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THESIS ABSTRACT

Dystrophin is a high molecular weight protein localized under the sarcolemma of normal
extrafusal muscle fibers but absent in skeletal muscles of Duchenne muscular dystrophy
patients and in the mdx mouse. Muscle spindles in the soleus of 32-week-old normal and age-
matched mdx mice were examined by immunocytochemical methods to determine the
localization of dystrophin in polar and equatorial regions of the intrafusal fibers. Spindles were
serially-sectioned in transverse and longitudinal planes, and they were double-labelled with an
antibody to dystrophin and with a 200 kD neurofilament protein antibody which revealed their
sensory innervation. By fluorescence microscopy, intrafusal fibers in the soleus of mdx mice
were deficient in dystrophin throughout their lengths, whereas their sensory nerve-terminals
stained intensely with the nerve-specific antibody and appeared unaltered in dystrophy. In
the normal soleus, polar regions of bag and chain fibers exhibited a peripheral rim of
sarcolemmal staining equivalent to that seen in the neighboring extrafusal fibers. Dystrophin
labelling in equatorial regions of normal intrafusal fibers, however, showed dystrophin-deficient
segments alternating in a spiral fashion with positive-staining domains along the sarcolemma.
Double-labelling for dystrophin and neurofilament protein showed that these dystrophin-
deficient sites were subjacent to the annulospiral sensory-nerve wrappings terminating on the
intrafusal fibers. Additionally, it was found that chronic denervation of muscle spindies in
normal mice did not affect the expression of dystrophin either at these sites or at the non-
sensory regions of the sarcolemma. The results of this study suggest that dystrophin is not
an integral part of the subsynaptic sensory-membrane in equatorial regions of normal
intrafusal fibers, and, that the neurotrophic effect of sensory innervation is not the principle
cause of this unique arrangement of dystrophin in equatorial regions. In dystrophy, intrafusal
fibers display the same primary defect in muscular dystrophy as seen in the extrafusal fibers.
However, because of their small-diameters, capsular investment, and relatively low tension
outputs, dystrophic intrafusal fibers may be less prone to the sarcolemmal membrane

disruption that is characteristic of extrafusal fibers in this disorder.
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INTRODUCTION

A. Muscular Dystrophy

Muscular dystrophy is a term used to describe the heterogeneous group of
genetically-linked disorders that cause progressive weakness and wasting of the skeletal
muscles. The most common and devastating of these disorders, Duchenne muscular
dystrophy, was first described in the mid-1800°’s by Meryon (1852) and later by Duchenne
(1868). The incidence of this disease in North America has been estimated to be one in 3500
boys, and in approximately one-third of cases the disease is caused by a mutation in a gene
located on the X chromosome. In the remaining two-thirds of cases the defective gene is

inherited on the X chromosome from a carrier mother (Worton, 1992).

This genetic disorder exhibits no obvious clinical manifestation until the age of three to
five years, when proximal muscle weakness is first observed. The ensuing progressive loss of
muscle strength usually leaves affected individuals wheelchair-bound by the age of 11, and
results in early death due to respiratory failure. To date there is no cure and no effective
treatment although prednisone, a catabolic steroid, has, paradoxically, been shown to

stabilize muscle strength for a period of up to three years (Brooke, 1989).

The Becker type of muscular dystrophy (Becker and Kiener, 1955) is a milder form of
the disease with an incidence rate of about one-tenth of that of the severe Duchenne form
(Becker, 1964). It is characterized by a much later onset with loss of ambulation after the
age of 16 years and a relatively normal lifespan (Becker, 1965). Although thought for years
to be a distinct disease, it is now recognized that it is caused by mutations in the same gene,
and therefore a milder version of the same disease (Baumbach et al., 1989; Koenig et al.,
1989). Boys who lose ambulation between the ages of 12 and 16 years are said to have an

intermediate phenotype.



Discovery of the Duchenne Muscular Dystrophy Gene

The basis of this disorder stemmed from molecular genetic studies using a strategy
based on identification of sequences that mapped into a region of the X chromosome. This
region had previously been shown by Kunkel and colleagues (1985) to be deleted in a boy with
several X-linked disorders, including Duchenne muscular dystrophy. The identification of a
clone from this part of the X chromosome that detected deletions in 6-7% of Duchenne
patients suggested that this was the site of the Duchenne gene. Conserved sequences from
this region of the X chromosome were used to identify cDNA (complementary DNA) clones
made by reverse-transcribing mRNA (messenger RNA). The sequences encoded in the cDNA
were shown to be deleted in a number of boys with Duchenne muscular dystrophy. This
provided evidence that the isolated cDNA clones were indeed from the gene that is mutated
in muscular dystrophy. The gene, known as the Duchenne muscular dystrophy gene, was
shown to encode a protein that Hoffman and Kunkel's laboratory (Hoffman et al., 1987)
named dystrophin, and as expected, this protein was missing from the skeletal muscle tissue

of boys with Duchenne muscular dystrophy (Monaco et al., 1988).

The mdx mutant of the C57BL/10SnJ strain of genetically dystrophic mouse has
recently been introduced as an animal model applicable to the study of X-linked human
muscular dystrophies (Bulfield et al., 1984). In several of the earliest pathological studies of
the mdx mouse, it was recognized that some of the histopathological features resembled
quite closely those seen in Duchenne muscular dystrophy (Bulfield et al., 1984; Anderson et
al.,, 1987, 1988; Carnwath and Shotton, 1987; Torres et al., 1987; Coulton et al., 1988)
while others did not fit at all well. More importantly, however, was the fact that the same
biochemical defect was shown to be present in mdx skeletal muscle, in that it lacked the
protein dystrophin (Hoffman et al., 1987). Analysis of the dystrophin gene in the mdx mouse
revealed that the genetic defect was a point mutation involving a single base change within an

exon (Sicinski et al., 1989). This feature of the mdx mouse made it a reliable model for



characterizing the primary pathological processes linking the absence of dystrophin to

necrosis in skeletal muscle fibers.

Proposed Structure and Function of Dystrophin

Once the cDNA had been isolated and sequenced, the deduced amino acid sequence of
dystrophin was compared to those sequences already present in protein databases. By
comparison with such known protein sequences it was found that certain domains of the
protein were very similar to cytoskeletal proteins such as alpha-actinin and spectrin,
suggesting that dystrophin is itself a cytoskeletal protein (Koenig et al., 1988). The amino
acid sequence predicted a rod-shape protein approximately 150 nm in length that could be
divided into four different domains: an N-terminal “actin-binding” domain (Hammond, 1987), a
middle domain formed by 25 triple helical segments, a cystein-rich domain, and a less
characterized C-terminal domain (Koenig et al., 1988). The first three domains show
significant similarity to the three domains of alpha-actinin whereas amino acid sequences of
spectrin are similar to the succession of 25 triple-helical segments in the second domain. The
C-terminal of dystrophin, however, does not show any similarities to other known proteins but
is thought to be the domain that mediates the attachment to an integral membrane

glycoprotein in the sarcolemma (Campbell and Kahl, 1989).

Dystrophin has been shown to be associated with a complex of sarcolemmal
glycoproteins that are believed to provide a linkage to the extracellular matrix protein, laminin
(Campbell and Kahl, 1989; Ervasti et al., 1990; Ohlendieck and Campbell, 1991; Ibraghimov-
Beskrovnaya et al., 1992). The absence of dystrophin leads to a dramatic reduction in these
dystrophin-associated glycoproteins in the sarcolemma of patients with Duchenne muscular
dystrophy and mdx mice (Ervasti et al.,, 1990; Ohlendieck and Campbell, 1991). More

recently, it has been demonstrated that a dystrophin-related protein named utrophin



(Matsumura et al., 1992; Tinsley et al., 1992), an autosomal homologue of dystrophin, is
associated with an identical or antigenically similar complex of sarcolemmal proteins in skeletal

and cardiac muscle of both normal and mdx mice.

Synthesis of an Antibody to Dystrophin

Additional information about dystrophin came from the synthesis of fusion proteins in
bacteria from chimeric genes in which a portion of the dystrophin cDNA was joined with a
bacterial gene (Hoffman et al., 1987). The resulting fusion protein was injected into rabbits
or sheep to make an antibody against the dystrophin part of the protein. Alternatively,
synthetic peptides of approximately 13 amino acids were created utilizing the sequence
information, and these peptides were conjugated to larger molecules and injected into
animals, again with the purpose of generating antibodies. The antibodies directed against
dystrophin then became important molecular tools for the analysis of dystrophin structure
and function. In particular, Western blot analysis of muscle and other tissues demonstrated
that the antibodies recognized a protein of 427 kiloDalton (kD) molecular weight. The protein
was present in skeletal muscle, cardiac muscle, smooth muscle, and brain of normal patients

and absent in those tissues of patients with Duchenne muscular dystrophy (Hoffman et al.,

1987).

Using these antibodies, immunocytochemical studies of dystrophin on tissue sections
revealed that, in skeletal muscle, dystrophin is localized at the sarcolemmal membrane of
extrafusal muscle fibers (Hoffman et al., 1987; Zubrzycka-Gaarn et al., 1988). Transmission
electron microscopic studies coupled with immunogold labelling techniques have further shown
that this protein is situated on the cytoplasmic side of the sarcolemma (Watkins et al., 1988;

Carpenter et al., 1990; Cullen et al., 1990; Squarzoni et al., 1992). Observations from these



studies suggested that the dystrophin molecules are linked in a form of a lattice immediately

beneath the plasma membrane.

