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Minireview

Alternative Strategies in Muscle Genotype
and Phenotype Studies.
A Model of Intrafusal Muscle Fibre Type Differentiation
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Abstract. The development and 1egeneration of muscle fibies stait fiom myoblasts
of embivos o1 adult animals The 1esulting phenotype 15 a combination of geneti-
callv fixed properties of myoblast cell lineages and of extrimsic, priimarily newiogenic
factors Intrafusal hbre types of muscle spindles differ fiom each other and fiom
extiafusal ibies by then ultrastiuctwie, by the presence of both sensory and motor
muersation, and by the content of specific myosin heavy chain (MHC) 1soforms
Differentiation of these distinctions depends on the moiphogenetic influence of pii-
marv afferent newzones Iti1s however not hknown whether the intiatusal phenotype
can be mduced m any myvotube 1egardless of 1ts cell line ongim o1 only m a spe-
c1al predeteniined wtiafusal hneage(s) comnutted to differentiate wmto wtrafusal
muscle fibres The aim of owr studies was to define the contiibution of mtrinsic
myogenic propetties of muscle cell lineage and extisic neurogenic factors by the
sensory and the motor mnervation on the differentiation of mtiafusal phenotypes
usinng ultiastiuctural analysis and immunocytochemical determination ot MHCs
under varions experimental conditions The presented minneview 1s based on the
1esults of owr previous findings, and prelimimary experiments indicate that new 1m-
portant results may be obtamned i studies of myogenesis and muscle regeneration
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Muscle differentiation and expression of MHCs
in extrafusal muscle fibres

Both mvogenesis and 1egeneration 1w shelc tal musdes are charactcized by the
fusion of 1eplicating mononucleated mvoblasts o1 satellite cells mto syncy tial my-
otubes and by then maturation into differentiated muscle fibres Tlis differentiation
unolves activation of cell ty pe-specific genes triggerng the <y uthesis of muscle-type
specific protemns Then expression m a given muscle fibre 1s a result of the com
bmation of mtimsic programs (cell hneages) aud extimsic ¢ g nerve hormonal
and mechamcal mflnences (for review sce Nalla and Stockdale 1983 Pettc and
Staron 1990, Gunning and Hardeman 1991 Hoh 1991 Stochdale 1992) In adult
1at sheletal muscles, four major myosin heavy chain (MHC) 1soforms exist 1 the
extrafusal ibies slow twitch MHC 15 present m type 1 fibtes tast A m type 2A
fibres fast X o1 D 1 type 2X/2D fibies and fast B m type 2B fibies develop-
mg and rcgenerating muscle fibies express cubiyonic and neonatal NMHC 1soforms
{Table 1 for 1eview see Hamalainen and Pette 1995) Other MHC 1soforms slow
tonic exatiaocular supeifast and alpha-cardiac are as a rule not expressed 1 himb
muscles, hut they do occur mn highly specialized extiaocular and masticatory o1
the tensor tympani muscles and i mtiafusal fibres of muscle spindles (Pcdrosa et
al 1990 for review see Souhup et al 1995)

Expression of muscle MHC genes from late foetal to the adult stages has heen
analyzed 1 extiafusal musculatuie at both piotem and mRNA levels using bio-
chenmical separation techniques o1 i situ hvbudization using MHC probes (for

Table 1. Expression of MHC 1soforms 1 1at muscle fibres

Developing Adult muscle fibics
muscle
fibres Extrafusal Intrafusal
tvpe 2 (fast) tipe 1 (slow) nuclear bag, nuclear bag:  nuclear chamn
embryonic 2A 1 embiyonic embiyonic nconatal*
neonatal 2B slow twitch / neonatal fast twitch*
beta cardiac
2X/D slow tomc* slow twitch /

