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Mammalian intrafusal fibers are categorized as nuclear bag or

nuclear chain fibers, according to the arrangement of nuclei at their

equatorial regions (Fig. 1). The creation of nuclear bags is an early

event, occurring 1-3 days after the arrival of the sensory axon
(Cuajunco, 1940; Landon, 1972; Kozeka and Ontell, 1981; Kucera

et al" 1988a). Nuclear bags are thought to be the earliest reliable

feature for identifying the young intrafusal fiber bundle in human

muscles (Mavrinskaya, 1967), but at least some rat nuclear bag,

intrafusal fibers are recognizedbefore they can be categorized into

types by equatorial nucleation (Kucera el a/., 1988a). In senile rats

the number of extrafusal fibers in a muscle decreases, but the

number of intrafusal fibers per spindle remains constant, as does

the proportion of nuclear bag to nuclear chain fibers. The number

of spindles remains slable throughout life (Hartung and Asmussen,

1988a,b).

The circumference of the outer spindle capsule and the volume

ot the periaxial space continue to grow postnatally (Maier and

Eldred, 1974; Swatland, 1974). Spindle length increases until old

age, but the outer capsule grows more in length than the intrafusal

fiber bundle (Hartung and Asmussen, 1988a).
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Introduction

In this article the normal development of mammalian and avian

muscle spindles and their postnatal maturation into functional
receptors are reviewed, and because of its relevance to normal
development, regeneration is also discussed.

Muscle spindles are mechanoreceptors that sense how far and
how fast a muscle is lengthened. A muscle spindle consists of a
variable number of small.diameter intrafusal muscle fibers that are

innervated by sensory and motor axons. Fibers and axons are
enclosed in a fusiform, multilayered outer capsule. At the midsec-

tion of the spindle the capsule bulges to create a periaxial space
around the intrafusal fiber bundle. Major features of the mamma.
lian spindle are illustrated in Figure 1. The structure of the adult
vertebrate muscle spindle has been reviewed in detail by Barker
(1974).

Work on development of muscle receptors predates this cen-
tury.Good sources of the literature prior to 1976 are lists of articles
compiled by Eldred et al. (1967, 1977) and papers byZelena (1962,
1964) and Barker (1974). Development and regeneration of mam-

malian spindles have been reviewed during the past decade
(Barker and Milburn, 1984); however, since then a steady flow of
papers has produced new information which needsto be sorted.

Most data on development have been collected from mammalian
muscles. but some work has been published for avian spindles,
permitting comparisons to be drawn between these two classes of

vertebrates. Reptilian and amphibian receptors are excluded from
this review because data from these groups are at best fragmen-
tary and give no additional insight into muscle spindle develop-

ment Nevertheless. muscle spindles were first recognized in frogs

where they were thought to be growth centers in postnatal muscles

(Weismann, 1861; Kblliker, 1862). It took three decades and a

mammalian preparation to demonstrate that they were sensory
receptors (Sherrington, 1894).

Mammals

Normal development

General morphology

Time of appearance of spindles during development varies with

individual muscles and species. The most frequently used animals

for muscle spindle studies are mice, rats and cats, whose gestation

periods are 19-20, 21 and 63 days, respectively, Assembly of

intrafusal fibers is complete in mice (Kozeka and Ontell, 1981) and

kitlens (Milburn, 1984) at birth, and in rats by PN4 (Marchand and

Eldred, 1969; Milburn, 1973; Kucera and Walro, 1990a). Initially

intrafusal myotubes are as large or larger than extrafusal myotubes

(Cuajunco, 1927, 1940; Maier and Eldred, 1974; Swatland, 1974),

but postnatally intrafusal fibers are quickly outgrown by extrafusal

fibers (Maier and Eldred, 1974; Maier, 1993a).
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Afferent innervation

Mammalian muscle spindles receive two kinds of afferents:

larger, early appearing primary or la afferents, and smaller, later

forming secondary or group II afferents. With current techniques

presumptive intrafusal myotubes cannot be positively identified

before the arrival ot primary afferents. Large and small unmyeli-

nated axons reach the vicinity of future muscle spindles by branch-

ing from nearby nerve trunks (Cuajunco, 1927; Kucera et al.,

1988a). It has been claimed that sensory and motor components

can be already distinguished in the nerve networkot human fetuses
at week 11, an early stage of spindle formation (Cuajunco, 1940).

The initial network ot axons that moves towards the future

muscle spindle lacks axon terminals (Zelena, 1957). Axons that

make contact with the spindle anlage in the early developmental

stages are unbranched and curve around or run alongside pre-

sumptive intrafusal myotubes (Kozeka and Ontell, 1981; Kucera et

a/.. 1988a). Within the developing spindle, still unmyelinated axons

(Landon, 1972; Kucera et al., 1988a) begin to branch at the future

equatorial region (Zelena, 1964). It has been suggested that

spindle afferents compete for available intrafusal myotubes be-

cause in rat soleus more afferents are seen to impinge on E 18

spindles than later in development, or on adult spindles (Kucera et

al.. 1989).

Types ot intrafusal fiber in rodents receive their sensory inner-

vation in the order in which they are formed. Nuclear bagzfibers are

always the first to be innervated (Kucera and Walro, 1994). First

order branching patterns of primary and secondary afferents

(Kucera el a/., 1988b) and the basic morphology of the myosensory

junction become established before the end of the first postnatal

week (Landon, 1972; Kucera et al., 1988b). When present, sec-

ondary afferents come to lie to the side of the primary sensory

region, either unilaterally or bilaterally. Endings of secondary

afferents branch less and extend for a shorter distance along the
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Fig. 1. Diagram showing in longitudinal section the salient features of an adult mammalian muscle spindle. Nuclear bag (B ), nuclear bag (B)

and nuclear chain (CH) intrafusa! fibers are enclosed bya multilayered outer capsule (OC). Intrafusal fibers areinnervated by primary/or /1 (/a)and secohdary

or group /I (II) afferents. and by dynamic (d) and static (s) gamma motor or fusimotor neurons. Dynamic and static /3 or skeletotusimotor neurons may

also be present. These innervate both extrafusa/ (EF) and Intrafusal fibers. For reasons of simplicity. only one generic (!, axon is shown. The length of

individual intrafusal fibers is divided into an equatorial region (E), and on either side of It. juxtaequatorial (JE) and polar (P) regions. The black dots at the

equator of inrrafusal fibers are nuclei. At the equatonal region rhere is an expanded periaxial space (PS) between the outer capsule and the intrafusal fiber

bundle.

length of intrafusal fibers than endings of primary afferents. Most

sensory axon contacts occur prior to the formation of the outer

spindle capsule (Kucera el a/., 19B9), and all early afferent contacts

are with primary myotubes (Kozeka and antell, 1981).

The first sensory terminals are electron dense (Landon, 1972)

and already contain vesicles, mitochondria and microfilaments,

and they are covered on their external suriaces by basal lamina

(Kozeka and antell, 1981), but not by Schwann cells, (Landon,

1972). Sensory cross terminals, which are sensory terminals of

primary and secondary afferents that supply more than one intrafusal

fiber, are common in the young muscle spindle because of the

closeness to each other of forming myotubes. In 4-day-old rats

nuclear chain fibers may receive all their sensory input via cross

terminals. Completion of the adult pattern of sensory innervation is

in part accomplished through elimination of cross terminals (Kucera

el al., 1988a).

The characteristic appearance of mammalian sensory innerva-

tion takes shape gradually. Typical annulospiral endings of primary

afferents appear in human muscles in the second half of the fetal

period (Mavrinskaya, 1967). In kittens full development of coils of
primary endings extends into the first few postnatal weeks, pro-

ceeding from an irregular network to evenly spaced spirals (Patak

et al., 1992). Similarly, primary afferents in mice do not acquire all

of their spirals until PN30 (Osawa et al., 1988) to PN40 (Maeda et

al., 1985). Secondary afferents are not recognized in rats until E20,

after primary afferents have established contact with intrafusal

myotubes (Zelena, 1964: Kucera el al., 1988b). There is some

overlap in territory covered by primary and secondary afferents in

prenatal rat spindles, as opposed to postnatal receptors, in which

they are separated from each other (Kucera et al., 1988a). The

initial principal steps in establishing the afferent innervation of the

mammalian spindle are illustrated in Figure 2.

Efferent innervation

In rodents, motor terminals are not observed until after the first

sensory axons have made contact with intrafusal fibers (Milburn,

1973; Kozeka and antell, 1981). In some instances transient beta

or skeletofusimotor axons, efferent axons that innervate both

extrafusal and intrafusal fibers (Fig. 1), arrive on nuclearbag2 fibers

at the same time as the primary afferent (Kucera et al., 1989). As

with sensory axons, gamma orfusimotor axons innervate intrafusal

fibers in the order in which they are formed, the nuclear bag2 fiber

always being the first. From E20 until birth motor terminals in rats

are essentially limited to nuclear bag, fibers (Kucera el al., 1988a),

or they may be absent altogether (Landon, 1972). In the neonatal

receptor (PNO), approximately four days after the appearance of

the primary afferent, efferent innervation extends to nuclear bag

and to nuclear bag fibers. Rat nuclear chain fibers are wen
1

supplied with fusimotor axons by about PN4 (Kucera et a/., 1988b).

