TRs) are liganddcpaident mmcription fiusors and there are two 

major isoforms, TRa and TRL) encodai on separate gtnes (Evans, f 988; Lazar and Chin, 1990). There 

arc two TRI3 isotorms, TRI31 and TRD2, which differ in th& zrmino termini but art both ligand- 

dependent vansctiptional enhancers ( Z t m g  ct al., 1991). At h t  threc distinct isofonris have been 

isolatcd from the hiiman and rat TRe genes (Benbmk and Pfahl, 1987; Koenig et al., 1988), but only 

TRal is a ligand-dependent activator of traascription, Thest TR isoforms bind to thyroid hormone 

mpoast clcments (TREs) in the promoter rcgion of target gcnes as monomers and homodimers 

(Halloway et al., 1990; Forman et al., 1% Lazac et al,, 1991; Yen et al-, 1992) (Fig. 1.3). TRs 

hetcrodimerize with nuckar proteins m-rcœptor auxiliary proteins (TRAPs)] such as the retinoid-X- 

raocpton (RXRs) (Piang et al.. 1992). Hetcrodirncrization with RXRs cnhanm o v e d  TR bmding to 

TRI3 and a h  apptars to au-t ligand-rcguiated vanscriptional activity with T3 alone (Yu et al,, 

1991). 

The long-term action of thyroid hormones is mediatecl in higher organisms by regdation of 

nuckar transcription (Oppcaheimer, 1979; also c t v i d  in Martin, 1985). This rcgulation of 
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traoscription involves: (1) binding of T3 to the nuclcar receptor foUowed by a direct or indirect effect on 

tramcription, (2) a change in polymetasc 11 activity followed by a change in cytosolic mRNA, (3) changes 

in translation products, and f d y  (4) rnctabolic and clinid effects (reviewed in Soboll, 1993)- 

Thyroid hormones cxcrcist thcir main effcct on tissues and cens by regulating the transcription 

of proteins, but mœnt evidena suggests that thyroid hormones may also act through uttranuclear 

pathways (rcviewed in So boll, 1993). The possibk existence of mitochoadrial receptors was ci ted earlier. 

T3 can aLo rapidly activate e2*-~lPasc3, and the targcts include FuUy Merentiated (non-nucleatcd) 

erythrocytcs (Davis et a i ,  1982). Zhamg et al. (1991) carricd out a senes of VanSfection experimmts and 

h vdro DNA binding assays that showcd the dtenoe  of a aovel pgthway by which TRs, at 

physiological kvcls, can reguiate the activityofo~lcogenes and the muor promoter tetradecanoyl phorbol 

acetak P A ) .  Growth factors, TPA, ras and many othcr oacogenes function Ma a signal transduction 

pathway îbat bAs to activation of c-junlc-fos gents (&y mponst genes that are compontnts of the 

transaïption factor AP- 1, wbich d a t e s  mitogenic signais) (Karin, 1990; Ransone and Verma, 1990). 

TheV findings chat TRs can intcrfert with the expression of genes regdateci through this signal 

transduction pathway may rcpmcnt amajor rephtory pathway of TR action. They also found chat TR 

activi ty can be rcgulatai by crjunlc-fos and also by the ras oncogeae product (ci ted as un pu bIished da ta). 

The mutual inhibition bctwœn TR and the AP-1 cornplex provides another example chat the membrane- 

signahg pathway and nuclcar rcceptor signaling pathway can "cross-tak" to regulate genc transcription 

in nsponse to extracellular stimuli ( m g  et aL, 1991). These interactions may play a crucial rok in 

controlling c d  growth and diff~lcntiation. 

1.8-2 Iafiucaœa ofThyroid Hormom on Mmck T i  and Musck-Specifïc Gene Expression 

As previously mentioned, myofibcn arcgrou@ into functionally w-operative units, which are 

sensitive to hormones, mechanical activity and motor innervation (Olson, 1992, 1993). In culture, the 
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differentiation of activateci satellite ccils is ftgulated through a suppression rnechanism mediated by 

oncogcnc products and growth factors, which prevent d l  cycle arrest and repress tratns-activation of 

myogenic gcnc expression. Hormonal stimulation and growth factor deprivation induœ proliferating 

myoblasts to exit the ce11 cycle and fuse into post-mitotic multinucieated myotubes that express muscle- 

specific phcnotypic markers (tcviewed in Muscat et al., 1995). 

1.8.2 1 Regdation of M y o m m r  by Thyroid Hormone 

Thyroid hormone action in mwcle involves its transport aaoss the plasma membrane and 

nuclcar rncmbranc into the nudeus. In the 1950's it was dcrnonstrated that thymid hormone playcd a 

signifïcant rok in the formation of sktktal mude- During the 1960's and 197OPs, correlations between 

the vdocity of shortcning and ATPascactivity wercmade. Studies aiso established that the thyroid status 

of rinimal?p afkted the rnyosin isoform profile in skelctal mude. In the 1980's it was demonstrated that 

alterations in ai.culating thyroid hormone afKected muscle phenotypc and contractile proptrties, in the 

presenœ and absencc of motor neuron activity- Gewrally, hypcrthyroickn results in slow-to-fast 

transitions and a çommon observation is that slow muscle is considered to be more sensitive than fast 

muscle to dysthyroidism, probably due to differcatial T3 uptake (reviewed in Muscat et al., 1995). 

During the dcvelopmcnt of skcletal muscle, the normaI transition of embryonic to adult MHC 

isofonns wasshown to lx accclaated by hypcrthyroidism, independent ofmotor innervation and growth 

hormone. Later studica mcakd that thyroid honnoae was involved in the steady-statc tcgulation of 

many diffcrcpt contractik protein mRNAsand chat thyroid hormone treatmcnt could activate or rcpress 

gtnt cxprcsjion in a fiber-type-spifk nianncr in adult rodcnts (revicwd in Muscat et al-, L995). 

Hypcrthyroidisn worsens a number of human myopathies, including myasthcnia gravis and 

myotonic dystrophy (Niml et al., 1981) and can change the muscle phcnotype of m& dystrophin- 

deficient mict to more rcstmblc that of DMD (mcrcasai arcas of dystrophie foci in muscles) than is 



typical in the mutant (Anderson et al-, 1994a). 

1.8.2.2 Geaetia and Mcchanism of Thyroid Hormone Action 

TRs bmd to ttspoase elcmtnts conrnining tandem direct and dcgencratc repeats of the 

AGGTCA N, AGGTCA motif with spacings of 3 or 4 nuckotides, and are known to activate gene 

uanscription- wthout ligand, TRs act as transcriptionai silenan by a mechaaism which is dependent 

on interactions with the basal transcription factor cakd  TF IIB. TRs can function as homodimers, but 

thcy normally r e q h  accessory/awriliary factors for high-afhity biding to their cognate sequences (see 

sections 1.3.3 and 1 .S. 1.4). Again, TRs are encoded by 2 distinct genes, c-erbAa and cdAf3. The c- 

erbAa gcne is altcmativcly spliced into a l and a2 (hormone and non-hormone biiding) isofonns. The 

c-erbAl3 gene is alternatively spliced into û1 and f32 isofocms. The c-erbAa locus has been shown to 

contain an ovdapping transcription unit that utiihs coding information on the opposite strand (rev- 

erbAa) (rcvieurcd in Muscat et al., 1993). 

1.8.23 O r p b  Raotptors and theu ModuJation ofThyroid Hormone Action 

Orphan rarptors arc members of the stcroid and thyroid raceptor supcrfamily. Their ligand is 

unknown, but they can be activateci by covaknt rnodif~caton/phosphorylation, The Chicken Ovalbiimin 

Upstrcam Rornoter-Transcription Factors (COUP-TFs) are orphan recepton, and genes for 2 species 

have ben cloned, COUP-TF1 and IL COUP-TF II isoforrns are ubiquitously exprcsd. However 

abundant kvcls have becn obcmed in human skeletal muscle, cardiac tissue and proliferating skeletal 

myobiasts ( r t v i d  in Muscat et al., 1995). COUP-TF II isoforms bind to oligonucieotides contairing 

bothdiribct tepeau and paündromes with diffkrcnt spacing (O, 12 nuckotides) of the A/GGGTCAmotifs. 

COUP-TFs can repress hormonal induction of target gents by the vitamin D,, thyroid hormone and 

rctinoic acid raccptors. COUP-TFs bind a varicty of hormone cesponae ekmemnts (HREs) as 

homodimers and may competc against other raocptors for HRE ocçupancy (rcviewed in Muscat et ai., 
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1.8.2-4 Regdation of Myogcnic Tcoascription by Thyroid Hormone 

Prcscntcd hem arc important studies that reved interactions of thyroid hormones and muscle 

at the molccufar kvel. In the fvst study, thyroid hormone trcatrnent of the myogenic al] lïne C2-7, 

promoted t em im i  muscle diarèrentiation, increasd MyoD gene transcription and resulted in the 

precocious expression of myogenin and contractile protein mRN& (Carnac et al., 1992). In a second 

study, TR and RXRs wcre observeci to be involved in the T3-influenced induction of MyoD mRNA in 

rodent muscle and myogcnic ceIl lines (rcviewed in Muscat et al., 1995). The next studies showed that 

thyroid rcspolwe ckmeats m) wcre idcptified in the mouse myogenin (Downes et al., 1993). MyoD 

(Muscat et aL, 1994) 1.3). and sitekta1 a-actin gems (Muscat et al,, 1993). Combid, these stuclies 

suggcst that thyroid hormone srucificaliy), M a t c d  by TRs and RXRs, targcts the MyoD gene 

f d y  and the conttar:tik protein gcnes in skeletal musclc (fcvicwed in Muscat et al., 1995). 

To conclude, it is now known that thyroid hormones can induœ the expression of the MyoD 

family and promote withdrawai of C2 ah from the d cycle (rcvicwcd in Muscat et al., 1995). It is not 

kaown if thyroid hormones and TRs play more direct rolcs in the expression or reprcssion of other genes 

(cyclins and/or Cûks) diriactly relateci to the cycling behavior of activatcd satellite ah or myoblasts, or 

cxactly how TH might eff'ct proliferation of thme d s  during muscle regeneration. The present studies 

were undertaken to examine three s-c rtlated hypothesa (set chapter 2) conceruhg the effects of 

thyroid honnone on myoblast prolifération and œll cyck activïty during control and & muscle 

-tien. 



Fig. 1-1. nie four s u d w  phases of a standard eucatyotic œii cycie. Interphase is the time p e n d  in 

which the dl grows continuously; otll division oocurs during M phase or rnitosia The replication of 

DNA is confinai to that part of interphase known as S phase. G, a d  G, arc the gaps in between M and 

S phases and in betwœn S and M phases respectively (modïfkd a h  Fig. 17-3, Murray et al., 1994). 





Fig, 12. (A) Shows a theoretical histogram cxpected fiom the sampling of a population of cycling cefls 

(modifieci ahtr Fig. 7.6, Longobardi-Givcn, 1992). The k t  peak is the Gû/Gl peak, followed by S phase 

ceils, and a second d e r  pcak calbd the G2fM pcak Thcsc pcaks arc ckarly visible in (B). (B) A typical 

DNA histograrn obtabû f3om the anaiysis of oclls (iymphocytes) stimulated to divide and then stained 

with propidiumiddt (PI) (modif~ed after Fig- 7.7, Longobardi-Gïvcn, 1992). (C) Two-colour correlatai 

contour plot of cul- human keratinocytcs, pulsai with BrdU, and subsequ~tiy stained with FITC- 

conjugated anti-BrdU antibodics and PL The œlls in S - p h  arc cltarly identifieci (modifxcd aher Fig. 

7.9, Longobardi-Given, 1992). 



A Channel Number 

B PI Fluorescence 



Fig.1.3- A diagram summariPng the cvents of thyroid hormone binding to its rcocptor (top), and the 

bmding of the thyroid hormone raccptor complu to thyroid hormone rcsponseekments (TREs) on two 

muscle regulatory factor (MRF) gaies (MyoD and myopcnin). Specific interactions between MyoD, p21 

(a Cdkinhibitor) and Rb that might prcvcnt myoblasts frommsh'ng theG,S-phase trausition are shomi 

in the miRRlc of t h  schematic. Rb phosphoryiation by spuSccyclias and thcir Cdk partnefs riesults in 

the s u d  transition of myoblasts through S-phase and is dcpicted in the bottom portion of this 

diagram- 





Chaptcr 2 - Tb& Eypothcsca and Specific Objcctivca 

2 0  Hypothcacs 

In initial Ia wio studics, it was (A) hypothcsized that hyptrtbyroidism would impair the grow th 

of new myotubcs in regenerating control and & muscle, either by teducing myoblast prolferatioa 

and/or atrecang myoblast Merentiation. Funher studies, u1 v&o, tested the (B) hypothesis that 

proliferation is greater in m& than control myoblasts, and may bedifferen tialiy affected by T3 in the two 

strains. F i y ,  cxpetimenîs tested the Jast (C) hypothesis that T3 would slow down or stop those mude 

œlls in S-ph- fiom passing through the ncxt fate S - GJM and GdG, - cariy S transitions of the ce11 

cycle. WC also tested whethcr this passa@ through each transition might bt difF'tially afiêcted by T3 

in the control and & muscle œlls. 

2.1 Spccifjc O w v c s  For Ppch Hypother A, B, oad C 

(A) The incorporation of myoblast nudei into myotubcs and parameters of myotube growth were 

examincd in muscle during the synchronous rcgcncration rcsuiting Corn a cash injury (Grounds and 

McGcachic. 1989)- Control and & untreated and T3-trcated muscles were compated. The presenœ 

of devclopmcntal rnyosin heavy chah (devMHC), transiently and specificaiiy expresseci b y new myo tu bes 

in regcnerating muscle ia ~ & o  (Sartore et aL, 1982) and h wko (Mariai et al., 199 1; Davis et al., 199 1 ), 

was u d  as a mark- for ncw myotube formation. Finally, autoradîography was used to localizc myotube 

nucki produœâ by myoblast division and fusion in the 24hr pcriod pnor to sacMa. Th- studies were 

undertaken to determint the dfects of T3 trcatment on myobiast prolifcration, fusion, myotube 

formation and growth hz YIVO. 

(8) Control and m h  myoblasts and fibroblasts wcrc culturai togcthcr, subecqutntly arrcsted and then 

stimulatcd to dctcrxuinc the oprimai interval for dctecting initial changes in S phase aftcr a stimulus. 
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Furtherexpcriments were dont to separate myoblastsand fibroblasts using Pcicolldensity centrifugation 

and flow cytometry. The incorporation of 'H-thymidine into DNA in S-phase œlls (as an indicator of 

d l  prolifieration) and the œlJ cycle distribution of culturcs (analyzed by PI staining and flow cytometry ) 

from control d mrix. untreated and T3-trcated, myoblast and fibroblast d populations were 

compard These utpcriments werc undertaken to determine the effects of T3 on myoblast and fibro blast 

proMeration and œii cycling Itl wWtro7 as countetparts to the ia Mvo expehents in (A). These same 

myoblast and fiixobiast populations wtre comparai to myoblasts and fibroblasts recombmed in a 1: 1 

ratio to test whether Qtll-œU interactions promotc prolifuation, since hz vivo regcneration certainly 

inclub iatercel)ular communication. 

(C) To approach the two questions in the final hypotbcsis, a p r d i m b q  expctimcat was designeci to 

cletennine the best pulse time for IabeJhg muscle œlis in S-phase with bromodeoxyuridine (BrdU). A 

second cxperimcnt âetermined the optimal density of d cultures which WOU ailow for the clear 

separation ofaii of the phases of the dl cycle (mly S, late S, GJM, and GJG,) by 2 a I o u r  fluorescence 

(BrdUPI) nnaiysis using tlow cytometry- Fianlly. the GdG, - carly S and the late S - GJM transitions 

umc examincd un&r the infiuttlct of T3 in cyciing coatrd and & muscle di culturestuces 



Chapter 3 

EJrpcrthyroidirm Impair8 Esitl y Rtpmir in Normal but not Dyatrophk mdx Moust 

T ï b i i  Antmor Mude-  An h Vm Study 



3.0 Introduction 

The&mousemodei for X-linked Duchenne musculardystrophy (DMD) (Bulfield et al,, 1984) 

is invaluable for the study of regeneration in dystrophin-defident (Hoffman et al., 1987) muscle. It has 

beto s u w t e d  thatpdarnuscletcsponds to segmenta1 fiberdamage by a largcf than n o d  proliferative 

response (Anderson et al,, 1987) which compensates for ongoing dystrophy. This proüferation may be 

due in part to an altered control of myogenesïs in view of the large amount of a key mitogen, basic 

fibroblast growth factor (bFGF) (Gospodarowicz ct al., 1976) observed in &muscles (Anderson et al., 

1991). bFGF is much louer in DMD or othcr himiirn mwcle biopsy sampks from neuromuscular disease 

biopsy samplcs (AndCrson ct al., 1993), and it ia c b c x p r d  with muscle regdatory g c w  like myogenin 

in regenerating a muscles (Garrett and Anderson, 1995). 

It is known that DMD myo blasts do no t prolXera te as weil ia vlLro as n o m  hiiman myo blasts 

(Webster and Blau, 1990). However,mdxmyobiast proliferation h &(Anderson et al,, 1987; Zacharias 

and Anderson, 199 1; McIntosh and Anderson, 1995) can compensate for substantial fiber damage due 

to dystrophy a d o r  cm& injury. If the diarerence in regeaerative capacity between DMï) and m& 

mude hvolves myoblast cycling, then alteration of prolifcration may help to elucidate that distinction. 

Hypcrthyroidi-Pm was shown to incrcase regions of fiber dnmage in the sokus and cardiac (but 

not fast-twitch) muscles of mdx micc, possibly in relation to a slow-to-fast transition in myosin heavy 

chains (MHC) expccsd by the sokus (Izumo ct al., 1986), incrcased cardiac work and cardiomyocyte 

hypcrtrophy (Anôcrsoa et al., 1%). As wcU, the relative tissuc bFGF content was lower in 

hypcrthyroid mude. Howmtr, it was not dcttfmiLLd ifhypcrthyroiâism had a spacificeffect on muscle 

regeneration. Sicc bFGF expression isdown-rcgulatcd by excesa thyroid hotmone (TH) (Liu et al., 1993) 

and the expression of two muscle regdatory gems, MyoD and myogenin (Muscat et al., 1994; Downes 

et ai., 1993) arc stimuiated by TH, this hormone was used as a treatmen t that might alter prolifera tion 
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and Merentiation in regenerating m a  and conuol muscle- 

As outlined in sxtion 2.0 (A), it was hypothesized that hyperthyroidi-Pm would impair the 

growth of new myotubes in rcgtnerating controt and & muscle, either by reducing myoblast 

proliferation and/or atTécting myoblast differentiation, 

3- 1 Matenrils and Mcthods 

3.1-0 Animais and Trcatment 

Ma dystrophie (CS7BLlOIScSn =da) and control (CS7BLlO/ScSn) mice were made 

hypcrthyroid by triidothyronine (T3) injections (subcutancous) at a dose of 2pag body weightlday 

(Anderson ct aL, lm) for 4 wœks bcgirining at 5.5 wdcks-of-age, aftcr the maximum period of & 

fiber damagt and repair (Anderson et aL, 1987,1988). Non-âystrophic control and mdx littermate mice 

were untreated for the same perioâ; mice wcre housui aocording to the Canadian Council on Animal 

Gare- Multiple expcrknents were performed in order to examine histofogy, myotube density, myotube 

and myofiber niameter, devMHC loçalization, and to quantify myoblast prolifération and fusion into 

myotubes. Sections were omitted if they werc not in the re~uired orientation (see below) for asseshg 

diarcrcnt parameters, which a~caunts for the rcported variation in group sizt (control untreated, n=2-5; 

control T3-trcatad, n=2-7; mdx untrcatad, n=3-û; mdx Dtreatcd, n e ) .  

After 3.5 wctks of trcatmcnt, m i a  werc anesthetid @etaminc:xylazine 1: l,O.OLcc/lOg M y  

weight) and subjactd to a cru& injury (Grounds and McGcachie, 1989) of the nght or both tibialis 

anterior ('l'A) muska Thne &YS latcr, mia rcocivcd %I-thymidine (Ametsham Inc. OaLvilk, ON) 

(2)rCig. incrapcritoneal injection) to label DNA synthcsis. One &y later (4 &ys aiter the crush injury) 

and undcr ctha mesthaia. the TA muscles wwit cicmoved rapidly from mict, orïented in Tissue Tek 

O.C.T. c4mpound (unaushed TA in cross-section, and crusiied TA longitudinally) and frozen for 

cryosectioning (8pm). Soleus and gastrocncmïus muscles were dissected from both limbs and weighed 
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to document T3 &ects on muscle mass- Alternate snal sections were d e d  and stained with 

hcmatoxylin and cosin (HM) for rnorphometric studies, immunostained to localize devMHC (Davis et 

ai. 1991) or prcparcd for autoradiography. 

3-1.1 Morphomctry of Uncruahcd Muscka 

In the uncrushed TA musclts, one set of H&E-stained cross-sections was used to detennine 

myofiber diairu?ta using a calibrateci computcri#d graphia tablet and the SigrnaScan program (Jandel 

Scïentific, Corte Madera. CA) as prcviously reportcd (Anderson et al., 1994a). M& uncmshed TA 

muscles wcre aJso d c d  for the proponionate arca of active dystrophy (=a of fiber disruption and 

inflammation as a proportion of muscle cross-sectional ara) and the number off& of active dystrophy 

pcr cross section (nommikd to ana). The proportion of fibers with central nucki (ccntronucleation), 

an index of prierious fik rtgtactation from dystmphy (Karpati et al., 1988), was also determinai The 

mean and standard error (SEM) wert determinai for cach parameter, and the frequency distribution OC 

fiber diameter in each group was plotted, Sections were viewed and photographed usiag an Olympus 

photomiaoscope and TMAX4ûû B&W fihn (Kodak). 

3.1.2 Morphometry of Crushed Muocler 

H B t E - S M  d o n s  wiere u d  to examine tbe cxtent of regencration in pre-defïued zones of 

injuscd muscle. Data for each zone wcrc averagd from ail myotubcs obzierved in microscope fields in the 

necrotic crushed muscle (cnish wae, 2 fields), the adjaoent area of mononuclcar œ N s  and new myotube 

formation (adjacent zone, 4 fields), and the SUfYiving muscle furthest from the cmsh site (surviving zone, 

3 ficich) exactly as ceporteci (McIntosh et al., 1994, a f k  Mitchcll et al., 1992). The au&, adjacmt and 

a i ~ v i n g  zones O€ ï n j d  TA wac amird in 2ûûX fie&, ornapouding to 4.4 X 10' pm2 of tissue 

ana. Selccted fields strictfy examincd at prc-set distances from the gcornetric centre of the necrotic 

crush zone as follows. The cmsh zone was sampled in 2 fields in a horizontal row across the musde. 
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Ficlds in the adjaccnt zone wcrc sampkd at a width of 1 field diamcter eithct proximal (toward the knee. 

3 fields) or &td (toward the anklt, 1 frcld) from the aush zone. Fields in the sumving zone were 

sampkd cith«' 1 ficld diameter proximal (2 fie&) or 1.5 field diameters distal(1 field) to the adjacent 

zone- Sampling was carried out systematically to standatdize analysis. taking into account the 

architectum of the TA muscle- 

The a r a  of the centrai nectotic portion of the cmsheà muscle, sumounded by many 

mononuclcar &, was mcaswcd ushg SipaScan. in addition, the tuean (I SEM) dcnsity of smail 

myotubcs in cach zone (the numbcr of myotubcs pcr field averaged over the fields in that zone), and 

myotubt diametcr (and frequency distribution) in the adjacent zone were determined, 

3.1-3 fmmnnostnining 

A separate st of sections was blocked with a solution of 10% home serum and 1% bovine semm 

albumin in phosphate-buffercd saline (0.01M) for lhr, and incubami ovcmight with a monodonal 

antibody against devdopmental MHC (dcvMHC) (dïiuted 1:5), a gi f t  from Dr. L.V.B. Anderson (née 

Nichoison), or 1:W dilution of the same ancibody (Novocastra Inc, Newcastk UK), According to 

standad mtthods (Anderson et al., 1991). antïbody binding was detected using biotinylated goat an ti- 

mousc antibdy (1:100) and Texas Red-strcptavidin (-Inc., Oakvillt ON), Negative wnuols 

for hununastaining includcd the omission of primary or sacondary antibodies in cach staüüng 

cxpcrimcnt. FYUOCC~CCI~~ for devMHC was vicwed dong with phase contrast to d e  myotube 

structure. 

3.1.4 AutoC.dio~hy 

One set of crushed rrda TA muscle sections (fkom untreated and T3-treated mice) were prepared 

for autoradiogaphy as prcviously reportcd (McIntosh and Anderson, 1995). The inmrporateû 'H- 

thymidine was a l l o d  to expose the cmufsion in darkncss for 6wks at 4'C. Autoradiograms were 
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developed, fued and staïned with modified Gomori's trichrome. ln codeci sections, counts were made (if 

the numbcr of nucki in ncw myo tu bcs within the adjacent zone as toiiows. The above sampliag method 

of fields and zones (Mclntd  ct al., lm) was moditid ta cxamine400X fields using an ocular grid (3-53 

X 10' & in arca at 4ûûX). Two rows of 3 fich cach wcre saxnpkd in the adjacent wne proximal from 

the cnish, and two rows of 3 fields each wae sampkd distal to the crush- The proportion of labelleci 

(more than five grains per nucleus) myotube nudei and the mean (* SEM) nurnber of nuclei per field 

were counted as an indicator ofmyoblast fusion which had oocurred over 4 &ys of muscle regeneration. 

3-1-5 Statirtia 

D~BFQ~CL~CCS in data (mean t SEM) fiom d group or timc point wcrc tested using 2-way 

anaiysis of variana (ANOVA) to study the c f f i t s  of strain versus wntrol), T3 treatment, and the 

interaction bctwœn strain and T3. Duncan's test was uscd hocwhcre appropriate to compare 

individuai group means. A Studcnt t-test (unpairai) was used to compare treatcd and untreated 

groups whm appropriatc. Chi-square statisacs WRSC usai to assess ditr'cts in the frequcncy 

distribution of the dbmctcr of myofibcn or myotubcs betwacn groups, In ali cases, a probability of 

pc0.05 was u d  to acocpt a dGerenœ as signif~cant. 

3.2 Contributiom by Othem 

During the course of these apcrimcnts LM McIntosh kindly hclped to pcrform the T3 

injections, and d t c d  with the aush-injury surguies, and pst-surgicai tissue collection. 

