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Myotubular Myopathy: Arrest of
Morphogenesis of Myofibres Associated with
Persistence of Fetal Vimentin and Desmin
Four cases compared with fetal and neonatal muscle

Harvey B. Sarnat

ABSTRACT: Vastus lateralis muscle biopsies of four unrelated male neonates showing myotubular (i.e. centronucle-
ar) myopathy (MM) were compared with muscle from four human fetuses in the myotubular stage of development, a
31 week preterm infant and four term neonates. The perimysium, blood vessels, spindles, myelinated intramuscular
nerves, and motor end-plates in MM are as well developed as in term neonatal muscle. The cytoarchitecture of myofi-
bres in MM is more mature than that of fetal myotubes in the spacing of central nuclei, Z-band registry, development of
the sarcotubular system, and in the condensation of nuclear chromatin and nucleoli. Triads in MM may retain an imma-
ture oblique or longitudinal orientation. Myofibrillar ATPase shows normal differentiation of fibre types, consistent
with normal innervation. Spinal motor neurons are normal in number and in RNA fluorescence. Immunoreactivity for
vimentin and desmin in myofibres of MM is uniformly strong, as in fetal myotubes and unlike mature neonatal muscle.
Maternal muscle biopsies of two cases also showed scattered small centronuclear myofibres reactive for vimentin and
desmin. The arrest in morphogenesis of fibre architecture in MM is not a general arrest in muscle development.
Persistence of fetal cytoskeletal proteins that preserve the immature central positions of nuclei and mitochondria may
be important in pathogenesis. Vimentin/desmin studies of the infant and maternal muscle biopsies are useful in estab-
lishing the diagnosis.

RESUME: Myopathie myotubulaire: Arrét de la morphogenése des myofibres associé 4 une persistance de la
vimentine et de la desmine fétales On a comparé des biopsies musculaires du vaste externe prélevées chez quatre
nouveau-nés males sans lien de parenté, montrant une myopathie myotubulaire (centro-nucléaire MM), & des muscles
provenant de quatre foetus humains durant I’étape myotubulaire de développement, d’un enfant prématuré agé de 31
semaines, et de quatre nouveau-nés a terme. Le périmysium, les vaisseaux sanguins, les fuseaux musculaires, les nerfs
myélinisé€s intramusculaires, et les jonctions neuro-musculaires sont aussi bien développés dans la MM que dans le
muscle néo-natal a terme. La cyto-architecture des myofibres dans la MM a un niveau de maturité supérieur a celui des
myotubes foetaux en ce qui a trait aux intervalles entre les noyaux centraux, a 1’alignement des striations transversales,
au développement du systéme sarcotubulaire, et a la condensation de la chromatine nucléaire et du nucléole. Les triades
dans la MM conservent souvent 1’orientation oblique ou longitudinale de 1’état immature. La différenciation histochim-
ique des myofibres selon I’ATPase myofibrillaire reste mature dans la MM, suggérant une innervation normale. Les
neurones moteurs spinaux sont normaux en nombre et a I’égard de la fluorescence pour ’ARN. L'immunoréactivité
pour la vimentine et pour la desmine dans les myofibres de MM est uniformément forte, semblable aux myotubes
foetaux et dissemblable au muscle mature néo-natal. Les biopsies musculaires des meres de deux cas montrérent égale-
ment des petites myofibres éparses a4 noyaux centraux, réactives pour la vimentine et pour la desmine. La MM
représente un arrét de la morphogenese de I’architecture de la myofibre mais non arrét général du développement mus-
culaire. La pathogengse est vraisemblablement une presévérance des protéines cytosquelettiques du foetus qui mainti-
ennent la localisation centrale immature des noyaux et des mitochondries. Les études de la vimentine et de la desmine
dans les biopsies musculaires de la mere et de I’enfant sont utiles pour établir le diagnostic.

Can. J. Newrol. Sci. 1990, 17: 109-123

From the Departments of Pathology, Paediatrics, and Clinical Neurosciences, University of Calgary Faculty of Medicine, Calgary
Presented at the Canadian Congress of Neurological Sciences, Ottawa, Canada, June 13-17, 1989

Received July 18, 1989. Accepted in final form December 4, 1989

Reprint requests to: Dr. H.B. Sarnat, Alberta Children’s Hospital, 1820 Richmond Road S.W.,, Calgary, Alberta, Canada T2T 5C7

109

https://doi.org/10.1017/S0317167100030304 Published online by Cambridge University Press


http://morphogene.se
https://doi.org/10.1017/S0317167100030304

THE CANADIAN JOURNAL OF NEUROLOGICAL SCIENCES

T 4

i

T W P i w r

J' " ./ .[ ch "_0‘ X -
B sl
o ; - N

110

https://doi.org/10.1017/50317167100030304 Published online by Cambridge University Press


https://doi.org/10.1017/S0317167100030304

The term “myotubular myopathy” implies a disorder result-
ing from maturational arrest of embryonic muscle, the expressed
intent of Spiro et al. in describing an adolescent boy with mild
weakness whose muscle biopsy showed centronuclear myofi-
bres.! Subsequent authors often have made the same assumption
or assertion about persistent fetal myotubes.2-5 The concept was
reinforced by the lack of change in the myotubular appearance
of muscle fibres in the same patient from the neonatal period 1o
later infancy.5 The conclusion that the disease was due to persis-
tent fetal muscle was soon questioned by Sher et al.,6 and by
Munsat et al. who found mature rather than fetal myoglobin in
the muscles of affected infants, as in the normal term neonate.”
A few authors compared muscle from myotubular myopathy
with true fetal muscle, but the results were inconclusive.3:8

The more neutral and descriptive term “centronuclear
myopathy” is preferred by many authors because it avoids
pathogenetic inferences, but this terminology is also less than
satisfactory because of its lack of specificity; internal nuclei
occur as a secondary phenomenon in many myopathies and in
chronic states of denervation.