In the earliest recognizable fetal cat spindle stages, motor and

sensory terminals may have overlapping territories (Milburn, 1984).

There is no overlap between sensory and motor endings in rat

soleus spindles at any time (Kucera el al., 1988b). Schwann cell

extensions cover motor terminals as soon as they are recognized

in cat spindles (Milburn, 1984), whereas this does not take place in

rats until later (Kucera et al., 1988a). and motor axons in this
species are still unmyelinated at PN4 (Kucera et al., 1988b).

Most gamma axons enter the spindle together with sensory

fibers at the equator, After penetrating the outer spindle <;apsule

gamma axons separate from afferents to form motor bundles, each



..( A.Ma;a

~ mb

A urn!

Fig. 2. Schematic representation of major events in the early

stages of development of sensory innervation of mamma-

lian muscle spindles. (AI An unmyelinated network (nn) of thin

and thick a\ons appears and approaches presumptive undiffer-
entiated rntrafusal myotubes (umr) and myoblasts (mb)' IB)

Several sensory axons (SA) begin to contact myotubes
Myosensory junctions form first between rhe largest afferent,

the presumed primary afferent, and a point on the primary
Intrafusal myotube that will become the equatorof the future
nuclear bag 2inrrafusal fiber. The afferent may alsosend co/laterals
to myoblasrs.After sensory contact central nuclei (black dot)
appear gradually at rhe equator of rhe nuclear bag2 myatube.

Myablasts align and fuse to form the nuclear bag
J

mtrafusal
myotube. ICI Some sensory axons may retract. Secondary
afferents (II) contact myatubes distal to the primary sensory
region. Inrracapsularportions ofaxons are still unmyelinated
Endings af primary afferents (la) begm to form sprrals The

second and third intrafusal myotubes to be innervated by rhe
pnmary afferent may be the nuclear bag 1 and the first nuclear

chain, or vice versa, depending on the order in which they are

formed.

B

c

bundle containing several axons, Bundles become progressively

smaller as they approach the distal pole, due to intermittent

termination ofaxons along the more proximal sections of the polar

region. The two poles in a spindle are usually supplied by different

motor bundles (Kucera et al.. 1988b). At least in rats given gamma

axons often project to more than one type of intrafusal fiber to

create non.specific inneNation. Perinatally nuclear bag fibers

become polyneuronally inneNated. In the earlier developmental

stages nuclear bag2 fibers receive more motor endings than

nuclear bag, fibers, but by PN4 the allocation of endings to the two

fiber types is reversed (Kucera ef a/., 1988a). Chain fibers typically

do not acquire more than one motor axon per pole. Because of

postnatal longitudinal growth of intrafusal fibers, motor endings are

farther removed from the equator in adult spindles than in immature

spindles. More motor axons per spindle are found in immature than

in adult rat spindles, indicating that retraction of some axons

occurred (Kucera and Walro, 1988), possibly due tocompetition for

available myotubes. Degeneration and sprouting of fusimotor and

skeletofusimotor axons is seen postnatally in normal cat and rabbit

spindles (Barker and Ip, 1966), presumably as a part of a continu-

ous renewal of the motor innervation of spindles.

