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ABSTRACT

The ultrastructure of the nervous system has been studied in sexually mature Nybelinia surmenicola (Cestoda: Trypanorhyncha)
from the intestine of a shark Lamna ditropis. The central nervous system (CNS) reveals a complex organization within cestodes
and corresponds to the trypanorhynch pattern of brain architecture. The brain of N. surmenicola is differentiated into nine
clearly defined lobes and semicircular, median, and X-shaped cruciate commissures. A specific feature is the presence of a
powerful extracellular capsule that surrounds the brain lobes with the cortical glial cells. Moreover, the architecture of the
anterior lobes clearly distinguishes the species of Tentacularioidea. The neurons of the anterior lobes form compact groups
looking like frontal horns. There are approximately 120 neurons in the anterior lobes and a preliminary estimate of more than
300 perikarya in the brain. Several ultrastructural types of neurons have been identified, differing in the size and shape of the
soma, the density of the cytoplasm, and the ultrastructure of synaptic vesicles. Numerous synapses involving clear and electron-
dense vesicles have been observed in neuropils. Two types of glial cells have been found in the brain that participate in neuronal
metabolism and wrap around the giant axons, brain lobes, neuropil compartments, and the main nerve cords. Such a powerful
extracellular fibrillar brain capsule has not been observed in the brain of other studied cestodes and has been demonstrated in
this study for the first time. The differentiation of the brain lobes reveals the important role of the rhyncheal system in the
evolution of cestodes and correlates with their behavior. The anterior nerves arising from the anterior lobes innervate the radial
muscles stabilizing the position of the tentacle sheaths and movements of the attachment organs. The nervous system anatomy
and the brain architecture may reflect the morphofunctional aspects of the tapeworm evolution.

| Introduction For a long time, the nervous system of cestodes was considered

Research of the nervous system of cestodes is a trend in modern
cell biology due to novel insight of the complex organization of
the brain and the structural diversity of neurons in tapeworms
(Barcak et al. 2023; Biserova, Mustafina, and Raikova 2022,
Biserova et al. 2023; Koziol, Krohne, and Brehm 2013; Liu
et al. 1996; Montagne, Preza, and Koziol 2023; Terenina
et al. 2009).

© 2024 Wiley Periodicals LLC.

secondarily simplified due to the intransition to a completely
parasitic lifestyle (Beklemishev 1964; Kuperman 1988) and was
described as a simply arranged orthogon (Kotikova 1976).
However, detailed studies of the nervous system of re-
presentatives of the Trypanorhyncha have radically changed
our understanding of the cestode nervous system
(Biserova 2016; Biserova and Korneva 2012; Biserova, Korneva,
and Polyakova 2020; Crangle et al. 1995; Halton et al. 1994;
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Rees 1941b, 1950, 1988). The presence of a complexly organized
accumulation of neurons and neuropils on the trypanorhynch
scolex is consistent with the definition of a brain in bilaterian.
The term “brain” is used as taxon-independent and free of
homology assumptions, precise and consistent terminology
(Richter et al. 2010). Concerning cestodes, a brain is a cluster of
neurons, which is the most prominent anterior condensation of
neurons and glial cells in the scolex. In other parts of cestode
body, there are ganglia; for example, bulbar ganglia (in Trypa-
norhyncha) or caudal ganglia (in Amphilinida).

Interest in the morphology of the nervous system of trypa-
norhynch cestodes is due to the unique morphology of the
scolex, their position in the phylogenetic tree and their con-
nection (parasitizing) with ancient representatives of the ich-
thyofauna, sharks and rays, as definitive hosts (Beveridge
et al. 2017; Caira and Jensen 2014; Campbell and
Beveridge 1994; Palm et al. 2009; Waeschenbach and
Littlewood 2017). The trypanorhynch scolex is divided into four
regions (Figure 1): pars bothrialis—the region of bothria, pars
vaginalis—the region of the proboscis sheaths, pars bulbosa—
the region of the muscular proboscis bulbs, pars postbulbosa—
the region of the scolex behind the bulbs. The position of the
Trypanorhyncha in the phylogenetic tree of cestodes is in dis-
cussion. Morphological evidence strongly supports the mono-
phyly of the Trypanorhyncha (Campbell and Beveridge 1994;
Palm 2004). Some molecular data provide evidence for the
monophyly of the Trypanorhyncha (Waeschenbach et al. 2007),
in contrast to previous molecular studies (Olson and
Caira 1999). However, recent molecular data have supported
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the existence of two independent trypanorhynch lineages,
Trypanobatoida and Trypanoselachoida, that is, paraphyly
(Olson et al. 2010). Studies of the nervous system and the brain
architecture in different taxa may reveal morphofunctional as-
pects of the trypanorhynch evolution.

The microscopic anatomy of the trypanorhynch nervous system
was described with varying degrees of details in Aporhynchus
norvegicus  (Rees 1941a), Dibothriorhynchus  grossum
(Rees 1941b), Grillotia heptanchi (Rees 1950), G. erinaceus
(Johnstone 1911; Biserova 1991, Biserova, Korneva, and
Polyakova 2020), Callitetrarhynchus gracilis (Rees 1988), Para-
christianella sp. (Biserova and Korneva 2012), Dollfusiella acu-
leata (Biserova, Korneva, and Polyakova 2020), and in the
plerocercoid stage in N. surmenicola (Gordeev 2016). The ner-
vous system of G. erinaceus belonging to the Lacistorhynchoi-
dea has been studied both by immunocytochemical (Crangle
et al. 1995; Halton et al. 1994) and ultrastructural methods;
several types of neurons, sensory organs, giant axons and
several types of glial cells have been discovered
(Biserova 2008a, 2008b).