3-3 Rcriilta 

3.3.0 Uocrprbad Mu& 

G a s t r d u s  mnw was greatcrind thnn trcaüncnt-matchcd conuol mice(Tabk 3.1.1 ), and 

was reduœd aftcr T3 trcacmcnt in both strains (pc0.01). Soleus masi was a b  lower (p<O.Ol) afker T3 

vcatrncat in mdx but not conuol miœ. TA muscle wcight was previously reporteci to decrcase in 
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hyperthyroid control and m& mice (Anderson ct al., 19Wa). 

Fi ber diameter did no t diffcr bctwœn control and m& TA muscle. However, fi ber diameter was 

Iower in control T A  m u d e  after T3 matment, according to changes in the mean (p<O.OL, Table 3.1.2) 

and frequcncy distribution (p<O.OS, df=118, Chi-squareci, Fig, 3-IA). In cornparison, the mean and 

distribution of fi- Liiamcter in TA muscles umc not changed by T3 trcatment 3- IB, Table 

3.1-2). 

in & mie, the area of active dystrophy (as a proportion of muscle area) was signifcantly 

decttased (by haif) aftcr T3 (pc0.05, Table 3.1.3), although the number of foci of damage per section was 

not changed, As ex@, T3 trcatmcnt did not change fiber œntronucleation, an index of previous fiber 

rcpair (ïable 3.1,4), Bely due to tüe use of oldct mict (S.5wk) with rclatively advanccd dystrophy and 

regeneration at  the start of treatment. 

3.3-1 CrriiikA MIucler 

h regcnerathg TA muscle, the a m  of the cash zone did not diffa between control and mdn 

mudes, and was not a f k t e d  signifïcantiy by T3 trcatment (Table 3.2.1). Myotubes in the adjacent zone 

had greaterdiamctcr (p<0.01) in ipdn thancontrol TAmuscle, regardlcss of treahncnt 3.1,3.2a,c). 

Myotube density in the proximal surviving zone of control TA muscle was lower a f '  T3 tmhnent 

(pe0.05) (Tabk 3.2.2). although it was not changai in ndjamnt zone fields (Table 3.2.2). However. 

myotube diameter in control TA muscle was signifîcantly d u c c d  by T3 treatmcnt (mean, Table 3.2.3; 

distribution, pc0.001, Chi-wuarc, Figs- 3.X. 3.2b).~myotubtdjamctcr was not affccted byT3 (Figs. 

3. ID, 3.2d). 

Immunofluormxnœ fordevMHC was a b t  f roxndons  whercathet a primary or sacondary 

antibody was omitted (not shown). In staind sections, d myotubts werc seen as clongatcd aUs with 

brightIy-Eiuorcsœnt sarcoplasrn containing multipk non-fluorescent central nuclei. S u ~ v i n g  fibers in 
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mude OP control and & micc did not fluorcsot (Fig. 3.3ad). In the Iarger (typically not control) 

devMHC-positive myotubes, fluotescence was oriented in narrow Iongitudmal bands that often had 

sarcomeric pcriodicity (Fig. 3.M) around many closely-packcd nuclei. The identifkation of 

multinuckatcd myotu bes wi th early sarcomere formation was c o n f ' i ' i  in phase convast observations 

of the same sections, and in H&E-staincd scrial sections of' the same region. 

In addition, both control and & crushed TA demonstrated a d number of ovoid or 

fusiform mononuclcar œils, ranghg from 10-2Spm in diameter, that a h  contained devMHC-positive 

c y t o p h  mg. 3.3a,d). The devMHC-positive mononuclear ctf)s had a nucleus-to-qtoplasm ratio of 

about 1: 1. The oells w u e  disthguished Gom endothelia1 cclls around .annll capillaries and fibroblasts by 

th& shapt and lcxation be tween or near devMHC-positive myotu bes. Fewer of the devMHC-posi tive 

rnononuciear œlls wcm pnscpt in the SUZYiving than in the adjaamt zone, and t h e  they wcm clostly 

juxtaposai with dcvMHC-negative surviving fiben (Fig. 3.3b,d). Where direct close contact was 

apparent, the sarcoplasm of a dcvMHC-positive mononuclear cell and a surviving fiber were clearly 

delineated by the distinct absence of devMHC Eluorc~cetlce from the sarcopiasm of the older fiber (Fis  

3.3b). 0th  the fluorcsœnt mononuclear Feils wem dongated, apparently extcnding toward a new 

myotubc (Fis 3.3b4i). Muscle spindk fibers also containad devMHC fluorcsœnce (not showa). 

In the adjaoent zone of crushed muscles (Table 3.2.4, Fig. 3.4a.c). the proportion of labelleci 

myotubc nuclci was lower in the distal zone (pcO.0 1.2-way ANOVA, df= 1,136) in than aatrol 

wshed TA mude. Howevcs, the proportion of labclled myotube nuclei in the proximal zone was not 

difltuent betwiocn control and regencrating muscles. That proportion was also unaffècted by T3 in 

eithcr strain (Fis 3.4b.d). Cornparison of fields proximal or dWtd to the cru& suggtsted that the 

diffczttla in the proportion of labelleci myotubc nucki bctwieen control and TA was likely due to 

diffcrcoœs in the distai fields, as in a previous report (Mcïntosh and Anderson, 1995). The number of 
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myotube auclei per adjacent zone field did not differ between çontrol and m& regenerating muscle. 

Howeva, thcre wcrt f i  nucki in control myotuk after T3 treatment (p=0.02 interaction, df= 1, L37), 

but incfeased numbers of nuciei in m& myotubes in hyperthyroidisan (Fig. 3.4b,d). 

3-4 Dbmuion 

The prcsent results show that tegcneration in crushed mdx muscle after 4 days was more 

advanceci than in control crushed muscle: ~ ~ i c a l l y ,  regcnerating&myotu bes have a larger diameter 

with .oimiiar numbtrs of myotubc nudei comparai to wntrol myotubes in untreated mice &ter the same 

interval of m v e r y .  Hypcrthyroidism i n t u f i i  with muscle rcpair by diflrercpt means in control and 

mice. In control tegenerating TA mus&, myotube dcnsity was decreased in the surviving zone, 

whcrc rcpaü is stimulatcd at a distana from the primary site of injury (McIntosh and Anderson, 1995)- 

As weli, myotube gtowth (diameter), and the number of nucki in thosemyotubes were simiiflcantly lower 

in hyperthyroid than in u n ~ t a d c o n a o l m l f S e l ~ ~ ~ T h ~ ~ t c h a n ~ t ~ ~ n o t  obscrvcd in&regcaerating 

muscle a f k  T3 treabnent. k n t  myoblast prolifcration and fusion in control muscle were not 

sisnificantly af]Tccted by T3 treatment, In m& TA muscle by contrast, T3 treatment actually increased 

the numbcr of nuclci in myo tubes, without effècts on myotube diameter, myotube density, or myobIast 

proliferation and fusion (labellad nu&) in the 4th &y of regeneration. It is possible that in untreated 

control mude, both daughter œlls of a myoblast iD Q p h c  sine the %-thymidine injection had f u d  

while in untrcated I& muscle only 1 of the daughtcr œlls from dividing myoblasts fused, leaving more 

protifitive myoblasts to contribute to myotubes. This might explain why T3-trcatcd conuol muscle 

contains myotubes with F m  nucki and why T3-treated myotubes have many more nucki. The 

d t s  suggcst that myoblasts have a grcatcr rcsistcna to a trcatmcat that is deletenous to control 

muscle rcpaif. T3 matment may r a i u a  control myobiast proWeration but does not impair fusion pw 

SG and has the general consequena of rcducing myotube growth. Thus, although lower myoblast 
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proliferation in a rcgenerative response may bc expected to result in the formation of kwer myotubes, 

the cfféct of T3 in this study dccrcascd myotube diameter in the area of most intense repair in control 

muscle, and o d y  r c d u d  myotube density in a zone distant from the original injury. 

H y  perthyroid-induced fiber atrophy may play a rok in decreasing myotube growth, since muscle 

mas and fiber diameter in unaushed muscles were reduœû with T3 treatment (Anderson et al. 1994a, 

this study), In hyperthyroid control TA, there was a decreased density of new myotubes in the surviving 

zone. Howcver in muscle, myotube growth was not decmued by hyperthyroinism These results 

düTifrom the changea notcd in mude  rcpair ursder hypothyroid conditions, where rnyotu be density was 

10- in the distal adjacent zone particularly in &TAmuscle (McIntosh et al., f 994). Hypothyroidism 

d t e d  in prolongai and i n c r e a d ~ m y o b l a s t  prolifcration, and delayed xnyotube formation in both 

normal and dystrophie TA muscle (Mcïntojb and Andetson 1995). ïndeed, the pfe~ence of new 

(devMHC-positive) myotubts - s in  surviving conuol ficlds is interesting, sina new myo tubes would 

not t y p i d y  bc expcçtad in surviving non-dystrophie muscle. Again, the obsenration (McIntosh and 

Andmion, 1995) suggcsts that the &éct of an injury to stjmulatc myoblast proliferation and fusion, can 

bc quite fat rernoved from the primary insuit ta muscie fiben. The daxeased myotube density from the 

distant impact of injury was the only obvious (ie. myotubcs venus none) efféct of ex- T3 on control 

muscles, despite the net reduction in myoblast proliferation and fusion in the adjacent zone (fewer 

myotubc nu&i per fi). In ~nnuol  rcgcncrating TA mudes, it is ckar that the reduction in new 

myotubc diameter and louer accumulami incorporation of nucki within myotubes support the idca that 

myobiast prolifcration and fusion during the d y  phase of =pair (pnor to 3 days whcn 'H-thymidine 

was injccted) may be impaircd in hypcrthyroidism, 

Signir~cant ~ e r e n c c s  in the bistology of tissue rcpair wcrc found bctwan m a  and control 

strains in this study. New myotubes in the adjaœnt zone of crushed muscles arc easily disthguished from 
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larger myofibets and previously-rcgcnerated myotubcs in the s u ~ v i n g  zone using anti-devMHC 

immunostaining, That ncw myotubc diameter was always greater in regenerating & than convol TA, 

regardiess of trcatment. Thece may be more favourabk growth conditions, or  €aster mitotic cycling and 

fusion of myoblasts in m a  than control muscles (Andersun et aL, 1988). The apparcatly superior m h  

response to injury is consistent with previous reports of repair under a variety of conditions (DiMario 

et al-, 1989; Anderson et A, 1991; kharias  and Andetson, 1991; Mcfntoshet al., 1994). and may derive 

in part from the action of mitogens including bFGF (DiMario et al. 1989; Anderson et al. 1991, 1993; 

Aadcrson et ai. 1995). The limitd effocts of T3 on œllu)at parameters of & muscle repair after injury 

are also consistent with the serain dZKércnœs in bFGF content (DiMario et ai., 1989; Anderson et ai-, 

1991) particularly in new myotubcs (Anderson et al., 1991). The down-regdation of bFGF by exœss T3 

(Gospodatowia et ai., 1987; Liu et al., 1993) migh t have a srnalier or more transient e f E i  on myoblast 

prolifcration and ditrefe~ltiation in mdx than conud regencrating muscle, consistent with the positive 

dation betwiacn relative bFGF content and musclercpair capacity in two O thermoust saains (Anderson 

et al., 1995). 

Thyroid and growth hormone (GH) are both required for normal muscle development and 

growth, and thyroid hormone also inauenas the GH-insulia-like growth factor 1 (IGF-1) axis 

(Rodriques-Amao et ai., 1993; Thornas et aL, 1993). Uliman and Okiférs (199 1) demonstrateci that GH 

is rcquired for muscle repair in young rats and for normal skeletal muscle gtowth io Mvo. GH aiso 

promotes düT&entiation of myoblasts ttansfaclbd Gom lûTln 4 1 s  h vim (Nixon and Green, 1984). 

T3 ncgatively influc~lca GH geraecxpnssion in rats (Cattiniet al., 1986) and humans (Morin et ai., 1990), 

su wrocss l3 could impact on muscle rtpair via GH. G H - d a t a i  efEécts, which may contribute to fiber 

hypctvophy and =pair in mdx micc (Anderson et al,, 1994b). arc compoundcd by influences on IGF-I 

(Daughaday and Rotwein, 1989), amitogca that promo tesdifierentiation (Florinict al,, 1986; Rodriques- 
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Amao et  al-, 1993). ladeed, since the area of active dystrophy was reduced by haif in hyperthyroid mdx 

TA, as opposed to an incrcast in hyperthyroid & solcus and cardiac muscle (Anderson et d.. 1994a), 

there rnay be a fik-type spacific iduence of metabolism on myoblast mponaes to fiber injury. 

New myotube formation by myoblast fusion is clearly criticai in deterxnining the effectiveness 

of muscle =pair, and the magnitude of the rcsponst was easily obStrved by irnmunosraining for 

dcvMHC, Ahhough the identity of the mononuclear ctlls which also containeci dcvMHC is not certain, 

the cclls are vcry likely myogcnïc sina they contain a muscle-specific sarcomeric protein as reportecl for 

"différentiating myoblasts" (Robertson et al., 1990). The close juxtaposition with new myo t u b ,  

morphological fcaturcs, and the observation that some dcvMWC-positive mononuclear cells are 

clongatcd and appear about to fuse with new myotubcs o r  smiving fibcrs, furthcr suggests that 

devMHC-positive mononuclearcells may bt pmumcd to be ditrercntiated myoblasts. ReOent evidence 

showai that .anail numbers of mononuclear celis in muscle h vivo that are positive for myogenin 

mRNA by in situ hybridization, also contain the same devMHC (Garrett and Anderson, 1995)- That 

evidtnœ supports the idea that myoblasts may be devMHC-positive just before fusion into myotubes or 

myofibcrs. I t  U not known whethcr such âiff"tiated myoblasts can still proliferate beforeconmbuting 

to myotube formation and -ta1 fibw repeiir. 

The prwcnt d t s  demonstrate that m k  TA muscle maintains a latger regeuerative capacity 

than control mu& under hypcrthyroid conditions. Thceffécts of T3 trcahnent on repais rnay be related 

partly to a largcr than normal numbcr of myoblasts in non-injurcd & muscle as a conscquenœ of 

dystrophy and rqmk (Zacharias and Anderson, 1991). amilst to prcvious cornparisons bctwœn 

Ducheme and normal human mus& (Wakayama, 1976). We made & muscle more simiiar to DMD 

(more dysîrophy) by ï 3  treatrnent (Andenon et al., 1994a) and e x w e d  that a change in myoblast 

numbcrs would be exhibitcd as rcduccd myotubc nwnber and growth in muscle regenerating from 
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a cmsh injury. Howcver, those &ccts wcrit only observai in control regenerating muscles. Therefore, if 

dXférenccs in myogcnesis do aocount for the difF'œs betweea D M .  and m& dystrophy, it is early 

during the myoblast proliferation or d cycling phase, not at the later p b  of myoblast fusion and 

myotubc difkentiation whert the différences wiil bt apparent The diffctcnces may onginate eatly in 

muscle regdatory geae expression (cg. MyoD and Myf-S) or possibly in the proportion ofmyoblasts that 

co-exprcss those m d e  regdatory gcnes and bFGF (Garret and Anderson, 1995) or other mitogens. 





es- === 



Fig. 3- 1. The frequency distributions of myofiber riinmcters from controi and & uncrushed TA muscle 

(top row), and of myotube diameter fi- control and & &al TA muscle (bottom row). Untreated 

(black bars) and T3--ta3 (cross-hatched bars) groups arc ïndicsitcui. Thcre was a sisnificant shin 

toward d e r  fiben in control myofiber (A) and myotubt (C) diameter with T3-treatment in çontrols, 

whereas T3 had no efllkct on the diameter of mdx uncrushed myofibtrs (B) or myotubes (D). The 

numbers of myofibcrs and myotubes meamrd in each group are given in Tables 3-1 and 3.2 respectively. 



control uncrushed 

mdx cnished 



Fig. 3.2. Myombcs in adjacent zona of cmshcd TA, 4 days post-injur$ Myotubcs çlarnt are 

prcsent in the adjacent zone of an untrcated control TA (a). Myotubcs regenuating in an untreateâ mdx 

cnished TA (c) are largcr in diameter, and have more sarcopJasm than control myotubes (a). The mdx 

myotubes rùso contain many more nuclei than control myotubes attcr the same recovery pcriod. A 

mononuclear dl with a round nuchus is is ciose to the border of one myotube (c). (b) 

and (d) show myotubes fiom T3-trcatcd control and T3-treated & TA rcspectivcfy. H&E 

stain, bar=20 pxn, X475. 





Fig, 3.3. Miaographs of dcvelopmcntal MHC mimunostaining in crushed TA showing reprtscntative 

stages of myotuk dcvclopment, Mononucicar otlls (similar to the mononuclcar ctll in Figure 2c) that 

are presumed to bc myoblasts (mb), and smaii myotubes (mt) in an untreated control TA (a) are brigh tly 

stained with antidevMHC, wbile a surviving fibcr(S) do- not f luonœ- h aconmol T3-treated crushed 

TA (b), a vcry d devMHC-positive myotube (mt) is wdïdciincated from the cümctly juxtapose& 

unstaincd Surviving myofiba (S). Othcr srnall myotubcs in the same field arc not attachai to sumiving 

fibers. Adiffércntiating myotube fiom an uatrcatedmdxTA (c) demonstrates earIy myofibril formation 

m, around mdtipk i n t d  nudei that do not contain devMHC. Sarcomeric 

striations (shorr arc p m m t  in a more diflterentiatai myotube bctween two surviving fi- (S) 

in a T3treated -TA (d). Two dcv-MHC-positive mononuclearcclJs (mb) are indicatcd', one appears 

to be extcnding towatds a smali diameter myotube. Bar=20 pm, X460. 





Fig. 3.4. Autoradïographs of the adjacent zone of TA 4 days after cash-injury. In the untreated control 

TA (a), most myotubc nu& are labciid by silver grains, are somt large, round (dum 

and othcr smalkrmononuclcarcells. unucated crushed mude (c) conrains large myotubes 

with many unlabciied and somt labciîd nudei Some mononuclcar aUs are 

also labelled -. (b) shows control ntrcated myotubcs with f-nucki -, while 

(d) shows 'f3-trcatui myotubes with many nucki -- A polymorphonuclear Wocyte is 

atso indicated -. Note that the grains are in focus, and lie above the tissue- Gomori trichrome 

stain, k-2û)un, X500. 





Diarbrentkl Effécta of 3,SJ'-Triioâothyroninc (T3) on Control aud 

Myobbîs and Fibroblastrr: Analysis by Flow Cytometry 

Tbis chaptcr contains work pubIWhed in 1%. This papef is appendai to this thcsis. 

(sœ Appcndix #2). 



4.0 Introduction 

Thyroid hormone (TH) is iuiowa to be critical for the normal growth and mctabolism of skeletd 

m u d e  (Bakiwin et aL, 1978; Sirnoai& and van HardtvtM, 1989). THs, &y 3,5,3'-Vuodothyronine 

(T3), cxcrt th& d c ç t s  via intrimuclcar receptots (Samuacls and Tsai, 1973). T3 treatment promotes 

terminal muscle di0rerentiation and results in increased MyoD gene transcription in myogenic œli lines 

(Carnac et aL, l m ) .  Furthennore, MyoD and fast myosin heavy chah gene expression are both 

activated in rodent slow-twitch muscle fibers aRcr T3 matment (Carnac et al,, 1992; Hughes et al,. 1993). 

Rcctnt studics indicatc that T3 dircctîy wnuols the expression of MRFs (Muscat et al., 1994), and 

suggcst that thyroid rcsponse clcmcots (TREs) on muscle genes are the mechanism unddying changes 

in the contractile protein isoform profile observeci in adult rodents exposed to T3 (Izumo et al., 1986). 

Thus, the expression of MRF genes is likely necessary to maintain adult muscle characteristics (and 

adaptabiity) in adâition to its role in inducing dBèrentiaaon in developing or regenerating muscle 

(Hughes et ai., 1993). 

The dystrophic mdx mouse dcmonstratcs X-linked dystrophin myopathy and fibcr necrosis 

(Bulficld et al, 1984; Koenig et ai., 1987), but shows effkctive ongoing limb muscle repair (Anderson et 

ai., 1987; Anderson et al., 1988). As discussed (Pernitsky et ai., (1996) and chapter t h ) ,  T3 treatmen t 

apptated to spœd the transition €rom prolifcration to fusion in regcnerating & and control mouse 

myoblasts (activatcd satellite ah) in muscle rcgcncrating from a cmsh injury. Howevcr, T3 treatmtn t 

reduœd ovcrall rcpair only in control musclc, suggcsting that in amparison to control myoblasts, mdx 

myoblasts have a largccnough prolifcrativecapacity to accomodateaT3-induced shift from proliferation 

toward fusion. That capacity may permit the vcry effective rccovcry of & muscle from an Mposed 

injury cornparad to ana01 muscle. Other reports from this labotatory (Mclntosh et al., 1994; Mcintosh 

and Anderson, 1995) show the opposite trend accurs under hypothyroid conditions, that of slowed 
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myoblast proliferation and fusion. which dclays repau in regenerating mude. Since we know that 

& mice are euthyroid (Aaderson ct al.. 1994b). the alteration of various features of muscle repair in 

&mi= under both hypochyroid and hypcrthyroid conditions suggests that therc m a y  be a Memntial 

respoas~ to T3 by regencrachg coatrof and a muscle tissue and possibly in myoblasts isolated from 

th- two straïns. 

To date there are few studies which teport diftefe~lots in myoblast proliferation in regenerahg 

& versus control mus&. Houmer, it h a  beni suggested that growth factor-induccd cd1 proiïferation 

itl VI@O apptarcd to bc greater in & myobiasts (satellite-derivcd tells) compared with m&s fibroblasts, 

or myoblasts of other strains (DiMario and Strohman, 1988). As outiined in section 2.0 (B), it was 

hypothesized that proliferation would be grmer in m& than control myoblasts, and wodd be 

difli'crtntiaiiy afktad by T3 in the two strains. 

4-1 Matcriah and Metho& 

4- 1-0 h&ndr and Cc11 Cdturc 

Adul t (scveu- to- ta-week-oM) con trol (CS7IIL 1OIScSn) tuid dystrophie mice were used in 

thcsc cxptrMcnts. On day 0,4 mice from each strain and for each crtpcriment were aoesthetized (ethyl 

ether) and sacrifiotd by ccnrica dislocation (accordhg to Canadian Cound on Animal Care guidelines). 

M u d a  werc M €rom the hindlimb, forclimb, and back using ascptic technique. Muscle pieces 

wcre furthcr dissecteci to remove tendons and fat, and choppcd into a sludge using a sterile razor blade. 

The dudgc was plagd h to  2Scm2 (50 tlaab (Falcon, Lincola Park. NJ) with wann miaimal esen tial 

mniium(MEM) (Gibco BRL, Grand Isiand, NY) suppkmented with 15% botsc scnua (HS) (Hyclone 

Laboatorics Inc., Logan, Utah) and 2% chick cmbryo extract (CEE) (containing c 0.3 nmoldL T3 by 

cummcrcial -y) ( G i b )  and incubateci at 37'C in 5% O, and 95% CO, for 72 hours. This technique 

incrases a l 1  yield by maximai activation of quiescent satellite cells in non-dysuophic (control) muscle. 



and homogeneously activates sateIlite a i l s  in dystrophie (pdiù muscle. 

4.1.1 Percoll Penrity Ctatrifugation 

A f h  3 days, the llask contents wem emptied into SOml centrifuge tubes (Fakon), vortexed for 

1 minute and ftltered 2X througù gauzt (Nitex) to remove larger pieces ofdebris. Filtered contents were 

centrifuged at 1200 rpm for 10 minutes at 4" C (Heraeus Sepatech Varifuge RF, Baxter Inc-), resuspended 

in lm1 of warm MEM (supplemented with 15% carbon-stripped HS) and pookd by straîn (usually 2 

samplcs). The final sampk (brought to 2ml) was layered onto 25d of 20% PercoU (Pharmacïa, Uppsala, 

Swcden) on a cushion of Sm1 of 60% Petcoll, centrifugecl at 10,000 rprn (IEC B-20A, Damon/IEC 

Division), using a fixad-angle rotor (brakcs oa) for 5 mhu tes at 8" C- Heavier debris was obse~ed  at the 

20160 interface between the 2 Pcrc01.l fraictions- The ftaction just above the interface contained most of 

the oclls of interest (myoblasta and fibroblasts) (modified aFtct Yablonka-Reuveni and Nameroff, 1987) 

and was cuiiected, This fraction was diluteci with MEM, supplemented with 15% carbon-stripped HS, 

pelletai by centrifugation at 12ûûrpm for IO minutes at 4°C. cesuspendeci in lûmi of warm MEM 

supplemeated with 15% HS and 2% CEE, and plated into 10.60 X lSmm Primaria (Falcon) culture 

dishes each contaïhg 31x11 of the same warm MEM suppkmented as above- Cells wcre fed once a day 

until semi~ducnt -  

To detamine the kngth of thne rcquired for œlh to pas through the d cycle, semi-coduent 

convol and œlis wcre subcultured and plated at equal densitics Aftcr 2-3 days, alls werc ancsted 

in metaphase using colchicint akaloid (O, 1 pgbi) (Inland Alkaloid, Inc., Tïpton, Indiana) iri MEM 

suppkntntad with 15% carbon-suipped HS. Aftcr 42 houn, ceils wcrt stirnulatcd with MEM 

supphiuntcd with 15% carbon-stnppd HS and 4% CEE. and wcrc heubatcd with 'H-thymidine 

(2pCim1, s@i actiMty = 92.OCi/mmol) (Amersham Lifc Sciena). Duplicatt sampks of ab from 

both sttains wctc taken over 36 houn as follows: every 2 boucs for 12 houts, then evecy hour for 12 
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hours, thcn m r y  2 hours for the final 12 houn of the expcrimcnt- Cells were removed €rom culture disha 

by trcatrncnt with warmed 0.05% trypsin-EDTA (Gibco) (1-3mins) and enzyme action was haited with 

2X the amount of HS. C d s  were countcd, œntrifugcd as above and resuspendd in Smls of 1Wh 

methano1 to pteapitate DNA Fo110wing 24 houn in mcthanol at 4'C, DNA was pelletcd (6000 rpm at 

4*C) and resolubiiïzcd in lm1 of 2% Triton XlOO (J-T, Baker Chexnical Co., Phillipsburg, NJ) and 2% 

la-1 sulfate (Sm) (Sigma Chemical Co-, St- Louis, MO) overnight at 4" C (after Smith et ai., 1980). 

Aliquots of soluble DNA wcrt placed in Sm1 scintillation vials (Kimbk Glass, Vieland, NJ) followed 

by nAAition of Smis of scintillation cocktail ( R d y  M e ,  Rcckman Instruments, Inc., Fullerton, CA). 

V i i  wiene countai for Smins on a Reckman LS 6500 scintiuationcounter (Bocbnaa Instruments, Inc, 

Fulkrton, CA). DPM were correctcd for cold thymidine in the carbon-stripped HS (unsmpped HS 

contaiad c 0.43pM cold thymidine and carbon-stripping removeci 80% of radioactive thymidine in a 

tripliCate test txpcriment). 