The recognition of three modes of genetic transmission iden-
tifies myotubular myopathy as more than a single disease. The
best documented form is X-linked recessive,8-16 and it is this
form that is most common, particularly in infantile cases.!6
Autosomal dominant inheritance is demonstrated in some fami-
lies.4.17-19 Most are older children or adults, but some are
already symptomatic at birth.!9 An autosomal recessive form
also is proposed.6.2021 Clinical expression varies greatly regard-
less of genetic transmission trait. Some cases are severe in the
neonatal period, with respiratory insufficiency often leading to
early death.5.11.13.22:27

The controversy whether myotubular myopathy is a true mat-
urational arrest of fetal muscle remains unresolved and the
pathogenesis is still highly speculative. Congenital anomalies of
other systems that may be dated from the myotubular stage of
development are not associated. The appearance of a cranio-
pharyngioma in one boy with a centronuclear myopathy is prob-
ably fortuitous.28 Similarly, a single case report of multiple con-
genital anomalies and myotubular myopathy,2? and this
myopathy in a patient with Marfan syndrome30 do not suggest a
common etiology. The ontogenesis of striated muscle in humans
is well characterized in terms of morphological, ultrastructural,
and histochemical maturation and is as precisely time-linked as
is the development of the nervous system.3!-34 The purpose of
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the present study was to compare muscle from four unrelated
infantile cases of myotubular myopathy with muscle morpholo-
gy and ultrastructure from normal human fetuses in the
myotubular stage of development at 8-15 weeks gestation and
from normal premature and term neonates. Immunoreactivity
for the fetal intermediate filament proteins vimentin and desmin,
an aspect not previously studied, also were examined. Maternal
muscle biopsies were studied in three of the four cases.

MATERIALS AND METHODS

Four well-formed human fetuses ranging in postconceptional
age from 8-15 weeks were available from therapeutic abortions.
None had gross congenital malformations or stigmata of genetic
disease. There was no family history of neuromuscular or genet-
ic disease in any case.

A surgical muscle biopsy was performed in a 12-day-old
preterm infant born at 29 weeks gestation to rule out myopathy
as a cause of lack of respiratory drive. Four full-term neonates
underwent surgical muscle biopsies because of hypotonia and
suspected congenital myopathies. These biopsies, all interpreted
as normal, served as additional controls.

Four unrelated male neonates with clinical signs of severe
myopathy had muscle biopsies fulfilling the criteria of myotubu-
lar myopathy. Patient | was born at term weighing 3300 g and
survived 9 months, when he died of an unsuspected haeman-
gioma of the liver that ruptured spontaneously. A complete
autopsy was performed and the clinical and pathological details
of this case were reported previously.> Muscle tissue was still
available for further study at this time.

Patient 2 was born by emergency caesarian section at 38
weeks gestation after spontaneous rupture of the membranes and
the onset of fetal distress. The pregnancy had been complicated
by polyhydramnios and pre-ecclampsia. Birth weight was 2840
g. The infant required incubation at birth, and died at 9 days of
age while still dependent upon the respirator. Permission was
given for only a limited autopsy that included several muscles,
diaphragm, spinal cord and nerve roots.

Patient 3 was delivered at 32 weeks gestation by emergency
caesarean section for fetal distress and polyhydramnios. Birth
weight was 1855 g. The infant was intubated at birth and
remained dependent upon the ventilator until his death at 7
weeks. Muscle biopsy was performed at 34 days of age, at a
conceptional age of 36 weeks.

Figure | — Cross-section through thigh of 12 week human fetus. The fascicular organization of the muscle is rudimentary, with only a few connective
tissue septae beginning to divide the muscle (small arrowheads). The large connective tissue septum in the centre (large arrowhead) is the develop-
ing capsule that will separate the vastus lateralis (left) from the rectus femoris (right) portions of the quadriceps femoris. Early myotubes tend 1o
aggregate in the periphery of the developing muscle, and more mature nyotubes in the centre. No muscle spindles are formed. A few blood vessels
(v) penetrate the muscle as thin-walled channels. Haematoxylin-eosin. Bar = 100 pm.

Figure 2 — Cross-section of myotubes in 14 week fetus. Early myotubes have only a thin rim of cytoplasm around the nucleus, and late myotubes are
much thicker with more myofibrils. Haematoxylin-eosin. Bar = 15 pm.

Figure 3 — Longitudinal section of 14 week fetus. Nuclei are large and vesicular and have prominent nucleoli. Some are spaced apart from one anoth-
er with a central core of intervening sarcoplasm, and others are tightly apposed as a packed column with no intervening sarcoplasm.
Haematoxylin-eosin. Bar = 12 um.

Figure 4 — Intramuscular vascular channel in a 12 week human fetus. Endothelial cells have sparse cytoplasm and small nuclei, and no smooth mus-
cular walls are formed around even the channels with the largest lumens. Semithin plastic section. Haematoxylin-eosin. Bar = 10 pm

Figures 5, 6 — Central nuclei of myotubes of (Figure 5) 12 week and (Figure 6) 14 week fetuses. The large nuclei have finely dispersed chromatin.
Nucleoli consist of reticular nucleolonemi. Z-bands of adjacent myofibrils are not in register. EM. Bar = (Figure 5) 2 pm; (Figure 6) 2 pm.
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Patient 4 was a 3145 g full-term infant who had respiratory
insufficiency at birth and required incubation. Macrognathia and
multiple joint contractures were present. He died at three days
of age with bilateral pneumothoraces and increasing difficulty
with mechanical ventilation.

Though Patient 1 was less severe than the others and did not
require mechanical ventilation, all four infants showed general-
ized muscular hypotonia, diffuse weakness, minimal sponta-
neous motor activity, areflexia, and a thin muscle mass in the
extremities. Gavage feeding or parental nutrition was required
in all. Except for facial weakness and high palates in all cases
and contractures in one infant, no congenital anomalies were
detected. The hepatic haemangioma was not detected in Patient
1 until after death. Chromosomes showed a normal 46XY
karotype in all cases.

Family histories in all three cases were negative for docu-
mented neuromuscular disease. Patients 1 and 3 were born to
primigravida mothers. Patient 2 was born to a gravida 4 mother
who had 3 previous normal children, two girls and a boy. Patient
4 was also born to a gravida 4 mother, but her previous pregnan-
cies had terminated in two spontaneous abortions and one live-
born male infant who died in the neonatal period of “congenital
heart disease”. Autopsy was not performed.

