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Abstract. Myofiber growth and myofibril assembly at
the myotendinous junction (MTJ) of stretch-
hypertrophied rabbit skeletal muscle was studied by in
situ hybridization, immunofluorescence, and electron
microscopy. In situ hybridization identified higher lev-
els of myosin heavy chain (MHC) mRNA at the MTJ
of fibers stretched for 4 d. Electron microscopy at the
MTYJ of these lengthening fibers revealed a large cyto-
plasmic space devoid of myofibrils, but containing
polysomes, sarcoplasmic reticulum and T-membranes,
mitochondria, Golgi complexes, and nascent filament
assemblies. Tallies from electron micrographs indicate
that myofibril assembly in stretched fibers followed a
set sequence of events. (@) In stretched fiber ends al-
most the entire sarcolemmal membrane was electron
dense but only a portion had attached myofibrils. Vin-
culin, detected by immunofluorescence, was greatly in-

creased at the MTJ membrane of stretched muscles.
(b) Thin filaments were anchored to the sarcolemma at
the electron dense sites. (¢) Thick filaments associated
with these thin filaments in an unregistered manner.
(d) Z-bodies splice into thin filaments and subse-
quently thin and thick filaments fall into sarcomeric
register. Thus, the MTJ is a site of mRNA accumula-
tion which sets up regional protein synthesis and
myofibril assembly. Stretched muscles also lengthen by
the addition of myotubes at their ends. After 6 d of
stretch these myotubes make up the majority of fibers
at the muscle ends. Essentially all these myotubes re-
peat the developmental program of primary myotubes
and express slow MHC. MHC mRNA distribution in
myotubes is disorganized as is the distribution of their
myofibrils.

need for rapid contractile protein synthesis and
assembly into myofibrils at the myotendinous junc-
tion (MTJ).! It was first suggested that muscle fibers
lengthen by adding sarcomeres at the MTJ in 1927 (Schmidt,
1927). During stretch-induced growth sarcomeres are added
in series at fiber ends (Williams and Goldspink, 1973; Gold-
spink, 1985) making this model of rapid growth ideal for the
study of myofibrillogenesis and mRNA localization.
Several examples of the subcellular distribution of mRNA
matching the distribution of the protein encoded have been
reported in muscle cells and tissue. Acetylcholine receptor
mRNA and protein accumulates at the neuromuscular junc-
tions of skeletal fibers (Fontaine et al., 1988; Merlie and
Sanes, 1985). In cultured myoblasts and fibroblasts actin,
vimentin and tubulin mRNAs concentrate in regions where
their respective proteins assemble (Lawrence and Singer,
1986). In normal muscle fibers, myosin heavy chain (MHC)
mRNA is most concentrated around the nuclei under the sar-
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colemmae (Dix and Eisenberg, 1988). Local synthesis of
MHC may be required due to the competing forces of MHC
diffusion versus assembly. Rapid self-assembly of MHC and
exchange with existing thick filaments and sarcomeres could
limit the rate of protein diffusion (Bouche et al., 1988; John-
son et al., 1988; Saad et al., 1986; Wenderoth and Eisen-
berg, 1987). The large size of the MHC molecule also slows
diffusion in the highly structured myofibril lattice (Eisenberg
et al., 1989).