Scnim was carbon-strippod (modifieci after T d  ct al., 1983). Briefly, to 751x11 of HS was 

added 6.0g of activatcd carbon (Fisher Scientinc, Nepean, Ontario)- This mixture was stirred at 4'C for 

22 hours and then otntrifugcd at 10,000rpm for 90 minutes at 4' C. The supernatant was passed tbrough 

a 0.20pM fdter unit (Nalge Sybron Co., Rochester, NY) and thcn addcd to MEM and stored at 4°C 

prior to use. This trcatrnent ranoves thyroid hormones, cortisol and a number of other steroid hormones, 

yet the scnun appcan to retain growth promothg propcrties (Tanswell et al., 1983). In the present 

expcrimcnts, carbon-stripping of HS removd 75% of T3 (as anai@ by a commercial T3 assay). 

4.1.2 FIow Cytomemy 

Sanicoducnt œlJs wcre ranovd fromculturcdisb~~ by matment with warmcd0,05% uypsin- 

EDTA (Gibco) (1-3mins) and tnymt action was halted with cqual amounts of HS. CeUs wcrt pclleted 

and rcmspcndcd in 2ml of HEPES-bufferod MEM (no scrum) and anaiyzed by a flow cytometer (Mode1 
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EPICS 753, Coulter Electronics Xnc) equipped with an argon-ion laser operating at SOOmW (488n.m). 

F o r d  angk scatter (iïnear) was fmt gated to removedebris and dead cells. Ninety de- light scatter 

(also lincar) was used to gate d i s  based on theV cytoplasmic granularity (Yablonka-Reuveni, 1 988). The 

c d  suspension was sortcd under ste* conditions (using saline as Qhcath fluid) into two populations 

baaed on "lown and "bighm cytoplasmicgranuIarity- CeUs werc sorted into tubescontaiuing 2mls of sterile 

HEPES-bufftrd MEM and subsequentIy pla tcd into 100 X 2ûmm Primaria culture dishcs wi th MEM 

aipphentai  with 15% HS and 2?h CEE. The a i lmm wae allowcd to proIifkrate until semiconfiuear 

Populations were furthcr su bculnucd into 5 100 X 20mm Primaria dishes each and then 2-3 days 

later w#e subculturcd into 6 LOO X 20mm disha (6 low and 6 high for each strain) with an additional 6 

dishcs platad with a I:1 ratio of mixcd low and high d s  for tach strain. More  plating, ails were 

counted using a hemacytomcter (Sigma Chernical Co.. St- Louis, MO) and cell susptnsions werc diluted 

to d o w  for the qua1 plating of Qells for each population (low, high and mi&). Cell popdations were 

grown for 3 days in MEM supplemented with 15% HS and 2% CEE. 

4- 1.3 Immnnocytocbemistry 

To characterize the populations, pda low and &c high sorted cells were grown on steriie 

coverslips until they began to diarerentiate, wete fixed for 5 minutes at room temperature in 

methanovaœtone (1: l), and then r d  in 0.01M PBS twia. Ctlls wctt blocked for 1 hour with lû?h 

hocse scrum (HS) and 1% bovine senun albumin (BSA) in PBS. Following a 60 minute incubation at 

37'C with rabbit ami-skektal muscle m y d  (Sigma ChCrnical Co., St, Louis, MO) monoclonal 

antibody (dilutai 1:LOO in PBS plus 10Dh HS and 1% BSA), oovenlips wcre rinsed twia in PBS, and 

incubatad for 1 hour at 37'C with an anti-raôbit Ig, Texas Red-linLeci whok antibody (Amtrsham Inc. 

Mississauga, Ont.) (dilutad 1ROO). C o v d p s  werc riascd, incubated in 1 p M  biibcnzimidc in PBS for 

4 minutes at room temperature to stain nucki, rinsed, and rnounted with h u m o u n t  (Lipshaw 
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Immunon, Pittsburgh, PA), W s  wcre photographeci with black and white ftlm (TMAX400, Kodak) on 

a BHT-2 Olyrnpus photomicrosope cquipped with epifluomenœ optics. 

4.1.4 T3 Trcatmmt and Propidium Idde  StPiaing for Flow Cytometry 

After 3 days in MEM suppkmcnteû with 15% HS and 2% CEE, œ U s  were switched to MEM 

containhg 15Y0 carbon-stripped HS and 4% CEE and allowed to adapt for 24 hours. Cells were once 

again f d  with the above MEM and suppkments, At this tirne, T3 (Sigma Chernical Co.. St- Louis, MO) 

(10% in 0.0% NaOH vchisk) was addcd to 3 of the 6 plates in cach group (control and a; low. high 

and mixai ails)- Nieteen houn Inter, one h o u  W o n  sampling, %-thymidine (2pC-W. specific 

activity = 92OC'dmmol) was added to 2 of the 6 plates (oneT3-treated plate and one untreated plate from 

each group) for 1 hour, These cells wcre coiiectd and ceIl DNA was prepared for scintillation counting 

using the methoci desaibed above (Smith et al., 1980). Data wcrc w11ected ats %-thymidine uptake per 

au for J& and control strains, and low, high and mued ails, with T3 or without T3. At the samc t h e  

that these oclls wpt coilected, tbe rtmaining 4 plates of aiis fiom cach group were deait with by trypsin- 

EDTA treatment as above (the two T3-mted plates were pooled and the two untreated plates were 

pooled from each group), œnuifugad at 12ûûrpm for 10 minutes at 4.C. resuspemded in 3rd O-OSM PBS, 

counted, centrifugai at 1200 rpm for 7 minutes at 4'C and rcsusptnded in 500pL of sterile 0.9% NaCl 

on ia .  Celts from cach group wcrc then addaî to Smls of iacold 700/a EtOH whik vortexing and 

incubated on i a  for 30 minutes. CeUs wereœntrifuged as above, resuspended in O-OSM PBS, centrifugeci 

again and rcsuspmdai (in the da&) in 500pL of IOpg/xnl propidium iodide (PI) (Molecular Probes Inc., 

Euene, OR) and SOpghnl RN- (ICN Biochcmicals Inc., Cleavclaad, Ohio) solution. 

Flowcytometry analysis was pcn0rmtd on a Coultu Ekctroaics, hc. EPICS 753 a U  soner with 

laser excitation set at 488 (SOOmW). Forward versus side light scattcr histograms were used to gate on 

intact alls and eiiminate debris, whilc peak versus integrated PI derivai fluoresœnce signals were used 
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for doublet d;-.rrimination gating. PI fluotesoence was detected through a 610 nm long pass filter. 

Fluomœna histograms of 256 charnel rcsofution wicrt bascd on 5000 celis satisfying the light scatter 

and doubkt dkrbba t ion  gating criteria Cell cycle determinations were ptrfornied ushg the PARA 

1 anaiysis pro- (Coulter Ekctronics Iac., Hialeah, FL). 

4.1.5 Statbtia 

Data (mean t SEM) wcre tcstcd using a 3-way ANOVA to compare different ce11 types (low and 

high light scatter), T3 trtatment cffacts, strain difllhnces, ahd interactions (NWA Statpak, NW 

Analytid INC., Portland, OR). A probability of  p<O.OS was wed to acccpt a differcnœ as signi£icant. 

Chi-squareci contingcncy tests werc used to analyse the frcqucncy distributions of œlls in mixent phases 

of the otll cyck, comparing d populations and treatment cffects (Stats Plus, Human Systems Dynamics, 

Northn'dgc, CA). 

4.2 Raults 

4.2-0 Ibohtion a d  C b s v o c ~ o n  of Myobhsts and Fibroblasts by Pc~icoll M t y  

CClltrifugation, Flow Cytomtfxy, and Tmmnn~tocbcmistry 

The use of Pcrcoll density centrifugation (PDC) allowed cclls of intcrest to be scparated from 

largu debris and qthrocytcs. Many cclls uncre prcacnt in the low dcnsity (#)Oh) PetcoU ftaçtion in ail 

control and crtpu5ments. and wcrc harvcstcd from the gradient for culture Within 6 days, ceils were 

abundant enough to coJkt for amaiysis and sorting usbg flaw cytonictry, The use of Qow cytometry 

a U o d  a mixd population of d is  to bc scparatcd (Gom both strains) into two populations based on 

side Jurttcr (cytoplasmic granularity) and forward angle light scatter (size). A gate of bctwœn 10 and 60 

units (arbitrary) was stbctd for t h e d s  of interest (maed after Yablonka-Reuveni, 1988). CcUs chat 

had a c y t o p b  with vcry littk or no granularity wcre sonai into the low light scatter category, and œlls 

that had a very hi@ c y t o p W c  granufarity wcre sortcd into the hi@ Iight scatter category (Fig. 4.1). 
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Similar contour plots of ceIl size venus granulazity were revealed in the sorts for and control œlls, 

which also yieldcd the same œll populations by identical low and high gatings. 

The 1ow and hi& populations wcrt characterized using antibodies to skeletal muscle myosin- 

Cultures of low œlls (Fig, 4.2) allowad to d ia t i t ia te  for a short period (1-2 &YS) contained many 

cells wbich expresscd srmil amounts of skeletai musclemyosin (Fig. 4.2B), iadicating that the low cultures 

amtainad a large majority of myoblasts. In contras&, cultures of high cells contained very few 

myosin-positive alls(Fig. 4.2D). Control and d l o w  and high d isolates had very similar proportions 

of 4 s  with myoain staining, 

4.2.1 Detamination of CeU Cyck Lcngth in Control and Unsortad CcIh 

After rckase Gom d cyck arrest by stimulation (thne O in Fig. 4.3), both control and mdx cells 

showcd an extendai lag period approxhatciy 6-10 hours in kngth betwea stimulaiion and the initial 

observation ofcytokinesis. Aftcr this, œlJs prooccded through the remaioing phases ofmitosis andmoved 

into G, (at about 12 hours, judging by the g a d  end of cytokinesis). This phase lasted for 

approximateiy 8-10 houn for both strahm Celis then p r d e d  through the G, checkpoint into S-phase, 

as indicated by the ~c in 'H-thymidine uptakc p e r d  by œils of both suaiar (bcginniiig at 19-20 hours). 

Thc %-thymidine incorporation continuai for the rrmaining hours of the cxperiment pnor to mitosis. 

Thus, Ùiminntiag the initiai lag pcriod for the rtlcast from the arcesteci state (610 hours), the optimal 

iatcrvai for detectbg changes in DNA repücation d u ~ g  S-phast in cycling œils kgins bctween 19-20 

hours aftcr stimulation. Although œiJs in this crrperimcnt did not amplete the GJM phase (which would 

bc obsavcd as a &op in %-thymidine incurporaaon pcr all). data suggcst thaî the approximatc h g t h  

of the ccll cyck for the unsartsd d s  under the currcnt conditions is 26-28 hours. 

4.2.2 h d y r i r  of%-Thymidine Uptakc into DNA in Control and & Sortod Cclh 

As an estimation ofcc11 proliferation. the incorporation of%-thpidine into DNA (during the 
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hour bcforc sampling) by sorted low and high ails and rnixed a11 populations was examineci d e r  24 

hours adaptation to MEM supplemented with 15% carbon-stripped HS and 4O/o CEE, plus an addi tional 

20 hours with or without T3 trcatment- Figure 4.4 rcprescnts the mean uptake pcr cel1 (t SEM) of 

duplicatesampks (2 DPM readings foreach strain, ce11 type and utatmeut group). Analysis of variance 

detcnnïnd a significant effst of strain on proliferation (p<0,000L), since o v d  Ipda cells had greater 

uptake pcr d than control aii populations. Thcre were sisnifiant ciifferenas in uptake by Iow, high 

and mixed populations (p<O.ûûOl) and signifiant interaction betwee~l svain and ceIl type populations 

(p<O.O 1). Those two eff'octs are obscrved as a lower uptake per d in control high œljs compared to 

çoncrol low or mixed dis, wbik uptake by pda mutai cclls was grcatcr than in m& low or high 

populations. 

Whifc th= was no significant g c n d  d h t  of T3 trcabncnt on uptakc per c d  (p=0.63), T3 

treatment had diarertntial &ects on d proliferation, obstrved as significan t in teraction between strain 

and T3 trcatmcnt (p<0.05) and bctween oefi type and T3 treatment (p<0,0001). The interactions are 

obscmed in low d s ,  where T3 decreased uptake per œil in both control and m& populations- T3 

trcatmcnt afltitad ody the high œils (no t con trois), increasbg thtir u ptake pcr c d .  Mixed con trol 

ce11 populations showcd i n d  uptalre aftcr T3 (approximatirig an additive JFact of the uptake by 

separateci low and high 'ï3tricatcd cclls). M& mixai d s  showcd additive uptake in untreated 

conditions, but a signifcant dacrease in uptake pu al1 was observeci &cr T3 matment. These results 

suggcst that the & low d s  arc stimulatod to prolirerate by the prwtnœ of the hi@ alls (Le. in the 

untmatcd e m k d  group), and that & lowall uptake is inhibitai by T3 in the presenœ of high ails 

in the mixed population. in this experiment, the variation in uptakt within group was low, likcly since 

the low, bigh and mUad populations werc alî dcrivad from the anhah, and werc pro& 

togethcr. Thercfote, data show there wcrc signifcant interaction eff'ts of T3 treatment with strain and 
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ce11 types which support the possibility of differential &ects of T3 on control and mdx rnyoblast 

populations. 

4.23 A d y s ï s  of Prolitcration in Contcol and & Sortcd Cclls by Ropidium Io&& 

The prccis origin of the changes in uptake pcr c d  in the above analysis (Fi& 4.4) are not 

certain, sînœ the estimation of proMeration by %-thymidine uptake per œil over 1 hour is only a rough 

indicatm of population dynamics, In ordcr to examine more croscly the proliferative phase in cyciing 

alls, the frcqucncy distribution of c d s  in the çell cyck was d c t d e d  by PI staïnhg and flow 

cytoniietric analysis. Fi* 4.5 shows the plot ted histograms of DNA content (2N in GdG, phase. 2N 

to 4N in S-phase and 4N in Gm p h )  versus œll number from each of the 12 populations (control and 

mda; unmateci and T3-treated; and low, high and mixd cclls). The proportion of œli popuiations in 

GdG,, S, and GJM phases are indicated, as calculateri by the algorithm. The proportions of cells in each 

phasc were convertcd to frequencies and wxre used in a Chi-squated statistical amparison of populations 

by ocll type (differences down thecolumns of Figure4.5), by trcatmtnt group (ciifferences across the rows 

of Figure 4.5) or by phase (testing GdG,, S. and G@ phases scparately), Thc separate cornparisons 

alloftrad for the origin of the simcant diff'ces in C h i - s q u d  to bc dctctmined. 

In comparing distributions within cach a l 1  type (çoliimns), acre werc signifïcant differences 

bctwœn trtatment distributions only in the low dcatcgory (Chi-squd = 34.9, p<O.OOl, df=6), most 

of which originated in the proportions in GdG, (partitioncd Cbi-squafcd =L7, or approximately 50%). 

with d a a n t r i b u t i o n s  from changes in thedistribution in S-phast (partitioncd Chi-squard = 9.5, 

or approximately 2%). 

The cornparison betwecn d types for cach trcatment group (rows) showed significant 

diffcrenccs betwœn the ftequency distribution of œtl type populations for untreated controts (Chi- 
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squared = 14.9, p=0.005,df=4)), T3-treatedcontrols(Chi-squared = 9.3, p=O.OS, d f 4 )  and u n t r e a t e d d  

-ils (Chi-squared = 10.4, p0.03, df4) .  Again the GJG, phase contributed si@cantly to the 

difKercnces (Zû-300h of Chi-quarad), wïth S-phase contributing in control untreatcd and T3-ueated 

groups ( P h  and 55% of Chi-squared mpectively). The GJM phase contributed 50% of Chi-squared 

changes €rom apactcd ftequcncies only in untreaceâ cclls. 

In comparing within phases as a cod~mation of the cornparisons by ceil type or treatment, Chi- 

squared tests wcrt simcant o d y  in GdG, phase (Chi-squarad = 15-6, p=0.02, &=@, with contributions 

by untreatcd low oells (35% of Chi-squarad) and î3-treated high a U s  (25% of Chi-squared). 

Thcrcfore, the thr# Chi-squarcd partitionhg studits (of the same data) suggtst that there are 

consistent dicfercnces in how the diarcrent populations cycle. Those ditr-oes originate fkom GdG, in 

three categories: a) in untreated Iow d s ,  with more mdx low d s  in GJG, than convol Iow c&, b) in 

mda T3-trcated high cells, with fcww ia GdG, tban g& low d s  (untreated and T3-ueated) and c) in 

control T3-treated high œlls, with more in GJG, than in control 1ow cefls (unmted and "Btreated). S- 

phase contributed to signifïcant changes in Chi-squared in control untrcated low cells (more in S-phase 

than in & untreated or T3-treated low ctlls) and in mda T3-treated 1ow populations (fewer in S-phase 

than in pda unvcatcd low ceils). 

Note that data reportcd in Figures 4-4 and 4.5 are from one large experiment- One plate per 

group was uscd tu estimate proliferativc populations by tacorcihg radioisotope uptakc pcr d l ,  while 2 

othcr plates pergrou p wcrt usai to study 4 cycle ph= &tributions by PI staining and flow cytometry. 

4.3 DUcriœon 

The d t s  of thc t h e  expcriments show that control and & dystraphic muscle œlls 

demanstrate ciiffernt changes in prolifération and ceil cycling whcn treatcd with T3. ïhose différences 

are also specif~c to artain cc11 types (myoblasts, fibroblasts, or mixd myoblast and fibroblast 
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populations). There weresignifïcant diier~~llices between treatment groups, ceIl types and suains in GJG, 

and S as analyzed by flow cytometry and PI staining- The results also show a difEerentia1 response to T3 

betweea control and m& myoblasts (iow ceils stained by anti-skeletd muscle myosin) by signiftcant 

interactions betwœn T3 treatmait, ce11 type and strain, Resuits thus c o n f i  and extend earlier work ui 

vivo (chapter 3 of this thesis) on the effects of hyperthyroidisn and hypothyroidisn on muscle 

rcgeacration (McIntosh et al,, 1994; Mchtosh and Anderson, 1995). The results suggest that the 

mgcnerativc capability of a myoblasts comparai to that 'in çontrol muscle may be a resuJt of 

diEérentiaS regdation of aii cyciing bctwatn the two strains. That diatératid may involve distinct 

muscie regdatory gene k t i v i t y  to T3, and endogenous production of basic fibrobiast growth factor 

(bFGF) (Garrett and AndCrson, 1995), or expression of bFGF or T3 receptors and their signal 

transduction pathways controiling the œii cyck. 

It was previoudy shown that mdarnusclecon~ more bFGF, a potent mitogen, compared to 

normal mouse muscle (Anderson et ai-, 1991). Duchenne muscular dystrophy or other hiiman biopsy 

sampies (Anderson et al., 1993). Sinœ myoblasts produce bFGF d u h g  repais (Garrett and Anderson, 

1995), it is possibk that the myoblasts and fibroblasts may express morc of that mitogcn than the 

control myoblasts and fibroblasts ia v k ~ O  This wouiâ subsequcntly kad to a grtater early proliferation 

or more sustainad prolifcration in mdx cultures. While the c x p c ~ t  made to time the initiation of 

DNA synthcsis a h  stimulation dots not suggcst a diffmce in prolifcration rate cornparcd to control 

populations, the idea rcquitcs futthcr tcsting. Howcver, there wcre some multinuckated cells observed 

in thme gmticuIar cultures, poasibly withdrawn €rom the dl cyclc due to the wiicr arrest with 

colchicine, and theV numbcn may hare différai betwœn control and & cultum. 

MyoD u a muscle regdatory factor (MW) that oonstitutcs a focal point for positive and 

ncgative control of myogtncsis. MyoD expmsion initiates myogenic difkentiation, and induces 
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inhibition during the G, phase of the œll cycle (MarteIli et al., 1994). The conuol of myogenesis by 

MyoD is cornplex, For urampk, in experiments on MyoD knockout mïce(Megency et al- 1996). muscles 

rir vivo showut dramatidy kss effective regeneration than wildtype mice, and sijpificantly decreased 

proIiferation by rnyogenkds kbeiled by myogenin expression and %-thymidine uptake. In the i~ vilru 

studies, however, myogcnic c d  numbers wen no t redud,  but elevated Those d ts suggested tha t self- 

r e n d  by early stcrnds, raîhcr thaamyogtnic difFitiation, occurs in the absence of MyoD. Growth 

factors may rcprcss MyoD function by stimulahg expression of vcry early response genes which repress 

MyoD tramactivation (Mcgcney et ai., L996; Li et al., 1992b). Negative regdation of MyoD function by 

growth si& (sud as bFGF) occurs in proliferating myoblasts, w b k  withdrawl of exogenous growth 

~ ~ C C O R  tr@crs MyoD's action to m t  cd cycling and activate the myogenk program (Marteiii et al,, 

1994). It is not known ifcontrol and mmyoblasts express diff't bels of bFGF, or how myoblasts 

and fibroblasts might diffkr in thaî regard, although a =port of greatcr smsîtivity to wrogcaous bFGF 

by & versus mntrol myoblast cultures (DiMario and Strohman, 1988) might be explained in part, by 

a ciifkentia1 expression of the mitogcn (Garrett and Anderson, 1995). Unpubfished observations 

(Anderson et al., 1997b, submittcd), wing immunocytochemistry, do show an i n c r d  expression of 

MyoD protein in myotubes in regencrating & mia. Intaestingiy, the same increase was far less 

dramatic in control regenerating muscle. Those observations wodd support the idea of difFerential 

regdation of MyoD expricssion in control and & m u d e  ricgcncration. 

nie high h l  of prolifcration shown by untmated & mixcd celfs, in cornparison to either low 

or high cclls alone, suggeats that myoblasts and fibroblasts intcract positively to promote 

mitogcncsis, possibly by the addition of bFGF arid/or othcr factors contributcd by the fibroblasts or 

through direct all-to-ccll contact. Howevcr, mixing control myoblasts and fibroblasts in the same 

untreatcd conditions docs not appear to have an additive effect on proliferatioa. The differenœ between 
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the two strains regarding separate versus m i d  populations may also relate to ciifferences in mitogen 

production, reccptor expression, or interaction wïth MyoD and other MRFs. 

Other important fmdings in this study c o n f i  that sorting mixed myoblast and fibroblast œ i l  

popuiations acicording to 90. Light scatter (cytoplasmic granularity) permits the distinction of low 

(myoblast) and high (fibroblast) light scatter populations in and wntrol cultures as reporteci 

(Yablonka-Reuvaii, 1988). The sorted ctlls were f h e r  separated from cek with intennediate scatter 

which rcmain an uncharactcrized mixeû population of tells- The expression of skeletal muscle myosin in 

eariy diffittiatcd control and mdx low d s  further confhns that the low population contains a very 

large majority of myoblasts that are scparatcà from amixed popdation by flow cytometry, and that the 

population sorted as high contnins a large majority of skeletd muscle myosin-negative fibroblasts. 

Th obacrvedincraurin 'H-thymidine uptake perd in the&fibrobiast population afterT3 

treatmcnt is puzziing, particuiarly sinœ both myoblast and mUcd populations of x& œlls in the same 

experiment showcd d m  uptake pcr œii with T3 trcatment, In the same cxperiment, th- were 

signifiicant effects on ceIl cycling attributable to a low frequency of m& T3-treated fibroblasts in GJG,. 

However, the change was d (ody 15% of the total signif~cant Chi-squared value for the differences 

in GdG,), and the distribution was the lowcst in f i u e n c y  among the other fibroblast cultures. However, 

S-ph- for fibroblasts did not contribute to siHcant Chi-squared changes with T3 ~eatmeat, Thus, 

th- is a diaretena bctwom S-phase estimation by PI staining and flow cytomctry, and estimates of 

proliferation in a popdation bastd on k-thymidine uptake pcr all, even in a single expriment. The 

latter methoci estimates DNA synthcsis over a one hour pulsad exposute in a population pfcsumcd to be 

movbg through various ph- of the œllcyclt in acontinuous sequenœ- The & replicating theü DNA 

arc only obbtrvd in a vtry cestrictad window in S-phase i- The histograms in Fi- 5 show a ,Pmall 

proportion of alls in S-phas, and 'i3-thymidine uptake malysis wiii only identify d numbers of ceUs 
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that may bt eithcr at the bcgïning, the middle or at the end of S-phase and which cannot be distinquished 

îrom one anothcr. Thus, in vicw of the flow cytometry fmdings, observations of increased 'H-thymidine 

u ptake pcr d in T3-tfcated fibroblasts indicatc that additional cxperiments are necdeci to follow 

a particular phase of the al1 cycle (S-phase for urampk) through a cycle by bromodeoxyuridîne (BrdU) 

and PI doubk labcllmg- Those experiments would determine t h  aspects of a differential effit  of T3 

on œiicychg a) Zthc œiis in tbc %-thymidlie uptaice experiments arc pincnt as a group just entering 

S-phase from GdG, or just about to kave S-phase and enter GW, b) if that c d  population is more 

syachronizbd in activity in mponst to 'ï3 treatmait thsln untrcatbd populations and c) if that T3-tnateci 

population Y syncbronïzai more due to endogenous regdation of proMeration or xnyogenesïs. 

The htcresting aspect of the uptake by & fibroblasts (cornparison between untccated and T3- 

tritatcdoclls)is that fibroblastsalso apptar to showa~èrcntial &cct ofT3 matment. That okmaaon 

suggests that fibrobiasts deserve rcnewai study for th& rok in the possible endocrine mediation of 

muscle =pair p r m  such as remodehg of the extracellular mauix, and the dynamics of d l  

tecruitment durhg wound repair. Thett clearly are strain-smc effects of T3 on çell cyciing that differ 

bctwem myoblasts and Gbroblasts, and which appeac to be modifieci by dl-to-œll interactions. 



Fig. 4.1. Bivariate contour plots of forward an& scatter (d s k )  'data versus 90' Iight scatter 

(cytoplasmic granularity). Channel numbcrs are in arbitrary units, Accompanyiag single parameter 

histograms are aiso shoum. (A) control (B) mdx_ Bo= indicatcgates used for sorting. Box # f : x& high 

otlls, Box #2 mdx low cclb_ Box #3: control high ab, and Box tM control low ocHs. 





