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Abstract:
Matthew J. Welchons
Thesis Advisors: Jean M. Sanger & Joseph W. Sanger
This study seeks to investigate the role of contractions in myofibrillogenesis,
and structure of nascent myofibrils. The model system employed in these
experiments was cultured quail myotubes. In order to determine the role of
contractions in myofibrillogensis, contractions were indirectly inhibited with
elevated KCl, and directly inhibited with 2,3 butanedione monoxime (BDM), a small
cell-permeable inhibitor of actin & muscle myosin interactions. Myotubes were
treated with contraction inhibitors at 2½ days – soon after the main fusion event.
On the 6th culture day, there was significant delay in myofibrillogensis in myotubes
exposed to elevated KCl. This delay was characterized by the expansion of nascent
myofibrils at the spreading edges of myotubes. This delay in myofibrillogenesis was
not accompanied by diminished accumulations of muscle myosin. On the 4th culture
day, there was complete arrest of myofibrillogenesis at the nascent step with the
treatment of BDM. As a result, it is concluded that contractions are necessary for the
progression of nascent myofibrils to mature myofibrils. The structure of nascent
myofibrils was further investigated with super resolution microscopy. Structured
illumination microscopy (SIM) and stimulated emission depletion (STED)
microscopy revealed mini-A-bands – shorter than 1.5 μm in length – associated with
nascent myofibrils. These structures were spaced at varying intervals, and oriented
at angles deviating the from the actin superstructure of the nascent myofibril. MiniA-bands were also observed to progressively in expand in length distal to the
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spreading edges of myotubes. STED imaging indicates that some mini-A-band are
adjacent to, and not integrated within, the actin superstructure of nascent
myofibrils.

viii

Introduction:
In this study, we employ an avian skeletal myotube culture system to
investigate the effects of contractions on myofibrillogenesis, and to further
characterize the architecture of the second step of myofibrillogenesis – the nascent
myofibril. In order to the set the context for these experiments, we first detail the
relevant morphological, developmental, electrical, and molecular characteristics of
avian skeletal myotube culture systems. We then detail the current anatomical and
molecular model of myofibrillogenesis – the three-step model – and discuss its role
in interpreting and measuring our results. From there, we discuss the current body
of knowledge regarding the role of contractions in myofibrillogenesis and myosin
dynamics. We then establish the relevancy and logic of our experiments in the
context of the aforementioned foundations. Finally, we detail the current
knowledge base of muscle myosin filament development, and describe its relevancy
to the super resolution imaging of nascent myofibrils.
Myogenesis & Myofibrillogenesis in Cultured Avian Skeletal Myotubes:
In vertebrates, the development of skeletal muscle tissue is a spatially and
temporally complex process. Because of their diversity in cell types, and complex
developmental timelines, in vivo models are often not compatible with disciplined
scientific manipulation. As a result, there has been a long-established precedence in
the use of avian skeletal myotube cultures for the study of myogenesis and
myofibrillogensis (Paterson and Strohman 1972).

1

The first avian myotube cultures described involved chick embryo explants.
Skeletal muscle tissue was taken from various locations within chick embryos, and
applied directly to culture media for subsequent incubation. Slender multinucleated
muscle buds radiated outward by the first culture day. Muscle buds fused together
as they projected outward, and universally formed fine cross-striations by the
second culture day (Lewis and Lewis 1917).
It was observed in several non-avian systems that skeletal myotubes formed
from the fusion of mononucleated myoblasts (Jordan 1920, Levi 1934, and
Chevremont 1940, Capers 1960). Lash and Holtzer (1957) confirmed that myoblast
fusion is responsible for producing muscle fibers in both chick embryos, and chick
embryo cultures grown from dispersed myoblasts. With further study, it was
observed that nearly all myoblasts cultured from 11-day-old chick embryos divided
by the first day in culture. In addition, the fusion of myoblasts to form elongated
multinucleated cells had occurred by third day. It was estimated that at least half of
mononucleated cells in cultures had fused between 45 and 55 hours in culture
(Stockdale and Holtzer 1961). Between the fourth and fifth culture days, it was
observed that fused myoblasts had fully yielded multinucleated myotubes (Okazaki
and Holtzer 1965). Following fusion of the second culture day, myotubes exhibited
myofibrils that stained positively for muscle myosin, but the advent of A-bands had
not yet occurred. On the third culture day, A-banding in some myofibrils was
apparent (Okazaki and Holtzer 1966). Using this culture system, it has been also
observed that small myotubes, containing striated myofibrils, can be appreciated by
the third day (Jockusch and Jochusch 1980). However, by the fourth and fifth days,
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Okazaki and Holtzer (1965) had observed that all multinucleated myotubes
possessed muscle myosin-staining myofibrils with A-bands.
The timeline of myofibrillogenesis in chick embryo cultures has been
reinforced and contrasted with electron microscopy studies. Following the culture
methodologies of Lewis & Lewis (1917), long bundles of myofibrils have been
observed at three culture days. These myofibril bundles possessed overlapping thin
and thick filaments. After five days of culturing, the alignment of thick and thin
filaments within distinguishable A- & I-banding patterns is evident (Firket 1967).
Using dispersed myoblasts from 10 to 11-day-old chick embryos, it was observed
that some myofibrils are present between the first and second culture days. In these
early myotubes, thin filaments are organized parallel in aggregates. These thin
filaments were always found associated, and interspersed, with thick filaments. By
the fifth culture day, the myotubes possessed robust and fully organized myofibrils
(Ishikawa and Holtzer 1968).
Contractile Protein Synthesis in Cultured Avian Skeletal Myotubes:
After two days in culture, avian myoblasts synchronously fuse to form
multinucleated myotubes. Specifically, it has been observed that this fusion burst
occurs between 45 and 55 hours of culture (Stockdale and Holtzer 1961). It was
also been reported that muscle myosin expression is detectable by the third day of
culture (Coleman & Coleman 1968), and that muscle myosin synthesis exponentially
increases over the next 5 days of culturing (Okazaki and Holtzer 1966). By the
second culture day, muscle myosin-containing non-striated myofibrils have been
observed in chick myotubes. While these structures are concomitant with the
3

presence of muscle myosin-expressing myoblasts, it was also determined that these
cells had undergone their terminal differentiation – a necessary event that
immediately precedes fusion (Okazaki & Holtzer 1966).
Building on the work of Okazaki & Holtzer (1966) and Coleman & Coleman
(1968), the precise and concurrent measurement of myosin synthesis and fusion
kinetics was demonstrated in chick myotubes. It was found found that the visual
estimation of fusion was immediately concurrent with the decrease in DNA
synthesis (occurring between 40 and 52 culture hours), and that the great majority
of myosin synthesis occurs during and following this fusion event (Paterson and
Strohman 1972).
Following induced fusion of cultured quail skeletal myoblasts, the precise
radiolabeled quantification of myosin, and other related contractile proteins including actin, troponin, and tropomyosin – provided additional insights into the
molecular dynamics of developing myotubes. The greatest increase in actin
synthesis occurred between 10 and 20 hours. The greatest rate in myosin heavy
chain, troponin, and tropomyosin synthesis occurred between 20 and 30 hours.
Forty hours after inducement of fusion, all of the previously mentioned contractile
proteins had plateaued in their rates of synthesis. Sixty hours after inducing fusion,
there was a nearly 10-fold increase in the rate of myosin heavy chain synthesis, and
at least a 5-fold increase in the rate of actin, troponin, and tropomyosin synthesis
(Devlin and Emerson 1978).
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Electrical Properties of Cultured Avian Skeletal Myotubes:
The electrical activity of cultured chick embryo explants was first reported
with extracellular electrodes. In 3 to 5-day-old cultures plated from 3 to 12-day-old
embryos, a variety of monophasic and diphasic waveforms were recorded. The
intervals of the bioelectric potentials were appoximately 50 msecs., while the
durations the individual rhythmic potentials were all under 50 msecs. Recordings
could only be obtained from fused masses of several myotubes displaying rapid
“fibrillar” contractions. There were no successful electrical measurements of
individual myotubes (Szepsenwol 1946).
The first intracellular electrode recordings of individual cultured chick
myotubes measured average resting membrane potentials at -66 mV (SD: ±5).

In

this set-up, cultures were raised from the thigh muscles of 13 day-old embryos, and
recordings were performed after seven to twenty-one days of cultivation. In
contrast to the myotubes observed by Szepsenwol (1946), action potentials were
homogenous diphasic, and spiked - resembling those seen in adult skeletal muscle.
The interval of these action potentials was approximately 100 msecs. Pacemaker
pre-potentials, with action potential depolarization thresholds estimated
between14 mV and 24 mV, were consistently observed. However, they also
observed “rhythmic ossilations” of the membrane potential that did not include
spiked action potentials. Given the lack of motor end-plate organs in the culture, it
was concluded that these rhythmic action potentials were spontaneous and arising
from the myotubes themselves (Li et al. 1959).
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Intracellular electrode recording traced the electrical activity of cultured
chick myotubes from early to late development. Cultures were raised from the
breast muscles of 11-day-old chick embryos, and recordings were performed
between culture days three and seven. Across the development of cultures, a
negative correlation between muscle fiber length, and resting membrane potential,
was observed. Longer length (older) myotubes exhibited lower resting membrane
potentials than shorter length (younger) myotubes. While the shortest myotubes
had measurable membrane potentials of only -5 to -10 mV, it was observed that
myotubes with the most mature cultures had an average membrane potential of
-59.1 mV (S.E.: 2.5) (Fishbach 1971).
It is important to recognize that Fishbach et al. (1971) did not correlate
myotube resting membrane potentials with their directly measured age. Instead,
myotube length was used as a proxy measurement of relative myotube age. This
correlation was based on the general observation that myotubes increased in length
as the culture matured. However, Fishbach et al. (1971) acknowledges Okazaki and
Holtzer (1965) and Ishakawa & Holtzer (1968) in their observation that myoblast
fusion occurs at variable times following mitosis. As a result, they admit that their
extrapolative correlation of myotube age vs. membrane potential is a questionable
presumption. Despite the lack of a definitive timeline for electrical activity in this
culture system, it has been commonly observed that spontaneous contractions are
present by the fourth day of culture (Jockusch & Jockusch 1980, Sanger et al. 1986).
Spontaneous action potentials were also measured across the development
of cultured chick myotubes. In mature cultures, spontaneous action potentials
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occurred with durations of approximately 6 msec., and an undisclosed interval. The
majority of spontaneous action potentials were biphasic with slow-depolarizing
pre-potentials. There was an absence of spontaneous action potentials in noncontracting “immature” myotubes. However, spiked action potential, with a
frequency of approximately 25 msecs, were evoked when the membrane was
persistently hyperpolarized to -70 mV with an outward current. Furthermore,
action potentials could not be evoked in mature cultures unless the resting
membrane potential was greater than -55 to -60 mV. Mature myotubes with resting
membrane potentials less than -55 to -60 mV could only experience such currentinduced action potentials if their membranes were first hyperpolarized. As a result,
the authors concluded that a resting membrane potential of -55 to -60 mV must be
achieved in order to permit spontaneous electrical activity (Fishbach et al. 1971).
In studying the passive electrical properties of culture chick myotubes,
Ritchie and Fambrough (1975) recorded the membrane potentials of chick
myotubes over two weeks of development. Like Fishbach et al. (1971), they raised
their cultures from breast muscles of 11-day-old chick embryos, and measured their
intracellular electrical activity with membrane penetrating glass KCl-filled
electrodes. With 10 replicate experiments for each culture day, they found that 3, 4,
and 5-day-old myotubes had average resting membrane potential of -23.5 mV, -31.1
mV, and -46.1 mV, respectively. At 7 and 9 culture days, the average membrane
potentials are -51.2, and over the course of the 2nd week of culturing, the average
membrane potential dropped to -45.7 mV. While the authors do not mention the
presence or absence of spontaneous action potentials in their cultures, according to
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conclusions of Fishbach et al. (1971) the myotubes would not exhibit action
potentials unless their membrane potentials increased -55 mV. Further, the authors
do acknowledge that cell damage and shunting resulting from their technique may
have compromised their data in younger myotubes (Fishbach et al. 1971).
Despite the differences in resting membrane potentials observed by Fishbach
et al. (1971) and Ritchie and Fambrough (1975), both studies show that the
membrane potential decreases as the myotubes mature, and then reach a relative
plateau. Further, it has been established from our results that spontaneous action
potentials do occur as early as five culture days, and with resting membrane
potential as great as -45 mV (See figures 3 and 4). The consensus in the literature is
that avian quail myotubes do exhibit spontaneous electrical activity (Szepenwol
1946, Li et al. 1959, Fishbach et al. 1971), and such electrical activity has been
observed as early as the third culture day (Szepsenwol 1946). While not known for
certain, it is conceivable that the quail myotubes employed in this study possess
action potentials as early as 3 or 4 culture days. With the advent of new patchclamping techniques that permit the stable and sustained recording of electrical
activity in developing myotubes, it would be greatly beneficial to have a new
baseline study of the electrophysiological development of the avian skeletal
myotube culture system.
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The 3-step Model of Myofibrillogenesis:
Using indirect immunofluorescence in avian cardiac myocytes cultures, it
was observed that myosin-containing “stress fiberlike” fibrils emanate from crossbanded myofibrils towards the spreading edge of the cells. Within these “stress
fiberlike” extensions of the myofibrils, myosin was distributed with a continuous
non-banded pattern (Kulikowski & Manasek 1979). In rat skeletal muscle cultures,
a non-banding pattern of muscle myosin within the peripheral “stress fiberlike”
extensions of banded myofibrils was also observed. Concomitantly, a “region of
overlap” in these structures was appreciated. Within this region of continuouslydistributed muscle myosin, fluorescently stained non-muscle myosin was also
observed. Beyond this “region of overlap”, these “stress fiber-like” extensions
continued to stain positively for non-muscle myosin, but lacked the presence of
muscle myosin. Moreover, the non-muscle myosin was distributed across the fibrils
in an irregularly banded pattern – with bands measuring shorter in length (0.480.51 μm) than those observed with muscle myosin (Fallon & Nachmias 1980).
Within spreading edge of cultured avian myotubes, Jockusch & Jockusch
(1980) observe with immunofluorescence the distribution alpha-actinin along
developing myofibrils. At the fourth culture day, they note that while alpha-actinin
is clearly distributed along the Z-lines in the central mature myofibrils, the
distribution of alpha-actinin at the spreading edge is punctate and “speckled.”
Sanger et al (1984) use both microinjections and immunofluorescence to study the
patterning of alpha-actinin in avian cardiac myocyte cultures over the course of
three days. After two to three days of spreading, punctate patterns of alpha-actinin
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in strand-like arrays were evident. Many of these linear arrays appeared to be
continuous with mature myofibrils, and some registered patterning among the
puncta was apparent. In live cells, contraction of myofibrils was coincident with the
pulling of these alpha-actinin –positive strands. Furthermore, a distinct varying
periodicity among the puncta could be measured as occurring between
0.3 to 2.0 μm. It was hypothesized that this periodic distribution of apha-actinin
actually demarcated the boundaries of developing “minisarcomeres” in nascent
myofibrils (Sanger et al. 1986).
Further live studies, with microinjected fluorescent alpha-actinin in avian
skeletal myotube cultures, confirm the existence of two distinct, but continuous,
morphologies in myofibrils: (1) mature myofibrils with full-sized sarcomeres
(measuring 1.9 to 2.4 μm in length), and (2) nascent myofibrils with
“minisarcomeres” (measuring 0.3 to 1.5 μm) in length. From three to five culture
days, the field of myofibrils transitioned from a population composed entirely of
“minisarcomeres” to one dominated by mature myofibrils. At five culture days, the
nascent myofibrils were marginalized at the spreading edges and peripheries of the
myotubes. At the boundaries of mature and nascent myofibrils, it was evident that
sarcomeres of the mature myofibrils constricted with each contraction, while the
minisarcomeres of the nascent myofibril counterpart remained consistent in length.
Furthermore, when viewed over the course of 25 hours, the same minisarcomeres
exhibited an increase in length from 0.9-1.3 μm to 1.6 to 2.3 μm (Sanger et al. 1986).
As this new framework in myofibrillogenesis evolved, electron microscopy
studies offered new insights into the emergence of sarcomeres, and integration of
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myosin. Using a Xenopus myotome culture system, Peng et al. (1981) captured the
boundary between mature myofibrils, and their continuous nascent counterparts.
These images confirm that actin filaments of the mature myofibrils are anchored at
the z bands, and extend towards their breakpoint at clearly defined H zones. In
contrast, the adjacent developing myofibrils show a continuous thatch work of actin
filaments. In relative longitudinal alignment with the mature sarcomeres, these
filaments traverse the developing Z-bodies, and continue through the array of
myosin filaments in the emerging A-bands (Peng et al. 1981)
The distinction between mature and nascent myofibrils was definitively
studied with the use of cultured avian cardiac myocytes. From culture days one
through five, myofibrils distributed along the spreading edges of the cells were
studied with immunofluorescent staining for alpha-actinin, myosin, and non-muscle
myosin. This culture model was especially conducive for studying the sequential
progression of myofibrillogenesis in that new myofibrils are sequentially
synthesized in concentric parallel arrays. As a result, one can appreciate the
temporal progression of myofibrillogenesis within a single concentric myofibrillar
array. The myofibrils at the periphery of the spreading edge are the most newly
synthesized, while those most adjacent to the cell nucleus are the oldest (Rhee et al.
1994).
In terms of alpha-actinin, it was observed that the older myofibrils exhibited
a banding pattern consistent with the z-bands of mature myofibrils, while the
spacing progressively decreased as the myofibrils are placed towards to the margins
of the spreading edge. While the older myofibrils, full-sized alpha-actinin spacing,