Immunocytochemical studies have demonstrated elevated levels of dystrophin at the
motor end-plate regions of extrafusal fibers in normal muscle (Miike et al., 1989; Shimuzu et
al.,, 1989; Byers et al., 1991; Huard et al., 1991, 1992). In the study by Shimuzu and
coworkers (1989), the accumulation of dystrophin at the neuromuscular junction was
confirmed by revealing acetylcholinesterase activity by light microscopy, whereas Huard's
group (1991) used alpha-bungarotoxin coupled to cascade blue to identify cholinergic
receptors in skeletal muscle. Their observations emphasize a relationship between dystrophin
expression and the site of innervation of skeletal muscle fibers. Additionally, studies of the
central nervous system (Lidov et al., 1990) have revealed detectable amounts of dystrophin
in postsynaptic regions of cerebral cortical neurons and cerebellar Purkinje cells, suggesting a

possible role for dystrophin in synaptic transmission.

Recent work on dystrophin localization in smooth muscle has provided evidence that
dystrophin is associated with specific regions of the smooth muscle sarcolemma (North et al.,
1993). By immunofluorescence and immunoelectron microscopy, it was shown that two
structurally distinct smooth muscle sarcolemmal domains exist in an alternating pattern
parallel to the long axis of the smooth muscle cell. Dense plaque regions, known to be involved
in actin anchorage and characterized by a specific set of junctional proteins (Geiger and
Ginsborg, 1991), typically expressed a marked diminution of dystrophin whereas the
intervening caveolae-rich areas of the sarcolemma showed relatively normal levels of
sarcolemmal labelling. This mutually exclusive colocalization of specific membrane-associated
proteins in smooth muscle suggests that dystrophin complements other cytoskeletal proteins

that function in maintaining the integrity of the smooth muscle cell and its sarcolemma.

Since the discovery of the DMD gene, the literature on dystrophin localization in the

extrafusal fibers of skeletal muscle has escalated at a rapid rate. In spite of this, however,
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very little has been published on the localization of dystrophin in the specialized intrafusal
muscle fibers of muscle spindles. The following section will review some of the characteristic
features of the mammalian muscle spindle with the aim of providing an appreciation for its

highly complex nature.

B. The Mammalian Muscle Spindle

Muscle spindles are specialized sensory stretch-receptors embedded within most
vertebrate skeletal muscles. They were first described by Hassall (1849) and later by Kithne
(1864) who gave them the name Muskelspindeln in describing their spindle shape. It was Cajal
(1888) who recognized this structure as a sense organ and also suggested the existence of
a specific motor innervation. Its sensory nature was elegantly confirmed by Sherrington
(1894), and the first detailed studies of the anatomy of mammalian muscle spindles by Ruffini

(1898) have provided the basis of our present understanding of this receptor.

The mammalian muscle spindle consists of discrete bundles of encapsulated skeletal
muscle fibers, termed intrafusal fibers, that stand out by the comparative smallness of their
size to the surrounding extrafusal fibers. These small-diameter muscle fibers are associated
with sensory and motor nerve endings that terminate on specific regions along their lengths.
Lying in close proximity, nerve axon bundles, extracapsular capillaries, and mast cells are also

often encountered.

The microscopic appearance of these receptors can be described in terms of the level
of section through each receptor (Sherrington, 1894). In a series of cross-sections, three
regions or zones can be identified according to the overall diameter of the receptor and
extent of capsular investment. The equatorial zone represents the central or widest portion
of the receptor. In this region, both an inner and an outer spindle capsule are present,

separated by a large fluid-filled periaxial space. The so-called polar regions represent the two
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tapered ends of the spindle. In these regions, only the outer capsule persists and in some
cases the intrafusal fibers extend beyond the capsular limits and either terminate in the
endomysium of neighboring extrafusal fibers or insert into tendon. Midway between these

two regions, the so-called juxtaequatorial zone is present.

Muscle spindies can be described as consisting of four basic elements: A capsule,

intrafusal fibers, and their sensory and motor nerves. Each of these will be addressed in the

following paragraphs.

Capsule

The muscle spindle capsule is composed of a multilayered outer capsule and a thin inner
capsule that differ from each other both in structure and location (Merrillees, 1960; Landon,
1966; Corvaja et al., 1969; Ovalle and Dow, 1983). The outer capsule consists of several
concentric layers of flattened epithelial-like cells and connective tissue elements. It is
continuous with both the extrafusal and the intrafusal endomysium as well as with the
perineurium which surrounds the small bundles of nerve fibers supplying the receptor organs.
A dilatation of the capsule is generally found at the central, equatorial region of the spindle

giving the receptor its characteristic fusiform shape (Kihne, 1864).

The inner capsule or axial sheath (Barker, 1974) is most prominent in the equatorial
region where it may form an elaborate sheath around individual intrafusal fibers, or groups of
fibers and their sensory nerve endings. It consists of flattened cells that resemble the
endoneurial cells of peripheral nerve and unlike the outer capsule cells, cells of the inner
capsule lack an external lamina although collagen and elastic fibrils are known to occupy the

paracellular regions (Cooper and Gladden, 1974).



In the equatorial region, a space is present between the outer and inner capsules.
This so-called periaxial space contains a jelly-like material rich in acid mucopolysaccharides and
hyaluronic acid (Brzezinski, 1961a, b; James, 1971; Fukami, 1982, 1986; Ovalle and Dow,
1988). This substance bears some resemblance to vitreous humor and it is thought to
insulate as well as mechanically protect and lubricate the internal components of the

receptor in equatorial regions (Barker and Banks, 1986).

it should also be mentioned that the outer capsule presents a significant barrier to
the passage of the exogenous protein tracer, horseradish peroxidase, and bears some
resemblance to the permeability barrier formed by the perineurium of peripheral nerves (Dow
et al.,, 1980). The horseradish peroxidase tracer was found to freely enter the spindle at its
polar regions, but in the equatorial zone, the outer capsule cells were effective in preventing
the indiscriminate penetration of this protein tracer into the periaxial space. Thus, a blood-

muscle spindle barrier appears to exist in central equatorial zones, but not in more distal

polar regions.

Intrafusal Fibers

The specialized skeletal muscle fibers in a muscle spindle are unique in that they vary
morphologically not only from the surrounding extrafusal fibers but also show variations
amongst themselves. Two distinctly different intrafusal fiber types can be identified on the
basis of their appearance and according to the arrangement of nuclei in their central
equatorial regions (Barker, 1948; Boyd, 1962; Cooper and Daniel, 1963). The nuclear bag
fibers derive their name from the dilatation produced by the numerous tightly-packed,
vesicular nuclei in the equatorial region. The nuclei are surrounded by a thin peripheral layer
of sarcoplasm containing few myofibrils. At either end of this central portion there are two

juxtaequatorial regions in which the nuclei continue as a single central row surrounded by



sarcoplasm and a peripheral layer of contractile material. These fibers have the widest
diameter of the two, and are also the longest, often extending beyond the capsular
investment of the spindle. Nuclear chain (chain) fibers, in contrast, contain in their equatorial
region a more conspicuous amount of contractile material which surrounds a single, central
row of elongated nuclei. They are smaller in diameter and shorter in length, often ending
within the capsule. There are, however, some that extend beyond the limits of the capsule.
These are termed long chain fibers and were first described by Harker and coworkers
(1977). In polar regions of both types of fibers the nuclei assume a peripheral location

underneath the sarcolemma and resemble more closely the architecture of extrafusal muscle

fibers.

It is now known that the nuclear bag fibers are themselves of two types, which differ
in their histochemistry, ultrastructure, and mechanical properties. They are designated as
nuclear bagi (bagq) and nuclear bag, (bag,) fibers (Ovalle and Smith, 1972) according to
their histochemical staining properties. Another important difference between bagy and bags
fibers is that the latter are surrounded by prominent elastic fibers in their polar regions
whereas the former are not (Gladden, 1976). In terms of their differing mechanical
properties, the nuclear bag fibers have been described as either dynamic nuclear bag (bag4)

or static nuclear bag fibers (bag,) (Boyd et al., 1975).

The usual methods by which the three mammalian intrafusal fiber types are identified
in light microscopy are the histochemical reactions for actomyosin adenosine triphosphatase
(mATPase) and nicotinamide adenine dinucleotide-tetrazolamine reductase (NADH-TR). The
differential staining observed with these reactions in bagq, bagz, and chain fibers suggests
the presence in each of a different myosin profile and energy requirements. The bagy fiber
exhibits low mATPase activity following alkaline preincubation and has a relatively low glycogen

content. In contrast, the bags fiber exhibits medium to high ATPase activity and has a medium



glycogen content. The chain fibers exhibit high ATPase activity and have a high glycogen

content (Banks et al., 1977).

Recent immunofluorescence work with newly developed monoclonal antibodies has
proved to be a more elaborate and comprehensive technique in understanding the myosin
profiles (isoforms) that constitute each intrafusal fiber type. Studies of spindle fibers in
capsular regions have revealed that antibodies specific for fast fiber myosins label
predominantly the chain fibers and those specific for slow fiber myosins show a strong
reaction in bag fibers (Rowlerson et al., 1985). Tonic myosin antibodies were shown to label
bagy fibers, and when used at higher concentrations exhibited a weak reaction with chain
fibers. In some occasions it was noted that this antibody reacted with bag, fibers. Antibodies
raised against embryonic and neonatal myosins (Sartore et al., 1982) do not bind to any adult
extrafusal fibers and have little reaction with bag¢ fibers. However, this antibody reacts very
intensely with chain fibers and moderately with bag, fibers. Therefore, chain fibers appear to
contain a mixture of either embryonic, neonatal and fast fiber myosins, or a myosin isoform

that is recognized by both types of antibodies.

Kucera and Wairo (1989) have demonstrated that regional differences occur in the
myosin heavy chain expression in the intrafusal fibers. In capsular regions of intrafusal fibers,
myosin heavy chains are significantly decreased whereas extracapsular regions exhibit a
strong reaction similar to that of the type | (slow) extrafusal fibers. Moreover, specific
regional differences were noted between the three intrafusal fiber types. The high
correlation between the various antibody-specific myosin isoforms and the contractile and
electrophysiological properties of intrafusal fibers have demonstrated that

immunocytochemical techniques are reliable in the typing of intrafusal fibers.