beta cardiac*

alpha cardiac  slow tomnic
alpha cardiac
fast twitch

*These 1soforms are distitbuted along the whole fibre length (for details see Soulup et
al 1995)
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1eview see Pette and Staron 1990 Gunning and Hardeman 1991 Hoh 1991 Ontell
et al 1995) However biochemical o1 clonal analyses of differentiated mtiatusal fi-
bies are difficult due to then scarcity and the corresponding difficulties concerning
thent 1solation ((f Pediosa-Domellof et al 1993) Such studies of tiny undifteren-
ttated mtiafusal fibies i developing muscle spindles are stidl virtualls nnpossible
also due to the general problems m gaimng access «nd manmpulating mammalian
foctnses We have therefore tned to mduce enpernnentally postunatal myogenesis
and 1egeneration mside 1at muscle spindles These experiments would make 1t pos-
sible to analvse the contitbution of mtiinsic mvogenic (cell heage) and extrimsic
(newrogenic) factors on the ultiastiuctural differentiation and expression ot NHC
1soforms 1 mtiafusal ibies The antiapated 1esults should fill the gap 1esulting
from the lack of biochemical 1esults m the studies of differentiation of mtrafusal
muscle fibie types

Characteristic distinctions of intrafusal muscle fibies

Intratusal muscle fibie types exhibit distinct morphological cliatacteristics as they
contain ty prcal nuclear accumulations and myofibiillar ultiastiucture possess com-
plex sensory and motor mnersation exlubit spectfic histo- and immunocytochenn-
cal characterrstics and aie surrounded by a multilavered capsule (Figs 1 2 5 for

1eview see Zelena 1994, Sonkup et al 1995) Each mtiafusal fibre type cxpresses a
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Figure 1. Schematic diawing of a 1at muscle spindle (not diawn to scalc) bag; bag:
chain  mtialusal muscle fibies la  primaiv sensory axon I secondaiv sensory axon
7 and motor mnervation A B,(" — the A B and C spindle regions (1nodified fiom
Pedrosa-Domellof 1991)
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ty prcal NIHC pattein (Table 1) compiising at least 6 MHC 1soforms 1 nuclear hag,
fibres {embivonic, neonatal, slow twitch/heta cardiac alpha cardiac slow tomnic
and fast twitch) 4 MHCs 1w nuclear bag; fibies (embiyonic slow twitch/beta slow
tonwc and alpha cardiac), and 2 MHCS i nuclear chamn fibies (neonatal and fast
twitch) The distuct ultiastiuctuie characteristic MHC patteins and expression
ot spidle-specific MHC 1soforms (not expiessed m extiafusal fibres) distinguish
mtiafusal fibie types lom each other and tiom extratusal fibies (for 1eview see
Soukup et al 1995) Especially the slow tome” MHC expressed from an ecaly
developmental stage onwaids 1s a reliable and unigue marker of wtrafusal fibres
developmg and adult muscle spindles Intiatusal filnes thus represent a naturallsy
occurnng model for the analvsis of myogencests and for the studs of mtiinsic myo-
genic and extimsic neurogenic or other factors regulating muscle deselopment and
1egeneration

The first studies suggested that mtrafusal fibies m musde spiudles of new-
boin and adult 1ats differ 1 then reactivity to poli dlonal antisera agamst NHCs
(Pierobon-Bormiol et al 1980 te Ironnie ef al 1981 1982) Further studies ¢
vealed that the nmque expression of slow tonic  alpha cardiac cmbiyome and
neouatal MHCs 1 lunb muscles of adult mammals 15 1estiacted to the mtratusal
fibies (Maier et al 1988 Kucera and Walio 1989 1990, Pediosa et al 1990 Pediosa-

