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Absolute quantification of myosin heavy chain isoforms
by selected reaction monitoring can underscore skeletal muscle
changes in a mouse model of amyotrophic lateral sclerosis
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Abstract Skeletal muscle fibers contain different isoforms of
myosin heavy chain (MyHC) that define distinctive contrac-
tile properties. In light of the muscle capacity to adapt MyHC
expression to pathophysiological conditions, a rapid and
quantitative assessment of MyHC isoforms in small muscle
tissue quantities would represent a valuable diagnostic tool for
(neuro)muscular diseases. As past protocols did not meet
these requirements, in the present study we applied a targeted
proteomic approach based on selected reaction monitoring
that allowed the absolute quantification of slow and fast
MyHC isoforms in different mouse skeletal muscles with high
reproducibility. This mass-spectrometry-based method was
validated also in a pathological specimen, by comparison of
the MyHC expression profiles in different muscles from
healthy mice and a genetic mouse model of amyotrophic lat-
eral sclerosis (ALS) expressing the SOD1(G93A) mutant.
This analysis showed that terminally ill ALS mice have a
fast-to-slow shift in the fiber type composition of the tibialis
anterior and gastrocnemius muscles, as previously reported.

These results will likely open the way to accurate and rapid
diagnoses of human (neuro)muscular diseases by the pro-
posed method.

Keywords Selected reactionmonitoring . Targeted
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Introduction

Skeletal muscles fulfill a variety of tasks by recruiting muscle
fibers with specific functional properties. They are composed
of distinct fiber types, originally classified on the basis of the
ATPase and/or metabolic enzyme activity. The first classifica-
tion into type I and type II fibers, proposed by Dubowitz and
Pearse [1] in 1960, was followed by the identification of two
fast-twitch fiber subtypes with specific metabolic properties
[2–4]. Subsequently, differences in ATPase activity and pH
sensitivity of fibers were found to depend on distinct myosin
isoforms. Myosin, the most abundant myofibrillar protein in
the skeletal muscle (it constitutes approximately 50% of the
whole protein content) and the major determinant of the con-
tractile performance, is made by multiple copies of two differ-
ent proteins (named chains); that is, by two heavy chains and
four light chains [5]. Combination of histochemistry, immu-
nohistochemistry, and gel electrophoresis tools allowed the
identification of four major myosin heavy chain (MyHC) iso-
forms in the trunk and limb striated muscles of mammals,
indicated as I (or slow) and IIa, IIx, and IIb (or fast) [6, 7].

On the basis of the present genomic information, MyHC
isoforms belong to a gene family composed of ten distinct
genes [8]. In particular, fibers classified as type I express the
type I MyHC isoform, whereas fibers classified as type IIA,
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IIX, and IIB contain type IIa, IIx, and IIb MyHC isoforms [6].
Although many fibers contain only a single MyHC isoform
(the so-called pure fibers) [9], two or more different MyHC
isoforms can be coexpressed in the same fiber (e.g., in the
extraocular muscle fibers [10]), which are called hybrid fibers
[11]. Different mammalian species (e.g., human, mouse, rat,
rabbit, and guinea pig) show similar skeletal muscle fiber type
profiles; the type IIb MyHC isoform, however, is not detect-
able in humans and in several other mammalian species, de-
spite the presence of the corresponding gene [12].

An important characteristic of skeletal muscles is plasticity,
which indicates the ability to adapt the fiber type composition
to prevailing pathophysiological conditions [13].
Modification of the muscle fiber profile may thus depend on
factors such as exercise, hormonal signaling (e.g., by thyroid
hormones, glucocorticoids, testosterone, or β-agonists), and
nutrient availability (e.g., fasting or high-fat diet), but also on
pathological conditions, including diabetes, Duchenne mus-
cular dystrophy [14], amyotrophic lateral sclerosis (ALS) [15,
16], congenital fiber type disproportion [17], and
myosinopathies caused by mutations in MyHC genes [18].

Under these premises, evaluation of the skeletal muscle
fiber type/MyHC composition clearly necessitates easy-to-
perform assays, capable of bypassing the laborious myofiber
discrimination based on the ATPase activity [19, 20], or the
time-consuming immunohistochemistry of contiguousmuscle
cryosections using monoclonal antibodies to differentMyHCs
[21, 22]. Gel-based methods have successfully reduced the
assay time by allowing the simultaneous detection of different
MyHC isoforms, whereasWestern blot (WB) has also allowed
comparison of selected MyHC isoforms in different muscle
samples. However, the similar masses of MyHC isoforms
have hindered their efficient discrimination by conventional
sodium dodecyl sulphate (SDS)–polyacrylamide gel electro-
phoresis (PAGE). Although improved electrophoretic proto-
cols have been developed [23–27], they still suffer from poor
reproducibility, lengthy (24–42 h) electrophoretic runs, and
uncertain discrimination of MyHC isoforms (e.g., for mouse
type IIa MyHC and type IIx MyHC) in standard mini-gel
systems [28].

