Article

Journal of Histochemistry & Cytochemistry 2019, Vol. 67(12) 891-900
© The Author(s) 2019

Article reuse guidelines:

sagepub.com/journals-permissions

DOI: 10.1369/0022155419876421 JHC
journals.sagepub.com/homel/jhc

®SAGE

Transitional Hybrid Skeletal Muscle Fibers in Rat Soleus
Development

Lauren Larson, Jessica Lioy, Jordan Johnson, and Scott Medler
Biology Department, State University of New York at Fredonia, Fredonia, NY, USA (LL, JL, JJ, SM)

Summary

Skeletal muscles comprise hundreds of individual muscle fibers, with each possessing specialized contractile properties.
Skeletal muscles are recognized as being highly plastic, meaning that the physiological properties of single muscle fibers
can change with appropriate use. During fiber type transitions, one myosin heavy chain isoform is exchanged for another
and over time the fundamental nature of the fiber adapts to become a different fiber type. Within the rat triceps surae
complex, the soleus muscle starts out as a muscle comprised of a mixture type IIA and type | fibers. As neonatal rats grow
and mature, the soleus undergoes a near complete transition into a muscle with close to 100% type | fibers at maturity. We
used immunohistochemistry and single fiber SDS-PAGE to track the transformation of type llA into type | fibers. We found
that transitioning fibers progressively incorporate new myofibrils containing type | myosin into existing type IlIA fibers.
During this exchange, distinct type |-containing myofibrils are segregated among IlA myofibrils. The individual myofibrils
within existing muscle fibers thus appear to represent the functional unit that is exchanged during fiber type transitions

that occur as part of normal muscle development: (] Histochem Cytochem 67: 891-900, 2019)

Keywords

muscle development, muscle plasticity, myofibrillar turnover, postnatal development

Introduction

Skeletal muscles are recognized as being highly plas-
tic tissues, meaning that they are capable of dramatic
changes in their physiological properties in response
to conditions including exercise, electrical stimulation,
development, and disease." Although multiple param-
eters are coordinated in these transformations, the
myosin heavy chain (MHC) proteins that form the
molecular motors in muscles are of particular rele-
vance. MHCs in mammalian muscles are encoded by
a multigene family and are expressed in tissue-spe-
cific patterns. Eleven different MHC isoforms are
expressed in different mammalian muscles, but of
these only six are routinely expressed in the limb mus-
cles.? The specific MHC isoform expressed is the
main determinant of important physiological proper-
ties, including muscle shortening velocity, power out-
put, and efficiency. Collectively, the different MHCs
provide for a continuum of these properties, because

each MHC possesses a different shortening velocity:
I <A <X <1IB.!

During embryonic and postnatal muscle develop-
ment, an orderly transition in MHC isoform expression
proceeds, resulting in the formation of adult muscles
with a particular pattern of MHC expression.? An
embryonic MHC (MYH3; MHC_,,) isoform is initially
expressed, but this MHC is then exchanged for a neo-
natal MHC (MYH8; MHC_ ). In rodents, the embryonic
and neonatal MHCs are still present at the time of
birth, but are soon replaced by adult MHC isoforms
over time.25The MHC__, is completely replaced within
the first week of birth, while the MHC___ persists for up
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to several weeks.2®> Both the MHC,_,, and MHC_
may be understood to effectively function as “place-
holders” during muscle development, because they
are ultimately completely replaced by the adult MHCs
in most muscles.?

The number of muscle fibers is fixed soon after
birth, meaning that individual muscle fibers are not
replaced with new ones during development, but
instead existing fibers must be completely remod-
eled.® Myofibrillar proteins display relatively slow
turnover, and a complete transformation of fiber type
requires a period of several weeks. During this transi-
tion period, an individual fiber must possess at least
two MHC isoforms and these transitional fibers are
termed hybrid fibers.”?® Generally, MHC transitions
occur in an orderly “nearest neighbor” process,
whereby the new MHC is one isoform faster or slower
than the previous one.® Hybrid fibers are therefore
essential components of fiber type transitions,
because any fiber undergoing remodeling must
become a hybrid for some period of time. Consistent
with this premise, hybrid fibers are particularly com-
mon in the muscles of young animals as they experi-
ence fiber type transitions.3%810.1

