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ABSTRACT: The proboscis of Bonellia viridis Rolando, 1822 females is the best studied
among the echiurids and the rich data are extrapolated to other species of echiurids. However,
very little is known about the fine structure and general organization of the nervous system
of B. viridis and echiurids as a whole. The microscopic anatomy and ultrastructure of the
nervous system of the proboscis of B. viridis are studied by the use of histology, micro-CT,
SEM, TEM, and CLSM. The nerve cord, which forms a nerve loop, runs along the edges
of the proboscis and gives rise to a number of peripheral nerves. For the first time, multiple
radial neurite bundles innervating the margin of the terminal lobes and the frontal nerve
passing along the margin are described. These nerves innervate the huge aggregation of
glandular cells of the margin. The presence of additional nerve elements along the margin
of the terminal lobes is determined by the specific function of the margin, which is used
for the attachment of the proboscis to the substratum and for collection of food particles.
The nerve loop of the proboscis has a typical structure: perikarya are located on the pe-
riphery of the nerve cord and the nerve projections extend into its centre. Among the nerve
projections, the giant nerve fibre is defined. Neurons of four types, which differ from each
other in the fine structure of soma, are described in the nerve loop. Some perikarya exhibit
serotonin-like immunoreactivity. Specific cells, which contain intermediate filaments that
are anchored to the basal lamina via hemidesmosomes are described for the first time and
are identified as radial glia. We have suggested the origin of certain structure of echiurid
nerve cord as a result of ingression of stratified neuroepithelium of annelid-like ancestor.
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PE3IOME: Xo0ot camok Bonellia viridis Rolando, 1822 n3y4eH nydiiie BCero cpean 9Xu-
YpH/I, a TIOTyYCHHBIC OOIIUPHBIC TaHHBIC KCTPATIOIMPOBAHBI HA APYTHE BHIBI XHYPH/I.
OJHaKo 0 TOHKOI CTPYKTYpe M 0011l OpraHu3aliyi HEPBHOM CUCTEMBI B. Viridis v 3Xuy-
PHII B II€JIOM U3BECTHO KpaiiHe Mano. MUKpPOCKOMMYECKas aHATOMUS M YIBTPACTPyKTypa
HEpPBHOM cucTeMbl X000Ta B. viridis Obliia H3yueHa ¢ OMOIIBIO THCTOIOTHYECKOM TEXHUKH,
KoMIbIoTepHOW MukpoTtoMorpaduu, COM, TOM u KJICM. HepBHBIN CTBOMN, KOTOPBIH
o0pa3yeT HEpBHYIO IETJIIO0, MPOXOIUT IO KpasM X000Ta M JlaeT Havyalo psuy nepude-
pHYECKUX HEPBOB. BriepBhic OmMMCaHbl MHOKCCTBCHHBIC PaJHalbHBIC MyYKH HEHPHUTOB,
WHHEPBHUPYIOLIME Kpail TePMHHAIBHBIX JIONACTEH, U (POHTAIBHBIA HEPB, MPOXOISLINIL
BIIOJTIb Kpasi. DTH HEPBbI HHHEPBUPYIOT TIIOTHOE CKOTIICHHE JKEJIE3UCTHIX KIIETOK Ha Kparo.
Hanu4ue 10moMHUTETbHBIX HEPBHBIX AIEMEHTOB 10 KpasiM TEPMHHAIBHBIX JIOMACTEH onpe-
nensiercsi criennuueckoi QyHKIMEH nepeiHero Kpas JIonacTei, KOTOpbIi UCIONIb3YyeTCs
JUIsl IpUKpeTuIeHnst Xo0oTta Kk cyOcTpary u cOopa yactui numy. HepBHas metist xobota
HMEET TUTIMYHOE CTPOCHHUE: TIEPUKAPHH PACTIONOKEHbBI Ha TIepU(EepUH HEPBHOTO MyYKa, a
HEpBHBIC BOJIOKHA POXO/IIT B €ro eHTpe. Cpeii HePBHBIX BOJIOKOH BBIJCISCTCS TUTaHT-
CKOE HEepPBHOE BOJIOKHO. B HEpBHO meTiie ONMcaHbl HEUPOHBI YETHIPEX THIIOB, KOTOPbIC
OTIIMYAIOTCS IPYT OT JIPyTa TOHKOU CTPYKTYpOii cOMbI. HeKoTOpbIe nepuKapuu mposiBIsiioT
HMMYHOPEaKTUBHOCTb K cepoToHUHY. Crieluduieckne KJIeTKH, KOTOPbIE COIEPKAT IPOMe-
KYTOUHBIC (DUITAMEHTHI, TPUKPETIICHHBIE K 6a3aIbHOM MITACTHHKE Yepes3 MOMyIeCMOCOMBI,
OITHCAHBI BIICPBBHIC U UICHTH(OUIIMPOBAHBI KaK paJuaibHas rnsl. Mbl IPEAONOKUIH, YTO
ompeeNeHHas CTPYKTYpa HEPBHOTO CTBOJIA 3XUYPHUJI BOSHHUKIIA B PE3YJIBTATE MOTPYIKSHHS
CTPaTU(PUIUPOBAHHOTO HEHPOIMUTENHUS Y AaHHETH/I0MOT00HOTO MPe/IKa.

Kak nutuposars 31y crateio: Kuznetsov P.A., Ereskovsky A.V., Temereva E.N. 2024. New
data on innervation of the proboscis in Bonellia viridis females (Annelida: Thalassematidae:
Bonelliinae) // Invert. Zool. Vol.21. No.3. P. 243-260. doi: 10.15298/invertzool.21.3.01

KJIFOUEBBIE CJIOBA: HepBHas cucTeMa, MIMMYHOPEAKTUBHOCTD K CEPOTOHHMHY, TUTaHT-
CKO€ HEpBHOE BOJIOKHO, pajinalibHas TN, YIBTPACTPYKTYpA.