Acid preincubated Alkaline preincubated

|
|

m ATPase | m ATPase
|

'—'§ | //.—"——
capsule

[ C I B | A | B I C l

Figure 2. Schematic 1epresentation (not diawn to scale) of the mATPasc activity after
aad (pH 1 35) and alkaline (pll 10 3) pramcubations along the length of 1at mtiafusal
fibres Extracapsular ends of nudlear bay fibice howevear exhibit alkali stable activity
that vanes from low to high levels The cncles i the central 1egion of each mtrafnsal fibic
represent nucler thice Iovels of staming mtensity are distinguished black = stron, gray
= modcrate white = weak o1 unst uned (modificd from Pcdiosa-Domellot 1991)
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Domelloff et al 1991, for 1eview see Soukup et al 1995) It was also 1eported that
the 1eactions with different antibodies against MHCs vary along the length of -
trafusal fibres (Pediosa et al 1990, Soukup et al 1990a, Pediosa-Domellof et al
1991) and this can explain the 1egional differences observed eatlier 1n the mATPase
reaction (Fig 2, Soukup 1976) Vaiious studies have also shown that sensoiry n-
nervation s tequited for the expiession of spindle-specific MHC 1soforms and that
moto1 muervation contributes to the diversity i the distuibution of the different
MHCs along the length of the nucleat bag fibies (Kucera and Walio 1988 Soukup
ct al 1990a. for 1eview see Zelend 1994, Soukup et al 1995)

The major question pertaiming to spindle development 13 whether intiafusal
fibtes develop fiom the same pool of bipotential muscle precursor cells (myoblasts,
as extrafusal fibies o1 fiom a unique population(s) of myoblasts predestined to
become ntiafusal fibies Piimary myotubes, which give 11se to the fitst generation
of both extiatusal and mtiafusal fibies, do not differ i then ultiastiuctuie at the
onset of spudle development Hitheirto, no difference has been detected 1 then
immunocytochemical profiles eithei, before they aie contacted by sensory axons

Figure 3. A newly formed mtiafusal fibre (laige asterish) and two immature intrafusa:
mvotubes {small asterisks) probably originated from an adjacent parent intrafusal fibi
(IF) fiom a spindle of a four-month-old 1at deefferented 48 h after birth A presumabls
activated sickle-shaped myoblast (ariow) 1s located on the fibie suiface and covered bv
the basal lamuna (bl) of the mtiafusal fibie The scale bai 1epresents 1 ym (x 20 000)



350 Soukup and Novotova

Alternative experiments for studies of intrafusal mmuscle fibre type origin

Docffcrentation and dencroation cipcnments We have found that neonatal deef-
fercntanion performed during the catly postuatal petiod by the extupation of the
lnmbosactal spial cord tnggered neomyogenesis which led to a gradual mcaease
the nunmbar of mtrafusal ibies (Figs 3 and 6) and that new fibies wete formed pre-
donuantly from activated satellite cells (Soukup et al 1993, Zelena and Soukup
1993) Owm ultrastiuctuwral (Fig 4 Novotova and Soukup 19935) and preluninaiy
munohistochenical 1esults m o voung rats (Soukup et al 1994a b) showed that
Leonnoguests can also bo achieved dnectly by denervation of muscle spudles o
by deeflerentation followed by deneivation 1f nerve section 16 performed after the
aatical pertod of muscle spindle development, 1e when muscdle spindles suivive
the loss of sensory muervation (for review see Zelena 1994 Soukup et al 1995)

Figure 4 \ transvaise section of a muselc spmdle fiom a 2-month-old 1at decflcrentad
a2 davs wd dencivated at 1 wecks Lhe spindle contamms 8 large profiles at this level
presumably corrcsponding to nuclear bag: (B2) nucleat bagy (B1) and nnclear chamn (C)
ibics and o the de nowvo formed supernumerary mtrafusal profiles (asterrshs) OC  outer
apsale 1C mncr capsule The scale bar tepresents { pm (x 2 900)
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These models 1epresent a unique possibility to study fibre type differentiation fiom
mononucleated adult myoblasts (satellite cells) of distinct types given and defined
bv then spatial 1elation to differentiated parent intiafusal fibies and the postna-
tal stage of the experimental anumals enables easier anatomical access for surgical
mampulations
Muscle grafting experiments The sequence of events duiing muscle 1egeneration
after muscle transplantation 1s similar to muscle development (for 1eview see Carl-
son 1976) Au alteinative model of examining muscle postnatal neomyogenesis and
differentiation of mtiafusal fibres duting the postnatal period 15 thus 1egeneration
following muscle grafting (Fig 7) The detailed desciiption of the method of hete-
rochronous allotransplantation and determination of inuscle spindle numbeis 1n the
regencrated gratts has alieadv been published (Jumanova and Soukup 1995) Mus-
cle 1egeneration can thus be used as another experunental model for the studies
of genetic and newal influences on the differentiation of phenotypes of mtiatusal
muscle fibres