The vastus lateralis (quadriceps femoris) muscle was studied
in all fetuses and infants including the neonatal controls. Muscle
tissue was rapidly frozen in isopentane cooled to -160°C in lig-
uid nitrogen and transverse sections of 6 pm were cut in a cryo-
stat. Standard techniques were applied for the following histo-
logical and histochemical stains: haematoxylin-eosin; modified
Gomori trichrome; periodic acid-Schiff reaction; oil red 0; total
myophosphorylase; nicotinamide adenine dinucleotide-tetrazoli-
um reductase (NADH-TR); acid phosphatase; calcium-mediated
myofibrillar adenosine triphosphatase (ATPase) preincubated at
pH 10.4, 4.6, and 4.3; acridine orange (AO) fluorochrome.
Unstained sections also were examined in the fluorescence mis-
croscope for autofluorescent lipochrome pigment. An additional
portion of the muscle biopsy was fixed in 10% buffered forma-
lin and embedded in paraffin for longitudinal and transverse his-
tological sections. A portion of each muscle was fixed in 2%
glutaraldehyde and processed for transmission electron
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microscopy (EM) by embedding in epoxy resin and staining thin
longitudinal and transverse sections with osmium tetroxide and
lead citrate.

Additional unfixed frozen and formalin-fixed paraffin sec-
tions were stained for peroxidase-antiperoxidase immunoreac-
tivity for vimentin and for desmin, using mouse monoclonat
antibodies (BiogenexR MA-074-5C and MA-072-5C). Dilutions
of 1:50 were used. Sections of fetal and neonatal muscle were
incubated simultaneously.

The mothers of three infants with myotubular myopathy con-
sented to muscle biopsy of themselves. The tissue from the
mother of Patient 1 was no longer available for vimentin and
desmin studies, but other features were studied.> The mothers of
Patients 3 and 4 are here reported.

At autopsy, the brains of Patients 1, 3, and 4, and the spinal
cords of all four patients with myotubular myopathy were
removed and prepared for neuropathological examination
according to standard methods. Paraffin-embedded sections of
lumbar spinal cord were compared with age-matched controls,
but serial sections for quantitative counts of motor neurons were
not performed.

Some spinal cord sections were stained with AO and exam-
ined in the fluorescence microscope. Vimentin immunoreactivi-
ty was examined in fetal, neonatal, and myotubular myopathy
spinal motor neurons. Segments of ventral nerve roots were
fixed in 2% glutaraldehyde and prepared for electron micro-
scopic examination; other segments were fixed in formalin,
paraffin-embedded, and stained with haematoxylin-eosin and
luxol fast blue. Multiple muscle samples were taken from the
diaphragm, intercostal muscles, and upper and lower extremi-
ties. Some portions of muscle were frozen in a cryostat for his-
tochemistry and studied as with the surgical muscle biopsies;
others were fixed in formalin or in glutaraldehyde for histologi-
cal and EM examination.

RESULTS

The comparison of striated muscle from the vastus lateralis
and other muscles from the early fetuses, the 31 week premature
infant, and from the term neonates is summarized in Table 1.

Figure 7 — Cross-section of vastus lateralis muscle of term neonate with myotubular myopathy. The fascicular organization of the muscle is as well
developed as in the normal term neonate with well formed connective tissue septae. A muscle spindle (s) is seen. intramuscular nerves (n) are well
SJormed, and mature blood vessels with muscular walls (v) as well as capillaries are developed. Haematoxylin-eosin. Bar = 75 pm.

Figure 8 — Cross-section of myofibres in myotubular myopathy. Centronuclear fibres resemble late myotubes in being a thick cylinder of contractile
proteins surrounding a central row of nuclei with intervening sarcoplasm in the core. Scattered myofibres appear more mature with peripheral sar-
colemmal nuclei and uniformly distributed sarcoplasmic membranous structures between myofibrils. Modified Gomori trichrome. Bar = 15 um.

Figure 9 — Longitudinal section of muscle in myotubular myopathy. The central nuclei are elongated and are spaced several nuclear diameters apart
from one another, rather than as a tightly packed column. Haematoxylin-eosin. Bar = 30 um.

Figure 10 — In neonatal myotubular myopathy, triads (1) have a random orientation, longitudinal, oblique. or perpendicular to the long axis of the
myofibre. This is an immature feature resembling the 20-32 week fetus, but unlike the 8-15 week fetus, triads are well formed. Bar = 1.5 um.

Figure 11 — Central myofibre nuclei in myotubular myopathy show variable condensation of nuclear chromatin, often less than in the 31 week or term
neonate but more than in the 14 week fetus. Nucleoli are much more compact than in the fetus and have a density similar to the normal term
neonate. Mitochondria are mainly central and centripetal in distribution. Z-bands are in register (arrowheads). Reproduced from Can J Neurol Sci

1981; 8:313-320. EM. Bar = 4 um.

Figure 12 — Longitudinal section of two myofibres of diaphragm of term neonate with myotubular myopathy shows large numbers of tightly packed
mitochondria in the central core between central nuclei. In addition to the abnormal distribution, the number of mitochondria greatly exceeds that
seen in the normal term neonate, even though myofibres in the diaphragm normally have more numerous mitochondria than those from muscles of

the extremities. EM. Bar = 5 pm.
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Table 1: Comparison of Striated Muscle from Human Fetuses, Neonates and Patients with Neonatal Myotubular Myopathy

myotubular
8-15 week fetus 31 week fetus 40 week infant myopathy
ORGANIZATION OF MUSCLE
Perimysium unformed well formed well formed well formed

Blood Vessels

Spindles

Nerves

Neuromuscular Junctions
MYOFIBRE MORPHOLOGY

Nuclear Position

Nuclear Chromatin
Z-band register
Mitochondria
Triads

Glycogen
Ribosomes

Basal Lamina
Presumptive Myoblasts or
Satellite Cells

Myoblast Fusion

HISTOCHEMISTRY OF MYOFIBRES
Ouxidative Enzymes
Periodic Acid-Schiff reaction
Myofibrillar ATPases
Acid Phosphatase