Genesis of intrafusal fibers and development of myosin heavy

chain profiles

Itonce was thought likely that the final number of intrafusal fibers

in rat spindles is obtained through splitting of those myotubes that

are presenf at birth (Marchand and Eldred, 1969). It is now

accepted that during normal development all intrafusal fibers form

de novo from fusing myoblasts and not by splitting of existing

myotubes. Splitting takes place in regenerating intrafusal fiber

SA

B,

))
mb S,

B,

B,

'. \.
~~~mbCH

bundles, and it has been reported to occur in a limited region at the

ends of intrafusal fibers during normal development (Cuajunco,

1927), possibly as an adaptation for attachment to connective

tissues.

Mature intrafusal fibers are much shorter than extrafusal fibers

(Barker, 1974; Kozeka and antell, 1981), but in embryonic muscles

nuclear bag myotubes may be as long as extrafusal primary

myotubes (Kozeka and antell, 1981 ).In perinatal rats the intrafusal

myotubes that form nuclear bag2 intrafusat fibers may extend the

full length of leg muscles. The later.formed nuclear bag, and

nuclear chain fibers are shorter (Kucera et al., 1988a). Intrafusal

myotubes that are formed subsequent to the nuclear bag2 myotube

begin to assemble at the nuclear bag2 myotube sensory region

(Kozeka and antell, 1981), and they then grow distally towards the

polar regions (Milburn, 1984; Kucera and Walro, 1990a).

Intrafusal fiber bundle formation starts while intrafusal fiber

basal lamina tubes are still incomplete. The nuclear bag2 myotube

assembles from myoblasts first. Thereafter, other groups of

myoblasts fuse to sequentially form additional intrafusal myotubes.

Until recently it had been generally accepted that the remaining

fibers arose in the order of nuclear bag1 and nuclear chain. New

evidence indicates that in rats, depending on the muscle, the

second myotube to be formed may be either a nuclear bag1 or a

nuclear chain, suggesting that several components interact to

determine intrafusal fiber succession. In such a system an extrinsic

factor, perhaps conveyed via the primary afferent neuron, is

envisioned to regulate the phenotypic expression of pluropotential

myotubes (Kucera and Walro, 1994). Newly forming intrafusal

myotubes engage in temporary pseudopodial apposition with

existing myotubes, as if to seek structural support during growth



(Landon, 1972; Milburn, 1973, 1984; Kozeka and Ontell, 1981;

Kucera el al., 1989). A similar process occurs during extrafusal

myogenesis (Duxson el al., 1989). Ultimately, the contiguity of old

and new myotubes wanes, and all myotubes form independent

fibers with separate basal laminas (Milburn, 1973: Kozeka and

Ontell, 1981). Secondary intrafusal myotubes (Milburn 1973, 1984;

Kozeka and Ontell, 1981), or all subsequently torming intrafusal

myotubes (Milburn, 1984; Kucera el al., 1988a), are apposed tothe

first-formed nuclear bag, fiber. In catspindles the nuclear bag, fiber

maybe placedaside frornthe otherfibers, and based on this spatial

arrangement, the view has been expressed that the nuclear bag,

fiber may assemble away from the other fibers (Butler, 1979). Near

lethal doses of ionizing irradiation given to rat fetuses beginning at

the day 01 birth does not prevent the assembly of the nuclear bag,

and nuclear chain intrafusal fibers (Bravo-Rey el al., 1969), the two

types offiberwhich appear perlnatally and during the lirst postnatal

week, respectively.

From observations that the first-formed nuclear bag2 myotubes

and large axons appear concurrently evolved the concept that

differentiation of the intrafusal fiber bundle is induced by sensory

axons (Tello, 1922; Zelena, 1957, 1964; Milburn, 1984; Kucera el

al., 1988a, 1989), perhaps via a trophic tactor. Somata of sensory

axons that project to muscle spindles are immunoreactive for

neurotrophin-3 (Zhou and Rush, 1995), a growth lactor.

Neurotrophin-3 mRNA is expressed in normally developing and

adult rat nuclear bag intralusal fibers (Copray and Brouwer, 1994).

In homozygous mutant mice that lack neurotrophin-3 the number

of sensory (Ernlors el al., 1994) and fusimotor neurons (Kucera el

al., 1995a,b) is severely reduced, or they are altogether absent. No

spindles or Golgi tendon organs develop and affected animals die

shortly after birth (Emfors et al., 1994). In heterozygotes the

number of fusimotor neurons (Kucera et a/., 1995b) and of muscle

spindles (Ernlors el al., 1994; Kucera el al., 1995b) are reduced to

about 50 % of normal. The population of beta axons is only slightly

reduced (Kucera el al., 1995a). As neurotrophin-3 is not found in

extrafusal fibers, but is present in nuclear bag intrafusal fibers

(Cop ray and Brouwer, 1994), in somata of large sensory neurons

which quite likely are spindle afferents (Zhou and Rush, 1995), and

in fusimotor neurons, it has been proposed that neurotrophin-3 is

instrumental in the development and maintenance of muscle

spindles (Kucera elal., 1995a,b; Zhou and Rush, 1995). Most large

muscle afferents express tyrosine protein kinase receptor encoded

by the trkG gene. The kinase is the preferred receptor for

neurotrophin-3. Most cutaneous afferents lack the receptor. It is

likely that during the period of normal cell death the interaction of

neurotrophin-3 with its receptor sustains spindle afferents (Klein et

al., 1994; Oakley el al., 1995). Collectively, these results illustrate

the effectiveness of molecular biology as a tool in studying muscle

spindle genesis.

Some studies have been undertaken to explore how sensory-
motor connections in the spinal cord are determined. Results

presented by Wenner and Frank (1995) provide evidence that

during development sensory feedback from muscles specifies that

spindle atferents connect with alpha motor neurons that project to

muscles in which the feedback signal originated. Developing spinal

cord secretes a factor, probably the axon guidance molecule

semaphorin III, that restricts the synapsing of non-proprioceptive

afferents to the dorsal horn of the spinal cord, but permits

neurotrophin-responsivecells, such as spindle atferents, to make
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contact with alpha motor neurons in the ventral horn of the spinal

cord (Messersmith el al., 1995). Although much additional work is

required in this area, it can be already said that neurotrophic

molecules are necessary for establishing peripheral and central

connections of muscle afferents and efferents.

Despite its potential for obtaining useful data, the study of

spindle development by in vitro methods has been rarely at-

tempted. In cultures containing pieces of human intrafusal fibers

from biopsied muscles, multinucleated cells reminiscent of devel-

oping intrafusal fibers are apparent from 20 to 70 days after placing

ex plants into culture (Elliott and Harriman, 1974), demonstrating

that intrafusal fibers can regenerate in isolated systems. No

coculturing of neuronal elements was mentioned in this study. If no

afferents or extracts from afferents were present, then local envi-

ronment should playa role in spindle induction. The relationship

between appropriateness of targets and the behavior of sensory

growth cones has been thoroughly examined by Woodbury and
Scott (1995). They were able to grow in culture separate populations

of cutaneous and muscle atferents. This was possible because of

the discontinuous location in the trigeminal system of cutaneous

atferents (trigeminal ganglion) and muscle atferents (mesencephalic

nucleus). Cutaneous neurites grew into epidermal explants, but

then retracted; muscle atferents, on the other hand, stopped

growing when encountering epidermal explants, but did not retract.

When exposed to myotubal cultures, on average muscle afferent

growth cones remained in contact with myotubes longer than did

cutaneous afferent growth cones. These contrasting behaviors

illustrate that different groups of sensory neurites can respond

differently to specific environmental conditions, that is, they can

recognize foreign as well as suitable substrates. It then appears

that environmental cues are one factor in guiding innervating axons

along specific pathways to their proper targets, as for example,

primary afferents to presumptive muscle spindles. One word of

caution is in order. These results have been obtained in regener-

ating tissue, and it has yetto be proven that similar processes occur

in native tissues.

Early effects of contact by an afferent axon with the undifferenti-

ated nuclear bag2 myotube causes it to enlarge slightly and to

enclose within its basal lamina tube sensory terminals (Milburn,

1984). Later there is an increase in central intrafusal nuclei and a

loss of cross striations at the sensory region (Cuajunco, 1927,

1940; Zelena, 1957, 1964; Milburn, 1984). For some specialized

muscles spindle induction by afferents may not hold, as in rat tail

muscles, in which intrafusal fibers can be recognized prior to the

arrival of sensory axons (Ovalle, 1976).

Data on MHC composition of intrafusal myotubes, and later

myofibers, are available from the time of their first recognition

(Pedrosa-Domellof, 1991; Kucera el al., 1992). The nuclear bag

fiber-specificslow-tonic MHC has been identified in heterogene-

ous populations of primary myotubes of humans and rats. One
interpretation of the early presence of this isoform has been that it

is an intrinsic property 01 a specific cell lineage (Thornell et al.,

1989). Yet, slow-tonic MHC is not fully expressed in nuclear bag

fibers until myosensory junctions mature, and hence, its expres-

sion may be governed by sensory axons (Kucera et a/., 1989;

Kucera and Walro, 1990a,b). One suggested mechanism by which

sensory innervation can regulate MHC phenotype is through

control of genes In intrafusal nuclei at the equator (Kucera and

Walro, 1989a). The inductive capacity of the primary sensory axon
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in this perceived system is strongest at the equator with its

accumulation of nuclei, and it declines as nuclear density de-

creases towards the juxtaequator and the pole. A decreasing

sensory regulatory influence on myonuclei could explain the re-

gional variation in MHC expression seen for some isoforms in

specific intrafusal fiber types when going from the equator to the

pole (Kucera and Walro, 1988, 1989a,b; Maier ef a/., 1988;

Pedrosa and Thornell, 1990; Pedrosa ef al., 1990).

It has been proposed that in rats both extrafusal and intrafusal

fibers arise from a common bipotential precursor, because MHC

profiles of intrafusal myotubes in the early spindle resemble to

some degree those of extrafusal myotubes (Kucera and Walro,

1990a). This is most apparent when comparing precursors of

nuclear bag2 intrafusal fibers with type I extrafusal fibers (Kucera

and Walro, 1995; Walro and Wang, 1995). Subsequent differences

in MHC profile between extrafusal and intrafusal fibers, and among

intrafusal fibers, are thought to arise through a combination of

inherent properties of fibers and the actions of afferents. Others

(Pedrosa and Thornell, 1990; Soukup ef aI., 1995) have suggested

that immunostaining for MHC between extrafusal and intrafusal