In other immunocytochemical studies, the expression of certain structural muscle fiber
proteins was shown to be distributed in a non-uniform arrangement in the different regions of

the intrafusal fibers. Maier and Zak (1990) showed that actin, tropomyosin, desmin, and
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myosin heavy chains take on a striated appearance in polar regions, while the equator
appears non-striated. These observed immunofluorescent patterns suggest that, at the
equator, these sarcoplasmic proteins are assembled into looser arrays than in the
sarcomeres of the pole. This supports the concept that the equatorial zones are
structurally more flexible, an appropriate substrate for distorting the affixed sensory endings

during an applied stretch.

Innervation

Several histological methods are commonly used to study motor and sensory
innervation of mammalian muscle spindies (Barker and Ip, 1963; Gladden, 1970; Namba et al.,
1967; Nahirney and Ovalle, 1992a, b, 1993). Some of these procedures are normally
performed on muscle pieces by block impregnation with silver salt solutions followed by teasing

apart the impregnated tissue, while others are perfomed on histological sections.

The most commonly used procedure to study innervation patterns is the silver
impregnation technique (Barker and Ip, 1963) which enables the innervation pattern of entire

muscle spindles to be visualized more or less completely.

There are, however, other techniques that allow for the identification of nerve fibers
in skeletal muscle. Roden and coworkers (1991) have shown by immunocytochemistry that
the 200 kD neurofilament protein, a component of the intermediate filaments found in
neuronal tissue, is expressed at high concentrations in both the axons and terminal endings
(motor end-plates) of nerves. This immunocytochemical staining method may be useful in
studies of muscle innervation since it can be used in conjunction with other antibody labelling

procedures (Nahirney and Ovalle, 1992a, b, 1993).
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The intrafusal fibers of muscle spindles are separately innervated by motor and
sensory nerves which terminate on different regions along these fibers (Ruffini, 1898). While
large myelinated sensory nerve fibers pass through the capsular sleeve to enter the
equatorial space, the motor supply may enter the spindle either with afferent nerve fibers or

independently through the polar regions.

The sensory innervation of mammalian muscle spindles comprises both primary and
secondary nerve endings, the latter being less abundant or in some cases absent. The
primary sensory endings consist of spiral or annular terminations, each of which encircles the
densely nucleated equatorial regions of the intrafusal fibers (Ruffini, 1898). These endings
can be found on each of the three intrafusal fiber types and all are connected to the same
group la afferent nerve fiber leaving the spindle. The group la afferent nerve fibers can range
in diameter from 7 um to 15 um. In the cat, the primary endings cover 33-37 % of the bag,
fiber surface, 25% of the bag, fiber surface, and 5-12 % of the surface of individual chain
fibers (Banks et al., 1982; Banks, 1986). Boyd (1962) has shown that the region of the
intrafusal fibers surrounded by the primary endings in cat muscle spindles extends for about

300 um in the equatorial zone.

Secondary endings can be found adjacent to the primary endings in the
juxtaequatorial regions of the muscle spindle. They consist of spiral terminations around each
nuclear chain fiber and less extensive flower-spray terminations on the nuclear bag fibers
(Boyd and Smith, 1984). The spiral and spray terminations are connected to the same group
Il afferent axon, averaging 8 um in diameter. Some spindles have been shown to have no
secondary endings at all, whereas the most complex can have four or five such endings (Boyd
and Smith, 1984). The most common arrangement is for a spindle to have one primary ending
and one secondary ending (Boyd and Smith, 1984). In the cat tenuissimus, the total terminal
contact area of secondary endings has been estimated to be 16-22% on individual chain

fibers, 17% on bag, fibers, and 8% on bagy fibers (Banks et al., 1982).
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The ultrastructure of both types of sensory endings is essentially identical (Adal,
1969; Landon, 1972). Both contain numerous mitochondria, neurofilaments, microtubules,
and axoplasmic vesicles. The endings lie in close apposition to the sarcolemma of the intrafusai
fiber and, in the case of the primary endings, sit in troughs indented on the surface of the
intrafusal fiber (Landon, 1966). In both types of ending, the sensory terminals are separated
from the sarcolemma of the adjacent muscle fiber only by the plasma membrane of the nerve
terminal itself. That is, the external lamina of intrafusal fibers does not extend through the
gap between the two plasma membranes of nerve and muscle, but continues over the surface
of the sensory endings (Merrillees, 1960; Landon, 1966; Corvaja et al., 1969; Hennig, 1969).
An intercellular gap of about 15-20 nm separates the adjacent cell membranes of the
intrafusal fiber and sensory ending (Corvaja et al., 1969) and, in some primary endings, the
presence of finger-like prolongations which penetrate from the internal surface of the
primary sensory ending into the depth of the intrafusal fiber have been observed (Corvaja et
al., 1969). Additionally, Schwann cells are not usually present on the sensory terminals

(Merrillees, 1960), a feature that distinguishes sensory endings from motor terminals.

The complex nature of motor innervation to muscle spindles has been a topic of
interest and one of controversy since it was first described by Cajal in 1888. Since a single
spindle receives from eight to twenty-five branches of sensory or motor axons it has taken
many years for the patterns of innervation to be elucidated. To date, many detailed reviews
of the motor innervation to spindies have been published (Boyd, 1981; Boyd and Smith, 1984;

Barker and Banks, 1986).

The motor endings are distributed in the juxtaequatorial and polar regions of
mammalian intrafusal fibers. In general, two forms of motor innervation to intrafusal fibers
have been described. The first type arises from gamma efferents, a group of axons with
smaller diameters and slower conduction velocities than those of alpha efferents which supply

the extrafusal fibers (Leksell, 1945). These nerve axons innervate all types of intrafusal
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fibers and are sometimes referred to as fusimotor axons (Barker, 1974). They have been
estimated to account for 30% of the nerve fibers in the ventral roots (Boyd and Smith,
1984). The second type are termed beta efferents or skeleto-fusimotor axons (Barker,
1974). They commonly innervate both extrafusal and intrafusal fibers by way of collateral
branches. These nerve fibers are generally low in number and, when seen, are located in the

distal polar regions of intrafusal fibers (Barker, 1974).

Both the gamma and beta efferents have been subdivided into static and dynamic
subgroups based upon the intrafusal fibers they innervate and how they influence the
response of the primary and secondary endings (Matthews, 1962; Boyd et al., 1975; Boyd,
1981). Generally speaking, gamma-static axons can innervate bag, fibers, chain fibers, or
both. Motor axons supplying bag; fibers are often of the gamma-dynamic and beta-dynamic
variety. The beta-static axons are usually restricted to the extracapsular regions of long

chain fibers (Kucera, 1980).

The gamma axons exhibit two types of terminal endings. The gamma-static axons that
terminate on either bag, or chain fibers or both are called “trail endings” (Barker et al.,
1970). They are typically found in the juxtaequatorial regions of these fibers and almost all
lie superficially on the muscle fiber with little or no postsynaptic folding. The other terminal
endings that are usually found in the midpolar zone correspond to the gamma-dynamic axons
and are termed “plates endings” or “Py plates” (Barker et al., 1970). These axon terminals
are nearly all clearly indented into the surface of the muscle fiber, however, little or no folding
of the postsynaptic membrane is evident. “Plate; endings” or “Py plates” are thought to be
the terminations of beta axons (Barker et al., 1970). They are smaller than Py plates, and, in
fact, resemble the plates of alpha motor axons on extrafusal fibers, however, show a lesser
degree of postsynaptic membrane folding. Beta-dynamic and beta-static axon endings have

been shown to be found on bags and long chain fibers respectively, the majority of which are

present in the extracapsular regions (Kucera, 1980).
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Thus, it is evident that the complex innervation, both sensory and motor, of intrafusal
fibers is in contrast to the innervation of extrafusal fibers which, as a rule, are innervated by
only one motoneuron, have a single motor end plate, and are not innervated by sensory

nerves.

Pathology

Despite considerable progress in the basic knowledge of muscle spindles there is still no
disease that can be directly attributed to defective or abnormal muscle spindle function. In
most diseases, pathological changes in spindles appear to be nonspecific and do not parallel
those in the surrounding extrafusal fibers (Lapresle and Milhaud, 1964; Patel et al., 1968).
Nevertheless, numerous pathological changes have been recorded and, for the most part,

have been consequences of either denervation experiments or neuropathies.

Studies of spindle morphology after denervation have been undertaken by Onanoff
(1890), Tower (1932, 1939), Boyd (1962), Barker et al. (1970), and Schréder (1974a, b).
Tower's studies (1932, 1939) revealed an increased thickness of the spindle capsules and of
the fibrous tissue in the periaxial space after sensorimotor denervation and after ventral
root section of prolonged duration, but not after sensory root section or dorsal
ganglionectomy. In man, sensorimotor denervation, whether due to mononeuropathy,
diabetes mellitus, or drug-induced neuropathy, results in striking capsular thickening
consisting of increased numbers of lamellae of perineurial capsular cells and increased
amounts of collagen (De Reuck, 1974; Swash and Fox, 1974). In sensory denervation due to
tabes dorsalis, or to carcinomatous sensory neuropathy (Croft et al., 1965) deposition of
collagen in the periaxial space is prominent only in the equatorial and juxta-equatorial regions,
whereas in motor denervation, capsular thickening is marked only in polar regions (Swash and

Fox, 1974).
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In both sensory and motor denervation, it has been reported that the nuclear chain
fibers undergo earlier and more severe degenerative changes than the nuclear bag fibers
(Swash and Fox, 1974) and, after a year or more, all the intrafusal muscle fibers show
degenerative changes, becoming clumped together in a poorly defined mass in the center of
the periaxial space. After prolonged motor denervation, however, polar regions show similar
atrophy of the intrafusal fibers, whereas equatorial regions show normal primary and
secondary sensory endings on nuclear bag fibers of only slightly reduced diameter (Swash and

Fox, 1974).