There are at least three current models of myofibril assem-
bly, none of which is inherently exclusive of the others. One
model theorizes that association of myosin into thick fila-
ments is mediated by actin filament networks (Mahajan et
al., 1989). Evidence suggests that myosin molecules first
bind to actin filaments, then translocation along the length
of the actin filament increases the probability of myosin-my-
osin interactions and the formation of thick filaments. A sec-
ond model identifies stress fiber-like structures as the pri-
mary template for forming myofibrils (Antin et al., 1986;
Dlugosz et al., 1984). Stress fiber-like structures are actin
filament bundles that form in many cell types including un-
der the sarcolemmae of cultured cardiac cells. A third model
calls attention to the importance of Z-band formation (a-
actinin) for thick filament addition to myofibrils (Sanger et
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al., 1986). They propose the formation of closely spaced,
linear arrays of Z-bodies into minisarcomeres at an early
stage of myofibrillogenesis. A variation of this third model
has titin filaments organized about the Z-bodies, setting a
register through the I-bands on either side of the Z-bodies
while myosin filaments organize into the A-band (Hill et al.,
1986; Lin et al., 1989; Tokuyasu and Maher, 1987a, b). It
is possible that invertebrate muscle follows a different assem-
bly pattern but it is of interest to note that in mutant Drosoph-
ila I-Z-1 segments can assemble without A-bands and con-
versely A-bands can form without I-Z-I segments (Beall et
al., 1989; O’Donnell and Bernstein, 1988). The MTJ of
stretched fibers are rich in examples to compare with all
these models of myofibrillogenesis.

Elongating fibers of stretched muscles have large accumu-
lations of mRNA and polysomes at their MTJ. These
stretched fibers also exhibit structural changes related to sar-
comere assembly and myofibril-membrane attachment at the
growing tip. Mechanisms directing regional growth and as-
sembly in these stretched fibers are discussed with regard to
these observations.

Materials and Methods

Animals and Tissue

Governmental and institutional guidelines for animal care and use were fol-
lowed at all times. A total of eight female New Zealand White rabbits (~2.5
kg body weight) provided tibialis anterior (TA) muscles. Stretching of the
TA was accomplished by casting the lower hindlimb in full plantar flexion
for either 4 or 6 d. Soft casts made up of tongue depressors and cloth tape
were applied to rabbits anesthetized with an intramuscular injection of
Acepromazine maleate and Ketamine HCI (0.8 and 35 mg, respectively, per
kilogram body weight). The muscles were removed from the stretched and
contralateral control muscle, blotted dry, weighed, and the lengths mea-
sured. Blocks of tissue for in situ hybridization (ISH) and immunofluores-
cence were flash frozen in isopentane cooled with liquid nitrogen and then
stored at —80°C in isopentane until use. Blocks of tissue for electron mi-
croscopy were fixed in 2.5% glutaraldehyde in 0.1 M cacodylate, stained
with lead citrate and uranyl acetate, and embedded in plastic resin.

In Situ Hybridization

Hybridizations were performed as previously described (Dix and Eisen-
berg, 1988). RNA probes were transcribed from the 1,107-bp rabbit «-car-
diac MHC cDNA pBMHC-1 (Sinha et al., 1984). Biotin-11-UTP (Bethesda
Research Laboratories, Gaithersburg, MD) substituted for UTP in tran-
scription reactions for both RNA strands, the sense strand probe was used
to control for nonspecific background binding levels. Frozen sections (8~10
pm) were fixed with 4% paraformaldehyde in PBS, 5 mM MgCi; for 15
min. Sections were usually cut and fixed the same day they were to be hy-
bridized, or were stored fresh frozen at —20°C overnight.

After hybridization with the biotinylated probes, the sections were in-
cubated on 20 ng/ul ribonuclease A and washed extensively to remove un-
hybridized probe. Enzymatic detection of the biotin label was done with
streptavidin-alkaline phosphatase (SAP; Clontech Laboratories, Inc., Palo
Alto, CA). Sections were viewed and photographed with a Nikon
Microphot-FXA.

Immunofluorescence

Immunofluorescent detection of stow MHC protein was accomplished on
frozen sections with the monoclonal antibody HPM-7 at 1:2,000 dihition
(Kennedy et al., 1986; a kind gift of Dr. R. Zak, University of Chicago).
Slow specificity of HPM-7 in rabbit was confirmed by comparison with
ATPase-stained serial sections. Monoclonal antibody to vinculin (Sigma
Chemical Co., St. Louis, MO) was used at 1:50 dilution.