In order to eluadate the role of myogenic predeternunation versus plastiaty
of adult myoblasts and the manner i which mneivation contuibutes to the devel-
opnient of the 1egional heterogenerty the ultiastructural differentiation and the
MHC expiession can be studied by transmission election microscopy and mnmuno
vtochemical detection of MHC 1soforms using o batterv of speeific monoclonal
antibodies undar varous expernnental conditions In owr studies, we have focused
on a) neonatally deeffereutcd spindles postnatally deprived of sensory mne dation
by nerve section, b) 1emnervated atypical spindles after neonatal nerve crush )
denervated muscle spindles m yonng and adult 1ats and d) muscle spindles 1egene-
1ating after heterochronous allotransplantation and autotiansplantation of whole
Lund imb muscles m the prescnce o1 absence of either scnsory o1 motor muery ation
Neonatal dec ffcrentation was performed by the extupation of the huubosacial spimal
cord m 6 to 48-how-old 1ats under cold anaesthesia (for details see Zelena and
Souhup 1993 Soukup et al 1993)
Neonatal nerve crush of the sciatic nerve was done under cold anaesthesia by a
pant of forceps at the nud-thigh level in 6-hout-old 1ats (for details see Souhup and
Zelena 1988)
Postnatal dencrvation was made by the section of the sciatic nerve at the nud-thigh
level i 3- to 4-wech-old and adult 1ats under Nembutal anaesthesia (for details see
Novotova and Soukup 1995)
Heterochronous allotransplantation was peiformed by gralting, e g the extensor
digitorum longus muscle fiom 2- to 28-day-old 1ats mto the same muscle of adult
recipient mbied 1ats using cold and Nembutal anaesthesia (for details see Jnimanova
and Soukup 1995)
Autotransplantation was carnied out m 2-month-old 1ats under Nembutal anaes-
thesia, the 11ght extensor digitorum longus muscle was excised, 1ts nerve and blood
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Figure 5. Senal tiansveise sections through the A 1egion of a noimal spindle fiom an
LDL muscle of an adult 1at stamned for m ATPase activity after premcubation at pi 10 3
(a) and 135 (b) In the contiol, mntiafusal fibies are differentiated mto thiee fibies tvpes
- nuclear bag, fibies (large attow) nuclear bag) fibies (artowhead) and nuclear chain
fibres (small airows) 1  extiafusal tvpe 1 fibies, 2 extrafusal type 2 fibies OC'  outer
capsule TC  mner capsule n - spmdle nerves The bar represents 10 pm (x 400)

Figure 6. ("1oss sections thiough the A zones of two deeferented spindles fiom a soleus
muscle of a 6-weeh-old 1at stained with monoclonal antibodies against lanmunin (a) and slow
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supply was cut and the muscle tendons were sutured back to thewr origal site (for
details see Carlson 1976)

Results and future prospects

The 1esult of our studies of MHC expiession i neonatally deefferented 1at muscle
spindles (te nionme et al 1982 Pediosa et al 1990 Soukup et al 1990a Pediosa-
Domellof et al 1991 Souhup et al 1993, for 1eview see Soukup et al 1995) led
us to the assumption that theie are at least two types of intiafusal satellite cells
(adult myoblasts) namelv those denived from slow nuclear bag and those 1elated
to fast nuclear chan fibies (Fig 5) This assumption 15 1n agieement with the
pretvious sugzestion that mtrafusal iibies ongmate fiom a nmque population(s) ot
myoblasts destined to becomc mtrafusal fibres (Pediosa and Thoruell 1990 Soukup
et al 1993 1995) although 1t 15 at variance with the suggestion that mntrafusal iibre
types develop fiom the same populations as extiafusal fibres (Kucera and Walio
1990 Zelena 1994)

The obtamcd and expected results prompt us to ash the tollow g questions
1) What 1s the speeitfue genetic dtermination of intrafusal adolt myoblasts<