Fig. 4.2. Micrographs ~~nmunocytochemisay for skcktal muscle myosiri and bisbcnzimide staining for 

nu& in sorted rnrlX low (A and B) and high alls (C and D). (A) Nucicar s W g  of a field of & Iow 

tells. Note the two nuclci in the d myotube (arrowhtads). (B) Thc samt d myombe as in panel 

A is positive for anti-skcktal mude myosin imrniinostahing (arrow). (C) Nuclear staining of a M d  of 

mda high oclls. (D) In the same as pancl C, the majority of d s  do not show anti-skeletal mude 

myosin fluomœnct. Bar-5Sp.m. 220X 





Fig- 4.3. Line grapb comparing %-thymidine uPtake (MIOIS per œli) in &ntroI (CS7, open squares) and 

(solid diarnonds) uasottcd d s  akr stimulation out of colchicine arrcst in metaphase. Values are 

expressed as the mean I SE ofduplicate samples. Wh- standard crror bars are not stiown they wcrt 

too d &O bc ttsolved on the graph. 





Fig. 4.4. Bar graph cornparhg )H-thymidine uptake (nmois pcr di) in control (Cm and & d s  

grouped into iow, high and rcmixcd populations, and growsi in MEM supplemented with 15% carbon- 

stripped HS and 4% CEE, with T3 and without T3 trcatmcnt. Bats tcprcscnt duplicate DPM readùigs 

from a singk sampk. Values arc expressed as a nwan * SE. Missing standard error bars werc too d 

to be reso1ved on the graph- Cornparison of strains and di populations cach showed sisnif~cant 

differenm, and cach interacted with T3. 





Fig. 4.5. Histograms of flow cytonictric anaiysis ofcontrol and & low (lcft wlumn), high (midde 

column) and mixai cclls (ngtit column) and displayed by treatment (with T3 and without T3) by 

propidium i d &  staining of DNA. Data rcprtscnt the proportion of oells in GdG, phase ( h t  peak = 

2N amount ofDNA), S - p h  (micidie = bctwaen 2N and 4N amounts ofDNA) and GJM phase (second 

peak = 4N amount of DNA), Five thousand cells wcrc anal- fkom each population, Sisnificant 

diff-- wacdetctmined by Chi-squd. Significant diarcrcnccs wcre obscrved bctwœn control and 

mda low ccll typcs, particufarly in GdG, and S phases afEécted by T3. 



çontrol low high mix 

DNA content 



The Transition into S-Phase is M i  by T3 in Control 

But Not in & Primary M d  Cd Cultura~ 



5-0 introduction 

As previously discussed, exccss thyroid hormone ('T3) aiters the proportion of slow and fast 

fiben in rodent skclttd mus& (Ianuzu, et aL, L977), can change myosin isoform expression (Izumo et 

ai, 1986). and ieads to ptecocious maturation of muscle fibers in humans (Butler-Browne et al., 1990). 

These and 0th- studies have helped to define rhycoid hormone's differentiative role during the 

development of skeletal muscle fibers. More recentiy, T3 was show to intetact directiy with the muscle- 

specific regdatory factors (MRFs) MyoD and myogenin to promote terminal muscle ditrerentiation 

(Carnac et al,, 1992; Muscat et al., 1994) in various muscle œli lines. 

B d  on cxtractiluiar conditions, such as the prtscna of growth factors or hormones, the 

decision for Go tells in most tissues to enter the cycle is made shortiy before the cornmitment to S-phase 

in the late G, pcriod (reviewai in Reddy, 1994). It is the extraceiiular factor-dependent cornmitment of 

late G, d s  to enter S that is the rate Iunithg stcp in determining the ability of œlJs to complete a ceU 

cycle (mviewai in Reddy, l m ) .  Therefore, once d s  are in S-phase they will p r o d  through that cycle 

riegardless of thcir extraceilular environment. When the ceils reach the aext GJG, phase, and an 

extracellular factor is presented (e.g., growth factor or hormone), the cells will respond either by 

contiming to cyde or by arresting in Go- 

Sina muscle regeneration involves the formation of new fibers and their Werentiation and 

maturation, it was our initial intent to examine the effacts of T3 on m u d e  regeneration in wntrol and 

amia (Pcrnitsky et al., 1996; chaptcr t h . ) .  The dystrophicmk mousc shows X-linked dystrophin- 

deficicnt myopathy and fiber n a d  (Bulfieki et al., 1984; K d g  et al., 1987). However, unlikc human 

Duche~emuscdar dystrophy (DMD), iïmbmusclcs in mdxmiœ can efféc tively regencra te and main tain 

function throughout the lifespan (Anderson et al., 1987; Anderson et al., 1988). After a crush injury, 

muscle rcgcneration in micc is more effective than in muscfe of the no- parent strain (Pernitsky 
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et al., 19%; McIntosh et al., 199+ McIntosh and Anderson, 1995; chapter three). A% vivo experiments 

(Pernitsky et al,, 1996. chapter three) showed that control muscle regeneration was altered by T3 

matment whilt muscle rcgcneration was not substantially aff'ected by T3. This was O bserved as 

fewer nuclci in new myotubcs in T3treatcd wntrol mu& cornparcd to untreated control muscle. 

Thedore, by comparing muscle regcneration in both strains under the iafluence of T3, some of the 

mechanism(s) undcrlying the very succcssfid regeneration by muscle might be determined. 

Initial h vivo studies showcd that T3 appeared to spacd the transition from proliferation to 

fusion in control and m a  mouse myoblasts (activated satellite cclls) found within muscle tegenerating 

fromcnisb injury. Interestingly, T3 only r e d u d  overall rcpair in normal control muscle, suggesting that 

m k  myobiasts may have a large enough proliferative capady (or levd of activation) to prevent a T3- 

induccd shin fiom proliferation to fusion (Pernitsky et al., 1996; chapter three). In agtc,-~t with the 

h vivodata, furthcr io vdmstudies (Pcrnitsky and Anderson, 1996; cbapter four) demonstrateci that the 

cycling and prolifération of control and m& sorted myoblasts may also be differentially modulateci by 

T3, Analysis of sorted myoblasts at one timc point, revealed that in the absence of T3, fewer & 

myoblasts were in S-phase than control myoblasts. In the pmenœ of T3, the proportion of m& 

myoblasts in S-phase was teduœd, whikcontrol proportions of S-phasemyoblasts remaineci unchanged. 

C o n v d y ,  t h e  wwe more m a  than control myoblasts in GJG, without T3. This analysis was 

pcrformed using only propidium iodide (PI, a marker for DNA content) wbich limiteci our abiiity to 

follow a spccific popdation ovcr the. It did, however, kad us to question whether T3 afftcts the 

transition from one phase of thcœli cyck to the ncxt, particuIarly thosc involving transitions out of and 

into S-phase. 

Questions ccgarding d cyck transitions wcre raiscd during the cxpcriments of chapter four 

which were carriad out using myoblasts sorted from fibrobbts and maintained for Iong priods in 
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culture (up to one month), The experiments discussed in the following work addressd such questions 

using mass cultures that consistai of rnkd muscle ceIls (myoblasts and some fibroblasts) which were 

primary isolates of muscle in oder to exnulate the rir vivo condition as closely as possible. 

To provide furtùer examination of the ditrerences between conuol and mdx muscle œll cycle 

activity, specif~dy the transitions out of and into S-phase following T3 treatment of cycling cells, we 

tested the hypothcsis, as in 20 (C), that T3 would slow down or stop those musclecells in S-phase from 

passing through the ncxt late S - G+4 and GdG, - carly S transitions of the all cycle. We also tested 

whethcr the passage through cach transition might be dif'fcrcntially afféctcd by T3 in the control and mdx 

muscle œil cultuces, bascd on previous observations of ~ e r c n c c s  betwccn the two strains (Pernitsky et 

al., 1996; Pernitsky and Anderson, 19%; chapters three and four), 

S. 1 Mataïah and Methods 

S. 1 .O hhnalu, CeIl Culture, and BtdU Lahcning for Experimeat #l 

Young (5 to 8-week-old) control (C57BLlO/ScSn) and & dystrophie mke (C57BLlO/ScSn 

wcrt used for all the experiments in this chapter. Primary mude oelIs were isolated as reported in 

chaptcr four. Bndy,  on day 0, two control mict wue ancsthetised (ethyl ether) and sacrifiaxi by œ ~ d  

dislocation accordhg to the riinartian Council on Animal Carc @&lines. Muscles were chsecteci from 

the h i n h b ,  forciimb, and back using ascptic technique. T i i e s  wcre further w t e d  to remove 

tendons and fat., and &op@ hto a sludge ushg a sfQik razor b u e .  The sludge was p l 4  into 25an2 

(SM) flasks (Falcon, Lincoln Park, NJ) with wann minimal essential medium (MEM) (Gibco BRL, 

Grand Island, NY) suppkmcntcd with 15% horse swum (HS) (Hyclone Laboratories Inc., Logan, UT) 

and 2% chick cmbryo extract (CEE (Gibco), contsiining c 0.3 nmols/L T3 by commercial assay) and 

incubatai at 3TC in 5% 0, and 9 9 !  CO, for 72 houm. niis tachnique increases d yield by maximal 

activation of quiescent satellite œlls in non-dystrophie (control) muscle, and homogeneousl y activa tes 
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satellite œiis in dystrophie muscle, probably due to soluble factors released from damaged muscle 

(Chcn and Quinn, lm; Chea ct al., 1994; Akn, persona1 communication). 

On day 3, the nwL contents urctt anpticd into 50ml otntrifugc t u b  (Falcon), vortcxed for 1 

minute and fiitered 1-îX tfirough gauze (Nitut) to remove k g e r  pieces of debris- Filtrates were 

centrifugai at lZOOrpm for 10 minutes at 4'C (Heraeus Sepatech V d u g e  RF, Baxter Inc.. McGaw 

Park. IL), rcsuspmded in MEM supplanented with 15% HS and 2% CEE, and plated onto two 

100Xa)mm Rimaria (Falcon) culture dishes f a n m g  pre-wa&ed MEM supplemented as above. On 

day 7, ab wcrc passa@ at equal density into 8 dishcs and allowed to proliferate for 3 days. Although 

T3 was no t used in this wrperimcr~t, the basal d u m  used as a veiiicie for T3 trea tmen t in experimen t 

#3 (consisthg of MEM suppIcmottai with carbon-stnpped HS (lSO/o)(modifed after Tanswe11 et al., 

1983) and 4% CEE (sec chaptcr 4), was applicd on &y 10 for 24 hours in order to adapt the &. On day 

11. cells wcre fcd a@ and a f k  2 h o m  were pulsai Cm the dark) for 2,4, o r  6 hours with [lXJ BrdU 

labclling d u  tion(50OXstockcontaining 5 - b d - u o r d x  a 10: 1 

ratio) (Amtrsham Lie Science Inc., Ariington Hàghts, IL) to label cells in S-phase. Two plates were not 

u p o d  to a BrdU puise and scrved as the no-BrdU conuol. 

5.1.1 Prcpacatiop of CcRa for Anti-BrdU-FITC Antibody m d  PI Stnining 

A f k  2.4, or 6 hours, ocIls wwe txyprinïzed (0.05% trypsin-EDTA, Gi bco, 1 -3mins) from cul ture 

dishes and enzyme action was quenched with cqual volumes of HS- Cells wcre centrifugcd at 1200rpm 

for 10 minutes at 4.C, resuspendcd in 3 d  O.OSM PBS, aunted, œntrifugd at 12ûûrpai for 7 minutes 

at 4'C and r c s u w  in SOOpL of stcrik 0.9% NaCl on i a .  Cells from each group were then added 

to 5mls of iat.ûkï 70D/o ethanol whife vortwring and incubatd on i a  for 30 minutes. Ceils were 

centrifugai at 21- for 15 minutes at room tanpcrature on a tabk-top centrifuge (International 

Equipmmt Co., Naedham HU., MA). The supernatant was removdand 500pL of sterileO.V?? NaCl was 
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added, followed by 500p L of 4M HCmriton X- 100. The œlls were incu bated Cor 30 minu tes a t room 

temperature to producc sin& svanded DNA molccuks. Aftcr an additional 500pL of 0.9% NaCl was 

addad, the otlls were œntrifuged at 2100rpm for 7 minutes- Denaturing of the DNA was neutrabxi by 

the addition of 1,Sd of O- l M  sodium tctraborate (NQ,O,). Cells wwe centrifùgcd as above and rinsed 

with I d  of 0.05M PBS/l~OD/o bovine senun albiimin (BSA) (Gibco, Grand Island, NY), After 

resuspcading the oclls in 1OOpL of PBS/BSA, thcy wcrt traridered to a SOOpL microcentrifuge tube and 

10pL of FITC-linLecl anti-BrdU antibody -ton Dickinson lmmunocytochemistry Systems, San Jose, 

CA) was added- The tubes wiere covercd with foi1 and mixai on a bio-rotatot for 1-2 houn at room 

temperature. The contents of the tubes wem VaaSfércd back to lSml g&ss tubes, backwashed with an 

additional lm1 of PBS/BSA and ocnvifuged at 2100rpm for 7 miautes. Cells were resuspwded (in the 

dark) in 50pL of a solution containing lOpg/ml PI (Mokcular Probes Inc., Eugene, OR) and SOpg/d 

RNAse (ICN Biochcmicais Inc, Ckavtland, OH) solution and stored in the dark a t  4°C overaight. 

5- 1.2 Flow Cytometry Analysis 

Flow cytometry analysis was pdorniad on a Coulter Ekctronics Inc. (Hialeah, FL) EPICS 753 

fluomœna-activated a l 1  sortcr (FACS) with huer excitation set at 488nm (UWhnW). Forward venus 

side light scatter bistograms wwe usai to gatc on intact œk and ci;minatc debris, while peak versus 

integrated PI dcrivd f luomœna signals wwe used for doubkt discrimination gating. FITC and PI 

fluorescena signais were separateci by a S5Onm dichtoic long pass filter and detected through S2SBP and 

630LP fdten e v c i y .  Two colour Quo-a histograms wme based on 5000 (experiments # 1 and 

#2) or LOOOO oclb (cxpcriment #3) satisfling botb the light scatter and doubkt discrimination gating 

criteria. Subsequent d y s i s  was pdormad using Coulter Elite workstation software, version 4.01 

(Burlington, ON). Control (no-BrdU) histograms wcre derived from d l s  which had not bccn exposed 

to BrdU, but wcre o t h d s c  treated the same as the test sampks. 



107 

5.1-3 hianab, CeIl Culture, and BrdU Labelling for Experimcnt #2 

Primary muscle cclls were isolateci exactiy as in experimcnt #l (see section 5- 1 .O) and passageci 

ona to amplify numbers. On day 4, œils wcrt trypsinîzed, pclleted, resuspended in 6ml of MEM 

suppkmcntcd with 15% HS and 2% CEE and wuntcd, bcfort plating at 3 diEfcrcpt dcnsities. Twelve 

dishcs wcre diMded into 3 sets of 4 dishts- The f i t  set of 4 dishes was plated directiy from the f i t  

suspension (hl pcr dish) and the remminhg volume (2ml) was diluted with 4 d  of MEM- The second 

set of dishts was piated with the dilutai suspension (lm1 ptt dish), and the tanstining volume (2nd) was 

diluted with h l  of MEM. This Gnai dilution was platcd (hi petdish) on the cemainhg 4 dishes- Agaia, 

the basal d u m f o r ï 3  treatment was usai to adapt the aells. On day 10 ceils were f d  and after 2 hours, 

2 of the 4 dishes in each set wcre pulsed Cm the dark) for 4 hours with [lw BrdU labelhg solution- The 

rtmauiing 2 dishes in cach set wcrc used as no-SrdU controls. 

Af€er4hours,oclfswerctrypsinizad . 
from culture dishes, collected, washed, and prepared for 

BrdUPI stabhg and analysis by flow cytomctry exactly as in experiment # 1 (see section 5.1-1)- 

5.1-4 h i m a k  and Ceil Cdhm for Expcrimcnt #3 

Six m k  fromeach ofcontrol and &dystrophic strains were used in the following experiment. 

On &y O, muscleds wwe isolatcd as desuibai in cxperimtnts #1 (section 5.1.0) and #2 (section 5- L -3) 

with the exception that Wh HS was uscd, in order to ensure that d s  femaitled proliferative- As weU, 

the cultures in aperimcnt #3 were no t passageci, On day 3, œlls were plated directly onto fourteen 

lOOX20m.m Rimaria dishes (1.1 X 10' alls per di&) to bc u x d  for flow cytomary analyses and six 

35XlOmm cuiharc diacr (1.8 X 10' ah pcr di&) for anaiysb with immunocytochQPiStry (= below). 

Cell popula t io~ wcrc grown for 7 days until semiconfluent in MEM suppkmenteà with 20% HS and 

20/a CEE. 
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5-1 -5 T3 Tceatmcpt and BrdU Labelling 

Scmi-coduent (70-800/o of the d a c e  of the disb was oocupied by cells) cells were switched to 

MEM contaïring Wh carbon-stripped HS and 4% CEE, and allowed to adapt for 24 hours- Ceils were 

fd once again with the above MEM and suppkments. At this t h ,  T3 (Sigma Chernical Co., St. Louis, 

MO) (10% in O-OSM NaOH vehicle) was added to halfofthe dishes in each group (control and d l ,  

whik the othcr half of the dishcs d c d  untreated and d v e d  oniy the vehicle. Two hours later, celis 

werc p u k d  with [lXJ BrdU labclling solution for 4 hours- Aset of two untreated disha from cach strain 

did not receive BrdU and m e d  as no-BrdU controls. Afkr the 4 hour BrdU pulse, one set of œiis that 

included both control and mdx, untreated and T3-treated d l s  was prepared immediately (4 hour tirne 

interval) for BrdU/PI stnining and analysis by flow cytometry as above, The remaining cells were refêd 

with MEM supphented with 20Dh carbon-stripped HS and 4% CEE but without T3, and sets of dishes 

were sampkî after an additional 6 (10 hour tirne interval) and 10 additional hours (2û hour t h e  intemal), 

and prcpared for BrdU/PI srnining and analysis by flow cytometry. 

5.1.6 ïmmnnocy-Éry 

To dmmckrk the proliferating c d  popdations in cul tu= with and without T3 treatmen t, & 

andcontrol allsgrown on 3SXlOmmculturcdishcs wcrt ptcpatad for Mmunocytochemistry at  identical 

time inteNalS as the above BdU/PI sampies. Cells wctt fured in lm1 of 1 .OO/o paraformaidehyde over iœ 

for 15 minutes. After rinsing in 0.0 1 M PBS, 2mI of ice cold PBS/O. 1% TritonX- 100 was added and the 

alls were incuba& on ice for a further 15 minutes. CeUs wtrc riascd LX with wld PBS and stored at 

4.C in PBS oontsiining 0.05% sodium azide for 7 days. After a PBS wash, œUs wcte bloclred on i œ  foc 

2 houn with PBS oonîaining O.SO/oTwœn and l.O?/obovint serum albumin (PBS-BA). Cells were then 

incubated in 500~1 of primary anti-MyoD rabbit polyclonal IgG(Santa Cruz BiotCChPology, hc., Santa 

Cruz, CA). Antibody was dilutcd 1: 100 in PBS-BSA and applied ovtmight to cells in a dark, humidifieci 
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chamber at  4'C. Cclls were tinscd for 2-3 minutes in PBS-BSA, and iacubated in 5 0 0 ~ 1  of secondary 

anti-rabbit whok Ig, conjugated to Texas R d  ( from dodey), îhe  m n d a r y  an tibody was dilu ted 1 : 1 50 

in PBS-8SA (Amcdmm Lifé Science Ioc,, Mississauga, ON.) and applied to œlls for 2 houn at 4'C in 

a dark, humidifid chamber, followai by a 1 hour incubation at room temperature. Cells were rinsed 2X 

with PBS-BSA. Glass coverslips were mounted onto the disha with Immrimouat (Lipshaw Kmmunon, 

Pittsburgh, PA). Cclls were observeci and photographed with Kodak Ektachrome Colour film (ASA 

1600) on a BHT-2 Olympus photomicroscope equipped with epifiuorescenœ and phase contrast optics, 

and copiod onto black and white fihn for photoreproduction. 

Counts of MyoDpositiveand MyoD-negative allswwc made by d g  mul tipk f i a  across 

coverslips- Phaseamtrast and thcn fluorescena opticï wcit uscd to count total cells and MyoD-positive 

celis, respecüvely while distinguisbg between MyoD-positive nuclei that were eloagated or round. 

5.1.7 And* of BrdU-ïTïC/PI Ehtogranu~ and Staîistics 

BrdU/PI histograms wereconverted to contour plots (Coulter Electroaics of Canada, Elite 4.0 1 

Analysis Software, Burlington, ON). Each plot was divided into 4 rectangles to delineate the 4 ceII cycle 

phases: G&,, carly S. latc S. and GJM as indicated in Figures 5.1 - 5.3. The same rectangle coordinates 

wett superimpod on cach plot for wrpcriment #3. exapt for the no-BrdU control- in the no-BrdU 

control, ovcrall Q u o ~ u  was lowcr and the rectangle coordinates were adjusted to aammodate the 

shift. The proportion of d s  plotted ineach rectangle was dctermined by the Elite 4.0 1 Analysis Software 

Progtam. C h i - s q u d  contingency tests for 2 indepcndcnt variabks were used to analyzc the fricquency 

distributions of d s  in ditremnt phases of the d cyde, cornparhg the two strains, and the effêcts of T3 

trcatment ovcr timc (Scats Plus, Humau Systems Dynamics, Northrïdge, CA). Histograms of the BrdU/PI 

fluomsœna in experiments #l and #2 wcrc convertai to contour plots and a n a l m  for the cffccts on 

a l 1  cyck activity of BrdU puise timt and a U  confluena respcctivcly, prior to the start of experiment #3. 



A probabity of p~O.05 was used to accept a difference as significant. 

5-2 Contributions by Othen 

During the course of thcse cxptnments, Dr E.S. Rector lrindly performed the operations 

rcquircâ to coIlcct flow cytomttncdata and t r a n s f i i  the data to disic For further anal ysis and graphitai 

reprcsentation. 

5.3 Ramltll 

5.3.0 Expetiment el- Sckction otan Appropriate BrdU-Rilrt Ti 

This expeiimeat was designcd to dctennine the length of the BrdU labeliing pulse that would 

maximize Sphase d 1a)ictting- W e  chose to test 3 difllérent p u k  tïmes, 2,4, and 6 hours and expected 

incfta~ts ia the n u m k  of labtlled S-phase cclls with increasing pulse the-  Howcvcr, thcm was very lit tle 

S-phase dl labefling and lit* change with increasing pulse tirne, possibly due to the inactive state of the 

cultures which wcm grown to a relativcly high density, compiuabk to ab in expriment #2 (sœ below). 

Figure 5.1 A-D shows contour plots of each sampk, includiag the no-BrdU conuol, The no-BrdU 

control ailows confirmation of the speciticity of labeîiingalls in S-phase. The S-phase pcrcentages in the 

prcJcna of BrdU wcrc all v a y  low (carly S = 0.7-1.7% and latc S = 1 -S-L-g%, Fig. 5.1 B-D). However, 

aii labelline was hi&er than the background delùleated by the no-BrdU control (Fig. LIA). 

Apprortimatcly 90% of the d s  fmm cach sample were in the GdG, phase and 54% were in the GJM 

p h  for cach pulsc tMit. At the timc of sampling, the cultures had simüar ceIl densitics as follows: no- 

BrdU control5.4 X 10' cclwcm2; 2 hour pila+ 5-9 X 10' oclls/cm2; 4 hour puise. 5.2 X 10' cclldcm'; and 

6 h o u  pu& 5.1 X 10' &QI~*- S i  the uae of pulsa t h  from 2-6 hours did not sigdkantly affect 

S-phase labelling, a mïd-range pulse of 4 hours duration was uscd for the following cxpcriments CO ensure 

d ~ a a i t  S-phase al1 iabelling with a rclatively shon pulsc (< 1% of the total ceIl cycle t h ) .  
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5-3-1 Experiment #2 - I o c d  Celi Dtarity Ikmum Cd1 Cycle Activity 

To determine an optimai ceil density in which ueatment-induced changes in activity in al1 4 

phases of the d cyck might be obcrerued, cells werc cultured and goum to different frnal densities as 

follows: confluent cclls, 7.2 X 10' ccwcm2; fvst dilution, 3.6 X 10' cclls/cm2; and second dilution, 1.1 X 

10' ~el l scun~.  Fiyur 5.2 A-F shows contour plots of each sampk (icluding no-BdU controls), after a 

4 hour BrdU pulsc. Panels &C, and E show the no-BtdU controls. The background kvel of FITC in cells 

was O.3-1.7% in carly S, and 0.1-2 1% in late S- Panel B shows that at  high density (confluent), only 2.2% 

and 2.2% of alls wcrc in carly and late S phase respactively, while 91.5% of the celJs were in GdG, and 

4.1% wnt in G#M- At a moderate density (1st dilution, panel D), t h m  was a change in ccll cyclïng 

activïty. Comparecl to confluent cultures, mort cclls in the fmt dilution cultures werc in early (4.2%) and 

late (7.7%) S-phase, and 79.M and 9.1% of the& wcre in GdG, and GJM respectîvely. F d y ,  at  the 

lowest densïty (2nd dilution, panel F), the= was a further âramatic change in ce11 cycling activity, with 

7.4% and 139% of the cells in early and late S-phase respectively, and 55.8% in GdG, and 13.9% of the 

œlls in GJM. T h d o r e ,  at the lowest œll deasity (2nd dilution), the highest proportions of cells were 

distibuted into carly and late S-ph- cumpared to the confluent and 1st dilution cultures, and lower 

proportions =rie found in the GJG, and GJM phases of the dl cycle. 

The proportions of œl populations in each phase of the ceil cycle (frequency data) were analyzed 

(Chi-square statistics) to determine diff'œs among populations basai on a l l  dcnsity. T'hem were 

significan t diffcziwœs among distribu dons found in the cul turcs ofdifferent densities (Chiquarit = 1 76.6, 

P<0.001, df = 6). The diff'œs originatad in the smallu proportion of alls in late S and GJM in 

confiucnt cultures than in the 2nd dilution cultures (partitioncd Chi-square = 41 -2 and 74.1 rcspectivel y). 

This was srlso refkted in the sigoiflant dacrcase in the proportion of a l l s  in GJG, (partitioned Chi- 

squared = 25.3) in the shift from confluent cultures to 2nd dilution cultures. Together these changes 



contributcd to 80% of the total value of Chi-square- 

S h œ  changes in late S - GJM and GdG, were rwolved in this expenment, and ce& were most 

optimdy spread throughout the ail cycle in cultures at the lowest density (2nd dilution), expriment #3 

was conducted with & at a density similar to that rcaçbed by 2nd dilution cultures. 

5.3.2 Expcrimcnt #3 - Ctll Cycle Activïty in Control and & M u d e  CtUs 

Straia Effkcts 

Chi-square values wercsignificantly ditrérent (P<O.OOL) forcornparisons among œllcycJe phases 

at  ail thne points examinad (4.10 and 20 hours) (Chi-square = 38.0,65,0, and 172.2)- M y  sisaif~cant 

changes are reportai below- Spacifically, untreatcd control cultutes had more cells in GdG, at 20 hours 

compared to untreatai pida d s  (Fis 5.3) (partitionai Chi square = 20.2). Chi-square values were also 

di .€f i i t  for the cornparisons among ctll cy& phazKs and bctwacn strains over timc (Chi-square = 13 1-4 

and 388.2 respcctively). Over time, the proportion of untreated oeiis in GJG, had decread by 20 

hours (partîtional Chi-square = 39.6). 