A central question in skeletal muscle development
is where nascent MHC isoforms are incorporated into
the existing muscle fibers. This is an important pro-
cess, because each MHC has a specific set of kinetic
properties and where in the fiber the new isoforms are
incorporated has the capacity to affect muscle func-
tion. Individual muscle fibers form the contractile
motors of the motor unit and are broadly assumed to
contract in unison. A potential problem arises if one
region of a fiber contracts more rapidly than its adja-
cent region. One possible outcome could be that the
slower sarcomeres could be stretched apart as their
faster partners shorten. Indeed, physiological studies
of isolated frog fibers demonstrated that adjacent
regions of single fibers can possess different shorten-
ing speeds and that these properties are an outcome
of different MHC isoforms being expressed along the
length of the fibers.'2'3 More recently, we have found
that many of the hybrid fibers in developing mouse
muscles exhibit differences in MHC expression along
the length of the fibers.”8

In the current study, we studied hybrid fibers and
fiber type transitions occurring during the normal
development of rat skeletal muscles. We chose to
focus on muscles of the rat for two reasons. First, a
significant proportion of fibers from rat limb muscles
are hybrids, even in normal, mature animals.
Second, many of these fibers undergo dramatic
developmental transitions during the early periods of
postnatal growth and development.35'5 The soleus

muscle in particular begins as a muscle of mixed
fiber types, but experiences a nearly complete con-
version into slow fibers by adulthood.' Our hypothe-
sis was that the proportion of hybrid fibers would be
greatest in newly weaned animals, but would then
decline over the subsequent weeks. We were also
interested in documenting where within the existing
fibers the new MHC isoforms were incorporated. We
used complementary approaches of single fiber
SDS-PAGE and immunohistochemistry to study the
fibers of rat muscles from ages 3 to 12 weeks of age.

Materials and Methods

Animals and Muscle Collection

Three-, six-, nine-, and twelve-week old Sprague
Dawley rats were purchased from Taconic Biosciences
Inc (Rensselaer, NY, USA). Animals were euthanized
upon receipt with an overdose of CO, as described in
a protocol approved by the Institutional Animal Care
and Use Committee (IACUC) at SUNY Fredonia.
Muscles of the triceps surae (gastrocnemius, plan-
taris, and soleus) were dissected from the animals
immediately after the rats were euthanized. The mus-
cles from one side were placed in a relaxation buffer
containing (50% glycerol, 100 mM KClI, 2 mM EGTA,
1 mM MgCI2, 4 mM ATP, and 10 mM imidazol, pH 7.0)
and stored in sealed plastic vials at -20C. Muscles
from the contralateral side were coated with O.C.T.
compound (Tissue-Tek; Sakura Finetek, Torrance,
CA, USA) and frozen rapidly in isopentane cooled in
liquid N,.

Rat Growth

The growth of rats over the ~12 week time period of
the study was assessed using multiple complemen-
tary parameters. First, whole animal body mass was
recorded at the time of sacrifice. Second, the wet
masses of the shank flexor muscles (triceps surae:
gastrocnemius, plantaris, and soleus) were measured
immediately after they were removed from the animals.
Finally, the length of the bones of the shank (tibia and
fibula) was measured from isolated bones. Briefly,
bones of the shank were removed from animals and
immersed in 1 M NaOH overnight to dissolve away
muscles and other soft tissues. Bones were then thor-
oughly rinsed in deionized water and then air dried.
Bone dimensions were then determined using elec-
tronic calipers to the nearest 0.1 mm. Each of these
parameters was plotted as a function of age in weeks.
Growth curves were fit using a second order polyno-
mial line of best fit.
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SDS-PAGE of Single Fibers

Single muscle fibers from the soleus muscle were
dissected from the whole muscle with fine forceps
under a stereomicroscope. Single fibers were exam-
ined visually to verify that only single fibers were col-
lected. Individual fibers were then placed into 1.5 ml
microcentrifuge tubes containing 30 pl of sample
buffer containing 8 M urea, 2 M thiourea, 50 mM Tris
base, 75 mM dithiothreitol (DTT), 3% sodium dodecyl|
sulfate (SDS), and 0.004% bromophenol blue, pH
6.8.1® Samples were heated for 15 min at 65C and
then 10 pl of the sample were loaded per well.