Acridine Orange-RNA Fluorescence

MYOGLOBIN7

thin-walled channels

unformed
unmyelinated
few; simple

central row; closely and
widely spaced in fibre

fine
absent
central
unformed

central and myofibrillar

many; associated with
myosin synthesis

encloses 1-3 myotubes
many; frequent mitoses

present

central and
subsarcolemmal; no
type differentiation

central; no type
differentiation

no type differentiation
present in scattered

myotubes
strong

fetal type

IMMUNOREACTIVITY OF MYOFIBRES

Vimentin
Desmin

CELL DEATH

strong
strong

scattered degenerating
myotubes

arterioles, venules
and capillaries

well formed
myelinated
many; mature

peripheral; widely
spaced

coarse

present
intermyofibrillar

oblique or perpendicular
to long axis

intermyofibrillar
few

encloses 1 myofibre
fewer than 15 week
fetus; few mitoses
absent

intermyofibrillar; type
differentiation

intermyofibrillar; type
differentiation

type differentiation;
subtypes of 11

absent from myofibres

absent

mixed fetal and mature
types

weak
weak

no degeneration

arterioles, venules
and capillaries

well formed
myelinated
many; mature

peripheral; widely
spaced

coarse

present
intermyofibrillar
pe_rpendicular to long
axis

intermyofibrillar

few

encloses 1 myofibre
few; rare mitoses

absent

intermyofibrillar; type
differentiation

intermyofibrillar; type
differentiation

type differentiation;
subtypes of 11

absent from myofibres

absent

mature type

nil
nil

no degeneration

arterioles, venules
and capillaries

well formed
myelinated
many; mature

central row; widely
spaced

coarse or fine
present
central

oblique or perpendicular
to long axis

central

fewer than 15 week
fetus

encloses 1 myofibre
few; rare mitoses

absent

central and
subsarcolemmal; no
type differentiation

central; no type
differentiation

type differentiation;
subtypes of 11

absent from myofibres

weak or moderate in
some myofibres; absent
in most

mature type

moderate or strong
strong

no degeneration

Unlike the absent or rudimentary perimysial connective tis-
sue septae of fetal muscle in the myotubular stage (Figure 1),
the fascicular organization of muscle in myotubular myopathy
(Figure 7) is as mature as in the term neonate and is already well
formed by 31 weeks. Blood vessels are not the thin-walled vas-
cular channels lined by endothelial cells with sparse cytoplasm
found in the fetus (Figure 4), but rather mature capillaries as
well as arterioles and venules with muscular walls.

Muscle spindles are unformed in fetal muscle before 15
weeks, but fully developed spindles are seen in myotubular
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myopathy, as at 31 weeks and at term (Figure 13). Intrafusal
muscle fibres of both the nuclear bag and nuclear chain varieties
are found, the spindle capsule is well formed, and intracapusular
nerve fibres are seen in some.

Intramuscular nerves in myotubular myopathy are well
formed and have myelin sheaths of normal thickness
(Figure 14), indistinguishable from those in the term infant. No
degenerative changes are seen in the axoplasm. Schwann cells
enclose single myelinated axons or several small unmyelinated
nerve fibres. Motor end-plates have normal morphology. In the
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fetus, nerves are sparse and unmyelinated, and neuromuscular
junctions are rudimentary with simple folds of the postsynaptic
membrane.

Both fetal myotubes and the myofibres of myotubular
myopathy show a single row of nuclei within a central core of
cytoplasm surrounded by a rim of myofibrils. Sarcolemmal
nuclei are peripheral in term neonatal muscle. However, there
are differences in both arrangement and morphological details
of the central nuclei between fetal myotubes and myotubular
myopathy fibres. In myotubular myopathy, the nuclei are nearly
always spaced several nuclear diameters apart, with intervening
sarcoplasm (Figure 9); the spacing of central nuceli in fetal
myotubes is much more variable. Some fibres show a line of
closely spaced nuclei with no intervening cytoplasm and others
have irregularly and widely spaced nuclei (Figure 3). Closely
and widely spaced nuclei occur along different segments of the
same myotube. The spacing of the peripheral subsarcolemmal
nuclei at 31 weeks and at term is similar to the spacing in
myotubular myopathy.

In the fetus, the nuclei are large, vesicular, and ovoid. Mature
subsarcolemmal nuclei at term are more elongated, more nar-
row, and denser. Electron microscopy reveals finely dispersed
chromatin and one or two nucleoli composed of open reticular
nucleolonemi (Figures 5, 6). In the term neonate and the 31
week infant, nuclei consist of heterochromatin aggregates and
additional condensations along the inner nuclear membrane; the
nucleoli are also denser and more compacted (Figures 15, 16).
In myotubular myopathy, the density of chromatin is variable.
Some nuclei show fine particulate chromatin and in others it is
as condensed as in the term neonate (Figure 11); most nuclei
have coarser chromatin and nucleoli than in fetal myotubes, but
not quite as coarse as at term.

Fetal myotubes vary greatly in the thickness of the tube of
myofibrils and consequently the diameter of the myofibre. Early
and late myotubes are found together, with sparse or abundant
contractile filaments, respectively (Figure 2). In myotubular
myopathy, fibres resembling early myotubes are not found and
all of the centronuclear fibres are thick, though smaller than the

Figure 13 — Muscle spindle in infant with myotubular myopathy.
Intrafusal muscle fibres are well developed and larger than the
small centronuclear extrafusal fibres. Myelinated nerves (n) are
included within the spindle capsule. An intramuscular nerve (n) not
associated with the spindle is seen at the bottom of the figure.
Semithin plastic section. Toluidine blue. Bar = 50 um.
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Figure 14 — Intramuscular nerve in term infant with myotubular
myopathy shows normal Schwann cells and myelinated axons, indis-
tinguishable from those seen in the normal term neonate. EM. Bar =
[ pm.

Figure 15 — Peripheral sarcolemmal nucleus of preterm infant of 31
weeks conceptional age shows dense clumping of nuclear chro-
matin, especially along the inner nuclear membrane. This condensa-
tion is similar to that seen in the term neonate. Some but not all Z-
bands are in register. EM. Bar = 1.5 pm.

15 um mean diameter of mature fibres in the term neonate
(Figure 8). Scattered amongst the centronuclear fibres in
myotubular myopathy are a few large, mature-appearing myofi-
bres with peripheral nuclei and mitochondria distributed
throughout the intermyofibrillar spaces. These large (i.e. normal
size) “mature” myofibres constitute about ten percent of total
myofibres and are never grouped.

Z-band register, the alignment of Z-bands of adjacent
myofibrils within a myofibre, is lacking in fetal myotubes
(Figure 6), but is well developed in both myotubular myopathy
(Figure 11) and in the term neonate (Figure 16) and the 31 week

" preterm infant (Figure 15).