Untreated&cultureshad moreœilsin early S - p h  cornpareci with untreateàcontrolcultures 

at 4, 10 and 20 hours (partitioned Chi-square = 3.8, 13.8, and 38.0 respective1 y). Eramined over time, 

untreatcd alls from both control and strains showcd p a t e r  proportions in eady S-phase at 20 

hours than at 4 hours. These results can be observd in Figure 5.3 and the line graph in Figure 5.4A 

shows cady S-phase S@IC différcnœs ckarly, 

Untrcatad &cultures also had more cells in late S-phase at 4 hours (partitioned Chi-square 

= 7.2) and 10 boum (partitionad Chi-square = LO.l)compatad to unctcattd control allsat 4 and 10 hours 

5.3 a d  5.48). 

Unvcated mdx cultures had fewnt alls in GJM at al1 time points examinai (partitioncd Chi- 

square = 6.1.6-5, and 27.6 respactivciy) comparai to untrcatcd control oells. Over tirne, the proportion 
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of untrcated control and al ls  in GJM decreased by 20 hours (partitioned Chi-square = 15.3). 

In summary, m a  cultum had signif~cantly fewcr cclls in GJG, at 20 houn and more cells in 

early and late S-phase at ali thm points cornparcd with control cultures. Onfy mdx œlls showed changes 

in proportions of œils in GdG, over t h ,  whilc both control and p3da tells showcd changes in 

proportions of ails in GJM over time. 

T3 Trcatment Effkctu 

In cornparisons of TItreated control and & ail& over Ume, Chi-square values were 

signiftcaat for the coniparisons among d cycle phases and between strains (Chi-square = 265.1 and 

2420 respeztively). Agah, ody significant changes are reported bdow. The proportion of œlls in early 

S-phase i n d  bctween 4 and 20 houn in both T3-treated control and mdx cultures (partitioned Chi- 

square = 174-0 and 145-3 respectively). At the 20 hour timc point, the proportion of control celis in early 

S-phase i n d  with T3 trcatmcnt cornparcd with untreated wntrol œlls (Figs- 5.3 and 5.4A). Finally, 

T3-treatcd control cultures showcd a dectcase in all proportions in GJM betwun 4 and 20 hours 

(partitionad Chi-square = 24.5). In summary, only convol& in early S-phast and GJM appeared to 

be af&ctad by T3 treatment- 

5.3.3 Tmm~acytocécmisÉry 

Iirmiuno?ptaining for nuckar MyoD protein was applied to determine the myogenic character of 

the control and culturcs in cxperîment #3. Threc main œil types were observed in ail cultures. These 

threc types of cclls wcre found in mostly homogcncous colonies and containcd small nuclei. A fourth ceIl 

type, rady observai, was large and h t  with a large round nuclcus, and was characteristic of fibroblast 

or endothelial-like oells. Ody nucki in smaller alls wcrc staind positive for MyoD protcin. 

Two types of colonies wcre observeci bascd on MyoD staining aioae: MyoD-positive œlls that 

had eitùer elongatad or round nucki (Fig. 5.5 A-D), and MyoD-negativc alls that had only round nucIei 
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(Fig.5.5 E,F)- Ctlls with elongated nucki were found in mixai wlonies of œlls. where cells were present 

with both round and cloogatcd nucki that wcre 90-Lûû?/o positivc for MyoD. Cells with round nuclei that 

wcrt observeci in m i d  colonies wcre also mostly positive (80-LW!) for MyoD. For exampie, in the 

untrcatcd control culture at 4 hauts, th- wcrc 47 MyoD-positive alls wunted out of 47 d s  with 

clongated nuclei, and 39 MyoD-positive a l l s  out of 40 d s  with round nucki. By wntrast, the coIonies 

that contahiai only cclls with round nuclei werc virtually unsrainexi for MyoD (0-1% positive, Fig.5-5 

E,F)- 

Thercfore, to distributions of MyoD stahhg, and nuclearshape, MyoD-positive and 

ncgative ah werc iikcly diarerentiated and uncoIIIII1ittcd myobbts rcspectivcly. The difhmtiated and 

undiffitiatad rnyobiasts waie growing in separate colonies. Alternativdy, 2 difjrezent types of d s  

could be pmcnt in these pcimary culturcs (e-g. myoblast or fibrobiast). However, since MyoITpositive 

st-g was pritscnt in cds with clongatcd o r  round nudei in the same colony and MyoD-negative œlls 

with the .amtmotphology wicrt ncarly always in homogencous colonies, the MyoD-positiveand negative 

ab wcrc probably both myogdc d s  observai at ciiffernt stages of differentiation. 

These d i s  umr i h m d  to quantify ~ c r c n c t s  bctunai cultures, based on the shapc of their 

nuclci and MyoD stainhg. Cells with nucki tbat uiwc MyoD positive and elongated; MyoD positive and 

round; and MyoD negativeand round wettcountcd andcxptessed as a proportion of total cclls wunted. 

Table 5.1 shows the calculaîcd proportions of those th= groups of d s  in each culture ovcr time. 

In control cultures, the proportions of dif'fiîtiatcd myogcnic alls, i.e., a l l s  with MyoD- 

positivJelongata3 nucki, d a d  during the 20 hours in culture. The duxcasc in proportions of 

diflrermtiatod myogcnic & (MyoD-positive/tlongatad) was largcr in T3-trcatad control cultures 

compareci to untreated control cultures, sincc th- was a large proportionate incteast in d s  with 

MyoD-negativdround nucki and no change in proportions of œlls with MyoD-positivc/round nuclei. 
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Un~tcd~cultutcshadmmipropottio~tcd4creascs inœlls with MyoIEpositive/eJongated nudei 

cornparcd to untreatcd control cultum. Io canuswt to T3-ueatcd control cultures, mdx œlls grorni with 

T3 maintaindthc-#mr?proportionsoEbothdiff~t~~ltiatdœlb with MyoD-positivdelonted nucleiand 

nondif1Tcnntiatcd oclls with MyoD-ncgativdround nuclei. 

These tabulatioiis confrrm that T3 treament &cts diffitiation of control musclecells, but 

dots not change the diarcrcntiation sequena or timing of & muscle cells in culture- The data are 

consistent with flowcytomctry anaiysis of tbt p a r W  cultures in which only control ceils in carly S-phase 

and GJM umc affktcd by T3 tritatmtnt. 

5-4 Dirrirrion 

The pment experimenrs examineci œll cycle activity in control and m& primary muscle ceIl 

culhvea The incorporation of BrdU into nuclcar DNA of cycling musclealls and double stnining those 

oells with ana-BrdU FTïC and PI pcrmittaî the scparation and anaiysis of distinct populations of cells 

at four phases of the cell cyck (GdG,, early S, kte S, and GJM), The results indicate that there were 

signiftcant difllêrcnccs bctwacn control and & musclc CC& in thcir progression through the all cycle 

over a 20 hour time p a i d  and in th& rtsponse to T3. The diarêrcnocs were particuîarly evident by 20 

hours in culture, whcn thcm were s isn i f~~~~l t ly  f i  & than oontrol ce& in GdG,, and a 

concodtantly largcr proportion of mbct i is  incarly S and late S pbasts at bat tirne- Therefore, under 

the influence ofT3, &culturcs continucd to cyck regardkss oE;comrnitment to MyoD expression, while 

control cultures showlad a largcr tendency to partition into eithcr cycling or differcntiating MyoD- 

expresshg mude d i s -  

At 4 hom, control and & cuitures had approximately equal proportions of ails in GJG,, 

whik mtix cultures had a somcwhat larget proportion of cells in carly and late S phases. The data are 

consistent with the possibiiity that the cycling rate of mdx muscle alls may bt faster than that of control 



LL6 

musclealls: most of thc alis in S-phase at 4 hours had reached the next early and lace S phases by 

20 houn- By cornpanson, a large proportion of control muscle œiis still rcsided in GdG, and GJM at 

20 hours, although somcdid progrcss to S-phase sina the total S-phase population had doubled by 20 

hours. 

These data arc in agreement with an carlier h vivo study of satellite celi pro meration using 

autoradiography (Anduson et al,, 19û7). It is very interesthg chat the proportions of & celk in GdG, 

decnased over time, whiJe the proportions of controlmuscie ah in the same phase rcmained stable. This 

suggests that the d population was quite homogeneous in thaî ceils cycled at approximately the 

iramt rate, and ranained prolifcrative over 20 hours in culture rcgardkss of MyoD expression. It is 

LDown that very high proportions of proüférating myogenic cc& are prcsent io viva in regeneratïng 

mwclc, whccie 18% of myf5-positiw and W !  of rnyogenin-positive mononuclcar oclls arc proliférative 

(McIntosh et al., 1997, submittcd). in contrast, the control population of cells may have ùeam more 

hemogcncous, and may have amtaincd tells which cycled at more variable rates. However, it is more 

likcly, judging by the proportions of MyoD seaining and the oôservation of nuclear and d shape al1 the 

control cch wtre likely myoblasts. According to that charackrization of the cultures, some of the conuol 

oells bcgan to différentiate carlier than in a cul- and did not pass from Gfi, into carly S-phase. 

By comprison, the 0th- control Fcllr staycd prolifitive and cycling. This may explain why the S-phase 

population doubled in control cultures a d  at the same t h e  was accompanicd by a large proportion of 

oells in GJG, at 20 houn. Thdore ,  the prt~cnt m u l m  suggcst that & muscle & may cyck faster 

than cantrol œiis That âifKércnœ may be due in large part to a loww ttcnd toward difEerentiation and 

amest in than cdntrol myogenic ab undcr the same conditions. 

It is not ckar why mdx primary muscle d cultures would bt more homogcncousiy activated 

to cyck or to diff'etentiate than wntrol prirnary muscle œll cultures- The procedure used to isolate the 



L 17 

myoblasts should produa rclatively evenly activated œlls (Chen and Quinn. 1992; Chen et al., 1994). 

Howcvcr, immunocytocbQIUStry d t s  support the above rcasoning that there may be two distinct 

populations bascd on  dtgtet of myogcnic diffcrcptiation in both çontrol and mdx muscle œli cultures. 

Anti-MyoD antibodks wwt used to idcntify comnitted myoblasts carly in di0rtrcntiation since MyoD 

is a muscle regdatory factor and its expression is known to inîtiate myogcnic difEerentiation (MarteIli et 

al., 19W; Muscat et ai, 1994). MyoD is also obscrved in myoblasts which are proliferative io vivo 

(Garrett and Andemon, 1995; Andctson ct al., 1997% submitted) and in satellite oelts on intact fiber 

prcparations (Yablonka-Reuvieni and Rivera, 1994)- MyoD-positive and negativecolonies wwt typiçally 

growing 3eparately from one another in all the culture diahes in the pmsent study. Son# of the colonies 

were myoblasts that wctt prolifcrative bccause thcy had d d s  with round MyoD-positive nuclei. 

Othcr colonies containcd v a y  s b k  smaii cclls with rounded auclei that did not express MyoD. It 

cannot be dctcnnined from th- observations and data whether the MyoD-negative cells werc "pre- 

MyoDa myobhsts, defincd as myogenic celis bcfore the expression of MyoD (Yablonka-Reuveni and 

Rivera, 1997 in press), or anothcr type of d such as fibtoblasts. Howcver, sina there w m  colonies of 

tells thai includal both elongated (an indication that diffcrentiation was taking place) and round nuclei 

(a proliferative state) that wert both MyoD-positive, it W very likely that the observed cclI heterogeneity 

in culnires of expriment #3 was largely due to variations in the state or  degret of cornmitment and 

differentiation to mwclt, rathtr than to large nuni& of contaminating fibroblasts. 

The two types of muscle cclls, proliféraave and MyoD..positive, and prolifetative but MyoD- 

ncgative, wem observad in both control and inmAxcultuna. Whilc, it is not possibk to conclude that the 

MyoD-positive myobiasts and Myoihegative œllscycbd in the same manner in m& cultures, MyoD- 

positive myobiasts and MyoD-ncgative alls wcre both prolifcrative. Anderson et al. (199 1, 1993, and 

1995) and DiMario and Strohman (1988) s h o w  that  mud de con tains Iarger amounts of the potent 
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mitogcn basic fibroblast growth factor (bFGF) than control muscle- It is also known that mdx myoblasts 

express and syuthcsh bFGF (Garrctt and Anderson. 1995). The high lcvels of mitogenic bFGF may 

have enabkd & myoblasts to prolifcrate long enough to allow the G,jG,-eady S-phase transition to 

occur. The= W evidena that fibroblasts in a myobIast culturecan afficct cycling behavior (Pernitsky and 

Anderson, 1996; chapter four). MyoD-ncgative ails and fibroblasts might play a role in maintainhg 

myoblast prolifkration (Morin et ai., 1995)- In addition, two studies from our laboratory danonstrate 

that coxnmittai myoblasts expressing any of the four MRF gencs are capabk of proliferating and that 

in & mudc the proliférativc proportion can reach up to 3û?! ui vivo (Anderson et al.. 1997a, 

submitted; McIntosh et al., 1997, submitted). Since the cultures were not confluent, contact inhibition 

of d division (Fe- et al,, 1988) did not iikely prwcnt a cell transition into or Corn S-phase. Fusion 

may havc jwt bcgun in the latgcf colonies of MyoD-positive cells, sina very occasional myotubcs with 

3 nucki wiiert obacrvd 

T3 trcacmcnt only affkcted cycbg bchavior in wnuol cdtures. The effccts of T3 were observeci 

at the 20 bour tirœ point as an incrcast in the proportion of cells in early S-phase with treatmcnt. The 

proportions ofcontrof &in GJM d e c d  signïfïcantly bctwuen 4 and 20 hours while the proportions 

of control& in GdG, did not. T h d o r e ,  T3 veatment in oonuol ocJls invoked changes across most 

phases of the al) cyck o v e  t h e .  It appcars that al1 of the œlb in the control T3-mtcd culturcs cycled 

continuously, with ftw myoblastsente~g Go. Kt is ~11-known that T3 can initiate themyogenic program 

(Muscat et ai., l m )  by inducing the utprnsion of the MyoD gene and subsequcntly lcading œlls into 

the Go state (MarteUi et al., LW). Indeai, the itrcrease in d cycle activity with T3 treatment is difllicult 

to ex plain, sine the apactation was a d m  in cycling activity. As stated carlier, fibroblast a l 1  cycling 

changes with T3 and can afllkct cycling behavior in mixai cultures (Pemitsky and Anderson, 19%; 

chapter four), but the proportion of fibroblasts in the prirnary culturcs was low. It is not known if 
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fibroblasts could have altered or contributeci to the cyciïng behavior of the control pcünaq myoblasts 

under the T3 tricatment condi tiom uscd in this study. However, wbile a subset ofcontrol myoblasts, just 

pnor to or beginaing to express MyoD, wert sensitive to T3, it is clcar that T3 had no dircct effcct on the 

cycling behavior of mdx m u d e  d. 

In summary, cycling convol unttcated prknary muscle ceIl cultures behaved Icss uniformly or 

synchronously than mdx untrcated primary muscle ceil cultures as suggcsted earlier (Pernitsky and 

A n h n ,  1996; chapter four). T3 trcatment altercd the cycling of control otlls, and resulted in changes 

in the proportions of rtiia in ail 4 phases of the dl cyck over thne Ultimntely that produccd an incrtased 

distribution of œ k  in S-ph- and decreasad the distribution m GJM. In Our earlier h vivo studies of 

muscle regexteration 4 days afw a crush injury, T3 veatment reduced the proliferation of myoblasts in 

control mude-  That shift r d t e d  in premciow myoblast diffkrentiation and chxaseù muscle 

regcaeration (innalkr myotubes with fcw nucki). Ttic pzwcnt lir nko results suggcst an additional short 

term &kt of T3 to increase proliferation in undûfkxmtiated pre-MyoD œUs, at b t  for 1 further cycle 

over the 20 hours a k r  T3 treatment, That additionai effect rnay only occur h vriro or may only be 

obscrvabk with &tailad flow cytometric analysis- The high proportions of untreated mdx ceils in early 

and Iatc S pbascs support the idca that rpda muscle has a large n u m k  of activateci and/or proliferating 

myoblasts w k n  Ehsrtlcnged to regencrate after an i m p d  injury UI  Mvo- Ckariy, then were strain- 

spaQnc &&ts of T3 on  d cycluig, but T3 did not slow dom or stop control or  m& muscle cclls from 

passing through the latG S-G#¶ or GdG,-carly S transitions of the cc11 cycle. 



Table 5.1 : Proportions of  cells positive and negative for MyoD in control and 
mdx cultures with and wiîhout T3 treaûnent- 

strain and timc(hrs) MyoD+ uid M y o N  and MyoD- and total 
treatment 

control noT3 

control T3 

mdx noT3 

mdx T3 

round 

0.26 
O. 14 
0.04 

0.1 1 
O. 13 
O. 13 

O. 18 
o. 18 
0.08 

0.08 
0.07 
0.11 

round 

0.42 
0-65 
0.76 

0.28 
0.67 
0.75 

0.2 1 
0.29 
0.72 

0.5 1 
O. 5 

0.53 

Ne: Wbcrt tbe total of3 ptoportions docs not total 1.0 (acmss the columns), there were a 
smaïi numbcr of celis with cion- or round nuclci that wcre not MyoD positive (ibt 2 
columns) or a smail number of round d i s  tbar werc MyoD positive (third columa). 



Fig.5.1. Contour plots of flow cytomevic anaiysis of primary conmol muscie cells pulsed with BrdU 

l a m g  solution for 2,4, and 6 hours (panels B, C, and D respedvely). Panel A shows the no-BrdU 

control. Data reptescnt the proportions of œiîs in the 4 phases of the ctll cyck as labtlled in Panel A 

fGdG,, tarly S, late S, and GJM). Fivc thousand œlls war anal@ from each population. 





Fig.5.2. Contour plots of fïow cytometricanaiysis of primarym&muscleœiis puised with BrdU labelling 

solution for 4 houn. Panda B. D, and F show di cyc* dynsmig in o &ducnt ailturc, a moderate 

dcnsity culture, and a low M t y  culture ~pactivcly. Panels A, C, and E show the no-BrdU mntrols- 

Data rcprcscnt the proportions of cds in the four ph- of the d cyck as labelid in Pancl A (GdG,, 

carly S, latc S, and GJM). Five thousand d s  wcre a d @  Gom cach population. Signifiant 

diflrêrcnices wlere &tcnnincd by Chi-square. Simcant diarkmm~ wcm obscrvcd in the iow density 

cultures, showing an inawse in the proportions of CAS in the early and htc S phases- 
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Fig.S.3. Contour plots of flow cytomctric analysis of primary control and & muscle cells with and 

without T3 (for 6 ho-), sarnpbd af*r a 4 hour pulx with BIdU label& solution (4 hour column). 

After the BrdU labelling solution a d  T3 urne temoved, additionai sampks were takcn aftcr 6 and 10 

hours had passed (10 and 20 hour columas rcspcdvcly). Data reprcsat the proportions of cclls in the 

4 phases of the oell cyclc as labclled in the ûrst panel (GJG,, carly S. late S. and GJM). Ten thousand 

cells wcte analyzed corn cach population. Sigdicant diffet~~loes (Chi-square statistics) werc obstrvcd 

bctwecn untreatcd amtrol and untreatcd cultures in carly S-phase ovcr all timc points and in GdG, 

at 20 hours. T3 trcatmcnt iacrtased d cy&g, but only in control cultures. 



PI  tiuoracence (DNA content) 



Fig5.4 Line graphs rcpttscnting the changes in proportions of control and mdx early (A) and iate (B) 

S-phase Ceus (untreaîeû and ntreated) over tirne. Thne O mprtserits the tinie whea the tells were pulsed 

with BrdU. At time 4 the BrdU was removeci and tells were sampled Additionai samples were taken at 

!O and 20 hours aftcr the initiation of the BrdU puise. 





Fig.5.5 Microgcaphs of ünmunocytochemistry for the muscle regdatory factor MyoD. Panels A, C, and 

E are p k  wntrast picnircs of  the fluoraomt and non-fluorcsocnt ceils in Panels B, D, and F 

respectively. (A and B) show oelJs with nuclci that were MyoD-positive and elongated. (C and D) show 

cefls with MyoD-positive nudei that were both elongated and round. (E and F) show ceiis with nuclei 

that were aU round but MyoD-ncgative. These colonies were obamed in both control and muscle 

ctll cultutes- Bar=30- 342X 





131 

Chaptcr 6 - Gened D i s s i o n  

The experiments compiled in this thesis were undertaken to gain a better understanding OF 

proliferation and diffefe~tiation during muscle regeneration in control and & miçe. Previous studies 

in our laboratory (Andetson et al., 1994a; McIntosh et al., 1994; McIntosh and Anderson, 1995) reveded 

that normal TH kvcls played an important rok during muscle rcgencration. We have also demonstrated 

that alteration of TH kvels (hyperthyroidism or hypothyroidism) can &ect the regenerative proœss. 

Thcrefore, T3 was uscd to alter the muderegeneration process during the course of the current studies, 

and that treatment became a valuable tool for helping us to uncover difllerences between control and & 

m u d e  rcgeneration both h vivo and io VIVO- 

Chaptcr - dcscribts h wvoexpcriments and data dernonstrating, for the first the, that 

mude maintaïus a larger regenuative capacity tha. control muscle under hyperthyroid conditions. Tt 

was shown that, not only was regemeraaon different in wntrol and & muscle, but that T3 diEefentidy 

affecteci control and mdx m u d e  tepair. These imponant fmdings lead us to ascertain what might be 

different bctween amtrol and mdx myoblasts, i.e. at the mononuclear d level, that might be observeci 

as th& différentia1 responst to T3- 

It was postulatcd at the end of chapter thrat, that différenczs may origiaate e d y  in muscle 

regulatory gene expression (cg., MyoD and Myf-5) in wntrol and & myoblasts. Further work on the 

same u1 ~vornusc1cs uscd in chapter three, showed the anticipated fmdings that MyoD immunostaining 

of mononuclcaroell nuclei (myoblasts) was observai in rcgencratiag wntrol muscles under hypcrthyroid 

conditions and in myoblasts alignd prior to fusion into rnyotubes (Anderson et al., 1997b, submittcd). 

Howicver, in regenerating mudes of hyptnhyroid mia, both myoblast nucki and ncw myotube 

nuclei wctt positive for MyoD protein (Anderson et al., 1997b, submittd). This counterpart 

immunocytochanistry study verifcd the idea that the rcgulation of MyoD expression can be altered by 
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T3, as foundinother rcpocts(Musçatetal,, 19W; Carnacet al., 1992)- The workafsoshowed that MyoD 

expression is wntroikd mercntiy in control and mrfit muscle ueated with T3. Bhagwati et al. ( 1996) 

addrtssed the importance of MyoD during muscte regeuecation in the m& mouse, and showed that 

MyoD was expresscd in sattllitc ctlls and in 'tmall tcgcnerating muscle fibers (myotubcs) surrounding 

necrotic fibers. Thest authors hypothcsized chat MyoD plays a critical role in the initiation and 

progression of cvents which iead to regeneration in mature skeletd muscle (Bhagwati et al,, 1996). 

Coiiaborative work with our laboratory M e r  substantiates this hypothesis (Megeney et al., 19%; 

Mcïntosh et id, 1997, submitted). Thc~cfore, tht idea that diffêrences between control and & muscie 

regeneration might originate in the control of MRF gene expression should be an important 

consideration in the design of fututt expcriments. 

To further examine myoblasts at the mononuclear ceIl level, the technical focus of the work 

tuniad to cxploring myoblast ocll cyck dynamics and prolifctation in control and &mus& (chapter 

four). In order to study the dynamics of the ceii cycle with and without T3, it was decided that we would 

use a tissue culture or h wimenvironment. Myoblasts and fibroblasts were sorteci in the chapter four 

experimcnts to determine how the two d l  types might behave, if they were a€fkcted differentiy by T3 and 

if there might bc saaio diflrkrenccs in fibroblast behavior, as suspccted for myoblasts. By no mtans did 

this study try to mimic the h vivo environment. Myoblasts in a ngenerating muscle do not exist by 

themsclves. They are surromdeci by many types of mononuclear ceils in addition to fibroblasts. These 

expcrïments wecc pcrformad to determine if thete wetc direct efllects of T3 treatmeat on œll cycling of 

rnyoblasts, fibroblaats and ranixed myobkts and fibroblasts. 

The 'H-thymidine incorporation and propidium iiodide studia (chapter four) reveakd that 

control and & muscle celis did i n d d  dernoasvate diffcrcnt changes in proliferatioa and al1 cycling 

when treaîcd with T3. Those difkrcnces were also cell-type specific. The results further supported the 
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hypothesis that the regenerative capability of m&myoblasts may be as a result of ditrerential regulation 

of ceii cycling. The d e  obtained in cbapter four clearly expanded earlier work (chapter t h )  on the 

efEêcts of T3 on m u d e  ttgcnetation in both strains. Howevcr, an important question still remained 

unanmmd Did mdx myoblasts cycle fister than control myoblasts? 

It was exciting to observe distinct responses in control and m& fi bro blasts with T3 treatmen t , 

and to discover that myoblast and fibroblast interactions did occur ib viiro. Studies are still needed to 

dctermiiie the exact nature of T3 &ects on fibroblasts. These studies might iaclude resolving how T3 

actuaJly interacts with fibroblaats on T3 receptors, and what gcnes, if any, might be cegulated by T3 in 

fibroblasts. Ptrbaps the idluena of growth factors like bFGF is aIso regulated by T3 in fibroblasts. 

Morin et al, (1995) have shown that & fibroblasts do contaui a growth façtor activity that appears to 

stimulatc the proliferation of dmyoblas ts  u7 Thecefore, regulation of bFGF expression by T3 

in fibroblasts codd r d t  in a change in cycling bchavior that may have negative or positive tfllects on 

myoblasts both h vivo and h  o. The negative result would bt that this growth factor activity wouid 

not be produocd in fibroblasts, andmyoblasts would not bt stimulated by this source- On theother band, 

perhaps less fibroblast activity means that less fibrosis would occur d u h g  muscle regeueration, giving 

the advantage to myoblast prolif'tion and new myotube formation, which drimately leads to effective 

muscle regenetation. 