Experiments test whether the adult nivoblasts (satellite cells) are predetcimined
and differentiate mto specific phenotypes of mtrafusal ibie tvpes in the absencc
of thaur mnervation We alieady kuow that satellite cells differentiate mto  parent
fibrc types 1 the absence of motor mnervation (Figs 5 and 6 Soukup et al
1993 Zeclcna and Soukup 1993) Prehmmary oxpermuents have shown that also
de noro formed denervated mtrafusal fibies can express the spindle-specific slow
tonic ke NHC 1f they develop m spatial relation to nuclear bag fibies but not if
thev had diufferentiated from the satellite cells of nuclear chamn ongin (Soukup et
al 1996} Conclusions from these experiments can contnibute to the verfication of
the proposed hy potheses 1egarding the onigin of mtiatusal fibres

tonic MHC (b)) Note the mcieased number of mtiafusal fibics with large (open arrow)
and small (small opcn antow) diamctars m (@) and the presence of positively stamed
mitafusal profiles of vanous s1z¢ (large anmows) and small unstamed hibres (small wiows)
i (b} The stamed ibics arc of the nudear hag type wharcas the unstamed ibies helong
to the nuclen cham tvpe fibrtes The bar represents 10 g (x 620)

Figure 7. Sciial tiansverse sections through the A zone of a 1cgencrated spindle (full
artow) from an EDI muscle taken for allotiansplantation from a 26-dav-old 1at | month
after grafting mto the adult mbred 1ecipient r1at Scetions were stamed for m VI Pasc
after alkaline (a) and wad (b)) prancabations Regenerated «ncapsulated fibres are not
diffcrentiated mto thiec mtiafusal fibie types typical for the control spmdles but the
toscble oxtratusal tyvpe 2 fibies (2) Tor other descniptions see legend to Ly 3 (x 100)
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2) How much arc adult imtrafusal myoblasts predetermmed o1 plastic?

Expenmments analyse how {foreign (extiafusal) motor mnersation can modify the
differentiation of regencrating mtiafusal ibies (Figs 5 and 7) We have alieady
shown that mATPase 1eaction of 1egenerated mtrafusal fibies after allo- and au
totransplantation resembles that of extiafusal type 1 o1 type 2A and 2B fibies
(Soukup 1988 Jumanova and Soukup 1995) and that they fall to express the
spindle-specific ultiastiuctural distinetions and slow tonic and alpha cardiac-like
MHC 1soforms (Soukup et al 1990b Soukup and Novotova 1996) These 1esults
show that both tvpes of intrafusal satellite cells derived fiom either nucleat bag
ot nuclear chain fibies exlubit considerable plasticity as then MHC expiession can
be 1especified towards estiafusal muscle phenotype by forcign motor mnnersation
The conclusions fiom these experiments mdicate under which conditions intrafusal
satellite cells 1etain then ability to differentiate mto ntiafusal o1 extrafusal fibie
types

3} What detcrmunes the requonal heterogenety of MHC e1pression?

Experiments can provide the answer to the question of whether and how the dif-
ferences m ultiastructure and 1 expression of MHC 1soforms along the length of
mtratusal fibres are 1elated to the mfluence of sensory and motor mnervation and to
the propertics of the myoblast lineages It Lias alicady been shown that a number of
protems mcludimg MHC 1soforms can remain localized m the viciaty of the nucler
responsible for then syathess (for 1eview see Hall and Ralston 1989 Pavlath et al
1989) The concept of nuclear domains can thus be applied to the mtratusal fibres
as the typical 1egronal vanations along then length mght woflect the existonce of
nuclear domans under the mfluence of either scnsory o1 motor muervation (for
1eview se¢ Soukup et al 1995)

Conclusions

The proposed stiategy not only can fill the gap resulting fiom the lack ot bio
chemical results m studies of differentiation and regeneration of int1afusal muscle
fibie types but it also can provide valuable tesults sice recognition of factois
mducing differentiation of immature muscle precursors mto mdividual adult types
15 of basic unportance for developmental neurobiology and since the knowledge of
factors operating 1 the process of muscle spmdle developnient and regcuelation
has implications for neurology neurosmgery and plastic sugery
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