Introduction

Echiurids are marine benthic invertebrates,
which belong to annelid clade, but lack typical
annelid characteristics such as segmentation and
parapodia and have the aberrant body structure
comprising proboscis and trunk (Pilger, 1993;
Maiorova, Adrianov, 2020). The proboscis is a
special organ of echiurids that is used to collect
food particles around the burrow (Jaccarini,
Schembri, 1977a). In most echiurids, the pro-
boscis looks like a tongue-shaped outgrowth of
the dorsal side of the body. Females of Bonellia
viridis Rolando, 1822 have a long proboscis,
which terminates with two lobes (Jaccarini,
Schembri, 1977a), but their males demonstrate
remarkable sexual dimorphism: they are much

smaller and lack a proboscis at all (Schuchert,
Rieger, 1990). The proboscis of B. viridis is the
moststudied among the echiurids. There are data
on the mechanisms of its proboscis operation
and movements (Jaccarini, Schembri, 1977b,
Jaccarini, Schembri, 1979) and about proboscis
structure: organization of musculature (Bosch,
1981), ultrastructure of integument (Bosch,
Michel, 1979; Kuznetsov et al.,2021) and bonel-
lin-producing cells (Bosch, 1977, 1979; Bosch,
Michel, 1979; Kuznetsov etal.,2021),and blood
vessels extended into the proboscis (Amor, 1973;
Bosch, 1984; Kuznetsov, Temereva, 2022).
Little is known concerning the fine organ-
ization of the echiurid nervous system. In the
literature, there are data on the general anatomy
of the echiurid nervous system (Lawry, 1966a;
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Pilger, 1993), its development (Hessling, 2002,
2003), and histology (Déhren, 2020). The fine
structure of nerves has not been described be-
fore; there only fragmentary data on Thalassema
hartmani (see Pilger, 1993) and male B. viridis
(see Schuchert, Rieger, 1990).

In general, the central nervous system in
echiurids consists of a ventral nerve cord that
bifurcates anteriorly and extends into the pro-
boscis as the nerve loop. The peripheral nervous
system is composed of tiny bundles of nerves that
branch from the loop to innervate the proboscis,
and many pairs of nerves that branch from the
ventral nerve cord in the trunk to innervate the
body wall, the digestive tract, and the septal
musculature (Lawry, 1966a). Atthe posterior end,
the ventral nerve cord surrounds the rectum and
innervates the body wall in that region (Pilger,
1993). According to histology data (Ddhren,
2020), the ventral nerve cord of Thalassema
thalassema (Pallas, 1774) and Echiurus echi-
urus (Pallas, 1766) contains giant nerve fibres
and “glia fibres”. However, the significance and
appearance of these structures are not discussed
in present papers. The development of the
echiurid nervous system evidences the primary
metameric nature of their unsegmented trunk
(Hessling, 2002, 2003).

Because the organization of the nervous
system s traditionally used to determine the rela-
tionships between different taxa at phyla level or
higher (Helm et al., 2017; Beckers et al.,2019a,
b; Borisanova et al.,2019; Kuzmina, Temereva,
2021), it seems important to know more about
the nervous system structure in such unusual
annelids as echiurids. Moreover, the detailed
study of the echiurid proboscis nervous system
will help to understand more in its operation,
origination, and diversification within the group.
The aim of this study is a detailed description
of the innervation of the proboscis in B. viridis
with the use of modern microscopic methods.

Material and methods

Four specimens of Bonellia viridis were
collected at depth of 1-2 meters in the Val-
lon des Auffes, Marseille, France, 43°17'6"N,
5°20'59"E. The morphology of all specimens
is studied with a Leica M165C stereomicro-
scope equipped with a Leica DFC420 digital
camera (Leica Microsystems GmbH, Wetzlar,
Germany). Proboscises were cut from the trunk
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and were then fixed in 2.5% glutaraldehyde in
0.05 M cacodylate buffer containing 420 mg
NaCl for 8 h at+4°C. Material was washed in
the cacodylate buffer (3 times for 4 h) and then
post-fixed in 1% osmium tetroxide in the same
buffer. Four specimens have been studied by all
methods listed below.

Computer micro tomography (micro-CT)

Fixed fragments of proboscis were addition-
ally contrasted by exposurein 10% AgNO3 solu-
tion (SilverStar: 127775) for 12 h in complete
darkness, washed and dehydrated in increasing
concentrations of ethanol and acetone, and
undergone critical point drying. The stacks of
images were obtained using Bruker Skyscan 1272
tomography (Bruker, Billerica, USA) based on
which a three-dimensional reconstruction was
builtusing CTVox micro-CT Volume Rendering
Software (Bruker, Billerica, USA).

Scanning electron microscopy (SEM)

To study the fine morphology of the proboscis,
its fixed fragments were dehydrated in increasing
concentrations of ethanol and acetone and under-
went critical point drying in CO,. Then material
was mounted on stubs and sputter coated with
platinum-palladium. Specimens were examined
with a JEOL JSM-6380LA scanning electron
microscope (JEOL Ltd., Tokyo, Japan).

Histology and transmission electron mi-
croscopy (TEM)

Specimens were dehydrated in increasing
concentrations of ethanol and isopropanol
and then were embedded in Embed-812 resin
(Electron Microscopy Science, USA). Semi-
thin and ultra thin sections were prepared with a
Leica UC7ultramicrotome (Leica Microsystems
GmbH, Wetzlar, Germany). Semi-thin sections
were stained with methylene blue, viewed in
an Olympus BX51 microscope (Olympus), and
photographed with a Toupcam camera (ToupTek
Photonics Co LTD). Ultrathin sections were
stained with uranyl acetate (0.5%) and lead
citrate (0.4%) and then examined with a JEOL
JEM 100B electron microscope (JEOL Ltd.,
Tokyo, Japan).

Immunocytochemistry and confocal laser
scanning microscopy (CLSM)

Fragments of the same four proboscises
were fixed with 4% paraformaldehyde in 0.2 M
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phosphate-buffered saline (PBS) (pH 7.4) for 8 h
at4 °C. After fixation, specimens were washed in
PBS with Triton X-100 (10%) (ThermoFischer)
(PBT): 8 times for 20 min each. Nonspecific
binding sites were blocked with 12% normal goat
serum (Jackson ImmunoResearch, Newmarket,
Suffolk, UK) in PBT overnight at 4°C. The
specimens were incubated overnight in mixture
of primary antibodies: rabbit against serotonin
5-HT (1:400) and mouse against acetylated-alfa-
tubulin (1:700) in PBT at4°C overnight. Material
then was washed in PBT three times for 5 h each
and exposed to the secondary antibody donkey
anti-rabbit 488 (Life Technologies, A21206,
1:1000) and donkey anti-mouse 647 (TermoFish-
er Scientific, A-31571, 1:1000) in PBT for 24
h at 4°C. Then, the specimens were washed in
PBS (four times for 60 min each), and embedded
in glycerin. Specimens were examined with a
Nikon Eclipse Ti confocal microscope (Nikon,
Thermo Fisher Scientific, Waltham, MA, USA).