Mitochondria are well formed with cristae in the fetus, in the
term neonate, and in myotubular myopathy. The mitochondria
are concentrated in the central core of sarcoplasm and around
the nuclei, in a centripetal distribution in myotubular myopathy
(Figures 11, 12) as in the fetal myotube, but are redistributed in
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Figure 16 — Peripheral sarcolemmal nucleus of full-term normal
neonates shows condensation of chromatin along inner membrane
and within nucleoplasm. Nucleolus is a condensed sphere. The Z-
bands are well aligned in register and mitochondria are distributed
between myofibrils. EM. Bar = 1.5 pm.
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Figure 17 — Frozen cross-section of muscle from infant with myotubu-
lar myopathy, stained with NADH-TR. Oxidative enzymatic activity
is highly concentrated in the centres of myofibres at levels berween
nuclei and in the subsarcolemmal region, with an intervening rim of
unstained myofibrils. This is the characteristic appearance of fetal
myotubes with this histochemical stain. The enzymatic activity is
mostly mitochondrial (see Figure 14). A few larger myofibres have
more uniformly distributed points of mitochondrial oxidative enzy-
matic activity as is characteristic of the mature myofibre. Bar = 30
wm.
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the intermyofibrillar sarcoplasm in the preterm and term
neonates. Large aggregates of mitochondria in the central core
between nuclei were especially prominent in muscle fibres of
the diaphragm in myotubular myopathy (Figure 12).
Mitochondria are more numerous in the diaphragm than in mus-
cles of the extremities even in normal term neonates, but not to
the extreme degree found in myotubular myopathy.

Glycogen granules had a distribution similar to the mito-
chondria but were more abundant in fetal myotubes than in
myotubular myopathy. In fetal muscle they also were common
within myofibrils, between myofilaments.

Triads, compased of a transverse tubule (formed by invagi-
nation of the plasma membrane of the myofibre) surrounded by
a pair of terminal cisternae of the sarcoplasmic reticulum, are
yet unformed in the fetus at the myotubular stage. They are well
formed by term. In muscle from the 31 week preterm infant and
from all cases of myotubular myopathy examined (Figure 10),
triads were well formed, but their orientation was not perpendic-
ular to the long axis of the myofibre as at term; they were ori-
ented longitudinally and obliquely, in immature positions.

Ribosomes are numerous in fetal muscle, particularly at the
ends of sarcomeres at sites of myosin filament assembly. They
are rare in neonatal muscle. Some myofibres in myotubular
myopathy had more free ribosomes than in the term infant, but
never as many as in fetal myotubes.

Basal laminae (i.e. basement membranes) enclose 1 to 3
myotubes in the fetus, but enclose only single myofibres in
older infants and in myotubular myopathy. Presumptive
myoblasts enclosed within the basal lamina are numerous in
fetal myotubes and mitotic figures of their nuclei are frequent.
Presumptive myoblasts are less common in myotubular myopa-
thy and have a frequency similar to that of neonatal muscle.
Mitosis are rare in myotubular myopathy or in normal term
neonatal muscle. Myoblast fusion is seen only in fetal muscle.

Histochemical stains for oxidative enzymatic activity
(NADH-TR) and for glycogen (PAS) were nearly identical in
fetal myotubes and in myotubular myopathy (Figure 17). The
activity was localized to the central core of sarcoplasm at levels
between nuclei, with an additional thin rim in the subsarcolem-
mal region. In the 31 week preterm infant and the term
neonates, the NADH-TR activity and PAS-positive granules
were uniformly distributed in the intermyofibrillar sarcoplasm.
The distribution of these products in myotubular myopathy pre-
cludes identification of histochemical fibre types with these
stains. Acid phosphatase activity is seen in scattered fetal
myotubes, but not in mature muscle or in myotubular myopathy.

Myofibrillar ATPase stains show good differentiation of fibre
types including subtypes of II by ATPase stains (Figure 18). A
mosaic distribution of fibre types is seen, with a slight prepon-
derance of type I fibres, normal for the vastus lateralis muscle in
early infancy. In fetal muscle, ATPase does not distinguish fibre
types at any preincubation pH, and staining is uniform.

Acridine orange (AO) fluorochrome shows intense orange
RNA staining of fetal myotubes (Figure 19). Mature myofibres
in neonatal muscle show only a green background fluorescence
of proteins without nucleic acids (Figure 20). In muscle from
myotubular myopathy, the majority of myofibres also are green
with yellow DNA nuclei (Figure 21, 22). Scattered small groups
of myofibres have an orange fluorescence, though never as
strong as in fetal myotubes. Immunoreactivity for vimentin and
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desmin were strong in fetal myotubes (Figures 23, 28) and also
in all cases of myotubular myopathy, uniformly throughout all
myofibres (Figures 25-27, 30, 31). Intrafusal spindle fibres
reacted for vimentin and desmin as well as extrafusal myofibres
(Figure 31). Reactions were weak but still detected in the
preterm infant of 31 weeks and completely negative in all of the
term infants (Figures 24, 29). In each case, unfixed frozen sec-
tions showed stronger activity than did the formalin-fixed,
paraffin-embedded tissue, but the latter also was positive in both
fetal myotubes and in myotubular myopathy. Unstained frozen
and paraffin-embedded sections of muscle showed no autofluo-
rescent lipochrome in any case.

The spinal cords of the infants with myotubular myopathy
appeared normal microscopically. No gliosis was seen in the
parenchyma of the cord, and the number of motor neurons in the
ventral horns was similar to that observed in age-matched con-
trols in lumbar segments. Motor neurons had normal morpholo-
gy with Nissl granules filling the cytoplasm. AO showed similar
intensity and distribution of RNA fluorescence in motor neurons
from cases of myotubular myopathy (Figure 32) and normal
term neonates. Vimentin immunoreactivity was negative in
motor neurons in both myotubular myopathy and in term
neonates, and weakly positive in immature motor neurons of the
fetal spinal cord. No pathological alterations were detected in
ventral or dorsal nerve roots or in dorsal root ganglia. The brain
was normal and consistent with the conceptional age in the two
cases examined.

The maternal muscle biopsy of Patients 3 and 4 showed only
minimal histological alterations. Scattered myofibres compris-
ing about 5 percent of total had central nuclei which were
arranged as a central row of evenly spaced nuclei about 1-2
nuclear diameters apart; these fibres were smaller than normal,
measuring 28-35 pm (normal mean 60 um), and ATPase stains
revealed them to be type 1. Other small polygonal or angular
myofibres with peripheral sarcolemmal nuclei also were dis-
tributed throughout the biopsy and were nearly all type I fibres
by ATPase criteria. No fibres showed orange-red RNA fluores-
cence with AO, Several of the small centronuclear fibres in both
frozen and paraffin sections showed strong immunoreactivity
for desmin (Figure 33). These same fibres also were reactive for
vimentin, though only weakly. No abnormal muscle fibres were
seen in the small sample examined by electron microscopy.

