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Abstract—Internal ultrastructure of the muscle tissue mitochondria of horsehair worm Gordionus alpestris
(Nematomorpha) was studied using morphometry. Surface area of the inner mitochondrial membrane per
unit of the mitochondrial volume, or surface density of the inner mitochondrial membrane, was measured as
a main morphometric parameter. The surface density of the inner mitochondrial membrane of the G. alpestris
muscle tissue was compared to the respective parameter of the skeletal and cardiac muscle mitochondria. The
surface density of the inner mitochondrial membrane of the worm was close to the surface density values of
the cardimyocytes of 3-month-old mice and Wistar rats and was slightly higher than the surface density of
mitochondria from the skeletal muscle of 3-month-old mice. The functional significance of the well-devel-
oped system of mitochondrial membranes of extended mitochondria of the horsehair worm is discussed as a
structure necessary to ensure effective functioning of the circomyarian conntractile apparatus in the muscle
tissue of the horsehair worm.
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INTRODUCTION

Our recent study of the ultrastructure of the muscle
tissue chondriome in horsehair worm Gordionus alpes-
tris revealed that mitochondrial apparatus consists of
ribbon-like mitochondria up to 800 μm in length.
They form well-developed system of elongated mito-
chondria located in the central cytoplasmic space and
completely fill it [1]. However, according to the pub-
lished data, chondriome of the horsehair worm mus-
cle consists of a few small single mitochondria [2, 3].
We hypothesized that the system of elongated giant
mitochondria in the horsehair muscle tissue is not just
a specific morphological feature of this tissue, but it
represents a functionally related type of chondriome
organization, which determines the energy supply of
actively working muscle tissue.

It is known that functional features of mitochon-
dria are determined not only by morphological states
but also by the parameters of the external and internal
mitochondrial membrane. Estimation of such parame-
ters is possible using methods of morphometry and stere-
ology that allow establishing the correlation of mito-
chondrial structural parameters with the energy state of a
single mitochondria and the whole tissue [4–9]. The

energy state of the mitochondria is well described by
such well-known morphometric parameter as a sur-
face area of the inner mitochondrial membrane per
unit of the mitochondrial volume, or surface density of
the inner mitochondrial membrane [10, 11].

We took this parameter as a main morphometric
criteria for the analysis of the inner mitochondrial
ultrastructure of muscle tissue mitochondria in a
horsehair worm. To validate our assumption about the
association between special organization of the mito-
chondrial apparatus of the worm with the energy con-
suption rate and fuctional features, we compared sur-
face density of the inner mitochondrial membrane in
G. alpestris with the same parameter for mitochondria
in skeletal and cardiac muscle of mice and rats.

MATERIALS AND METHODS
Animals. Gordionus alpestris (Villot, 1885) worms

were collected in the Republic of Adygea, Nikel town-
ship (44°10′40.1″ N, 40°09′28.2″ E). The host is mil-
lipede Pachyiulus krivolutskyi. Horsehair worms para-
sitize in the bodies of various arthropods (mainly
insects). After reaching a certain size, the worms leave
their hosts and convert into free-living water organ-
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Fig. 1. Ultrastracture of mitochondria from the horsehair
worm muscle tissue. (a) A small single mitochondria
located in the central cytoplasmic space is seen on the
muscle tissue cross section; (b) ultrastructural features of
the mitochondria at higher magnification.
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isms, which are, however, unable to feed and die
shortly after copulation [12]. One female and one male
specimens of the parasitic form and 2 females and
2 males of the free-living form were studied. Muscle tis-
sue was isolated from the middle part of the worm body.

Laboratory mice (male F1,  C57Bl/6 ×CBA) were
also used in our study. Animals were kept in standard
vivarium conditions, in individually ventilated cells
(IVC system, TECNIPLAST S. p. A., Italy), 5 ami-
mals  in each, with access to food (Ssniff Spezialdiaten
GmbH, Germany) and water ad libitum, in pathogen-
free conditions with 12/12 light cycle, at least 15 air
changes per hour, temperature of 20–24°С, and
humidity of 30–70%. Lignocell wood fibers were used
as f looring (JRS, Germany). All materials contacting
with the animals were sterillized. Tissues from thigh
muscles (m. vastus lateralis, m. vastus medius, m. vastus
intermedius) were taken for the skeletal muscle mito-
chondria investigation; tissue from the left heart ven-
tricule was taken for investigation of cardiac mito-
chondrial ultrastructure. 

All materials were fixed with 3% glutaraldehyde
solution (Sigma–Aldrich, USA) in 0.1 M phosphate
buffer (pH 7.4) for 2 h at 4°C. Specimens were further
fixed with 1% osmium tetroxide for 1.5 h and then
dehydrated in alcohol series with increasing alcohol
concentrations of 50, 60, 70, 80 and 96% (70% alcohol
BIOCHEMISTRY (MOSCOW), SUPPLEMENT SERIES A: M
contained 1.4% uranyl acetate; Serva, Germany) to
enhance contrast. After that, samples were embedded
in Epon812 epoxy resin.