Image processing

Z-projections were generated using Image J
version 1.43 software. Volume renderings were
prepared using Amira version 5.2.2 software
(ThermoFischer, Waltham MA, USA). Schemes,
photographs, and Z-projections were processed
in Adobe Photoshop CS3 (Adobe World Head-
quarters, San Jose, CA, USA).

Measurements

Measurements of some structures are done
for two specimens. For each parameter, we have
used four to five repetitions (n=4-5). The standard
error is not calculated.

P.A. Kuznetsov et al.

Results

General morphology of the body and
organization of the proboscis

The body of Bonellia viridis females has a
green colour and consists of a sac-like, non-seg-
mented trunk and a long soft proboscis (Fig.
1A). The proboscis is a dorsoventrally flattened
outgrowth, which consists of the proboscis trunk
(Fig. 1B) and two long terminal lobes (Fig. 1C).
The terminal lobes have a marginal edge, which
is folded and has a specific colouration (Fig, 1C).
The most terminal line of the margin is coloured
in yellow and marks the place where a huge
aggregation of gland cells is located (see below).

General anatomy of the nervous system

The central nervous system of the female B.
viridis is represented by a ventral nerve cord in
the body trunk and a nerve loop in the proboscis
(Fig. 1D). The ventral nerve cord runs along the
ventral side of the trunk from the base of the
proboscis to the cloaca (Fig. 1D). Perpendicular
collaterals (peripheral nerves) extend from the
nerve cord to the body wall (Fig. 1 D). The nerve
loop of the proboscis originates from the ventral
nerve cord as two lateral nerve cords, which go
around the mouth and extend along the lateral
sides of the proboscis (Fig. 1D). Lateral nerve
cords extend in the extracellular matrix dorsally
in respect of the lateral coelomic canals con-
taining lateral blood vessels (Fig. 1E, F). In the
terminal lobes of the proboscis, the nerve cords
merge together and form the nerve loop (Fig. 1D,
G). Thenerve loop givesrise to the radial neurite
bundles, which extend mostly to the lateral side
of the proboscis trunk (Fig. 1D). The nerve loop

Is — lateral side of the proboscis; ma — margin of the lobe; ml — marginal line; ne — neuropil; nl — nerve loop; p —
proboscis; per — perikarya; t — trunk of the body; vs — ventral side; vnc — ventral nerve cord.

Puc. 1. O6mmast Mmop¢oorust Teia 1 opraHu3alis HepBHOW CUCTEMbI X000Ta y caMok Bonellia viridis. A —
0oOmIMii BH]I TeJIa )KUBOTO )KHBOTHOTO; B — cTBOJN X000Ta Y )KUBOTO )KHUBOTHOTO; C — TepMUHAIIBHBIE JIOTTACTH
¢ (ppOHTATBLHBIM KOHLIOM U KpaeM y )KHBOTO )KMBOTHOTO; D — 00111251 cXeMa HepBHOU CHCTEMBI, KPAeBBIC Ty YKH
HeWpHUTOB 0003HAYCHBI HAKOHEYHHKAMHK CTpesiouek; E — monepeunslit pa3pes crBona xobora, COM; F —
HEepBHas NeTJIs B ToniepedHoM cpese, COM; G— HepBHas IeTIIs B X000Te, KOMITBIOTEpHAst MUKPOTOMOTpagus;
H — HepBHAas neT1st Mo Kparo ¢ paguaibHbIMU MyYKaMy HEWPUTOB (HAKOHEUHHUKH) U (PPOHTAIBEHBIM HEPBOM,
Z-npOEKINH TT0CIIe UMMYHOOKPAIIMBAHUSI [IPOTHB AlleTHINPOBAHHOTO abda-TyOynrHa; | — HepBHas meTiist
10 KParo ¢ paJialIbHBIMU ITyYKaMU HEHPUTOB B (POHTATEHBIM HEPBOM, 3 D-peKOHCTPYKIIHS.

OGo3HadeHus: abv — akCHaNbHBINH KPOBEHOCHBIN cocyx; cf — KoyutareHoBble BOJIOKHA; ds — JopcalibHasi CTOPOHA,
€Xm — BHEKJICTOUHbII MaTpukc; fn — (poHTanbHbIi HepB; Ibv — naTepaibHbIil KPOBEHOCHBIN COCY; lc — maTepaibHbIit
LEIIOMUYECKHIT KaHaT; Im — 1po1oibHbIE MBIIIIBL; |0 — 10macTh X000Ta; Is — marepanbHas cTopoHa Xo60Ta; ma — Kpaif
noracti; ml — KpaeBast IMHUS, ne — HeHponmib; nl — nemis HepBa; p — X000T; per — MepUuKapuu; t — TYJIOBHIIE;
VS — BEHTpaJlbHasi CTOPOHA; VNC — BEHTPAJIbHbIA HEPBHBII CTBOII.
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Fig. 1. General morphology of the body and the organization of the proboscis nervous system in females
of Bonellia viridis. A — general view of the body of live animal; B — proboscis trunk in live animal; C —
terminal lobes with the frontal edge and margin in live animal; D — the general scheme of the nervous sys-
tem, margin radial neurite bundles are pointed by arrowheads; E — cross section of proboscis trunk, SEM;
F — nerve loop in cross section, SEM; G — nerve loop in the proboscis, micro-CT; H — nerve loop on
the margin with radial neurite bundles (arrowheads) and frontal nerve, Z-projections after immunostaining
against acetylated alpha-tubulin; I — nerve loop on the margin with radial neurite bundles (arrowheads) and
frontal nerve, 3D reconstruction.

Abbreviations: abv— axial blood vessel; cf— collagenous fibers; ds — dorsal side; exm — extracellular matrix; fn— frontal
nerve; lbv — lateral blood vessel; Ic — lateral coelomic canal; Im — longitudinal muscles; lo — lobe of the proboscis;
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Fig. 2. Nerve loop of the proboscis of Bonellia viridis female in cross sections. A — semithin section of
the nerve loop in the proboscis trunk; B — nerve loop, Z-projections after immunostaining against seroto-
nin; C — nerve loop with 3D reconstruction of the giant axon, Z-projections after immunostaining against
acetylated alpha-tubulin.