11

were largely devoid of non-muscle myosin, newer myofibrils, with narrower alphaactinin spacing, exhibited short non-muscle myosin II bands (Rhee et al. 1994).
In contrast, both myofibrils with full-size alpha-actinin spacing, and some of
those adjacent proximal myofibrils with narrow alpha-actinin spacing, exhibited the
presence of muscle myosin. However, the newest myofibrils located towards the
spreading margins of the cells, were devoid of muscle myosin. These most marginal
myofibrils, then, could be differentiated from the other more proximal myofibrils,
with narrow alpha-actinin spacing, in that they were lacking in muscle myosin. In a
new classification scheme, these former myofibrils retained the term nascent
myofibrils, while the latter muscle myosin-devoid myofibrils became distinguished
as premyofibrils (Rhee et al. 1994).
To summarize the constellation of observations describing the patterning of
alpha-actinin, actin, and myosin during myofibril formation across multiple species
of striated muscle, a new three-step model of myofibrillogenesis was proposed. In
the initial pre-myofibril step, a thatch work of actin emanates from anchoring Zbodies composed of the actin-binding protein, alpha-actinin. Between the Z-bodies,
short bands of non-muscle myosin II are interwoven among the actin filaments to
reinforce both the developing actin super-structure, and the developing Z-bodies. In
the second step, as premyofibrils transition to nascent myofibrils, muscle myosin is
tethered to the exterior of the myofibrils through its interactions with titin, while
the stacks of non-muscle myosin II filaments remain interwoven with actin
filaments. The hallmark of the third step, the transition to mature myofibril, is the
supplanting of non-muscle myosin by muscle myosin. As a result, the bands of non-
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muscle myosin in the nascent myofibrils give way to the bands of myosin as the
myofibril matures (See figure 1) (Rhee et al. 1994, White et al. 2014).
Based on patterning of alpha-actinin in premyofibrils and nascent myofibrils,
it was also hypothesized that nascent myofibrils were the product of premyofibrils
coming together in parallel arrays. It was thought that Z-bodies of the premyofibrils
aligned as the myofibrils came together to form ordered longitudinal arrays
marking the boundaries of mini-sarcomeres. As the nascent myofibrils matured, it
was also hypothesized that the aligned Z-bodies coalesced to form the z-lines
characteristic of mature myofibrils (Rhee et al. 1994). Dabiri et al. (1997) confirmed
this component of the model with a series of time-lapse experiments observing the
distributions of transfected GFP-labeled alpha-actinin in developing
cardiomyocytes. It was demonstrated that as premyofibrils come together, the
alpha-actinin-labeled Z-bodies aligned to form the boundaries of minisarcomeres.
Over time, the boundaries of the minisarcomeres increased in length as the Z-bodies
fused to yield Z-lines (Dabiri et al. 1997).
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Comparing Rates of Myofibrillogenesis with the Three-Step Model:
The three-step model of myofibrillogenesis was developed as a means to
encapsulate a complex organization of phenomena within a framework that could
be further tested and modified. However, the three-step model also serves as a
convenient means for staging myofibrillogenesis in a variety of cell types and model
organisms (Rhee et al. 1994, Sanger et al. 2002, Sanger et al. 2009). In the avian
skeletal myotubes employed within this study, myofibrillogenesis begins at the
center of the cells, and progresses towards the sarcolemma and spreading edges. By
the fourth culture day, the time sequence of this progression results in mature
myofibrils occupying the majority of the cytoplasm throughout the central portion
of the cell. Towards either spreading edge, the mature myofibrils transition first to
nascent myofibrils. In turn, the nascent myofibrils transition to premyofibrils as the
spreading edges are approached. As the spreading edges at either end of the cell
progress outward, premyofibrils extend their outward reach. At the same time,
those premyofibrils distal to the spreading edge mature to the nascent myofibril
stage. In addition, the nascent myofibrils most distal to the spreading edge progress
to the mature myofibril stage, and add length to their mature myofibril
counterparts.
With this progression and spatial sequence in mind, immunofluorescent
imaging of fixed cells can provide an estimation of the relative rates of
myofibrillogenesis. When imaging the spreading edges of myotubes, the distance
from the advent of both mature and nascent myofibrils from the spreading edge can
be measured.
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For example, the rate at which myofibrils progress from the premyofibril to
nascent myofibril steps can be estimated by finding the minimum distance between
the advent of a nascent myofibril and the spreading edge of the cell. This boundary
can be detected in the distributions of alpha-actinin across myofibrils. The
transition between a premyofibril and nascent myofibril is marked by the beaded
patterning of alpha-actinin transitioning to that of aligned Z-bodies. These aligned
z-bodies mark the boundaries of mini-sarcomeres and do not exhibit the continuous
registered Z-line characteristic of mature myofibrils (Rhee et al. 1994, Dabiri et al.
1997).
The rate at which myofibrils progress from the premyofibril to mature
myofbril stages can be inferred by finding the minimum distance between the
advent of mature myofibrils and the spreading edge of the cell. The boundary is
marked by the first identifiable mature A-bands. At this point, the continuous
muscle myosin pattering of nascent myofibrils gives way to the distinct A-banded
organization of mature myofibrils.
The comparison of these distances between samples of control and treated
cultures can yield valuable information regarding the degree to which variables
effect the progression of myofibrillogenesis. For example, and overall extension of
the minimum distance between nascent myofibrils and the spreading edge would
indicate that the rate of myofibrillogenesis had delayed at the premyofibril stage.
However, an overall extension of the minimum distanced between mature
myofibrils and the spreading edge may indicate that there was delayed
myofibrillogenesis at either the premyofibril step, nascent myofibril step, or both.
15

In order to infer whether such a delay was relegated to the nascent myofibril stage,
one must compare the results with relative rates of myofibrillogenesis in the
premature myofibrils.
The Effects of Electrical Activity and Contractions on Myosin Degradation and
Myofibrillogenesis:
Walker and Strohman (1978) observe the effects of inhibiting contractions in
cultured chick myotubes with tetrododoxin (TTX). Tetrodotoxin inhibits
contractions by blocking membrane voltage gated Na+ channels, and thereby
suppressing the initiation of action potentials. Estimating total myosin heavy chain
content by analysis of coumassie-stained SDS PAGE-derived gels, TTX-treated
myotubes exhibited consistently lower levels of accumulated myosin heavy chain
(treatment was initiated on the 2nd culture day). Over the course of a single
experiment, there was a linear increase in myosin levels in the control myotubes,
and a slight linear decline in the TTX-treated myotubes. After two days of treatment
(i.e. on the 4th culture day), TTX-treated cultures possessed a total myosin heavy
chain accumulation of approximately 25% less than that of controls. After five days
of treatment (i.e. on the 7th culture day), TTX-treated cultures exhibited a total
myosin heavy chain accumulation of approximately 50% less than controls. After
fourteen days of treatment TTX-treated myotubes exhibited a six-fold decrement in
myosin heavy chain accumulation compared to TTX-treated cells (Walker &
Strohman 1978).
Walker & Strohman (1978) also measured myosin synthesis and degradation
by pulsing cultures with radiolabeled leucine, and detecting the subsequent
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radioactivity myosin bands isolated via SDS PAGE. With one-hour pulses
administered immediately prior to culture homogenization, it was determined that
myosin synthesis rates between control and TTX-treated cultures were not
significantly different. With 36 experiments, radioactive amino acid incorporation
within myosin heavy chain was only 2% greater in TTX-treated cultures than
controls. However, after seven replicative experiments measuring radiolabeled
myosin over a variety times following the pulse, it was demonstrated that myosin
degradation was significantly accelerated from an average half-life of 3.9 days in
controls to an average half-life of 2.5 days in TTX-treated cultures. These rates
represent linear declines evidence across seven days following treatment. Whereas
myosin heavy chain degradation was approximately 40% faster than that observed
in control cultures, total protein degradation in TTX-treated cultures was only 8%
faster than that in controls (Walker and Strohman 1978).
In order to rule out any direct effects of TTX on myosin heavy chain turnover,
Bandman and Strohman (1982) tested the effects of contraction suppression on
myotube myosin levels by suppressing action potentials with elevated K+
concentrations. Using cell media with 12 mM KCl, spontaneous contractions were
inhibited from the first day of culture. It was found that the elevated KCl had no
effect on cell fusion. Using methodologies from Walker & Strohman (1978) in five
replicative experiments, Bandman and Strohman (1982) show that there is no
significant difference in total myosin accumulation between 12 mM KCl-treated and
control cultures for culture days 3, 4 & 5. On the 6th culture day, however, 12 mM
KCl-treated cultures exhibit an average 40% decrease in myosin heavy chain