DISCUSSION

In comparing muscle from neonates with myotubular myopa-
thy with human fetal muscle during the myotubular stage of
development, it becomes evident that only certain features of
myofibre architecture and a strong immunoreactivity for
vimentin and desmin are similar. In other respects, striated mus-
cle in myotubular myopathy is as mature as in the term neonate.
In particular, the perimysium that normally forms at 15-20
weeks divides the muscle into fascicles, muscle spindles that
normally form at about 20 weeks are well developed, intramus-
cular nerves are myelinated and motor end-plates are morpho-
logically mature.

Frequent mitotic figures of presumptive myoblasts and
fusion of mononucleated myoblasts and myotubes to form mult-
inucleated myofibres are prominent in fetal muscle but not evi-
dent in myotubular myopathy. Various stages of myotube forma-
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Figure 18 — Frozen cross-section of muscle from term infant with
myotubular myopathy, stained with myofibrillar ATPase preincubat-
ed at pH 4.6. Good differentiation of fibre types is seen despite the
abnormal centronuclear architecture of the myofibres. No staining is
seen in the centres of fibres that contain no myofibrils. The relative
sizes of types | and Il myofibres are the same. A muscle spindle (lefi)
also shows differentiation of intrafusal fibres that are larger than the
abnormally small extrafusal centronuclear fibres. Bar = 15 pm.

tion are seen simultaneously in fetal muscle, but the centronu-
clear fibres of myotubular myopathy are uniform with relatively
thick myofibrillar cylinders resembling late myotubes, and do
not show the close spacing of central nuclei seen in true fetal
myotubes. In this regard, regenerating myofibres in injured mus-
cle more closely resemble fetal myotubes than do the myofibres
of myotubular myopathy. The case of centronuclear myopathy
in a 19-year-old woman reported by Pages et al.35 includes a
photomicrograph illustrating a row of tightly packed central
nuclei in longitudinal section, but their case was not the X-
linked disease because of the patient’s sex and she was not an
infant. Other reported cases of neonatal myotubular myopathy
showed nuclear spacing similar to our cases.

The nuclei of fetal myotubes show finely dispersed chro-
matin and one or two large nucleoli with loose strands of
ribonucleoprotein. This fine structure suggests active transcrip-
tion of RNA, as expected in rapidly growing myotubes. Most
central nuclei of myofibres in neonatal myotubular myopathy,
are as compact as in term neonatal muscle, but other nuclei have
finely dispersed chromatin resembling fetal myotubes or inter-
mediate between the two conditions. The finer chromatin parti-
cles of some of these nuclei in myotubular myopathy may be
associated with a more active process of RNA transcription than
in mature muscle because of the small size of the centronuclear
fibres, suggesting an attempt to enhance protein synthesis and
growth. Another interpretation is that there is less DNA than
normal in myotubular myopathy. Zimmermann and Weber
found a 50 percent reduction in DNA content of central and sub-
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sarcolemmal nuclei from 3 brothers with centronuclear myopa-
thy when compared with their mother, but no difference in
fibroblastic nuclear DNA 36

An attempt by the small centronuclear myofibre to increase
the rate of protein synthesis and growth might also account for
the less condensed chromatin, because more active RNA tran-
scription would be required. The increased RNA fluorescence
detected by AO in some myofibres of myotubular myopathy
might be explained by this feature, though why it is not uniform
and present in all centronuclear fibres is uncertain. AO-RNA
fluorescence of some myofibres in neonatal myotubular myopa-
thy was previously reported3’ and is again confirmed in this
study. The orange-red fluorescence is less intense than that seen
in fetal myotubes, however. Ribosomes are abundant in regions
of myofilament assembly in fetal muscle.38 They are structuraily
related to the formation of thick myosin filaments, but not of
thin actin filaments.3® Ribosomes rapidly decrease in number to
virtually disappear as the sarcomeres are formed, and RNA fluo-
rescence of mature neonatal muscle fibres is not detected by
AO.37 A greatly increased number of ribosomes were demon-
strated in cultured muscle cells from infants with X-linked
myotubular myopathy.40

The sarcotubular system of myofibres in myotubular myopa-
thy is well formed as in the term neonate and unlike the 8-15
week fetus. Triads formed by a T-tubule flanked by a pair of ter-
minal cisternae of sarcoplasmic reticulum are well developed,
but their orientation is not well regulated. When triads form at
18-24 weeks gestation, they are parallel to the long axis of the
myofibre; with further maturation they rotate 90° to become
perpendicular to the long axis.4142 In the 31 week fetus, various
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orientations are found, but at term nearly all triads are oriented
perpendicular to the long axis of the myofibre. In myotubular
myopathy, a larger number of longitudinal and obliquely orient-
ed triads were demonstrated than in term neonatal muscle. This
is not necessarily evidence of immaturity; it may simply be a
mechanical function of the failure of anatomical reorganization
of the myofibre. In this regard, it is noteworthy that desmin fila-
ments attach to nuclei, to mitochondria, and to the sarcolemmal
membrane, but not to T-tubules or triads.43 Ambler et al. report-
ed a proliferation of sarcotubular organelles as elaborate stacks
of tubules in X-linked myotubular myopathy, a feature not seen
in fetal or mature neonatal muscle.? Duplication of triads and
other anomalies of the sarcotubular system have been reported
in individual cases.2244

Z-band registry, the alignment of Z-bands of adjacent
myofibrils within a myofibre, does not occur until about 30
weeks gestation and fine desmin filaments provide the physical
means of maintaining this register in both the relaxed and con-
tracted states. The Z-bands of fetal myotubes lack this register
(Figure 8B), but those of myotubular myopathy are as precisely
organized as in mature neonatal or adult muscle (Figure 11).

The scattered degenerating myotubes in fetal muscle, that
represent a physiological process of programmed cell death,45.46
were not observed ultrastructurally or histologically involving
any centronuclear myofibres in our cases of myotubular myopa-
thy. Scattered necrotic myofibres are reported only rarely in cen-
tronuclear myopathies.!747 Some authors have speculated upon
a focal degenerative process in the pericentronuclear
zones. 93548 Autofluorescent lipochrome pigment was demon-
strated in the central cytoplasmic core between nuclei in some

PLATES

Figure 19 — Myotubes of 12 week human fetus show strong cytoplasmic RNA fluorescence with acridine orange. Cryostat section.