Thus, to determine precisely the content of MyHC iso-
forms in different mouse skeletal muscles, in this study we
have used amethod comprising a targeted proteomic approach
based on liquid chromatography coupled with tandem mass
spectrometry (LC–MS/MS), and selected reaction monitoring
(SRM). We found that the data on muscle fiber composition
obtained with this approach were similar to those reported in
the literature. However, by inclusion of the SRM technique,
which quantifies MyHC-isoform-specific peptides, the whole
procedure had the great advantage of accomplishing absolute
quantification of the different MyHC isoforms, and increasing
reproducibility by analyzing tens of samples in the same ana-
lytical session.

We also assessed the applicability of the proposed method
to the pathological context of ALS. ALS is a progressive and
fatal neurodegenerative disorder characterized by the selective
injury and death of motor neurons in the spinal cord,
brainstem, and cerebral cortex [29, 30]. Twenty percent of
familial ALS cases (which account for 10% of total ALS
cases) are associated with mutations in the gene encoding
the cytosolic antioxidant enzyme Cu/Zn superoxide dismutase
1 (SOD1) [31]. Transgenic (Tg) mice are now available that
overexpress the SOD1(G93A) missense mutant, closely re-
producing human ALS [32]. The long-standing view of ALS
affecting only motor neurons has been challenged recently by
the finding that non-neuronal cells, including skeletal muscle
fibers, play an active role in disease pathogenesis [33, 34].
Accordingly, severe skeletal muscle alterations occur in ALS
patients and animal models [16, 35, 36].

In light of these notions, we applied the SRM-based ap-
proach to evaluate the content of MyHC isoforms in skeletal
muscles with different contractile properties, obtained from
control mice and Tg-G93A mice at the terminal stage of the
disease. The finding that some (i.e., tibialis anterior and gas-
trocnemius) fast muscles of ALSmodel mice showed a switch
toward slow myofibers, as previously reported [15], strongly
supports applicability of the proteomic approach presented
here also to (neuro)muscular diseases.

Materials and methods

Animals, tissue sampling, and homogenization

We used C57BL6/J wild-type (WT) mice and B6SJL-
Tg(SOD1-G93A)1Gur (Tg -G93A) and B6SJL-
Tg(SOD1)2Gur/J (Tg-WT) Tg mice, overexpressing hu-
man SOD1(G93A) or SOD1(WT) respectively. All mouse
strains were purchased from Jackson Laboratories. The
mice were housed in a temperature-controlled (22 °C)
SPF room with a 12 h–12 h light–dark cycle, and ad
libitum access to food and water. All aspects of animal
care and experimentation were performed in compliance
with European and Italian (D.L. 116/92) laws concerning
the care and use of laboratory animals. The authors’ insti-
tution has been accredited for the use of experimental
mice by the Italian Ministry of Health, and by the
Ethical Committee of the University of Padua.

Only male mice were used to minimize individual biolog-
ical variability. Mice were anesthetized by CO2 just before
they were killed by cervical dislocation at 120 days after birth,
an age at which, after progressive motor neuron degeneration,
severe muscle atrophy and paralysis occur in Tg-G93A mice,
indicating the terminal stage of illness. Age-matchedWTmice
and Tg-WT mice do not show any overt phenotype.
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The diaphragm and four morphological distinct
hindlimb muscles were explanted for analysis: the mixed
fast-twitch extensor digitorum longus, tibialis anterior,
and medial gastrocnemius, and the slow-twitch soleus. A
single liver sample was also collected for the generation
of calibration curves (see later). Tissues were immediately
frozen in liquid nitrogen, and stored at -80 °C for subse-
quent analyses.

Protein extracts were obtained by homogenization of tis-
sues with 10 vol of lysis buffer [62.5 mM tris(hydroxy
methyl)aminomethane–HCl (pH 6.8), 10% (w/v) glycerol,
2.3% (w/v) SDS, and protease inhibitors (Roche, Basel,
Switzerland)]. After centrifugation (16,000 g, 10 min, 4 °C)
to remove tissue debris, protein concentration was determined
by a bicinchoninic acid based assay kit (Thermo Scientific,
Waltham, MA, USA).