Morphological studies of muscle spindles in patients with Duchenne muscular dystrophy
(Lapresle and Milhaud, 1964; Cazzato and Walton, 1968) have shown swelling of periaxial
spaces of spindle capsules, and degeneration of intrafusal fibers. In a quantitative study of
230 muscle spindles by Swash and Fox (1976), the capsular thickness found in Duchenne
dystrophy was not as great as that found in denervated spindles and only a slight decrease in
diameter and in number of intrafusal muscle fibers was observed. However, they noted that
in some spindles the intrafusal fibers consisted of a degenerate mass of centrally placed
amorphous material, especially in areas of marked extrafusal fiber degeneration and fibrotic
tissue accumulation whereas in regions of relatively well-preserved extrafusal fibers, the
muscle spindles were usually less abnormal. In silver-impregnated longitudinal sections, the
pattern of motor and sensory innervation appeared normal (Swash and Fox, 1976). These
abnormalities described in spindles in Duchenne muscular dystrophy have been proposed to

contribute to the relatively early loss of tendon reflexes often found in this condition (Swash

and Fox, 1976).
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C. Immunofluorescence Microscopy

Immunofluorescence is a special field of fluorescence microscopy that involves the
detection of antigens by way of immune reactions. The original technique was developed by
Coons and Kaplan (1950), and modifications of this technique are currently the most widely
used microscopic fluorescence method in research. Originally restricted to fluorescein
isothiocyanate (FITC), immunolocalization techniques now utilize other, newly developed
fluorochromes such as rhodamine B 200, tetramethyl-rhodamine-isothiocyanate (TRITC), and

Texas Red.

The basic principle of immunofluorescence is based on the reactions of specific
antigens to specific antibodies. Antibodies are submicroscopic protein structures that
attach themselves to specific recognition sites on the surface of antigens. They are proteins
of the globulin group (immunoglobulins) that appear in plasma and tissue fluids after antigen
injection to the host organism. The immunoglobulins that are produced by the host react

specifically and bind strongly to the antigen.

Immunofluorescence is the coupling of immunoglobulins to substances that fluoresce
(fluorochromes) rendering them visible in the microscope without causing loss of the
antibody’'s biologic activity. Two basic methods are used for antigen localization in
immunofluorescence (Coons and Kaplan, 1950). The direct method is a simple detection
system that uses a solution containing a prelabelled antibody (i.e. conjugated to a
fluorochrome) on sections of tissue. The excess antibody is washed off, and the tissue is
observed under the fluorescence microscope. The second method is known as the indirect or
“sandwich” method. To avoid the preparation and storing of specifically labelled antibodies for
each antigen, the indirect method utilizes anti-antibodies that are produced in an
intermediate host of a different species. These anti-antibodies, or so-called secondary
antibodies, will react with every original (primary) antibody complex as if it were an antigen.

The secondary antibody can be visualized by directly attaching a fluorochrome, or by
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conjugating it to biotin which is then linked to a fluorochrome via the bacterial protein
streptavidin. The biotin-streptavidin system offers the advantage of an amplification step and
is therefore useful in the detection of antigens at low concentrations in tissues (Hsu et al.,

1981a, b).

Until recently the use of transmitted-light fluorescence microscopy was the only
method of observing fluorochromes. The few available exciter filters with their wide
transmittance ranges did not allow the use of specific fluorescence techniques and was not a
very reliable method for routine diagnosis. However, the situation has changed with the
increasing impact of the fluorochrome labelling techniques. Epifluorescence microscopy, a
system that uses incident-light excitation, has essentially replaced transmitted-light darkfield
illumination. In this type of microscope, illumination and observation can be made from the

same direction.

In summary, the use of immunofluorescence can reveal microscopic details of specific
antigen localization not obtainable by other histochemical methodologies. It is a powerful
technique that can provide a better understanding of the organization of specific
components such as proteins within tissues. Furthermore, simuitaneous localization of two
specific antigens (double-labelling) using two monospecific antibodies and two different
colored fluorochromes is possible and is an effective way to study the relationship of one
antigen to another (Vandesande, 1983). In this respect, it would be advantageous to apply
this method to the study of the localization of specific proteins in skeletal muscle and muscle

spindles.
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D. Thesis Objectives

Although there is extensive literature on dystrophin in normal and dystrophic
extrafusal muscle fibers (Bonilla et al., 1988; Hoffman et al., 1988; Carpenter et al., 1990;
Cullen et al., 1990; Byers et al., 1991), detailed information concerning the localization of
dystrophin in either normal or diseased intrafusal muscle fibers of muscle spindles is lacking.
To more clearly understand the role this protein plays in skeletal muscle it is necessary to
determine its precise localization in the different types of muscle fibers that constitute a
skeletal muscle. The intrafusal fibers of muscle spindles present a unique array of
characteristics that differentiate them in both structure and function from the larger and

more numerous extrafusal fibers.
Therefore, the present investigation was undertaken with the following aims:

(1) To determine the localization of dystrophin along the lengths of

intrafusal fibers in normal and mdx-dystrophic skeletal muscle.

(2) In view of the elevated levels of dystrophin reported to occur at
extrafusal fiber motor-end-plates of normal skeletal muscle, it was of
interest to determine the relationship between sensory nerve

innervation and dystrophin expression in the intrafusal fibers.

(3) To determine the effects of chronic denervation on dystrophin

expression in skeletal muscles and muscle spindles of normal mice.

The following hypotheses were tested in this study. First of all, that intrafusal fibers
of mdx-dystrophic mice exhibit a similar deficiency of dystrophin as that seen in the
extrafusal fiber population. Secondly, in normal skeletal muscle, the sensory innervation of
intrafusal fibers plays a role in modulating the subsarcolemmal expression of dystrophin. And

thirdly, chronic denervation of normal skeletal muscle does not affect the expression of
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dystrophin at synaptic and non-synaptic sarcolemmal membranes of extrafusal and intrafusal

muscle fibers.

This study will attempt to bring together the current knowledge of dystrophin
localization in skeletal muscle and will also provide new information about its distribution in the

intrafusal fibers of muscle spindles in both normal and pathological states.
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METHODS

Eighteen normal (C57BI/10SnJ) and 8 dystrophic (C57Bl/10mdx) male mice were
used in this study. Breeding pairs were originally obtained from Jackson Laboratories (Bar

Harbor, ME) and were raised and maintained in our animal facility.

The soleus muscles of both normal and mdx mice at 32 weeks of age were used. A
total of 24 muscles from 12 normal mice and 16 muscles from 8 dystrophic mice were
examined in this study. Animals were first killed with an overdose of halothane. The soleus
muscles from both hindlimbs were rapidly excised and pinned at resting fength on small wooden
blocks between two thinly sliced pieces of liver (for transverse sectioning), or adhered with a
small drop of O.C.T. embedding medium (Miles Laboratories, Naperville, lll.) to the wooden block
for longitudinal sectioning. Specimens were quickly frozen by plunge immersion in isopentane
cooled to -196° C in liquid nitrogen for 30 seconds and then transferred to a Forma Scientific
Bio Freezer maintained at -63° C for storage until sectioning and subsequent staining.
Before sectioning, specimens were mounted on metal chucks in either transverse or
longitudinal orientations to the long axis of the muscle fibers and allowed to equilibrate to
-20° C in a Bright Instruments 5030 series cryostat microtome (Huntington, England). Serial
sections of 5-um thickness were cut with a metal knife and collected on polylysine-coated
glass slides or coverslips. The slides were stored in a -20° C freezer for up to 2 weeks until

staining procedures were performed.

Histochemistry

Sections were stained with either hematoxylin and eosin (H & E) or with a modified
procedure to detect myosin adenosine-triphosphatase (mATPase) at acid (pH 4.6)

preincubation (Johnson and Ovalle, 1986). This ATPase method was adopted because it has
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the advantages of being less time consuming than previously published protocols, is relatively
safe since the ammonium sulfide step is eliminated, and can detect all three extrafusal fiber

types simultaneously using the same pH (Johnson and Ovalle, 1986).

The following steps in this procedure are outlined as follows. Cryostat sections (5-um
thickness) were collected on coverslips and allowed to air dry at room temperature. The
coverslips were preincubated for 3 min in barbitol acetate buffer (pH 4.6), washed twice for
60 sec in basic medium (pH 9.4), and then incubated in an adenosine triphosphate (ATP) basic
medium (pH 9.4) at 37°C for 20 min. Following incubation, the sections were stained with a
1% aqueous toluidine blue solution for 8 sec and then rinsed well with distilled water. The
coverslips were then processed through an ascending series of ethanols (50, 70, 90, 100%),

cleared in xylene, and mounted with Histoclad (Clay Adams, Parsippany, NJ).

Intrafusal fibers were typed according to the bag1, bag2, and chain classification of
Ovalle and Smith (1972). The histochemical profiles along the lengths of individual intrafusal
fibers were determined by examining serial sections of the receptor at intervals of 70 um.
Selected transverse profiles of spindles were photographed on T-Max 100 Kodak film using a

Leitz Orthoplan photomicroscope equipped with brightfield optics and a tungsten light source.

Immunofluorescence

Transverse and longitudinal sections were immunostained at room temperature in a
humidified chamber with the original polyclonal antibody (made in sheep) directed toward the
60 kD fusion protein of dystrophin (kindly donated by Dr. Eric Hoffman from the University of
Pittsburgh) diluted 1:1,000 in phosphate-buffered saline with bovine serum albumin (PBS BSA)
at pH 7.3 for 2 hr. Control sections were incubated with pooled normal sheep serum. After
repeated washes (3 x 15 min) with PBS BSA, a secondary biotinylated anti-sheep IgG

(Amersham, Oakville, ONT) diluted 1:200 was applied for 1 hr, washed (3 x 15 min) and
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decorated with a streptavidin-Texas red conjugate (Amersham, Oakville, ONT) (45-min
incubation). Sections were washed in PBS BSA (3 x 15 min), coverslips were applied
temporarily, and dystrophin immunolabelling was examined with a Zeiss axiophot epi-
fluorescence photomicroscope using a G 365 exciter filter. Muscle spindles were located in
both transverse and longitudinal planes and photographed on T-Max 400 Kodak (35 mm) black

and white print film pushed to 1600 ASA.