Abbreviations: bn — bipolar neuron; exm — extracellular matrix; gax — giant axon; gc — granulocyte; lc — lateral
coelomic canal; Im — longitudinal muscles; mn — multipolar neuron; nb — neurite bundles; ne — neuropil; nl — nerve
loop; per — perikarya; rm — ring musculature; rgc — radial glial cell; rgp — radial glial processes; un — unipolar neuron.
Puc. 2. HepsHas netis xo6oTa camku Bonellia viridis Ha monepevHbIX cpe3ax. A— 0Ty TOHKHUI cpe3 HepBHOM
NI B CTBOJIE X000Ta; B — HepBHast memis, Z-MpoeKIHs HMMYHOOKPAIINBAaHHs IIPOTHB CEPOTOHHHA;
C — HepBHas newis ¢ 3D-pekoHCTPYKIMEH THTAHTCKOTO aKCOHA, Z-TIPOSKIIUH ITOCIIE UMMYHOOKPAITHBAHHS
NPOTHB allETUIIUPOBAHHOTIO ab(a-TyOymuHa.

O0603HaueHN: bn — OHIOMPHBII HEHPOH; eXm — BHEKJICTOUHBII MAaTPHKC; gaX — FMTAHTCKUI aKCOH; g€ — IPaHyIIOLHT;
Ic — narepasbHBIN LEIOMHYECKUI KaHa; Im — MPO0JIbHBIC MBIIILBI; MN — MYJIBTUIIOISPHBINA HEHPOH; nb — IydKH
HElPUTOB; Ne — HEHPOINIIb; Nl — HEPBHAS METIISE; Per — IEePUKAPUH; 'M — KOJbLEBAsk MyCKYJIaTypa; rgC — panaibHas
DMajIbHas KIeTKa; Igp — pajHalibHble [THAIBHBIE OTPOCTKH; UN — YHHIIOJSIPHBII HEHPOH.

gives rise to the thick radial neurite bundles, gives rise to thinner neurite bundles that extend
which extend to the margin of the terminal lobes  in various directions to the epidermis.

(Fig. 1H, I). In the margin, each radian neurite

bundle forms two transverse branches. These Histology and electron microscopy
branches, which originate from different radial In the cross-section, the nerve loop consists
neurite bundles, fuse each other and all together  ofperipherical perikarya that surround the central
form the frontal nerve (Fig. 1D, H, I). Thus, the  neuropil (fibre core) (Figs 1F; 2A). Perikarya do
nerve loop runs parallel to the frontal nerve in  not form a continuous layer along the neuropil
terminal lobes and connects withitvianumerous  and are scattered as several groups or individ-
radial neurite bundles (Fig. 1H, I). In addition ual cells (Fig. 2A). Some perikarya are located
to the main neurite bundles, the nerve loop also  within the neuropil (Fig. 2A, B). Immunostain-
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ing against serotonin reveals unipolar neurons
oriented into the thickness of the nerve loop,
bipolar neurons located along the nerve loop,
and multipolar neurons (Fig. 2B). Serotonergic
neurons have not been found in the frontal nerve
or in other peripheral nerves (Fig. 2B). The neu-
ropile occupies a greater part of the nerve loop
in the cross-section, consists of many neurites,
and contains a long cell projection with dense
filaments (Fig. 2A). These projections belong
to glial cells (see below). The giant nerve fibres
(one or several) extend along the ventral side of
the nerve loop (Fig. 2A, C). The nerve loop is
surrounded by a fibrous extracellular matrix (Fig.
2A). Numerous mostly longitudinal muscles,
secretary cells of different kinds, and neurite
bundles are scattered in the extracellular matrix
ofthe proboscis (Fig. 2A). Inaddition, amoeboid
granulocytes are found both in the extracellular
matrix and inside the nerve loop (Fig. 2A). Atthe
margin of the terminal lobes, marginal neurite
bundles innervate clusters of glandular cells and
are interconnected by a frontal nerve (Fig. 3A).
The frontal nerve contains single or clusters of
several neuron somas on the periphery and a
thick layer of the neuropil (Fig. 3B).

Perikarya

Based on the type of synaptic vesicles pro-
duced by nerve cells and other morphological
and ultrastructural features, three different types
of perikarya can be distinguished in the nerve
loop (Fig. 4A, B, C) and another one only in the
frontal nerve.

Perikarya of the first type (Fig. 4B, D) can
be characterized as unipolar neurons with a
spherical soma, in the centre of which there is a
nucleus with a few amounts of heterochromatin
and a large well-defined nucleolus. This type
of soma is widespread in the nerve loop of the
proboscis and isusually located externally. Their
cytoplasm is filled with an extremely densely
folded rough endoplasmic reticulum (RER),
mitochondria, and numerous free ribosomes,
which make the cytoplasm very dense (Fig. 4D).
Partofthe RER cisternae expands and transforms
into vacuoles with granular contents (diameter
about 0.5 pm) (Fig. 4D). The synaptic vesicles
with electron-dense or lucent content (about 70
nm in diameter) are found on the periphery from
the nucleus (Fig. 4D).
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Perikarya of the second type (Fig. 4C, E)
are elongated with an essentially oval nucleus
containing significantly more heterochromatin
compared to neurons of the other types. The
processes of these neurons extend both radially
to the centre of the nerve loop and embrace other
types of neurons (Fig. 4C, E). The cytoplasm
contains rare synaptic vesicles with a lucent
content (70-100 nm in diameter). Due to the
abundance of free ribosomes, the cytoplasm
appears extremely dark. RER is poorly developed
compared to other types of neurons (Fig. 4C, E).
The cytoplasm contains the Golgi complex and
numerous mitochondria. Dense granules up to
2 microns in size are found in some cells of this
type (Fig. 4E).

Perikarya of the third type (Fig. 4B, C) are
elongated or have an irregular shape, and have
a rounded centrally located nucleus with a rel-
atively small amount of heterochromatin. The
processes of these neurons are oriented both
radially going into the thickness of the nerve and
along the nerve loop (Fig. 4B, C). The cytoplasm
ofthese neurons contains rare synaptic vesicles or
their dense clusters with electron-dense or lucent
content (70—-100 nm in diameter) (Fig. 5A). The
RER form general expansions occupying not a
small part of the soma and connects with the
nuclear membrane forming a wide perinuclear
space (Fig. 5A). The cytoplasm looks lucent and
also contains vesicles with rare granular content
(Fig. 5B). Dense granules up to 2 um in size are
found in some cells of this type.