Unfixed frozen sections were pretreated with newborn calf serum and in-
cubated with the primary antibody. Sections were rinsed and then treated
with the appropriate secondary antibody. Sections were viewed and pho-
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Figure 1. In situ hybridization of slow MHC mRNA at the MTJ of
slow-oxidative fibers from 4-d stretched and control TA. The region
was identified as being the termination of the fiber by phase micros-
copy (not shown). (4) Stretched fiber with dense, unordered ac-
cumulation of mRNA at its MTJ (arrowheads). (B) Control fiber
with less accumulation of mRNA at the MTJ (arrowheads). Bar,
10 pm.

tographed with a Nikon Microphot-FXA with indirect immunofluores-
cence.

Electron Microscopy

Sections from stretched and control TA were stained and observed with a
JEOL 100 CX electron microscope. Survey electron micrographs of both
transverse and longitudinal sections were taken at 7,500-30,000-fold final
magnification.

Membrane content at the myotendinous junction of fibers was deter-
mined using published methods (Eisenberg and Milton, 1984). 6 control
fibers from 2 muscles and 15 stretched fibers from 4 muscles were randomly
selected. Total fiber areas sampled for control (1,270 um? in 20 micro-
graphs) and stretched fibers (10, 166 pm? in 60 micrographs) were deter-
mined. A 1-cm curvilinear grid was placed over the micrographs and mem-
brane scored into the following categories: thin plasma membrane, dense
membrane either with or without associated myofilaments. A membrane
folding factor was calculated by normalizing to the subtended cross-
sectional area for control and stretched muscle. These folding factors were
then compared.
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Figure 2. Ultrastructure at the MTJ of 4-d stretched and control fibers. (4) Stretched fiber MTJ with cytoplasmic space between myofibrils
and the sarcolemma. This space is filled with developing myofibrils, polysomes, membrane systems, and mitochondria. (B) Control fiber
MTJ with each myofibril attached to the sarcolemma at its final I-band. Bar, 1 pm.
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Table 1. Changes in the Sarcolemma at the Myotendinous
Junction of Stretched Tibialis Anterior

Control* Stretched*
Membrane folding factor 1.0 0.74
(SeaafcCross section area)*
Dense membrane
With filaments 0.84 0.44
(Soi/Seaa)¥
Without filaments 0.04 0.51
(sDwf/ send)’
Nondense membrane 0.13 0.06
(Snp/Sena)

* Control values from six fibers from two muscles. Stretched values from 15
fibers from 4 4-d plantar-flexed muscles.

1 Relative membrane surface areas determined using a 1-cm curvilinear grid
(Eisenberg and Milton, 1984). Membrane folding factor gives membrane areas
as a ratio of fiber area (S../cross section area). Folding factors expressed as
a ratio of the control value.

§ Expressed as a fraction of total sarcolemmal area at fiber end (S..).
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Ultrastructural features at the myotendinous junction of fibers were
cataloged by counting whether a particular feature was present or absent in
each micrograph containing a known area of tissue after careful inspection
of two independent observers.

Results

Myosin mRNA Accumulation

Casting the lower hindlimb of young adult rabbits in full
plantarflexion resulted in rapid increases in TA weight and
length expressed as a percent of the control legs. Weight in-
creased 130.5 + 76% at 4 d (n = 5 rabbits, mean 1+ SE)
and 129.9 + 3.5% at 6 d (n = 3 rabbits), and length in-
creased 1110 + 1.7% at 4 d and 118.5 + 0.5% at 6 d.
Muscle length increased by elongation of existing fibers.
In situ hybridization revealed increased slow MHC mRNA
at the MTJ of slow-oxidative fibers stretched for 4 d (Fig. 1
A) as compared to control fibers from the contralateral leg

. -l?l :. ;
Figure 3. Myofibril attachment to sarcolemmal clefts at the MTJ of 4-d stretched fibers. Primarily thin filaments of elongating myofibrils

cluster about membrane invaginations (arrowheads). Electron-dense material decorates the membrane at these attachment sites. This
micrograph also includes a well-preserved Golgi stack (asterisk) and numerous polysomes between the myofibrils. Bar, 0.5 um.
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Figure 4. Immunofluorescent detection of vinculin at the MTJ of
4-d stretched and control fibers. (4) Stretched fiber with increased
amount of vinculin on most of the sarcolemma at the MTJ. (8) Con-
trol fiber with limited area of MTJ with vinculin accumulation
above background level found along sarcolemma throughout the
fiber. Bar, 25 pym.