Innervation patterns of extrafusal and intrafusal fibers were revealed by
concommittant use of a nerve-specific antibody (Roden et al., 1991) that recognizes a 200
kD neurofilament protein. The coverslips of previously dystrophin-labelled slides were removed
and sections were incubated for 1 hr with the anti-neurofilament (200 kD) antibody (Sigma,
St. Louis, MO) diluted at 1:32, washed in PBS BSA (3 x 15 min), and then immunoreacted with
an anti-rabbit-FITC conjugate (Sigma, St. Louis, MO) diluted 1:32 in PBS BSA for 30 min. After
a final rinse in PBS BSA, coverslips were mounted with a 1:1 PBS BSA/glycerol medium.
Previously photographed dystrophin-stained spindles were relocated and their innervation

patterns were then photographed using epifluorescence and a BP 450-490 exciter filter.

Denervation

Six male C57BI/10SnJ mice were used to study the effects of denervation by
sectioning the sciatic nerve on dystrophin and neurofilament expression in normal skeletal
muscle. Denervation was performed on mature (32 wk) mice under halothane anesthesia. An
incision was made in the region just below the greater trochanter of the right femur and the
sciatic nerve was located and teased apart from its surrounding connective tissue. A large
section (5 mm) of the nerve was removed to prevent the possibility of reinnervation. The
cutaneous incision was then closed and sutured. Upon regaining consciousness, the

denervated leg of the mouse was flaccid and lack of motor control in the leg was evident by
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the failure to maintain a flexed or extended position. At 21 and 42 days post-denervation
intervals, the animals were killed with an overdose of halothane. The soleus muscle from the
denervated limb was rapidly excised and placed between two thinly-sliced pieces of liver.
Unoperated muscles from age-matched normal mice were placed alongside the denervated

muscles to serve as controls for immunofluorescent and morphological evaluation.

To determine if the animal was chronically denervated, the site of the nerve lesion was
relocated. In all cases the two cut ends of the sciatic nerve had not reunited. Additionally,
immunostaining with the neurofilament protein antibody was utilized to confirm whether
reinnervation had occurred. An absence of staining in axons and motor and sensory nerve

terminals indicated non-reinnervation.

Serial transverse cryostat sections were immunolabeled with the dystrophin antibody
(60 kD) using the previously described labelling procedure and were subsequently observed
under epifluorescence. Denervated intrafusal fibers were examined throughout the different
regions of the receptors for dystrophin labelling. Sections of muscle spindles were also post-

stained with H & E to provide morphological details.
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OBSERVATIONS

General Morphology

The mouse soleus muscle has been studied extensively by morphologists, histochemists,
and physiologists (Jasch et al., 1982; Bressler et al., 1983; Ovalle et al., 1983; Johnson and
Ovalle, 1986; Ovalle and Dow, 1986) due to its small size, ease of accessibility, unique fiber
type population and functional properties, and the relative abundance of muscle spindles. It is
classified as a slow-contracting muscle and, consequently, exhibits a proportionally high
number of slow-twitch extrafusal fibers to other muscles in the leg. Located in the posterior
compartment of the hindlimb just anterior to the large gastrocnemius, the soleus serves an

important role in the maintenance of posture (Barker, 1974).

When viewed in transverse-section by light microscopy, the normal soleus muscle
contained profiles of polygonally-shaped extrafusal fibers arranged in discrete pleomorphic
fascicles (Fig. 1). Intramuscular nerve fascicles and blood vessels were also observed and
coursed through the perimysial component of the muscle. The extrafusal fibers were
characterized by peripherally located nuclei and exhibited overall diameters ranging from 35

to 70 um. Very little intervening endomysial tissue was present between the muscle fibers.

In H & E stained sections of the mdx soleus, the extrafusal fibers exhibited obvious
signs of pathological change including central nucleation, degeneration, and extreme variation
in size and shape (Fig. 2). Extrafusal muscle fibers ranging from 20 um to 90 pum in diameter
were encountered and evidence of fiber splitting was seen in a relatively high number of the
extrafusal fibers. Additionally, the endomysial and perimysial connective-tissue showed high

levels of mononuclear cell infiltration and an overall increase in paracellular elements (Fig. 2).

Muscle spindles in the normal soleus typically contained 4-5 intrafusal fibers, two

large-diameter bag fibers and two or three small-diameter chain fibers (Fig. 3a, b, c). Bag
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fibers usually extended well beyond the limits of the capsular sleeve, while the chain fibers
terminated within capsular regions or shortly thereafter. In equatorial regions, the intrafusal
fibers were encased by a delicate inner capsule that separated them from a large periaxial
space (Fig. 3a). The outer capsule formed a prominent layer around the receptor and was

often flanked by nerves and blood vessels within the surrounding perimysial tissue.

In contrast to the extrafusal fibers, intrafusal fibers in the mdx soleus displayed a
relatively minor degree of histological change in dystrophy. In sections stained with H & E (Fig.
4a, b, c), the total number and overall appearance of the intrafusal fibers was similar to those
in the age-matched normal soleus. The number of intrafusal fibers ranged from 3 to 6 and
the lengths of the fibers did not show a significant difference from that of their normal
counterparts. Capsular thickening, however, was particularly evident in equatorial regions of
mdx spindles (Fig. 4c). It has been suggested that this may either be due to the relative
increase in overall endomysial connective tissue within the muscle or a morphological

adaptation of the receptor to protect itself from the disease process (Ovalle and Dow,

1986).

Histochemistry

The histochemical profiles of extrafusal fibers from sections of the normal (Fig. 5) and
the mdx (Fig. 6) soleus muscle are illustrated. Acid preincubation (pH 4.6) of the sections
revealed two distinct extrafusal fiber types based on their staining properties. At this pH,
darkly staining fibers were presumed to be of the type | (slow-oxidative) variety and pale-
staining fibers were presumed to be of the type lIA (fast-glycolytic) variety. Very few
intermediate staining fibers were observed. In this study, quantitative measurements of fiber

type distribution were not determined, however, it was noted that the mdx soleus appeared
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to contain a proportionally high number of type | fibers in comparison to its normal

counterpart.

Three intrafusal fiber types were clearly distinguished in polar regions of all spindles
using the mATPase reaction at an acid (pH 4.6) preincubation (Johnson and Ovalle, 1986). In
equatorial regions, however, all intrafusal fibers of both normal and mdx spindles were poorly
stained with this technique (Figs. 7a, 8a). Outside of this region, bags fibers were darkly
stained along their remaining lengths whereas chain fibers exhibited little reaction and were
pale staining (Figs. 7b, 8b). The staining pattern of bag; fibers was variable. Within the
juxtaequatorial zone, bag; fibers were observed to be lightly stained while in the more distal
polar regions these fibers characteristically stained darkly (Figs. 7c, 8c). These staining
profiles were noted in both the normal and dystrophic intrafusal fibers with little variation in
either the intensity or distribution of mATPase staining between corresponding intrafusal

fiber types.

Immunofluorescence microscopy

Frozen sections of the normal mouse soleus immunolabelled with the dystrophin
antibody consistently exhibited a strong reaction at the sarcolemmal domains of the
extrafusal fibers (Fig. 9a). These muscle fibers were homogeneous in size and appearance
and were typically polygonal in shape with little intervening endomysial connective tissue.
Additionally, a more intense staining reaction for dystrophin was particularly evident at the
motor end-plate regions of these fibers (Fig. 9a) which were confirmed as such by
colocalization in double-labelled sections with the 200 kD neurofilament-protein antibody (Fig.
9b). Presynaptic terminals of these neuromuscular junctions closely abutted the extrafusal
fibers and were typically crescent-shaped in transverse section (Fig. 9b). Intramuscular
nerve fascicles and sensory terminals in muscle spindles also displayed a high reactivity with

the neurofilament-protein antibody (Fig. 9b).
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Extrafusal fibers of the mdx soleus, in contrast, displayed little or no immunostaining
for dystrophin indicating the specificity of the antibody (Fig. 10a). There were, however, a
few extrafusal fibers in the mdx muscle (about 0.01 %) that exhibited either partial or
complete dystrophin staining at their sarcolemmal membranes. These dystrophin-positive
extrafusal fibres, previously reported by Karpati et al. (1990) in mdx mice, may reflect a

somatic back-mutation in the extrafusal fiber nuclei.

Concommitant immunolabelling with the neurofilament-protein antibody revealed
strong reactions in intramuscular nerve fascicles, individual axons, and sensory terminals of
muscle spindles in the mdx soleus (Fig. 10b). Terminal arborizations contacting extrafusal
fibers were distributed throughout the muscle and were assumed to be motor-nerve
terminals (Fig. 10b). No dystrophin reactivity, however, was seen in the sarcolemmal

membranes in contact with these terminals.

In muscle spindles of the normal soleus, the polar regions of intrafusal fibers displayed a
thin homogeneous peripheral rim of dystrophin immunolabelling similar to that observed at the
non-synaptic sarcolemmal membranes of neighbouring extrafusal fibers (Fig. 11a). Equatorial
and juxtaequatorial regions of intrafusal fibers, in contrast, displayed an inconsistent
dystrophin staining. Portions of the sarcolemma exhibited either decreased or deficient
dystrophin expression, whereas other areas retained a relatively normal labelling intensity
(Fig. 11b). Subsequent labelling of the same sections with the neurofilament-protein antibody
revealed sensory nerve-terminals of the annulospiral type encircling the perimeters of the
intrafusal fibers (Fig. 11c). Those areas deficient in dystrophin (Fig. 11b) consistenly

corresponded to the contact sites of the sensory nerve terminals (Fig. 11c).

