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Abstract . The development and legeneiation of muscle fibies s ta i t fiom myoblasts 
of embivos oi adult animals The lesulting phenotype is a combination of geneti-
calh fixed piopeities of m\oblast cell lineages and of extnnsic, p n m a n h neuiogenic 
iactois Intiafusal fibie t)pes of muscle spindles diffei fiom each othei and fiom 
extiafusal fibies b\ then ul t ias t iuctme, by the piesence of both sensoiy and motoi 
mnei\at ion, and bv the content of specific myosin heavy chain (MHC) isofoims 
Diffeientiation of these distinctions depends on the moiphogeuetic influence of pn-
maiv affeient nemones It is howevei not known whet hoi the intiafusal phenotype 
can be induced m a m m\otube logaidless of its cell line oiigm oi oni} m a spe-
cial piedeteimmed intiafusal hneage(s) committed to diffeientiate into intiafusal 
muscle fibies The aim of oui studies was to define the contiibution of mtimsic 
myogenic piopeities of muscle cell lineage and extnnsic neuiogenic factois b\ the 
sensoi> and the motoi mneivation on the diffeientiatioii of intiafusal phenotvpes 
using u l t ias t iuctuia l anal}sis and mimunocytochemical deteimmatioii oi MHCs 
undei vanous expeiimental conditions The pieseuted mmneview is based on the 
íesults of oui pievious findings, and p iehminai j expeiiments indicate that new ím-
poi tant íesults may be obtained m studies of myogenesis and muscle legeneiation 
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Muscle differentiation and expression of MHCs 
in extrafusal muscle fibres 

Both m\ogonesis and legeneiation 111 skeletal muscles a ie c haiac t( n/cd b\ the 
fusion of lephcating mononucleated mvoblasts 01 satellite cells into svnevtial i m -
otubes and b\ then matuiat ion into diffeientiated muscle fibies This diffeientiatioii 
m\olves actuat ion of cell tv pe-spee lfie genes tuggeiing the svnthesis of muscle -t>pe 
sj)ecific piotems Then expiession m a given muscle fibie is a íesult of th<> com 
bmation of mtiinsic piogiams (cell lineages) and extnnsic c g neive hoimonal 
and meehanieal influences (íoi íoview see Millci and Stockdalc 19č>5 Pette and 
Staion 1990, Gunning and Haideman 1991 Hoh 1991 Stockdale 1992) In adult 
lat skeletal muscles, foui majoi myosin heavy chain (MHC) isofoims e^xist m the 
extiafusal fibies slow twitch MHC is piesent in tvpe 1 fibies fast A m tv pe 2Á 
fibies fast X oi D m tvpe 2X/2D fibies and fast B m tvpe 2B fibies de velop-
nig and u generating muscle fibies expiess cmbivonic and neonatal MHC isofoims 
(Table 1 foi lev lew see Hamalainen and Pette 1995) Othei MHC isofoims slow 
tonic extiaoculai supeifast and alpha-caidiac aie as a nile not expiessed m limb 
muscles, but they do occui m highly specialized extiaoculai and mastieatoiv oi 
the tensoi tvmpam muscles and in intiafusal fibie>s of muscle spindles (Pediosa et 
al 1990 foi lev lew see Soukup et al 1995) 

Expiession of muscle MHC genies fiom late foetal to the adult stages has been 
analyzed m extiafusal musculatuie at both piotein and mRNA levels using bio
chemical sepaiation techniques oi ??/ situ hvbiidization using MHC piobes (foi 

Table 1. Expiession of MHC isofoims m lat muscle fibies 

Developing Adult muscle fibies 
muscle 
fibies Extrafusal Intiafusal 

tvpe 2 (fast) t v p e l (slow) nucleai bagi nuclcai bai„> nuclcai chain 

embnonic 2A 1 embľyoint embiyonic neonatal* 
neonatal 2B slow twitch / neonatal fast twitch* 