Another type of perikarya was found only in
the frontal nerve (Fig. 6A). The soma is located
on the periphery of the frontal nerve, and the
processes embrace along the neuropil (Fig. 6A)
or sometimes go deeper (Fig. 6B). Their nucleus
contains various amounts of heterochromatin
(Fig. 6A). This type is distinguished by a large
number of mitochondria, well-developed RER, a
Golgicomplex islocalized in several places with
the networks of tubules and vesicles surrounding
it (trans Golgi network), and numerous free and
associated ribosomes (Fig. 6C, D). The process-
es of these neurons form junctions with axons
without any pronounced synaptic gap between
two dense areas of the membranes (Fig. 6C).

Glial cells
Glial cells are well distinguished because of
the presence of thick bundles of electron dense



250 P.A. Kuznetsov et al.

Fig. 3. Nerve loop in the margin of the terminal lobe with frontal nerve and neurite bundles in females of
Bonellia viridis; semithin sections. Margin neurite bundles are pointed by arrowheads. A — the margin in
the cross section; B — frontal section of the margin with frontal nerve and neurite bundles.

Abbreviations: exm — extracellular matrix; fn — frontal nerve; gax — giant axon; gcl — glandular claster; per — peri-
karya; lbv — lateral blood vessel; lc — lateral coelomic canal; Im — longitudinal muscles; ma — margin of the lobe;
ne — neuropil; nl — nerve loop; tm — transverse musculature.

Puc. 3. HepBHast eT1st Ha Kparo TEPMHUHAIBHOM 10511 ¢ PPOHTAIBHBIM HEPBOM H [Ty4YKaMH HEHPUTOB y CAMOK
Bonellia viridis; nomyronkue cpe3sl. Kpaesble my4kn HEHpHTOB 0003HaUCHBI HAKOHEYHUKAMH CTpel. A —
Kpaii Ha ONepevdHoM paspese; B — mepennuii pa3pes kpast ¢ ppoHTAIBHEIM HEPBOM U ITyIKaMH HEHPHUTOB.
O003HaYeHNs: eXm — BHEKJICTOUHBII MaTpuKc; fn — (QpoHTaNbHEIN HEPB; gax — FMIaHTCKUIT aKCOH; gcl — yKene3ucThIi
KJIacTep; per — Mepukapuu; 1bv — narepaiabHbIi KPOBEHOCHBIH cocyx; Ic — aTepanbHbI HeTOMHYeCKHI KaHa; lIm —
MPO/IOJTBHBIC MBIIIIIBI; Ma — Kpaif JIONAacTH; ne — HeWpOonmIb; nl — HepBHAs NETIs; tm — IoNepevHast MyCKyarypa.

ns [ — neuron of the 1st type; ns Il — neuron of the 2nd type; ns III — neuron soma of 3rd type; RER — rough endoplasmic
reticulum; rge — radial glial cell; tm — transverse musculature; vrge — vesicle with granular content.

Puc. 4. VabTpacTpykTypa HEeHpOHOB B HEpBHOII nieTiie caMok Bonellia viridis Ha oniepedHoM cpese; TOM.
A, B, C — ynpTpacTpyKkTypa rnepukapuona; D — mepukapuoH MepBOro TUMA, CHHANTHYCCKUE TTy3bIPhKH
0003HaYeHbI HAKOHEYHUKAMH CTPEJIOK; E — mepuKaproH BTOPOro THIIA.

O603HaueHNs: cf — KoJTareHOBBIC BOJIOKHA; €XIM — BHEKJIETOYHBII MaTprKce; G — komIuieke [0Mb/KH; ¢ — IPaHyJIOLHT;
2Cp — OTPOCTKH IIIMATBHBIX KJIETOK; g — IUIOTHBIC IPAHYIIbL; IM — MPO0/IbHBIC MBIIIIIBL, Mi — MUTOXOHAPUH; NE —
Helponmib; nb — HepBHbIE Iy4Kky; ns | — HelipoH 1-ro Tuma; ns II — weitpon 2-ro tuma; ns III — coma Helipona 3-ro
Tuna; RER — rpanynspHblil 9H1011a3MaTUYECKUI PETUKYITYM; I'C — pajnalibHas NIHaIbHAs KJIETKA; tm — rornepeyHas
MYCKyJIaTypa; VIgCe — BE3HKYJIa C 36PHUCTBIM COACPIKUMBIM.
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Fig. 4. Neuron ultrastructure in nerve loop of Bonellia viridis females on the cross-section; TEM. A, B, C —
ultrastructure of the perikarya; D — perykaryon of first type, synaptic vesicles are pointed by arrowheads;

E — perikaryon of second type.
Abbreviations: cf — collagenous fibers; exm — extracellular matrix; G — Golgi complex; gc — granulocyte; gcp — glial
cell processes; gr — dense granules; Im — longitudinal muscles; mi — mitochondria; ne — neuropil; nb — nerve bunbles;
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Fig. 5. Neuron ultrastructure in the nerve loop of Bonellia viridis females; TEM. A — neuron soma of the
third type, neurotransmitter vesicles are pointed by arrowheads; B — perikarya of different types.

Abbreviations: G — Golgi complex; gr — granule; ns I — neuron of the 2nd type; ns III — neuron soma of 3rd type;
pns— perinuclear space; RER — rough endoplasmic reticulum; rge —radial glial cell; vrge — vesicle with granular content.
Puc. 5. YapTpacTpykTypa HEHpPOHOB B HEPBHOM neTie camok Bonellia viridis; TOM. A — coma HeilpoHOB
TPETHEro THUIIA, BE3UKYIIEI HEHPOMEANATOPOB 0003HAUCHBI HAKOHEUHUKAMU CTpell. B — nepukapuu pa3Heix

THUIIOB.