A series of ultrathin sections was prepared with an
ultramicrotome (Leica, Austria) and stained with
lead. Obtained preparations were imaged and photo-
graphed by JEM1400 electron microscope (JEOL,
Japan) operating at the accelerating voltage of 100 kV
and beam current of 65 μA, equipped with a QUE-
MESA camera (Olympus, USA) and processed with
the iTEM software provided with the electron micro-
scope (EMSIS GmbH, Germany). 

For morphometric analysis, on each micrograph
single mitochondria were outlined manually and fol-
lowed by delineation of their inner membranes. Width
of line used to delineate inner membranes was deter-
mined  according to the known micrograph scale and
assuming inner mitochondrial membrane width to be
75 Å and section thickness, ~700 Å. Various morpho-
metric parameters, such as area of the inner mito-
chondrial membrane inside section volume, total
length of the inner mitochondrial membrane, and vol-
ume of mitochondrial section, were calculated using
Adobe Photoshop software (Adobe Systems, Inc.,
USA). On the basis of these data, the area of the inner
mitochondrial membrane (μm2) per unit of volume of
mitochondria (μm3) was calculated. Statistical pro-
cessing of the morphometric data was performed using
STATISTICA 8 software suite (StatSoft Inc., USA).
Distribution normality was checked by the Kolmo-
gorov–Smirnov test. Pairwise comparisons were per-
formed between the two forms of horsehair warm, as
well as between horsehair worm muscle and mice skel-
etal and cardiac muscle Significance level was checked
using the Mann–Whitney test with Bonferroni correc-
tion for multiple testing.

RESULTS AND DISCUSSION

Muscle tissue of the horsehair worm (flattened cir-
comyarian type) is represented by a layer of f lattened
ribbon-like longitudinal muscle fibers. The narrow
cytoplasmic region in the center of muscle fiber is sur-
rounded by a dense peripheral layer of contractile
material forming an envelope around it. Figure 1a
shows a fragment of muscle fiber cross section. Nar-
row central cytoplasmic space can be seen, uniformly
filled by small mitochondria of round or elongated
shape. In our previous study we found them to be cross
sections of giant extended mitochondria reaching a
length of more than 4 μm, aggregated into longitudinal
strands. In Fig. 1b, at higher magnification, it is seen that
mitochondria have clearly pronounced matrix and ran-
domly arranged cristae. No difference in mitochondrial
ultrastructure were observed between male and female
specimens. Such ultrastructure suited well for morpho-
metric analysis of surface density of the inner membrane
of horsehair worm muscle mitochondria: cristae can be
EMBRANE AND CELL BIOLOGY  Vol. 14  No. 3  2020



MORPHOMETRIC ANALYSIS OF THE INTERNAL ULTRASTRUCTURE 257

Fig 3. Fragment of the longitudinal section of the mouse
skeletal muscle fiber. In the isotropic zone, one can see
cross sections of the mitochondrial reticulum as small
mitochondria located pairwise on both sides of the Z-line.

2 µm

Fig. 2. Surface density of the inner mitochondrial mem-
brane (μm2/μm3) in the muscle cells of different animals:
1, muscle tissue of the parasitic form of the horsehair
worm; 2, muscle tissue of the free-living form of the horse-
hair worm; 3, mouse skeletal muscle; 4, mouse cardiac
muscle. 
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clearly seen in 8–10 mitochondrial cross-sections avail-
able for measurements.

Previously, we found no difference in mitochon-
drial ultrastructure of parasitic and free-living forms of
horsehair worm. In this work, we took measurements
in central cross sections of cytoplasmic region of mus-
cle fibers in 20 electron microscopic images in both
groups of animals.

Fig. 2 shows the result of surface density calcula-
tions for the inner mitochondrial membrane of muscle
tissue mitochondria in horsehair worm. Mean values
reached 39.42 μm2/μm3 for the parasitic form and
41.7 μm2/μm3 for the free-living form respectively.
Standard error did not exceed 1.5 μm2/μm3; statisti-
cally significant differences between mean values were
not detected, suggesting that muscle tissue mitochon-
dria in both forms of the horsehair worm have similar
activity levels.

The absence of differences in the mitochondrial
structure in two horsehair lifeforms (both in this study
and our previous work) can be due to the fact that a
precise identification of the life-cycle stage of the
studied animals is quite difficult.

It is interesting to compare the obtained morpho-
metric data on muscle tissue mitochondria of horse-
hair worm with the results of the morphometric anal-
ysis for skeletal and cardiac mitochondria of mam-
mals, capable of both synchronous and energy-
demanding contraction of muscle cells. It is well-
known that along with significant differences in oper-
ation of this muscle tissues (in contrast with the skele-
tal muscle, cardiac muscle performs contraction-
relaxation cycle continuously) and serious differences
in structural organization of cardiac and skeletal mus-
cle chondriome, in both tissues it serves the same
function of providing operation of contractile appara-
tus. It is achieved by membrane systems of giant mito-
chondria joined into unified mitochondrial reticulum.