Immunofluorescence-based fiber typing

Muscles cross-sections (10 μm thick) were cut in a cryostat
(-24 ± 2 °C) (Leica CM1850). To examine the overall mus-
cle morphology, cryosections of each analyzed muscle
were hematoxylin–eosin stained as described previously
[37]. To determine the fiber type composition, cryosections
were co-immunostained (30 min, 37 °C), with an anti-
laminin rabbit polyclonal antibody [Sigma, St Louis,
MO, USA, cata log no. L9393; di luted 1:100 in
phosphate-buffered saline (PBS) containing 1% (w/v) bo-
vine serum albumin (BSA) (PBS–BSA)], and with each of
the following anti-MyHC mouse monoclonal antibodies
(diluted 1:10 in PBS–BSA): clone BA-D5, which recog-
nizes type I MyHC, clone SC-71 for type IIa MyHC, and
clone BF-35 for type I, IIa, and IIb MyHC (all from the
Developmental Studies Hybridoma Bank, University of
Iowa). After the sections had been washed with PBS, they
were incubated (30 min, 37 °C) with tetramethylrhodamine
isothiocyanante conjugated anti-rabbit and Alexa Fluor
488 conjugated ant i -mouse secondary ant ibody
(Molecular Probes, Eugene, OR, USA, diluted 1:400 in
PBS–BSA). After a final rinse with PBS, fluorescently la-
beled sections were mounted on a glass slide with use of a
mounting solution [8% (w/v) Mowiol 40-88 (Sigma) in a
solution of glycerol 25% (v/v) in PBS] and observed with
an inverted fluorescence microscope (CTR6000, Leica,
Wetzlar, Germany) equipped with a computer-assisted
charge-coupled camera (Hamamatsu Orca flash 4.0).
Images of different fields from each section were digita-
lized and stored for subsequent analysis. Type I, IIa, and
IIb MyHC immunopositive fibers were counted and
expressed as the percentage of total laminin-positive fibers.
The laminin-positive fibers not stained by the BF-35 anti-
body were considered as type IIX fibers.

SDS–PAGE and WB analysis

To analyze MyHC isoforms, muscle proteins were diluted to
the desired final protein concentration with lysis buffer sup-
plemented with bromophenol blue [final concentration (f.c.),
0.02% (w/v)], and separated by SDS/glycerol–PAGE accord-
ing to the modified method of Talmadge and Roy [23], as
previously reported [38]. The total amount of proteins loaded
in each lane was 0.8 μg. Gels were then subjected to silver
staining according to standard procedures [39], or toWB anal-
ysis as described below. For the densitometric analysis of
silver-stained bands, gel images were digitalized by means
of a high-resolution scanner, and the band intensity of each
MyHC isoform—calculated by the Kodak 1D image analysis
program—was normalized to the total intensity of all MyHC
isoforms detected in the muscle sample.

To assess myogenin expression levels, proteins were dilut-
ed to the desired final protein concentration with lysis buffer
supplemented with dithiothreitol (f.c., 50 mM) and
bromophenol blue [f.c., 0.02% (w/v)], and boiled (5 min).
SDS–PAGE was performed with Mini-Protean TGX precast
gels [4–15% acrylamide–bisacrylamide (Bio-Rad
Laboratories, Hercules, CA, USA)], with 20 μg of total pro-
teins loaded per lane.

For WB, proteins were electrophoretically transferred onto
poly(vinylidene difluoride) membranes (1 h, 350 mA), which
were then stained with Coomassie brilliant blue (Sigma) to
ensure equal protein loading and transfer. After they had been
destained with methanol, membranes were incubated (1 h,
room temperature) in a blocking solution [5% (w/v) non-fat
dry milk (Bio-Rad Laboratories) in PBS to which 0.1% (w/v)
Tween 20 (PBS-T) was added]. Membranes were then incubat-
ed (overnight, 4 °C) with the desired primary antibody diluted
in blocking solution (see below), washed three times with PBS-
T, and then incubated (1 h, room temperature) with horseradish
peroxidase conjugated anti-mouse or anti-rabbit IgG secondary
antibody (Santa Cruz Biotechnology, Dallas, TX, USA, catalog
no. sc-2004 or sc-2005 respectively) diluted (1:3000) in
blocking solution, according to the primary antibody.

The antibodies used were as follows (dilutions in parenthe-
sis): anti-type I MyHC mouse monoclonal antibody (clone
BA-D5, 1:5000); anti-type IIa MyHC mouse monoclonal an-
tibody (clone SC-71, 1:1000); anti-type IIb MyHC mouse
monoclonal antibody (clone F3, 1:5000); anti-type IIa and
type IIx MyHC mouse monoclonal antibody (clone BF-13,
1:5000); and anti-myogenin rabbit polyclonal antibody
(Santa Cruz Biotechnology, catalog no. sc-576, 1:2000). All
anti-MyHC antibodies were from the Developmental Studies
Hybridoma Bank, University of Iowa.