beta cardiac 
2X/D slow tonic* slow twitch / 

l)( ta e aidiae * 
alpha cardiac slow tonic 

alpha caichae 
fast twitch 

*These isofoims aie distnbuted along the whole fibre length (foi details ste Soukup et 
al 1995) 
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lev lew see Pe^tte and Staion 1990 Gunning and Haideman 1991 Hoh 1991 Ontell 
et al 1995) Howevei biochemical oi clonal analyses of diffeientiated intiafusal fi
bies aie difficult due to then scaicity and the coiiespondmg difficulties concerning 
then isolation (ef Pediosa-Domellof e>t al 1993) Such studies of tmv imdiftuen-
tiated intiafusal fibies m developing muscle spindles aie still vn tua lh impossible 
also clue to the geneial pioblems m gaining access <aid manipulating mammalian 
foetuses We have theiefoie tned to induce expeinnentallv postnatal myogenesis 
and legeneiation mside íat muscle spindles These expenments would make it pos
sible to analv/e the contnbution of mtiinsic myogenic (cell lineage) and extnnsic 
(neuiogenic ) factois on the ul t iast iuctuial diffeientiatioii and expiession of MHC 
isofoims m intiafusal fibies The anticipated íesults should fill the gap lesulting 
fiom the lack of biochemical íesults m the studies of diffeientiatioii of intiafusal 
muscle fibie tvpes 

Character i s t ic d i s t inct ions of intrafusal muscle fibies 

Intiafusal muscle fibie tvpes exhibit distinct nioiphological ehaiactenstie s as thev 
contain tv pical nucleai ace mutilations and myofibnllai ultiastiuc tu ie possess com
plex sensoiv and motoi mneivation exhibit specific lusto- and mimuiiocvtochemi-
eal chaiactenstics and die suiiounded by a multilayeie>d capsule (Figs 1 2 5 foi 
ie>vicw see Zelena 1994, Soukup et al 1995) Each intiafusal fibie tvpe expiesses a 

i C i B i A i B i C i 

i i i i i 
2 1 0 1 2mm 

Figure 1. Schematic chawing of a lat muscle spindle (not cbawn to scale) ba^i bag> 
chain mtialusal muscle fibies la piimaiv sensoiv axon If secondaiv sensoiv axon 
-> and li motoi mneivation A B,C - the A B and C spindle regions (modified fiom 
Pediosa-Domellof 1991) 
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tvpical AIHC pattern (Table 1) eoiiipusmg at least C MHC isofoims m nucleai bag2 

fibies (embivomc, neonatal, slow twitch/beta caidiac alpha eaidiae slow tome 
and fast twitch) 4 MHCs in nucleai bagi fibies (embiyomc slow twiteh/beta slow 
tome and alpha caidiac), and 2 MHCs in nucleai chain fibies (neonatal and fast 
twitch) The distinct ul t ias t iuctuie chaiactenstic MHC patterns and expiession 
of spindle-specific MHC isofoims (not expiessed m extiafusal fibies) distinguish 
intiafusal fibie types fiom each othei and fiom extiafusal fibies (foi levievv see 
Soukup et al 1995) Especiallv the slow tonic" MHC expiesse^d fiom an eailj 
developmental stage onwaids is a lehable and unique maikei of intiafusal fibies m 
developing and adult muscle spindles Intiafusal fibies thus íepiesent a na tu ia lh 
oeeuiimg model foi the analvsis ejf myogenesis and foi the stuelv oi mtimsic mvo-
ge mc and extnnsic nemogenie oi othei factens legulatmg muscle development and 
legeneiation 

The fust studies suggested that intiafusal fibies m muscle spindles of new
born and adult íats diffei in then íeaetivitv to polv clonal antiseia against MHCs 
(Pieiobon-Boimioh et al 1980 te Ivionme et al 1981 1982) Fuithei studies íe 
vealed that the unique expiession of slow tome alpha eaidiae embivomc and 
neonatal MHCs m limb muse les of adult mammals is les tneted to the intiafusal 
fibies (Maiei et al 1988 Kuceia and Wall o 1989 1990, Peehosaet al 1990 Peebosa-

Acid preincubated , Alkaline preincubated 
m ATPase ' m ATPase 

I C I B I A I B I C I 

F i g u i e 2. Schematic i epic sent at ion (not d iawn to scale) ol the in ATPase activitv aitei 
acid (pH 1 55) and alkaline (pll 10 5) pic incubations along the length of lat intiafusal 
fibres Ext iacapsulai ends of nucleai bag fibies howevci exhibit alkali stable activitv 
1hat vane s fiom low to high levels 1 he c ncles m the c e nt ial le gion ol eac h mtiali isal fibie 
íepiesent nuclei thiee 1c vels ol staining mtensit \ aie distinguished blac k = st ion„ gicv 
= model ale white = weak oi mist lined (modified honi Pecliosa-Dome lloi 1991) 
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Domelloff et al 1991, foi ieview see Soukup et al 1995) It was also lepoited that 
the íeactions with diffeient antibodies against MHCs vaiy along the length of in
tiafusal fibies (Pediosa et al 1990, Soukup et al 1990a, Pediosa-Domellof et al 
1991) and this can explain the legional diffeiences obseived eailiei in the mATPase 
íeaction (Fig 2, Soukup 1976) Vanous studies have also shown that sensoiv in
novation is lequned foi the expiession of spindle-specific MHC isofoims and that 
motoi mneivation eontiibutes to the diversity m the distiibution of the diffeient 
MHCs along the length of the nucleai bag fibies (Kuceia and Wall o 1988 Soukup 
et al 1990a. foi ieview see Zelená 1994, Soukup et al 1995) 