Most of mitochondria in the skeletal muscle are
known to be organized as mitochondrial reticulum,
which is formed by giant branched mitochondria and
located as layers in the isotropic zones, perpendicular
to the long axis of muscle fiber [13, 14]. Therefore, on
the longitudinal section of the muscle fiber, cross sec-
tions of giant mitochondria, which appear as small
single mitochondria located pairwise in the isotropic
zone on both sides of Z-line, can be seen as (Fig. 3)

Morphometric estimates of the surface density of
the inner mitochondrial membrane in mouse skeletal
muscle were based on 20 electron micrographs of the
fragments of muscle longitudinal sections with at least
15 cross-sections of mitochondrial reticulum on it. As
is seen in Fig. 2, surface density of the inner mitochon-
drial membrane in the skeletal muscle mitochondria
reached 33.43 μm2/μm3, which is statistically lower
than the values both for parasitic and free-living forms
of the horsehair worm.
BIOCHEMISTRY (MOSCOW), SUPPLEMENT SERIES A: M
In cardiomyocytes, mitochondrial material is
arranged in layers formed by mitochondria and joined
into unified system of mitochondrial reticulum, sur-
rounding bundles of myofibrills (Fig 4) [15, 16]. Sur-
face density analysis of the inner membrane of cardiac
mitochondria was also performed on 20 electron
micrographs of longitudinal section fragments of
mouse cardiomyocytes. Each fragment contained at
least 10 cross sections of mitochondria. 

Mean surface density of the inner membrane of
mouse cardiac mitochondria reached 37.53 μm2/μm3

(Fig. 3). Similar values were obtained earlier for car-
diac mitochondria of 3-months-old Wistar rats:
41.30 μm2/μm3 [8]. Thus, not only morphological
ultrustructure studies, but also analysis of inner mem-
brane morphometric parameters showed the presence
of advanced mitochondrial membrane system in mus-
cle tissue of Gordionus alpestris.
EMBRANE AND CELL BIOLOGY  Vol. 14  No. 3  2020
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Fig 4. Fragment of the longitudinal section of the mouse
cardiomyocyte. Rows of mitochondria arranged along the
myofibrils can be seen.

2 µm
Obliquely striated muscle of the horsehair worm
(flattened circomyarian type), demonstrates features
similar to both smooth muscle cells (mitochondria are
located in specific place, central cytoplasmic space, and
not among myofibrills) and skeletal muscle, according to
ultrastructure and features of functioning.

The structure of the mitochondrial apparatus of
giant ribbon-like muscle fibers of the horsehair worm
(according to published data) [2, 3] can be imagined as
small single not connected mitochondria located in the
central cytoplasmic space; then it will be obvious that
under maximum contractile workload small single mito-
chondria with few cristae will fail to coordinate the
energy production sufficient to fulfill the demands of
extended muscle fibers reaching up to 800 μm in length.

Morphometric analysis has shown that the surface
density of the inner mitochondrial membrane in mus-
cle tissue of the horsehair worm corresponds to the
values obtained for cardiac mitochondria of mice
(C57Bl/6 × CBA, 3 month-old), cardiac mitochon-
dria of 3 months-old Wistar rats, and is higher (statis-
tically significant) than in skeletal muscle mitochon-
dria of mice (C57Bl/6 × CBA, 3 month-old).

According to the published literature [2, 3], most
muscles of the horsehair worm are of obliquely striated
type. The so-called “oblique” sarcomeres are present
in oblique-striated muscle cells, with Z disks staggered
relative to the long axis of the cell. Unlike skeletal mus-
cle, in obliquely-striated muscle cells, Z disks make up
a system of dense fibrillar fragments arranged in a row
and separated by free spaces, without rigid structural
interconnection of thick myosin protofibrils in the
center of the sarcomere. During the contraction, not
only actin protofibrils move towards the center of the
sarcomere, but also myosin protofibrils shift relative to
each other, which leads to a change in the tilt angle of
the sarcomere. As a result, the arngement of Z disks
changes and they become perpendicular to the long
axis of the cell, like in the sarcomeres of skeletal mus-
BIOCHEMISTRY (MOSCOW), SUPPLEMENT SERIES A: M
cle. These structural features of obliquely-striated
muscle allows generating more powerful tension (as
compared to the skeletal muscle tissue), which is nec-
essary for multidirectional contractions required for
vermicular body movements of the horsehair worm
[17]. Muscle contractions is well-known to be energy-
dependent processes. Therefore, it can be assumed
that statistically significant increase in the surface
density of the inner mitochondrial membrane, which
we observed in muscle tissue mitochondria of the
horse hair worm, compared to mouse skeletal muscle,
is necessary to sustain consistent level of the mito-
chondria respiration activity. This activity underlies
features of mechanochemical contraction processes of
the horsehair worm muscle cells.

Thus, the results of our study of the chondriome orga-
nization in muscle cells of the horsehair worm by ultras-
tuctural and morphometric analysis reveal the functional
significance of the advanced mitochondrial membrane
system of extended mitochondria as a structure necessary
for the efficient operation of contractile apparatus of the
horsehair worm Gordionus alpestris.
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