During the course of the experiments in chaptcr four, it was dccided that the potential diiTerences 

in cycling b c t w œ n a  diaphragmand Iimbmusclemyoblasts and fibroblasts shouki bt d e d .  Since 

the diaphragm in the & mouse appeaM to bt a f k t c d  by dystrophy much more tban limb muscle, but 

=tains function, it was thought that œil cyck dynamics might play a rok in determinhg the two very 

differcnt phenotypcs of muscular dys~ophy in the same moue. The diaphragms werc çollected at the 

samt time and in the same way as the iimb musclu and prcpad for culture and al1 cyde analysis with 
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or without T3 veatment exactly as reported in chapter four- The œll cycle distributions of rnyoblasts 

(Iow) and fibroblasts (high) in the diaphragm are showa in Figure 6.1. The Following results are descri bed 

in Anderson et al, (1997a. submitted), The proportion of mixcd d s  (myoblasts reçombined with 

fibroblasts) in S-ph- was lowcr in diaphragm cultures than Iimb cultures. T3-treatment resulted in a 

dectcascd proportion of diaphragm myoblasts in S-phase cornparcd to T3-treated limb myoblasts. 

Srnaller proportions of diaphragm fibroblasts were also observeà in S-phase with T3 compared to iimb 

fibroblasts with T3. In contrast, T3 tnatment rcsulted in a iarger proportion of limb fibroblasts in S- 

phase comparcd to untreated h b  fibroblasts. These d t s  agree with in ntw repair in 

diaphragm tissue from hypertbyroid mice (Anderson et al., 1997a, submitted) and with data 

desxibed in chapter four for 1Mb musde œii cycling. It is apparent from these results that diaphragm 

myoblasts may bc more sensitive to T3 than h b  myoblasts. Further studies are requved to reveai 

potentiai différenccs in ocll cycle rates bctween m& diaphragm myoblasts and limb myobiasts (and even 

purifieci fibrobiasts). Those studies could be done e d y  by pulsing primary diaphragm and limb 

myoblasts with BtdU for a petid of time and subsequently foilowing t&at labelleci S-phase population 

(as in chapter five) over 1 di cycle. 

The ncxt logÏcaJ stcp to our work was to foUow control and m& myoblast movement through 

the ccll cyck. I f d i f f i c t s  bctwœn control aad m&myoblast ce11 cyciing could bc obsemed at one point 

in time (as in chaptcr four), we shouM also bc able to observe ~ e r e n c e s  over time, As welf, the effects 

of T3 might also bc more readily obscrved. With tbe use of BrdU, an S-phase ceil labelling agent, a 

parti& population of myoblasts was mark4 and f o l l o d  over time- PI was used for the 

detcnPination of proportions of d s  in the remaining phases of the cc11 cycle (GJG, and G#). 

In an attempt to minûnize the manipulation of myoblasts in culture, the purification and 

subculturing steps were not usd  for the studics in chapter k. The continueci subculturing of alls (after 
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ceIl sorting) to obtain optimai numbers for ce11 cycle analysis using PI (as in chapter four) would Iikety 

change aU cycle bchavior over timt. By cornparison, myoblasts in primary cultures (over a short period 

of timt) cmulate more closely the ri3 vivo muscle regenerating environment. To cei tera te, while the Lo v k  

s t t iag  was not mcant to mimic U1 vivo mu& regcneratioa in these stuclies, the ciifferences between 

diffkrent mode1 systmc~ wcrc takcn into account. The main goal was to furthcr examine allcycle activity 

in control and & primary mude ceJi cultures, and to observe the etfats of T3 on these muscle ce&. 

Tht rcsuits €rom the cbaptcr fivc stuâies witrie consistent with previous work (chapter three and 

four). D i f f î  in cycling activity were oôsemed becween control and & muscle œll (myoblast) 

cultures. Additiody, the diff' in cycling behavior were obsetved as they developed over tirne. 

Control muscle œlls appcared to cycle kss unifonnly than muscle cells. Even more exciting was the 

o d t i o n  that the proportions of m d e  c d s  in early and late S-phases wcrc hi- in m& cultures 

cornparcd to amtrol cultures at an tirnt points. This r d t  kads us doser to the possibiity that there are 

diffctcnces in cycling rate betwtcn control and & myoblasts. A simple visual expriment could be 

pdonned to d e  this Iikely possibïlity. Ushg clonal myobiasts from both strains, wntrol and mdx 

rnyoblasts codd bc culturd on adish that was partitionai into two halves, with control d s  on one side 

a d  x& d s  on the othcr side. Using a stcrilt viüeo camcra apparatus set up in the incubator, it would 

bc possible to capture on video, the d cyck activity of the two diflle-t ce11 t y p  over the period of one 

or evcn two d l  cycles to sae if th- arc any ~ e r c n œ s  iri ceIl cyck rate (by obscrving the events of 

mitds). Ceil wwts auld Crack the rate of doubling in the population and &y single œlîs over time. 

T3 trea tment oniy altercd the cy&g of con trol muscle cells, suggicsting that they may bc more 

d t i v e  to the effkcts of T3 than mdx muscle œils. This W an important fmding. Througbout al1 of the 

studics in this thesis, the ç0ntr01 mouse stcaia was more susoeptibk to the cffacts of T3. Pcrhaps mdx 

muscles h vivo mctabolize the exœa T3 differently than control muscles duc to the oogoing muscle 
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regcncration oocuning in muscle. That mgeneration requins that sufflcknt quantities of thyroid 

hormones are prcsent- Conaivably the number ofthyroid hormone rcceptors p-nt in &musclemay 

not change or could be saturatcd and more quickiy down-regdateci by cxcess T3 than in convol muscle. 

That could kave the cxccss T3 rclativcly ineffective in altering myoblast c d  cyck activity in mdx muscle. 

To addmss such a possibility, thyroid hormone rcccptor binding anddensity studies are necessary. These 

techniques couid provide us with ido~~ltation about T3 binding &ity  with its rcoeptor, and whether 

there are dEierenœs in T3 b i g ,  T3 mœptor demi&, or nœptor turnover betwieen control and 

myoblasts during mude regmeration. 

In the chapter five exptriments, T3 did not slow down or stop control or m& muscle cells frorn 

passing through the late S-GJM or GdG,erly S-phase transitions of the cell cycle, as was originally 

hypothcaizcd. Puhaps the muscle cells noaded to be exposed to T3 for a Iongcr pcriod of tirne to actudiy 

s œ  muscle oells totaliy antstad in Gw The cxpcrimcnts in chapter fiVG ody usai a short CXQOSU~~ time 

(6 hours) as we wem interestcd in examining irnmediate effccts of T3 on a single or the nwrt ceIl cycle. 

Results of T3 cxpoaurc indicatcd tbrrt there was a short-term effect of T3 on control pre-MyoD muscle 

œlls or fibroblasts in addition to the longer tcrm Carets on rcgcncration (chapter thta)  and œil cycle 

distribution (chaptct four). A longer T3 exposurc might have altcttd more committd myogenic œiis 

expressing MyoD and/or othcr MRFs, and produœd the antiuptd r e d t  that was in the initial 

hypothesis. 

~ n r d  changes in the proportions of ab in parti& phases of the œ U  cycle with various 

hormone or dmg trcatments can providc information about changes in œll cyck timt and rate. These 

obsemations arc madc relatively d y  with the use of fluomcent-tagged antibodics to BràU and PI, 

given a Wcllumtrollcd expcrimcnt and aoocsa to a flow cytometcr. Howcvcr, othcr questions may be 

addrcssed ftgarding what gcncs, speüficaily cyclins, might control a muscle dl's ability to cyck in the 
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presena of cxocss thymid hormone. Ttre production of the différent cyciin proteins over the period of 

one d l  cyck could bc foiIowed using spccir~c antiqclin antibodies taggcd with fluortsctn t markers and 

anaiyzad by flow cytometry. For exampk, the G, cyciïn protcb can bc observeci in chc G,-S-phase 

transition, sina those spccific cyclins arc not produccd and are lost as cells progress through S-phase. 

However, they will teappear as the d i s  =-enter G,. Thus, T3 treatment might alter the expression of 

those s-c cyclia genes and this may prcscnt as a change in cyciin protein translation, It is udcnown 

if thymid hormones intcract with theall cycle machinery at thîs kvel, but that information œrtainly will 

be important to dettrmine by fùnirt expamicrits. 

Muscle rqpcration in & mwclc is spdd iadced! The rcsults from the studies in this thesis 

can now be addeci to the many studics on the m& mouse that have showun its enhanced capabilicy to 

s u d u l l y  fcgenetatemuscletissue comparai to ~n t roIsand  patients with DMD. Funire studies of œil 

cyclt regdation by cyclin gcnes and thcir Cdlr pareners in m y o ~ c  cells that are committed and 

proliferative, and cxpcrimcnts that cxplott the nature of myoblast and fibroblast interactions will, 

without a doubt, contribute further to our understanding of muscle ttgeatl~~tion. It is the hope that this 

knowbdge wlll point to ncw trcatmcnts that might bendit m u d e  fcgeneration processes in individuals 

with ncuromuscular cikases and other muscle-related disorciers. 



Fig.6.1. Histograms of flow cytometric analysis of cycling ab from a diaphragm (top) and & iïm b 

muscles that wtrc separaicd by light scatter into myoblast (low) and fibroblast (high) populations or 

remixed 1: 1 (mix). T3-treatai cultures are labclled as "'ï3" and unvcatcd cultutes are indicated as "no 

TF. Data rcprcscnt the proportions of œiis in GdG, (first peak = ZN amount of DNA), S-phase 

(between 2N and 4N amounts of DNA), and GJM (second pcak = 4N amount of DNA). Fivc thousand 

cells werc anaiyzed Gom cach population and significant diarcraces were anaiyzed by Chi-squatcd 

statistics. The proportion of mùcd a& (myobïasts m m b i  with fibroblasts) in S-phase was low# 

in diaphragm cultures than limb cultures (p = 0,002, Chi-squareû = 20.7, df = 6). 'M-tmatxnent resulted 

in a demasxi proportion of diaphragm myoblasts in S-phase çompareü to T3-treated limb myoblasts. 

Smaller proportions of diaphtagm fibroblasts were observai in S-phase with T3 compareci to limb 

fibroblasts with T3. In contrast, T3 treatmait d t e d  in a larger proportion of limb fibroblasts in S- 

phase comparai to untreatcd limb fibroblasts (p<O.MiL, Chi-squatad = 33.5, df = 6) (after Anderson et 

al., 1997a, subanittai). 
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Hyperthyroidism impairs early repair in normal 
but not dystrophie mdx mouse tibialis anterior 
muscle. An in vivo study 

A.W. Pwnitsky, L.M. Mclntosh, rird J.E. Andomon 

Abstract: The effcct of hypcnhyroidism on musde rcpair was examincd in &and control mice injected with uiiodothymnine 
(T3) for 1 waks- On day 24 of trutment. the nght tibialis merior  (TA) muscle was c m h - i n j u d ;  3 &ys later. micc rcceived 
inmpctïtoncal in thymidine to label newly synthesizcd DNA. One day 1-r. muscles fmm both limbs werc rcmoved to study 
the severicy ofdysaophy (uncrushed muscle) and the rcgenetation response (ccushed muscle). ln uncrushed TA muscle. the yca 

of active dystrophy (fiber damage and infiltration as a proportion of muscle cross-sectional ami) was reduccd by half aftcr 
T3 a c a u n n t  Uncnishcd muscle f i k r  diameter was lower in ï3-aeated conml muscles. ln cnishcd muscles, the diameter of 
new myoaibcs was larger in mdr mice than in controls and was reduccd aftcrT3 cttatment in control ccgemrating muscle. In the 
same muscles. devclopmnrnl myosin hcavy chah was p-nt in new myoçubes and in small numbers of mononuclear cells 
(possibly diffncnthting myoblasts) neu new myoniks and survivhg fikrs. Myotuk density in the regenerating muscles was 
not changed by T3 acaancnt although the numkr of myotube nuclei pcr field was decreascd in conml and incrrascd in mdr 
T3-acatcd mia.  Resulîs extend prcvious reports of T3 effects on d y s ~ o p h y  and tbe saain diffmnce in muscle prrcursor ceU 
(mpc) protifcruion. The d t s  also suggcst the hypothesis that excess T3 afEccts muscle ngeneration cither by d u c i n g  mpc 
proliferation or by increasing mpc fusion cacly in rege~cration in control and mdr muscle. 

Rbumi : L'effet d'une hyprîhyroidie sur h cégCidrotion musculaih a étd Chidid chez des soucis mdn e t  des souris témoins ayant 
reçu des injections de uÜoQtbyronine (T3) pendant 4 semaines. Au 24c jour du naittmcnt. le muscle jambitr antérieur droit a 
C d  &ras& 3 joun aprk cetw blesssurr, les souris ont reçu une injection i n e a p a i t o W e  de [wthymidine afin de marquer 
l'ADN nouveUemtnt syn&&ké. Le jour suivant. les muscles cks deux pattes ont été pdlevCs afin de déterminer l'intensité de la 
dys-e (muscle non écrasé) a le degré de régCnération (muscle écrasé). h surface de dysotophie active dans le muscle 
jambier antérieur non écrasé (proportion de fibres eadommagées et infiltrées dans une coupe transversale du muscle) est réduite 
de moitié à la suite des injections de T3. Le diamètre des fibres des muscles non écrasés est plus petit dans les muscIes des sou& 
témoins traitées avec la T3. Le diamètre des nouveaux myombes est plus gros dans tes muscles écrasés des souris mdr que dans 
ceux âcs souris témoins et il est réduit dans les muscles en régtnération des sosuris témoins fraitées avec la T3. La chaîne lourde 
de la myosine de type foetal est présente dans les nouveaux myotubes des muscles en rég6nération e t  dans un peut nombre de 
ceUulcs mononuclées (probablement des myoblastes en cours de dinérwciarion) pcès des nouveaux myonibes et des fibres 
survivantes. La &risité des mymbes dans les muscles en d ~ ~ o n  n'est pas modifiée par les injections de T3. m6mc si le 
nombre & noyaux de m y m k s  par champ diminue dans les muscles des souris témoias e t  augmente dans ceux des souris mdr 
mitées avec h T3- Ces résultats s'ajoutent B aux déjB publiés au sujet des effets de Ir î 3  sur la dystrophie et de la protifbation 
des cellules souches musculaires de diffCrentcs souches & souris. Ils suggèrent Cgalement qu'un excès & T3 afktcrai t  la 
régCnération musculaire soit en d u i s a n t  la proIifCratioon des cellules souches musculaires. soit en auginentant leur hision 
précoce au cours de la régdnérarion des muscules des sosuris md* et des souris témoins. 

Mou d i s  : hyperthyroïtk. régénéraiion musculaire. blessure par écrascmeni. prolifération. souris mdr. 

[Traduit par la dchmionj 

Abbrcviadons: TA. tibidis mienor; 7'3. miodothymninc: mpc. muscle prccursor cell: DMD. Duchenne muscular dysaophy: bFGF. basic 
fibroblast growth factor: MHC. myosin havy  chain(s): devMHC. developmental MHC: H&E hematoxylin and cosin: GH. growth hormone; 

i 
IGF-1. insulin-like growth fx to r  1. 

: A.N. Pernitsky. LM. Mctnmh, and J.E. ~nderson.' Depanment of Anatomy. University of Manitoba. 730 William Avenue. Winnipeg. 
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Introduction 
The rnuk mouse mode1 for .Y-linked Duchenne musçular Jys- 
rrophy ( DMD) (Bulfield et 31. 1984) is tnvaluablr for the study 
of regenerition in dystrophin-detïcien (ffoffmsin et ai. 1987) 
muscle. 1t hils k e n  suggested thüt mcLr muscle responds to 
segrnental ttber damage by ;r Iuger  than normal proliferative 
response (Anderson et ai. 1987). which compensates for ongo- 
ing dystrophy. This prolifetation may bc due in part to an 
riltered conuol of myogenesis in view of  the large amount o f  a 
key mitogen. basic fi broblmt gmwth factor (bFGF) (Gospo- 
drirowicz et al. 1976). observed in mdr muscles (Anderson et 
al. 1 99 1 ). bFGF is much lower in DMD o r  other human muscle 
neuromuscular disease biopsy simples (Anderson e t  al, 1993) 
while it is CO-exprtssed with muscle ngulatory genes like 
myogenin in regenerating mdr muscles (Ganctt and Anderson 
1995). 

It is known that DMD muscle prccursor celis (mpc) do not 
proli ferate as well in vitro as normal human mpc (Webster and 
Blau 1990)- However, mdr mpc pmliferation in vivo (Ander- 
son et al. 1987; Zacharias and Anderson 1991; Mchtosh  and 
Anderson 1995) and in vitro (Anderson 1991) cm compensate 
for substantial fiber damage resulting fiom dystrophy and (or) 
crush injury. If the difference in tcgenetative capacity 
between DMD and mdr muscle involves rnpc cycling. then 
alteration of pmliferatïon may help to elucidate that distinc- 
tion. Hyperthyroidism has btcn s h o w  to increasc regions of 
fiber damage in the soleus and cardiac (but not fast-twitch) 
muscles of mdr mice, possibly in relation to a slow-to-fast 
transition in myosin heavy chains (MHC). e x p d  b y  the 
soleus ( h o  e t  al, 1986). increased cardiac w o k  and c d -  
omyocyte hrpcrtmphy (Anderson et al- 19940). As well, the 
relative tissue bFGF content is lower in hyperthyroid muscle- 
However, i t  has not b e n  determineci if hypccthyroidism had a 
specific effect on  muscle rcgeneratioa- Since bFGF expression 
is down-regdateci by excess thyroid hormone (TH) (Liu et ai. 
1993) and the expression of two muscle rcgulatory genes, 
MyoD and myogenin (Muscat e t  al. 1994; Downes e t  al. 
1993), are stimulatcd by TH. this hormone has b e n  used to 
alter proiiferation and diffetentiation in regenerating mdr and 
control muscle. 

We hypothesizcd that hyperthyroidism would impair the 
growth of  new myotubes in regencrating conml  and mdr mus- 
cle, either by rcducing rnpc proliteration and (or) aff'ting 
rnpc diffefcntiation. To test the hypothesis, the incorporation 
of rnpc nuclei into myotubes and parameters of myotubt 
growth were examined in muscle during the s y n c h m ~ w i s  
regenetation rcsulting fkom a cnrsh injury (Gmunds and 
McGeachie 1989). The prcscace of developmental myosin 
heavy chain (devMHC). vansiently and speci f id l  y exprcssed 
by new myon iks  in regenerating muscle in vitro (Sartorc et ai. 
1982) and in vivo (Marini et al. 1991: Davis e t  al- 1991). was 
used ris a marker for new myotube formation. Autoradio- 
graphy wris used to localizc myotube nuclei produced by rnpc 
division in the 24-h period befort sacrifice. 

Materiris and maahodr 

Animals and treatment  
iWdr dystrophie (C57BL IOIScSn m&) and control (C57BL10/ 
ScSn miçe were made hyperthyroid by triiodothyronine (T3) 

injections (subcutrineous) at a dosr 2 ~ g / g  body wrighC/day 
(Anderson et al. Ic)L-IJcr) for1 weeks kginning at 5.5 wssks of 
rige. after the maximum pend ofmdc Liber damage and repair 
(Anderson et al. 1987. 1988 1. Non-dystrophie control and nidr 
littermate mice were untreated for the samc prrioci: rnice were 
housed according to the Canadian CounciI on Animal Care. 
Multiple experiments were performed to examine histology. 
myotube density. myotube and myofiixr diameter. and 
devMHC localimion and to quantify myoblast proli fention 
and fusion into myotubes. Sections were omitted if they were 
not in the required orientation (see below) for assessing differ- 
ent  parameters. which accounts for the reported variation in 
group size (conuol. unueated. n = 2-5; conuol. T3 treated. n = 
2-7: mdr. untreated. n = 3-8: mir. T3 treated. n = t 8 ~  

After 3 5  weeks of ueatment. mice were anesthetized (ket- 
acnine:xylazine. 1: l,0.01 c d 1 0  g body weight) and subjected 
to a cnish injury (Grounds and McGeachie 1989) of the right 
or both tibialis anterior (TA) muscles- Thec days later, mice 
rcccivcd [3Hlthymidine (Amersharn Inc., Oakville, Ont.) (2 
~ C i / g  (1 Ci = 37 GBq) inuapcritoneal injection) to label DNA 
synthesis. One day later (4 days after the c a s h  injury) and 
under ether anesthesia. the T A  muscles were removed rapidly 
h m  mice, oriented in Tissue Tek O.C.T. compound 
(uncrushed TA in cross section and cnished TA longirudi- 
nally), and frozen for cryosectioning (8 pm). Soleus and 
gastrocnemius muscles were dissectecl h m  both limbs and 
weighed to document T3 effects o n  muscle m a s  Alternate 
serial sections were coded and stained with hematoxylin and 
cosin ( H E )  for morphomeaic studies, immunostztined to 
localize devMHC @avis et al. 199 l), or prepared for autorad- 
iography. 

Uncrushed muscles 

Morphornetry 
In the uncrushed TA muscles, one set of H&E-stained cross 
sections was used to determine myofiber diameter using a cal- 
ibratcd cornputerizcd graphics tablet and the SigrnaScan pro- 
gram (Jandcl Scientific. Corte Madera. Calif.). as previously 
ceportcd (Anderson et al. 1%). Mdx uncrushed TA muscles 
were also exarnined for the pmportionate area of active dys- 
trophy ( a r a  of fiber disruption and inflammation as a propor- 
tion of muscle cross-sectional ma) and the number of foci of 
active dystrophy pcr cross section (normalized to area), The 
proportion of fiben with central nuclei (cenuonucleation). an 
index of prcvious fiber ccgeneration hiom dystrophy (Karpati 
et al. 1988). was also âetermined. The  mean and standard e m r  
( S M )  were determincd for each parameter. and the frequency 
distribution of fikr diameter in each group was plotted. Sec- 
tions were viewed and photographcd using an Olympus phot- 
omicroscope and TMAXjOO B&W film (Kodak). 

Morphome- 
H&E-stained sections were used to examine the extent of 
regenemtion in predefined zones of  injured muscle. Data for 
each zone were averaged from d l  myotubes observed in 
microscope fields in the necrotic crushed muscle (cnish zone. 
Z fields), the adjacent area of mononuclearceils and new myo- 
tube formation- (adjacent zone. 4 fields). and the survi4ng 



riiu3clc t'urthest h m  the cnish sitc (surviving mne, 3 tields) 
e.;ictly ;LS reportcd (Mclntosh et al. 1%. after Mitchell et al. 
1 cp)2 1. The crush. d j x r n t .  ancl surviving zones of injurecl TA 
,, c~ exilminrd in ZOOX ficl&. comsponding to 4.4 x 16 &m2 
,,(tis~uc area. Seltxtrd fields were strictly examined at preset 

a .r:incrs tiom the geometric centre of the necrotic cmsh zone 
it>IIows. The crush zone was m p l e d  in 2 fields in a hori- 

/tmcnl row across the muscle- Fields in the adjacent zone were 
wnpled at a width of 1 field dimeter either proximal (toward 
the knee. 3 fie[&) or  disral (toward the ankle, 1 field) from the 
cmsh zone. Fields in the surviving zone werc sampled either 1 
field diameter proximûl(2 fields) or 1.5 field diameters distal 
( 1 field) to the adjacent zone. Sampling was carriecl out sys- 
rernatically to standardize analysis, taking into account the 
architecture of the TA muscle. 

The area of the centrai necrotic portion of the crushed mus- 
cle, surroundcd by rnany mononuclear cells, was mcasured 
using SigrnaScan. In addition. the mcan ( 2  SEM) dcnsity of 
small myotubes in each zone (the numbcr of mymbes per 
field averaged over the fields in chat zone) and myotube diam- 
eter (and frquency distribution) in the adjacent zone were 
de tennined. 

fnununostainùrg 
A separate set of sections was blocked with a solution of 1096 
horse serum and L% bovine senun albumin in pbosphatc-buEf- 
ered saline (0.01 M) for l h  and incubared overnight with a 
monoclonal antibody against âcvMHC (diluicd 1:s. a gift 
from Dr. L.V.B. Andctsoa, or 1 : a  dilution of the same ami- 
body (Novocasîra Inc., Newcastle. UK). According to stan- 
dard methods (Anderson et al. 1991). antibody binding was 
detected using biotinylated goat anti-mouse antibody (1: 100) 
and Texas Red - streptavidin (îmersham Inc., Oaforille, Ont.). 
Negative conaols for immunostaining includcd the omission 
of primary or secondary ancibodies in each staining expcri- 
ment. Fluorescence for devMHC was viewed dong with p h  
contrast to examine myonik stmcture. 

A utoradiography 
One set of crushed mdr and control TA musde sections ( fhm 
untrcated and T3-aatcd mice) were phpared for autoradiog- 
raphy as prwiously rrpocted (McIntosh and Anderson 1995). 
The incorporateci [3mthymiduu was aiiowd m expose Ibe 
emulsion in darkness for 6 wetks at 4OC. Autoradiograms 
were developed, fixe& and stained with modifiai Gomori's 
trichrome. In codcd sections, counts were made of the numbcr 
of nuclei in new myotuks within the adjaccnt zone as fol- 
lows. nie above sampling m e h x î  of fields and zoms (Mch- 
tosh et al. 1994) was modified to examine 400x fields using 
an ocular grid (3.53 x 10* in ama at QOOx). Two rows of 
3 fields each were sampld in the adijacent zone pmxïmai 
from the cnish. and two rows of 3 fields tach wcre sampled 
distal to the crush. The proportion of labellui (more than five 
gnins pcr nucleus) myotuk nuclei and the mean (2 SEM) 
numbet of nuclei pcr field were counted as an indicator of 
myoblast fusion that had occumd over 4 days of muscle 
regcnention. 

Star isrics 
Differences in data (mean 2 SEM) from cach group or Ume 
point werc tcstcd using two-way analysis of variance 

(ANOVA) to study the cffects or strjin ( r n k  vcrsus contrd). 
T3 trr;itment. m d  the intenction ktwrrn strriin and T3. Dun- 
can's test w w  used post hoc whrire üppropriatr to cornpart: 
individual group means, A Studrint's r-test (unpairecl) w u  
used to compare rmls-ueated and untreated groups where 
appropriate- Chi-square statistics were used CO assess differ- 
ences in the frequency distribution of the dirimirter of myofi- 
bers or myotubes bctween groups. In d l  cases. a probability of 
p < 0.05 w;rs uscd to accept a difference ;is significant- 

Unctosheâ muscles 
Gasuocnemius mas was p a t e r  in m& mice chan in uent- 
ment-matchcd conml mice (Table 1) and was reduced after 
T3 treament in both strains @ < 0.0 1). Soleus mass was also 
lower @ ~ 0 . 0  1) afier T3 trcatment in mdx mice but not in con- 
uol mice. TA muscle weight was previously ceported to 
decrease in hypcrthyroid control and mdr mice (Anderson et 
al. 1994a). 