The majoi question pel taming to spindle development is whether intiafusal 
fibies develop fiom the same pool of bipotential muscle piecursoi cells (myoblasts j 
as extiafusal fibies oi fiom a unique population(s) of myoblasts piedestmed to 
become intiafusal fibies Piimaiy myotubes, which give use to the fiist geneiatioii 
of both extiafusal and intiafusal fibies, do not diffei in then ultiastiuctuie at the 
onset of spindle development Hitheito, no diffeience has been detected in then 
immunocytochemical piofiles eithei, befoie they aie contacted by sensoiy axons 

Figure 3. A newly foimed intiafusal fibre (laige asterisk) and two immature intrafusal 
myotubes (small asterisks) probably originated from an adjacent parent intrafusal fibi< 
(IF) fiom a spindle of a foui-month-old lat deeffeiented 48 h aftei birth A piesumabh 
activated sickle-shaped myoblast (anow) is located on the fibie suiface and covered bv 
the basal lamina (bl) of the intiafusal fibie The scale bai íepresents 1 //m (x 20 000) 



350 Soukup and Novotova 

A l t e r n a t i v e exper iment s for s tud ie s of intrafusal musc le fibre type or ig in 

Dt > H< initatiun mid d< n< motion < ipi imievts We have found that neonatal deef-
íc íe mation peiioimed eluiing the evilly postnata l penod by the extnpat ion of the 
lumbosac lal spinal coid tnggeied neomv, ogenesis which led to a giadual inciease m 
tlie1 numbe i of intiafusal fibies (Figs 3 and 6) and that new fibies weie foimed pre
dominantly fiom activated satellite cells (Soukup et al 1993, Zelena and Soukup 
1991) Oui ultiastiuetui. i l (Fig 4 Novotova and Soukup 1995) and pielimmaiv 
liiiuiunoliisioc hemic al íesults in voting ía t s (Soukup et al 1994a b) showed that 
nc eimvoge nesis c an also be achieved dnectly by deneivatiou of muscle spindles oi 
b\ deefienentation followed by deneivatiou if neive section is peifonned aftei the 
cntieal penod of muscle spindle development, í e when muscle spindles suivive 
the loss of sensoiv nineivatioii (foi ieview see Zelena 1994 Soukup et al 1995) 

F i g u i e 4 \ t ians\e i \c section ol a liuiscle spinelk fiom a 2-inonth-olcl íat dec He lente d 
it 2 d,i\s mel ehncivatcd at 1 weeks I h e spindle contains 8 laige piohles at this level 
pie sumablv e one sponding to nucleai bag) (B2) nucleai bagi ( B l ) and nucleai chain (C ) 
libie s and to the de novo foimed supei immeiaiv intiafusal piofiles (astensks) OC outei 
< ipstile- 1C liiiKi capsule The scale bai íepiesents I //m ( x 2 900) 
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These models íepiesent a unique possibility to study fibie type diffeientiatioii fiom 
mononucleated adult myoblasts (satellite cells) of distinct types given and defined 
bv then spatial íelation to diffeientiated parent intrafusal fibres and the postna
tal stage of the expenmental animals enables easiei anatomical access foi surgical 
manipulations 

Muscle grafting experiments The sequence of events dining muscle regeueiation 
aftei muscle t iansplantation is similai to muscle development (foi ieview see Cail-
son 1976) An alternative model of examining muscle postnatal neomyogenesis and 
diffeientiatioii of intrafusal fibres during the postnatal penod is thus legeneiation 
following muscle giafting (Fig 7) The detailed descnption of the method of hete-
lochionous allotransplantation and determination of muscle spindle munbeis in the 
regenerated giafts has aheadv been published (Ii imanová and Soukup 1995) Mus
cle legeneiation can thus be used as anothei expenmental model foi the studies 
of genetic and nemal influences on the diffeientiatioii of phenotvpes of intiafusal 
muscle fibies 