Figure 20 — Cross-section of normal muscle from full-term neonate shows no orange-red fluorescence after staining with acridine orange. Cryostat section.
8 g 8 )

Figures 21 and 22 — Cross-section of muscle from two neonates with myotubular myopathy. Most centronuclear myofibres show no orange RNA fluorescence
with acridine orange, but some fibres, in small groups, are positive (arrow), though never as strong as in fetal myotubes. The yellow fluorescence is nuclear

DNA. Cryostat section.

Figure 23 — Myotubes of human fetal muscle of 12 weeks gestation in cross-section. Strong immunoreactivity for vimentin is seen. Paraffin section.

Figure 24 — Full-term neonate shows no immunoreactivity for vimentin in myofibres, but smooth muscular walls of blood vessels (v) and endothelial cells con-

tinue to express vimentin in the mature state. Cryostat section.

Figures 25-27 — Muscle of three neonates with myotubular myopathy. Myofibres express immunoreactivity for vimentin, and immature feature. Cryostat sec-

tions (Figures 27, 28); paraffin section (Figure 29).

Figure 28 — Fetal myotubes show strong immunoreactivity for desmin. Paraffin section.

Figure 29— Myofibres of full-term neonate exhibit no reaction for desmin. Cryostat section.

Figure 30 — Neonatal myotubular myopathy is characterized by myofibres showing immunoreactivity for desmin as strong as in true fetal myotubes. Cryostat

section.

Figure 31 — Another neonate with myotubular myopathy showing strong expression of desmin in centronuclear fibres. Intrafusal muscle fibres of muscle

spindle (s) are involved as well as the extrafusal fibres. Paraffin section.

Figure 32 — Motor neurons of lumbar segment of spinal cord of neonate dying with myotubular myopathy show no morphological abnormalities and normal
intensity and distribution of ribosomal RNA with acridine orange fluorochrome. This appearance is unlike the RNA fluorescence in ischaemiclhypoxic injury,
axonal injury, and spinal muscular atrophy, and provides evidence against a neurogenic mechanism of myotubular myopathy.

Figure 33 — An atrophic centronuclear muscle fibre in the biopsy of the asymptomatic mother of one of the cases of myotubular myopathy shows immunoreac-

tivity for desmin. Adjacent fibres do not express desmin. Paraffin section.
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cases.49 The perinuclear zone may show myofibrillar degenera-
tion, membranous debris, myelin figures, and empty vesicular
structures by electron microscopy,*8-50 but most cases including
ours show only numerous mitochondria and glycogen granules.

The hypothesis that the pathogenesis of myotubular myopa-
thy is neurogenic has been attractive to many authors because
myotubes do not mature without innervation either in tissue cul-
ture or in vivo. A model of maturational arrest in the myotubular
stage in the gastrocnemius muscle of the rat is induced by
neonatal sciatic neurotomy.5! Many authors have presented elec-
trophysiological, morphological, or histochemical findings sug-
gesting neuropathy in myotubular myopathy,5.8.26.52-56 but the
evidence is far from conclusive. Structural abnormalities in
spinal motor neurons or a decrease in their number have not
been shown in any postmortem study including the cases here
reported. AO fluorescence was shown in the present study to
demonstrate a normal cytoplasmic distribution of RNA, by con-
trast with the severe and specific types of alterations shown by
this method in infantile spinal muscular atrophy37 and following
perinatal asphyxia.5® Intramuscular nerves exhibit no alterations
in either axoplasm or in myelin sheaths. Motor end-plates are
well formed in skeletal and in extraocular muscles in myotubu-
lar myopathy.55.59.60 Extrajunctional acetylcholine (ACh) recep-
tors are not found on the sarcolemmal membranes in myotubu-
lar myopathy.60.61 An absence of such extrajunctional ACh
receptors suggests that any alteration of the sequence of events
in nerve-muscle development in myotubular myopathy occurs
after innervation, though the immunoperoxidase method may
not be sensitive enough to demonstrate these receptors.6!

The mature histochemical differentiation of myofibres by
myofibrillar ATPase criteria in myotubular myopathy is further
evidence that a neurogenic pathogenesis is not likely.
Histochemical differentiation of human muscle occurs at 20-28
weeks gestation,62-66 well after the myotubular stage. It is neu-
rally induced and remains mutable even in the adult. Some cases
of centronuclear myopathy are associated with selective small-
ness of histochemical type I myofibres,!0.18.67-70 central nuclei
confined to type I fibres36.67 or to type II fibres,54 or a massive
type I fibre predominance or even total lack of differentiation of
type II fibres.!0.21.71 Whether these cases are all the same dis-
ease or have the same pathogenesis is doubtful, but neither type
I fibre hypotrophy nor type I fibre predominance is evidence of
a neural mechanism and neither corresponds to a normal stage
of muscle ontogenesis. An increased proportion of subtype Ilc
fibres, the least differentiated histochemical type, also is report-
ed,56 but is not specific because it occurs commonly in muscular
dystrophies and other myopathies.

The strong immunoreactivity of the intermediate filament
proteins vimentin and desmin in centronuclear muscle fibres in
the cases here described displays a striking similarity to true
fetal myotubes but does not necessarily signify a general matu-
rational arrest. It may, however, be a single genetic deficiency in
the control of regression of transitory fetal proteins. Perinuclear
regions of fetal myotubes characteristically include nonoriented
filaments that are intermediate in diameter (10-12 nm) between
thick (15 nm) and thin (8 nm) contractile filaments, or interme-
diate between microfilaments (5 nm) and microtubules (25
nm).31.38 They also are found distal to regions of sarcomere for-
mation. These intermediate filaments are cytoskeletal elements
that maintain the position of nuclei and organelles in all cells. In
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muscle cells, they help organize the alignment of contractile fil-
aments, though they themselves are not contractile. They may
be important in determining the polarity of the early myotube.
Vimentin is an important intermediate filament protein present
in high concentrations in myoblasts and in myotubes.’2-75 1t is
strongly expressed in late myotubes, but rapidly decreases with
further maturation and is no longer demonstrable during the sec-
ond half of gestation or in mature striated muscle. It persists in
vascular smooth muscle throughout life.

