Enzymatic dissociation of long muscles from mice:
a model for the study of skeletal muscle fiber types
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SUMMARY

The enzymatic dissociation of short muscles from mice, such as flexor digitorum brevis, has
allowed a great accumulation of physiological, pharmacological and biochemical knowledge
about skeletal muscle. However, this body of knowledge has been restricted to the types of
fibers present in these muscles. Information about the other fiber types has been limited and has
been primarily obtained by the manual isolation of fibers from other species, typically rats, via
a difficult and time-consuming procedure. In this report, the author describes a technique for
the enzymatic dissociation of long muscles, such as soleus or extensor digitorum longus (EDL),
which can be applied to study a wider spectrum of fiber types and larger quantities of cells.
Additionally, the Rinetics of Ca** transients obtained in soleus and EDL fibers are compared
in this report. The usefulness of this methodology for other physiological, biochemical
and molecular biology experiments is also discussed. This methodology introduces the
possibility of using the whole spectrum of fiber types to study normal muscle biology and the
pathophysiology of muscle diseases.
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RESUMEN

Disociacidon enzimatica de musculos largos de ratén: un modelo para el estudio de los
tipos de fibras del musculo esquelético

La disociacion enzimdtica de musculos cortos de ratén, como el flexor digitorum brevis,
ha permitido la acumulacién de gran cantidad de informacién fisioldgica, farmacoldgica y
bioquimica sobre el musculo esquelético, la cual, sin embargo, ha estado limitada a los tipos
de fibras presentes en estos musculos. La acumulacién de informaciéon sobre los demas tipos
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de fibras ha sido escasa y se ha logrado mediante
el aislamiento manual de fibras en otras especies,
clasicamente en ratas: un procedimiento dificil y que
toma mucho tiempo. En este trabajo se presenta una
descripciéon de la técnica que permite la disociaciéon
enziméatica de musculos largos de ratdbn como el
soleus o el extensor digitorum longus (EDL), 1o cual
aumenta el espectro de tipos de fibras y el nimero
de ellas disponibles para el estudio de los fendmenos
bioldgicos en el musculo esquelético. Ademads se
compara la cinética de los transitorios de Ca®* en fibras
de soleusy EDL y se prueba la utilidad del modelo en
otros experimentos que utilizan técnicas de fisiologia,
bioquimica y biologia celular. Esto abre la posibilidad
de utilizar todo el espectro de fibras musculares para
estudiar la biologia muscular y la fisiopatologia de las
enfermedades musculares.
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INTRODUCTION

To study skeletal muscle physiology, single muscle
fibers can be obtained from mice by either manual
isolation or enzymatic dissociation. However, long
muscle fibers from mice are difficult to isolate by both
techniques. Accordingly, many published reports are
based solely on the enzymatic dissociation of short
muscles (less than 1 mm Iong), such as the flexor
digitorum brevis (FDB) or the interossei (1-13).

Fibers obtained from dissociated short muscles have
been used to study the recovery of the inactivation
of Ca®' release (1,2), the sarcoplasmic reticulum
(SR) Ca?* content and emptying, and the store-
operated Ca?"-entry (SOCE) phenomenon (3,6,12).
Furthermore, researchers have utilized short fibers
to evaluate the effects of multiple compounds and
treatments on excitation-contraction coupling (ECC),
measure sarcomere size, analyze the distribution and
function of mitochondria and study transgenically
modified forms of ECC proteins (4,5,7-11). However,
the use of short muscles has been accompanied by
some limitations: the fibers are difficult to classify
using polyacrylamide gel electrophoresis (SDS-PAGE),
the muscles that are commonly used for experiments
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lack some fiber types, and much of the information
available on muscle physiology and biochemistry was
obtained using whole muscles, such as the soleus and
extensor digitorum longus (EDL).