Immunoreactive bands were visualized and digitalized by
means of a digital Kodak Image Station, with use of an en-
hanced chemiluminescence reagent kit (EMD Millipore,
Billerica, MA, USA). For densitometric analyses, the intensity
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of each immunoreactive band was normalized to the optical
density of the corresponding lane stained with Coomassie blue.

Sample processing for LC–MS/MS

Protein extracts (50 μg, 20 μl) were processed with the
filter-aided sample preparation (FASP) method [40], with
use of a FASP™ protein digestion kit (30,000 molecular
weight cutoff filters, Expedeon, San Diego, CA, USA),
following the manufacturer’s instructions. During sample
processing, cysteines were reduced by addition of 100 μl
dithiothreitol (f.c., 20 mM; 45 min, 55 °C), and then
alkylated by addition of 100 μl iodoacetamide (f.c.,
55 mM; 45 min, room temperature). Immediately before
digestion, a solution (10 μl, 25 pmol) of isotopically la-
beled (13C6,

15N4-Arg or 13C6,
15N2-Lys) synthetic (heavy)

peptides (JPT Peptides, Berlin, Germany) having the same
sequence of the target peptides (two different peptides for
each MyHC isoform analyzed) was added to the protein
extracts as an internal standard. Subsequently, trypsin
(Promega, Madison, WI, USA) was added (90 μl in
25 mM NH4HCO3) to a final enzyme-to-protein ratio of
1:25 (w/w), and protein digestion was performed over-
night (37 °C). To recover protein digests, FASP filters
were finally centrifuged (14,000 g, 10 min) and eluted
peptides were collected. The filters were then rinsed with
50 μl of 25 mM NH4HCO3, and after centrifugation, the
eluted residual peptides were added to the previous eluate.

Peptide solutions were acidified by addition of formic
acid until pH ≤ 3 was reached, and then desalted with use
of C18 spin columns (The Nest Group, Southborough,
MA, USA), following the manufacturer’s instructions,
with the exception that two sequential elution steps—with
a solution (100 μl) containing acetonitrile (70% v/v) and
formic acid (0.1% v/v)—were performed. Finally, peptide
extracts were dried under vacuum and, immediately be-
fore LC-MS/MS analyses, dissolved in a solution (100 μl)
containing acetonitrile (5% v/v) and formic acid (0.1% v/
v) to obtain a final protein digest concentration of
0.5 μg μl-1. Each protein digest was analyzed by two
independent LC–MS/MS runs.

LC–MS/MS analysis and SRM

The mass spectrometry data have been deposited in the
PASSEL repo s i t o r y ( h t t p : / /www.pep t i d e a t l a s .
org/PASS/PASS00887; dataset identifier PASS00887;
password QE7545ha). Peptides were analyzed with an
LC–MS/MS system operating in scheduled SRM mode.
A Prominence high-performance liquid chromatography
system (Shimadzu, Kyoto, Japan), interfaced with an
API 4000 triple-quadrupole mass spectrometer (AB
Sciex, Framingham, MA, USA) was used. The mass

spectrometry source parameters were as follows: ion spray
voltage, 5000 V; source temperature, 500 °C; curtain gas,
15 psi; gas 1 and gas 2, 35 psi. The chromatographic
separation was achieved with a Brownlee SPP peptide
ES -C 1 8 c o l umn ( 100 mm × 2 . 1 mm , 2 . 7 μm,
PerkinElmer, Waltham, MA, USA), with injection of 10
μl of sample—corresponding to 5 μg of digested
proteins—for each analysis, and with a flow rate of 0.3
ml min-1. The elution solvents were 0.1% (v/v) formic
acid (solvent A) and 0.1% (v/v) formic acid in acetonitrile
(solvent B). The mobile phase composition was as fol-
lows: 97.5% solvent A and 2.5% solvent B from 0 to
1 min; 75% solvent A and 25% solvent B after 12 min
(following a linear gradient); 30% solvent A and 70%
solvent B after 14 min; 5% solvent A and 95%
solvent B after 15 min; unchanged for 1 min; and finally
97.5 solvent A and 2.5% solvent B from 16.25 to 20 min
to reequilibrate the system.

The scheduled SRM method was optimized with use of
synthetic peptides to record the retention time and to select
five diagnostic precursor-to-product ion transitions for each
target peptide. The instrumental settings used in the acquisi-
tion method are reported in Table S1.