myotubes is too diverse to support the notion of a common

precursor. Further support for separate pools comes from the

finding that supernumerary nuclear bag fibers and nuclear chain

fibers in neonatally deefferented rat spindles derive from at least

two different types of intrafusal satellite cells (Soukup ef al., 1993).

One problem with the sensory axon induction model is that no slow-

tonic MHC is observed in nuclear chain fibers. In its defence it can

be said that afferent inductive capacities may decline over time,

and then are insufficient to induce the slow-tonic isoform in the late-

TA8LE 1

LANDMARKS IN MAMMALIAN OUTER CAPSULE DEVELOPMENT

First appearance to birth

Delicate sheath. perhaps of connective tissue origin'

Ring of fibroblasts in region of future outer capsule1

Capsule is an incomplete cover that is continuous with the layer that

covers the spindle nerve; there is no basallamlna3

Thin sheath of fibroblasts and Schwann cells surrounds the primary

intrafusal myotube4

Primitive capsule from extensions of perineural cells5

Early bilamellate capsule in sensory region from perineural epithelium

and fibroblasts6

Accumulation of extracellular connective tissue1

Capsule consists of several layers of flattened cells4

Multilayered capsule7

Capsule grows from equator towards the pole; perineural nature of

capsule becomes more apparent3

Early postnatal period

There are several layers of perineural cellsB

Collagen and elastin fibrils form networks in outer capsule4

There are now basal laminas associated with outer capsule cells9

Previously small or absent periaxial space becomes prominent at

sensory region 10

'Cuajunco. 1927;1Swatland. 1974; 3Landon. 1972;4Milburn, 1984; 5Kozeka

and Ontell, 1981; 6Milburn, 1973; 7Frequent mentioning; nature of layers
not always specified; BKucera et aI., 1988b; 9Dow et al., 1980; 10common

observation.

appearing nuclear chain fibers. Declining inductive powers could

also explain why the intensity of immunostaining at the equator is

not the same for all members of the slow MHC family (Kucera and

Walro, 1989a; Pedrosa ef al., 1990).

As has been described for extrafusal fibers (Whalen ef al.,

1981), there is in developing intrafusal fibers a succession of MHC

isoforms. The best known sequence is the complex pattern ob-

served in rat spindles. In nuclear bag2 myotubes slow-tonic MHC

appears prenatally shortly after afferent contact, and it remains

expressed in the mature fibers. Fast-twitch MHC is also present in

nuciear bag, myotubes prenatally and fibers postnatally. This is in

contrast to nuclear bag1 myotubes in which fast-twitch MHC is

expressed prenatally, but not postnatally. Strong immunostaining

for slow-tonic MHC appears in nuclear bag1 fibers at about birth,

and remains a permanent feature of this fiber type. Nuclear chain

fibers express fast-twitch myosin as soon as they form, while slow-

tonic MHC is never expressed. Slow-twitch MHC is recognized in

all three fiber types during development, but it as absent from all in

the adult (Kucera and Walro, 1990b). An anti-pectoral myosin

occurs transiently in neonatal rat nuclear bag, and nuclear bag2

fibers, while an unspecified heart myosin is not expressed in

nuclear bag, fibers until after birth (teKronnie ef al., 1982). In the

same species, a-cardiac myosin is present in nuclear bag2 fibers at

E21, and in nuclear bag, fibers at PNS, and it remains expressed

in both fiber types into adulthood (Pedrosa ef al., 1990).

Histochemical changes are observed along with evolving MHC

profiles. Intrafusal fiber types as recognized with histochemical

reactions for phosphorylase and glycogen appear in mice trunk

muscles already prenatally (Wirsen and Larsson, 1964). Fiber

type-specific myosin ATPAse profiles are already recognized in

nuclear bag and nuclear chain fibers of neonatal kittens (Maier and

Eldred, 1974), but in rat soleus mature myosin ATPase profiles are

not apparent until PN6 (Kucera and Walro, 1989b), and in rat tail

muscles not until PN9 (Ovalle, 1976).

Inhibition of contractile activity has been employed as a tool to

study genesis of intrafusal fibers. Administration via the amniotic

cavityofthe action potential blocker tetrodotoxin to fetal rats at E16,

before the spindle anlage forms, does not prevent the initial

development of the muscle spindle, such as the appearance of the

nuclear bag2 fiber and a thin spindle capsule, both characteristic

features of the receptor at E18. When examined at E21, however,

most of the spindles still contain only one intrafusal fiber, a nuclear

bag2. There is also a deficient sensory apparatus and no sign of

motor innervation. By then during normal development formation of

the nuclear bag, fiber would have begun. Despite this deficiency in

the number of intrafusal fibers, slow-tonic MHC is expressed.

Based on these observations it has been concluded that the

inhibition of action potential and subsequent muscular activity due

to the presence of tetrodotoxin does not abolish spindle formation,

but affects its subsequent differentiation and maturation (Kucera

and Walro, 1991 a). One other example of how modulation of

muscular activity affects receptor development has been demon-

strated in mastication. Chewing fine-grained food with less muscu-

lar force than normal will lead in jaw closing muscles of young mice

to small and incomplete primary afferent endings (Maeda et al.,

1988a,b).

Outer and inner capsules

The outer spindle capsule is a fusiform-shaped sleeve that

surrounds the intrafusal fibers. It is generally agreed that the



TABLE 2

SOME PHYSIOLOGICAL PARAMETERS OF YOUNG KITTEN

SPINOlES

Static and dynamic fusimotor effects on spindle afferent discharge appar-

ent by PN5'

Lower afferent firing rates relative to adult animals1.4

Small dynamic afferent responses after infusion of succinylcholine]

Rapidly adapting static response3,4

Maintained static response if combined with fuslmotor stimulation'

Dynamic response matures slower than static response5

No strict correlation between morphology of sensory endings and physi-

ological response6

Properties of afferent signals have been related to structural immaturity of.

and to structural changes occurring in, kitten spindles. 'Gregory and

Proske, 1986; 2Gregory and Proske. 1987; 3Skoglund. 1960: '1Gregory and

Proske, , 985; 5Jami et al., , 989; 6common observation.

capsule starts as a single layer at the sensory region after afferent

contact, and then grows distally towards both poles. In E 19 mice it

is only about 1/5 the length of the intrafusal fiber bundle (Kozeka

and antell, 1981). Cuajunco (1927) thought that the delicate

membrane-like early outer capsule was formed from inner perimy-

sium. Current data indicate that in adult receptors it is composed of

perineural epithelium, or perineural epithelium-like cells, and of

cellular and acellular components of connective tissue. The

perineural epithelium usually does not enclose the more distal

portions of intrafusal fibers, but endomysial and perimysial compo-

nents continue on to the ends of fibers. In rats, capsular growth is

initiated by processes of cells that arrive with, and provide covers

for, the nerves that innervate spindles (Landon, 1972). In mouse

receptors the first layer of perineural epithelial cells is recognized

at E17 (Kozeka and antell, 1981), and in mice (Kozeka and antell,

1981) and in rats (Kucera and Walro, 1990b) multiple epithelial

layers appear by E19. With time the capsule cells flatten and they

acquire a prominent network of endoplasmic reticulum. Capsular

collagen and elastin fibrils are not seen until 2-3 weeks postnatally

in rats (Landon, 1972), but collagen is already associated with the

capsule in the late fetal period in cats (Milburn, 1984). Outer

capsules in cat peroneus longus muscles begin as a single sheath

of Schwann cells and associated fibroblasts (Milburn, 1984). Thus,

in cat fetuses the early capsule is already a collection of connective

and other tissues. By the time all intrafusal fibers have been

assembled, the capsule has several layers of flattened cells of the

same kind as those that ensheath the spindle nerve (Milburn,

1984), and which attach to each other by junctional complexes

(Landon, 1972). These connections are a likeiy first step in estab-

lishing a spindle-extracellular space barrier. There are no basal

laminas in the earliest outer capsule (Landon, 1972), but in adults

each layer of flat outer capsule cells is associated with a basal

lamina (see Barker, 1974). Major events in outer capsule develop-

ment are summarized in Table 1.

Inner capsules are probably inward extensions of outer capsule

cells. They grow towards the center of the receptor and curl around

individual intrafusal fibers, in effect separating them from one

another. Nascent inner capsules are seen during the first postnatal

week in mice (Kozeka and antell, 1981) and in rats (Milburn, 1973).

The outer surface of the growing outer capsule is continuous
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with the endomysium of the extrafusal space. The inner surface of

the outer capsule is in direct contact with the intrafusal fiber bundle,

and thus, at first there is no periaxial space. To date no definite

experimental evidence is available on which forces cause the outer

capsule to bulge at the sensory region to create the periaxial space.

As a rule, the space becomes noticeable after all intrafusal fibers

have been formed. This takes place in cat peroneal (Milburn, 1984)

and gastrocnemius (Maier and Eldred, 1974) muscles during the

first to second postnatal weeks. In rat soleus, in which the full

complement of intrafusal fibers is not reached until PN4, there is a

well-formed capsule at this age, but still no distinct periaxial space

(Kucera ef a/., 1988b).

Physiological development

A number of studies have monitored the maturation of the

afferent spindle discharge in kittens and discussed how it com-

pares to structural correlates (Table 2). Overall, the precise con-

nection between physiological responses and morphological

substrates is not easily made (e.g. Vejsada ef a/., 1988). Stretch

receptor-like signals in response to vibration stimuli can be re-

corded from spindles as early as two days after birth (Gregory and

Proske, 1988) when branching patterns of the primary afferent are

still immature. Thus, complete arborization is not a prerequisite for

afferent signals to issue from developing receptors. The major

difference between the afferent signal of very young and older

kittens in response to ramp-and-hold stretches is one of amplitude

of the sensory signal, increasing progressively with increasing age

(Patak ef a/., 1992). Conduction velocities for both fusimotor and

skeletofusimotor axons increase continuously in 1-23 day-old

kittens, but much more rapidly for skeletofusimotor axons than for

fusimotor axons. Increases in conduction velocity have been

attributed to gradual myelinization ofaxons (Gregory and Proske,

1986). Effects of fusimotor and skeletofusimotor inputs on spindle

discharge can be already detected during the first three postnatal

weeks in kittens (Gregory and Proske, 1985). Moreover, separate