Studies on the ultrastructural features of the Trypanobatoidea
are few and are largely restricted to investigations of the
rhyncheal system (Beveridge and Smith 1988), musculature,
tegument, and scolex glands (Jones and Beveridge 1998). Re-
presentatives of the Tentacularioidea (Trypanorhyncha: Trypa-
nobatoidea) differ from other trypanorhynch cestodes in many
respects in scolex and strobilar morphology (Beveridge
et al. 2017). They are characterized by a compact craspedote

Nybelinia surmenicola scolex. (A) Schematic drawing of the scolex, dorsal view with tentacles, bothria, tentacle sheaths, muscle

bulbs, velum and the anterior part of the strobila; scale: 1000 um. (B) Scanning electron microscopy of the scolex lateral view.
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scolex, the pars bothrialis is close to the pars bulbosa
(Figure 1A,B), because the pars vaginalis is short (Palm 2004).
The musculature of the scolex and the rhyncheal system has
been studied in two species of Nybelinia; and many specific
features of muscle ultrastructure have been found (Jones and
Beveridge 1998; Gordeev 2016). The tegument of Nybelinia
species has several ultrastructural features which make it con-
siderably different from the Eutetrarhynchoidea and Lacis-
torhynchoidea. Species of the genus Nybelinia have no palmate
microtriches (Biserova, Gordeev, and Korneva 2016;
Palm 2004). It has been hypothesized that the tegument of
tentaculariids lacks ciliary sensory structures, since they were
not found in the scolex of three species: the plerocercoid of
Tentacularia coryphaenae (Palm, Mundt, and Overstreet 2000),
the plerocercoid of N. surmenicola (Biserova, Gordeev, and
Korneva 2016) and adult N. queenslandensis (Jones and
Beveridge 1998). At the same time, in the plerocercoids of N.
surmenicola, the presence of complex motor activity has been
established, including the active tentacle ejection on the first
contact with the substrate, a rapid forward movement of the
“swimming” type, or sliding along the substrate with the par-
ticipation of bothria, turns to the right and to the left, and other
patterns (Gordeev and Biserova 2016). Such motor patterns
should correlate with a complex organization of the nervous
system, which is involved in processing incoming information
and regulating the coordinated muscle contraction of the scolex
and tentacles in the process of attachment to the host tissues.
The anatomy of muscular, excretory, and nervous systems has
previously been investigated in N. surmenicola plerocercoids
from bony fishes (Gordeev 2016). At the anatomical level, it has
been found that the plerocercoid nervous system has a median
commissure, anterior commissures and lobes, central lobe and
central nerve, and main lateral nerve cords. At the ultra-
structural level, thin neurites in the subtegument, giant axons,
and the envelopes of the central nerve have been shown
(Gordeev 2016). The nervous system of sexually mature N.
surmenicola from sharks as well as in other Tentacularioidea
has never ever been studied.

Our research addressed the ultrastructure of the adult brain of
sexually mature N. surmenicola for the purpose of a detailed
description of the structure and morphofunctional features of
the nervous system organization in Tentacularioidea.

2 | Material and Methods

Nybelinia surmenicola Okada, 1929 (Cestoda: Trypanorhyncha
Diesing, 1863; Tentaculariidae Poche, 1926) were collected from the
stomach and spiral valve of a shark, Lamna ditropis, caught in the
open northwestern waters of the Pacific Ocean (42°35’ N 148°50" v.
d.). The material was collected in June 2018 on board the research
vessel “Professor Kaganovsky.” More than 20 specimens of worms
were extracted from one shark for research.

For transmission electron microscopy (TEM) cestodes were
fixed with 2.5% glutaraldehyde (SERVA, Germany) in 0.1 mol
L™! PBS, pH 7.4, washed with the same buffer for 10 min, and
then postfixed with a 1% OsO, (Moscow Chemical Factory) in
the same buffer for 1h, dehydrated in gradient series ethanol

and acetone, impregnated for 3 days in epoxy resin Embed 812
(SIGMA) and polymerized at 37°C (24 h) and 60°C (48 h).

The microscopic anatomy of the brain was studied in a series of
transverse semi-thin (1-2 um) sections of the adult scolex made
on a Leica UC7 ultracut, stained with 1% methylene blue and
photographed using a Leica DM5000 light microscope.

The ultrastructure of the brain was studied on serial sections
prepared on a Leica UC7 ultracut. Ultrathin sections with a
thickness of 70 nm were mounted on formvar coated slots and
contrasted with 4% aqueous uranyl acetate and 0.4% lead cit-
rate. The ultrastructure of tissues was studied on a JEM-1011
and JEM-1400 (JEOL) microscope at an accelerating voltage of
80kV at the Center for Collective Use of Electron Microscopy,
Faculty of Biology, Lomonosov Moscow State University and at
the Center for Collective Use of Electron Microscopy at the
Papanin Institute for Biology of Inland Waters, the Russian
Academy of Sciences.

3 | Results

3.1 | Microscopic Anatomy

The brain is located medially in pars bothrialis and pars vagi-
nalis, under the cruciate muscle bundles that stabilize the
position of the sheaths in the upper part of the scolex and is
surrounded by four tentacle sheaths (Figures 1B and 2). The
brain of adult N. surmenicola has a complex architecture,
includes nine lobes, and consists of two pairs of anterior, one
unpaired central, and two pairs of lateral lobes. The pair of
lateral nerve cords and a central nerve innervating the bulbar
ganglia run from the brain caudally. The anterior lobes are
united by the dorsal and ventral semicircular commissures; the
lateral lobes are connected by the X-shaped cruciate and
median commissures. Dorsal, ventral, and lateral paired roots
emerge from each pair of brain lobes. The excretory system
canals pass through the brain: paired dorsal and paired ventral
vessels; in the center of the brain, there is a median anastomosis
connecting the ventral excretory vessels. The central zone of the
brain is located proximal to the paired excretory vessels.

3.1.1 | The Anterior Lobes of the Brain

The four anterior (or frontal) lobes of N. surmenicola lie under
the cruciate muscles controlling the dorsal, ventral, and lateral
right and left sides of the scolex apical part (Figure 3A). The
anterior lobes have a complex organization including consid-
erable neurites compartments and neuron perikarya compart-
ments located separately (Figure 3B). Anterior lobes are
organized as dorsal and ventral pairs; two muscle bundles ex-
tend in the lateral direction between the lobe pairs. Neuropils
and semicircular commissures make up the main volume of the
anterior lobes; the neuron perikarya compartments are located
frontally in each lobe. They form frontal clusters/horns above
the semicircular commissures, which unite the right and left
lobes (Figure 3B-D). Thus, the frontal neurons do not form a
cortical layer around the neuropil; the anterior lobe neuropil
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A dorsal view

FIGURE 2 |

B lateral view

Nybelinia surmenicola brain architecture. (A) Dorsal view. (B) Lateral view. 1, anterior lobes; 2, semicircular commissures and

neuropils; 3, lateral lobes and main lateral cords; 4, median commissure and neuropils of the lateral lobes; 5, central lobe, central nerve, bulbar

ganglia; 6, X-shaped commissure; 7, tentacle sheaths and muscular bulbs.

occupies a lateral position and is separated from the perikarya.
Each frontal neuron cluster includes up to 30 perikarya and
totally more than 120 neurons located in the frontal horns of
the anterior lobes. In addition, individual neurons were found
among the nerve processes and in the neuropils; probably they
are interneurons.