Sodium dodecyl sulfate polyacrylamide gel electro-
phoresis (SDS-PAGE) gels were used with a Hoeffer SE
600 to identify MHC isoforms present within single mus-
cle fibers as performed previously in our lab.?1%'8
Resolving gels consisted of 9% acrylamide (200:1 acryl-
amide: methylene-bis-acrylamide), 12% glycerol, 0.675
M Tris base (pH 8.8), and 0.1% SDS. Stacking gels
included 4% acrylamide (20:1 acrylamide:methylene-
bis-acrylamide), 0.125 M Tris base (pH 6.8), and 0.1%
SDS. The running buffer contained 0.192 M glycine, 25
mM Tris base, 0.1% SDS, and 0.08% 2-mercaptoetha-
nol. Gels were run with constant current of 20 mA for
~41 hr at 8C. After a gel run was completed, the gels
were fixed with 50% MeOH containing 0.037% formal-
dehyde overnight at 4C. Gels were then quickly rinsed in
deionized water for ~5 min before being stained with
silver.1

ATPase Histochemistry

Muscles removed from the rats were rapidly frozen in
isopentane chilled in liquid N, and stored at -20C until
they were processed for sectioning. Sections of the
entire shank flexor muscles were cut on a Leica cryo-
stat at thickness of 10 ym and then stored at -20C until
the time of labeling. ATPase histochemistry followed
the methods of Dubowitz and Sewry?° using a pH 9.4
buffer and this technique has been described in greater
detail previously.'”'® Under these conditions, all fast
fibers stain dark brown to black and slow fibers are
light staining.

Immunohistochemical Analyses

Skeletal muscle fiber types within the shank were
identified using a rapid approach that identifies MHC
expression through multicolor immunofluorescence.?!
Briefly, this approach permits highly specific labeling
of different MHC isoforms in a single labeling step by
using cocktails of monoclonal antibodies that are of
different antibody subtypes. We used a monoclonal

antibody specific for type | MHC (MYH7) (4.84; IgM)
and for type IIA MHC (MYH2) (4.74; IgG1) obtained
from the Developmental Studies Hybridoma Bank
(DSHB) at the University of lowa. Previous studies
have demonstrated that 4.84 is specific for type | MHC
and that 4.74 reacts primarily with type IIA MHC and
to a lesser extent with type [IX MHC (MYH1) in rat
skeletal muscles.??-25 The results of this immunofluo-
rescence approach are highly specific labeling of mul-
tiple skeletal muscle fiber types, including hybrids
expressing multiple MHC isoforms.2?

Muscle sections were air dried for 30 min and then
covered with blocking buffer (2% bovine serum albu-
min in TBS) for 1 hr. At this point, blocking solution was
removed and replaced with the cocktail containing a
mixture of the primary antibodies 4.74 and 4.84 diluted
1:10 in the blocking solution. Sections were incubated
with primary antibody cocktail for a minimum of 1 hr,
but were generally left to incubate overnight at 4C.
Sections were then washed 3X in TTBS for 5 min each
wash. The sections were then incubated in a cocktail
of secondary antibodies specific for 4.84 (Alexafluor
anti-mouse IgM 350) and for 4.74 (Alexafluor anti-
mouse IgG, 555). Sections were incubated in the sec-
ondary antibody cocktail for 1 hr and then rinsed 3X in
TTBS as before. Sections were then mounted in
FluormountG (Southern Biotech, Birmingham, AL,
USA) and observed with an Olympus BX51 micro-
scope equipped with filter sets appropriate for visual-
izing blue (excitation: BP 360—-370 nm; emission BA
420 nm) and red (excitation: BP 520-550 nm; emis-
sion: BA 590 nm) secondary antibodies. Individual
images for each secondary antibody were captured
with a camera coupled to a computer running Spot
software 5.0 (Diagnostics Instruments, Inc). Images
from each channel were then overlaid into a single
RGB image using Adobe Photoshop CS6 software
(version 13.0 x64).