The enzymatic dissociation of longer, bulRier mouse
muscles (longer than 1 mm), such as the soleus
and EDL, was previously used in experiments that
addressed only a few physiological variables in a
small number of cells with unspecified fiber types
(14,15). Only recently, the technique was adapted to
evaluate the Rinetics of Ca** transients in different
fiber types from soleus and EDL muscles (8,16) as
well as to study other physiological phenomena (17-19).
Regarding the Rinetics of Ca®* transients, the different
amplitudes and half-widths of the slow and fast-twitch
single Ca®* transients found by different authors
(16,20) have sparked some controversy about both
the Rinetics of Ca** release in these fibers and the
authors’ corresponding experimental models; this
issue is worthy of further investigation.

The aim of this work is to demonstrate that a standard
methodology for dissociating long muscles of the
murine hind leg will expand the use of enzymatic
dissociation to the study of other muscle fibers types
(via multiple physiological, biochemical, cellular and
molecular techniques). This is possible because long
muscles such as the soleus and EDL are composed
of different fiber types than those of the FDB and
other short muscles. This document has three major
components: i) a detailed methodology for the
enzymatic dissociation of long muscles, ii) the results
from our analysis of Ca®* transient Rinetics in adult
mouse soleus and EDL fibers, using the largest number
of fibers known to date, and iii) a discussion of the
applicability of our model to the study of multiple
phenomena with various experimental techniques.

METHODS
Ethical approval

All manipulations and procedures performed on mice
during the development of this work were approved
by the local Bioethics Committee on Animal Research
(COBIANIM) at the Venezuelan Institute for Scientific
Research (IVIC).
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Preparation of the fibers

The method of enzymatic dissociation was based on a
protocol for rat muscle that was originally described
by Bekoff & Betz (21) and modified by Capote et al.
(2). NMRI and C57BL/6 mice were housed at room
temperature with free access to food and water. They
were maintained on light-darkness cycles of 12-12 h.
At an age between 42-49 days and weight between
30 to 40 ¢, the mice were sacrificed by cervical
dislocation. Muscles were immediately dissected (the
viability diminishes with time following dissection)

and immersed for 1 hour in various quantities of
collagenase type Il (Worthington, USA), ata temperature
between 36.6 and 36.8 °C. The amount of enzyme used
and incubation time should be standardized for each
muscle according to laboratory conditions and the
collagenase batch. Table 1 shows the conditions under
which the best yield was obtained in the dissociation
of the soleus and EDL muscles for this work; the (FDB)
is also shown for comparison. The muscles were then
thoroughlywashed in Tyrode solution (and occasionally
maintained in culture medium) and dissociated with
fire-polished glass Pasteur pipettes.

Table 1. Conditions for enzymatic dissociation of different adult mice muscles®

Muscle Collagenase concentration (mg/mL) Temperature (°C)

Soleus 2.5 36.6
EDLP 25 36.6
FDB© 3

36.4-36.6

Time (min) Observations
Should be longitudinally divided for
54-57 . .
increased collagenase action
Should be longitudinally divided for
52-57 . .
increased collagenase action
59-61

“For all experiments, type Il collagenase with an activity of 250 u/mg was used; ®extensor digitorum longus; “flexor digitorum brevis

Experimental procedures with fibers obtained
by enzymatic dissociation

A total of 208 fibers, between 1 and 12 from each
mouse, were used for all experimental procedures.
The dissociated fibers were transferred to an
experimental chamber for passive l[oading with several
fluorescent indicators. For obtaining Ca®* transients,
the cells were incubated for 30 to 45 min in 8-10 uM
Magfluo-4 AM (Life Technologies, USA), a low-affinity
Ca?* and Mg®* dye. Once loaded, cells were washed
before the chamber was mounted on the stage of
a fluorescence microscope. The cells were then
electrically stimulated to generate single and tetanic
Ca?* transients. Recordings were obtained, Rept and
analyzed using pClamp 6.0 (Molecular Devices, USA).
A square stimulation that was 1 ms in duration was
used to elicit single twitches (2,8). To reduce muscle
fiber movement, which can alter the morphology
of Ca*" transients, and to prevent the fibers from
exiting the light excitation field (e.g., during tetani or
long protocols of stimulation), they were placed on
laminin-coated slides (1 mg/mL, Sigma-Aldrich, USA;

see also ref 8). Alternatively, other compounds, such
as butanedionemonoxime (BDM) (2) and N-benzyl
p-toluene sulphonamide (BTS) (8), can be used.