Four neuropils of the anterior lobes are located at the corners of
an elongated quadrangle formed by powerful dorsal and ventral
semicircular commissures (Figure 3D,E). The anterior neuropils
give rise to paired ventral, dorsal and lateral roots; the lateral
roots go laterally around the tentacle sheath. In addition, two
pairs of anterior nerves extend forward to the apical part of the
scolex. The anterior nerves pass along the tentacle sheaths’
inner side (Figure 2).

3.1.2 | The Central Lobe

The central unpaired lobe begins under the semicircular com-
missures of the anterior lobes and extends caudally beyond the
lateral lobes. It includes large neurons with clearly visible
nuclei and many nerve fibers. The perikarya of the neurons lie
in the middle of the central lobe (Figure 4). Two symmetrical
groups of giant neurons (three cell bodies in each) lie in the
center, between the dorsal and the ventral pairs of the anterior
lobes (Figure 4B). In the area of the cruciate muscle intersec-
tion, we find motor neuropils on the surface of the cruciate
muscles. Here, is a group of giant unipolar neurons, their

neurites form the X-shaped cruciate commissure, connecting
the neuropils diagonally. The X-shaped commissure contains
giant axons reaching 10-15um in diameter. Their perikarya
have rounded nuclei and small nucleoli. The X-shaped com-
missure connects the four neuropils of the lateral lobes
(Figure 4A,B).

Deeper to the X-shaped commissure, there is the median
commissure, connecting the right and the left pairs of neuropils
of the lateral lobes (Figure 4C,D). The median commissure
consists of axons of different diameters, and it is surrounded by
large neurons. There are giant bipolar and giant tripolar neu-
rons reaching 40X 20 um in soma size with oval nuclei of
13 X 6 um in diameter (Figure 4E).

In addition to the neurons, the central lobe includes four
compact groups of giant axons, strictly oriented longitudinally,
which extend to the posterior end of the lobe. Clusters of giant
axons are located outside the cell bodies of the X-shaped com-
missure, forming the dorsal and the ventral pairs. At the exit
from the central lobe, they give rise to the central nerve
(Figure 4C,D).

3.1.3 | The Central Nerve

The central nerve consists of four bundles of nerve processes
extending back from the central lobe to the muscular bulbs of
the tentacles (Figure 4E-G). Four compact neurite bundles
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FIGURE 3 | Anterior lobes microscopic anatomy; cross sections; methylene blue; Leica DM5000. (A) Crisscross muscles and anterior lobes in the
frontal part of the scolex; (B) frontal neurons of the anterior ventral lobe; (C) the giant neurons in the middle part of the anterior lobes (the left pair);
(D) common view of the anterior brain region; the unipolar neuron with the giant axon and large neurons are situated in the crisscross muscle area;
the frontal neuron perikarya and secretory cells are shown; (E) the left pair of the anterior lobes with semiring commissures and cluster of neurons
(the dotted circle) located in the median line; (F) the dorsal and ventral pairs of the anterior lobes; two semiring commissures and four neuropils of
the anterior brain region; the frontal horns of neuron pericarya are shown; arrows point to midline neurons. ADL, ADR, AVL, AVR, anterior dorsal
and ventral left and right lobes; ex, excretory vessel; FN, frontal neuron perikarya; GN, giant neuron; Lr, lateral brain rootlet; M, muscle; N, neuron
perikaryon; np - neuropil; TDL, TDR, TVL, TVR, dorsal and ventral left and right tentacle sheath; SC, secretory cells; sSRC, semiring commissure.
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FIGURE 4 | Microscopic anatomy of the brain central and lateral lobes and the main nerve cords; cross sections; methylene blue; Leica DM5000.
(A, B) The X-shaped commissure with neuron nuclei in the central lobe; four neuropils of the lateral lobes are connected by the X-shaped
commissural giant axons; part of giant axons are arranged in compact clusters which will develop in the central nerve; (C) the four lateral lobes are
located under the X-shaped commissure; giant axons organize in four clusters surrounded by glia-like envelope cells; (D) the median commissure
with neurons of the central lobe (arrow); (E) posterior part of the central lobe with four clusters of giant axons; the neurons and glia-like envelope
cells are also shown on the figure; (F) four clusters of giant axons join in dorsal and ventral pairs; the caudal part of the right lateral lobe continues in
the main lateral cord; (G) the central nerve in the pars vaginalis area surrounded by the glia-like envelope; (H, I) the main cord with axons, neurons
and envelope cells. CN, central nerve; GA, giant axon; En, glia-like envelope cells; ex, excretory vessel; LDL, LDR, LVL, LVR, lateral dorsal and
ventral left and right lobes of the brain; MC, main lateral nerve cord; N, neuron perikaryon; np, neuropil; SRC, semiring commissure; TDL, TDR,
TVR, dorsal and ventral left and right tentacle sheath.
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(25-30 um each) include 2-3 giant axons 10-12 um in diameter.
In the central lobe each cluster of giant axons is surrounded by
its own sheath; deeper (caudally) they are united by a common
sheath into the central nerve, extending back to the bulbar
ganglia. On the dorsal and ventral sides, the neurites are
brought together in pairs and combined into dorsal and ventral
pairs. They diverge closer to the bulbs and form 4 bulbar nerves,
one nerve to each bulb. It is important to note that the central
nerve lacks neuronal perikarya.

Close to each muscular bulb, powerful bulbar ganglia are
located, consisting of large neurons. These ganglia continue
along the muscular wall to the posterior end of the bulbs and
innervate the proboscis apparatus.

3.1.4 | The Lateral Lobes

The four lateral lobes are formed from the marginal parts of the
anterior lobes below the semicircular commissures. They rep-
resent four dense clusters of neurites and cortical neurons. The
lateral lobes include the axons of the X-shaped and median
commissures (Figure 4D,F,I). The neurons of the lateral lobes
lie outside the neuropils and form symmetrical compact groups:
the paired lateral ones (four groups) and the two groups of
neurons located medially. The paired neuropils of the lateral
lobes are designated as the right and left dorsal, and the right
and left ventral neuropils (Figure 4D,F,I). Neuropils have a
diameter of about 25 um and each contains three giant axons.
The sizes of neurons in the lateral lobes are smaller than those
in the central lobe. Below the median commissure, the four
lateral neuropils merge in two: the right and the left lateral
neuropils. Together with the cortical neurons, they form the
double right and left lateral lobes, extending caudal to the pars
bothrialis. Gradually, the lobes decrease in diameter and extend
in the dorsoventral direction, maintaining the double structure
of the neuropils. At the middle level of the bothrium, dorsal and
ventral roots depart from the lateral lobes, encircling the pro-
boscis sheaths in the form of semicircular nerves (the first
semicircular nerve). These nerves innervate the scolex muscle
(Figure 4F). The second semicircular nerve emerges from the
main cords in front of the muscular bulbs; it is also formed by
the ventral and dorsal nerve roots (Figure 4H).