17

accumulation, as compared to controls. On the 7th culture day, this deficit rose so
that 12 mM KCl-treated cultures possessed approximately 60% less myosin heavy
chain than controls. While the 60% diminishment in myosin heavy chain in 12 mM
KCl-treated cultures on the 7th culture day was accompanied by approximately 15%
in total protein accumulation, there was not a significant difference in total protein
accumulation between 12 mM KCl-treated and control cultures on day 6 (Bandman
and Strohman 1982).
Using the “pulse chase” experiment model of Walker and Strohman (1978),
Bandman and Strohman (1982) also measured myosin synthesis and degradation.
As was the case between TTX-treated and control cultures, there was not a
significant difference in myosin synthesis rates between 12 mM KCl-treated and
cultures. However, after three replicative experiments measuring radiolabeled
myosin over a variety times after the pulse, it was demonstrated that myosin
degradation was significantly accelerated from an average half-life of 2.6 days in
controls to an average half-life of 23 hours in TTX-treated cultures. Unlike the
degradation rates Walker and Strohman (1978) measured over the course of seven
days, these rates were based on radiolabelled myosin levels measured four times
over the 50 hours following the 6th culture day. As a result, these degradation rates
represent myosin degradation over a narrower time window towards the end of the
total experiment timescale. As was observed by Walker and Strohman (1978) these
myosin degradative rates represent clear linear declines over the time in which they
were acquired. In addition, whereas myosin heavy chain degradation was
approximately 35% faster than that observed in control cultures, total protein
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degradation in 12 mM KCl-treated cultures was only 12% faster than that in
controls. (Bandman and Strohman 1982).
To complement this series of radiolabeled amino acid incorporation studies,
Bandman and Strohman (1982) also imaged living myotube with phase-contrast
microscopy at 10 culture days. In contrast to control myotubes, they found that 12
mM KCl-treated myotubes did not possess cross-striations. With continued
anterograde monitoring, they report that this pattern endures as long as the
cultures remain viable. However, no mention is given appearance of striations in
control or treatment controls prior to this time period, and no further imaging
modalities (i.e. immunofluorescent imaging) were performed (Bandman and
Strohman 1982).
De Deyne (2000) extended the work of Walker and Strohman (1978) and
Bandman and Strohman (1982) with immunocytochemical staining. Using rat
skeletal myotube cultures, DeDeyne (2000) inhibited spontaneous myotube
contractions by inhibiting action potentials with 3 μM TTX. When treating
myotubes for six days with TTX at 5 culture days – a day prior to the development
mature myofibrils – the development of Z-lines (as indicated with immunolabeled
alpha-actinin) was almost completely inhibited. Less than 1% of TTX-treated
eleven-day-old myotubes exhibited Z-bands (57.3% in controls). When treating
myotubes from culture days 7 through 9 – after the development of mature
myofibrils – the Z-banding characteristic of mature myofibrils had given way to a
punctate distribution of alpha-actinin. There was less than 1% of myotubes that
contained Z-bands. This effect was shown to be reversible when 39% of myotubes
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treated with TTX from days 5 through 9, exhibited Z-banding after two days of
recovery. In contrast to Walker and Strohman (1978), De Deyne (2000) does not
find a decrease in myosin accumulation as a result of TTX-mediated inhibition of
contractions. In cultures treated from days 5 through 9 with TTX, Western blot
analysis shows no difference in both muscle and non-muscle myosin isoforms
between controls.
In order to confirm that the TTX-mediated inhibition of action potentials
inhibited myofibrillogenesis by disrupting calcium release from the sarcoplasmic
reticulum, De Deyne (2000) directly inhibited L-type calcium channels with either
verapamil (10 μM) or nifedipine (10 μM). When either drug was applied to
spontaneously contracting cultures for 2 days, the number of myotubes possessing
Z-bands was reduced to less than 10% (approximately 50% in controls). The
employment of calcium-indicator dyes confirmed that calcium fluxes were
significantly diminished in both the TTX-treated and L-type calcium channelinhibited cultures (DeDeyne 2000).
Soeno et al. (1999) sought to determine the direct influence of actin and
myosin interactions in facilitating myofibrillogenesis by treating cultured chick
skeletal myotubes with 2,3-butanedione monoxime (BDM). BDM is a weak
reversible noncompetitive inhibitor of the muscle myosin II ATPase function. By
stabilizing the myosin-ADP-Pi intermediate, BDM inhibits the release of Pi. The
10 mM concentration range is necessary attain myosin ATPase inhibition (Bond et
al. 2013). It has been reported BDM is also an inhibitor of non-muscle myosin.
Cramer & Mitchison (1995) showed that 10 mM BDM inhibits the interaction of non-
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muscle myosin II with the actin filaments of PtK2 cell stress fibers. However,
subsequent unpublished results have placed this contention in dispute (Cheung et
al. 2002).
Soeno et al. (1999) found that after treating chick myotubes with 10 mM
BDM for two days (immediately after fusion on the 2nd culture day) normal
sarcomeric architecture failed to manifest. With immuoflourescent staining, muscle
myosin, and alpha actinin failed to form characteristic sarcomeric banding patterns.
Further, immunofluorescent staining for actin failed to detect characteristic actin
superstructures of myofibrils. Instead, BDM-treated myotubes exhibited a diffuse
distribution of sarcomeric proteins by the fourth culture day. After an additional
day of treatment, BDM-treated myotubes showed an actin and muscle myosin
distribution characteristic of nascent myofibrils. Actin-staining myofibrils
possessed a continuous beaded distribution of muscle myosin. En toto, these
myofibrils lacked evidence of distinct cross-striation. Also consistent with nascent
myofibrils, evenly spaced beads of alpha-actinin distributed across the myofibrils
(Soeno et al. 1999).
With a three day washout in normal culture media, Seono et al. (1999) found
that BDM-treated myotubes recovered with fully intact sarcomeric architecture
consistent with mature myofibrils. Immunostaining for actin and myosin revealed
actin-positive myofibrils with cross-striated A-bands. Immunostaining for alphaactinin revealed fully formed Z-lines Seono et al. (1999).
To confirm that the actions of BDM were rooted in its inhibition of actin and
myosin interactions, Soena et al. (1999) also performed a turbidity assay composed
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of actin, myosin, and ATP in solution. With the addition of ATP, actomyosin
precipitates result in elevated solution turbidity. The addition of increasing
concentrations of BDM increasingly lowered turbidity of the solute, and delayed the
time to which maximum turbidity was achieved. At 10 mM BDM, a “scarce” amount
of precipitate formed the maximum turbitidy of the solution was approximately
1/6th of that observed in controls. As a result, they concluded that 10 mM BDM was
mostly likely inhibiting myofibrillogenesis through the dissociation of actin and
myosin interaction.
As with 2,3-butanedione monoxime (BDM), Antin et al. (1986) had
discovered a chemical agent that appeared to arrest myofibrillogenesis at a
precursor stage. Applying ethanemethylsulfonate (EMS), a potent alkylating agent,
to one-day-old chick myotubes, over the course of three days, resulted the
development of stress fiber-like structures in lieu of mature myofibrils. Consistent
with structures that would later be characterized as premyofibrils, immunostaining
revealed that these stress fiber-like structures possessed continuous actin with a
punctate alpha-actinin distribution.
Golson et al. (2004) hypothesized that the EMS was arresting
myofibriollogenesis by inhibiting the release of Ca2+ from the sarcoplasmic
reticulum. In turn, it was thought that the calcium-induced contractions were
ultimately responsible for the progression of myofibrillogensis. Since EMS
possesses a similar chemical structure to ryanodine receptor inhibitor, 2aminoethyl-methanesulfonate (MTSEA+), it seemed likely that it was also
functioning in a similar manner. When treating quail myotubes on the first culture
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day with 10 mM EMS, was myofibrillogenesis arrested at the premyofibril stage in
5-day-old myotubes. Immunostaining showed a close-spaced punctate distribution
of alpha-actinin, banded distribution of non-muscle myosin, and the absence of
muscle myosin. In contrast, the treatment of quail myotubes with 5 or 7.5 mM EMS
resulted in the cessation of myofibrillogenesis at the nascent myofibril stage.
Myofibrils possessed a beaded distribution of alpha-actinin, but also exhibited a
continuous distribution of muscle myosin. Similarly, the application of 5 mM
MTSEA+ also resulted in a delay in myofibrillogenesis. While this delay did not affect
the middle regions of the myotubes, beaded alpha-actinin distributions at the ends
far exceeded those observed in controls (Golson et al. 2004).
Tying the work of Golson et al. (2004) to that of Walker and Strohman (1978)
and Bandman and Strohman (1982), Samarel et al. (1992) investigated the effects of
L-type Ca2+ blockade on the degradation of myosin heavy chain. Cultured rat cardiac
myocytes had contractions inhibited with 50 mM KCl and a variety of L-type Ca2+
channel blockers from days 1 through 4. Using triplicate pulse chase experiments,
cultures were pulsed for 24 hours with [35S] methionine after the 4th culture day.
Following the pulse, cultures with chased for another 24 hours with nonradiolabeled methionine-enriched culture media. Harvested cells were lysed with
SDS and separated via SDS-PAGE. Myosin bands were identified with
autoradiography with flourographic enhancement, and quantified with laser
densiometry. Myosin degradation in the potassium treated samples were
approximately 30% of controls. Myosin degradation was 30% of controls in
cultures treated with the L-type Ca2+ channel blocker verapamil, and approximately
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40% of controls in cultures treated with L-type Ca2+ channel blockers nifedipine,
nisoldipine, and diltiazem (Samarel et al. 1992).
The Degradation of Muscle Myosin:
Walker & Strohman (1978) observed a 25% decrease in muscle myosin
accumulation after inhibiting chick myotube action potentials for two days with
TTX. Bandman & Strohman (1982) observed a 40% decrease in muscle myosin
accumulation only after inhibiting action potentials with 12 mM KCl for 5 days
subsequent to plating. Using “pulse chase” radiolabelled amino acid incorporation
studies, both of the studies found that muscle myosin degradation had been
accelerated despite constant synthesis rates (Walker & Strohman 1978, Bandman &
Strohman 1982). Antin et al. (1986) also found that the three-day treatment of 1day-old chick myotubes with the L-type Ca2+ channel blocker EMS resulted in
dramatically less presence of muscle myosin. According to Western blot analysis,
despite the robust presence of muscle light meromyosin in control samples, EMStreated samples did not bind any muscle light meromyosin antibody. However the
presence of muscle light meromyosin was richly detected on Western blots after a 1day recovery from EMS (Antin et al. 1986). Similarly, Samarel et al. (1992) found
with a series of pulse chase experiments that a variety of known Ca2+ channel
blockers also results in an accelerated degradation of myosin between 30-40%.
If the inhibition of contractions does result in the depletion of muscle myosin
through degradation, a growing body of work suggests that it is likely degraded
through the ubiquitin-proteasome pathway. The ubiquitin-proteasome pathway is a
set of related ATP-dependent enzymatic processes through which most proteins are
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degraded. Generally, it involves the activation of the small protein ubiquitin by the
enzyme E1. In turn, E1 delivers the activated ubiquitin to one of many proteinselective E2 carrier proteins. E2 carrier proteins select specific protein types for
degradation, and couple with the E3 ubiquitin-ligases to tag these proteins with
ubiquitin. With assistance of E2, E3 ubiquitin-ligase binds ubiquitin to lysine
residues of the selected protein. The successive binding of additional ubiquitin to
ubiquitin-tagged proteins results in the formation of multiple polyubiquitin chains
attached to proteins marked for degradation. Ubiquitin-tagged proteins are then
shuttled the large 26S proteasome complex - composed of distinct 19S and 20S subcomponents. The 19S complex recognized and transfers unfolded and/or
polyubiquitinated proteins to the larger barrel-shaped 26S complex. Within the 26S
complex, ATP-dependent proteolysis degrades the proteins into polypeptides that
await further degradation in the cytoplasm (Mitch and Goldberg 1996).
Fagan et al. (1987) first isolated what would later be characterized as the E3
ubiquitin ligase and 26S proteasome complex in skeletal muscle isolated from
rabbit. Furuno et al. (1990) demonstrated non-lysosmal and non-Ca2+-dependent
degradation pathways are primarily responsible for denervation-induced skeletal
muscle atrophy. They found that denervation of skeletal muscle in the rat results a
three-fold increase in net protein degradation (as indicated by tyrosine levels), and
a 2½ -fold increase in combined actin and myosin degradation (as indicated by 3methyl-histidine levels). However, these net and specific rates of degradation
remained the same with the treatment of known lysosomal and Ca2+-dependent
degradation pathway inhibitors.
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A subsequent study indicated that denervation-atrophied muscle has a
myosin-specific upregulation in the ubiquitin-proteasome pathway. Using solidphase immunoassays, Wing et al. (1995) found that levels of polyubiquitinated
proteins increased greater than 10-fold in rat skeletal muscle after two and three
days after denervation. With polyubiquitin-stained immunoblots of subcellular
myofibrillar fractions, they also show a 2½ -fold increase in polyubiquitinated
proteins concomitant with only the myosin heavy chain band. Immunoblots of
soluble protein fractions, however, do not show any difference in polyubiquitin
levels between denervated and control samples.
Tawa et al. (1997) found that proteasome inhibitors – peptide aldehydes Nacetyl-leucyl-leucyl-norleucinal (LLN) and CBZ-leucyl-leucyl-leucinal (MG132) –
reversed the accelerated protein degradation induced by denervation. Rat soleus
muscles previously denervated for three days, and controls, were incubated for two
hours with the proteasome inhibitors following harvesting and a one-hour
preincubation for the establishment of baseline tyrosine pools. For both inhibitors,
total protein degradation (as measured by tyrosine release) decreased the rate of
total protein degradation by approximately 50%. Inhibitors of lysosomal and Ca2+dependent degradation were added to control for the known inhibition of the
peptide aldehydes on these systems.
Eble et al. (1999) complimented the work of Tawa et al. (1997) by finding
that proteasome inhibitors reversed the accelerated degradation that Samarel et al.
(1992) observed with the use of L-type Ca2+ channel blockers. Using the neonatal
rat ventricular culture system, and pulse chase experiment methodologies, of
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Samarel (1992), Ebe et al. (1999) arrested contractions with the L-type Ca2+ channel
blocker nifedipine for approximately three days, and then added one of three known
proteasome inhibitors (lactacystin, LLN, & MG132) during chase component of the
experiment. From the relative radiolabeling of the myosin heavy chain gel bands,
the Kd was extrapolated for each sample. With triplicate experiments, they found
that all of the proteasome inhibitors undermined the elevated nifedipine-instigated
myosin heavy chain degradation by at least 40%.
Despite the recovery in myosin heavy chain degradation with the addition of
proteasome inhibitors to nifedipine-treated cultures, Ebe et al. (1999) that there
was no recovery of myofibrillogenesis with the addition of proteasome inhibitors.
Cultures of undisclosed age were treated for 48 hours with either lactacystin alone,
nifedipine alone, or combined lactacystin and nifedipine. Immunofluorescent
staining for muscle myosin antibody MF20 demonstrated the formation of A-bands
within a fully striated pattern in control cultures. Lactacystin-treated cultures
possessed striated A-bands as well, but also included an additional continuous
