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Abstract—In muscle cells of the motor muscle of earthworm Lumbricus terrestris, the dystrophin and actin
proteins and fast and slow isoforms of myosin heavy chains were determined using f luorescence microscopy.
It can be thought that the expression of these proteins occurred at the earliest stages of the evolutionary for-
mation of the intracellular contractile apparatus of the motor tissue in both invertebrates and vertebrates. This
study will complement the picture of the evolutionary development of motor muscle tissue.
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INTRODUCTION
Dystrophin protein of 427 kDa is widely repre-

sented in both muscle and nervous tissues of verte-
brates (Florczyk-Soluch et al., 2021; Sadoulet-Puc-
cio, Kunkel, 1996). A similar protein with a mass of
140 kDa is present in similar tissues of sea leech Pon-
tobdella muricata (Royuela et al., 1999, 2001). Dystro-
phin stabilizes the sarcolemma by attaching the extra-
cellular matrix to the cytoskeleton through F-actin
and a number of other dystrophin-associated proteins
(Wilson et al., 2022). It has been shown that dystro-
phin-associated proteins are involved in the intracel-
lular signaling processes involving neuronal NO syn-
thase, phosphoinositol triphosphate 2, and calmod-
ulin (Pilgram et al., 2010). In addition, dystrophin-
associated proteins are required for clustering of neu-
rotransmitter receptors and ion channels, as well as
maintaining intracellular Ca2+ homeostasis (Pilgram
et al., 2010).

The main motor proteins in somatic muscles that
ensure their contractile function are actin and myosin
molecules (Sweeney, Holzbaur, 2018). The latter con-
sist of light and heavy chains (Lowey et al., 1993).
Marine polychaete Urechis unicinctus exhibits myosin
light and heavy chains (Kanzawa et al., 1991). Myosin
light chains belong to a large family of Ca2+-binding
proteins (Nieznanski et al., 2003). In invertebrates, an
increase in the intracellular concentration of Ca2+

results in the binding of these ions to myosin light

chains and triggering a cascade of biochemical reac-
tions. Thus, actin interaction with myosin ATPase
induces ATP hydrolysis, which triggers the contrac-
tion of myosin heavy chains (Fromherz and Szent-
Györgyi, 1995). In this case, the main contractile pro-
teins of thick muscle filaments are myosin heavy
chains (Wells et al., 1996). It is known that fast and
slow isoforms of myosin heavy chains are present in
somatic muscles (Hooper and Thuma, 2005).

Actin plays an important role in physiological pro-
cesses associated with intracellular Ca2+. The actin
cytoskeleton modulates Ca2+ entry through mem-
brane ligand- and voltage-activated Ca2+ channels.
The release of Ca2+ from the endoplasmic reticulum
with the participation of IP3 and ryanodine receptors
is modulated by the polymerization and depolymer-
ization of actin (Wang et al., 2002). F-actin of the
muscular system is well characterized in representa-
tives of the class of polychaetes (Filippova et al., 2006,
2010; Rüchel and Müller, 2007; Han et al., 2020). It
should be noted that direct evidence of the presence of
dystrophin, actin and myosin in muscle cells of the
somatic muscle of oligochaetes is currently absent.

Taking into account the above, the purpose of this
work was the immunofluorescent identification of the
dystrophin and actin proteins and light and heavy iso-
forms of myosin in muscle cells of the evolutionarily
primary motor muscle of the oligochaete Lumbricus
terrestris.
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MATERIALS AND METHODS
To prepare samples, earthworm Lumbricus terres-

tris was cut from the side along its entire length, the
head and tail ends were cut off, the worm was opened
and the internal organs and partitions between the seg-
ments were removed (Volkov et al., 2000). Next, frag-
ments of the earthworm body wall 10–15 segments
long were fixed with needles on the bottom of Petri
dishes filled with Sylgard resin and perfused with
Drewes-Pax solution (composition in mM: 77 NaCl,
4 KCl, 43 Na2SO4, 6 CaCl2, 2 Tris, 167 sucrose,
pH 7.4) for about 30 min at room temperature (22 ±
1°C). Then, the samples were fixed for 30 min in 2%
solution of p-formaldehyde and washed three times for
30 min in the phosphate-buffered saline (PBS). Sam-
ples were sequentially incubated in 0.5% Triton X-100
for 30 min; 15 min in a solution containing 5% normal
goat serum, 1% bovine serum albumin, and 0.5% Tri-
ton X-100; and another 15 min in a solution of 1%
bovine serum albumin and 0.5% Triton X-100 (solu-
tion A). All these solutions were prepared in PBS.