The lateral lobes smoothly transform into the main lateral
cords, lose their clearly dual structure, and have a rounded
neuropil in cross section, which is surrounded at the periphery
by small neurons.

3.1.5 | The Main Lateral Cords

The main lateral cords are a direct continuation of the neuropils
of the lateral lobes of the brain (Figure 4F,H,I). The main cords
are located on the median line, distal to the main longitudinal
excretory vessels.

Each cord consists of dense clusters of neural processes measuring
approximately 50 X 25 um. Throughout the scolex, the main cords
retain paired neuropils. The neurons are located both among the

neurites and in the cortical layer around the conducting central
neurites. Outside, the lateral cords are surrounded by electrondense
cells with elongated large nuclei. Anterior to the muscular bulbs,
the second semicircular nerve emerges from the main cords; it, like
the first, is formed by the ventral and dorsal roots extending from
the neuropils of the main cords (Figure 4H).

The peripheral nervous system is represented by numerous nerves in
the cortical parenchyma. Posterior to the pars bothrialis, many small
peripheral nerves innervate the subtegumental ring and longitudi-
nal muscles of the scolex and body. Sensory neurons have been
found in the subtegument, with free dendrites terminating in the
bothrial tegument. In the posterior fold behind the scolex, thin
longitudinal nerves pass along the longitudinal excretory canals.
The peripheral nerves of the velum are surrounded by elongated
cells with long thin processes that wrap around the nerve; they
contain large mitochondria (1.5-2 pm).

3.2 | Ultrastructural Organization of the Brain

A feature of the ultrastructure of adult N. surmenicola is a clear
compartmentalization of the brain, where each part is surrounded
by a fibrillar membrane. A synaptic apparatus is well developed.
There are numerous synapses in lobe' neuropils. The central lobe
has several neuropil clusters. In different parts of the central lobe
there are compact clusters of thin neurites and large axons that
form synaptic glomeruli with asymmetrical synapses with different
types of vesicles. Also, there are motor neuropils with numerous
neuromuscular junctions on the cruciate scolex muscles and on the
radial muscles stabilizing tentacle sheath.

The ultrastructure of the nervous system of N. surmenicola
shows a wide variety of ultrastructural types of neurons, which
differ in the shape and size of the soma, nucleus, and the
cytoplasm, as well as in vesicle size and structure (Figures 5
and 6). Small, large, and giant neurons are distinguished by size.
Giant neurons reach 20-30um in soma diameter and are
located in the central lobe, median and cruciate commissures,
and in the bulbar ganglia. Large (10-15um) and small (from
3-10 um) neurons are found in each lobe of the brain. Small
neurons are located mostly in the main lateral cords in the areas
of the pars bulbosa and pars postbulbosa, and also occur in the
peripheral subtegumental plexus.

Based on the structure of the cytoplasm, neurons are divided
into light and dark. The cytoplasm of light neurons is electron-
translucent and does not contain free ribosomes and -
glycogen; granular endoplasmic reticulum is poorly developed,
located mainly around the nucleus where small oval
mitochondria are found; neurites contain microtubules and rare
cisternae of smooth ER. Few vesicles are found in the area of
the Golgi complex and near synaptic contacts. The cytoplasm of
dark neurons is dense, filled with clusters of ribosomes, rough
ER, and f-glycogen granules. At the periphery of the peri-
karyon, there are small round mitochondria (0.3-0.4 um) and
microtubules. The neurites possess numerous synaptic contacts,
mainly collected in the neuropils of the lobes, as well as in the
conducting zone of the main cords and exiting roots of the brain
(Figure 7).
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FIGURE 5 | Ultrastructural organization of the anterior lobes; TEM. (A) The frontal neurons of the anterior lobe (in level of Figure 3B,C,E);
neuropil and perikarya of the frontal horn; (B) an apical part of the anterior lobe with two neurons, a glia-like cell, an extracellular envelope
and the compartment of neurites giving rise to the anterior nerve; (C) the dark neuron (second type) with dense vesicles and deep invaginations
of the neurilemma; (D) part of the semicircular commissure (SRC) and neuropil compartments in the anterior lobe; (E) a large neuron,
ultrastructure from Figure 5D; (F) pyriform neurons (type 1) in the anterior lobes; (G) the ultrastructure of the light unipolar neuron (typel)
with the main axon. AN, anterior neurites; Ax, axon; dv, dense vesicles; En, extracellular envelope; FN, frontal neurons perikarya; G, glial
processes; Gl, glia-like cell; in, neurilemma invagination; M, muscle; mi, mitochondria; mt, microtubule; N, neuron; n, nucleus; np, neuropil.
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FIGURE 6 | Ultrastructural organization of the neurons; TEM. (A) The central lobe neurons with the tripolar giant neuron belonging to
the X-shaped commissure; (B) a giant lobate dark neuron; (C) a giant light neuron and giant axons; (D) the median commissure axons with
several lateral outgrowths (arrowheads); (E, F) peripheral neurosecretory neurons with dense-cored vesicles; (G) a peripheral sensory
neuron. dev, dense-cored vesicle; ex, excretory vessel; En, extracellular envelope; GAx, giant axon; GN, giant neuron; ldGN, lobate dark giant
neuron; triGN, tripolar GN; biGN, bipolar GN; Go, Golgi complex; in, invagination of neurilemma; mi, mitochondria; lo, neuron lobes; N,
neuron; n, nucleus; NS, neurosecretory neuron; NSp, neurosecretory process with electrondense vesicles; pSN, peripheral sensory neuron.
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FIGURE 7 | Longitudinal nerve cords in the scolex posterior part; TEM. (A) Cross section of the main lateral nerve cord; neuron somas, compact
neuropil, outer sheath, and excretory vessels are shown; (B) a light interneuron with synaptic contacts on the perikaryon, and a poorly differentiated
neuron with a growth axon cone; (C) a differentiated bipolar neuron with dense vesicles located on the periphery of the conducting part of the main
cord; (D) the ultrastructure of synaptic contacts located in the interneuron zone in the main cord; (E) a marginal area of the neuropil of the main cord
with electron-dense poorly differentiated cells; (F) a bundle of neurites in the zone of the velum fold. Ax, axon; cv, clear vesicle; dv, dense vesicle; gC,
growth cone; Gl, glia-like cell; iN, interneuron; N, neuron; n, nucleus; Npl, neuroplasm; Nt, neurite; Ex, main lateral excretory vessel; uN,
undifferentiated neuron; UC, undifferentiated cell; arrowheads note synaptic junctions.
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Type 1. Light unipolar neurons of the anterior lobes. Pear-shaped
neurons form large clusters in the anterior lobes (Figure 5A,B).
The perikaryon diameter is 5-9 um, with large round nuclei
filled with euchromatin and heterochromatin at the nuclear
membrane and 2-3 nucleoli. The outer plasma membrane
invaginates deeply to the cytoplasm, almost reaching the
nucleus and dividing the perikaryon into lobes. The lobes
are pressed tightly against each other and diverge only at the
elongated end of the neuron (Figure 5F,G). The light cytoplasm
contains free ribosomes and (-glycogen granules, microtubules,
small oval mitochondria, and small electron-dense vesicles (dv)
with a diameter of 70-80 nm. Perikarya are located on the
periphery of the conducting part of the anterior lobes, forming
cluster of frontal “horns” (Figure 3). On the outside, neurons
are surrounded by a fibrillar matrix; inside, they are adjacent to
a cluster of neurites with electron-dense granules of irregular
shape and different sizes from 0.15 to 0.3 um.