For structural studies, fibers were loaded with
MitotrackerGreen-FM (Life Technologies, USA) to stain
mitochondria and Di-8Anepps (Life Technologies,
USA) to stain the plasma membrane and T-tubules.
Fibers were visualized using a Nikon Eclipse TE2000
confocal microscope.

Soleus and EDL fiber typing

A major advantage of using long muscle fibers is that
typing via immunostaining or SDS-PAGE is possible.
These techniques identify isoforms of myosin heavy
chain (MHC), the protein that classifies a fiber, present
in the cells. For immunostaining, the fibers were fixed
with 4% paraformaldehyde, permeabilized with 1%
Triton X-100, blocked with 1% bovine serum albumin,
incubated with an anti-myosin II (My-32, Sigma)
antibody and then incubated with a secondary
antibody coupled to the fluorescent compound
AlexaFluor-488 (Life Technologies, USA). The fibers
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were visualized using a Nikon Eclipse TE2000 confocal
microscope.

For MHC determination by SDS-PAGE, isolated fibers
were incubated in 30 ul of loading solution (62.5 mM Tris,
1% sodium dodecylsulfate, 0.01 of bromophenol blue, 5%
mercaptoethanol, 15.2% glycerol), sonicated for 40-60 s
(Fisher Sonic Dismembrator Model 550) and frozen at -80
°C until the SDS-PAGE was carried out. The SDS-PAGE
protocol was developed by Talmadge and Roy (22) and
modified by Calderdn et al. (8). In summary, the stackRing
gel was a 4% acrylamide/polyacrylamide mixture with
30% glycerol and 4 mM EDTA, and the separating gel was
8% acrylamide/polyacrylamide with 30% glycerol. Either
Mini-Protean II or Mini-Protean Il can be used for SDS-
PAGE. The internal buffer, which is in contact with the
gel, and external buffer solutions were different (8,16) and
were not mixed. To improve the resolution of the bands,
2-mercaptoethanol was added to the internal solution at a
final concentration of 10 mM (23). The electrophoresis was
run at 70 V at a temperature of 4-6 °C for 26-28 hours. The
gels were stained with silver nitrate or Coomassie blue.

Number of fibers

Statistics

Values are reported as the mean =* standard error
(SEM). Comparisons were performed with Origin
software, version 7.5 (OriginLab Corporation, USA).
Differences were considered statistically significant at
P<0.05. Image] software, version 1.45 (http://rsbweb.
nih.gov/ij/) was used for image analysis.

RESULTS

Preparation of the fibers

Figure 1 shows the fibers typically obtained with the
dissociation protocol and also compares the sizes of
soleus (3.9+0.1 mm, n=46) and EDL (4.0+0.1 mm,
n=16) fibers with those of the shorter FDB fibers
(0.52+0.006 mm, n=79). The diameters of the soleus
(39.5%1.1 um) and EDL (40.8%+1.5 um) fibers are also
greater than those from the FDB (35.1+=1 um). FDB
fibers were significantly different from soleus and EDL
ones.

1 Ml

Number of fibers

10 20 30 40 50 60 70 so 10 20 30 40 50 60 70 80
Diameters (1um)

.