A seven-point calibration curve was built with
unlabelled purified peptides (SpikeTidesTQ™, JPT
Peptides), which were subjected to trypsin digestion and
desalting as described earlier, in the presence of 25 pmol
of labeled peptides. This procedure was performed in the
presence of mouse liver homogenate (10 μg) to mimic the
matrix effect exerted by protein extracts. The concentra-
tion ranges of the calibration curves for each MyHC iso-
form are reported in Table S1.

Five transitions, and the corresponding retention time,
were used to assign the correct identity to the monitored
peptides. Quantification was achieved with the peptide
absolute quantification method [41]. The calibration curve
for each peptide was obtained by calculation of the ratio
between the area under the curve (AUC) of the peptide
and the AUC of the corresponding labeled internal stan-
dard. Peptide concentrations were then calculated by a
weighted linear regression of the calibration curve with
use of Sky l ine (h t tps : / / sky l ine .gs .wash ing ton .
edu/labkey/project/home/begin.view [42]). Protein
amounts, expressed as femtomoles per microgram of
total protein digest , were finally determined by
calculation of the mean concentration of the two
monitored peptides for each MyHC isoform, and then by
averaging of the values obtained from the two LC–
MS/MS replicates.

The performance characteristics of the method were eval-
uated by analysis of a single protein extract from each differ-
ent muscle in three independent working sessions, which
allowed calculation of the coefficient of variation (CV;
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defined as the percentage ratio of the standard deviation and
the mean value) for each muscle and each MyHC isoform.

Experimental design and statistical rationale

To avoid confusing effects from biological variability, the val-
idation of the SRM method was performed by assessing the
technical variability on muscle samples from a single WT
mouse. In this case, three peptide digests prepared in distinct
working sessions were analyzed in two different LC–MS/MS
runs, yielding six independent technical replicates.

For comparative analyses on Tg-G93A mice and Tg-WT
mice, muscles were isolated from three different mice for each
genotype. A single protein extract from each muscle was then
processed for peptide digestion and purification, and analyzed
in two distinct LC–MS/MS runs.

All data are presented as the mean ± standard error of the
mean. Statistical comparisons were performed with the un-
paired Student’s t test, p < 0.05 being considered statistically
significant.

Results

We have developed a targeted proteomic approach allowing
the absolute quantification of slow (type I) and fast (type IIa,
IIb, and IIx)MyHC in skeletal muscles. This study used SRM,
which has been proven to be optimally suited for quantifying
proteins [43–46], by repeatedly targeting and detecting the
same set of peptides in different samples through a triple-
quadrupole mass spectrometer.

Peptides from different muscles (i.e., extensor
digitorum longus, tibialis anterior, medial gastrocnemius,
soleus, and diaphragm) were obtained after the tryptic
digestion of muscular protein samples (extracted with an
SDS-containing buffer) and purified through a FASP pro-
tocol (Fig. 1). For each MyHC isoform, two proteotypic
peptides (8–14 amino acid long) [47, 48] were selected as
standards for SRM measurements (Table S1) on the basis
of their unique presence in a single MyHC and insuscep-
tibility to artificial modifications (they do not contain me-
thionines or cysteines) or to incomplete cleavage. Five

Fig. 1 Workflow of sample preparation and analysis for the
quantification of myosin heavy chain (MyHC) isoforms in muscle
protein extracts using the proposed liquid chromatography—tandem

mass spectrometry (LC-MS/MS)-based selected reaction monitoring
(SRM) technique (see BMaterials and methods^). FASP filter-aided
sample preparation

Fig. 2 SRM transition signals and signal-to-noise ratio for the tibialis
anterior (TA) muscle type IIa MyHC. Representative SRM
chromatograms relative to five diagnostic transitions of the two
monitored peptides for type IIa MyHC (amino acid sequences are
reported in each panel) in the tibialis anterior muscle. Although type IIa
MyHC is present at low concentration in the tibialis anterior muscle, both
peptides show a clear signal, and a signal-to-noise ratio greater than 3, for
all the selected transitions, indicated in the inset in each plot

Absolute MyHC quantification by SRM 2147



precursor-to-product ion transitions for each peptide were
carefully chosen to provide optimal signal intensity, there-
by allowing us to easily distinguish the target peptide
from other molecules. An example of such an optimized
selection of the transitions is reported in Fig. S1.