myofibrillar distribution of MF20 that the authors describe as “peninsular.” These
latter myofibrils appear to be consistent with nascent myofibrils. In contrast,
however, both the treatment of nifedipine, and combined treatment of nifedipine
and lactacystin, resulted in a complete absence of sarcomeric architecture. Instead,
the MF20 stained the cytoplasm of these cardiac myocytes in an intensely diffuse
pattern (Eble et a. 1999).
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The Effects of Contraction Inhibition on Myofibrillogenesis According to the
Three-Step Model:
As previously detailed, there is an accumulation of evidence that indicates
that the inhibition of muscle contraction inhibits the progression of
myofibrillogenesis. This relationship has been directly demonstrated through the
inhibition of the muscle myosin ATPase with BDM (Soeno 1999). It has also been
indirectly demonstrated through the suppression of action potentials (Bandman and
Strohman 1982, DeDeyne 2000), and the blockade of L-type Ca2+ channels (Antin et
al. 1986, Golson et al. 2004, Eble et al. 1999). Further, the immunofluorescent
imaging of some past studies has suggested that the inhibition of contractions
delays myofibrillogenesis at the nascent myofibril stage (Soeno 1999, DeDeyne
2000, Golson et al. 2004).
In addition, the inhibition of contractions has been correlated with the
accelerated degradation of muscle myosin. This relationship has also been directly
demonstrated with the use of BDM (Soeno 1999), and indirectly demonstrated
through the suppression of action potentials (Walker and Strohman 1978, Bandman
and Strohman 1982, Eble et al. 1999), and the blockade of L-type Ca2+ channels
(Antin et al. 1986, Samarel 1992, Eble 1999).
Despite the correlation between contraction inhibition the interruption of
myofibrillogenesis, immunfluorescent evidence for its impact on myofibrillogenesis,
according to the three-step model, has been lacking. While it has been
demonstrated, that L-type Ca2+ blockade arrests myofibrillogensis at the nascent
myofibril stage (Golson et al. 2004), it has not been definitively shown that indirect
inhibition of contractions via action potential suppression, or direct inhibition of
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contractions via myosin ATPase inhibition, delay myofibrillogenesis at the nascenet
myofibril stage (Bandman and Strohman 1982, Soena 1999, Eble et al. 1999,
DeDeyne 2000). Therefore, this study seeks apply indirect inhibition of contractions
through the suppression of actions potentials with 20 mM KCl, and direct inhibition
of contractions through the application of 10 mM BDM, in an attempt to characterize
their effects on the progression off myofibrillogenesis according to the three-step
model.
In doing this, we initially treated quail myotube cultures at 2-1/2 days. We
choose this treatment time for three reasons:
(1) 2-1/2 culture days is the time that immediately followsthe main fusion
burst. (See figure 2). As a result, we can rule out the effects of our current or
future treatments on the fusion myoblasts. This observed timeline of
development is reinforced by studies employing the chick myotube culture
system (Stockdale and Holtzer 1961, Paterson and Strohman 1972).
(2) 2-1/2 culture days precedes the development of mature myobrils.
Myofibrils are present, but display a non-striated pattern of muscle myosin
(See figure 2). As a result, the baseline for studying the progression of
myofibrillogenesis set before mature myofibrils are completed. This
observation is also consistent with observations of the chick myotube culture
system (Okazaki and Holtzer 1966, Jockusch and Jockusch 1980).
(3) Because 2-1/2 culture days immediately follows the main fusion burst, it
also a time when the rates of myosin synthesis are most accelerated
(Paterson and Strohman 1972, Devlin and Emerson 1978). If the degradative
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depletion of myosin is causing delays in myofibrillogensis, treatments
administered just as myosin synthesis escalates will have an optimized
impact on decreasing total myosin availability.
As discussed previously, the treatment of chick myotube cultures with KCl
concentrations of 12 mM and above are known to inhibit spontaneous action
potentials (Bandmand and Strohman 1982, Eble et al. 1999). We treated myotubes
with 20 mM KCl to ensure the suppression of action potentials. With patchclamping, five-day old quail myotubes possessed a resting membrane potential of
approximately -48 mV. Spontaneous action potentials had an average duration of
13.4 seconds, and an average frequency of 70.2 seconds (See figures 3 & 4). Raising
the culture bath potassium concentration from 5.4 mM KCl to 20 mM KCl, with a 2 M
KCl bolus, suppressed all further action potentials. While the membrane potential
was originally depolarized to nearly 20 mV with the addition of a 2M KCl bolus, it
equilibrated to a new baseline resting membrane potential of approximately -5 mV
(See figure 4).
Myotubes were treated BDM at a concentration of 10 mM, as this was the
concentration previously found to inhibit myofibrillogensis by Soeno et al. (1999).
All Cultures were fixed and immunofluorescently stained with antibodies to
muscle myosin (F59). KCl-treated cultures, and their respective controls, were
additionally stained with alpha-actinin to help distinguish relative delays in
myofibrillogenesis in terms of nascent myofibrils vs. premyofibrils (See previous
section: “Comparing Rates of Myofibrillogenesis with the Three-Step Model”). In
addition, KCl-treated cultures, and respective controls, were fixed and stained at 4, 5
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and 6 culture days in order to best describe the duration in which changes in the
rates of myofibrillogenesis were evident (See figures 5-11).
BDM-treated cultures, and their respective controls, were fixed at only 4 days
of development due to the narrower timescale in which BDM impacted
myofibrillogenesis. In order to determine whether the effects of BMD were
reversible, some BDM-treated cultures were replentished with normal culture
media for an addition 24 hours before being fixed and stained (See figures 14-16).
These washout experiments were not performed with the KCl-treated cultures, as
the cultures were not viable after the sixth culture day – the day on which significant
differences between treatment and control cultures were observed.
To determine whether the inhibition of contractions is correlated with an
elevated rate of myosin degradation, immunoblots for muscle myosin (MF20) are
performed on the homogenates of of 20 mM KCl-treated and control cultures
harvested at both 4 and 6 culture days (See figure 12). Given the accumulated
evidence that myosin is degraded through the ubiquitin-proteasome pathway in
both the circumstances of denervation atrophy (Furuno et al. 1990, Wing et al. 1995,
Tawa et al. 1997), and indirect inhibition of contractions with KCl and L-type Ca2+
blockade (Eble et al. 1999), immunoblots for polyubiquitin (K48) are also
performed on the homogenates of 20 mM KCl-treated and controls cultures harvest
at 4 and 6 culture days (See figure 13).
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The Assembly of Muscle Myosin Filaments During Myofibrillogenesis:
As detailed previously, several investigations that inhibited electrical activity
and/or contractions during myofibrillogenesis found that myofibril development
was arrested at the nascent stage (Bandman and Strohman 1982, Antin et al. 1986,
Soeno et al. 1999, Eble et al. 1999, DeDeyne 2000, Golson et al. 2004). Many
observations in live and fixed specimens across different cells types and species
have reinforced a consistent conceptualized structure of nascent myofibrils. With
traditional immunofluorescent microscopy, it is well understood that nascent
myofibrils possess a continuous distribution of muscle myosin. At their core,
however, there are mini-sarcomeres anchored and reinforced by short non-muscle
myosin filaments organized in a banded pattern. It is thought that overlapping
muscle myosin filaments are externally tethered to z-lines of the nascent myofibrils
by titin. As the nascent myofibrils transition to mature myofibrils, it is believed that
they supplant the non-muscle myosin scaffolding of mini-sarcomeres to form the Abands characteristic of mature sarcomeres (Rhee et al. 1994).
Despite a firm conceptual understanding of the nascent myofibrils of
vertebrate muscle, little is known about their specific structure, and the
architectural changes bring about mature myofibrils. It is not known how and
where the mature A-bands develop to achieve their mature lengths of 1.5 μm. Thus
far, has been well established that vertebrate thick filaments exist exclusively at this
length (Allen and Pepe 1965). Further, it is not known how the thick filaments are
are organized into their proper alignment. Before it can be understood how
mechanical force may facilitate the transition of the nascent myofibril to its mature
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counterpart, much more information regarding their architecture needs to be
obtained.
Some insights into the maturation of A-bands and sarcomeres may be
garnished from observations of developing invertebrate sarcomeres. One notable
study involved the development of metapodosomal muscles in embryos of the
tarsonomid mite. These slender muscles are unique in that they only possess three
sarcomeres. At maturity, the sarcomeres achieve lengths of approximately 10 μm.
In contrast a typical sarcomere in vertebrate muscle has a length of approximately
2.1 μm (Page and Huxley 1963). In observing two sarcomeres in two separate
muscles over the thirty-six hours preceding the first contractions, Aronson (1961)
reported that one A-band grew from approximately 2.5 to 4.3 μm, while the other Aband grew from approximately 2.2 to 4 μm. This increase in length was consistently
linear, and ended abruptly with the onset of contractions. When measuring several
A-bands in four mites before and after the onset of contractions, it was found that no
increase in length was achieved after contractions occurred (Aronson 1961).
Likewise, the linear expansion of sarcomeres has also been observed in the
dorsal thorax muscles in Drosophila larvae. Over the course of approximately seven
days, it was observed that sarcomeres expanded from an average length of 2.09 μm
to an average length of 3.17 μm (Auber 1969). Furthermore, this expansion in
sarcomere size has been observed to reach a maximum length of 30 μm in the
pharyngeal muscles of the syllid worm Annelida polychaeta. Correspondingly, at 25
μm, these muscles also exhibit the longest thick filaments ever recorded (del Castillo
et al. 1972).
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In examining myofibrillogenesis in precardiac mesoderm explants from chick
embryos, Du et al. (2003) observed with confocal immunofluorescence the muscle
myosin II distributions of nascent myofibrils. At 17 hours post-explantation, earlydifferentiated cardiomyocytes exhibited predominantly premyofibrils. However,
some early-developing myofibrils also demonstrated a beaded distribution of
muscle myosin superimposed upon the banded non-muscle myosin associated with
mini-sarcomeres. At 24 hours post-explantation, the muscle myosin distribution of
nascent myofibrils was observed to be a series of closely spaced semi-confluent
bands of different lengths and orientations. Some of these bands were clearly
oriented at angles that differed from the trajectory of the myofibrils (Du et al. 2003).
In this study, we seek to employ immunofluorescence with two superresolution microscopy modalities – structured illumination microscopy (SIM) &
stimulated emission depletion (STED) microscopy – to further examine architecture
of the nascent myofibril. By applying indirect immunofluorescence for muscle
myosin II (F59 antibody) in avian skeletal myotubes, we are intent on characterizing
the sizes, distribution, and integration of muscle myosin within nascent myofibrils.
This will serve as a springboard of many future studies aimed at understanding the
dynamics and interactions amongst the key myofibrillar proteins of nascent
myofibrils.
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Materials & Methods:
Quail Myotube Culture:
Breast muscles were isolated from 9-day-old quail (Coturnix japonica) embryos, and
tritiated and incubated at 37°C for 1½ hour in Hanks’ balanced salt solution prior to
pre-plating in quail myocyte media at 37°C for 1½ hours. Suspended cells were
then counted, and dissolved in 37°C quail myocyte media to result in cell counts of
100,000 per mL. For immunofluorescent staining, suspended cells were were
grown on collagen coated 35 mm (14 mm microwell) MatTek dish slides with 1.5
cover glass. For immunoblots, suspended cells were grown on collagen coated 60
mm MatTek culture dishes. 35 mm slide dishes were coated with 100 μL 8 mg/mL
type 1 collagen from rat tails (Corning), and 60 mm culture dishes were coated with
300 μL8 mg/mL type 1 collagen from rat tails (Corning). Both collagen coated 35
mm dish slides and 60 mm culture dishes were dried for 24 hours with UV light.
Each dish slided received 2 mL of suspended cells in quail myocyte media, while
each 60 mm culture dish received 6 mL of suspended cells in quail myocyte media.
Cultures were incubated at 37°C in a humidified chamber with 5% CO2. Quail
myocyte media media consists of non-glutamine minimal essential media (Gibco)
with 10% horse serum, 10% chicken extract, 1% Antibiotic/Antimycotic (Gibco),
and 1% glutamine. 2 mL of culture media per dish slide is replaced every 2 culture
days.
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Contraction Inhibitors:
Myotube cultures were exposed to 20 mM KCl to inhibit contractions indirectly via
the suppression of action potentials. 20 μL of 2M KCl was added to 2 mL of quail
myocyte media at 37°C prior to dispensing upon 35 mm dish slides. 60 μL of 2M KCl
was added to 6 mL of quail myocyte media at 37°C prior to dispensing upon 60 mm
dish slides. In order to directly inhibit contractions, myotube cultures were exposed
to 10 mM 2,3 butanedione monoxime (Santa Cruz Biotechnology). 2,3 butanedione
monoxime was directly dissolved into quail myocyte media at 37°C prior to
dispensing upon cultures.
Patch Clamping:
Patch clamping was performed at room temperature on 5-day-old cultured quail
myotubes grown in collagen-coated 35mm MatTek dishes. Quail myocyte media
was replaced with a physiological saline of Eagle’s formulation. A NaCl-agar salt
bridge linked the culture bath its ground. Voltages were measured and recorded
through an Axopatch 2008 amplifier and pClamp 10.1 software. Quail myotube
membranes were brought into contact with a KCl-filled glass micropipette with
silver wire until a giga-Ohm seal was achieved. Suction was then applied to break
the membrane, and permit whole cell patch clamping. Action potentials were
suppressed with a bolus of 20 mM KCl that resulted in a total culture bath KCl
concentration of 20 mM. Recorded membrane potentials were analyzed in Clampfil
and plotted with Origin 8.6.
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Immunofluorescence:
Myotube cultures were fixed for 15 minutes with 3% paraformaldehyde dissolved in
phosphate buffered saline at room temperature. Fixed cells were rinsed in a
standard salt buffer solution (pH 7: 0.01 M phosphate, 0.001 M MgCl2 & 0.1 M KCl)
three times for five minutes per rinse. Myotubes per permeabilized with 0.01%
IGEPAL, in standard salt, for 7 minutes. Myotubes were then rinsed three additional
times in standard salt for 5 minutes per rinse. 50 mM ammonium chloride, in
standard salt, was then applied for 5 minutes in order to block free aldehyde groups
resulting from the fixation process. After three additional 5 minute rinses with
standard salt, primary antibodies were applied and incubated for 1 hour at 37°C.
After an additional three 5 minute rinses with standard salt, the secondary antibody
was applied and incubated for an additional hour at 37°C. In the case of the F59
antibody, cultures were post-fixed for an additional 15 minutes in 3%
paraformaldehyde. Cultures were then rinsed for five minutes in standard salt three
times, and Alexa Fluor 594-labeled phalloidin (dissolved 1:50 in standard salt) was
applied for 40 minutes at room temperature. Cultures were then rinsed for five
minutes in standard salt three times, and 4',6-diamidino-2-phenylindole (DAPI)
(dissolved 1:30 in dH2O) was applied for an additional 40 minutes at room
temperature. Cultures were then rinsed an additional three times for five minutes
in standard salt, and then once briefly in dH2O. Cultures were then mounted in
either mowiol with NPG anti-fade or Prolong Diamond (Thermo-Fisher). 1.0
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thickness coverslips were applied following the mounting media, and dish slides
were left at 4°C for several days prior to imaging.
Immunoblot:
Immunoblots were performed according to procedures outlined in:

Taneja, N., Fenix, A. M., Rathbun, L., Mills, B. A., Tyska, M. J., Hehnly, H., & Burnette,
D.T. (2016). Focal Adhesions control cleavage furrow shape and spindle tilt
mitotis. Nature: Scientific Reports, 6 (1).
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Results:
In order to establish the timeframe in which the quail myoblast fusion burst
occurs, and before which mature myofibrils develop, quail myotube cultures were
immunofluorescently stained at 2, and 2-½ culture days. Two-day-old cultures are
dominated by fibroblasts and mononucleated myoblasts. At 2 days, some myoblasts
have fused. By days, myoblast fusion has yielded multi-nucleated myotubes.
Staining for muscle myosin (F59 antibody), and actin (phalloidin) reveals an
absence of myofibrils and muscle myosin synthesis on the 2nd culture day. However,
at 2-½ days, the majority of newly formed myotubes contain premyofibrils and
nascent myofibrils: myofibrils either lack muscle myosin, or possess a non-striated
distribution of muscle myosin (see figure 2).
In order to confirm the presence of spontaneous action potentials in quail
myotubes, patch clamping was preformed on 5-day-old myotubes. The baseline
membrane potential is approximately 48 mV. Action potentials occur
spontaneously at an average interval of 70.2 seconds, and typically plateau at a
depolarization of approximately -25 mV. All recorded action potentials are followed
by an approximately 15 second 1.5 mV membrane hyperpolarization.
To corroborate that elevated KCl is sufficient to suppress spontaneous
electrical activity in avian myotubes, a 2 M KCl bolus was added to a quail myotubes
culture so that the culture bath KCl concentration was 20 mM KCl. Patch clamping
reveals that the spontaneous action potentials are abolished in the presence of 20
mM KCl. With the addition of KCl, the resting membrane potential maximally
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depolarizes to nearly 20 mV, and equilibrates to a new resting membrane potential
of approximately -5 mV.
Visually, quail myotube contractions are evident on the fourth culture day.
The addition of 2 M KCl, so that the culture bath KCl concentration is 20 mM KCl,
results in the suppression of subsequent contractions.
To compare relative rates of myofibrillogenesis in cultured quail myotubes
treated with 20 mM KCl from2-1/2 to 4, 5, or 6 days with respective controls, the
minimum distance between the advent of a mature myofibril, and the spreading
edge of the myotube, were measured. Measurements were made upon fixed cells
immunofluroescently stained for muscle myosin (F5 antibody), actin (phalloidin),
and nuclei (DAPI), and imaged with 2x1 tiled deconvolved widefield images at 100x.
This measurement expresses combined length of a continuously developing
premyofibril and nascent myofibril, and serves as a proxy for the relative rate which
myofibrils progress from their initial synthesis to the formation of mature
myofibrils.
The minimum distance between the advent of a mature myofibril and the
spreading edge of a myotube is demonstrated in individual 20 mM KCl-treated cells
and controls at 4 days (figure 5) and 6 days (figure 6). Figure 6 also demonstrates
demonstrates the diffuse cytoplasmic pool of myosin concentrated at the spreading
edge of a 20 mM KCl-treated myotube – a characteristic unique to 7 of the 15 imaged
6-day-old KCl-treated myotubes.
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The minimum distances between the advent of mature myofibrils, and the
spreading edge of the myotubes, were measured in 14 individual myotubes treated
with 20 mM KCl, and 14 of their respective controls, at 4 days of development. This
measurement was repeated in 15 individual myotubes treated with 20 mM KCl, and
15 of their respective controls, at both 5 and 6 days of development. There is not a
significant difference (p = 0.73) in the mean distances between the advent of mature
myofibrils, and the spreading edges of myotubes, between KCl-treated and control
myotubes at 4 days (See figure 7).
Overall, the there is an evident delay in the progression of myofibrillogenesis
from nascent myofibrils to mature myofibrils at the spreading edges of myotubes
treated with 20 mM KCl for 2-½ to 6 days (See figure 8).
While the mean minimum distance between the advent of mature myofibrils
and the myotube’s spreading edge is 13.55 μm greater in KCl-treated myotubes than
controls at 5 days, the difference is not significant (p = 0.13). However, at 6 culture
days, KCl-treated myotubes exhibit a significant increase (p < 0.0001) in the mean
distances between the advent of mature myofibrils, and the spreading edges of
myotubes, compared to those of controls. Further, there is a significant increase (p
< 0.01) in the mean distance between the advent of mature myofibrils, and the
spreading edges of the myotubes, in 6-day-old KCl-treated myotubes, as compared
to 5-day-old KCl-treated myotubes (See Figure 7).
The minimum distance between the advent of a mature myofibril, and the
spreading edge of a myotube, expresses a combined length of a continuously
developing premyofibril and nascent myofibril. In order to determine the extent by
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which the expansion in this dimension is attributable to expansions in the
premyofibril, or nascent myofibril, measurements of the length of premyofibrils
were estimated at 6 culture days. The lengths of premyofibrils were estimated by
measuring the distance from the advent of nascent myofibrils to the spreading
edges of myotubes. Measurements were made upon fixed cells immunofluroescently
stained for alpha-actinin, actin (phalloidin), and nuclei (DAPI), and imaged with 2x1
tiled deconvolved widefield images at 100x. The advent of nascent myofibrils was
identified as the point where the beaded distribution of alpha-actinin in
premyofibrils transitioned to the regularly spaced intervals of alpha-actinin that
mark that boundaries of aligning z-bodies, and widening mini-sarcomeres (See
figure 9).
The minimum distances between the advent of nascent myofibrils, and the
spreading edge of the myotubes, were measured in 15 individual myotubes treated
with 20 mM KCl, and 15 of their respective controls, at 6 days of development.
There is not a significant difference (p = 0.16) in these measurements between KCltreated and control myotubes (See figure 10).
Immunostaining for muscle myosin (F 59 antibody) at 5 and 6 culture days
reveals numerous intracellular myosin aggregates in KCl-treated myotubes. Nearly
all myotubes contain at least one aggregate. The majority of aggregates span the
circumference of the myotube, and often the cell membrane borders. Aggregates
stain positive for muscle myosin, but actin (phalloidin) is relatively absent. (See
figure 11).
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In order to determine whether levels of muscle myosin are diminished with
the inhibition of contractions with 20 mM KCl, immunoblots were preformed for 20
mM KCl-treated and corresponding control myotube cultures at 4 and 6 culture
days. Glyceraldehyde 3-phosphate (GAPDH) was used as the loading control. For
the detection of muscle myosin, MF20 antibody was used. At 4 culture days, the
relative intensity of the muscle myosin myosin heavy chain band for 20 mM KCltreated myotubes is approximately 6% less of that of the control. At 6 culture days,
the relative intensity of the muscle myosin heavy chain band for 20 mM KCl-treated
myotubes is approximately 4% less than that of the control. Consistent with the
synthesis of new myofibrils and muscle myosin over the course of development, the
combined band intensity from 6-day-old cultures is 17.7% greater than that from 4day-old cultures (See figure 12).
In order to determine whether KCl-treated myotubes have elevated
proteasome-mediated degradation of muscle myosin, immublots of polyubiquitin
(D9D5 antibody) were performed for 20 mM KCl-treated and corresponding control
myotube cultures at 4 and 6 culture days. Glyceraldehyde 3-phosphate (GAPDH) is
the loading control. At 4 culture days, the relative intensity of polyubiquitin bands
of 20 mM KCl-treated myotubes is approximately 1% greater than controls. At 6
culture days, the relative intensity of polyubiquitin bands of 20 mM KCl-treated
myotubes is approximately 5% less than that of controls. Across all lanes, there is
not an increase in intensity of polyubiquitin bands in the regions coinciding with
223 kd myosin heavy chain bands (See figure 13).
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To determine to the effects of directly inhibited contractions on
myofibrillogenesis, 10 mM BDM was applied 2½ culture days. At 4 culture days, the
BDM-treated and control cultures were immunofluorescently stained for muscle
myosin (F59 antibody), and actin (phalloidin). Control myotubes possess a
cytoplasm dominated by mature myofibrils with A-bands aligned in a striated
pattern. At the spreading edges of the myotubes, nascent and premyofibrils are
present. However, in 10 mM BDM-treated myotubes, nascent myofibrils are evident
from end-to-end of myotubes (See figure 16). In addition, myotubes are
substantially abbreviated in length, and numerous intracellular muscle myosinstaining aggregates are present within individual myotubes. It is also apparent that
abundant mononuclear muscle myosin-staining myoblasts are located at the
periphery of myotubes. In several instances, it appears as though these cells were
partially fused to myotubes (See figures 14 & 15).
The effects of 10 mM BDM are almost entirely reversed with its removal.
The removal of BDM from cultures for 24 hours results in the development of
mature myofibrils throughout the majority of the cytoplasm. As with the 4-day-old
control myotubes, nascent and premyofibrils remain at the spreading edges. (See
figures 15 & 16). Recovered myotubes also retain normal myotube morphology.
The majority of myotubes are elongated to the extent that widespread confluence is
observable. Nevertheless, the retention of some intracellular muscle myosinstaining aggregates is evident (See figure 14).
To further examine architecture of the nascent myofibril, we employed
immunofluorescence with two super-resolution microscopy modalities – structured
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illumination microscopy (SIM) & stimulated emission depletion (STED) microscopy.
At 4 days of age, quail myotube cultures were immunofluorescently stained for
muscle myosin (F59 antibody), and actin (phalloidin).
In regions of developing myofibrils consistent with nascent myofibrils,
structured illumination microscopy (SIM) reveals arrays of F59-staining mini-Abands distributed coincidently with the actin super-structure. These mini-A-bands
have lengths less than that of the 1.5 μm myosin filaments of mature myofibrils
(Allen and Pepe 1965). The mini-A-bands expand in length progressively distal to
the myotube spreading edges (and towards the center of the myotube). The
majority of mini-A-bands possess central clefts where the F59 antibody does not
bind (See figures 17, 18 & 19). In one array of mini-A-bands associated with a
developing myofibril, it is apparent that there is a general trend for the expansion of
the distances between adjacent mini-A-bands (See figure 19).
Imaging of nascent myofibrils with stimulated emission depletion (STED)
microscopy also reveals the arrays of F59-staining mini-A-bands associated with the