Serial cross-sections (70 um intervals) of spindles in the normal soleus were cut to
determine the extent to which these dystrophin-deficient sites are found along the lengths of
the intrafusal fibers (Figs. 13a-f). Alternate serial-sections, in addition, were treated to

detect mATPase (Figs. 13a’-f) making it possible to histochemically differentiate the
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intrafusal fibers into bagy (pale), bags (dark staining), and chain (pale) fibers (Ovalle and Smith,
1972). These sections were used, subsequently, to reconstruct a muscle spindle along its
entire length (Fig. 13). Deficiencies of dystrophin at the intrafusal fiber sarcolemma were
observed in all three fiber types in the dilated intracapsular zones (equatorial and
juxtaequatorial regions) of the muscle spindle, occupying a region approximately 280-320 um
in length. The centralized portion of equatorial regions exhibited a relatively high frequency
of dystrophin-staining deficiencies (Figs. 13c, d) whereas more distal juxtaequatorial regions
displayed fewer focal deficiencies (Figs. 13b, e). Outside of this region and towards each pole,
the sarcolemmal dystrophin expression of the intrafusal fibers was homogeneous and
resembled that of the surrounding extrafusal fibers (Figs. 13a, f). No differences in

dystrophin labelling between nuclear bag and chain fibers or between bag; and bag, fibers

were evident in polar regions.

In longitudinal sections of normal intrafusal fibers (Fig. 14a) a more clearly demarcated
staining pattern for dystrophin was observed. At low magnification, a distinct transition from
a continuous sarcolemmal labelling in polar regions to a discontinuous pattern in the sensory
equatorial regions was evident (Fig. 14a). The sarcolemmal membranes of both nuclear bag
and nuclear chain fibers were characterized by alternating dystrophin-positive and
dystrophin-deficient segments (Figs. 15a, 16a). These dystrophin-negative sarcolemmal
segments measured 5 - 7 um in length and were found in the highly-nucleated areas of the
muscle fibers (Fig. 15b). In double-labelled longitudinal sections, an intensely-labelled network
of nerves arranged in an annulospiral fashion (Fig. 16b) were revealed immunofluorescently by
the 200 kD neurofilament-protein antibody. The areas of sarcolemma subjacent to these
nerve-terminal wrappings (primary sensory endings) corresponded to the dystrophin-
deficient segments seen previously. Secondary endings (flower-spray endings) were difficult
to identify with certainty due to the limitations of the neurofilament staining method and,

subsequently, could not be resolved as distinct terminations on the intrafusal fibers.
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When immunolabelled with the dystrophin antibody (Fig. 12b) and counterstained with
H & E (Fig. 12a), fluorescence microscopy showed a complete absence of dystrophin labelling
in the intrafusal fibers of muscle spindles in the mdx soleus. This finding is in agreement with
other immunocytochemical studies of skeletal muscle (Miike et al., 1989; Samitt and Bonilla,
1990; Tanaka et al., 1990) where dystrophin staining was briefly noted in muscle spindles. In
the sections labelled with the nerve-specific antibody, the sensory nerve-terminals in mdx
muscle spindles appeared unaltered morphologically and terminated in a similar fashion to that

observed in the age-matched normal soleus (Fig. 12c).

Denervation

Following sciatic denervation of normal muscle, obvious morphological alterations in the
muscle architecture of the soleus were observed. The extrafusal fibers exhibited a
progressive decrease in size and an increase in the number of centrally located nuclei. No
normal nerves were observed in either of the two denervation periods and the absence of
neurofilament protein labelling in both nerves and nerve terminals confirmed that the muscle
was not reinnervated. Although a decrease in extrafusal fiber size was observed, no changes
in either the dystrophin labelling pattern or its intensity was seen in either the 21-day (Fig.
17) or 42-day (Fig. 18) denervations. Additionally, elevated levels of dystrophin seen at
motor end-plates in normal muscle were also apparent in denervated muscle (Figs. 17, 18},
however, morphological confirmation of the the motor endings was not possible since
neurofilament protein labelling was absent.

In muscle spindles, several morphological characteristics were altered as a result of
denervation. Capsular thickening in equatorial regions was evident in both groups (Figs. 19a,
20a) with a marked increase seen in the 42-day denervated spindles (Fig. 20a). An overall
increase in the cellular components of the spindle capsule and the surrounding endomysial and
perimysial connective tissues was also noted (Figs. 19a, 20a). Intrafusal fibers only showed a

slight decrease in cross-sectional size and did not appear to parallel the dramatic decrease in
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size of the extrafusal fibers. Dystrophin labelling was homogeneously distributed at the
sarcolemma in polar regions, whereas equatorial regions displayed a heterogeneous
expression of dystrophin at their sarcolemmal membranes. Deficient zones of dystrophin
labelling were presumed to be sites of degenerating or necrotic sensory nerve terminals (Figs.
19b, 20b) and were consistent with those seen in intrafusal fibers of muscle spindies in the
normal soleus (Figs. 12b, 13b-e). This was evident in all intrafusal fiber types examined in this
study. In addition, neurofilament protein expression was consistently absent in sensory-
terminal regions of the muscle spindles in the denervated soleus at both the 21-day and 42-

day denervation periods (Fig. 19¢, 20c).
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Fig. 1. Transverse frozen section of a normal 32-week-old mouse soleus muscle stained
with H & E. Regularly-sized extrafusal fibers predominate in the field and appear polygonal in
shape with relatively little intervening connective tissue. A muscle spindle is indicated (curved

arrow). x325. Bar = 50 um.

Fig. 2. Comparative view of the soleus from a 32-week-old mdx-dystrophic mouse
stained with H & E. Large variations in extrafusal fiber size and central nucleation are
prominent features. A marked increase in connective tissue can be seen in the interstitium. A

muscle spindle is indicated in the center of the field (curved arrow). x325. Bar = 50 pm.

32






Fig. 3. Higher magnification views of a muscle spindle in the normal soleus stained with H
& E. The same muscle spindle is seen sectioned through its equatorial (3a), proximal polar (3b),

and distal polar (3c) regions. x820. Bar = 10um.

Fig. 4. Serial sections of a muscle spindle in the mdx-dystrophic soleus stained with H &
E. The spindle has been sectioned through its equatorial (4a), proximal polar (4b), and distal

polar (4c) regions. x820. Bar = 10um.
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Fig. 5. Low magnification view of a portion of the normal soleus stained for myosin
ATPase at pH 4.6. Note the mosaic-like appearance of the slow-twitch (dark staining) and

fast-twitch (pale staining) extrafusal fiber types. x325. Bar = 50um.

Fig. 6. Comparative view of a portion of the mdx-dystrophic soleus stained for myosin
ATPase at pH 4.6. Groups of slow-twitch (dark staining) extrafusal fibers separated by
relatively low numbers of fast-twitch (pale staining) extrafusal fibers are seen. x325. Bar =

50um.
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Fig. 7. High magnification views of a muscle spindle in the normal soleus stained for
myosin ATPAse at pH 4.6. Sections have been taken from equatorial (7a), proximal polar (7b),
and distal polar (7c) regions. Note the change in staining properties along the lengths of the

nuclear bag fibers. x820. Bar = 10um.

Fig. 8. Serial sections of a muscle spindle in the mdx-dystrophic soleus muscle stained
for myosin ATPase at pH 4.6. The spindle has been sectioned through equatorial (8a), proximal
polar (8b), and distal polar (8c) regions. Note the change in staining properties along the

lengths of the nuclear bag fibers. x820. Bar = 10um.
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Fig. 9. Pair of fluorescence micrographs of the same transverse section of the normal
soleus double-labelled with anti-dystrophin (a) and anti-neurofilament protein (b). The equator
of a spindie with four intrafusal fibers (curved arrows), a neuromuscular junction on an
extrafusal fiber (straight arrows), and a nerve fascicle (asterisks) are indicated. x300. Bar =

30 um.
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Fig. 10. Micrographs of the same section of the mdx soleus labelled with anti-
dystrophin (a), anti-neurofilament protein (b), and post-stained with H & E (c). The equator of
a spindle (curved arrows), a neuromuscular junction on an extrafusal fiber (straight arrows),
and a nerve fascicle (asterisks) are indicated. Note the absence of dystrophin in both the

extrafusal and the intrafusal fibers (a). x300. Bar = 30um.

42



43




Fig. 11. Polar (a) and equatorial (b) regions of a normal spindle stained with anti-
dystrophin show homogeneous staining at the periphery of polar intrafusal fibers (IF) and
dystrophin-deficient areas (arrows) in the equator (b). Double-labelling of the equator with

anti-neurofilament protein (¢) shows sensory nerve terminals. x900. Bar = 10um.