O6o3Hauenus: G — xomuekc Lonbkn; gr — rpanyina; ns II — nelipon 2—ro tuna; ns 111 — coma HelipoHa 3-ro Tua;
pns — okonosaepHoe npocTpaHcTBo; RER — rpany sipHbIi 5H10MI1a3MaTHYECKU I PETHKYITYM; IEC — KJIETKA painaabHON

TIIHAaJINU; VIge — BE3UKYJIa C 3EPHUCTBIM COACPIKUMBIM.

filaments — these are intermediate filaments,
which occupy numerous projections of cells and
their somata as well (Fig. 7A—E). Soma of glial
cells can be located both on the periphery near
the extracellular matrix and in the neuropil (Fig.
7A, B). However, numerous projections of the
glial cells always connect to the extracellular
matrix, which surrounds the nerve (Fig. 7C).

Bundles of intermediate filaments are anchored
to extracellular matrix via hemidesmosomes
(Fig. 7D). Numerous projections of glial cells
extend in the neuropil in different directions
and form an envelope around the perikarya and
groups of nerve processes. However, the glial
processes are extremely rare in the peripheral
nerves.
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Fig. 6. Frontal nerve in the margin of the proboscis lobe in Bonellia viridis females; TEM. A — marginal
neurite bundle gives rise to the frontal nerve; B — neuropil in the frontal nerve; C, D — soma in the frontal
nerve, the gap junction is pointed by arrowhead.

Abbreviations: exm — extracellular matrix; fn — frontal nerve; G — Golgi complex; gax — giant axon; m — muscle
cell; mi — mitochondria; mnb — margin neurite bundles; n — nucleus; ne — neuropil; ns — neuron soma; RER — rough
endoplasmic reticulum; trGn — trans-Golgi network.

Puc. 6. ®poHTaNBHBII HEPB HA KParo JIoNacTu xo0ota y camok Bonellia viridis; TEM. A — KpaeBoit my4ok
HEWPUTOB JaeT Hadaso (pPOHTAIEHOMY HepBy; B — melipormmuis B ¢pontansnom Hepse; C, D — coma B
(hpOHTATBHOM HepBe, LIeJIeBON KOHTAKT 0003HAYEH CTPEIIKOU.

O0603HaUCHNS: eXm — BHEKJIETOYHBIH MaTpHKC; f — GpoHTanbHbIi HepB; G — KoMIUIeKe [0Ib1kN; gax — IMTaHTCKUH
AaKCOH, M — MBbIIICYHAaA KJICTKa, mi — MHUTOXOHJAPHH, mnb — KpacBbIC ITyYKH HCﬁpMTOB; n— Aapo; ne — HCﬁpOHHl’IL;

ns — coma Hefipona; RER — rpanymspHsIil sHn0IUIa3MaTHIECKHIT peTuKyIyM; trGn — Tpanc-Cets [onbmkm.

The nucleus has an irregular shape with
folds and contains peripheral heterochromatin
(Fig. 7A) and nucleolus (Fig. 7E). The RER is
well developed, and forms an extension around
the nucleus (Fig. 7A). The cytoplasm contains
a Golgi complex and ovoid vesicles with a di-
ameter of 0.2 to 0.8 um with granular contents
(Fig. 7A-E).

Neuropil

The fibre core (neuropil) is generally com-
posed of densely interwoven neurites (axons
and dendrites) and glial cell processes (Fig.
8A). Neurites differ from each other in diame-
ter, cytoplasm density, and types of prevailing
synaptic vesicle (Fig. 8A). In the neuropil, there
are neurites of a large diameter with electron

light cytoplasm and many synaptic vesicles with
electron lucent content (Fig. 8B). Other neurites
have dense cytoplasm with granular contents,
mitochondria, and vesicles of different diameter
with electron dense content (Fig. 8A).

Along the ventral edge of the nerve loop one
or more giant axons extend (Figs. 8C). Giant
axons have an irregular shape, they are flattened
orrounded on the cross section and have about 20
pm in diameter (Fig. 8C). The giant axon forms
short processes extending longitudinally or per-
pendicularly (Fig. 8C). Throughout their entire
length the giant axons do not have a pronounced
continuous envelope of auxiliary cells (Fig. 8C,
D). Giant axons have electron-lucent cytoplasm
containingrare granules, free ribosomes, vesicles
of different diameter, and mitochondria (Fig. 8D).
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Fig. 7. Ultrastructure of radial glia of Bonellia viridis females; TEM. Hemidesmosomes are pointed by ar-
rowheads. A — soma of radial glia cell; B, C — processes of radial glia on the basal part, near extracellular
matrix; D — connecting radial glia cell to the extracellular matrix through hemidesmosomes, which are
indicated by arrowheads; E — radial glia cell with processes.

Abbreviations: exm — extracellular matrix; cf — collagenous fibers; gcp — glial cell processes; gr —granules; if — in-
termediate filaments; ne — neuropil; RER — rough endoplasmic reticulum; rge — radial glia cell; vge — vesicle with
granular content.

Puc. 7. Ynerpactpykrypa paguaibHoi riun caMok Bonellia viridis; TOM. IlomynecMocoMbl 0003HaYEHBI
HaKOHEYHHKAMH CTPENIOK. A — coMa KJIETKH paauaibHoi rmu; B, C — oTpocTky paananbHOU IIHU
B 0a3aybHOM dYacTH, BOJIHM3HM BHEKJIETOYHOTO Marpukca; D — coequHEHHe KIETKH paJuaibHON I C
BHEKJIETOYHBIM MATPUKCOM 4epe3 MOIyAeCMOCOMBI, KOTOpble 0003HAYCHbI cTpenKkaMu; E — paananpHas
IIHabHAs KJIeTKa C OTPOCTKAMHU.

O003HaueHNS: €Xm — BHEKJICTOYHBIN MaTPHUKC; cf — KOJIIareHOBbIE BOJIOKHA; ZCP — OTPOCTKM INIMAIIBHBIX KIIETOK; gI —
rpaHyisl; if — IpoMeKyToUHbIe (PHIIaMEHTBI; ne — Helporib; RER — rpaHyIsspHbIi 9HI0TIIa3MaTHYE CKUIT PETUKYITyM;
Igc — KJIETKA PaUaIbHON IIHH; VEC — BE3UKYJIA C 36PHUCTBIM COJICPKHMBIM.
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Fig. 8. Neuropil ultrastructure in nerve loop of Bonellia viridis female; TEM. A— neuropil of the nerve loop,
neurites with electron light cytoplasm are in yellow, neurites with dense cytoplasm and granular contents are
in blue; B — synapse is pointed by arrowhead; C, D — giant axon in the nerve loop of the proboscis trunk.
Abbreviations: cf — collagenous fibers; gax — giant axon; if — intermediate filaments; mi — mitochondria; rgc — radial
glial cell.