(Fig. 1 B). In the control fibers greater MHC mRNA con-
centrations are at the ends of fibers than in the midregion.
This situation is exaggerated in the stretched muscles, which
have an even greater concentration of MHC mRNA at their
MTIJ.

The area of the MTJ rich in MHC mRNA was expanded
in the stretched fibers as compared to the control, and the
subcellular distribution of MHC mRNA was not as orga-
nized. Longitudinal streaks of stain indicate intermyofibril-
lar concentrations, but at the tip of the fiber mRNA fills the
cytoplasmic space without any pattern of distribution. Any
further resolution of mRNA or polysome distributions re-
quired electron microscopy.

It was difficult to find slow-oxidative fibers at the distal end
of control TA because most slow fibers terminated farther
than 1 mm from the end of the last muscle fiber. There were
even fewer slow fibers at the ends of stretch-hypertrophied
muscles, where <5% of mature fibers express slow MHC.

Ultrastructural Changes

In stretched TA a large cytoplasmic space opened up be-
tween the myofibrils and the sarcolemmae of lengthening
fibers (Fig. 2 A). Sarcolemmal invaginations or clefts were
less developed in the stretched fibers, resulting in slightly re-
duced membrane folding factors for sarcolemmae at the MTJ
(Table I). The MTJ of stretched fibers had a full complement
of T-tubules and sarcoplasmic reticulum, and a greater
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amount of Golgi complexes and irregular sarcomeres (Fig.
3). Every MTJ of a stretched fiber observed had similar char-
acteristics (15 fibers for 4 different animals). Control muscle
fibers had no large cytoplasmic gaps between the thin fila-
ments of the final sarcomere and the sarcolemma (Fig. 2 B).

Numerous polysomes were at the MTJ of stretched fibers.
These polysomes were limited to intermyofibrillar sar-
coplasm (Figs. 2 A and 3). Occasionally polysomes formed
complexes at the end of forming thick filaments (data not
shown), but this was more the exception than the rule. A
microtrabecular lattice, observed in thin electron micros-
copy sections, was associated with the polysomes but we
were not able to identify this lattice as any particular filament
network.

Membranes and Attachment of Myofibrils at the
Myotendinous Junction

Immunofluorescence with an antibody against vinculin faint-
ly detected the sarcolemmae all along the fibers, but there
was particular brightness at the MTJ. The intensity and range
of membrane stained at the MTJ of stretched fibers (Fig. 4
A) was much greater than at the MTJ of control fibers (Fig.
4 B). The accumulations of vinculin at the MTJ of stretched
fibers coincided with sarcolemmal densities throughout al-
most all of the MTJ membrane (Table I; Figs. 2 and 3).

A greater percentage of stretched fiber membranes had
electron-dense accumulations (Fig. 2 and Table I). In control
fibers, almost all membrane densities had contractile fila-
ments attached to them. In stretched fibers this correspon-
dence was lost; over half the membrane area with densities
did not yet have filaments attached indicating that membrane
changes precede myofibril formation.

Developing myofibrils attached to sarcolemmal clefts,
though there was not always a continuum of thick and thin
filaments connecting myofibrils to the cleft (Fig. 3). More of-
ten portions of the nascent myofibril thinned out to a few
strands of thin or intermediate filaments. Sarcolemmal clefts
were surrounded by a dense mesh of predominantly thin fila-
ments oriented towards the extending myofibrils. The sar-
colemmae contained electron-dense material at these attach-
ment sites.