Fig. 12. Transverse section of an mdx spindle stained with H & E (a), anti-dystrophin
(b), and anti-neurofilament protein (c). Intrafusal fibers (IF) show no dystrophin labelling at
their periphery (b), whereas sensory terminals (curved arrows) appear normal (c). x900. Bar

= 10um.
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Fig. 13. Transverse serial sections (70um intervals) of a normal spindle immunolabelled
for dystrophin (a-f). Alternate sections are stained for myosin ATPase (a’-f). Dystrophin in
intrafusal fibers is reduced periodically in the equator (arrowheads). The three-dimensional
reconstruction on the right shows polar (Pole) and equatorial (Eq) regions of the muscle

spindle. x360. Bar = 30um.
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Fig. 14. Low magnification view of a longitudinal section of a muscle spindle in the
normal soleus immunolabelled for dystrophin (a) and post-stained with H & E (b). Note the
change in intrafusal fiber sarcolemmal staining from continuous in the polar region (Pole) to

discontinuous in the equator (Eq). x425. Bar = 30um.
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Fig. 15. Longitudinal section a a normal nuclear-bag fiber in the equatorial region
viewed with fluorescence (a) and phase-contrast (b) microscopy. Note the periodic pattern of
dystrophin expression along the sarcolemma (thin arrows) of the muscle fiber. Intervening
regions (white arrowheads) are deficient in dystrophin. The phase-contrast image reveals
punctate elevations (black arrowheads) corresponding to sensory nerve-terminals where

dystrophin is absent. x1,630. Bar = 10um.
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Fig. 16. Longitudinal views of two intrafusal fibers in the normal soleus double-labelled
for dystrophin (a) and neurofilament protein (b). Dystrophin-deficient regions of the
sarcolemma (arrows in a ) are consistent with those areas in contact with the annulospiral
sensory endings (arrows in b). The phase contrast image (c) reveals a nuclear bag (nb) and a

nuclear chain (nc) fiber. x1330. Bar = 10um.
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Fig. 17. Transverse sections of 21-day (a) and 42-day (b) denervated normal soleus
muscles immunolabelled for dystrophin. Note the persistence of dystrophin in all the extrafusal
fibers. Elevated levels of dystrophin are seen at the sarcolemmal membranes of some of the
extrafusal fibers (arrows). Small portions of age-matched control soleus muscles (left) are

included for comparison. x300. Bar = 50um.
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Fig. 18. Equatorial region of a 21-day denervated muscle spindle stained with H & E (a),
anti-dystrophin (b), and anti-neurofilament protein (c). Dystrophin is deficient on portions of
the intrafusal fiber sarcolemma (arrowhead). Note the complete absence of neurofilament

protein labelling (c) in the sensory regions of the muscle spindle. x625. Bar = 20um.

56






Fig. 19. Equatorial region of a 42-day denervated muscle spindle stained with H & E (a),
anti-dystrophin (b), and anti-neurofilament protein (c). Several focal deficiencies in dystrophin
labelling can be seen at the sarcolemmal membranes of the intrafusal fibers (arrowheads).
Note the overall increase in paracellular and cellular elements in the connective-tissue capsule

(a). x625. Bar = 20um.
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DISCUSSION

This study has shown for the first time how dystrophin is localized along the lengths of
intrafusal fibers in both normal and mdx-dystrophic skeletal muscle, and these observations
have recently been published (Nahirney and Ovalle, 1993). Although there have been many
studies over the past five years on dystrophin and its localization in skeletal muscle, only a few
have briefly alluded to the dystrophin staining characteristics of these fibers in muscle
spindles (Miike at al., 1989; Samitt and Bonilla, 1990; Tanaka et al., 1990; Zhao et al., 1992).
Use of the present methodologies has provided a more detailed description of the muscle
spindle in normal and dystrophic states and, in addition, has revealed important features
about dystrophin that directly contribute to our understanding of the functional role this

protein plays in normal skeletal muscle fibers.

Histochemistry

Three intrafusal fiber types in muscle spindles of the normal and mdx-dystrophic soleus
could be distinguished on the basis of mATPase staining characteristics. Moreover, regional
variations in staining intensity were observed, similar to those noted in the study by Johnson
and Ovalle (1986), and also to those seen in rat (Soukup, 1976; Banks et al., 1977; Khan and
Soukup, 1979), cat (Banks et al., 1977; Bakker and Richmond, 1981; Kucera, 1981), monkey

(Ovalle and Smith, 1972), and human (Kucera and Dorivini-Zis, 1979).

At acid preincubation (pH 4.6), equatorial regions of all intrafusal fiber types showed
little or no histochemical reactivity. In juxtaequatorial regions, the bagq fibers were acid-

labile whereas in distal polar (extracapsular) regions they were acid-stable. Thus, a staining

pattern that gradually changed in a sequential fashion from dark to light in the bagy fiber was

observed as serial sections of a spindle were followed from the polar end toward the equator.
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Bag. fibers, on the other hand, showed a high acid reactivity in juxtaequatorial and polar
regions, whereas chain fibers consistently exhibited low acid reactivity throughout their

lengths.

These histochemical staining properties were characteristic of both normal and
dystrophic intrafusal fibers. In contrast to the histochemical changes seen in extrafusal fiber
types in dystrophy, as noted in this study and in other murine dystrophies (Ovalle et al.,
1983; Wirtz et al.,, 1983), the mATPase reactivity of intrafusal fibers appeared to be
unaffected by the disease process. In mdx-dystrophic mice, bagy, bagy, and chain fibers could

be clearly differentiated based on reactivity in an acid preincubation. Moreover, bags fibers

showed the same regional variability as that seen in its normal counterpart.

It has been postulated that the variations in mATPase staining of the intrafusal fibers
are a consequence of their specific motor innervation (Yellin, 1969; Milburn, 1973). This
fusimotor influence can be disputed since Zelena and Soukup (1974) have demonstrated that
selectively de-efferented spindles at birth eventually differentiate and mature to obtain their
normal histoenzymatic characteristics. Additionally, Kucera (1981) has shown no correlation
between regional ATPase activity and the location, number, or type of motor endings
determined by cholinesterase staining. The histochemical profiles of these fibers has,
therefore, been suggested to be controlled by different neurotrophic factors than those of
the extrafusal fibers. Intrafusal fiber integrity may instead be influenced by beta innervation

in polar regions, or by sensory innervation in equatorial regions.

It has also been shown that the three types of intrafusal fibers exhibit different
isoforms of myosin in capsular (Pierobon-Bormioli et al., 1980; te Kronnie et al., 1981;
Rowlerson et al., 1985; Maier et al., 1988) and extracapsular polar (Kucera and Walro,
1989) regions. Furthermore, it has been reported that, like mATPase staining, the
expression of myosin heavy chains varies along the lengths of intrafusal fibers, whereas in

extrafusal fibers a uniform distribution of these isoforms is observed (Kucera and Walro,
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1989). Their observations revealed that intracapsular regions of intrafusal fibers contained
a relatively high concentration of slow-tonic and neonatal myosin isoforms while extracapsular
regions of these fibers displayed a strong reactivity to antibodies specific for slow-twitch and
fast-twitch myosin isoforms. A relationship between mATPase staining properties and the
expression of myosin heavy chains has been described by Kucera and Walro (1989) in the
extracapsular regions of intrafusal fibers, however, intracapsular regions were not shown to
have such correlations. Similarly, extrafusal fibers have been shown to have a relationship

between myosin composition and mATPase reactivity (Staron and Pette, 1986).

Immunolocalization of Dystrophin in Muscle Spindles

The topographic localization of dystrophin in the intrafusal fibers of muscle spindles
from normal and dystrophic mice was determined in this study. The results from this work
support the original findings of previous workers (Miike et al., 1989; Sammit and Bonilla, 1990;
Tanaka et al., 1990; Zhao et al., 1992) that dystrophin is localized under the sarcolemma of
the intrafusal fibers in normal muscle. However, in this study the consistency of dystrophin
expression was not homogeneous along the lengths of these fibers. By serial inspection of
transverse and longitudinal sections, all three intrafusal fiber types displayed a homogeneous
sarcolemmal labelling for dystrophin along the regions of each fiber not in contact with
sensory terminals. On the other hand, the sensory equatorial zone exhibited discontinuous
immunolabelling marked by short dystrophin-negative segments of sarcolemma interposed with
positive-staining regions. With the nerve-specific antibody, these dystrophin-deficient zones
in the intrafusal fibers were clearly identified as areas of the sarcolemma immediately

underneath sensory nerve-terminals.

Electron microscopic studies of mammalian spindies have revealed characteristics

about the sensory nerve terminals which suggest that a neurosecretory process may be
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involved at these sites (Boyd and Smith, 1984). Small membrane-bound vesicles with contents
thought to be neurochemical in nature have been seen in both primary and secondary nerve
endings. Additionally, this hypothesis is supported by deafferentation and developmental
studies which have shown that sensory nerves to spindles are required for differentiation
(Zelena, 1957; Milburn, 1973) and continued maintenance (Tower, 1932; Schréder, 1974a,
b; Schréder et al., 1978) of the intrafusal fibers. It is possible that sensory nerve innervation
plays a trophic role which promotes a modification in the structure of the subsynaptic
membrane (i.e. one that inhibits dystrophin expression at this site). Alternatively, either a
homologue of dystrophin (Pons et al., 1991) or a dystrophin-related protein (Ohlendieck et
al.,, 1991b), both of which have been recently described at neuromuscular junctions of

extrafusal fibers, may, in fact, assume the role of dystrophin at these locations.

Maier and Mayne (1993) have recently reported regional differences in the
organization of some of the cytoskeletal components at the equator of chicken intrafusal
fibers. In their study, the immunocytochemical expression of the cytoskeletal proteins, alpha-
actinin and filamin, was primarily limited to the region subjacent to the myosensory junctions
in the equatorial zones. Diametrically apposing nonsensory regions, on the other hand, did
not exhibit significant labelling for these proteins. However, they did express a sharply
delineated and narrow intrafiber crescent of vinculin colocalized with a crescent of talin. An
asymmetric distribution of beta-1-integrin molecules in the membrane was also noted and
coincided with the expression of vinculin and talin. They have proposed that this selective
arrangement is related to the mooring of the individual components of the myosensory
junction. Towards the end of the equator and in juxtaequatorial and polar regions, vinculin
and the other proteins gradually became distributed equally around the intrafusal fibers, a

change that paralleled the decreasing number of contacts made by sensory terminals.
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In the present study, dystrophin exhibited a similar variation in distribution at the
sarcolemma of normal murine intrafusal fibers. The absence of dystrophin at the myosensory

junction suggests that similar sarcolemmal attachment modifications occur at these sites.