Type 2. Dark lobed neurons. Dark neurons have electron-dense
cytoplasm; they are about 6-10 um in size. The outer plasma
membrane forms deep invaginations, almost reaching the
nucleus, and forms wide lobes (Figure 5B-E). The nuclei are
oval, filled with homogeneous euchromatin. The dark cyto-
plasm is filled with free ribosomes and -glycogen granules and
numerous mitochondria of different shapes and sizes. Electron-
dense round or oval vesicles with a diameter of 70 nm (dv) are
confined to the periphery of the lobes. Neurons occupy a pre-
dominantly cortical position and are surrounded externally by a
densely packed fibrillar matrix.

Type 3. Giant neurons. They are found in the X-shaped cruciate
commissure and bulbar ganglia. Sizes of perikarya vary from 20
to 30 um (Figure 6A-C). Bi- and tripolar giant neurons were
found in the cruciate commissure. Giant neurons are distin-
guished by the light cytoplasm of the perikaryon, round nuclei,
and regular, short, radial invaginations of the outer membrane.
Membrane invaginations do not reach the nucleus and do not
form regular lobes. Oval mitochondria (0.3 um) are numerous
in the perikaryon zone; in neurites, mitochondria are confined
to the axolemma. The neurites of giant neurons contain
numerous microtubules oriented longitudinally to axon axis; in
cross section, they have regular shallow invaginations of the
membrane, to which mitochondria and vesicles are confined.
Giant neurons produce round light vesicles with a diameter of
60-70 nm and more numerous electron-dense round vesicles
with a diameter of 30-40 nm.

Type 4. Neurosecretory neurons. Neurosecretory neurons up to
4-5um in size were found at the level of the anterior lobes of
the brain close to the tentacle sheaths. They have an active
nucleus with a prominent nucleolus (Figure 6E,F). The peri-
karyon is irregular in shape and forms wide lobes. The cyto-
plasm is heterogeneous, containing ribosomes, round
mitochondria, and Golgi complex producing dense-core vesicles
(dcv) with a diameter of 100 nm.

Type 5. Peripheral sensory neurons. In the apical part of the
scolex, among subtegumental cells, sensory neurons have been
found that send neurites to the tegument. These are small cells
with a diameter of about 3-5um with large round nucleus
occupying more than 2/3 of the perikaryon volume (Figure 6G).

The outer membrane forms shallow invaginations. The cyto-
plasm contains many ribosomes and rough ER. Neurons pro-
duce round dense-cored vesicles with a diameter of 80-100 nm
and small clear vesicles (cv) 50-70 nm in diameter.

Ultrastructure of longitudinal nerve cords. In the scolex, in the
pars vaginalis and pars bulbosa zones, the longitudinal nerve
cords are represented by a pair of main lateral cords running
along the main lateral excretory vessels and minor longitudinal
nerves in the subtegumental area of the velum fold (Figure 7).
The main cords include a compact bundle of neurites with
bipolar neurons located on the surface, and individual inter-
neurons within the neuropil. The cord is surrounded by an
electron-dense sheath of small electron-dense cortical cells.
Dark and light bipolars have been found, with a soma diameter
of about 5 um. Dense vesicles (dv) with diameter of 50 nm have
been found in the perikaryon. In addition to mature neurons,
poorly differentiated neurons with granular cytoplasm and
undeveloped neurite have been found on the surface of the
cord. Figure 7B shows the perikaryon of a poorly differentiated
neuron with a growing axon cone; synaptic vesicles are absent.
There are numerous synapses in the central part of the main
cord, including those at the surface of the interneuronal soma
(Figure 7B,D,E). Synapses contain single electron-dense vesicles
and microtubules. The postsynaptic membrane carries an
accumulation of dense fibrillar material. In addition to the main
longitudinal cords, there are compact clusters of neurites and
thin longitudinal nerves (Figure 7F). Thin nerves lack neurons;
the neurites contain numerous microtubules and form numer-
ous chemical and electrical synapses within the bundle.

3.3 | Glial Cells and an Extracellular Envelope of
the Brain

In light microscopic semithin sections, the brain, central
nerve, and main nerve cords are clearly delimited from the
surrounding tissues by a dark, dense thin membrane
(Figures 4 and 8). At the ultrastructural level, many dark
cortical cells were found in the brain and main cords, that
form a thin sheath around neurons, neuropils, and giant ax-
ons. In different parts of the nervous system, the envelope may
have a different structure. Around the brain lobes and com-
missures, the envelope is represented by a thick layer of reg-
ular extracellular fibrils, forming the outer border of the brain.
Within the brain lobes and neuropils, compartmentalization is
carried out by thin processes that fit tightly with each other
and surround the neuropil compartment or group of neurons.
These envelop structures are formed by different types of glia-
like cells.

Small dark cells up to 1 um in diameter were found at the
periphery of the brain lobes and in the lateral cords; they
have small, elongated nuclei and dense cytoplasm
(Figure 8). In the brain lobes, we found small electron-dense
cells with strongly ramified cytoplasm. They differ from
neurons by having small nuclei and do not have axons. They
do not produce synaptic vesicles and do not have synapses.
The cytoplasm of these cells contains numerous mitochon-
dria around the nucleus. These cells develop long, thin
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FIGURE 8 | Glial cells and an extracellular envelope of the brain. (A-C) Glial cell (type 1) as element of the neuropil of the anterior lobe; (B) at higher
magnification, processes with dense cytoplasm and (C) the intercellular junction are shown by arrowhead; (D) the glial cell forms thin projections and lamellae
(arrowhead) extending into a neuropil; a strong fibrillar sheath is shown outside the lobe; (E) the cell with fibrillar material in the cytoplasm; (F) an outer
fibrillar sheath of the neuropil; (G) an extracellular layer of fibrils separates two zones of the neuropil. Ax, axon; dv, dense vesicles; F, fibrils; FS, fibrillar sheath;
Gl, glia-like cell; Gpr, processes of the glial cell; GS, glial sheath; N, neuron; n, nucleus; nt, neurit; SJ, synaptic junction.

projections and lamellae around individual neurons and The outer fibrillar layer of the brain has the form of a thick wall
clusters of neurites, isolating individual compartments of  that borders the anterior parts of the brain or neuropil. The
nervous tissue from each other. We designate them as glial envelope around the anterior lobes can consist of several layers
cells type 1—multilamellar cells. of strong oriented fibrils and reach lum in thickness.
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Extracellular fibrils of the brain envelope are synthesized by
specialized cells located on the periphery of the brain and
nerves.