static and dynamic fusimotor actions on afferent discharges can be

recorded as early as PN5 in most kitten spindles, even though firing

rates are low (Gregory and Proske, 1986). It has been suggested

that the lack of response of the primary afferent to fusimotor

stimulation in neonatal kittens may as much be due to functional

immaturity of afferents than of efferents (Gladden and Milburn,

1988). The dominant response to muscle stretch in very young

kittens is dynamic; static discharges are not maintained until the

second postnatal week (Skoglund, 1960; Jami ef a/., 1989). De-

spite its prevalence in the early postnatal period, the dynamic

component of the afferent response matures slower than the static

component (Jami et a/., 1989), and the sustained tonic effect after

the administration of succinylcholine is lacking (Skoglund, 1960;

Gregory and Proske, 1987). Perinatally only nuclear bag, fibers

may contribute to the dynamic peak of the afferent signal, because

of structural immaturity of the later arriving nuclear bag, fibers and

their neural connections, the units most likely responsible for

producing the bulk of the dynamic component of the afferent signal

in adults (see Boyd, 1976). Kitten spindles are more length-

sensitive under dynamic conditions than adult receptors (Gregory

and Proske, 1988), perhaps due to an incomplete lattice of elastic

fibers at the equator; however, kitten spindles have a greater

threshold to vibration than adult receptors, which does not signifi-

cantly change even in the presence of succinylcholine (Gregory

and Proske, 1987).
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Extrafusal and intrafusal fibers are of approximately the same

size in newborn kittens (Maier and Eldred, 1974), but when

stimulating single motor axons, only extrafusal fibers develop

measurable tension (Gregory and Proske, 1991). Reasons forthis

differenceprobablyare: 1) that single alpha motor axons innervate

more extrafusal fibers than single gamma motor axons innervate

intrafusal fibers; 2) an immature intrafusal neuromuscular junction;

and 3) the failure of most myofibrils to extend uninterrupted from

one pole across the equator to the other pole.

Regeneration
Degeneration-regeneration has been used as a model for

studying spindle development. The two principal methods em.

ployed are nerve crush and nerve sectioning. In nerve crush the

basal lamina is preserved, and regeneration is point-la-point.
Bisecting the nerve leads to severe deficits, random reinnervation,

and a longer regeneration period.

Nerve crush in rat leg muscles induces deficiencies in the

number of spindles and in the number of intrafusal fibers if it is

pertormed between PNO and PN6 (Werner, 1973a), or produces

only occasional atypical spindles (Hnik and Zelena, 1961). Prena.

tal (Zelena, 1957), neonatal or postnatal (Zelena and Hnik, 1960;

Schiaffino and Pierobon.Sormioli, 1976; Walro et at, 1991) nerve

section with or without devascularization causes rat intrafusal

fibers to degenerate or show atypical features. In adult rat lumbricals

motor and sensory endings disappear three to five days after nerve

section, respectively (Yamamura and Schober, 1982). Micro-

scopic changes occurring as a result of denervation include de-

creases in the sizes of intrafusal fibers and their mitochondria

(Schroder, 1974a; Schroder et at., 1979), and supernumerary

(Schroder, 1974a; Schober and Yamamura, 1983) and irregularly

arranged (Schroder, 1974b) basal laminas.

Cat soleus muscles regenerating after nerve section contain

about two-thirds of the usual number of spindles. Of these, 50-60%

become reinnervated. Most reinnervated spindles show abnormal

sensory endings. Some of the reinnervating sensory axons form

fine networks, not unlike those that mark the beginning of spindle

development; however, for the most part, configurations observed

during regeneration are not identical to those that occur during

normal development (Ip et at., 1988; Ip and Vrbova, 1973). In rat

muscles in which the sciatic nerve is crushed, abnormal regener.

ated sensory and motor endings are still frequently encountered 3

months after the lesion. If the nerve is sectioned instead of crushed,

there are more anomalous sensory configurations (Dieler and

Schroder 1990a) and regeneration takes longer (Dieler et at,

1992), indicating that intact endoneural sheaths and basal laminas

facilitate the reestablishment of neuromuscular contacts.

Nerve crush (Schroder, 1974a) and deefferentation (Kucera

and Walro, 1988; Soukup et at., 1993; Zelena and Soukup, 1993;

Novotova and Soukup, 1995) lead to an increase in the number of
intrafusal fibers per spindle. This gain is caused by a combination

of splitting of existing fibers and the formation of new fibers from

precursor cells (Schroder, 1974a; Soukup et at., 1993; Zelena and

Soukup, 1993) or primarily by neomyogenesis (Novotova and

Soukup, 1995). Neonatal deefferentation of rat leg muscles has

been shown fo lead to a mild atrophy of intrafusal fibers (Zelena and

Soukup, 1973). Adult guinea pig nuclear chain fibers are more

atrophied than nuclear bag fibers four weeks after nerve section,

demonstrating specific responses between fiber types (Maier et al.,

1974). Differential responses are also noted in ischemic rat spin-

dles where nuclear bag fibers degenerate and regenerate quicker

than nuclear chain fibers (Diwan and Milburn, 1986).

Intact innervation is a requirement for complete spindle morpho-

genesis. Rats which receive intraperitoneal injections of the neuro-

toxin B-bungarotoxin at E16 or E 17 display no intramuscular nerve

branches or spindles in E21 muscles (Kucera and Walro, 1990c).

Yet, in reinnervated and non-reinnervated grafts (Rogers and

Carlson, 1981; Walro et a/., 1991) the initial stages of regeneration

occur even in the absence of sensory endings. Successful reinner-

vation may hinge in part on the outer capsule remaining intact

(Rogers and Carlson, 1981). Rat medial gastrocnemius muscles

allowed to regenerate after neonatal nerve crush contain hybrid

fibers whose morphology is typically extrafusal on one pole and

intrafusal on the other. This arrangement can be thought of as

evidence that earlymyotubes have the potential to differentiate into

extrafusal or intrafusal fibers (Werner, 1973b), and that they derive

from a bipotential common stem cell.

In nerve-intact rat extensor digitorum longus muscles which are

regenerating after interruption of their vascular supply, muscle

spindles with and without sensory innervation are found. In these

muscles non-reinnervated intrafusal fibers contain some fast-

twitch MHC, but slow.tonic MHC is only observed in intrafusal

fibers with sensory innervation (Cui and Walro, 1989). Intrafusal

fibers regenerating in denervated grafts express neonatal and fast-

twitch, but not slow-twitch and slow-tonic MHC (Walro et at, 1991).

On the other hand, slow myosins are expressed in regenerating

nerve intact grafts. Hence, innervation is necessary for the com-

plete intrafusal fiber-specific MHC profile fo be expressed. Rat

muscles regenerating for 30 days after neonatal nerve crush, and

which become reinnervated by afferents only, will contain some

intrafusal fibers that express slow-tonic MHC. The presence of this

isoform in this preparation has been taken as evidence that it is the

afferent component which regulates MHC expression, and that

afferents maintain inductive powers beyond the normal develop-

mental period (Kucera and Walro, 1992a).

The importance of the primary afferent to normal spindle devel-

opment has been repeatedly demonstrated by selectively eliminat-

ing the sensory or motor supply. Deafferentation in rats during the

first postnatal week will cause the developing receptor to degener-

ate, become arrested in its development, orshow many anomalous

features. Nearly twelve months later there is no periaxial space and
only a thin outer capsule (Kucera and Walro, 1987). Distribution of

myofibrils and myosin ATPase staining in deafferented adult rat

intrafusal fibers after grafting is more characteristic of extrafusal

fibers than of intrafusal fibers (Walro et a/., 1989). De novo

supernumerary spindles form in rat muscles after neonatal nerve

crush if exogenous nerve growth factor is administered concur-

rently (Sekiya et a/., 1986). The same result is obtained when

regenerating muscles that receive exogenous nerve growth factor

are permitted to become reinnervated by afferents only (Kucera

and Walro, 1992a; Kucera et a/., 1993a). It is thought that the

additional spindles are induced through contact of undifferentiated

myotubes with new afferent collaterals that sprouted inresponse to

increased levels of nerve growth factor (Sekiya et a/., 1986). Even

though boosted by the additional nerve growth factor, the results

illustrate the inductive potency of afferents. Receptors in regener.

ating muscles that receive afferents but no efferents may be

deficient in intrafusal fiber content (Kucera and WaJro, 1992a;



Kucera et al., 1993a) and often lack nuclear bag2 fibers (Kucera et

al., 1993b). Ratherthan to adecline in afferent potency, the nuclear

bag2 deficit has been attributed to a lack of myoblasts and myotubes

available for afferent induction. The frequent absence in dener-

vated muscles of nuclearbag2 and sometimes also of nuclear bag1
fibers, coupled with the presence of nuclear chain fibers (Kucera et

al., 1993a), indicates that neither one of the nuclear bag fiber types

is a required template for the assembly of nuclear chain fibers (see

Milburn, 1973 and Fig. 1 therein).

Results of experiments on deafferentation and deafferentation

have been interpreted (Kucera and Walro (1988, 1992b) to mean

that by and large motor innervation plays no significant role in

establishing the MHC composition of intrafusal fibers; however,

there is some evidence that afferent induction cannot account for

all variations in immunostaining along the length of intrafusal fibers,

and that full MHC differentiation requires the presence of both

sensory and motor innervation (teKronnie et al., 1982; Walro et a/.,

1991). Based on regional staining in the striated portions of

intrafusal fibers after neonatal deefferentation of rodent muscles,

similar but lesser regulatory properties than those assigned to

afferents have been proposed for motor axons (teKronnie at al.,

1982; Soukup et al., 1990; Pedrosa-Domellof et al. 1991). Rat

nuclear bag fibers retain a heart myosin isoform after neonatal

deefferentatron which normally is downregulated by PN21 (te

Kronnie et al., 1982). In neonatally deefferented rat spindles MHC

profiles will not fully differentiate (Soukup and Zelena, 1985). The

postnatal fading of slow-tonic MHC along the encapsulated polar

region of nuclear bag2 fibers fails to take place, and slow-twitch

MHC is expressed in the B region on either side of the equator in

nuclear bag1 fibers, from which it is normally absent (Soukup at al.,

1990). This redistribution causes an approximation in MHC profile

of the two types of nuclear bag fiber. Myosin heavy chain content

of the nuclear chain fibers are not affected by deefferentation