Myofibril Assembly

Many examples of myofibrillogenesis were found at the MTJ
of stretched fibers as evidenced by a 20-fold increase in ir-
regular sarcomeres. Careful analysis of these irregular sar-
comeres suggests the various stages of assembly that com-
prise myofibrillogenesis at the MTJ. Electron micrographs of
control fibers had only complete sarcomeres: aligned thin
and thick filaments with straight, transverse Z-bands.
Stretched fibers had many nonaligned thin and thick fila-
ments. It was rare to see thin filament clusters without at
least a few thick filaments, and only a very rare image of a
solo thick filament was seen. There were also myofibrils with
Z-bands added to the filaments, but the filaments were not
always in sarcomeric register. Rarely were the thin and thick
filaments in sarcomeric register without a readily identifia-
ble Z-body present. Examination and counting many micro-
graphs revealed that there were never Z-bodies in a myofibril
without both thin and thick filaments. In other words, I-Z-1
complexes were not seen.
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Figure 5. Myofibrillogenesis at the MTJ of a 4-d stretched fiber. Within this single fiber examples of the

-
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various stages of assembly are pres-

ent (labeled A-E). (4) Clustering of a few thin filaments (and perhaps a few thicks) at a sarcolemmal cleft. (B) Thin and thick filaments di-
rected longitudinally from a membrane cleft. Note the developing membrane triads within both of these nascent myofibrils (arrowheads, A
and B). (C) Larger accumulation of thin and thick filaments without sarcomeric register. (D) Z-body attached to thin filaments, with thick
filaments still not in sarcomeric register. (E) Z-body within an aligned segment of thin (I-band) and thick (A-band) filaments. Bar, 1 um.

Quantitative tallies were made to record the order of ap-
pearance of the structural components of the myofibril. Ex-
amples of these different stages of assembly were all present
within single fibers (Fig. 5). The quantitative results are
presented as fractions in Table II and are used to interpret
the most likely order of myofibrillogenesis.

Individual fibers sometimes exaggerated a particular as-
pect of myofibrillogenesis such as more Z-bands, more fila-
ments, or more membranes. While all the stretched fibers

Table II. Myofibril Characteristics at the Myotendinous
Junction of Stretched Tibialis Anterior

Control* Stretched*+

Thick filaments without Z-bodies

No sarcomeric register 0 0.78

Sarcomeric register$ 0 0.04
Thick filaments with Z-bodies

No sarcomeric register 0 0.77

Sarcomeric register? 1.0 0.53
Z-bodies without thick filaments 0 0

* Control data from 20 micrographs of 6 fibers from 2 muscles. Stretched data
from 60 micrographs of 15 fibers from 4 4-day plantarflexed muscles.
 Values presented are fractions of micrographs which exhibited at least one
example of the structure listed. Some micrographs had more than one type of
myofibril structure so sum is >1.0.

§ Sarcomeric register defined as alignment of thin and thick filaments into
I-bands and A-bands respectively.
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had developing membrane systems amongst assembling
myofibrils, several fibers had an unusually large number of
T-tubule-like structures (Fig. 6) with disorganized filaments
clustering around them. Other fibers exhibited many small
Z-bodies which were closely spaced to one another (Fig. 2
A). These Z-bodies did not have an obvious pattern of distri-
bution, linear or otherwise, within clusters of myofibrils.

Mpyotube Formation

Transverse thick sections from the end of elongating 4-d
muscles (within 1 mm of the last myofiber) contained few
mature fibers expressing slow MHC (Fig. 7 4). However, for
every four or five mature fibers a small myotube expressing
slow MHC was present. After 6 d of stretch the majority of
cells at the end of the muscle were myotubes (Fig. 7 B). Over
95% of these myotubes immunoreacted with the HPM-7
anti-slow MHC antibody. The myofibrils of these myotubes
were not as tightly packed as in adult fibers, and the dark
core in the fluorescent images of many of them was due to
centrally located nuclei surrounded by a region devoid of
fibrils.

The myotubes at the end of elongating fibers were filled
with siow MHC mRNA. In situ hybridization of 6-d
stretched muscle resulted in most of the myotubes stained
throughout their core (Fig. 8 4). The mottled appearance
was a result of light-staining nuclei and areas of the myotubes
which were filling up with myofibrils. Control hybridizations
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Figure 6. MTIJ of a 4-d stretched fiber with a profusion of transverse membranes (arrowheads) in advance of myofibril development. Numer-
ous thin and perhaps intermediate filaments are clustered under the sarcolemma and associated with these T-tubules. Myofibrils at various

stages of assembly are interspersed as well. Bar, 1 um.

with the sense-strand RNA probe resulted in very little back-
ground staining (Fig. 8 B).