The absolute quantification method was used to quantify
each peptide abundance. To achieve more accurate measure-
ments, each muscle protein sample was spiked with stable-
isotope-labeled (heavy) synthetic peptides—corresponding
to the target peptides—at a known concentration before tryp-
sin digestion. Being chemically equivalent to and having the
same ionization efficiency and fragmentation behavior as
muscle-derived MyHC (light) peptides, heavy peptides allow
correction for any putative peptide loss during the multistep
preparation of the samples for LC–MS/MS analysis and for
contaminating peptides that may be coeluted with the target
peptides. Finally, the absolute quantification of each MyHC
was achieved by calculation of the AUC ratio of light and
heavy peptides and by use of a calibration curve. A peptide
was considered undetectable if its concentration was below
the lowest calibration point (i.e., 25, 10, 25, and 50 fmol μg-1

for isoforms I, IIa, IIx, and IIb respectively; see Table S1).
Accordingly, an MyHC isoform was considered not
quantifiable if one of the two monitored peptides was
undetectable.

We ascertained that this method was sensitive enough to
quantifying the selected MyHC isoform even if it was present
at very low levels. An example is provided by the low-
abundance type IIa MyHC in the tibialis anterior, whose
AUC signal-to-noise ratio was greater than 3 (Fig. 2), and
the concentration (23 ± 1 fmol μg-1) was above the lowest
calibration point (Fig. 3a).

The accuracy of the method was evaluated by calcula-
tion of the CV of MyHC concentrations in a single protein
extract from each extensor digitorum longus, tibialis an-
terior, gastrocnemius, soleus, or diaphragm muscle during
three distinct analytical sessions (Table 1), providing an
average CV of less than 10% for the different MyHCs in
the different muscles. In addition, linearity of the calibra-
tion curve for each MyHC was verified by calculation of
the correlation coefficient (r), which optimally was greater
than 0.99 for all MyHCs in all analytical sessions
(Fig. S2). Taken together, these parameters establish the
reliability of the SRM-based method for the absolute
quantification of the MyHC composition of skeletal
muscles.

It is important to note that, besides the good agreement
of the SRM-based results (Fig. 3a, b) and data obtained
from SDS–PAGE and silver nitrate staining of muscles
(Fig. 3c, d), the major advantages of the SRM approach

Fig. 3 Comparable quantification of MyHC isoforms by SRM-based
and gel-electrophoresis-based approaches in muscle samples. a, b
Protein extracts from the tibialis anterior (TA), gastrocnemius (GS),
soleus (S), diaphragm (D), and extensor digitorum longus (EDL)
muscles of a C57BL6/J wild-type male mouse were subjected to
processing and SRM-based quantification of MyHC types I, IIa, IIx,
and IIb, as described in BMaterials and methods.^ The absolute
concentration of each MyHC isoform is reported in a, and b reports the
relative MyHC composition of the different muscles, expressed as a
percentage of the total MyHC amount measured in each muscle. c, d
The same muscle samples analyzed by SRM in a and b were subjected
to sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-

PAGE)-based protein separation (0.8 μg of total proteins per sample),
followed by silver staining of gels and densitometric analysis of the
MyHC bands. c A representative gel of three technical replicates. d
Densitometric analysis of the different MyHC bands in the different
muscles, expressed as a percentage of the total optical density of all
MyHCs in each muscle. Although the closely matching molecular
weight hampers the gel-based discrimination of type IIa MyHC and
type IIx MyHC (c), the relative quantification of MyHCs obtained with
the two methods provides comparable results (b, d). The reported values
are the mean ± standard error of the mean (SEM); six technical replicates
in a and b, three technical replicates in c and d. nd not detectable
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include the direct quantitative comparison of a given
MyHC isoform in different muscles, and a clear identifi-
cation of MyHC isoforms of similar mass, which, con-
versely, can hardly be achieved by gel-based techniques.
The latter aspect could account for some discrepancy in
the relative determination of type IIa MyHC-IIa and
type IIx MyHC content by the two experimental proce-
dures (Fig. 3b, d). The total MyHC content, calculated as
the sum of each MyHC content reported in Fig. 3a, ranges
between 1.8 and 2 pmol μg-1. Assuming a molecular
weight close to 200,000 Da, this means that MyHCs represent
almost 40% of the total protein complement, a result very
similar to that recently obtained with a different proteomic
approach on mouse single muscle fibers (i.e., 30–35%
[49]).