The cells that form the fibrillar wall of the brain probably come
from different sources. First of all, there are myocytes that
secrete the fibrils of the extracellular matrix onto the membrane
surface (Figure 5B). According to our data, the outermost layer
of the fibrillar membrane of the brain is formed from these cells.
However, directly adjacent to the neurons are the cells that do
not have myofibrils. The cells’ cytoplasm is filled with thin fi-
bers, some of the fibers are located extracellularly (Figure 8E).
These cells are more like fibroblasts. We designate them as glial
cells type 2—fibroblast-like cells.

4 | Discussion

The anatomy of the trypanrhynch nervous system has been
studied since the mid-20th century at the histological
(Rees 1941a, 1941b, 1950, 1988) and ultrastructural level
(Biserova 1991, 2008a, 2008b, 2016; Biserova et al. 2010, 2016;
Biserova and Korneva 2012). A comparative analysis showed
that the architecture of the trypanorhynch brain is quite uni-
form: the species studied had paired anterior and paired lateral
(or posterior) lobes connected by the anterior semicircular and
median commissure. The anterior nerves, lateral, dorsal, and
ventral paired brain roots emerge from the brain, innervating
the scolex muscles; bulbar nerves with giant axons connected
with the ganglia of the muscular bulbs and the main nerve
cords exit posterior from the brain (Biserova, Korneva, and
Polyakova 2020). Approximately 200 neurons have been found
in the brain of Parachristianella sp. (Biserova and
Korneva 2012).

Some information about microscopic anatomy and tegument
ultrastructure is known for 4 species of the family Tentacular-
iidae: N. surmenicola (Palm 2004; Hyeon-Cheol Kim et al. 2015;
Gordeev 2016; Biserova, Gordeev, and Korneva 2016), N.
queenslandensis (Jones and Beveridge 1998), Heteronybelinia
alloiotica (Palm, Mundt, and Overstreet 2000), and Tentacularia
coryphaenae (bicolor) (Al-Bassel 2004). Microscopic anatomy of
the nervous system has been partly studied in the plerocercoid
N. surmenicola from the stomach of a greenling Pleurogrammus
azonus (Gordeev 2016) The plerocercoid brain has been shown
to have well-developed anterior lobes and a central azygos lobe.
The main nerve cords develop from the lateral lobes, the central
nerve—from the central lobe (Figure 9). The central nerve
ultrastructure in the plerocercoid closely corresponds to the
structure of the central nerve in the adult cestode. The plero-
cercoid, like the adult, has semicircular dorsal and ventral
commissures of the anterior lobes of the brain. The X-shaped
cruciate and median commissures pass into the central lobe of
the plerocercoid brain (Figure 9B). In the X-shaped cruciate
commissure, it has a giant four-polar neuron (soma size 21 um,
nucleus—6 pum).

Also, it has been noted at anatomical level, that the brain of N.
surmenicola plerocercoids is surrounded by a muscular corset
and a liquid intercellular medium containing elements of a

central lobe
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FIGURE 9 |
(modified after Gordeev 2016; with permission). (A) Schematic drawing

Brain anatomy in Nybelinia surmenicola plerocercoid

of scolex nervous system (red color); dorsal and lateral view; (B) sche-
matic drawing of the median commissure cross section.

fibrillar matrix that protect the brain during sudden muscle
contractions and movements of the scolex (Gordeev 2016). Such
structures were not found in species of Lacistorhynchoidea and
Eutetrarhynchoidea (Beveridge and Smith 1988; Mutti and
Ivanov 2020).

The architecture of the plerocercoid brain (Figure 9) in terms of
a number of lobes and commissures corresponds to the adult
stage, but the lobes of the brain are poorly differentiated. The
adult brain (Figures 2 and 10) has complexly differentiated
lobes with distinct neuropile zones and neuron perikarya zones.
Number, volume, and size of neurons and glial cells in each of
the nine lobes is significantly greater in adult worms. The adult
brain has a developed extracellular capsule surrounding the
lobes and individual neuropile zones in the form of a neural
lamella.

The Anterior/frontal Lobes. The peculiar architecture of the
anterior lobes in species studied discussed in more detail. The
anterior/frontal lobes of Grillotia erinaceus and Para-
christianella sp. have a relatively loose structure, the neurons
locate in small groups of 3-5 perikarya, which surround the
centrally located neuropil. The neurites form the anterior
nerves, which in G. erinaceus also include the neurons peri-
karya extending along the nerves and directed toward the apical
zone of the scolex. The anterior lobes of the brain of N. sur-
menicola (Figure 10) are organized differently from G. erina-
ceus. The neurons are located in compact groups and include up
to 30 perikarya each. They are situated above the semicircular
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radial muscles

FIGURE 10 |
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secretory cells

A schematic drawing of the anterior brain lobe (blue color) in the scolex; cross-section view; the brain lobes lie between the four

tentacle sheaths, that are surrounded by the radial and semiring musculature stabilizing the proboscis apparatus.

commissures like frontal horns. As in the plerocercoid, the
anterior nerves arising from the anterior lobes innervate the
radial muscles stabilizing the position of the tentacle sheaths
(Figure 10). A similar configuration of anterior lobes has not
been noted in Lacistirhynchoidea or Eutetrarhynchoidea and,
perhaps, characterizes representatives of the Tentacular-
iidae only.

The X-shaped cruciate commissure within the trypanorhynch was
discovered after ultrastructural reconstruction in Parachristianella
sp. (Biserova and Korneva 2012), and then was identified in Doll-
fusiella aculeata with ultrastructural and immunocytochemical
methods (Biserova, Korneva, and Polyakova 2020). Our recent study
has shown that in N. surmenicola, the X-shaped cruciate commis-
sure has a complex organization. The X-shaped commissure
includes axons of neurons localized in different parts of the brain in
the adult cestode. These are mainly neurons of the central unpaired
lobe, which give rise to neurites in the central nerve and bulbar
ganglia, and also to neurites running to the lateral lobes. Func-
tionally, this means coordination of the movements of bothria and
proboscis, which are involved in the forward movement of plero-
cercoids (Gordeev and Biserova 2016), as well as in the process of
attachment of a mature cestode in the shark intestine.