Statistical Analyses

The relative proportions of fiber types comprising the
soleus muscle at different stages of postnatal develop-
ment were determined primarily from single fiber SDS-
PAGE of a total of 1212 fibers. Supplemental data were
obtained from counts of immunohistochemically
stained sections from 3-week-old mice, because it is
often difficult to obtain adequate data from the small
fibers at this age. A total of 501 fibers were used for
fiber type determination from these stained sections
from 3 mice. Relative proportions of fiber types from
muscles of different aged rats (3, 6, 9, and 12 weeks)
were compared by analysis of variance (ANOVA).
Significant differences between means from each age
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group were determined with a Tukey-Kramer post-
ANOVA test. All analyses were performed using JMP
10.0.2 software (SAS Institute, Cary, NC, USA).

Results

Growth of Rats

We focused on a period of early postnatal development
where overall growth is dramatic. At 3 weeks of age,
rats have just recently been weaned and are becoming
more physically active. Overall growth as measured
from multiple parameters (body mass, muscle mass,
long bone length, etc.) is particularly fast during the
period of time between 3 and 6 weeks (Fig. 1). Each
growth curve was significantly fit with a second-degree
polynomial curve of best fit (p<0.001). During this time
period, the body mass increased by roughly 4-fold, the
mass of the shank flexors by 3-fold, and the length of
the tibia and fibula by 2-fold.

Changes in Fiber Type Proportions

We used single fiber SDS-PAGE to quantitate the rela-
tive proportions of fiber types within the soleus mus-
cles of rats at 3, 6, 9, and 12 weeks of age. In addition,
these data were supplemented with single fiber counts
from immunohistochemically labeled 3-week-old rats,
because the single fibers are challenging to dissect
and contain small amounts of protein. At 3 weeks of
age, the soleus is comprised of roughly 60% type |
fibers, with approximately equal proportions (~20%)
being made of I/llIA hybrids and pure type IIA fibers
(Figs. 2 and 3). As the llA-containing fibers transition
into type | fibers, the relative proportion of slow, type |
fibers increased to approximately 90% of the soleus.
Histochemical and immunohistochemical results were
consistent with this pattern (Figs. 3 and 4). ANOVA
demonstrated that the proportion of slow fibers was
significantly less at 3 weeks of age, but did not change
significantly after 6 weeks of age (DF: 3; F-ratio: 26.78;
p<0.0001; Tukey-Kramer post hoc test p<0.05) (Fig. 5).
The relative proportions of pure type IIA and hybrid
fibers were not significantly different at different time
periods, although the type IIA fibers represented fewer
than 1% of the fibers at 12 weeks of age.

MHC Isoform Distribution Within Single Hybrid
Fibers

Careful examination of the hybrid fibers identified
using monoclonal antibodies specific for type | or
type IIA MHC revealed that different MHC isoforms
can be segregated among individual myofibrils (Figs.
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Figure 1. Rat growth during the period of the study. Body
mass (A), shank flexors (B), and shank length (C) all increase dra-
matically at this stage of development. Body mass increased by
approximately 3-fold (A), muscle mass increased by 4-fold, and
shank length approximately doubled in rats between 3 and 12
weeks of age. Growth is especially rapid between 3 and 9 weeks,
but then begins to slow. Lines are second-order polynomial
curves fit to the data.

4 and 6). When hybrid fibers are viewed in cross
section, punctate staining for type | MHC (blue) can
be seen within a background of type IIA (red)
or hybrid (purple) staining. In longitudinal section,
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A

A

Figure 2. Single soleus fibers run on SDS-PAGE gel to identify fiber types. Each lane is the MHC extracted from a single isolated muscle
fiber. (A) At 3 weeks of age, many of the soleus fibers are I/lIA hybrids (asterisks). (B) By 12 weeks, the majority of fibers (all but one in
this example) are type |. This example shows the transformation of the hybrid fibers into pure type | fibers. Gels of individual, isolated
muscle fibers were used for the quantitative analyses of fiber type proportions.

(continued)

Figure 3. ATPase histochemistry (pH 9.6) demonstrating differ-
ences in muscle fiber types and size in 3-week (A) versus |2-week
(B) old rats. Dark staining fibers are fast, while light staining fibers
are slow. The average fiber diameters in this figure were 17 pm
for fast fibers and 22 pym for slow fibers at 3 weeks of age. At 12
weeks of age, these diameters increased to 24 and 4| pm, respec-
tively. In the sample shown, the 3-week-old soleus comprised
approximately 50% fast fibers. At 12 weeks, the proportion of
fast fibers was fewer than 10%. Scale bar = 100 pm.

individual type | (blue) myofibrils are also apparent
(Fig. 6). In other instances, myofibrils within single
fibers appear as purple, which we interpret as being
mixtures of both isoforms within a myofibril. It is also
possible that hybrid thick filaments, containing mix-
tures of I and IIA MHC were present.