A key test for the wide use of the SRM-based method was
its applicability to skeletal muscle diseases. We chose ALS,
given some previous data pointing to alterations of muscle
fiber type composition in this disease [15]. For this purpose,
we compared MyHC expression profiles in four hindlimb
muscles (extensor digitorum longus, tibialis anterior, gastroc-
nemius, and soleus) and in the diaphragm of terminally ill Tg-
G93A mice (a widely accepted ALS model) and age-matched
Tg-WT mice. As reported in Fig. 4 and Table S2, tibialis
anterior and gastrocnemius muscles of Tg-G93A mice
showed a significant decrease in the amount of type IIb
MyHC (by 68% and 42% respectively), and a concomitant
increase in the amount of type IIa MyHC (by 90% and 66%
respectively) and type IIx MyHC (by 50 and 78% respective-
ly) with respect to healthy mice, suggesting a fast-to-slow
fiber transition in such muscles of ALS mice. Conversely,
no significant alteration in the MyHC expression pattern was
observed in extensor digitorum longus, soleus, or diaphragm
muscles.

To confirm the SRM-based evaluation of MyHC ex-
pression in the tibialis anterior, gastrocnemius, and soleus
muscles, we analyzed this parameter using conventional

gel-based SDS–PAGE and silver nitrate staining, and WB
using specific antibodies recognizing MyHC type I, type
IIb, type IIa, or both type IIa and type IIx. As shown in
Figs. 5 and 6, both approaches provided results similar to
those obtained with proteomics. Immunohistochemistry of
cryosections of tibialis anterior muscle, which is the mus-
cle most affected by the fast-to-slow fiber transition in
ALS mice [15], further confirmed the data acquired by

Table 1 Coefficient of variation for the different myosin heavy chain
(MyHC) isoforms in the murine skeletal muscles studied. Samples of the
different skeletal muscles from a single C57BL6/J wild-type mouse were
processed and analyzed as described in the text. The reported coefficients
of variation were calculated as the ratio of the standard deviation to the
mean concentrations measured during the validation study, and are
expressed as a percentage

MyHC type TA GS D EDL S

I ND ND 19.5% ND 9.2%

IIa 5.1% 21.1% 4.7% 2.2% 1.7%

IIx 4.4% 16.1% 11.1% 2.4% 1.0%

IIb 6.2% 27.4% 7.8% 2.5% ND

D diaphragm, EDL extensor digitorum longus, GS gastrocnemius, ND
not detectable, S soleus, TA tibialis anterior
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the SRM-based method (Fig. S3). Finally, because the
myogenic helix–loop–helix transcription factor myogenin
is more abundant in slow-twitch fibers than in fast fibers
[50], tibialis anterior and gastrocnemius muscles of the
aforementioned ALS and control mice were analyzed
(by WB) for myogenin expression. The finding that both
Tg-G93A muscles exhibited increased myogenin levels
(Fig. S4) further supported the fast-to-slow transition de-
tected in the skeletal muscles of the ALS animal model by
the proteomic approach presented here.

Discussion

Establishing the exact pattern of MyHC isoforms is an impor-
tant issue in diverse areas of muscular pathophysiology. Thus
far, this type of study has mainly used conventional gel-based
or (immuno)histochemistry tools, which, however, suffer
from disadvantages such as lack of accuracy, poor reproduc-
ibility, and exceedingly long execution times.

To overcome these limitations, we have developed a
targeted mass spectrometry approach that uses SRM for the
absolute quantification of different MyHC isoforms. This pro-
tocol can be performed easily and in a relatively short time,
and allows the collection of data from a large number of sam-
ples with high reproducibility [51].

We verified the latter aspect with regard to MyHC quanti-
fication in three distinct analyses of a single muscle sample,
finding that the average CV was less than 10%. Importantly,
as also reported here, the SRM-based technology offers the
advantage to measure absolute values for MyHC expression
in different muscles, or in the same muscle under different
conditions.

With the specific aim of verifying the use of the technique
for diagnostic purposes, we investigated whether the SRM-
based approach could identify MyHC alterations in an ALS
Tg mouse model, in light of previous suggestions of an active
role of skeletal muscle alterations in ALS pathogenesis

[34–36]. This study, performed in terminally ill Tg-G93A
mice (already proven to closely mimic human skeletal
myofiber alterations during early disease manifestation [15])
and age-matched healthy mice not only proved the applicabil-
ity of the procedure but also revealed new insights in ALS-
linked muscle alterations.