Fibcr diameter did not M e r  betwcen control and mdr TA 
muscle. Howevcr, fibcr diameter was lower in conml TA 
muscle aficr T3 trcatment, according to changes in the mean 
@ < 0.01, Table 1) and ficquency dismbution @ < 0.05, df = 
118, Chi-squarcd, Fig- LA). in comparison, the mcan and dis- 
tribution of fibcr diameter in mdt TA muscles were not 
changed by T3 ttcamicnt (Fig. 1B. Table 1). 

In mdr mice. the arta of active dystrophy (as a proportion 
of muscle arca) was sigaiflcantly decmwd (by half) after T3 
@ < 0.05, Table 1). aithough the number of foci of damage per 
section was not changecl, As cxpectccf, T3 treatment did not 
change fiùcr cenaoauclcation, an index of previous fiber 
rcpair (Table 1). liktly rcsulting h m  the use of older mice 
( 5 3  wetks old) with rclativcly advanceci dystrophy and regen- 
cration at the start of tfcarment. 

Cmshai museles 
In ngenerating TA musclc, the area of the cnish zone did not 
differ becwecn conml and mdr muscles and was not affectcd 
significandy by T3 trcaûnent (Table 2). Myotubes in the adja- 
cent zone had greater diameter @ < 0.01) in mdx muscle than 
in conml TA musclc. regardles of maunent (Figs- 1, 2). 
Myotube density in the proximal surviving zone of conml TA 
muscle was Iower ahcr T3 marnent (p < 0.05) (Table 2). 
although it was not changcd in acijacent zone fields (Table 2). 
Howcvcr, myotubc diameter in control TA muscle was signif- 
icantly rcduced by T3 trcaunent (mean, Table 2; distribution. 
p < 0.00 1, Chi-square. Figs. IC, ID). mdn myotubc diameter 
was not affccud by T3. 

lmmunofluomcence for dcvMHC was absent from sec- 
tions whert either a primary or  secondary antibody was omit- 
icd (not shown). In stained sections, small myomks were 
sccn as elongatcd cells with brightly fluorescent sarcoplasm 
containing multiple non-fluorescent centrai nuclei. Surviving 
fikrs in muscle of control and mdr mice did not fluoresce 
(Figs. 3A-3D). In the larger (typically mdr not conmol) 
devMHC-positive myotubes. fluorescence was oricnted in 
n m w  longitudinal bands thrit oftcn had sarcomeric periodic- 
ity (Fig. 3D) m u n d  many closely packcd nuclci. The identifi- 
cation of multinucleated myotubes with early sarcomcrc 
formation was confinned in phase-conmt observations of the 
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yroup rire givcn in Tables 1 and 2. rcspcctivcly. 

control uncrushed mdx uncrushed 

mdx crushed 

samc sections and in H&E-staincd seriai sections of th srum 
region. 

In addition. both conml and mdrcr~shcd TA dcmocisUatcd 
a small numbcr of ovoid or fiuiform mononuclear cells. rang- 
ing from 10 to 25 prn in diameter. that also containcd 
devMHC-positive cytoplasm (Figs. 3A. 30). The devMHC- 
positive mononuclear cells had a nucleus-to-cytoplasm ratio of 
about 1 : 1. The cells wcrc distinguished fmm endothelid cclls 
around small capillaries and fibroblasts by ihcir shape and 

location ktwccn ot near devMHC-positive rnyoniks. Fewer 
of the dcvMHC-positive monoriucletu cclls werc prrscnt in 
the surviving zone than in the adjacent zone. and therc they 
werc clos~ly juxtaposed with devMHC-negative surviving 
fikn (Figs. 3B. 3D). Whcre direct close contact was appar- 
ent. the sarcoplasm of a devMHC-positive mononuclear ceIl 
and ;i surviving fiber werc clearly dclineatcd by the distinct 
absence of devMHC fluorescence from the sarcoplasm of the 
oldcr fiber (Fig. 38). Often the fluomcent mononuclear cells 



Coniml. 
T3 uc;iicd 

F i k r  dimeter (pn)' 421 f 2.2 (3) 315 f 3.5 (3). 43.1 & 1.8 (4) 45.5 f 2.6 (7)' 
[no. measurtd~ 12131 11931 12561 1SW 

Oystrophy (46 ma). - - 2.17 f 0.6 (6) 1.00 f 0 3  (6)- 
no. of foci (nofsection)' - - 6-14 f 1-11 (7) 5.67 +, 1-72 (6) 

Cenvonucleation (CN) 
(% CN/total)C 0.6 f 0.2 (5) 0.7 f 03 (3) 75.8 I 3.2 (7)' 7 3 2  I 2 2  (9)' 

Table 2. Morphomeay and autoradiography data for cnu&d TA muscles in control and mdr groups with and without 4 week treamient 
with T3. 

Myotube dmsity (nolfield)' 
Cnish zone 5.0 î 1 .O (3) 
Adjacent zone 

Roximal 12.0 * 2.1 (3) 
Discd 17.7 f 7.6 (3) 

Surviving zone 
Roximal 5.0 f 2 6  (3) 
Disial 14.0 f 3.0 (2) 

LabelIed rnyomk nuclci total ('klfield)' 44.0 f 3.6 (27) 
Roximal 40.3 i 45 (L6) 
Distal 4û.9 i 6.6 (9) 

Number of myotuk nuclei (noffieldr 15.7 f 1.2 (26) 

u -. : eiongatcâ, apparcntly extcading toward a new myotuk 
Fi CS. 3 B. 30). lUuscle spindle fibers also containcd dtvMHC 

~luorescencc (not shown). 
In the adjacent zone of cnished muscles (Table 2. Fig. 4). the 

Proportion of labelled myotuk nuclci was lowcr@ <0.01. two- 
ANOVA. df = 1 136) in mdt muscle chan in control c w h e d  
muscle and was unaffcacd by T3 in cither strain. Compar- 

'"m of fields proximal or disml CO the crush suggested chat the 
l 

difference in the proportion of lakl led  m y o t u k  nuclci 
k tween  control and mdr TA was likely due to  di ffcrcnces in 
the distal fields. as in a prcvious report (Mclntosh and Ander- 
son 1995). The number of rnyonibe nuclei per adjacent zone 
field did not diffcr between control and mdr regenerating mus- 
cle. However. thetc werc fewer nuclei in c o n m l  myotubes after 
T3 matment @ = 0.ûî interaction. df = 1137) but incteased 
numbers of nuclei in mdr myotubes in hypcnhyroidism. 
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Fig. 2, M yotuks i n  adjticclnt zones of crushrd TA, 4 days pst-injury. (A  J Myotuks (large a m w  J are present 
in the ;idjxent rone of ;in untrrated rontrol TA. Myotuks rrgenenting in an untreatrd mdr cnished TA (BI are 
Iiir~rr in Jiametrr and have more satcoplasm than conml myotubes (A). The tri& rnyotubes dso contnin many 
more nuclei thrin control myotubes rifler the sme rccovery period- A mononuclttar ce11 with a round nucleus 
(srnaIl m o w i  is seen close to the border o f  one myotube (B). H&E staïn; bar. 10 Pm: magnification. X 475. 

Discussion 

The present tesults show that regenerrition was more advmced 
in crushed mdr muscle than in control crushed muscle: specif- 
iczilly, regenenting muk myotubes had a larger diameter with 
similru numben o f  myotube nuclei compared with control 
myotubes in untreated mice after the same interval o f  recov- 
ery. Hypenhyroidism intcrfered with muscle repair by differ- 
ent means in control and mrLr mice. I n  control regenenting TA 
muscle. myo tuk  density was decreased in the surviving zone. 
where repriir is stimulnted at a distance fmm the prirnriry site o f  
injury (Mcintosh and Anderson 1995). As well, myotube 
growth (dirimeter) and the numberof nuclei in those myotubes 
were signitlctintly lower in hypenhyroid thnn in untreated con- 
trol niusclcs. Those changes were not observed in tndr regen- 
rrriting muscle lifter T3 trelitment. Rcccnt mpc prolifcntion 
and fusion in crmrrc,l muscIr. werc not signiticantly rtr't>crt.cl hy 
T3 trclitment. In tmLr TA rnuïclr by cantrrist. T3 trcritmcnr 

nctually increascd the number o f  nuclei in myotubes, without 
effects on rnyotube diameter. myotubc density. or mpc prolif- 
eration and fusion in the final day of regeneration. The results 
suggest that ni& mpc have a greater mistance to a maunent 
thnt is deleterious to control muscle =pair. T3 trcatment may 
d u c e  control rnpc prolifention but does not impair fusion 
per se and hris the genenl consequence of nducing myotube 
growth, Thus. although lower mpc proliferation in a regenera- 
Eve response may be expected to rcsult in the formation of 
kwe r  myotubrts. the effect o f  ï 3  in this study dccrcased myo- 
tube dirimeter in the areri of most intense repair in conml  mus- 
cle ant! onty reducrd myotube density in a zone distant from 
the ixiginril injury. 

Hywthyroid-induced tiber atrophy may play a mle io 
dtcrcrising myotube gmwth since muscle mass and fiber 
dirinicter in uncrushed muscles wetc reduced with T3 trcat- . 
rncnt ( .-\nrlcrson et al. 19941: this study). In hypcrthymid con- 
tri $1 T.-\. r hcrc w;i.s a drcrcrised density of new myotubes in the 





surviving zone- However in mdr muscle, myotu be growth was 
not decreased by hyperthyroidism. These results differ from 
the changes noted in muscle repair under hypothyroid condi- 
tions. where myotube density was Iower in the distal adjacent 
zone particularly in mdr TA muscle (McIntosh et al. 1994). 
Hypothyroidism resulted in prolonged and incrcased mdr rnpc 
prolifention and delayed myotube formation in boui normal 
and dysmphic TA muscle (Mdntosh and Anderson 1995). 
[ndeed. the presence of new (devMHC-positive) m y o t u k  pet 
se in surviving control fields is interesting. since new myo- 
tubes would not typically be expected in surviving non-dystro- 
phic muscle. Again. the observation (McIntosh and Anderson 
I995) suggesis chat the effect of an injury to stimulate rnpc 
prolifemtion and Fusion c m  be quite f a  removed from the pri- 
mary insult to muscie fibers. The distant impact was the only 
obvious (i.e.. myotubes venus none) effect of excess T3 on 
control muscles, despite the net reduction in rnpc prolifention 
and fusion in the adjacent zone (fewer myotube nuclei per 
field). In control regenerating TA muscles. it is clear chat the 
reduction in nçw myotube diameter and lower riccumulatcd 
incorporation of nuçlei within myotubes support the idea chat 
myoblrist prolifemtion and fusion during the r x l y  phase of 
repair (prior ro 3 h y s  whçn ['~lthyrnidine was injected) may 
be impriired in hyperthyroidism. 

Signitlcrint differences in the histology oftissue repair were 
t'ound bstwem nitir and control strtiins in this study. ~Myotube 
clianlrtcr in the adjricrint mne of crushed muscles (rasiiy dis- 
tinpuishcd frorn Iargcr ~ii>cttiht.ru and prcviously rrgener~ted 

myotubes in the surviving zone using ana-devMHC immun- 
ostaining) was always greater in regenerating mdr than conuol 
TA, regardless of treatmenc. There may be more favourable 
growth conditions o r  faster mitotic cycling and fusion of mus- 
cle precursors in mdr than c o n m l  muscles (Anderson e t  al, 
1988). The  apparently superior & response to injury is con- 
sistent with previous reports of =pair under a variety o f  con- 
ditions (DirVario et al. 1989; Anderson et al. 199 1; Zacharias 
and Anderson 199 1 : Mchtosh e t  ai- 1994) and may derive in 
part from the action of  mitogens inctuding bFGF (DiMario e t  
al, 1989: Anderson et ai. 199L. L993. 1995). The limited 
effects of T3 on cellular panmeters of  mdr muscle rcpair after 
injury are also consistent with the s m i n  differences in bFGF 
content (DiMario et al. 1989: Anderson e t  al. 1991) particu- 
larly in new myotubes (Anderson et al, 199 1). The down-rcg- 
dat ion of bFGF by excess T3 (Gospoduowicz et al. 1987; Liu 
e t  al. 1993) might have a smaller o r  more vansicnt effect on 
mpc prolifention and differentiûtion in mdx than in c o n m l  
regenentins muscle. consistent with the positive rclationship 
between relati vc: bFGF content and muscle repair capacity in 
two other rnouse <trains (Andenon et al. 1995). 

ïhyroid and growth hormone (GH) are both rcquihd for 
normal muscle dcvclopment and growth. and thyroid homone  
~ S O  intluences the GH-insulin-like growth factor 1 (IGF-0 
mis ( Rr~driques-Arnao et al. 1993: Thomas e t  al. 1993). UN- 
man and Oldkrs I 199 I J Ljern~nstr;~tcd chat GH is rcquired for 
rnudr.  rcpriir in Young and for normal skeletal muscle 
growih in V I \ ~ .  G H  r i l w  promotes differentiation of m p  



, t c i ~ c ~  1io111 l OT 1 /2 cclls in vitro (Nixon and Grccn I 984). 
tfJ" r -  ,lc,.;l~i\ cly ir~tlucnccs GH gcnc expression in r y s  (Crittini et  
,,. q<to, ;tnJ huinans (Morin et al. IC~rH)).  su e x c e s  '13 COUICI 
,l,lp;,ir ,,II 111uscIe rcpüir via GH. GH-mediateci eftkçts. which 
,,,,? L-,l~~irihute tu t i k r  hypenrophy and repüir in mcLr mice 
I \ ,II CC al. 199461. are compounded by intluences on 

Daughday md Rotwein 1989). a mitogen thrit pro- 
, ,,,.. differentiation (Florini et  al. 1986: Rodriques-Amûo et  

. , i .  i 993). Indeed, since the ama of active dystrophy was 
red~ced by haif in hypcrrhyroid rn& TA, as opposed to an 
i n c r a s e  in hyperthyroid mdr soleus and cardiac muscle 
, . ~ n  Jerson et al. 1994a), there may bc a fiber-type specific 
mtluence OF metabolism on rnpc responses to fiber injury. 

New myotube formation by rnpc fusion is clearly critical in 
k tmnining the effcctiveness of  muscle cepair, and the magni- 

:c of the response was easily observed by immunostaining 
developmentd MHC. Although the identity of the mono- 

iiuclear cells that also contaïneci dcvMHC is not certain, the 
cells are very likely myogenic since they contain a muscle- 
specific sarcomeric protein as reported for 'differeatiating 
rnyoblasts" (Robertson et al- 1990). The close juxtaposition 
with new myotubes, morphologicai features, and the observa- 
tion that some devMHC-positive mononuclcar celis arc elon- 
gated and appear about to fuse with new myotubes or 
surviving fiben fiirther suggest that devMHC-positive mono- 
nuclear cells may be prcsumed to bc differcntiatcd mpcs or 
myobIasts. Recent evidence showed that small numbers of 
mononuclear celis in mdx muscle in vivo, which are positive 
for myogenin mRNA by in situ hybridizacion. also contain die 
same devMHC (Garrett and Anderson 1995)- Thar evidena 
supports the idea chat mpcs may be dcvMHC-positive just 
befoce fusion into myotubes or myofibcrs. It is not known 
whether such differcntiatcâ muscle prccurson can stiil prolif- 
erate before contributing to myotube formation and segmcntal 
fiber repak 

The prcsent results dcmonsuatc chat mdr TA muscle main- 
tains a larger tcgenerative capacity than conml muscle under 
hyperthyroid conditions. The effects of T3 treatment on repaü 
may be celatcd partly to a larger than normal numkr of mpcs 
in non-injurcd mdr muscle as a consequence of dystrophy and 
repair (Zacharias and Anderson 1991), similar to previous 
cornparisons betwcen Ducherme and normal human muscle 
(Wakayama 1976). We made mdx muscle more similar to 
DMD by T3 mament  (Anderson et  al. 19%) and expected 
that a change in rnpc numkrs  would k exhibitcd as reduced 
myotube number and growth in mdr muscle ccgenerating h m  
a cmsh injury. However, those effects were only observeci in 
c o n w l  rcgenerating musclcs. Thertforc, if differences in 
myogenesis do account for the differcnces k twecn  DMD and 
rndr dystrophy. it is cariy during the rnpc proliferation or ceIl 
cycling phase. not at tfie iatcr phase of rnpc and myotube dif- 
ferentiation whece the differcnces will k apparent. The differ- 
ences may originate early in muscle rcgulatory genc 
expression (t.g.. MyoD and myf-5) or possibly in the propor- 
tion of mpcs chat CO-express those muscle rtgulatory genes 
and bFGF ( G m t  and Anderson 1995) or other mitogens. 
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Differential Effects of 353 '-Triiodothyronine on Control and mdx 
Myoblasts and Fibroblasts: Analysis by Flow Cytometry 

The poeeibilitp of differentîai e f k W  of triiodothyro- 
nine (T3) treatment UI uioo on myoblut and tlbroblut 
cell proiiferatioa WU rrrmiaed in control rnd mrlx 
muscle culturem. C d  iioIr&m wem prvIfi4d in r Pe-U 
gradient, eorted bg Qorr cyLom- -8 mcatter), and 
characte- ru myobh8t8 d tlbiob- udng ana- 
skeletal m u d e  myrVin tl90mnce. The *O csll 
types weis growm .sprriblg or mdxed (1:l). Cultiusr 
were Incubateà with or w i h t  T3 (10'' Ml ibr 19 h. 
Cells were eithar e q m a d  ta mthpmidine k 1 h rnd 
DNA p r e p d  ibr dtillrtion eoantm or .triad with 
propidiam iodide for ceîl cpole aadymim by fîow cptom- 
etry. Overall ['Elthymidine uptake per d wmm 
greater in m& tkia 00ntro1 cdh (mrinIg m b I . u t .  
andmixedcel l . )d~dbcrsusdbyT3odyinmy~ 
blast and misad cultarem. C d  cgcle data mhowd thrt 
the effect. of' TS orighatd prLaurily rt h GJGI 
pha8e. Then wem m& Uri contmD1 myoblut. 
at GJGI without TS, T3 tmahnent, more control 
fibroblamto tbrP myobiut. w- rt GJGi, bat more m& 
m y o b h  tlun mrobhta nere rt Gd&. in the r b  
sence of T3, the- were rln, ibwer md+ tham contml 
myobhtm in S. After T3, ody tJm proportion of m& 
myoblaub in S p h  rru reduced. R a d t a  ris con&- 
tent with di.tinct T3 dectm on m d e  regenemtion 
in vivo and mppoct the -theab t)ut cycling and 
proliferation of mdr uid control mgoôlutm are difisr- 
entialiy modulrbd by T3, A. control and ind+ tlbm 
blasa a b  a h 0 4  dl.tinct ~ib.potl#. to TS, m d e  i16 

generation l i b i y  ooc\in by r cornplex regdation of 
gene expreuion endogemua to M c  d i  typem u 
well aa interactiow betwaen ceb of didlbrent Üneqp. 
0 1 0 9 . k . d . r h R . r . t t .  

Thyroid hormone (TH) is known to be critical for the 
nomal gmwth and metabolism of skeletal muscle Il, 

'To whom correspondena and reprint requestm rhould k d- 
dressed ac Department o f  Anatomy. Univerrity of Mnnitoba. 730 
William Avenue, Winnipeg, MB, C d ,  R3E OW3. Fax: 204-772- 
0622. E-mail: ande~n8bldghsc.lurl.umanitoba.ca- 

21. THs, mainly 3,5,3 '-trüalothymnine (T3), exert their 
effects via intranuclear receptors 131- T3 treatment pro- 
motes terminai muscle dinerentiation and results in 
increased MyoD (a musclespecific regdatory factor or 
MRF) gene traascription in myogenic ceii lines 141. Fur- 
thetmore, MyoD and fast myoain heavy chain gene ex- 
pression are both activated in rodent slow-twitch mus- 
cle fibers aRer T3 tmatment 14,Sl. Recent etudies indi- 
cate that T3 directly controis the expression of MELFs 
161 and mggeat that thyroid response elements on mus- 
cle genes are the mechnnism underlying changes in 
the contractile protein isoform profile observeci in adult 
rodenta exposed to T3 C73. Thus, the expression of MRF 
genes is likely necessary to maintain adult muscle 
charactenatics (and adaptability) in addition to its d e  
in indu- ditrerentiation in developing or regenerat 
ing muscle 151. 

The dystrophie mdx mouse demonstrates X-linked 
dystrophin myopathy and fiber nnecrosis C8, 91, but 
shows effective ongoing limb muscle repair [IO, 111. 
Recent in vivo stuclies (Pernitsky et d, 1996, in press) 
indicated that T3 treatment appears to speed the tran- 
sition h m  proliferation to h i o n  in regenerating màk 
and control mouse myoblasts (activated satellite celis) 
in muscle regenerating h m  cnrsh injury- However, T3 
treatment reduced overall repair only in control mus- 
cle, suggesting that in cornparhm to control myoblasts, 
mdx myoblaete have a large enough promerative capac- 
ity to accomodate a T3-induced shifk h m  proliferation 
towad firsion. That capacity may permit the very effec- 
tive recovery of mdiic muscle fimm an imposed injury 
compated to control muscle 1121. Other reports h m  
this laboratory 112, 131 show that the opposite trend 
occum under hypothyroid conditions, that of slowed 
myoblast proiiferation and h i o n ,  which delays repair 
in regenerating rnàx muscle. Sice  we know that rndx 
mice are euthymid (141, the alteration of various fea- 
tures of muscle repair in mdx mice under both hypothy- 
roid and hyperthyroid conditions suggests that there 
rnay be a differential response to T3 by regenetating 
control and mdx muscle tissue and possibly in mye 
blasts isolatecl h m  those two strains. 

To date there are few studies which report M e r -  
ences in myoblast proliferation in regenerating mds 
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sus control muscle. However. it has been suggeuted 
it b~uwth factor-induced ceIl proti€eration in vitro 
peared to be greriter in nt& myoblasts (satellite-de- 
ed cells) than in mcLx fibroblavtv or mvoblasts of 
ier strains L 151. Therefore. the present experirnents 
ted the hypothesis that proliferation is greater in 
!r than control myoblasts and is differentially af- 
ted by T3 in the two strains. Control and rndx myo- 
sts and fibroblasts were cultureci together? subse- 
mtly arrested, and then stimulated to determine the 
imal interval for detecting initial changes in S phase 
e r  a stimulus. Further expenments were done to 
iarate myoblasts and fibroblasts using Percoll den- 

centrifùgation and flow cytometry. The incorpora- 
n of C3Hlthymidine into DNA in S-phase ceiis (as an 
icator of cell proliferation) and the ce11 cycle phase 
tribution of cultures (analyzed by propidium iodide 
ining and flow cytometry) h m  control and ndr, 
~ e a t e d ,  and T3-treated myoblast and fibroblast cell 
>dations were compared. These same popdations 
re compared to myoblasts and fibmblasts recom- 
.ed in a 1:l ratio to test whether ceU-celi interplay 
imotes proliferation. 

MATERUIS AND METHODG 

nimais and ce11 cultun~ Adult (7- to 10-week-old) c o n h l  
tBLlO/ScSn) and nrd* dyatmphic miœ were iised in rhis study- 
Day 0. 4 m i a  h m  each strun and for each e*ptriment wem 
sthetizd (ethyl ether) and sacdiœd by cervical didocation (ac- 
Ling to Canadian Council on Animai Cam g u i d a b ) .  Muacles 
e dissectecl ham the hiadiimb, forelimb. and b.ck ming aaeptic 
mique. Musde pieces were h-ther disscctcd to remove tcndona 
fat  and chopped into a sludge uaing a stede razor blade. The 

lge was placed into 25-cm2 (50-ml) &aska (Falcon, Lincoin Park 
with warm minimal eaaentïai medium (MEMI ( G i i  BE& 

nd Island. NY) supplemented 6 t h  15% ho- rrum (HS) 
clone Laboratones. hc. Logan. Utah) and 2% chi& embryo ex- 
t (CEE) (containing t0.3 nmol/liter T3 by armmcrcial -y) 
KX)) and incubateci a t  37T in 5% Oz and 95% C G  for 72 h. This 
nique inmases ceU yield by 1 activation of qui-nt 
llite celis in nondystrophic (amtrol) muscle. and homageneouaiy 
v a t e s  satellite ab in dystmphic (mdt) muscle. 
!rcoll cLensity centr@Ügatwrr After 3 days. the h k  contenta 
e ernptied into 50-ml centrifbge tubes (Falcon). vortmd for 1 
, and fiitered 2x through gauze (Nitex) to remove iarger picas 
%bris. Filtend contanta were cenhifuged a t  1200 rpm lor 10 min 
OC (Heraeus Sepatach Varüùge RF. Bairtcr. Incl. mnmpended 
ml ofwarm MEM (supplemented with 15% arbonstnppsd HS), 
pooled by strain (usually two samplea). Tb6 final sample<brougtit 
ml) was layered onto 25 ml o i 2 W  PercoU (Pbmmci~. Up@4 
den) on a cushion of 5 mi of 60% PereoU. cen- a t  10.000 

Tii drrcrrninc thc Icn~qh tif timc r ~ y u i r d  t i r  cclls to throuyh 
the cctl ~yclc. acrnictinflucnt cimtrril rind rrdx ct.11~ wcrc nuIxulturcd 
and p1:itcd ;IL c-quiil dcnaitics. ARcr 2-3 il:iya. wlls wcre rirrested in 
rnctaph;ise usinp cr)lchiçinr idkaIoid 1 0 .  t pdrnli 4 [nlünd Alkaluid. 
tnc.. Tiptiin. IN) in LMEAM supptrrnentrd with 1Sr i  carhin-stripprd 
HS. ARrr l 2  h. cells wcm stimulated with .ME31 nupplemented with 
L5T carbon-stripped HS and 4 9  CEE and wcn. rncubutcd wirh {-'HI- 
thymidine 12 pCi/ml. sp act 9'L.O Ci/mrnol) ~Arneruharn Life Sciencei. 
Duplicate samples of cells from both *trains were taken over 36 h 
as follows: every 2 h for 12 h. then every hour for 12 h. then every 
2 h for the final 12 h of the experîment- Cells were rernoved from 
culture dishes by treatment wi th  warmed 0.05% trypsin-EDTA 
[Gibco) [ 1-3 min) and enzyme action was halted with 2x the amount 
of HS. Cells were counted. centrifuged as above. and resuspended in 
5 ml of 100% methanol to precipitate DNA FoIlowing 24 h in metha- 
no1 a t  4% DNA was pelleted (6000 rpm a t  CCI  and resolubilized in 
L mi of 2% Triton X-LOO (J. T. Baker Chemical Co.. Phïllipsburg. NJ) 
and 2% lauryl sulfate iSDS) (Sigma C h e m i d  Co.. S t  Louis. MO) 
overnight a t  4"C IL71. Aliquots of sduble DNA were placed in 5-mi 
schtillation trials (Kimble GIass. V i l a n d .  NJ) foUowed by addition 
of 5 mi of scintillation cocktail (Ready Safe. Beckman Instruments, 
Le. Fuilerton. CA). Vials were counted for 5 min on a Beckman 
IS 6500 scintillation couater (Bedanan instruments). DPM were 
correctcd for cold thymidine in the carbon-stripped HS (unstripped 
HS contained t0.43 cold thymidine and carbon-stripping re- 
moved 8046 of radioactive thymidine in a triplkate test erperiment). 