The central lobe of the trypanorhynch brain acts as the inte-
grative functioning center of the proboscis apparatus. This
shows the important role of the attachment apparatus in the
evolution of the brain and nervous system of cestodes. The
presence of the X-shaped commissure suggests that neurons in
the cruciate commissure take part in the coordinated control of
the scolex muscles. In the central lobe of N. surmenicola, there
is no distinct single neuropil as is characteristic in Para-
christianella sp. (Biserova and Korneva 2012) and D. aculeata

(Biserova, Korneva, and Polyakova 2020). Instead, in different
parts of the central lobe there are compact clusters of thin
neurites and large axons that form synaptic glomeruli with
different types of synapses. In addition, there are dedicated
motor neuropils on the surface of the scolex cruciate muscles
and on the radial tentacle sheath muscles. These features are
associated with the scolex musculature and proboscis apparatus
of tentaculariids, in contrast to the previously studied lacis-
tirhynchoidean or eutetrarhynchoidea species. The muscular
corset and a liquid intercellular medium surrounding the brain
in the plerocercoid (Gordeev 2016) can also support the com-
plex brain of an adult cestode.

The median commissure is characteristic of the brain of all
cestodes and it has been noted in all trypanorhynch species
studied. It communicates between the right and left sides of the
body and is the earliest evolutionary acquisition. Thus, in the
ontogenesis of Triaenophorus nodulosus (Bothriocephallidea) at
the early procercoid stage, the formation of a median commis-
sure from the contralateral neurites of two pioneer neurons has
been shown (Biserova and Korneva 2006).

Like in all cestodes, the lateral lobes of N. surmenicola, merging
into the dorsal and the ventral neuropils, form two powerful
main lateral cords, which continue from the scolex to the
strobila. The main lateral cords in flatworms belong to the
central nervous system and include numerous neuronal peri-
karya. The population of neurons in the main cords of N. sur-
menicola is replenished from undifferentiated cells in the
proliferation zone in the posterior part of the scolex and neck.
Poorly differentiated neurons occupy a marginal position in the
lateral cords. Mature neurons are represented mainly by bipolar
forms in the main cords. Similar processes of the main nerve
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cords growth have been described in T. nodulosus: poorly dif-
ferentiated neurons without axons are located on the surface of
the neurite bundle and with growth of the strobila are gradually
integrated, turning into bipolar neurons (Biserova and
Salnikova 2002). In the zone of the cortical parenchyma of the
pars postbulbosa, there are peripheral longitudinal nerves,
including numerous neurites and axons. There are no neuronal
perikarya in the small longitudinal nerves. It should be noted
that the neurites have a compact arrangement, in cross section,
in the form of a regular circle, bounded by an electron-dense
envelope of unknown cell processes.

The central nerve of N. surmenicola is a homolog of the bulbar
nerves of other Trypanorhyncha studied, emerging from the brain
towards the posterior end of the scolex and innervating the mus-
cular bulbs. The central nerve includes four groups of wrapped
giant axons, the same as four bulbar nerves in Grillotia erinaceus
(Biserova 2008b; Biserova, Korneva, and Polyakova 2020) and
Parachristianella sp. (Biserova and Korneva 2012). The central
nerve does not contain neuron perikarya in all species studied. It is
important to note that the brain of Aporhynchus norvegicus
(Trypanorhyncha) is devoid of the cruciate commissure, central
lobe, bulbar, and proboscis nerves because the scolex lacks the
proboscis apparatus (Rees 1941a).

Glia. In the brain of N. surmenicola, we found two types of cells
involved in the formation of the protective sheath and isolating
neuropil compartments, groups of neurons, the central nerve, as
well as the main nerve cords. The first type is multilamellar glial
cells; they give off numerous processes and form layered
structures surrounding neuropils and neurons. Such cells have
been previously noted in the brains of free-living flatworms,
trematodes, and cestodes (Sukhdeo and Sukhdeo 1990;
Biserova 2000, 2008a, 2008b; Wang et al. 2016). The second type
is fibroblast-like glial cells, secreting extracellular fibrils and
forming an outer fibrillar layer as a protective sheath. This type
of glia has been described in many invertebrates (Quiroga
et al. 2015; Verkhratsky et al. 2022).

In cestodes, multilamellar glial cells have been described in the
main nerve cords of Amphilina foliacea (Amphilinida;
Biserova 2000) and G. erinaceus (Biserova 2008b; Biserova
et al. 2010). In the nervous system of G. erinaceus, glial cells have
different structures, confined to different parts of the nervous sys-
tem: the brain, nerves and main cords. Thus, fibroblast-like cells are
associated with the brain of G. erinaceus. In N. surmenicola,
fibroblast-like cells are also associated with the brain, but unlike G.
erinaceus, they form a thick wall of ordered fibrils more than 1 um
thick. Such a membrane can be attributed to the brain capsule,
characteristical for the brain of annelids and nemerteans
(Baskin 1971a, 1971b; Riehl and Schlue 1998).

It is known that the formation of a protective capsule is one of
the stages in brain evolution. In annelids, higher invertebrates,
and vertebrates, the brain is characterized by the presence of a
connective tissue membrane; in the simplest case, it is the
neural lamella, or fibrillar plate, separating the brain from the
surrounding tissues. Thin fibrillar plate/neural lamella was
revealed in the CNS of some cestode species (Biserova
et al. 2010). Most often the basal matrix, which limits cortical
surface of brain or main cords, is quite loose and is not

expressed as an independent layer. A clearly expressed fibrillar
layer, which limits both the brain and main nerve cords, is
present in CNS of plerocercoid and adult T. nodulosus (Biserova
and Salnikova 2002), the cortical envelopes of which are formed
by outgrowths of epithelial cells of excretory vessels. Analysis of
the ultrastructure of the nervous system of other parasitic and
free-living flatworms indicates the presence of a well-developed
connective tissue membrane, or capsule, which surrounds the
brain, in representatives of acantacephallides and the ne-
merteans. In Nemertea, brain and medullary cords are en-
sheathed by a dense layer of extracellular matrix (ecm)
traditionally termed outer neurilemma (brain and lateral nerve
cord capsule). Neuronal somata and the neuropil may be sep-
arated from each other by a similar layer of ecm, which has
been termed inner neurilemma (Beckers and Dohren 2016).
The glial cells of the cortex are located under the fibrillar plate.
In N. surmenicola, the brain extracellular capsule is many times
thicker than the fibrillar matrix surrounding neurons in G.
erinaceus and Parachristianella sp., as well as in all known
descriptions of free-living and parasitic flatworms. Fibroblast-
like cells can be classified as cortical glia, because they are
always located on the outer border of the brain to protect and
separate the lobes. An indirect argument in favor of the pro-
tective function of the powerful extracellular capsule around
the brain of N. surmenicola can be the discovery of a similar
structure around the brain of Branchinotogluma japonica
(Polynoidae), a deep-sea polychaeta, endemic to hydrothermal
vents (Shigeno et al. 2015).