4 5 6 03 04 05 06 07

Lenath (mm)

Figure 1. Morphologic parameters of fibers obtained by enzymatic dissociation of adult mice soleus (left column, n=46), extensor digitorum
longus (EDL, middle column, n=16) and flexor digitorum brevis (FDB, right column, n=79) muscles. Representative fibers obtained by
enzymatic dissociation of soleus, EDL and FDB muscles are displayed in upper row. These fibers are tendon-free and have the typical band
pattern of skeletal muscle fibers. The distribution of the fiber diameters and lengths is displayed in the middle and lower rows.
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(a?* transients in soleus and EDL fibers
obtained by enzymatic dissociation

In figure 2, representative single Ca®* transients
obtained from one soleus (A) and one EDL (B) fiber
are shown. Table 2 summarizes the Rinetics of single

Ca** transients obtained in 45 soleus and 26 EDL
fibers. A double exponential function was fitted to
calculate the decay Rinetics (8). Soleus fibers were
significantly slower for all variables and had smaller
amplitudes than the EDL fibers.

)

Figure 2. Single Ca* transients recorded in soleus (A) and extensor digitorum longus (B) fibers obtained by
enzymatic dissociation and loaded with Magfluo-4 AM. The rising phase represents Ca** release and the
decay phase represents Ca?* reuptake. Note the large differences in kinetics between the two recordings.
Afitted decay curve is shown in gray. In both recordings, the vertical bar indicates 0.2 AF/F. The horizontal

bar measures 50 msin A and 25 ms in B.

Table 2. Kinetic parameters of soleus and EDL single Ca* transients from adult mice?

10-90% . Decay

Muscle n AF/F  Rise time e time
(ms)

(ms) (ms)

Soleus* 45 0.51+0.03 1.56+0.04 15.73£0.95 61.35+2.41

EDL 26 0.65+0.02 1.08+0.03 4.07+0.2

Time constants (ms)

A1 (%) A2 (%) AF/RT

t1 t2

3.14+0.11 43.63+2.23 27.17+£1.32 72.83+1.32 0.34+002

15.92+0.88 1.58+0.07 9.99+0.67 39.45+1.47 60.55+£1.47 0.61+0.03

Values are the mean + SEM. EDL: Extensor digitorum longus. A1: amplitude of the fast decay component, A2: amplitude of the slow decay component, AF/RT:
ratio of amplitude to rise time. *p<0.05 for all comparisons between each one of the parameters (e.g., AF/F of soleus vs. EDL, 10-90% Rise time of soleus vs. EDL).

Experimental procedures with fibers obtained
by enzymatic dissociation

Figure 3 is a confocal image of a fiber labeled with
MitotrackerGreen-FM and Di-8Anepps. The picture
demonstrates that the procedure renders structurally
normal cells and also allows us to Rnow that the
distribution of labeled mitochondria (figure 3C)
is similar to that reported for fast FDB cells (5). The
sarcomere length is also comparable to that of fast
fibers, despite the fact that it differs in some structural
protein isoforms (5). The sarcomere size based on
the non-fitted profile plot of the Di-8Anepps image is
preferred (figure 3B) because of potential bias when

the calculation is based on a fitted mitochondrial
array (Calderdn J, unpublished results).

Soleus and EDL fiber typing

Figure 4A is a confocal image of a type II fiber
isolated from the soleus. The fiber was labeled with
an anti-myosin II antibody prior to incubation with
a secondary antibody coupled to AlexaFluor-488,
a fluorescent compound. In figure 4B, separate gels
were loaded with either an isolated soleus or EDL fiber.
Several MHC bands may be present in each fiber. In mice,
the observed pattern of MHC electrophoretic mobility is
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[IA, TIX/D, 1IB and I (24,25). Table 3 lists the proportion of as analyzed by SDS-PAGE. The soleus is comprised of a
pure and hybrid fibers present in 54 soleus and EDL fibers, greater proportion of hybrid fibers than the EDL.