Puc. 8. YnerpacTpykrypa Heliponuiisi B HepBHO# netie camku Bonellia viridis; TOM. A — neliponuiib
HEpPBHOU ETIIN, )KEJITHIM BbIIEIECHbI HEHPHUTBI C IEKTPOH CBETIO0H IUTOIIA3MOM, CHHUM —HEHPUTHI C INIOTHOH
LUTOIIa3MOI U 3epHUCTBIM COAEPKUMBIM; B — cuHarc, 0003HaueHHbIH cTpenkoit; C, D — ruranTckuit
aKCOH B HEPBHOI eT/ie CTBOJIA X000Ta.

O06o3Hauenus: cf — KOIIareHOBBIE BOJOKHA; gaX — THTAHTCKHI akCOH; if — IpoMexyTouHbIe (pHIAMEHTHI; mi —
MHUTOXOH/IPHU; IZC — KIIETKA PaIaibHOM IVIHH.
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The peripheral nerves are characterized by the
same nerve fibres as in the nerve loop. However,
the composition of peripheral nerves differs in
that there are no glial cell soma in them. Giant
nerve fibres were found only in the neurite bun-
dles innervating the margin, except for the nerve
loop. They are identical to the giant axon of the
nerve loop in filling (see above), but they are
distinguished by a smaller diameter (9—15 pm).

Discussion

Morphology of the nervous system

Previously, the nervous system of echiurids
has been studied mainly at the level of general
anatomy and histology (Pilger, 1993). Analysis
of literature data allows us to conclude the
unity of the general plan of the nervous system
organization of all echiurids. The central nervous
system is represented by the ventral nerve cord
that branches in the mouth area into the nerve
loop that runs into the proboscis (Lawry, 1966a;
Pilger, 1993). There are no traces of metamery
and pronounced gangliainadultechiurids (Law-
ry, 1966a; Pilger, 1993; Hessling, 2002, 2003).
However, signs of metamerism are found in
the ventral nerve cord at larval stages of some
echiurids (Hessling, 2002, 2003).

Although anatomical and histological data
indicates a general plan of the nervous system
structure for all echiurids, in B. viridis it has
additional elements not previously described in
echiurids. The strong innervation of the margin
with peripheral nerves and the additional frontal
nerve is correlated with a special structure and
functions performed by the margin of proboscis
terminal lobes in B. viridis. Specifically, along
the margin line a massive secretion of mucus,
which is produced by a large aggregation of
subepidermal glandular cells, occurs (Kuznetsov
et al.,2021). This mucus is used to collect food
particles (Kuznetsov et al., 2021; Jaccarini,
Schembri, 1977a). In addition, the margin con-
tains a lot of multidirectional musculature that
is used for fine motor skills in feeding behaviour
(Kuznetsov et al., 2021; Jaccarini, Schembri,
1977b). Moreover, the terminal lobes of B. viridis
proboscis are able to glue to the substrate (P.
Kuznetsov, per observation). However, many
other echiurids have a different morphology of
the proboscis and its specific operation. Thus,
in other bonnelid species, i.e. Protobonellia
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zenkevitchi Murina, 1976, the proboscis is sub-
divided into three zones and the terminal zone
lacks the terminal lobes, but its connective tissue
is armed by vacuolated cells, which probably
supply the stability of the proboscis when it
collects the food (Temereva et al., 2017). The
involving of lateral edges of the proboscis into
the collection of the food particles is suggested
for Lissomyema mellita (Conn, 1886) (Kuznetsov
etal.,2021) and Ochetostoma erythrogrammon
Riippel et Leuckart, 1828 (Chuang, 1962). It
can be assumed that the frontal nerve can also
be found in other species of Bonelliinae with a
similar type of proboscis organization, with a pair
of lobes. The neurite bundles, which go to the
lateral side, and thin neurite bundles departing
in different directions, are responsible for the
glandular secretion (Kuznetsov ef al., 2021).

Fine structure

There are no previous data on the fine struc-
ture of the nerve loop in echiurids, except for
a partial description for Thalassemia hartmani
Fisher, 1947. It only contains a mention of nerve
fibres containing vesicles (Pilger, 1993). At the
sametime, glial cells were not found, and various
types of perikarya were not identified (Pilger,
1993). Our study contains the first description
of different types of perikarya and also provides
some results concerning immunoreactivity of
nerve cells in the nerve loop.

The combination of CLSM and TEM
methods revealed the presence of at least four
types of neurons in the nerve loop of B. viridis.
The features in the cellular organization of
neurons should be related to performing of
various functions. However, it is difficult to
assume a certain function without conducting
a special neurophysiological study. Perikarya
of the first and third types are characterized by
numerous small vesicles with electron-dance
and lucent contents. Thus, according to the
totality of structural characteristics, these cells
produce neurotransmitters and can correspond
to serotonergic neurons marked by immuno-
histochemistry.

The abundance of granular endoplasmic re-
ticulum in perikarya of the first type corresponds
to a high level of synthetic processes and, in par-
ticular, protein synthesis. Another type (2nd) of
perikaryainthe nerve loop is characterized by an
electron-dense cytoplasm with a large number of
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ribosomes. This indicates a high level of protein
production and, accordingly, neurosecretion.
Perikaryaofaspecial typeare localized in the
newly described frontal nerve. They are equipped
with gap junctions. Probably the gap junctions are
involved in the electrical transmission of anerve
impulse, however such contacts also provide the
transfer of small signalling molecules. Probably
these neurons are involved in the rapid operation
of fine motor skills on the margin of the lobe.