In particular, we found alterations in some, but not all, skel-
etal muscles examined, as fast tibialis anterior and gastrocne-
mius muscles displayed reduced expression of the very fast
twitch type IIb MyHC isoform, and there was concomitant

�Fig. 4 The SRM approach underscores remarkable differences in the
MyHC expression profiles of fast-twitch muscles between healthy and
end-stage amyotrophic lateral sclerosis mice. The absolute concentration
of type I, IIa, IIx, and IIb MyHC in the tibialis anterior (TA),
gastrocnemius (GS), diaphragm (D), extensor digitorum longus (EDL),
and soleus (S) muscles of 4-month-old transgenic SOD1 (wild-type)
(Tg-WT) and transgenic SOD1 (G93A) (Tg-G93A) male mice was
assessed by the SRM-based method. The fast-twitch tibialis anterior
and gastrocnemius muscles from terminally ill Tg-G93A mice show a
significant reduction of the amount of type IIb MyHC, and a concomitant
increase of the amount of type IIa and type IIx MyHC with respect to the
Tg-WT counterpart. A similar trend occurs in the fast extensor digitorum
longus muscle, although the differences do not reach statistical
significance, whereas no difference is observed in the diaphragm and
soleus. The reported values are the mean ± SEM; three biological
replicates.One asterisk p < 0.05, three asterisks p < 0.005, Student's t test
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increased expression of themoderately fast type IIa and type IIx
MyHC isoforms. Conversely, whereas the other fast muscle,
extensor digitorum longus muscle, showed a similar trend that,
however, could not be statistically confirmed, no difference was
observed in mixed (i.e., diaphragm) or slow (i.e., soleus) mus-
cles. These findings are in agreement with those previously
reported in younger ALS mice, indicating a selective loss of

the fast-twitch fiber-containing, and most forceful, motor units,
which is partially compensated by a transition toward slower,
and less forceful, motor units [15, 52].

The preferential loss of fast-twitch fibers may be caused by
the selective vulnerability of fast-fatiguable, and fast fiber-in-
nervating, motor neurons that–in SOD1 ALS mouse
models—undergo axonal degeneration long before the ap-
pearance of symptoms [53, 54]. Concomitantly, the progres-
sive muscle atrophy [35] and non-autonomous motor neuron
degeneration [34], which were observed in Tg mice express-
ing the SOD1 mutant only in skeletal muscles, suggest that
skeletal muscle alterations are primary events in ALS patho-
genesis, and that muscle-to-nerve back-signaling may contrib-
ute to motor neuron disease. In light of this information, it is
possible that the robustness, reproducibility, and rapidity of
the proposed SRM-based method will allow analysis of the
with-time variation ofMyHC expression patterns in pre-symp-
tomatic, symptomatic, and end-stage ALS animal models and
in postdiagnosis humans, as well as serving as a basis for
development of novel diagnostic/prognostic tools of
(neuro)muscular diseases.

�Fig. 5 SDS-PAGE analyses confirm the MyHC shift in the tibialis
anterior (TA) and gastrocnemius (GS) muscles of Tg-G93A mice
compared with Tg-WT mice. The same tibialis anterior (upper panel),
gastrocnemius (middle panel), and soleus (S; lower panel) samples
analyzed by SRM (reported in Fig. 4) were subjected to SDS-PAGE
protein separation followed by silver staining of gels. The upper part of
each panel shows silver-stained MyHCs from two of three different
biological replicates. The lower part of each panel, which reports the
densitometric analysis of MyHC bands, confirms the SRM-highlighted
MyHC shift from type IIb to type IIa and type IIx in the tibialis anterior
and gastrocnemius muscles (but not in the soleus muscle) of terminally ill
amyotrophic lateral sclerosis mice compared with healthy counterparts.
The values are the mean ± SEM, n = 3; other experimental details are as in
the legend for Fig. 4. One asterisk p < 0.05, three asterisks p < 0.005,
Student's t test

Fig. 6 Western blot studies confirm the MyHC fast-to-slow shift in the
tibialis anterior (TA) and gastrocnemius (GS) muscles of Tg-G93A mice
compared with Tg-WTmice. After protein separation by SDS-PAGE, the
same muscle protein samples of tibialis anterior (upper panel),
gastrocnemius (middle panel) and soleus (S; lower panel) muscles used
in the experiments reported in Figs. 4 and 5, were analyzed by Western
blot after SDS-PAGE protein separation, with use of monoclonal
antibodies to type IIa MyHC (clone SC-71), type IIb MyHC (clone BF-
F3), and both type IIa and type IIxMyHC (clone BF-13).Western blots of

two of three different biological replicates for the different MyHCs in
each of the muscles analyzed are shown on the left. The densitometric
analyses ofMyHC immunoreactive bands, reported as a percentage of the
content of each MyHC in Tg-WT muscles, are shown on the right. The
data obtained are in agreement with those obtained by both the SRM-
based quantification and the analysis of silver-stained gels. The reported
values are the mean ± SEM, n = 3. One asterisk p < 0.05, two asterisks p
<0.01, three asterisks p <0.005, Student's t test
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