actin super-structures of developing myofibrils. As observed with structured
illumination microscopy (SIM), the mini-A-bands expand in length progressively
distal to the myotube spreading edge (and towards the center of myotube). Further,
many of the mini-A-bands are oriented diagonally from the plane of the actin
superstructures of the myofibrils, and possess central clefts where the F59 antibody
does not bind.
The most noticeable difference between the two aforementioned imaging
modalities is that the smoothed borders of the mini-A-bands observed with SIM, are
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replaced with more distinct linear and right-angled edges with STED. As result, the
relationship between the mini-A-band and the actin super-structure of the myofibril
is better appreciated. With the enhanced resolution of the mini-A-bands, it is
evident that at least some developing mini-A-bands are superficial to the actin
filaments of the myofibril. In the STED-acquired images, the primary antibodylabeled muscle myosin (F59 antibody) was secondarily labeled with alexa fluor 647,
and actin was labeled with alexa fluor 594-labeled phalloidin. Give the close range
in fluorescent dyes, the fluorescently-labeled muscle myosin and actin were able to
excited with the same laser (give laser wavelength). Further, images were collected
with the use of the same camera. As a result, the superficial orientation of some
mini-A-bands to the actin filaments cannot be attributed to misalignment of multiple
lasers or cameras (See figure 20).
Given the distinct and precise imaging of mini-A-bands permitted with STED
microscopy, all mini-A-band and A-band lengths were plotted as a function of
distance from the myotube spreading edge within a single 100X three-dimensional
field of view. The actual distances of the mini-A-bands and A-bands from the
myotube spreading edge were calculated by establishing the alignment between the
field of view of interest, and an adjacent field of view which incorporates the
myotube spreading edge. From this perspective, it is apparent that as the central
portion of the myotube is approached, from the spreading edge, the lengths of miniA-bands increase substantially from a minimum of 0.4 μm to approximately 1.4 μm
over a relatively narrow span of distances from the spreading edge (approximately
30 to 40 μm). As the central portion of the myotube is further approached, the
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degree to which mini-A-band length increases with distance from the spreading
edge is substantially diminished (See figure 21).
The description of mini-A-band development in figure 21 is also consistant
with the previously described observations of mature myofibrils via deconvolution
microscopy. In the STED-imaged 4-day-old myotube, the distances from the
spreading edge, in whereby mini-A-bands transition to lengths consistent with
A-bands of mature myofibrils, is within the standard deviation of distances from the
spreading edges whereby mature myofibrils were first observed in 4-day-old
myotubes via deconvolution microscopy (see figure 21).
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Figure 2: Quail myotubes cultured for 2 days (A – C) or 2½ days (D – F). A & D show muscle-specific
myosin stained green with anti-muscle myosin antibody (F59) and actin stained red with Alexa Fluor
594. Nuclei are stained blue with DAPI (A & D). B & E show only the actin in greyscale. Panels C & F
show only muscle myosin in greyscale in the elongating myotubes. G & H show muscle myosin in
greyscale in a higher magnification view of the center (G) and spreading edge (H) of a 2½-day-old
myotube. Deconvolved widefield images with 100X (A – F) & 1000X (G & H). Scale bars: (A – F) 100 μm;
(G & H) 10 μm.
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Figure 3: Individual action potential recorded in 5-day-old cultured quail myotube. Initial baseline
membrane potential is approximately -45 mV. Following a pre-potential of approximately 125 msecs,
the action potential yields a minimum membrane potential of approximately -20.8 mV. Total action
potential duration is approximately 11.1 secs.
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Figure 4: Action potentials recorded in a 5-day-old cultured quail myotube. Baseline membrane
potential is approximately -48 mV. Action potentials have an average duration of 13.4 seconds, and an
average frequency of 70.2 seconds. All action potentials are followed by a hyperpolarization of
approximately 1.5 mV that lasts approximately 15 seconds. 2 M KCl is added in bolus so that the total
KCl concentration of the culture bath is 20 mM. With the addition of KCl, action potentials are inhibited,
and the resting membrane potential equilibrates to approximately -5 mV.
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Figure 5: Quail myotubes cultured for 4 days (A – D). For each myotube, the minimum distance between
a mature myofibril and the spreading edge of the cell (pictured at the right-hand aspect of each panel) is
designated by the white dimension line. A & B show muscle myosin (F59 antibody) in green, actin
(phalloidin) in red. C & D show only muscle myosin in greyscale. A & C show a single 4-day-old control
myotube that possesses a minimum distance of 65.4 μm between a mature myofibril and the spreading
edge of the cell. B & D show a single 4-day-old myotube, treated with 20 mM KCl since day 2½, that
possesses a minimum distance of 70.0 μm between a mature myofibril and the spreading edge of the
cell. 2x1 tiled deconvolved widefield images with 1000X (A – D).
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Figure 6: Quail myotubes cultured for 6 days (A – D). For each myotube, the minimum distance
between a mature myofibril and the spreading edge of the cell (pictured at the right-hand aspect of
each panel) is designated by the white dimension line. A & B show muscle myosin (F59 antibody) in
green, actin (phalloidin) in red, and nuclei (DAPI) in blue. C & D show only muscle myosin in greyscale. A
& C show a single 6-day-old control myotube that possesses a minimum distance of 37.3 μm between a
mature myofibril and the spreading edge of the cell. B & D show a single 6-day-old myotube, treated
with 20 mM KCl since day 2½, that possesses a minimum distance of 90.9 μm between a mature
myofibril and the spreading edge of the cell. As characteristic of many 6-day-old myotubes treated with
20 mM KCl since 2½ days of development, there is a diffuse cytoplasmic pool of myosin concentrated at
the cell’s spreading edge. 2x1 tiled deconvolved widefield images with 1000X (A – D).
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Figure 7: Each bar cluster represents the mean minimum distances from the advent of mature
myofibrils to the spreading edge of myotubes in cultures treated with 20 mM KCl at 2½ culture days, and
their respective controls. This measurement was determined by ascertaining the distance between the
last distinct A-band of the closest mature myofibrils to the spreading edge of the cell, and the leading
edge of that cell’s spreading edge. Measurements were performed via immunofluorescent
deconvolution imaging with 2x1 tiled 1000X fields of view. They included myotube spreading edges in
treatment and control cultures from culture day 4 (n=14), culture day 5 (n=15), and culture day 6 (n=15).
These measurements represent an approximation of the average combined lengths of premyofibrils and
nascent myofibrils. This measurement is intended as an inverse proxy for the relative rate of
myofibrilogenesis at the ends of myotubes (i.e. this quantity is inversely proportional to the inferred rate
of myofibrillogenesis as the myotube elongates.) There is a significant increase in this quantity between
20 mM KCl-treated cultures at culture days 5 and 6 (P < 0.01), and between control and 20 mM KCltreated cultures at culture day 6 (P < 0.0001).
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Figure 8: Spreading edges of quail myotubes cultured for 4 days (A & B) and 6 days (C & D). B & D shows
myotubes treated with 20 mM KCl from the 2½ days in culture. A & C shows control myotubes. All
panels show muscle myosin (F59 antibody) in green, and actin (phalloidin) in red. It is apparent that both
20 mM KCl-treated and control myotubes at 4 days of age demonstrate premyofibrils and nascent
myofibrils at their spreading edges. While control the spreading edge of the 6-day-old control myotube
exhibits the striated patterning of mature myofibrils, the spreading edge of the 6-day-old 20 mM KCltreated myotubes remains composed of only premyofibrils and nascent myofibrils. Super-resolution
images obtained with BioVision VT iSIM microscope at 1000X (A – D).
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Figure 9: Quail myotubes cultured for 6 days (A – D). For each myotube, the minimum distance
between a nascent myofibril and the spreading edge of the cell (pictured at the right-hand aspect of
panels A & C & at the left-hand aspect of panels B & D) is designated by the white dimension line. A & B
show alpha-actinin (alpha-actinin antibody) in green, actin (phalloidin) in red, and nuclei (DAPI) in blue.
C & D show only alpha-actinin in greyscale. A & C show a single 6-day-old control myotube that
possesses a minimum distance of 47.5 μm between a nascent myofibril and the spreading edge of the
cell. B & D show a single 6-day-old myotube, treated with 20 mM KCl since day 2½, that possesses a
minimum distance of 57.3 μm between a nascent myofibril and the spreading edge of the cell. 2x1 tiled
deconvolved widefield images with 1000X (A – D).
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Figure 10: The mean minimum distances from the advent of nascent myofibrils to the spreading edge of
myotubes in cultures treated with 20 mM KCl at the 2½ culture days, and corresponding controls
(n = 15). Treatment and control cultures are 6 days old. These measurements were determined by
ascertaining the transition between premyofibrils and nascent myofibrils via the patterning of alphaactinin. Imaging was performed with deconvolution widefield microscopy encompassing 1000X 2x1
tiled fields of view. These measurements represent an approximation of the average lengths of
premyofibrils. This measurement is intended as an inverse proxy for the relative rate of
myofibrilogenesis at the ends of myotubes (i.e. this quantity is inversely proportional to the inferred rate
of myofibrillogenesis as the myotube elongates.) There is not a significant difference in measurements
obtained from 20 mM KCl-treated and control myotubes (p = 0.16).
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Figure 11
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Figure 11 (Previous page): Numerous intracellular myosin aggregates apparent in 20 mM KCl-treated
myotubes at 5 days. A & B are 200X widefield images showing muscle myosin (F59) in greyscale. A
shows 5-day-old control myotubes. B shows 5-day-old myotubes treated with 20 mM KCl since 2-½
culture days. C – H are deconvolved widefield 2x1 tiled 1000X fields of view. C & D shows Muscle
myosin (F59) is in green; Actin (phalloidin) is in red; Nuclei (DAPI) are in blue. E & F show muscle myosin
(F59) in greyscale. G & H show actin (phalloidin) in greyscale. C, E, & G shows a 5-day-old Control
myotube. D, F & H show a 5-day-old myotube treated with 20 mM KCl since 2-½ culture days. Scale
bars for A & B are 100 μm.