Discussion

We focused on soleus muscle development in the rat
as a model of progressive fiber type transition toward
a single muscle fiber type. Previous studies of the
adult rat soleus have demonstrated a high proportion
of slow type I fiber in the adult, ranging from ~80% to
95% of the total fibers.41526 Early in postnatal devel-
opment, the soleus comprises a mixture of approxi-
mately 40% fast and hybrid fibers, but this proportion
is reduced over the first several weeks of postnatal
development (Figs. 2-5)."5 Functionally, the fast MHC
containing fibers exhibit higher shortening velocities
and the precise velocity is determined by the relative
proportion of fast MHC contained within single hybrid
fibers.2” This shift in muscle composition thus repre-
sents a tractable model for investigating fiber type
transitions, because fibers are changing in a steady
progression from fast or mixed fiber types, toward
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Figure 4. Fiber composition of 6—week-old rat soleus. Type | fibers are blue and represent the majority of fibers. Type IIA are red and
hybrid fibers (arrows) are purple. Since the fiber type transition is toward type | fibers, the purple hybrid fibers are understood to be in
transition from type IIA (red) to type | (blue) fibers. Scale bar = 100 pm.
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Figure 5. Relative proportion of fiber types in the rat soleus at
different developmental ages. At 3 weeks of age, the soleus is com-
prised of about 60% type | fibers, with the rest being hybrid I/lIA or

(continued)

type lIA. By 6 weeks, approximately 90% of the fibers are type |, with
only about 10% being made of hybrids or IIA fibers. The portion of
type | fibers was significantly lower at 3 weeks, but the proportions
were no different between the other ages. This indicates that the
major transformation of fibers is complete by about 6 weeks.

uniformly slow fibers. Interestingly, unloading or clen-
buterol treatment of the adult rat soleus drives a fiber
type transition in the opposite direction, from slow to
fast.?82% Focusing on the developmental fiber trans-
formations, we can deduce that hybrid fibers co-
expressing both IIA and | MHC are in the process of
transitioning into pure type | fibers. This pattern indi-
cates that the type | MHC in these fibers has been
synthesized in the fiber more recently than the type
IIA MHC. Using the highly specific methods for MHC
identification,2’ we were able to examine the distribu-
tion of these two MHC isoforms within the same sin-
gle fiber with high resolution (Fig. 6).
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A

Figure 6. Longitudinal sections of 6-week-old rat labeled for type | (blue) or type llA (red) fibers. Hybrid fibers are seen as purple.
Closer examination of staining patterns within the hybrids shows that individual myofibrils comprised of type | MHC are distinct within
single hybrid fibers (arrows). Sarcomeric banding is clearly seen within myofibrils in A. Figs A and B are different regions of the same

muscle. Scale bar = 25 pym.

In many cases, we found that the specific MHC iso-
forms were segregated among myofibrils within the
same fiber. In other words, some of the myofibrils were
predominantly or entirely made of type [IA MHC, while
others contained type | MHC (Fig. 6). This co-mingling
of myofibrils containing different MHC isoforms within
single muscle fibers is fundamentally the same pattern
identified in developing bird muscles.®® These patterns
show that during fiber type transitions myofibrils with
“old” MHC are replaced with myofibrils containing “new”
MHC in a progressive manner. In this way, myofibrils
within an existing muscle fiber may be understood as
the unit of exchange during fiber type transitions (Fig.
7). Myofibrillar turnover is a normal part of skeletal
muscle plasticity.®’ Muscle hypertrophy is the result of
an increased number of myofibrils within existing mus-
cle fibers, while atrophy results from a net loss of myo-
fibrils.2 When existing myofibrils are progressively
exchanged for new myofibrils containing a different
MHC isoform, the fiber type changes over time.