Senun was carbon-strïpped [modified after 181. Briefly. ta 75 ml 
of HS was added 6.0 g of activated carbon (Fiahet Scientüic. Nepean. 
Ontario). This muhire was stirred a t  4-C for 22 h and then centri- 
fuged a t  10.000 rpm for 90 min a t  4'C. The supernatant was p a d  
tùmugh a 0.20 &f ôiter unit (Nalge Sybmn Co.. Rochester. NY) and 
then added ta MEM and stored at 4'C pnor to uae. This treatment 
removes thymid hormones. cortisol, and a n u m k  of other stemid 
hormones. yet the senun appears to retain grawth promothg pmper- 
tiea 1181. in the pcesent erperiments. carbon-stripping of H!3 removecl 
75% of T3 (as analyzed by a commercial T3 assay), 

Flow cytomety. Semiconfiuent œlls were rernoved h m  culture 
dishes by treatment with warmed 0.05% trypsin-EDTA (Gibco) (1- 
3 min) and enzyme action was halted with equal amounts of HS- 
Cells were peiieted and resuspended in  2 ml of Hepes-baered MEM 
(no serum) and analyzed by a fluorescence-activated c e I l  so-r 
(Mode1 753 Epics. Coulter Electmnics. Inc.) equipped with an  argon- 
ion laser operating a t  500 mW (488 nmi. Forward angle scatter (lia- 
ear) was first gated to remove debris and dead celis. Ninety-degree 
üght scatter (also ünear) was used ta gate ceils based on the* cyto- 
plasmic granularity [191. The œll suspension WM sorted (in sterile 
phosphate-b&ed saline) based on rosir and %ghW eybplasmic 
granularity. Celk were collecteci inta 2 mi of sterile Hepes-butTerd 
MEM and plated inb lOOx 20-mm culhm disaes (appmxï- 
mate plating density (per cm3 of md+ low œUs = 9.0 x LW. na& 
high celis = 9.7 x 10'. conml  low ceIl8 = 13.9 x lW. and control 
hi& cells = 12.6 x 10') with MEM supplemented with 15% HS and 
256 CEE and were allowed to pmliferate until semiconfluent. 

Populations w e n  further subcuIturcd into five l O O x  20-mm Pri- 
maria dishes each and then 2-3 days later were subdtured  into 
six lOOx 20-mm d i h a  (six low and six hi& for each strain) with . .*.. . - .* . . . . .., - * - *  - . , . .. + . 



t,t*g:in ti, iIilli.rcntiacc. wcn8 t i x d  tiir 5 min ;it rtmm tcmp-citurc in 
nictti;ti~oll;irc:tr~nc. ( 1: L 1. ;ind thcn rin-wd in 0.0 t LW PUS t w i n .  Cella 
wLmrc bl~ic.kcci Tor t h with 10'; hime wrum HS, ;inci L*5 bovine 
-;cmm :ilhumin t BSAJ in PBS. Fdlowing ;i 60-min incubation at :1TC 
with rabbit ;inci-skclctal muscle mycwin (Sima Chernical Co., rnono- 
clonal antibrdy rdilukd L:tW in PBS plus 10% HS and 13 BSA). 
çt~vcmlips wcre r i n s d  twice in PBS and incubated Tor t h at 37°C 
with an anti-mbbit fg. Texas d-l inkr td  whole rintibody (Amersham. 
inc-. blississauga. Ontario) tdiluted U2OOr. Coverslips were rinsed. 
incubated in L bisbenzimide in PBS for 4 min at m m  tempera- 
ture to stai n nuclei, rinsed. and mounted with fmmumount ( Lipshaw 
Emmunon. Pittsburgh. PA). Cells were photographeci with biack and 
white film ( W 4 0 0 .  Kodak) on a BHT-2 Olyrnpus photomicroscope 
equipped with epifluoresence optics. 

T.3 treatment and pmpidium id ide  staining for flow eytomctryY 
-mer 3 days in MEM supplemented with 1 5 8  HS and 2% CEE, cells 
were switched to MEM containing 15% carbon-stripped HS and 4% 
CEE and allowed to adapt for 24 h, Cells were once again fed with 
the above AMEM and supplements- At this time, T3 (Sigma Chexnid 
Co. J ( IO-' M in 0-05 Si NaOH vehicle) was added to three of the six 
plates in each group (control and mdr; low, high. and mixed celis). 
Nineteen h o u  later, 1 h before sampling, C%Iithymidine (2 pCi/ml. 
sp act 92.0 Ci/mmol) was added to two of the six plates (one T3- 
treated plate and one untreated plate h m  each groupl for I h. These 
ceils were coilected and a U  DNA was prepared for sciaÉillation 
counting using the metâd M b e d  above 1173, Data were coUected 
as PHMymidine uptake per di for mcL and controi strains, and 
low, high. and mixed ceb. with T3 or  without T3- At the same tirne 
that these celis were coUec?ed. the remnining four plates ofceih h m  
each group were dealt with by trypsin-EDTA treatment ~ IS  above 
(the two T3-treated plates were pooled and the two utmateci phtes  
were pooled fimm each graup). an- at 1200 rpm for 10 min 
at 4'C, resuspended in 3 ml 0.05 M PBS, counkd, cen- at 
1200 rpm for 7 min at 4QC, and reswpeaded in 500 pi of sterile 0.9% 
NaCl on ice- Celis h m  ucb group were then added to 5 mi ofia- 
cold 70% EtOH whilo wortcnng and incubatecl on iœ for 30 min. 
Ceüs were cen- aa a h ,  ramapendeci in 0-05 M PBS. œntri- 
fiiged again, and resuapmded (in the dark) in 500 pi of 10 p g b i  
propidium iodide {Pi) (Moleculai. Robes. hc., Eugene, OR) and 50 
p g / d  RNAse (ICN Biochemïcais, hc., Cleaveland, OH) solutiori- The 
samples were anaiyzed using a ûow cytometer set up for detzctïon 
of PI fluorescence of nuciear DNA (2N and 4N amounts of DNAL 
Fornard and side scatter gates, aa well as doublet dise ' ' ation 
gates. based on integratcd peak and intcgrated Buorescena aiguais 
were used to identa single c a b  h m  debria and œiiular aggmgates- 
An algorithm was applicd to the histopmm to calculate proportions 
of celis in GdGl, S and phases of the a l 1  cycle (PARAL DNA 
Analysis Rogram, Codter Electmnics, Inc.. Hialeah, FLL 

Statistics. Data (mean8 z SEMI were tcsted using a thmeway 
ANOVA ta campare diffennt a l 1  types (low and high light scattcr). 
2'3 treatment e f f i .  jtrain dininncés, and interactions (NWA Stat- 
pak, W Analytid. Inc, Portland. OR). A probability of P < 0.05 
was used to acœpt a differenœ as siguïîïcan~ y2 contingenq tests 
were used to analyze the fnquency distributions of œlb in diffennt 
phases of the œll cycle. camparing œll popdations and treatment 
effects (Stats Plus, Human Systems Dynamics. NoMdgc, CA). 

Isolation and Charocterization of Myoblasts and 
Fibroblasts by PercuIL Density Centn'&ption, Flow 
Cytometry, and fmmunucytochernistry 

'ïhe use of Percoll density centrifugation (PDC) al- 
lowed cells of interest to be separated h m  larger de- 
bris and erythrocytes. Many cells were presentin the 

low density (20%) Percoll fraction in al1 control a n d  
ni& experiments and were harvested t'rom t h e  gradi- 
ent for culture- Within 6 days. cells were abundan t  
enough to collect for analysis and sorting us in^ fiow 
cytometry- The use of flow cytometry allowed a rnixed 
population of cells to be separated ( firom both stt-ains 1 

into two populations based on forward-angie light scat- 
ter (size) and side scatter (cytoplasmic granulanty ). A 
gate of between 10 and 60 units (arbitrary ) was selected 
for the cells of interest (modified afker [19]). Ceils t h a t  
had a cytoplasm with very little or no granularity were 
sorted into the low light scatter category, and cells that 
had a very high cytoplasmic grandarity were sorted 
into the high light scatter category (Fig- 1,. Similar 
contour plots of ce11 size versus granularity were re- 
vealed in the sorts for m& and control cells, which also 
yielded the same ceil populations by identical low and 
high gatings. 

The low and high populations were characterized us- 
ing antibodies to skeletal muscle myosin. Cultures of 
mdr Iow ceils (Fig. 2)  allowed to differentiate for a short 
period (1-2 days) contained many cels wtiich ex- 
pressed s m d  amounts of skeletal muscle myosin 1Fig. 
2B), indicating that  the low cultures contained a large 
majority of myoblasts. In contrast, cultures of mdr high 
cells contained very few myosin-positive cells (Fig. 2D). 
Control and mdr low and high cell isolates had very 
similar proportions of ceUs with myosin stahing- 

Deteminution of Cell Cyck &ngth in Control and 
mdx Unsorted Ce& 

After release h m  cell cycle arrest by stimulation 
(tirne O in Fig. 31, both control and mdx ceiis showed 
an extendeci lag p e n d  approlùmately 6- 10 h in length 
between stimulation and the initial observation of cyto- 
kinesis. After this, ce ls  proceeded through the re- 
maining phases of mitosis and moved into G1 (at about 
12 h, judging by the general end of cytokinesis). This 
phase lasted for approximately 8- 10 h for both strains. 
C e h  then proceeded through the G1 checkpoint into S 
phase, as indicated by the rise in [3H]thymidine uptake 
per cell by cells of both strains (beginning at 19-20 
h). The [%Ilthymidine incorporation contïnued for the 
remaining hours of the experiment prior to mitosis. 
Thus, eliminating the initial lag period for the release 
h m  the amested state (6-10 hl, the optimal interval 
for detecting changes in DNA replication during S 
phase in cycling ceHs begins between 19 and 20 h after 
stimulation. Although cells in this experiment did not 
complete the G a  phase (which would be observed as 
a dmp in [3H]thymidine incorporation per cell), dam 
suggest that the approximate tength of the ce11 cycle 
for unsorted cells is 26-28 h. 



cell size 

n ~ ,  t. Contour plots of bivariate forward-angle scatter fceil size, data versus 90" Iight scatter (cytoplasmic granularity~. Channel 
-&CS arc in arbitra- units. Matching linear histagrams are ais0 shown ahve  each plot- (A) Control. (8) m d t  Boxes indicate gam 
4 for aning.  Box 1. mdr high cetb: Box 2. m& low cells: Box 3, cuntrol high cells; and Box 4. controt low cells. 

h o l - ~ s  'i 'Th_vrnidine Uptake into DNA in 
Con:. . :L: ni& Sorted Cells 

h an estimation of ce11 proliferation, the uptake of 
Wkh-midine (during the hour before sampling) by 
mmd Iow and high celk and mixed ce11 populations 
r u  examined after 24 h adaptation to MEM supple- 
nented with 158 carbon-stripped HS and 4% CEE, 
dus an additional 20 h with or without T3 treatment. 
Qgure 4 represents the mean uptake per ce11 (=SEM) 

of dupiicate samples (two DPM readings for each 
strain, ceU type, and treatment group). Analysis of vari- 
ance deterxnined asignificant effect of strain on prolif- 
eration (P < 0.0001), since overall mclx celis had 
greater uptake per celi than control ce11 populations, 
There were significant Merences in uptake by low, 
high, and mixed populations (P < 0.0001) and signifi- 
cant interaction between strain and ceU type popda- 
tions (P < 0,0001). Those two effects are obsemed as 
a lower uptake per ce11 in control high cells compared 

- 
I r :  .. -r.lphs of imrnunocytochemistry for skeletat muscle myosin and bisbenzimide staining for nuclei in sorted m& low (A and 

- -  . t -  .. 
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and DL (AI  Suclear striining o f  a Cield of m& low cells. %te t he  twa nuclei in the srnaIl rn~otube carrowsl. tB) The 
. '=.'li m!"tuhr as in X is positive for rinti-skeletal m-le mya~ in  immunnstaining ~ r i r n w ~ .  (CI Nuclcar staining of a fietd of mdr high 

' *  ') ln the same field as C. the rnajority of cells do not show anti-skelerial muscle rnosln Huoresccncc. Bar. 55 vm. 22o:e- 



FIG. 3. Line graph compuing f%ltùymidine uptake (nmol per ceil) in control (C57. open squares) and mdt (solid diamon&) unsorted 
cells after stimulation out of colchicine arrest in m e t a p h  Values are expresetd as means z SE of duplicate samples- Where standard 
e m r  bars an not ahown they were tao small to be rmolveâ on the graph, 

to control low or mixed ceb, while uptake by md;rc ment (P < 0.05) and between ceii type and T3 treat- 
mixed ceUs was greater than in m& low or high popula- ment (P < 0.0001). The interactions are obsemed in 
tions. low cells, where T3 decreased uptake per cell in both 

While there was no signifiant general effect of T3 control axïd mdx populations. T3 treatment atVected 
treatment on uptake per ceIl (P = 0.63), T3 treatment only the mdx high ceiis bot  controls), increasing their 
had differential e f f i  on œll proliferation, observecl uptake per cell. Mixed contiol ce11 populations showed 
as signifiant interaction between strain and T3 bat -  increased uptake aRer T3 (approximating an additive 

High Mixed 

FIG. 4. Bar graph camparing CjHlthymidine u p a e  (nmol par cell) in control (CS71 and mdr œlls grouped into low. high, and remixcd 
populations and gmwn in MEM supplemented with 15% ucbn-s t r ippd  HS and 4% CEE. with T3 and without T3 treatment. Bars nprcsent 
duplicate DPM readings h m  a single sample. Values are exprameci as means = SE. Mhing  standard error bars were too small b be 
reso1ved on the -ph. Cornpariaon of strains and ceIl populatiom each showed signifiant differences. and each inkracted with T3. 1 



,tfrçt 01- the uptakr by sepüratcd low and high T3- 
,redtcd w l l s ~ .  M& mixad ceils shuwed additive uptake 
in untrvnted conditions. but a significant decrease in 
,,pt;t ko pur ce11 was obnerved aRer T3 treatment. These 
,,,,.' ~uggest that the mdr low cells are stimulated 
tu crate by the presence of the high cells (i-e., in 

.iri~reated mdx mked groupl and that mdx low ceU 
upr ï  kr is inhibited by T3 in the presence of high ceLls 
in the rnixed population. In this experiment, the varia- 
tion in uptake within groups was low, likely since the 
1 0 ~ .  high, and mixed populations were aii derived ûom 
the same animds and were processed together. There- 
fore. data show there were significant interaction ef- 
fects of T3 treatment with strain and ceil m e s  which 
- -- the possibility of differentid effects of T3 on 
CO : . . - , i and mdx myoblast populations. 

,kalysis of ProCiferatian in Control and mdx Sorted 
Cells by Propidium Idide 

The precise origin of the changes in uptake per ceil 
in the above analysis (Fig. 4) are not certain, since the 
estimation of proliferation by C%lthymidine uptake per 
ceII ovsr 1 h is only a rough indicator of population 
dy.- .::nlcs. In order to examine more closely the prolifer- 
ative phase in cycling ce&, the fiequency distribution 
of cells in the ceil cycle was determinecl by PI staining 
and flow cytometric analysis, Figure 5 shows the plot- 
ted histograms of DNA content (2N in GdCt phase, 2N 
to QN in S phase, and 4N in GJM phase) versus ceU 
number h m  each of the 12 populations (control and 
m&; untreated and T3-treated; and low, hi*, and 
miued cells). The proportion of cell populations in Gd 
G-  q. md G a  phases are indicated, as calculated by 
the algorithm, The proportions of cells in each phase 
were converted to fi.equencies and were used in a x2 
statistical comparison of populations by ceil type (ciif- 
ferences down the columns of Fig. 51, by treatment 
group (ciifferences acroas the rows of Fig. 51, or by phase 
(testing G&L, S, and G&f phases separately). The 
separate comparisons allowed for the origin of the sig- 
nificant differences in x2 to be determineci- 

1 n comparing distributions within each cell type (col- 
t, there were signScant difllerences between 

treatment distributions only in the low ceLi category 
r ' = 34.9, P e 0.001. df = 61, most of which originated 

in the proportions in G a ,  (partitioned x2 = 17. or 
approximately 50%). with smailer contributions h m  
changes in the distribution in S phase (partitioned x2 
= 9.5, or appmximately 27%). 
The comparison between ceil types for each treat- 

ment group (mws) showed signiticant differences be- 
tx - - b  î the Frequency distribution of cell type popula- 
tions for untreated contmls <X2 = 14.9. P = 0.005, df 
= 4,. T3-treated contmls ( x 2  = 9.3, P = 0.05. cif = 41, 

Again. the G,JG1 phase contributed significmtly to the 
differences (20-30C+ of k ' ~ .  with S phase cantributing 
in contra1 untreated and T3-trerited groups ( 5 0  and 
5.5% of y', respectively~. The G,JM phase contributed 
50% of X" changes from expected frequencies only in 
untreated mdx cetls. 
in comparing within phases as a confirmation of the 

comparisons by ceil type or treatment, X" tests were 
significant only in GfiL phase (x" = 15.6, P = 0.02, df 
= 61, with contributions by untreated low cells (35% of 
X") and T3-treated high cells (25% of 

Therefore, the three y' partitioning studies (of the 
same data) suggest that there are consistent differ- 
ences in how the different populations cycle. Those dif- 
ferences originate h m  GdGl in three categories: (a) in 
untreated low celis, with more mù.x low cells in G& 
than control low ceils, (b) in rn& T3-treated high ceus, 
with fewer in GfiL than mdr low ceils (untreated and 
T3-treated), and (c) in control T3-treated high cells, 
with more in GdGr than in control low cells (untreated 
and T3-treated). S phase contributed to significant 
changes in X2 in control untreated low cells (more in S 
phase than in nufi untreated or T3-treated low cells) 
and in mdx T3-treated low populations (fewer in S 
phase than in mdx untreated low cells). 

Note that data reported in Figs- 4 and 5 are &om 
one large experïment. One plate per group was used to 
estimate proliferative populations by recording radio- 
isotope uptake per cell, while two other plates per 
group were used to study ceii cycle phase distributions 
by PI staining and flow cytometry. 

DISCUSSION 

The results of the present experiments show that 
control and mdx dystrophie muscle cells demonstrate 
different changes in proliferation and cell cycling when 
treated with T3. Those ciifferences are also specific to 
certain ceii Srpes (myoblasts, fibroblasts, or minecl myo- 
blast and fibroblast populations)- There were signifi- 
cant ciifferences between treatment groups, cell types, 
and strains in GdGl and S as analyzed by flow cytome- 
try and PI staining. The results also show a differential 
response to T3 between control and mdx myoblasts (low 
cells stained by anti-skeletal muscle myosin) by sig- 
nificant interactions between T3 treatment, ceil type, 
and strain. Resdts thus con- and extend earlier 
work in vivo on the effects of hyperthyroidism and hy- 
pothyroidism on muscle regeneration 112.13, Pemitsky 
et al., 1996, in press]. The results suggest that the re- 
generative capability of m& myoblasts may be a reault 
of differential regdation of ce11 cycling. That differen- 
tial rnay involve distinct muscle regdatory gene sensi- 
tivity to T3 and endogenow production of basic fibro- 
blast growth factor (bFGF) 1201 or expression of bFGF 



DNA content 

PIC. S. rrstograms of fiow cytometric anaiysis of matml and mdr low (le@ column), high (middie column). and mixed cells (ri& column) 
and diaplayed by treatment (witb T3 and without T3) by pmpidium iodide staining of DNA Data represent the proportion of celis in Gd 
G, phase (ûrst peak = 2N amount of DNA), S phase (middie = between ZN and 4N amounts of DNAl. and G+f phase (second peak = 4N 
amount of DNA). Five t h o d  œUs were aaalyzed h m  each population. Signi6cant differences were detenniaed by x'. Sigrifkant 
differences were observad between cantrol and mdr low ceil types, partieulady in GdG, and S phases affected by T3- 

or T3 receptors and their signal transduction pathways 
controlling the ceii cycle. 

It was previody shown that mdx muacle contains 
more bFGF, a potent mitogen, than normal mouse mus- 
cle 1211, Duchenne muscular dystrophy, or other hu- 
man biopsy samples 1221. Since rnyoblasts produce 
bFGF during repair 1201, it is possible that the mdx 
myoblasts and fibroblasts may express more of that 
mitogen than the control myoblasts and fibmblasts in 
vitro. This would subsequently lead ta a greater early 
proliferation or more sustained proliferation in mds: 
cultures. While the expriment made to time the initia- 
tion of DNA syntheais after stimulation does not sug- 
gest a difference in proliferation rate c o m p d  to con- 
trol populations, the idea requires tùrther tesüng. 
However, there were same mdtinucleated celis ob- 
served in these cultures, possibly withdrawn h m  the 
ce11 cycle due to the earlier arrest with colchicine, and 
their numbers may have differed between control and 
màx cultures. 

MyoD is a MRF that constitutes a focal point for 
positive and negative control of rnyogenesis. MyoD ex- 
pression initiates myogenic dinerentiation and induces 
inhibition during the G1 phase of the cell cycle [23]. 
The control of myogenesis by MyoD is cornplex. For 
example, in experiments on MyoD knockout mice [24], 
muscles in vivo showed dramatically less effective re- 
generation than wildtype mice and significantly de- 
creased proliferation by myogenic cells labeled by myo- 
genin expression and [3Hlthymidine uptake. in the in 
vitro studies, however, myogenic cell numbers were not 
reduced, but elevated. Those results suggested that 
seErenewal by early stem ceils, rather than myogenic 
differentiation, occurs in the absence of MyoD. Growth 
factors may repress MyoD h c t i o n  by stimdating ex- 
pression of very early response genes which repress 
MyoD transactivation 125, 261. Negative regdation of 
MyoD function by growth signals (such as bFGF) occurs 
in proliferating myoblasts, while withdrawal of cxoge- 
nous growth factors tnggers MyoD's action to arrest 



,,II ing and ;ictiv:ite t h  myc~gcnic progrmi 1 %  1. 
r t  i, r i c , t  known if control and m t k  myt~blusts express 
dif15t.cbnt lrvels of bFGF or how myoblrists and fibro- 
!,i.,?t- riiight d i f k  in that regard, rilthuugh a repart ot' 

--  sensitivity tu exogenous bFGF by mcLr versus 
myobli~st cultures [ 15 1 might be explained. in 

pÿi-r- i>y a differential expression of the mitogen L201. 
~ h e  high level of proliferation shown by untreated 

,,,,O mked cells, in cornparison to either 1ow or high 
,,*d-r cells alone, suggests that myoblasts and fibro- 
blasts in teract positively to prornote mitogenesis, possi- 
blu by the addition of bFGF and/or other factors con- 
t n b ~ t e d  by the fibroblasts or through direct cell-to-ce11 

However, mixing control rnyoblasts and fibro- 
-- - in the same untreated conditions does not ap- 

,- . :. .O have an additive effect on proliferation- The 
di t~rence between the two straias regarding separate 
versus mixed populations may also relate to ciifferences 
in mitogen production, receptor expression, or interac- 
tion with MyoD and other MRFs. 

Other important ûndings in this study confirm that 
sorting rnixed myoblast and fibroblast cell populations 
according to 90° light scatter (cytoplasmic granularity) 
permits the distinction of low (myoblast) and high (fi- 

-: 'ast) light scatter populations in mdx and control 
cuitures as reported [19]. The sorted ce& were a e r  
separated h m  cells with intermediate scatter which 
are an uncharacterized mixed population of cells. The 
expression of anti-skeletal muscle myosin in early dif- 
ferentiated contrai and mdx low cells M e r  confirms 
that the low population contains a very large majority 
of myoblasts that are separated h m  a mixed popula- 
tion by flow cytometry and that the population sorted *. %gh contains a large majority of skeletal muscle 
myosin-negative fibroblasts. 

The observed increase in rHlthymidine uptake per 
ce11 in the m& fibroblast population after T3 treatment 
is puzzling, particularly since both myoblast and mixed 
populations of mdx cells in the same experiment 
showed decreased uptake per ceU with T3 treatment. 
In the same experiment, there were significant effects 
on cell cycling attributable to a low fiequency of mdx 
TI? - treated fibroblasts in G,,/GL. However, the change 
\ -t-- small (only 15% of the total significant x2 value 

for the differences in G,JG1), and the distribution was 
the lowest in frequency arnong the other fibroblast cul- 
tures. However, S phase for fibroblasts did not contrib- 
ute to significant X2 changes with T3 treatment. Thus, 
there is a ciifference between S phase estimation by PI 
staining and flow cytornetry and estimates of proLifera- 
tion in a population based on TWthymidine uptake per 
4 1 .  even in a single experiment. The latter method 
-' tmates DNA synthesis over a 1-h pulsed exposure 

in .L population presumed to be moving through various 
phases of the ce11 cycle in a continuous sequence. The 
cdls replicating their DNA are only observed in a very 

rcsti-ictcd window in S phase itselt: The histograms in 
Fig- .5 show a small proportion of çells in S phase. a n d  
1°K lthymidine uptake analysis will only identify srnrill 
numbers of cells that may be rit the begining. the mid- 
dle. or at the end ofS phase and which cannot be distin- 
quished €rom one another. Thus, in view of the fiow 
cytornetry findings, observations of increased II'HI- 
thymidine uptake per ce11 in mcLr T3-treated fibroblasts 
indicate that additional experiments are needed to fol- 
low particular celis (S phase cells, for example, through 
a cycle by bromodeoxyuridine (Brdu) and PI double la- 
beling. Those experirnents would determine three as- 
pects of a differential effect of T3 on ce11 cycling: ta) if 
the cells in the [3Hlthymidine uptake experiments are 
present as a group just entering S phase fiom G&, or 
just about to leave S phase and enter G&l, (b) if that 
cell population is more synchronized in activity in re- 
sponse to T3 treatment than untreated populations, 
and (cl if that T3-treated population is synchronized 
more due to endogenous regulation of proMeration or 
myogenesis. 
The interesthg aspect of the uptake by m& fibro- 

blasts (cornparison between untreated and T3-treated 
ceus) is that fibroblasts also appear to show a differen- 
tial effect of T3 treatment. That observation suggests 
that  fibroblasts deserve renewed study for their role 
in the possible endocrine mediation of muscle repair 
processes such as remodeling of the extracellular ma- 
trk and the dynamics of cell r e b t m e n t  duting wound 
repair, There clearly are strain-specific effects of T3 on 
celi cycling that cliffer between myoblasts and fibro- 
blasts and that appear to be modifieci by cell-to-cell 
interactions. 
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