Discussion

The accumulation of slow MHC mRNA at the MTJ of
stretched slow-oxidative fibers was greater than in control
fibers. Thus, a large number of MHC polysomes were lo-
cated at the MTJ of elongating fibers, synthesizing MHC
proximal to where it assembled into new sarcomeres. Possi-
ble mechanisms for directing MHC mRNA to the MTJ in-
clude the association of the mRNA with a specific structural
element such as the cytoskeleton. MHC mRNA could ac-
cumulate where it is not spatially excluded by myofibrils.
The increase in MHC mRNA could arise from myonuclei
near the MTJ being programmed to transcribe a different set
of genes from those elsewhere in the fiber or perhaps re-
cently fused myoblast could be differentially transactivated.
Not all these models require specific targeting mechanisms.
Any of these hypotheses are compatible with our results at
the MTJ of stretched fibers where MHC mRNA is concen-
trated in the large gap between the myofibrils and the sar-
colemma. Similar concentrations of MHC mRNA were ob-
served in regions of rapid growth and repair in the midregion
of stretched fibers (Kennedy et al., 1988; Dix, D. J., and
B. R. Eisenberg, unpublished observation).

The distance between the membrane and the bulk of the
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myofibrillar mass was greater in this chronic stretch model
than in developmental (Tidball and Lin, 1989; Williams and
Goldspink, 1971) and cultured cardiac cell models (Lin et
al., 1989). The great distance spanned by the elongating
myofibrils provided for expression of various stages of sarco-
mere assembly within individual fibers. Thin filaments at-
tach to the talin-vinculin membrane complexes, anchoring
the elongating myofibril and providing orientation to the as-
semblage.

Vinculin is a major component of myofibril attachment at
the MTJ and is upregulated in response to stretch. Along
with talin (Tidball et al., 1986) and c-actinin (Trotter et al.,
1983), vinculin anchors the terminal thin filaments of the
myofibrils. The membrane electron densities where myofib-
rils attached to the tendon are in part due to vinculin (Shear
and Bloch, 1985). The increased vinculin densities through-
out the sarcolemma at the MTJ make thin filament attach-
ment possible at almost any location on the membrane.

Thin filaments first attach at the deeper clefts, or perhaps
attachment causes the cleft to form at sites where all the es-
sential molecular entities are first formed. Subsequent fila-
ment assembly tends to cluster about these primary loca-
tions. Thick filaments join thin filaments and at this point the
T-tubules and sarcoplasmic reticulum membranes are often
present. Z-bodies then assemble with the thin and thick fila-
ments, coalesce into mature Z-bands, and set the filaments
into sarcomeric register. The quantitative data from Table II
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Figure 7. Myotubes at the ends of TA after 4- and 6-d stretch. (4)
Immunofluorescent detection of slow MHC identifies four small
myotubes (arrowheads) and one preexisting slow-oxidative fiber at
the end of TA stretched for 4-d. (B) Many slow MHC-expressing
myotubes are present after 6-d stretch, accounting for the majority
of cells at the end of the lengthening muscle. Bar, 50 um.

is used to construct a graphic representation of this process
in a single myofibril (Fig. 9).