Desmin is another important intermediate filament of striated
muscle, responsible for maintaining the registry of Z-bands by
forming linkages. Filaments of desmin also attach to nuclei,
mitochondria; and sarcolemmal membranes, but not to
T-tubules.43 Desmin synthesis is initiated at the time of
myoblast fusion and is prominent in fetal myotubes, having the
same distribution as vimentin.’3.74 Mononucleated myoblasts
have a higher concentration of vimentin than desmin. After
myoblast fusion and the formation of the multinucleated
myotube, the concentration of vimentin decreases as the level of
desmin increases.’2.76.77 In early myotubes, a 1:3 ratio of
vimentin/desmin is maintained.”® Vimentin and desmin coexist
in cardiac and smooth muscle as well as in skeletal muscle.79-82
The immunoreactivity of these intermediate filaments, particu-
larly desmin, also is a marker of rhabdomyosarcoma.83 In striat-
ed muscle, desmin filaments begin to redistribute themselves
transversely at the time of sarcomere formation.”’> Desmin is
present in concentrations too low to easily demonstrate
immunocytochemically in mature human muscle, but its pres-
ence is detected by special electrophoretic and immunological
methods.84 The sparse strands of desmin in adult muscle are
nevertheless important in connecting myofibrils at the Z-bands
to adjacent sarcolemma, mitochondria, and nuclei, and in main-
taining the relative positions of these structures during contrac-
tion of the muscle.

The abundance of vimentin and desmin demonstrated in the
myofibres of infants with myotubular myopathy in this study
provides a theoretical basis for explaining the immature mor-
phology of the centronuclear myofibres. Nuclei may remain as a
central row because the persistent vimentin and desmin prevents
their “migration” to the subsarcolemmal position as the myofi-
bre matures. Mitochondria similarly are held in place and pre-
vented from becoming redistributed within the intermyofibrillar
sarcoplasm. The structural conservation of intermediate fila-
ments in mouse glial cells is linked to genetic encoding.85
Altered expression of genes for cytoskeletal proteins has been
demonstrated in human cerebral cortical neurons in Alzheimer
disease.86 Myotubular myopathy may be another disease with a
similar pathogenetic mechanism expressed in a different
system.

The possibility that increased vimentin and desmin are non-
specific features of any neuromuscular disease must be consid-
ered. A preliminary survey of paediatric neuromuscular dis-
eases, applying vimentin and desmin immunocytochemistry to
muscle biopsies, reveals that regenerating myofibres have
demonstrable vimentin and desmin in Duchenne muscular
dytrophy and in juvenile dermatomyositis with perifascicular
atrophy, but that these same fibres always show strong AO-
RNA fluorescence. Most muscle fibres are negative for
vimentin and desmin despite internal nuclei and other cytoarchi-
tectural alterations. Infantile spinal muscular atrophy usually
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shows absence of demonstrable vimentin in both atrophic and
hypertrophic myofibres, but some atrophic fibres react to anti-
desmin antibodies. Certain other neonatal myopathies are sus-
pected of being due to delay or arrest of muscle maturation,
notably the severe neonatal form of myotonic dystrophy.87.88
Our preliminary results suggest that myofibres in this disease
uniformly react for desmin but not vimentin. Dysplasias of the
developing brain and especially of posterior fossa structures
appear to have a suprasegmental influence on the developing
motor unit and alter its maturation.89 These disorders and cen-
tronuclear myopathies in older children and adults are also
presently under investigation in our laboratory.

Several scattered case reports describe unclassified
myopathies in which dense aggregates or bundles of intermedi-
ate filaments are identified within skeletal myofibres by electron
microscopy.?0-94 They are present within the subsarcolemmal
and intermyofibrillar sarcoplasm, often in relation to the Z-band
of sarcomeres. These intermediate filaments react strongly with
anti-desmin antibodies and none show immunoreactivity to
vimentin. In one report, a rare cardiomyopathy showed similar
findings in cardiac myofibres and a lesser excess of desmin fila-
ments in skeletal muscle.95 It is unlikely that these myopathies
are related to neonatal myotubular myopathy, but they suggest
that desmin is probably less specific than vimentin as a patho-
genetic factor.

A reliable means of detecting the maternal carrier state in X-
linked myotubular myopathy is not presently available for
genetic counseling. Muscle biopsies of mothers of infants with
the severe neonatal disease often show mild focal myopathic
changes, such as excessive variation in fibre diameter, scattered
centronuclear fibres, or mild cytoarchitectural alterations.5.6.11.90
The three cases in the present study whose mothers underwent
muscle biopsy showed such maternal changes, which were
interpreted as consistent with the X-linked recessive disease.
Other authors identify no morphological or histochemical alter-
ations in maternal muscle biopsies, however.%,10.36.68 The pres-
ence of immunocytochemically demonstrable vimentin and
desmin in scattered maternal myofibres (Figure 35) may be
more specific than any of the other reported histological varia-
tions, and the lack of AO-RNA fluorescence of these myofibres
distinguishes them from simple regeneration. Vimentin/desmin
might also provide a marker useful in prenatal diagnosis at 18-
20 weeks gestation, because the quantity of these proteins in
fetal muscle declines sharply after 15 weeks. The method by
which it might be employed in a manner less invasive than fetal
muscle biopsy in utero requires further investigation.

The genetic mechanism is complex if vimentin and desmin
are primary in the pathogenesis of myotubular myopathy. The
linkage site of the defective gene in X-linked myotubular
myopathy has recently been identified at the Xq28 locus,57.98 a
different site from the Xp21 locus of Duchenne muscular dys-
trophy. Genes encoding the synthesis of human vimentin and
desmin are located on different autosomes, vimentin on chromo-
some 10 (10p13)99.100 and desmin on chromosome
2 (235).99.101

The present study suggests that myotubular myopathy is an
arrest of morphogenesis of the developing myofibre rather than
a general maturational arrest of muscle, and that innervation is
normal and plays no role. The pathogenesis may be persistently
high fetal concentrations of vimentin and desmin in the myofi-
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bre, cytoskeletal protein filaments that preserve the normally
transitory central positions of nuclei and mitochondria within
the myotube. Vimentin/desmin immunocytochemical study of
the muscle biopsy of affected infants may confirm the diagnosis,
and may also be useful in identifying the asymptomatic carrier
state of X-linked myotubular myopathy in the maternal muscle
biopsy.
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