Next, the samples were incubated for 12 h at 4°C in
solution A with poly- and monoclonal antibodies to
dystrophin and fast and slow isoforms of myosin heavy
chains (all diluted 1 : 100). Antibodies to the fast and
slow isoforms of myosin heavy chains developed in
rabbit and mouse, which allowed double immunola-
beling of the proteins under study. The samples were
washed in solution A three times for 30 min each and
incubated for 1 h at room temperature with the corre-
sponding secondary antibodies conjugated to Alexa
488 or 647 (1 : 200 dilution) in solution A. To confirm
the specificity of antibody binding to the correspond-
ing proteins, control experiments were performed. For
negative controls, the samples were incubated with
secondary antibodies without prior incubation with
primary antibodies. For positive control, a prelimi-
nary 1-h incubation of primary antibodies was carried
out with an immunogenic peptide (at a ratio of 1 : 10,
respectively), to which primary antibodies were pro-
duced. Then, the samples were incubated in the
resulting solution of primary antibodies with the
immunogenic peptide (Li et al., 2016). The absence of
antibody labeling in control experiments indicates the
specificity of antibody binding to the corresponding
peptides.

To stain F-actin, we used the toxin phalloidin con-
jugated with tetramethylrhodamine (TRITC) at a
concentration of 10 μM. Labeling of cell nuclei was
carried out in the presence of the dye DAPI (4',6-
diamidino-2-phenylindole) at a concentration of
5 μM.

After washing in PBS, the samples were placed in
the solution of phosphate-buffered saline with glycerol
(1 : 1) and mounted on a glass slide for microscopic
examination on a Leica TCS SP5 MP laser scanning
confocal microscope (Leica Microsystems, United
States) using a 63×/1.4 oil immersion objective. Mul-
C

tiphoton, Ar, and He–Ne lasers were used to excite
fluorophore emission. Excitation wavelengths were
488 nm for Alexa f luorophores, 543 nm for TRITC,
633 nm for Alexa 647, and 349 nm DAPI. Analysis of
the obtained confocal images was carried out using the
ImageJ software (NIH, United States).

The following reagents were used: p-formaldehyde,
Tris, phosphate-buffered saline (137 NaCl, 2.7 KCl,
4.3 Na2SO4, 1.4 KH2PO4, pH 7.2), Triton X-100, nor-
mal goat serum, bovine serum albumin, phalloidin-
TRITC, DAPI, glycerol (Sigma-Aldrich, United
States), primary rabbit polyclonal antibodies to dys-
trophin (ab85302; Abcam, United Kingdom), pri-
mary rabbit polyclonal antibodies to the fast isoform
of a myosin heavy chain (ab91506; Abcam, United
Kingdom), primary mouse monoclonal antibodies to
the slow isoform of a myosin heavy chain (ma1064;
Bosterbio, United States), immunogenic peptides cor-
responding to poly- and monoclonal antibodies
(Abcam, Bosterbio), and secondary antibodies conju-
gated to Alexa 488 or Alexa 647 (Invitrogen, United
States).