By comparing our observations with existing theories on
myofibril assembly, the following can be stated. We very
rarely saw thick filaments not associated with thin filaments.
It seems likely that myosin assembles into thick filaments on
an actin filament template as suggested by fluorescence
energy transfer studies in Dictyostelium (Mahajan et al.,
1989). Stress fiber-like structures acting as templates for de-
veloping myofibrils (Dlugosz et al., 1984) were not seen in
any stretched or control fibers. At the earliest stages of
myofibril assembly when only a few thin filaments and per-
haps intermediate filaments were observed, we saw thick
filaments adding directly to these sparse structures in an un-
registered manner. Small aggregates of a-actinin, which coa-
lesce into mature Z-bands (McKenna et al., 1986), are more
in agreement with our observations than the idea of minisar-
comeres (Sanger et al., 1986). The postulate that Z-bodies
(and associated titin filaments) are required for setting sarco-
meric register (Hill et al., 1986; Lin et al., 1989; Tokuyasu
and Maher, 1987a, b) seems reasonable since we saw few
aligned filaments in myofibrils without Z-bodies. Z-bodies
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Figure 8. In situ hybridization of MHC mRNA in myotubes at the
ends of TA stretched for 6 d. (4) ISH with an anti-sense RNA probe
demonstrates the dense nonspecific distribution of slow MHC mRNA
in myotubes. Four larger fibers in center of field are preexisting fast
fibers (asterisk). (B) Negative control ISH with the sense RNA
probe resulted in low background staining. Bar, 50 um.

seem to be required to determine polarity of the thin fila-
ments and allow registration of the thick filaments into
A-bands. However, Z-bodies or I-Z-1 complexes are not a re-
quirement for thin and thick filament assembly (Beall et al.,
1989).

Some heterogeneity should be recognized in fiber strate-
gies for growth. Fibers with exaggerated features such as
profligate T-tubules (Fig. 6) or Z-bodies which form a striped
pattern (Fig. 1 A) can be taken as extreme examples of vari-
ous components of myofibrillogenesis. These could also be
examples of uncoordinated gene expression in response to
stretch. Regional overexpression of a particular muscle pro-
tein could be a result of unbalanced nuclear domains.
Stretch-activated nuclei may also be more susceptible to
overexpression of a single gene product.

Nascent fibers and myotubes at the ends of muscles
stretched for 6 d are another example of stretch activation.
It is expected that these myotubes will fuse with and become
extensions of existing fibers, similar to what is observed dur-
ing development (Moss and Leblond, 1971; Williams and
Goldspink, 1971). Essentially all of the myotubes expressed
slow MHC. This is a recapitulation of the developmental
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Figure 9. Myofibrillogenesis at the
MTJ of stretched skeletal muscle.
Vinculin (4) corresponds to the sar-

P J oy .
colemmal electron densities which
— — e 4 anchor actin thin filaments (B). My-
- £ cm— osin thick filaments (C) aggregate
T T T with the thin filaments, and c-actinin
B c D E Z-bodies (D) then align these fila-
VINCULIN ACTIN MYOSIN a -ACTININ SARCOMERE ments into sarcomeric register (E).

program of isomyosin expression. All primary myotubes in
the developing rat TA express slow MHC as well (Narusawa
etal., 1987) and a reversion to the embryonic phenotype was
observed in stretched chicken muscle (Kennedy et al., 1988,
1989). The RNA probe and antibody used to detect slow
MHC expression have proven their specificity in numerous
applications (Dix and Eisenberg, 1988; Kennedy et al.,
1986).

The intracellular distribution of MHC mRNA in myotubes
is less organized than seen in adult fibers. A more homoge-
nous distribution of MHC mRNA was also reported in cul-
tured myotubes (Singer et al., 1987) and in developing rabbit
fibers (Dix, D. J., and B. R. Eisenberg, unpublished data).
It seems the organization of the myofibrils plays a large role
in determining MHC mRNA distribution because mRNA is
excluded from the orderly myofilament lattice.

In conclusion, we found that a large cytoplasmic space de-
void of myofibrils forms at the ends of stretched fibers and
fills with MHC mRNA. These local accumulations of
mRNA provide for regional synthesis of contractile proteins,
rapid sarcomere assembly, and extension of the myofibrils.
Myofibrillogenesis proceeds first by preparing the mem-
brane for attachment, then thin and thick filament aggrega-
tion. Sarcomeric register is set by Z-bodies which add into
the filament bundles. The stretched muscles also lengthen by
the proliferation of myotubes at the MTJ.
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