{Sarcomeres 1 {Sarcomeres 2 |

o 1

2 3. 4 5
Length (um)

o 1 2 3 4

Length (um)

5

Figure 3. Grayscale image of a soleus fiber labeled with MitotrackerGreen-FM and Di-8Anepps (A). In B, the
image was obtained with the channel for Di-8Anepps fluorescence. The selected zone was amplified, and
a plot profile was generated using the ImageJ software, version 1.45. Sarcomeres 1 and 2 were measured
to be 1.93 and 1.85 pm, respectively. A similar analysis as that observed in B for the image obtained using
the channel with MitotrackerGreen-FM is shown in C. The fluorescence peaks represent mitochondria.
The horizontal bars on the images indicate 10 pm.

Figure 4. Identification of fibers obtained from long muscles by immunostaining (A) and polycrylamide
gel electrophoresis (B). In A, a confocal image of a soleus fiber labeled with anti-myosin type Il antibodies
is shown. The A (bright) and | (dark) bands can be identified. The oval, unlabeled zones (upper left and
inferior edge of the fiber) seem to be spaces occupied by nuclei. B illustrates the myosin heavy chain
(MHC) composition of: a) whole soleus muscle, b) one soleus fiber, ¢) one extensor digitorum longus (EDL)
fiber,and d) whole EDL muscle. The symbols |, lIA, [1X/D and IIB correspond to the isoforms of MHC present
in the sample. Lines a and d were Coomassie-stained, and lines b and c were silver nitrate-stained.
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Table 3. Composition of isolated soleus and EDL fibers and their proportions of pure and hybrid fibers

Soleus
Fiber type Number (%)
|

Pure 23 71.88
1A
IC*

Hybrid 9 28.12
IIC

Total 32 100

EDL
Fiber type Number (%)
11X
Pure 19 86.36
IIB
I1X/11B
Hybrid 3 13.64
11B/11X
Total 22 100

*One type I/IIA/IIX fiber is included in this group. EDL: extensor digitorum longus

DISCUSSION

Although enzymatic dissociation of mammalian
muscles was first described decades ago (21),
dissociation and physiological experimentation on
muscle cells longer than 1 mm are seldom performed.
The many publications using the rat FDB, mouse FDB
and mouse interossei (1-13,21) have produced a large
amount of physiological information on a subset of
fiber types, leading to an unbalanced understanding
of muscle fiber physiology.

In mammalian skeletal muscle, there are four major
types of fibers: I, TIA, IIX/D and IIB (26). Multiple
contractile properties have been studied in all types,
including the maximum speed of contraction, the
characteristics of the force-speed curve, the maximal
power, the timing of contraction and relaxation, the
maximal tension, and ATP consumption. (27,28).
However, other functional properties have only been
studied in a limited number of fiber types. These
properties include the Rinetics of the Ca*" transients
and Ca?** flow in both developing and mature fibers,
the characteristics and factors that affect SOCE, the
role of mitochondria in Ca*" regulation within muscle
fibers, and alterations that occur during muscle
fatigue (1-4,6,29). In these publications, the fiber type
used in the experiments was not specified; however,
the fibers can be assumed to be type IIX/D because
they are the predominant type in the FDB (8,30),
which is the most frequently studied muscle. The
dissociation of muscles such as the soleus or the EDL
introduces the possibility of using the whole spectrum
of fiber types. The results of this study show that the
soleus of mature NMRI mice is composed of fiber

types I, IIA and hybrid fiber types IC and IIC. The EDL
is composed of fiber types IIX/D, IIB and hybrid fibers
with different proportions of [IX/D and IIB.

Although not yet confirmed by other researchers (20),
each fiber type uses different proteins for Ca®* handling
and has unique ECC properties (16). This work presents
the mean values of Rinetic variables of Ca®* transients
obtained from the largest number of soleus and EDL
fibers so far published in the literature. The results
include some fibers that were already published and
others obtained during the last two years. The results
are very similar to those previously reported (8,16),
suggesting that the data are reproducible and the
experiments were performed well. Some differences
among earlier studies (8,16,20) may have arisen
from several factors: dissociated fibers are shortened
approximately 20% compared to stretched fibers
mounted in a transducer (5,8), different loading
methods may result in differences in intracellular
dye concentrations, and manually isolated cells (20)
may be damaged because of imperceptible stretches
during the isolation procedure.