RESULTS AND DISCUSSION

It has been established that antibodies produced
against the vertebrate dystrophin protein are also
capable of labeling dystrophin in the somatic muscles
of annelids (Royuela et al., 2001). In our experiments,
we stained earthworm muscle samples with antibodies
against vertebrate dystrophin. It is seen (Fig. 1, down-
ward-pointing arrows) that dystrophin is present in all
areas of muscle tissue, with areas of pale and more
intense (Fig. 1, upward-pointing arrows) staining.
Thus, the protein dystrophin is widely represented in
the muscle cells of the earthworm motor muscle. One
might think that it is structurally and functionally
close to its counterpart in the muscle tissue of higher
chordates and invertebrates. The latter suggests that
this protein is an obligatory and functionally import-
ant component of motor muscle cells starting from the
earliest stages of the phylogenetic development of ani-
mal motor muscles.

The toxin phalloidin isolated from fungus Amanita
phalloides specifically binds to fibrillar F-actin
(Dancker et al., 1975). We stained muscle samples
with phalloidin labeled with a f luorescent dye, as well
as DAPI dye (with affinity for nuclear DNA). Applica-
tion of f luorescently labeled phalloidin revealed con-
tinuous staining of muscle filaments along their entire
length (Fig. 2a). Thus, the actin cytoskeleton is pres-
ent in all parts of muscle cells. DAPI staining revealed
typical interphase cell nuclei with hetero- and euchro-
matin (Fig. 2b). Our images show that each muscle cell
has one or two cell nuclei (Figs. 2c, 2d). This fact con-
firms that the somatic musculature of the earthworm
consists of muscle cells (Fig. 2), in contrast to the
musculature of vertebrates containing muscle fibers,
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Fig. 1. Samples of earthworm somatic muscle cells stained with antibodies to dystrophin. Downward and upward pointing arrows
indicate areas with pale staining and areas with more intense staining, respectively. Scale bar is 20 μm.

Fig. 2. Double staining of earthworm somatic muscle cells for F-actin with phalloidin labeled with the f luorescent dye and DAPI
to identify cell nuclei. (a) TRITC-phalloidin staining, (b) DAPI staining, (c) composite of a and b images, (d) enlarged c area.
Scale bar is 20 μm.

(а) (b)

(c) (d)
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Fig. 3. Detection of fast and slow isoforms of myosin heavy chains in earthworm muscle cells using double f luorescent staining
with antibodies. (a) Staining with antibodies for the fast isoform of myosin heavy chains (green), (b) staining with antibodies for
the slow isoform of myosin heavy chains (red), (c) composite of a and b images. Scale bar is 20 μm.

(а) (b) (c)

Fig. 4. Detailed image of earthworm muscle cells stained with antibodies for the fast isoform of myosin heavy chains. Scale bar is
20 μm.
which is consistent with literature data (David, 1990;
Cadot et al., 2015).

Earthworm samples labeled with antibodies to fast
and slow isoforms of myosin heavy chains exhibit
common oblique striation staining of muscle cells was
observed (Fig. 3). Both myosin isoforms were detected
(Figs. 3a, 3b). Moreover, this staining largely coin-
cided, but in some areas the staining for the slow iso-
form was localized between the areas stained for the
fast isoform (Fig. 3c). The high specificity of antibody
binding when tagging the fast isoform of myosin heavy
C

chains allowed us to take a more detailed image. It can
be seen that the myofibril blocks are composed of
smaller filaments (Fig. 4).

Thus, the studies have shown the presence of dys-
trophin and actin proteins and fast and slow isoforms
of myosin heavy chains in muscle cells of the motor
muscle of the earthworm. According to the literature
data, the expression of dystrophin, actin, and myosin
is found in a wide range of representatives of the ani-
mal world, including chordates, arthropods, and nem-
atodes (Meedel, 1983; Miller et al., 1983; Roberts and
ELL AND TISSUE BIOLOGY  Vol. 18  No. 3  2024
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Bobrow, 1998; Giugia et al., 1999; Lovato et al., 2001;
Mercer et al., 2011; Ono and Pruyne, 2012). One
might think that the expression of these proteins
occurred at the earliest stages of the evolutionary for-
mation of the intracellular contractile apparatus of the
motor tissue in both invertebrates and vertebrates. The
research that has been conducted will complement the
picture of the evolutionary process of motor muscle
tissue.
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