Glial cells

Supportive cells, which perform defence,
development, and nutrition nerve tissue, are
described in many invertebrates (Mashanov et
al.,2009,2010; Richteretal.,2010; Helmet al.,
2017). These supportive cells are traditionally
named as glial cells. The term “radial glia” is
mostly used for the description of development
and regeneration of vertebrates (Miranda-Ne-
gron, Garcia-Arrards, 2022; Mashanov et al.,
2023). However, cells of radial glia have been
described in key groups of Bilateria (Helmet al.,
2017). These cells have specific ultrastructure
and are characterized by the presence of electron
dense bundles of intermediate filaments. These
sells are discovered in intraepidermal nerve
elements of annelids, priapulids, echinoderms,
and hemichordates (Helmetal.,2017; Temereva
etal.,2021). Glial cells in various taxa can per-
form similar functions (Bullock, Horridge, 1965;
Barres, 2008). For the radial glia of the echiurid,
one can assume a range of functions. Radial
glial cells do not form a pronounced envelope
around the neuron as described for some animals
(for example Purschke, 2015; Borisanova et al.,
2019). Thus, radial glial cells in the neural loop
obviously do not carry a barrier function. At
the same time, the presence of thick bundles of
intermediate filaments and their connection with
the extracellular matrix indicates the role of radial
glia in maintaining the mechanical strength of
the nerve. Perhaps radial glial cells give strength
and resistance to stretching to the nerve loop as
a whole, which suffers constant deformations
(stretching, compression, twisting). However,
it is believed that the key function attributed to
the glia of both vertebrates and invertebrates, in
particularinsects, is to regulate the migration and
growth of neurons (Edenfeld et al., 2005). Thus,
one of the roles of the radial glia in the nerve
loop may be the ontogenetic function.

257

Cells, which are structurally similar to radial
glia, are described for the first time in the B.
viridis nerve loop. Previously, glial cells have
been established in the echiurid ventral nerve
cord by method of paraffin histology (Déhren,
2020). Here, we suggest a scenario of evolution-
ary transformation of the echiurid neural loop of
the proboscis, which is an isolated subepidermal
nerve (Fig. 9A). A simple neuroepithelium (Fig.
9B) is considered to be a plesiomorphic state
for the ancestor of Bilateria (Beckers et al.,
2019b; Kuzmina, Temereva, 2020). Probably
the next step of evolution is connected with its
stratification and differentiation of functions (Fig.
9C). That is, by dividing the functions of the
same type of cells in a simple neuroepithelium
into radial glia and neurons (Fig. 9C). In this
case, the neurons are isolated and fenced off
from the external environment by glial cells.
The next stage in the evolution of the central
nervous system of bilateria is associated with its
internalization (Fig. 9D) and subsequent isola-
tion (Fig. 9E) (Beckers ef al., 2019b; Kuzmina,
Temereva 2020). Thus, a nerve with a perikarya
surrounding the central neuropile (fibre core)
appears from the multilayer neuroepithelium.
A similar evolutionary path can be assumed for
the nerve loop and for echiurids and annelids
in general. Probably, the shift of the nervous
system under the basal plate of the epidermis
into the mesodermal tissue occurred repeatedly
inAnnelidaas well as in other spiralians (Beckers
et al., 2019b; Temereva et al., 2020).

Neuropil

The most interesting feature in the organiza-
tion of echiurid neuropil is the presence of giant
nerve fibres. The first mention about any giant
axonwe canfindisin Spengel (1880) who thought
that the ‘neural canal’ found in the ventral nerve
cordof Echiurus pallasii Guérin-Méneville, 1831
might be a giant axon, and in Lawry (1966) who
found itin the same case in Urechis caupo Fisher
etMacGinitie, 1928. These fibres have also been
described inthe ventral nerve cord of Thalassema
thalassema;and Echiurus echiurus by method of
paraffin histology (Ddhren, 2020). However, the
presence of giant nerve fibres in the nerve loop
of proboscis of B. viridis has never been reported
before. Giant nerve fibres are typical structure of
the nervous system in many other annelids and
other phyla of invertebrates (Bullock, Horridge,
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Fig. 9. Scheme of organization of nerve loop in cross section of proboscis of Bonellia viridis females (A)
and hypothetical path of transformations leading to the formation of ehiuran nerve loop (B-E). B — simple
neuroepithelium; C — stratified neuroepithelium; D — start of internalization in neuroepithelium; E —
isolated subepidermal nerve, cells of radial glia are in yellow, perikarya are in cyan, hemidesmosomes are
pointed by arrowheads.

Abbreviations: ep — epidermis; exm — extracellular matrix; gax — giant axon; gc — granular cell; Im — longitudinal
muscles; nb — neurite bundles; nl — nerve loop; ns I — perikaryon of the st type; ns II — perikaryon of the 2nd type;
ns IIT — perikaryon of 3rd type; rgc — radial glia cell; tm — transverse musculature.

Puc. 9. Cxema opranmuszanuy HEpPBHOW METIM B MOIEPEYHOM cpe3e xobota camku Bonellia viridis (A) n
THIIOTETHYECKUH MyTh MpeoOpa3oBaHuii, IPUBOAAIINI K 00pa3oBaHHIO HepBHOU meriu sxuypuj (B-E).



Innervation of the proboscis in Bonellia viridis females

1965; Fernandezet al., 1996; Malakhov, Galkin,
1998; Wollesen, 2015; Temereva, Malakhov,
2009; Beckers et al., 2019a, b). Accordingly to
wide spread opinion, the giant nerve fibres pro-
vide swifttransportation of the nerve signal from
nerve centres to the musculature. The presence
of giant nerve fibres in B. viridis proboscis can
probably be explained by the enormous length
of proboscis in this species. Such long probos-
cis needs quick innervation, which is probably
supplied by giant nerve fibres.

Conclusion

The organization of the nerve loop in the
proboscis of Bonellia viridis corresponds to the
general plan of structure of the echiurids nervous
system. However, it has a number of additional
elements that were not noted earlier: enhanced
innervation of the margin of the terminal lobes
by a special frontal nerve and radial neurite
bundles, which originate from the nerve loop.
Such a strong innervation of the margin is asso-
ciated with the special structure of the proboscis
and the feeding mechanism. New data on the
ultrastructure of the nerve loop and peripheral
nerves in B. viridis expand our understanding
of the functioning of the proboscis and the fine
structure of the echiurids’ nervous system as a
whole.
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KJIEeTKa; lm — mpomobHbIe MBILIIBI, nb — My4KH He#puToB; nl — HepBHas neTis; ns | — mepukapuoH 1-ro Tuma; ns
II — nepuxapuon 2-ro tumna; ns III — nepukapuoH 3-ro TuIa. TUI; rgC — KJIETKA paJuaibHON IIMHU; tm — MonepeyHas

MyCKyJarypa.
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