Multilamellar glial cells of N. surmenicola are always located
under the fibrillar sheath. They give off processes inside the
lobes and neuropils and form multilayer wraps around giant
axons. This type probably represents a stage of medullary glia
differentiation, although we have not detected these cells in the
deep regions of the brain. In the nervous system of G. erinaceus,
they form myelin-like wraps around giant axons and are char-
acterized by long membranous structures in the cytoplasm; in
the bulbar nerves, the number of glial cells exceeds the number
of neurons (Biserova 2008a, 2008b). The central nerve of N.
surmenicola also includes giant axons with wraps formed by
multilamellar glial cells.

Glial cells of a different structure have been found in the brain
in the trypanorhynch cestodes Dolfusiella aculeata and Para-
christianella sp. (Biserova, Korneva, and Polyakova 2020). These
cells wrap the giant axons in the central lobe and in the
X-shaped commissure. Glial processes contact the axons near
the perikaryon or axon hill. The processes contain electron-
dense agglomerates of irregular shape and mitochondria. Tiny
glia-like cell processes with irregular electron-dense material
possess intimate contacts with neurites of the X-shaped criss-
Cross commissure.

Multilamellar glial cells of N. surmenicola develop gap junctions
between their processes, which apparently contributes to the
creation of the internal environment of the brain. Gap junctions
between processes are characteristic for glia in higher animals;
their presence indicates participation in neuronal trophism.

Two basic mechanisms for increasing the conduction speed of the
electrical impulse are known: (1) axon gigantism using axons
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several times larger in diameter than the norm for other large axons
and (2) encasing axons in helical or concentrically wrapped multi-
lamellar sheets of insulating plasma membrane—the myelin sheath
(Hartline and Colman 2007). Speed of nerve impulse conduction is
greatly increased by myelin, a multi-layered membranous sheath
surrounding axons. Myelinated axons are ubiquitous among the
vertebrates, but relatively rare among the invertebrates. The highly
organized myelin is characterized by the complete exclusion of
cytoplasm from the intracellular spaces of the cell generating it.
Myelin-like wrapping of nerve fibers and the presence of nodes have
been described at the electron microscope level in annelids
(Hartline and Colman 2007). Both mechanisms have been found in
N. surmenicola. Thus, the brain envelopes and giant axons probably
provide rapid signal transmission from the scolex apical zone to the
muscular bulbs, which reflects in behavioral reactions; when the
apical zone of the scolex contacts the surface, the tentacles are
instantly ejected.

5 | Conclusion

The structure of the nervous system of N. surmenicola demonstrates
a complex morphology within the class of cestodes and corresponds
to the known trypanorhynch brain architecture. The brain of N.
surmenicola is differentiated into nine clearly defined lobes and
semicircular, median, and X-shaped cruciate commissures. There
are approximately 120 neurons in the anterior lobes alone. The
exact number of neurons in the brain has not yet been established,
but according to our estimates there are more than 300 perikarya.
Several ultrastructural types of neurons have been identified in the
brain, differing in the size and shape of the soma, the density of the
cytoplasm, and the ultrastructure of synaptic vesicles. Numerous
synaptic contacts involving clear and electron-dense vesicles have
been found in neuropils. An important feature of the ultrastructural
organization of the adult N. surmenicola brain is the presence of an
extracellular fibrillar capsule surrounding neurons, neuropils, and
brain roots. Two types of glial cells have been found in the brain
that participate in neuronal metabolism and developing of multi-
layered sheaths of the giant axons, brain lobes, neuropil compart-
ments, and the main cords.

The complex brain reflects the important role of the rhyncheal
system in the evolution of Trypanorhyncha and correlates with
cestode behavior. Movements of the attachment organs are co-
ordinated by the nervous system and a complex repertoire of motor
activity must correlate with the brain architecture. Correlation with
brain lobes and other aspects have been reviewed in greater detail in
diphyllobothriidean and trypanorhynchs tapeworms (Biserova,
Korneva, and Polyakova 2020). We believe that our new data about
size and architecture of the cestodes brain as well as the ultra-
structural organization of giant axons and neurons represents an
advance tapeworm neuromorphology. Also, the phylogeny of the
Trypanorhyncha is still under discussion. The main challenge that
remains is the resolution of the polytomies amongst and within the
major lineages of the Eutetrarhynchoidea, Tentacularioidea, Gym-
norhynchoidea, and Lacistorhynchoidea (Beveridge et al. 2017;
Waeschenbach and Littlewood 2017). Comparing the brain of G.
erinaceus (Lacistorhynchoidea) and N. surmenicola
(Tentacularioidea), one notices the powerful development of the
anterior lobes in N. surmenicola and the participation of the anterior

nerves in the innervation of the radial muscles stabilizing the
position of the tentacle sheaths. The anterior lobes of G. erinaceus
are poorly developed compared to N. surmenicola. Moreover, a
specific feature of N. surmenicola brain is the presence of a powerful
extracellular capsule that ties the brain lobes together with the
cortical glial cells.

The complex morphology of the trypanorhynch brain has some
similarities with representatives of free-living worms, such as ne-
merteans and annelids, both in the presence of an extracellular
capsule and in the distinct differentiation of lobes. The Trypa-
norhyncha brain is specialized on the innervation of the muscular
apparatus of the mobile tentacles. At the same time, the Trypa-
norhyncha brain differs significantly from the brain of Diphyllo-
bothriidea, which has weakly differentiated two or three lobes and a
median commissure (Gustafsson 1990; Bar¢ak et al. 2023; Biserova,
Korneva, and Polyakova 2020). The brain of diphyllobothriids,
specialized on the innervation of the glandular apparatus, the
neuro-glandular morpho-functional brain complex, has been sug-
gested to be a model for Diphyllobothriidae family (Biserova,
Mustafina, and Raikova 2022). Nervous system anatomy and brain
architecture may reflect the morphofunctional aspects of the tape-
worm evolution.
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