One main advantage of using long muscle fibers in
physiological experiments is the ability to determine
MHC isoforms of the fiber via SDS-PAGE. In short
muscles fibers, the bands are difficult to distinguish,
and there is occasionally too little protein for sufficient
staining with silver nitrate (Calderén J, unpublished
results), liRely leading to the underestimation of some
MHC isoforms in hybrid fibers. As the soleus and EDL
fibers are approximately eight times longer than those
of FDB (figure 2), the amount of myosin (and other
proteins) present in the soleus and EDL fibers can be
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considered eight times larger than the amount in the
FDB fibers. Therefore, long muscles generate cleaner
bands.

One use for models of dissociated long muscles is to
study hybrid fibers. Hybrid fibers were first observed
in the early 1990s in rats and named by the Pette
group (31-33). Their physiological significance began
to be recognized approximately a decade later (34,35).
While they have been studied in rats (33-36), little is
Rnown about hybrid fibers in mice; this shortcoming
is not trivial because the mouse is the preferred model
for muscle physiological studies. Gorza described the
frequency of hybrid fibers in the tibialis anterior of
mouse using antibodies against different myosin types
(37); however, because there are no antibodies against
myosin type IIX/D, the hybrid fibers expressing this
myosin type could only be detected by indirect means
(38). Hence, the study of hybrid fibers in mouse muscles
and the correlation of physiological phenomena with
the content of MHC in these fibers have been hindered
by technical difficulties related with the dissociation or
isolation of the mouse fibers, the decreased amount of
myosin present in short muscles in comparison with
rat muscle fibers and the lack of specific antibodies to
some myosin isoforms. The case of the study of the
Ca?* transients according to the fiber type (pure and
hybrid) seems to be illustrative: the rat fibers that yield
good bands via SDS-PAGE are very long and difficult
to be successtully dissociated; short mouse muscles
(i.e., FDB), easier to dissociate, are very small to give
good bands via SDS-PAGE, but those of long muscles
of mouse are susceptible to dissociation and give
nice bands in the SDS-PAGE. Our results corroborate
the findings by Gorza (31) that fast muscles are
composed of fewer hybrid fibers than slow muscles.
This difference could be related to the decreased
variability among type I fibers (which predominate in
fast muscles) than among fibers of types I and II (both
of which are present in slow muscles).

Increasing the knowledge about hybrid fibers may
help answer many questions in muscle physiology
and biochemistry, especially in regard to the structure
and function of the proteins involved in the ECC
and genetic regulation (34). This knowledge may
have important applications to sports medicine,
musculoskeletal rehabilitation and muscle disease
therapies.
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There are several advantages to the described
methodology: i) experiments on larger muscles are
possible, ii) a greater number of cells can be studied,
iii) the methodology is a more reliable way to classify
muscle fibers, and iv) the methodology widens the
spectrum of fibers to be studied. However, some
l[imitations of the methodology exist: i) it requires
more training than dissociating short muscles, and
ii) in some experiments, more laminin is required to
attach the fibers to the cover slide.

Insummary,amethodologytoenzymaticallydissociate
long mouse muscles was presented. Additionally, the
usefulness of the methodology was demonstrated for
studying phenomena such as the Rinetics of the Ca**
transients, evaluating different structures and reliably
determining the fiber type used in immunostaining
or SDS-PAGE experiments. Moreover, the greatest
number of experiments on Ca®* transients Rinetics
in the soleus and EDL was presented, showing that
those of the soleus are lower and slower than those
of EDL. This methodology is expected to be applied to
other types of experiments (not described here, such
as inactivation of Ca®* release, SOCE regulation and
fatigue) (17), increasing the Rnowledge of muscle fiber
biology and pathophysiology, especially that related
to pure and hybrid fiber types.
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