In several ultrastructural studies of muscle spindles, specialized junctions between the
membranes of primary sensory terminals and adjacent intrafusal fibers have been described
(During and Andres, 1969; Smith and Ovalle, 1972; Kennedy et al., 1975). Their structural
resemblance to fascia adherentes in cardiac muscle (Kennedy et al., 1975) suggests that
these membrane specializations in spindles may serve as mechanical anchoring sites, thereby

inhibiting displacement of the apposed nerve terminal and muscle fiber membranes.

In a scanning electron microscopic study (Patten and Ovalle, 1991), the three-
dimensional morphology of sensory endings has shown that these focal adhesion points appear
as punctate bands that link the closely apposed membranes at irregularly spaced intervals.
Kennedy and coworkers (1975, 1980) have proposed that these junctions transmit
longitudinally applied shear forces directly to the nerve cell membrane. This distortion of the
membrane results in an increase in Na+ conductance which leads to generation of receptor
potentials (Hunt et al., 1987). These junctions may also provide an alternate method of
sarcolemmal adhesion to underlying myofibrillar structures since it is known that a peripheral
rim of subsarcolemmal myofilaments characterizes the equatorial region of intrafusal fibers
(Ovalle, 1972). Although dystrophin is thought to be a critical link between the sarcolemma
and the underlying contractile elements of a muscle fiber (Hoffman et al., 1987), its absence
under sensory nerve-terminals of spindles may be suggestive of a mechanical adaptation of

the intrafusal fiber for its role as a sensory transducer.

Another ultrastructural feature of sensory nerve-terminals on intrafusal fibers is the
absence of an intervening basal (external) lamina in the nerve-muscle cleft (Merrillees, 1960;

Landon, 1966; Corvaja et al, 1967; Hennig, 1969). This is in contrast to motor nerve-
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endings where an external lamina intervenes between the presynaptic terminal and the

sarcolemma of both intrafusal (Landon, 1966) and extrafusal (Sanes and Chiu, 1983) fibers.

It has been shown that dystrophin maintains a tight association with integral
membrane glycoproteins of 156 and 50 kD in skeletal muscle fibers (Ohlendieck et al., 1991a)
and that dystrophin-associated glycoproteins link dystophin to the extracellular matrix
(Ibraghimov-Beskrovnaya et al., 1992). The lack of an association of the subsynaptic
sarcolemma at the sensory nerve-terminal with an external lamina might somehow be related
to the absence of dystrophin at these sites. |If incorporation of the glycoproteins is
dependent on the presence of an external lamina, then the synaptic sarcolemma would be
void of attachment points which may function as ‘dystrophin receptors’. The functional role
of the dystrophin-glycoprotein complex is not well established but it has been postulated to
either stabilize the plasma membrane, maintain a non-uniform distribution of a membrane
glycoprotein such as a cell receptor or ion channel, or it could be a link between dystrophin

and the extracellular matrix (Campbell and Kahl, 1989).

Intrafusal fibers in Dystrophic Mice

The complete absence of dystrophin in spindles of the mdx mouse indicates that the
intrafusal fibers exhibit the same primary defect in muscular dystrophy as seen in the
surrounding extrafusal muscle fibers. From a physiological perspective, however, the absence
of dystrophin in mdx intrafusal fibers may not be as detrimental as it is for the extrafusal
fiber population. Muscle spindles in the dystrophic soleus observed in this study did not exhibit
drastic morphological changes from their normal counterparts, and no abnormally-sized or
necrotic intrafusal fibers were encountered. It is possible that their small diameters,

substantially lower tension-outputs, and capsular investment may decrease the chance of
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focal sarcolemmal tearing and subsequent fiber necrosis, the process that is thought to

occur primarily in the larger diameter extrafusal fibers (Karpati and Carpenter, 1986).

Light and electron microscopic studies of muscle spindles in other murine dystrophies
have revealed similar results. Failure to detect abnormalities in hindlimb spindles of either the
dy (Meier, 1969; Yellin, 1974) or the dy2J (James and Meek, 1979; Ovalle and Dow, 1986;
Johnson and Ovalle, 1986) mouse, both autosomal recessive in nature, may be indicative of
the lack of involvement of the receptors in the disease process. There has been, however,
descriptions of atrophy in polar regions of intrafusal fibers and also capsular thickening in
equatorial regions of spindles in the 1-year-old dy2) mouse (Ovalle and Dow, 1986). The
thickening of the capsule in equatorial regions has been postulated to be an adaptive
response of the receptor to sequester the delicate sensory regions of the intrafusal fibers

(Ovalle and Dow, 1986).

Sensory signal-transduction in spindles of the mdx mouse at the level of the sensory
nerve/intrafusal fiber junctions is not likely to be affected in this animal model for dystrophy
for two reasons. First, sensory-endings revealed immunofluorescently in double-labelled
sections with the nerve-specific antibody appeared to be unaltered in dystrophy; they
terminated in a normal annulospiral fashion similar to that observed in the age-matched
control soleus. Secondly, even though dystrophin is absent in dystrophic intrafusal fibers, it is
possible that this feature has little bearing on sensory transduction since, in normal muscle,
dystrophin is also either significantly reduced or absent in the sarcolemma immediately

underlying sensory terminals.
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Denervation

The speculation that trophic factors emanating from the nervous system play a role in
determining the expression of dystrophin was tested in the denervation experiments of
normal mature mice. It was predicted that if trophic factors from sensory nerve terminals
were absent, the expression of dystrophin at these sites would increase to a level equivalent
to that seen in nonsynaptic regions of the sarcolemma. The results of this experiment
revealed that at both 21-day and 42-day post-denervation time periods, absent or very low
levels of dystrophin were still persistent in the equatorial region of the intrafusal fibers. From
these observations, it was apparent that a neurotrophic influence was not the primary cause

of the dystrophin deficiency and that alternate factors were involved.

There is the possibility that post-denervation times may not have been long enough for
termination of this neurosecretory process. This, however, is unlikely since it has previously
been shown by Barker et al. (1970) that all traces of motor and sensory nerve endings on
cat intrafusal fibers disappear 96 hours after muscle nerve-section. In the present study,
several morphological changes within the muscle had already occurred which were indicative
of denervation. The atrophy of extrafusal fibers and, to a lesser degree, the intrafusal fibers,
along with the absence of neurofilament protein expression in nerves and nerve terminals
were obvious signs of a significant deprivation of nerve influences. Additionally, capsular
thickening in equatorial regions and an overall increase in the cellular components of the
endomysial and perimysial tissue were evident in both time periods with a significant increase
seen in the 42-day denervated spindles. The changes observed in the overall morphology of

muscle spindles emphasize the importance of innervation in the maintenance of spindle

structure.

The unaltered immunoreactivity of the dystrophin antibody in both the extrafusal and
intrafusal fibers of denervated normal muscle indicates that this protein is not affected by

the absence of neural stimulation or neurotrophic factors. Moreover, the extrafusal fibers
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continued to show elevated levels of dystrophin at distinct regions of their sarcolemma.
These regions closely resembled the intensely-stained motor end-plate regions seen on the
extrafusal fibers in the normal soleus and were presumed to be areas of degenerated motor
neuromuscular junctions. These observations suggest that innervation does not play a crucial

role in the adult in determining the expression of dystrophin in the subsarcolemmal lattice.

CONCLUSIONS AND FUTURE DIRECTIONS

The overall purpose of this study was to investigate more closely the localization of
dystrophin in mouse muscle spindles in both normal and diseased states and, then to use this

data to help elucidate the possible functions of dystrophin. The results can be summarized as

follows:

1. In normal mouse skeletal muscle, dystrophin was found in all regions of the
sarcolemma of intrafusal fibers except in those areas in contact with sensory
nerve terminals.

2. In mdx-dystrophic muscle, the intrafusal fibers were deficient in dystrophin
throughout their lengths, even though sensory innervation patterns appeared
normal.

3. Chronic denervation of the normal mouse soleus did not significantly affect the

expression or distribution of dystrophin in the intrafusal fibers of muscle

spindles.

From these results several conclusions can be drawn regarding the function of
dystrophin.  First, the sensory innervation to an intrafusal fiber specifically affects the
subsarcolemmal distribution of dystrophin. The exact reason why this occurs remains

unclear, however, evidence from the chronically denervated spindles in this study indicates
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that a neuromodulatory role in the form of a hormone or a chemical transmitter is unlikely. A
more plausible explanation for this occurrence would be the unique ultrastructure of the
sensory nerve/muscle junction itself. In contrast to motor endings where a basal lamina
exists in the nerve-muscle cleft, sensory endings lack an intervening basal lamina. At these
sites, the basal iamina of the intrafusal fiber is continuous with the external surface of the
sensory nerve terminal. This feature of the sensory nerve/muscle junction suggests that
dystrophin expression is dependent on the presence of a basal lamina. It is possible that
components of the basal lamina are required for the mechanical linking of dystrophin via the
integral membrane proteins to the extracellular matrix. The functional role for dystrophin

would, therefore, predict one that is mechanical in nature.

Secondly, it can also be concluded that the sensory synaptic domains of the
sarcolemma in equatorial regions of intrafusal fibers are structurally similar with respect to
dystrophin expression in both normal and mdx muscle tissue, and, that the presence of
dystrophin in these zones is not required for normal sensory nerve/muscle fiber interaction.
This, however, does not eliminate the possibility of dystrophin-like proteins assuming the role
of dystrophin at these sites. Further studies, involving high resolution microscopic techniques
coupled with immunogold labelling may provide a better understanding of the exact
localization of dystrophin at sensory junctions in muscle spindles. In addition,
immunolocalization of other cytoskeletal components, such as cell adhesion proteins and
dystrophin-associated and dystrophin-related proteins, would be beneficial for comparing and
contrasting differences that exist between synaptic and nonsynaptic membranes in skeletal

muscle.
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