In oidei to elucidate the íole of mvogemc predetermination versus plasticitv 
of adult myoblasts and the manner in which mneivation contnbutes to the devel
opment of the regional heteiogeneity the ul t iast iuct iual diffeientiatioii and the 
MHC expiession can be studied by tiansmission election micioscopy and lmmmio 
evtoehemical detection of MHC isofoims using a batteiv of specific monoclonal 
antibodies uncle i vanous experimental conditions In oui studies, we have focused 
on a) neonatallv deeffereutcd spindles postnatallv deprrved of sensoiv mneivation 
bv n e n e section, b) leinncivated atvprcal spindles aftei neonatal neive eiush c) 
deneivated muse le spindles in voting and adult la ts and d) muscle spindles íegene-
latmg aftei heteiochionous allotransplantation and a l lot ransplantat ion of whole 
hind limb muse les m the presc nee oi absene e of eithei sc nsoiv or motor inner v atron 
N( ontital da fj<u ntation was performed by the extirpation of the lumbosac lal spinal 
e oid in 6 to 48-hoiu-old íats under cold anaesthesia (foi details see Zelena and 
Soukup 1993 Soukup et al 1993) 

Neonatal nerue crush of the sciatic neive was done uudei cold anaesthesia bv a 
pan of foiceps at the mid-thigh level in 6-houi-old íats (foi details see Soukup and 
Zelena 1988) 
Postnatal den< r nation was made bv the section of the sciatic neive at the mid-thigh 
level in 3- to 4-weck-old and adult ía ts nuclei Nembutal anaesthesia (foi details see 
Novotova and Soukup 1995) 
H(tnochronoiľ) allotransplantation was peiformed by giaftmg, e g the extensoi 
digitoium loiigus muscle fiom 2- to 28-daj-old rats into the same muscle of adult 
íecipient mbred rats using cold and Nembutal anaesthesia (foi details see Jnrnanova 
and Soukup 1995) 

Autotumsplantation was earned out in 2-month-old íats undei Nembutal anaes
thesia, the nght e>xtensoi digitoium longus muscle was excised, its neive and blood 
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Figure 5. Senal tiansveise sections through the A legion of a noimal spmdle fiom an 
ĽDL muscle of an adult íat stained foi m ATPase activity aftei piemcubation at pH 10 3 
(a) and 1 35 (b) In the contiol, intiafusal fibies aie diffeientiated into thiee fibies types 
- nucleai bag2 fibies (large anow) nuclear bagi fibies (anowhead) and nucleai chain 
fibies (small airows) 1 extiafusal type 1 fibies, 2 extrafusal type 2 fibies OC outei 
capsule IC miiei capsule n - spmdle nerves The bai represents 10 /em (x 400) 
Figure 6. Cioss sections thiough the A zones of two deefeiented spmdles fiom a soleus 
muscle of a 6-week-old lat stained with monoclonal antibodies against lammm (a) and slow 
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supplv was cut and the muscle tendons were sutuied back to then ongmal site (foi 

details see Cailson 1976) 

R e s u l t s and future prospec t s 

The íesult of oui studies of MHC expiession in neonatally deeffeiented íat muscle 
spindles (te Ivionme et al 1982 Pediosa et al 1990 Soukup et al 1990a Pediosa-
Domellof et al 1991 Soukup et al 1993, foi ieview see Soukup et al 1995) led 
us to the assumption that there aie at least two types of intiafusal satellite cells 
(adult nryoblasts) namelv those derived fiom slow nucleai bag and those íelated 
to fast nucleai chain fibies (Fig 5) This assumption is in agieement with the 
pievious suggestion that intiafusal fibies oirgruate from a unique population(s) of 
myoblasts destined to become intiafusal fibies (Pediosa and Thoinell 1990 Soukup 
et al 1993 1995) although it is at vananee with the suggestion that intiafusal fibre 
tvpes develop fiom the same populations as extiafusal fibies (Kuceia and Wall o 
1990 Zelena 1994) 

The obtained and expected íesults piompt us to ask the following questions 

1) What is flu sjxrifu yíiittn e/e U i initiation of intiafusal adult myoblasts' 