Figure 12: Immunoblot of muscle myosin heavy chain (MF20 antibody) expression in 20 mM KCl-treated
and control myotube cultures at 4 and 6 culture days. Glyceraldehyde 3-phosphate (GAPDH) is the
loading control. At 4 days, the relative intensity of the muscle myosin heavy chain band for 20 mM KCltreated myotubes is approximately 6% less than that of the control. At 6 days, the relative intensity of
the muscle myosin heavy chain band for20 mM KCl-treated myotubes is approximately 4% less than that
of the control.
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Figure 13: Immunoblot of polyubiquitinated proteins (D9D5 antibody) in 20 mM KCl-treated and control
myotube cultures at 4 and 6 culture days. Glyceraldehyde 3-phosphate (GAPDH) is the loading control.
At 4 days, the relative intensity of polyubiquitin bands of 20 mM KCl-treated myotubes is approximately
1% greater than controls. At 6 days, the relative intensity of polyubiquitin bands of 20 mM KCl-treated
myotubes is approximately 5% less than that of controls. To the left of the 4 immunoblot lanes are 250
kD, 150 kD & 100 kD standards. At 223 kD, muscle myosin heavy chain bands are located between the
250 kD and 150 kD standards. There is not an increase in intensity of polyubiquitin bands at any of the
locations consistent with myosin heavy chain in either control or 20 mM KCl-treated samples.
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Figure 14: Quail myotubes cultured for 4 days (A – F). A, C, & E show muscle myosin (F59 antibody) in
green, actin (phalloidin) in red, and nuclei in blue (DAPI). B, D & F show only muscle myosin in greyscale.
A & B show 4-day-old control myotube exhibit normal elongated and contoured morphology; Crossstriations are evident. C & D show that 2½ to 4 day BDM-treated myotubes are shortened, and posses
irregular morphologies; Cross-striations are not evident; Arrows show one of many myosin-staining
intracellular aggregates; Asterisks mark one of many myosin-expressing mononucleated myoblasts.
E & F shows that a 5-day-old myotube, recovered from 2½ to 4 day BDM-treatment, shows normal
myotube morphology and possess cross striations; Arrow shows one of many retained myosin-staining
intracellular aggregates. 2x1 tiled deconvolved widefield images with 200X (A – F).
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Figure 15: Quail myotubes cultured for 4 days (A – C). Each panel depicts ends of cultured quail myotubes with muscle myosin (F59 antibody) in
green, actin (phalloidin) in red, and nuclei in blue (DAPI); Panel A shows 4-day-old control myotube. Mature myofibrils dominate the cytoplasm,
with nascent & pre-myofibrils at the spreading edge; Panel B shows 4-day-old myotube treated with 2,3-butanedione monoxime (BDM) at 2½
days development. The myotube is substantially abbreviated in length, and can be appreciated from end-to-end. Nascent myofibrils are evident
from end-to-end - no evidence of mature myofibrils is present. Arrows indicate muscle myosin-staining intracellular aggregates. Asterisk
indicates mononucleated myoblast with muscle myosin-staining aggregates; Panel C shows 5-day-old myotube after 1-day of recovery from 2½
to 4 day BDM-treatment. The presence & distribution of mature myofibrils are similar to that of the 4-day-old controls. 4x1 tiled deconvolved
widefield images with 1000X (A – C).
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Figure 16: Each panel is an enlarged segment of those depicted in Figure 15. A, C, & E show
muscle myosin (F59 antibody) in green, actin (phalloidin) in red, and nuclei in blue (DAPI).
B, D & F show only muscle myosin in greyscale; A & B show that 4-day-old control myotubes
exhibit mature myofibrils; C & D show that 4-day-old 2½ to 4 day BDM-treated myotubes exhibit
nascent myofibrils; E & F shows that 5-day-old myotubes recovered from 2-1/2 to 4 day BDMtreatment exhibit mature myofibrils.
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Figure 17: Myofibril within 4-day-old cultured quail myotube. Muscle myosin (F59) is green, and actin
(phalloidin) is red. Muscle myosin (F59) is green, and actin (phalloidin) is red. Panel A shows the
myofibril from the orientation of the myotube spreading edge (right), and the central portion of the
myotube distal (left) to the spreading edge. The borders (arrows) and lengths of selected mini-A-bands
are indicated. The mini-A-bands expand in length progressively distal to the spreading edge (and
towards the center of the myotube). This array of mini-A-bands represents the advent of a nascent
myofibril. Note that the mini-A-band labeled “C” and that measuring 0.67 um are clearly oriented
diagonally from the plane of the actin superstructure of the myofibril. Panels B though D show zoomed
images of the respectively labeled mini-sarcomeres in panel A. Cropped 3D image obtained with
Structured illumination Microscopy (SIM) at 1000X.
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Figure 18: Myofibril within 4-day-old cultured quail myotube. Muscle myosin (F59) is green, and actin
(phalloidin) is red. Panel A shows the myofibril from the orientation of the myotube spreading edge
(left), and the central portion of the myotube distal (right) to the spreading edge. The borders (arrows)
and lengths of selected mini-A-bands are indicated. The mini-A-bands expand in length progressively
distal to the spreading edge (and towards the center of the myotube). This array of mini-A-bands
represents the advent of a nascent myofibril. Note that the mini-A-bands labeled “B” are clearly
oriented diagonally from the plane of the actin superstructure of the myofibril. Panels B though D show
zoomed images of the respectively labeled mini-sarcomeres in panel A. Cropped 3D image obtained
with Structured illumination Microscopy (SIM) at 1000X.
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Figure 19: Myofibril within 4-day-old cultured quail myotube. Muscle myosin (F59) is green, and actin
(phalloidin) is red. This represents an array of mini-A-bands progressing to the A-bands of a mature
myofibril. This myofibril was imaged within an adjacent field of view to that of the myofibrils displayed
in figures 17 and 18. However, the field of view from which this myofibril came is closer to the central
region of the myotube. The borders (arrows) and lengths of selected mini-A-bands are indicated. The
distances between selected mini-A-bands are and the next adjacent mini-A-band is also given. As
demonstrated previously, the mini-A-bands expand in length progressively distal from the spreading
edge (lengths in yellow). In addition, there is a general trend for the expansion of distances between
adjacent min-A-bands (lengths in blue). Cropped 3D image obtained with structured illumination
microsopy (SIM) at 1000X.
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Figure 20: Myofibril within 4-day-old cultured quail myotube. Muscle myosin (F59) is green, and actin
(phalloidin) is red. Panel A shows a single myofibril from the orientation of the myotube spreading edge
(left), and the central portion of the myotube (right) – distal to the spreading edge. The borders
(arrows) and lengths of selected mini-A-bands are indicated. There is a trend of mini-A-band length
expansion distal to the spreading edge (and towards the center of the myotube). This series of mini-Abands represents the advent of a nascent myofibril. B through G show 3X zoomed images of mini-Abands designated by parenthesized letters in panel A. Note that the mini-A-band labeled D is clearly
oriented diagonally from the plane of the actin superstructure of the myofibril. In addition, it is clear
that the mini-A-bands labeled C, D, & G are adjacent to the myofibril’s actin superstructure. 2D image
obtained with stimulated emission depletion (STED) microscopy at 1000x
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Figure 21: In a 4-day-old cultured quail myotube, mini-A-band A-band lengths (μm) as a function of
distance from the myotube spreading edge (μm) within a single 100X three-dimensional field of view
obtained from stimulated emission depletion (STED) microscopy. Actual distances from the myotube
spreading edge were calculated by establishing alignment between the field of view of interest and an
adjacent field of view that incorporates the myotube spreading edge. Mini-A-bands & A-bands were
detected with indirect immunofluorescence against F59 muscle myosin antibody. Superimposed upon
the individual Mini-A-band & A-band lengths is the mean minimum distance from mature myofibrils to
myotube spreading edge (grey diamond) for fourteen 4-day-old quail myotubes (59.3 μm; S.D.: 14.2).
Mature myofibrils were stained with indirect immunofluorescence against F59 muscle myosin antibody,
and images were obtained through deconvolution microscopy (See figure 7).
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Discussion:
The Effects of Elevated KCl on the Rate of Myofibrillogenesis:
With the significant increase in the minimum distances between the advent
of mature myofibrils, and the spreading edges of myotubes, amongst 6-day-old 20
mM KCl-treated myotubes, our results show that elevated KCl slows the rate of
myofibrillogenesis in developing avian myotubes (See figure 7). Moreover, because
there is not a significant difference in the minimum distances between the advent of
nascent myofibrils, and the spreading edges of myotubes, between 6-day-old 20 mM
KCl-treated and control myotubes, the delay in myofibrillogenesis cannot be
attributed to the delayed development of premyofibril (See figure 9). Instead, this
indicates that there is an expansion in the lengths of nascent myofibrils, and that
this expansion is attributable to their delayed progression to mature myofibrils.
Again, the logic in this conclusion is rooted in observations that the
premyofibril, nascent myofibril, and mature myofibril are on the same continuum. If
viewed from the perspective of single myofibril, any extension in the combined
lengths of either/or an associated premyofibril and nascent myofibril will result in
an expanded distance from the end of the cell, and the advent of their associated
mature myofibril. If such an expansion can be ruled out for the premyofibril, it must
have occurred within the nascent myofibril. As such, this expansion indicates that
that the progression from nascent myofibril to mature myofibril is inhibited.
In turn, by measuring the minimum distances between the advent of mature
myofibrils, and the spreading edges of myotubes, in fifteen cells, we are estimating
the average combined lengths of associated premyofibrils and nascent myofibrils
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within those sampled myotubes. Any significant expansion in this number
represents an overall expansion in the combined legnths of associated premyofibril
and nascent myofibrils. By measuring the minimum distances between the advent
of nascent myofibrils, and the spreading edges of myotubes, in fifteen cells, we are
estimating the average lengths of premyofibrils within those sampled myotubes.
When the there is a significant expansion of the combined lengths of associated
premyofibrils and nascent myofibrils, but no significant expansion in the
premyobrils – as was the case in these experiments - it can be assumed that the
myofibillar expansion occurred in the nascent myofibrils.
It may be reasoned, however, that it would be more practical to directly
measure the lengths of nascent myofibrils at the spreading edges of myotubes.
While this strategy is logically sound, it logistically hindered within this culture
system and setting. The boundaries between nascent and mature myofibrils, with
muscle myosin staining are easily distinguishable. Likewise, boundaries between
premyofibrils and nascent myofibrils, with alpha-actinin staining, are appreciable
with thorough visual inspection. However, the boundaries between the
premyofbrils and mature myofibrils, with muscle myosin staining, are difficult to
demarcate. Further, the diffuse cytoplasmic pool of muscle myosin, located at the
spreading edges of many of the 6-day-old 20 mM KCl-treated myotubes, made this
mode of distinction especially difficult.
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The three-step model of myofibrillogenesis dictates the myofibrils develop
through a continuous series of steps: the premyofibril, nascent myofibril, and
mature myofibril. The distinct, and linear, sets of molecular events at the
premyofibril, and nascent myofibril steps, give way to the successive steps.
Concomitantly, the myofibrils continuously grow outward from the center of the
cell, and further propel the boundaries of the bipolar spreading edges. As a result,
this succession in steps manifests in a timeline of development that is evident along
the length of the myofibril. As myofibrillogenesis proceeds along a single myofibril,
centrally located mature myofibrils transition peripherally oriented nascent
myofibrils. Nascent myofibrils, in turn, transition peripherally to premyofibrils
(Rhee et al. 1994). Any delays in the progression to a step, is then manifested by an
expansion in the length of the antecedent step. In this experiment, the expansion in
length is evident in the nascent myofibril. As a result, it can be subsumed that this is
the result of the delayed progression from the nascent myofibril to the mature
myofibril.
It is presumed that the elevated KCl causes the observed delay in
myofibrillogenesis at the nascent step due to its inhibition of contractions.
Specifically, the elevated KCl-mediated suppression of actions potentials is
presumed to inhibit release of Ca2+ from the sarcoplasmic reticulum. In turn, the
dearth of available Ca2+ is thought to impede the interaction of the muscle myosin
heads with actin. If these presumptions are true, it is not clear what role
contractions may have on promoting the progression of myofibrillogenesis from the
nascent to mature steps. In the nascent myofibril, it has been hypothesized that
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muscle myosin attaches to the exterior of Z-body-anchored titin. As the myofibril
progresses to the mature stage, it has been proposed that titin-tethered muscle
myosin then supplants the non-muscle myosin interwoven within the actin
filaments (Rhee et a. 1994). It may be that the physical forces, innate to the
contractions, are contributory in facilitating this molecular transplantation.
The Effects of Elevated KCl on Contractions:
It is evident that elevated extracellular KCl concentrations sufficiently inhibit
spontaneous action potentials in the cultured quail myotubes. The intention of this
electrical suppression was to inhibit contractions, and such inhibition has been
visually appreciated. Therefore, it can be presumed that the inhibition of
contractions is ultimately responsible for the delayed rate of myofibrillogenesis at
the nascent myofibril step.
However, if action potential suppression were effective in inhibiting
contractions immediately after the fusion burst, it would be presumed that there
would be a much greater and immediately evident impact on myofibrillogenesis.
Recall that it has been demonstrated that myofibrils have developed up until the
nascent stage by 2½ culture days (See figure 2). In contrast, our evidence shows
that there is no difference in the rate of myofibrillogensis until 3½ days after the
cells are exposed to elevated KCl.
As a result, we have to question whether action potentials are indeed
exclusively responsible for sarcoplasmic reticulum calcium release, and the
initiation of contractions. For example, transient intracellular calcium currents,
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independent of action potentials, have been observed in 4 to 8-day-old rat
myotubes, and 5 to 8-day-old chick myotubes (Flucher and Andrews 1993).
In order to determine whether there are action potential-independent
calcium currents in developing quail myotubes, we would have to set up a patchclamping experiment coordinated with cell-permeable calcium indicator fluorescent
dyes. Action potentials would have to be recorded alongside the video recorded
images of calcium fluorescently marked calcium currents. Ideally, this would have to
be performed soon after the initial fusion of myoblasts at 2½ days, and continue
throughout the week-long life of the culture on a daily basis.
The Effects of Elevated KCl on Muscle Myosin Accumulation & Degradation:
With regards to the immunoblots performed in this study, the relative
intensity difference between muscle myosin heavy chain bands for control vs. 20
mM KCl-treated myotubes was only 6% and 4% at 4 and 6 culture days, respectively
(See figure 12). Unlike, the findings of Bandman & Strohman (1982), and Semarel
(1992), our results suggest that there is not diminished myosin accumulation as a
result of the suppression of action potentials with elevated KCl. If the treatment of
20 mM KCl did result in the accelerated degradation of muscle myosin in our
cultures, it would have been expected that this would be manifest in an immunoblot
with fainter myosin heavy chain bands for 20 mM KCl-treated samples. However,
like De Deyne (2000), we did not find this to be the case.
Further, immunoblots determining the extent of ubiquitination of control vs.
20 mM KCl-treated myotubes, at both 4 and 6 days, do not show an appreciable
difference in overall ubiquitination. Further, it there does not appear to be any