Skeletal muscles are highly plastic tissues, mean-
ing that their fiber type composition can change in
response to a variety of stimuli. Fiber type transi-
tions typically take place in an orderly transition from
slowest to fastest isoforms: | A 1) ¢
[I1B.3334 During these transitions, expression of an
existing MHC isoform must be down regulated, while
expression of the replacing isoform must be
increased. Hybrid fibers are of particular relevance
to understanding how these transitions proceed,
because any fiber changing from one type to another
becomes hybrid for a period of time.”8135 Fiber
number within a muscle is fixed from near the time
of birth, so changes in fiber types represent remod-
eling of existing muscle fibers.® Although hybrids
clearly play a central role in fiber type transitions,
hybrid fibers can also be phenotypically stable, and
represent physiologically intermediate pheno-
types.?1721.86-39 |n the developing rat soleus, hybrid
fibers represent transitional fibers switching from the
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Figure 7. Proposed model of gradual transformation toward slower fiber composition through myofibrillar exchange. Myofibrils con-
taining slow MHC are represented by blue points, fast IIA MHC containing myofibrils by red points, and myofibrils containing a mixture
of the two are shown as purple. (A) A substantial proportion of individual fibers contain large amounts of IIA MHC. (B) As slow type |
MHC increases in expression and fast containing myofibrils are removed, type | containing myofibrils replace those with type IIA. (C)
This progressive exchange of type lIA for type | myofibrils continues until most of the fibers are type I. This is the general pattern of
myofibrillar exchange that takes place in the rat soleus during neonatal development.

IIA phenotype toward type | fibers. When both types
I and IIA MHC isoforms are present in a single fiber,
it is straightforward to conclude that the type | MHC
represents the “new” isoform replacing the “old” IIA
MHC (Fig. 7).

The first several weeks following birth represent a
period of intense growth and the rats in the current
study were still growing rapidly (Fig. 1). Individual
skeletal muscle fibers grow dramatically during post-
natal development, and one feature of this growth is
increased packing of myofibrils into the growing
fibers.5 This period is also a particularly dynamic
period of fiber type transitions, marked by dramatic
shifts in MHC expression. In addition to the adult
MHC isoforms expressed in limb muscles, embry-
onic, and neonatal MHCs (MHC_, and MHC ) are
also expressed early in development.?-510 QOther
examples of hybrid fibers as transitional fibers during
muscle development in mammals have been identi-
fied.38101 |n postnatal mouse muscles, [IX/IIB
hybrids principally transition into pure 1B fibers in the
tibialis anterior, while those of the brachioradialis
predominantly become IIX fibers.® This example
demonstrates that the same hybrid fiber phenotype
may transition into distinct pure fiber types in differ-
ent muscles. In the rat soleus, the transition is rela-
tively simple, with type IIA or I/lIA hybrids gradually
becoming pure type | fibers.

An outstanding question about hybrid muscle fibers
is how the different MHC isoforms are arranged spa-
tially within the same fiber.4? In the current study, we
found that the type | and type IIA MHCs were fre-
quently segregated among the myofibrils within single

fibers (Fig. 6). A different spatial arrangement of MHC
isoforms within single fibers occurs when isoform
expression changes along the length of muscle fibers.
A significant number of studies have now reported that
unique MHC isoforms are frequently expressed within
different segments of the same muscle fiber.?81341-48 A
common interpretation of asymmetric MHC expres-
sion is that different myonuclear domains within single
fibers may be uncoordinated in their myofibrillar gene
expression.”84246 |ndividual muscle fibers can be up to
several millimeters long, and typically contain hun-
dreds of myonuclei.*®%° These myonuclei are derived
from heterogeneous populations of myoblasts during
development, and continue to incorporate new nuclei
from satellite cells throughout life. Each nucleus con-
trols a limited myonuclear domain within perhaps at
most hundreds of micrometers around the nucleus.*%-5
If different myonuclear domains contain unique MHC
isoforms from one another, then the documented fiber
type differences along the length of fibers could
result.*® Studies of cultured skeletal muscle fibers
have shown that individual nuclei within single fibers
exhibit a level of independence in their patterns of reg-
ulated nuclear import and patterns of gene expres-
sion.5"%2 Further research is needed to better
understand the unique arrangements of different MHC
isoforms within hybrid fibers and what these patterns
reveal about basic muscle function.
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