(teKronnie et al., 1982; Kucera and Wairo, 1988; Soukup et al.,

1990; Pedrosa-Domellof, 1991). Despite the changes caused by

deefferentation, in most instances it does not prevent classification

of fibers into nuclear bag, and nuclear bag, types (Zelena and

Soukup, 1974; teKronnie et al., 1982; Kucera and Walro, 1988).

Intact innervation is also a requirement for the maintenance of

normal histochemical profiles. Four weeks after nerve section

succinate dehydrogenase activity is greatly reduced in adult guinea

pig nuclear chain fibers. Under the same conditions, alkaline-

stable myosin ATPase activity increases in nuclear bag, fibers and

decreases in nuclear bag2 fibers (Maier at a/., 1974) to cause an

approximation offibertype profiles. Neonatal deefferentation of rat

leg spindles lowers intrafusal myosin ATPase in general (Zelena

and Soukup, 1974). In rat soleus muscle spindles deafferented for

12 months, the encapsulated portions of nuclear bag fibers reverse

their myosin ATPase activity and assume the characteristic profile

of their extracapsular portions (Kucera, 1980). Myosin ATPase

staining of intrafusal fibers in reinnervated rat medial gastrocne-

mius after nerve crush and periodic administration of nerve growth

factor during recovery is similar to that of normal intrafusal fibers

(Kucera and Walro, 1989c).

Despite grossly abnormal morphology, most spindles in regen-

erated muscles respond with a discharge to ramp-and-hold stretch

(Quick and Rogers, 1983; Barker etal., 1986; Palecek et al., 1989),

even though maximum firing rates are generally lower than normal

(Barker, et al., 1986; Palecek et al., 1989), and there may be no or
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an abortive discharge during the held phase of the stretch (Hyde

and Scott, 1983; Quick and Rogers, 1983). In cat peroneus brevis

maximum firing rates of primary afferents do not fully recover, even

four months after nerve crush (Barker at al., 1986), while the basic

morphological features of sensory endings become reestablished

sooner (Barker et al., 1985). Cat spindles regenerating after

devascularization display faulty sensory endings, but they will

respond nearly normal to a 2 mm ramp-and-hold stretch (Barker

and Scott, 1990). From these data it may be concluded that there

is no strict relationship between appearance and function of

sensory endings. Nevertheless, when comparing the extremes of

poorly (1 intrafusal fiber/spindle) versus well restored (4 intrafusal

fibers/spindle) rat spindles, there is a good correlation between

afferent structure and function after nerve crush, that is, the closer

to normal the structure, the closer to normal the pattern of afferent

discharge (Palecek et al., 1989). An increase in elastic fibrils

around intrafusal fibers may in otherwise anomalous receptors

sustain pliability of the sensory region, and hence, aid in the

generation of fairly typical signals (Dieler and Schroder, 1990b).

Reinnervation of polar regions and its effect on afferent dis-

charge has been also examined. After neonatal nerve crush motor

endings become reestablished, but there are much fewer endings

than in normal spindles, and those that are present are more like

endings of alpha axons than of gamma axons. This paucity of motor

endings has been related to a greater susceptibility of immature

efferents to axotomy compared to afferents, and perhaps to

difficulties in advancing along a damaged afferent trajectory to the

spindle (Kucera et a/., 1993a). No large difference is seen in the

percentage of beta motor axons reinnervating cat leg muscle

spindles after 6-7 weeks of nerve crush or section; however, there

are more static beta axons in reinnervated receptors than in normal

spindles (Scott, 1987). Six months after nerve section many more

beta motor axons innervate cat nuclear bag2 fibers than normally

(Barker et al., 1995), perhaps because of an accompanying

decrease in la connections (Banks and Barker, 1989) and a

diminished afferent control over spindle development. Elimination

of motor input from spindles through neonatal deefferentation has

no significant effect on passive afferent discharge (Hnik at a/.,

1977). Even several months alter deefferentation afferents still

produce aslowly adapting signal in response to maintained stretch.

Repeated injections of lidocaine into masseter muscles of

young mice result in smaller diameter primary sensory endings

(Maeda et al., 1989). Necrosis is seen at the equatorial regions of

rat nuclear bag fibers after intramuscular injection of bupivacaine

(Milburn, 1976), leading to the destruction of equatorial nuclei.

Most sensory fibers also undergo necrosis, while fusimotor fibers

are less affected. Nuclear bags and nuclear chains are absent, as

are afferent spirals. In regenerating spindles of this model the

primary afferent may have lost the capacity to induce equatorial

nucleation, which in turn may have prevented maturation of sen-

sory endings and terminals (Milburn, 1976). Loss of equatorial

nuclei in sensory denervation has been also reported by Swash

and Fox (1974) for human spindles. Thus, most likely, sensory

innervation is required for the production and maintenance of

equatorial nuclear bags and chains.

Tenotomy has been employed to test for the importance of

maintained tension on the development of muscle spindles. Prena-

tal or neonatal tenotomy of rat gastrocnemius and plantaris mus-

cles has no effect on receptor number and, except for a significant
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reduction in length (ZeJena, 1963), none on structure. Cutting the

soleus tendon in adult rats leads to some degenerative changes in

intrafusal fibers (Matsumoto and Baker, 1987). Histochemical

profiles of intrafusal fibers are minimally affected (Jazsa et al.,

1988). Primary afferents of spindles in tenotomized adult cat

medial gastrocnemius respond to muscle stretch with a decreased

length sensitivity (Yellin and Eldred, 1970). Intrafusal fibers in

these muscles are contorted and shortened, which most likely is

the cause of the decreased sensitivity of the receptors. As prenatal

and neonatal tenotomy also results in shortened receptors (Zelena,

1963), it may be assumed that their firing rates are also reduced.

Birds

Normal development

General morphology

The structure of avian spindles is less well known than that of

mammalian spindles. Like their mammalian counterparts, avian

receptors consist of an intrafusal fiber bundle that is protected by

an outer capsule and receives sensory and motor innervation. One

difference between the two vertebrate classes is that at the equator

bird intrafusal fibers are surrounded by an elaborate connective

tissue matrix, the most conspicuous component being the colla-

genous perifibril sheath. It overlies the sensory terminals, and

when viewed in cross section, is shaped likea crescent (James and

Meek, 1973; Hikida, 1985; Maier, 1992a) (Fig. 3). The size of the

axial bundle is much more variable in birds than in mammals,

containing from as few as 1 to as many as 16 intrafusal fibers

(Maier, 1983). In postnatal muscles three fiber types are recog-

nized at polar regions after incubation with monoclonal antibodies

against slow MHC (Maier and Zak, 1990). Fibers in this preparation

react either strongly or moderately, or they are unreactive. Hence,

using the respective first letters indicating their reactivity for slow

MHC, they are designated as S, M or U fibers. Fibers of the U

category react with a monoclonal antibody against neonatal/fast

MHC and, thus, are considered to be faster contracting than Sand

M fibers (Maier, 1992b).

Virtually all information on avian spindle development has been

collected from chicken muscles. The extensive work of Tello (1922)

provides the earliest reliable account. Besides specific data on

chicken muscle spindle development, his monograph also con.

tains much basic information on receptor genesis in general, and

was influential in shaping the concept that sensory axons induce

spindle formation.

Afferent innervation

Chickens hatch after 21 days of incubation, and according to

Tello (1922) undifferentiated myotubes in chicken leg muscles may

be contacted by presumptive sensory axons as early as E11;

however, in subsequent examinations (Rebollo and DeAnda,

1967; Toutant et al., 1981; Maier, 1993a) spindle anlagen could not

be pinpointed earlier than E13, and even then their identification

was tenuous. Sensory ramifications at E11-13 have been de-

scribed (Tello, 1922), but probably are not common in this early
period. Instead, more often an undivided, unmyelinated parent

sensory axon runs along the future equatorial region or curves

partially around the primary intrafusal myotube (Maier, 1993a).

First order branches of the sensory axon may approach myotubes

perpendicularly and clasp them in a pincer-like fashion. By E14

AF

PS

IF

PS

~ST

IF

Fig. 3. Diagrammatic representation in longitudinal (top) and cross

(bottom) section of the major features at the equator of one adult

chicken intrafusal fiber. Unlike mammals, there are no differences in
general equatorial morphology among bird intrafusal fibers (IF). Striations

{vertical lines) become indistinct at the equator. Sensory terminals (ST) that

arise from endings of large-size afferents (AF) are covered by the collagen-

ous periflbril sheath {PSJ. In cross section the sheath appears as a crescent.

Equatorial intrafusal nuclei (black dots) are largely placed in single file.

Nuclear accumulations typical of mammalian nuclear bag fibers are not

observed

there may be abundant arborization (Tello, 1922), and by E17

much of the basic postnatal branching pattern has become estab-

lished (Maier, 1993a). Sensory axons in E15 spindle nerves are still

mostly unmyelinated, even though Schwann cells are present

(Toutant et al., 1981). Histochemically assessed strong acetylcho-

linesterase activity is found at the sensory region of the equator at

E15-16, but it declines before hatching (E21) and gradually disap-

pears during the early postnatal period (Mumenthaler and Engel,

1961). Immunohistochemically, acetylcholinesterase activity is still

detected in 8-week-old chickens at the equator, but opposite the

myosensory junction (Maier, 1995a). Contrary to mammals, no

nuclear bags form at the equator of intrafusal fibers after afferent

contact. Instead, and regardlessofMHC-based types, large spheri-

cal nuclei that are placed in single file are visible in each fiber (Fig.

3). As the myosensory junction matures, a specialized synaptic

basal lamina develops that immunostains strongly for the laminin

B, chain and chondroitin sulfate proteoglycan. At E17 the perifibril

sheath is first observed as it begins to cap the sensory basal lamina

and the underlying sensory terminals (Maier and Mayne, 1995).

Efferent innervation

In E15 chicken posterior latissimus dorsi muscles motor end-

ings with cytoplasm darker than that of sensory endings are

observed at the juxtaequator (Toutant et al., 1981). In postnatal

spindles that have been reacted with a-bungarotoxin or an anti-

body against acetylcholinesterase, motor endings are seen to

reach the equatorial-juxtaequatorial junction (Maier, 1989). Motor