73

increase in ubiquitination associated within the relative locations of the muscle
myosin heavy chain bands (See figure 13). Given the mounting evidence that muscle
myosin heavy chain is degraded through the ubiquitin-proteasome pathway in the
context of denervation and contraction-inhibition (Furuno et a. 1990, Wing et al.
1995, Tawa et al. 1995, Eble et al. 1999), it is reasonable to presume that muscle
myosin II degradation would be accompanied with at least elevated ubiquitination
of muscle myosin II. Because this was not realized in this study, this result gives
evidence that elevated KCl does not accelerate the degradation of muscle myosin II,
further reinforces the result that elevated KCl did not impact total muscle myosin II
accumulation.
Bandman and Strohman (1982) observed that elevated KCl accelerated
muscle myosin degradation at the fifth culture day, and Semarel et al. (1992)
observed that elevated KCl accelerated muscle myosin degradation at the fourth
culture day. However, unlike our experiment, they both treated cultures with
elevated KCl before the fusion burst had occurred. Both Bandman and Strohman
(1982) and Semarel et al. (1992) found that the elevated KCl concentrations did not
affect cell fusion. In contrast, De Deyne (2000) began their elevated KCl treatment of
myotubes at the 5th culture day. Given these discrepancies in treatment timing, it
may consider repeating our immunoblots with the application of the treatment from
the first culture day. If it is shown that the pre-fusion treatment of elevated KCl
diminishes muscle myosin accumulation, and increases polyubiquinated muscle
myosin, it would be worth repeating our immunofluorescent staining with muscle
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myosin and alpha-actinin to determine if there are any corresponding effects on
myofibrillogenesis.
The Relationship between Elevated KCl and Muscle Myosin Aggregates:
It has been shown that intracellular muscle myosin aggregates appear in 5day-old myotubes treated with 20 mM KCl for 2½ -to 5 days (See figure 11). These
aggregates persist until the cultures deteriorate on the 7th culture day. In addition,
it has been observed that diffuse distributions of muscle myosin are concentrated at
the spreading edges of 6-day-old myotubes treated with 20 mM KCl for 2½ to 6 days
(See figure 7). If it were true that elevated KCl was responsible for accelerating the
ubiquitin-mediated degradation of muscle myosin, it may be also presumed that
ubiquitinated myosin was accumulating in the cytoplasm, and precipitating the
aggregates. However, as previously discussed, increased ubiquitination of myosin
was not observed in this study. However, this study does show that the elevated KCl
does appear to retard myofibrillogenesis at the nascent step. It is presumed that this
delay in myofibrillogensis is rooted in the inhibition of contractions that comes
about by the elevated KCl-induced suppression of action potentials. If the
contractions play a role in delaying myofibrillogenesis at the nascent step, they
would likely do so by facilitating myosin assembly within the myofibril. It is
foreseeable that the inhibition of the muscle myosin filament assembly within the
myofibril could lead to an access supply of muscle myosin in the cytoplasm. Superresolution microscopy of myosin aggregates, and nascent myofibrils of elevated KCltreated myotubes, could give further insights into their relatedness.
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The Effects of 2,3-Butanedione Monoxime on Myofibrillogenesis:
The application of 10 mM 2,3-Butanedione monoxime (BDM) from 2½ to 4
days in quail myotube cultures results in the complete arrest of myofibrillogenesis
at the nascent myofibril step (See figures 15 & 16). As opposed to the application of
elevated KCl, BDM directly inhibits contractions at their source by inhibiting muscle
myosin ATPase activity. Whereas elevated KCl results in a delay in
myofibrillogenesis at the nascent step at the spreading edges of myotubes after a
period of 3½ days, the application of BDM results in nascent myofibrils distributed
from nearly end-to-end only after 1½ days of treatment. To reinforce the dramatic
effect BDM has in arresting myofibrils at the nascent step, the reversal of BDM leads
to the overwhelming progression of nascent myofibrils to mature myofibrils (See
figures 15 & 16).
It is known that the majority of myofibrils in the recently formed myotubes,
treated with BDM at 2-½ culture days, are nascent myofibrils (See figure 2). After 1½ days treatment with BDM, there are considerably more myofibrils within each
myotube. However, there does not appear to be any evidence of progression in
myofibrillogenesis. It may be useful to stain for muscle myosin at ½-day
increments, following myotube treatment at2½ days, in order to confirm that
mature myofibrils had not formed prior to their imaging at 4 culture days. In
addition, it would informative to stain muscle myosin-stained cultures at days 5 and
6 in order to determine whether mature myofibrils do subsequently form.
As with the 20 mM KCl-treated myotubes in 6-day-old cultures, the 4-day-old
BDM-treated cultures exhibit multiple intracellular muscle myosin aggregates.
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Given presumed common mechanism of action between these two treatments, it is
reasonable to assume that there is commonality in the pathogenesis of these
aggregates. As stated previously with regards to elevated KCl-treated myotubes, the
inhibition of contractions with BDM may inhibit muscle myosin filament assembly.
In turn, this could result in an excess supply of muscle myosin in the cytoplasm that
inevitably yields intracellular precipitates.
The other notable differences between the BDM-treated myotubes and
controls were that the BDM-treated myotubes were dramatically shorter in length.
While control myotubes at 4 culture days has become nearly confluent, and often
stretched across distances further than one 100X field of view, BDM-treated
myotubes could often be viewed end-to-end within a single 100X field of view. In
addition, there were many myosin-expressing mononucelated myoblasts at the
periphery of myotubes. In some circumstances, these myoblasts appear to be
partially fused with the cell membranes of myotubes (See figures 14 & 15). These
aforementioned characteristics indicate that the BDM may be inhibiting myoblast
and myotube fusion. While it appears as if the main myoblast fusion burst had
occurred by 2½ days – the time at which myotubes were treated with BDM – a
considerable amount of myoblasts may have not fused yet. In order to determine
whether these findings are consistent with the inhibition of fusion, it would be
informative to treat the cultures with BDM at day 2 – the time at which myoblast
fusion is beginning (See figure 2).
One point of caution in regards to the use of BDM as a muscle myosin ATPase
inhibitor, however, is that it has been reported that BDM suppresses action
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potentials, and inhibits L-type Ca2+ in isolated rat ventricular myocytes. However,
the duration and amplitude of L-type Ca2+ are only attenuated at a 20 mM
concentration of BDM (Xiao et al. 1995). Before resting the presumption that BDM
inhibits contractions through a direct mechanism, it would be necessary to perform
a patch clamping experiment to determine the impact of 10 mM BDM on action
potentials, and L-type Ca2+ currents.
The Effects of Contractions vs. Muscle Myosin Degradation on
Myofibrillogenesis:
The this study, we show that both the indirect inhibition of contractions with
elevated KCl, and the direct inhibition of contractions with BDM, impede the
progression of myofibrillogenesis from nascent to mature myofibrils. There is a
significant precedence in the literature confirming that inhibitors of contractions
negatively affect the progression of myofibrillogenesis (Bandmam and Strohman
1982, Antin et al. 1986, Soeno et al. 1999, Eble et al. 1999, De Deyne 2000, Golson et
al. 2004). More specifically, some of these works have shown that inhibitors of
contraction impede the progression of myofibrillogenesis at the nascent myofibril
step (Soeno 1999, De Deyne 2000, Golson et al. 2004).
However, the majority of these studies have also found the delay in
myofibrillogenesis is concomitantly observed with an accelerated degradation of
muscle myosin (Bandman and Strohman 1982, Antin et al. 1986, Samarel 1992,
Soeno et al. 1999, Eble et al. 1999). Thus, there has been a longstanding question as
to whether inhibition of contractions or the depletion of muscle myosin is
responsible for the negative effects on myofibrillogenesis. In our study, however, we
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have found that the delay in myofibrillogenesis caused by elevated KCl is not
correlated with diminished myosin accumulation. In addition, the lack of elevated
polyubiquitination of muscle myosin likely implies that its degradation is not
accelerated. As a result, this study suggests that the delay in myofibrillogenesis is
caused by the inhibition of the contractions themselves – not the depletion of
available muscle myosin.
The next step will be to perform immunoblots on BDM-treated and control
myotubes. If the application of BDM does not result in diminished muscle myosin,
or its corresponding ubiquitin-mediated degradation, further evidence for the
causality of contractions in delaying myofibrillogenesis would be gained.
The Assembly of Muscle Myosin Filaments During Myofibrillogenesis:
It is apparent from the SIM and STED imaging that developing “mini-Abands” – with lengths less that mature A-bands – are distributed across the actin
superstructure of myofibrils with five important patterns:
(1) There is a pervasive trend in which their lengths progressively increase. This
expansion in length always occurs in the direction opposite of the myotube’s
spreading edge (See figures 17, 18, 19, 20 & 21).
(2) When analyzed in the context of a full 1000X field of view, the expansion of
mini-A-band lengths does not appear to be linear. In contrast to the
developing thick filaments of invertebrates, these vertebrate mini-A-bands
appear to increase their ascent of expansion as they are distributed across
developing myofibrils. This increase in expansion is followed by a relative
decrease in expansion at approximately 1.4 μm. In terms of individual
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myofibrils, these differential ascents of expansion are reflected in the
relatively increased ascent of mini-A-band expansion evident in figures 18,
and 20, as compared to the relatively decreased ascent of mini-A-band
expansion evident in figure 19.
(3) There does not appear to be regularity in mini-A-band spacing as they
initially expand in size. There are significant variations in the distances
between adjoining mini-A-bands. Amongst these smaller mini-A-bands,
there does not appear to be a distinguishable pattern in their spacing as they
expand (See figures 17, 18, & 20). However, in mini-A-bands 1.4 μm and
longer, there appears to be a trend towards a progressive expansion in their
spacing.
(4) Many mini-A-bands appear to be oriented at angles differing than that of the
actin superstructure of their associated myofibril (See figures 17, 18, & 20).
This may indicate that the mini-A-bands are superficial to the actin superstructure of the myofibril, and that they have not yet become interwoven
within thin filaments.
(5) Several small mini-A-bands, imaged with STED microscopy, are clearly
adjacent to the actin superstructure of the myofibril (See figure 20). Because
the fluorescent dyes used to distinguish muscle myosin and actin were
depleted with a single 775 nm laser, and imaged with a single camera, this
difference in orientation cannot be explained by misalignment of lasers or
cameras.
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This constellation of patterns creates the picture of developing mini-A-bands
tethered to the exterior of nascent myofibrils as they rapidly, and then slowly,
expand in length. However, the inference of accelerated, followed by decelerated
rates of expansion, hinges upon the assumption that the progression of the myofibril
towards the spreading edges is linearly coincident with time. In order to precisely
determine the rates by which the mini-A-bands expand, live super-resolution
imaging is necessary.
Further super-resolution imaging is necessary to determine how, and at what
length, mini-A-bands are incorporated with the myofibril’s superstructure. It is
known that contractions quell the expansion of thick filaments in invertebrates
(Aronson 1961). It may be that the incorporation of mini-A-bands into the
developing myofibril decelerates their expansion, and it concomitant with the
presumed deceleration of expansion inferred from our static super-resolution
imaging.
In addition, to better understand the role of contractions in facilitating the
assembly of mini-A-band within the developing myofibrils, live super-resolution
imaging in the presence of contraction inhibitors, such as BDM, may prove to be
useful backdrops for future study.
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