Experiments test whether the adult myoblasts (satellite cells) are predetermined 
and diffeientiate into specific phenotvpes of intiafusal fibie tvpes in the absence 
of the n mneivation We aheadv know that satellrte cells differentiate into paient 
fibie tvpes m the1 absence of motoi innervation (Figs 5 and 6 Soukup et al 
1993 Zelena and Soukup 1993) Pielmnuary expeiiments have shown that also 
d( noio foimed denervated intiafusal fibies can expiess the spmelle-specifie slow 
tonic like MHC if thev develop in spatial i elation to nucleai bag fibies but not if 
thev had diffeientiated fiom the satellite cells of nucleai chain oirgrrr (Soukup et 
al 1996) Conclusions fiom these expeiiments can contnbute to the venfieation of 
+lie pioposed hypotheses legaidmg the ongm of intiafusal fibies 

tonic MHC (6) \ o t e the nicieased numbei of intiafusal fibies with laige (open anovv) 
and small (small open anovv) diameteis in (a) and the pie seme of positively stained 
mil lfus tl piofiles of vamjus M/e (laige allows) and small unstained fibies (small mows) 
in {!>) The stame el fibie s ale of the nuele al bag tv pe yy he Has the unstained fibie s be long 
to the nuclei! chain tvpe fibies The bai lepiesents 10 /.mi (x 620) 
F i g u r e 7. Seiial t iansveise sections through the A zone of a i e gene rat eel spmdle (full 
anovv) fiom an EDI muscle taken loi allot lansplant at ion horn a ieS-dav-old lat 1 month 
aflei giaftmg into the adult mbieel lecipient lat Sections vveie stained loi l u M P a s r 
aftei alk dine (ei) and icicl (b) pie me ubations Re gc noiatcd encapsulated fibies aie not 
diffeientiated into thiee intiafusal fibie tvpes typical foi the contiol spindles but thev 
lcscmble e \ t iafusal tv pe 2 fibies (2) I ol ot hei eh scnptions see lege lid to I lg J (x 100) 
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2) Houi m luh au adult intrafusal myoblasts predetermined or plastic' 

Experiments analyse how foiergn (extiafusal) motoi innervation can modify the 
diffeientiatioii of legeneratmg intiafusal fibres (Figs 5 and 7) We have alieady 
shown that niATPase levution of regenerated intiafusal fibies after alio- and an 
totiansplantation lesembles that of extiafusal type 1 oi type 2A and 2B fibies 
(Soukup 1988 Iiimanova and Soukup 1995) and that thev fail to expiess the 
spmdle-spee lfic ultiastiue tuial distinctions and slow tonic and alpha caicliac-bkc 
MHC isofoims (Soukup et al 1990b Soukup and Novotova 1996) These íesults 
show that both tvpes of intiafusal satellite cells denveel fiom eithei nucleai bag 
oi nucleai chain fibies exhibit considerable plasticitv as then MHC expiession can 
be lespecified towaids extiafusal muscle phenotype by foreign motor mneivation 
The conclusions fiom these expeiiments indicate undei which conditions intiafusal 
satellite cells letam then ability to differentiate into intiafusal oi extrafusal fibie 
tv pes 

i) What deter mines the regional heterogeneity of MHC expression y 

Expeiiments can piovide the answer to the question of whethei and how the dif
ferences m ul t ias t iuetuie and m expiession of MHC isofoims along the length of 
intiafusal fibres aie íelated to the influence of sensoiv and motoi innervation and to 
the pioperties of the1 myoblast lineages It has alieady been shown that a number of 
piotenis including MHC isofoims can lemain locah/ed m the vicimtv of the nuclei 
íesponsible foi then synthesis (foi ieview see Hall and Ralston 1989 Pavlath et al 
1989) The concept of nucleai domains can thus be applied to the intiafusal fibies 
as the typical íegional vanations along them length might lefleet the existence ol 
nuclear domains under the1 influence1 of erthei sensoiv oi motoi innervation (foi 
lew lew sec Soukup et al 1995) 

C o n c l u s i o n s 

The pioposed stiategy not only can fill the gap resulting from the lack of bro 

chemical íesults in studies of diffeientiatioii and legeneiation of intiafusal muscle 

fibie types but it also can piovide valuable results since recognition of factois 

inducing diffeientiatioii of mrmatuie muscle precursors mto mdividual adult tvpes 

is of basic impoitance foi developmental neuiobiology and since the knowledge of 

factois opeiatmg m the piocess of muscle spmdle development and legeneiation 

has implications foi nemologv neurosurgery and plastic smgery 
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