endplates are first identified in chicken gastrocnemius at E14 and

become distinct at E16 (Rebollo and DeAnda, 1967). In developing

tibialis anterior and extensor digitorum longus muscles a-

bungarotoxin activity and immunostaining for acetylcholinesterase

are already recognized before E1O. but currently there is no marker

available which would separate presumptive intrafusal myotubes

from extrafusal myotubes. As in mammals, afferent innervation is



the earliest reliable sign of a spindle anlage, and all available

evidence points to a later arrival of efferents. Even diffuse acetyl.

cholinesterase staining is not recognized at polar regions of
intrafusal myotubes or fibers until E15-16 (Maier and Mayne,

1995). Localized acetylcholinesterase activity at intrafusal fiber

polarregions has been noted by Mumenthaler and Engel (1961) in

chicken paravertebraTmuscies at E18, the time when well-formed

plate endings are known to occur in spindles of leg muscles (Tello,

1922). By the time of hatching motor endings are covered by

Schwann cell processes and motor terminals contain many vesi-

cles. Presynaptic and postsynaptic membranes of the neuromus-

cular junction are now separated by a clearly visible basa11amina

(Toutant et al., 1981). No authoritative descriptions exist on whether

innervating motor axons are of the fusimotor or skeletofusimotor

kind, or both, butToutant et al. (1981) have suggested thatthe thin

axons that establish connections at the poles are fusimotor.

Genesis of intrafusal fibers and development of MHC profiles

In chicken leg muscles primary myotubes are recognized by E5-

7 (Tello, 1922; Sweeney et al., 1989). It is tacitly assumed that at

this age all myotubes are of the extrafusallineage. Clearly defined,

large-sized intrafusal myotubes are first seen at E13 and E14 in leg

muscles (Rebollo and DeAnda, 1967; Maier, 1993a,b) and in the

anterior (Toutant, 1982; Grove and Thornell, 1988) and posterior

(Toutant et al., 1981) latissimus dorsi muscles in sections stained

for myosin ATPase or immunostained for MHC. As muscles

mature, myofibrils become more densely packed in intrafusal fibers

than in extrafusal fibers of the same age (Toutant et al.. 1981).

Early in chicken spindle development two lineages of intratusal

fibers, slow and fast. are already recognized. The contractile

protein profile of the first intrafusal myotube is in most instances

more fast than slow (Toutant et al., 1981; Maier, 1993a), and,

presumably, fast-profile primary myotubes will develop into fast

intrafusal fibers of the U type (Maier and Zak, 1990; Maier, 1993a).

In E15 chicken anterior latissimus dorsi muscles all intrafusal

myotubes immunostain for myomesin and almost 90% of the

population for M band protein. In addition, all intrafusal fibers stain

for alkali-stable (fast) myosin ATPase and react with an antibody

againstfast MHC, while only some additional fibers stain for acid-

stable (slow) myosin ATPase and coexpress slow MHC (Grove

and Thornell, 1988). More ohen than not, the secondary chicken

intrafusal myotube is slow. Fiber type compositionin developing
chicken spindles containing three orfour intrafusal tibers suggests

that the third and fourth intrafusal myotube to form are also mostly

fast and slow, respectively. (Maier, 1993a). If so, spindles with

three fibers would be expected to contain two fast and one slow,

and spindles with four fibers two fast and two slow. In 75% or more

of 8-week-old spindles actual fiber type counts are in good agree-

ment with these predicted values (Maier, 1995b). One possible

explanation for the 25% deviation is that MHC transformation

occurred. as has been reported for mammals (Kucera and Walro,
1990a,b). Chicken intratusal fibers destined to become slow

transiently express ventricular myosin, but little embryonic and

neonatal MHC (Maier, 1993a,b). On the other hand, presumptive

fast (U) fibers never acquire ventricularmyosin,but react strongly

for embryonic and neonatal MHC (Maier, 1993a,b). As judged from

these collective findings, the succession of avian intrafusal fiber

types is a complex process (Fig. 4). Along with early type-specific

MHC isoforms comes histochemical differentiation. Based on

staining for oxidative enzymes, two or three types of intrafusal fiber

Spilldle del'elopmell' 11

are recognizable inchicken gastrocnemius spindles by E17 (DeAnda

and Rebollo, 1968).

Initially not all young intrafusal myotubes have their own basal

laminas. Instead, two or more myotubes are surrounded by a

fenestrated basal lamina network. In chicken leg muscles at E16

intrafusal basal laminas are still incomplete both in terms of

structural integrity and chemical composition. The specialized

portion of the basal lamina that overlies the myosensory junction at

the equator does not display its characteristic reactivity for chon-

droitin sulfate proteoglycan (Maier and Mayne, 1993) and the B2

laminin chain (Maier and Mayne, 1995) until about E17. Intrafusal

basal laminas do not become fully chemically mature until the first

postnatal week.

At no time during development could typical nuclear bags be

identified by Toutant el al. (1981) or Maier (1993a). Nuclear bags

are mentioned in some earlier publications (Mumenthaler and

Engel, 1960; Rebollo and DeAnda, 1967); however, these authors

may have been influenced in their interpretation of structures by

mammalian nomenclature, assuming that nuclear bags and nu-

clear chains are basic properties of all vertebrate spindles. Nuclei

of sensory satellites that abut intrafusal fibers at the equator can

appear under the light microscope as integral parts of intrafusal

fibers.

SMHC N/FMHC VMHC

E14 00

E18

u

~.
u

Fig. 4. Schematic representation of developing MHC profile as seen in

cross-sectioned intrafusal fibers of chicken leg muscle spindles in

reference to three MHC isoforms: slow-twitch (SMHCJ. neonatal/fast IN/
FMHC), and ventricular (VMHC) (Maler, 1992a.b. 1993a.b). The size of a

circle represents the relative size of a fiber. The average number of
intrafusal fibers/spindle in postnatal chicken leg muscles IS about seven.

Fibers are divided into two basic groups. slow and fast. The slow group has

5 and M subtypes. the fast group consists only of U fibers. The 5 and M

fibers react ~trongly ormoderately with anti-slow-twitch MHC antibodies,

whereas the U fibers are jJnreactive (Maier and Zak. 1990). Differences m

reactivity are indicated from negative (empty circle) to moderate (cross.

hatched circle) to strong (black clfcle). The full complement of mtrafusal

fibers in chicken spindles is obtained by E17-1B. about three to four days

before hatching.

---
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Chicken intrafusal myogenes;s continues for about 1-2 days

longer than extrafusal myogenesis (Maier, 1993a). After the pri-

mary intrafusal myotube has become established, myoblasts and

young myotubes are clustered around it, suggesting that new fibers

align on existing ones, similar to the process that takes place in

mammalian extrafusal tissue (Duxson et al., 1989) and muscle

spindles (Milburn, 1973, 1984; Kozeka and antell, 1981; Kucera et

a/.. 1988a). The greatest increase in the number of chicken

intrafusal fibers takes place between E14 and E17. At the latter

date virtually all intrafusal fibers have been formed (Grove and

Thornell, 1988; Maier, 1993a).

Outer and inner capsules

Only a few accounts exist on capsule development. In chicken

gastrocnemius an outer capsule already surrounds intrafusal fibers

at E14, laid down presumably from cells of mesenchymal origin

(Rebollo and DeAnda, 1967). Collagen type VI is present in the

capsule at E13-14 (Maier and Mayne, 1995), and the capsular
envelope is positive for lipids by E17 (DeAnda and Rebollo, 1968).

In chicken posterior latissimus dorsi muscles intrafusal fibers are

surrounded by a single layer of epithelial cells at E 15. Extensions

of these cells become rearranged to form a multilayered structure

(Toutant et al., 1981). As determined immunohistochemically,

components of basal lamina such as laminin, collagen type IV and

heparan sulfate proteoglycan are not deposited in the outer cap-

sule until after intrafusal fiber basal laminas are fully formed. In

chicken pretibial muscles, capsular basal lamina molecules are

first detected at E17-18, three to four days before hatching (Maier

and Mayne, 1995). By E17 there is a nascent inner capsule that

surrounds intrafusal fibers only incompletely. Inner capsule cells

are flat, rich in endoplasmic reticulum, and deficient in basal lamina

(Toutant et al., 1981). In contrast to rat and cat muscles, the

periaxial space in chicken spindles is already recognizable in the

late prenatal period (Toutant et al., 1981).

Regeneration
As in mammals, interfering with the nerve supply to the receptor

leads to structural defects. In denervated pigeon extensordigitorum

communis the outer spindle capsule becomes fragmented and

thickened by the addition of layers of collagen. Intrafusal fibers may

hypertrophy rather than atrophy and acquire a high density of

myofilaments at the equator. The collagenous perifibril sheath is

unaffected (Miller and Hikida, 1986). Denervation combined with

ischemia during free grafting results in more severe changes,

including large gaps in the outer spindle capsule. Degenerating

intrafusal fibers typically lack a sarcolemma and distinct myofibrils,

and often show a disrupted basal lamina (Hikida et a/.. 1984). The

capsular and basal lamina defects seen in degenerating avian

spindles may preclude regeneration of intrafusal fibers from

myosatellite cells within these spindles. and in birds, in contrast to

mammals (Rogers and Carlson, 1981; Rogers, 1982), spindles in

regenerating muscles may arise de novo (Macken son. Dean et al.,

1981). It also has been shown that spindles in regenerating bird

muscles may arise de novo, or from remnants of pre-existing

spindles (Walro et al., 1984).

Cross-transplantation has been employed to explcre the capac-

ity of muscle spindle afferents to induce muscle spindles. Pigeon

muscles containing spindles transplanted into the beds of muscles

without spindles, allowed to degenerate and regenerate, and

reinnervated by the nerves to the muscles without spindles, will not

regenerate spindles. Conversely, the reciprocal setup will produce

spindles in muscles normally devoid ofspindles (Mackenson-Dean

et a/., 1981). Thus, specific spindle afferents, and not just any

afferent. may be required to induce muscle spindle formation.

Comment

Muscle spindles assemble from inside out, and from the equator

towards the poles. Intrafusal myotubes and the afferents that

TA8LE 3

SOME OBSERVATIONS IN MAMMALIAN MUSCLE SPINDLES DURING EARLY REGENERATION AFTER NEONATAL
DEFICITS IN DENERVATION'

Nerve Crush Nerve section

Number of spindles

Number of intrafusa!

fibers/spindle

Periaxial space

Slow-tonic MHC

FasHwitch MHC

in intrafusal fIbers

Histochemical profile of

Intrafusal fibers

Sensory endings

Maximum firing rates

of afferents

Static discharge during

ramp-and-hold stretch

few or supernumerary2

few

none or few

supernumerary

atypical

short

decreased

few or no spirals

not sustained

Deafferentation Deefferenration

fewer than normally

fewer than normally

supernumerary2

supernumerary

none or small

not expressed

not expressed

expressed. some changes in distribution

expressed. some changes in distnbution

atypical

few or no spirals

1Recovery periods of varying lengths; llf combined with administration of nerve growth factor; Juninnervated spindles may be present.



innervate them are the first visible parts of the spindle anlage. After

contact with sensory axons, intrafusal fibers grow towards the
poles where their striated regions are innervated by motor axons.

Intrafusal fiber basal laminas begin as an interconnecting patch-

work that gives rise to fully independent basal lamina tubes after

sensory and motor junction have become established. In the

morphogenesis of mammalian and avian spindles the outer cap-

sule is the last structural component to be completed. The mature

outer capsule is a complex unit, consisting of perineurium and

cellular and acellular components of connective tissue, both of

which contribute to the make-up of the capsule from the beginning

(Milburn, 1984; Maier and Mayne, 1995).

The morphological and physiological changes that occur after

experimental manipulation of innervating axons are complex and

not easily interpreted. In part this is due to the variety of protocols

that are employed. On the whole, the concept that actions of

afferents initiate spindle formation has been strengthened by data

derived from degeneration/regeneration experiments. Recent work

also indicates that target tissues such as muscle spindle anlagen,

provide positional cues for advancing growth cones. Although

during normal development la afferents become associated with

muscle spindles and Ib afferents with tendon organs, in reinnervating

cat leg muscles la, Ib and group II afferents may become associ-

ated with either muscle spindles or tendon organs (Banks and

Barker, 1989). These actions suggest that, although powertul,

afferents are not the sole inducing agents. Some basic features of

regenerating spindles are listed in Table 3.

During development of avian and mammalian intrafusal fibers

there is, as in extrafusal fibers, a succession of isoforms of MHC

that leads to the adult profile. Primary afferents exert strong

regulatory influences on the expression of MHC isoforms in mam-

malian intrafusal fibers; however, not all MHC profiles in normal

and experimental muscles can be solely accounted for by afferent

induction. Indications are that, in addition tothe dominant influence

of afferents, inherent properties of lines of myoblasts and motor

innervation also play roles in regulating MHC expression. No data

on MHC regulation via afferents or other factors are available for

birds.

The first-formed mammalian nuclear bag2 fiber is faster con-

tracting than the later appearing nuclear bag, fiber (Bessou and

Pages, 1975; Boyd, 1976), properties which also may be deduced

from their MHC profiles (Kucera and Walro, 1990b; Pedrosa and

Thornell, 1990). Based on their MHC content (Maier, 1993a,b) and

myosin ATPase (Toutant et al., 1981) attributes, most chicken

primary an:::! secondary intrafusal myotubes should be fast and

slow contracting, respectively. This fast-slow sequence forthe first

and second intrafusal myotubes is somewhat surprising because,

in birds as in mammals, spindles are almost exclusively located in

muscle regions that contain slowextrafusal fibers. Primaryextrafusal

myotubes in these areas exhibit a slow MHC profile and secondary

extrafusal rnyotubes one that is fast (Harris et al., 1989; Sweeney

et al., 1989; Maier et al., 1991). The apparent reversal in the order

of appearance between chicken intrafusal and extrafusal tissue

poses the question whether primary intrafusal myotubes in terms

of the original myotube pool are primary or secondary myotubes.

It cannot be ruled out that initially chicken primary intrafusal

myotubes are slow, and that transformation to fast MHC took place

before E13, the date when they are first recognized. If there was no

transformation, then a striking difference exists between rodents
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and cats on one hand and chickens on the other, because in

chickens the fastest intrafusal fiber (U type) typically appears first,

whereas in rats the fastest fibers (nuclear chain types) appear last

(see Boyd, 1976). In postnatal spindles of mammalian and avian

muscles both slow and fast intrafusal fibers exist; yet, the sequence

of events leading to their formation apparently differs between

mammals and birds.

Slow-tonic MHC is absent from extrafusal fibers of mammalian

somatic muscles, but it appears in nuclear bag fibers after afferent

innervation, supporting the concept that afferents induce this

isoform (Kucera and Walro, 1991b). The absence of slow-tonic

MHC from nuclear chain fibers may be due in part to a lesser

receptivity of chain fibers to afferent induction or a degradation of

afferent inductive powers over time, or both. In chickens the

concept of afferent induction of specific MHC is less applicable

because slow-tonic MHC occurs in populations of extrafusal and

intrafusal fibers of somatic muscles (Maier, 1993a). Moreover, the

intensity of immunostaining for at least one slow myosin isoform

decreases in a subtype of intrafusal fibers towards the equator

(Maier, 1994), directly opposite the distribution of slow-tonic MHC

in rats (Kucera and Walro, 1989a). The level of afferent influence

in birds is further obscured in that chicken intrafusal fibers lack

nuclear bags (e.g. Maier and Eldred, 1974; Hikida, 1985), a feature

thought to be induced by sensory axons.

To date no experimental data are available from birds, but

excluding MHC expression, afferents in avian muscles probably

also playa greater role in the induction of the spindle than do motor

axons. The reason for this assertion is that sensory axons and

presumptive intrafusal myotubes are recognized together at the

nascent spindle, and arrival of sensory axons at the equator

precedes the presence of acetylcholinesterase reactivity and well-

formed neuromuscular junctions atthe poles. It also can be argued

that the interposition of a basal lamina between pre-and postsyn-

aptic cells at neuromuscular junctions of the polar regions, and its

absence at points of contact between sensory terminals and

intrafusal fibers at the equator (Hikida, 1985; Maier and Mayne,

1995), are indications of differences in arrival of sensory and motor

axons. Late establishment of fusimotor terminals at the pole finds

a finished basal lamina, whereas early afferents abut directly

against intrafusal fibers because basal laminas have not been laid

down yet. An alternate explanation for no basal lamina at sensory

terminal-intrafusal fiber contacts is the dissolution of alreadyformed

basal lamina by contacting afferents (Kucera et al., 1989). Trophic

molecules are a factor because neurotrophin-3-deficient mice lack

basal laminas at developing neuromuscular junctions (Kucera et

al., 1995a), and thus, resemble mature myosensory junctions.

Neonatal deafferentation will cause in spindles that are allowed

to degenerate and regenerate deficiencies in the numberof intrafusal

fibers and in the shape and number of sensory endings. Despite

such anomalies afferent signals can be recorded, which, with the

exception of maximum firing rates and sustained discharge in

response to ramp-and-hold stretch, are not too atypical (Hyde and

Scott, 1983; Scott and Panesar, 1995). This indicates a certain

receptor plasticity with no absolute requirement for specifically

structured elements, questioning the validity of detailed descrip-

tions of sensory endings. The physiological behavior of regenerat-

ing spindles resembles that of immature postnatal spindles, in

which incomplete development of afferent spirals doos not prevent

the issuance of a signal in response to muscle lengthening.
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Most rodent (Maier et al., 1974; Kucera et al., 1988a; Kucera

and Walro, 1990a) and cat (see Barker, 1974) spindles routinely

have intrafusal fiber bundles with four, and six to seven fibers,

respectively; however, in birds there is a great variation in the

number of intrafusal fibers per spindle (Maier, 1983), and receptors

with low intrafusal fiber counts are common (Maier and Eldred,

1974). The reason for the inconstant arrangement in birds may be

one of timing. Acetylcholinesterase activity is noted in developing

muscle long before the anlage of the spindle becomes visible at

E13, a time when the myogenic period is declining (Tello, 1922;

Maier, 1993a; Maier and Mayne, 1995). It is likely that most

myotubes are already occupied by motor terminals from alpha

axons, making them refractory to sensory influences. If acquisi-

tions by alpha axons are random processes, variable numbers of

myoblasts should be available for intrafusal induction, resulting in

spindles with just one or two, or larger number of intrafusal fibers.

While such a process might account for differences in intrafusal

fiber content, it cannot explain why regions of muscles that lack

slow extrafusal fibers often have few or no muscle spindles

(Batterman et at., 1978; Maier, 1981). One might contend that the

cause for the absence of multifiber spindles in fast extrafusal

fascicles is that chicken spindles virtually always contain at least

one slow intrafusal fiber, and slow myotubes are absent from, or

rare, in sectors where fast extrafusal fibers predominate. Even so,

this still leaves unanswered why the otherwise common monofibril

spindles in which the sole fiber is almost always fast are also

usually absent. This paradox would seem to suggest that neuronal

induction is not the only determining factor in initiating spindle

development. Mutual induction between adjacent tissues is com-

mon during organogenesis (e.g. Wad a et al.. 1996). Until recently

the concept of developmental interactions as it applies to intrafusal

myotubes/sensory axons has been largely biased in favor of

neuronal, especially afferent regulation. One notable and welcome

current trend is to explore in greater depth the area of mutual

induction of neural and peripheral non-neural tissues, and the

interactions of growth factors. This approach is a worthwhile

undertaking in the quest towards a better understanding of muscle

spindle development, and of muscle development as a whole.

Summary

The morphological and physiological development of avian and

mammalian muscle spindles is reviewed, with emphasis on the

recent literature. Subjects covered include the effect of sensory

innervation and growth factors on the induction of muscle spindles,

genesis of intrafusal fiber types as defined by isoforms of myosin

heavy chains, and the establishment of the outer spindle capsule.

Because of its relevance to normal development, degeneration

and regeneration are also treated. Similarities and differences

between mammalian and avian muscle spindle formation are

discussed.

KEY WORDS: 1II1l.\rll' JjJindleJ, df'111'(Oj)Jllfllf, regell I'm IirHl ,
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